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1 Introduction

The LHC will be the first accelerator to explore directly
the TeV scale. Any new energy range takes us deeper
into the structure of matter, but there are good reasons
to expect the TeV range to be particularly interesting,
since there are several indications that it might reveal new
physics. One is that we expect it to reveal the origin of
particle masses, which are presumably due to the Higgs
mechanism [1] but possibly with the aid of additional par-
ticles beyond the single Higgs boson of the minimal Stan-
dard Model, such as supersymmetry [2]. These seem to
be required, for example, to stabilize the energy scale of
the weak interactions below 1 TeV [3]. Another indica-
tion of new physics at the TeV scale may be provided
by attempts to unify the fundamental gauge interactions,
which fail if only Standard Model particles are included
in the calculations, but work well if supersymmetric par-
ticles appear at the TeV scale [4]. Another hint of new
physics at the TeV scale is provided by the astrophysi-
cal evidence for dark matter, which is naturally explained
by new weakly-interacting particles weighing less than a
TeV [5]. Finally, the muon anomalous magnetic moment
[6] provides evanescent suggestions of new physics at the
TeV scale.

As seen in Fig. 1, the LHC is designed to provide high
collision rates that should be ample to produce the Higgs
boson and supersymmetric particles if they exist in the
TeV energy range. In addition, the LHC will yield plenty of
bread-and-butter Standard Model physics. For example,
its large sample of W bosons will enable the W mass to
be measured with an accuracy of about 15 MeV, and its
large sample of top quarks will enable the top mass to
be measured with an accuracy of about 1 GeV [7, 8]. In
addition to these bread-and-butter topics, the LHC will
be able to explore dense hadronic matter in relativistic
heavy-ion collisions, where the quark–gluon plasma may
be created. The LHC will also provide a good opportunity
to study matter–antimatter asymmetry via CP violation
in B system. Each of these LHC opportunities is reviewed
in the following.
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Many of the most interesting aspects of LHC physics
touch on the interface between particle physics and cos-
mology: the Higgs boson may be a prototype for the infla-
ton, supersymmetry may provide the dark matter in the
Universe, heavy-ion collisions may reproduce conditions
in the first microseconds in the life of the Universe, and
CP studies may help understand the origin of the matter
in the Universe.

2 The quest for the Higgs boson

Generating the masses of the electroweak vector bosons re-
quires breaking gauge symmetry spontaneously, i.e., there
must be a field X with non-zero isospin I that has a non-
zero vacuum expectation value:

mW,Z �= 0 ⇔ 〈0 |XI | 0〉 �= 0

In addition, the relation:

m2
W = m2

Z × cos2 θW

implies that I = 1/2 is preferred. Moreover, the value I
= 1/2 is also needed to give masses to the fermions of the
Standard Model.
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Fig. 1. Typical cross sections and event rates at the LHC, at√
s = 14 TeV, assuming a luminosity of 1034 cm−2 s−1

The next question concerns the nature of the field X:
is it elementary or is it composite? The option used in the
original formulation of the Standard Model was an ele-
mentary Higgs field: 〈0|H|0〉 �= 0 [1]. However, this option
is subject to large quantum (loop) corrections:

δm2
H,W = O

(α
π
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Fig. 2. The likelihood function for the mass of the Higgs bo-
son obtained by combining information from direct searches at
LEP and precision electroweak measurements

Fig. 3. Signal-to-background ratios for Higgs detection in var-
ious channels at the LHC

where Λ is a cut-off representing the energy scale at which
new physics beyond the Standard Model appears. One of
the favoured origins for this cut-off is supersymmetry [2].
If the loop corrections to the Higgs and W masses are to
be naturally small, the cut-off Λ should be less than about
1 TeV. In particular, sparticles should appear below this
scale, if they are to stabilize the electroweak scale [3].

An alternative to an elementary Higgs field H is a
condensate of fermion pairs, as happens in the BCS the-
ory of superconductivity – where electron pairs condense
– and in QCD – where quark–antiquark pairs condense
in the vacuum. One of the theories studied was that top
quark–antiquark pairs might condense and replace the el-
ementary Higgs field [9], but the simplest examples of this
type would have required the top quark to have weighed
above 200 GeV, so these models are excluded. An alter-
native theory postulated a new strong technicolour force
binding together new technifermions [10]. However, sim-
ple examples of this type are inconsistent with precision
electroweak data [11]. In the absence of a viable alterna-
tive for the moment, in the following we concentrate on
the elementary Higgs option.

Precision electroweak measurements at LEP, SLC,
etc., predicted successfully that the top quark would be
found with mass in the range 160 to 180 GeV, and it was
indeed found with a mass ∼ 175 GeV [12]. The precision
electroweak experiments are also sensitive to the mass of
the Higgs boson and, when combined with the measure-
ment of the top mass, suggest that mH < 200 GeV [13].
Direct searches for the Higgs boson at LEP using the re-
action e+e− → Z + H saw a hint in late 2000, whose
significance is now estimated to be < 2σ. Finally, they
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Fig. 4. Unification of the strong and electroweak interactions
is not possible without supersymmetric particles (top graph)
but is possible with supersymmetric particles (bottom graph)

only provide the lower limit mH > 114.4 GeV [14]. The
likelihood function obtained by combining the direct and
indirect information on the Higgs boson is shown in Fig. 2:
it is peaked sharply around 120 GeV, suggesting that the
Higgs boson may not be far away.

The most important Higgs decays vary rapidly as the
Higgs mass increases from 120 to 200 GeV, so the LHC
experiments must be prepared for a range of different sig-
natures. These include H → bottom–antibottom pairs
in association with top or bottom quarks, H → γγ,
H → ZZ → 4 leptons, H → WW and H → ττ [7, 8].
Combining these channels, it seems certain that a Stan-
dard Model Higgs boson can be found at the LHC, what-
ever its mass, and potentially quite quickly if the Higgs

mass is about 150 GeV or more, as seen in Fig. 3. Most
difficult to find would be a Higgs boson weighing about
115 GeV. The Higgs mass could be measured with a pre-
cision of the order of 1◦/◦◦ if it weighs less than about
400 GeV, and a number of ratios of its couplings could be
measured at the ∼ 10 to 20% level [7, 8].

3 The quest for supersymmetry

As already mentioned, the primary motivation for super-
symmetry in the TeV range is the hierarchy problem [3]:
why is mW � mP? where mP is the Planck mass of about
1019 GeV, the energy where gravitational forces become
as strong as the other interactions, and the only known
candidate for a fundamental energy scale in physics. Al-
ternatively, why is GN = 1/m2

P � GF = 1/m2
W ? Or why

is the Newton potential inside an atom so much smaller
than the Coulomb potential: GNm

2/r � e2/r? Supersym-
metry does not by itself explain the origin of this hierar-
chy, but it can stabilize the hierarchy if supersymmetric
particles appear with masses below about 1 TeV. Other
reasons for liking accessible supersymmetry include the
help it provides to enable the gauge couplings to be uni-
fied as shown in Fig. 4 [4], its prediction of a relatively
light Higgs boson [15], and the fact that it stabilizes the
effective Higgs potential for small Higgs masses [16].

There are important constraints on supersymmetry
from the non-observation of supersymmetric particles at
LEP and the Tevatron, the absence of the Higgs boson
at LEP, the agreement of b → sγ measurements with the
Standard Model and measurements of the anomalous mag-
netic moment of the muon [6]. Also very important is the
relic density Ωχh2 of the lightest supersymmetric particle
χ [5], which has recently been constrained more strongly
by the WMAP satellite [17]: 0.094 < Ωχh2 < 0.124, as-
suming that it constitutes most of the dark matter in the
Universe.

As seen in Fig. 5, narrow lines in the supersymmet-
ric parameter space are allowed [18] by the accelerator
constraints and the WMAP data, and the detectability
of sparticles along one of these WMAP lines is shown in
Fig. 6 [19]. In typical supersymmetric scenarios, the LHC
discovers many sparticles and one or more Higgs bosons,

Fig. 5. The strips of supersymmetric
parameter space allowed by WMAP for
different values of tanβ. The crosses in-
dicate specific benchmark scenarios that
have been studied in more detail [18, 19]
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Fig. 6. The numbers of sparticles detectable along a WMAP
line, as a function of an input supersymmetric fermion mass,
m1/2, which is about 2.4 times larger than the mass of the
lightest supersymmetric particle

via cascade decays of heavy sparticles [20] such as that
simulated in Fig. 7. In suitable cases, the decay chain
can be reconstructed and several of the sparticle masses
measured. The quality of LHC measurements at specific
benchmark [21] points located along these WMAP lines
has been explored in more detail, and it seems they would
provide inputs sufficient to calculate the relic density with

Fig. 7. Simulation of a “typical” supersymmetric event in the
CMS detector

an error comparable to the WMAP estimate, at least in
some cases. The LHC is almost “guaranteed” to discover
supersymmetry if it is relevant to the hierarchy and dark
matter problems.

4 The quest for extra dimensions

These were suggested originally by Kaluza and Klein in
attempts to unify gravity and electromagnetism. More re-
cently, it has been realized that extra dimensions are re-
quired for the consistency of string theory, and could help
unify the strong, weak and electromagnetic forces with
gravity if they are much larger than the Planck length
[22]. In other scenarios, extra dimensions could originate
the breaking of supersymmetry [23], or enable a reformu-
lation of the hierarchy problem [24].

Fig. 8. An ATLAS simulation of a black hole production event
at LHC

Possible signatures of extra dimensions could include
a diphoton graviton resonance, if gravity “feels” the extra
dimensions, or a dilepton Z boson resonance, if the elec-
troweak gauge interactions feel them. In some scenarios
with extra dimensions, gravity becomes strong at the TeV
scale and black hole formation may form and then decay
via Hawking radiation, emitting many jets and leptons, as
seen in Fig. 8.

The LHC also has great capabilities for finding the new
strongly-interacting particles predicted by some composite
“technicolour” models of electroweak symmetry breaking,
or of detecting composite structure inside quarks. All in
all, the LHC has unparalleled reach for finding new physics
at the TeV scale, as shown in Fig. 9.

5 The quest for the quark–gluon plasma

Relativistic heavy-ion collisions at the LHC are expected
to create effective temperatures of the order of 600 MeV,
which are far above the critical temperature of about 170
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MeV for the quark–hadron phase transition that has been
found in lattice calculations.

Previous experiments at the CERN SPS and RHIC
have already found evidence that hadronic matter changes
its nature around 170 MeV, and the LHC should be able
to tell us what lies beyond the quark–hadron phase transi-
tion, recreating conditions in the first microsecond of the
Universe with “Little Bangs”.

As seen in Fig. 10, among the signatures that the ded-
icated experiment ALICE [25] plans to explore are ππ
interferometry – that can determine the size and expan-
sion rate of the little fireball, the abundances of strange
particles – that are expected to increase near the transi-

tion temperature [26], J/ψ production – that is sensitive
to Debye screening in a plasma [27], and jet quenching
– that could be due to parton energy dissipation during
propagation through a plasma. All these signatures are to
be explored in a hostile environment where thousands of
particles are produced in each collision.

ALICE plans to measure J/ψ and Υ production in
both the central region (using e+e− decays) and towards
the forward direction (using µ+µ− decays), and to com-
pare the J/ψ production with open charm production, to
see whether there is any significant suppression. ATLAS
and CMS may also contribute to the studies of heavy-ion
collisions: for example, CMS can study Z bosons produced
with large transverse momenta, and look whether there is
a jet on the opposite side, or whether it has been quenched
[8].

6 The quest for CP violation
beyond the Standard Model

So far, measurements of quark mixing angles and CP vi-
olation in the decays of K and B mesons agree well with
the Standard Model and its Kobayashi–Maskawa mecha-
nism, though there are some puzzles, notably in B → ΦK
and ππ decays. In 2007, when the LHC comes into op-
eration, not all the angles of the CP -violating unitarity
triangle will have been measured accurately. It will fall
to the LHC to carry further these tests of the Standard
Model, and perhaps provide a glimpse beyond it. There
have been many suggestions how new physics, such as su-
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Fig. 10. Possible signatures of the quark–gluon plasma in relativistic heavy ion collisions
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Fig. 11. Present, pre- and post-LHC statistics for interesting
CP -violating decays of B mesons, shown respectively in bins
1, 2 and 3 of the histograms

persymmetry, might show up in studies of CP violation
in mesons containing b quarks [28].

These possibilities will be explored at the LHC by a
dedicated experiment, LHCb [29], as well as by ATLAS
and CMS. There are some channels where the LHC will
provide a significant increase in the available statistics,
such as B → J/ψK and π+π− decays, as seen in Fig. 11.
There are other channels where LHCb may be able to
make the first measurements, such as Bs → DsK decays,
enabling the unitarity triangle to be overconstrained. The
stakes are high: the CP violation present in the Standard
Model is apparently unable to explain the origin of the
matter in the Universe. This would require some extension
of the Standard Model, which might be found at the LHC.

7 The LHC will explore new dimensions
of physics

The LHC will explore a new dimension in energy, up to
the TeV scale [30]. There are good reasons to think that
the origin of particle masses, a Higgs boson or its replace-
ment, will be revealed in this energy range. The LHC will
also explore new dimensions of space. These might be ad-
ditional curled-up versions of the more familiar bosonic di-
mensions, or they might be more novel fermionic “quan-
tum” dimensions, that appear in the formulation of su-
persymmetry in “superspace”. The LHC will also explore
a new dimension of time, recreating particles and events
that occurred just 10−12 sec after the beginning of the Big
Bang. This time travel should reveal to us the nature of
the primordial “soup” that filled the Universe before nu-
clear particles were born. It may also reveal the nature of
dark matter, and perhaps also hints about the origin of
matter itself.
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