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ABSTRACT: The Large Hadron Collider (LHC) at CERN will provide proton-proton collisions at a

centre-of-mass energy of 14 TeV with a design luminosity of 103*cm—2s

~25=1. The exploitation of the

rich physics potential offered by the LHC will be illustrated using the expected performance of the

two general-purpose detectors ATLAS and CMS.

The detector design requirements necessary to extract the physics under the challenging experimental
conditions at the LHC are discussed. This is followed by an analysis of search methods for the Higgs
sector and the detection of supersymmetric particles.

1. Introduction

The Standard Model (SM) of particle physics —
the theory of electroweak and strong forces — pro-
vides a remarkably successful theoretical picture
@:] The SM has been tested rigorously at LEP,
the Tevatron and the linear collider at SLAC.
The four LEP experiments have already given a
definitive answer to the number of fundamental
building blocks of matter: there exist three fam-
ilies of quarks and leptons with a light neutrino.

One of the key questions in particle physics
today is the origin of the spontaneous symme-
try breaking mechanism. The electroweak sector
of the SM postulates that the Higgs mechanism
is responsible for this symmetry breaking, and
predicts a scalar Higgs boson. Introducing this
Higgs boson in the SM allows the masses of all
particles to be expressed in terms of their cou-
plings to the Higgs. In order to complete the SM
prediction we therefore have to establish exper-
imentally the existence of the last missing ele-
ment: the Higgs boson [d].

Even though the SM describes existing data
very well, and even if it successfully passes fur-
ther tests, we know that this Model is incom-
plete, as it supplies no answer to some fundamen-
tal questions. One problem of the SM is the in-
stability of the mass of an elementary scalar, such

as the Higgs boson, under radiative corrections
in the presence of a high scale, like for exam-
ple the Planck scale (= 10'? GeV). These diver-
gences disappear in Supersymmetry (SUSY) [3],
because of cancellations between the virtual ef-
fects of SM particles and their supersymmetric
partners, which are introduced to every known
fermion and boson of the SM. Furthermore, SUSY
must be a broken symmetry because known par-
ticles have no super—partner of the same mass.
These must be heavier, and are therefore not yet
discovered.

Another problem originates from extrapolat-
ing the coupling strength of fundamental forces
measured at mass scales of a few 100 GeV to en-
ergy scales relevant for cosmology, i.e. energies
of about 10'° to 10* GeV. Performing this ex-
trapolation within the SM does not lead to uni-
fication of forces at very high scales. Introduc-
ing however SUSY unification of the electromag-
netic, weak and strong forces at the GUT scale
(= 10 GeV) is predicted which is consistent
with a SUSY mass scale of O(TeV).

It is possible that the Higgs boson is an el-
ementary particle as predicted in the SM and
its supersymmetric extension. Alternatives to
a fundamental scalar Higgs involve new strong
forces. In models without a scalar Higgs, the W

and Z masses could then be due to a dynamical
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symmetry breaking [2_11'] In such a scenario the
symmetry breaking could lead to a strong inter-
action between the longitudinal components of
the intermediate vector bosons (Wp, Zr). This
strong interaction may be resonant or not. Reso-
nances may occur in analogy with mr—scattering,
which leads to spin=1 p-like states, or spin=0
very broad resonances, expected to be in the TeV
mass range.

In spite of the impressive success of the SM
there is a general consensus that the SM is not
the ultimate description of nature, and that new
phenomena should manifest themselves in the en-
ergy region of order 1 TeV. The Large Hadron
Collider (LHC), operating at a centre—of-mass
energy of 14 TeV with a design luminosity of
10%4cm~2s~!, will be the first machine to probe
parton—parton collisions directly at energies ~ 1
TeV [5] Such energies will be essential to ad-
dress, for example, the questions of the origin of
spontaneous symmetry breaking.

Currently no experimental evidence exists for
any new phenomena. We will focus in these lec-
tures mainly on searches for the Higgs and for Su-
persymmetry. The ideas and methods presented
should nevertheless provide a good guidance for
searches of more ‘exzotic’ physics channels.

2. Present Experimental Status of the

Standard Model and Beyond

In the following we summarise briefly the present
status of physics topics relevant for LHC and
speculate about what one might know from fu-
ture experimental results before the start—up of
the LHC, foreseen in the year 2005.

It is well known that the value of the Higgs
mass is not predictable within the SM. On the
other hand, the Higgs cannot be too heavy, oth-
erwise the perturbative regime breaks down, and
this leads to an upper bound on the Higgs mass
of about 1000 GeV.

The requirement of perturbative consistency
of the theory up to a scale A sets an upper bound
on the SM Higgs mass, while arguments of vac-
uum stability suggest a lower Higgs mass limit [(_i'],
depending also strongly on the top mass. Tak-
ing the measured value of the top mass (m;=
174.1£5 GeV) and assuming that no new physics
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Figure 1: The area between the two curves shows

the allowed Higgs mass range assuming the validity
of the Standard Model up to a scale A ['é]

exists below the Planck scale, the Higgs mass
should be around 160 &+ 20 GeV, as shown in fig-
ure 1.
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Figure 2: Ax? result of a fit to all electroweak ob-
servables assuming to have the Higgs mass as the
only remaining free parameter LGI]

Particle physicists have been searching for
many years for the Higgs boson, from zero mass
up to the highest masses accessible at existing
particle accelerators. At present, the four LEP
experiments have ruled out the existence of a
Higgs with a mass of less than 95 GeV L’j?ﬂ . From
global fits to electroweak data one obtains an up-
per limit on the Higgs mass of 280 GeV (95%
C.L.), as shown in figure 2 [§].

By the end of the year 2000 one expects to
discover at LEP200 a Higgs boson up to mpy ~
106 GeV, assuming 150 pb~! per experiment at
/s = 200 GeV. In case no Higgs signal is found,
a mass limit of = 109 GeV (95% C.L.) will be
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placed [d].

In the supersymmetric extension of the SM
a set of new particles should exist with a mass
scale around 1 TeV. The minimal version of the
supersymmetric SM (MSSM) contains three neu-
tral and two charged Higgs bosons. One of the
neutral ones is expected to have a mass around
100 GeV and is therefore of particular interest
for searches at LEP200. So far the searches for
this lightest Higgs boson resulted in a lower mass
limit of about 80 GeV. The expectation for SUSY
Higgs searches at LEP200 is summarised in fig-
ure 3 [1d]. However, the discovery potential at
LEP200 depend strongly on the available energy.
Thus few GeV increase in /s could change our
understanding of the Higgs sector dramatically.
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Figure 3: Expected sensitivity of SUSY Higgs
searches (top) at LEP200 (y/s= 200 GeV) and re-
cent lower mass limits for squarks and gluinos (bot-

tom) L'i(_i]

Direct searches for sparticles at LEP200 have
reached in most cases the kinematical limit, i.e.

sparticle masses below = 90 GeV are excluded [10].
Searches for sparticles at the Tevatron have ex-
cluded gluino and squark masses below about 250
GeV, as shown in figure 3. With the data col-
lected during Runll (= 1fb~!/year) at the Teva-
tron, scheduled to start in 2000, one expects to
reach gluino and squark masses of 300 to 400
GeV.

3. The World of Physics at LHC

Discovering new phenomena in high—energy phy-
sics experiments rely on the capability to sepa-
rate new from known phenomena . The meth-
ods used exploit the different kinematics of sig-
nals and backgrounds in searching for new mass
peaks, or comparing pr spectra of leptons, pho-
tons and jets and their angular correlations with
SM predictions. Other searches exploit the miss-
ing transverse energy signature which might orig-
inate from neutrinos or neutrino—like objects, or
simply from detector imperfections. Depending
on the particular physics process, different as-
pects of the detector performance parameters are
important. The search for mass peaks requires in
general excellent energy and momentum resolu-
tion for individual particles. Searches based on
the missing transverse energy signature require
detectors with hermetic calorimeter coverage up
to |n|= 5.

Although the most exciting discoveries will
be those of totally unexpected new particles or
phenomena, one can only demonstrate the dis-
covery potential of the proposed experiments us-
ing predicted new particles. However, the experi-
ments designed under these considerations should
also allow the discovery of whatever new phe-
nomena might occur in multi-TeV pp collisions.

3.1 The Experimental Challenge at LHC

The total cross—section at hadron colliders is very
large, i.e. about 100 mb at the LHC, resulting
in an interaction rate of ~ 10° Hz at the de-
sign luminosity. Figure 4 shows the expected en-
ergy dependence of the total cross—section and
of some interesting physics processes which have
much smaller cross sections. The detection of
processes with signal to total cross—section ra-
tios of about 10712, as for example for a 100 GeV
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Higgs decaying into two photons, will be a diffi-
cult experimental challenge.
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Figure 4: Energy dependence of some characteristic
cross—sections at hadron colliders.

Many of the above mentioned new particles
decay into W and Z bosons, charged leptons or
photons. Ws and Zs will have to be detected
through their leptonic decays because hadronic
decay modes will be overwhelmed by the QCD
background. These purely leptonic modes lead
to very small branching fractions. In order to
observe such signals, a machine with high con-
stituent centre—of-mass energy and high lumi-
nosity is required.

The LHC fulfils these requirements, but the
high luminosity leads to difficult experimental
conditions: with an inter—bunch crossing time of
25 ns at design luminosity, on average 20 interac-
tions (“minimum bias events”) are expected per
crossing, resulting in about 1000 charged tracks
every 25 ns, in the pseudorapidity range of |n| <
3. Therefore, at peak luminosity, on average 2.2
charged particles are expected every 25 ns in a
2x2cm? cell at a distance of 7.5 cm from the
interaction point at n= 0. This example shows
that the inner tracking detectors have to oper-

Such high par-
ticle fluxes will make track reconstruction dif-

ate in a hostile environment.

ficult. Simulation results make us believe that
a very large number of electronic channels and
good time resolution should nevertheless guar-
antee a high track—finding efficiency.

The expected 107 inelastic pp events per sec-
ond at design luminosity will also generate a hos-
tile radiation environment. This results in high
radiation levels (high integrated dose) and in a
large flux of low energy neutrons in the experi-
mental area. Radiation hard detectors and elec-
tronics are therefore required. Induced activity
in the forward calorimeters has to be taken into
account for long—term access and maintenance.

4. Design Objectives of ATLAS and
CMS

An important aspect of the overall detector de-
sign is the magnetic field configuration. Large
bending power is required to measure precisely
high—-momentum muons and other charged parti-
cles. The choice of the magnet structure strongly
influences the remaining detector design.

A solenoid provides bending in the trans-
verse plane and thus facilitates the task of trig-
gering on muons, which are pointing to the event
vertex, so that one can take advantage of the
small transverse dimensions of the beam (20um).
A drawback of a solenoid with limited length is
the degradation of momentum resolution in the
forward direction; therefore either a very long
solenoid is required or an endcap toroid system
has to be added. The main advantage of a toroid
is a constant pr resolution over a wide rapid-
ity range. However, the closed configuration of
a toroid does not provide magnetic field for the
inner tracking, thus an additional solenoid is re-
quired to measure the momenta of charged tracks
in the inner tracking detectors.

The identification and precise measurement
of electrons, photons and muons over a large en-
ergy range, complemented by measurements of
jets and missing transverse energy are the basic
design goals of the ATLAS and CMS detectors.
In addition, a good impact—parameter resolution
and secondary vertex reconstruction will be im-
portant for b-tagging.
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The ATLAS [I1] collaboration has chosen a
magnet configuration based on a superconduct-
ing air—core toroid, complemented by a supercon-
ducting solenoid of 2 T around the inner track-
ing detectors. The thin solenoid is followed by a
high—granularity liquid—argon sampling calorime-
ter. In the toroidal magnet configuration the
muon triggering, identification and precision mea-
surement can be entirely performed in the muon
spectrometer, without using the inner detectors.

The CMS [12] detector will use a high-field

superconducting solenoid (4 T) allowing for a
compact design of the muon spectrometer. The
inner coil radius of about 3 m is large enough to
accommodate the inner tracking system and the
calorimeters. For the electromagnetic calorime-
ter PbWO, crystals have been chosen.
The hadron calorimeter (also located before the
coil) consists of copper absorber plates and scin-
tillator tiles. Muons are triggered, identified and
measured in four identical muon stations inserted
in the return yoke. Their momenta are mea-
sured independently in the inner tracking cham-
bers to improve the overall momentum measure-
ment. More details about the subdetector re-
quirements and performance figures can be found
in reference [:_f?ﬂ

5. TeV—scale Physics at LHC

Exploiting the LHC physics potential means that
we can answer or shed considerable light on fun-
damental open questions such as the mass prob-
lem or unification of fundamental interactions.
In the following section we discuss first the Higgs
sector, followed by selected topics in sparticle
searches in order to demonstrate the discovery
potential of the proposed pp detectors®.

5.1 SM Higgs search

Figure 5 shows the next-to-leading order Higgs
cross—sections [4] at the LHC for various pro-

1One usually assumes that “one” LHC year with a
peak luminosity of L=1033cm~2s~1
of 107s produces an integrated luminosity of 10 fb—1. A
more realistic estimate would use an average run lumi-
nosity and includes losses due to machine and detector
efficiencies. It would thus be more conservative to assume

and a running time

that a running time of 107s per year with the initial lu-
minosity requires about 2-3 years to accumulate 10 fb—1.

duction processes as a function of the Higgs mass.
By far the largest contribution comes from the
gluon—gluon fusion process [:_1-5] Depending on
the Higgs mass, its detection involves several dif-
ferent signatures. The Higgs search is therefore
an excellent reference physics process to evalu-
ate the overall detector performance. In particu-
lar, the search for the intermediate Higgs (mz <
my <2my) is known to pose demanding require-
The natural width of
the Higgs in this mass range is very small. The
measured width of the signal will therefore be

ments on the detectors.

dominated entirely by the instrumental mass res-

olution. Figure 6 shows the o x BR [16] for
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Figure 5: Next-to-leading order cross—section cal-
culations for the SM Higgs [14].
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Figure 6: Expected o x BR for different detectable
SM Higgs decay modes [16].

the most promising Higgs search channels: H —
vy, H = ZZ%) — 4* and H - WW®) —
vl p.
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Figure 7 summarises the expected observ-
ability of the SM Higgs in ATLAS? and CMS,
assuming 100 fb—1.
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Figure 7: Expected signal significances for the SM
Higgs search in ATLAS and CMS, assuming 100
ot

The most promising signature for a SM Higgs
with masses between the expected LEP200 limit
and 130 GeV is the decay H — -~y with a branch-
ing ratio of only ~ 2 x 1072. As can be seen from
figure 8, this signal has to be detected above
a large background from continuum vy events.
The detection of such a signal requires an excel-
lent 7y mass resolution of < 1% (i.e. <1 GeV
for mg = 100 GeV) and a very good 7° rejection
capability. More details about this channel can

2The expected Higgs signal significance from ATLAS
does not yet include the channel H — WW®) —
ttue—o.

be found in section 5.1.1.
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Figure 8: CMS simulation for H — vy (mg = 130
GeV) before and after background subtraction.

For Higgs masses between 130 GeV and 200
GeV the sensitivity of the 4¢* signature suffers
from very low branching ratios as illustrated in
figures 6 and much smaller signals, like the ones
shown in figure 9, are expected. Consequently,
a b standard deviation signal requires integrated
luminosities of at least 30-100 fb~!. A recent
study has demonstrated that this Higgs mass re-
gion can also be covered by the H - WW (*) —
{tvl~ v decay [:}-7_:] The performed analysis, de-
scribed in section 5.1.2, shows that this channel
should allow to discover a SM Higgs with 5 stan-
dard deviation for a Higgs mass between 140-200
GeV and integrated luminosities below 5 fb~1.
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Figure 9: CMS simulation for H — ZZ* —
707074~ and mg = 130, 150 and 170 GeV.

For 2xmyz < mpy < 500 GeV the decay H —
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Z7 — 40* provides the experimentally easiest
discovery signature as the events should contain
four isolated high pr leptons. Furthermore, a Z—
mass constraint can be used for both lepton pairs
to suppress other backgrounds. Estimates from
ATLAS and CMS indicate that an integrated lu-
minosity of about 10 fb~! is required to discover
a SM Higgs in this mass range with at least 5
standard deviation [18]. For example, an ATLAS
study [E-g] shows that a Higgs (mpy = 300 GeV
and H — ZZ — 44%) should be seen with 35
signal events above a continuum background of
~ 1344 events, assuming 10 fb~!. This study in-
dicates also that the signal-to—background rate
can be significantly improved by requiring that
one reconstructed Z has a pr > mpy/2. Using
this cut results in 13 signal events (my = 300
GeV) and a background of 0.6 events (10 fb=1).

For Higgs masses above ~ 400 GeV addi-
tional signatures involving hadronic W and Z
decays as well as invisible Z decays like H —
Z7 — £~ v (see figure 10) have been investi-
gated. The advantages of much larger branching
ratios are however spoilt by larger backgrounds
from tt, W+X and Z+X. These high mass Higgs
signatures involve missing transverse energy and
jet—jet masses and require thus hermetic detec-
tors with good jet—energy reconstruction.

5.1.1 The SM H — vv channel

The v+ mass resolution depends upon the energy
resolution and the resolution on the measured an-
gle between the two photons. As regards the an-
gle between the photons, the issue is the possible
uncertainty on the knowledge of the position of
the production vertex. Although very localised
in the transverse plane, the interaction vertices
have a r.m.s. spread of about 53 mm along the
beam axis. If no other knowledge were available
such a spread would contribute about 1.5 GeV
to the mass resolution. Detailed studies sug-
gest that the correct vertex can be located using
charged tracks, even at the highest luminosities,
where there are on average nearly 20 inelastic
interactions per bunch—crossing. This method of
using tracks for the vertex localisation is based on
the expectation that the Higgs production events
are harder than minimum-bias events and that

they contain more high-pr tracks. Using this
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Figure 10: ATLAS simulation results for H —
27 — 04" vb.

fact it is possible to devise an algorithm to se-
lect the vertex of the Higgs event from the back-
ground of other primary vertices in the same
bunch—crossing. This method is used by CMS [:_l-g]

ATLAS can use in addition the 1%¢ and 2"¢
sampling of the electromagnetic calorimeter to
measure the photon direction. In this case a con-

tribution to the y+y—mass resolution of about 530
MeV is expected [11].

Due to the material in front of the electro-
magnetic calorimeter (beam—pipe, inner tracking
detector with support structures) photons will
convert. In both experiments about 50% of the
H — ~7v events have one or both of the pho-
tons converted. Detailed simulation studies have
shown that a large fraction of these converted
photons can be recovered with only a small degra-
dation in resolution. Figure 11 shows the Higgs
mass resolution taking these converted photons
into account. This figure shows further that CMS
expects about a factor 2 better mass resolution
than ATLAS, which demonstrates the potential
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Figure 11: Higgs mass resolution including con-
verted photons: in the top plot (CMS), the uncon-
verted photons are shown as shaded area and in the
bottom plot (ATLAS), the shaded area corresponds
to the converted photons.

superior performance of a crystal calorimeter.

The dominant jet—background to the H —
77 signal comes from jet—y events, where the jet
fragments to a leading 7°, carrying a large frac-
tion of the jet transverse momentum. Isolation
criteria using calorimeter and/or charged tracks
are very powerful tools to reduce this potentially
large background. In addition isolated 7%s can be
rejected by detecting the presence of two close—by
electromagnetic showers rather than one. This
can be achieved using the lateral shower shape of
the electromagnetic cluster. The resulting rejec-
tion factor depends strongly on the 7° transverse
momentum, e.g. rejection factors larger than 3

for pr < 40 GeV can be achieved with a small
~v—efficiency loss. Figure 12 illustrates that isola-
tion cuts together with a 7%-rejection algorithm
reduce the y—jet background well below the in-
trinsic 7 background.
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Figure 12: ~—jet background cross—section as a
function of mass before and after isolation. The line
shows the level of the irreducible di—photon back-
ground expected in CMS.

The signal significance (Ng/v/Ng) for a SM
Higgs decaying to two photons has been evalu-
ated using events within a + 1.4 ¢ mass window.
Figure 13 shows the expected signal significance
from CMS, as a function of the Higgs mass, for
30 fb~! and 100 fb~!. This figure demonstrates
further that a luminosity of 30 fb~! should en-
able CMS to detect the Higgs in the mass range
between 100-150 GeV with more than five stan-
dard deviation in the decay H — 7.

5.1.2 The SM H - W W~ — (Tvl v
channel

A recent simulation has demonstrated that the
H — WTW~ — £t~ v channel can be used
to observe a statistically significant signal in the
Higgs mass range of 130-200 GeV. This anal-
ysis [:1-7_:] exploits two important differences be-
tween a Higgs signal and the non-resonant back-
ground from pp — WTW~X. The signal events
from gluon—gluon scattering are more central than
the W+ W ~ background from ¢g scattering. This
difference is exploited by the requirement that
the polar angle 6 of the reconstructed dilepton
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Figure 13: Signal significance as a function of mg,
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momentum vector, with respect to the beam di-
rection, satisfies |cosf| < 0.8. As a result, both
leptons are found essentially within the barrel re-
gion ( || < 1.5) of the experiments. The cos ¢
distribution shows the effect of W™ W~ spin cor-
relations and the V-A structure of the W de-
cays which results in a distinctive signature for
W+W = pairs produced in Higgs decays. For a
Higgs mass close to 2xmyy, the W+ boost is
small and the opening angle between the two

charged leptons in the plane transverse to the
beam direction is very small.

The lepton pr spectra, which are sensitive
to the Higgs mass as shown in figure 14, can fur-
ther be used to improve the signal to background
ratio and to determine the Higgs mass with an
accuracy of dmpg ~ £ 5 GeV, assuming 5 fb~1.

5.2 SUSY Searches

The attractive features of the MSSM are very
well described in a Physics Report by H. P. Nilles
[3] in 1984. We repeat here some of his arguments
given in the introduction of the report:

“Since its discovery some ten years ago, Su-
persymmetry has fascinated many physicists. This
has happened despite the absence of even the slight-
est phenomenological indication that it might be
relevant for nature. .... Let us suppose that the
Standard Model is valid up to a grand unifica-
tion scale or even the Planck scale of 10'° GeV.
The weak interaction scale of 100 GeV is very
tiny compared to these two scales. If these scales
were input parameters of the theory the (mass)?
of the scalar particles in the Higgs sector have to
be chosen with an accuracy of 1073* compared
to the Planck Mass.
justments of incredible accuracy have to be made
are sometimes called unnatural.... Supersymme-
try might render the Standard Model natural...
To render the Standard Model supersymmetric a
price has to be paid. For every boson (fermion)
in the Standard Model, o supersymmetric part-
ner fermion (boson) has to be introduced and to
construct phenomenological acceptable models an

Theories where such ad-

additional Higgs supermultiplet is needed.”
SUSY signatures are excellent benchmark pro-
cesses to evaluate the physics performance of LHC
detectors and they thus have influenced the de-
tector optimisation. In order to cover the largest
possible parameter space in the Higgs sector the
searches are more challenging compared to the
SM Higgs because: (i) one low mass Higgs (h)
must exist, (ii) there are 5 Higgs bosons: h, H,
A%  H* and (iii) the expected (o- BR)sysy for
the vy- and 4l—channel are smaller than for the
SM Higgs. For the simulation results discussed
below, all sparticle masses are assumed to be
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heavy enough such that Higgs bosons decay only
into SM particles.

In the sparticle sector many different signa-
tures have been studied [2-(}‘] in the framework
of the MSSM and mSUGRA. These studies in-
clude inclusive and exclusive signatures. Partic-
ular emphasis was given to the EZ**¢ and b-jet
signatures. In the following we briefly summarise
the Higgs sector and discuss some selected topics
in sparticle searches.

5.2.1 The MSSM Higgs sector

The MSSM Higgs sector requires the existence
of two Higgs doublets, resulting in five physical
Higgs bosons [}_2-1:] Within this model, at least
one Higgs boson, h, should have a mass smaller
than my, < 125 GeV [22]. The upper mass limit
depends via radiative correction on the top quark
mass, the a priori unknown value of tan3 and also
via a mixing parameter on the mass of the stop
quark. One expects that such a MSSM Higgs
boson should be found soon at LEP200 if nature
has chosen a tan( value smaller than 4. The
masses of the other four Higgs bosons A, H° and
H* are less constrained but should essentially be
degenerate once their mass is larger than about
200 GeV.

Current LHC studies show that the sensitiv-
ity to the MSSM Higgs sector is somehow re-
stricted. This is illustrated in figure 15, where
the sensitivity of different signatures is shown in
a rather complicated two—dimensional multi—line
contour plot.

The lightest neutral Higgs h. For the light-
est Higgs the only established signature appears
to be the decay h — <. For large masses of
my (mg > 400 GeV) one finds essentially SM
rates and sensitivity. For much smaller masses
of m4, the branching ratio h — 7 is too small
to observe a statistically significant signal. The
combination of the h — ~7 search with other h
decay modes, like h — bb, might help to enlarge
the 5 sigma domain. A particular interesting as-
pect of an inclusive higgs search in SUSY events
with the decay h — bb decay will be discussed in
the section on sparticle searches.

The heavy neutral Higgs Bosons H°, A° and
small values of tan 3. Assuming tan 3 values
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CMS, 3.10* pb?

s50f

7
LEP 1l V&= 192 GeV ! 1
MAAH 10% pb?
111 Y I |
200 300 400 500
mp (GeVv)

o T T
0 100

Figure 15: CMS 5 sigma significance contour plot
for the MSSM Higgs sector in the ma — tan 3 plane.
Each curve indicates the sensitivity for a specific
Higgs search mode. No mixing in the stop sector

is assumed.

below 4, for some H? masses and decays, signif-
icant signals might be visible. For example, a
H° with a mass close to 170 GeV appears to be
detectable in the channel H® — WW* — (viv.
Other studies indicate the possibility to observe
the decays H® — hh — ~ybb and A — Zh —
00~ bb for masses between 200 — 350 GeV. We
will not go into further details here, as the rele-
vance of such studies for low values of tan 3 de-
pend very strongly on the forthcoming LEP200
results.

The heavy neutral Higgs bosons H?, A° and
large values of tan 8. For large values of tan 3,
the Higgs production cross sections, especially
the ones for bbH® and bbA°, are much larger
than for the SM Higgs of similar mass. The
only relevant Higgs decays are H°, A° — 77 and
HOC, A% — bb.

Assuming large tan 3 values, the rare decay
A, H — pp might show up as a resonance peak
above a large background®. Assuming excellent
mass resolution in the pu channel of about 0.01—
0.02Xmp;g¢s [in GeV], a Higgs signal in this chan-
nel is detectable for an integrated luminosity of
30 fb~! and tan 8 > 20.

3The branching ratio is expected to be about a factor
of 300 smaller than the one for the decay to 77, as it scales
with (my/m.)2.
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The charged Higgs H*. Depending only
slightly on tan 3, the relevant charged Higgs de-
cay modes are HT — 7Fv for masses below the
tb threshold, and HT — tb above. Inclusive tf
events might thus provide a good experimental
signature for H * with a mass below Miop — 10
GeV. One has to search for ¢t events with iso-
lated 7 candidates which originate from the de-
cay chain tf — bW*bH* and H* — 1v.

Another interesting process might be the pro-
duction of a heavy HT in association with a top
quark, gb - tH — ttb — WWbbb. A parton
level analysis of this channel [E-Zj‘] indicates the
possibility to obtain H* mass peaks with rea-
sonable signal-to—background ratios.

Summary for the MSSM Higgs sector. Fig-
ure 16 illustrates the sensitivity of the ATLAS
experiment to various Higgs decay channels as
discussed above [24]. CMS reports very simi-
lar results. These two—dimensional multi-line 5
sigma (statistical) significance plots, especially
in the logarithmic version, indicate sensitivity
over almost the entire MSSM parameter space.
However, it is worth to remind the reader that

QSO F = _
ol = ATLAS /Ldt=3 10° pb™"
Z ol = Me=175CeV
ol \\¥_ % h—>yy and Wh,tth with h—>y
— =
%E <t > pH with H* — 7o
S WA orr
10 |§
=
9 =
8 =
7T =
6 |
5 - 250
. LEP2
1 Vs =192 GeV
3 /] /Ldt = 150 pb~
2 7|
H/A = tt

450 500

m, (GeV)

Figure 16: Estimated ATLAS sensitivity (5 sigma)
for MSSM Higgs searches, assuming 300 fb~!. The
sensitivity of the different search signatures are
shown in the m4 — tan 3 plane.

only statistical errors and only decays into SM
particles are included in the evaluation of the
discovery potential. As a consequence, the ob-
tained curves, especially when extrapolated to
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larger integrated luminosities and combined for
ATLAS and CMS are doubtful. This is espe-
cially the case for channels like WH — (vbb
and for H?, A — 77 where the proposed signa-
tures suffer certainly from the very poor signal—
to—background ratio.

5.2.2 Searches for SUSY Particles

The MSSM contains 124 free parameters includ-
ing those of the SM. That many free parameters
do not offer a good guidance for experimental-
ists. Additional assumptions to constrain the pa-
rameter space are therefore desirable. The sim-
plest approach is the so called mSUGRA (min-
imal Super—Gravity) model with only five addi-
tional new parameters (mo,ml/z,tanﬂ,AO and
sign(p) ). This SUSY model is used for most of
the simulation studies for which very advanced
Monte Carlo programmes [Z-Eﬂ, [:_2-6], and [E-Z:] ex-
ist. This pragmatic choice of one approach to
investigate the discovery potential appears to be
sufficient, as essentially all required detector fea-
tures can be tested.

5.2.3 mSUGRA predictions

Signatures related to the MSSM and in particu-
lar to mSUGRA searches are based on the con-
sequences of R—parity conservation. R—parity is
a multiplicative quantum number like ordinary
R-parity of the known SM particles is
+1, while it is —1 for sparticles.

parity.
As a conse-
quence, sparticles have to be produced in pairs.
Sparticles decay either directly or via some cas-
cade processes to SM particles and the lightest
supersymmetric particle (LSP), which is a neu-
tral, massive and stable object with neutrino—like
properties. This LSP should have been abun-
dantly produced after the Big Bang and is an
excellent candidate for cold dark matter. Usually
one assumes the LSP to be the lightest neutralino
% which escapes detection. Large missing trans-
verse energy is thus the prime SUSY signature in
collider experiments.

Within the mSUGRA model, the masses of
sparticles are strongly related to the universal
fermion and scalar masses my,, and mg. The
masses of the spin—1/2 sparticles are directly re-
lated to my,3. One expects approximately the
following mass hierarchy: x9 ~ 0.5 - my/2, X9 ~
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ﬁ': ~ my9 and g &~ 3-my/3. The masses of the
spin—0 sparticles are related to mg and m;/, and
allow for some mass splitting between the “left”
and “right” handed scalar partners of the degen-
erated left and right handed fermions. One finds
the following simplified mass relations:

m(§)(@, d, 5, ¢ and b) ~ \/m

m(D)iege = M) jept = /mg + 0.52-m?2

/2

and m(f})right ~ /mg+0.15- mf/Q.

The masses of the left and right handed stop
quarks (fy,) can have a large splitting. As a
result, the right handed stop quark might be the
lightest of all squarks.

Following the above mass relations and us-
ing the known SUSY couplings, possible SUSY
decays and the related signatures can be calcu-
lated.

As an example we consider the x5 decay Y9 —
0 + X with X being: v*Z* — ¢4~ or h® — bb
or Z — ff. Other possible X3 decay chains
are Xy — )Zli(*) + ¢Tv and )Zli(*) — X*y or
X5 — (£¢F. This example clearly demonstrates
the complexity of sparticle signatures.

For higher sparticle masses, even more de-
cay channels might open up. It is thus not pos-
sible to define all search strategies a priori. Fur-
thermore, possible unconstrained mixing angles
between neutralinos lead to a model dependent
search strategy for squarks and gluinos, as will
be discussed below.

The discovery potential is usually given in
the mo—m; /o parameter space. Despite the model
dependence, it allows to compare the sensitiv-
ity of different signatures. Having various pro-
posed methods, the resulting figures are — as in
the Higgs sector — rather complicated and require
some time for appreciation. A typical example
is shown in figure 17 [:_2-5_5:], where the different
curves indicate the LHC sensitivity for different
signatures and different sparticles. It is usually
assumed that the maximum information about
SUSY can be extracted in regions which are cov-
ered by many different signatures. The meaning
of the various curves should become clear in the
following section.

5.2.4 Squark and Gluino searches

The cross—section for strongly interacting spar-
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Figure 17: Expected mSUGRA sensitivity of vari-
ous signatures in the mo — my,, plane at the LHC,
The
different curves indicate the expected sensitivity for
SUSY events with n leptons (¢) and for events with
lepton pairs with same charge (SS) and opposite
charge (OS).

assuming an integrated luminosity of 10 fb~!.

ticles are large at the LHC, as can be seen in
figure 18 [:_2-§.'] For example the pair production
cross—section of squarks and gluinos with a mass
of ~ 1 TeV has been estimated to be as large as
1 pb resulting in 10* produced SUSY events for
10 fb~!. This high rate, combined with the pos-
sibility to observe many different decay modes,
could turn LHC into a “SUSY-factory”.
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Figure 18: _Cross—sections for sparticle production
at the LHC [28].

Depending on the SUSY model parameters,
a large variety of massive squark and gluino de-
cay channels and signatures might exist. A search
for squarks and gluons at the LHC should con-
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sider the various signatures resulting from the
following decay channels:

e § — g including § — ¢t

e i—x or G or §—Xid
o Y =4t xXY or x§—2°%0 or

X5 = h°x}
. )~<1i — XMWty or Xli — Wxy.

The various decay channels can be separated into
at least three distinct event signatures.

e Multi—jets 4+ missing transverse energy; these

events should be spherical in the plane trans-
verse to the beam.

Multi—jets + missing transverse energy +
n(=1,2,3,4) isolated high pr leptons; these
leptons originate from cascade decays of
charginos and neutralinos.

Multi—jets + missing transverse energy +
lepton pairs of the same charge; such events
can originate from §§ — audd with subse-
quent decays of the squarks to @ — xTd
and d — xu followed by leptonic chargino
decays Yt — x0T v.

The observation and detailed analysis of different
types of SUSY events might allow the discovery
of many sparticles and should help to measure
some of the SUSY parameters.

A search strategy for squarks and gluinos
at the LHC would select jet events with large
visible transverse mass and missing transverse
energy. Such events can then be classified ac-
cording to the number of isolated high pr lep-
tons including the lepton flavour and charge re-
lation. Once an excess above SM backgrounds is
observed, one would try to interpret the events
and measured cross—section(s) in terms of g, g
masses and decay modes for various SUSY mod-
els. Concerning the SM background processes,
the largest backgrounds originate mainly from
W+jet(s), Z+jet(s) and ¢t events. Using this ap-
proach, very encouraging signal-to—background
ratios, combined with sizable signal cross—sections,
are obtainable for a large range of squark and
gluino masses. The simulation results of such
studies indicate, as shown in figure 19, that LHC
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Figure 19: Expected CMS sensitivity for squarks
and gluinos, sleptons and for gg;zli in the mo —
my/2 plane, assuming 100 fb=! @9:] The different
solid lines show the expected 5 sigma signal, esti-
mated from S/ VS + Bsum , coverage domain for the
various signatures using isolated high pr leptons.
The dashed—dotted lines indicate the corresponding
squark and gluino masses.

experiments are sensitive to squark and gluinos
masses up to about 2 TeV, assuming 100 fb~! [2-5_}']
Figure 19 also illustrates that detailed studies of
branching ratios using the different decay chains
are possible up to squark or gluino masses of
about 1.5 TeV, where significant signals can be
observed for many different channels. Another
consequence of the expected large signal cross—
sections is the possibility that at the LHC start—
up, for an integrated luminosity of only ~ 100
pb~!, squarks and gluinos up to masses of about
600 to 700 GeV can be discovered, which is well
beyond the most optimistic Tevatron Run IIT ac-
cessible mass range.

Given this exciting squark and gluino dis-
covery potential for many different channels, one
has to keep in mind that all potential signals de-
pend strongly on the understanding of the var-
ious background processes and thus on the de-
tector systematics. A thorough study of back-
grounds including the shapes of background dis-
tributions is therefore mandatory. In particular,
the requirements of very efficient lepton identifi-
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cation and good missing transverse energy mea-
surement demand for a well understood detector
response. This will require certainly some time,
given the complexity of the LHC detectors.

Our discussion of the SUSY discovery poten-
tial has illustrated the sensitivity of the proposed
ATLAS and CMS experiments. The next step
after a discovery is the determination of SUSY
parameters, thus obtaining a deeper insight of
the underlying theory.
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Figure 20: Expected dilepton mass distribution in
CMS for L=10 fb~! using trilepton events from )nggli
decays [_-gé] The upper edge in the distribution at
about 50 GeV corresponds to the kinematic limit in
the decay %3 — £7¢~ %3 and is thus sensitive to the
mass difference of %3 — %9.

B
enough rates for masses < 200 GeV and should
allow, as shown in figure 20, to measure the dilep-
ton mass distribution and their relative pr spec-
tra.

The production and decays of provide

The mass distribution and especially the
edge in the mass distribution has been shown to
be sensitive to the mass difference between the
two neutralinos involved in the decay.

In contrast to the rate limitations of weakly
produced sparticles at the LHC, detailed studies
of clean squark and gluino events are expected to
reveal more information. One finds that the large
rate for many distinct event signatures allows to
measure masses and mass ratios for several SUSY
particles, produced in cascade decays of squarks
and gluons. Many of these ideas have been dis-
cussed at the 1996 CERN SUSY-Workshop [30].
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An especially interesting proposal is the detec-
tion of the Higgs boson, h, via the decay chain
X — x%h — xVbb. Higgs mass peaks above
background are found for various choices of tan 3
and mg, mq/2.

Another interesting approach to determine
the SUSY mass scale has been suggested in [-3-1:]
The idea is to define an effective mass, using the
scalar pr sum of the four jets with the largest
transverse energy plus the missing transverse en-
ergy of the event. This effective mass shows an
approximately linear relation with the underly-
ing SUSY mass—scale, defined as the minimum
of the squark or gluino mass.

The possibility to extract model parameters
within the mSUGRA framework was illustrated
using the following method: for each point in the
parameter space a set of experimental constraints
on sparticle masses is derived and a fit to param-
eters of mSUGRA is performed. For example,
assuming mp = mj/p = 400 GeV, Ag =0 , tan 3
= 2 and sign(u) = +, one obtains for 30 fb~! the
following sensitivity: mo = 400£100 GeV, m; /5
= 400+£10 GeV and tan 8 = 2+0.8.

6. Concluding Remarks

The LHC is currently the only realistic possibility
to reach the TeV energy range in constituent—
constituent scattering; this energy range is ex-
pected to be rich in discoveries.

A large international community is working
on the realization of the LHC experimental pro-
gramme. The two large general-purpose detec-
tors ATLAS and CMS have moved from the R&D
to preproduction and in certain areas to the pro-
duction phase. The concept of both detectors
was driven by physics considerations using SM
and beyond the SM processes, which were used
to optimise the final detector design.

It was already pointed out that, although the
most exciting discoveries will be those of totally
unexpected new particles or phenomena, one can
only demonstrate the discovery potential of the
proposed experiments using predicted new par-
ticles. However, the experiments designed under
these considerations should also allow the discov-
ery of whatever new phenomena might occur in
multi-TeV pp collisions.
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