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We review the physics to be investigated at LHC. We also describe the main parameters of CMS
and ATLAS detectors.

Haercs 0630p usukm, kotopas Oyuer ucenenorarbes Ha LHC. Onucomaiores Takxke OCHOBHbie
napametTpsl jetekTopos CMS u ATJIAC,

1. INTRODUCTION

The scientific programme at LHC (Large Hadron Collider) [1,2] which will
be the biggest particle accelerator complex ever built in the world consists in
many goals. Among them there are two supergoals:

a. Higgs boson discovery in standard electroweak Weinberg-Salam model.

b. Supersymmetry discovery.

LHC will accelerate two proton beams with the total energy /s = 14 TeV. At
low luminosity stage (first two-three years of operation) the luminosity is planned
to be Ly = 10%%cm™ 25! with total luminosity Lo = 10*pb™" per year. At
high luminosity stage the luminosity is planned to be Liigh = 103%cm =251 with
total luminosity L;,; = 10°pb ™! per year. The LHC will start to work in 2005
year. There are a lot of lines for research for LHC:

. Higgs boson discovery in standard electroweak Weinberg-Salam model.
. Supersymmetry discovery.
. B-physics.
. Heavy ion physics.
. Top quark physics.
Standard physics (QCD, electroweak interactions).

g. The search for new physics beyond minimal supersymmetric model and
Weinberg-Salam model.

There are planned to be two big detectors at LHC — CMS (compact muon
solenoid) and ATLAS.

In this paper we describe the main parameters of CMS and ATLAS detectors
and review the main physics to be investigated at LHC.*

o oo o

*To be precise, we review the main physics to be investigated at CMS
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2. DETECTORS

2.1. CMS Detector

Subdetectors. CMS detector consists of the following subdetectors:
. Tracker barrel detector (TB).

. Tracker forward detector (TF).

. ECAL (electromagnetic calorimeter) barrel detector (EB).

ECAL forward (endcap) detector (EF).

Preshower in front of barrel ECAL (SB).

Preshower in front of forward ECAL (SF).

. HCAL (hadronic calorimeter) barrel detector (HB).

. HCAL forward (endcap) detector (HF).

9. Very forward calorimeter (VF).

10. Barrel muon station (MS).

11. Forward muon station (MF).

Basic Goals and Design Considerations. One of the most important tasks
for LHC is the quest for the origin of the spontaneous symmetry-breaking
mechanism in the electroweak sector of the standard model (SM). Namely, all
the renormalizable models of electroweak interactions are based on the use of
the gauge symmetry breaking. As a consequence of the electroweak sym-
metry breaking and the renormalizability of the theory there must be neutral
scalar particle (Higgs boson) in the spectrum. The existing LEP1 bound on
the Higgs boson mass in SM is my 2> 64 GeV, LEP2 with the full energy
Vs = (190 — 195) GeV will be able to discover the Higgs boson in SM with a
mass up to ny < (90 — 95) GeV. Theoretical bound based on tree-level unitarity

S

gives upper bound my < 1 TeV for the Higgs boson mass. Lattice based estimates
give similar bound m; < (700—800) GeV. In minimal supersymmetric extension
of SM (MSSM) the lightest Higgs boson has to be relatively light m; < 120 GeV.
Other nonminimal supersymmetric models of electroweak interactions typically
predict relatively light lightest Higgs boson mj, < (160 — 180) GeV. So the
discovery of the Higgs boson will be the check of the spontaneous symmetry
breaking and the renormalizability of the theory and there are no doubts that it
is the supergoal number 1 for LHC. The Higgs search is therefore used as a
first benchmark for the detector optimization for both CMS and ATLAS. For the
SM Higgs boson, the detector has to be sensitive to the following processes in
order to cover the full mass range above the expected LEP2 discovery limit of
(90 — 95) GeV:

A. h = v mass range 90 GeV< my < 150 GeV.

B. h — bb from Wh, Zh, tth using [T (I* = e* or u*)- tag and

b-tagging in the mass range 80 GeV< m; <100 GeV.
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C. h— ZZ* — 4l* for mass range 130 GeV < my, < 2m.

D. h — ZZ — 41%,21%2v for the mass range my, > 2m.

E.h— WW,ZZ — I*v 2 jets, 21* 2 jets, using tagging of forward jets for
my, up to 1 TeV.

In minimal supersymmetric extension of the standard model (MSSM) there
is a family of Higgs particles (H*, h, H and A). So in addition to the standard
Higgs boson signatures the MSSM Higgs searches are based on the following
processes:

F. A= 1%7~ 5 epplus v's, or A — 7F7~ — [* plus hadrons plus 's.

G. H* — 7%y from tf - H*WFbb and HE — 2 jets, using a [*- tag and
b-tagging.

The observable cross sections for most of those processes are small, (1 —
100)pb over a large part of the mass range. So it is necessary to work at high
luminosity and to maximize the detectable rates above backgrounds by high-
resolution measurements of electrons, muons and photons.

For the H* and A signatures in the case of the MSSM, high performance
detector capabilities are required in addition for the measurements which are
expected to be best achieved at initial luminosities with a low level of overlapping
events, namely secondary vertex detection for -leptons and b-quarks, and high
resolution calorimetry for jets and missing transverse energy Episs,

The second supergoal of the LHC project is the supersymmetry discovery,
i.e., the detection of superparticles. Here the main signature are the missing
transverse energy events which are the consequence of the undetected lightest
stable supersymmetric particles LSP predicted in supersymmetric models with
R-parity conservation. Therefore it is necessary to set stringent requirements
for the hermeticity and E7*'** capability of the detector. Also the search for
new physics different from supersymmetry (new gauge bosons W' and Z', new
Higgs bosons with big Yukawa couplings, etc.) at LHC requires high resolution
lepton measurements and charge identification even in the pr range of a few
TeV. Other possible signature of new physics (compositeness) can be provided
by very high pr jet measurements. An important task of LHC is the study of b-
and r-physics. Even at low luminosities the LHC will be a high rate beauty- and
top-quark factory. The main emphasis in B-physics is the precise measurement of
CP-violation in the BJ-system and the determination of the Kobayashi-Maskawa
angles. Besides investigations of BB mixing in the B2-system, rare B-decays are
also very important. Precise secondary vertex determination, full reconstruction
of final states with relatively low-pr particles, an example being B — J/ ¥ K2
followed by J/¥ — [*t]™ and K2 — 7t7n~, and low-pr lepton first-level
triggering capability are all necessary. In addition to running as a proton-proton
collider, LHC will be used to collide heavy ions at a centre of mass energy
5.5 TeV per nucleon pair. The formation of quark-gluon plasma in the heavy
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ion collisions is predicted to be signalled by a strong suppression of T and Y
production relative to T production when compared with pp-collisions. The CMS
and ATLAS detectors will be used to detect low momentum muons produced in
heavy ion collisions and reconstruct T, T, and T  meson production. Therefore
the basic design considerations for both ATLAS and CMS are the following:

1. Very good electromagnetic calorimetry for electron and photon identifica-
tion and measurements,

2. Good hermetic jet and missing Ep-calorimetry,

3. Efficient tracking at high luminosity for lepton momentum measurements,
for b-quark tagging, and for enhanced electron and photon identification, as well
as tau and heavy-flavour vertexing and reconstruction capability of some B-decay
final states at lower luminosity,

4. Stand-alone, precision, muon-momentum measurement up to the highest
luminosity, and very low-pyp trigger capability at lower luminosity,

5. Large acceptance in 1) coverage.

Brief Description of CMS Subdetectors

Tracker. The design goal of the cental tracking system is to reconstruct
isolated high-pr tracks with an efficiency better than 95 percent, and high-pp
tracks within jets with an efficiency of better than 90 percent over the rapidity
In| < 2.6. The momentum resolution required for isolated charged leptons in
the central rapidity region is ‘Z’—TT = 0.1py (pr in TeV). This will allow the
measurement of the lepton charge up to pr = 2 TeV. It is also very important for
tracking system to perform efficient b- and 7-tagging. The tracker system consists
of silicon pixels, silicon and gas microstrip detectors (MSGS) which provide
precision momentum measurements and ensure efficient pattern of recognition
even at the highest luminosity. A silicon pixel detectors consist of two barrel
layers and three endcap layers and it is placed close to the beam pipe with the
tasks of:

a. assisting in pattern recognition by providing two or three true space points
per track over the full rapidity range in the main tracker,

b. improving the impact parameter resolution for b-tagging,

c. allowing 3-dimensional vertex reconstruction by providing a much im-
proved Z-resolution in the barrel part.

The silicon microstrip detector is required to have a powerful vertex finding
capability in the transverse plane over a large momentum range for b-tagging
and heavy quark physics and must be able to distinguish different interaction
vertices at high luminosity. The CMS silicon microstrip detector is subdivided
into barrel and forward parts, meeting at |n| = 1.8, = — ln(tan(g)), provided
at least 3 measuring points on each track for |n| < 2.6. The microstrip gas
chambers provide a minimum of 7 hits for high-py tracks. The track finding
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efficiency in the tracker is 98 per cent for pr > 5 GeV. The charged particle
momentum resolution depends on the 7 and pr of charged particle and for
pr = 100 GeV and |n| < 1.75 it is around 2 per cent. Impact parameter
resolution also depends on pr and 5 and for 10 GeV< pr < 100 GeV and
|n] < 1.3 in transverse plane it is around 100 pm. The b-tagging efficiency
from #¢-decays is supposed to be better than 30 per cent. A significant impact
parameter can be used to tag 7-leptons. It could be useful in searches such as
SUSY Higgs boson decays A, H,h — 77 — e + p+ X(or | + hadrons). These
leptons (hadrons) originate from secondary (1) vertices while in the backgrounds
from ¢t - Wb+ Wb —s e+ pu+ X and WW — e + it + X they originate from
the primary vertex. It is possible to have the efficiency for the signal =~ 50 per
cent while for the background channels it is = 3 per cent.

ECAL. The barrel part of the electromagnetic calorimeter covers the rapidity
intervals || < 1.56. The endcaps cover the intervals 1.65 < || < 2.61. The gaps
between the barrel and the endcaps are used to route the services of the tracker
and preshower detectors. The barrel granularity is 432-fold in ¢ and 108 x 2-fold
in 7. A very good intrinsic energy resolution given by

o 0.02 0.2

ol @@0.005@ 5 (D
is assumed to be for electrons and photons with a PbW O, crystal ECAL. The
physics process that imposes the strictest performance requirements on the electro-
magnetic calorimeter is the intermediate Higgs mass decaying into two photons.
The main goal here is to obtain very good di-photon mass resolution. The mass
resolution has terms that depend on the resolution in energy (E;, F,) and the
two-photon angular separation (¢) and it is given by

aTM _ 1 OF, oE, T¢
M 2'E Jo tam(.g)]7 &
1 2 3

where @ denotes a quadratic sum, F is in GeV and 4 is in radians. For the Higgs
two-photon decay at LHC the angular term in the mass resolution can become
important, so it is necessary to measure the direction of the photons using the
information from the calorimeter alone. In the barrel region || < 1.56 angular
resolution is supposed to be oy < 50_1\;%9_@. Estimates give the following di-photon
mass resolution for & — v channel (m), = 100 GeV):

dmy, = 475 MeV (low luminosity L = 10%3cm~2s71),

dmy = 775 MeV (high luminosity L = 10%4cm~2s~1).

HCAL. The hadron calorimeter surrounds the electromagnetic calorimeter
and acts in conjunction with it to measure the energies and directions of particles
and jets, and to provide hermetic coverage for measurement of the transverse
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energy. The pseudorapidity range (|n| < 3) is covered by the barrel and endcap
hadron calorimeters which sit inside the 47 field of CMS solenoid. In the central
region around 7 = 0 a hadron shower ’tail catcher’ is installed outside the solenoid
coil to ensure adequate sampling depth. The active elements of the barrel and
endcap hadron calorimeter consist of plastic scintillator tiles with wave length-
shifting fibre readout. The pseudorapidity range (3.0 < n < 5.0) is covered
by a separate very forward calorimeter. The hadron calorimeter must have good
hermeticity, good transverse granularity, moderate energy resolution and sufficient
depth for hadron shower containment. The physics programme requires good
hadron resolution and segmentation to detect narrow states decaying into pairs of
jets. The di-jet mass resolution includes contributions from physics effects such
as fragmentation as well as detector effects such as angular and energy resolution.
The energy resolution is assumed to be:

Ak 06 1 0.03 (3)
—_— = — P U,
E JVE

for |y} < 1.5 and segmentation Ay x A® =0.1 x 0.1.

The di-jet mass resolution is approximately the following:

1. (10 -15) per cent for 50 GeV< pp < 60 GeV and ni;; = iy,

2. (5 - 10) per cent for 500 GeV< pr <600 GeV and m;; = my.

The expected energy resolution for jets in the very forward calorimeter is
parametrized by:

OE o 1.28+0.1 (0.02 % 0.01) @)
= Sl . . .
Ej“ AV Ejet .
The expected missing transverse energy resolution in the CMS detector with very
forward 2.5 < i < 4.7 coverage is

o, 055 )
ZEt vV ZEt ’

(E¢ in GeV). In the absence of the very forward calorimeter, the missing transverse
energy resolution would be nearly three times worse.

Muon System. At the LHC the effective detection of muons from Higgs
bosons, W, Z and ti-decays requires coverage over a large rapidity interval.
Muons from pp-collisions are expected to provide clean signatures for a wide
range of new physics processes. Many of these processes are expected to be
rare and will require the highest luminosity. The goal of the muon detector is to
identify these muons and to provide a precision measurement of their momenta
from a few GeV to a few TeV. The barrel detector covers the region |n| < 1.3.
The endcap detector covers the region 1.3 < || < 2.4. The muon detector should
fulfil three basic tasks: muon identification, trigger and momentum measurement.
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Fig. 2. Transverse view of the CMS detector
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The muon detector is placed behind ECAL and the coil. It consists of four
muon stations interleaved with the iron return yoke plates. The magnetic flux
in the iron provides the possibility of an independent momentum measurement.
The barrel muon detector is based on a system of 240 chambers of drift tubes
arranged in four concentric stations. In the endcap regions, the muon detector
comprises four muon stations. The muon detector has the following functionality
and performance:

1. Geometric coverage: pseudorapidity coverage up to |n| = 2.4 with the
minimum possible acceptance losses due to gaps and dead areas.

2. Transverse momentum resolution for the muon detector alone for 0 <
[n] <2 %& 0.06 — 0.1 for pr = 10 GeV, 0.07 — 0.2 for pr = 100 GeV and
0.15—0.35 for pr = 1 TeV.

3. Transverse momentum resolution after matching with central detector
for 0 < |n| < 2: %Ifl = 0.005 — 0.01 for pr = 10 GeV, 0.015 — 0.05 for
pr = 100 GeV and 0.05 - 0.2 for pyr = 1 TeV.

4. Charge assignment:” correct at 99 per cent confidence level up to pr =
7 TeV for the tull 5 coverage.

5. Muon trigger: precise muon chambers and fast dedicated detectors provide
a trigger with pp thresholds from a few GeV up to 100 GeV.

A schematic view of the CMS detector is shown in Figs.1, 2, and 3.

2.2. ATLAS Detector

The design of the ATLAS detector is similar to CMS detector. It also consists
of inner detector (tracker), electromagnetic calorimeter, hadron calorimeter and
muon spectrometer. Here we briefly describe the main parameters of the ATLAS
subdetectors.

Inner Detector. The main parameters of the ATLLAS inner detector are:

1. Tracking coverage over the pseudorapidity range |n| < 2.5.

2. Momentum resolution of ép? < 0.3 at pr = 500 GeV for |5 < 2 and no
worse than 50 per cent for || = 2.5.

3. Polar-angle resolution of < 2 mrad.

4. Tracking efficiency of > 95 per cent over the full coverage for isolated
tracks with pp > 5 GeV, with fake-track rates less than | per cent of signal rates.

5. Tagging of b-jets with an efficiency of > 30 per cent at the highest
luminosity, with a rejection > 10 against non b-hadronic jets.

6. For initial lower-luminosity running the ability to reconstruct secondary
vertices from b- and 7-decays and charged tracks from primary vertices and from
secondary decay vertices of short-lived particles with > 95 per cent efﬁmency for
pr > 0.5 GeV over the full coverage. ,

ECAL. The energy resolution is of % = \O/leaO 007 for |n| < 2.5. Diphoton
mass resolution is estimated to be 1.4 GeV for Higgs boson mass m,;, = 100 GeV
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for L = 103 cm™2s~! (for CMS the diphoton mass resolution is 775 MeV).

HCAL. Jet energy resolution is of A—EE = \0/13 ¢ 0.03 for jets and a segmenta-

tion of Anpx A® =0.1x0.1 for || < 3 and AEE = ﬁ @ 0.1 and a segmentation
of Anp x A® = 0.1 x 0.1 for very forward calorimeter 3 < |5 < 5.

Muon Spectrometer. The muon momentum resolution is of épi‘;—T = 0.02(py =
20 GeV), %ﬁZ::OO2Qn~:100(k\Q,%ﬁZ::OUSQn~:IITeV)ﬂW|u|52}

3. PHYSICS AT LHC

3.1. Parton Model

A high-energy proton beam may be regarded as an unseparated beam of
quarks, antiquarks and gluons. For the hard-scattering phenomena that are the
principal interest of LHC the cross section for the hadronic reaction

a+b— c+anything (6)

1s given in parton model by the formula [3,4]

do(a+b—oc+ X)= Z fl(”>f;b)(1f7(i +j—oc+ X/) , (7)

partons:t,j

where fl(”) is the probability of finding constituent ¢ in hadron « and 6(i 4+ j —

¢+ X') is the cross section for the elementary process leading to the desired final

state. This picture of hadron collisions in many cases provides a reliable estimate

of cross sections. Two ingredients are required to compute cross sections: the

elementary cross sections and the parton distributions. It is straightforward to

calculate the elementary cross sections, at least at low orders in perturbation

theory. At given scale, the parton distributions can be measured in deep inelastic

lepton-hadron scattering. The evolution of these distributions to larger momentum -
scales is described by perturbative QCD.

As has been mentioned before, the main idea of parton model is to regard a
high energy proton as a collection of quasi-free partons which share its momen-
tum. Thus we consider a proton with momentum P as being made of partons
carrying longitudinal momenta 2; P, where the momentum fractions x; satisfy

0<a; <1 (8)

and

Yo wm=1. )

partonsi
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The cross section for the reaction (6) is given by
dofa+b—c+X)=> fP)f@)dsli+j»ecrX),  (10)
%)

where fi(a) (z) is the number distribution of partons of species 7. The summation
runs over all contributing parton configurations. Let us denote the invariant mass
of the 7 — 7 system as

Vi = /5T (11)
and its longitudinal momentum in the hadron-hadron c.m. by
p=15/2. (12)

The kinematic variables z, 4 of the elementary process are related to those of the
hadronic process by

Tap = %[(gﬂ + 472 + 1], (13)

The parton momentum fractions satisfy the relations
Tolp =T, 14)
Ty —Tp=2X. (15)

The elementary parton model as described here does not take into account
QCD strong interaction effects. The most important modification of naive parton
model is due to QCD corrections to the parton distributions. In leading loga-
rithmic approximation [5] these corrections are process independent and can be
incorporated by the replacement

@) = £, Q7). (16)

There is some ambiguity in the choice of scale Q? for a particular process. It
should be of the order of the subenergy Q2 ~ 3. The knowledge of the next
to leading corrections allows one to fix the scale Q2. Usually we shall neglect
higher-order QCD corrections. Experience shows that in many cases an account
of higher order corrections increases the value of cross sections by a factor of
1.5-21[5].

To calculate production cross sections for a hadron collider we have to know
parton distributions as functions of the scaling variable x and Q2. For the study of
a process with characteristic mass M, the parton distributions must be known for
Q* ~ M? and z > M?/s. The typical momentum fraction contributing to such
a process is =~ M//s. We shall be interested in masses M > O(100) GeV,
so for LHC z > O(1072) and Q% > O(10*) GeV?2. Although the distributions
have not been measured at such values of @2, it is possible to obtain them using
the Altarelli-Parisi equation and the parton distributions at some scale Q3. It is
convenient to parametrize the distributions in a valence plus sea plus gluon form.
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The proton contains:

up quarks: wu,(z, Q?) + u.(z, Q?),

down quarks: d,(z, Q%) + ds(z, Q?),

up antiquarks wu,(z, Q?),

down antiquarks: d,(z, Q?),

strange, charm, bottom and top quarks and antiquarks: ¢,(z, Q?),

gluons: G(z, Q?).

The flavour quantum numbers of the proton are carried by the valence quarks.
Those distributions must therefore satisfy the number sum rules

1
/dxuv(.r,QQ)ZZ, (17)
4]
1
/drdv(x,Qg):l. (18)
0

The parton distributions are also constrained by the momentum sum rule

1
/ dl‘l’[uu+dv+G+2(us+ds+ss+cs+bs+ts)]:1. (19)
0

For protons, many sets of parton distributions exist on the market. These are
obtained by fits to experimental data, constrained so that the Q2 dependence is
in accordance with the standard QCD evolution equations. At present the most
popular set of parton distributions is CTEQ2L [6]. Also available in PYTHIA
program [7] are EHLQ, DO, CTEQ2M, CTEQ2MS, CTEQ2MF, CTEQ2ML and
CTEQ2D sets of parton distributions. The Altarelli-Parisi equation for nonsinglet
distributions reads

dp(z:Q%) _ 20,(Q%) /1 o] L2, Q) ~ 2p(rv,Q2)] N
din@Q?> 3« - 1—2
2 _.
as(Q )[1 N 4In(1 ‘E)]p(x, 0%, (20)
T 3
where
p(z, Q%) = zu,(z, Q%) or ad,(z, Q) @D
and y = z/z. The evolution of the gluon momentum distribution
9(z,Q%) = 2G(2,Q?) (22)
is given by

dg(z, Q%)  a,(Q?) /1 dz[?»[zg(y,Qg)—g(:v»Q?)] N

dinQ? ~  « 1—2
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3(1=2)(1+ g, @), 21+(1 -2

r4 3 2
(Q?) 11
> la Q%) + 20, (v, Q%)) + a_(f_) 4
flavors:q
_% +31D(1 _iU)]g(a:,Q2)’ 3

where Ny is the number of flavours participating in the evolution at Q2. The
evolution of the momentum distributions of the light sea-quarks

I(r,Q%) = zuy(z, Q%) or xds(z, Q%) or xzs,(x, Q%) 24

is described by

dfl(i: Sj) _ 2(13:22) /‘ PRI z**)l(y,le)z- 2A@0Y | 45
26+ (- 200,00+ D D - a8,
For the evolution of the momentum distributions of heavy sea quarks
h(x,Q?) = xey(xr, Q?) or xbs(x, Q%) or rty(x, Q?) (26)

the evolution equation reads {8]

dh(r,Q%)  2a,(Q% [! 0+ 2y, Q%) — 2h(x, Q%)

dlnQ? 3« /I ds] 1-= + 2
3.1 o MI(3—42)z 16122 )
Tl 20 -2+ G e - S, Q) -

ME L AN

2Q2 [*’( - ~)+ Q2 ]

/ 2
In(0. @065%) + “E 1 - o, 07
where A, is the heavy quark mass and
B=[1-4aM7/Q*(1 - 2)]/. (28)

The formula for the running effective strong coupling constant for massless quarks
in the leading log approximation has the form

127
(33— 12N5) In(Q2/A2) "

as(Q%) = (29)
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We shall use the formula (29) for Ny = 4. For the case of massive quarks the
generalization of the formula (29) takes the form

1/ (Q?) = 2 (Q?*/A%) — % > 6(Q* - 16MP) In (Q2/16M?). (30)

127 .
1=b,t,...

The parton distributions are necessary to calculate differential and total cross
sections. It appears that the cross sections depend on some particular combination
of structure functions, parton-parton luminosities. Namely, the differential cross
section for the reaction

a+b— a+ anything 3D
is given by
9 b at X)= S L sii 5 a) (32)
el a+ X)= 5 ot = a), :

tj
where 6(2j — «) is the cross section for the corresponding elementary process,
T =§/s and
([Lij‘ . 1
dr 1+ 8

1
/ de( £ S ey + £ 1D ol fe. (33)

Here ff”)(.r) is the number distribution of partons of species i carrying momentum
fraction & of hadron a. The hard-scattering processes that determine the study
for interesting physics at LHC have a common asymptotic form prescribed by
dimensional analysis

o(8) =¢/s. (34)

For a strong-interaction process, such as jet pair production, ¢ is typically of
order (a¢/m)?. For a typical electroweak process such as lepton pair production,
¢ is approximately (a/7)?. Resonance production cross sections are proportional
to 7. Therefore the quantit Ejﬁ—f which has dimension of the cross section,

provides a useful measure of the reach of hadron collider at given energy and
hadron-hadron luminosity.

3.2. Physics within SM
3.2.1. Top-Quark Physics

Even at low initial luminosities of 1032cm~2s~! approximately 6000 tf pairs
would be produced per day at m; = 170 GeV, yielding about 100 reconstructed
tt — (lvb)(ysb) decays per day and about 10 clean isolated ey pairs per day.
The ¢ — jjb decays provide an abundant event sample, which allows direct
reconstruction of m;, through the invariant mass of 3-jet system. The conclusion
is that the ultimate accuracy of +2 GeV may be achieved for m; = 170 GeV [2].
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Multilepton events from top-quark decays can also be used to extract an ac-
curate measurement of m,. The most promising method is to use 2 leptons from
the same top-quark decay. For an integrated luminosity of 10*pb~ 1, the expected
statistical uncertainty on the measurement of m,, using this method, is approxi-
mately +0.5 GeV for m, = 170 GeV. The overall systematic uncertainty due to
fragmentation effects will very likely to be less than £2 GeV. The conclusion is
that the accuracy of better than 2 GeV may be achieved in this channel.

3.2.2. Higgs Boson in the Weinberg-Salam Model

The standard Weinberg-Salam model is the renormalizable model of strong
and electroweak interactions. It has the gauge group SU.(3)®SU(2),@U(1) and
the minimal Higgs structure consisting of one complex doublet of scalar particles.
The spontaneous electroweak symmetry breaking SU.(3) ® SUL(2) @ U(1) —
SU.(3) ® U(1) due to nonzero vacuum expectation value of the Higgs doublet
provides the simplest realization of the Higgs mechanism [9] which generates
masses for W+, Z gauge bosons and masses to quarks and leptons. In this
approach, the Goldstone bosons are generated by dynamics of elementary scalar
fields and precisely one neutral Higgs scalar (the Higgs boson) remains in the
physical spectrum. The Lagrangian of Weinberg-Salam model consists of several
pieces [10]:

Lws=Lyy+Luym+Lsg+Ls+ Lyuk . (35)

Here Ly s is the Yang-Mills Lagrangian without matter fields

1 % Ly 1 Ly 1 a LV
Lyy = _ZF;LU(W)F; (W) - ZF} (WO)FMV(WO) - ZF‘}LV(G)FA (G) ’ (36)

where 2 (W), F5,(G), F.,(W?) are given by

Fi,(W)=08,W., - 8,W; + g2 " WiW} (37
Fu,(W°) =9,W. -a8,W;, (38)
F2(G) = 0,G% - 8,G% + g f**GAGy (39)

where W, W2 are the SU(2) ® U(1) gauge fields, Gy, are the gluon fields and
€% febe are the structure constants of the SU(2) and SU(3) gauge groups. The
Lagrangian L gy ps describes the Higgs doublet interaction with SUL(2) @ U(1)
gauge fields

Lyym = (DLPH)Jr(D‘ZH), (40)

where covariant derivatives are given by

.Y A
Dpy=06, - 1gl—W3 —tgo—W

5 W @1)
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.Y
DR;L = 6;1. — g1 §W,? ) (42)
q Y 0 . Ui % ; arya
DL/L = aﬂ —th EW;L - 7‘923”/# —1gst G,u ’ (43)
DY =0, —ig S WO —iguaGe 44
Ruy —™ Y tg1 9 " tgs 7 ( )

Here g; is the U(1) gauge coupling constant, ¥ is the hypercharge determined

by the relation Q = % + % o' are Pauli matrices, t* are SU(3) matrices in

the fundamental representation, H = gl > is the Higgs SU(2) doublet with
2

Y = 1. The Lagrangian Lgy describing Higgs doublet self-interaction has the
form
A

Lsy=-Vo(H)=M?H H — 5(H+H)2 , (45)
where HTH = %". H?H; and X is the Higgs self-coupling constant. Lagrangian
Ly describes the interaction of fermions with gauge fields. Fermions constitute

only doublets and singlets in SUL(2) ® U(1)

Rl = €R, R2 = KR, RS =TR, (46)
(), = (), m= (7)), )
€/ L By T/l
quu = (qlu)R7 ((hu =U, Q24 = C, (34 = t)y (48)
Ry = (@), (qua=4d, @ea =5, gza =b), 49)
qru
Ly = ) (50)
! <Vu(1m> L

where L and R denote left- and right-handed components of the spinors, respec-

tively,

1+ 5
2

and V;; is the Kobayashi-Maskawa matrix. The neutrinos are assumed to be
left-handed and massless. The Lagrangian L ¢ has the form

¥ 6D

Yp,L =

3
Ly = Z[iZkDLLk-H:RkERRk-H:Eqkququ+qukuD%quu%-i]_%qkdf)}%f?,qkd],
k=1
(52)
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where Dy = " Dy,, Dr = 'y‘“DR#, D] = ’Y“D(IZJW DY}, = 'y“ng. The
Lagrangian Ly, generates fermion mass terms. Supposing the neutrinos to be
massless, the Yukawa interaction of the fermions with Higgs doublet has the form

3

Ly = - Z[}llk:LkHRk -+ }LdkL;kHde + ’Luki;k(iUQH*)Ruk] + h.c.,
k=1
L:]k — (qku> ' (53)
Akd L

The potential term Vy(H) = —M?H*H + 5(H*H)? for M? > 0 gives rise to
the spontaneous symmetry breaking. The doublet H acquires the nonzero vacuum
expectation value

0
< H>= < v ) , (54)
V2
where v = 246 GeV. In the unitary gauge, unphysical Goldstone massless fields

are absent and the Higgs doublet scalar field depends on the single physical scalar
field () (Higgs field):

0
Vit

Due to spontaneous gauge symmetry breaking gauge fields except photon field
acquire masses. Diagonalization of mass matrix gives

1 . 1
—4wj¢HﬁLAhv:§wv, (56)

V2
ZJZ—TL—ﬂmWf—mW%,Mzzldﬁ+g%, (57)
V93 + 9} 2

rx _
W =

1

Ay = ———— (W3 4+ W), M4 =0, (58)
F qf +giz H i
where Wﬂi, Z,, are charged and neutral electroweak bosons, A, is photon. lt is

convenient to introduce rotation angle 8y between (W3, W) and (Z, A) which

is called Weinberg angle
g1

Vi + 93
Experimentally sin® fy ~ 0.23 [11]. The formula for the electric charge e has
the form

sinfy = (59)

o= 291 (60)

N ET
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At the tree-level the Higgs boson mass is determined by the formula
my = V2M = V. (61)

The Lagrangian Ly, is responsible for the fermion masses generation. In the
unitary gauge the Lagrangian Lyy s takes the form

1 . h.. 1. . I
MWM:5&%@h+M@u+;ijw“+§My1+;ypqw (62)

The Yukawa Lagrangian in the unitary gauge can be written in the form

h, -
sl T PN — '/'i"ﬁ"i .
Ly E ey, (1 + ,U) Y (63)

At present LEPI lower bound on the Higgs boson mass is [12]
my > 63.5GeV . (64)

In standard Weinberg-Salam model there are several theoretical bounds on the
Higgs boson mass:

(i) Tree-level unitarity requirement leads to my, < 1 TeV [13].

(i1) The requirement of the absence of the Landau pole singularity for the
effective Higgs self-coupling constant for energies up to 10" GeV gives my, <
200 GeV for my < 200 GeV [14].

(i) The vacuum stability requirement leads to the lower bound on the Higgs
boson mass which depends on the top-quark mass [15].

The renormalization group equations for the effective coupling constants in
neglection of all Yukawa coupling constants except top-quark Yukawa coupling
constant in one-loop approximation read

dgs

dt ~793. (©9)
(1@2 19 3
2 = (g 66
dt ( 6 7z (66)
dg; 41,
— (2 67
dhy 9h? . 933 177 .
— (2 _gg2 Y92 _ 68
AR e TR (08)
dA w2, g2 91 3E =, 01§05 | 33
— 192()x2 2 _ 91 292y 74, 91 9192 2
— 2(\* + (k7 1 2 JA—hi + 67T s T 16 ), (69)
1
t=(——=)In(p/mz). (70)

1672
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Here g3, g» and gy are the SU.(3), SUL(2) and U(1) gauge couplings, re-
spectively, and h; is the top-quark Yukawa coupling constant. In our esti-

mates we took mfoze = 175 GeV, asz(mz) = 0.118, a_l(mz) = 127.9,
« 2
sin® Oy (mz) = 0.2337, a; = 2o From the requirement of the absence of

Landau pole singularity for the Higgs self-coupling constant A for the scales up
to A = (10%;10% 105 10%;10%%; 1012, 10'*) GeV (to be precise we require that
at the scale A the Higgs self-coupling constant is % < 1) we have found
the. upper bound on the Higgs boson mass m; < (400; 300; 240; 200; 180:
170; 160) GeV, respectively. Roughly speaking, the vacuum stability bound
comes from the requirement that the Higgs self-interaction coupling is nonneg-
ative A(u) > 0 for the scales 4 < M,. Here M, is the scale up to which the
standard model is applicable. Suppose that at scales up to M, standard model
works and at scales M > M, we have some supersymmetric extension of the
standard model. It should be noted that the most popular at present the minimal
supersymmetric standard model (MSSM) predicts that the effective Higgs self-
coupling constant for the standard model at the scale of supersymmetry breaking
M, has to obey the inequality

0 < MM;) = (57 (M) + 75 (M) (cos(2))? /4 < (g3 (M) + g2 (M,)) /4. (71)

So the assumption that the standard Weinberg-Salam model originates from its
supersymmetric extension with the supersymmetry broken at scale M, allows
us to obtain nontrivial information about the low energy effective Higgs self-
coupling constant in the effective potential V = —M?H"H + 3(H*H)? and
hence to obtain nontrivial information about the Higgs boson mass. It should
be noted that in nonminimal supersymmetric electroweak models, say in the
model with additional gauge singlet o, we have due to the ko HyiroHs-term
in the superpotential an additional term k2|HyiTo Hs|? in the potential and as a
consequence our boundary condition for the Higgs self-coupling constant has to
be modified, namely

AOL) = F@OL) + BOM) cos’(29) + TR (OL)sin(29) 2 0. (72
The boundary condition (72) depends on unknown coupling constant k2(M,).
However it is very important to stress that for all nonminimal supersymmetric
models broken to standard Weinberg-Salam model at scale M, the effective Higgs
self-coupling constant A(M,) is nonnegative which is a direct consequence of the
nonnegativity of the effective potential in supersymmetric models. Therefore the
vacuum stability requirement results naturally [16] if supersymmetry is broken at
some high scale M, and at lower scales the standard Weinberg-Salam model is
an effective theory. For MSSM with boundary condition (71) for the Higgs self-
coupling constant A(M,) we have integrated numerically renormalization group
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equations in two-loop approximation. Also we took into account the one-loop
correction to the Higgs boson mass (running Higgs boson mass m, (1) = /Mp)v
does not coincide with pole Higgs boson mdss) Our results for the Higgs boson
mass for different values of M, and mL ¢ are presented in the Table. Here k = 0
corresponds to the boundary condition A(M,) = 0, and k = 1 corresponds to the
boundary condition A\(M,) = L(g? + g3).

Table. The dependence of the Higgs boson mass on the values of M., m"*'® and
k =0, 1. Everything except k is in GeV

mf’”’e 165 | 165 | 170 | 170 | 175 | 175 | 180 | 180 | 185 | 185
k=0 | k=1 | k=0 | k=1 | k=0 | k=1 | k=0 | k=1 | k=0 | k=1
My =107 69 1| 74 114 | 78 117 | 83 120 | 88 123

M, =10%° | 81 117 | 86 120 | 92 124 | 98 128 | 104 | 132
M, =107 89 121 | 95 125 | 101 | 130 | 108 [ 134 [ 114 | 139
M, =10° 105 | 129 | 113 | 135 | 121 | 141 | 129 | 147 | 137 | 153
M, = 10° 112 | 132 1120 1 138 | 129 | 147 | 138 | (52 | 146 | 159
My =10" | 115 ] 133 | 124 | 140 | 133 | 147 | 142 | 154 | 151 | 161
M, = 10" [ 117 [ 134 [ 126 | 141 | 136 | 147 | 145 | 154 | 154 | 161
My =10"" [ 118 | 134 | 127 | 141 | 132 | 148 | 147 | 156 | 156 | 164
Mo =10 T 118 | 134 | 128 | 141 | 138 | 148 | 148 | 156 | 158 | 164

The tree-level Higgs boson couplings to gauge bosons and fermions can be
deduced from the Lagrangians (62, 63). Of these, the hWW W=, hZZ and hy)
are the most important for the phenomenology. The partial decay width into
fermion-antifermion pair is [10]

_ G pmZm, N, am?
T(h = ) = vk 2y 73
(s wi) = T - 73)

where IV, is the number of fermion colours. For my, < 2my Higgs boson decays
mainly with =~ 90 per cent probability into b-quark-antiquark pair and with ~ 10
per cent probability into 7 lepton-antilepton pair. An account of higher order
QCD corrections can be effectively taken into account in the formula (73) for the
Higgs boson decay into b-quark-antiquark pair by the replacement of pole b-quark
mass in formula (73) by the effective b-quark mass m,(my,). Higgs boson with
mp 2 2Mw will decay into pairs of gauge bosons with the partial widths

T(h— WHW™) = G rm, (4 = 4ay + 3a2)(1 — ay)*

25 (74)
¥ 3 1
L(h— 2°2°% = gfﬂ(zl daz +3a%)(1 —ay)?, (75)
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2
where ay = %g‘i and az = %/[2& In the heavy Higgs mass regime (2mgz <
I h
m;, < 800 GeV), the Higgs boson decays dominantly into gauge bosons. For
example, for m, > 2mz one can find that

G}DTTL:;L
V2

The 1} behaviour is a consequence of the longitudinal polarization states of the
W and Z. As my, gets large, so does the coupling of & to the Goldstone bosons
which have been eaten by the W and Z. However, the Higgs boson decay width
to a pair of heavy quarks growth only linearly in the Higgs boson mass. Thus,
for the Higgs masses sufficiently above 2im, the total Higgs boson width is well
approximated by ignoring the Higgs decay to t¢ and including only the two gauge
boson modes. For heavy Higgs boson mass one can find that

T(h— WHW™) =2T(h - Z2) ~ (76)

My,

Ciorai(H) ~ 0. >
totat (H) 18 T(v(l TeV

). (7

It should be noted that there are a number of Higgs couplings which are absent at
tree level but appear at one-loop level. Among them the couplings of the Higgs
boson to two gluons and two photons are extremely important for the Higgs boson
searches at supercolliders. One-loop induced Higgs coupling to two gluons is due
to t-quark exchange in the loop [17] and it leads to an effective Lagrangian

: g2y
Lilf = == nGe, G 78
hay ™ 24wy M (78)

Using the effective Lagrangian (78) one can find that

2,23
gsasmy;

C(h = g9) = —————.
2887w3ms3,.

(79)
Also very important is the one-loop induced Higgs boson coupling to two photons
due to W- and r-quark exchanges in the loop. The corresponding expression for
the decay width of the Higgs boson into two photons is contained in [18].

Consider now the Higgs boson search at supercolliders. For completeness let
us start with LEP2. At LEP2 with the total energy /s = 192 GeV the dominant
Higgs production process is ete™ — hZ. The corresponding cross section at tree
level is given by {19]

T A2\ +12sM2)[1 + (1 — 4sin® 6)?)

oleTe™ = hZ) = ’
( ) 19252 sin Oy cos? Oy (s — M2)?

(80)

where A = (s — m? — M2)? — 4m?M7%. One can see that for a fixed value of
my, the cross section is maximal for /s =~ mz + V2my,. For L, = 500 pb~1
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one expects to observe the Higgs bosons using the signature Z — vz, h — bb for
masses up to M. Note that the region m,, ~ M is particularly troublesome due
to the ete™ — ZZ background. Both ZZ and hZ lead to four-fermion states.
However, these can be separated by making use of the fact that Br(h — bb) =~ 90
per cent as compared with Br(Z — bb) =~ 20 per cent. Given sufficient energy
and luminosity, and a vertex detector that can tag b-quark jets with high efficiency,
it would be possible to discover a Higgs boson if it is degenerate in mass with
Z-boson.

At LHC the dominant mechanism for the Higgs boson production is gluon-
gluon fusion. Also WW fusion becomes important for heavy Higgs boson. The
cross section for the Higgs boson production due to gluon-gluon fusion has the
form

do T (h — gg)

“C(AB 5 h+ X) =

Crv,\(‘l',,,H).}Z,)(J'[g(.l';,,Illlf,) . (81)
dy 8my s g

where (7,1 and G are the gluon distributions functions in hadrons A and B,
respectively, and

e mye Y
- 'u = A l' - 82
Ky (82)
1 Ey + pan
y=—-In(—"") (83)
2 En — pa

The rapidity y is defined in terms of the Higgs boson energy and longitudinal
momentum, defined in the laboratory frame.

3.2.3. Search for Standard Higgs Boson at CMS

The Search for /it — ~~. One of the most important reactions for the search
tor Higgs boson at LHC is

pp— (h =3+ . (84)

which 1s the most promising one for the search for Higgs boson in the most
interesting region 90 GeV< my <140 GeV.

‘The key features that enable CMS detector to obtain clear two-photon mass
peaks, significantly above background throughout the intermediate mass range,
are:

I. An electromagnetic calorimeter with an excellent energy resolution (this
requires calibration to high precision, which in turn requires a good inner tracking
system).

ii. A large acceptance (the precision electromagnetic calorimetry extends
to || = 2.5), adequate neutral pion rejection and (at high luminosity) a good
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measurement of photon direction. This requires fine lateral segmentation and a
preshower detector.

iit. Use of powerful inner tracking system for isolation cuts.

The cross section times branching has been estimated to be o Br(h — vvy) =
76 fb(68 fb) for m, = 110(130) GeV, the uncertainty in the cross section calcu-
lation is (30 - 50) per cent. The imposition of cuts (|n| < 2.5, pj' > 40 GeV,
py > 25 GeV) allows one to decrease the background in a reasonable magnitude.
The jet background is reduced by imposing an isolation cut, which also reduces
the bremsstrahlung background. Photon is defined to be isolated if there is no
charged track or electromagnetic shower with a momentum greater than 2.5 GeV
within a region AR < 0.3 around it. The photons from the decay of 7° of the
relevant transverse momenta are separated in the calorimeter by a lateral distance
of the order of 1 cm. An efficiency of 64 per cent was assumed for reconstruc-
tion of each photon (i.e., 41 per cent per event). The crystal calorimeter was
assumed to have an energy resolution AE/E = 0.02/vE @ 0.005 & 0.2/E in
the barrel and AE/E = 0.05/vE @® 0.005 % 0.2/E in the endcap, where there
is a preshower detector. At high luminosity, a barrel preshower detector covers
In| < 1.1, resulting in a resolution AE/E = 0.05/VE & 0.005® 0.2/E and an
ability to measure the photon direction with resolution Aa = 40 mrad/VE in
this region.

The background to the h — 7y may be divided into 3 categories:

1. prompt diphoton production from quark annihilation and gluon fusion
diagrams — irreducible background,

2. prompt diphoton production from bremsstrahlung from the outgoing quark
line in the QCD Compton diagram,

3. background from jets, where an electromagnetic energy deposit originates
from the decay of neutral hadrons in a jet from 1 jet + 1 prompt photon.

The signal significance o = \/—NNS—; is estimated to be 70(90) for m, =

110(130)GeV and for low luminosity Lo, = 3 - 10*pb~" and 100(130) for
myp = 110(130) GeV and for high luminosity La;gn,: = 10°pb~!. The general
conclusion is that at 50 level it would be possible to discover Higgs boson
for 95 GeV< my < 145 GeV at low luminosity and at high luminosity the
corresponding Higgs boson mass discovery interval is 85 GeV< mp < 150 GeV.

Search for h — ~v in Association with High E Jets. The possibility of the
search for h — v with large E7-jet allows one to improve signal /background
ratio. There are several sources of such Higgs + jet events. One is the next to
leading order corrections to gg — h with hard gluons. Others are the associated
production of tth, Wh, Zh and the WW - and Zh-fusion mechanisms.

The cuts that provide optimal sensitivity are [1]:

i. Two isolated photons are required, with p;* > 40 GeV and p;* > 60 GeV,
|n| < 2.5 and p;7 > 50 GeV.
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il. Number of jets > 2, Etjd > 40 GeV for the central jets ( || < 2.4 ) and
E7¢t > 800 GeV for the forward ones (2.4 < In] < 4.6).

iii. Photons are isolated with no charged or neutral particles with P > 2 GeV
within a cone AR < 0.3 around each photon’s direction.

iiti. y-jet isolation AR(v, jet) > 1.5 (to suppress the bremsstrahlung contri-
bution).

The calculations give encouraging results, namely for Lpight = 1.6-10°pb 7!
it would be possible to discover the Higgs boson for 70 GeV< my, <150 GeV
with > 7o signal significance. Note that the background is not only much smaller
in magnitude than in the inclusive h — v search, but it is also peaked at higher
masses, away from the most difficult region m(yy) < 90 GeV.

h — ~v in Associated W h and tth-Production. The Wh — vy + X and
tth — lyy + X final states are other promising signature for the Higgs boson
search. The production cross section is smaller than the inclusive h — vy by a
factor of ~ 30. However the isolated hard lepton from the W - and t-decay allows
one to obtain a strong background reduction and to indicate the primary vertex at
any luminosity. The main backgrounds are: Wy, Wy + jet, W + 2jets, tiyy,
tty, tt, bb, ¢ and tb, with a real lepton in the final state and one or two jets
faking photons due to hard bremsstrahlung. For 80 GeV< m,, <120 GeV and
Lpighy =1.6- 105pb_1 the signal significance is better than 6o [1].

h — ZZ*(ZZ) — 4 Leptons. The search for the standard Higgs boson
using the reaction h — ZZ*(ZZ) — 4 leptons is possible for a broad mass
range 130 GeV< my <800 GeV. Below 2M the event rate is small and the
background reduction is more difficult, as one of the Zs is off mass shell. In this
mass region the width of the Higgs boson is small I';, < 1 GeV. The significance
of the signal is proportional to the mass resolution, so the lepton momentum
resolution is of decisive importance. The geometrical and kinematic acceptance
for leptons is also very important in these channels [1] in the mp < 2M 7 mass
region , the main backgrounds are from t, Zbb and ZZ*. The ZZ* background is
irreducible and peaks sharply near the ZZ threshold. The Zbb background cannot
be reduced by a Z mass cut, but it can be suppressed by lepton isolation. The ¢f
background can be reduced by a Z mass cut and by isolation cuts. The standard
event cuts were chosen the following [1): one electron with p:r > 20 GeV; one
with p; > 15 GeV, and the remaining two electrons with p; > 10 GeV, all
within || < 2.5. For muons, the corresponding p; cuts are 20, 10 and 5 GeV
in the rapidity range |n| < 2.4. For mj = 130 GeV the overall (kinematic and
geometrical) acceptance for the four-electron channel is 22 per cent; and for the
four-muon channel, 42 per cent. For mj; = 170 GeV these acceptances increase
to 38 per cent and 48 per cent, respectively. To select h — ZZ* events and
suppress the large tf background, one of the ete™ or ptp™ pairs was assumed
to be within +20 7 of the Z mass. There is a fraction of events where both Zs are
off-shell. This effect results in a 24 per cent loss for m; = 130 GeV, decreasing
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to 12 per cent for m, = 170 GeV. The Mz cut reduces tf background by a factor
of Il in the Z — p*pu~ channel and by a factor of 5 in the Z — ete™ channel.
For two softer leptons, M ({l) > 12 GeV is also required.

For the region 130 GeV< m; <180 GeV it would be possible for Lyight =
10°ph ™" to discover the Higgs boson with > 50 signal significance except narrow
mass region around 170 GeV. For my, > 180 GeV the h —» ZZ — 4l channel
is sensitive for low luminosity 10*pb™" from 2m to 400 GeV. The main back-
ground here is nonresonant ZZ-production. The conclusion is that even at low
luminosity Lo, = 104p}f1 it would be possible to discover Higgs boson for
2mz <y, < 400 GeV [1].

The Use of Channels b — llvv, h > WW — lvjj and h — ZZ — lljj.
The channel h — llvv has a six times larger branching than h — 4{*. The main
background comes from ZZ, ZW, tt and Z + jets. The chosen cuts are the
following:

1. E > 100 GeV.

2. Two leptons are required, with p, > 20 GeV, || < 1.8, and p!! > 60 GeV.

3, |’\[74 - 1‘[[1| S 6 GeV.

4. No other isolated leptons with p; > 6 GeV.

5. No central jets with E;, > 150 GeV.

No jets back-to-back with leptons (cosine of the angle between the mo-
mentum of the lepton pair and sum of the momenta of the jets is > —0.8).

7. E™° vector back-to-back with the lepton pair (cosine of the angle in the
transverse plane between the two-lepton momentum and the missing transverse
momentum < 0.8).

o

The conclusion is that using this mode it would be possible to discover Higgs
boson in the interval 400 GeV< my <(800 - 900) GeV [1].

The channels h — W1W — {vjj and h - ZZ — llj; are important in the
mp ~ 1 TeV mass range, where the large W, Z — ¢q branching ratios must be
used. Also high lepton pairs with my; = Mz for h -» ZZ or a high p, lepton pair
plus large £ for h — WW must be used. In addition, two hard jets from the
hadronic decays of Z/1V with m;; ~ M,y are required. The backgrounds are:
Z+jets, ZW, WW tt, WW, W Z. For my = 1 TeV the Higgs boson is very
broad (I'y, =~ 0.5 TeV and WW/ZZ fusion mechanism represents about 50 per
cent of the total production cross section), therefore forward-region signature is
essential. The appropriate cuts are the following:

i B > 150 GeV, p} > 150 GeV, p/¥ > 300 GeV for h — WW, or
pb > 50 GeV, p? > 50 GeV, p? > 150 GeV, |m —mn} <10GeV forh — ZZ.

ii. |mj; —myyz| <15 GeV for the central jet pair.

iii. E{* > 10 GeV, E7¢* > 400 GeV, |n| > 2.4 for the two forward tagging
jets.

The main conclusion is that the use of the reactions h = WW — [vjj and
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h — ZZ — lljj allows one to discover the heavy Higgs boson with a mass up
to 1 TeV for Lpign,, = 10°pb™! [1].

3.2.4. B-Physics in SM

General Comments. The main task of B-physics investigation at LHC is the
observation of CP-violation. For such a measurement high statistics are important
since the useful decay rates have branchings (107¢~10~7). At LHC (10'2—10!3)
bb-pairs will be produced per year so the main problem here is to trigger and select
the interesting modes. The violation of CP-symmetry is one of the most intriguing
aspects of high-energy physics. At present there is only a single measurement
of a CP-violation parameter: the measurement of € in K-decays. The standard
model description of CP-violation is very predictive — all CP-violating effects
are related to the phase ¢ of the Cabibbo-Kobayashi-Maskawa (CKM) matrix.
Note that in standard model also #-term

6)2—;T7-Gwé‘“’ (85)

in QCD Lagrangian violates CP-symmetry [20]. f-term gives nonzero contri-
bution to electric dipole moment of the neutron [20]. The current experimental
bound on the electric dipole moment of the neutron |d,| < 1.1-10"2% - cm
implies that [§] < 1079 that corresponds to an extreme fine-tuning of a parame-
ter 6 of the QCD Lagrangian. Therefore there are good prospects that detailed
investigation of CP-violation in B-decays will provide us important information
on the possible mechanisms of CP-violation.

Let us start with brief description of P-, C- and CP-transformations [21]. The
parity transformation is a space-time transformation, under which t — —¢ and
T — —7. It changes the sign of momenta, § — —p, leaving spins unchanged.
For pseudoscalar mesons P and P, the parity transformation could be defined as

PIP(p) >= —|P(-p) >, (86)

P|P(p) >= —|P(~p) > . (87)

Charge conjugation relates particles and antiparticles, leaving all space-time co-
ordinates unchanged, i.e.,

CIP(p) >= |P(p) >, (88)

ClP(p) >= |P(p) > . (89)

The combined CP-transformation acts on pseudoscalar mesons in the following
way: R )

CP|P(p) >=—|P(-p) >, (90)
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CP|P(p) >= —|P(—p) > . (91)
For neutral P°- and P°-mesons one can construct the CP-eigenstates
PP >= L(1P > —|B° >),
|PP >= Z5(I1P° > +|P° >),
which obey

CPIPY >=|P) >,
CP|PY >= —|PY >.

CP-Violation in Standard Model. The standard model gauge group SUc(3)®
SUL(2) ® U(1) is spontaneously broken to SUc(3) ® U(1) due to nonzero vac-
uum expectation value of the Higgs doublet. This gives the masses to the W-
and Z-bosons, as well as to the quarks and leptons. The quark masses arise from
the Yukawa couplings to the Higgs doublet. The Yukawa interactions are written
in terms of the weak eigenstates ¢ of the quark fields. After the electroweak
symmefry breaking the quark fields are redefined so as to obtain the mass terms
in the canonical way. In the weak basis these charged-current interactions have
the form

dy
Line = — (@), &, 00" | s, | Wi+ he.. (92)

In terms of the mass eigenstates ¢ the L;,,; can be rewritten in the form

dy,
Line = =2 (ay, e0, i)y Vorm | so | Wr+he.. (93)
V2 by

The CKM mixing matrix Vo is a unitary matrix in flavour space. In the case
of three generations, Vegm can be parametrized by three Euler angles and six
phases, five of which can be removed by redefinition of the left-handed quark
fields. So three angles 6;; and one observable complex phase § remain in the
quark mixing matrix [21].

The standard parametrization” of the CKM matrix is

6

€12€13 S12€13 S13€"
_ ~ is 5

Verkm = | —si2023 — €12523813€" C12C23 — S12523513¢€" $23C13
is i

5128923 — €12C23813€" —C12523 — S12€23513€"°  €23C13

94
Here c¢;; = cos(§;;) and s;; = sin(f;;). The imaginary part of the mixing matrix
is necessary to describe CP-violation in standard model. In general CP is violated
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in flavour changing decays if there is no degeneracy of any two quark masses
and if the quantity Jop # 0, where

Jop = [Im(Vi; ViV Visls i £k j #1. (95)

It can be shown that all CP-violating amplitudes in the standard model are pro-
portional to Jop.

For many applications it is more convenient to use an approximate parame-
trization of the CKM matrix (Wolfenstein parametrization) [22]

1-— ’\2—2 A AX3(p —in)
Vokum = - - AN? +O0(\Y). (96
AN(Q - p—in) —AX? 1
One can find that
Jop ~ A*nA® ~1.1-107%. A%, 97)

The two Wolfenstein parameters A and A are experimentally well determined [23]

A = |Vis| = 0.2205 £ 0.0018,, (98)
Ve
A=|75]=0804004. (99)

A simple way to take into account the implications of the CKM matrix unitarity
is provided by the so-called unitarity triangle which uses the fact that the unitarity
equation

ViV =00 #k) (100)

can be represented as the equation of a closed triangle in the complex plane.
There are six such triangles with the same area [24]

1
|Aa] = §JCP. (101)
Most useful from the phenomenological point of view is the triangle relation
VudVip + VeaViy + ViaViy =0, (102)

which determines the triangle with the angles o, 3, v (@ + 83+ v = 7). The
present fit to data for triangle gives: sin(2a) = 0.7, sin(28) = 0.5, sin(v) =~ 0.9.
Direct CP-Violation in Weak Decays. Consider two decay processes re-
lated to each other by a CP-transformation. Let P and P be CP-conjugated
pseudoscalar meson states, and f and f some CP-conjugated final states:

CP|P >=¢"r|P >, CP|f >=¢%s|f > . (103)
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The phases ¢p and ¢ are arbitrary. The CP-conjugated amplitudes , A and A,
can be written as

A=< flHIP>=)" Aieie?, (104)

A=< fIH|P >=¢"0r=¢0 %" g,eie™? (105)

where H is the effective Hamiltonian for weak decays, and A; are real partial
amplitudes. The weak phases ¢; are parameters of the CP-violating Lagrangian.
They appear in the electroweak sector of the theory and enter a and A with
opposite signs. The strong phases d; appear in scattering amplitudes even if the
Lagrangian is CP-invariant and they enter A and A with the same sign. It appears
that the ratio

i Ao
A= 1 e (106
SA > Ajetbiemion
is independent of phase conventions. The nonequality
A
|-i| #1 (107)

implies direct CP-violation which comes from the interference of decay amplitudes
leading to the same final states, that requires at least two partial amplitudes that
differ in both the weak and strong phases.

Since the mixing is unavoidable in neutral meson decays, the best way to
observe direct CP-violation are the decays of charged mesons. The CP-asymmetry
is defined in a standard way:

D(Pt = f)=T(P~ = f) _1-|42
D(Pt = f)+T(P~ > f)  1+]4]2

ay =

(108)

We have to consider nonleptonic decays since leptonic and semileptonic
decays are usually dominated by a single diagram and complex phases cancel.
Nonleptonic decays can receive both tree and penguin contributions [25]. Penguin
diagrams typically involve other weak phases than tree diagrams. To get large
interference effects one needs partial amplitudes with similar amplitude. Therefore
it is necessary to look for decays in which tree contribution is suppressed by small
CKM parameters that compensates the loop suppression of penguin diagrams.
Another possibility is to consider tree forbidden decays, which can only proceed
through penguin diagrams. Examples are B* — K*K, B* - K*¢, B* -
K*t~, B — p¥y. At present there is no experimental evidence for direct
CP-violation.
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Indirect CP-Violation in the Mixing of Neutral Mesons. The neutral mesons
P% and P° can mix via common decay channels:

PPe X o PO, (109)

An arbitrary neutral meson state can be written as a superposition of the eigen-
states a|P® > +b|P° > which obey Schrédinger equation

d(a, b)
dt

-~ 1

= H(a,b) = (M -

1

T')(a,b), (110)

where M and T are Hermitian 2 x 2 matrices. Since the Hamiltonian operator,
H, is not Hermitian, its eigenstates

[Pz >=p|P? > £q|P° > [p*| +|¢*| = 1 (1n
are not orthogonal, and the eigenvalues
u]-:Mj—éI‘];jzlj (112)
are complex. The time evolution of the states P; is given by
|P(t) >= e Mte=3T P (0) > . (113)
One can show that the ratio

My, - iT5,
2P <z e (114)
My = 3T12
is independent of phase conventions. The condition [%[ # 1 implies CP-violation
due to the fact that flavour eigenstates are different from the CP-eigenstates. The
following relations are valid:

1

(Am)? — Z(Arf = 4|M 2| = |22, (115)

Am - AT = 4Re(M5T%,) , (116)

g_ _l1Am—3AT :—2M1*2_%FT2, (117)
P 2 My — iTh, Am — AT

where Am =my —my and AT =Ty — I‘l.y An alternative notation is defined é
such that
1+¢€ 1-¢€ qg 1-¢

= g = == . 118
PR T A e 1w e
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Consider at first kaon system. Define the “short-lived” and long-lived” neutral
kaon states as Ks = K and K = K5. Experimentally,

Amg =mp —ms = (3.510 £ 0.018) x 107 15GeV, (119)
Al'g =Ty —T's = —(7.361 £ 0.010) x 10" '°GeV . (120)
Define - r
12 12 | ip12
= —|—==|e'12 . (121)
My, IMml

From the last definition we find that

|§|K — 1~ ~2Re(éx) ~ —p12 = O(1073). (122)

For B-meson systems decay channels common to B°® and Bo’ which are
responsible for the difference AI'p, are known to have branching ratios of the
order of 1072 or less. Hence ]AF—I;QI < O(1072). The observed B® — B° mixing
implies Amp/T'p = 0.74 & 0.04 that means |AT'g| < Amp. Therefore, the
lifetime difference between the CP-eigenstates is very small and it is possible to
define these states as “light” and “heavy”, By = B; and By = Bs. It follows
that [I';2| < [ M2, and to the first order in I';5/M;5 one can find that

1415 =1~ —2Re(ep) = 0(1072). (123)
p
Since By, and By have almost identical lifetimes, it is impossible to produce

selectively beams of Bp- and By-particles. The time evolution of an initially
pure BO-state is

. 1 ; 1 -
|B°(t) >= e”the“%FB‘(cos(ﬁAth)|B° > +%§ sin(aAth)|B0 >),

(124)
. . 1 - ) 1
|BO(t) >= e"”"f"e“%FBt(cos(gAthﬂBO > +% sin(gAth)]BO >),
(125)
where my,, = mp + %AmB and 'y, ~ I'g. Defining the semileptonic
asymmetry as
s D(B(t) » ITpX) —T(B(t) = I"vX)
agy = = , (126)
[(BO(t) = I70X) +T(BO(t) - I=vX)
one can find that
1— 4
agL = —«M ~ 4Re(ép) = 0(10_2). 127

L+|q/p|* —
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At present we don’t have experimental evidence for indirect CP-violation in the
B-meson system.
Consider decays of neutral mesons into CP-eigenstates:

A=< feplH|P® >, A* =< fep|H|P® > . (128)

The condition A = % . % # 1 implies CP-violation. The most theoretically

favoured scenario is when A\ = e In that case ) is a pure phase and hadronic
uncertainties are cancelled. Define the CP-asymmetry as

L(B°(t) = fop) —D(B°(t) — fep)

Qo = i : (129)
T(BO(Y) = for) + T(B(t) = fer)
Taking into account that |2]p ~ 1 we find that
1 — A1) cos(Ampt) — 2ImAsin(Am gt
oo = (PN CSlAmat) —2mbsidenst)

Decays of neutral B-mesons into CP-eigenstates provide for model-independent
determination of CP-violating phase. In the B-meson system we have

(g)B ~ le*Q — (‘/t;;‘/td)2 — Vﬁ;th

p M| [ViVaal® VoV

= 28 (131)

To eliminate hadronic uncertainties it is necessary to choose decay modes dom-
inated by a single diagram. Examples of such decays are B — wr, B — DD,
B, - ¢Ks, B = pKs, Bs — yKs, B —» ¢Ks, B - KsKs, B, — 1),
B, = ¢Kg, and B, — ¥o.

Tree-Dominated Decays: B — 7w, The decay B — 7w proceeds through
the quark decay b — uiid, for which both the tree and the penguin diagrams have

CKM parameters of order A®. So the tree diagram is dominant and

=9 é o VieVia VeV _ o282y _ 2ia (132)
T AT VaV ViV !

Im(Azr) >~ sin(2a) . (133)

Hadronic uncertainties arise from the small admixture of penguin contributions
and they are expected to be of the order of 10 per cent.

Tree-Forbidden Decays: B — ¢Kg. The decay B — ¢Kg proceeds
through the quark transition b — s3s, i.e., it is forbidden at tree level and only
penguin diagram contributes. A new ingredient here is the presence of K — K
mixing which adds a factor

*
VeV

q
D ~ 134
(p)K ViiVea (139
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in the definition of A. One can find that

q q A tz td cs ti tb tz —2i83
rore = (g (D S~ Ll ed = : 135
K (p)B (p)K L Vv VeV ViV e (135)

Im(Aprs) = —sin(20) . (136)

Decays with a Single Weak Phase: B — ¢Kg. The decay B — 9 K5 is
based on the quark transition b — c¢¢s, for which the tree diagram is dominant.
One can find that

aq 4q A —-2ig
e =—(=)p - (Z)xk — =~ , 137
AR (p)B (p)l\ 1 e (137)
Im(Ayprs) =~ sin(273). (138)

The hadronic uncertainties for this decay are of the order of 1073,
Note that the angle 3 appearing in the CP-asymmetries for B,-meson decay
is the analogue of the angle 3 in the unitarity triangle defined by the relation

‘/Yus /x:(b + ‘y(wvyp;; + ‘/ts 71’{; = V. (139)
Experimentally |sin(237)| < 0.06.

3.2.5. B-Physics at CMS

Three experiments are foreseen for the B-physics investigation at LHC. AT-
LAS and CMS are two general purpose experiments designed to look for Higgs
boson and supersymmetric particles. LHC-B [26}] is a dedicated experiment for
the CP-violation study. Since ATLAS and CMS are designed to look for parti-
cles produced in a very hard collision, detectors cover the central region. For the
initial phase of the LHC operation where the luminosity is around 1033 em 2571,
they intend to do physics with B-mesons. The b-quark events are triggered by the
high transverse momentum (p;) lepton trigger by reducing the threshold value.

LHC-B chose the forward geometry due to the following reasons [27]:

1. The b-quark production is peaked in the forward direction and in the
forward region both b and b go to the same direction. Therefore, a single-arm
spectrometer with a modest angular coverage of up to ~ 400 mrad can detect 10
to 20 per cent of bb-events where decay products of both the b-hadrons are in
detector acceptance. This reduces the cost of the detector.

2. B-hadrons produced in the forward direction are faster than those in the
central region. Their average momentum is about 80 GeV, corresponding to a
mean decay length of ~ 7 mm. Therefore, a good decay time resolution can be
obtained for reconstructed B-mesons.
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3. In the forward region, momenta are mainly carried by the longitudinal
components. Therefore, the threshold value for p;-trigger can be set low for elec-
trons, muons and hadrons around 1.5 GeV. This makes p,-trigger more efficient
than in the central region.

4. Detector can be built in an open geometry which allows easy installation
and maintenance,

5. LHC-B is only the detector capable of separating kaons from pions in all
necessary phase space.

Here we briefly describe the B-physics potential of CMS. ATLAS B-physics
potential is similar to CMS one. As it has been mentioned before the main CP-
violation prediction for B-systems is the inequality [(B° — f) # I'(B® - f).
The decay rate asymmetry
L(B° > f)-T'(B° > f)

- > 2 I) 140
4 MO o )+ T30 o fy ) (140)

depends only on CP-violating angles of triangle a,v,/2 = ®. At LHC the cross
section pp — bb + ... is expected to be in the range 0.08 — 0.6 mb. The most
promising channels for the search for the CP-violation are:

By = (¢ > ) + (K? = n*77) and By =t

The decay B) — K% with ¢ — ptp and K% — 7o s the most
appropriate channel to measure the angle 3. To tag the BY, the associated b-
hadron is required to decay into muon + X. The time integrated asymmetry A

I8:

Nt - N— Xy
= =D 1 in(23), (141)

A=
NT +N- 1+

where V' and N~ arc the number of events with positively and negatively

charged tagging muons, D is the dilution factor and T34z is the time-integration
o 3

factor. The expected number of events for an integrated luminosity L is:

N =2x L xay x P(b— BY) x Br(BS - wK?2) x (142)
XBr(yr— utu”) x Br(K2 - nt77) x Br(b — p) X Ayrig X €,

where A, is the trigger acceptance and ¢ is the efficiency of the selection
cuts. Typical values of the branching ratios are: P(b — BY) = 04; Br(B} -
vKE) =33 x107%; Br(v — u =) = 0.0597; Br(K2 — ntn~) = 0.6861;
Br(b - p) = 0.105. Before trigger-acceptance and data-selection cuts, the
number of produced signal events is 5.6 x 10 for 10% pb~'. The measured
asymmetry A is affected by dilution factors D ~ 0.47. The signal to background
ratio is estimated to be S/b &~ 10 : 1 and the mixing angle sin(243) accuracy
determination is =~ 0.05 for L, = 10* pb™!.
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The B — mtr~ decay is a good channel to determine the angle « of the
unitarity triangle. For L; = 10? pb™! the sensitivity to the triangle angle o
determination is estimated to be:

8(sin(2r)) = 0.057 £ 0.018 .

CP-violation in BY and Bg decays gives rise to different decay rates with a
time dependence. The asymmetry can be measured as a function of proper time
t/7 in units of the BY lifetime 7:

N™—-N* , ,

Alt/7) = N TN D -nep - sin(2¢;) - sin(zqt/7) (143)
where N* and N~ are the numbers of events with positively and negatively
charged tagging muons, D is the dilution factor, ncp is the CP-parity of the final
state f and (; is the angle of the unitarity triangle. It is possible to measure the
secondary vertex in the transverse plane to determine time-dependent asymmetry
and hence to determine the CP-violating angles « and 3 [1]. The accuracy in the
determination of the angles « and g3 is similar to the accuracy for the case of the
time integrated asymmetry considered previously.

Very important task of B-physics at LHC is the observation of BY — BY
oscillations but it could be very difficult if z, is large. The current limits on
the value of z, are 5.6 < z, < 33.2 [28]. The possibility to discover B® — B?
oscillations at LHC has been studied in Refs. 29.

Other interesting task is the search for BY — p* = rare decay. This decay
is forbidden at tree level. In standard model, the branching ratio of this decay is
expected to be = 2 x 1072 [30]. It appears that at CMS the upper limit on this
branching ratio can be set 1.4 x 1079 at a 90 per cent C.L. for L; = 3 x 10* pb™!

[1].

3.2.6. Heavy Ion Physics

Quantum chromodynamics has already proved itself to be a reliable theory
when dealing with quark and gluon interactions at short distances. The QCD
vacuum shows properties which are similar to those of a superconductor. It
has a critical temperature beyond which it becomes transparent to colour. This
temperature is found to be of the order of 150-200 MeV [31]. Consider a system
consisting of a set of hadrons in the vacuum and compress it. The hadrons are
initially too far to overlap. As the density increases they start overlapping among
themselves. We thus go from a dilute to a very dense hadron gas. With increasing
compression the hadrons merge among one another. The small vacuum bubbles
separately associated with each individual hadron should eventually fuse into one
big bubble within which quarks would freely move over distances much larger
than those offered by the hadrons in which they were first confined. Since in
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high energy collisions new particles are created out of the collision energy, we
reach the same conclusions if the initial dilute hadron gas is heated instead of
being merely compressed. In heavy ion collisions we have a complicated mixture
of compression and heating. Computer calculations support the naive picture
according to which at low temperature we have hadron gas and at high temperature
we have quark-gluon plasma [31]. Naively we can expect the following picture
in heavy ion collisions at high energies [31]:

1. An initial phase during which many collisions occur at the parton level.
A large number of energetic partons are formed. The system is still far from any
equilibrium. A large amount of entropy is released.

2. A thermalized phase, obtained through the scattering of the many partons.
The temperature is very high. The system is a quark-gluon plasma, at least in
some localized regions.

3. A mixed phase, obtained as the plasma cools with parts of it hadronizing
as the temperature goes through its critical value.

4. A thermalized, dense, hadron gas from which hadrons eventually escape
as their mean free path exceeds the size of the system. This is what is referred
to as freeze out.

However all the processes occur in a very short time. When we look at
the dominantly produced hadrons we merely integrate over the whole evolution.
So any evidence for a quark-gluon plasma is averaged out the past history. In
other words after the transition from quark-gluon plasma to hadron phase the
system can “forget” about previous phase. The most striking signal associated
with quark-gluon plasma is the suppression of the charmonium and upsilonium
formation [32].

The physical picture leading to the ¢ suppression due to quark deconfine-
ment in nuclear collisions is quite simple. Within a deconfining medium like
QGP (quark-gluan plasma), quarks cannot bind to form hadrons. Heavy charm
quark-antiquark pairs which form ¢ are produced by hard, prethermal interactions
at a very early stage of the collision. In a deconfining medium ¢ and ¢ just fly
apart. Moreover, within the equilibrated QGP the production of additional thermal
¢ quarks is strongly suppressed by a factor of exp(~m./T.) ~ 0.6 x 10~% with a
mass of charm quark m. = 1.5 GeV and T, = 0.2 GeV. Consequently v produc-
tion will be suppressed in the presence of QGP. In atomic physics, the screened
binding potential between two charges is given by V = V, exp(—r/rp), where
rp is the Debye radius. When rp ~ rp the valence electrons are liberated owing
to charge screening and the insulator changes into a conductor. Similarly, in
QCD the potential between two coloured quarks is given by V = Vg exp(—r/rp)
because of colour screening, and if the density of colour charges is sufficient
to make rp < rgy (hadron radius), colour insulators of hadrons change into
colour-conducting phase, i.e., QGP. It means that the long range confining phase
of the potential gets screened, i.e., we have quark deconfinement. We have to
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know the v radius and the screening radius rp at a given temperature. Only for
rp < 7y we can expect 1 suppression. It has been found [31] that rp = rgy
occurs near the transition temperature 7, for 1/)’ and T/T, > 1.3 for 1. Recent
data of NASO [33] support this picture. It should be noted however that ) sup-
pression can also be explained either on the basis of absorption processes in a
dense hadron gas or on the basis of conventional nuclear effects [34]. For LHC
energies with the center of mass energy around 6 TeV per nucleon and with the
energy density ¢ ~ 9 GeV/fm?® all heavy quark bound states except for T(15)
will be suppressed by colour screening.

The main goal of LHC heavy ion program is the search for quark-gluon
plasma. There will be special detector ALICE [35] dedicated for the heavy
ion investigation at LHC. Here we briefly describe the “heavy ion potential” of
CMS [1]. The most promising signature here is the measurement of the production
rates of the bottonium states for different nuclei and different kinematics. The
most interesting signature js the measurement of the cross section of T state
as a function of pJ since no suppression due to Debye colour screening is
expected [31,32]. As it has been mentioned before the typical prediction of
the existence of quark-gluon plasma in this case is the suppression of T(25)
and Y(3S5) relative to Y(1S) yield. Simulation studies were performed for 'O,
0, 9" Nb and 2"® Pb ion collisions. The ¥ and T resonances were generated
using p, and y distributions extrapolated from experimental results obtained at
lower /5. The total acceptance for Y — g has been found = 0.33, and for v
it is around 0.06. If we restrict ourselves to the barrel region, where muons with
pr > 4 GeV can be detected, the acceptance for T decreases to 0.05 and for v it
vanishes. It has been found that the mass resolution’for T is around 40 MeV. The
cross sections for T production in A — A collisions were obtained multiplying the
cross sections for pp reaction at the same c.m.s. energy by a factor of A%* with
« = 0.95. The main dimuon background is due to uncorrelated muon pairs from
m- and I -decays. The signal-to-background ratios have been calculated in the
mass band M (T) £ 50 MeV, for central collisions of Pb, Ca, Nb and O beams.
The results depend rather strongly on the value of o(pp — T) and on the charged
particle multiplicity dn® /dy per unit rapidity in the central collision. The mam
concluslon from these studies is that CMS will be able to detect reliably T, T
and T resonances.

Other interesting prediction testable at CMS is the jet quenching in quark
gluon plasma. As jets are produced early in a collision, they propagate in the
plasma, and interact strongly before they escape. Hence, they carry information
about deconfined hadronic matter. The problems of jet finding at CMS with the
large transverse energy (E;) flow in central collisions were studied, to determine.
the possibilities of observing jet quenching using CMS [36]. The high FE;-jet
production cross section in Pb — Pb collisions was estimated in the rapidity
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region |y| < 1.5, using the jet cross section for pp-interactions, as evaluated by
PYTHIA, and an A** dependence for the A — A colllisions. The effect of energy
losses in dense nuclear matter changing the high Ey-jet production cross section
was ot taken into account. A central event with two high E,-jets from a proton-
proton collision was superimposed on the ion collision. The main conclusion
from these studies is that jets may be reliably reconstructed in the CMS detector
for Pb — Pb central collisions with E; > 100 GeV [36].

3.3. Supersymmetry Search within MSSM
3.3.1. MSSM Model

Supersymmetry is a new type of symmetry that relates properties of bosons
to those of fermions [37]. It is the largest symmetry of the S-matrix. Locally
supersymmetric theories necessarily incorporate gravity [38]. SUSY is also an
essential ingredient of superstring theories [39]. The recent interest in super-
symmetry is due to the observation that measurements of the gauge coupling
constants at LEPI are in favour of the Grand Unification in a supersymmetric
theory with superpartners of ordinary particles which are lighter than O(1) TeV.
Besides supersymmetric electroweak models offer the simplest solution of the
gauge hierarchy problem [37]. In real life supersymmetry has to be broken and
to solve the gauge hierarchy problem the masses of superparticles have to be
lighter than O(1) TeV. Supergravity gives natural explanation of the supersym-
metry breaking [38], namely, an account of the supergravity breaking in hidden
sector leads to soft supersymmetry breaking in observable sector. The simplest
supersymmetric generalization of the standard model is the Minimal Supersym-
metric Standard Model (MSSM). It is supersymmetric theory based on standard
SU(3) = SUL(2) »U(1) gauge group with electroweak symmetry spontaneously
broken via vacuum expectation values of two different Higgs doublets. The
MSSM consists of taking the standard model and adding the corresponding su-
persymmetric partners. It should be stressed that in addition the MSSM contains
two hypercharges Y = +1 Higgs doublets, which is the minimal structure for the
Higgs sector of an anomaly-free supersymmetric extension of the Standard Model.
The supersymmetric electroweak models also require at least two Higgs doublets
to generate masses for both "up”-type and “down”-type fermions. The renormal-
izable superpotential determines the Yukawa interactions of quarks and leptons
and preserves global B — L. Here B is the baryon number and L is the lepton
number. Note that the most general expression for the effective superpotential
contains renormalizable terms violating B — L that can lead to the problems with
proton decay. To get rid of such dangerous terms in the superpotential, R-parity
conservation of the theory is postulated. Here R = (—1)3(B—L)+25 for a particle
of spin S. This formula means that all ordinary standard model particles have
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R = 1, whereas the corresponding supersymmetric partners have R = —1. The
R-parity conservation has a crusial impact on supersymmetric phenomenology.
An important consequence of R-parity conservation is that the lightest supersym-
metric particle (LSP) is stable. The cosmological constraints imply that LSP is
weakly-interacting electrically neutral and colourless particle. Other important
consequence of R-parity conservation is that at supercolliders superparticles have
to be produced in pairs, therefore at least two LSP have eventually be produced at
the end of the decays of heavy unstable supersymmetric particles. Being weakly
interacting particle LSP escapes detector registration, therefore the classic sig-
nature for R-parity conserving supersymmetric theories is the transverse missing
energy due to the LSP escape. Note that at present there are no deep theoretical
arguments in favour of R-parity conservation. There are models with R-parity
violation [40]. Models with R-parity violation break B — L number and are
strongly constrained by existing experimental data. In such models LSP is unsta-
ble, supersymmetric particles can be singly produced and in general the signature
related with the transverse missing energy is lost.
The superpotential of MSSM has the form
W = hiUSQ Ho + hD{Q;Hy + hi;E{L;Hy — pH\Ha,  (144)

J J

where 4, j are summed over 1,2,3 and Q;, US , Dj denote SU(2)-doublet and
SU(2)-singlet quark superfields, L', E¢ are the SU(2)-doublet and SU(2)-singlet

lepton superfields and H;, H> denote the two Higgs superdoublets, b, hfj, héj

are the Yukawa coupling constants. In MSSM, supersymmetry is softly broken
at some high scale M by generic soft terms

~Lyosr = mo(ALUSQ,;Ha + AL, DG Hy + (145)
ALESLHy + hee) + (m2)QF Qs + (m3) (U TUS +
(m3)ss (DT D5 + (m)i (L) LG + (m2)i; (B) ™
ES +miH HY + mjHyHY + (Bmo>HiHz + hc.) + %ma()\a/\a) .

In most analysis the mass terms are supposed to be diagonal at Mgur =

2. 10" GeV scale and gaugino and trilinear mass terms are supposed to be
universal at Mgyt scale, namely at GUT scale:

A% (Mgut) = AhY;(Mgur), (146)
A% (Mgur) = Ah$;(Maur),
AL (Mgur) = Ahl (Maur),

(m2)i;(Mgut) = (m2)i;(Mgur) = (m3)i;(Mgut) = (147)
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(m})ij(Maut) = (m2)i;(Maur) = 6i;m} (Maur) =
8;ms(Mgur) = 8;;m2

my(Maut) = m2(Mgut) = ms(Mgur) = my s . (148)

Note that it is more appropriate to impose boundary conditions not at GUT scale
but at Planck scale Mp;, = 2.4 - 10'8 GeV. An account of the renormalization
effects between PLANCK scale and GUT scale can drastically change the features
of the spectrum. For instance, if we assume that the physics between Planck
scale and GUT scale is described by SUSY SU(5) model then an account of the
evolution between PLANCK and GUT scales [41,42] changes qualitatively the
spectrum of sleptons for mg <« mys2 [42]. So in MSSM we have unknown
soft supersymmetry breaking parameters mg, my 2, A, B plus we have unknown
parameter  in the superpotential. The renormalization group equations for soft
SUSY breaking parameters in neglection of all Yukawa coupling constants except
top-quark Yukawa in one-loop approximation read [43]

dm? B 3
T = (3a2 M7 + ca M), (149)
dm2 12
o = (G, (150)
dmg 16 1 ) ,
7 = (?agM +3a2M + Ole ) 513Yt(mQ+mU+77lz+A mO i )7
, (151)
drns L ‘ ,
dtU = (—asMg 041M1) 8is2Yy () + My +m3 + A2m2 — 1i?) | (152)
dm, 16 4
—a = (M + zaMp), (153)
du? . ‘
T = 3@+ a1 - Yo, (154)
dm? . 1. - 1.
d—tl = 3(@, M2 + gale) + 3(Gy + a1 = Y)u?, (155)
dm3 sz e ar T R =2 2 2 a2 2
ek 3(as M5 + gqu1 )+ 3(Gs + gal),u =3Yi (g +my +ms; + Aimg) ,
(156)
dA 16_ M; __ M, 13
GGy I ) oA, (%)
0
dB My 1. M
— = —3(Gy— + —a@; —) — 3V, A, , (158)
dt mo 5 mg
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dM,; -
= —bia; M;, 159
dt M (159
33
by = —, bp =1, bs = (160)

Here my, mp, mp refer to the masses of the superpartner of the quark and
lepton singlets, while 1 and /m;, refer to the masses of the isodoublet partners;
miy, ma, mz and pu are the mass partners of the Higgs potential, A and B
are the couplings of the L,s, as defined before; M, are the gaugino masses
before mixing. The renormalization group equation for the top Yukawa coupling
constant has the form

(le 16

13
o =Yi(— a3+3a2+ﬁal)—6Yt , (le1)

while the RG equations for the gauge couplings are

d(i,‘

— _bal. 162

dt & (162)
Here ) )
a h ME¢,

v, = Y = t=In(—EH 163

S VT e ) (163)

and the top Yukawa coupling h; is related to the running top mass by the relation

m, = ht(mt)% sin 3. (164)

The boundary conditions at Q% = M&_ 1 are .

ﬁzf;, =my =mh =m% = mi =md, (165)
0= lg; mf = mg = ug + mg; m§ = Bugmg, (166)
M; =my 2, &:(0) = agur; 1 =1,2,3. (167)

For the gauginos of the SU(2) ® U(1) gauge group one has to consider the
mixings with the Higgsinos. The mass terms in the full Lagrangian are {44]

1 - 1 _
LGaugino—Higgsino = _51\43/\;/\; — §iM(O)X - (lDM(C)w + hC) s (168)
where A} are the 8 Majorana gluino fields, and
BO
w3 )
X - r 3 (169) )
HY

Hj
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v+
P = ( ‘g+ ) , (170)

are the Majorano neutralino and Dirac chargino fields. The mass matrices are:

M 0 -A B
0 M, C -D

0y —
M 4 0 —pu , (171)
B -D —u 0
M V2M sin 3
M = ? W 172
( V2My cos 3 it ’ (172)
where:

A= Mzcosfsinfy, B = Mysin3sinfy , (173)
C = MzcosBcosby, D= Mysin /I cosby . (174)
After the solution of the corresponding renormalization group equations for
aGur = g3, Mour = 2.0 10'° GeV, sin®fy = 0.2324 and A,(0) = 0

one finds the numerical formulae for squark and slepton square masses [45]
17125 (t =66) = m() + 0. )21111/2 0.27 cos 2,’3M§ , (175)
g, (t=66) = mj +0.52m?,, + 0.5 cos 2303 , (176)
my (t = 66) = m2 + 0. 15m7 ,, — 0.23cos 23M 3, (177)
ﬁf (t= 66) = ms + 6. )’”1/z+035(‘0*2juz» (178)
m 5, (1 =66) = mi + 6.07711/2 —0.42cos23M2 , (179)
mi, (t = 66) = md +6.1m3,, + 0.15cos 28M3 , (180)
M, (t = 66) = md +6.0m},, ~ 0.07cos 28M3 , (181)
mbR(t =66) =mp, , (182)
mp (t =66) = —0.49m3 — 1.21mf , , (183)

mi, (= 66) = m? (t =66) = m%,n(t = 66) +m{ —0.99mf —2.42m} ,, , (184)
mg, (t = 66) = m}, (t = 66) +m? — 0.49m?2 — 1.21m3 ), . (185)

After mixing the mass eigenstates of the stop matrix are:
1
mi (t =66) = 5[0.5m(2) +9.1m3 ), + 2mf + 0.5 cos 28M %] (186)

1
F5[(15m] )5 +0.5mF +0.2cos (28) M2)? + 4m2(A;m, — p/ tan B)2] /2.
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The gauginos and Higgsinos have similar quantum numbers which causes a mix-
ing between the weak interaction eigenstates and the mass eigenstates. The two
chargino eigenstates sz are:

1 1
M, = §[M22 +u? +2My ) F 5[(M22 — )2 + aM}, cos® 23
+AMZ, (M2 + p? + 2Mypsin 25)]1/2 (187)

where at GUT scale the masses of the gaugino fields of the SU(3), SU(2) and
U(1) groups are equal to m, 5. The eigenvalues of the 4 x 4 neutralino mass
matrix can be solved by a numerical diagonalization. If the parameter u is much
larger than M, and M>, the mass eigenstates become

- - 1 - ~ 1
0
' = [B,Ws, —=(H1 — Hz), —=
x; = [B, W3 \/5( 1 — Hy) 7
with eigenvalues | M|, |Ma2/|, |i| and ||, respectively ( the bino and neutral wino
do not mix with each other nor with the Higgsino eigenstates).
The tree-level Higgs potential in MSSM has the form

(Hy + H>)] (188)

Vo(Hy, Ha) = mi|Ha|* + m3|Ha? — m3(HiHz + h.c) +

2 ~2 2
L AR A A (189

where §? = 3¢%.
The minimization of the effective potential Vy(H1, H) leads to the equations:

8 2 _ 2t 2
V2 = 2(m1~2 sy 2an B) ’ (190)
(g5 + g7)(tan® 3 — 1)
, 2m?
sin 2ﬂ = m - (191)

After the diagonalization of the corresponding mass matrices CP-odd neutral
Higgs boson A(z) acquires a mass m% = m? +m3, charged Higgs boson H(x)
acquires a mass m2,, = m?% + M§, and CP-even Higgs bosons H(z) and h(z)

have masses

1
my, = i[mi + M3+ \/(mi1 + M2)2 — 4m? M2 cos® 23], (192)

where < Hy >=wv; = “C\;gﬂ, < Hy >=wvy = %ﬁ ,tan 3 = f}—f At tree-level

we have the following mass relations:

mi +m% =m% + M3, (193)
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mp <my <mpy, (194)

mp < Mz|cos28| < M. (195)

Therefore at tree-level the lightest Higgs boson is lighter than the Z-boson. How-
ever the radiative corrections due to big top quark Yukawa coupling constant
increase the mass of the lightest Higgs boson in MSSM [46]. The upper limit on
the Higgs boson mass in MSSM depends on the value of the top quark mass and
on the value of stop quark masses. For instance, for m; = 175 GeV and stop
quark masses lighter than 1 TeV, the Higgs boson mass, as it follows from the
Table, has to be lighter than 117 GeV. From the vacuum stability bound (k = 0
in the Table) we find that if standard model is valid for energies up to 10% GeV,
then the mass of the Higgs boson has to be heavier than 121 GeV for m; = 175
GeV. Therefore for m; = 175 GeV we find that the Higgs boson mass predic-
tions for SM and MSSM lie in different mass intervals (in MSSM Higgs boson
is relatively light, whereas in SM it is relatively heavy). So the exact knowledge
of the Higgs boson mass allows one to distinguish between SM and MSSM [47].
For instance, the Higgs boson discovery at LEP2 will be very powerful evidence
in favour of the low energy broken supersymmetry. After the solution of the
corresponding equations for the determination of nontrivial electroweak potential
the number of unknown parameters is decreased by 2. At present more or less
standard choice of free parameters in MSSM includes mq, my/z, tan 3, A and
sign(p).

Superparticle Cross Sections. At LHC, sparticles can be produced via the
following tree-level reacttons [48]:

. 99,49,99 — 39, 34, 49

ii. qq,99 = 9x, 9x, X2, x5

i g9 = xi xF, X x% a0

iiii. g — 15, I, o0 ,

The Higgs bosons of the MSSM can be produced via direct s-channel sub-
process:

It is straightforward to calculate the elementary (tree-level) cross sections
for the production of superparticles in collisions of quarks and gluons. Here,
following E.Eichten et al. [4], we collect the main formulae for elementary cross
sections.

The differential cross section of the production of two gauge fermions in
quark-antiquark collisions is

d ’
d—j(qq — gauginol + gaugino2) = (196)
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l[A (t —m2)(t —m?2) + (u — m?)(u — m2) + 2smimy N
5 (s — M2)?
L (E= D)t~ m)
RN HE
A (u = m?)(u — mb) LA (t — m?)(t — m2) + mymgs
L TRy 7R v ()
A mimss A (u—mf)(u——m%)%—mlmgs]
M- MH =M T (s MA(w - M2

where m; and /n; are the masses of the produced gauginos, M, M, and M, are
the masses of the particles exchanged in the s,¢, and u channels, respectively. The
coefficients A, are given in paper of E.Eichten et al. {4]. For instance, for the
case of the gluino pair production in quark-antiquark collisions the coefficients

A, are [4]:
u2
At = %As, Au = Atv Ast = As, Asu - Ast: Atu - %ASV As = 8_315(”, -
The differential cross section for the production of gluino pairs in gluon-gluon

collisions is

do -
— (99 = §g) = (197)
dt

9ra? 2(t — 7713)(u - mg) (t - mg)(u - ms ) ~2m? S(t+ m )
452 52 * (t - mz)z *
g
2
(t —m$)(u —m3 ) + m? (u —t)
s(t — mg)

mZ(s —4m?)

|+ (t e ull+

2 71-
(t —=mZ)(u—mg

The total cross section has the form
2

. 3ma? am:  4mi s+ L m2 L
olgg = 39) = B+ — - sgg]ln[s_L]—[4+ 9181, (198)

where L = [s% — 4m2s]'/2.
The differential cross section for the reaction ¢;q; — §;G; for the case of
equal masses of right-handed and left-handed squarks is

do o
E(Qi(b’ = §iG;) = . (199)
tma? (1 =md =)t ()= md) + s

952 (t —m32)? ” (u —mZ)?
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smg smg 2smg
=2 G md? ™ 3 md = m) )
m? u —m? u—m?2

where m; and m; are the masses of produced squarks and mj; is the gluino mass.
For the reaction ¢;q; — §;§; the differential cross section has the form

do , _ e

E((Iﬂj = Giq;) = (200)

dra? _ut —m?m? 9 s 52 sm?

9525[ 52 ’ ij[2_§(i— 2)]+ (t ~ 2)2]+ (t—’nj'z)2 ’

t—m} ms 5
For the reaction gg — §;§’ the differential cross section is
do
¢ 201

o199 = @6 = (201)
ma? 7T 3(u—t)? 2m?t 2m2u am?

52 [48 1652 i+ (t —m?)? * (u —m?)? + (t —m?)(u — mz)]'

Here m is the mass of the corresponding squark (we assume the left- and right-
handed squarks are degenerated in mass).

The differential cross section for the reaction gq, ~ gaugino + ¢; has the
form

1

(d(z (gq: = gaugino + §;) = 202
L ()| (12 = t)s + 2u2(m? — t)]

1B, B

32[ s + (t — p2)2 +

(w =)t md) o (s = mi ) — ) — ]
B (u —m?)? + By N N
s{t — u?)

[s(u+p?) + 2("1 — 1?) (1 — )]
s(u—m?)
Btu[(m2—t)(t+2u+u )+ (t— 1) (s + 2t — 2m?)

+(u =)t +u® +2mD))/2(t - i) (u = m?)]

where p is the mass of the gauge fermion and m; is the mass of the scalar quark.
The coefficients B, are contained in paper of E.Eichten et al. [4]. For instz;nce,
for the case when gaugino = gluino the coefficients B, are: B, = 4—31(51-]',
Bt = %Bs, Bu = BSy Bst = —Bt, Bsu = %Bsa Btu = %Bs

Consider finally the production of sleptons. The differential cross section for
the production of charged slepton-sneutrino pairs is

BSU.

-+

do , Tz oy gé‘lDw(S)P 22
zl-t—(du——)w—)lLl/L)— —19—2”3—2(tu—mhmh). (203)
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For [}, pair production the differential cross section is

o] 2o’ 4 qfqg

dt( qa— v, Z—)lLlL) 32 [tu-mib][ 7 + (204)

(ar = B1)*(al + B Dz (s)]* +

2019404 (s = B1)(s — M2)

= 2 ()%,
s
whereDv _1/(3—M2+2MVFV) -1,q, =0, q. = 2/3, qd——1/3
= 4(3t c), o, = —(c+t) Qy = t+ 16 oa = —1c+ g5t B = Hc+t),

ﬁ,, = ——(c+t) By = — (c+t) ﬂd = 4(c+t) c = cotQW, t = tan9w

The differential cross sectlon for sneutrino pair production can be obtained by the
replacement ¢, 5;, q; and m; by a,, 8., 0 and m;, respectively, whereas for [R
pair production one has to substitute o; — 3 — o + 3; and mp, — mg, .

Superparticle Decays. The decay widths of the superparticles depend rather
strongly on the relations between superparticle masses. Here we outline the main
decay channels only. The formulae for the decay widths are contained in Refs. 49.
Consider at first the decays of gluino and squarks. For mj > m the main decays
are the following:

9= 43 ,4;4i (203)
@ = X2k » (206)
Gk = XJ Gms X; @ - (207)

For mg < mg the main decays are:

G: = 99 (208)
g aq xi (209)
§—4qaxg , (210)
g qax} - @211)

The charginos and neutralinos usually are supposed to be lighter than gluino and
squarks and their main decays are:

X —=x0+2z, (212)
X2 = x; +WF, (213)
Xi =)+ wE, (214)

XFoxi+2. (215)
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Two-body decays of neutralinos and charginos into Higgs bosons are:

X{ = x5+ h(H), 216)
X = xi+ HT, (217)
xE =+ HE, (218)
XF = xF+h(H). (219)

The left sleptons dominantly decay via gauge interactions into charginos or
neutralinos via two body decays

I, = 1+x2, (220)
I = ve+x5, (221)
L —vp +x7, (222)
v > L+ x7. (223)

For relatively light sleptons only the decays into the LSP are possible, so that
light sneutrino decays are invisible. Heavier sleptons can decay via the chargino
or other (non LSP) channels. These decays are important because they proceed
via the larger SU(2) gauge coupling constant and can dominate the direct de-
cay to LSP. The SU(2) singlet charged sleptons i only decay via their U(1)
gauge interactions and in the limit of vanishing Yukawa coupling their decays to
charginos are forbidden. Therefore the main decay mode of right-handed slepton
is

IR = 1+x°. (224)

In many cases the mode into LSP dominates.

Let us now briefly describe the main signatures for the search for sparticles
at LHC. Sparticle pair production at LHC is followed by sparticle decays untill
the LSP is reached. Therefore, the main signature of sparticle production are the
events with (n > 0) jets plus m > 0 isolated leptons plus missing transverse
energy due to escaping from detector registration 2 LSP. It is natural to divide
the signatures into the following categories [50]:

a. multijets plus E***S events,

b. 11 plus jets plus E***° events,

c. 21 plus jets plus EM™* events,

d. 31 plus jets plus E™** events,

e. 41 plus jets plus E™*** events,

f. > 51 plus jets plus E**** events.

Multileptons arise as a result of the cascade decays of neutralinos and
charginos into W- and Z-bosons with subsequent decays of W- and Z-bosons
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into leptonic modes. For instance, the same sign dilepton events arise as a result
of the cascade decay

T g axE, xT o WES 5 1E 0, (225)

where | stands for both e and pu. Opposite sign dilepton events can arise as a
result of cascade decay

G qax], X2 = Zx = 1170 (226)

It should be noted that multilepton supersymmetry signatures arise as a result
of decays of squarks or gluino into charginos or neutralinos different from LSP
with subsequent decays of charginos or neutralinos into (W, Z)-bosons plus LSP.
Leptonic decays of (W, Z)-bosons is the origin of leptons. However, for the
case of nonuniversal gaugino mass relations at GUT scale it is possible to realize
the situation [42] when all charginos and neutralinos are heavier than gluino and
squarks. Therefore, gluino and squarks will decay mainly into quarks or gluons
plus LSP, so cascade decays and as a consequence multilepton events will be
absent.

3.3.2. The Search for SUSY Higgs Bosons

In MSSM there are four Higgs bosons (h, H, A, H*). As it has been men-
tioned before at tree-level the lightest Higgs boson mass is predicted to be lighter
than mz. However an account of radiative corrections for big top quark mass
(that takes place in reality) can increase the Higgs boson mass up to 120 GeV
for stop mass equal to 1 TeV. From the vacuum stability bound [15] the standard
Higgs boson mass for m, > 175 GeV is predicted to be heavier than 120 GeV.
It means that the predictions for the Higgs boson mass in MSSM and SM lie
in different mass intervals, i.e., the knowledge of the Higgs boson mass allows
one to discriminate between MSSM and SM. In particular, the discovery of light
Higgs boson at LEP2 will be powerful untrivial evidence in favour of low energy
broken supersymmetry.

h, H — ~~. In the MSSM, the neutral Higgs boson remains extremely narrow
in the kinematic region where the two photon decay has a reasonable branching
ratio. The experimental requirements and backgrounds are the same as in the case
of standard Higgs boson decaying into two photons. Therefore the ECAL mass
resolution and acceptance are crucial for the Higgs boson discovery. For the case
when SUSY masses are bigger than O(300) GeV the branching of h — 47 in
MSSM coincides with the corresponding branching of SM, so we have in fact
the same significance as in the case of SM. We shall consider the limiting case .
when the sparticle masses are heavy enough and they don’t play important role in
Higgs boson decays. So the decay channels for the MSSM lightest Higgs boson
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are the same as for the SM Higgs boson, but the production rates are significantly
modified by MSSM couplings. There are two main production processes for
MSSM neutral Higgs bosons: gg — h(H) and gg — h(H)bb. The second
mechanism is important at large tan 3 due to enhanced h(H)bb couplings. These
associated production processes are interesting, as b-tagging techniques may be
able to enhance the signal/background ratio, possibly allowing the observation of
h, H and A [51].

H— ZZ*,ZZ and h — ZZ*. The scalar Higgs bosons H and h couple to
We and Z~boson pairs, and so may be searched for in 4-lepton final states from
h,H — ZZ*,ZZ. The regions of MSSM (tan(3), m4)-space (tan(3) = —Z%f—i—
,m4 1s the mass of the axial Higgs boson), where the Higgs bosons could be
discovered through four lepton modes are divided into the region of low tan(j3),
where H could be discovered, and the high tan(3) region, where only h could

be discovered.

h,H A o> % - [ThT + X. The 77 final states can be searched for in a
"lepton + hadron’ final state or in a e + p final state. For the one lepton plus
one hadron final states, intermediate backgrounds are due to Z,v* — 77;tt —
77+ X, 7+ X and bb —» 77 + X, 7X. Reducible backgrounds are due to the
events with one hard lepton and jets with a jet misidentified as a 7. Typically
cuts are the following [1]:

1. One isolated lepton with pr > (15 — 40) GeV depending on the axial
Higgs boson mass m 4 and || < 2.

2. One T7-jet candidate which contains only one charged hadron.

3. No other significant jet activity.

An overall lepton reconstruction of 90 per cent is assumed. For the 77 —
et + u¥ final states a pair of opposite sign isolated electrons and muons with
pr > 20 GeV and || < 2 is required. There can be large backgrounds from
Z,y* = v7,tt,bband WHW ™. The tf and W+ W ~ backgrounds can be reduced
to the level of =~ 20 per cent of the Z,~* backgrounds. Roughly speaking A, H-
bosons can be discovered using these modes with the masses up to 600 GeV.

Charged Higgs H* in t -+ H*h, H* — tv.. In the MSSM, the top quark
can decay to a charged Higgs (t+ — H7%b). The t — H™'b branching ratio is
large at low and large tan(3) values, having a minimum at tan(8) = 6. The
H* has two main decay modes, H* — ¢ and H* — 77v,. The Ht —» 7t u,
branching is large for tan(3) > 2, and only slightly depends on tan(3).

h,H, A — p"p~. In the SM and in the MSSM for interesting values of the
Higgs boson masses the branching ratio of H — ptp~ is small ~ 3-10~%. For
the SM Higgs boson the main background is the Drell-Yan production v, Z —
ptu~. However, in the MSSM the u*t i~ -channel could be very interesting for
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large values of tan(3). It appears that for m4 < 200 GeV and tan(3) > 2.5
for integrated luminosity 10*pb™! it is possible to discover A- and H-bosons
at the level > 7o. The discovery potential of the Higgs boson for this mode at
L = 10° pb™! is similar to the discovery potential of the Higgs boson for the
standard mode H,h, A — 77 for 10*pb™!. However the ("~ -channel gives a
much better signal identification and mass resolution [1].

h,H,A in Associated Production BbHsusy. Whilst the gg — bbH associated
production is negligible for the SM Higgs boson compared to t¢H in the MSSM,
the rate of gg — bEHsusy is (30 - 50) per cent of the total production for
ma = 100 GeV and (70 - 80) per cent for m 4 = 300 GeV with tan(8) = 10—30.
The signal-to-background ratio can be enhanced by b-tagging.

A — Zh — bbbb. The large branching ratio (= 50 per cent) of A — Zh in
the region tan(3) < 2 for 180 GeV< m4 < 2m; could allow the observation of
A and h in this region.

The main conclusion [1] concerning the situation with the search for MSSM
Higgs bosons for different (m 4,tan(3)) values is that Higgs bosons for m 4 <
500 GeV would be detectable at CMC except, maybe, very difficult region for
110 GeV< m4 <200 GeV, 3 < tan(3) < 10 and a smaller one for tan(3) ~ 2.5
and 200 GeV < m4 < 280 GeV. The most promising channel for these regions
is h, H — bb, from Wh, Zh and tih final states.

3.3.3. Squark and Gluino Search

Jets + E7'* Channel. There are a lot of possible scenario which depend on
the concrete values of squark and gluino masses for the search for squarks and
gluino using this signature. Consider two typical scenario [1].

Scenario A. : mg,m; < my .

In this case the two-body decay § — bb with b — x7b dominates, because
the top is too massive to allow § — #f decay. Thus the resulting event signature
will have 4 b-jets in final state.

Scenario B. : my = mj.

For such scenario the gluino decays directly into LSP (@ — qqx?) leading
to the typical E7*** + multijets final state event topology without an excess of
b-jets.

In scenario with heavy squarks and gluino (mg = 1550 GeV, myz = 1500 GeV)

after using some cuts we have NN” ~ 8.5. In general for an integrated luminos-

ack
ity of 105(pb™" — 10%pb ™), the sensitivity to the channel of multijets + missing
energy can be expressed as a mass reach for gluino mass mg [2]:

mg < 1600(1050) GeV for mg = 2m; ,

mg < 2300(1800) GeV for my = m; ,
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my < 3600(2600) GeV for m; = 52 |

Lepton(s) + E*** + Jets. Cascade decays of squarks and gluino are an
important source of leptons. Therefore, events with E™s% + jets + lepton(s)
provide a good signature for searching for gluinos and squarks over a wide mass
range. Four event classes, containing one to three leptons (muons or electrons),
give important signatures for the search for squarks and gluino:

11 : a single lepton + E™'*% 4+ jets,

2l: two leptons with opposite charges + E™*° + jets,

21(ss): same-sign dileptons + E[***° + jets,

31: three dileptons + E***° + jets.

The background comes from tt, W + jets, Z + jets, WW, WZ. The main
conclusion [52] is that the signature with a single lepton + E™*ss gives the most
powerful restriction on the gluino mass for the search for SUSY at CMS detector.
Namely, for L; from 10* pb~! to 10° pb™! the CMS will be able to discover
gluino from 1.5 TeV up to 2 TeV and squarks from 1.5 TeV up to 2.3 TeV.
Other conclusion is that the gluino and squark discovery mass limits are not very
sensitive to the increase of SM background.

3.3.4. Neutralino and Chargino Search

Chargino and neutralino pairs, produced through the Drell-Yan mechamsm
or squark exchange, may be detected through their leptonic decays X1 X3
Il + EF***s. The leptonic decays of X1 and xJ are the following:

X1 - xjl*v,

Xl (liR = x3Fw,
Xi = (7L = xqw)*
X© = (WE - F)yd
Xg = X%t

X5 — (liR - XUEF,
X5 = (Xl = XE)IFo

The three- Iepton signal is produced through the decay chain X1 - I* 4+ X9
and x3 — Il + X9 , where the undetected neutrino and X9 produce E7iss The
main backgrounds to this channel arise from W Z/Z Z, tt, Zbb and bb productlon
In principle there could be SUSY background arising as a result of squark and
gluino cascade decays into multileptonic modes.

Typical cuts are the following [53]:

i. Three isolated leptons with pi > 15 GeV.

ii. Veto central jets with E;, > 25 GeV in || < 3.5.

ili. my;; <81 GeV or m;; # Mz + M.
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The main conclusion is that neutralino and chargino could be detected pro-
vided their masses are lighter than 350 GeV [53]. Moreover, it is possible to
determine the M (x3) — M (x?) mass difference by the measurement of the distrib-
ution on I+~ invariant mass arising as a result of the decay x5 — x§ 9411~ [53].

3.3.5. Sleptons Search

Slepton pairs, produced through the Drell-Yan mechanism can be detected
through their leptonic decays I = 1+ x9. So in the final state we expect dilepton
pair with missing energy and no hadronic jets. Here we shall use the results of
Ref. 54, where concrete estimates have been made for CMS detector. Namely,
we consider two points of Ref. 54.

Point A: m([,) = 314 GeV, m(Ig) = 192 GeV, m(7) = 308 GeV, m(x9) =
181 GeV, m(X39) = 358 GeV, m(g) = 1036 GeV, m(q) = 905 GeV, tan(8) = 2,
sign(u) = —.

Point B: m(l;) = 112'GeV, m(lg) = 98 GeV, m(#) = 93 GeV, m(x9) =
39 GeV, m(Y)) = 87 GeV, m(g) = 254 GeV, m(q) = 234 GeV, tan§ = 2,
stgnp = — .

For point A the following cuts have been used: p. > 50 GeV, Isol < 0.1,
[n] < 2.5, EfYss > 120 GeV, A¢(E*,1l) > 1507, jet veto - no jets with
EJ” > 30 GeV in |n| < 4.5, Z-mass cut - (Mz £ 5 GeV excluded), Ap(Iti™) <
130°.

With such cuts for the total luminosity L; = 105pb_1 91 events with ete™ +
+1~ resulting from slepton decays have been found. The standard WS model
background comes from WW, tt, Wtb, W Z 77 and gives 105 events. No SUSY

background have been found. The significance S = Sleplons for
\/Backgrnund+blepto1ls

the slepton discovery at the point A is S = 6.5.

For the point B the cuts are similar to the point A, except pi > 20 GeV
Ess > 50 GeV, Ad)(E"“SS {1} > 160°. For the total luminosity L, = 10%ph !
the number of ete™ + pu+u~ events resulting from direct slepton production has
been found to be 323. The number of the background events has been estimated
equal to 989 (standard model background) + 108 (SUSY background) = 1092.
The significance is equal to S = 8.6.

The main conclusion of Ref. 54 is that for L, = 1()5pb_1 CMS will be able
to discover sleptons with the masses up to 400 GeV.

The Search for Flavour Lepton Number Violation in Slepton Decays. In
supersymmetric models with explicit flavour lepton number violation due to soft
supersymmetry breaking terms there could be detectable flavour lepton number
violation in slepton decays [55]. For instance, for the case of nonzero mixing
sing # 0 between right-handed selectrons and smuons we have flavour lepton
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number violation in slepton decays, namely [55]:

T(fir = u+ LSP) =T cos? ¢, (227)
I'(ir = e+ LSP) = I'sin? ¢, (228)
['(ér > e+ LSP) =T cos? ¢, (229)
I'(ég & p+ LSP) =T'sin? ¢, (230)
2 2
91 Misp.2
[=2L(1- ZL5P)2, (231)
M3,

The typical predlctlon of the nonzero smuon-selectron mixing is the existence
of accoplanar et u¥ signal events with missing energy arising as a result of the
production of slepton pairs with their subsequent decays with flavour lepton
number violation. The possibility of detecting flavour lepton number violation in
slepton decays at LHC has been discussed in Ref. 56. The main conclusion is
that for the most optimistic case of the maximal mixing sin ¢ = % it would be
possible to discover slepton mixing at LHC for the points A and B which have

been considered for the case of zero slepton mixing in Ref. 54.

3.4. The Search for Physics beyond SM and MSSM

Search for New Vector Bosons. Many string inspired supersymmetric elec-
troweak models and grand unified models based on extended gauge groups
(SO(10), Eg...) predict the existence of new relatively light neutral Z -bosons.
The main mechanism for the production of such new neutral vector bosons is the
quark-antiquark fusion. The cross section is given by the standard formula:

120°1(Z — Giqi) /1 dz (232)

o(pp—>Z’+...):Z oM s
Z’

i

[q-pi(xaﬂ)qpi(x—lMé's—lvl‘) + qpi(xvl‘)qpi(z_lMé' S—lvﬂ) .

M;,/s T

Here @pi(z, 1) and gp.(z, 1) are the parton distributions of the antiquark g; and
quark g¢; in the proton at the normalization point p ~ M, and F(Z' = 3;q;)
is the hadronic decay width of the Z -boson into quark-antiquark pair with a
flavor i. In most models as a consequence of the s anomaly cancellation Z'-
boson mteracts both with quarks and leptons, therefore the best signature for the
search for Z' boson is through its decay to electron pairs, muon pairs and ]et
pairs. The LHC Z'-boson discovery potentlal depends on the couplings of Z-
boson with quarks and leptons. For the Z -boson decaying into lepton pair the
main background comes from the Drell-Yan process which is under control. For
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Z' with quark and lepton couplings equal to Z-couplings with quarks and leptons,
it would be possible to discover the Z'-boson with a mass up to 5 TeV [2].

Many extended gauge electroweak models based for instance on the gauge
group SU(2), ® SU(2)p ® U(1) predict the existence of the additional charged
vector W' -boson. The main production mechanism for the W'-boson is the
quark-antiquark fusion similar to the case of Zl—production. The best way to
look for W' -boson is through its leptonic mode W' = v

- For the model with right-handed charged W'-boson it would be possible
to discover the W' -boson through leptonic mode W' = ev with W' mass up
to 6 TeV [2]. Typical accuracy in the determination of the W'-mass is (50
-100) GeV.

Search for Supesymmetry with R-Parity Violation. Most of supersymmetric
phenomenology assumes the MSSM which conserves R-parity. As a consequence
of R-parity conservation, supersymmetric particles can only be produced in pairs
and a supersymmetric state cannot decay into conventional states. This has
untrivial consequence for the search for supersymmetric particles at supercolliders;
in particular all experimental searches of SUSY rely on pair production and
on missing transverse momentum p*** as a signal for the production of the
LSP, which must be stable and electrically neutral. However, at present there
are no deep theoretical motivations in favour of R-parity conservation. The
phenomenology of the models with explicit R-violation at hadron colliders has
been studied in Refs. 57. The most general trilinear terms in superpotential
explicitly violating R-parity have the form [57]

Wrbr = /\ijkLiLjEk + )\;jkLinDk + )\;IijiDjDk , (233)

where L and E (Q and U, D) are the (left-handed) lepton doublet and the
antilepton singlet (quark doublet and antiquark singlets) chiral superfields, re-
spectively. The terms of (233) violate baryon and lepton number and, if present
in the Lagrangian, they generate an unacceptably large amplitude for proton decay
suppressed only by the inverse squark mass squared. The R-parity prohibits the
dangerous terms (233) in the superpotential. However, R-parity is not the single
way to construct a minimal supersymmetric extension of the standard model. It is
easy to write down alternative to R-parity symmetries which allow for a different
set of couplings. For example, under the transformation

(QvU7D) — —(Qaﬁ7D)7 (LaEle,Q) — +(L7E7 H1,2)7 (234)

only the quark superfields change sign. If the Lagrangian is invariant under
transformations (234), then only the last, baryon number violating term in (233)
UDD is forbidden. This gives a new model in which a single supersymmetric
state can couple to standard model states breaking R-parity. Similarly, there are
analogous transformations forbidding the lepton number violating terms.
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In the direct search for supersymmetric particles the phenomenology is altered
considerably when including R-parity violating terms in the superpotential. In
general both the production mechanisms and the decay patterns can change. Other
than the standard supersymmetric pair production of particles there is now the
possibility of producing R-odd final states as well. Also, if all supersymmetric
particles decay in the detector, we will no longer have the standard p/**** signal
and the decay patterns will all be altered. In particular, the LSP will decay mainly
into three-body final states [57]. However, except for LSP, which now decays,
all particles predominantly decay as in the MSSM. Consider the case when LSP
decays within the detector. For the model with R-parity breaking terms involving
leptonic superfields we expect additional lepton pairs in the final state as a result
of the LSP decay. Therefore we expect instead of missing energy signature the
presence of additional lepton pairs compared to standard MSSM signatures that is
in principle more visible at LHC than the SUSY signatures in MSSM. The UDD
operators however lead to less characteristic signals, but for cascade decays they
lead to signals comparable to those in the MSSM.

Note that it is possible to construct the model with supersmall R-parity
violation and with relatively longlived ¢ ~ (107! — 107%) s charged 7x slepton
playing the role of LSP [59]. Relatively longlived charged LSP penetrates through
the detector and it is possible to detect it by the track measurement.

Search for Leptoquarks. At LHC the leptoquark pair production pro-
ceeds dominantly through gg-fusion, which does not involve any lepton-quark-
leptoquark vertex and therefore is predicted with & 50 per cent accuracy. In
25 per cent of the events, the final state contains 2 electrons and 2 jets. The
dominant background in this case is from # production. The conclusion is that
leptoquarks with masses up to 1 TeV will be discovered at LHC.

Search for Scalar Colour Octets. Relatively light (Mg < O(1) TeV) scalar
SU.(3) colour SUL(2)®U (1) neutral octets are predicted in some supersymmetric
and nonsupersymmetric GUTs [59]. Light scalar octets naturally arise in models
with big compactification radius of the additional space dimensions.

To be precise, consider light scalar octets neutral under SU(2) ® U(1)
electroweak gauge group. Such particles are described by the selfconjugate scalar
field ®3(x) ((25(x))* = ®5(x),3>, ®%(x) = 0) and they interact only with
gluons. Here a = 1,2,3; 8 =1,2,3 are the SU(3) indices. The scalar potential
for the scalar octet field ®3(z) has the form

M? MM A A
V(®) = =—Tr(®?) + ZLTr(®%) + 2Tr(®%) + Z2(Tr(92)%.  (235)

2 6 12 12
The term MSMTT(<I>3) in the scalar potential (235) breaks the discrete symmetry
® — —®. The existence of such term in the Lagrangian leads to the decay
of scalar octet mainly into two gluons through one-loop diagrams similar to
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the corresponding one-loop diagrams describing the Higgs boson decay into two
photons. One can find that the decay width of the scalar octet into two gluons is
determined by the formula [60]

15
(@ - gg) = 10563 2cAIM (236)
where
1 1—w wi
c= / / dudw —— ~ 0.48 237)
o Jo l—u—w

and a, is the effective coupling constant at some normalization point g ~ M.
Numerically for as = 0.12 we find that

[(® — gg) =0.4-1078)2M1. (238)

From the requirements that colour SU(3) symmetry is unbroken (the minimum <
®5(x) >= 0 is the deepest one) and the effective coupling constants Az, Az don’t
have Landau pole singularity up to the energy M, = 100M we find that \; <
O(1). Therefore the decay width of the scalar colour octet is less than O(1) KeV,
O(10) KeV for the octet masses 100, 1000 GeV, respectively. It means that new
hadrons composed from scalar octet ®, quarks and gluons (¢®, §q, qqq®) are
relatively longlived even for high scalar octet mass. Consider the pair production
of scalar octets at LHC. The corresponding lowest order parton cross sections
have the form [60]

do 4T

7 (Ggg = ®) = 3345 (tu + M1y, (239)
do  mwa? 81  9(u—t)? 2M?2 2M?
LY 24
dt 52 (96 3252 ) u—M2+t—M2+ (240)

2M4 + 2M1 + 4p )
(u—M2%2 " (t—M?)?  (t—M?2)(u—M2)"’
_ 2ra? 4
o(dqg > ) = os k°, (241)
7ra§ 15k 51kM?  9M?

1-k
- $d) = — ~ M*)In(—= 242
799 =+ 88) =~ (G + gt S (s - MY In(5), (242)
where £ = (1 — %)%. At LHC the main contribution (> 95 per cent) for
the production of scalar octets comes from the gluon annihilation into two scalar.
octets gg — ®®. The scalar octets decay into two gluons that leads to the four-jet
events at LHC. Therefore the single signature of the scalar octets at LHC are the
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four-jet events. The main background comes from QCD four-jet events. The
cross section for the scalar octet production is typically O(10~*) of the standard
QCD two-jet cross section and it is O(1072) of the four-jet QCD background.
The preliminary conclusion is that at LHC for L, = 10° pb™! it would be possible
to discover the scalar octets with the mass M < 900 GeV.

Search for Kaluza-Klein States. As is well known, new degrees of freedom
are required in any attempt of unification of the electroweak and strong interac-
tions with gravity. Among these attempts only superstring theory is known to
provide a consistent description of quantum gravity. Strings predict two kinds of
new degrees of freedom:

(i) Superheavy oscillation modes whose characteristic scale is given by the
inverse string tension (o' )~% ~ 10'® GeV. These states are important at very
short distances of the order of Planck length and modify the ultraviolet behavior
of gravitational interactions.

(ii). States associated to the internal compactified space whose presence is
required from the fact that superstring theory in flat space is anomally free only
in ten dimensions. Usually, the size of the internal space is also made too small
to give any observable effect in particle accelerators.

However it is possible to construct superstring models having one or two
large internal dimensions at a scale accessible to LHC [61]. The presence of such
large dimensions is motivated by superstring theory with perturbative breaking of
supersymmetry [62] and their size is inversely proportional to the scale of super-
symmetry breaking which must be of the order of the electroweak scale in order
to protect the gauge hierarchy. In contrast to field theoretical expectations, string
theory allows the existence of such large dimension(s) consistently with pertur-
bative unification of low-energy couplings in a class of models based on orbifold
compactifications [63)]. Properties of string models with perturbative breaking of
supersymmetry, were studied in the case of minimal embedding of the standard
model {64]. The main signature of the large extra dimension(s) in these construc-
tions is the appearance of a tower of excitations for the gauge bosons and Higgs
bosons with the same gauge quantum numbers. The Kaluza-Klein(KK) states are
the straightforward consequence of all models with compactified dimensions and
they have masses:

2 2, T
m, =mg + 7k (243)

where R denotes the common radius of the D large internal dimensions, 7 is a
D-dimensional vector and mg denotes for R-independent contributions coming
from the electroweak symmetry breaking. All massive K K -states are unstable
and they decay into quarks and leptons with a lifetime O(1072¢) s when the size
of the compact dimension(s) is O(1) TeV™!. Present experimental limits have
been obtained from an analysis of the effective four-fermion operators which arise
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from the exchange of the massive K K-modes [65]. In orbifold models the current
limits are R~ > 185 GeV for one large extra dimension, while R™! > 1.4 TeV,
1.1 TeV, 1 TeV for two large dimensions in the case of Z3, Z4, and Zs orbifolds,
respectively [66].

Among the K K-excitations of different spins, the easiest way to detect at
LHC are the vectors with the quantum numbers of the electroweak SUL(2)@U (1)
gauge bosons. The most efficient way of observing K K -states in proton-proton
collisions is to identify charged leptons [ in the final state. The main background
comes from the Drell-Yan process pp — [Tl + X with [ = e, . In many models
with large compactified dimension(s) due to accidental suppression of the effective
coupling constant of the massive SU(2) vector excitations, only the U(1) vector
excitations couple to leptons. These states have masses given by equation (243)
and they couple with fermions through the effective interaction:

9 (D) Y (vr + apys )WEBL (244)

where k labels the different species of fermions, and g'* (p) is an effective coupling
constant at scale p. The interaction (244) leads to rates of N-decays into
fermions:

DB = fF) = (67 (ma)* 22Cp (v3 + ), (245)

127

while the corresponding interaction with their scalar superpartners fR, L leads to
the decay rates

T(B: = friyfry) = (97 (ma))? —cf@f +ay)?, (246)

where C; = 1 or 3 for colour singlets or triplets, respectively. The total width is:

5 g

—(g *)*my, . 247
597 (247)
The total cross section for the production of the K K-excitations B} is given

by [61]

n:

Ins/M
= > / dM dy qq(y, M)S,(y, M), (248)

quarks In M//s

where

M
6o (9, M) = s zazo[£P) (0, MYST (@, M) + 137 (50, M) f O s, M),
(249)
and

Sq(y, M) = (g (250)

,*)4_1_ Z (Ug + a?)(vf + a?)
s (M )+ T
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where z, = —%ey, Ty = %e“y, factor N comes from Zy orbifold projection.
The main background comes from the Drell-Yan production mechanism. The
main conclusion of Ref. 60 is that at LHC for L, = 10° pb_1 it would be
possible to obtain a bound R™! > 4.5 TeV on the compactification radius.

Compositeness. A composite structure for quarks would appear in the form
deviations from the standard QCD expectations at high transverse momenta, where
valence quark scattering dominates. It is expected that it would be possible to
discover the quark compositeness scale with A, < 10 TeV. The best way to
look for the lepton compositeness effects is the study of lepton pair production
at large dilepton invariant masses. It would be possible to discover the lepton
compositeness for Ajep: < 20 TeV [2].

Nonstandard Higgs Bosons. Many-Higgs doublet model where each Higgs
doublet couples with its own quark with relatively big Yukawa coupling constant
has been considered in Ref. 66. For nonsmall Yukawa coupling constants the
main reaction for the production of the Higgs doublets corresponding to the first
and the second generations is quark-antiquark fusion. The phenomenology of
the Higgs doublets corresponding to the third generation is very similar to the
phenomenology of the model with two Higgs doublets. The cross section for
the quark-antiquark fusion in quark-parton model in the approximation of the
infinitely narrow resonances is given by the standard formula

47T (Hyq, — @q5) 1 dz
o(AB = H,, + X) = (92’;}11 %4;) s, 251

[qai(z, w)ap; (@™ MEs™h u) + qa; (@, 1)dp; (e MEs™ w)].

Here §a;(z, 1) and ga;(x, 1) are parton distributions of the antiquark §; and quark
gj in hadron A at the normalization point y ~ My and the T'(Hg,q, — Gig;) is
the hadronic decay width of the Higgs boson into quark-antiquark pair. For the
Yukawa Lagrangian

Ly = hg,q;GLiqrjHy.q; + h.c., (252)
the hadronic decay width for massless quarks is

3MHh3i‘Ij

253
167 (253)

F(Hfh'q;' = Gig;) =

The value of the renormalization point x4 has been chosen equal to the mass
My of the corresponding Higgs boson. The variation of the renormalization
point y in the interval 0.5My — 2Mp leads to the variation of cross section less
than 50 per cent. In considered models there are Higgs bosons which couple
both with down quarks and leptons, so the best signature is the search for the
electrically neutral Higgs boson decays into ete™ or p* i~ pairs. For the charged



1186 KRASNIKOV N.V., MATVEEV V.A,

Higgs bosons the best way to detect them is to look for their decays into charged
leptons and neutrino. The Higgs doublets which couple with up quarks in model
with massless neutrino do not couple with leptons, so the only way to detect
them is the search for the resonance type structure in the distribution of the dijet
cross section on the dijet invariant mass as in the case of all Higgs bosons, since
in the considered models all Higgs bosons decay mainly into quark-antiquark
pairs that leads at the hadron level to additional dijet events. However the
accuracy of the determination of the dijet cross section is O(10) per cent, so it
would be not so easy to find stringent bound on the Higgs boson mass by the
measurement of dijet differential cross section at LHC. In considered many Higgs
doublet model, due to the smallness of the vacuum expectation values of the
Higgs doublets corresponding to the u-, d-, s-, and c-quarks, after electroweak
symmetry breaking the mass splitting inside the Higgs doublets is small, so in
such models the search for neutral Higgs boson decaying into lepton pair is in
fact the search for the corresponding Higgs isodoublet. The main background in
the search for neutral Higg$ bosons through their decays into lepton pair is the
Drell-Yan process which is under control. The main conclusion of Ref.66 is that
at LHC for L, = 105 pb™! and for the corresponding Yukawa coupling constant
hy =1 it would be possible to detect such Higgs bosons with the masses up to
4.5 — 5 TeV.

Search for Vector-Like Fermions. Vector-like fermions are characterized
by having their left- and right-handed components transforming in the same way
under the gauge symmetry group. Therefore their mass terms g are not
forbidden by any symmetry. As a consequence their masses are unbounded and
they decouple when they are taken to infinity. The standard model does not need
vector-like fermions and the models with additional vector-like fermions are not
very popular at present. Vector-like fermions decay by the exchange of standard
electroweak gauge and Higgs bosons , W%, Z, h, with all three being comparable
in size [67]. It is possible to add to standard model extra vector-like fermions
with the following quantum numbers:

. Down singlet D-quark.
. Up singlet U-quark.
. Up down quark doublet (U, D)
. Singlet charged lepton E.
. Singlet neutral lepton N.
. Neutral charged lepton doublet (N, E).

The production cross sections are similar to those of standard fermions.

Vector-like quarks decay mainly into @ — Wygq,, Zg;, hg; modes, while
vector-like leptons decay mainly into L — W1, ZI, hl modes. For vector-like
quarks the branchings obey the approximate rule: W/Z/h = 2/1/1. The signa- -
tures from vector-like quark pair production at LHC with their subsequent decays
are: 6-jets events, 2-leptons + 4-jets events and 4-leptons + 2-jets events. The sig-

- 0 Q0 o
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natures from the vector-like lepton pair production with their subsequent decays
are: 6-leptons events, 4-leptons + 2-jets events, 2-leptons + 4-jets events.

4. CONCLUSION

LHC can test the structure of many theories at TeV scale. LHC will be able
to discover Higgs boson and low energy broken supersymmetry with squark and
gluino masses up to (2 - 2.5) TeV. Also there is nonzero chance to find something
new (Z,-bosons, W’-bosons, leptoquarks...) at LHC. At any rate after LHC we
will know the basic elements of the matter structure at TeV region.

We are indebted to our colleagues from INR Theoretical Department for
useful discussions. The research described in this publication was made possible
in part by Award No.RP1-187 of the U.S. Civilian Research and Development
Foundation for the Independent States of the Former Soviet Union (CRDF).
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