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Abstract. This is a review of various aspects of the Large
Hadron Collider project for the search for new physics
(namely, the Higgs boson, supersymmetry, and exotics). The
basic parameters of the CMS and ATLAS detectors are also
discussed.

1. Introduction

The Standard Model (SM) [1], which describes strong and
electroweak interactions of elementary particles, is based on
several main principles: renormalizability, gauge invariance,
and spontaneous gauge-symmetry breaking. The renormaliz-
ability principle [2], often considered as something beyond
experimental verification, is one of the most important (if not
the most important) principles of local quantum field theory.
The gauge group of the SM, SU.(3) ® SUL(2) ® U(1), is
spontaneously broken to the gauge group SU¢(3) ® Uen(1)
via a finite vacuum expectation value of the scalar field, which
leads to the vector bosons W* and Z acquiring mass (these
vector bosons are the carriers of the weak interaction), while
the photon remains massless. After the spontaneous symme-
try breaking, one physical degree of freedom remains in the
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scalar sector, and this is a scalar boson (the Higgs boson), the
last undiscovered particle of the SM. We note that the
existence of the Higgs boson is a direct consequence of the
renormalizability of the SM. The gauge group SU,(3)
describes strong interactions (quantum chromodynamics, or
QCD). Eight vector gluons carry the color charges. In view of
the asymptotic freedom, the effective QCD coupling constant
os is small for large transferred momenta, which makes it
possible to reliably calculate the cross sections of deep
inelastic processes. Quarks and leptons are the fundamental
fermions of the SM; left-handed states are doublets with
respect to the gauge group SU (2), while right-handed states
transform as singlets. The SM has three generations of
fermions, which differ only in fermion mass.

Despite the amazing achievements of the SM in describing
the experimental data, there are many reasons why it cannot
be considered the final theory. In this model, the neutrinos are
massless particles, with the result that there are no neutrino
oscillations. But there presently exist clear indications that
neutrino oscillations indeed occur [3]; this follows from the
detection of neutrinos born in the atmosphere and from the
deficit of solar electron-neutrino flux. The SM can easily be
extended by incorporating massive neutrinos into it. But a
plausible explanation for the smallness of the neutrino mass is
highly nontrivial and, apparently, requires qualitatively new
physics beyond the SM. In the SM, the finite vacuum
expectation value of the Higgs field generates the masses of
the W and Z bosons and the fermions. For the self-
consistency of the SM, the Higgs boson mass must be small:
My < 1 TeV. The radiative corrections to the tree-level mass
of the Higgs boson diverge quadratically, namely, SM7 ~ A2,
where A is a certain ultraviolet cutoff parameter. In
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elementary particle physics, the natural value of the ultravio-
let cutoff is usually assumed to be equal to the Planck scale
Mp; ~ 10" GeV or the scale of the Grand Unification Theory
(GUT), Mgur ~ 10'® GeV. Hence, the natural value of the
Higgs boson mass must be O(A). To explain why the Higgs
boson mass is so small compared to the Planck scale or the
GUT scale, one needs to heavily reduce the radiative
corrections to the Higgs boson mass, which is highly
nontrivial (the problem of fine-tuning the parameters, or the
problem of gauge hierarchies). At present, the supersym-
metric solution [4, 5] to the problem of gauge hierarchies is
commonly accepted. The supersymmetric explanation pre-
dicts that there are particles with masses smaller than or equal
to O(1) TeV.

Another possible explanation is based on models invol-
ving technicolor [6]. We cannot exclude the possibility that
the natural scale of ultraviolet cutoffis A ~ O(1) TeV. In any
case, all proposed solutions to the gauge hierarchy problem
predict the existence of new physics on the scale O(1) TeV.!
Another nontrivial problem is that the SM is unable to predict
fermion masses that differ in value by five orders of
magnitude (the fermion mass problem).

The research program at the Large Hadron Collider
(LHC) [7], which will be the biggest particle accelerator
complex ever built, consists of many goals. Among these,
the most important are

(1) the discovery of the Higgs boson; and

(2) the discovery of supersymmetry.

The LHC [7] will mainly accelerate two proton beams with
the total energy /s = 14 TeV. In the low-luminosity stage
(the first two to three years of operation), the luminosity is
planned to be Liow = 103 cm~? s~! with the integrated
luminosity L, = 10 fb~! per annum. In the high-luminosity
stage, the luminosity is planned to be Lpjgn = 103 cm™2 57!
with the integrated luminosity L; = 100 fb~! per annum. The
LHC will also accelerate heavy ions, e.g., Pb—Pb ions, with
the center-of-mass energy 1150 TeV and luminosities up to
10?7 cm~2 s~!. Proton bunches will smash into each other at
four points, where detectors will be located. Two multi-
purpose detectors are planned to be built, the Compact
Muon Solenoid (CMS) [8] and A Toroidal LHC Apparatus
(ATLAS) [9], as well as the ALICE detector for studying the
physics of heavy ions [10] and the LHC-B detector for
studying B-physics [11].

The LHC is set to become operational in 2007. There are
many areas of research that will be carried out at the LHC
[12], such as

(a) the search for the Higgs boson;

(b) the search for supersymmetry;

(c) the search for new physics outside the scope of the SM
and MSSM (Minimal Supersymmetric Standard Model);

(d) B-physics;

(e) heavy-ion physics;

(f) top-quark physics; and

(g) standard physics (QCD and electroweak interactions).

! There is an important difference between the prediction that there is a
Higgs boson and the prediction that there is new physics in the
teraelectronvolt region. Indeed, electroweak models without a Higgs
boson are unrenormalizable, with the result that we simply cannot do
quantitative calculations with these models at the quantum level. The
Standard Model with a small Higgs boson mass is a self-consistent
renormalizable local quantum field theory. But staying within it, we
cannot explain the fact that the Higgs boson mass is so small (the
smallness of the electroweak scale) compared to the Planck scale.

In this article, we review the work done in the search for
new physics at the Large Hadron Collider. We describe the
progress in the search for the Higgs boson, supersymmetry,
and exotics (the new physics beyond the Standard and
Minimal Supersymmetric Models) that will be carried out at
the LHC. We also describe the main parameters of the CMS
[8] and ATLAS [9] detectors (see Section 2). In Section 3, we
review the work done in the search for the Higgs boson. In
Sections 4 and 5, we review the work done in the search for
supersymmetry and exotics. Finally, Section 6 is devoted to
concluding remarks.

2. The CMS and ATLAS detectors

One of the most important problems the LHC can help to
solve is the study of spontaneous symmetry breaking in the
electroweak sector of the Standard Model. Here, the search
for the Higgs boson [13] is used as a typical problem for
optimization of both the CMS detector and the ATLAS
detector. For this search, the detector must be sensitive to
the following processes in order to ensure the discovery of the
Higgs boson, beginning with the LEP restriction
My > 114.4 GeV [14]up to my = 1 TeV:

() H — yyat 114 < my < 150 GeV;,

(2)H — bb from WH, ZH, and ttH by tagging 1I* (I* = e*
or uF) and b-quarks;

(3)H — ZZ* — 41* for 130 GeV < my < 2my; and

(4)H — ZZ — 41%,21F2v for my > 2my.

The second most important task of the LHC project is to
discover supersymmetry, i.e., to detect superparticles. Here,
the main signature in the search for supersymmetry is left by
events with ‘lost’ transverse energy, which is a consequence of
the undetectability of the lightest supersymmetric particle.
Hence, there should be rigorous restrictions on the leak-
proofness of the detector. Moreover, the search for a new
physics different from supersymmetry (new gauge bosons W’
and Z’', extra dimensions, etc.) requires very precise measure-
ments of lepton momenta and charge identification for
transverse momenta up to several teraelectronvolts. Another
possible signature of the new physics (composite quarks)
requires measuring hadronic jets with transverse momenta
up to several teraelectronvolts. An important problem that
the LHC project will investigate is the physics of b- and
t-quarks.

Hence, the main requirements imposed on the design of
the CMS and ATLAS detectors are

(1) good electromagnetic calorimetry used in identifying
electrons and photons and in measuring their momenta;

(2) good leak-proof hadronic calorimetry;

(3) an effective high-luminosity tracker for measuring the
lepton momenta and tagging b-quarks;

(4) exact measurement of muon momenta for py ranging
from several gigaelectronvolts to several teraelectronvolts;
and

(5) large coverage in the pseudorapidity n [ =
—Intan (0/2)] (with a geometry close to 4m).

2.1 The CMS detector
The CMS detector [8] consists of an inner detector (tracker),
electromagnetic calorimeter, hadron calorimeter, and muon
spectrometer. A schematic view of the CSM detector is given
in Fig. 1.

In the CMS detector, the tracker is placed in a magnetic
field of 4 T, which ensures the necessary magnetic field
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Figure 1. Schematic of the CMS detector.

strength to make exact measurements of the charged
particles. The tracker system consists of silicon pixels and
silicon stripped detectors. The expected accuracy of measure-
ment in the barrel rapidity region is dopr/pr=0.01 at
pr = 100 GeV. The accuracy of determining the momentum
decreases by a factor of approximately five at pr = 1 TeV.
The operation of the electromagnetic calorimeter of the
CMS detector is based on the properties of lead tungstate
PbWO,, with a pseudorapidity coverage as high as || < 3.
The low-luminosity energy resolution is given by the formula

AE 0.03

E - VE @ 0.005. (1)
The calculations (see Ref. [8]) lead to the following accuracy
in determining the invariant mass of the diphoton pair in the
reaction H — vy (my = 100 GeV):

e 5m,, = 475MeV (low luminosity, Lioy = 10?3 cm=2s7!);
and

o 6my, =775MeV (high luminosity, Lyigh = 10*%*em—2s71).

The hadron calorimeter encompasses the electromag-
netic calorimeter and operates in conjunction with it in
measuring the energies and direction of the hadronic jets
and in providing the air-tight operation of the detector in
order to exactly measure transverse momentum. The
pseudorapidity region || < 3 is covered by the barrel and
endcap parts of the hadron calorimeter, which are in the
CMS magnetic field. The expected energy resolution for
hadronic jets in this region is AE/E = 1.1/v/E @ 0.05. The
pseudorapidity region 3.0 < || < 5.01is covered by a separate
forward calorimeter. The expected energy resolution for
hadronic jets in this pseudorapidity region is

AE 1.8

E VB @0.1. (2)

At the LHC, the effective detection of muons from the
decays of the Higgs boson and the decays of W, Z, and tt
requires a larger pseudorapidity coverage. It is expected that
muons from pp collisions will provide a pure and clear
signature for a broad class of processes involving new

physics. Many of these processes are rare, and hence high
luminosity is needed to detect them. The muon spectrometer
identifies the muons and their exact momenta, which range
from several gigaelectronvolts to several teraelectronvolts.
The detector barrel covers the pseudorapidity region
|7] < 1.3. The endcap part covers the pseudorapidity region
1.3 < || < 2.4. For 0 < |n| < 2, the accuracy in determining
the muon momenta in the CMS is expected to be 0.015-0.05
at pr = 100 GeV and 0.05-0.2 at py = 1 TeV.

2.2 The ATLAS detector

The design of the ATLAS detector [9] is similar to that of the
CMS detector. It also consists of an inner detector (tracker),
an electromagnetic calorimeter, a hadron calorimeter, and a
muon spectrometer (Fig. 2).

The inner detector consists of silicon pixels, a silicon
stripped detector, and a transitional radiation detector. The
accuracy of measuring the momenta of the charged particles
is expected to be Apr/pr = 0.2 at pr = 500 GeV. A liquid-
argon electromagnetic calorimeter covers the pseudorapidity
region || < 3. The expected energy resolution is

AE 0.1

== 30.007 at |g]<25.
E-VE In|

The accuracy of determining the diphoton invariant mass is
expected to be 1.4 GeV for the Higgs boson mass
my = 100 GeV at Lygnh = 10%* cm=2 571

The accuracy of measuring the hadronic jets by the
hadron calorimeter is expected to be

AE_ D3 5 0.0s.

E JVE
The forward calorimeter covers the pseudorapidity region

3 < |n| <5 with an energy resolution better than AE/E =
1/vE®0.1. The muon system measures the muon paths,

Figure 2. Schematic of the ATLAS detector.
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with the muon momenta estimated as Apr/pr = 0.02
(pr =100 GeV) and Apr/pr=0.08 (pr=1 TeV) for
In| <2.2.

3. The search for the standard Higgs boson

3.1 Lagrangian of the Standard Model

The SM is a renormalizable model of local quantum field
theory describing strong and electroweak interactions. It has
the gauge group SU,(3) ® SUL(2) ® U(1) and the minimal
Higgs structure consisting of one complex isodoublet of
Higgs fields. The spontaneous gauge-group breaking,

SU(3) ® SUL(2) @ U(1) — SU.(3) ® U(1),

which occurs because of a finite vacuum expectation value of
the Higgs isodoublet, provides the simplest implementation
of the Higgs mechanism [13], which generates the masses of
the gauge W= and Z bosons, quarks, and leptons. In the SM,
as a result of spontaneous electroweak gauge symmetry
breaking, only one scalar particle, the Higgs boson, is left in
the physical (gauge-invariant) sector. The Lagrangian of the
SM consists of several parts [15]:

Lws = Lym + Luym + Lsu + L¢ + Lyuk - (3)
Here, Lyy is the Lagrangian of the gauge fields,

1 ; -
Lym = — 5 F (W F" (W) —ZF“ (WO)Fuv(WO)

4w
1

=1 Fn(OF(G), (4)

where F[ (W), F(G), and F,,(W") are given by

(W) = 0,W) = 0, W, + gac MWWy, )
Fu(W) =0,W° 0, W?, (6)
F(G) = 0,6 —8,G! + g f ™ GG , (7)

with W/ and W) being the SUL(2) ® U(1) gauge fields, G/
the gluon fields, and ¢/* and f“*“ the structure constants of
the SU(2) and SU(3) gauge groups. The Lagrangian Lyywm
describes the coupling of the Higgs doublet to the
SUL(2) ® U(1) gauge fields,

Luym = (D, H)"(D{'H), (®)
where the covariant derivatives are defined as follows:

i

Y .oat
Dy, =93, — ig1 5 WS —ig W 9)
.Y
Dry =, —igi 5 wy, (10)
q : Y 0 : O—i i ; ara
DL” =0, — 1g15 W, —ig ) W, —igs“G,, (11)

.Y .
D{, =0, —ig 3 W, —ig“Gy. (12)
Here, g, is the U(1) gauge coupling constant, Y is the
hypercharge defined by the relation

Y

I
Q_2+27

o' are the Pauli matrices, t¢ are SU(3) matrices in the
fundamental representation, and

_ (H
n- (i)
is the Higgs SU(2) isodoublet with Y = 1. The Lagrangian

Lgsy describing the self-interaction of the Higgs field isodoub-
let is

(13)

where H"H =3 ,H;H; and 4 is the Higgs self-coupling
constant. The Lagrangian L; describes the interaction of
fermions with gauge fields. Fermions transform as doublets
or singlets under the gauge group SU(2) ® U(1),

Lsy = —Vo(H) = M2H+H7§(H+H)2,

Ry=er, Ry=pur, R3=r1g, (14)
! "
L|:<Z) 9 L2:(v ) ) L3:<V,L. > ) (15)
L LAY L
Ry = (qm R (9114 =Uu, qu==¢, q3= l) ) (16)
Rii = (qi)g  (qa=4d, qa=s, qa=D), (17)
9
L= B , 18
o (Vlilqid)L (18)

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

lﬁR,L:lizysl//a (19)

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

3
Li= Z [iEkﬁLLk + iRkbRRk + il_,qkljf_]qu
k=1

+ qukuDA]gquu + qukdlj}gqud] ) (20)
where Dy = y#Dy,, Dr = 7"Dry, D{ = 7Dy, and Di =
y”DI‘{#. The Lagrangian Ly is responsible for generation of
the fermion mass terms. For massless neutrinos, the Yukawa
coupling of the fermions to the Higgs field isodoublet has the
form

3
Lyw =— Z (A L HRy + har Lax HR i
k=1

+ llukzuk(iO'zH*)Ruk] +h.c.
For M? > 0, the potential

)
Vo(H) = —M*H"H + E(H+H)2

leads to spontaneous symmetry breaking. The doublet H
acquires the finite vacuum expectation value

0
(22)

where v = 246 GeV. In the unitary gauge, there can be no
unphysical Goldstone fields, with the result that the isodoub-
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let of the Higgs fields depends only on a single physical scalar
field (the Higgs field)
0

Hx)=[ v H(x)

NG

Because of spontaneous gauge symmetry breaking, the gauge
electroweak fields, except for the photon, acquire mass. The
diagonalization of the mass matrix yields

1 1

(23)

W,Ai:—z(W,i:FWi)v Mw =3 g, (24)
1 3 0 L
ZH:7(g2Wuig1W,u)’ MZ:7 g2+g1U,
2 2 2
Vel +al
(25)
1
Ay = (@ W, +&W)), Msi=0, (26)
\/ &3 +ef

where Wﬂi and Z, are the respective fields of charged and
neutral electroweak bosons and 4, is the photon field. At this
point, it is convenient to introduce the rotation angle Ow
between (W3 W?) and (Z, A), commonly known as the
Weinberg angle, as

&8 27)
\Ver +&3

The experimental value of the Weinberg angle is such that
sin? Oy ~ 0.23 [16]. The formula for the electron charge e is

sin Oy =

o= 5281 (28)
Ve et

At the tree level, the Higgs boson mass is given by

my =vV2M=+v. (29)
In the unitary gauge, the Lagrangian Lyyy is given by
1 L 2 H : +
Liryw = 5 O"HOH + Mg, ( 1+ ) W, Whs
v
1 H\’
+5 Mg(l +—) z"z,, (30)
2 v
while
H\ -
L = — 11+= )y, . 31
Yuk me, ( + U)‘//z‘//; ( )

3.2 Limits on the Higgs boson mass

According to the experiments done at the LEP accelerator,
the lower limit on the Higgs boson mass in the SM is
my = 114.4 GeV with a 95% confidence [14]. An analysis of
precision measurements of the electroweak observables leads
to the upper bound my < 193 GeV [17] (with 95% con-
fidence) on the Higgs boson mass, and hence the Higgs
boson should be fairly light in the SM.

An upper limit on the Higgs boson mass can be placed by
requiring that the effective Higgs self-coupling constant have
no Landau poles [18] and that the electroweak vacuum be
stable [19]. The idea of deriving the limit from the condition

that there should be no Landau pole is as follows (see
Ref. [18]). We suppose that the Standard Model is valid up
to the scale A. The requirement that there be no Landau pole
in the effective coupling constant 4(E) of the self-coupling of
the Higgs fields at energies E < A can be used to place an
upper limit on the Higgs boson mass. For A equal to 103, 104,
109, 108, 10'2, and 10 GeV and m"* = 175 GeV, we can
find the respective limits on the Higgs boson mass my < 400,
300, 240, 200, 180, 170, and 160 GeV (see Ref. [12]). The limit
from the vacuum stability requirement (see Ref. [19]) follows
from the requirement that the electroweak minimum of the
effective potential be the deepest minimum of the effective
potential for |H| < A. For |H| > v, the mass terms in the
effective potential can be ignored compared to the term
describing the self-coupling of the scalar fields. The vacuum
stability requirement then means that the effective coupling
constant of the self-interaction of the Higgs isodoublet A(u) is
nonnegative, A(u) > 0, for u < A. For A equal to 103, 104,
106, 108, 10'2, and 10" GeV and mP** = 175 GeV, the lower
limit on the Higgs boson mass is numerically given by
my = 78, 101, 121, 129, 136, and 137 GeV, respectively (see
Ref. [12]). In the minimal supersymmetric model, taking the
radiative corrections into account leads to an increase in the
mass of the lightest Higgs boson [20] up to 135 GeV [21]. As
noted in Ref. [22], by measuring the Higgs boson mass, one
can distinguish between the SM and MSSM or at least
estimate the scale A beginning at which one can expect
deviations from the SM to come into play.

3.3 Higgs boson decays

The tree-level Higgs boson coupling to gauge bosons and
fermions can be found from Lagrangians (30) and (31). Of
these, HW *W ~, HZZ, and H\{s\y are phenomenologically the
most important. The Higgs boson decay width into a
fermion —antifermion pair is [15]

IF(H = W) =

GFm\f,mHNC (1 B 4m\12,>3/2 (32)

4m\/2 Z

my

where N. is the number of color fermion states. For

u < 2my, the Higgs boson decays mainly (with approxi-
mately 90% probability) into a b-quark —antiquark pair and
with approximately 7% probability, into a t-lepton —antilep-
ton pair. Allowing for QCD corrections amounts to replacing
the pole mass of the b-quark by the effective mass 7, (my) in
Eqn (32). We note that the relation between the perturbative
pole mass mq of the quark and the MS effective quark mass
mq(mq) is [23]

pimmal g (@) 2} ig(mg) . (33)

where numerically K; =~ 10.9, K, =~ 12.4, and K. ~ 13.4.
For my > 2Mw, the Higgs boson decays into gauge
bosons with the decay widths

WZQZI

_ Grmj 1/2
I'H—WW") = H (4 — day + 3ad)(1 — aw)"/?,
( ) 2m/§( w + 3ay)(1 — aw)
(34)
GFWZ3
I'(H— 7°7% = H (4 - day +3a2)(1 —az)"*, (35
( ) 6475ﬂ( z +3az)(1 — az) (35)

where aw = 4M% /m} and az = 4M2/mf. For the heavy
Higgs boson (2mz < my < 800 GeV), the decay into gauge
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bosons is predominant. For instance, for my > 2myz, we have
the asymptotic formula

3
GF my

ITH—-W'W™)=2I'H— ZZ) ~ .
(H = WW ) =2r(H - 22) ~ T8

(36)

The dependence of the m}}-type follows from the existence of
the W and Z boson states with the transverse polarization. We
note that the width of the Higgs boson decay into a fermion —
antifermion pair increases only linearly with the Higgs boson
mass. Therefore, for Higgs boson masses much larger than
2myz, the total width of the Higgs boson decay is mainly
determined by the width of the decay into gauge bosons, and
the Higgs boson decay into tt can be ignored. We have the
heavy Higgs boson decay width

my 3
1 TeV,) *

Off-shell decays into gauge bosons are important from the
phenomenological standpoint. The width of such a decay is

given by the formula [24]
r(MY
mi)’
where V=W and Z,
7 10 . 40 .
V) sin? Oy +ﬁ sm49w,

1 — 8x +20x2 Arecos 3x—1
Vax —1 2x3/2

3
(2 — 13x +47x?) _E(] — 6x +4x?)log x,

o(H) ~ 0.48 TeV( 37)

. 3GEMim
I'H— VV*) = dy Fng“

(38)
Sz =

R(x)=3

1—x
2x

(39)

with x = M3 /mj. For a Higgs boson that is slightly heavier
than two gauge bosons, the width of the decay into two off-
shell gauge bosons plays an important role. The correspond-
ing formulas can be found in Ref. [24].

We note that there are a number of important interactions
of the Higgs boson that are absent from the tree level but
appear at the one-loop level. Among these, the interaction of
the Higgs boson with gluons and photons plays a very
important role in the search for the Higgs boson in super-
colliders. The one-loop interaction of the Higgs boson with
two gluons emerges because of a virtual top-quark exchange

in a loop [25] and leads to the effective Lagrangian

e 88205

= HGY G™ .
Hee ™ Ddmmy

g

(40)

In the lowest-order perturbation theory, the corresponding
decay width is [24]

G2O(2m3 H 2
Fio(H — g8) =SS o) (@)
Ag(t) =5 t[1+ (1 -1)f(7)], (42)
f(r)= arcsinzﬁ, 1, (43)
/ 2
f(r)——%(log%—iﬂ Cor<l. (44

The parameter 1q = 4m3/my is determined by the pole
mass Mq of the heavy quark in the loop. For such a
quark, Ag(rQ) — 1. The radiative QCD corrections prove
to be very large [26], precisely, the decay width increases
by 60-70% in the most interesting mass range
100 GeV < my < 500 GeV. Three-loop QCD corrections
have been calculated in the heavy top-quark limit and have
been found to increase the decay width by approximately
10% [27].

Also very important is the one-loop induced Higgs boson
interaction with two photons. The width of the Higgs boson
decay into two photons is given by the formula [24]

I(H—yy) = gga—\;;'i Z:chefz/l?(ff) + Ay (tw) 2 » (45)
where
Al (D) =21+ (1 =) f()], (46)
Ay(1) =—[2+4 31+ 322 - 1) f(7)], (47)

and t; = 4M? /m{, with i = f, W. The function f () is defined
in Eqns (43) and (44). The W-boson loop provides the main
contribution in the intermediate mass range. The correspond-
ing diagrams for the Higgs boson decay widths are presented
in Fig. 3.
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Figure 3. Branching ratios and the decay width for the Higgs boson.
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g

Figure 4. Diagram demonstrating the contribution to Higgs boson
production in gluon— gluon collisions.

q

Figure 5. Diagram demonstrating the
qqV*V* — qqH.

contribution to qq —

q

Figure 6. Diagram demonstrating the contribution to qq — V* — VH.

3.4 Higgs boson production at the LHC
The typical processes in which Higgs bosons are produced
and which can be used at the LHC are [28, 24]:

e gluon fusion: gg — H (Fig. 4);

e WW and ZZ fusion: W™W~, ZZ — H (Fig. 5);

e ‘Higgs-strahlung” of W and Z: qqW,Z — W,Z+H
(Fig. 6); and

e ‘Higgs-strahlung’ of the top quark: qq,gg — tt+H
(Fig. 7).

The mechanism of gluon fusion plays a dominant role in
the entire range of allowed masses, while WW/ZZ fusion
becomes more and more important as the Higgs boson mass
increases. The last two mechanisms are important only for
light Higgs bosons.

The gluon-fusion mechanism [25]

pp—gg—H (48)
is the most important mechanism of Higgs boson production
up to 1-TeV masses. The interaction of the Higgs boson with
gluons emerges at the one-loop level as a result of a top-quark
exchange in the loop. In the leading-order perturbation
theory, the partonic cross section is proportional to the
width of Higgs boson decay into two gluons,

oro(gg — H) = aom{d(s — mfy), (49)

2

T
00 = I'o(H — gg),

o (50)

where 7q = 4M§/myj, s denotes the squared energy of the
partonic system, and the form factor Ag(fQ) is defined in
Eqns (42)—(44). The hadronic cross section can be written as

dree
d‘EH ’

(51)

oLo(pp — H) = oot

where dL#¢/dty denotes the gg luminosity of the pp collider
and ty = mf /s. The QCD corrections to the one-loop gluon-
fusion cross section are positive and highly essential [24, 26,
27] — they stabilize the theoretical predictions concerning the
cross section under variations in the renormalization and
factorization scales. The theoretically predicted behavior of
the Higgs boson production cross section for the LHC is
shown in Fig. 8. The cross section decreases with increasing
the Higgs boson mass on the whole because of the decrease in
the gg partonic luminosity with increasing the invariant mass.
The process that is second in importance for Higgs boson
production at the LHC is the fusion of vector bosons:
77, W*W~ — H. For large Higgs boson masses, this
mechanism competes with the gluon fusion mechanism,
while in the intermediate mass region, the cross section is
approximately ten times smaller. The respective formulas can
be found in Ref. [29]. The mechanism based on the reaction
qq — V* — VH (V =W, Z) plays an important role in the
search for the light Higgs boson at the LHC. Although the
cross section of this reaction is approximately a hundred
times smaller than the gluon-fusion cross section, leptonic
decays of vector bosons are extremely useful in separating
signal from background. The corresponding formulas for the
cross section can be found in Ref. [30].

The gg,qg — ttH process is important for small Higgs
boson masses. The analytic expression for the partonic cross
section is extremely cumbersome [31]. We also note that the
Higgs-strahlung from a top quark makes it possible to
experimentally determine the Htt Yukawa coupling con-

q t

Figure 7. Diagrams demonstrating the contribution to qq/gg — Hitt.
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Figure 8. Higgs boson production cross section for different mechanisms
as a function of the Higgs boson mass [24].

stant. The cross section a(pp — ttH + .. .) is directly propor-
tional to the square of the Yukawa coupling constant of the
top-quark — Higgs boson interaction.

Clearly, three classes of processes can be distinguished
here. Gluon fusion is a universal process dominating over the
entire range of Higgs boson masses. The Higgs-strahlung
from electroweak bosons or top quarks is important for small
Higgs boson masses. By contrast, the WW/ZZ fusion
mechanism becomes more and more important with increas-
ing the Higgs boson mass.

35H — vy
One of the main reactions in the search for the Higgs boson at
the LHC is

pp— H—=7yy)+..., (52)

which is especially promising [32] in the search for the Higgs
boson in the most interesting mass range

100 < mpy < 150 GeV.

The signal significance S = Ng/+/Np for the CMS detector is
estimated to be 6.6 (9) for my = 110(130) GeV at a low
luminosity of 30 fb~! and 10(13) for my = 110 (130) GeV
and a high luminosity of 100 fb~! [8]. The general conclusion
was that at the level of 5g, the CMS detector allows detecting
a Higgs boson? in the interval 95 < my < 145 GeV in the
low-luminosity stage, while in the high-luminosity stage, the
corresponding interval for Higgs boson masses is
85 < my < 150 GeV (Fig. 9). The results of ATLAS simula-
tions coincide with the corresponding results of calculations
done for the CMS detector (in terms of signal significance)
with an accuracy up to 30% [34].

3.6 H — vyv plus hadronic jets
The idea of searching for Higgs boson signals associated with
hadronic jets was put forward in Ref. [35], where the matrix

2 It must be noted at this point that a more appropriate characteristic for
future experiments [33] is the probability of discovery, i.e., the probability
that the number of events N, measured in the experiment will be such that
the probability that the standard physics reproduces N, events is lower
than 5.7 x 1077 (5¢). For instance, in the search for the standard Higgs
boson with my = 110 GeV and the luminosity L = 30 fb~! (20 fb~!), the
standard signal significance is 6.6 (5.4). In the language of probabilities,
this means that [33] the CMS detector will make it possible to detect a
Higgs boson at a level > 5¢ with a 96 (73)% probability.

elements of the signal subprocesses gg — g + H,gq — q+ H,
and qq — g + H were calculated in the leading perturbation-
theory order in the strong coupling constant, «’. For the
Higgs boson mass in the 100 < My < 150-GeV range and the
integrated luminosity 10 fb~!, this channel produces several
dozen signal events, with the number of background events
being only two or three times larger [35]. The signal
significance is Ng/v/Ng ~ 4, 5, and 4 for My = 100, 120,
and 140 GeV, respectively, which is especially promising for
detecting a light Higgs boson in the low-luminosity stage.
These results also imply that in the high-luminosity stage with
the integrated luminosity 100 fb~!, the signal significance is
roughly 12.

37H — WW* — Itvl’ v/

The reaction pp — H — WW* — 1Tvl’ "y’ [36] ensures the
detection of the Higgs boson in the least accessible range of
masses from 155 to 180 GeV. It is important that the reaction
H — WW* — I"vl’ “v allows detecting a Higgs boson with a
mass close to 170 GeV, where the H — 41 branching ratio is
especially small and the use of a four-lepton signature does
not help, in the low-luminosity stage at least. The use of this
reaction does not impose rigorous constraints on the detector
operation and requires a relatively low integrated luminosity
of approximately 5 fb~! for Higgs boson detection.

The results in Ref. [36] show that this reaction not only
ensures the detection of a Higgs boson with a mass in the
155—-180-GeV range with S/B > 0.35 but also helps in the
detection of a Higgs boson with a mass in the 120—500-GeV
range. The results of the calculations in Ref. [38], which used
the total simulation of the detector response, corroborate the
results in Ref. [36].

3.8 pp — H + 2 forward jets
The mechanism of vector boson fusion qq — qqH leads to
energetic jets in forward and backward directions and to
the absence of color exchange in the hard process [39-41],
which makes it possible to strongly suppress the back-
ground of tt, QCD jets, and W and Z production and to
balance the smallness of the Higgs boson production cross
section in the mechanism of vector boson fusion compared
to the mechanism of gluon fusion gg — H. We note that
the process of Higgs boson production in the vector boson
fusion mechanism with the tagging of jets propagating
within the small-azimuthal-angle region was examined
earlier in Ref. [42] in the reactions H — ZZ — 41, 212v.
The reaction pp — (H — yy) + 2 forward jets was studied at
the lepton level in Ref. [39] and with the rapid simulation of
the CMS detector in Ref. [43]. The main conclusion in
Ref. [43] is that the signal significance S = Ngs//Np =5 is
attained at the luminosity 25-35 fb~! for my = 115—
145 GeV. An additional advantage of this signature is that
the signal-to-background ratio is S/B~ 1 compared to
S/B ~ 1/15 for the inclusive reaction pp — (H — yy) + .. ..
The signature H — W*W — e*pTplis in the mechanism
of vector boson fusion with forward-jet tagging has been
studied in Ref. [40]. Spin correlations, which lead to small
angles between the charged leptons, were used to suppress
background events. This mode ensures the detection of Higgs
bosons with masses my = 120 GeV.

39H — ZZ*(ZZ) — 4 leptons
The decay channel H — ZZ* — 4l is the most promising for
detecting a Higgs boson with a mass in the 130—180-GeV
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Figure 9. Mass peak (a) and signal significance (b) for H — yy: ®, low luminosity (30 fb~!); and e, high luminosity (100 fb=") [8].

range. Below 2M7, the number of events is small, and
reducing background events is complicated because one Z is
off the mass shell. Within this mass range, the Higgs boson
decay width is small, I'y < 1 GeV, and the experimentally
observed width is fully determined by the detector resolution.
The signal significance is proportional to the square root of
the resolution of the four-lepton invariant mass
(S = Ns/+/Ng, Ns g ~ 64), and it is therefore highly impor-
tant to exactly determine the energy/momentum of the
lepton.® The discovery potentials of the CMS and ATLAS
detectors for the H — ZZ* — 4l reaction were compared by
Poggioli [44], whose main conclusion was that in terms of
signal significances, the discovery potentials of the CMS and
ATLAS detectors are roughly the same (to within 20%). For
the mass range 130 < my < 180 GeV and for the integrated
luminosity 100 fb~!, the CMS detector [32] allows detecting a
Higgs boson with a signal significance > 5¢ within all mass
ranges, except for a narrow region near 170 GeV, where
¢ x BRis atits maximum due to the opening of the H — WW
channel and a decrease in the H — ZZ* branching ratio.

For the mass range 180 < my < 600 GeV, the four-lepton
signature is considered the most promising for the discovery
of the Higgs boson at the LHC, because the expected number
of events is sufficiently large and the background level is low.
The main background to the H — ZZ — 41* process is the
irreducible ZZ production from qq — ZZ and gg — ZZ. The
background from tt and Zbb is fairly small and can be
diminished by a cutoff in the Z-boson mass. The use of this
signature will make it possible to detect a Higgs boson with a
signal significance > 5¢ up to mpy ~ 400 GeV at the
luminosity 10 fb~' and up to my ~ 650 GeV at the
luminosity 100 fb—! [32].

3.10 WH(ttH) — yy + lepton —+ . ..

The WH — lyy + X and ttH — lyy + X final states are
other promising signatures in the search for the Higgs
boson. Here, the production cross section is smaller than
that of the inclusive reaction H — yy by a factor of
approximately 30. However, the use of an isolated lepton

3 Typical resolutions in this range of Higgs boson masses are o4, ~ 1 GeV
and g4 ~ 1.5 GeV (CMS) [8], and 04, ~ 1.6 GeV and g4 = 1.6 GeV
(ATLAS) [9].

from the W and t decays makes it possible to achieve
strong background reduction. For the integrated luminos-
ity 165 fb~! in both channels, pp — WH and pp — ttH,
within the range of diphoton invariant masses
My —1GeV<M,<My+1 GeV, we have roughly
100 signal events at My = 120 GeV and about 20 back-
ground events [35].

3.11 ttH — ttbb

The large H — bb branching at my < 150 GeV can be used in
the associated ttH-production channel. Extracting a Higgs
boson signal from the ttH — 1¥vqgbbbb channel requires
tagging four b-jets, reconstructing the Higgs boson mass from
two b-jets, and identifying two top quarks. The use of this
channel will make it possible to detect a light Higgs boson
with a mass myg < 120 GeV [32].

3.12H - WW — llvw, H - WW — lvjj,

and H — ZZ — lljj

The decay H — llvv has a branching six times larger than
the decay H — 41*. The main background comes from ZZ,
ZW, tt, and Z + jets. By using this channel one can detect
the Higgs boson [8, 34] within the mass range
400 < my < (800—900) GeV at the integrated luminosity
100 fb~!.

The channels H — WW — lvjj and H — ZZ — 11jj are
very important for the region near my ~ 1 TeV, in which the
large branching of W, Z — qq is used. Two hard hadronic jets
from the hadron decay W/Z plus one or two high-p7 leptons
from the W/Z decays are used to reduce the background.

The main background is from Z + jets, W + jets, ZW,
WW, and tt. At my ~ 1 TeV, the Higgs boson is extremely
wide (I'y ~ 0.5 TeV) and the WW/ZZ-fusion mechanism
yields about 50% of the total production cross section, and
therefore the use of signatures with two forward jets is
essential. The decays H — WW — lvjj and H — ZZ — 1ljj
make it possible to detect a heavy Higgs boson with a mass up
to 1 TeV at the integrated luminosity 100 fb~! [8, 34].

3.13 Studies of the properties of the Higgs boson

In the most interesting range of Higgs boson masses,
1144 < my <193 GeV, the decays H—yy and H —
77/77" — 41* ensure an accuracy of determining the mass
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Figure 10. Potential of discovery of the SM Higgs boson for an integrated
luminosity of 100 fb~! in the ATLAS detector without the k-factor [34].
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Figure 11. Potential of discovery of the SM Higgs boson for an integrated
luminosity of 30 fb~! in the CMS detector without the k-factor [34].

that is better than 1072 [32, 37, 34]. Direct measurement of the
decay width is possible only in the mass range my > 200 GeV,
in which the decay width exceeds the experimental resolution
by roughly 1 GeV in mass. An accuracy at the level of O(1072)
is expected from the use of the H — ZZ* — 41* reaction. The
mechanism of vector boson fusion and the decays H — WW*
and H — yy allow extracting information about the HWW
coupling constant. The Higgs boson decay ratio I'w/I'z can
be measured in the direct production of a Higgs boson via the
relation

OH X BR(H — WW*) N Fl
oy x BRH — ZZ") Iy’

Simultaneous use of the H — yy and H — ZZ* channels
makes it possible to determine

ou xBR(H—vy)  I'(H—vy)

oy x BR(H—ZZ*) T'(H—ZZ")"

An accuracy better than 20% is expected for these measure-
ments at the integrated luminosity 300 fb~! [32, 37].

3.14 Main conclusions
The LHC provides the means for discovering the Higgs boson
in the mass range from the lower LEP limit my > 114.4 GeV

to my = 1 TeV (see Figs 9—11). Within this range, the Higgs
boson has a large decay width, I'y ~ 0.5 TeV, and it is
therefore meaningless to treat the Higgs boson as an
elementary particle. The decay modes most important for
the Higgs boson search at the LHC are

H— vy,

H — 727,27 — 41*,

H— WW* = It v

H — ZZ,WW — llvv, 1ljj, Ivij .

The simultaneous use of different channels will allow
finding the Higgs boson width ratio.

4. Search for supersymmetry within the MSSM

4.1 The MSSM

Supersymmetry, or SUSY, is a new type of symmetry that
links bosons with fermions [4, 5]. Locally supersymmetric
theories inevitably involve gravity [45]. SUSY also serves as
an essential ingredient of superstring theories [46]. The
interest in SUSY is also related to the observation that the
results of measurements of gauge constants on the LEP1
accelerator favor the supersymmetric GUT with superparticle
masses smaller than O(1) TeV [5]. Moreover, supersymmetric
electroweak models produce the simplest solution to the
problem of gauge hierarchies [5]. In real life, however,
supersymmetry is violated, and for the problem of gauge
hierarchies to have a solution, the superparticle masses must
be smaller than O(1) TeV. Supergravity provides a natural
explanation for supersymmetry breaking [47]; namely, allow-
ing for supersymmetry breaking in the hidden sector leads to a
weak supersymmetry breaking in the observable sector.

An elegant formulation of supersymmetry is achieved by
introducing the concept of superspace [45]. Two anticommut-
ing coordinates 0, and 0 are introduced. This extends the
initial four-dimensional space—time x, to the superspace
(%, 0, 03). There are two types of fields in this superspace: a
chiral field and a vector field [45]. For the chiral superfield, the
Taylor expansion has the form

B(y,0) = A(y) + V200 (y) + 00F (), (53)
where y = x +i0g0. The chiral superfield @(y,0) has two
bosonic (the complex-valued scalar field 4) and two fermio-
nic (the Weyl spinor /) degrees of freedom. The component
superfields 4 and y are called superpartners. The field Fis an
auxiliary field and has no physical interpretation. The
auxiliary field can be eliminated via the equations of
motion. The following expansion holds for an arbitrary
function of chiral superfields:

W(®,) = W(A,- + V20, + 00F;)

ow 1w
)+ fowwa(aA / 2aAaA‘/“l’>

(54)

= W(

Here, W is usually called the superpotential, i.e., a general-
ization of the ordinary concept of a potential to the case of
superfields. To construct gauge-invariant interactions, we
must introduce a real-valued complex superfield V' = V.
Under an Abelian supergauge transformation, the superfield
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V transforms as

VoV+d+0", (55)
where @ is the gauge superfield. A gauge (known as the
Wess —Zumino gauge) can be chosen such that

V = —00"Gu,(x) + i0007(x) — i0004(x) +% 0000D(x) . (56)

The physical degrees of freedom corresponding to the real-
valued vector superfield  are the gauge vector field v, (x) and
the Majorana spinor field A(x). Here, D(x) is an auxiliary
field and can be eliminated via equations of motion. The
chiral superfield of the stress tensor can be defined (by
analogy with F,,, in gauge theories) as

1 -
W, = ~1 D?e®VD,e~8, (57)

_ 1 _
Wi=—7 D*e?" Dye 8. (58)

The superfield of the stress tensor in the Wess —Zumino gauge
has the form

W, = Tﬂ<_izg +0"D" —%(Jﬂave)‘ F% + ezo—ﬂD,j“) :

o uv
(59)
where
Fo =30 — 0 +gf vl (60)
D" =0, + g f v (61)

Here, the T¢ and f“* are the generators and structure
constants of the group G.

Supersymmetry-invariant Lagrangians can be built in an
elegant way by introducing integration over the superspace
according to the rules [45]

Jd@a =0, [eade,;zaa,;. (62)

We first consider the case of chiral fields without gauge
interactions. The renormalizable Lagrangian can be written
as (see Ref. [45])

- J 0420 o+ b, + J &0 W5 + he. | (63)
where
1 1
W3 = 2.[‘@1' + E m,-id)@j + g /’lijk@i@jd)k . (64)
Integration over the anticommuting variables yields
L =1i0,6"; + 0" A;0,4; + F/'F;
1
+ |:;LiFi + my; (AiFj 3 lrbil//j)
+ /’l,‘jk(A,‘Aij — l,bil//jAk) + hC:| . (65)

Eliminating the auxiliary fields F; and F;* via the equations of
motion, we obtain

L =i0,5"y; + 0" A;0,4;
1
_ <§ m”lpll//j -+ hijkl//[lijk =+ hC>

2
- V»k +mirA; + hijkAiAj} . (66)

We now examine the case of gauge fields. The super-
symmetric generalization of the Yang—Mills Lagrangian is
1
Lsym = ZJ d?0 Tr (W*W,) + h.c. (67)
In terms of the component fields, Lagrangian (67) can be
written as

I . 1
Lsyw = =5 FAF® — 12" D, i + 5 D'D*.

4w (68)

The supersymmetric gauge-invariant renormalizable Lagran-
gian has the form

Lsusyym = % (J d*0 Tr (W*W,) + h.c.)
+J d*0d%0 @) (=" )30} + <J &0 W(@:) + h.c.> . (69)

where W3(®;) is a gauge-invariant superpotential. In terms of
the component fields, Lagrangian (69) can be written as

1 C a1
Lsusyym = — 4 FoF —i2e" D" + 3 D'D*

nv
+ (0uA; —iguiT4;)" (0" 4; — igu T 4))
— ;5" (0, — igui T ) — gD A T4,
— (iV2gA T, + h.c.)

ow 1w

FrF+ (o Fs
th +<6A,— 234,04,

After integration over the auxiliary fields D* and F;, we obtain
the ordinary Lagrangian.

The simplest generalization of the SM is the MSSM [5,
48]. The MSSM is based on the use of the standard gauge
group SU((3) ® SUL(2) ® U(1) in which the electroweak
symmetry is broken by finite vacuum expectation values of
two Higgs isodoublets. The MSSM consists of the SM plus
the appropriate interactions involving superparticles. We
note that the MSSM contains two isodoublets of Higgs fields
with hypercharges Y = +1, which follows from the require-
ment that there be no y5; anomalies. The two isodoublets of
Higgs fields are also needed in order that the ‘upper’ and
‘lower’ fermions acquire mass.

The SUSY generalization of the SM Lagrangian can be
written as

LSUSY = LGauge,M + LYukawa 5 (71)
where
1
LGauge M = Z 3 (J d*0 Tr W'W, + h.c.)
SU(3),SU(2), U(1)
+ ) J P00/ e @, (72)
matter

Lyuaws = J &0 (W + Wyg) + hec. (73)
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The renormalizable potential Wy in the MSSM determines
the Yukawa coupling of quarks and leptons and preserves the
global B— L symmetry. Here, B is the baryonic number and L
is the leptonic number. The superpotential Wy that preserves
the R-parity has the form

Wr=e;;(h% QI U Hi+ 5,01 DEHI+ e LI ECH + nHIHY)
(74)

where i, j = 1,2, 3 are SU(2) indices, a,b = 1,2, 3 are indices
of generations, and the color indices are omitted. The last
term in the right-hand side of Eqn (74) describes the Higgs
boson mixing. The most general expression for the super-
potential Wy is of the form
Wik = €j(ZapgLh Ly E + A1 L@y Dy + 1oL HY)
+ 28 ,UDEDS . (75)
Effective superpotential (75) contains terms breaking the
B—L symmetry, which may lead to problems with proton
decay. To eliminate such dangerous terms in the super-
potential, the conservation of R-parity is postulated [49],
with R = (=1)*® D25 for a particle with spin S. For
ordinary particles, R =1 and for the corresponding super-
particles, R = —1. If we postulate the R-parity conservation,
then Wygr =0. The experimental limits to the coupling
constants that violate the R-parity are as follows [16, 50]:

e < 01074, (76)
Mape < O(107%), (77)
25 < 0(107%). (78)

The requirement of the R-parity conservation leads to
nontrivial consequences for supersymmetry phenomenology.
The most important consequence of the R-parity conservation
is that the lightest supersymmetric particle (LSP) is stable.
Cosmological constraints imply that the LSP must be
electrically neutral and colorless. Another important conse-
quence of the R-parity conservation is that superparticles are
produced in supercolliders in pairs, and hence at least two
LSPs must be present in the decay of heavy unstable super-
particles. Because LSPs are weakly interacting particles, they
are not recorded by detectors, with the result that the missing
transverse energy/momentum is the classical signature for
supersymmetry theories with R-parity conservation.

In real life, supersymmetry must be broken. At present,
the most popular mechanism of supersymmetry breaking is
described by a scenario based on the use of the hidden sector
[5, 47, 51]. According to this scenario, there are two sectors:
ordinary matter enters the apparent sector, while the hidden
sector of the theory contains fields that lead to super-
symmetry breaking. These two sectors interact via certain
fields that mediate SUSY breaking from the hidden sector to
the apparent sector. At present, the two most developed
scenarios for SUSY breaking are

(1) mediation via gravity (SUGRA), and

(2) gauge mediation.

In the SUGRA scenario [47, 5], the apparent and hidden
sectors interact via gravity. Some scalar fields in the hidden
sector acquire finite vacuum expectation values for their
F-components, which leads to spontaneous SUSY breaking.
Because supersymmetry is local in SUGRA, spontaneous
SUSY breaking leads to the existence of a Goldstone particle,
which is a fermion. Due to the super-Higgs effect, this fermion

is absorbed into the additional component of a spin-3/2
particle, the gravitino, which becomes massive in analogy
with the standard Higgs mechanism. SUSY breaking is
mediated to the apparent sector via gravitational interac-
tions, and this leads to the SUSY breaking scale
Msysy ~ ms3;;, where my), is the gravitino mass. The
effective low-energy Lagrangian contains explicit terms with
soft supersymmetry breaking:

Lot = — ZleIA,A/* — Z M,‘()ui;»l' + ;L,;Ll)
ij i

— [BW(4) + BW(4) +hel]. (79)
Here, W® and W) are, respectively, the quadratic and cubic
terms of the apparent superpotential. The mass parameters in
Lagrangian (79) are proportional to the gravitino mass n13;.

In the gauge mechanism [51] of supersymmetry breaking
mediation, SUSY breaking is conveyed to the apparent sector
by gauge interactions. The transmitting agents are gauge
bosons or matter fields of the SM. In this scenario, it is
possible to construct a renormalizable model with dynamic
SUSY breaking in which all the parameters can be calculated
(at least theoretically). In the scenario with gauge SUSY
breaking mediation, all soft SUSY-violating terms correlate
with the gauge constants. Furthermore, this scenario encoun-
ters no problems with terms that violate flavor. The lightest
superparticle in this scenario is the gravitino. The soft terms
that violate SUSY have the dimension not greater than three.

In the MSSM, supersymmetry is softly broken at a certain
scale M by the soft terms

= Lot = mo(A};Uf O;H> + AD{GiH,

+ AngichHl +hec)+ (mg)ijﬁQj + (mf)ij(UicﬁU/C

+ (mj)ij(Dic)JrDjC + (mlz)i/(L§)+L; + (mcz)i/(Eic)JrEjC
+miH\H" +m;HyHy + (BmiH H> +h.c.)
+ % my(Aqlaq) + hic. (80)

In the general case, all soft SUSY-breaking terms are
arbitrary, which makes phenomenological analysis more
difficult and reduces the predictive power of the theory. The
mSUGRA model [5, 48] postulates the universality of the
parameters of soft SUSY breaking at the GUT scale.
Precisely, all spin-0 particles (squarks, sleptons, and Higgs
bosons) have the same mass m. All gauginos in this model
have the same mass m,, at the GUT scale and, in addition,
the universality of the quadratic and cubic terms B and A4 is
postulated at the same scale. We note that the mSUGRA
model is a very special one and can be considered only as a
‘toy model’ for specific applications.

Thus, in the mSUGRA model, the soft SUSY-breaking
masses and coupling constants are postulated equal at the
GUT scale, i.e.,

AY(Mcut) = AR (Mcur), Af(Mgur) = Ak (Mgur) ,

Ay (Mgur) = Al (Mgur), 8
(m3),(Mgur) = (m);(Mgur) = (m§),;(Mcur)

= (m});;(Mgur) = (m?),;(Maur)

= 5,-]-m]2(MGUT) = 5l~jmzz(MGUT) = 5,~jm02 , (82)
mi(Mgur) = may(Mgut) = my(Mgur) = my ), . (83)
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We note that it is more proper to impose boundary
conditions not at the GUT scale but at the Planck scale
Mp; = 2.4 x 10'® GeV. Allowing for the effects of renor-
malization between the scales Mp and Mgyt may sub-
stantially change the features of the superparticle spectrum.
For instance, if we assume that the physics between Mp,
and Mgur is described by the SU(5) supersymmetric
model, then allowing for the evolution between Mp; and
Mgur [52, 53] may dramatically change the slepton
spectrum at mo < my;, [53]. The renormalization-group
equations for SUSY-breaking effective parameters, in
which all Yukawa coupling constants are ignored with the
exception of the one-loop Yukawa constant for the top
quark, have the form [54, 48]

di? - 3
dm 2. 5
—“E_(ZagM 85
dr (Sa' vy ®3)
dmg 16 _ . 1.
d—l‘Q: (?OC3M32+3062M22+3051M12>

— di3 V(i + 1y + m3 + Almi — u?), (86)
dmd (16 _ 5 16 _
d (3 Mg M

— 0i32Y (g + i+ m3 + A — ), (87)
dnd (16, 4 _
T <? o3 My +E oMy, (88)
du? - 1.
sk e ®
dm} 1 1
3 M35+ MP) +3( 6+ <@ — Yo u®, (90)
dt 5 5
dm? - 1. - 1.
d—lz:3<azM22+§O<1M12>+3(°<2+§061)#2

= 3Yi(g + G + m3 + Aimg) 91)
dA, 16 . Msj3 _ M, 13 . M,
== —43m —4+—a — | —6Y4 92
T (3a3m0—|— a2m0+]50€1mO tt’( )
dB - M, 1_ M,
57—3(062 —0+§OC1 m_())_sYtAh (93)
dM; -

= —bja;M;, 94
4 g (94)
33

bi=%, b=1, b=-3 (93)

Here, sy, mp, and rig are the masses of the superpartners of
the quark and lepton singlets, while 71q and 771 are the masses
of the isodoublet superpartners; m, n,, mz, and p are the
mass parameters for the potential of the Higgs fields; 4 and B
are the coupling constants in the Lagrangian Ly, as defined
above; and the M, are the gaugino masses before mixing. The
renormalization-group equation for the Yukawa coupling
constant for the top quark is

%: Y(? &3+3&2+% &1> —6Y2, (96)

and the renormalization-group equations for the gauge
coupling constants are

do; _n

3 = 7b;0(i . (97)
Here,

S _ hf _ MéUT

W= N qem T (98)

and the Yukawa coupling constant / is related to the running
top quark mass as

v

my = hy(m sinf}. 99
= h(my) 7 B (99)

The boundary conditions at Q? = MZr are given by
mG = mg = mj = mg = mi =mg, (100)
H=H; m12:m22::u02+m§7 M37B‘Ll0n/l0, (101)
M,:ml/z, O(,(O):&GUT, 1—1,2,3 (102)

For gauginos, which correspond to the gauge group
SUL(2) ® U(1), we must take the mixing with higgsinos (the
superpartners of Higgs bosons) into account. The mass terms
can be written as

1 haqa 1 = 1 4
Lgaugino—higgsino = - 5 M3;°3A3 - 5 XM(())X - (l//M( )l// + hC) 3

(103)

where the 4§ denote the eight Majorana gluino fields and

BO
W3
)
W+
W= <H+ ) (105)

are the Majorana neutralino and Dirac chargino fields. The
mass matrices are given by

My 0 -4 B
0O M, C -D

0) —
MY = 4 C 0 —pu | (106)
B -D —u 0
MO M; V2Mysinf ) (107)
V2 My cos 7
where
A= MzcosfsinOy, B= Mzsinfsin0y, (108)
C=MzcosfcosOy, D= Mzsinficosly . (109)

Solving the appropriate renormalization-group equations
with agur = 1/24.3, Mgur = 2.0 x 10'0  GeV, sin’ Oy =
0.2324, tan f = 1.65, and 4;(0) = 0, we obtain the numerical
values of the effective squares of the squark and slepton
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masses on the electroweak scale [48]:

g, (Mz) = mg +0.52m7,, —0.27 cos 2pM7 , (110)
g (Mz) = mg +0.52m7), +0.5cos 2BM7 (111)
g, (Mz) = mg +0.15m{), — 0.23cos 28M7; , (112)
s, (Mz) = mg +6.5m{), 4+ 0.35cos 2fM7 , (113)
mp, (Mz) = mg + 6.5m},, — 0.42cos 2pM7 , (114)
md, (Mz) = mg +6.1m, +0.15cos 28M, (115)
g, (Mz) = mg +6.0m;, —0.07cos 2pM, (116)
~ 2 ~

my, (Mz) = g, (117)
g, (Mz) = mp, —0.49mg —1.21m7), (118)
g (Mz) = i (Mz) +m? —0.99mg —2.42m¢),, (119)
g (Mz) = i, (Mz) +mi —0.49mg — 1.21m7, . (120)

After mixing, the values of the stop quark masses are
1
g, (Mz) =5 [0.5mg +9.1m), +2m +0.5cos 28M7]

1
¥5 [(I.Smlz/2 +0.5m2 4+ 0.2cos 2 M2)*

u 291/2
Am? | Ay — —— .
wan? (am i) |

Gauginos and higgsinos have the same quantum numbers,
which leads to mixing. The two eigenstates of the chargino
7it, are given by

(121)

1
My =3 [M3 + 1® + 2M]

1
T35 (M3 — u?)’ +4My, cos® 2

+AMY (M3 + 1+ 2Mousin2B)]'?, (122)

and at the GUT scale, the masses of the gauginos correspond-
ing to the gauge groups SU(3), SUL(2), and U(1) are m ;.
The characteristic values of the 4 x 4 neutralino mass matrix
can be found numerically. For the frequently encountered
case where the parameter p is much larger than M| and M,
the mass states are

70 = | B, - (1 — ), - (i1, + )
Li » W3, /2 1 2) 2 1 2
with the moduli of the eigenstates being |M,|, |M>|, |¢|, and

|ua]-
At the tree level, the potential of Higgs fields in the MSSM

(123)

is
2 2 2172 2
Vo(Hi, Hy) = mi|Hi|" + m3|Hy|" — mi(H H> + h.c)

g3 +gf

TR

2
2

(It = 1mf) + S mf . (124)

Minimization of the effective potential Vy(H;, H,) leads to

the equations

8(m? — m3 tan® 8
v? = 2(12?2 ), (125)
(g5 +gi)(tan® f — 1)
2
sin 28 — —23 (126)

2 2"
mi + mj

After diagonalization of the appropriate mass matrix, the
CP-odd neutral Higgs boson A(x) acquires the mass
m3 = m{ +mj, the charged Higgs boson H'(x) acquires
the mass mp. = m3 + Mg, and the CP-even Higgs bosons
H(x) and h(x) have the masses

1
my g, = 3 {mi + M2+ \/(mi + M32)? —4m2M3cos?2f |,
(127)
where
vcos ff vsin f§ )
H) =v = . () =v = . tanf=-—.
(Hi) = v 7 (H2) = v 7 F=3
At the tree level, the following relations hold:
mg; + miy =mg + Mj, (128)
my < ma < my, (129)
my < Mz|cos2f| < Mz. (130)

Hence, the lightest Higgs boson is lighter than the Z boson at
the tree level. However, radiative corrections increase the
mass of the lightest Higgs boson in the MSSM [20]. The upper
limit for the Higgs boson mass depends on the top-quark and
stop-quark masses. At m pole = 175 GeV and a stop-quark
mass smaller than 1 TeV, the mass of the lightest Higgs boson
is smaller than 135 GeV [21].

After the appropriate equations for determining the
nontrivial electroweak minimum have been solved, the
number of unknown parameters decreases by two. At
present, a more or less standard set of parameters in the
mSUGRA model includes mq, m», tan B, A, and sign p.

4.2 Superparticle production cross sections
Superparticles can be produced at the LHC in the reactions
[55] (Fig. 12)
(a) gg,99,9¢ — 88, 89,44,
(b) aq,gq — &%}, &4 AX; . A -
(©) aa — %% T 107
(d) qq — 9,11, 99

In this section, following Ref. [55], we list the main
formulas for the cross sections at the quark—gluon level.
The differential production cross section for two gauge
fermions to be produced in quark —antiquark collisions has
the form

i—f (qq@" — gaugino 1 + gaugino 2)
_ [ =m) = mp)+ (= m) (= m3)+ 25mims
s (s—MSZ)2
b M= my) | (mp) (= m3)
(t— M2 (u— M2)?

(t —md)(t — m3)+ myimys
(s = M2)(1 = M?)

mimsys
(= M) (u— M)

+ Ay

(u—m)(u—m3) + mymys
(s = M3)(u— M) ’

Ay, (131)
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Figure 12. Diagrams describing squark and gluino production.

where m; and m;, are the masses of the produced gauginos and
M, M, and M, are the masses of the particles that exchange
in the s, 7, and u channels, respectively. The coefficients 4, are
given in Ref. [55]. For instance, when two gluinos are
produced in quark —antiquark collisions, the coefficients A,
are [55]

4

AligASa Ay = Ay, Ay = As, Asu = Agt
1 80,2

A[u:§AS7 AS:TS(sqq/'

The differential cross section of the production of gluino
pairs in gluon—gluon collisions is

do’( ) I Z(I—Mé)(u—mg)
- — =
d;\88 7 88 452 52

(t— mé)(u — mgz) — 2m§(l + mgz)
|

(1= m)?

_|_

(t—=mZ)(u—mZ) +mZ(u— f)) (e u)}

2
s(t—mg3)

m2(s — 4m?
+ M} , (132)
(t=m3)(u—m3)
and the total production cross section is
. 3mz52 4m?  4m? s+ L
= 3(1+—L2—-—E%)1
olee — 2g) 4s [( T 2 ) NsTL
17m2\ L
7<4+ Yg>?]7 (133)

where L = [s% — 4m§s]1/2.
The differential cross section for the reaction q,q; — q;q;
in the case of equal masses of left- and right-handed quarks

can be written as

do‘( i) drol [ (t—mP)(t —m}) + st
37 (49 = Q) =5 (=)
_ s, (u—m?)(u— mjz) + su smé
i 2 2
(u=m2) (r=m)
ML i SR RV
(u—mg)2 Y 3(t—m§)(u—m,;,2) Y]’

where m; and m; are the masses of the produced squarks and
mg 1s the gluino mass.

The differential cross section for the reaction q,q; — q,q;
is

do, _ 4o {ut - misz

_(q[qj - flij*) = 952 3

ds s

sm—2

s [5’j (2 -3 (r Smg)> T _S;gz)z} o ;é)z} . (135)

and for the reaction gg — q,q} is

da( 6,d0) mal [ 7 n 3(u— t)2
—_ e qg. )= —— | — _—
dr 88 T ) =TT 48T T 62
2m3t 2m3u 4m*
1 . (136
. +(l—n12)2+(u—m2)2+([mz)(“mz)} (136)

Here, m is the mass of the respective squark (the left- and
right-handed squarks are assumed to have equal masses).

The differential cross section for the reaction gq; —
gaugino + q; is

‘ T 2 _
% (gq; — gaugino + q;) = = {Bs (1 . 1)
L p L2 = 05202 = 0] o (u— p2)(ut m?)
| (=)’ T m)
[(5 = m? + 1) (s = m?) - s]
" s(t—p?)
+ B. [s(u+ p?) +2(m? — p?)(u? — u)]
" s(u — m[.z)
+ B ! [(ml.2 —0)(1+2u+ 'uz)

20— 12)(u— md)

+O*MHG+EAQMﬁ+%u*u50+ﬂ”+%ﬁﬂ}
(137)
where p is the mass of the gauge fermion and m; is the mass of

the scalar quark. The values of the coefficients B, can be
found in Ref. [55]. For instance, when gaugino = gluino,

442 9
B, = 9S 5ij7 BtzzBm Bu:Bs>
1 9
Bst:_Bn Bsungm Btungs»

We now examine slepton production. The differential
cross section for the production of charged slepton-—anti-
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slepton pairs is

d o
d—‘t’(dﬁ LW D) =

| Dw(s)|*
192752

(tu — m{mi) .

: (138)

For the I pair production, the differential cross section is

do . <= 2mo 2 qlzqz
2(qq — v, Z" = ILly) = —m? a
a4 =72 = ) = =G ( mlL)[ 52
2
+ (o = ) (og + B3)[Dz(s)]
2 — B (s — M?
+ qquaCI(al S'Bl)(v Z)|D2(S)|2:|, (139)
where
Dy(s) 1
§) =———5—"——
VY T s M2+ iMyTy
2 1
= -1 V:07 u— 35 — T 3
q1 , q q 3 qd 3
“1(i-0), a=alc+n)
oc1—4 c), fxv—4 c ,
= t+1 _ ! —|—1t
T TRIT ME T b
f=s(ctn), Bo=—i(c+0)
174 c ) v 4 c )
1 1
ﬁu:71(0+t)7 Bd:Z(C+Z)>
¢ = cot Oy, t =tan Oy .

The differential cross section for the production of a pair of
sneutrinos can be obtained by replacing 1, B, ¢1, and nz; with
oy, Py, 0, and my, respectively, while for the Iz pair
production, the replacements oy —ff; — o+ f; and
m; — ny must be made. We note that the QCD corrections
to the tree-level equations for the squark and gluino
production cross sections play a very important role [56].

4.3 Superparticle decays

Superparticle decay widths strongly depend on the mass
ratios. Here, we only give the main decay modes for super-
particles. The formulas for the superparticle decay widths can
be found in Ref. [57]. We begin with gluino and squark
decays. When m; > mg, the main decay modes are

g - Qiqhaqu ’ (140)
dr — X?Qka (141)
Qk - X;qm? XIQJ . (142)
For mz < mg, the main decay modes are
q; — &9;, (143)
g—aqa'ty (144)
g—q'q¥ (145)
g — qqyy- (146)

Charginos and neutralinos have many decay modes.
Especially interesting from the standpoint of detecting

SUSY at the LHC are the leptonic modes, e.g.,

i — Wy, (147)
i — (= 1)y, (148)
i — (= v, (149)
= (W =T, (150)
75— 0, (151)
15— (U = Wy, (152)
75— (I g = 11T (153)

The two-particle modes of the decay of neutralinos and
charginos into Higgs bosons are

% — %) +h(H), (154)
W — % +HT, (155)
B 0+ HE (156)
% — % +h(H). (157)

Left-handed sleptons decay mainly into a chargino and a
neutralino via two-particle modes:

I —1+%°, (158)
IL— v +7% (159)
VL= VL (160)
VL= 1+ (161)

For relatively light sleptons, only the decays into LSPs and
appropriate leptons are possible, and hence decays of light
sneutrinos are invisible. Heavier sleptons can decay into
charginos and other (not LSPs) particles. These decays are
very important because they occur due to the large SU(2)
coupling constant and can dominate over the direct decay
into LSPs. The SU(2) singlet charged sleptons 1g decay only
via the U(1) gauge interaction, and in the limit of vanishing
Yukawa coupling constants, their decays into charginos are
forbidden. Hence, the main mode of left-handed-slepton
decays is

IR —1+7°. (162)
In many cases, the decay into LSPs is the predominant decay
mode.

4.4 The search for superparticles at the LHC

Squarks and gluinos. The gluino and squark production cross
sections at the LHC are the largest, compared to slepton and
gaugino production cross sections. Hence, squark and gluino
production at the LHC is most interesting from the
standpoint of SUSY detection, with the squark and gluino
production cross sections being of the order of 1 pb for squark
and gluino masses equal to 1 TeV. The decays of squarks and
gluinos lead to events with missing transverse energy plus
hadronic jets and leptons from decays of charginos and
neutralinos [58].

It is natural to break down the signatures used in the
search for squarks and gluinos into the following categories
[58]:

(1) jets plus EfisS-events,

(2) 11 plus jets plus EMisS-events,

(3) 21 plus jets plus EMisS-events,
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(4) 31 plus jets plus EMisS-events,

(5) 41 plus jets plus EMi-events, and

(6) = 5l plus jets plus EFiss-events.

Multileptons appear as a result of cascade decays of
neutralinos and charginos into W and Z bosons followed by
the decays of W and Z bosons into leptons. For instance,
dileptonic events with the same or opposite charges of the
leptons occur as a result of the cascade events

g—q'a’, 1 - W - i, (163)
where 1 stands for both e and p. Dileptonic events with
opposite charges of the leptons occur as a result of the
cascade decay

g—aay, X —Zu - (164)
The main conclusion drawn in Refs [59, 34] is that with the
mSUGRA model, the LHC will make it possible to detect
supersymmetry with squark and gluino masses up to 2—
2.5 TeV at the integrated luminosity 100 fb~! (Fig. 13).

The most important signature for detecting squarks and
gluinos in the mSUGRA model is that with multijets and
EMs [signature (1)]. We note that in the case of the MSSM
with arbitrary squark and gluino masses, the SUSY discovery
potential depends very strongly on the ratios of the LSP,
squark, and gluino masses, and this potential diminishes as
the LSP mass grows [60]. With the LSP mass close to the
squark or gluino mass, it is possible to detect SUSY with
squark and gluino masses up to 1.2—1.5 TeV [60] (Fig. 14).
We also note that the multileptonic signatures (2) — (6) emerge
because of decays of squarks and gluinos into charginos and
neutralinos, which differ from LSPs, followed by decays of

{ i —1
Emmiss (3000 fb )51(3000)

CMS

1400 100 fb—1)

1200

1000

E 800
g
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200

structure
1 1 1
0 500 1000 1500 2000
mo,GeV
Figure 13. SUSY discovery potential for the mSUGRA model at

tan f = 35 and u > 0 (50 contours, nonisolated muons) [59].

(n = 4) jets + E{™ or (n > 4) jets + E{™ + no lepton
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Figure 14. SUSY discovery potential at CMS for different values of g
and mjg at mg = mgz + 100 GeV (the curves correspond to the background
level boosted by a factor of 1.5) [60].

charginos and neutralinos into W and Z bosons plus LSPs.
However, in the case of nonuniversal chargino masses, a
situation may occur where all charginos and neutralinos, with
the exception of LSPs, are heavier than gluinos and squarks.
Hence, gluinos and squarks would then decay mainly into
quarks or gluons plus LSPs, and therefore cascade decays
and, as a consequence, multileptons must be negligible.

The search for neutralinos and charginos. Chargino and
neutralino pairs produced in the Drell-Yan process
pp — Xi75 can be detected by leptonic decays
Y%y — U+ EXss. Thus, the signature for detecting direct
production of charginos and neutralinos is three isolated
leptons plus EM. A three-lepton signal is generated by
decays (148)—(153), while the undetected neutrino and %! in
these decays lead to a finite ES. The main background to
the three-lepton signature appears because of WZ/ZZ, tt,
Zbb, and bb production followed by the decay into leptonic
modes. There may also be a SUSY background, which
appears as a result of cascade decays of squarks and gluinos
into multileptonic modes.

The typical cutoffs are [59]

(1) three isolated leptons with p! > 15 GeV,

(2) veto of hadronic jets with E; > 25 GeV in the region
[n] < 3.5, and

(3) my < 81 GeV or myj # Mz + M.

The main conclusion is that neutralinos and charginos
with masses up to 350 GeV may be detected at the LHC [59].
In addition, the mass difference M(y33) — M(3}) can be
determined by measuring the distribution in the 171~ invar-
iant mass, which emerges as a result of the decay
% — 1)+ 11 [59].

The search for sleptons. Slepton pairs produced via the
Drell - Yan process pp — v*/Z* — "1 can be detected in
their leptonic decays 1 — 1+ xJ. Hence, the typical signature
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in the search for sleptons at the LHC are events with a
dileptonic pair with missing transverse energy and without
hadronic jets [59]. With the integrated luminosity 100 fb~!, it
will be possible to detect sleptons with masses up to 400 GeV
at the LHC [59, 61].

The search for flavor leptonic number violation in sleptonic
decays. In the supersymmetric model with the explicit flavor
leptonic number violation via SUSY-violating soft massive
terms, it is possible to detect flavor leptonic number violation
in sleptonic decays [62]. For example, in the case of a finite
mixing, sin ¢ # 0, between a right-handed selectron and a
right-handed smuon, the flavor leptonic number is violated in
sleptonic decays, i.e., [62]

I'(fig — p+LSP) = I'cos® ¢, (165)

I'(fig — e+ LSP) = I'sin? ¢, (166)

I'(8g — e+ LSP)=Tcos’ ¢, (167)

(&g — p+LSP) = I'sin? ¢, (168)

r_ﬁ<1—MESP)2. (169)
8n M3

A typical consequence of finite smuon—selectron mixing is
the existence of signal events e*p™ with missing transverse
energy, events that emerge as a result of production of slepton
pairs followed by decays with flavor leptonic number
violation. The possibility of detecting flavor leptonic number
violation in sleptonic decays at the LHC has been discussed in
Ref. [61]. The main conclusion was that in the most optimistic
case of maximum mixing between right-handed sleptons ég
and fig, sin¢ = 1/v/2, the detection of flavor leptonic
number violation is possible at the LHC for slepton masses
up to 275 GeV [61]. Other possibilities of detecting flavor
leptonic number violation in sleptonic decays at the LHC
have been discussed in Ref. [63].

Measuring superparticle masses. After the discovery of
SUSY at the LHC, the main problem will be to separate the
different channels that emerge because of cascade decays of
SUSY particles and to determine the SUSY parameters
(squark, gluino, neutralino, chargino, and slepton masses).
In the MSSM, the products of SUSY-particle decays always
contain a phantom particle %0, and hence SUSY particles
cannot be reconstructed directly. The most promising
approach to measuring the masses of superparticles is to use
the kinematical distribution of jets or leptons [64]. For
instance, the 171~ distribution from the decay 3 — %171~
has a kinematical cutoff, which determines the difference
M;z;’ — Mi]o. The distribution from the two-particle decay

5(.(2) — T - ~(1)1+17

has a sharp peak near

2 2 2 2
(MXZ(J*M])(M] 7M5(|0)
M12

A larger number of various mass combinations can be
determined using longer chains of decays [34, 65]. We also
note that as proposed in Ref. [67], the ‘hardness’ of an event
can be characterized by the sum of transverse energies of the
four most energetic hadronic jets and the missing transverse
energy:

E}'™ = Er+ Ej + Ej + E} + EP'™. (170)

The value of a local maximum in the E3*™ spectrum for an
inclusive SUSY signal ensures good identification of that
signal, while the value at a local maximum is related to squark
and gluino masses by the formula My = Msysy =
min (M, Mg) [64, 66], valid to within 10% in the nSUGRA
model. Here, Mg is the average mass of squarks of the first
and second generations. By measuring the E7*™ distributions,
we can estimate the scale Mgysy with 10—20% accuracy.

Supersymmetry breaking via gauge interaction mediation.
In models based on supersymmetry violation via gauge
interaction mediation [67], the gravitino G is very light and
the phenomenology depends on the type of the next-to-
lightest supersymmetric particle (NLSP), which may be
either xJ or a slepton, and the time it takes for them to decay
into the gravitino G. In the case where the NLSP is f(?, the
main decay follows the scheme %! — Gy, with the result that
the SUSY signature contains two energetic isolated photons.
If the NLSP is a charged long-lived slepton, it behaves as a
nonrelativistic muon with f < 1. The mass of the long-lived
slepton can be determined through the use of muon chambers
by measuring the time of flight [34, 68].

4.5 The search for SUSY Higgs bosons

The MSSM has three neutral and one charged Higgs bosons
in the spectrum:* h, H, A, and HE. We note that at the tree
level, the MSSM predicts [20] the lightest Higgs boson with a
mass smaller than myz. But taking the radiative corrections
into account [20] may drive the Higgs boson mass up to
135 GeV for stop-quark masses not greater than 1 TeV [21].

In the mSUGRA model, the Higgs sector is mainly
described by two parameters, the A-boson mass and tan f3,
the latter being the ratio of the vacuum expectation values of
two Higgs bosons. In the limit of a large A-boson mass, the
coupling constants for the h boson coincide with those for the
SM Higgs boson.

At large values of tan 5, the H and A bosons decay mainly
into bb. However, this mode is not very promising because of
the huge bb background. The decays of H and A into 1+t~
and utp~ are the most promising modes for detecting A and
H bosons [34, 69]. In the MSSM, the decays H — 17t~ and
A — 1"t~ are enhanced at large tan 8. The production of
heavy MSSM Higgs bosons occurs primarily in the reactions
gg — Hgusy and gg — bbHsysy. The coupling constants for
the interaction of the Higgs boson and b-quarks is enhanced
at large values of tanf, and associative production
gg — bbHgysy is predominant (roughly 90% of the total
cross section) for tan f > 10 and My > 300 GeV. The gluon
fusion cross section is determined by quark loops and can be
substantially suppressed in the case of strong mixing of stop
quarks and small top-quark masses [70]. Because the
production mechanism gg — bbHgysy is predominant at
large tanf}, the yield cross sections for the heavy Higgs
bosons H and A are insensitive to loop effects.

The light Higgs boson. For SUSY particles heavier than
0(300) GeV, the decay widths and the production cross
section for the light Higgs boson h are approximately
equal to those for the SM Higgs boson, and the most
important signature is h — yy. In addition, the signatures

4 The lower limits on the masses of the light h and pseudoscalar A bosons
produced by LEP2 experiments are 91.0 and 91.9 GeV, respectively.
Moreover, the excluded regions in tanf are 0.5 < tanff < 2.4 for the
scenario with maximum mixing and 0.7 < tan # < 10.5 in the absence of
mixing [14].
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pp — tt(h — bb) and pp — qq(h — WW* — [*1'~v¥) are
also important. We note that in the case of light stop quarks
with m; < 200 GeV and strong mixing of stop quarks, the
cross section of the reaction gg — h — yy may be heavily
suppressed due to destructive interference of top and stop
quarks, which may result in the Higgs boson not being
detected in this mode. For the most difficult region
my ~ ma ~ my ~ 100 GeV and large values of tan f8, the use
of the reaction gg — bbh — bbu*p~ helps to detect the Higgs
boson [32, 69, 71].

The heavy neutral A and H bosons. The states 17T can be
sought in 2-lepton, lepton + t-jet, and 27t-jet final states
[32, 34]. For states with one lepton and one t-jet, a back-
ground appears because of the reactions Z,y* — 17;
tt — 1T+ X, 1+ X; and bb — 1T+ X, tX. Effective t-jet
identification based on the low multiplicity, narrowness, and
insularity of t-jets in the reaction H, A — 1t makes it possible
to obtain a suppression factor > 1000 for QCD jets. The
Higgs boson can be reconstructed from the channel H — 1t
by using the apparent momentum of the t-lepton (leptons or
1-jets) and the collinear approximation for the neutrinos from
t-decays. The accuracy in determining the Higgs boson mass
is estimated at < 10% for the A,H — tt channel at large
values of tan 5. The A and H bosons may be detected via the
1t decay modes with masses up to 600—800 GeV [32, 69, 34]
(Fig. 15).

In the MSSM, the branching ratio of A,H — pp is very
small (~3x107%), but dissociative production in
gg — bbH(A) is predominant at large values of tan 8. The
Drell-Yan process y*,Z" — ptu~ is the main background
and can be suppressed by b-tagging [32]. The accuracy of
measuring the Higgs boson mass is expected to be 0.1-1.5%
for this mode.

Thus, the heavy H and A bosons can be detected at
large values of tan f§ by using the tt and pp decay modes.
At the LHC, the discovery potential begins at tanf§ > 10
for ma <200 GeV [32]. For tanf < 10, the decays of H
and A bosons into superparticles can be used. The channel
A H — 7973 — 41IF + X is the most promising one [72] for
detecting heavy neutral bosons if neutralinos and sleptons

tan f8

£

%)
(==}
t,t — ]‘Ilth, I‘II

MSUSY =1TeV
HA -1t —1+X

HA -t —1+1jet + X

Excluded by LEP

| | | |
100 200 300 400 500 600 700
ma, GeV

Figure 15. The expected 5S¢ discovery potential for the MSSM Higgs
bosons in the case of maximum mixing in the CMS detector at the total
luminosity 30 fb=! [32].

are sufficiently light, and hence the branching of
%9 — 11 — 7171~ is substantial. With this channel, H and
A bosons with masses of 200—400 GeV could be detected
[69, 34].

The charged Higgs boson. The search for the charged
Higgs boson at the LHC is important for understanding the
nature of the Higgs sector. Indeed, the discovery of the
charged Higgs boson will be a clear indication that there is
physics beyond the SM. For my+ < myp, the charged Higgs
boson H* decays primarily into tv. At my= > 200 GeV, the
decay H* —tb is predominant, but BR(H® — v1)
approaches 0.1 at my=+ > 400 GeV. For the light charged
Higgs boson (myy+ < nip), the main H* production mechan-
ism is the production of tt followed by the decay t — H¥b.
The use of the decay mode H* — tv makes it possible to
detect H* almost irrespective of the value of tan f3 for the light
charged Higgs boson [69, 34]. The heavy charged Higgs boson
(my= > myep) is produced mainly together with a top quark in
the gb — tH* and gg — tbH™* processes. In this case, the
decay mode H* — vt is also promising for the detection of
H*. The use of t-polarization in the decay H* — vt [73]
allows suppressing the background from tt, Wtb, W — tv.

For purely hadronic final states in the reaction
gb — t(H® — vt) with hadronic decays of the top quark,
the transverse mass reconstructed from the t-jet and the Eiss
vector makes it possible to estimate the value of the mass of
H* with an accuracy better than 10%. The discovery range
for this signature is shown in Fig. 15.

The decay H* — tb following the reaction gb — tH™
was studied for the signature with one isolated lepton,
which is produced in the decay of one of the top quarks,
in Refs [69, 34]. Extraction of the signal in these multijet
events requires tagging three b-jets, reconstructing leptonic
and hadronic decays of top quarks, and reconstructing the
Higgs boson mass. The discovery potential for this signature
is shown in Fig. 15. We also note that the s-channel
production of HF in the reaction qGq’ — H* — tv can be
used to detect H [74], but diminishing the huge back-
ground from qq’ — W — tv is extremely difficult. In
determining the mass of the charged Higgs boson, an
accuracy of roughly 1-2% is expected [32]. Moreover,
because ¢ ~ tan® 8, tan i can be found with an accuracy
better than 7% for tan f > 20 and my= = 250 GeV [32].

The main conclusion drawn in Refs [32, 69, 34] that
concern the search for the MSSM Higgs bosons at the
LHC at different values of ma and tan f§ is that almost the
entire range of ma and tan f§ can be studied by the decay
modes h — yy and h — bb at the integrated luminosity
30 fb~!'. The heavy H and A bosons will be detected at
tan f > 10 via the decay modes H, A — tt, up for A and H
boson masses up to 800 GeV. The reaction
gb — tH*, H* — tv is the most important one in the
search for the charged Higgs boson H*, with the discovery
region at tan f§ > 20 extending to my= ~ 400 GeV. The most
difficult region 110 < ma < 200 GeV, 3 < tan f§ < 10 can be
studied by using the decays of superparticles if the neutralinos
and sleptons are sufficiently light.

5. The search for new physics
beyond the SM and MSSM

There are many models that differ from the SM and MSSM.
Some of these are briefly discussed below.
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5.1 Extra dimensions

Recently, there has been an upsurge of interest in models that
involve extra dimensions [75—81]. The main hope is here that
the models with a large compactification radius
R. > O(1) TeV~! of extra dimensions will help to explain
the hierarchy between the electroweak and Planck scales. In
such models, the new physics may manifest itself on a scale of
1 TeV and can therefore be discovered at the LHC.

In the Arkani-Hamed-Dimopoulos—Dvali (ADD)
model [75], the metric has the form
ds? = g (x) dx" dx" 4 5, (x, y) dy®dy?, (171)

where u,v=20,1,2,3 and a,b=1,...,d. All the d extra
dimensions are compactified with a characteristic compacti-
fication size R.. The relation between the fundamental mass
scale (Mp) in dimension D = 4 + d and the four-dimensional
Planck scale Mp; can be written as
M3 = VM5, (172)
where V,; is the volume of the compactified dimensions
[Vq= (2nR.)? for the toroidal shape of the extra dimen-
sions]. The ADD model involves two free parameters, the
number d of extra dimensions and the fundamental scale Mp.
The condition Mp ~ 1 TeV implies that the compactification
radius R."! varies from 1073 eV to 10 MeV as d varies from 2
to 6. In the ADD model, all SM gauge fields and matter fields
are placed on a three-dimensional brane embedded in the
(3 + d)-dimensional space, and only gravity ‘propagates’ in
the bulk (3 + d)-volume. This means that the matter energy —
momentum tensor can be written as
Tap(x, ) =0T (x)0(y), (173)
where A,B=0,1,...,3 4+ d. The Lagrangian describing the

coupling of gravitons to matter is given by
1

Ly=——G"T,,

]‘4_1)1 v ( 174)

where n denotes the Kaluza — Klein (KK) excitation level and
Mp) = Mp/\/81 = 2.4 x 10'® GeV. The explicit form of
Lagrangian (174) suggests that the coupling constants
determining the interaction between graviton excitations
and matter are universal and very small. The masses of the
graviton KK excitations are

(ngn)

175
o (175)

m, =

where n, = (ny,n,...,n4). The mass splitting Am ~ R_! is

very small, and we therefore have an almost continuous
spectrum of gravitons. The production cross section for a
KK graviton with a mass m,, < E'is given by

Ed
OKK "~ W . (176)
The lifetime of a massive graviton is [75]
L (Me)* (177)
o Mp \m, )

Hence, KK gravitons behave as massive, almost stable,
noninteracting particles with spin equal to 2. The typical
signature in the search for KK gravitons is the imbalance in
the transverse energy of the final states with a continuous
distribution in E'. The signature that is most promising in
the search for graviton KK excitations at the LHC is related
to the reaction pp — jet + EWS. We note that at the quark —
gluon level, the subprocess gq — qG" provides the main
contribution. The main background is from the reactions
Z +jet and Z — vv. The use of this signature will make it
possible to discover the extra dimensions at the LHC
(ATLAS) for the inverse radius smaller than 9 TeV [34]. A
very interesting signature for direct production of massive
gravitons is provided by the process pp — y + EF, which
can be used as an independent check, although with a much
smaller cross section. The SM background is mainly from the
reaction pp — y(Z — w).

Another prediction of the ADD model states that taking
the graviton resonances into account modifies the SM cross
sections at large momentum transfers (e.g., the cross section
of lepton pair production). At the tree level, the contribution
of massive gravitons to the matrix element is proportional to

(178)

The sum in the right-hand side of (178) diverges for d > 2, and
the cutoff M. should be calculable in the complete theory (at
least theoretically). The crude estimate M o« 1/M} is com-
monly used in estimating the lower limit on M, which can be
extracted from the LHC data. Diphoton and Drell-Yan
production schemes lead to a sensitivity for M. up to 7.4 TeV
at the LHC.

In the Randall—Sundrum (SR) model [76], gravity exists
in the five-dimensional anti-de Sitter space with a single extra
dimension compactified on the orbifold S'/Z,. The metric
has the form

ds? = exp (=2ky|) n,, dx* dx" + dy?, (179)
where y =r.0 (0 <60 <mn), r. is the ‘radius’ of the extra
dimension, and the parameter k determines the scalar
curvature of the space. The five-dimensional action integral
yields the relation

3
M3 = Ms [1 — exp (—2krcm)] (180)
Pl k c )

which implies that k ~ M5 ~ Mp;. In the ADD model, there
are two three-dimensional branes with equal but opposite
tensions; one is located at the point y = mr. (and is known as
the TeV brane) and the other at the point y = 0 (and is known
as the Planck brane). All SM fields are on the TeV brane,
while gravity propagates along the extra dimension. Using the
linear expansion of the metric

2
= 30 (=269) (1 + 5 ). (181)

5

we obtain the coupling of gravitons to the SM fields,

1 1
L=——_T0h0 vy E TH () (5
7‘1” ny (.X') AT[ - w (Y) )

(182)
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Figure 16. Distribution in the e*e™ invariant mass for the signal (00) and
background (m) from a graviton resonance with a mass of 1 TeV and
integrated luminosity of 100 fb~! at the ATLAS detector [34].

where A, ~ Mpexp (—kr.m). The coupling constants of the
massive states are suppressed by A !, while the zero mode has
the ordinary coupling constant Mp,'. The physical scale on
the TeV brane is of the order of 1 TeV for kr. ~ 12. The
KK-resonance graviton masses are given by the formula

my, = kx, exp (—krem) , (183)

where x, are the zeros of the Bessel function J; (x). In the RS
model [76], the first graviton excitation has a mass O(1) TeV
and decays into jets, leptons, or photons. The most promising
mode for detecting a graviton resonance at the LHC is the
leptonic mode. The reaction qq, gg — Gyes1 — 1717 has been
studied in Ref. [82] (Fig. 16). The signal is detected at
MG res1 <2 TeV. Measuring the angular distribution of the
leptons at Mg res1 < 1.5 TeV allows confirming that the
resonance has spin 2.

Another nontrivial prediction of the RS model is that
there exists a relatively light scalar particle known as the
radion, usually denoted by ®. The radion has a mass mg, a
scale A, and a parameter { characterizing the mixing with the
Higgs boson. The coupling of the radion to the SM fields is
given by

P
Lint =

T (184)

TH(SM),

where Agp = (®) ~ O(1) TeV and

T!(SM) meff 2my Wi Wt —m;Z,Z" + miH*+

(185)

Radion couplings are very similar to the couplings of the SM
Higgs bosons. We note that the radion has anomalous
coupling with a pair of gluons (photons), which follows
from the trace anomaly of the energy-momentum tensor, in
addition to the interaction related to loop diagrams with a top

Because of the anomalous gluon—radion coupling, gluon
fusion is the most promising mechanism for radion produc-
tion in hadronic collisions. In the general case, a Higgs boson
can mix with a radion because of a nonvanishing coupling

S: = gjd“x Vs R(gvis) H H (187)
where R(gyis) is the Ricci tensor for the induced metric on the
apparent brane.

Radion production subprocesses at the LHC are gg — ®
(the main channel), qq’ — W®, qq — Z®, qq’ — qq'®, and
qq — tt®. The most interesting radion decay processes that
can be used for detecting ® are ® — vy, ZZ, hh. For the heavy
radion (mg > 2M7), the purest signature is

gg —>® — 77 — 4. (188)

At the LHC, the discovery potential for the radion depends
on the radion mass and is between Agp =1 TeV and
Ap = 10 TeV [34].

In the ADD and RS models, all SM particles are on a
brane, while gravitons can propagate in the extra dimensions.
But there are no fundamental reasons for the SM particles to
reside on a brane. In the scenario studied in Ref. [83], all
particles can propagate in the extra dimensions.’ In the
simplest case of a single extra dimension, momentum
conservation in the fifth dimension leads to the KK-number
conservation after compactification. In view of this, KK states
are produced in pairs at the LHC, similarly to the production
of supersymmetric particles in models with R-parity con-
servation. Hence, the LHC phenomenology is determined by
pair production of KK quarks and KK gluons:

qq’ — qVq’' ™, (189)
qq —q"q"V, (190)
gg — glgl, (191)
gg.qq — qVgq. (192)

Each KK quark q" decays into a quark and a KK photon
v, which leads to events with hadronic jets and missing
transverse energy, as in the case of the search for super-
symmetric particles Also very interesting is the chain of
decays of q(V) into W) and Z(") followed by the decays of
WO and ZW into leptons, which leads to events involving
isolated leptonic, hadronic jets, and missing transverse
energy, in analogy with the supersymmetric case. At the
LHC, it will be possible to detect KK quarks and gluons
with masses up to 1.5 TeV [83].

We note that there is also a mixed scenario in which some
of the SM particles reside on a brane while other SM particles
can propagate in the extra dimensions. For instance, in the

> A similar model was proposed in Refs [77, 84].
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SDSM model [85], the fifth dimension y is compactified on the
orbifold S'/Z,, which has two fixed points, at y = 0 and
y=mnR.. The SM gauge fields propagate in the extra
dimension, and the SM chiral fields are localized at the fixed
points [85]. In this model, the first excitation of the gauge
bosons may initiate a process of the Drell — Yan type followed
by a decay into leptons, pp — Z!) — 171-. At the LHC, it will
be possible to produce gauge KK bosons with masses up to
6 TeV [86].

In the ADD model, the scale Mp at which gravity
becomes strongly coupled is of the order of 1 TeV for
d = 10. According to this model, the black hole production
is possible at /s > 1 TeV. Intermediate states with black
holes are expected to dominate in the scattering s-channel,
because in string theory, the number of such states increases
with the black hole mass faster than the number of states in
perturbation theory [87]. The Schwarzschild radius of a
(4 + d)-dimensional black hole with mass Mpy and spin
J = 01is given by [88]

1 M 1/(14d)
Rs(Mzn) :M_D(]Vf:> )

(193)

The cross section of the black hole production by partons
a and b is usually assumed to have the simplest geometric
form [87]

Gab— B (s) ~ TRE(s) . (194)
This cross section rapidly grows with the energy. For gravity,
which becomes strongly coupled at the TeV scale, black hole
production will be the main process at the LHC. The
experimental signature produced by the decay of black holes
is very special in the ADD model [81]:

e favor-blind (thermal) processes;

e hard, direct charged leptons and photons (with the
energy not lower than 100 GeV);

e hadron-to-lepton activity ratio close to 5: 1;

e complete cutoff of hadronic jets with pr > Rg!; and

e low missing transverse energy.

This signature has an almost vanishing background. The
LHC discovery potential for black holes is at its maximum for
the e/p + X channel, and scales up to Mp <9 TeV can be
attained [89]. We note that the above scenario may be
considered too optimistic and crude (see Ref. [90]). We
believe that the possibility of detecting black holes at the
LHC is still unclear and further research in this area is needed.

5.2 Additional gauge bosons

Many supersymmetric electroweak models and Grand Uni-
fication models, inspired by superstring models and based on
extended gauge groups (SO(10), Eq, . . .), predict the existence
of new relatively light neutron vector Z’ bosons and charged
W' bosons [91]. The LHC discovery potential for a Z’ boson
depends on the coupling constant for the interaction of a Z'
boson and quarks and leptons and on the Z’-boson mass. The
Lagrangian describing the Z’ boson and its coupling with the
SM fields is [91]

1 oy Sin% ! v 1 2 ! 7!
LZ/:_ZF/‘"F H _TFMVF# +§M /ZHZ’M
€ . i i
+OM?Z 7" — > U (K - gars Wiz, (195)

2Cwa

where cw = cosOw and sw = sinOw; F,, and Fé‘, are the
respective stress tensor fields for the hypercharge and the Z’
boson; and the i; are matter fields carrying the Z’-vector and
axial charges f{ and g/,. The mixing angle between the Z and

7' bosons is given by

SM?

N 196
T (196)

If the Z’' charges depend on the fermion generation, then
flavor-changing neutral currents occur at the tree level in the
general case. There are severe constraints imposed on the
neutral flavor-changing currents by precise measurements,
such as the mass difference K; — Ks and BR(p — 3e). If the
Z' coupling commutes with the standard SM gauge group,
there are five independent Z\njy coupling constants per
generation, and f¥, g, fJ, £, and g§ can be chosen as
these constants.

Usually, two Z' models are considered. In the first, the
effective SUp(2) ® Uy(1) ® Uy/(1) gauge group follows
from breaking of the exceptional gauge group Eg:

Eg — SO(10) ® U(1),, — SU(5) ® U, (1) ® Uy(1)
— SU(3) ® SUL(2) ® Uy(1) ® Uy/(1).

The new lightest Z’ boson is defined as

7' =7 cosp+7Z,sinfp, (197)
where f is the mixing parameter. In the second model, the new
Z' boson appears in SUp (2) ® SUr(2) ® Up_.(1) left—right
symmetric models. The Z’ boson in such models is coupled to
a linear combination of the right-chiral and B—L currents.
Sometimes, the unrealistic case of a Z' boson with the same
coupling constants as those of the SM Z boson is considered
as an example.

The width of the decay of a Z’' boson into a massless
fermion —antifermion pair is given by

O(sz

o
T2 =N

(A + (gh)] (198)

where N is the color factor and « is the effective electro-
magnetic coupling constant calculated at the Mz, scale
(o0 ~ 1/128). In the models under discussion, the Z’ boson is
usually narrow [91], with the total decay width
I'(Z") ~ 0(1072)M7z: and with BR(Z’ — e*e™) ~ 0.05.

Quark —antiquark fusion is the main mechanism of
Z’-boson production. The production cross section is of the
standard form

lmvauw&w' dx

Z'4..)=
alpp — 2" +...) Z 9

M2, /s X

(i (%, W) api(x ™" MZs7" 1) + qpi(x, 1) Gpi(x " MZ,57" )],
(199)

where gp;(x, 1) and gp;(x, 1) are the parton distributions of the
antiquark q; and quark q; in the proton at the normalization
point u ~ Mz, and I'(Z’' — q;q;) is the hadronic width of the
Z’-boson decay into a quark —antiquark pair with flavor i.
The best way to detect the Z’ boson is to use the decay modes
7’ — ete ™, utu,jet jet. Studying the angular distribution of
lepton pairs makes it possible to gather nontrivial informa-
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Figure 17. Expected transverse distribution of mass in ATLAS for the
decay W' — ev [34].

tion about the coupling constants characterizing the interac-
tion between the Z’ boson and quarks and leptons and to
confirm that the Z’ boson is a spin-1 particle. In the Z’-boson
models considered here, a new Z’ boson with a mass up to
5 TeV can be detected in the reaction pp — Z’ — 171~ at the
integrated luminosity 100 fb~! [8, 34, 92]. Measurements of
the lepton forward — backward asymmetry at the Z’ peak and
in the interference region plus measurements of the Z’-boson
rapidity distribution make it possible to distinguish between
the different Z’-boson models for Z’-boson masses up to 2—
2.5 TeV at the integrated luminosity 100 fb~!,

The most promising candidate for W' is the Wy gauge
boson in left—right symmetric models [93], which lead to
spontaneous violation of parity in electroweak interactions.
The gauge group of the left —right symmetric models is

SU(3) ® SUL(2) ® SUr(2) ® U(1)_1.

with the SM hypercharge identified as ¥ = Tsg + 3 (B — L),
where Tisr is the third component of SUR(2). The fermions
are transformed under the gauge group as q(3,2,1,1/3)+
qr(3,1,2,1/3) for quarks and 1;.(1,2,1,—1) + Ir (1, 1,2, —1)
for leptons. The model requires the introduction of a right-
handed neutrino vg, whose presence plays an important role
in explaining the smallness of the neutrino masses on the basis
of the ‘seesaw’ mechanism. The Higgs bidoublet ®(1,2,2,0)is
usually introduced to generate fermion masses. As in the case
of Z’-boson production, the main mechanism of W’-boson
production is the quark—antiquark fusion. If the right-
handed neutrino vy is heavier than Wy, the decay mode
Wgr — vr + 1is forbidden kinematically, and the decay into
two jets is the dominant decay of the Wg boson. If vy is lighter
than Wg, the decay Wr — Igrvg is allowed. The decay
VR — erqq’ leads to its jet jet signature. The use of the
pp — WRr — evg — eeqq signature allows detecting a
Wr boson with masses up to 4.6 TeV at the total luminosity
30 fb~! and m,, < 2.8 TeV [34].

The best way to search for a W' boson with coupling
constants to the SM fermions equal to those of the ordinary
W boson is to use the leptonic decay mode W' — lv. Within

this model, a W' boson with a mass up to 6 TeV can be
discovered by using leptonic decay modes [34, 8]. By
measuring the transverse mass of the W’ boson, we can
determine its mass to within 50— 100 GeV [34] (Fig. 17).

5.3 Heavy neutrinos

Left—right symmetric models based on the
SU:(3) ® SUL(2) ® SUr(2) ® U(1) gauge group [93] predict
the existence of heavy Majorana neutrinos Vg e, . For
my, < My,, such a neutrino can be detected in the decay of
the heavy Wg boson via the signature

pp — Wr+... = I(vg 1 — Ijj) + ...

In view of the Majorana nature of such neutrinos, half of
the events involve leptons of the same sign plus two or more
hadronic jets from the decay vg | — ljj, which makes the
signature with leptons of the same sign most promising both
for the ATLAS detector [34] and for the CMS detector [94].
At the integrated luminosity 30 fb~!, it is possible to detect
heavy neutrinos with masses up to 2.8 TeV.

5.4 Sgoldstinos

It is well-known that there are models of supergravity
symmetry breaking that involve relatively light sgoldstinos
(scalar S and pseudoscalar P particles, the superparticles of
the goldstino V). Such a situation occurs in a number of
nonminimal supergravity models [95] and in models of gauge
mediation of supersymmetry breaking (see Ref. [96]). In the
leading order in 1/F, where F'is the supersymmetry breaking
parameter, and in the zeroth order in the MSSM gauge and
Yukawa coupling constants, the couplings between the
component fields of the goldstino supermultiplet and the
MSSM fields were derived in Ref. [97]. They correspond to a
process that is most attractive for accelerator applications, a
process in which only one of these new particles is in the final
state. All the relevant sgoldstino couplings given in Ref. [97]
are entirely determined by the MSSM soft supersymmetry
breaking terms and the supersymmetry breaking parameter
F, while the sgoldstino masses (/s and mp) remain free. If the
sgoldstino masses are of the order of the electroweak scale
and VF~ 1 TeV, the sgoldstino can be detected in the
collisions of high-energy particles in supercolliders [98, 99].
Flavor-conserving and flavor-violating couplings of the
sgoldstino fields exist. As regards the couplings with flavor
conservation, the strongest constraints emerge in astrophy-
sics and cosmology: VvF>10° GeV [100, 101], or
ms3;, > 600 eV, for models with mgpy < 10 keV and MSSM
soft flavor-conserving terms of the order of the electroweak
scale. For intermediate sgoldstino masses (up to several
megaelectronvolts), astrophysical constraints and con-
straints from reactor experiments lead to VF =300 TeV
[101]. For heavier sgoldstinos, low-energy processes (such as
rare meson decays) lead to constraints at the level of
VF = 500 GeV [101].

Collider experiments have the same sensitivity level for
light sgoldstinos as rare meson decays [102—105]. The search
for heavier sgoldstinos at accelerators leads to similar
constraints on the supersymmetry breaking scale. The most
powerful existing accelerators (LEP and TEVATRON) yield
the constraint of the order of 1 TeV on the supersymmetry
breaking scale in models with light sgoldstinos. For instance,
an analysis carried out by the DELPHI collaboration [106]
yields the constraint /F > 500—200 GeV for sgoldstino
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masses msp = 10—150 GeV and M ~ 100 GeV. This
constraint depends on the parameters of soft supersymmetry
breaking in the MSSM, In particular, it is stronger by several
hundred gigaelectronvolts in models with degenerate gaugi-
nos. At TEVATRON, several events in the pp — Sy(Z)
channel and approximately 10* events in the pp — S channel
would be produced at VF=1TeV and M ~ 100 GeV at
the integrated luminosity 100 pb~! and the sgoldstino mass of
the order of 100 GeV [99]. This makes it possible to detect
sgoldstinos provided that they decay into photons inside the
detector and that /Fis not greater than 1.5—2 TeV.

In terms of the scalar SU(3), x SU(2); x U(1)y-fields,
the effective Lagrangian is given by [97]

M, -
Ls = — Z 2\/§FSFaaquagu

all gauge
fields

AL
~aF vE S(eijllechly +h.c.)
AL eri
- be vh S(eijqldihly +h.c.)
U .
f 5F 2 yevS(€qaughi; +h.c.), (200)
LP Z 4\/* PFaocm ,qupFaacllp
e
L . .
i ﬁ; yh P(ejllethly —h.c.)
AL ,
-1 \/g} Voo Pleijqldihiy = h.c.)
U
\f SF oy P(cjgiushi; —h.c.), (201)
Ly.s.p =i0,45") +0,S0"S
1 1
-3 mgS? +9,PO"P — 3 mp P?
2
+ + —1i 202
2\/—F SO+ 9) \/—F Py — ), (202)

where M, are the gaugino masses and A, and y,g are the soft
trilinear coupling constants. The values A,, = 4 and
Vab X Oap are usually taken for numerical estimates.

At hadronic colliders, sgoldstinos will be mainly produced
in the gluon fusion reaction gg — S(P) [99]. For the relevant
parameter ranges, sgoldstinos are expected to decay inside the
detector not very far from the collision point. Under the
assumption that the supersymmetric partners (excluding the
gravitino G) are too heavy to be essential in sgoldstinos
decays, the following main decay channels are possible:

S(P) — gg, vy, GG, ff,yZ, WW, ZZ .

The respective decay widths have been calculated in
Refs [98, 99].

For sgoldstinos that decay into pairs of massless gauge
bosons, we have

M/va(P)

32nF?

2,3
Mimgp)

I(S(P) — yy) = TAnF?

I'(S(P) — gg) =

Ns
VN VF=17TeV
Tr L=100fb"!
8 TeV
5_ = — -
9 TeV
———————— -~
3 1 1 1 1 L == =

90 100 110 120 130 140 150
ms, GeV

Figure 18. Signal significance for the yy channel as a function of the
sgoldstino mass mg for model I1[107].

Ns
VN5 | L=100fb""!
Tr VE=1.75TeV
sk -7
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]
3+ -
Y 2.25 TeV
/ v
/ -
2|, -~
s
W/ | 1 1 |
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ms, GeV

Figure 19. Signal significance for the ZZ channel as a function of the
sgoldstino mass mg for model 1 [107].

where M., = M| cos® Oy + M sin Oy, with Oy the Wein-
berg angle. We note that for M., ~ M3, the gluon mode
dominates over the photon mode because of the presence of
the color factor N2 — 1.

For values of the parameter v/F that are interesting from
the phenomenological standpoint, the gravitino with its mass
in the range mg = /8n/3 F/Mp ~ 107> —10"! eV is extre-
mely light. The width of the sgoldstino decay into two
gravitinos is given by

5
. g p)

and becomes comparable to the width of sgoldstino decay
into two photons for heavy sgoldstinos, i.e., such that
msp) ~ My,

The discovery potential for sgoldstinos at the LHC has
been discussed in Ref. [107]. There, two sets of soft super-
symmetry breaking parameters were examined (see Table 1).
The most reliable signatures with yy and ZZ in the final state
have been studied. The main conclusion is that the LHC
allows detecting sgoldstinos with vF < 2—8 TeV (Figs 18
and 19).

Table 1. Sets of parameters (in GeV) and the corresponding LHC
sensitivity toward the detection of sgoldstinos.

Model M, M, M; A
1 100 300 500 300
11 300 300 300 300
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5.5 Scalar leptoquarks

Scalar leptoquarks (LQ) are particles that have nonzero
leptonic and baryonic numbers. Their existence is predicted
in many models [108] with the gauge symmetry larger than
SU.(3) ® SUL(2) ® U(1). Leptoquarks decay mainly into a
quark and a lepton. At the LHC, there can be both pair and
single leptoquark production:

qg+g—LQ+1—-2l+],
g+g—LQ+LQ—21+2j.

(203)
(204)

The single leptoquark production cross section depends
on the unknown Yukawa coupling constant that charac-
terizes the interaction of a leptoquark with a lepton and a
quark. The pair leptoquark production cross section depends
mainly on the leptoquark mass. Pair production of lepto-
quarks at the LHC was studied in Refs [109, 34]. The main
signature is here represented by events with two hadronic jets
and two isolated leptons produced as a result of decays of
leptoquarks, with the invariant jet-leptonic mass equal to the
leptoquark mass. For the first and second generations of
leptoquarks, the LHC allows detecting them for masses up to
1.6 TeV at the integrated luminosity 100 fb~! [109, 34].

5.6 Compositeness

In the SM, quarks and leptons are fundamental point
particles. But the growing number of quarks and leptons has
led to speculations that these particles have a complex
structure and are bound states of components (which became
knows preons) that are more fundamental. If quarks have an
inner structure, this may manifest itself in a deviation of the
cross sections of hadronic jets from those predicted by QCD.
This deviation can be parameterized by the coupling

4 _ .
VERLLE

5L = (205)

which becomes strong at the A scale. Comparing the QCD
predictions for hadronic jet production cross sections for
large values of pr with the data places a constraint on A
(Fig. 20). At the LHC (ATLAS) with the integrated
luminosity 300 fb~!, a constraint on A can be obtained at
the level of A4 =20 TeV, provided that the systematic
uncertainties are smaller than the statistical ones [34].

The possibility of searching for the quark—Ilepton
coupling

4 -
gy ,q
Agl o

SL =

(206)

at the LHC was studied in Ref. [110]. The Drell — Yan process
pp — qq — v*/Z* — 171~ was investigated. The coupling in
(206) modifies the SM prediction for the Drell-Yan cross
sections when the dielectron has a large invariant mass. At the
integrated luminosity 100 fb~!, the lower limit Agq = 35TeV
can be obtained at the LHC (CMYS).

5.7 R-parity violation

In most works on supersymmetric phenomenology, it is
assumed that the MSSM preserves R-parity. But at present,
there is no profound theoretical justification for the R-parity
conservation. The phenomenology of supersymmetric mod-
els with explicit R-parity violation was studied in Ref. [111].
The terms in superpotential (75) violate the baryonic and

2.0

Y Ay =20TeV
O Ay =30TeV
15F % Ay =40TeV

!

o
0l M%fﬁf %

| | |
1000 2000 3000 Er, GeV

(Ncomp - NSM)/NSM

Figure 20. The difference between the SM prediction and the effect of
compositeness for the E7 distribution of hadronic jets normalized to the
SM prediction. The error corresponds to the integrated luminosity
300 fb~! for different values of scale A [34].

leptonic numbers and generate an unacceptably large
proton decay amplitude, suppressed only by the inverse
square of the squark mass. The R-parity prohibits the
appearance of dangerous terms in superpotential (75). But
the R-parity conservation is not the only way to build a
minimal extension of the SM. The symmetries that are
alternatives to the R-parity and allow nonvanishing cou-
plings in (75) can easily be found. For instance, under the
transformation

(Qv U7 D) - _(Qv Uv D)7 (L7 E7 H1,2) - +(L7 E7 H1,2) 5
(207)

only the quark superfields change sign. For the superpotential
(75) invariant under transformation (207), only the last term
UDD, which violates the baryonic number, is forbidden.
There are similar symmetries that forbid the appearance of
terms violating leptonic numbers.

Thus, in the direct search for supersymmetric particles,
the phenomenology changes dramatically when R-parity
violating terms are included in the superpotential. Gener-
ally, the mechanisms of production and decay of SUSY
particles may then change. In addition to pair production of
supersymmetric particles, R-odd states may also be produced.
If all the supersymmetric particles decay inside the detector,
we may no longer have the standard signature with the
missing transverse energy ES. The LSPs will mainly decay
into three-particle final states [111]. But except for the LSPs,
all other particles will basically decay, as in the MSSM case,
with R-parity conservation. We examine the case where an
LSP decays inside the detector. If the leptonic number is
violated, the SUSY signal contains leptons from LSP decays
%) — I*17v,1qq [111]. If the baryonic number is violated, the
LSP decays into hadronic jets 3! — qqq, which results in a
large number of jets without missing transverse energy.
Extracting such a signal from the huge QCD background
would constitute a formidable problem. The SUSY signal
could be detected by using cascade decays containing leptons,
e.g., 13 — FIF — qqqltl-.
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We also note that a model with superweak R-parity
violation and with a relatively long-lived (1 ~ 107! =107 s)
charged slepton Tg (which acts as an LSP) can be built [112].
The phenomenology of such a model is similar to that of the
GMSB (gauge mediation of supersymmetry breaking) model
[67], with T acting as a superparticle following the LSP in the
mass scale.

5.8 Additional Higgs bosons

with large Yukawa coupling constants

A model with many Higgs doublets in which each Higgs
isodoublet is related to its own quark via a relatively large
Yukawa coupling constant was examined in Ref. [113]. Fora
large Yukawa coupling constant, the main reaction of the
Higgs isodoublet production corresponding to the first or
second generation is the quark—antiquark fusion. The
phenomenology of Higgs isodoublets corresponding to the
third generation is very similar to the phenomenology of the
model with two Higgs isodoublets. The Higgs boson produc-
tion cross section for the quark—antiquark fusion in the
approximation of an infinitely narrow resonance is given by
the standard formula

41T2F(qu.q/. - Qiqj) Jl dx

o(AB — Hyq, +X) = 9sMp

M}/s X

x[qai(x, 1) qs(x T MEs ™ 1) + gai(x, 1) @ei(x T Mis T W]

(208)

Here, gai(x, 1) and ga;(x, u) are the parton distributions of
the antiquark q; and the quark q; in the hadron A at the
normalization point u~ My, and I'(Hgq — q,q;) is the
width of the hadronic decay of the Higgs boson into a
quark —antiquark pair. For the Lagrangian

LY = hq,q,‘?LiquHq,q/ + h.c. (209)

the width of the hadronic decay of the Higgs boson into
massless quarks is

) 3Mulhy,,
F(Hq[q/ - qiqj) = T len (210)

The model being discussed involves Higgs bosons related
to both quarks and leptons, and hence the best signature is the
search for an electrically neutral Higgs boson decaying into
ete” or ptu~ pairs. For charged Higgs bosons, the best
search method is to use the decays of such bosons into
charged leptons and neutrinos. The Higgs doublets related
to top quarks in the model with a massless neutrino are not
related to leptons, and therefore the only way to detect them is
to search for a resonance structure in the distribution in the
invariant mass of two-jet events. But the accuracy of
determining the invariant mass of two jets is approximately
10%, with the result that it is very difficult to detect the Higgs
boson at the LHC by measuring the two-jet differential cross
section. In the model under discussion, in view of the

6 We recall that in the GMSB model, the gravitino G becomes the
LSP. The neutralino ) or the slepton ig may follow the LSP in mass
and be long-lived particles. The Tr appears as a ‘heavy muon’ that
passes through the detector with a speed much less than that of light.
Its time of flight can be measured and hence its mass mjz, can be
calculated [68, 34].

smallness of the vacuum expectation values for the Higgs
isodoublets corresponding to the quarks u, d, s, and c, after
the electroweak symmetry breaking, the mass splitting within
the Higgs isodoublets is small. Hence, in such a model, the
search for a neutral Higgs boson that decays into a leptonic
pair is actually the search for the entire Higgs isodoublet. The
Drell-Yan process provides the main background in the
search for neutral Higgs bosons decaying into leptonic pairs.
The main conclusion here is that [113] at the LHC with the
integrated luminosity 100 fb~! and the Yukawa coupling
constant iy = 1, it will be possible to detect such bosons with
masses up to 4.5—-5 TeV.

5.9 Astrophysical applications

We now briefly discuss an interesting suggestion for using
the CMS detector in astrophysical applications.” One of the
basic features of a CMS detector is the presence of a strong
magnetic field inside a large volume. This provides a unique
possibility of searching for cosmic scalar or pseudoscalar
particles, such as the axion, that interact with two photons.
The new particles (if they exist, of course) will pass through
the hadron calorimeter, which will be used as a veto system
that excludes the interaction with cosmic rays, and will then
be observed in the electromagnetic calorimeter due to their
conversion into photons in the external magnetic fields of
the CMS superconducting solenoid. At high energies, the
axion—photon conversion is a coherent process inside the
CMS detector, which makes it possible to substantially
increase the sensitivity to the axion mass up to
0 < m, < 32,/E,[GeV], where m, is the axion mass in
electronvolts. The CMS detector will allow limiting the
product of the coupling constant of the new particle with
two photons and the integrated flux of particles passing
through the CMS detector.

6. Conclusion

There is no doubt that the key problem in contemporary
experimental high-energy physics is the search for the Higgs
boson, the last undiscovered particle of the Standard Model.
The LHC will make it possible to detect this boson and to
verify its properties. The experimental discovery of the Higgs
boson will be a triumph for the idea of renormalizability in
local quantum field theory (in a certain sense, this will be the
‘experimental proof” of the renormalizability of electroweak
interactions). The LHC will allow detecting supersymmetry
with squark and gluino masses as large as 2.5 TeV. There is
also a small probability of detecting something new in
addition to the SM and MSSM (extra dimensions,
7’ bosons, W' bosons, compositeness, etc.). In any case,
after research at the LHC, we will know the mechanism of
electroweak gauge symmetry breaking (the Higgs boson or
even something more exotic, perhaps) and the main elements
of the structure of matter at the TeV scale.
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