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The Standard Model (SM) of particle physics is incomplete in various senses.
To list a few, the Higgs mass is unstable under the quantum correction, the SM
can’t provide a viable dark matter candidate, the observed baryon asymmetry of
the Universe remains unexplained and moreover the evidences of non-vanishing
neutrino masses and mixing are unexplained. Therefore, there are ample reasons
to look for physics beyond the Standard Model.

The Supersymmetric (SUSY) extension of the SM is one of the most pop-
ular and theoretically well motivated framework for physics beyond the SM. It
not only solves the problem of quadratic divergence appearing in the quantum
correction of Higgs mass but also provide a viable candidate for dark matter in
terms of the weakly interacting stable massive particle in its R-parity conserving
form (with R- parity defined by R = (—)3B+L+25),

Searches for supersymmetry at the collider experiments and currently at
the Large Hadron Collider (LHC) are largely based on signals with missing trans-
verse energy (Er) due to the pair production of invisible lightest supersymmetric

particles (LSP) which go undetected at the collider.

However, Er is not a unique signal of SUSY. Scenarios with quasi-stable
charged particles are also viable possibilities within SUSY. Such a scenario can
arise when the next-to-lightest SUSY particle (NLSP) is a charged particle and the
decay of the NLSP to the LSP is suppressed due to very small coupling or when
the NLSP and LSP are degenerate in masses. For example, one can have a grav-
itino LSP in a supergravity (SUGRA) model. They can be envisioned in gauge-
mediated SUSY breaking theories as well. In the MSSM, too, one can have the
so-called co-annihilation region of dark matter, where a stau and the neutralino

LSP are closely degenerate, leading to a quasi-stable character of the former. One



can also have a scenario, the one we have worked with, in which the minimal su-
persymmetric standard model (MSSM) is augmented with a right-chiral neutrino
superfield for each generation, motivated by the non-vanishing neutrino masses
and mixing. The essence of SUSY signal lies not in Et but in charged tracks due
to massive particles, seen in the muon chambers. From the kinematics of these
charged particles and a detailed study of the momenta of the final state particles,
which often include tau produced in association with charged tracks, one is able

to reconstruct the masses of various superparticle.

The thesis aims at looking at the possibilities of reconstructing the masses
of various superparticles in such scenarios. We have suggested some techniques
for reconstruction of the masses of the neutralino, the lightest chargino and the

left-chiral tau-sneutrino in this long-lived stau scenario.

e To reconstruct the neutralino we have considered pair production of neu-
tralinos in SUSY cascades. It further decays into a Tt pair. The final state
consists of 27; + 27 + Er + X, where, X comprises of all the hard jets arising
from SUSY cascades. Reconstruction of the neutralino requires the knowl-
edge of four-momenta of tau as well as stau. We first reconstruct the two
taus in the final state from the knowledge of total Et of that event. The four
momenta of the stau (which shows up as a charged track in the muon cham-
ber) are not completely known. From the bending of the track only its three
momenta can be measured. To measure the mass of the particle (lighter
stau) associated with the charged track we have prescribed a method of ex-
tracting it on a event-by-event basis. Then the mass of the neutralino can be

obtained from the invariant mass distribution of the ¥ pair.

e The chargino has been reconstructed considering the associated production
of it with the neutralinos in SUSY cascades. The chargino further decays
into a Tv; pair and the neutralino on the other side decays into a Tt pair.
The final state in this case consists of 7; + 27 + Er + X. However, this final
state can be faked by other SUSY processes. We have suggested a way of
reducing these SUSY backgrounds imposing various cuts. The chargino
mass, can then be found from the transverse mass distribution of the Tv.-
pair, where we have also prescribed a way to find the transverse component

of the four-momenta of the neutrino out of a chargino decay.

e The left-chiral tau sneutrino (7, ) has been reconstructed in a way similar to



that for the chargino. 7, is predominantly produced in SUSY cascade via
the decay of second lightest neutralino or the chargino and it further decays
into a TW pair. Therefore, we have an additional W in the final state in
addition to that considered for chargino case, namely, T+ W+2t+ ErT+ X.
We have suggested two different methods for reconstructing the mass of
the left-chiral tau sneutrino. One of them is independent of the mass of the
other SUSY particles whereas, the other one is more model dependent but

has better signal to background ratio.

In each of the above cases, we have also addressed the possible SM back-
grounds and suggested various cuts for their elimination. The method of recon-
struction that we have suggested is not limited to the scenario with right-handed
sneutrino LSP alone. In fact it can be applied to all those cases where the stau is

long-lived.

The thesis also focuses on aspects of theories with non-universal Higgs
mass (NUHM). One of the most striking feature of this theory is that the lighter
stau mass eigenstate is dominated by the left-chiral stau component owing to the
large negative value of m%{“ — m%{d where, m%{“ and m%{d are the mass squared
value of the Higgs doublets which give masses to the up-type and down-type
quarks respectively. This is rather difficult to obtain in an mSUGRA scenario
where, the lighter stau mass eigenstate is dominantly right-chiral. Hence, the
tau produced in the SUSY cascade in such a scenario will be left polarised as
long as the lighter chargino and first and second neutralino are gaugino-like. We
have shown that studying the polarisation of the tau, it is possible to distinguish
the NUHM scenario from mSUGRA in the same sign di-tau channel at the LHC
for a substantial region in the my — my,, plane. In addition, we have studied a
charge asymmetry in the jet-lepton invariant mass distribution, arising from de-
cay chains of squarks leading to leptons of the first two families. Using these two
types of discriminators, we conclude that it is indeed possible to identifty NUHM
scenario at the LHC.
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Chapter 1

The Standard Model of Particle Physics:
Outline

1.1 Introduction

The standard model (SM) of particle physics is a successful quantum field theory,
which describes the interactions among elementary particles [1]. In nature, all the
known phenomena observed so far, can be described in terms of the following

four fundamental interactions:
e Strong interaction
e Weak interaction
e Electromagnetic interaction
e Gravitational interaction

Among the four fundamental forces, only the first three are correctly de-
scribed by the SM. Gravity is irrelevant at the highest energy scale of particle

accelerator experiment achieved till date, and therefore its non-inclusion does



not affect the explanation of whatever has been observed so far in the world of

elementary particles.

To outline the basic construction of the SM, all the matter particles are spin-
1/2 fermions which are further classified into quarks and leptons. They occur in
three families carrying identical quantum numbers but with progressively higher
masses. The interactions among the particles are introduced by demanding the
invariance of the matter Lagrangian under a local SU(3)¢c ® SU(2), ® U(1)y
gauge group [2,3]. And this is achieved by introducing new vector fields, known
as gauge fields. The quanta which are the spin-1 excitations of these fields, are

called gauge bosons and play the role of force carriers.

In Table 1.1 we tabulate the transformation properties of the fields corre-

sponding to particles of the first family under the SM gauge-group:

Fermion SU(3)c | Hypercharge, Y | Isospin | T3 | EM Charge, Q

dr 3 ~2 0 0 —3
iR 3 +3 0 0 z
} 1 R +3

Q= 3 +3 2
d 1 1
L -2 -3
ex singlet -2 0 0 -1

singlet

h
Il
~
~
-
|
—_
Nl—
| +
Nl—
|
—_ o

SIS

Table 1.1: Standard model fermions of the first family and their gauge quantum numbers.

The table replicates itself for the other two generations of fermions. The gauge
fields belong to the adjoint representation of the SM gauge-group. The strongly
interacting sector contains eight massless vector fields GZ (@ =1,2,..,8), known
as the gluon fields corresponding to the SU(3)¢ gauge group. Only the quarks
which transform under the SU(3)¢ gauge group non-trivially (see Table 1.1) in-



teract with these gluon fields with a strength g.. In addition, the gluons also
have self-interactions (both trilinear and quartic), since they posses non-trivial
SU(3)c charges. The gauge bosons corresponding to the SU(2); gauge group
are the three vector fields Wli (i = 1,2,3), which couple to the weak isospin cur-
rent with coupling constant g. The vector field B, is associated with the U(1)y
group, which couples to the weak hypercharge current with strength convention-
ally taken as ¢'/2. The fields W* = %<WI} F iW;) describe the charged bosons
W=. From Table 1.1 it is clear that the gauge bosons W;; couple to the left-chiral
fermions only and the right-chiral fermions are singlets under this gauge inter-
action, a feature together with different hypercharge assignments of the left- and

right-handed fermions lead to violation of parity in the SM.

Origin of mass: Higgs mechanism

The particle spectrum of the SM described above is still incomplete. So far,
we have only considered the interactions among the particles which is a conse-
quence of local gauge invariance. However, invariance under SU(2); ® U(1)y
implies that all the fermions as well as the gauge bosons have to be massless.
Explicitly introducing masses for them threatens the good features of the theory,

such as renormalisability and unitarity [4].

The way out of this, is to introduce the mass term in the Lagrangian by

breaking the gauge symmetry spontaneously [5].

To break the gauge symmetry spontaneously, in the minimal form, one
needs to introduce a complex scalar field (H), known as Higgs field, a doublet

under SU(2); and carrying a hypercharge +1 [6]:

h+
H= < 0 ) (1.1)

with

N

ht = \/L(l’ll—i-ﬂ’lz) (1.2)

W = %(hﬁ-ﬂu) (1.3)



The SU(2); ® U(1)y invariant Lagrangian corresponding to this field is
given by-
L=|(id, —gT W, —¢'Y/2B,)HI* -~ V(H'H) (1.4)
where,

V(H'H) = y?H'H + A(H'H)? (with #> < 0and A > 0). (1.5)

One can also write a set of interaction terms of the fermions with this Higgs field,

the so called Yukawa interaction in a gauge invariant way:
yeHLeg (1.6)

for the leptons and similar terms can be written for the quarks as well.

There exists a set of points at which V(H'H) is minimised. If we choose the
real part of the neutral component of the Higgs field to acquire a nonvanishing

vacuum expectation value (VEV), in the following form

1 0
< H>=—/ 1.7
169 a7
the effect is the spontaneous breakdown of SU(2), ® U(1)y to U(1),. The above

mechanism generates masses of the gauge bosons and the fermions. The former
acquires masses from the kinetic energy terms of the Higgs field 1.4, and the latter
from the Yukawa interaction terms 1.6, once the Higgs field acquires a VEV.

If SU(2), ® U(1)y is broken, the neutral fields Wﬁ’ and B, mix in such a way

that the mass eigenstates are:

A, = Bycosfy + W;’ sin Oy (massless) (1.8)

Z, = —Bysinfy + Wg cos O (massive) (1.9)

where 6y is called the Weinberg angle or weak mixing angle. The gauge bosons
(W*, Z) become massive. The massless vector field A, corresponds to the photon
tield that couples to the matter fields with electromagnetic coupling constant e,
the electronic charge. And it is related to the SU(2); and U(1)y coupling con-

stants in the following way:
gsinfy = ¢’ cosOy = e (1.10)

The theory based on this spontaneously broken gauge symmetry is renor-

malisable, which means that it is possible to systematically cancel divergences



to all orders of quantum corrections. That a spontaneously broken gauge theory
preserves this feature was demonstrated by t" Hooft and Veltman [4]. This theory
has been tested rather precisely by experiments and no significant deviation has
been found so far apart from the hint of small neutrino masses, while in the SM

they are massless.

However, the Higgs boson which is a crucial component of the SM is yet
to be observed in experiments. The mass of the Higgs boson (mp) is a free pa-
rameter in the SM; however precision measurements suggest that my should be
~ 114.4-166 GeV with 95% confidence level [7]. The search for Higgs at the LEP
experiment sets a lower bound on Higgs mass which is 114.4 GeV at 95% con-
fidence level [8]. The Large Hadron Collider [9] at CERN, Geneva, which has
already started running, is largely dedicated to the search for this essential com-
ponent of the SM.

1.2 Need for new physics

Despite its immense success, the SM of particle physics is yet to be regarded as the
ultimate theory of nature. And there are ample reasons, both theoretical and ex-
perimental, to look for physics beyond the SM. We list below some points which

indicate that the SM is, after all, somewhat incomplete:

e The SM suffers from a large number of free parameters (~ 20). All the
masses, couplings and also the mixing at the quark sector are described by

some free parameters of the theory and can only be fixed by experiments.

e The masses of the fermions are generated in an ad hoc basis. There is no ex-
planation why we should have such a large hierarchy in the fermion masses,
ranging from 0.5 MeV (mass of the electron) to as large as 175 GeV (mass of
the top quark). Also, there is no explanation of the family structure of the

fermions within the SM.

e The evidences of non-vanishing neutrino masses and mixing also lead us to-
wards physics beyond the standard model [10-12]. There is no explanation

of why the mixing pattern are so different in the lepton and quark sectors.

e Cosmological observations tell us that the universe is made of more matter
than what is visible to us. In fact, only 4.6% of the universe consists of

visible matter and rest consists of dark matter and dark energy. The rotation



curve of spiral galaxies and recent experiments have indicated that there
should be some non-luminous matter amounting to about 24% of the energy
of universe [13]. Within the SM there is no such particle which can account

for this large amount of dark matter density.

SM can not explain the observed baryon asymmetry of the universe, namely

why we have more matter than antimatter.

The Higgs mass is unstable under quantum corrections. For example, cor-
rection due to top quark contribution shifts the mass of the Higgs boson

from its tree level value by

Am3; = —MAZ (1.11)
472

where A is some cut off scale up to which SM is well behaved and beyond
which new physics starts intervening and y; is the top Yukawa coupling due
to which the correction is largest. Now if A ~ Mp, where Mp is the Planck
scale (~ 10! GeV) then the correction to the Higgs mass is ~ 10° GeV?.
Therefore, in order to achieve a Higgs mass consistent with electroweak
precision measurements and also to maintain the perturbative nature of the
theory, we need to add counter-terms to the Higgs mass-squared so that the
divergences cancel out. And this requires a high degree of fine tuning of the

counter-terms in the Lagrangian [14].

In the SM, it is difficult to achieve the gauge coupling unification, the so
called grand unification (GUT). The running of the strong and electroweak
gauge couplings are such that the couplings hardly unify at any given en-

ergy scale [15].

One of the fundamental forces, namely Gravity which becomes important
at around Planck scale, is not incorporated in the SM. SM may be treated as
an effective theory up to some scale and new physics should appear at that

scale.
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Chapter 2

Supersymmetry: A prototype of physics

beyond the standard model

2.1 Introduction

Supersymmetry (SUSY) [1,2] is a symmetry between bosonic and fermionic de-
grees of freedom. In the presence of SUSY, for each particle there exists another
particle with spin differing by half unit. Supersymmetry for a four dimensional
field theory was introduced by Wess and Zumino in 1974 [3] (also by Salam and
Strathdee, 1974 [4]), and later applied to the SU(2) ® U(1) model by Fayet in
1975 [5].

In the next section we describe the motivations of A'=1 global SUSY, fol-
lowed by its basic formalism in section 2.3. In section 2.4 we briefly mention a
realistic supersymmetric version of the standard model, proposed by Howard
Georgi and Savas Dimopoulos [6], which is called the minimal supersymmetric
standard model (MSSM). Some aspects of SUSY breaking and its embedding in

a larger setting have been discussed in section 2.5. Search for supersymmetry at
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collider experiments is discussed in section 2.6.

2.2 N'=1 global supersymmetry: Motivation

The role of SUSY in TeV scale physics has far reaching consequences than its

original motivation of introduction in string theories.

14

e SUSY broken at TeV scale is one of the leading contenders for solving the

naturalness problem mentioned in section 1.2. For example, the top quark

contribution to the Higgs self-energy correction is given by [2]

d*k i i
A2, — )2
i = (CON? [ st (i) @D
where, -1 is due to fermion-loop, N. = 3 is the number of colour states that
contribute and y; = m; /v, m; is the mass of the top quark and v is the Higgs’

VEV (see equation 1.10).

On simplification the quadratically divergent part comes out to be

(A ~ — Nt 2 (2.2)

~ e

472
where, A is the ultra-violet cut-off scale of the theory, as mentioned in sec-
tion 1.2, and can be of the order of Mp (Planck scale).

Now suppose, there are two complex colour triplet scalar fields f,, r = 1,2

with mass and couplings to H given by

Lig = A Hf fo v HELfo +mifL fr (2.3)
The quantum corrections at one-loop level to Higgs squared mass parame-

ters m%{ due to these new fields are given by (Figure 2.1)

o ‘ Pk
—i(Amy)y = _ZNc(—”‘ﬂ)/Wm
2
Ak i i
. 2
+Ne(—ixy) / L <k2 oy —m$> (24)

The quadratically divergent contribution comes from the first integral and

is given by



Figure 2.1: One-loop quantum corrections to the Higgs squared mass parameter

m?2,, due to the scalars fj 5.

N
2N fra2
(Amyy)p ~ e A (2.5)

Comparing equations 2.2 and 2.5, one finds that the quadratic divergences

cancel if we choose

A= Ap = =) (2.6)

However, there is no reason to believe that the coupling constant relation
in equation 2.6 holds to all order in perturbation theory. This would be a
remarkable accident if not enforced by some symmetry. Fortunately in su-
persymmetric extension of the SM the systematic cancellation of dangerous
quadratic divergences occurs rather naturally. If fi, are the scalar super-
partners of the f; and tg, respectively, then the necessary coupling constant
relation is ensured by SUSY.

In fact, in the exact SUSY limit one also has that x; = 20(y;)? and m2 = m?,

which implies that the logarithmically divergent contributions to m?; also
cancel exactly. However, no evidence of superpartners has been found yet.
Therefore, one has to assume that SUSY is not an exact symmetry of nature,
and must be broken softly (in a sense to be explained later), so that the

quadratic divergences remain under control.

e SUSY also removes one of the most arbitrary aspects of the SM, namely
the arbitrariness associated with the quartic Higgs self-coupling constant
A. In SUSY theories this role is played by the gauge couplings and sets
a theoretical upper bound on the mass of the lightest neutral Higgs. The

fact that the quartic couplings thus determined turn out to be positive in
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supersymmetric theories, goes a long way in ensuring that the Higgs scalar

potential is bounded from below.

In many SUSY theories electroweak symmetry breaking (EWSB) is achieved
rather naturally. As we know, EWSB is most easily accomplished for a neg-
ative value of the Higgs squared-mass which is an ad hoc assumption in
the SM. A positive Higgs squared-mass at high-scale can be driven neg-
ative down at low-scale by the renormalisation group evolution (RGE) of
the squared- mass parameter. This is known as radiative EWSB, a beautiful
feature of SUSY.

Another strong theoretical motivation for SUSY theories is that of gauge
coupling unification. It is possible to construct models in which the three
fundamental interactions of nature, i.e., strong, weak and electromagnetic
interactions are unified at some scale and can be represented by a single
gauge group. This is difficult to achieve within the SM. The RGE’s of the
SM gauge couplings (g1, g2, &3) at one-loop level are given by

d 1
aga = Wbagg (2.7)

where t = In(Q/Qp), with Q the RG scale, and Qy is the reference scale and

(41/10, —19/6, —7) Standard Model
(b1, by, b3) =4 (33/5,1, —3) Minimal SUSY SM above

the SUSY breaking scale.
(2.8)

The quantities &, = ¢2/47 have the nice property that their reciprocals run

linearly with RG scale at one-loop order:
-, = —— (a=1,23) (2.9)

The running of «,’s are depicted in Figure 2.2. For the minimal super-
symmetric extension of the SM (MSSM) one achieves unification at a scale
~ 10'® GeV, if SUSY breaking takes place at around a TeV.

SUSY can provide a solution to the dark matter problem of the universe,
as mentioned in section 1.2. Observations related to DM search experi-
ments suggest that the DM candidates must be weakly interacting and their
masses are in between 10 GeV to a few TeV. SUSY with a discrete Z, sym-

metry, implies that the lightest SUSY particle (LSP) is stable and it turns out
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Figure 2.2: Evolution of the inverse gauge couplings in the SM (left) and in the MSSM
(right) [7], with SUSY broken at around a TeV.

that the LSP can be neutral and weakly interacting over a large region of
the SUSY parameter space. This weakly interacting massive particle can be

a viable candidate for the observed DM of the universe.

2.3 Formalism

2.3.1 SUSY algebra

In a celebrated theorem, Coleman and Mandula showed that under certain as-
sumptions, the symmetry group of a consistent four dimensional quantum field
theory can not be extended beyond the group of symmetry containing the direct
product of an internal symmetry group and the Poincaré group [8]. The intro-
duction of a different symmetry algebra, the supersymmetry algebra (by Haag,
Lopuszanski and Sohnius in 1975 [9]) offered a way to bypass the above theo-
rem. The idea is to generalise the concept of symmetries in terms of generators
having both commutation and anticommutation relations. The generators of the
extended Poincaré group which includes SUSY are the following: the energy-
momentum operators P¥, the generators of space-time translation; the generators

of homogeneous Lorentz group, M*"; and a finite number of fermionic operators
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Q' (i=1,2,..N), generators of SUSY, all of which commute with P¥ and transform
like a spinor of rank 1 under the homogeneous Lorentz group. Using the spinor
notation, the generators of SUSY can be divided into two sets, Qfx (x=1,2) and
their conjugates Q) = (Q})", indicating the different transformation property
under Lorentz transformation by dotted and undotted indices. The generators of
the extended Poincaré group give rise to an algebra, known as graded Lie alge-
bra which is a generalisation of Lie algebra. We summarise below the algebra of
N = 1SUSY:

[PY,P'] = 0 (2.10a)
[MF,PP] = i(g""PF — g P) (2.10b)
(MM, M) = i(g"P MM + gh MYP — gHP MYT — gV0 MHP) (2.10¢)

[Qu,Py] = [Qa Pu] =0 (2.11a)
{QuQp} = {Qu Qg =0 (2.11b)
M, Qu) = (") (2.11¢)
(M, Q4 = —i(a) QP (2.11d)
{QuQs} = 20" P, (2.11e)

where the following conventions have been followed: g, = ¢"" = diag(1,-1,-1,-1),
o' = (1,0;), 5% = (1, —0;) with 0; being the 2 x 2 Pauli matrices. o' = £(c#d" —
c'o") and 6" = L(o#c" — Vo) are the spinor representations of the generators
of the Lorentz group.

The non-vanishing commutators of the supersymmetry generators with

M*"" indicates that SUSY connects states of different spin and statistics, i.e;

Qu|Boson >= |Fermion > Qu|Fermion >= |Boson > (2.12)

The single-particle states of a supersymmetric theory form an irreducible
representation of the SUSY algebra, called supermultiplets. Each supermultiplet
contains both fermionic and bosonic states, which are often called superpartners

of each other. It can be shown that each supermultiplet has equal number of
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bosonic and fermionic degrees of freedom. In addition, since the SUSY generators
commute with the momentum generators (see equation 2.11), they in turn also
commute with the mass-squared operator P> = P#P,. Hence, the particles within
the same supermultiplet must have the same mass. The SUSY generators also
commute with the generators of gauge transformations. Therefore, particles in
the same supermultiplet must also be in the same representation of the gauge
group, and so must have the same electric charges, weak isospin, and colour

degrees of freedom.

2.3.2 Ingredients of building a SUSY model

Superspace and superfields

In order to construct a SUSY model, it is useful to introduce the concept
of superspace and superfields. A superspace is an extension of the four dimen-
sional space-time coordinates x* into a larger space, involving two additional
anticommuting (Grassmann) coordinates 6,, with « = 1,2 and their conjugates
0, = (6,). A SUSY transformation can then be thought of as a translation in

superspace, defined as

G(a,e€,€) = ¢l(€Q+eQ+a-P) (2.13)
generated by

P, = i, (2.14a)

Qu = —i% —0},0%9,, (2.14b)

Qi = i% +6%0 9y, (2.14c)

where a* is a Lorentz four-vector and €, € are anticommuting Grassmann vari-

ables.

We can generalise the notion of an ordinary field to a superfield which is
an operator S(x,0,0), function of the superspace coordinates. One can expand
S(x,0,0) in powers of 6 and 0, going up to terms bilinear in each of 6 and 6. The
advantage of introducing a superfield is that the coefficients of various powers of

6 and 0 can be identified as the components of a supermultiplet. The most general
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Lorentz invariant superfield can be expanded in the following way:
S(x,60,0) = ¢(x)+ V20&(x) + V20%(x) + 00F (x) + 00G(x) + 00"0A,(x)
1000 (x) + G06x (x) + %eeééD(x) (2.15)
where ¢, F, G, and D are Lorentz scalar functions of x; &, %, x, and A are Weyl
spinors; and A, is a vector.

The SUSY transformation of a superfield is given by

S(x,6,0) — ¢l(cQteQ+taP)g(x 0 §) (2.16)

A general superfield, S(x, 6, 0), belongs to a reducible representation of the
SUSY algebra. However, irreducible representations of this algebra can be ob-
tained by imposing further constraints on the superfields, covariant under the
SUSY transformation. The simplest constraint that one can apply to a superfield

is the reality condition:

St =S vector superfield (2.17)

Let us define two fermionic derivatives which anticommute with the gen-

erators of SUSY algebra and transform covariantly, as

D, = %%—iaﬁ’&@d‘ay (2.18a)
- 0
Dd = _ﬁ — 10 Ua&ay (218b)

The operators D, and D, can be used to impose covariant constraints on
superfields:

DyS = 0 left — chiral superfield (2.19a)

DSt = 0 right — chiral superfield (2.19b)

Chiral superfields

A left-chiral superfield ®(x*, 0, 0) which satisfies equation 2.19a, can be ex-
panded in terms of the Grassmann variables 6 and 0 as
D(x*,0,0) = ¢(x)+ V20y(x) + 00F (x) + id,p(x)00"8

i

\/EGGBHw(x)a"é - i&"%(])(x)%@_é (2.20)
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The component fields include a Weyl spinor ¢, and a complex scalar field ¢.
The field F is an auxiliary field that ensures the closure of the SUSY algebra even
under off-shell condition and can be eliminated using the equations of motion.
The component fields of a left chiral superfield transform in the following way

under the SUSY transformations:

op = V25 (2.21a)
o = V20F —ivV20,¢p0"E (2.21b)
6F = iV20,yot¢ (2.21¢)

This can be obtained from equation 2.16 with a = 0. A right-chiral superfield can
be obtained by taking Hermitian conjugate of ®(x,0,0). The coefficient of the 60
term is known as the F-term. Equation( 2.21c) shows that the change, under the

SUSY transformations, of the F-term is a total derivative.

Let us consider how to construct the Lagrangian for the chiral superfields.
This can be done by taking products of chiral superfields. In particular, the prod-
uct of two left chiral superfields is also a left chiral superfield. Hence the F-term
of a product of left chiral superfields can be used to give a suitable term in the
Lagrangian. The product of a left and a right chiral superfield gives a vector su-
perfield. The D-term (the coefficient of 0000) of the product of a left and a right
chiral superfield can therefore also be used to give a term in the Lagrangian. The
simplest example of this is a single left chiral superfield. We can form the product

of this field with its hermitian conjugate and take the D-term. This gives
(DD 995 = FF' +0,¢* 0" ¢ + ipo"0,, (2.22)

which, after eliminating the auxiliary field F using the equations of motion, gives

the final Lagrangian.

The most general set of renormalisable interaction terms for these fields
consistent with SUSY, can be introduced elegantly using the notion of superpo-
tential, which is an analytic function of the scalar fields ¢’s. For example, in a

theory with only one chiral superfield,

W(D) = %@Cb + %cqup (2.23)

In general we can only include terms which are at most cubic in the superfields in
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order for the theory to be renormalisable. This gives the interaction Lagrangian
L = [W(D)]g +hec (2.24)
1
= m(@F = yp) +y(¢°F — pypp) +hec. (2.25)

We can then write the full Lagrangian for this theory eliminating the auxiliary

field F, using the equation of motion:
F' = —m¢p — Ap? (2.26)
On substitution of F we get

Lopira = [P ]gggs + ((W(P)]gp + h.c.) (2.27)
= 0,9+ iP5"0,p — [P + mg|*
— (Fep+rppg+he)  (229)

Vector superfields

A vector superfield which is defined by equation 2.17, can be expanded in

powers of § and 0 as,

V(x'0,8) = C(x)+i9x(x)—ié)z(x)+%99[M(x)+iN(x)]

_%gg [M(x) — iN(x)] + 008V}, (x)

+i660 [A(x) + %aﬂayx(x)] _ i8d0 [A(x) + 109,02
0000 [D(x) - %ayam(x)} (2.29)

where C, M, N, and D are the real scalar fields; ), and A are the Weyl fermions;
and V,isa real gauge field.

Using the supersymmetric U(1) gauge transformation
V(x,0,0) — V(x,0,0) +i(®(x,0,0) — T (x,6,0)) (2.30)

the component fields C, M, N and x can be eliminated by a particular choice of ®,
leaving the gauge field Vi and its superpartner gaugino field A, and the auxiliary
field D. In this gauge, the vector superfield has the following form
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Viz(x,6,8) = 0078V, (x) + 10091 (x) — 080 (x) + %eeééD(x)

This particular choice of ® is known as the Wess-Zumino gauge which is in some
sense analogous to the unitary gauge in the SM. The component fields of a vector

superfield transform in the following way under the SUSY transformations:

SAy = —iDE — %(aﬂ(r’f)fgﬁ (3,Vy — 3, V) (2.31a)
SVE = i(Eo"A —AdtE) — " (Ex + EX) (2.31b)
6D = 9, (—Cc"A + Ad¢) (2.31¢)

Here the variation of the coefficient of the 8000 term, the D-term, is a total deriva-

tive.

The construction of the kinetic energy terms for V,, and A is rather involved.
It is possible to construct a supersymmetric derivative of V which contains the
field strength F,,, and a derivative of A. The F-term of the contraction of this field

with itself yields the gauge kinetic terms

1 . 1
Lgauge = — 7 F " + AT DA + DD’ (2.32)
The auxiliary field D* has dimension of [mass]? and has no kinetic term. Therefore
it can be eliminated using equation of motion, just like the auxiliary field in case
of chiral superfields. However, as we shall see below, it can be non-trivial if one

switches on interactions between chiral and vector supermultiplets.

With both chiral and vector supermultiplets present in a scenario, it is pos-
sible to write down their interaction terms that are renormalisable (of mass di-

mension < 4), namely
(@ T'p)A",  AM(P'T¢),  and  (¢"T'¢)D". (2.33)

After some algebra one can now fix the coefficients for the terms in equa-
tion 2.33, with the result that the full Lagrangian density for a renormalisable

supersymmetric theory is
L = Lenira + Lgauge — V29" T P)A" — V2gAT (9" T'¢) + g(¢"T"¢p) D" (2.34)

where Lira1 means the chiral supermultiplet Lagrangian and Lgayge is the one

related to the gauge supermultiplet as mentioned above (equations 2.28 and 2.32).
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The first two interaction terms represent direct couplings of gauginos to matter
tields; this can be thought of as the “supersymmetrisation” of the usual gauge
boson couplings to matter fields. It is also to be noted that SUSY invariance of the
gauge (gaugino) interaction requires the superpotential to be gauge invariant.
The last term combines with the term D?*D" /2 in Lgayuge to provide an equation of

motion

D" = —g(¢"T"9). (2.35)

Thus, like the auxiliary fields F; and F i the D* are expressible purely in terms
of the scalar fields and their gauge quantum numbers. Replacing the auxiliary
fields in equation (2.34) using equation (2.35), one finds that the complete scalar

potential is (recall that £ contains —V):
; 1 o1
V(‘P"P*) = F*lFl‘—i— EZDLIDLI — Wi*Wl+ Ezg§<¢*Tu(P)2 (236)
a a

The two types of terms in this expression are known as “F-term” and “D-term”,
respectively. Since V (¢, ¢*) is a sum of squares, it is always positive semi-definite.
It is a unique feature of supersymmetric theories that the SUSY invariant scalar

potential is completely determined by the other interactions in the theory.

2.3.3 Making a SUSY model realistic: SUSY breaking

In order to make a SUSY theory realistic, any phenomenological version of it
must contains SUSY breaking [10], as superpartners are yet to be observed in
experiments. To provide a solution to the naturalness problem in presence of
SUSY breaking, the coupling constant relations (such as equation 2.6) which hold
in unbroken SUSY theory must still be maintained after SUSY breaking terms
are introduced. From a theoretical perspective, we therefore expect SUSY to be
broken in masses and couplings of positive mass dimension, not in dimensionless

couplings. This implies that the effective Lagrangian will consist of
L = Lsusy + Lsoft (2.37)

where, L5y is SUSY conserving Lagrangian which includes gauge and Yukawa
interactions, and, L, contains only (SUSY violating) soft mass terms and cou-
pling parameters with positive mass dimension. The possible Lagrangian con-
taining the soft SUSY breaking terms can be parametrised by [11]

1

1 . 1. . ) -
Looft = —(EMa/\“A“ + gy”’%piq)]-qbk + Eblf@-(pj +t'¢;) + cc. — (mz);qﬂ ¢; (2.38)
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which consists of gaugino masses M, for each gauge group, scalar squared-mass
terms (mz){ and b", and (scalar)® couplings y/¥, and “tadpole” couplings t'. The
last of these can only occur if ¢; is a gauge singlet. An attempt to address the
possible origin of such a plethora of new terms, however, will be described in

section 2.5.

2.4 The minimal supersymmetric standard model

In the SUSY extension of the SM [6, 12], the particle spectrum becomes almost
doubled due to the fact that for each SM particle one has its superpartners. The
SM fermions belong to the chiral supermultiplets. This is because the right and
left handed component of SM fermions transform differently under gauge trans-
formation which is consistent if the fermions belong to chiral supermultiplets.
The superpartners of the SM fermions are generically named as sfermions and the
symbols for them are same as for the corresponding fermions, except for an ad-
ditional tilde (7) which is used to denote the superpartners of the SM fermions.
For example, the superpartner of electron is known as selectron: &1, ég. The same
is true for all other leptons and quarks. The only scalar in SM is the Higgs boson
which gives masses to charged leptons, quarks and also to gauge bosons. Being
a scalar, it must reside in a chiral supermultiplet. However, in SUSY extension of
the SM, one has to include two chiral supermultiplets due to the following two
reasons: first is due to the holomorphic nature of the superpotential. It implies
that, a field and its complex conjugate can not appear simultaneously in the su-
perpotential. Hence to give masses to both the up (having third component of
isospin, T3 = +3) and down (T = —1) type of quarks one needs two Higgs
supermultiplets, with equal and opposite hypercharges. The second reason can
be traced back to the fact that, with only one Higgs chiral supermultiplet the
gauge symmetry will become anomalous which can be avoided by the introduc-
tion of two chiral Higgs supermultiplets. In this case, the contributions to triangle
anomaly due to the two fermionic members of the Higgs chiral supermultiplets
cancel each other if they have equal and opposite hypercharges. They are de-
noted by H, (hypercharge, ¥ = %) and Hy (Y = —3). The vector bosons and
their spin-1/2 superpartners belong to the gauge or vector supermultiplets of the
MSSM. The name of the fermionic superpartners of the SM particles commonly

come with a suffix ’-ino” attached to their SM name. Table 2.1 and 2.2 describe the
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Names spin 0 spin1/2 | SU(3)c, SU(2)r, U(1)y

squarks, quarks | Q | (i dr) (ug, dr) (32, %)

u i ul (3,1, -3)

d d dh (3,1, 1)
sleptons, leptons | L (Ver) (v er) (1,2, -1

e e ek (1,1, 1)
Higgs, higgsinos | H, | (H; HY) | (H} HY) (1,2, +3)

Hy | (Hy Hp) | (H} Hy) (1,2, -3)

Table 2.1: Chiral supermultiplets in the Minimal Supersymmetric Standard
Model. The spin-0 fields are complex scalars, and the spin-1/2 fields

are left-handed two-component Weyl fermions.

particle content together with their gauge quantum numbers, corresponding to
the chiral and vector supermultiplets of the MSSM respectively. Table 2.1 repli-

cates itself for other two generations of quark and lepton supermultiplets.

Having described the particle content of the MSSM, the next thing is to
specify the superpotential and soft SUSY breaking terms which completely de-
scribe the model. The superpotential for the MSSM is given by

WMSSM = ﬁyuQAHu — EdeHd — ?yein + ‘MHqu . (239)
suppressing all the family and gauge indices. Here, the hat (") implies that the
above objects appearing in the superpotential are superfields corresponding to

the chiral supermultiplets. The first three term are the Yukawa terms and the last

term is the mass term for the two Higgs doublets, also known as the p-term.

The terms that appear in the MSSM superpotential, are not the only pos-
sible terms that can be written down in a renormalisable and gauge invariant
way. In fact one can also add some lepton and baryon number violating bilinear
and trilinear terms to the superpotential in a renormalisable and gauge invariant

manner. However they are seriously constrained by the non-observation of lep-
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Names spin1/2 | spinl | SU(3)¢, SU(2)r, U(1)y

gluino, gluon I Q (8,1,0)
winos, W bosons | W& WO | wt WO (1,3,0)
bino, B boson BO BY (1,1, 0)

Table 2.2: Gauge supermultiplets in the Minimal Supersymmetric Standard

Model.

ton and baryon number violating processes, for example proton decay. To avoid

these terms one postulates a discrete symmetry, called R-parity, defined as
R = (_1)3B+L+ZS (240)

If R-parity is conserved only terms even under it are allowed. All the SM particles
and Higgs bosons have ‘'R = +1, while their supersymmetric counterparts have
R = —1. With this assignment only terms written in equation 2.39 are allowed.
One immediate consequence of this is that the lightest supersymmetric particle
(LSP) is stable. In addition if it is neutral and weakly interacting, it can be a

viable dark matter candidate.

The soft SUSY breaking terms of the MSSM are given by

1 Lo ..
Looft = 3 (M1 BB + MoW,W* + M33.8" + c.c.)
~ (AFLIHIE] + ADQIHUD; + A QIHIT +cc.)
2 Fx 7 2 =k 5
- Mi,ijLiﬂL}l o ME,z‘jEi Ej
2 A% A 2 TT*T 2 TS
— iy Hy, Hi — my HigHy — (DHGH +c.c.) (2.41)

In equation (2.41), M3, M, and M; are the gluino, wino, and bino mass terms (2 =
1,2,3;a = 1,2..,8). The next set of terms in equation 2.41 contains the (scalar)?
couplings. Each of AiLj, AE ,
dimensions of [mass]. They are in one-to-one correspondence with the Yukawa

A}f is a complex 3 x 3 matrix in family space, with

couplings of the superpotential. Q,L,U, D, E are all three-component column

vectors containing all the fermion families. Q, L are quark and lepton doublet
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superfields respectively while U, D, E are singlets. Terms in the next two lines of
equation 2.41 consist of squark and slepton mass terms of the form (mz)gqb*igbj.
2 2 2 2 2 . . . . .
Each of Mi,ij’ ME,Z.]., M O, Mtl,ij’ MD,U is a 3 x 3 matrix in family space, having
in general complex entries, but they must be hermitian so that the Lagrangian is
real. Finally, in the last line of equation 2.41 we have supersymmetry-breaking
contributions to the Higgs potential; m%{d and m%{u are squared-mass terms of
(mz){ type, while b is the only bilinear squared-mass term that can occur in MSSM
with terms of (m?)/ ¢ip;j type. In order to have a successful cure of the naturalness

problem, we expect

L D D
Ml, MZ, M3, AZ]’ AZ]’ Al] ~ msoft, (242)
2 2 2 2 2 2 2 2
Mi,i]" ME,i]" MQ/ij’ MEI,ij’ MD,ij’ mH“, de, b ~ msoﬁ, (243)

with a characteristic mass scale 144 that is not much larger than 1000 GeV.

Electroweak symmetry breaking in the MSSM

The classical scalar potential for the Higgs scalar fields (H, = (H,, H))
and Hy = (HY, H;)) in the MSSM is given by

Vo= (P +my ) HRP + [HE ) + (1wl + mdy) (1Hg P+ [Hy )
1
+ (b (Hif Hy = HyHy) + c.c] + g (g% + &) ([Hy* + |Hf |2 = [H
1
—[Hy [1)? + 58°|Hy H" + HyH, " | (244)

where terms proportional to |x|?> come from F-terms and those proportional to
¢% and ¢’ are the D-term contributions. The remaining terms are the soft SUSY
breaking terms appearing in equation 2.41. The full scalar potential of the theory
also includes terms involving the squark and slepton fields. However for the
discussion of EWSB, we can ignore them, as long as they do not get VEVs. To
break the electroweak symmetry spontaneously the following inequalities must
be satisfied:

2 2 2
2b < 2|p|* +myy, +my,. (2.45)
2 2 2 2 2
b > (|p|* +mig, ) (|pl° +mi,). (2.46)
where the first one reflects the fact that the potential is bounded from below and

the later one ensures that one linear combination of H and H) will have negative
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squared-mass in order to break the electroweak symmetry. The neutral compo-

nents of the two Higgs doublets can then acquire non-zero VEV’s
v, = (HY), vg = (HY). (2.47)

and generate masses for the (W=, Z)-bosons. v, and v, are related to the SM VEV
vas v = /v + v and their ratio is defined as

tan B = v, /v;,. (2.48)

The Higgs scalar fields in the MSSM consist of two complex SU(2)-doublets, or
eight real, scalar degrees of freedom. When the electroweak symmetry is broken,
three of them, which are the would-be Nambu-Goldstone bosons, become the
longitudinal modes of the Z% and W* massive vector bosons, leaving us with 5

physical scalars.

Mass spectrum

The mass spectrum of the MSSM can be described as follows:

e Higgs scalar mass eigenstates consist of two CP-even neutral scalars /° and
HO, one CP-odd neutral scalar AY, and a pair of charged scalar H * and its
conjugate H ™. At the tree level, the lighter CP-even neutral scalar h° must
satisfy the relation m;,0 < mz. However, higher order corrections to the

scalar potential allows 11,0 to be pushed up at around 135 GeV [2].

e The mass eigenstates of the sleptons for each family is denoted by l~1,2 (I =
e, 4, T) which are linear combinations of the left- and right-chiral states.
The left-right mixing for the first two families are very small, mainly driven
by the electron and muon Yukawa coupling. Hence, the mass eigenstates
are the same as the chiral states. However, there is a substantial mixing in
the third family and the mixing is proportional to the tau Yukawa coupling

and tan B (defined in equation 2.48).

e The same is true in the squark sector as well, except the fact that here one
has both up- and down-type of squarks for each family. The squarks mass

eigenstates are denoted by 4y ».

e The mass of the gluino is denoted by m;.
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e The neutral gauginos (B, WY) and the neutral Higgsinos (HY, H)) mix to

form the mass eigenstates, known as neutralinos 7(? (i=1,.,4).

e The combination of charged higgsinos (H,/, H;) and the charged gaugi-
nos (winos) (W+, W™) form the mass eigenstates, known as charginos with
charge +1, )(?E (i=1,2).

2.5 High-scale SUSY breaking as an organising principle

The arbitrary values of the soft SUSY breaking parameters introduced in the pre-
vious section equation 2.41 can be restricted by various precision measurements
and low energy constraints such as : flavour violating processes (1 — ey, T —
ev, etc.); anomalous magnetic moment of muon and rare decay of B mesons (e.g.
B — sy, B — sf~/¢T). In addition, there are also constraints on the CP-violating
phases coming from electric dipole moment of electron and neutron [13-19]. To
avoid these constraints arising from flavour mixings, flavour-changing neutral
current effects in the MSSM, one normally assumes SUSY braking to be flavour
blind and all the squark and slepton squared-mass matrices and trilinear scalar

couplings are diagonal in the flavour basis, i.e.,

mé = mél, m% = m%l, m% = m%l, m% = m%l, m% = m%l. (2.49)
ay = Ay Yu, ag = Ay Ya, ae = Ao Ye, (2.50)

In addition one also assumes there are no CP-violating phases in the theory other

than that coming from CKM phase of SM. This implies

arg(M;), arg(Mz), arg(Ms), arg(Awo), arg(Ag), arg(Aen) = 0 or 7,
2.51)

The next question is to ask whether spontaneous breaking of SUSY tells us
something about the soft terms and whether it is possible to generate the pattern
given in equations 2.49, 2.50 and 2.51.

Spontaneous breaking of SUSY

Spontaneous SUSY breaking means that the vacuum state is not invariant

under the SUSY transformations although the Lagrangian is. In other words, the
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vacuum state |0) should not be annihilated by at least one of the SUSY generators,
ie.,

Qul0) #0 or  Q4l0) #0 (2.52)
for some « ori. In global SUSY the Hamiltonian operator H and SUSY generators
are related through SUSY algebra and H takes the form (equation 2.11e):

== L0} +QfQ: + 20} + Q1) 259)

This implies that the vacuum state has zero energy if SUSY is unbroken. Con-
versely, the vacuum has non-zero positive energy in a spontaneously broken
SUSY theory. If the space-time dependent effects and fermion condensate effects

can be neglected, then one can write
(0[H|0) = (0[V[0) (2.54)

where V is the scalar potential of the SUSY theory at tree level, given by (equation
2.36)

V(¢p,¢*) = F'F* + %D”D” (2.55)
Hence, SUSY will be spontaneously broken if F; and/or D does not vanish in
the ground state. To break SUSY, either the VEV of F-term of a chiral superfield
has to be non-zero (known as F-term SUSY breaking [20]) or the VEV of D-term
of a vector superfield should be non-vanishing (known as D-term SUSY breaking
[21]). There is also a possibility of breaking SUSY dynamically [22]. But we will

not consider it here and concentrate only on the spontaneous breaking aspects of
SUSY.

One of the consequences of spontaneous breaking of a global SUSY is the
generation of a massless neutral Weyl fermion, which is known as goldstino, hav-
ing the same quantum numbers as that of the broken symmetry generator. Gold-
stino is a potential problem of spontaneously broken global SUSY theories, just
like Goldstone bosons in case of ordinary global symmetries. Another potential
problem with spontaneously broken SUSY is due to the supertrace theorem. It
states that, the weighted sum of tree level squared-masses (m;l) over all particles

of spin j is zero, i.e.,
STr(m?*) = %;(—)¥(2j + 1) Tr(m?) = 0 (2.56)

This theorem is valid when SUSY is broken spontaneously via renormalisable

interactions, which implies that the superpartners of light fermions will be much
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lighter than the masses of the light fermions themselves and therefore phenomeno-

logically quite unsatisfactory.

It is therefore clear that spontaneous breaking of SUSY in the visible sector
can not lead us to phenomenologically acceptable predictions. Hence we need to
look for a different SUSY breaking sector (hidden sector) and SUSY breaking will
be then transmitted to the MSSM sector (visible sector) by some mechanism. The

guidelines for such a mechanism are the following:

e SUSY breaking to the visible sector must be transmitted either via non-

renormalisable interactions or via loops.

¢ Inaddition, it will be of phenomenological interest if the interaction is flavour
blind, so that it is possible to achieve the pattern given in equations (2.49-
2.51)

e The SUSY breaking at the hidden sector must take place at some scale con-

sistent with m, ;.

There are many competing models depending on various SUSY breaking
mechanisms at the hidden sector and also the mechanism for mediation to the
visible sector. Supergravity or gravity mediated SUSY breaking is the most popu-

lar among them and we describe it below.

Supergravity

In the supergravity framework [23] SUSY transformation is no longer global,
instead the transformation parameters become space-time dependent, i.e., it is
now a local transformation. SUSY breaking is transmitted to the MSSM sector by
gravitational interaction suppressed by Planck mass (Mp). The following set of

non-renormalisable interaction terms can be written:
1 1 1, 1 ..
ENonrenm. int. — —EP <§fu)\u)\u + gy/l]k(,bz‘(,b]‘(,bk + Eﬂlzjgbj(,bj) + c.c.
1 * 1.1 *7
—EPP kipip™ (2.57)

where F is the auxiliary field for a chiral supermultiplet in the hidden sector,

and ¢; and A” are the scalar and gaugino fields in the MSSM, and f*, y'//¥, and
Z' . . . . . .

kj are dimensionless couplings. The full Lagrangian for supergravity is much

more complicated and the details are beyond the scope of this thesis. Once the
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auxiliary field F gets a VEV, all the MSSM soft terms mentioned in equation 2.41

are generated. By dimensional analysis,

< F >
Mp

Mo ft ~ (2.58)

and in order to get a correct order of magnitude for the g, ¢, the SUSY breaking
scale /< F > should be ~ 10" GeV.

The large set of parameters f,, k;, y ifk and w i in LNonrenm. int, Which are to
be determined by the underlying theory, make it inconvenient for phenomeno-
logical purpose. This problem simplifies considerably in the minimal form, where
one assumes a common f, = f for the three gauginos; k;'- = chJlf is the same for all
scalars; and the other couplings are proportional to the corresponding superpo-
ik = qy'ik and p'i = Bu'l with universal dimension-
L MSSM

soft

tential parameters, so that y

less constants & and B. Then the soft terms in are all determined by just

four parameters:

B PP, B

_ (F)
ml/z—fMP/ 0 — Ml% 7 0 MP/ O—ﬁMP (259)

In terms of these, the parameters appearing in equation 2.41 are:

Mz = My = My = myy, (2.60)
mé =m2 = m% =m} =m2=mj1, m%{u = m%{d =m3, (2.61)
ay = Aoyw,  aa = Aoya, 2 = AoYe, (2.62)
b = Bou (2.63)

at a renormalisation scale Q ~ Mp and all the MSSM soft parameters can then
be obtained by RGEs of the soft parameters from the unified high-scale bound-
ary conditions down to low energy. Though the unification of parameters does
not follow from any symmetry principle, nevertheless, with this assumptions the

phenomenology of such a theory becomes more tractable.

Besides the aforementioned scenario, there are also other SUSY breaking
frameworks. For example, in gauge-mediated SUSY breaking (GMSB) model,
where the SUSY breaking to the visible sector is transmitted via gauge interac-
tions and the MSSM soft terms are generated via loops involving some messenger
particles [24]. Another possibility is anomaly-mediated SUSY breaking (AMSB),
where the MSSM soft terms arise due to the anomalous violation of the local su-

perconformal invariance [25].
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2.6 Search for supersymmetry at colliders

The SUSY extension of the SM comes with a proliferation of new particles. SUSY
with conserved R-parity implies that SUSY particles (or sparticles) are produced
in pair at the colliding beam experiments and the decay of a sparticle must asso-
ciate another sparticle. Therefore the LSP becomes stable and all the SUSY cas-
cade should culminate in pair production of the LSP’s. Now, the LSP is required
to be neutral and weakly interacting from the cosmological observations. Hence,
the LSP goes undetected at the detector, resulting in large amount of missing en-
ergy and momentum carried away by it. This is a canonical signal of SUSY. How-
ever, if R -parity is not conserved then the LSP will decay into the SM particles,
increasing lepton or jet multiplicities in the final state, and the missing energy

will only be due to the neutrinos.

In the next section we describe the limits or constraints on various SUSY

models.

2.6.1 SUSY search at the LEP and the Tevatron

The large e"e~ collider, LEP was in operation from 1989 to 2000 at CERN. Initially
it started running at a center-of-mass energy near the Z-pole (91.2 GeV) and then
progressively moved up to a center-of-mass energy of 209 GeV. In e*e™ colliders,
missing energy can be directly inferred from the knowledge of center-of-mass
energy (1/s) and total visible energy (E). Four detectors, ALEPH, DELPHI, L3,
and OPAL, each collected a total of about 1 fb~! of data [26].

On the otherhand, the Tevatron is a pp-collider at Fermilab. Its first run at
a center-of-mass energy 1.8 TeV, ended in 1996. In hadron collider , however, the
initial momenta of the partons along the beam direction are unknown. Hence,
missing transverse energy, rather than missing energy, obtained by balancing the
visible momenta in the transverse plane, is a useful variable. During its first phase
of run the CDF and D@ detectors collected about 110 pb~! of data each. Run-II of
Tevatron began in 2001 at a center-of-mass energy 1.96 TeV. By 2009 over 6 fb~!

of data had been accumulated by each experiment [27].

The models studied are the mSUGRA inspired MSSM, with conserved R-
parity. The LSP in such a scenario is the lightest neutralino; GMSB model, where
the LSP is the gravitino and the NLSP is the lightest neutralino or lighter stau; and

34



various R-parity violating models. The observations of hardly any SUSY events
at both the colliders, set some lower limits on the mass of the superparticles. We

list them below:

e mg > 390 GeV at 95 % confidence level (CL) assuming m; = mg. The limit
is 308 GeV for any values of squark masses. These limits in addition, as-
sume GUT unification of gaugino masses and gauge couplings and weakly

depends on tan p.
o m; > 379 GeV with 95% CL. Although this is specifically for u <0 and

tan B= 2, this limit is weakly sensitive to these parameters. Limits on third

generation squarks are lower.

e Limits on sleptons are also around 100 GeV. Same is the case for lighter

chargino.

2.6.2 Search for SUSY at the Large Hadron Collider

The Large Hadron Collider (LHC) [28] which is a pp-collider at CERN, started
running in 2009. Six different detectors, namely, ATLAS, CMS, ALICE, LHCb,
TOTEM and LHCf are built for various physics purposes [29]. Among these the
ATLAS and CMS detectors are specially dedicated for issues in SM (for example
top physics, Higgs search, etc.) and they also look for signals of various new
physics scenarios. The other detectors are made for studying B-physics, flavour
physics, heavy ion collision, physics in the extreme forward region etc. We shall
concentrate on the various physics issues that have already been addressed or
will be addressed in near future at these two detectors. In September, 2008, the
proton beams were successfully circulated in the ring of LHC for the first time,
but were halted due to some major technical problems. In 2009, the proton beams
were again circulated and the the first proton-proton collision was recorded at a
center-of-mass energy of 450 GeV three days later. Figure 2.3 depicts a typical
LHC detector and a schematic diagram of proton-proton collision is shown in

Figure 2.4.

One major disadvantage of LHC, like the Tevatron is the lack of knowl-
edge of partonic center-of-mass motion. Hence, it is difficult to reconstruct the
missing momentum along the beam direction. Therefore, in LHC one works with
the transverse component of missing momentum. The environment is less clean

compared to that of the e*e™-collider. Processes consisting of hadronic final states
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e.g., 49, 9%, g8, tF have huge cross-section at the LHC and are of serious concern as
the background of new physics signals. Also a large number of underlying and

pile-up events are expected to be present.

The LHC being a hadron collider, it is dominated by the strong produc-
tion and if SUSY exists at the TeV scale, squarks and gluinos will be copiously
produced at LHC. The generic search channel at the LHC consists of n leptons +
m jets + Et. Jets are a cluster of hadrons defined within a certain cone with a min-
imum transverse energy. In Table 2.3 we summarise the various search channels
at the LHC.

In 2010, LHC started running with center-of-mass energy of 7 TeV and
when this thesis is being written the CMS and ATLAS collaborations have al-
ready collected and analysed 35 pb~! of data. The analyses have been done
both model dependent and model independent way. In the first case, the model
mainly studied is the minimal supergravity and constrained MSSM (CMSSM).
Some new bounds have been obtained with an extension of the exclusion limit in
the mg — my s»-plane (see Figure 2.5, 2.6). This in turn puts some lower bounds
on the masses of the squarks and gluinos (roughly, m; 2, 600 GeV and mg 2 650
GeV), though, the amount of data obtained is still insufficient to make any kind of
conclusive statement. Moreover, relaxation of the conditions of universal gaug-
ino and scalar masses at high scale can open up many additional allowed region

of the SUSY parameter space.
Hopefully, the LHC will reach its design center-of-mass energy (14 TeV) and

luminosity in the near future, and one may either end up discovering SUSY at
the LHC or set some strong limit on the mass (> 1 — 3 TeV) of the superparticles.
In the latter case, our understanding of the Higgs mass stabilization mechanism

needs to be reviewed.
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Production | The main decay modes Signature
§ — qax}
® 38,49,89 e mg > mg %T + multijets (+leptons)
gh |
7= a%;
Mg > m;
q—q%
« i X — A0, 39— x0¢e0 | trilepton + #T
X — quq )(2 — )(166 dileptons + jet + ;Z/T
o XXy X = RF dilepton + #T
o 959 B — 200,50 — 97 dilepton+jet + }Z/T
o F1f; B —cx? 2 noncollinear jets + }Z/T
b — b, Xy — Xqq’ single lepton + E7 + 's
b — bxi, 55 — X0*v, | dilepton + Fr+b's
o I 11, v0 * - KiX?,Zi — WX?E dilepton + #T
7 — 1/)5(1) single lepton + ;ZT

Table 2.3: Production of superpartners and the main decay modes. Courtesy A. V. Glady-
shev et. al. [7].
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Chapter 3

SUSY with right-chiral sneutrino and

long-lived stau

3.1 Introduction

In the last chapter we have seen that the search for SUSY is largely based on the
large amount of Et in association with hard jets and/or leptons due to a pair of
invisible LSP in an R-parity conserving scenario. However, within the MSSM or
in some small variant of it, there is a possibility that the LSP is produced outside
the detector in a collider experiment, owing to the fact that the decay of all other
MSSM particles to the LSP is highly suppressed. This may occur due to very
small coupling involved between them, so that the decay width is small, or due
to very small mass splitting, so that decay of NLSP into the LSP is kinematically
suppressed. Though all other MSSM particles will cascade down to the NLSP in
several steps, the NLSP will turn out to be stable at the length scale of the detector
in such cases. In cases where the NLSP is a charged particle, the signal for SUSY

lies in a pair of charged tracks due to massive particles at the muon chamber.
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In the framework of general MSSM (see section 2.4), one can in principle
have such a possibility and any charged sparticle can be a candidate for long-lived
charged NLSP [1]. An interesting scenario here is that of a light stop NLSP [2-5],
as motivated by electroweak baryogenesis [6,7]. In this scenario non-universal
squark mass terms are used to arrange a small mass difference between the f;
and the lightest neutralino which is the LSP. One can also have a ¥; NLSP for
small slepton masses and /or large tan  and/or large A+ or, the less likely case of
a by NLSP for small squark masses and large tan 8 and/or very large A, >> A;
nearly degenerate with the LSP.

In models motivated by various SUSY breaking mechanisms, a long-lived
charged massive NLSP appears very naturally [1]. And more often than not the
charged NLSP turns out to be the lighter charged slepton of third generation (7).
There are a number of situations where such a long-lived 7-NLSP may occur. For

example,

¢ In supergravity models with gravitino LSP and stau NLSP, the stau can be
long-lived due to the gravitational coupling involved between them, which
is suppressed by (Mpjapck ~ 2.4 X 10'® GeV) [8].

e In Gauge Mediated SUSY Breaking (GMSB) Models with gravitino LSP,
where the SUSY breaking at the hidden sector can in principle takes place at
very low scale (10-1000 TeV) and is mediated to the MSSM sector by guage

interactions, one can have a long-lived stau as the NLSP [9, 10].

¢ MSSM with a right-chiral neutrino superfield, motivated by the non-vanishing
neutrino masses and mixings [11, 12] can eminently lead to a situation in
which the 7 is the LSP and 7 is the NLSP. The stau can be quasi-stable if

the neutrinos only interact via neutrino Yukawa coupling [13, 14].

In this chapter we will concentrate on this last possibility and will describe
in the next section how one can achieve this possibility in a high-scale framework
of SUSY breaking namely, mSUGRA.

3.2 Right-chiral sneutrino LSP in an mSUGRA framework

As has been already stated, the most simple-minded extension of the MSSM, ac-
commodating neutrino masses, is the addition of one right-handed neutrino su-

perfield per family. If the neutrinos are of Majorana type, the smallness of the
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neutrino mass can be explained by the seesaw mechanism introducing heavy
Majorana mass (larger than the electroweak scale) for the right-handed neutri-
nos [15-17]. In that case the mass of the right-handed sneutrino is governed by
the same term in addition to the SUSY breaking mass term and it is difficult to

obtain a right-chiral sneutrino LSP in such a case.

On the other hand, if the neutrinos have purely Dirac mass, then the right-
handed sneutrinos receive masses dominantly from SUSY breaking terms. As a
result, there is a possibility that the 7z can be the LSP for well-motivated values

of the SUSY breaking parameters.

The superpotential of such an extended MSSM becomes (suppressing fam-
ily indices) [13,14],

WMSSM = yltHdEC -+ deHdDC + yuQAHule + “I/lHdHu -+ yl,Huﬁﬁf{ (31)

where H, and H,, respectively, are the Higgs superfields that give masses to
the T; = —1/2 and Tz = +1/2 fermions, and y's are the strengths of Yukawa in-
teraction. L and Q are the left-handed lepton and quark superfields respectively,
whereas E¢, D¢ and U¢, in that order, are the right handed charged lepton, down-
type and up-type quark superfields. 7¢ is the right-chiral gauge singlet neutrino

superfield and y is the Higgsino mass parameter.

The neutrino masses are typically given by,

my, =y, (HY)) = y,0 sin B (3.2)

The right-handed sneutrinos interact via only the neutrino Yukawa cou-
pling (y,) and the small Diarc masses of the neutrinos, induced by very small
Yukawa couplings imply that y, are quite small (< 10713).

Itis a common practice to attempt reduction of free parameters in the theory
and at the same time suggest consistent SUSY breaking schemes, by embedding
the MSSM in a high-scale framework. The most commonly adopted scheme is
based on N = 1 mSUGRA (see section 2.5). There SUSY breaking in the hidden
sector at high scale is manifested in universal soft masses for scalars (1) and
gauginos (1), together with the trilinear (A) and bilinear (B) SUSY breaking

parameters in the scalar sector. The bilinear parameter B is determined by the
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electroweak symmetry breaking (EWSB) conditions. So is the parameter y, up to
a sign. All the scalar and gaugino masses at low energy obtained by renormalisa-
tion group evolution (RGE) of the universal mass parameters my and m/, from
high-scale values [18]. Thus one generates all the squark, slepton, and gaugino
masses as well as all the mass parameters in the Higgs sector. The Higgsino mass
parameter y (up to a sign), too is determined from EWSB conditions. All one
has to do in this scheme is to specify the high scale (mg, m;,,, Ao, together with
sign(p) and tan B = (H,)/(H;)) where, tan f§ is the ratio of the vacuum expecta-
tion values of the two Higgs doublets that give masses to the up-and down-type

quarks respectively.

With the inclusion of the right-chiral neutrino superfields as a minimal ex-
tension, it makes sense to assume that the masses of their scalar components, too,
originate in the same parameter m. The evolution of all other parameters prac-
tically remain the same in this scenario as in the MSSM, while the right-chiral
sneutrino mass parameter evolves at the one-loop level [19] as

aMz, 2
Tar - 1em2?
where A, is obtained by the running of the trilinear soft SUSY breaking term A

2 A2, (3.3)

and is responsible for left-right mixing in the sneutrino mass matrix.

It follows from above that the value of My, remains practically frozen at
my, thanks to the extremely small Yukawa couplings, whereas the other sfermion
masses are enhanced at the electroweak scale. Thus, for a wide range of values of
the gaugino masses, one naturally ends up with a sneutrino LSP (), dominated
by the right-chiral state. This is because the mixing angle is controlled by the

neutrino Yukawa couplings:
74 = —7 sinf + 7g cos (3.4)

where the mixing angle 6 is given by,

2y, vsin B| cot By — Ay

2 2

tan 20 =

(3.5)

mﬁL

Of the three charged sleptons, the amount of left-right mixing is always the
largest in the third family, and hence the lighter stau (%;) often turns out to be
the NLSP in such a scenario. There are regions in the parameter space the three
lighter sneutrino states corresponding to the three flavours act virtually as co-

LSP’s. It is, however, sufficient for illustrating our points to consider the lighter
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sneutrino mass eigenstate of the third family, as long as the state (;) is the light-
est among the charged sleptons. Thus the addition of a right-chiral sneutrino
superfield, for each family, which is perhaps the most minimal input to explain
neutrino masses and mixing, can eminently turn a mSUGRA theory into one with

a stau NLSP and a sneutrino LSP.

3.3 Right-chiral sneutrino as dark matter of the universe

The dark matter relic density in the present universe has been precisely deter-
mined by the Wilkinson Microwave Anisotropy Probe (WMAP) [20]:

Qpyh? = 0.105700%7 (3.6)

where h ~ 0.73 is the present Hubble constant in units of 100km/sec/Mpc [21].
Any candidate for dark matter must account for this observed relic density. It
turns out that the right-chiral sneutrino can be a viable candidate for it. The next
crucial question then arises how are they produced in the early universe in order

to have the correct relic abundance that we observe today?

In the early universe these sneutrinos were never thermalised due to their
extremely small neutrino Yukawa coupling. One possibility is then that they were
produced either via the decay of MSSM superparticles or via decays of the MSSM-
LSP after freeze out, assuming the initial abundance of 7 is zero. The decay of the
MSSM-LSP into /g is extremely suppressed due to very small neutrino Yukawa
coupling and the lifetime of the MSSM-LSP is long enough so that the decay of
the MSSM-LSP occurs sufficiently after its freeze out [13,22].

In a minimal supergravity framework, three right-handed sneutrinos have
similar fate, i.e., they are almost degenerate in masses. The mass differences
mainly come from the effects of RG evolution through y,, and hence they are
very small. Consequently, all the three right-handed sneutrinos are stable within

the age of the universe and contribute to the dark-matter density.
The density parameter of ¥z from the decay of the MSSM-LSP after freeze
out is given by [13]

m ~
Qg(; = 2 Ovssmise / (3.7)

Mvssm-Lsp
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where Qyssvise is the (would-be) present density parameter of the MSSM-LSP for
the case where it is stable. Oysv1sp is estimated using conventional method since

the neutrino Yukawa coupling constants are very small.

7r can account for the present dark-matter density if Qgﬁ = Opu. We note
here that Qg(; is insensitive to the reheating temperature Ty after inflation as long
as T is higher than Tr, where Tt is the freeze-out temperature which is roughly

given by Tr ~ mysevise /20.
Based on equation 3.7, 7g-CDM is realised with some choice of MSSM pa-

rameters which satisfies the following relation:

Myvssm-Lsp O

—— (3.8)

QMSSM-LSP =

Since Mysswise 7 My, this implies that the MSSM parameters realizing 7g-CDM
are different from those for the conventional scenario where the MSSM-LSP, say
the lightest neutralino, becomes CDM. Furthermore, 7gr-CDM is possible even
if the MSSM-LSP is an electrically charged and/or coloured superparticle, and
hence the 7z-CDM is realised in a wider parameter range compared with the
MSSM-LSP dark matter [13].

3.4 Collider phenomenology

The presence of a right chiral sneutrino superfield for each generation in the
MSSM particle spectrum can lead to a situation in which the LSP is dominated
by the right-chiral sneutrino states. Since the right-chiral sneutrino has no gauge
interaction, the only way it can interact with matter is via neutrino Yukawa cou-
pling, the strength of which is very small. It should be emphasized that the phys-
ical LSP state can have (a) Yukawa couplings proportional to the neutrino mass,
and (b) gauge coupling with the small left-chiral admixture in it, driven by left-
right mixing which is again proportional to y,. Thus the decay of any particle
(particularly the NLSP) into the LSP will always be a very slow process, not tak-
ing place within the detector. Under such circumstances, the quintessential SUSY
signal is not Er anymore, but a pair of charged tracks left by the quasi-stable

NLSP which often found to be the lighter mass eigen-state of the scalar tau.

Such stable charged particles can in principle be distinguished from muons

through a number of techniques. These include the measurement of time delay
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between the inner tracking chamber and the muon chamber, the degree of ionisa-
tion, and also more exotic proposals such as the absorption of the stable particles
in a chamber which can be subsequently emptied underground to observe the
decays [2,10,23]. While these are all of sufficient importance and interest, it has
been shown in earlier works [14,24] that there are some very good kinematic dis-
criminators for such stable charged particles, which make the signals practically
background-free. Event selection criteria based on the transverse momentum (pr)
of the tracks, in conjunction with quantities such as the scalar sum of all visible
transverse momenta and the invariant mass of track pairs, are found to be useful

in this respect.

The kinematic information available from this charged track helps one to
reconstruct the mass of the superparticles, which is otherwise difficult in the usual
SUSY scenarios, where, Er is the only signature of SUSY. In addition to this, it is
also possible to analyse the polarisations of the final state particles [25] in such a

scenario which, may in turn give us the hint about the spin of these sparticles.
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Chapter 4

Neutralino mass reconstruction

4.1 Introduction

Measurement of mass of the superparticle, if SUSY at all exists at the TeV scale,
will be a crucial objective of physicists at the LHC. In general, mass measurement
at the LHC is one of the most challenging task when large Er is the only signature
of SUSY. However, as we have mentioned earlier when the NLSP is a charged
particle and stable at the length scale of the detector, it is possible to reconstruct
the masses of the superparticles by studying the details kinematics of the final

state.

We have considered the mass reconstruction of the neutralinos [1] in the
scenario where 7 is the LSP and T is the NLSP. Measurement of neutralino
masses can give some hints about the gaugino mass ratio at the low scale, which

in turn may points towards some high-scale relation between the gaugino masses.

Neutralinos are produced in SUSY cascade via the cascade decay of squarks
and gluinos. The neutralino further decays into a 7 pair. It is to be noted that,

although we have worked under an mSUGRA framework for economy of param-
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eters, the cascades that lead to our desired final state are quite generic in SUSY

models.

Figure 4.1: Schematic diagram of a typical SUSY cascade for reconstruction of the

neutralinos.

We use the technique of tau reconstruction for this purpose. Often on-shell
intermediate states are helpful here (and in the subsequent two chapters as well)
in reconstructing various masses. Also, we depend neither on ionisation energy-
loss nor on time delay for extracting the mass of the stable stau, but rather obtain
it using an algorithm that depends on event-by-event information on two taus

and two stable tracks in the final state.

In section 4.2, we discuss the choice of benchmark points used for demon-
strating our claims, in the context of a supergravity scenario. The signal looked
for, the corresponding standard model backgrounds and the event selection cri-
teria chosen by us are discussed in section 4.3. Section 4.4 contains discussions
on the various steps in reconstructing neutralinos. The regions in the my — m
plane in a SUGRA scenario, where neutralino reconstruction is possible in our
method, are also pointed out in this section. We summarise and conclude in sec-

tion 4.5.

4.2 Choice of benchmark points

We try to identify regions of the parameter space, where neutralinos decaying
into a tau and a stau can be reconstructed, through the reconstruction of the tau
and the detection of the stau in the muon chamber. The rates for electroweak

production of neutralinos are generally rather low for this process. Therefore, the
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procedure works better when neutralinos are produced from the cascade decays
of squarks and gluinos. This is in spite of the additional number of jets in such
processes, which may fake the tau in certain cases and complicate the analysis of
the signals. We are thus limited to those regions of the parameter space, where
the gluino and squark production rates are appreciable, and therefore the value

of my s, is not too high.

With all the above considerations in mind, we concentrate on the lighter
stau (%) to be the NLSP with lifetime large enough to penetrate collider detectors
like the muons themselves. Using the spectrum generator of ISAJET 7.78 [2], we
find that a large mSUGRA parameter space can realise this scenario of a right-
sneutrino LSP and stau NLSP, provided that my < mj,, and one has tanp in
the range = 25, the latter condition being responsible for a larger left-right off-
diagonal term in the stau mass matrix (and thus one smaller eigenvalue). In Table
4.1 we identify a few benchmark points, all within a SUGRA scenario with uni-
versal scalar and gaugino masses, characterised by long-lived staus at the LHC.

In the next section we use these benchmark points to discuss the signatures

of the stau NLSP at the LHC and look for the final states in which it is possible to

reconstruct the neutralinos.

4.3 Signal and backgrounds

The signal which we have studied as a signature of stau NLSP and motivated by

the possible reconstruction of the neutralinos from the final state, is given by
e 27; + 2% (charged — track) + Er+ X

where 7; denotes a jet out of a one-prong decay of the tau, Er stands for missing
transverse energy and all accompanying hard jets arising from cascades are in-
cluded in X. The E7, of course, consists of two neutrinos out of tau decays in the

final state.

We have simulated pp collisions with a centre-of-mass energy Ecp = 14TeV.
The prediction of events assumes an integrated luminosity of 300 fb~!. The signal
and various backgrounds are calculated using PYTHIA (version-6.4.16) [3]. Nu-

merical values of various parameters, used in our calculation, are as follows [4]:
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Mz =91.2 GeV My, = 80.4 GeV M; = 171.4 GeV My = 120 GeV
a,r(Mz) =1279 as(Mz) = 0.118

We have worked with the CTEQS5L parton distribution function [5]. The

o . c . o __ final
factorisation and renormalisation scales are set at yr = pr = Maperage, average
mass of the final state particles produced in the initial hard scattering. In order
to make our estimate conservative, the signal rates have not been multiplied by
any K-factor [6], while the main background, namely, that from tf production, has
been multiplied by a K-factor of 1.8 [7]. The effects of initial state radiation (ISR)

and final state radiation (FSR) have been considered in our study.

4.3.1 Signal subprocesses:

We have studied all SUSY subprocesses leading to the desired final states. Neu-
tralinos are mostly produced in cascade decays of strongly interacting sparticles.

The dominant contributions thus come from
e gluino pair production: pp — $¢
e squark pair production: pp — §ij;, §iq;
e associated squark-gluino production: pp — 4§

In addition, electroweak pair-production of neutralinos can also contribute
to the signal we are looking for. The rates are, however, much smaller [see Table
4.2]. Moreover, the relatively small masses of the lightest and the second lightest
neutralinos (as compared to the squarks and the gluino) cause the signal from
such subprocesses to be drastically reduced by the cut employed by us on the
scalar sum of all visible p7’s. For example, for benchmark point 1 (BP1), one has

less than 5% of the total contribution from electroweak processes.

The production of squarks and gluinos have potentially large cross sections
at the LHC. For all our benchmark points listed in Table 4.1, the gluino is heavier
than the squarks. Thus its dominant decay is into a squark and a quark. x?
being mostly B dominated the main contribution to )((1) production comes from
the decay of right handed squarks (§r) and its decay branching ratio into the T-t
pair is almost 100% when it is just above the lighter stau in the spectrum. On the
other hand, the 7(8 is mostly Wg,—dominated, and therefore the main source of its

production is cascade decay of left-chiral squarks (4.). Such a x) can also decay
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into a 7-T pair.

If one can obtain complete information on the four-momentum of the
and the 7, then it is possible to reconstruct both x? and x) using the final state
mentioned above. The other two heavier neutralinos ( )(8 and )(91), due to their low
production rate and small decay branching ratios into the 7-7 pair, are relatively

difficult to reconstruct.

4.3.2 Background subprocesses:

The standard model background to 27; + 27 + Er comes mainly from the follow-

ing subprocesses :

e tf production, tt — bWbW:
Where two of the resulting jets can be faked as a tau-jet, and muons can
come from the W’s. One can also have a situation in which any (or both)
of the b-quark decays semileptonically (b — cuvy,) and any (or both) of
the W decays to a T — v pair. Though the efficiency of a non-tau jet being
identified as a narrow tau-like jet is small (as will be discussed in a later
section), and it is very unlikely to have isolated muons from semileptonic
decays of the b, the overwhelmingly large number of tf events produced at

the LHC makes this subprocess quite a serious source of backgrounds.

e ZY-pair production, ZZ — 27 + 2u:
This subprocess also gives an additional contribution to the background,

when one Z decays into a 7T pair and the other one into a pair of muons.

e Associated ZH-production, ZH — 27 + 2pu:
This subprocess, though have a small cross-section, can contribute to the
background through the decay of H — 77 and Z — upu, which can fake our

signal as well.

The additional backgrounds from W, t{Z and Z+jets can be suppressed by
the same cuts as those described below. Also a higher non-tau-jet rejection factor
and Z invariant mass cut can reduce the t{Z and Z+jets backgrounds consider-

ably.
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No. of Events (normalised)

4.3.3 Event selection criteria :

In selecting the candidate events selected for neutralino reconstruction, we choose
the two highest-pr isolated charged tracks showing up in the muon chamber,
both with pr > 100 GeV, as stable staus (see the detailed discussion later in this
section.). The isolation criteria for the tracks are shown in Table 4.3. In addition
to the pr cut, the scalar sum of all jets and lepton in each event is required to be
greater than 1 TeV. It is clear from Figures 4.2 and 4.3 that the standard model
backgrounds are effectively eliminated through the above criteria. In addition,

we require two T-jets with pr > 50 GeV, and Er > 40 GeV for each event. The

justification for both of these cuts is provided when we discuss T-tagging and

reconstruction.

The isolation and 3-momentum reconstruction of the charged track at the
muon chamber is done following the same criteria and procedure as those for

muons.
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Figure 4.2: pr distribution (normalised to unity) of the muon like track for the
signal and the background, for all benchmark points. The vertical lines

indicate the effects of a pr cut at 100 GeV.

In order to obtain the invariant mass of a tau-stau pair, one needs to extract
information on the mass of the stable charged particle (the stau in our context).
While standard techniques such as time delay measurement or the degree of ion-
isation produced has been suggested in a number of earlier works [8], we extract

mass information from an event-by-event analysis which is reported in the next
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Figure 4.3: X|p7| distribution (normalised to unity) for the signal and the back-

ground, for all benchmark points.

section. The efficiency for the reconstruction of staus has been taken to be the
same as that of muons with pr > 10 GeV in the pseudorapidity range || < 2.5,
and is set at 90% following [9].

T-jet tagging and T-reconstruction:

T-jet identification and T-reconstruction are necessary for both background
reduction and mass reconstruction of the neutralinos. We have concentrated on
hadronic decays of the T in the one-prong channel !. These are jet-like clusters
in the calorimeter containing a relatively small number of charged and neutral
hadrons. A T decays hadronically about 65% of the time, producing a t-jet. The
momentum of such a jet in the plane transverse to the parent T is small compared
to the T-energy, so long as the pr of the T-jet is large compared to the tau mass. In
this limit, hadronic T decays produce narrow jets collinear with the parent 7. The
neutrinos that carry missing Er also have the same direction in this limit. This
gives one a handle in reconstructing the 7’s, if one selects events where no other

invisible particle is likely to be produced.

Given the masses of the SUSY particles in our benchmark scenarios, the
T’s produced out of neutralino decay are hard enough, so that one can simulate

T-decays in the collinear approximation described above. A detailed discussion

IWe have not considered the leptonic decay of tau, as it is difficult to identify lepton coming from

tau decay to that coming from cascade decay of other objects like heavy quarks or W’s
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on the procedure followed for complete reconstruction of a pair of 7’s is found
in [10]. We have selected hadronic jets with Er > 50 GeV as candidate products
of T-decay. A rather conservative non-tau jet rejection factor of 20 has been as-
sumed, while the identification efficiency of a true tau-jet has been assumed to be
50% following [11,12].

To describe the procedure in brief, one can fully reconstruct the T by know-
ing x4, (i = 1,2), the fractions of the parent T-energy carried by each product jet.
Here i = 1,2 represent the two branches of cascades that lead to the two 7’s. The
two unknowns can be solved from the two components of the missing transverse

momentum (p7) of a particular event.

If p., p). are, respectively the components of four-momentum of the parent

T and the collinear jet produced from it (i = 1,2), then

Phi = Yu P (1=0,1,.,4) 4.1

(as E¢ = |p%|, in the limit m, — 0)

and one can write

pr= (1 ~1) Pt (1) fia
X1 Ti

This yields two conditions for x,,. Solving them, one obtains the T four-
momenta as py;/ X+, from the knowledge of the energy and momenta of the re-
sulting jets. In practice, as will be discussed below, the recorded missing mo-
mentum, §7°, is different from the true one, namely, ﬁtT”“”. This error can lead
to unphysical solutions for the reconstructed T-momenta in some cases. Such a
situation often arises when the two taus are produced back-to-back. This in turn
means that the T-neutrino’s are also produced back-to-back in the collinear ap-
proximation. This reduces the magnitude of fit, when errors due to mismeasure-
ments can lead to unphysical solutions. This is sometimes avoided by leaving
out back-to-back orientation of the two T-jet candidates, with some tolerance. In
our analysis, a minimum value for Er (= 40 GeV) and positivity of x,’s have
been imposed as necessary conditions, in order to minimise the number of un-
physical solutions. Besides, pr > 50 GeV for each T-jets ensures the validity of
the collinear approximation in 7-decays. The T-identification efficiency and the

jet rejection factor are also better optimized with this pr-cut [11,12].
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Of course, with a jet rejection factor of 1/20, one cannot rule out the pos-
sibility of QCD jets masquerading as T’s, in view of the huge number of QCD
events at the LHC. Such fakes constitute irreducible backgrounds to the T-reconstruction
procedure. However, as we shall see in the numerical results presented in the next
section, triggering on the rather strikingly spectacular properties of the quasi-
stable stau-pair enables one to filter out the genuine events in the majority of

cases.
Reconstruction of fr:

It is evident from the above observations that the reconstruction of p7 is
very crucial for our study. The reconstructed p7 differs considerably from true
#7, due to several reasons. The true p7"¢ is related to the experimentally recon-

structed ¢ by the following relation

ﬁ;igc — sfue + ﬁgorzu + ﬁ?O'S

where p1% corresponds to the total transverse momentum carried by the par-
ticles escaping detection in the range |57 > 5 and p5%> corresponds to the total
transverse momentum carried by the particles in the range || < 5 with pr < 0.5
GeV?, which contributes to the true f;T- In addition to this, mismeasurement
of the transverse momenta for jets, leptons etc. alters the true /{;T by an sizable
amount. This is due to the finite resolution of detectors, and is handled in the-
oretical predictions by smearing the energy/momentum of a particle through a

Gaussian function.

In our study, we have tried to reconstruct p7, taking into account all the
above issues. The missing transverse momentum in any event is defined as
pr = —ypuisivle
where the Z7%5"¢ consists of isolated leptons/photons /jets and also those objects
which do not belong to any of these components but are detected at the detector,
constituting the so called ‘soft part” or the “‘unclustered component’ of the visible
momentum. We describe below the various components of the visible p7, and

their respective resolution functions.
Resolution effects:

Among the finite resolution effects of the detector, taken into account in

our analysis, most important are the finite resolutions of the’electromagnetic and

2The threshold is 0.5 GeV for CMS and 1 GeV for ATLAS.

67



hadron calorimeters, and the muon track resolution. Since the kind of final state
we are dealing with does not require any isolated electrons/photons, we have
not considered electron or photon resolution. The electrons/photons which are
not isolated but have Er > 10 GeV and || < 5 have been considered as jets
and their resolution has been parametrised according to that of jets. Jets have
been defined within a cone of AR = 0.4 and Er > 20GeV using the PYCELL
tixed cone jet formation algorithm in PYTHIA. Since the staus are long-lived and
leave charged tracks in the muon chamber, their smearing criteria have been
taken to be the same as those of isolated muons. Though one can describe the
resolution of the track of staus and muons by different resolution functions (as
mg >> my), one does not envision any significant deviation in the prediction
of events via such difference. Therefore, in the absence of any clear guidelines,
we have treated them on equal footing, as far as the Gaussian smearing func-
tion is concerned. The tracks which show up in the muon chamber, but are not
isolated, having Er > 10GeV and |5| < 2.5, have been considered as jets and
smeared accordingly. All the particles (electron, photon, muon, and stau) with
0.5 < Er < 10GeV and || < 5 (for muon or muon-like tracks, || < 2.5), or
hadrons with 0.5 < Er < 20GeV and || < 5, which constitute ‘hits” in the de-
tector, are considered as soft or unclustered components. Their resolution functions
have been considered separately. We present below the different parametrisation
of the different component of the final state, assuming the smearing to be Gaus-

sian in nature.

o Jet energy resolution :

o(E)/E=a/NE®b®c/E 4.2)
where
a=0.7 [GeV'/?], b=0.08 & c=0.009 [GeV] for || < 1.5
=1 =01  =0.009 15< |yl <5

e Muon/Stau pr resolution :

U(pT)/pT = a if pr < (j (43)
= a+blog(pr/¢) ifpr>¢ (4.4)
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where
a=0.008, b=0.037 & { = 100 [GeV] for |y| < 1.5
=0.02 =0.05 ¢ =100 15< |y <25

e Soft component resolution :

o(Er) = ay/ ES (4.5)

with & ~ 0.55. One should keep in mind that the x and y component of ESTof f

need to be smeared independently.

It is of great importance to ensure that the stable 7 leaving a track in the
muon chamber is not faked by an actual muon arising from a standard model
process. As has been mentioned in section 4.3.3, we have found certain kinematic
prescriptions to be effective as well as reliable in this respect. In order to see this
clearly, we present the pr-distributions of the harder muon and the -track in
Figure 4.2. The T-pr clearly shows a harder distribution, owing to the fact that
the stau takes away the lion’s share of the pr possessed by the parent neutralino.
Another useful discriminator is the scalar sum of transverse momenta of all de-
tected particles (jets, leptons and unclustered components). The distribution in
Y| pr|, defined in the above manner, displays a marked distinction for the signal
events, as shown in Figure 4.3. The cuts chosen in Table 4.3 have been guided by
both of the above considerations. They have been applied for all the benchmark

points, as also for the background calculation.

4.4 Numerical results and neutralino reconstruction:

4.4.1 The reconstruction strategy

Having obtained the T four-momenta, the neutralinos can be reconstructed, once
we obtain the energy of the ¥’s whose three-momenta are already known from
the curvature of the tracks in the muon chamber. For this, one needs to know the
T-mass. In addition, the requirements are, of course, sufficient statistics, minimi-
sation of errors due to QCD jets faking the 7’s, and the suppression of combinato-
rial backgrounds. For the first of these, we have presented our numerical results
uniformly for an integrated luminosity of 300 fb~!, although some of our bench-
mark points requires much less luminosity for effective reconstruction. We have
already remarked on the possibility of reducing the faking of t’s. As we shall
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show below, a systematic procedure can also be adopted for minimising combi-
natorial backgrounds to the reconstruction of neutralinos. The primary step in
this is to combine each such T with one of the two hardest tracks in the muon
chamber, which satisfy the cuts listed in Table 4.3. A particular T is combined
with a heavy track of opposite charge. However, since neutralinos are Majorana
fermions, producing pairs of 777~ and 7~ 7" with equal probability, this is not
enough to avoid the combinatorial backgrounds. Therefore, out of the two 7’s
and two heavy tracks, we select those pairs which give the closer spaced invariant
masses, with ]Mfmirl — M?:iyzl < 50 GeV. The number of signal and background

T
events, after the successive application of cuts are listed in Table 4.4.

This finally brings us to the all-important issue of knowing the stau-mass.
The T-mass can be reconstructed from the information on time delay (Af) between
the inner tracker and the outer muon system and the measured three-momentum
of the charged track [8]. The accuracy of this method depends on the accurate
determination of At, which can be limited when the particles are highly boosted.
We have followed a somewhat different approach to find the actual mass of the
particle associated with the charged track. We have found this method effective
when both pairs of 7% come from x{x! or x5x5.

Solving for the T-mass: The actual T-mass can be extracted by demanding
that the invariant mass of the two correct T7-pairs are equal, which yields an
equation involving one unknown, namely, mz:

\/ m?% + ’ﬁfl ‘Z'Eﬁ -V m?% + ’ﬁfz‘z'ETz = ﬁfl'p_{—l - ﬁfz'P_%z (4-6)

where the variables have their usual meanings and are experimentally measur-
able event-by-event. (T;, here denote the lighter ¥s on two sides of the cascade,
and not the two T mass eigenstates.)

The right combination is assumed to be selected whenever the difference
between ]Mgilrl -
mentioned earlier. It should be noted that the unambiguous identification of the

right TT-pairs which come from decays of two neutralinos ()((1))((1) or xJx3) does

Mgfrzl is minimum and differ by not more than 50 GeV, as

not depend on the actual stau mass. Thus we can use a ‘seed value” of the stau
mass as input to the above equation, in identifying the right 7% combinations.
We have used a seed value of m: ~ 100 GeV (motivated by the LEP limit on mz).
The SM background has already been suppressed by demanding the pr of each
charged track to be greater than 100 GeV, together with X|p7| > 1 TeV.

Once the right pairs are chosen using the seed value of the T-mass, we need
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not use that value any more, and instead solve equation 4.6 which is quadratic

in m% We have kept only those events in which at least one positive solution

for m% exists. When both roots of the equation are positive, the higher value
is always found to be beyond the reach of the maximum centre-of-mass energy
available for the process. Hence we have considered the solution corresponding
to the lower value of the root. The distribution of the solutions thus obtained has
a peak around the actual T-mass. The T-track four-momenta are completely con-

structed, using this peak value as the actual mass of the T-NLSP (see Figure 4.4).

This sets the stage fully for the reconstruction of neutralinos, the results of
which are shown in Figure 4.5. For BP1, BP2 and BP3 one can see that there is only
one peak which corresponds to the xJ. This is because the x3 production rate in
cascade is relatively small for these points. For BP4 and BP5, on the other hand,
we have distinct peaks for both )((1) and x3. At BP6, however, we only have the
X3 peak. This is due to the small mass splitting between (m0 =129 GeV) and
T (mz = 124 GeV), which softens the tau (jet) arising from its decay, preventing
it from passing the requisite hardness cuts. On the whole, it is clear from Figure
4.5 (comparing the peaks with the input values of the neutralino masses) that, in
spite of adulteration by QCD jets that fake the 7’s, our event selection criteria can
lead to faithful reconstruction of neutralino masses.

One may still like to know whether a neutralino reconstructed in this man-
ner is the x! or the x3, when only one peak is visible. This requires further infor-
mation on the SUSY spectrum. For example, the information on the gluino mass,
extracted from the effective mass (defined as (X|pr| + Er)) distribution, may en-
able one to distinguish between the x? and the x3, once gaugino mass unification
at high scale is assumed.

4.4.2 LHC reach in the my — my,, -plane:

We have also identified the region in the my — mj,, plane, where at least one
of the two lightest neutralinos can be reconstructed. For this, we have scanned
over the region of the my — mj/, plane using the spectrum generator SuSpect (v
2.34) [13] which leads to a T LSP in a usual mSUGRA scenario without the right
handed sneutrino [14]. Results of this scan are shown in Figure 4.6. The coloured
(shaded) areas are consistent with all the low energy constraints like b — s,
Bs — utu—, A( Su— 2) and the LEP limits on the low energy spectrum. The value
of tan has been fixed at 30, and Ap = 100 has been chosen.

The regions where reconstruction is possible have been determined using
the following criteria:

e In the parameter space, we have not gone into regions where the gluino
mass exceeds ~ 2 TeV.
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Figure 4.5: Mz, distribution for all the benchmark points at luminosity 300 fb~!.
BP1, BP2 and BP3 show only the x{ peak. Both the x? and x) peaks
are visible for BP4 and BP5, while BP6 displays only the 7(8 peak.
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Figure 4.6: The region in the my — my /; plane, where it is possible to reconstruct at
least one of the neutralinos at the LHC, with tanp = 30 and A = 100
GeV. In the blue (dark shade) region, at least 100 events are predicted
in the vicinity of the peak. The additional available region where 50
events in the vicinity of the peak are assumed to suffice for recon-
struction, is marked in green (light shade). The entire region above
the dashed line indicates the scenario where one has a 7zx-LSP and a
T-NLSP.

e The number of events satisfying | Mz — Mpear| < 0.1.M o at an integrated
luminosity of 300 fb~! must be greater than a specific number in order that
the peak is said to be reconstructed. One obtains the blue (dark shade)
region if this number is set at 100. If the peak can be constructed from
more than 50 events, the additional region, marked in green (light shade),
becomes allowed.

4.5 Summary and conclusions

We have considered a SUGRA scenario, with universal scalar and gaugino masses,
where a right-chiral neutrino superfield exists for each family. We have identi-
tied several benchmark points in the parameter space of such a theory, where a
right-sneutrino is the LSP, and a T mass eigenstate is the NLSP. The 7, stable on
the distance scale of the detectors, leaves a charged track in the muon chamber,
which is the characteristic feature of SUSY signals in this scenario. We use this
feature to reconstruct neutralinos in the T channel. For this, we use the collinear
approximation to obtain the four-momentum of the 7, and suggest a number of

74



event selection criteria to reduce backgrounds, including combinatorial ones. We
also suggest that the T mass may be extracted by solving the equation encapsu-
lating the equality of invariant masses of two 7T pairs in each event. We find that
at least one of the two lightest neutralinos can be thus reconstructed clearly over
a rather large region in the my — m; ;, plane, following our specified criteria.
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Input BP-1 BP-2 BP-3 BP-4 BP-5 BP-6

mg = 100 mgy = 100 mgy = 100 mg = 100 mg = 100 mgy = 100

mSUGRA || my,p =600 | my,p =500 | my/p =400 | myp =350 | my,p =325 | my;p =325

tanf =30 | tanfp =30 | tanfp =30 | tanf =30 | tanf =30 | tanf =25
Mg, My, 418 355 292 262 247 247
Mg, Mg 246 214 183 169 162 162
Mg, , My, 408 343 279 247 232 232
My, 395 333 270 239 224 226
My, 100 100 100 100 100 100
my 189 158 127 112 106 124
ms, 419 359 301 273 259 255
Mo 248 204 161 140 129 129
My 469 386 303 261 241 240
oy 470 387 303 262 241 241
mg 1362 1151 937 829 774 774
my, 969 816 772 582 634 543
mg, 1179 1008 818 750 683 709
L 115 114 112 111 111 111

Table 4.1: Proposed benchmark points (BP) for the study of the stau-NLSP scenario in the
SUGRA with right-sneutrino LSP. The value of mg and my ;, are given in GeV. We
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have also set Ag = 100 GeV and sgn(u) = + for benchmark points under study.




Subprocesses | BP-1 | BP-2 | BP-3 | BP-4 | BP-5 | BP-6

All SUSY 1765 | 4143 | 11726 | 20889 | 28864 | 15439

qq*, 8848 1616 | 3897 | 11061 | 19765 | 27785 | 14426

Table 4.2: The number of 27; + 27 (charged-track)+/Er+ X events, satisfying our basic cuts, for
f Ldt = 300 GeV, from various channel.

Cuts

lep,stau

pr > 10 GeV

pl%ardest—jet < 75 GeV

poer=Iets 50 GeVv

Basic Cuts 40 GeV < ET < 150 GeV

|7 < 2.5 for Leptons, Jets & Stau
ARy > 0.2, AR} > 0.4

ARy > 02, ARz > 0.4

Cuts for pi;O charg irack 5 100 GeV
Background Zlpr| > 1TeV
Elimination

Invariant mass difference \Mgim - Mgfr2| < 50 GeV
of two nearby pairs

Table 4.3: Cuts applied for event selection, background elimination and neutralino reconstric-
tion.
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CUTS SIGNAL BACKGROUND
BP1 BP2 BP3 BP4 BP5 BP6 | | ZZ | ZH | total

Basic Cuts 1765 4143 11726 20889 28864 15439 || 4129 | 45 | 6 | 4180
+Pp Cut 1588 3631 9471 15526 20282 9920 | 210 | 3| 1| 214
+X|Pr| Cut 1442 3076 6777 9538 11266 5724 || 63| 0| 0 63
FIMETT_MPU Cut || 408 887 1622 2004 2244 858 6| 0| o 6

Table 4.4: Number of signal and background events for 27; + 2% (charged-track)+Er+ X final
state with an integrated luminosity of 300 fb—1, considering all SUSY processes. The
standard model Higgs mass is taken to be 120 GeV in background calculation.
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Chapter 5

Chargino mass reconstruction

5.1 Introduction

In this chapter, we discuss the reconstruction of the chargino mass [1] in the sce-
nario under consideration (referred to chapter 3). Measurement of the chargino
mass, in addition to the neutralino masses, would confirm one important predic-
tion of the MSSM,, i.e. the correlation between the masses of the charginos and
neutralinos. In the MSSM, the masses of the charginos are correlated with some
of the neutralino masses. As has been already mentioned in the previous chapter,
in models with universal gaugino masses at high-scale, one would have

5
My ~ 2 tan? Oy My =~ 0.5M> (5.1)

at the electroweak scale. Any deviation from this will give some hints about high-
scale non-universality. However, the measurement of the neutralino masses alone
can not confirm the gaugino mass universality when say, the lightest neutralino
mass turns out to be nearly half to that of the second lightest neutralino. One need
some information about the chargino mass as well to pin down this universality.

With stau NLSP and 7r LSP, the chargino can, among other things, decay
into a Tv-pair. Due to the presence of the invisible neutrino, the information
about the chargino mass can be obtained from the transverse mass distribution
of the Tv,-pair, rather than from the invariant mass distribution [2]. We have
prescribed a method to extract the transverse component of the four-momentum
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of the neutrino out of a chargino decay from the total E7 of a particular event, in
order to reconstruct the transverse mass variable. For this purpose, we consider
chargino production in association with the neutralinos in SUSY cascade.

Figure 5.1: Schematic diagram of a typical SUSY cascade for the reconstruction of
the lighter chargino.

In the next section, we motivate the signal under study and the recon-
struction strategy for determining the chargino mass. In section 5.3 the possi-
ble sources of background, both from the SM and within the model itself, and
their possible discrimination, are discussed. We present the numerical results in
section 5.4. We summarise and conclude in section 5.5.

5.2 Reconstruction of the lighter chargino

The final state of use for the reconstruction of the lighter chargino is
e T + 2% (opposite — sign charged tracks) + Er+ X

where, 7; represents a jet which has been identified as a tau jet, the missing trans-
verse energy is denoted by Er and all other jets coming from cascade decays are
included in X.

The benchmark points under consideration are presented in Table ??, sec-
tion 4.2. Simulation for the LHC has been done for the signal as well as back-
grounds using PYTHIA (v6.4.16) [3]. The pp events have been studied with a
centre-of-mass energy (E.;.)=14 TeV at an integrated luminosity of 300 f b~1. The
numerical values of the electromagnetic and the strong coupling constant have
been set at a,,}(Mz) = 127.9 and as(Mz) = 0.118 respectively [4]. The hard
scattering process has been folded with CTEQS5L parton distribution function [5].
We have set the factorisation and renormalisation scales at the average mass of
the particles produced in the parton level hard scattering process. In order to
make our estimate conservative, the signal rates have not been multiplied by any
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K-factor [6]. The effects of initial and final state radiation as well as the finite de-
tector resolution of the energies/momenta of the final state particles have been
taken into account.

5.2.1 Chargino reconstruction from transverse mass distribution

Now we are all set to describe the main principle adopted by us for chargino
()(f) reconstruction. For this purpose, we have looked for the processes in which
)(f — X(l) /X3 is being produced in association with hard jets in cascade decays of
squarks and gluinos. The x;* subsequently decays into a t-v; pair, while the x!
(or x9) decays into a 7-7 pair. Since the decay of )(f involves an invisible particle
(vr), for which it is not possible to know all the four components of momenta, a
transverse mass distribution, rather than invariant mass distribution, of T-v, pair
will give us mass information of Xf In spite of the recent progress in measuring
the masses of particles in semi-invisible decay mode (for example the m 1, variable
introduced by [7] and its further implications [8]), we have focused on transverse
mass variable (mr) because of the fact that the only invisible particle present in
the final state is the neutrino, which is massless.

The procedure, however, still remains problematic, because the T on the
other side (arising from neutralino decay) also produces a neutrino in the final
state, which contributes to Er. In order to correctly reconstruct the transverse
mass of the T — v; pair from chargino decay, the contribution to Er from the
aforementioned neutrino must be subtracted.

Keeping this in mind, we have prescribed a method for reconstruction of
the transverse component of the neutrino 4-momenta (I_JZ) produced from the
decay of Xf, in association with 7. To describe it in short:

We label the transverse momentum of the neutrino coming from a chargino
decay by ﬁVTl Attention is focused on cases where the tau, produced from a neu-
tralino, decays hadronically and the 7-jet, out of a one-prong decay of tau, is iden-
tified. We have assumed a true tau-jet identification efficiency to be 50%, while
a non-tau jet rejection factor of 100 has been used [9-11] (The results for higher
identification efficiency are also shown in section 5.4.). Though we have used a
non-taujet rejection factor of 20 earlier, we have used a better fake jet rejection fac-
tor here in view of some more optimistic recent estimates. We have also assumed
that there is no invisible particle other than the two neutrinos mentioned above.
We have attempted to ensure this by vetoing any event with isolated charged lep-
tons. This only leaves out neutrinos from Z-decay and W-decays into a v, pair.
The contamination of our signal from these are found to be rather modest.

The transverse momenta of the neutrino (1312), out of a tau decay; is first re-
constructed in the collinear approximation, where the product neutrino and the
jet are both assumed to move collinearly with the parent tau. In this approxima-
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tion, one can write
Py, = xPr (5.2)

+

Following the decay X(l) (or, x3)— T*1F we have then combined the identified

tau-jet with the oppositely charged stau (track), thus forming the invariant mass
mf(o = (Pr+Pr)> = (Pr+ P /x)* (i=1,2) (5.3)

This pairing requires the charge information of the tau-induced jet. We
have assumed that, for a true tau-jet, the charge identification efficiency is 100%,
while to a non-tau jet we have randomly assigned positive and negative charge,
each with 50% weight. One can solve this equation for x (neglecting the tau-jet
invariant massl), to obtain

2P;.P.
X7 T

This requires the information of m_ o (or, m.o) and mz as well, which we
X1 X2
have used from our earlier work for the respective benchmark points. Once x is

known we have, .
p .PT], (5.5)

Bl =B Pl =
Hence, the transverse component of the neutrino, out of )(f—decay can be
extracted from the knowledge of Et of that particular event?. This is given by,
3T _ 7 ST
P, =Er—P, (5.6)
Finally, from the end point of the transverse mass distribution of the ¥-v; pair the

X
X3 can decay into a 77 pair. Therefore, it is necessary to specify some criterion to

value of m = can be obtained. However, one should keep in mind that, both )((1) or

separate whether a given 77 pair has originated from a )((1) or x5 which we have
discussed in the next subsection.

5.2.2 Distinguishing between decay products of )((1) and )(g

In order to identify the origin of a given opposite sign T-T pair, the first infor-
mation that is to be extracted from data is which benchmark region one is in.
We have assumed of gaugino mass universality for this process, for the sake of
simplicity.

If one looks at the effective mass (defined by M,sr = Y |pr| + Er) distribu-
tion of the final state, then the peak of the distribution gives one an idea of the

IThis approximation is not valid for small x, say x < 0.1. However, the jet out of a tau decay
almost always carries a larger fraction of T-energy, thus justifying the approximation.
2For details on the reconstruction of E7 see section 4.3.3.
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No. of Events (normalised)

masses of the strongly interacting superparticles which are the dominant prod-
ucts of the initial hard scattering process. This is seen from Figure 5.2. Once the
order of magnitude of the gluino mass is inferred from this distribution, one can

use the universality of gaugino masses, which, in turn, indicates where Mo and

My, Masses of the two lightest neutralinos, are expected to lie.
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Figure 5.2: M, distribution (normalized to unity) of the final state under consideration, for all
benchmark points.

Next, for each event that we record, we look at a T and a 7-jet of opposite
signs. The invariant mass distribution of this 77; pair displays a peak whose
location, although not precisely telling us about the parent neutralino, is still in
the vicinity of the mass values. Thus, by observing these distributions (Figure
5.3) one often is able to tell whether it is a x{ or a x3, once one simultaneously
uses information obtained from the M, distribution.

As has already been noted in the previous chapter, the mass of either x? or
X3 or both can be reconstructed in this scenario, depending on one’s location in
the parameter space. Once a peak in the 77 invariant mass is located, the next step
is to check whether ]MTT m o\ < 0.1.m N where o is either one (or the only
one) of the two lightest neutrahnos deemed reconstructible in the corresponding
region. The mass of that neutralino is used in equation 5.3. If this equality is not
satisfied for either neutralino or the only one reconstructed, then the event is not
included in the analysis.
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Figure 5.3: M+, distribution for all the benchmark points. BP1, BP2 and BP3 show only the x5

peak. Both the x\ and x3 peaks are visible for BP4 and BP5, while BP6 displays only
the X3 peak.

86



5.3 Backgrounds and cuts

5.3.1 SM backgrounds

The final state we have considered, namely, 7; + 2% (opposite — sign charged track) +

No. of Events (normalised)

Er+ X, suffers from several SM background processes. This is because charged
tracks in the muon chamber due to the presence of quasistable charged particle
can be faked by muons. Such faking is particularly likely for ultra-relativistic
particles, for which neither the time-delay measurement nor the degree of ion-
isation in the inner tracking chamber is a reliable discriminator. The dominant
contributions come from the following subprocesses:
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Figure 5.4: pr distribution (normalised to unity) of the harder muonlike track for the signal and

the background, for all benchmark points. The vertical lines indicate the effects of a
pr-cut at 100 GeV.

1. tf: This is a potential background for any final state in the context of LHC,

due to its large production cross-section. In this case tf — bW bW, fol-
lowed by various combinations of leptonic as well as hadronic decays of
the b and the W, can produce opposite sign dimuons and jets. The jets may
emanate from actual taus, but may as well be fake. One has an efficiency of
50% in the former case, and a mistagging probability of 1% in the latter. The
tt cross-section has been multiplied by a K-factor of 1.8 [12].

. bb: This, too, has an overwhelmingly large event rate at the LHC. The

semileptonic decay of both the b’s (b — cpuv,) can give rise to a dimuon
final state and any of the associated jets can be faked as tau-jet. Though the
mistagging probability of a non-tau jet being identified as a tau-jet is small,
the large cross-section of bb production warrants serious attention to this
background.
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Figure 5.5: Z|pr| distribution (normalized to unity) for the signal and the background, for all
benchmark points.

3. ZZ: In this case any one of the Z’s can decays into a dimuon pair (Z — up)
while the other one can decays into 77 pair where only one of the tau can be
identified. The hadronic decay of Z and the subsequent misidentification of
any of them as tau-jet is also possible.

4. ZW: This SM process also contributes to the final state under consideration
with Z — pypand W — ti,.

5. ZH: This subprocess can also contribute to the final state ; + 2y (charged —
track) + Erwhere the Higgs decaying into a pair of 7’s, with only one of the
T being identified has been considered.

Our chosen event selection criteria have been prompted by all the above
backgrounds. First of all, we have subjected the events to the following basic
cuts:

o PP 510 GeV

phardest=iet - 75 GeV

poterTIEs 5 30 GeV

40 GeV < Er < 180 GeV

|| < 2.5 for Leptons, Jets & Stau

AR > 0.2, ARj; > 0.4, where AR? = App> + Ag?
ARz > 0.2, ARzj > 0.4

o AR;; > 0.7

Though the above cuts largely establish the bona fide of a signal event, the back-
ground events are too numerous to be effectively suppressed by them. One there-
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fore has to use the fact that the jets and stau-tracks are all arising from the decays
of substantially heavy sparticles. This endows them with added degrees of hard-
ness, as compound to jets and muons produced in SM process. Thus we can im-
pose a pr cut on each track on the muon chamber, and also demand a large value
of the scalar sum of transverse momenta of all the visible final state particles:

° pijtluonlike track > 100 GeV
° Z’p_)ﬂ >1TeV

The justification of these cuts can also be seen from Figures 5.4 and 5.5. It
may be noted that no invariant mass cut on the pair of charged tracks has been
imposed. While such a cut, too, can suppress the dimuon background, we find it
more rewarding to use the scalar sum of pr cut.

5.3.2 SUSY backgrounds

Apart from the SM backgrounds, SUSY processes in this scenario itself contribute
to the final state 7; + 27 + Er + X, which are often more serious than the SM
backgrounds. These events will survive the kinematic cuts listed in the previous
subsection, since they, too, originate in heavy sparticles produced in the initial
hard scattering. The dominant contributions of this kind come from:

L. xx} production in cascade decay of squarks/gluinos: This is one of the po-

tentially dangerous background where both the x?’s (i, j = 1,2) decay into
TT-pairs, with only one tau being identified. This then mimics our final
state in all details with a much higher event rate.

2. Uy 7(? production in cascade decay of squarks/gluinos: The decay of 7, as

part of the cascade produces a W;-pair, while the x? decays into a Tt-pair
to give rise to same final state with an additional W which then can decay
hadronically. The 71, is produced in association with a tau in large number
of events (e.g., )ﬁ — 771 T). The 77, can also be produced from, say, a )((2).
In both of the above situations, a tau-stau pair can be seen together with
another stau track, thus leading to a background event.

The first background can be reduced partially by looking at the invariant
mass distribution of the T (having same sign as that of the identified T in the fi-

nal state) with each jet in the final state. If this distribution for any particular
combinations falls within m,, —20 < Mgz < my, + 20 (where m,, = Mo OF @,
depending on whether X(l) or 7(8 is better constructed), we have thrown away that
event. The reason for this lies in the observations depicted in Figure 5.3; the in-
variant mass of a T-induced jet and the T which shows a peak close to the mass
of the neutralino from which the ¥-7 pair is produced. This has been denoted by

Cut X in Tables 5.1 and 5.2. In addition, if the available information on the effec-
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tive mass tells us that the xJ is better reconstructed in the region, and is produced
along with a )((1) with substantial rate, then a similar invariant mass cut around
the )((2) mass will also be useful. A further cut on the transverse mass distribu-
tion MI, (> L.5m,0 or 0.75m,) substantially decreases this background without
seriously effecting the signal.

The background of the second kind can in principle be reduced by vetoing
events with additional W’s. To identify events with W we have considered only
the hadronic decays of W’s. We first observe the AR separation between the stau
(produced in decay of 7;1) and the direction formed out of the vector sum of the
momenta of the two jets produced in W decay. If this separation lies within AR =
0.8 and the invariant mass of the two jets lies within My — 20 < Mj; < My + 20
we discard that particular event. In addition, for a sufficiently boosted W, one can
have a situation where the two jets merge to form a single jet. For such a case, we
again look at the stau and each jet within AR < 0.8 around it. The invariant mass
of the resultant jet is taken to be 20% of the jet energy. The event is rejected if a jet
with the mass lies within £20 GeV of the W-mass. We have denoted this by Cut
Y in Tables 5.1 and 5.2. Of course, while it is useful in reducing the background,
a fraction of the signal events also gets discarded in the process.

5.4 Numerical results

We finally present the numerical results of our study, after imposing the vari-
ous cuts for all the benchmark points. From Tables 5.1 and 5.2 one can see that,
after demanding a minimum hardness of the charged track (ptTka > 100 GeV),
together with the cut on the scalar sum of pr (X|pr| > 1TeV), the contribution
from the SM processes get reduced substantially. The cuts X and Y, defined in
the previous subsection, are relatively inconsequential for SM processes. How-
ever, in the process of solving for neutrino momentum in tau decay, most of the
SM background events gets eliminated on demanding the invariant mass of the
tau, paired with a oppositely charged track, to be around the neutralino mass
(mx? or m Xg). This is due to the demand that the solution be physical, i.e. the frac-
tion x lies between 0 and 1. It is very unlikely to have admissible solutions for x
in SM processes, with the T-muon track pair invariant mass peaking at m M / 0.
Thus, although the demand 0 < x < 1 is not meant specifically for background
elimination, it is nonetheless helpful in reducing backgrounds. We have verified
that the SM contributions within a bin of £20GeV around the reconstructed peak
is very small.

As has been already mentioned, SUSY backgrounds within the model itself
is hard to get rid of completely. The peak in the transverse mass distribution
of the T-v; pair get smeared due to such background events. We have already
mentioned two suggested cuts, namely, X and Y, which partially reduce these
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backgrounds. Of these, cut Y suppresses (by about 15%) some of the 7, -x" P
events, as can be seen from Tables 5.1 and 5.2. The effects of this cut on the other
SUSY backgrounds as well as the signal are very similar.

Cut X is meant to eliminate mainly the X?'X? background. Our analysis
shows that this cut is rather effective in this respect; the event rate is reduced
by almost 50%. Surprisingly, it also reduces the 7, -x! /» background by a con-
siderable amount. The reason for this is the following: ﬁTL—X(l) /o 18 produced in
cascade decays of squarks and gluinos and the 7, is often produced from a xi
(the branching fraction being 30% or more in some BP’s). In that case the decay
process is )(f — T%7,,. The tau out of such a X% is sometimes identified, whereas
the tau out of a x! /2 (Y o T%F) from the other decay chain goes untagged.
The invariant mass distribution of a track and the jet coming from an unidenti-
fied T is clustered around m_o (i = 1,2). Thus cut X turns out to be effective in
eliminating this type of backgi‘ound.

After all this effort, however, one still left with background events which
smear the sharp fall in the transverse mass distribution of the Tv,-pair. We have
to impose an additional cut on the transverse mass distribution to separate it from
the background. This is in the form of the demand M%T > %mxg, whereby it is
possible to reduce these backgrounds further, as can be seen from Tables 5.1 and
5.2. It is then possible to determine the chargino mass (mxli) by looking at the
peak, followed by a sharp descent, in the transverse mass distribution for several
benchmark points.

The transverse mass distributions for different benchmark points are shown
in Figures 5.6 and 5.7. The tau-identification efficiency is assumed to be 50% in
Figure 5.6; Figure 5.7 reflects the improvement achieved in a relatively optimistic
situation when this efficiency is 70%.

At BP1 the statistics is very poor and we have relatively few events within
a bin of 40 GeV around m,+. One has about 50% of the events coming from other
SUSY processes (Table 5.1). Also the sharp edge is not clearly visible due to the
presence of a large number of xx{ events, even after imposing the M1, > 2m 0
cut.

The situation is similar for BP2 as well. In BP3 and BP4 a peak-like be-
haviour, followed by a sharp fall, is considerably more distinct, from which one

can extract the value of Mk

For BP5 and BP6 the contamination due to the SUSY background is found to
be small compared to the other benchmark points. The )ﬁ production rate in cas-
cade decays of squarks/gluinos is also higher there. Hence the transverse mass
distribution shows a distinctly sharp fall, from which a faithful reconstruction of
chargino mass is possible.

A comparison between Figures 5.6 and 5.7 shows, the prospect can be im-
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proved noticeably if one has a better tau identification efficiency (e; = 70%). In
such a case, the background from X(l’—)((l)/ )((1’—)((2)/ X3-x5 is less severe compared to
the case where the tau identification efficiency is 50%.

From Figures 5.6 and 5.7, one can also see some small peaks in the M%T
distribution with very few event rate, in the region where M%T > M. This can
be attributed to those events where a x3 or a x] decays into a 7 pair, and also to
the production of the heavier chargino.

5.5 Summary and conclusions

We have extended our earlier study on the mass reconstruction of non-strongly
interacting superparticles in such cases, by considering final states resulting from
the decays of a )(f X(l) 2 pair in SUSY cascades. The final state under consideration
is T; + 27 (opposite — sign charged tracks) + Er + X. Weﬂhave systematically de-
veloped a procedure for identifying the contribution to prfrom the neutrino pro-
duced in x; -decay, together with a quasi-stable stau. Once this is possible, the
transverse mass distribution of the corresponding T — v, pair can be extracted
from data at the LHC, and a sharp edge in that distribution yields information
on the chargino mass. While eliminating the SM backgrounds in this process is
straightforward, we have suggested ways of minimising the contamination of
the relevant final state from competing processes in the same SUSY scenario. Se-
lecting a number of benchmark points in the parameter space, we show regions
where the above procedure works. In cases where it does not, the main causes
of failure are identified as the overwhelmingly large contribution from X?—pairs,
and, for example, in the first two benchmark points, somewhat poor statistics.
The other important issue is the differentiation between the )((1) and the 7(8 pro-
duced in association with the )(f. For this, we make use of the assumption of
gaugino universality as well as the information extracted from the effective mass
distribution in SUSY processes.

To conclude, we reiterate that the existence of quasi-stable charged parti-
cles, a possibility not too far-fetched, opens a new vista in the reconstruction of
superparticle masses. While the utilisation of this possibility has already been
discussed in the previous chapter, the present work underscores a relatively ar-
duous task in this respect, in obtaining transverse mass edges in chargino de-
cays. In spite of rather challenging obstacles from underlying SUSY processes,
we demonstrate the feasibility of our procedure, which is likely to be enhanced
by improvement in, for example, the W-and tau-identification efficiencies.

92



No. of Events

No. of Events

No. of Events

14

BP1

12+

=05 ——
Mg =470 GeV

500
M, in GeV

400 450

300

550 600

BP3

=05 ——
mili:303 GeV

oL : : : :
250 300 350 400 450 500
MZ, in GeV
1000 - o Py S—
900 mgx=241 GeV

350
MZ, in GeV

200 250 300

400

No. of Events

No. of Events

No. of Events

BP2 !

\
=05 ——

m.+=387 GeV |
X1

450 500 550

ML in GeV

Tur

350 400

550 BP4
500
450
400
350
300
250
200
150 |
100
50 t

=05 ——
m==262 GeV 1

350 400 450

300
M2 in GeV

250

600 ‘

BP6 =05 —
mez=241 GeV

500

400

300

200

100

350 400 450

in GeV

300
ME

Tur

Figure 5.6: The transverse mass Tv.-pair from chargino decay described in the text, for all the
benchmark points with tau identification efficiency (er) = 50%.
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Figure 5.7: Same as in Figure 5.6, but with tau identification efficiency (er) = 70%.
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BP1 Signal SM SUSY backgrounds
(%, —x7) | backgrounds | A9 =y | A3 =x3 | A3 -3 | A% — 7L
Basic cuts 121 65588 2557 62 1 786
With pr+Z|pr| Cut | 92 202 2236 49 1 551
CutY 83 202 1969 42 1 433
Cut X 58 202 1130 26 1 244
MI, > §myg 28 0 83 2 0 25
|Mpeak — ME, | <20 || 9 0 7 0 0 2

BP2 Signal SM SUSY backgrounds
(32 —x7) | backgrounds | x?—x} | X} -3 | 43— | A} )0 — T
Basic cuts 677 65588 6600 390 9 2157
With pr+Z|pr| Cut || 492 202 5552 301 7 1418
CutyY 444 202 4885 262 6 1106
Cut X 336 202 2675 170 5 605
ML, > fmyg 173 0 278 26 1 76
|Mpear — ME, | <20 || 62 0 33 5 0 11

BP3 Signal SM SUSY backgrounds
(%, —x7) | backgrounds | A9 =% | A =x3 | A3 -3 | A%, — PuL
Basic cuts 5519 65588 19400 3361 170 6959
With pr+Z|pr| Cut || 3571 202 15181 2240 98 4186
CutyY 3131 202 13091 1924 91 3231
Cut X 2372 202 6974 1192 71 1679
ML, > Jmyg 1189 0 985 205 14 208
|Mpear — MEL, | <20 || 523 0 154 46 1 27

Table 5.1: Number of signal and background events for the t; + 2% (charged-track)+Et + X
final state, considering all SUSY processes, for BP1, BP2 and BP3 at an integrated
luminosity 300 fb~' assuming tau identification efficiency ex = 50%.
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BP4 Signal SM SUSY backgrounds
(Y, —x1) | backgrounds | x§ =y | XV =23 | x5 —23 | AY,p—er
Basic cuts 18194 65588 33076 10618 886 10613
With pr+Z|pr| Cut 10697 202 24475 6342 439 5713
CutY 9431 202 21100 5431 368 4436
Cut X 4875 202 7583 2132 157 1480
ML, > 3my 2345 0 1274 439 41 231
|Mpear — ML, | <20 || 1076 0 254 114 13 58

BP5 Signal SM SUSY backgrounds
(Y, —x1) | backgrounds | x§ =y | XV =23 | A3 —23 | AY,p—er
Basic cuts 34489 65588 39521 19574 1976 12039
With pr+X|pr| Cut 18748 202 28329 10827 958 5953
CutY 16419 202 24348 9326 815 4586
Cut X 8508 186 8869 3764 376 1626
M%T > %mxg 4099 0 1574 866 144 258
|Mpear — ML, | <20 || 2145 0 339 221 52 37

BP6 Signal SM SUSY backgrounds
(32 = x1) | backgrounds | x§ —x? | x7-a3 | A3 -a3 | Al
Basic cuts 17146 65588 14519 20756 1970 4644
With pr+Z|pr| Cut 8379 202 9593 11405 968 2524
CutyY 7326 202 8004 9776 778 2025
CutX 4204 186 3837 5697 374 1038
ML, > 3m 1475 0 231 1783 128 15
|Mpeqr — ML, | <20 || 774 0 62 569 44 0

Table 5.2: Same as in Table 5.1, but for BP4, BP5 and BP6.
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Chapter 6

Left-chiral tau-sneutrino reconstruction

6.1 Introduction

Next, we will describe the possibility of mass reconstruction of the heavier tau-
sneutrino whose dominant constituent is the left-chiral state at the LHC [1]. It
is produced in cascade decay of squarks and/or gluinos, mainly via the decay
of the second lightest neutralino or the lighter chargino. The 7, thus produced
has a substantial branching fraction of decaying into a W%-pair. Hence, recon-
structing the four-momenta of the W’s in its hadronic decay mode, it is possible
to reconstruct the heavier mass eigenstate of the tau-sneutrino. We have consid-
ered two different ways of reconstructing the 7;, mass. In one case, we use the
mass information of the lighter chargino and the neutralino and the other one is
more model independent, which does not use any mass information.

Though one can have a W in the final state in association with two charged
tracks in this long-lived stau scenario, our emphasis nonetheless is on the fact
that the W, paired with a particular track giving an invariant mass peak offers a
definite signature of 7;, production in the SUSY cascade.

In the following section we have discussed the signal under study and the
reconstruction strategy. Backgrounds and the event selection criteria have also
been discussed there. The numerical results which comprise a scan over the re-
gion of mg-my /» plane are presented in section 6.3. We conclude in section 6.4.
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Figure 6.1: Schematic diagrams of typical SUSY cascades for reconstruction of the
left-chiral tau-sneutrino.

6.2 Signal and reconstruction

We have worked with the benchmark points listed in Table 4.1, section 4.2. In
order to illustrate that it is possible to reconstruct the left-chiral T-sneutrino in
this scenario we have considered the following final state:

o T+ W+2F+Er+X

where, 7; represents a tau jet, the missing transverse energy is denoted by £, W
symbolizes a W-boson that has been identified in its hadronic decay mode! and
all other jets coming from cascade decays are included in X. The collider simu-
lation has been done with a centre of mass energy E.,=14 TeV, at two different
integrated luminosities of 30fb~! and 100fb~! using the event generator PYTHIA
6.4.16 [2]. A simulation for the early LHC run at E.,,=10 TeV and integrated lu-
minosity of 3fb~! has also been predicted. We have used the parton distribution
function CTEQS5L [3] with the factorisation (pr) and renormalisation (yg) scale
setat yr = g = m{;l,gf;ge, average mass of the final state particles produced in the
initial hard scattering. Following are the numerical values of various parameters,

IWe have not considered the leptonic decay of W since it is difficult to reconstruct the four mo-
menta of the W in its leptonic decay mode due to the presence of the invisible neutrino .
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used in our calculation [4]:

Mz = 91.187 GeV, My = 80.398 GeV, M; = 171.4 GeV
a, (Mz) =1279, as(Mz) = 0.118

where, Mz, My and M; are the masses of the Z, W boson and top-quark
respectively; e, (Myz) and as(Myz) are the electromagnetic and strong coupling
constants respectively at the scale of M.

6.2.1 Basic idea

The 7, is produced in SUSY cascade predominantly via the decay of lightest
chargino ()(f’ — 75, TT) or second lightest neutralino ()(g — ¥, 7¢). The corre-
sponding decay branching fractions are given in Table 6.1. The momentum infor-
mation of the charged track enables us to reconstruct the 7;, mass in this scenario.
This closely follows our earlier studies on neutralino and chargino reconstruction.
A procedure for reconstructing the mass of a left-chiral tau-sneutrino, making oc-
casional use of the earlier results, is outlined here.

BP-1 BP-2 BP-3

0 .o & . 0 .o & - - .
X5 — Vg Ue(+ce) | X7 = Uo7 | X3 = Tgc(4ce) | X — 7" Xg — T Te(+e0) | x{ — g

23% 24.7% 25% 27.6% 26.6% 32.5%

BP-4 BP-5 BP-6

X5 — U Ve(+ce) | xf — 077 | X9 = T e(+c0) | X7 = To T | XD = Vg r(+cc) | AT — T T

22% 31.7% 17.8% 28.2% 17.8% 26.4%

Table 6.1: The branching fractions for x5 — ¥, U, including the charge-conjugated (cc) mode
and x| — 7, T for respective benchmark points.

The 77, has a sizeable decay branching fraction into a W* %, -pair (ranging
from ~ 34% to 84%). Since the W will always be produced in association with
two staus, it is crucial to identify the correct Wiff -pair and thus avoid the com-
binatorial background. Since charge identification of a W in its hadronic decay
mode is difficult, we have adopted the following methods for finding the correct
pair:

1. Using opposite sign charged tracks (OSCT): To determine the correct WjE’I'fF -
pair we have make use of two opposite sign charged tracks. For the signal,
one has 7, + W + 27 + E1 + X with one tau in the final state, where the

~1i 7% pair has originated in the decay of a neutralino x{ (or x9) and 7, has
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decayed into a W*1%,” pair. The stau-track produced in a 7, decay always
has the same charge as that of the tau if one has two opposite sign charged
track in the final state. Hence combining the four momenta of this track
with that of W one can obtain a W17, invariant mass distribution peak-
ing at the 77; mass (my, ).This requires identification of the charge of a jet
out of a tau decay, the efficiency of which has been assumed to be 100%.
The events in which the tau has originated from the decay of a chargino
()(Ir — g 771), and the tau out of a neutralino decay goes unidentified, will
contribute to the background events in this method, which we will discuss
in the next subsection. Nevertheless, this method works very well in de-
termining the correct W*,7 pair and one obtains the invariant mass peak
at the correct value of the corresponding mass of the left-chiral sneutrino
(mﬂTL ). Furthermore, this method can be used irrespective of the possibility

of reconstruction of the neutralino and chargino mass?.

Using chargino-neutralino mass information (CNMI): Though the method
based on OSCT does not depend on the reconstructability of other super-
particle masses, its main disadvantage is that it not only reduces half of the

signal event but also includes many background events. The correct Wiff
pair can also be determined if one uses the information of the chargino
or/and neutralino mass, by looking at the end point in the invariant mass
distribution of the track and tau-jet pair. The right combination will have
the end point at the corresponding neutralino mass (mx?, i =1,2). In cases
where the tau out of a neutralino decay goes undetected and the tau out of a
chargino decay gets identified, then the T — W — 7; pair invariant mass dis-
tribution will have an end point at the corresponding chargino mass (m Xli).
We have combined the W* with the corresponding track (7;7) when either
of the ]mx? — M| <20 GeV or ]mxl_i — Mzwz| < 20 GeV criterion is satis-
fied.

6.2.2 Backgrounds and event selection criteria

In this subsection we discuss the possible SM backgrounds that can fake our sig-
nal, namely, W + 7; + 2T + E7 + X and prescribe the requisite cuts to minimise
them. First of all, we have advocated the following basic cuts for each event to

validate our desired final state:

o PP, plrack > 10 GeV

pl}urdest—jet > 75 GeV

pgﬂtherfjets > 30 GeV

21t should be mentioned here, that the mass associated with the charge track, which can be found
following our discussion in section 4.4.1, is an inevitable input for both the methods.
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Figure 6.2: pr of the harder muonlike track (left) and X.|p7| (right) distribution (normalised to
unity) for the signal (BP5) and the background, with E =10 TeV.

The above cuts are applied for simulation with both the center-of-mass en-
ergies of 10 and 14 TeV. Keeping detector resolutions of the momenta of each
particle in mind, different Gaussian resolution functions have been used for elec-
trons, muons/staus and jets. These exactly follow the path prescribed in section
4.3.3. We have assumed a tau identification efficiency of 50% for one prong de-
cay of a tau lepton, whereas a rejection factor of 100 has been used for the non-
taujets [5-7]. To identify the W in its hadronic decay mode, we have used the
following criteria:

e the invariant mass of any two jets should lie within My —20GeV < Mj; <

Mw +20GeV

o the separation between the stau and the direction formed out of the vector
sum of the momenta of the two jets (produced in W decay) should lie within
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Figure 6.3: pr of the harder muonlike track (left) and %.|p7| (right) distribution (normalised to
unity) for the signal (BP1, BP2 and BP3) and the background, with E.;,=14 TeV.

AR = 0.8

The charged track of a massive particle in the muon chamber can be faked
by the muon itself. In our earlier study, we have shown that the SM backgrounds
like tf, ZZ, ZW, ZH can contribute to the Tj + 2T + Er + X final state. In the
present study we have an additional W in the final state. This requirement fur-
ther reduces the contribution from SM processes. Above all, demanding an added
degree of hardness of the charged tracks and a minimum value of the scalar sum
of transverse momenta (X|p7|) of all the visible particle in the final state, the con-
tribution from above SM processes to the W + 7; + 2T + Er + X final state can
be suppressed considerably as can be seen from Table 6.2. We have considered
tf and ZW subprocesses, as the contribution from the ZZ and ZH background
are negligible even after the basic cuts, due to the requirement of additional W.
For the model dependent case (CNMI), which uses the mass information of the
neutralino and chargino for pairing W with a charged track, we have used the
values of m 0 and m x; as given in BP5. Because this gives a conservative estimate
of the background, as the event rates are even smaller if one uses different values
of Mo and oy for different benchmark points (e.g. BP1, BP2, etc.).

For the simulation at E.;, = 10 TeV, we have adopted the following cuts on
the pT and X|p7| variables (See Figure 6.2):
track

o p7% >75GeV
e X|p7| > 700 GeV

where as, for the simulation at a higher center of mass energy E.,, = 14 TeV the
degree of hardness raised to (See Figure 6.3 and 6.4):

e plrack > 100 GeV
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e X|pr| > 1TeV

Background 10 TeV 14 TeV
(tt+ ZW) CNMI | OSCT | CNMI | OSCT
basic cuts 21 19 1440 715
pr+Z|pr| cut 1 1 6 5
|Mpeak — Mzw| < 20GeV 0 0 1 1

Table 6.2: Number of background events for the W + t; + 27 (charged-track)+Er+ X final state
for two cases, with E¢yy=10 TeV and 14 TeV at an integrated luminosity of 3 fb~' and
100 fb=! respectively. In Table CNMI and OSCT stand for reconstruction of My,
using Chargino-Neutralino Mass Information whereas OSCT implies reconstruction
of the same using Opposite Sign Charged Tracks.

6.3 Results and discussions

We present the numerical results of our study in this section. At the early phase
of LHC run, i.e., E;; = 7 TeV and integrated luminosity of 1 fb~!, we have very
few number of signal events (~ 2 events). Therefore, it is hard to obtain a distinct
peak in the Wif'fF invariant mass distribution. In Table 6.3 we have presented
the results of simulation at E.,;, = 10 TeV for BP5, to illustrate that it is possible to
reconstruct the left-chiral tau-sneutrino even at an integrated luminosity of 3 fb~!
(Figure 6.5). Though for other benchmark points, it is very difficult to obtain the
mass of the 7, as the event rate is even smaller than BP5 and the peak is hardly
visible. The results of simulation at E.,;, = 14 TeV have also been shown in Tables
6.4 and 6.5. Depending on the luminosity and available center of mass energy, it
is possible to probe some or all of the benchmark points we have studied, at the
LHC.

The numerical results enable us to assess the relative merits of the OSCT
and CNMI methods. It is obvious from Tables 6.3-6.5 that we have larger number
of events when the chargino-neutrlino mass information (CNMI) rather than the
opposite sign charged tracks (OSCT) has been used to reconstruct the mass of the
77, as one would expect the number of events to be less if one is restricted to
opposite sign charged tracks. Also, the chance of including the wrong W% -
pair is more in the OSCT method. For example, as has already been mentioned,
xix} produced in cascades can give rise to W + Tj + 2T + Er + X final state,
where the tau out of a chargino decay (x; — 77, T") has been identified and not
the one originated from a neutralino decay. In this situation one ends up with
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a wrong combination of W ;" pair if one is using OSCT. The contribution of
such background, however, is not counted when CNMI is used. In spite of this,
the fact that no information on chargino and neutralino masses is used in OSCT,
is of advantage in independently confirming the nature of the spectrum. Both
the methods discussed above are prone to background contamination within the
model itself, such as misidentification of W and the decay like Xf/z — X ,WE —
4 W*T, which smear the peak, as is visible from Figure 6.6 and 6.7.

From the numerical results, it is seen that the number of events start getting
increased as one moves from BP1 to BP5, due to the fact that the production cross
section of 7, in cascade decay of squarks and/or gluinos get enhanced. How-
ever, at BP6 one has less number of events. The reason is twofold: First, the decay
branching fraction of 7, — 7, W™ reduces from 84% for BP1 to 60% for BP5.
The enhanced production cross-section thus has dominant effect. However, for
BP6 the branching ratio falls to 34.5%, thus affecting the event rates adversely.
Secondly, the mass difference my, — (mz + my) is of the order of 20 GeV, which
restricts the stau track from passing the requisite hardness cut for a sizeable num-
ber of events. Also, the ;W invariant mass peak is badly affected at BP6, as the
contribution from the decay )ﬁ/z — )((1) /ZWi is maximum due to the increase in
the branching ratio. The number of events within a bin of £20 GeV around the
peak obtained using CNMI is comparable to that obtained using OSCT at this
benchmark point. This is due to the fact that in case of mass reconstruction using
CNM]I, the information about the lightest neutralino mass is not available at BP6
(see section 4.4.1).

We have also explored the mSUGRA parameter space to study the feasi-
bility of sneutrino reconstruction. A thorough scan over the my — m; /, plane has
been done using the spectrum generator SuSpectv2.34 [8], which leads to a ¥ LSP in
a usual mSUGRA scenario without the right handed sneutrino and identified the
region where it is possible to reconstruct the left-chiral stau neutrino with more
than 25 events within the vicinity of the 7, mass peak at an integrated luminosity
of 30 fb~!. The corresponding plots are depicted in Figure 6.8.

The regions where reconstruction is possible have been determined using
the following criteria:

e In the parameter space, we have not gone into regions where the gluino
mass exceeds =~ 2 TeV.

e The number of events within a bin of £20 GeV around the peak must be
greater than a specific number for the corresponding luminosity.

e When the mass information is used, as a criterion for finding the correct
WiffF pair, we demand that at least one of the neutralinos can be recon-
structed in that region of my — my /, plane under consideration.

We should mention here that, to find the LHC reach in the my — my,; plane
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we have used neutralino mass information alone and not the information on
chargino mass.

basic cuts pr+Z|pr| |Mpeak — Mzw| < 20GeV
BP5 | CNMI | OSCT | CNMI | OSCT | CNMI OSCT
132 84 107 66 23 15

Table 6.3: Number of signal events for the W + 7j + 2T (charged-track)+Et + X final state,
considering all SUSY processes for BP5 with E,=10 TeV at an integrated luminosity
of 3 fb~! assuming tau identification efficiency er = 50%. In Table CNMI stands
for the same as in Table 6.2.

BP1 BP2 BP3
CNMI | OSCT | CNMI | OSCT | CNMI | OSCT
basic cuts 318 | 248 | 984 | 715 | 4060 | 2550
pr+Z|pr| cut 250 | 205 | 775 | 574 | 3030 | 1904
|Mpeak — Mew| < 20GeV | 62 38 187 | 119 | 634 | 364

Table 6.4: Number of signal events for the W + 7j + 27 (charged-track)+Et + X final state,
considering all SUSY processes, for BP1, BP2 and BP3 with E.p,=14 TeV at an inte-
grated luminosity of 100 fb~" assuming tau identification efficiency ex = 50%. In
Table CNMI and OSCT stand for the same as in Table 6.2.

6.4 Summary and conclusions

We have investigated the possibility of reconstruction of the left-chiral tau-sneutrino
in a scenario with a 7g-LSP and the lighter stau being long-lived. For that we
have studied the final state consisting of W + 7; + 2T + Er + X. We have also
prescribed two different strategies for the reconstruction of the mass of the 7, .
One is independent of the reconstructability of other particles as it does not use
the mass information and the other one does depend on the reconstructability of
the chargino and neutralino masses. The cuts imposed on the kinematic variables
to eliminate the SM backgrounds are motivated by our studies on chargino and
neutralino reconstruction under similar circumstances. We have demonstrated
the feasibility of reconstructing the mass of the 7, even at the early phase of LHC
run with E.,, = 10 TeV and at an integrated luminosity of 3 fb~! for a particu-
lar benchmark point (BP5) for illustration. The results for simulation with higher
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Figure 6.5: The invariant mass (Mzw) distribution in W + T; + 2% (charged-track)+Er+ X fi-
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nal state for BP5 assuming tau identification efficiency (1) = 50% at an integrated
luminosity of 3 fb~' and with E,=10 TeV. In Figure CNMI stands for reconstruc-
tion of my, using Chargino- Neutralino Mass Information whereas OSCT implies
reconstruction of the same using Opposite Sign Charged Tracks.



No. of Events

No. of Events

o
BP3 CNMmm
OSCrms
60 m,;TL =270 GeV ]
45 | ]

200 400 600 800
M.;W in GeV
150 = T o~
osCrmmmm

m,;TL =224 GeV

100 ]

50

200 400 600 800
M;-W in GeV

No. of Events

No. of Events

100 ————

BP4

—
CNMDpwmm
OSCTmmms

m,;TL:239 GeV

7t
50
25 b
200 400 600 800
M;-W in GeV
40 T T T
BP6 CN M
OSCPm
32 f My, =226 GeV 1

200

400
M»,'-W in GeV

600 800

Figure 6.6: The invariant mass (Mzw) distribution in W + 7; + 2% (charged-track)+Er + X
final state for four of our proposed benchmark points assuming tau identification
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BP4 BP5 BP6
CNMI | OSCT | CNMI | OSCT | CNMI | OSCT
basic cuts 8634 | 5450 | 12519 | 8014 | 4013 | 3995
pr+X|pr| cut 6145 | 3709 8654 | 5363 | 2560 | 2537
|Mpeak — Mew| < 20GeV | 1218 689 1471 866 385 349

my,, (GeV)

Table 6.5: Number of signal events for the W + 1; + 2% (charged-track)+/Et + X final state,
considering all SUSY processes, for BP4, BP5 and BP6 with E.p,=14 TeV at an inte-

grated luminosity of 100 fb~" assuming tau identification efficiency ex = 50%. In
Table CNMI and OSCT stand for the same as in Table 6.2.
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Figure 6.8: The region in the my — m; ;, plane (with tanf = 30 and Ay = 100 GeV),
where it is possible to reconstruct the left-chiral sneutrino at an inte-
grated luminosity of 30 fb~! and center-of-mass energy 14 TeV with
more than 25 events in the vicinity of the peak. In the Figure blue
(dark shade) region represents reconstruction of my, using only Neu-
tralino Mass Information (NMI), while the pink region (light shade)
stands for reconstruction of the same using Opposite Sign Charged
Tracks (OSCT) for the W + 7; + 27 (charged-track)+£7+ X final state.
The entire region above the dashed line indicates the scenario where
one has a 7g-LSP and a T-NLSP.
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LHC center-of-mass energy E.,, = 14 TeV at two different luminosities have also
been shown.

A thorough scan over the my — m; /, plane has been performed in this study,
which shows that a significant region of the mSUGRA parameter space can be
probed at the LHC with sufficient number of events at an integrated luminosity
of 30 f b~! with E.,,, = 14 TeV using our prescribed methods.

To conclude, the MSSM with a right-chiral sneutrino superfield for each
generation is a worthful possibility to look for at the LHC. It not only offers a
distinct SUSY signal in the form of a pair of charged tracks of massive particles
but also opens a new vista in the reconstruction of the superparticle masses.
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Chapter 7

Signatures of supersymmetry with
non-universal Higgs mass at the Large

Hadron Collider

7.1 Introduction

In the foregoing chapters, we have made use of the tau lepton for studying fea-
tures of a particular SUSY scenario, i.e., SUSY with a long-lived stau. We now
use the tau to extract signatures of another kind of model, namely, one where the
Higgs boson masses have their origins in SUSY breaking parameters at high scale,
which are different from those for the other scalars. The simplistic logic behind
this is that the assumption of universality of high scale parameters (which is the
case in an mSUGRA scenario) doesn’t follow from any known symmetry prin-
ciple. For example, gaugino mass non-universality can occur in supersymmet-
ric Grand Unified Theories (SUSY-GUT) [1] with non-trivial gauge kinetic func-
tions [2,3]. Non-universality in the scalar sector can also be motivated from the
SO(10) D-terms [4], apart from the phenomenological requirement to keep CP-
violation and flavour changing neutral currents (FCNC) under control [5]. More-
over, in SUSY-GUT theories based on the SO(10) group, sfermions and Higgs
fields belong to different representations and can therefore arise from indepen-
dent high-scale mass parameters.

In view of this, one can, within the SUGRA scenario itself, expect the Higgs
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mass parameters to arise from high scale value(s) different from . Thus models
with non-universal Higgs mass (NUHM) are of considerable interest, and their
viability in respect of both collider signals and issues such as the dark matter
content of the universe has been recently investigated [6-8].

One can incorporate the non-universality in the Higgs sector in two differ-
ent ways. In the first kind, one can have both of the soft Higgs mass parame-
ters originating in a high-scale value mé) which is different from mg, the univer-
sal high-scale mass for squarks and sleptons. In other words, one can postulate
m%{u = m%id = méz # m3 [7]. On the other hand, it is also possible to have H, and
Hj evolve down from two different high-scale inputs. In the later case, the high-scale
SUSY parameters are given by:

mi /2, Mo, M%{u, m‘?‘{d, Ap,tan p and sgn(p)

The split between the two Higgs squared masses at high scale introduces
additional features in the running of various mass parameters down to the elec-
troweak scale. In its most drastic manifestation, such a situation can give rise to
the sneutrino (7) as the lightest superpartner of standard model particles. Since
a sneutrino dark matter candidate is disfavoured from available results on di-
rect search, one then has to postulate the sneutrino(s) to be the next-to-lightest
supersymmetric particle(s) (NLSP), and, for example, gravitino as the lightest su-
persymmetric particle (LSP). With this achieved, most of the allowed region of
the NUHM parameter space leads to the right amount of relic density [9].

In this work, we propose using the LHC data to distinguish those cases
where the superparticle spectrum in NUHM is most strikingly different from the
usual mSUGRA scenario [10]. As we shall see in the next section, this happens for
a large negative high-scale value of mp,? — mpy . It not only leads to a large split-
ting between the left and right chiral sleptons, but also leads to the lighter slepton
mass eigenstate of any flavour being dominated by the left chiral component.

This feature, marking a drastic departure from the expectations in mSUGRA,
can be reflected in the signals of staus through the polarisation of the taus that
are produced either in their decay or in association with them [11-13]. In addi-
tion, the above hierarchy between left-and right-chiral sleptons can be probed by
studying the spin correlation of jets and leptons produced in cascade decays of
squarks. This correlation, as we shall see, affects the angular distribution of the
lepton in )((2) — I*[F, manifested through certain measurable kinematical vari-
ables [14-16].

To explain further, the large splitting between the left-and right-chiral slep-
tons sometimes yields a hierarchy where the right-chiral ones become much heav-
ier than not only the left-chiral ones but also the low-lying chargino/ second light-
est neutralinos over a large region of the NUHM parameter space. Thus they are
hardly produced in collider experiments. At the same time, the (dominantly) left-
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chiral stau and the corresponding sneutrino being considerably lighter — even
lighter than the lightest neutralino— the taus produced in their association are
dominantly left-handed. This is due to the fact that the gauge couplings involved
in the decay are chirality conserving, so long as one has large gaugino compo-
nents in the lighter neutralinos and charginos.

The consequences that we focus on are two-fold. First, one notices the prac-
tically ubiquitous 7 in SUSY signals. Secondly, the signals often bear the stamp
of left-polarized T~ ’s, in the products of their one-prong decay. With this in view,
we analyse the polarisation of the taus produced in the SUSY cascades in the
same-sign di-tau (SSDT) final states associated with hard jets and missing trans-
verse energy (ET). We show how this leads to noticeable differences between the
NUHM and mSUGRA spectra in the LHC environment.

Furthermore, we study the polarisation dependence of the angular distribu-
tion of the lepton produced in xJ decay, which shows up in the charge asymmetry
of the jet-lepton invariant mass (1) distribution discussed in detail later. Though
the effect tends to wash out due to the presence of antisquark decay, nevertheless
it can be observed at the LHC as more squarks are produced than antisquarks.

This chapter is organized as follows. We discuss various aspects of the
model under consideration in the following section and identify the region of
the mo — my /, parameter space where the lighter stau is dominantly left-chiral.
As we shall see below, this is achieved for large negative values of S. We choose
a few benchmark points for our collider simulation. Tau-polarisation and its im-
plications are discussed in section 7.3, while the analysis revealing the chirality
information on sleptons of the first two families is outlined in section 7.4. The
numerical results for each of the two analyses mentioned above, based on a sim-
ulation for the 14 TeV run of the LHC, is presented in section 7.5. We summarise
and conclude in section 7.6.

7.2 Features of the NUHM scenario and our choice of
benchmark points

7.2.1 Salient features of the scenario

We consider the general case of NUHM, having a two parameter extension of
the mSUGRA scenario, in which the soft SUSY breaking masses m%{u and m%{d are
inputs at high scale. The most important thing to remember here is that the renor-
malisation group evolution (RGE) of soft scalar masses is in general modified by
the presence of a non-zero boundary value of the quantity S, defined as [17]

S = my, —my, + Tr [mg — m} — 2m{; + mp, + mg] (7.1)
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We assume universality in the sfermion masses, so that S = m%{“ — m%{d is

high scale boundary condition. The running of soft scalar masses of the third
family squarks and sleptons are given at the one-loop level by [17]

2
T = o M9 T+ s
+yiXe + Y3 Xp) (7.2)
2
d?tfk - 167;12 (_%g%M% - 1_36g§M§ B %g%s +29iX0) 73
2
dTZ;ER - 167;12 (_%g%M% - 1_36g§M§ + %g%s +24,%) 74
R A
B st

where the notations for squark, slepton and gaugino masses have their usual
meaning, and t = log(Q), Y - are the t, b and T Yukawa couplings, and

Xy = mé3 + m%R + m%{u + Af (7.7)
X, = mé3 + m%R + m%{d + A% (7.8)
X = m%s + m%R + m‘}{d + A2 (7.9)

Mass parameters of the first two family scalars run in a similar manner, ex-
cepting that the Yukawa contributions are vanishingly small. The main difference
in the SUSY particle spectrum with respect to an mSUGRA scenario is the non-
vanishing boundary value of S. If this boundary value is large in magnitude, the
effect on the spectrum at low scale is naturally a rather pronounced departure
from mSUGRA. Since the contribution of the term containing S comes with dif-
ferent factors in the running of left-handed squarks (sleptons) and right-handed
squarks (sleptons), due to different U(1) hypercharge assignments, one can have
large splitting in the left-right sector within each generation when |S| is substan-
tially large.

One can see from equation 7.5 and 7.6 that the effect of non-universal Higgs
mass is rather pronounced in the slepton sector. The primary reason being that
the running masses are not controlled by the strong sector. The most impor-
tant difference it makes to the spectrum is that, for large negative values of S (
O(TeV)?)) [6,7], the left-chiral sleptons tend to become considerably lighter than
their right-chiral counterparts. This is in striking contrast to both mSUGRA and
gauge mediated SUSY breaking (GMSB). An immediate temptation that the phe-
nomenologist faces, therefore, is to extract some signature of this ‘chirality swap’
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in the lightest sleptons at the LHC, which may put a distinctive stamp of NUHM
on them. This, of course, has to be done with the help of leptons that are pro-
duced either in association with the low-lying sleptons or in their decays. Since
the helicity of leptons of the first two families is difficult to measure in the collider
environment, we feel that it is our best bet to latch on to the copious number of
taus arising from SUSY cascades, and concentrate on those features of their decay
products that tell us about their helicities.

Ashas been noted already, the above effect is seen for large negative S. Such
values of S therefore become the benchmarks for testing the special features of
NUHM, and it is likely that in such condition only its footprints are noticeable at
the LHC. Thus we examine next the kinds of spectra ensuing from large negative
S, and look for their observable signature.

A large negative S at high scale affects the running of the third family SU(2)
doublet slepton (both the stau and the tau-sneutrino) masses in the same way
as is done by their Yukawa couplings, thus bringing them down substantially at
low energy. As a consequence, one can have both of them of the same order as,
or lighter than, the lightest neutralino ()((1)). In the latter situation, the left-chiral
tau-sneutrino is lighter than the corresponding stau due to the SU(2) breaking
D-terms (for tanf > 1) :

1

my = mj— COS(%)W@(E — sin” Oy) (7.10)
1

my, = mi+ 005(2/3)171725 (7.11)

In such cases, the tau-sneutrino has to be the NLSP, due to its unsuitability
as a dark matter candidate as laid down by direct search results. A gravitino, for
example, can be envisioned as the LSP and dark matter candidate in such cases.
The lighter stau mass eigenstate can in principle also become the NLSP through
mixing of the left and right chiral fields. However, this happens only in very
restricted regions of the parameter space, as large mixing requires tan 3 to be on
the higher side, a feature that is highly restricted in NUHM by the requirements
of absence of tachyonic states as well as of electroweak symmetry breaking.

The role of S in the running of m%{“ and m%{d is described by

dm?, 2 3 3

G T e (TE8IMi 38 M+ 15815 + 37 Xi) (7.12)
dm?, 2 3 3

T = 1oz (—E8IMI - 3gME — 1giS +3fiX, + fiXe)  (713)

One can see above that a negative S tends to partially cancel the effects of
top quark Yukawa coupling in the running of m%{u and make it positive at low
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energy. m%{d, on the other hand, is routinely rendered positive at low scale due
to the gauge interactions, and the effects of the term proportional to S often fails
to make it negative as one comes down to the electroweak scale. Consequently,
radiative electroweak symmetry breaking at the right energy requires a negative
value of m%iu at high scale. Of course, one is led to have a sufficiently large mag-
nitude of y to ensure that m%iu + p? remains positive at high energy.

7.2.2 The choice of benchmark points

As has been already explained, our purpose is to suggest some observations at
the LHC, which will bring out the distinctive characteristics of the NUHM spec-
trum. Such distinction is most pronounced when the chiralities of the low-lying
sleptons are reversed with respect to the corresponding cases in mSUGRA. This,
we have found, is best achieved (and one is indeed optimistic about clear distinc-
tion) when S is large and negative (~ 10® GeV?). For smaller magnitudes of S
(< 10° GeV?), the 11 component of ¥; decreases, and the collider signature of this
scenario is relatively less distinct. With this in view, the region in the parameter
space with more than 90% of 7, in ¥ has been shown in Figure 7.1. This region
offers the best hope for recognising NUHM if SUSY is detected at the LHC. We
have accordingly chosen some benchmark points for the study reported in the
subsequent sections. Out of the regions answering to our chosen criterion, we
have selected points with three possible mass hierarchies:

mﬁTL < mxg < mg

mgTL <mgy < mxg

mx(l) < m]jTL < mg

Our benchmark points (BP) NUHM-1 - NUHM-3 (shown in Table 7.1) are
taken from three regions of the parameter space, corresponding to each of the
above hierarchies. The code SuSpect (version 2.41) [18] has been used for this
purpose. Two-loop renormalisation group equations have been used for running
the mass parameters down to low energy, with the default option (namely, Vi)
for the electroweak symmetry breaking scale. The spectra are consistent with low
energy constraints [19, 20] such as those coming from b — sy and the muon
anomalous magnetic moment, and also with those from LEP-2 limits, such as
my= > 103.5 GeV, mp. > 98.8 GeV and mj, > 111 GeV. Electroweak symmetry
breaking in a consistent fashion has been taken as a necessary condition in the al-
lowed parameter space. For the case with xJ LSP, the requirement of relic density
consistent with the recent data has also been taken into account in choosing the
benchmark point(s) [21].

We have obtained the mSUGRA BP’s (see Table 7.2) for comparison with
the NUHM points using the criterion based on similar event rates (within +£30%
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tolerance) in two different channels. For the case where the distinction between
these two scenarios is done using tau-polarisation, we have compared the event
rates in the same-sign ditau (SSDT) channel for choosing our mSUGRA points.
For the analysis based upon lepton-charge asymmetry, the event rates in the
opposite-sign same-flavour dilepton (OSSFDY) channel have been compared as
a benchmarking criterion. All the three NUHM BP’s have been used for the first
case and for the second case, only NUHM-1 and NUHM-3 have been considered,
as the hierarchies mentioned above are not relevant for analysis based on lepton-
charge asymmetry. Thus, we have obtained mSUGRA-1 which corresponds to
both NUHM-1 and NUHM-3 following the criterion mentioned above in the
SSDt channel and mSUGRA-3 corresponds to NUHM-3 in the OSSFD/{ chan-
nel!. The benchmark point mSUGRA-2 corresponds to NUHM-2 having similar
rates in the SSDT channel. Two of the chosen mSUGRA points (mSUGRA-1 and
mSUGRA-2) are approximately compatible with the observed relic density. One
has to further assume in the case of #; -NLSP and gravitino (G) LSP that the
7 — .G decay lifetime is less than the age of the Universe. The gravitino mass
has to have accordingly allowed values, as dictated by the hidden sector of the
overseeing theory [22].

7.3 Tau polarisation

The signal of left-polarised tau is expected to be a very good discriminator be-
tween scenarios with NUHM and its universal counter part. Tau lepton plays a
crucial role in the search for new physics. In particular, information on the chiral-
ity of a tau can be extracted following some standard procedures. The fact that
the tau decays within the detector, in contrast to the electron or the muon, enables
us to know about its chirality from the kinematic distribution of the decay prod-
ucts. In the massless limit where the tau is boosted in the laboratory frame, tau
decay products are nearly collinear with the parent tau. In this limit, hadronic
tau decays produce narrow jets of low multiplicity, to be identified as tau-jets.
From the angle of polarisation studies, it is most cost-effective to work with the
one-prong hadronic decay modes of the tau, which comprise 80% of its hadronic
decay width and about 50% of its total decay width. The main channels here are:

T — T U
T = (o) — e

T = (ayve) — 1 vy

From here on we shall often denote both the p~ and the a;” by v.

However, we have compared NUHM-1 with mSUGRA-1 for the study of lepton-charge asym-
metry as well.
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Figure 7.1: The allowed region for NUHM in the mo — my s, plane for tanp = 10, m%{u =
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—1.0 x 10°GeV? , m3; = 2.0 x 10° GeV? and Ag = 0. The light blue region
is disallowed due to tachyonic stau and/or non-compliance of electroweak symmetry
breaking conditions. The region on the left of the dashed line is also disallowed by
constraints from b — sv. In the region marked by +, one has My < Mgy < My,
whereas the pink region corresponds to my, < Mo < M. The dark blue region
has the hierarchy my, < mz < m,o. The lighter stau has 90% or more of T, over
the entire allowed region.



Benchmark points || NUHM-1 | NUHM-2 | NUHM-3
Input mo = 300 moy = 80 mo = 300
parameters myyp = 300 | my/o =460 | my,, = 280
tanfp =10 | tanp=10 | tanf =7
Me;, My, 170 154 154
My, Mg 552 437 551
mg,, , My, 151 132 133
My, 119 106 116
msz 139 124 137
ms, 537 424 543
Mo 120 187 112
My 234 361 216
Mo 939 982 950
Mo 944 987 954
Myt 234 361 217
Myt 944 987 955
mg 734 1066 691
mg, 645 826 618
my, 814 1018 791
mg 741 986 706
my 742 962 710
mg, 737 984 701
Mg, 591 879 549
Mo 111 114 112

Table 7.1: Proposed benchmark points for the study of the NUHM scenario with mlzqu =

—1.10 x 10° GeV? and m%_ld = 2.78 x 10° GeV?. All the mass parameters are given
in units of GeV. The value of Ay is taken to be zero and sign of u to be positive for all
of the benchmark points.
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Table 7.2: mSUGRA benchmark points obtained based on similar cross-section in the same-sign
ditau channel (mSUGRA-1 and mSUGRA-2) and in the opposite-sign same-flavour
dilepton channel (mSUGRA-3). All the mass parameters are given in units of GeV.
The value of Ay is taken to be zero and sign of u to be positive for all of the benchmark
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Benchmark points | mSUGRA-1 | mSUGRA-2 | mSUGRA-3
Input moy = 80 moy = 350 mo = 300
parameters myp =250 | my/, =300 | my/, = 350

tan f = 40 tan f = 40 tanp = 10
Me;, My, 389 362 284
My, Mg 363 322 202
Mg, , My, 381 354 271
My, 353 329 269
mg 283 238 197
ms, 377 358 285
o 99 120 140
M 183 224 261
Mo 333 392 455
Mo 352 409 473
Myt 182 224 262
s 353 410 473
mg 623 726 831
mg, 464 525 573
mg, 615 683 764
mg 654 720 776
Mg, 636 697 745
my, 649 716 771
unm 636 698 747
Mo 111 112 111

points.




The first step in the extraction of polarisation information is to express some
differential decay distributions of the 7~ in the laboratory frame. Let the polar-
isation information be denoted by P;, where P = =£1 correspond to taus with
positive and negative helicity. Next, it is worthwhile to examine the laboratory
frame variable z, defined as z = E,/ E¢, the fraction of the tau energy carried by
the product meson. This variable can be related to 0, the angle between the direc-
tion of motion of the outgoing 77~ or v~ and the axis of polarisation of the tau,
which is taken to be along the direction of the tau momentum in the laboratory
frame. In the limit E; >> m.,

2z—1—¢?
cosf = 2 (7.14)
where ¢ = m,/m.. The expression for the case where the tau decays to the pion
and a v is obtained by setting m, = 0 above.

The decay distributions in z for a T~ in the laboratory frame are given by

[23]
1 d4r
rog = Lt P2z (7.15)
T
Bl _ mz ) b ,
T, dz = (m2—ml)(m2t 2ml) g S @ 1+ cosTw Preos
m2 2 me 5
(—5sin“w — —sin2wtanf — 1 —cos“w)]  (7.16)
mv My
1 dly, mmg m2 L
il _ mz b )
I, dz (m%—m%)<m%+2m%)[m% cos” w + sin” w + Py cos
2
(m—g COs7~ w + & sin2wtan @ — Sinz w)] (7'17)
mv My
where

(m2 — m?2) + (m2 + m2) cos 0
(m2 + m32) + (m%2 — m2) cos 0

cosw = (7.18)

In the experiment, one looks for hard jets from the tau, which corresponds
to large values of z. A close inspection of equations (7.15-7.17) shows that the
energy distribution of the decay products from the decay of 7, (P; = —1) are in
significant contrast to that from 7; (P = +1). When P; = +1, the hard 7-jet
consist largely of either a single pion or longitudinally polarised vector mesons
(vp). For Pr = —1, on the contrary, the hard T-jet mostly comprises transversely
polarised vector mesons only (vr). This conclusion becomes almost self-evident
in, for example, the extreme case of collinearity, with cosw = 1 and sinw = 0.
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It should, however, be remembered that the quantity z is not amenable to
actual measurement in the detector, and therefore the distinctions pointed out
above are still somewhat theoretical in nature. Itis therefore necessary to translate
the distinction in terms of measurable quantities. The energy distribution among
the pions arising from the decay of the p~ and a; offer such a variable. It is the
variable R = E,/ Ep, the fraction of the energy of v carried by the charged pion.
For the case where the p~ is produced in T~ decay, the distribution in R in the
laboratory frame is given by [23]

dr (or — 271) 2m%

= ~ 2R(1-R) " (7.19)
dl' (pp — 2m) 2

— (2R — 1) (7.20)

The distribution for a;” is more complicated but has similar qualitative fea-
tures. The reader is referred to [24] for the detailed expressions. The broad in-
dication is that transversely polarised vector mesons favour even sharing of its
momentum among the decay pions whereas longitudinally polarised ones favour
uneven sharing of momentum among its decay products. Since the polarisation
of the parent tau governs the level of polarisation of either type in the vector
mesons v, the distribution in the variable R therefore is a reflection of the helicity
of the tau whose signal one is concerned with.

Obviously, one always has R = 1 when the tau decays as T~ — 7~ v;. What
one must utilise, therefore, is the difference in R-distributions between the cases
with o1 and v;. When the decaying tau has p; = +1, one should mostly have v,
in the hard jets, in addition to the inconsequential single pions, giving its char-
acteristic distribution on R. A contrast can be seen in the decay of a tau with p-
= -1, where the hard tau-jets can be expected to be largely vr, with a different
distribution in R.

Hence, one can use the charged-pion spectra arising from the two-stage
decays

T = (o ve) — e

T = (ayve) — 'l
to probe the polarisation of the parent tau. We utilise this possibility to identify
the NUHM spectrum in cases the low-lying stau is of left chirality, which attaches
similar chirality (same as helicity at high energy) to the taus either arising from
stau-decay or produced in association with it. With this in view, we have selected
tau-jets in our simulation with pr > 40GeV and || < 2.5, assuming a tau jet
identification efficiency of 50%, with a fake tau jet rejection factor of 100 [12].
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7.4 Lepton charge asymmetry

Another discriminator which is sensitive to the mass hierarchy between the right-
and left-chiral sleptons is the charge asymmetry in the jet-lepton invariant mass
distribution [14-16]. In the NUHM scenario (with large negative S), the lighter
slepton mass eigenstate is dominated by the left-chiral component (I; ~ I}).
Hence, for m;j < m,y (a criterion mostly satisfied by the ‘extreme” NUHM sce-
nario considered by us), the leptons produced in the decay of xJ will be mostly
left-handed. In the usual mSUGRA scenario, on the other hand, one expects the
leptons to be mostly right-handed as the lighter slepton mass eigenstate is dom-
inantly right-chiral (I, ~ I) and the decay proceeds via the Bino component of
X-

This feature can be exploited to unmask NUHM by studying the charge
asymmetry in the lepton-jet invariant mass (m;;,) distribution produced in the
squark decay chains, where /1 stands for the lepton reproduced in x3 decay. We
shall consider sleptons of the first two generations only, for which left-right mix-
ing is negligible, and the coupling of the leptons to the Higgsino components of
a neutralino is also very small.

In this section we describe the spin correlation in the following decay chain
L — qx5 — g 1T — gl X} (7.21)

where I, denotes the lepton produced in the subsequent step of the cascade. Due
to the chiral structure of the squark-quark-neutralino coupling, the quark pro-
duced in the squark decay will be left-handed in the massless limit. The x3 pro-
duced in 41 decay is also polarized having the same helicity as that of the quark
as they are produced from the decay of a scalar.

In the rest frame of the squark produced in the initial hard scattering, a neg-
atively charged lepton produced in the subsequent decay of the xJ will appear
back-to-back or in the same direction as that of the quark depending on whether
the slepton is left-chiral or right-chiral?>. Exactly the opposite directional prefer-
ences hold for a (positively charged) antilepton vis-a-vis the quark produced in
the chain. Therefore, we expect an asymmetry between the distributions m i and
Mg This can be utilised to define the following asymmetry parameter:

N;(
N;(

il ) — Ni(mjll‘)

N
A= i
l +) + Ni(m;-)

- 7.2
7.22

m

where i stands for the ith bin. A measurement of A; should thus yield information

on the chirality of the low-lying slepton produced in the chain.

2The other inputs that go into this argument are (a) The Xg produced in squark decay is sufficiently
boosted, and (b) the xJ decays largely in the s-wave.
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However, there are some experimental difficulties involved in the measure-
ment of such an asymmetry—

1. Inthe decay of a 47, the asymmetry in the lepton-jet invariant mass distribu-
tion has a sign opposite to that of the corresponding 4. This is because the
left antisquark decays via gaugino coupling into a right-handed antiquark.
Since jets initiated by a quark or an antiquark are indistinguishable, it is
impossible to disentangle the squark and antisquark production channels.
However, the LHC is a pp machine where more squarks are produced than
antisqaurks, a significant ‘net’ charge asymmetry in the m;;, distribution can
finally survive. All one needs in order to measure this charge asymmetry
is a substantial excess in the production of §(*)¢ and §*)§(*) over pairs con-
taining squarks and antisquarks, and also gluino pairs.

2. In an experiment, it is not always possible to distinguish between the lepton
(I1) out of a xJ and the lepton (I2) coming from slepton decay. We have taken
the invariant mass distribution using the harder of the two leptons, a role
in which [; fits in most of the time.

In NUHM, one expects negative charge asymmetries, whereas in the usual
mSUGRA scenario they are expected to be positive, especially in the high invari-
ant mass bins. However, in mMSUGRA, depending on the mass hierarchy, the lep-
tons produced in 3 decay can also be dominantly left-handed if m < mp, <,
as the diagonal component ((Uy)22) of the neutralino mixing matrix wins over
(Un)21. In that case, one would expect a dip in the asymmetry distribution at a
lower value of m;; and a peaking behaviour at the higher end. This is expected
because the splitting between 1, 0 and /.
One can use this feature to separate an mSUGRA-type scenario.

0 and [} is smaller than that between m,

7.5 Collider simulation and numerical results

We have simulated events for /s = 14 TeV, including initial-and final-state radia-
tion, multiple scattering etc. We have used parton distribution functions CTEQL6L1
[25] for our analysis, with the renormalisation and factorisation scales set at the
average mass of the final state particles.

7.5.1 Simulation strategy: ditau final states

To study the polarisation of the tau in SUSY cascade for both NUHM and mSUGRA
scenario we have used the code TAUOLA (version 2.9) [26] interfaced with the
event generator PYTHIA (version 6.4.16) [27]. The spectrum has been generated
using SuSpect (version 2.41) [18]. TAUOLA has been suitably modified to incor-
porate the probability of producing left-or right-handed tau in the decay of SUSY
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particles. For cases where the v and/or the 7 is lighter than the lightest neu-
tralino, decay branching fractions of the lightest neutralino have been calculated
using SDECAY (version 1.3b) [28] and fed into Pythia. The finite detector reso-
lutions have been taken into account following the specifications listed in section
4.3.3.

The final state that we have considered is a pair of same-sign ditaus (SSD7),
together with at least three hard central jets and large missing ET. Same-sign di-
taus are preferred because they are less beset with SM backgrounds. We consider
events where the taus have one-prong hadronic decays.

The following cuts have been imposed on each event-

e pr >40GeV, || < 2.5 for each tau jet.

e pr > 100, 100, 50 GeV, || < 2.5 for the three associated jets, in decreasing
order of hardness.

e Er > 150 GeV.

It should be reiterated that our main purpose is to obtain the observable
difference between the NUHM scenario under consideration and an mSUGRA
scenario. Situations in mSUGRA leading to tau-rich final states are most likely
to fake NUHM phenomenology. Therefore, we have followed the criteria al-
ready mentioned in section 7.2.2, and isolated the regions where the total rate
of SSDT+ > 3 jets + E is within +30% of the rate predicted for corresponding
NUHM benchmark point.

7.5.2 Simulation strategy: lepton charge asymmetry

The charge asymmetry in the lepton-jet invariant mass distribution has been stud-
ied using the event generator HERWIG (version 6.5) [29] which takes into account
the spin correlation in SUSY cascades. Spectra have been generated using ISAJET
(version 7.78) [30] and the input parameters have been tuned in such a way that
the spectrum generated is similar to that produced by SuSpect. A fast detector
simulation has been done using AcerDET (version 1.0) [31] for reconstructing the
isolated leptons, jets and Er, which also takes into account the finite detector
resolution of the visible momenta.

The final state under consideration is consists of a pair of isolated leptons of
opposite charge and same flavour (OSSF) with more than three jets and missing
Er,ie,ete” +putu + >3 jets + Er.

The preselection cuts [32,33] imposed in this case are the following—

e pr, >20GeVand pr, > 10 GeV, [57| < 2.5 for the two leptons.

e pr > 100, 50, 50 GeV, |57| < 2.5 for the three associated jets, in decreasing
order of hardness.
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e M,sr > 600 GeV where, M.¢s = Er + Z|p7|
where, the summation is taken over all visible particles.

o Fr >0'2Meff

The SUSY backgrounds come mainly from two independent )(f decays.
One can eliminate this by taking the flavour subtracted combination ete™ +u*u~ —
e*uT and this cancels out the background contribution from the charginos up to
statistical fluctuations. The Standard Model background, already small after im-
posing the above cuts, undergo further suppression in this process [33].

The leptons are combined with each of the two hardest jets and, for identi-
fying the desired decay chain, the combination for which the jI™I~ invariant mass
is smaller has been selected . The M= distribution for this subsample, for both
the hard and soft lepton have been calculated. Depending on the mass splitting
between the neutralino and slepton one of these leptons will be dominated by the
‘correct’ lepton, i.e., the one adjacent to the quark in the decay chain and will give
the desired charge asymmetry in the jet-lepton invariant mass distribution.

7.5.3 Numerical results

Ditau final states:

We first present the numerical results of our analysis making use of the po-
larisation properties of the tau. In Table 7.3, we have tabulated the event rates for
all the NUHM and the potentially faking mSUGRA points for the SSDt-channel.
Event rates have been predicted for an integrated luminosity of 100 fb~1. After
applying all the cuts to suppress the SM background, one has similar event rates
for both the NUHM and corresponding mSUGRA points, which is not surprising
because we have identified the mSUGRA points following the criterion of similar
event rate.

NUHM-1 | NUHM-2 | NUHM-3 | mSUGRA-1 | mSUGRA-2

31 51 28 41 46

Table 7.3: Number of events in the SSDT channel at an integrated luminosity of 100 fb=! after
applying the cuts listed in section 7.5.1, in addition to a cut on the R variable (R >
0.2) for all of our benchmark points .

For the benchmark point NUHM-1, 7, is the LSP, and the lighter 7; is dom-

inantly left-chiral. Taus are mainly produced in the decay of x3 — 77(20.5%),
)(f — T, (26.5%) and T — T)(?(lOO%) and therefore they are mostly left-handed.
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The contributions from x3, x}, x5 and % are negligible as they are heavier in the
spectrum. For NUHM-2 we similarly have lighter stau mass eigenstate domi-
nated by the left-chiral component but here the mass hierarchy between the 7
and the X(f is opposite to that of NUHM-1, i.e. mz < NE At this benchmark
point, xJ decays into I/ pair as well as #v pair including the third generation. The
mass difference between the lighter stau and tau-sneutrino is less than my, hence
the decay proceed mainly via the two body decay mode % — # 7+ and the three
body decay fli — ﬁg*)l +y(=). However, final states with higher pion multiplici-
ties also have non-zero branching fractions, but we have not taken into account
these modes, as they do not change our conclusion. In NUHM-3, the LSP is the
lightest neutralino, however we still have a light enough 7, . The lighter 7 is, of
course, dominantly left-chiral here. The taus produced in SUSY cascade therefore
are mostly left-chiral for all the NUHM points. The corresponding R-distributions
(taking into account the SM contributions) for the respective benchmark points
have been shown in Figure 7.2. Thus the distinction criterion set down by us is

seen to survive the washouts caused by various extraneous SUSY cascades.

NUHM-1 | NUHM-2 | NUHM-3 | mSUGRA-1 | mSUGRA-2
O1(R < 0.8) 0.77 0.77 0.76 0.71 0.72
O2(R > 0.8) 0.23 0.23 0.24 0.29 0.28
01(R<0.8)
r=orsog | 335 3.35 3.17 2.45 2.57

Table 7.4: The ratio r for NUHM and corresponding mSUGRA scenario.

In the corresponding mSUGRA benchmark points (mSUGRA-1 and mSUGRA-

2), the lighter stau is dominantly right-chiral. However both the stau are heav-
ier than the second lightest neutralino and lightest chargino. Taus are produced
mainly via the decay of W and Z produced in the decay of x3 , — ( XTWT), (X3h/Z),
X5 — ()(?,ZW*), (x{h/Z) and xi — xW=. Hence the contributions to SSDT
channel come from two same sign W-decay produced in SUSY cascade or one
from W-decay and one in Z decay, when one of the two tau out of a Z-decay is
identified. Therefore, taus are mostly left-handed, with some right-handed ad-
mixtures. This shows up in the R-distribution for the corresponding mSUGRA
points with a slight departure from that of the NUHM points.

Designating the total fraction of events for 0.2 < R < 0.8 and R > 0.8 by
O1 and O; respectively, we find that the ratio r = O;/0; is a rather effective
discriminator between NUHM and a corresponding mSUGRA scenario yielding
a similar number of same-sign ditau events. The values of this ratio for all the
cases are listed in Table 7.4. For the NUHM points, this ratio turn out to be con-
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Figure 7.2: R distribution (defined as R = E, -/ E) for NUHM scenarios and corresponding
mSUGRA points. A cut R > 0.2 has been applied in each of these distribution.
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sistently larger than the corresponding mSUGRA points, which is expected from
the R-distribution given in Figure 7.2.

Lepton charge asymmetry:

The results of charge asymmetry in the jet-lepton invariant mass distribu-
tion have been shown in Figure 7.3 and 7.4. For both the NUHM-1 and NUHM-
3 benchmark points, gluinos and left-chiral squarks have closely spaced masses.
Therefore, the hard jets are produced either in the decay §; — gxJ orin g — qx3,
but not in whichever is allowed between § — qgr r or j,,r — §gq. This is due
to small mass splitting between them; even if the gluinos are lighter than the
left-chiral squarks, the decay chain §; — qx3 — glfIT — gl 15 x? is still the
dominant source of the opposite-sign-same-flavour dilepton signal, as the de-
cay branching ratio of §j; — g¢ is very small (>~ 2% or less) due to phase-space
suppression. The branching fraction for §, — gx3 is ~ 32% and subsequently
X5 decays into a [*IT pair with a decay branching fraction ranging from 21%-
29%, while the sleptons decay into a lepton and the lightest neutralino with 100%
branching ratio.

It is clear from Figure 7.3a and 7.3b that both for NUHM-1 and NUHM-3
we get the desired charge asymmetry which is negative for increasing m;;, since
the lighter sleptons are dominantly left-chiral, and the leptons produced in x5
decay are mostly back-to-back with the quark while the antileptons are in the
same direction to that of the quark, hence mj;- distribution has larger population
than mj;- distribution near the end-point of m;; invariant mass distribution.

The situation is somewhat more complicated for the corresponding mSUGRA
points. For mSUGRA-1, the sleptons are heavier than the second lightest neu-
tralino and the decay x5 — I*IT is suppressed. Here the main source of the
flavour subtracted opposite sign same flavour dilepton signal is the two step
gL — gx3 — gql*ITx? decay chain rather than the three step decay chain con-
sidered earlier. In this case x3 decays into a [*I¥ x{ pair via an off-shell slepton or
Z. The sleptons are lighter than the second lightest neutralino and mostly dom-
inated by the right-chiral component in mSUGRA-3. 7(8 follows its usual three
step decay chain. The expected positive charge asymmetry is visible for both the
mSUGRA-1 and mSUGRA-3 BP’s (see Figure 7.4a and 7.4b).

7.6 Summary and conclusion

We have attempted a differentiation between mSUGRA and a scenario with non-
universal Higgs masses. The extreme situation of large negative S, for which
the characteristic features of the NUHM spectrum are most prominent, has been
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BP3 (bottom). The event rates are predicted at an integrated luminosity of 10 fb~".
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selected for this purpose, including three possible hierarchies among the masses
of the lightest neutralino, the lighter stau and the tau-sneutrino. The primary
channel of investigation being tau-rich, regions in the parameter spaces of both
the scenarios, giving rise to similar ditau event rates, have been pitted against
each other.

In the same-sign ditau channel, we find that the ratio defined as R, the frac-
tion of the energy carried by the charged pion in a jet produced in one-prong
tau-decays, is a rather useful differentiator. Because of the dependence of R on
the polarisation of the tau, one ends up having different numbers of events for the
two cases in the regions R < 0.8 and R > 0.8. The ratios of these two event num-
bers, in turn, display a concentration in different regions, depending on whether
it is NUHM or mSUGRA.

We have further suggested the utilisation of signals involving leptons of
the first two families, which are largely left chiral in NUHM. A bin-by-bin anal-
ysis of the of lepton-jet invariant masses exhibits a difference between the cases
with negatively and positively charged leptons, whose general nature helps one
distinguishing an NUHM scenario.

If SUSY is indeed discovered at the LHC, one will certainly wish to run the
machine with large integrated luminosity, so as to reveal the nature of the un-
derlying scenario. One important question to ask in this context will be whether
Higgs mass(es) have different high-scale origins compared to masses of the other
scalars, namely, squarks and sleptons. A study in the line suggested here, based
on the polarisation study of tau as well as the first two family leptons, can be
helpful in finding an answer to such a question.
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Chapter 8

Summary and conclusions of the thesis

This thesis has aimed to study the collider aspects of some new physics scenarios
in context of the Large Hadron Collider using various properties of tau-leptons.
In chapter 1 we have tried to outline the existing standard model of particle
physics and pointed out both its theoretical and experimental inadequacies. Su-
persymmetry which is a prototype of new physics scenario, has been discussed
in detail in chapter 2.

Chapter 3 contains the cosmological and collider aspects of supersymmet-
ric theories with a right-chiral neutrino superfield for each generation in order to
incorporate the non-vanishing neutrino masses and mixings. We consider a su-
pergravity (SUGRA) scenario, with universal scalar and gaugino masses at high
scale. Such a scenario can have a lightest supersymmetric particle (LSP) dom-
inated by the right sneutrino and a stau as the next-to lightest supersymmet-
ric particle (NLSP). Since decays of all particles into the LSP are suppressed by
the neutrino Yukawa coupling, the signal of supersymmetry consists in charged
tracks of stable particles in the muon chamber.

In chapter 4, we demonstrate how neutralinos can be fully reconstructed
over substantial areas in the SUGRA parameter space. To reconstruct the neu-
tralino we have considered pair production of neutralinos in SUSY cascades. It
further decays into a Tt pair. The final state consists of 27 + 27+ ET1 + X, where,
X comprises of all the hard jets arising from SUSY cascades. Reconstruction of
the neutralino requires the knowledge of four-momenta of tau as well as stau.
We first reconstruct the two taus in the final state from the knowledge of total
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E of that event. The four-momentum of the stau (which shows up as a charged
track in the muon chamber) is not completely known. From the bending of the
track only its three momentum can be measured. To measure the mass of the par-
ticle (lighter stau) associated with the charged track we have prescribed a method
of extracting it on a event-by-event basis. Then the mass of the neutralino can be
obtained from the invariant mass distribution of the 7 pair.

Chapter 5 discusses the reconstruction of the lighter chargino consider-
ing the associated production of it with the neutralinos in SUSY cascades. The
chargino further decays into a Tv; pair and the neutralino on the other side de-
cays into a 77 pair. The final state in this case consists of 7; + 27 + Er + X. How-
ever, this final state can be faked by other SUSY processes. We have suggested a
way of reducing these SUSY backgrounds imposing various cuts. The chargino
mass, can then be found from the transverse mass distribution of the Tv,-pair,
where we have also prescribed a way to find the transverse component of the
four-momenta of the neutrino out of a chargino decay.

The reconstruction of the left-chiral tau sneutrino (7, ) has been discussed in
chapter 6 in a way similar to that for the chargino. 7, is predominantly produced
in SUSY cascade via the decay of second lightest neutralino or the chargino and
it further decays into a TW pair. Therefore, we have an additional W in the final
state in addition to that considered for chargino case, namely, T+ W+2t+ Er+
X. We have suggested two different methods for reconstructing the mass of the
left-chiral tau sneutrino. One of them is independent of the mass of the other
SUSY particles whereas, the other one is more model dependent but has better
signal to background ratio.

In all the above three cases, we conclude that using the available kinematic
information of quasistable charged tracks and making use of various properties
of tau-jets, it is possible to reconstruct faithfully the masses of the neutralinos,
chargino and left-chiral tau-sneutrino. In some cases, the assumed luminosity is
not too large, so that it is possible to explore some region of the parameter space
even at the early phase of LHC run.

Chapter 7 discusses large non-universality in the Higgs sector at high scale
in supersymmetric theories, in the context of the Large Hadron Collider (LHC). In
particular, we note that if m HU2 —my dz is large and negative (~ 10° GeV?) at high
scale, the lighter slepton mass eigenstates at the electroweak scale are mostly left
chiral, in contrast to a minimal supergravity (nSUGRA) scenario. We use this fea-
ture to distinguish between non-universal Higgs masses (NUHM) and mSUGRA
by two methods. First, we study final states with same-sign ditaus. We find that
an asymmetry parameter reflecting the polarisation of the taus provides a notable
distinction. In addition, we study a charge asymmetry in the jet-lepton invariant
mass distribution, arising from decay chains of left-chiral squarks leading to lep-
tons of the first two families, which sets apart such an NUHM scenario.
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