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ABSTRACT

The work presented in this thesis is the search for Randall-Sundrum (RS) gravitons from
an analysis of approximately 1 fb~! data collected with the D@ detector at Fermilab.

The standard model has been a great success in explaining all experimental observations
in particle physics. However, we also know that it has fundamental problems. One of
these problems, called the hierarchy problem, is related to the large difference between the
electroweak scale and the Planck scale.

The model proposed by Randall and Sundrum presents a possible solution to the hier-
archy problem by introducing physics beyond the standard model. Randall and Sundrum’s
theory postulates the existence of a 4th spatial dimension in addition to the conventional
(3+1)-dimensional space. Gravity is localized on a 3+1 dimensional subspace, called a
brane (Planck brane) that is separated in this new 4th spatial dimension from the stan-
dard model brane. As one moves away from this Planck brane, gravity is exponentially
suppressed and this explains why gravity appears so weak at the standard model brane.

In the simplest RS model, the only particles that propagate in the extra dimension are
gravitons. The graviton manifests itself on the standard model brane as a series of excited
states that couple to standard model particles with similar strength as the electroweak

interaction. The ground state is the massless graviton and the order of magnitude of the

vii



mass of the lowest excited state is expected to be one TeV. The first excited mode of the
graviton might be produced resonantly at the Tevatron. Gravitons can decay into fermion-
antifermion or diboson pairs. Here I search for gravitons through their decay to eTe™ and
~7 final states. These final states have similar signatures in our detector and can thus be
treated together. After analyzing the data I do not find any excess over standard model
expectations and set an upper limit on the production rate of such gravitons. I compare
this limit to the production rate predicted by the theory for a range of possible couplings

and set mass limits on the lowest excited gravitons state of up to 898 GeV.
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Chapter 1

INTRODUCTION AND PHENOMENOLOGY

The quest of mankind to understand the universe has a long history. We try to understand
and explain different aspects of the nature that surrounds us. Particle physics is a discipline
where we try to find the answer to the most fundamental question: What is the universe
made of? What are the forces that bind it together? We have come a long way in answering
many such questions and at present we have the knowledge and understanding, supported
by experimental proof, to describe the physical world in terms of the most fundamental
building blocks of nature. Most of the advances in the field of particle physics was achieved
in a short span of time, primarily in the last century. However we can not claim to have a

full understanding yet and scientists are still working for better understanding.
1.1 The Standard Model

The Standard Model (SM)(1)(2)(3) is the theoretical basis of modern particle physics. It
was formulated by S.L.Glashow(1961), S.Weinberg(1967) and A.Salam(1969) (4) and since
then this model withstood almost four decades of experimental tests. The Standard Model
gives a very good description of all currently observed phenomena at the distance scales of
~ 107 ¥ m.

According to the Standard Model, our universe is made of two classes of fundamental
particles: the spin 1/2 fermions, which are the building blocks of matter, and the spin
1 gauge bosons, which are the carriers of different forces between the fermions. All the
different fermions are listed in Table 1.1. As shown in the table the fermions are grouped
in three generations. The particles in the first generation, including electron, up and

down quarks, constitute all the ordinary matter that we are familiar with. The two other



Generation Leptons (spin:% ) Quarks (spin:% )
Flavors | Charge (e) | Mass (MeV) || Flavors | Charge | Mass (MeV)
1 e —1 0.511 u +2/3 ~3
Ve 0 <3x107° d —~1/3 ~5
2 u —1 105.7 c +2/3 | ~ 1.2 x 103
vy 0 < 0.19 s —1/3 ~ 100
3 T —1 1777 t +2/3 | ~ 178 x 103
s 0 < 18.2 b -1/3 | ~4.5x103

Table 1.1: Three generations of elementary particles.

generations are replications of the first generation but with higher masses. The fermions are

further classified into leptons and quarks. There are two fundamental differences between

the quarks and the leptons.

e quarks carry fractional charges unlike the leptons

e only quarks feel the strong interaction

In the Standard Model, there are three types of forces: strong force, electromagnetic
force and weak force. The interaction between two particles is viewed as a process in which

these two particles exchange a virtual gauge boson. In Table 1.2, the different forces, their

carriers and some of their properties are listed.

Force Gauge Boson | Charge (e) | Spin | Mass (GeV) | Range
Strong Gluon (g) 0 1 0 10~ m
Electromagnetic | Photon(vy) 0 1 0 00
Weak W= +1 1 80.4 107 %m
Z° 0 1 91.2
Gravity Graviton (G) 0 2 0 00

Table 1.2: Fundamental forces and gauge bosons.

The photon is the carrier of the electromagnetic force. The electromagnetic interactions

are described by the theory of quantum electrodynamics (QED). These interactions take




place between electrically charged particles. Since the photon is massless, the electromag-
netic interaction is long range and falls off as T,%

The weak interactions are mediated by three massive gauge bosons, W+ or Z°. Since
these gauge bosons are massive (~ 100GeV), the weak interactions have short range. In
the Standard Model, the electromagnetic and weak interactions have been unified and are
together known as ‘Electroweak’ interactions.

The mediator of the strong interactions is the gluon and these interactions are de-
scribed by Quantum Chromodynamics (QCD). Analogous to the electromagnetic force,
which couples with electrically charged particles, the strong force couples with ‘color’
charged particles. There are three types of color charges: red(r), green(g) and blue(b)
and the corresponding anti-color charges 7, § and b. Unlike the photons, which themselves
do not carry any electrical charge, the gluons carry color charge and hence can interact
with each other through the strong force. This is the reason for the strong interaction
to be short ranged and this also leads to the phenomenon of confinement of quarks into
hadrons. Because of this individual quarks are not seen in nature. At large interaction
energies between the quarks (typical of modern high energy experiment with E~10GeV)
the quarks behaves like free particles but only inside hadrons - thus asymptotically free
and not really free. This is known as “asymptotic freedom”.

The quarks that are created in high energy collisions do not remain free for a very long
time. Within a time scale typical of strong interactions (~ 10724 s), quark anti-quark pairs
are pulled out of the vacuum which bind with the quarks from the hard scattering to form
composite particles. This process is referred to as fragmentation and hadronization. As a
result, although quarks and gluons are produced due to hard scattering, the experimenters
can only look at the composite hadrons.

The other force in nature is the gravitational force. The graviton is the mediator of the
gravitational force. The Standard Model does not include gravity.

Apart from the fermions and bosons listed in Table 1.1 and Table 1.2, there is one more

particle predicted by the Standard Model: the Higgs particle which is associated with the



Higgs field, discussed in section 1.2.

Finally, the SM depends on 21 parameters which are 3 gauge couplings, 2 parameters
which determine the mass and self-interactions of the Higgs bosons, the 9 quark and charged
lepton masses, 3 quark mixing angles, 1 weak CP violating phase 4, 1 strong CP violating

parameter 0gcp, the analogous parameter of SU(2) and the electroweak mixing angle 6,,.
1.2 Spontaneous Symmetry Breaking

The Standard Model is developed on the principles of least action and local gauge invari-
ance. In this model, the Lagrangian of the matter fields is required to be invariant under
local gauge transformations. Each type of interaction (strong, weak or electromagnetic)
corresponds to a particular type of gauge transformation and hence forms a mathematical
group or gauge group. In the Standard Model, the electromagnetic and weak interactions
are combined under SU(2);, x U(1)y group. The SU(2);, group corresponds to the con-
servation of the weak isospin quantum number T5. U(1)y represents the conservation of
weak hypercharge quantum number Y. These quantum numbers are related to the electric
charge Q) as :

Q:T3+%Y. (1.1)

This SU(2)r, x U(1l)y gauge theory results in massless gauge fields, namely the weak
isotriplet WL with i=1,2,3 for SU(2),, and the hypercharge boson singlet B, for U(1)y.
The unified electroweak theory thus requires all of the four gauge bosons to be massless,
which is ruled out by experiment and we know that the weak gauge bosons, W* and Z,
are massive.

The SM explains this by the Higgs mechanism and one of the most important ingredients
of this mechanism is the concept of spontaneous symmetry breaking. As a simple example

we can consider a theory with one scalar field governed by the Lagrangian:

A
L= 5(0"0)(0u0) — 516" — 30" (1.2



This Lagrangian is symmetric under the transformation:
¢ — —o. (1.3)

This produces a discrete symmetry group. However if we now look at the potential which
is given by:
1

1
V(9) = Su¢" + 126, (1.4)

for A >0 and p? <0, it gives two minima at:

N
Gmin = £ N (1.5)

This phenomenon, when the ground state is not invariant under a symmetry of the La-
grangian, is called spontaneous symmetry breaking. In Higgs mechanism, a scalar field,
called Higgs field, is introduced which leads to a non-zero vacuum expectation value and
spontaneously breaks the SU(2);, x U(1)y symmetry to U(1)gy symmetry. The weak
gauge bosons related to the SU(2) symmetry aquire mass as a consequence of the broken

symmetry. However, the U(1) gy symmetry is not broken and hence photon is massless.
1.3 Problems with the Standard Model

All the particles in the Standard Model have been observed experimentally, except the
Higgs particle. Despite the success of the Standard Model, it is still not a complete theory
of fundamental particles and interactions. The Standard Model still leaves us with many

unresolved theoretical issues. Some of these issues are:

e why do all the particles have charges which are multiples of e/3, where ‘e’ is the

charge of an electron?
e what is the role played by the heavier copies of the first generation fermions?
e there are too many arbitrary parameters in the theory.

e gravity is not included in the Standard Model.



As mentioned earlier, the Standard Model proposed the Higgs mechanism. For this
model to be consistent, the Higgs mass should be < 1 TeV. This constraint on the Higgs
mass is due to the fact that if the Higgs mass is too heavy, its self coupling becomes strong
and then the theory no longer remains perturbative. A detailed discussion on the contraints
on Higgs mass can be found in reference (5). However, the tree-level Higgs mass receives

quadratically divergent corrections. The Higgs mass is expressed by(6) :

A

4—71'2A2 + oM¥ (1.6)

2
M~ (Mggre)

Here M%‘"’e is the tree level (or ‘bare’) Higgs mass, A is the cutoff for the theory and M %I is
the mass counterterm. Now if the Standard Model is the ultimate theory including gravity
then the cutoff A = Mp; ~ 106 TeV (Mp;—Planck scale) and the natural scale for the
Higgs mass is of the order 10'® TeV. However such a high mass Higgs makes the Standard
Model internally inconsistent. In order to bring down the Higgs mass within the allowed
Higgs mass region (< 1 TeV), cancellation of this quadratic divergence is required. In the
Standard Model framework, where there is no new physics, this cancellation is accidental.
This is regarded by most theorists as unacceptable fine tuning of parameters, also known
as the ‘fine tuning problem’. The origin of this problem is the large difference between
the electroweak scale (~ 1 TeV) and the Planck scale (~ 106 TeV). This is known as the

‘hierarchy’ problem.

1.4 Beyond the Standard Model

There are different theoretical models that extend beyond the Standard Model and try to
address the different physics issues mentioned in section 1.3. The problem that is relevant to
the topic of this thesis is the ‘hierarchy’ problem. Recently theories with extra dimensions

have attracted enormous attention as possible solutions to the hierarchy problem.



1.4.1 Idea of Extra Dimensions

The idea of extra dimensions originates from superstring theories which include extra
dimensions, the basic idea being that the extra dimensions are compact. For example, an
extra dimension can be finite so that travelling along this dimension brings us back to our
original locations, as travelling around a circle would. This means that at every point in
spacetime, there exists an additional circle of radius R, orthogonal to all the four space-
time dimensions. One important consequence of this compactification is the quantization
of the momentum component along the extra dimension. For the above example of one
extra dimension, the volume of the extra dimension is 27 R, and so all the wavefunctions

should be periodic under y — y + 27 R, :

Baty) =z 3 Gula)e R (17)

n=—oo

Now this five-dimensional massless field satisfies the Klein-Gordon equation:
O5®(2",y) = (9 — V? = 9;)®(a",y) = 0. (1.8)

Combining these two equations we get:
n2

R2

C

(92 = V2 + —)®(z) = 0. (1.9)

This is a Klein-Gordon equation for a scalar field with mass M, = n/R.. Here ‘n’ is the
discrete quantum number corresponding to the quantized momentum in the compactified
fifth-dimension. This gives us an example of a ‘Kaluza-Klein reduction’(7). The ideas of

compactification and Kaluza-Klein reduction form the basis of all extra dimension models.

1.4.2 The Large Extra Dimension Model

In recent years, a new type of model with extra dimensions, called the “Large Extra
Dimension” model, has been pioneered by N. Arkani-Hamed, S. Dimopoulos and G. Dvali

(ADD model)(8). According to this model there is a (1+3+d)-dimensional spacetime



(bulk) and the Standard Model fields are confined on a (1+3)-dimensional subspace of this
bulk. The d extra dimensions are compactified, typically on a d-torus of radius R.. The
gravitational field can propagate in this d-dimensional bulk. When the higher dimensional

theory is matched with the 4-dimensional effective theory, the following relation is obtained:
Mpy = MIP2Vig) = MI?(R.). (1.10)

Here, M, is the fundamental Planck scale in the bulk, M p; is the observed (3+1)-dimensional
Planck scale (~ 105TeV) and V(ay s the volume of the extradimensional space. From this

we get

1 2/d
R~ = (Mpt /M), (1.11)

¥
Assuming that the fundamental Planck scale M, ~ 1TeV, we get different values for the
radius R, corresponding to different values for the number of extra dimensions ‘d’. For
d=1 we get a radius R, ~ 10%km. An extra dimension of this size would modify Newtonian
gravity at astronomically observable distance scale. This is not the case and therefore
the number of extra dimension d=1 is ruled out. For d=2, we get R. ~ 1 mm and some
recent experiments have produced tighter limit on the radius upto 160 pm(9). However,
for d > 3 the radius R, < 0.1um, a distance scale not probed by experiments based on
Newtonian gravity and where we expect to see the effect of extra dimension. Hence, with
d > 3, the hierarchy problem is resolved by bringing down the cutoff value for the Standard
Model to the TeV scale. However, there are some drawbacks of this model. One of them
is that quantum corrections shrink the radius of the extra dimension (R.) resulting in the

fundamental Planck scale M, to go up, which brings us back to the original problem(10).

1.4.3 The Randall-Sundrum Graviton Model

The Randall-Sundrum (RS) model, proposed by Lisa Randall and Raman Sundrum in
1999(11) has evolved out of the Large Extra Dimension model. It is an alternate approach,
based on the idea of extra dimensions, to address the hierarchy problem. According to this

model, there is only one extra dimension in addition to our (143)-dimensional spacetime.



There are two 4-dimensional subspace (or brane) sitting in a 5-dimensional bulk with a
‘warped’ geometry. One of them is the ‘visible’ brane which contains all the Standard Model
fields and the other is the ‘invisible’ brane where gravity is strong and only gravitons can
propagate in the extra dimension. The extra dimension forms a circle which is folded about
a diameter and the two branes are placed at ¢ = 0 (invisible brane) and ¢ = 7 (visible

brane). The solution to the 5-dimensional Einstein equation is :
ds? = e et g drtda” + R2d¢*. (1.12)

Here, ds is a line element in the 5-dimensional bulk, g, is the (341)-dimensional metric,
R, the radius of curvature and e 2f%? ig the ‘warp’ factor. The relation between the
4-dimensional Planck scale Mp; and fundamental Planck scale M5 obtained from this 5-

dimensional model is :

M2, = ]\Zf’ [1 - e_ZkRC”} . (1.13)

In the RS model, the scale ‘s’ is of the order of the Planck scale (~ 10'6 TeV) and
equation 1.13 tells us that the fundamental 5-dimensional Planck scale is of the order of
the Planck scale (Mp; ~ Ms5). The effective interaction Lagrangian on the visible brane is
given by :

1 inf

L= —M—PlTo‘ﬁ(x)hgﬁ( z) — T“ﬁ Zh (1.14)

The Lagrangian consists of two parts. The first part corresponds to the ‘zero mode’ which
describes the gravitational interaction that we experience. The second part is the sum
over the Kaluza-Klein(KK) excitation modes and corresponds to the interaction of the KK

excited modes of the graviton with Standard Model fields. Here :
Ay ~ e ey (1.15)

From this equation we see that a value of KR, ~12 makes e *%™ ~ 10716, which brings
down the energy scale in the TeV range. So the ‘zero mode’ in equation 1.14 is suppressed

by a factor of ‘1/Mp;” with Mp; ~ 10'® TeV, as a result of which the gravity that we
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experience is so weak. However, the KK excited states are suppressed only by a factor of
‘1/A;’ with Ay ~ 1TeV. So for the KK excited states, the gravity actually interacts with
the matter in the weak (~ 1Tev) scale. This exponential factor, e~  thus explains the
hierarchy between the weak and Planck scales. Experimentally, we try to find the effects of
these KK excited states on SM by looking for the production of a KK excited state of the

graviton in the weak scale and hence within the energy range of the present experiments.
1.5 Phenomenology of the RS Model

The experimental test for the RS model is performed by searching for the KK excitation
of the gravitons. This can be done by looking at the graviton exchange contributions to
processes with final states of two fermions or two bosons. Some of the possible final states
to look for are eTe™, utu—, vy, WHrW—, ZZ,bb, tt, etc. The signal for excited Graviton is
expected to be a resonance in the invariant mass distribution of the final state. Figure 1-1
shows the branching fraction for the different graviton final states as a function of the
graviton mass. The branching fraction to u+u— and 7777 are also same as eTe™(12). The

two channels which are explored in this particular analysis are

p+p— G —ete”

p+p—G =y

These channels provide a clean signal as opposed to other channels which have large back-
ground. Due to poor detector resolution, the choice of di-muon final state is not favourable
for this search. In this analysis, both the final states G* — vy and G* — e*e™, are com-
bined to increase the sensitivity as the branching ratio to two photons is twice of that of
to two electrons. There are two free parameters in the RS model which govern the phe-
nomenology: the first excited graviton mass ‘M1’ and the coupling to the Standard Model
‘k/Mpy’.
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Figure 1-1: Branching ratio of graviton to different final states as a func-
tion of graviton mass. This plot was taken from reference (13).

Mass of the graviton

In the RS model, the KK excited states of the graviton have a mass which is given by

M, = z ke T = z,mg (1.16)

Here, my is the graviton mass scale and z,, are the zeros of the Bessel function J;(z) with
values, e.g, ©1 ~ 3.83,z9 ~ 7.02,z3 ~ 10.17, 24 ~ 13.32(15). This results in a discrete
set of possible graviton masses in the invariant mass distribution for different values of ‘n’
which are not equally spaced. It should be mentioned here that if a graviton is discovered,
it will have only one value for my. Figure 1-2 shows the graviton resonance production in

excess of Drell-Yan (SM process with ete™ final state) events for 700 GeV graviton at the
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Tevatron. Figure 1-3 shows the same for 1500 GeV graviton along with the subsequent

tower members at the LHC.

do/dM (pb/GeV)

200 400 600 800 1000 1200

Figure 1-2: The invariant mass distribution for 700 GeV graviton in ex-
cess of Drell-Yan events at Tevatron with H/Mpl:1,0.7,0.5,0.3,0.2 and 0.1
respectively from top to bottom. This plot was taken from reference (14).

Coupling to the Standard Model

The KK excited states of the graviton couple to matter and the coupling is given by
K81 /Mpy, k being the curvature of the extra dimension. In this model the curvature & is
assumed to be less than, but of the same order as the Planck scale ~ 10'6TeV. This requires
the coupling x+v/87/Mp; to be small. The graviton production cross-section is proportional
to this coupling as o ~ (m/8_7r /M pl)2(15). Figure 1-4 summarizes the different theoretical

and experimental constraints. The value of this coupling between 0.01 and 0.1 is probed
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Figure 1-3: The invariant mass distribution for 1500 GeV graviton
and the subsequent towers in excess of Drell-Yan events at LHC with
x/M p;=1,0.5,0.1,0.05 and 0.01 respectively from top to bottom. This plot
was taken from reference (14).

experimentally. The lower bound on the coupling (0.01) comes from string theoretric
arguments(15). The upper bound (0.1) comes from the constraint on the curvature of the

extra dimension, R. = 20x% < M? as shown in Figure 1-4(16).
1.6 Previous searches for RS Gravitons

The Randall-Sundrum model being a very recent model (proposed in 1999), very few
dedicated searches for RS Gravitons have been carried out to date. The main effort has
been at the Tevatron where both the D@ and CDF experiments are involved in this search.
RS Graviton searches have been carried out in di-electron, di-photon and di-muon channels

both at the CDF and D@ experiments. The publised result from D@ was based on analyzing
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Figure 1-4: Summary of the experimental and theoretical constraints on
the RS model. The experimental constriant comes from lepton and jet pair
production analysis at the Tevatron. Constraint from the oblique parameter
comes from a global fit to the electroweak oblique parameters S and T. The
constraint A, < 10 TeV is to make sure that no new hierarchy appears
between EW scale and A,;. The R5 < M% is a higher dimensional curvature
bound. This plot was taken from reference (16).

~ 300 pb~! of data collected by the D@ detector(18). Figure 1-5 shows the result from the
CDF experiment(17) and Figure 1-6 shows the D@ result. The published result from DO
excluded graviton masses M < 785(250)GeV for a coupling x/M p; of 0.1(0.01).
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Figure 1-5: 95% confidence level upper limit on x/M p; versus graviton
mass M from the previous CDF preliminary result. This plot was taken
from reference (17).
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Figure 1-6: 95% confidence level upper limit on x/M p; versus graviton
mass M; from the previous D@ published result. This plot was taken from
reference (18).



Chapter 2

EXPERIMENTAL APPARATUS

The Fermi National Accelerator Laboratory, located near Chicago,IL, has the world’s high-
est energy particle accelerator, the Tevatron. Here, protons and anti-protons collide at a
center of mass energy, 1/s=1.96 TeV. They collide at the center of two particle detectors
situated at two points along the ring: the Collider Detector at Fermilab (CDF) and the
D@ detector.

The “first” stage of the DO experiment, Run I took place between 1992-1996, at a center
of mass energy /s=1.8 TeV. The next stage of the DO experiment, Run II, following an
upgrade of the Tevatron, started in March 2001 at a center of mass energy, /s=1.96 TeV.

The work presented in this thesis was done using data collected by the D@ detector
in Run II between 2002 and 2006. In this chapter, we will give a short overview of the

Tevatron and the D@ detector.
2.1 Accelerator

The accelerator generates protons and anti-protons and then accelerates them and collides
them at a center of mass energy of \/s=1.96 TeV. This is done in different stages.

First, hydrogen gas is ionized via a magnetron source to H™ ions. These ions are then
accelerated to 750 KeV using the Crockroft-Walton accelerator. Next a 150 m long linear
accelerator (LINAC) is used to accelerate the H™ ions to 400 MeV. They are then passed
through a carbon foil that strips off the electrons, giving bare protons. The stripping occurs
(just) after injection into the Booster Synchrotron in which the protons are accelerated to
8 GeV. The Booster injects its 8 GeV proton beam into the Main Injector, which is a

synchrotron ~ 1.9 mile in circumference. The main injector then makes a single high-



18

density bunch of ~ 5 x 10'2 protons. These bunches of protons are then accelerated to
120 GeV to be used for anti-proton production and to 150 GeV to be injected into the

Tevatron.

FERMILAB'S ACCELERATOR CHAIN
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Figure 2-1: Schematic of the Fermilab accelerator chain(20).

In the antiproton source, the 120 GeV proton bunches from the main injector are
focused on a nickel target. Antiprotons are produced at a rate of approximately 15 anti-
protons for every million protons on the target. The anti-protons are then stored in the
Accumulator until a sufficient number (1.5 — 2 x 10'2) of anti-protons accumulates.

The Tevatron is the final level of acceleration. It is a synchrotron ring with ~ 4 mile
circumference. The Main Injector delivers 36 bunches of protons (about 2.7 x 10! protons
per bunch) to the Tevatron. Next, anti-protons are transferred from the Accumulator
to the Main Injector, accelerated to 150 GeV and injected into the Tevatron. In the
Tevatron, 36 bunches of protons and 36 bunches of anti-protons are then accelerated in
two counterrotating beams up to a final energy of 980 GeV. Finally the protons and anti-

protons collide at two interaction region at an interval of 396 ns, D@ being one of the
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interaction regions.
2.2 DO Detector

The D@ detector consists of three primary detector systems as we move from inside to
outside and they are all symmetric about the Tevatron beam line. Figure 2-2 shows the
schematic side view of the Run IT D@ detector. The three main detector systems are

tracking system, calorimeter and muon spectrometer.
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Figure 2-2: Side view of the DO detector (25).

2.3 Coordinate system and some variables

Before we talk about the different detector systems, it is good to explain some of the

commonly used variables. The D@ detector uses standard right-handed coordinate system.
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The collision point is the center of the detector with coordinate (0,0,0). The direction of
the proton is the positive +z—axis. The +x—axis is horizontal pointing towards the center
of the ring. The +y—axis points vertically upwards. Then there are two angles. The
polar angle, 0, is defined such that # = 0 lies along the beam pipe in the 4z direction.
The azimuthal angle, ¢, is defined such that ¢ = 0 points along —z—axis, away from the

center of the ring. In high energy physics we deal with relativistic particles and so it is

» +X (East)

(South)
protons

Figure 2-3: Diagram of py in the DO coordinate system(19).

convenient to use a variable ‘pseudo-rapidity’ which is a measure of the polar angle 6. The

n = —Intan (g) . (2.1)

pseudo-rapidity ‘n’, is defined as
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The pseudo-rapidity is a high energy approximation of rapidity y, defined as

1 E+p,
=1 . 2.2
Y 2 n<E_pz> ( )

Here the energy of the particle is E and the longitudinal momentum is p,. The advantages

of using 7 are:

e The interval in 7 is Lorentz invariant.

e As a consequence of this Lorentz invariance, the particle multiplicity is almost con-

stant in rapidity.

Another variable used is the ‘transverse momentum’ which is the component of the

particle momentum vector normal to the z axis.

pr = psinb. (2.3)

The transverse momentum is used because the partons initially do not have any transverse
(x-y plane) component of momentum and hence it is easy to apply the conservation of
transverse momentum. On the contrary, since the partons initially do have z-component
of momentum (along the beam pipe), applying the conservation of the total momentum

becomes complicated.
2.4 Tracking System

The tracking system of the D@ detector is the innermost part surrounding the beam pipe.

The tracking system consists of four parts:

Silicon Microstrip Tracker (SMT);

Central Fiber Tracker (CFT);

Solenoid magnet;

Preshower.
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Figure 2-4: The DO tracking system (25).

Figure 2-4 shows the different parts of the D@ tracking system. The main function of
the tracking system is reconstruction of trajectories of the charged particles. As a charged
particle moves through the different layers of the tracking system, signals are generated at
different layers. The trajectory of the charged particle is reconstructed by joining these
signals at different layers. In addition, the tracking system being inside a strong magnetic

field, the momentum of the charged particle is measured from the curvature of its trajectory.

2.4.1 Silicon Microstrip Tracker (SMT)

The Silicon Microstrip Tracker (SMT) was installed in the D@ detector during the Run
IT upgrade. It consists of 6 barrels, 12 F-disks and 4 H-disks as shown in figure 2-5. The

barrels are made of four layers and each layer is made of multiple ladders. The ladders
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are segmented into parallel strips, which can be parallel to the beam pipe (axial) or at an
angle with respect to the beam (2° or 90°). The functionality of this detector utilizes the
properties of the semiconductor. The bulk silicon is doped to be an n-type semiconductor
and the strips are doped to be a p-type semiconductor. Between them a p-n junction forms.
This junction is reverse biased. As charged particles pass through silicon, they generate
electron-hole pairs, resulting in a small current across the junction which is detected as the
source of the signal. The SMT detector provides a spatial resolution of approximately 10

pm in 7 — ¢ and 100 pum in r — z and covers || < 3.

F-DISKS
p-side: +15°

Figure 2-5: DO Run II Silicon Microstrip Tracker detector(20).

2.4.2 Central Fiber Tracker (CFT)

The Central Fiber Tracker (CFT) surrounds the SMT. It consists of eight concentric carbon
fiber barrels holding layers of scintillating fibers. Figure 2-6 shows a cross-section view of
the CFT. It is divided into 80 sectors in phi for readout. As the charged particles pass

through these fibers, photons are produced. These are then converted into electrical pulses
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using Visible Light Photon Counters (VLPC). The CFT covers |n| < 2. The position

resolution of the CFT is ~ 100um.
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Figure 2-6: (a) A quarter r-z view of the CFT detector showing the nested
eight barrel design. (b) A magnified r-¢ end view of the two doublet layer
configuration for two different barrels(21).

2.4.3 Solenoid

The solenoid surrounds the CFT. It provides a 2 Tesla uniform axial magnetic field. This
magnetic field bends the trajectory of the outgoing charged particles. The radius of cur-
vature is used to calculate the momentum of the charged particles. The equation is given
by:

p=gqgx BXxR, (2.4)

where ‘p’ is the momentum of the charged particle, ‘g’ is the charge of the particle, ‘B’ is

the solenoid magnetic field and ‘R’ is the radius of curvature of the particle trajectory.

2.4.4 Preshower Detector

The preshower detectors are located between the solenoid and the calorimeters. The three

preshower detectors are the Central Preshower (CPS) for || < 1.2 and the two forward
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preshower (FPS) for 1.4 < |n| < 2.5. The solenoid around the tracking system provides
unintrumented material (~ 0.8 to 2 radiation length) for the outgoing particles to interact
with and lose energy. This makes the energy resolution of the calorimeter worse. The
function of the preshower is energy sampling of particles coming out of the solenoid (before
entering the calorimeter) to improve overall energy resolution. The central preshower
detector is made of one layer of lead and three layers of scintillating strips. The lead with
varying thickness makes the total radiation length around 2 for the particles coming out
in all angles. The function of the forward preshower is to improve electron identification
in the forward region. It is made of two layers of scintillators followed by a layer of lead

(~2 radiation length) and then followed by another two layers of scintillators.
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Figure 2-7: Cross-sectional end view (left) and side-view (right) of the
Central Preshower detector (25).

2.5 Calorimeter

The calorimeter consists of three parts, the central calorimeter (CC) with a coverage of
In| < 1.1 and two end calorimeters (EC) with a coverage of 1.5 < |n| < 4.5 (Figure 2-8).

The function of the calorimeter is to measure the energy of the particles. As the particles



26

pass through the different layers of the calorimeter, they interact with the material and

generate electromagnetic or hadronic showers.

Outer Hadronic
(Coarse)

Middle Hadronic
(Coarse & Fine)

CALORIMETER
Electromagnetic

Inner Hadronic
(Coarse & Fine)

Electromagnetic

Figure 2-8: Overall view of the DO calorimeter system(25).

The calorimeter is made of a large number of modules. Each module is made of a series
of unit cells. Figure 2-9 shows the schematic view of a calorimeter unit cell. The unit cell
consists of an absorber plate and a signal board. Liquid argon, the active material of the
calorimeter, fills the gap.

The calorimeter modules are segmented into three distinct sections as shown in fig-

ure 2-8:

e clectromagnetic (EM)
e fine-hadronic (FH)

e coarse-hadronic (CH)
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Figure 2-9: Unit Cell in the Calorimeter(22).

The central calorimeter consists of 4 EM layers, 3 FH layers and 1 CH layer. The end
calorimeter consists of 4 EM layers, 4 FH layers and 3 CH layers. In the central calorimeter,
the transverse segmentation of the cells is An x A® = 0.1 x 0.1 in all the EM layers except
in the third EM layer where it is An x A® = 0.05 x 0.05. In the EC, the segmentation is
also Anp x A® = 0.1 x 0.1. For |n| > 3.2, it is 0.2 x 0.2. Typical transverse size of the EM
shower is 1—2 c¢cm which is comparable to the cell size in 7— ¢. The maximum of the shower
is expected to occur in the third layer of the EM calorimeter. Hence, the segmentation
is finer in the third EM layer for more precise location of the EM shower centroid. The

different parameters of the calorimeter are summarized in Table 2.1.

\ Module | EM | FH [ CH |
Rapidity +1.2 | £1.0 | £0.6
Number of modules 32 16 16
Type of absorber Ur | U-Nb | Cu
Thickness of absorber in mm 3 6 46.5
Gap of Argon in mm 2.3 2.3 2.3
Radiation length 20.5 96 3.2
Nuclear absorption length 0.76 3.2 3.2

Table 2.1: Different parameters of the D@ central calorimeter(CC).
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Figure 2:10: A quarter of the calorimeter in the r» — z plane of the detector
showing the tower geometry(22).

When high energy electrons or photons pass through the calorimeter, they interact with
the material. For example, an electron passing through the calorimeter radiates a photon,
the photon, in turn, makes an electron-positron pair. With this process being repeated, an
electromagnetic shower is generated. When a photon enters the calorimeter, the showering
process starts primarily through pair production (7 — e*e™). The electrons primarily lose
energy by ionization and bremsstrahlung. There is a critical energy E. for the electrons

approximated by the equation:

~ 800MeV

C Z4+1.2° (2:5)

where Z is the atomic number of the interacting material. Electrons with energy greater

than F. mainly lose energy through bremsstrahlung. The energy of the electron or photon
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is expected to drop exponentially as
E(z) = Ege™/%0, (2.6)

Here Ej is the original energy of the particle, ‘x’ is the distance traveled by the particle
and X is called the radiation length of the material through which the particle passed. A
particle travelling one radiation length thus loses ~ 63% of its original energy on average.

The hadronic shower is initiated when hadronic particles passing through the calorime-
ter interact inelastically with the nuclei of the absorbing layers. Pions and nucleons are
produced from these interactions which in turn interact with other nuclei resulting in a
shower. The hadronic calorimeter depth is expressed in terms of nuclear interaction length

A1, which is given by:

Ar = 35gem? A3, (2.7)

where “A” is the atomic weight of the material. When the electromagnetic or hadronic
showers are generated, the particles lose energy by interacting with the heavy absorber
layers of the unit cell and then ionize the liquid argon medium while passing through
them. The number of charged particles traversing the argon gap is counted by measuring
the ionization. This number is proportional to the energy lost by the incident particle.
Since only a part of the particle energy is ‘sampled’ for energy measurement, this is called
“sampling calorimeter”. The electromagnetic section of the calorimeter being ~20 radiation
length, most of the energy from electromagnetic objects is deposited in the EM calorimeter.

The resolution of the calorimeter is described by:

e () ()

Here C correspond to calibration error and energy leakage, S represents the sampling

fluctuations and NV is the noise term. The values for the central electrons are : C = 0.0408,

S =0.15 VGeV and N = 0.29 GeV(26).
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2.6 Muon Detector

The muon system is the outermost part of the D@ detector. Due to their large mass, muons
lose very little energy through bremsstrahlung as they pass through the tracking system
and the calorimeter. Muons primarily lose energy through ionization and excitation of the
detector media. The muons generated at D@ are primarily minimum ionization particle
(MIP) with an energy of few GeV. Hence, they pass through the tracking system and
the calorimeter, loosing very little energy. The muon system is made of the following

components:
e Wide Angle MUon Spectrometer (WAMUS) covering || < 1
e Forward Angle MUon Spectrometer (FAMUS) covering 1 < |n| < 2

The WAMUS and FAMUS, both are made of two types of detectors, drift tubes and
scintillators. The WAMUS and the two FAMUS consists of three layers (A,B and C) and

between layer A and layer B, there is a 1.8 T toroidal field.
2.7 'Trigger

With protons and anti-protons colliding at an interval of 396 ns, the collision rate is about
2.5 MHz. Out of these 2.5 x 106 events generated per second at D@ a very small fraction
is of interest. Also, technically it is difficult to read and process events at this high rate.
So through a fast selection, only those events which have properties matching the char-
acteristics of physics events of interest are saved. This is done in three stages through a
combination of hardware and software, called “Trigger”. Figure 2-11 is an over view of the

D@ trigger system. The trigger system at D@ consist of:
e Level 1 (L1)- Hardware based selection.
e Level 2 (L2)- Selection based on combination of hardware and software

e Level 3 (L3)- Software based selection
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Figure 2-11: Overview of the DO trigger system(20).

L1 Trigger

The first level of the trigger system (L1) takes a very fast decision for each bunch crossing
(event), based on the raw detector information and simple algorithms. Information from the
CFT, preshower, calorimeter and muon system is processed in parallel. The L1 framework
(L1IFW) gets the information from all the detector parts and takes the decision. If accepted
by L1, the event is sent to L2.

The calorimeter trigger is based on energy deposited in trigger towers. A trigger tower
is formed by summing up the energy deposited in the different layers of the calorimeter.
Calorimeter trigger towers cover An x A® = 0.2 x 0.2. For this analysis, only events with
electromagnetic(EM) objects were used. The current accept rate for L1 is between 1 to 3

KHz.



32

L2 Trigger

In the second level of the trigger (L2), different physics objects (e.g. electrons, muons,
jets, etc.) are reconstructed by using the information from the L1 trigger and the different
subdetector systems. This is mainly done in software using different processor boards which
collects information from the different L1 triggers. From hardware perspective, a processor
board is part of a level 2 trigger system unit running Linux and based on Compaq PC164
design (23).

The calorimeter preprocessor (L2CAL) gets the information from L1 trigger towers and
reconstructs L2 EM cluster. Then events are selected that have an EM cluster above a

certain energy threshold. The accept rate of L2 is ~ 1kHz.

L3 Trigger

The final level of the trigger system is the L3/Data Acquisition System (DAQ). This is a
software based selection system running in a farm of parallel PCs (also called nodes). After
an event is accepted by L2, all the information from the different readout crates for that
particular event is routed to one of the nodes. Here a more sophisticated reconstruction of
the physics objects is carried out and a more detailed algorithm can be applied to select
events.

For electromagnetic objects, a fast version of the offline electron identification algorithm
is used and cuts are applied on various parameters such as energy, shower shape, fraction
of energy deposited in the electromagnetic calorimeter, etc.

The L3 accept rate is approximately 50 Hz. Finally, the events accepted by L3, are

stored on a tape for offline event reconstruction.



Chapter 3

OBJECT RECONSTRUCTION AND
IDENTIFICATION

The data that are collected by the D@ detector are a collection of digitized signals. For
physics analysis, the physics objects in each event need to be identified. The reconstruction
and identification of physics objects are accomplished by the D@ offline reconstruction
software package, DORECO. Since this analysis is based on the reconstruction of electrons
and photons, in this chapter the reconstruction and identification of the electromagnetic

objects are discussed.
3.1 Object reconstruction in calorimeter

The calorimeter readout is in terms of ADC (Analog to Digital Converter) count. The
real ADC count is read if it is greater than 2.50 above the pedestal value (i.e. calorimeter
readout without any beam), where o is the width of the pedestal distribution. This is
called zero-suppression. The conversion of the ADC count to energy is done by calibration.
A pulse of known energy is sent through the calorimeter electronics and the corresponding
ADC count is read out which gives the ADC count to energy conversion factor. Next the
energy of all the cells having the same n and ¢ are added which makes the calorimeter
tower. The total energy E and the position in 7 — ¢ is obtained from the calorimeter.
With the approximation that the particles are massless, the four momentum (E, p, py, ps)
are obtained.

pe = Esinf cos ¢, (3.1)

py = Esinfsin ¢, (3.2)
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p, = Ecosf. (3.3)
3.2 Electromagnetic object reconstruction

The showers originating from the electromagnetic objects (electrons and photons) are con-
centrated clusters of energy deposited mainly in the electromagnetic calorimeter. There are
standard algorithms used for reconstruction of the electromagnetic objects at D@ . One of
them is the “Simple Cone Algorithm”. The electromagnetic tower is constructed by adding
the energies in the four EM calorimeter layers and the first hadronic layer. Starting with
the highest transverse energy EM tower, the towers around that are added, within a cone
of radius R = \/m < 0.2 and with transverse energy E7 > 50 MeV. This forms
an EM cluster in the central calorimeter (CC) region. In endcap (EC) calorimeter, the
cells forming a cluster should have a transverse distance less than 10cm from the highest

transverse energy EM tower.
3.3 Electromagnetic object identification

Various parameters are used to characterize an electromagnetic shower. The parameters

used for event selection in this analysis are discussed in detail.

Electromagnetic Fraction

The electromagnetic shower is expected to deposit most of the energy in the EM calorime-

ter. This is expressed by:

fem = 7= - (34)

Here, E.,, is the energy deposited in the EM layers of the calorimeter and FEj,, is the

total energy deposited in the four EM and first hadronic layer of the calorimeter.

Isolation Fraction

The electromagnetic objects from gravitons tend to be isolated in the calorimeter n — ¢

space. Isolation fraction gives a quantitative measure of the degree of isolation of a given
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electromagnetic object. The isolation fraction is defined by:

Etot(R < 04) — Eem(R < 02)

fiso = Eem(R < 0.2)

(3.5)

Eiot(R < 0.4) is the total energy deposited in the tower within a cone of radius R = 0.4
around the direction of the cluster. FE,(R < 0.2) is the energy deposited in the EM

calorimeter within a cone of radius R=0.2 around the direction of the cluster.

H-Matrix

The shower shape of an electron or a photon has a distinctive profile different from that
originating from a hadronic particle. The shower shape originating from an EM object is

characterized by using several parameters.

e The fraction of shower energy in each of the four EM calorimeter layers EM1, EM2,
EM3 and EM4. This characterizes the longitudinal development of the EM shower

— 4 parameters.
e Total energy deposited in the EM calorimeter — 1 parameter .
e Consistency of the shower with the vertex z position — 1 parameter.

e The lateral development of the shower. This is characterized by the width in ¢ in the

third layer of the EM calorimeter (EM3) with the best granularity — 1 parameter.

The H-matrix x? with these seven parameters (7 x 7 H-matrix x?) gives a measure of how
much the shower shape from an EM candidate matches with the MC detector simulation
of EM shower shape. It is defined by:
7
2 / _ / _
X> =Y (z; — Ti)Hij(z; — T;) (3.6)
ij=1
Here the sum is over the seven parameters and T is the average for each parameter obtained

from the MC. H is the inverse of the covariance matrix and H;; are the elements of the
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matrix. A smaller value of the x? indicates better agreement of the shower with an EM

shower.

Track Match

In this analysis, no track match was required for event selection. However, for some studies
(e.g. systematics), a track match was required. The trackmatch is required to identify
electrons. With information from the EM calorimeter, we can reconstruct an EM object
with several variables as described above. Electrons are charged particles and interact with
the central tracking system so that their trajectory can be reconstructed as a track. It is
expected that the track should point to an EM object reconstructed in the calorimeter.
The quality of the match is expressed in terms of a x? defined as:

2
2 2 o/
X2 _ < 5¢ > 4 <%> + Pr (3.7)
Ophi o oEBp
-

Alternately the quality of track match is also expressed in terms of a spatial x? defined as:

5 )2 <5z>2

2

spatial — + | — 3.8
X patial <Jphi o, ( )

Track Isolation

In the calorimeter, the electromagnetic objects from gravitons are expected to be isolated.
No track is expected around an EM object. The track isolation cut is based on this idea.

The steps to calculate the track isolation are as follows:
e Select tracks which originate close (<2cm) to the primary vertex.

e Calculate the AR between these tracks and the EM object in n — ¢ space.

AR = /(A¢)? + (An)?

e Calculate the sum of the pr of all the tracks within a cone with 0.05 < AR < 0.4

around the EM object.
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For isolated particles, this sum should be small. For the EM object selection, a cut is

applied on this sum.

ID 10 or 11

The electromagnetic objects with ID 10 or 11 are with loose selection criteria. ID 10
corresponds to a calorimeter EM cluster with a transverse energy Er > 1.5 GeV and
electromagnetic fraction f.,, > 0.9. Electromagnetic objects with ID 11 is a loose electron
candidate with a track match. The requirement for loose electron is a calorimeter tower
matched with a track with a minimum transverse energy E7 > 0.5 GeV and electromagnetic

fraction fe,, > 0.7.



Chapter 4

DATA AND SIMULATION

In this chapter the data and the simulated events used for this analysis are discussed.

4.1 Data

The data used for this analysis were taken between October 2002 and February 2006. All
the data have been reconstructed with version p17 of the D@ reconstruction program. The
starting point for this analysis was the dataset with two high-pp electromagnetic (EM)
clusters, the so-called “2EMhighpt skim” that consists of approximately 34M events. The

2EMhighpt skim requires both the EM objects to pass the following selection cuts:
e ID=10o0r 11
e ppr > 15 GeV
It was further reduced with the following selections:
e bad runs and bad luminosity blocks were removed to account for the data quality

e the events were required to pass the logical OR of a set of ~80 triggers requiring one

or two electromagnetic clusters
e duplicate events were removed

e events were selected with two electromagnetic objects where both satisfy the following

loose cuts:

—ID=10or 11



— contained in the fiducial region of the central calorimeter. The fiducial region

of the calorimeter excludes all gaps, both in 1 (1.1< detector |n| <1.5) and in ¢
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(total 32 gaps in ¢, each with width = 0.02 radian).

— pr > 25 GeV

— fraction of energy in electromagnetic calorimeter fe,, > 0.9

— fraction of energy in isolation cone

E10t(0.4)—Ep(0.2) = fiSO < 0.2

About 1.4M events were left after these cuts.

4.2 Trigger

From the list of ~80 triggers, eight triggers were shortlisted. A logical OR of these eight
triggers passed 97% of the 1.4M data. These eight triggers, their corresponding trigger
versions and the integrated luminosity corresponding to each of these triggers, are listed in

Table 8.1. The final analysis was done using data triggered by a logical OR of these eight

Egn(0.2)

triggers.

Trigger Trigger name | Trigger version | Integrated luminosity

pb~!

Single-EM | EM_MX_SH V8 to V11 122

E1_SH30 V12 and V13 596

E1_SHT22 V13 377

E1_SH35 V14 350

Di-EM 2EM_HI V8 to V11 122

E1.2L15_SH15 | V12 and V13 596

E1_2L20 V12 and V13 596

E1.21.20_L25 V14 350

4.3 Simulation

For this analysis, simulated events (Monte Carlo) were used for both background prediction

and to get the signal efficiency. The advantage of using simulated events is getting a clean

Table 4.1: List of triggers.
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sample for some physics process that is of interest. Although the simulation does not
represent the data exactly, it is very close to real data. The event simulation was done
in several steps. The first step is event generation. There are several standard programs
(event generators) used for generating simulated events at the hard scattering level. For
this analysis, all the simulations were done using PYTHIA(27). At the Tevatron, proton
and anti-proton collide which actually results in a quark anti-quark interaction. The quark
(anti-quark) taking part in the collision carry only a fraction of the total proton (anti-
proton) energy. The parton distribution functions (PDF) gives the probability a quark
(anti-quark) will carry a certain fraction of the total proton (anti-proton) energy. There are
different PDF’s available. All the simulated samples used for this analysis were generated
using the PDF CTEQG6L1(39). The quark or gluon produced from the hard scattering
develops into a hadronic shower forming a jet, which is also called hadronization. A different
program is used to simulate the hadronization.

The next step is to model the D@ detector. The detector model is implemented using
the GEANTS3 package(28). This package models the effect of the magnetic field and detec-
tor material. This also models the interactions of the particles with the detector material
like ionization, secondary particle production etc.

The third stage of the simulation was done by using the D@ sim package. The function
of this package is to model the response of the detector. At this stage the noise due to
different detector subsystems is simulated and digitized. This completes the simulation.
The output of this simulation is the equivalent of raw data from the detector. Finally
the D@ reconstruction program was run to reconstruct the physics objects. The object

reconstruction is described in detail in chapter 3.

Signal sample

The signal sample for this analysis is a 2—2 process with final states, eTe™ and 7. The
initial particles are a quark-antiquark pair or a pair of gluons and the mediator is the

graviton. The two free parameters for the RS model are the mass of the first excited



41

graviton state M; and the coupling to the standard model x/M p;. Signal samples for
different graviton masses but with the same coupling /M p;=0.1 were generated. Table 4.2
shows all the signal samples generated along with their corresponding leading order (LO)

cross-section.

RS Graviton Mass | LO Cross-Section x Branching Ratio | Number of Events
(GeV) pp— G+ X, G — ete” or yy(pb)
200 28.7 10000
220 17.6 10000
240 11.6 10000
250 9.9 10000
270 6.7 10000
300 4.2 10000
320 3.1 10000
350 2.0 10000
370 1.5 10000
400 1.1 10000
450 0.58 10000
500 0.33 10000
550 0.19 10000
600 0.12 10000
650 0.07 10000
700 0.041 10000
750 0.025 10000
800 0.015 10000
850 0.0087 10000
900 0.0051 10000
950 0.0029 10000
1000 0.0016 10000

Table 4.2: List of RS graviton MC samples used for this analysis.

Background samples

The two major irreducible background for this analysis are Drell-Yan (DY) with final states
ete™ and direct diphoton production. Simulated events for these two SM physics processes
were used. The samples were generated with different mass windows. The details of the

different sets of simulated samples are listed in Table 4.3.
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Process | Mass Window | LO Cross-Section | Number of Events

(GeV) (pb)

60-130 178 264750

DY 130-250 1.3 27500

250-500 0.11 27000

>500 0.0045 25500

50-130 42.7 50500

130-250 3.1 51500

aa 250-500 0.49 26750

>500 0.034 25500

Table 4.3: List of DY and vy MC samples used in this analysis.




Chapter 5

EVENT SELECTION

5.1 Selection Cuts

For this analysis events were selected that have two high pr objects consistent with elec-
tromagnetic showers. In order to accept both v and ee decay channels no track match
was required for the objects. The following set of cuts defines an electromagnetic shower

for the final event selection:
e ID =10 or 11

e contained in the eta fiducial region of the central calorimeter. The eta fiducial region

of the calorimeter excludes the gap in 7 (1.1< detector |n| <1.5).
e detector |n| <1.1
e ppr > 25 GeV
e fraction of energy in electromagnetic calorimeter f.,, > 0.97
e fraction of energy in isolation cone f;s, < 0.07
e consistency with electromagnetic shower shape : 7 x 7 H-matrix y? < 12

e sum of transverse momentum (pr) of tracks in isolation cone [0.05 < A R < 0.4 with

AR = +/(An)? + (Ag)? around the object direction] p;s, < 2 GeV

With these selection criteria, events were selected from both DATA and MC.
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Figure 5-1: Expected limit at 95% confidence level as a function of Isola-
tion cut for graviton mass of 200 GeV. The error bars on the expected limit
show the standard deviation.

5.2 Cut Optimization Study

The selection cuts applied here are the optimized cuts suggested by the algorithm group
based on independent studies done at D@ (30). For my analysis, I carried out an inde-
pendent cut optimization study with respect to the expected limit at 95% confidence level
to check the possibility of improving the result (i.e. better limit). The optimization study
was done for the ‘isolation’ and ‘shower shape’ cuts only. More details on limit and limit
calculation will be discussed in Chapter 7. Figure 5-1 and 5-2 show the expected limit
calculated for graviton masses 200 GeV and 500 GeV respectively for different values of the
isolation cut. Figures 5-3 and 5-4 show the expected limit calculated for graviton masses
200 GeV and 500 GeV respectively for different values of the shower shape (7 x 7 H-matrix)
cut. The error bars on the expected limit show the standard deviation. From these plots,
we do not see any minima for ‘isolation’ and ‘shape’ cuts (with the error band) that give a
significantly better limit. Hence we conclude that the isolation and shower shape cuts used

(fiso < 0.07 and 7 x 7 H-matrix 2 < 12) are at least very close to the optimal settings.



45

5.5F

4.5

Expected Limit

3.5

P P P BT Lo
0.04 0.06 008 0.1 012 0.14
Isolation Cut

Figure 5-2: Expected limit at 95% confidence level as a function of Isola-
tion cut for graviton mass of 500 GeV. The error bars on the expected limit
show the standard deviation.
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Figure 5-3: Expected limit at 95% confidence level as a function of HMx7
cut for graviton mass of 200 GeV. The error bars on the expected limit
show the standard deviation.
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Figure 5-4: Expected limit at 95% confidence level as a function of HMx7
cut for graviton mass of 500 GeV. The error bars on the expected limit
show the standard deviation.



Chapter 6

BACKGROUND ESTIMATION

6.1 Sources of Background

The total background is made up of irreducible backgrounds with genuine eTe™ and ~~
final states and misidentification backgrounds in which one or both of the electromagnetic
objects are misidentified.

The sources of irreducible backgrounds are Drell-Yan production of eTe™ and direct
~v production. The contribution from irreducible background is estimated from the MC
samples. In order to predict the shape of the invariant mass spectrum from the irreducible
backgrounds, the spectra from the four Drell-Yan and the four vy MC samples are added
according to their NLO cross sections. The NLO cross-section is obtained by multiplying
the LO cross-section (Table 4.3) by a mass independent k-factor of 1.34(41). Here is a

detailed description of how the total invariant mass spectrum is made for Drell-Yan MC:

e Apply the full selection cuts to each of the four Drell-Yan MC samples.
e For each sample, fill two sets of invariant mass plots for the selected events.

— Low mass spectra with invariant mass between 50 and 250 GeV with a bin size

of 1 GeV.

— Full mass spectra with invariant mass between 50 GeV and 1000 GeV with a

bin size of 10 GeV.

e The mass spectrum for each MC sample is scaled to the corresponding NLO cross-
section. For example, the DY MC sample with 60 < M < 130 GeV is scaled by
178 pb x 1.34/Ngenemted, where Ngeperated = 264750 from Table 4.3.
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Figure 6-1: Invariant mass spectrum from total irreducible background
(number of event is not important).

e All the four MC samples are individually scaled in this way and then added to get

the Drell-Yan background shape.

Similarly, the direct diphoton background shape is also obtained. Then the Drell-Yan
and diphoton total mass spectra are added to get the total irreducible background shape
(Figure 6-1).

The misidentification background is estimated from a sub sample of the preselected
data sample from section 4.1 in which at least one electromagnetic object is inconsistent

with an electromagnetic shower. The selection cuts are:

ID =10 or 11

detector |n| <1.1

pr > 25 GeV

7 x 7 H-matrix x2 > 20

This rejects events with genuine electrons or photons and provides us with an estimate of



49

> L
&

S 1200
5 -
£ 1000F
G>J N
& 800f
Y= -
© 600
2 u
£ 400f
S L
Z 200

coe b b b 1 ™ ol o |
© 80 100 120 140 160 180 200 220
Mees,y (GEV)

Figure 6-2: Invariant mass spectrum from misidentification background
(number of event is not important).

the shape of the invariant mass spectrum of events with misidentified electrons and photons
(Figure 6-2). To study the sensitivity to the specific cut values, two alternate sets of cuts

were also studied in addition to the default cut above.

e Alternate cut 1 (set 1) : At least one electromagnetic object with 7 x 7 H-matrix

x? > 35
e Alternate cut 2 (set 2) : Both electromagnetic objects with 7 x 7 H-matrix x2 > 20

e Default cut (set 3)

It was found that the change in the total background prediction between these samples is
negligibly small (Table 6.1). Figure 6-3 shows the misidentification background distribu-
tion for the three different selections. Figure 6-4 shows the ratios of the misidentification

background spectra.
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Figure 6-3: misidentification background distribution for the three differ-
ent selections.
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Graviton Mass | Mass Window background events
(GeV) (GeV) alternate cut 1 ‘ alternate cut 2 ‘ default cut
200 190-210 82.2 88.1 83.8
300 280-320 26.6 26.0 26.9
400 380-420 5.9 5.8 5.9
500 450-550 5.5 5.4 5.3
600 550-650 1.9 1.9 1.8
700 620-780 0.8 0.9 0.8

Table 6.1: Total number of predicted background events for different se-
lections of misidentification background.

6.2 Fit to the Low Mass Region

In order to fix the background shape, we fit the invariant mass spectrum observed in collider
data around the Z peak (Figure 6-5) in the interval 60 < m(ee) < 140 GeV with a super-
position of the irreducible background shape and the misidentification background shape.
Around the Z peak no new physics is expected. Therefore the total data should be well
represented by a weighted sum of the total irreducible background and the misidentification

background.

hokg = [ 5 hinst + (1 = f) X hphys- (6.1)

Here hjns and hppys are the normalized invariant mass spectra from misidentification
and irreducible background respectively. The parameter f is varied to minimize the y2 be-
tween hyig and the invariant mass spectrum from the collider data, hgq¢q. The minimization

is done with root using TMinuit. The x? is calculated as follows

where
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Figure 6-5: Invariant mass spectrum from data (number of event is not
important).

e number of data events in bin i = n;
e total number of data events within the fit range = N = ). n;
e number of misidentification background events in bin i = n/,

e total number of misidentification background events within the fit range = N’ =

e contents of bin ¢ of the normalized misidentification background spectrum = a; =

n /N’
e number of irreducible background events in bin i = n/
e total number of irreducible background events within the fit range = N7 = >~ n/
e contents of bin i of the normalized irreducible background spectrum = b; = n}/N"

Here, the sum is over the number of bins ¢ within the fit range 60 GeV < mass < 140

GeV. It is found that the best agreement is reached for f = 0.199+0.004. Figure 6-6 shows
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Figure 6-6: x? vs scale factor f for misidentification background.

the plot of x? vs f. Figures 6-7 and 6-8 show the invariant mass spectra for data and the

fitted background composition superimposed.
6.3 Full Mass Spectrum

Finally, having normalized the physics and misidentification background contributions,
we can predict the shape of the invariant mass spectrum above 140 GeV and compare
to collider data. This is done by applying the same scale factor f = 0.199 to the full
invariant mass spectrum of misidentification background and a scale factor of (1-f) to
the full invariant mass spectrum of irreducible background. Adding these two weighted
mass distributions gives the total background spectrum. Figure 6-9 shows the full mass
spectra for data, the total background and the misidentification background contributions.
Table 6.2 lists the number of events expected and observed above a number of invariant

mass thresholds.
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Figure 6-7: Invariant mass spectrum from data (points) with the fitted
total background shape (open histogram) and the fitted contribution from
misidentification backgrounds (shaded histogram) superimposed.
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Figure 6-8: Invariant mass spectrum from data (points) with the fitted
total background shape (open histogram) and the fitted contribution from
misidentification backgrounds (shaded histogram) superimposed.
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Figure 6-9: Invariant mass spectrum from collider data (points) with ex-
pected total background (open line histogram) and misidentification back-
ground (shaded histogram) superimposed.
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| M(GeV) > | 60 [ 100 | 140 | 150 | 200 | 250 | 300 | 350 | 400 | 450 | 500 |
Data 43639 [ 3994 [861 [ 678 [224 [ 101 | 54 [ 29 [ 11 [ 5 [ 3
Total Background | 43641 | 4513 | 863 | 667 | 221 | 95.7 | 44.7 | 23.5 | 13 | 7.5 | 4.5

Table 6.2: Number of data and background events above a mass threshold
for the full mass spectra.

6.4 Smearing Monte Carlo

The energy of the simulated electromagnetic object is required to be smeared to have better
agreement to the data. This is due to the fact that the energy obtained for a simulated
object does not properly describe the different detector effects. For this analysis, already
smeared monte carlo samples were used. However an independent study was also done for
the smearing. The relation between the smeared energy (E’) and the energy of an object

from the simulated events (F) is given by the equation:
E' = E x [a + Gauss(0, af3)] (6.4)

The set of parameters used for this smearing are « and 3. This study was done to find
the set of parameters that will result in the best match between data and MC. First the
invariant mass plots around the Z peak for MC and data were compared without any
smearing. The agreement was as good as shown in Fig. 6:10. Next the Z/DY MC sample
was smeared using o and 3 corresponding to the p14 D@ reconstruction version. The pl4
parameters are o = 1.007 and 8 = 0.042. With these values, the agreement between data

and MC was also not very good as shown in Fig 6-11.

Optimization of Parameters

Next, a systematic study was done to optimize the values for the two parameters using
data and MC reconstructed with D@ reconstruction version pl7. The MC sample was
smeared with a set of values for « and 3 and the corresponding x2 was calculated. First a

was kept fixed at 1.001 and 8 was changed and a plot of x? vs 3 was obtained (Fig 6-12).
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Figure 6-10: Invariant mass spectrum from data (points) with the fit-
ted total (DY+Instrumental) background shape (open histogram) and the
fitted contribution from misidentification backgrounds (shaded histogram)
superimposed without smearing.

From this plot the value of 3=0.024, corresponding to the minimum y? was chosen. Next
the value for 3 was kept fixed at 0.024 and a was varied. From the plot of x? vs o the best
value for o was obtained (Fig 6-13). The values of o and 8 that provided best MC-data
agreement were found to be a = 1.003 and 3 = 0.024.

Smearing the MC with these set of parameters shows good agreement between data
and MC (Fig 6-14). The official DO parameters a = 1.004 and 3 = 0.03, are comparable to

the values obtained by this study. In this analysis, the official D@ parameters were used.
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Figure 6-11: Invariant mass spectrum from data (points) with the fit-
ted total (DY-+Instrumental) background shape (open histogram) and the
fitted contribution from misidentification backgrounds (shaded histogram)
superimposed smeared with pl4 parameters.
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Figure 6-12: x? vs 8 with a=1.001(fixed).
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Figure 6-13: x? vs a with 3=0.024(fixed).



62

10°

107

10

80 90 100 110 130 140 150

Figure 6-14: Invariant mass spectrum from data (points) with the fit-
ted total (DY-+Instrumental) background shape (open histogram) and the
fitted contribution from misidentification backgrounds (shaded histogram)
superimposed smeared with pl7 parameters.




Chapter 7

LIMIT CALCULATION AND RESULT

The integrated luminosity of our data sample was extracted from the scale factor for the DY
spectrum determined in section 6.2. The number of SM (irreducible) background events

(DY+diphoton) is equal to N (equation 7.1), where we use the following definitions.

e Number of generated Drell-Yan MC events (Sample generated with invariant mass

between 60 and 130 GeV) : Npy

e Number of generated Diphoton MC events (Sample generated with invariant mass

between 50 and 130 GeV): N,

e Drell-Yan NLO cross-section : aﬁ}:o
e Diphoton NLO cross-section : o,

e Number of data events with invariant mass between 60 GeV and 140 GeV : A

e Number of Drell-Yan Monte Carlo events with invariant mass between 60 GeV and

140 GeV : B

e Number of diphoton Monte Carlo events with invariant mass between 60 GeV and

140 GeV : C

e The total number of Drell-Yan and diphoton events in data is N = A x (1 — f) where

f is the scale factor from section 6.2.

e The correction factor ‘r’ to account for the difference in efficiency between MC and

data (detail in section 8.3).
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1 B C
N=Lx—= (oY, x — + 5 ><—>. 7.1
r2 < NLO NDY NLO N’Y’Y ( )

The leading order (LO) cross section listed in Table 4.3 was taken and a mass indepen-
dent k-factor of 1.34 was assumed(41) to get the next to leading order (NLO) cross-section.

The integrated luminosity (£) is calculated solving equation 7.1 for £. The calculated in-

tegrated luminosity with the numbers listed in Table 7.1 is 0.985 £ 0.035 fb—1.

| Nov |onrob) [ B | N | C [onpeh) | A | [ | r |
| 264750 | 178x1.34 | 40732 | 50500 | 923 | 42.7x1.34 | 42778 | 0.199 [ 0.96 |

Table 7.1: Values for integrated luminosity calculation.

The signal acceptance was obtained from RS graviton MC. For a given graviton mass,

the acceptance is defined by:
Npass
Niotal ’

(7.2)

€total =

where Ny is the total number of MC events generated for a given graviton mass, and
Npass is the number of MC events that pass all the selection cuts and mass window cuts.
This efficiency is further corrected to account for the difference between data and Monte
Carlo by a correction factor of r=0.96 (detail in section 8.3). The mass window cuts applied
for the different mass points are listed in the Table 7.2. These mass windows are optimized
based on the prescription described in(31). In the first step, the invariant mass spectrum
for each graviton mass sample is fitted with a gaussian and from that fit the width o is
obtained. Then the optimum mass window, following the prescription (31) is 2 x o. If the
expected number of background events is less than 1, the mass window used is 3 X . The
window size has been rounded to match the histogram bin size of 10 GeV. As a cross check,
we also carried out a separate study by trying different mass windows and calculating the
corresponding expected limits. Figure 7-1 and 7-2 shows the expected limit as a function
of the width of the mass window for M7 = 200 GeV and 500 GeV respectively and supports

the mass window obtained following the prescription (31) (410 for 200 GeV and £50 GeV
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Figure 7-1: Expected limit as a function of mass window for mass point
200 GeV.
for 500 GeV graviton). The error bars on the expected limit show the standard deviation.
The number of data and expected background events were calculated by integrating
the invariant mass spectra (Fig. 6-9) for data and total background over different mass
windows corresponding to each graviton mass. The results are listed in Table 7.2. The
systematic uncertainties used for the limit calculation are listed in Table 7.3 and the details
are discussed in chapter 8.
The Bayesian Limit calculator (a computer code used to calculating limit at DO )(32),
was used to calculate the lower limit on the cross section x branching fraction at 95%
confidence level. The inputs for the Bayesian limit calculator for a given graviton mass

are:
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Figure 7-2: Expected limit as a function of mass window for mass point
500 GeV.
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Number of observed events within the mass window : n

Number of expected (background) events within the mass window : b

Signal acceptance : €

Integrated luminosity : £

Systematic uncertainties on b and ¢

With these inputs, the limit calculator calculates the observed 95% confidence level upper
limit on the cross-section. The expected limit for a given graviton mass is calculated by
equating the number of observed events with the number of background events (i.e. n = b).
For graviton masses for which the predicted number of background events is less then 5,
we compute the poisson averaged expected limit

N=Nmazx

n
N=Nmin P x 095

2 :n:nmaz P
N=Nmin = 7

< 095 >=

(7.3)

Here P, is the poisson probability to observe n events when b events are expected, 1, =
b — 2vb, Nunas = b + 2Vb, and ogs is the 95% confidence level upper limit on the cross
section computed assuming n observed events.

Since we accept eTe” and v~ final states we obtain a limit on the sum of these two
decay channels. The branching fraction to v is twice that to eTe™. We quote a limit
on o(pp — G + X) x B(G — eTe™) which is therefore a third of the limit on o(pp —
G+ X) x [B(G — ete™) + B(G — )]

The results of the limit calculation are listed in Table 7.2. Figure 7-3 shows the 95%
confidence level upper limit on o(pp — G + X) x B(G — ee™) versus the graviton
mass compared to the theoretical prediction. Here we use the LO cross section obtained
with PYTHIA(33), multiplied by a mass independent k-factor of 1.34(41). Based on data
from 0.985 fb~!, we can thus exclude the existence of RS gravitons with masses upto
898(303) GeV at 95% confidence level for /M p; = 0.1(0.01). The published limit based
on 275 pb~! was 785(250) GeV for k/M p; = 0.1(0.01). Figure 7-4 shows the upper limit on
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the coupling parameter x/M p; as a function of graviton mass M;. The total cross-section
(graviton production cross-section x branching fraction) is proportional to the square of

the coupling, (o ~ (R/Mpl)2). Using this relation, the following equation is obtained:

("‘/MPl)gs%CL _ [995%CL (7.4)
0.1 001 '

With g1, the theoretical cross-section (graviton production cross-section x branching
fraction) for coupling 0.1 and g5y, the calculated 95% confidence level upper limit on

the total cross-section, the 95% confidence level upper limit on coupling, (I{/Mpl)

95%CL’
is calculated as a function of the graviton mass.
Mass Mass Window Data Total €Total Cross Section (fb) Coupling
(GeV) (GeV) Background for signal theory expected observed expected observed
limit limit limit limit
200 190-210 88 83.8+7.3 0.208+£0.030 12730 43.9 51.0 0.0058 0.0063
220 210-230 49 52.31+4.7 0.214+0.033 7861 32.5 28.7 0.0064 0.0060
240 230-250 41 37.14£3.7 0.211+0.038 5181 28.1 34.3 0.0073 0.0081
250 240-260 34 30.1%3.1 0.215+0.038 4417 24.7 31.0 0.0074 0.0083
270 250-290 40 44.044.5 0.297+0.026 2988 21.6 18.0 0.0085 0.0077
300 280-320 29 26.943.0 0.310£0.029 1885 15.2 18.2 0.0089 0.0098
320 300-340 22 18.3+2.0 0.318+0.036 1371 12.6 16.9 0.0095 0.0110
350 330-370 15 11.4+1.2 0.311+0.034 902 10.2 14.8 0.0106 0.0128
370 350-390 16 8.7£0.96 0.316£0.039 688 8.6 18.8 0.0111 0.0165
400 380-420 7 5.8+£0.69 0.319+0.042 473 7.0 9.3 0.0122 0.0140
450 420-480 6 4.8+0.58 0.366+£0.021 259 6.5 7.6 0.0158 0.0171
500 450-550 3 5.3£1.01 0.419+0.014 147 5.6 4.2 0.0196 0.0168
550 500-600 1 3.3£0.89 0.434+£0.015 84.9 4.8 3.1 0.0238 0.0193
600 540-660 1 1.84+0.22 0.454+0.017 53.6 3.8 3.1 0.0266 0.0242
650 590-710 2 1.04+£0.13 0.437£0.013 31.3 3.4 4.5 0.0334 0.0381
700 620-780 2 0.84+0.10 0.458+0.013 18.3 3.1 4.4 0.0412 0.0493
750 660-840 1 0.51+0.06 0.473£0.015 11.2 2.7 3.4 0.0491 0.0551
800 700-900 1 0.324+0.04 0.474+£0.015 6.2 2.6 3.4 0.0647 0.0746
850 750-950 0 0.184+0.02 0.481+0.013 3.9 2.4 2.2 0.0799 0.0768
900 790-1010 0 0.108+£0.02 0.475+0.014 2.3 2.3 2.3 0.1010 0.1010
950 840-1060 0 0.059£0.01 0.474+0.012 1.3 2.3 2.3 0.1340 0.1340

Table 7.2: Number of expected and observed events in different mass
windows, signal acceptance and upper limit on cross section x branching
ratio.
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Figure 7-4: 95% confidence level upper limit on x/M p; versus graviton
mass M; from 1 fb~! of data compared with the expected limit and the
previously published exclusion contour(18).
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Figure 7-5: Second-highest mass candidate event (Mass = 653.4 GeV)
for RS graviton decay to eTe™ /4y from this analysis. Event display shows
calorimeter energy in n — ¢ plane.
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Figure 7-6: Second-highest mass candidate event (Mass = 653.4 GeV)
for RS graviton decay to eTe™ /4y from this analysis. Event display shows
calorimeter energy in X — Y plane.
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Figure 7-7: Highest mass candidate event (Mass = 708.9 GeV) for
RS graviton decay to eTe™ /vy from this analysis. Event display shows
calorimeter energy in n — ¢ plane.
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Figure 7-8: Highest mass candidate event (Mass = 708.9 GeV) for
RS graviton decay to eTe™ /vy from this analysis. Event display shows
calorimeter energy in X — Y plane.



74

Source of Signal Uncertainty ‘ Uncertainty
pdf uncertainty 0.2% — 5.5%
Resolution 1% —11.1%
EM ID uncertainty 1.4%
Statistical uncertainty 0.5%
Total 2% — 12.4%
Source of Background Uncertainty ‘ Uncertainty
k-factor mass dependence 5.2%
Error on f due to trigger 6%
Statistical uncertainty 2% - 24%
Uncertainty on relative cross-section due to pdf | 2% - 10%
Total 8.4%-27%

Table 7.3: Sources of uncertainty for signal and background.




Chapter 8

SYSTEMATICS

The systematic uncertainties from different sources are listed in table 7.3. Here I describe

in detail how they were determined.
8.1 Uncertainty due to trigger efficiency

From previous studies (34) it is known that the EM triggers are almost 100% efficient at
high mass. In the previous RS Graviton search (18) at D@ the trigger was taken to be fully
efficient mainly because this analysis is only concerned with high P EM objects. In the
following, we estimate the effect of the trigger thresholds and show that they are indeed

small.

e We use data from eight different trigger conditions, that were in effect during dif-
ferent time periods at DO. Every time period corresponds to a trigger version. The
eight triggers, their corresponding trigger versions and the integrated luminosity cor-

responding to each of these triggers, are listed in Table 8.1.

e The trigger efficiencies as a function of transverse momentum (pr), were obtained
from an independent trigger efficiency study done at D@ (29). Figure 81 shows the

turn-on curves for the four single electron triggers used for this study.

e For a given single electron trigger, the total efficiency was calculated using the fol-

lowing equation:

€Total = €1 X (1 —€2) + €2 X (1 —€1) + €1 X €. (8.1)
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Trigger Trigger name | Trigger version | Integrated luminosity
pb~!
EM_MX_SH V8 to V11 122
. E1_SH30 V12 and V13 596
Single-EM | 51 gpypon V13 377
E1_SH35 V14 350
2EM_HI V8 to V11 122
DiEM E1.2L15_SH15 | V12 and V13 596
E1_21.20 V12 and V13 596
E1_21.20_L25 V14 350

Table 8.1: List of triggers that pass 97% of the skimmed data.

Here, €1 and €5 are the trigger efficiencies for the two electromagnetic objects in a
selected event. The total efficiency for a given event to fire a single electron trigger

is the probability that one or both electromagnetic objects will pass the trigger.

e Calculate the integrated luminosity weighted average for the four trigger versions
using the equation :

W _EMMX-SH o qoopp=t + BL1SHB0 5 219pp 1 + BLISHT22 5 377pb— 1 4 ELSH35 « 350pb 1 8.2)
Total = 1068pb—1 ' '

This gave the total probability (weight) that the selected event will pass a logical

OR of these four single EM triggers.

e The total background invariant mass spectrum is obtained with non-weighted MC as

described in chapter 6.

e Next, the Drell-Yan and Diphoton Monte Carlo invariant mass spectra are obtained
applying the weights calculated (Wrei;) and then the total background invariant

mass spectrum is obtained using these weighted MC.

e Compare the two distributions.

Figure 8-2 shows the plot comparing the mass spectra of the total background with
weighted and non-weighted Monte Carlo. The effect of the trigger weights was checked in

the low mass region, which is used to fit the misidentification background to calculate the
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Figure 8-2: Comparison of the mass spectra for total background with

trigger weights and without trigger weights. At higher masses the spectra

are identical.
integrated luminosity as described in chapter 7. The difference in the integrated luminosity
calculated using weighted Monte Carlo and non-weighted Monte Carlo came out to be less
than 1% (Table 8.2). Also, the change in total predicted background with and without the
trigger turnons is only a few percent as shown in Table 8.3. This exercise used only the
single electron trigger. We also include dielelctron triggers which would further increase

the trigger efficiencies and reduce the effect of the trigger.

‘ ‘ with trigger turnon ‘ without trigger turnon ‘ change (%) ‘
| f \ 0.211 \ 0.199 \ 6 \
‘ Integrated luminosity ‘ 987 pb~! ‘ 985 pb~! ‘ 0.2 ‘

Table 8.2: Change in f and in integrated luminosity with and without
trigger turnons.

8.2 Uncertainty due to resolution

To calculate the signal efficiency, a mass window cut is applied. The signal acceptance of
this mass window depends on the resolution with which we measure the invariant mass of
the two EM objects. The uncertainty in the acceptance of the mass window due to the

energy resolution is estimated as follows. First the App distribution for the two electromag-



79

Graviton Mass Total background Total background Ab/b
(GeV) (with trigger turnon) | (without trigger turnon) %
200 86.2 83.8 2.8
300 27.4 26.9 1.8
400 5.97 5.89 1.3
500 5.38 5.33 0.9
600 1.85 1.84 0.5
700 0.84 0.84 0.0

Table 8.3: Change in total background (b) with and without trigger
turnons.

netic objects is obtained. The variable Apr is the difference in the transverse momentum
(pr) between the two EM objects in a selected event. The idea behind this is, the two
electromagnetic objects selected after the selection cuts are expected to be back to back
with Apr of zero on average. The width of the Delta pT distribution then is an indica-
tor of the resolution with which the EM energies are measured. In order to reduce the
background in the App distribution, a delta phi cut of 2.6 < ¢ < 3.6 is also applied in
addition to the selection cuts. After that, the distribution is fitted with a gaussian and the
width is obtained. This is done for several mass points. Figure 8-3 plots ¢ vs mass for data
and MC. The data and MC distributions are then fitted with first order polynomial. The

parameters for the fits obtained for data and MC are listed in Table 8.4.

| Sample | par[0] (GeV) | par[1] |
Data 8.72 0.02
MC 6.48 0.02

Table 8.4: Parameters for the fit from figure 8-3.

Next the ratio of the width for data and MC is obtained as a function of the invariant

mass M of the two EM objects using the equation:

ee/vy

_ 8.72GeV + Mee/,,GeV x 0.02
6.48GeV + M., /., GeV x 0.02°

(8.3)
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Figure 8:3: Width of the App distribution for data(circle) and
MC(triangle).
Next, the mass window applied to get the signal efficiency for a given graviton mass is
reduced by the corresponding factor R and the signal efficiency for the reduced mass
window is obtained. The fractional error is calculated as Ae/e, where Ae is the change in
efficiency when the width of the mass window is changed.
The values for R and Ae/e for the different graviton masses are listed in Table 8.5.
For each graviton mass value the uncertainty from this table is used in the limit setting

procedure.

8.3 EM ID uncertainty

This uncertainty originates from the difference in electron/photon identification efficiency
between data and MC. The tag and probe method is used to get the ID efficiency for data.
First events with two electromagnetic objects are selected. Then we require that the tag
object passes all the cuts which are defined in section 5.1. In addition to these cuts, the
tag object is also required to have a track match. The other object we probe, passed the

following set of cuts:
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Graviton Mass | R | Ae¢/e
(GeV) %
200 1.20 | 9.6
220 1.19 9.8
240 1.19 | 10.9
250 1.18 | 11.1
270 1.18 | 4.7
300 1.17 | 5.1
320 1.16 | 5.6
350 1.16 | 6.4
370 1.15 6.3
400 1.15| 6.8
450 1.14 4.6
500 1.13 1.4
550 1.13 2.3
600 1.12 1.5
650 1.12 | 1.6
700 1.11 1.1
750 1.11 1.3
800 1.10 1.1
850 1.10 | 1.0
900 1.10 1.3
950 1.09 | 0.8

Table 8.5: Error on signal efficiency due to resolution.

e Loose cut for probe object

—ID=10or 11

— detector |n| < 1.1

— pr > 25 GeV

— fraction of energy in electromagnetic calorimeter frar > 0.9

— fraction of energy in isolation cone f;s, < 0.2

Counting the number of events with 85 < m(ee) < 100 GeV gives the number of Z
events with loose cuts on the probe electron Nj,,s. Next, all the selection cuts for elec-

tromagnetic showers defined in section 5.1 are applied on the probe electron to determine
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Figure 8-4: Comparison of electron efficiencies vs pp for MC and data in
CC. The left plot shows the ratio of data and MC efficiencies as a function
of pr. The line is a fit to a constant.

the number of Z events with selection cuts on the probe electron N in exactly the same

way. The electron ID efficiency is then given by

(8.4)

Exactly the same procedure is followed to get the efficiency for Drell-Yan MC sample.
Then the electron ID efficiency is plotted as a function of pr for both Data and MC
(Figure 8-4). This shows the difference in the EM ID efficiency between data and MC. We
fit the ratio of the EM ID efficiency for Data and MC to a constant. The value obtained
from this fit is r = 0.961 + 0.007. The event efficiency is corrected by a factor of r2. We

quote a total EM object uncertainty of 1.4%.
8.4 Statistical uncertainties in MC and control data samples

The statistical uncertainty in the signal efficiency € is given by

€total X (1 - 6toml)
O = , 8.5
\/ Ntotal ( )

where Ny is the total number of signal Monte Carlo events for a given graviton mass.

This uncertainty is small (about 0.5%) and can be neglected.
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The statistical uncertainty on the number of predicted background events is obtained for
each mass window by propagating the statistical error in the DY, v+ and misidentification

background distributions. The results for the different mass points are listed in Table 8.6.

Graviton Mass | Total background Statistical Error Relative uncertainty
on total background
(GeV) %
200 83.84 2.12 2.53
220 52.38 1.76 3.37
240 37.12 1.72 4.64
250 30.13 1.54 5.13
270 44.03 1.97 4.48
300 26.94 1.65 6.15
320 18.32 0.96 5.25
350 11.40 0.41 3.59
370 8.76 0.36 4.11
400 5.89 0.28 4.91
450 4.89 0.26 5.50
500 5.33 0.84 15.7
550 3.31 0.82 24.7
600 1.84 0.069 3.78
650 1.04 0.056 5.39
700 0.84 0.049 5.86
750 0.51 0.019 3.80
800 0.32 0.015 4.75
850 0.18 0.011 6.45
900 0.108 0.0088 8.18
950 0.059 0.0065 10.9

Table 8.6: Background statistical uncertainty.

8.5 Mass dependence of k-factor

To get the NLO cross-section, a mass independent k-factor of 1.34(41) is used. However,
the k-factor is not exactly mass independent and hence, it is a source of uncertainty.
Figure 85 shows the mass dependence of k-factor at next-to-leading order(35). We assign
an uncertainty due to the mass dependence of the k-factor based on the difference between

the massindependent value used and the NLO value for the k-factor. With an error band



84

S 14f T
= - .\‘\n\.__‘___‘
S 1.35F = G R
~ -
1.3F \'\
C \
1.25y
1.2 B
C —e— NLO k factor
115; " —— NNLO k factor
C —— Error Band : £0.07
1'1; " — Applied NLO k factor : 1.34
1.05

200 400 600 800 1000
M. (GeV)

o

Figure 8-5: Mass dependence of k-factor(35).

of £0.07 around 1.34, the uncertainty on the k-factor due to mass dependence is 5.2%.

8.6 Proton structure uncertainty

The parton distribution function (pdf) uncertainty is calculated by using the pdf reweight
procedure as described in Ref.(36). For the CTEQ6.1M pdf set(37), a central pdf set and
2 x 20 sets of error pdfs are provided. The advantage of this method is, generating MC
samples for the different pdfs is not required. Instead, for each error pdf, a weight is
applied. A standard D@ program is used (38) for this study which provides the weight.
The general method of calculating the pdf uncertainty for a given observable is explained

below. For this analysis, the observables are efficiency and cross-section.
e The value of a given observable is obtained for the LO pdf (CTEQ6L1)(39) - A.
e The value of the observable for the NLO (CTEQ6.1M) central pdf is obtained - B.
e The value of the observable for the i=1-40 (2 x 20) error pdfs is obtained - B;

e The deviation is calculated - B — B;
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e the positive error 5;’df is the sum in quadrature of all positive deviations (B — B;) > 0

scaled to the value of the LO observable:

A
Gy = 5 > (B- B,

i
where the sum runs only over the positive deviations.

e the negative error ¢ pdf is calculated similarly, except that the sum now runs only over

the negative deviations.

The final result is quoted as A + 6; o 5;:df' In this analysis, following the method
described above, the pdf uncertainty was calculated for the signal efficiency and the direct

diphoton and Drell-Yan cross-section.

Signal efficiency uncertainty due to pdf

To define the efficiency €,4s for a given error pdf we define the subset X of all event indices

i € [1,..., N] for which the event passes the selection cuts. Then

Here W7 4 is the weight of event i for a given error pdf. The signal efficiency uncertainty
due to pdf for different graviton masses is listed in Table 8.7. For the limit calculation, a
mass dependent uncertainty on the efficiency due to the pdfs, is used and for each graviton

mass, the larger of the two errors (positive or negative) is taken.

Uncertainty on cross-section due to pdf

The cross-section was obtained from the mean value of the root tuple for each MC sample.
The cross section for the irreducible background of Drell-Yan and diphoton production for

a given error pdf is given by:

N df
0 i WY
N
Zi:l Wio

Opdf = 0
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RS Graviton Mass | Positive error | Negative error
(GeV) % %
200 4.6 5.2
220 4.7 5.1
240 4.6 5.2
250 3.7 4.4
270 4.5 5.5
300 3.1 3.9
320 4.2 5.3
350 2.9 3.7
370 3.4 4.4
400 3.4 4.4
450 2.8 3.9
500 1.6 2.3
550 1.5 2.0
600 1.7 2.7
650 1.3 2.1
700 1.1 1.8
750 1.1 2.1
800 1.0 2.1
850 0.5 1.1
900 0.7 1.8
950 0.2 0.2

Table 8.7: Uncertainty (positive and negative) of signal efficiency due to
pdf for different graviton mass.

Here W) is the weight of event i with the reference pdf set and o is the cross section
for the reference pdf. The sum 4 runs over the N events in the MC sample. Finally the
central value and the positive and negative error on the cross-section (o + 6t — §7) is
obtained for each of the Drell-Yan and diphoton MC samples. The central value and their
corresponding errors for the different MC samples are listed in Table 8.8.

For this analysis, the uncertainty comes from the relative normalization of the cross-
sections for the DY and diphoton samples which may vary with pdf choice. The ratio of
the cross-sections for the different samples are calculated for four different combinations

and then the relative error is calculated. The numbers are summarized in Table 8.9. In this
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MC Sample | MassWindow | Cross-Section(NLO) ot 0~
(GeV) (ph) (pb) (pb)
60-130 238.5 8.0 8.7
DY 130-250 1.74 0.060 | 0.064
250-500 0.14 0.0064 | 0.0065
>500 0.0060 0.00034 | 0.00043
50-130 57.2 2.19 2.64
130-250 4.1 0.18 0.20
g 250-500 0.65 0.031 | 0.031
>500 0.455 0.026 | 0.032

Table 8.8: NLO cross-section with error (due to PDF) for the DY and ~~
MC samples.

+ —
Mass Window | Z2¥ | Zov | Z0¥ | Error
Rl vy vy

(GeV) (7o)
60-130 4.16 | 4.51 | 3.86 15.6
130-250 042 | 045 | 0.39 14.2
250-500 0.21 | 0.24 | 0.20 19.0

>500 0.013 | 0.014 | 0.011 22

Table 8.9: Ratio of DY and diphoton cross-section.

table we define opy —I—(%Y = aﬁy, oDy —0py = Opy» Oy +5% = J,JYCY and 0., — 03, = 03,
. We make the conservative assumption that the two cross sections vary in a completely
anticorrelated way with the pdfs. To estimate the effect of this variation, the k-factor
for diphoton prediction is varied by +20% from the actual value used (k=1.34) and the
corresponding change in the total number of predicted background events is calculated. The

relative change in the total background for the different k-factor is used as an uncertainty

(Table 8.10).
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Graviton Mass | Total background | Total background | Total background | Ab/b
(GeV) (k=1.34) (k=1.61) (k=1.07) %
200 83.8 86.2 81.39 2.9
300 26.9 28.3 25.5 5.2
400 5.89 6.31 5.47 7.1
500 5.33 5.68 4.98 6.5
600 1.84 2.00 1.68 8.6
700 0.84 0.90 0.77 7.1
800 0.32 0.35 0.29 9.3
900 0.108 0.117 0.098 8.3

Table 8.10: Change in total number of predicted background events for
different k-factor for diphoton.




Chapter 9

CROSS CHECKS

As described in this thesis, while selecting events we did not distinguish between electrons
and photons. This was done with an aim to have better sensitivity. As a cross-check,
we also looked at the di-electron (ee) and di-photon (77) channels separately. This was
done by dividing the selected events, with the cuts as described in section 5.1, into three

different samples. They were
e events with 2 electrons
e events with 2 photons
e events with 1 electron and 1 photon

The photons and electrons were distinguished by applying a spatial track match cut (sec-
tion 3.3). The electrons, being charged particles, are expected to have a track in the
tracking system of the detector and the photons, being neutral particles, are not expected
to have any track. The background for the ee and « channels was estimated following the
method described in chapter 6. Figure 9-3 and 9-6 show the full mass spectra for data, the
total background and the misidentification background contributions in ee and - channels
respectively.

Next, the limits for ee and 7 channels were calculated following the same method
described in chapter 7. The results are listed in Table 9.1 and 9.2. Figure 9-7 and 9-8
show the 95% confidence level upper limit on o(pp — G + X) X B(G — eTe™) versus the
graviton mass compared to the theoretical prediction for ee and vy channels respectively.

Figure 9-9 shows the contour exclusion plot for these two channels.
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Figure 9-1: Invariant mass spectrum from data (points) with the fit-
ted total background shape (open histogram) and the fitted ¢ ontribution
from misidentification backgrounds (shaded histogram) superimposed for ee
channel.
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Figure 9-2: Invariant mass spectrum from data (points) with the fit-
ted total background shape (open histogram) and the fitted ¢ ontribution
from misidentification backgrounds (shaded histogram) superimposed for ee
channel.
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Figure 9-3: Invariant mass spectrum from collider data (points) with ex-
pected total background (open line histogram) and miside ntification back-
ground (shaded histogram) superimposed for ee channel.
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Figure 9-4: Invariant mass spectrum from data (points) with the fit-
ted total background shape (open histogram) and the fitted ¢ ontribution
from misidentification backgrounds (shaded histogram) superimposed for
~7 channel.
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Figure 9-5: Invariant mass spectrum from data (points) with the fit-
ted total background shape (open histogram) and the fitted ¢ ontribution
from misidentification backgrounds (shaded histogram) superimposed for
~7 channel.
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Figure 9-6: Invariant mass spectrum from collider data (points) with ex-
pected total background (open line histogram) and miside ntification back-
ground (shaded histogram) superimposed for vy channel.
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Figure 9-7: 95% confidence level upper limit on o(p — G + X) x B(G —
ete™) from 1fb~! of data compared vLith the sensitivity and the theoretical
predictions for different couplings /M p; for ee channel.
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Figure 9-8: 95% confidence level upper limit on o(p — G + X) x B(G —
ete™) from 1fb~! of data compared vLith the sensitivity and the theoretical
predictions for different couplings /M p; for v+ channel.
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Mass Mass Window Data Total €Total Cross Section (fb) Coupling
(GeV) (GeV) Background for signal theory expected observed expected observed
limit limit limit limit

200 190-210 27 29.14+2.5 0.081+0.008 12730 62.5 55.4 0.0070 0.0066
220 210-230 17 19.7+1.8 0.085+0.009 7861 47.3 40.7 0.0077 0.0072
240 230-250 10 14.6+1.4 0.081+0.009 5181 43.8 30.8 0.0092 0.0077
250 240-260 11 11.3+1.1 0.078+0.009 4417 41.7 41.7 0.0097 0.0097
270 250-290 15 15.6+1.5 0.109+0.008 2988 32.7 32.7 0.0104 0.0104
300 280-320 12 10.0£1.1 0.110+0.007 1885 28.3 34.7 0.0122 0.0135
320 300-340 12 7.3£0.81 0.106+0.008 1371 24.9 43.7 0.0134 0.0178
350 330-370 4 4.840.51 0.105+0.007 902 22.8 19.8 0.0158 0.0148
370 350-390 4 3.840.42 0.102+£0.007 688 21.4 22.1 0.0176 0.0179
400 380-420 3 2.440.28 0.106£0.008 473 17.9 20.3 0.0194 0.0207
450 420-480 2 1.9940.23 0.1174+0.007 259 15.1 15.4 0.0241 0.0244
500 450-550 1 2.0240.38 0.133£0.004 147 13.2 10.6 0.0299 0.0269
550 500-600 0 1.1840.31 0.140+£0.004 84.9 11.2 7.9 0.0363 0.0305
600 540-660 0 0.86+0.10 0.146+£0.004 53.6 9.7 7.5 0.0427 0.0376
650 590-710 0 0.51+0.06 0.136+£0.004 31.3 9.3 8.1 0.0547 0.0510
700 620-780 0 0.4240.05 0.142+0.003 18.3 8.8 7.7 0.0695 0.0651
750 660-840 0 0.2440.02 0.146+0.004 11.2 8.3 7.5 0.0864 0.0823
800 700-900 0 0.1610.02 0.141+0.003 6.2 7.8 7.8 0.1119 0.1119
850 750-950 0 0.086+0.011 0.148+0.003 3.9 7.4 7.4 0.1385 0.1385
900 790-1010 0 0.053+0.007 0.148+0.003 2.3 7.4 7.4 0.1810 0.1810
950 840-1060 0 0.029+0.004 0.140+0.002 1.3 7.8 7.8 0.2468 0.2468

The most recent CDF result is based on analysing over 1fb~! data in di-electron final
state. Figure 9-10 shows the exclusion contour plot from the most recent CDF result(40).
As summarized in Table 9.3, the observed CDF limits are comparable to our observed limits
for the di-electron and di-photon channels. The CDF final result is quoted combining the

di-electron and di-photon channels and excludes a graviton mass upto 889(267) at 95%

Table 9.1: Number of expected and observed events in different mass
windows, signal acceptance and upper limit on cross section x branching

ratio for ee channel.

confidence level for k/M p; = 0.1(0.01).
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Mass Mass Window Data Total €Total Cross Section (fb) Coupling
(GeV) (GeV) Background for signal theory expected observed expected observed

limit limit limit limit
200 190-210 40 39.5+3.4 0.104+£0.011 12730 56.0 58.8 0.0066 0.0068
220 210-230 18 25.14+2.2 0.109+0.012 7861 43.4 27.5 0.0074 0.0059
240 230-250 22 17.8+1.7 0.109+0.013 5181 35.2 51.4 0.0082 0.0099
250 240-260 14 14.6+1.5 0.116+0.013 4417 30.7 30.7 0.0083 0.0083
270 250-290 19 21.74+2.2 0.160+0.011 2988 26.1 22.7 0.0093 0.0087
300 280-320 11 13.9+1.5 0.167+0.010 1885 19.8 16.5 0.0102 0.0093
320 300-340 6 9.2+1.01 0.177+0.013 1371 16.6 11.9 0.0110 0.0093
350 330-370 6 5.8+£0.61 0.170+0.012 902 13.2 15.2 0.0121 0.0130
370 350-390 8 4.4£0.49 0.182+0.014 688 12.6 20.8 0.0135 0.0174
400 380-420 2 3.1£0.36 0.180+0.014 473 11.4 9.2 0.0155 0.0139
450 420-480 2 3.1940.38 0.214+0.013 259 9.5 7.6 0.0191 0.0172
500 450-550 0 2.8+0.54 0.243+0.007 147 8.2 4.5 0.0236 0.0175
550 500-600 0 1.51+0.40 0.253+0.008 84.9 6.4 4.3 0.0275 0.0227
600 540-660 1 1.19+0.14 0.264+0.008 53.6 5.9 5.6 0.0332 0.0325
650 590-710 1 0.6710.08 0.254+0.007 31.3 5.4 6.2 0.0418 0.0445
700 620-780 1 0.55+0.06 0.269+0.006 18.3 5.0 5.9 0.0524 0.0569
750 660-840 0 0.33+0.04 0.277+0.007 11.2 4.4 3.9 0.0634 0.0598
800 700-900 0 0.2140.02 0.280+0.007 6.2 4.3 3.9 0.0831 0.0794
850 750-950 0 0.1240.01 0.282+0.005 3.9 3.9 3.9 0.1003 0.1003
900 790-1010 0 0.072+0.006 0.279+0.007 2.3 3.9 3.9 0.1318 0.1318
950 840-1060 0 0.037+0.004 0.281+0.004 1.3 3.9 3.9 0.1741 0.1741

Table 9.2: Number of expected and observed events in different mass
windows, signal acceptance and upper limit on cross section x branching
ratio for v+ channel.

Sample | Coupling | CDF observed limit | D@ observed limit
(GeV) (GeV)
ee 0.01 302 260
0.1 807 782
¥y 0.01 230 328
0.1 850 849

Table 9.3: Comparison of the observed limit from CDF and D@ for the ee
and v channels.



Chapter 10

CONCLUSION

After analyzing 1 fb~! data, I do not find any excess over standard model expectations
and set mass limits on the lowest excited gravitons state of up to 898 GeV. The theory
predicts the possible mass of the lowest excited state of such gravitons to be in between a
few hundred GeV and a few TeV. Hence, if such gravitons excist, we still have the potential
to find such gravitons analysing more data at the current experiment (Tevatron) as well

as in the future experiments (LHC).
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