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CHAPTER 1

INTRODUCTION

One of the characteristics of human nature is that we attempt to understand the
world around us. One way to understand nature is to understand the elementary

onstituents of the universe and the laws which govern their interactions.

The earlier answers to the question “what is the world made of?” included the

solution provided by Anaximenes of Miletus: all forms of matter are obtained by

‘the condensing of air. Later, people learned from chemistry that the world is made

of molecules and the molecule is made of atoms. In the early 1900’s, Rutherford
proposed as an explanation of his famous scattering experiment that an atom is
made of a nucleus and electrons surrounding the nucleus. With the discovery of
protons and neutrons, people learned that the nucleus is made up of neutrons and
protons. In the last 20 years we have learned that neutrons and protons are not
elementary particles, but are made up of quarks. Electrons are considered to belong
to the family of leptons. Quarks and leptons are spin-% particles and are considered
to be fundamental.

- How do the building blocks make up the universe we live in and ourselves? The
answer is that besides the elementary constituents (today’s elementary constituents
may not be the basic building blocks of matter), there are four kinds of forces:
gravitational, weak, electromagnetic and strong forces. The gravitational force is
important for the celestial mass and distance, such as apples dropping to the earth.
For tiny objects like quarks and leptons, the gravitational force is so small that
we can ignore its existence. The electromagnetic force is an infinite range force

and exists between any charged objects. It attracts electrons to atomic nuclei to

1
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form atoms. The strong interaction is a strong, short range force that exists between
colored particles like quarks and gluons and binds quarks into protons and neutrons.
The weak interaction is a weaker, very short range force that exists between any
leptons such as electrons and neutrinos and also quarks. The weak interaction is
responsible for the radioactive S-decay of nuclei.

High energy physics is so called because high energies are needed to probe these
interactions and to localize and create fundamental particles. A common method to

understand the properties of the elementary particles and the forces between them

is to accelerate particles (such as protons and electrons) to very high energy and let
them collide. The resulting particles are detected after the collision. rThe purpose of
measuring the final particles is to see if there are any new particles or any unusual
physical processes occurring.

The Tevatron is a superconducting accelerator at Fermilab. The D@ detector
is one of two large general-purpose detectors at the Tevatron. The subject of this
dissertation is the search for one such new particle, namely first generation scalar

leptoquark, using the D@ detector.

1.1 The Standard Model

To understand nature, physicists have developed a model to explain the building
blocks and the forces between them. This model, called the Standard Model (SM) is
a widely accepted model and the most successful economical model so far to describe
our physical world.

In the framework of the SM [1], the world is made of the elementary, structureless,
point-like particles which have spin-% and thus obey Fermi-Dirac statistics. They are
called fermions. The fermions are further divided into quarks and leptons. As listed
in Table 1.1, there are six quarks: up (u), down (d), charm (c), strange (s), top (),

and bottom (b); and six leptons: electron (e), electron neutrino (v.), muon (),



Table 1.1: Quarks and leptons of the SM.

Fermion | Quarks | Leptons

Charges | 2 ——% 0 -1

3

1 Gen. |u d |v. e

28 Gen. | ¢ s |V, p

39Gen. |t b |v, T

muon neutrino (;,,), t;u(‘r) and tau neutrino (u,.) Quarks have fractional charge:
+2e or —%e where —e is the charge of the electron. Leptons have integral charges:
'—e or 0. The fermions interact with each other by exchange of fundamental bosons
(field quanta): photons (v), gluons (g), W* bosons, and Z° bosons. Bosons have
integral spin and obey Bose—Einstein statistics and are listed in Table 1.2.

The charged leptons have electromagnetic and weak interactions, while the
neutrinos are distinguished by having only weak interactions with other particles.
Quarks, in addition to weak and electromagnetic interactions, are subject to strong
interactions.

Mathematically, the SM is a gauge field theory based on the group SU(3). x
SU(2)r x U(1)y, where c refers to color, L refers to weak isospin and Y is weak
hypercharge.

The U(1) symmetry corresponds to Quantum Electrodynamics (QED), which
was proposed by P. A. M. Dirac in 1928. In QED, the free electron is described by
four-component wavefunctions, each corresponding to two spin substates, J, = :}:%h,
with positive and negative energy. The negative energy states are interpreted as
antiparticles, the positrons. Every elementary particle in the SM has a corresponding
antiparticle, which has the opposite charge. One very important property of QED is

renormalizability. Because a single electron can emit and reabsorb virtual photons,
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the theoretical calculations of electron “bare” mass mg or charge e, become infinite.
Divergent terms of this type are present in all QED calculations. However, it is
possible to absorb all the divergences into mg or eg, and then redefine the mass
and charge, replacing them by their physical values m, e. This process is called
renormalization. The result is that QED calculations, if expressed in terms of the
physical quantities e and m, always give finite values for cross-sections, decay rates,
and so forth. The generator of the U(1) group is the weak hypercharge Y.

The generators of the SU(2) group are the three components of the weak 1sospin

matrices I; = %0',- where

01 0 — 1 0
o1 = ; Oy = ; O3 = . (1.1)

10 1 0 0 -1
Although the weak and electromagnetic forces appear to be quite different at a
low energy scale, i.e. ¢ < M%,, where g is momentum transfer and My is about
100 GeV/c?, they are unified with the same intrinsic coupling strength at a higher
energy scale, i.e. ¢> ~ M}, based on the Weinberg-Salam SU(2) x U(1) model —
the electroweak interactions model. The fundamental vector bosons are massless
isovector triplets W, = W{¥) (1=1,2,3) for SU(2) and a massless isosinglet B, for
U(1). The Spontaneous Symmetry Breaking (SSB) mechanism is brought in to give
the gauge bosons mass, without spoiling the renormalizability. This is achieved with
the help of an isospin doublet of scalar mesons called Higgs scalars, which generate

mass as a result of self-interaction. Because of spontaneous symmetry breaking,

three bosons (W, W,

., and Z7) acquire mass, and one (A,, the photon) remains

massless.
The interaction (Lagrangian density £) of fermions with the fields W, and B,

is the product of the fermion currents with the fields:

L = ¢3,-W,+4JYB, (1.2)



Table 1.2: The Fundamental Forces.

Interaction Relative Strength | Field Quanta | Mass (GeV/c?) Range
Strong ~1 8g 0 ~ 107 m
Electromagnetic ~ 1/137 v 0 infinite
Weak ~ 107° W 80.22 ~107¥® m
Z° 91.17
Gravitational ~ 1038 G 0 infinite

where J, and JZ represent the isospin and hypercharge currents ‘of the fermions
(leptons or quarks) respectively, and g and g are their couplings to W, and B,.

The relationship between e, g and g’ is:

e = gsinfy = g’cosﬁw

(1.3)

where @y is called the weak mixing angle (or Weinberg angle).

We know that the weak charged-current interaction is parity-violating, and con-
nects, for example, the left-handed states of neutrino and electron. On the other
hand, the electromagnetic interaction is parity-conserving and involves both left-
handed and right-handed states of the electron. Hence, the lepton states are assigned

to a left-handed doublet and a right-handed singlet:

1 e
gy = SEW e el y o
2 | - 2
YR (1—_5;75—)(6_); with T =0, ¥ = —2. (1.4)
For quarks,
1 (2
YL (—+"75_) ; YR = upg or dg. (1.5)

2
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where T' and Y are the generators of the SU(2); and U(1)y groups of gauge trans-
formations, respectively. In the limit of low energy scale, i.e. ¢*> < M%, the physical

boson mass can be written as:

2. /3\ /2
Mw:t = g\/_
8G
g\
- (sGsinzeW)
M2
Mz = —2—
z° pcos?fy
- M, =0 7”' - (16)

where p is a factor which is observed to be 1 by all experiments to date, G is Fermi
:constant and M, = 0 is from the empirical fact.

The strong force and its interaction with quarks may be mathematically repre-
sented by a local gauge invariant SU(3). color symmetry. Quarks come in three
colors: red, green, and blue, denoted symbolically by R, G, and B, respectively.
The antiquarks are assigned the complementary colors: cyan (R), magenta (G), and
yellow (B). All particles observed in nature are “colorless” or “white” (or, to be
more precise, unchanged by rotations in R, G, B space). Baryons are bound states
of three quarks with different color. Mesons are bound states of quark and antiquark
with color and complementary color respectively. All physical states of the baryons
and mesons are therefore colorless.

The generators of the SU(3). group may be taken to be any 3 x3—1 = 8 linearly
independent traceless hermitian 3 x 3 matrices. The fundamental representation of
SU(3)c is a triplet. The three color charges of a quark, R, G, and B, form the
fundamental representation of the SU(3) symmetry group. In this representation,

the generators are traditionally denoted A;, i=1,2,...,8, known as the Gell-Mann



matrices and the diagonal matrices are taken to be

/\3 = -1 s As = by 1 (17)

1 0 0
R=|0|,G=|1|,B=}|0]. ‘ (1.8)

0/ -0/ \ 1 -

In the field theory of quark-quark interactions, quantum chromodynamics (QCD),
‘the strong color field is mediated by massless vector gluons, which come in eight

different color combinations:
e — 1, — _ —
RG,RB,GR,GB, BR, BG, \/;(RR - GG), \/%(RR + GG —2BB). (1.9)
The remaining combination, the SU(3) color singlet,

@(RE+ GG + BB) (1.10)

does not carry color and cannot mediate interaction between color charges.

For violent collisions of very high ¢® (momentum transferred), the strong coupling
a, < 1. The theory is thus renormalizable (i.e. calculable) for short-distance inter-
actions. Hence, the theory is called “asymptotically free.” Atlow ¢? (or equivalently,
larger distances), the coupling a, becomes large and the theory is non-perturbative
but can do lattice gauge calculations. This large-distance behavior is presumably

linked to the confinement of quarks and gluons inside hadrons.



1.2 Beyond the Standard Model

Although the Standard Model of particle physics has been tested in detail and is
consistent with all current experimental data within the theoretical and experimental
uncertainties, there are several reasons to believe that the Standard Model is an
incomplete description of nature. Some of the reasons are (1) apart from the gauge
coupling constants, the SM needs on the order of twenty parameters to adjust masses
and mixing angles; (2) the SM has an ad hoc choice of the gauge group and particle
~_multiplets; (3) the SM lacks an explanation for the number of quark and lepton

generations, an the reason for the “Xerox copies” of quark and lepton flavors; (4) the
SM needs scalar particles (Higgs bosons) to induce spontaneous breaking of gauge
| symmetry and allow Yukawa coupling to the fermions which lead to generation of
masses after the breakdown of the gauge symmetry. However, the mass of scalar
particles such as the Higgs particle is subject to quadratic divergence in perturbation

theory. In lowest order of perturbation theory
mpu® = mo® + émy® &~ me® — g?A? (1.11)

where my is the scalar Higgs boson mass, mg is the bare Higgs boson mass param-
eter, g is a dimensionless coupling constant, and A is the energy scale. The mass
of the Higgs boson, my, is predicted to be comparable to the empirically measured
electroweak scale (~ 250 GeV/c?). So if g*> ~ 1 and A is as large as Mgyt (10%€
GeV/c?) or Mpank (10 GeV/c?), m? must be precisely adjusted so that the two
terms in Eq. 1.11, each of which is the order of 10%° (GeV/c?)?, cancel leaving my
of &~ 250 GeV/c? [3]. While this is not impossible, the requirement of such a precise
adjustment of the values of input parameters is unnatural. Today, there are many

theories going beyond the SM. A few popular models are introduced in the following.



1.2.1 Supersymmetry (SUSY)

SUSY [3, 4] is a symmetry which relates fermions and bosons. It introduces a
supersymmetric partner (sparticle) for every particle of the SM, with spin differing
by % unit but with the same other internal quantum numbers. For the the SM quarks
(leptons), there are the corresponding spin 0 superpartner squarks (sleptons). The
superpartner of the SM gluons are spin % gluinos. The superpartners of the SM
charged Higgs and weak bosons are charginos and the superpartners of the SM

photon, Z° and neutral Higgs bosons are neutralinos. The simplest supersymmetric

- extension of the SM is the Minimal Supersymmetric Standard Model (MSSM) which

introduces the fewest new particles. In the MSSM, the (mass)? of the scalar bosons is
no longer quadratically divergent. For each scalar particle loop, there is a fermionic
partner loop. The two loops cancel each other in perturbative calculations and lead
to a finite result.

The gauge symmetry of the MSSM lagrangian allows the definition of a new
multiplicative quantum number R, which is +1 for SM particles and —1 for the

superpartners. R can be written as:
R = (—1)3B+L+28 (1.12)

where S is the spin of the particle in units of &, and B and L are baryon and lepton
numbers respectively. In the MSSM model, R-parity is conserved which implies
sparticles are produced in pairs, and that the Lightest Supersymmetric Particle
(LSP) must be absolutely stable and have neutral charge. The LSP interacts only
weakly or gravitationally.

1.2.2 Grand Unified Theories (GUT)
The so-called .Grand Unified Theories (GUTs) [2] postulate a single interaction to
describe electromagnetic, weak and strong processes with a unique intrinsic coupling

at the unification energy (= 10'® GeV), and appeal to further symmetry-breaking
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processes to account for their different apparent strengths in the energy domain well
below the unification scale. There are many ways in which the SU(2), U(1) and
SU(3) symmetries could be incorporated into a more larger gauge symmetry. The
simplest grand unifying symmetry is that of the group SU(5). This incorporates
the known fermions (leptons and quarks) in multiplets, inside of which quarks can
transform to leptons, and quarks to antiquarks, via the mediation of very massive
( &~ 10" GeV/c?) bosons Y and X, with electric charges —1 and —3. In this

theory, a gluon mediates the color force between quarks, the W+ bosons mediate

the charged weak current, and an X “leptoquark” boson transforms a quark to a

lepton. Quarks have fractional charges (3 and 2) because the quarks come in three
colors, while leptons are colorless. The strong similarity between the weak lepton
and quark doublet patterns, for example, (v.,€e)r and (u,d.)r, and the fact that
Q(v) — Q(e) = Q(u) — Q(d), occur as natural consequences of GUT unification.

1.3 Summary

This dissertation describes a search for one such new particle, leptoquark, which

will be described in detail in Chapter 2.



CHAPTER 2
PHENOMENOLOGY OF LEPTOQUARKS

The observed symmetry in the generation structure of quark and lepton families,
which leads to two kinds of fermions (quarks and leptons), is a mysterious occurrence
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ~within the SM and suggests that quarks and leptons may be related at a more
fundamental level. Almost all models beyond the SM which deal with the connection
of leptons and quarks predict the existence of leptoquarks. In all of these models,
leptoquarks are particles which carry both baryon and lepton number, couple to both
leptons and quarks, and are color triplets under SU(3).. In models where baryon
and lepton numbers are separately conserved, leptoquarks can be light (the order of
the electroweak scale) and still avoid conflict with rapid proton decay. Depending on
the structure of each specific model, leptoquarks can have spin 0, 1 or 2; fractional
4 1 2 5

electrical charge —3, —3, 5 or 3; isospin 0, % or 1; baryon number +

1.
39

and lepton
number +1. Several models are described briefly below.

Leptoquarks exist as a bound state of quarks and leptons in the strong-coupling,
confining version of the standard SU(2); x U(1)y electroweak model [5, 6]. In this
model, the conventional SU(2); x U(1)y lagrangian with the usual particle con-
tent and quantum number assignments is used. Only two additional assumptions
are made. One is that the SU(2)r coupling constant becomes large at a mass A
which sets the scale for the weak interactions (A is roughly of order 250 GeV).
The other assumption is that no appreciable scalar vacuum expectation value ex-
ists. The particle spectrum, and charged and neutral current weak interactions are
matched perfectly with those of the standard, weak-coupling model. However, at

energies near or above the weak interaction mass scale, the two models are clearly

11
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distinguishable with the strong-coupling model exhibiting bound states of quarks
and leptons.

In GUT models [2], as described in Section 1.2.2, a “leptoquark” is induced to
transform a quark into a lepton. As a result, the strong similarity between the weak
lepton and quark doublet patterns occurs as a natural consequences of lepton-quark
unification.

Leptoquarks can be found in the SU(4) Pati-Salam unification [7] model, where

quarks are assumed to carry four “colors”: three of these are the conventional “color”

“quantum numbers, and the fourth represents the lepton number L. The unification
of baryonic and leptonic matter arises by extending the gauge symmetry SU(3) of
the three colors to SU(4) for the four colors. As the result, leptoquarks are found as
exotic gauge mesons carrying both baryonic as well as leptonic quantum numbers,
particularly in semileptonic processes. Since leptoquarks in this model give rise
to the highly suppressed decays such as K? — pe, Kt — wtpe, B — pe, and
BY% — pe, etc., either their mass must be at least 10 TeV/c? which is far beyond
the range of energies accessible directly at present accelerators?, or their couplings
must be proportional to quark and lepton masses and hence highly suppressed.

In the technicolor model [9], the problems of the Standard Model (SM) such as
the arbitrary choice of the scalar sector, the unknown decay modes of the scalars, the
ambiguity of the elementary scalar solution, the lack of experimental information
about the number of SU(2); weak-isospin doublets, of the electroweak interaction
are investigated through the technicolor approach. Leptoquarks are color-triplet
technipions with baryon number % and lepton number —1, which can decay into

quarks and leptons.

1The CDF Collaboration at Fermilab has conducted an indirect leptoquark search via BY — pue
and B? — pe, setting preliminary mass limits for Pati-Salam type leptoquarks at 12.1 TeV/c?
from B? decays, and 18.3 TeV/c? from Bj decays [8].
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An alternative type of leptoquark occurs in SU(5) unified theories. If the SU(5)
symmetry is a remnant of an FEg invariance where particles are grouped in 27-
dimensional representations suggested by superstring model[10, 11], leptoquarks oc-
cur only in 5 and 5* representations. The standard SU(5) model leptoquarks must
be very heavy, Mro ~ (10'° — 10'®) GeV/c?, to avoid too-rapid proton decay. This
is because the leptoquarks also couple to quark pairs, required by SU(5) invariance.
If the leptoquark is relatively light with mass Mpg ~ O(Mw ), which requires that

leptoquarks can only couple to quarks and leptons, and that the coup]jn\gs to quark

pairs must be vanished. This leptoquark model violates SU(5) invariance.

Generally, the introduction of leptoquarks leads to additional ‘contributions to
proton decay and other rare decays. Leptoquarks which have baryon or lepton
number violating couplings must be very heavy to avoid rapid proton decay or
large Majorana neutrino masses. However, they can be as light as several hundred
GeV/c? and still avoid conflicts with rapid proton decay as described above and the
non-observation of flavor-changing neutral currents (FCNC’s)[10, 12]. Any bounds
obtained from FCNC'’s are generally very model dependent and can be avoided by

the assumption of diagonal couplings. Leptoquark couplings are discussed below in

detail.

2.1 Leptoquark Couplings

The most general form of the scalar leptoquark-lepton-quark coupling is given

by the interaction:
L=+ v)¢S+HC. (2.1)

where 4, j are generation indices and |AY[2 4 |AF[2 = (A¥)?, the strength of the

leptoquark coupling. ! and q are the lepton and quark doublets respectively. H.C.
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is the hermetion conjugate of the first part. The coupling can be scaled to the

electromagnetic coupling o, via
(A9)? /47 = katem (2.2)

where k is a scaling number.
The effects of k on the process ete™ — qgis discussed in Ref. [13]. The existence
of leptoquarks will lead to an s-channel contribution to the process in addition to

the usual 4 and Z boson exchanged. By demanding that neither the ch production

cross section nor the forward-backward asymmetry deviate by more than 10% from

their SM predictions, the authors of Ref. [13] have placed a limit on the value of
Mg as a function of k. Leptoquarks with mass less than 150 GeV/c? can be ruled
out if k¥ = 0.5 is assumed. For k = 5, leptoquarks are ruled out for Mg less than
450 GeV/c.

A leptoquark with universal couplings to all flavors will give rise to FCNC and
will be severely constrained. Limits on rare meson decays such as 7+ — ev, D° —
ptp~ and K* — ev are consistent with a relatively light leptoquark if we assume
the couplings must be chiral: a given leptoquark can have either left- or right-handed
couplings, i.e., A\; = —A; or A; = +A,. In addition, leptoquarks must satisfy the
following conditions: (i) there are three distinct generations of leptoquark LQ; (z =1,
2 or 3) and (ii) each LQ; couples only to the corresponding generation of quarks and
leptons. Under these conditions, experimental constraints can be satisfied without
requiring large Mg suppression, thereby making leptoquarks accessible at current
energies.

This search only considers the class of leptoquarks which have dimensionless
fermionic coupling and baryon and lepton number conservation. Also, leptoquarks
must be family-diagonal and SU(3). x SU(2)r x U(1)y invariant. Since the lightest

1

leptoquark is usually spin 0, only spin = 0 and electric charge Q = —3 or —}—%
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leptoquarks will be studied. These scalar leptoquarks are denoted by either L@ or
S below.

2.2 Pair Production at Hadron Colliders (Leading Order)

At hadron colliders, LQLQ pairs can be produced through O(a?) processes via
gluon-gluon fusion or ¢g annihilation [14, 15, 16].

2.2.1 gg Fusion Production

hadron colliders are shown in Fig. 2.1.
The cross section is

oi(gg — LQIQ) = 7r60;a [(g + %Ts—) €+ (4 + TS—) “ln (i - g)} (2.3)

where a, is the strong coupling constant, ¢ = /1 — %, m is the leptoquark mass,

and v/3 is the cms energy of the subprocess.

2.2.2 gg Annihilation
The Feynman diagrams for LQLQ pair production via ¢ scattering at hadron
colliders are shown in Fig. 2.2.

The cross section due to the diagram of Fig. 2.2(a) is

_ - 2ma?
02(97 — LOLQ) = (2.4)
The cross section through diagram Fig. 2.2(b) is
— 2m)? 2m?\ . 5(1 +¢) — 2m?
7— LQLQ)= "2 ||1- In - :

where ALg is the unknown leptoquark coupling constant.
Because Arg is much smaller than a,, the contribution from o3 is insignificant

and hence will be ignored when the total cross section is calculated.
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Figure 2.1: Feynman diagrams for leptoquark pair production via gluon-gluon fu-
sion. The dashed lines denote scalar leptoquarks.

2.2.3 Total Cross Section

The total cross section can be obtained by folding the subprocess cross section

o; and o3 with the proton structure functions [17]:

1 1 dma
Sl S
[fasalza) for(r/2a) + (A & Bif a £5)| 6(3)  (2.6)

T = Tap

l

o(pp — LQLQ)

»>
I

ToTpS = TS
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where A, B indicate the proton or antiproton and its 4-momentum, a and b are
the associated parton’s 4-momentum, z, and z; are the Feynman z’s, a = z,A4 and
b = zB, and /s is the cms energy of the proton-antiproton system. The total cross

section thus can be written as:

o(pp — LQLQ) = ;/01 dr /Tl df [fi(z,3)fi(t /2, 5)] 6:(3) (2.7)
where
file,8)fi(r/2,3) = g(=,8)g(r/=,8) (28)

folz,8) fo(r)2,5) = ule,8)u(r/z,§) + d(z,8)d(r/z, §) +
9st(z, 8)st(r/z, §) + 2sea(z, §)sea(r/z,3)  (2.9)
falz, ) fa(r/2,8) = ul(z,s)u(r/e,§) + d(z,3)d(r/z,§) +
u(z,8)d(r/z,3) + d(z, §)u(r/z,5) +
dsea(z, 3)sea(r [z, §) (2.10)

Here g(z, 3), u(z, ), d(z, ), st(z,$), chm(z,$), and sea(z,3) are gluon, up, down,
strange, and sea distributions for the proton. u(z,3) and d(z,$) are actually the
sum of valence and sea distributions. sea(z, 3) is equal to the sea distribution of u
and d quark.

Equation 2.7 was numerically integrated using the CTEQ3M [18] parton dis-
tribution functions. Assuming the unknown leptoquark coupling constant being
the electromagnetic coupling strength, the cross section for scalar leptoquark pair
production at Tevatron is shown at Fig. 2.3. It is clear that the production cross
section (o3) due to Fig. 2.2(b) depends on the unknown Arg coupling constant and
the contribution due to Fig. 2.2(b) is very small even if the electromagnetic coupling
strength is assumed. Since most of the fermionic couplings Arg of the leptoquarks
are assumed to be very small in the mass range up to O(1 TeV/c?) [16], only the

processes in Fig. 2.1 (o1) and Fig. 2.2(a) (o3) are included to calculate the cross
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Figure 2.2: Feynman diagrams for leptoquark pair production via qg scattering. The
dashed lines denote scalar leptoquarks. The contribution from (b) is insignificant
and hence ignored when the total cross section is calculated.

section. Thus, the total cross section can be written as:

o(pp — LQE) = 01+0; (2.11)

Equation 2.11 was also numerically integrated using different parton distribu-
tion functions: CTEQ3L [18], MRSGFIT [19] and HMRS<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>