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Abstract

The Standard Model(SM) of Particle Physics has so far been extremely successful, with a recent major
triumph in discovering and constraining the properties of the last missing bit of the SM, the Higgs bo-
son. Apart from some discrete and isolated hints, it is broadly evasive, lacking any clinching evidence
yet supporting the physics beyond the standard model (BSM) experiment at Large Hadron Collider
(LHC) at the TeV energy scale, exploration of which is one of the primary motives for post-Higgs
LHC. On the other side, it is widely admitted that the Standard Model is valid only up to a scale of
several hundred GeV i.e it is at most a very good description for low energy effective theory which,
in fact, falls short to explain several outstanding issues both in terms of theoretical construction and
elegance as well as experimental observations.

The idea of field theories on the noncommutative (NC) spacetime is rather primeval, yet fascinate by
introducing a fundamental length scale in the model consistent with the symmetry. These ideas are
further revived after realization of their possible connection with quantum gravity, where noncommu-
tativity is perceived as an outcome of certain string theory embedded into a background magnetic field.
Just like the quantization in phase space, the spacetime coordinate in the noncommutative spacetime

gets replaced by an operator z,, which satisfy the commutation relation

A A . .C
[ZL‘“, Iu] = Z@/w =i

A%’
where ©,, is an antisymmetric matrix tensor, which has the dimension of area reflecting the extent to
which the spacetime is fuzzy i.e. noncommutative. c,, is the anti-symmetric constant c-number matrix
which gives a preferred directionality and also a non-vanishing contribution results in deviating from
exact Lorentz invariance is broken at all scale A, the scale of spacetime noncommutativity. The con-
struction of the noncommutative standard model relies on two important blocks: Moyal-Weyl(MW)
*-product of field functions on ordinary spacetime and the Seiberg-Witten(SW) maps. In the SW map,
the field variables and the gauge transformation parameter are defined by a formal power series ex-
pansion of the fields in terms of ©. By means of Weyl-Moyal star product and Seiberg-Witten maps,
the noncommutative standard model to order O(©) have been constructed as the effective theory: the
minimal Nonconcommutative Standard Model(mNCSM) in which the SM vertices are modified and
the non-minimal Nonconcommutative Standard Model(nmNCSM) in which besides those modified

SM vertices, several new interactions also appear which are not present in the standard model.



Since the Lorentz invariance including the rotational invariance around the beam axis is broken by
the spacetime noncommutativity(which defines a preferred direction), the azimuthal distribution of the
cross-section will no longer be isotropic due to its strong ¢ dependence. This azimuthal anisotropy,
absent in most of the beyond the standard models (BSM), can be used to single out spacetime non-
commutativity from other class of BSM physics by looking at processes at the TeV energy colliders.
Besides the fact that the SM vertices get modified in NC space-time, new interactions (e.g. triple neu-
tral gauge boson coupling) also emerge. These vertices as well as directional features incorporated
as new features, present and future colliders certainly can provide an opportunity to verify these new
physics at TeV scale as well constrain different parameters and the NC scale A.

Although theoretically the value of A is not known, however if this effective scale lies somewhere
between hundreds of GeV to few TeV range, then it can be probed by the ongoing proton-proton
Large Hadron Collider or the upcoming electron-positron linear collider. Now most of existing col-
lider searches of spacetime noncommutativity were made in the context of electron-positron collider,
only few were available in the context of LHC. Also the effect of earth rotation was not considered in
most of the phenomenological searches for the sake of simplicity, which however needs to be taken
into account in order to make any serious phenomenological investigation. The present thesis is an

effort to fill those gaps and it aims

1. To widen our understanding of the magnitude of the noncommutative scale A by looking at
processes both at LHC and LC with and without considering the effect of earth rotation into the

analysis and have better understanding of the structure of spacetime at high energy.

2. To see how the anisotropic behaviour of the cross-section arising due to the violation of Lorentz

invariance can throw light in understanding the structure of spacetime at high energy.

Thesis is organized as follows. In chapter 1, we give a brief review of the Standard model of particle
physics, discuss about its gauge structure, particle content and the Higgs mechanism. We discuss about
several limitations of the SM: Theoretical question (e.g. hierarchy problem, baryon asymmetry, gener-
ation problem etc) and Experimental finding (neutrino oscillation, dark matter etc) of and the necessity
of having the beyond the standard model physics(BSM).

In chapter 2, we give a brief introduction of space-time noncommutativity, discuss about the Weyl-
Moyal and Seiberg-Witten approach for doing NC phenomenology, and discuss about the construction
of minimal and non-minimal noncommutative standard model(NCSM).

In chapter 3, we investigate the higgstralung process e*e~ — Zh process at the LC in the nmNCSM.

il



We calculate the cross-section using the the Feynman rules to all orders of the noncommutative param-

eter ©,,,, with special emphasis on including the effect of earth rotation on the orientation of the NC

s
tensor O, on the cross-section and the azimuthal distribution etc corresponding to the machine energy
varying from 0.5 TeV to 3 TeV for A > 0.5 TeV.

In chapter 4, we study the Drell-Yan process at the Large Hadron Collider in the noncommutative
spacetime. We calculate the production cross section to the first order in ©,,,. An outstanding feature
from this nonminimal noncommutative standard model not only modifies the couplings over the SM
production channel, but also allows additional nonstandard vertices which can play a significant role
and in the Drell-Yan process, one also needs to account for the gluon fusion process i.e. the presence
of g — g — v and g — g — Z vertices at the tree level. We find some of the characteristic signatures such
as oscillatory azimuthal distributions, are an outcome of the momentum-dependent effective couplings
and explore the noncommutative scale A > 0.4 TeV, considering different machine energy ranging
from 7 TeV to 13 TeV.

In chapter 5, we study the top quark pair production in the noncommutative spacetime in LC. Us-
ing the O(O) Feynman rule, we obtained the cross section and the azimuthal distribution of the top
quark pair production and investigated their sensitivities on the ©,,, distribution of the pair top quark
pair production and investigated their sensitivities in the case of space-time(ST) noncommutativity,
space-space(SS) noncommutativity and space-time & space-space noncommutativity. In the case of
space-space noncommutivity, the fact that (o5 — ogp) < 0.0205),, gives rise the lower bound on
the NC scale A > 0.65 TeV. In the presence of earth rotation, the time-averaged cross section (o (t)) .
attains its maximum value corresponding to the orientation angle 7 = 7/2 (7, the orientation angle of
the NC vector w.r.t the earth axis of rotation(fixed direction)). The azimuthal <d2—g)>T vs ¢ distribu-
tion, completely flat in the SM, shows peaks and troughs in the case of NCSM corresponding 1 = /2
and A = 0.65 TeV at F,.,, = 1 TeV. The oscillatory behaviour of the azimuthal distribution and
the diurnal behaviour of the top-quark production cross section over the period of a complete day and

night can be an useful tool in isolating spacetime noncommutativity from other class of BSM models.

In chapter 6, we summarize our thesis work and conclude.
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Chapter 1

The Standard Model of Particle Physics

” Science is shaped by ignorance. Great questions themselves evolve, of course, because their

answers spawn new and better questions in turn”. - David Gross

1.1 Introduction

The standard model (SM) of elementary particles which describes how the elementary particles
interact with each other has been consistently developed over the last five decades and became com-
patible with the experimental results all the way around. The basic building blocks of the SM i.e. the
particles, are classified into two classes due to their spin: fermions and bosons. Neutrinos, Leptons and
Quarks are the fermionic matter particle which has spin % angular momentum. On the other hand, there
are two types of bosonic matter particles i.e spin 1 vector boson e.g. Photon(v), W= and Z bosons
and spin 0 scalar bosons e.g. Higgs boson (/). In addition, there are eight spin 1 vector bosons called
gluons. Bosons are force carriers between fermionic matter particles.

The standard model accommodate three types of interaction (i) Strong interaction: Gluons are the
force carriers between quark interaction, (i1) Electromagnetic(EM) interaction: Photon (7) is respon-
sible for electromagnetic(EM) interaction between quarks and leptons. (iii) Weak interaction: W=
and Z bosons are responsible for weak interaction between neutrinos, leptons and quarks. Note that
neutrinos do not take part in electromagnetic and strong interactions. These gluons, photon(), weak
bosons W= and Z bosons are all known as gauge bosons. The last one is called Higgs interaction. The
Higgs interaction with the SM particles is responsible for mass of the SM particle. Note that neutrinos

remains massless in the SM.



The Standard model is a theory based on the local SU(3). ® SU(2), ® U(1)y gauge symmetry group

which makes the theory a gauge invariant one.

1.1.1 Symmetry

A symmetry operation is the some sort of transformation on the physical system which leaves the
system unchanged and it leads to the conservation of particular physical quantities. If U is a symmetry
operation on the system described by the Hamiltonian H, then H is invariant if and only if U HUT = H.
According to Noether’s theorem, the parameter of U is a constant of motion. The simplest incarnation
of Noethers theorem, which states that whenever we have a continuous symmetry of Lagrangian, there

1s an associated conservation law.

Symmetry Conserved quantities

Space translation Linear momentum

Time translation Energy

Rotation Angular momentum

I1111

Gauge transform Charge

Table 1.1: Symmetry operation and law of conservation

It is an universal property of the nature which plays a crucial role in condensed matter physics, Particle
physics, String theory, Astrophysics and Cosmology etc. Steven Weinberg interpreted this symmetry
as,

”A law of nature can be said to respect a certain symmetry if that law remains the same when we change
the point of view from which we observe natural phenomena in certain definite ways. The particular
set of ways that we can change our point of view without changing the law defines the symmetry.”

The symmetry transformations are described by the distinct group elements of appropriate symmetry
group. Predominantly, symmetries can be classified into two types: (i) discrete symmetry and (ii)

continuous symmetry.

e Discrete Symmetries: The symmetry transformation parameters can take discrete values. For
example, Parity P , Charge Conjugation C' and Time Reversal 7. The electromagnetic inter-
actions and the strong interactions preserve C , P and T symmetry separately, whereas in weak

interaction C, P and C'P symmetries are not preserved. According to the C'PT" theorem we



know that all interactions has to be invariant under the combined transformation given by C', P

and 7', regardless their order.

e Continuous Symmetries: The symmetry transformation parameters take continuous values. There
are several types of continuous symmetries. For example, space-time symmetries and internal
symmetries are the class of continuous symmetries which play an important role in particle

physics.

— Space-time symmetries: Symmetry transformations that act on the space-time. Typical
examples are translations, rotations, etc. The invariance of time translation, space transla-
tion and space rotation exhibits the homogeneity of time, space and isotropy of the space

respectively in nature.

— Internal Symmetries: The internal symmetries, not the space-time symmetries, are related
to the gauge symmetries which are responsible for interactions/forces in the gauge theory.
The typical examples are electromagnetic charge is responsible for electromagnetic forces,
weak-Isospin symmetry for weak force and Color symmetry for strong force etc. The inter-
nal symmetry operations are the phase transformation of the fields. If the phase is indepen-
dent of space-time then it is called the global phase transformation (global symmetry) and if
the phase is dependent on space-time, then it is called the local phase transformation(local

symmetry). Customarily these internal symmetries are described by Lie groups.

1.2 Gauge theory

The gauge field theory provides an insight about the fundamental interactions of the SM particles.
The interaction between matter fermion is realized as a some kind of phase transformation on the
matter field i.e.t)) = U ¢ where U = exp(—iqf#/hc) is "unitary”. 6 is the phase parameter, ¢, the
matter charge( it can be hypercharge or isotopic charge or color charge), act as the generator of the

gauge transformation [1].

1.2.1 Global and Local gauge theory

The unitary transformation matrix U = exp(‘éze): is a representation of abelian U(1) group.

—igTiel
he

Similarly, U = exp( ) is a representation of the non-abelian SU(2) group with T being its



generators and ¢’ are the transformation parameters. Depending on whether the transformation param-
eter(s) 0 (in case of U(1) ) and €’ (in case of SU(2)) are function of spacetime coordinate (x*) or not,
the transformation will be called local or global. We will be working with A = 1, ¢ = 1 throughout

the thesis.

U(1) global and local gauge symmetry

U(1) global gauge symmetry: In quantum gauge theory, the global gauge symmetry requires
only conservation laws which do not require any other new gauge field or forces, because global sym-
metry preserves the symmetry in all spacetime points as a constant. Consider the lagrangian of a free

Dirac fermion of mass m

Lo =1 ("0 —m) ¢

Consider the global U(1) transformation ¢y — ' = Ut = e %), where @ is independent of
spacetime coordinates and ¢ is the Noether charge (group generator) of the particle.

Now the above lagrangian is invariant under the global U (1) transformation i.e. £o(v)) = L (¢p — ¢').
The conserved Noether current is j* = qi)y*1), and q is the Noether U(1) charge ¢ of the particle.
U(1) local gauge symmetry: The matter fermion ¢ transforms under the local U (1) transformation
as Y — ' = Urhp = e79@)q). One finds that £ = Lo + gyt 9,0(z) i.e. Lo # L. So, Ly is not
invariant under the local gauge transformation. To make it gauge invariant, we modify the derivative
0, a8 D, = 0,+1iqA, (called the covariant derivative), where A, is the U (1) gauge field. Accordingly,
the lagrangian becomes

E_OZ »CO _juAu

where j* = gi)y*1). This can made gauge invariant by introducing a 4-gauge potential A, (z) and the

following transformation under the local U (1) gauge transformation
Au(r) = A (z) = Au(r) — 0,6(x)

. The theory which describes electron-photon interaction is known as Quantum Electrodynamics(QED).

It is described by the lagrangian,

. 1.
EQED :@D(Z")/’UDM—m)Qﬂ—ZF’u F/U/

where F,, = 0,A, — 0,A,.. Here A, is the photon field, F,, is the photon field strength tensor and 1)

the fermionic matter field corresponds to electron.



SU(2) and SU(3) local gauge symmetry

In the same way the strong interaction (quark-gloun interaction) and the weak interaction (quark,lepton
interaction with W+ and Z bosons) can be formulated as a SU(3) gauge theory and a SU(2) gauge
theory, respectively. In general, the lagrangian of a SU(N) gauge theory (with N = 2 3) can be
written as

Tr (. 1 va 1a
EZ\I/(Z’y“DM—m)\IJ—ZF“ Fy,

where the matter field transform as ¥ — ¥/ = U¥ = ¢ 92T @) (where a = 1,2,..N? — 1)

and the gauge field as
l
Afa) = UA@U" + < QuU) U F, () = UFu ()0

Here the SU(2) generator 7% = Z- (7%, a = 1,2, 3,the Pauli matrices) and the SU(3) generator
b 1 a a
TP = 4 (A, b=1,2,....8, the Gell-Man matrices). Here F,, () = T,F,(x); Au(z) = T,A%(x);
where
Fﬁu(‘r) = aMAg(I) - aVAZ(CU) - geaklAk,uAlw

and the co-variant derivative D,, = 9, +igT, A% (). Here e’ is the fully anti-symmetric tensor. In the

gauge kinetic part, the cubic and quartic term in A appears naturally in this Yang-Mills gauge theory

due to the term ge®* A, 4 A, which are required in order have gauge invariance into the theory.

1.2.2 Goldstone theorem

Global symmetries are not natural symmetries. It may be either broken or approximate or is the leftover
symmetry of spontaneous broken local symmetry. The Goldstone theorem states that ”If the continuous
symmetry of a lagrangian (describing a theory) is spontaneously broken, then it will be accompanied
by the existence of a massless scalar boson (called Goldstone boson) in that theory. The number of

massless Goldstone bosons is equal to the number of such broken symmetries [2].

1.3 Spontaneous Symmetry Breaking (SSB)

The gauge symmetry keeps the gauge bosons massless. Similarly, the chiral symmetry protects
the chiral fermions from getting any mass. However, the weak vector bosons W+ and Z° which have
been found at high energy colliders, are found to be massive. To generate masses of the vector bosons

in a gauge invariant manner while retaining the the renormalizability of the theory, one need to break

5



the symmetry spontaneously (SSB) at the vacuum level, while maintaining gauge invariance at the
lagrangian level [3]. To see how a continuous symmetry is spontaneously broken, let us use a complex

scalar field ®(= \/LE (¢1 + i¢2)) with the potential
V(®, 01 = p20fd + A (d10)”,

Note that the constant A in the potential has to be positive. Else V' (®) will become negative for

ui>0.,1>0 p2<0 . 1>0
% _
= ; -y +V
[ ¢

Figure 1.1: Spontaneous symmetry breaking and Higgs potential

sufficiently large ¢ and hence the potential will be unbounded from below. With A > 0, there are two

cases: (i) 2 > 0 and (ii) u? < 0

e Case (i): ;2 > 0. The mass of the scalar boson is positive and the state with ®f = & = 0

corresponds to a stable equilibrium and it is the ground state.

e Case (ii): % < 0, which is a special case: the mass (i.e. = i\/§u) of the scalar boson is found to

be imaginary.

Now, the potential is invariant under the global phase transformation as define by ® — & = ¢/,

The minimum of the potential lies at ¢y = =+ _2—’;2 = j:\%,

p? < 0. Although, the potential above is unstable around ® = 0, but is rotationally symmetric. Any

where v is a positive definite since

fluctuation around the minimum would break the symmetry. Now in quantum field theory, physical
particles are interpreted as quantum fluctuations around their ground state. Here the ground state is
located somewhere in the rim of the Mexican hat type of potential(shown in Fig 1.1), which is infinitely
degenerate since it is a continuous circle of minima.

Introducing two new field(real) variables h(z) = ¢; — v and §& = ¢5 such that (0|h(z)|0) = 0 and

(0/¢(x)]0) = 0, which are the quantum fluctuations around the vacuum, one can rewrite ¢ as

o= %wl@s) T ig(x)) = %(h@s) Lot ig(r)) ~ %(hu) o)



and substituting this in the Lagrangian £ = (9,®)T0"® — ;>®1d — ) ((IJTCID)Q, we find

r— %au ([v + h(z)]e 8@/ o ([ + h(x)]eS@/v) — %2 (v 4+ h(z))* — M—Q( + h(z))"!

402
1 1 h?> h 2 p2?
= Z0,h0"h + Z0,E0ME + PR + | o + — ) 9,£0"E + —— (4o’ + h?) —
R OuhO"h + 50,807 + +(2U2+U) pEO"E+ g (oh™ - 07) = =
The Lagrangian consists of the following particle spectrum: a scalar particle of mass m;, = /—2u?

which is positive (since p? < 0) and a massless scalar boson &(z) (i.e. mg = 0) called the Goldstone

boson.

1.3.1 Higgs mechanism

This is a kind of SSB mechanism for generating the mass of the vector boson. The mass terms
arises naturally due to the interaction of the particles with the vacuum but the theory is still remains
normalizable [4]. Below we discuss the Higgs mechanism in the case of abelian and non-abelian gauge

symmetries, respectively.

Abelian Higgs mechanism

To start with let us consider the Lagrangian of the scalar QED (the theory which describes the

interaction of photons with charged scalar bosons) given by

1
Escalar - (DHCI))T<DM(I)) - M2(I)T(I) — A ((I)T(I))Z - ZF#VFHV-

where D, = 9, + igeA,, and the field transformation are given given by &’ = U® = ¢ () and

Al (z) = Au(x) — 209,0(). One can rewrite the above lagrangian (scalar QED) in terms of h(r) and

&(x) (setting ¢ = —1) as

1 ‘ ) 2
L= 5 [(@ +ieA,) ([v + h(az‘)]e"f(‘”)/“)] [(8“ —ieA,) ([U + h(x)]elg(“)/“)] — % (v+ h(:C))2
1 a1
_ B 7Y
102 (v+ h(x)) 4F F,.
1 H 272 1 o e*v? H 1 v H
— §3uh3 h+ pi*h* + 58#58 £+ TA#A — ZF F,, —evA*9,6 + ...

So, we have one massive scalar h(z) of mass m;, = /2u?, one massless Goldstone boson ¢ and a
massive vector particle A, of mass m4 = ev, where v is the vacuum expectation value. The last term
(off-diagonal mass term) in the lagrangian is unphysical as it means that the massless £ Goldstone

boson converts into the gauge field A, and needs to be removed from the theory [5]. We can redefine



the gauge field A, by absorbing the Goldstone boson as follows,

% L, §0ME + ?AMA“ — %LFWFW —evAr0,€ = ? <AM — i@uf) (A“ — %8“5)
Writing the the local gauge transformation parameter as 6(x) = —¢£/v, one find that the gauge field
transforms as

AL = Au - é uf )
and the scalar field becomes

) ) 1 ) 1
Dy o @/ — @)/ (_ hiz) + v ez&(w)/v) — L () + o
— \/5( (z) +v) \/5( (z) +v)

One thus gets rid of the unwanted massless scalar Goldstone boson £(x) and generates the mass of the

gauge field Aj, by combining spontaneous symmetry breaking with local gauge invariance.

Non-abelian Higgs mechanism

For the non-abelian SU(2) group, the three generators 7% = 7%/2 satisfies [T“, Tb] = je®°T,

where ¢b¢

is the fully anti-symmetric tensor and 7' are traceless hermitian two dimensional Pauli
matrices. The complex scalar ® is a SU(2) doublet and it transforms under the local SU(2) gauge

transformation as

aga 1 _'_Z-
P =UD =¢92T""@®d  where &=-— 91+ 102

V2 \ 65 + iy
The SU(2) gauge field A, (z) = T, Afi(z), the field strength tensor F};, (z) = 9, A} () — 0, A% () —
geM Ay Ayys the SU(2) covariant derivative D, = 9, + igT*A%(x), a = 1,2, 3. which required to
construct the SU(2) gauge invariant lagrangian for the complex scalar . After spontaneous symmetry

breaking with unitary gauge (i.e. by choosing 0(z) = —£*(z) /v at each point in spacetime), we get

1 0
b= ——

V2 h(z) +v
The £ is the Goldstone boson are which are equivalently ¢1, ¢ and ¢4. The minimum of the scalar
potential is Zj‘zl ¢? = v?, where v is the radius of the 4d sphere constructed out of ¢y, ....¢4. So
the Goldstone boson can move freely on the sphere. The expectation value of the Goldstone bosons
(01, 02, ¢4) are zero. Without loss of generality, we may align our vacuum in the ¢3 direction. The

above three Goldstone bosons, which were appeared in the spontaneous symmetry breaking mechanism



because of three broken generator of the SU(2) group, are now eaten by the non-abelian gauge fields
and become massive which is given by

gu\ 2 _ 1 y/guN2 5 5
['gaugemass = <7) WJW“ + 5 (7) A'uA;u

where W;t = \% (Ai F zAfL) is the charged weak bosons of mass my, = gv/2. This Higgs mechanism
[6,7] generate the same mass for all the three gauge field Wj and Ai.

Glashow, Weinberg and Salam model(GWS) and the Higgs mechanism

The GWS model is a local SU(2);, ® U(1)y gauge invariant theory which unifies the electro-
magnetic and weak interactions [8—10]. We next study the SSB mechanism in the Higgs sector of
the SU(2), ® U(1)y gauge theory. To start with we write down the local SU(2), ® U(1)y invariant

lagrangian of a complex scalar doublet ¢ ()
Lcatar = (D“(I))T<DM(I)) - M2(I)T(I) —A (CDT(D)Q

where here Y is the hypercharge (= @ — T?) of the particle, with T3 the 3rd components of the weak
iso-spin and () the total electromagnetic charge. In the lagrangian, the covariant derivative is defined

as D, = 0, +igT, A, + ig'Y By, and the complex scalar field ®

¢* 1 [ ¢1+ i
@ — —_ ——
0 ) V2 \ 65+ ios
Considering (0|¢;|0) = 0,7 = 1,2, 3 and (0|¢4]|0) = v, we next define the Higgs field h(z) = ¢3(x)—v
(h(z) and (&1, &, &3) = (@1, 2, —P4) (the three Goldstone bosons). If the symmetry is preserved, then

the vacuum should be invariant under the symmetry transformation. So, if 7" is the generator of the

symmetry transformation i.e.
U(0]6]0) = =2 T 2(0]]0) = (0]6]0),

requires 7%(0|¢|0) = 0, where a = 1,2... We next study the action of the four SU(2), ® U(1)y

generators on the vacuum of the theory i.e.

1 (01 0 =
T0[¢]0) = 5 =[] #0
10 7% 0

Similarly, one also finds that 75(0|¢|0) # 0, T5(0|¢|0) # and Y (0|¢|0) # i.e. all the four generators

breaks the symmetry invariance of the vacuum. As a result, we have one massive scalar and three
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massless vector bosons eat three Goldstone boson and became massive, while photon remains massless.
The counting of gauge degrees of freedom demands that at least one generator should leave the vacuum

invariant and it can be linear combination of generators i.e. 7% + Y.

, 1] (10 10 0 10\ (0
(T° +Y){0[9]0) = 5 + = =0
01 01 2 00) \ %

while the orthogonal combination (7 — Y ) of the linear combination of the generator breaks the

invariance of the vacuum i.e.

, 1] (10 10 0 00 0
(1° = Y)(0l610) = 5 - - £0

0-1 01 7 0-1 7%

)

We see that there are three broken generators and one unbroken generator i.e.
(T", 7%, K(=T* - Y)){(0[¢|0) #0 and Q(=T*+Y)(0/¢|0) =0

So the GWS gauge group Gaws = SU(2), @ U(1)y with 34 1 generators is broken into the subgroup

U(1) gy with one gy generator which is known as electromagnetic charge generator. We find

0 1 &1+ 16 1+ i

1
(T +iT*E2 +iKE + I(h(z) +v)) /v = —— = — =&
v ) 2\ (htv)—i& ) V2 \ gsties
In terms of the Goldstone bosons, ®(x) can be rewritten as
O =exp(iy T (x)/v) .
@ V2
Using the unitary gauge(choosing 0°(r) = —¢(x)/v), the gauge transformation as Af, — AZ’ = A},

B, — B,,, the scalar field becomes

The gauge boson become massive because of their interaction with the Higgs vacuum i.e
1D, = | (igT, AL + ig'Y B,) ®|?

All of the electroweak gauge bosons acquires mass, except the fact that photon remains massless. The

mass term of the electro-weak lagrangian can be written as

10



2
Lo = 1202 4 g2 [(A1)* 4 (42)" + (2)7] + Lg%, BY — g'gB,

3 8
=i [+ (2] + (Gt - o))}

Writing the charged(Wf), the neutral weak gauge boson(Z,) and the photon(A,,) as

_AFA (A -gB)  _ (dA 9B

W:I:

g N Y R TR

one finds the mass of the charged and the neutral gauges boson as

2 2
My = 90y, =Y

V2’ 2

The physical photon (A4,) and weak neutral Z,, boson field can be expressed as the rotated state of Az

, My =0.

and B, fields. The angle of rotation, called the Weinberg angle (fyy), is defined by couplings g and ¢’
of SU(2),, and U(1)y gauge groups [3] i.e.

/

9

g

The neutral weak and photon fields can be written as

cos by = sin Oy =

Z, = cos GWAi —sinfy B, and A, =sin QWAz + cos Oy B,
Finally the U(1) coupling is identified as
e = ¢ cos Oy = gsin Oy

This is the unification of weak and electromagnetic interaction as obtained in the GWS model electro-
weak theory. LEP discovered the weak neutral and charged boson of mass M, = 91.1875 4 0.0021
GeV and My, = 80.39940.025 GeV, the values as close to the one as predicted by the Weinberg-Salam
(or GWS) model with sin” f; ~ 0.23. Finally, the proton-proton Large Hadron Collider discovered
[11] the neutral scalar Higgs scalar boson of mass around m;, = 125.09 4+ 0.23 GeV [12].

1.4 The Standard Model

The Standard Model is based on SU(3)c ® SU(2), ® U(1)y gauge group which is broken into
the gauge group SU(3)c ® U(1)q after the Higgs mechanism. The strong interaction, which doesn’t
participate in the symmetry breaking mechanism, is represented by the SU(3)c gauge group and the

gauge fields are called gluon(G?Y,). The gluon fields which preserves the color symmetry, are massless.
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SMFields | SU3)c | SU2). | ULy | U(l)g
E€R 1 1 -1 —1
v 0
=" 1 2 | —1)2
er, —1
U 3 1 2/3 2/3
dgr 3 1 ~1/3 | -1/3
U 2/3
a= " 3 2 1/6 /
dr, -1/3
+ 1
P 1 2 1/2
¢’ 0
A 1 3 0 (£1,0)
B, 1 1 0 0
e 8 1 0 0

Table 1.2: The Standard Model fields and the charge defined as @ = T5 + Y

The representation of standard model particles are shown in the table 1.2.

The SM fermions come in three generations. Quarks(u, d, ....b) take part in strong, weak and electro-
magnetic interaction, the charged leptons(e™, p~, 77) take part in weak and electromagnetic interac-
tion, while neutrinos take part in the weak interaction. Neutrinos are found to be massless in the SM,
as they don’t have any right-handed partner in the SM. But other (charged)leptons and quarks which
have right handed partner in the SM are SU(2),, singlet. The Yukawa term gives the mass for leptons
and quarks through interaction with the vacuum. The SU(3)¢c ® SU(2), ® U(1)y gauge covariant
derivative which one requires while describing interaction of the SM fermions with the strong, weak

and e.m. gauge field can be written as
. b b . i j .
DH = au + ZQSEGM + ZgEAu + g YB#

Here b = 1,2,3,...,8 and j = 1,2,3. g,,g and ¢’ are SU(3)¢, SU(2);, and U(1)y gauge couplings
respectively. The generators \° correspond to the 3 x 3 Gellmann matrices, while 77, the 2 x 2 Pauli
matrices. The typical fermion interactions are obtained from £ = vilp 4. Finally, one can write the

Standard Model Lagrangian is [3]
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y 1 . - 5 ] g
L= —ZGZVG’”‘ — W — —B B Zlnw (mu — S - g’YBM> It

3
+ > {eny (100 = 9V By ean+ qur” (0, = SNGL = 7945 = gV B, ) qus |
n=1

3

+y {anmﬂ <z‘8u - %Ang - g’YBM> tng + d'np" (i@u - %Abqﬁ - g’YBN> d;R}

n=1
. g i . 2

+1(i0, — 27 AL - ¢V B,) Of - 0@ — A (0'@)

— > (T Gmr @ Ung + T Grnr @l + T L Peng + hoc) (1.1)
The charged leptons and down type of quarks get mass from the scalar field ® through the Yukawa
terms in equation 1.1. The down up type quarks get mass by introducing the conjugate scalar field of

® (in conjugate representation of SU(2)y,)

0
1 h(z) +v
P = iTQCI)* = (b = —F= ( )
—¢~ V2 0
Here T is the m x n Yukawa coupling matrix(i = u, d,e), m. n = 1,2, 3 is generation index and it
is a diagonal matrix. For example I'Y; = A\, T% = A\, ['%; = ... and ¢, = \...., TS, = A, where

As are the Yukawa coupling constants. One obtain the fermion mass as

1
V2

where the mass of the u quark is m, = A\,v/+/2. Similarly, the top(t) quark mass m; = A\ / V2 and

My, _
['YG @uir = NJr ( (h(x) + v)) Up = MR + TuLh(x)uR

the electron mass m, = A.v/v/2 etc. The mass of the particles are proportional to the electroweak
symmetry breaking scale v. The gauge kinetic terms are

By, = 0,B, — 0,B,, Wi, =0,A, —0,A) — g™ A A,

GZV = a,uGZ - 0,,GZ - gsfabCGubGuc

Here f? and " are the fully anti-symmetric structure constants. From the above SM, one finds the

charged and the neutral current interaction as

:ﬂ + 7= - Jt . c LA BoA
Loveak ﬁ(WM T+ Widi + — ra——- GWJZ et A,

where Wf are the charged weak bosons and Z, and A, are the neutral weak boson and photon,

respectively. The charged weak current J#~ is defined as

1— 1—
JH — Z [ﬂn”Y“(T%)dn + pnfyu%en

i
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where n(= 1, 2, 3) denotes the generation index. Similarly, the neutral current is given by

Jh =Y Q" f

f
T=> [gﬁm“ﬁ - g}%fR’y“fR]

f

f / f f
9t 9r \ 5 9r — 91 \ =
=2 (—L > R) frf+ (—R 5 L) fv‘”’ysf] .
f

Here f = v, e,u and d corresponds to the first generation fermion and f;, = (1 — 75)/2, fr =

(1+7)/2,Qf = Tgf — Y. Several coupling constant and parameters appearing in the SM lagrangian
are defined in Table 1.3

9£R = T5(fr.r) — Qysin’ Oy
91 =3 g5 =0
95 =S+ sin? Oy g% = sin? Oy,
g =3 — 2sin® Oy | g = —2sin’ Oy
g = 5 +3sin’ Oy | gh = 5sin® Oy

Table 1.3: Standard model fermionic couplings

1.5 Limitation of the standard model

Although the standard model has been extremely successful in terms of experimental discoveries, it

has both theoretical and experimental limitations, some of which are briefly described below.
e Theoretical questions:

— Stability of the vacuum: The sign of the bosonic and fermionic contributions in -function
of the Higgs quartic coupling A would significantly affect the behaviour of the effective
Higgs potential and the stability of the vacuum [16—18]. Current experimental studies

conclude that the electroweak vacuum is metastable.

— Higgs hierarchy problem: The large quantum corrections [19] pushes the Higgs mass to
the highest energy scale of the theory. Since the Higgs boson is an elementary scalar in
nature, no symmetry can protect the Higgs boson mass from finding such a huge quantum
correction. One needs an extreme fine-tuning to obtain the desired mass of the Higgs boson

at 125 GeV.
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— Fermion mass hierarchy and number of generations:
The mass of the quarks and leptons are directly proportional to the Yukawa coupling. We
do not have any clue about, why the SM has wide spectrum of couplings for SM fermions

and how many generations it could accommodate?
e Experimental questions

— Anomalous magnetic dipole moment of muon: At present Brookhaven E821 and Fermilab
experiment E989, the(g — 2) result deviates 30 — 40 from SM : this corresponds to physics
beyond the Standard Model(BSM) [13].

— B-meson decay:
Nearly 20 — 40 deviation from the SM prediction in R and Rp+ anomaly (for the B meson
decays B — Dlv and B — D*lv [29-31]) and the 50 deviation from the SM prediction
reported in for the decay b — sl*1~, | = p, 7 [32], which points towards the BSM physics.

e Phenomena questions

— Neutrino oscillation: Neutrino oscillation, a result of non-zero neutrino mass and mixing
angle, was established [20-28] in a series of oscillation experiments. In the SM there is no
right handed neutrino, since only the left handed neutrino takes part in the parity violating
weak interaction. Hence, one cannot explain neutrino mass within the SM. One requires
BSM models i.e. Neutrino models with right handed neutrino, to accommodate such tiny

neutrino mass.

— Matter-antimatter asymmetry: The present universe is made up of matter predominantly.
The standard model predicts that matter and antimatter should have been created in nearly
equal amounts in the early stage of the universe [14], however it cannot explain the excess of
matter over the antimatter. The matter-antimatter asymmetry in the leptonic sector is known
as leptogenesis, while the analogous mechanism for baryons is known as baryogenesis. The

Leptogenesis and the baryogenesis requires BSM physics.

— Dark matter and Dark energy: According to Cosmological observations, only 4% of the
total matter-energy content of the Universe are the luminous matter, which the Standard
Model can explain. For the remaining, 23% are dark matter, while the remaining 73%

are dark energy which is attempted to explain in terms of vacuum energy of the standard
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model. But the SM do not have any suitable dark matter candidate [34,35]. One requires

BSM physics in order to have dark matter particles. [33,36].

— Gravity: The SM doesn’t include gravity. Even if we add the particle called graviton(which
is responsible for gravitational interaction [15]) in four dimension, it has interaction with
the SM particle of strength ag = 10739, which is negligible. However, if one work in
extra-dimensional (4 4 d, d being the number of extra compact spatial dimension) models,
the cumulative effect of Kaluza-Klein graviton towers in the gravitational interaction with
the standard model particles, may be of electro-weak strength, which can be probed in the

TeV energy hadron or linear collider [37-48].

1.6 Looking for theory beyond the Standard Model

1.6.1 Supersymmetry

However the standard model provides the very precise description of nature at sub-TeV scale as
an effective low energy description of the complete theory. One can address many of above mentioned
problems by invoking new symmetry in the standard model with the space-time being 3+ 1-dimensional
and the fundamental scale of gravity being the 4-dimensional Planck scale Mpjq,. = 10! GeV. One
such symmetry is the supersymmetry. In supersymmetry, each standard model particles has super-
partner which differs by 1/2 integral spin, for example, electron (fermion spin 1/2) has selectron as a
superpartner which has spin 0 (scalar), gluon (vector boson spin 1) has gluino (fermion spin 1/2) etc.

In the limit of exact supersymmetry where the coupling and mass of the particles corresponding super-

Standard particles SUSY particles
u c y 0 i ¢ t)@E 3
d S ‘e Higgs a é g Higgsino

(o]

&
<t
=y T
N

=
LA
=

quarks @ leptons (D force particles squarks ) sleptons SUSY force
particles

Figure 1.2: (Source: Wikipedia), Supersymmetry standard model

particles are equal, but it cannot be true that we haven’t observe such degenerate superpartners of SM
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particle so far in experiments. Thus supersymmetry, if it exist, must be a broken symmetry of nature at
around TeV scale (require) and all superpartners must be heavier than their known counterparts.

The hierarchy problem is resolved in the limit of exact supersymmetry where the coupling and
mass of this bosons and it’s corresponding fermions (supersymmetric partner of the boson) are equal,
the two quadratic divergences gets canceled because of the extra minus sign which appears in the
fermionic loop, there remaining controllable logarithmically divergent [36]. Once supersymmetry is
broken, there is an additional soft broken term comes with logarithmically divergent. Supersymmetry
also provides the unification of the gauge couplings at GUT scale naturally. In the dark matter point
of view, light supersymmetric particles (LSP) can be a natural dark matter candidates. These are the

additional features of the supersymmetric theory.

1.6.2 Large Extra dimension:

Among the BSM models, the models based on extra spatial dimension(s) were found to be quite in-
teresting as they solve the Higgs hierarchy problem quite elegantly as the scale of 4 + d-dimensional
gravity is turned out to be 10® GeV instead of 10'? GeV, a scale which can be probed by the current or
the upcoming TeV energy colliders.

In 1998, Nima Arkani-Hamed, Savas Dimopoulos and Gia Dvali (ADD) [39] first proposed the model
based on "large extra (compactified) dimensions”, and tried to solve the gauge hierarchy (also known
as the higgs hierarchy) problem but it raised the new hierarchy problem between the campactifica-
tion scale of the large extra dimension and the electroweak scale. In 1999, Lisa Randall and Raman
Sundrum(RS) [41] proposed warped extra-dimensional model to resolve the gauge hierarchy problem.
Kaluza-Klein model: The idea that the world can be higher-dimensional(i.e. more than of dimension
four), was first suggested in 1914 by Nordstrom and gained popularity as a theory of unification of
gravity and electromagnetism after the pioneering work by Kaluza(1921) [37] and Klein(1926) [38].
In the original Kaluza-Klein model, the world was assumed to be 4 + 1-dimensional. The fifth spa-
tial dimension (denoted by the fifth coordinate z° ) is compactified on a circle S* of radius R, with
25 = R.0, § being the angular coordinate. So the 5-dimensional world is M* ® S* and the correspond-
ing Einsteins equation manifests the 5-dimensional general coordinate invariance. In the limit R, = 0,
one recovers the 4-dimensional Einsteins equations of general relativity and the Maxwell equations of
electromagnetism.

ADD model: In 1998, N. Arkani-Hamed, S. Dimopoulos and G. Dvali (ADD) proposed a model based

on large extra dimensions [39]. In the ADD model the world is D = 4 + d-dimensional, where d is
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Lh

Figure 1.3: Fifth dimension in Kaluza-Klein model

the number of extra compactified spatial dimensions. The 4-dimensional Planck scale is related to the

4 + d-dimensional Planck scale Mp, as follows
M} ~ RIMEH

where R, is the common size of each of the d extra dimensions. Setting the fundamental scale of
gravity Mp = 1TeV, we find R, ~ 107 ~'cm. In Table 1.4, we have shown R, for different number

of extra spatial dimensions(d) [40]. Obviously, d = 1 case is ruled out; else deviation from Newtonian

d 1 2 3 4 5 6
Re(cm)~ | 10 | 107* [ 107® | 1072 | 1071 | 1072

Table 1.4: The size of the extra spatial dimension(R,.) is shown as a function of d

gravity would be observable at the solar system length scale, which has not been seen so far. Thus, the
minimum number of extra spatial dimension is d = 2 . Now, in the ADD scenario, the fundamental
scale of gravity is Mp = 1 TeV and the standard model is an effective theory valid up to this TeV
scale. The quadratic correction changes the Higgs mass by a factor of 100 (much smaller that 10'? ).
This thus solves the hierarchy problem. This model has a lot of interesting phenomenological collider
and astrophysical features which have been studied at a length and are available in the literatures.

Randall-Sundrum(RS) model: In 1999, Lisa Randall and Raman Sundrum(RS) proposed a model
based on one (warped) extra dimension to solve the Higgs hierarchy problem [41]. According to this

model, the fifth dimension of size r, is S*/Z, orbifold and the 5-dimensional metric is given by
ds* = e 2Oy, datds” — r2d6?

The 5" coordinate y = 7.0, where 0 > 6 > 7. Randall and Sundrum fixed two D5 branes: one aty = 0

(gravity(hidden) brane) and the other at y = 7r. (standard model (visible) brane), respectively. The
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exponential factor e~2*"<?  appearing in the metric is known as the warp factor. Here 7. is the distance
between the two branes and it can be related to the vacuum expectation value (vev) of some modulus
field T'(x). The modulus field T'(x) corresponds to the fluctuation of the metric over the background
geometry given by 7.. Replacing 7. by the modulus field 7'(z), we can rewrite the RS metric at the
orbifold point § = 7 as

VLS

2 —2kT(z
ds o

=e )”nwjdm“da@” = g Nudat dz”

where gvis _ 672KT(I)

2
= Ny = <M> 7w - Because of this warping on the visible brane, any scale (e.g.

!

of the order of My, ) on the visible brane, gets warped and produce a TeV scale which thus solves the
3

hierarchy problem. Here f? = %, where M5, is the 5-dimensional planck scale. One is left with a

scalar field ¢(z)(= ¢(x) — (¢)), which is known as the radion field. The radion ¢(z), stabilized by the

Goldberger and Wise mechanism [42], possesses a lot of interesting phenomenological consequences,

which are available in the literature [43—48].

1.6.3 Spacetime Noncommutative theory

The physics of D,-branes (p being the number of spatial dimension) shows that there is an al-
ternative way of viewing spacetime. In string theory, D,-branes are the extended dynamical objects.
When the open strings propagates through spacetime, its end points are required to lie on a D,-brane
while satisfying the Dirichlet boundary conditions. In the presences of Neveu-Schwarz(NS) B-field,
D,-brane indicates that the string theory contains a fuzziness/noncommutativity of spacetime at a much
larger length scale than the string scale which is inversely proportional to the strength of the NS B-
field [67]. The strength of the noncommutative scale(A) can lie from the Planck scale to the TeV scale.
If one performs experiments with the machine energy scale(TeV) equals to the NS B-field scale, then

the stringy nature could be revealed with the spacetime noncommutativity.
[i’uv£V] = Z'(Bil);w

In 1936 Heisenberg suggested extending noncommutativity to the coordinates to remove the infinities
appearing in Quantum Field Theory(QFT). The divergence appearing in QFT is due to point interaction
of the particle. Hence the space-time point is replaced by a “cell” of size [, (Planck length) and thus
the spacetime becomes noncommutative [57, 58]. The spacetime co-ordinates become operators and
can be expressed as ;
A2

[T, 2,] =10, =

Cow
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Here C,, is the anti-symmetric tensor. The new Heisenberg spacetime uncertainty principle can be

written as

5 - 2 2 __ 1
A.CEZ'A.’L‘]‘ > lp where lp = 5’(")1]’

This new principle limits the measurements of position observables near the Planck scale which avoids
the formation of black hole at the time of measurements [60, 61].The noncommutative field theory
connects the gravity from the spacetime uncertainty principle. Now to study the field theory in a non-
commutative spacetime one consider the Moyal-Weyl(MW) % products instead of the ordinary products

among the field variables [102, 103]. The x product between two smooth function f and g is defined as

(f*g)(z) = f(z)*xg(x) = f(x)exp (%%#@“”3,,) g(x)

Seiberg and Witten realized that there should be a mapping between commutative fields and noncom-
mutative fields which could give a noncommutative gauge theory with any gauge group representation.
The map is called the Seiberg-Witten(SW) map [67]. In the Seiberg-Witten approach is that it can be
applied to any arbitrary gauge theory (which includes the standard model) where matter can be in an

arbitrary representation.

U(z, A,0) = () + 0 + @ 4
Vi(z,4,0) = V() + VIV + VP 4 ..
Mz, A,0) = afz) + AD 2@ 4
W0 5677 (RVu)0s — {IRu(Va). R3] ) 0
Vi = 50 {0V, + Fop) Vi)
1

A = Z@aﬁ {Vs, 0a)}

Using the SW approach, Calmet et.al [69] first constructed the standard model using the noncommu-
tative gauge invariance, which is popularly known as the minimal noncommutative standard model
(mNCSM). In this model, the triple photon vertex doesn’t appear. Melic et.al [70, 71] put forward
another version of NCSM where such a triple gauge boson(photon) vertex appears naturally. This is
the non-minimal version of the NCSM (in abbreviation nmNCSM). Note that in the mNCSM or in the
nmNCSM we don’t require to introduce any extra fields: the particle content of these models is the

same in the SM. This is discussed in detail in the next chapter.
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Chapter 2

The Noncommutative Standard Model

”The string vibrates in ten dimensions because it requires generalized Ramanujan modular func-
tions in order to remain self-consistent. In other words, physicists have not the slightest understanding

of why ten and 26 dimensions are singled out as the dimension of the string” - Michio Kaku.

2.1 Historical introduction

The history of the noncommutative theory starts together with the development of quantum field
theory. In late 1927, Heisenberg and Pauli were working on quantum theory of electrodynamics, which
was before Dirac formulate the relativistic electron theory. They found that, the perturbation terms are
led to infinite energies for a given state and also it has infinite energy difference between states [49-52].
In 1930, Oppenheimer pointed out those divergences possibly come from the self-interaction of the
electron and it could be removed by non-relativistic limit [53]. In the same year, Lew Landau and
Rudolf Peierls tried to reformulate the Heisenberg-Pauli’s QED to address the cause of divergence in
the many-body configuration space [54,55]. But it didn’t remove the divergence from the theory, inter-
estingly it turned out that the Schrodinger equation allows negative energy solution like Dirac equation.
Heisenberg believed if one could able to construct the vacuum electromagnetic field configuration with
vanishing energy and momentum then the electron self energy could vanish which was missing in the
Landau and Peierls configuration space [56]. In 1936, Heisenberg realized that the divergence appear-
ing in QED is due to point interaction of the particle. He suggested to extend noncommutativity to the
coordinates to remove the infinities appearing in Quantum Field Theory(QFT). Following Heisenberg’s
suggestion, Snyder (1947) proposed a minimal length idea (which leads to quantization of spacetime)

that would remove the divergences presented in the interaction of matter and field [57,58]. In his the-
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ory, Snyder redefines the position and momentum operators as a noncommutative one and they take on
discrete values. Therefore a position uncertainty arises naturally. In the same year, Yang formulated
the Snyder space for curved spacetime [59]. However, the translational invariance of the theory is bro-
ken explicitly in the Snyder’s approach. In the late forties, the commutative renormalization program
succeeded in the removal of infinities. After a long time in 1990, S. Doplicher, K. Fredenhagen and J.
E. Roberts found that though the quantum gravity explains the quantum nature of the gravity but the
usual concepts of space-time are inadequate, when we do measurement of distance between two parti-
cles is of the order of the Planck length. Hence they showed that the space-time are noncommutative or
in other words they has to be quantized [60,61]. In 1996, Filk investigated the field theories and their
properties on quantum spaces [62]. Wess et.al studied deformed algebras on quantum space [63—-66].
The seminal work of Seiberg, Witten(1999) and Minwalla(2000) suggests that the noncommutative
gauge field theories are the low energy limit of certain class of string theories [67,68]. Finally in 2002,
the standard model on noncommutative spacetime were constructed by X. Calmet, B. Jurco, P. Schupp,
J. Wess and M. Wohlgenannt [69], and then it has thoroughly studied on 2005 by B. Melic, J. Tram-
petic et.al [70,71]. At the same year, Sorin Marculescu has extended the noncommutative standard
model [75]. In 2009, M. M. Ettefaghi extended the standard model with singlet scalar and fermionic
particle as cold dark matter in noncommutative space-time [76].

The Field theoretic standard model is basically an algebraic theory, the theory of gravitation is a geo-
metric theory. So we can not quantize the gravity with the rules developed in the framework of quantum
field theory because the spacetime coordinates behaves like the dynamical variables in the general the-
ory of relativity. Von Neumann(1934) who first studied mathematically the quantum “’space” which is
in analogous to the quantum mechanical phase space [77]. According to Heisenberg spacetime uncer-
tainty principle, it is meaningless to talk about point like interaction instead the phase space point could
be replaced by “cells” called “Planck cells”. The corresponding geometry theory has described as the
“pointless geometry” which was later labeled as "noncommutative geometry”. In 1980 Alain Connes,
Matilde Marcolli, Woronowicz and Drinfeld has constructed a noncommutative geometry by introduc-
ing the spectral triples [78-85,95]. Alain Conne’s work provides the mathematical foundation of the
quantum field theories in noncommutative spacetime. In the 1996, Alain Connes and Ali Chamsed-
dine developed a unified theory of gravity and standard model in the framework of noncommutative
geometry [86]. In the year of 2006 and 2007, J. W Barrett, R. A. Martin, T. Krajewski and C. A.
Stephan attempted for the Lorentzian version of the noncommutative geometry standard model of par-

ticle physics [87-93]. The Lorentzian noncommutative geometry has developed by Nicolas Franco and
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Michal Eckstein. In this case the geometry no longer remains Reimannian, it will turn into Lorentzian
geometry and the Hilbert space structure becomes Krein space [96]. Later in 2013, C. A. Stephan
extended the noncommutative standard model with the additional U(1)y gauge group with explicit

U(1)x group particles based on Alain Connes spectral triple approach [94].

2.2 Motivation for Noncommutative(NC) theory

There are two different approaches to construct the gauge theories on noncommutative space: (i)
Seiberg-Witten deformed space approach and (ii) Alain Connes quantum(noncommutative) geometry
approach. Both theories are formulated from the first principle of gravity. There are several unan-
swered theoretical questions in Lorentzian notion about quantization of spacetime which motivates
predominantly to study noncommutative spacetime. In Sec 2.3, we have discussed about Doplicher,
Fredenhagen and Roberts noncommutative deformed theory. Then we followed the deformed noncom-
mutative approach in the framework of Seiberg-Witten map and have discussed about noncommutative

standard model. Finally, discussed about status of the Noncommutative phenomenology in Sec 2.9.

e Motivation-I: Landau Problem
Consider the motion of a particle of mass M and charge ¢ in a constant magnetic field B (=
(0,0, B)), the magnetic field points along the z direction. Landau first investigated this problem
in the context of eigenstates and eigenvalues [97]. Without any loss of generality, we can choose

the following gauge A = (0, B, 0) and write down the Hamiltonian as

1 qrB
H=—-(P2+ P4 (P, — L2y
2M(x+ Z+(y c ))

Here P, and P, are the momentum operators with eigenvalues ik, and Ak, and they commute
with the Hamiltonian operator /7. The motion is restricted in x — y plane, so the state in the z
direction is not quantized. Then the energy of the harmonic oscillator get shifted with angular

frequency w. = ¢B/Mc and is given by

1
E, :hwc(n+§) n > 0.
The eigen function in the coordinate space is
1 chk
z,yn, k,) = ——=e*ep, (r — —2
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where ¢,, is the normalized harmonic oscillator wave functions in coordinate space. The energy
levels are discrete with the energy difference equal to

hqB
AE = = —.
fise Mec

This clearly shows that the energy difference is directly proportional to the strength of the mag-
netic field B. At very strong magnetic field (B — o0), energy separation becomes infinite and
only the lowest Landau level (zero point energy) of the oscillator is occupied. The reason is that
the coordinates = and y are canonical conjugates in the coordinate space. Those are noncommu-

tative at strong magnetic field i.e.

fo,] = —ins
€T = —1—
=B
We can verify by calculating the matrix element of the spacetime commutator of the Landau

state |n, k) and |m, k') as shown below, where n and m are the Landau levels.

<n7 k’l[l’, y] ’m7 k/> = <n7 k’|xy|m, k/> - <TL, k|yx\m, kl)
= (n, k|lzy|m, k'Y — (m, ¥'|yz|n, k)*

= f(nk,mk’) — f*(mk’,nk)
Using the complete set of states, we find

f(nk,mk') = " (n, klz[l,p)(l, ply|m, k')

Lp

Concentrating on lowest Landau level (n = m = [ = 0) at strong magnetic field, the wave

oz ¢o(r — 5 ). The normalized oscillator wave function

1/4
= (Tp) e
T

The commutator matrix element can be calculated by using

function becomes (z,y|0, k) =

¢p 1s given by

FOR,08) = [ (0,110, )0, plyl0. ).
cp
0, k|z]|0,p) = d(k —p)—
(0, k[0, p) = 0(k = p) 5.
(0,ply|0, k') = ihd(p — K').
Thus the commutator of the canonical conjugate coordinates is obtained in the coordinate space

and is given by

he
0.k 0, k'Y = —i—(0, k|0, K').
(0, k|[z, y]|0, k") ZqB<’ 10, &)
which suggests that space-time coordinates are noncommuting coordinates.
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e Motivation-II: Quantum gravity

According to Heisenberg uncertainty principle the simultaneous measurement of the dynami-
cal observable A and B can be done with the accuracy of natural unit 4. One can not achieve
the accuracy which is lesser than the natural unit / by any of the experiment. If the dynamical
observables commute with each other, then there won’t be any uncertainty when we measure
the observable. The simultaneous measurement of the accuracy up to 100% can be achieved by
experiment. S. Doplicher, K. Fredenhagen and J. E. Roberts [61] found a difficulty in simultane-
ous measurement of position at very short distance by its very nature. While probing the length
between two particles, one has to deposit energy in that spacetime region. The probing energy
is inversely proportional to the probing length i.e £ = hc/\ ~ hc/l. If we try to probe the
fundamental length [ =~ lpjgner = \/’Z:g; , the bailed energy is given by

03
E = hey| —
Ve

One can compare the Schwarzschild solution for black hole which is given by

2GM [hG
Rs = B =2 3 = 2lPlanck'
C C

Here M denotes the Planck mass (M = Mpianek = \/%C). Therefore, the deposited energy is

good enough to curve the spacetime and it generates the black hole with the event horizon of size

R, /2. One may introduce the spacetime uncertainty principle
2
Am# A Ly 2 lPlanck:

to avoid the appearance of black hole while probing the spacetime points. Therefore the limita-

tion brings the gravity and spacetime noncommutativity together quite naturally.

2.3 Deformed space approach

According to the non-vanishing spacetime commutator, the ordinary field theory has to refor-
mulate on noncommutative spacetime. This is possible when the algebra of functions on a manifold
defined by Gelfand-Naimark-Segal theorem [95].Thus the manifold itself includes all information of
functions of noncommutative algebra. The deformed approach was mainly developed by S. Doplicher,
K. Fredenhagen and J. E. Roberts in which the fields were treated as functions of the noncommu-

tative spacetime coordinates [61]. Later Filk modified the theory based on the product of functions
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of noncommutative variable [62]. This product can also be realized by noncommutative product of
functions of commutative variables. The fundamental symmetry of the spacetime can be realized by
twisted Poincare symmetry [98, 99, 101], the twisted product can be identified as simplest product of

Moyal-Weyl star product [102, 103].

2.3.1 Moyal space NC field theory

Points are replaced by maximal ideals and coordinates on the compact manifold M are replaced
by coordinate functions in C(M) and the vector fields are replaced by derivations of the algebra.

Consider the algebra of noncommutative coordinate function A on canonical Minkowski space

Points — Maximal ideals

reM — Ideal J = {f|f(x) =0} C C(M)
Coordinates —— Coordinate functions

Vector field —— Derivation of the algebra
Geometry — Algebraic geometry

Table 2.1: Algebraic geometry

~  C((@ .., Tm)
A=—"—7

where Z is the ideal and equal to commutation relation for the coordinate functions. Here the ideal is

T =[z;, z;) = i0;;(7). Similarly for commutative algebra of functions
A= "2"20 0 = [t ...2™]), ie [z, 27] =0

Here we have to map both the algebras by an isomorphism. Let us define noncommutative algebra with

dot product (A\g, .) and commutative algebra with x product (A, *), then the algebra isomorphism map,
W . ./Zl\gg ~ Ax Vector space isomorphism: IA/T ~ V.,

where V. is the r-polynomial degree of vector space which has N commuting variables. This type of
vector space isomorphism is exists, if and only if the noncommutative algebra A satisfies the Poincare-
Birkhoff-Witt property (PBW) i.e the dimension of the subspace of homogeneous polynomials should
be the same as for commuting coordinates. The basis of symmetrically ordered polynomials can be
written as:

~ A~ A~

L. .
1, 7, §($’% +2;7;)... 1<]
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Using the vector space isomorphism map, we map the polynomials

f(@) «— J@)

~

by a map of the basis. By definition, two polynomials f(z) and g(Z) can be multiplied

~

f(@).9() = fg(7)
Now we can map the polynomials back to a polynomial in A’

F9(@) = f(2) % ()

This defines the star product of two polynomial functions. It is bilinear and associative but noncom-

mutative.
[(@) xglw) = o (31077050 f(2) @ g(a))

where 1 1s the multiplication map. The « is the well-known Moyal-Weyl product. It can be extended

to C* functions without loss of bilinearity and associativity. One write
th .,
(@) xg(x) = gl@) x f(w) = 0" ((0uf (2))(Drg(x)) = (9ug(2))(D, f (x))) + O(),
This is the Poisson structure on a differentiable manifold M with % product deformation of the algebra
of smooth function C* (M) from M to C. The star product (x : C* x C* — C) is a bidifferential
operator which is a differential operator on both of its arguments. The zeroth order x product is the

usual commutative product of functions. Now we can evaluate the x commutator

14

[zt 5 a¥] = ot x ¥ —a¥ xat = ata + 0" — gVt — 0" =", h=1.

Here 6#" is an anti-symmetric tensor. Hermann Weyl gave a prescription [102] for canonical quanti-
zation: he showed how to associate an operator with a classical function of the canonical variables.

Say f and g are some smooth functions and their corresponding Weyl operators are W ( f) and W (g),

defined as,

W (f) dike™ f(k W (g)

= Ve = Vi P

We use the following Campbell-Baker-Hausdorff(CBH) formula to define the operator x product

i.e elet >~ exp <)\ +p+ = [)\ u) + 112 [\, [\ 1] + %[u, (A, p]] + )
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Using this we get,

W(f).W(g) = W(J % g) = / P hdpe P 550 F (k) (p)

1
(27)°
The non-commutativity is realized with the x products in Groenewold-Weyl-Moyal plane

(1 +9) @) = )+ 960) = ey (57,6°F, ) ot

In this Moyal space, Noncommutative field theories are obtained by replacing the ordinary products by

* product as defined below

(2 9)(w) = gy [ @k pe fkyem s necniy)

Note that the star product is a nonlocal one. It can also be written as integral kernal

(f*xg)(x) = (2;)]\/ //f(x + %%)E(az + p)eP*dN kd™ p

This product is well defined on the space of smooth rapidly decreasing functions.

2.3.2 C(lassification of noncommutative structure

The quotient algebra A, defined by ideal Z, is generated by commutation relations. We can define
T :={ca, 7.a, a.r|Ve € C, V7 € A},

where @ = 7°.27 — 272" — 10”7 (Z). We can classify the noncommutativity based on structure of the
ideal oo as three types, which are classified most commonly by 8% (7). They can be chosen as constant
or linear or quadratic. The first one is the class of canonical deformation and later two are under

non-canonical deformation.

1. Canonical structure

@, 5] = i,

where 0" € R is an antisymmetric matrix and 6" is constant and another case it can be dynamic

also.
2. Non-canonical deformation

e Linear or Lie algebra structure
(2", 2"] = iAp 2"
where A0 € C are the structure constant, it has classified into two different approaches
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— Fuzzy sphere [104, 105]

— k-spacetime deformation [107, 108]

e Quadratic or gq-deformed structure [106, 109, 110]
TH V] — jORV RGP — 1§W SH Y| prpe
[x,x]—zﬁpxx = 5 = ooy | T
where fiﬁ,’j € C. This R-matrix corresponding to quantum groups which obeys Hopf
algebra.

The constants 6*-dynamic, AJ”-structure constant and 6 satisfies the PBW property.

2.3.3 Constant 6 deformation

In the noncommutative space, the coordinate and momentum are the operators and momentum
operators would commute each other but position operators won’t commute. This space is called non-
commutative space. If the momentum operators also won’t commute then it called as noncommutative

phase space. Thus the noncommutative operators can be represented in two different ways [112].
e NC space. Space-space noncommuting and momentum-momentum commuting representation
X 1 ; .
Ty = T; — %eij’p] Pi = Di
23, 2;] = ib; [2:,0i5] = 0 [Di; 3] = 0 [, p;] = ihd;

e NC Phase space. Space-space noncommuting and momentum-momentum noncommuting rep-

resentation
1 , 1 ~ .
Ui = oy — —0;; D; = ap; + —0;;27
z or e i’ D = ap; + She ;T
[T, Z;] = i6;; [Z;,0:5] =0 i, Dj] = 0i; i, 0i] =0 [T, p;] = ihd;,

where 0 is totally antisymmetric on NC Phase space. Here « is a scaling constant related to the NC

phase space. Now 6 — 0as o — 1, which means NC phase space turns into NC space.

Derivatives on A4y

Derivatives on quantum spaces can be constructed by using proper mapping between commuta-

tive and noncommutative functions. One can introduce the derivatives on Ay based on the *-product
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formulation as given below. First we can use map ¢ on f € F and we get f € Ay and take x-derivative

of f € Ay. Similarly in another way, we take derivative on f € F and take map ¢ with *.

fer 2 feA
O Loy
@) €F 2 (O 1) € Ay

This defines J;; acting on f € Ay i.e.
> f = (0.f)
We can list the properties of the x-derivatives by using the above map. The partial derivative on the

NC coordinate operator is

g, > af = o
This turns out usual definition of a derivative and the x-product of two functions is a function again
0p > (fr9) = (Ou(f*9)

For the x-product with z-independent € is that

(0u(f %)) = (0uf) * g+ [ x(0ug)

2.3.4 Twisted Poincare symmetry in the canonical structure

Poincare algera:
Let us consider the Poincare Lie algebra ¢ = iso(3, 1) of translation operator F,(momentum) and

Lorentz generator M, which is
[P, P =0, [P,,M,]=1i"nuP, —nwbL.),

[Mum Mpa] = _i(nupMua - n[LO'MVp - T/VpMua + nVO'Mup

Hopf algebra can be constructed for Poincare Lie algebra by enveloping on iso(3, 1) whichis ¢ (iso(3, 1))

[98,99]. The required conditions are
1. Leibniz rule (Co-product):A(P,) = P, @ [ + I ® P;;  A(M,,) =M @I +1® M,
2. Co-unit: e(P,) =¢(M,,) =0
3. Antipode: S(P,) = —P,; S(Mu)=—-M,,
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Twisted Poincare algera:

Now we can construct the twisted Poincare Lie algebra by using the canonical twist F € U(g) @ U(g)
F=ed" P F e lp(g)

The twist has to satisfy the cocyle property. Further the structure of the coproduct gets modified in

deformed case, apart from that all Hopf algebra structures remains unchanged (U7 (g) = U(g)) i.e.
(FRNARDNF=IF)I®A)F

Eventually, the deformed Pioncare algebra iso” (3,1) is the subalgebra of U7 (iso(3,1)) such that if
{t;} is a basis of iso” (3, 1), then

o {t;} generates U” (iso(3,1))
e APt =t; 01+ ffot; fleu(iso(3,1)) i,j=1.n

o [ti,tjlr = Clity; Cf; — is the structure constant

The adjoint action [t, '] 7 := ad]t' = t; ' S(ts,)
The generators of U7 (iso(3,1)) is

2 1 v pv 29pa[va MuV]Pa'

The Leibniz rule is
AP(P)=P, @1+ P,
A (M) =M, @I +1® M, +i0°P, @ [P, M,,).
The co-unit and antipode are
e(P))=e(M])=0; S(P,)=—P; S(M],)=—M], —i0”[P, M,]P,.
The adjoint action are
[Py, PJr=0;  [By, M) = i(0pu Py = 100 P);
[Mf Mgz_;]]: = —i(mmey - TMJM,Z; - UupM{a + TIz/aMip>~

p

Thus the adjoint action gives the Jacobi identity for the element of U (g)

[ A F+ [ rF+ [t [ Flr=0 YVttt €iso”(3,1)
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These commutators are not usual commutators, they are twisted commutator in which the twist has
the form F = e2?"F®P [t is known as Moyal-Weyl x-product of two canonical functions in the
deformed space. In ref [100], it is shown that, the star product obeys noncommutative Lorentz sym-
metry, which means that the star product is invariant under noncommutative Lorentz transformations.
Here the field actions are obtained by expanding the star product order by order of 6, and the fields
taken in the enveloping algebra via the Seiberg-Witten maps [101]. So one can think that such type
of Lorentz symmetry can exist and which may obeys certain Hopf algebra under some sort of general

Poincare/Lorentz group which we don’t know distinctly.

2.3.5 Noncommutative QED in canonical deformation

The commutative field functions with Moyal-Weyl product(.A,, x) are defines the NCQED action

on Moyal-Weyl space as follows,
_ _ 1 ,
Sncgep = /d% L, A) = /d4x (¢ x (iID) % — map % — Tr4—€2FW * ) (2.1)
and the field-strength tensor is
F., =1iD, %D, =0,A, —0,A, —i[A, T A

Where [A, % A)] = A, A, — A, x A,. And the covariant derivative has the form D, = 0, — 4,
and the coupling constant e is defined with gauge field itself. The renormalizability of the NCQED has
been found on the noncommutative Moyal space [132]. The NCQED lagrangian 2.1 is invariant under

the below mentioned noncommutative gauge transformation:

wp(a) =i(Axy) (2);  aP(r) = —i (b *A) (2);
nAu(r) = Ou\(x) —i[Au 3 () OaFlu () = i[A T Fu(x),

where A(z) is the local gauge parameter. The ordinary products in QED are replaced by * product
in the case of NCQED, which is shown in equation 2.1. The charges for the fermions are limited to
three types and they are 0, +1 and —1. The star commutator in the field-strength tensor gives rise the
interesting feature for abelian gauge field interaction in NC gauge theory. This means that, the star
commutator of the two abelian field won’t vanish. Further, it allows triple and quartic abelian A, field

interaction. The fermionic interaction with the gauge field can be written as

_ — 1
¢ * fy'uAu * 77Z} = 1/} 'VuAu eXp(§ ppngQU) ¢7
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where p and ¢ are the initial and final momenta of the fermions. Here we have used the cyclic permu-

tation property:
[ttt g = [dal(fegn@ = [atatuir ) = [ daths fxg)(a)

Drawback of NCQED

e The photon can couple with only the 0, £1 charged matter field. It cannot couple with frac-

tional charged matter fields(quarks) [113, 114]. Because, for charge () = +1, the fundamental

representations :
=Y =Uxd,
Dy =0, — 1A, %,
For charge () = —1, the anti-fundamental representations(z/}) :

b= = U
DM@@ = 8M@E+i@/3*AM.

Finally, for charge () = 0 the adjoint representation:
X=X =UxxxU",
D, = 0, —i[A, ).
along with the gauge field transformations
Ay = A, =UxA,xU ' +iUxA,«U""

The gauge kinetic term is given by

1 v
Lgauge = —4—62TT (Fl“’ * FH )

e The minimal coupling interaction
D;ﬂ/’(n) — au¢(n) _ iq(”)A# *p™)

does not transform covariantly with integral multiple n of unit charge under transformation of
the gauge field and ¥ — U™ x (™ with U™ = ¢4"’A_ Hence the photon field depends
on charge n, which would lead to a multitude of photon fields in NCQED. Here the gauge field
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A, is not physical. By definition A,y" = eq(”)a/(f)w( with aﬂ) #* au ) for g™ £ g™
and F),, Y" = eq™ f,gﬁ) ™. There is no compelling reason of assigning the same coupling

constant e to all gauge fields a,(f)

. We may assign individual coupling constant to gauge fields
and correspondingly we rescale the physical fields as a;n) and f,;(,,n) The corresponding NCQED
action can be written as

1

SncQED = )

1 / 1 1
/d4xT7’( 0) 5w * B :>SNCQED:—2/d4$TT@F * FHY

where (G,a coupling generator, is a function of the charge operator () and constants g,,,given by

N

n n v 1 62 n "(n "(n) pv

G™ o g™ and GQF L * B _Nzg_2<q( ))2f#(,,)*f()“
n=1 “JM"

Now in terms of the g,,, the normal coupling constant e can be expressed by

N 1

1 1
TT@Q2 = Z —Q(Q(n))2 =53

2
“—~ 9n 2e

The SU(N) gauge theory with only x product is not allowed on noncommutative space-time

except U(N) gauge theory. Because
ara x 1 a x a a % a
[AsT® x APT) = G APMT, T + [A s AT, T

The first term in above satisfy the Lie algebra, while for the second term, the coefficient is zero
in commutative case, but non zero due to x product. The closure property of the commutation
relation is satisfied in the fundamental representation of U(N) gauge fields, not possible for
SU(N) gauge theory. This is why in the noncommutative space-time we can’t construct the

standard model with the gauge group U(1)y ® SU(2), ® SU(3)c¢.

Chaichian et.al [115,116], proposed a U (V) gauge theory to overcome the charge quantization problem

as well as they constructed the standard model on noncommutative spacetime. The gauge group is

restricted to U(/V) and the symmetry group of standard model achieved by the reduction of U(1), ®

U(2),®@U(3),into U(1) ® SU(2) ® SU(3) by the addition of two new scalars, which are known as

Higgsac’s. The fractional charge of the quarks can be explained in this model quite naturally.

2.4 Principles of noncommutative gauge theory

The noncommutative standard model fields are enveloped by appropriate Lie gauge group with

the Moyal-Weyl star product in the Seiberg-Witten scenario. In this approach, the particle content
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and the gauge symmetry groups have been maintained as same as the standard model. Seiberg-Witten
approach solves the charge quantization problem naturally by mapping the commutative and non-
commutative fields(called SW map) while satisfying appropriate principles. The Seiberg-Witten(SW)

noncommutative gauge theory is based on three important principles
1. Principles of Covariant coordinates
2. Locality and classical limit

3. Gauge equivalence principle

e Covariant coordinates': Consider the following noncommutative gauge transformation of the

noncommutative fields
SU(2) = iAe(2)  ou(x) =iaxv(z) ©,X€{(A, )= (A%}, where W(a)=A
Here « is the commutative gauge parameter (i.e zeroth order of the NC gauge parameter(see in

next section)). The x product of a field and coordinate doesn’t transform covariantly i.e.

SX(I *(x)) =iz *x a(x) x P(x) # ia(x) x % P(z)

We define the covariant NC coordinate X* = x* + g6/ A,, which leads to the covariant quantity
b 5 (X x1) = dax (X % ). Thus the covariant coordinates and gauge potentials transform under

the noncommutative NC gauge transformation [63]

SXX“ = i[a ¥ X", gSXA“ =i Mot X7 +iglat A*]  and

no
ig 0M°07 Fy = [XF* XV —if", 05 F™ = ifax ™).

e (lassical limit: The noncommutatine product of any two field function can be represented as
nonlocal x product. So the locality property is lost in this NC geometry. But it is the valid notion
to bring gravity in this algebraic geometry because theory of gravity is nonlocal. The x product

can be written as
frxg=1f.g+> h"Cu(f.9)
n=1

In the limit & — 0 (commutative limit), the nonlocal product becomes point wise product.

Similarly the noncommutative fields turns into commutative fields.

'Note: In this thesis hereafter we use ~ symbol for noncommutative operator and without ~ for commutative

operator with x product, which means the Seiberg-Witen map yet to substitute and then x operation can be done.
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e Gauge equivalence principle: The commutative Yang-Mills gauge theory and noncommutative
Yang-Mills theory are different by choice of regularization which is Pauli-Villars for first one and
point-splitting scheme [111] for later one. This provides us classical gauge invariance JA; =
O;a and NC gauge invariance EXA\Z- = &:\\ + Z[X X ﬁz] respectively. In the case of quantum
electrodynamics, while the gauge group is abelian in commutative spacetime, it is non-abelian in
noncommutative spacetime. So neither commutative nor nocommutative gauge group are going
to be isomorphic one to each other, but they are related to each other by a change of variables.

This mapping is known as the Seiberg-Witten map [67].

Here the NC gauge parameter A is dependent on the gauge field A and also « is connected
with A by the SW map, otherwise the commutative and nocommutative gauge group would be

equivalent, which cannot be true. Hence, the gauge equivalence equations are
05 A,(A;0) = AL (A +0,A;0) — AL (A;0) = 0,A,(A;0),
U (, 4;0) = 820 (1, A4;0),
55\(a,A)5‘(57 A) = 5a5\(ﬁ, A).
We know that the gauge parameters do commute in the NC gauge theory, but not in the NC case.
Saa(e) = Llae),a(e)] = 0 B30 n M5, A) = 6.A(5, 4) = ot Bl(r) #0

In addition, we require that the gauge parameter has to satisfy gauge consistency principle, which
is

i (B = 5530) + Pt ha] = ih e
We know that, this consistency principle are even required for commutative infinitesimal gauge

transformation as well as in twisted infinitesimal gauge transformation when two gauge fields

say A and A’ becomes the part of the same gauge orbit.

2.5 Seiberg-Witten(SW) Map

Seiberg-Witten Map overcomes the shortcoming of purely equipped * product NC gauge the-

ory and enables one to deform commutative gauge theories with essentially arbitrary gauge group
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and its representation. The Seiberg-Witten Map is the map between noncommutative fields and com-
mutative fields which is constructed from Gauge Consistency principle(GCP) and Gauge equivalence
principle(GEP),where noncommutative fields and gauge transformation parameters are non-local. We
impose the enveloping algebra-valued functions on gauge field and gauge parameter with noncommu-
tative parameter #. Such a procedure allows to construct the standard model and the GUT theory on

NC space-time [117].

2.5.1 SW map construction

Let us consider the noncommutative gauge fields A and gauge parameters )\ are enveloping al-
gebra valued by an arbitrary gauge group. So we choose a symmetric basis in the enveloping algebra,
T, %(T“Tb +T°T9), ...

~

Az) = Ao (2)T* 4+ ALy (@) : T9T" - +....

Au(x) = A, o()T® + ALy (2) : TOT? : +....

©ab

The solution of the GEP and GCP can be found to each order of the NC parameter 6. The gauge field,

gauge parameter and fermion fields are the functions of the covariant NC coordinates.

AN A0) = a+ > XX A D),
n=1

A(A0) = A+ An(A0),
n=1

~

P, A, 0) =+ ) U, A,6).

Consider the infinitesimal NC gauge transformation of the guage fields, fermion fields and gauge pa-

rameter,

A =0 —i[AsN s BB =i[MBL] GE =ik

The Bianchi identity can be written as
(Do 3 Eyw] + Dy Fuo] + [Dy 5 Fop] = 0.
Expanding the gauge equivalence principle up to order 6 for gauge parameter, we get

AAD ¢ <5aA(51) - wg})) + D, B+ [ A = A, 5 = —%ew {8,0,0,5} .

37



The solution of this linear inhomogeneous equation can be evaluated by using Moyal-Weyl x product

1
A = —0"" {Au, 0va}

(67

This is not an unique solution. We could find the solution for homogeneous equation when we assume

AXD = 0. The general solution would be the addition of homogeneous and inhomogeneous solution
[67,120, 121]
1
D = grv (Z {00, A} +iCV (0,0, AV]) :

The ambiguity of the gauge parameter to the first order, parametrized by cV ,1s an arbitrary coefficient.
Next we determine the SW map for U to O(0). From the gauge equivalence principle of the fermion

field 1), we get da1h(1), A, 0) = i) ¥ and hence,
R 1 A 1
datht = da ! + it ep — 30" OOty = Agth = ot —iapt = Xt — 0" Oucx O

On substituting the first order gauge parameter and adding the homogeneous solution, we get the

general solution as

‘ (1
1 ) C
@Z)(l) = g <§Auayw + ZAMAuw - CS)AMAuw + %FMV@Z))
Similarly, the SW map for gauge field up to order  gives rise
1
Aél) = g* (Z{Fuﬁ + a,uAfa A, + iCc(yl)[DéA/47 AV] - Qicz(éll)DfFlW)

But in the NC standard model the Higgs scalar field has different SW map. Because they do not com-
mute with U (1) and SU(3). So the Yukawa term E . * & * ¥ can have different gauge transformation
with scalar Higgs field, where 1[1 1, and 1& r are the left handed doublet and right handed singlet, respec-
tively. The Higgs field which needs to transform on both sides while retaining the gauge invariance

with the appropriate gauge parameter which is given by
o d(d, A, A" 0) = i\, A, 0) x p—igpx N (N, A, 0).
The solution for the scalar hybrid SW map is
60, A AL0) = L0 AL(0,6 — H(Aud+ 6AL)) — L0 (00 — H(Aud + 04,) 4,

The SW map given above is known as # expanded SW map. One can derive all order # recursion

SW map using Seiberg-Witten differential equation [67,118,119,122]. A new type of SW map arises
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because, when we consider the SW map for gravitation field, it starts with second order in # because
first order # terms vanishes automatically. Therefore in the expanded SW map we need to start with
the second order in ¢ term. Horvat and Trampetic [125, 126, 198] has introduced the # exact SW map
which is expanded in powers of gauge field A, and gauge parameter A. At each order in A, the exact
f expressions can be determined. Here the x products between gauge field and other fields has different
structure. The 6 expanded SW map has a control on renormalization by adding appropriate counter
term in one loop calculation.

0 exact SW map

First we define the Moyal-Weyl x product between two functions to all order in §. There are different
* product rule for abelian and non-abelian gauge fields.

For abelian gauge field:

sin (2022

f(@) %2 g(x) = [f(2) T 9(x)] = (aTaQ))f(xl)g(*TQ)‘m:xz:x

sin (82283) sin (810(822+83)

(f(x)g(x)h(x>>*3 = (01 1092)005 910(921.03) > +{1 < 2} | f(z1)g(x2)h(23)

;=T

For Non-abelian gauge field:

exp (124992 —
f(l’) ® g(ZE) = & ((M?fb)) 1f<$1)g(x2)|$1:332:a:

2

0 exact SW map:
—~ 1 5
Ay =Ay — 59 P Ay H2 (Op Ay + Fpp) + O(A%),
~ 1
=1 — 0" A, * 00 + 59“”9’””{(14,) *2 (0, A, + Fup)) %2 0ut) 4+ 2A, %9 (0, (A, *2 050))
— A, %9 (0,4, %2 0,0) — (A,0,0(0, A5 + Fup) — 0,0, A, Ag) sy} + O(A*)1),
~ 1
A=X\— 59““%1“ x93 O\ + O(AHN,
Solution for charge quantization
The SW map is the Taylor expanded ordinary gauge fields on order by order expansion in 6. Therefore

even when we introduce a few more noncommutative gauge fields, the SW map would identify the

correct number of ordinary commutative fields. Now, the covariant derivative
DM@[)(n) _ 8M@/3(”) _ z’eq(”)flu * %@(n)

does not transform in the covariant manner under ¢ ;\@@(”) = deq™ % z@(”), as there is only one gauge

field flu. But if we introduce n gauge fields A&”) ie..
DM@@(”) - au@@(n) _ ieq(n)ALn) * h(™
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and transform covariantly under 5;1/;(”) = jeq™ *zﬂ("), (5 A =0, A 4 ieq™ [)\ " *A(n |. It may
appear that the theory has too many degree of freedom, as we have introduced many new gauge fields
now. The SW-map reduces the no of degrees of freedom. It is realized that these n noncommutative

gauge fields has the same classical limit A,

1
A = Ay S0y, 0,8, 4 Fuy) + O

2.6 Renormalizability problem(UV/IR mixing)

In 1999, Shiraz Minwalla, Mark Van Raamsdonk and Nathan Seiberg [68, 198] studied the per-
turbative dynamics of noncommutative scalar field theories on R¢, and found an intriguing mixing of
the UV and the IR, popularly known as the UV/IR mixing. The UV/IR mixing plagues into the NC
¢* theory makes it non-renormalizable because of the nonlocal star product between scalar fields in
Moyal-Weyl space. Let us start with the Moyal-Weyl quantization of scalar field. The NC operator of

the classical function ¢(x) in dimension d = 4 is given as

d4 d4l’€ w meQb d4

d*z e " T(p)o(z),

where the operator T (p) := €% and it’s properties are described as follows

T'(p) = T(~p)

T(p)T(q) = exp(——p9Q) T(p+q)
trT (p) H5 (p,) = (2m)* W (p)

The trace of the NC operator ®(Z) provides the classical field ¢(x)
1

o) = —— / d'p e tr ()T (p)).

and it’s Fourier transform is defined as

1 4 . —ipx T
¢(p)zw/d$€ o(x).

Thus the trace of the NC operator ®(Z) can be written as

tr(®(7)) = / 'pe?3(p) tr(F()).

1
(2m)?

The star product between the classical fields can be written as

(% 0)(@) = s [ dpertr [0, BT )

1
(27)?
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= /d:z:ld:lzg K (w521, 22) (1) p(22),
with

1
K<x;xlax2) — (2

1
d'p [Jo(" — ol + 0"pv) exp(ip,(x — 22)")
o

1

= Tildetg P2l - 2)M (07w — 22)]}.

Here 0,,, is non-degenerate and it admits an inverse. The oscillations in the phase of K suppress parts

of the integration region. In the momentum space we can define the star products of classical fields as

follows

1
(27T

RUE

=1

(¢*¢)( /d4p1 /d4p 32(p1+p2)x¢1(p1)¢1(p1) —1p16ps

/d4pi€ipix$i(17i)] e~ Dici Pind" Diy

This phase factor is invariant under cyclic permutation of the momentum indices, because the con-

straints is related to the momentum conservation. This deformed interaction admits

tr(®7(2)®(@))? = / d*py...d*ps d(p1) ... d(ps) 6D (pr + ... + py) e 2 Zi<i Pinf" pjw

The cyclic symmetry of the star(x) product

/d4£€(¢1*(}52*...*¢n)<$) = /d4x(¢2*...*¢n*¢1)(ﬂf)

Also, we can replace one of the x products by . products
/d4x(¢1 * g K .ok Op) () = /d4x(¢1 * ok ) () (Pig1 * o * D) ()
Next we write down the scalar action of the ¢* scalar theory in the NC space-time as follows
4 1 1, A
S¢: d*x §6ugb*3”¢+§m ¢*¢+E¢*¢*¢*¢

Consider the 1PI two point function. We have two types of one loop Feynman diagram due to additional

phase factor: one is planar diagram, while the other is non-planar diagram. The corresponding one loop

F(z) _ g2 / d*k
1 planar 3(271’)4 k,Q 4 m2

@ _ 7 / d'k oy
1 nonplanar 6(271')4 k2+m2

correction is given by
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Figure 2.1: One loop Planar and non-planar diagram

The one loop planar diagram corresponding to the mass correction in the commutative theory, diverges
quadratically at high energies. The non-planar loop has the vertex with the phase factor which is due

to pointless like interaction in the NC theory. One can parametrize the integrals by using Schwinger

1 /‘OO 2 2
— = doy gm0k +m)
k? +m? 0

parameterization,we get

The k£ integrals are now Gaussian, and may be evaluated to yield

F(g) . 92 doz —am?
1 planar — 4872 Ee

(2) g2 / daefameﬂ

1 nonplanar = 9671'2 E

Here we have introduced new notation

poq=—pubag = p.b5, a0l

The dimension of p o p is length squared. In order to regulate the small o divergence in the above

equation, we multiply the integrands by Pauli-Villars regulator exp(—1/(A%«)) and we get

@) g° Ao gz 1
1planar — o2 ) Al
p 4872 | a?
F?r)mn lanar — g2 /d_ae_am2_pOpl_le
p 9672 | o?
Therefore,
2 2
@ _ 9 2 oo A
1-‘1 planar — m (A -—m ln(ﬁ) + 0(1)>
2 A2
2 g e
Fg Bzonplanar = W (Agff - m21n<FJ;f> + O(l))
where
1
A2, ==
1N+ pop
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In the limit A — oo, the non-planar diagram corresponding to the one loop graph remains finite. It
is regulated by the spacetime noncommutativity. In this limit the effective cutoff Agf ;= p%p goes to
infinity when either & — 0 or p — 0. So the IR divergence appears naturally by oscillation phase
factor. In addition, the planar and the non-planar contribution to mass correction diverges at the cutoff
scale A — oo(UV) as well as NC scale # — 0(IR). These type of divergence problem are known as
UV/IR mixing. In ref [189], it has shown that if the interaction Hamiltonian density is translational
invariant and invariant under twisted Poincare symmetry then the star product and twisted statistics are
inherent for removal of UV/IR mixing in the absence of gauge fields. But interaction only with the star
product and usual statistics of the fields are not invariant under twisted Poincare symmetry.

The following three proposals are pursued that the usual star product and usual statistics but which

are deals translational invariant in order to overcome the UV/IR mixing by adding suitable terms [127].

1. Broken translation invariant: [130]

The counter term: It is of the form 22¢? (a harmonic oscillator-like potential), where 7 = 02"

2. Minimalist translation invariant: [131]

The counter term: A non-local term of the form Z; ( [ dizo(x))’.

3. Translation invariant: [132]

The counter term: A non-local term of the form ¢%¢

2.6.1 Translational invariant 1/p* model

NC Scalar theory:

In 2008, Gurau, Magnen, Rivasseau and Tanasa [132] has proposed a model to cure the IR divergence
by adding a non-local counter term gbﬁgﬁ. They proposed a solution for the UV/IR problem while
maintaining the translation invariance. The scalar action in the Euclidean space is

S = / d*z [1 (8“gb*@uqb+m2¢*¢— qb*a—ng) + ﬁmqs*qs*qs ,
RA 2 O 4!

where the parameter a is dimension-full and it has the form a = a’/0 where o’ represents a real
dimensionless constant. The 4-dimensional operator 1/0J denotes the Green function which is of the
form 4 — d Laplacian 00 = "0, and in momentum space it is —1/k* . Thus the propagator in

momentum space is defined as
1

R m? 45

G(k)
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The integral factor of the one-loop correction to the propagator (corresponding to the Feynman dia-
grams in 2.1) is given by

H()——/\/ d*k 2—|—cos(l<:]5)
v 1+ (2m)t K2+ m? 4 ¢

=[P 4+ I1™P'(p)  where cos(kp) = Z kP

k2 n +1

In above, we have used p,, = 0,,,p”. The propagator term(in the denominator) can be written as

1 B k> B Z 1+ (s
Rt e (e eg) M 2SR

where M? = 4/ mf — a?. The Schwinger exponential parametrization is given by

1™?(p) = —% I(p) and I(p)= ) (1 +<2ﬂ]\52) / <d4k; ¢k

n==+1 ¢=+1 2m)* k2 + mT2 + CMQ.

Form >0, a # 0 and (%5~ ° 4+ (M?) is a positive, then the above parameterization yields

o0

K21 m21+ M2 /doz R )
T

The integral over k provides

The integral result in terms of the modified Bessel function K _; = K is given by [123]

1 m—22 m? M?2 2
- L ([ ()
¢

Note that p? # 0 and is finite if # # 0 and p # 0. The IR behaviour of the model can be studied in the
limit p* — 0. For small z (: \/]52 ( %2 + CM2)>, one can write 2K (z) as

1 1

1 1 1\ 22 5 )
;Kl(z) = §+§ lnz+§ (’yE—IHQ—é) T (lnz+7E—1n2—Z) + O(2%)

Here 7y is the Euler-Mascheroni constant. Thus, for p* < 1,

4 o /m? . 9 m? mTQ—FMQ
—l—mln( I—M)—F(M +4M2 In —%2—M2
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The quadratic IR divergence appears in the above result and this is also accompanied by a sub leading
logarithmic IR divergence. Fora — 0 (i.e. M? — %2) emphasize the the naive model given in [68]. By
introducing a cutoff A and replacing p* — p* + # in II™P!(p), one can regularize the planar propagator
and in the limit p* — 0 one finds

1 /m? m* 2 M2
YT Iy AL VE B S VE |2
m D(A2 4 >+( +4M2> e

( Plan)regm. (A) — 3(;71-)2 +O(1)

Eventually the 1/p* model proves the renormalizability of the noncommutative scalar theory up to one-
loop and also the renormalizability of two and higher loop nocommutative field theory shown in [127].
NC Gauge theory:

The addition of non-local term in the NC action has reduced the tension about renormalizability of
the ¢* theory significantly. Further this approach motivated the searches for an analogon U(1) gauge
theory [128, 129]. Here the new non-local term (a’/(D?D?)) were introduced in the action which
satisfy the gauge invariant as well. Where D = 0" D, and D, is the covariant. The gauge fixing
action is BRST invariant but the interaction term (a’/(D2D?) « F**) introduces an infinite number
of gauge boson interaction. So it is very difficult to compute the loop diagrams in a particular order.
In the ref [128] these problems were circumvented by introducing a new antisymmetric field of mass
dimension two. But the physical meaning of the new dynamic antisymmetric field is not understood
till now. In order to solve UV/IR mixing, instead of looking for non-local term, there is an alternative
approach in the NC theory which are #-exact and #-expanded SW map.

The advantage in the SW approach over the Weyl-Moyal approach is that it can be applied to
any gauge theory and matter can be in an arbitrary representation. Reasonable progress has been made
in NCQED using SW map as far as it’s quantum structure, perturbative renormalization is concerned
[191-202]. In particularly, the UV/IR mixing arises in an arbitrary non-abelian noncommutative gauge
theory has been studied [191, 192, 194, 197-202]. Using SW expansion of the NC fields, Bichl et al.
[192] show that the self-energy of photon in NCQED is renormalizable to all orders in . Anomalies
and renormalizability of SW #-expanded NCSM are studied in [193,195,196]. The two-point functions
for photon and neutrino are discussed in [197, 199-202] by #-exact SW map. By calculating the one
loop self-energy correction to the massless fermion up to order O(0), the ref [199] shows that the
UV/IR mixing effects can be made under control. In the SW map, the first several orders of the
expansion can be written in a simple form by introducing certain generalized star products [203,204].
Such an expansion enables one to treat all orders of # at once in each interaction vertex, thereby allows

one to compute non-perturbative results [197].
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2.7 Noncommutative Standard model

The SW map solves the charge quantization problem and it provides the SU (V) gauge group
representation by enveloping the Lie algebra. In the classical limit, noncommutative theory turns
into commutative theory when 6 — (0. We have to treat 6/ as a universal constant tensor, just
like the speed of light in special theory of relativity on commutative space. In order to construct the
standard model on NC spacetime, we have to satisfy the gauge consistency principle of tensor product
of respective two gauge groups. Therefore the SM gauge group G : U(1l)y ® SU(2), ® SU(3)¢

accommodate the “master gauge potential” and the “master gauge parameter”.

(V) = d'p(Ysm) A, +gZpTL Bl+gsZp G,

p(A) = ¢'p(Ysar)x +gzp (T})ek (z) + g0 p(T8) el ()

and the Seiberg-Witten(SW) map:
~ 1.,
Vo= Vo= 10" Vi, OV, + Fup} + .
~ 1.
A=A+ 16’“ {V., O.A}+ ...
To construct the noncommutative standard model, what one needs to do is as follows [69-71]
e Replace the ordinary products with the x product.
e Substitute the noncommutative fields for each corresponding commutative one.
e Perform the trace for each standard model field representation with respect to the gauge group.

Now the action of the NCSM can be written as follows [69]:

3 .
=@  ~~ =(1)
S /d%prL * i PO 4 /d‘*a;Z\If i
=1
Pty By P — [ dtoteg By w B — [ dutrgF + P
— [B2—g/ 1‘1 H’V* — IL’@ 1'2 /“’* — .’L'@ r3 //'V*
[ (BB DD - (@) 5 (@) A (@) = (@) @) < D))
3

.. =(7) ~ . (i ~ o~
# fate(= oW (] pu@) w8 5 (B 29

ij=1

S =) ~ ~ S
-y g:;((@L « po(®) x 2 + 72 « <pQ<<b>**@%>>)

,j=1

46



Sy ( 0V 4 (@ >>*@%>+27£)*<pQ<<T>>**©%>>>),

ij=1
with ® = i7,®* and 75 is the usual Pauli matrix. The matrices W%, gfj and g}} are the Yukawa
couplings. We know that the SM Higgs scalar has hybrid SW map and is given by ® = &(®, V, V). It
transforms covariantly under gauge transforms with the field functionals of the two gauge field V' and
V' (responsible for left handed and right handed fermion fields coupled with the Higgs scalar field).
The Higgs field ® in the NC spacetime is given by

b = o0, V, V']
1 ) ’ 1 ) /7 ’
= 2+ 26V (aacp - %(vacp - c1>va)> + 5077 (aacp - %(vaop - <I>Va)> Vi + O(6%)
,which is an example of hybrid map. The covariant transformation is given as (5@9(@, V.V = i\ %

 — i® x A. The following scalar representation can be chosen for yukawa terms. Note that the gauge

invariance doesn’t restrict the choice of the Higgs field representation [71]. The representations are

. .1
po(®) = P[P, 59’«4“ +gBT7, 0]
p¢<ci)) = (i)[q)aRﬂJL(V)?RdJR(V)]
pp(®e) = O[®, Ry, (V), Ry (V)] Where &, = imy®*

The representation R, for the SM multiplet ¢ are listed in Table(2.2). Here R, (f(V,,))

f(Ry(V,)) for any function f.
v Ry(Vy)
€R —q' A, ()
VL 1 7 a
L = —59' Au(x) + gBya(x)T}
€L
UR %g'A,,(x) + gsG,,b(l‘)Tg
dR —%Q/AV(.CE) + gsGyb(Qf)Tg
ur 1. a b
QL= ; 59 AV(SL’) + gB,,a(x)TL + gsGyb(Jr)TS
L

Table 2.2: Standard model gauge representation of the fermionic fields. Here 7j* = 7% /2 and TS = \b/2.
The simplest choice of Higgs scalar representation py brings the NCSM and SM very closely:
=S =S 1 ara
pO(CI)) = @[@7 ég,AM + gB;LTL7 0]
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In NCSM, the leptons and quarks have different scalar representation in Yukawa terms because the
neutrinos do not have mass due to absence of the right handed neutrino. One can choose the leptonic

representation as follows
- - 1
pL((I)[(I)7 Vlh szl]) = CD[(I)7 _ig/-Au + ngTil, gIAV]

where V,, = —% g A, +gB;Ti and V] = ¢g'A,. In the Yukawa term, we need different representation

for up and down type of quarks and are given as follows

po (2@, V,, V)

o1 1
P[P, gg’Au + 9B, 17 + 9sG T, 59’«4” —9sGyTg],

;

.1 2
O[O, 9" A+ gBIT + 9sGyTS, =39 As = 9sGIT].

Spontaneous Symmetry breaking

Let us first consider the scalar action in the NCSM

~ ~ o~ -~

So= [ ate [m(D.B) m(DuD) ~ (@) 5 po®) = Mou(®)! po(B)) = ((®) 5 (@)

where D is SM covariant derivative. The SM minimization of the doublet scalar field and the NCSM

scalar field minimization are same and it obeys the following steps as given below [69]

e To find the potential minima attained for constant fields neglecting the derivative terms and star

product terms.

e The terms in the hybrid SW map like §*°V,V;;® leads to corrections to Higgs vacuum expecta-

tion value(vev).
e We should consider the field value V,, = 0, i.e. d = ¢ when fixing the Higgs vev.

e The gauge degrees of freedom allows to choose the unitary gauge for Higgs scalar field

0

=24 ,
vz h + vy

where v, (= \/—p2/)) is the vev and ;2 < 0. To the leading order in 6 expansion, we use po(®) =
¢+ po(¢') + O(6?) and get

Sags = [ d'a <<D§M¢>*D5M% — 1616 - A<¢*¢><¢T¢>>
+ / d'z ((DgMgb)T (DSM“po(qbl) + %eaﬁaav#aﬂgb + ms)
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+ (DiMpowl) + %eaﬁaavﬂam + Fm)T DMrg
+iu29“”¢*(Fw)¢ — \if*” ¢T¢(D§M¢)T(D5M¢)> o,
where F,,, = ¢ fu + 9F L,
I = iVl = @'}leo‘ﬁ{g/fla + 9Bay 09 A, + 903 By + § fo, + gF L},
and
po(6) = —%eo‘ﬁ(g’fla +9Ba)0s¢ + %Q“B(g’fla +9Ba)(g' As + 9B5)o-

The Higgs boson mass is defined as M), = /—2 u2. The masses of the electroweak bosons is generated

by the so-called Higgs mechanism
Mys = % and My,=YL "I,

Here the physical mass eigenstates of the electroweak bosons W=, Z and A are defined by

. B.FiB; —g A+ 9B gA,+ ¢ B;
Wri=—-—— Zy=—F+—=- and A, =—F——.
V2 /g2 + ¢ /32 + ¢2
We can rewrite the gauge field 4, and B 3 in terms of physical photon field A, and massive neutral Z
boson
Z "A A, —d 7
Bi:—g T TR .AM:—g w9 2n

which helps one to find the interactions of Higgs and physical gauge fields besides the usual SM

interactions.

2.7.1 Noncommutative standard model: Scalar sector

In the Higgs action, the order ¢ terms has enormous interaction with Higgs and gauge field. We
examine here the single Z boson and W W~ interaction with Higgs up to order #. The last term of

the Spiggs gives [71],
1 1 .
30 [dnol (5/3 Fap — 20 ¢<D§M¢>*D§M> o

1 , _
- éeaﬁ {zg2 / d*x(h+ v)*[1* + A(h + 0 ]W W

o [t 0,2 20+ o |
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by making the using of the field strength tensor

g - 2 —+
i eAu + 5 oo Qw(l — 2sin” Ow)Z,, \/—W/w
v 9 - 9
N 2 cos Oy~ "

_ — 3 3
ig? Wiw, —W, W, V2(BW,” — W, B
3117~ -3 — _
—V2BIW, — W, B)) —-WIW, + Wi,

The 42 integration term get vanishes because of Stokes theorem. So we get

%QC“B)\/d‘lxh(h—i-v)(h%—Qv){ (h+0)WIWy +2 7

(@25

The scalar triple and quartic interaction doesn’t have O(f) correction in the NCSM and also there
is no hZZ, hhZZ interaction in O(6) correction. Other two Higgs action terms has multiple field

interaction of gauge and Higgs scalar in the order of O(6).

2.7.2 Noncommutative Standard model: Fermionic sector

The action corresponding to the Yukawa terms which generates masses for the fermions,

3 .
L =) ~ —~
Svatoen = [[ata((= S W, wpu(@) w7 7 (@) < 1) )

ij=1

3 . =(17) -~ N7 (i ~ Py
Sy gy ((@L 2 po(®) + 89 179 ¢ (s @) *@2“))

i jfl
-3 G (@ 4 nof@) 8 + 3+ (ra@r < 30)))
2,7=1
Here @[(IJ, V, V'] is already defined earlier. L’ stands for the left-handed leptonic doublet and e, for a
leptonic singlet of the ith generation. @)% stands for a left-handed quark doublet of the ith generation,
u', for a right-handed up-type quark singlet of the ith generation and d', stands for a right-handed
down-type quark singlet of the ith generation.

Using the biunitary transformations, one can diagonalize the Yukawa coupling matrices [71]
2 2
G = V2 syl G Y2 8 M, T
v v

After diagonlization, we get the diagonal 3 x 3 mass matrices M, and M,. One has to redefine the

quark fields by biunitary transformation so as to make it the mass eigenstates
A0S g0 g L g0 g9 L), Tiegd) S g,
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This redefinition of the fields introduces the quark mixing matrix V' = ST S; which gives the Cabibbo
Kobayashi Maskawa(CKM) matrix [72—74] in the Standard Model charged current sector.

1 for f = ( (e, pu,7),

V=
V= VCKM for f =(q (U,d, b),

where ¢ and ¢ denote leptons and quarks, respectively. Note that there is no mixing in the lepton sector
due to absence of the right handed neutrinos.

The minimal modification of the Standard Model is possible by introducing the right handed
neutrinos, which comprises neutrino masses. There would be neutrino mixing matrix instead of unit
matrix mentioned above.

The leading order Yukawa expansion is

3
SYukawa = S)guMkawa - /d433( Z Wij ((Zqub)eg + (EZIIpL(QSl))e;%

i.j=1

_ . 1 . . . 4
+ (LYg)el + iﬁeaﬂaaL;a@qseg + (o LY)

+ €rlpr(o")'Ly) + ex(o'L]) + Z’%G“ﬁa&egaﬂw Li)
3
- DG (( i d)uid + (Qhpo(6))uf + (QF o)k

ij=1
FiL0700,Q) st + T (01QY) + (6 Q)
a6 + 130 0uu0n0
3
- Yo ((@ad + Qupetet i + @ord,
ij=1
FiL000,Q) s + ' QY) + dlpg(0) @)

+ dp(6'Q)) + z‘%eaﬂaadzaw*@z» +0(0%)

Charged current interaction

Here we give the complete expressions of the electroweak charged currents to order O(6) [69]

d u
L = (a&f)LVCKMjl(l—%) s +<CZ§B>LVCT*KMJ2(1_75) ¢
b t

L L

with
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Here we disregarded the interactions with the gluon in the “electroweak™ charged currents. We pick
W term up to O(0) in L. and obtain

d d
_ 1 19 o o 1
(ﬂ ¢ t)L Vexm (\/EQVJW' + mw (1- 75)3MWJ5’Q) s = (u c t)LVCKMﬁgW_‘_(l -v) | s |
b b
L L
where O = *~y* + GV yH + F~Y and
1—M2/2 +ixyg Atizy,  AXN(p—in) +izw
Verm(p,p') = A+ i 1= X2/2 40z, AN+ izg
A)\g(l — P — ZT]) + iItd —14)\2 + iItS 1+ ixtb
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In above x4, = p,/0,,p;” for quarks a, b. All the momenta p, and p, are taken to be incoming. This is
true in Moyal-Weyl approach and Seiberg-Witten approach (with massless quarks), but there are quark
mass dependent interaction term in Yukawa NCSM action [133]. So the momentum dependent CKM
matrix in NCSM is not complete. Finally, we present the quarks-charged bosons(1W ) interaction up
to O(0) i.e. the Feynman rules for the vertices F féj) — W*(k) and £ féj) — W=(k) to O(0)
as follows [71]

ie v i
e (' ~ o k| (1—
LY S

7 M ) v m . v
5 [( Yot =0 = () 14 20)

m . m ..
17 £

} |

Here ¢ and j are quark generation index. The same Feynman rule is applicable for doublet lepton
charge current interaction. Here the quark mixing matrix has to replaced by neutrino mixing matrix

when the mass of the neutrinos are non zero.

Neutral currents interaction

We now present the the neutral current expression to order O(6) [69]
L _ LS]W 7112’&(1) 19/1«1/ o groap
ne = kne 2224\ 3 Y Y
((cos Ow 0, A, — cosbw0, A, —sinbwd,Z, + sin HW&,ZH)
/ N2 12 N2 12 s ‘1 / ‘]- / .
gY 0, —iY?g“ cosOw Ay +iY*g'“sinOyw Z, — zng gcosOw Zo — ziYg gsin Oy Aq
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+§ (cos Ow 0, Z, — cos w0y, Z,, + sin Oy 9, A, — sin Oy 0, A, — 2ig(W,F W, — WJWM)>
- / . / 1 -2 1 -2 .
gOo — 1Y g gcosOw Ay +1Y g gcosOw Z, — §zg cos Oy Zo, — §zg sin Oy A,
—%g2 (a“Wj — 8, W, — 2ig (cos Ow Z, W[ + sin O A, W,7 — W, cosbw Z, — W sinfy A,) )Wa> u(Li)
it S (Sgmae tgrann ) [ ( cosw oA, — coswd, Ay, — sin 0w, Z, + sin b0, 7
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The gluon interaction with the “electroweak’ neutral currents is not considered here. Also in Yukawa
NCSM action there is quark mass dependent interaction term. Here we present the Feynman rule for

q—¢q— A, and ¢ — q — Z, vertices, respectively.

1
34 ot~ )

ieQy l’yu —
1
=1eQp Y+ 5 Qs [(Pupn) Vi = (Pon) u (P = 115) = (Pow — 15) (OPin) ]

and

ie i i . )
20 { (w = 5K 0wy Pﬁ) (cvp —cafs) — 50w |1 (cvip —cayps) — Pow (Cvp +cay 75)] }

The neutral current interaction Feynman rule for lepton and quark are same. They differs by charge(Q)),

vector(C'y) and axial(C'4) coupling constants as defined below
Cvp=Tss —2Qssin* Oy, Cay=Tsy,.
Note that the NC tensor 0" is antisymmetric in ;¢ — v plane. It has the following property
Ok = 0"k, = -k, 0" = —(k0)" and (kOp) = k0" p,.

Below in Table 2.3, we have displayed the standard model fermions, gauge bosons along with their

charge, hypercharge, iso-spin etc.

New sources of CP-violation

In the standard model we have CP violation in leptonic sector and as well as in quark sector.
Besides that spacetime noncommutativity introduces a new source of CP violation in the standard

model [65, 100, 133]. To see this let us write down the U(1) NCQED field strength tensor as

Fu = 0,A, — 0,A, +iglA,* A,].
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SUB)e | SUQ)L | UML)y | Ull)g Ty
ety 1 1 ~1 ~1 0
(i
v 0 1/2
L =" 1 2 ~1/2 /
et ~1 ~1/2
) 3 1 2/3 2/3 0
dy 3 1 ~1/3 | -1/3 0
(i
. u 2/3 1/2
o= F 3 2 1/6 / /
dy ~1/3 ~1/2
+ 1 1/2
P 1 2 1/2 /
@° 0 —1/2
Wt W, Z 1 3 0 (£1,0) (£1,0)
A 1 1 0 0 0
G* 8 1 0 0 0

Table 2.3: The Standard Model fields are shown. Here i € {1,2,3} denotes the generation index. The electric

charge is given by @ = (T3 + Y'), which is called the Gell-Mann-Nishijima relation.

Under the charge conjugation(C),parity(F”) and the time-reversal(7’) transformations, the vector field
transforms as follows:

Under C: A, — —A,. If 60— —0 then FE, — —F,.

Under P: Ag — Ay, A; — —A4;, 0—0.

Under T: Ay — Ay A — —A; Soif 60— —0 thenFE,, — —F,.

It is to be noted that # — —6 under the C' P transformation and hence one can observe C'P violation in

NC theory. However, the noncommutative theory is a CPT invariant theory.

2.8 Classification of Noncommutative Standard model

The complete action of the noncommutative standard model(NCSM) can be written as

SNC’SM - Sfermions + Sgauge + SHiggs + SYukawa'

Expanding ﬁw up to order ¢, one finds

Spasse =~ [ @' Y€ (ool Fr)
v o [ate S e, { (GoEotF) = oEDERD) (P
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The first term of Sy,,4e, Which is independent of 6,,,, corresponds to the standard model term. The

ns

standard model group is the product of irreducible gauge group representation of U(1)y, SU(2),, and
SU(3),. The generator of the SM group is 74 [65]. Here A = 1,2, ...12.

{p(TA)} - {pl(Y) ® 102 & 1937 1® p2(Tg) ® 1p37 I® 102 ® p3(Tg)}

Here a can take value 1,2 and 3, and similarly b = 1,2, ...8. The master field strength tensor with SM

representations p = p; ® py ® ps3 are
p(F) = g'p(Ysn) fuw + 9 Z p(T))F, + 9 Y p(T8)GY,
First we consider the ¢, independent term in the gauge kinetic action.
Lsm = _%ga Z Cpd(1p,) (1) p1(Y)? frun 1 — %92 Z Cod(ly,) T (p2<T£)P2(T£)> Fp, B
p p

1 a a v
- 595’2, Z CP d(lm) Tr (p3(Ts )p3(st)) G,uzsz# )
p

where d(1,,) denotes the dimension of the particular gauge representation p of the gauge group fermion

multiplets. For example, the dimension of the p; is equal to 1 x 1. The above equations are constraint

equations to match with the following SM lagrangian

1 v 1 ) @ v 1 b buv

The constraint equations are

1
2912 = ZCP d(1P2> d<1p3) pl(Y)za
P

1 .. . .
220 = Y Cod(Lyy) Tr (pa(Th)pa(T1))
p

1

2_g25ab =Y Cod(1,,) Tr (ps(T2)ps(T?)) -

The matching condition of the NCSM gauge sector shows the structure of the gauge couplings. Here
the traces are taken for all the SM fields generators. C,(= 1/ gg) is the coupling generator, where G, is

the SM coupling generator [69]. It operates on the SM fields and produces the coupling eigen values
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corresponding to the SM fields, they are equal to 1/g,. One can write

€R €R

Ly, Ly,

g, UR _ UR
dr dr

QL QL

¢ ¢

For example, G,er = gier , G,Lr = g2L1... G, = g6®. g1, g2-..gs are non zero SM coupling eigen

value. Let us evaluate the traces over all the standard model fields, for example:

1 2_i 12 i - 2 i 2
297 chpd(lpg)d(lpg)m(ﬂ = g%(l)(l)( 1) +g§(2)(1)( 1/2) +g§(1)(3)(2/3)

" gi§<1><3><—1/3>2 + gig<2><3><1/6>2 " ;%(2)(1)(1/2)2

Similarly, repeating the same for others, we finally get the constraint equations with full structure of

the coupling constants g;,

L1141 1

297 gf 295 393 397 G6g2 29}
L_1.,3 1 L_ 1,12
92 g g 698 ¢ 9 91 9

According to trace of the triple gauge boson kinetic term,the NCSM has been classified into two types

as stated below [71]:
1. minimal NCSM (mNCSM)
2. Non-minimal NCSM (nmNCSM)

The main difference between the two models are due to the freedom of the choice of traces in the

kinetic terms for gauge fields.

2.8.1 Minimal Noncommutative Standard model

In the mimimal noncommutative standard model(mNCSM), the gauge sector has representation
that yields a model as close as possible to the SM without new triple gauge boson couplings. In

both mNCSM and nmNCSM models, the scalar and fermionic part of the action won’t affect by this
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particular choice of trace. The trace of triple gauge boson SM group generators are assumed to be zero

and the interaction vanishes automatically. The simplest choice of trace zero U(1)y generator is

110
2\0-1

This leaves the gauge invariant action and usual SM gauge interaction without neutral triple gauge

boson interaction.

2.8.2 Non-minimal Noncommutative Standard model

The trace is chosen over all particles (having different quantum numbers) on which covariant
derivative act. So the trace of U(1)y is chosen to be non-zero. The triple gauge boson couplings are

defined as follows

r1 =Y Cod(Ly) d(Ly,) pi(Y),

Ko = Ep:(/’p d(1,,) p1(Y) T (p2(Ty)pa(T7))
mé%ﬂmeﬁMMﬂm@»

w1 = 3G ) 5T (T T} ),
%ZEMM%gWQMwmw®wwm.

Here the term x5 provides the order # correction in the usual triple gluon vertex. The coefficient of
the x4 gets zero due to symmetric in gauge field indices and anti-symmetric in NC tensor indices. The
above constant parameters k1, ko and k3 can be evaluated in terms of coupling constant eigen values

g1, g2-..ge by using Table 2.3. We know that C, is equal to 1/ gz and hence «; has the following form

1 1 8 1 1 1

wo-i_ L 8 1 1 1 2
YTgr 4¢2 T 942 997 3692 4g2

11 1 L
Y (N SR . P 23)
? ( 495 4g3 492)

111
Ko = [ — — — 4+ ——_ ) §%, (2.4)
’ <39§ 693 69%)

The action for triple gauge boson(ggg) interaction can explore as follows [134, 135]
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We use the Weinberg rotation for physical and unphysical gauge field and we gets

Z, cos by — sin Oy Bi
A, sin Oy cos Oy A,

The interaction of the triple gauge bosons can be written in terms physical fields as follows
€ : v loa g
Loy = 2 Sin 20w Ky 0" (FuFpo B — AF,, F,c F*7)

1
vy T 599/(“1 + 3"92)§

e : v g g g
Lgg = 1 sin 20y K4y 0" {2 (2G,,GLe — GG o) P + 8F,,Ge G — F,,G,, G},
2 /
—9s (3 g .
ngg = 9 (E + E) KR3;
EZ,W = KZ,W o {2 (ZFMPFW — FWFPU) 77 + 8ZM,FWF""’ — ZWFPUF""’} ,

1
Kz = B [9’2/‘?1 + (9/2 - 292) /‘fz}

Other three TGB couplings are uniquely fixed by K., Kz, and K,

1 g g/ 1 912
Kazy = 3 (=35 ) Ko =5 (15 ) Ko

3 g/2 g/ g/2 g
Kzz7 = 5 (1 - ? Kzyy — % 3 - ? Koy Kogg = _?Kzszg-

According to Bose statistics(Landau-Pomeranchuk-Yang theorem), the triple gauge boson (TGB) in-
teractions are forbidden by in the standard model. However, it arises within the framework of the
non-minimal NCSM. Here we can maximize the TGB coupling by solving the three TGB equation

including three matching equations.
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Figure 2.2: The allowed region for K values of neutral triple gauge boson couplings in the nmNCSM

The three matching conditions(constraint equations), satisfying 1/g? > 0, defines a three di-
mensional simplex in the six dimensional moduli space spanned by 1/g3,1/g3,...1/g2. The constants
K1, ko and k3 are functions of 1/¢?,1/g3,...1/g2. We have obtained the optimum value for three
objectives K., Kz, and K,,, TGB equations with the requirement that three constraint equation
and six moduli condition(1/¢g? > 0) by multi-objective Weighted sum optimization method. Later
substituting these into other three TGB equation, we get the non vanishing six TGB coupling con-
stants in the nmNCSM. The values for all six coupling constants at the pentahedron vertices are
given in Table 2.4. From Table 2.4, we can construct the allowed region for any pair of couplings:

K sz,KZngzmezzz and K.

Ay ~gg- The range of values for a full set of electroweak coupling

constants is given in the figures2.2. Any combination of two TGB coupling constants from the gauge
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K’Y’Y’Y KZ’Y’Y KZgg KZZ’Y Kzzz K'ygg

-0.1745 | -0.3339 | 0.054 | 0.0311 | -0.2211 | -0.098
-0.027 | -0.34 | -0.108 | -0.021 | -0.337 | 0.197
0.1177 | -0.2606 | 0.217 | -0.0645 | -0.3605 | -0.396
-0.4304 | 0.089 | 0.217 | 0.1585 | 0.412 | -0.396
-0.576 0.01 |-0.108 | 0.202 0.437 | 0.197
-0.5017 | -0.124 | 0.054 | 0.1644 | 0.2414 | -0.098

Table 2.4: The K values of the triple gauge boson couplings at the vertices of the pentahedron in the nmNCSM

at the M, scale

sector can never vanish simultaneously due to the constraint set by the value of the SM coupling con-
stants at the M scale. One can derive the interaction between charged W fields and neutral fields as

follows,
e . ) _ _ _ _
Lo = sy Ky 0| {20050 4 Wi W5) = (VAW 4 W W5} Fr

+ AF,,(WEPPW + W™ PPW ) — F, W W™ ”"]

Koww = 2—9,(92 + ¢”) ko

Lyww = gSiD 20w Kzww 0" [{2(WJPWV_U + W, W) = (Wi W, + W;;/W;;)} Ly
+ 42, (W PPWo W™ PPW,) = Z,, W W™ p"} where  Kzww = — tan 0w K ww

In addition, there are additional O(#) contribution for triple gauge boson(I¥ W~ /Z) interaction presents

in Higgs action.

2.9 Status of the Noncommutative phenomenology

In the last two decades, enormous effort have been made to understand the fundamentals of the
noncommutative theory. Several efforts in the model-building which leads towards experimental de-
tection of noncommutative effects have been made. Some of the theoretical difficulties were addressed
properly and quite improved the understanding in the last few years. Importantly, Poincare symmetry
and Renormalizability of the NC theory have been attempted in an authentic manner. The probing

energy scale could lie anywhere between the Planck scale to TeV scale. There was a surge of intense
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phenomenological activities among experimentalist and phenomenologist, after the construction of the
noncommutative standard model.

Noncommutative quantum mechanical experiments:

The quantum field theory on a noncommutative space-time has studied in Ref. [136—-139]. Many
articles have been devoted to the study of various aspects of quantum mechanics (QM) on a noncom-
mutative space (NCS) and a noncommutative phase space(NCPS), because the main goal of the non-
commutative quantum mechanics (NCQM) is to find a measurable spatial noncommutativity effects.
We have listed the current lower bound on NC scale in table 2.5, and quantum Hall effect, which are
obtained from quantum mechanical experiments like Aharonov-Bohm phase, Aharonov-Caser phase,

Hydrogen Lamb shift, Rydberg atom [141].

Experiments Lower bound on A
Lamb shift [140, 174] > 10TeV
Transitions in the Helium atom [173] > 3 GeV
Aharonov-Bohm phase [142—-145] > 107% GeV
Aharonov-Casher phase [146—148] > 1077 GeV
Noncommutative quantum Hall effect [149-151] > 10 GeV

Spin Hall effect [149, 152, 153] > 10712 GeVv
Spin Hall conductivity [154] > 10712 GeV

Table 2.5: Lower bound on NC scale A

Noncommutative standard model experiments:

There are two different approaches to study the quantum field theory in the NC space-time. One is the
Moyal-Weyl (MW) star product approach and another one is Seiberg-Witten map approach.
Moyal-Weyl (MW) star product approach:

A host of collider searches of spacetime noncommutativity using the MW start product approach is
available in the literature. Hewett er al. [181, 182] have studied the processes ee~ — ete™ (Bhabha)
and e"e~ — e~ e (Moller) and subsequent studies [183, 184] were done in the context of ey — ey
(Compton) and eTe~ — 7 (pair annihilation), vy — eTe™ and 7y — ~7. For a review on NC
phenomenology, see [185]. The Noncommutative contribution of neutral vector boson (v, z) pair pro-
duction was studied [186] at the LHC and the bound was obtained for the NC scale A > 1 TeV under

some conservative assumptions. Further study on the pair production of charged gauge bosons (W) at
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the LHC in the noncommutative extension of the standard model found [187] significant deviation of
the azimuthal distribution(oscillation) from the SM one (which is a flat distribution) for A = 700 GeV.
More recently, t-channel single top quark production was calculated at the LHC, and significant devi-
ation in the cross section can be expected from the standard model for A > 980 GeV [188].
Pauli-forbidden transitions:

The twisted Poincare symmetry has deformed the methods of symmetrization and anti-symmetrization
of the identical particles. The corresponding fermions and bosons are called as twisted fermions and
twisted bosons respectively, which are obeys the twisted statistics. Thus one can expect that there could
be a violation of Pauli exclusion principle in the fermionic sector. There are few nuclear and atomic
experiments has made searches on Pauli forbidden transitions. As a result, the lifetime of the particular
non-Pauli transitions are quite higher than the age of the universe. So if there were Pauli forbidden
levels created at the initiation of the universe the probability of the allowed non-Pauli transitions to be

less than 10726 or 1072 [190].

Experiment Type | Bound on A (Energy scales)
Borexino [228] | Nuclear > 10%* TeV
Kamiokande [229] | Nuclear 1023 TeV
NEMO [230] Atomic 10° eV
NEMO-2 [231] | Nuclear 1022 TeV
Maryland [232] Atomic 10 TeV
VIP [233] Atomic 100 TeV

Table 2.6: Bounds on the noncommutative scale A [190].

Seiberg-Witten map approach:

Using this SW map Calmet et al. [205,206] first constructed the minimal version of the noncommuta-
tive standard model (mNCSM in brief). They derived the O(6) Feynman rules of the standard model
interactions and found several new interactions which are absent in the standard model. All the above
analyses were limited to the leading order in 6. Das et al. first analyzed the ete™ — v, 7 — ptpu~
to order 2 (without considering the effect of earth’s rotation) [207]. There exists another version:
the non-minimal version of the NCSM (nmNCSM in brief) where the triple neutral gauge boson cou-
pling arises (absent in the mNCSM) naturally in the gauge sector. This model (nmNCSM) was first

formulated by Melic et al. [208,209]. Interesting phenomenological studies comprising triple gauge in-
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teraction are available in the literature [196,210-213]. The direct test of space-time noncommutativity
comes from the two decays Z — <7y, gg (forbidden in the SM at the tree level). Using the experimen-
tal bound I';” < 1.3 x107* GeV and I'y*, < 1.0 x 107 GeV, Behr e al. [210] shows the bound
on the NC scale ~ 1 TeV. Taking the SM fields in the enveloping algebra, Calmet et al. [214,215]
shows that the bound on the NC scale ~ 10 TeV, a rather weak bound. The invisible Z boson decay in
covariant theta-exact NCSM was studied in [216]. Early collider searches of space-time noncommuta-
tivity include the work by Kamoshita et al. [217,255]. Das et al. (one of the current authors) studied
in detail the Bhabha and the Moller scattering [218,219], muon pair production [207,220] in the non-
minimal NCSM scenario. The noncommutative parameter ,,, can be fundamental constant in nature
that has a fixed direction in the celestial sphere. Hence, the daily modulation effect of earth’s rotation
can be observed in the noncommutative phenomenology. The associated Higgs boson production was
recently studied associated with the Z boson, taking into account the effect of the Earth’s rotation in the
nmNCSM. It was found that the azimuthal distribution significantly differs from the standard model
result if the NC scale A > 500 GeV [221]. The low energy experiments (e.g. modeling of the atomic,
QCD-hadronic and astrophysical systems) remains valid at an energy-momentum range significantly
lower than A. The current bound on the NC scale A has been displayed in the Table 2.7(given in [155]).

Flavour Physics Precision measurements:

Table 2.7: The key parameters used in the TEXONO, LSND and CHARM-II measurements on v — e scattering,
and the bounds obtained on the NC scale A are shown here. The the bound on the 95% CL lower limits on A and

the best-fit values in #2 are shown [155].

Experiment v <E,> T Measured sin? @y, Best-Fit on 6% (MeV~%) A (95% CL)

TEXONO-HPGe [156] 7, 1-2MeV  12—60 keV — (9.27 £ 6.65) x 1072 > 145 GeV

TEXONO-CsI(TD [157] 7., 1-2MeV 3-8 MeV 0.251 £+ 0.039 (0.81 £5.74) x 1021 > 95 GeV

LSND [158] Ve 36MeV 18—50 MeV 0.248 £+ 0.051 (0.38 £ 2.06) x 1072t > 123 GeV

CHARM-II [159] v, 23.7GeV 3-24 GeV (0.20 4 1.03) x 1072¢ > 2.6 TeV
}0.2324 + 0.0083

Uy 19.1 GeV 3-24 GeV (—0.92 £4.77) x 10727 >3.3TeV

The impact of NC space-time on Quarkonia decay into two photons [222,223] and K — 7y [224]
decay (forbidden in the SM) have been investigated in detail. However, the experimental upper bound
on such rare decays are too weak to obtain any bound on A. In [164] top quark decay has studied
and also in [161] the top quark width and W boson polarization have been estimated and the bound

on noncommutative scale is given A > 625 GeV. The inclusive b — sy and b — sg decay studied
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in [225,226]. Non-commutative spacetime lead to CPT violation [227]. One of the strongest experi-
mental supports to CPT symmetry comes from the mass difference of K° and K which is predicted
to vanish exactly for CPT-invariant theories. In [234], the data from the KTeV E731 experiment [235]
and the experiments on kaons [236,237] have been used to get bounds on A > 2TeV. In [234], CPT
measurements on the g — 2 difference of u* and ;1= [238-241] have been also used to constrain 6. The
derivation is similar to the kaon case but, the mass of the muon being considerably smaller than the
kaon mass, the lower bound for the energy scale is 10° GeV.

Astrophysical measurements:

The impact of neutrino-photon interaction in the noncommutative space-time on the cooling of stars
[249], on the primordial nucleosynthesis and ultra-high energy cosmic ray [250,251] have been studied
in detail. Assuming the plasmon decay to a pair of neutrino may contribute substantially to the star en-
ergy loss, the author P. Schupp et al. [249] obtain a lower bound A > 81 GeV. The non-observation of
large neutrino-nucleon cross-section for ultra high energy neutrinos (10*° GeV) at observatories gives
rise a lower bound on A which is as high as 900 TeV [251].

Laser beam experiments and CMB

In the early universe physics can test by the observation of the polarization in the cosmic microwave
background(CMB) which is correlated with the temperature anisotropy.The CMB radiation is expected
to be linearly polarized of the order of 10%.This Linearity is a result of the anisotropic Compton scat-
tering around the epoch of recombination. The Compton scattering can generate a linearly polarized
wave but it can’t generate circular polarized wave. The non-zero backgrounds would produce the cir-
cular polarization for the CMB radiation. Therefore, any experiment including the measurement of
circular polarization can provide a way to understand more accurately the physics of scattering. It is
possible in space-time noncommutative or external magnetic field to generate the circular polarization
by the Compton scattering [242,243].The possibility of the generation of circular polarization can be
determined by the Stokes parameter. The circularly polarized laser beam experiment and CMB mea-
surement limits the lower bound on the NC scale A ~ 1 — 10 TeV. Some of the important laser beams
are: X-ray free-electron laser (XFEL) facilities [244], optical high-intensity laser facilities such as Vul-
can [245], peta-watt laser beam [246] and ELI [247], as well as SLAC E144 using nonlinear Compton
scattering [248]. Various experiments like low energy Precision experiment and high energy collider

experiments put limits/bound(lower) on the noncommutative scale A, which are listed in the Table 2.8.
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Table 2.8: Summary of experimental constraints on the noncommutative scale A. The quoted bounds for the

direct experiments on scattering processes at colliders are at 95% CL [155].

Experiments Direct Scattering Channels A

High Energy Collider Experiments

Current Bounds

LEP-OPAL e +et =y +v[160] > 141 GeV
LEP e +et = Z = y+7[134] > 110 GeV
Tevatron t— W +b[164] > 624 GeV

t— Wgr+b[161] > 1.5 TeV

Projected Sensitivities

LHC 7 = v+ [166] > 1TeV
pH+p—Z+y—= 1T +17 +v[168] > 1TeV
pp— W+ W [169] > 840 GeV

Linear Collider e+~ — e+ v [170] > 900 GeV
e~ +e — e +e [165] > 1.7TeV
e~ +et — v+ [165] > 740 GeV
Y4y =7 +7165] > 700 GeV
e~ +et =5 y+y— Z[167] > 4 TeV
e +et - Z+y—et+e +4[168] > 6TeV
e”+et = Wr 4+ W [169] > 10 TeV

Photon Collider ~+ v — It 4+ 17 [171] > 700 GeV
v+ = f+fI172] > 1TeV

Low Energy and Precision Experiments

Atom Spectrum of Helium [173] > 3 GeV
Lamb Shift in Hydrogen [174] > 10 TeV
Electric Dipole Moment of Electron [114, 175] > 100 TeV
Atomic Clock Measurements [176] > 108 TeV
CP Violating Effects in K° System [133] > 2TeV
C Violating Effects in 70 — v+~ + ~ [177] >1TeV
Magnetic Moment of Muon [178] > 1TeV

Astrophysics and Cosmology Bounds

Energy Loss via v — v in Stellar Clusters [162] > 80 GeV
Cooling of SN1987A viay — v [163] > 4 TeV
Effects of ¥ — vv in Primordial Nucleosynthesis [179] > 3 TeV
Ultra High Energy Astrophysical Neutrinos [180] > 200 TeV
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Chapter 3

Search for associated production of Higgs
with Z boson in the noncommutative

Standard Model at linear colliders

“"What we observe is not nature itself, but nature exposed our method of questioning” - Werner

Heisenberg

3.1 Introduction

After the discovery of the Higgs boson (last missing link of the standard model) at CERN LHC on
2012, the main question that has become central in high energy physics phenomenology: Is there any
BSM physics and will it show up in the present and future high energy colliders? The SM Higgs boson
production is possible in the future electron positron colliders via the process of Higgs-strahlung, W W
fusion and ZZ fusion. In the LC the electron and positron collides and produce a virtual Z boson and
it decays into Z boson and Higgs boson. This is called Higgs-strahlung and also known as associated
production which is dominant mode at LC. The collision energy of the LEP collider was 209 GeV and
it gave an important hint on Higgs mass (lower bound) to search the Higgs boson at LHC which is
my > 114.4 GeV at 95% CL [252,253]. Tevatron also has excluded the Higgs mass range between
162 — 166 GeV at 95% CL [254]. Higgs boson was discovered with the 125 GeV at LHC. ILC planned
to have collision energy is 500 GeV and upgraded to 1 TeV. Similarly CLIC collision energy planned
upto 3 TeV.

There are several BSM models studied Higgstralung process which are left-right twin Higgs
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model (LRTH) [260], minimal dilaton model [261] and Monohar-Wise color octet scalar model [262]
etc. In the LRTH model, they have found that the lower bound on LRTH parameters which are the mass
of the scalar my, = 117.0 GeV, the symmetry breaking scale f > 900 GeV at scalar mixing parameter
M = 150, the mass of the top quark partner my = 908.5 GeV and new Vector boson mass is equal to
mz, = 2.76 TeV which is involved in the Higgs-strahlung process. In the dilaton model, the coupling
hZ Z were studied at 240 GeV LC collider. The coupling is defined as C},zz/SM = cos 0,. There two
scenario was considered 1) heavy dilaton and lighter dilaton. In the case of lighter dilaton the cross
section for Higgs-strahlung varies 1% with limit 0 < tan #, < 0.1.

At the TeV energy scale if the spacetime becomes noncommutative(NC), whether such a NC space-
time can play an important role in Higgs boson production and it’s decay? In an earlier work, Das
et. al [220,256] studied the Higgs boson pair production in the noncommutative spacetime. Another
interesting process may be the Higgs-strahlung process. The associated Higgs production with Z
boson and the vector boson fusion through W or Z bosons are two most significant Higgs production
channels in linear collider. Wang et. al., [257] made a preliminary study of the Higgs-strahlung process
in the noncommutative spacetime, however they didn’t consider the effect of of earth’s rotation into

their analysis.

3.2 Methodology

In this chapter, we have made a detailed investigation of the Higgs-strahlung process by consid-
ering the effect of earth rotation into account.
The tree level Feynman diagram for the Higgs-strahlung process which is a s-channel process is

shown below in Fig. 3.1. We use the notation for the incoming electron and positron momenta as p;

Figure 3.1: Representative Feynman diagram for the process e~ (p1)e™ (p2) Z Z(p3)H (p4) both in SM and
NCSM with different structure of couplings. As can be noted from the vertices given in the text, in the very large

NCSM scale (A — o00) extra tensor structures disappear to reproduce SM couplings.
and p,, whereas the outgoing Z boson and Higgs(H ) boson momenta are p3 and py, respectively. In

68



terms of the noncommutative parameter © ,,,, we use the Feynman rule [257] for e~ — et — Z vertex

jnZ)
S B B I S
sin 20y, | {( p PRSI g pen T G-
and for 7 — Z — H vertex
iM% p3Opy cos (9P1) — 1
2 ro—r= 1222 @ Koy @ V/{;‘u . 32
" { cos( 5 nt 4+ 1(720p3) [(Opa)" P + (Opa) ] (3.2)

Neglecting the masses of incoming electrons and positrons, we consider the vertices above contain all
orders of © (o< %) terms. Using these Feynman rules, we find the squared amplitude (spin-averaged)

as,

— 9 — 9 C)
(M| yosny = [M] gy, cos? (p32p4) (3.3)

where the quantity p3©Op, (the argument of cosine function appeared in above) is given by

1 [A(s,M%, M%) (s
4A2\/ 3 Hf(‘*@—m(f

where f(0,¢) = cosf + sinf (sing + cosp). Here 6, ¢ respectively stands for the polar and the

2
p3®p4 = ) f(ev gb)a as \/g > MZ; MH (34)

azimuthal angles of the outgoing Z boson. A (s, M%, M%) (the Kallen function), in terms of Higgs

mass (Mp) and Z boson mass (My) are given by
As, M2, M%) = s* + My + Mp, — 2sM2 — 2sM% — 2M2M7,  — 5% as /s > My, My

It is important to note that the oscillatory behaviour that the cross section and other angular dependence
of the azimuthal distribution (as we will see later) is due to the presence of the function f (6, ¢) defined
above.

Note that the SM squared amplitude term gets recovered in limp_,o |M|? 4, and is equal to

v G Carrston)’]) {f + o (M% LAl M, M?,l) } (35)
[(S — ]\4%)2 + M%FZZ} v2 sin? 20y, 2 2Mj 4s
Since the noncommutative parameter © ,, is considered as fundamental constant in nature, it’s direction
is fixed with respect to an inertial (non rotating) coordinate system. Now the experiment is done in the
laboratory coordinate system located on the surface of the earth and is moving along with the earth’s
rotation. As aresult ©,, (é B, 6 B), fixed in the primary co-ordinate system, will also vary with time in
the laboratory frame and this must be taken into account while making any serious phenomenological
investigations of space-time. The effect of earth’s rotation in the non-commutative space-time has

explained in appendix 3.6 and [255].
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The differential cross-section of the e*e~ 2 ZH scattering is given by

do NV (s, M3, M3)
e ? ) M 2 .
d cos Od¢ 647252 M nesu (3.6)
and the total cross-section
" 2m do
= df dp———— 37
7 /0 /o (bd cos 6 d¢ (3.7)

In above, the spin-averaged squared-amplitude |M |2 ¢, is given by Eqn.3.3 To extract the effect

of this lab-rotation coming through noncommutative effect, one takes the average of the cross-section

. o . : Tia
o or it’s distributions over the sidereal day Ty,,. Here, we consider (o), = # o o dt and so
ay

on [255]. Here 0 = o(\/s, A, n, &, ). The cross-section is calculated using the center of mass frame of

the ete~ 2 ZH process in which 4 momenta of the incoming and outgoing particles are given by:

S S
P1 = Pe- :§(1707071)7P2:pe+:§

p3s =pz = (Ez, k'sinf cosg, k'sinf sing, k' cosb),

(170707_1)7

ps =py = ( Eg, —k'sinf cos¢, —k'sinf sin¢, —k' cosh) .

—1

where £k’ 5

\/g and 0 is the scattering angle made by the 3-momentum vector p3 of Z boson with the
k axis (the 3-momentum direction of the incoming electron e~) and ¢ is the azimuthal angle. The time
dependence in the cross-section or it’s distribution enters through the NC parameter @)(: ) £) which
changes with the change in ¢ = wt. The angle £ which appears in © through cos(wt — &) or sin(wt — £)
(the initial phase for time evolution) gets disappeared in the time averaged observables. So one can

deduce © i.e. the NC scale A and the orientation angle 7 from the time-averaged observables.

3.3 Noncommutative effects on production cross-section and an-

gular distributions

We analyze the Higgs-strahlung process, e~ (p1) et (p2) — Z(p3) H(p4) in presence of the non-
commutative standard model in TeV energy linear colliders. We assume both the final Z boson and
Higgs boson are produced on-shell and reconstructed from their decay products which is not prob-
lematic in a linear collider by choosing suitable decay channels. The initial unpolarized electron and

positron beams are colliding back to back with half of machine energy without considering any effects
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from ISR whereas the final particle momenta can be defined in terms of polar (f) and azimuthal angle
(¢) as they are produced inside the collider. We further study this process with and without taking into
consideration the effect of earth rotation into noncommutative space-time. In this context, we probe
the non-commutative scale A for the machine energy ranging from 500 GeV to 3000 GeV from the as-
sociated production of Higgs with Z boson. Here we utilize the total cross-section rate, azimuthal dis-
tribution and rapidity distributions and their time-averaged estimates to discriminate the new physics.
In our analysis we have used the Higgs boson mass as 125 GeV and used (6, a) = (7/4, 7/4) which

corresponds to the location of the OPAL experiment at LEP. In Fig. 3.2 we display the total cross-

200F 1\ 7 | | — sM
100_! \\ —— A=0.6TeV ]
s0f S — A=0.8TeV |
2 20_! —== A=L0TeV -
g 10'5 . A=1.2TeV |
5 5t R, e A=L5TeV ]
B e
| '"

500 1000 1500 2000 2500 3000

'\/;(in GeV)

Figure 3.2: The total cross-section o (in fb) for associated production of Higgs with Z boson is shown as a
function of the machine energy \/s (in GeV). Different lines represent the choice of different non-commutative
scale A\ which is ranging from 0.6 TeV to 1.5 TeV. The topmost curve (solid line) corresponds to the expected

Standard Model production cross-section which is essentially NC cross-section at the limit A — oo.

section as a function of the center of mass energy energy +/s for different values of non-commutative
scale A. The uppermost curve in this plot refers the expected contribution from SM production (which
corresponds to the NCSM value at the limit of NC scale A — oo as we already noted down in previous
section). While going below in the same plot, the curve next to the topmost one corresponds to the
scale A = 1.5 TeV and so on. On the other hand, the lowermost curve corresponds to A = 0.6 TeV.
The deviation from the SM plot starts getting manifested at and above /s = 1 TeV. For example,
at the machine energy /s = 1.5 TeV, we see that the overall cross-section gradually increases with
the increase in the scale A from 0.6 TeV to 1.5 TeV before merging with the SM value for larger NC
scale. Expectedly, maximum deviation from that of SM in observed for the lower values of A. Also,
note that for a given machine energy the NC cross-section is always less than that the corresponding
SM value. That is simply followed from the Eq. 3.3. Moreover, one can notice that at higher machine

energy the NC cross-sections are not always simply falling with monotonous regularity. The ripple
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effect appears and become prominent at some higher machine energy subject to each NC curves. This
is an effect of tensor structure coming into the Eq. 3.3. In the next subsection we would explore this as

a characteristic feature from NC effects.

3.3.1 Noncommutative correction

To explore and quantify the noncommutative effect manifested in production cross-section and
originated from the tensorial structure as in ©,,,, we define the NC correction with respect to the SM

value Ao as,

Ao = ONC — OSM- (38)

In Fig. 3.3(a), we have demonstrated the variation of Ao as a function of the machine energy /s for

e ' | ' E 0 | : >
—0.5¢ RS L T e, T ] = =
s A=0.6TeV — V8§ =05Tev
e -1.0f = ]
= = —— V'S =1.0TeV
SN B L TR W (T — £ ]
T -15} | B e =
5 ——— | V'S =1.2TeV |
-2.0¢ - A=1.0TeV ] == V'8 =1.5TeV
25t [N\ / A=liNEeN 3 -~ VS =3.0Tev
@ e i S s fac 400 600 800 1000 1200 1400
V S (in GeV) (b) A(in GeV)

Figure 3.3: On the left, (a) noncommutative correction to the total cross-section Ao (in fb) for associated
production of Higgs with Z boson is shown as a function of the linear collider machine energy /s (in GeV) for
different A ranging from 0.6 TeV to 1.5 TeV. On the right, (b) the same quantity is plotted as a function of NC

scale A for different machine energy.

different values of A. Now, we can spot it very clearly that Ao first decreases (becomes more negative
as oyc < osy) with the increase in /s and reaches a minimum for its first trough '. Note that the
first minimum occurs at /s = 2 x (3)/* x A (See Eqn.3.4)= 1579(2105) GeV corresponding to
A = 600(800) GeV,whereas the second minimum occurs at /s ~ 2700(3600) GeV for the same A.
After that they decreases with the increase in /s and pass through an oscillatory phase and eventually

becomes a flat curve asymptotically meeting at the line Ao = 0, which is the case for large A limit(the

"However additional subsequent troughs remain sub dominant to be observed in this figure and would be clearly promi-

nent in our next figure where we would consider the relative correction
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SM limit). As for example, for A = 0.6 TeV, we find Ac = —2.7 fb at /s = 1.5 TeV and for
A = 0.6 TeV, Ac = —0.4 fb (minimum) at /s = 4.0 TeV. As we vary A = 0.6 TeV to A = 1.5 TeV,
we see that the height/depth of the trough Ao,,;, decreases and it’s location (the value of 1/s) also gets
changed. In Fig. 3.3(b), we have plotted the variation of the difference Ao as a function of the NC scale
A corresponding to the different machine energy /s = 0.5, 1.0, 1.2, 1.5 and 3 TeV, respectively. We
see that the deviation decreases with the increase in A for a fixed machine energy and for large A the
NC effect gets disappeared as expected. For /s = 1 TeV, |Ac| changes by an amount 6 fb as A
changes from 400 GeV to 1500 GeV.

As noted earlier, we next define the relative correction of this NC cross-section by normalizing
the noncommutative correction to the total cross-section by the SM value:

A
P (3.9)

OsM

In Fig. 3.4, we have shown the variation of ¢, against the machine energy /s for different val-
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Figure 3.4: On the left, (a) the ratio 0, is plotted as a function of \/s (in GeV) for different A values. On the

right, (b) 6, is shown as a function of A (in TeV) for different machine energy.

ues of A (left figure), whereas on the right figure, we have shown the dependence of ¢, against the
NC scale A for few different machine energy /s. From the left figure, we see that §, becomes
maximum at its first peak when /s = 1.5, 1.8, 2.1, 2.4 ;2.7 TeV and 3.0 TeV corresponding to
A = 0.5, 0.6, 0.7, 0.8, 0.9 TeV and 1.0 TeV. For A = 0.5 TeV at /s = 1.5 TeV, the deviation §,
reaches it’s minimum value —0.6085. This is called primary minimum (crest). Similarly the secondary
minimum (crest) corresponds to ¢, = —0.5456 and the next to it corresponds to 6, = —0.435. On
the right plot, we have shown how ¢, varies with A as the machine energy increases from 0.5 TeV to

3 TeV. For A < 1 TeV, we see that for a wide range of machine energies, ¢, converges to —0.5. In
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Table 3.1: The NC correction ¢, against the NC scale A (in GeV) is shown corresponding to different machine

energy +/s. Primary peak values and corresponding NC scales are shown in bold.

Vs = 500 GeV Vs =1TeV Vs =15TeV Vs =3TeV
A(GeV) | 0, A(GeV) | 0, A(GeV) | 0, A(GeV) | 0,
100 | -0.543 200 | -0.515 300 | -0.508 600 | -0.504
158 | -0.608 300 | -0.569 450 | -0.564 700 | -0.485
160 | -0.607 330 | -0.608 497 | -0.608 800 | -0.452
250 | -0.229 400 | -0.485 600 | -0.492 999 | -0.608
300 | -0.120 600 | -0.139 1100 | -0.572
600 | -0.008

Table 3.1, we have displayed the value 0, for different A corresponding to different machine energies.
We also listed several values of 6, for different A corresponding to CLIC energy (1/s = 3.0 TeV). We
find that 6, (= —0.608596) is maximum corresponding to A ~ 1 TeV.
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Figure 3.5: Particle optimal collision energy vs noncommutative scale A

The existing literature (Wang et. al., [257]) also has arrived the same conclusion, but we have
showed that the NC correction (Ac) can’t be lesser than —2.7 (0 to —2.7) provided that A > 600
GeV and Higgs mass my = 125 GeV. Here —"¢ refers NC cross section is less than SM cross section.
Further, Ao doesn’t always increase with /s, but it appears as a Kurtosis distribution(negative) [258,
259]. The maximum value of normalized NC correction (d,) is —0.608(2) which we get for all values
of A but it attains a certain collision energy. It implies that there is an optimum collision energy to

observe the NC effect in the Higgstralung process. In principle it could be detected when the particle

74



collision energy is higher than A. We have found that the optimal collision energy relation which is
slightly differs from ref [257], because we have included the /s = 3.0 TeV mechine energy as well as
mass of the Higgs boson my = 125 GeV. The relation is /5o = 7.31164 + 2.50151A. One can arrive
the conclusion from the table 3.1 to probe the reliable lower value of the A which are ~ 500 GeV and
~ 1000 GeV at /s = 1.5 TeV and /s = 3.0 TeV and the optimal collision energy is \/so = 1258.07
GeV and /sy = 2508.82 GeV respectively.

3.3.2 Angular distributions in absence of earth rotation

The angular distribution of the final state scattered particles is a useful tool to understand the
nature of new physics. Since the noncommutativity of space-time breaks Lorentz invariance including
rotational invariance around the beam axis, this will lead to an anisotropy in the azimuthal distribution
of the cross-section i.e. the distribution will depends strongly on ¢. In the standard model the azimuthal
distribution for one of the final particles is found to be flat. However, in the noncommutative stan-
dard model(NCSM) due to the presence of the tensor f-weighted dot product i.e. terms like p3fpy ~
(%)2 (cosB + sinf (sing + cos@)) (Eqn. 3.4), these distributions are no longer remain flat. We see
(Egs. 3.3, 3.4) that the squared amplitude is a oscillatory function of (6, ¢) and is further distorted
by an oscillatory function of (/s,A) (of the form ~ cos { (%)2 (cosB + sinf (sing + cosgb))} ).
In Fig. 3.6, we have shown the azimuthal ¢ distributions for different A values corresponding to
the machine energy /s = 0.5, 1.0, 1.5 and 3.0 TeV, respectively. The distribution has several
maxima(minima) located at ¢ = 2.4, 5.4 rad (0.8, 4.0 rad). For a given machine energy (e.g.
/s = 1.0 TeV), the height of the peaks decreases with the increase in A. We see that as the ma-
chine energy is increased to 3 TeV, the peaks corresponding to A = 0.5, 0.6, 0.7 TeV located at
¢ = 2.4, 5.4 rad gets smeared, while the peaks corresponding to A = 1.0, 1.5 TeV still survives. The
fluctuation observed at the crest and trough of the figure corresponding to machine energy /s = 3 TeV

is due to the fact that (‘j—g is a oscillatory function of ¢ and as well as the oscillatory function of (1/s, A).

At higher energy j—; is dominated by /s and A. Next, we define the rapidity of a particle as

ll E—-P,

= —In

Y\ B P,

where F, the energy and P., the z-component momentum of the particle (Z boson or the Higgs boson

H).

In Fig. 3.7, we have plotted the distribution do/dy as a function of rapidity y for different cases of

machine energies. In the leftmost Figure where the machine energy is fixed at /s = 0.5 TeV, we
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Figure 3.6: The azimuthal distribution 2—; (in fb/rad) is plotted as a function of ¢ (in rad) for different A values.

Displayed are four plots (a), (b) and (c) corresponding to different machine energy /s = 0.5, 1.0, 1.5 and
3.0 TeV are shown.

see that the height of the peak (located at y = 0) increases with the increase in A. The topmost curve
corresponds to the SM curve (A — o00). As we move towards left (i.e. increase the machine energy
from 0.5 TeV to 3.0 TeV, the height of a peak (corresponding to a particular A value ) decreases
and gets flattened. When the machine energy is equal to 3 TeV, the peak at y = 0 corresponding to
A = 0.6 TeV split into two. Note that the rapidity distribution of Z boson or Higgs particle are the

same.
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Figure 3.7: The rapidity distribution ‘fl—‘y’ (in fb) is plotted as a function of the rapidity y for different A values.

Three plots (a), (b) and (c) are shown corresponding to machine energy \/s = 0.5, 1.0 and 3.0 TeV, respectively.

3.4 Consequence of earth rotation on the cross-section and angu-

lar distributions

3.4.1 Cross-section, diurnal motion in presence of earth rotation

It was pointed out earlier that one significant aspect for noncommutative effect can be originated
from directionality of fundamental NC fix points. The experiment is done in the laboratory frame
attached to the earth surface which is rotating, whereas directions related to the NC parameter ©,,,, has a
fixed direction in the celestial sphere. In sec 3.4 we described the notation to parameterize the processes
in rotating frame. This rotation can have a direct but sub leading impact in daily modulation on the
inherent structure of the interaction couplings. Noncommutative contributions and angular dependence
due to additional tensorial were presented in Sec 3.3.1, where this effect was not considered. Now we
would like to analyze the effect of earth rotation on the orientation of the NC vector O and thus
on the cross-section and angular distribution of the associated Higgs production. Since the cross-
section and the angular distributions are function of time, we made a time-averaged ( i.e. averaged
over the side-real day 7g,,) estimate of the total cross-section, correction, azimuthal distribution and
rapidity distributions to account for this additional effect coming from the new physics. The laboratory
coordinate system is being set at (d,a) = (7w/4,7/4). Our choice of same lab-system enables one to
directly compare the consequence due to the earth rotation. The time-averaged azimuthal distribution

and the cross-section are defined as,

do 1 / Taay o 1 / Taay / ! do
o) = ——dt = —————dcos# dt, (3.10)
< d¢ >T Tday 0 de Tda,y 0 -1 dcosd dgb
1 Taay 1 Tiay 1 p27 do
= dt = ————dcost do dt 3.11
o)r Tiay /0 7 T tay /o /1 /0 d¢ dcost cost) d¢ dt, ( )

where T4, = 23h56m4.09053s, the sidereal day.
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In Fig. 3.8 we have shown (o)1 against the machine energy /s corresponding to n = 0, 7/4 and

/2.
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Figure 3.8: (a) The time-averaged total cross-section (o) (in fb) for associated production of Higgs with Z
boson is shown as a function of the linear collider center of mass energy \/s. The topmost curve (solid line)
corresponds to the expected Standard Model production cross-section which is essentially NC cross-section at the
limit A — oc. The three other plots (below the SM plot) corresponds ton = 0, 7 /4 and 7w/2 and A = 0.6 TeV
are found to be almost overlapping. (b) The time-averaged NC correction to the cross-section (Ao)r (in fb) is
shown as a function of orientation angle n of the NC vector for a fixed machine energy \/s = 1.5 TeV. The

different plots correspond to A = 0.6, 0.7, 0.8, 0.9, 1.0 and 1.5 TeV.

In Fig.3.9a and Fig.3.9b, we have shown (Ac)r and (9,)r as a function of /s for A = 0.6 TeV
and n = 0, 7/4 and 7 /2, respectively. We see that the curves corresponding to different 7 are almost
overlapping for different machine energy values except near the region /s = 1.5 TeV. From the
lowermost to the topmost curves 7 corresponds to 0, /4 and 7/2, respectively. We see that for
n = 7/2, the deviation (Ac)r and the normalized deviation (0,)7 = (Ao)r/{(osr ) are minimum,
yielding (o ¢ )7 is largest for n = w/2. We set 7 = 7/2 in the rest of our analysis. Only one NC scale
(A = 0.6 TeV) is chosen for demonstration comparing with the corresponding non-rotation plot in Fig
3.2. The plots corresponding to n = 0, m and 7 = 7/2 are seen to be nearly overlapping with a narrow
effect due to different choices of 1 values. To demonstrate the variation due to this parameter, we next
define the NC-correction to the cross-section (time-averaged) as (Ao)r = (onc)r — (0sn) 7. In Fig.
8(b), we have plotted (Ac)r as a function of 7 corresponding to A = 0.6, 0.7, 0.8, 0.9, 1.0 and 1.5
TeV for a fixed machine energy /s = 1.5 TeV. The plot shows a peak at 7 = 7/2 which corresponds
to the fact that (o) is larger at that value irrespective to the A chosen. However this maximum
deviation is quite small; around 0.1 fb corresponding to A = 0.6 TeV and even less for larger A.

As expected from these results, one finds that the variation of time-averaged quantity (Ao ) and
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Figure 3.9: In (a) the time-averaged NC correction to the cross-section (Ao)r (in fb) is shown as a function of
the machine energy \/s (in GeV) for A = 0.6 TeV. The different plots correspond to n = 0,7 /4,7 /2. In (b),

the normalized correction (0,)7 is shown as a function of /s for the same above set of ) values.

Table 3.2: The NC correction (J, )7 against the NC scale A is shown corresponding to different machine energy
/s and orientation angle of the NC vector n = 7/2. Primary peak value and the corresponding NC scales are

shown in bold.

Vs =500GeV | /s =1000GeV | +/s=1500GeV | +/s = 3000GeV

AGeV | (0,)r AGeV | (0,)r AGeV | (0,)r AGeV | (0,)r
100 | -0.541 200 |-0.514 300 | -0.508 600 | -0.504
158 | -0.604 300 | -0.568 450 | -0.563 700 | -0.485
160 | -0.603 330 | -0.602 497 | -0.602 800 | -0.456
250 | -0.226 400 | -0.476 600 | -0.483 999 | -0.602
300 |-0.118 600 | -0.136 1100 | -0.563
600 | -0.008

(,)r with respect to machine energy +/s (for different A) or A (for different /s) remains very similar
to the plots shown in Fig 3.3 and Fig. 3.4 in absence of the earth rotation with a subleasing shift. We
skip the repetition of these plots for the brevity. Magnitude of the shifts for different parameters are
better expressed in a representative table similar to the one we discussed in last section. In table 3.2,
we have displayed time-averaged (0,.)r for different A corresponding to different machine energies and
n = m/2 after taking consideration of earth rotation effect.

Note, for example, the shift in the ratio |(0,)r| = 0.604 form our non-rotating estimate of |(d,)| =
0.608 for values of A = 158 GeV and /s = 500 GeV.

Diurnal modulation in the production signal in our lab frame can also appear as a distinctive
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feature of fundamental NC fixed points. This modulation would depend upon 7 together with the NC
scale A and machine energy /s, although the phase of these oscillation are fixed by the choice of

experiment location.
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Figure 3.10: The diurnal modulation A(t) in the production signal is plotted as a function of time fraction of
sidereal day T atio(= t/Tgay) for the machine energy \/s = 0.5, 1.0, 1.5 and 3.0 TeV, respectively. The NC
scale is chosen as A = 0.6, 0.8 and 1.0 TeV and n = /2.

To take into account this modulation, we define the quantity A(t) = o(t) — (o(¢))r. This is
the deviation of the Higgs-strahlung production cross-section o(t) at any time from the time-averaged
cross-section (o (t))r over the period of sidereal day, Ty,, = 23.934 hours. In Fig. 3.10, we have
plotted A(t) as a function time fraction for the machine energy /s = 0.5, 1.0, 1.5 and 3.0 TeV,
respectively. In each plot, the NC scale is chosen as A = 0.6, 0.8 and 1.0 TeV and the orientation angle
n = m/2. From the figures corresponding to /s = 0.5, 1.0, 1.5 TeV, we see that at a given machine
energy, as we increase A from 0.6 TeV to 1.0 TeV, the fluctuation gets diminished and eventually
it becomes zero in the A — oo limit (the SM result). The plots show peaks at t = 0.35 T4,y and
0.85 Tgay times of the day, where T,, = 23.934 hours. For the machine energy Vs =0.5, 1.0, 1.5,
we see that with the increase although the location of several peaks/dips remains unchanged and the
fluctuation pattern remains almost same, however it’s magnitude at any particular point of time in a
day for a give A changes largely. However, for /s = 3.0 TeV, we see something different behaviour:

there are dips and peaks in the plot corresponding to A = 0.6 TeV and 0.8 TeV at some 7;;,, the
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same 71,4, corresponds to dips and peaks for the A = 1.0 TeV plot i.e. they are out-of-phase. Also
interestingly, the height of the peak/dip decreases with the decrease in A, contrary to the one found in

Vs = 0.5, 1.0 and 1.5 TeV cases.

3.4.2 Angular distributions in presence of earth rotation

The anisotropy emerged from the breaking of Lorentz invariance as mentioned earlier, persists in
the time-averaged (averaged over the side-real day 7};) azimuthal distribution of the cross-section <§_Z>>T
can act as a signature of space-time noncommutativity which is found to be absent in many theories

beyond the Standard Model physics. In Fig. 3.11, we have shown the time averaged azimuthal distri-
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Figure 3.11: The time-averaged azimuthal distribution of the cross-section <Z—Z>T (fb/rad) is shown as a function
of the azimuthal angle ¢ (in radian) for n = 7 /2 and the machine energy /s = 0.5, 1.0, 1.5 and 3.0 TeV (which
corresponds to figures a,b,c and d). The different plot in each figure correspond to A = 0.5, 0.6, 0.7, 1.0 and
1.5 TeV.

bution of the cross-section <Z_Z>>T corresponding to different values of NC scale A = 0.5, 0.6, 0.7, 1.0
and 1.5 TeV. The machine energy +/s is fixed at 0.5, 1.0, 1.5 and 3.0 TeV, respectively. Each distri-
bution has maxima(crest) and minima(trough) located at ¢ = 2.2, 5.4 rad (0.8, 3.8 rad). At a fixed

machine energy (say /s = 1.0 TeV), the height of the peaks decreases with the increase in A. For

81



n = m/2, as the machine energy is increased from 0.5 TeV to 3 TeV, the peaks corresponding to

A = 0.5, 0.6, 0.7 TeV located at ¢ = 2.2, 5.4 rad gets smeared, while the peaks corresponding to

A = 1.0, 1.5 TeV still survives. The fluctuation observed at the crest and trough of the figure corre-

sponding to machine energy /s = 3 TeV is due to the fact that <§—;>T is a oscillatory function of ¢ and

as well as the oscillatory function of (/s, A). As we see that the behaviour of (%)T at large energy

(1/s) is dominated by the machine energy at a given A. In Fig. 3.12, we have also shown the time
do

averaged rapidity distribution (d—y> against the rapidity y of the final state particle for different value

of the machine energy and = 7/2. On comparing Fig. 3.12 and Fig. 3.7, we see that the behaviour of

do/dy(in tb) do/dy(in fb) do/dy(in fb)
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Figure 3.12: The rapidity distribution <‘;—Z>T (in GeV) is shown plotted as a function of the rapidity y forn = 7 /2
and the machine energy \/s = 0.5, 1.0 and 3.0 TeV (which corresponds to figures a,b and c). The different plot
in each figure correspond to A = 0.5, 0.6, 0.7, 1.0 and 1.5 TeV.

the rapidity distributions in both cases(in the presence and absence of the effect due to earth rotation)

are almost identical, although the magnitude differs from each other slightly.

3.5 Summary

In this chapter, we have investigated the associated Higgs production with Z boson at the future
TeV energy linear collider. We did our calculation in the framework of the non-minimal noncommu-
tative standard model(nmNCSM) using the Feynman rules involving all orders of the noncommutative
parameters ©,,,, with (or without) considering the effect of earth rotation. We found that the total cross-
section o(e"et — ZH) departs significantly from the standard model value as the machine energy
starts getting larger than 1.0 TeV with the NC contribution found to be lower than the SM one.

We have found that the optimal collision energy relation which is slightly differs from ref [257],
because we have included the /s = 3.0 TeV mechine energy as well as mass of the Higgs boson
mpy = 125 GeV. The relation is \/sqg = 7.31164 4 2.50151A. One can arrive the conclusion from
the table 3.1, 3.2 to probe the reliable lower value of the A which are ~ 500 GeV and 2~ 1000 GeV
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at /s = 1.5 TeV and /s = 3.0 TeV and the optimal collision energy is /s, = 1258.07 GeV and
/80 = 2508.82 GeV respectively.

Considering the effect of earth rotation in our analysis, we find from (Ac) vs 7 plot that for n =
7/2, (Ao)r becomes minimum (yielding (oy¢)7 to maximum for A ~ 0.6 TeV. The time-averaged
NC correction (Ac)r and the relative correction (4,)7 is found to be minimum (a trough) (yielding
(onc)r to maximum) at /s = 1.5 TeV for the NC scale A = 0.5 TeV. The trough depth decreases
with the increase in A and becomes zero as A — oo (the SM value). The diurnal modulation of the NC
signal is found to be quite interesting. We plot o () — (o) is plotted as a function of ¢ /Ty, and is found
to have an oscillatory behaviour. At a given energy, the amplitude of oscillation gets damped with the
increase in A and finally it becomes zero in the limit A — oo (the SM limit). The time-averaged

azimuthal distribution (92); against ¢ for different A at different machine energies is found to have a

¢
oscillatory behaviour because of the additional terms p3Op, ~ (VTE) ’ (cosB + sinf (sing + cos))
which content the tensorial effect from noncommutativity. Note that the distribution is completely flat
in the standard model. The distribution shows peak at certain ¢ values (similar peaks are observed
in the case of no earth rotation) corresponding to different A at a machine energy (/s = 0.5 TeV to

3.0 TeV), which can be looked at in the linear collider experiment and thus test the idea of space-time

noncommutativity in near future.

3.6 Appendix

Since the noncommutative parameter ©,,, is considered as fundamental constant in nature, it’s
direction is fixed with respect to an inertial(non rotating) coordinate system. Now the experiment is
done in the laboratory coordinate system, which (located on the earth’s surface) is moving by the earth’s
rotation. As a result ©,,, also varies with time which should be taken into account before making any
phenomenological investigations.

In order to the study the earth’s rotational effect into our analysis in the non-commutative space-
time, we follow the notation of Kamoshita’s paper [255]. Let i X, j’y and /;;Z (an orthonormal basis)
form the primary(non rotating) coordinate system (X-Y-Z) and ¢ —J — k form the laboratory co-ordinate

system. The primary(non-rotating) bases vectors can be written as

CaS¢ + 8584C¢ —CaC¢ + S5SaS¢ —Cs5Sq
ix = CsCe Iy = 5S¢ Jkz = S5
SaS¢ — 85CqC¢ —8aC¢ — S5CqS¢ CsCq
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7. 4 Axis of rotation

R TEN

Figure 3.13: On the left panel the primary coordinate system(X-Y-Z) is shown. The generic NC vector ) (electric
or magnetic type) of ©,, is shown with 1 and §, respectively the polar and the azimuthal angle. On the right
panel, the arrangement of laboratory coordinate system ( i —3 —k ) for an experiment on the earth in the primary
coordinate system (X-Y-Z) is shown. In the above { = wt where w is a constant. Also (9, a), which defines the

location of the laboratory, are constants.

Here we have used the abbreviations cg = cosf3, ¢, = cosa, ¢s = cosd, ¢ = cos( etc. In Fig. 3.13 we
have shown the primary(X — Y — Z) and laboratory(; — j — k) coordinate system. Note that the earth’s
axis of rotation is taken along the primary Z axis and (0, a) defines the location of e~ — et experiment
on the earth’s surface, with —7/2 < ¢ < 7/2 and 0 < a < 27. Because of earth’s rotation the angle
¢ (see Fig.3.13) increases with time and the detector comes to its original position after a cycle of one
complete day, one can define ( = wt with w = 27 /Ty,, and Ty,, = 23h56m4.09053s. As mentioned
earlier, we have taken (0, a) = (7/4,7/4) in our case.

In the primary system, the electric and the magnetic components of the NC parameter O, is

given by

ol

g = Op(sinng coség ix +sinng sinég jy + cosng l%Z) (3.12)

@

g = Op(sinnp cosép ix +sinng sinég Jy + cosng /%Z) (3.13)

In the laboratory frame a generic NC vector 6,4 (with A = E, B )can be written as

éA = Oy sinn coséy ix + O sinny sinéy Jy + ©4cosny ky

= 0% + 05 + Ok (3.14)
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where

lab

Oz = O (8yaCen(CaSc + 855aCc) + 5y,5¢, (—CaCi + 85845¢) — €4,C554))
lab

Oy = 4 (Sy,CesCoCc + SyuSeaCsSc + CpySs)

O = Ou (5,,Ce,(SaS¢ — 85CaCe) — Sn,ySes(SaCe + 85CaSc) + CnyCoCa)) (3.15)

with O = (0,092, 0%) 65 = (023,03, 02) and Of = |Op| = 1/A%, Op = |Op5| = 1/AZ.
Here (7, ) specifies the direction of the NC parameter O, w.r.t the primary coordinate system with
0 <n<mand 0 < ¢ < 27. In above O and Op corresponds to the energy scale are defined
by Ap = 1/v/Og and Ap = 1/4/Op, the two model parameters, which one can probe for different
processes.

Since it is difficult to get the time dependent data, we take the average of the cross section or it’s
distributions over the sidereal day 77, and compare that with the experimental data. Next we introduce

several time averaged observables as follows:

d*c 1 Taay — do
= —dt 3.16
<dcos€ d¢>T Tday/o dcosO dp (3.16)
do 1 Taay  do
= dt 3.17
<dcos€>T Tday/o dcosf G.17)
do 1 / Taay do
9N 49 . (3.18)
< do >T Taay Jo do
1 Tday
(o) = / odt, (3.19)
Tday 0

where 0 =0 (\/s, A, 0, ¢, t) and where T}, = 23h56m4.09053s, the sidereal day. The time dependence
in the cross section or it’s distribution enters through the NC parameter @)(: 5) ) which changes with
the change in ¢ = wt. The angle & appears in © through the functions cos(wt — &) or sin(wt — £) as
the initial phase for time evolution, which gets disappeared in the time averaged observables. So one

can deduce O i.e. Ay and the angle np from the time-averaged observables.
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Chapter 4

Drell-Yan production in the noncommutative

standard model

”An equation means nothing to me unless it expresses a thought of God” - Srinivasa Ramanujan

4.1 Introduction

With the upgradation of LHC energy (i.e. from 7 TeV to 14 TeV), we have entered a new era
of high-energy physics that directly probes Nature at the TeV scale. The strong belief that the SM
(which has its own limitation in explaining problems like Higgs mass instability, neutrino mass, baryon
asymmetry problem, dark matter etc) is only a low energy effective theory, and there is some physics
beyond the standard model(BSM physics) i.e. New Physics has been gaining ground over a couple of
years. Depending on the underlying theory, the resonance production of new particles or some kind of
angular distribution may lead to novel and distinctive signatures at the TeV energy collider. Looking
for signature of new physics through the resonance production of new particle or modification specific
angular distribution in the classic Drell-Yan process may give a striking signal at around the TeV scale.

There are several new physics models explored in this area particularly Drell-Yan lepton pair
production at LHC. Here I have given few of them which are ADD, RS TeV scale gravity [265-268],
spin-2 with non-universal couplings [269] and slepton pair production from neutral current [270]. In
the TeV scale gravity models, the contribution of the KK graviton is large compare to the SM, because
the gloun gloun mediated sub process dominates over rest of the SM processes. QCD has important
role at higher order corrections in the SM (studied upto N3LO ref [271,272] ) as well as TeV gravity
models(studied upto NLO+NLL and NNLO ref [265-268]). In our analysis we haven’t consider either
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NLO nor NNLO calculation because which are not yet understood properly in the noncommutative

theory.

4.2 Methodology

In this chapter, we discuss the Drell-Yan process pp — [T 17+ X (with [ = e uu) at LHC, mediated
by two partonic (quarks, gluons) sub-processes in the NCSM up to O(0). To make an estimate of the
hadronic cross-section o (py, p2) of the Drell-Yan process which is the convolution of the partonic sub-
process cross sections d,,(p1, p2) with the Parton Distributions Functions (PDF) f, (a = u,d, .1, .....),
we work in the QCD Parton Model and its powerful tool, the QCD factorization theorem. One can

write the the Drell-Yan cross section as
_ 2 2\ A 2
St (PP = 3 [ o [ o fars i) flasasl) G (o). @)
ab

where p; = x1 P, and py = x5 P, are the momenta carried by the two partons. x1, x5 are the momentum
fractions and P, and P, are the proton momenta. The PDFs which can be determined experimentally,
are universal. They are defined at the factorization scale u. In this work, we use the CTEQ6L1 parton

distribution function in our analysis. In general the factorization scale p is taken to be equal to the hard
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Figure 4.1: Parton distribution function CTEQ6L(Leading Order)

scale Q% at which the partonic scattering takes place. We calculate the partonic cross section within the
framework of the NCSM discussed in chapter 2 and will convolute the result with the PDF mentioned
above. In fact, one need to consider the effect of spacetime noncommutativity in PDF also in order to

make the entire analysis consistent. However, the use of usual PDF in the SM is justified, because of
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the fact that the energy scale at which the physics in the proton takes place is much lower than the scale
of the partonic hard scattering processes. The factorization theorem which separates the hard scattering
cross section from the low energy process absorbed in the PDF, ensures this. Hence, in our estimation
of the noncommutative scale A, the noncom- mutative effects are important for the hard processes and
no so important for the physics beyond the partonic scattering process we are interested in.

Now, besides the standard quark-initiated partonic subprocess qg — v, Z — [T1~, an additional
the gluon-initiated partonic subprocesses gg — v, Z — [T1~ can also contribute to the Drell-Yan
production cross section. The Representative Feynman diagrams for these partonic subprocess are

shown in Fig. 4.2. For the quark mediated process, the Feynman rules for the vertices f fy and ffZ

Figure 4.2: Representative Feynman diagrams for the partonic subprocess for quark initiated (a) gg — v, Z —
[T1~, and gluon initiated (b) gg — ~,Z — 1. Both of them contributes in Drell-Yan type lepton pair

production at the hadron collider considering noncommutative standard model.

(where f = g, ) are shown in Appendix 4.5.1. Note that the vertices, besides the SM part, also contain
an extra O(A)-dependent term for which, at the limit A — oo, the original SM vertices get recovered.
The second gluon mediated partonic-process comprises two new vertices vgg and Zgg, which are not

present in the SM and are depicted in Fig. 4.3. Corresponding leading-order Feynman rules in these

Figure 4.3: Feynman diagrams for additional vertices in the noncommutative standard model which can con-

tribute in Drell-Yan production process at the LHC.

figures are given by,
Y99 1 (—2€)sin(20,,) K gy 047 (K1, ko, k3) 6 4.2)
Zgg : (—2e)sin(20,,) K 749 05" (k1, ko, k) 7. (4.3)
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Here, 0y is the Weinberg angle and the vertex factors K , and Kz, are given by '.

_ g
299’

Y99 (9/2 _'_92) CS ) KZgg - (_tanew) K’ygg;

where g5, g, ¢’ are being the SU(3)c, SU(2), and U(1)y coupling strengths, respectively. The
tensorial quantity® 63 = 04"”(ky, ks, k3) and the parameter (3 are defined in Appendix 4.5.1.

Note that the triple gauge boson vertices Kz,, and K,,,, absent in the standard model (once
again, one gets a vanishing 65 at the limit A — ©0), arise in this nonminimal version of NCSM. A direct
test of these vertices have been performed [134] by studying the SM forbidden decays Z — 7~ and
Z — gg. Analyzing the 3-dimensional simplex that bounds possible values for the coupling constants
K

sy Kz and Kz, at the M scale, allowed region for our necessary couplings (K4, Kz,-) are

obtained as ranging between (—0.108, —0.340) and (0.217, —0.254).

4.3 Result and Discussion

To estimate the noncommutative effects in our parton-level calculation, we analytically formulate
both subprocesses initiated either by a quark-antiquark pair or by a gluon pair at the leading order.
Using the Feynman rules to O(©) as described above and in Appendix 4.5.1, the squared amplitude

(spin-averaged) can be expressed as
|M]%/CSM|ab—>l+l* = [My + Mz[* for, a,b=gq,qorg,g. 4.4)

Detailed analytic expression for each nmNCSM amplitude-square is presented in Appendix 4.5.2. The

NC antisymmetric tensor O ,,,, analogous to the electromagnetic field(photon) strength tensor, has six

v
independent components: three are of the electric type, while three are of the magnetic type. We have
chosen F; = \/ig and B; = \/Lg in our analysis (for more, see Appendix 4.5.3). We have not considered
here the effect of the Earth’s rotation. Note that in the DY lepton distribution, besides the Lorentz
invariant momentum dot product (e.g. p;.ps etc), the O-weighted dot product (e.g. p3Op, as one
follows from Appendix 4.5.3) also appears. These terms give rise to nontrivial azimuthal distribution

in the Drell-Yan lepton pair production as discussed at the end of our results.

'Note that, in principle, K74, (and K,44) can be zero, in combination with two other couplings, K.~ and K z..,. But
all three cannot be zero [134] simultaneously and these other two couplings can be tested at the linear collider with a high

degree of precision
2We follow the couplings in similar notation as in [134]
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Figure 4.4: Normalized invariant mass distribution %ﬁ"u (Gerl) as a function of the invariant mass Mj; (GeV)
is shown corresponding to the machine energy (left plot)y/s = 7 TeV and (right plot) 13 TeV, respectively.
Continuous curves of different colors in both plots are shown for the choice of A and K z,, and they converge to
the lowermost SM curve in the limit both of these parameters go to zero. In 7 TeV plot, experimental bin-wise

data are also shown with central values and error bars.

We estimate the parton-level total cross section and differential distributions for the LHC operated

at the energy v/,
do’pp%lJrl* = Z/d$1/d$2 f&%;ﬂfv)fb(@#?) AC ap—i1+1- (%1?25)- 4.5)
ab

We employ the CTEQ6L1 parton distribution function (PDF) throughout the analysis, setting the fac-
torization scale 17 at the dilepton invariant mass M. After formulating the setup, we are now in a
position to describe the numerical results for the Drell-Yan lepton pair production in the presence of
spacetime noncommutativity. In Fig. 4.4 we have shown the normalized dilepton invariant mass distri-
bution %% (GeV™!) against the invariant mass Mj; (GeV) corresponding to the LHC machine energy
/s at (left plot) 7 TeV and (right plot) 13 TeV.

The peak at M; = 91.18 GeV corresponds to the Z boson resonance production. Different
continuous curves in both plots correspond to the theoretical (SM and nmNCSM) predictions. Note
that the additional positive contributions in nmNCSM curves are realized from two sources: the first
being the O-dependent NC parts supplemented with the SM vertex, and the second being the complete
new tree-level process that enhances significantly.

In the 7 TeV (left) plot the dotted curves correspond to the experimental bin wise data provided by
the CMS collaboration [263] for the integrated luminosity 4.5 fb~! and 35.9 pb~! which is presented
along with the error bar.

The lowermost curve in each plot (see Fig. 4.4) is the SM contribution estimated at the leading

order. In this figure, we present different NC contributions based on the two relevant parameters A and
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Figure 4.5: The Drell-Yan cross section is shown as a function of the LHC machine energy. In the NCSM, we

demonstrate with one of the very optimistic choice like, A = 0.6 TeV and K7,, = 0.217.

K 7,4, varying between (0.4 TeV — 1 TeV) and (-0.108, +0.217), respectively. Justification for these
choices has been discussed. Since the parameter Kz, contributes in square from the gluon-initiated
diagram, sign of this parameter is irrelevant. So, both sign contribute positively and the magnitude
depending upon the absolute values. Note that Kz,, = 0 corresponds to the vanishing coupling of
the gluon with Z boson and photon, and the Drell-Yan process in the NCSM arises only from the
quark-mediated partonic subprocess ¢qg — v, Z — [71~ as in Fig. 1(a). The NC scale A determines
the energy when this BSM effects can be perceived and this phenomena is evident following different
scales in the figure. At around a few hundred of dilepton invariant mass, Fig. 4.4 exhibits, especially
at the low A and larger absolute value of K z,,, the NCSM effect in this distribution deviating from the
SM distribution and it increases with M.

In Fig. 4.5, we have plotted the total leading-order Drell-Yan cross section o (in pb) against
the LHC collision energy /s. The lower curve corresponds to the SM cross section. We find o =
635(1283) pb at /s = 7(14) TeV, respectively. To estimate the total cross section, we have considered
the dilepton invariant mass interval 60 GeV < M) < 120 GeV. To visualize the effect we once again
consider a very optimistic values of A = 0.6 TeV and Kz,, = 0.217 for the upper curve corresponds
to the NCSM cross section. For reference we present the corresponding Drell-Yan cross sections for
different machine energy in Table 4.1. For different machine energy between 7 TeV and 14 TeV, the
leading order SM and the nmNCSM (for the same reference parameters) cross sections increases from
636 (656)pb to 1283 (1438)pb.

In Fig. 4.6, the nmNCSM Drell-Yan cross section is shown as a function of the NC scale A at

a fixed machine energy /s = 7.0 TeV. Once again dominant production cross section is estimated

91



VSTeV | osu(pb) Onmnosm (Pb) orxp(pb)
LO, /J,f:MZ LO, ,Uf:Mz

7.0 636 656 974 £0.7 (Stat) £0.7 (Syst)
8.0 731 760 1138 8 (Stat)

13.0 1193 1325

14.0 1283 1438

Table 4.1: Drell-Yan cross section in the SM, nmNCSM are shown for 60 GeV < My < 120 GeV. The
experimental data for the same dilepton invariant mass interval are shown. Here we have set the parameters

A = 0.6 TeV and K74, = 0.217 which is optimistic [264].

LO nmNCSM 60 < My < 120 GeV, V' § =7.0TeV
— Kyge= —0.108
— K= 00

720

— Ky =0.0545

700

680

o( pb)

660}

640 T

400. 500. 600. 700. 800.  900.  1000.
Axc( GeV )

Figure 4.6: The total cross section for pp — (v, Z) — [T1~ o is plotted as a function of the NC scale A (GeV)
corresponding to Z = —0.108, 0.054 and 0.217 and fixed machine energy /s = 7.0 TeV.

for the range of invariant mass 60 GeV < M) < 120 GeV corresponding to different values of the
parameter K ,,, = —0.108, 0.0, 0.0545 and 0.217. As expected, for a fixed K , coupling the cross
section o decreases as the NC scale A increases and finally merges to the SM value at the very high
value of A. Note that the NCSM contribution to DY process for K ,, = 0 almost equal to the SM
value as it receives very small contribution from the quark mediated partonic process and the dominant
gluon mediated subprocess is absent due to Kz,, = 0 (and K5, = 0). That causes this curve as the
lowest (almost) horizontal curve, which is hence independent of the A scale. In Table 4.2 we present
the leading order cross sections estimated for different A = 0.4, 0.6 and 1.0 TeV corresponding to
Kz4, =0, —0.108 and 0.217.

After exploring the additional NC contributions coming towards the Drell-Yan production and

92



A(TeV) | Kzgg | oncsm (pb) | A(TeV) | Kzgg | onesm (pb) | A(TeV) | Kzgq | oncsm (Pb)

0.4 0.0 637 0.6 0.0 637 1.0 0.0 637
04 -0.108 661 0.6 -0.108 641 1.0 -0.108 637
04 0.217 734 0.6 0.217 656 1.0 0.217 639

Table 4.2: Drell-Yan cross section o(pp — {71~ ) in nmNCSM scenario for the fixed machine energy /s = 7.0

TeV. For K 7,4, = 0, the partonic subprocess gg — v, Z — [T~ is absent [264].

how different NC parameters can affect such processes, now we would like to point out some of the
very characteristic distributions attributed to noncommutativity. Since spacetime noncommutativity
essentially breaks the Lorentz invariance, which includes the rotational invariance around beam direc-
tion, it can contribute to an anisotropic azimuthal distribution. Angular distributions of the final lepton
can thus carry this signature on noncommutativity. Similar feature is noted in many different process
earlier related with the NC phenomenology, nevertheless we would like to present this distribution in
our context. We show the azimuthal angular distribution for the final lepton in Fig. 4.7. On the left
plot this distribution of the azimuthal angle is shown for Drell-Yan events if the noncommutative effect
is there. While the anisotropic effect is not much visible here under the considerably large cross sec-
tion, it would be evident in the right plot where normalized distribution is demonstrated for that same
azimuthal angle. This figure is generated corresponding to different scales A = 0.6 TeV and 1 TeV.
Also, for each A, we have selected K z,, = —0.108 and 0.217, respectively.

From the Fig. 4.7 right plot, we see that the azimuthal distribution of leptons oscillates over ¢,
reaching at their maxima at ¢ = 2.342 rad and 5.489 rad. The two intermediate minima are located
at ¢ = 0.783 rad and 3.931 rad. Also note that the azimuthal distribution g—g is completely flat in the
SM. A departure from the flat behavior in the NCSM is due to the term p,Ops(~ cosl + sinfd(cosp +
sing)) term in the azimuthal distribution which brings ¢ dependence. There still be this feature of

azimuthal distribution, even if one deviate from taking the simple form of ©,,,, however the location

nvs
of peak positions shift. Such an azimuthal distribution irrespective of peak positions clearly reflects
the exclusive nature of spacetime noncommutativity which is rarely to be found in other classes of new

physics models and can be tested at LHC.
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Figure 4.7: g—g as a function of ¢ for pp — (v,Z) — It~ (I = e,p) for A = 0.6 TeV, 1.0 TeV and

K744 = —0.108 and 0.217, respectively.
4.4 Summary

The idea that spacetime can become noncommutative at high energy has drawn attention follow-
ing the recent advance in string theory. In this chapter we have explored the NC effect in the Drell-Yan
lepton pair production pp — (v, Z) — [*1~ at the Large Hadron Collider. Two new vertices, Zgg and
vgg, (absent in the SM) are being found to play a crucial role, giving rise to a new partonic subprocess
g9 REA [*1~ (absent in the SM). For /s = 7 TeV, as the coupling parameter K 7., (corresponding to
the new verices Zgg) changes from —0.108 to 0.217, the cross section o increases from 637(660) pb
to 639(734) pb corresponding to A = 1(0.4) TeV. The azimuthal distribution j—g,
pendent in the SM, deviates substantially in the NCSM. Thus the noncommutative geometry is quite

completely ¢ inde-

rich in terms of its phenomenological implications, which are worthwhile to explore in the TeV scale

Large Hadron Collider.

4.5 Appendix

4.5.1 Feynman rules

The fermion f (quark ¢ and lepton /) coupling to photon and Z bosons, to order O(0©), is given by

: )] [ronary + @R 8L) - (POER)} @O

7 ile _ 1 PO@R
25 s {m<f> " [2 n ( : )}

[(PO)u(AP)TL(f) + (OP) (AP (f) — (PoOP)7 L4 (f)] } (4.7)

vff :ieQy {% + [E (Po(spi
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Here we follow the following notation: i: in, 0: out and APm,mLt = Pm,(,ut —m. Also I',(f) =

o~y el =1 —2Qsin*(0w); ¢/, = IJ. Qyis the e.m. charge, and I is the third component

of the week isospin of the fermion f (quark(q) or lepton(l)).

The factors 03 and (3 arise in v — g — g and Z — g — g and are given by [71, 134],

057" (kv ko, k) = 0s[ (1, kv), (v, k2), (. ks)]
= —(hOks)[(k1 — k)" + (k2 — k3)"n"” + (ks — k1)"n™]
— O"[kY (k2 - ks) — K5 (K - k3)] — ©"P[ky (ks - k1) — ki (k2 - k1))
— O[ky (K - ko) — Ky (kg - ko)] + (Oko)[1"k3 — k]
+ (Ok)! [k — kyk5) + (Oks)" [ ki — K{RT) 4 (Ok:1)” [k — kK5
+ (Ok) [ k5 — kyky) + (Oks) [ ki — kiKY, (4.8)

and

1 1 1

=55 —rats
393 6gi  Gg?

(4.9)

where g3, g4 and g5 are the moduli parameters defined in [134].

4.5.2 Squared-amplitude terms

The amplitude-squared terms for the quark-initiated partonic subprocess g — (v, Z) — 71~

from the Feynman diagram 4.2(a),

[Mq 2 = (%) [(p1-p3) (P2-pa) + (P1-p) (P2-p3)] (4.10)
Mot = (250 (€ e+ ) ) ) + (1o )]
# (B0 bl (o2 — (1) ) @1
and
2Re| M [f[Myz] = <203F1) el [(p1-p3) (P2-pa) + (P1-pa) (P2-p3)]
- <2C;)F1) vl [(p1-pa) (p2-p3) — (p1-p3) (P2-pa)] (4.12)
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Here

Ao 1287r2a2Q12Q2 B 1287r2a2Ql2Q2 _ 1287r2a2Q12Q3(§ — M?)
3 Sin'20u [(3 — M2)2 + (MzL2)?] 5[(3 — M2)2 + M2TY]

F = [1 + @] [1 + @} and § = s1x5. Note that amplitude-squared terms go as O <1, T A%),
NC NC

respectively.

For the gluon-initiated partonic subprocess gg — (v, Z) — 717, the squared-amplitude terms from

the Feynman diagram 4.2(b), are given by

|M97’Y|2 = 4DF2 (p3pp4a + P3oP4p — TNpoP3 - p4) ) <nuﬁé3a5077aué3ﬂyp> (413)

Similarly,

’Mg,z\z = 4GF2(CZ + Cl\i) (p3pp40' + P30Pap — NpoP3 'P4) (ﬁuﬁégaﬂgnau@wp) (4.14)

2Re|/\/lg,7/\/ll\ = 4HF5¢l; (D3pPao + P3oPap — NpoD3 * Pa) - (Uuﬁgsaﬁgﬁaﬁ_swp> (4.15)

Here

(PLOP;)°

Fy = 1

1+

: 2
Doof™ sin(26,,) K44 G- | _ 2m%a’k2,
(5 — M2)? + MZT?]

H = 8i(20) Koo Ko | 2 (it )|

s \[G-azyP+aer]

The quantity A5 appearing in several squared-amplitude terms, is given by

0L = —(p1Op2)[(p1 — p2)’ 0™ + 2(phn”? — Pin™))]

+ (1 p2) [0 (p1 — p2)” — 2((p2©)'n”” + (p1©)"n"*)] + [(20)"P + (p1©) o (P1 + p2)”

Note that amplitude-squared terms go as O (N%, A%), respectively.
NC NC

In evaluating the matrix element squared, we have used the following orthonormal condition

> e (pr NDes(pr, M) = —Nwudara (4.16)
AN
> ebpa N)ert (02, Xy) = =B (4.17)
A

and the color algebra 3" .. G4 0aar 00ty = 3., 000 = S0 Gua = 8.
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4.5.3 Antisymmetric tensor O, and © weighted dot product

The antisymmetric tensor ©,,, = %cw has six independent components corresponding to ¢, =
(Coiy cij) With 4, 7 = 1,2, 3. Assuming them to be the non vanishing components, we can write them as

follows:

Coi = & Cij = 6iijk (4.18)

The NC antisymmetric tensor O, is analogous to the electromagnetic(e.m.) field strength tensor

F,, and § and yx; are like the electric and magnetic field vectors. Setting §; = (E)Z = \/% and
i = (B); = \/Lg with 7 = 1,2, 3 and noting the fact that §; = —¢&%, x; = —x’, the normalization
condition &;¢7 = %55 and x;\’ = %(51] , we may write ©,,, as
0 1 1 1
o S (4.19)
SRVET S I O | '
-1-11 0
Using these, we may write the ©-weighted dot product as follows:
Op, = S (4.20)
P29p1 2/3A2 .
s
Ops = —=— |cost + sinb(cosp + sin 421
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Chapter 5

: . + WL s
Spacetime noncommutativity and e e~ — tt

process at the TeV energy collider

”I am enough of an artist to draw freely upon my imagination. Imagination is more important

than knowledge. Knowledge is limited. Imagination encircles the world” - Albert Einstein

5.1 Introduction

The study of top quark pair production and top decay is quite interesting because top quark will

not participate in the hadranization process. So it decays into other particles as soon as it produced
and also it is more important to study the stability property of the Higgs boson. In ref [274] they have
studied the top anomalous couplings which are arises due to CP and parity conserving dimension six
operators. It has shown that the unitarity limit on anomalous coupling is for,(g) < 0.62 at the effective
scale A = 1.0TeV. Tevatron also has strong limits on anomalous coupling, so the upper bound on
Jar(r) are of the order of 0.1 — 0.2. Similarly, parity violating case the upper bound on f5;,r) given as
—0.6(0) at /s = 500 GeV.
In ref [273] including myself studied top pair forward-backward asymmetry in the context of noncom-
mutative standard model. The forward-backward asymmetry App4 which is zero in the standard model
can be as large as 4% for NC scale A = 500 GeV and the NC vector orientation angle n = 7/2 at
the fixed machine energy /s = 1.0 TeV. Assuming that the future TeV linear collider will observe
Appgy = £0.01 we find A > 750(860) GeV corresponding to 7 = 7/2. Similarly, corresponding to
polar asymmetry App, = 0.5078 (which deviates from the standard model prediction by 1%), we find
A > 760 GeV at the fixed machine energy /s = 1.0 TeV for n = 7/2.
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We study the top quark pair production process in TeV energy electron-positron collider in the non-
commutative(NC) spacetime to order O(©) using the Seiberg-Witten map. We obtain cross section
and the azimuthal distribution and investigated their sensitivities on the NC vector © with and without

considering the effect of earth rotation.

5.2 Methodology

The content of the chapter is as follows. In Sec.5.3, we obtain the cross section and the angular
distribution of e*e~ 25 7 using the order O(©) Feynman rule. In Sec.5.3.1, we analyze the cross
section and the angular distribution for different machine energy and investigate their sensitivities on
the NC scale A for the three possible cases: Case I: ©y; # 0,0;; = 0 (electric-like NC vector), Case
II: ©¢; = 0,0;; # 0 (magnetic-like NC vector) and Case III: ©(, # 0,0;; # 0 (fully antisymmetric
NC vector containing both nonzero electric-like and magnetic-like components). Here we have not
considered the effect of earth’s rotation into our analysis, which we do consider in the next section. In
Sec.5.3.2, we parametrize O, in presence of earth’s rotation. We construct the time-averaged cross
section and azimuthal distribution of ete~ 2% #f and investigate their sensitivities on the NC scale A
and the orientation angle 7 of the NC vector w.r.t the earth’s axis(fixed) of rotation. Finally, in Sec.5.4,

we summarize and conclude.

7z - . .
5.3 Process e e” % + ¢: Results and Discussion

We investigate the process e~ (p1)e™ (pz) NEN t(p3)t(p4) in the NCSM. It occurs via the s-channel
exchange of v and Z bosons in the NCSM (like the SM). The corresponding Feynman diagrams are
shown below (Fig. 5.1). The Feynman rules for several interaction vertices are shown in Appendix

5.5.1. The scattering amplitudes to O(O) for the photon(vy) and Z-boson mediated diagrams can be

\Q/W/)

‘ N
' \ —

! !
\ 7

. . Wz, T+ .
Figure 5.1: Feynman diagrams for the e™e™ At scattering process.
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written as

iy = 5 (14 ) (1= 5 pi00a) Ioa)yaton)] w(en)r o)
ot (14 O ) B alp)] ) (O o] 5D
and
iAy = sz,?;—;;)sz (1 + % p29p1> [0(p2)yu L, ulpr)]
x {ﬂ(pg) { (1 - %m@m) Yl = imtcfw5(p3®>“} v(m)} (5.2)

where s = (p1+p2)?, 57 = s—m%—imzl 7, a = €2 /4, Iy, = c{,—cﬁff with c{, = Tg—QQfsz'nQGW
and CQ = T:,fc . Here 6y is the Weinberg angle and f corresponds to SM fermions i.e. e, ¢,.. etc. In
above mz and I'; corresponds to the Z boson mass and its decay width, respectively. The © weighted
momentum dot products are defined in Appendix 5.5.1. The amplitude square (spin-averaged) can be
written as

[AP(cte™ 25 i) = }LPZ AP = i; (A2 + Azl + 2Re(AzAD)] (53)

Several terms of Eq. 5.3 are given in Appendix 5.5.3.

5.3.1 Analysis in absence of earth rotation

The spacetime noncommutativity effect enters via the anti-symmetric tensor

O = (B0, 05) = % = % (coi, cij) = %(fi, Ez'ijk)

which is a fundamental constant in nature. Here A is the spacetime noncommutativity scale. Writing
& = (Op); and xj, = (6 ). we first set them as the constant (normalized) vectors © 5 = \/Lg(i +74k)
and O = \/Lg(i +5+ 12:) They are constant vectors in some preferred direction. We consider three
different cases in which the NC tensor is (i) electric-like(i.e. &; # 0 and x; = 0), (i) magnetic-like(i.e.
& = 0and x; # 0) and fully antisymmetric with §; # 0 and x;, # 0, i.e. ©,, has both electric-like and
magnetic-like components.

Analysis of space-time and space-space noncommutativity:

In Fig. 5.2, we have plotted the e"e™ — tf cross section o (i.e.0gp for space-time noncommutativity

and ogg for space-space noncommutativity )as a function of the machine energy E.,,, (= v/s) (GeV)

for different A values. In Fig. 5.2(a) (left figure), osr(ete™ 22 tt) (pb) is shown (note that ST
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Figure 8.2: The cross section o(pb) (for electric-like NC vector O, (B0 # 0,0;; = 0) (left figure) and
for magnetic-like NC vector ©,,(0¢; = 0,0;; # 0) (right figure) is shown against \/s(= Ecom)(GeV) for

A =0.45,0.65,0.8, and 1.0 TeV, respectively. The lowest curve corresponds to the standard model curve.

corresponds to space-time noncommutativity) against F.,,, where the NC vector is electric-like, while
in Fig. 5.2(b) (right figure) ogs(ete” LZ> tt) (pb) is plotted (note that S'S corresponds to space-space
noncommutativity) against I, where the NC vector is magnetic-like. From the topmost to the to the
next to the lowermost curve A varies from 0.45 TeV to 1.0 TeV in each Figure. In each figure, the SM
curve corresponds to the lowermost curve. On the left figure, we see that ogy for A = 450 GeV after
some value of the machine energy increases. For A = 0.45 TeV, we find that the cross section violates
unitarity significantly (a typical problem which arises in the case of the electric-like NC vector) [67].
We find that og7 deviates from the standard model value quite significantly for the machine energy
E.on > 1000 GeV and is found to be less at lower machine energy. We also see that the cross section,
at a given machine energy, deviates significantly from the SM value at a smaller A value. From Fig.
5.2(b), we see that ogg decreases with the machine energy for A = 450 GeV i.e. it doesn’t have

a divergent behaviour as was the case for the electric-like NC vector. Finally, in Fig. 5.3, we have

0.50+ —— A=0.65TeV |

0.10+

400 600 800 1000 1200 1400

\/_s (GeV)

Figure 5.3: The cross section% Nc(pb) is plotted as a function of the machine energy \/s(Ecom )(GeV) for the
NC scale A = 0.65,0.8 and 1.0 TeV. The NC tensor contains both electric-like and magnetic-like components.

The lowest curve corresponds to the standard model curve.

shown o as a function of /s with A varying from 0.65 TeV to 1.0 TeV. Here the NC tensor ©,,,
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contains both electric-like and magnetic-like components. Also shown is the SM plot in the same
figure (the lowermost curve) which is obtained in the A — oo limit. From Fig. 5.3, we find the
number of ttbar events N yr~! = 16600 yr~! for the machine energy E,,,, = 1 TeV and the LC
luminosity £ = 100 fb~! for the NC scale A = 0.8 TeV. The corresponding SM event is calculated as
15000 yr~—t. We have seen in above that the dominant contribution to the NCSM cross section follows
from the space-time noncommutativity (i.e. when the NC vector is an electric-like vector). We now

define two quantities
Aoy = (057 — 0sm) [osm, Aoy = (0ss — 0sm) [Osu

and plot them against the machine energy. In Fig. 5.4(a), we have plotted Ao, as a function of the

1.0
— A=0.45TeV 014 —— A=0.45TeV
o 0.8f) = A=0.65TeV = 0.12[| — A=0.65TeV
=T | — @
£ £ 0.101
= 0.6 P —== A=1.0TeV
= ; = 0.08
S 04} : % 0.06
@ 7
Loo2f RO
- e L e
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400 600 800 1000 1200 1400 400 600 800 1000 1200 1400

\/_s (GeV) \/_s (GeV)

Figure éd)4 On the left (os7 — osnr) /oS is plotted(Zgainst \/s, while on the right (csT — osnm) [osa is

plotted against \/s for A ranging from 0.45 TeV to 1.0 TeV.

machine energy /s corresponding to A = 0.45, 0.65, 0.8 TeV and 1.0 TeV. At /s = 1.0 TeV, we find
(left figure) that for A = 0.45 TeV, ogr > 20y, i.e. the difference (057 — 0gpr) is more than 100% of
osn- Whereas, for A = 0.65 TeV, the (o5 — osa) ~ 20% of ogpr. Assuming that the experimental
data will lie within ogy; +0.205y; i.e. (057 —0osn) < 0.205) , we obtain the bound as A > 0.65 TeV.
However, the bound obtained in above depends on the machine energy. For /s = 1.5 TeV, similarly,
assuming that (057 — ogp) < 0.206)/, one finds A > 1 TeV. From the right figure, In case II (i.e. Fig.
5.4(b)), we find that 055 — o5as = 0.0losps i.e. Aoy — 0.01 at A = 0.65 TeV at /s = 1.0 TeV. So,
assuming that (055 — osns) < 0.02057, one finds A > 0.65 TeV at the machine energy /s = 1.0 TeV
and above.

Azimuthal distribution:

We next study the normalized azimuthal distribution of the top quark pair production. In Fig. 5 .5(a)(left),USLT d;%

(normalized azimuthal distribution for electric-like NC vector) is plotted as a function of ¢ for /s = 1

TeV and for different A. Note that the height of the peak at the fixed machine energy decreases as A
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Figure 5.5:  On the left oor do is plotted against qb whlle on the right —— is plotted against ¢ for

A =0.65, 0.8, 1.0 TeV and the machine energy Ecom = 1 TeV, respectively. In the left figure, the NC tensor is

taken as electric-like, whereas for the right figure the NC tensor is magnetic-like. The middle horizontal curve is

the SM curve.
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Figure 5.6: The normalized Jistribution ﬁ INC g plotted against ¢ for A = 0.65, 0.8, 1.0 TeV and the fixed

machine energy Eco,, = 1 TeV, respectively. Here ©,,, contains both electric-like and magnetic-like components.

The horizontal curve (in the middle) corresponds to the SM distribution.

1 dO’SS

5 dé
against ¢ for A = 0.65 TeV, 0.8 TeV and 1.0 TeV at /s = 1.0 TeV. While the distribution is oscillatory

increases. The middle horizontal line is the SM curve. In Fig. 5.5(b) (right), we have shown -

(left figure with electric-like NC vector), it is almost flat (right figure with magnetic-like NC vector)
and nearly agrees with the SM value. In Fig. 5.6, U;C doxc g plotted against ¢ for A = 0.65, 0.8
and 1.0 TeV at /s = 1 TeV. The oscillatory behaviour of the distribution with a clear peak at ¢ = 4
(radian) (found to be absent in most of the BSM scenarios), can serves as the Occam’s razor in isolating

the spacetime noncommutativity from other class of BSM physics.

5.3.2 Analysis in presence of earth rotation

The electron-positron collision experiment is done on the earth-based laboratory coordinate sys-
tem which is moving by the earth’s rotation. The electric-like and magnetic-like components of ©,,
ie. 6 g and 6 p which are fixed vectors in some inertial frame of fixed stars, will also changes with

time due to the earth’s rotation and we need to take into consideration this time variation of ©,,,, while
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Figure % .1 On the left, the time-averaged cross section %)O'ST(t»T is shown as a function of n (for an electric-

like NC vector), while on the right, (cg5(t)), is shown as a function of 1 (for an magnetic-like NC vector)

corresponding to A = 0.65, 0.8 and 1.0 TeV and the machine energy E.o,, = 1 TeV in both cases.

measuring any NC observables. The time averaged observables are defined in appendix 3.6 while
incorporating the effect of earth’s rotation.

It is difficult to take the time dependent data. So, one make an estimate of the time-averaged
cross section and it’s distributions over the period T;,, and compare those with the experiment. The
time averaged observables i.e. the cross section (o (t)), and the angular distribution (<d‘;—g)>T) , used
in our analysis, are defined in [221,255,273]. The cross section o(= o (A, /s,t)) and the azimuthal
angular distribution are function of time(t). The time(t)-dependence comes through the NC tensor
O, (O0i, ©;;) which varies with ( = wt. Also the noncommutative angle § appears through cos(wt—¢§)
or sin(wt — &) as the initial phase for time evolution, which however, gets disappeared in the time
averaged observables. So the measurement of the time averaged observables gives us an estimate of
O or O and hence the NC scale A and the angle of orientation 7 of the NC vector.

Time-averaged cross section and angular distribution

We next consider the effect of earth’s rotation into our analysis. We plot (o (¢)) against the orientation
angle 7 in the following three cases- Case (I): electric-like NC vector with the orientation angle 7, Case
(IT): magnetic-like NC vector with the orientation angle n and Case (III): ©,, have both electric and
magnetic-like components. In either case, the NC vector makes an angle n with the earth’s axis of
rotation. In Fig. 5.7(a), (osr(t)); is shown against 7 (for electric-like NC vector), while on the right
figure (og7(t)) is plotted against n(for magnetic-like NC vector), while on the right we have plotted
(0gs(t)) as a function of 7 (Case II) corresponding to A = 0.65, 0.8 and 1.0 TeV at the fixed machine
energy /s = 1.0 TeV. Note that the height of the maxima decreases with the increase of A for a given
machine energy. We find that the cross section is maximum at 7 = 7/2 and hence we set = 7/2 in

the remaining part of our analysis. In Fig. 5.8, (o(t)) is plotted against ) (Case III) corresponding
to A = 0.65, 0.8 and 1.0 TeV and /s = 1.0 TeV. In Fig. 5.9, on the left, we have shown (osr(t)),
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Figure 5.8: The time—averageé cross section (o(t)) is plotted as a function of 1 (for the NC vector having

both electric-like and magnetic-like components) corresponding to A = 0.65, 0.8 and 1.0 TeV and the machine

energy \/s = 1 TeV.
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Figure 5.9: On the left, (cs7(t)) (Case I) is shown as a function of the machine energy \/(s), while on the

right, (og5(t)), (Case Il) is plotted as a function \/s corresponding to A = 0.65, 0.8 and 1.0 TeV, respectively.
The orientation angle ) is kept fixed at 1 = /2. The lowermost curve corresponds to the SM plot in both

Figures.

against /s (Case I), while on the right, (css(t)), is plotted against /s (Case II) corresponding to
n = 7/2. From the topmost to the next-to-lowermost curves, A increases from A = 0.65, 0.8 and
1.0 TeV, respectively. The lowermost curve corresponds to the SM plot (obtained in the limit A — oo
). On the right side, the curves corresponding to different A converges. The magnetic-like NC vector
hardly cause any deviation in the cross section from the SM value. In Fig. 5.10, (on¢ (%)) is plotted
against /s for n = 7/2 and A = 0.65, 0.8 and 1.0 TeV, respectively(Case III). We observe that
although the deviation from the standard model is small at relatively lower energies, it starts becoming
significant at the machine energy F.,,, ~ 800 GeV and becomes more prominent with the increase in
machine energy. Also we see that at a given machine energy F£.,,,, the deviations become larger with
smaller value of A. We find the number of ttbar events N yr—! = 16680 yr—! for A = 0.8 TeV at
Eeom = 1 TeV and the LC luminosity £ = 100 fb—!. The corresponding SM event number will be
15000 yr—1.
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Figure 5.10: The time-averaged cross section (o(t)) is plotted against \/(s) for the NC vector having both

electric-like and magnetic-like components. A is chosen to be 0.65, 0.8 and 1.0 TeV and n is set at 7 /2. The

lowermost curve corresponds to the SM plot which is both time(t) and n independent.

Normalized azimuthal distribution
As mentioned earlier, the angular distribution of the final state particles can serve as an useful tool

in understanding the BSM physics. Since the Lorentz invariance including the rotational invariance
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Figure S.11: On the left ﬁgure L IO < UST> is shown against the azimuthal angle ¢ (Case I), whereas
T

on the right m <dafl;( )>T is plotted against ¢(Case II) for n = 7/2 and A = 0.65, 0.8 and 1.0 TeV,

respectively. The horizontal line corresponds to the SM distribution which is time(t) independent.

around the beam axis is broken by the spacetime noncommutativity which defines a preferred direction,

the azimuthal distribution will no longer be isotropic due to its strong dependence on ¢. This anisotropy

dolt)

observed in the time-averaged azimuthal distribution < > can act as the signature of the space-time
T

de
noncommutativity, which in most BSM physics is absent. In Fig.5.11(a)(left), <US;(t)> <dafl£(t)> is
T
shown as a function of ¢ forn = 7/2and A = 0.65, 0.8 and 1.0 TeV, while on the right i.e. Fig.5.11(b),
<US;( ) <d0fl;(t)> is plotted against ¢ for = 7/2 and the above set of A. The machine energy is kept
T

fixed at F.,, = 1 TeV in both cases. One can clearly see the oscillatory behaviour of the azimuthal
distribution when the NC vector is electric-like (i.e. Case I), whereas it is completely flat in the case of
magnetic-like NC vector, like the usual SM distribution. In Fig.5.12, the normalized =0 (t» <dg(t> >T is
plotted against ¢ at the machine energy .., = 1 TeV with n = 7/2 and A = 0.65, 0.8 and 1.0 TeV,

106



— A=0.65TeV
— A =0.80TeV

o ¢ (radian)
Figure 5.12: Wlt)) <d2$) >;) is plotted against the azimuthal angle ¢ corresponding to the orientation angle

n = /2 and the NC scale A = 0.65, 0.8 and 1.0 TeV, respectively. The lowermost curve corresponds to the SM

plot which is both t and 7 independent.

respectively. The distribution shown several peaks which are located at ¢ = 0.88 and 3.46 (rad) and
dip at ¢ = 5.26 (rad). The height of the peak decreases as A increases, whereas the depth of the dip
increases as A decreases. The azimuthal distribution which is oscillatory in the NCSM scenario, flat in
most BSM scenarios, can act as a Occam’s razor in differentiating out the noncommutativity scenario
from other class of BSM physics.

Diurnal variation of the cross section

To study the diurnal variation of the cross section over the period of a complete day+night, we now
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Figure 5.13: On the left, (osr(t))p — J(t5 is plotted against Tyao for n = m/2

(Case 1), while on the right (oss(t)); — o(t) is plotted against Tyrqo (Case II) corresponding
A = 0.65 TeV(topmost), 0.8 TeV(middle), 1.0 TeV (lowermost) and for n = 7/2. We set Ecop, = 1.0 TeV.

define the quantity (o (t)), — o(t) and plot it as a function of the normalized time 7’1o = t/7 44, (With
t, Ty in hrs) corresponding to n = 7/2 and A = 0.65, 0.8 and 1.0 TeV, respectively. In Fig. 5.13(a),
we have plotted (ogr(t)) — o(t) against T4, for n = m/2(Case I), whereas in Fig. 5.13(b), we have
shown (ogs(t)), — o(t) against T4, for n = 7/2 (Case II). In Fig. 5.14, (osr(t)), — o(t) is plotted
as a function of 7, ., corresponding to E,,,, = 1.0 TeV, n = 7 /2 and the NC scale A = 0.65, 0.8 and
1.0 TeV, respectively (Case III). The machine energy is kept fixed at 1.0 TeV in both cases. Note that

the height (the depth) of the peak (the trough) increases with the lowering of A for a given machine
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Figure 5.14: (onc(t))p — o(t) is plotted against Trquo — corresponding to n = 7/2 and

A = 0.65 TeV(topmost), 0.8 TeV(middle), 1.0 TeV (lowermost), respectively. We set Econm = 1.0 TeV.

energy. Also the pattern of peaks and dips becomes more periodic corresponding to = 7/2. The
peak and trough appeared in the cross section at the regular interval of time is a unique feature of the
NCSM scenario and found to be absent in other BSM scenarios. Such a time-dependent behaviour of
the production cross section can serve as the Occam’s razor in isolating noncommutative spacetime

from other types of New Physics.

5.4 Summary

We study the pair production of the top quark at the TeV energy e~ e™ linear collider in the
noncommutative spacetime. We first analyze the process in the absence of earth rotation, with three
types i.e. electric-like, magnetic-like and electric+magnetic-like of NC vectors. We found that fo a
given value of the NC scale A = 0.65 TeV, the cross section increases with machine energy for a given
value in the case when the NC vector is electric-like. At a fixed value of the machine energy, the cross
section increases as A decreases. The oscillatory behaviour observed in the azimuthal distribution with
peaks and dip is unique and can be an useful tool in probing noncommutative spacetime. We have

incorporated the effect of earth’s rotation into our analysis and constructed time-averaged cross section

({o(t))) and angular distribution (< dZ—éf) >T). We investigated their sensitivities on A and the orientation
angle n of the NC vector. The effect spacetime noncommutativity seems to be most prominent at
n = m/2. We find that the maximum effect of spacetime noncommutativity emerges in the case of
electric-like NC vector. The total time-averaged cross section is found to increase with the machine
energy for ., > 1 TeV corresponding to 7 = w/2 and A = 0.65 TeV. The prominent peaks observed
in m <d2§f) >T are located at ¢ = 0.88, 3.458 and trough at 5.265 rad for A = 0.65, 0.8 and 1.0 TeV
and n = 7/2 at E.,,, = 1 TeV. The height(depth) of the peak(trough) increases with lower A value

and the pattern of peaks and troughs become more periodic at the orientation angle n = 7 /2. We find
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that at the LC energy E,,,, = 1 TeV and the LC luminosity £ = 100 b, the number of ttbar events
N yr=! = 16600 yr—* corresponding to A = 800 GeV. The corresponding SM event turns out to be
15000 yr~!. Finally, we obtain the diurnal variation of the total cross section over the sidereal day
T4ay- The periodic appearance of peaks and troughs in the diurnal cross section can be searched at the

TeV energy colliders.

5.5 Appendix
5.5.1 Feynman rules to order O(O)
The Feynman rule for the f — f —yand f — f — Z vertices to order O(0),( [208]):

e

% [(Pout@)u(Pin —m) + (@Pin>u(Pout —m) — k"i’y“}}

2

_ { _ _ _
: SZ’/L2¢9W {f)/uFAf + = [(Pout@)u(Pin - m>PAf + (@F)m)#<Pout - m>PAf - koi’VuPAfi| }

where ') = o, — P with ¢, = T — 2Q;sin®6,, and ¢, = TJ. Here, the flavour f = e, 1.
Also k,; = P,:OPF,,. The © weighted momentum dot product k,; = F,,.0P,, = P, .,0,,P! =
_PZ‘Z;L@V,uPl:Jj - _Pin@Pout = _kio-

o

Defining P, = p1, Pout = —pa, Pin, = —p4 and P,,; = p3, we find the vertices to order O(O)

?

re e —ie { (1 + %pﬁpl) Tt 5 [(pl@)u(% =) + (Op2)y (P, — me)} }

2ie l

i = { (1 - %p4@p3> =3 [(p3@)u<p4 — 1) + (Opa)y (P — mt)] }

e 1

e { (1 + gm@pl) W5, + 2 [(210)u(p, = me) + (Opa)(p, — me)] P;e}

ot s (1= gmem ) s, + 5 (040009, mo) + ©paduty, - mo] 13, )

5.5.2 Momentum prescriptions and dot products

In center of momentum frame, the 4 incoming and outgoing particles momenta are given by:

D1 = Pe- = \/_5 (1,0,0,1) (5.4)

S
D2 = Pet+t =

[\9|§|L\3

(170707 _1) (55)
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P3 = Py = % (1, k' sin 6 cos ¢, k' sin O sin ¢, k' cos 6) (5.6)
Py = pr = g (1, =k sin 6 cos ¢, —k' sin O sin ¢, —k' cos 6) , (5.7)
where k' = /1 — @. Here 6 is the scattering angle made by the 3-momentum vector ps of the

outgoing top quark ¢ with the k axis (the 3-momentum direction of the incoming electron e~) and ¢ is
the azimuthal angle.

In absence of earth rotation: We note that the constant antisymmetric ©,,, tensor, analogous to
the field tensor F),,, has 6 independent components: with 3 electric components (©y;) and 3 magnetic
components (0;;) corresponding to

1 1

@,uy = PCMV = F

(C()i7cij) = (@ou ®ij) = (éEa éB)

with ¢, 7 = 1,2, 3. Assuming all of them are non vanishing they can be written in the form

1 1

Op; = PCOi = Ffm (5.8)
1 1 K

O = Fcij = FEiij . (5.9)

Setting & = \/ig, i = \/ig with i = 1,2,3 and the fact that x; = —x', & = —¢&', &€ = 167 and
xixX? = 167, we find

P2Op = VEAE (5.10)

P4Ops = i [cos O + sin f(cos ¢ + sin ¢)] . (5.11)

2v/3A2

Considering the effect of earth rotation: The antisymmetric NC tensor O, = (@) E, 6 p) has six

components out of which 3 are electric components of Op and 3 are magnetic components of Op.

Finally, the ©-weighted dot product in the presence of earth rotation can be be written as

S

p2Opy = —59%’, (5.12)
S

paOps = —3 (s59c40'5% + 5954040 + c40'(Y) . (5.13)

where ©'(%, ©/{" and ©4? (with A = E, B) are defined in appendix 3.6.

5.5.3 Amplitude square of the process ¢ ¢ RE

The direct and interference terms of Eq.5.3 are given by

3 64 202
Z |A? = X ORI —— Anco xTr [(171 + me )y (e — me)%}

spin
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X Tr [(gh — mu) (Dagy™ — i(ps©)"my) (s + mu) (Digy* + i(ps©)my)] (5.14)

3 x 16722 Anc _ _
Z Azl = (Sin20w)* [(s — m%)? + mLT%] X Tr [t + me) T, (e = eyl

x Tr [(]74 —my) (D437”FZE - imtciﬁ‘r’(pg@)”) (g/g + my) (DZ?,'VMPZe — ithf4’75(p3@)M)]
(5.15)

spin

327T20./2 ANC

3s(Sin20w)? [s — m% — imyT ] X Tr [(ph + me)ywla, (e — me) )

> 2Re(AzAl) = -3 x QRG{

spin
X Tr [(gh — mu)(Dasy" Ty — imecyy°(p30)”) (0 + mu) (Disy" + imy(ps©)*)] }
(5.16)

where 3 is the color factor and Ay = [1 + % (pg@pl)Q] ,Dyzs =1+ %p4@p3 and Djs =1 — %p4®p3.

We have set the electron mass m, = 0 and m; = 173.2 GeV in our analysis
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Chapter 6

Conclusions

”I have not failed. I've just found 10,000 ways that won’t work”-Thomas A. Edison

Despite the enormous experimental success, the fact that the SM cannot explain several outstanding
issues in both theoretical expectations and experimental observations forced us to believe that the SM
can at least offer a very good description for low-energy effective theory. To explain those outstanding
issues, one needs to think about physics beyond the SM (BSM), which is dubbed as New Physics.
Among the class of BSM models, supersymmetry, extra dimension, space-time noncommutativity has
drawn special attention in the high energy physics community. In the TeV scale gravity theory, the
strong gravity makes the spacetime noncommutative i.e. [%,,2,] = 0, and it is the scale of non-
commutativity A (©~!/2) that we probe in this thesis. The NC tensor ©,, which breaks the rotational
invariance of the cross section about the beam axis, makes the cross section azimuthal (¢) dependent
and introduces an anisotropy in the azimuthal distribution which can provide the clinching signal of
the spacetime noncommutativity in the TeV energy collider.

Limited number of analysis on searching the spacetime noncommutatvity is available in the literature.
Most of the existing collider searches of spacetime noncommutativity were made in the context of
electron-positron linear collider(LC), while only few were available in the context of currently running
LHC. In addition, in most cases the effect of earth rotation was not considered at all, which needs
to be taken into account for any serious phenomenological investigation in the noncommutative phe-
nomenology.

The purpose of this thesis work is to widen our understanding of the magnitude of the noncommutative
scale A by looking at processes both at LHC and LC with and without considering the effect of earth

rotation into the analysis. Also the thesis aims to fill up the gap which is due to the lack of spacetime

112



NC searchs at LHC.

We have investigated the studied the Drell-Yan process at LHC, Higgstrahlung and top quark pair
production process at LC and obtained the bound on A with and without considering the effect of earth
rotation into the analysis. We have demonstrated how the spacetime noncommutativity can be realized
in the TeV energy high energy LHC and LC. The thesis consists of five chapters.

In the first chapter, we have reviewed the standard Model of particle physics (e.g. its gauge struc-
ture, particle content, symmetry breaking mechanism) and discuss about its limitation. We set the
tune for motivation of doing BSM physics and discuss about a few class of new physics models e.g.
supersymmetry, extra dimensional models, spacetime noncommutativity etc.

In the second chapter, we have given a brief introduction of noncommutative(NC) geometry, discuss
about Weyl-Moyal, Seiberg-Witten and other approaches of spacetime noncommutativity. We briefly
addressed the renormalizability issues in the NC models. Finally, we discussed about the construction
of minimal NCSM(mNCSM) (in which the standard model vertices gets modified due to spacetime
noncommutativity) and non-minimal NCSM(nmNCSM in which besides the minimal NCSM vertices,
new couplings e.g. triple neutral gauge boson couplings etc do also arise). Finally, we have given the
survey of the noncommutative phenomenology.

In the third chapter, we have studied Higgstrahlung process ete~ — Zh at the TeV energy future
linear colliders in the non-minimal NCSM using the Feynman rule to all orders of the noncommutative
parameter O, while considering the effect of earth rotation.We have found that the optimal collision
energy relation which is slightly differs from ref [257], because we have included the /s = 3.0
TeV machine energy as well as mass of the Higgs boson my = 125 GeV. The relation is /5o =
7.31164 + 2.50151A. One can arrive the conclusion from the table 3.2 to probe the reliable lower
value of the A which are ~ 500 GeV and ~ 1000 GeV at /s = 1.5 TeV and /s = 3.0 TeV and the
optimal collision energy is /so = 1258.07 GeV and /sy = 2508.82 GeV respectively.

The diurnal modulation (o (t) — (o)1) vs t/T4a, graph is found to oscillatory whose amplitude(at a
given energy) decreases with the increase in A and finally becomes zero in the limit A — oo (Standard
Model result). The time-averaged azimuthal distribution (%)T against ¢ for different A at different
machine energies is found to have a oscillatory behaviour because of the additional terms p3Opy ~
1z (cosO + sinf (sing + cos¢)). Note that the distribution is completely flat in the standard model.
Such an oscillatory azimuthal distribution, which is found to be absent in most of the BSM models,
can be used to single out spacetime noncommutativity from other class of BSM models.

We then did our analysis considering the effect of earth’s rotation into the analysis and investigate its
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impact on the total cross-section, azimuthal distribution corresponding to the machine energy varying

from 0.5 TeV to 3 TeV and the NC scale A > 0.5 TeV.

In the fourth chapter, we have investigated the Drell-Yan pp — [T1~ (I = e, u) process in the nm-
NCSM at the LHC. We calculate the Drell-Yan production cross section to the first order in © .
Besides the quark and gluon mediated SM production channels with modified Feynman rules, one
needs to take into account for the gluon fusion process the presence of g — g — v and g — g — Z vertices
at the tree level. We find some of the characteristic signatures such as oscillatory azimuthal distri-
butions(which is flat in the SM), an outcome of the momentum-dependent effective couplings (which
triggers the azimuthal anisotropy through the breaking of the rotational invariance about the beam axis)
and explore the noncommutative scale A > 0.4 TeV, corresponding to the machine energy(,/s) vary-
ing from 7 TeV to 13 TeV. For /s = 7 TeV, as the coupling parameter K z,, (corresponding to the
new vertices Z gg) changes from —0.108 to 0.217, the leading order(LO) cross section ¢ increases from
637(660) pb to 639(734) pb corresponding to A = 1(0.4) TeV.

In chapter five, we investigated the pair production of top quark in the noncommutative(NC) spacetime
in LC. Using the O(©) Feynman rule, we obtained the cross section and the azimuthal distribution of
the top quark pair production and investigated their sensitivities on the NC vector O in the following
three cases- Case I: space-time(ST) noncommutativity with ©,,, = ©y;(£-like NC vector), Case II:
space-space(SS) noncommutativity with ©,,, = 6;; (B-like NC vector) and Case III: space-time and
space-space noncommutativity together (NC) with ©,,, = (Oy;, ©;;)(the NC vector have electric and
magnetic components) and the NC scale A. In the case of space-space noncommutativity, the fact that

(0ss — osnr) < 0.0206y, gives rise the lower bound on the NC scale A > 0.65 TeV. The azimuthal
do(t)
Tdg
and A = 0.65 TeV at E.,,, = 1 TeV in the case of electric-like(Case I) NC vector, whereas flat

distribution < >T vs ¢ is found to be oscillatory with peaks and troughs corresponding n = 7/2
in the case of magnetic-like NC vector(i.e. Case II). The diurnal (oscillatory) behaviour of the top-
quark production cross section over the period of a complete day + night with peaks and troughs
corresponding to A = 0.65 TeV and the machine energy /s = 1 TeV can be looked at in the future
TeV energy colliders.

In this thesis we have made an extensive phenomenological analysis of Seiberg-Witten class of model
in present and future colliders. The large n-dependent NC cross-section, time-averaged NC correction,
the relative correction and the azimuthal anisotropy in the cross-section can hopefully be found in LHC

and LC as the clinching and unmisleadingly clear signal of spacetime noncommutativity.
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Future Scope of the Work:

The present thesis, in which we have studied the Higgstrahlung process, top quark pair production at
the linear collider and the Drell-Yan process at the Large Hadron Collider in the nocommutative space-
time and find A, the scale of noncommutativity- is an effort to fill up the gap arised due to the lack
of phenomenological searches of spacetime noncommutativity. The azimuthal anisotropy predicted in
the cross section and its distribution arising due to the breaking of rotational invariance around the
beam axis by the noncommutative vector can undoubtedly be the clear signal and clinching evidence

of spacetime noncommutativity. The future direction of the present thesis work:

1. The work done in the context of LHC and LC can further be extended by making the use of
helicity amplitude technique to get a better clear picture of noncommutative spacetime at high

energy.

2. The detailed analysis of the pair production of I/ -boson, di-photon and Higgs pair in the non-

commutative spacetime can also throw light on the structure of spacetime at high energy.

3. An U(1)-extension of the non-minimal NCSM may be a potential contender of a dark matter
model and might possibly have several interesting phenomenological consequences. Work in

this direction is in progress.

4. The space-time noncommutativity can act as a new source of CP violation, which can be tested

in several B meson decays.
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