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Abstract

The Standard model (SM) of particle physics has been very successful in explaining
the fundamental interactions of the elementary particles, seen in the nature. However,
the SM itself can not be a fundamental theory for it can not explain certain issues like
the hierarchy problem. To address such issues in the SM is the main motivation for
many beyond the standard model (BSM) physics scenarios like super symmetry, extra
dimensions. With the advent of the Large Hadron Collider (LHC) where the center of
mass energy will be /S = 14 TeV, it will be very much possible to test these theories
and to constrain the model parameters. Eventually, the collider phenomenology of
the BSM scenarios has gained a lot of interest and a very rich collider signals have
been predicted in the literature, most of which are based on a leading order (LO)
computation in the perturbation theory. However at the hadron colliders like the
LHC, where the gluon fluxes are very high, the QCD corrections will in general be very
significant. For the signal cross sections, in addition to the SM subprocesses, many
other subprocesses from the BSM sector will enter both at the leading order and next-
to-leading order (NLO) levels in the perturbation theory. Hence a naive approximation
of the SM K factor to be the same as in the BSM sector is not justifiable and to
quantify such higher order (NLO) QCD corrections one needs to perform an explicit
computation. These higher order corrections will then be useful in obtaining the

bounds on the model parameters from the experimental data. (Chapters 1 and 2).

In the warped extra dimension model (RS), we have explicitly computed the NLO
QCD corrections to the well known di-photon production process at the LHC, using a

semi-analytical two cut-off phase space slicing method which makes it easy to imple-

xi



ment various experimental kinematic cuts and the isolation algorithm (for suppress-
ing both QED singularities and the fragmentation photons) on the final state photons.
We have checked that our results are stable against the variation of the slicing param-
eters over a wide range and found that our SM results are in agreement with those in
the literature. Then, we presented the signals for the RS model in various kinematic
distributions and found that the NLO QCD corrections have really enhanced the cross
sections. We have studied the factorization scale uncertainties and found that they
are decreased considerably at NLO compared to LO. We also presented the RS model
predictions at the Tevatron (Chapters 3 and 4).

In the case of Drell-Yan process, we have quantified various QCD uncertainties in
both the large and warped extra dimension models. For the uncertainty due to the
parton distribution functions (PDFs), we have considered three different parton den-
sity sets, MRST2001, CTEQ6L/M and ALEKHIN. Regarding the scale uncertainties,
the important observation we made is that the factorization scale uncertainties get
reduced by around a factor of 2.75 in going from LO to NLO, independent of the model
and irrespective of the collider (Chapter 5).

We have also considered the di-jet production process in the unparticle physics.
We find that only the spin-O unparticles have significant contributions while the spin-
2 unparticles don’t have any noticeable enhancements over the SM predictions. In
the case of scalar unparticles, we have presented the invariant mass, transverse mo-
mentum and rapidity distributions of the dijet and found the signal enhancements

over the SM background are more than an order of magnitude (Chapter 6.)
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Chapter 1

Introduction

One of the most remarkable achievements of modern theoretical physics has been
the construction of the Standard model (SM) of particle physics that describes the
fundamental interactions of the elementary particles. It is a gauge theory based on
the group SU(3) ® SU(2) ® U(1) and explains the electromagnetic, weak and strong
interactions seen in the nature. The particle spectrum consists of six quark flavors
(u,d, c, s,t,b), three charged leptons (e*, u*, 7F), three neutrino flavors corresponding to
these leptons (v.,v,,v;), eight gluons, three weak gauge bosons (W*,W~,Z) and one
massless photon (7). The three generations of the quarks and leptons observed in the
experiments have been successfully embedded in this model, some of the particles like
top and charm quarks are predicted even before their discovery at the experiments.
The SM predicted the existence of the weak bosons W+ and Z from the electroweak
symmetry breaking phenomenon, which have been discovered in the experiments
later. The SM predicted masses of these weak bosons were very well compared with
the measured ones. The experimentally measured values of these bosons are my ~
80.398 GeV and and mz ~ 91.1876 GeV. However, the last piece of the SM, the Higgs
boson, the only scalar boson in the theory expected to give masses to the elementary
particles, has been elusive in the so far conducted experiments. The consistency of
the SM predictions with the precision electroweak measurements from the LEP and

Tevatron indicates the existence of this Higgs boson or something analogous to that.
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2 Introduction

It is very much expected that this Higgs boson be discovered at the LHC experiments.
In the possible case of the Higgs boson discovery, the SM can be considered as the
best theory to describe the physics of elementary particles and the interactions they
respect. However, in spite of its significant achievements and predictions, the SM can
not be regarded as a fundamental theory. The theory is not complete as it can not
explain some of the challenging issues like the unification of the gauge interactions,
large hierarchy between the electroweak and the Planck scales, origin of the neutrino
masses, cosmological constant problem. Various attempts have been made since
decades to address such issues but with the concepts that are indeed beyond the
scope of the SM and in a domain of new physics (NP), that we call ‘beyond the standard
model (BSM) physics’. In what follows we address some such issues that motivated

the study of BSM scenarios.

1.1 Motivation for beyond standard model physics

1.1.1 Unification of gauge interactions of elementary particles

In the SM, it is expected that the couplings of the electromagnetic, weak and strong
interactions roughly meet at the GUT scale of the order 10'° GeV and hence all these
interactions are supposed to have a common origin at this scale. But, the fourth
interaction, gravitational interaction, is not considered in the SM so far and it is
expected that the gravitational couplings become of the order unity at around Planck
scale Mp; energies. In view of the above GUT scale, it is possible to expect that the
gravity can also be unified with the remaining three interactions leading to a theory of
everything. Postulating such a unified theory of all the four interactions is extremely
challenging and is not addressed in the domain of SM.

Both the electromagnetic and gravitational forces are long range forces and it is
possible that they could have a common origin. It is with this idea that the initial

attempts to unify the gravity and the electromagnetism were made up by Kaluza and
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Klein. The unification of these two interactions is shown to be possible with the
concept of extra spatial dimensions. The 5 dimensional gravity could lead to both
4 dimensional gravity as well as electromagnetism in 4 dimensions. Following this,
subsequent attempts have been made to unify weak and strong interactions (non-
abelian gauge theories) with Einstein’s gravity using this concept of extra dimensions.
Thus one of the main motivations for the extra dimensions stands as the unification

of the gravity with the remaining three forces.

1.1.2 Higgs mass hierarchy problem

Higgs boson couples to all the massive particles with the couplings that are propor-
tional to the masses of the particle with which it couples. The self energy corrections
to the Higgs boson will give the corrections to its mass. The one loop quantum cor-

rections to the Higgs mass coming from a fermion loop are given by

A

where \; is the Higgs boson coupling with the fermion and Ayy is the ultra-violet cut-
off for the SM theory. If the SM is valid all the way up to the GUT scale 10'¢ GeV or the
Planck scale 10! GeV, then the one loop corrections to the Higgs mass quadratically
diverge. However, the precision electroweak measurements strongly indicate that the
Higgs boson mass must be around few hundreds of GeV. In order to obtain a mass of
~ 10? GeV from the GUT scale or the Planck scale, one needs to “fine tune” the bare
parameters of the theory to several orders of magnitude. This is the Higgs hierarchy
problem in the SM. There is no way to address this problem and to obtain a reasonably
accepted Higgs mass in the SM frame work.

This hierarchy has been a long standing problem and to address it, many new
physics scenarios such as super symmetry, large and warped extra dimensions have
been proposed. In the context of super symmetry the presence of the super particles
can account for the hierarchy problem. The quadratic divergences of the Higgs mass,

coming from the self energy diagrams with the SM particles in the loops, will be
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canceled by those coming from the self energy diagrams in which the super particles
are in the loops. Thus the Higgs boson could have a mass in the expected range
without requiring to fine tune the bare mass parameters. In the case of large extra
dimension model, the higher dimensional Planck scale could be as low as a few TeV
owing to the large volume of the extra dimensions, and consequently there is a TeV
scale upper limit on the Higgs mass. In the case of warped extra dimension model, the
fundamental masses could be of the order of Planck scale but the physical masses,
because of the exponential warp factor of the higher dimensional metric, could be of
the TeV scale order on the 4-dimensional space-time. Hence the physical mass of the

Higgs boson could be well within the TeV scale range.

1.1.3 Cosmological constant problem

One of the possible ways to explain the acceleration of the universe is based on a very

small cosmological constant A. It appears in the the Einstein’s field equation as
1
Ry, 4 §ngj +Ag, = 8nGT,

The measured value of the A is very small, of the order of 1072° s=2. However, the
quantum field theories predict a huge cosmological constant corresponding to the
vacuum energy. For the quantum field theories valid below a cut-off scale, say Mp;,
then it would imply a cosmological constant of the order M f;l which is smaller than the
measured one by a factor of 101?°. A very large hierarchy between the predicted and the
observed values. There is no known natural way to obtain a cosmological constant
that is used in the cosmology from the particle physics. This is the cosmological
constant problem. This problem can be addressed with the theories of infinite volume

extra dimensions. These theories are not 4-dimensional at low energies.
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1.2 Need for higher order QCD corrections

In the QCD improved parton model, the hadronic cross section o(#) can be expressed
in terms of the perturbatively calculable parton level cross sections dé® convoluted

with the appropriate parton distribution functions f(z, ur (PDF) as given by

1 1
U(H)(S)Z/ dz, / Aoy fol®a,r) folzp, pr) dé(zq,zp, ur)
0 0

where ;. is called the factorization scale. The parton level cross section dé* corre-
sponds to a perturbative expansion to all orders in the strong coupling strength a(ug)

as follows:

da—ab(fcav Tp, ,UF) = da—?(l])) [1 g Oés(/.LR) C1 ('Tav Loy LF, /J“R) o Oég(/.LR) Cy (xaz Loy UF, MR) n ] )

where da%’) corresponds to the leading order contribution and C;(z,, xy, ur, ur) are the
coefficient functions that come at order a@. It is expected that the hadronic cross sec-
tion, which can be measured at the experiments, should not depend on the arbitrary
scales introduced in the intermediate stages of the calculation. The factorization of
the collinear singularities from the parton cross sections introduces the factorization
scale ur both in the PDFs and in the parton level cross sections. The renormalization
of the coupling constant involves the renormalization scale pp in the strong coupling
as(pur). Though the choice of these scales is decided by the hard scale of the problem,
the exact value does not come from the QCD and hence these scales are completely
arbitrary. Both the parton level cross sections, calculated to all orders in the per-
turbation theory, and the parton distribution functions satisfy the renormalization
group equations such that the resulting cross section is insensitive to the choice of
these scales. This implies that any truncated perturbative cross section results in the
explicit dependency of the hadronic cross sections on these scales such that the de-
pendency goes on decreasing as we include more and more higher order terms in the
perturbation theory. Thus, though the factorization and the renormalization scales
are not physical, the truncation of the perturbative series leads to the scale uncer-

tainties in the hadronic cross sections. The only way to get away with these scale
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uncertainties is to include higher order quantum corrections in the calculation. This
implies that the NNLO cross sections are more reliable than the NLO ones, which
in turn are better than the LO ones. In the case of SM, the QCD corrections to the
processes like Drell-Yan, di-photon are computed to higher orders and found that
the cross sections have not only showed a significant enhancements over the lead-
ing order predictions but also decreased the scale uncertainties considerably. This
importance of the QCD corrections eventually led to the resummation techniques to
approximate the all order contribution of the cross sections. At the hadron colliders
like LHC (v/S = 14) TeV where the QCD plays an important role, the higher order
quantum corrections are expected to be very large and play an important role in the
reliable predictions of the cross sections.

Apart from that, in the BSM scenarios like extra dimensions, the gluon initiated
subprocesses contribute to the signals at the LO itself. The NLO QCD corrections
to this kind of subprocesses will add more to the signal cross sections. It should be
noted that such gluon initiated subprocesses in the SM need not come at the LO for
every process but can contribute at only higher orders in the perturbation theory. In
addition, in BSM scenarios some new vertexes (four point interactions) come directly
at NLO which are not there in the SM. Because of these additional amplitudes, the
NLO QCD corrections (or K factor) are expected to be larger than those in the SM. In
the context of the LHC where the gluon fluxes are very high, a systematic computation
of such NLO cross sections would definitely quantify the impact of QCD corrections
to the processes that are useful in the search of BSM scenarios. Besides this quan-
titative estimation, the NLO cross sections have additional advantage of providing
the transverse momentum distributions of the pair of particles like di-lepton and di-
photon. Such a study of the transverse momentum distributions is not possible using
leading order cross sections.

In view of the above points, it can be easily understood that the LO predictions
are a crude estimate of the actual hadronic cross sections. As the cross sections for

many of the processes in the BSM scenarios are available only at LO, the computation
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of NLO cross sections would certainly improve the predictions of the signal cross

sections and hence are very useful in the search of BSM physics at the LHC.






Chapter 2

Beyond Standard Model scenarios

There are numerous beyond standard model (BSM) scenarios proposed to address
the problems that are not answered in the standard model (SM), as well as to look
for the possible new physics that could stand as a more fundamental theory. The
SM would then correspond to the low energy effective theory of this fundamental
theory. Super symmetry (SUSY), extra dimensions, techni-colour, unparticles, little
Higgs and Z' models are a few to name. Each of these scenarios are interesting in
its own right when it comes to the understanding of how these models help address
various issues and how rich and interesting will be the signals of these models at the
collider experiments such as those at the Tevatron or the LHC. The gauge hierarchy
problem is one among such issues. In SUSY, corresponding to each of the particles in
the SM there is a super partner, called sparticle but with a different spin than that of
the particle. For each of the fermions in the SM there is a corresponding boson and
for each of the gauge boson in the SM there is a fermion. In this model the particle
spectrum is rich and in number it contains almost the double of the particles of the
SM. The existence of these super partners explains some of the problems in the SM
and also gives rise to a much interesting particle phenomenology. But the fact that
we do not see super particles in nature breaks the super symmetry and pushes the

super particle spectrum to higher energy scales, may be of the order of a TeV scale.

The concept of extra dimensions is first introduced by Kaluza and Klein. These

9



10 Beyond Standard Model scenarios

models are based on the idea that the space-time consists of 4 + n dimensions rather
than the conventional 4 space-time dimensions. The space of n extra dimensions is
called bulk whereas the usual 4 dimensional space-time is called a domain wall (may
be a brane, but need not be always). The compactification of the extra dimensions
lead to a tower of modes. Thus a particle propagating the extra spatial dimensions
will correspond to a tower of modes on the brane. In the case of universal extra
dimensional model [1] (UED), all the SM particles are allowed to propagate the extra
dimensions. As the SM has been tested down to 10716 ¢m., and found no evidence for
the new extra dimensions which the SM particles can traverse, the size of the extra
dimensions is expected to be smaller than this length scale. Consequently, the modes

will be very heavy and hence can be observed only in high energy collider experiments.

In the case of both large extra dimension model [2] (LED) and warped extra dimen-
sion model [3] (WED), only the gravity is allowed to propagate the extra dimensions
while all the SM fields are confined to the brane. The concept of the localization of
the SM fields to a domain wall comes from the string theory, according to which all
the SM fields are harmonic excitations of the open strings whose one end lie on the
brane and consequently they can not leave it and propagate into the bulk. Whereas
the gravity and other anti-symmetric fields correspond to closed strings which can
live in the bulk as well as on the brane. Hence only gravity is allowed to propagate the
extra dimensions. Because the gravity has been tested down to sub millimeter range
so far, the size of the extra dimensions in the LED could be as large as this length
scale. In the case of warped extra dimension model unlike UED or LED case, the extra
dimension is not flat but highly warped. Because of this large warp factor, the size
of the extra dimension could be very small, may be of the order of Planck’s length.
Both the LED and WED scenarios offer an explanation to the hierarchy problem. In
what follows, we concentrate on both the large and warped extra dimension models

and discuss them in detail. First, we begin with the Kaluza-Klein theories.
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2.1 Extra Dimension models

2.1.1 Kaluza-Klein theories

One of the initial attempts to unify the long range forces seen in the nature, that of
gravity and electromagnetism, were made by Kaluza and Klein (KK) with their theories
of extra spatial dimensions [5]. The conventional electormagnetic A, and gravitational
fields h,, in 4 dimensions are supposed to originate from a higher dimensional filed,
a gravitational field h45 (A,B = 0,1,2,3,5) in (4 + 1) dimensions. This k45 now stands
as the unified field of gravity h,, (1, v = 0,1,2,3) and electromagnetic fields A, = hs.
In a sense it is analogous to the way the electric and magnetic fields are unified in
the electromagnetic field. In the Kaluza-Klein theories the extra dimensions are not
similar to the usual spatial dimensions but are compactified on some manifold. In
the case of one extra dimension, it could be compactified on a circle of radius R. In
general, the space of n extra dimensions could be a higher dimensional sphere or
torus or some other manifold (X"). For example, for an n-dimensional torus, this
space is X" ~ L™ = (27R)". In the KK approach, the (4 + n) dimensional space
is the direct product of 4-dimensional space-time M* and this compact space X"
of extra dimensions. It is implicit that there is a particular dynamics of these n
extra dimensions, which leads to the suitable compactification of them leaving the
Minkowski spacetime M* intact.

These extra dimensions have physical implications when the energy scales used
can probe the length scales of the order R. A massless field in 4 + n dimensions is
equivalent to a tower of massive modes in 4 dimensions. For example, consider a

massless scalar field in 4 + 1 dimensions.
1 A
£:—§6A<I>8 D, A=0,1,2,3,5

where ®(z,y) = ®(z,,y) with periodic boundary condition y = y + 27rR. We expand the

field in terms of the spherical harmonics. The coefficients are the conventional 4 -
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dimensional fields.
400 '
ST Ga(@)e™E g (x) = 67 ()
n—=—oo
After compactification, the effective action in 4- dimensions can be given as
1 +o00 £2
S = /d43: [—5 “8008“900] = /d4xz [c'?uwk@“goz + ﬁgok;tp;;
k=1
where ¢, = v27R¢,. There are one massless mode and an infinite tower of massive
modes ), with mass m? = k?/R?, together called Kaluza-Klein modes.
Similar is the case with electromangetic field in (4 + 1) dimensions. The electro-
magnetic lagrangian in (4 + 1) dimensions is given by
L=—-LFppr4B
4g§ i
where the field strength F?, = Fﬁy % 2(F35). As action is dimensionless, the coupling
g5 must be dimensionful here. After the KK decomposition, the fields 4, and A5 can

be exapanded in terms of spherical harmonics as before

+00
Auay) = Y AD(@)e™/R, As(z,y) = AP (2)e/ R

After the compactification of the extra dimension on circle S!, the effective lagrangin

in 4 dimensions is given by
2
Ly~ F O 4 9 Z [ W(k)F* vy %AL’“)A*(’“)“ + 2(au14§30))2

)

The mass spectrum consists of a massless gauge field A}go with g7 = ¢g? /27 R, an infinite

tower of massive gauge bosons with mass m? = k*/R* and a massless scalar field A(50).

The massive scalar modes Aék) are absobed into the massive modes of Aff), a phen-
emenon analogous to the Higg’s mechanism but driven by the geometry of the extra
dimensions without requiring any Higg’s field. The n-dimensional gauge transforma-
tion will be reduced to an infinite number of 4-dimensional gauge transformations -

one for each KK level.
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Thus, a massless field propagating the extra dimensions is equivalent to that of a
tower of massive KK modes in 4 dimensions. However, as we did not see any such new
massive scalars or photons in the experiments so far, we can say that either the size
of the extra dimensions is sufficinetly small that probing such modes was beyond the
experimental reach, or in a more intutive way that these fileds are confined to the 4-
dimensional spacetime (brane.). This kind of localization of certain fields to the brane
and at the same time allowing fields like gravity to traverse the extra dimensions is
considered in a particular class of extra dimension models in order to explain some
of the issues that are not addressed in the SM, like the hierarchy problem. In what
follows, we will discuss such models that have gained lot of attention in the recent

past in both theoretical and experimental physics.

2.2 Large Extra Dimension model (ADD model)

There are two apparent physical scales in the particle physics, namely the electroweak
scale M,, ~ 10? GeV that governs the electroweak interactions and the Planck scale
Mp; ~ 10 GeV that governs the gravitational interactions. If the SM is valid all the
way upto the Planck scale, then there is no mechanism or dynamics that can generate
a large gap of 16 orders of magnitude between these two scales, a problem known as
hierarchy in the particle physics. Or when put in the terminology of particle physics
that expalins the fundamental interactions between the elementary particles, this is
to question as to why the gravity is very weak compared to the electroweak interac-
tions seen in the nature. This hierarchy problem is a long standing problem and has
been the main motivation for physics beyond the SM. The hierarchy between the elec-
tro weak scale and the Planck scale has in the past been addressed by modifying the
particle content of the theory— supersymmetry and technicolor belong to this cate-
gory. A paradigm shift in this approach was proposed by Arkani-Hamed, Dimopoulos
and Dvali (ADD) [2], wherein they have explained the hierarchy with the help of ex-

tra spatial dimensions which gravity alone can ‘see’. In this model the spacetime is
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supposed to have more than four dimensions. Similar to the Kaluza-Klein compact-
ifications, the extra dimensions will form a compact manifold. The metric in higher
dimensions is the direct product of four dimensional Minkowski spacetime with the
compact manifold of the extra dimensions. The gravity can propagate all the dimen-
sions whereas the SM fields live only on the 3 + 1 dimensional domain wall, which
does not extend in the compact directions. In string theory, D-branes are the natural
candidates for such domain walls, and accordingly the domain wall is some times
called a brane in the literature. It is worth noting that the SM domain wall, in this
model, can correspond to a 3-brane, but need not necessarily be so. The KK theories
of gravity in general are effective theories valid below a certain scale A [6]. Because
only the gravity is allowed to propagate the extra dimensions, it can undergo some
modifications at length scales smaller than the size of these extra dimensions. In this
context two cases are of much importance [6]. If ‘E’ is the energy scales that can be
attained in the experiments, then (i) £ < 1/R << A corresponds to a case where a
large number of (AR)"” of KK modes are integrated out. Thus, though the coupling of
each KK mode is Planck scale suppressed, they can contribute non-negligible higher
dimension operators to the effective low energy theory. (ii) 1/R << E < A corresponds
to the case where a large number (FR)" of KK modes are dynamically accessible and
one can observe the effects of the extra dimensions in the experiments. Now, the
question that needs to be addressed is what could be the size of the extra dimensions
that gravity only is allowed to propagae. For this we will have to consider the the

gravitational force between two masses in the presence of extra dimensions.

Gravitational force in presence extra dimensions

According to the Newton’s inverse square law, the gravitational force of attraction
between two point of masses, M and m is

. M -

F = _ GNJ = mVé

r2
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where Gy ~ 1 /Mp2l is Newton’s constant and ¢ = —M is the Newtonian potential. In

4 + d dimensions this Newtonian potential can be given as

A 4+n M
(n — 2)Vyatn—2 N pddn=3

¢:_

Here Gjl\;r” is the gravitational constant in 4 + n dimensions, and V s4+»—2 is the volume
of 4 + d — 2 dimensional sphere. Here Gjl\,*” can be obtained from the Gauss’ law
which says that the total flux of the gravitational field over any closed surface area
containing the gravitational charge (mass) be the same. For simplicity one can take
infinite spherical surface area for the 4 dimensional space-time and the volume of
n-dimensional torus for the extra dimensions, which is (27 R)". At infinity, in (4 + n)
dimensions, the total flux is ® = 47G ™M which is the same as ® = 4Gy (27R)"M
obtained from the Newtonian potential in 4-dimensions and integrating over the extra

n-dimensions. This gives us an important relation between Gy and G‘}\;r” given by
Gy =GN (2TR)" 2.1)
As the Gy ~ 1/M3, , the above relation can be re-written as :
M2, = M2 (27 R)" (2.2)

where M, the scale of the extra dimensions, often called as the string scale. To solve

the hierarchy problem, one expects M; to be of the order of a TeV.

L ~ 10-17+30/n

For 2 < n < 6, 107! em. < L < 1075 ¢m. Then the size of the extra dimension will
be L = 27R ~ 103 m for n = 1. Obviously, the possibility of n = 1 is thus ruled out.
For n = 2, L ~ 1 mm and is interesting scale which is being probed currently for the
deviations from the inverse square law. For n = 6, the size of the extra dimensions
will be as small as few fm. However the size of the extra dimensions in this model
could be as large as few pum and is clearly not ruled out by the current gravitational

experiments that probe the inverse square law. (A brief study of the experiments on
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the inverse square law behaviour of gravity and the distance scales that have been
probed so far are taken up in the section(2.4). Hence, a value of n > 3 is acceptable
for the phenomenology of extra dimensions. Thus, there is a region in the parametric
space of n and L correspondng to M, ~ TeV that is allowed by the present experiments
on Newtonian gravity. As a result the new physics can commence at the TeV scale
itself setting the UV of the SM at this scale instead of at Mp;. Thus the hierarchy
problem has been offered an explanation coming from the large extra dimensional

model.

Gravity in higher dimensions

The metric in this model is given by
ds? = O L S S T2dQ%n)

where g, (¥) = nuw + £ hw(z) + O(k?). In the weak gravitational field approximation
one can neglect the higher order terms in x and work in the linearized gravity approx-
imation as given by g,,, () = 7. + & hu(x) where h,, are the gravitational fluctuations

around the flat metric 7,,. The action in higher dimensions now takes form
Mn+2 2rL
S4+n S s2 /d4x/ dny g4+n R4+n
0

The linearized gravity lagrangian in (4+n) dimensions or the Fierz-Pauli lagrangian

is given by

1
r(d)2 Y ngd T

(02hBCashpe — 32 hAsh — 20 ha + 202D 4h) + O(KD),

=~ =

where x(9? = 167G+ with G(**") the Newton’s constant in (4 + n) dimensions. This
lagrangian is invariant under general coordinate transformations: 0hap = 04(B+ 054
and yields the following d’Alembert equation of motion

1
Ogqn) (hap — 577ABh) =0,
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after imposing the de Donger gauge condition 94(hag — 3n45h) = 0. The KK reduction

of this linearized gravity to 4-dimensions can be given as :

hag = V. 1/2 f + M@ Api

Ao 205

where V,, is the volume of the compact space of n extra dimensions, ¢ = ¢;; and
w,v=20,1,2,3 and i,j = 5,6,....,(4 + n). These together with the tracelessness condi-
tion k4 = 0 and the equation of the motion of gauge parameter will fix the physical
degrees of freedom for a massless gravition in (4 + n) dimensions. These fields can be

compactified on an n-dimensional torus, and can have harmonic expansion as

hw(x,y) = Z hﬁy(aj) ek-T/R (2.3)
k
Au(wy) = Y Al(z) FI/R (2.4)
k
ii(z,y) = 3 ¢hi(a) SRR, 2.5)
i
where k = {k1, ko, ....,kn}. For simplification the extra dimensions are all taken to be of

the same size R and compactified on n dimensional torus. For, the extra dimensions of
different size, the compactification on an asymmetric n-dimensional torus is straight
forward by considering different R; along the directions of different extra dimensions,
denoted by k;. The compactification leads to a massless mode corresponding to k=0
and a tower of massive modes of spin-2, spin-1 and spin-O particles, all are mass
degenerate for any given KK level k. Each of these massive KK modes satisfy the
following equation of motion:
= k2

(04 +mp) X5 =0 with m?2 =

P (2.6)

where X* = (hﬁy — %nuyh’;), AF

W qbf’; To make these fields invariant under the gen-
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eral coordinate transformations
5HE, = 0,CF + 0,CF + inyu 2 cF
(77 HCI/ + VC;L + ZanECi )
- ) kz - -
sAk, = —ZECﬁ + 0,k
B k. = k. =
ko RNE Rk
5¢ij . _ZﬁCj i Zﬁ@ )

they will be redefined as [6]

=7 - kR - 7 z _ (20,0 1 7
E _ 3k R 2 k k k nOv k
h;u/ = h;w el EQ (aMAz/i + aVAui) - (Pm + 3Pz]) <§ m% L gn;w)(bij )
AF _ pEAF. _ 2wl ik 5 — \a(PE P 4 aPEPRyoF 2.7)
e B (A 2 1 Pik) > ¢i; = V2(PyPj + aPg Pg)oy :

where the projection operators are given by

PE - 5 k‘i/{j —E L nmj
i = % T g2 2

(2.8)

and « is the solution of the equation 3(n — 1)a® + 6a — 1 = 0. As can be seen from the
eqns.(2.7), that a massless spin-2 fields hf:l, absorb the spin-1 and spin-0 fields at the
same KK level and become massive. This is similar to Higg’s mechanism but governed
by the geometry of the extra dimensions without requiring to have any Higg’s field.
Hence the compactification of the extra dimensions lead to a tower of massive spin-2,
spin-1 and spin-0 particles in 4-dimensions with masses m% = k2/R?. As discussed
before, the size of the extra dimension in this model could be as large as few tens of um
consistent with the present experiments on testing Newton’s gravity at smaller length
scales. With this possible macroscopic size of the extra dimensions, there can be a
large number of light KK modes that can play an important role in the phenomenology
of particle physics.

Gravity couples to the SM fields via energy momentum tensor 7#”. Hence all the
above spin-0,spin-1 and spin-2 KK modes obtained from a gravity in higher dimen-

sions will also couple to the SM via energy momentum tensor. From the relation

3w -t

P o == o
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—2

(where w = 3t

), we see that the spin-O modes couple through the dilation mode

ng = gEfZ the trace of it, whereas the spin-1 KK modes decouple. Hence, the effective

interaction lagrangian between the physical (redifined) KK modes and the SM fields is
given by

Lint = 2 i / d'e [BE, (@) T (2) +w ¢ () T ()]
k=0

where x = /167 /Mp;. The zero mode corresponds to the usual 4-dimensional mass-
less graviton. Though, the coupling of each of the KK modes with the SM fields is
Mp; suppressed, the effective coupling due to the many available KK modes need not
be suppressed by again Planck scale but could be by the scale M, that governs this
effective theory of large extra dimensions. This results in enhanced effective couplings
that can lead to observable effects in the collider experiments. In any typical scatter-
ing cross section, one needs to perform a summation over all possible virtual states
at the amplitude level (or in the propagator) itself. For incoherent processes, similar
to that of the subprocess contribution involving different initial and final state parti-
cles but leading to the same physical observable, all possible contributions have to be
added over at the cross section level. In the case where the KK modes participate in a
scattering process at the intermediate level, thus, one has to perform the summation
over these virtual KK modes at the amplitude level itself. In general, these virtual KK
modes lead to the deviations from the expected SM background contribution. However
for the processes involving the KK modes in the final state, KK modes with different
mass correspond to different final states, and hence incoherent processes, that have
to added at the cross section level. The real emission of the KK modes lead to the
large missing /1 signals at the collider experiments.

In a process involving a virtual exchange of KK modes between the SM particles,

the sum of KK propagators with momentum ¢ is D(Q?) is given by (¢? = Q?)

1
2 2y _ 2
KD(Q7) =k ;—QQ_mzﬂ_ﬁ 2.9)
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For large extra dimension case, the m; will be small and hence the spectrum of these
light KK modes can be approximated to be a continuous one with the number of KK

states lying in the interval dmj being
AR = p(mg)dm3

where p(my) is the density of the KK states in the continuum limit. Hence the above
summation over the KK modes can be approximated to the integral given by

(n—2)
K*D(Q?) = % (%) [— it +21(A/Q)| , (2.10)

The integral I(A/Q) is a result of the summation over the non-resonant KK modes and
the term proportional to 7 is due to the resonant production of a single time-like KK
mode [6]. Here the A is the explicit cut-off on the KK sum which is identified with the
scale of the extra dimension theory Mg [6,7]. The K2 suppression in a virtual exchange
is compensated for by the high multiplicity, after the KK modes are summed over. For

time-like KK modes, the integral can be read as

1—z2
n/2—1 1 1
A 2k 2 |
= - Z T —Elog(w -1) k = even, (2.11)
k=1
(n—1)/2
1 B 1 w+1
; 1Y —I—2og<w_1> k = odd

Here it should be noted that for an exchange of space-like KK modes, there will be no
factor of 7 corresponding to the resonance in the above summation. The summation

for space-like KK propagators is given by
1
HD(Q%) = K2y ——— (2.12)
PN

where Q? = |¢?| and the above integral for space-like KK modes takes the following
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form:

w xn—l
I = d
() /0 Y122

n/2—1 (—l)k 1 1
= (=12t Z T%w% o= 5 log (w? — 1) k = even, (2.13)
1=k

(n—1)/2 (__1)k
= (—1)(n_1)/2 Z mUJ?k_l + tan_lw k = odd.

As the coupling of the KK modes to the SM fields is via energy momentum tensor,
the KK modes do not distinguish the color, flavor, electric charge or even the spin of
the SM particles. Hence each KK mode couples with the same strength to the photons,
leptons, weak bosons, quarks, gluons and scalars. However the vertex factors could
be different. As per the phenomenology of these KK modes is considered, this partic-
ular feature of their coupling to all SM fields is very much interesting. For example,
we know that the photons do not interact with each other and hence the production
of a pair of photons from the hard scattering process at the photon colliders can be
explained only with the terms that come at higher orders in perturbation theory in the
SM, whereas in the extra dimension models this process can take place in the sim-
plest 2 — 2 process itself because of the photon-graviton couplings. Another example
is various pair production processes at the LHC. At the hadron colliders like LHC
where the centre of mass energy is very high (/s = 14 TeV), the parton fluxes that can
produce invariant mass of upto 1 TeV are very high. In particular, the gluon fluxes
are very very high. This when combined with the fact that the KK modes couple to
the gluons directly, makes various processes possible, like production of Il, vy, di-jet,
ZZ, WTW~=, hh, that can be explained based on the simplest gluon-gluon initiated
gravity mediated tree level 2 — 2 feynman diagrams [6-9]. For the scale M, ~ O(TeV),
it can be likey that the cross sections in these processes could become large enough to
dominate the SM background contribution. Thus it will be very much possible to look
for the signals that these extra dimension models predict based on the virtual effects

of the KK modes at the LHC. On the other hand, the phenomenology associated with
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the real production of KK modes is even interesting in the sense that it is associated
with large missing transverse energies that are balanced by either a mono-jet or by a
mono-photon ensuring the energy momentum conservation. These mono-photon and
mono-jet productions do give a very clear signals. In the possible case of such single
jet or single photon productions in the SM, the final states in the SM and in the extra
dimension model are different and hence in such channels there will be no interefer-
ence effects (SM*ADD). Hence the study of such signals is easy to compare with the
theoretical predictions and obtain the information about the unknown parameters of
the model. The search for the large extra dimensions at the Tevatron experiments has
already been carried out in the dielectron and diphoton channels using the 1.05 fbo—!
data obtained from the pp collisions at the center of mass energy of 1.96 TeV [10]. The
data has been presented in the table 2.1.

ng | 2 3 4 5 6 7
Obs. M, |2.09|1.94|1.62 | 1.46 | 1.36 | 1.29
Exp. M, |2.16 |2.01 | 1.66 | 1.49 | 1.38 | 1.31

Table 2.1: Observed and expected lower limits at the 95% C.L. on the effective Planck
scale, M, in TeV [10].
The data has set a lower limit of 2.1 TeV to 1.3 TeV on the string scale M; for 2 to 7

extra dimensions.

Summary and few remarks on the ADD model

1. The ADD model offers a possible explanation to the hierarchy between the elec-
troweak scale and the Planck scale. The size ‘R’ of the extra dimensions in this
model could be as large as few tens of micrometers, consistent with the present
experimental results on the gravitational inverse square law. The compactifi-
cation of these extra dimensions leads to a tower of spin-0, spin-1 and spin-2
Kaluza-Klein (KK) modes. The spin-2 and spin-0 (via its dilaton mode) couple to

the SM fields while the spin-1 KK modes decouple.
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. At the LHC energies for M; ~ O(TeV), a large number of KK modes are dynami-

cally accessible and hence there is every possibility to look for these KK modes
at the LHC experiments. The virtual KK modes will give raise to deviations from
the SM predictions while the real emissions of these KK modes lead to a large

missing transverse energy signals.

. Above the scale M, the extra dimensions are dynamically accessible and the

world looks (4 + n) dimensional indeed and in that case the collider signals will

be different from those of the compactified extra dimensions.

The signals of the ADD model are interesting for they could open up a window
for the discovery of the gravitons in the laboratory experiments and eventually

to probe the quantum structure of gravity.

2.3 Warped Extra Dimension model (RS model)

In the last chapter we have studied the ADD model, the first extra dimension model to

address the hierarchy problem. The hierarchy between the electroweak scale and the

Planck scale has been accounted for the large volume of the extra dimensions in that

model. The string scale M, below which the effective theory of the extra dimensions is

valid, can be as low as a few TeV and stands as a new UV cutoff for the SM. Because

of the many available KK modes, both the virtual effects and the real emission of

these can become significant and hence the collider phenomenology of this model is

very rich. Although, the model is very interesting in various respects, there are few

important points worth noting here, they are

¢ In explaining the hierarchy, a very large number of N = (AR)" of modes have

been integrated over in this model, where A is the scale below which the effective
theory of the extra dimension model, as described by ADD, is valid. To address

a large hierarchy, the model introduces a large number of KK modes.



24 Beyond Standard Model scenarios

e In explaining the hierarchy between M, and Mp;, this model runs into another
hierarchy between the scales 1/R and M,,. There is no apparent explanation for

this new hierarchy.

In light of the above, a new approach to the hierarchy problem was taken up
by Randall and Sundrum (RS) using a completely different geometry of the extra di-
mensions [3]. In this model also, only gravity is allowed to propagate the higher di-
mensional spacetime while the SM fields are confined to the 4-dimensional spacetime
(brane). In the RS model there is only one extra spatial dimension and is compactified
on a circle of circumference 27 and further orbifolded by identifying points related by

y — —y. The higher dimensional metric in this model is not factorisable as given by
ds? = e 2Ky M (00 Tl —F dy? (2.14)

where y = r¢ is the coordinate of extra dimension, z# are the familiar 4-dimensional
coordinates and k is a scale of order the Planck scale Mp;. This metric corresponds
to anti de Sitter space AdS; for it is a maximally symmetric Lorentzian manifold with
negative curvature. This metric is also a solution of the Einstein’s field equations.
The novel feature in this model is the exponential warp factor e~ 2*¥ which can be
accounted for the hierarchy between the electroweak and the Planck scales, without
requiring a large volume of the extra dimensional space. Thus, the size r could be as
small as possible that the compactification scale 1 ~ 1/r need not be very different
from the fundamental Planck scale. As the extra dimension has orbifold symmetry
S1/Zy, the points corresponding to 0 < y < rm will specify the metric completely.
Another significant thing in this model is that there are two 3-branes that are attached
to the orbifold fixed points y = 0 and y = rm, as opposed to the familiar one 3 — brane
like in ADD model. The brane on which we live is the SM brane or the “visible” brane
and the other one is called Planck brane or the “hidden” brane. The SM brane is
placed at the point y = r7 in order to account for the apparent weakness of the gravity
on it, consistent with the above metric. On the other hand the hidden brane is placed

at y = 0 where the gravitational interactions are expected to become strong. The SM
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brane is with negative tension while the Plank brane is with positive tension. Both of
these branes can support the familiar 4-dimensional field theories but the excitations
of the particle on the SM brane are at the TeV scale while those on the Planck brane
are at the Planck scale. The classical action for this five dimensional system is given

by
S:Sg,«—i-ssm—FSpl (2.15)

where
g = /d4x/wd¢\/z[—A+2M3R]
SR / d* 2/ =Gsm [ Lsm + 24M°k]
Spi = /d‘*x\/%[apl—%wk], (2.16)

and M is the (4 + n) dimensional Planck scale. The action of gravity in 4-dimensions

is
Sar ~ My / d*z/—gR (2.17)

By comparing the scales in this action and the effective action obtained from eqn.(2.16),

one can easily show that
M3
Mpy == [1 A e—%m] 2.18)

From this we see that for M ~ Mp; and large kr values, the 4-dimensional Planck scale
does not get significant modifications because of the additional extra dimension. The
metric on the SM brane will be g, ~ e*%”’nﬂy. This is an important outcome of the
model for it can lead to a general conclusion that any fundamental mass parameter
My in higher dimensions corresponds to a physical mass m on the SM brane at ¢ =7

as given by

m = My e ¥ (2.19)
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For kr ~ 12, one can generate a TeV scale from the Planck scale. This is remarkable in
the sense that to explain a large hierarchy one really does not require a large volume
of the extra dimensions but an exponential warp factor as considered above will be
sufficient, with the size of the extra dimension not far away from the Planck length.
All the fundamental parameters k, M, u ~ 1/r (with £ < M) are the order of the same
scale and there is no new hierarchy among these scales. This model not only offers
a possible explanation to the hierarchy between the electroweak scale and the Planck
scale but also gives raise to the possibility that the gravitational interactions can be-
come stronger on the brane at scales close to TeV. The gravitational interactions can
have only TeV scale suppression as opposed to the usual Planck scale suppression.
Further it has been showed that [11] the value of krm can be stabilized without fine
tuning by minimizing the potential for the modulus field which describes the relative
motion of the two branes. In the RS model graviton and the modulus field can propa-

gate the full 5-dimensional space time while the SM is confined to the TeV brane.

2.3.1 KK modes in the RS model

The Kaluza-Klein compactification of the extra dimension in general involves the fields
hu(x,y), Aus(x,y) and ¢s5(z,y). In the particular set up of the branes at ¢ = 0 and at
¢ = 7 as described here, there are no continuous isometries of the higher dimensions
and hence all the off diagonal elements corresponding to these vector modes A,(f;) are
excluded in this effective theory. To perform the KK decomposition, the gravitational

field h,, (z,y) can be expanded as

e (n)
hy (2, @) ;)h,w e (2.20)
The equation of the motion of A} in the gauge 9#h) = n®h") =0, is given by

(O -m3)h) =0 (2.21)

17

In addition the functions f(")(¢) are chosen to satisfy

/ " dp e FON ) £ () = B 2.22)

—T
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From the above equation and the Einstein’s equation for the field h,,(z,$) sets the
equation of the motion for the field (") (¢) as

1 d dfm)
i [€4¢ 27] o e 0 .29

The solutions for the above differential equation are given by [11, 12]

FM(¢) = o [J2(an) + anYa(an)], (2.24)

where J>(a,,) and Ya(a,,) are second order Bessel functions of first and second kind
respectively, a,, = m,e*”/k, C, are normalization and a, are constants. On the SM
brane, if we define x,, = a,,(7) and in the limit m,, << k (with ¢*” >> 1), the requirement
that f(")(¢) has to be continuous across the orbifold fixed points gives us a,, ~ z2e2+"7
and J;(z,) = 0. Here, the z,, are simply the zeros the first order Bessel function. Hence

the masses of the RS modes are given by
my =k x, e ¥ (2.25)

where z; = 3.8317 and z,, = 7.0156 + (n — 2)7 for n > 2. From the value of a,, we
can ignore Y>(z,) in eqn.(2.24) in comparison to J>(z,). The normalization constants

hence can be approximated to

ekTﬂ

Vir

for n > 0 and for zero mode, it is Cy = 1/Vkr. As the masses of the RS modes depend

Cn = Jo(xy) (2.26)

on the zeros of the Bessel's functions, the mass spectrum is not uniform, and the
separation is decided by that between the zeros of the Bessel function. The coupling
of the gravity to the matter fields is given by the interaction of the higher dimensional
gravitational field h,,(z,¢) given in eqn.(2.20) at ¢ = 7, with the energy momentum
tensor T# of the SM fields on the brane at ¢ =7

1

_Whuu($7 @b)le (x) (227)

Eint ~
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Figure 2.1: Bounds on the RS model parameters obtained using 1 fb~! of data from
pp collisions at the Tevatron, collected by the DO detector [13]. The shaded region is
excluded at 95% confidence level. The solid thin line corresponds to the previously
published exclusion contour. The area below the dashed line is excluded by precision
electro weak measurements (M p; = Mp;/+/S7).

Using eqn. (2.18), eqn.(2.20) and eqn.(2.26), the above interaction Lagrangian takes
the following form
[ee]

1 1
R o/ 1 2 N (1) R E w p,(n)
Emt M lT hl“’ M P Torm 4 1T th J (228)

We see here that the coupling of the zero mode is Mp; suppressed while the those
of the higher graviton modes are suppressed by only TeV scale (~ Mp; e %) with
krm ~ 12. In this model there are two parameters which are ¢y = k/Mp, the effective
coupling and m; the mass of the first KK mode. Except for an overall warp factor the
Feynman rules of RS are the same as those of the ADD model.

The RS modes, when produced in high energy collider experiments, being heavy
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can decay into the SM fields with a decay width I',. The graviton propagator with

momentum @ and mass m,, is Pg(Q) = iB.,. D(Q?) (see eqn. B.0.1) with
1
2y
b)) = ZQQ—mQ—i- imp Ty

2 Iy
=) 2§:

z2 — Ty —z—xn
m, 5 2 1n p2
07 Ty +m3xn

(2.29)

F Y

where z = Q/mo and z,, = m,/my. The summation over n is kinematically bounded.
Further the RS KK mode of mass m,, if decays only to SM particles, it can be computed
and hence the the decay width I';, is not unknown. Hence, these heavy RS modes will
show up themselves as a resonance pattern in the invariant mass distribution of
the pair production processes like Drell-Yan, di-photon production processes, at the
high energy collider experiments. This resonance pattern is very much distinct from
the signals of the contact type interactions as in the case of ADD model which have
a smooth deviations from the SM predictions, say in the tail of the invariant mass
distribution.

For example, at the LHC (v/S = 14 TeV) it is very much possible to probe the TeV
scale physics, like the RS model with KK modes that are of the order of a few TeV. As
the gravity couples to the energy momentum tensor of the SM fields, the KK modes
couple to quarks and gluons with the same coupling of ¢y = k/Mp;. At the LHC where
the gluon fluxes are very high, higher than the quark anti-quark fluxes, the RS modes
can be produced in the gluon fusion subprocesses which subsequently decay into all
the possible SM particles, like a pair of leptons /I, photons 77, jets jj, weak bosons
77 and Higgs bosons hh. In addition to the gluon gluon fusions, the quark anti-quark
annihilations also can produce these RS modes. These RS modes will appear, then, as
resonance pattern in the invariant mass of the above mentioned channels. It should
be noted here that the coupling of the each of the RS modes, except the zero mode, is
very large as given by ¢y and hence each RS mode can prominently decay into the SM
particles, whereas in the ADD model, the coupling of each of the KK modes is Planck

scale suppressed but due to the many available light KK modes the effective coupling



30 Beyond Standard Model scenarios

is M, scale suppressed. The decay width of ADD gravitons is very small owing to its
negligible coupling to the SM particles and hence is neglected in the propagator. The
typical value chosen for this effective coupling is 0.01 < ¢y < 0.1. Smaller couplings
co << 1 corresponds to k << Mp; and gives raise to additional hierarchy between the
fundamental scales k and Mp;. Therefore to avoid new hierarchy in the model, smaller
couplings are not allowed.

The Tevatron experiments (v/S = 1.96 TeV) for the first time have searched for the
RS model signatures using the di-lepton and di-photon final states. At the Tevatron
for its relatively low center of mass energy, the gluon fluxes corresponding to TeV
scale invariant mass are smaller than the quark anti-quark fluxes. So the quark
anti-quark annihilations subprocesses have dominant contributions over those of the
gluon fusion subprocesses. The latest bounds obtained from the Tevatron using the
1 fb~! of data collected by the D0 detector on the parameters of the RS model are
shown in the fig.(2.1). This data has set a lower bound at 95 % confidence limit on the

first RS mode to be m; > 850 GeV corresponding to a coupling ¢y ~ 0.01.

Summary and a few remarks on the RS model

1. The RS model provides an alternate explanation to the large hierarchy between
the electroweak scale and the Planck scale with a new geometry of the extra di-
mensions that is completely different from the one in the ADD model. In this
model there is only one extra dimension which is a slice of anti de Sitter space-
time AdSs, with orbifold symmetry. Two branes, namely the Plank and the SM
brane, are attached at the orbifold fixed points of the extra dimension. The (4+1)
dimensional metric in this model has an exponential warp factor e~2*"¢ which is
a function of the extra dimension. The large hierarchy has been accounted for

this exponential warp factor with a particular choice of kr ~ 12.

2. All the higher dimensional parameters M, k&, ~ 1/r are of the order the same

scale, Planck scale, and hence there is no additional hierarchy among these
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scales, unlike the ADD model case where in explaining the existing hierarchy,
the model runs into another hierarchy between the weak scale and the compact-

ification scale of the extra dimensions.

Any fundamental mass parameter M, in higher dimensions corresponds to a
physical mass m = e *7M, on the SM brane. Thus the fundamental scales
could be of the order Planck scale but the physical scales on the brane are only

of the order of a few TeV.

. Although, the model successfully addresses the hierarchy problem, the explana-

tion is based on the particular choice kr ~ 12, which plays a key role in address-
ing the hierarchy problem. This choice does not come from the theory and there

is no explanation for it so far.

The bulk moduli field accounts for the stability of the two branes against their
mutual attraction towards each other. However, this moduli field has a back

reaction on the branes, which has been ignored in this model.

The compactification of the extra dimension leads to a tower of graviton modes
on the SM brane, the masses of whose are determined by the zeros of the Bessel
function. The modes could be of order a TeV scale and the spectrum of these

modes is non-uniform.

. The zero mode has a Planck scale suppressed coupling while all other higher

modes have TeV scale suppressed couplings to the SM fields. Thus the zero

mode decouples in the RS mode spectrum.

These graviton modes being heavy when produced at the high energy colliders
like LHC, will decay into SM particles and appear as resonance enhancements

over the SM predictions.

. The RS model has a very distinct collider signatures such as a series of reso-

nances whereas those of the ADD model give a tail raising pattern in the invari-
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ant mass distributions. Hence distinguishing these two models is very easy at

the collider experiments.

10. The concept of localization of the fields to the branes has gained lot of interest
following the work in this model, and hence the attempts have been made to
localize the gravity in a model known as RS(II) model by considering the infinite
size extra dimension and taking the second brane to infinity. A significant re-
search on the concept of localization of the fields in the non-factorisable metric

of higher dimensions is on progress.

2.4 Tests of the gravitational inverse square law

According to the Newton’s Inverse Square Law (ISL), the gravitational force of attrac-

tion between two point masses m; and mo separated by a distance ’r’ is given by

mimiq

F ="y (2.30)

)
where Gy ~ 6.673x10~"'m? kg~ ' s~2 is the gravitational constant. Until few years ago,
this inverse square law is assumed to be valid for length scales ranging from infinity to
Planck length (~ 1072% m). However, motivated by many new physics scenarios which
predict that the gravitational inverse square law could be altered at sub-millimeter
range, this ISL has been put to experimental verification by various collaborations at
shorter length scales. The modifications to the inverse square law can be accounted
for the Yukawa type of corrections to the familiar Newtonian potential that can be

written as [14].

Y e mlrml [1 4 ae_rp‘] 2.31)

where « is the dimensionless strength parameter and A is a length scale. This Yukawa
potential describes the interaction from the exchange of a scalar of mass m ~ 1/A
between the two masses m; and ms. The deviations from the ISL can then be obtained

from the experimental bounds on these « and )\ parameters.
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2.4.1 Some theoretical speculations

In this section we outline some of the possible new physics scenarios that are relevant

in the search of deviations from the Newtonian ISL [14].

1. Large extra dimensions:
The observed gauge hierarchy between the Planck scale and the weak scale has
been offered an explanation in an interesting theoretical approach that deals
with the existence of large extra spatial dimensions. Only gravity ‘sees’ the extra
dimensions and the Planck scale in higher dimensions can assume as low value
as a few TeV in this scenario. Consequently the gravity is expected to be stronger
at the length scales that are of the order of the size of these extra dimensions.
The modification to the Newtonian potential can then assume the form given in

eqn. (2.31) with the strength o and the range \ given by

A=R and a=28n/3 (2.32)

where R is the size and n the number of extra dimensions. As is seen in the
ADD model, for Planck scale of the order of a TeV scale, the possibility of n = 1
corresponds to a length scale of the order of 10'?’m which has been ruled out.
For n = 2, the radius of the extra dimension is R ~ 10~'mm, a length scale which

is of the current interest for the experiments that probe the ISL of gravity.

2. Exchange of radions:
In string theories, the radion is a hypothetical scalar particle that appears as
a component of the metric tensor or gravitational field in higher dimensions. It
is also called as graviscalar. Consequently the spacetime is somewhat dynami-
cal with the radii of the new dimensions whose volume must be stabilized with
radions. If there is more than one extra dimension, then there could exist sev-

eral such particles. This radion exchange is expected to produce a force that
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corresponds to a strength and the range given as

_ : Ao (| —— ~ 24
D ’ G M? M,

n 1 [ 1TeV] 2

In general the radion mediated force is the long range effect of new dimensions
and, unlike the large extra dimension case, does not fall with the number of

extra dimensions.

. Exchange of moduli:

In quantum field theories, the moduli fields refer to the scalar fields whose po-
tential energy has a continuous global minima. The vacuum expectation values
of these scalar fields are used to represent the respective vacua, consequently
these expectation values are used as the parameters of the effective theory. This
type of potential energy functions often occur in supersymmetric theories. The
moduli couple weakly to the supersymmetric-breaking sector and these cou-
plings are computable in any given vacuum, so that ISL tests are the best way

to search for these particles. The best known particles of this type are dilatons.

. Exchange of axions:

Axion is an elementary particle postulated to explain the strong CP problem in
QCD. The force resulting from the exchange of boson with parity either 0~ or 17
is purely spin-dependent and vanishes between unpolarized objects. In the case
where the CP violating term ©,,,, Will not go down to zero, the axions can be
accounted for as to acquire a small CP-violating scalar admixture. This results

in a spin-dependent Yukawa potential between Nucleons with

a = i (ma) 213 x 1076; )\—LN My 0.2 mm
I 1010 lmev ' y T mg  \ my, '

2.4.2 Experimental results

In what follows we outline two types of experiments carried out to test the inverse

square law at length scales smaller than 100 ym and present the bounds obtained in

these experiments on the parameters o and A.
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1. Torsion pendulum experiments

The torsion pendulum based experiments are in general used to measure the weak
forces like gravitational force. In a recent experimental set-up [14, 15] for testing the
ISL, a new type of torsion-balance has been developed where the test masses are the
"missing masses” of holes bored into cylindrically symmetrical plates. The torsion
pendulum is a thin ring containing 10 equally spaced cylindrical holes and is sus-
pended above a uniformly rotating circular attractor disk containing 10 similar holes.
Due to the gravitational field V(¢) of the disk the pendulum experiences a torque
T(¢) = 0 V(¢)/0¢ for a displacement ¢ of the disk, and undergoes oscillations. This
torque, however, will be zero in the absence of these holes. Attaching to the first disk
another thicker circular disk containing the holes, leads to almost null measurements
of the torque experienced by the pendulum. The dimensions of the holes in the sec-
ond disk and the orientation of this disk with respect to the first one are so chosen
that the torque produced in the pendulum because of the first disk is canceled by
that of the second one. The cancellation of the forces due to the Newtonian gravity is
very much dependent on the distance of the pendulum from the circular disk. On the
other hand, the Yukawa type of potential monotonically decreases with this distance.
As a result, the location of the exact cancellation will be very sensitive to the devia-
tions from the ISL and any deviation from the characteristic of Newtonian gravity can

be used to keep the bounds on the parameters o and A.

2. Cantilever based experiments

Another recent attempt to probe the Newtonian ISL is made by the Stanford group
[16], using their cantilever based experiments. In these experiments, a single-crystal
silicon bar for the cantilever and the test masses, made up of gold and of the size
comparable to the distance between them, are used. A drive mass which has an
alternating pattern of gold and silicon is used to create a varying gravitational field

and is mounted on a piezoelectric bimorph for its horizontal movement. The test
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mass is mounted on the free end of the cantilever and is subjected to experience the
varying gravitational force due to the drive mass placed below it at a distance. The
test mass and the drive mass are separated by a shield made up of metalized silicon
nitride to minimize the non-gravitational backgrounds. Then, the drive mass is put
to oscillations at the subharmonic of the resonance frequency of the cantilever. Any
coupling between the test mass and the drive mass would then create a force on the
cantilever at harmonics of this drive frequency, including the cantilever’s resonant
frequency. The motion of the cantilever can be measured using a fiber interferometer
and from that the force between the masses can be deduced. The forces are measured
as a function of the horizontal distance from the equilibrium position of the drive
mass, maintaining a fixed vertical separation between the test mass and the drive
mass. By comparing these measurements with the predictions of the finite element

analysis (FEA), the bounds on the Yukawa type corrections can be obtained.

The results obtained from these ISL testing experiments conducted by various
collaborations are summarized in fig.(2.2). They are presented as bounds at 95%
confidence level on the Yukawa coupling strength « as a function of the range \.
Implications of these results on some of the theoretical speculations discussed above
are very much informative and are useful in constraining the parameters of different
models. In specific we will concentrate on the large extra dimension case. The bounds
on the Yukawa range A\ will give an upper limit on the size of the extra dimensions.
The possibility of only one extra dimension is ruled out as no deviations from the
ISL are observed at the Solar length scales. Then the other possibility that will be
of interesting is the case with two extra dimensions corresponding to a scale M, = 1
TeV. According to eqn.(2.32), if one of the extra dimensions is very large, which can
see deviations from the ISL, then it would correspond to o« = 8/3. Corresponding
to this a value, the 95% confidence limit on the size of the extra dimension will be
R < 160 pm. For two extra dimensions of equal size the possibility of M, = 1 TeV
corresponds to R ~ 380 um and a = 16/3 (see eqn.(2.32) and is ruled out from the

above bounds. Instead, the 95% confidence limit on the size i.e. R < 130 um for
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Figure 2.2: Constraints on Yukawa violations of the gravitational inverse square law
[15]. The shaded region is excluded at the 95% confidence level. Heavy lines labeled
Eot-Wash 2006, Eot-Wash 2004, Irvine, Colorado and Stanford show experimental
constraints from the works in Refs. [14, 15], [17], [18], and [19], [16], respectively.
Lighter lines show various theoretical expectations summarized in Ref. [20].

two equal extra dimensions case is used to obtain a bound on the corresponding
scale of the new physics, which turned out to be M, > 1.7 TeV. Implications on other

theoretical scenarios are discussed in [14].

2.4.3 RS type corrections to ISL

Recently, there has been a proposal for an experiment to search for the Randall-
Sundrum type of corrections to the Newton’s ISL [21]. The RS type of correction to
the ISL is given by

Vi) = - (1 N _s> (2.33)
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where the RS parameter 2 = 2 [?, [ is the curvature scale of 5-dimensional anti-
deSitter space-time, G is the Newton’s gravitational constant, m is the mass and r
is the distance in the three dimensional space. The experimental set up is based on
the torsion pendulum and the expected sensitivity of the experiment is to probe the

RS parameter up to 10 microns.

2.5 Unparticle scenario

Banks and Zaks (52) [22] studied non-abelian gauge theories by considering the num-
ber of fermions to be a continuous parameter such that the two loop beta function
vanishes at an infra-red fixed point. Below this fixed point the theory becomes scale
invariant. In any scale invariant sector the fields correspond to either massles par-
ticles or particles with a continuous mass distribution. Consequently in such scale
invarinat sector with a non-integer number of fermions, the conventional particle in-

terpretation is lost.

Following this idea, Georgi [23] has proposed that the theory at high energies can
have both the SM fields as well as the BZ fieds. These two sectors interact through
the exchange of particles with a very large mass scale 1;,. Below this scale M, the
couplings of the interaction have a generic form

1

Vs tdsz=aOsmOBz, (2.34)

where Og); and Opyz are operators constructed out of SM and BZ fields with mass
dimension dsyy and dpz respectively. This hidden BZ sector can have an infra-red
(IR) fixed point A;; below which the scale invariance emerges in the theory. As the
couplings in the BZ sector need not be zero (trivial) at the fixed point, it corresponds
to a non-trivial IR fixed point. The scale invariant sector below this fixed point Ay
can not be described in terms of well defined particles but with unparticles”. In this

effective theory valid below Ay, the above interaction of the SM fields with the B2
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sector matches onto the form

AdBZ dy
CMWOSMOM 5 (235)

My
where d;, ! is the scaling dimension of unparticle operator Oy,. In principle, unparticle
operators can have different tensor structures, such as scalar, vector or tensor. The
effective interaction for scalar unparticle consistent with the SM gauge symmetries

are:

As
Ling D — FLFP" Oy +—— Oy (2.36)
t 4A R A 1 ¢¢)

u

The coupling of the vector unparticles can be given as
o
Lin: B —d¢’hﬂ/) oy, (2.37)
i

For the tensor unparticle, we assume that the SM fields couple to the unparticle
operator O}” via SM energy momentum tensor 7),,, :

L'mt =) Ii\ T/u/ oy (238)

u
U

where ds, d,t and d; are the scaling dimensions of scalar, vector and tensor unparticle
operators respectively, and \s, A\, and )\; are dimensionless coupling constants given
by

Ade

A = Cy Mdsmtdpz—4

Unitarity imposes constraint ds; > 1 on the scaling dimension of scalar unparticle [25]
and scale invariance restricts [26] (d,, d;) > 3. The scale invariance fixes the two-
point functions of unparticle operators, apart from an overall normalization, without

requiring any detailed knowledge of the theory at high energies. The propagators for

'There exist no known examples of scale invariant local field theories that are not conformally invari-
ant [24]
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the scalar, vector and tensor unparticles are respectively given as [26-28]

F(Q - ds)

2\ds—2

/ B =T O[T 0L (2)0u(0)0) = —i Cs
(dv - 1) F(Q - dv)
2810 (d, + 1)

W(dm=2
fe. - Tee? 210

(_k,Q)deQ

/ B =T (0[T O (2)0u(0)0) = —i Cy

. ['(2—dy)
—i CT—4dt—1F(dt +2)

[ s e oo @0z o) &)

X [de(d — 1)(Guagug + 1= v)+...], (2.41)

where Cg, Cy, Cr are overall normalization constants, in practice are set equal to
unity. The terms given by ellipses in general do not contribute owing to the conserva-
tion of the vertex factors in the case of tensor unparticles.

The phase space for the real emission of unparticles is the same as that of d,

(scaling dimension) number of massless particles as given by [23, 28]

16m2y/m  T(dy +2) Fa
dp;, = v 2.42
2 (27)24 T(dy — 1) T(2dy) (F42)

where ¢ = (p1 +p2 + ....pa,,)
Recently unparticle phenomenology, in the context of present and future colliders

have been explored in great detail [29].



Chapter 3

Two cut-off phase space slicing method

3.1 Introduction

The phase space slicing method is a simple and useful technique for the computation
of Next-to-Leading Order (NLO) QCD cross sections to various processes and is based
on a semi-analytical approach. In the SM this method has been used to compute the
NLO QCD corrections to various processes. [30-32]. In the case of beyond standard
model (BSM) scenarios like extra dimensional models, at the leading order itself, there
will be more number of subprocess contributions than in the SM. The computation of
NLO cross sections in such cases becomes very complex. In order to make a reliable
predictions of the cross sections that can be compared with the experimental data
one has to impose various cuts that are used by the experimental collaborations on
the final state particles. In addition in the processes like di-photon production, one
implements isolation algorithm on the final state photons. To compute the NLO QCD
corrections to such processes in BSM scenarios imposing a certain kinematic cuts on
the final state particles and using fully analytical methods is extremely difficult. In
these cases, this semi-analytical phase space slicing method is very useful to compute
the NLO QCD corrections with relative ease. In what follows we describe the two cut-

off phase space slicing method [33].

41
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3.2 The method

In a typical NLO (QCD) computation one often encounters both infra-red (IR) (soft
and collinear) and ultra-violet (UV) divergences. The soft and collinear divergences
occur in both the real and the virtual (loop) diagrams. The soft singularities appear
in the region where the momentum of the particle goes to zero whereas the collinear
divergences arise because of the collinearity between two particles in the massless
limit. The UV divergences will appear in the loop diagrams when the loop momen-
tum goes to infinity. After renormalization, the UV divergences will disappear leaving
renormalized coupling constants. The important point to be noted is that each of the
above mentioned IR divergences comes from a particular region of the phase space
of the real diagrams. Naively, one can slice that part of the phase space which is
responsible for the divergences from the three body phase space. In the two cut-off
phase space slicing method, one separates the soft and collinear regions from the
three body phase space using two small cut-off parameters, namely §; and §,., that
define the boundaries of these soft and collinear regions. The soft and collinear cross
sections are computed using analytical methods in the dimensional regularization
scheme (n = 4 + ¢). The IR divergences coming from the loop diagrams are also com-
puted analytically in n-dimensions. The soft singularities will cancel between the real
and virtual diagrams whereas the final state collinear singularities will cancel after
summing over all the degenerate diagrams (KLN theorem). However the initial state
collinear singularities will remain uncanceled and are factored out from the pertur-
batively calculable partonic cross sections in a universal way and then are absorbed
into the bare parton distribution functions (PDFs). These PDFs are later extracted
from the global fits to the available data from the experiments that probe the pro-
cesses like Deep-Inelastic Scattering (DIS) and Drell-Yan production processes. Thus
all the divergences will disappear leaving the total cross section a finite quantity. The
remaining three body phase space is free of all the singularities and hence can be

computed in 4 dimensions using some standard Monte-Carlo techniques. In what
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follows we describe the method in detail, with the aim of calculating the NLO QCD
corrections to the processes like Drell-Yan and di-photon productions at the hadron
colliders. These processes do contain only initial state QCD singularities and no fi-
nal state QCD singularities will arise. As an example we will consider the Drell-Yan

process (in SM) in which two hadrons collide to give a pair of leptons.

3.3 Real emission processes

At the leading order in perturbation theory, the DY process takes place at order aEf’) via

simple quark anti-quark annihilations. The process at NLO involves QCD corrections

to the order «;. A parton level process to NLO in QCD is given by

P1+Dp2 — p3+ P4+ D5

where p;, p» are the momenta of the incoming partons, ps, ps are the momenta of the
pair of leptons and ps is the momentum of the quark/gluon. In general the final state
particles, denoted by p3; and p4, could be any of the leptons (i*), quarks (¢(g)) or gauge

bosons (both massive W+, Z as well as massless g,7).

3.3.1 Soft

In the first step, the three body cross section is decomposed into two regions as
follows:

1 - 2 1 = 2 1 5 2
0= — Z|M3| dR3 = — by M3| dRs + —/ E|M3 dRs3
29 29 soft ‘ 29 hard ‘

where @ is the usual flux factor, with s, being the center of mass energy of the incom-
ing partons. In the very high energy limit, one can work in the massless limit of the
light particles involved. The partitioning of the phase space into soft and hard regions
depends on a small cut-off parameter §;. Within soft region double pole (eikonal) ap-

proximation is made to the matrix elements and then analytically integrated over the
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unobserved degrees of freedom in n = 4+ ¢ dimensions. The result can contain double
and single poles in ¢, and double or single logarithms in the soft cut off é,.

The energy E5 of the gluon in the center of mass frame of the incoming partons is

given by
512 — S34
FBy=——+—
5 2\/812

where s;; = (pi +pj)2 and t;; = (pi — pj)Q-

The soft range of the gluon momentum is
defined as 0 < E5 < 65,/512/2. In this soft limit, one can approximate p{ = 0 in the

momentum conserving delta function of the three body phase space to get

d"lps  d"lpy d"1ps

dR 2m)" o™ — p3 — _—
3]soft 290y 202y (2m)"6" (p1 + p2 — 3 — Pa) 2021
dnfl
- d3207p5
2ps (2m)n—t
Now parametrizing p; as ps = E5(1, ..., sinfy sinfs, sinficosbs, costy), we can write the soft

region of the phase space as

ds

47r>€ rl—¢ 1

d soft = d > "I
Ralsose = dRe Kslg T'(1— 2¢) 2(27)2

with
ds = <_> / dEs B3 sin'™01d6, sin02d0s
512 0

In the soft limit, the 2 — 3 matrix element can be written as

2 I

e P;
M[sofe = g™ /?(p5) It (p5)M2;  where  Jii(ps) = ) Tﬁp—llpg)

=

is the non-abelian eikonal current, M, being the matrix element for 2 — 2 leading
order process and p; being the momentum of the parton emitting this soft gluon.
In the case where the final state particles, denoted by p; and p4, are partons, then
they also can emit gluons. The above summation then runs from 1 to 4 instead
of from 1 to 2. It should be noted here that if the parton ps corresponds to a quark,

then there will be no soft divergence associated with it owing to the fermion dynamics
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(> s u(p)u(p) = p +m) of the theory. Finally, the soft part of the cross section can be

written as

—€ 2
as T'(1+€/2) <47Tu2> /2 0/ —Di-D;j
doe = | == r do;; | ————dS
S !277 F'(1+e) S19 Z Y] pips Pj-Ps

,j=1

where do?j is the 2 — 2 Born cross section.

3.3.2 Collinear

The hard region is further divided into two parts, hard collinear hc and non-collinear
ne.

1

ry 14 gl il g
o 2M32d33:—/2M32ng+—/2M32d33
20 hard ‘ | 20 he ‘ | 20 ne ‘ |

This separation depends on another cut-off called §.. The collinear singularities arise
when two partons become collinear to each other. If the partons p; and p5 are collinear
to each other, then the collinear region is defined as 0 < t15 < d.s12. Within he, the
leading collinear pole approximation to the matrix element squared is made. Integra-
tion domain of hc is exactly defined when J. is much smaller than ¢;. The integration
over the unobserved degrees of freedom is performed in n-dimensions, giving a fac-
torized result with single poles in € and logarithms of both cut-off parameters . and
Js-

The leading order differential cross section for the 2 — 2 process is given by

Ps+Pp—3+4 1+2—3+4
doy doy

= fi/p,(x1) dz1 fo/p,(72) da

where f,/p, (1) is the bare parton distribution function which gives the probability of
finding a parton-i from the hadron P4 with a momentum fraction between = and z+dx.
At NLO, there will be only one gluon that can be collinear to the parton emitting
it. So we can safely ignore the double collinearity due to the partons from both the
hadrons. Let us consider the collinearity coming from the various possibilities parton-

1 (quark/gluon) is collinear to the parton-5 (quark/gluon). The square of the matrix
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element after applying the collinear approximation in terms of the unregulated split-

ting function Pj; is given by

- _ 9
SIMa(1+2 = 3+4+5)" > TIMp(1 +2 = 3+4)*Pri (2, €)0°
15

where 7 is fraction of parton 1’s momentum carried by parton 1’ with parton5 taking a
fraction of (1 — z) and y is the fraction of momentum of the parent hadron P,4 carried
by the parton 1. Using the approximation p| = p; — ps ~ zp;, we can write the three
body phase space corresponding to the region of the collinearity as

d"'ps  d"'pg
2p9(2m)n—1 2p(2m)n—1

dn71p5
o BE T
2pY(2m)n—1

dnflp5

dR3he il
3|h 2pg(27.r)n71

(2m)"6" (zp1 + p2 — p3 — pa)

= dR

where

dn—1p5 || (471')_6/2

I dz dti=|—t1=(1 — 6/2.
9p0(2m)n—1  16m2T(1+¢/2) 15[—t15(1 — )]

The hard condition d5./s12 < E5 < /s12 sets the z integration limits while the collinear
condition 0 < t15 < d.s12 sets the ¢;5 integration limits. The z integration limits also
depend on the AP splitting kernels. For the massless case, the limits of z for each of

the splittings are found to be

gq—q9 0<z2<1-4;

g—qq 0<z<1

T Sngge. 0., < 2. <1 =03

After performing the integration over ¢;5 in the range 0 < ¢;5 < d.s12, the 2 — 3 differ-
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ential hadronic cross section can be approximated by

as DA +9/2 (4mu2\ ™| (1Y oo
Ar T'(1+¢€) 512 e) °

/dz[z:(l — 2)]/? Pi(z,€) faypa (W) dy foyp, (72)0(yz — x1)dz1d2s.

Pa+Pp—3+4+5
doy, =
C

do_(l)’+2—>3+4( s )

X

which on integration over y gives

—€e/2
do BB tAEs g2t ) [%F(1+6/2) <4wu%> ] <1> /2

47 F(l + 6) S12 €

> — 5 €/2
/d_ [(1 )} Pii(2,€) fi/p,(21/2) foypy (@2)dz1des.

z A

The factorization of collinear singularity (seen as pole in¢) into the parton distribu-
tion function is done with the introduction of a scale dependent parton distribution

function using the M S scheme convention.

Y i A <1> [% T'(1+¢/2) (Amu%)e/z] /: % -

; 47 F(l + 6) S12

Using this definition of the scale dependent PDF in the leading order differential cross
section and adding it with the hard collinear differential cross section results in the
cancellation of the hard collinear singularities leaving the soft collinear divergences

as given below

—¢/2
dUPA+PB—>3+4+5 - d01’+2—>3+4(81 ) Qs F(l i 6/2) 47T,u72" i
2 8 47 F(l + 6) S12

A1 —1+5)
2¢

X {fuypa(zpp) + [ +AFAL -1+ 5)] frypa (2 1p)}

where

1—5556C/ dy

Fpa@us) = 3 / Y fospa(@/. 1) P )

C

- =
and P; = P;ln (67‘”“—) - P)
f

The unregulated splitting functions P and P’ are given in [78] and [33].
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The coefficients A*¢ correspond to soft collinear contributions and are given below

AU = Cp(3/2+21n6y)

— — 512
AGT99 = AT Jog 212
f

A9799 = N(11/6 + 2 1n 6;)
— — 512
AJTY = 4999 1og 212
f

There will be no soft collinear divergences in the case of ¢ — ¢¢ splittings, whereas the
g — gg splittings won’t arise in the DY in SM at NLO.

In addition to the initial state collinear singularities, final state collinear singu-
larities also can arise in certain processes. In such a case the summation over the
experimentally degenerate final states leaves the cross sections finite (KLN theorm).
However for the tagged final states, the associated collinear singularities will remain
uncanceled and have to be absorbed into the bare fragmentation functions, similar to
the case of initial state collinear divergences where the singularities are absorbed into
the bare parton distribution functions. This procedure also involves the factorization

of singularities in a universal way at an arbitrary scale ur, called factorization scale.

3.4 Virtual processes

The one loop diagrams in the NLO calculation are computed using the analytical
methods and are not affected by the phase space slicing method at all. The collinear
and soft singularities coming from the loop integration are regularized in n-dimensions.
These singularities appear as poles in e. The soft singularities will cancel with those
coming from the real diagrams. The collinear singularities in the virtual and real di-
agrams are absorbed into the bare parton distribution functions. This finally results

in the cross sections that are free of all kind of singularities.
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3.5 Stability with slicing parameters

The two small cut-off parameters é; and J. are introduced in the intermediate stages
of the calculation of NLO QCD corrections just to define the soft and collinear regions,
and the final results are expected not to depend on the choice of these parameters.
However, defining the soft and collinear regions for arbitrary values of these parame-
ters is meaningless which necessitates the need to find a region of these parameters in
which the cross sections are stable or least sensitive to the choice of these parameters.
Hence, in any NLO computation using this slicing method, it is required first to find
out these stable regions of §; and J. before proceeding to the numerical predictions.
The soft, collinear and virtual pieces in the limit in which they are defined constitute
the 2-body contribution while the hard non-collinear piece corresponds to the 3-body
contribution. Though each of these 2-body and 3-body contributions can vary with
0s and J., the sum of these two contributions is supposed to be independent of the
choice of the slicing parameters. The percentage of uncertainty in the cross sections
against the variation of s and J. is expected to be as small as possible. The broader
the region, the more reliable are the results obtained using this slicing method.

In the next chapter, we will use this slicing method to compute the NLO QCD cor-
rections to the di-photon production process in the RS model. In this case, in addition
to the ¢¢ and ¢g initiated subprocesses, the gg initiated subprocess also contributes.
Hence the NLO calculation involves the computation of soft and the collinear contri-
butions coming from this gg initiated subprocess. The soft divergences will arise only
when the gluons are emitted from the external legs but not from the internal lines.
In the collinear limit, this additional subprocess involves g — gg splitting functions.
The amplitudes that contain only four point interactions do not give rise to any diver-
gences. Finally, the stability of the cross sections against the variation of the slicing

parameters verifies the successful implementation of this method.
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Chapter 4

Diphoton production to O(«y) in the RS

model at the hadron colliders

4.1 Diphoton production

The production of a pair of photons at the hadron colliders is given by

Pa(P1) + Pa(P2) — 7(p3) +v(p3) + X(Px) 4.1)

where P;, P, are the incoming hadron momenta and p3, p, are the momenta of the two
photons and Py is the momenta of the inclusive final state. At the hadron colliders
this process can be used as an important probe in the search of the Higgs boson, the
only fundamental scalar particle in the SM. At the LHC, where the gluon flux is very
high, the pair of photons can be produced in the gluon initiated subprocess via the
Higgs boson with the top-quark loop originated effective couplings between the Higgs
boson and the photons/gluons. Consequently, the Higgs boson can be seen as a res-
onance pattern in the invariant mass distribution of the diphoton production, with
larger cross sections. Hence this process is often called as a golden channel for the
discovery of the Higgs boson. However the di-photon production via the Higgs boson
has a huge SM background coming from the ¢ ¢ annihilations occurring at the lowest

order in the perturbation theory. For a better prediction of the signals, the quanti-
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tative estimation of the background to a very high accuracy has become inevitable,
which led to the computation of higher order QCD corrections to this background pro-
cess. An extensive study of this process exists in the literature [34] in the context of
light Higgs-boson searches as a light Higgs Boson decays dominantly to two photons.

Besides this, the photon pair production is of interest in its own right. Experimen-
tally, it has been studied from fixed targets [35, 36] to the colliders [37, 38] in various
kinematic distributions. As per the theoretical understanding of this process is con-
sidered, it relies on the higher order radiative corrections to this process. A full NLO
QCD corrections to the di-photon process have been reported in [39]. Soon after this
work, the QCD corrections to the subprocess gg — ~y were also computed in [40] as
this subprocess is the largest of the higher order contributions to the di-photon pro-
duction process and the results have been used in isolating the light Higgs boson from
the di-photon background. In a more recent work, the resummation effects have also
been incorporated in the calculation by considering the all-orders resummation of
initial state gluon radiation valid at next-to-next-to-leading logarithmic accuracy [41].
In the light of above, it can be easily understood that this process has now become
useful in the precision study of the SM physics.

On the other hand, this pair production process has also been used to unravel
the possible beyond standard model (BSM) physics scenarios [42,43] and is studied
widely in various BSM scenarios [44]. However, the predictions are based on the
leading order (LO) computation in which the couplings of the BSM scenarios enter at
their lowest order in the perturbation theory. At the hadron colliders like LHC, where
the QCD plays an important role, the higher order radiative corrections are often
expected to be large. With this idea, in the recent past, QCD radiative corrections
to the Drell-Yan process have been computed for the first time by considering the
gravity effects in the extra dimension models [45-48], and it was found that the QCD
corrections enhanced the cross sections significantly. Subsequently, they were used
[13,49] to constrain the model parameters. Motivated by this, recently the NLO QCD

corrections to the di-photon process are computed in the context of theories with



4.1. Diphoton production 53

large extra-dimension and unparticle model [50]. The present work aims at a full
next-to-leading order computation for the production of isolated direct photon pairs
in the warped extra dimension (RS) model at the LHC (v/S = 14 TeV), and to obtain
various kinematical distributions by imposing the relevant experimental cuts on the
photons. The estimate of enhancement over the LO results and the improvement in
scale uncertainties in going from LO results to the NLO ones are the main motivations
for this work.

The NLO calculation presented here uses both analytical and Monte Carlo integra-
tion methods. It is easy to implement experimental cuts in a Monte Carlo program
than in a fully analytical computation. Our code is based on the method of two cutoff
phase space slicing to deal with various singularities appearing in the NLO computa-
tion and to perform numerical integrations over the phase space. This method has
been applied to the diphoton production process for the computation of NLO QCD
corrections in the SM in [51]. This method is nicely reviewed in [33]. All the analyt-
ical results presented in this work were evaluated using the algebraic manipulation
program FORM [52].

In the SM, at the lowest order in a; ie., at a?, the di-photon production takes place
via quark anti-quark annihilation subprocess ¢g — 7. For low invariant mass of the
di-photon the subprocess gg — 77, although of order o2, has a significant contribu-
tion, comparable to that of ¢g — . This is due to the large gluon flux in the small z
region at the LHC. In light Higgs boson search studies this subprocess plays an im-
portant role, and it is treated formally as a leading order contribution although it is of
order ag [34, 53] and is indeed a next-to-next-to leading order contribution. However,
it falls off rapidly with increasing invariant mass and in the mass range of interest
for the TeV scale gravity models, it need not be included at LO. It is demonstrated
in [54] that this subprocess in the SM is few orders of magnitude smaller than that of
qq for @ > 500 GeV. This subprocess amplitude can interfere with the gluon initiated
LO subprocess in the BSM case, giving order o, contribution which is included in our

study. In addition order ? gravity mediated Feynman diagrams fig.(4.2) q¢ — vy and
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gg — 7 also appear at the leading order. The NLO computation involves two kinds of

matrix elements.

e Virtual diagrams with loops which contribute through their interference with the

LO diagrams (see fig.(4.3)).
¢ Real emission diagrams with an additional parton in the final state (see fig.(4.4)).

Both the virtual and real corrections have been evaluated with 5 quark flavors and in
the limit of vanishing of quark masses. The n-point tensor integrals coming from the
the integration over loop-momenta were simplified using Passarino-Veltman reduction
and the computation was carried with dimensional regularization using n = 4+¢. The
initial state QCD divergences were factorized in the M S scheme and are absorbed into

the parton distribution functions (PDFs).

4.1.1 Frixione isolation algorithm

Photons not only arise directly in a parton subprocess but also through fragmenta-
tion of a parton into a photon and a jet of hadrons collinear to it. This fragmentation
is a non-perturbative phenomenon. A parton level computation involving only direct
photons without including fragmentation photons is plagued with QED collinear sin-
gularities between the photons and the qaurks in the final state. It is evident from
the SM ¢g subprocess. This final state singularities can be absorbed into fragmen-
tation functions describing the probability of a parton fragmenting into a photon in
much the same way as the initial state collinear singularities are absorbed into parton
distribution functions. However, fragmentation functions are poorly known to date.
Hence an alternative to avoid these fragmentation functions and simultaneously sup-
press the QED singularities is to use the smooth cone isolation criterion advocated
by Frixione [55]. The aim of this isolation criterion is to suppress the final state QED
collinear singularities and at the same time to remove the fragmentation photons in

an infrared safe manner. Let the z-axis coincide with the proton-proton collision line
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Isolation algorithm
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Figure 4.1: The schematic diagram of the Frixione’s algorithm for the isolation of
photons from the jets (left) and the choice of the function H(R) (right) we have chosen
in this algorithm.

and ¢ and ¢ denote the polar and azimuthal angles respectively. It is more convenient
to use the pseudo-rapidity in the context of hadron colliders, as they are additive
under boosts. The fragmentation photons are embedded in hadronic jets and the
prescription to isolate a photon from hadronic activity is to draw a cone around the
photon as shown in the fig.(4.1) with the axis of the cone pointing along the direction
of the photon momentum. The radius of the cone can be defined in a boost invariant

way as given by

R=/(ny = nj)2 + (& — 05)?

where 7, (1;) and ¢, (¢;) are the pseudo-rapidity and azimuthal angle of the photon
(jet) respectively. Then draw concentric circles around the direction of the photon in
the n — ¢ plane with the largest circle having a fixed radius Ry. For the jet of hadrons
outside the cone i.e. for R > Ry, the photons are well isolated from the hadronic
activity and need not require any isolation algorithm. For the jets lying inside the
cone, the isolation criterion is to demand that the total hadronic transverse energy in

any circle of radius R < Ry be less than some specified amount H(R). At the parton
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level in a theoretical calculation, this hadronic transverse energy amounts to that of
gluons or quarks. (i)In order to ensure the infra-red safety of the observables, the
soft momentum region of the gluons must be unaffected by this algorithm throught
the phase space of the gluons, which includes the region inside the cone as well.
This requirement implies that the choice of the function H(R) must be such that for
any radius of the circle R < Rp, the hadronic activity must not vanish inside the
cone. (ii) On the other hand, for the isolation of the photons, the hadronic activity
should decrease as we move closer to the photon direction and in the limit R — 0, the
hadronic activity should almost be zero. A choice of the function that satisfies these

two requirements (i) and (ii) is given by

(4.2)

H(R) = Eis° < 1—cosR>n

1—cosRo
where EZ° is a fixed energy. In our analysis, n = 2, Ry = 0.4 and E%° = 15 GeV would
be the default values. For this choice of the parameters, the variation of the function
H(R) is depicted in the right panel of fig.(4.1). Thus as we move closer to the photon
direction lesser hadronic energy is allowed in its neighborhood, ensuring both the
isolation of the photons and the infra-red safety of the observables.

It should be noted here that as the photons in the final state are subject to ex-
perimental cuts like pr > 40 GeV, they will be away from the beam direction and a
cone that is constrcuted around such photons can not have final state partons inside
it which are collinear to the initial partons, as the initial state partons are approxi-
mated not to have any transverse momenta along the beam direction, implying that
the mass factorization of the initial state collinear singularites are unaffected by this
isolation algorithm.

In view of the above points, it is implicit that the slicing method and the smooth
cone isolation algorithm do not conflict with each other when implemented in an NLO
computation. However, in an NLO calculation using the slicing method, it will be very
easy to adopt the slicing method first as it involves some analytical computation and

then, after ensuring the infra-red safety of the observables with respect to QCD, to
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implement the smooth cone isolation algorithm using a monte-carlo program on the

final state photons to suppress the QED singularities.

4.2 Leading order cross sections

A parton level 2 — 2 process at the leading order is of the generic form

a(p1) + b(p2) — v(p3) + v(pa). 4.3)

where a and b are either quark and anti-quark or gluons. The exact matrix elements

in n = 4 + e dimensions for ¢ and gg initiated subprocesses are

MO _ G vt <. U, - (4.4)
ag.sm N |t 4 1 t  u 4 t u '
2

MOPR = _ 2ReD(s) L [4(2 +u?) + ¢ (32 + 3u® + 2 4.5
IMO2 K*ReD(s) oo |4 (8 +u?) + (37 + 3u” + 2ut) (4.5)

4 2

K1 |D(s)| 3 3fl € 3 3 2,2
YR = — . [ut +tut + 7 (3tu” + 387w + 2u’t )], (4.6)
S 4D(s)|? 81 27
MO)2 . [ 4 2 (u? + 14tu + £2
M P gg.6r Vo1 T teaprg’ Wttt
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— %ty — ———— % (Tu® 4 94t + Tt

+2(2+6)23 u 16(2+e)s (u + 94tu + )

1

+ o5 (9" + 28t%u + 54t%u” + 28tu” + 9u’) ] 4.7)

where sm, gr, int represent contributions from SM, gravity, and interference of SM
with gravity induced process respectively, s, ¢,u are the usual Mandelstam invariants,
eq is the charge of a quark or anti-quark and « is the coupling of gravity to SM fields.
The bar over the symbol M represents that the matrix elements have been averaged
over initial helicities and color, and summed over the final ones. A factor of 1/2 has
been included for identical final state photons. This expression has been evaluated

for quarks with N and gluons with N2 — 1 color degrees of freedom.
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4.3 Next-to-leading order cross sections

The order o, corrections to leading order process come from interference between
Born graphs and virtual graphs. It is to be noted that the virtual contribution here
does not contain UV singularities. The reason lies in the facts that (i) electromagnetic
coupling « does not receive any QCD corrections, (ii) and that the gravitons couple
to the energy momentum tensor of SM fields which is a conserved quantity and does
not get renormalized. The Feynman diagrams with external leg corrections are not
shown as these vanish in the dimensional regularization in the massless limit. We
give below the order o, squared matrix element coming from virtual processes. The

SM contribution is found to be

— €4 u
T(0) MOP,, +255 {4 - 13

IMVE o = as(ud)f(e, 1k, 5)Cp

+(2+33)1n_—t+(2+9+23>1n2lt+tHu}], 4.8)
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S

the interference of SM with the gravity mediated processes are
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and the pure gravity contributions are

VP, = s f (i s)Cr T<e>|M<0>|2qq,gT+4<2c<2>—5>|M<0>|2qq,gr](4.11)

qq,97

6_2+CA6
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3 3
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Here ;% is the scale at which the theory is renormalized ; as(p%) = gs(u%)?/1672 is
the strong running coupling constant. Our results for the SM are in agreement with
the literature [51]. The poles in € arise from loop integrals and correspond to the soft
and collinear divergences. Configurations in which a virtual gluon momentum goes
to zero give soft singularities while collinear singularities arise when two massless
partons become collinear to each other. As the soft divergences cancel completely in
any observable, the € poles of order-2, get canceled when real emission contributions
are included. This cancellation will be shown in what follows. A next-to-leading order
2 — 3 parton level process for production of photon pairs is of the following generic

form

a(p1) + b(p2) — v(p3) +v(pa) + c(ps). (4.14)

where a,b and c are massless partons. In fig.(4.4) all gravity mediated 2 — 3 Feyn-
man diagrams are given. Depending on the initial state partons, the final state may
have a quark or anti-quark or a gluon. To obtain an inclusive cross-section the final
state parton will be integrated over the phase-space. The 2 — 3 matrix elements when
integrated over the phase-space give soft and collinear singularities. These singu-
larities are regulated using dimensional regularization with n = 4 + ¢ and appear as

poles in e. These singularities arise when the final state gluon becomes soft (a soft
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fermion does not give any soft divergences) or when the final state massless parton
becomes collinear to an initial state massless parton. As was mentioned in the intro-
duction a Monte Carlo approach allows for an easy implementation of experimental
cuts on the final state photons and smooth-cone isolation criterion. This is achieved
by using the semi-numerical two cutoff phase space slicing method. This method in-
troduces two small dimensionless parameters J, and . to deal with soft and collinear
QCD singularities. §, divides the phase-space into soft and hard regions. The part of
phase-space where the energy of the gluon in the centre of mass frame of incoming
parton is less than d,/s/2 is defined as soft and the region complementary to it is
hard. For small values of §, the matrix elements can be simplified and integrated over
the soft region to give a §; dependent, order a;, 2-body contribution dog(ds,€). This
contains the poles in ¢ arising from the soft singularities. The hard region can be
further divided into collinear and non-collinear regions using another small dimen-
sionless slicing parameter 6.. The part of phase-space in which the final state parton
is collinear to the incoming parton is defined as collinear region and gives an order
as contribution dogc(ds, i, €). This contains the collinear singularities. The hard non-
collinear 3-body contribution denoted by doz~(ds,ds) is free of any singularities and
can be evaluated numerically using Monte Carlo integration. The collinear singular-
ities appearing in doyc(ds, e, €) will be removed by mass factorization in MS scheme
by adding counter terms to give doycicr(ds,dc, €). In the following subsections it will
be shown that the 2-body contribution doy (¢) + dogs(ds, dc, €) +dogc+or(0s, Oc, €) is free of
poles in e. Although individually the 2-body and 3-body contributions depend on the
slicing parameters which were introduced artificially in the problem, the sum should
be independent of these parameters. In what follows we will show that this sum is

independent of §; and 4. for a fairly wide rage of these parameters.
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Soft

In the soft gluon limit the 2 — 3 amplitude factorizes into Born matrix element and
a term containing eikonal currents. These eikonal currents reveal the singularities

when integrated over the soft part of phase space.

. ) ) 16 16
dos = as(u%) f (e, pk, s) (CF d69-(e) + Ca dagg(e)) [6—2 +—Ind, + 81?4, (4.15)

The symbol ¢ is used to indicate that the cross-section is at parton level. The terms
linear and higher order in §, have been dropped. Note that the 1/¢ pole cancels
with the virtual contribution. However the pole 1/e with coefficient In J, still remains

uncanceled and later it will be seen that this pole also cancels.

Collinear

Complementary to the soft region discussed above is the hard region. In this region
collinear singularities arise when the final state massless parton (quark, anti-quark
or gluon) is collinear to the initial state parton. Let z denote the momentum fraction
of the incoming parton carried by the parton entering into hard scattering. An initial
state quark can split into a quark (and a gluon) or into a gluon (and a quark) which
enter into the hard scattering and involve P, and P, splitting functions. Similarly an
initial state gluon gives P,, and P,, splitting functions. If the energy of a final state
gluon is greater than d,1/s/2 in the rest frame of incoming partons it is defined as a
hard gluon. Thus a gluon is hard if 0 < z < 1 — §, for P, and P,, splittings. As a
soft quark does not give any soft singularities, 0 < z < 1 for P,, and P,, splittings. As
already discussed above, in the collinear limit matrix elements simplify and can be

integrated easily in n = 4 + ¢ dimensions over the collinear region. For photon pair
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production the hard collinear contribution takes the following form
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2

where z;, 2z, are momentum fraction of incoming parton momenta P;;(z, €) are splitting

functions in 4 + ¢ dimensions, and

gu €/2
H(z,e,éc):<5cl Z> . 4.17)

z

The collinear singularities can be removed by the method of mass factorization. To
this effect, counter terms to cancel these singularities in M S scheme are obtained by

introducing in the leading order cross-section

doy = dridry <d<386(331,96276) Z [fqi(ﬂfl)fqi(@) + fq,(%1) fg; (72)

2

A58 (21,2, €) fy (1) fo(2)) (4.18)
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the following factorization scale dependent parton distribution functions in the M S

scheme.
o) = fula ) — LB (BE)2 [ o f2) 4 P2 e/

as 2 2 E 1 >
foto) = fytoue) — 8 (N2 L by 61, 0)2) + Prae) Gslof2) + ot )]
(4.19)

Note that the upper limits on the integrals are 1 for all the splittings. Substituting
these distribution functions in doy an adding to oy the following order as term is

obtained.

N 1-
dogcyor = as(pg)dzidasf(e, ph, s) [daoqq(ﬁ) Z SR MF){§fqi (w2, pF)

1 1 S
+(f‘h' (z2, F)Agogrg + fo(22, MF)Ag—>q+a) ( 1123 M—g) }
F

+doo? (€) fo(z1, pF) { %fg(wza pr) + (fg(332a pF)Ag—grg

1l s
+Z fqi(x27MF)Aq—>g+q) ( " In E)} +(q < G, 21 < x2) (4.20)

7

The function A,_,,. result from the mismatch in the integral limits on z—integrals
in dogc and counter term and can be easily evaluated using the definition of plus-

prescription.

3
Aqg,qug = 4CF (2 hl 55 + §> ; AquJrq = O

22 4
AgHngg = ECA - gﬂf + 8CA ln 587 Ag*)q+§ = 0, (42 ].)
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The function f, , are defined by

Fwnr) = [ (o) )+ [ gy (o) Pt

z

- 1=6s ¢ N 14 ~
fg(xaNF) = / ;fq (§7MF> gq(Z) +/ _ng (gaﬂF) ng(z) (4.22)
with
R (2) = Byl (51_—Zi2> =P (@) (4.23)

The P’ is the order e part of P;;(z,¢).

After mass factorization the poles still remain and do not cancel completely in
dogo+or and these cancel with the uncanceled simple poles in virtual and soft contri-
butions. The contribution doyccr + dos + doy is an order ays 2-body contribution free
of any singularities and can be evaluated numerically using Monte Carlo integration
with the experimental cuts on the final state photons. This, however depends on the
choice of arbitrary small parameters ¢; and §. used for slicing of phase space. The 3-
body hard non collinear contribution also depends on slicing parameters and is free
of any singularities and can be evaluated numerically. The sum of 2-body and 3-body

contribution should be independent of the ¢; and 4.

4.4 Results for LHC

In this section various kinematical distributions for production of isolated direct pho-
ton pairs are presented to next-to-leading order accuracy in QCD in the RS scenario.
Both for the SM background and the SM+RS signals the following distributions are

presented:
1. Invariant mass (@) distribution of the di-photon system

2. Transverse momentum ((7) distribution of the photon pair
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3. Angular distribution cosf* of the photons
4. Rapidity (Y) distribution of the di-photon system.
5. Rapidity y” distribution of photon

We impose the same kinematical cuts on the two photons in our study which are
used by ATLAS and CMS collaborations [56, 57]: (i) p} > 40 (25) GeV for the harder
(softer) photons, (ii) rapidity |y,| < 2.5 for each of the photons. (iij) The minimum
separation between the two photons in the y — ¢ plane is taken to be R,, = 0.4.
As this study does not include poorly known fragmentation functions, the final state
QED singularity is suppressed using the smooth cone isolation discussed in eqn.(4.2).
In what follows E§§° = 15 GeV and n = 2 with Ry = 0.4 would be our default choices.
This choice allows a maximum of hadronic transverse energy equal to 15 GeV in a
cone of radius 0.4 in n — ¢ plane around a photon. As parton in the final state in
our NLO computation is a crude approximation to the jet of hadrons detected in the
detectors, the results depend on the choice of the parameters used in the isolation
criterion. This dependency has been studied in the subsequent sections. For our
LO and NLO analysis we have used CTEQ6L and CTEQ6M [60] parton density sets
respectively, with n; = 5 light quark flavours, and the corresponding two loop strong
running coupling constant a;(Mz) = 0.118. The fine structure constant is taken to be
a(Myy) = 1/128. Unless mentioned otherwise we have set the renormalization and the

factorization scales to ur = pup = @ in all the distributions.

4.4.1 Stability analysis

Before proceeding further we present the stability of the sum of 2-body and 3-body
contributions against the variation of the slicing parameters 4§, and J.. We have stud-
ied the variation of this O(«;) contribution in the invariant mass distribution do/dQ
(@ = 1500 GeV) of both the SM and the signal (SM+RS). First we have checked the vari-
ation of the sum with §; in the range 10~° < §, < 7.5x 10~2 by keeping J, fixed at a small
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value of 107°. This variation is clearly depicted in fig.(4.5) for the SM and in fig.(4.6)
for the signal (SM+RS). As can be seen from these two figures, though the 2-body and
3-body contributions depend on §;, their sum does not dependent on it and is stable
for a wider range of é;. Hence one can choose safely any value of §, in this stable re-
gion for computing various kinematic distributions. In each of the figures, the lower
panel demonstrates the finer variation of the sum with J,, which is contrasted against
the one at 6, = 1072, A similar analysis is done for the variation of the SM and the
signal cross sections with 6. in the range 107¢ < §, < 10~2 and keeping &, fixed at 1073.
This variation is presented in the fig.(4.7) for the SM and in the fig.(4.8) for the signal.
It is clear from the figures that the cross sections are again stable for a wider range
of other slicing parameter §. and hence a value of §. chosen from this stable region is
fairly acceptable in our numerical prediction of various kinematic distributions in the

RS model.

The general condition required for the slicing method to work efficiently is to
choose §. to be much smaller than J;. Hence in the rest of our computation, we choose
5. = 107° and 6, = 10~3. This stability analysis serves as a check on the successful
implementation of the phase space slicing in our numerical code. As a further test we
compared our SM results with those in [61]. Our SM results are in good agreement
with [61] when the isolation criterion used there is implemented in our code. This

gives us a further confidence about our code.

The transverse momentum of the photon pair is defined by Qr = ,/¢% + ¢2. At LO,
the photon pairs will have zero Q7 as incoming partons have no transverse momen-
tum, and hence Qr distribution will be proportional to §(Qr). However, at NLO, the
photon pairs will be accompanied by a quark (anti-quark) or a gluon in the final state

resulting in a non-zero Q.
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4.4.2 Kinematic distributions

In this section we present the kinematic distributions of the photon pairs in the RS
model at the LHC to order «,;. Unlike the ADD model wherein the spectrum of the
KK modes is uniform and almost continuous, the spectrum in the RS model is quite
non-uniform and contains heavy resonances. They can be probed via their resonance
decays at large values of ). We first present various subprocess contribution to the
invariant mass distribution of the diphoton in fig.(4.9) for 360 < @ < 3000 GeV. The
choice of the RS parameters is : (i) the mass of the first RS mode is M; = 1.5 TeV
and (ii) the effective coupling between the RS modes and the SM fields is ¢y = 0.01.
This choice is consistent with the latest bounds obtained from the Tevatron [13]. In
the SM, both the subprocesses initiated by ¢g and ¢gg have continumum background
with former being dominant over the later. In the RS case, we present in each of the
subprocess, the sum of the contributions coming from the direct RS gravitions and
from the their intereference (SM*RS) with the SM. Owing to the high gluon flux at the
LHC, the gg initated process has dominant contribution over the rest at the resonance,
with the ¢g initiated subprocess having a negative contribution. Off the resonance,
the sum of direct and interference contributions do have a pattern that can change
the sign as a function of ). On the average, for the range of () we have considred,
the qg subprocess has a lower contribution than that of the ¢ in magnitude. It can
be noticed that the gg interference contribution which is included in the subprocess
denoted by RS gg has a very negligible contribution differing by more than few orders

of magnitude from the direct gg contribution.

In the left panel of fig.(4.10), we present the invariant mass distribution of the
di-photon to LO and NLO in QCD, where the RS modes being heavy show up as
resonances. In the right panel, we have plotted the rapidity distribution of the photon
pairs (see eqn.(4.24)) after integrating over the invariant mass of the photon pairs

around the first resonance i.e. in the range 1100 < @ < 1600 GeV. The rapidity of the
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photon pair is defined by
Y = % In <2—Z> (4.24)

where P, P, are the momenta of incoming hadrons and ¢ = p3 + ps. We find that the
signal has maximum contribution at the central rapidity (Y=0) and is differing from
the SM background by an order of magnitude. The NLO QCD corrections enhance
the signal and the background. Even though, the resonance pattern in the high @
region can point to new physics, identification of the spin of the resonance will be very
important to discriminate between the various new physics scenarios. It is well known
that spin information of these resonances will be reflected in the angular distribution
and we study them in the following.

In fig.(4.11), rapidity y” of the photons is plotted |y”| < 2.0 both in the SM and in
SM+RS to order «a,. The rapidity of a photon is given by

E+p.
In <E — pz> - (4.25)

y' = %
where E and p, are its energy and the longitudinal momentum respectively. This
distribution is obtained after integrating over the invariant mass of the photon pairs
in the range 1100 < @ < 1600 GeV around the first RS resonance mode. The SM cross
sections show very little variation with respect to 37 while the signal peaks at the
central rapidity. The cosine of the angle (eqn.(4.26)) between the final state photon
and one of the incoming hadrons in the c.o.m. frame of the final state photons is
defined by

cosf* = Di(ps — pa) p4)' (4.26)
Py.(p3 + p4)

The angular distribution is plotted in the fig.(4.11) in the range |cos6*| < 0.95. Again,
we have restricted the invariant mass in the range 1100 < @ < 1600 GeV as in the
case of y” distribution. The distribution coming from the SM has a minimum for the
photons in the transverse direction and becomes large for the photons close to the

beam direction. However, in the RS model, the signal shows an oscillating behavior
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and differs by more than an order of magnitude for the photons in the transverse
direction. This is due to the different dynamics invloved in the theory of gravity (via
contact interactions ) and in the SM. Mathematically speaking, the matrix elements
in these two case have different functional dependency on this angular variable cosf*.
This is one of the unique features of new physics scenarios invovling spin-2 particle
decays into SM particles. We find our QCD corrections enhance the cross sections.
Next, we present the ()7 distribution which is non-zero at NLO. This is also obtained
after integrating over () around the first resonance region as before. The numerical
results are shown in fig.(4.12). We find that the signal has a large enhancement over
the SM background for the entire range of ()7 considered i.e. from 100 GeV to 900
GeV.

4.4.3 Scale variations

In this section, we discuss the impact of NLO QCD corrections to various distribu-
tions. The uncertainty in LO computation of observables at the hadron colliders
originates from two important sources, namely, the missing higher order radiative
corrections and the choice of factorization and renormalization scales. The former en-
ters through parton density sets and the latter through the renormalized parameters
such as running coupling constant «; of the theory. The radiative corrections coming
from QCD in our case enhance both SM as well as the RS distributions. Hence, the
K-factor (K = ¢V'9/g10), that quantifies these effects is always positive and greater
than one for the cases we have studied. It is clear from the plots that the K-factor is
different for different distributions and also within a given distribution, it varies with
the kinematical variable, say @ or Y etc. More importantly, the numerical value of
K depends very much on the kinematical cuts imposed on the distributions. We find
that the K factors of the distributions are not large and hence our NLO results are
stable under perturbation and reliable for further study. Observables are expected

to be independent of renormalization and factorization scales, thanks to renormaliza-
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tion group invariance. However, any truncated perturbative expansion does depend
on the choice of these scales. This is expected to improve if higher order corrections
are included in the perturbative expansion. Indeed, our NLO results show significant
improvement on the factorization scale uncertainty entering through parton density
sets at LO level. In order that the perturbative expansion does not break down these
scales should be chosen close to the hard scale in the problem such as @ or Q7.
We studied this variation for Y and cos #* distributions and the results are shown in
fig.(4.13). Here, we have integrated the invariant mass around the first resonance re-
gion 1100 < @ < 1600 GeV. In the case @ distribution, as mentioned before, it comes
only at NLO and there is no distribution at LO. The factorization scale dependency in

this distribution is shown in the right panel of fig.(4.12).

4.4.4 Cone variations

Here we address few points concerning the uncertainty coming from the arbitrariness
of the parameters used at the parton level calculation viz. E%° and the radius of
the cone, and that coming from the choice of the function H(R) in the smooth cone

isolatioin algorithm.

1. In an NLO calculation the total hadronic energy corresponds to that of a single
parton in the final state. The E%° at the parton level is a crude estimate of that
at the hadron level which gives rise to the dependency of the cross sections on
the value chosen in the calculation. In our NLO calculation of the RS model
distributions, we present numerically this uncertainty in the invariant mass dis-
tribution of the di-photon for a variation of EF%° in the range 15 < E}¥° < 30 GeV

(4.1).

2. Similarly, in the isolation of the photons, the radius of the cone that one uses is
based on the rapidity and azimutha angle of the parton, approximating it to that
at the hadron level used in the experimental analysis. A quantitave information

of the uncertainty that might arise due to the choice of the R, value will be
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useful for a better prediction of the results. In the table (4.1), we present this

uncertainty in the cross sections for a variation of R, in the range 0.4 < Ry < 1.0.

3. In the experimental analysis, the isolation of photons would involve hadronic
activity which corresponds to an all-ordered effect in a theoretical calculation.
Hence the isolation of photons in an NLO calculation with a single parton as
to correspond to that of the total hadronic activity, can give uncertainity due to
the potentiall higher order radiative corrections. In this point of view, we have
studied the dependency of the cross sections on the choice of the function H(R)
used in the calculation by varying n, used to define this function, from 1 to 2 and

presented our results numerically in the table (4.1).

Q E° = 15GeV, n=2 E5° = 30GeV || B = 15GeV
(GeV) | Ry =04 | Ro=0.5 | Ro=1.0 n=2 n=1
1440 | 0.2507E-04 | 0.2430E-04 | 0.1882E-04 || 0.2532E-04 | 0.2537E-04
1500 | 0.6348E-02 | 0.6115E-02 | 0.4509E-02 || 0.6446E-02 || 0.6441E-02
1560 | 0.2181E-04 | 0.2108E-04 | 0.1503E-04 | 0.2207E-04 || 0.2205E-04

Table 4.1: Cone variations

Table 4.2: Variation of the RS model signals to NLO in the invariant mass distribution
of the di-photon production at the LHC, with the isolation parameters R,, Eif° and
the choice of n in H(R) (E-n = 107").

As can be seen from the table that the uncertainties in the cross sections due to
the variation in E%° and n in H(R) are not very large around the first RS mode (1.5
TeV). By varying the cone raidus R, from its default value of 0.4 to a value of 0.5, there
is no significant uncertainty noticed in the cross sections. However by taking R, to
a large value say 1.0 the cross sections dropped significantly, showing a non-trivial

dependency on large variations of Ry.
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4.5 Results for Tevatron

In this section we present the numerical results for the di-photon production to NLO
in QCD in the RS model at the Tevatron where the centre of mass energy of the
colliding beams is /s = 1.96 TeV. In our computation, on the final state photons, We
have used the following kinematical cuts: (a) transverse momentum p} > 14 (13) GeV
for the harder (softer) photons, (b) rapidity |y,| < 0.9 for each photon, and (c) 7o = 0.4
and r,, = 0.3. In addition, for the smooth-cone-isolation we use E%° = 1 GeV and
n = 2. For our analysis, we have chosen the first RS mode to be 1/; = 850 GeV and the
effective coupling ¢y = k/Mp; = 0.01. The latest bounds on the RS model parameters
[13], obtained using 1 fb~! of data from pp collisions at Tevatron are presented in the
fig.(2.1). Our choice of the RS parameters mentioned above is consistent with these
bounds obtained from the DO collaboration. In fig.(4.14), we present the invariant
mass distribution of the di-photon in the range 300 < @ < 1000 GeV. At @Q = 850
GeV, the peak shown is due to the narrow resonance of the first RS mode. After the
peak, there is a steep fall in the signal due to the destructive interference (SM*RS)
contributions. At Tevatron, for higher @ values, the ¢¢ flux is dominant over that of
gg. Hence, the dominant contribution to this destructive interference comes from the
qq (SM*RS) subprocess. Our results also show that the NLO QCD corrections to the
di-photon production at the Tevatron are not significant as can be seen from the left

panel of fig.(4.14).

However at NLO in QCD the additional information available, which is absent at
LO, is the transverse momentum distributions of the di-photons. In the right panel
of fig.(4.14), this transverse momentum distribution of the di-photon is presented in
the range 50 < Q7 < 500 GeV. For this transverse momentum distribution, we have
integrated over the invariant mass distribution around the first RS mode i.e. in the
region 750 < @ < 950 GeV. It can be seen from the figure that throughout the range
of Qr considered, the signal is dominant over the SM back ground by more than an

order of magnitude.
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4.6 Conclusions

In this work, we have presented full next to leading order QCD corrections to pro-
duction of direct photon pairs at hadron colliders in the context of warped extra-
dimension model (RS model). In this model, photon pairs can be produced in colli-
sions of partons through virtual exchange of RS gravitons. These gravitons can be
seen as a resonance pattern over the SM continuum background. Due to the warp
factor, the effective coupling between the gravitons and the SM particles can have only
TeV scale suppression instead of Planck scale suppression. Only the spin-2 gravitons
are included in our analysis and they show distinct features in the angular distribu-
tions of photon pairs. Photon pairs at hadron colliders often provide a clean channel
to probe the physics beyond the SM. In this study, only direct photons have been con-
sidered and the fragmentation photons are removed by the method of smooth cone
isolation. The isolation used also removes final state QED singularities. The leading
order contributions to the diphoton production rates resulting from quark as well as
gluon initiated processes depend very much on the factorisation scale through the
parton distribution functions giving significant theory uncertainity. In order to bring
down this uncertainity, we have systematically included all order o, contributions to
the process. This includes all virtual and real emission processes to order «, both in
SM as well as in the RS model. To obtain various kinematic distributions of the final
state photons, we have used phase space slicing method to deal with all the soft and
collinear singularities and the resulting finite pieces are integrated with the appropri-
ate kinematical cuts using a Monte Carlo program. We have made several tests on our
NLO code by showing the independence of the results on the slicing parameters and
also comparing with the known NLO corrected SM results available in the literature.
Our numerical results including the NLO corrections show significant enhancements
over the LO predictions in all the distributions presented. The enhancement varies
with the distributions. We have estimated them through the K-factor which quanti-

fies the reliability of the perturbative expansion. We find the K-factor is moderate for
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all the distributions and hence the results present here are stable under perturba-
tion. We have also shown the impact of o corrected results on the scale uncertainity.
We find that the factorisation scale dependence gets reduced considerably when as
contributions are included.

Besides the predictions for the LHC, we have considered the diphoton production
cross sections at the Tevatron as well. The predictions are obtained with that choice
of the model parameters that is consistent with the latest bounds obtained from the
Tevatron data. We have used the same cut-off parameters of the slicing method as
those in the case of LHC and obtained the kinematic distributions. From the cross
sections presented here, we conclude that at the LHC the NLO QCD corrections to the
diphoton production process are more pronounced in probing new physics scenarios
such as RS model than at the Tevatron. We also emphasize that the entire analysis
based on this QCD corrections is model independent and a similar significance of the
QCD corrections can be expected in other models as well such as the ADD model,
where the new gauge bosons at the virtual level can mediate this diphoton production

process.
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Figure 4.5: Stability of the order o contribution to the SM cross section against the
variation of the slicing parameter J, (top), with 6. = 107° fixed, in the invariant mass
distribution of the di-photon. Below is shown the variation of the sum of 2-body and
3-body contributions over the range of §; considered and contrasted against the one

at §, = 1073.
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Figure 4.6: Stability of the order o, contribution to the SM+RS cross section against
the variation of the slicing parameter J; (top), with §. = 107° fixed, in the invariant
mass distribution of the di-photon with M; = 1.5 TeV and ¢y = 0.01. Below is shown the
variation of the sum of 2-body and 3-body contributions over the range of ¢, considered
and contrasted against the one at 6, = 1073.
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Figure 4.7: Stability of the order o contribution to the SM cross section against the
variation of the slicing parameter J. (top), with 6, = 102 fixed, in the invariant mass
distribution of the di-photon. Below is shown the variation of the sum of 2-body and
3-body contributions over the range of . considered and contrasted against the one
at 5. =107°.
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Figure 4.8: Stability of the order o, contribution to the SM+RS cross section against
the variation of the slicing parameter J. (top), with 65 = 10~2 fixed, in the invariant
mass distribution of the di-photon with M; = 1.5 TeV and ¢y = 0.01. Below is shown the
variation of the sum of 2-body and 3-body contributions over the range of é. considered
and contrasted against the one at 6. = 107°.
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Figure 4.9: Subprocess contribution to the invariant mass distribution do/dQ@ of the
di-photon production in the RS model with M; = 1.5 TeV and ¢y = 0.01 at the LHC. The
RS contribution includes the interference effects (SM*RS).
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Figure 4.10: Invariant mass do/dQ (left) and rapidity do/dY (right) distributions of the
di-photon production in the RS model with M; = 1.5 TeV and ¢y = 0.01 at the LHC.
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Angular distribution RS model
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Figure 4.11: Rapidity do/dy” (left) and angular do/d cos6* (right) distributions of the
photons in the RS model with AM; = 1.5 TeV and

co = 0.01 at the LHC.



84 Diphoton production to O(«;) in the RS model at the hadron colliders

-3 Q; distribution (RS model) -3 Q; distribution - . variation (RS model)
10 E T I T T T I T T T [ T T T I T T T E 10 E T I T T T I T T T [ T T T [ T T T E!
E do/dQ; (pb/GeV) ] E do/dQ; (pb/GeV) ]
N M,=15Tev | BN M,=15Tev |
-4 ¢, =0.01 -4 ¢, =0.01
10 £ E 10 £ E
F CTEQ6M E g CTEQ6M E
F 1100 < Q< 1600 1 F 1100 < Q< 1600
5| 1 5[ R |
10 & E 10 & E
E N 7 AN -3 7
C ~ ] C SS B~ |
[H s ] L ol ]
6| - 1 el -"T.\\ ]
10 . E 10 ¢ R E
: S~ ] : e ]
i ____ sM \\\\ ] L L __ SM+GRp=Q2  "T.x ]
:]_0-7j \\\\i :|_0-7j ....... SM + GR . = 3Q/2 "'\-,\_\j
E SM +GR E E ... SM + GR . = Q/2 E
L % [ . SM + GR 1 = 3Q/2 ]
10 _8 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 10 _8 1 I 1 1 1 1 1 1 1 1 1 1 1 ] 1 1 1
200 400 600 Q, 800 1000 200 400 600 Q 800 1000

Figure 4.12: Transverse momentum distribution (left) of the di-photon production in
the RS model with M; = 1.5 TeV and ¢y = 0.01. Here we have integrated over () around
the first resonance region 1100 < @ < 1600 GeV. The factorization scale dependency
(right) is also shown for the scale variation of /2 < ur < 3Q/2.
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Figure 4.13: The factorization scale dependency is shown in the rapidity distribu-
tion do/dY (left) of the di-photon and the angular distribution do/dcosf* (right) of the
photons for a scale variation of Q)/2 < urp < 3Q/2. For thesse distribution we have
integrated over the invariant mass of the di-photon in the range 1100 < @ < 1600 GeV.



86 Diphoton production to O(«;) in the RS model at the hadron colliders

-3 Invariant mass distribution odel Qq distribution (RS model)
10 T T ‘ Tr T ‘ LI B ‘ T T T ‘ LI ‘ T T ‘ T T ET T | T T T T ‘ T T T T ‘ T T T T ‘ T T T T
F do /dQ (pbiGev) 1 107 do/dQ; (pb/GeV) Tevaron |
J E M, =850 TeV 3
4 L c,=0.01 ]
10 = =1 -6 0
: N L 3 750< Q<9503
[ ] JEs 3
5[ 1 107 "« =
10 = Tevatron . E N 8 3
E M, =850GeV E -8[ h i
i i 10 ¢ - -
[ =001 ] n
+ E £ 3 ]
-6 ofF my ]
0 B =% 3 10 9? N E
£ ] E ~ 3
F | = N -
L 4 [ N 4
[, . | . SM (LO) w1 10™L ____ b § _
. N E ~ 3
10 75 ==, Y8 SM + RS (LO) | E N 3
E ~d a1F ______ SM+GR 3 N ]
1. SM (NLO) TR S
r ____ SM+RS(NLO) ~ 3
L E §
N P, LT e e N S IR AR T A
300 400 500 600 700 800 900 1000 100 200 300 400 500
Q Qr

Figure 4.14: Invariant mass (left) and transverse momentum (right) distributions of
the di-photon production at the Tevatron with v/S = 1.96 TeV. The mass of the first
RS mode is chosen to be M; = 850 GeV and the effective coupling is ¢y = 0.01. For the
transverse momentum distribution we have integrated over the invariant mass of the
di-photon around the first RS mode resonance in the region 750 < @) < 950 GeV.



Chapter 5

Drell-Yan uncertainties to NLO in QCD in

the extra dimension searches

5.1 Introduction

In the previous chapter, we have studied the di-photon production to Next-to-Leading
Order (NLO) in QCD in the warped extra dimension model at the hadron colliders.
Therein, the higher order QCD corrections are found to have enhanced the cross
sections significantly as well as decreased one of the theoretical uncertainties con-
siderably, namely the factorization scale uncertainty. In the case of Drell-Yan (DY)
process, recently, for the first time the NLO QCD corrections have been reported con-
sidering the gravity effects in both the large and warped extra dimension models at
the LHC [45]. Though the higher order QCD corrections have quantitative enhance-
ments and qualitative improvements in the cross sections, various issues concerning
the uncertainties coming from the QCD at NLO level in various kinematic distribu-
tions useful for the extra dimension searches at the hadron colliders are yet to be
addressed. A quantitative information of these uncertainties will be very much useful
for the experimental data analysis and consequently in obtaining a relatively more
stringent bounds on the model dependent parameters. In this chapter, in view of the

above, we will study various aspects of the Drell-Yan process to NLO in QCD in the
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context of both large and warped extra dimension searches at the Tevatron as well as

at the LHC.

5.2 Drell-Yan process

The production of lepton pairs at hadron colliders is known as Drell-Yan process [62]

and is given by
Pu(p1) + Po(p2) — 17 (k1) + 17 (k2) + X(ps)

where p;, po are the incoming hadron momenta, k;, k; are the outgoing lepton mo-
menta and X is the inclusive final state with momenta p,. After the deep inelastic
scattering process, this process stands as another application of the parton model as
in this model the production of the lepton pairs has a simple theoretical interpretation
in terms of the quark anti-quark annihilations into a vector boson. This process has
another major advantage of providing the necessary data for generating the global fits
that are useful in the extraction of the universal and non-perturbative parton distri-
bution functions; in that sense this process is almost indispensable and stands next
to the deep inelastic scattering process. Technically speaking, the detection of the
leptons ( e or u ) is precise and is easier in contrast to that of the hadrons in any
collider experiment, and so these dilepton events have become vital in the study of
collider physics. In the SM, the dilepton channel has been used at the Tevatron ex-
periments (i) for extracting the the limits on anomalous gauge couplings by measuring
the WV production cross sections [63] and (ii) for extracting the top quark mass from
tt production cross section rates [64].

In addition, this process has been used to study the precision standard model
physics by computing higher order QCD corrections to it. For the first time, the NLO
QCD corrections to this process in the SM were computed in [65]. It was shown
that these O(«;) corrections have enhanced the cross sections significantly inferring

that neglecting these radiative corrections would not be justifiable for any reasonable
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parametrization of the parton densities. In going one step ahead, the second order
QCD corrections to this process are taken up in [66-68] and a complete O(a?) QCD
corrections are presented in [69], wherein these NNLO corrections not only have im-
proved the quantitative predictions but also stabilized the total cross sections against
the factorization scale variations. Further, this stability of the cross sections with
respect to the factorization scale variations is also shown in the differential distribu-
tions, such as the rapidity of the di-lepton [70], as the differential distributions in
general are very useful in the experimental analysis.

On the other hand, this process has also been used in the search of beyond stan-
dard model (BSM) physics scenarios. In the BSM scenarios, the production of di-
lepton can take place via the quark anti-quark annihilations into the gauge bosons
corresponding to this new physics, in very much the same way as the quark anti-
quark annihilations into the Z or v* in the SM, and followed by their decay into a pair
of leptons. Some of these gauge bosons of the new physics can also be produced via
gluon fusion processes. The gravitons appearing in the large extra dimension model
and warped extra dimension model, and Z’ bosons being the examples of such gauge
bosons. If the gauge bosons are very heavy, then they can be seen as a resonance
pattern in the invariant mass distribution of these di-leptons. Consequently, both
theoretical speculations [12,43] as well as the experimental searches have gained lot
of interest towards the BSM scenarios that can be probed by this process. At the
Tevatron experiments this process has already been used in the search of large ex-
tra dimensions [10] and warped extra dimensions [13] to constrain the parameters of

these models.

However, all these theoretical predictions are based on a leading order (LO) com-
putation (o?)) in perturbation theory. These leading order cross sections obtained
from the Monte-Carlo methods are then approximated to NLO predictions by scaling
them with roughly the SM K factor (which is around 1.3) and then compared with the
experimental data in order to extract the limits on the unknown parameters at 95%

C.L. At the LHC, where the gluon flux is very large, the QCD corrections often play
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a significant role. Hence the contribution coming from the higher order QCD correc-
tions is often expected to be large. In the work on NLO QCD corrections to DY process
in the ADD and RS models [45-47], it is found that the O(«as) QCD corrections have
significantly enhanced the cross sections by contributing an average of 60% of the
leading order predictions to the total cross sections. Thus the K factor is estimated to
be around 1.6 as opposed to the SM K factor which is around 1.3. However, the impact
of these QCD corrections are subject to various QCD inputs viz. the choice of the par-
ton distribution functions and the arbitrary scales involved in the calculation. Hence
a detailed study of the QCD uncertainties has become crucial in presenting various
DY distributions at the LHC energies, not only in the search of beyond SM physics
scenarios but also in the study of precision SM physics itself. With this motivation,
in what follows we concentrate on such QCD uncertainties coming at NLO in the DY
process both in the SM as well as in the extra dimension models. For completeness,

we also study the variation of the signals with the parameters of the underlying model.

At hadron colliders, it is important to have a precise knowledge of the parton dis-
tributions functions (PDFs) to predict production cross sections of both signals and
backgrounds. These universal PDFs are non-perturbative inputs that are extracted
from global fits to available data on deep-inelastic scattering (DIS), Drell-Yan (DY) and
other hadronic processes. They describe the momentum distribution of the partons
in a proton and various groups have parametrized the PDFs for a wide range of pro-
ton momentum fraction z carried by the parton and for the center-of-mass energy Q?
at which the process takes place. Parametrization of PDFs to a particular order in
QCD would involve various theoretical and experimental uncertainties. In [45], NLO-
QCD corrections to dilepton production at hadron colliders in the ADD model were
presented first and then this was extended to the RS model in [46]. Further in [47]
the double differential cross section, d?c/dQ?/dcos6* is considered, for dilepton pro-
duction in these extra dimension models. This angular distribution is the one that
is actually used by experiments and hence is of particular importance. These NLO

results would certainly reduce one aspect of the theoretical uncertainties as results
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prior to this calculation were only at leading order (LO) in QCD for process involving
gravity.

Unlike the standard model contribution to DY, the extra-dimensional models bring
in more processes even at the LO level. For example, in these models, the gluon ini-
tiated process enter at the LO level in addition to quark anti-quark initiated process.
At LHC, the gluon initiated process is more sensitive to factorization scale compared
to quark initiated process that necessitated the relevance of NLO computation. This
entire analysis is model independent because the QCD corrections factor out from the
model dependent quantities. In [45], the MRST parton density sets were used. It is
well known that different PDF sets themselves can affect the theoretical predictions
and it is important to quantify these effects in the observable that could probe new
physics. With this in mind we have performed a model independent analysis on un-
certainties coming from the choice of PDF sets in order to make our predictions more
reliable. We have looked at the dependence of DY cross section on various PDFs at
the LHC and Tevatron including gravity effects in the ADD and RS models incorpo-
rating the NLO QCD corrections. The PDF sets used in this study are CTEQ [60],
Alekhin [71], and MRST [72]. Dependence on PDF sets is also compared with exper-
imental errors that enter the parametrization of the PDF, which are now available to
NLO QCD [73,74]. For this purpose we used the MRST distribution [74] as a typical
case. The dependence of factorization scale ;r and renormalization scale pr in going
from LO to NLO is also studied.

Next, we will discuss both the large and warped extra dimension models in rele-

vance to the present work, they are presented in detail in previous chapters.

5.3 Extra Dimension Models

Extra dimension models that allow gravity to propagate the extra dimensions would
in 4-dimensions have KK modes which couple to SM particles through the energy

momentum tensor. The Feynman rules of the KK mode interactions with the SM
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fields are given in [6, 7]. Due to the different methods of compactification of the extra
dimensions in ADD and RS models, their KK spectrum are very distinct. Experimental
signature of extra dimensions would correspond to deviation from SM predictions due
to the virtual exchange of KK modes or direct production of KK modes at a collider.
In the ADD case, there is a tower of KK modes which are almost degenerate in
energy and a sum over these KK modes gives an observable effect. In the case of
dilepon production, in addition to the SM photon and Z production modes, one has
to take into account virtual KK modes. Performing the sum over the virtual KK modes
leads to an integral which has to be regulated by an UV cutoff. The propagator after

the KK mode summation becomes
1 8T/ Q \d-2 ) A
2 AT PAVNTEENS  hlTWel - <
D(Q°) =k En 02 “h2 I ?‘.'é(“s) [ WJFQI(Q)] , (6.1)

where x = /167 /Mp is the strength of the gravitational coupling to the SM particles,
m, the mass of KK modes, d is the number of extra dimensions and My is the scale of
the 4 + d dimensional theory. The summation over the non-resonant KK modes yields
I(A./Q) [6]. Conventionally the UV cutoff A, is identified with the scale of the extra
dimension theory Mg, which simplifies the expression giving a mild dependence on
the number of extra dimensions [6, 7].

In this analysis, we have kept the cutoff A. different from Mg !. Note that the
summation of KK modes in Eq. (5.1), modifies the Mp suppression to Mg suppres-
sion. The ADD model is a effective low energy theory valid below the scale Mg, for
consistency it is essential to satisfy the condition @ < A, < Mg. The parameters of
the ADD model are Mg the scale of the 4 + d dimensional theory and d the number
of extra spatial dimensions. If A, # Mg then there is an additional parameter. We
have studied the dependence of the cross section on the cutoff A, = aMg and varied
a=0.7—1. In Fig. 5.1a we see that the cross section decreases as we lower the cutoff

A.. The corresponding K-factor also decreases for lower cutoff Fig. 5.1b. Dependence

'Effects of various UV cutoff methods on the low scale quantum gravity model have been discussed
in [92].
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of the cross section on the number of extra dimensions d is shown in Fig. 5.1c for
A. = Mg, the cross section decreases as d increases. Reducing A. decreases the cross
sections and if d is increased it brings down the cross section much faster Fig. 5.1d.
In the RS model, the gravity propagate one extra dimension which is warped by an
exponential factor exp(—7nkL), where L is the compactification length and k is the cur-
vature of the AdS; space-time. The parameters of the RS model are m = kexp(—7nkL)
which sets the mass scale of the KK modes and ¢y = k/Mp the effective coupling. The
higher KK modes have enhanced coupling to SM particles due to the warp factor and
decouple from the zero mode, which is as usual Mp suppressed. RS KK spectrum
is distinct from the ADD case and hence the summation of the KK modes that con-
tribute to the virtual process would also be different. The function D(Q?) in the KK

mode propagator results from summing over the resonant KK modes and is given by

A

1

2 -l s
D@ = Z@—M?HMF ~m2’ (5-2)
n=1 Z i

where M, are the masses of the individual resonances and I',, are the corresponding
decay widths. The graviton widths are obtained by calculating their decays into final

states involving SM particles. ) is defined as

2 g2 - 22 —zr—"a:n

Z il (5.3)

n mo Ty

where z; = QQ/m. We have to sum over all the resonances to get the value of A\(z;),
which is done numerically for a given value of ;. Searches for the RS KK modes at
Tevatron in the dielectron, dimuon and digamma channel [76] have yielded a lower
limit between 250 - 785 GeV depending on the coupling to the SM particles. In this

analysis for the RS model, we follow these limits.

5.4 Theoretical uncertainties

In the QCD improved parton model the hadronic cross section can be expressed in

terms of perturbatively calculable partonic cross sections denoted by
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5% (r,Q?, ur) convoluted with appropriate non perturbative partonic flux ®,,(r, ur) at
a factorization scale pr. The subprocess cross section is a perturbative expansion
in the strong coupling constant «a,(uz) and is calculated order by order in «s. Here
pr is the renormalization scale and 7 = Q?/S is the DY scaling variable. In pertur-
bative QCD, the unknown higher order corrections and the scale uncertainties are
strongly correlated. The factorization of mass singularities from the perturbatively
calculable partonic cross sections leads to the introduction of factorization scale up
in both non-perturbative partonic flux ®,,(ur) as well as the finite partonic cross sec-
tions dé (z, pr). Even though the choice of the scale is guided by the hard scale of the
problem, the exact value does not come from the theory. The PDFs and partonic cross
sections satisfy renormalization group equations such that the hadronic cross section
is independent of the factorization scale pr. In addition to the factorization scale, the
partonic cross sections are dependent on the renormalization scale pr. The choice of
the scale is again arbitrary. Even though this is an advantage to choose appropriately
to do perturbative calculations, it also introduces theoretical uncertainties through
the size of unknown higher order corrections. Usually, one chooses this scale such
that the perturbative methods can be applied and then computes higher order correc-
tions sufficiently such that the exact choice of this scale becomes almost immaterial.
Gravity couples to the SM fields via its energy momentum tensor, and the calculations
are done in the high energy limits where masses of the SM particles are ignored. Only
parameter that requires UV renormalization is the strong coupling constant, because
of this we have the following expansion for the mass factorized partonic cross section:
00
doap(z,p3) = Y ak(uR)d6S) (2, 1%, %) | (5.4)
i=0

where the coupling constant satisfies standard renormalization group equation. Since
we are only interested in the NLO order corrections, the Altarelli-Parisi kernels P(¥) (),
P (z) and the coefficients 3y, 5, are sufficient for our analysis. The scale uncertain-
ties come about from the truncation of the perturbative series. Unlike the perturba-

tively calculable partonic cross sections, the PDFs being non-perturbative in nature
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are extracted from various experiments. These are fitted at a scale of the experiments
and then evolved according to the AP evolution equations to any other relevant scale.
They are not only sensitive to experimental errors but also to theoretical uncertainties
that enter through the partonic cross section calculations and the splitting functions
that are known only to certain orders in strong coupling constant in perturbative
QCD. Here, we mainly concentrate on the uncertainties coming from PDFs in detail

and quantify their impact on the new physics searches in extra dimensional models.

5.4.1 PDF uncertainty

In this section we focus on the uncertainties coming from different PDF sets. The
information of the PDFs enters the hadronic cross sections through parton fluxes.

The parton flux factor is given by

Pop(1) = /Tl d?x fo(z,10r) fo (E,MF) (5.5)

where 7 = Q?/S, @ is the invariant mass of the pair of leptons and S is the center of
mass energy of the incoming hadrons. f,(z,, ur) and fy(zp, ur) are the parton distri-
bution functions of the incoming hadrons P, and F,. The ¢q ,qg and gg parton fluxes
at both the LHC and the Tevatron would give an idea as to which component would
be dominant in the kinematical region of interest. At the LHC, owing to a very high
center of mass energy of /S = 14 TeV, it is possible to probe high @ values and hence
in our study we have taken a maximum of @ upto 3000 GeV, whereas at the Tevatron
it is taken upto only 1100 GeV because of low center of mass energy of v/S = 1.96 TeV
at the Tevatron. This flux factor that enters the hadronic cross sections is computed
with MRST parton density sets and is shown in fig.(5.2) for both LHC and Tevatron.
The gluon flux is clearly much larger in the kinematical region of interest (@ < 1000
GeV ) at the LHC and for the Tevatron the ¢g flux is the dominant contribution. Hence
any uncertainty in the gluon distribution functions would have a signficant impact on

the physical observables used to probe the new physics.
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The dilepton in the extra dimension models could also be produced from the ex-
change of a KK mode in addition to the usual SM gauge boson exchange. Also, at
LO itself the gg subprocess could contribute in addition to the ¢G subprocess as the
gravity couples with equal strength to both quarks and gluons. However, as the gluon
flux is higher than the ¢¢ flux at the LHC, the gg initiated subprocess has the domi-
nant contribution while at the Tevatron the ¢q flux is higher than g¢ flux and so is the
qq initiated subprocess. These parton fluxes are thus crucial in predicting the cross
sections and any uncertainty in them coming from the choice of the PDFs, would then
translate into the uncertainties in the hadronic cross sections. In our analysis, we
have used three different parton density sets parametrized by Alekhin [71], CTEQ [60]
and MRST [72] groups.

These groups perform a global analysis of a wide range of DIS and other scattering
data to get best fits to a particular order in QCD. Though all these parametrization
satisfies the general constraints, they could differ from each other. This is expected
as PDFs are not by themselves physical quantities and are extracted subject to exper-
imental and theoretical uncertainties and various assumptions and initial conditions
used by the different groups. Differences among various PDFs would translate as
uncertainties on the physical observable.

To NLO in QCD for various PDFs, we now present the comparison plots for the
following differential distributions

do Ao d*o

— _— - 5.6
dQ’ dQ dy ’ dQ dcos 6* (5.6)

We would look at the invariant mass distribution @, the double differential cross sec-
tion with respect to Q and rapidity Y and the double differential cross section with
respect to Q and cos 0*. As the detailed expressions for these cross sections are avail-
able in [45-47], in the present work we restrict ourselves to the numerical results
of these distributions and concentrate directly on studying the relevant uncertainties
in them. The angle 6* is the angle between the final state lepton momenta and the

initial state hadron momenta in the c.o.m frame of the lepton pair. The corresponding
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K-factor which is the ratio of NLO to LO of the above distributions are also plotted for
various PDFs. For the double differential cross section we fix the invariant mass @
in the region of interest of extra dimensions and plot the cross section with respect
to rapidity Y and cos6*. The first two distributions in Eq. (5.6) are cos §* integrated
distributions and hence are independent of the interference between the SM back-
ground and the low scale gravity effects [45]. The double differential with respect to @
and cos #* would contain the interference terms, but numerically it is not very signif-
icant [47]. Consequently even for the cos 6* distributions we can express the K factor
of the model involving both SM and gravity as

KSM—I—KGRK(O)
o 1+ KO

K (SM+GR) Q) 7 5.7)

where K& is the K factor of the pure gravity part. We have introduced a quantity
K©), defined as the ratio of the LO distribution of gravity to SM, given by

s 1. ¢
KO@Q) = daﬂf)g@)} !d(’@g@} | 5.9

The behaviour of K()(Q) is governed by the competing coupling constants of SM and
gravity and the parton fluxes involved. Basically the factor K(©) is an indicator as to
the source of the total K (SM+GR)_factor. K()(Q) as a function of Q rises much faster for
LHC than Tevatron and reaches 1 much earlier. Since the gg subprocess contributes
at LO itself for the gravity mediated process, the gravity effects are much larger at the
LHC where the gluon flux is much larger. This would also result in larger K-factor
for the process at the LHC at large Q where the gravity contribution dominates. At
Tevatron since the gluon flux is smaller the K-factor is similar to the SM K-factor. For
both ADD and RS models the signal for new physics is the excess of events in the total
cross section or various distribution over the SM background. If we restrict ourselves
to these extra dimensional models, the signal is due to the effect of the KK modes and
can not be mimicked by the SM. We would like to emphasize that we are not analyzing
the existing Tevatron data to extract bounds on the ADD and RS parameters, which

would need a full hadron-level simulation, but estimate various uncertainties to NLO
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in QCD by choosing typical representative values for the ADD and RS parameters. We
begin with the ADD model wherein we have chosen d = 3 and Mg = 2 TeV. In Fig. 5.3a
the cross section is plotted as a function of the invariant mass @ of the dilepton at
the LHC for various PDFs. There is only a mild dependence on the difference in the
PDFs, but when plotted for the corresponding K-factor then the PDF dependence is
larger for both low and high values of @), Fig. 5.3b. At low @ it is the SM part which
contributes to the K-factor while at high @ it is the beyond SM effects that contribute.
At low @@ where the K-factor is due to SM part, MRST and CTEQ are similar, while
Alekhin is smaller. At large @ the K-factor is due to the gravity part and here CTEQ is
larger.

For the double differential cross section with respect to invariant mass distribution
and rapidity Y Fig. 5.4a, we have plotted as a function of rapidity Y for a fixed ) = 0.7
TeV. Only in the central rapidity region do the PDFs differ, with MRST being the
dominant while CTEQ is the smallest. The K-factor is quite large at the central rapidity
region and would range from 1.5 - 1.6 depending on the PDF set used. The general
behaviour of the K-factor is similar for MRST and Alekhin. At large rapidities y = 42
the K-factors are quite different with Alekhin being 1.25 while CTEQ the largest is
1.45. For Q = 0.7 TeV the K factor is large which we can see from Fig. 5.3b, wherein
the dominant contribution is from the gravity mediated gg¢ initiated subprocess.

In Fig. 5.4c we have plotted the double differential cross section with respect to @
and cos§* as a function of cos#* for a fixed Q = 0.7 TeV. MRST gives the largest and
CTEQ the least with Alekhin being a central value in the spread. The difference exists
for the full range of cos §*. The SM background has a different cos * dependence. The
interference of the SM and the gravity effect is not zero for the cos6* distribution but
does not contribute significantly. The K-factor for central cos#* = 0 region is about
1.52 but differ with PDFs as cos#* — +1, Fig. 5.4d. Since there is no gg initiated
process in the SM background to NLO the K-factor is much smaller.

In the RS model we have chosen the mass of the first KK mode M; = 1.5 TeV and

the coupling ¢y = 0.01. In Fig. 5.5a we have plotted invariant mass distribution of the
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dilepton in the RS model. At the KK mode resonances the cross section differs from
the SM cross section, but the dependence on the PDFs are very mild. In Fig. 5.5b the
corresponding K-factors are plotted for various PDFs. The behaviour of the K-factor
of the RS model can be understood with the help of Eq. (5.7,5.8). It is only in the RS
graviton resonances region that K is large and hence the K-factor is dominated by
the KCF factor. In the off resonance regions it is the K°™ which contributes. There
is a wide difference in the K-factor more in the second peak and even off peak where
the effect is mainly SM. This is due to the high @ value that is chosen in the RS case.

For the double differential with respect to rapidity and invariant mass, in Fig. 5.6a
we have plotted it for the rapidity range of LHC for ) = 1.5 TeV, which is the region
of the first RS KK mode. It is only in the resonance region that the effects of RS
are visible. Here there seems to be a clustering of PDFs but for CETQ in the central
rapidity region. In the central rapidity region the K-factor varies from 1.6 - 1.75
Fig. 5.6b. In the first RS KK resonance region at ) = 1.5 TeV the gravity dominates
and hence the K-factor is large (Eq. (5.7)). Beyond the central rapidity region Y = 0
the K-factor dependence on PDFs is substantial. In Fig. 5.6c we have plotted the
double differential with respect to cos 6* for ) fixed at the first resonance. The cross
section is largest for cos #* = 0 and MRST is the largest among the PDFs. The K-factor
in Fig. 5.6d is about 1.65 for wide range of cos #* for Alekhin and MRST but for CTEQ
it varies between 1.7 - 1.8.

In the above we discussed the extra dimension effects at the LHC, now we look
at the Tevatron. For the ADD case, in Fig. 5.7a we have plotted the invariant mass
distribution for various PDFs. The spread due to various PDFs over the Q? range is
not too large. Only at large @) there is some deviation from the SM result which is
plotted in Fig. 5.7a. The K-factor for the () distribution for various PDFs are plotted in
Fig. 5.7b, which are in tune with the SM K-factor at the Tevatron. In Fig. 5.7c we have
plotted the PDF comparison plot for the rapidity distribution at @ = 0.7 TeV. CTEQ
and MRST plots are very similar while Alekhin is larger in the central rapidity region.

In the Y = 0 region, the K-factor for CTEQ is about 1.1 while for MRST and Alekhin it
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is about 1.2, which is in the range of the SM K-factor, Fig. 5.7d.

For the RS model the PDF comparison plots are given in Fig. 5.8. In Fig. 5.8a we
have the invariant mass distribution and the deviation from the SM is only in the
resonance region. The PDF dependence is very mild. In the first resonance region the
K-factor (Fig. 5.8b) is dominated by K GE at @ = 0.7 TeV but at Tevatron this value is
not too different from the SM K-factor. In Fig. 5.8c the cosf#* distribution at the first
resonance region is plotted, CTEQ and MRST overlap while Alekhin is larger over a

wide range of cos §*. The K-factor Fig. 5.8d is in the range of the SM K-factor.

5.4.2 Renormalization/Factorization scale uncertainties

In Fig. 5.9a we have plotted the double differential d>c/dQdY in the Y range for LHC
energies for a fixed @) = 0.7 TeV. The dependence of cross section on ypr comes from the
strong coupling constant at NLO and so at LO there is no ur dependence. At NLO up
dependence for the Y distribution is plotted for the pur range 0.5 Q < ur < 1.5 Q. The
1r spread is largest in the central rapidity region and would only reduce at the NNLO
order level when the ur dependencies would be compensated for by the dependence
coming from the coefficient functions. In Fig. 5.9b we have plotted the K-factor for SM
and SM+GR and see how it dependence on pr. The uncertainties due to pr is much
larger when the gravity is included. The percentage spread is of the order of 3.5 %
which is comparable to the ur spread at NLO.

In Fig. 5.10 we have plotted Y distribution and its K-factor for ADD and RS model
at a fixed @) = ugr. The up variation is studied by varying ur in the range 0.5 Q < ur <
1.5 Q. We see that for both the ADD and RS model in going from LO to NLO in QCD,
the uncertainties due to pr variation considerably get reduced. The spread of K-factor
with pr is much smaller for the SM as compared to SM+GR. This certainly indicates
need to go beyond NLO. Similar trends are observed for the cos §* distribution plotted
in Fig. 5.11.

In Table 5.1 we tabulate the percentage spread of the factorization scale pr depen-



5.5. Experimental Uncertainties 101

Distributions | Tevatron LHC
LO |NLO LO |NLO

d*c/dQdY 22.8 | 7.4 9.5 | 3.5
ADD
d*o/dQdcosd | 24.2 | 8.2 | 10.9 | 3.8

d*c/dQdY | 23.2| 7.7 || 18.7 | 6.9
RS
d’0/dQdcosf | 24.2 | 8.0 || 18.4 | 6.8

Table 5.1: Percentage spread as a result of factorization scale variation in the range
0.5Q < ur < 1.5Q. For the ADD case @Q = 0.7 TeV. For the RS first resonance region
@ = 1.5 TeV for LHC and @ = 0.7 TeV for Tevatron.

dence in the range 0.5Q < ur < 1.5Q for the LHC and Tevatron. On the average at the
LHC and Tevatron, the percentage spread of the scale variation get reduced by about

2.75 times in going from LO to NLO.

5.5 Experimental Uncertainties

In addition to the theoretical uncertainties that we have described in the previous sec-
tion, there are uncertainties due to errors on the data. Various groups have studied
the experimental errors and have estimates of the uncertainties on the PDFs within
NLO QCD framework [73, 74]. Now that NLO QCD results are also available for extra
dimension searches [45] for the dilepton production, we consider some of the distri-
butions and estimate the uncertainties due to the experimental error. In Fig. 5.12a
we have plotted the error band for the MRST 2001 PDF [74] in the ADD model for the
dilepton invariant mass distribution at the LHC. This error band is comparable to the
spread associated with the different set of PDFs as given in Fig. 5.3a. At Q = 1 TeV

the percentage of experimental error is 7.5 % for SM + GR while the pure SM error
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is about 3.3 %. For the RS case at the LHC in the first resonance region at ) = 1.5
TeV the experimental error is about 12.8 %. At Tevatron the ADD model experimental
error is 7.4 % at @ = 1 TeV. The experimental error for this distribution for the cen-
tral rapidity region is about 3.5 % and is indicated in the Fig. 5.12b. In general the

experimental error increases with the increase in Q.

5.6 Conclusions

We have studied the impact of various parton density sets at next to leading order in
strong coupling constant «; in QCD on one of the most important processes, namely
Drell-Yan production of dileptons at hadron colliders such as LHC and Tevatron. This
process can probe the physics beyond SM through exchange of new particles that
these theories predict. At hadron colliders, the precise measurement of DY produc-
tion cross sections is possible. In this context, we have studied the theories of extra
dimensions such as ADD and RS which attempt to explain gauge hierarchy prob-
lem in SM. We have discussed various theoretical uncertainties that enter through
renormalisation, factorisation scales and the parton density sets. We have quantified
the uncertainties coming from various parton density sets using the recent results
on NLO QCD corrections to parton level cross sections and recent PDF sets that take
into account various theoretical and experimental errors. Our entire analysis is model
independent thanks to the factorisation of QCD radiative corrections from the model
dependent contributions. More precisely, our findings are independent of the finer
details of the model as they factor out from the rest. We find that the K-factor for

various observable depends on the choice of PDFs.
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Figure 5.1: (a) Invariant mass distribution is plotted for various values of the cutoff

A. = aM, in the ADD model.

(b) The corresponding K-factor.

(c) Invariant mass

distribution as a function of the number of extra spacial dimension d for A, = Mg TeV
at the LHC. (d) The same plot as (c) for A, = 0.7Mg.
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Figure 5.4: The comparison plots for various PDF sets for Q = 0.7 TeV at LHC. (a)
The double differential cross section with respect to invariant mass and rapidity as a
function of rapidity. (b) The corresponding K-factor as a function of rapidity. (c) The
angular distribution of the double differential cross section with respect to invariant
mass and cos6*. The interference of the SM background and gravity effects is also
plotted. (d) The corresponding K-factor.
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Figure 5.6: (a) The double differential cross section with respect invariant mass and
rapidity for various PDFs in the RS model at @ = 1.5 TeV, the region of first resonance.
(b) The corresponding K-factor as function of rapidity at @ = 1.5 TeV. (c) In the region of
first RS resonance, the double differential with respect to invariant mass and angular
distribution of the lepton is plotted for various PDFs at the LHC. (d) The corresponding
K-factor for the various PDFs.
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Figure 5.7: ADD model at Tevatron for various PDF sets, we plot in (a) the invariant
mass distribution. In (b) the corresponding K-factor. (c) The double differential with
respect to Q and Y is plotted for a fixed @ = 0.7 TeV and for the Y range of Tevatron.

In (d) the corresponding K factor is plotted.



110 Drell-Yan uncertainties to NLO in QCD in the extra dimension searches

1 - IPD!:S coMm PA‘RIYSOIY\I IN R§ MODEL Y(TENVA}TR‘ONT) _ 18 IPD!:s com PA‘RITSOIY\I IN R% MODEL Y(TENVAXTR‘ON‘)
af ] L SM+GR K Factor i
L do /dQ (pb/GeV i
10 E 0 /dQ (pbiGev) 3 L M, =07Tev |
, g M;=07Tev ] 16 L SM c,=0.01 _
N ___ s™ c,=0.01 SM+GR J
RN E—C E E A
NN ] I ]
10 & . ‘ .
. i ] 14 - .
L S I ] boseens, i
10" AEN I = S ey ]
AT% I E . kR %
55 "~ i ﬂ r i ._\_5.\\\\\\ e
10 & .\’Q-I "\ = 12 = \'\'\. T 7
E e % 3 = ... -
g SN, E =~ 2=
6F S ] F T |
10 & o ..Wp MRST o - H ~—
E 3 e~ CTEQ S k=g B .. B MRST =
2F e ALEKHIN ~ [ " CTEQ |
10 E E 4 L ALEKHIN 4
10 _8 L | 1 1 1 | 1 1 1 l 1 1 1 l 1 1 1 i 08 | 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1
200 400 600 800 1000 200 400 600 800 1000
@ Q (GeV) (b) Q (GeV)
2
x 10
COMPARISON OF PDFs IN RSMODEL (TEVATRON) COMPARISON OF PDFs IN RS MODEL (TEVATRON
0.25 1.8
. T T T T { T T T T { T T T T { T T T T . T T T T ' T T T T { T T T T I T T T T
[ d® Ogyser/ dQ doosh” (pb/GeV) ] | K Factor (cos6) |
- M, =07TeV - L ____ s™m M,=07Tev |
02 n L i c,=0.01 1 18 = —— SM+GR c,=0.01 _
M Sllheesd S Ole x 10 Q=07Tev A L Q=07Tev
L He=07Tev | L He=07Tev |
015 . L i
[\ Q 1.4 — j
[ ] r 1
01 R ] L |
A\ /b~
Y P ¥
oA ;/.---:\=§ Vs
R F N £
005 3 prs Sy £
[ ™ N e X ]
i 1 1 L vee. MRST _
O F's. .0 MRST — L ee._ CTEQ i
L ——— CTEQ ] L . _ _ ALEKHIN |
[ — 2 = ALEKHIN 4
_005 L 1 1 1 1 ! 1 1 1 1 l 1 1 1 1 ! 1 1 1 1 ] 08 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1
-1 -0.5 0 0.5 1 -1 -0.5 0 .
© cos6’ ) cos®

Figure 5.8: RS model at Tevatron for various PDF sets, we plot in (a) the invariant
mass distribution. In (b) the corresponding K-factor. (c) The double differential with
respect to @ and cos #* is plotted for a fixed Q = 0.7 TeV and for the cosf*. In (d) the
corresponding K factor is plotted.
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Figure 5.10: (a) Factorisation scale dependence for the double differential cross sec-
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Figure 5.11: (a) Factorisation scale dependence for the double differential cross
section as a function of cos#* for LO and NLO for factorisation scale in the range
ur = 05 Q — 1.5 Q. In (b) we have plotted the SM and SM+GR K factor for ADD at
Q = pr = 0.7 TeV. In (c) the RS cos #* distribution for LO and NLO in the same range of
pur. (d) The SM and SM+GR K-factor at @Q = ur = 1.5 TeV, the region of first resonance.
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Chapter 6

Di-jet production at the LHC through

unparticles

The LHC can provide a testing ground for physics of unparticles if A, is of the order
of a TeV. There are various important channels available at LHC to explore the new
physics at TeV scales, namely production of di-leptons, isolated photon pairs, di-jets
etc. The importance of di-lepton and di-photon production channels in the context
of unparticles were already studied in detail in [81] and [82, 83] respectively. Here
we will study the effects of scalar and spin-2 unparticles on the di-jet production
rates at the LHC if the scale A, is of the order of a TeV. Di-jet production is an
important discovery mode and many studies in the context of various new physics
scenarios have been carried out, namely, SUSY searches [84], searches of the low
mass strings [85]. In [86-88], di-jet production has been used to probe spin-2 Kaluza-
Klein gravitons appearing in the extra dimensional models.

To lowest order in strong coupling constant the di-jets arise from 2 — 2 scattering

of partons as given by

a(p1) + b(p2) — c(p3) + d(p4) (6.1)

where p;, ps are the incoming parton momenta and ps3, p, are momenta of the outgoing
partons. The partons in the final state then hadronize to give two jets at the detector

level. Signals of new physics can be discovered because of the deviations they pro-
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duce over the SM contributions. The unparticles can contribute through intermediate
states as well as via real emission. The former one can interfere with the SM contri-
butions, while the later can lead to missing energy in the final state. In the present
work we will restrict ourselves to the case where the spin-O and spin-2 unparticles

appear at the intermediate states.

6.1 SM contribution

The parton level 2 — 2 subprocesses that can contribute to the dijet production pro-

cess in the SM as well as in the unparticle scenario are

qq! — qq/ qq9 — qq qq9 — qq
qq — q/q! qq9 — 99 99 — qq
q9 — q9 99 — 99

Here we have used primes to distinguish quark flavours.
The leading order SM matrix elements are of order g2, where g, is the strong cou-
pling constant and those in the unparticle model are of order x?, where x = \;/A%,

As; /4A%s ) N, /A%~!, The matrix element square takes the following form:
g5 IMsul® + K [Mul® + gir*(MsuM; + My M)

where the interference of SM with the unparticle mediated processes will be sensitive
to phase coming from (—k2)? in the propagators given in eqn.(2.39,2.41). In the table
(6.1), we list the matrix elements square, summed (averaged) over final (initial) state
colors and spins, for SU(N) gauge theory with fermions in the fundamental represen-
tation. The SM ones agree with those existing in the literature [89]. We have not listed
the subprocesses such as Gg — ¢q, ¢q/ — ¢q/ and gg — qg as they can be obtained from
the rest using charge conjugation. Henceforth, we do not list them in the rest of the

article. In addition, the process Gq/ — gq/ is obtained from ¢q/ — gq/ through crossing.
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6.2 Unparticle contribution

For the scalar case, not all of the above processes contribute. The first term in (2.36)
describes the coupling of gauge fields to scalar unparticles giving gg — gg process.
The second term couples fermions to scalar unparticles, which allows subprocesses
which have only fermions in the initial and the final states. We shall study the effects
of these two terms in (2.36) separately.

The matrix elements for pure unparticle contribution and interference with SM for
spin-0 coupling though first term in (2.36) are given below (see eqn.(6.3)). Here only
gg — gg contributes. The factor (—k%)9~2 in propagators is complex for a s-channel

propagator and is real for u— and ¢t—channel propagators.

- 1
M = 16(N% — 1) (DuRe(Ds) s? u® + DyRe(Dy) s* t*
1
+D,D, t? u2) + 25 (D2 ut+D t* + D, 5*) 6.2)
2 y gg:gg T 5/ A2 1) Ds - Du — Dy — 6.3
Re(MSM/\/lu) SN 1) (Re( ) = - m + D, us) (6.3)
where
I'(2 —ds) do—2

D, i Ot —r—~ (Sl 4
: S4d5_lf(ds)( 8) (6 )

Table (6.2) contains the corresponding matrix element square for spin-O unparticle
interacting via the second term in (2.36). In table (6.3), we give the matrix element
square for spin-2 unparticles with D; is defined by

I'(2 —dy)

D, = i
‘ 4417 (d; + 2)

(=8)%=2d,(dy— 1). (6.5)

The t and u-channel propagators can be obtained by the replacement s — ¢, u respec-
tively in eqns.(6.4,6.5) .

We now study invariant mass @ distribution, namely do/d@, of the di-jet for the
LHC with a center of mass of energy v/S = 14 TeV. We have implemented all the parton

level matrix element squares in a Monte Carlo based code that can accommodate all
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the experimental cuts relevant for the phenomenological study. A 1/2 factor for sub
processes involving identical particles in the final state has been taken care of, when
the angular integration is done over the range —1 < cos(f) < 1. We use the leading
order (LO) CTEQ 6L parton distribution functions (PDF) with the corresponding value
of LO strong coupling constant a,(Mz) = 0.118 and 5 light quark flavours. The factor-
ization scale up that appears in the PDFs and the renormalization scale ug in as(u%)
are identified to a single scale (). In accordance with the CMS [90], we restrict the jets
to satisfy rapidity cut || < 1 and the transverse momentum cut pr > 50 GeV for each
final state jet. We choose the scale A, to be 2 TeV below which the scale invariance
in the BZ sector sets in. The dimensionless coupling constants A, A1, A2 = 0.9 (see
eqns.(2.36,2.38)) for all our phenomenology and we fix Cr,Cs = 1 appearing in the
normalization of the propagators given in eqns.(2.39,2.41). The scaling dimension
for the scalar unparticle is taken to be d; = 1.99 and for the tensor unparticle, it is
d; = 3.001. We will also study the sensitivity of our results to these scaling dimensions,
in particular for the scalar unparticle.

In the left panel of fig (6.1), we have plotted various subprocess contributions to
the di-jet invariant mass distribution for spin-O case (eqn.(2.36)) as a function of @
between 600 GeV and 1800 GeV. Interference of unparticle contribution with SM is
added to those coming from pure unparticles in plotting these curves. Solid line gives
the prediction in the SM. We note that gg — gg contribution resulting from the first
term of eqn.(2.36) is numerically small compared to those coming from the second
term. All the quark (and anti-quark) initiated subprocesses contribute almost equally
for most of the @) range. In the right panel, we have shown the sensitivity of the
scaling dimension d; to do/d@ distribution as a function of ). Various curves here
correspond to different values of d; (1.91,1.95,1.99). It is clear from the right panel
that the fermionic unparticle effects can be visible above = 800 GeV for scaling
dimension closer to 1.99. As we deviate from d; = 1.99 to lower values, the effects get
washed away completely for a wide range of Q).

In fig (6.2) we have plotted the invariant mass distribution resulting from the spin-
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Figure 6.1: do/dQ for di-jet production with spin-O unparticles. The couplings are
taken to be A4 42 = 0.9 Left panel: Subprocess contribution. Right panel: Variation of
scaling dimension.

2 unparticles (see eqn.(2.38)). Scale invariance restricts the scaling dimension to
be greater than 3. We have chosen d, = 3.001 for our analysis and find that the
contribution of spin-2 unparticles do not give enhancement over the SM di-jet cross-
section except very close to the cutoff scale A,. The tensor unparticle contribution
is smaller than that of the scalar unparticle due to the additional A, suppression
(see eqn.(2.38)) and large d, value. Thus we conclude that the di-jet production is
not much sensitive to the spin-2 unparticles and hence in what follows, only spin-0

unparticles will be considered.

In fig (6.3), we present the scalar unparticle contribution in the transverse momen-
tum and the rapidity distributions of the jets. Because of the rapidity cut |n| < 1 on
the jets, the events will be transverse in nature. In the limit where the momentum of

the jet is in the transverse direction, it is easy to see that pr = Q/2, where @ is the in-
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Di-jet production at the LHC (Vv S =14 TeV)
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Figure 6.2: Subprocess contributions to the invariant di-jet mass distribution for
A,=2TeV and d; = 3.001.

variant mass of the di-jet. As @ is required to be less than A, in the unparticle sector,
we choose Q™" = 0.9 A, which translates into p'** = Q™" /2. As pr is directly related
to @, the unparticle contribution is expected to be visible in the high pr region as can
be seen from the figure (left panel). The steep fall in the distribution close to 900 GeV
is due to the limit on pr (< p/**). For the rapidity distribution (right panel), we have
integrated over () in the region 1200 < @ < Q™* where the unparticle contribution
is dominant over the SM background. For the rapidity distribution, as the two jets
are experimentally indistinguishable, we have taken the avergae of the events coming

from both the jets. The rapidity distributions in SM and unparticle model will then
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Rapidity distribution distribution ~ LHC
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Figure 6.3: Scalar unparticle contribution to the transverse momentum and rapidity
distributions of the jet in the di-jet production for A, = 2 TeV and d, = 1.99.

turn out to be symmetric about the central rapidity (n = 0), similar to the Drell-Yan

and di-photon production cases.

If vector unparticles exist, then they also could contribute to the dijet produc-
tion cross sections. This case is again similar to the tensor unparticle case, in the
sense that the unitarity restricts the scaling dimension of the vector unparticles to
d, > 3 [26]. As the couplings of the unparticles with the SM fields are suppressed by
the scale Ay raised to the power of scaling dimension d,, the vector unparticle contri-
bution is expected not to give any significant enhancements over the SM predictions.
Also, in the vector unparticle case, not all of the above mentioned subprocesses will

contribute, only quark initiated subprocesses can contribute.

.8
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6.3 Conclusions

We have studied the effects of scalar and tensor unparticles to di-jet production at
the LHC. We have considered two SM scalar operators constructed out of quark (anti-
quark) and gluon field operators that couple to the scalar unparticles. The tensor
unparticles couple to a second rank SM operator which we take it to be the SM
energy-momentum tensor. We have computed all the parton level cross sections and
implemented in a Monte Carlo code that can easily incorporate all the experimental
cuts. We have presented various subprocess contributions coming from scalar and
tensor unparticles along with the SM contributions. This includes the interference
of unparticle effects with the SM. We find that the scalar unparticle effects are large
compared to that of tensor ones. Moreover, for a wide range of ) and d,, the di-jet
cross section is insensitive to tensor unparticles. This is in contrast to the di-photon
production, for example, which gets significant enhancements from spin-2 unparti-
cles as well. However, the scalar unparticles can give significant enhancements in the

large invariant mass and pp distributions over the SM predictions.
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subprocess | | M|?
qq’ — qq/ In 3+
2 t2
r f_N u2+82+t2+52 _f_Ns_2
o i 2 02 u? N ut
S f_N u2+t2+u2+52 _f_Nu_2
— 2 52 i N st
= il v v+t
qq — a9 o
— Nfn (w®+8)?  fv v’ +¢
R 99 2 uts? 2N ut
N el 5’ N T
R 2N  uts? N3fy 82
F (u*+5%)  fn v’ 45
q9 — 49 T 5 s
4 (52 + su + u2)3
- Tl
99 — 99 TN 2022

123

Table 6.1: Matrix elements for the Standard Model. s = (p; + p2)%,t = (p1 — p3)%,u =

(p1 —p4)2 and fN = (N2 — 1)/N2
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subprocess | Y| M,[? 2 Re( My M)
qq' —qq | D} t? 0
a9 — qq DDy tu+D} £+ D; u? S = (Du £+, Z)

]. N2 = 1 82 tQ
@—dl |~ DiRe(Dy) st+D} 8+ Dy s* | == (Re(D,) > +D: =)
qq — q/q Ds* &2 0

Table 6.2: Matrix elements for scalar unparticle in fermion initiated processes
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subprocess | > |M,|? 2 Re (MuMEM)
1
99! — qq/ @D? <u4 + s —6sufu® +57 — 3su}) 0
99 — 99 ;<ND?[U4+S4—6SU (u2+82—35u)] —lDqu (3u—|—4s)s—2—(u<—>t)
128N 8 t
+D,D,, s> [482 + 9ut]) +t—u
qq — qq Fip (]\th2 [u4 + st — 6su (u2 S 2= 3su) | —lfN (R@(DS) (3s + 4u)u—2
128N 8 t
2
+Re (D Ds) u? [9ts + 4u2]) +tes —Dy (3t + 4u)u—)
S
1
qq — qq 9k D, [? (u4 +t* —6tu [u + 2 — 3tu] ) 0
1 1
47 — 99 SNSNID, P ut(u? +22) —5IvRe(Dy) (w2 +¢2)
99 — q@ Ll o ut (u2 + t2) 1 Rew,) <u2 v t2)
8N fn 2(N? — 1) ‘
q9 — q9 —ED? us (u2 + 32) LDt (u2 4 82)
8 2N
2 1 th+ st ut + s
——— (D,Re(Dy) t* + DiRe(D,) u? | — ( D
gg — qg 8(N2—1)(“ e(Ds) t* + DyRe(Ds) u T G + D, po
4 L 2 (4, 4 Ak
+D;Dy s ) + 2Dy (t* + %) +Re(Dy) )
1 1
—|—§Dt2 (u4 + 84) + §|DS|2 (t4 + u4)

Table 6.3: BSM: Matrix elements for spin 2 unparticle
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Chapter 7

Conclusions

At the LHC where it is very much possible to look for the collider signatures of the
beyond standard model scenarios like extra dimension models, we have taken up an
important task of computing the next-to-leading order QCD corrections to the pair
production processes. In particular, we have computed the O(«as) QCD corrections
to the di-photon production process in the context of warped extra dimension model
(RS) at the Tevatron as well as at the LHC. For this NLO computation, we have used a
semi-analytical two cut-off phase space slicing method which enables the successful
implementation of various kinematic cuts on the photons and the Frixione’s smooth
cone isolation algorithm to suppress the final state QED singularities between the
quarks and the photons. All the pieces of the NLO cross sections that are computed
using this slicing method are incorporated in a Monte-Carlo based numerical code to
obtain various kinematic distributions. We have checked our code first for the stability
of the cross sections against the variation of the slicing parameters and found that the
NLO cross sections are fairly stable for a wide range of both the cut-off parameters.
Any value of the slicing parameters in this range is acceptable for the predictions of the
signals. Further, we have compared our SM cross sections with those in the literature
for their choice of the constraints on the final state photons and found a very good
agreement. With this confidence, we have presented various kinematic distributions

like invariant mass, rapidity, angular momentum distributions of the photon pairs
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both for the SM and for the signal (SM+RS). The choice of the model parameters
we have considered is consistent with the latest bounds obtained on them from the
Tevatron data. It is found that the NLO QCD corrections have enhanced the cross
sections significantly in almost all the distributions we have considered. It should be
noted that the transverse momentum @7 distribution of the di-photons come at higher
orders in the perturbation theory from NLO onwards and there is no distribution of
Qr at the leading order. In this sense, the computation of the NLO corrections are
advantageous in predicting the observables like ()7 which is otherwise not possible at
the leading order.

One of the manifestations of the QCD is that the scale uncertainties will decrease
with higher order contributions in the perturbation theory. In our analysis, we have
studied the factorization scale ;. dependency of the cross sections by varying it in the
range (/2 < ur < 3Q/2, where ‘@)’ is the invariant mass of the di-photon. It is found
that the scale uncertainties in the rapidity and angular distributions have reduced
considerably in going from LO to NLO.

In the case of Drell-Yan (DY) process at the hadron colliders in the context of
both large and warped extra dimension models, we have quantified various QCD un-
certainties. For the parton distribution function (PDF) uncertainty, we have used
three different parton density sets MRST2001, CTEQ6L/M and ALEKHIN and pre-
sented the dependency of the cross sections in various DY distributions both at the
LHC and the Tevatron. We have also studied the scale dependency of these DY
distributions by varying the factorization and renormalization scales in the range
Q/2 < (ur,ur) < 3Q/2. It is found that the scale uncertainties decreased considerably
by around a factor of 2.75 times in going from LO to NLO, irrespective of the model
(ADD or RS) and independent of the machine (Tevatron or LHC) indicating that the
QCD part factors out from the model dependent information and making this study a
model independent one.

In the case of unparticle physics, we have studied the di-jet production process at

the LHC by considering the effects of both spin-0O and spin-2 unparticle propagators.
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It is found that the scalar unparticles can give significant contribution to the signal
while the spin-2 unparticle effects are unnoticeable. We have presented the dijet
cross sections in the case of scalar unparticles in different kinematic distributions

like invariant mass, transverse momentum py and rapidity distributions of the jets.
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Appendix A

gg box contribution

In SM, there are two non-vanishing helicity amplitude structures corresponding to

the ones in BSM. They are [61]

MGt = Mgf~t = (=) A6® F(s, t,u) (A.0.1)
My~ = Mg = (i) A8 F(s,u,1) (A.0.2)
where
T st 132§ ¢
f(sat7u) = 1+ 1 ‘_‘+2 02 In |;|
2 2
—Hw{t S +t —i—28 I |£|}]
u
nf
and A = 4daa,[>_ Q3 (A.0.3)
j=1

The corresponding helicity amplitudes in the BSM case are [42]

1
My ™ = Mgyg ™" = (=) 50w D' (s)u® (A.0.4)

1
My =" = Mgy~ = (=) 50" wD' (s)t (A.0.5)

where in the ADD model

d—2
2D/ (5) = o <§> [2I(A//5) — in] (A.0.6)
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134 gg box contribution

The SM*GR+SM*GR interference corresponding to the first type helicity amplitude
(eqn.[A.0.1]) is given by

1 *
[MIQ] = A.§.8.u2 !f*(s,t,u)nQD's+.7-'(s,t,u)/12D’ (s)
2
= 32aas[z sz] Re [ F*(s,t, u)x*D'(s) | . u? (A.0.7)
j=1

Similarly the SM*BSM interference part for the second type helicity amplitude (eqn.[A.0.2])

is given by
[M2] = Aé.&tQ []:*(s, u, t)&*D's + F(s, u,t)k*D"" (5)]
ny
e 32aas[z Q?] Re | F*(s,u, t)*D'(s) | . t? (A.0.8)
j=1

The total SM*BSM interference contribution, including the helicity average, gluon

color average for each gluon and the statistical average, is given by

1111
M.sm = 2138 {[M7] + [M3]} (A.0.9)

Here the factor 2 comes because of the multiplicity of the helicity amplitude structures

given in eqns.[A.0.1 and A.0.2].



Appendix B

Feynman rules

The propagator for the spin-2 KK modes is given by

PG(Q) =1 Buupa D(Q) (B.0.1)

where Buypa = Nupvo 1 NpoMvp — %Tluyna'p and /rl“l/(q) = —9uw + q‘uqu/q2. The tensors
C;w,pa, D,ul/,po'(plap2>’ E;w,pa(phPZ)’ F,u,zzpcrA (p17p27p3)

and G, ,o)s used in the vertex factors are given by [6, 59] 1

'For the quark anti-quark gauge boson graviton vertex and the three gauge boson graviton vertex
factors mentioned in [6] there will be an overall minus sign, which has been pointed out in [59].
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Chuv,po

D,ul/,pa(ppr)

E;w,pa (pl ’ P2)

F,uzl,pa)\ (pl’p2>p3)

G;w,pa)\(i

Feynman rules

NupMve + MueMvp — MwMpo (B.0.2)
NuvP1oP2p

- [nuaplz/p2p + NppP1oP2v = NpoP1uP2s + (1 < V)] ;

(B.0.3)
Nuv (P1pP1o + P2pP20 + P1pP20)
;- |:77uap1up1p + MupP2ub20 + (1 V)} , (B.0.4)
NupTor (D2 — P3)v + Nuollpa(P3 — P1)v
+1pATpo (P1 — P2)y + (1 = V), (B.0.5)
N (Mpo s — MpsTlor) + [nupnudn)\a 000 06
—NupMvoTré — NuANvsNpo + (1 < V)] : (B.0.6)

All of these tensor are symmetric in y < v.

Following are the vertex factor for the gravitional interactions of spin-2 Kaluza-

Klein modes with the SM fields.
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_ e : —ik/8 [Yu(Prv + P2v) + 1 (Prp + P2p)
_277,uu(/{71+ b2 — 2mf)]

s an t —ik/2 8P [(m?% + p1.p2) Chuw,po

Dy po (p1.02) + @ Epy po (p1.92)

g —iH/Q [(mggnp,l/ A C;w,pcrpfpg)]

P o — —

: _95/2 fabc [C;w,pa (Pl J p2))\ + C;w,pA (p3 = pl)a

C;w,crk(pZ . p3)p i Fp,l/,pcr)\ (P17P2ap3)




138 Feynman rules

1 —i gk /4 T35 [Cw,pa - 77W"7p0] 77

:—igk/l T Cuw,po (k1 + k2)?

N

. _921%/2 [feac febch/W”oa)\(S 4 feab fecd Guup)\ad

fead febc Guu,paé)\]

:—92/43/2 [C;w,pcr{Tav Tb}ij]

A
¢" I
|
where x = /167 /Mp; in the case of ADD model and it is x = ¢y = k/Mp; in the case of
RS model.



Appendix C

Three body parametrization

In general for NLO computation using numerical techniques, the phase space integra-
tion is carried out using some mutli-dimensional intergration package like VEGAS. To
do such integration, one has to have to the three body phase space parametrization
in which each of the 4-momentum components of all the final states are explicitly
mentioned.

A typical NLO (2 — 3) parton level process is given by

P1+p2—=p3+ps+Dps (C.0.1)

where p;, ps are the 4-momenta of the initial partons and ps, p4, ps are the 4-momenta
of the final state partons. For simplification, we assume all the partons involved here

are massless. The initial partons moving along the Z-axis are parameterized as

p=20000:  p=Y0100.-1) (€.0.2)

where s = (p; + p2)2. To begin with one can consider the system of p, and p; as to
correspond to a single particle whose mass is p3: = (P, + p5)? # 0. Then the above

2 — 3 process just corresponds to
P11+ P2 — p3+ pas (C.0.3)

In any 2 — 2 process, both the initial and final state partons lie on a plane, the
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140 Three body parametrization
4-momenta p3 and py5 can easily be parameterized as
ps = E3(1, sinf, 0, cosh); pa = (Es5, — |plsind, 0, |plcosh), (C.0.9)

where F3 = [p] and E4; are the energies of p3 and pys; system respectively and are

calculated as

(1 +p2)> —ps]” = (pa+ps) (C.0.5)

= i — = Fy = M h (C.0.6)

S 3 VS = S45 3= 2\/5 0.
S+ S45

Eys = \/g —FE3 = Ey5= (CO7]

Here the particles p; and p45; are back to back and are along a direction Z’ which is at
an angle 6 with the Z-axis along which the initial partons p; and p» are moving. For
simplicity, one can directly work in that frame where this 7’ is taken as the reference
axis and towards the end one can make rotation transformation to come back to the

actual Z-axis. In this new direction, the partons have the following parametrization

p3 = [pl(1, 0, 0, 1); pas = (Ess, 0, 0, —|p) (C.0.8)

Now the idea is to parameterize p, and p; in the rest frame of ps; and then boost
these momenta to comes back to the centre of frame in which Z’ is the reference
directions. The rest frame of py; itself is actually moving with a momentum of |p] and
with an energy of F45 in the centre of mass frame of p; and p4; with new reference
direction. Therefore the Lorentz boost parameters associated with are § = |p|/Ey5
and v = 1/ m The 4-momenta of p; and p; in the rest frame of ps5 can be

parameterized as (here the momenta are denoted by asterisks)

D ”;45(1,sin91 cos¢r, sinbysing,cosby) (C.0.9)
py = - ;45 (1, —sinby cospy, — sinbisingy, —cosby), (C.0.10)

where 6, is the angle of p, momentum direction with Z’-direction and ¢; is the az-

imuthal angle in the rest frame of py5. The 4-momenta of p, in the centre of mass
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frame of ps5 and p; can easily be obtained from the Lorentz transformations using the

above mentioned boost parameters as (here the componets are denoted by primes)

Ey=~(E; — 0pi.); . =v(pi. — BE}) (C.0.11)

E) =

N —

1
(E45 — |D] cosby) Ti— §(E45 costy — |pl)- (C.0.12)

Here under the boost only the z-component of the momentum and the energy are only
modified. The transverse components pj, and pj;, will remain unaffected. Hence p), =
Piys Dy, = Pi,- Now we rotate the Z’ direction by the angle ¢ to go back to the actual
Z-direction along which the initial particles are moving. Now, under these rotations
in the XZ plane, the ps, and ps;, components will mix up (here the components are

without any asterisks and primes)

Dax cosf  sind j/

Dis —sinf cosl Dy,

Under this rotations, the transverse component p4, will be unaffected and is same as

py,- Finally we have

Py = %(E45 — |pl cosbh) (C.0.13)
pfll) = p, cosd + p, sind (C.0.14)
Pz(f) = \/;E sinby sing; (C.0.15)
pf) = —pﬁlx sinf +pﬁlz cost (C.0.106)

(C.0.17)

where p), = @ sinby cos¢y and p), = 3 (Esscosth — |p]). Here it should be noted that

under the boosts or rotations, the angles also can chane to some other angles. But as
per the numerical integration are considered, they are, after all, integration variables
and will be integrated over in the full range. The frame dependency will not be there
on them in that sense. The momentum p; can be obtained from the momentum

conservation ps = p; + p2 — ps — p4. Finally, one can boost all these quantities to go
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to the lab frame or the center of mass frame of the hadrons. The centre of mass
frame of the partons, in the centre of mass frame of the hadrons, has a longitudinal
momentum of |P,| = (z, — ) V/S/2 and an energy of E, = (z, + ;) V/S/2. Therefore
the boos factors are 3. = |P|/E, and 7, = 1/ \/1— /32, where /S is the center of mass

energy of the hadrons and z,, z; are the fractions of the momentum of the hadrons

carried by the partons.
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