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Abstract

In this study the effect of the different colour content of new colour-singlet

and colour-octet TeV-scale resonances on radiation is examined using events

with KK-photons and KK-gluons decaying to top pairs. It is found that the

colour-singlet resonance produces more radiation than the colour-octet reso-

nance, which is consistent with the theoretical study. The gap fraction and jet

number are used to evaluate the amount of radiation. The jet number distri-

bution in the interjet region shows that differences occur in the central region

when energy flow between the two leading jets is above a threshold value.

The effect of underlying event is studied by comparing results of events with

and without underlying event. A study using the spherical harmonic power

spectrum shows that there is a large difference between the power spectrum

of final-state particles in the two (singlet/octet) cases. The difference between

the power spectra of QCD jets and top jets is also examined.
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Chapter 1

Introduction

As one of the significant puzzles of the standard model, the hierarchy problem

invokes the building of new physics. The main solutions can be divided into

two types: supersymmetry [1] and models with extra dimensions [2, 3]. In

extra dimensional models, Kaluza-Klein(KK) excitations at the TeV scale are

involved. Due to their heavy masses, the KK particles will immediately decay

into standard model particles, which makes it hard to observe them directly.

The probe of the KK particles is through their decay products. Top quarks

are considered to be strongly coupled to the KK particles because of their

large masses. The production channel pp → X → tt̄ is thus dominant, and

important for the LHC search of KK particles.

When the KK particle process is successfully extracted from the back-

ground events, an important issue is how to identify the colour of these new

resonances. They are usually colour singlets or colour octets, which cause dif-

ferent soft gluon radiation patterns. This is the focus of this study. Among

the gauge bosons, the KK-gluon(g∗) and the KK-photon(γ∗) are chosen for

comparison, as they are both spin-1 particles and g∗ is colour octet, while γ∗

is colour singlet. In this study, the particles focussed on are g∗ and γ∗ at a

mass of 2TeV in the Randall-Sundrum model [3], which is an extra dimensional

model. Phenomenologically, the parameters of the two kinds of particles are

chosen so that they have the same decay width and production cross section.

The analysis is carried out using rapidity gap events defined by energy flow and

the spherical harmonic power spectrum, which is inspired from its application

in the CMB anisotropy [4].

This dissertation is organized as follows. Chapter two presents the en-
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ergy flow analysis of the different radiation patterns of the g∗ and γ∗ events.

In chapter three, the generic event structure is analysed using the spherical

harmonic power spectrum. Finally, chapter four is the conclusion.

1.1 Pythia

Pythia 8 [5] is a general-purpose self-contained generator to generate high-

energy collisions. It can simulate hard processes as well as initial- and final-

state parton showers, multiple parton interactions, beam remnants, string frag-

mentation, particle decays and so on. It includes reactions within and beyond

the standard model.

Initial- and final-state radiation showering is based on a pT -ordered algo-

rithm. Multiple parton interactions are included in the same pT sequence.

Hadronization is based on the Lund string fragmentation framework. The

nature of the event is decided by the hard process, which is calculated in

perturbation theory. At parton level, initial- and final-state radiation and

multiple parton interactions are mainly controlled by perturbative physics but

also involve some non-perturbative physics.

Non-standard physics has been implemented in Pythia since Pythia 6.4.

The implementation of KK-gluons(g∗) is in accord with the RS1 scenario [6].

Currently, there is one process for g∗, where it is produced by qq̄ fusion. The

γ∗ resonance is modelled analogously to the Z ′ process, and it only couples to

light and top quarks. The couplings are set so that it is equivalent to a heavy

photon. The couplings are also tuned to give a similar cross section and width

to those of the g∗. The cross section before any cuts is 785.9 fb for g∗ events

and 1101 fb for γ∗ events. The widths are around 400GeV.

1.2 New Heavy Resonances

The RS model is an attractive model which proposes one warped extra di-

mension to solve the hierarchy problem naturally [3]. There are two 3-branes

embedded in five dimensions, TeV brane and Planck brane. Gravity and stan-

dard model fields can propagate in the bulk. The bulk in between the two

branes is the extra fifth dimension. The solution is derived from the five-

dimensional Einstein’s equations, with the metric satisfying four-dimensional
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Poincaré invariance, which takes the form

ds2 = e−2k|y|ηµνdxµdxν − dy2 (1.1)

in which y = rcφ is the coordinate of the 5th dimension. The brane at y = 0

is the Planck brane and the one at y = πrc is the TeV brane. rc is the

compactification radius which sets the size of the extra dimension. k is a scale

of order Planck scale.

A phenomenological prediction of the RS1 scenario is the existence of heavy

KK mode particles of TeV scale. Since KK gauge bosons are singly produced,

they have a larger production rate than KK quarks [7]. As for the KK parti-

cles studied in this dissertation (g∗ and γ∗), the dominant production channel

is through the annihilation of uū and dd̄ from the protons. Since the light

fermions are localized near the Planck brane, their couplings to KK particles

are very small compared to the couplings in the standard model [8]. This leads

to a small production cross section compared to QCD processes. Several stud-

ies have been undertaken to separate the signal from the QCD background

[6, 7, 9], which is outside the scope of this dissertation. Among the KK gauge

bosons, g∗ has the strongest coupling to proton constituents. It is likely to be

discovered first with the largest production rate [3]. There is also a possible

production channel via gluon-gluon fusion induced by heavy quark loops. It

exists in higher order of perturbation theory so the production cross section

is smaller. Due to orthogonality, the coupling is zero at tree level. This pro-

duction channel is not included in this analysis. Since the top quark is heavy

and localized near the TeV brane, the couplings of the KK mode resonances

to tt̄ are largely enhanced compared to other SM particles. As a result, the

KK mode resonances decay exclusively to tt̄.

The KK-photon(γ∗) is the KK partner of the hypercharge gauge boson [10].

It is a spin-1 colour-singlet gauge boson, in contrast to the colour-octet nature

of g∗. This property motivates our study of the different radiation patterns

between colour singlets and colour octets.
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1.3 Energy and Colour Flow

In QCD, partons interact via the exchange of colour. The colour charge should

be conserved in each process. Based on this point, the different patterns of

the exchange, or flow of colour, can be used to study processes mediated by

exchange of a colour-singlet or colour-octet, which decays into a high pT pair

of boosted top jets.

This field of study takes place in an invariant phase space with variables

rapidity y(or pseudorapidity η), azimuth angle φ and transverse momentum

pT (or transverse energy ET ). In experiment, η is usually used instead of y

as a massless limit approximation, and it is related to the polar angle, θ, via

η ≡ − ln[tan(θ/2)].

Colour flow between the two jets produced by colour-singlet or colour-

octet particles will have an effect on both the jet substructure and radiation

between them. Studies of radiation between jets focus on dijet gap events

which contain a rapidity gap [11, 12, 13, 14, 15, 16]. A rapidity gap is defined

as a region between the two leading jets which has limited hadronic activity.

Another requirement of dijet gap events is that the rapidity difference of the

two leading jets is sufficiently large. The reason for this requirement is that

the boundaries of the rapidity gap region are defined at the inside edges of the

two leading jets; a large gap ensures that the phase space is large enough.

Dijet events with a large rapidity gap are of particular interest to new

physics research. It was first suggested to study the Higgs Boson in such

events by Dokshitzer, Khoze and Troyan [17]. Then Bjorken [18] explored

its further application in electroweak boson exchange and the survival of the

rapidity gap. He also discussed jets and rapidity gaps in strong-interaction

processes. The result shows that radiation in the central region between the

two high ET jets is highly suppressed in the case of colour-singlet exchange in

the t-channel. Since then, rapidity gap events have been considered as a useful

tool to investigate colour-singlet exchange processes. It is noted that Higgs

production via the WW channel can be identified by analysing the radiation

pattern of events with a rapidity gap [19]. Rapidity gap events are found at

the Tevatron and HERA in about 10% of the total events [20, 21].

In early research, multiplicity was used to identify rapidity gaps [22]. Multi-

plicity could be the number of cells in the calorimeter which receive transverse
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energy larger than a set value. A rapidity gap event is an event with zero or

low multiplicity in the interjet region between the two leading jets. In recent

years, Oderda and Sterman proposed the use of energy flow Qc in the interjet

region to define rapidity gap events [13]. Qc is the energy away from the hard

jets mediated by soft gluon radiation. This choice could partly avoid the prob-

lems of soft radiation from spectator hard interactions and the colour of hard

scattering affected by soft gluon radiation. Qc is an infrared safe variable. The

factorized cross section dσ/dQc as a function of Qc is calculated for t-channel

colour-singlet and colour-octet processes. The result shows that in a mixed

cross section, the singlet component mainly contributes to small energy flow

while the octet one dominates at large energy flow.

Recently, Ilmo Sung extends the application to s-channel processes through

heavy new resonance exchange [23]. The techniques of factorization and re-

summation are used to derive the partonic cross section in terms of the mass

of the exchange particle M , the rapidity difference between the two leading

jets ∆η, the strong coupling αs and the energy flow threshold in the interjet

region Q0. The calculation includes all possible partonic processes. The quan-

tity studied is the gap fraction, defined as the ratio of the number of events

with energy flow in the interjet gap region up to a given value to the number

of total events. However, Sung’s calculation is only at parton level and does

not even include the incoming hadrons.

In Sung’s study, the gap fraction has been studied for spin-1, spin-0 and

2 resonances. In the spin-1 part, the gap fractions fgap of colour-singlet Z ′

and colour-octet G′ events are compared at different invariant mass and dijet

rapidity difference. The decay to a top pair or a bottom pair is considered,

and this is shown in figure 1.1. Here Q0 starts from zero, though Q0 < 10GeV

is hard to detect at the LHC. From the results, fG′

gap is always higher than

fZ′

gap, which is contrary to the results from t-channel processes studied before,

but not unexpected. At low Q0, fG′

gap increases rapidly compared to fZ′

gap, and

fewer colour-singlet events accumulate at low Q0. The gap fractions of events

where products are bottom quarks are slightly smaller compared to those of top

quarks with other parameters the same. This difference becomes larger when

the resonance mass is smaller. The ratio of the gap fractions, fG′

gap/f
Z′

gap, depends

on the rapidity range of the gap region rather than ∆η. These phenomena can

be understood by naive colour flow arguments as we now discuss.
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Figure 1.1: [figure from [23]]Gap fractions identified by energy threshold
Q0 at ∆η = 2 and interjet region Y = 1.5 for resonance masses M =
2, 1.5, 0.75, 0.55TeV. The solid curves describe gap fractions of Z ′ events, the
dashed curves for G′ events that decay into a top pair. The dot-dashed
curves(blue) describe the gap fraction of Z ′ events, and the dotted curves(blue)
for G′ events that decay into a bottom pair.

t

g∗

q

q̄ t̄

(a)

t

t̄

q

q̄

γ∗

(b)

Figure 1.2: The Feynman diagrams show the s-channel processes in which
a quark pair annihilates into a KK-particle. The coloured lines denote the
colour flow between the incoming proton constituents and outgoing top quarks.
(a)qq̄ → g∗ → tt̄ and (b)qq̄ → γ∗ → tt̄.
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The pattern of soft gluon radiation can be explained using colour flow.

Figure 1.2(a) shows the configuration of colour flow for the process pp → g∗ →
tt̄. Each proton contributes one parton with a different colour. The partons

annihilate to produce the g∗. The top pair products have colour which is

consistent with the g∗. At the leading order, they are each colour connected

with one initial parton. As the incoming parton’s momentum is in the beam

direction, in rapidity space, the “bremsstrahlung” gluons are radiated into the

region between the top pair products and the beam direction, such that an

interjet rapidity gap is formed.

The colour structure of colour-singlet exchange is shown in figure 1.2(b).

Two same-colour partons, each from one proton, annihilate into the γ∗. The

top quarks form a colour singlet, which leads to a colour string between them.

As a result, the resulting bremsstrahlung will mainly fill the rapidity region

between the dijets, such that no gap is formed. In addition, the two incoming

quarks also constitute a colour singlet. Soft gluons are possibly radiated into

the region between the top jets and the beams.

1.4 QCD Radiation

Soft wide-angle radiation is a kind of QCD radiation. In QCD radiation,

quarks or gluons radiate a gluon with a colour charge, leaving the colour of

the original parton changed. Because of QCD confinement, gluons and quarks

cannot exist freely. A free parton will generate a parton shower by radiation

and with quark pairs created from the vacuum. This collinear formation will

finally turn out to be jets, which we observe in the detector and use to study

the mechanism of QCD radiation.

In the calculation of the cross section of gap events, the energy flow thresh-

old in the interjet region is chosen to be Ecut
T ≫ ΛQCD, in which ΛQCD is the

scale boundary of non-perturbative and perturbative QCD. Then the cross

section can be calculated using perturbative QCD. Including the energy scale

of the hard jets, there are three scales in total, Ejets ≫ Ecut
T ≫ ΛQCD.

In simulations of QCD radiation, currently the method of matching parton

showers and matrix elements is used. Parton showers are good at describing

collinear and soft radiation. Parton showers can be wrong by orders of mag-

nitude for hard radiation. Matrix elements are mainly used for high energy
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far-split radiation at short distance. For a good match, the soft region and

hard region should be well separated and double counting by the equivalent

phase space configuration should be avoided.

1.4.1 Underlying Event

The underlying event(UE) contains everything except components from the

hard process. The interesting processes in an event are usually the hard pro-

cess, its hadronization, decay plus initial-state radiation(ISR) and final-state

radiation(FSR). The UE is approximately a combination of multiple parton

interactions(MPI) and soft beam remnants interactions. In this study, UE

refers to MPI as simulated in Pythia.

The UE is a problem in the study of hard processes. It is unavoidable in a

real event. Since non-perturbative QCD is involved, the UE is the least known

part of the interaction and is not as accurately modelled as other processes in

Monte Carlo simulations. It could contaminate the signal in searches for new

physics. In MPI, parton pairs which are not in the hard process can undergo

scattering. Most of the scatterings are, however, soft scatterings involving

non-perturbative QCD. The beam remnants are parts of the hadron which are

not involved in ISR or hard scattering and left behind. Due to the colour

connection, the beam remnants could change the colour structure of the hard

process [24]. They may make the unrelated colours and anti-colours taken

from the beam connect to each other and thus change them.

In the analysis, the results of events with and without UE are compared to

determine the effect of UE.

1.5 Power Spectrum

A spherical harmonic expansion is the decomposition of a distribution f(θ, φ)

on the sphere into harmonics of different scales.

f(θ, φ) =
∑

l

m=l
∑

m=−l

almYlm(θ, φ) (1.2)

where Ylm(θ, φ) are the spherical harmonics, see section 3.1 for the definitions of

Ylm(θ, φ) and more discussion. The level of accuracy which the transformation
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achieves can be obtained by truncating the expansion to a certain degree l.

The coefficient alm has two indices l and m. l corresponds to the wavelength

of the harmonic on the sphere, and m is related to the orientation of the polar

angle. The power spectrum is defined as

Cl =
1

2l + 1

m=l
∑

m=−l

a∗
lmalm (1.3)

It depends only on l.

The power spectrum is used in many areas to research anisotropy, such as

in geophysics and cosmology. In geomagnetics, power spectra are used for nu-

meric geomagnetic field analysis [25, 26]. Core and crustal fields have different

dimensions, corresponding to different polynomials in the harmonic expansion.

In cosmology, spherical harmonics are used to describe the anisotropy on the

celestial sphere. The power spectrum contains the same information as a two-

point correlation function 〈f(θ1, φ1), f(θ2, φ2)〉. It could describe temperature,

hadron density or other quantities. The temperature fluctuation, δT/T , in the

cosmic microwave background is theoretically predicted and experimentally

found to follow a Gaussian distribution [27, 28, 29]. When the temperature

fluctuation is expanded in spherical harmonics, the coefficients also obey a

Gaussian distribution. The correlation function of CMB anisotropy is defined

as

C(θ12) =

〈

δT (e1)

T

δT (e2)

T

〉

(1.4)

where θ12 is the angle between the directions e1 and e2. The correlation

function can be derived as

C(θ) =
∑

l

2l + 1

4π
ClPl(cos θ) (1.5)

where the multipole coefficients Cl define the CMB power spectrum. Pl are

associated Legendre polynomials, see section 3.1 for more discussion. Param-

eters in the theoretical model could be determined from the fit of the power

spectra from experiment and theory.

The power spectrum has been used to discriminate signals of new physics.

To discriminate the signal of highly excited squirk bound states, which gen-

erating photon radiation, from minimum bias events, the power spectra of
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energies deposited on a toy calorimeter are compared [30]. The multipole of

degree l = 2 dominates in the new physics signal and multipoles are evenly

distributed for the minimum bias one, as shown in figure 1.3. A variable

describing the level at which multipoles of low degree differ from the other

low-degree multipoles is proposed. The difference between new physics events

and minimum bias events is significant.

Figure 1.3: [figure from [30]]Multipole expansion of energy distribution in a
toy calorimeter in production and decay of the squirk excited bound states(the
solid line) and the minimum bias event(the dashed line).

Fourier transformations have also been used to resolve correlations in par-

ticle physics events on different physical scales [31]. The imaginary coefficients

are found to peak at different degrees between QCD di-jet and colour-singlet

exchange events.

Energy correlations in event evolution are closely connected with QCD dy-

namics. Many researchers are trying to distinguish events or extract parame-

ters in QCD dynamics based on energy correlations. Most of them are working

in perturbative QCD. Event shape variables are sensitive to characteristics of

QCD radiation. They play a crucial role in understanding the dynamics of

hadronization [32]. In a study aimed at discriminating highly boosted top

jets from QCD background, template methods based on correlations of en-

ergy flow have been used [33]. In conformal field theory, long distance energy

correlations in collisions have been studied using the stress tensor [34].

The energy correlation in g∗ and γ∗ events is different, stemming from the

different radiation pattern caused by the colour difference. To investigate the

energy correlations, the power spectrum, which is equivalent to a two-point
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correlation function, is a new and interesting tool to explore. We shall return

to this in Chapter 3.
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Chapter 2

Using Jets and Energy Flow

In this chapter, pp → g∗/γ∗ → tt̄ processes are studied by looking at addi-

tional jets and energy flow. The top quarks can decay either hadronically or

leptonically. Rapidity gap events are the focus of investigation. The rapidity

gap is defined in two ways: 1.there is no jet with pT above a given value in the

interjet region, which is between the inside edges of the top jets; 2.the energy

flow, which is the sum of transverse energies of all final-state particles in the

interjet region, is less than a certain value. As rapidity gap events require large

rapidity difference between the two leading jets, events with a pseudorapidity

difference between the two leading jets, denoted as ∆η, larger than 2 are se-

lected. The fraction of events decreases dramatically with increasing ∆η. For

the data sample used, the proportion of events with ∆η > 3.0 is 0.095 for g∗

events and 0.073 for γ∗ events. When ∆η > 4.0, it is 0.0216 for g∗ events and

0.0135 for γ∗ events. The cross section before any cuts is 785.9 fb for g∗ events

and 1101 fb for γ∗ events. Assuming that the LHC has 10 fb−1 of data, there

would be 58 and 47 events with ∆η > 3.0, 13 and 9 events with ∆η > 4.0 of

g∗ and γ∗ events respectively. We need enough events to study the cases with

large ∆η. In this study, comparisons are made between results from events

with and without UE to find the uncertainties due to the UE.

2.1 Monte Carlo Generation

Pure pp → g∗/γ∗ → tt̄ events are generated in Pythia 8, both with and without

UE. The resonances have masses of 2TeV and width around 400GeV. Events

with KK-particles in a narrow mass window 1980 − 2020GeV are selected at
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the generation level to make the event samples as similar as possible. The

cross section for g∗ to have mass at 1980 − 2020GeV is 60.9 fb and 59.0 fb

for γ∗. The couplings of KK-particles to quarks were tuned to make the cross

section and width of g∗ and γ∗ similar.

2.2 Definition

The analysis is done in rapidity space. The top jets are found by fastjet [35]

using the anti-kt algorithm [36] with radius R = 0.7 and identified as the two

jets with largest pT . The pseudorapidities of the two top jets are ηjet1 and ηjet2.

Their pseudorapidity difference is the absolute difference ∆η = |ηjet1 − ηjet2|.
The interjet region is the region between the inside edges of the top jets,

which is shown in figure 2.1. The width of the interjet region is ∆η − 0.7 × 2.

The rapidity range ∆y is centred at the middle of the interjet region. The

jet region is two rapidity belts in the range of (ηjet1 − 0.7, ηjet1 + 0.7) and

(ηjet2 − 0.7, ηjet2 + 0.7). The away region is outside the outer edges of the top

jets. The width of this region is 2 in pseudorapidity on each side. The study is

in a frame in which ηjet1 = −ηjet2. As shown in figure 2.1, the coordinate for

illustration of the distribution in the interjet region is η1, with the origin at the

midpoint of ηjet1 and ηjet2, denoted by ηmid = (ηjet1 + ηjet2)/2. η1 corresponds

to η, the pseudorapidity in the lab frame, with η1 = η − ηmid. The coordinate

for illustration in the away region is η2, with the origin at the outer edges of

the top jets in the two away regions. The coordinate η2 is positive in both

away regions. The values on each side, which are at the same distance from

the corresponding origin, are overlaid.
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Figure 2.1: The regions defined in the analysis.

2.3 Analysis Using the Jets

In this part, all final-state particles are clustered into jets. Particles not in the

top jets are clustered using the anti-kt algorithm with radius R = 0.4. g∗ and

γ∗ events with ∆η at 2.0, 2.5, 3.0, 3.5, 4.0(with a spread of 0.1, e.g. 1.9 to 2.1)

are selected and compared.

2.3.1 Gap Fractions

The gap fraction is defined as the ratio of the gap events to the total events.

Here the gap events are events with an interjet region absent of jets with pT

larger than a given value.

When studying events with UE, the threshold of the jet pT in the gap

definition, denoted by pcut
T , is selected to be several values: 10, 20, 30GeV.

Though jets with pT < 20GeV are hard to measure by the LHC detectors,

they are studied theoretically. The gap fraction is a function of the rapidity

range ∆y at a certain ∆η and pcut
T . As expected, colour-octet g∗ events always

have a higher gap fraction than colour-singlet γ∗ events, which is illustrated in

figure 2.2. The gap fraction at rapidity range ∆y = ∆η will decrease when ∆η

increases. While at the same ∆y, fgap is higher when the interjet region ∆η

increases, which means that there are more jets with pT > pcut
T per phase-space

unit when ∆η is smaller.

Gap fractions corresponding to different pcut
T are compared between g∗ and
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γ∗ events in figure 2.3. The gap fraction curve will turn from concave to

convex, at fixed ∆η and increasing pcut
T , or fixed pcut

T and increasing ∆η. The

increase in the absolute value of the slope of the gap fraction curve indicates

that the probability of jets with pT > pcut
T being distributed in the rapidity

range where the slope increases is higher. According to this, large pT jets tend

to be distributed close to the inside edges of the top jets in both g∗ and γ∗

events. Our observations imply that the distribution of jets with pT > pcut
T is

different for the two and jets in γ∗ events generally have larger pT than those

in g∗ events.
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Figure 2.2: Gap fractions of events with UE turned on as functions of rapidity
range defined by absence of jets with pT > pcut

T . (a)∆η = 2.5, pcut
T = 30GeV

and (b)∆η = 3.5, pcut
T = 30GeV. Red lines are for g∗ events and blue lines are

for γ∗ events.
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Figure 2.3: Comparisons of gap fractions with UE turned on at different pcut
T ,

∆η = 3.5. Gap fractions of (a)g∗ events and (b)γ∗ events, from lower to higher,
pcut

T = 10, 20, 30GeV.

The UE reduces gap fractions in both g∗ and γ∗ events. The effect of the

UE on gap fractions as a function of ∆y is more apparent when ∆η is small, as

shown in figure 2.4. However, the effect of the UE is not enough to spoil the

difference. Gap fractions as a function of pcut
T show that the UE could spoil

the discriminating ability at low pcut
T when ∆η is small.
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Figure 2.4: Comparisons between the gap fractions of events with and without
UE as a function of ∆y with pcut

T = 30GeV, at (a)∆η = 2.5 and (b)∆η = 3.5.
The red solid lines are for f g∗

gap with UE. The red dashed lines are for f g∗

gap

without UE. The blue solid lines are for f γ∗

gap with UE. The blue dashed lines
are for fγ∗

gap without UE.
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Figure 2.5: Comparisons between gap fractions of events with and without UE
as a function of pcut

T , at (a)∆η = 2.5 and (b)∆η = 3.5. The red solid lines are
for f g∗

gap with UE. The red dashed lines are for f g∗

gap without UE. The blue solid
lines are for fγ∗

gap with UE. The blue dashed lines are for f γ∗

gap without UE.

2.3.2 Jet Number

Jet number is important as it is a direct manifestation of the dynamics of QCD

[37]. Because of the colour connection between the initial quark pair and final

top pair, generally, γ∗ events have more radiation in the whole space, which

corresponds to a larger jet number.
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The differences in jet number with pT > pcut
T , denoted by Njet, mainly exist

in the interjet region and the jet region, which is the pseudorapidity region

which contains the two leading jets. In the interjet region, γ∗ events aways

have a larger Njet. When ∆η increases, the proportion of events which contain

jets with pT > pcut
T increases for both kinds of events, as shown in figure 2.6.

The UE increases Njet in the interjet region. At ∆η = 3.5, the proportion of γ∗

events with Njet = 1 is slightly smaller than that of g∗ events, while it is larger

for events with UE. This indicates that the uncertainty of the UE may spoil

the discriminating ability of the gap fraction if there is one jet with pT > pcut
T

in both g∗ and γ∗ events at large ∆η.

As for the jet region, the proportion of events with a jet region which

contains jets pT > 30GeV is compared. The difference is apparent when ∆η

is small, as shown in figure 2.7. When ∆η = 2, 2.5, the proportions of γ∗

events are much larger. However, the difference between the proportions is

small when ∆η ≥ 3. In the away region, the difference between Njet of g∗ and

γ∗ events is small, as shown in figure 2.8.
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Figure 2.6: Comparisons of the jet number with pT > 30GeV in the interjet
region in events with and without UE. (a)The jet number at ∆η = 2.5. (b)The
jet number at ∆η = 3.5. (c)The jet number at ∆η = 4.0. Red solid lines are for
g∗ events with UE. Red dashed lines are for g∗ events without UE. Blue solid
lines are for γ∗ events with UE. Blue dashed lines are for γ∗ events without
UE.
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Figure 2.7: Proportion of events with UE in which the jet region contains jets
with pT > 30GeV. The red line is for g∗ events. The blue line is for γ∗ events.
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Figure 2.8: Njet with pT > 30GeV in the away region in events with UE at
(a)∆η = 2.5 and (b)∆η = 4.0. The red lines are for g∗ events. The blue lines
are for γ∗ events.

2.3.3 Distribution of the Jet Number

Another consequence of the different colour flow in g∗ and γ∗ events could be

the probabilities of the positions at which additional jets appear in the interjet

region. The difference of the shape of the gap fraction curve shown in the

section on gap fractions have indicated that the distributions are different. In

this section, the distribution of Njet is examined.

The average number of jets with pT > pcut
T , denoted by N̄jet, in events

containing such jets in the interjet region, is compared here. Generally, N̄jet

for g∗ events is less than that of γ∗ events. As shown in figure 2.9, in the interjet
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region, the probabilities of jets to appear close to the top jets are similar in

g∗ and γ∗ events. There is a difference in the central interjet region, where

γ∗ events have larger probability to contain the jets. This result indicates the

difference between the jet distribution of g∗ and γ∗ events in which there are

jets with pT > pcut
T in the interjet region.
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Figure 2.9: Distribution of N̄jet with pT > 30GeV in the interjet region at
∆η = 3.0, in events with and without UE. The red line is for g∗ events with
UE. The pink line is for g∗ events without UE. The blue line is for γ∗ events
with UE. The green line is for γ∗ events without UE. The origin of coordinate
η1 is at the midpoint of ηjet1 and ηjet2.

In the away region, the distributions of N̄jet with pT > 30GeV are similar

for g∗ and γ∗ events, as shown in figure 2.10. The distribution of N̄jet with

pT > 10GeV falls down rapidly as η2 increases. The distribution of g∗ events

is not significantly higher than the γ∗ one, as the colour flow arguments argue

that the top products are colour-connected to the beams. This may come

from two effects. One effect is that though at leading order the top products

are colour-connected to the beam, in reality initial-state radiation reduces the

colour-connection effect. The other is that the colour connection between the

jets and the beams may cross. Beside, the light fermion pair which produces

the γ∗ is colour-connected, which increases the radiation over all phase space.
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Figure 2.10: Distribution of the number of jets with pT > 30GeV at ∆η = 3.0
in the away region in events with UE. The red line is for g∗ events. The blue
line is for γ∗ events. The origin of the coordinate η2 is at the outer edges of
the top jets.

2.3.4 pT Distribution

In this section, the average pT distribution of all jets is shown. The jet pT is

filled at the centre of the jet. The pT distribution averaged over all events is the

average pT distribution, denoted by p̄T . In the interjet region, the difference

between the pT distribution of g∗ and γ∗ events is large in the whole region

when ∆η is small. As ∆η increases, the difference in the region close to the top

jets decreases. The difference is mainly in the central region when ∆η is large,

as illustrated in figure 2.11(a)(b). In the away region, the pT distribution of

g∗ events will increase when ∆η increases, shown in figure 2.11(c)(d). This is

consistent with the colour flow arguments.
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Figure 2.11: pT distribution in the interjet region for events with UE. Red lines
are for g∗ events. Blue lines are for γ∗ events.

2.3.5 Distribution of Jets with pT > 30GeV in Events at

∆η < 2

From the above analysis, the radiation difference between g∗ and γ∗ events is

more apparent when ∆η is small, where η is pseudorapidity in the lab frame.

Here, events with the top jets ηjet1 and ηjet2 in the range −1 < ηjet1, ηjet2 < 1

are studied, where the interjet region is limited or even non-existent. The

average distribution of number of jets with pT > 30GeV is shown in figure

2.12. The difference is concentrated in the region −2 < η < 2. pcut
T = 30GeV

could clearly avoid the effect of the UE very well.
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Figure 2.12: Distribution of jets with pT > 30GeV in events with UE
and with −1 < ηjet1, ηjet2 < 1. η is pseudorapidity in the lab frame.
(a)Comparison between the distribution of g∗(red line) and γ∗(blue line) events
with UE.(b)Comparison between the distribution of g∗ events with(red line)
and without(green line) UE.(b)Comparison between the distribution of γ∗

events with(blue line) and without(green line) UE.
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2.4 Analysis Using Energy Flow

In this section, colour flow is studied through energy flow. Energy flow Qc

is the total transverse energy of all final-state particles in the interjet region.

The energy distribution in the away region is also presented. Events with ∆η

at 2.0, 2.5, 3.0, 3.5, 4.0(with a spread of 0.1, e.g. 1.9 to 2.1) are studied.

2.4.1 Gap Fractions

Here the rapidity gap events are events in which energy flow Qc is less than an

energy threshold Q0. Q0 is selected to be: 10, 20 and 30GeV. Consistent with

the result from gap fractions defined by jet pT > pcut
T , f g∗

gap is always higher,

as shown in figure 2.13. From the results of the last section, there are small

pT jets distributed over all phase space, the transverse energy of which are all

included in Qc. As a result, fgap decreases rapidly when ∆y increases. Gap

fractions defined by jets with pT > pcut
T have a better ability to avoid the effect

of the UE.

The UE has a larger effect on gap fractions defined by energy flow. The

difference between the fgap curve for g∗ events with UE and the fgap curve for

γ∗ events without UE is still large enough to discriminate at ∆η = 2.5. This

difference becomes smaller when ∆η increases. The difference at ∆η = 3.5 is

much smaller than that of gap fractions defined by jets with pT > pcut
T in figure

2.2.
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Figure 2.13: Gap fractions as functions of rapidity range defined by energy
flow, (a)∆η = 2.5, Q0 = 30GeV and (b)∆η = 3.5, Q0 = 30GeV. Red solid
lines are for g∗ events with UE. Red dashed lines are for g∗ events without UE.
Blue solid lines are for γ∗ events with UE. Blue dashed lines are for γ∗ events
without UE.

2.4.2 Gap Fraction as a Function of Energy Threshold

In this section, we study the gap fraction as a function of the energy threshold

Q0. According to Sung’s study, the cross section of soft radiation could be

expressed as a function of the parameter Q0. In figure 2.14, a comparison is

made between gap fractions in Sung’s paper and results from events with and

without UE at ∆η = 2. The width of the interjet region in Sung’s paper [23]

is Y = 1.5, while Y = ∆η − 1.4 is chosen here. Another difference is that the

cross section in Sung’s paper is at parton level rather than the full hadron level

calculation we perform. There are some differences between the gap fractions

from theory and this analysis. The concave shape of f γ∗

gap does not appear. f g∗

gap
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of events without UE is closer to the theoretical one, while it is smaller at low

Q0 and larger at large Q0. fγ∗

gap of events with UE is closer to the theoretical

one at low Q0, while it is larger at large Q0. fgap in Sung’s paper and from

MC simulation tend to 1 when Q0 is around 700GeV, which is the upper limit

on the ET of emissions. Figure 2.14(b) shows that the UE washes out the

difference between f g∗

gap and fγ∗

gap badly at low Q0.
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Figure 2.14: Gap fractions as a function of Q0 defined by energy flow at ∆η = 2.
(a)fgap from Sung’s paper. The solid black curve is for color-singlet events, and
the dashed black curve is for color-octet events in which a heavy resonance
decays into a top-quark pair. (b)fgap of events with and without UE. The red
solid line is for g∗ events with UE. The red dashed line is for g∗ events without
UE. The blue solid line is for γ∗ events with UE. The blue dashed line is for
γ∗ events without UE.

2.4.3 Energy Distribution

Energy distributions of final-state particles averaged over all events, which

are the average energy distributions and denoted by ĒT , are studied in this

section. The average energy flow of γ∗ events is more than that of g∗ events

in the interjet region, which is shown in figure 2.15. As ∆η becomes larger,

transverse energy per pseudorapidity ∆ET /∆η1 will decrease in the central

interjet region and increase in the region close to the top jets. In the interjet

region, the value of the energy distributions of events without UE are less than

those with UE, while the difference between g∗ and γ∗ is not spoiled.
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Figure 2.15: ET distribution in the interjet region in events with and without
UE at (a)∆η = 2.5, and (b)∆η = 3.5. The red solid lines are for g∗ events with
UE. The red dashed lines are for g∗ events without UE. The blue solid lines
are for γ∗ events with UE. The blue dashed lines are for γ∗ events without UE.

2.4.4 Qc Distribution

The distribution of energy flow, Qc, which is the total transverse energy of

final-state particles in the interjet region, is studied in this section. Qc is

usually higher in γ∗ events. This distribution gives a reference to choose Q0.

For example, when ∆η = 3.0, it is sensible to choose Q0 = 40GeV, considering

the uncertainty of the UE, as shown in figure 2.16.
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Figure 2.16: The Qc distribution of g∗ events and γ∗ events at ∆η=3.0 in
events with and without UE. The red solid line is for g∗ events with UE. The
red dashed line is for g∗ events without UE. The blue solid line is for γ∗ events
with UE. The blue dashed line is for γ∗ events without UE.

2.5 ∆η Distribution

Comparison between the ∆η distribution shows that ∆η tends to be smaller

in γ∗ events, as shown in figure 2.17. Since the distributions of events with

and without UE are similar, the difference comes from the effect of ISR and

FSR of the outgoing jets of the hard process during the jet evolution. This is

a manifestation of the “string effect” [38].
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Figure 2.17: (a)∆η distribution of g∗ events(red line) and γ∗ events(blue
line). (b)Comparison between ∆η distribution of g∗ events with(red line) and
without(green line) UE. (c)Comparison between ∆η distribution of γ∗ events
with(blue line) and without(green line) UE.
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Chapter 3

Analysis Using Spherical

Harmonic Power Spectrum

In this chapter, the angular distribution of the transverse energy of final-state

particles in g∗ and γ∗ events is studied using a spherical harmonic spectrum.

In particular, the transverse energy correlations among final-state particles

are considered. The spherical harmonic power spectrum contains the same

information as a two-point correlation function. In order to study the ET

correlations among particles coming from different processes, we explore power

spectra for (a)all final-state particles; (b)only those final-state particles within

the top jets, where the QCD background from dijet events is also studied;

(c)all final-state particles except those in the top jets.

3.1 Theory Background

A distribution on a sphere in θ − φ space can be expanded into a spherical

harmonic series. In this study, the transverse energy ET is considered. The

expansion is of the form,

ET =
∑

l

m=l
∑

m=−l

almYlm(θ, φ) (3.1)
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where the spherical harmonic is related to the associated Legendre polynomial

by

Ylm(θ, φ) =

[

2l + 1

4π

(l − m)!

(l + m)!

]1/2

P m
l (cos θ)eimφ (3.2)

In particular, Yl0 is independent of φ:

Yl0(θ) =

√

2l + 1

4π
Pl(cos θ) (3.3)

The index l is related to the wavelength of spherical harmonics and m depends

on the orientation of the polar coordinates. The coefficient alm is related to

both the azimuth angle and the choice of polar coordinates.

The ET correlation of two points (θ1, φ1) and (θ2, φ2) is defined as

C(θ12) = 〈ET (θ1)ET (θ2)〉 (3.4)

where θ12 is the angle between the directions given by θ1 and θ2, and the angle

brackets mean the average over ET of all pairs of directions seperated by θ12.

Due to the orthogonality of spherical harmonics,

〈

∑

l

m=l
∑

m=−l

Y ∗
lm(θ1, φ1)

∑

l′

m
′

=l
′

∑

m′
=−l′

Yl′m′ (θ2, φ2)

〉

=

〈

∑

l

m=l
∑

m=−l

Y ∗
lm(θ1, φ1)Ylm(θ2, φ2)

〉

(3.5)

Hence, the average of the coefficients

〈almal′m′ 〉 ∝ 〈almal′m′ 〉δll′δmm′ (3.6)

Because of the unitarity attribute of spherical harmonics, the sum of spher-

ical harmonics over m is unchanged in a different polar coordinate system,

m=l
∑

m=−l

Y ∗
lm(θ1, φ1)Ylm(θ2, φ2) =

m=l
∑

m=−l

Y ∗
lm(θ

′

1, φ
′

1)Ylm(θ
′

2, φ
′

2) (3.7)

where the primed coordinate is in another polar coordinate system. The sum

only depends on the θ difference between the points, not φ. If choosing the

pole so that one point is at the pole, for example, θ1 = 0, the only nonvanishing
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spherical harmonic is Yl0 and the sum becomes:

m=l
∑

m=−l

Y ∗
lm(θ1, φ1)Ylm(θ2, φ2) = Y ∗

l0(0)Yl0(θ12) =
2l + 1

4π
Pl(cos θ12) (3.8)

Then the ET correlation becomes,

C(θ12) =
∑

l

m=l
∑

m=−l

〈almal′m′ 〉2l + 1

4π
Pl(cos θ12) (3.9)

Cl is defined to be the average power over modes m. It is called the power

spectrum, or power spectrum density:

〈almal′m′ 〉 = Clδll′δmm′ (3.10)

Cl =
1

2l + 1

m=l
∑

m=−l

a∗
lmalm (3.11)

This is analogous to the power spectrum in plane geometry, which is con-

ventionally averaged over sinusoids with the same wave number. Since it is

the sum of the squared modulus averaged over m, Cl is independent of both

the azimuth angle and the polar coordinate system.

Using equations (3.5−3.11) above, the correlation function can be expressed

as:

C(θ12) =
∑

l

2l + 1

4π
ClPl(cos θ12) (3.12)

3.2 The Transformation

We use the package S2kit [39] to do discrete spherical harmonic transforma-

tions. Given a bandwidth B, the package does a transformation up to l = B−1,

f(θ, φ) =
l=B−1
∑

l=0

m=l
∑

m=−l

almYlm(θ, φ) (3.13)

The coefficients alm of degree l ≥ B are equal to zero. 10000 g∗ and γ∗

events (with UE) are used for the spherical harmonic transformations, without

discriminating between the position and the pseudorapidity difference of the
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top jets. Final-state particles are clustered using fastjet, the anti-kt algorithm

with a radius R = 0.7. The input values to S2kit are the transverse energies

of final-state particles in jets with pT > 1GeV. The values are sampled on

2B × 2B equally spaced grids in θ − φ space with a resolution of π/B. The

top jets are identified as the two jets with largest pT .

3.3 Some Features of the Power Spectrum

Spherical harmonic transformations decompose a distribution on a sphere into

waves with different wavelengths. The wavelength corresponding to degree l

is approximately π/l.

If the input information has changes on a small scale corresponding to

a certain degree l′, the value of degrees l < l′ (corresponding to larger size

correlations) will not be affected much. The changes are mainly indicated by

degrees l ≥ l′.

Unlike the temperature anisotropy studied in CMB radiation, the input

ET values are discrete and have a large variance. In applications of the power

spectrum in signal processing, delta functions in the time domain will leave a

flat spectrum at high degrees, which is defined as white noise. In a spherical

harmonic transformation, one discrete single bin acts like white noise and has

the same effect on the power spectrum.

In the study of event structure, the ET correlations on a large scale are

considered. Transformations with bandwidth B = 32 can describe the shape

of the input event sample quite well. Actually, we shall only consider multipoles

with degree l ≤ 11. Degree l = 10 corresponds to a scale of about 0.3 radian.

This avoids the effects of fluctuations on a small scale and white noise.

If the ET distribution is continuous and following a Gaussian distribution,

the spectrum will decrease monotonically with increasing degree at low de-

grees. If ET clusters on a certain scale, the magnitude of the corresponding

multipole in the spectrum will have a higher value than the neighboring ones.

An example event to illustrate this is shown in figure 3.1. Also shown is the

inverse transformation. In the spectrum, even degrees have higher values than

their neighboring multipoles. The inverse transformation is performed with

only coefficients of the degree l = 2 or l = 10. Others are set to zero. In com-

parison with the true distribution of all final-state particles in figure 3.1(a), the
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range of higher values(red and yellow) in the inverse transformation correctly

corresponds to a cluster of ET in the original sample.
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(a) A data sample of a g∗ event. The top
jets are removed, unit in GeV.
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Figure 3.1: Inverse transformation of coefficients of a certain degree for a g∗

event.

The magnitude of degree l = 1 is usually small. Because the invariant

mass of the two top jets is large, the two top jets are not much boosted and

form an approximately back-to-back shape with even parity. The parity leads

to even degrees with larger values than those of odd degrees next to them.

The contribution of two back-to-back points, (θ, φ) and (π − θ, π + φ), to the

coefficients alm of odd degrees will be cancelled. As in the formula,

alm =

∫

2π

0

dφ

∫ π

0

dθ sin θf(θ, φ)Y ∗
lm(θ, φ) (3.14)

sin θ and sin(π − θ) are opposite with other terms identical.
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3.4 Average Power Spectrum and Standard

Deviation

In this section, the input samples correspond to the transverse energies of all

final-state particles in jets with pT > pmin
T , or those particles only in the top

jets or those in all jets excluding the top jets.

3.4.1 All Jets with pT > pmin
T

The input sample of power spectrum of all jets are final-state particles in all

jets with pT > 1GeV. The average power spectrum is averaged over 10000

events with one power spectrum per event. The error bar is calculated by

Y/
√

N , in which Y is the mean value of Cl, the value of degree l of the power

spectrum, and N = 10000. The standard deviation is calculated by

sl =

√

√

√

√

1

N − 1

N
∑

i=1

(Ci
l − C̄l)2 (3.15)

where Ci
l is the value of degree l in the power spectrum of the ith event, and C̄l

is the average value of degree l over 10000 events. The error bar and standard

deviation in following sections follow the same calculation.

The average power spectrum and standard deviation are shown in figure 3.2.

The differences between γ∗ and g∗ are large. As mentioned above, multipoles

with large magnitudes usually correspond to large values at the top-jet region

in the inverse transformation. The higher values of even low degrees in the

average power spectrum of g∗ events indicate that the top jets and particles

around them have larger proportion of the total ET . The ratio of the ET of

the top jets to the total ET of all jets is shown in figure 3.3.
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Figure 3.2: Power spectrum of all final-state particles in jets with pT > 1GeV.
(a)Average power spectrum. (b)Standard deviation of power spectrum. Red
lines are for g∗ events and blue lines are for γ∗ events.
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Figure 3.3: The proportion of the top jets ET to the total ET . The red line is
for g∗ events, and the blue line is for γ∗ events.

3.4.2 The Top Jets

The average power spectrum of only the top jets are shown in this part. The

average power spectrum of the top jets in g∗ events is larger than that of γ∗

events, as shown in figure 3.4. This is because the top jets in g∗ events have

larger ET than those in γ∗ events even when the masses of the resonances are

same, due to less radiation. In the average normalized power spectrum, the

even degrees are higher in the g∗ case, which may come from the fact that

the top jets in g∗ events are more centralized, which is also comes from less

radiation. The size of the top jets approximately corresponds to the degree at

which the power spectrum turns to be flat, in relation θ = π/l. The values of
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the average power spectrum in figure 3.4 are almost identical to those in figure

3.2 except the values of degree l = 0. This is because the top jets dominate

the shape of the power spectrum, as shown in figure 3.5. This motivates us to

remove the top jets from the input sample.
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Figure 3.4: Power spectrum of final-state particles in the top jets. (a)Average
power spectrum. (b)Standard deviation of power spectrum. Red lines are for
g∗ events. Blue lines are for γ∗ events.
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Figure 3.5: An example of power spectrum of all jets(red line) and only the
top jets(green line) in a g∗ event.

3.4.3 Jets Except the Top Jets

The power spectrum of final-state particles in all jets except the top jets

contains information about energy correlations between particles other than

particles in the top jets. Power spectra of final-state particles in jets with

pT > 1, 5, 20GeV are shown in figure 3.6, with standard deviation shown in

figure 3.7. The average normalized power spectrum, which is the average of

the power spectrum normalized by the value of degree l = 0, is also shown.
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Figure 3.6: Power spectrum of final-state particles in jets except the top jets.
(a)In jets with pmin

T = 1GeV. (b)Average normalized power spectrum of par-
ticles in jets with pmin

T = 1GeV. The value of degree l = 0 in the blue line
is 1. Red lines are for g∗ events and blue lines are for γ∗ events. (c)In jets
with pmin

T = 5GeV and pmin
T = 20GeV. The red line is for g∗ events with

pmin
T = 5GeV. The pink line is for g∗ events with pmin

T = 20GeV. The blue
line is for γ∗ events with pmin

T = 5GeV. The green line is for γ∗ events with
pmin

T = 20GeV. Only events containing jets except the top jets with pT > pmin
T

are included.
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Figure 3.7: Standard deviation of power spectrum of final-state particles in jets
except the top jets. (a)In jets with pmin

T = 1GeV. (b)Average normalized power
spectrum of particles in jets with pmin

T = 1GeV. (c)In jets with pmin
T = 5GeV.

(d)In jets with pmin
T = 20GeV. Red lines are for g∗ events and blue lines are

for γ∗ events.

There is a very large difference between the average power spectra in this

case, as shown in figure 3.6(a). The average normalized power spectrum shows

that the two are very similar except the magnitudes of degree l = 2, which

implies that the effect of different radiation has much the same effect over all

scales. Compared with the average power spectrum with pT > 1GeV, degree

l = 0 in the average power spectrum with pT > 5GeV is smaller and other

degrees have very little difference. This indicates that the effect of jets with

pT < 5GeV on the power spectrum is mainly at degree l = 0(large scales). The

difference at degrees other than l = 0 between power spectra with pT > 5GeV

and pT > 20GeV shows that jets with 5GeV < pT < 20GeV have effect on

small scales.

The uncertainty due to the UE on the power spectrum should also be
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considered. Comparison between average power spectrum of events with and

without UE is shown in figure 3.8. A significant difference occurs at degree

l = 0, which may indicate the additional products from the UE spread widely.

Differences at degrees l ≥ 1 are small within uncertainties. The effect of the

UE is tiny. We can easily distinguish g∗ from γ∗ using power spectrum method.
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Figure 3.8: The average power spectrum of final-state particles in jets except
the top jets with pcut

T = 5GeV. Comparisons between the power spectra of
events with and without UE. Red lines are for g∗ events with UE. Blue lines
are for γ∗ events with UE. Green lines are for events without UE.

3.4.4 The Difference Between Hadronically decaying top

jets and QCD jets

In this part we apply the power spectrum to the final-state particles in a single

jet. The samples used are QCD events with all possible processes and g∗ and

γ∗ events with both tops decaying hadronically. The two leading jets defined

by anti-kt algorithm with R = 0.7 are selected. Only the jet with larger pT

is used. To make the QCD jets similar to the top jets, the following cuts are

applied: the invariant mass of the two leading jets, M inv
jets > 1500GeV; the

invariant mass of each leading jet, 150GeV < M inv
jet < 200GeV. The particles

in the leading jet are clustered using anti-kt algorithm with R = 0.3. The

difference between the ET of the leading jet and its leading subjet is examined.

As shown in figure 3.9, the distribution of ∆ET /ET , which is the proportion

of the difference between the ET of the jet and the leading subjet, denoted

by ∆ET , to the ET of the jet, is different between the QCD jets and top jets.

Most QCD jets accumulated at the region ∆ET /ET < 0.1, which indicates
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that the ET of the QCD jets are concentrated in a smaller range. The average

power spectra of the QCD events and KK-particle events with ∆ET /ET < 0.1

are shown in figure 3.10. Since the QCD jets have larger ET , the values of

average power spectrum are higher. The average normalized power spectrum

of QCD jets shows that the higher degrees have larger value, which indicated

that the size of the subjet of the QCD jets which contain most ET is smaller.

This is a first study and it would be useful to do this with QCD events which,

for example, pass the Johns Hopkins top tagger [40].
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Figure 3.9: The difference between ET of the leading jet and its subjet. The
green line is for QCD events. The red line is for g∗ events. The blue line is for
γ∗ events.
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Figure 3.10: The average power spectra of QCD events and KK-particle events
with ∆ET /ET < 0.1. (a)Average power spectrum. (b)Average normalized
power spectrum. The green lines are for QCD events. The red lines are for g∗

events. The blue lines are for γ∗ events.
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Chapter 4

Conclusion

Recently, Sung studied the different patterns of soft gluon radiation in new

TeV-scale resonance events due to the different colour contents. This study

provides a promising way to distinguish colour-singlet and colour-octet parti-

cles in new physics. From theoretical calculations, there is a large difference

between the gap fractions for the two kinds of events.

This study is focussed on the colour difference of the new resonances. The

particles studied are g∗ and γ∗. The analysis is undertaken using both rapidity

gap events and the spherical harmonic spectrum. Events in which two top jets

have large pseudorapidity difference are studied through additional jets and

energy flow. The gap fraction is evaluated using two methods. A gap fraction

defined by jets with pT above a given value could avoid the effect of the UE

better than that defined by energy flow. The number of jets with pT above

a given value is compared between g∗ and γ∗ events. It is found that when

the pseudorapidity difference of the top jets is large, the uncertainty of the

UE can spoil the discriminating ability when there is one additional jet with

pT > pcut
T in the interjet region. For events which do not contain a rapidity

gap, the distribution of jets with pT > pcut
T is studied. It is found that the

average number of jets with pT > pcut
T in the central interjet region is higher

for γ∗ events. This phenomenon is more apparent when the pseudorapidity

difference between the two top jets is small. The jet number and energy

distribution are also studied in the top-jet region and the region between the

top jets and the beams. There are small differences in the latter case. In the

top-jet region, the proportion of events containing jets with pT > 30GeV is

about 0.2 higher in γ∗ events than in g∗ events when ∆η is small.
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In the study of the spherical harmonic spectrum, the average power spectra

of the full event, of final-state particles in the top jets and of those particles

in jets excluding the top jets are compared between g∗ and γ∗ events. The

difference of the average power spectrum of final-state particles in jets except

the top jets is very large. The effect of the UE on the average “except-top-jet”

power spectrum is mainly at degree l = 1.

It remains to be seen how the power spectrum methods discussed here

can be used in other circumstances. Certainly the results in Chapter 3 are

encouraging.
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