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AbstratThe �ve-dimensional Randall-Sundrum model predits massive graviton resonanes thatan be deteted by the ATLAS detetor at the Large Hadron Collider. The mass disov-ery limit for the hannels G∗ → e+e−, µ+µ− and γγ are derived. Earlier studies of thesehannels are improved or orreted. Disovery limit for the detetion of the deay mode
G∗ → γγ is derived for the �rst time. The spin of the graviton resonanes is studiedthrough deay angular distributions.
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IntrodutionThe goal of partile physis is to understand, on a fundamental level, matter and thefores governing it. Our knowledge of matter and the fores of nature is integrated intothe Standard Model whih onsists of veri�ed models and theories. The most importantontribution to partile physis in the near future will be through the experiments atthe Large Hadron Collider (LHC) at CERN1. A substantial e�ort will be made in thesearh for evidene of new theories going beyond the Standard Model. The StandardModel is not regarded as the omplete desription of elementary partiles sine it laks,among others, the desription of gravity. Thus, the Standard Model does not explainwhy gravity is so weak ompared to other fores of nature. This is referred to as thehierarhy problem of the weak-Plank sale. In 1999 Lisa Randall and Raman Sundrumproposed a model based on one extra spatial dimension that solves the weak-Planksale hierarhy via an exponentially suppressed warp fator. The most elegant featureof the model is its preditive powers through only two free parameters. This senarioan be regarded as a proper theoretial model, in the right sense of the term. This isnot the ase with other theories going beyond the Standard Model. The Minimal SuperSymmetri Model (MSSM) has 5 free parameters. These are obtained through a seriesof assumptions in order to redue the huge amount of free parameters. If the RandallSundrum model is orret traes of massive graviton resonanes are expeted to appear.Other models predit graviton resonanes as well. However, results derived in this thesisdo not depend on the validity of a partiular model. The Randall-Sundrum model isonly used as a guide or as a test model.The thesis is organized as follows: Chapter 1 introdues the Standard Model and theRandall-Sundrum model. Chapter 2 gives as overview of the detetors at the LargeHadron Collider. A more or less detailed desription of the ATLAS detetor is given.Chapter 3 investigates the most promising hannels for disovery. These onsist of
G∗ → e+e−, µ+µ− and γγ. The goal is to establish the mass disovery limits of thegravitons in these hannels. The disovery limit for the γγ hannel is derived for the�rst time. A study of radiation e�ets is onduted in order to improve or orret earlierstudies and results. At the end the deay angular distributions are studied in order todisriminate the graviton resonanes from bakground and/or other exoti partiles.The onlusion and the outlook for the future are given in Chapter 4.
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Chapter 1Theory
1.1 The Standard ModelThe idea of what the basi elementary partiles in nature are has evolved during theenturies. Atoms and later protons and neutrons were viewed as the fundamental ele-mentary partiles of nature. Currently we assume that quarks and leptons, whih matteris made of, and the gauge bosons, whih are responsible for the interations between thematter partiles, are the elementary partiles of nature, i.e partiles whih do not haveany substruture. These are inorporated in the Standard Model (SM) [1℄.Almost all partile physis is desribed by the SM, whih is a relativisti quantum�eld theory. All partiles are seen as exitations of �elds. The SM is also almost inperfet agreement with present observations1. But there are some more fundamentalweaknesses. Gravity is not inorporated into the SM. Gravity is muh weaker omparedto other SM interations at the subatomi level. For instane the ratio between gravityand eletromagneti interations is given by:

Fgravity

Fcoulomb

∼
G
r2

1
ǫ0r2

∼ 10−21 (1.1)where ǫ02 and G3 are the permittivity of free spae and the gravitational onstant,respetively. Gravity is thus ignored. But also the introdution of partile mass in SMis not well understood. These weaknesses are not only theoretial but also experimental.The introdution of partile mass in SM is related to the existene of a salar partile,the higgs boson. And one assumes that gravity is governed by a massless partile, thegraviton. None of these have ever been observed.1.1.1 Fermions and BosonsElementary partiles ome in two types in the SM. The fermions, whih are the build-ing bloks of nature, are spin 1
2
partiles. The bosons, whih are responsible for theinterations, have integer spin.1The neutrinos whih are massless partiles in the SM do indeed have a tiny mass.2The permittivity of free spae is de�ned as: 8.85418782·10−12m−3kg−1s4A23The gravitational onstant is de�ned as: 6.67300·10−11m3kg−1s−2 1



CHAPTER 1. THEORYQuarks and leptons, whih are fermions, are divided into three families eah. Eahfamily is written as a doublet. For leptons eah doublet onsists of a harged lepton andits orresponding neutral neutrino [1℄:
(

νe
e

) (

νµ
µ

) (

ντ
τ

)The leptons have their anti-partiles, whih for the harged leptons have opposite addi-tive quantum numbers. The quarks; down, up, strange, harm, bottom and top are setup in the same way [1℄:
(

u
d

) (

c
s

) (

t
b

)Eah of the quarks an be assigned a quantum number alled olour; Red, Green andBlue. The quarks, like leptons, have their anti-partiles, whih have the same propertiesbut opposite additive quantum numbers.Partiles whih onsist of three quarks or three anti-quarks are alled baryons. Partilesan also be made of a single quark and an anti-quark. These unstable partiles are alledmesons. Sine both baryons and mesons interat strongly they are ommonly known ashadrons.Gauge bosons are the so-alled fore arriers in the SM. Interations our when bosonsare exhanged between two partiles, with a strength given by a oupling onstantwhih is a funtion of energy transfer during the interation. Theoretially, bosons(represented as vetor �elds) appear when we require that the Lagrangian of the system,given by L=T-V, where T and V are the kineti and potential energies of the system, isinvariant under a loal gauge transformation i.e. the physis should be the same eventhough the phase of the the wavefuntion of the partiles has hanged. This is alledGauge Symmetry, and the partile interations in the SM are governed by loal gaugesymmetries. The model is built on the symmetries of the SU(3)C × SU(2)L ×U(1)Ygroup. These symmetries imply the existene of onserved urrents and harges [2℄. Thesoure of interation is the onserved harge of the related symmetry of that interation.The gauge groups in SM inlude (for details see [2℄):
• SU(3)C: A set of 3×3 matries form the group SU(3)C with orresponding eigenve-tors whih de�ne the strong harge. The SU(3)C symmetry governs strong interations.The onserved harge is alled olour. There are eight bosons alled gluons, desribedby the Aµ

a �elds [2℄. Eah of the gluons have a olour and an anti-olour.
• SU(2)L: The SU(2)L gauge �elds ouple to left-handed fermions [2℄, in order to in-orporate parity violation. SU(2)L onsists of three �elds: W µ

1 ,W
µ
2 ,W

µ
3 [2℄. In additionthis symmetry onserves a weak harge whih is the third omponent of the weak isospin[2℄, I3, de�ned as [1℄:

I3 ≡ Q− Y

2
(1.2)where Q and Y are the eletri harge and the hyperharge, respetively.2



1.2. EXTRA DIMENSIONS
• U(1)Y is the hyperharge symmetry and the orresponding gauge neutral boson �eldis desribed by Bµ [2℄. The onserved harge, the hyper harge, is denoted by [1℄:

Y ≡ B + S + C + B̃ + T (1.3)where B, S, C, B̃ and T are the baryon number, strangeness, harm, beauty and truth.The U(1)Y group onsists of phase transformations of the type U(α)≡ eiα and is anAbelian group.
• SU(2)L ×U(1)Y is the symmetry group of the uni�ed eletromagneti and weakinterations, alled eletroweak interations. Eletromagneti interations and weakinterations are mediated by the photon and the W±/Z0-bosons, respetively.At uni�ation the strength of the weak interations beome as strong as eletromagnetiinterations. As a onsequene of the eletroweak uni�ation the weak and eletromag-neti interations are desribed by the same formalism.1.1.2 Spontanous Symmerty BreakingThe manifeststation of two fores rather than one single uni�ed is due to spontanoussymmetry breaking of the SU(2)L ×U(1)Y symmetry group through the Higgs meha-nism. Through this mehanism the massless gauge bosons given by the di�erent gaugesymmetries, exept for gluons and photons, aquire mass [2℄. The neutral �eld W µ

3 fromthe SU(2)L part mixes with Bµ from U(1)Y giving rise to the massless photon, γ andthe massive Z0, while a mixing of W µ
1 and W µ

2 is identi�ed as the massive W± [2℄.There remains a massive salar with one degree of freedom after symmetry breakingwhih is identi�ed as the higgs boson [2℄. The higgs boson has not been disovered andonstitutes the only missing partile of the SM.1.2 Extra DimensionsA fundamental theory for partile physis is expeted to desribe all fundamental foresof nature. However the SM fails to desribe the gravitational fore, and hene annotbe a fundamental theory. In addition, in energy sales of order the Plank mass4 or1019 GeV, a theory of quantum gravitation is required. This shows that the SM needsto be replaed by an alternative theory at higher energy sales. Among the varioustheories beyond the SM some require extra spatial dimensions. Historially the oneptof extra dimensions �rst appeared in 1914 when Gunnar Nordstrom [3℄ introdued a5-dimensional eletromagneti potential to desribe both eletromagnetism and gravity.In 1919 Theodor Kaluza [3℄ onstruted a similar uni�ed theory. Osar Klein [3℄ redis-overed and ompleted the theory in 1926, giving it a geometrial interpretation and�nding harge quantization. The so-alled Kaluza-Klein Exitations are now a ommonfeature of the extra dimension theories. The idea of extra dimensions is used to addresssome of the unsolved issues in the SM. To mention a few [4℄:
• The hierarhy problems4The Plank mass is the natural unit of mass, de�ned as: √ 1

G
, where G is the gravitational onstant.3



CHAPTER 1. THEORY
• Produing eletroweak symmetry breaking without a higgs boson
• New Dark Matter andidates
• Neutrino massesThe hierarhy problems in partile physis relate to some huge mass sale di�ereneswhih are di�ult to explain. The Plank sale is 1016 times larger than the eletroweaksale i.e. gravity is immensely weaker than the gauge interations of the Standard Model.Several solutions have been o�ered. Lisa Randall and Raman Sundrum gave answer tothis question through their Randall-Sundrum model(RS) whih has one small extradimension [6℄. Before going into details we look at the Kaluza-Klein towers.1.2.1 Kaluza-Klein ExitationsIn the Kaluza-Klein theory an extra spatial dimension is ompati�ed on a irle at everypoint in spae-time, in order to 'hide' it. This is not surprising sine this dimension is notobserved. The onept of ompati�ation is better understood by looking at a partilein a box with a length πL, a situation where the potensial is zero for 0 ≤ y ≤ πL, andin�nite elsewhere [4℄. The solution is written as ψ ∼ Aeipx +Be−ipx. Sine the physialregion is of a �nite size it is alled ompat [4℄. Using the boundry onditions ψ(0) =
ψ(πL) = 0 the partile momentum beomes p= n

L
, with n as an integer i.e. the partilemomentum is quantized. This gives rise to a solution of the form ψ ∼ e±

in
L . This isanalogous to the �nite extra dimension in the Kaluza-Klein theory, but it has di�erentboundry onditions sine it is ompati�ed on a irle [4℄.A �fth dimensional massless salar �eld φ(X), whih is periodi beause of the extradimension i.e. φ(Xµ, y)=φ(Xµ, y + 2πnR), where µ = 0,1,2,3, gives the spae-timedimensions, y is the �fth dimension with radius R and n is an integer, is expanded inFourier modes [4, 5℄:

φ(Xµ, y) =

n=∞
∑

n=−∞
φ(n)(X

µ)e
iny

R (1.4)The Fourier expansion gives an in�nite set of four dimensional �elds φn(x) alled KaluzaKlein modes. Imposing the 5. dimensional Klein Gordon equation, ∂A∂Aφ = 0 where
∂A∂

A is the �fth dimensional D'Alembertian operator, yields [4, 5℄:
∂A∂

Aφ = gAB∂A∂Bφ = (gµν∂µ∂νφ+ gyy∂y∂y)φ = 0 (1.5)where gµν is the metri tensor. Operating in �at spae the omponents of gAB are givenby gµν = ηµν whih is the Minkowski metri, and gyy=-1. Orthogonal �elds yield [3℄:
(∂µ∂

µ + (
n

R
)2)φn = 0 (1.6)for eah mode φn. Eah φn has a �xed momentum, p= n

R
. This equation is the Klein-Gordon equation for a massive salar. In other words the �fth dimensional �eld manifests4



1.2. EXTRA DIMENSIONSitself as a in�nite tower of states with inreasing masses in four dimensions. The massesare given by [3℄:
E2 = (

n

R
)2 + p2 (1.7)where ( n

R
)2 is the mass of the nth Kaluza Klein mode.1.2.2 The RS modelThe RS model assumes only one extra dimension [4, 6, 7, 8, 9℄. The �fth dimension,denoted by y, is ompati�ed on a irle S1 with radius rc . The points y=-πrc and y=πrare the same i.e. there are periodi boundary onditions [4℄. By demanding that the�elds remain the same under the parity operation y→ -y, together with the translationy→ y+2πrc, only two points remain invariant: y=0, πrc [4℄. These are alled the �xedpoints. This symmetry is denoted by Z2. The total symmetry of the extra dimension isdenoted by S1/Z2.There are two branes, the (hidden) Plank and (visible) Eletroweak/SM/TeV branes, lo-ated at the �xed points [4, 6, 7, 8, 9℄. The branes have Plank and Eletroweak/SM/TeV5sales, respetively. The branes are onneted by y as re�eted in the metri [4, 6, 7, 9℄:

ds2 = e−2krcφηµνdx
µdxν − r2cdφ

2 (1.8)where k is the urvature parameter, ηµν is the Minkowski metri and φ is the oordinateof the extra dimension, thus y=φrc. The e�etive four dimensional Plank mass, the soalled redued Plank mass is given by [4, 6, 7℄:
M̄2

pl =
M3

k
(1− e−2krcπ) (1.9)where M is the �fth dimensional Plank mass. The redued four dimensional Plankmass is derived from the �ve dimensional paramenters rc, k, M. The parameters M̄pl,M and k are of same order [4℄. In addition k is smaller than M sine the 5 dimensionalurvature is small ompared to M in the non-quantum limit [10℄. This implies onstraintson the ratio given by [10℄:

0.01 ≤ k

M̄pl

≤ 0.1 (1.10)This is the �rst free parameter in the RS Model.For a massive salar�eld on the visible Eletroweak/SM/TeV brane, following ationyields [4, 6℄:
Svis =

∫

d4x
√

|g|(gµν∂µφ∂νφ−M2φ2) (1.11)here √|g| = e−4ky, where g is the determinant of the matrie, gµν = e2kyηµν . This yields[4, 6℄:5At TeV sale the SM breaks down 5



CHAPTER 1. THEORY
Svis =

∫

d4xe−4ky(e2ky∂µφ∂
µφ−M2φ2) (1.12)By resaling the �eld, φ → ekyφ, the ation beomes [4, 6℄:

Svis =

∫

d4x∂µφ∂
µφ−m2φ2 (1.13)where m=e−kyM is the mass measured on the Eletroweak/SM/TeV brane. If e−ky ≃

10−15 then m≃ 1 TeV and hierary is reprodued between the Plank sale and the ele-troweak/SM/TeV sale. There are no longer two fundamental sales, but only one, the�fth dimensional Plank sale, whih the warp fator generates Eletroweak/SM/TeVsales from [4, 6, 7, 8, 9℄.Gravitons are spin-2 partiles and their �elds are not given by salar�elds. But it turnsout that their masses and wave funtions are idential to the ase of a salar �eld inthe RS bulk sine they yield the same equation of motion [4℄. Thus using a salar�eldin the bulk shows how gravitons look like in the RS model [4℄. What is required is the�fth dimensional Klein-Gordon equation in a urved spae. This equation falls out byvarying the ation i.e. requiring that small variations do not lead to hanges of �rstorder in the ation:
S =

1

2

∫

d5x
√

|g|(gAB∂Aφ∂Bφ−M2φ2) (1.14)
δS =

∫

d5x
√

|g|(gAB∂Aφ∂Bδφ−M2δφ) = 0 (1.15)Integration by parts yields:
δS = −

∫

d5x[
∂B
√

|g|
(
√

|g|gAB∂Aφ) +M2φ]
√

|g|δφ = 0 (1.16)
⇒ ∂B

√

|g|
(
√

|g|gAB∂Aφ) = 0 (1.17)when the mass of the �eld is set to zero. With √

|g| = e−4ky, where g is the determinantof the matrie gAB, gµν = e2kyηµν , gyy = −1, the expansion of the �eld in Fourier modesyields [4, 6, 7℄:
−e2ky∂y(e−4ky∂yχn) = m2

nχn (1.18)The wave funtions χn are linear ombinations of the J2, Y2 Bessel funtions and notsines and osines as was the ase with �at spae [4℄. Equation 1.6 is reprodued bysetting the urvature parameter equal to zero. The masses of KK states of gravitons aregiven by [4, 6, 7, 8, 9℄:
mn = xnke

−krcπ (1.19)
xn are roots of the Bessel funtion J1(Xn), where the �rst exitation is given by x1=3.83.6



1.2. EXTRA DIMENSIONS
mn is the seond basi parameter in the RS Model. Theoretially, for a �xed value of
mn for some exitation, k

M̄pl
ompletely determine all properties in the RS model [11℄ .The widths of the gravitons are proportional to a dimensionsless oupling √

2xnk/M̄plwhile the ross-setions are proportional to (k/M̄pl)
2 [12, 13, 14℄. Experimenatlly, allfundamental model parameters are ompletely determined by the measurement of themass and the width of the graviton exitations [12, 13, 14℄. The RS model is thus highlypreditive.The interation of the massive gravitons with the SM-�elds is given by [4℄:

Lint = −(
Gµν

0

M̄pl

+
∑

n>0

Gµν
n

Λπ

)Tµν (1.20)where Tµν is the energy-momentum tensor and Λπ = e−krcπM̄pl.The zero mode �eld Gµν
0 is massless and is suppressed, see equation 1.20, by a fator M̄pl.This is why gravity is so weak. The exited modes Gµν

n are the massive gravitons andthey are only suppressed by a fator of Λπ, whih is of order 1 TeV. Thus, the massivegravitons might be diretly produed at the Large Hadron Collidor(LHC) whih havea entre of mass energy of 14 TeV. The massive gravitons are resonanes i.e. partileswhih are too shortlived to be diretly observed in the ATLAS detetor at LHC. Theirexistene must be inferred from the partiles they deay into. This thesis looks at thehannels G*→ e+e−, µ+µ−, γγ.Only the �rst exited massive graviton, whih is given by equation 1.19 for xn=3.83, isonsidered. Before moving on to the analyses of these hannels we take a look at theATLAS detetor where these disoveries are expeted to be made.
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Chapter 2Experiment
2.1 LHCThe Large Hadron Collider (LHC) at CERN is a irular proton-proton ollider witha enter of mass energy (√s) of 14 TeV [15, 16, 17, 18, 19, 20, 21℄. 2835 bunhes ofprotons, with eah bunh ontaining nb = 1011 protons are used. The time intervalbetween eah olliding bunh is 25 ns. This gives a bunhrate, or a ollisions rate, of40 million per seond or 40 Mhz. The number of ollisions per square entimeter perseond is given by L = 1034cm−2s−1, alled the luminosity. The LHC is expeted toreah this high luminosity after three years of running.To ahieve energies of 7 TeV the protons go through a omplex system of aeleratorsat CERN (Fig. 2.1) where they are aelerated by strong eletri �elds and bent andfoussed by magneti �elds, before the Super Proton Synhrotron (SPS) aeleratesthem to 450 GeV, and injets them into the LHC ring in both diretions [17℄. Here theyare aelerated up to 7 TeV. Large magneti �eld are required to bend 7 TeV protons. Toahieve this goal superonduting dipoles, at a temperature of 2 K, provide a magneti�eld of 8 Tesla.There are four LHC experiments with orresponding detetors, loated at points wherethe protons ollide. The largest of these detetors, ATLAS (Fig. 2.2) and CMS, aremulti purpose detetors. The two smaller ones, LHCb and ALICE, are spei�ally builtfor B-physis and heavy ion physis, respetively.2.2 The ATLAS detetorThe purpose of the ATLAS detetor, whih stands for A Torodial LHC ApparatuS, isto reonstrut the physial events that happen when the protons ollide [15, 16, 17, 19,20, 21℄. Then omparison is made with some theoretial framework inluding theorieswhih go beyond the SM. Collisions have an event rate given by N= Lσ, where L is theintegrated luminosity and σ is the ross setion. For a given luminosity the ross setionis measured and ompared to di�erent theories [18℄. In order to do that the detetor hasto identify eah partile and measure its energy and momentum, and be able to seperatepartiles in spae and time in order to determine the assoiated event [17℄. In most asesthe partiles whih are produed are not the ones that are reonstruted by the detetorbeause they have too short lifetime. When a heavy partile like the graviton is reatedit deays rapidly into other stable partiles whih are deteted by the detetor, e.g. the9
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Figure 2.1: The LHC underground aelerator setup at CERN.

Figure 2.2: The ATLAS detetor.10



2.2. THE ATLAS DETECTORproess where the graviton deays into leptons in �nal state, G∗→ e+e−. The partilewe want to study is alled the signal. However, the deay of the heavy partiles isaompanied by other SM deays or proesses whih dilutes the deay of the partile wewant to study. These proesses ome from ollisions that are hard and ollisions thatare not 1. Beause of ombinatoris the signal signature is not always unique and oneenounters proesses in the �nal state that an mimi G∗ → e+e−. Proesses whih havethe same signature as the signal are alled bakground. A major task of detetors inpartile physis is to seperate or disriminate signal and bakground. The main onernis the bakground from strong interations with large ross setions whih dominate thehigh Pt
2 events. As shown later on this is not a huge problem in the searh for gravitonsin the di�erent leptoni and photoni hannels onsidered.Beause of the omplexity of the events ATLAS onsists of di�erent parts, eah witha spei� task. The main parts onsist of the Inner traking Detetor, the alorime-ters and the Muon Spetrometer. All of them onsist of smaller more speialized andomplementary detetors.2.2.1 CoordinatesThe z-axis of the ATLAS detetor is de�ned by the x and y-diretions. The x-axispoints to the enter of the ring from the interation point and y-axis points upwards[15, 16, 17, 19, 20, 21℄. The azimuthal angle φ is measured around the z-axis and de�nedby the omponents of the momentum in the x-y plane: tanφ ≡ py

px
. The polar angle θ isthe angle between the partile diretion and the z-axis. The pseudorapidity is de�ned as:

η=-ln tan θ
2
. The pseudorapidity says something about where the events happen in thedetetor. At ATLAS when the events fully our inside the detetor the pseudorapidityis given by -2.5<η<2.5. The events are said to be inside the aeptane or the geometryof the detetor. The pseudorapidity is a good approximation of the true rapidity, givenby the energy and z-omponent of momentum of the partile: Y=tanh−1(pz

E
), when thepartile mass is not known.2.2.2 The Inner DetetorThe Inner detetor (ID), see �gure 2.3, whih is the losest detetor to the beampipe,is ontained in a 7 m long ylinder of radius 1.5 m [15, 16, 17, 19, 20, 21℄. It has thefollowing main tasks: Eletron identi�ation, measure verties and the momentum ofharged partiles, whih is obtained from the urvature of their traks in a magneti �eldof order 2 Tesla reated by a solenoid. The Inner detetor onsists of 3 subdetetors.The Pixel Detetor, the SemiCondutor Traker (SCT), and the Transition RadiationTraker (TRT).Pixel detetorThis subdetetor lies losest to the beampipe and onsist of three barrels situated at 5,9 and 12 m from the beampipe, respetively [15, 16, 17, 19, 20, 21℄. It provides highpreision measurement, but provides only three measurement for eah trak.1A hard ollision ours when two partons (quarks and gluons) with the largest fration of theoriginal proton momentum ollide2The transverse momentum is de�ned as the momentum projetion perpendiular to the beam axisz: Pt =

√

p2x + p2y 11



CHAPTER 2. EXPERIMENT

Figure 2.3: The Inner detetorSemiCondutor TrakerThe barrel Semi Condutor Traker (SCT) ontributes to the momentum, impat pa-rameter, and vertex position measurements, in addition to providing good pattern reog-nition by the use of high granularity [15, 16, 17, 19, 20, 21℄. The SCT uses layers ofsilion mirosstrip detetors and onsists of four barrels (Fig. 2.5). The SCT module(Fig. 2.4) onsists of two pairs of four 6.36 × 6.40 cm2 silion detetors. In order toover the whole aeptane nine wheels with layers are situated on eah side of thebarrel.The pixel and the SCT subdetetors provide high preision measurements and are ref-fered to as the Preision Trakers.Transistion Radiation TrakerThe Transition Radiation Traker (TRT) uses gas �lled straw detetors and eah detetoronsists of a anode in the enter of the gas volume, and a ylinder as a athode [15,16, 17, 19, 20, 21℄. The TRT provides a large number of measurements. This allowsgood traking and provides a good pattern reognition. In addition, the TRT identi�eseletrons by deteting Transition Radiation (TR) photons.Traking hits and TR hits are diserned through two independent thresholds, orre-sponding to high and low energy deposit in the straws.TR energy is inversally proportional to the mass of the harged partile3. Beause oftheir small mass TR is only signi�ant for high energeti e+ and e−. This gives higherdeposition of energy in the straws than traking hits.3The TR energy is given by: W ∼
√

1

m12
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Figure 2.4: The SCT module.

Figure 2.5: The SCT barrel overed with SCT modules.
13
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Figure 2.6: The general layout of the EM alorimeter.2.2.3 The CalorimetersThe ATLAS detetor has two alorimeters whih have di�erent tasks (Fig.2.7) [15, 16,17, 19, 20, 21℄. The Eletromagneti (EM) alorimeter measures the eletron, positronand photon energies. The hadroni alorimter measures the energy of hadrons, suh asharged pions.
The Eletromagneti CalorimeterThe EM alorimeter (Fig. 2.6) is a sampling alorimeter whih onsists of layers of lead(absorber material) and Liquid Argon (ative material) [15, 16, 17, 19, 20, 21℄. Theenergy olleted in Liquid Argon (LAr) is measured.When eletrons and positrons hit the absorber plates, eletromagneti (EM) showersontaining seondary eletrons/positrons/photons are reated. These seondary parti-les then ionize the LAr. After some radiation lengths4 the EM showers are ontainedand the energy of the eletrons is measured.The EM alorimeter onsists of a barrel part (|η|<1.475) and two end-aps (1.375<|η|<3.2).The barrel of the EM alorimeter, whih is ontained in a rystat surrounding theID, onsists of two half barrels. Eah end-ap alorimeter is ontained in an end-apryostat, and is divided into two oaxial wheels.The region |η|<2.5, of interest for our G → e+e−, γγ studies, is devoted to preisionphysis. Here the EM alorimeter is divided into three longitudinal setions, the pre-shower, the pre-sampler and pre-ampli�er. At |η|<1.8 pre-samplers are plaed to orretfor energy losses, making the energy measurement as aurate as possible.14
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Figure 2.7: The ATLAS alorimetry.The Hadroni CalorimeterThe Hadroni alorimeter is, like the EM alorimeter, a sampling detetor with ativeand absorber material [15, 16, 17, 19, 20, 21℄. The barrel alorimeter at |η|<1.7, alsoalled the Tile alorimeter, is made of three sampling layers. It uses iron as obsorbermaterial and plasti sintillating tiles as ative material, and is thus a sintillationdetetor5. The Hadroni End-Caps (HEC) and the Forward Calorimeter (FCAL) aresituated at 1.5<|η|<3.2 and 3.2<|η|<4.9, respetively. LAr is used as ative materialinstead of sintillators. The HECs, onsist of four sampling layers and use opper platesas absorbers. The FCAL onsists of three sampling layers. One is made of opper andtwo of tungsten.The task of the Hadroni alorimeter is to measure energies of partiles like pions andkaons whih give rise to hadroni showers. The absorption length6 of the alorimeter is
λ=11.2.2.4 The Muon SpetrometerThe Muon Spetrometer is designed to measure muon momentum [15, 16, 17, 19, 20, 21℄.This requires the bending of the muon traks, ahieved by the Muon Toroidal Magnets.High preision trak measurement is needed in order to determine the muon momentum.The traking system onsists of Monitored Drift Tube (MDT) hambers and CathodeStrip Chambers (CSC). All hambers ombined provide almost omplete overage of thepseudorapidity range 0<|η|<2.7. All muons pass through three hambers.The Muon Spetrometer is omplemented with an independent Trigger system, overingthe range |η|<2.4. The trigger system onsists of Resistive Plate hambers and Thin4A radiation length is de�ned as the thikness of a material for whih the partile energy is reduedby a fator of 1

e
.5Sintillation detetors onsists of material, both organi and inorgani, whih emit light whentraversed by harged partiles.6λ is the mean distane a partile travels in the material without su�ering ollision. 15
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Figure 2.8: The Muon Spetrometer surrounding the rest of the detetor.Gap Chambers. Eah muon passes through three trigger hambers.2.2.5 The TriggerA huge amount of interations ause an enormous data-�ow [15, 16, 17, 19, 20, 21℄.The bunh rossing rate of 40 MHz gives rise to 109 interations every seond at highluminosity. To redue this huge amount of data ATLAS has a fast and e�ient triggersystem. The ATLAS Trigger is based on three levels of event seletion.Level 1: This hardware trigger keep high Pt partiles as well as large total ET and Emiss
T .The surviving events pass into the level 2 trigger. The event rate is redued to 100 kHz.Level 2: At this level (software trigger) information provided by level 1 is used, andmore events are rejeted. Higher Pt uts are applied whih redue the event rate to 1kHz.Level 3: The level 3 trigger, also alled the Event Filter, reonstruts the event. Complexalgorithms and more uts are added and one arrives to an event rate of 100Hz whih wean permanently store. Thus only 100 interesting events per seond are seleted out of1000 million others.
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Chapter 3Analysis and Results
The disovery potential of the graviton is analysed in this hapter through the threehannels G∗ → e+e−, µ+µ−, γγ. The Randal Sundrum model provides very lear sig-nals, whih in real experiments lay above some bakground whih has to be desribed.Signals and related bakgrounds are generated using the PYTHIA [22℄ generator, whileATLFAST [23℄ is used for (fast) simulating the detetor response. The signal and bak-ground are �tted with appropriate funtions used to extrat the information that isneeded in the study. The main goal is the establish the disovery mass limit in thedeay modes.However, disriminating the signal from the bakground only indiate that a resonane,like the graviton or Z', has been disovered [12℄. Spin measurement is ruial to on�rmthe existene of the graviton. In this thesis the spin is studied through the angulardistributions of the deay produts of the graviton.The analysis starts with the dieletron deay mode in setion 3.6 - 3.7. The dimuon anddiphoton hannels are analysed in setion 3.8 and 3.9 respetively. The analysis roundso� with graviton disrimination in ATLAS in setion 3.10.3.1 The ChannelsGraviton resonanes, whih are unstable exited partiles, annot be diretly observed.The graviton resonanes an deay through di�erent hannels e.g. G∗ → e+e−. Thegraviton is produed from the following hard proesses,

quark annihilation : qq → G∗

gluon fusion : gg → G∗ (3.1)followed by the graviton deay into e+e−, µ+µ−, γγ or other stable or non-stable partiles[13℄. The qq annihilation and gg fusion are inluded in PYTHIA by setting the parameterISUB= 391, 392 respetively. The branhing ratios vary with graviton mass, but at largemasses the ratios beome onstant. The graviton deay is dominated by QCD jets from
qq and gg and these hannels have a large bakground ontribution from QCD multi-jet[13℄. The large bakground makes it very hard to make a disovery of the graviton.The W+W−, Z0Z0 and τ+τ− deay modes have similar problems. Consequently thesehannels are not useful for disovery but rather good in on�rming the universality ofthe graviton [13℄ and determing its spin. Measurements of the graviton oupling in these17



CHAPTER 3. ANALYSIS AND RESULTSDeay mode BR(%)
G∗ → qq 38
G∗ → gg 33
G∗ → W+W− 8.9
G∗ → Z0Z0 4.5
G∗ → γγ 4.1
G∗ → e+e−, µ+µ−, τ+τ− 6
G∗ → νeνe, νµνµ, ντντ 6Table 3.1: Branhing ratios for graviton deay.
��Figure 3.1: The proesses for graviton resonane prodution used in this analysis.hannels were studied in referene [13℄. This is beyond the sope of this study. Thisleaves us with three hannels where disovery is expeted: G∗ → e+e−, µ+µ− and γγ.Branhing ratios of the graviton are given in table 3.1.3.2 Experimental ConstraintsConstraints on the Randall-Sundrum model and its hannels are set by ollider exper-iments, like Tevatron [24℄. The Tevatron is, at the moment, the world's most powerfulpartile aelerator, olliding protons and anti-protons. At Run II, whih started in2002 and is still going on, the enter of mass energy is √s = 1.96 TeV.Run II data orresponding to integrated luminosities of 345 pb−1 and 200 pb−1 wereanalyzed by the Collider Detetor at Fermilab (CDF) [25℄ and the DØ detetor [26℄in the searh for resonanes in the photon and lepton hannels. The pairs of photons,eletrons and muons were required to have ET>15 GeV, ET>25 GeV and ET>20 GeV,respetively, in addition to other spei�ed uts, depending on the detetor or the hannel.See referene [27℄ and [28℄.The lak of exesses in Drell-Yan and diphoton events on�rms the SM preditions.For the CDF analysis �gure 3.2 shows that the expeted Drell-Yan prodution in thedieletron deay mode, generated by PYTHIA, is in agreement with the Tevatron data[30℄. The Drell-Yan bakground lies above the bakground originating from tt events,QCD dijet bakground and the bakground stemming from eletroweak proesses: Z

→ ττ , WW, WZ. Note the harateristi Z0 peak at 91 GeV. The data were used toonstrain the Randall-Sundrum model gravitons of the �rst exited state.18
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Figure 3.2: Data from Tevatron Run II at an integrated luminosity of 200 pb−1. Thedata is in agreement with the Drell-Yan predition from PYTHIA. Plot taken fromreferene [30℄.In referene [27℄ the 95% Condidene Level (C.L) upper limits on the graviton produ-tion ross-setions in the dilepton hannel were omputed by using a binned likelihoodmethod with a likelihood funtion. The likelihoods were integrated to give the �nallimits [30℄. In the diphoton hannel the limits were obtained by using a Bayesian styleprogram. The Bayesian style program utilised the observed number of events in a 3σmass window around eah hypothetial graviton mass, the bakgroud predition in thiswindow, the e�ieny and luminosity to ompute the limits [28℄. This is also alledthe mass window method. The graviton masses were generated with PYTHIA usingCTEQ5L as Parton Distribution Funtion (PDF)1.For the dieletron hannel, the upper 95% limits on the prodution ross-setions areshown in �gure 3.3 as a funtion of graviton mass [30℄. The ross-setions predited bythe Randall-Sundrum model are also shown. The limits on the Randall-Sundrum modelgraviton masses are given by the points where the orresponding predited ross-setionsmeet the 95% C.L upper limits on the graviton prodution ross-setion. For k
M̄pl

=0.1the gravions are exluded up to 620, 605 and 675 GeV for the dieletron, dimuon anddiphoton hannels respetively [29℄. The exluded region at 95% C.L. is shown in �g3.4 as funtion of mass and parameter k
M̄pl

. The majority of the exluded masses, aremostly given by high values of k
M̄pl

.Further improvement were ahieved by using the mass window method for the dileptonhannels, and ombining the hannels for the DØ analysis [28℄. Eletrons and photonswere not distinguished from eah other. This ombined the the two hannels. A Bayesianlimit-setting proedure were used [28℄. The signals were generated with PYTHIA usingCTEQ5L as PDF.The data analysed by the DØ detetor are shown in �gure 3.5.The 95% CL exluded domain for the dieletron and diphoton deay modes are shown1A PDF is a parametrization of the energy and momentum distribution shared by the partons inthe olliding hadron. 19
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Figure 3.3: The 95% C.L. upper bounds on the graviton prodution ross-setion om-pared to the ross-setions predited by the Randall-Sundrum model for di�erent valuesof k
M̄pl

. Plot taken form referene [30℄.

Figure 3.4: 95% C.L. exluded regions for the gravitons as a funtion of k
M̄pl

for thedimuon, dieletron and diphoton deay modes. Plot taken from referene [30℄.
20



3.2. EXPERIMENTAL CONSTRAINTSin �gure 3.6. Gravitons up to 300 GeV are exluded for k
M̄pl

=0.01, and up to 785 GeVfor k
M̄pl

=0.1.

Figure 3.5: Mass distribution in the ombined dieletron and diphoton hannel. Dataare given by the points. Shaded region is the QCD bakground. The open histogramis the sum of the Drell-Yan and QCD bakground. The peak in the middle is for ahypothetial graviton of 300 GeV. Plot taken from referene [28℄.

Figure 3.6: 95% C.L. exluded region for the gravitons as a funtion of k
M̄pl

for theombined dieletron and diphoton deay modes. The dots show the mass points forwhih the ross-setion limits have been obtained for. Plot taken from referene [28℄.21



CHAPTER 3. ANALYSIS AND RESULTS3.3 E�ienyBefore starting the analysis the onept of e�ieny has to be properly de�ned. E�-ieny is an important property whih is used throughout the analysis. It is a ruialfator in determing the experimental prodution ross-setion. The total e�ieny isalulated by dividing the number of reonstruted events by the number of generatedevents inside a mass window around the graviton. It tells us how well the detetormeasures the partiles. The total e�ieny is a produt of (at least) four kinds of ef-�ienies: the geometrial aeptane of the detetor, the reonstrution of the events,the identi�ation of the partiles and the trigger onditions [19, 31, 32℄:
• The geometrial aeptane is de�ned by the fration of events where both of the deaypartiles are inside the detetor. This e�ieny is a funtion of the detetor geometry,and is often given by the pseudorapidity, η . The uts on the pseudorapidity given by-2.5<η<2.5 are implemented in ATLFAST, and over the area inside the detetor. Theorresponding ut on the transverse momentum is Pt > 5 GeV for eletrons and photons,and Pt > 6 GeV for muons. Very few events fully our outside the detetor.
• The reonstrution e�ieny is the fration of the traks, whih are orretly reon-struted.
• The identi�ation e�ieny is a measure of how well the detetor identi�es the deaypartiles. The identi�ation e�ieny is set by hand in the event analysis beause ATL-FAST does not take this e�ieny into aount. A detailed study would require a fullsimulation of ATLAS, whih is out of the sope of this study.
• The trigger uts are made in order to redue the bakground events ompared to thesignal. These are Pt>20 GeV for two eletrons or photons, and Pt>10 GeV for twomuons at high luminosity.In ATLFAST the geometrial aeptane and reonstrution e�ieny are parameterizedinto one e�ieny [19, 31, 32℄. For breviety this e�ieny is alled the 'aeptane'. Theoverall e�ieny is also dependent on luminosity. The LHC is expeted to reah highluminosity after three years of running. High luminosity implies that more events areprodued, leading to pile up. Pile up refers to a situation where the detetor is a�etedby several events at the same time. This auses di�ulties in reonstruting the traks,leading to a loss of e�ieny. Sine a lot more events are produed at high luminosity,proessing interesting data requires harder trigger uts. The trigger system essentiallydeides if an event is worth storing. For low luminosity the uts are Pt>15 GeV for apair of eletrons or photons, and Pt>6 GeV for a pair of muons.3.4 Signal ReonstrutionThe invariant mass of the graviton is reonstruted with eletron, muon and photonpairs with the highest transverse momuntum:
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3.5. EARLIER WORK AND RESULTSOpposite harge is also required. Both leptons have a pseudorapidity |η|<2.5 i.e. theyare inside the aeptene of the ATLAS traking detetor. Monte Carlo is used toobtain the ross-setion for eah of the input masses, and thus the number of eventsorresponding to a given luminosity. A lepton and photon identi�ation e�ieny of 0.9and 0.8 for eah lepton and photon respetively is applied by hand in the event analysis,and thus the signal and the bakground events are redued by 19% and 36% respetively.We only look at the �rst exited Kaluza Klein state of gravitons. For breviety the massof the resonanes is denoted by m and not m1.3.5 Earlier work and resultsThe study of the G∗ → e+e− deay mode was performed in referenes [11℄, [12℄, and[13℄.Herwig 6.3 [33℄ was used as an event generator and ATLFAST 2.16 was used for thedetetor simulation. The studies were based on a test model, the Randall-Sundrumsenario. Resonanes of the �rst exitation in the mass range 500 GeV to 2200 GeVwere produed for 100 fb−1 of integrated luminosity orresponding to one year of highluminosity running at LHC. The oupling k
M̄pl

was set to 0.01. OWEN set 1.1 [34℄ andnewer versions of MRST [35℄ were used as PDFs. Disovery limits of the resonanes wereestablished and the angular distribution studied. The onlusion was that the gravitonresonanes were detetable up to 2080 GeV. It was also demonstrated that a gravitonresonane is a spin-2 partile by looking at the angular distributions of e− in the enterof mass system of the deaying graviton.These studies, however have some weaknesses. The HERWIG event generator does notinlude Final-State QED Radiation (FSR). This gives too high e�ieny, as this studyshows. Eletrons were seleted inside the aeptane, and trigger onditions were notused. This orresponds to the minimum isolation of eletron-momenta in ATLFAST orthe level one trigger (Pt > 5 GeV). The disovery reah for the muon hannel was givento be MG∗ < 1700 GeV in referene [11℄. No other information was given. Like in thease with the eletron deay mode, HERWIG 6.3 and ATLFAST 2.16 were used. Dueto the di�ult bakground no attempt was made to get the mass limit of the gravitonresonane through the G∗ → γγ deay mode.This thesis is meant to improve these previous studies. After reproduing the previousresults by starting with similar uts and onditions, new limits are found by swithingon FSR and studying ATLAS trigger onditions. This thesis also estimates the disoverymass limit of the γγ hannel for the �rst time.3.6 G∗ → e+e−This hannel has a good signal and a small Drell-Yan bakground whih lies beneath it.The orresponding branhing ratio is 2%.As was mentioned in hapter 1, the Randall-Sundrum model only has two free parame-ters, the mass and the oupling k
M̄pl

. In this thesis the mass is used as a free parameterwhile the oupling is �xed to some value. Before establishing this value, k
M̄pl

is studied indetail. In order to reprodue the results in [11℄,[12℄ and [13℄, �nal state QED radiation23



CHAPTER 3. ANALYSIS AND RESULTSis �rst swithed o�. The same Parton Distribution Funtions are used i.e. OWEN Set1.1 [34℄ and newer versions of MRST [35℄. This study uses MRST(h-g)(1998) although[11℄ and [12℄ used the average of the MRST(-g) and MRST(h-g). The di�erene be-tween MRST(h-g) and the latter, average of MRST(h-g) and MRST(-g), is negligible.In addition a third more reent PDF, CTEQ5L [36℄, is added to the study. As in [12℄the integrated luminosity is set to 100 fb−1 and both eletrons are seleted inside theaeptane, (Pt > 5 GeV) i.e. no trigger uts are applied. The mass disovery limits areestablished for the di�erent PDFs and ompared to the limit from the earlier studies.In the end the e�ets of radiation are thoroughly studied as well as their impat on thesignal desription and e�ieny. More realisti mass disovery limits are aquired forthe di�erent PDFs by swithing on Final State Radiation.3.6.1 Signal DesriptionThe small bakground and the exellent resolution makes the G∗ → e+e− hannel mostpromising in terms of disovery [11, 12, 13℄. The energy resolution of the eletrons, thatis the detetor's ability to distinguish two losely lying lusters, is given by [11℄:
∆E
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⊕ 0.7% (3.3)
∆E and E are given in GeV. It is lear that the relative unertainty gets better withinreasing energy, and the eletrons are easily measured. In order to alulate and studythe disovery potential it is neessary to know what kind of funtion desribes the deayproduts of the graviton in the best possible way. The neessary parameters needed inthe study are then extrated. These are the mass experimental resolution, σm, and thenumber of signal events, NS. As a matter of onsisteny in regard to [11℄, [12℄ and [13℄,the resonanes are desribed with a gaussian de�ned as:

f(x, µ, σ2
m) =

1
√

2πσ2
m

e
− (x−µ)2

2σ2
m (3.4)where µ and σm are the mean value of the graviton mass and the experimental massresolution, respetively. The number of signal events NS, σm and µ are found by �ttingthe signal to a gaussian. At larger graviton masses the ross-setion drops. In addition,only about 2% of the gravitons deay into leptons. Consequently the number of signalevents drop. That beomes a problem when trying to �t the signal to a gaussian, makingit impossible to �nd the important parameters, due to statistial �utuations. This islearly shown in �gure 3.7, espeially at 2 TeV but also at 1.5 TeV, as ompared to 500GeV and 1 TeV.This problem is solved by generating large signal and bakground samples. The lumi-nosity is arti�ially inreased by a fator of 100 to obtain large enough statistis. Thismakes it possible to extrat the experimental resolution, the number of signal events[31, 32℄. Signal and bakground are then saled down to the integrated luminosity of100 fb−1 in order to get the orret values [31, 32℄. These are the expeted values with-out �utuations. In real experiments the signal and bakground events for high masses�utuate around these. Before generation of the masses needed the oupling k

M̄pl
isonstrained.24
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M̄plThe value of the important oupling k

M̄pl
, desribed in hapter 1.2.2, is entral to theRandall-Sundrum model. The oupling is the ratio between the �ve dimensional urva-ture parameter and the redued four dimensional plank mass. In PYTHIA the value of

k
M̄pl

is not set diretly. However, the value of the dimensionsless oupling whih entersquadratially in all partial widths of the graviton resonane is hosen [37℄. The partialwidth is entral in desribing the graviton resonane, whih like all other resonanes,is haraterized by its short lifetime. The latter is related to the width, whih an beinferred from the deay produts of the resonane in some hannel. The sum of all par-tial widths orresponding to various hannels, onstitutes the total width. The relationbetween the width, Γ, and the mean lifetime, τ , for a partile at rest is given by [1℄: :
∆W ≈ Γ ≡ 1

τ
. (3.5)As k

M̄pl
is proportional to Γ, the resonane beomes more and more shortlived at high

k
M̄pl

.The allowed region for the oupling is given by equation 1.10 page 6 in the theoryhapter:
0.01 ≤ k

M̄pl

≤ 0.1 (3.6)Lower values give us a graviton with small width. This is the so-alled narrow gravitonresonane. There are good reasons to analyse this narrow resonane. If the real or25



CHAPTER 3. ANALYSIS AND RESULTSmG (GeV) ΓG (GeV) σowen
m σ

mrst(h−g)
m σcteg5l

m500 0.069 3.559 3.494 3.5291000 0.142 6.060 6.084 6.0831500 0.213 8.205 8.267 8.3731600 0.227 8.786 8.499 8.3951700 0.241 9.073 9.111 8.8581800 0.256 9.164 9.228 9.2981900 0.270 9.549 9.932 9.6112000 0.284 10.11 9.867 9.6782100 0.298 10.41 9.983 10.672200 0.312 11.48 10.82 10.72Table 3.2: Resonane masses produed with k
M̄pl

=0.01, their real widths, ΓG, and theirexperimental experimental mass resolutions, σm, for di�erent Parton Distribution Fun-tions.intrinsi width of the resonane is muh smaller than the mass experimental resolutiongiven by a gaussian, the intrinsi width an be ignored [11, 12, 13℄. A study of gravitonresonanes done for the CMS detetor [38℄ gives the observed width to be:
Γobs ≈

√

Γ2
G + 2(∆E)2 (3.7)where ΓG is the intrinsi width of the resonane, ∆E is the energy resolution in theCMS detetor given by [38℄:

∆E

E
=

5%√
E

⊕ 20%

E
⊕ 0.5% (3.8)The CMS detetor has better energy resolution than ATLAS due to its rystal alorime-ter. The relation between the observed width, Γobs, and the experimental mass resolu-tion, σm, is Γobs=2.36σm.The dimensionsless oupling is set to 0.0054 whih orrespond to the �rst Kaluza-Klein exitation given by x1=3.83 in equation 1.19 and k

M̄pl
=0.01. Sine the produtionross-setion is proportional to ( k

M̄pl
)2, k

M̄pl
=0.01 yields a onservative estimation of theross-setion [12, 13℄. The experimental mass resolution for di�erent graviton resonanemasses and their real widths are given in table 3.2 for di�erent Parton DistributionFuntions.The widths of the resonanes are indeed very small ompared to the experimental res-olution and are thus ignored. At most they are 3% of the experimental resolution.Equation 3.7, taking into aount the relation between ΓG and σm, is redued to:

σm = 0.6 ·∆E (3.9)When the real width, whih is model dependent, is ignored the resulting experimentalmass resolution of the resonane is dependent on experimental e�ets only [19℄. Sine thegraviton ouplings are universal, the results of this study hold for any model whih pre-dit narrow well-resolved graviton resonanes [13℄. The graviton modes ouple to matter26



3.6. G∗ → e+e−in proportionality to the energy-momentum tensor [13℄. This model-independent fea-ture provides the universality of the oupling. There are models based on RS model butwith additional branes [13℄. Supersymmetri versions also exist, in whih the gravitonresonanes are idential to the ones predited in the original RS model [13℄. As long asthe real width is negligible the disovery limit is model independent [12, 13℄. Sine thegraviton is so narrow, for k
M̄pl

=0.01, the detetor e�ets determine the observed widthin all hannels, and interferene e�ets vanish in all observable distributions [13℄. Theoupling k
M̄pl

=0.01 is used throughout this analysis.Larger values of k
M̄pl

give larger graviton resonane ross-setions while the SM bak-ground remains the same. This makes it even easier to detet the resonane and orre-spondingly the disovery limit inreases. Already at k
M̄pl

=0.1, whih is the most favouredoupling in the allowed region [10℄, the ross-setion inreases by two orders of magni-tude. In the end, large values of k
M̄pl

yield large ross-setions whih overwhelm the SMbakground and the resonane beomes too wide to be identi�ed as a true resonane[7, 12℄. At k
M̄pl

≈0.07 (0.06 aording to [12℄) the width of the resonane is larger thanthe experimental mass resolution. This makes a measurement of the width possible butthen the results are no longer model independent [11, 12, 13℄.3.6.3 Bakground DesriptionThe resonane signature is not unique beause there are SM and non-SM proessesthat might lead to �nal states with two leptons or two photons, polluting the signal.Desribing this bakground is important. The Drell-Yan bakground is given by:
qq → Z/γ∗ → l+l− (3.10)where Z or γ∗ deay into eletron-positron pairs. These proesses are given by thePYTHIA parameter ISUB=1 whih takes into aount the full eletroweak interferene.The Drell-Yan proess [39℄ onsists of a quark and a anti-quark from a pair of interatingprotons whih annihilate to produe a virtual photon or a Z0 boson whih subsequentlyonverts into a lepton pair2. The �rst part is an an eletromagneti e�et, while thelatter is due to the weak interation.The eletromagneti proess appears in region well below the Z0 mass at 91 GeV, seethe upper plot in �gure 3.9. The low mass bakground is generated at an integratedluminosity of 10−1 fb−1 with the invariant mass laying between 3<Me−e+<120 GeV. Thepeak to the left of Z0 deay is due the threshold ut on the invariant mass, Me−e+>3.The branhing ratio for Z0 deaying into leptons is about 3.4%. Any graviton signal ison top of the Drell-Yan distribution. The lower plot of �gure 3.9 shows gravitons withmasses of 1 TeV and 1.5 TeV above the bakground at an integrated luminosity of 100fb−1.The ross-setion falls with inreasing invariant mass, Me−e+, see table 3.3. In additionthis bakground hanges with the hoie of PDF.OWEN set 1.1, an old PDF, gives lower overall ross-setion ompared to MRST(h-g)and CTEQ5L. At Me−e+>2 the di�erene between OWEN set 1.1 and MRST(h-g) is of2Properly speaking only the proess qq → γ∗ → l+l− is alled Drell-Yan. But here the term is usedto denote the Z boson ontribution as well 27



CHAPTER 3. ANALYSIS AND RESULTS
��Figure 3.8: The Drell-Yan Proess.Cut on Me−e+(GeV) (σB)OWEN(mb) (σB)MRST (h−g)(mb) (σB)CTEQ5L(mb)Me−e+> 2 1.556·10−5 8.127·10−5 5.775·10−5Me−e+> 350 3.132·10−10 3.468·10−10 3.617·10−10Me−e+> 850 1.239·10−11 1.310·10−11 1.308·10−11Me−e+>1350 1.654·10−12 1.817·10−12 1.763·10−12Me−e+>1850 3.366·10−13 3.854·10−13 3.686·10−13Table 3.3: Drell-Yan ross-setions, σB, for di�erent hoies of Parton DistributionFuntions and uts on the invariant mass Me−e+order 5! The relation between MRST(h-g) and CTEQ5L is more ompliated. MRST(h-g) gives higher ross-setions for low uts. At Me−e+>350 GeV CTEQ5L gives largerross-setion than MRST(h-g). But this hanges with a ut of Me−e+>850 GeV. Nowtheir ross-setions are equal. For very high invariant masses MRST(h-g) gives againhigher ross-setions than CTEQ5L. This is not suprising at all sine the PDF is aparametrization of the energy and momentum distributions of the partons in a hadron.These distributions are di�erent beause of di�erent estimations.Beause of the falling ross-setion the exponential is a suitable funtion to �t thebakground and it has only two parameters. In �gure 3.10 the exponential �ts thebakground rather well, and is used throughout this analysis. The lower plot of �gure3.10 shows the bakground together with a 500 GeV graviton signal simultaneously �ttedwith a exponential and a gaussian. The extrated parameters shown are the numberof signal events, NS(P1) , mean value of the graviton mass µ(P2) and the experimentalmass resolution σm(P3). The Drell-Yan bakground estimated by PYTHIA is onsistentwith Tevatron data [30℄.3.6.4 ResultsAs a matter of onsisteny graviton masses between 500 GeV and 2200 GeV are generatedand no trigger uts are used as done by [12℄. The 500 GeV graviton (with orrespondingbakground) is produed for 100 fb−1 of integrated luminosity, whih orresponds to oneyear of high luminosity running at LHC. The rest of the mass points (with orrespondingbakgrounds) are produed with an arti�ial integrated luminosity of 10000 fb−1. Alepton identi�ation e�ieny of 0.9 for eah lepton is added by hand.The ut on the invariant mass of the bakground is set to 350 GeV in the event generator.The maximum value of this invariant mass is set to 14000 GeV, the highest value allowed28
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3.6. G∗ → e+e−mG (GeV) (σB)owen (fb) (σB)mrst(h−g) (fb) (σB)cteg5l (fb)500 279.6 211.4 185.81000 10.8 8.63 6.601500 1.20 1.07 0.761600 0.82 0.76 0.531700 0.57 0.54 0.371800 0.40 0.39 0.271900 0.29 0.29 0.192000 0.21 0.21 0.142100 0.15 0.16 0.112200 0.11 0.12 0.08Table 3.4: Cross-setions times branhing ratios in the R-S model for di�erent gravitonmasses and Parton Distribution Funtions.due to the fat that the enter of mass energy at LHC is given by E=√
s=14 TeV. Theross-setion for di�erent masses and PDFs obtained by Monte Carlo, are given in table3.4.A striking feature in table 3.4 is that the newer PDFs lead to smaller signal ross-setions. All ross-setions from CTEQ5L are smaller than the ones derived from OWEN(1991) and MRST(h-g) (1998). The ross-setions from MRST(h-g) are smaller thanthe ones from OWEN exept for the masses between 1900 GeV to 2200 GeV. The biggestdi�erenes are at low graviton masses. At masses of 500 GeV the di�erene in ross-setion between OWEN set 1.1 and MRST(h-g) is 24%. The di�erene between OWENset 1.1 and CTEQ5L is 34%. At high masses these di�erenes fade out.The mass window is an interval whih lies symmetrially around the �tted signal. It isgiven by:

µ± 3σm (3.11)where µ is the mean value of the graviton mass and σm is the experimental mass reso-lution. Inside this window the number of signal and bakground events are obtained by�tting and integration, respetively.As in [11℄ and [12℄ the minimum number of signal events, Nmin
S , needed to detet theresonane above the bakground is taken to be 5

√
NB or 10, depending on whih isgreater.This is due to the requirement:

S =
NS√
NB

> 5 (3.12)whih is needed to laim disovery. Here S is the signi�ane. The signi�ane tellswhether there is a signal present or not at some probabillity. There is a hane that whatappears to be a signal is only a �utuation in the bakground. With the ondition 3.12we require that the signal is �ve times larger than the estimated error in the bakgroundi.e. the disovery limit is set to 5σ sensitivity. At 5σ sensitivity the probability to �nda �utuation of the bakground instead of a signal is 1
106

. This ondition is very stritindeed. 31



CHAPTER 3. ANALYSIS AND RESULTS
µ (GeV) MWowen(GeV ) NS NB Nmin

S ǫowen (σB)min(fb)500 ±10.68 20517.3 839.3 144.9 0.7338 1.9751000 ±18.18 802.5 65.7 40.5 0.7458 0.5431501 ±24.62 84.0 10.9 16.5 0.7006 0.2361601 ±26.36 56.7 8.0 14.1 0.6932 0.2031701 ±27.23 39.1 5.9 12.2 0.6889 0.1771802 ±27.49 26.6 4.3 10.4 0.6633 0.1571902 ±28.65 18.8 3.2 10.0 0.6564 0.1522002 ±30.33 13.3 2.4 10.0 0.6463 0.1552102 ±31.23 9.5 1.7 10.0 0.6367 0.1572203 ±34.44 6.7 1.4 10.0 0.6124 0.163Table 3.5: The mass windows (MW) for di�erent masses, given by µ ± 3 σm where thebakground and signal events are obtained by integration and �tting, respetively. Thenumber of signal events beneath a gaussian, NS. The number of bakground eventsinside the mass window, NB. The minimal signal events needed to detet the resonane,
Nmin

S . The total e�ieny inside a mass window, ǫowen, and the minimum ross-setionneeded to detet the graviton, (σB)min. OWEN set 1.1 PDF used.The minimum prodution ross-setion required to produe Nmin
S , (σB)min, is alu-lated by orreting Nmin

S for the total e�ieny and the luminosity sine the number ofreonstruted events are given by:
Nmin

S = (σB)minLǫtot (3.13)where σ is the ross-setion, L is the integrated luminosity, B is the branhing ratio and
ǫtot is the total e�ieny without trigger uts.In order to get a disovery limit this minimum prodution ross-setion for a given masspoint is ompared to the orresponding ross-setion predited by the Randall-Sundrummodel. The minimum prodution ross-setions, for di�erent PDFs, are given in thetables 3.5-3.7. Table 3.5 is omparable to table 3 in referene [12℄.In tables 3.5-3.7 the total e�ieny of the detetor varies from 75% to 60%. Without thelepton identi�ation e�ieny, whih imply a fator of 0.81, these total e�ienes varybetween 93 % and 74% for the di�erent masses, whih is in agreement with [2℄. Thisis true for all the PDFs. We see that the e�ieny drops at higher masses. The reasonfor this is disussed in setion 3.7.6. The graviton mass limits for the di�erent PDFsare extrated in the plots 3.11-3.13. The plots ompare the ross-setions predited bythe Randall-Sundrum model with the alulated minimum prodution ross-setions.The mass disovery limit is given at the mass point where the minimum produtionross-setion meets the orresponding ross-setion predited by theory.Figures 3.11 and 3.12 show that the maximum graviton mass that an be obtainedat LHC is around 2.1 TeV. This is almost exatly what is obtained in referenes [11℄and [12℄ where the expeted disovery mass limit is found to be 2080 GeV. In otherwords PYTHIA and HERWIG are ompatible event generators when Final State QEDRadiation is turned o� in PYTHIA. A small di�erene is shown in �gure 3.13. HereCTEQ5L is used as PDF and the disovery mass limit shows a slightly lower value. Themass limit is around 2 TeV or a 100 GeV less than the limits obtained by using OWEN32



3.6. G∗ → e+e−

µ (GeV) MWmrst(h−g)(GeV ) NS NB Nmin
S ǫmrst(h−g) (σB)min(fb)500 ±10.48 15057.9 867.0 147.2 0.7123 2.0671000 ±18.25 635.9 68.8 41.5 0.7365 0.5641501 ±24.80 74.7 11.5 17.0 0.6975 0.2441601 ±25.50 52.3 8.3 14.4 0.6907 0.2091701 ±27.33 37.1 6.2 12.5 0.6855 0.1821802 ±27.68 25.9 4.6 10.7 0.6656 0.1611902 ±27.80 18.8 3.6 10.0 0.6603 0.1512002 ±29.60 13.4 2.5 10.0 0.6360 0.1572103 ±29.95 9.8 1.8 10.0 0.6226 0.1612202 ±32.46 7.2 1.7 10.0 0.6076 0.165Table 3.6: The mass windows (MW) for di�erent masses, given by µ ± 3 σm, wherethe bakground and signal events are obtained by integration and �tting, respetively.The number of signal events beneath a gaussian, NS. The number of bakground eventsinside the mass window, NB. The minimal signal events needed to detet the resonane,

Nmin
S . The total e�ieny inside a mass window, ǫmrst(h−g), and the minimum ross-setion needed to detet the graviton, (σB)min. MRST(h-g) PDF used.
µ (GeV) MWcteq5l(GeV ) NS NB Nmin

S ǫcteq5l (σB)min(fb)500 ±10.59 13324.5 930.3 152.5 0.7171 2.1271000 ±18.25 483.2 68.9 41.5 0.7372 0.5631501 ±25.12 53.0 11.4 16.9 0.6985 0.2421601 ±25.19 35.6 8.0 14.1 0.6772 0.2081701 ±26.57 24.4 5.8 12.0 0.6573 0.1831802 ±27.89 17.5 4.3 10.4 0.6559 0.1591902 ±28.83 12.5 3.3 10.0 0.6477 0.1542002 ±29.03 8.6 2.4 10.0 0.6034 0.1672102 ±32.01 6.9 1.9 10.0 0.6571 0.1522204 ±32.16 4.7 1.4 10.0 0.5964 0.168Table 3.7: The mass windows (MW) for di�erent masses, given by µ ± 3 σm, wherethe bakground and signal events are obtained by integration and �tting, respetively.The number of signal events beneath a gaussian, NS. The number of bakground eventsinside the mass window, NB. The minimal signal events needed to detet the resonane,
Nmin

S . The total e�ieny inside a mass window, ǫcteq5l, and the minimum ross-setionneeded to detet the graviton, (σB)min. CTEQ5L used as PDF.
33



CHAPTER 3. ANALYSIS AND RESULTS

GeV
400 600 800 1000 1200 1400 1600 1800 2000 2200

B
(f

b
)

σ

-110

1

10

210

Graviton Mass limit

Figure 3.11: Cross-setions forG→ e+e− in the R-S model (light urve) and the smallestdetetable ross-setion (blak). OWEN set 1.1 used.
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Figure 3.12: Cross-setions forG→ e+e− in the R-S model (light urve) and the smallestdetetable ross-setion (blak). MRST(h-g) used.
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3.7. G∗ → e+e−- THE EFFECTS OF RADIATION
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Figure 3.13: Cross-setions forG→ e+e− in the R-S model (light urve) and the smallestdetetable ross-setion (blak). CTEQ5L used.set 1.1 and MRST(h-g). This indiates that the PDFs have an impat on the result.Only MRST(h-g) and CTEQ5L are further used in the analysis.3.7 G∗ → e+e−- The e�ets of radiationIn this setion the e�ets of Final State QED Radiation and Initial State Radiation arestudied in detail. The soure of the two types of radiations is as follows [19℄:
• Initial State Radiation (ISR) is aused by the radiation of a photon (QED) or a gluon(QCD) from one of the partons entering the hard proess before the ollision happens.
• Final State Radiation (FSR) is aused by the radiation of a photon (QED) or agluon (QCD) from one of the deay produts in the hard proess after the ollision hashappened.As this thesis only look at leptons and photons in �nal state there is no �nal state QCDradiation involved.In setion 3.7.1-3.7.4 we look at a graviton resonane of 500 GeV, produed at an in-tegrated luminosity of 100 fb−1. Two PDFs, MRST(h-g) and CTEQ5L, are used. Notrigger uts nor eletron identi�ation e�ieny is applied, i.e. we are looking at theaeptane. In order to understand the e�ets of radiation the following senarios areanalysed:
• Initial State and Final State Radiation swithed o� i.e. no radiation, setion 3.7.1.
• Initial State Radiation swithed on, Final State Radiation swithed o�, setion 3.7.2.This is also the ase in setion 3.6.
• Initial State Radiation swithed o�, Final State Radiation swithed on, setion 3.7.3.
• Initial State and Final State Radiation swithed on, whih is the most realisti ase,setion 3.7.4 35



CHAPTER 3. ANALYSIS AND RESULTSFSR and ISR in�uene the transverse momentum distribution of the eletron andpositron oming from the graviton deay. The pt distributions of �gures 3.14-3.19 om-pare the di�erent senarios above. pt1 is the transverse momentum of the �rst leptonwhih is most energeti, and pt2 is transverse momentum of the seond lepton. Thesenarios above also in�uene the number of leptons and photons reated in the �nalstate as well as the distribution of the angles between the two leptons. These are givenin �gures 3.20-3.25. The orrelations between the number of leptons and photons re-ated in the �nal state are given in �gures 3.26-3.33, and the orrelation between pt1/ pt2and the angular distributions in �gures 3.34-3.49. As expeted MRST(h-g) yields moresignal events than CTEQ5L in all the �gures beause of the higher signal ross-setion.In eah senario 21140 and 18580 events are generated for MRST(h-g) and CTEQ5Lrespetively, orresponding to an integrated luminosity of 100 fb−1. Mean values oftransverse momenta, number of lepton and photon events in �nal state are given intables 3.8-3.11. Setion 3.7.5 ompares the overall signal and bakground e�ienies.Their evolution is explained by the ratio E
p
. The signal and the bakground are de-sribed in setion 3.7.6 and 3.7.7, respetively. The signal is desribed with di�erentfuntions in order to take into aount the e�ets of radiation. Disovery mass limitsare derived for the di�erent senarios in setion 3.7.8.

3.7.1 No RadiationIn the ase of no radiation both of the leptons have a maximum transverse momentumof around 250 GeV. The reason is that the graviton reated is at rest in the laboratorysystem i.e. the sum of the transverse momenta of the partons is zero. When thegraviton deays the outgoing leptons have equal transverse momentum spetra and areopposite direted [31, 37℄. A large number of events are bak to bak, i.e. the anglebetween them is π, see �gure 3.22. Figures 3.34-3.35 (for MRST(h-g)), and 3.42-3.43(for CTEQ5L) show that the number of bak to bak events inreases with inreasingtransverse momentum, peaking at about 250 GeV. The PDFs a�et the shape of theangular distributions though. In �gures 3.22-3.25 the CTEQ5L distributions �attenout with dereasing angle, while the distributions given by MRST(h-g) give a little topat the end around zero degrees. This is due to the fat that the graviton is reatedthrough di�erent prodution mehanisms. Table 3.40 later in the analysis, shows thatmore gravitons are produed via qq → G∗ when CTEQ5L is used.The aeptane is high. 19030 and 16900 events ontaining 2 or more leptons are pro-dued for MRST(h-g) and CTEQ5L, respetively, whih orresponds to an aeptaneof 90% and 91%. Thus the losses are of order 10% whih orrespond to events withonly one or zero leptons in the �nal state. In addition 179 single and 9 double photonsare reated with MRST(h-g). For CTEQ5L the number is 209 and 8 respetively. Fig-ures 3.26 and 3.30 show that the majority of the single photons are reated in eventsontaining two leptons. Sine ISR and FSR are swithed o� neither the partons northe leptons radiate and thus these photons ome from another soure, namely multipleinterations. Removing the possibility of multiple interations also removes the photonsreated in this ase. This is done by setting MSTP(81)=0 in PYTHIA. Multiple inter-ations aount for only a small part of the events produed with only a single lepton.The rest an be explained by the detetor's failure to reonstrut or measure leptons.36



3.7. G∗ → e+e−- THE EFFECTS OF RADIATION3.7.2 Only ISRWhen one of the inoming partons radiate a photon or a gluon, the sum of the transversemomemtum of the olliding partons does not vanish anymore [31, 37℄. Thus the gravitonreated inside the ATLAS detetor is not at rest, and has a momentum in the transversaldiretion relative to the laboratory system [31, 37℄. This extra momentum is shared bythe outgoing leptons [31, 37℄. The �rst lepton gets more of this momentum than theseond. The transverse momentum spetra are not equal and opposite anymore. Thedi�erene with the ase of no radiation is lear. In �gures 3.14 and 3.15 the maximumtransverse momentum of pt1 is above 400 GeV. In tables 3.8 and 3.9 we see that the meanvalue of pt1 inreases ompared to the ase with no radiation. For pt2 the mean valuedereases ompared to the ase with no radiation. But the sum of these two mean valuesis larger than in the other ases, giving an overall inrease in transverse momentum.Comparing �gure 3.22 and 3.23 we see that the number of bak to bak events areredued ompared to a situation without radiation beause of the transversal diretionof the graviton. The non bak to bak events inrease. The orrelation between pt1/
pt2 and the angular distributions in �gures 3.36-3.37 and 3.44-3.45 shows that the bakto bak events are more evenly distributed with regard to the transverse momentum,peaking at around 250 GeV, as ompared to the ase without radiation (�gures 3.34-3.35and 3.42-3.43).The aeptane is a little lower ompared to the ase without radiation (table 3.8 and3.9). 18730 and 16650 events ontaining two leptons are produed for MRST(h-g) andCTEQ5L respetively giving an aeptane of 89 and 90% respetively. ISR has avery small impat on the e�ieny. The losses are due to an inrease in number ofevents ontaining only one or zero leptons. These e�ienies are almost the same as thee�ienies given in the tables 3.6 and 3.7 in setion 3.6.4 for a graviton of 500 GeV, ifwe, like in this setion, do not take into aount lepton identi�ation e�ieny. Sinethe partons whih enter the hard proess radiate the number of photons produed alsoinreases. 887 single and 45 diphotons are reated with MRST(h-g). For CTEQ5Lthe number is 777 and 44, respetively. But there is an additional di�erene omparedto the ase without radiation. In �gure 3.27 and 3.31 the number of single photonsprodued in events with only one lepton has inreased ompared to photons produedin events with two leptons. This is due to the fat that the number of events ontainingone lepton has inreased at the expene of events ontaining two or three leptons.3.7.3 Only FSRWhen swithing on FSR (while ISR is o�) the graviton is again produed at rest inthe laboratory system. Although the transverse momentum spetra are opposite andequal they have hanged [37℄. The invariant mass of the hard proess is preserved butby adding FSR the leptons radiate, adding photons in the �nal state [37℄. FSR thussubdivides the invariant mass among more partiles and one has to add bak on e−e+γor e−e+γγ, depending on the event, and not e−e+, in order to get the original gravitonmass [37℄. Thus the invariant mass is lowered sine we only take into aount leptons.The sum of the mean values of pt1 and pt2 is redued ompared to the ase with only ISR.The di�erenes are shown in �gures 3.16 and 3.17. In fat, this sum is smaller omparedto the other ases. As in the other ases the loss of aeptane is due to the eventsontaining one or zero leptons. In addition to the number of photons, the orrelationbetween the number of photons and leptons produed, have also dramatially hanged.37



CHAPTER 3. ANALYSIS AND RESULTSRadiation N <pt1> (GeV) <pt2 > (GeV)No Radiation 19030 220.3 217.8Only ISR 18730 248.6 201.0Only FSR 14610 217.9 212.7ISR and FSR 14340 246.1 197.4Table 3.8: The mean values of pt1 and pt2 and number of events reonstruted, N, fordi�erent senarios desribed in the text. MRST(h-g) used as PDF. No trigger uts.Radiation N <pt1 > (GeV) <pt2 > (GeV)No Radiation 16900 218.9 216.3Only ISR 16650 245.3 200.9Only FSR 13030 217.0 211.8ISR and FSR 12750 242.9 196.9Table 3.9: The mean values of pt1 and pt2 and number of events reonstruted, N, fordi�erent senarios desribed in the text. CTEQ5L used as PDF. No trigger uts.In �gures 3.28 and 3.32 the number of single photons produed in events with singlelepton has inreased signi�antly ompared with the ases above. Also, a di�erenebetween the PDFs appear. For MRST(h-g) the number of double photons is less thanin the ase with only ISR, while for CTEQ5L the number of double photons is higherthan in the ase with only ISR. See �gures 3.20 and 3.21.3.7.4 ISR and FSRSwithing on ISR and FSR give the most realisti situation. In this ase the mean valueof pt1 is high, while the meanvalue of pt2 is smaller ompared with the senarios above.The FSR redues the momentum spetra but the ISR hanges the spetra yet again,by inreasing the overall transverse momentum. The di�erenes with the ase of onlyFSR are shown in �gures 3.18 and 3.19. The number of bak to bak events are atthe lowest, the number of photons and e−γ or e+γ events are at the highest omparedwith the other ases. ISR and FSR give the lowest aeptane whih is 68% and 69%for MRST(h-g) and CTEQ5L respetively. Taking into aount lepton identi�atione�ieny of 0.9 for eah lepton these e�ienies drop to 55% and 56%, respetively.This is a signi�ant loss ompared to the e�ienies for a graviton of 500 GeV in tables3.6 and 3.7. This has an impat on the mass disovery limits for both MRST(h-g) andCTEQ5L. The losses inrease even more beause swithing on FSR hanges the shapeof the signal, making it harder to desribe with a gaussian.3.7.5 The ration E
p
and the overall e�ienyPartile lusters have to pass uts on shower shapes in the eletromagneti alorimeterand must satisfy requirements made on the ratio E

p
where E is the energy and p is themomentum measured in the EM alorimeter and ID, respetively [15, 16, 20℄. Partilesthat pass these uts are onsidered as eletron or positron andidates. Theoretially thevalue of this ratio is one but FSR auses the value of E
p
to �utuate, sine FSR-photons38



3.7. G∗ → e+e−- THE EFFECTS OF RADIATION
Radiation Nleptons=0 Nleptons=1 Nleptons=2 Nleptons=3No Radiation 40 2074 19020 1Only ISR 48 2364 18700 27Only FSR 520 6006 14610 0ISR and FSR 603 6186 14320 23Radiation Nphotons=1 Nphotons=2 Nphotons=3No Radiation 179 9 0Only ISR 887 45 3Only FSR 1449 40 0ISR and FSR 2051 134 5Table 3.10: Number of photons and leptons produed in �nal state for di�erent senarios.MRST(h-g) used as PDF. No trigger uts.

Radiation Nleptons=0 Nleptons=1 Nleptons=2 Nleptons=3No Radiation 43 1640 16900 1Only ISR 49 1879 16640 15Only FSR 434 5115 13030 0ISR and FSR 478 5349 12730 21Radiation Nphotons=1 Nphotons=2 Nphotons=3No Radiation 209 8 0Only ISR 777 44 3Only FSR 1334 51 0ISR and FSR 1844 112 4Table 3.11: Number of photons and leptons produed in �nal state for di�erent senarios.CTEQ5L used as PDF. No trigger uts.
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Figure 3.26: Correlation between numberof photons and leptons in events produedwith no radiation. MRST(h-g) used asPDF. No trigger uts.
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Figure 3.27: Correlation between numberof photons and leptons in events produedwith only ISR. MRST(h-g) used as PDF.No trigger uts.
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Figure 3.28: Correlation between numberof photons and leptons in events produedwith only FSR. MRST(h-g) used as PDF.No trigger uts.
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Figure 3.29: Correlation between numberof photons and leptons in events produedwith ISR and FSR. MRST(h-g) used asPDF. No trigger uts.
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Figure 3.30: Correlation between numberof photons and leptons in events produedwith no radiation. CTEQ5L used as PDF.No trigger uts.
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Figure 3.31: Correlation between numberof photons and leptons in events produedwith only ISR. CTEQ5L used as PDF. Notrigger uts.
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Figure 3.32: Correlation between numberof photons and leptons in events produedwith only FSR. CTEQ5L used as PDF. Notrigger uts.
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Figure 3.33: Correlation between numberof photons and leptons in events produedwith ISR and FSR. CTEQ5L used as PDF.No trigger uts.
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Figure 3.34: Correlation between the an-gular distribution and pt1 in events pro-dued with no radiation. MRST(h-g) usedas PDF. No trigger uts.
-1

-0.75
-0.5
-0.25

0
0.25

0.5
0.75

1
50 100 150 200 250 300 350

0

200

400

600

800

1000

1200

1400

Figure 3.35: Correlation between the an-gular distribution and pt2 in events pro-dued with no radiation. MRST(h-g) usedas PDF. No trigger uts.
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Figure 3.36: Correlation between the an-gular distribution and pt1 in events pro-dued with only ISR. MRST(h-g) used asPDF. No trigger uts.
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Figure 3.37: Correlation between the an-gular distribution and pt2 in events pro-dued with only ISR. MRST(h-g) used asPDF. No trigger uts.
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Figure 3.38: Correlation between the an-gular distribution and pt1 in events pro-dued with only FSR. MRST(h-g) used asPDF. No trigger uts.
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Figure 3.39: Correlation between the an-gular distribution and pt2 in events pro-dued with only FSR. MRST(h-g) used asPDF. No trigger uts.
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Figure 3.40: Correlation between the an-gular distribution and pt1 in events pro-dued with ISR and FSR. MRST(h-g)used as PDF. No trigger uts.
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Figure 3.41: Correlation between the an-gular distribution and pt2 in events pro-dued with ISR and FSR. MRST(h-g)used as PDF. No trigger uts.
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Figure 3.42: Correlation between the an-gular distribution and pt1 in events pro-dued with no radiation. CTEQ5L usedas PDF. No trigger uts.
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Figure 3.43: Correlation between the an-gular distribution and pt2 in events pro-dued with no radiation. CTEQ5L usedas PDF. No trigger uts.
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Figure 3.44: Correlation between the an-gular distribution and pt1 in events pro-dued with only ISR. CTEQ5L used asPDF. No trigger uts.
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Figure 3.45: Correlation between the an-gular distribution and pt2 in events pro-dued with only ISR. CTEQ5L used asPDF. No trigger uts.
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Figure 3.46: Correlation between the an-gular distribution and pt1 in events pro-dued with only FSR. CTEQ5L used asPDF. No trigger uts.
-1

-0.75
-0.5
-0.25

0
0.25

0.5
0.75

1
50 100 150 200 250 300 350

0

200

400

600

800

1000

Figure 3.47: Correlation between the an-gular distribution and pt2 in events pro-dued with only FSR. CTEQ5L used asPDF. No trigger uts.
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Figure 3.48: Correlation between the an-gular distribution and pt1 in events pro-dued with ISR and FSR. CTEQ5L usedas PDF. No trigger uts.
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3.7. G∗ → e+e−- THE EFFECTS OF RADIATIONRadiation ǫaccetance ǫidentification ǫtrigger ǫoverallNo Radiation 0.9002 0.8100 1.000 0.7292Only ISR 0.8860 0.8100 0.9999 0.7176Only FSR 0.6911 0.8100 0.9997 0.5596ISR and FSR 0.6783 0.8100 0.9989 0.5488Table 3.12: Di�erent e�ienies for di�erent senarios desribed in the text. ǫacceptanceis the aeptane, ǫidentification is the lepton identi�ation e�ieny, ǫtrigger is the e�etof the trigger uts on the e�ieny and ǫoverall is the overall e�ieny. MRST(h-g) usedas PDF. Radiation ǫaccetance ǫidentification ǫtrigger ǫoverallNo Radiation 0.9096 0.8100 1.000 0.7368Only ISR 0.8961 0.8100 0.9997 0.7256Only FSR 0.7013 0.8100 0.9990 0.5675ISR and FSR 0.6862 0.8100 0.9992 0.5554Table 3.13: Di�erent e�ienies for di�erent senarios desribed in the text. ǫacceptanceis the aeptane, ǫidentification is the lepton identi�ation e�ieny, ǫtrigger is the e�etof the trigger uts on the e�ieny and ǫoverall is the overall e�ieny. CTEQ5L usedas PDF.are only measured by the EM alorimeter and not in the ID [15, 16, 20℄. Partiles arenot onsidered eletron or positron andidates for large �utuations of E
p
, leading to afall in the aeptane. See tables 3.10 and 3.11, in addition to �gures 3.20 and 3.21.Tables 3.12 and 3.13 show the evolution of the overall or total e�ieny for a 500 GeVgraviton produed with MRST(h-g) and CTEQ5L (21140 and 18580 events generated,respetively).The aeptane varies from 90% to 68% and 91% to 69% for MRST(h-g) and CTEQ5L,respetively. FSR auses the greatest losses of the aeptane. The redution of theaeptane due to ISR is negligible. When a parton entering the hard proess radiatesa photon, less energy is available to produe a graviton. In our ase this auses a lossof aeptane of order 1%.By adding a lepton identi�ation e�ieny of 0.9 for eah eletron these e�ienies dropfurther. The overall e�ieny varies from 73% to 55% and 74% to 56% for MRST(h-g)and CTEQ5L, respetively. The e�et of trigger uts on the overall e�ieny is almostnon-existing due to the high transverse momenta of the gravitons, whih is good. Thee�et of the trigger uts throws away only 0 to 24 signal events, depending on radiationsenario and PDF. But the e�et on the bakground is not large either. The bakgroundevents are not substantially redued ompared to the signal events. Nothing is gainedby the trigger uts set by the ATLAS detetor. 34680 and 36170 Drell-Yan events aregenerated for MRST(h-g) and CTEQ5L respetively. This orresponds to a ut on theinvariant mass of 350 GeV, and an integrated luminosity of 100 fb−1. Tables 3.14 and3.15 show the evolution of the overall or total e�ieny for the Drell-Yan bakground.For CTEQ5L with ISR and FSR swithed on, the total bakground above 350 GeV, i.e.not only inside a mass window around the graviton, is redued with only 38 events! Thenumber for the orresponding graviton is 15 events. This orresponds to an ǫtrigger of0.9990 and 0.9992 respetively. The transverse momentum distributions of the graviton49



CHAPTER 3. ANALYSIS AND RESULTSRadiation ǫaccetance ǫidentification ǫtrigger ǫoverallNo Radiation 0.6745 0.8100 1.000 0.5463Only ISR 0.6828 0.8100 0.9994 0.5527Only FSR 0.5297 0.8100 0.9995 0.4288ISR and FSR 0.5340 0.8100 0.9989 0.4321Table 3.14: Di�erent e�ienies for di�erent senarios for the Drell-Yan bakgroundwith a ut of 350 GeV on the invariant mass. ǫacceptance is the aeptane, ǫidentification isthe lepton identi�ation e�ieny, ǫtrigger is the e�et of the trigger uts on the e�ienyand ǫoverall is the overall e�ieny. MRST(h-g) used as PDF.Radiation ǫaccetance ǫidentification ǫtrigger ǫoverallNo Radiation 0.6749 0.8100 1.000 0.5467Only ISR 0.6857 0.8100 0.9995 0.5551Only FSR 0.5308 0.8100 0.9992 0.4296ISR and FSR 0.5353 0.8100 0.9990 0.4332Table 3.15: Di�erent e�ienies for di�erent senarios for the Drell-Yan bakgroundwith a ut of 350 GeV on the invariant mass. ǫacceptance is the aeptane, ǫidentification isthe lepton identi�ation e�ieny, ǫtrigger is the e�et of the trigger uts on the e�ienyand ǫoverall is the overall e�ieny. CTEQ5L used as PDF.and the bakground are given in �gure 3.50. The trigger uts set by ATLAS are notused in the rest of this study beause we look at relatively high invariant masses.There are striking di�erenes between the signal and the bakground e�ienies whenFSR is swithed o�. For the bakground, when there is no radiation or only ISR, theoverall e�ieny varies between 55-56% ompared to the signal e�ieny of 72-74%,depending on PDF. The di�erene between the e�ienies is smaller when FSR (aloneor with ISR) is swithed on. Now the orresponding e�ienies are 43% and 55-57%,respetively, depending on PDF. There are other di�erenes as well. Unlike the graviton,the e�ieny of the Drell-Yan bakground inreases with ISR. This is due to the ut onthe invariant mass set to 350 GeV. Lepton pairs with an invariant mass just below 350GeV an pass this ut when ISR is added, beause of the overall inrease in transversemomentum of the lepton pairs [37℄. This is again due to the fat that the graviton isnot produed at rest, as shown in setion 3.7.2. More lepton pairs are reonstrutedompared to ases without ISR. Thus ISR boost the rate of the low-mass state [37℄.Tables 3.16 and 3.17 show the number of reonstruted Drell-Yan events and theirtransverse momentum.Radiation N <pt1> (GeV) <pt2 > (GeV)No Radiation 23390 200.0 200.0Only ISR 23680 220.7 188.6Only FSR 18370 197.6 192.7ISR and FSR 18520 214.6 181.4Table 3.16: The mean values of pt1 and pt2 and number of events reonstruted, N, fordi�erent senarios for the Drell-Yan bakground with a ut of 350 GeV on the invariantmass. MRST(h-g) used as PDF. No trigger uts.50



3.7. G∗ → e+e−- THE EFFECTS OF RADIATION
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Radiation N <pt1 > (GeV) <pt2 > (GeV)No Radiation 24410 198.4 198.4Only ISR 24800 217.5 187.1Only FSR 19200 197.5 192.7ISR and FSR 19360 212.2 180.5Table 3.17: The mean values of pt1 and pt2 and number of events reonstruted, N, fordi�erent senarios for the Drell-Yan bakground with a ut of 350 GeV on the invariantmass. CTEQ5L used as PDF. No trigger uts.
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3.7. G∗ → e+e−- THE EFFECTS OF RADIATIONRadiation 500 GeV 1000 GeV 1500 GeV 2000 GeVNo Radiation 0.9096 0.9337 0.8871 0.8202Only ISR 0.8961 0.9102 0.8552 0.7887Only FSR 0.7013 0.6552 0.5841 0.5154ISR and FSR 0.6862 0.6370 0.5604 0.5084Table 3.18: The aeptane for the total number of reonstruted signal events fordi�erent senarios and invariant masses. CTEQ5L used as PDF.3.7.6 Signal DesriptionIn �gures 3.53-3.56 18580 events are generated with a graviton of 500 GeV at an inte-grated luminosity of 100fb−1, and 65950, 7588 and 1424 events are generated for themasses 1000, 1500 and 2000 GeV, respetively, orresponding to an integrated luminos-ity of 10000 fb−1 for di�erent radiation senarios. The �gures 3.57-3.59 show the masses1000, 1500 and 2000 GeV produed at a luminosity of 100fb−1. CTEQ5L is used asPDF. All the parameters are alulated inside a mass window of ±60 GeV around thegraviton. The aeptane for the total number of the reonstruted signal events for theorresponding masses is given in table 3.18.The aeptane falls with higher graviton mass, see table 3.18. Explaining this fall ofaeptane requires a full simulation study. However, the requirements on the ratio E
pould explain this redution. When there is no radiation, or only ISR the aeptanehas a maximum at 1 TeV. The reason for this inrease of e�ieny is not lear sineATLFAST is only a parameterization of full simulation results. It might be that theATLAS detetor is optimized in this region. After 1 TeV, momentum measurementbeomes worse with higher masses while energy measurement ontinues to improve.Sine momentum measurement beomes poorer less events pass the requirements on E
p
,and the aeptane drops.Swithing on FSR alone makes the leptons radiate. Sine energy loss due to FSR isnot taken into aount by the ID this leads to unorret measurement of the leptonmomentum. So the momentum measurement is poor from the beginning and there is nomaximum at 1 TeV. Requirements on E

p
are not met, and it get worse with higher massessine the preision of the momentum measurement dereases. The emitted photons anin turn onvert into a eletron and positron pair. Photon onversions are disussed insetion 3.9.4.ISR happens before the leptons are reated and does not a�et the momentum mea-surement of the leptons and the loss of aeptane is omparable, as disussed in setion3.7.5, to the ase without any radiation for the 500 GeV and 1 TeV mass points. How-ever, the losses are larger for the 1.5 TeV and 2 TeV mass points. This is again dueto poorer momentum measurement and requirements on E

p
not being met. The aep-tane is redued above all by FSR, see table 3.18. FSR also hanges the shape of theresonanes, see �gures 3.53-3.56 whih show the gravitons inside a mass window of ±60GeV.FSR redues the transverse momentum spetra of the leptons beause of the photonsradiated. This lowers the mean value of the invariant mass sine one has to add bakon e−e+γ or e−e+γγ, and not e−e+ in order to get the original graviton mass [37℄.Sine the invariant mass of the e−e+ pairs is redued, long tails of events far below thegraviton mass are produed, ausing the fall in the average invariant mass. Naturally,53
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Figure 3.53: Graviton resonane of 500 GeV produed in di�erent senarios. Integratedluminosity set to 100 fb−1. No trigger uts applied.
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Figure 3.54: Graviton resonane of 1000 GeV produed in di�erent senarios. Integratedluminosity arti�ially set to 10000 fb−1. No trigger uts applied.
55



CHAPTER 3. ANALYSIS AND RESULTS

0

100

200

300

400

500

600

700

800

1450 1475 1500 1525 1550
0

100

200

300

400

500

600

700

800

1450 1475 1500 1525 1550

0

100

200

300

400

500

600

700

800

1450 1475 1500 1525 1550

GeV

N
u

m
b

e
r
 o

f 
e
v
e
n

ts
/2

 G
e
V

GeV

N
u

m
b

e
r
 o

f 
e
v
e
n

ts
/2

 G
e
V

GeV

N
u

m
b

e
r
 o

f 
e
v
e
n

ts
/2

 G
e
V

GeV

N
u

m
b

e
r
 o

f 
e
v
e
n

ts
/2

 G
e
V

0

100

200

300

400

500

600

700

800

1450 1475 1500 1525 1550

Figure 3.55: Graviton resonane of 1500 GeV produed in di�erent senarios. Integratedluminosity arti�ially set to 10000 fb−1. No trigger uts applied.
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Figure 3.56: Graviton resonane of 2000 GeV produed in di�erent senarios. Integratedluminosity arti�ially set to 10000 fb−1. No trigger uts applied.
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Figure 3.57: Graviton resonane of 1000 GeV produed in di�erent senarios. Integratedluminosity set to 100 fb−1. No trigger uts applied.
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Figure 3.58: Graviton resonane of 1500 GeV produed in di�erent senarios. Integratedluminosity set to 100 fb−1. No trigger uts applied.
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Figure 3.59: Graviton resonane of 2000 GeV produed in di�erent senarios. Integratedluminosity set to 100 fb−1. No trigger uts applied.
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3.7. G∗ → e+e−- THE EFFECTS OF RADIATIONthe number of signal events inside the mass window ±60 GeV is smaller than the totalnumber of events reonstruted, sine the mass window does not take into aount thewhole tail. In table 3.18 the aeptane of the total reonstruted events is 69% for agraviton of 500 GeV when both ISR and FSR are swithed on. For 1000, 1500 and 2000GeV the numbers are 64, 56 and 51%, respetively. In �gures 3.53-3.56, i.e. inside amass window of ±60 GeV around the graviton, the aeptane is redued to 67, 61, 53and 48%, respetively. The tail auses hanges in Root Mean Square or RMS3. Thus alarger σm is expeted when we �t a resonane produed with FSR to a gaussian.While the FSR redues the transverse momentum, ISR inreases it. Swithing on theISR together with FSR inreases the mean value of the graviton masses of 500 and 1000GeV inside the mass window, see �gures 3.53-3.54. At higher masses the inrease oftransverse momentum is not su�ient in order to ompensate for the derease of themean value of the invariant mass, see �gures 3.55-3.56. A smaller mass window is neededto inrease this value. When only ISR is swithed on it does not a�et the shape of theinvariant mass. No tails are produed, and the mass window takes into aount almostall the reonstruted events. This is also true for the ase without radiation.Sine the gaussian fails to take the tail into aount it is no longer onvenient for �ttingthe resonane when FSR is swithed on. As a onsequene of this we get an even lowernumber of signal events. Other funtions are used to �t the resonane produed withFSR. In order to determine the goodness of a �t we introdue the hi-square or χ2de�ned as:
χ2 =

N
∑

i=1

(
xi − µi

σi
)2 (3.14)where xi are the measured variables, µi are the theoretial mean values and σi are thestandard deviations. χ2 gives the disrepanies or �utuations between measured andexpeted data. A good �t is haraterized by:

χ2

NDF
≈ 1 (3.15)where NDF is the Number of Degrees of Freedom whih is related to the number ofindependent variables of the measurement.The following funtions, in addition to the gaussian, are used to desribe the resonane:The Breit-Wigner [1℄ probability funtion is de�ned as:

f(x; Γ,M) =
1

2π

Γ

(Γ2/4) + (x−M)2
(3.16)where M is the mass and Γ the observed width of the resonane. The latter is de�nedas Γ = 2.35σm [40℄.A funtion that takes into aount the radiative losses due to the emission of photonsis de�ned as [41℄:

f(x; x0, σ
2
x, σ

2
tail) =

2

σx(
√
2π + πσtail)







e
−−(x−x0)

2

2σ2
x x > x0

1

1+
(

x−x0
σxσtail

)2 x < x0
(3.17)3RMS is a statistial measure of the magnitude of a varying quantity. 61



CHAPTER 3. ANALYSIS AND RESULTS
x0 is the position of the peak maximum (equivalent to the mean value of the Gaussian).
σx is the experimental mass resolution. σtail �ts the tail of the resonane.Graviton resonanes of 500, 1000, 1500 and 2000 GeV are �tted to these funtions. Notrigger uts are applied and ISR & FSR are swithed on in order to obtain the mostrealisti situation. CTEQ5L is used as PDF. The luminosity is 100fb−1 for the 500 GeVresonane and 10000fb−1 for the rest. The results are shown in �gures 3.60-3.62.Sine FSR produes tails, the peaks beome asymmetri making them di�ult to �t bya symmetri funtion like a gaussian or a Breit-Wigner. In the ase of the gaussian wesee that for a graviton of 500 GeV it fails to take into aount the tail at around 475GeV as well as the top of the signal in �gure 3.60. It underestimates the number ofsignal events. But as the masses inrease the tails beome longer and longer, spreadingout the events more evenly. Thus around 975 GeV the tail is almost invisible for a 1TeV graviton. At higher masses it is indistinguishable from the bakground. The χ2beomes almost one at the masses of 1500 and 2000 GeV. The gaussian beomes moreand more aurate with inreasing mass.The Breit-Wigner distribution, in �gure 3.61 �ts the resonane even poorer than thegaussian. For the 500 GeV graviton it misses the mark ompletly at 525 GeV. This poordesription of the right side of the graviton is also apparent for the other masses. Itfails to desribe the top of the signals and the desription of the bakground beomespoorer as well. The χ2 of all the �ts is very poor and the parameters extrated are notreliable.While the gaussian underestimates the signal, the asymmetri funtion 3.17, takes thetail into aount and the number of signal events inreases. However the tail is stillpoorly desribed, see the plots of �gure 3.62. The funtion 3.17 overestimates tailssine there is a gap between the �ts and the tails. The poor desription of the tailunderestimates the mean values and overestimates the σm's. An overestimation of thesignal also ours. All the gravitons in �gure 3.62, exept for the graviton at 1500GeV, have more events than the gravitons in �gure 3.60. The �ts are poorer omparedwith the gaussian �ts exept for the ase of the 500 GeV graviton where the χ2 is 1.8ompared to 2.4 for the gaussian �t. The funtion 3.17 is more suitable for gravitonmasses below 500 GeV where the tails are thiker. In addition using funtion 3.17 givesa muh larger mass window, sine the tails strethes several σ on the lefthand side ofthe graviton. More bakground than signal is gained leading to a more onservativesigni�ane.The funtion that desribes the resonanes most orretly, when FSR is swithed on, isstill the gaussian. A systemati error arises beause of the poor tail desription as wellas a poor desription of the top of the signal. This systemati error an be determinedby ounting events inside a mass window of µ±3 σm and subtrating the events obtainedby �tting. In this way the part of the events whih esaped the �t at the tail and at thetop of the signal an be aounted for inside a mass window of µ± 3 σm:

∆N = |Ncount −Nfit|. (3.18)This also gives an error in the signi�ane and the total e�ieny given by:
∆S =

∆N√
NB

(3.19)62
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Figure 3.60: Graviton resonane invariant masses �tted with a gaussian. ISR and FSRswithed on. The 500 GeV point (with bakground) orresponds to an integrated lumi-nosity of 100 fb−1, while the other points (with bakgrounds) are arti�ially produedwith an integrated luminosity of 10000 fb−1. CTEQ5L used as PDF. No trigger utsapplied. 63
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Figure 3.61: Graviton resonane invariant masses �tted with a Breit-Wigner distribu-tion. ISR and FSR swithed on. The 500 GeV point (with bakground) orrespondsto an integrated luminosity of 100 fb−1, while the other points (with bakgrounds) arearti�ially produed with an integrated luminosity of 10000 fb−1. CTEQ5L used asPDF. No trigger uts applied.64
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Figure 3.62: Graviton resonane invariant masses �tted with funtion 3.17. ISR andFSR swithed on. The 500 GeV point (with bakground) orresponds to an integratedluminosity of 100 fb−1, while the other points (with bakgrounds) are arti�ially pro-dued with an integrated luminosity of 10000 fb−1. CTEQ5L used as PDF. No triggeruts applied. 65
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∆ǫ =

∆N

Ncount

(3.20)The analysis in setion 3.7.8 makes use of a gaussian, in addition to taking into aountthe systematis errors. The whole tail an not be aounted for sine it strehes several
σm outside a given mass window, leading to a fall of e�ieny. Thus FSR auses aloss of e�ieny in two ways: Large parts of the FSR tails are outside the given masswindows and an not be aounted for. Seondly, E

p
requirements are not met, leadingto redution of e�ieny, ompared to other radiation senarios for a given mass point.In addition, the e�ieny is also redued with higher masses in all the radiation se-narios. This might also be explained by the ratio E

p
, however, a full simulation study isrequired in order to make a ertain onlusion.3.7.7 Bakground DesriptionThe Drell-Yan bakground is rather well desribed by an exponential in all the asesdisussed above. In �gure 3.63 the χ2 varies between approximately 1.0 and 1.3. Thebakground e�ieny evolves as aording to table 3.14 and 3.15 in setion 3.7.5. A utof 350 GeV is made on the invariant mass, and 36170 events are generated.3.7.8 ResultsIn this setion disovery mass limits are reahed for the graviton produed with noradiation, only FSR and with ISR & FSR. No trigger uts are used and MRST(h-g)and CTEQ5L are used as PDFs. Graviton masses between 500 GeV and 2200 GeV aregenerated. The 500 GeV mass point (with orresponding bakground) is produed at anintegrated luminosity of 100 fb−1, and the rest of the mass points (with orrespondingbakgrounds) are produed at an integrated luminosity of 10000 fb−1. The signal andthe bakground are �tted to a gaussian and an exponential, respetively. As expetedthe e�ienies drop. These are given in tables 3.19 and 3.20 where ISR and FSR areswithed on. Tables for the ases of no radiation and only FSR are in appendix A.MRST(h-g) yields more signal events than CTEQ5L.In the ase of no radiation the aeptane of the mass point of 500 GeV is exatly thesame as was found in setion 3.7.1, where the total number of reonstruted eventsare given, namely 90 and 91% for MRST(h-g) and CTEQ5L, respetively. This isexpeted sine gravitons produed without radiation (or only ISR) do not have tails.This ompatibility is not found when FSR is swithed on. Beause of the tails the �ttingproedure fails to take into aount all the signal and hene the aeptane of the totalreonstruted events found in setion 3.7.3 (only FSR) is higher than obtained by �ttingthe signal inside a mass window of ±3σm. When only FSR is swithed on the aeptaneis 69 and 70% for MRST(h-g) and CTEQ5L respetively in setion 3.7.3. By �tting theaeptane is redued by 5%. In the ase of both ISR and FSR swithed on, the loss by�tting is 6 and 7% repetively for MRST(h-g) and CTEQ5L ompared to setion 3.7.4.The total e�ienies obtained by �tting the signal above the bakground are shownin the �gures 3.64-3.71. Sine no trigger uts are used the aeptane is obtained bydividing the total e�ieny, given in table 3.19 and 3.20 (and the tables in the appendixA), by a fator 0.81, orresponding to the identi�ation e�ieny. All the plots are66
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Figure 3.63: The Drell-Yan bakground, with a 350 GeV ut on the invariant mass,produed in di�erent senarios. Integrated luminosity set to 100 fb−1. No trigger utsapplied.
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Figure 3.64: Total E�ieny obtained by�tting. No radiation. MRST(h-g) used asPDF. No trigger uts applied. GeV
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Figure 3.65: Total E�ieny obtained by�tting. Only ISR swithed on. MRST(h-g) used as PDF. No trigger uts applied.�tted with a polynominal of seond order. The possible reason for the loss of e�ienydue to higher graviton mass is disussed in setion 3.7.6.The systemati errors, obtained using equations 3.18-3.20, are given in tables 3.21 and3.22. The error in e�ieny aused by the error in �tting is low, and varies from 0to 4% for all masses. The tails outside the mass windows are not aounted for. Twoexeptions our at the mass points of 2200 GeV in tables 3.21 and table A.5 (only FSR)in the appendix, with an error in the e�ieny of 7.3 and 8.5%, respetively. Both errorsare explained by the low statistis at large invariant mass, even though the mass pointsare produed with 100 times more statistis! The poor desription does not a�et theobservability of the signal, not even if we look at the hanges in the signi�ane. Thepoor desription of the signal does not a�et the disovery limit at all. The reason forthis is that the FSR tails are small even if the emission probability of FSR varies as theinverse square of the partile mass i.e. the ross-setion for emission is proportional to
r2e = ( e2

mc2
)2 [40℄. The tails, outside the mass windows, aused by the FSR are solelyresponsible for the loss of e�ieny when the resonanes are �tted to gaussians. For thease of FSR only and no radiation see appendix A.In tables 3.19 and 3.20 the e�ienies drop drastially ompared to tables 3.6 and 3.7.And beause of this the minimal ross-setion needed to make a disovery is inreasingat every mass point. This in turn a�ets the disovery limit. The disovery mass limitsare extrated from �gures 3.72-3.78.As in setion 3.6.4 the mass disovery limit is given at the point where the minimum pro-dution ross-setion meets the ross-setion predited by the Randall-Sundrum model.In �gures 3.76 and 3.77 the disovery mass limit is redued ompared to the limitsobtained with only ISR in setion 3.6.4. The limit is now about 1950 GeV for theMRST(h-g) and about 1800 GeV for CTEQ5L. Disovery mass limits obtained with noradiation are more or less the same as in the ase with only ISR swithed on. In otherwords, swithing ISR on or o� does not a�et the disovery mass limit of the graviton.On the other hand the mass limits obtained with only FSR are idential to the onesobtained with both ISR and FSR. All the limits are given in table 3.23. The disoverymass limits for only ISR are taken from setion 3.6.4.68
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Figure 3.66: Total E�ieny obtained by�tting. Only FSR swithed on. MRST(h-g) used as PDF. No trigger uts applied.
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Figure 3.67: Total E�ieny obtained by�tting. Both ISR and FSR swithed on.MRST(h-g) used as PDF. No trigger utsapplied.
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Figure 3.68: Total E�ieny obtained by�tting. No radiation. CTEQ5L used asPDF. No trigger uts applied. GeV
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Figure 3.69: Total E�ieny obtained by�tting. Only ISR swithed on. CTEQ5Lused as PDF. No trigger uts applied.
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Figure 3.70: Total E�ieny obtained by�tting. Only FSR swithed on. CTEQ5Lused as PDF. No trigger uts applied.
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Figure 3.71: Total E�ieny obtained by�tting. Both ISR and FSR swithed on.CTEQ5L used as PDF. No trigger uts ap-plied.
µ (GeV) MWmrst(h−g)(GeV ) NS NB Nmin

S ǫmrst(h−g) (σB)min(fb)499 ±12.04 10692 794.8 141.0 0.5058 2.789998.8 ±19.51 416.6 54.0 36.7 0.4825 0.7611500 ±25.49 45.8 8.4 14.5 0.4276 0.3391599 ±26.25 30.9 6.0 12.3 0.4081 0.3011700 ±27.30 22.0 4.2 10.3 0.4065 0.2531800 ±28.51 15.5 3.1 8.8 0.3984 0.2511901 ±28.84 10.8 2.2 10.0 0.3793 0.2642000 ±34.02 8.4 1.8 10.0 0.3987 0.2512101 ±29.72 5.7 1.1 10.0 0.3621 0.2762201 ±36.09 4.4 0.8 10.0 0.3713 0.269Table 3.19: The mass windows (MW) for di�erent masses, given by µ ± 3 σm, wherethe bakground and signal events are obtained by integration and �tting, respetively.The number of signal events beneath a gaussian, NS. The number of bakground eventsinside the mass window, NB. The minimal signal events needed to detet the resonane,
Nmin

S . The total e�ieny inside a mass window, ǫmrst(h−g), and the minimum ross-setion needed to detet the graviton, (σB)min.
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µ (GeV) MWcteq5l(GeV ) NS NB Nmin

S ǫcteq5l (σB)min(fb)499 ±12.29 9347.4 842.9 145.2 0.5031 2.886998.8 ±19.62 314.8 53.4 36.5 0.4773 0.7651500 ±24.88 30.7 8.1 14.2 0.4046 0.3511600 ±26.90 22.4 5.9 12.2 0.4261 0.2861700 ±28.61 15.7 4.3 10.4 0.4230 0.2461801 ±28.90 10.0 3.1 8.8 0.3748 0.2671900 ±28.76 7.0 2.1 10.0 0.3627 0.2762000 ±30.36 5.5 1.8 10.0 0.3862 0.2592101 ±36.24 4.1 1.4 10.0 0.3905 0.2562201 ±35.01 2.8 0.9 10.0 0.3553 0.282Table 3.20: The mass windows (MW) for di�erent masses, given by µ ± 3 σm, wherethe bakground and signal events are obtained by integration and �tting, respetively.The number of signal events beneath a gaussian, NS. The number of bakground eventsinside the mass window, NB. The minimal signal events needed to detet the resonane,
Nmin

S . The total e�ieny inside a mass window, ǫcteq5l, and the minimum ross-setionneeded to detet the graviton, (σB)min.
mG (GeV) S ∆N ∆S ∆ǫ500 379.3 ±186.3 ±6.61 1.7%1000 56.7 ±1.9 ±0.26 0.5%1500 15.8 ±1.0 ±0.35 2.1%1600 12.6 ±0.7 ±0.29 2.2%1700 10.7 ±0.2 ±0.10 0.9%1800 8.8 ±0.1 ±0.06 0.6%1900 7.3 ±0.2 ±0.14 1.8%2000 6.3 ±0.3 ±0.22 3.7%2100 5.4 ±0.1 ±0.10 1.7%2200 4.4 ±0.3 ±0.30 7.3%Table 3.21: The Signi�ane, the error between the number of signal events obtainedby �tting and ounting, ∆N = |Ncount − Nfit| and the resulting errors in signi�ane

∆S= ∆N√
NB

and in the total e�ieny due to �tting ∆ǫ = ∆N
Ncount

. MRST(h-g) used asPDF.
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mG (GeV) S ∆N ∆S ∆ǫ500 322.0 ±243.0 ±8.37 2.5%1000 43.1 ±2.7 ±0.37 0.9%1500 10.8 ±0.8 ±0.28 2.5%1600 9.2 ±0.0 ±0.00 0.0%1700 7.8 ±0.0 ±0.00 0.0%1800 5.7 ±0.5 ±0.28 4.7%1900 4.8 ±0.1 ±0.07 1.4%2000 4.1 ±0.2 ±0.15 3.8%2100 3.5 ±0.1 ±0.09 2.5%2200 2.8 ±0.1 ±0.10 3.7%Table 3.22: The Signi�ane, the error between the number of signal events obtainedby �tting and ounting, ∆N = |Ncount − Nfit| and the resulting errors in signi�ane

∆S=∆N
NB

and in the total e�ieny due to �tting ∆ǫ = ∆N
Ncount

. CTEQ5L used as PDF.

Radiation Limitmrst(h−g)(GeV) Limitcteq5l(GeV)No radiation 2125 2000Only ISR 2100 2000Only FSR 1950 1800ISR and FSR 1950 1800Table 3.23: The disovery mass limits for di�erent radiation senarios desribed in thetext. MRST(h-g) and CTEQ5L used.
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Figure 3.72: Cross-setions for G → e+e−in the R-S model (light urve) and thesmallest detetable ross-setion (blak).Both ISR and FSR swithed o�. MRST(h-g) used.
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Figure 3.73: Cross-setions for G → e+e−in the R-S model (light urve) and thesmallest detetable ross-setion (blak).Both ISR and FSR swithed o�. CTEQ5Lused.
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Figure 3.74: Cross-setions for G → e+e−in the R-S model (light urve) and thesmallest detetable ross-setion (blak).ISR swithed o� and FSR swithed on.MRST(h-g) used.
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Figure 3.75: Cross-setions for G → e+e−in the R-S model (light urve) and thesmallest detetable ross-setion (blak).ISR swithed o� and FSR swithed on.CTEQ5L used.
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Figure 3.76: Cross-setions for G → e+e−in the R-S model (light urve) and thesmallest detetable ross-setion (blak).Both ISR and FSR swithed on. MRST(h-g) used.
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Figure 3.77: Cross-setions for G → e+e−in the R-S model (light urve) and thesmallest detetable ross-setion (blak).Both ISR and FSR swithed on. CTEQ5Lused.
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3.8. G∗ → µ+µ−

GeV

N
um

be
r 

of
 e

ve
nt

s/
2 

G
eV

0

500

1000

1500

2000

2500
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∆p

p
∼ p (3.21)At high muon momentum the momentum resolution of the Muon Spetrometer de-reases. Low momentum traks have greater urvature making the momentum mea-surement more aurate. The opposite is true for high momentum traks. This gives amuh worse experimental resolution for muons than eletrons at high invariant masses.This is already apparent with graviton resonanes at 500 GeV, see �gure 3.78, where thee+e− and µ+µ− invariant masses are ompared. The experimental mass resolutions are75



CHAPTER 3. ANALYSIS AND RESULTSRadiation 500 GeV 1000 GeV 1500 GeV 2000 GeVNo Radiation 0.9020 0.9289 0.9350 0.9410Only ISR 0.8267 0.8499 0.8454 0.8427Only FSR 0.7347 0.7124 0.6852 0.6868ISR and FSR 0.6803 0.6495 0.6245 0.6243Table 3.24: The aeptane for the total number of reonstruted signal events fordi�erent senarios and invariant masses. CTEQ5L used as PDF.found to be about 4.1 and 14.8 GeV for the e+e− and µ+µ− invariant masses, respe-tively. Another important aspet of muons is that they are 200 times heavier than theeletrons. This ensures that the losses due to Final State Radiation are smaller thanin the ase of the eletrons, see tables 3.18 and 3.24. The total e�ieny is obtainedby multiplying the aeptane with a fator of 0.81, whih orresponds to the leptonidenti�ation e�ieny. 18580 events are generated with a graviton of 500 GeV at aluminosity of 100 fb−1, and 65950, 7588 and 1424 events are generated for the masses1000, 1500 and 2000 GeV, respetively, orresponding to an integrated luminosity of10000 fb−1. In ombination with the worse resolution the low energy tail is almost in-visible. For this reason we obtain a symmetri signal rather than an asymmetri likein the ase of the eletrons. In �gure 3.79 a 500 GeV graviton is produed in di�erentradiation senarios. All the gravitons have a symmetri shape.Even though the signal is symmetri the bad resolution makes it di�ult to �t it wellwith a gaussian. Figure 3.81 shows graviton resonanes of 500, 1000, 1400 (11100 eventsgenerated for an integrated luminosity of 10000 fb−1) and 1500 GeV �tted to a gaussian.ISR and FSR are swithed on. The single gaussian fails to take into aount the top ofthe signal, as well as the sides at the bottom of the signal. The χ2 is poor and variesbetween 2.1 and 7.0. The bad resolution auses a broadening in the signal whih isdi�ult to take into aount by one gaussian. A seond gaussian is therefore added togive a better �t, see �gure 3.82. The two gaussians �t the signals muh better, and thisis re�eted in the χ2 whih now varies between 1.1 and 1.7. Almost all of the events4are taken into aount by the two gaussians. For 500 GeV and 1500 the aeptaneobtained by the �ts is 66 and 60%, respetively. The orresponding aeptane for thetotal number of events reonstruted is 68 and 63%, respetively. With a single gaussian�t the same aeptanes are 64 and 57 %, respetively.3.8.2 Bakground DesriptionThis hannel, like in the ase with the eletrons, has Drell-Yan bakground whih is welldesribed by an exponential funtion. This is illustrated in �gure 3.80. 36170 Drell-Yanevents are generated for CTEQ5L. This orresponds to a ut on the invariant mass of350 GeV, and an integrated luminosity of 100 fb−1.Table 3.25 shows the overall e�ieny for the Drell-Yan bakground. The e�ieniesare similar to the e�ienies for the eletron deay mode in the tables 3.14 and 3.15.4These are given by the sum of the parameters P1 and P4 in the �gure 3.8276
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Figure 3.79: Invariant mass of a 500 GeV graviton resonane produed in di�erentradiation senarios. Integrated luminosity set to 100 fb−1. No trigger uts applied.
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3.8. G∗ → µ+µ−mG (GeV) χ2
g χ2

2g500 1.45 1.281000 1.68 1.681100 1.66 1.651200 1.12 1.081300 1.07 1.071400 1.09 1.101500 1.15 1.12Table 3.26: The goodness of the �ts with one gaussian, χ2
g and the goodness of the �tswith two gaussians χ2

2g3.8.3 ResultsThe analysis of the muon hannel is similar to the eletrons hannel. Although triggeruts are not used in this study ATLAS requires the muons to have Pt > 10 GeV [15℄whih is half of what is required for eletrons. Both muons must pass a pseudorapidity,|η|<2.4 ut to be detetable. Graviton masses between 500 and 1500 GeV are generatedand no trigger uts are applied. Both ISR and FSR are swithed on. The 500 GeV masspoint (with orresponding bakground) is produed at an integrated luminosity of 100fb−1, and the rest of the mass points (with orresponding bakgrounds) are produedat an integrated luminosity of 10000 fb−1.The signal alone is poorly desribed by one gaussian, as shown in �gure 3.81. Byinluding the bakground, the signal 'beomes' narrower. The broadening disappearsinto the bakground and only a little bump is left. The signal is now well desribed witha single gaussian, see �gure 3.83. The χ2 varies between 1.1 and 1.7. But the signal ismore and more lost in the bakground with larger mass. At 500 GeV the aeptane is62% whih is 6% less than the aeptane for the total number of reonstruted signalevents. The orresponding numbers for 1500 GeV is 42 and 21%, respetively.In order to make omparisons mass disovery limits are derived for both single anddouble gaussians. The resoltution of the two ombined gaussians is given by [42℄:
σcom =

√

N1

N1 +N2

σ2
1 +

N2

N1 +N2

σ2
2 (3.22)where N1, N2, σ1 and σ2 are the number of events and the mass resolution, of the �rstand seond gaussian, respetively. N1

N1+N2
and N2

N1+N2
are the weights and are from nowon denoted as w1 and w2. Equation 3.22 yields a larger experimental mass resolution,so the mass window beomes larger than in the ase with a single gaussian. Thus moresignal events and better signal e�ieny is expeted. But the total e�ienies obtainedby single and double gaussians are more or less the same exept in the points 1200 and1500 GeV, see tables 3.27 and 3.29. This is also true for the minimum prodution rosssetions, (σB)min. The χ2 or the godness of the �t is, not suprisingly, omparable, seetable 3.26 and �gures 3.83 and 3.84. The mass disovery limit obtained in both theseases are about 1325 GeV, see �gure 3.85. The di�erene with the limit in referene [11℄is thus 375 GeV. For the future: It is su�ient to use a single gaussian in this analysis,whih makes life a little bit easier. 79
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Figure 3.81: Graviton resonanes with di�erent mass �tted with a gaussian. ISR andFSR swithed on. The 500 GeV point (with bakground) orresponds to an integratedluminosity of 100 fb−1, while the other points (with bakgrounds) are arti�ially pro-dued with an integrated luminosity of 10000 fb−1. CTEQ5L used as PDF. No triggeruts applied.80
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Figure 3.82: Graviton resonanes with di�erent mass �tted with two gaussians. ISR andFSR swithed on. The 500 GeV point (with bakground) orresponds to an integratedluminosity of 100 fb−1, while the other points (with bakgrounds) are arti�ially pro-dued with an integrated luminosity of 10000 fb−1. CTEQ5L used as PDF. No triggeruts applied. 81
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Figure 3.83: Graviton resonanes with di�erent mass �tted with a gaussian above theDrell-Yan bakground. ISR and FSR swithed on. The 500 GeV point (with bak-ground) orresponds to an integrated luminosity of 100 fb−1, while the other points(with bakgrounds) are arti�ially produed with an integrated luminosity of 10000fb−1. CTEQ5L used as PDF. No trigger uts applied.82



3.8. G∗ → µ+µ−
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Figure 3.84: Graviton resonanes with di�erent mass �tted with two gaussians abovethe Drell-Yan bakground. ISR and FSR swithed on. The 500 GeV point (with bak-ground) orresponds to an integrated luminosity of 100 fb−1, while the other points(with bakgrounds) are arti�ially produed with an integrated luminosity of 10000fb−1. CTEQ5L used as PDF. No trigger uts applied. 83



CHAPTER 3. ANALYSIS AND RESULTS
µ (GeV) MWcteq5l(GeV ) NS NB Nmin

S ǫcteq5l (σB)min(fb)499.3 ±39.48 9315 2869.6 267.8 0.5013 5.342998.4 ±108.5 280.8 358.4 94.7 0.4258 2.2241099 ±121.4 156.9 255.1 79.9 0.3900 2.0491197 ±144.2 102.2 190.4 69.0 0.4014 1.7191301 ±162.4 63.4 143.2 59.8 0.3801 1.5731400 ±170.7 40.8 103.1 50.8 0.3676 1.3821501 ±196.5 25.7 83.5 45.7 0.3387 1.349Table 3.27: The mass windows (MW) for di�erent masses in the muon deay mode,given by µ± 3 σm, where the bakground and signal events are obtained by integrationand �tting, respetively. The number of signal events beneath the gaussian, NS. Thenumber of bakground events inside the masswindow, NB. The minimal signal eventsneeded to detet the resonane, Nmin
S . The total e�ieny inside a mass window, ǫcteq5l,and the minimum ross-setion needed to detet the graviton, (σB)min.m (GeV) N1 N2 σ1 σ2 w1 w2 σcom500 5261 4398.3 10.13 18.85 0.5447 0.4553 14.751000 257.8 24.7 35.20 52.33 0.9126 0.0874 37.021100 70.9 88.5 33.09 48.59 0.4448 0.5552 42.401200 58.7 52.7 37.90 74.27 0.5269 0.4731 58.021300 56.8 6.6 53.84 57.15 0.8959 0.1041 54.191400 40.5 0.3 56.57 96.65 0.9926 0.0074 56.971500 10.9 17.8 45.40 95.04 0.3798 0.6202 79.91Table 3.28: The number of events under the �rst and seond gaussian respetively, N1and N2. The resolution of the �rst and seound gaussian respetively, σ1 and σ2. Theweights w1 and w2 and the resoltion of the ombined gaussian σcom.

µ (GeV) MWcteq5l(GeV ) NS NB Nmin
S ǫcteq5l (σB)min(fb)499 ±44.25 9659.3 3135.9 280.0 0.5199 5.386998.4 ±111.1 282.5 367.0 95.8 0.4284 2.2361099 ±127.2 159.4 267.7 81.8 0.3962 2.0651196 ±142.4 111.4 229.8 75.8 0.4375 1.7331301 ±174.1 63.4 143.4 59.9 0.3801 1.5761400 ±162.6 40.8 103.3 50.8 0.3676 1.3821500 ±239.7 10.9 103.4 50.8 0.3782 1.343Table 3.29: The bakground and signal events are obtained by integration and �ttingwith two gaussians, respetively. The mass windows (MW) for di�erent masses in themuon deay mode, given by µ±3 σcom where σcom is the ombined resolution of the �rstand seond gaussian. The number of signal events beneath the two gaussians, NS. Thenumber of bakground events inside the mass window, NB. The minimal signal eventsneeded to detet the resonane, Nmin

S . The aeptane inside a mass window, ǫcteq5l,and the minimum ross-setion needed to detet the graviton, (σB)min.84
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CHAPTER 3. ANALYSIS AND RESULTSRadiation 500 GeV 1000 GeV 1500 GeV 2000 GeVNo Radiation 0.8609 0.9127 0.8927 0.8367Only ISR 0.8545 0.8946 0.8691 0.8280Only FSR 0.8646 0.9119 0.8979 0.8270ISR and FSR 0.8604 0.8961 0.8711 0.8280Table 3.30: The aeptane for the total number of reonstruted signal events fordi�erent senarios and invariant masses. CTEQ5L used as PDF.3.9 G∗ → γγThe branhing ratio of the photon deay mode is about 4.1 %, see table 3.1. It istwie that of the lepton pair branhing ratio. The energy resolution is as good as foreletrons and this makes the photon deay mode a good hannel for disovery [13℄.The bakground, whih onsists of two photons in the �nal state, is more di�ult to'understand', however. It onsists of Born and box proesses, and bakgrounds omingfrom QCD jets. A partoni event generator, DIPHOX [43℄, is used to determine the sizeof this di�ult bakground. The disovery mass limit is subsequently ahieved usingPYTHIA and ALTFAST. Only CTEQ5L is used as a Parton Distribution Funtion forsimpliity.3.9.1 Signal DesriptionThe photons, whih are massless, do not emit FSR, whih makes it possible to �t thesignal peaks with single gaussians. 37310 events are generated with a graviton of 500GeV at a luminosity of 100 fb−1, and 132800, 15280 and 2878 events are generated for themasses 1000, 1500 and 2000 GeV, respetively, orresponding to an integrated luminosityof 10000 fb−1. Figure 3.86 shows the γγ invariant mass for 500 GeV gravitons produedin di�erent radiation senarios. All the signals are symmetri. Table 3.30 shows that theaeptane in the photon deay mode is not a�eted by FSR. The aeptane for eahmass in di�erent senarios is more or less onstant sine the photons do not radiate in thedetetor, and ISR, whih ours before the partons ollide, has only a minor impat onthe aeptane. The radiating partons do not redue their energies su�iently in orderto a�et the aeptane. The losses are of order 1-2%. The di�erene in aeptanebetween the 1 TeV and 2 TeV gravitons, when ISR and FSR is swithed on, is only 7%.3.9.2 Bakground DesriptionIn Born and Box proesses, see �gures 3.87 and 3.88 respetively, the two photons areprodued as follows:
Born : ff → γγ (3.23)
Box : gg → γγ (3.24)This bakground is alled irreduible beause the photons do not result from deay ofhadrons like π0, η or ω [44, 45, 46℄. The irreduible bakground also inludes what is86



3.9. G∗ → γγ
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Figure 3.86: Invariant mass of a 500 GeV graviton resonane deaying into γγ andprodued in di�erent radiation senarios. Integrated luminosity set to 100 fb−1. Notrigger uts applied.
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CHAPTER 3. ANALYSIS AND RESULTS

Figure 3.87: The born proess. Plot taken from [47℄.

Figure 3.88: The box proess. Plot taken from [47℄.alled 'bremsstrahlung' [16℄ (whih is an ambiguous term) or fragmentation (whih isa more appropriate term). The 'bremsstrahlung' proesses onsists of a photon and afermion/gluon in the �nal state. But the fermion/gluon fragments giving an addionalsofter photon in the �nal state:
ff → gγ  gγγ (3.25)
fg → fγ  fγγ (3.26)
gg → gγ  gγγ (3.27)These proesses are not implemented in PYTHIA, whih only inludes proesses withone photon in the �nal state i.e. proesses without fragmentation. In order to get theseond photon in the �nal state, Final State QED Radiation must be swithed on, butPYTHIA alulates the ross-setion on the hard proess level only [37℄. So when theFinal State QED Radiation is added the �nal state topology (or the Feynman diagram)is hanged but the ross-setion is not [37℄. The ross-setion is still that of proesseswith one photon in the �nal state only.A program alled DIPHOX designed to alulate the hadro-prodution of two photons(or one hadron plus one photon, or two hadrons) [43℄ is used to alulate the ross-setion of the bremsstrahlung ontribution. DIPHOX is ompared to PYTHIA in [48℄at Next to Leading Order (NLO).88



3.9. G∗ → γγ

Figure 3.89: A 'bremsstrahlung' proess (proess 3.26) were f fragments and emits aphoton in �nal state. Plot taken from [47℄.In DIPHOX, whih is a 'partoni event generator', the 'bremsstrahlung' ontributionsontain the following partoni sub-proesses:
qg → γγq (3.28)
qg → qγ (3.29)
qq → γg (3.30)where the parton/gluon fragments and give an additional photon in the �nal state inthe last two proesses. The g g → g γ proess is not implemented in DIPHOX. Afragmentation funtion must be hosen in order to ompute the above ross-setions.In addition to the irreduible bakground an important bakground in the photon deaymode stems from QCD Jet-γ and Jet-Jet. Jets ontain many high energeti mesons, theneutral pions π0, whih lead to 'photon-like' events in the EM alorimeter [44, 45, 46, 49℄.This bakground is thus alled reduible. A π0 deays into two photons, and if the pionhave a high transverse momentum ompared to the pion mass, the two photons areollimated, appearing as single (fake) photon beause the detetor is unable to properlyresolve them [44, 45, 46, 49℄. Thus π0π0 oming from two jets appear as two singlephotons when mesoni deays our [44, 45, 46, 49℄. In addition during hadronizationmany pions are produed together with photons, i.e. π0 γ. Again the π0 deays intophotons whih are not properly resolved by the detetor. π0 γ appears as two singlephotons and ontribute to the reduible bakground. These misidenti�ed photons areworrisome sine enormous amount of pions are produed inside a jet [44, 45, 46℄.Photons not produed by mesoni deays are diluted by π0π0 and π0γ events [44, 45, 46℄.In addition there are more reduible bakgrounds; eletrons misidenti�ed as photons dueto γ → e+e− or traking ine�ieny, and there are more ompliated proesses whihrequire full simulation [50℄. DIPHOX however, predits the pion rate inside a jet viafragmentation of partoni subproesses. The bakground from π0 γ onsists of twoontributions in DIPHOX [50℄:

• The π0 is emitted ollinearly by a parton and the photons ome diretly in the partonisubproess. This ontribution has one fragmentation funtion5.5A fragmentation funtion is a probability density funtion desribing the hadronization of jets.They parameterize the mehanism how partons (quarks or gluons) turn into hadrons in the �nal state.89



CHAPTER 3. ANALYSIS AND RESULTS
• The π0 and the photon are emitted ollinearly by a parton. This ontribution has twofragmentation funtions.The π0π0 ontribution requires a fragmentation funtion for eah of the partons emittingpions. The pions onstitute the bulk of the misidenti�ed photons. The bakground inthe diphoton mode is �tted by using an exponential funtion.3.9.3 Isolation CutAs an enormous amount of high energeti pions are produed in a jet one needs a hugesupression fator to get rid of the reduible bakground. This is done by isolation. InDIPHOX a photon is said to be isolated if, in a one of rapidity and azimuthal angleabout the photon diretion, the amount of hadroni transverse energy Ehad

T is smallerthan some value Emax
T �xed by the experiment[44℄:

Ehad
T ≤ Emax

T inside (Y − Yγ)
2+(Φ− Φγ)

2 ≤ R2where R is set to 0.4. For the ATLAS experiment the maximal transverse energy allowedinside a one lies between 5 and 15 GeV [48℄. At too low values, less than 5 GeV,transverse energy is saturated by hadrons oming from multiple interations and pile upand thus at 5 to 15 GeV the transverse energy stems from hard partoni interations only[50℄. But these values are for the partoni level. In a experimental realisti situationthese values are di�erent.3.9.4 Photon ConversionsThe photons have to traverse signi�ant amounts of material of the ID avity beforereahing the EM alorimeter where they are �nally deteted [15, 16, 5℄. They interatwith this material and some 30% of them are onverted into e+e− pairs before reahingthe alorimeter. 75% of these onversions happen inside a volume (R< 80 m, |z|<280m) in whih they are e�iently identi�ed. Conversions ourring outside this region areless harmful beause the eletrons do not bend muh in the azimuthal diretion beforeentering the EM alorimeter, and hene look more like unonverted photons [15℄. Theonversions an be reovered with an overall e�ieny of 60% [15, 16, 5℄.ATLFAST does not take this e�et into aount. What is required is full simultionswhih is beyond the sope of this study.3.9.5 ResultsThis study ompares the Born and Box ontributions with di�erent uts at LeadingOrder (LO) in DIPHOX and PYTHIA. Cuts on the transverse momentum, Pt, areadded subsequently together with uts on the rapidity, Y, and the invariant mass of the�nal state photons, Mγγ .DIPHOX is, see table 3.31, ompatible with PYTHIA at LO. DIPHOX is perfetlyin agreement with TEVATRON data [45℄. Herwig 6.3 on the other hand, predit aross-setion whih is a fator of 5 too small [13℄.For the ross-setion alulation of the reduible bakground uts are imposed at thegenerator level in DIPHOX and all alulations are at LO only. The minimum trans-verse momentum of the photons is set to 20 GeV. The rapidity is set to |Y|<2.5 and90



3.9. G∗ → γγCuts DIPHOX(mb) PYTHIA(mb)
Pt>20 GeV 1.665·10−7 1.653·10−7+ |y|<2.5 8.867·10−8 8.855·10−8+ Mγγ>900 GeV 1.025·10−11 1.026·10−11Table 3.31: Comparison of Born and Box ontributions from DIPHOX and PYTHIAwith uts. Proess σ(pb)q g → γ γ q 2.880·10−3q g → q γ  q γ γ 2.515·10−4

qq → g γ  g γ γ 3.839·10−7Table 3.32: The ross-setion ontributions from di�erent bremstrahlung proesses fromDIPHOX.the minimum invariant mass of the two photons is set to 900 GeV. The photon identi�-ation e�ieny is set to 0.8 for eah of the photons [16℄. CTEQ5L is used as a PartonDistribution Funtion. In addition, fragmentation funtions are hosen for partons frag-menting into a photon or a pion. In ase of the photons there are no LO fragmentationfuntions in DIPHOX [50℄. BFG [51℄, whih is at NLO only, is used as a fragmentationfuntion for photons. In order to be onsistent, KKP [52℄ at NLO is used as a fragmen-tation funtion for the pions. In priniple, one should use a LO Fragmentation Funtionwhen LO alulations are made but sine the theoretial errors are large at LO (due tothe sale dependene), the errors oming from this are negligible [50℄. In order to beonsistent with PYTHIA the sale hosen for the alulations is PTγ1 + PTγ2 for thephotons in the �nal state, unlike in [48℄ where the sale was (inorretly) given to be
√

PTγ1 + PTγ2.The ross-setion of the born and box ontribution is, see table 3.31, 1.026·10−2 pb. Theontribution from the bremsstrahlung proesses, estimated by DIPHOX, are of order3.1·10−3pb. The ontribution from qq → g γ  g γ γ is negligible, see table 3.32. Theross-setion ratio between the bremsstrahlung, and the born and box ontributions, isgiven by:
σbremsstrahlung

σborn+box

=
3.1 · 10−3

1 · 10−2
≈ 0.31 (3.31)or 31% of the born and box ontribution. Sine DIPHOX is not a genuine event genera-tor, i.e. there is no hadronization, PYTHIA is used to generate the required events. Thebremsstrahlung bakground is inluded in the generation by orrespondingly saling upthe born and box ross-setion by 31% for a given luminosity. This approah of salingup the born and box ross-setion is used in e.g [16℄.As mentioned earlier, DIPHOX does not take into aount the g g → g γ ontribution.In order to evalute this bakground it is ompared to the other bremstrahlung proessesin PYTHIA where there is no fragmentation or isolation ut, see table 3.33. It turns outthat g g → g γ has the lowest ontribution to the overall bremstrahlung ross-setion.It amounts, already before fragmentation, to only about 2.4 % of the born and boxbakground. After fragmentation this ross-setion is redued further. This is easily91



CHAPTER 3. ANALYSIS AND RESULTSProess σ(pb)f g → γ γ f 3.219
ff → g γ 9.098·10−1g g → g γ 2.391·10−4Table 3.33: The ross-setion ontributions from di�erent bremstrahlung proesses fromPYTHIA. Pt Cuts σ(pb)Pt>100 5.899·10−5Pt> 70 8.925·10−5Pt> 60 8.872·10−5Pt> 58 8.878·10−5Pt> 56 8.870·10−5Pt> 54 8.856·10−5Pt> 52 8.888·10−5Pt> 50 8.888·10−5Pt> 40 8.888·10−5Pt> 20 8.888·10−5Table 3.34: The ross-setion ontributions from the two fragmentation part of π0γseen by omparing the other two proesses with their fragmented ounterparts in table3.32. Thus g g → g γ (from table 3.33) as q q → g γ  g γ γ (from table 3.32) arenegleted.Calulating the ontributions from jet-jet and jet-γ is more di�ult. DIPHOX breaksdown when alulating the ontribution oming from the two fragmentation parts of the

π0γ and π0π0 bakground, see tables 3.34 and 3.35.DIPHOX just reprodues the same ross-setion in the region Pt<52 GeV, whih isdi�ult to understand. Do the ross-setions in the region Pt<52 inrease or not? Weare interested in the ross-setions given by the ut Pt>20 GeV. Fortunately there existsa onstraint on Pt from the partiles oming from fragmentation. They have a lowerlimit on the Pt, whih is below the limit on the partiles not oming from fragmentation,given by the following equation6:
Ph3 ≥

1

2

√

(Emax
T )2 + (Mmin)2

cosh(
Yh3

−Yh4

2
)

− 1

2
Emax

T (3.32)where Mmin is the lowest invariant mass of two partiles. Yh3 and Yh4 is the rapidityof the pion/photon, and Ph3 is the transverse momentum of the pion/photon omingfrom fragmentation. Using the uts mentioned above, the lowest Pt of the fragmentedpartiles is 65.9 GeV. This means that the ross-setion is onstant up to this point.This is also visible in the tables 3.34 and 3.35. The ross-setion learly �utuates in theregion Pt<60 GeV, e.g the ross-setion in table 3.34 given by the ut Pt> 56 GeV and6Thanks to Jean Philippe Guillet92



3.9. G∗ → γγPt Cuts σ(pb)Pt>100 2.441·10−5Pt> 70 4.574·10−5Pt> 60 4.566·10−5Pt> 58 4.543·10−5Pt> 56 4.566·10−5Pt> 54 4.560·10−5Pt> 52 4.554·10−5Pt> 50 4.554·10−5Pt> 40 4.554·10−5Pt> 20 4.554·10−5Table 3.35: The ross-setion ontributions from π0π0Proess σ(pb)PP → π0 γ, one fragmentation 7.582·10−5PP → π0 γ, two fragmentations 8.888·10−5PP → π0 π0, two fragmentations 4.554·10−5Table 3.36: Cross-setions for the reduible bakground.Pt> 54 GeV are smaller than the ross-setion given by Pt> 60 GeV. The ross-setionof the total reduible bakground is given by table 3.36.Rejetion fators of 2 to 3 per pion is possible [44℄ thus making this bakground evensmaller. With a rejetion fator of 2 per pion this bakground amounts to 0.94% of theborn and box bakground. Inreasing the rejetion fator to three yields a bakgroundwhih is only 0.58% of the born and box bakground. Given the fat that the pionsonstitute the main soure of the fake bakground, the other kinds of reduible bak-ground, like eletrons appearing as photons, are smaller, and thus reduible bakgroundis not a problem in the searh for the gravitons at ATLAS. They are therefore negletedin this study.This study looks at a bakground onsisting of born and box proesses, and 'bremsstrahlungproesses' whih are inluded by saling up the born and box ross-setion by 31%. Thee�ieny evolution of the bakground is given table 3.37. Cuts on the generator level,as spei�ed above in this setion, are applied. 133380 events are generated whih orre-sponds to an integrated luminosity of 10000 fb−1. Graviton masses between 1000 GeVand 2200 GeV are generated. The same uts as for the bakground are applied on thegenerator level, exept for, naturally, the 900 GeV ut on the invariant mass. All themass points are arti�ially produed with an integrated luminosity of 10000 fb−1. Thebakground is very well desribed by an exponential and the signal with a gaussian, see�gure 3.90. The χ2 varies between 1.0 and 1.3.The e�ieny of this hannel is higher than the eletron and muon hannel. The mainreason is that the photons do not radiate FSR. But the relatively high e�ieny is alsodue to the fat that ATLFAST does not take into aount photon onversions. There isalso a possibility that the e�ets of angular distributions, disussed in the next setion,improve the γγ e�ieny. 93
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Figure 3.90: Graviton resonanes with di�erent mass �tted with a gaussian above thephoton bakground. Cuts spei�ed in the text are applied. ISR and FSR swithedon. All the mass points (with bakgrounds) are arti�ially produed with an integratedluminosity of 10000 fb−1.
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3.9. G∗ → γγRadiation ǫaccetance ǫidentification ǫoverallNo Radiation 0.9831 0.64 0.6292Only ISR 0.9615 0.64 0.6154Only FSR 0.9855 0.64 0.6307ISR and FSR 0.9642 0.64 0.6171Table 3.37: Di�erent e�ienies for di�erent senarios for the photon bakground witha uts on the generator level as spei�ed in the text. ǫacceptance is the aeptane,
ǫidentification is the photon identi�ation e�ieny and ǫoverall is the overall e�ieny.CTEQ5L used as PDF.

µ (GeV) MWcteq5l(GeV ) NS NB Nmin
S ǫcteq5l (σB)min(fb)1000 ±18.04 712.3 76.6 43.8 0.6078 0.7211500 ±25.02 80.6 15.0 19.4 0.5782 0.3361601 ±25.66 55.6 10.8 16.4 0.5749 0.2851701 ±27.05 38.8 8.2 14.2 0.5644 0.2521802 ±27.08 27.1 5.9 12.2 0.5469 0.2231902 ±28.79 19.9 4.3 10.4 0.5526 0.1882002 ±28.00 13.7 3.3 10.0 0.5176 0.1932102 ±30.84 10.7 2.6 10.0 0.5440 0.1842203 ±31.50 7.8 2.1 10.0 0.5267 0.190Table 3.38: The mass windows (MW) for di�erent masses, given by µ ± 3σm, wherethe bakground and signal events are obtained by integration and �tting. The numberof signal events beneath a gaussian,NS. The number of bakground events inside themass window, NB. The minimal signal events needed to detet the resonane, Nmin

S .The aeptane inside a mass window, ǫcteq5l, and the minimum ross-setion needed todetet the graviton, (σB)min.The minimum prodution ross-setion needed to detet the graviton at a 5σ sensitivityis smaller at almost every graviton mass ompared to the other hannels. And themass resolutions, whih are re�eted in the size of the mass windows, are similar to theeletron hannel, as expeted. Table 3.38 and �gure 3.91 summarizes the results for thishannel.The disovery reah for the photons is about 2.1 TeV. The disovery mass limit forthe eletrons when there is no radiation or only ISR swithed on varies, depending onthe PDF and the radiation senario, between 2000-2125 GeV, see table 3.23. Thus thedisovery reahes are ompatible when FSR(or FSR and ISR) is swithed o�.
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3.10. GRAVITON DISCRIMINATION IN ATLAS3.10 Graviton Disrimination in ATLASWe have until now looked at simulated graviton resonanes, but in a real experimentwe annot take for granted that suh resonanes, if observed, are gravitons. There exista number of possible non-SM senarios whih predit exoti spin-1 partiles like theheavy Z' [12℄. In order to show that a resonanes is a graviton and not some otherexoti partile the angular distribution is analyzed [12℄. The angular distribution is afuntion of the spin of the resonane. Sine the graviton resonane is a spin-2 partileit an be distinguished from the spin-1 Z', or other exoti partiles with spin 0 or 1.This setion looks at the angular distributions in the eletron deay mode, and part ofthe analysis in referenes [11, 12℄ is redone by using di�erent PDFs. At the end angulardistributions in the photon deay mode are shortly disussed.3.10.1 Angular DistributionsIn the eletron deay mode, θ∗ is de�ned as the angle, in the graviton enter of masssystem (ms), between the e− and the inident quark or gluon [54℄. In the rest frame ofthe graviton the spin is onserved. The spin is not a rotation in ordinary sense beauseit is quantized [53℄. Sine the spin property of the resonane is measured in the enterof mass frame, a Lorentz transformation is required [54℄. The resonane is boosted bakinto the enter of mass frame where the angular distributions are measured. The angulardistribution is given by the following equation [54℄:
cosθ∗ =

p
G∗

cms

e−
· pG∗

cms

q,g

|pG∗

cms

e−
||pG∗

cms
q,g |

(3.33)However, in a real experiment the quark or gluon diretion annot be determined fromp-p ollisions and the quark or gluon diretion is approximated by the G∗ diretion[54℄. This is done by looking at the angle between the eletron in the ms and dieletronsystem in the laboratory system. This approximation assumes that the inoming quarksor gluons move in the diretion of the resonane [54℄. This angular distribution is givenby [54℄:
cosθ∗ =

p
G∗

cms

e−
· plab

G→e+e−

|pG∗

cms

e−
||plab

G→e+e−
|

(3.34)This approximation is used in this analysis.There are large di�erenes between the spin 2, spin 1 and spin 0 distributions whihmake it possible to distinguish the graviton resonanes if we have su�ient statistis[12℄. Theoretially the graviton and the Drell-Yan bakground yield distributions withdi�erent osθ∗ dependenies, see table 3.39.The distribution of the Drell-Yan bakground goes as ∼ os2θ∗, making it possible todisriminate it from the graviton distributions with higher order of osθ∗. Experimen-tally the distributions are a little di�erent from the theoretial distributions shown in�gure 3.92. As noted in referene [12℄, the ut of |η|<2.5 in the detetor ensures thatevents at large |osθ∗| are not aepted and, omparing the �gures 3.93-3.100 with 3.92,we see that at 500 GeV the majority of the rejeted events are at large |osθ∗| values.For heavy gravitons the aeptane loss is more due to lower values of |osθ∗|. This is97



CHAPTER 3. ANALYSIS AND RESULTSChannel Distributions
qq → G∗ → ff 1 - 3os2θ∗ + 4os4θ∗gg→ G∗ → ff 1 - 4os4θ∗
qq → γ∗/Z0 → ff 1 + os2θ∗Table 3.39: Angular distributions of the graviton in the enter of mass rest frame andthe Drell-Yan bakground.most learly seen in the �gures showing the distribution of qq annihilation. The peakaround θ∗=π

2
is smaller when the graviton is heavier. In gg fusion, the top is �attenedfor heavy gravitons due to less events removed at high |osθ∗|.In ATLAS the angular distribution of the graviton resonane is a ombination of theontributions from the hannels gg, qq → G → ff [11, 12℄. As shown in �gure 3.101,and noted earlier by [11, 12℄, the angular distributions hange with the graviton mass. Inagreement with referene [12℄ the proess gg → G→ ff dominates ompletly at 1 TeVmasses and as the graviton masses rise their prodution is dominated by qq → G→ ff .The angular distribution of qq annihilation pulls up the overall G∗ distribution at highvalues of |osθ∗| [55℄. At 2 TeV the shape di�ers from the angular distributions omingfrom 1 TeV gravitons. In addition the shapes also di�er with the hoie of PDF.The 2 TeV resonane given by CTEQ5L di�ers from the other 2 TeV resonanes. It seemsthat qq → G→ ff beomes as dominant as the gg proess. By loser investigation thisis indeed the ase. Table 3.40 shows the ratios between the qq and gg proess. At 2.2TeV the qq proess is about 41% and 46% of the gg proess when we use OWEN set 1.1and MRST(h-g) respetively. But with CTEQ5L the qq inreases to about 82%, andas seen earlier the newer PDFs favour lower overall ross-setions for the resonanes.Beause of the big di�erenes, a study of PDFs and graviton resonane ross-setionsis needed. Either the newer PDFs underestimate ontributions from the gg proess orthe older ones overestimate it. The only thing that is lear from our urrent PDFsis that qq takes bigger part in the prodution of the gravitons resonanes when themasses inrease. But it is not lear to what extent. In any ase this study shows, asdemonstrated earlier by [11, 12℄, that information about the prodution mehanism i.e.the prodution rate from the gg and qq, is retrieved from the angular distributions. Inaddition, angular distributions an be used to disriminate gravitons from other exotiresonanes like the Z' (also shown earlier by [11, 12℄).In this study the graviton masses were produed with 100 times more statistis thanwhat is ahievable at the LHC after four years of running. In real experiments weonfront the problem of low statistis if a resonane of large mass is deteted. This isalready apparent for a graviton at 2 TeV in �gures 3.99-3.100 whih was produed with100 times more events. With su�ient data, the spin is determined from a �t to theangular distribution. A likelihood analysis is required in order to evaluate the disoveryreah of the experiment, in terms of its ability to determine the spin of the graviton.This is beyond the sope of this study.However a likelihood analysis was performed in referene [12℄. A likelihood funtion wasonstruted and evealuated for two simple hypotheses. The spin of the resonane wassaid to be detetable with 90% on�dene for graviton masses as high as 1720 GeV [12℄.However this study was done using HERWIG 6.3 whih does not inlude Final StateRadiation. This implies that the 90% on�dene should be lower beause �nal stateradiation yields less data. In addition, a study done by Robert Cousins et al. [55℄ puts98



3.10. GRAVITON DISCRIMINATION IN ATLAS

Figure 3.92: Angular distributions of various proesses in the eletron deay mode. θ∗is the polar angle of the outgoing partile in the graviton rest frame. Plot taken from[11℄a question mark on the interpretation of the likelihood analysis of [12℄. Aording tothem, the inlusion of the possibility of a spin-0 resonane makes identi�ation of spin-1or spin-2 more di�ult, reommending aution when dealing with interpretation of alikelihood ratio of even simple hypotheses.Finally, angular distributions might ontribute to explain the high e�ieny of the γγhannel ompared to the eletron hannel. Table 3.41 shows the angular distributionsof the γγ hannel. The distribution fron quark annihilation is idential to the gluonfusion distribution in the eletron hannel.As in the eletron hannel the graviton prodution from quark annihilation inreaseswith higher mass. In fat, the ratios between the ross-setions from quark annihilationand gluon fusion are idential to the ase with eletrons, see table 3.42. The qq initi-ated photons are more entrally distributed than eletrons. This might also explain, inaddition to the reasons mentioned in setion 3.9, the high e�ieny of the γγ hannel.However, more study is required and this is beyond the sope of this thesis.
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σqq

σgg
)owen (

σqq

σgg
)mrst (

σqq

σgg
)cteq5l500 0.0575 0.0872 0.10311000 0.1246 0.1771 0.24011500 0.2188 0.2827 0.43881600 0.2413 0.3013 0.49011700 0.2675 0.3370 0.53391800 0.2871 0.3559 0.58891900 0.3160 0.3780 0.64182000 0.3456 0.4113 0.70342100 0.3764 0.4319 0.75382200 0.4073 0.4588 0.8201Table 3.40: The ratio between the ross-setions qq → G → e+e− and gg → G→ e+e−for di�erent PDFs at di�erent resonane masses.102
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Channel Distributions
qq → G∗ → γγ 1 - 4os4θ∗gg→ G∗ → γγ 1 + 6os2θ∗ + os4θ∗Table 3.41: Angular distributions of the γγ graviton in the enter of mass rest frame.

mG (GeV) (
σqq

σgg
)cteq5l500 0.10331000 0.24291500 0.43772000 0.6969Table 3.42: The ratio between the ross-setions qq → G → γγ and gg → G → γγ forCTEQ5L at di�erent resonane masses.
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Chapter 4Conlusion and Outlook
The ATLAS detetor is apable of disovering graviton resonanes as predited by theRandall-Sundrum model. The dieletron and diphoton hannels are the best for dete-tion, due to their good energy resolution [13℄.In this study we looked at the deay modes G∗ → e−e+, µ−µ+ and γγ of a massivegraviton. The expeted limit in the dieletron mode from [12℄ was reprodued usingPYTHIA without Final State Radiation. PYTHIA and Herwig are ompatible whenFSR is swithed o�. Beause of lak of realism in omitting FSR, a study of radiationwas done, showing a loss of e�ieny due to an inrease of single lepton events. We sawthat FSR redues the e�ieny to suh a degree that the mass limit of 2080 GeV from[12℄ was too optimisti. This limit was then orreted to 1800 GeV for CTEQ5L PartonDistribution Funtion. But what this limit really is, is not obvious. It was learly shownthat the PDFs a�et the results. In addition it seems that the uts ATLFAST imposeson the leptons, when we turn on FSR, are too severe. E�ieny di�erenes of 25%were shown. Full simulation is required in this issue. As well as taking into aountsystemati errors from the PDFs and the aeptane. The limits are model independentas long as the widths of the gravitons are muh smaller than the experimental resolution,and as long as the ouplings are universal [11, 12, 13℄.In the muon and photon hannel the expeted disovery limit was found to be 1325and 2100 GeV respetively. For muons the limit is orreted by 375 GeV ompared toreferene [11℄. The limit for the photons has never been determined before.It was shown that PYTHIA and DIPHOX are ompatible at Leading Order. The bak-ground from QCD jets will not be a problem for a heavy graviton. The disovery limitof 2.1 TeV seems too optimisti espeially sine ATLFAST does not take into aountphoton onversions. Again a full simulation study is required. In all the hannels it wasshown that a gaussian is a suitable funtion for the signal regardless of radiation.Angular distributions an be used to disriminate gravitons from other exoti resonaneslike the Z' [11, 12℄.Deteting the graviton would revolutionize physis, answering many unsolved questionsin physis, suh as Dark Matter or hierarhy problems. Conversely the non-observationof these resonanes at LHC would put severe onstraints on the Randall-Sundrum modeland other theories [56℄, if not rejeting them ompletely.
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Appendix AResults for no radiation and only FSRswithed on
A.1 No RadiationTables with parameters obtained with ISR and FSR swithed o� for MRST(h-g) andCTEQ5L. Disovery limits are derived from the plots in the main text.A.2 Only FSRTables with parameters obtained with ISR swithed o� and FSR swithed on for MRST(h-g) and CTEQ5L. Disovery limits are derived from the plots in the main text.

µ (GeV) MWcteq5l(GeV ) NS NB Nmin
S ǫmrst(h−g) (σB)min(fb)500 ±10.51 15365.5 864.7 147.0 0.7269 2.0221000 ±15.36 657.1 69.7 41.7 0.7611 0.5481501 ±24.84 77.5 12.1 17.4 0.7236 0.2411601 ±26.26 54.5 8.7 14.8 0.7198 0.2061701 ±27.52 38.0 6.4 12.7 0.7021 0.1811801 ±27.93 26.9 4.6 10.7 0.6913 0.1551902 ±28.93 19.4 3.4 10.0 0.6814 0.1472001 ±29.18 14.2 2.7 10.0 0.6739 0.1482102 ±30.72 10.1 2.1 10.0 0.6417 0.1562200 ±30.90 7.6 1.5 10.0 0.6414 0.156Table A.1: The mass windows (MW) for di�erent masses, given by µ ± 3 σm, wherethe bakground and signal events are obtained by integration and �tting, respetively.The number of signal events beneath a gaussian, NS. The number of bakground eventsinside the mass window, NB. The minimal signal events needed to detet the resonane,

Nmin
S . The total e�ieny inside a mass window, ǫmrst(h−g), and the minimum ross-setion needed to detet the graviton, (σB)min. MRST(h-g) used as PDF. 111



APPENDIX A. RESULTS FOR NO RADIATION AND ONLY FSR SWITCHED ON
µ (GeV) MWcteq5l(GeV ) NS NB Nmin

S ǫcteq5l (σB)min(fb)500 ±10.51 13680.9 893.7 149.5 0.7363 2.0301000 ±18.25 496.3 70.1 41.9 0.7525 0.5571500 ±24.45 54.4 11.4 16.9 0.7169 0.2361601 ±26.01 37.6 8.3 14.4 0.7152 0.2011701 ±27.57 24.9 6.4 12.7 0.6708 0.1891801 ±28.05 18.4 4.5 10.6 0.6897 0.1541901 ±29.09 12.7 3.4 10.0 0.6580 0.1522002 ±29.62 9.6 2.5 10.0 0.6742 0.1482102 ±30.96 6.7 2.0 10.0 0.6381 0.1572203 ±36.63 5.1 1.8 10.0 0.6471 0.155Table A.2: The mass windows (MW) for di�erent masses, given by µ ± 3 σm, wherethe bakground and signal events are obtained by integration and �tting, respetively.The number of signal events beneath a gaussian, NS. The number of bakground eventsinside the mass window, NB. The minimal signal events needed to detet the resonane,
Nmin

S . The total e�ieny inside a mass window, ǫcteq5l, and the minimum ross-setionneeded to detet the graviton, (σB)min. CTEQ5L used as PDF.
µ (GeV) MWcteq5l(GeV ) NS NB Nmin

S ǫmrst(h−g) (σB)min(fb)498.9 ±12.17 10926.9 790.0 140.5 0.5169 2.718999.8 ±19.67 428.8 55.5 37.3 0.4966 0.7511499 ±25.44 46.6 8.3 14.4 0.4351 0.3311600 ±27.67 33.0 6.2 12.5 0.4358 0.2871700 ±27.27 23.1 4.4 10.5 0.4268 0.2461800 ±28.84 15.8 3.4 10.0 0.4061 0.2461901 ±31.41 11.5 2.5 10.0 0.4039 0.2482001 ±31.86 8.2 1.9 10.0 0.3892 0.2572101 ±33.48 6.1 1.3 10.0 0.3875 0.2582201 ±34.05 4.8 1.0 10.0 0.4051 0.247Table A.3: The mass windows (MW) for di�erent masses, given by µ ± 3 σm, wherethe bakground and signal events are obtained by integration and �tting, respetively.The number of signal events beneath a gaussian, NS. The number of bakground eventsinside the mass window, NB. The minimal signal events needed to detet the resonane,
Nmin

S . The total e�ieny inside a mass window, ǫmrst(h−g), and the minimum ross-setion needed to detet the graviton, (σB)min. MRST(h-g) used as PDF.
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A.2. ONLY FSR
µ (GeV) MWcteq5l(GeV ) NS NB Nmin

S ǫcteq5l (σB)min(fb)498.8 ±12.37 9728 .1 848.1 145.6 0.5236 2.781998.8 ±19.57 324.6 54.1 36.8 0.4922 0.6161500 ±24.96 32.5 8.1 14.2 0.4283 0.3321600 ±27.05 23.1 6.0 12.3 0.4394 0.2801700 ±27.66 15.0 4.3 10.4 0.4041 0.2571800 ±29.05 10.8 3.0 10.0 0.4048 0.2471900 ±32.01 7.8 2.4 10.0 0.4041 0.2472001 ±29.36 5.3 1.5 10.0 0.3722 0.2692101 ±35.67 4.2 1.3 10.0 0.4000 0.2502201 ±31.83 2.9 0.9 10.0 0.3680 0.272Table A.4: The mass windows (MW) for di�erent masses, given by µ ± 3 σm, wherethe bakground and signal events are obtained by integration and �tting, respetivelyThe number of signal events beneath a gaussian, NS. The number of bakground eventsinside the mass window, NB. The minimal signal events needed to detet the resonane,
Nmin

S . The total e�ieny inside a mass window, ǫcteq5l, and the minimum ross-setionneeded to detet the graviton, (σB)min. CTEQ5L used as PDF.
mG (GeV) S ∆N ∆S ∆ǫ500 388.8 ±186.3 ±6.63 1.7%1000 57.6 ±2.9 ±0.39 0.7%1500 16.2 ±0.4 ±0.14 0.9%1600 13.3 ±0.3 ±0.12 1.7%1700 11.0 ±0.1 ±0.05 0.6%1800 8.6 ±0.4 ±0.22 2.3%1900 7.3 ±0.1 ±0.06 0.7%2000 6.0 ±0.4 ±0.29 4.6%2100 5.4 ±0.1 ±0.09 1.2%2200 4.8 ±0.4 ±0.4 8.5%Table A.5: The Signi�ane, the error between the number of signal events obtainedby �tting and ounting, ∆N = |Ncount − Nfit| and the resulting errors in signi�ane

∆S=∆N
NB

and in the total e�ieny due to �tting ∆ǫ = ∆N
Ncount

. MRST(h-g) used as PDF.
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mG (GeV) S ∆N ∆S ∆ǫ500 334.1 ±170.1 ±5.84 1.8%1000 44.1 ±2.5 ±0.34 0.8%1500 11.4 ±0.6 ±0.21 1.9%1600 9.4 ±0.2 ±0.08 0.7%1700 7.2 ±0.6 ±0.29 3.7%1800 6.2 ±0.2 ±0.12 1.7%1900 5.0 ±0.1 ±0.07 1.3%2000 4.3 ±0.2 ±0.16 3.5%2100 3.7 ±0.1 ±0.09 2.1%2200 3.1 ±0.0 ±0.00 0.8%Table A.6: The Signi�ane, the error between the number of signal events obtainedby �tting and ounting, ∆N = |Ncount − Nfit| and the resulting errors in signi�ane
∆S=∆N

NB
and in the total e�ieny due to �tting ∆ǫ = ∆N

Ncount
. CTEQ5L used as PDF
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