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Abstract 

We examine the sensitivity of the ATLAS detector to extra-dimensional scalars in sce­

narios having the extra-dimensional Planck scale in the Te V range and n = 2 large ex­

tra dimensions. Such scalars appear as partners of the graviton in higher-dimensional 

supersymmetric theories. Using first the scalar's lowest-dimensional effective cou­

plings to quarks and gluons, we compute the rate of production of a hard jet together 

with missing energy. We find a nontrivial range of bulk scalar couplings for which 

ATLAS could observe a signal, and in particular, higher sensitivity to couplings to 

gluons than to quarks. 

Bulk scalar emission increases the missing-energy signal by adding to graviton 

production, and so complicates the inference of the extra-dimensional Planck scale 

from the observed rate of jet + EjPiss. Because bulk scalar differential cross sections 

resemble those for gravitons, it is unlikely that these can be experimentaIly distin­

guished should a missing energy signal be observed. However, given, for example, 

the Supersymmetric Large Extra Dimension (SLED) scenario, which can provide a 

framework for a solution to the cosmological constant problem, the D-dimensional 

Planck scale is approximately fixed and so is the graviton production rate. An excess 

of events would then be due to graviton superpartners like bulk scalars. 

Next, we identify the lowest-dimension interaction which is possible between Stan­

dard ;VIodel brane fields and bulk scalars. The lowest-dimension interaction is unique 

and involves a trilinear coupling between the Standard Model Higgs and a bulk scalar. 

",le compute its influence on Higgs physics at ATLAS and identify how large a cou­

pling can be detected at the LHC. Besides providing a potentially interesting signal 

in Higgs searches, such couplings provide a major observational constraint on 6D 
large-extra-dimensional models with scalars in the bulk. 

Finally we consider the Universal Extra Dimensions scenario in which aIl the SM 

fields propagate. Tree-Ievel KK number conservation dictates that the associated KK 

excitations cannot be singly produced. We recalculate the cross sections obtained by 

Macesanu et al. for the direct production of KK excitations of the gluon, g*, and two 

distinct towers of quarks, q. and qO, in proton-proton collisions at the LHC. According 

to the SLED scenario, these KK states will quickly decay in a parton plus a graviton. 

We find that the LHC mass bound for KK quark and gluon final states is 2675 GeV 

at its nominalluminosity of 100 fu-l. 



Résumé 

Nous étudions la sensibilité du detecteur ATLAS à la production de particules scalaires 

pouvant se propager dans des dimensions supplémentaires, tel que prédit par les 

théories supersymétriques de grandes dimensions supplémentaires (SLED). Dans de 

tels scenarios, ces particules scalaires sont des superpartenaires du graviton. Dans un 

premier temps, nous étudions les couplages dominants de ces particules aux quarks 

et aux gluons. Après avoir calculé le taux de production de jets durs accompagnés 

d'énergie manquante dans le détecteur, nous démontrons que le détecteur ATLAS 

sera sensible à un important intervalle de valeurs des couplages de ce scalaire, par­

ticulièrement pour le couplage aux gluons. Un tel signal s'ajoutera à celui de la 

production directe de gravitons. Comme la section efficace de ce dernier processus 

est du même ordre de grandeur que celle de la production de scalaire et comme leurs 

distributions sont equivalentes, il sera a priori impossible de les distinguer. Cepen­

dant, dans le scenario SLED pour lequel le problème de la constante cosmologique 

reçoit une solution satisfaisante, l'échelle de Planck en D = 4 + 2 dimensions est 

approximativement déterminée. Le taux de production de gravitons le sera donc 

également. La mesure d'un excès dans des événements de ce type ne pourra alors 

être attribuée qu'à des superpartenaires du graviton comme le scalaire étudié ici. 

Ensuite nous identifions l'interaction dominante entre un scalaire extra-dimension­

nel et une particule du Modèle Standard. Il s'agit du couplage trilinéaire, de dimen­

sion nulle, d'un tel scalaire avec deux bosons de Higgs. Ce processus est exclusif au 

scénario SLED. Après avoir calculé son influence sur la physique du Higgs au LHC, 

nous évaluons la grandeur que ce couplage doit avoir pour pouvoir être clairement 

détecté avec ATLAS. Cette étude fournira les contraintes majeures à l'observabilité 

des signaux de modèles supersymétriques avec dimensions supplémentaires. Elle of­

frira également de nouvelles possibilités pour la recherche du Higgs. 

Finalement, on considèrera le scenario de dimensions supplémentaires universelles 

dans lequel toutes les particules du Modèle Standard ont accès à une cinquième di­

mension. Nous avons recalculé les sections efficaces, évaluées par Macesanu et al., 

pour les divers processus de production d'états KK du gluon, g*, ainsi que pour deux 

types de quarks distincts, q- and qO, Nous avons corrigé certaines erreurs de leur 

calcul. Nous avons montré que la limite de masse à laquelle sera sensible le LHC est 

de 2675 GeV, à une luminosité de 100 fu-l, 
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INTRODUCTION 

1.1 Framework 

The paradigm of particle physics is so far provided by the Standard Model, a the­

ory that properly describes the electro-weak interactions at experimental energies, ie 

b~low the Te V scale. It also includes a consistent and calculable description of the 

strong interaction at the partonic level. However, it fails in providing a good the­

ory of the gravitational interaction which is manifest in our everyday life. In order 

to complete our knowledge of particle physics, we therefore need to incorporate the 

Standard Model in a more general and complete theory that will include gravit y but 

will also provide a sùlution to at least some of the most fundamental problems of 

particle physics such as the question of the origin of mass, the problem of the huge 

hierarchy between the fundamental sc ales of nature, the explanation of why there 

are only three families of quarks and leptons, and the problem of the smallness of 

the cosmological constant compared to the Standard Model predictions. All these 

problems demonstrate our fundamental misunderstanding of the true structure of 

Nature. Much effort have been devoted to find a solution to some of these problems 

and from these efforts, many theories beyond the Standard Model have emerged. Up 

to now, the most promising and popular such theory is certainly the supersymmetric 

extension of the Standard Model which is called, in its minimal version, the Minimal 

Supersymmetric Standard Model (MSSM). 

The study of the MSSM and of its phenomenological properties is one of the great­

est challenges of the next few years in high-energy physics, both at the theoretical 
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and at the experimental levels. To detect the superparticles predicted by this the­

ory is one of the big challenges of the Large Hadron Collider (LHC). The LHC will 

become in 2008 the most powerful particle collider ever built, and provide an incom­

parable empirical framework for the discovery of what is called "new physics". The 

three fundamental reasons why serious research efforts have been devoted so far to 

supersymmetry by the high-energy physicists are that: 

1. it has a large and concrete predictive power that allows for direct tests at the 

LHC; 

2. it is motivated by a more fundamental theory: string theory (that incorporates 

gravit y); 

3. it provides a natural solution to sorne of the most challenging problems of mi­

crophysics (namely the hierarchy problem, the question of gauge unification and 

the problem of finding dark matter candidates) 

These fundamental features of a good theoretical high-energy physics framework 

are not exclusive to the MSSM. In fact, every experimentally testable theory that 

describes at low energy sorne of the fundamental features of string theory and which 

uses them to solve some of the most important problems of pal·ticle physics will lw 

justified to get as mu ch attention as the MSSM has had so far. This, 1 believe, will 

be the case for the theoretical framework considered in this thesis. 

String theory hitherto offers the most powerful theoretical motivation that an ef­

fective low-energy theory can provide because it is the most promising framework in 

which we can hope to consistently describe quantum gravit y and predict the unifica­

tion of aIl the fundamental forces of Nature [1 J. Among other thlngs, string theOl':' 

predicts a small value for the cosmological constant at high energies [1 J, which is a 

good thing since our observations already reveal a small val,ue for this quantity at 

low energies [3, 4J. However, our low energy theories today predict a large value for 

this cosmological constant, indicating that there is still a profound lack in our under­

standing of particle physics and of the vacuum in our Universe. Even if string theory 
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seems to provide good hints for solving this refractory problem, it will not be able 

to explain why the cosmological constant stays small at low energies. In fact, the 

difficulty with this theory is that, in the orthodoxy in high-energy physics, it can only 

affect the physics at the Planck scale which is of 1019 GeV, 16 orders of magnitude 

higher than the energy that will be achieved at the LRC. Except for supersymmetry 

itself, none of the string predictions seems testable in a near future. String theory is 

therefore a good theoretical motivation for low-energy theories but do es not, for the 

moment, provide a solution testable at low energy experiments. 

Rowever, recent developments in string theory [5] have sparked renewed interest in 

its phenomenology at low energies. In fact, it has been shown that the extra dimen­

sions predicted by the theory could be much larger that what was considered before 

( :s 0.1 mm rather than :s 10-31 mm). This would allow the (4 + n)-dimensional 

Planck scale to be of the order of the weak scale (Te V scale). If this turns out to be 

true. important gravitational effects would then be observable at the LRC and this 

could have important consequences on the quest for a solution to the cosmological 

constant problem at available energies. In the last few years, major research effort 

has thus been put on the phenomenology of string inspired effective field theory with 

coupling to a gravitational interaction that can propagate in large extra dimensions. 

Rowever, the effort has been mostly concentrated so far on non-supersymmetric ver­

sions of such a theory [6, 7, 8, 9, 10]. Since supersymmetry is also a prediction 

from string theory, there is no a priori reason for neglecting this feature. More than 

that, adding supersymmetry will turn out to be a fundamental step toward a better 

understanding of our world. 

It has recently been suggested [11, 12, 13] that supersymmetric theories with large 

extra dimensions (SLED) can provide the suit able framework for solving the cosmo­

logical constant problem. Moreover, such a scenario requires that supersymmetry 

be strongly broken on the brane where the Standard Model lives, but only weakly 

broken in the bulk space where gravit y propagates. The SLED scenario will there­

fore provide a completely new way (different from MSSM) in which supersymmetry 
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ean be realized at low energy. Finally, sinee the SLED proposaI prediets eoupling 

between Standard Model particles and bulk graviton superpartners at relatively low 

energies (below the weak seale), the LRe will therefore have the possibility to test the 

theory in a near future. Beeause Supersymmetrie Large Extra Dimensional theories 

are well motivated by string theory, beeause they ean solve sorne of the most fun­

damental problems of high-energy physics and eosmology (the cosmologie al constant 

problem and the hierarchy problem) and because they predict testable phenomenolo­

gies for collider experiments, they constitute a rich, inescapable and exciting research 

framework for theorists, eosmologists, phenomenologists and experimentalists as weIl. 

Moreover, the novelty of this subject ensures that almost nothing has been done so 

far from the phenomenological point of view. The object of this thesis will be to 

examine phenomenological aspects of SLED and predict the extent to which the LRe 

can test the theory. 

1.2 Research project 

In the SLED scenario, our empirical world is confined to a 4-dimensional hyperplane 

called 3-brane, but 6ravitons and their superpartners will also propagate in two trans­

verse extra dimensions. Because these dimensions are compactified, the bulk particles 

will appear to a brane observer as a complete tower of Kaluza-Klein states of different 

masses (see section 3.1.1). It is the experimental analysis of the direct production of 

such KK-states that constitutes the subject of this thesis. Since SLED theoretical 

modelling is not yet completed, our work will consist in establishing the experimental 

limit of detectability for such bulk particles at the LRe. We will therefore bp intpl'­

ested in evaluating the minimal values of couplings of bulk scalars to Standard Model 

particles that ean yield a signature in the ATLAS detector a teal discovery potential. 

We will also try to find out up to whieh energy seale we ean expeet such signaIs. This 

work will thus provide the information that will allow experimentalists to conclu de 

on the validity of this SLED scenario, when data will become available. 

Our work will be organized as follow. In the next chapter we will describe the 
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SLED scenario. There, we will discuss the cosmological constant problem, how it 

can be solved and how the SLED scenario may provide a solution. In the third 

chapter we will concentrate on physical predictions that can be made from generic 

SLED models. We will show how bulk scalars can emerge, how they can couple to 

Standard Model partic1es and what effective low-energy four-dimension al Lagrangian 

describes these interactions. We will then use this Lagrangian to compute the cross 

sections for direct production of bulk scalar partic1es in association with final state 

partons or Higgs partic1es. This last case will be particularly important for testing 

our proposaI since this pro cess has no equivalent in any other new theory involving 

gravit y, this interaction being dimensionless. In the fourth chapter we will briefly 

describe the LHC and the ATLAS detector, which provide the experimental set up in 

which our physical predictions will be tested. The chapter 5 will present the complete 

phenomenological analysis. The most important results of our work will be given in 

this chapter. 

The last two chapters constitute a complementary analysis on an extension of the 

SLED scenario that will be presented in chapter 2. In fact, in order to allow for a 

unification of the SUmdard Model gauge couplings within the SLED proposaI, we 

will add a small thickness to our brane. The Standard Model fields will therefore be 

described by a 5D Lagrangian. This is what we caU the Universal Extra Dimension 

scenario (UED). In chapter 6 we will explain the theoretical motivation for such a 

SLED extension and sketch an explanation of how it can lead to coupling unification. 

ln chapter 7 we will show our physical predictions on the direct production of a pair 

of UED KK states. We will finally perform a brief phenomenological analysis on the 

experimental discovery potential of this physics at the LHC. 

This thesis constitutes a synthesis of the work that 1 have done in the last four 

years. 
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v.IOTIVATION: SUPERSYMMETRIC LARGE EXTRA-DIMENSION (SLED) 

The goal of this chapter is to introduce the SLED scenario, developed by C.P. Burgess 

et al. [11, 12, 13], from which the physical predictions constituting the subject of this 

thesis will be made. This will provide the fundamental motivations and the theoretical 

background for our work. Since our phenomenological analysis will concentrate on 

collider signaIs at a relatively low energy scale ( ;:S O(TeV)), our physical predictions 

will be made from an effective theory which displays the general features of t11f' 

SLED scenario, but which will not correspond to an explicit and complete model of 

this proposaI. For that reason, this chapter will only focus qualitatively on the big 

picture of SLED, trying to justify in simple terms its general features (2 large extra 

dimensions, 6D SUGRA with a small supersymmetry breaking scale in the bulk, 

etc). All these properties will then, in the next chapters, be explicitly used for our 

physical predictions for colliders. What we want to point out in the next few pages, 

therefore, is that the SLED scenario offers serious possibilities to greatly improve our 

understanding of particle physics at our SCilJe and beyond, thus justifying the work 

performed for this thesis. 

We will first give the fundamental motivations for this proposaI. Then we will show 

how the fundamental properties of SLED answer these motivations. Afterwards. WE' 

will briefly dwell on the physicai implications and point out the strong scientific value 

of the SLED scenario. Finally, since research on the elaboration of this proposaI is 

still underway, we will present a quick overview of what has not been done yet. This 

will emphasize the fact that this proposaI is involved in actual scientific research. 
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2.1 Motivation for the SLED scenario 

As mentioned already, the recent realization [5, 14, 15] that sorne fundamental features 

of string theory (extra dimensions, gravit y and supersymmetry as examples) can 

possibly affect the physics at the TeV scale and even below has sparked considerable 

effort in analyzing the theoretical and experimental [16, 17, 18, 6] consequences on 

particle physics. They can, in fact, provide particle physics with new testable solutions 

to fundamental problems that have escaped the reach of an explanation within the 

Standard Model (SM). The fundamental purpose of the SLED proposai (and its 

primary interest) is then to take advantage of these features to provide a complete 

framework in which to build models that solve in a testable way one of the most 

refractory problems of modern physics: the cosmological constant problem. Before 

seeing what features such a framework must exhibit in order to achieve this goal, let 

us first explain the problem. 

2.1.1 What is a cosmological constant? 

Einstein's theory of general relativity tells us that the evolution of the Universe is 

determined by the form of the energy that it contains and by the curvature of space. 

This is expressed by what is known as the Einsteill f'quatioll [19]: 

1 
RJ1v - '2gJ1vR = -87rGTJ1v (2.1) 

where RJ1v is called the Ricci tensor, R is the c urvat ure , gJ1V the metric tensor, G 

Newton's constant of gravit y and finally TJ1v is the stress-energy tensor of the sys­

tem under study. Einstein later added a cosmological constant term -AgJ1v to the 

left-handed part of his equation in order to obtain solutions for which the Universe 

would be static. However when in the 1920s Hubble's observations showed that the 

Universe was not static but in expansion, Einstein recognized his error and dropped 

this term from his equation. The Hubble discovery then brought the picture of an 

isotropic, homogeneous and expanding Universe which can properly be described by 

the Robertson-Walker solution to the Einstein equation [19]: 
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(2.2) 

where k = +1 for a closed Universe, 0 for a fiat Universe and -1 for an open one, 

R(t) = Roa(t), if = r / Ro, and a(t) is a dimensionless factor giving the expansion 

scaling of the U niverse. 

Following this equation, we can imagine the Universe as a cake that is expanding 

in an oyen, increasing the distance between the raisins that it contains. The values of 

the expansion rate a(t) can be obtained by putting back equation 2.2 in the Einstein's 

equation and then solving for a given energy distribution T/w of the Universe. This has 

been done under the hypothesis that the Universe is a galactic fiuid of average energy 

density Too = p and of average internaI pressure Iii = -p (aIl the other components 

of Tj.tv being nuIl) yielding two Friedman equations. These equations are of particular 

interest sinee they provide an interpretation of the cosmological constant that, because 

of the recent observations, reintroduce the question of its non-zero value. Einstein's 

first guess was thus right, but for a different reason. To see this, let us first adopt 

co-moving coordinates, ie coordinates for which the Universe expands (or contracts) 

as a(t), but for wh~ch galaxies conserve fixed r, e, <p positions, and let us make dl(' 

following change of variables: if = a sin X and t = a'TJ. Using these new coordinates. 

we can express the Robertson-Walker metric in a simpler form [19]: 

1 0 0 0 

2 
0 -1 0 0 

(2.3) .9j.tv = a 
0 0 -sinX 0 

0 0 0 - sin2 X sin2 e 

We can now use this to compute the Christoffel symbols r8o, rgn, r~n' rgo and 

r~o which are totally determined by the metric tensor as: 

(2.4) 
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From the definition of the Riemann tensor (R2J-t1/ = -r2J-t,1/ + r2v,J-t + r~l/r~J-t -
r~J-tr~1/ where r2J-t,1/ = Ol/r2J-t) and of the Ricci tensor (RJ-tl/ = R~l/(J we can now 

compute the the curvature (R = R~) and the OO-component of the Ricci tensor and 

express them in term of the expansion scale of the Universe as: 

R 3 (" . 2) 
00 = 2" aa - a 

a 
and R= 6

3
(ka+a) 

a 
(2.5) 

where a = ~~. Substituting equations 2.5 in Einstein's equation multiplied by gOO and 

adding a non-zero cosmological constant term A will finally yield the first Friedman 

equation: 

(2.6) 

which allows us to solve for a(t). 

Now we want to relate this equation to measurable quantities in order to obtain 

an experimental evaluation of A. To achieve this, the first thing to do is to relate 

the expansion rate factor a to the Hubble constant H = ~ ~~ = :2 and rewrite the 

Friedman equation as: 

Given the actual observed value Ho of the Hubble constant (Ho 

(2.7) 

100km h 
s.Mpc· 

with h = O. 71~j [20]) and defining the measurable critical density of the Universe 

Pc = ~:~ = 1.05369(16) x 10-5 h2 GeV cm-3 , we can express equation 2.7 in terms 

of the total cosmological density fl = ~ of the Universe, each term of the equation 

hence corresponding to a different contribution to fl as: 

k 
fl - flmatter + flA = 1 + H2 2 

oa 
(2.8) 

where flA is the cosmological constant contribution defined as flA = 1... SAG' By mea-
Pc 7r 

suring this cosmological density ofthe Universe we can now confront the cosmological 

constant with experiment. 



2: MOTIVATION: SUPERSYMMETRIC LARGE EXTRA-DIMENSION (SLED) 10 

The recent measurements of anisotropy of the cosmic microwave background ra­

diation by the WMAP experiment [2] have shown that the value of 0 is centered on 

1 (0 = 1.02 ± 0.02 at a 95% of confidence level [2]) such that the Universe is flat and 

k = 0 to a very good approximation. Any contribution to the total energy density of 

the Universe must then come from matter and from the cosmological constant. The 

question is then whether experiments can tell us the relative size of each contribution. 

To this end, observations of distant supernova provide us with a surprising out­

come: the expansion of the Universe is accelerating (inflation). To see how this could 

be possible, we have to solve Einstein's equation with the Robertson-Walker metric 

for the diagonal components. Given that the Ricci tensor takes the form: 

(2.9) 

and that the stress-energy tensor is ~i = -P, we have, using equations 2.1 and 2.5, the 

acceleration in the expansion of the Universe given by the second Friedman equation: 

d2a 47fG Aa 
dt2 = --3-(P + 3P)a + 3 (2.10) 

From this equation we clearly see that if the pressure is negative (p+3P < 0), then 

~:~ > 0 and the Universe will be in inflation, as could be measured with telescopes. 

An energy density that has such a negative pressure is called Dark Energy. We can 

see in equation 2.10 that the cosmological constant term corresponds to such a Dark 

Energy. Because an acceleration has been experimentally observed [4]. we expect a 

non-zero contribution of Dark Energy sources such as the cosmological constant to 

the total energy density of the Universe. Moreover, if we consider the most precise 

measurements that could be made on the mass (via the observations of the "clustering 

of matter"), the acceleration (using supernova) and curvature (from the analysis of 

the cosmic microwave background) of the Universe, we will be able to determine which 

cosmological model concerning the composition of the energy density of the Universe 

is the most viable, according to these observations. Recent data [2, 4] confirm the 
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model for which the contribution of Dark Energy is: 

(2.11) 

This means that the energy density of the cosmological constant must be about 

PA = PcDA ~ 1 X 10-47 Gey4. 

How can we interpret this small but non-zero cosmological constant? Lorentz 

invariance tells us that in the vacuum, the energy-momentum tensor must be of the 

form [21]: 

< Tp,v >=< P > gp,v (2.12) 

If we put this in the equation 2.1, we find that this vacuum energy density < p> has 

exactly the same behavior as a cosmological constant term. We can then define an 

effective eosmologieal constant Aef f = A + 47rG < P > which will correspond to the 

measured Dark Energy. 

What is important to retain from this section is that the cosmological constant 

is a form of Dark Energy which defines the energy density of the vacuum and which· 

contributes to 2/3 of the total energy density of the Universe: PA = v4 where v rv 1 

meV. 

Let us now state the problem of the cosmologie al constant. 

2.1.2 "Vhat is the problem? 

The problem shows up when we compute the contributions of the quantum degrees 

of freedom of our world to this vacuum energy density. We know that the vacuum is 

not empty because the Heisenberg principle tells us that a permanent fundamental 

state of zero energy is forbidden: quantum fluctuations of each quantum field will 

contribute to the vacuum energy density by an amount that can be computed from 

P =< 01H10 > [22]. But the Feynman diagrams that allow us to compute this 

correlation function correspond to loop diagrams with a superficial divergence of 

degree 4, which means that the corresponding amplitude is proportional to the fourth 

power of the cutoff sc ale M of the theory describing the known physics, ie P rv M 4
• 

We see then that the physics manifest at the Weak scale (0(103 ) Ge Y) contributes 



2: MOTIVATION: SUPERSYMMETRIC LARGE EXTRA-DIMENSION (SLED) 12 

an amount p ('V. M~ ('V 1012 Gey4 to the cosmological constant. This estimate is 

60 orders of magnitude in error compared to what is actuaUy measured for Dark 

Energy. To cope with this, we are obliged to consider that the vacuum energy density 

evaluated from quantum field the ory is canceled by a cosmological constant such that 

the effective cosmological constant Aef f = A + 87rG < p > obtains its measured value 

of ('V 10-47 Ge y4. This means a fine tuning of 60 decimal places on the values of < p > 

and A. Clearly, there must be a fundamental misunderstanding of the microphysics, 

ie of the physics that stand at scales higher that what is actually probed in our 

experiments. 

Of course, the fact that we don't understand what we cannot experiment is not 

surprising.The worse aspect of this problem is that it shows that we have a funda­

mental misunderstanding of the physics at low energy as weIl, ie at scales for which we 

thought that our theories properly describe nature with good precision. In fact, if we 

integrate out aU the degrees of freedom down to the electron mass, we will still have 

a contribution to the vacuum energy density that is 36 orders of magnitude bigger 

than what is actuaUy measured. The fact that the most precise and successful theory 

that we have in physics (the description of the quantum behavior of the electron) 

yields such a large discrepancy is really worrying. Understanding the value of the 

cosmological constant is therefore one of the most urging and difficult problems of 

physics. 

2.1.3 How can we solve it? 

What we ought to do is to find a way to cut down the contributions of each quantum 

oscillator to the effective cosmological constant by using a symtnetry or a space prop­

erty which has slipped one's mind so far. For example, since loop diagrams contribute 

to vacuum energy density and, because fermion and boson loops have a relative sign 

difference, if we have a symmetry like supersymmetry which relates each fermionic de­

gree of freedom to a bosonic one (and vice versa), the contributions of these fermions 

to the vacuum energy density will be canceled by the contribution of their associated 

boson and the net vacuum energy will be null. However, all such symmetries that can 



2: MOTIVATION: SUPERSYMMETRIC LARGE EXTRA-DIMENSION (SLED) 13 

preserve the cosmological constant from being huge have not been proven so far by 

experiment and are therefore expected to be broken at scale at least Mw rv TeV, if 

valid. This means that every degree of freedom lighter than the symmetry breaking 

scale Mw will contribute to p by an amount of M 4 » v4
, which is catastrophic (we 

recall that v rv me V). 

We must then find other ingredients that prevent the various quantum oscillators 

from contributing to too big a cosmological constant. We can conclude from the last 

section that a solution to this problem must indeed answer two questions [11]: 

1. Why is the vacuum energy smaU at the microscopie scales M ;ç 103 GeV where 

the fundamental theory is couched? 

2. Why does it remain smaU when aU scales between M and v ~ 10-12 GeV are 

integrated out? 

The second problem is the most troubling one because it proves our misunder­

standing of low energy physics such as that of the electron. It is also this problem 

that makes the MSSM (minimal supersymmetric model) not an appropriate solu­

tion to the cosmological constant problem (the degrees of freedom integrated out 

below the SUSY breaking scale, above which stands the fundamental theory, will not 

be protected from contributing to a huge cosmological constant by this symmetry). 

Therefore, our strategy will be to first find a way to address the second problem and 

then to use this solution framework for solving the first one. 

2.2 Ingredients needed for a solution 

2.2.1 Large Extra Dimension (LED) 

A hypothesis is usuaUy made in every attempt to find a solution to this second problem 

but which, as string theory teaches us, we are not obliged to make: the world is 4-

dimension al. Changing this hypothesis will turn out to be the key to a solution 

to the cosmological constant problem. If our description of the Universe involves 
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compactified (ie closed) extra dimensions that are unreachable to known particles 

which are thus confined on a (3+1)-dimensional surface called 3-brane (topological 

object predicted by string theory), then the vacuum energy generated by the quantum 

fluctuations of the different degrees of freedom trapped on that brane will not be a 

cosmological constant but will rather be considered as a brane tension [11]. Indeed, 

this brane tension is an energy density, located at the position of the brane in the 

extra dimensions, that will satisfy the equation of state of the Dark Energy p ::; -3P 

as we saw in equation 2.10. It will however be a source of a gravitational field 

propagating in these extra dimensions, rather than a uniform vacuum energy density 

spread everywhere in the Universe. Thus instead of contributing to a cosmological 

constant, aIl the degrees of freedom integrated out from the scale Mc where the 

theory must become 4-dimensional, to infinity, will contribute to a gravitational field 

in the bulk space [11], as general relativity teaches us (see beginning of section 2.1.1). 

ln this picture [11, 12, 13], only the degrees of freedom that are lighter than Mc 

will be allowed to run in the loops quantum corrections that yield a non-zero vacuum 

energy density to the Universe. The contribution of brane fields to the cosmological 

constant can therefore be at most p rv M~. If the size T of t he extra dimensions 

is given by Ale rv ~ rv v, the theory will tlms predict ct \"alll(, for the cosmological 

constant which will be consistent with the observecl Dark Ellergy. We will thus have 

a solution to problem 2 stated earlier, ie we will protect the cosmological constant 

from becoming big when integrating out energy scales down to Mc. proviclecl that 

it is already small at sc ales ;ç Mw, ie provided that we find an extra dimensional 

solution with gravit y to problem one. Before addressing this problem, let us see how 

viable our assumptions are. 

The first question one has to ask is wh ether it is possible to have extra dimensions 

of radius r rv .!. rv 10 {lm without running into immediate conflict with experiment. 
v 

Recent developments in string theory from which the ide a of extra dimensions origi-

nate indicate that such an issue is possible [5, 14, 26, 27]. In fact, in the braneworld 

scenario just presented, it is possible to infer the size of a string from the effective 



2: MOTIVATION: SUPERSYMMETRIC LARGE EXTRA-DIMENSION (SLED) 15 

strength of gravitational and electromagnetic interactions in 4D. Since Coulomb's 

and Newton's laws reflect the spread of flux lines into space, the connection between 

these effective couplings and the size of a string will depend on the size of the extra 

dimensions because the force laws fall faster in higher dimensions, having more space 

to dilute in. 

We would like to know if there is a relationship between the size of a string, the size 

of extra dimensions and the value of the electromagnetism and gravitational effective 

couplings that is consistent with our requirement for r. Having such a relation would 

guarantee the viability of our assumptions. Now, our scenario assumes that the 

known interactions of particle physics (electromagnetism, weak and strong forces) 

are confined to a 3-brane such that the usual scalar potential of electromagnetism 

(that will later be related to the gravitational potential via string coupling in order 

to reduce the number of non-measured parameters in our evaluation of the effective 

Newton's constant) applied in 4D and is given by: 

(2.13) 

where the dependenc',3 of aef f on the coupling À and the length Rs of a string is for 

this specifie case [26]: 
ÀRp-3 

aeff = _8_ 
aP- 3 

(2.14) 

with p the dimension of the brane on which the eleetromagnetie interaction is confined 

and a is the size of the extra dimensions. On the other hand, sin ce gravit y is free 

to propagate in the extra dimensions, the gravitational potential will correspond to 

NewtOlù potential only when the probed distance is mu ch larger than the size of 

the extra dimensions. We can therefore possibly have from the 4 + n-dimensional 

gravitational potential a deviation from Newton's law at scales smaller than about 

0.13 mm because it is the smallest distance at which the r\ power law has been tested 

so far [23]. Applying Gauss' law to a 3-brane embedded in n extra dimensions hence 
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allows us to find the gravitational force law for different distance scales: 

F = GM1M 2 

r2+n 

F = GeffM 1M 2 

r 2 

for r < a 

for r > a 

(2.15) 

(2.16) 

where G is the fundamental Newton constant related to the fundamental Planck mass 

MD in D = 4 + n dimensions. If we compare both expressions for r "-J a we will have 

a relationship between the two different Newton constants: Ge!! = :;;,. By not being 

trapped on a p-dimensional brane, the gravitational interaction will have a coupling 

constant which will depend on .\ and Rs according to the following equation [26]: 

G = .\2Rn+2 
s (2.17) 

Substituting the equation 2.14 with p = 3 in the equation 2.17 will yield the following 

equation: 

(2.18) 

which relates, as we wanted, the length of a string to the number and size of the extra 

dimensions such that the effective 4D electromagnetic interaction satisfies Coulomb's 

law and that the effective (4+n )-dimensional gravitational interaction at large dis­

tance scale satisfies Newton's law. 

The relation (2.18)does not require Rs to be extremely small, contrary to the case 

where standard particles are not confined to a brane. So, according to this picture. if 

the length of a string is of the order of the electroweak distance scale ew "-J 10-3 fm 

(in the unwarped case [26]), equation 2.18 will predict extra dimensions of radius a = 
10 pm in the case where n = 2. This means that string theory and the experimental 

measurements of the effective electromagnetic and gravitational strengths predict 

that the extra dimensions would be of the size needed to achieve a small cosmologie al 

constant, provided that there are two large extra dimensions accessible only to gravit y 

and that the string scale is close to the weak scale, which is absolutely consistent with 

this picture. 

Moreover, this choice of string scale is not arbitrary. In fact, this scale is of the 

same order of magnitude as the fundamental (4 + n)-dimensional Planck scale MD, 
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ie the one at which a consistent and complete theory of quantum gravit y is needed 

(this is not surprising since string theory is the only theory that makes sense of 

gravit y at the quantum level). We know from dimensional analysis that the effective 

Newton constant at large distance is related to the traditional 4D Planck mass M pl 

according to: M~l t'V G-;Jf' Anticipating the corresponding relationship (also based 

on dimensional analysis) between MD and G to be M~+2 t'V G-1 and using Geff = ;;. 
the following result is obtained: 

M 2 Mn+2an 
Pl t'V D (2.19) 

According to this equation, if the number of extra dimensions is 2 and their size is 

r t'V 10 j1m, we will have a fundamental Planck scale (and so the string scale) of 

the order of the weak scale, because Mpl' t'V 1019 GeV. This means that there is one 

and only one fundamental scale in nature, the weak scale Mw, and therefore one 

of the most critical problems of particle physics (besides the cosmological constant 

problem), the hierarchy problem [14, 11], is absent l . Equation 2.19 thus tells us that 

the reason why gravit y seems incredibly weak from our 4D point of view is that it is 

radiated in large extra dimensions where it "spends most of its time". Resolving the 

hierarchy between Mpl and Mw requires that quantum gravit y should be manifest 

immediately above the weak scale and provides the justification for having es t'V .ew 

and thus the possibility to solve the cosmological problem, at least the second version 

of the problem. 

In summary, from our knowledge of physics at low energy (4D electromagnetism 

and Newtonian gravit y) and borrowing a few concepts of string theory applied at low 

energy (3-brane, compactified large extra dimensions), we can explain the weakness of 

ITo completely eliminate hierarchy between energy scales, we have to explain why T, the radius of 

the extra dimensions, is so big, otherwise we will have a hierarchy in the low energy regime between 

liT'" 1 meV and Mw '" 1 TeV. In SLED cosmology, this radius Tis a scalar field, which potential 

and mass values allow a time-dependent dark energy during the present epoch. Understanding what 

happens shortly after the big bang (ie at high energy) and how the scalar r field evolves up to the 

present time could solve completely the hierarchy problem. We can therefore expect such a solution 

from SLED cosmology. [28] 
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the gravitational interaction at the particle level by considering only one fundamental 

energy scale: the weak scale Mw. More than that, this conceptual framework tells 

us that, provided there are two and only two extra dimensions (of size 0 (10 /-lm) 

according to equation 2.19), every degree of freedom tied to our world (3-brane) 

will contribute to a cosmological constant only below the scale Mc l'V l l'V meV for a 

which the theory cannot be considered as (4+2)-dimensional (ie for which the a-point 

correlation function will stop to contribute to the brane tension). This provides aIl the 

fundamental ingredients for a justified and empiricaIly viable solution to the second 

version of the cosmological constant problem. Other scenarios of extra dimensions 

cannot achieve this because they predict a radius r too smaIl to solve this problem 
') 

in this way, even if they consider only one fundamental scale: for example, in the 

5D RandaIl-Sundrum scenario [15], the fundamental Planck scale is related to the 

observed one by the relationship M pl = MDénr where k is constrained by 0.01 < 

M
k < 0.1 and MD is ofthe order of 1 TeV, yielding an extremely small r! Finally, this 
Pl 

solution is valid at the classicallevel as weIl as at the quantum level because quantum 

fluctuation of brane fields will also indistinctly contribute to the brane tension for 

scales higher than Mc. However, as we have said, this solution is condition al on the 

fact that we have solved also problem one using these ingredients, ie that we provide 

a framework in which the cosmological constant will be small at a scale M ;ç .Mw. To 

find this solution, we will have to add more structure than what has been considered 

so far in our scenario: we will need supersymmetry. 

2.2.2 6D Supergravity (SLED) 

The large extra dimension scenario proposed ab ove , in which the large vacuum energy 

of quantum oscillators for scales between M and v is a brane tension rather than a 

cosmological constant, just shifts the problem elsewhere since it leaves two unsolved 

problems related to problem 1 [11]: 

lA: Why is the cosmological constant not big in the two extra dimensions? 

lB: Why doesn't this large brane tension unacceptably curve the space from the 
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point of view of a brane observer1? 

Let us dwell first on the problem lA which constitutes a residue of problem 2 and 

on the solution that it receives. We saw that, in order for such a solution to be valid, 

we considered that the bulk also has degrees of freedom (gravit y ), generated by the 

brane energy. These fields should not contribute to a too large cosmological constant. 

Moreover, when integrating out the quantum fluctuations of aIl these modes down to 

the scale v, the cosmological constant must remain small. These degrees of freedom 

are then extremely dangerous because they are not tied to a brane and so their O-point 

function will not represent a brane tension [11]. 

To remove these difficulties we will again use one of the fundamental properties of 

string theory and apply it to our field-theory-approximate scenario: supersymmetry. 

At the scale M .<, Mw where the full theory is exactly 6-dimensional, supersymmetry 

is not broken by the presence of the brane [11, 12]. As we explained in section 2.1.3, 

if every bulk gravitational field is part of a superfield, then every bosonic field of this 

gravitational supermultiplet will have its contribution to the vacuum energy density 

p canceled by the superpartner fermionic contribution, and the cosmological constant 

will be small in the bulk. This will also be true of any other multiplets that lives above 

the scale Mw such that the cosmological constant will be small for any supersym­

metric exact theory that properly describes the physics for fl1 .<, Mw. The question 

is then whether supersymmetry, which now ensures a small cosmological constant at 

scale .lI1 ;(, Mw, will help protect this cosmological constant from becoming big when 

we integrate out bulk quantum degrees of freedom at scale Mc, corresponding to the 

measured Dark Energy in our 4D point of view (this is the residue of problem 2). 

The answer will be yes! 

The crucial point of the large extra dimension scenario with supersymmetry in the 

bulk (SLED) is that the contribution of every bulk quantum degree offreedom to the 

1 Recall that in our solution of problem 2, every dimension must appear to be fiat at relatively large 

distance scale compared to J
w

' and that measurements of the anisotropy of the cosmic microwave 

background radiation give evidence of the fiatness of our brane 
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vacuum energy density from the 4D point of view is proportion al to the fourth power 

of the supersymmetry breaking scale in the bulk msb, ie Pejj "-' m;b' The pro of of this 

is beyond the scope ofthe present work (for more detail see [11, 29]). We can however 

understand this intuitively: supersymmetry is spontaneously broken if the vacuum 

is not invariant under a SUSY transformation, ie QIO ># 0 where Q is the SUSY 

generator. This implies that < OIQ*QIO ># O. Now, since Q*Q is the Hamiltonian, 

< OIQ*QIO > will correspond to a vacuum energy density which is proportional, 

when we evaluate the relevant Feynman graphs [39, 30, 47], to the fourth power of 

the cutoff mass scale M as explained in 2.1.2, ie < OIQ*QIO >=< 01H10 >= p"-' A14
. 

The vacuum energy density is then precisely the quantity which tells if SUSY is broken 

or not and at which scale this is achieved. We then have P rv m;b' This sets the scale 

up to which we can integrate out bulk degrees of freedom that do not contribute 

to the vacuum energy density because bosonic and fermionic contributions cancel 

each other. Note that this is fundamental to the SLED scenario because it is tlw 

interaction terms that involve fields from Supergravity that naturally give non-zero 

vacuum energy [1, 30]. 

Now that we know that supersymmetry can control the contribution of bulk modes 

to a 4D effective cosmological constant through its symmetry breaking scale, let us find 

out the order of magnitude of msb' Here again supergravity (SUGRA) has a critical 

l'ole to play because it ensures that msb rv V "-' ~ [11]. In fact, it is the eoupling of 

SUGRA bulk particles to particles on the brane that generates this supersymmetry 

breaking in the bulk. We thus expect msb rv G M 2, where M is the energy scaie of 

gravit y and G is the value of the coupling of these bulk modes to the brane particles. 

Since this coupling is of gravitational strength from the 4D point of view, ie G = Ml , 
Pl 

and since M is close to the weak seale for two extra dimensions of about 10 microns, 

we then have that SLED implies msb rv MMlv rv l rv v. This corresponds to the SUSY 
Pl r 

breaking mass splitting between graviton and gravitino [11]. This supersymmetry in 

the bulk gravit y sector provides precisely the correct order of magnitude to account 

for the Dark Energy density as it appears in our recent observations. Our scenario 
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seems thus to be a suitable framework for a solution to the cosmological constant 

problem. However, before concluding that it is indeed the case, we still have to solve 

with this framework, problem lB. This will allow us to add a last ingredient in our 

scenario: the minimal bulk spectrum. 

Problem lB will be solved, ie the brane tension will not curve in the extra di­

mensions at large distance scale r > J-
w

' if a cancellation occurs between the brane 

tension and the contribution of this tension to the curvature of the space in the bulk. 

This is what we call a self-tuning solution to the cosmological constant problem [11]. 

Let us see how such a cancellation is possible. 

We recall that the classical and quantum brane modes contribute to the brane 

tension at all scales down to Mc, at which the degrees of freedom that will not be 

integrated out will contribute to the cosmological constant. This brane tension is 

then, from the 4D point of view, an effect of large distances (at small distances we 

see explicitly each mode in a 6D action and not a tension T). Therefore, we must 

compute the contribution of bulk modes (generated by the energy of the brane) to 

the effective bulk cur~ature, as seen by a 4D observer at large distances, and hope 

that these two quantities will cancel. For this, we must first integrate out every bulk 

degree of freedom at small distance scales. \YI' <11r('ad~· did t bat for the quantum 

fluct.uations of bulk fields and found that they were cOlltributillg ta the cosmological 

constant for energy scales sm aller then msb and not for higher energy scales (bosonic 

contributions to p cancel the fermionic ones). Thus, in order ta compute the curvature 

in the bulk we must work only with bulk classical degrees of freedom. From the 4D 

point of view at large distance, the small distance degrees of freedom are eliminated 

by substituting their equation of motion in the action and by integrating on the two 

extra dimensions. 

In reference [11], it is argued that the knowledge of the exact form of the action is 

not required for this self-tuned solution. This is because Lorentz invariance ensures 

that the solution to the 4Dequation of motion of the Kaluza-Klein (KK) modes1 of 

1 KK modes are 4D states corresponding to the bulk degrees of freedom as seen by a 4D observer, ie 

to the eigen-modes of the bulk momentum components Py, quantized because the extra dimensions 
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every bulk field, except the effective 4D fiat met rie and 4D scalar, is the zero solution. 

Substituting 0 in the action is equivalent to not including these terms. Adopting the 

large distance 4D point of view, we don't need to know explicitly the action, but 

only to include the 4D met rie (term describing gravitons) and scalars. Where these 

scalars come from in the 6D SUGRA is model-dependent. What is important is that 

such scalars come from the bosonic sector of the bulk supermultiplet and that bulk 

bosonic fields are sufficient for constructing a self-tuned framework like SLED. 

Now, if we consider the most general minimal 6D SUGRA (ie with N=2 Super­

symmetry which includes both a metric and a scalar), it can be shown that the two­

dimensional Ricci scalar R2 that describes the curvature of the two extra dimensions 

due to localized energy sources (brane tension) is [11]: 

(2.20) 

where Yi is the position of the brane i in the extra dimensions (depending on the 

model, our brane could be one specifie brane among many others) and where the 

ellipse ( ... ) denotes any smooth contribution to R'2 at the position of our brane. in 

contrast with the rr;.ain term of equation eq. 2.20 which describe a conical singularity 

in the curvature at the position of that brane. 

Now if we' compute the contribution of the tension of our brane to the vacuum 

energy density at large distance from the 4D point of view (first term of eq 2.21) 

and add to this the contribution of the curvature in the bulk space (second term of 

eq 2.21) we will have [11]: 

(2.21) 

where M denotes here the internaI two-dimensional bulk manifold on which we in­

tegrate the extra dimensions and where the ellipse represents all other terms beside 

the Einstein-Hilbert term in the supersymmetric bulk action. We clearly see in this 

expression that if we substitute equation 2.20 into equation 2.21, th en the first term 

are compactified. We will show this formally in chapter 3. 



2: MOTIVATION: SUPERSYMMETRIC LARGE EXTRA-DIMENSION (SLED) 23 

describing the brane tension contribution will be canceled by the singular part of 

the curvature R2 in the extra dimensions. More than that, references [11, 31] argue 

that aU the other terms will exactly cancel if there are bulk scalars that are smooth 

at the position of the 3-brane. FinaUy, this canceUation will not depend upon the 

particular value of the brane tension, and this self-tuned solution will still be correct 

if we consider brane quantum degrees of freedom, as expected. We then see that our 

SLED scenario for which the bulk space is populated by the fields of an extended 

N=2 supergravity theory (remember that bulk scalars have a role to play in the self­

tuning of the solution) will provide the needed cancellation between brane tension 

and the curvature it generates in the bulk in order to achieve a smaU cosmological 

constant without confiict with our low energy experiments. The mechanism of such a 

cancellation is fairly general and does not need equations of 6D SUGRA to be solved 

explicitly. 

To summarize this section, we have seen that the SLED scenario offers aU the neces­

sary and sufficient conditions required for a theoreticaUy and experimentaUy viable so-

lution to the cosmological constant. These conditions are: exactly two large extra dimensions 

of about 10 microns in which gravitons and their "extended" superpartners (which 

will be properly described at the scale M ;(, Mw where they live) propagate. The 

Standard Model particles are confined to a 3-brane. Consequently: 

l. brane degrees of freedom will not contribute to the cosmological constant at 

energy se ales higher than 1) rv 10-12 Ge V; 

2. the brane tension at which these modes contribute will be exactly canceled by 

the extra dimensional curvature that this tension creates; 

3. the bulk degrees of freedom will not contribute to a cosmological constant at 

the seales M ;(, Mw (because of SUSY); 

4. quantum fluctuation of every possible field will at most eontribute to the cosmo­

logical constant by a factor p rv m;b where msb is the supersymmetry breaking 

scale of size msb f"V 1.. 
r 
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It is thus possible to build from this scenario theoretical models beyond the Stan­

dard Model of particle physics that possess the virtue of this SM theory but which 

eliminate the worrying problem of an excessive contribution of Standard Model par­

ticles, even as light as the electrons, to the vacuum energy density, and which predict 

a value for the cosmological constant that is in agreement with recent Dark Energy 

evaluations. Furthermore, this is of real scientific value since it will be possible to test 

the SLED scenario in a near future at the LHC. Models built from this scenario will 

also have a rich phenomenology, while solving the hierarchy problem and proposing a 

completely new way in which supersymmetry could be realized. This, together with 

the solution proposed to the cosmological constant, will provide a fundamental and 

strong motivation for any research carried in this context. 

Let us now summarize the fundamental predictions of the SLED scenario, which 

will justify spending a serious research effort on this subject. 

2.3 Consequences of SLED 

The fact that SLED offers the possibility to solve the cosmological constant problem, 

is, in itself, enough to justify to devote a large amount of work to SLED studies. 

However, we want to stress in this section that the SLED scenario is also strongly 

motivated by the fact that it is predicted by a more fundamental theory. that it 

provides testable phenomenological predictions, and that it provides a new way in 

which supersymmetry is realized. 

2.3.1 String inspired 

As was stated in the introduction, one of the principal motivations for the supersym­

metric Standard Model cornes from the plausibility that it arises as the low-energy 

limit of a well-motivated, more fundamental theory at higher energies. What is prob­

ably our best-motivated fundamental supersymmetric theory is the string theory. In 

fact, this theory, the only one that we have which succeeds in making sense of quan­

tum gravit y, needs supersymmetry in its fundamental structure. The question is th en 
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if the SLED scenario can consistently be considered as a low-energy approximation 

of this well-motivated fundamental string theory. At first sight, it seems indeed plau­

sible that the answer to this question is yes, since aIl along in our construction of 

this scenario we drew concepts from string theory that we applied consistently at low 

energy. However, to achieve a successful embedding of SLED into string theory, we 

have to identify the string vacuum for which low-energy excitations describe both 

6D supergravity of the bulk and the degrees of freedom trapped on the branes [12]. 

There are two fundamental difficulties with this. First, there are too many vacua 

consistent with the requirements of string theory and they predict typically too many 

degrees of freedom in the low-energy approximation of the theory. The question will 

be whether it's possible to find such a vacuum or not. However, these problems affect 

also the supersymmetric Standard Model (MSSM). The challenge is then similar for 

SLED and for MSSM. A solution will have to specify how the other 4 small extra 

dimensions (remember that strings are 10-dimensional objects) will be compactified 

and how the branes will arise within string theory. Although a complete construction 

has not yet been accomplished and is certainly far beyond the scope of the present 

work, it is worth mentioning that there are good prospects coming from Type IIA 

and Type IIB string theory [12, 13]. This puts SLED and MSSM on an equal footing 

for the question of their fundamental origin. To the same extent that MSSM is rec­

ogllized as being theoretically motivated by string theory, so it must also be the case 

for the SLED scenario. 

2.3.2 Phenomenology 

We have seen that the inspiration for the SLED solution to the cosmological constant 

problem cornes from the superstring theory: brane, extra dimensions, supersymme­

try and quantum gravity. However, little interest has been given, so far, on string 

theory by experimental particle physicists because of the lack of testable predictions 

that could be made from this theory. SLED does not suffer from these empirical 

difficulties. It applies at a low energy scale and provides a ri ch set of phenomenolog­

ical possibilities. Moreover, the gravit y scale has been fixed at 0(10 TeV) , close to 
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the expected range of the LRe. Thus, the SLED scenario clearly provides exciting 

possibilities for experimental testing. 

It is important to study these phenomenological consequences of SLED, not only 

to decide if this proposaI has sorne truth in it, but also, if we adopt the point of view 

of experimentalists, to offer different elements of understanding for certain generic 

signaIs observed in future experiments (for example, the origin of missing 1,tT)' This 

is important, even if SLED should be experimentally non-viable, because sorne of its 

general features can still be true. Therefore, besides the fact that this scenario is weIl 

motivated and apparently robust, its phenomenological implications are interesting in 

themselves. Let us summarize now the rich phenomenological implications provided 

by this proposaI. 

Signature at colliders: 

The most direct evidence for such new physics will come from high energy colliders. 

The main signature of SLED will be an excess of events with large missing transverse 

energy. This signature is a consequence of any LED scenario, as has been shown in 

previous work [6, 7, 8, 9, 10, 33]. From a 4D point of view. bulk particles will appear 

as towers of Kaluza-Klein modes l whose coupling to ordinary particles is very small 

(gravitational strength), but with such a huge phase space factor at Te V energies 

that the cross section becomes large enough to provide an observable signal [6]. The 

signal of bulk particles escaping into the extra dimensions will thus be a large amount 

of missing transverse energy in the detector. (The conservation of momentum in the 

extra dimensions is ensured by the brane recoil). This will constitute the principal 

signal for LED scenarios, but SLED has addition al degrees of freedom since it postu­

lates the existence of superpartners of the graviton and of the other bulk fields. The 

signal will then be stronger than for LED, and will allow a non-ambiguous test of the 

models at colliders. 

Moreover, if collider energies come close to the 6D gravitational scale, it will be 

lsee chap. 3 
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possible to produce and detect reactions resembling strings collisions near the Planck 

energies (in the case of unwarped extra dimensions) [34], as weIl as mini black holes 

with horizon radius rH < r. These will decay mainly by Hawking radiation, providing 

striking signatures in the detector [9, 35]. These two types of phenomena would be 

abundant and spectacular at the LHC. 

The study of the production of one type of SLED KK states will be the subject 

of this thesis. We will come to this in the next chapter. For now, let us give a quick 

overview of other possible phenomenological implications of SLED, not directly by 

colliders. 

Cosmology: 

Because it provides an explanation for the observed Dark Energy density p, SLED, 

like the MSSM, is intrinsically related to cosmology. But it makes many other predic­

tions for Dark Energy. Perhaps the most important one (after p) is that it predicts 

a dynamically evolving Dark Energy that must not be seen as a cosmologie al con­

stant in time but rather as quintessence, due to a cosmologically evolving 4D scalar 

field [12, 28]. SLED in fact predicts a very specifie form for the quintessence field 

scalar potential, and therefore specifie predictions on Dark Energy evolution. This 

has an influence on our understanding of inflation but the topie is beyond the scope 

of this work. Ref. [12, 28] argues that a viable eosmology can be built using extremely 

light scalars that happen to be naturally stable against quantum effects in the SLED 

(radion of m rv 10-33 eV) and for which the eouplings evolve over cosmologie al time 

seale, satisfying all eurrent bounds on long range sealar-mediated force. 

Dark Matter: 

The fact that SLED differs completely from MSSM in the way in which supersym­

metry is realized (more on this later), obliges us to rethink the Dark Matter paradigm. 

However, the standard particle physics picture of Dark Matter will not be invalidated 

by SLED since it has been argued ([12]) that the usual WIMP (Weakly Interacting 
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Massive Particles) proposaI (a stable particle with weak scale mass and weak strength 

coupling) can naturally have the correct present-day abundance in SLED. A specific 

model for a promising WIMP candidate from SLED is not yet available although it 

is a generic prediction. We can reasonably think that more research in SLED will 

provide a definite model for the WIMP, adding a testable prediction to the already 

exciting set of SLED phenomena. 

Tests of Gravit y: 

There are two types of changes to gravitational physics which must follow any 

variant of the SLED proposai [12]. These involve tests of Newton's inverse-squan> 

law at small distance as well as very-long distance modifications to gravit y over scales 

up to the present-day Hubble length HO
l

. Concerning the short distance scales, we 

saw in equation 2.15 that for distances sm aller than the radius of the extra dimensions, 

we must expect deviations from Newton's inverse-square law. In the case of the SLED 

scenario, where there are two extra dimensions. we therefore expect a gravitational 

force acting as r~' For small r of O(10pm) as is the case in SLED. this force will 

be st ronger than what is expected from the /2 I\ewton's la\\". The range at which 

present se arches for this effect is sensitive is llllfortll11atp!\' ,illst at the upper limit 

of the distance scale at which we expect an effect [23]. However there are hop es for 

future tests based on precision measurements of the Casimir effect [12]. Moreover, 

SLED cannot evade the micron scale at which we necessarily expect an effect. So. we 

will soon be able to conclude definitively if SLED is empirically viable or not. 

Concerning the very-long distance modifications to gravit y, the extremely light 

scalars predicted by SLED leading to Dark Energy evolution can have small enough 

couplings at the present cosmological time to be compatible with known cosmology. 

They can, however, be probed by solar-system tests as well as in more exotic set­

tings like the recently-discovered system consisting of two pulsars which orbit one 

another [12]. 
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2.3.3 New SUSY realization 

As was already explained in the introduction and in the subsection 2.3.1 the com­

bination of good theoretical motivations and of distinctive experimental signatures 

has brought theorists, phenomenologists, experimentalists and even cosmologists to 

devote a great deal of effort on exploring the implications of supersymmetry over 

the last few years. What has been argued so far is that theoretical motivations and 

phenomenological implications of the SLED scenario are potentially as important as 

those of the Supersymmetric Standard Model. There is however another reason why 

it is fundamental to compare both theoretical frameworks: the SLED proposaI offers 

a radically different way in which supersymmetry could be realized at low energies. 

In the MSSM, supersymmetry is broken at the weak scale (O(TeV)) by the inclu­

sion of soft symmetry breaking terms in the 4D action. These are terms with coeffi­

cient having a positive dimension (of mass) which don't change anything substantial 

about the ultraviolet behavior of the amplitudes (super-renormalizable terms). For 

instance, the cancellation of the quadratic divergences to the Higgs mass is still guar­

anteed to hold, even after having added the soft SUSY terms. This kind of supersym­

metry breaking shou1d be thought of as a complete analogue to the Higgs breaking 

of the electroweak symmetry. Therefore, as is the case in SM electroweak theory, we 

expect that the resulting superpartners will have mass splitting much sm aller than 

the SUSY breaking scale. The superpartners of our Standard Model fields should 

then be observable at upcoming experiments (LHe). 

On the other hand, in the SLED scenario, supersymmetry, which is a 6D symme­

try, is broken at the Te V seale beeause it must explicitly include the brane (whieh 

does not have supersymmetric counterpart) in the action. The mass splitting be­

tween ordinary particles and their superpartners must therefore be of the order of 

a few Te V, and there are no deviations from the Standard Model spectrum at low­

energy, in contrast with the MSSM. However, as we have seen in section 2.2.2, the 

supersymmetry breaking scale in the bulk is extremely small, such that bulk parti­

cles forming a 6D supermultiplet are expected to interact with brane modes at scales 
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lower than "" TeV. As such, SLED provides a counterexample to the statement that 

supersymmetric Standard Model is the sole low-energy manifestation of TeV-scale 

supersymmetry breaking [12]. 

Besides the fact that both scenarios are very well-motivatèd by string the ory and 

that they predict testable phenomenologies, they also both address the hierarchy 

problem, although in a different way. As we saw in section 2.2.1, the SLED scenario 

solves this problem by considering that the natural scale for Dark Energy is the only 

fundamental scale of Nature, the difference between the weak scale and the 4D Planck 

scale being due to an effect of the large extra dimensions. The key claim of SLED is 

then that this remains true even when we consider loop corrections [11]. The MSSM 

cannot explain why the force of gravit y should be weak compared with the electroweak 

force at low-energy scale, but it nevertheless provides a way to understand the natural 

stability of the weak scale against loop corrections, as is the case in SLED. 

Many theoreticians object that Large Extra Dimensions scenarios are not a true 

solution to this hierarchy problem because they substitute the hierarchy of mass scale 

by a fine tuning of distance scale. This criticism is less pertinent to SLED because the 

theory constrains the compactification radii and number of extra dimensions not only 

to solve the hierarchy problem, but also to be consistent with observation of Dark 

Energy. The smallness of the cosmological constant would therefore be considered as 

an indication for the similarity between the gravit y and the weak scales. 

Finally that the SLED scenario does not offer a natural explanation for the ap­

parent coupling unification at the GUT scale, which is considered as the triumph of 

the MSSM. However, SLED can allow for a small thickness (TeV- 1
) of the brane, 

which would then predict unification of the running gauge couplings at a scale rnuch 

lower then the SM GUT scale, in a way which can have testable effects in colliders. 

This will be the subject of chapters 6 and 7. We will come back later on these issues. 

For now, let us see briefly what is at stake in building of explicit model within this 

scenario. 
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2.4 Present state research on an explicit SLED model 

Using a top-down approach, having found one way to solve the cosmological constant 

problem, it is now important to construct concrete models in the SLED framework 

from which precise physical predictions can be made. Our ignorance of the physics 

beyond i".J 200 Ge V means that details of the theory (compactification form of the 

extra dimensions, exact mechanism of how SUSY is broken, complete spectrum in the 

bulk and on other branes, etc) must be described by a model rather than by an exact 

and complete theory. We will, in this section, discuss a model example and present 

difficulties not yet solved. This will give a general overview of the present state of 

research on this subject and about what has still to be done. 

2.4.1 Salam-Sezgin model 

The first thing an explicit model of SLED will have to achieve is to generate the 

classical cancellation between the huge brane tension and the curvature in the extra 

dimensions as explained on a general basis in subsection 2.2.2. Of course, such a 

model will have to specify the brane, bulk and brane-bulk interaction actions. It will 

also have to consider >1 specific way by which the extra dimensions will be compact­

ified. Ref [13] argues that such a self-tuning solution to the cosmological constant 

problem is possible within a specific version of Salam-Sezgin model. This is a com­

plete model of N=2, 6D supergravity compactified on a sphere with a brane localized 

at each pole of the sphere, with magnetic monopole background and with Yang-Mills 

and matter couplings. Without going in details (which is beyond the scope of the 

present thesis, see however [13, 36]), it must be said that the field content of the 

theory consists of a supergravity-tensor multiplet l coupled to a U(I) gauge multi­

plet (containing gauge potentials AM and gauginos ).i) and nH hypermultiplets (with 

scalars <lia and fermions Wâ ). From this spectrum, the bosonic part of the classical 

6D supergravity Lagrangian, that will provide the needed self-tuned solution of the 

lwhieh eontains a met rie gMN, an antisymmetric Kalb-Ramond field BMN, a dilaton 'P (sealar field 

whieh appears in Kaluza-Klein theory as the eomponent g55 of the metric tensor), a gravitino 'l/JM 
and a dilatino Xi (fermions) 
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cosmological constant problem, is: 

(2.22) 

and the brane action giving the coupling of a 3-brane to the bulk fields is: 

(2.23) 

where the index Q; = 1, ... ,dim(G) runs over the gauge-group generators, eg = 

Idet eM AI = J-det 9MN, T is the brane tension, GMNP = oMBNP+FMNAp+(cyclic 

permutations), FMN is the usual Abelian gauge field strength, Gab(<I» is the metric 

on the Kahler manifold, DM are gauge and Kahler covariant derivatives and units 

has been chosen such that 6D Planck mass is unit y (K;~ = 87rG6 = 1). The details 

about Kahler covariant derivatives and manifold are not important for our purpose. 

In fact, we just need the spectrum in order to justify, in chapter 2, the couplings that 

we will consider in our low-energy 4D SLED theory. A complete description of this 

model, including discussions on the transformation of each field under supersymmetry. 

the fermionic part of the action, the anomaly cancellation, the compactification on 

a sphere and the 4D formulation of the theory is provided in ref [11, 13]. What is 

important here is that contributions of the bosonic bulk and brane actions to the 

vacuum energy with few conditions (fiat metric, constant scalar fields, equal tension 

on each brane and no brane-dilaton coupling (À = 0) [11, 13]) will explicitly provide 

the cancellation between brane tension and bulk space curvature explained in 2.2.2, 

therefore demonstrating that there are indeed models that can achieve this particular 

feature of SLED scenario. 

However, although the Salam-Sezgin model is a good and simple (for theoreticians!) 

model predicting a self-tuned solution to the cosmological constant problem (thus 

escaping from the Weinberg's No Go Theorem [21, 11, 13]), it cannot be retained 

as a good candidate for an explicit SLED model. This is because this model has 
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anomalies that must be canceled by introducing chiral supermultiplets in the bulk 

spectrum, increasing significantly the bulk gravity-mediated degrees of freedom, to 

an extent that is in confiict with astronomical bounds (we will come to these bounds 

later in this section). A good specifie SLED model will then have to have a bosonic 

behavior similar to the Salam-Sezgin model one, but which leads towards a non-chiral, 

ungauged version of 6D supergravity. Such a model still has to be constructed. There 

are also few more difficulties that an explicit SLED model will have to face. Let us 

stop briefiy on the most important on es (as stated in [11]). 

2.4.2 Otber possible quantum eHects 

VVe argued earlier, in section 2.2.2, that one of the central issues of the SLED scenario 

is that its estimate of the contribution of the bulk quantum degrees of freedom to the 

vacuum energy density is p rv m;b. ls this aIl the story? Power-counting arguments 

will tell us no! 

In fact, the key feature of SLED is that interactions must be considered local in 6 

dimensions at aIl scales down to the observed cosmological constant v = 10-12 GeV. 

Above this scale, the effective action1 of the theory will thus take the schematic form 

of typical six-dimensional interactions: 

(2.24) 

where R is the 6D curvature scalar, Ci are dimensionless and arbitrary coupling 

constants, M is the scale where the theory lives, f.1 is the scale at which the effective 

approximation is produced and the ellipse ( ... ) stands for other terms suppressed 

in M. Now, if we evaluate the integral over the extra dimensions, we obtain a factor 

proportional to the volume r 2 of these extra dimensions, and if we evaluate this action 

for the SLED vacuum configuration, we will have to make the substitution R rv 1/r2. 

The ultraviolet-sensitive terms in the effective 4D scalar potential for r will therefore 

be given by: 

1 an explicit example of an effective interaction is given in section 3.1.2 
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Since msb '" 1/r4, we clearly see in the potential 2.25 that the first three terms 

are not of the form m;b and could thus potentially yield too big contributions of bulk 

quantum degrees of freedom to the vacuum energy density. Note however that the 

terms of order M 6 are excluded because supersymmetry forbids a bare cosmological 

constant in 6 dimensions (therefore enforcing Co = 0) [11] and that the terms of 

order M 4 correspond to the classical supergravity action which has been shown to be 

canceled by the brane tension. The only worrying terms are therefore those of the 

order M2m;b' 

It can however be argued ([11, 12, 13]) that within the SLED proposaI the only 

dangerous bulk-Ioop contributions to the cosmological constant arise at one loop, 

making their vanishing easier to arrange than the complete N-Ioops contributions. 

This result is related to the small size predicted for the dilaton field, showing that 

the explicit model used as a self-tuning solution to the cosmological constant has 

also a role to playon the contribution to the vacuum energy at the quantum level. 

This ensures that tlle spectrum considered is fundamental and that the need for N =2 

supergravity is essential to the SLED picture. However, to obtain an explicit solution 

in the SLED framework one has to find a model in which l-loop contributions of order 

M 2m;b will vanish. Work is still underway on that subject. 

2.4.3 Hidden fine tuning 

An explicit model of the SLED scenario will have to achieve the self-tuning and the 

quantum cancellation needed for a solution to the cosmological constant problem 

without any fine-tuning argument. We saw earlier that it is possible in the SLED 

proposaI to write down an explicit self-tuned solution to the bulk equations of motions 

which includes the gravitational effects of the brane. This was the Salam-Sezgin 

model (its bosonic part). In this concrete example, the solution included two branes 

located at poles of a sphere. However, the tension of the these branes was required 
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to be positive and precisely equal. This thus seems to be a hidden fine-tuning of the 

parameters of the specifie theory. Is it a worry for our SLED proposaI? Since we 

don't expect to know what the physics at the micro-scale Mis, the answer will be no, 

provided that a specifie constraint on the tensions imposed in the short distance theory 

remains imposed as we renormalize down to long distance. In that case, the explicit 

form of a good SLED model will be deferred until we get a better understanding of 

the physics at the energy M. Ref [11] argues that constraints like the equality of the 

tensions should indeed be stable against integrating out the scales between M and l/r. 

In brief, their argument is that all the degrees of freedom that are integrated out at the 

scale l/r are of very short wavelength compared to the size r of the extra dimensions 

in the SLED scenario, even for the electron since r f"V 10 /Jm. These degrees of 

freedom must thus be considered as local operators such that those which propagate 

in the bulk will be too localized to completely cross the internaI space. They will 

thus be blind to topological effects and will then have no influence on the topological 

constraints imposed at the scale M. The SLED proposaI is therefore preserved from 

fine-tuning. However, much work has still to be done on the understanding of this 

physics at high energy scales before we can obtainexplicit eXRmplps of rnodels within 

the SLED frarnework that are free of any fine-tuning. 

2.4.4 Astrophysical bounds 

We have seen that in order to yield a solution to the cosmological constant problem, 

the SLED scenario predicts very restrictive range of values allowable for the size r of 

the extra dimensions. In fact, an order of magnitude sm aller for r would destroy the 

explanation of the observed Dark Energy. This strong falsificability of the scenario 

assures that experimental tests would be decisive. This contributes to the scientific 

power of the theory. However, it is now well-known, since the first LED proposaIs, 

that astrophysics already put bounds on the possible values of r [24, 25]. The question 

is then to see if these bounds already rule out the SLED scenario. 

The strongest limit on the size of two large extra dimensions cornes from the 

requirement that emission of Kaluza Klein modes must not provide a too efficient 
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energy-Ioss mechanism for supernova cooling [12, 25]. This pro cess has been studied 

in detail for the special case of the radiation of gravitons into the bulk and has yielded 

a limit of MD > 8.9 TeV, where MD is the gravitational scale. However, in the SLED 

scenario we expect many more gravitational degrees of freedom in the bulk, therefore 

increasing the current limit on MD by a factor depending on the number of bulk 

modes. FoUowing ref [12] we can evaluate the SLED bound on MD to be: 

( )

1/4 
MD > 32 + 16~g + 8Nm 8.9TeV (2.26) 

where Ng and Nm count the number of gauge and matter multiplets in the bulk. 

This formula has been obtained by counting the number of spin states for each field 

in the typical N =2 gauge or matter supermultiplets. In the Salam-Sezgin model the 

number of matter and gauge multiplets required for anomaly cancellation are related 

by the condition Nm = Ng + 244, and therefore even if Ng = 0, we will have MD > 34 

TeV and so r < 0.67 /-lm, which is too smaU to properly describe the observed Dark 

Energy. This is why it is expected [12] that ungauged solutions with no chiral matter 

multiplet could provide good explicit models for the SLED scenario. 

Other astrophysical bounds that increase the limit on MD were considered in LED 

proposaIs. The non-observance of Kaluza Klein modes decaying into photons after 

having been produced in supernova or in early Universe is one such example. However. 

aU these bounds are completely model-dependent and models can be built where they 

will not be considered as important limits. This will be the case if, for example, the 

KK modes decay into light modes on other branes. Of course this argument is a kind 

of evasion, but "it is worth the cost if the resulting theory can make progress on t Ile 

much more difficult cosmological constant problem" ([12]). This indicates again that a 

good knowledge of the microphysics is needed in order to achieve a complete explicit 

model within the SLED framework. 

*** 
We have just seen that few problems are still to be solved before building a con­

crete model in the SLED framework. These difficulties are aIl related to the fact that 
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some important ingredients are missing on our understanding of the physics at and 

above the TEV scale. This is, after aIl, why the LHC is being built. These difficulties, 

in their present state, do not put into question the general SLED proposaI but only 

to its specific realizations in an explicit model. The fact that SLED explains why 

the electron and other known physics don't contribute too much to the cosmological 

constant is an enormous improvement in our understanding of nature which should 

eclipse the few difficulties in building explicit models. Whether or not this point of 

view on these problems is too optimistic for the SLED realization of a solution to the 

cosmological constant problem is to be seen in the near future. Our interests in this 

proposaI is for its low energy phenomenology. For this reason we won't be concerned 

by the physics at the microscopic scales, and a general effective theory (which approx­

imate the exact microscopie theory) including aIl the fundamental features stressed 

in section 2.2 will provide aIl the relevant physical predictions that could be made at 

this scale. This is what concerns this thesis. 

2.5 Conclusion on this chapter 

This chapter has prcsènted the SLED scenario which constitutes the theoretical frame­

work and the fundamental motivation for the physics analysis that will be presented 

in the following chapters. What is important to remember from this proposaI is that 

it provides aIl the fundamental ingredients necessary and sufficient to solve the cos­

mological constant problem. More than that, it offers a radicaIly new way by which 

supersymmetry can be realized at low-energy. The ri ch phenomenological implica­

tions of this proposaI are aIl Iikely to be decisively tested (and possibly ruled out) in 

the next few years. This falsificability thus ensures a strong scientific value to this 

scenario. Finally, we saw that even if we don't have a concrete SLED model so far, 

it is sufficient and justified for collider phenomenology to write down a low-energy 

effective field theory that contains every fundamental generic feature of the SLED 

scenario and to use it for physical predictions. This ensures that our work will be 

relevant, highly motivated and original. 
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In the following, we will write down the most general low-energy Lagrangian that 

couples the Standard Model brane fields to the effective bulk fields from the 4D point 

of view and develop the physical predictions for the case of two large extra dimensions. 

Although there is a huge number of bulk fields that can appear close to the Te V scale 

in 4D experiments, we will concentrate our analysis on only one type of these degrees 

of freedom, one that has been fundamental in the development of our SLED scenario 

(in particular when we talked about the cancellation of the brane tension with the 

bulk curvature): scalar particles. In the next chapter we will see what these scalars 

cou Id be, how they could generically couple to Standard Model particles and what the 

predictions on particle physics observables are. In particular we will identify how the 

production of such a scalar at the LHC can compete with the prediction for graviton 

production, therefore providing a clear signal of the SLED rather than simply the 

LED scenario (along with what has been said in section 2.3.2). This will be followed 

by a specific experimental analysis at ATLAS. 



3 

PHYSICAL PREDICTIONS ON SEARCH FOR BULK SCALAR AT LHC 

3.1 Low-Energy bulk scalar coupling 

In this chapter we will show how bulk scalars can emerge from SLED scenario and 

how they can couple to Standard Model particles. The aim of the first section is 

thus to derive an effective Lagrangian (ie a Lagrangian that describes the physics at 

colliders energies and which constitutes a low energy approximation of a theory valid 

in a broader context (we will be more explicit about effective theory in section 3.1.2)) 

from which aH our physical predictions will be made. Again, we do not intend to 

provide a detailed and complete explanation of how scalars emerge from a N =2 6D 

supergravity and how they couple to brane particles, but only to give an insight on the 

concepts and mechanisms involved in such a demonstration. This is sufficient since the 

low-energy effective approximation which will be used for our physical predictions will 

be blind to the specifie details of any higher-energy model. A much more complicated 

but accurate explanation could be found in [13]. 

3.1.1 Four-dinlensional extended SUSY 

For the pUl'pose of studying the phenomenology of SLED, in particular the direct 

production of bulk scalars in colliders, we need to identify the effective 4D theory 

which governs this physics at the LRe energy scale. It is thus natural to adopt a 

4D point of view in our effective theory emerging from the SLED scenario. Now, in 

order to solve the cosmological constant problem, we have seen in chapter 1 that SLED 

theory involves a supersymmetric gravitational sector in 6 dimensions. From the four-
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dimensional perspective, this means that the graviton supermultiplet is necessarily 

a representation of an extended supersymmetry. It will thus be suit able for us to 

identify our bulk scalar states from this four-dimension al extended SUSY. 

Note that we are not saying here that there are supersymmetries in the usual 4D 

space (ie on the 3-brane). On the contrary, as we explained in section 2.3.3, in the 

SLED scenario supersymmetry is badly broken on our brane, and we don't expect at 

collider energies to see the superpartners of ordinary particles. What we really mean 

by "four-dimensional extended SUSY" is that bulk SUSY appears differently from our 

brane point of view than from the six-dimensional one. Bulk particles which are part 

of the 6D graviton supermultiplet will thus appear to a 4D observer as the members 

of an extended graviton supermultiplet. In this respect, it must be noted that our 

interest, here, is with genuine bulk scalars, and not bulk modes that appear as scalars 

in our 4D perspective. The first case necessarily implies supersymmetry in the bulk 

(since bulk scalars are superpartners of the graviton) while the second case does not 

require this symmetry. For example, 4D scalars (graviscalars) can arise as components 

of the higher-dimensional metric. Although many of the results that will be obtained 

in the next chapters can also apply to such states, we will not focus on the study of 

their properties because they don't provide a test of the SLED scenario. According 

to [32], the production rate of the Kaluza-Klein modes of such graviscalar particles is 

much less important than its spin-2 counterpart in most processes. Between the two 

types of scalars that can be seen by a 4D observer it is therefore the production of a 

bulk scalar that will be expected to compete with graviton production, justifying our 

concentration on such a particle. 

Also note that we will work with an extended SUSY because it will be easier to 

count the relevant bulk states associated by supersymmetry to a spin 2 particle and 

include them in an effective 4D Lagrangian (we will explain that in section 3.1.2) 

using 4D arguments, than to compute the Lagrangian for the high energy N=2, 6D 

su pergravi ty. 

First, we demonstrate with a simple example that every supersymmetry transfor-
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mations in 6 dimensions will appear as an extended supersymmetry in 4 dimensions. 

Consider, as our academic example, the following Lagrangian in a six-dimensional 

Minkowski space for a gauge field Aa with a = 0 ... 5 and a chiral spinor ). (we will 

follow [37] and its notation): 

(3.1) 

where 

(3.2) 

Fab is the usual field strength and r are the 6D 1 matrices. This is the straightforward 

generalization of the corresponding 4D case for which the index a only runs from ° 
to 3. We must however understand that here the spinors are in a higher-dimensional 

representation of the six-dimensional Lorentz group. The algebra and properties of the 

Dirac ra matrices can provide an irreducible representation for such spinors [30, 37]. 

Among other things, it tells us that the dimension of the irreducible representation 

is given by: 

for even dimension d 

n = 2(d-l)/2 for odd dimension d 

Thus, in our 6D case the spinors will have 8 components. A particular representation 

for the Dirac matrices is given by [37]: 

for f-l = 0, ... , 3 

where r 7,is the 6D equivalent of 15 and fJ is the matrix for which if; 1jJt fJ (in this 

notation there is no r 4)' 
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We can verify that the Lagrangian of equation 3.1 is invariant under the super­

symmetric transformations: 

bAa = i(r aÀ - i:\r a( 

bÀ = -~~ab(Fab 
2 

(3.3) 

(3.4) 

where ( is the spin or infinitesimal parameter of a supersymmetric transformation (a 

"fermionic number" which anticommutes with everything fermionic, satisfying Grass­

mann's algebraic rules, but which commutes with everything bosonic) and 2:;ab are 

matrices (which can be expressed in a Dirac matrix basis) which provide a represen­

tation of the six-dimensional infinitesimal Lorentz transformation A on the spinors 

space: b'lj; = iiA ab~ab'lj;. AlI this describes our supersymmetric theory in 6 dimen-

sions. 

N ow, we take the 4-dimension point of view. For this, we have first to make explicit 

in the Lagrangian the independent extra dimension al degrees of freedom. Using the 

Dirac matrix representation given above, and writing our chiral spin or in term of an 

unconstrained complex 4-spinor X as: 

(3.5) 

we can make the substitution in the two terms of equation 3.1 on a and get: 

1 Fab _ IF FJ.1V ln A nJ.1A ln 4. nJ.1A ~[4 I.jl - 4: Fab - - 4: J.1V + 2" v J.1 4 v 4 + 2" v w s v .5 + 2 • ·5· ."-i!) + ... 

and 

where the el1ipse ( ... ) corresponds to the terms that involve 84 or 8s. We didn't 

write them explicitly because to pass from a 6D theory to a 4D one, we have to 

eliminate the dependence on x4 and x 5 • We do so by using what is called the trivial 

dimensional reduction [37], ie by taking 84 = 85 = O. The Lagrangian of equation 3.1 

will then depend only on the four-dimensional coordinates xJ.1. With the identifications 
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x = ~(Àl - iÀ2 ), A4 = N and A5 = M, we have that our 6D supersymmetric 

Lagrangian become: 

We see from this Lagrangian that the spin of the fields range from 0 to 1, with two 

different and independent spin-~ particles: AIL' which composes the tensor Fllv is the 

spin-l particle; the two fermions À1 and À2 have spin-~; and M and N are the two 

real components of a complex scalar). It corresponds in fact into the superposition 

of a gauge multiplet and a chiral multiplet (with the auxiliary fields eliminated) and 

is invariant under the foUowing set of transformations: 

oAIl = i(illlÀi 

oM = EiiiÀj 

oN = Eij(il5Àj 

oÀ i = _~i(jIlV(iFllv + iEij,tl"y Il(M + ,5N )(j - ir5(i[M, NJ 

which correspond precisely to the transformations of a superalgebra with N=2 gen-

erators. 

We thus see that starting with a simple supersymmetric theory in six dimensions 

and eliminating the two extra spatial coordinates to take a four-dimensional perspec­

tive, automatically yields a theory with two supersymmetry generators. This is what 

we caU an extended supersymmetry. Here we took a simple theory and didn't pay 

much attention to the gauge group of the supermultiplet. However, even if the alge­

bra is more complicated, as is the case with gravit y, the principle of extending the 

number of supersymmetry generators by adopting a 4D point of view when starting 

from a higher-dimensional theory remains the same. 

One would probably also have noticed that the way in which we have eliminated 

the two extra dimensions in our example was trivial and mu ch easier than what 

actually happens in the SLED scenario. In fact, since in SLED the extra dimensions 
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are compactified on a radius r t'V ~, to obtain a sensible theory in four dimensions 

from a six-dimensional one, we need to assume that aIl the fields are periodic in :y4 

and X5 with periods l/m and l/m' and then to Fourier decompose them as following: 

N(xf.1, x4, x5
) = I: exp( -in'm'x4 - inmx5 )Nnn,(xf.1) (3.6) 

nn' 

where Nnn,(xf.1) is called the nn' Kaluza-Klein mode of the N field. Note, as we 

mentioned in sections 2.3 and 2.2.2, that the KK modes correspond to 4D fields 

(describing states when applied on 10 » with a definite value of the quantized bulk 

momenta, as we can easily verify by an application of P5 = -ié)5 on N (xf.1, x4 , x5 ) 

(recall that c = fi = 1). Substituting the corresponding Fourier development of each 

6D field in the Lagrangian will eliminate aIl the 84 and 85 acting on the exponential 

of equation 3.6. It is when we evaluate this Lagrangian at the position of the brane 

in the bulk space (by substituting x4 and x 5 by 0, for example) that we finally 

get a completely four-dimensional theory. This procedure is more complicated thall 

directly substituting 84 and 85 by O. We can however argue (see [37]), that this 

will not have any effect on the fundamental result that we obtained from the trivial 

dimensional reduction: every mode will form an extended supermultiplet. Because 

terms like 8aN8a N will be reduced to 8f.1Nnn,8f.1 Nnn, + (n'2 m,2 + n2m2)N~n' (with n 

and n' running from 0) by this mechanism of quantization of the extra dimension al 

component of momentum, every Kaluza-Klein mode will appear as a massive copy of 

a massless O-mode 4D field, member of the extended supermultiplet, the mass being 

defined as: Mnn, = Vn2m2 + n,2m,2. The appearance of such an infinite tower of 

identical supermultiplets of different mass is the only thing that will differ from the 

trivial dimensional reduction approach. 

In our SLED scenario, m = m' t'V V rv 10-3 eV. Each mode will therefore be 

separated by a mass splitting much smaller than any detector resolution and the 

complete KK tower associated to a 6D field will look like a particle of continuous 

mass, in our 4D point of view. We conclude from aIl of this that we can correctly 

describe the SLED bulk spectrum at low-energy in four-dimensions, provided that 

we consider an extension of the bulk supersymmetry and that these bulk states are 
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considered as continuously massive partic1es. What we now have to do is to examine 

the 4D spectrum to prove that we can indeed expect scalars. 

To identify the states associated with the fields of a supermultiplet for a given 

extended supersymmetry, we will refer only to general properties of supersymmetric 

transformations and their action on physical states. The results will be applicable to 

any SUSY theory, regardless of the exact structure and other symmetries of a specific 

theory. However, the way we will present things will suppose massless supermultiplets 

and one-particle states. Fortunately, this is not a restriction for us since the mass of 

the graviton, from which we expect a scalar superpartner, is zero. 

It is well known that supersymmetry transformations are generated by quantum 

operators Q which change the fermionic states into bosonic ones and vice versa, ie: 

Qlfermion >= Iboson > ; Qlboson >= Ifermion > (3.7) 

Which particular bosons and fermions are related to each other by the action of 

such Q and how properties other than the statistics of the states are modified by that 

operation depends on the supersymmetric model un der study. However, since for now 

we are only interested in the spin, and hence in the statistical connection between 

states related by supersymmetry, we can indeed expect to find results valid for any 

supersymmetric theory, and in particular for SLED. 

In an extended supersymmetry, there are N operators Q that each generate a 

different supersymmetric transformation. This means that bosons can be associated 

to other bosons by successive actions of Qs: 

(3.8) 

The question is wh ether there is a way to connect a spin-2 boson to a spin-O one by 

means of supersymmetric transformations. If we can show that the answer is positive 

on a completely general basis, we will then prove that every SLED model predicts 

the existence of bulk scalars that must hence be included in an 4D Lagrangian. 

In quantum field theory, states are defined from the irreducible representation of 

the Lorentz transformation on the Hilbert space. Massless states are thus labeled 



3: PHYSICAL PREDICTIONS ON SEARCH FOR BULK SCALAR AT LH C 46 

by their 4-momentum pJ.l and their helicity À. We want to know how the helicity 

operator will act on a particle state which has been modified by the application of a 

supersymmetric operator. Note that it will be easier, in order to follow the literature, 

to work with the Pauli-Lubanski vector [37, 22, 38]: 

W - 1 J.lvpu D J 
J.l - _·~t: LV pu (3.9) 

where PJ.l ànd JJ.lV are the generators of the Poincaré group (that describe transla­

tions, rotations and Lorentz transformations), rather than directly with the helic­

ity operator. The results will however be completely equivalent. In fact, consider­

ing the standard frame for a massless one-particle state PJ.l = (E, 0, 0, E), we have 

WJ.l!p, À >= ÀpJ.l!p, À >. For J1 = a we find that Wo is proportional to the helicity of 

the state. Now in order to find how this operator acts on states on which a SUSY 

transformation has previously been applied, we need to know the fundamental struc­

ture of any such transformation, structure which is provided by the supersymmetric 

algebra, ie the commutator of the Q generators with other generators of Lorentz 

transformations. Since the supersymmetry algebra obeys the following commutator 

relations: 

1 
Wo(Q!p, À» = Qvl'o!p, À> +[Wo, Q]!p, À >= (À - "2)E(Q!p, À» 

In other words: 
1 

Q!p, À >cx: !p, À - "2 > 

(3.10) 

(3.11) 

(3.12) 

(3.13) 

which means that a supersymmetry transformation change by ~ the helicity of astate, 

in agreement with our definition of equation 3.7. If we apply N different supersym­

metry generators on a state of helicity Ào, we will have: 

(3.14) 
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Because the {Qi,Qi} (i = l. .. N) anticommutator of the supersymmetry algebra is 

null, any further application of Qs on the above expression will give O. 

For the intermediate states of helicity number between À and À - ~, sinee the Qi 

operators are all different and that only a number n < N of such operators are needed 

to pro duce those states, we expect more than one state with such an intermediate 

helicity in the extended supermultiplet. The combination of the application of the 

various Q operators will then yield the following spectrum: 

helicity: 
1 

'\0 Ào - -
2 

number of states: 
(:) =1 (~) =N (~) N(N -1) 

2 

N 
Ào --

2 

(:) =1 

Normally, a spectrum of states derived from a Lorentz-covariant field theory will 

exhibit CPT symmetry [37,39]. This implies that for every state with helicity À there 

should be a parity reflected state which has helicity -À. However, spectra obtained 

by successive applications of SUSY operators on a reference state will not generally 

have this property. For example, for N = 1 and Ào = ~ we will only have one state of 

helicity ~ and one of 0 helicity. The spectrum of a Lorentz-covariant field theory can 

therefore contain these states only in conjunction with those of the CPT conjugate 

multiplet with Ào = 0 such that the smallest N = 1 multiplet for the massless case is: 

helicity: 

number of states: 

1 

2 

1 

o 

2 

1 

2 
1 

This is the case, for example, of the massless Wess-Zumino model [37, 30]. In table 3.1 

we give the very general particles content of the various extended supersymmetric 

theories for highest spin 2 and zero mass, ie for supergravity multiplet . 

. \Ve see from this table 3.1 that we need N ~ 4 in order to have scalar particles 

associated to the graviton by supersymmetry transformations. We know, from chapter 

1 (see section 2.2.2), that the SLED scenario consist of a N=2 6D supergravity theory, 

and we have seen at the beginning of this section that every 6D supersymmetry 

transformations will be extended to two supersymmetry generators after dimensional 
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À Number of supersymmetries 

N=l N=2 N=3 N=4 N=5 N=6 

2 1 1 1 1 1 1 

3 1 2 3 4 5 6 2 

1 1 3 6 10 15+1 

1 1 4 10+1 20+6 2 

0 1+1 5+5 15+15 
1 1 4 1+10 6+20 -2 

- 1 1 3 6 10 1+15 

3 1 2 3 4 5 6 -2 

-2 1 1 1 1 1 1 

Table 3.1: Number of states for each helicity value À associated to a spin-2 graviton by a N-extended 
supersymmetry 

reduction. We can thus conclude that, from a 4D point of view, the SLED scenario 

possesses N =4 supersymmetry and hence predicts the existence of bulk scalars. 

If we had workcd out this analysis directly at high energy in the 6D case with 

two supersymmetry generators (SLED scenario), following our spin state counting, 

we would have expected a spin-2 particle (the graviton), two spin-~ ones (gravitino) 

and a spin-1 particle. This would exhibit the following scheme for the action of 

supersymmetry operators on graviton field [40]: 

gMN 

where gMN is the graviton, 'ljJk are the gravitinos and BtN is the anti-symmetric 

2-form potential associated with the spin-1 graviton's superpartner, equivalent to 
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the FJ.Lv describing a photon field 1 . We see here that we don't explicitly obtain a 

scalar field. However, it has been shown in [36, 13] that this theory is one of a class 

that cannot be described by manifestly Lorentz-invariant action and which therefore 

does not have Lorentz-covariant Green's functions (from which physical predictions 

are made). To restore this Lorentz invariance, we have to introduce a new field 

corresponding to a new spin-l particle2 • Applying the supersymmetric operators to 

this field would yield the following scheme [40]: 

where BMN is the 2-form potential that is related to the anti-self-dual field strength, 

Xi are the spin-~ fermions and if! is a scalar. The full spectrum of the 6D N=2 super­

gravit y thus corresponds to what has been presented for SLED in the section 2.4.1 

above. We clearly rcnfirm here that the SLED proposaI predicts the existence of a 

bulk scalar. Moreover, as was explained in sections 2.3.2 and .2..1.1. we need other 

supermultiplets in the bulk space (in order to cancel anomalies) that involve super­

partners of spin-1 and spin-~ particles as weIl as possibly other fields on other branes 

and fields associated to string oscillation modes. AIl this will imply a certain number 

of bulk scalar fields. 

Since we don't have an explicit SLED model in the high-energy sector, we cannot 

say exactly how many scalars there will be in the bulk, which symmetries they will 

1 In the general 6D N =2 supergravity with other possible gauge transformations, this anti-symmetric 

2-form potential appears in the graviton supermultiplet as a self-dual (ie for which *F = F, where * 
is the Hodge-star operator) third-rank field strength G M N p. The detail of this is beyond the scope 

of the present work. Vou can however see references [36, 13] for completeness 
2To be more precise, we must add a new anti-symmetric tensor multiplet containing an anti-self-

dual (*F = - F) field strength that couple to supergravity. Again a complete discussion on that is 

provided by [36, 13] 
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satisfy and what will be their exact coupling to the different bulk and brane fields. 

This is not. an issue for us since we just want to make approximate predictions at 

low energy. What is important here is that SLED predicts the existence of at least 

one bulk scalar field that would be seen, in 4D, as a continuously massive particle. 

We will thus calI <p such a generic bulk scalar field that will be included in a 4D 

low-energy Lagrangian with undetermined coupling constants explicitly written as 

a, b, c, ... , depending on which particle they couple to. Our physical predictions will 

thus be completely general and applicable to any such possible bulk scalar. We want 

to study the range of observability for such couplings. To do this we have first to see 

how the interaction Lagrangian could be written. 

3.1.2 Coupling of bulk scalar with SM fields 

First, we will be more explicit about what we mean by a low-energy approximation 

of an interacting Lagrangian and by free parameter coupling constants. To this end, 

suppose that at the microscopie level we have an explicit, consistent, complete and 

exact SLED model with given couplings between bulk and brane modes. The bulk 

scalar coupling constants to Standard Model particles would then be read directly 

from the action. Rowever, since we are interested in evaluating physical predictions 

at low-energy scales, we would have to evolve these known couplings from the high­

energy sect or down to the experimental energies by integrating out aIl the model's 

heavy or invisible degrees of freedom foIlowing the Wilson flow [39, 41]. It is thus 

only the effective coupling of this low-energy theory that is probed in experiments. 

The new effective Lagrangian obtained by this procedure however involves an infinite 

expansion of terms in powers of mass and replacing the various degrees of freedom 

that have been integrated out [39, 41]. This power series thus consists in the complete 

development of the exact microphysics theory in terms of low-energy local operators. 

This description is only valid at energies lower than a eut-off scale A at which the 

convergence radius of the series becomes infinite, ie at which the theory cannot be 

anymore expressed in terms of low energy concepts. In the SLED scenario. this scalp 

correspond to the fundamental D-dimensional Planck scale MD related to the string 



3: PHYSICAL PREDICTIONS ON SEARCH FOR BULK SCALAR AT LHC 51 

scale where the various degrees of freedom cannot be described by local operators 

but must rather be described in terms of strings. Now, for energies much lower than 

A, we can approximate the exact series by a finite sum obtained by dropping higher 

mass-dimension terms. The error on such approximation is generically evaluated 

by the factor (~) n where -n is the power of mass of the coupling constant of the 

higher-dimensional interaction terms. Since in SLED A = MD f'.J 10 TeV, and LHC's 

typical energies at the parton level are E f'.J 0.1-1 TeV and since the cross sections 

are, by definition, proportional to the square of this factor (CT rv< L >2), we will have 

a sufficiently good precision in our physical predictions if we keep terms for which 

n :S 2 (which corresponds to dimension 6 interaction terms in the Lagrangian). Note 

that for certain pro cesses we will have to evaluate the limiting cases for which our 

n :S 6 approximation hold. We will come back on this later. 

Among other things, this approximation procedure substitutes high energy cou­

pling through loops diagrams by effective direct coupling of local operators. This is 

particularly helpful for us. In fact, the SLED scenario predicts, in order to achieve 

the self-tuned solution to the cosmological constant problem as stated in section 2.2.2, 

that there is no dilaton-brane coupling (the coupling constant is set to 0) at the clas­

sicallevel because of the scale invariance1 presupposed by this mechanism ([11, 13]). 

However, this does not prevent brane fields from coupling to other bulk fields (if that 

was not the case, then it would be impossible to have a SLED signal from colliders) 

like the graviton which, in turn, can couple to the dilaton. This means that dila­

ton and brane fields can, in the SLED scenario, couple through loop diagrams at 

the microscopic scale. Thus, in passing to the low-energy limit, even in the extreme 

(and unlikely) case where no other bulk scalars than the dilaton are present, after 

having integrated out heavy degrees of freedom (including heavy quantum correc-

1 A scale transformation can be represented as a change in the spacetime coordinates of a field: 

<jl(;l') -+ e-rJ<jl(xe- rJ ). If the quantum field theory under consideration is coupled to gravit y, then 

the symmetric energy-momentum tensor 0i-'V identified as the source of the gravitational field will 

be related to the classical conserved current Di-' of the scale transformation by the relation âi-'Di-' = 

0~ = 0, which thus provide a constrain on the possible coupling with this gravitational source [39, 42] 
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tions as loops of graviton, etc) these high-energy loop couplings will appear as direct 

contact interaction. The resulting low-energy effective 4D Lagrangian with explicit 

direct couplings between brane fields and bulk scalar will thus yield the low-energy 

spectrum of our theory. 

In the absence of an explicit microscopie model, we can use the very general ap­

proach of effective field theory ([39,41]) which do es not require any explicit knowledge 

of a high energy theory to write down directly the low-energy couplings. To achieve 

this, one only needs to identify the symmetries that must be respected as weIl as the 

spectrum allowed (by experimental constraints) at this energy scale and then wri te 

down the most general Lagrangian density involving the lowest-dimensional interac­

tions (n :S 2) which are consistent with this spectrum and these symmetries. This 

procedure however requires that the coupling constants be fixed by experiment. Since 

experimental results are not yet available, we will have to leave the coupling constant 

as free parameter for our physical predictions. Our work will then consist in eval­

uating the possible range of coupling values at which the LHC experiment will be 

sensitive. Renee, for our low-energy effective 4D theory involving a spectrum con­

sisting in Standard Model particles and continuously massive bulk scalars we must 

select the possible interactions that will dominate at the LRC energies and which are 

aIlowed by symmetries. 

The strength of these couplings will not be completely free, however. In fact, in 

our general effective theory framework, the coupling constants of the 4D interacting 

terms of dimensions more than 4 in power of mass are suppressed by inverse powers of 

a eut off mass scale A. This is intimately related to the fundamental microscopie the­

ory underlying this low-energy approximation. Because a real bulk scalar is part of a 

gravitational supermultiplet, it should share the universal and gravitational strength 

coupling of the graviton which is defined to be 0 (M~+2 ) where MD is the fundamen­

taI4+n-dimensional Planck scale. This will thus set the mass scale dependence of our 

effective interactions. It is the absence of supersymmetry on the brane that will cause 

the bulk-brane couplings to be more complicated than this universal coupling. Bulk 
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scalars will thus couple to brane modes through effective interactions that respect 

aIl the low-energy symmetries, with couplings suppressed by some powers of the A1D 

scale predicted by the SLED scenario. This is what will govern the phenomenological 

properties of the bulk scalars. 

Now, we have to consider the various symmetries and determine which interacting 

terms between bulk sc al ars and Standard Model fields have the lowest dimension of 

mass. The first symmetries that we have to consider are the bulk symmetries. We 

have just seen that it is possible to forbid classical brane-bulk scalar couplings because 

of scale invariance [11, 13, 44J. In more general grounds, every bulk scalar that has 

a shift symmetry defined as 4> -t 4> + E + ... will be an exact 6D Goldstone boson 

(massless scalar particle that becomes interaction free in the 0 momentum limit) and 

will thus decouple from the brane modes (because they will be eaten by other bulk 

modes). However we argue that even if such symmetries preclude classical brane-bulk 

scalar interactions, such interactions will be generated by loops, and will therefore 

appear as effective interactions at low-energy. These symmetries will thus not be 

considered for our low-energy effective theory. Is it also the case for aIl the other 

possible gauge symmetries of a 6D high energy theory that apply to bulk scalars? 

The answer is yeso Our effective Lagrangian must only display the symmetries that 

are present at low-energy, ie the Standard Model ones. In fact, sinee we include these 

scalars in a low-energy Lagrangian that is defined weIl below the scale that breaks 

the fundamental symmetries of nature (electroweak symmetry, supersymmetry, etc), 

we can al ways choose a specific gauge that will reduce bulk scalars to fields having 

only one degree of freedom. This is how the Higgs field is handled in the Standard 

Model. Sinee we leave our couplings free to remain general, and since other possible 

internaI symmetries of bulk scalars commute with the electroweak gauge group, we 

can generically consider that at low energy our effective bulk scalar is a singlet in 

any given symmetry [33J. Our concern is therefore to write down a Lagrangian that 

couples such bulk scalars by gauge invariant terms to Standard Model fields. Of 

course, our 4D effective Lagrangian must also be Lorentz-invariant. Note that an 



3: PHYSICAL PREDICTIONS ON SEARCH FOR BULK SCALAR AT LH C 54 

explicit 6D model at the microscopie level will be complicated by the fact that one 

will also have to consider how the Standard Model fields behave un der the other 

possible symmetries of the exact theory. This is however beyond the scope of our 

work. 

Finally, for phenomenological purpose, we will concentrate on the implications 

of real bulk scalar production, rather than calculate the consequences of its virtual 

exchange. We do so for the same reason as in the case of virtual exchange of gravi­

tons [17] and bulk vectors [33]: their virtual exchange cannot be distinguished from 

the effects of local interactions produced by other kinds of high-energy physics (such 

as the exchange of massive string modes) [18]. For this reason, and since the allowed 

terms involving many bulk scalar fields will be of too high mass dimension for our 

expected precision (n ~ 2), we will concentrate on trilinear interactions involving 

only a single higher-dimensional scalar and two Standard Model particles. We may 

now write down the most generallowest-dimensional interactions which are consistent 

with the assumed low-energy particle content and the SM symmetries of the theory 

and that will explicitly be used for our physical predictiops. This is given by the 

following Lagrangian density: 

L EFF = aMcfJ(x, y) aM cfJ(x, y) 

-6'(y) [~\Î'~(X )(9,; + i(95)'i15) >l!b (x) 

+ Cg G~V(x)G~v(x) + bgéf.tvÀPG~v(x)G~p(x) 

+ c-yFI-'I/(x)Ff.tv(x) + b-yél-'I/ÀP Ff.tv(x)F>..p(x) 

+ aHl(X)H(X)]1>(X) , 

(3.15) 

with M = 0, ... ,5, a a dimensionless coupling and 9ij' (lis)ij, Cg, bg, c-y and b-y 

are arbitrary dimensionful coupling parameters. The indices i, j = 1,2,3 here label 

the Standard Model's three generations. In these expressions, the coordinates x J1 

describe the 4 dimensions parallel to the Standard Model brane and ym similarly 
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describe the n transverse dimensions. The brane itself is assumed to be located at 

the position ym = 0 in these extra dImensions. FJ-Lv denotes the usual electromagnetic 

field strength defined as FJ-Lv = âJ-LAv - âvAJ-L' A being the photon field, and G~v is 

the non-Abelian gluon field strength, G~v = âJ-LG~ - âvG~ + g3rbCGtG~, with g3 

denoting the QCD coupling constant. Finally, \]! Q generically denotes any of the 

Standard-Model fermion mass eigenstates, whose electric charge is denoted by Q. 

Before continuing with this effective Lagrangian and computing explicit physical 

predictions concerning direct production of bulk scalars at the LHC (and evaluating 

how they compete with direct graviton production) several comments concerning 

these effective interactions bear emphasis: 

• In a 4 + n-dimensional theory, the Lagrangian density describing the theory must 

be of dimensions 4 + n in power of mass in order to yield a dimensionless action 

S = J d4+n XL . Since each derivative is of dimension 1, the kinetic term âMcPâM cP of 

the Lagrangian density tells us that the scalar field will have a dimension of 1 + %. 
The dimension al reduction from the (4+n)D point ofview to the 4D perspective will 

not change this dimensional analysis, as can be seen from equation 3.6. Therefore, 

for two extra dimensions (n = 2 in the SLED proposaI) the couplings to the QED 

and QCD sectors in equation 3.15 involve terms of dimensions 5 or 6 (as required for 

our expected precision, see discussion at beginning of this section), while the lowest­

dimensional interaction with the Higgs sector (H H </J) will be a term of dimension 

4 and will hence not be suppressed by a mass scale. In what follows it will be 

convenient to define dimensionless couplings for the QCD sect or also by scaling out 

the appropriate power of the reduced Planck mass in D dimensions, 1 according to 

gij = 9ij lvlr;j2, Cg = cgM~+nI2 and so on. It should be kept in mind when doing so, 

however, that the fermion interactions are not SUL (2) x Uy (l) invariant and so the 

size to be expected for the couplings 9ij and (95Lj depends strongly on the way in 

which the electroweak gauge group is broken in the underlying theory which pro duces 

1 More precisely, MD is the reduced Planck mass in D = 4 + n dimensions, defined in terms of the 
-2-D 

D-dimensional Newton's constant by 8K GD = MD' 
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them. In particular, if the new physics is not involved in electroweak symmetry 

breaking then there is a natural suppression of the fermionic dimensionless couplings, 

gij '" vi M D, where v = 246 GeV. (If the relevant dimensionless couplings of the 

underlying model are similar in size to Standard Model Yukawa couplings, then this 

suppression can be even sm aller , although they need not be this small in aIl explicit 

models.) In principle, if the extra-dimensional physics were itself the sect or which 

broke the electroweak gauge group, even the suppression by powers of vi MD might 

not be present, although in this case the new-physics scale cannot be very large 

compared to v . 

• Even if, as we have just mentioned, the fermion interaction of eq. 3.15 appears 

not to be invariant under electroweak gauge transformations, we can still use it for 

relevant physical predictions at the LHC because it sim ply tells us that we have 

already replaced an explicit factor of the Standard Model Higgs field with its vacuum 

expectation value, v = 246 GeV, and rotated to a fermion mass eigen-basis. The 

resulting couplings, gij and (g5)ij, can in principle be off-diagonal and so involve 

ftavor-changing neutral currents, but we will assume these not to arise sinee they 

would be strongly constrained, if present. 

However, this substitution has not been explicitly clolle for the coupling to the 

Higgs sector. For this case, in unitary gauge, we have H = (v+~(X)) where v is, as 

always, the expectation value which breaks the electroweak gauge group, and, in the 

absence of bulk-brane couplings, h(x) is the physical scalar field. In terms of this. thE' 

coupling to the bulk field becomes 

.cHiggs = -a( v + h(X))2 </>(x) , (3.16) 

We see that three separate terms are implied for the coupling between the bulk scalar, 

</>, and the Higgs scalar, h: (a) a linear potential for </> of the form a v2 </>; (b) a bulk­

brane mixing term of the form a v h </>; and (c) a trilinear coupling of the form a h2 cP. 

We ignore the first of these since it acts to shift the ground state of </> away from the 

value determined by the bulk scalar potential, and none of our results depend on this 

value in any case. 
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The second type of interactions implies a mixing between h and the various Kaluza­

Klein modes of the bulk scalar, cP. This mixing is removed by diagonalizing the 

resulting scalar mass matrix, which for small a leads to an O(a) overlap between 

the physical Higgs state and the bulk KK modes. The physics of this mixing is very 

similar to previously studied graviscalar mixing with brane modes, and leads to a non­

negligible invisible width [6, 32, 8J for the Higgs particle. We do not further explore 

this width in detail, although its implications would be important to understand 

once the Higgs is discovered and its properties are being explored in detail. In this 

work we will focus on the trilinear h2 cP interaction, the last term of our effective 

Lagrangian 3.15 . 

• As mentioned before, the interactions written above are of lowest-dimension al­

lowed, given only a gauge singlet extra-dimensional scalar and the Standard l\1odel 

particle content. As such, these interactions may be expected to dominate at energies 

low compared to the basic interaction scale MD. This effective theory must simply 

be regarded as the leading term of an expansion in inverse powers of MD and must 

be expected to break down once physical energies approach this scale. Since it will be 

possible (but rare) for the LHC to produce collisions at this energy (center of mass 

energy in the proton-proton system will be of 14 TeV) we will later have to evalu­

ate what validity range of the physical predictions will come out from this effective 

Lagrangian. We postpone this discussion to section 3.2.3. 

Note however that this need not to be the case for the coupling to the Higgs sect or 

since its effective coupling constant involves a non-negative power of mass. For this 

reason, we will treat separately the phenomenological analysis of the bulk scalar cou­

pling to the hadronic sector and its coupling to the Higgs sect or. Also note that this 

dimensionless coupling to Higgs is a special case of the SLED scenario where we have 

only two extra dimensions. We will thus restrict to n = 2 in our phenomenological 

analysis of the hhcP interaction. For the hadronic case, the suppression will also be 

weaker for the SLED scenario, as can be seen from the dependence of the coupling 

constant on MD (see first bullet following equation 3.15). However, since there is a 
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dependence on MD, it will be interesting, phenomenologically, to remain generai and 

make our physicai predictions for a generai number n of extra dimensions. We must 

nevertheless keep in mind that it is indeed the n = 2 case which is the best motivated 

scenario, even if other possibilities are consistent with any other LED proposaIs. Fi­

nally, note that because our physicai predictions will be made for a hadronic collider 

(LHC), partonic interactions and the Higgs interaction will dominate (the Higgs one 

because it is unsuppressed by the scaie MD)' We will thus ignore the interactions 

with photons or with W and Z bosons . 

• In order for our physicai predictions to be reIiable for energies below the cut­

off scaie MD the dimensioniess coupling c and 9 that we have just defined must 

reasonably be of 0(1) or less. For example, suppose that the energies probed in an 

experiment are one order of magnitude smaller that the fundamental scale MD. TheIl, 

our physical predictions will be expected be good within a few percent (since the cross 

section is proportional to the square of the coupling constant). In the opposite case 

where the dimensionless coupling is of 0(10), this will be equivalent to a rescaling of 

the fundamental scale by an order of magnitude. We will then have E l'V MD and 

thus our physical predictions will break down. Therefore, theoretically, we expect 

c, 9 ;S 1. This must also be the case for the dimensionless coupling constant a of 

the hhcjJ interaction in order for the theory to be perturbative. Upper limits on the 

values of dimensionless coupling constants will be lower, however, in particular models 

where the low-energy effective scalar coupling derives exclusively from high energy 

loops terms. A representative size for such couplings as generated by one loop in 6 

dimensions might then be set by loop-counting factors, like a, c, 9 rv N / (41f)3 with 

N denoting the number of particle species circulating in the loop. For the simplest 

6D supergravities [46J N is typically 0(10 - 20), while for chiral 6D supergravities 

the requirements of anomaly cancellation can imply N ;:::, 0(1000). Depending on the 

number of fields which contribute, an estimate for the loop-induced coupling could 

weil be a, c, 9 l'V 0(0.01 - 0.1). We shall see that couplings at the upper end of this 

range might be observable at the LHC. 
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• One might imagine writing other interactions having the same dimension as those 

given above, such as derivative couplings to the fermions of the form 

--1-n/2 -.6.e ex: MD on(y) w(xhJtw(x) âJtc/J(x, y) . (3.17) 

We do not include these terms explicitly because they are not independent, since they 

can be rewritten into the form given above by performing a field redefinition. (The 

possibility of doing so can be seen by integrating by parts, and using the equations of 

motion for the fermions to trade the derivative for a fermion mass. For more details 

about such redundant operators, see for instance ref. [41].) Seen in this light these 

derivative couplings are expected to be small, since they imply that the dimensionless 

couplings 9ij and (95)ij are proportional to the corresponding Standard Model Yukawa 

couplings . 

• The factor on(y) in eq. 3.15 expresses explicitly the broken translation invariance of 

the bulk due to the presence of the brane. Consequently momentum transverse to the 

brane is not conserved, allowing bulk particles to be emitted into the extra dimensions 

even if aIl of the initial particles of the interaction were themselves confined to the 

brane. Physically, the unbalanced transverse momentum is absorbed by the recoil of 

the brane itself, with no energy cost because of the brane's enormous mass. 

3.2 Bulk scalar production at LHC 

The effective Lagrangian of equation 3.15 can be used to compute the cross sections 

at tree-Ievel for production of bulk sc al ars in p - p collisions at the Large Hadron 

Collider (LHC). We shall restrict our attention to hadronic production mechanisms 

and to bulk scalars radiated by a Higgs boson since these pro cesses are expected to 

dominate at LHC energies, and so might be expected to give the clearest signal. As 

we mentioned in the previous section, we will treat these two cases separately in the 

following. 
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3.2.1 Parton-level cross section of the hadronic pro cesses 

Because of our interest in the study of direct bulk scalar production accompanied by 

a quark or gluon, we want to compute the cross section for the relevant pro cesses 

which are: qq -7 9rjJ, q9 -7 qrjJ and 99 -7 9rjJ. The physical signal which such a 

reaction would pro duce is a weIl defined jet plus missing energy as the bulk scalar 

escape into the extra dimensions. To evaluate these cross sections, we must first 

obtain the ,Feynman rules for the ijqrjJ, 99rjJ and 999rjJ vertices which follow from the 

effective Lagrangian of eq. (3.15). Of course we will also use the Standard Model 

vertices and propagators as given in [39]. We can derive our new Feynman rules 

by either of two methods: the canonical method and the path integral one. The 

canonical method consists in computing the first order matrix element of the effective 

Lagrangian ([39, 30]). For example, if we want to find the ijqrjJ vertex, we need to 

compute < rjJl\ÎI(9+i95r5)WrjJlqij > where the fields and the states are defined in terms 

of the ladder operators aq (or bq and dq ) and a~ as: 

• < rjJ(l) 1 =< Olaz 

• Iq(p, (J, c)ij(k, cr', c') >= a~,a,cbk,a',c'IO > 

• 1j;(x) = L J (2:~~j2 [ak,a,cu(k, (J, c)eik.x + ... ] 
c,a 

~( ) - J d
3
k' [d ik'.x ] 

• 'fi X - (21f)3j2 k,e + c.e. 

where Iq(p, (J, c) > den ote a quark state, (J is the spin index and c is the color one. 

Of course, which particles are in the initial state and which are in the final state is 

arbitrary. This will fix the momentum flow convention used in the vertex. In this 

example, the quark momentum points towards the vertex while the anti-quark and 

the scalar come out of the vertex. 

Alternatively we can calculate these vertices by the path integral formulation of 

quantum field theory. This requires to exp and the exponential of the action S, which 
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weights the contribution of each quantum path to the Green function, following 

(3.18) 

and to read directly the coefficient of the appropriate first order interaction terms [39, 

30, 47]. This can be directly achieved by computing the functional derivative of the 

action as a function of the fields involved in the relevant vertices. Let us take, for 

example, the ggrjJ vertex. It will be given by the evaluation of: 

a (27r)12. b353 

VIlV = (27r)4b4(p + q + l) 2 bG~(p)bGt(q)b~(l) (3.19) 

where: 

• ca (x) = J d
4 

k Ga (k) exp-ik.x 
v (27r)4 Il 

8G:;(k') _ -'4(k k') -' -' 
• (jG~(k) - U - U cx f3U ab 

with C~(X) being the gluon fields and a the color index. Using these methods, we 

obtain the following Feynman rules for the relevant vertices: 

Gs 
1 
1 
1 
1 
Il 

1 
1 

f~f 

Gs 
1 
1 
1 
1 1 
1 
1 

1 

g~g 
~. a p q v. b 
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p,t: 

~a v,b 

We can now use these Feynman rules to compute the matrix elements of the rel­

evant processes. Before computing the differential cross sections, we must, however, 

rethink the phase space element. In fact, we argued earlier that the sum over the 

finely-spaced Kaluza-Klein massive states of the bulk scalar field can be replaced by 

an equivalent integral over the continuous mass of a single bulk scalar. This can be 

understood as an approximation when the length sc ales associated with the extra 

dimensions are much larger than the wavelengths of the partons involved in the ex­

perimental pro cesses such that the quantization of the higher-dimensional bulk scalar 

momentum vector is not important. This mass is thus related to the approximately 

continuous extra dimensional bulk scalar momentum and we will then have a new 

phase-space factor, multiplying the usual 4D one. 

It is convenient to divide the higher-dimensional bulk scalar momentum vector. 

f~n with M = 0, ... ,3 + n, into its continuous 4-dimensional components parallel to 

the brane, fil with f-L = 0, ... ,3, and its quantized n-dimensional bulk components, 

Lm with m = 4, ... ,3 + n such that f Hn = {t'Il, Lm}. If c/J has a D-dimensional mass 

f-L<p, the total squared-momentum for a bulk scalar of mass f-L<p will then be given by 

f~+n = t'Ilfll + LmLm = -f-L~, which we write as f2 = _M2 , where M is the effective 

4-dimensional mass due to the particle's motion in the extra dimensions. Note that 

we recognize here the metric TJ = (-1, 1, 1, 1). 

We now have to determine a typical value for f-L<p because it will correspond to the 

lower limit for the integration over M. In the high-energy theory, the bulk scalar is 

related to the graviton by supersymmetry. We thus expect, since the graviton is mass­

less, that the bulk scalar will have a zero mass also. However, since SUSY is broken 

in the bulk, the mass splitting between the graviton and its superpartners must be of 
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the order of the supersymmetry breaking scale. For the SLED scenario, we explained 

in chapter 1 that this symmetry breaking scale must have a magnitude equivalent 

to the cosmological constant in the bulk, ie msb '" v, which is extremely small. We 

will thus consider in later applications that, consistently with the SLED scenario, 

J1</> = O. Generalization of our results to arbitrary J1</> is nevertheless straightforward. 

The corresponding integration measure is then: 

(3.20) 

After integration over the angular degrees of freedom, Dn, the final phase-space méa­

sure used for the bulk scalar bulk momentum becomes: 

(3.21) 

From the ab ove phase-space factor and Feynman rules, we can now obtain the 

parton-Ievel differential cross sections for the pro cesses qq -+ go, qg -+ q4> and gg -+ 

g4> for which the contributing Feynman graphs are given in figure 3.1. The results 

are the following: 

The quark-annihilation channel is obtained by evaluating graphs (a) through (c), 

which give: 

do-(qq -+ gcp) 

dtdùdA12 
O:s (21f) n/2 (l\P) (n-2)/2 

18fG)Mn82 [ 
(g2 + gg) (21'1215 + (ù + t)2) 

(21f)2n/(2+n) ùt (3.22) 

4(c
2 + b2

) (F + ù2
)] A + Mb 8 6 (8 + t + ù + M 2

) • 

Notice that helicity conservation precludes graph (c) interfering with graphs (a) and 

(b) in the limit where parton masses are neglected (as we assume). 

The quark-gluon scattering contribution is similarly obtained by evaluating the 

graphs (d), (e) and (f), yielding 

do-(qg -+ q4» = _ O:s(21f)n/2(M2)(n-2)/2 [ (g2 + gg) (ù2 + M 4
) 

dtdùdM2 48r(~)Mn82 (21f)2n/(2+n) si (3.23) 

4(c
2 + b2

) ([2 + 82
)] S:(A A A M 2) + M2 A U S + t + u + . 

D U 
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Figure 3.1: The parton-level Feynman graphs which contribute to bulk scalar production with an 
associated jet in proton-proton scattering. 
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As before, the neglect of parton masses ensures the non-interference of graph (f) 

with graphs (d) and (e). It is also important to notice here that when we square the 

amplitude and sum (average) over final (initial) spins we must notmake the "Feynman 

gaug~" replacement 2:spins EJ.!(p, À)E*V(p, À) -+ _gJ.!v as is commonly done in QED. 

This replacement introduces unwanted longitudinal components into the polarization 

vector and, unlike the case of QED, these components do not vanish unless there is 

only one external gluon [48]. One way to obtain the correct, gauge-invariant, cross 

section is to use the appropriate projection operators for the transverse polarization 

states in the scattering process: 

(3.24) 

where qJ.! is the 4-momentum of the other particle that accompanies the gluon in the 

initial or the final state. 

Evaluating the last four gluon fusion graphs gives1 

The mass seale MD used here is related to the seale MD defined earlier by M"lJ+2 = 
(21f )n~+2 .Notice that both the expressions for the gluon-fusion and quark-annihilation 

pro cesses are invariant under the exehange i +-+ il, as is expeeted on general grounds 

from the eharge-eonjugation invariance. 

Note finally that since these expressions depend only on the dimensionless coupling 

eombinations g2 + 9g and c2 + b2 , in what follows we set 95 = b = 0 and choose c ~ 0 

and 9 ~ 0 without 108s of generality. 

1 l am indebted to Peter Osland and Sherif Elgammal for drawing my attention to an error in my 

first evaluation of these graphs. l founded what the error was and it turned out to be negligible in 

its effects on my numerical results. 
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3.2.2 Proton-Proton Cross Sections of the hadronic pro cesses 

The cross section for proton-proton collisions is obtained from the parton-ievei results 

just calculated in the usuai way, ie by convoluting with the parton distribution func­

tions, fi(X, Q2). For our Iater analysis we compute the cross section for the pro cess 

pp --t cp + jet, which has the form: 

(3.26) 

where the sum on i, j runs over the types of partons available in the proton and X cor­

responds to an energetic quark or gluon. Because we do not have analytic expression 

for these parton distribution functions, we perform the above integrais numerically 

using Monte Carlo techniques, as in the PYTHIA generator [49]. This works as fol­

low. We first implement our calculated differentiai cross sections in the generator and 

then we perform the phase-space integration using the following constraints: 

• We require the final jet transverse momentum to satisfy P:j, > P;ut. where Peut 

(= ET:~~t), is a minimum value which we specify below. Using the kinematical 

relation P:j, = i û/ 8, where û = M 2 - i - 8, the following integration limits for 

i are obtained: t min < i < t max , where 

tmin = ~ [(M2 - 8) - J(M2 - 8)2 - 4P;ut8] 

and tmax = ~ [(M2 - 8) + J(M2 - 8)2 - 4P;ut8] . (3.21) 

• Energy-momentum conservation implies the following upper Iimit for M2 

(3.28) 

• Finally, the integration Iimits on the parton energy fractions are: 

(3.29) 

where as usuai s denotes the invariant initial energy of the proton-proton colli-

sion. 
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From this, we generate events randomly over the total phase-space volume and we 

assign weights to them using the differential cross section evaluated at the selected 

phase-space element. The events are then accepted Or rejected proportionately to 

these weights by PYTHIA, which also performs the relevant hadronizations. After 

repeating this procedure a sufficient number of times, PYTHIA will sum the results 

and thus provide the numerical evaluation of the cross section. We have checked our 

numerical integration by recomputing the total cross section for graviton production, 

using the parton-Ievel differential cross sections computed by Giudice et al [6], and 

by comparating it with their results. Figure 3.2 shows the agreement of both results. 
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~ 
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Figure 3.2: Comparison of the graviton cross section computed by Giudice et al. (left) and the one 
obtained by our numerical integration (right). We see that these results are consistent 

3.2.3 Validity of the Low-Energy Approximation 

As discussed above, our expressions for the parton-Ievel reaction cross sections are 

only valid for parton energies weIl below the eut-off scale MD. But since we can 

only specify the initial proton energies (and phase-space cut-offs like Peut), we cannot 

know for sure whether the numerical integration includes parton reactions which carry 

energies which are too large. If so, our calculation becomes unreliable in that part 

of phase space for which the probability of very-energetic parton pro cesses cannot be 

neglected. In this section we define a proton-level criterion for estimating the extent 

to which high-energy parton pro cesses poIlute our calculations in various parts of 
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phase space. Our goal in so doing is to be able to choose upper limits for quantities 

like Peut which minimize this pollution. 

In order to do so, we compare in Fig. 3.3 the total proton-proton cross section, (J, 

calculated in the following two ways [6, 50]: 

1. We calculate using the above parton cross sections for all possible parton ener­

gies. 

2. We calculate using the above parton cross sections only if V§ < MD, and set 

the parton-Ievel cross-section to 0 if vrs > MD' 

The bottom panel of Fig. 3.3 shows this comparison when only the quark-bulk scalar 

couplings, g, g5, are nonzero. The top panel shows the result assuming that only the 

gluon-bulk scalar couplings, c, b, do not vanish. The various curves plot (J against 

E7J!;J~t = Peut for different choices for smax (with the effective dimensionful couplings 

9 and c held fixed at sorne arbitrary reference value). When the two curves start 

to deviate, high-energy parton contribution are significant and we do not trust our 

calculation. 

We use these curves to define the maximum value of Peut which we may trust, given 

a value for MD (and so also for the effective bulk scalar couplings). Quantitatively. we 

fix Peut by demanding that the curves not differ by more than 10%. As is clear from 

the figure, the value of Peut which is obtained in this way is sm aller for the gluon-bulk 

scalar couplings (g = g5 = 0) than for the quark-bulk scalar couplings (c = b = 0), 

and we use the lower of the two in the following calculations. 

Notice that these two plots also indicate that for numerically equal couplings, the 

gluon-bulk scalar couplings dominate the cross-section at high energy, while the lm\'­

energy regime obtains bigger contributions from the quark-bulk scalar interactions. 

This is as expected from the effective Lagrangian, since the gluon terms involve an 

additional derivative (and so an additional power of E / MD in cross sections) relative 

to the quark terms. 

For fixed Peut, we ask how large the effective bulk scalar couplings may be with­

out introducing more than a 10% error into our calculations. This is illustrated in 
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Figure 3.3: Total jet + nothing cross section for bulk scalar production at LHC to evaluate the 
validity li mit of the phase space volume when: top) only the bulk scalar-gluons coupling is present; 
bottom) only the bulk scalar-fermions coupling is present. The curves are normalized to the cross 
section for graviton production at a value of ET,j~t of 5QO GeV. 
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Figure 3.4: Evaluation of the minimum (4+n)-dimensional Planck scale for which the effective model 
is valid, at the 90% level, given a cut ET,j~t, as explained in the text 
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Figs. 3.4, which show the smallest value of MD which is permitted given a choiee for 

ET,;~t = Peut· This lower bound on MD amounts to choosing an upper bound for the 

effective dimensional couplings, 9 and c. 

In what follows we calculate the proton-proton cross sections assuming a value 

for Peut, and so the condition MD > MJ)in determines the domain of validity of 

our calculations. As discussed above, we determine MJ)in using gluon-bulk scalar 

couplings, sinee this is the stronger requirement. From this we find the minimum 

values for 9 and c for which a bulk scalar signal would be observable above the 

statistical Standard Model background at the 5 (J level. 

3.2.4 h - <p production at colliders 

Gsing the methods that we described in the last section, we can here compute the 

cross section at the tree-Ievel for the production of bulk scalars radiated by a Higgs 

boson in p-p collisions at the LHC. Note however that sinee the effective coupling of <P 

to Higgs is dimensionless, the following proeess is likely to dominate and that we also 

don't need to worry about the validity range of our results. Sinee Higgs production 

at the LHC is dominated by gluon fusion, our interest at the parton level is in the 

reaction gg -+ H cp, where both final-state particles are on shell. For most values of 

the Higgs mass, its dominant decays are either hadronic (the bb decay dominates for 

Higgs mass sm aller than rv 130 Ge V) or involve jets in the final state (rv 67% of the 

electroweak gauge bosons decay in quarks), but such decay channels can be easy to 

miss because of the strong QCD background at LHC. Consequently, we choose instead 

to study the more rare, but cleaner, h -+ rr channel. Figure 3.5 shows that for a SM 

Higgs boson of about 120 GeV, the branching ratio h -+ rr is much smaller than other 

decay channels but, as we can see on figure 3.6, it has nevertheless high significanee. 

It is extremely important to probe this mass region sinee this is the most likely region, 

according to the LEP measurements of Electro-Weak parameters [51]. The physical 

signal which bulk-scalar emission would pro duce in this channel is then two photons 

plus missing energy, as the scalar cp escapes into the extra dimensions. [51] 

The Feynman ru le for the hh<p vertex which follow from the effective Lagrangian 
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Figure 3.5: Branching ratio for the various decay channels of the Higgs boson in function of the 
mass of this particle. 
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Figure 3.6: ATLAS sensitivity for the discovery of a Standard Model Higgs boson for each individu al 
decay channels in function of the mass of this particle. This assume an integrated luminosity of 100 

fb- 1 and a statistical significance computed as ~~~:l .. This figure is taken from [52] 
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of equation 3.15 can be evaluated using the method and the normalization of the 

canonical approach described above in section 3.2.1. In this case, it will be given by: 

H , , 
,,~k 

, , , 
>--------- H 

p 

= 2a 

Here again we consider that the extra-dimensional phase-space factor of the bulk 

scalar momentum is given by equation 3.20. However, since here we explicitly restrain 

our phenomenological analysis to the n = 2 extra dimensional SLED scenario, we can 

directly evaluate this equation for n = 2 and we obtain: 

g 

g 

,. ,. 
H ,," 

-----( , , , , , 

(3.30) 

~<P 

~H 

Figure 3.7: Parton-level Feynman graphs which dominate the Higgsjbulk-scalar production at the 
LHC. 

The dominant amplitude at the parton-Ievel is obtained by evaluating the Feyn­

man graph of Fig. 3.7. Other graphs having the bulk scalar emitted by other particles 

give contributions which are suppressed relative to Fig. 3.7 by powers of external mo­

menta divided by MD' In fact, the most dangerous such graph is the Box diagram 

of figure 3.8, because a priori it could be divergent enough to dominate (ie higher 

momentum would, in that case, contribute significantly to the amplitude). Let us 
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Figure 3.8: Parton-level Feynman graphs which could contribute to the Higgsjbulk scalar production 
at the LHC. We argued in the text that this contribution is too weak to be considered in this first 
analysis. 

evaluate how divergent it is. If we evaluate the superficial degree of divergence of this 

graph, we will count four powers of moment a in the numerator due to the potentially 

divergent 4-momentum integral of the loop J d4q and four powers of momenta in the 

denominator due to the four fermionic propagators running in this loop. This evalua­

tion would then predict a logarithmic divergence [39]. However, since the two gluons 

are taken to be on-shell (external), gauge invariance will reduce this divergence. The 

Ward identity (which is the diagrammatic expression of the conservation of the elec­

tric current, which, in turn, is a consequence of gauge invariance) requires that if we 

replace any external polarization vector ét(k) by its 4-momentum kM, the amplitude 

will vanish [39, 30]. This condition will be satisfied for the box diagram only if its 

amplitude is proportional to gMV kf - gMa kf, with a similar factor for the other gluon 

propagator. Each of these factors involve one power of the external momentum that 

can thus be "extracted from the loop". This will appear mathematically in specifie 

calculations after dimension al regularization. However, vve can see this on more gen­

eral ground [39]. If we exp and this amplitude in a Taylor series about low external 

momentum (k=O), we will have: 

A = Ao + AikM + A 2k2 +... where 
1 dn 

An = n! dkn Alk=O 

(3.31 ) 

(3.32) 

Thus, the Ward identity requires that aIl terms with less than two powers of momen­

tum k in the Taylor series of this amplitude must vanish. Now since the amplitude 
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is integrated on the virtual momenta but is expanded on the external momenta, we 

can apply the derivative on the integrand with d~ (k~q)2 = - (k~q)3' We see that terms 

with higher n are less divergent. By requiring that the first two terms of this ex­

pansion be 0, this gauge invariance condition is equivalent to adding two powers of 

momentum to the denominator of the loop. The first non vanishing term has there­

fore 4-4-2=-2 degrees of divergence and hence this amplitude is finite and the leading 

term is proportional to the inverse cutoff squared of the theory ie rv ~. Therefore, 
D 

we don't expect higher momentum than the external ones to contribute significantly 

to this amplitude. Moreover, since the fermion-bulk scalar vertex involves a coupling 

constant proportional to .J
D

, as we saw in section 3.1.2, we will have an overall sup- ./ 

pression of the amplitude by a total of 3 powers of external moment a divided by MD, 

as announced. This is consistent with the effective approach for which at low energy 

we would substitute this box diagram by a contact vertex coming from the effective 

interaction term ijnp<jJh which is of dimension 7 and is thus suppressed by (:D 3), 
where E is the external energy scale. It is thus enough for the precision level of our 

analysis to restrict to the graph of Fig. 3.7. 

g 

H 
--------< , 

g 

, , , , 

, , , , 

H 

Figure 3.9: Effective parton-level Feynman graph for the direct production of Higgsjbulk-scalar 
production at the LHe. 

In evaluating this graph we use the full momentum-dependent expression for the 

effective Higgs-gluon vertex which is obtained by evaluating the fermion sub-loop. 

along the lines of refs. [53]. Similarly to the box diagram case, gauge invariance 

requires that the amplitude of the graph of Fig. 3.7 be proportional to the momentum 

of each of the external gluon. Since, for on-shell gluons, there is only one combination 
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of 4-momenta that is non-zero and which has the appropriate tensor structure [39,54], 

this amplitude is equal to the one of graph of Fig. 3.9 (the ggh vertex is the same as 

the ggrjJ vertex given in section 3.2.1) up to invariant q2-dependent functions which 

are obtained by the exact evaluation of the loop of Fig. 3.7 and which are given by 

the following form factor : 

(3.33) 

with Q2 = _q2 and q/1 the 4-momentum carried by the virtual Higgs. Following the 

conventions of ref. [54], this form factor will be given by 

F(r) = 3[2r + r(4r - l)f(r)] (3.34) 

where 

{ 

- 2 [arcsin C~ ) r if r > i; 
f(r) = 2 

~ [ln (~~)] - ~2 +i7rln (~~) if T <~; 
(3.35) 

and 17± = ~ ± ,li - r. Note that it suffices to keep only the contribution of the 

top-quark loop. 

The form factor F( r )defined by the above expressions has the following well­

known properties [53]. It vanishes for small r. ensurillg the llPgligible contributions 

of alllow-mass quarks in the loop. For large r it behaves as F(r) = 1 + O(l/r). For 

intervening values of r, F(r) grows to a maximum for r = 0(1), falling off on either 

side towards the two asymptotic limiting forms. 1 

The differential parton-level cross-section obtained in this way is therefore given 

by: 

(8 - m~)2' 
(3.36) 

where F = F(mU8), mh is the Higgs mass and MtfJ is the effective bulk-scalar mass as 

defined above. The quantities 8 and i denote the usual parton-level Mandelstam kine-

1 Because of the small rise in F( r) for m; < Q2 < 4 m;, we find that use of the asymptotic expression 

F ~ 1 underestimates the size of the cross section by roughly 20%. 
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matic variables. As usual, the integrated cross section grows like MJ, and so is dom­

inated by the highest buik-scalar masses, reflecting the enormous extra-dimensional 

phase space which is available for such states. 

The cross section for proton-proton collisions is obtained from this parton-level re­

sult in the usuai way, by convoluting with the parton distribution functions, fi(X, Q2). 

Since we are interested in the production of a real Higgs that decays into two photons 

for our later analysis, when performing these steps we compute the cross section for 

the missing-energy pro cess pp --7 rjJ + h --7 'Y'Y ~T' The result takes the following form: 

( ) J ~ 2 [( 2) ( 2 (da(gg--7hcjY)) 1 a pp --7 hcjY = dXI dX2 dt dM</> fg Xl, Q fg X2, Q ) di dM~ s' (3.37) 

where 8 is related to the pp center-of-mass energy, Eem, by 8 = Xl X2 E~m' Finally, 

we obtain the cross section for pp --7 'Y'Y ~T by multiplying the above expression 

by the appropriate branching ratio, B = B(h --7 'Y'Y). As we did in section 3.2.2. 

the numerical value for the total proton-proton cross section will be provided by the 

PYTHIA generator in which we have implemented this process. 

Wh en performing the phase-space integrations we use the following constraints: 

• We require the transverse momentum of the final Higgs particle to satisfy Pi > 

Pe~t' where Peut is a minimum value which can be chosen at generation level. 

("YVe set Peut = 0 in the analysis beIow.) This implies that the variable i must 

lie in the range L ~ i ~ t+, with 

t± = ~ [(m~ + MJ - 8) ± J(m~ + M~ - 8)2 - 4(m~Ml + P?uts) ] . 
(3.38) 

• Energy-momentum conservation implies the following upper limit for M~ 

(3.39) 

• The parton energy fractions, Xi, lie in the range Xmin ~ X ~ 1, with: 

(3.40) 
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and, as usual, s denotes the Mandelstam initial-energy invariant for the full 

proton-proton collision. 

Higgs mass (GeV) 80 90 100 110 120 130 140 150 

Cross-section (pb) 34.2 27.4 22.5 18.8 15.9 13.6 11.8 10.3 

Branching ratio (%) 0.086 0.119 0.148 0.190 0.220 0.222 0.193 0.138 

(J x B (fb) 29.4 32.6 35.6 34.9 30.2 22.7 14.2 5.9 

SM pp -+ h (pb) 46.5 38.0 31.8 26.7 23.0 20.0 17.4 15.8 

Mass resolution (GeV) 1.11 1.20 1.31 1.37 1.43 1.55 1.66 1.74 

Table 3.2: Cross-sections for the signal pro cess pp -+ hl/> using the coupling value a = 0.5, and for 
pp -+ hX as a function of the Higgs mass. Aiso shown are the branching ratio for Higgs decay into 
two photons and the mass resolutions (O"H) at high luminosity in ATLAS. 

Table 3.2 shows the various pieces of the total cross section for pp -+ h</y -+ "("( FtT 
as a function of Higgs mass in the range 80 GeV - 150 GeV. The first row of the table 

gives the total cross-section for pp -+ h</y (in pb); the second row gives the branching 

ratio for the decay channel h -+ "("( (in percent), and the third row multiplies these 

to give the cross section for pp -+ h</y -+ "("(CP (in fb). For comparison, the last two 

rows give the cross section for the Standard Model process pp -+ hX, as well as 

the Higgs mass resolution in the ATLAS detector, for the pro cess h -+ "("(, at high 

luminosity (as computed by the ATLAS collaboration in ref. [52]). For this table, 

the bulk-scalar pro cess effective coupling constant, a, was set to 0.5, so as to yield a 

pp -+ h</y production cross section which is comparable to the SM pro cess pp -+ hX. 

This gives a rough indication of what size effective couplings might be observable, 

and so motivates the more detailed calculations which we will next describe. 

*** 
This conclu des our theoretical analysis. In this chapter we first explained how 

and why the SLED scenario predicts interactions between bulk sc al ars and Standard 

Model particles at low energy. We deduced that such states are likely to be directly 

produced at the LHC. We then explained that the most general effective Lagrangian 
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that would be used to describe such direct production of bulk scalars at LHC is 

that of equation 3.15. Afterwards, we used this effective Lagrangian to compute the 

Feynman rules, and then the total proton-proton cross section for various pro cesses 

of interest. This constitutes our physical predictions. We can now use the results of 

these calculations to study phenomenologically the signature of bulk scalar particles 

at the LRC and more particularly to evaluate the sensitivity of the ATLAS detector to 

couplings involved in the various pro cesses presented above. Rowever, before diving 

into such an analysis, it is worth to first give a quick overview of the LRe and the 

ATLAS detector. 



4 

LHC AND ATLAS DETECTOR 

In this chapter, we explain the experimental context in which the simulations and 

measurements are carried out. In high energy physics, it is the accelerators and the 

detectors that define the appropriate experimental framework. Accelerators fix the 

physical processes that can be produced and thus analyzed, while detectors determine 

what can be measured at a given precision. Now, physics beyond the Standard Model 

and. more precisely, tests of the SLED scenario require high energies andluminosity 

since the typical mass of the particles involved are high and the cross sections are low 

(recall that the number of events expected to be measured in one year is proportional 

to the product of the cross section and the luminosity integrated over one year). This 

imposes strong constraints on the design of a suitable experimental setup. These 

constraints are not exclusive to the SLED scenario, but are common to many scenarios 

beyond the Standard Model such as MSSM, technicolor, new gauge interactions or 

quarks and leptons compositness. This physics has driven the design of the Large 

Hadron Collider (LHC) which therefore offers the possibility to study a SLED signal 

such as the production of bulk scalars presented in the previous chapter. Moreover, 

the need to accommodate the very large spectrum of possible physics signatures has 

guided the optimization of the design of the "general purpose" ATLAS detector [52]. 

ATLAS has thus the potential to greatly improve our understanding of fundamental 

physics, or at least to constraint new theories. In this chapter, we will b~iefiy describe 

the LHC and the properties of the most important components of ATLAS detector. 
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4.1 LHC 

The LHC is a proton-proton collider currently under construction in a 27 km cir­

cular tunnel at the European particle physics laboratory (CERN) near Geneva (see 

Fig 4.1)1. The machine will accelerate 2 beams of protons to energies of 7.0 TeV each 

and will collide them head-on in their center of mass to maximize the energy available 

to create new particles. It will also be able to accelerate heavy ions (Pb-Pb) that will 

be used in specifie experiments. The 1250 TeV of center of mass energy that they 

expect for these heavy ions collisions will be a factor 30 higher than· the Relativistic 

Heavy Ion Collider (RHIC) at Brookhaven National Laboratory. Four experiments 

(see Fig. 4.2) are planned to exploit the LHC physics opportunity. ATLAS and CMS 

(Compact Muon Solenoid) are two multi-purpose detectors designed to optimize the 

search for aU the physics accessible at the LHC. ALICE (A LHC Ion CoUider Exper­

iment) is devoted to the study of heavy ion collisions. FinaUy, LHC-B is optimized 

to study B meson physics. 

Figure 4.1: Picture of the LHC location in the Geneva area. 

The LHC itself is the last step of an acceleration chain. The in je ct or complex (see 

Fig. 4.3) indeed consists of a 50 MeV linac, a 1.4 GeV PSB (Proton Synchrotron 

1 All the figures and numbers presented in this chapter come from reference [52]. Many documents 

and PhD thesis made within the ATLAS Collaboration also provide clear summaries of the LHC 

and ATLAS detector design and performance [55] 
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Figure 4.2: Picture of the four experiments on the underground LHC ring. 

Booster), a 26 GeV PS and a 450 GeV SPS (Super Proton Synchrotron). These 

accelerators have already existed for sorne time, but have undergone a major upgrade 

in the last few years due to the demanding requirements of the LRC. It is expected 

that the first detectable collisions will be produced by 2007. 

THE lHC HADRON INJECTOR COMPlEX 

~r,(,l('~~ 

1>"'" 

lHe 7 reVp-p 
2.6TeV/nI'O·Pb 

Figure 4.3: Picture of the LHC injector complex and of the main LHC ring, 

Since the LRC will collide beams of like-charge protons, two separate beam-lines 

are necessary to allow the two proton beams to circulate in opposite directions. Two 

opposite magnetic guide fields are therefore needed to accelerate the colliding protons. 

Rowever, due to space restriction in the LEP tunnel in which the LRe is being built, 

CERN has decided to use a magnet design that combines the two field guides into a 
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single magnet as shown in figure 4.4, rather than to have two separate ones. In order 

to meet the LRC energy requirement, the 14.2 meter dipole magnets needed to bend 

the proton beams must be superconducting (cooled with superfluid helium). This will 

yield a 8.33 Tesla field strength. In aU, 1232 dipole magnets will be required for the 

LRC. Bending the proton beams to constrain them to a circular path is one thing; 

focusing these beams is another. In fact, natural divergences of the originally injected 

beams, smaU asymmetry in the fields and magnet alignment can cause spreading of 

the beam. This would reduce the luminosity which is proportional to the inverse 

cross-section al area of the beams. To cure this, quadrupole magnets are used. They 

will act as magnetic focallenses. Note that in counterpart, beam particles circulating 

in the synchrotron will not travel in ideal circular orbits, but will wander in and out 

of the circular path, in both the horizontal and vertical planes. This is called betatron 

oscillations [56]. At the LRC, this focusing will be achieved by 392 superconducting 

3.1 meter quadrupole magnets of 6.86 Tesla. 

\ 

eold bore tube 

Figure 4.4: The cross section of an LHC standard two-in-one dipole in its cryostat. 

As mentioned before, because new physics has generaUy low cross section compared 

to well-known Standard Model pro cesses and because it is easier to detect leptonic 

decays of gauge bosons (which have smaU branching ratios), to suppress the high QCD 

backgrounds of proton collisions, the machine must work at very high luminosity. For 

the LRC, we expect a nominal luminosity of [, = 1034cm-2s-1 which corresponds, 
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when integrated over one year (rv 107s), to 100 fu-l. With a QCD cross section of 

rv 100 mb, this will pro duce about 23 collisions every 25 ns. In order to maintain 

such a luminosity, the longitudinal spread of a bunch of particles (bunch length) 

must be kept short. In fact, short bunch lengths keep degradation in luminosity 

caused by beam crossing angle to a minimum. Such short bunches will be obtained 

with RF cavities operating at 400 MHz. Since, as it is the case for the B field, RF 

frequency must be increased and synchronized (hence the name synchrotron!) as 

particle velocities increase, the voltage needed to operate these cavities will rise from 

of 8 MV at injection to 16 MV at collision. Note that each beam will have a separate 

RF system consisting of eight superconducting such cavities. Table 4.1 summarizes 

the LHC performance parameters. 

Properties 1 Parameters value 1 

Total CMS energy 14.0 TeV 

Luminosity 1034cm-2s- l 

Circulating current 0.54 A 

Time between collisions 25 ns 

Bunches per beam 2835 

Particles per bunch 1011 

Bunch length 7.5 cm 

Bunch width 15.9 !Jm 

Energy loss per turn 6.7 keV 

Bending B field strength 8.33 T 

Dipole magnet temperature 1.9 K 

Table 4.1: Sorne pararneters of the LRe 
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4.2 ATLAS 

The ATLAS detector, as mentioned ab ove , is designed to exploit the full physics 

potential of the LRe. For this reason, and in order for this general-purpose detector 

to perform well in the high luminosity environment provided by the LRe, very general 

constraints have been taken under consideration while designing and constructing it. 

We summarize these requirements as follow: 

• It must have a very good electromagnetic calorimeter for the identification of 

electrons and photons. 

• The calorimeters must be hermetic for the jets, thus providing a good estimate 

of the transverse missing energy of an event. 

• The tracking system must provide an efficient trajectography at high luminosity 

in order to permit a good measurement of the particle moment a and to allow for 

good reconstruction of leptons and photons. This is also important for b-quark 

tagging . . 
• It must be able to measure the momentum of muons independently of the 

tracker. 

• It needs a large pseudorapidity (77) aceeptanee. 

• It must trigger and detect particles of low momenta. 

• Because of the small bunch separation, the detector must use fast readout to 

avoid sampling events from several different simultaneous bunch-crossings (this 

will be the source of a noise called pile-up). 

• Because of the high luminosity, it must be built with radiation-hard materials. 

All these points are important for our SLED analysis, especially the second one 

sinee missing energy is the fundamental signal of any LED theory. These factors 

can be expressed more quantitatively as performance criteria, which we summarize 
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in table 4.2 and 4.3. The rest of the section is devoted to the description of the 

most important sub-detector parts (shown on figure 4.5), designed according to these 

requirements. This description will be a quick overview. One can find a detailed 

review of the design and performances of the ATLAS detector in the ATLAS Technical 

ProposaI [52]. 

Muon Detectors Electromagnetic Calorimeters 

CEIlN AC • ATlAS VI997 
Forward Calorîmeters 

/ End Cap Toroid 

Barrel Toroid loner Detector 
Hadronic Calorimeters Shielding 

Figure 4.5: A cut-away view of the ATLAS detector. 

4.2.1 Transverse momentum observables 

To understand the detector description that will follow, we first need to define the co­

ordinate system and the terminology used in the general design of the entire detector. 

By convention, the beam direction defines the z-axis, and the x-y plane is the plane 

transverse to the beam direction. The positive x-axis is defined as pointing from the 

interaction point to the center of the LHC ring, while the y-axis is pointing upwards. 

Since, the ATLAS detector has an approximate cylindrical symmetry, it is often more 
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Detector Characteristics and Coverage in '1] Granularity 

components resolution (aE/ E) (measured) (D.'I] x D.cjJ) 

EM calorimeter: 

Barrel 10%/JE EB 0.7% 1'1]1 < 1.475 rv 0.003 x 0.1 

End-cap 1.375 < 1'1]1 < 3.2 rv 0.004 x 0.1 

eseparate 1-7fo and 1-jet 

Presampler eb-tagging 1171 < 1.8 rv 0.025 x 0.1 

emeasure direction of b 

Hadronic Cal.: 

Barrel 50%/JE EB 3% 11/1 < 1.i rv 0.1 x 0.1 

End-cap 1.::> < l'/! < :3.2 rv 0.1 x 0.1 

Forward Cal. 50%/JE EB 3% 3.1 < 1171 < 4.9 rv 0.2 x 0.2 

Table 4.2: Performance objectives for the ATLAS calorimetry. Here, the granularity is defined in 
terms of the pseudorapidity 1] and the azimuthal angle 4>. Note that the numbers that are quote here 
are indicative. For example, the granularity change in the EM end-cap detector with decreasing 1] 

because of the geometry of that sub-detector. 
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System Position Area Coverage in TJ Resolution 

(m2) (measured) (a(/Lm) ) 

1 removable barrel layer 0.2 ITJI < 2.5 R-cp = 12, z = 66 

Pixel 2 barrel layers 1.4 ITJI < 1.7 R-cp = 12, z = 66 

4 end-cap disks 0.7 1.7 < ITJI < 2.5 R-cp = 12, z = 77 

on each side 

Silicon 4 barrel layers 34.4 ITJI < 1.4 R-cp = 16, z = 580 

Strips 9 end-cap wheels 26.7 1.4 < ITJI < 2.5 R-cp = 16, z = 580 

on each side 

TRT axial barrel straws ITJI < 0.7 170 (per straw) 

radial end-cap straws 0.7 < ITJI < 2.5 170 (per straw) 

Table 4.3: Performance objectives for the ATLAS inner detector. Here, the granularity is defined 
in terms of the transverse distance R to the bearn-pipe in the pseudorapidity-azimuthal angle space 
(for any cp). 

convenient to use a cylindrical coordinates system {R, cp, z}, where z is defined as 

above, cp is the azimuthal angle and R is the transverse distance to the bearn-pipe. 

Rather than working with the polar angle we generally use the pseudorapidity variable 

defined as: 

(4.1) 

which has the advantage that in the ultra-relativistic limit, ie in the limit where the 

particles can be considered massless, it is equivalent to the rapidity 

Y= !ln [E+Pz] 
2 E - Pz (4.2) 

The difference in rapidity of two Lorentz vectors is invariant under Lorentz bqost 

along the z direction. Thus, quantities such as da / dy are independant of the boost 

of the scattering system in the z direction. Such a variable is then very useful for 

the description of pro cesses in hadronic colliders because, in these experiments, the 

initial z-momenta of the primary partons are unknown. It is convenient to describe 

the momentum of the final state particles in terms of the transverse momentum PT, 

Channels 

(106
) 

16 

81 

43 

3.2 

3.0 

0.1 

0.32 
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the pseudorapidity TJ and the azimuthal angle cP. Sometimes we will use directly 

the variable TJ and sometimes we will rather refer to the TJ (e) -dependent variable 

R = J TJ2 + cP2 as mentioned before. 

Note that sorne particles, such as neutrinos and SLED particles, have a vanish­

ingly small probability to interact with the detector. In principle the presence of 

such "invisible" particles can be inferred from an apparent non-conservation in the 

momentum of the observed ones. However, since we don't know the initial Pz mo­

mentum of the system, we cannot deduce the Pz momentum of these undetectable 

particles. This is a particularly important example which shows that it is better to 

use observable variables that are independent of the boost in the z direction. In such 

cases, we will refer to the missing transverse momentum (or energy). To minimize 

the background for events where FtT is present as a distinguishing feature, we need a 

maximum coverage of the detector. As we have seen in the above performance tables, 

ATLAS provides a coverage angle up to ITJI = 5 which correspond to a polar angle of 

0.19°. Particles emitted in more forward angles escape in the beam pipe. They are 

thus nearly longitudinal. Since we are interested in the transverse variables. this will 

not be of great importance for us except for very high energy jets. ATLAS therefore 

provides an approximately complete coverage. 

4.2.2 The ATLAS Inner Detector 

The task of the inner detector is to reconstruct the tracks and vertices of charged 

particles with high efficiency and to provide a measurement of their momenta. l t 

will also contribute to the identification of electrons, photons and muons and supply 

an important extra signature for short-lived particle decay vertices. It finally has a 

role to play in the tagging of b-jets, which is important in the b and top physics 

studies. It should therefore make many precise measurements of the positions of 

these particles along their tracks. In order to easily reconstruct tracks from these 

points, the individu al active elements must detect particles with high efficiency, .'-TPt 

with a minimal probability of registering an error. In addition, they must have high 

granularity with a low average occupancy, so that a particular hit pattern can be 
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efficiently reconstructed into tracks. All this derives from the performance criteria of 

table 4.3. 

Pixels 

Barrel 
patch 

seT 
Figure 4.6: Cut-away view of the ATLAS inner detector. 

To meet these requirements, the design of the inner detector combines three dif­

ferent subsystems, Ct::> shown on figure 4.6, inside a 2 Tesla solenoidal B field directed 

along the beam axis (to bend the tracks of charged particles according to their mo­

menta in the transverse direction). These are, from the innermost layer out: 

• the pixel detector: high-precision and very fine granularity (140 M channels) 

layers of silicon detectors nearest the interaction point; 

• the semiconductor tracker (SCT): 4 double layers of silicon microstrip precision 

detectors; 

• the transition radiation tracker (TRT): agas filled straw tube tracker which 

contains a wire under high voltage thus creating a radial electric field in which 

the particles ionized in the gas by the so detected charged particle will drift to 

be collected at the wire. 
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The pixel and SeT subsystems allow the track origins to be reconstructed and 

secondary decays to be found, while the TRT gives an excellent pattern recognition 

from a continuous measurement of the tracks and allows the electrons to be identified 

by their characteristic transition radiation. The combined system gives a momentum 

resolution of about 30% for track with a PT of 500 GeV (recall that the curvature 

radius of a particle moving in an orthogonal B field is proportional to the momen­

tum of this particle. Using this curvature to measure the momentum, the precision 

is therefore poorer for higher momentum tracks). This is supplemented by the en­

ergy measurement in the calorimeters. The curvature measurement also ensures an 

identification of the charge sign for particles of higher energy, allowing detailed mea­

surements of vector boson decays, for example. Finally, these measurements allow 

50% of b-jets to be identified while reducing the background from light-quark jets by 

a factor> 70. 

Note that this design faces two constraints. First, the number of precision layers is 

a compromise between the competing demands of precise track-finding and accurate 

energy measurement. In fact, each additionallayer increases the material between the 

interaction point and the calorimeter and so degrades the calorimeter performance. 

Second, the components must be able to tolerate and operate in the high-radiation 

environment. These complementary technologies therefore give an excellent perfor­

mance for physics channels of interest. 

4.2.3 ATLAS calorimetry 

ATLAS calorimeters are designed to provide fast signaIs used to decide whether to 

read out the detector or not (known as triggering) and to provide precision energy 

measurements of electrons, photons, jets and missing transverse energy. Another 

design requirement is the ability to separate different types of particles based on the 

shape and the structure of the showers developed in the calorimeter. In fact, high 

energy electrons and photons incident upon matter initiate particles cascade from 

pair production Cr' -+ e+e-) and bremsstrahlung (e -+ eÎ) due to the electric field of 

the matter nucleons close to which they pass. This will develop a shower. Having a 
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shape characterized longitudinally by the radiation length (Xo) of the material and 

by narrow transverse profiles. Similarly, particle cascades are produced when high 

energy hadrons interact with dense material, where multiplication occurs through 

a succession of inelastic hadronic-nuclear interactions. Such showers will involve a 

larger lateral spread than the purely electromagnetic case. Because of this difference 

between the electronic and hadronic calorimetry, two different systems using different 

types of calorimetry technology are used in ATLAS: liquid argon calorimeters and 

scintillating plates. The various ATLAS calorimeters are presented in the figure 4.7 

H,'.ulfonic LAr End C.'lp 
C<:l!mirneter~ 

E.M Accordion 
i 

~nr"1~·~d l,.o.r 
C:;Il)rINH':"'I'; 

Figure 4.7: Cut-away view of the ATLAS calorimetry. 

The electromagnetic calorimeter uses lead as an absorber and liquid argon as active 

material. The lead plates are bent into an "accordion" shape which allows readout 

towers to point toward the interaction region. A major advantage of this design is 

that it allows calorimeter readout with minimal de ad space (ie. it is hermetic!). This 

sub-detector is divided into three longitudinal sections. The first one serves as a pre­

sampler. It is used for discrimination between gammas and narrow hadronic jets. In 

fact, since the shower from photons tend to start farther (after the first pair produc­

tion interaction) jets constitute an important background, when misidentified, to the 
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study of the pro cess h -+ rr, for example, of great interests for our analysis. The 

complete EM calorimeter allows to find the interaction point by providing information 

needed to reconstruct the directions of photons. 

The hadronic barrel calorimeter uses iron as absorber while the active material 

is constituted of plastic scintillating tiles aligned with the particles direction. This 

design allows hadronic showers to be measured (sampled) in a homogeneous manner. 

Rowever, the hadronic end-cap calorimeter uses a different technology than the one 

used for the hadronic barrel because radiation damage would severely degrade the 

scintillators. It thus uses parallel plate copper and liquid argon technology. This also 

contains the absorption of hadronic shower in a limited volume. 

Finally, a forward calorimeter will be installed to reduce the uncertainty on miss­

ing transverse energy and to provide better detection of jets in the forward region. 

This ensures good coverage in 1171 from 3 to 5. This subdector, composed of three 

longitudinal sections, uses a structure of rods and tubes to create very thin cylindrical 

gaps filled with liquid argon. The first section is made of copper, but the two others 

are made of a very dense material to contain the showers longitudinally and later­

ally: tungsten. Considering the entire calorimetry at ATLAS, it is estimated that the 

overall missing transverse energy resolution will be rI(J ~ vi 0.48
G 

y' where the sum 
T L ET/ :Te 1 

is taken over the transverse energy in aIl the calorimeters. Other specifications of the 

calorimeters are summarized in table 4.2 

4.2.4 ATLAS Muon system 

The quality of the muon measurements has been one of the guiding design criterion 

for the ATLAS experiment. In fact, high momentum final state muons are among 

the most promising and robust signatures of physics at the LRC [52]. On this basis, 

ATLAS has decided to use a high resolution muon spectrometer, independent of 

the inner detector, which can provide muon momentum measurements over a wide 

range of transverse momenta (from 5 Ge V to ,......, 1 Te V) and a good angular coverage 

(1171 < 2.5). It also has a fundamental role to play in the triggering. This system 

uses three layers of MDT chambers (Monitored Drift Tubes) to achieve precision 
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measurements of muon tracks in the central region (1'1]1 < 1.5) and CSC proportional 

chambers (Cathode Strip Chambers) in end-cap regions. There are separate sets 

of chambers employed for triggering. AU this is set in a magnetic field of 4 Teslas 

generated by 8 superconducting coils of 25 met ers long each. 

4.2.5 Trigger 

In total,. the ATLAS detector has more than 108 electronic channels. This would 

amount to an output of about 40 terabytes of data per second, the storage of which 

would be clearly unmanageable. Most of the information will come from QCD noise, 

due to high energy proton collisions, which is not of much interest in the search for new 

physics. Efficient event selection will therefore be extremely important. We require 

a rejection factor of nearly 107 while, at the same time, maintaining good efficiency 
\ 

for rare new physics phenomena. This is the capital task of a trigger system. 

The ATLAS trigger system is based on three levels of selection. Figure 4.8 presents 

the architecture scheme of such a trigger system. Each subsequent level faces a lower 

event rate, and so can afford a higher level of sophistication per event. These levels 

are: 

• Level 1: 

The level 1 works for each proton-proton collision, ie at a rate of 40 MHz. It 

makes use of information coming from muon chambers and calorimeters. It 

must take a decision within 2 ILS. During that time, events will be kept in 

"pipeline" memory. This trigger level is expected to reduce the rate of poten­

tially interesting events to 100 kHz. 

• Level2: 

The level 2 trigger must reduce the acceptance from 100 to 1 KHz. It will 

organize the information in "Region Of Interest" (ROI) and will select events 

which have jets and electrons. It must pro cess the data within 10 ms. 

• Level 3: 

The third and last level, also called the "event filter", will provide a complete 
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event reconstruction in 1 second. The output rate expected will be of about 

100 Hz. 

This will leave us with still 1 Petabyte (a million of Gigabytes) of raw data each 

year. A powerful grid network is un der study to analyze and store this enormous 

quantity of information. 

Interaction rate 
-1 GHz 

Bunch crossing 
rate 40 MHz 

LEVEL 1 
TRIGGER 

< 75 (100) kHz 

Regions of Interest 

LEVEL 2 
TRIGGER 

-1 kHz 

EVENT FIL TER 

-100Hz 

MUON TRACKING 

.---'--.., ,---L..---, r-''--..., Readout drivers 
'--.,--.... ... ~----' "---,;--... (RODs) 

Data recording 

Full-event buffers 
and 

processor sub-farms 

Figure 4.8: Architecture of the three level trigger system of ATLAS. 
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PHENOMENOLOGICAL ANALYSIS 

So far, we have calculated the total cross section for the production of a bulk scalar in 

association with a jet, or in association with a Higgs boson that further disintegrates 

in two photons. We have then seen that the experimental signal for such pro cesses 

is jets plus missing transverse energy or two photons plus missing transverse energy. 

However, in both cases, these cross sections were given as functions of free param­

eters: gluon-scalar dimensionless coupling c, fermion-scalar dimensionless coupling 

g, fundamental Planck scale MD and dimensionless Higgs-scalar coupling a. If we 

knew the theoretical value of these parameters, we would be able to say whether or 

not we expect such signaIs at the LHC. But in our analysis we preferred to stay as 

general as possible, not favoring any given model (remember that in the SLED pro­

posaI, no explicit complete model exists, nor the specifie properties of the bulk scalar 

predicted). Our phenomenological task is thus to use the general physical predictions 

computed in chapter 2 to determine the ATLAS sensitivity to each of the free param­

eters controlling the interaction of a generic effective bulk scalar with Standard Model 

particles. This will therefore permit to evaluate the parameter space in which SLED 

predictions can be reliably tested at the LHC by these channels. If, later on, one 

provides us with a specific model of a bulk scalar interacting with Standard Model 

modes, our analysis will then allow to determine if this particular theory is testable 

or not at ATLAS. 

Now, sin ce we don't have real experimental data yet, how can we determine the 

sensitivity of ATLAS to any physical pro cess? The approach will be a "phenomeno­

logical analysis" which consists in simulating the signal of interest in the ATLAS 
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experimental environment and finding observable criteria that would aIlow one to 

distinguish this signal from an the anticipated background events. Given a specifie 

criterion for claiming a discovery, we can determine for what values of the free theo­

retical parameters such discovery will be possible. 

We saw in the previous chapter that the LHC and ATLAS detector are designed 

(and under construction) and that the expected performance has been evaluated. To 

make these predictions, the ATLAS designers have made use of weIl known models 

of interactions of particles with matter to simulate, given the chosen detector design. 

the signaIs in ATLAS of aIl the known particles at various energies and angles. Here 

we will take as input particles produced in our pro cesses of interest, and account for 

detector effects in the simulation of our processes. Of course, we will also simulate 

the background events in such a way that our phenomenological analysis will be a 

true estimate of what the real experiment will be. 

Before studying the pro cesses pp -+ jet + 1,lT and pp -+ Il + 1,lT in detail. let us 

state more technically what our simulation procedure involves. 

5.1 Simulations 

The complete simulation procedure is performed in three specifie steps. The first one 

is the generation. This step has been described in chapter 2. We have seen there 

that it consists in using Monte Carlo techniques to randomly choose points in t IH' 

phase space volume specified by the integration limits computed analytically and in 

evaluating, for each of the selected points, the differential cross section of the process 

(defining weights) and the 4-vectors describing this event. The generator program, 

PYTHIA in our case, will then accept or reject events according to their respective 

weights. The generating step provides us with a set of four-vectors and of particle 

labels that correspond to the theoretical final state. This will be the input of the 

detector simulation, as we mentioned above. Note that a generator like PYTHIA 

does not only compute the total cross section (numerical integration) and sort events 

according to their weight but it also [49]: 
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computes the structure functions used in the numerical integration; 

pro duces the Initial State Radiation (ISR) and Final State Radiation (FSR), 

performs hadronization and fragmentation processes, 

decays short-lived unstable final state particles (Higgs, etc), 

provides statistics on generation and events history. 

We properly assigned parton fiavors to each event according to the CTEQ 5L 

parton distribution function [58] evaluated at the renormalization scale Q2 = ~M;+p~ 
in the case of the jets + J;lT analysis and Q2 = ~ (m~ + M;) + p~ for the the Il + J;lT 

one. We then applied the appropriate color fiow between the partons following the 

"Les Houches accord" [workshop on physics at TeV colliders, Les Houches 2001]. This 

is essential, if PYTHIA is to perform properly the hadronization. 

The second step is the simulation itself. It consists in passing the PYTHIA gener­

ator output to a fast ATLAS detector simulator code that will, among other things, 

account for most important detector effects and provide [59]: 

jet reconstruction in the calorimeter; 

momentumj energy smearing for leptons and photons; 

magnetic field effects; 

missing transverse energy due to the detector resolution; 

list of reconstructed charged tracks; 

definition of isolated leptons and photons; 

response to the triggering. 

Although a complete and full ATLAS simulation using GEANT 4 exists, it requires 

enormous computing time and the reconstruction algorithms are not yet complete and 
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debugged. For the sake of our analysis, we are not very sensitive to a detailed account 

of detector effects. We use a fast simulation program of the ATLAS detector, called 

ATLFAST [59], to carry out the enumerated tasks. 

The last step is the reconstruction. We can see from the enumeration above that 

ATLFAST performs this step to a large extent. Another program, called ATLFAST­

B, completes the job by providing useful routines which: 

randomly simulates b-tagging of jets labelled by ATLFAST; 

gives a PT dependent recalibration of jet energies; 

randomly simulates r-tagging and r-veto. 

However the efficiencies for rejection of l/jet, I/lepton and jet/lepton are not yet 

implemented and must be introduced by hand in any analysis. 

We are now ready to summarize our detailed analysis and their results. 

5.2 jet+bulk scalar signal 

The first thing to dG before starting the complete analysis1 on the sensitivity limits of 

ATLAS to the free parameters of our effective theory is to quickly check if there are 

at least few relevant values of these free parameters that can provide a possible signal 

protruding out of the backgrounds. These values will then serve as a reference case 

for running the programs. To this end, a useful choice would be a set of couplings 

for which the low-energy approximation applies (see sect. 3.2.3) and for which the 

proton-proton cross section would be of the same size as the cross section requin-'cI' 

for a 50" discovery of the graviton production (as evaluated by[50]). The reference 

dimensionless effective couplings, when Peut = 500 GeV, MD = 5 TeV and for n = 2 

extra dimensions, have been evaluated to be 9 ~ 0.70 or c ~ 0.41. These couplings are 

reasonable from the point of view of the effective theory because the 9 and C obtained 

IThe analysis and the results that l will present in this section have been published in [43]. A full 

simulation analysis based on my work has been done by Ola Oye and have been published as an 

ATLAS note [57]. !ts results confirm my analysis. 
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in this way are smaller than unity. Notice that the existence of such couplings shows 

that there exist scenarios for which the bulk scalar production would be as important 

as graviton production, proving therefore that they can compete. 

Note finally that the following analysis is independent of this choice of reference 

values. This will become evident later on. 

5.2.1 Standard Madel Backgrounds 

As we mentioned before, if bulk scalars are produced in association with a jet in 

proton collisions, the events can be found by searching for a jet plus missing energy: 

pp -7 jet+J;lT. The Standard Model background to this pro cess originates from events 

having neutrinos in the final state. The principal backgrounds of this type and their 

cross-section in the phase space regions ET,~~t > 500 Ge V and ET,~~t > 1000 Ge V are 

given, following ref. [50], in Table 5.1. For comparison, the bulk scalar production 

cross section using our reference couplings - 2 extra dimensions, MD = 5 TeV, 

ET.j~t = 500 GeV and (c, g) = (0.41,0.70) - is a = 156 fb. 

Pro cesses cross-section (fb) 

500 GeV 1000 GeV 

pp -7jet+Z( -7 llll) 278 6.21 

pp -7jet+W(-7 elle) 364 8.57 

pp -7jet+W(-7 fJll,J 364 8.51 

pp -7jet+VlT(-7 TllT) 363 8.50 

Table 5.1: S.M. backgrounds to the bulk scalar production at ATLAS and their cross section for 
different phase space volume. 

5.2.2 Analysis 

We now determine a set of experimental cuts which will allow us to find the minimum 

values of 9 and c for which a 5a discovery is possible. These cuts will apply to jets and 

leptons. In the ATLAS detector, leptons are detected if they are emitted in the range 

of pseudorapidity -2.5 < 'T} < 2.5. Because, in general, a particle (a cluster in the 
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E.M. calorimeter) will hit many detector cells, leptons will be defined as isolated if the 

energy deposited by other particles in a cone of radius .6.R = J (.6.<jJ)2 + (.6.rJ)2 < 0.4 

is less that 10 GeV. For jet reconstruction, we also use a cone algorithm with a cone 

radius .6.R = J(.6.<jJ)2 + (.6.rJ)2 = 0.4. With these conditions of reconstruction, we 

impose the following two cuts: 

As a first cut we require: 

eut 1: No isolated lepton (electron or muon) with PT > 6 GeV is allowed 

in the event. 

This eliminates most of the W -+ eVe and W -+ jJv/t events, leaving only those 

for which the leptons are not properly reconstructed in the detector. It does not 

eliminate events like W -+ TVT in which the T decays hadronically. However, in this 

case we expect to also have an energetic low-multiplicity jet which is opposite, in the 

azimuthal plane, to the principal jet. We see in Fig. 5.1 that a eut on the difference 

in azimuthal angles between the two most energetie jets ean eliminate a significant 

fraction of this T background. 
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Figure 5.1: Distribution of the difference in the azimuthal angle between the two most energetic jets 
of an event for: (top) each of the backgrounds; (bottom) the signal and the total background on top 
of it. 

We therefore impose the second eut: 
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eut 2: We keep only events for which l<pi! - <Phi < 2.285 radians. 

This cut is chosen to maximize the significance of the remaining signal as can be seen 

on figure 5 
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Figure 5.2: Signifieance of the signal for different values of eut 2 

Fig. 5.3 shows the relative contribution of each process to the total background. 

After the above cuts have been applied, the most important background remaining 

is pp -+ jetZ -+ jet vv. Table 5.2 makes this more explicit, by breaking down the 

background and comparing the number of events to those of the signal after each 

cut is applied in succession, assuming an integrated luminosity of 100 fb-l- which 

corresponds to one year's running at the nominal LHC luminosity. We therefore 

expect a total of 36700 background events to remain after cuts. 

ls this good enough? We estimate the number of signal events required for a 50' 

disC'overy using the following significance criterion: 

S 
J > 5, S+B 

(5.1) 

where Sand B are respectively the number of signal and background events. For this 

level of background, we have a 50' discovery if more than 970 bulk scalar events are 
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Proeesses EFin > 500Ge V # events after eut 1 # events after eut 2 

jet+Z( -+ lIlI) 27760 27100 24940 

jet+W( -+ elle) 36420 5224 1430 

jet+ W (-+ fJlIl1) 36370 957 866 

jet+W (-+ TlIr ) 36330 24600 9459 

jet+bulk sealar 30960 30090 27720 

Table 5.2: Number of signal (MD = 5 TeV, n = 2, 9 = 0.70 and c = 0.41) and background events 
that survive each cut for an integrated luminosity of 100 fb-l. The cuts are defined in the text. 
Remember finally that the value of the coupling constants has each been chosen for rough comparison 
with the graviton production and are independent of the 5a reach of the bulk scalar production. 

-:0 - je:+Z(vv) 
Ci .- ~e:+w~;II~) ;:> ....... Je:+W f.lll,,) - jet+W(ev.) 

600 800 1000 1200 1400 1600 1800 

E~m,ss 

Figure 5.3: Contributions of different pro cesses to the total background after application of the cuts, 
for an integrated luminosity of 100 fb-l. 
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detected, i. e. if the total cross section for the process is: O"(pp --+ jet + qy) > 10.9 fb. 

In terms of the effective couplings (g and c) this corresponds for n = 2 to: 

g>0.18Tey-l if c=O, (5.2) 

or 

c> 3.2 X 10-2 Tey-2 if 9 = O. (5.3) 

Fig. 5.4 plots the number of events as a function of missing energy, for two choices 

of couplings. The choice in the bottom panel corresponds to the 50" discovery limit, 

and shows that the discovery would be due to an excess of events in the distribution 

of missing transverse energy at high energies. 
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Notice that the cross section required for discovery is determined by the back­

ground rate and so is the same for any choice for n, the number of extra-dimensions. 

In fact, as can be seen in eq. 3.25, the i and û dependence of the cross section does not 

depend on the number of extra dimensions. Only the effective coupling constants and 

the energy dependence depend on n, through the overall factor (M2 )(n-2)/2. Since 

the angular distribution depends only on i and û, cut 2 has the same effect for all 

possible n (as does cut 1). Note finally that this also means that these numbers are 

independent of the reference coupling values that we use for running our simulation. 

as announced earlier. Let us now see what this analysis implies. 

5.2.3 Results 

We now turn to the central question: what range of effective couplings is likely to be 

detectable at the LRe? The following results will consider different possibilities for 

the number n of extra dimensions and will thus apply for a general LED scenario with 

supersymmetry in the bulk. We must however keep in mind that it is only n = 2 that 

pro vides a framework in which we can build a solution to the cosmological constant 

problem. We will, in any case, see that the case n = 2 yields a stronger signal, and 

therefore SLED will constitute a good motivation for testing our predictions. Let us 

first discuss about the free coupling constants 9 and c. 

We have seen that any determination of the reach of the LRe must be made 

relative to a choice for ET,;~t = Peut, since this plays a role in the reliability of the 

entire theoretical calculation. From Fig. 3.4 we see that the choice ET,;~t = 500 Ge V 

implies that the cross-section is sensitive to high-energy parton pro cesses at less than 

the 10% level, provided MD ~ Mf)in, where Mf)in = 3.60, 4.30, 4.85 and 5.70 TeV 

for n = 2, 3, 4 and 6 extra dimensions respectively. Given the value for Mf)in we 

then determine what values of dimensionless couplings produce an observably large 

cross section (i. e. (/ > 10.9 fb). 

In fact, suppose (g~~~, c~~~) are a pair of dimensionful couplings which each by itself 

produces a 5(/ signal (in n extra-dimensions) above the Standard Model background. 

Remembering how we defined the dimensionless free 9 and c couplings at section 3.1.2 
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we then have that the LHC can detect couplings which lie in the intervals 

1 > > _(n)(~in)n/2 
rv 9 gobs D if c = 0 

or 

1 > c > cJn)(~in)l+n/2 if 9 = O. 
rv obs D 

The upper limit in these inequalities expresses the theoretical criterion that the cal­

culation only makes sense for experimental energies below the cut-off scale AfIJin. 

Fig. 5.5 shows the couplings which are accessible if both c and gare simultaneously 

nonzero. The shaded regions indicate the range of couplings which are too small 

to have detectable effects for various choiees of the dimension n. The potentially 

observationally-interesting couplings are those which lie outside the ellipses, but inside 

the box defined by c < 1 and 9 < 1. (Recall that, since only c2 and g2 enter into 

the cross sections, these plots should be interpreted as constraints on Ici and Igl.) So, 

if a particular SLED model (n = 2) predicts values of eouplings in these ranges, for 

example if such a model predicts 9 = 0.62 and c = 0.15. our result says that ATLAS 

will be able to test the SLED hypothesis sinee this point in paralllPter spaee is outside 

the n = 2 excluded region of our graph). 

The constraints on the couplings depend on the number of dimensions n, fewer 

dimensions allowing better reach. If n = 2, couplings outside the innermost region 

are potentially detectable. For n = 3 detectable eouplings must lie outside the next­

to-innermost region. Detection for the case n=4 is unlikely for the dimensionless 

constant 9 in the limit of small c, but is possible if c is also nonzero. For more then 

6 extra dimensions, detection of any signal is unlikely sinee the minimum value of 

coupling needed for a discovery wh en n = 6 is (c, g) = (0.9,3.3). Any coupling in this 

region is far enough from the limits of validity of the calculation to be reliable. The 

n = 2 requirement of SLED therefore encourages us since we are sensitive to a large 

range of parameters for a bulk scalar at LHC. 

An alternative way of expressing the potential ATLAS reach for a bulk scalar 
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signal is in terms of the value of the fundamental Planck scale to which the detector 

might be sensitive. It is bounded on the low side by the requirement that the effective 

theory be a good approximation, and on the high side by the condition that the signal 

be detectable. Defining the effective upper limit by 

M7}ax = (2/T) n+2 X min g~~~ ,c~~~ , n [() -2/n ( ) -2/(n+2)] (5.4) 

there are prospects for detection when MJ'jin ;S MJ'jax. Table 5.3 summarizes these 

results, with MJ'jax calculated using the worst case: c = o. 

1 ndim 1 MJ'jin (Te V) 1 MJ'jax (Te V) 1 

2 3.2 14.00 

3 3.8 6.45 

4 4.4 1.45 

Table 5.3: Sensitivity of the ATLAS detector to the fundamental Planck scale MD through the 
discovery of a bulk scalar signal, for c = 0 and for an integrated luminosity of 100 fb-l. For n ~ 4, 
observation of a signal is not possible. 

In the more optimistic limit 9 = 0, the maximum value of the fundamental Planck 

mass to which the ATLAS detector is sensitive increases from 6.45 to 9.50 TeV wh en 

n = 3, and from 1.45 to 7.55 when n = 4. These results are summarized in Table 5.4. 

We find again that n = 6 is the limiting case sinee for 9 = 0, we have M[}ax = 5.8 

TeV ~ M[}in = 5.7 TeV. From these two tables we also verify that SLED is testable 

with ATLAS. As we mentioned in chapter 1 that it requires MD ;(, 10 TeV, and we 

see here that ATLAS is sensitive to bulk scalars up to MD rv 14 TeV. 

A comparison of these results with those obtained from graviton emission [50] is 

also instructive, although some care must be taken in so doing because the graviton 

results were obtained using a more restrictive phase-space cut (EFin > 1 TeV) , a 

different criterion for defining the validity region of the model and with a more COI1-

servative statistical estimator (S > V7B). Tables 5.5 and 5.6 compare the sensitivity 

of ATLAS to MD as computed using bulk scalar and graviton production, using these 
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1 ndim 1 M[)in (Te V) 1 M[)ax (Te V) 1 

2 3.60 14.10 

3 4.30 9.50 

4 4.85 7.55 

6 5.70 5.80 

Table 5.4: Sensitivity of the ATLAS detector to the fundamental Planck scale MD through the 
discovery of a bulk scalar signal, for 9 = 0 and for an integrated luminosity of 100 fu-l. For n ~ 6, 
observation of a signal is possible. 

more conservative criteria. The two tables differ in their choice of either 9 = 0 or 

c = o. 
Table 5.5 also shows the existing non-accelerator limits on MD, taken from ref. [60] 

(see also [33]). Unlike the situation for gravitons (which couple universally) these 

astrophysical bounds are more model-dependent when applied to bulk scalars because 

they relate the couplings of KK modes to electrons and photons, and so need not 

directly apply to the gluon and quark couplings of most interest for colliders. 

c=O Gr:witon Bulk Scalar limit from Astrophysics 

Mmin 
D 

Mmax 
D 

Mmin 
D 

Mmax 
D M[)in (A) M[)in (B) 

n=2 rv4.0 TeV 7.5 TeV 4.35 TeV 5.45 TeV 0(90) TeV rv 10 TeV 

n=3 rv4.5 5.9 4.85 3.65 5.0 0.8 

n=4 rv5.0 5.3 5.35 3.20 ;S4 ;S1 

Table 5.5: With c=O: comparison of the sensitivity of ATLAS to MD for bulk scalar and graviton 
signaIs under the conditions E:;in > 1 Te V, k and with indirect constraints from cosmology. The 
integrated luminosity is 100 fu-l. For n ~ 3, observation of a bulk scalar signal is not possible 
since MEin > MEux. For the cosmology bounds, Scenario A means limits to neutron star heating 
by KK-decays, while scenario B corresponds to bounds from the cooling of SN1987 A by KK-modes 
emission. 

We see that the scenario where 9 --7 0 gives the best case for detection, competitive 

with the graviton result, and that accelerator experiments are most sensitive to lower 

n. Although these tables indicate that for quark couplings the limits obtained may 
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g=O Graviton Bulk Scalar 

Mmin 
D 

Mmax 
D 

Mmin 
D 

Mmax 
D 

n=2 rv4.0 TeV 7.5 TeV 4.65 TeV 10.20 TeV 

n=3 rv4.5 5.9 5.15 7.75 

n=4 rv5.0 5.3 5.60 6.50 

Table 5.6: With g=O: comparison of the sensitivity of ATLAS to MD for bulk scalar and graviton 
signals under the conditions E'Tin > 1 Te V, fiE and with indirect constraints from cosmology. The 

integrated luminosity is 100 fu-l. For n :::; 4, observation of a bulk scalar signal is possible. 

be lower than the non-accelerator bounds, this is not alarming for SLED because of 

the model-dependence discussed above (see also sect. 2.4.4 for a discussion on this). 

The difference between the cases c = 0 and 9 = 0 shows that ATLAS is likely 

to be only weakly sensitive to the bulk scalar Yukawa couplings (especially keeping 

in mind these are naturally expected to be at most of order v / MD, as explained in 

chapter 2), and a discovery is more likely to come from gluon-bulk scalar couplings. 

However, once a signal is seen we are unlikely to be able to decide directly on the 

relative importance between 9 and c. Therefore, even if the discovery of a significant 

bulk scalar signal at ATLAS should turn out to be possible, it may be impossible to 

completely determine its couplings. 

5.2.4 Graviton-Bulk Scalar Confusion 

Should a missing-energy signal be seen at the LHC, how does one tell if it is due to 

gravitons or bulk scalars? We do not yet see a way to do so, despite the difference in 

their spins, for the following reasons: 

• The bulk scalar production cross-section has an energy dependence which is. 

similar to the graviton one, precluding the use of PT,jeh.!;lT or any other function 

of energy to discriminate the two . 

• Parton-Ievel discriminants are not likely to be of practical use, because the 

center of mass energy of the hard scattering is not known in a pp collider such 
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as the LRe. Furthermore, the final state we consider consists of a single jet and 

missing transverse energy, so it is not possible to reconstruct the longitudinal 

component of momentum of the system of interacting partons, nor the angular 

distribution in the center of mass, nor the forward-backward asymmetry. Even if 

this were possible, we have checked that the discrimination between the shapes 

of the bulk scalar and graviton differential cross sections is difficult even at the 

purely theoretical parton level. Only gluon fusion pro cesses lead to a small 

difference. 

It is therefore important to find a way to prove or disprove the SLED scenario. 

If we adopt the LED perspective, we have the freedom to choose the value of the 

fundamental Planck scale MD. The model is unpredictive in this regard because 

nothing in the theory favors a specifie value of MD and if, after the test of experiment, 

we do not find a LED signal, we will have the freedom to say that MD is beyond 

the scope of this particular experiment, making it impossible, therefore, to falsify the 

theory. This is a real disadvantage. In fact, nothing, a priori, precludes the possibility 

of bulk supersymmetries. On the contrary, since LED is a string inspired theory and 

that string theories are supersymmetric, we can indeed expect that the bulk space 

would also be supersymmetric. If it is the case, there is a strong possibility for bulk 

scalar or other bulk degrees of freedom to couple to brane particles similarly to the 

graviton. Since, as we just mentioned, we cannot distinguish the graviton from other 

bulk fields, considering only the possibility of such couplings is sufficient to prevent 

us f~om making any conclusion about the value of MD, even if we detect a signal. 

On the other hand, the SLED proposaI allows a limited range of values for MD. 

Thus, even if we cannot distinguish the graviton from a bulk scalar, we can predict the 

production rate for the graviton for n = 2 and an excess in the number of measured 

events will thus be due to other bulks particles. We can therefore clearly predict and 

test properties of SLED models but not those of LED alone (for which we can just 

say if there is a signal or not). 
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5.2.5 Summary and Conclusions on the jet+IJT signal 

We have computed the rate for the production of extra-dimensional scalars in pp 

collisions. Such particles arise in virtually aIl supersymmetric higher-dimensional 

theories. We saw however that aIl our general predictions are better motivated in 

the more predictive SLED scenario. Moreover, we saw that this scenario allows for 

the widest range of discovery for a bulk scalar with the ATLAS detector. We find 

that the cross sections for the reaction pp -+ ~ + jet are similar in size and shape 

to those for graviton production, although the competing non-accelerator constraints 

on the couplings can differ because bulk sc al ars need not couple universally (unlike 

gravitons). We used simulation codes tailored to the ATLAS detector, and conclude 

that ATLAS can be sensitive to bulk scalar couplings, provided there are less than 

6 extra dimensions. The sensitivity improves with fewer dimensions and is maxi­

mal for SLED predictions (specification of LED possibilities). Nontrivial windows of 

opportunity can be consistent with aIl bounds, therefore providing SLED with real 

possibilities of testing. 

GenericaIly, pp collisions are more sensitive to bulk scalar couplings to gluons 

than they are to c01lplings to quarks. Both couplings are considered in our analysis, 

and we find that observable quark couplings often push the limits of validity of the 

effecti ve-field- theory description. 

We are now ready to study a bulk scalar signal emitted from a Higgs. 

5.3 Higgs+bulk scalar signal 

There is another free parameter of our theory, mentioned at the beginning of this 

chapter, for which we want to fix the sensitivity range of the ATLAS detector: the 

dimensionless coupling a of a Higgs partic1e to a bulk scalar. This is a c1ear signal of 

SLED that does not exist for the graviton and that must dominate the previous signal. 

It is therefore of great importance to study it for establishing a test of this proposaI. 

We will also see in the following analysis1 that such a signal could be of great help 

IThe analysis and the results that l will present in this section have been published in [44] 
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in fin ding the Higgs boson itself. We will thus devote the rest of the chapter to this 

important SLED channel. Note that because the hhcjJ coupling is dimensionless when 

n = 2, this analysis differs from the previous one not only for the pro cesses considered 

but also because it does not depend on the scale MD. 

5.3.1 Standard Madel Backgrounds 

Since the bulk scalar, qy, radiated by the Higgs would quickly escape into the extra di­

mensions, it should escape detection. The observed process is therefore pp --+ II with 

missing energy in the final state, and some backgrounds are the usual ones for the 

pro cess pp --+ h --+ II. As discussed in [52] these come in two types. First, there is an 

irreducible background consisting of genuine photon pairs produced by the Born pro­

cess (qij --+ II), by the box diagram pro cess (gg --+ II) and by quark bremsstrahlung 

(qg --+ ql --+ qll) as we can see on figure 5.6. Second there is also the reducible 

background - consisting of QCD jet-jet or I-jet events - in which one or both jets 

are misidentified as photons [52]. These two sources of background are comparable 

in size, even though the reducible backgrounds have huge cross-sections compared to 

the irreducible ones. This is because there are compensating large rejection factors, 

thanks to the efficient photon/jet discrimination which is expected for ATLAS. These 

rejection factors have been evaluated to be 2 x 107 or 8 x 103 respectively, for jet-jet 

and I-jet backgrounds. Once this rejection efficiency is included, the reducible back­

ground events number about 20% of the expected number of irreducible background 

events. 

To the above backgrounds, we add pro cesses with much lower cross sections, but 

which include neutrinos in the final state. In particular, we consider the associated 

production pro cesses Zh --+ VVII, Wh --+ eV II and tlh --+ WWbb where at least 

one of the Ws decay leptonically, with h --+ II. These backgrounds will be the most 

difficult one to eliminate, but their small production rate will preclude them from 

contributing significantly to the total background. Note however, that these events 

can themselves be considered as a significant SM signal for the SM Higgs search with 
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the ATLAS detector at the LRe1 . We also take into account the processes Z"n, Z-+ 

vD and W Il, W -+ ev which can also mimic the signal. All the backgrounds were 

generated with PYTRIA. For the cases of Z" and W Il, we simulated the pro cesses 

Z, and W
" 

with the second 1 arising from initial or final state radiation. A PT cut 

of 35 Ge V was applied in these cases. 

Processes cross-section (pb) N umber of events 

PP -+ Il (Born) 56.2 5.62 x 106 

PP -+ Il (box) 49.0 4.90 x 106 

PP -+jet+jet 4.9 x 108 2.50 X 106 

PP -+jet+, 1.2 x 105 1.50 X 106 

PP -+ h -+ Il 4.63 x 10-2 4630 

PP -+ Zh, Wh, tth 

Z -+ vD, W -+ ev, h -+ Il 2.5 x 10-3 250 

PP -+ Z,; Z -+ vD 3.3 3.3 x 105 

PP -+ W , ; W -+ ev 5.6 5.6 x 105 

Table 5.7: SM backgrounds to the production of bulk scalars in association with the Higgs at ATLAS. 
their cross section (for an ETut of 23 GeV) and the total number of events expected at ATLAS for 
an integrated luminosity of 100 fb-l (after application of rejection factors). 

Table 5.7 shows the cross-sections and the total number of events expected after 

the application of the above-mentioned rejection factors, for each background pro­

cess. The table assumes an integrated luminosity of 100 fb-l. Notice that a further 

reduction factor of around 80% for each photon must also be applied in addition duC' 

to the expected reconstruction efficiency of photons. Finally, following ref. [52], we 

incorporate the quark bremsstrahlung pro cess in the simulation by scaling the two 

other irreducible backgrounds by 50% of the combined Born plus box contribution, 

after having applied isolation cuts in ATLFAST. 

1 Such a measurement can be useful in determining the strength of the Higgs coupling to gauge bosons. 

We completed this SM analysis and obtained a significance of 8.50' for a Higgs mass of 120 GeV and 

a cut of 66 GeV in~T. We presented our result in an ATLAS note [45]. 
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5.3.2 Analysis 

We now describe a set of cuts which can be used to isolate those pp -+ Il events 

which also involve significant amounts of missing energy. We then use these cuts to 

quant if y the smallest size for a which can be expected to be detectable. 

We first establish our criteria for identifying two isolated photons. In the ATLAS 

detector, photons are detected if they are emitted with pseudorapidity in the range 

17]1 < 2.5. We consider such photons to be isolated if their transverse momentum 

satisfies Pi > 5.0 GeV, and if there is less than 10 GeV of energy deposited by all 

other particles within a cone of radius flR = J(flcp)2 + (fl7])2 < 0.4 around the 

photon of interest. 

Part of the reducible background consists of jets which are misidentified as photons, 

and so we need also define our criteria for jet reconstruction. For this we use the cone 

algorithm, with a cone radius of flR = 0.4, a pseudorapidity coverage of 5.0 and a 

minimal jet energy threshold of 10 GeV. 

The first cuts to be imposed are those which optimize the significance of the 

h -+ Il signal for the standard Higgs se arch at ATLAS, as in [52]. To this end we 

require: 

eut 1: The two photon candidates, ordered in PT, must have transverse 

momenta which are in excess of 40 and 25 GeV. (That is, we choose 

PT 2 40 GeV for photon 1 and PT 2 25 GeV for photon 2.) 

eut 2: Both photon candidates must lie in the pseudorapidity interval 

17]1 < 2.4 and have a pseudorapidity separation of at least 0.15 (b.7] > 

0.15 ): 

eut 3: The reconstructed mass of the two photons, the two jets, or the 

jet + 1 final state must have an invariant mass which is sufficiently close 

to the Higgs mass. Quantitatively, we demand: MH - l.4O"H < M-y-y < 

MH + l.4O"H, where O"H is the h -+ Il resolution quoted in table 3.2. 
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Assuming an integrated luminosity of 100 fb-l, after imposing these cuts and a 

80% efficiency for detecting each photon, we are left with a total of 45,000 background 

events, 1,500 standard h --7 TY events and 16 hZ --7 'Y'Y vv. We know that the exact 

initial number of signal events - pp --7 'Y'Y +},lT - dependents on the value of a (e.g. 

8930 events before the cut for a = 0.5). Since this coupling value is unknown, it is 

impossible to say how many events will survive the cuts. However, by studying the 

distributions, we evaluate that 38% of this initial number of signal events will be left 

after imposing the cuts (this correspond to 3393 events for a = 0.5). 

In order to decide whether the missing-energy signal can be winnowed out of 

the background, we first recall that the previous ATLAS analyses [52] indicate that 

these same cuts would permit the standard Higgs boson signal to be identified with a 

significance of 6.2 a (using S / VB as the significance criterion). After cuts, an effective 

coupling of size a = 0.5 produces roughly the same number of pp --7 hep events as 

from the Standard Model pp --7 h process, for 1TIh = 120 GeV. even if the cross 

section is somewhat lower. This is due to the fact that the final-state Higgs bosons 

are more transverse in energy, leading to a larger acceptance of photons. Therefore. 

we roughly expect couplings of this size to be detectable at the 6 (J" level given 100 

fb- 1 of data. The significance for the Higgs signal itself is t hus doubled. Since the 

hep production rate scales like a2 , a coupling a = 0.44 would correspond roughly to 

a 5 a significance. For couplings this large, roughly half of the Higgs particles art> 

produced in association with ep emission into the extra dimensions. 

This situation is illustrated in Fig. 5.7, which shows both the Standard Model and 

Higgs-<p production events as a function of the invariant mass of the two photons, 

assuming a Higgs mass of 120 GeV. The signal for Higgs-ep emission is clearly visible 

on top of the irreducible background plus the standard Higgs signal. These figures are 

also qualitatively the same as those obtained for the standard h --7 'Y'Y process alone, 

which are published in the ATLAS Detector and Physics Performance Report [52]. 

As might be expected, and as we shaH now see explicitly, those events where 

Higgses are produced in association with bulk scalars can be more efficiently identified 
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by imposing acut on the total missing energy of the event. This is shown in Fig. 5.8, 

which plots the number of background, standard Higgs and hcf; events as a function of 

the total missing energy, :t;lT' As this figure shows, very few background or standard 

Higgs events have more than 50 GeV of missing energy, while about half of the hcf; 

events do. The high energy tail in the background:t;lT distribution is due principally 

to the pro cesses Zh and Wh. 

The larger the missing energy required in the event, the more the background and 

Standard Model Higgs boson events are excluded from the event sample, but also the 

fewer hcf; events there are. Fig. 5.9 shows how this trade-off scales with the effective 

coupling a, by showing the 5 (J coupling reach which is obtained as a function of 

the size of the missing energy eut. In this figure the standard Higgs production is 

counted as part of the background when computing the significance, since our goal is 

to identify the 5(J discovery potential for the particular pro cess of Higgses produced 

in association with cf;'s. If we define a discovery signal as a sample of at least 10 

events which has significance greater than 5 (J, then the smallest coupling for which 

discovery is possible (with 100 fb- 1 of data) is a = 0.09. 

These considerations lead to the optimal missing-energy cut: 

eut 4: The missing transverse energy of the entire event must satisfy: 

:t;lT> 78 GeV. 

Imposing such a eut, 14.3 signal events are left on a total background of 8.2 events 

consisting of t'V 0 events of 'Y'Y + QCD, 8.0 events of h, Zh, Wh, tth and 0.2 events 

of Z'Y'Y and W'Y'Y. Note that systematic errors on the measurement of the:t;lT may 

be large. A proper evaluation of this uncertainty is beyond the scope of this study 

but we do not expect that it will affect significantly the main conclusions. Fig. 5.10 

shows the number of events vs invariant two-photon mass for the limiting case where 

a = 0.09. We see from this figure that even this marginal case yields a clear peak 

at the Higgs mass, leaving unambiguous evidence for Higgs production in association 

with missing energy. 

More generally, for larger values of a than the above limit, the significance for 
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discovery of the Higgs boson itself can be much improved, since the Standard Model 

backgrounds are considerably reduced. This can be seen in Fig. 5.11, which plots the 

significance of the 'Y'Y signal as a function of Higgs boson mass, for several choices 

of missing energy cut.As is clear from this figure, the curves with a nontrivial 

missing energy cut are more significant than the one with no cut, sim ply because of 

the dramatic reduction of background relative to signal which the cut allows. The 

range of Higgs masses which are accessible similarly increases, as can also be seen in 

Fig. 5.11, by cutting on :!;lT' For instance, while the mass range accessible with no cut 

is 105 GeV < mh < 145 GeV, this is extended to 60 GeV < mh < 180 GeV or more 

once cuts are applied. This figure assumes a = 0.5, but other values of the coupling 

are easily incorporated using the result that the missing-energy cross section scales 

as a2 . 

We note in passing that the existence of a perturbative anomalous coupling. 

eq. 3.15 should not invalidate the earlier LEP searches for a Standard Model Higgs. 

On the other hand, this coupling should enhance the number of events found when 

searching with the Standard Model channel e+ e- -+ hZ -+ bbllD, if a loose cut on the 

missing mass is applied. 

5.3.3 Summaryand Conclusions on scalar-Higgs coupling 

The analysis presented here reconsiders sorne of the observational consequencps of 

the existence of bulk scalars within a 6 dimensional scenario involving large extra 

dimensions. We have done so, motivated by the recent proposaIs of supersymme­

tric large extra dimensions, both as contributions towards understanding the small 

size of the cosmological constant [11] and as alternative realizations of low-energy 

supersymmetry [12]. 

Using the effective interaction presented in chapter 2, we computed there the rate 

for the pro cess pp -+ h<jJ -+ 'Y'Y :!;lT' in order to see how large an effective coupling can 

be detected given reasonable assumptions as to the performance of a detector like 

ATLAS at the LHC. Our calculation assumed that the proton reaction is dominated 

by the contribution of gluon fusion at the parton level, and we computed the cross 
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section for the process 99 --+ hep. Given the sensitivity to a which we obtain, we 

believe there is sufficient motivation to go back and perform more detailed studies 

of bulk-scalar production at colliders. It must be noted that the coupling of a bulk 

scalar to a more massive Higgs boson can lead to clean signatures, such as in the case 

h --+ ZZ(*J --+ 4l. 

By comparing the number of signal events to the expected Standard Model back­

grounds, we calculate the size of the effective couplings to which experiments at the 

LHe can expect to be sensitive. We find that couplings of order a = 0.5 imply that as 

many Higgs particles are being produced in association with bulk scalars as are being 

produced without them. We find that the imposition of a missing energy cut Ftr > 78 

Ge Y, greatly improves the signal relative to background, and allows a 5 (J" detection 

of the effective interaction provided the effective coupling is a > 0.09. These limits 

would begin to probe the upper limit of the size of coupling which is obtained from 

a generic l-loop estimate. 

We also notice that the existence of Higgs production in association with missing 

energy is of considerable practical interest in the detection of the Higgs itself. It 

allows experiments to be sensitive to a mu ch wider range of Higgs boson masses (at 

a given level of significance) than would otherwise be possible in the SM 'Y'Y decay 

channel. 

We regard these results to be encouraging and - together with the strong motiva­

tions for bulk supersymmetry - to further motivate the study of the phenomenology 

of extra dimensional fields (besides the higher-dimensional metric) within the frame­

work of large extra dimensions. 

This completes our analysis of the possibilities.oftesting SLED predictions at LHe. 

However, our work is not complete yet. We will now study the phenomenology at 

the LHe if we allow, consistent with SLED, the SM particles to propagate in sm aller 

extra dimensions (TeY-1 size). This is what is called Universal Extra Dimensions. 
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Figure 5.4: Distributions of missing ET for background and signal when: (top) the cross section for 
bulk scalar production is the same as the graviton one; (bottom) this cross section is at its discovery 
limit. 
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Figure 5.5: Parameters region for bulk scalar theory at second order in E /.!If D that allows testable 
and valid physical predictions at ATLAS, for different number of extra dimensions. The bulk scalar­
fermions and bulk scalar-gluons dimensionless couplings are effectively combinations (g2 + gg)1/2 
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Figure 5.6: Feynman graphes of the irreducible backgrounds. In a) we have the Born process, in b) 
the box diagram process and in c) the quark bremsstrahlung process. 
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Figure 5.9: Value of the hhcjJ coupling needed for different significances of the signal, as function of 
a eut on FtT' 
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Figure 5.10: Number of events (including backgrounds) for hcjJ and'st'~r;â~rd h production, as a 
function of the two-photon invariant mass. This plot assumes the smallest-detectable coupling 
a = 0.09, and uses the optimal missing-energy eut, FtT > 78 GeV. 
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Figure 5.11: The significance of the 'Y'Y signal alone as function ofthe Higgs mass for different values 
of the cut on J!,T' The figure assumes the choices a = 0.5 and an integrated luminosity of 100 tb- 1

. 

The dotted line corresponds to what can be obtained from the standard h -+ TY process making no 
cut on J!,T' This shows that a considerable gain in Higgs reach is possible should Higgs production 
be possible in association with missing energy. 
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UNIVERSAL EXTRA DIMENSION 

6.1 Why Universal Extra Dimensions? 

We have seen in section 2.3.3 that SLED realizes SUSY in a different way than 

does the MSSM (or its extensions). We then mentioned that this new approach 

to supersymmetry has many theoretical advantages compared to MSSM because, 

among other reasons, it offers a complete solution to the hierarchy problem and to 

the cosmological constant problem, principal motivations for this scenario. We met a 

drawback, however, in the implementation of SUSY in the SLED scenario, compared 

to the MSSM: a priori SLED does not predict any unification of the Standard Model 

gauge symmetries. In fact, in this scenario it may appear that the fundamental scale 

at which unknown new physics becomes important is much lower than the GUT 

(Grand U nified Theory) scale of the Standard Model describing the physics on our 

brane, therefore invaliding any unification predictions made from such an incomplete 

theory. (Although it is generally argued that the MSSM allows a precise convergence 

of the U(I)y (electromagnetic), SU(2h (weak) and SU(3)c (strong) couplings, the 

Standard Model also predicts such a convergence but with a poorer precision, as can 

be seen in figure 6.1.) This implies that the fundamental reason why SLED, as stated 

in chapter 1, do es not predict a unification is because, in whatever way SLED realizes 

SUSY at low energy, completely new and unknown physics (string modes, etc) will 

dominate at scales much lower than the GUT scale such that any prediction for a 

unification of couplings that does not involve this new physics will be invalid. 

The idea of grand unification is profoundly attractive. The most obvious reason is 
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Figure 6.1: Unification of the electromagnetic, weak and strong coupling constants for the Standard 
Model (left) and the MSSM (right) 

that such a theory unifies the diverse set of particle representations and parameters 

found in the low energy theory into a single, comprehensive and hopefully predictive 

framework. This implies that the number of arbitrary input parameters of the unified 

theory will be considerably reduced compared to that of its by-products. It will thus 

definitely constitute a fundamental step toward a self-sufficient, complete theory (not 

an effective theory) that can indeed be a fundamental and profound theory of Nature. 

For example, unification can provide an explanation for the various quantum numbers 

of fermions, for the origin of mass, for the quantification of electric charge and for the 

baryon jan ti-baryon asymmetry [39, 63]. It is thus of fundamental importance for a 

high-energy theory to predict unification. 

ls the SLED scenario sentenced to abandon this precious feature of fundamental 

high-energy physics theories? Not necessarily. In fact, what has been stated so far 

is not that it is impossible for SLED to yield such a unification but rather that, in 

order to achieve it, something must be added to the running of the Standard Model 

gauge couplings so that wearrive at unification by a different mechanism. The MSSM 

predicts a unification of its gauge groups thanks to extra-matter states added to the 
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SM spectrum, changing the running of the coupling constant related to each gauge 

group. Adding arbitrary extra-matter states to those included in SLED will not help, 

however, since aIl these fields will only couple gravitationally with our brane degrees 

of freedom and will therefore not change the Standard Model running of the fields 

that live on our brane. What we need is thus a new mechanism that will be consistent 

with SLED and which will lower the unification scale closer to the weak scale, the 

only true scale of Nature according to our model. 

Why do the SM and the MSSM predict such a high value of the unification scale? 

The key to the answer lies in the fact that the running of the different coupling 

constants is due to quantum fluctuations of gauge fields, ie, formally, to quantum loop 

corrections to the propagator of gauge bosons [39, 30]. If we solve the renormalization 

group equations taking into account quantum corrections for the various coupling 

constants of the Standard Model, we will conclude that they run only logarithmically 

with the ener:gy scale J1 [39]. Thus, given the different values of these couplings at 

low-energy, one must extrapolate over many orders of magnitude in energy before 

reaching a unification. Clearly, if there were a way to change the running of the 

gauge couplings so that they ran more quickly, we would have a chance to achieve a 

more rapid unification. Remarkably, there does exist a simple way in which a power­

law rather than a logarithmic running can arise, as shown by Dienes et al. in [61]: 

the appearance of small (O(Tey-l)) extra space-time dimensions accessible to SM 

particles. In fact, if we consider that our brane has a small thickness of the Tey-l 

size l
, then at high energy (above the Te Y scale) the de Broglie wavelength of the SM 

fields becomes sm aller than the size of these extra dimensions, and the SM particles 

wavefunction thus travels in these extra dimensions subject to boundary conditions. 

This allows extra degrees of freedom to contribute to the quantum corrections of gauge 

1 Note that string theory predicts six extra dimensions and allows the possibility to devise models 

with asymmetrical compactification, i.e. with compactified dimensions of different radii. Since the 

SLED proposaI considers that only two of them are large, string theory therefore leaves four other 

extra dimensions, in the thickness of the brane, free to play a different role in our understanding of 

particle physics 
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interactions. From this, we therefore expect a much faster running of the coupling 

constant of brane fields if the brane itself has a small thickness. Now if we embed 

this fat brane in large extra dimensions, this may not change the picture presented in 

chapter 1 for the solution to the cosmological constant problem. This scenario could 

thus constitute an extension of the SLED scenario in which a unification of the SM 

couplings is restored. 

To achieve such a power-Iaw running that allows for a low unification scale, we only 

need to consider that these O(Tey-l) extra dimensions are accessible to Standard 

Model gauge bosons and to the Higgs boson. There are more theoretical motivations 

to allow these extra dimensions to be accessible to Standard Model particles, includ­

ing chiral fermions. First, string theory, which provides the fundamental motivation 

for extra dimensions, generically treats every degree of freedom as higher dimensional 

string modes and not only gauge bosons. Moreover, it simplifies model building be­

cause it does not need a special mechanism to constrain sorne Standard Model fields 

to a thin 3-brane and others to a thick 3-brane: it treats every known particles on 

the same footing. Finally, and this is an important point, it has to satisfy weaker 

collider bounds than the scenario where only gauge bosons propagate in the small 

extra dimensions [62]. This is because it implies conservation of momentum in the 

extra dimensions, therefore forbidding brane observer vertices that involve only one 

non-zero KK-mode. Consequently there are no tree-Ievel contributions to tIlt' elec­

troweak observables and KK-modes may only be produced in pairs at colliders, thus 

reducing considerably the constraints from previous collider measurements [62, 63]. 

This scenario where every field will be described in a higher dimension al space is 

called the Universal Extra Di~ension (UED) scenario. 

Lower and higher experimental bounds on the compactification scale Mc t'V 1/ R 

of UED models with only one Te y-l size extra dimension can be estimated. ThE' 

scale Mc is most strongly constrained at the lower end from precision electroweak 

measurements which would obtain contributions from KK states at the one-Ioop level, 

more precisely from the contribution of the KK modes associated with the top quark 
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and the Higgs bosons [62J. The current lower bound from LEP on the T parameter of 

Peskin and Takeushi [64], which encodes the splitting in the W and Z masses due to 

physics beyond the Standard Model, leads to a lower bound on the compactification 

scale of approximately Mc ;ç, 300 GeV [62J. There is no relevant constraint from the 

new physics correction to the electroweak gauge boson propagators, encoded in the 

S parameter. This bound is however slightly raised by the current limit on direct 

production of KK excitations at colliders. Run II of the Tevatron sets this lower limit 

at about 350-400 GeV [62J. On the higher end, the electroweak scale sets a natural 

theoretical limit on the compactification scale. In fact, since the minimal Standard 

Model in 4 + d dimensions has gauge, Yukawa and quartic-Higgs dimensionful cou­

plings, it is an effective theory valid below a cutoff scale somehow related to the the 

string scale Ms. To avoid fine-tuning the parameters in the Higgs sector, and in order 

for the D-dimensional theory to remain perturbative for a range of energies above 

Mc, the compactification scale should not be mu ch higher than the weak scale Mw. 

This is consistent with the SLED scenario in which our UED braneworld is embedded 

since the cutoff of such a theory is the D-dimensional Planck scale MD l'V Mw. En­

ergies achievable at the LHC will therefore coyer a significant part of the theoretical 

parameter space. 

Here again, what interests us is the ATLAS phenomenology of such a scenario. In 

this chapter, we will first briefly review how a weak scale unification is possible by 

letting the SM fields evolve in n extra dimensions (we will choose n = 1). To this 

end we only need to consider gauge fields. We will then describe the UED model 

and its Lagrangian and finally explain what the effects expected from embedding this 

thicl'é brane in two large extra dimensions will be as predicted by the SLED scenario. 

\Ve will complete this topic by discussing the physical predictions and performing a 

phenomenological analysis in the .next chapter. 
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6.2 Extra dimension and gauge coupling unification 

Here we want to explain, following Dienes et al. [61], how the running of gauge 

couplings is affected by extra dimensions in which gauge bosons propagate, and in 

which sense we can speak of a "unification" of the SM gauge couplings. Let us recall 

first that a particle propagating in 4 + n dimensions, where the n extra dimensions are 

compactified, will correctly be described in the 4D point of view as an infinite tower of 

Kaluza-Klein modes that only differ in their masses. The mass splitting between two 

modes depend on the size R of the extra dimensions: m n - mn-l == R-1 (for masslesB 

particles). This means that in contrast with the case of large extra dimension, TeV- 1 

size extra dimensions scenarios involve KK particles that largely differ in their mass. 

They will therefore not be considered as a continuously massive state. 

The fundamental point of this gauge unification scenario is that it involves two 

different mass scales related to two approximations that legitimately allow to define a 

running of the gauge couplings. We explain here what these two lllass scales are, why 

approximations are conceptually needed and how they provide a rUlllling of gauge 

couplings that can yield a unification at the weak scale. 

The first mass scale is obvious: it is the energy Beale corresponding to the radius 

of the extra dimensions /-lo = R-1
. In fact. at en('rg~' scal('s l1luch smaller than 

/-lo the energy of the system is much less than the mass of the first Kaluza-Klein 

state M = Jm2 + /-l5 (with m being the mass of the O"':mode SM particle of this 

KK tower) and the existence of such KK states can be ignored. In this limit, our 

theory red uces to the usual four-dimensional Standard Model (on a thin brane) and 

the running of the couplings will be described by the usual beta functions of the 

Standard Model renormalization group equations. It is therefore beyond the scale 

/-lo that an acceleration in the running can eventually yield a unification at a scale 

lower than the GUT scale. Indeed, at sc ales above /-lo, the Kaluza-Klein excitations of 

the known particles will start to be produced. We will have to include them in every 

physical prediction, and in particular in the loop corrections to gauge couplings. These 

KK contributions will tend to accelerate the running of gauge couplings, ultimately 
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changing the scale-dependence of these gauge couplings from logarithmic to power­

law as a function of the energy scale /1 > /10 at which this physical prediction is 

evaluated. This new energy dependence refiects, however, the fact that beyond the 

scale R-1
, a certain subset of the SM brane physics has essentially been considered 

as higher-dimensional and that the effective radius of these extra dimensions has 

been taken to be infinite relative to the energy scale /1 (We should remember that 

we are talking here of sm aller size extra dimensions probed by brane physics, ie an 

extension of the SLED scenario). The Kaluza-Klein excitations indeed derive from 

a low-energy 4D description of a D-dimensional spacetime with D>4, but these are 

the consequence of compactified extra-dimensions, which is not equivalent to a theory 

with 4 + n fiat and of infinite size dimensions because of boundary conditions. It is 

therefore fun dament al for our purpose to make the approximation that at energies 

higher than /10 the small extra dimensions (brane thickness) probed by the brane 

fields are fiat because it is such a D-dimensional fiat theory that allows to change the 

energy dependence of gauge couplings to a power-law above the seale /10, In fact, as 

is well-known [39], higher-dimensional field theories enhance the divergence structure 

of its physical predictions. An easy way to see this is that extra dimensions add 

extra momentum powers in the numerator of loop integrations, therefore increasing 

their superficial degrees of divergence. With this approximation we thus expect a 

power-Iaw dependence on sorne mass scale after regularization of the divergences, 

rather than a logarithmic one, confirming its importance for our new unification 

scenario. According to references [61, 14], this is a good approximation for low-energy 

predictions. 

This adds a subtle complication in our running picture: higher-dimensional field 

theories are non-renormalizable and, as such, it makes no sense to talk of a "running" 

of gauge couplings as a function of a fioating energy scale /1 for /1 > /10' For the 

high-energy sect or , we have to find a new interpretation to such a "running". It is 

here that the second scale announced earlier will play a role. To avoid infinities, 

one will have to regularize its predictions by introducing a cutoff sc aie A > /10, on 
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the magnitude of which the gauge couplings will explicitly depend. In our case, this 

mathematical dependence on the cutoff is identical to the scale dependence that would 

have been naïvely calculated if the theory had been renormalizable [61]. We can thus 

still formally talk of a running of couplings with the scale f.l = A. The question is to 

find out if this running is just a question of wording or if indeed there is sorne physical 

meaning. 

The problem with this question is that in general a cutoff A depends on the form 

and on the normalization of the specific regularization procedure used in an explicit 

calculation. It does not rely on any physical interpretation. However, in our UED 

scenario, we can naturally associate the cutoff parameter with a mass scale of physical 

significance [61]. Since our theory is non-renormalizable, it can only be considered 

as an effective theory valid up to a scale M where a more fundamental theory such 

as string theory becomes relevant. We already saw in the SLED scenario that the 

string theory description will be needed above the D-dimensional Planck scale MD. 

We can therefore speculate that the cutoff scale of our UED scenario is conceptually 

related to the SLED scenario cutoff scale, ie M rv A rv MD. Because of this, we 

can truncate the full D-dimensional theory, ie that we can make the sufficiently good 

approximation to consider that, at energies lower than MD, all the KK-modes that can 

significantly contribute to our physical predictions have a mass below this scale 1vID . 

This truncation avoids an infinite number of KK-modes contributing to our physical 

predictions and thus restores the renormalizability of our theory. Note that even if 

this renormalizable truncated D-dimensional field theory is only an approximation of 

the full D-dimensional theory, both the truncated and the full theories give essentially 

the same results for most of the calculations at energies smaller than the scale 1vID 

ab ove which neither of these theories anyway describe properly the physics. This 

truncated scenario allows thus to relate the cutoff scale A to the fundamental scale 

MD [61] thus providing a physical significance to this parameter. Figure 6.2 sketches 

the different scales involved in the whole problem. 

Now that we know that, for the price of a small but fundamental approximation, 
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Figure 6.2: (top) Scales involved in the UED scenario, with R being the size of the small extra 
dimensions; (bottom) scales involved in the SLED scenario, with r being the size of the large extra 
dimensions. 

the eut off scale A can be interpreted as a physical quantity (the scale at which new 

physics become important), let us come back to the question of the running of the 

gauge couplings. We mentioned earlier that for energies smaller than /Jo, the behavior 

of the various coupling constants is correctly described by the Standard Model. This 

imposes a inatching condition: the value of the effective four-dimensional couplings 

must agree with the value of the D-dimensional coupling constants O:i (i = 1,2,3) at 

the scale /Jo. This means that the running of any coupling constant will follow the 

Standard Model behavior at energy sc ales lower than /Jo. From this condition we can 

compute the one-Ioop exact gauge couplings in the presence of an infinite tower of 

KK modes with 5 compactified extra dimensions of radius R [61J: 

-l( A) _ -l( ) bi - hi l A hi lrl1-2.dt [() ( it )]" 
0: il. - 0:. /Jo - n - - - - 3 --

1 1 211" /Jo 411" rA-2 t 11"R2 
(6.1) 

where bi are the SM one-Ioop beta-function coefficients, hi are the new beta-function 

coefficients, r is a parameter that numerically relates the cutoff scales /Jo and A to 

physical scales (r = 11"(V,,)-2/" with V" the volume of the unit sphere in 5 dimensions) 

and ()3 is the Jacobi function defined as ()3(T) - 2:~oo exp(i11"Tn2
). 

The difficulties related to the non-renormalizability of the full theory will come 

with the integration of this Jacobi function [61J. However the second approximation 

justified above (truncation of the KK tower), which provides the A dependence with 
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a physical significance, formally consists in approximating this Jacobi function by 

{)3 (7r~2) :::::: R/T [61]. Now, if we numerically evaluate the value of the coupling 

constant before and after this approximation for an energy higher than Mo but Iower 

than MD, we obtain the same result, confirming the validity of the approximation. 

At the end of the day, the A dependence of the various gauge couplings at one-Ioop 

will thus be given by: 

-1 (A) - -1 ( ) bi - bi l A bi V" [( A )" 1 0:. - 0:. Mo - n - - -- - - 1 
2 2 21f Mo 21f(5 Mo 

(6.2) 

We note from this expression the power dependence on A expected for a faster run­

ning. This result stays true and valid for any value of the mass scales Mo and A [61]. 

In particular, after setting Mo to R-1 we can always find a value of A, that we can 

caU AGUT for which aIl the three gauge couplings unify [61]. This property is robust 

because it ciccurs independently of the number 6 of small extra dimensions, indepen­

dently of the scale Mo = R-1 at which they appear and independently of the number 

of chiral SM generations that feel these extra dimensions. Thus, since these gauge 

couplings are distinct at the scale Mo but take the same value at the seaie AGUT 

(which is aiso closely related to the fundamental scale M rv MD where our scenario 

breaks down) , we can conclude that they run through aIl the intermediate cutoff scales 

between Mo and AGUT. We can then consider that aIl these intermediate cutoff scales 

Mo < A < AG UT provide the energy dependence of M parameterizing the running of 

the coupling constants. We can therefore conclude that for every UED scenarios we 

will have a running of the brane gauge couplings that will unify at an energy scaie 

that ean be much Iower than the usual GUT scale, as we expected since the beginning 

of this chapter. 

In figure 6.3 (taken from [61]) we can see such running and unification for different 

values of Mo in the case of one small extra dimension. In this figure, the gauge 

couplings o:i1 (M) are given by equation 6.2 where we interpret the intermediate cutoff 

scale A as an energy parameter M. These figures are for parameter values quite 

different from what we are considering in our analysis, but the general shape is the 

same (we can see on the figure that it does not change over various energy sc ales ) . 
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Figure 6.3: Unification of gauge couplings in the presence of extra space-time dimensions in the case 
where only gauge bosons and Higgs field propagate in the extra dimensions as computed by ref. [61]. 
Four cases have been considered: J-lo = 105 GeV (top left), J-lo = 108 GeV (top right), J-lo = 1O1l 
GeV (bottom left) and J-lo = 1015 GeV (bottom right). In each case they considered only one small 
extra dimensio'n (J = 1). 
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We clearly notice the Standard Model running up to the scale 110 and the power-Iaw 

running above this scale. 

We have seen in previous chapt ers that SLED predicts a fundamental scale MD of 

the order of 10 TeY. Since above the scale 110, the gauge couplings unify at a scale 

AGUT of roughly one order of magnitude higher than 110, as can be seen in the figure, 

and sinee our interpretation of this running can only make sense if this unification 

scale is approximately the cutoff scale above which our theory is not anymore reliable 

and new physics become important (ie AGUT f'V MD), we can then speculate, in a 

SLED scenario, that 110 f'V 0(1 TeY). This means that the size of these small extra 

dimensions are predicted to be of the order of 1 Tey-l by SLED scenario. This is 

a good news since we will show in the next ehapter that ATLAS is expected to be 

sensitive to such sizes of universal extra dimensions. 

6.3 The Universal Extra Dimension model 

In the previous section we discussed how unification can be achieved in the SLED 

scenario by letting the SM particles propagate in extra dimensions of Tey-l size. 

This constitutes thè basic motivation for the phenomenological analysis that is the 

object of the rest of this thesis. We will now develop briefly a model Lagrangian that 

will be used to compute physical predictions. We refer to original works by [62, 63]. 

Our starting point is the minimal Standard Model in D = 4 + b space-time di­

mensions. Because our phenomenological analysis will later be restricted to only one 

such extra dimension, we will take from now on b = 1. This has the advantage to be 

automatically anomaly-free [62]. Also our analysis will focus on the direct production 

of KK-modes at the LRe, Le. of the hadronic sector. We will therefore consider only 

the coupling of KK-quarks with KK-gluons and the trilinear KK-gluon couplings. 

FinaIly, since the first KK excitation is expected at a mass of about 1 TeY (following 

previous discussions), ATLAS will mostly be sensitive to only the first mode of each 

KK-tower. From aIl these considerations and because the Lagrangian density will 

consist in the generalization of the SM one to its 5D analog, our UED theory will be 



6: UNIVERSAL EXTRA DIMENSION 137 

given by: 

125 = -~g:&N(X, y)gMNa(x, y) - iQ(x, y){rM[aM + ig5Ta AM(x, y)]}Q(X, y) (6.3) 

where gMN is the gluon field strength g:&tJ = aMGN - aNGM + g5rbcG~GN' GM 

the gluon field, g5 is the 5D strong coupling, M is the 5D analog of the Lorentz index 

p, ie M E {p, 4}, r M are the gamma matrices in 4 + 1 dimensions and Ta are the Lie 

aigebra generators of the SUc(3) symmetry. 

To derive the 4-dimensional point of view on this effective 5D theory, valid at 

energies Iower than MD, we must Fourier exp and the 5D fields in terms of the coor­

dinate y of the extra dimension and integrate over this y coordinate. Because this 

extra dimension is compactified on a given geometry, this integration will have finite 

limits. We will choose to compactify on a SljZ2 orbifold [62, 63] to provide matching 

of the zero mode with the observed SM spectrum. This geometrically corresponds to 

a circle eut in half, such that the limits of integration for y will be: 0 ::; y ::; 11" R, with 

R being the radius of the extra dimension. By this procedure, we will obtain the SM 

Lagrangian with new physics terms that will involve the KK excitations of the quark 

and gluon fields. These new terms provide the masses of the KK modes as weIl as the 

Feynman rules for the new vertices and propagators. This is our goal in this section, 

but before that, let us see how the 5D fields are Fourier expanded. 

The 5D analogue of the quark multiplets (under SUL (2)) consists of massless four~ 

component vector-like quarks (non-chiral fermions, ie fermions for which the left­

handed and the right-handed component have the same quantum number such that 

they don't violate parity in weak interaction), which we denote in the equations by 

Q(x, y), U(x, y) and D(x, y). This vector-like structure cornes from the fact that chiral 

fermions exist only when the number of extra dimensions <5 is even [62, 63] (because of 

the representation of the Lorentz group and more specifically of the gamma matrices). 

Since we consider only one extra dimension, the fermions are therefore non-chiral, 

ie vector-like. It implies that when these 5D fields are decomposed into 4D fields, 

corresponding to each 4D field are a le ft-handed and a right-handed term, depending 

on the parity of each Fourier mode component under the transformation y ~ -y. To 
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decide whether it is the left-handed modes that are even under this transformation 

or the right-handed ones, we ask that the O-modes that are not projected to zero 

by imposing this transformation (those for which the Fourier modes are even, ie the 

cosine modes) be the Standard Model fields. This expansion will thus be given by: 

1 {(U(X)) ~ (ny ) (ny ) } Q (x, y) = en + v'2 L.) Q2 (x) cos Ii + Q~ (x) sin Ii 1 
y 7r R d(x) n=l 

L 

U(x, y)= vh {UR(X) + J2;IU!:(X) cos en + UZ(x) sin G)l} 
D(x, y)= V:R {dR(x) + J2;ID;\(X) cos (~) + D2(x) sin (~)l} 

A~(x,y)= ~ [A~o(x) + v'2fA~,n(X)COS (~)l 
y TIR n=l 

A~(x, y) = .~ f A~,n(x) sin (~) 
y7rR n=l 

Note that because we choose to work in the unitary gauge, we can apply the gauge 

choice A4,n = 0, ie that these scalars get eaten by the other modes. By substituting 

these expressions in equation 6.3 and integrating over y between 0 and TIR we will 

obtain the effective 4D Lagrangian in term of QL, QR. etc. Let us do it more explicitl!' 

for the quark kinetic term. From this we will predict the mass of the KK partons (see 

the previous section). Keeping an the KK modes, we have: 

n=l 

We recognize the SM kinetic Lagrangian in the first term of the right-handed side of 

this equation. The next two terms are the kinetic terms of the quark KK excitations 

while the last two are mass terms due to the quantization of moment a in the extra 

dimension. Note that there are similar expressions for U(x, y), D(x, y) and G~(x, y). 
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Additional mass contributions arise from the Yukawa couplings of the 5D quark 

multiplets via Higgs vev's. In fact, given the 5D generalization of the SM Yukawa 

terms and integrating again over y yields: 

1
7rR 

i 0 [À~Q(x, y)i(J2H*(X, y)U(x, y) + À~Q(x, y)H(x, y)D(x, y) + h.c.]dy = 

i { Mu [U(X)U(X) + t,[Q~(X)~(X) + Q\',(X)UZ(X)]] + Mdterms 

+ ,lu [U(X)U(X)h(X) + ~[Q2(X)U;:(X) + Qj',(X)UZ(X)]h(X)] + Àdterms } 

where À == À~/J7rR and Mu - À < H >. The (Qn(x), un(x)) mass matrix, including 

these Yukawa contributions as weIl as the kinetic terms is therefore: 

Since the Yukawa couplings À and the Higgs vev are SM parameters, Mu corresponds 

to the SM prediction on the mass of the up quark. We can therefore diagonalize this 

mass matrix and get the net mass Mn of the KK modes in terms of the mass of the 

corresponding quark iield Mq and the mass from the compactification scale n/ R: 

Mn = J~: +Mi (6.4) 

Since 1/ R t'V O(TeV-1), in our subsequent calculations we will neglect the SM quark 

masses except for the top quark, Mt. Note also that we get a similar result for the 

excited KK gluons with Mg = o. 
Before deriving the final effective 4D Lagrangian density, we can combine the 

indistinguishable interactions involving the Q, U and D fields using the following 

expressions: 

Q2 R(X) PL,R (U~(X)) 
, d~(x) 

U~,L(X) = PR,LU~(X) 
D~,L(X) - PR,Ld~(x) 
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where PR,L = ~(1 ±(5)' These two distinct quark towers q. and qO will have the same 

masses given by equation 6.4 and will interact identicaIly except for the vertices that 

will be differentiated by the helicity projectors PR or PL' After computing the algebra 

from the 5D Lagrangian density of equation 6.3, we have the 4D trilinear effective 

Lagrangian needed to study the production of KK pairs of quarks and gluons in the 

case where the SM partons can propagate in 1 extra dimension of the O(TeV-1 ) size 

is [63]: 

Lint = - g {q(XhJ.tTaq(X)A~,o(x) - ~rbCA~o(x)A~o(x)[aJ.tA~a(x) - aVA~aJ 
00 

n=l 
00 

n=l 
00 

n=l 
00 

n=l 

+ ~ f= [-q~(XhJ.t'5Taq~(x) + ~(XhJ.t'5Taq~(x)JA~,161,m+n 
n,m,l=l 

+ ~ n,t,~l[~(Xh/'T"q;.(X) + Q;;(Xh "T"q;:'(X)JA:,/8/,lm_nl} 

We recognize on the first line the SM interaction terms of quarks and gluons, while 

aIl the other terms involve the coupling of one SM field with two KK excitations of 

SM partons. 

The Feynman rules can be directly read from this Lagrangian density. They are 

summarized in figure 6.4 (taken from [63]). Note that, as we mentioned already, 

for phenomenological reasons we will only be interested in the first KK excitation 

of the various particles. We can therefore drop the summation and take n = 1 in 

the above equation. The last four terms also are irrelevant for physical predictions 

at the LHC. We wrote them here nevertheless for completeness and because of what 
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Figure 6.4: Relative coupling strengths of vertices involving q~ and q~ [63J. Only the overall factors 
are shown: these vertices also involve the usual SU(3) matrix element and the Dirac "(11 matrix. 
Here, n and 111 are distinct positive integers (n i- m) and the projection operators are defined in the 
text. 
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they imply. We clearly see from the Feynman rules, computed from the Lagrangian 

density, that we can draw l-loop diagrams with different KK numbers on each side 

of the loop (for example, taking the bottom left and the bottom right Feynman rules 

of figure 6.4 and connecting together the quark propagators of each vertex yield a 

l-loop diagram for which on one side of the loop we have g:n+n and on the other 

side we have g~-nl)' The conservation of KK numbers holding at tree-Ievel (because 

of the conservation of momentum in this small extra dimension) and which dictates 

that N KK modes nI, n2, . .. , nN can only couple to each other if they satisfy the 

relation 1 nI ± n2 ± ... ± n N -11 = n N, will therefore not hold at the loop-Ievel. The 

higher modes can thus decay to the lower one. However, the lowest-Iying KK modes 

of the light quarks and massless gluons will be completely stable unless there exists 

another form of new physics to serve as a decay mechanism (because if m + n = 1 then 

lm - ni = 1 as weIl). SLED will provide such a decay mechanism (more of that in the 

next section). Because of the different physics theories responsible for the production 

and for the decay of KK states, this kind of event can be studied in two cases: first a 

pair of stable (in the thick brane) N = 1 KK excitation of SM partons is produced, 

conserving momentllm then partons which decay because of the new mechanism to 

be introduced. This is how our simulation program is written. 

Note finally that the decay type that we just talked about is between states of 

different KK numbers. There is another decay procedure that conserves the EE 

number: it is the analogue of the SM decays. For example, the first EE excitation of 

a top quark can decay in an excited W boson and a SM bottom quark, exactly like 

the SM channels. These decays have calculable branching ratio in the UED scenario 

itself. However, because of the huge mass of the first KK excitation compared to 

the mass of the SM partons, to a pretty good approximation equation 6.4 reduces to 

Ml rv ~. This is why aIl the partons except the top quark are taken to be degenerate 

(they have the same mass ~). This degeneracy forbids aIl the different SM-like decay 

channels (because they are kinetically highly suppressed), and the n = 1 modes of 

the parton will be considered stable in this scenario. This is again just a tree-level 
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approximation. In fact, it has been shown in [65] that radiative corrections lift this 

degeneracy, thus allowing the first excitation level to decay into the lightest KK 

particle, the Î*, along the following two decay chains: 

q~ ~ q Z~ ~ q l l~ ~ q l l Î~, Br. l'V 33% 

q~ ~ q w; ~ q l' l~ ~ q l' l Î~, Br. l'V 65% 

For simplicity we will not consider these kinds of decay but we will continue to take 

every n = 1 parton to be stable on the thick brane. We will also consider a decay 

mechanism of the lowest-lying KK modes that may dominate the above chains under 

certaitl circumstances. We will now look more precisely at what this mechanism can 

consist in. 

6.4 Decay mechanism of the lowest-lying KK mode 

There are various decay schemes that have been considered so far in the literatu­

re [62, 66, 67]. However, reference [63] argues that provided that the KI<: excitations 

decay within the detector, all the specifie decay mechanisms will yield approximately 

the same phenomenologie al final state distributions. The analysis of the signature will 

thus only tell whether or not these KK excitations have decayed. We have nevertheless 

to choose one such mechanism to perform our simulations. 

Since our first motivation for studying UED was to provide the SLED scenario with 

a possible unification mechanism, we shall perform our UED analysis in this context. 

It turns out that wh en it is assumed that the small universal extra dimension gives 

a thickness to a D4 brane in which the SM particles propagate and that this brane 

is embedded in a 5 + 2 dimensional space in which gravit y can propagate (these new 

extra dimensions have a radius r much larger.than the thickness R of the brane) then 

the interactions between gravit y and the KK excitations of the SM fields can violate 

the conservation of momentum (as has been seen in the first chapters) allowing these 

KK excitations to decay [63, 66]. In fact, the graviton wave function will overlap with 

those of KK O-modes and those of the SM parton KK excitations, therefore inducing 
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transitions of the form KK(n = 1) -+ KK(n = 0) + C, where the graviton 

immediately escapes into the large extra dimension [66]. This kind of events where a 

pair of n = 1 partons decay will appear as 2-jets plus missing :t;lT in the detector. ,We 

thus see that our motivation provides us with a decay mechanism of the lowest-Iying 

KK modes. 

The Feynman rules for the couplings of the graviton fields to the UED fields are 

related to the corresponding couplings of the graviton fields to the SM fields by a 

form factor: 

1 (
MG) 2 4M& MG 

:FI -M 1 = 2(M2 M 2) (1 + cos(1f-M )) 
KK 1f KK - G KK 

(6.5) 

where MG is the continuous mass of the graviton and MJ(J( is obviously the mass of 

the decaying KK excitation. SLED predicts that there will also be couplings of the 

UED KK excitations with other bulk states such as the bulk scalar that has been 

considered throughout this thesis. However, for simplicity. we will not consider them 

here, ie we will take aU the other form factors to be O. The KK excitations of SM 

partons will thus decay exclusively to graviton in our further analysis. The branching 

ratio of this channel will therefore be 1 and the total cross section for producing these 

KK excitations will not be modified by their decay to jpt plus grcn'iton, The lifetinw 

of these KK states into gravitons will thus be very short. sUfticiPllt ly 80 to justify our 

simplification to forget about the decay chain presented in the last section. We can 

nevertheless compute a decay rate for this KK state -+ jet + graviton pro cess 

because this will determine the graviton masses that will be "sam pIed" in this forced 

graviton decay, The total decay width is given by [66]: 

r = 21f ~Pl I MKK 

dMGMG I~ 1 1:F1 ( MG ) 12 

MD r- 1 MJ(J( MJ(J( 
(6.6) 

where Mpl is the reduced 4D Planck mass, MD is the fundamental Planck scale 

and Pi is the momentum of the decaying KK modes. Performing the integration 

numericaUy yields the results of figure 6.5 taken from ref [66]. This figure shows that 

this mechanism provides for a very rapid decay over almost aU of the parameter space 

as we argued before. 
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Figure 6.5: Width for the decay of the first excited KK state (even-top left panel, odd-top right 
panel) into the corresponding zero mode and a graviton tower as a function of the mass of the KK 
state. The solid (dashed) lines are for MD = 5(10) TeV and from top to bottom in each case the 
curves correspond to b = 2,4,6 large extra dimensions respectively. The lower panel shows the 
missing energy distribution for these decays for the same cases assuming a KK mass of 1 TeV. These 
graphs have been taken from [66] 
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Note that the graviton masses will be sampled proportionally to the distribution 

d1J
G 

as a funetion of Mc, ie, sinee the graviton is responsible for most of the missing 

energy of the event, following the distribution of ~ of the previous pieture. We can 
d 'f"T 

note, from this distribution, that in the SLED scenario (two large extra dimensions) 

the graviton masses will be approximately uniformly sampled on aIl the interval of 

energy allowed by the kinematies of the event. These deeays will not be performed 

by PYTHIA (again used to simulate our processes). Instead, we do it in a separate 

step. We perform the deeay in the rest frame of the deeaying KK parton, and Lorentz 

boost it to the lab frame before filling the simulated event. The implementation of this 

deeay proeess is thus only a matter of kinematies. The number of events and most of 

their distributions will be mainly affected by the direct production. We ean now turn 

our discussion to the study of the direct production of parton KK excitations and to 

their phenomenologieal analysis, eonsidering that immediately after being produced 

they each emit a graviton. 
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PHENOMENOLOGICAL ANALYSIS OF THE UED SCENARIO 

In this chapter, we will perform a detailed analysis of dijet signaIs in the ATLAS 

detector arising from KK states of quarks and gluons in the embedded UED model. 

We will provide a realistic upper limit on the value of the compactification scale Mc 

which can be detected at the LRC. More precisely we will first show that a value of 

Mc close to the present lower bound would provide a clear signal of the existence of 

Universal Extra Dimension embedded in a bulk of large extra dimension, and we will 

then give the maximum value that Mc can take and still allow a 50" discovery with 

the ATLAS detector. But first, we summarize, the physical predictions that follow 

from the UED model presented in the previous chapter. 

7.1 Pllysical predictions 

Raving in mind the production of pairs of the first KK excitations of gluons, gi, and 

quarks, qr and q~, in proton-proton collisions at the LRC, we can use the Lagrangian 

density and Feynman rules for the vertices rederived in the previous chapter to com­

pute analytically the differential cross section for the various pro cesses at parton 

tree-Ievel. Due to KK number conservation, the final states will consist of two n = 1 

KK partons. The KK propagators that can be involved in the relevant diagrams are 

given, respectively for gluons and quarks, by [63, 68]: 

9 _ Pi>fV 
_ . t\ ab ( 2) = _ . Àab J.w M K K 

ZUJ.1,V P tu 2 M2 P - J(J( 

(7.1) 

_ .t\a'b'( 2) = ·Àa'b' r/+ MJ(J( 
Zu P 'tU 2 M2 P - J(J( 

(7.2) 
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For simplicity, we will not consider the top quark excitations in this analysis since 

they are less likely to be stable (we already mentioned that at tree-Ievel aU the other 

partons are degenerate). 

The differential cross section for the different pro cesses that yield two n = 1 KK 

partons in the final state have been calculated in reference [63]. Rowever, we found 

and reported to the authors a number of mistakes in their published results, sorne of 

which were typographical errors. Since many subprocesses were off, in sorne cases by 

more than one order of magnitude, we recalculated the differential cross section for ev­

ery subprocess (using the same techniques as the one presented in chapter 2) in order 

to obtain a proper evaluation of the total production rate for pairs of KK partons at 

the LRe. The calculations have been tested by evaluating them in the massless limit 

where these KK partons become SM particles. In terms of the redefined Mandelstam 

variables s - S, t - i-MJ(K and '11 û-A1J(J(, where s+t+u = 0 {:} s+i+û = 2 AfL\" 

the resultsare: 

process gg ~ gr gr (7.3) 
- 9 1 "IMI2 = -o:2--[M4(6t4 + 18t3u + 24t2u2 + 18tu3 + 6'114) 

L 8 s (stu)2 

+ M 2(6t4u + 12t3u2 + 12t2u 3 + 6tu4) 

+ 2t6 + 6t5u + 13t4u2 + 15t3u 3 + 13t2u4 + 6tu5 + 2'116
] 
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process 99 ---+ q~ij~ (7.6) 

pro cess qij ---+ q~ ij~ (7.7) 

pro cess qij ---+ q~.ij~. (7.8) 

pro cesses qq' ---+ q~q~., qq' ---+ q~ij~o and qq' ---+ q~ij~o (7.9) 

L:- 2 2 2 1 2 2 1 2 
IMI = -0: -[-!l1 8 + 8 + -t ] 9 s t2 4 

processes qq' ---+ q~ij~. and qq' ---+ q~q~O (7.10) 
- 1 1 

""IMI2 = -0:;-2 [4M28 + 482 + 88t + 5t2
] L 18 t 
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where M is the mass of the first KK excitation of light partons CM == Air I{). 

q' is a different quark fiavor than the ones that collide and the summation is taken 

over the polarization and color states (sum on the final states and average on the 

initial ones). For the pro cess gg ~ qiiii we multiplied the cross section by 5 to 

account for all the possible quark fiavors that can be produced in the final state 

(remember that we restrained our analysis to the light quarks). For a similar reason 

the process qij ~ q~.ij~. has been multiplied by 4 (this pro cess requires that the final 

state quark fiavors be different than the initial one, therefore leaving four final state 

fiavor possibilities). Note finally that for every pro cess except the mixed ones(ie 

those involving a q. and a qO in the final state) we will have two exact copies of each 

process, one for each of the two possible quark towers1 . 

The total cross section can be obtained, as we saw in previous chapters, by con­

voluting the differential cross section with the Parton Distribution Function (PDF), 

integrating over the phase space and finally summing on the quarks fiavors. The 

general expression is: 

1 1 

(Jtot(pp ~ 2-KK) = L J dXA J dXB f(XA, Q)f(XBl Q) 

J 4M2 4M2 
.:.:.::.1- .:.:.::.1-

(7.12) 

S:"B 

where the functions f are the CTEQ5L PDF [58], j identify the processes enumerated 

ab ove and z = cos e with the cosine given by the relation i = - ~ (1-JI - 4~f cos e) + 
Ml in the center of mass system. The numerical integration is performed as before 

lOne pro cess that should contribute to the total cross section for the direct production of excited 

KK partons has not been presented so far: qij -+ gi gi. After discussion with the authors, we came 

to the agreement that the published result is one order of magnitude bigger than what the right 

answer must be. For simplicity we therefore implemented the published result and divided it by a 

factor 10. This is just an approximation, but it will have no impact on our phenomenological results 

since the ratio of the cross section of this process to the combined cross section of aU the pro cesses 

is about 0.004. 
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with PYTHIA [49] which also selects the events and performs the hadronization, the 

initial state and the final state radiation. In table 7.1, we can see the processes of 

interest with their computed cross section for a KK mass of 1.3 TeV. Adding an these 

numbers yields a total cross section of 2.4 pb, which is large enough to be detectable 

easily at the LHC. Of course, this cross section drops with increasing value of the 

compactification scale MKK , as can be seen in figure 7.1. 

We now analyze the results of our simulation,taking the backgrounds into account, 

tü see what the expected significance of such a signal is and at what mass range 

ATLAS is sensitive. 

Processes (jfb Pro cesses (jfb Processes (jfb 

gg ---+ g*g* 212 qij ---+ g* g* 14 qg ---+ q-g* 605 

qq ---+ q.q. 175 qij ---+ q- ij- 25 gg ---+ q-q- 11 

qij ---+ q'-q'. 22 qq' ---+ q-q'. 121 qq' ---+ q. q,. 26 

qq ---+ q.qO 222 qij ---+ q. qo 16 qq' ---+ q. q'O 84 

qq' ---+ q_ q'O 38 

Table ï.l: Cross sections for the different processes that yield a KK pair production at LRC assuming 
Jh: !,' = 1.3 Te V and an integrated luminosity of 100 fb -1. 

7.2 Detailed Simulations 

As was' done previously, to perform a detailed analysis of the expected signaIs, ac­

counting for Standard Model backgrounds, and incorporating detector effects, we 

first assign incoming parton fiavors for each event according to the CTEQ 5L par­

ton distribution functions [58] evaluated at the renormalization scale Q2 = M~ + p~ 
and we apply color fiow between these partons. ATLAS detector effects are again 

incorporated using the fast Monte Carlo program ATLFAST [59]. 
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Figure 7.1: The total cross section for the production of two KK final states at the LHC is shown in 
fun ct ion of the KK mass of these states. A annualluminosity of 100 fb-l has been considered here. 
The dashed Hne mark 100 events at this luminosity. 

7.2.1 Standard Model Backgrounds 

The phenomenology of interest is the production of a pair of KK partons each of which 

immediately decays into its associated parton plus a graviton. Since the graviton will 

quickly escape into the large extra dimensions, the signal that we are looking for is 

two energetic jets accompanied by a large amount of missing1;lT' The Standard Model 

backgrounds for this process involve two jets and neutrinos in the final state. The 

principal backgrounds having these features are pp --t 2 jets +Z( --t vv) and pp --t 2 

jets + W ( --t Rv) where we miss the lepton. Although PYTHIA does not generate these 

Z /W + 2 - jets events from matrix element calculations. it does generate Z + jet 

and W + jet events with additional energetic jets produced from initial or final state 

QCD radiation and from parton showering. In order to estimate the systematic error 

due to this approximate simulation of the second jet, we will need to use a next­

to-Ieading order generator such as Sherpa [69] which simulates Z/W + 2-jets with 

matrix element code. Here, we will be content, in a first analysis, with the estimate 

of PYTHIA. 

The simulated backgrounds and their cross sections in the phase space reglOn 

ETmint > 100 GeV and ETmint > 250 GeV are given in table 7.2 while the cross 
,JE ,JE 
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sections for different mass scenarios of the signal with EJ!:}e~ > 250 Ge V can be read 

from figure 7.1 (0" = 1.96 pb in the case MJ(J( = 1.3 TeV). 

Processes cross-section (pb) 

100 GeV 250 GeV 

pp ---tjet+Z( ---t vv) 129.1 5.11 

pp ---tjet+ W (---t eve ) 176.7 6.75 

pp ---tjet+W( ---t !Jv/l) 176.7 6.75 

pp ---t jet+ W ( ---t TVT ) 176.6 6.74 

Table 7.2: S.M. backgrounds to the production at ATLAS of a pair of KK partons which each decay 
in a jet plus an undetectable graviton and their cross sections for 2 different phase space regions. 

7.2.2 Analysis 

Here, we first apply experimental selection criteria to the sample of simulated data 

in order to isolate our signal. We then use these cuts to quantify the largest size of 

the compactification scale (Mc = * ~ l'vld which can be expected to be detectable 

at a 50" significance ',vith the ATLAS detector. Throughout this analysis, jets are 

reconstructed using the cone algorithm with a cone radius tlR = J(tl'rJ)2 + (tlçi»2 = 
0.4. In the ATLAS detector, leptons are detected if they are emitted in the range 

of pseudorapidity -2.5 < 'rJ < 2.5. They are also defined as isolated if the energy 

deposited by other particles in a cone of radius tlR is less that 10 GeV. 

As a first cut we require: 

eut 1: No isolated lépton (electron or muon) with PT > 6 GeV allowed 

in the event. 

This eliminates most of the W ---t eVe and W ---t !Jv/l events, leaving only those for 

which the leptons are not properly reconstructed in the detector. It does not eliminate 

events such as W + jet ---t TVT + jet in which the T decays hadronically. 

We will first want to eliminate the dominant background, ie the PP ---t jet + Z ---t 

jet + VV. Since we expect to have two high energetic jets in our signal coming from 
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PTj2 (GeV) 

Figure 7.2: Comparison of the PT distributions of the two most energetic jets for the signal and the 
background. 

the decay of the two final state KK partons, it is useful to compare the transverse 

momentum distributions of the two most energetic jets of the signal events with the 

corresponding distributions for the background sample. This comparison is shown in 

Fig. 7.2. It is clear, from this figure, that with the following cuts: 

eut 2: Only events with a jet having a transverse momentum greater 

than 250 GeV are kept: (Ji;t-l > 250 GeV). 

eut 3: We keep only events for which V;t-2 > 150 GeV, where jet-2 is 

the jet with second-highest PT. 

combined to the eut 1, we can reject most of the background events (rv 92% for 

W+jets and rv 96% of the Z+jets events) while keeping most of the signal. (About 

35% of the signal events are lost by these two cuts). 

For the W + jet -+ TZJT + jet background, we expect, in this case, ta have also an 

energetic low-multiplicity jet opposite, in the azimuthal plane, to the principal jet. 

Following [43, 50], a cut on the difference in azimuthal angles between the two most 
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energetic jets is found to help in eliminating this T background. lndeed, even after 

making cut 3 above on the second most energetic jets of the events, a cut on the differ­

ence in the azimuthal angle of the two most energetic jets will not be redundant, as we 

can see on the top panel of Fig. 7.3. This figure shows that indeed the main contribu­

tion to the background after cuts 1 to 3 have been applied is W -t TVr . The bottom 

panel of Fig. 7.3, shows that we optimize the significance (Signal! y'Background) of 

the signal when we impose the following cut: 

eut 4: Only events for which l'Pjj - !Phi < 2.6 radians are kept. 

Finally, because the emission of massive gravitons from our signal is expected 

to leave in general much more missing energy than the emission of neutrinos from 

vector boson decays, we consider the possibility of a cut onJ;lT' We see in Fig. 7.4 (left 

picture) that the distribution of this variable is clearly different for the signal and the 

background. On the right picture of the same figure we show the significance of the 

signal as a function of an applied cut on the missing transverse energy and determine 

the optimum value of that cut. On the basis of this figure, we further require: 

eut 5: We keep only events for which J;lT > 775 GeV. 

7.2.3 Results 

The above cuts leave us with only 0.07% (or 1789 events for an integrated luminosity 

C = 100 fb-l) of the initial number of background events, for the phase space region 

E!f/fl > 250) and 14.4% (or 28210 events) of the total number of signal events for 

a significance of 670 and MJ(J( = 1.3 TeV. It will therefore be ,easy to detect a pair 

of 1.3 TeV KK particles with the ATLAS detector. A 5a significance can be reached 

with a luminosity of only 6 pb- l
. lmposing the same cuts on the signal samples of 

different masses yields the curve of figure 7.5. With an integrated luminosity of 100 

fb-l, ATLAS will allow a 5a discovery if the mass of the first excited KK partons is 
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Figure 7.3: top: Distribution of the difference in the azimuthal angle between the two most energetic 
jets of an event for the signal and the each background on top of it. A KK mass of 1.3 Te V is used 
as reference. Cuts 1-3 have been applied. bottom: Significance of the signal for different values of a 
cut on the difference in the azimuthal angle between the most energetic jets of an event. 
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Figure 7.4: Left: Comparison of FtT distribution for signal and background events. Right: Variation 
of the significance of the signal as a funetion of the eut on FtT 

< 2685 Ge Y (ie it is sensitive to a compactification radius of the extra dimension of 

rv 2.7 Tey-l). 

1000 1500 2000 2500 

M KK (GeV) 

3000 

Figure 7.5: Variation of the signifieance of the signal in fun et ion of the mass of the first KI< excitation 
state. 

We note also that such a high cut on missing transverse energy will help to discrim­

inate the principal large extra dimension signais ( one jet and ~issing energy) where 

only one of the gravitational modes (graviton or its superpartners) are produced. 

\Vith such an analysis we therefore prove that if the mass of the compactification 

scaie is higher than the actuai experimentai iower bound (Mc ~ 400 Ge Y), we will 

be able to see this signal at more than 50" significance. For example, if Mc = 1.3 

TeY we can probe these UED with an oniy 6 pb-1 iuminosity, which is indeed a clear 
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signal. We can finally conclude from our analysis that if there is one small extra 

dimension that can be universally probed by Standard Model particles and if the thin 

brane that it forms is embedded in a bulk of large extra dimensions as is predicted by 

Supersymmetric Large Extra Dimensions scenario [12,44], then ATLAS will allow us 

to make a 5a discovery for such a signal for a compactification scale up to 2700 GeV. 
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SUMMARY AND CONCLUSION 

The Supersymmetric Large Extra Dimension (SLED) scenario offers the possibility of 

building low-energy effective fields theories, or even microphysics models valid beyond 

the (4 + n)-dimensional Planck scale (MD), which don't suffer from the cosmologi­

cal constant problem. We have seen in chapter 2 that this theory requires that a 

3-brane, where the Standard Model fields live, be embedded in a (4 + 2)-dimensional 

space, with the two extra dimensions compactified on a geometry of about a micron 

size. We have also seen that this scenario requires a gravitational supersymmetric 

bulk space (with SUSY only weakly broken by the presence of the brane), but non­

supersymmetric brane degrees of freedom for energy scales lower than the weak scale 

(.l\1w rv MD rv 10 TeV). These features thus predict a low-energy realization of super­

symmetry that differs completely with what is expected from the popular Minimal 

.Supersymmetric Standard Model (MSSM). Moreover, with the number and the size 

of the extra dimensions fixed in this scenario by the requirement of a solution to the 

cosmological constant problem, SLED also provides a solution to the hierarchy prob­

lem without involving fine tuning. By solving aH these problems, the SLED scenario 

therefore offers the inestimable possibility of greatly improving our understanding of 

high-energy physics and cosmology. 

Inspired by the strong scientific value and the novelty of such a theoretical frame­

work, this thesis has aimed to provide this scenario with the concrete phenomeno­

logical analysis needed for fixing and orienting future experimental tests of SLED 

theories. In particular we wanted to study the possibility of testing the direct pro­

duction of bulk scalars (superpartners of the graviton) at the LHC and to evaluate the 
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capabilities of the ATLAS detector to discover their presence. To this end, we consid­

ered the lowest mass-dimensional effective Lagrangian describing the interactions of 

Kaluza-Klein states of a generic bulk scalar with SM quarks, gluons and Higgs boson 

at low energy and we used it to compute the differential cross section of the pro cesses 

qq ---7 gep, qg ---7 qep, gg ---7 gep and gg ---7 hep. This was presented in chapter 3. After 

a brief description in chapter 4 of the LHC and of the expected performances of the 

ATLAS detector, we have explained how Monte Carlo generators were produced and 

we have presented our complete phenomenological analysis of these pro cesses in the 

fifth chapter using Monte Carlo simulations. The results are the following. 

We first found out that a 50" discovery of such a generic bulk scalar is possible with 

the ATLAS detector for a wide range of values of the bulk scalar-gluon coupling and 

the bulk scalar-fermion couplings, even if ATLAS is more sensitive to the first one. 

We then showed that this sensitivity is higher when the number of extra dimensions 

is small, being maximal for the n = 2 SLED scenario. Finally, we compared these 

results with those of graviton production and found that they are comparable in size 

and shape. The number of events expected for each of these two pro cesses can only 

be evaluated in the SLED scenario because it is the only extra dimensional frame­

work which fixes the number and size of the large extra dimensions on which depend 

the cross sections of these processes. This confirms the stronger predictability and 

scientific value of the SLED scenario compared to any other Large Extra Dimension 

(LED) proposai. 

In a second analysis, we studied the dimensionless trilinear interaction of SM Higgs 

bosons with a bulk scalar. We mentioned that the interest in such a coupling is that it 

is independent of any mass scales. A large coupling is therefore a specifie prediction 

of the SLED scenario, and it must dominate at the LHC energy scale. Studying 

the channel where the Higgs boson decays in two photons (and the bulk scalar again 

leaves missing energy in the detector), we showed that a 50" discovery will be possible. 

for an integrated luminosity of .c fb-l, if the dimensionless Higgs-bulk scalar coupling 

a is higher than 0.09, when a eut of 78 GeV on the missing transverse energy of the 
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events is applied. If ATLAS indeed sees such signal, it will be strong evidence for the 

SLED scenario. Moreover, we showed that such a channel would help the discovery 

and the measurement of the Riggs boson even in the context of the Standard Model. 

Finally, in the last part of this work, we studied the possibility of observing a 

Universal Extra Dimension signal, when the final KK states decay into a parton plus 

a graviton because of the large extra dimensions predicted by SLED. Here again we 

showed that such a signal will be detectable and lead to a discovery at the LRC, 

provided that the compactification sc ale of the small extra dimension (corresponding 

to a brane thickness) is lower than (2675 Ge V) -1 . 

This work constitutes a guide for an experimental analysis wh en data become 

available. It provides information on what can be seen in a detector like ATLAS, 

on how the signaIs of the physical pro cesses that we considered can be isolated and 

on how we can interpret them. We find our results encouraging sinee they confirm 

that with the ATLAS detector it will be possible to verify or falsify the powerful 

SLED scenario. More work can still be done to complete this analysis with the 

study of other possible channels and processes, but we are already excited. We are 

awaiting impatiently the first collisions at the LRe, in 2008, as we know that we 

could, hopefully, confirm the proposed solution of the cosmological constant problem. 
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