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Abstract 

 
Uncertainties in radiative effects of the quarks in   -background in the form of final state 

radiation (FSR) are significant when it comes to reducing all forms of systematics that can arise 

from measuring the jets energy. Analysis on FSR is in general conducted on different simulated 

samples where one has included the radiative effect using algorithms such as PYTHIA[29]. The 

hypothesis is that through the re-weighting of the   -background nominal sample one could add 

a better representation of the FSR effect. Finding a simple way to include a better description of 

FSR would not only save time in the simulation process but it would also be a way to reduce the 

systematic errors originating from limited MC statistics. Due to statistical effects coming from 

the simulations one cannot use the basic approach to define the effect of FSR as simply the 

difference between nominal and FSR. Two methods are tested to estimate the FSR effects; the 

first method uses a set of efficiency factors to represent the signal regions, the second method is 

to add a weight to the events of the nominal sample. The first method show positive results, 

especially in SR2, compared to a basic analysis, with an uncertainty of the FSR effect of: 

SR1:±29% SR2: ±51% SR3: ±37%. While a basic analysis gave an uncertainty of ±42%, ±122% 

and 36%. The second method shows positive signs where the re-weighted sample moves closer 

to the behaviour of the FSR sample. However, both methods are based on insufficient amount of 

statistics to draw any absolute conclusions. 
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1. Introduction 

This thesis contains an analysis related to the search for new physics at CERN’s Large Hadron 

Collider (LHC). The new physics in question is the standard model extension supersymmetry 

(SUSY). The analysis performed in this thesis is conducted on top quark background which is 

one of the major processes present in LHC’s hadron-hadron collisions. It is of importance both to 

LHC in general and to all new physics including SUSY. This process involves the top quark. A 

short introduction will follow to give a summary of the content of this thesis.  

The standard model has been very successful in describing particle physics and have to a great 

extent been confirmed and backed up by experimental evidence. However, now that the LHC 

have started to run and energies up till  14 TeV will be made available there are possibilities to 

discover new physics beyond the standard model. In fact, the standard model is not designed to 

describe physics outside the range of TeV. However, the standard model is often used as a 

foundation to build upon to include new physics.  

SUSY is one of the most popular extensions of the standard model and will be in the focus of this 

thesis. SUSY introduces a relationship between fermions and bosons. This new symmetry solves 

a number of problems that presently exists in the standard model. In SUSY each currently known 

SM particle has a supersymmetry partner which differs in spin with one half while all other 

quantum numbers remain identical. The fact that no supersymmetry particles have yet been 

detected indicates that they might have considerable higher mass than their standard model 

partners; therefore can supersymmetry not be a perfect symmetry. SUSY is a broken symmetry. 

The minimal supersymmetric standard model (MSSM) and the minimal supergravity model 

(mSUGRA) are two of the most popular versions of supersymmetry. The advantage with these 

two models is their minimal particle content. mSUGRA has the least amount of variables 

responsible for its mass spectrum and is therefore more simple to apply to calculations and 

experiments. This is of course a great advantage in the search for these new supersymmetry  

particles. 

Since there is little knowledge of how the world in reality behaves at these new energies, that 

are now available at LHC’s hadron-hadron collisions, extensive work is being preformed to 

interpret the new data. Such work includes running simulations on theories like SUSY that tries 

to describe new physics. Simulations are also preformed with the purpose to understand how 

the known physics of the standard model behaves at these higher energies. The results collected 

from these simulations serve has a help in deciphering the data collected from real collisions. In 

hadron-hadron collisions the majority of the signals originate from standard model reactions 

and decays and it is important in the search for new physics to be able to see how the standard 

model  backgrounds conflicts with real signals of new physics. 

In SUSY one has introduced a new relation to classify certain properties of particles. This 

relation is R-parity: PR = (-1)3(B-L )+2s. This is a combination of a particles spin s, baryon number B 

and lepton number L. R-parity states that normal standard model particles have R-parity +1 

while SUSY particles have R-parity -1. According to supersymmetry models that include 

conservation of R-parity, such as mSUGRA, supersymmetry particles that are created by SM 

content must be produced in pairs. Further, the conservation of R-parity implies that sparticles 

can only decay into an odd number of sparticles. This means that following the decay cascade of 
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a sparticle, in the end must leave at least one light supersymmetry particle which due to the lack 

of any less massive sparticle cannot decay any further. This is the lightest supersymmetry 

particle abbreviated LSP. The LSP takes away energy from the collision and escape without 

being caught in any of the detectors. However, one can see these LSP from the key signatures of 

missing transverse energy in the same way as one can see the presence of the neutrinos. The LSP 

is a candidate to the dark matter theorised wimp.  

Top quarks are produced in huge quantities at LHC’s hadron-hadron collisions. Therefore, this 

type of background is vital to all searches for new physics at LHC. A top quark pair decay 

produce signals that contain leptons, multiple jets and the earlier mentioned key signature of 

high missing transverse energy which are exactly the same signals one would search for in 

supersymmetry related events. This makes the top quark background important to understand 

in the search for SUSY. 

When it comes to a top quark pair decay it is of importance to be able to determine the energy 

scale of the jets to a high precision such that no energy present is miss-calculated resulting in 

miss-measurements of missing transverse energy. Radiative effects of the top quark decay, 

called initial and final state radiation, are important when it comes to reducing all forms of 

systematics that can arise from measuring the jets energy. The study of the radiation’s 

systematic effect in the general analysis is conducted on separately simulated samples where 

one increase and decrease the effect of the radiation on a generated sample. However, the 

process of simulating these different samples is time consuming.  The aim of this thesis is to 

reduce the systematic effects which are linked to the description of final state radiation which is 

used in the simulation of the MC samples for   . 

Chapter 2, 3 and 4 contain a basic introduction to SUSY. The focus lies in particular on two 

aspects of SUSY, the minimal supersymmetry standard model (MSSM) and the minimal 

supergravity model (mSUGRA). These chapters are composed as a summary of [1]-[7].  

These more theoretical chapters are followed by the experimental aspects of SUSY, starting with 

a short description of the Large Hadron Collider (LHC) and the experiment of interest, the ATLAS 

experiment. An overview of the structure of ATLAS will be given. This chapter has been 

composed using the following references: [11], [12], [13], [14], [17] and [19].  

The study was done on Monte Carlo generated samples for   . Both the nominal and the final 

state radiation (FSR) samples were used. Fundamental concepts in data analysis such as the 

cutflow and object definitions will be explained in chapter 6. In addition there will be a closer 

look at the main backgrounds present in SUSY analysis. This chapter is followed by a chapter 

containing the basic physic for the top quark production at the LHC which is vital to the analysis. 

The material of these two chapters is formed by the help of [22]-[27]. 

 The last chapters contain the analysis and the results.  
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2. Background and Theoretical Review 

2.1. The Standard model 

The standard model (SM) has had great success since the theory became complete in the mid 

1970s. The SM in particle physics is a theory that explains the interactions between the 

subatomic particles i.e. the quarks and leptons through the electromagnetic, the weak and the 

strong force. To date all experimental results can successfully be explained by the standard 

model. Physical constants and couplings predicted by the theory agree well with empirical 

measured values. Experiments aiming to verify the particle content predicted by the SM have 

confirmed the existence of the predicted particles over the full mass range from the light 

neutrino up to the 170 GeV top quark. The only missing link is to find evidence for the Higgs 

Boson. Furthermore, the SM can describe physics in fields outside particle physics such as in 

astrophysics, cosmology and nuclear physics. There are though still physical phenomena outside 

the range of a few TeV that cannot be accounted for by the SM, however the SM is often used as a 

foundation to extend and include new phenomena.  

One of the theoretical problems that exist with the SM is the muon anomalous magnetic moment. 

To calculate the moment by the means of the SM one includes the following three parts 

  
     

   
   

     
   , where the components are the QED photon and leptons, EW 

electroweak W and Z loops and the hadronic contribution respectively. Due to the large mass of 

the muon one include the electro-weak and hadronic contributions into the calculations. These 

terms are not needed in the calculation for the lighter electron’s magnetic moment. As the 

theoretical anomalous magnetic moment for the muon contains all the factors of the SM one can 

use the muon anomalous magnetic moment as a test of the precision of the SM. Currently 

experimentally measured value of the anomalous magnetic moment [24] is: 

  
   

                       . 

While compared the theoretically computed value [25] is: 

  
                        . 

The experimental and the theoretical values do not agree and deviates outside the accepted 

limits for the errors. This might be a sign that there is a need for new physics beyond the SM. 

This new physics would be necessary to get hold of a theoretical description of the anomalous 

magnetic moment for the muon which can produce a value of the moment that is closer to the 

experimentally measured value.  

Another point of interest when searching for new physics is the     . This decay happens 

through an electroweak Feynman diagram shown in figure 1. In the SM there is no direct 

coupling between the bottom and the strange quarks, the b decay to a strange quark and gamma 

can therefore only happens through the one-loop diagram shown in figure 1.  
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Figure 1: Penguin diagram of     . 

This decay is sensitive to new physics, such as supersymmetry where one introduces new 

particles, like doublets of Higgs bosons. These new particles would then be able to replace the 

bosons or quarks in the loop and change the branching fraction of the bottom quark decay. 

One of the biggest reasons that new physics is required is that SM can neither fully explain the 

Higgs mechanism nor can the Higgs boson mass be calculated only by the means of the SM. 

When a Higgs boson interact with a heavy particle, such as the top quark it receives a quadratic 

mass contribution which would make the mass of the Higgs boson huge compared to the energy 

scale covered by the SM. The self-loop of the Higgs boson gives a non-zero contribution. This is 

strange and contradictory to the normal cancellations that occur by other SM particles self loops 

which have a zero valued contribution.  

 

Figure 2: Higgs boson quadratic mass. 

There exist two solutions to this problem. The first one is fine-tuning where one modifies the 

parameters in the model in order to give more satisfying results. In this case higher order 

contributions to the mass cancel the quadratic behaviour. The second one is to add the 

cancelling terms with a physical motivation, such as that there exists a new symmetry, where the 

cancellation comes naturally from the relation between fermions and bosons. The SUSY 

correction to the Higgs quadratic mass would then be as in figure 3. With this addition the Higgs’ 

self-loop become zero. 

 

Figure 3: SUSY correction to the Higgs boson quadratic mass. 

There exist further problems outside particle physics that the standard model does not succeed 

to explain. The standard model does not explain why there is a discrepancy in the distribution of 

baryon and anti-baryon mass in the universe. The inconsistency in the distribution could be 
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explained by that one flavour of baryons is “favoured” by the universe. That is to say, baryon 

number would not always be conserved. A favoured flavour of baryons would lead to an 

asymmetrical distribution of baryons and anti-baryons. The SM also fails to take into account a 

possible candidate for dark matter. mSUGRA and other SUSY models that conserve R-parity 

contain a “lightest” particle which cannot decay into SM particles. This portion of 

supersymmetry particle consisting of LSPs must then still be around somewhere in the universe. 

It is believed that LSP is a candidate for the dark matter “weakly interacting massive particle” 

wimp theorised by astrophysics.  

2.2 Supersymmetry  

To describe the quadratic contribution to the Higgs mass in more detail one has the look at a 

fermion   that couples to the Higgs field in a one loop Feynman diagram one gets a mass 

correction to the Higgs mass: 

   
    

    
 

   
   
      . 

     is the ultraviolet momentum cutoff. The UV-cutoff can be seen as the energy scale at which 

new physics have to be taken into account.    stands for the border to the energy scale where 

new physics is required. If       assumes the value of the Planck mass and is inserted in     one 

gets a mass correction term that is 30 times order of magnitude larger than   
  for each fermion 

interacting with the Higgs field. This run-away contribution to the mass is known as the problem 

of quadratic mass term correction.    
  is sensitive to particles with heavier mass than   

 . This 

is of course based on the assumption that the Higgs boson exists and that there are particles 

heavier than the Higgs boson. If this is indeed the case, which amongst researchers in the field is 

considered to have a high probability, the quadratic behaviour of the mass correction terms 

must in one or another way be resolved. The quadratic behaviour of (1) can be made to vanish if 

one introduces some new physics. A new symmetry could form the sought cancellations, 

perhaps if there were a relation between fermions and bosons (scalar).  

The mass correction term for a one loop scalar particle S interacting with the Higgs field is: 

   
   

  

    
    

      
    

   

  
     .                 

If one compares (1) and (2), one can see a striking similarity in both of the expressions. If two 

complex scalars to each of the known SM quarks and leptons with        
 
 would exist then 

there would occur a cancellation of the    
  term if one were to perform an addition between 

both expressions. This shows that a relation that combines fermions and bosons provides a 

solution to the quadratic problem of the mass correction terms.  It is quite easy to see that this is 

true on a simple example of the first order, but the fermion-boson symmetry must also be able to 

achieve the same type of cancellations in higher order. The theory that links bosons and 

fermions together is supersymmetry. 

Supersymmetry says that each currently existing particle in the standard model has a 

supersymmetric partner which possesses a spin that differ with ±½. Since fermions are spin-½ 

particles they have a spin-0 (½-½) bosonic supersymmetry partner and the bosons that are 

spin-1 particles have a spin-½ (1-½) fermionic supersymmetry partner. To be a symmetry the 

SUSY particles would have the same properties as their SM partners except for the spin  and 

(2) 

(1) 
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mass. The new particles must have masses which lie above the current range of the standard 

model. This is since SUSY is a broken symmetry and SUSY particles do not have the same mass as 

their respective standard model partners. The lightest of super symmetrical particles is believed 

to be of the same order of magnitude as    and    .   

Strictly speaking concerning literal praxis the supersymmetric boson to a fermion has an “s” 

added in front of their standard model name and the partner to a boson has an “ino” stuck at the 

back of their standard model name. Table 1 shows the standard model defined particles and 

their respectively superpartners. 

Particle Symbol Spin Superparticle Symbol  Spin 

Quark Q ½ Squark    0 
Electron E ½ Selectron    0 
Muon µ ½ Smuon    0 
Tauon Τ ½ Stauon    0 
      
W W 1 Wino    ½ 
Z Z 1 Zino    ½ 
Photon Γ 1 Photino    ½ 
Gluon G 1 Gluino    ½ 
Higgs H 0 Higgsino    ½ 
Table 1: this table contain the standard model particle content and their supersymmetry partners.  
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3. Supersymmetry, SUSY 

3.1. Mathematical review of the basic aspects of SUSY 

SUSY provides the link between fermion and boson interaction that results in a solution to the 

run-away mass correction occurring at high energy. However, to explain the solution in more 

detail one needs to form a quantum representation of the symmetry. 

The theory of supersymmetry is the correlation between fermionic and bosonic quantum states. 

There is therefore need for a quantum operator that relates fermions to bosons. The quantum 

operator must work as (3), turning a fermion-state into a boson-state: 

                        and  

                       . 

The quantum operator Q turns a spin-1 state into a spin-½ state and turns a spin-½ state to a 

spin-1 state. The operator Q is a fermion operator, this means that the operator possesses an 

intrinsic spin of one half. The following commutation and anti-commutation relations have to 

hold for   and its conjugate   : 

           

                 

                 . 

Relations (4)-(6) are called Super-Poincaré algebra. The word supermultiplet is used to classify 

a group that contains both fermion and boson states. A supermultiplet therefore holds a particle 

and that particles supersymmetry partner.  

One can see that (4) suggests that operations including   and    commutes with all space-time 

rotations and translation operators. The relations (4)-(6) also implies that the operator Q 

commutes with gauge transformations. This means that all particles in a supermultiplet must 

have the same charge, weak isospin, color degree of freedom and mass. One can then say that the 

operation of either   or    on an arbitrary state       would yield the same eigenvalues to the 

operator    . Particles in the same supermultiplet must then possess the same mass. As stated 

earlier this is known not to be true but let’s for a moment disregard this fact.  

 Supermultiplets must contain the equal number of fermionic degrees of freedom as bosonic 

degrees of freedom. The simplest possible state that has the equal numbers of degree of freedom 

for fermion and boson both is a Weyl fermion [20] that has two spin helicity state, two fermionic 

degrees of freedom and two scalars that have one degree of freedom each. These two scalars can 

be combined into a complex scalar field which is convenient for the formulation of super 

symmetric algebra. The simplest of the supersymmetry theories is N=1 where N stands for the 

number of existing super symmetric operators  . 

(4) 

(5) 

(6) 

(3) 
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3.2. Minimal supersymmetric standard model (MSSM) 

Quarks and leptons in the standard model are part of a chiral supermulti plet. This means that 

quarks and leptons show dissimilar behaviour under transformation with aspect to left- and 

right-handedness of the particle [21]. They must be described with “chiralness” in mind. The 

chiral property can be described by a two component Weyl fermion which has a different gauge 

transformation depending on left- and right-handedness. Each quark and lepton must have a 

wave function that combines both the left-handed and right-handed part of their particle 

description. As a direct consequence of the chiral property the Higgs particle has several chiral 

supermultiplets. If it does not, the electroweak symmetry [21] would suffer and anomalities that 

do not follow the quantum mechanical laws would arise. Table 2 shows the super symmetry 

partners and their standard model equivalents (taking into account the particles chiral 

behaviour). The neutral SM Higgs and the neutral SUSY Higgsino are linear combinations of   
  

and   
 . The same principle applies to the charged Higgs and Higgsino. The photon now has to be 

a linear combination of W and B: 

                   

                   . 

(7) and (8) follow from the unification of weak interaction with electromagnetic interaction [21].  

Fermions SM SM       spin ½ Bosons MSSM MSSM       spin 0 

    
Quark       Squarks          
(same for all families)   

 
   

 
 (same for all families)     

     
  

Electron      Selectron        
(same for all families)    

 
 (same for all families)     

  

Higgs   
    

  Higgsino    
     

  
   

    
      

     
  

    
Bosons SM SM       spin 1 Fermions MSSM        spin ½ 
    
Gluon   Gluino    
W       Wino         
B    Bino     
    
Table 2: standard Model particles, fermions and bosons and their respectively MSSM 

partners . 

There exist mixing between gauginos and Higgsinos with the squarks and sleptons. A few of 

these mixed states are reviewed in the next chapter. Table 2 illustrates the particle content in 

MSSM.  

R-parity is of significance to supersymmetry.  Conservation of R-parity implies that SM particles, 

fermions and bosons are even with a value of 1, while all the supersymmetry partners are odd 

with a value of -1. This means  that in order to conserve R-parity one has to create MSSM 

sparticles in pairs if one start out with ordinary particles of the standard model. In collisions the 

pair production rule imposes a limit on what mass the sparticles created can possess. Another 

rule that follows from R-parity conservation is that a supersymmetry sparticle can only decay 

(7) 

(8) 
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into an odd (to keep the value -1) number of other supersymmetrical sparticles plus any number 

of SM particles. This raises an interesting point concerning the lightest of the supersymmetrical 

sparticles (LSP) if R-party is conserved. The stated decays scheme means that the LSP can’t 

decay at all since there is no lighter sparticle to decay to and it cannot decay into SM particles 

alone. It must therefore be stable. As said by the author of [1]: 

“..if LSP is stable some must have survived from the Big Bang. If LSP would interact 

strongly or electromagnetically they would have bound to nuclei by now and created 

exotic isotopes. Due to the sheer mass of these particles the isotopes would have 

strange mass to charge ratio compared to regular isotopes. Such exotic isotopes 

have not been found which means that LSP must be a neutral particle much like the 

neutrino. The LSP will show itself in detectors just like a neutrino, as a loss of energy 

and momentum but at a much higher scale of course”. 

Since all sparticles are assumed to decay rapidly into at least one LSP one makes the prediction 

that each MSSM related event has at least some missing energy and momentum.  

3.3. Minimal supergravity (mSUGRA) 

mSUGRA tries to combine supersymmetry and general relativity. The minimal in minimal super 

gravity refers to the case where the supersymmetry parameter N equals to 1. In the supergravity 

theory there is a particle which is responsible for the gravitational force; this particle is the 

graviton. The graviton is in a spin-2 state. The supersymmetry particle to the graviton is the 

gravitino that has a spin 3/2 (2-½). In the case of N=1 there is only need for one gravitino but in 

extended SUGRA with larger N there are requirements for the number of gravitino to correlate 

with the numbers of supersymmetry transformation operators N. 

mSUGRA is a local application of supersymmetry that shows invariance under local 

transformations. This is the same principle the General Relativity Theory is built upon. A big 

advantage of mSUGRA is that it contains considerably fewer parameters than MSSM. These 

parameters are:                         . The three first are the soft-breaking GUT-scale 

parameters, the common mass term m, ½ for the fermions and 0 for the scalars.    is the soft-

breaking trilinear coupling. The fourth parameter the β is the ratio of scalar Higgs’ vevs. In the 

last term µ has the dimensions of the mass which is related to the Higgs doublets. Since mSUGRA 

include gravitation it is quite intuitive why one would use the GUT-scale for the variables in this 

model. 
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4. Mass Spectrum and Decay of Sparticles 

It is vital to have enough understanding of the underlying physics of SUSY so that one can 

confirm or disconfirm the model when enough data from experiments have been accumulated. 

Moreover, to have knowledge about how the sparticle mass spectrum looks and how sparticles 

decay and what signals they leave in detectors is essential in order to be able to analyze data and 

sort out the supersymmetry related events.  

4.1 Mass-spectrum of SUSY particles. 

In SUSY new sparticles, that have no SM equivalent, occur as combinatiosn of the different 

higgsinos and the other fermions. The neutral Higgsinos    
 

 ,      and the neutral gauginos, bino 

    and wino     ,combines into four mass eigen-states called the neutralinos. The charged 

Higgsinos    
 
   

 
  and the charged gauginos      can in the same way combine into to two mass 

eigen-states with charge  , these are called charginos. The neutralinos    are labelled 1-4 while 

the charginos    are labled 1-2. Where the mass of the eigen-state is ordered by the index i, the 

higher mass the higher index number the mass eigen-state gets.  

Figure 4 shows a possible set up of the sparticles masses, just to give a simple example of how a 

SUSY mass-spectrum might look. Since the masses are dependent on only a few unknown 

constants, once one has measured the values of one or more of the parameters one can already 

relate masses of the other sparticles to each other. 

 

Figure 4: Possible mass-spectrum for mSUGRA taken from [3] page 8.               

       ,                                     

4.2. Sparticle production and decay following collision 

Potential sparticle decays are of great importance. The information one can get out of the decay 

schemes is of high value in the search for the sparticles experimentally. Two assumptions will be 

taken for granted in this section. These assumptions are that R-parity is conserved and that     is 

the lightest supersymmetric particle. 

Neutralinos and charginos can decay into leptons and sleptons or quarks and squarks. Since it’s 

probable that the slepton is lighter than the squark, the lepton+slepton decay should be 

favoured. A neutralino or a chargino can also decay into any lighters eigen-state of themselves 
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plus a Higgs scalar or an electroweak gauge boson. Conservation of R-parity states that a 

sparticle must decay into an odd number of sparticles and any number of SM particles. 

The most probable two-body decay of neutralinos and charginos therefore are: 

Neutralinos: 

                      

                                              . 

Charginos: 

                     

                                           . 

If all of the two-body decays (14)-(18) for some reason are kinematically forbidden, which 

might be the case for the lighter neutralinos and charginos, they might decay through a three-

body decay instead: 

                           

                           . 

Here f stands for a quark or a lepton. Either f or f’ must be an anti-fermion.  

The decay of sleptons can result in a lepton plus a chargino or a neutralino, through a two-body 

decay: 

                   

                

In most cases the decay into the LSP is kinematically allowed. (23) and (25) have therefore in 

most cases LSP as the neutralino: 

           

        

If the slepton is heavy enough, the decay can occur into more massive neutralinos and charginos; 

                   

                 

The decays (14) to (32) are considered the simplest decays of sparticles. They are the lightest 

and the most probable to be created in experiments with the current energy-limit. 

Sparticle in particle colliders originate from the decay of quark-gluon, quark-antiquark or gluon-

antigluon pairs. The decays (33)-(40) are a few examples of decays that decay with electroweak 

strength and create sparticles: 

 (9) -(10) 

(11)-(13) 

(14)- (15) 

 (16)-(18) 

(19)-(20) 

(21)-(22) 

(23)-(24) 

(25)-(26) 

(27) 

(28) 

(29)-(30) 

(31)-(32) 
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If the decay is of QCD strength instead the decays (33)-(40) produce gluinos and quarkinos: 

                 
  

         

                   
  

         . 

At the LHC the dominant probable production of SUSY is by QCD production of gluinos and 

squarks. 

4.3. SUSY Signatures 

In SUSY models that conserve R-parity the decay of sparticles must result in at least one light 

stable sparticle. As mentioned before this neutral light sparticle can be seen in detectors by the 

amount of transverse energy it takes with it while escaping the detector without being caught. 

Therefore in models such as mSUGRA where R-parity is assumed to be conserved a key 

signature of SUSY is the missing transverse energy,   .  

During the decay process of sparticles to the final LSP a number of other particles can be created, 

for instance: quark, gluons and other various standard model particles. Therefore, a signature 

vital to SUSY in addition to the   , is jets following from the quark/gluino decays. Leptons can 

also be present in a SUSY event. These leptons can either come from the decay of the sparticles 

or from the standard model particles. Leptons arising from the sparticle decay can be used as a 

help to more easily identify possible SUSY events.  

4.4. Dilepton signatures 

The sparticle decays leading to two leptons in the final state are of the most significance to this 

report. Dilepton signature implies that there are two leptons left in the final state after the decay 

cascades.  

There are several advantages with this type of signatures; one of these is that they have much 

smaller standard model backgrounds compared to zero- and one-lepton events. A few of the 

processes that produce a dilepton signature in the final state, are the four decay chains (47)-

(50) which are the three-body decays (19)-(22) where the fermion and anti-fermion  are a 

lepton, an anti-lepton or a neutrino: 

            

           

(47) 

(48) 

  

(33)-(34) 

(37)-(36) 

(41)-(42) 

          (43) 

(89)-(90) 

(91) 

(44)-(45) 

          (46) 

(37)-(38) 

(39)-(40) 
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            . 

A dilepton event can occur through one cascade with (47) and (50) while (48) and (49) have to 

be combined into two cascades to produce two leptons. The two lepton can either be of the same 

flavour i.e. two electrons or of different flavour, i.e. an electron and a muon. These leptons can be 

of the same charge or opposite charge. The two properties flavour and charge can be of help 

when distinguishing between different SUSY models and parameters.  Moreover, flavour and 

charge play an important role when studying potential background processes. Events containing 

leptons are simpler to trigger on than events disregarding lepton signatures.  

The decay following the production of two gluinos (44) can end in a same-signed dilepton event. 

These events have a high branching ratio to hadrons and a chargino which would sequentially 

decay into a lepton, neutrino or a light neutralino, the LSP. The sign of the decay end product can 

be positive or negative with an equal probability since the gaugino has no charge itself. Many 

events like this show signals in the detectors as same signed leptons, jets and missing 

transversal energy. These events also have a low SM-background which makes it easier to 

distinguish between real SUSY events and false ones arising from background.  

  

(49) 

(50) 
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5. The Large Hadron Collider (LHC) and ATLAS 

5.1. CERN  

CERN, the European Organization for Nuclear Research is one of the world’s largest research 

facilities. The main goal for research at CERN is to discover how the universe works through 

measurements regarding high-energy particle physics. Nevertheless, research concerning other 

adjoining fields of physics is also being conducted at the premise. CERN is aimed at bringing 

nations together in collaborations through science, making steps forward by developing new 

technology and providing training for new researchers.  

The only present choice for the direct experimental search for SUSY is the Large Hadron Collider 

(LHC) at CERN since the Tevatron at the Fermi National Accelerator Laboratory ceased 

operation on 30th  of September 2011. LHC is the only machine that can produce the high-energy 

collisions needed to search physics outside the reach of the SM. 

5.2. The Large Hadron Collider 

LHC is currently the most powerful accelerator in the world. LHC is connected to CERN’s 

accelerator complex. The accelerator ring is ~27km long and is situated on the border between 

Switzerland and France about 100 meters below ground. 

Several superconducting magnets are positioned along the accelerator ring. These magnets are 

there to guide the particles along the track. The superconducting magnets operating at their 

maximum require a very low surrounding temperature of just a few degrees above absolute zero, 

i.e. -271 ° C. In total more than a thousand different magnets are located along the track. There 

are more than 1000 dipole magnets that bend the proton beams around in the accelerator ring. 

The dipole magnets, which are composed of two magnet coils with opposite fields, are each 15 

meters long. Almost 400 quadrupole magnets, about 5-7 meters long are used to focus the 

beams. Right before the point of collision a special type of magnets are placed, these magnets 

help to squeeze the beam. Squeezing the beam increases the intensity in the collision region. LHC 

is designed to be able to have a beam energy of 7 TeV, which sums up to an energy of 14 TeV per 

collision. At present LHC operates at half of its max beam energy. 

Six different experiments are collecting data at the LHC. ATLAS (A Toroidal LHC ApparatuS), 

CMS (Compact Muon Solenoid), ALICE (A Large Ion Collider Experiment), LHCb (Large Hadron 

Collider beauty), TOTEM (TOTal Elastic and diffractive cross section Measurement) and LHCf 

(Large Hadron Collider forward) see figure 5 for an overview. The largest of these experiments 

are ATLAS and CMS. They are designed to measure and analyze the huge amount of particles 

produced by proton-proton collisions and must be able to account for all possible types of events 

that can occur. ALICE and LHCb are smaller experiments that are more specialized and designed 

for certain phenomena. The two last experiments at LHC are TOTEM and LHCf. LHCf is designed 

to analyze forward particles, such as protons and photons that do not participate in head-on 

collision but rather brush past each other. These two experiments are much smaller than the 

other four. TOTEM is located in connection to CMS and LHCf is connected to ATLAS. 

Data used for the analysis covered in chapter 8 are simulated for ATLAS and therefore is a 

description of the basic layout of the detector layers in ATLAS is given in the next section. 
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Figure 5: Overview of LHC and the 6 experiments attached [18]. 

5.3 ATLAS 

ATLAS is designed to be a general purpose detector. This means that the range of physics signals 

it can detect has not been limited to a single purpose but operates to study any kind of physics 

interactions created in the collisions taking place in the middle of it. ATLAS must be able to cope 

with the high energy collisions and the high rate of collisions LHC produce since LHC is the most 

powerful particle collider ever created. ATLAS has been made larger and more complex than any 

preceding detectors in the world. The main purposes of ATLAS are the search for: the Higgs 

boson and any new physics beyond the SM e.g. supersymmetry, indications of extra dimension 

and possible candidates to dark matter.  ATLAS is 44m in length and has a diameter of 25m. 

ATLAS weighs in total around 7000 ton. 

 

Figure 6: Over view schematic of ATLAS [18] showing the location of the different detector layers. 
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5.3.1. Basic layout of ATLAS 

An extensive range of various detectors is present in ATLAS. These detectors are built up by 

layers centred around the beam. Each bunch of layers is a special type of detector that has its 

own special purpose. There are three primary layers. Starting from the middle the three parts 

are: the inner detector, the calorimeters and the muon spectrometers as can been seen in figure 

6. Each part has both layers around the beam in the barrel layers and end-cap layers. The end-

cap layers of the detectors are responsible for the particles which have a small angle relative the 

beam, as can be seen in the picture of the most inner layers of ATLAS in figure 7. Considering the 

massive amount of data generated per second in LHC the need for data-uptake and data-

collection are also essential parts of ATLAS. Inside and outside the three layers of detectors 

there is a magnetic system used to curve the tracks of charged particles, for charge and 

momentum measurements. 

 

Figure 7: Over view schematic of the inner detector [18] with the three major parts, the pixel 

detector, the SCT detector and the TRT detector. 

5.3.2 The Inner Detectors 

The main purpose of the inner detectors is to record momentum and energy of charged particles 

as well as the exact starting point of the track of the particles. With the help of the starting point 

of the track it is possible to see whether the particles have come from the origin of a certain 

collision or if they are products of later decay cascades. This is all vital information when 

reconstructing the events based on the data recorded. The inner detector relies on the magnetic 

system to bend the path of charged particles and subsequently measuring the charge, 

momentum and tracks of the particles. The inner detectors consist of three parts: the pixel 

detector, the semi-conductor tracker and the transition radiation tracker.  

The innermost part is the pixel detector, and as the name indicates it is built up of “pixels”. There 

are in total around 80 million pixels, each pixel measures 50 µm x 400 µm. These pixels are 
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spread out on three barrel layers around the beam axis and three disks at each end-cap. The 

pixel layers are segmented in the directions     (radial r and   circular angle) and z (z axis 

along the beam). One track typical passes through three pixel layers. The pixel detector is 

designed to have extremely high precision in determining the track and its starting point. About 

50% i.e. about 80 million, of all data readout channels present in ATLAS are originating from this 

detector. The pixel detector is located closest to the beam and is therefore exposed to the most 

radiation out of all the parts of ATLAS. The pixel detector is therefore constructed through the 

use of advanced silicon technology which provides some protection against the high amount of 

radiation it is exposed to. Nevertheless from time to time the layers may still have to be replaced 

when they have contracted too much radiation damage.  

The layer outside the pixel detector is a semi-conductor tracker (SCT). It has a similar design as 

the pixel detector but the “pixels” in this layer are thin strips measuring 80 µm x 12.6 cm. SCT 

have four barrel layers around the beam and nine disks at each end-cap. The strips in the barrel 

layers are parallel to the beam. The end-cap layers have stripes running in the radial direction. 

The strips (about 6 millions) cover a larger area than the pixel detector and are excellent at 

reading tracks in perpendicular direction to the beam. A track crosses in average eight layers of 

the SCT.  

The outermost layer is the transition radiation tracker (TRT). This part consists of straw 

trackers that are made up of straws and a low-density polypropylene-foam filling the gap 

between the straws. The barrel TRT are made up of 73 straw planes with the straws parallel to 

the beam. The end-cap TRT are made up of 160 straw planes with radial straws. The TRT covers 

a large area but is less accurate in measurements than the two innermost layers. There are about 

300 000 straws in total in the TRT. The straws are filled with a xenon-based gas mixture that 

becomes ionized when a charged particle passes through it. The ionization gives away electrical 

pulses that can be collected as data. The distance and time between the pulses give useful 

information when reconstructing the track of a particle. The foam that exists between the straws 

causes electrons that pass through it to emit X-rays, so called transition radiation. These X-rays 

help later to identify whether the particle was or wasn’t an electron.  

5.3.3. The Calorimeters 

There are two kinds of calorimeters present in ATLAS, an electromagnetic calorimeter (EM) and 

a hadronic calorimeter. The calorimeters measure the particles energy through absorption. The 

many layers of absorber material absorb the high energetic incoming particles and transform 

their energy into large low-energetic particle showers. When the incoming particle interacts 

with a material it creates multiple secondary particles that contain less energy. Each of these 

secondary particles interacts in the same way with the material and produces a massive number 

of low-energy particles. This “chain reaction” continues until the particles have low enough 

energy to come to a halt or completely absorbed in the material. This chain of produced particles 

is called a particle shower also referred to as a particle jet. The calorimeter measures the shape 

of the shower that follows the absorption. Through the shower of particles the initial particles 

energy can be determined. The physics behind EM and hadronic (QCD) jets are based on 

different principles. Therefore, there exists an EM and a hadronic calorimeter. Both the EM and 

the hadronic calorimeters absorbers are made up of high density metals such as lead and 

stainless steel.  
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The purpose of the EM calorimeters is to absorb particles that shower via electromagnetic 

interactions, i.e. electrons, positrons and photons. The EM calorimeter must be able to identify 

and correctly reconstruct these particles over a wide range of energies. The EM calorimeter is 

built up by lead absorbers and liquid argon as sampling material. The particle shower in the 

liquid argon produces electric pulses which can be read out as data. There exist more than 

100 000 channels for data read out in the calorimeter. The EM calorimeter can pinpoint the 

energy and the point of interaction of the particle with a high precision. It can measure the 

pseudorapidity and the angle perpendicular to the beam within ~0.025 radians. The 

pseudorapidity marked with η is defined as           
 

 
, where θ is the angle between the 

beam axis and the considered particle.     refers to an angle       while when      the 

pseudorapidity      . The EM calorimeter have an energy resolution of 
  

 
 

   

  
     . The 

hadronic calorimeter captures the non electroweak showering particles that go through the EM 

calorimeter.  

The hadron calorimeter is designed to detect the particles that interact via the strong force. The 

main goal for the hadron calorimeter is to identify jets and measure their energy and direction. 

Furthermore, it has to measure the total missing transverse energy to a high precision. The 

hadron calorimeter also helps the EM calorimeter with identifying leakage and isolation.  

The hadronic calorimeter is divided into barrel and end-cap layers. The absorbing material in 

the barrel hadron calorimeter is stainless steel and the sampling material is scintillators that 

emit light signals when charged particles pass through the material. The hadronic end-cap 

calorimeter is made up of copper and liquid argon. The material in the end-cap is more radiation 

hard since the forward radiation is much stronger than for the barrel. The measurements of 

missing ET and jet energy are more difficult compared to EM showers due to intrinsic effects. 

Some of the limiting effects for hadrons are fragmentations, magnetic field sweeping of charged 

particles and gluon radiation. Fragmentation in nuclear processes results in missing energy, e.g. 

neutrons and other neutral particle do not give signals in the scintillator or liquid argon.  This 

results in a lower signal output from the calorimeter.  However, neutral particles such as    can 

decay into EM particles and give EM showers. These showers give a full signal in the calorimeter. 

The discrepancy between EM and full hadroic showers yields big fluctuations for precision 

measurements. This results in worse energy resolution of the hadronic calorimeter than the EM 

calorimeter. The hadronic calorimeter has about four times worse precision than for the EM 

calorimeter and can pinpoint particles location within ~0.1 radians. The hadron calorimeter has 

an energy resolution of 
  

 
 

   

  
   . 

5.3.4. The Muon Spectrometer 

Muon spectrometer is the outer most layer of ATLAS. This part of ALTAS is used to identify 

which muons that originated from the collision. Few particles beside muons have the possibility 

to pass through the inner detectors and the calorimeters without being absorbed. This is 

because muons have considerable high mass, 200 times that the mass of an electron and do not 

interact strongly. The spectrometer use magnetic fields to bend the path of the muons so their 

momentum can be measured. The muon spectrometer has to have a large volume since the 

detector has to be big enough to curve the path of muons to such an extent before they leave the 

detector so that their momentum can be measured. 



 
 

25  

 

5.3.5. Data 

Before it is even possible to start the data analysis one has to store the data from the detector 

somewhere. Around twenty petabytes raw data per second can be generated in ATLAS.  All this 

data come from ~20 events per beam crossing, and each beam crossing occurs at a rate of 40 

million per second summing up to 800 million events per second. ATLAS uses trigger system to 

in real time sort out which events are of interest. There are three triggers at different levels 

working with the sorting process. One is situated inside the detector and the other two triggers 

are run on vast number of computers located near the detector.  

5.3.6. Trigger Level 1 (L1) 

L1 is the hardware based trigger. L1 uses data from the muon detectors and the calorimeters. 

This trigger uses pre-set thresholds on energy and multiplicities on all the data available from all 

channels it can read. The parameters are such as data from the EM-cluster, taus, jets and missing 

ET. There is in total 256 different settings available to the L1 trigger. L1 uses these pre-set values 

to filter out bad events and thereby reducing the data passing through it to a great extent. The 

first level trigger reduces the event rate from the beam crossings from 40 MHz to 75 kHz. 

5.3.7. Trigger Level 2 (L2) 

The next level trigger is a software based trigger. Both the L2 and the L3 triggers are called High 

Level Triggers (HLT). This trigger uses the information from the L1 trigger indicating regions of 

interest and additional information which is not available to the first level trigger such as 

information from the inner detectors which contain the reconstructed paths of particles. With 

calculations based on these data the L2 trigger can make further restrictions and filter out 

events of no interest. The 2nd level trigger reduces the event rate from 75 kHz to 1 kHz. 

5.3.8. Trigger Level 3, Event Filter (EF) 

The event filter is the 3rd level trigger. The restriction on events made by the event filter is 

mainly based on the offline storage capability. The EF trigger uses more strictly defined 

algorithms than L2 to filter out events from a rate of 1 kHz to 200 Hz. The events passing EF are 

stored for offline analysis. 

5.4. Monte Carlo Simulations Techniques (MC) 

The Monte Carlo method is often used in fields where simulations of complex systems are 

required. Such complex field of research might be, to give examples, fluid mechanics, disordered 

materials or particle physics. These categories each work in systems that have a high number of 

degrees of freedom which makes the calculations complicated and near impossible or 

impossible to solve without numerical analysis as aid.  

The Monte Carlo method is based on a number of computation algorithms that repeatedly  use 

random sampling to compute the result. The MC method is often used to make simulation based 

on underlying uncertainties such as risk assessments.  It makes a valuable tool in areas where 

one has to take into account every possibility of failure, such as space exploration or oil 

exploration, where one small error might cost people their lives.  
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In particle physics Monte Carlo simulations are a tool used to understand the behaviour after 

collision. They are essential when planning new experiments as well as an aid when new 

detectors are designed. Even after the design process the MC simulations are consulted to 

compare data acquired from real experiments with the behaviour of the theory to see where 

reality differs from the current theoretical physical models and see where alternation in the 

theoretical models is needed. In the ATLAS experiment there exist full simulations of the 

experiment. These simulations make an extensive use of MC techniques from the collision 

process selection to the interaction of the particles with the detectors. 

The samples used in this thesis have been made with AcerMC[28] Monte Carlo event generator. 

This is an event generator designed to generate standard model background processes that 

occurs in proton-proton collisions in the LHC. AcerMC contains library of a wide set of modules 

required to produce possible processes. Such processes can be      . The process events 

generated can be completed with initial and final state radiation, hadronisation and decays, 

which are simulated with other programs. The AcerMC samples used in this thesis have been 

completed by final state radiation simulated with PYTHIA[29]. 

5.5. GEANT4 (GEometry And Tracking 4) 

GEANT[27] is a series of software toolkits that have been developed by a world-wide 

collaboration. It is made up of scientists and software engineers who work at develop, maintain 

and provide support for the Geant4 toolkit. It is a “platform for simulating the passage of 

particles through matter using Monte Carlo methods” [27]. GEANT helps the researchers 

providing basic levels of a simulation, such as the geometry, tracking and detector responses. 

The geometry includes the layout of the whole physical detector. Tracking is the part “tracking” 

the particles path through the geometry. The tracking includes interaction with the detectors 

and possible decays. GEANT can also be used to simulate the detector responses the real 

detectors would give. GEANT is a helpful tool and helps the researchers focus on the more 

important and complicated aspects of a simulation and analysis.  
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6. Top Quark 

At LHC    pairs and single top quarks are produced in huge numbers. The backgrounds arising 

from top quarks are of great importance not only to SUSY but to any type of searches for new 

physics at LHC. Therefore, understanding the signatures of    pairs created in ATLAS is of 

immense importance. 

6.1.   -creation and decay 

Top quarks are produced in hadron collisions decay through strong interactions. They decay can 

decay as     . This type of decay for the top quark is almost the only option in the SM. This 

will produce the signal of a jet cause by the bottom quark.  The W-boson gives a possible jet or 

leptonic signal. If the W-boson decay leptonic there will also be high missing ET present.  

In hadron-hadron collisions top and antitop quark pairs can be produced either from a pair of 

gluons or from two quarks interacting strongly as the Feynman diagrams in figure 8 shows. At 

LHC the gluon-gluon dominates the    production at around 90%. 

                           

Figure 8: Gluon-gluon, quark-antiquark to top quark pair. 

The decay of the daughters can be: fully leptonic, fully hadronic or semi-leptonic. Figure 9 shows 

the Feynman diagrams for the leptonic and hadronic decays of a W from a top quark decay. 

                       

Figure 9: Leptonic and hadronic decay of the W boson respectively. 

In the fully leptonic case both W from    decay into a lepton and a neutrino. This results in two 

leptons, two neutrinos and two jets from the b quark. The presence of high momentum leptons 

is a great help when distinguishing the top quark events from other background processes that 

are present. The neutrinos are the source of missing transverse energy in this case. The fully 

leptonic decay has a probability of 1/9. 

In the fully hadronic case both W decays into hadrons. This decay gives a high amount of jets 

including the two jets coming from the b quark. Such type of signals is hard to distinguish from 
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other multi-jet event backgrounds produced by SM QCD. The fully hadronic decay has a 

probability of 4/9. 

In the final case, semi leptonic decay, one of the W has decayed into a lepton and a neutrino, 

giving the signal of at least one high momentum lepton. This decay also has a probability of 4/9.  

The fully hadronic case gives more complicated signals than the other two cases. Even so this 

decay mode must still be considered as a background to SUSY, since the b quark decay can still 

yield high pT leptons and leave signatures essential for SUSY. 

6.2. Final State Radiation (FSR) 

The jet signal is of great significance when working with top quark and SUSY analysis. It is a 

difficult task, especially when it comes to hadron-hadron collisions, to correctly measure the 

energy of a jet. All signals that in the end become a reconstructed jet can come from different 

detectors in ATLAS and therefore can the signals have been calibrated to different energy scales 

which make the determination of the total energy even more complicated. The reconstruction of 

jets also has a direct impact on measurement of missing transverse energy. Radiation effects on 

the jet can also have an effect on the jet energy measurements. The radiation is often separated 

into two types, the initial state radiation (ISR) and the final state radiation (FSR).  

 

Figure 10: The left side shows the ISR by QED and the right side show FSR by QCD. 

The initial and final state radiation refers either to QED or QCD related radiation. Figure 10 

shows both QED and QCD for ISR/FSR in the top quark pair production. The choice of type of 

radiation for the initial and final state has been chosen arbitrary just to demonstrate the 

difference between QED and QCD radiation. QED radiation is the emission of an EM particle such 

as a photon and QCD is for strongly interacting particles such as a gluon. It is the QCD 

contribution to FSR that is in focus of this report. The QCD gluon emitted as FSR in figure 10 will 

interact strongly and create a jet. Various amounts of ISR and FSR have not only an effect on the 

number of jets in the event but as well on the transverse momentum of particles. The transverse 

momentum of particles and the number of jets are used as restrictions when making cuts not 

only for SUSY but other events such as those including top quarks. Therefore, it is important to 

study the systematic effects arising from the knowledge of ISR and FSR. Generation and 

simulations for these types of events are performed using AcerMC[28] and PYTHIA[29]. ISR and 

FSR can have large effects on the selection cuts of up to 10% in the case of the top quark [22].  
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7. Analysis: Cutflow and Object Definition for SUSY 

This thesis analysis was focused on dilepton SUSY events and was computed on    background 

MC samples simulated for the ATLAS experiment. The purpose was to observe the behaviour of 

the    background arising from varying the amount of FSR from the top quark pair. This was 

done in order to get hold of a more rigid understanding of the systematic effects linked to the 

description of FSR in the model used to simulate the MC FSR samples. The analysis in question 

on how the behaviour of FSR was taken into account is reviewed in chapter 8. 

7.1. Computing Cutflow for dilepton events on a MC 

The Cutflow is the name of a set of conditions and limits on particle and jet data for each event to 

sort out and reject irrelevant events. Irrelevant events are events that are of no interest from the 

current aspect of the analysis, in this case for the dilepton SUSY analysis. Rejected events are e.g. 

events that are produced only by SM-processes. The requirements are set with the aim to get 

hold of potentially good SUSY related events. Object definitions need to be defined in order to 

compute the cutflow. Object definitions are restrictions on what electrons, muons, taus and jet 

pass the restrictions and can be considered to be relevant for the current analysis. Further cuts 

are made on parameters such as missing ET and number of jets. All these restrictions and cuts 

are made to make sure that one is left with no false or fake signals in the end.  

7.2. Object Definitions for SUSY analysis 

The following object definitions are aimed made for SUSY analysis. The object definitions and 

explanations are summarized from [8]. The object definitions stated in 7.2.1-7.2.4 are the basic 

object definitions used to conduct analysis in this report. Reconstructed objects are signals 

assembled from parts of the detectors to have arisen from the same object. 

7.2.1. Jets 

The particle shower that forms in the detectors can be (in 3D) portrayed as a cone contains the 

shower. Choosing reconstructed jets that have a narrow cone is preferable since the narrow 

shape indicate that the shower follows from one particle. The requirement on the cone radius is 

set to 0.4.  Reconstructed jets that are found close to an electron inside a cone         

(           ) are disregarded as jets. This cut is made to make sure an object is not both 

reconstructed as an electron and as a jet. Jets must have a transverse momentum above 20 GeV. 

Jets that possess less momentum than this are of no interest since the process responsible for a 

low momentum jets are of no concern to SUSY analysis. The angle   is the pseudorapidity and 

must lie inside the region       . 

7.2.2. Electrons 

High transverse momentum leptons are one of the signals that can identify SUSY events. Though 

there are criteria used for the electrons to make sure that the “right” electrons pass the cuts. The 

superfluous of QCD background can be reduced by other methods and therefore it imposes little 

effect on the electron cuts. If an identified electron is found within a distance of              

from a jet the electron is rejected from the event. This is because the electron inside this range 

from a jet has a high chance to have come from the decay of a particle inside the jet. The 

transverse energy around an electron within of a cone         must contain less than 10GeV 
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energy. This is a cut to make sure the selected electron is isolated. In ATLAS there is a “service 

region” where there are no detectors. This region is referred to as the crack region. This crack is 

located at an angle of               , therefore are cuts made to make sure no reconstructed 

electrons are in this region. Even if there happens to be SUSY events in this region the decrease 

in statistic from this cut is minute. The transverse momentum     of the electrons is also 

restricted to be greater than 20GeV. 

7.2.3. Muons 

Muons are reconstructed using STACO. STACO is an algorithm that combines the muon’s 

reconstructed track in the muon spectrometer with the track from the inner detector using a 

statistical method. It produces Combined Muons. If there is more than one track in the inner 

detector the best fit is chosen. Energy isolation cut as for the electron is also applied to the muon 

requiring that the energy deposited around it should be isolated within a cone         . The 

energy inside the isolation cone should be less than 10GeV.  Muons that are close to a jet are 

rejected, that is within         from a jet. A muon must have           and        . One 

must take into account for the muon hits in the pixel and SCT detectors. A muon must have at 

least 1 pixel hit and 6 SCT hits to be valid. There exist limits on the track quality too. 

7.2.4. Taus 

Taus have not been a part of this analysis so settling with just mentioning that identifying taus 

which decay into jets, amongst all the other jets present in SUSY events is a challenging task to 

undertake. 

7.3. Dilepton 

One of the more obvious requirements for dilepton analysis is to make condition for two leptons. 

The two leptons can either have the same flavour or different flavour: either pair of electron-

electron, electron-muon or muon-muon. These pairs can have either the same sign, that is to say 

the same charge     , or opposite charge      (where the l is either an electron or a muon). 

Depending on these factors SF/DF(same flavour/different flavour) and SS/OS(same 

sign/opposite sign) the end product leptons are results from different decay processes of 

different sparticles as mentioned in section 4 about signatures. Each of these types of dilepton 

modes has varying kinds of major contributor to the background. 

7.4. Background processes for dilepton 

Requiring high missing transverse energy does not work as the only condition to separate SUSY 

events from events coming from Standard Model processes. At the high energies LHC can offer, 

high missing transverse energy can also arise from background processes. To be able to 

distinguish backgrounds from SUSY signals one has to understand how the Standard Model 

works at these higher energies. Diboson and    production are such events that can as well give 

high missing transverse energy. A lot of work after the start of LHC has been to “re-discover” 

familiar processes in the Standard Model such as   , W + jets and Z + jets productions. When a 

basic understanding is acquired it can be used to calibrate the detectors.  

The main backgrounds arising from the Standard Model that are relevant to SUSY are   , W + jets, 

Z + jets, jets originating from QCD processes and the production of two bosons. In order to later 
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be able to perform analysis on real data collected from ATLAS, it is important to obtain the 

knowledge required to understand the significant characteristics of these backgrounds. 

Simulations are made for each type of background with the purpose to understand the new 

behaviour of the backgrounds. 

Since data analysis included in this report has been focused on the dilepton event, the 

backgrounds that are of importance to the dilepton search mode will be reviewed in more detail. 

The following section is a collection of information from [8], [9] and [15].  

The main backgrounds to dilepton events are the following events: Z/γ+jets, full leptonic   , 

dibosons, and fake signals coming from: a single top,            , QCD, semileptonic    and 

Cosmic background. These signals are classified as fake since they are created from background 

processes instead of a true particle interaction. Fake meaning that the object in question should 

not have passed the pre-selections but did for some reason. 

In the case of opposite sign leptons the major part of the background comes from   .  Also 

diboson, Drell Yan, Z + jets, single top and W + jets are backgrounds that can give two opposite 

sign leptons, however the signal arising from    is the hardest to reduce.    production gives rise 

to high missing transversal energy in the final state through the neutrinos produced by the 

decay of the top quark pair. Dibosons also give a contribution in the high missing energy in the 

signal region. Whereas the contributions from W + jets, Drell Yan, single top and Z + jets can be  

strongly reduced by making cuts on the transverse mass and energy of the leptons involved in 

the final state.  

In the case of same sign leptons in the final state the main source of background also comes from 

the top quark pair production. Since the signs of the leptons are the same, one lepton comes 

from the decay of W and the other from a semi leptonic decay of a b quark. This background can 

be reduced by introducing the requirement of high missing transverse energy, since the semi 

leptonic decay of both b and W only give rise to a low amount of missing transverse energy. 

Background arising from b quark pairs can be reduced by introducing high limits on the 

transverse momentum of the leptons. Making isolation requirement on the leptons also helps 

distinguishing whether the lepton has come from semi-leptonic b-quark decay or not. 

There is a risk in the same sign channel to get fake leptons in the final state. Two-fake leptons 

can come from    and    quark pair. In case of fake-true lepton signals the fake lepton comes 

from W + jets events. The fake leptons contributing can be estimated in the signal region by help 

from estimates made in the control region where the lepton failed some selection. 

7.5. Dilepton and missing ET analysis cutflow 

To be more specific, the analysis described in this report was related to the decay (51).  

  
        . 

 

The two leptons are required to be same flavour. To start with only electrons as flavour have 

been considered. The leptons are required to have opposite signs. The cutflow used to sort out 

what contribution    background can have to dileptonic SUSY analysis is listed in table 3. 

(51) 
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 Single electron trigger: 

The first cut made is to apply the EF_e20_medium trigger which selects events that have 

at least one 20 GeV electron. This electron is required to have the selection criteria 

medium. This criteria says that a set of cuts have been applied to the electrons to provide 

good identification efficiency as well as jet rejection to decrease the background.  

 Good Vertex: 

This removes events that do not have at least one primary vertex with four track hits. 

 Cosmic Muon: 

This cuts events which contains muons that have entered the detector at an angle 

consistent with cosmic radiation. 

 Jet Cleaning: 

Removes jets classified as bad and loose. 

 Two Leptons, SF: 

This removes all events that do not have exactly two electrons. 

 OS: 

This cut cuts events that have electrons of the same sign. 

 TITI: 

Both electrons are required to pass tight and isolated criteria.  This criterion adds 

additional cuts than for the medium criteria. These cuts results in the highest electron 

identification and the highest rejection against jets.  

 Three Signal Regions: 

The signal regions are regions that are of interest to the analysis; this is where one 

expects to get a signal. The required conditions of the signal regions in this analysis are 

defined in table 3 as (SR1 ,2 and 3).   

The objects definition used for electrons, muons and jets are the ones listed in 7.2. The cutflow 

have been computed with the help of SUSYTools v16. 

Cutflow  

  
Single electron trigger EF_e20_medium 
Good Vertex  
Cosmic Muons  
Jet Cleaning  
Two Leptons, Same Flavour Electrons 
Opposite sign  
Tight and Isolated Leptons  
SR1 Number of jets >3 with 80, 40, 40 GeV & 220 Miss ET 

SR2 Number of jets > 4 with 100, 70, 70, 70 GeV & 100 Miss ET 
SR3 250 Miss ET 

Table 3: Cutflow for dilepton,     .  
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8. Systematics for   -background arising from FSR 

The hypothesis is that through the re-weighting of the   -background nominal sample one could 

acquire a sample that behaves like the varied sample for the final state radiation (FSR). If this 

hypothesis is proven to be correct one would then not have to simulate additional Monte Carlo 

samples for FSR or ISR and in that way save a lot of time. It would then simply be enough to re-

weight the nominal sample. Moreover, if it were proven possible, it would in addition be a way 

to reduce the systematic errors originating from limited MC statistics. The systematic effects (in 

percent) from FSR on a sample in a basic approach would be      
             

        
  where N is 

the number of events in a signal region,                    and            . However, the 

reconstruction of them are different even if the two samples (nominal and FSR) are based on the 

same generated hard process. FSR implies that different particles are produced at the 

fragmentation level. The simulation of the detectors is therefore different and various statistical 

effects such as for the energy reconstruction are also different between the two samples. One 

cannot, because of this, use the basic approach to the effect of FSR, as the difference          

      is of the same order as their errors            and      . This thesis’ analysis is aimed at 

finding a description of FSR. The two provided samples used in this analysis have been 

generated with AcerMC[28] and then completed with FSR (a FSR sample) or without FSR (a 

nominal sample) by using PYTHIA[29]. 

8.1. Analysis 

During the analysis, to observe dissimilarities between the nominal and the FSR samples a 

number of properties of the two samples were studied in more detail. These properties were: 

 First method: Selection efficiencies at the tight and isolated (TITI)-level for the nominal 

and the FSR sample. As well as expected efficiencies to pass the cut originating from cuts 

in the signal region on jet-pT and missing ET. 

 Second method: 1D-fit weight function computed from the jet-pT distribution. 

With the information collected from the above three steps the nominal cutflow was 

reconstructed. The nominal cutflow was corrected with the expected efficiencies for the signal 

regions. Further, the cutflow was also re-weighted by a 1D weight function. The cutflow and 

object definitions used in the analysis are the ones listed in chapter 6. 

8.2. First method 

8.2.1. Selection efficiencies 

The first step was to compute the selection efficiency for the nominal and FSR sample after that 

the tight and isolated (TITI) cuts have been applied on both the electrons. This efficiency was 

computed by taking the number of events left after the TITI cut and divide it by the total number 

of events. The computations of the selection efficiencies are shown in (52) and (53). The 

selection efficiencies are computed from data from the cutflow in table 4, giving the following 

two values and their corresponding binomial standard deviations.  

              
             

      
 

    

      
            (52) 
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                     . 

A binomial distribution has been used during the analysis of the efficiency coefficients. This 

distribution was chosen due to the fact that when making a cut, the Poisson distribution is 

divided into two parts. One part that passes the cut and one that does not pa ss. One therefore 

gets a probability to pass the cut p and a probability (1-p) to not pass. The corresponding 

binomial standard deviation is then         . 

 

Cutflow Nominal FSR 

   
No Cuts 200000 200000 
Single electron trigger 57921 58017 
Good Vertex 57921 58017 
Cosmic Muons 57921 58017 
Jet Cleaning 57921 58017 
Two Leptons, Same Flavour 2734 2571 
Opposite sign 2470 2361 
Tight and Isolated Leptons 1597 1575 
SR1 (3 jets 80,40,40 & miss ET 220) 7 5 
SR2 (4 jets 100,70,70,70 & miss ET 100) 3 5 
SR3 (miss ET 250) 7 4 
   

Table 4: cutflow for the Nominal and the FSR samples using the definitions in chapter 7. 

8.2.2. Efficiency to pass the cut factors 

When performing the cuts on the jet pT and missing ET which are required by the different signal 

regions, efficiency factors are needed to describe what effect the performed cuts have on the two 

samples. These factors are used to portray the dissimilarities between the two samples. The 

efficiencies to pass the cut were computed by integrating the jet pT distribution and the missing 

ET distribution. The integration yielded a function that demonstrates how the number of events 

varies with an increased cut on the jet pT and missing ET. The quota of the change depending on 

the cut was computed and plotted. From this plot the necessary efficiencies could be found and 

used for the analysis. These plots were formed using (54) where    is the efficiency to pass the 

cut for i GeV and     is the corresponding binomial description of the standard deviation. The 

probability p in the binomial standard deviation has been approximated with   . 

   
        

          
                                    

         

          
  

 

(54) 

(53) 
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Figure 11 shows the plot for the efficiencies to pass the cut as a function of the cut of the leading 

jet pT. Figure 12 shows the efficiencies to pass the cut of the missing ET. After examining how the 

cut on the leading jet affects the cut efficiencies on the next to leading jet the decision  was made 

to form the previous mentioned quota for the 2nd, 3rd and 4th to leading jets. This was done to get 

all the cut efficiencies required for the signal regions.  

The required cut on the previous jets has been applied when computing the quota for the 2nd, 3rd  

and 4th jets. For example, the 2nd jet two plots were computed; one where a cut at 80 GeV has 

been made on the 1s t jet and one where a cut at 100 GeV has been made on the 1st jet.  

The three signal regions require the following properties:  

 SR1: 3 Jets with pT 80, 40, 40 and 220 missing ET. 

 SR2: 4 Jets with pT 100, 70, 70, 70 and 100 missing ET. 

 SR3: 250 missing ET. 
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Figure 11: the figure shows the expected efficiencies of cut on the leading jet’s pT in GeV for both 

the Nominal and the FSR samples. The cut is done in intervals of 10 GeV. 
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Figure 12: the figure shows the expected efficiencies of cut on the missing ET in GeV for both the 

nominal and the FSR samples. The cut is done in intervals of 10 GeV. 
 

 

 

 

 

  



 
 

38  

 

The efficiencies are therefore calculated for cuts of, 80 and 100 on the 1st jet, 40 and 70 on the 

2nd and 3rd jets and 70 for the 4th jet, as well as 100, 220 and 250 for the cut on missing ET. Tables 

5, 6 and 7 show the significant efficiencies to pass the cuts derived from these plots. The 

difference in these tables shows the dissimilarity between the two samples. The difference and 

its corresponding standard deviations used in table 5 to 7 are calculated using the following two 

formulas: 

 

  
       

   
                                

    

   
 
 

  
    

         
 

. 

 

Efficiency to pass the 
cut for 
 jet pT 

80 1st jet 40 2nd jet 40 3rd jet 

    
Nominal 0,57±0,012 0,78±0,014 0,42±0,019 
    
FSR 0,55±0,013 0,73±0,015 0,41±0,020 
    
Difference -3,5±3,1% -6,4±2,6% -2,4±6,5% 

Table 5: this table contains the efficiencies to pass the cut on the jet pT required by SR1. The 

difference between the nominal and the FSR sample is also shown in percent. 

Efficiency to pass 
the cut for 
 jet pT 

100 1st jet 70 2nd jet 70 3rd jet 70 4th jet 

     
Nominal 0,38±0,012 0,53±0,02 0,24±0,024 0,14±0,039 
     
FSR 0,36±0,012 0,48±0,021 0,25±0,026 0,20±0,048 
     
Difference -5,3±4,3% -9,4±5,2% 4,2±15% 43±53% 
     

Table 6: this table contains the expected efficiencies to pass the cut on the jet pT required by SR2. 

The difference between the nominal and the FSR sample is also shown in percent. 

Efficiency to 
pass the cut for 
Miss ET 

100 150 220 250 

     
Nominal 0,20 ±0,010 0,049±0,0054 0,0069 ±0,0021 0,0044 ±0,0017 
     
FSR 0,20 ±0,010 0,046±0,0052 0,0044±0,0017 0,0025 ±0,0013 
     
Difference 0±7,1% -6,1±15% -36 ±31% -43 ±37% 
     
Table 7: this table contains the expected efficiencies for the cut on missing E T corresponding to the 

values used for the three signal regions. The values of interest are listed for Nominal and FSR and 

also the differences between them both are listed in percent. 

(55) 
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SR1   Cut 20 80 80,40 80,40,40 

     
Nominal 1597 906 704 296 
     
FSR 1575 868 637 264 
     
SR2 Cut 20 100 100,70 100,70,70 
     
Nominal 1597 607 324 78 
     
FSR 1575 568 275 70 
     

Table 8: listed figures are the number of events remaining after each cut on the 1st, 2nd, 3rd and 

4th jets. Where the column marked 20 is the cut on the 1st jet required in the jet object definitions. 

 

To acquire a simple overview of how much statistics were available after each cut on the four 

jets, the number of events left after each cut on the respectively jet’s pT is listed in table 8. With 

an increase in the difference between the nominal and FSR samples the efficiency factors (listed 

in table 5 and 6) one can draw the conclusion and confirm from table 8 that in the end there 

aren’t many events remaining one which the computations are based.  

 

If there exists a correlation between missing ET and Jet pT one has to take that relationship 

connecting the two into consideration. Computing the Pearson correlation coefficient of the plot 

one can get a general idea if and in that case how the missing ET and Jet pT are related. The 

Pearson correlation coefficient can be calculated using the following estimate:  

    
             

     
       

      
       

 

. 

 

Figure 13 shows the correlation plot between missing ET and Jet pT. The value of the Pearson 

correlation coefficient     calculated from this plot is             . The Pearson coefficient in 

this case receives an increase in value since prior to the creation of the plot there has been a cut 

made on the jet pT at 20 GeV. With this taken into account the value of the coefficients shows that 

there is no significant correlation. 

 

 

 

(56) 



 
 

40  

 

 

Figure 13: Correlation plot of the leading jet pT and missing ET. Both axes are divided into 2.5 GeV 

steps. 
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Subsequently, from the data collected concerning the efficiencies to pass the cut, the efficiencies 

for each of the three signal regions were computed using the values shown in table 5, 6 and 7. 

The needed corrections for each signal region for both nominal and FSR are shown in table 9. 

The efficiencies for the signal regions are computed by means of (57). 

                       
              

  

 

The difference in table 9 is computed as before using (55). While the standard deviation for the 

signal region efficiencies are computed using the formula for multiplication of standard 

deviations (58). 

    

   
   

      

     
 
 

  
             

            
 
 

    
         

        

 
 

. 

 

Signal Region 
Efficiency 

SR1 
(3jets:80,40,40 &  

220 Miss ET) 

SR2  
(4jets:100,70,70,70 & 

100 Miss ET) 

SR3  
Miss ET 250 

    
Nominal                                                       

    

FSR                                                       

    

Difference -43±29%  27±51% -43±37%  

    
Table 9: this table contains the computed efficiencies for the three signal regions defined in 7.5. 

Values for Nominal, FSR and the difference are listed with their corresponding standard deviations. 

The difference between the nominal and the FSR selection (TITI) efficiencies lies around 1%. 

Meanwhile the difference for the signal region efficiency factors is 26-45%. The signal region 

efficiencies must be dominated by the effect of pT and missing ET cuts.  

The nominal and FSR expected efficiencies factors to pass the cut (in table 5 to 7) and the signal 

region efficiencies in table 9 are statistically compatible inside the range of one standard 

deviation. However, there is one factor that can reduce the standard deviations without relying 

on additional MC statistics. In this case, both samples are partly made on the same statistics 

since the simulations for both the FSR and the nominal samples are based upon the same 

generated hard process. A correlation factor to the error arises from the statistical correlation 

between the two samples. The errors of the efficiency factors are therefore a product of the 

correlated error and the uncorrelated error. The correlation error has not been subtracted in the 

analysis. The real standard deviation of significance is for that reason smaller than the values 

listed in the tables. This would mean that if the correlation part is subtracted from the standard 

deviation one could get a result where the two samples are no longer  statistically overlapping 

with in an σ.  

 

(57) 

(58) 
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8.3. Second Method 

8.3.1. Re-weighting with an 1D-fit 

The alternative approach to account for the behaviour of FSR tested in this analysis was to re-

weight the nominal sample. The weight-function required for this was calculated after the jet-

cleaning cut to have a fair amount of statistics remaining. With more statistics one can reduce 

the errors and get hold of a better fitted function.  

What is important when taking the behaviour of FSR into account is to consider what effect FSR 

has on the jets and leptons. This is because the emission of gluons causes additional jets to be 

created. FSR has an impact on the total energy and momentum available. The more jets that are 

created after a collision the less energy and momentum each jet may possess. Moreover, with an 

increase in the number of jets it gets harder to find good leptons, since when the number of jets 

increases the probability that the leptons won’t be isolated also increases. The behaviour of the 

jet’s transverse momentum distribution is therefore highly significant when trying to assimilate 

the manners of FSR. Because of this the weight function was calculated from the leading jet pT 

distribution. The distribution for both the Nominal and FSR sample were compared forming a 

ratio between them. A fit was then applied to the ratio. A 4th  degree polynomial fit was used. This 

1D weight function was then used to re-weight the nominal sample. As a control of how well the 

fit was working the fit was also applied to the second leading jet.  

One can see in the two figures 14 and 15 of the leading jet and next leading jet that the 1D re-

weighted nominal sample is moving closer to the FSR within the margin of the errors. In 

addition it is worth to mention that when using this method to re-weight the sample it is 

relatively hard to find the right error corresponding to the weight. One way of finding the error 

is to vary the parameters of the function a number of times. For each value of the jet pT of 

interest one gets a distribution caused by the spread of the parameters. Through this 

distribution one can then get hold of the correct error. Another problem with using a fit is that 

there will always be a bias depending on the choice of the fit function itself, especially in this 

case where an empirical choice of fit function has been made.  It would be more ideal to base the 

choice of the function on some known physic relationship instead. New samples would be 

required to derive a better and more physical choice for the fit function. 

As a measurement on how well the new weight was working the Q2 factor (defined in (59)) were 

computed for figure 13 and 14 giving the following results: 

 Weight = 1 Weight = 1D-fit 

   
Leading jet 25,242 13,0845 
   
Next to leading jet 17,2483 8,37559 

Table 10: Q2 for no added weight and with 1D-fit as weight. 

    
  

 

       
  . 

Since the Q2 value decreases when one add the weight from the 1D-fit one can draw the 

conclusion that the weight is a step in the right direction. 

(59) 
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Figure 14: Top part of the image: pT distribution in GeV of the leading jet is shown. 

Bottom part of the image: Blue markers are the ratio between nominal and FSR. The curve is the 
weight function 4th order polynomial fit to this ratio. The red markers show the ratio between the 

weighted nominal and FSR. The pT distribution is made in intervals of 20 GeV.   
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Figure 15: Top part of the image: pT distribution in GeV of the next to leading jet is shown. 

Bottom part of the image: Blue markers are the ratio between nominal and FSR. The red markers 
show the ratio between the weighted nominal and FSR. The pT distribution is made in intervals of 

20 GeV.   
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8.4. Comparison of the signal regions for the different samples 

One of the goals with trying to take in the behaviour of the FSR, through the two different 

methods, was in the end to get signal regions from the modified nominal sample that agrees with 

the signal regions got of the FSR sample. The two following tables show the resulting signal 

regions got from using the two different methods stated in this chapter compared to the signal 

region acquired from the FSR sample. Table 11 shows the resulting signal in the three signal 

regions for the nominal, FSR and where the signal region efficiencies were used. To get the 

“corrected” nominal the following formula was used:                      
       

           
 . 

Table 12 lists the nominal, FSR compared to the weighted nominal sample.  

SR Nominal FSR Corrected nominal  

     
SR1 (3 jets 80,40,40 & miss ET 220) 7 5 4,0± 2,0  
SR2 (4 jets 100,70,70,70 & miss ET 
100) 

3 5 3,8± 1,5  

SR3 (miss ET 250) 7 4 4,0± 2,6  
Table 11: this table shows the resulting cutflows for the signal region. The FSR column representing 

the cutflow in the signal region got from the FSR sample while the next column represent the 

cutflow for the signal regions computed from the efficiency factors working on the nominal sample. 

SR Nominal FSR 1D weighted 
nominal 

 

     
SR1 (3 jets 80,40,40 & miss ET 
220) 

7 5 5.34  

SR2 (4 jets 100,70,70,70 & miss 
ET 100) 

3 5 2.15  

SR3 (miss ET 250) 7 4 5.48  
Table 12: this table shows the resulting cutflows for the signal region. The first column 

representing the cutflow in the signal region got from the FSR sample while the next column 

represent the cutflow for the signal regions computed using the 1D weight function to re-weight 

the nominal sample.  

From table 11 one can see that the corrected nominal SR is compatible with FSR inside one σ for 

all of the three regions. If one assume an error of same order of magnitude  

(                   ) for the re-weighted nominal (table 12), one would also in this case get a 

result that is statistical compatible for all of the three signal regions.   

The basic approach gives an effect of FSR of        (from table 13) with an uncertainty of 

         originating from the limited MC statistics i.e.                  . This 

result in a number of nominal events N plus the effect of FSR equal to       with a systematic 

uncertainty of ±42% on the effect of FSR.  

While using the corrected nominal SR from table 11 the results shows a number of nominal 

events N plus the effect of FSR equal to        with an uncertainty on the FSR effect of ±29%.  

The uncertainty from FSR in this case is greatly reduced.  
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The result for all the three signal regions can be found in table 13, 14 and 15. The difference   

and    uncertainties in these tables are calculated by gauss formula for combined standard 

deviations on   , formula (55). 

SR Nominal FSR Difference Difference% Uncertainty 
of the 

difference 

      
SR1 7 5 -2 -29% ±42% 

      
SR2 3 5 +2 +67% ±122% 

      
SR3 7 4 -3 -43% ±36% 

Table 13: This table shows the result for the basic analysis, with the difference and uncertainty of 

the effect of FSR in percent. 

SR Nominal Corrected 
nominal 

Difference Difference% Uncertainty 
of the 

difference 

      
SR1 7 4,0 -3,0 -43% ±29% 

      
SR2 3 3,8 +0,8 +27% ±51% 

      
SR3 7 4,0 -3,0 -43% ±37% 

Table 14: This table shows the result for the first method, with the difference and uncertainty of the 

effect of FSR in percent. 

SR Basic Analysis Nominal +%FSR uncertainty 
on FSR 

First method: Nominal +%FSR uncertainty 
on FSR 

     
SR1  N-29%  N-43%  
  ±42%  ±29% 
     
     
SR2  N+67%  N+27%  
  ±122%  ±51% 
     
     
SR3 N-43%  N-43%  
  ±36%  ±37% 
     
Table 15: This table shows the result from the basic analysis compared to the first method. 

From table 15 one can see that the use of the efficiency factors reduces the uncertainty of FSR for 

the SR1 and SR2, while SR3 is about the same between the both.  Especially in the signal region 2 

one can see a reduction of over 50%. Only signal region three show no decrease in the 

uncertainty. This can be explained by that SR3 is only dependent on high missing transverse 

energy. The both methods are based on the same statistics in this region, i.e. the missing 

transverse energy distribution.   
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9. Summary and Conclusion 

The hypothesis is that through the re-weighting of the   -background nominal sample one could 

add the effect of a varied amount of FSR. Finding a description of FSR as a correction to a 

nominal sample would not only save time in the simulation process but also it would be a way to 

reduce the systematic errors originating from limited MC statistics. Due to statistical effects 

originating from simulations one cannot use the basic approach to define the effect of FSR 

simply as the difference (N-N’  between the number of events of the nominal (N) and the FSR 

(N’) in the signal regions. This is because one gets a difference that is of the same order as their 

statistical errors         . Two methods were tested. The first method used a set of 

efficiency factors to represent the effect on the signal in the signal regions. Using these factors 

the events for the nominal sample in the signal region could be recalculated. The second method 

was to weight the events of the nominal sample. The weight to add to the events was derived 

from a weight function. This weight function was a 4 th degree polynomial fit to the ratio of jet pT 

of FSR to nominal. 

It is hard due to the limited statistics that were available during the analysis to verify whether if 

the methods worked. Even if it is not possible to establish any rigid conclusions based on this 

analysis, one can still see positive signs in the results presented. There are suggestions in the 

figures presented that the methods used are a step in the right direction. 

First method: 

Advantages: 

 The systematic uncertainty using this method compared to a basic analysis is reduced to 

a great extent. A basic analysis gave an uncertainty of: ±42%, ±122% and ±36% 

respectively for the three signal regions. While using the efficiency factors one got: ±29%, 

±51% and ±37%. 

 Using the first method, in the way it is conducted in this analysis,  to incorporate the 

behaviour of FSR through the efficiency coefficients is a relatively simple approach and 

no lengthy study is necessary.  

Drawbacks: 

 Since the coefficients for the nominal and the FSR sample are statistically compatible 

inside the range of one standard deviation, it is hard to draw any precise conclusions 

about how well this method works. This is especially the case since the statistical 

correlation in the error, which arises due to the same hard scattering events for both 

samples, has not been subtracted. 

 A drawback with this method is that one does not take any existing correlation between 

the jets or the missing ET into the computations. Only a simple test of a correlation plot 

has been made to check for any major correlation between the leading jet pT and missing 

ET. Further analysis would be required to observe if there are important relations 

between these different parameters that should be weaved into the calculations.  

 

 



 
 

48  

 

Second method: 

Advantages: 

 When using the weight function one does not have to worry about correlations as a 

mentioned drawback for the first method. 

 One can see from the plots 14 and 15 that the re-weighted nominal sample is moving in 

the right direction towards the FSR. 

 The concept of “just” applying a weight to the nominal is a rather attractive due to its 

simplicity to use. 

Drawbacks: 

 At present the weight function is only based on the leading jet. This means that one is 

assuming that FSR has no or very little effect on the remaining jets. This is a 

simplification of the FSR reproduction which is not entirely true. 

 Compared to the first method the computation of the weight function is more 

complicated and a more time consuming task to undertake. This is because it is harder to 

choose the right fit function to apply to the data. Further, it requires more work to get 

hold of the correct errors corresponding to the weight function. 

Although as mentioned before, there is a need to take the analysis further. New samples have 

been made available recently and it would be interesting to update the analysis on these samples 

to see if one can get hold of more rigid and positive results.  
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