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Abstra
tIn this proje
t the dete
tor e�e
t on the measurement of the top quark kine-mati
 variables is studied. The binning of the histograms for the di�erent kinemati
variables is optimized with the goal to minimize the migration e�e
ts from one bininto another. A te
hnique for a quantitative analysis of the binning's validity wasdeveloped and with its help the bin sizes were optimized.It was dis
overed that the kinemati
 variables for the top quark are well re-
onstru
ted and an optimal binning 
an be found. The situation is di�erent for thekinemati
 variables of the top antitop system. Here systemati
 migration is observedand does not allow to use the bin to bin 
orre
tion te
hnique for the de
onvolutionof the dete
tor. Nevertheless there was an e�ort made to redu
e the systemati
migration for the angular variables of the top antitop system. It will be shown thatin some 
ases this redu
tion 
an be made.
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1 Introdu
tion1.1 The CMS dete
torThe CMS dete
tor 
ontinues a long tradition of barrel dete
tors. Sin
e the design is very
lassy there is a short listing of the main 
omponents only. Going from the 
enter tothe outer parts the dete
tor 
ontains a full sili
on tra
ker, a s
intillating ele
tromagneti

alorimeter of PbW04, a hadron 
alorimeter , a super
ondu
ting solenoid whi
h produ
esa 4 Tesla magneti
 �eld inside it and a 2 T �eld in the iron yoke. The myon 
hambersare very large and powerfull in dete
ting high energeti
 muons. The interesting featureis that the h. 
al is 
ompletely in the solenoid. This makes the dete
tor very 
ompa
t ,but might also 
ause problems sin
e some of the jet energy 
an be lost when the hadronsenergy is very high and it penetrates the rather short 
alorimeter. An other inerestingfeature is the huge magneti
 �eld whi
h enables the dete
tor to measure the momentumof high energeti
 muons.

Figure 1: CMS dete
tor
1.2 The top quarkWith the mass of (171.2±2.1 )GeV

c2
the top quark is the heaviest quark of the standardmodel. It has been dis
overed in 1995 at the Fermilab. The top quark intera
ts primarilyby the strong intera
tion but 
an only de
ay through the weak for
e. It almost ex
lusivelyde
ays to a W boson and a bottom quark. The Standard Model predi
ts its lifetimeto be roughly 5 · 10−25s. This is about 20 times shorter than the times
ale for strongintera
tions, and therefore it does not hadronize, giving physi
ists a unique opportunity2



to study a "bare" quark of whi
h the spin and the polarization of 
an be measured. The
harge of the top is not measured very pre
isely so far sin
e the 
olle
ted number of eventsat the Tevatron is not high. For instan
e the hypothesis of the top quark's 
harge being
4

3
is ex
luded by 94% only. Other important quantities for the standard model are thetop's lifetime and the CKM transition element. Whi
h is important to prove the CKMunitarity. The pre
ise knowledge of the top quark's mass is an important parameterfor the higgs mass predi
tion. Hen
e the higgs 
ouples to mass the top loop in�uen
esits mass signi�
antly. There is also big interest in the top quark beyond the standardmodel. Be
ause of its large mass and the 
oupling to the higgs the top is assumed to besigni�
antly involved in the higgs produ
tion pro
ess almost independent of the model.On the other hand there are Kalusa Klein theories in
luding extra dimensions. Standardmodel gauge bosons at high energies 
an be ex
ited into these dimensions. When thoseparti
les, usually 
alled Z', de
ay they also 
ouple very likely to mass and top events 
anbe observed as the result of su
h de
ay 
hannels.1.2.1 The top quark produ
tionTop quarks are mostly produ
ed in top antitop pairs. Single top quark produ
tion wasobserved in 2006 at the Fermilab as well, but this pro
ess is very rare and lies beyond thes
ope of this proje
t.At a proton proton 
ollider there are two dominant pro
esses for the top antitopprodu
tion. The �rst is light quark antiquark going into a top antitop pair. The se
ondtwo 
olliding gluons produ
e a top antitop pair.

Figure 2: Top produ
tion me
hanisms
For the t t-bar produ
tion Q2 is above 3422GeV 2 ∼= 170.000 GeV 2. For instan
e theenergy the LHC aims to a
hieve till the end of the year is 7 TeV, this means 3.5 TeVper beam. It would be su�
ient that a parton 
arries 1

20
of the proton's momentum to3



allow a t t-bar produ
tion. When one 
al
ulates the number of parti
les whi
h 
arry atleast 1

20
of the momentum the number of gluons ex
eeds the quark number by orders ofmagnitude. Integrating the partial density fun
tions from x = 0 to x = 1

20
it is obviousthat the predominant pro
ess at the LHC will be the gluon gluon fusion. Sin
e the gluondensity fun
tions have not been studied in great detail and their x dependen
e is not
al
ulatable via perturbation theory this �eld is of grate interest for physi
s.

Figure 3: The parton density fun
tions
1.2.2 The top de
ayThe top quark de
ays almost ex
lusively into bottom quarks and radiates a W boson.Sin
e our system 
ontains a top and an antitop it will de
ay into a bottom and antibottomquark and two W+/−bosons. The bottom quarks will hadronize and appear in the dete
toras jets. The W-boson 
an de
ay leptoni
ally or hadroni
ally into a lepton and a neutrinoor in two quarks. Here is a table of the possible de
ay 
hannels for a top antitop pair.
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Figure 4: The top de
ay
• The full hadroni
 
hannel has the largest stasti
s sin
e its phase spa
e with allthe 
olor 
ombinations is large, but it also has a large jet ba
kground and there
onstru
tion is di�
ult be
ause there is a lot of spa
e for 
ombinatorial miss
al
ulations.
• The dileptoni
 
hannel has very little ba
kground but the statisti
 is very low andthe two outgoing neutrinos make the re
onstru
tion of the event impossible.
• The so 
alled �Golden 
hannel� is the semi-leptoni
 one. There are su�
ient eventshappening and the ba
kground from QCD and W events 
an be redu
ed e�
iently.Sin
e here only one neutrino goes out it 
an be re
onstru
ted as missing transverseenergy, assuming the dete
tor is hermeti
, and the event 
an be fully re
onstru
ted.In this proje
t the muoni
 brun
h of the semi-leptoni
 de
ay will be of parti
ular interest.This 
hannel is the most promising to study if one aims to 
al
ulate the top quark di�er-ential 
rosse
tion. For this purpose the top quarks kinemati
 variables will be studied andalso those ot the t t-bar system. Here is a list of 
uts to redu
e the di�erent ba
kgrounds.
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Figure 5: The 
uts
Here a good distinguishing property is the so 
alled tight muon. It means that thereis a muon not surrounded by jets. The veto on the loose muon suppresses the di-leptoni

hannel sin
e one of the separated muons might not ful�ll the strong 
riteria of the tightmuon and so fake the semi-leptoni
 event. The requirement of at least four jets sup-presses the QCD ba
kground and an other requirement of at least one bottom jet throwsout the W+jets ba
kground. The bottom quark is the only quark whi
h �avor 
an bere
onstru
ted from the jet. But the des
ription of the b tagging algorithm is beyond thes
ope of this work.2 The kinemati
 variables2.1 The top kinemati
 variablesAt �rst the kinemati
 variables of a top or antitop quark were studied. The variables ofinterest here were:
• the radial angle φ

• the top's transverse momentum Pt
• and the top's pseudorapidity ηThe pseudorapidity Eta needs more explanation at this point. In this 
ontext it is not aterrorist organization but a kinemati
 variable whi
h measures the angle θ of the outgoingparti
le and the beam pipe in the verti
al plane. And the most important feature of itis that it is a good approximation in the high energy limit for the rapidity whi
h is a6



lorenz invariant value. So for a parti
le for whi
h the energy ex
eeds its rest mass ηis lorenz invariant. The exa
t relation between the pseudorapidity and θ is as follows:
η = arctan( θ

2
)

Figure 6: The top kinemati
 variablesIn ea
h plot are three histograms denoted by Gen, Re
 and Mat
h. Sin
e in themoment there are no data from the LHC in this proje
t only MC data were studied. Sothe data generated via MC simulations from the standard model are 
alled Gen. Thanthose are re
onstru
ted and event hypothesis are produ
ed. Then a testing algorithm
he
ks whether the values are re
onstru
ted with the right property, here it is the Phiangle, within the bin a

ura
y. So the mat
hing depends strongly on the bin size. Themat
hing will be dis
ussed in detail later on.The Physi
s is invariant under φ rotations. So the Phi distribution of the top looks�at as expe
ted.2.2 The t t-bar kinemati
 variablesAn other system of interest is the system of the top and the antitop and its lorenz ve
tor.It 
an be re
onstru
ted from the Jets and the muon as well but of 
ause this pro
edurerequires more a

ura
y. The kinemati
 variables whi
h 
an be studied here are:7



• Pt of the t t-bar system
• t t-bar Mass
• t t-bar η

• t t-bar φ

• t t-bar Delta Phi, whi
h is φ(t)-φ(t-bar)Again just the distributions on the generator and re
onstru
tion level are plotted below.

Figure 7: The t t-bar kinemati
 variables
Again the Phi distribution itself is not of grate interest but the Delta Phi distributionshows, that the t t-bar system is produ
ed predominantely ba
k to ba
k, whi
h on theother hand 
ould be expe
ted. The more interesting feature whi
h 
an be observed hereis that the Eta distribution is not peaked around one. Its maxima are at |Eta|=3 values.As a rule of thumb one 
an estimate that one unit deviation from zero in Eta 
orrespondsto one order of magnitude in momentum di�eren
e between the 
olliding gluons. This isa feature whi
h is worth studying and should gain a lot of attention to avoid systemati
errors whi
h might in�uen
e the shape of the distribution.8



3 The e�e
t of the dete
tor and the re
onstru
tion

Figure 8: From the generation to the re
onstru
tion
This 
y
le demonstrates the pro
edure of data re
onstru
tion in the 
ase of MonteCarlo simulated data. The events are produ
ed via MC simulation a

ording to theStandard Model whi
h is the state of the art in the moment. Than the intera
tion ofthe 
reated parti
les with the dete
tor itself is simulated and one gets data whi
h looklike real event signatures in the dete
tor. Than a �lter requiring 4 jets one tight muonand so on is applied to sele
t the semileptoni
 events and �nally the re
onstru
ted andsele
ted events are 
ompared binwise to the generated events. So if for instan
e the Etaof a re
onstru
ted top is within the same bin as of the generated one than this event ismat
hed properly and the mat
hing histogram gets an entry in the 
orresponding bin.At this point three values will be introdu
ed for analyzing the dete
tor e�e
t on the dataand extrapolate later from the measurements to the reality.
• E�
ien
y: Eff. = Rec.Selected

Generated
the re
ipro
al of the e�
ien
y in the bin gives the
orre
tion fa
tor from the number of measured events with a 
ertain property withinthis bin to the number of real events with this property whi
h did a
tually takepla
e in the dete
tor. This method though is valid only in the 
ase that there is nosystemati
 migration of the events from one bin into an other

• Stability: Stab. = Matched
Reconstructed

this value indi
ates the systemati
 migration intoa bin. I.E. when there are way more events re
onstru
ted in a bin than mat
hedthe ex
res
ent events must migrated into this bin From its neighbours. So a lowStability indi
ates many events enetering the bin from outside9



• Purity: Pur. = Matched
Generated

the Purity measurs the opposite 
ase. When there weremore events generated in the bin than �nally re
onstru
ted, then events left intothe neighboring bins. So a low Purity indi
ates migration out of the bin.At this point it is important to mention that the migration might be Gaussian distributed.This is the friendly 
ase, when it is possible to use bin to bin 
orre
tions if the size issu�
ient. In the 
ase when the migration is biasing this be
omes rather impossible. Orrequires prepro
essing of the data.3.1 Estimation of the dete
tor's visible rangeThe visible range of the dete
tor was estimated by setting the requirement on the e�
ien
yto be above 10%.3.1.1 The top kinemati
 variables

Figure 9: The top e�
ien
ies
The visible range for the top quark 
an be determined from the plots above to:
• top Pt: Pt > 10 GeV
• top Eta : -3 >Eta > 3This 
hoi
e lets the e�
ien
y remain above 10% for the bins in the visible range.
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3.1.2 The t t-bar kinemati
 variables

Figure 10: The t t-bar kinemati
 variables
The visible range for the t t-bar system is more di�
ult to �nd, sin
e from the e�
ien
yplots it is already obvious that there will be e�e
ts of systemati
 migration. But this willbe dis
ussed later on.The suggested visible Ranges:
• t t-bar Pt: Pt >10 GeV
• t t-bar Mass: Mass > 340 GeV
• t t-bar Eta: -3> Eta >33.2 The quanti�
ation of the migration and bin size adaptionIn the two dimensional 
hart the Generated and the Re
onstru
ted data are plotted.Basi
ally this is the representation of the 
ovarian
e matrix of the two distributions Genand Re
. In the �gure below the Pt value of the top quark is plotted.11



Figure 11: The 
orrelation plot
The values are 
learly 
orrelated the 
orrelation 
oe�
ient is very high Co�.=0,87. Sofor studying the distribution of the migration a proje
tion of a 
ut perpendi
ular to themain diagonal is plotted for ea
h bin. Than a Gaussian is �tted through the plot. Thestandard deviation is 
al
ulated from this plot When the bin size 
overs one std. in ea
hdire
tion than the stability and purity are expe
ted to be about 0.6. In reality they areusually below this value. The world is unfortunately not perfe
t.
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Figure 12: The 
ut through the 
orrelation plot
As example the so found binning for the top Pt distribution is shown below.

Figure 13: Example of a good binning
The bins 
hosen ful�ll the requirement and a high stability and purity are expe
ted.With the same method introdu
ed above the binnings for all distributions were optimizedas far the 
orrelation allowed it. 13



3.2.1 The top kinemati
 variables

Figure 14: The stability and purity for the top quark
As 
an be seen in this plots the stability and purity are about 50% and what isvery satisfying also is that the distributions are �at. That indi
ates that the eventswhi
h migrate from the bin or into it do it not systemati
ally but following a Gaussiandistribution.3.2.2 The t t-bar kinemati
 variables

Figure 15: Stability and Purity for t t-ber kinemati
 vatiables14



In the 
ase of the t t-bar system the situation is less fortunate. In the Pt distributionsystemati
 migration to lower Pt values 
an be observed. The other way round the massof the t t-bar system is more frequently re
onstru
ted with a higher value as it wasgenerated. In the 
ase of Eta there is systemati
 migration into the bins around the valueof 4. Sin
e in those bins the purity is high, that indi
ates that fewer events leave the bin,and the stability indi
ating the migration into the bin is rather low on the other hand.The out
ome of the plots above is that the re
onstru
tion of the t t-bar system needsto be done more 
arefully involving more sophisti
ated unfolding methods. This will bedis
ussed in the fourth se
tion.3.2.3 The t t-bar Phi problemIn the two dimensional plot the 
orrelation between the generated and the re
onstru
tedPhi angels of the t t-bar system is shown.

Figure 16: The t t-bar Phi 
orrelation
As 
an be seen there is no 
orrelation between the generated and the re
onstru
tedevents. This leak of 
orrelation 
ould not be properly explained. The wrong re
onstru
ted15



neutrino might be the problem for the re
onstru
tion of the whole t t-bar system. Butthis e�e
t seen in the plot above is very severe and will have other reasons beside theneutrino as well. Con
erning the total leak of 
orrelation the Phi and Delta Phi values isnot further regarded.4 Further studies4.1 The 
omparison of the hadroni
/leptoni
 de
ayed topAs the �rst additional task the di�erent behavior in the re
onstru
tion of the leptoni
and the hadroni
 de
aying top quark was studied. In the Pt distributions of the hadroni
and the leptoni
 top no signi�
ant di�eren
es 
ould be found. But the Eta plots showedan interesting behavior. Below the left plot shows the hadroni
 de
ayed top and the rightshows the leptoni
 de
ayed one.

Figure 17: The hadroni
 and leptoni
 de
ay of the top
What 
an be seen here is that the stability and purity are of the same high in thebins on the hadroni
 side, while the stability around low Eta values goes down underthe level of the purity on the leptoni
 side. This indi
ates migration into the Eta 
entralregion. One possible explanation is the neutrino on the leptoni
 side. The neutrino isre
onstru
ted as missing transversal Energy and hen
e its z 
omponent is a priori zero.This 
auses a bias towards a lower value of the whole re
onstru
ted quark. To avoid thise�e
t an algorithm whi
h 
al
ulates indire
tly the neutrino's z 
omponent 
an be shouldbe inserted into the CMSSW analysis framework.
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4.2 The improvement of the t t-bar Eta resolutionTaking into a

ount the 
orrelation plot of the t t-bar Eta distribution it o

urs an obvious
orrelation in the high Eta regions and rather un
orrelated data in the low Eta region.The idea now was to apply a 
ut on the Pt value of the t t-bar system to see whether this
an improve the 
orrelation.

Figure 18: The 
orrelation Improvement of t t-bar Eta
Indeed the 
orrelation 
an be improved when a Pt 
ut is applied. In the lower plotthere is far less noise in the 
entral region. On the generator level the optimal 
ut appearsto be Pt between 10 and 60 GeV. This 
ut 
an improve the 
orrelation fa
tor from 0,55to 0,68.
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Figure 19: The improvement of the t t-bar Eta stability and purityIn the region of |Eta|<3 ,whi
h is the visible region of the dete
tor, stability and purity
an be brought on a similar level and their distribution is �at and above 30%.Of 
ourse 
utting on the generator level is like playing God and pretending the absoluteknowledge about the event. So in further studies Pt regions should be found whi
h areappli
able to the realisti
 situation.4.3 The appli
ation of a realisti
 event hypothesis4.3.1 The stability and purity of the top quark with the kGeom algorithmHere the event hypothesis is 
onstru
ted by applying a simple geometri
al algorithm 
allskGeom. Here geometri
al properties like the 
one of the jet and so on are used to mat
hthe jets to the parti
les whi
h supposedly were parti
ipating in the rea
tion. In 
ontrastto the kGenMat
h algorithm -appli
able to Monte Carlo data only- this algorithm 
an beapplied to real experemental data as well.

Figure 20: The Stability and Purity of the top applying kGeom
18



The Eta distribution above is from the hadroni
 de
aying top only. For this top quarkthe stability and purity in the visible range of Eta remains on a high level between 40%and 60%. Also the biasing migration is tolerable. Still it will be interesting to study thesystem of both quarks after implementing the z-
omponent re
onstru
tion algorithm forthe neutrino. The stability and purity for the Pt of the top quark is high as well. Thedistribution is �at above the Pt value of 50 GeV. This might be also an e�e
t of thissimple algorithm, that low Pt tops are re
onstru
ted worse than those with a higher Ptvalue.For the t t-bar system the stability and purity show strong systemati
 migration likein the 
ase of the kGenMat
h algorithm.4.3.2 The improvement of the 
orrelation of the t t-bar Eta applying thekGeom algorithmWhile applying the kGeom algorithm and the 
ut on the re
onstru
tion level it appearedas more useful to 
ut on the lower Pt only. Here a table summarizing those results:

Figure 21: Correlaton after Pt 
ut
So while without the 
ut the 
orrelation fa
tor was about 0,57 an improvement 
anbe a
hieved. This 
orrelation studies need to be done for every re
onstru
tion algorithmwhi
h will be applied to estimate the optimal 
ut 
onditions.4.4 Suggestions for the t t-bar Pt re
onstru
tionSin
e in this 
ase a biasing migration appears it might be the best option to apply adetailed unfolding te
hnique for the Pt of the t t-bar system. One possibility is to applythe χ2minimizing te
hnique: When y is the underlying distribution of the Pt and W[y℄19



is the 
ovarian
e matrix of the Gen and Re
 distributions for the Pt. Than while χ2isminimized, one gains A as the unfolding matrix for the de
onvolution.
χ2 = (Ax − y) · W [y] · (Ax − y)TThis matrix 
an be used to obtain the real underlying distribution of the t t-bar Ptby the 
onvolution of the W[y℄ with the (Ax-y) fun
tion.

x =
∫

W [y] · (Ax − y)TdyAfter the su

essful re
onstru
tion of the Pt distribution the Pt 
ut for the improve-ment of the Eta distribution should be show a similar good e�e
t as the 
ut on thegenerator level.
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5 Con
lusionFor the kinemati
 variables of the top quark an appropriate binning 
ould be found andthe stability and purity of the distributions allow bin to bin 
orre
tions using the re
ipro
alof the e�
ien
y in ea
h bin. These results 
ould also be gained using the realisti
 eventhypothesis. So the te
hnique is ripe to be applied to real data. The leptoni
 de
ayedtop though needs more attention, but it is highly probable that its re
onstru
tion 
an behighly improved by implementing an algorithm whi
h determines the z-
omponent of theoutgoing neutrino. This will be done within the next months.The number of bins of 6 to 8 in the top kinemati
 variables and their stable propertiesare suited very well to 
al
ulate the di�erential 
rosse
tion of the top quark in grate detail.And this is the goal that future work should aim for.Way more problemati
 is the re
onstru
tion of the t t-bar system. Even if the properneutrino re
onstru
tion might improve those variables as well, more sophisti
ated unfold-ing te
hniques will be ne
essary for the re
onstru
iton. A strategy for instan
e 
ould beto apply the 4.4 χ2unfolding method to the Pt distribution and than to use those 
or-re
ted Pt values to improve the Eta 
orrelation by 
utting out the proper Pt range. Afterthat bin to bin 
orre
tions in Eta be
ome appli
able. The study of the t t-bar system isespe
ially interesting when analyzing the gluon density in the 
olliding proton via the Etaboost. And the Pt of the t t-bar system is a value that 
ould tell more about se
ond orderpro
ess of the top de
ay. So both systems the top and the t t-bar are worth studying butespe
ially for the re
onstu
tion of the t t-bar system there is still a lot of work to be done.
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