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Figure 1: The ATLAS experiment
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Chapter 1Introdu
tionThe LHC a

elerator and experiments lo
ated there allow us to extend our knowledge ofelementary parti
le physi
s. This 
an be a
hieved either by more a

urate measurements of knownobje
ts of parti
le physi
s or by dis
overing new obje
ts.The ATLAS experiment is one of four large experiments lo
ated at LHC a

elerator. It isdepi
ted in Figure 1. It will work at luminosity 1034 cm−2s−1. Proton beams will 
ollide thereevery 25 ns during whi
h 
ome to 23 intera
tions.There are several regions of physi
s where ATLAS 
an signi�
antly 
ontribute. Those are [6℄:
• Higgs boson sear
hes. For measurement in full range of possible Higgs boson masses isessential high resolution for ele
trons, muons, photons, jets and Emiss

T and also ex
ellentse
ondary vertex dete
tion for τ -leptons and b-quarks.
• SUSY. Measurement of Emiss

T and b-tagging is important.
• new heavy gauge bosons. This measurement requires high resolution for leptons in the rangeof several TeV in pT

• quark 
ompositeness. It needs measurement of high-pT jets.
• pre
ision measurement of W boson and top quark masses, gauge bosons 
oupling, measure-ment of the properties of weak bosons, CP violation and the determination of the Cabibbo-Kobayashi-Maskawa unitarity triangle. This needs pre
ise 
ontrol of the energy s
ale for jetsand leptons, pre
ise determination of se
ondary verti
es, full re
onstru
tion of �nal stateswith relatively low-pT parti
les and trigger on low-pT leptons.The E-p s
ale un
ertainty is one of sour
es of systemati
al errors. Its in�uen
e over the Zboson mass, pT and rapidity distributions needs to be investigated. Fully simulated data sampleis used for this investigation. This in�uen
e 
an be dedu
ed from 
hanges of some parameters(mean value, FWHM and χ2/NDF ) of these distributions. Kolmogorov-Smirnov test of goodnessof �t is another useful tool. It is statisti
al test investigating whether two one-dimensional sets ofpoints are 
ompatible with 
oming from the same parent distribution. It allows to see how mu
hdistribution with non-zero un
ertainty of the E-p s
ale di�ers from distribution with un
ertaintyof the E-p s
ale 0.00 %.This proje
t 
onsists of two parts. Part one is dedi
ated to des
ription of the experimentATLAS. It deals with its overall fun
tioning, fun
tion of its parts and some of their properties.Determination of E-p s
ale and ele
tron and photon re
onstru
tion and identi�
ation in the ATLASdete
tor are also brie�y mentioned. Part two shows a results of investigation of in�uen
e ofun
ertainty of E-p s
ale on mass, momentum and rapidity of Z boson.
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Chapter 2LHC a

eleratorLHC (Large Hadron Collider) a

elerator (Figure 2.2) in CERN (Conseil Européen pour laRe
he
he Nu
léaire - European Organization for Nu
lear Resear
h) is primarily designed for 
ol-lisions of two proton beams with energy of 14 TeV in the 
entre of mass. It is built in existingLEP (The Large Ele
tron-Positron Collider) tunnel. The LHC proje
t was approved by CERNCoun
il in De
ember 1994.There are four large experiments pla
ed on LHC - ALICE (A Large Ion Collider Experiment),ATLAS (A Toroidal LHC ApparatuS), CMS (Compa
t Muon Solenoid) and LHCb (The LargeHadron Collider beauty experiment).ATLAS and CMS are general-purpose dete
tors. Their basi
 task is to elu
idate ele
troweaksymmetry breaking and to sear
h for Higgs boson. There is also possibility of dis
overy of parti
lespredi
ted by Supersymmetry (SUSY).LHCb is 
on
eived to study CP violation and other rare phenomena in B meson de
ays. Studyof B meson de
ays will be possible also for ATLAS and CMS.ALICE is general-purpose heavy-ion dete
tor. It is designed to study physi
s of strongly-intera
ting matter and the quark-gluon plasma. Study of ion-ion 
ollisions will be also possiblefor ATLAS and CMS.Aside of proton-proton 
ollisions, there are also planned ion-ion 
ollisions with ions 208Pb82+and beam energy 2.76 TeV/nu
leon. For more details see Table 2.1.General informationRing 
ir
umferen
e [m℄ 26658.883Number of 
ollision points 4p-p 
ollisions Pb-Pb 
ollisionsEnergy in the 
entre of mass 14 TeV 2.76 TeV/nukleonLuminosity [cm−2s−1℄ 1034 1.0× 1027Numbers of parti
les/ions per bun
h 1.15× 1011 7× 107Number of bun
hes 2808 592Time between 
ollisions [ns℄ 24.95 99.8Total 
ross se
tion [mb℄ 100 514000Beam 
urrent lifetime [hour℄ 44.86 21.8Table 2.1: Some properties of LHC a

eleratorProtons get into LHC through LHC inje
tor 
hain (Figure 2.1), whi
h 
onsists of linear a
-
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elerator Lina
2 (where they gain energy 50 MeV) and syn
hrotrons PSB (Proton Syn
hrotronBooster - 1.4 GeV), PS (Proton Syn
hrotron - 25 GeV) a SPS (Super Proton Syn
hrotron - 450GeV). From SPS are protons inje
ted into LHC.For heavy ions it is di�erent be
ause PSB 
annot a
hieve required density. Thus, heavyions start in linear a

elerator Lina
3 (where they gain energy 4.2 MeV/nu
leon) and 
ontinuethrough LEIR (Low Energy Ion Ring - 72.2 MeV/nu
leon), PS (5.9 GeV/nukleon), SPS (176.4GeV/nukleon) and ends in LHC ([3℄ a [4℄).

Figure 2.1: LHC inje
tor 
hain
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Figure 2.2: LHC a

elerator and experiments lo
ated there
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Chapter 3Dete
tor3.1 Nomen
lature3.1.1 Coordinate systemCartesian 
oordinate systemHere are shown de�nitions of 
oordinate systems in ATLAS dete
tor. The z-axis is de�ned bybeam dire
tion. The x-y plane is transverse to beam dire
tion. The positive x-axis is pointingfrom the intera
tion point to the 
entre of LHC ring. Positive y-axis is pointing upwards. Theside A of the dete
tor is de�ned as the side with z > 0. The side C is the side with z < 0. Side Bis the plane with z = 0.Spheri
al 
oordinate systemSpheri
al 
oordinate system is established in standard way (Figure 3.1).

Figure 3.1: Spheri
al 
oordinate systemOther important physi
al quantities
• pseudorapidity (Figures 3.2 and 3.3), de�ned as η = − ln tan( θ

2
)
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• transverse momentum pT

• transverse energy ET = E sin θ

• missing transverse energy Emiss
T = Emiss sin θ

• distan
e as a fun
tion of pseudorapidity and azimuthal angle ∆R =
√

∆2η + ∆2φ

Figure 3.2: Plain view of a quarter-se
tion of the ATLAS inner dete
tor. Lines show some valuesof pseudorapidity.

Figure 3.3: Plain view of a quarter-se
tion of the ATLAS 
alorimeters. Lines show some values ofpseudorapidity.



3.2 Inner dete
tor 193.1.2 Parameters des
ribing parti
les in magneti
 �eldThere are �ve helix parameters whi
h des
ribe traje
tories of 
harged parti
les in an idealuniform magneti
 �eld. This parametrization is used in ATLAS.Parameters de�ned in x-y plane:
• re
ipro
al of the transverse momentum with respe
t to the beam axis

1

pT

• azimuthal angle φ

tanφ ≡ py

px

• transverse impa
t parameter d0, de�ned as the transverse distan
e to the beam axis at thepoint of 
losest approa
hParameters de�ned in R-z plane:
• 
otangent of the polar angle

cot θ ≡ pz

pT

• longitudinal impa
t parameter z0, de�ned as z position of the tra
k at the point of 
losestapproa
h3.2 Inner dete
torThe Inner Dete
tor (ID) (Figures 3.4, 3.5 and 3.6) is dete
tor system 
losest to the intera
tionpoint. It is immersed in a 2 T magneti
 �eld generated by the 
entral solenoid. ID 
onsistsof a barrel and two end-
aps. It is used for pattern re
ognition, primary and se
ondary vertexmeasurement, ele
tron identi�
ation.The pre
ision tra
king dete
tors (pixels and semi
ondu
tor tra
ker (SCT)) are arranged on
on
entri
 
ylinders around the beam axis (in the barrel) or on dis
s perpendi
ular to the beamaxis (in the end-
aps). They 
over the region |η| < 2.5. Ea
h tra
k 
rosses three pixel layers andeight strip layers. The sili
on sensors must be kept at low temperature (∼ −5 to −10◦C).The last dete
tor in the ID is the transition radiation tra
ker (TRT). It is made of straw (tube)dete
tors. They are parallel to the beam axis (in the barrel) or arranged radially on wheels (inthe end-
aps). There are typi
ally 36 hits per tra
k. The TRT is designated to operate at roomtemperature.
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Figure 3.4: The ATLAS inner dete
tor
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Figure 3.5: Drawing showing the sensors and stru
tural elements of the ID

Figure 3.6: Drawing showing the sensors and stru
tural elements of the ID
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tor3.2.1 PixelsThe pixel dete
tor (Figure 3.7) 
onsists of 1744 identi
al sensors. The pixel sensors are arrangedin three layers in the barrel and three disks in the end-
ap. The minimum pixel size is 50×400 µm.There are 47232 pixels on ea
h sensor. From ea
h sensor go 46080 readout 
hannels. The pixeldete
tor has approximately 80.4 million readout 
hannels. The main parameters of the pixeldete
tor are summarised in Table 3.1.Item Radial extension (mm) Length (mm)Pixel Overall envelope 45.5<R<242 0<|z|<30923 
ylindri
al layers Sensitive barrel 50.4<R<122.5 0<|z|<400.5
2× 3 dis
s Sensitive end-
ap 88.8<R<149.6 495<|z|<650Table 3.1: Main parameters of the pixel dete
tor

Figure 3.7: S
hemati
 view of a barrel pixel module3.2.2 SCTThe SemiCondu
tor Tra
ker (Figure 3.8) 
onsists of 4088 modules. They are arranged in four
oaxial 
ylindri
al layers (in the barrel) and nine disk layers (in the end-
aps). The barrel module
onsists of four sensors, two ea
h on the top and bottom side. Ea
h of end-
aps modules has twosets of sensors glued ba
k-to-ba
k. There are 1536 sensor strips per module. The sensor thi
knessis 285 ± 15 µm and the strip pit
h is ∼ 80µm. There are 768 a
tive strips per sensor. The totalnumber of readout 
hannels is approximately 6.3 million. The main parameters of the SCT aresummarised in Table 3.2.



3.2 Inner dete
tor 23Item Radial extension (mm) Length (mm)SCT Overall envelope 255<R<549 (barrel) 0<|z|<805251<R<610 (end-
ap) 810<|z|<27974 
ylindri
al layers Sensitive barrel 299<R<514 0<|z|<749
2× 9 dis
s Sensitive end-
ap 275<R<560 839<|z|<2735Table 3.2: Main parameters of the SCT

Figure 3.8: Drawing of a barrel module3.2.3 TRTThe basi
 dete
tor element of the Transition Radiation Tra
ker (Figure 3.9) is polyimide drifttube (straw tube). It has diameter of 4 mm. The straw tube wall is 35 µm thi
k. The straw anodeis tungsten wire of 31 µm diameter. There are up to 73 layers of straws interleaved with �bres (inthe barrel) and 160 straw planes interleaved with foils (in the end-
aps). The TRT in the barrelis divided into three rings with 32 modules ea
h. The TRT in the end-
aps 
onsists of two setsof independent wheels. The set 
loser to the intera
tion point 
ontains 12 wheels. The outer set
ontains 8 wheels. Ea
h layer 
ontains 768 radially oriented straws. The total number of TRTreadout 
hannels is approximately 351000. The main parameters of the TRT are summarised inTable 3.3.The TRT dete
ts ele
trons either passing through the dete
tor or 
reated in intera
tion ofphoton with Xe-based gas mixture (
onsisting of Xe, CO2 and O2) inside of the tube. Low-energytransition radiation photons are absorbed in the Xe-based gas mixture.Item Radial extension (mm) Length (mm)TRT Overall envelope 554<R<1082 (barrel) 0<|z|<780617<R<1106 (end-
ap) 827<|z|<274473 straw planes Sensitive barrel 563<R<1066 0<|z|<712160 straw planes Sensitive end-
ap 644<R<1004 848<|z|<2710Table 3.3: Main parameters of the TRT
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Figure 3.9: On the left is a photograph of one quarter of barrel TRT. On the right is a photographof a four-plane TRT end-
ap wheel.3.3 CalorimetryCalorimetry is based on phenomena, when some types of parti
les with high energy 
ausese
ondary parti
les showers (passing through the material of suitable properties). The shower is
aused by inelasti
 intera
tion with absorber material. Se
ondary parti
les have also ability to
reate showers. Thus, the avalan
he arises. This pro
ess ends, when energy of parti
les de
reasesunder some limit. That means the whole energy of the in
omming parti
le is absorbed in thematerial. Fra
tion of this energy is transformed into measurable signal. Flu
tuations of magnitudeof this fra
tion de�ne dete
tor resolution.Calorimeters eli
it energy from absorption of 
harged or neutral parti
les. They are able to�nd a type, energy and position of parti
le.Calorimeters system of the ATLAS dete
tor (Figure 3.10) has full φ-symmetry and 
oversthe range |η| < 4.9. It 
onsists of the Ele
tromagneti
 Calorimeter (EM), the Hadroni
 End-
ap 
alorimeter (HEC), the Forward Calorimeter (FCal) (all of these use liquid argon as a
tivedete
tor medium for its intrinsi
 linear behavior, stability of response over time and its intrinsi
radiation-hardness) and the Tile 
alorimeter (whi
h using s
intillating tiles).



3.3 Calorimetry 25

Figure 3.10: The ATLAS 
alorimeter system
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tor3.3.1 Des
ription of showersEle
tromagneti
 showersEle
tromagneti
 showers 
an arise, when high-energy ele
tron (positron) or γ �ies in su�-
iently deep blo
k of material and intera
t with matter. Shower is 
ontrolled by ele
tromagneti
intera
tionPro
esses, important for ele
tron (positron) intera
tions are:
• 
ollisions with atoms (ionization, ex
itation of atoms)
• bremsstrahlung
• positrons 
an annihilatePro
esses, important for photon intera
tions are:
• photoele
tri
 e�e
t (ionization, ex
itation of atoms)
• Compton s
attering (ionization, ex
itation of atoms)
• pair produ
tionDominant pro
ess for ele
trons (positrons) with energy over 1 GeV is bremsstrahlung. Forphotons it is pair produ
tion.In 
onne
tion with the ele
tromagneti
 showers, the term radiation length X0 needs to beintrodu
ed. It is mean value of the distan
e, when high-energy ele
tron will have only fra
tion

1

e of its original energy E0. Energy losses are 
aused by bremsstrahlung the parti
le produ
e inmaterial on a path of length x and holds
< E >= E0 exp(− x

X0

)For high-energy photons (γ −→ e+e−) holds:
Iγ = I0 exp(− 7x

9X0

)where I is radiation intensity. X0 is used as unit for longitudinal dimension of the shower.Hadroni
 showersHadroni
 showers are 
as
ades of the deep inelasti
 intera
tions of in
omming hadrons withnu
lei. Shower is 
ontrolled by strong intera
tion.High-energy hadron intera
tion with nu
leus has two phases:
• qui
k - multiparti
le produ
tion
• slow - �ssion and deex
itation of nu
leusFirst phase: About half of energy is used to 
reate new parti
les and to kno
k out nu
leonsfrom the nu
leus. Another half is 
arried by in
omming parti
le or bun
h of parti
les with samequantum numbers (leading parti
le e�e
t).
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ond phase: The nu
leus 
an �ssion after intera
tion. There are 
reated ex
ited daughternu
lei. They dispose energy by evaporating nu
leons (mostly neutrons) and by emitting photons.In 
onne
tion with the hadroni
 showers, the term absorption length λ0 needs to be introdu
ed.It is a mean free path between two inelasti
 nu
lear intera
tions and holds
λ0 =

A

NAV ρσiwhere A is atomi
 number, NAV is Avogadro's number, ρ is density and σi is inelasti
 
ross se
tion.
λ0 is used as unit for longitudinal dimension of the shower.3.3.2 Ele
tromagneti
 
alorimetryThe ele
tromagneti
 
alorimeter is sensitive to ele
trons (positrons) and photons. It is dividedinto a barrel part (Figure 3.12) and two end-
aps (Figure 3.13). The barrel 
alorimeter 
onsistsof two identi
al half-barrels (
entered around the z-axis), separated by a small gap. Ea
h end-
ap
alorimeter is divided into two 
oaxial wheels (see Table 3.4 for main parameters of the ele
tro-magneti
 
alorimeter). Barrel End-
apNumber of layers and |η| 
overagePresampler 1 |η| < 1.52 1 1.5 < |η| < 1.8Calorimeter 3 |η| < 1.35 2 1.375 < |η| < 1.52 1.35 < |η| < 1.475 3 1.5 < |η| < 2.52 2.5 < |η| < 3.2Number of readout 
hannelsPresampler 7808 1536 (both sides)Calorimeter 101760 62208 (both sides)Table 3.4: Main parameters of the ele
tromagneti
 
alorimeterThe ele
tromagneti
 
alorimeter is dete
tor with a

ordion-shaped kapton ele
trodes. It uselead as absorber and liquid argon (LAr) as a
tive medium (Figure 3.11). The a

ordion geometryprovides 
omplete φ symmetry without any 
ra
ks. In the barrel, the a

ordion waves are axialand run in φ. The half-barrel is made of 1024 a

ordion-shaped absorbers and is divided into 16modules (the total thi
kness of a module is at least 22 radiation lengths). In the end-
aps, thewaves run axially. Ea
h end-
ap 
ontains 768 absorbers in the outer wheel and 256 absorbers inthe inner wheel. The end-
ap is divided into eight modules (the total thi
kness of the end-
ap
alorimeter is greater than 24 X0 ex
ept |η| < 1.475). The readout ele
trode 
onsists of threeseparated 
ondu
tive 
opper layers. The ele
trode is positioned in the middle of the gap of size2.1 mm. Ea
h barrel gap between two absorbers is equipped with two ele
trodes. Ea
h end-
apgap between two absorbers is equipped with one ele
trode.There is a presampler dete
tor 
loser to the intera
tion point than the ele
tromagneti
 
alorime-ter. It is used to 
orre
t the energy lost by ele
trons and photons upstream of the 
alorimeter.Presampler is separate thin liquid argon layer. It is made of 32 azimuthal se
tors per half-barrel(or end-
ap).
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Figure 3.11: Sket
h of a barrel module

Figure 3.12: Photograph of a partly sta
ked barrel ele
tromagneti
 LAr module.
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Figure 3.13: Photograph showing a side view of an ele
tromagneti
 end-
ap LAr module3.3.3 Hadroni
 
alorimetryTile 
alorimeterThe tile 
alorimeter (Figure 3.14) is pla
ed dire
tly outside of the ele
tromagneti
 
alorimeter.It 
onsists of a barrel part and two extended barrels. Both are divided azimuthally into 64 modules.The radial depth of the tile 
alorimeter is approximately 7.2 λ. The tile 
alorimeter is using ironas the absorber and s
intillating tiles as the a
tive material. The tiles are 3 mm thi
k and the totalthi
kness of the iron plates in one period is 14 mm. Two sides of s
intillating tiles are read out bywavelength shifting �bres into two separate photomultiplier tubes (PMT) (Figure 3.14). The tile
alorimeter is longitudinally segmented into three layers (see Table 3.5 for main parameters of thetile 
alorimeter). Barrel Extended barrel
|η| 
overage |η| < 1.0 0.8 < |η| < 1.7Number of layers 3 3Number of readout 
hannels 5760 4092 (both sides)Table 3.5: Main parameters of the tile 
alorimeterThere are eleven sizes of s
intillating tiles 3 mm thi
k, one for ea
h depth in radius. Basematerial of tiles is polystyrene, 
reating ultraviolet s
intillation light after ionising parti
le 
rossing.This light is 
onverted to visible light by wavelength-shifting �uor (the polystyrene is doped with1.5 % PTP and 0.04 % POPOP). Wavelength-shifting �bres 
olle
t (at the edges of ea
h tile) thes
intillation light and 
onvert it to a longer wavelength and transmit it to the PMT.
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Figure 3.14: S
hemati
 of the tile 
alorimeter stru
ture geometryHadroni
 end-
ap 
alorimeters (HEC)The Hadroni
 End-
ap 
alorimeter 
onsists of two wheel on ea
h end-
ap. It uses 
opper asabsorber and liquid argon as an a
tive medium. It is lo
ated dire
tly behind the ele
tromagneti
end-
ap 
alorimeters. Ea
h wheel is built from 32 identi
al modules (Figure 3.15) and is dividedinto two longitudinal segments. It is a total of four layers per end-
ap. The wheels 
loser tothe intera
tion point are made from 25 mm parallel 
opper plates. The others use 50 mm 
opperplates. The 
opper plates are interleaved with 8.5 mm LAr gaps (see Table 3.6 for main parametersof the Hadroni
 End-
ap Calorimeter). The gap is divided into four separate drift zones by threeele
trodes. The middle ele
trode is used for read-out.Barrel End-
ap
|η| 
overage 1.5 < |η| < 3.2Number of layers 4Number of readout 
hannels 5632 (both sides)Table 3.6: Main parameters of the hadroni
 end-
ap 
alorimeter
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Figure 3.15: S
hemati
 view of the design of a HEC moduleForward 
alorimeterThe Forward Calorimeter 
onsists of three 45 
m deep modules in ea
h end-
ap. First (ele
tro-magneti
 module) uses 
opper as absorber and liquid argon as sensitive medium. The other two(hadroni
 modules) use tungsten as absorber and liquid argon as sensitive medium. Ea
h module
onsists of metal matrix (Figure 3.16). The matrix is �lled with stru
ture 
onsisting of 
on
entri
rods and tubes parallel to the beam axis. Between the rod and the tube is the gap �lled withliquid argon (see Table 3.7 for main parameters of the Hadroni
 Forward Calorimeter). Readoutele
trodes are hard-wired together with small boards on the fa
es of the modules in groups.Barrel End-
ap
|η| 
overage 3.1 < |η| < 4.9Number of layers 3Number of readout 
hannels 3524 (both sides)Table 3.7: Main parameters of the hadroni
 forward 
alorimeter
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Figure 3.16: Ele
trode stru
ture of FCal3.4 Muon spe
trometerHigh-energy muons are the only 
harged parti
les whi
h �y out of the dete
tor volume. Themain task of the muon system (Figure 3.17) is to eli
it muon tra
ks and momenta. It is based onthe magneti
 de�e
tion of muon tra
ks in the large super
ondu
ting air-
ore toroid magnets.In the region of |η| < 1.4 is magneti
 bending provided by the large barrel toroid. Over
1.6 < |η| < 2.7 are tra
ks bent by end-
aps magnets. Region 1.4 < |η| < 1.6 is 
alled the transi-tion region and magneti
 de�e
tion there is provided by 
ombination of barrel and end-
aps �elds.In the barrel region are tra
ks measured in three 
ylindri
al layers (stations) around the beamaxis. In the transition and end-
ap regions, there are three stations installed in planes perpendi
-ular to the beam.
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Figure 3.17: The ATLAS muon system
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tor3.4.1 Monitored drift tubes (MDT)The Monitored Drift Tubes are pre
ision 
hambers. They 
onsist of drift tubes (Figure 3.18).The drift tube is a tube with diameter of 30 mm �lled with mixture of gasses. The ele
trons fromionisation are 
olle
ted at the 
entral tungsten-rhenium wire with diameter of 50 µm (see Table3.8 for main parameters of the MDT's).The MDT 
hambers are built of these tubes. The 
hambers are made in various shapes. Theyare re
tangular in the barrel and trapezoidal in the end-
aps. All ordinary 
hambers 
onsist oftwo pa
kages of multilayers separated by support stru
ture. Multilayers in the inner layers ofmuon system 
onsist of four tube layers. In the middle and outer they 
onsist of three tube layers(Figure 3.19).Gas inside of tube is a mixture of 93 % Ar, 7 % CO2 and H2O. It was sele
ted be
ause of thegood ageing properties. The disadvantage is non-linear spa
e-drift time. A small water admixtureimprove HV stability.

Figure 3.18: Longitudinal 
ut through a MDT tube

Figure 3.19: Me
hani
al stru
ture of a MDT 
hamber
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trometer 35Coverage |η| < 2.7 (innermost layer |η| < 2.0)Number of 
hambers 1108Number of 
hannels 339000Fun
tion Pre
ision tra
kingTable 3.8: Main parameters of the monitored drift tubes3.4.2 Cathode strip 
hambers (CSC)The Cathode Strip Chambers are pre
ision 
hambers. In the region where 
ounting rate is toohigh, some MDT's are repla
ed by CSC. They have high spatial, time and double tra
k resolutionwith high-rate 
apability and low neutron sensitivity. The CSC are segmented into large and small
hambers. The whole system 
onsists of two dis
s. Ea
h dis
 is segmented into eight 
hambers(eight small and eight large). Ea
h 
hamber 
ontain four CSC planes.The CSC are multiwire proportional 
hambers (Figures 3.20 and 3.21). Their 
athodes aresegmented. One has strips perpendi
ular to wires and the other parallel. Gas inside is a mixtureof 80 % Ar and 20 % CO2 (see Table 3.9 for main parameters of the CSC's).Coverage 2.0 < |η| < 2.7Number of 
hambers 32Number of 
hannels 31000Fun
tion Pre
ision tra
kingTable 3.9: Main parameters of the 
athode strip 
hambers

Figure 3.20: Stru
ture of the CSC 
ell
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Figure 3.21: Stru
ture of the CSC3.4.3 Resistive plate 
hambers (RPC)The Resistive Plate Chambers are trigger 
hambers in the barrel region. They are gaseousparallel-plate dete
tors without wires (Figure 3.22). Two parallel plasti
 laminate plates are insideof dete
tor. Between them is an ele
tri
 �eld. This gap is �lled with non-�ammable mixture ofgasses (mixture of 94.7 % of C2H2F4, 5 % of Iso-C4H10 and 0.3 % of SF6).The 
hamber is made of two re
tangular dete
tors (Figure 3.23) 
alled unit. Ea
h unit hastwo independent resistive plate stru
tures 
alled gas volumes. The stru
ture of the gas volumesare identi
al for all RPC's. They 
onsist of two resistive plates en
losing gas gap of 2 mm. Theouter surfa
e of the resistive plates is 
oated with thin layer of graphite (see Table 3.10 for mainparameters of the RPC's). Coverage |η| < 1.05Number of 
hambers 544Number of 
hannels 359000Fun
tion Triggering, se
ond 
oordinateTable 3.10: Main parameters of the resistive plate 
hambers
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Figure 3.22: Cross se
tion through a RPC, where two units are joined to form a 
hamber

Figure 3.23: Cross se
tion through a upper part of the barrel
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tor3.4.4 Thin gap 
hambers (TGC)The Thin Gap Chambers are trigger 
hambers in the end-
aps. They are multiwire proportional
hambers with very good resolution. Their wire-to-
athode distan
e is smaller than the wire-to-wire distan
e (Figure 3.24). They are �lled with gas mixture (55 % of CO2 and 45 % of n-C5H12).The trigger dete
tors are mounted in two 
on
entri
 rings (outer 
overing 1.05 < |η| < 1.92and inner 
overing 1.92 < |η| < 2.4). There are seven dete
tor layers arranged in one triplet andtwo dublets (see Table 3.11 for main parameters of the TGC's).Coverage 1.05 < |η| < 2.4Number of 
hambers 3588Number of 
hannels 318000Fun
tion Triggering, se
ond 
oordinateTable 3.11: Main parameters of the thin gap 
hambers

Figure 3.24: TGC stru
ture3.5 Trigger and data a
quisitionThe trigger 
onsists of three levels of event sele
tion. It is Level-1 (L1), Level-2 (L2) and EventFilter. The L2 and the Event �lter together form the High-Level Trigger (HLT) (see Figure 3.25for a blo
k diagram).The L1 trigger sear
hes for high-pT muons, ele
trons, photons, jets, τ -lepton de
aying intohadrons. It uses redu
ed-granularity information. Information from RPC and TGC are used forhigh-pT muons. Information from 
alorimeters are used for ele
tromagneti
 
lusters, jets, τ -lepton,
Emiss

T and large total transverse energy. The maximum L1 a

ept rate is 75 kHz (upgradeable to100 kHz). L1 de
ision time must be less than 2.5 µs.The L2 trigger is seeded by Regions-of-Interests (RoI's). RoI's are regions of the dete
tor wherethe L1 trigger has identi�ed possible trigger obje
ts within the event. The L2 trigger uses RoIinformation on 
oordinates, energy and type of signature. It is analysing full-granularity and full-pre
ision data from all dete
tors. It redu
es the event rate below 3.5 kHz. The average pro
essing
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Figure 3.25: Blo
k diagram of the ATLAS trigger and data a
quisition systemtime is approximately 10 ms.The event �lter uses o�ine analysis pro
edure on fully-built events. The event rate is redu
edto approximately 200 Hz. The average pro
essing time is of order one se
ond.The HLT use full-granularity and full-pre
ision of 
alorimeter and muon 
hambers (and fulldata from inner dete
tor).The data a
quisition system (DAQ) re
eives and bu�ers the event data from the dete
torele
troni
s at L1 level. Some of them are moved into L2 trigger and then to the event-building (ifthey ful�ll 
riteria).3.5.1 The L1 triggerThe L1 trigger (Figure 3.26) performs the initial event sele
tion. De
isions are based oninformation from 
alorimeters and muon system. These de
isions are based only on the multipli
ityof trigger obje
ts. But information about the geometri
 lo
ation of trigger obje
ts is retained indete
tor trigger pro
essor. When the event is a

epted by the L1 trigger, the information is sentas RoI's to the L2 trigger.The L1 Calorimeter Trigger (L1Calo) aims to identify high-pT ele
trons and photons, jets,
τ -lepton de
aying into hadron, events with large Emiss

T and large total transverse energy. Forele
tron, photon and τ triggers is required isolation, i.e. energeti
 parti
le must have a minimumangular separation from any jet in the same 
andidate trigger.The L1 muon trigger is based on signals from RPC's (in barrel) and TGC's (in end-
aps). Itsear
hes for patterns of hits 
onsistent with high-pT muons. The logi
 provide six pT thresholds(three asso
iated with low-pT trigger and three asso
iated with high-pT trigger).The Central Trigger Pro
essor (CTP) 
ombines the information for di�erent obje
t types. Itmakes de
ision to a

ept event or not.
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Figure 3.26: Blo
k diagram of the L1 triggerCalorimeter triggerL1Calo 
onsists of three main subsystems.
• Pre-pro
essor - it digitises the analogue input signals and uses a digital �lter to asso-
iate them with spe
i�
 bun
h-
rossing. It also does a pedestal subtra
tion, �ne-tune thetransverse-energy 
alibration, ignore small noise pulses and send data to Cluster Pro
essorand Jet/Energy-sum Pro
essor.
• Cluster pro
essor (CP) - It identi�es ele
tron/photon and τ -lepton 
andidates with ET abovethe threshold. It is also possible to add 
ertain isolation 
riteria.
• Jet/Energy-sum Pro
essor (JEP) - It identi�es jets and produ
es global sums of s
alar andmissing transverse energyBoth CP and JEP 
ount multipli
ities of the di�erent types of trigger obje
ts. They send data tothe Central Trigger Pro
essor (CTP).When there is a L1 A

ept (L1A) de
ision from the CTP, the stored data from the L1Caloare read out to the data a
quisition system. The types and positions of jets, τ -leptons andele
tromagneti
 
lusters 
andidates are also sent to the RoI builder.Muon triggerThe L1 muon trigger is based on RPC's in the barrel and the TGC's in the end-
aps with threetrigger stations ea
h. The algorithm requires 
oin
iden
e of hits in the di�erent trigger stations
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quisition 41within a road, whi
h tra
ks the path of a muon from the intera
tion point through the dete
tor.The width of the road is related to the pT threshold to be applied.Central trigger pro
essorThe Central Trigger Pro
essor re
eives trigger information from the 
alorimeter and muontrigger pro
essor. This information 
onsists of multipli
ities for ele
tron/photon, τ -lepton, jetsand muons, and of �ags indi
ating whi
h threshold were passed for total and missing transverseenergy, and for total jet transverse energy. In the next step the CTP forms trigger 
onditions (forexample, that the multipli
ity of a parti
ular muon threshold has ex
eeded one, i.e. at least twomuons in this event have passed this threshold).3.5.2 High Level Trigger and Data A
quisitionThe main 
omponents of the HLT/DAQ are: readout, L2 trigger, event-building, event �lter,
on�guration, 
ontrol and monitoring and information servi
es (Figure 3.25).After sele
tion by L1 trigger the event data are transferred through the dete
tor spe
i�
 Read-out Drivers (ROD's) to the HLT/DAQ system over Readout Links (ROL's). The event fragmentsare re
eived into Readout Bu�ers (ROB's) 
ontained in the Readout System (ROS) unit. Theyare temporarily stored there.The L1 trigger also provides the RoI information. The data are transferred through ROL's tothe RoI builder. In RoI builder the data are assembled into a single data stru
ture. This stru
tureis forwarded to the L2 supervisor (L2SV). The L2SV re
eives RoI's, asigns the event to one of theL2 trigger pro
essing units (L2PU's) for analysis, and re
eives the results.Requests for event data are made to the asso
iated ROS's (using the RoI information). Re-sults of the analysis are returned to L2SV. L2SV forward it to the DataFlow Manager (DFM).The DMF 
ontrols the event during the event-building. If event is sele
ted by the L2 trigger thenDMF assigns it to an event-building node (SFI). The SFI 
olle
ts the event data and builds singleevent-data stru
ture, the event, whi
h is sent to the event �lter for further analysis.The event �lter 
lassi�es the sele
ted events. The result of this 
lassi�
ation is added to theevent stru
ture. Sele
ted event is subsequently sent to the output nodes (SFO's). The eventsre
eived by the SFO are stored and subsequently transferred to CERN's 
entral data-re
ordingfa
ility.ControlIt 
overs the 
ontrol and monitoring of the operational parameters of the dete
tor and experi-ment infrastru
ture, the 
oordination of whole dete
tor, trigger and data a
quisition software andhardware asso
iated with data-taking. It 
onsists of two independent parts - the data a
quisition
ontrol system and Dete
tor Control System (DCS). The data a
quisition 
ontrol system 
ontrolsthe hardware and software elements of the dete
tor and the HLT/DAQ. The DCS 
ontrols dete
torequipment and related infrastru
ture.Con�gurationCon�guration databases maintain des
ription of the hardware and software required for data-taking. A 
on�guration is organized as a tree of linked segments. A segment de�nes a well de�nedsub-set of the hardware, software, and their asso
iated parameters.Monitoring and information distributionIt provides the framework for the routing of operational data and their analysis. The opera-tional data are, for example, physi
s event data, histograms and the values of parameters, et
. Therouting is performed by the information, on-line histogramming and event monitoring servi
es.
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torReadout systemThe ROS re
eives event data from the dete
tor ROD's via ROL's. The ROL has homogenousdesign and implementation. ROB's are bu�ers lo
ated at re
eiving end of the ROL's. A L2PUrequest for data involves one or two ROB's per ROS on average. The event-building nodes requestthe event data from all the ROB's of a ROS.L2 triggerThe L2 trigger 
ombines fun
tions of RoI builder, L2SV, L2PU and L2 trigger-spe
i�
 ROS.The RoI builder re
eives the RoI information from L1 trigger and merges it into a single datastru
ture and transfers it into L2SV. The L2SV marshals the event through the L2 trigger. Theprin
ipal 
omponent of the L2 trigger is the L2 pro
essing farm.Event-buildingThe event is built by DMF, ROS's and SFI's. The SFI 
olle
ts data from the ROS's and 
reatessingle data stru
ture. The DFM allo
ates events to the SFI's.Event �lterThe event �lter is a pro
essing farm. There runs standard ATLAS event re
onstru
tion andanalysis appli
ation. For event passing the sele
tion 
riteria is added a tag to the event datastru
ture identifying into whi
h physi
s stream (ele
trons, muons, jets, photons, Emiss
T , τ -leptons,B-physi
s) the event has been 
lassi�ed.Event outputSFO's re
eive events from the event �lter. They interfa
e HLT/DAQ to CERN's 
entral data-re
ording fa
ility. The SFO maintains a set of �les into whi
h it re
ords event. Ea
h event isre
orded in one or more �les a

ording to the stream 
lassi�
ation.3.6 Other devi
es3.6.1 MagnetsMagneti
 �eld in ATLAS dete
tor is 
reated by hybrid system of four super
ondu
ting magnets- one solenoid, one barrel toroid and two end-
aps toroids. Magnets are 
ooled by liquid heliumto 4.5 K. It is shown on Figures 1 and 3.27. Some of its parameters are shown in Table 3.12.The magnet system 
onsists of

• solenoid
• three toroids - one barrel toroid and two end-
aps toroidsSolenoid Barrel toroid End-
ap toroidInner diameter [m℄ 2.46 9.4 1.65Outer diameter [m℄ 2.56 20.1 10.7Axial length [m℄ 5.8 25.3 5.0Peak �eld in the windings [T℄ 2.6 3.9 4.1Table 3.12: Some parameters of ATLAS magnet system
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Figure 3.27: Geometry of magnet windings and tile 
alorimeter ironCentral solenoidCentra solenoid is aligned on the beam axis and provides 2 T axial magneti
 �eld for innerdete
tor. It was designed to keep the material thi
kness in front of the 
alorimeter as low aspossible (∼0.66 radiation length at normal in
iden
e). The solenoid is 
harged and dis
harged inabout 30 minutes.Barrel toroidBarrel toroid surrounds the 
alorimeters and both end-
aps toroids. It generates magneti
�eld of approximately 0.5 T in 
entral region of the muon spe
trometer. It 
onsists of eight 
oilsen
ased in individual ra
etra
k-shaped, stainless-steel va
uum vessels. Coils are assembled radiallyand symmetri
ally around the beam axis.End-
ap toroidsEnd-
aps toroids are inserted in barrel toroid at ea
h end. They 
onsist of eight ra
etra
k-like,double-pan
ake-shaped 
oils. They generate magneti
 �eld of approximately 1 T for the muonspe
trometer in end-
aps region. Coils of end-
aps magnets are rotated by 22.5◦ with respe
t tobarrel toroid 
oils3.6.2 Forward dete
torsThere are three smaller dete
tor systems 
overing the forward region of ATLAS dete
tor -LUCID, ALFA and ZDC.
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torLUCIDLUCID (LUminosity measurement using Cerenkov Integrating Dete
tor) is Cerenkov dete
toronline monitoring relative luminosity in ATLAS. It is 
losest to the intera
tion point.ALFAALFA (Absolute Luminosity For ATLAS) 
onsists of s
intillating �bre tra
kers lo
ated insideRoman pots. It determines absolute luminosity in ATLAS.ZDCZDC (Zero-Degree Calorimeter) modules 
onsist of layers of alternating quartz rods and tung-sten plates. It determines 
entrality in heavy-ion 
ollisions.

Figure 3.28: Pla
ement of the forward dete
tors along the beam-line around the ATLAS intera
tionpoint3.6.3 Beam pipeBeam pipe in ATLAS experimental area is 38 m long and 
onsists of seven parts. Inside isultra-high va
uum. The 
entral 
hamber (va
uum inner dete
tor) is 
entered about the intera
tionpoint. It has a 58 mm inner diameter. The remaining six 
hambers are installed symmetri
ally onboth sides of the intera
tion point. They are tubes with diameters 60 mm, 80 mm and 120 mmon ea
h side.



Chapter 4E-p s
ale4.1 Determination of the mass s
aleAt �rst, it is ne
essary to 
larify the term mass s
ale. Mass s
ale is proportionality 
oe�
ientbetween the measured and the truth value of the mass of investigated parti
le (and mass is meanvalue of mass distribution). This part is 
ompilation from sour
e [5℄.Determination of the mass s
ale is ne
essary for determination of a measurement a

ura
y inATLAS experiment. Knowledge of the mass s
ale and rising of a

ura
y of the mass measurementis important for many models of elementary parti
les physi
s. For example
• measurement of the Higgs boson mass 
an be known with statisti
al a

ura
y ∼ 0.1 % over awide range of Higgs boson masses. It will provide strong additional 
onstraint for StandardModel.
• pre
ision measurements of masses of various supersymmetri
al parti
les (if they will bedis
overed on LHC)
• very pre
ise measurements of the masses of the W boson and of the top quark. It will providestrong additional 
onstraint for Standard Model.It leads to following requirements for the knowledge of absolute s
ale of energy and momentummeasurements
• ele
trons and muons - s
ale should be known to an a

ura
y of∼ 0.1 % (for the measurementsof the W boson mass at low luminosity is required a

ura
y at the level of 0.02 %)
• hadroni
 jets - s
ale should be known to an a

ura
y of ∼ 1 % (in fa
t, it 
annot be de
reasedbelow the level of 1 % be
ause of un
ertainties 
aused by fragmentation and hadronisationof the original parton)When �rst LHC 
ollision will be re
order in the dete
tor, the knowledge of the absolute 
ali-bration of the various system in ATLAS will be
• 0.5 % for the absolute momentum s
ale for 
harged parti
les measured in the Inner Dete
torand the Muon system
• 1− 2 % for the absolute s
ale for ele
trons and photons
• ∼ 5− 10 % for the absolute energy s
ale for hadroni
 jets over |η| < 3.2



46 E-p s
aleThis initial knowledge needs to be improved by fa
tor of ∼ 25 for ele
trons and muons and byfa
tor of ∼ 5−10 for hadroni
 jets. The W boson mass will be known to an a

ura
y of ∼ 5×10−4and the Z boson mass with a

ura
y of better than ∼ 10−4.The best a

ura
y on the overall mass s
ale will be a
hieved by requiring of the 
ombinationsof the information from di�erent dete
tors.
• the ele
tron energy measurements will rely on the EM 
alorimeter, but will be 
onstrainedby measurements in Inner Dete
tor
• the muon momentum measurements will rely on the measurements in the Inner Dete
torand in the Muon system
• the hadroni
 jets energy measurements will rely on 
alorimetry over the range |η| < 3.2In the end, all various 
onstraints will be 
ombined and determine one mass s
ale for wholeATLAS experiment.4.1.1 Inner dete
torThe Momentum s
ale in the Inner Dete
tor should be known to an a

ura
y of 0.02 % (be
auseof the W boson mass measurement). The impli
ations of these requirements 
an be summarizedas follows:
• lo
al alignment must be understood lo
ally to ∼ 1 µm on average in the bending plane
• the solenoidal magneti
 �eld must be understood lo
ally to better than 0.1 % on average
• the amount of material in the Inner Dete
tor must be understood globally to ∼ 1 % of itsvalue
• the Inner dete
tor pT resolution must be understood globally to ∼ 1 %The 
alibration will 
ome from the use of the mass 
onstraint in Z −→ µµ de
ays.4.1.2 Ele
tromagneti
 
alorimetryThe ele
tron energy s
aleRequired a

ura
y will be 0.1 % (0.02 % for low luminosity). The Z −→ ee de
ays was usedfor the energy s
ale 
alibration.The photon energy s
aleRequired a

ura
y will be 0.1 %. Possibly the only 
lean sour
e of event whi
h 
ould be usedto 
onstraint the photon energy s
ale 
onsists of Z −→ eeγ de
ays. There is high pT photon wellseparated from ele
trons.4.1.3 Muon momentum s
aleThe Muon system will provide high-pre
ision muon momentum measurement. The momentumresolution and the absolute 
alibration of the Muon system depends on
• the alignment of the pre
ision 
hambers
• the knowledge of the magneti
 �eld
• the knowledge of the muon energy loss in 
alorimetersThe tra
k 
urvature measurement is obtained from three points. The Z −→ µµ de
ays was usedfor the momentum s
ale 
alibration.



4.2 Ele
tron and photon re
onstru
tion and identi�
ation 474.1.4 Jet and Emiss

T
s
aleJets and Emiss

T s
ale is determined by 
alorimeters.JetsJet spe
tros
opy is a rather 
omplex issue. It is subje
t to both physi
al and dete
tor e�e
ts.The 
alibrations of the absolute jet energy s
ale is performed with
• light quarks jets - W −→ jj de
ays from top quark de
ay
• events 
ontaining Z boson de
aying to leptons and one high-pT jet. This also will be veryhelpful to 
ross-
he
k the 
alibration of the jet energy s
ale performed with W −→ jj de
ays

Emiss
T On
e the absolute energy s
ale of the Hadroni
 
alorimeter has been set to ±1% over |η| < 3.2,the knowledge of the absolute energy s
ale over the full pseudorapidity 
overage is mainly of interestof physi
s involving an a

urate measurement of Emiss

T (e.g. in heavy Higgs boson sear
hes).4.2 Ele
tron and photon re
onstru
tion and identi�
ationEle
trons and photons need to be re
onstru
ted with high e�
ien
y and a

ura
y. It is ne
-essary to know 
alibration and expe
ted performan
e of the ele
tromagneti
 
alorimeter, ele
tronand photon identi�
ation, et
. This part is 
ompilation from sour
e [1℄.The large amount of material is in front of the ele
tromagneti
 
alorimeter. It leads to substan-tial energy losses for ele
trons and to a large fra
tion of photons 
onverting. Ele
tron and photonre
onstru
tion is seeded using a sliding-window algorithm. There is 
hosen a window in the middlelayer of the ele
tromagneti
 
alorimeter. A 
luster of �xed size is then re
onstru
ted around thisseed. For ele
trons, the energy in the barrel is 
olle
ted over 3× 7 
ells. For un
onverted photons,it is 3× 5 
ells in the middle layer (
onverted photons are treated like ele
trons). For the end-
ap,the area is 5× 5 
ells in layer 2 for ele
trons and photons.The seed 
luster is taken from the ele
tromagneti
 
alorimeter and a loosely mat
hing tra
kis sear
hed for amongst all re
onstru
ted tra
ks. Ele
trons and photons are separated reason-ably 
leanly (be
ause of ele
tron has an asso
iated tra
k but no asso
iated 
onversion). For all
andidates are 
al
ulated shower-shape variables (lateral and longitudinal shower pro�les, et
.),et
.4.2.1 Ele
tronsThe standard identi�
ation for isolated high-pT ele
tron is based on 
uts on the shower shapes,on information from the re
onstru
ted tra
k and on the 
ombined re
onstru
tion. There are threesets of 
uts:1. loose 
uts - 
onsisting of simple shower-shape 
uts and very loose mat
hing 
uts betweenre
onstru
ted tra
k and 
alorimeter 
luster2. medium 
uts - adds shower-shape 
uts using the information from �rst layer of the ele
tro-magneti
 
alorimeter and tra
k-quality 
uts3. tight 
uts - tighten the tra
k-mat
hing 
riteria and the 
ut on the energy-to-momentumratio. These 
uts requires the presen
e of a vertexing-layer hit on the tra
k and a highratio between high-threshold and low-threshold hits in the TRT. There are two sets of tightsele
tion 
uts
• tight(TRT) - there is applied TRT 
ut with approximately 90 % e�
ien
y
• tight(isol.) - there is applied TRT 
ut with approximately 95 % e�
ien
y in 
ombinationwith 
alorimeter isolation 
ut
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ale4.2.2 PhotonsPhotons are harder to extra
t as a signal. There has been optimised a single set of photonidenti�
ation 
uts (similar to the "tight 
uts" for ele
tron). There has been also added a simpletra
k-isolation 
riterion.



Chapter 5Physi
s on ATLAS5.1 Physi
s programThere are several di�erent models of elementary parti
les and their intera
tions. It is assumed,that with data from the ATLAS experiment, it will be possible to de
ide whi
h model des
ribesthe physi
s most a

urately. This part is 
ompilation from sour
e [6℄.5.1.1 Physi
s modelsThe Standard Model is based on quantum �eld theory whi
h des
ribes the intera
tions of spin-1/2 point-like fermions, whose intera
tions are mediated by spin-1 gauge bosons. The symmetrygroup of the theory is SU(3)× SU(2)× U(1). The SU(2)×U(1) symmetry group des
ribes ele
-troweak intera
tion and SU(3) group des
ribes the strong intera
tion (quantum 
hromodynami
sor QCD). The Standard Model is su

essful even at the smallest s
ales (10−18 m) and highestenergies (∼200 GeV).Higgs bosonThe ele
troweak intera
tion is mediated by photon γ (whi
h has zero mass) and by three weakbosons W± and Z (whi
h have non-zero mass). This is possible only if the symmetry group
SU(2) × U(1) is spontaneously broken (Higgs me
hanism). As a 
onsequen
e of this me
hanismis the predi
tion of the Higgs boson. The Higgs boson mass is one of parameters of the StandardModel. The Higgs boson mass doesn't arise from the Standard Model, but some 
onstraints 
an bedelivered from perturbative 
al
ulations within the model. Upper limit estimation for the Higgsboson mass is 800 GeV.Hard intera
tions of quarks and gluonsS
attering pro
esses at high energy hadron 
olliders 
an be 
lassi�ed as either hard or soft.Results of hard pro
esses 
an be predi
ted with perturbative QCD. But soft pro
esses are domi-nated by non-perturbative QCD e�e
ts. Generi
 hard s
attering pro
ess is depi
ted in Figure 5.1.This part is 
ompilation from sour
e [8℄.Formalisms: One of the most important quantities in parti
le physi
s is 
ross se
tion. Hadroni

ross se
tion σ(AB −→ µ+µ− + X) is equal to:

σAB =

∫
dxadxbfa/A(xa, Q2)fb/B(xb, Q

2)σ̂ab−→X (5.1)where fa/A, fb/B are parton distribution fun
tions extra
ted from deep inelasti
 s
attering, Q2is a large momentum s
ale that 
hara
terizes the hard s
attering and σ̂ab−→X is mi
ros
opi
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Figure 5.1: Diagrammati
 stru
ture of a generi
 hard s
attering pro
ess
ross se
tion for Drell-Yan pro
ess, i.e. pro
ess of produ
tion of a massive lepton pair by quark-antiquark annihilation (X = l+l− is lepton pair; ab = qq̄ or q̄q). Now it is possible to express 5.1perturbatively as
σAB =

∫
dxadxbfa/A(xa, µ2

F )fb/B(xb, µ
2
R)× [σ̂0 + αS(µ2

R)σ̂1 + . . .]ab−→X (5.2)where µF is fa
torization s
ale and µR is renormalization s
ale. For Drell-Yan pro
esses, thestandard 
hoi
e is µF = µR = M the mass of lepton pair.Drell-Yan pro
ess: In Drell-Yan pro
ess, quark and antiquark annihilate to produ
e a virtualphoton.
qq −→ γ∗ −→ l+l−If the 
entre-of-mass energy is su�
ient, then W and Z boson 
an be produ
ed as well.Su
h 
ross se
tion is obtained from fundamental QED, with the addition of the appropriate
olor and 
harge fa
tors as

σ(qq̄ −→ e+e−) =
4πα2

3ŝ

1

N
Q2

q (5.3)where Qq is quark 
harge, 1/N=1/3 is 
olor fa
tor and √ŝ is 
entre-of-mass energy. Then, in
entre-of-mass frame, the di�erential 
ross se
tion will be
dσ̂

dM2
=

σ̂0

N
Q2

qδ(ŝ−M2) (5.4)where M is the mass of the lepton pair and
σ̂0 =

4πα2

3M2In 
entre-of-mass frame fourmomenta of in
oming partons will be
pµ
1 =

√
s

2
(x1, 0, 0, x1)

pµ
2 =

√
s

2
(x2, 0, 0,−x2)
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x1 =

M√
s

ey x2 =
M√

s
e−ywhere y is rapidity. The di�erential 
ross se
tion is therefore

dσ

dM2dy
=

σ̂0

Ns

∑

k

Q2
k(qk(x1, M

2)qk(x2, M
2) + [1←→ 2]) (5.5)Furthermore, subpro
ess 
ross se
tions for W and Z produ
tions are

σ(qq̄′ −→W ) =
π

3

√
2GF M2

W |Vqq′ |2δ(ŝ−M2
W ) (5.6)

σ(qq̄ −→ Z) =
π

3

√
2GF M2

Z(v2
q + a2

q)δ(ŝ−M2
Z) (5.7)where Vqq′ is appropriate Cabibbo-Kobayashi-Maskawamatrix element, vq is ve
tor and aq is axialve
tor of 
oupling of the Z boson to the quarks. These formulae are valid, when de
ay width ofthe gauge boson is negle
ted.SUSY theorySupersymmetry is one of very few me
hanisms for in
orporating gravity into the quantum the-ory of parti
le intera
tions. This model postulates the existen
e of superpartners for all presentlyobserved parti
les. Bosoni
 superpartners of fermions are squarks and sleptons. Fermioni
 super-partners of bosons are gluinos and gauginos. There are also multiple Higgs bosons - h, H, A, H±.Thus, there are many unobserved parti
les. Their properties are 
al
ulable in the theory given
ertain parameters. Unfortunately these parameters are unknown. If the SUSY theory is to haveanything to do with ele
troweak symmetry breaking, the masses should be in the region below ororder of 1 TeV. There is so far no experimental eviden
e for this theory.Te
hni
olor theoryIt is model based on dynami
al symmetry breaking. It assumes the existen
e of te
hnifermionspossessing a te
hni
olor 
harge and intera
ting strongly at a high s
ale. If the dynami
s is to haveanything to do with ele
troweak symmetry breaking, new states would be in the region below 1TeV.Other theoriesThere are more theoreti
al 
on
epts whi
h leads beyond the Standard Model. For exampleex
ited quarks, leptoquarks, new gauge bosons, right-handed neutrinos and monopoles.5.1.2 SimulationsThere are several available Monte Carlo event generators for parti
le intera
tions. The most fre-quently used generators are HERWIG, ISAJET and PYTHIA. Ea
h of these simulates a hadroni
�nal states 
orresponding to some parti
ular model of the underlying physi
s. For the hard-s
attering events ISAJET uses a pomeron model, HERWIG uses parametrisation of data (mainlyfrom the CERN pp Collider) and PYTHIA uses mini-jet model. The Standard Model physi
sand Higgs sear
hes were mostly simulated with PYTHIA. ISAJET was used for supersymmetrystudies. HERWIG has been used for some of the QCD studies.
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Chapter 6Results of analysis of fullyre
onstru
ted
p + p −→ X + Z −→ e+

+ e− eventsat the 14 TeV 
entre of mass energy6.1 Dataset used, investigated entities, event sele
tionATLAS CSC o�
ial sample number 5144 was used [14℄. It 
ontains around 490 thousands ofre
onstru
ted events of
p + p −→ X + Z −→ e+ + e−at the 14 TeV 
entre of mass energy. Pythia generator was used to generate events. They werere
onstru
ted in Rel. 12.0.6.1, simulated in Rel. 12.0.3.1.3 and generated in Rel. 11.0.42.1 ofATLAS o�ine software. Events satisfy �ltering 
onditions. Event is sele
ted, if it 
ontains at leastone se
ondary ele
tron with the following properties:

• |η| < 2.7

• pT > 10 GeV

• Mll > 60 GeVwhere Mll is a mass of lepton pair. Filtering e�
ien
y is 86 % and �ltered 
ross se
tion is
1.432× 106 fb. AANT (Athena Aware NTuples) derived from AOD (Analysis Obje
t Data) wereanalysed using ROOT version 5.14/00 (see [12℄). These AANT 
ontain 398750 events.Investigated entities were1. at generator level

• Z boson
• ele
tron
• positron
• lepton pair2. at level of re
onstru
tion
• re
onstru
ted ele
tron
• re
onstru
ted positron
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entre of mass energy
• re
onstru
ted Z boson, i.e. Z boson re
onstru
ted from fourmomenta of re
onstru
tedele
tron and positronThree levels of event sele
tion were used:1. Event was sele
ted at the �rst level, when one Z boson and one lepton pair are 
reated atgenerator level.2. The se
ond level 
onsists of events from the �rst level with one re
onstru
ted Z boson.Re
onstru
ted ele
tron and positron are required to be "tight" a

ording ATLAS sele
tion
riteria [2℄. An ele
tron 
andidate is de�ned "tight" when its transverse energy is above 15GeV and satis�es the following 
riteria:
• tra
k mat
hing
• isolation3. The third level 
onsists of events from the se
ond level with the following properties ofre
onstru
ted se
ondary leptons:
• |η| < 2.5

• pT > 20 GeV

• 75 GeV/c2 < mZ < 105 GeV/c26.2 Results6.2.1 Kolmogorov-Smirnov testKolmogorov-Smirnov test of goodness of �t (see [13℄) is statisti
al test investigating whethertwo one-dimensional sets of points are 
ompatible with 
oming from the same parent distribution.Following �gures show dependen
e of the Kolmogorov probability on the number of bins for valueof the E-p s
ale 2.00 % in mass, pT and rapidity distributions. These are
• Values of Kolmogorov probability for mass distribution are shown in Figure 6.1. It was
reated by analyzing the histograms with the range (60, 200) GeV/c2 and with the followingnumber of bins: 56, 560, 5600, 56000, 560000.
• Values of Kolmogorov probability for mass distribution are shown in Figure 6.2. It was
reated by analyzing the histograms with the range (88.5, 94) GeV/c2 and with the followingnumber of bins: 11, 110, 1100, 11000, 110000.
• Values of Kolmogorov probability for pT distribution are shown in Figure 6.3. It was 
reatedby analyzing the histograms with the range (0, 100) GeV/
 and with the following numberof bins: 50, 100, 1000, 10000, 100000.
• Values of Kolmogorov probability for rapidity distribution are shown in Figure 6.4. It was
reated by analyzing the histograms with the range (-3, 3) and with the following numberof bins: 60, 120, 1200, 12000, 120000.Kolmogorov probability of the mass distribution is dependent on the number of bins. Kolmogorovprobability of the pT distribution is almost independent on the number of bins. Kolmogorovprobability of the rapidity distribution is independent on the number of bins. The highest numberof bins was used for the Kolmogorov test.
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Figure 6.1: Dependen
e of the Kolmogorov probability on the number of bins for Z boson massdistribution. It was 
reated by analyzing the histograms with the range (60, 200) GeV/c2 andwith the following number of bins: 56, 560, 5600, 56000, 560000.

Figure 6.2: Dependen
e of the Kolmogorov probability on the number of bins for Z boson massdistribution. It was 
reated by analyzing the histograms with the range (88.5, 94) GeV/c2 andwith the following number of bins: 11, 110, 1100, 11000, 110000.
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Figure 6.3: Dependen
e of the Kolmogorov probability on the number of bins for Z boson pTdistribution. It was 
reated by analyzing the histograms with the range (0, 100) GeV/
 and withthe following number of bins: 50, 100, 1000, 10000, 100000.

Figure 6.4: Dependen
e of the Kolmogorov probability on the number of bins for Z boson rapiditydistribution. It was 
reated by analyzing the histograms with the range (-3, 3) and with thefollowing number of bins: 60, 120, 1200, 12000, 120000.



6.2 Results 596.2.2 Levels of event sele
tionNumber of events and 
orresponding 
ross se
tions in all three levels of event sele
tion areshown in Table 6.1.Level of event sele
tion Number of events Corresponding 
ross se
tion [pb℄1. 398750 14322. 76003 2733. 64374 231Table 6.1: Number of events in levels of event sele
tion and 
orresponding 
ross se
tionsCorresponding 
ross se
tion is 
al
ulated a

ording to formula
orresponding 
ross se
tion =
total 
ross se
tion · �ltering e�
ien
y · number of events

398750where �ltered 
ross se
tion (total 
ross se
tion · �ltering e�
ien
y) is 1432 pb.Distributions of pT and rapidity for all three levels of event sele
tion are shown in Figure 6.5and 6.6, respe
tively. These �gures imply, that the greatest de
rease of the number of eventshappens between �rst and se
ond level of event sele
tion.

Figure 6.5: pT distribution of lepton pair for all three levels of event sele
tion
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Figure 6.6: Rapidity distribution of Z boson at generator level for all three levels of event sele
tion.6.2.3 In�uen
e of un
ertainty of E-p s
aleBefore investigation of the in�uen
e, the E-p s
ale must be de�ned. Thus, E-p s
ale is aproportionality 
oe�
ient between the measured and the truth value of parti
le's fourmomentum(dedu
ed from [5℄, 401 - 404).At the beginning of investigation, spa
e (η, φ) was divided into regions of good uniformityof response of ATLAS dete
tor (see [5℄, page 135 and [1℄, page 330). In the 
on
rete, it is
26(η) × 17(φ) = 442 regions. For ea
h of these regions is 
reated fa
tor F = 1 + shift, where
shift ∈ 〈−α, α〉 and α is the value of the E-p s
ale un
ertainty. Then fourmomentum of everyele
tron or positron is multiplied by fa
tor F of region where parti
le �ights through. In�uen
e ofthese fourmomentum 
hanges is investigated.Now follow results of E-p s
ale un
ertainty investigation. Following ROOT �les were used andanalysed: 
aan0000.root, 
aan0002.root, 
aan0010.root, 
aan0020.root, 
aan0040.root, 
aan0060.root,
aan0080.root, 
aan0100.root, 
aan0150.root and 
aan0200.root. Values of E-p s
ale un
ertainty,number of events and 
orresponding 
ross se
tion for ea
h �le are given in the Table 6.2. They
ontain data with un
ertainty of E-p s
ale from 0 % to 2 %. Investigated interval of E-p s
aleun
ertainty goes from the goal value (0.02 %) to the starting value (2 %) (see 4.1).Figure 6.7 shows pT distribution of re
onstru
ted Z boson for the E-p s
ale un
ertainty 0 %(blue line) and 2 % (green line).Table 6.2 implies, that the number of events is almost independent on the E-p s
ale un
ertainty.Figure 6.7 shows, that pT distributions of re
onstru
ted Z boson are almost identi
al.
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aaanxxxx.root E-p s
ale un
ertainty Number of events Corresponding 
ross se
tion [pb℄0000 0.00% 64374 231.1810002 0.02% 64372 231.1740010 0.10% 64364 231.1450020 0.20% 64366 231.1530040 0.40% 64363 231.1420060 0.60% 64371 231.1710080 0.80% 64378 231.1960100 1.00% 64373 231.1780150 1.50% 64366 231.1530200 2.00% 64352 231.102Table 6.2: Number of events for the third level of event sele
tion and 
orresponding 
ross se
tionsfor all investigated values of E-p s
ale un
ertainty.

Figure 6.7: pT distribution of re
onstru
ted Z boson for boundary values of the E-p s
ale un
er-tainty.
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onstru
ted p + p −→ X + Z −→ e+ + e− events at the14 TeV 
entre of mass energy6.2.4 Z boson mass distribution �ttingHere follow the results of �tting of Z boson mass distribution. Two di�erent statisti
al distri-butions were used: Gaussian distribution and relativisti
 Breit-Wigner distribution (see [9℄):
σGauss ∼ 1√

2πσ
exp

(
− (m−MZ)2

2σ2

) (6.1)
σRBW ∼

m2 Γ
2

0

M2

Z

(m2 −M2
Z)2 + m4 Γ2

0

M2

Z

(6.2)where σ is the standard deviation, MZ is mean value of Z boson mass distribution and Γ0 is fullwidth at half maximum (FWHM). For 
omparison it is ne
essary to tramsform standard deviationof the Gaussian distribution into FWHM. It is done by following formula
Γ0 = 2

√
2 ln 2σNow follow the results of Z boson mass �tting.Di�erent phases od simulationHere follow the results of �tting from the generation to the re
onstru
tion. Results for Gaussiandistribution are 
olle
ted in Table 6.3.h0xxxx p0 p1 p1·2√2 ln 2 p2 χ2/NDFh01001 2.065× 105 ± 413 1.296± 0.003 3.051± 0.007 91.13± 0.00 2152/7h01101 1.700× 105 ± 399 1.420± 0.004 3.344± 0.010 90.91± 0.00 1509/7h02001 3.946× 104 ± 181 1.298± 0.007 3.056± 0.017 91.13± 0.01 440.7/7h02101 3.422× 104 ± 178 1.412± 0.010 3.324± 0.022 90.92± 0.01 337/7h02301 3.614× 104 ± 543 2.359± 0.042 5.555± 0.098 90.13± 0.03 7.371/7h03001 3.539× 104 ± 171 1.297± 0.008 3.054± 0.018 91.14± 0.01 398/7h03101 3.130× 104 ± 170 1.412± 0.010 3.326± 0.027 90.93± 0.01 320.3/7h03301 3.347× 104 ± 508 2.337± 0.042 5.503± 0.099 90.15± 0.03 6.152/7Table 6.3: Results of the Gaussian �tIn this part, parameter p0 is normalization, p1 is FWHM (standard deviation) and p2 is mass.In the Table 6.3, p1 is standard deviation and thus p1·2√2 ln 2 is FWHM. In the Table 6.4,parameter p1 is FWHM.These parameters result from the �t of the following histograms:

• h01001 is a histogram of generated mass of the Z boson in the �rst level of event sele
tion
• h01101 is a histogram of generated mass of lepton pair in the �rst level of event sele
tion
• h02001 is a histogram of generated mass of the Z boson in the se
ond level of event sele
tion
• h02101 is a histogram of generated mass of lepton pair in the se
ond level of event sele
tion
• h02301 is a histogram of re
onstru
ted mass of Z boson in the se
ond level of event sele
tion
• h03001 is a histogram of generated mass of the Z boson in the third level of event sele
tion
• h03101 is a histogram of generated mass of lepton pair in the third level of event sele
tion
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• h03301 is a histogram of re
onstru
ted mass of Z boson in the third level of event sele
tionThey all have range (0, 200) GeV/c2 and 400 bins. Results of Breit-Wigner �t are 
olle
ted in theTable 6.4.h0xxxx p0 p1 p2 χ2/NDFh01001 4.147× 108 ± 1.252× 106 2.535± 0.009 91.16± 0.00 63.32/7h01101 3.024× 108 ± 1.027× 106 2.917± 0.013 90.94± 0.00 732.5/7h02001 7.912× 107 ± 5.449× 105 2.540± 0.022 91.15± 0.01 20.86/7h02101 6.142× 107 ± 4.650× 105 2.886± 0.029 90.94± 0.01 145.8/7h02301 3.601× 107 ± 2.830× 105 5.494± 0.107 90.20± 0.02 41.19/7h03001 7.100× 107 ± 5.188× 105 2.539± 0.023 91.16± 0.01 16.16/7h03101 5.619× 107 ± 4.454× 105 2.887± 0.030 90.95± 0.01 130.9/7h03301 3.366× 107 ± 2.741× 105 5.452± 0.108 90.22± 0.03 40.07/7Table 6.4: Results of the relativisti
 Breit-Wigner �tIn the following �gures is shown the evolution of mass distribution and �t parameters (meanvalue, FWHM, χ2/NDF ) for generated Z boson, lepton pair, re
onstru
ted Z boson and re
on-stru
ted Z boson with E-p s
ale un
ertainty 2.00 % on the third level of event sele
tion.Figure 6.9 of mass distribution shows that relativisti
 Breit-Wigner distribution is 
loser to
orre
t value [9℄ from generation to re
onstru
tion. FWHM (Figure 6.10) in
reases in similar wayboth for the relativisti
 Breit-Wigner and Gaussian distribution from generation to re
onstru
tion.Figure 6.11 of χ2/NDF shows that relativisti
 Breit-Wigner distribution is better �t for generatedentities, but for re
onstru
ted entities is better Gaussian �t.

Figure 6.8: Mass distribution of generated Z boson, lepton pair, re
onstru
ted Z boson and re
on-stru
ted Z boson with E-p s
ale un
ertainty 2.00 % on the third level of event sele
tion
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Figure 6.9: Fitted mean value of Z boson mass distribution for generated Z boson, lepton pair,re
onstru
ted Z boson and re
onstru
ted Z boson with E-p s
ale un
ertainty 2.00 % on the thirdlevel of event sele
tion

Figure 6.10: FWHM of Z boson mass distribution for generated Z boson, lepton pair, re
onstru
tedZ boson and re
onstru
ted Z boson with E-p s
ale un
ertainty 2.00 % on the third level of eventsele
tion
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Figure 6.11: χ2/NDF of Z boson mass distribution for generated Z boson, lepton pair, re
on-stru
ted Z boson and re
onstru
ted Z boson with E-p s
ale un
ertainty 2.00 % on the third levelof event sele
tionDependen
e on the E-p s
ale un
ertaintyFrom this point on, di�erent set of histograms is analysed. These are histograms of mass, pTand rapidity of the re
onstru
ted Z boson on the third level of event sele
tion.
• h02301 is a histogram of mass distribution with non-zero un
ertainty of the E-p s
ale. Ithas range (0, 200) GeV/c2 and 400 bins.
• h02302 is a histogram of pT distribution with non-zero un
ertainty of the E-p s
ale. It hasrange (0, 100) GeV/
 and 50 bins.
• h02303 is a histogram of rapidity distribution with non-zero un
ertainty of the E-p s
ale. Ithas range (-3, 3) and 60 bins.
• h2301a_kol is a histogram of mass distribution with un
ertainty of the E-p s
ale 0.00 %(used for Kolmogorov-Smirnov test). It has range (60, 200) GeV/c2 and 560000 bins.
• h2301b_kol is a histogram of mass distribution with un
ertainty of the E-p s
ale 0.00 %(used for Kolmogorov-Smirnov test). It has range (88.5, 94) GeV/c2 and 110000 bins.
• h2302_kol is a histogram of pT distribution with un
ertainty of the E-p s
ale 0.00 % (usedfor Kolmogorov-Smirnov test). It has range (0, 100) GeV/
 and 100000 bins.
• h2303_kol is a histogram of rapidity distribution with un
ertainty of the E-p s
ale 0.00 %(used for Kolmogorov-Smirnov test). It has range (-3, 3) and 120000 bins.
• h02301a_kol is a histogram of mass distribution with non-zero un
ertainty of the E-p s
ale(used for Kolmogorov-Smirnov test). It has range (60, 200) GeV/c2 and 560000 bins.
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• h02301b_kol is a histogram of mass distribution with non-zero un
ertainty of the E-p s
ale(used for Kolmogorov-Smirnov test). It has range (88.5, 94) GeV/c2 and 110000 bins.
• h02302_kol is a histogram of pT distribution with non-zero un
ertainty of the E-p s
ale(used for Kolmogorov-Smirnov test). It has range (0, 100) GeV/
 and 100000 bins.
• h02303_kol is a histogram of rapidity distribution with non-zero un
ertainty of the E-p s
ale(used for Kolmogorov-Smirnov test). It has range (-3, 3) and 120000 bins.Ea
h of these histograms was 
reated 100 times, ea
h time with di�erent 
on�guration of therandom number generator. In ea
h loop, histogram h02301 was �tted by Gaussian and Breit-Wigner distribution and �t parameters were read-out. From histograms h02302 and h02303 wereread-out mean values and RMSs. Histograms h2301a_kol, h2301b_kol, h2302_kol, h2303_kol,h02301a_kol, h02301b_kol, h02302_kol, h02303_kol were used for Kolmogorov-Smirnov test andKolmogorov probability was read-out.Value of ea
h of these read-out parameters was put in histogram in ea
h loop. Thus, histogramswith 100 entries were 
reated, ea
h of them 
ontaining the distribution of read-out parameter.Following �gures were 
reated with mean value of parameter distribution as y-value and RMS ofparameter distribution as y-errorbar. Meaning of the y-errorbar is evident. It is the spread of theinvestigated quantity 
aused by the un
ertainty of the E-p s
ale.Figure 6.12 of mass distribution shows, that relativisti
 Breit-Wigner distribution is 
loserto 
orre
t value of Z boson mass for all investigated values of the E-p s
ale un
ertainty. TheFWHM (Figure 6.13) of both relativisti
 Breit-Wigner and Gaussian distribution in
reases for allinvestigated values of the E-p s
ale un
ertainty and is almost the same. Figure 6.14 of χ2/NDFimplies, that Gaussian distribution �ts re
onstru
ted mass of Z boson better than relativisti
 Breit-Wigner distribution for all investigated values of the E-p s
ale un
ertainty. Figures of Kolmogorovprobability (6.15 and 6.16) show, that probability drops with E-p s
ale un
ertainty.

Figure 6.12: Fitted mean value of Z boson mass distribution for all investigated values of theE-p s
ale un
ertainty. Relativisti
 Breit-Wigner and Gaussian �t was used. It was 
reated byanalyzing the histograms with range (0, 200) GeV/c2 and 400 bins.
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Figure 6.13: FWHM of Z boson mass distribution for all investigated values of the E-p s
aleun
ertainty. Relativisti
 Breit-Wigner and Gaussian �t was used. It was 
reated by analyzing thehistograms with range (0, 200) GeV/c2 and 400 bins.

Figure 6.14: χ2/NDF of Z boson mass distribution for all investigated values of the E-p s
aleun
ertainty. Relativisti
 Breit-Wigner and Gaussian �t was used. It was 
reated by analyzing thehistograms with range (0, 200) GeV/c2 and 400 bins.
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Figure 6.15: Dependen
e of the Kolmogorov probability on the E-p s
ale un
ertainty for massdistribution. It was 
reated by analyzing the histograms with range (60, 200) GeV/c2 and 560000bins.

Figure 6.16: Dependen
e of the Kolmogorov probability on the E-p s
ale un
ertainty for massdistribution. It was 
reated by analyzing the histograms with range (88.5, 94) GeV/c2 and 110000bins.



6.2 Results 696.2.5 Z boson pT distributionNow the Z boson pT distribution has turn. Following �gures show dependen
e of mean value,RMS and Kolmogorov probability on un
ertainty of the E-p s
ale.Figure 6.17 shows, that mean value of pT distribution slightly in
reases for most of investigatedvalues of the E-p s
ale un
ertainty. RMS values (Figure 6.18) de
rease for most of investigatedvalues of the E-p s
ale un
ertainty. Kolmogorov probability (Figure 6.19) remains 
onstant andequal to one for almost all investigated values of the E-p s
ale un
ertainty. Only for highest valuesit slightly de
reases.

Figure 6.17: Mean value of the Z boson pT distribution for all investigated values of the E-p s
aleun
ertainty. It was 
reated by analyzing the histograms with range (0, 100) GeV/
 and 50 bins.
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Figure 6.18: RMS of the Z boson pT distribution for all investigated values of the E-p s
aleun
ertainty. It was 
reated by analyzing the histograms with range (0, 100) GeV/
 and 50 bins.

Figure 6.19: Kolmogorov probability of the Z boson pT distribution for all investigated values ofthe E-p s
ale un
ertainty. It was 
reated by analyzing the histograms with range (0, 100) GeV/
and 100000 bins.



6.2 Results 716.2.6 Z boson rapidity distributionIn the end are shown results for the Z boson rapidity distribution. Following �gures showdependen
e of mean value, RMS and Kolmogorov probability on un
ertainty of the E-p s
ale.Following �gures show, that mean value (Figure 6.20) of rapidity distribution remains approx-imately 
onstant. RMS values (Figure 6.21) slightly de
rease for most of investigated values ofthe E-p s
ale un
ertainty. Kolmogorov probability (Figure 6.22) remains 
onstant and equal toone for all investigated values of the E-p s
ale un
ertainty.

Figure 6.20: Mean value of the Z boson rapidity distribution for all investigated values of the E-ps
ale un
ertainty. It was 
reated by analyzing the histograms with range (-3, 3) and 60 bins.
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Figure 6.21: RMS of the Z boson rapidity distribution for all investigated values of the E-p s
aleun
ertainty. It was 
reated by analyzing the histograms with range (-3, 3) and 60 bins.

Figure 6.22: Kolmogorov probability of the Z boson rapidity distribution for all investigated valuesof the E-p s
ale un
ertainty. It was 
reated by analyzing the histograms with range (-3, 3) and120000 bins.



6.3 Con
lusions 736.3 Con
lusionsFigures 6.5 and 6.6 and Table 6.1 imply, that the most sharp de
rease of the number of eventshappens between the �rst and the se
ond level of event sele
tion. Investigated interval of E-ps
ale un
ertainty goes from the goal value (0.02 %) to starting value (2 %). Table 6.2 shows, thatun
ertainty of the E-p s
ale has almost no e�e
t on the number of events.Now follow results of Z boson mass distribution �tting. First is shown dependen
e of �t param-eters on the evolution of mass distribution. It starts o� by generation and ends with re
onstru
tion.Generated Z boson is 
reated by quark-antiquark annihilation. Then it de
ays into lepton pair(ele
tron-positron pair). Energy of the lepton pair 
an be di�erent from energy of generated Zboson be
ause of the �nal state radiation (after 
reation of pair, ele
tron and/or positron 
an emitphoton). Then event 
ontaining lepton pair is simulated. Ele
tron and positron are re
onstru
tedfrom simulated response of dete
tor system. Re
onstru
ted Z boson is assembled from fourmo-menta of re
onstru
ted ele
tron and re
onstru
ted positron. Figure 6.9 shows that �tted meanvalue of Z boson mass distribution de
reases in similar way both for relativisti
 Breit-Wigner andGaussian distribution, but relativisti
 Breit-Wigner distribution is 
loser to 
orre
t value [9℄ fromgeneration to re
onstru
tion. FWHM (�gure 6.10) in
reases in similar way both for relativisti
Breit-Wigner and Gaussian distribution from generation to re
onstru
tion. Graph depi
ted on�gure 6.11 shows that relativisti
 Breit-Wigner distribution is better for generated entities, butre
onstru
ted entities are �tted better by Gaussian distribution. It is be
ause Breit-Wigner distri-bution is inserted into the generator as Z boson mass distribution. Gaussian distribution des
ribesre
onstru
ted entities better be
ause of statisti
al 
hara
ter of re
onstru
tion pro
ess.The rest of analysing part is dedi
ated to in�uen
e of the un
ertainty of the E-p s
ale on mass,
pT and rapidity distributions of the Z boson. Figure 6.12 implies, that relativisti
 Breit-Wignerdistribution is 
loser to 
orre
t value of Z boson mass for all investigated values of the E-p s
aleun
ertainty. Figure 6.13 shows, that FWHM of both relativisti
 Breit-Wigner and Gaussian dis-tribution in
reases for all investigated values of the E-p s
ale un
ertainty. Figure 6.14 shows, thatGaussian distribution �ts re
onstru
ted mass of Z boson better than relativisti
 Breit-Wigner dis-tribution for all investigated values of the E-p s
ale un
ertainty. Result from �gures 6.15 and 6.16implies, that Kolmogorov probability drops with E-p s
ale un
ertainty, thus distribution with highun
ertainty of the E-p s
ale does not seem to 
ome from the same parent distribution.From �gure 6.17 results very slow in
rease of the mean value of pT distribution for most ofinvestigated values of the E-p s
ale un
ertainty. RMS values de
rease also very slowly for most ofinvestigated values of the E-p s
ale un
ertainty as depi
ted on �gure 6.18. Figure 6.19 shows, thatKolmogorov probability remains equal to one for almost all investigated values of the E-p s
aleun
ertainty.From �gure 6.20 is visible, that mean value of rapidity distribution remains approximately
onstant. RMS values slightly de
rease for most of investigated values of the E-p s
ale un
ertaintyas depi
ted on �gure 6.21. Figure 6.22 shows, that Kolmogorov probability remains equal to onefor all investigated values of the E-p s
ale un
ertainty.Mass distributions with range (60, 200) GeV/c2 (Figure 6.15) are identi
al at the 
on�den
elevel 95 % up to the value of the E-p s
ale un
ertainty 0.4 %. Mass distributions with range (88.5,94) GeV/c2 (Figure 6.16) are identi
al at the 
on�den
e level 95 % up to the value of the E-p s
aleun
ertainty 0.6 %. pT distribution with range (0, 100) GeV/
 (Figure 6.19) and rapidity distribu-tion with range (-3, 3) (Figure 6.22) are identi
al at the 
on�den
e level 95 % for all investigatedvalues of the E-p s
ale un
ertainty.
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