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AbstractThe ATLAS experiment is one of the experiments at the Large Hadron Collider (LHC)which is designed for the search of new elementary particles. To discover the Higgsboson or precisely measure SUSY scenarios, τ lepton �nal states are very powerful decaychannels. Therefore the τ lepton decay modes have to be identi�ed correctly. Due tointeractions between photons from hadronic decay products of the τ lepton and detectormaterial electron-positron pairs (photon conversions) may be produced. These lead toadditional charged tracks changing the reconstruced τ lepton track multiplicity.To avoid such missidenti�cations, this thesis introduces an explicit photon conversionidenti�cation in the very dense τ lepton decay environment. Existing tools had to bemodi�ed and a new electron identi�cation method has been developed especially for thistask. As a �rst result, the corrected τ lepton track multiplicity is presented.
ZusammenfassungDas ATLAS Experiment ist eines der Experimente am Large Hadron Collider (LHC),das für die Suche nach neuen Elementarteilchen entwickelt wurde. Um das Higgs Bosonoder SUSY Szenarien präzise zu vermessen ist der Nachweis von Zerfallskanälen mit

τ Leptonen im Endzustand sehr wichitg. Dafür müssen die τ Zerfallskanäle allerdingskorrekt nachgewiesen werden. Durch Wechselwirkungnen zwischen Photon, die im Laufedes hadronischen Zerfalls von τ Leptonen entstehen, und Detektormaterial können jedochElektron-Positron Paare (Photon Konversionen) erzeugt werden. Diese führen zu zusätz-lichen geladenen Spuren, die die Anzahl der τ Spuren verändern.Um solche Fehlidenti�kationen zu vermeiden führt diese Diplomarbeit eine explizitePhoton Konversions Erkennung innerhalb des sehr dichten τ Zerfallskegel ein. Bereitsbestehende Hilfsprogramme mussten angepasst und eine neue Elektronenidenti�kation-smethode, eigens für dieses Problem, eingeführt werden. Als erstes Ergebnis wird diekorrigierte Anzahl der τ Spuren präsentiert.
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Chapter 1IntroductionThe goal of elementary particle physics is to descripe the fundamental constituents ofnature and the observed forces between them. The current understanding of the theoryof particle physics is speci�ed by the Standard Model (SM) of the particle physics whichis one of the most successful theories in the history of science. It has been tested withvery high presicion in multiple experiments over a wide energy range. Almost all itspredictions have been veri�ed. The only missing particle, the Higgs boson, could not bediscoverd yet. The so-called Higgs mechanism provides the explanation for the existenceof the mass of elementary particles. Even the discovery of the SM Higgs will not solveall open questions of particle physics. In spite of the great success of the predictionsof the SM, there are still theoretical concepts which cannot be included in the SM. Forinstance the existence of dark matter and dark energy in our universe, the hierarchyproblem, and a theory of gravity, only to mention a few of them, cannot be described bythe SM. However any new theory has to include the SM as low-energy limit. The mostpromising extension of the SM is Supersymmetry (SUSY), a new symmetry connectingfermions (matter particles) with bosons (force carriers). The next generation of particleaccelerators, the Large Hadron Collider (LHC), which is in its commissioning phaseright now, will reach the high energy and luminosity needed to investigate these newphenomena and discover or exclude the SM Higgs boson.The LHC is built at CERN1, near Geneva, across the French-Swiss boarder. The�rst collsions are expected in the spring of 2009. The LHC will extend the frontiers ofparticle physics. Bunches of up to 1011 protons will collide every 25 ns to provide a centerof mass energy of 14 TeV at a design luminosity of 1034 cm−2s−1. The high interactionrates and radiation doses, as well as the needed precision measurements, yield very highrequirements on the detectors. Two multi purpose detectors, ATLAS (A Toroidal LHCApparatuS) and CMS (Compact Muon Solenoid) are installed at the LHC.The data provided by the detectors has to be analysed via speci�c algorithms to�lter and to reconstruct the events the experiments are searching for. The fundametaltasks of the algorithms are to reconstruct and identify objects like electrons, muons andphotons. The reconstruction and identi�cation of τ leptons is much more complicated,due ti its decay. The τ lepton is the most massive lepton and its branching fractionof decays into hadrons is approximatly 65% [1]. The highest cross section at a hadroncollider is the cross section of QCD jet production. Thus the di�erentiation of τ leptons1European Organization for Nuclear Research



2 Introductionfrom QCD background jets is the biggest challenge of the τ lepton reconstruction due tothe similar signatures of QCD jets and τ leptons decaying into hadrons. Nevertheless,it is important to have a powerful τ reconstruction algorithm because τ leptons play adecisive role in the search for the SM Higgs boson, heavy SUSY Higgs bosons, and SUSYscenarios. If the SM Higgs boson is in the mass range below 135 GeV, the τ lepton �nalstates are very promissing channels for discovering the Higgs boson. Also many SUSYscenarios will produce multi-τ �nal states. In case of a τ pair production, informationson the spin correlation of the decaying particle can be determined. Therefore the τ decaymodes have to be reconstructed correctly. Apart from the QCD background, additionalcompications have to be taken into account. If additionally to the charged pion a neutralpion (π0) is produced during the τ decay, the π0 decays with a brachning fraction of 98%into two photons. If at least one of the two photons interacts with the detector materialand converts into an electron-positron pair, two additional charged tracks are observedwithin the decay cone of the τ lepton. This may lead to the missidenti�cation of the decaymode. The goal of this thesis is to develop an explicit photon conversion identi�cationin the environment of the τ decay cone to improve the τ lepton reconstruction at theATLAS experiment.The thesis is organised as follows: In Chap. 2 a very brief overview of the StandardModel of particle physics is given. Then an introduction of Supersymmetry with respectto τ �nal states follows. The chapter concludes with a more detail discussion about τlepton decays, photon conversions, and Z0 production at pp-colliders. Chapter 3 explainsthe experimental setup. At �rst the LHC is described. Then after a general introductionof particle identi�cation the ATLAS detector is discussed in more detail. Chapter 4describes the ATLAS Event Data Model. Both needed reconstruction algorithms, TauRecfor τ reconstruction and the photon conversion reconstruction algorithm, are explainedin Chap. 5. New software tools had to be developed especially for this study. The basicconstruction of the newly implemented tools are decribed in Chap. 6. Chapter 7 describesthe improvment of the reconstruction and identi�cation of photon conversions inside the
τ decay cone. After achieving su�cient results in the photon conversion identi�cation,the τ track multiplicity after an explicit conversion veto is discussed. Finally all resultsare summarised and an outlook of the ongoing work is given in the last chapter.



Chapter 2Theoretical OverviewThis chapter will give a short overview of the current understanding of the StandardModel (SM) of elementary particle physics. After introducing the particles and inter-actions of the SM it will brie�y discuss the origin of mass and the Higgs mechanismn.In a section about Supersymmetry (SUSY) a possible extension of the SM will be pre-sented with a special emphasis on the role of the τ reconstruction for SUSY discovery.The last section of this chapter covers the theoretical understanding of the main topic ofthis thesis, namely the τ -decay, photon conversions and the description of the Z bosonproduction at pp coliders.2.1 Introduction to the Standard ModelThe Standard Model contains the electromagnetic, weak and strong interactions of ele-mentary particle physics. Each interaction can be described by a quantum �eld theorybased on local gauge invariance. An equation is de�ned as gauge invariant if it is notchanged by a phase transformation. It is called local gauge invariant if the phase trans-formation is space- and time-dependent.The wave equation of elementary particles with spin 1/2 without any interactions canbe calculated with the Dirac-Equation:
(iγµ∂µ −m) ϕ = 0 (2.1)with the so-called Gamma matrices γµ, ∂µ is the covariant derivative, the mass m of theparticle and the particle wave function ϕ.Describing the forces by gauge theories for each gauge �eld a gauge boson has to beintroduced. Then the forces of each interaction can be described by the exchange of suchgauge bosons (c.p. Tab. 2.1).All known matter is built of a few elemetary particles. As known from chemistry allmatter consists of atoms. These atoms again consist of eletrons, protons and neutrons.The electrons do not show any substructure and depend to the elementary particles, tothe so-called leptons. Protons and neutrons have a substructure. They are composed ofquarks. Altogether six leptons and six quarks are known. Both kind of particles havespin 1

2 and are fermions. They are arranged in three generations. To each fermion existsan anti-fermion with inconverse quantum numbers, color in case of quarks and thirdcomponent of weak isospin (cp. Tab. 2.3).



4 Theoretical OverviewTable 2.1: Standard Model gauge bosons and their properties.Interaction couples to Boson Mass Electric Spin[GeV/c2] Chargeelectromag. electric charge photon (γ) 0 0 1weak weak charge W±, Z0 80.4, 91.2 ±1, 0 1strong color 8 gluons (g) 0 0 1Table 2.2: Leptons and Quarks the particles of Standard Model with their properties.Familiy Leptons el. Mass Quarks el. Masscharge [MeV] charge [MeV]1 νe 0 < 2.2 · 10−3 u 2/3 1.5 to 3.3
e -1 0.511 d −1/3 3.5 to 6.02 νµ 0 < 0.170 c 2/3 1270
µ -1 105.7 s −1/3 1043 ντ 0 < 15.5 t 2/3 171200
τ -1 1776.8 b −1/3 42002.1.1 Electroweak InteractionThe electromagnetic and weak interaction can be uni�ed in the electroweak theory [2].Due to the fact that weak interaction violates parity, the left-handed components arearranged in isospin doublets and the right-handed in singulets. In order to conserve thelocal gauge invariance a tripplet Wµ

1 , Wµ
2 , Wµ

3 of vector �elds has to be introduced forSU(2)L and a singulet Bµ for U(1)Y . SU(2)L describes the transformation of the left-handed multiplets of the weak isospin I. The U(1)Y theory covers the weak hypercharge
Y . The covariant derivative in the electroweak theory has to be changed to solve theDirac equation (c.p. to Equ. 2.1):

Dµ = ∂µ + igT ·Wµ + i
g′

2
Y Bµ (2.2)with T = τ

2 (τ Pauli-Matricies), Y = -1 for left-handed leptons and T = 0, Y = -2 forright-handed charged leptons.The gauge bosons of the weak interaction are two charged W± bosons and one neutralZ0. With respect to the coupling to the left-handed leptons the �elds of the W± aremixings of the two �elds Wµ
1,2

W (±)µ =
1√
2
(Wµ

1 ±Wµ
2 ) (2.3)The other two �elds Wµ

3 and Bµ mix to Zµ the �eld of the neutral Z0 boson and toAµ the photon �eld: (
Aµ

Zµ

)
=

(
cos θW sin θW

− sin θW cos θW

) (
Bµ

Wµ
3

) (2.4)



2.1 Introduction to the Standard Model 5Table 2.3: Standard Model fermions and their properties.Fermion generation elec. color weak isospin spin1 2 3 charge charge lefth. righth.leptons νe νµ ντ 0 1
2 - 1

2e µ τ -1 1
2 0 1

2quarks u c t +2
3 r,g,b 1

2 0 1
2d s b -13 r,g,b 1

2 0 1
2with θW the weak mixing angle (or Weinberg angle) which is de�ned by the followingconnection:

cos θW =
g√

g2 + g′2
, sin θW =

g′√
g2 + g′2

(2.5)The Weinberg angle [3] is a free parameter of the SM and has to be determinedexperimentally. The bosons of the weak interaction have charge and can couple to eachother. Their range is limited by their huge mass, it is ≈ 10−3 fm. Due to the fact thatphotons do not have any charge and mass their range is in�nite.As shown in Tab. 2.3 the quarks have weak isospin and hypercharge. However, theirmass eigenstates are not identical with those of the weak interaction. By de�nition theweak eigenstates of the down type quarks are mixings and can be calculated with theCabbibo-Kobayashi-Maskawa (CKM) matrix [4]: d′

s′

b′

 =

 Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

  d
s
b

 (2.6)The CKM Matrix is unitary and can be determined by tree mixing angles and theCP-violating phase. As an extension to the SM the observed neutrino oscillations canbe described by a mixing of the neutrino mass eigenstates to their weak eigenstates.Such a mixing of neutrinos is comparable to the quark mixing. To determine the weakeigenstates of neutrinos the Maki-Nakagawa-Sakata (MNS) matrix is used.Nevertheless the described gauge theories above only work with the assumption ofmassless neutrinos. Thus neutrinos occur only in lefthanded states.2.1.2 Strong InteractionThe strong interaction is described by Quantum Chromo Dynamics (QCD) [5] which isbased on a non-abelian gauge theory with a SU(3)C symmertry, where C denotes colour.To describe the quark model the mentioned SU(3)C symmertry has to be assumed.Therefore the derivative ∂µ in the Dirac equation (cp. Equ. 2.1) has to be replaced by
Dµ to assure the gauge invariance of the equation.

Dµ = ∂µ +
igs

2
(λ1G

µ
1 + ... + λ8G

µ
8 ) ≡ ∂µ +

igs

2
λjG

µ
j (2.7)Then the gauge �elds of the strong interaction can be described by gauge bosons. Thegauge bosons of QCD are 8 massless, coloured gluons gi

µ with i = 1,..,8 which couple tothe colour charge. Due to the fact that gluons are coloured they interact with each other.Therefore the interaction range is very short ≤ 1 fm.



6 Theoretical Overview2.1.3 A Combined Symmetry of the Standard ModelThus the Standard Model can be summarised in the symmetry group:
SU(3)C × SU(2)L × U(1)Y . (2.8)with the gauge bosons:� electronmagnetic interaction: massless photon γ� weak interaction: massive bosons W± and Z0� strong interaction: 8 massless gluons gi

µThe description of the SM in form of the SU(3)C×SU(2)L×U(1)Y summetry groupleads to the following problem: For an exact symmetry the gauge invariance is onlypreserved for massless gauge bosons. Additionally the SU(2) transformations of left-handed fermion doublets will only be gauge invariant if the particles in one doublet havethe same masses. The neutrino is de�ned as massless in the SM so the electron wouldhave to be massless too.The only way to keep the de�nition of the SM described before with massive gaugebosons, leptons and quarks is to assume a not exact but broken symmetry. The Higgsmechanism is able to introduce this symmetry breaking [6].2.1.4 Higgs MechanismThe Higgs mechanism introduces the mass of the particles as an interaction with abackground �eld with a non-vanishing vacuum expectation value (v.e.v.). The mostsimple Higgs structure which ensures a non-vanishing vacuum expectation value is aweak isospin doublet of complex �elds (four states).
φ =

(
φ+

φ0

)
(I =

1
2
, Y = 1) (2.9)The following potential can be de�ned:

V (φ) =
µ

2
φ+φ +

λ

4
(φ+φ)2, with λ > 0 and µ2 < 0 (2.10)and a v.e.v. of v =

√
−µ2

λ . The potential is shown in Fig. 2.1. The Higgs �eld has tobe a doublet because it should give a mass to the gauge bosons of SU(2)L and U(1)Y .Each of the four massless vector bosons has two degrees of freedom (polarisation) beforegetting its mass, so eight degrees of freedom (dof) are needed. The Higgs doublet hastwo complex (4 real Higgs) �elds. This makes 12 degrees of freedom described by theHiggs doublet. After the interaction of the bosons with the Higgs �elds the W± and Z0are massive, three times three degrees of freedom are absorbed. The massless photonneeds two degrees of freedom for the polarisation. To sum up: nine dof for the massivebosons and two for the photon makes 11. Thus there is one degree of freedom left for aneutral and spinless Higgs particle.With the minimal Higgs mechanism the predicted masses of the gauge bosons are:
MA = 0, M±

W =
gv

2
, M0

Z =

√
g2 + g′2v

2
(2.11)
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Figure 2.1: It is shown hhe Higgs Potential. The rotational symmetry is broken sponta-neously.With respect to Equ. 2.5 the relation of M0

Z and M±
W is: M0

Z = MW
cos θW

. This relation hasbeen measured very precisely by the LEP experiments at CERN [7]. The mass predictedby theory of the Higgs boson is mH = 2λv2. Up to now, the Higgs particle is the onlyparticle of the SM which has not been experimentally discovered yet. The upper andlower bounds of the Higgs mass are shown in Fig. 2.2.The lower limit of the Higgs mass is mH > 114.4 GeV [8, 9] with a 95% CL. This isthe result of direct Higgs searches at LEP-2. The upper limit of the Higgs mass is anindirect precision measurement using LEP and SLD, CDF, and D0 data [8]. The limit ismH < 154 GeV and mH < 185 GeV respectively, including the LEP-2 direct search limitof 114 GeV.2.1.5 Shortcomings of the Standard ModelAlthough the Standard Model is a very successful theory which describes and predicts alot of the observabels of the elementary particle physics, so far there are a few phenomenaand theoretical aspects not included or explained by the SM.1. There is no explanation of the ratio of matter/ anti-mattter in the universe [10] ifneglecting an imbalance as initial condition. Even the CP-violation in the CKMmechanism, which is a possible candidate, cannot o�er a solution because it isorders of magnitude too weak. Up to now no process for baryon number violationis known.2. Measurements from astro physics predict that only 4% of the amount of energyin the universe is stored in matter, which is described by the SM. The other 96%are described by the Cosmological Standard Model, which predicts the consistenceof the universe as 23 % dark matter, 73% dark energy and the rest as the visiblematter. The weakly interacting neutrinos which are the only candidates in the SMfor such dark matter are by several orders of magnitude to light to yield the amoutof deterimned dark matter. So there is no explanation for 96 % of the energy inour universe by the SM [11].3. Hierachy problem: If the SM should be valid up to the Planck scale ΛP = 1019 GeVthe Higgs mass M2
Hbare

must be tuned: M2
H = M2

Hbare
+ δM2

H . If the Higgs mass
HM is in electroweak scale the tuning δM2

H must be in order of 1019 GeV. This
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Figure 2.2: Experimental limits of the Higgs mass [9]. The plot shows ∆χ2 curvederived from precision electroweak measurements, performed at LEP and by SLD, CDF,and D0, as a function of the Higgs-boson mass, assuming the Standard Model. Thepreferred Higgs mass, the minimum of the curve, is at 84 GeV, with an experimentaluncertainty of +34 and -26 GeV. The black line shows the value neglecting theoreticaluncertainties. Taking these uncertainties into account the blue band has to be added.The Higgs mass is lower than about 154 GeV with an one-side 95 % con�dence levelincluding both the experimental and the theoretical uncertainty. The Higgs mass limitincreases to 185 GeV when including the LEP-2 direct search limit of 114 GeV shown inyellow.kind of �netuning is not very elegant. But the SM does not give another possibleexplanation.4. Trying to unify the gauge theories of the SM the Grand Uni�ed Theories (GUT) hasbeen de�ned. If such an uni�cation exits the three coupling constants α1, α2 and
α3 should be descibed by one coupling at the GUT scale. Extrapolating thereforethe three coupling constants to the GUT scale, they do not converge at one point(c.p. Fig. 2.3).5. The SM is not able to include a theory of gravity.



2.2 Short Motivation for Theories beyond the Standard Model 9As a possible extension of the SM the supersymmetry model described in the nextsection may solve some of the mentioned shortcomings of the SM.

Figure 2.3: Running inverse coupling constants in the Standard Model and the minimalsupersymmetric model (MSSM). Without the additional loop contributions of the super-symmetric particles the coupling constants would not converge in one point for the SM.The uni�cation of the coupling constants is only possible at the GUT scale in theoriesbeyond the SM (e.g. MSSM) [12].2.2 Short Motivation for Theories beyond the StandardModelDue to the success of the predictions of the SM a possible extension has to include theSM as a low-energy limit. The most promising extension is Supersymmetry (SUSY) [13].SUSY introduces for each fermion a supersymmetric boson partner called bino and foreach boson a supersymmetric fermion called sfermion. Thus for each particle with spin
1
2 SUSY degrees of freedom with integer spin, the same quantum numbers and mass areadded (c.p. Tab. 2.4 ) and spin 1

2 SUSY particles for SM particles with integer spin. Thisis realized by the operator Qα, which transforms a fermion into a boson and vice versa.
Qα |F 〉 = |B〉 , Qα |B〉 = |F 〉 (2.12)By introducing these additional particles the divergencies responsible for the hierachyproblem are canceled by the additional loop corrections of the additional fermions andbosons. Another advantage of this symmetry is that due to these additional loop contri-butions the running coupling constants αi converge in one point (c.p. Fig 2.3), which isessential to de�ne a grand uni�ed theory.A lot of shortcomings of the SM seems to be solved with this theory. The problemis that until now no SUSY partner of a SM particle has been discovered. The onlypossibility that this theory is realized in nature is a not exact but a broken symmetry.This means it exists a scale ΛSUSY at which SUSY is broken. The scale ΛSUSY shouldnot be several orders of magnitude larger than the weak scale otherwise there will be anew hierarchy problem between the weak and SUSY scale. Also the uni�cation of thecoupling constants would not be possible at one point if ΛSUSY reaches too large values.



10 Theoretical OverviewTable 2.4: Overview of SM particles with spin and their SUSY partners.Spin SM particle Superpartner Spin1/2 Leptons (e, νe, ...) Sleptons (ẽ, ν̃e) 01 Quarks (u, d, ..) Squarks (ũ, d̃, ..) 1/20 Gluons Gluinos 1/2
W Wino
Z0 ZinoPhoton (γ) Photino (γ̃)2 Graviton Gravitino 3/2

Figure 2.4: The SUSY is broken in a hidden sector and mediated via a �avour-blindinteraction to the visible sector. This interaction is described by a messenger �eld e.g agauge �eld of gravity (mSUGRA) or new physics.SUSY Breaking MechanismThe breaking mechanism can be described as it is shown in Fig. 2.4. SUSY is broken ina hidden sector and the breaking is mediated by a so-called messenger. This messengerbrings the breaking by a �avour-blind interaction to the visible sector, the low-energyworld.A very promising candidate as messenger �eld is the gravity. It is called gravitymediated SUSY breaking scenario short mSUGRA. For a SUSY scale smaller than 1 TeVthe scale of the hidden sector can be estimated with:
ΛSUSY ≈ ΛHidden

ΛPlanck
(2.13)The scale of ΛHidden can be estimated in order of 1011 GeV. Due to specifc SUSY breakingmechanism the number of free parameters can be reduced.Table 2.5: Table of the �ve free parameters of the mSUGRA scenario.

tanβ ratio of v.e.v. of the two Higgs doublets in SUSY
m 1

2
mass scale of gauginos of SU(3), SU(2) and U(1)

m0 mass scale of sfermions and HiggsinoA common trilinear coupling between H and f̃ f̃sign(µ) sign of the Higgsino mixing parameterIn some SUSY models (e.g. mSUGRA) several assumptions have been made to bringdown the number of the additional free SUSY parameters from about 105 to just afew (5). To achieve that amongst others an additional quantum number the R-party is
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Figure 2.5: SUSY decay chain with τ �nal states. SUSY processes with the shown decaychain will produce many jets and τ leptons. To discover such processes a sensitive τreconstruction is needed. If both τ leptons can be reconstructed an invariant mass canbe determined. This invariant mass distribution has a characteristic endpoint, which isdetermined by the mass of the two neutralinos (χ̃0
2, χ̃0

1) and the stau (τ̃1).introduced:
R = (−1)3(B−L)+S , (2.14)with B the baryon number, L the lepton number and S the spin. In several SUSYmodels it is requiered that the R-parity is conserved at each vertex. Then SUSY particlescan only be produced in pairs. Additionally a SUSY particle can never decay in a SMparticle without producing a new sparticle. This means that the lightest SUSY particlewill be stable and a good candidate for cold dark matter.Apart from mSUGRA there are other SUSY breaking mechanisms like gauge me-diated SUSY breaking (GMSB) and anomaly mediated SUSY breaking (AMSB). Themain phenomenological di�erence of these models to mSUGRA is that in these modelsthe lightest SUSY particle is the gravitino.All these breaking mechanisms have in common that, if the R-parity is conservedthe next-to-lightest particle (NLSP) determines the special signature of the decay. Thisis due to quantum number preservation at the decay vertices and leads to increasedproduction of the SM partner of the NLSP. According to the �ve free parameters severalscenarios with di�erent NLSPs can be realized. Many of them have a stau as NLSP.Figure 2.2 shows an example of one possible SUSY decay chain with staus as NLSP.If such a SUSY model is realised in nature, many τ leptons will be produced in SUSYprocesses. To discover one of these models a very precise τ reconstruction is necessary. Ifboth τs of one decay chain can be reconstructed their invariant mass can be determined.Via that invariant mass di�enrent SUSY scenarios can be distinguished. In case of a

τ pair production, informations on the spin correlation can be determined [14]. The
τ polarisation can also be used to distinguish between MSSM and Extra Dimensionscenarios [15]. To achieve that the τ decay mode has to be correctly reconstructed.2.3 Speci�c Theoretical Aspects for this ThesisTo give a comprehensive theoretical introduction in all SM topics covered by the subject ofthis work a short description of the τ lepton decay, the pair creation process of convertedphotons and the Z boson production at pp colliders have to be added. The latter aspect
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(d)Figure 2.6: Feynman diagrams of leptonic and hadronic τ decays. (a) Feynman diagramof possible τ decays with respect to the quatum number conservation. (b) Hadronic decayof the W− boson. (c) Due to colour connection an additional π0 may be produced. (d)In case of su�cient "stored" energy a W boson may decay into three charged pions.has to be explained in more detail because the Z → ττ decay is applied as referenceprocess and used to optimise the τ reconstruction as described in Chap. 7.2.3.1 Decay of the τ LeptonThe τ lepton (mτ = 1.78 GeV) is the most massive lepton. Due to the large massdi�erence to the other charged leptons (me = 0.51 MeV and mµ = 105.6 MeV) it candecay into both of them whereas the muon only can decay into an electron. The large τmass also yields hadronic τ decays meaning a decay into at least one charged pion (mτ= 139.6 MeV) (cp. Tab. 2.6).Due to lepton �avour conservation the τ− decays into one ντ and one virtual W−.This virtual W− produced via a τ decay may than decay either into an e−-ν̄e pair, a
µ−-ν̄µ pair or into a quark pair (cp. Fig 2.6 (a)).Neutrinos are weakly interacting particles and cannot be detected directly. Thusthe total energy of a τ lepton is hard to reconstruct. This can be seen very clearly bycomparing the transverse momenta of τ leptons and the transverse momenta of the decayproducts of hadronic τ decays, which is plotted in Fig. 2.7. More kinematical di�erencesof τs and their hadronical decay products, e.g. the invariant Mass of Z0 → ττ events,are shown in the appendix Fig. A.1 and Fig. A.2 ).



2.3 Speci�c Theoretical Aspects for this Thesis 13Table 2.6: τ decay branching ratios, based on 108 simlulated Z → ττ events [16]. Inabout 40 % of all τ decay channels neutral pions (π0) are produced.Decay modes TAUOLA-CLEO
τ → eνeντ 17.8 %
τ → µνµντ 17.4 %
τ → π±ντ 11.1 %
τ → π0π±ντ 25.4 %
τ → π0π0π±ντ 9.19 %
τ → π0π0π0π±ντ 1.08 %
τ → π±π±π±ντ 8.98 %
τ → π0π±π±π±ντ 4.30 %
τ → π0π0π±π±π±ντ 0.50 %
τ → π0π0π0π±π±π±ντ 0.11 %other modes with K 3.76 %others 0.13 %
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Figure 2.7: Comparison of the transverse momenta of all τs and of the visible fraction ofthe hadronic τ decay products.To explain the Feynman diagram in Fig. 2.6 lower row in more detail, the hadronic
W boson decay has to be discussed. If the W− decays hadronically a d-ū quark pair iscreated. The colour connection of the quarks leads to a meson production. In case of
τ lepton decays either pions or kaons can be produced (e.g. in Fig. 2.6 a π− is shown).Is enough energy "stored" in the quark pair, additional quarks-antiquark-pairs can beproduced. The Feynman diagrams show the examples of a τ decaying into one π− (b),into one charged and one neutral pion (c) and into three charged pions (d).The branching fraction of producing a charged kaons via a τ leptons decay is muchlower than the brachning fraction of leptonic τ decays or hadronic τ decays into pions(cp. Tab. 2.6). The reason is the di�erence in the coupling of the W boson to d-quark
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Figure 2.8: 3-prong τ decays and 1-prong τ decays with a photon conversion producethree charged particles. Left plot: τ lepton decays into three charged π's (3-prong) Rightplot:τ lepton decays into one π+ (1-prong) and one π0, which decays into two γ's, one ofthem makes a e+/e− pair creation.(∝ cos2 θC = 0.9512) and to s-quark (∝ sin2 θC = 0.0488).If the τ lepton decays hadronically, two main signatures are di�erentiated: the so-called single-prong and the three-prong decays. Single-prong (1-prong) means that thedecay products are one charged pion and one ντ (τ → π±ντ ) or one charged pion, one
ντ and n neutral pion(s)(τ → nπ0π±ντ ). About 23.4 % of this decay mode are decayswithout neutral pions and 76.6 % with neutrals.For the three-prong (3-prong) decays, τ± → 3π±ντ modes contribute 64.6 % andthree-prong decays with neutrals (τ± → nπ03π±ντ ) contribute 25.6 %.Thus over all in about 40 % of all τ decay channels additionally to the one or threecharged pions neutral pions (π0) are produced. These π0s decay with a branching fractionof 98.8 % into two photons [1]. If one of the photons makes a pair creation (this is decribedin Sec. 2.3.2) it is hard to distinguish a 3-prong decay from a 1-prong decay with paircreation, due to the additional charged tracks of the e+-e− pair (cp. Fig. 2.8). Theaim of this thesis is to improve the existing τ reconstruction algorithm considering thisproblem.Another important property of the τ lepton is the life-time, which leads to a decaylength of cτ = 87.11 µm. Thus allows to reconstruct a secondary vertex for 3-prongdecays. Spin-e�ects in τ lepton decays are important to determine the polarization of adecaying resonance like gauge bosons, Higgs- or SUSY particles. As already mentionedin Sec. 2.2, therefore the decay mode has to be correctly reconstructed.2.3.2 Photon ConversionsPhoton Conversions are e+/e− pairs which have been produced via the interaction of aphoton with matter [18]. The leading order Feynman diagrams are shown in Fig. 2.9.The cross section of photons with energies above 1 GeV is completley dominated bypair productions (c.p. App. Fig. A.3). Interactions like photoelectric e�ects, Rayleighor Compton scattering, which dominate at low photon energies can be neglected above
1 GeV (c.p. Fig. 2.10).The radiation length (X0) is de�ned as 7

9 of the mean free path for pair produc-tion. If a photon passes an element heavier than helium, the radiation length can beapproximated by [1]:
X0 =

716.4gcm−2A

Z (Z + 1) ln
(
287/

√
Z

) (2.15)
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Figure 2.9: Feynman diagrams of photon conversions in �rst order [17].with the atom mass A given in g/mol and the atomic number Z of the transversedmaterial. In Fig. 2.10 one can see the increasing domination of photon conversions withhigher photon energies. Therefore the di�erential cross section can be calculated [19]:
∂σ

dx
=

A

X0NA

[
1− 4

3
x (1− x)

] (2.16)with the fraction of the energy transferred from the incoming photon (with the energy
Ephoton) to the electron (positron) x = Eelectron/Ephoton and the Avogadro number NA =
6.022× 1023.Integration of Eq. 2.16 leads to the following total photon conversion cross section:

σ =
7
9

A

X0NA
(2.17)The photon conversion cross section is symmetric between x and 1-x (c.p. Fig. A.4in the appendix). But this does not lead to a symmetrically shared momentum of thephoton to the two produced leptons. A photon conversion is an interaction between aphoton and an atom and not a photon decay. There are even photon conversions whichare highly asymmetric in their momentum. This may be a serious problem, if it concernsa low energy photon conversion. Then the momentum of the electron (positron) may bebelow the reconstructable threshold of the experiment. The positron (electron) will bedi�cult to distinguish from prompt positrons (electrons).2.3.3 Z Boson Production at pp ColliderBefore it is possible to discover the Higgs boson or physics beyond the standard model thedetector of a new particle physics experiment has to be understood very well. Thereforeit is absolutly necessary to have some processes which are measured with high prescisionand which are theoretically well understood.
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p+Figure 2.11: Feynman diagram of Z0 → τ+τ− decay.The production of heavy SM gauge bosons like the Z or the W± boson can be usedto calibrate the detector, test the reconstruction algorithms, monitor the luminosity andstudy the trigger e�ciency. Especially to study and improve τ reconstruction algorithmsthe Z → ττ process with two �nal τ leptons is particularly important.Properties like the total width ΓZ , the mass mZ and the partial decay width Γi ofthe Z boson have been measured accurately at CERN of the LEP experiments and atthe SLC at SLAC. Some values of the Z boson properties are listed in Tab. 2.7.At a Proton-Proton collider the Z boson is produced via a Drell-Yan process (c.p.Feynman diagram Fig. 2.3.3). A quark anti-quark anhiliation leads to a Z boson whichdecays into lepton anti-lepton or quark anti-quark pairs.Protons consist of quarks and gluons. Due to the fact that the quark and anti-quarkannihilate in the Drell-Yan process, it is not the full proton momentum which will be



2.3 Speci�c Theoretical Aspects for this Thesis 17Table 2.7: Z0 decay branching ratios [1].Decay modes Fraction Γi/Γ
e+ e− 3.363 ± 0.004 %
µ+ µ− 3.366 ± 0.007 %
τ+ τ− 3.370 ± 0.008 %invisible 20.00± 0.06 %hadrons 69.91 ± 0.06 %
mZ 91.876± 0.0021 GeV
ΓZ 2.4952± 0.0041 GeV
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Figure 2.12: Proton parton density function measured at HERAtransferred. The e�ective center of mass energy can be calculated via:
ŝ = xqxq̃s (2.18)Here ŝ is the reduced center of mass energy and s the center of mass energy of theprotons. At the LHC with a total center of mass energy of √s = 14TeV the momentumfraction of the partons can be estimated to:

m2
Z0

s
≤ xqxq̃ ≈ 4 · 10−5 (2.19)The HERA experiment has measured the proton parton density function (PDF) veryprecisely [20]. In Fig. 2.12 the prelimenary results are shown. The very low momentumfraction of the partons estimated by Eq. 2.19 means that the Z bosons produced at theLHC are mostly produced via see quarks.





Chapter 3The ATLAS Experiment at LHCThis chapter presents the world largest experiment: the Large Hadron Collider (LHC)at CERN1 near Geneva with its six di�erent detectors. The LHC will provide �rstcollisions in the spring of 2009. After giving a short overview of the identi�cation ofseveral elementary particles the ATLAS detector is described in more detail. Thereforeeach subdetector, the inner detector, the calorimeter system, the muon system and, thetrigger system is explained in a seperate section.3.1 The LHC ColliderThe LHC [22] is a proton proton collider. The protons are accelerated up to a center ofmass energy of √s = 14TeV and brought to collisions in four di�erent interaction points.As shown in Fig. 3.1, the four large experiments are placed at one of these collision points.ATLAS is installed at point 1, ALICE at point 2, CMS at point 5 and LHCb at point 8.LHC has been installed in the former tunnel of the LEP [7] experiment. The tunnelis 27 km long and between 50 m and 175 m below the earth's surface. The dipoles andquadrupoles which bundle and deviate the "bunches" of protons (1011 protons) havemagnetic �elds of 8.33 T. To achieve such strong magnetic �elds the magnets are super-conductors and have to be cooled to a temperature of 1.7 k. This is done with super-�uidhelium.Not only the center of mass energy is important to discover new physics, it is alsoimportant to have a high event rate. Figure 3.2 shows the expected cross sections andevent rates of the most important processes at the LHC. For example the cross sectionsof Higgs bosons with an assumed mass of mH = 150GeV or mH = 500GeV are ordersof magnitude lower than the cross sections of their background events. To detect asigni�cant number of Higgs events many proton collisions have to be produced. Toprovide a su�cient number of collisions within an acceptable time scale a very high bunchcrossing frequency is required. Every 25 ns two bunches collide. Due to the fact thateach bunch has up to 1011 protons more than one collision can take place simultaneouslyand overlap, this is called "pile-up".The event rate is characterised by the luminosity which is de�ned as:
L =

N2
P NBc

4πσxσyU
(3.1)1European Organization for Nuclear Research
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Figure 3.1: The Large Hadron Collider and four of its experiments at CERN site nearGeneva. Under earth's surface the experiments ATLAS, ALICE, CMS and LHCb areshown. The SPS ring (Super Proton Synchrotron) directly located under the CERNcomplex is one of the three pre accelerators needed to accelerate the protons to anenergy of 450GeV before injecting into the large LHC ring [21].
Table 3.1: Overview of the six experiments at LHC.ATLAS: A Toroidal LHC ApparatusIs built as multi purpose detector to discover the Higgs bosonand �nd physics beyond the standard model.CMS: Compact Muon SolenoidSame aim as ATLAS: ATLAS and CMS are built to cross checktheir results.LHCb: LHC B-physics experimentIs dedicated to B-physics and will investigate CP-violation.ALICE: A Large Ion Collider ExperimentInvestigates quark-gluon plasma produced via heavy ion collisions.TOTEM: TOTEM is dedicated to the measurement of the total crosssection, elastic scattering and di�ractive processes.LHCf: Large Hadron Collider forward experimentLHCf uses forward particles created inside the LHC as a sourceto simulate cosmic rays in laboratory conditions.



3.2 Short Introduction of Particle Identi�cation 21whereas NP is the number of protons, NB the number of bunches, U the circumference,
c the speed of light and σx and σy are the beam width in x- and y-direction.The luminosity at LHC will be raised stepwise from an initial luminosity(L = 1031 cm−2s−1) at the very �rst begining to a "low" luminosity phase(L = 1033 cm−2s−1) to the "high" luminosity phase (L = 1034 cm−2s−1).Instead of refering to the total number of events for a special process often the inte-grated luminosity ∫

L · dt is used. One year of data taking with low (high) luminositycorresponds an integrated luminosity of 10 fb−1 (100 fb−1).3.2 Short Introduction of Particle Identi�cationAll multi purpose detectors are built by the same schema which is determined by theproperties of the di�erent elementary particles and the available methods to identifythem. The two most important properties to specify a particle are the electric chargeand the mass. The charge is determined via the deviation of the particle by a magnetic�eld. The mass cannot be measured directly. Instead other properties as the energy (E),the energy deposition (dE/dx), the trajectory through the detector, and the productionvertex are measured. Here the criteria to detect the most important particles are listed:Electron: High-energy electrons lose energy in matter by bremsstrahlung. Thisbremsstrahung (γ) can produce e+/e− pairs again and so on. Thus the electronenergy can be determined by collecting the so-called electromagnetic shower in anelectromagnetic calorimeter.Photon: As described in Sec. 2.3.2 high-energy photons passing through matter createphoton conversions. Thus they produce electromagnetic showers as electrons. Theycan be di�erentiated to e− and e+ due to their lack of electric charge (no tracksare left in the tracker, at least as long no conversion occurs).Muon: Muons, like most relativistic particles, have mean energy loss rates close to theminimum of the Bethe-Bloch curve, they are said to be minimum ionising parti-cles [1]. Thus almost no energy depositions in the calorimeters can be observed.The identi�cation of muons is based on the absorption of all other charged parti-cles before reaching the muon spectrometer. Thus only muons are registed in theoutermost detector layers.Tau: As described in Sec. 2.3.1 τ leptons will decay nearby the interaction point due totheir mean life of 2.9 · 10−4 ns. Therefore only the decay products can be detected,muons, electrons or several numbers of pions. Out of them the τ leptons have tobe reconstructed via a reconstruction algorithm (see in Chap. 5).Proton: Protons and charged hadrons (e.g. pions and kaons) deposit their energy inhadronic calorimeters. Due to nuclear interactions hadronic showers are induced.Via shower shapes and the amount of deposited energy the hadronic particles canbe distinguished.Neutron: The hadronic showers produced by neutrons look very similar as the protonshowers. However they are very easy to distinguish due to the fact, that the electricuncharged neutron does not leave any tracks in the tracker.
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Figure 3.2: The proton-proton cross section and the event rates at the TeVatron and LHC[23]. The cross section in nb and the event rate per sec. for a luminosity of 1033 cm−2sec−
1are plotted over the center of mass energy in TeV. At 14 TeV the operation point of theLHC mainly b-quarks will be produced. The cross section of the Higgs boson production,the LHC is searching for, is orders of magnitude lower than the other cross sections shownin this �gure.
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Figure 3.3: Track overview of di�erent particles [24]: Electrons leave tracks behind inthe Inner Detector and deposite all their energy in the electromagnetic calorimeter. Pho-tons behaves in the similar way but leaves no track. Neutrinos are weakly interacting,usually they are not detected. Muons pass most of the detector. They leave tracks inthe tracker and in the muon spectrometers. Protons leave tracks and deposite all theirenergy in the hadronic calorimeter. Neutrons behave quite similar but without leavingtracks behind.Neutrino: Neutrinos (ν) are very di�cult to detect. They are weakly interacting, thusa huge amount of absorber material would be needed. It is not possible to detect
νs directly, the only possiblity to account for νs is to detect the electron of a
ν̄e + p → n + e− interaction. Often huge Cerenkov detectors are used for neutrinosearches. Multi purpose detectors like ATLAS are not able to identify νs directly. Ifthe energy depositions of all other particles are produced in one event are measuredvery well, the amount of missing energy of neutrinos can be determined.3.3 The ATLAS DetectorThe ATLAS [25] detector is about 46 m long, more than 25 m high and weighs about

7000 t. It is built as a multi purpose detector to discover the Higgs boson and physicsbeyond the standard model (e.g. SUSY) but also to measure precisely SM observablessuch as the Z0, the W± and the top quark mass. Hence the main challenge is to exploitthe high event rate of the LHC and to resist the large radiation due to the exposure to
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Figure 3.4: The ATLAS detector in a schematical overview [25].an intense �ux of high energetic particles.In Fig. 3.4 the subdetectors are shown. Starting from the interaction point, the beampipe is surrounded by the inner detector, which is covered by the solenoid providing a
2 T magnetic �eld. The next layers are the electromagnetic calorimeters encased by thehadronic calorimeters. Around all that the barrel toroid splitted in eight segments andtwo end-cap toroids produces a magnetic �eld of 0.5 T and 1 T in the central and theend-cap region, respectively. This magnetic �eld is needed to deviate the muons whichare detected in the everything surrounding muon system.The ATLAS Coordinate SystemThe ATLAS coordinate system is de�ned by the x-axis which is the axis pointing fromthe interaction point in the beampipe to the center of the LHC ring. Perpendicular tothe x-axis pointing upwards is the y-axis de�ned and the z-axis is pointing in directionof the anticlockwise beam direction.The azimuthal angle φ is de�ned as the angle around the beam pipe (z-axis). Thepolar angle θ is measured from the beam axis and de�nes the pseudo rapidity:

η = − ln
(

tan
θ

2

)
. (3.2)The distance between to objects in the η − φ−plane is de�ned as:

∆R =
√

∆η2 + ∆φ2. (3.3)
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Figure 3.5: The ATLAS Inner Detector (ID). In the middle is the very highly granulatedpixel detector for vertexing and precise tracking near the interaction point. Around thatthe Silicon Microstrip Detector, which covers a much larger area, is placed. Most volumeof the ID is �lled with the Transition Radiation Tracker [25].3.3.1 Inner DetectorThe Inner Detector (ID) is in total 6 m long with a radius of 2 m [26]. It covers a regionof |η| < 2.5 and consistes of three subdetector systems: the silicon pixel detector, thesemiconductor tracker (SCT) and the transition radiation tracker (TRT). Surrounded bythe solonoid with a magnetic �eld of 2 T it is responsible to measure momentum, primaryand secondary vertices, the sign of the electric charge and to distinguish between electronsand pions in the TRT.The two most inner subdetectors are silicon detectors which detect passing chargedparticles by providing electron-hole pairs. The transition radiation tracker works likea drift chamber. These three systems make sure that enough hits are measured toreconstruct the track and vertices very precisely. The two silicon based sytems provideup to 11 hits in the barrel region and the TRT system up to 36. The more layersavailable the more precisely the tracks and vertices can be determined. The limitation isthat each detector system means additional material in the �ight path of the particles.As described in Sec. 2.3.2 this means that the possibility of photon conversions increases.A schematical view of the ID is shown in Fig. 3.5 and the subdetectors are describedbelow.Pixel DetectorThe pixel detector [27] is designed to achieve a very high granularity to measure thecharged tracks, the impact parameters and secondary vertices of short-lived particles like
τ leptons and b-mesons with the highest presicion. Due to the closeness to the beam the
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Figure 3.6: Barrel region of the ATLAS Inner Detector. Shown are the three subsystemsPixel, SCT and TRT of the ID. The precise positions of the several layers are registered[25].pixel detector is exposed to the most radiation, e.g. the predicted ionisation dose of theinnermost layer of the barrel pixel detector is 160 kGy/y.The pixel detector provides three layers in the barrel region at an avarage radii of
5 cm, 9 cm and 12 cm and four disks at the |z|-position of 47.3 cm, 63.5 cm, 77.8 cmand 107.2 cm in the end-cap region. The layers and disks consist of rectangular cells(pixels) of silicon with a size of 50 µm × 300 µm which provides a spatial resolution of
rφ× z = 12µm× 60 µm.Silicon Microstrip DetectorOverall the semiconducter tracker (SCT) covers an area of 61 m2. Therefore the granu-larty could not be as high as the one of the pixel detector. The SCT consists of siliconstrips with a width of 80 µm and a length of 12 cm. To improve the resolution in thelength of such strips, two of such detectors are glued toghether back-to-back at a 40 mradangle.The SCT system similar to the pixel detector is separated in a barrel and an end-capregion. The barrel region consists of four layers (c.p. Fig. 3.6) and end-cap of nine axialwheels. The SCT is designed to provide four times two precision measurements for eachtrack, providing a spatial resolution of rφ× z = 17µm× 580 µm.Transition Radiation TrackerThe transition radiation tracker (TRT) is placed in the barrel region between the radii
55 cm and 108 cm and consists in each of the end-cap regions of 18 wheels.
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Figure 3.7: The ATLAS Calorimeter system. It contains of the electromagnetic calorime-ter (ECAL) and the hadronic calorimeter (HCAL). The two moduls of the ECAL arethe LAr EM Barrel and the LAr EM Endcap. The HCAL consists of the Tile Barrel andthe Extended Tile Barrel, the Hadronic Endcap and the Forward Calorimeter near thebeam axis [25].The TRT is based on straw detectors with a diameter of 4 mm and a length of 37 cmto 150 cm �lled with a non�ammable gas mixture of Xe(70%) CO2(27%) and O2(3%).The anode of the drift tubes are gold-plated tungsten wires and the cathodes are thealuminum cased tubes.Two types of informations are provided by the straw tubes, the distance of the closestapproach of the track to the wire and the discrimination between tracking and transitionradiation hits.Ultra relativistic charged particles, e.g. electrons, produce transition radiation whenthey cross the surface between two media. By detecting such transition radiation elec-trons can be di�erentiated from e.g. pions. Therefore the drift tubes are interleaved withpolypropylene �bres serving as transition radiation material. The discrimination of track-ing and transition radiation hits is achieved by two thresholds: low-threshold 200 eV fortracking hits and high-threshold 5 keV for transition radiation hits. In Chap. 7.3 it willbe described in detail how charged tracks are identi�ed for improving τ -reconstruction.The distance of closest approach of the track to the wire is calculated from the time, ittakes for the ionisation electron cluster created along the track to drift to the central wire,which is measured. The spatial resolution per straw tube is 170 µm, which is, comparedto the resolution of the pixel detectors, rather low. But due to the many, typically 36,measurements for each track the relatively bad spatial resolution can be compensated.3.3.2 Calorimeter SystemAs shown in Fig. 3.7 the calorimeter system encloses the ID and the solenoid. It isresponsible for the energy measuremnt and to provide a 4-vector of neutral particles and
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Figure 3.8: The ATLAS Electromagnetic Calorimeter is built in three di�ernet layers.The �rst layer is very high granulated in η to separate γ and π0 but not in φ. Hence thesecond layer is squared to get an η and φ resolution. The third layer the so-called tailcatcher registers an occurring leakage of calorimeter [25].jets with energies from 10 GeV to 1 TeV [28]. To determine the missing transverse energy(ET,miss) the full coverage of the solid angle is absolutely neccessary.The electromagnetic and hadronic showers described in Sec. 3.2 are detected in �uidargon and plastic scintilator plates. Besides the energy measurements the shower shapesare used to identify the miscellaneous particles. The shower of a hadronically decayed
τ lepton e.g. can be di�erentiated from a QCD-jets shower by its narrow shape. Tomeasure such shapes the calorimeters have to be highly granulated.The calorimeter system consists of the electromagnetic calorimeter (ECAL) covering
|η| < 2.5 and the hadronic calorimeter (HCAL) whose components cover |η| < 1.7(hadronic barrel), 1.5 < |η| < 3.2 (hadronic end-cap calorimeters) and 3.1 < |η| < 4.9(forward calorimeters).Electromagnetic CalorimeterThe Electromagnetic calorimeter (ECAL) consists of 1.5 mm to 2.2 mm thick layers oflead or stainless steal as absorber material and 4 mm thick layers with liquid-argon (LAr).The LAr is used because of its radiation resistance and long-term stability. As shown inFig. 3.8 the several layers are arranged in an accordion geometry to provide a completesymmetry in φ. To correct energy losses due to the ID, solenoid and the cooling systema presampler is upstreamed the ECAL.Around η ≈ 1.5 in the region between the barrel and end-cap, the so-called "crack-



3.3 The ATLAS Detector 29region", the ECAL performance is reduced. In the central region (|η| < 2.5) the ECALis segmented into three samplings (c.p. Fig. 3.8):1. Sampling: The �rst sampling has a very high granularity in η (∆η×∆φ = 0.0031 ×0.098) and a thickness of 4.3 X0. Whereas X0 is the radiation length, the distancein which an electron loses 1/e of its energy. The high resolution in η ensures aseparation of γ and π0.2. Sampling: In the second sampling most of the electromagnetic energy is deposited.It is segmented in squared towers of ∆η × ∆φ = 0.0245 × 0.0245 and is 16 X0thick.3. Sampling: The third sampling records if the shower leaks out of the ECAL. Thethickness is 2 X0 and the granularity is ∆η ×∆φ = 0.05 × 0.0245. Especially todistinguish electrons from pions this sampling is very important. It records if thereis a high fraction of the shower leaking out. If that is the case, a pion has probablyactivated the electromagnetic shower.More details about using informations from electromagnetic calorimeter to identifyelectrons is described in Chap. 7.4.Hadronic CalorimeterThe hadronic calorimeter (HCAL) is designed to measure jet energies and their directions.These jets are hadronisations from quarks and gluons and from hadronic τ lepton decays.The missing transverse energy is determined by the HCAL, the ECAL and the muonspectrometer. The HCAL is placed around the ECAL and consists of three parts:Hadronic Tile Calorimeter: This part is made up of 4 − 5 mm thick lead layers asabsorber and 3 mm thick plastic scintillator plates. Two sides of the scintillatorsare read out by wavelenght shifting �bres into two seperate photomultiplier tubes.In η, readout cells are built by grouping �bres into the photomultipliers as pseudo-projective towards the interaction region.Hadronic Endcaps (HEC): Due to the high radiation to which this part is exposedthe absorber material is copper plates and the active material is liquid-argon as inthe ECAL.Forward Calorimeter (FCAL): To measure the energy as close as possible to thebeam axis the FCAL ranges up to 1° to the beam axis. This leads to an extremeradiation level. The absorber consisting of tungsten is circum�uent of the activematerial which is liquid-argon, too.3.3.3 Muon SystemMuons do not interact via the strong force and due to the large mass compared toelectrons, they do not make any bremsstrahlung. Muons are minimal ionising particles.Thus they do not deposit all their energy in the calorimeters. To guarantee that onlymuons are detected by the muon chambers an additional magnetic �eld is installed outsideof the calorimeter systems.
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Figure 3.9: The ATLAS Muon system divided in a detection and a trigger system. Bothare seperated into barrel and end-cap region. The detection system are the MonitoredDrift Tubes and the Cathode Strip Chambers and the trigger system are the ResistivePlate Chambers and the Thin Gap Chambers. The end-cap toroids and the barrel toroidproduce a 1 T and a 0.5 T magnetic �eld to deviate the muons for better identi�cation[25].In a region with |η| < 1 eight superconducting toroid magnets are symmetricallyinstalled providing a magnetic �eld of 0.5 T (c.p. Fig. 3.9 in yellow). Two smaller end-cap magnets cover the region 1.4 < |η| < 2.7 and provide a magnetic �eld of 1 T. Themuon spectrometers are able to measure the muon momentum with higher precisionthan the ID. Due to the larger distance from the interaction point the curvature can bemeasured more precisly.Muons are detected via Monitored Drift Tubes (MDTs) in the barrel region andvia Cathode Strip Chambers (CSCs) in the end-cap region [29]. Additionally to thata muon trigger system is installed. This is needed because the readout of the muonprecision measurement detectors is too slow to use it as trigger. It consists of ResistivePlate Chambers (RPCs) and Thin Gap Chambers (TGCs) in barrel and end-cap regionrespectively.Precision Measurment DetectorsMDTs consist of aluminium tubes with a diameter of 30 mm and cover |η| < 2. Theanode is a tungsten-rhenium wire. The tubes are �lled with a gas mixture of 93 % Arand 7 % CO2 with a pressure of 3 bar. Muons are detected by ionisation. Each tube hasa spatial resolution of 80 µm. Overall there are three layers of MDTs installed at radii of
5 m, 7 m and 10 m.



3.3 The ATLAS Detector 31CSCs are installed in the forward region (2< |η| <2.7), where a large particle rateis expected. To di�erentiate signal from background the CSCs have a high granularity,which is realised by a smaller distance from anode to cathode and another gas mixture(30% Ar and 50 % CO2 and 20% CF4). The CSCs are multiwire proportional chamberswhich means that two cathodes are able to measure two coordinates. The anode-cathodespacing is equal to the anode wire pitch 2.54 mm. This leads to a patial resolution ofbetter than 60 µm.Trigger DetectorsRPCs are gas detectors consisting of parallel bakelite plates without wires. Anelectric �eld between the plates allows avalanches from ionising tracks. The signal isread out via capacity coupling to metallic strips, which are mounted on the outer surfaceof the resitive plates. It provides a resolutions of 1 cm with a digital readout in 1 ns.TGCs are based on the same technology as CSCs. Due to a small wire distance ashort drift time can be achieved thus a good timing resolution is feasible.The muon trigger chambers provide three informations: bunch-crossing identi�cation,well de�ned pT threshold and measurement of the muon coordinate orthogonal to thedirection determined by the precision-tracking chambers.3.3.4 ATLAS TriggerDue to the very high bunch crossing rate of 25 ns data of 1 Petabyte per second is pro-duced. It is not possible to read out, store or analyse this amount of data. Therefore theATLAS Trigger system [31] selects the "interesting" events. The fundamental principleof the event selection is as follows:1. For the �rst decisions only few informations of all events are available.2. Then less events have to be analysed, hence all informations within de�ned regionsof interest are used for a more detailed selection.3. In a �nal step the events selected above can be analysed with the full event infor-mations.These steps of the event selection are realized in the ATLAS trigger system in di�erenttrigger levels. The schematic overview of the ATLAS trigger system is shown in Fig. 3.10.Level 1 trigger [30]: Level 1 is hardware based because of the high event rate 40 MHz.The muon trigger system described above and the calorimeter informations (notwith full granularity) are used to select events with high transverse momentum. Toreduces the event rate to 25 kHz the L1 trigger has to make the decision in 2.5 µs.Therefore one or more Regions of Interest (RoI) are de�ned. RoIs are regionswithin the detector where processes with interesting features have been selected.RoI data includes informations about type, identi�ed feature and passed criteriae.g. thresholds.Level 2 trigger: After that the Level 2 trigger analyses the RoIs de�ned by Level 1.To select the events in more detail Level 2 uses the full calorimeter granularity andthe Inner Detector informations in the RoIs (approximately 2 % of the total event
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100 MB/s [30].data). Using tighter pT cuts reduces the event rate to approximately 3.5 kHz withan event processing time of 40 ms.The Event Filter (EF): The EF is able to reconstruct the full event. Its selectionsare implemented using full o�ine analysis procedures. So e.g. track �tting, vertexreconstruction and bremsstrahlung recovery for electrons can be calculated. TheEF has to reduce the event rate to 100 Hz with an average processing time of

4 s. Additionally the EF is able to monitor the lower trigger levels and detectorperformance with the full event informations.Thus the data rate has been reduced in total from 1 PB/s to 100 MB/s.



Chapter 4Data Simulation and the ATLASEvent Data ModelBefore such a huge experiment as the ATLAS detector can be run studies have to be madeto �nd the optimal setup. This is usually done by simulations. Once the experimentis running, simulation remains necessary to understand its output. First the physicalmodel has to be simulated by an event generator. Then the detector interactions and thedetector output have to be studied. Out of this data reconstruction algorithms for theseveral particles can be developed. For all these steps several tools are implemented andcombined in a framework for the ATLAS experiment named ATHENA [32] (a schematicaloverview of the full chain from generating an event to the analysis is given in Fig. 4.1).This chapter will �rst give an introduction in PYTHIA as an example of a typicalMonte Carlo (MC) event generator. Then it describes the GEANT4 detector simulationtool. The following section brie�y summarises the data reconstruction and particle iden-ti�cation. In the last section an overview of the ATLAS Event Data Model (EDM) isgiven.4.1 Event Generation with PYTHIAThe PYTHIA [34] program generates high-energy physics events of colliding particles.Out of two incoming particles their interaction and the outgoing particles are derived.PYTHIA works with pp, pp̄, e+e− or µ+µ− as incoming particles. To describe the fullevent the event generator has to simulate several physics aspects. These aspects have tofollow the evolution of such an event (c.p. Fig. 4.2).Hard Processes and Parton DistributionAs already mentioned in Chap. 2.3.3 protons contain partons. Thus the parton distri-bution has to be included when simulating the pp collision. Therefore Fig. 4.2 a) showsthe hard subprocess producing a W+ boson. This can be calculated through matrixelements. The W+ boson decay is a�ected by to the hard subprocess.
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Figure 4.1: Chain of simulating and reconstructing data in ATHENA the ATLAS frame-work [32]; (blue ellipse) the data formats and (red rectangle) the processes. The left chaindescribes the event and detector simulation the right chain the reconstruction and datapreparation (this part has to be passed by real data too (yellow ellipse)). To simulaterare events (e.g. SUSY events) high statistics are required. Therefore a fast simulationis available (ATLFAST green rectangle). It produces in one step the generation of theevents, a simpli�ed detector simulation and reconstruction. It is not as exact as the fullsimulation but much faster [33].Initial- and Final RadiationIn all processes with charged or colour charged particles initial- or �nal state photon orgluon radiation will proceed (c.p. Fig. 4.2 b) in green and c) in blue). Due to largecorrections to the overall topology of the event these radiations have to be included intothe simulation.The corrections can be determined by two approaches. The matrix element methodis the more exact method. It calculates the Feynman diagrams order by order. But itis much more time consuming due to the fact that calculations in higher order becomemore and more complex. This approach becomes less relevant for the full structure ofthe event for higher energies. Then the second approach, parton-shower, which onlyapproximates the full matrix elements by simplifying the kinematics, is used. Thereforean arbitrary number of branchings of one parton into two or more are used to describemultijet events.Beam Remnants and Multiple InteractionDue to the proton structure only partons of the protons are involved in the hard process.They will take a fraction of the total beam energy. The rest is left in the proton rests,the beam remnants. If for instance a u quark is involved in the hard process the beamremnant is an ud di-quark with a antitriplet colour charge. Thus the beam remnant iscolour connected to the hard interaction (c.p. Fig. 4.2 e)).
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Figure 4.2: Several steps of MC event simulation by PYTHIA [35]: a) The hard subpro-cess of a pp collision can be described by matrix elements. The produced intermediateW-boson decays via electroweak physics. b) Initial state radiation can be described asspacelike parton shower (here gluon radiations in green). c) Final state radiation canbe described as timelike parton shower (in blue). d) Protons contain multiple partons.If more than one parton of a proton interact via a hard process it is called multipleinteractions (shown in black + initial- (green) and �nal (blue) radiation) e) After theseprocesses all coloured particles and beam remnants are connected by colour con�nementstrings (red). f) Primary hadrons are produced from the string fragments. Unstablehadrons decay further on.Also associated with the substructure of the proton are multiple interactions. Dueto the multitude of partons there is a probability that more than one parton will have ahard interaction. These underlying events are called multiple interactions (c.p. Fig. 4.2d) gluon interactions in black).Hadronisation and Decay of unstable Particlescoloured partons like gluons and quarks are colour connected. If they diverge the colourcon�nement is responsible for the hadronisation. This means that the energy "stored"



36 Data Simulation and the ATLAS Event Data Modelin the colour connection transforms the coloured partons into colourless hadrons (this isshown in Fig. 4.2 f)). In PYTHIA the hadronisation is implemented via the Lund stringfragmentation framework.Many hadrons are unstable and decay further. At the end of this step a realisticevent is simulated. To detect all the generated �nal state particles a particle detector isneeded. Therefore the interaction of these particles with the several detector materialshave to be simulated too. This can be done with GEANT4 and is described in the nextsection.4.2 Detector Simulation with GEANT 4The GEometry ANd Tracking (GEANT4) program [36] is a system of detector descrip-tion and simulation tools. Originally it was designed for High Energy Physics experi-ments. By now it is also used in medical and biological sciences, radio-protection andastronautics. It simulates the passage of elementary particles through matter and theirinteractions.In particle experiments as ATLAS, GEANT4 is used for design studies, detectoroptimisation and to develop and test reconstruction tools. Once real data is available,GEANT4 is used to interpret the experimental results.Before a full simulated event can be reconstruced the generated particles of the MCevent generator (e.g. PYTHIA) have to cross the detector. This passage through thedetector is simulated by GEANT4. Therefore the exact geometrical volumes of theseveral subdetectors (which have been described in Chap. 3.3) and the physical e�ects ofthe interactions of the simulated particles with the several materials and magnetic �eldshave to be taken into account. Particles like e−/e+ pairs or bremsstrahlungs photonswhich are produced by photon/electron matter interactions as described in Chap. 2.3.2are generated by GEANT4. Thus all the photon conversions which are studied in thisthesis are simulated in this step, whereas the τ decays are simulated in the MC generator.Then GEANT4 records the trajectories of the particles passing through the detector.This is done via simulating energy losses of the particles due to material interactions.The positions where such interactions taking place and the amount of energy are so-called hits, which are stored as simulated data. Via a graphical representation it is ableto visualise the detector and the tracks of the particles.The last step of event simulation is to convert the detector hits into so-called "digits".This means that the simulated signals, e.g. track hits or calorimeter clusters have to beconverted into digital signals looking like the output of the readout elements of thedetectors. During this transformation detector resolutions and other information lossesdue to hardware ine�ciencies have to be taken into account. Then the simulated eventcan be reconstructed as a real detected event (last data format in the left column Fig. 4.1).4.3 Particle Reconstruction and Identi�cationBefore identifying several particles produced in one event, out of the detector informations- the "digits"- reconstructed objects have to be built. This is necessary in both cases:For simulated data produced via an MC generator and GEANT4, as well as for real datarecorded during data taking.



4.4 The ATLAS Event Data Model 37Therefore two kinds of informations are available. Firstly all the hits in the InnerDetector and the muon spectrometer used to reconstruct tracks. Secondly the energydepositions in the electromagnetic and the hadronic calorimeter systems.To reconstruct the tracjectory of a particle a track �tter combines space points to atrack. The algorithm starts with the inner most subdetector and tries to combine severalhits to one track. Afterwards if it is possible a so-called global Inner Detector trackthrough the three subsystems is built. The hits registed by the muon spectrometer arealso �tted to a track. If it is possible to match a track found by the Inner Detector andthe muon system a global detector track is built.The response of the calorimeter cells are evaluated via clustering algorithms. There-fore several quite di�erent algorithms has been developed. In general a clustering algo-rithms builds clusters out of cells with signi�cant energy deposition above noise thresholdslying nearby. By matching tracks found via the Inner Detector to such clusters eitherjets, in case of hadronic clusters, or electrons, in case of electromagnetic clusters, arecreated. Both τ leptons and photon conversions studied in this thesis are very complexand much more di�cult to reconstruct and to identify. Therefore the reconstruction andidenti�cation of these objects are described in more detail in Chap. 5.Having identi�ed all particles of an event it can be decided if the event is interestingor if it can be removed. Due to the large amount of produced data a very detailed eventselection has to be done. To register the removed events and to slim out the stored eventsseveral types of data sets are produced. They are described in the next chapter.4.4 The ATLAS Event Data ModelAfter the data selection by the trigger system the ATLAS detector will produce approx-imately 3 PB of raw data per year. It is unfeasible to distribute such a vast amount ofdata to the world wide collaboration. Therefore several datasets with di�erent amountof stored informations are produced. Begining with the raw data the several datasetsare becoming smaller and smaller and the content becomes more and more speci�c fordi�erent analyses [37].Raw Data ObjectsThe data coming out of the Trigger system is the so-called byte-stream. The byte-streaminformations are converted in C++ objects. These are the Raw Data Objects (RDO).For simulated data truth objects called Simulation Data Objects (SDO) can be storedat this level too. In the SDOs information about all the particles and/or noise thatcontributed to the existence of the signal produced in the given sensor are stored. TheseSDOs are used to cross check the reconstruction algorithm during the implementation.More about these truth object is described in Chap. 6.Event Summary DataProduced from a raw data object the detailed informations of the detector reconstructionare stored in Event Summary Data (ESD). To allow a fast tuning of the reconstructionand calibration the ESDs contain the su�cient informations for particle identi�cation,track re-�tting and jet-calibration. The ESD size is about 500 kB per event.



38 Data Simulation and the ATLAS Event Data ModelAnalysis Object DataWith a target size of 100 kB per event the Analysis Object Data (AOD) is a summary ofthe reconstructed event which contains all su�cient informations for a commom analysis.It can be produced out of ESDs. It was planned to make several tailor-made streams ofAODs for the several needs of the physics community. This is now shifted to the nextstep to the derived physics datasets.Derived Physics DatasetsThe Derived Physics Datasets (DPD) are classi�ed in three data sets. The D1PD (Pri-mary), D2PD (Secondary) and D3PD (Tertiary). To bring down the amount of data theinteresting events and objects have to be selected. This is realized by three methods:Skimming which means removing uninteresting events; Thinning removes unnecessaryobjects and Slimming removes unneeded details from objects.Primary DPD: It is foreseen to have in O(10) D1PDs. They are not very speci�c toan analysis but more tailor-made as the AODs. The D1PDs are additionally subdividedinto so-called performance DPDs and physics DPDs. To simpli�y this classi�cation theperformance DPDs are more ESD like, to re-reconstruct them for detector calibrationand performance studies while the physics DPDs are more tailor-made meant for physicsanalyses. These physics DPDs are smaller than the AODs and thus can be deliveredmuch faster to the di�ernet users. The data structure of D1PDs is still the same as theAOD structure. Thus D1PD can be re-reconstruced if the calibration has to be changed.Secondary DPD: The D2PDs are more speci�c than the D1PDs. For the productionthe standard ATHENA framework or an analysis framework like EventView1 can be used.Tertiary DPD: Whereas the above described datasets are written in the POOLformat the D3PD does not need to be POOL-based. It is typically the output of ananalysis like a ROOT2 ntuple. D3PDs can be produced out of each step of the dataprocessing. The D3PDs production out of an ESD is described in more detail in Chap. 6because that is the production method used to develop the speci�c tools needed for thisthesis. To summarize this section the full ATLAS analysis �ow is shown in Fig. 4.3.From left to right the �ow of the data out of the detector to the �nal histograms and thepublications is illustrated.
1EventView is an analysis framework which factorise the complex process of physics analysis into wellde�ned modules that represent a single task or a grouped operation.[38]2Root is a Object Oriented framework for large scale data analysis [39]
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Figure 4.3: Full ATLAS analysis �ow model [40]. Out of the detector (on the left)several streams (e.g. egamma) "bring" the data to the reconstruction. There the ESDsand AODs are produced. After skimming thining and slimming the D1PDs are available.The 1. stage analysis (e.g. done by EventView (EV)) produce the more speci�c D2PDsand D3PDs. Based on D2PDs or D3PDs a �nal (e.g. ROOT based) analysis can be done.The results (histograms) then can be plotted in the publications. The lines above thatschema represent the used frameworks (blue), the delivery systems (red) and the storagelocations (black).





Chapter 5The τ Lepton and ConversionReconstruction AlgorithmsSeveral complex reconstruction algorithms are needed to extract the complete informa-tion of each ATLAS event. This chapter will only concentrate on the speci�c algorithmsfor τ lepton and photon conversion reconstruction. Reconstructing photon conversions inthe very dense τ evironment is a very complex and di�cult task. The existing ATHENAo�ine reconstruction [32] contains tools for photon conversion reconstruction and toolsfor τ reconstruction. Both algorithms are optimized for di�erent purposes. This chapterwill give a short summary of the existing tools, their purposes and some shortcomingsby combining the algorithms with the existing de�nitions. First the τ reconstructionalgorithm is explained to give an impression of the number of tracks within a so-called τcone. Afterwards the photon conversion algorithm is described in more detail, becausethe major focus of this thesis is on the optimisation of this tool for the very special τenvironment.5.1 Reconstruction and Identi�cation of τ LeptonsSince it would be di�cult to distinguish electrons and muons from leptonic τ decays andfrom primary interactions, it is only possible to reconstruct speci�cally hadronic τ leptondecay modes. This reduces the reconstructable fraction of the τ leptons by 35,2 %. Thebackground of the reconstruction of hadronic τ decays at a hadron collider is stronglydominated by QCD jets.The basis to distinguish hadronic τ decays from QCD jets is the lower track multi-plicity and the more narrow decay cone. Therefore characteristics of the track systemand the shapes of the calorimeter showers have to be taken into account. Thus the τ re-construction algorithm is a so-called higher level algorithm because it uses objects whichhave been already reconstructed by other algorithms. The track reconstruction is doneby the Inner Detector and the dedicated algorithms. The topological clustering of theenergy deposition in the electromagnetic and hadronic calorimeters has been completedby the cluster reconstruction.In the ATLAS o�ine reconstruction software two complementary algorithms for τreconstruction have been implemented at present [16].Calorimeter based (TauRec): Building the τ candidates is based on the clusters in
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Figure 5.1: Example of Topological Clustering in the forward calorimeter. All plots are2 dimensional projections with respect of the FCal position to the interaction point.Left: For building a cluster cells with a measured energy larger than 4σ above the noisethreshold are used. Middle: Then cells nearby with an energy deposition larger than
2σ above the noise threshold are added. Right: As last step the �red cells closed by areadded to the cluster. [41]the hadronic and electromagnetic calorimeters. For identi�cation then the trackand the calorimeter informations are used.Tracking based (Tau1P3P): This approach is based on seeds which are built out of"good" tracks. These seeds require low track multiplicity in the core region ofthe reconstructed object. Then the energy of the candidate is calculated via anenergy-�ow algorithm.For the future both approaches will be merged to one algorithm to get the advantagesof both methods. For this thesis the TauRec algorithm is used only. Therefore it will bedescribed in more detail in the next section.The TauRec Reconstruction AlgorithmBuilding a τ object is split in two steps. First the τ candidates have to be built. Thisis done in the reconstruction phase. Then the τ candidates have to be identi�ed as τ .This is done during the identi�cation which is based on a likelihood discrimination toseparate τ jets from QCD jets.5.1.1 ReconstructionThe seed for a τ candidate is a so-called Cone4TopoJet. Therefore the topological clus-tering algorithm [42] adds a variable number of nearby calorimeter cells with a signi�cantenergy deposition above the noise threshold to a cluster.The Topological Clustering algorithm works in three steps. Each step is shown inFig. 5.1 from left to right. First the algorithm searches for the cell with the most signif-icant deposition (4 σ above the noise), which is not yet associated to a cluster. Then itadds all cells nearby which are above a neighbourhood threshold (2 σ above the noise) tothe cluster. In case a cell already belongs to another cluster they are merged. The laststep is an additional iteration of neighbouring cells. If they have an energy depostion



5.1 Reconstruction and Identi�cation of τ Leptons 43they are also added to the cluster. These neighbouring relations are applied in all spatialdirections and di�erent calorimeter layers. Such a cluster is called a TopoCluster.After this step typically for each particle one cluster has been built. Then a seededcone algorithm, in case of the τ reconstruction a cone of ∆R = 0.4, is used to combinethese TopoClusters to a TopoJet.Then each Cone4TopoJet with a transverse energy ET > 10 GeV and an absolutepseudorapidity |η| < 2.5 is considered as τ candidate. All tracks reconstructed by theInner Detector are associated to the τ candidate if they pass the track selection criteriabelow.Track Selection Criteria:
∆R < 0.3: Each associated track has to lie in a cone smaller than ∆R < 0.3 around theTopoJet center.
pT > 1.0 GeV : The transverse momentum of each track has to be larger than 1.0 GeV.This cut reduces tracks of minimum bias events.
d0 < 1.5 mm : The pseudo impact parameter stands for the smallest distance of thetrack from the primary vertex. This cut supresses secondary vertices of particleswith a longer lifetime (decay length) as the τ lepton.

χ2

ndf < 3.5: The χ2/ndf value shows the goodness of the track �t of the Inner Detectoralgorithm. The cut on this variable guarantees a needed track quality for theassociated tracks.Number Si Hits (Pixel + SCT) ≥ 6: At least six of the silicon subdetector layers(Pixel and Micro Strip Detector) have to have measured a hit (cp. Sec. 3.3.1). Ifthe track for example only is detected in the barrel region up to eleven hits arepossibe (cp. Fig. 3.6 three Pixel layers plus four double Micro Strip layers).Number Pixel + B-Layer Hits ≥ 1: This cut requires at least one hit in the innermost silicon detector. As described in the next section many conversions take placein a more outer region of the detector. The π0 and two photons in which the π0decays before making a photon conversion do not leave any track, any Pixel or B-Layer hit. Thus this cut is very powerful to supress tracks from photon conversions,but it also rejects pion tracks (cp. �g 7.1 where the track ID before and after appliedtrack selection criteria are shown). Nevertheless an explicit photon conversion trackreconstruction algorithm will improve the vetoing of such tracks.The track selection criteria with a special focus on how they e�ect the reconstructionof electrons and positrons within a τ candidate is shown in Fig. 5.2. After building the
τ candidates a preselection for the identi�cation is made: Only candidates with a trackmultiplicity between 1 and 3 are kept. In Fig. 5.3 the track multiplicity of τ candidatesbefore the likelihood cut is shown.5.1.2 Identi�cationAfter building the τ candidates the full calorimeter and track informations are available.Out of the eight variables described below likelihood values binned in several pT bins in
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Figure 5.2: TauRec track selection criteria for all tracks in a cone around the TopoClustercenter ∆R < 0.3. Here only the electrons and positrons are di�erentiated from pionsand kaons because here it should be shown how the track selection criteria e�ect theelectron/positron reconstruction in τ candidates.
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Figure 5.3: Track multiplicity of τ candidates matched to 1 and 3 prong τ decay modesand in black matched to QCD background. Preselection of likelihood discriminationis the limitation of the track multiplicity 1 ≤ NTr ≤ 3. This selection cuts the tailsof the one and three prong decays to larger track multiplicities o�. If the additionaltracks are photon conversion tracks an explicit photon conversion veto may improve thereconstruction algorithm.GeV (10, 17, 32, 45, 70, 100, 150, 220, 500 and higher) are calculated. It determines howlikely a τ candidate comes from a hadronic τ decay or from a QCD Jet.EM-Radius: To make use of the more narrow shower pro�le of the τ decay the EM-Radius is calculated.
Rem =

∑n
i=1 ET i

√
(ηi − ηcluster)2 + (φi − φcluster)2∑n

i=1 ET i
(5.1)

i runs over the electromagnetic calorimeter cells in the cluster of ∆R < 0.4, ndenotes their number and ET i is the transverse energy in the cell i. This variableis quite powerful in the low pT region where the QCD jets are much broader thanthe τ jets, but for higher ET it becomes more and more ine�cient. This is dueto the higher boost and the fact that the high boosted QCD jets are getting morenarrow.Isolation in the calorimeter: The isolation fraction criteria is also based on the nar-rowness of the τ jets. The well colimated τ decays are supposed to have a higherfraction of their energy in a small cone. Therefore the fraction of the energy in aregion 0.1 < ∆R < 0.2 and the total energy is calculated.
∆E12

T =

∑n′

j=1 ET j∑n
i=1 ET i

(5.2)Where j runs over all electromagnetic calorimeter cells in a cone of 0.1 < ∆R <
0.2 around the τ axis, n′ denotes their numbers, i runs over all electromagnetic



46 The τ Lepton and Conversion Reconstruction Algorithmscalorimeter cells in a cone of ∆R < 0.4 of the center of the object with the number
n. ET j and ET i denote the deposited transverse energies in the cells j and i,respectively. E12

T is also strongly dependend on ET and less e�cient for higherboosted candidates.Number of assiciated tracks: This is the number of tracks lying in a cone of ∆R <
0.3 around the TopoCenter which have passed the track selection criteria. Thisvariable can be faked by additional e+ and e− tracks of photon conversions. Thusall studies on the impact of photon conversions on the τ reconstruction have to bedone before the likelihood discrimination.

τ Charge: The charge of a τ is de�ned as the sum of the charges of the decay prod-ucts. Track pairs from photon conversions should not fake the total charge becausesuch a pair is in addtion neutral. But if just one of the conversion tracks can bereconstruced due to reconstruction ine�ciencies the τ charge is in�uenced, too.Number of Hits in η-strip layer: To di�erentiate the τ leptons from QCD jets the�ne η strips (cp. Fig. 3.8) in the electromagnetic calorimeter are used, too. Ina cone of ∆R < 0.4 around the cluster center all energy depositions larger then
200 MeV are counted as hits. In case of low energy candidates a signi�cant fractionof τs with nearly no hits are counted in the η layer. In comparable ET regions QCDjets deposit energy and thereby leave hits. Even for high ET jets a discriminationbetween QCD and τ jets is possible, because the QCD jets make more hits than τjets. Photon conversion tracks can fake this variable, too. Electrons mainly deposittheir energy in the �rst and second electromangetic calorimeter samplings.Transverse energy width in the η-strip layer:

∆η =

√∑n
i=1 ET i(ηi − ηcluster)2∑n

i=1 ET i
(5.3)Where ET i is the transverse energy in the η-layer, i runs over all cluster cells in

∆R < 0.4. This variable is comparable to the EM-Radius, powerful in low ETregion and more and more ine�cient for higher boosted jets.Lifetime signed pseudo impact parameter signi�cance: The so-called pseudo im-pact parameter is a 2-dimensional impact parameter of the smallest distance of thetrack from the beam axis. Out of this value the lifetime signed pseudo impactparameter signi�cance is calculated.
σIP = d0/σd0 × sign(sin (φcl − φtr)) (5.4)Where d0 is the pseudo impact parameter, σd0 the error, and φcl and φtr thecoordinates at the calorimeter for the cluster and the point of closest approach forthe track. It is de�ned that if the decay happens in �ight direction it has positivesign. For particles with a lifetime like τ leptons positive values are expected. Dueto the increasing decay length with higher boosts the identi�cation power increaseswith ET .
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Figure 5.4: Left: The Likelihood (LLH) distribution of QCD jets and τ jets calculatedof the above described variables. The LLH is applied after the preselection of the trackmultiplicity (1≤ NT r ≤3). Right: Rejection of QCD background over the reconstructione�ciency of τ jets for di�erent pT bins. Results taken from [16]
ET over pT of the �rst track: Due to the fact that for τ jets a concentration of theenergy in the leading track is expected ET over pT of the leading track will leadto a discrimination value (in contrast to the uniform energy distribution in QCDjets). This variable is peaking around value of one for τs, whereas for 1 prongdecays without neutral pions a value of one is expected. 1 prong decays with π0sor 3 prong decays result in values above one. This variable does not very stronglydepend on ET for τs but QCD jets getting more and more signal like for higher

ET . Therefore it has a good discrimination for low and medium ET .The distributions of all likelihood input variables described above are plotted inFig. A.5 in the appendix. For the three discrete values NTr, Nη−hits and τcharge theratios are directly taken from the histograms, for the continuous variables Rem, ∆E12
T ,

∆η, dd0/σd0
and ET/pT,1 �ts of appropriate functions in several ET bins have been per-formed for the distribution.A likelihood value determined via a multivariate analysis with the above discribedvariables leads to a distribution shown in Fig. 5.4 (left). It shows a good discriminationpower between τ jets and QCD background. For the standard τ de�nition a cut onLLH> 4 is chosen. The QCD-jet rejection over the τ reconstruction e�ciency for di�erent

pT regions is shown in Fig. 5.4 (right).As described in Chap. 2.3.1 the decay modes with neutral π0s have to be studiedfor photon conversions. Therefore Fig. 5.5 shows in the upper row the reconstructione�ciencies for the di�erent τ decay modes with and without neutral pions. The left plotshows the e�ciencies for τ candidates after reconstruction and the right plot for τs afterreconstruction and identi�cation via the LLH cut. The e�ciency is de�ned as (e.g. 1prong decay): e�.1Prong =
recoall

matched→ truth1Prong

truth1Prong
. (5.5)The e�ciency for the reconstruction of τ candidates is between 90% and 100 %. Thelosses are due to ine�ciencies in the track reconstruction for very low pT tracks forexample. But most of the τs are picked up as candidates.



48 The τ Lepton and Conversion Reconstruction AlgorithmsAfter reconstruction and identi�cation both 1 prong decays with neutral pions and 3prong decays with neutral pions are signi�cantly ine�cient in comparison to decay modeswithout neutral pions. Here the already mentioned problem of the additional chargedtracks from the photon conversions and the preselection of the track multiplicity duringthe identi�cation via the LLH leads to additional ine�ciencies.The lower plots (Fig. 5.5) with the purtiy before (left) and after identi�cation (right)show the large fraction of 1 prong τ decays with π0s. This is theoretically expected: 76.6% of 1 prong decays contain π0s (cp. Tab. 2.6). The black distribution is the purity oftruthmatched τs. The shown "purity" for the several τ decay modes is de�ned as the
τ purity times the branching fraction of the individual mode. To calculate the plottedpurity the following formula is used (e.g. for 1 prong τ decay):pur.1Prong =

recoall
matched→ truth1Prong

recoall
. (5.6)Such a de�nition has to be used, because the reconstructed τ candidates/τs after likeli-hood do not have the decay mode information a priori.The QCD background, the main impurity above the black distribution in the lowerplots, could be reduced from ≈ 60 % in the left plot to ≈ 20 % in the right plot bythe LLH cut. The other entries are the purity fractions from the total τ purity. Addi-tional e�ciency and purity plots as comparsion of τ candidates and τs after the LLHidenti�cation are shown in the appendix Chap. A.2.1.To study the e�ects of an explicit photon conversion track reconstruction algorithmthe track multiplicity of the τ candidates has to be corrected. After such a correction theLLH variable has to be recalculated. This thesis concentrates on the photon conversiontrack reconstruction in the very dense τ environment. To give an impression of a possibleimprovement, the corrected track multiplicity is shown in Chap. 7.7.5.2 Reconstruction and Identi�cation of Photon Conver-sionsBefore describing the photon conversion reconstruction and identi�cation it has to bespeci�ed how the experimental setup of the ATLAS detector biases the production ofphoton conversions. As described in Chap. 2.3.2 photon conversions are photon-materialinteractions. Thus the probability of a photon converting into an electron-positron pairis proportional to the amount and density of material in the trajectory of the photon.For the ATLAS Inner Detector the radiation length as a function of the pseudorapidityis shown in Fig. 5.6.Thus the probability of a conversion depends on the pseudorapidity and the distancefrom the beam axis. This is shown in Fig. 5.7. In the most central region, |η| < 0.5, theprobability is lowest. There no services are installed and the amount of tracker materialis greatly reduced. Overall about 40 % of all photons will convert before reaching thesurface of the electromagnetic calorimeter [25]. As described in Sec. 3.3.1 the TransitionRadiation Tracker covers only a region of |η| < 2.1. The lack of TRT detector elementsat higher pseudorapidities results in a limitation of the photon conversion reconstructionto the pseudorapidity of |η| < 2.1.
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Figure 5.5: E�ciency and purity in η of τ candidates in the left column and τs afterlikelihood identi�cation in the right column, for several decay modes.Based on the event (Pythia) and detector (GEANT4) simulation of about 10 000
Z → ττ events the photon conversions shown in Fig. 5.8 occur in the Inner Detector.Each dot represents a simulated vertex of a photon conversion. It has to be mentionedthat not every conversion comes directly from a τ decay, additional prompt photons andphotons from QCD jets lead to photon conversions too. Then it has to be taken intoaccount that only tracks which can be reconstructed may impact the τ track multiplicity.Finally, only tracks with a transverse momentum larger than pT > 500 MeV, a pseudo-rapidity smaller |η| < 2.1 and a distance from the beam axis smaller than R < 800 mmcan be reconstructed by the InDetConversionFinder, the conversion reconstruction tool.With that constraints the equivalent plot has changed to Fig. A.8 shown in the appenixSec. A.2.2.Like the TauRec algorithm, the photon conversions are reconstructed in two steps.First the so-called VxCandidates are built. This step is the photon conversion recon-struction and is described in the Sec. 5.2.1. Section 5.2.2 covers the identi�cation ofphoton conversions, which is done in a second phase. Due to the optimisation of thesetools to a much higher region of the pT -spectrum than the one of photon conversions
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Figure 5.6: The reason of photon conversions are several interactions with the detectormaterial. Plotted are the radiation length of the di�erent detector materials as a functionof the pseudorapidity η. This plot is taken from [17].

Figure 5.7: The probability that a photon converts inside the ATLAS detector as afunction of the radius R (distance from beam axis) for several pseudorapidities η. Plottaken from [17].
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Figure 5.8: Vertices of truth photon conversions in the ATLAS Inner Detector. Eachblack dot is the vertex of a simulated photon conversion (by PYTHIA and GEANT4cp. Chap. 4). The beam pipe, several layers and discs of the silicon detectors and thestructure of the barrel and end-cap TRT sections are clearly visible (cp. Fig. 3.5).from τ decays, the default de�nition of the photon conversion reconstruction cannot beused to study photon conversions in τ candidates. More about the ine�ciency of thephoton conversion reconstruction tools at low pT and within very dense environments isexplained in Sec. 5.2.3.5.2.1 Building VxCandidatesThe seeds of photon conversions (VxCandidates) are described in more detail, becausethese VxCandidates - before identi�cation - pick up about 55% of electron and positrontracks in the τ candidates. The conversion reconstruction algorithm is implementedwithin the ATHENA framework [32] as part of the Inner Detector reconstruction soft-ware. It is one of the last algorihms in the post-processing phase. The reconstructedtracks are used to build positive/negative track pairs. After �tting a secondary vertexand adding so-called single track conversions, which are conversions with only one recon-structed track, the conversion seeds are stored as a vertex candidate collection namedVxCandidates. With a matching of the VxCandidates to electromagnetic clusters, thephoton conversion identi�cation is done.TrackingThe usual tracking method is a so-called Inside-Out track reconstruction algorithm. Itreconstructs the tracks from the interaction region to the outer layers of the Inner De-



52 The τ Lepton and Conversion Reconstruction Algorithmstector. Due to the fact that many photon conversions occur in a more outer region ofthe detector, they do not make any hits in the more inner region. Thus only using aninside-out tracking would not reconstruct many conversion tracks. To avoid such ine�-ciencies the tracking for photon conversions consists of three track selections: Inside-Out,Outside-In and standalone TRT tracks.Inside-Out Track Reconstruction: For the seed building of the track reconstructionspace points inside the Pixel and SCT subdetectors are used. Beginning with threespace point combinations a geometrical tool searches for additional hits. Then acombinatorial Kalman-�lter/smoothing formalism is used to add successive hits tothe track. Not all seeds become tracks. E.g. if tracks share to many hits or do notpass the track selection criteria they will be discarded [25].After this stage each "good" track candidate is assigned a TRT extension. Thismeans a track candidate is extrapolated into the TRT, where transition radiationhits are searched. Have such hits been found they are used to re�t the whole track.A "global" Inner Detector track has been built [43]. If a TRT extension has beenfound and the track quality of the re�tted track is worse than before, the track �twithout the extension is stored. Thus three categories of tracks are preserved:1. Tracks without TRT extension (no extensions have been found)2. Tracks with TRT extension - extension is used for �nal track �t3. Tracks with TRT extension - extension is not used for �nal track �t (thequality of the track �t with the TRT extension is worse than before)The reason for TRT extensions which are not useful for the track �tting are mostlyoutliers occuring due to large material interactions e.g. bremsstrahlung.Outside-In Track Reconstruction: The starting point of Outside-In track recon-struction (back tracking) is the TRT. A histogramming technique formes initialtrack segments. The TRT is divided in 12 pseudorapidity slices to improve thelongitudinal accuracy. Before a �nal Kalman-�lter smoother procedure determinesthe track parameter of a segment a cut on a minimum number of straw hits has tobe applied [43].Then the reconstructed TRT segments are extended into the Si subdetectors. Therespace-point seeds are searched. At least two space point hits in the outer most threeSCT layers are required. With the extension in the SCT subdetector the trackcan be re�tted. Comparable to the Inside-Out reconstruction a "global" InnerDetector track is built and stored in a dedicated track collection. To minimizedouble counting the back tracking procedure excludes the TRT-straw hits and theSi detector space points which have been already assigned to inside-out tracks [17].Figure 5.9 shows the improvement of the reconstruction e�ciency for photon con-versions of single photons with a pT of 20 GeV using the back tracking algorithmas addition to the Inside-Out reconstruction. The e�ciency mainly increases in aregion between 300 mm and 450 mm. This is due to the minimum of at least twoof the outermost three reqiured SCT hits. The second outermost SCT layer is at aradius of 443 mm (cp. Fig. 3.6). To reconstruct conversion vertices at larger radiitracks without any pixel or SCT hits have to be taken into account, too. This isdone with the standalone TRT tracks.
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Figure 5.9: Track reconstruction e�ciency for conversions from 20 GeV pT photons asfunction of the conversion radius. Solid line tracks reconstructed with Inside-Out trackingand dashed reconstructed with combined (Inside-Out and Outside-In) tracking are shown[17].Standalone TRT tracks: TRT segments that have not been assigned to one of theabove described tracking methods are then used as basis of one more track collec-tion, the standalone TRT tracks. The TRT segments are transformed into tracks.Therefore based on the segment local parameters the track parameters assignedto the surface of the �rst straw hits are computed. Then the perigee parametersare calculated, but no track re�tting is done. To supress a �nal ambiguity alltracks which share too many straw hits are rejected. Then the three track types ofInside-out, Outside-In and the standalone TRT tracking are merged to one trackcollection. The merged track collection is then the input for the next steps, buildingtrack pairs and �tting the secondary vertices.The track reconstruction e�ciency for photon conversions of single photons with
pT of 20 GeV as function of the conversion radius R is shown in Fig. 5.10. Withthe addition of standalone TRT tracks to the merged track collection, the photonconversion track reconstruction up to a conversion radius of 800 mm is possible. Thedecrease of the Si track reconstruction with higher radii can be explained with themeasure of the inner two subdetectors of the Inner Detector (up to R = 514 mm).The TRT covers the radius from 554 mm to 1082 mm (cp. Fig. 3.6). Due to theconstraint that a su�cient number of straw hits are needed to solve any trackambiguities in the TRT module no conversion track can be reconstructed for largerradii than 800 mm. An increase of the track reconstruction of early conversionswith the TRT tracks is due to incurred losses, (e.g. bremsstrahlung) only a part ofthe track can be reconstruced.
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Figure 5.10: Track reconstruction e�ciency for conversions from 20 GeV pT photons asfunction of the conversion radius. Si tracks means tracks from combined inside out andoutside in tracking. Combined means additionally standalone TRT tracks are used too.[17].Building Track PairsUsing the reconstructed track collection described above positive/negative track pairsare built. Only a fraction of these track pairs come from true photon conversions. Toreduce the amount of CPU time by identifying too many wrong track pairs, a few qualitycuts are already made during the reconstruction. The cut �ow tables of all cut variablesare listed in the tables A.1,A.2 and A.3 in the appendix therefore the abbreviations arequoted in brackets.Track Selection: Cuts on the perigee (Impact d0), the longitudinal track impact pa-rameter (Impact z0) and on the minimum transverse momentum are applied. Cut-ting on the ratio of high threshold TRT hits over the total number of TRT hits (TR
ratio) preselects electron like tracks. All the mentioned cuts have been optimisedfor H → γγ events with mH = 120GeV .Track Pair Selection: The track pairs are of three di�erent types:1. Pairs based on tracks with Si hits2. Pairs based on one Si track and one standalone TRT track3. Pairs based on two standalone TRT tracksTo reduce combinatorial background a series of cuts are applied on these trackpairs independent of the track pair types decribed above. Based on the non ex-istent photon mass the di�erence in the polar angles (Polar Angle) of the twodaughter tracks should be small. The distance of the �rst hits (FirstHitsdR) ofthe tracks should be reasonable close. As well the distance of minimum approach(MinDistance) between the two tracks is checked. If the track pairs fail theseselection they are rejected.



5.2 Reconstruction and Identi�cation of Photon Conversions 55To enhance the vertex �tting a reasonable initial estimate of the vertex positionis needed. Therefore the track-helix projection on the R − φ plane can be derivedwith the track perigee parameters. In case of a homogenous magnetic �eld, asit is the case in ATLAS, the track-helix projection is circular. Then the vertexposition estimation is either the point of the intersection of the two circles or ifthey do not intersect the point of minimum approach of the circles. If the circlesdo not intersect and the minimum approach is not under a speci�c cut value, thetrack pair is rejected. If the two circles have more than one intersection point thedistance of the two intersection points along the z-axis (dXY ) is calculated andabove a cut-o� the track pairs are discarded. The arc lenght of the R − φ planeprojection (MinArcLength, MaxArcLength), the distance from the track originand the actual point of intersection (V ertexR) are additional cut-o� criteria. Ifafter all these criteria there are still two intersection points, the one with thesmallest distance transversed along the z-axis (dz) is selected. By applying theabove discribed cuts a combinatorial background rejection of at least two orders ofmagnitude can be achieved (cp. cut �ow table Tab. A.2). The initially estimatedvertex falls within a few millimeters of the actual conversion vertex. All deviationsare dominated by inaccuracies of standalone TRT tracks.Vertex �ttingFor the track perigee which is assigned during the track reconstruction, the track isassumed to come from the primery vertex. For conversions which can take place inmore outer regions this is a rather poor assignment. Therefore with the help of theinitial estimated secondary vertex the tracks are re�tted. The new track perigee iscalculated as an extrapolation from the �rst hit of each track in the pair to the estimatedsecondary vertex. Therefore the material encountered on the trajectory has to be takeninto account. Then the newly computed track perigee parameters are used to calculatethe vertex �t. The vertex �t is based on a fast-Kalman �ltering method and uses the full3-D informations of the re�tted conversion tracks. After iterations of the vertex �ttingthe new vertex position with an according error matrix and a χ2 value of the vertex �tare calculated.A vertex candidate is accepted, if some post selection cuts on the χ2 of the vertex�t (Fit χ2), the reconstructed invariant photon mass (InvariantMass) and the recon-structed photon transverse momentum (Photon pT ) are passed. The track pair selectionand the secondary vertex �tting with its cuts lead to a combinatorial background rejec-tion by almost three orders of magnitude.The resolution of the vertex position for each Cartesian coordinate is shown inFig. 5.11. The values plotted in these histograms are calculated as the di�erences ofthe values of the vetrex position of the reconstruced and the truthmatched coordinatesdivided by the truth coordinate.Figure 5.12 shows the reconstruction e�ciency for single photons with pT of 20 GeVas a function of the conversion radius. The e�ciency signi�cantly drops at conversionradii larger the R > 400 mm for both track pairs and conversions after secondary vertexreconstruction. This is due to the ine�ciency of reconstructing both tracks in the trackpair. To enhance the conversion reconstruction due to such losses so-called single trackconversions are de�ned.
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Figure 5.11: The resolutions of reconstructed conversion vertices are shown in the x,
y and z direction from left to right. Therefore in each direction the di�erence of thereconstructed and the truth photon conversion vertex position is calculated and dividedby the value of the truth position.

Figure 5.12: Track and vertex reconstruction e�ciency for conversions from 20 GeV pTphotons as function of the conversion radius. Track is the e�ciency of the track recon-struction alone, Track pair is the e�ciency after the track pair building and Vertex isthe vertex reconstruction e�ciency [17].Single Track ConversionsSeveral reasons may lead to a lack of reconstructing both tracks of a conversion. Forinstance, asymmetrically decaying photons where only one track has a high enough trans-verse momentum to be reconstructed, or conversions which take place so late in the InnerDetector that the tracks do not traverse a long enough distance that both tracks can bedistinguished, are rejected by above described conversion selection criteria.After the vertex �tting the photon conversion candidate pairs which have passed allcuts are marked as "assigned". The candidate pairs which have not been assigned are
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Figure 5.13: Single track conversion and vertex reconstruction e�ciency for conversionsfrom 20 GeV pT photons as a function of the conversion radius. After adding the sin-gle track conversions to the e�ciency distribution an enhancement especially for largerconversion radii can be observed [17].examined once more. They are selected as single track conversions if their �rst hits liebeyond the pixel vertexing layer and they are determined as electron like by their ratioof high threshold TRT hits over the total number of TRT hits.The position of the secondary vertex is then the �rst detector layer where the trackhas been measured. Thus the inaccuracy for single track conversion vertices dependson the thickness of the detector layer they �rst have been measured. Due to the higherstraw density the discrepancy of the vertex position is much smaller for TRT tracks thanfor Si tracks.The single track conversions are stored, as the conversions passing the secondaryvertexing �ts, in the VxCandidate collection. The only di�erence is that single trackconversions have only one associated track. The reconstruction e�ciency for VxCandi-dates with and without single track conversions is shown for single photons with pT of
20 GeV in Fig. 5.13. Single track conversions become more and more dominant for largerconversion radii. As described above this is due to a less good track pair reconstructionfor larger radii.5.2.2 Photon Conversion Identi�cationThe above described VxCandidate reconstruction is done by the Inner Detector recon-struction algorithm. At this stage no calorimeter information is available. To decideif a VxCandidate really comes from a photon conversion the reconstructed conversions(VxCandidates) have to be matched with electromagnetic clusters.Therefore for each electromagnetic cluster loosely matching tracks are searched. Thetracks have to lie in a window with an angluar distance of ∆η < 0.05 and ∆φ < 0.10 tothe center of the cluster and have a E/p value smaller than 10. If the track full�l thesecriteria the track is extrapolated to the surface of the electromagnetic calorimeter. If theextrapolated track lies within ∆η < 0.05 and ∆φ < 0.05 to the cluster center, the cluster
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Figure 5.14: pT distribution of truth photons in τ decay cone of Z → ττ events. Mostphotons have a much lower transverse momentum as the photons from H → γγ for whichthe algorithm has been optimised. Thus the lower e�ciency for low pT photon conversionsshown in Fig. 5.15 is the main limitation for the reconstruction of the conversions comingfrom τ decay.is labeled as matched to a track and it is �agged as electron-like. If the cluster cannotbe matched to a track it is �agged as photon-like [17].If a cluster is �agged as electron-like it has to be re-examined. If a VxCandidate canbe matched as "best-match" to the cluster, the tracks of the VxCandidates are assignedas tracks from this photon conversion. As a last cut it has to be checked if both trackshave either zero or both more than zero B-layer hits. This condition has to be doneto avoid �agging electrons which undergo bremsstrahlung and producing afterwards aphoton conversion as wrong paired photon conversion.5.2.3 Shortcomings of the Photon Conversion Reconstruction Algo-rithm in the τ EnvironmentSeveral problems occur if the default photon conversion reconstruction algorithm abovedescribed is used within the τ environment. Firstly the photons produced in τ decaysbasically have a transverse momentum lower than 2 GeV. The reconstruction e�ciencyfor low pT photon conversions decreases in comparison to the above used examples witha photon transverse momentum of 20 GeV (cp. Fig. 5.15). The decreasing of the recon-struction e�ciency from pT = 5GeV to pT = 2GeV is due to losses of bremsstrahlung.The photon conversion e�ciency is limited by the minimum transverse momentum of
pT > 500 MeV for the track reconstruction. To guarantee a track quality the cut ofminumim track pT cannot be loosened.The comparison of this decrease in the photon conversion e�ciency for low pT singlephotons to the simulated transverse momentum distribution of photons from τ decaysshows the importance of an improvement for low pT photon conversions reconstruction(cp. Fig. 5.14).Additionally the very dense τ environment, meaning the fact that the seeds of τ lep-tons are jets which may contain of several tracks, make a cluster matching problematical.
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Figure 5.15: Vertex reconstruction e�ciency for low pT conversions from 2 GeV (5 GeV)
pT photons as function of the conversion radius. Even in a much "cleaner" than the verybusy τ environment the e�ciency of low pT conversions drops [17].For the very clean photon conversions of the H → γγ processes the method works verywell. But if the conversion comes from a τ decay the tracks of the photon conversion liewithin the τ decay cone described in Sec. 5.1. The electromagnetic clusters produced bycharged pions cannot be easily distinguished from clusters of the electron or the positron.An additional pT cut at pT > 2 GeV in the photon conversion identi�cation (sec. 5.2.2)totally kills the identi�ed photon conversions for this study. Figure 5.16 shows a com-parison of an older release (ATHENA rel. 13.0.40) without a pT cut at 2 GeV(left) andthe a newer release which is the basis for this thesis (rel. 14.2.0 right). This problem isdiscussed in more detail in Chap. 7.2.5.3 ConclusionAfter explaining the method of operation of the τ and the photon conversion reconstruc-tion algorithm it has to be mentioned, that both the standard de�nition of an identi�ed
τ and the standard de�nition of an identi�ed photon conversion cannot be used to re-construct photon conversions in τ decays. The �rst problem is postponed: The result ofthis study will not be the τ e�ciency after the LLH identi�cation. Instead this studywill concentrate on the achieved track multiplicity after vetoing the conversion tracks, asa �rst result.A solution to the second problem, not using the standard de�nition of a photonconversion, needs a lot of development. Thus another method to clean the VxCandi-dates from combinatorics and wrong particles has to be implemented. Therefore twoindependent methods have developed in context of this thesis.In order to use the result from the τ speci�c photon conversion ident�cation algorithmto improve the τ track multiplicity, a link between the reconstructed particles of bothalgorithms is needed. For quick and easy changes during the developement it would bevery helpful to have all needed variables in ROOT readable ntuples. On that level noconnections between τ and conversion variables are available. Special tools providingsuch informations for ROOT ntuples has to be implemented.
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Figure 5.16: Upper plot: histogram of the truthmached track ID of tracks recon-structed as track of a τ candidate (white), reconstruted as track of a τ candidate and asVxCandidate (magenta) and reconstructed as track of a τ candidate and identi�ed bystandard egamma tool as "good" photon conversion. Used sample Z → ττ reconstructedwith ATHENA rel. 13.0.40. Lower plot: Due to an additional pT cut (pT > 2 GeV)in ATHENA rel. 14.2.0 no identi�ed photon conversions (green) can be found in a τcandidate anymore.A short summary about the newly implemented tools and other improvements forthe data analysis are described in Chap. 6.2.3.



Chapter 6Development of Speci�c SoftwareToolsThe ATLAS Event Data Model (EDM) described in Chap. 4.4 consists of several stepswith di�erent data formats with a speci�c amount of stored event informations. Toprovide these data formats miscellaneous tools have been implemented. This chapterconcentrates on the tools needed to produce D3PDs.It was decided to use the D3PD data format for the study of this thesis to have aneasy and fast access to the simulated and reconstruced data. Due to the fact that thetools providing D3PDs are in the developing phase right now, the tools to store variablesof photon conversions in the D3PDs have not been implemented at the begining of thisthesis. Therefore the tools explained in this chapter had to be enhanced. First, a verybrief summary of the already existing tools is given. The most important tools developedfor, and in the context of this thesis are explained in more detail.6.1 Introduction to Existing Tools for Data PreparationWithin the ATHENA framework smaller frameworks to provide ROOT readable ntuples(D3PDs) already exist. The speci�c tools providing the informations needed for thisthesis only have to be added to these frameworks. Before describing the newly developedand updated tools the frameworks have to be introduced very brie�y.TauDPDMakerTo produce the tailor made DPDs several physics groups developed speci�c DPDMakers.The one developed by the Tau performance group is named TauDPDMaker [44]. Thisdoes not mean that only τ speci�c informations are stored in such DPDs. It is developedas a general tool with the attention to have all informations to make a complete analysiswith τ leptons, which means that e.g. electrons, muons and jets have to be stored in theTauDPDMaker output, too.The input of the TauPDPMaker can be data directly from a MC generator, RAWdata, ESDs, AODs or D1PD from TauDPDMaker. The abbreviations of the severaldata formats are explained in Sec. 4.4. The TauDPDMaker produces primary, secondaryand/or tertiary DPDs. This is achieved technically in three steps: pre-processing, D1PD-
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Figure 6.1: Schematical Overview of the EventView usage of TauDPDMaker producingD3PD. Mainly these four EventView tools are used: the EVInserter, EVToolLooper,EVUserData and the EVDumper.making and D3PD-making. The pre-processing is optional and the D1PD and D3PDmaking is totally independent. Thus they can be produced simultaneously or separately.The TauDPDMaker is a package within the ATLAS ATHENA framework based onthe programming languages Python and C++. To produce D1PD and D2PD the packageuses other tools within the ATHENA framework to skim, slim and thin the DPDs (cp.Chap. 4.4). To produce the D3PD which are simple ROOT ntuples the TauDPDMakercalls the analysis framework EventView (see next subsection).As basic τ speci�c D3PD the TauPDPMaker provides a D3P named Control SampleD3PD. It is a multipurpose ntuple providing all necessary informations needed for acomplex τ analysis on dijet, W or Z0 events. To study photon conversions in τ decaysvery speci�c D3PDs have to be produced.EventViewEventView is an object-oriented physics analysis framework [38]. It is at the end of thecomputing work�ow shown in Fig. 4.3 and amongst others it is able to produce ROOTntuples. These ntuples can be analysed or transformed into simple histograms with theanalysis framework ROOT [39]. ROOT has been developed in the mid 1990's aimedat solving the data analysis challenges of high-energy physics (HEP). In the meanwhileROOT has become a standard high energy physics framework and provides a large se-lection of HEP speci�c utilities such as histogram building and �tting. But it cannothandle the high data �ow provided by the LHC. Therefore the EventView frameworkpreselects the data and transformes it into a ROOT readable format. Then the utilitiesof ROOT can be used to produce all the plots needed to visualise the miscellaneousphysical quantities.EventView consist of a few core classes from which all other classes inherit. To



6.2 Special Tools needed for Photon Conversions studies with D3PDs 63summarise the most important functionalities applied by TauDPDMaker a very simpli�edoverview is listed here and shown in Fig. 6.1:EVInserter Tool: The EventViewInserters are responsible to provide the particle ob-jects stored in so-called containers by the ATHENA o�ine reconstruction for fur-ther analyses. Therefore the several objects are "inserted" into the an "EventView"and labeled (e.g. as "tau" cp. Fig. 6.1). For this study no further preselections aremade and all particle objects from the input collection (e.g. an ESD) are inserted,labeled and then handled as �nale state objects. In principle preselections, overlapremoval and other data quality cuts can be applied with this tool.EVUserData Tool: Quantities like sum of pt of jets, the number of τ tracks or moredetailed informations like the electromagnetic radius of a τ jet which are calculatedduring an analysis are computed with the aid of this tool. Therefore the neededvalues are read out from the particle objects and either stored directly or used tocompute more complex variables. After the calculation the variables are storedincluding their values in the UserData.EVToolLooper: For each "label" a speci�c object of the class EventViewToolLooperloops over all inserted particles and calls other classes like EVUserData to beexecuted upon these objects. Figure 6.1 shows as example how τ speci�c variablesare calculated. A Tau.Looper from type EventViewToolLooper loops over all as"Tau" labeled objects and calls the EVUDTauJetAll tool. More than one tool canbe run during a loop and optional truthmatching methods can be switched on oro�.EVDumper Tool: At the end dumper tools are used to output the UserData eitherdirectly on screen, as XML �le or as ROOT ntuple. The ATHENA tool ATLANTIS[45] which produces event displays, as shown in Fig. A.10 in the appendix, needssuch XML �les as input format for example. The ROOT ntuples can be read intoa standalone ROOT analysis.Thus no cuts or other changes have been applied in EventView. It has been generallyused to apply two functions. Firstly to convert the container structure from ESD orAOD level into ROOT readable ntuples. Secondly to calculate additional variables bycalling ATHENA tools from the so-called ToolService which is very helpful to use alreadyexisting code and to avoid writing additional source code.6.2 Special Tools needed to store Conversions and otheruseful data for this study in D3PDsTo store all needed informations about photon conversions new EventViewUserDataclasses for truth photon conversions, reconstructed data of the VxCandidate collectionand identi�ed photon conversions had to be developed. Also the EventViewUserDataclass which provides all τ speci�c variables had to be updated. Additionally a new tool,able to link together indentical objects used by di�erent algorithms (e.g. same tracksused by τ reconstruction and photon conversion reconstruction) has been developed.Due to the fact that this development was a very important step to get the �nal results



64 Development of Speci�c Software Toolspresented in Chap. 7 the recent developements will be outlined brie�y in the followingsubsections.6.2.1 The New EVUDVertex classBased on a quite similar tool at a higher level of the ATHENA framework a new UserDatatool to handle VxCandidates has been implemented. To share as much code as possiblethis tool has been written as general vertex tool. Thus the input container can be steeredvia a python �le. Not only the conversion speci�c VxCandidates, but also primary verticesor other secondary vertex collections can be handled with this tool.Due to technically special features of photon conversion objects (vertex objects ingeneral) no su�cient inserter tool has been available. Therefore the EVUDVertex tooldirectly inserts the objects without using an inserter and provides the needed UserData.This bypass has to be done due to the inheritance structure of the inserter classes.Speci�c conversion routines can be switched on or o� via additional options. Herea brief overview of several functions of EVUDVertex class which can be separately usedshould be given:Variables of VxCandidate: The data available of the tracks at each vertex like track
pT , η and so on are stored in the UserData. Also vertex informations like x, y and
z coordinates of the vertex position or quality data like the χ2 value of the vertex�t are stored. The most important variables provided by the EVUDVertex classare listed in Tab. A.4 in the appendix.Conversion Track Truthmatching: Another very di�cult task for photon conver-sions is track truthmatching. Composited particles like τ leptons can be truth-matched by a ∆R cone matching method. ∆R cone matching means that thedistance between truth and reconstructed object are calculated with Eq. 3.3. Ifthe calculated value is smaller than a speci�c matching value (e.g. < 0.1) the re-constructed particle is matched to the truth particle and vice versa. This methodworks �ne for composited objects. Due the fact that tracks often lie in narrowcones, e.g. in τ decays or QCD jets, this method is not feasible for track truth-matching. Especially the tracks of photon conversions of highly boosted photonsare very nearby and the geometrical variables show relative di�erences of 10−5.It is needed a much more sensitve truthmatching method for tracks. Thereforethe so-called SDOs (cp. Sec. 4.4) are provided during the digitalisation of thesimulated data. This means that for each simulted track additionally to the truth4-vectors the truth space points are stored. These space points are the exact 3-dimensional positions, where the truth particles pass the detector. By comparingthe truth with the reconstructed space points a very exact link between the truthand the reconstructed objects are available. Out of the space points both the truthand the reconstructed tracks are built. Accordingly for simulated data so-calledElementLinks between truth tracks and reconstructed tracks are provided. Thistrack truthmatching method is shown in Fig. 6.2. The rows from top to bottom arethe several phases of building both truth and reconstructed tracks. The TrkTrack(TrackParticles) are the reconstructed tracks at ESD (AOD) level, the TrackTruthand ParticleTruth are the equivalent steps of truth tracks. Via the ElementLink a
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Figure 6.2: Track truthmatching method via ElementLinks. During digitalisation ofsimulated data additionally to the Raw Data Objects (right column) the SimulationData Objects (SDO) (second column from left) are provided too. The reconstructed andtruth tracks are connected via so-called Element Links. From upper to lower row severalstages of truth and reconstructed tracks are shown.track based truthmatch is possible. The EVUDVertex tool uses these ElementLinksfor track truthmatching and stores the linked truth informations in UserData.Special integrated Conversion Index Tool: As described in Sec. 5.2 the tracks usedto build photon conversions are re�tted with the additional constraints of the sec-ondary vertex. Thus the unre�tted tracks have to be used to compare with tracksused to build τ candidates. Otherwise no agreement would be found. Easier as tocompare the conversion tracks and the τ tracks is simply to store the index of thetrack in the track container, where all tracks of one event are stored. Due to thevery complex structure of VxCandidates and the fact that the un�tted tracks areused for the truthmatching too, the track index for tracks from photon conversionsis provided directly by the EVUDVertex tool. For other particle objects a moregeneral index tool has been implemented (see Subsec. 6.2.3).Track Extrapolation to the Electromagnetic Calorimeter: An additional func-tion is able to call a tool from ATHENA framework ToolService which is ableto extrapolate the track to the surface of the electromagnetic calorimeter with re-spect to the magnetic �eld. There the best matching cluster is searched and allassociated informations like the energy deposition in the di�erent electromagneticcalorimeter layers are stored in the UserData.6.2.2 The New Classes EVUDTruthegammaConv and EVUDegamma-

ConvEVUDTruthegammaConv has been developed to store not only the truth informationsof truthmatched VxCandidate objects but all available truth informations about photonconversions. These truth informations are necessary to cross check if the EVUDVertextool works properly.
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τs only store one variable, an integer containing the index of the speci�c track. Thistechnique is more or less a reproduction of the pointer structure used in the higher levelsof the data preparation. Thereby the implementation takes care of using the IndexToolonly in case of having stored all applied tracks in the UserData before.More important for this study is of course the possibility to use the stored track indicesin the ntuple to �gure out which tracks have been used to built photon conversions and
τ candidates. The dependecies shown in Fig. 6.3 as black arrows can be evaluated easilyby comparing the value of two integer variables.Using these newly developed and updated tools all needed informations for an exten-sive study of photon conversions can be stored in D3PDs. These ROOT readable D3PDsare of size about 45 kB/evt.



Chapter 7Improvements of Photon ConversionReconstruction in τ EnvironmentThis chaper contains all results which have been developed during this thesis. As �rststep the content of τ jets have to be discussed. Thereby the important role of photonconversions in the τ track multiplicity is explained. In the second section photon con-versions reconstructed by the default photon conversion reconstruction tool as describedin Chap. 5.2 are tested for using in the τ environment. Due to the optimisation of thistool for other purposes the existing photon conversion identi�cation is quite ine�cientand has to replaced by a more compatible with τ leptons. As a �rst ansatz to replacethe identi�cation some studies with data from the Transition Radiation Tracker (TRT)are described in the beginning of Sec. 7.3. Then the results of using a more general toolbased on the informations from the TRT are presented. Comparable with the standardconversion identi�cation a method extrapolating the reconstructed track to the surfaceof the electromagnetic calorimeter has been worked out and the results are shown inSec. 7.4. Due to the implementation of the conversion reconstruction much combinato-rial background has been created during this phase. A special method has been testedto remove this background. This method and its results are described in in Sec. 7.5.After a comparison of the di�erent innovations in conversion purifying the best methodis choosen to veto the conversion tracks in the τ candidate track multiplicity. Theseresults are presented in the last section.7.1 Content of the Reconstructed τ ConeBefore explaining the methods of vetoing photon conversion tracks in τ candidates theidentity of the tracks which have been picked up from τ reconstruction algorithm TauRechave to be analysed in more detail. In Fig. 7.1 an extract of the reconstructed tracksidenti�ed via track truthmatching are shown, in red with applied default Track SelectionCriteria (TSC) explained in Sec. 5.1 and in black all tracks with pT > 500 MeV whichhave been found in a cone of ∆ R < 0.3 around the direction of τ candidates. All particlesfound in the τ cone are listed in Tab. A.5 in appendix.Due to the fact that the TauRec algorithm reconstructs hadronic τ lepton decaysmost of the electrons within the cone around a true τ have to originate from photonconversions. If comparing the red and the black histogram it is clearly visible that the
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Figure 7.2: Origin of electron tracks in τ candidates. Left: The TauRec default TrackSelection Criteria have been applied. Right: No TSC have been applied, the only criteriais the tracks have to lie within a cone of ∆ < 0.3 around the τ candidate and has a largertransverse momentum than pT >500 MeV.
τ environment. Using that tool to reconstruct and identify the tracks which have beenpicked up as τ candidate tracks leads to the plots shown in Fig. 5.16.The prototypes of the tools described in Chap. 6 have been developed in the ATHENArelease 13.0.40. The corresponding plot is the left one (cp. Fig. 5.16). A slight fractionof reconstructed and identi�ed photon conversions could be found in the τ candidates.In comparison to the fraction of the VxCandidate tracks found within the τ cone theidenti�cation reduces the reconstructed tracks by a factor of seven. Thus even in release13.0.40, where a small identi�ed fraction of conversions could be found, the identi�cationalgorithm has to be replaced by a more τ speci�c one. Even though the reconstructionphase building the VxCandidates is much more e�cient in comparison to the identi�ca-tion it reconstructs only about 46.5 % of the electrons within the τ candidates. Comparedwith the fraction of truthmatched photon conversions which is 65% there is a lot of spacefor improvements. With this results it was decided to concentrat on the VxCandidates,try to �nd a purifying method and use them to veto the tracks.Due to many improvements in ATHENA release 14.x.x (e.g. including single trackconversions) the conversion reconstruction could be upgraded. Thus the fraction of re-constructed VxCandidates overlapping with the τ candidates could be improved to afraction of 55 %. During the same upgrade cuts in the identi�cation phase of converionshave been added (e.g. a cut on pT > 2 GeV) which supresses many low pT conversionsfrom τ decays. Nevertheless all plots excepting Fig. 5.16 the left plot are produced withATHENA release 14.2.0.However the overlapping VxCandidates cannot be used directly to veto tracks in τcandidates. During the reconstruction it has not been checked if all these tracks are onlyelectrons. The content of the VxCandidate collection without any electron identi�cationis listed in Tab. 7.1.If this collection is used to veto τ tracks without any electron identi�cation manycharged pions would be rejected, too. Thus it will not bring any improvement. So the



70 Improvements of Photon Conversion Reconstruction in τ EnvironmentTable 7.1: Track identity of VxCandidate tracks. Total number and fraction of electrons,pions and kaon tracks with statistic errors are listed.Truth ID Entries Fraction Combinede− 8654 ± 93.03 30.97 ± 0.33e+ 8437 ± 91.85 30.19 ± 0.33 61.16 ± 0.66
π+ 3830 ± 61.89 13.71 ± 0.22
π− 4154 ± 64.45 14.87 ± 0.23 28.57 ± 0.45K+ 509 ± 22.56 1.82 ± 0.08K− 530 ± 23.02 1.90 ± 0.08 3.72 ± 0.16total: 27944
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Figure 7.3: Several TRT variables for electrons pions and kaons. From upper left to lowerright: number of total TRT hits, number of TRT hits above high threshold, number oflow threshold TRT hits, ratio of high threshold hits over the total number of TRT hitsand ratio of high threshold hits over low threshold hits for each track. The two lowerplots show a su�cient discrimination.VxCandidates �rst have to be cleaned from the charged pions before using to veto anytracks in the τ candidates.7.3 Electron Identi�cation with the TRTAs brie�y mentioned in Chap. 3.3.1 the Transition Radiation Tracker is able to distinguishelectrons and pions due to di�erent TRT signatures. The highly relativistic electronscreate transition radiation whereas not relativistic particles like pions induce so-calledtracking hits. Two independet thresholds allow to di�erentiate these signals.
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Figure 7.4: The two mostly su�cent TRT variables plotted for electrons, pions and kaonsover the pT distribution of the tracks from VxCandidates. Both distributions show a clearpeak in the electron plots which can be used to di�erentiate from pions and kaons.7.3.1 Discrimination of Electrons and Pions via Several TRT Observ-abesFigure 7.3 shows several distributions for eletrons, pions and kaons. In the upper rowfrom left to right the total number of TRT hits, the number of TRT hits above thehigh threshold (transition radiation) and the number of low threshold hits per tracks isexempli�ed. In the lower row the fraction of the number of high threshold hits over thetotal number of hits (left) and the fraction of the number of high threshold hits overlow threshold hits (right) are plotted. The bins of all histograms are scaled to the totalnumber of entries.In both histograms in the lower row a clear peak is visible for low ratios of pions andkaons whereas the electrons have a larger tail. So one of these two distributions seemsto be appropriate to distinguish electrons from background. To achieve a more detailedanalysis of these TRT spectra the dependence of the transverse momentum of the track isstudied and shown in the appendix A.4.3 for the same distributions in several pT regions.Even the 2D plots in Fig. 7.4 point out that the informations from the TRT are quiteuseful for the pion cleaning. Both plots of electrons show a clear peak around 5 highthreshold hits and pT = 2 GeV (upper plot) and ratio of high over all TRT hits around0.2 and pT = 2GeV (lower plot). In contrast to that, the peaks of the pions and thekaons in both cases are shifted to a lower number of high threshold hits (lower ratio ofhigh threshold over total number of TRT hits) and lower pT values.Instead of directly using the TRT informations, the Inner Detector o�ine reconstruc-tion algorithm o�ers a more elaborated method which amongst others is based on thesevalues.



72 Improvements of Photon Conversion Reconstruction in τ Environment7.3.2 Inner Detector TRT Electron IDA so-called TRT ElectronPIDTool provides an electron probability for each track. Thisprobability is based on Inner Detector track informations only. The tool calculates threeindependent variables. Each is a probability of a track being an electron:High Threshold Probability (pe
HT ): To calculate the probability a liklehood ratio isused:

pe
HT =

∏
i p

e
HT,i∏

i p
e
HT,i +

∏
i p

π
HT,i

(7.1)Where i loops over the hits of a track. This variable depends on the Lorenz γ factor(i.e. energy), the distance into the TRT (i.e. hit radius) and the TRT module sidewalls (i.e. φtrack). The di�erence of the high threshold hits of electrons, pions andkaons are shown Fig. 7.4 upper row.Bremsstrahlung Probability: If an electron makes bremsstrahlung a photon is emit-ted. Due to such energy losses the curvature of the electron is changed. By de�ninga relative curvarture a discrimination between electron, muons and pions is possible.Time over Threshold Probability: The discrimination value is based on the di�er-ences of the time over threshold variables of electrons and pions. The probability iscalculated via a likelihood discrimination comparable to the high threshold proba-bility.The tool is still under construction and therefor only the �rst two probabilities arecombined to a PID value. The combined electron probability (eProb) is calulated asfollows:
eProb =

pe
HT · pe

brems

pe
HT · pe

brems + (1− pe
HT ) · (1− pe

brems)
(7.2)The electron probability is strongly dominated by the high threshold hits due to thegood discrimination power of that variable. Using this tool to provide the eProb valueof all VxCandidate tracks the plot shown in Fig. 7.5 can be produced. The eProb valuesof pions and kaons peak at low values smaller than eProb < 0.25 and at eProb = 0.4whereas the electrons show a high peak for probabilities larger than eProb > 0.9 and thesame peak at eProb = 0.4. The peak at eProb = 0.4 of all distributions can be explainedby the de�nition of a default value. If a tracks does not deposite any high threshold hitsin the TRT the probability for that track being an electron is set to eProb = 0.4.Using this tool to distinguish the electrons from pions and kaons in the VxCandidatesa good discrimination can be achieved. Cleaning the VxCandidates using preselectioncuts, described later on, and a cut on the electron probability at eProb > 0.9 leadsto an electron purity of 94 %. Due to the high decrease of the e�ciency of the recon-struced conversion after such a cleaning another method has been tested. Therefore theelectromagnetic cluster informations have been taken into account.
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Figure 7.5: Electron probability derived by the TRT electron PID tool7.4 Identi�cation Using Electromagnetic Calorimeter Infor-mationsUsing the electromagnetic calorimeter observables means an extrapolation of the conver-sion tracks to the surface of the electromagnetic calorimeter (ECal) is necessary. This isdone during the production of D3PDs by the EVUDVertex tool described in Chap. 6.2.1.Then the cluster found nearby the extrapolated track is associated to the track. Thevariables described in the following section are stored to extract a discrimination vari-able.7.4.1 Additional Variables from Electromagnetic CalorimeterAll histograms in Fig. 7.6 show the distribution of tracks matched to truth electronswhich is the signal distribution and of tracks which have not been matched to electrons,the background. The �rst variable shows if the track is only found by the TRT module ornot. This is important for geometrical reasons because the TRT barrel does not measureprecise η angles. In case of such tracks one of four default η values are stored (cp. tothe four visible spikes in Fig. A.9). The second and third histograms show the deviationin φ and η of the direction of the nearest calorimeter cluster and the extrapolated track.The following histograms are several combinations of the momentum P or the transversemomentum pT of the track determined by the tracker and the energy depositions inthe �rst, second and third layer of the ECal (cp. structure of the ECal in �g. 3.8). Thegeometrical setup of the three layers is designed to di�erentiate electron like showers fromhadronic showers. Thus electrons should deposit most of their energy in the �rst andsecond layers whereas for hadronic particles like pions often a leakage into the hadroniccalorimeter via the third ECal layer should be observable.Analysing these histograms no variable for a direct discrimination has been found.
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Figure 7.6: Several variables from track extrapolation to the ECal
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Figure 7.7: Schema of a simple decision tree [46]. The phase space of a variable (x)is splited into smaller regions. After scanning the whole training sample the nodes areassigned signal or background like depending on the majority of the entries.To study if the combination of some or all of these variables will lead to a useful discrim-ination value a multivariate analysis by TMVA [46] has been performed.7.4.2 Brief Introduction in TMVA techniquesTo optimise the input variables and to �nd the best discrimination method several TMVAclassi�ers and optimisation methods have been tested. Here only the methods which havebeen used with the optimised setup should be explained very brie�y.Variable decorrelationDue to the fact, that e.g. Boosted Decision Trees or multidimensional likelihood ap-proches underperform due to correlations between the input observables, TMVA o�ersa method to decorrelate the linear correlations of such observables. Therefore the linearcorrelations of the training sample is measured and the square-root of the covariancematrix is computed. Then the linear decorrelation of the input variable is estimatedby multiplying the square-root of the matrix by the initial variable ntuple. This has tobe done seperately for the signal and the background sample. Only linearly and Gau-sian distributed variables can be completely decorrelated. This method has been appliedduring the optimisation and it has attained better results than without decorrelation.Boosted Decision trees (BDT)A decision tree [47] is a binary yes/no (smaller or larger than) decision �nder. As shownin Fig. 7.7 the phase space of one variable (x) is devided into smaller regions. Therefore



76 Improvements of Photon Conversion Reconstruction in τ Environmenta de�ned sample (training sample), with known signal and background identity of eachevent, is split by such binary cuts. The sequence of repeating yes/no decisions builds adecision tree. A de�ned break condition stops the sequence. Then the �nal leaf nodes areevaluated if the entries are more signal or more background like. Due to the problem thatsuch a procedure is very instable with respect to statistical �uctuations of the trainingsample the trees are boosted.The boosting algorithm builds several trees with the same input variable butreweighted. This means that e.g. in the so-called adaptive boost algorithm events whichare misclassi�ed during the training of a tree are giving a higher weight in the trainingof the next tree. So a forst of trees is created which is less susceptible to statistical�uctuations.Nevertheless an overtraining of a boosted decision tree has to be avoided. Overtrain-ing may occur if too many decisions are executed on a variable with insu�cient degreesof freedom. Such an overtraining can be found if the statistics of the number of eventsin one node is to low. Then a quite reasonable signal and background discriminationcan be achieved for the training sample, but the result is not sample independent. Thiscan be seen in Fig. 7.9 where the the Kolmogorov-Smirnov test shows the probability ofthe agreement between the training sample and test sample shape. The upper left plotshows the result of a strongly overtrained BDT. No agreement between training and testsample could be found. The upper right plot shows the optimised training. To avoidovertraining a pruning function [48] runs over the tree from the last to the �rst decisionand removes statistically insigni�cant nodes. It has been found that �rst growing thetree to its maximum and then cut it back is more e�cient than interrupting the nodesplitting at an earlier stage. This is due to the possibility that apparently insigni�cantsplits can lead to quite su�cient splits further down the tree.To summarise the performance of boosted decision trees two main aspects have tobe mentioned. On the one hand it is a very easy discrimination method which becomesmore complex and less transparent by reweighting (boosting) the desicions. Thus onehas to take care not to overtrain a BDT which is very likey the case. But on the otherhand BDTs are also very sensitive on very poorly discriminating input variables. Thiscan be seen in the output of BDT response in Fig. 7.9 (upper right plot) compared tothe result of a simple likelihood discrimination (lower right plot).Predictive Learing via Rule Ensembles (RuleFit)Another very promesing result is given by the RuleFit classi�er [49]. It is based on anensemble of so-called rules to creat a scoring function. The easiest way to get such anensemble of rules is to extract it from a forest of desicion trees. Each node can be regardedas one rule. Then lineare combinations of the rules are created weighted with coe�cientswhich are calculated via a regularised minimisation procedure. The linear combinationof all rules de�nes a so-called score function. After �tting a RuleFit response is provided.As the authors from TMVA categorise the RuleFit classi�er as very untransparentthe desicion was made to use the BDT instead of the slightly better performing RuleFitclassi�er (shown in Fig. 7.10).
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Figure 7.8: Linear correlations between TMVA input variables for signal and background.Left: Signal means VxCandidate truthmatched to electrons. Right: Background inVxCandidate container, e.g. pions and kaons. The smaller the number (green) in one binthe less linearly correlated the variables are.7.4.3 Multivariate Analysis for DiscriminationFirst all observables shown in Fig. 7.6 has been used as TMVA input variables. Largelinear correlations have been found between some of these observables (cp. Fig. 7.8).Testing several input variable combinations led to the result that using the variables of the�rst six histograms shown in Fig. 7.6 yields most uncorrelated and best discrimination.Additional to several input variables di�erent TMVA classi�er has been tested. Asexample the overtraining check of TMVA for some classi�ers are shown in Fig. 7.9.The training and input variable choice has been optimised for the boosted decision treeclassi�er with decorrelated input variables (BDTD) (upper right plot). The upper leftplot should be given an example of a strong overtrained BDT classi�er.The results of the background rejection versus the signal e�ciency for the di�erentclassi�er are shown in Fig. 7.10. The BDT achieves the best result, but due to thementioned overtraining another classi�er has to be chosen. The Likelhood discriminationhas the worst performance, which also can be seen in the distribution of the Likelihoodresponse in Fig. 7.9 lower right plot. Despite of the slightly better performance of theRuleFit classi�er the BDTD results have been selected to use for further analysis. Thereason therefore is the more transparent and less complex implementation of the BDTD.The plots for the best cut value and the depending e�ciency and signi�cance for thedi�erent classi�ers are shown in the appendix Fig. A.17.To get a more comparable result to the electron probability of the TRT electron PIDtool (eProb) and in order to allow for a simple way of combining the informations, itwas decided to calculate an electron probability out of the BDTD response distributionbased on the informations from electromangnetic calorimeter (ECal eProb).
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Figure 7.9: TMVA o�ers a so-called overtraining test. After training the classi�ers with aso-called training sample with speci�ed signal and background events, it has to be testedif the applied cuts also work with another sample. The overtraining test checks how likelythe response shape of the training and the testing sample agree - the Kolmogorov-Smirnovprobability. Upper left: This plot shows a strongly overtrained BDT. It can be seenclearly, that the shape of the training sample (signal blue and background red) plotted asdots with error bars does not agree with the result of the test sample, which is shown inthe �lled histograms. Upper right: The optimal trained BDT with decorraleted inputvariables (BDTD) shows a much better agreement of training and test sample. Bothlower plots also �t very well, but the shape of the likelihood discrimination does notdi�er much of signal and background.7.4.4 Building an Electron Probability with ECal observablesThe ECal eProb value is calculated via the BDT output of TMVA. Therefore a "look-up" histogram with truthmatched data has been created. The electron probability isde�ned as the probability for a track with a certain BDT value belonging to the signaldistribution. This can be calculated by dividing the number of entries for each bin of theBDT response of the signal by the number of entries of the signal and the background ofthe BDT value in each speci�c bin.
ECal eProbbin =

signalbin
(signal + background)bin

(7.3)
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Figure 7.12: Electron probability calculated of ECal observables only. Distributions ofVxCandidate tracks truthmatched to electrons, pions and kaons.The right plot of Fig. 7.11 shows the "look-up" histogram. For each track a BDT valuecan be calculated via TMVA. With the distribution of the "look-up" histogram for eachBDT value the electron probability can be determined. By using the "look-up" histogramwithout smoothing large �uctuations in the electron probability are visible. These �uc-tuations are due to the form of the "look-up" distribution. The distribution has beencalculated bin by bin thus unphysical �uctuations occur. To avoid such �uctuations the"look-up" histogram has to be smoothed. Several steps of such a procedure are shown inFig. A.18 in the appendix. The method shown in the lower middle histogram has beenchosen as the best smoothing method.Using the function shown in blue in the right histogram Fig. 7.11, the ECal eProbfor the VxCandidate tracks can be calculated. To di�erentiate electrons, pions and kaonsthe tracks has been truthmatched and the several distribitions are plotted in Fig. 7.12.To compare the results using the ECal eProb variable as discrimination value withthe results of the eProb discrimination (cp. Sec. 7.3.1) the same preselection cuts havebeen applied. To achieve a comparable electron purity a cut on the ECal eProb value >0.85 has to be applied. Using the ECal eProb variable for identi�cation leads to a muchlower photon conversion e�ciency than cutting on the eProb value.Thus it has to be checked if a combined electron probability of Inner Detector ob-servables (eProb) and the electromagnetic calorimeter values (ECal eProb) leads to animprovement.A reason for the less good discrimination with the informations from the ECal onlymay be due to the very busy τ environment which means a lot of neaby tracks deposi-tioning a lot of energy in the ECal distorting the shapes in the calorimeters. This hasalso been observed by the default photon conversion identi�cation.
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Figure 7.13: Number of how often a tracks used to build VxCandidatesTable 7.2: Cut �ow table of preselection cuts on VxCandidatesCuts E�. Purity el. Pur.no cutsno cuts 34.4 % 22.8% 47.4 %preselection cutsin τ cone ∆R < 0.3 36.1 % 28.4 % 58.7 %
χ2

Prob > 0.00001 29.0 % 36.5 % 67.9 %7.5 CombinatoricsBefore comparing di�erent combinations of eProb and ECal eProb it has to be men-tioned that due to the method of reconstructing VxCandidates a large fraction of com-binatorial background is provided by the reconstruction algorithm.In Fig. 7.13 the quantity of how often one speci�c track has been used to built aVxCandidate is plotted. The x-axis shows how often track1, the positive conversiontrack, has been used to build a VxCandidate and the y-axis how often the negative track(track2) has been reused. A mean value of 1.7 for both tracks shows how much theVxCandidates are impuri�ed by combinatorial background.7.5.1 Applying Preselection CutsTo reduce the combinatorial background two preselection cuts have been chosen. Firstto improve the τ reconstruction algorithm only photon conversions which may changethe τ track multiplicity are taken into account. Thus only conversions in the τ cone with
∆R < 0.3 around the direction of a τ candidate are included. The second preselectioncut is based on the goodness of the secondary vertex �tting. A value of χ2

Prob > 0.00001has been chosen to cut on the χ2 probability which has been derived during the vertexreconstruction. Using these preselection cuts yields the e�ciencies and purities listed inTab. 7.2.



82 Improvements of Photon Conversion Reconstruction in τ EnvironmentThe reason of introducing a second purity the electron purity is the fact that if electontracks from photon conversions should be vetoed it does not matter if the electron comesfrom a combinatorial background conversion or from a correctly reconstructed conversion.It is only important to make sure that it is de�nitly an electron. Thus the electron purityis the interesting value for this study.Nevertheless applying the mentioned preselection cuts does not yield a sample ofVxCandidates with a satis�ed amount of reduced combinatorial background (cp. 7.14magenta distribution). Thus a function has been implemented ensuring that one speci�ctrack is only used once to build a VxCandidate. This is described in the next section.7.5.2 Selection of the "best" VxCandidatesAn additional contraint is needed to decide which of the VxCandidates built with onespeci�c track may be the most likely photon conversion and which are the combinato-rial background. As an example two of the analysed variables, the distance from theinteraction point and the invariant mass of the VxCandidate are shown in Fig. A.19in the appendix. As the distribution of the invariant mass has a better discriminationpower, this variable has been chosen to evaluate which VxCandidate should be kept. Thefunction gathering out the most likely VxCandidate is implemented as follows:1. It loops over all positive tracks of VxCandidates2. If tracks are found, which are used to build more than one VxCandidate, the invari-ant mass of all those pairs are calculated. The invariant mass has to be calculatedout of the tracks before the secondary vertex re�t of the tracks because otherwisethe invariant mass is set to zero during that �t and no discrimination is possible.3. Then the pair with the smallest invariant mass is stored in a new VxCandidatecollection. All VxCandidates building of only once used tracks are stored theretoo.4. After looping over all positive VxCandidate tracks a loop over all negative tracksin the new VxCandidate collection has to be done.5. Again, if there are VxCandidates found, built of the same negative tracks, the pairwith the smallest invariant mass is kept, the other pair(s) is (are) removed fromthe new collection.After that cleaning all left over VxCandidates consist of di�erent tracks. To reducecombinatorial background before running this method a cut on one of the electron prob-ability variables has to be done. This wil additionally reduce the computing time. InFig. 7.14 the number of reusing track1 and track2 is shown seperatly. The black distri-bution shows the VxCandidates without any cuts, applying the preselection cuts leads tothe magenta distribution. Cutting additionally on the electron probability eProb > 90%results in the grey histogram. If the combinatorial supressing function is run on top ofall these cuts the distribution in blue is left.This method has been tested as an additonal tool to achieve the best possible cleanedVxCandidate collection. While the method achieves a high purity (only once used tracks
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Figure 7.14: Number of reused tracks to build VxCandidates. Both plots show how oftenone speci�c track has been used to built a VxCandidate. Trk1 are the tracks of positivecharged particles and Trk2 are the negative charged tracks.are left in the blue distribution), the resulting e�ciency after that kind of cleaning is toolow to use it for further studies.After presenting the two di�erent implementations of electron probabilities and thecombinatorial background cleaning method the performances have to be compared andthe best method or the best combination of methods have to be chosen to identify thephoton conversions in τ candidates.7.6 Comparison of the Di�erent Identi�cation MethodsThe de�nitions and the variables of the electron probabilities eProb and ECal eProb in-troduced in the sections above are linearly uncorrelated. Figure 7.15 shows 2-dimensionalplots of the electron probabilities eProb versus the ECal eProb of truthmatched electron,pion and kaon distributions. The calculated linear correlation factors are 7.21 % forelectrons, 8.95 % for pions and 11.59 % for kaons. The slightly higher correlation factorof the kaons may be due to smaller statistics.Thus several combination of the two probabilities may lead to a improved perfor-mance. The probabilities and some possible combinations listed in Tab. 7.3 have beenexamined as discrimination variables, to identify the VxCandidates.Table 7.3: The listed variables have been analysed to chose the best discriminationvariable for the electron identi�cation of photon conversion originating in τ decays.1. eProb2. ECal eProb3. eProb and ECal eProb4. eProb · (ECaleProb)5. eProbTrk1 · (ECal eProb)Trk1 · eProbTrk2 · (ECal eProb)Trk2
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Figure 7.15: The 2-dimensional plots do not show correlation between the electron prob-abilities eProb and ECal eProb for electrons, pions and kaons.
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Figure 7.16: Two possible combinations of the two electron probabilities: eProb andECal eProb. Left: eProb and ECal eProb combined via the multiplication of the twoprobabilities of each track. Right: Here a combined electron probability value for thewhole conversion, means for both tracks together is calculated.The important distributions, which have to be analysed, are the eProb distribution(�g. 7.5), the ECal eProb distribution (�g. 7.12), and the combinations of eProb and ECaleProb of one track (Fig. 7.16 left) and the combination for a whole conversion candidate,meaning the multiplication of both probabilities of both tracks (Fig. 7.16 right).To compare the performance histograms of the electron purity versus the recon-struction e�ciency of each probability and probability combination have been plotted.Therefore each discrimination variable has been scanned for a probability from 0 to 1 in0.05 steps. The result of all variables listed in Tab. 7.3 are shown in Fig. 7.17. The exactvalues of the e�ciencies and the electron purities are listed in more detail in Tab. A.6 inthe appendix.The distribution in green shows the performance of ECal eProb alone. This resultgives the worst electron discrimination of all. This has to be probably attributed to thedense τ environment an the di�culty to discriminate a cluster created by an electron
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Figure 7.17: Electron purity vs reconstruction e�ciency of VxCandidates for severalcleaning methods. Most robust method is the eProb of the Inner Detector which hasbeen chosen to use as conversion veto in τ candidates.from the energy deposition of nearby passing neutral and or charged pions. Even thecombination of the Ecal eProb and the eProb (in blue) by cutting on both variables ona speci�c value does only slightly improve the bad ECal eProb performance. Thus themultiplied combinations of the two probabilities (red and lighgrey) and the eProb alone(black) are considered. The eProb performance is worse than the combined ones in thehigher e�ciency region but it is comparable and slightly better in the high purity region.As the cleaned VxCandidates are meant as vetoing tool, after the identi�cation onlya very pure electron collection should be remain. Thus electron purities higher than 90- 95 % have to be achieved. In that region the three distributions show more or less thesame performance.To study the several performances in more detail additional plots showing the e�-ciency for comparable electron puritiy (≈94%) and the electron puritiy for comparablee�ciency (≈15%) are pictured for the conversion radius R, the transverse momentum ofthe conversion tracks pT and the pseudo rapidity η in the �gures (7.18 and 7.19).Firstly the distributions of the orignal VxCandidates without any cuts have to bediscussed. Then the characteristics of the di�erent combined electron probabilities arementioned. The e�ciency in R dereases with higher conversion radii. Two dips can beobserved. The �rst one at radii of around 370 mm this is where the second SCT layerin the barrel region is installed. If a photon conversion does happen at larger radii theconversions have to be reconstructed via the Outside-In tracking, their performance isslightly worse than the Inside-Out tracking. The second and more dramatically dereaseis at radii larger than 650 mm there the reconstruction e�ciency of the TRT standalonetracking decreases due to the measure of the TRT module. A slightly higher e�ciency
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Figure 7.22: Track multiplicity of τ tracks before (solid lines) and after (dashed lines)photon conversion veto. Left column: No track selection criteria are applied. Rightcolumn: Track multiplicity with the default TauRec TSC. From top to bottom:distributions of 1 prong, 3-prong and QCD jets, 1-prong subdivided into 1-prong withand without π0s and 3-prong subdivided into 3-prong with and without π0s.the one hand this is expected, because many photon conversions are created within aQCD jet, on the other hand this correction may change the QCD track multiplicity tolower values so that it looks more signal like. If applying the TSC the change of QCDtracks decreases to a marginal correction. Thus the photon conversion veto should notincrease the number of fakes too much, if the TSC are considered. But before this cleaningmethod could be implemented in the TauRec reconstruction algorithm additional fakerate studies need to be done.



7.7 Improved Track Multiplicity of τ-Candidates 91Table 7.4: Track multiplicity of τ candidates truthmatched to 1 prong decays beforeand after the explicit photon conversion veto. The �gures listed are the fraction of allreconstructed 1 prong decays.Track Multiplicity: 0 1 2 3 4 5 > 5 total1 Prong only 0.59 14.53 1.16 0.63 0.11 0.05 0.01 17.081 Prong only veto 0.76 14.49 1.11 0.58 0.09 0.03 0.01 17.081 Prong with pi0 4.29 61.27 10.96 5.16 0.91 0.19 0.15 82.921 Prong only veto 5.62 63.81 9.20 3.48 0.61 0.08 0.13 82.92Table 7.5: Track multiplicity of τ candidates truthmatched to 3 prong decays before andafter the explicit conversion veto. The �gures listed are the fraction of all reconstructed3 prong decays.Track Multiplicity: 0 1 2 3 4 5 > 5 total3 Prong only 0.64 12.81 10.34 26.84 2.18 0.51 0.32 53.643 Prong only veto 1.08 12.66 10.34 26.72 2.06 0.47 0.32 53.643 Prong with pi0 0.32 11.49 8.55 22.02 2.94 0.91 0.15 46.363 Prong only veto 0.69 11.39 8.74 22.31 2.50 0.59 0.15 46.36Apart from that, a good improvement for 1 prong decays in the distribution withoutTSC can be achieved. This is due to the higher fraction of truth photon conversion tracksin the τ candidates without TSC. Unfortunately the overall reconstruction performanceis a lot worse if no TSC are applied. Which TSC can be loosen and which has to beapplied also have to be studied in more detail. As �rst step the improvement of the trackmultiplicity with applied TSC should be discussed. The improvement is not as strongas without TSC but a slight enhancement can be observed. The total numbers of theupper two histograms and the fraction of the several decay modes are listed in Tab. A.9and Tab. A.10 in the appendix.Both track multiplicity distributions after conversion veto are dominated by the cor-rections in 1 prong decays (cp. the two upper plots in Fig. 7.22 with the plots in themiddle). There only changes in case of additional neutral pions are observed. This istheoretical expected. Only if a τ decays into charged and neutral pions, photons fromthe decaying π0 are predicted. The detected fractions of around 17% of 1 prong decayswithout neutral pions and around 83% with π0s agree with the theoretical predictionsmentioned in Chap. 2.3.1.The two lower plots in Fig. 7.22 show the corrections for 3 prong decay modes withthe corresponding Tab. 7.5. The enhancement is only marginal. But in both modeswithout and with applied track selection criteria a shift towards three recontructed trackscan be observed if additional neutral pions are produced. Nevertheless the result ofmainly changing distributions with neutral pions adverts to the correctness of the cleaningmethod and the vetoing in general.



92 Improvements of Photon Conversion Reconstruction in τ Environment7.8 ConclusionIf the explicit photon conversion veto is run on top of the TauRec default tracks se-lection criteria, which have been partly applied to suppress conversion tracks, still animprovement can be achieved.Thus the combination of applying the track selection criteria on the τ candidatesand using the more robust and more conventional TRT electron PID tool of the InnerDetector to identify the photon conversions, which is the most pessimistic setup leads tothe following enhancement:29.7% of the truthmatched electrons are reconstructed both as τ candidate track andas track of identi�ed photon conversions. After achieved an electron purity of 94% theseoverlapping tracks can be vetoed in the τ track multiplicity. Doing that the correctlyreconstructed track multiplicity of 1 prong decays can be increased by a factor of 3.13%whereas the 3 prong decay reconstruction can only be advanced by a factor of 0.19%.



Chapter 8Summary and OutlookThe reconstruction of τ leptons at a hadron collider such as the LHC is a di�cult but veryimportant task. Both the discovery of the Higgs boson and the precise study of SUSYneed a very good τ reconstruction, as in both cases important τ lepton �nal states exist.Even information on the spin correlation in case of τ pair productions can be determined.Therefore the τ decay mode has to be reconstructed correctly. Interactions of photonswith detector material lead to photon conversions. Thus there additional charged tracksin the τ lepton environment have to be taken into account. This thesis describes severaldevelopments to achieve an explicit photon conversion reconstruction and identi�cationin the τ decay cone.First the content of τ candidate tracks has been analysed. Even if the TauRec trackselection criteria are applied, which have been partly developed to suppress photon con-version tracks, about 8.2% of all τ tracks are electrons and positrons. About 66% of thesetracks originate from photon conversions. In order to identify these tracks correctly anexplicite photon conversion identi�cation is needed.After testing the default photon conversion reconstruction and identi�cation algo-rithm in the τ environment, which has been optimised for photon conversions of H → γγprocesses, it was clear that the existing identi�cation method cannot be used for thegiven task. A �rst check revealed that the seeds of photon conversions (VxCandidates)provided by the default reconstruction algorithm are su�ciently reconstructed. Thus55% of the e± tracks of τ candidates are reconstructed as VxCandidates. Due to thefact that nearly 30% of the VxCandidates are pion tracks an electron identi�cation isnecessary.To achieve the highest possible electron purity of VxCandidates, two electron identi�-cation methods have been tested. The �rst one provides an electron probability for eachtrack based on the information from Transition Radiation Tracker (TRT). Additionally amethod providing an electron probability, based on the information from electromagneticcalorimeter (ECal), has been newly implemented. Both probabilities are su�ciently un-correlated and can be applied seperately or combined. Due to the very complex structureof the ECal based electron probability, at �rst only the TRT based electron probabil-ity (eProb) is used to identify photon conversions. A cut on eProb > 90% puri�es theVxCandidates to an electron purity of 94% with a photon conversion reconstruction ef-�ciency of 15.2%. More important than the photon conversion reconstruction e�ciencyis the fraction of reconstructed and identi�ed photon conversions overlapping with con-version tracks picked up by the τ reconstruction algorithm as τ track because these are



94 Summary and Outlookthe tracks which lead to wrong τ track multiplicities. This fraction is 29.7%.If the VxCandidates after electron identi�cation are used as explicit photon conversionveto in the τ candidates an improvement of the τ track multiplicity can be achieved. Thisconversion veto can be applied either on top of the already existing TauRec track selectioncriteria or without such quality cuts.If no track selection criteria (TSC) are applied the enhancement is signi�cantly larger.This is due to the fact that the TSC are designed to supress photon conversion tracks. Ithas to be mentioned that running the TauRec algorithm without any track quality cutsis more an academic example of the maximal improvment than a realistic result. Theimprovement of the correctly reconstructed track multiplicity of 1 prong decays can beenhanced by a fraction of 10.2% in case of 3 prong decays by a factor of 3.8% whereasa shift of the QCD background to one track τ leptons is 1.7% and to three track τ lep-tons 2.86%. Even if the track selection criteria are applied a slight improvement of thetrack multiplicity can be achieved. The improvement of the correctly reconstructed trackmultiplicity of 1 prong decays can be increased by a factor of 3.7%, the 3 prong recon-struction can only be advanced by a factor of 0.8%, whereas even the QCD backgroundis shifted by a factor of 0.6% to a track multiplicity of three and a factor of 0.5% towardsone track. All mentioned fractions are the di�erence of the number of tracks with thecorrect track multiplicity matched to the τ decay mode divided by the total number ofall reconstructed τ candidates.Methods for an explicit photon conversion reconstruction in the very dense τ environ-ment have been developed. First steps to correctly reconstruct the τ track multiplicity,correctly accounting for photon conversions have been presented. Additional studies onthe speci�c low pT VxCandidates developed for minimum bias events, shortly presentedin Sec. 7.6, are needed to check if they can improve the shown results. Further studiesof the e�ect of the conversion veto applied on QCD background with respect to trackmultiplicity changes are needed. After these checks, the study presented above can beimplemented as an extension of the already existing τ reconstruction algorithm. Usingthe explicit conversion veto information, at least one of the currently used track selectioncriteria can be re-tuned to optimise the reconstruction of τ leptons.
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Appendix AAdditional PlotsA.1 Theoretical OverviewA.1.1 Decay of the τ LeptonAdditional plots to chapter 2.3.1:
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Figure A.1: Kinematics of τ leptons from 10,000 simulated Z0 → ττ events. It isshown (1) the number of τ leptons per event, (2) η distribution of both leptons, (3)
φ distribution, (4) energy of the τs, which can be larger than the Z mass, becausethe Z boson has not been produced in rest system, (5) transversal momentum (pT )distribution, (6) invariant mass of the two τ shows a narrow peak, the Z boson mass(m0

Z = 91.876 GeV).
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Figure A.2: Kinematics of the τ leptons from simulated Z0 → ττ events. It is shown(1) the number of hadronically decayed τ leptons per event, (2) η distribution of thecombined decay products of the τ , (3) φ distribution, (4) energy distribution of thecombined τ decay products, which is smaller than the total energy distribution of the
τs, (5) transversal momentum (pT ) distribution, (6) invariant mass of the hadronicallydecayed τs shows a much broader peak than the invariant mass the τ -leptons this isbecause of the loss of the energy borne away by the neutrinos.



A.1 Theoretical Overview 107A.1.2 Photon ConversionsAdditional plots to chapter 2.3.2:

Figure A.3: Shown are the total photon cross sections as function of the energy ina) carbon and b) lead for di�erent processes: σp.e. atomic photoelectric e�ect (photonabsorption and electron emission); σRayleigh Rayleigh (coherent) scattering (atom neitherionized nor excited); σCompton incoherent compton scattering; κnuc pair production inthe nuclear �eld; κe pair production in the electromagnetic �eld; σg.d.r. photonnuclearinteractions (Giant Dipol Resonance).
0 0.25 0.5 0.75 1

0

0.25

0.50

0.75

1.00

x = E/k

Pair production

(X
0

N
A

/
A

) 
d

σ L
P

M
/

d
x

1 TeV

10 TeV

100 TeV

1 PeV
10 PeV

1 EeV

100 PeVFigure A.4: The normalized photon conversion cross section dσLPM/dy versus fractionalelectron energy x = E/k.



108 Additional PlotsA.2 The Reconstruction AlgorithmsA.2.1 The τ Reconstruction

Figure A.5: All likelihood input variables from TauCSC note [16].
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Figure A.6: E�ciency and purity in φ of τ candidates in the left column and τs afterlikelihood cut in the right column, for several decay modes
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Figure A.7: E�ciency and purity in pT of τ candidates in the left column and τs afterlikelihood cut in the right column, for several decay modes



A.2 The Reconstruction Algorithms 111A.2.2 Reconstruction and Identi�cation of Photon Conversions

Figure A.8: Truth vertices of photon conversions which are reconstructable. Due to a lackof TRT elements for a pseudorapidity |η| > 2.1, the photon conversion reconstructionalgorithm has a cut of at |η| = 2.1. Only tracks with hits within the Inner Detector(R < 800mm) and with a transverse momentum pT > 500 MeV are reconstructable.The shown vertcies have passed these cuts. These fraction of the total simulated truthphoton conversions are used to calculate the e�cinecy and purity of the photon conversionalgorithm.

Figure A.9: All vertices of truth photon conversions and the reconstructed vertices bythe InDetConversionFinder tool, the seeds for photon conversions, are shown.In Chap. 5.2 the following cuts have been described. These quality cuts are appliedduring the reconstruction of photon conversions (VxCandidates). For each reconstructionstep the cut�ow table is listed below. All results are taken from [17]:



112 Additional PlotsTrack SelectionTable A.1: Track selection cuts. Cumulative e�ciency and rejection rates are presented.Cut E�ciency RejectionNo Cuts 0.7378 1.00Impact d0 0.7334 1.16Impact z0 0.7316 1.18TR ratio 0.7119 2.12Track Pair SelectionTable A.2: List of cuts employed during the track pair selection for the three possibletypes of track pairs.The cumulative e�ciency and rejection rate are presented. See textfor the de�nition of the cut variables.Cut E�ciency RejectionPolar Angle 0.7070 10.8First Hit dR 0.7049 12.5Min Distance 0.6994 16.3dXY 0.6970 16.5Vertex R 0.6959 16.6Min Arc L 0.6935 40.3Max Arc L 0.6890 111.6dz 0.6870 111.9Vertex FittingTable A.3: Post-vertex �t selection cuts. Cumulative e�ciency and rejection rates arepresented. Cut E�ciency RejectionFit Convergence 0.6870 171.5Fit χ2 0.6710 288.9Invariant Mass 0.6626 353.9Photon pT 0.6625 377.1



A.3 Developement of Speci�c Software Tools 113A.3 Developement of Speci�c Software Tools
EVUDVertex ToolTable A.4 shows most of the variables which are stored in the D3PDs by using theTauDPDMaker calling the EVUDVertex class. Naturally, the other newly implementedEVUD classes store addtional variables in the D3PD, too. Due to the importance ofphoton conversions for this thesis, the variables provided to describe the conversionshave been chosen as an example.Table A.4: List of informations of conversion variables provided by EVUDVertex class.Conversion Vertex Informations Truthmatched InformationsConv NumVertices Conv isConvConv Vtx x Conv is elec pairConv Vtx y Conv Vtx truth barcodeConv Vtx z Conv Vtx xtruthConv Vtx sigx Conv Vtx ytruthConv Vtx sigy Conv Vtx ztruthConv Vtx sigz Conv Trk truth PDGIDConv Vtx chi2 TRT PID VariablesConv Vtx pt Conv Trk eProbCombConv Vtx ndf Conv Trk eProbHTConv Vtx chi2prob Conv Trk eProbToTConv Vtx numTracks Conv Trk truth PDGIDConversion Track Informations Variables for ECal Identi�cationConv Trk chi2 Conv Trk onlyTRTConv Trk d0 Conv Trk ECal isConv Trk sigd0 Conv Trk ECal dEtaConv Trk z0 Conv Trk ECal dPhiConv Trk sigz0 Conv Trk ECal E1Conv Trk phi Conv Trk ECal E2Conv Trk sigphi Conv Trk ECal E3Conv Trk thetaConv Trk sigthetaConv Trk qOverPConv Trk sigqOverPConv Trk etaConv Trk pxConv Trk pyConv Trk pzConv Trk Index



114 Additional PlotsA.4 Improvements of Photon Conversion Reconstruction in
τ EnvironmentA.4.1 Contant of reconstructed τ coneTable A.5: Total number and fraction of track IDs of τ candidates with and withoutTrack Selection Criteria.with TSC no TSCtruth ID entries fraction entries fraction

π+ 25596 36.4% 38855 29.2%
π− 26635 36.5% 72.9% 38860 29.2% 58.4%
e− 2877 4.1% 17074 12.8%
e+ 2868 4.1% 8.2% 16757 12.6% 25.4%
K+ 4039 5.7% 5194 3.9%
K− 3772 5.4% 11.1% 4787 3.6% 7.5%
µ− 833 1.2% 982 0.7%
µ+ 834 1.2% 2.4% 989 0.7% 1.4%not matched 4 5 · 10−5 - 1748 1.3 % 1.3%

p+ remnant 3795 5.4% 5.4% 7742 5.8 % 5.8 %total: 70252 132989



A.4 Improvements of Photon Conversion Reconstruction 115A.4.2 Comparision of Event Displays of Events with Photon Conver-sions
ATLAS  Atlantis event:JiveXML_5188_07541 run:5188 ev:7541  geometry: <default>
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Figure A.10: Event Display of photon conversion produced in a τ decay from a Z0 → ττevent produced by ATLANTIS. The upper left plot shows the X-Y plain, the upperright plot the η-φ plain and the lower plot the Z-ρ plain of the ATLAS detector. The
τ jets are marked in yellow. The photon conversion takes place in the Pixel Detectormarked in magenta. The τs deposit their energies in the electromagnetic calorimeter(green) and in the hadronic calorimeter (red). In blue the muon chambers are displayed.Much more tracks as in case of the H → γγ event are left in the detector. Thus thecorrect identi�cations of the electron and positron tracks of the photon conversion aremuch more complex.
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ATLAS  Atlantis event:JiveXML_6384_00736 run:6384 ev:736  geometry: <default>
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Figure A.11: Event Display of a photon conversion in a H → γγ event produced byATLANTIS. The upper left plot shows the X-Y plain, the upper right plot the η-φ plainand the lower plot the Z-ρ plain of the ATLAS detector. The yellow circles in the η-φ plainassign reconstructed photon objects. The photon in the middle shows an additionallymagenta dot which marks a vertex candidate. In this case it is the reconstructed vertexof a photon conversion. In the X-Y plain the photon conversion can be seen very clearly.In case of H → γγ events the photons conversions can be isolated from other tracksmuch better than in the τ decay cone. It seems that at least one track of the photonconversion tracks comes from the interaction point (IP). This is due to the fact, that theevent informations used to built these displays cannot use the speci�c track selectionsused for conversion tracks and therefore assumes that every track comes from IP.
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pFigure A.12: Several histograms of TRT variables (0.5< pT < 1.0 GeV). All histogramsshow TRT variables for electrons pions and kaons. From upper left to lower right: numberof total TRT hits, number of TRT hits above high threshold, number of low thresholdTRT hits, ratio of high threshold hits over total and ratio of high threshold hits over lowthreshold hits for each track. The statistic box at the top of each plot shows the valuesfor electrons.
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pFigure A.13: Several histograms of TRT variables (1.0< pT < 2.0 GeV).
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pFigure A.14: Several histograms of TRT variables (2.0< pT < 5.0 GeV).
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pFigure A.15: Several histograms of TRT variables (5.0< pT < 10.0 GeV).
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pFigure A.16: Several histograms of TRT variables (pT > 10.0 GeV).
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Figure A.17: These plots contain a lot of informations. Most important information,if the classi�er response is directly used as discrimination variable, is the peak of thesigni�cance, which shows the best cut value to distinguish signal from background. Ad-ditionally the signal purity, the signal and background e�ciency and the signal puritytimes the signal e�ciency are plotted. The results of the same classi�er as in �g. 7.9 arepictured. As the BDTD classi�er has been chosen for further studies only this plots isbrie�y discussed (upper right plot): The signi�cance plot proposes a BDT response cutat -0.165. Due to the constraint that for vetoing conversion tracks in τ candidates a veryhigh purity (> 90 %) is needed a cut on the BDT response larger than 0.22 has to berequired. Nevertheless to get a value much better comparable with the Inner DetectorPID the BDT response has to be translated into an electron probability.
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Figure A.18: Smoothing the ECal eProb histogram for classi�cation. To avoid �uctua-tions in the ECal eProb distribution depending on the bin size of the "look up" histogram,as described in Chap. 7.4.4, it has to be smoothed. The upper left plot shows the binned"look up" distribution. Upper middle plot is the result of using a standard ROOTTGraphSmooth method. To get a reasonable distribution a so-called ROOT SmoothK-ern method has to be used. The results of with several input variables are shown in theother four histograms.
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Figure A.19: To decide which VxCandidate should be kept if �nding several VxCandi-ates build with the same tracks additional discrimination parameters have to be used.Therefore many parameters have been tested. In the end the discrimination parameteris the un�tted invariant mass of the track pair. Are more than two VxCandidates foundbuilt with the same tracks the VxCandidate with the lowest invariant mass is kept. Theleft plot shows the distance of the secondary vertex from interaction point.



122 Additional PlotsTable A.6: Cut �ow table of VxCandidate cleaning during optimisation.Cuts E�. Pur.no cutsno cuts 34.4 47.4preselection cutswithin a τ cone ∆R < 0.3 36.1 58.7chi2Prob > 0.00001 29.0 67.9cuts 0.01 0.05 0.10 0.15 0.2eProb 29.0 67.9 29.0 67.9 28.7 71.2 28.1 74.4 27.7 76.4ECal eProb 29.0 67.9 29.0 67.9 29.0 67.9 29.0 67.9 28.9 68.4eProb + ECal eProb 29.0 67.9 29.0 67.9 28.7 71.2 28.1 74.4 27.6 76.8(eProb · ECal eProb)Trk 29.0 67.9 28.8 71.8 28.1 76.8 27.4 80.7 26.1 84.1(eProb · ECal eProb)Trk1 29.0 70.0 28.2 78.4 26.3 83.9 23.9 86.6 21.1 89.0
· (eProb · ECal eProb)Trk2(eProb · ECal eProb) 21.2 67.3 21.1 71.3 20.6 76.7 20.0 81.1 19.1 84.9+ sup. comb.cuts 0.25 0.30 0.35 0.40 0.45eProb 27.3 77.9 27.0 78.8 26.7 79.9 26.4 80.8 21.4 85.4ECal eProb 28.4 70.3 27.8 71.8 26.8 73.2 25.5 75.1 23.1 78.2eProb + ECal eProb 26.8 79.5 26.0 81.4 24.8 83.4 23.3 85.3 16.9 89.5(eProb · ECal eProb)Trk 24.6 86.7 22.8 89.3 21.0 91.2 17.7 91.8 15.5 92.8(eProb · ECal eProb)Trk1 19.4 90.8 17.4 92.5 15.7 93.2 14.1 94.1 12.7 94.8
· (eProb · ECal eProb)Trk2(eProb · ECal eProb) 17.9 87.7 16.5 90.1 14.9 92.0 12.5 92.7 10.8 93.7+ sup. comb.cuts 0.5 0.55 0.60 0.65 0.70eProb 21.0 86.4 20.4 88.1 19.9 89.2 19.4 89.9 18.8 90.4ECal eProb 21.2 80.8 19.9 83.1 18.5 84.6 16.5 86.7 14.2 88.5eProb + ECal eProb 15.3 90.9 14.1 92.7 12.7 93.7 11.2 94.8 9.5 95.6(eProb · ECal eProb)Trk 14.0 93.8 12.9 94.6 11.5 95.1 10.0 95.7 8.6 96.7(eProb · ECal eProb)Trk1 11.5 95.1 10.1 95.8 8.8 96.8 7.6 97.4 6.1 97.7
· (eProb · ECal eProb)Trk2(eProb · ECal eProb) 9.6 95.0 8.8 95.8 7.8 96.5 6.9 97.1 6.0 97.5+ sup. comb.cuts 0.75 0.80 0.85 0.90 0.95eProb 18.0 91.2 17.2 92.1 16.3 93.0 15.2 94.0 13.3 95.1ECal eProb 12.3 90.5 10.0 92.6 7.7 93.8 4.1 95.4 0.7 100eProb + ECal eProb 7.8 96.3 6.1 97.4 4.4 97.7 2.1 98.3 0.4 100(eProb · ECal eProb)Trk 7.0 97.1 5.4 97.8 3.7 98.3 1.7 98.0 0.3 100(eProb · ECal eProb)Trk1 4.7 98.2 3.4 98.0 1.7 97.9 0.5 98.7 0 -
· (eProb · ECal eProb)Trk2(eProb · ECal eProb) 4.9 97.5 3.8 97.8 2.7 98.3 1.3 98.2 0.2 100+ sup. comb.
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Table A.7: Truth ID of VxCandidates in the Tau Cone. Compared with the electronpurity of 60 % of the unpuri�ed VxCandidates the purity decreases. This is due to thelarge number of charged pions within the τ decay environment. Thus the conversionreconstruction tool picks up more pions as conversion tracks and the purity decreases.To achieve a su�cient photon conversion electron purity additional identi�cation criteriaare needed. Truth ID Entries Fraction Combinede− 1566 ± 39.57 24.72 ± 0.62e+ 1593 ± 39.91 25.15 ± 0.63 49.87 ± 1.25

π+ 1340 ± 36.61 21.16 ± 0.58
π− 1436 ± 37.89 22.67 ± 0.60 43.83 ± 1.18K+ 182 ± 13.49 2.87 ± 0.21K− 217 ± 14.73 3.43 ± 0.23 6.30 ± 0.45total: 6334

Table A.8: Truth ID of VxCandidates in TauCone after applying a cut on eProb > 0.9and the mentioned preselection cuts. The electron purity of the VxCandiates within the
τ cone is slightly worse than the electron purity of all identi�ed conversions (94%), butdue to the much higher pion background within the τ lepton decay environment theresults are very promising.Truth ID Entries Fraction Combinede− 858 ± 29.29 45.04 ± 1.54e+ 847 ± 29.10 44.46 ± 1.53 89.50 ± 3.07

π+ 78 ± 8.83 4.09 ± 0.46
π− 96 ± 9.80 5.04 ± 0.51 9.13 ± 0.98K+ 9 ± 3.00 0.47 ± 0.16K− 9 ± 3.00 0.47 ± 0.16 0.94 ± 0.31total: 1905



124 Additional PlotsTable A.9: Table of the track multiplicity of τ candidates before and after conversionveto without any applied track selection criteria. Upper part lists the total number ofentries of 10k Z0 → ττ events. The lower part shows the total fraction of a speci�c decaymode with respect to the number of reconstructed tracks of all τ candidates.Track Multiplicity: 0 1 2 3 4 5 more total1 Prong 69 4648 2464 1838 1120 754 1247 121401 Prong after veto 152 5669 2734 1619 837 455 674 121403 Prong 7 522 407 1373 734 404 636 40833 Prong after veto 24 605 423 1436 729 372 494 4083QCD backg. 508 1265 2030 2379 2345 1918 5921 16366QCD backg. after veto 602 1419 2216 2556 2402 1958 5213 163661 Prong 0.21 14.26 7.56 5.64 3.44 2.31 3.83 37.251 Prong after veto 0.47 17.40 8.39 4.97 2.57 1.40 2.07 37.253 Prong 0.02 1.60 1.25 4.21 2.25 1.24 1.95 12.533 Prong after veto 0.07 1.86 1.30 4.41 2.24 1.14 1.52 12.53QCD backg. 1.56 3.88 6.23 7.30 7.20 5.89 18.17 50.22QCD backg. after veto 1.85 4.35 6.80 7.84 7.37 6.01 16.00 50.22Table A.10: Table of the track multiplicity of τ candidates before and after conversionveto with applied track selection criteria. Upper part lists the total number of entries of10k Z0 → ττ events. The lower part shows the total fraction of a speci�c decay modewith respect to the number of reconstructed tracks of all τ candidates.Track Multiplicity: 0 1 2 3 4 5 > 5 total1 Prong 593 9202 1471 702 124 29 19 121401 Prong after veto 774 9505 1252 493 85 14 17 121403 Prong 39 992 771 1995 209 58 19 40833 Prong after veto 72 982 779 2002 186 43 19 4083QCD backg. 1683 3318 3800 2892 1902 1163 1608 16366QCD backg. after veto 1734 3358 3805 2893 1897 1159 1520 163661 Prong 1.82 28.24 4.51 2.15 0.38 0.09 0.06 37.251 Prong after veto 2.38 29.17 3.84 1.51 0.26 0.04 0.05 37.253 Prong 0.12 3.04 2.37 6.12 0.64 0.18 0.06 12.533 Prong after veto 0.22 3.01 2.39 6.14 0.57 0.13 0.06 12.53QCD backg. 5.16 10.18 11.66 8.87 5.84 3.57 4.93 50.22QCD backg. after veto 5.32 10.30 11.68 8.88 5.82 3.56 4.66 50.22
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Figure A.20: Fraction of tracks per τ candidate before and after explicit conversion veto.
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