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AbstratIn this thesis, a searh for events with isolated leptons and large missing transversemomentum at Hera is presented. Data with an integrated luminosity of 40.76 pb−1of e+p-ollisions olleted with the Zeus detetor at a CMS energy of 318GeV duringthe Hera II running period in the years 2003 and 2004 were used. Some extensionsof the Standard Model ontain Fn proesses at tree level, whih ould lead toa signi�antly enhaned rate of singly produed t-quarks at Hera (e±p → e±tX).The signature of interest originates from the deay t → bW+ with a subsequentleptoni deay of the W -boson (W+ → e+νe, µ
+νµ, τ

+ντ ). After the �nal seletion,one event was found in data in the ombined e- and µ-hannels, where 1.27±0.15were expeted from Sm preditions. The seletion e�ieny in these hannels was13.4+1.8
−0.8% for a t-quark mass of 175GeV. In ombination with independent searhesin Hera I data in both, the leptoni and hadroni hannel, limits on the Fnouplings through photon and Z-boson exhange were derived. The Nlo limit

κtuγ < 0.160+0.014
−0.012 at 95% CL for a t-quark mass of 175GeV is the most stringentso far. Together with the most stingent limit on vtuz of 0.37, an upper ross setionlimit of σsingle t < 0.186+0.029

−0.012 pb was obtained. Also a limit on the ross setion ofsingle W -boson prodution of σsingle W < 1.54+0.67
−0.41 pb was obtained at 95% CL.In this thesis, also a simulation study to optimise design parameters of a Mapsbased vertex detetor for a future Il is presented. The study was based on theTesla TDR. In order to evaluate the e�et of di�erent design options for the vertexdetetor on the physis performane of the whole detetor, the reonstrution of the

t-quark mass from the signal proess e+e− → tt̄ in the all-hadroni deay hannelwas used. The fast simulation program Sgv was equipped with a neural-networkbased heavy-�avour tagging, where the b-tagging ahieved a purity of 86% at ane�ieny of 70%. It was found that the reonstrution of the t-quark mass was notsuessful due to resolution limitations in Sgv. Nevertheless, today the ombinationof Sgv and heavy-�avour tagging is used internationally for vertex detetor designstudies using other analysis branhes.



ZusammenfassungIn diese Arbeit wird die Suhe nah Ereignissen mit isolierten Leptonen und groÿemfehlenden Transversalimpuls bei Hera beshrieben. Dazu wurden Daten aus e+p-Kollisionen mit einer integrierten Luminosität von 40.76 pb−1 verwendet, die mitdem Zeus-Detektor bei einer Shwerpunktsenergie von 318GeV während der HeraII Datennahmeperiode in den Jahren 2003 und 2004 genommen wurden. Einige Er-weiterungen des Standardmodells erö�nen die Möglihkeit von Fn-Prozessen, diezu einer messbaren Rate einzeln erzeugter t-Quarks bei Hera (e±p→ e±tX) führenkönnen. Die gesuhte Signatur wird durh den Zerfall t→ bW+ mit nahfolgendemleptonishen Zerfall des W -Bosons (W+ → e+νe, µ
+νµ, τ

+ντ ) hervorgerufen. In denkombinierten e- und µ-Kanälen wurde ein Ereignis in den Daten gefunden, wäh-rend 1.27±0.15 aus Vorhersagen des Standardmodells erwartet werden. Die E�zi-enz der Selektion in diesen Kanälen betrug 13.4+1.8
−0.8%. Zusammen mit unabhängigenSuhen in Hera I-Daten sowohl im leptonishen als auh im hadronishen Kanalwurden Grenzen für die Fn-Kopplungen durh Photon- und Z-Boson-Austaushabgeleitet. Die Nlo-Grenze κtuγ < 0.160+0.014

−0.012 mit 95% CL, errehnet für eine t-Quark-Masse von 175GeV, ist die bisher strengste. Zusammen mit der strengstenGrenze für vtuz von 0.37 wurde eine obere Grenze für den Wirkungsquershnitt von
σsingle t < 0.186+0.029

−0.012 pb erhalten. Auÿerdem wurde eine Grenze für den Wirkungs-quershnitt der Erzeugung einzelner W -Bosonen von σsingle W < 1.54+0.67
−0.41 pb mit95% CL erhalten.Ebenfalls in dieser Arbeit wird eine Simulationsstudie zur Optimierung von De-signparametern einesMaps-basierten Vertexdetektors für einen zukünftigen Il aufder Basis der Tesla TDR präsentiert. Um die Auswirkungen von Änderungen imVertexdetektordesign auf die physikalishe Leistungsfähigkeit des gesamten Detek-tors zu untersuhen, wurde die Rekonstruktion der t-Quark-Masse im vollständighadronishen Zerfallskanal des Signalprozesses e+e− → tt̄ verwendet. Das shnelleSimulationsprogramm Sgv wurde dazu mit einer Identi�kation von shweren Quarksbasierend auf neuronalen Netzen versehen, wobei die b-Identi�kation eine Reinheitvon 86% bei einer E�zienz von 70% erreihte. Aufgrund der Au�ösungsgrenzen vonSgv konnte die t-Quark-Masse allerdings niht rekonstruiert werden. Inzwishenist die Kombination von Sgv mit der Identi�kation von shweren Quark heute inVertexdetektor-Designstudien mit anderen Analyseansätzen international im Ein-satz.
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Chapter 1IntrodutionThe Standard Model of partile physis (Sm) desribes the eletro-weak and stronginterations of elementary partiles with exellent auray over the whole energyrange urrently aessible to experiments. However, many fundamental fats remainunexplained like e.g. the quark-lepton symmetry and the struture of the gaugegroups. Also the inorporation of gravity has not sueeded yet. It is generallyassumed, that in fat the Standard Model is a low-energy approximation of a moreomplete theory. The experimental observation of deviations from the StandardModel ould pave the way for a theory, whih provides a deeper understanding ofthe struture of matter. Rare Standard Model proesses with lean experimentalsignatures in extreme regions of the phase spae are good andidates to look forsuh deviations.At Hera, events with isolated leptons and large missing transverse momentumare an example for suh proesses. The event rate expeted from the StandardModel is very small and any exess over these preditions would provide a hint ofnew physis beyond the Standard Model. One Standard Model proess, the diretprodution of single W -bosons, has a measurable ross setion at Hera of about1 pb. The signature of interest originates from the subsequent leptoni deay of the
W -boson. The prodution of single t-quarks via �avour-hanging neutral urrents(Fn) also leads to isolated leptons and large missing transverse momentum by itsdominant deay to a W -boson and a b-quark with the W -boson deaying leptoni-ally. However, in the Standard Model no sizable ross setion is predited. Theseevents would be haraterised by the presene of additional large hadroni trans-verse momentum originating from the b-quark. Some extensions to the StandardModel ontain proesses, whih enhane the rate of Fn with singly produed t-quarks. In the past, the H1 and Zeus experiments at Hera observed exesses in thisregime. H1 reported an aumulating exess of suh events in the eletron/positronand muon deay hannels. On the other hand, Zeus observed an exess in the τ -lepton hannel with a Poisson-probability of 1.8% for the data taken during 1994 �7



2000.In the analysis presented here, events with isolated leptons and large missingtransverse momentum in data of an integrated luminosity of 40.76 pb−1 olletedwith the Zeus detetor in the years 2003 and 2004 at a enter-of-mass energy of318GeV were searhed for.Besides looking for deviations from the Standard Model with existing exper-iments, the validity of ertain models, like supersymmetry, an be tested by ex-periments of striking auray at energies, whih were inaessible in the past andwhere the e�et of these extensions is expeted to beome more visible. An im-portant mile-stone is the Large Hadron Collider (Lh) presently built in Geneva,Switzerland, a proton-proton ollider with a enter-of-mass energy of 14TeV � seventimes higher than the energies ahieved so far. The next step is also under prepa-ration: An international linear ollider (Il) with eletron-positron ollisions upto the TeV-regime will ontribute signi�antly with disoveries and preision mea-surements to the ompletion of our knowledge about the struture of matter. Aworldwide researh and development e�ort is ongoing. The Tesla projet proposedat the Deutshes Elektronen-Synhrotron (Desy), Hamburg, Germany, representsone branh of the Il design.The vertex detetor for a future Il detetor will need to provide an unpree-dented auray in order to reonstrut the deay of unstable partiles with longlifetimes. Several sensor tehnologies are presently being developed and their per-formane is being studied. Also the most e�etive arhiteture for the future vertexdetetor is being investigated.In this thesis, a simulation study to obtain optimised design parameters of avertex detetor based on the tehnology of monolithi ative pixel sensors is pre-sented. A full physis analysis was applied to simulated data. These data weregenerated using an existing fast simulation and reonstrution tool, whih was up-graded to ontain a sophistiated heavy-�avour tagging algorithm. The study wasarried out using the Tesla parameters. In the meantime, Tesla has merged withthe worldwide Il ommunity.This thesis is organised as follows: Chapter two outlines the theoretial frame-work relevant for the following analysis. The Standard Model is desribed and Smproesses in eletron/positron-proton ollisions at Hera onsidered in the analysisare explained for both, signal and bakground soures. Also models beyond theStandard Model are skethed and expeted Hera reations are desribed, whihould produe the signature of interest with emphasis on supersymmetri models.Chapter three desribes the Hera ollider and the Zeus experiment, whih wereused for the atual analysis. Chapter four gives the general strategy of the analysisand explains, how the signal proesses and several bakground soures ontribute tothe signature of interest. Chapter �ve gives an overview of the data taken with theZeus detetor and the Monte Carlo simulations used. The latter play a key role in



the �nal determination of limits. In hapter six, the variables used in the analysisare de�ned and their reonstrution is explained. The searh for events with isolatedleptons and large missing transverse momentum is desribed in hapter eight. It issplit in �ve seletion stages: A sample seletion with very basi requirements onthe seleted events based on earlier analyses of Hera I data was used to study thebakgrounds in Hera II not originating from eletron/positron-proton ollisions.The additional rejetion of suh bakgrounds leads to the ontrol seletion, wherekinemati variables were monitored for a rather large data sample. In the pre-seletion, events with isolated lepton andidates were seleted and isolated trakswere identi�ed as eletron/positron, muon or τ -lepton. The �nal seletion of W -boson andidates rejeted the most important Sm bakground proesses individuallyfor eah leptoni hannel and the �nal seletion of t-quark andidates was used toisolate events with the typial signature of singly produed t-quarks at Hera. Inhapter eight, the results of this searh are disussed. Based on these results forthe eletron/positron and muon hannel, limits on the prodution of single t-quarksvia Fn were omputed. Also a limit on the prodution ross setion for single
W -bosons was derived from the results of the fourth seletion stage. The resultsin the τ -lepton hannel were monitored with respet to the exess observed in theearlier searh. In hapter nine, Monte Carlo studies for the design of the vertexdetetor of the future Il are desribed. The Tesla projet, whih was the basisfor this study, is introdued and various possible sensor tehnologies for the vertexdetetor are desribed inluding monolithi ative pixel sensors, for whih this studywas arried out. The fast simulation program Sgv used in this study is desribedand the implementation of a neural-network based heavy-�avour tagging algorithminto Sgv is explained. This implementation was neessary to ope with the ex-tremely high reonstrution auray of the proposed vertex detetor. Monte Carlostudies for one partiular physis proess were made and ompared with a similaranalysis based on a full simulation of the Tesla detetor. Chapter ten summarisesthe results of both, the Zeus analysis and the Tesla simulation studies.





Chapter 2Theoretial OverviewThis hapter introdues the Standard Model of partile physis as the present basiframework of high-energy physis. Also some extensions to the Standard Modelare disussed, if relevant for this analysis. Lepton-proton sattering at Hera isdisussed emphasising the proesses to be onsidered in a searh for isolated leptons.Finally, possible prodution mehanisms of isolated leptons � within and beyond theStandard Model � are desribed.2.1 The Standard ModelIn the Standard Model (Sm) of partile physis, the fundamental onstituents ofmatter are spin-1/2 partiles (fermions), whih are desribed in quantum �eld the-ories as omplex �eld quanta governed by Lagrangian densities. The requirementthat the Lagrangian must not be hanged by a loal phase transformation (gaugeinvariane) leads diretly to the existene of an external �eld, whih is generatedby a gauge transformation of the vauum. This gauge transformation ompensatesfor the loal phase transformation. The orresponding �eld quantum is a masslessspin-1 partile (boson): the gauge boson. It ats as mediator of the fore betweenthe fermions.Three basi fores (interations) are ontained in the Standard Model: the ele-tromagneti, the weak and the strong interation. The strong interation, desribedby quantum hromodynamis (Qd), is represented by gauge transformations of thegroup SU(3). The eletromagneti interation, desribed by quantum eletrodynam-is (Qed), and the weak interation are uni�ed into one eletroweak interation inthe gauge group SU(2)L × U(1) 1. While gauge invariane requires massless gaugebosons, the weak interation is experimentally known to be mediated by massivebosons, thus breaking the gauge invariane. The problem is solved by treating them1The index L denotes a oupling to the left-handes hirality omponent only.11



12 CHAPTER 2. THEORETICAL OVERVIEWas massless and reating their masses afterwards from a salar bakground �eld,whih shields the weak interation and does not hange the gauge invariane. Theeletroweak uni�ation an take plae at an energy of the order of the weak gaugeboson masses. The salar bakground �eld is alled the Higgs �eld [2℄. This e�etis alled hidden gauge invariane [3℄ or spontaneous symmetry breaking. The Higgsboson has not been observed so far, with a urrent mass limit at mH > 114.4GeV2.From the theoretial point of view, the ompensation of divergenies in the weakinteration through the introdution of the Z0-boson in addition to the W±-bosonsworks only for
mH <

(

8π
√

2

3GF

)1/2

≈ 1TeV, (2.1)with the Fermi onstant GF = 1.166 · 10−5 GeV−2.The weak and the strong interation are desribed by renormalisable non-Abelian(non-ommutative) gauge theories3. The non-Abelian nature brings about self-oupling of the gauge bosons. Renormalisability, whih is needed to obtain �niteresults in perturbation theory, leeds to running oupling onstants. For example, theeletromagneti oupling α depends on Q2 like
α(Q2) =

α

1 − α
3π

ln Q2

Q2
0

(2.2)with Q2
0 = m2

e
4 and α = α(Q2

0) ≈ 1/137. The strong interation αs depends on Q2so, that the oupling inreases for lower Q2 and beomes zero for Q2 → ∞ [10℄ asseen at one-loop level from
αs(Q

2) =
12π

(33 − 2Nf) ln Q2

Λ2

(2.3)with
Λ2 = Q2

0 exp

(

− 12π

(33 − 2Nf)αs(Q2)

) (2.4)and the number of degrees of freedom Nf ≤ 16. Nf = 6 is assumed (two fermionidegrees of freedom for eah generation) and Λ is not alulable inQd. Its de�nitionis arbitrary and depends on the onsidered proess. The ase of dereasing ouplingis alled asymptoti freedom, whereas a oupling of the order of 1 desribes the aseof on�nement. In the latter ase an analytial treatment by perturbation theory isnot possible for alulations. The interations of the Standard Model and the gaugebosons are listed in Tab. 2.1. Gravity as the fourth interation is not inorporated2All numbers and onstants given in this setion are from [4℄.3It is proven, that non-Abelian gauge theories are renormalisable [9℄.4eletron mass me = 0.511MeV



2.1. THE STANDARD MODEL 13Interationel.-magn. weak strongGauge boson photon (γ) W± Z0 8 gluons (g)Mass (GeV) < 6 · 10−26 80.425 ± 0.038 91.188 ± 0.0021 0Charge 0 ±1 0 0Gauge group SU(2)L × U(1) SU(3)Table 2.1: Fundamental fores of the Standard ModelFor the gauge bosons, the mass eigenstates are listed. In fat, the neutral eletroweakgauge bosons γ and Z0 are mixtures of the �eld quantaW 0 and B0 of the eletroweaktheorie. They are onneted via the weak mixing angle (Weinberg angle) [5℄ with
sin2 θW = 0.23149(15). Charges are given in units of the elementary harge.in the Standard Model. Anyway it is 36 orders of magnitude weaker than the otherinterations and irrelevant for the onsidered energy region.The fermions are divided into two groups, the leptons (l) and the quarks (q) [11℄,and eah group has three doubletts with two partiles eah. The doubletts of eahgroup di�er only by the partile masses, not by interations (universality). Thequark and lepton-doublett of one order in mass form a generation5. In addition foreah partileX there exists an antipartile X̄, whih has the same mass but oppositequantum numbers. Also the harged fermions obtain their masses from the Higgs�eld. This results in proportionality of the Higgs-fermion oupling to these masses.The fermions are listed in Tab. 2.2Whether a partiular partile partiipates in an interation depends on its harge.The photon ouples to eletri harges, the weak gauge bosons ouple to weak hyper-harges and the gluons to olour harges. Due to on�nement free quarks and gluonsannot exist, but are fored to form olour neutral objets (olour singletts): thehadrons. Through eletroweak uni�ation, eletri harge and weak hyperhargesare onneted via the Weinberg angle as the neutral gauge bosons are. In addition,quarks of harge −1/3 do not ouple diretly to the weak gauge bosons but via su-perpositions with quarks from other families [6℄. This allows weak transitions fromone quark doublett to another. The orresponding mixing angles form the Cabibbo-Kobayashi-Maskawa (CKM) matrix VCKM . The omplex phase in the o�-diagonalelements of VCKM

6 allows CP -violation for weak deays. Indeed, CP -violation is oneof three requirements7 for the partile-antipartile asymmetry in the universe and5Our �world� is built from the harged partiles of the �rst generation: the u- and d-quark fromthe �rst quark-doublett and the eletron from the �rst lepton-doublett.6The existane of this omplex phase requires at least three generations.7The other requirements are baryon number violation (see 2.2.1) and thermal non-equilibriumin a ertain early phase of the universe.



14 CHAPTER 2. THEORETICAL OVERVIEWDoublettsQuarks Leptons1 d u e− νeMass (MeV) 4�8 1.5�4 0.511 < 3 · 10−6Generation 2 s c µ− νµMass (MeV) 80�130 1150�1350 105.7 < 0.193 b t τ− ντMass (GeV) 4.1�4.9 174.3 ± 5.1 1.777 < 0.0182Charge −1/3 +2/3 −1 0el.-magn. yes yes yes noInteration weak yes yes yes yesstrong yes yes no noTable 2.2: Fundamental fermions of the Standard ModelNote, that masses are given on di�erent sales. Charges are given in units of the ele-mentary harge. Everything is also valid for the orresponding antipartiles (hargeswith opposite sign).so for the existene of life in the end [7℄. Additional transitions from one family toanother our within neutrinos (neutrino-osillation), whih implies that neutrinoshave mass.Thus, a omplete desription of the Standard Model is given in terms of gaugeinvariane, the threefold symmetry SU(3) × SU(2)L × U(1) and the three fermiongenerations with two doubletts eah. In addition, 33 natural onstants are needed,whih are unpredited within the Standard Model and have to be determined ex-perimentally. They are [8℄:� the 12 fermion masses,� the gravitational onstant GN and the osmologial onstant ΩΛ,� the strong oupling onstant αs,� three onstants to desribe the eletroweak interation, e.g. the eletromag-neti oupling onstant α, the Fermi onstant GF and the Weinberg angle
θW ,� four onstants of the CKM-matrix (three angles and one phase),� four onstants to desribe CP -violation phenomenologially,� four onstants to desribe neutrino-osillation,



2.2. BEYOND THE STANDARD MODEL 15� the speed of light c, the redued Plank onstant ~ and the Higgs mass mH .The Standard Model has been tested extensively over many years and with high-est preision. No signi�ant deviations from its preditions have been found so far.However, there are still open questions and problems. Some of them are listed inthe following:Higgs boson: As mentioned above, the Higgs boson has not been observed so far.Its existene is essential for the validity of the Standard Model.Fine-tuning problem: At higher sales, radiative orretions to the Higgs massare many orders of magnitude higher than the Higgs mass itself.Hierarhy problem: Why are sales so di�erent? The eletroweak uni�ationtakes plae around the mass of the Z0 (mZ). The uni�ation with the strongoupling is extrapolated to take plae at about 1016 GeV, whih is 14 ordersof magnitude higher.Partile masses: The partile masses are not explained by the Standard Model.Their spread over many orders of magnitude is puzzling.Number of Generations: The existene of three partile families is not explainedby the Standard Model.Gravity: Gravity is not inorporated in the Standard Model. The weakness of itsoupling is not understood.It is widely believed that the Standard Model is only a low energy approximation to amore omplete theory. Extensions to the Standard Model have been proposed, suhas e.g. Grand Uni�ed Theories (Gut), Supersymmetry (Susy)8 or string theories.Therefore, searhes for deviations from the Standard Model are also searhes forindiations of a more general theory.2.2 Beyond the Standard ModelAlthough the Standard Model has been rather suessful in prediting experimentalresults in the past, one expets new physis at an energy sale around 1TeV, that willbe aessible in the near future. However, new phenomena are not only aessibleat that energy sale. Even at lower energies it makes sense to searh for indiationsof physis beyond the Standard Model (Bsm), whih might manifest itself via virtualontributions. This strategy was suessful in the past by e.g. pinning down the
t-quark mass via eletroweak measurements at LEP [14℄.8see 2.2.1 and 2.2.2, respetively



16 CHAPTER 2. THEORETICAL OVERVIEWIn the following, short desriptions of some theories beyond the Standard Modelare given with emphasis on the best understood and promising ones, the GrandUni�ed Theories and Supersymmetry. How they possibly an ontribute to thesignature of interest in this analysis is desribed in more detail in 2.4.2.2 and 2.4.3.The given desriptions of the theories are partially based on the summaries in [15℄.2.2.1 Grand Uni�ed TheoriesThe philosophy of Grand Uni�ed Theories (Gut) is based on the hypothesis, thateletromagneti, weak and strong interation are di�erent branhes of one single in-teration. The uni�ation takes plae at rather high energies of more then 1014 GeV,where the ouplings are of similar strength and one single symmetry dominates.With today's experiments, we only an see the low energy part, where this symme-try is broken and the ouplings split up.The underlying assumption inGut is, that there is only one single gauge symme-try with the symmetry group GGut = SU(N) and SU(3)×SU(2)L ×U(1) ⊂ GGut.It is spontaneously broken by a Higgs �eld, whih gives mass to the so-alled X-bosons with an estimated mass of mX ≃ 5× 1014 GeV < mP = 1019 GeV, where mPdenotes the Plank mass. Only the seond symmetry breaking at the weak salegives then mass to quarks, leptons and the gauge bosons. The simplest Gut is
SU(5) with 24 gauge bosons: the twelve we already know and six oulored, hargedbosons and their antipartiles. They are alled leptoquarks and an onvert quarksinto leptons and vie versa. Lepton number (L) and baryon number (B) are notonserved then, but B − L.Although Gut gives some orret preditions like e.g. for the Weinberg angle,there are some essential problems: Gut predits magneti monopoles without ele-tri harge, that have not been observed so far. And it also predits the protondeay on a time sale, whih has been exluded experimentally already. But themost essential problem is, that � ontrary to its name � Gut alone is not able tounify the ouplings exatly in one point! This is shown in Fig. 2.1(a).2.2.2 SupersymmetryThe onept of Supersymmetry (Susy) has been developed to solve problems ofthe Standard Model like e.g. the hierarhy or the �ne-tuning problem. Fine-tuningmeans a highly aurate renormalisation in all orders of perturbation theory to getrid of divergenies from radiative orretions to the Higgs mass, whih is rather�unnatural�9. Sine bosons and fermions ontribute with di�erent signs to theseorretions, the idea is to onnet them via a new symmetry so, that the orretions9The �ne-tuning problem is also alled naturalness problem



2.2. BEYOND THE STANDARD MODEL 17anel out eah other. In the simplest ase, this an be ahieved, if every partile Xhas a super-partner X̃ with the same gauge quantum numbers and a spin di�ereneof 1/2. Susy does not distinguish between fermions (partiles) and bosons (intera-tions). It doubles the number of partiles. Pairs of a partile and its super-partneronstitute a super-multiplett as the representation of the Susy algebra. There is aSusy transformation between the super-partners and they even have the same mass.However, no Spartile10 has been observed so far. Thus, Susy must be broken tolet the Spartiles gain higher masses. Finally, a orretion of
∆(m2

H) = O
(( α

4π

)

∣

∣m2
b +m2

f

∣

∣

) (2.5)remains to the Higgs mass mH , where mb and mf are the masses of the bosoni(S)partile and its fermioni super-partner, respetively. And this orretion stayssmall, as long as ∣∣m2
b +m2

f

∣

∣ < 1TeV (weak Susy breaking).The simplest Susy extension to the Standard Model is alled Minimal Super-symmetri Model (Mssm). It ontains the minimal number of new partiles andinterations and every super-multiplett ontains one fermion and one boson as super-partners with the same number of degrees of freedom. The Sm fermions have salarsuper-partners with spin 0 (salar or hiral super-multiplett)11, the Sm gauge bosonshave fermioni super-partners with spin 1/2 (gauge super-multiplett) and the gravi-ton12 (G, spin 2) has a super-partner with spin 3/2. The Sm Higgs partile is a salarand so it belongs to a hiral super-multiplett. Contrary to the Standard Model, twoHiggs dubletts (Hd = (H0
d , H

−
d ), Hu = (H+

u , H
0
u)) are needed, whih di�er in theweak hyperharge and have eight degrees of freedom. Three of them ontribute tothe masses of the weak gauge bosons, the other �ve form the mass eigenstates of�ve Higgs bosons:� light neutral salar h0 (Sm Higgs)� heavy neutral salar H0� neutral pseudo-salar A0� harged salars H+, H−

h0 and H0 are mixings of Re (H0
d) and Re (H0

u) with the mixing angle α. The A0 isa mixing of Im (H0
d) and Im (H0

u) and H+ and H− are mixings of H−
d and H+

u withthe ommon mixing angle β. The hiral and the gauge super-multipletts are listedin Tabs. 2.3 and 2.4, respetively.10Susy partile11Sine the fermions have two degrees of freedom from their spin, even the salars need twodegrees of freedom from omplexity.12The graviton is the gauge boson of gavity.
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super-�eld quantum fermion salarquarks, Squarks Qi uL, dL ũL, d̃L(3 generations) Ūi u∗R ũC

L

D̄i d∗R d̃C
Lleptons, Sleptons Li νL, eL ν̃L, ẽL(3 generations) Ēi e∗R ẽC
LHiggs, Higgsino Hd H̃0

d , H̃−
d H0

d , H−
d

Hu H̃+
u , H̃0

u H+
u , H0

uTable 2.3: Chiral super-multiplettThe index i denotes the generations. The asterisk ∗ denotes onjugated, the super-sript C harge-onjugated states. The subsripts L and R of the fermions denotetheir hirality, those of the salars the hirality of the super-partner.
super-�eld quantum gauge boson fermion (gaugino)gluon, gluino g g̃

W -boson, Wino W±, W 0 W̃±, W̃ 0

B-boson, Bino B0 B̃0Table 2.4: Gauge super-multiplettWith eletroweak symmetry breaking, W 0 and B0 mix to Z0 and γ. Similarly, W̃ 0and B̃0 mix to Z̃0 (Zino) and γ̃ (photino).



2.2. BEYOND THE STANDARD MODEL 19While the Sm fermions gain their masses from the Higgs mehanism, for the salarsuper-partners an additional mass term exists, whih auses the Susy breaking. TheSusy breaking mehanism itself is still unknown and a parametrising ansatz leads to105 (!) free parameters in theMssm. But experimental onstraints showed relationsbetween these parameters and with some reasonable additional assumptions only 14parameters stay independent. This model is able now to unify the oupling onstantsas shown in Fig. 2.1(b) [17℄. The ompared oupling onstants are:
α1 =

5α

3 cos2 θW
, (2.6)

α2 =
α

sin2 θW

, (2.7)
α3 =

g2
s

4π
, (2.8)where gs is proportional to √

αs. From the unifying �t one an predit the sales(a) (b)

Figure 2.1: Extrapolations of oupling onstants in GutThe oupling onstants αi, i = 1, 2, 3 are explained in the text. (a) Gut is the onlyextension to the SM. The oupling onstants do not unify there. (b) The MSSM isadded and the ouplings unify at Q ≈ 2 · 1016 GeV.
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MSusy and MGut as well as the oupling onstant αGut:

MSusy = 103.4±0.9±0.4 GeV,
MGut = 1015.8±0.3±0.1 GeV,
α−1Gut = 126.3 ± 1.9 ± 1.0 , (2.9)where the �rst error omes from the errors on the oupling onstants and the seonderror from the mass splitting in Mssm. If one assumes the two Higgs dublettsfrom Susy to be realised, the theoretial relation of the gradients of the ouplingonstants gives 0.714, where a value of 0.719± 0.008± 0.03 has been measured [16℄.Furtheron, one an assume a universality of masses, whih means that all massesof the supersymmetri salars and gauginos are equal at the Gut sale. Then thenumber of parameters is redued to �ve, where one usually uses:� m1/2 (gaugino mass),� m2

0 (salar mass),� mA (mass of Higgsino A),� tanβ = <Hu>
<Hd>

and� phase of omplex mass term µ with the Higgs mass √m2
0 + µ2.How the masses split, an be seen in the examples in Fig. 2.2. In partiular, theevolution of m2

Hu
is remarkable, beause it beomes negative for low energies, whihresults automatially in the eletroweak symmetry breaking.Two proposals for the Susy breaking mehanism are favoured at the moment:Minimal Supergravity (mSugra): This model assumes, that the Susy break-ing terms are aused by gravity or new physis at the Plank sale. Thegravitino (G̃) is very heavyGauge Mediated Susy Breaking (Gmsb): Here the Susy breaking is ausedby the gauge interations with a light G̃, whih usually is the lightest Susypartile (LSP). The lightest neutralino (Z̃ or γ̃) an deay into a G̃ and a Smpartile.Susy introdues a new multipliative quantum number: the R-parity. It isde�ned as

PR = (−1)3(B−L)+2S (2.10)with the partile spin S. Sm partiles have PR = +1 and Spartiles have PR = −1.If PR is onserved, Spartiles an be produed only in pairs, every vertex has an
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Figure 2.2: Evolution of Spartile masses and soft SUSY breaking pa-rameters [17℄Examples are given for (a) low and (b) high values of tan β. m1 and m2 denote thesoft SUSY breaking parameters m2
Hd

and m2
Hu
, respetively.even number of Spartiles and the LSP is stable. In ase that the LSP is neutral,it would be a good andidate for dark matter. But also R-parity violation (Rpv) isallowed by the most general Lagrangian. There the term

LRPV = λijkL
i
LL

j
LĒ

k
R + λ′ijkL

i
LQ

j
LD̄

k
R + λ′′ijkŪ

i
LD̄

j
LD̄

k
R + h.. (2.11)exists with the oupling parameters λ, λ′, λ′′ and the generation indies i, j, k.The apital letters denote the hiral super�elds of leptons (L), harged leptons (E),quarks (Q), d-type quarks (D) and u-type quarks (U). The indies L and R denoteleft-handed doubletts and right-handed singletts, respetively. One an see, that the�rst two ouplings do not onserve the lepton number L while the third ouplingdoes not onserve the baryon number B. Further one an see, that di�erent olliderexperiments are sensitive to di�erent ouplings: lepton-lepton olliders like Lep13or a future Il14 are sensitive to λ and hadron-hadron olliders like Tevatron orLh15 to λ′′. Hera as a lepton-hadron ollider provides the opportunity to test λ′.This option an be explored by a searh for deviations from the Standard Model inthe prodution of isolated leptons as explained in 2.4.3.1.13Large Eletron-Positron ollider14International Linear Collider15Large Hadron Collider



22 CHAPTER 2. THEORETICAL OVERVIEW2.3 Lepton-Proton Sattering at HeraSattering experiments have been a rih soure of insight for understanding thestruture of matter. Sattering leptons on hadrons is a very appropriate methodto study the struture of the hadron, sine the pointlike lepton ats as a probe forthe proton, whose kinemati properties are known very well. At Hera16, eletrons(e−) or positrons (e+)17 are brought to ollision with protons (p) at a enter-of-mass(CMS) energy of 318GeV. Besides the struture of the proton this also probes thenature of eletroweak and strong interations with high preision.2.3.1 KinematisFig. 2.3 illustrates eletron-proton sattering at Hera. The inoming eletron

Figure 2.3: Illustration of lepton-proton sattering at Hera
X denotes the outgoing hadroni system (hadroni �nal state). The four-vetors ofthe partiles are given in parenthesis.interats with the inoming proton via the exhange of a virtual vetor boson in aharged urrent (CC) or neutral urrent (NC) proess. The NC proess is mediatedby the sum of photon and Z0-boson exhange. In the CC proess, a W -boson isexhanged, whih transforms the inoming eletron into an outgoing neutrino.Given the four-vetors of the initial and �nal state, k = (Ee, ~k), P = (Ep, ~P ) and
k′ = (E ′

l ,
~k′), P ′ = (E ′

X ,
~P ′), where Ee, ~k and Ep, ~P are the energies and momenta ofthe inoming eletron and proton, respetively, and E ′

l , ~k′ and E ′
X , ~P ′ the energiesand momenta of the outgoing lepton and hadroni system, respetivly, the eventkinematis for unpolarised eletrons and protons an be desribed in terms of the16Hera and its experiments are desribed in more detail in 3.17Both are ommonly referred to as �eletrons� e in this thesis, if not indiated di�erently.



2.3. LEPTON-PROTON SCATTERING AT HERA 23following Lorentz-invariant variables:
s = (k + P )2 , (2.12)

Q2 = −q2

= −(k − k′)2, 0 ≤ Q2 ≤ s , (2.13)
x =

Q2

2P · q , 0 ≤ x ≤ 1 , (2.14)
y =

P · q
P · k , 0 ≤ y ≤ 1 . (2.15)

√
s is the CMS energy, and Q2 is the negative square mass of the exhanged boson,whih denotes its virtuality and determines the resolution of the interation by wayof the Heisenberg unertainty priniple:

λ =
1

√

Q2
. (2.16)At Hera virtualities up to Q2 = 40000GeV2 are aessible. This is equivalentto a distane sale of λ = 10−18 m. In the quark parton model (Qpm) [12℄, theBjorken saling variable x [13℄ denotes the fration of the proton momentum arriedby the parton, that interats with the eletron. This parton is identi�ed with aonstituent of the proton, whih an be a valene or a sea quark. The inelastiityparameter y an be interpreted as the fration of the lepton energy transferred to thehadroni system in the rest frame of the proton. In this system Hera ollisions areequivalent to �xed target ollisions with an inident lepton energy of about 50TeV.The variables are related by the equation

Q2 = sxy . (2.17)Sine √
s is �xed at Hera18, only two of the four variables are independent.2.3.2 Deep Inelasti SatteringDeep inelasti sattering (Dis) of eletrons and protons is de�ned as the interationof a highly virtual gauge boson19 emitted from the inoming eletron with the proton.In the Qpm, Dis is desribed as the inoherent sum of elasti sattering proessesof the lepton o� eletrially harged point-like onstituents (partons) of the proton.The partons, whih do not interat amongst themselves in this model, are identi�edwith the quarks in the proton. Negleting radiative orretions, Dis an be desribed18see 3.119Q2 > 1GeV2



24 CHAPTER 2. THEORETICAL OVERVIEWin terms of the struture funtions F1(x,Q
2), F2(x,Q

2), F3(x,Q
2)20 and FL(x,Q2)21,whih desribe the distribution of the harged onstituents of the proton. At leadingorder, the double di�erential ross setions with respet to x and Q2 for NC and CCDis in ep-sattering is given in terms of these struture funtions as:

d2σNC(e±p→ e±X)

dx dQ2
=

2πα2

xQ4

[

Y+F
NC
2 ∓ Y−xF

NC
3

] , (2.18)
d2σCC(e±p→ νX)

dx dQ2
=

G2
F

4π

(

M2
W

M2
W +Q2

)2
[

Y+F
CC
2 ∓ Y−xF

CC
3

] , (2.19)with Y± = 1 ± (1 − y)2. In the Qpm, F1 and F2 an be expressed as a sum of thequark- and antiquark densities in the proton and are related by the Callan-Grossrelation [18℄:
F2 = 2xF1 . (2.20)At low Q2 ≪M2

Z,W±, the ep ross setion is dominated by photon exhange. Theexhange of weak gauge bosons is suppressed by their large masses and ontributesonly for large values of Q2:
σ(Z,W±)

σ(γ)
∝
(

Q2

Q2 +M2
Z,W±

)2 . (2.21)Fig. 2.4 shows the di�erential NC and CC ross setions measured at Hera as afuntion of Q2 for e−p- and e+p-sattering. The CC ross setion is suppressed withrespet to the NC ross setion below values of Q2 lose to the weak gauge bosonmasses (O(104 GeV2)). At that sale, γ-Z-interferene beomes important and leadsto sizable deviations from the pure Qed-predition. The CC ross setion is largerfor e−p-sattering than for e+p-sattering due to the larger u-quark ontent of theproton, whih is relevant for the W−-exhange in e−p CC proesses, as opposedto the smaller d-quark ontent, whih is relevant for the W+-exhange in e+p CCproesses.At present the distribution of partons in hadrons annot be alulated from �rstpriniples. A separation of the short-range high-energy part (hard proess) of a Disinteration from the long-range low-energy part (soft proess) is introdued, alledfatorisation. In this approah, the proton struture funtion F2 is expressed asa onvolution of the perturbatively alulable hard sattering subproess and theparton distribution funtions (Pdf) fi:
F2(x,Q

2) =
∑

i

1
∫

x

dx′ fi(x
′, µ2

F ) σ̂i

( x

x′
, Q2, µ2

F

) , (2.22)20The parity violating struture funtion F3 is negligible at Q2 ≪ MZ,W± .21At �rst order in perturbative Qd, the longitudinal struture funtion FL is zero.
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Figure 2.4: Di�erential Dis ross setions at Hera [19℄Di�erential NC and CC ross setions as a funtion of Q2 measured at Hera. Linesorrespond to �ts to global Dis data.where fi(x
′, µ2

F ) is the probability to �nd parton i with momentum fration x′ in theproton and σ̂i

(

x
x′ , Q

2, µ2
F

) is the ross setion for that parton to satter elastiallyo� a photon with virtuality Q2. The quark an radiate a gluon before interating,thus lowering its e�etive momentum fration of the total proton momentum from
x′ to x. The fatorisation sale µF de�nes the sale at whih this gluon radiationis absorbed into the Pdf rather than into the hard sattering ross setion. Thestruture funtion F2 as a physial observable is independent of the arbitrary hoieof µF . Fig. 2.5 shows measurements of F2 from Hera and �xed-target experimentsompared to SM preditions. For x > 0.1, F2 stays almost onstant over the whole
Q2-range as predited for Björken saling in the Qpm. This is interpreted suh thatsattering at valene quarks is dominant in this x-range. At lower x, F2 inreaseswith Q2, whih indiates ontributions from an inreasing number of partons. Inthis x-range gluons and sea quarks beome eminent and are resolved better withinreasing Q2.It is possible to alulate the evolution of the Pdfs as a funtion of Q2, using theDglap evolution equations [20, 21℄. These equations use the determined values ofthe Pdfs at a given sale to predit their evolution to some new sale. The knowledgeof the evolution of the Pdfs an be exploited to determine them experimentally. Ifthe perturbative part is alulated and the ross setion of a ertain proess is
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Figure 2.5: Struture funtion F2 at Hera [19℄
F2 as funtion of Q2 for various values of x. F2 is saled by powers of 2, whihinrease with dereasing x. The symbols indiate data from Hera and �xed-targetexperiments. The lines show SM preditions.



2.3. LEPTON-PROTON SCATTERING AT HERA 27measured, the Pdfs an be extrated from data. The fatorisation theorem of Qdstates that the Pdfs are proess independent. One determined for a given proess,they an be used to make preditions for another proess. As an example, Fig. 2.6shows proton Pdfs extrated at Hera.
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Figure 2.6: Proton Pdfs at Hera [19℄Gluon (g), sea (S), u- and d-valene-quark (uV and dV , respetively) Pdfs extratedat Hera ompared to a ommonly used parametrisation (CTEQ 6.1). The g- and
S-Pdfs are saled.2.3.3 PhotoprodutionPhotoprodution (PhP) is de�ned as the interation of a (quasi-)real photon22 withthe proton (γp→ X). It is the dominant proess at Hera with a total ross setionof approximately 150 µb. The majority of the γp interations are soft, i.e. thetransverse energy of the hadroni �nal state partiles is small and hene they arenot observed in the main detetor. Hard γp interations, resulting in jets at hightransverse momenta, allow for perturbative Qd alulations to be made. The hardinterations an be subdivided into two types:Diret PhP: In the diret proess the photon ouples as a point-like partile to aparton from the proton. The two diret proesses at leading order (Lo) are22Q2 ≪ 1GeV2



28 CHAPTER 2. THEORETICAL OVERVIEWthe Qd Compton proess (Fig. 2.7(a)) and boson-gluon fusion (BGF, Fig.2.7(b)).Resolved PhP: In this proess the photon ats as a soure of partons via vauum�utuations. One of these partons, arrying a fration of the total photonmomentum, interats strongly with a parton from the proton. Fig. 2.7()shows an example diagram for a resolved photon interation. Similarly to theproton, the resolved photon struture an be subdivided into a part, whih anbe treated by perturbation theory and a non-perturbative part, whih needsto be determined from data.(a) (b) ()

Figure 2.7: Lo Feynman diagrams of hard PhP proesses at Hera(a) Qd Compton proess (diret), (b) boson-gluon-fusion (diret), () resolvedproess.2.3.4 Lepton Pair ProdutionAt Hera, lepton pairs are produed mainly in the following two proesses:Bethe-Heitler proess: The dominant prodution mehanism for lepton pairs isthe Bethe-Heitler proess [22℄ γγ → l+l−. A quasi-real photon emitted fromthe beam eletron interats with a photon radiated from a quark inside theproton. The two photons produe a lepton-antilepton pair as shown in Fig.2.8(a). The total ross setion for the γ-γ interations is large, but falls o�steeply with the transverse momentum of the produed leptons ∝ p−3
T . Theleptons are produed with opposite harge and have a bak-to-bak topology.There are elasti reations with low momentum transfer on the proton side,where the proton stays intat in the sattering proess. In quasi-elasti re-ations the proton is transformed into an exited nuleon state. In inelasti



2.4. PRODUCTION MECHANISMS OF ISOLATED LEPTONS IN EVENTSWITH LARGEMISSING TRANSVERSE MOMENTUMAT HERA29reations the proton breaks apart and many hadrons are produed in a as-ade. In ase of high momentum transfer on the eletron side, the satteredeletron an be observed in the main detetor.Internal photon onversion and Z0 prodution: An example for the produ-tion of a gauge boson with subsequent deay to a lepton pair is shown in Fig.2.8(b). The lepton pairs are produed with a bak-to-bak topology and theross setion peaks at low values of the invariant mass of the two-lepton systemand at the invariant mass of the Z0-boson.(a) (b)

Figure 2.8: Feynman diagrams of lepton pair prodution at Hera(a) Bethe-Heitler proess and (b) Qed Compton proess as an example for internalphoton onversion and Z0 prodution, where a photon or a Z0 is emitted by theinitial state eletron with a subsequent leptoni onversion or deay.Requiring that at least one of the produed leptons is aepted by the main detetorand has a transverse momentum of more than 5GeV, a total ross setion for leptonpair prodution of approximately 120 pb is expeted at Hera.2.4 Prodution Mehanisms of Isolated Leptons inEvents with Large Missing Transverse Momen-tum at HeraThis setion desribes various soures of isolated leptons in events with large missingtransverse momentum at Hera. Common to most of them is, that the diret soureis the deay of a W -boson into a lepton and its orresponding anti-neutrino. Inthis sense, desribing the origin of isolated leptons atually means to desribe theprodution mehanisms of W -bosons. In addition, RPV Susy would be a soure ofisolated leptons from Squark deays, whih is desribed in 2.4.3.



30 CHAPTER 2. THEORETICAL OVERVIEW2.4.1 Prodution of Single W -BosonsAt Hera single W -bosons an be produed via the Sm-proesses ep → eWX and
ep → νWX [23℄. The proess ep → νWX is ignored in the following, beause itsross setion is very small (∼ 5% of the total ross setion of W -boson prodution).In Fig. 2.9 the lowest order Feynman diagrams for the proess ep → eWX aredisplayed. The diagrams (a) and (b) show W -radiation from the inoming andoutgoing quark, respetively. These proesses have the largest ontribution to the
W -boson prodution ross setion. Diagram () shows theWWγ triple-gauge-bosonoupling. The diagram (d) ontains a virtualW -boson, and the diagrams (e) and (f)show the oupling of the W -boson to the inoming positron and sattered neutrinofrom a CC proess, respetively.(a) (b) ()
(d) (e) (f)

Figure 2.9: Lo Feynman diagrams of single W -boson prodution at HeraThe ase of e+-quark sattering is shown, inluding a leptoni deay of the W -boson. (a)W -radiation from inoming quark, (b)W -radiation from outgoing quark,() WWγ triple-gauge-boson oupling, (d) virtual W -boson, (e) W -radiation frominoming lepton and (f) W -radiation from outgoing lepton.In order to alulate the total ross setion of single W -boson prodution atHera at Nlo, also Qd orretions have to be taken into aount. Some examples



2.4. PRODUCTION MECHANISMS OF ISOLATED LEPTONS IN EVENTSWITH LARGEMISSING TRANSVERSE MOMENTUMAT HERA31are shown in Fig. 2.10. This ross setion amounts to 1.16 pb at Hera [24℄ with a(a) (b)

() (d)

Figure 2.10: Nlo Qd orretions to single W -boson produtionThe given examples are: (a) virtual and (b) real orretion to the diret proess, ()virtual and (d) real orretion to the resolved proess.theoretial unertainty of approximately 15%. It is dominated by the PhP regime.The experimental signature for W -boson prodution depends on the subsequentdeay of the W -boson. For the leptoni deay one expets a lepton with hightransverse momentum and missing transverse momentum in the event due to theundeteted neutrino. For the leptoni deay W → τντ the signature depends onthe subsequent deay of the τ -lepton. For the leptoni τ -deays τ → eνeντ and
τ → µνµντ the signature is similar to the orresponding W -deay, exept for thelarge missing transverse momentum from the additional neutrino. For the hadroni
τ -deay a hadroni jet with small spatial extent and additional missing transversemomentum from the neutrino in the τ -deay is expeted. Hadroni W -deays W →
qq′ lead to two jets. An additional jet is expeted in all W -deay modes in ase of a



32 CHAPTER 2. THEORETICAL OVERVIEWsizable momentum transfer to the sattered quark. However, these events are veryrare due to the domination by the PhP regime.2.4.2 Prodution of Single t-QuarksBesides the diret prodution as desribed in 2.4.1,W -bosons an also emanate fromthe deay of singly produed t-quarks at Hera23. Due to its broad deay width,the t-quark deays rapidly (τ ≈ 10−24 s) almost exlusively through the single mode
t → bW before it an hadronise. In this ase, in addition to the signature ofdiretly produed W -bosons, one expets a jet with high transverse energy from the
b-quark. Sine the t-quark is not expeted to be produed with signi�ant transversemomentum at Hera energies, this jet and the deay produts of the W -boson havea bak-to-bak topology in the azimuthal plane.2.4.2.1 Prodution within the Standard ModelIn the Standard Model single t-quarks an be produed via CC ep-interations asshown in Fig. 2.11(a),(b). Due to the very small values of the orresponding o�-(a) (b) ()

Figure 2.11: SM t-quark prodution at HeraThe given examples show (a) diret CC proess, (b) resolved CC proess and ()Fn proess at lowest order within the Standard Model in e+p ollisions.diagonal elements of the CKM-matrix [6℄, these �avour hanging proesses are highlysuppressed. The expeted total ross setion for SM CC single t-quark produtionat Hera energies amounts to about 1 fb [25℄.NC ep-interations preserve the quark �avour at Lo in the Standard Model. Thus�avour hanging proesses are present only via higher order radiative orretions.Fig. 2.11() shows an example of suh a one-loop �avour hanging neutral urrent23The CMS energy of Hera does not allow for t-quark pair prodution.



2.4. PRODUCTION MECHANISMS OF ISOLATED LEPTONS IN EVENTSWITH LARGEMISSING TRANSVERSE MOMENTUMAT HERA33(Fn) proess at Hera. Sine the suppression due to the Glashow-Iliopoulos-Maiani (GIM) mehanism [26, 27℄ leads to the disappearene of suh ontributionsfor degenerate quark masses, sizable ross setions are expeted only in ases withthe t-quark involved. First observations of Fn proesses have been made bythe Cleo ollaboration in the deay b → sγ [28℄24. No sizable ross setions arepredited in the Standard Model for Fn proesses between a t-quark on the oneside and a c- or u-quark on the other side. The predited branhing ratios for suhFn deays are [29℄:
BR(t→ cγ) = 4.6 · 10−14

BR(t→ uγ) = 3.7 · 10−16 ,and the orresponding branhing ratios with a Z-boson involved instead of a photonare even lower by a fator of about �ve [27℄25. These small branhing ratios makean experimental observation of suh proesses very di�ult.Anyway, with a t-quark mass of mt = 175GeV and taking into aount theinident lepton energy of Ee = 27.5GeV at Hera, the struk quark needs to havea minimum momentum26 of about 278GeV, whih orresponds to x ≈ 0.3 for theprodution of a single t-quark. As an be seen in Fig. 2.6, the parton density for
x ≥ 0.3 is muh higher for u-quarks than for c-quarks, whih appear only in thequark sea S. So in spite of the higher branhing ratio, the ross setion of Fnproesses involving the c-quark are expeted to be muh lower than with the u-quarkinvolved.In the presene of Bsm anomalous Fn ouplings of the t-quark to c- and
u-quarks, a large enhanement of the branhing ratios is expeted in high-energyollision experiments [27, 30�33℄ as disussed in the following.2.4.2.2 Prodution beyond the Standard ModelSine some extensions to the Standard Model predit an enhaned rate of Fnproesses, a searh for Fn t-quark ouplings at Hera is sensitive to physisbeyond the Standard Model. The present experimental limits ome from the non-observation of the deays t → qZ, qγ at the Tevatron and the absene of single
t-quark prodution e+e− → tq̄, t̄q at Lep and ep → etX at Hera. The best limitsobtained so far are BR(t → cZ + uZ) ≤ 0.159 [37℄, BR(t → cγ + uγ) ≤ 0.032 [38℄and BR(t→ uγ) ≤ 0.011 [39, 40℄, all at 95% on�dene level (Cl).Examples for theories with enhaned Fn ouplings are:24Fn deays of u-type quarks are strongly GIM-suppressed due to the bigger masses of thedeay produts ompared to Lo weak deays.25The branhing ratios with a gluon or a Higgs-boson involved are not disussed here, sine theydo not ontribute at Hera.26Quark mass set to 0.



34 CHAPTER 2. THEORETICAL OVERVIEWSupersymmetry: New ouplings of Spartiles to Sm partiles ould result in ef-fetive Fn ouplings. In the Mssm the enhanement of Fn ouplingsis expeted to be about eight orders of magnitude [41℄. However, Hera isexpeted to be not sensitive enough for an observation, sine the existing limitof BR(t → uγ) is too small, even if extrapolated to the full expeted Heraluminosity. In Rpv models, the e�etive oupling ould be enhaned even fur-ther by ontributions as exempli�ed in Fig. 2.12(a). There the Fn proessarises through the produt of Rpv ouplings λ′i1k × λ′i3k of a Slepton from the
ith generation to Sm d-type quarks from the kth generation and to a u- and a
t-quark. The branhing ratios an be of the order of BR(t→ cγ) ∼ 10−5 and
BR(t→ cZ) ∼ 10−4 [42℄.Two-Higgs-doublett models: In some models with more than one Higgs-doublett27,Fn is possible at tree level. If not so, the additional Higgs-doublett(s) ouldat least ontribute e�etively via a loop as shown in Fig. 2.12(b). Both pos-sibilities ould enhane the branhing ratios of interest by several orders ofmagnitude [43℄.Exoti quarks: In models with additional quarks the CKM matrix is not unitaryanymore and the GIM mehanism is relaxed. The branhing ratios ouldinrease to e.g. BR(t→ qZ) ≈ 1.1 · 10−4 [29, 44℄.(a) (b)

Figure 2.12: E�etive Fn ouplings in Bsm theoriesThe given examples show (a) Slepton exhange in Rpv Susy and (b) exhange of aharged Higgs-boson in 2Hdm.An e�etive anomalous Fn oupling an be expressed through an anomalousmagneti oupling κtuγ at the tuγ-vertex and an anomalous vetor oupling vtuZ at27Two-Higgs-doublett models (2Hdm)



2.4. PRODUCTION MECHANISMS OF ISOLATED LEPTONS IN EVENTSWITH LARGEMISSING TRANSVERSE MOMENTUMAT HERA35the tuZ-vertex as shown in Fig. 2.13 for single t-quark prodution. The Z0-exhange

Figure 2.13: Anomalous single t-quark prodution via Fn at HeraThe Sm t-quark deay t→ bW is inluded in the diagram.is suppressed for Q2 ≪ M2
Z . On the other hand, the ross setion falls with 1/Q4,so that the γ-exhange at low Q2 dominates at Hera. To desribe the anomalousoupling one uses the e�etive Lagrangian [32, 45℄:

∆Leff = eet t̄
iσµνq

ν

Λ
κtuγuA

µ +
g

2 cos θW
t̄γµvtuZuZ

µ + h.. , (2.23)with the eletron and t-quark eletri harges e and et, the weak oupling onstant
g and σµν = 1

2
(γµγν − γνγµ)28. Λ is a high mass sale, whih is harateristi forthe new interation. By onvention, it is set to the mass of the t-quark mt. t and

u are the interating fermion �elds of the t- and u-quark, q is the momentum ofthe exhanged boson and Aµ and Zµ denote the �elds of the photon and Z-boson,respetively. In the Standard Model κtuγ and vtuZ are 0 at tree level and very smallat one-loop level. In the following it is assumed, that they are real and positive.With a parametrisation of the Lo anomalous t-quark prodution ross setion
σsingle t = cγ · κ2

tuγ + cZ · v2
tuZ + cγZ · κtuγ · vtuZ , (2.24)and a parametrisation of the Lo deay widths

Γt→bW+ = wSM

Γt→uγ = wγ · κ2
tuγ (2.25)

Γt→uZ = wZ · v2
tuγa Lo ross setion and deay width alulation has been performed [46℄ using theprogram CompHEP [47℄. It leads to the oe�ients listed in Tab. 2.5 [46℄. The28γµ,ν are the Dira γ-matries.
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mt (GeV) cγ (pb) cZ (pb) cγZ (pb) wSM (MeV) wγ (MeV) wZ (MeV)170 7.520 0.2861 -0.01940 1404 293 1297175 6.076 0.2340 -0.01842 1554 302 1449180 4.886 0.1899 -0.01308 1713 310 1610Table 2.5: Parametrisation oe�ients from Lo ross setion and deaywidths alulation for anomalous Fn t-u ouplings [46℄The alulation of the ross setion has been performed for √

s = 318GeV fordi�erent t-quark masses mt.dominane of γ-exhange is learly seen through the muh higher oe�ient. Inaddition, a small variation ofmt by ±5GeV auses a variation of cγ by approximatily
∓25%. The interferene between γ- and Z0-exhange, parametrised by cγZ , lowersthe ross setion slightly. But the e�et is below 1% all over the onsidered parameterspae and an be negleted. Fig. 2.14(a) shows the alulated Lo ross setionfor anomalous single t-quark prodution via Fn as a funtion of the anomalousouplings κtuγ and vtuZ . The steeper rise with κtuγ ompared to vtuZ orresponds tothe suppression of Z0-exhange at low Q2.For single t-quark prodution by γ-exhange, also Nlo Qd alulations areavailable [45℄. From these, Nlo ross setion alulations have been performed asshown in Fig, 2.14(b) [46℄. The Born-level ross setions are in very good agreementwith the Lo ross setions with vtuZ = 0.As for the branhing ratios, experimental limits have been set on the anomalousouplings. They are summarised in Fig. 2.15 [39℄. The most stringent limits for
mt = 175GeV so far are κtuγ < 0.174 for vtuZ = 0 [39℄ and vtuZ < 0.37 for κtuγ = 0[36℄. Introduing these limits to Eq. 2.24 with the oe�ients from Tab. 2.5 leads toan upper limit of the ross setion for the anomalous prodution of single t-quarksat Hera of

σsingle t < 0.215 pb. (2.26)At this limit, a total number of about nine singly produed t-quarks is expetedin the analysed data (see 5.1). Corresponding to the W -boson BR, about three ofthem are expeted to lead to isolated leptons.2.4.3 Further Possible Prodution Mehanisms of IsolatedLeptons Beyond the Standard ModelBesides the deay of aW -boson from diret prodution or a t-quark deay, there existalso other prodution mehanisms of isolated leptons in events with large missingtransverse momentum at Hera in theories beyond the Standard Model [1℄.



2.4. PRODUCTION MECHANISMS OF ISOLATED LEPTONS IN EVENTSWITH LARGEMISSING TRANSVERSE MOMENTUMAT HERA37(a) (b)

Figure 2.14: Cross setions for single t-quark prodution as funtion ofthe ouplings [46℄The shown ross setions are (a) Lo ross setion as a funtion of κtuγ and vtuZ and(b) Nlo ross setion as a funtion of κtuγ , both for mt = 175GeV.

Figure 2.15: Exlusion limits on the anomalous ouplings κtuγ and vtuZ.The limits from Zeus are given at 95% Cl for three values of mt assuming κtcγ =
vtuZ = 0. Also the limits obtained by Cdf, L3 and H1 are shown.



2.4.3.1 R-Parity Violating SupersymmetryOne possible prodution mehanism of isolated leptons and large missing transversemomentum at Hera is the resonant Rpv t-hannel Squark prodution29 and itssubsequent deay. The light Stop t̃1 is the best andidate to be the lightest Squark[48℄. Hene, this setion fousses on it.Light Stops ould be produed at Hera via the reation e+d → t̃1 with theYukawa oupling λ′131 involved as desribed in Eq. 2.11. In senarios where thedeay t̃1 → tχ̃0
i , tg̃ is kinematially forbidden, isolated leptons and large missingtransverse momentum ould be produed in the deay t̃1 → bχ̃+

j [49℄ as shown inFig. 2.16(a). The isolated lepton and the neutrino arrying the missing transversemomentum originate from the subsequent χ̃+-deay into a χ̃0. Suh events ontaina jet from the b-quark and additionally possible deay produts from the neutralino.Another possibility is the anomalous W -boson prodution [50℄ as shown in Fig.2.16(b). However, this only ours in models with the light Sbeauty b̃1 being lighterthan the light Stop. Furthermore a seond Rpv vertex with the Stop deaying toSm partiles ould arise as shown in Fig. 2.16(). Espeially the deay t̃1 → bτ isimportant in a region of the parameter spae whih is not exluded by experimentsso far [51℄. This proess is partiularly interisting, sine an exess in the τ -hannelwould not be aompanied by an exess in the µ- or e-hannel as it should be in thease of hargino or enhaned W -boson prodution.2.4.3.2 Heavy Majorana NeutrinosThe existene of heavy neutrino states might be signalled by the observation ofnon-vanishing neutrino masses [52℄. In most Bsm senarios these states are massiveMajorana partiles (N) of about mN ≈ 102 − 1018 GeV. At Hera these partilesould our in diret s-hannel prodution [53℄ as well as in t-hannel exhange [54℄.The �nal states of these events ould ontain one or two isolated leptons, wherethe ase with two leptons also ontains a neutrino. If one of the leptons remainedundeteted, the event topology of interest ould arise. Anyway, the expeted rosssetions in a reasonable parameter spae are tiny in the e- and µ-hannel for ouplingstrengths not exluded so far by low energy experiments [55℄. And even though thelimits for the τ -hannel are weaker and the prodution is enhaned by a fator of
3 for �nal states with two distint lepton �avours, an observation at Hera is notexpeted.

29The Squark mass has to be less than √
s.



(a) (b) ()

Figure 2.16: Rpv Stop prodution at Hera and examples for deays withisolated leptons and missing transverse momentumThe Stop deays to (a) a b-quark and a hargino, whih then deays to a neutralinoradiating a lepton and the orresponding neutrino, (b) a Sbeauty and a W+-boson,whih deays leptonially or () a b-quark and a τ -lepton via another Rpv oupling
λ′333.





Chapter 3The Storage Ring Hera and theZeus ExperimentThis hapter introdues the lepton-proton olliderHera and the high-energy physisdetetor Zeus.3.1 The Storage Ring HeraHera1 [56℄ is a high-energy physis storage ring faility, where eletrons or positrons(e) are brought to ollision with protons (p). This worldwide unique mahine isloated at the researh entre Desy2 in Hamburg, Germany and operating sine1992. Consisting of two separate storage rings for e and p, Hera was built from1984 to 1990 in an 10 � 25m underground irular tunnel of 6336m length and 5.2minner diameter. The mahine operates with a ombination of onventional andsuper-onduting tehniques for aeleration, beam bending and foussing. Thestorage rings are run with energies of 27.5GeV for e and 920GeV for p (820GeVbefore 1998), whih results in a CMS energy of 318GeV (300GeV before 1998). The
ep-ollisions take plae at a bunh rossing rate of 10.4MHz at zero rossing angle.Hera has four experimental areas, where two (south and north) are dediatedfor ep-ollisions. Contrary to pp-ollisions, this kind of ollisions takes advantage ofthe pointlike struture of the eletron. There the experiments H1 and Zeus probemainly the struture of the proton and the properties of the strong fore. Theresolution reahes 10−18 m, whih orresponds to 1%� of the p-radius. In additionthese experiments test aspets of the Standard Model of partile physis (SM) andsearh for new partiles and phenomena. The Zeus experiment is desribed inmore detail in 3.2. The remaining two experimental areas (west and east) are used1Hadron-Eletron Ring-Aelerator2Deutshes Elektronen-Synhrotron 41



42CHAPTER 3. THE STORAGE RINGHERA AND THE ZEUS EXPERIMENTby �xed-target experiments. Sine 1995 the Hermes experiment explores the spinstruture of nulei. For this purpose the e-beam (longitudinally polarised in thisarea) is brought into ollision with a polarised gas target. The target ontains eitherhydrogen to measure the proton spin struture or deuterium or helium-3 to measurethe neutron spin struture. The Hera-B experiment took data in the years 1999 to2003. It was designed to identify B-meson deays in a dense hadroni environment.The B-mesons are produed by ollisions of the p-beam halo with an aluminiumwire target. A shemati overview of Hera and its experiments is shown in Fig.3.1. An extensive overview of physis at Hera is found in [57, 58℄.During the years 2000/2001, Hera was upgraded to deliver more luminosity [60℄.The running period before this upgrade is referred as �Hera I�. Aordingly afterthe upgrade, we talk about �Hera II�. The design peak luminosity inHera II is now75mb−1 s−1 (15mb−1 s−1 in Hera I). This inrease in luminosity has been ahievedmainly by a signi�antly stronger foussing of the beams at the interation points(IP). The IP size is at 118×32 µm2 [59℄ after 286×60 µm2 in Hera I. A summaryof the integrated luminosities delivered by Hera to the Zeus experiment an befound in Fig. 3.2 and in Tab. B.1. Besides the inrease in luminosity, Hera wasenabled to deliver longitudinally polarised e-beams also for the ollider experimentsin Hera II (3.2.8).3.2 The Zeus ExperimentThis setion introdues the high-energy physis detetor Zeus. An overview isgiven and the omponents mainly used in this analysis are deribed in more detail.A omplete desription of the detetor is given in [61℄.3.2.1 OverviewZeus is a hermeti3 general purpose high-energy physis detetor to study variousaspets of ep-sattering at Hera4. The subdetetors are arranged oaxially aroundthe beam axis. Zeus has a longitudinally asymmetri design to aount for theimbalane of the beam energies and the resulting boost of most �nal state partilesfrom the ep-interation into the diretion of the p-beam (referred to as forward dire-tion). The detetor weighs 3600 t and its dimensions are 12×10×19m3. Shematiross setions of the Zeus detetor are shown in Fig. 3.3. The Zeus oordinatesystem (Fig. 3.4) is orthogonal and right-handed with the origin at the IP, the z-axispointing into forward diretion, the x-axis pointing to the entre of Hera and the
y-axis pointing upwards. The polar angle θ is measured with respet to the z-axis,3overing the whole solid angle of 4π around the IP4The physis ase is desribed in more detail in 2.3
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Figure 3.1: Hera mapShemati overview showing Hera, its experimental areas, its pre-aelerator om-plex and further aelerators at Desy. One an identify, that Hera onsists of fourirular and four straight setions. The irular setions have a radius of 779m, thestraight setions are 360m long.
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Figure 3.2: Hera delivered integrated luminositiesHera I (a) and Hera II (b) integrated luminosities delivered for Zeus per runningperiod.(a) (b)

Figure 3.3: Cross setions of the Zeus detetor(a) Along the beam axis, the asymmetry of the Zeus detetor is learly seen. Protonsone from the right. (b) The oaxial shape is visible from the view perpendiular tothe beam axis.
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Figure 3.4: Zeus oordinate systemThis sketh introdues the orthogonal (x, y, z) and polar (ρ, θ, φ) oordinates atZeus and their relation to the aelerator geometry.and the azimuth angle φ is measured with respet to the x-axis in the range from -πto π. Often the Lorentz-invariant pseudorapidity η = − ln tan(θ/2) is used insteadof θ.The Zeus detetor has been modi�ed and upgraded ontiniously over the yearsto fae new hallenges and to allow for the growing physial and tehnial under-standing and experiene. The most reent major upgrade was performed for theHera II running and the tehnial desiptions given in this setion refer to this sta-tus. Detetor omponents with a referene to a following subsetion are desribedin more detail there.Closest to the IP, the traking detetors are situated to measure traks of harged�nal state partiles. The innermost is the Miro-Vertex Detetor (MVD, s. 3.2.2)made of silion strip detetors and situated diretly around the beampipe for vertexidenti�ation. It is surrounded by the Central Traking Detetor (CTD, s. 3.2.3), awire drift hamber to determine partile momenta and harges. These omponentsare enlosed by a super-onduting solenoid magnet, whih provides an almost uni-form magneti �eld of 1.43T to enable the harge and momentum determinationfor harged partiles. Then the asymmetri detetor design is re�eted in an ex-tension of the traking in forward diretion5. Here the Forward Traking Detetor(FTD) [62℄ and the Straw-Tube Traking Detetor (STT) [63℄ take plae to measuretraks down to a polar angle of 5°. The FTD onsists of three separate hamberswith three layers of drift ells eah, where one drift ell ontains six signal wiresarranged perpendiular to the beam axis. The ells of eah layer are rotated by60°with respet to the other layers of the orresponding hamber to allow aurateposition measurements of partile impats. The spae between the three FTD ham-5labeled as FDET in Fig. s. 3.3(a)



46CHAPTER 3. THE STORAGE RINGHERA AND THE ZEUS EXPERIMENTbers is �lled with the two pairs of STT superlayers. Eah superlayer onsists of sixsetors of straw-tubes, tube-like drift hambers with one single sense wire eah. Inthe rear diretion the Rear Traking Detetor (RTD) provides traking informationup to a polar angle of 170°. It onsists of one hamber similar to those of the FTD.At very large angles (162◦ < θ < 176◦) a �nely segmented szintillator strip detetor,the Small-Angle Rear Traking Detetor (SRTD) [64℄ inreases the angular overageof the Zeus traking system.Enlosing the traking system, energy measurements take plae with a high-resolution ompensating sampling alorimeter (CAL, s. 3.2.4). This is surroundedby an iron yoke (YOKE), whih returns the magneti �eld �ux of the solenoid andis instrumented to measure partiles esaping the CAL. This system of absorbingyoke and instrumentation is alled baking alorimeter (BAC, . 3.2.5).Speial muon detetors (MUON, s. 3.2.6) are mounted on both the in- andoutside of the yoke. Here the design of the outer forward muon detetors is speial,sine they should provide a ompletely independent measurement of muon momenta.For this reason they are supplemented by a toroidal magnet system to ope withthe speial physis ase of forward muons at Hera (s. [61, Ch. 9℄).An iron-sintillator detetor loated at z = −7.5m, alled VETO wall, is usedto rejet beam related non-ep bakground. Furthermore, several sub-detetors areinstalled outside the main detetor along the beampipe to allow measurements ofpartiles at very high |η|. Also the Hera luminosity measurements are performedthis way (s. 3.2.7). The e-beam polarisation is measured from the energy and angleasymmetries of bak-sattered Compton photons (s. 3.2.8).The data gained by the Zeus experiment is �ltered by a three-level trigger sys-tem, formatted by the data aquisition and written to tape (s. 3.2.9).3.2.2 The Miro-Vertex DetetorThe MVD [65℄ is a silion-strip traking detetor for high-preision trak measure-ments and vertex identi�ation inluding the reonstrution of seondary verties.It was installed during the Hera luminosity upgrade in 2000/01 to improve trak-ing apabilities and the traking aeptane, espeially in forward diretion. Inpartiular this is important for:� identi�ation and ross setion measurements of mesons ontaining heavyquarks (long life-time, whih leads to seondary verties), in both photopro-dution events at high energy and deep inelasti sattering at large Q2,� searh for physis beyond the Standard Model, e.g. by:� an improved trak reonstrution in the forward diretion, whih leads toa more aurate measurement of the polar angle of the sattered eletron



3.2. THE ZEUS EXPERIMENT 47(improving the measurement of neutral urrent events at very high Q2),� identi�ation of τ -leptons or of mesons ontaining strange or heavy quarks,whih are produed in many models beyond the Standard Model.These physis goals, together with the available spae inside the Zeus detetor,the osts and the time available for the onstrution, led to the following designspei�ations:� polar angle overage: 10◦ < θ < 170◦ (equivalent to 2.43 > η > −2.43),� at least three spatial measurements per trak, eah in two projetions,� intrinsi hit resolution: 20 µm,� impat parameter resolution: ∼100 µm at 90°, dereasing to 1mm at 20°, fortrak momenta of more than 2GeV,� noise oupany: < 1%�,� e�ieny of single hit reonstrution: more than 97%,� alignment auray: 20 µm,� resolution in separating two traks: 200 µm.The MVD has a ylindrial shape with a diameter of 319mm and its lengthamounts to 2150mm [66℄. It is divided into three parts:1. The forward part (FMVD) onsists of four annular detetor omponents (wheels)arranged along and perpendiular to the beam axis. The wheels are positionedat distanes of 32, 45, 60 and 75 m from the IP and detet partiles in the re-gion of 7.6◦ < θ < 22.3◦ measured from the IP. Fig. 3.5(a) shows the shematilayout of a wheel.2. The barrel part (BMVD) surrounding the IP onsists of sensor arrays (ladders)loated in three ylindrial layers (ylinders) parallel to the beam axis. Itslength of 622mm is adapted to the fairly broad z-distribution of the IP atHera. Fig. 3.5(b) shows the arrangement of the ladders within the ylinders.3. The rear part ontains the wiring of the MVD for power, monitoring andreadout.
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(a) (b)Figure 3.5: Cross setions of the MVDView in the bakward diretions of the MVD. (a) Cross setion of the FMVD:One an see one of the wheels with segments from the single detetor elements(modules) and the beam pipe (elliptial element in the entre) with the interationpoint inside. (b) Cross setion of the BMVD: One an see the arrangement of theladders (thik double lines) and the beam pipe. The ylinders ontain (from innerto outer) four, ten and sixteen ladders. The inner ylinder does not enlose the IPompletely, beause the elliptial beam pipe is not onentri to the beam axis toavoid synhrotron radiation to hit material.
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(a) (b) ()Figure 3.6: Shemati longitudinal setion of the MVD [68℄Protons enter the detetor from the right. One an see (a) the FMVD ontainingthe wheels on the left, (b) the BMVD ontaining the ladders in the middle (oneladder shown as example) and () the rear part of the MVD housing the ables onthe right. Also the part of the beam pipe housed on the axis of the MVD an beseen along the horizontal plane in the middle.A sketh of the omplete MVD is shown in Fig. 3.6.Both, wheels and ladders are made of the basi detetor element of the MVD:the modules. A wheel ontains fourteen modules of trapezoidal shape6. The fourmodules with the same position and numbering within the wheels are alled a setor.A ladder onsists of �ve retangular modules. A module onsists of two half-modules,whih are glued together. One half-module is omposed of two sensors (wheels:only one) and the readout eletronis mounted on a so-alled hybrid. The MVDsensors [69℄ are single sided Si-strip detetors. On the surfae p+-Si implantationswith a pith of 20 µm are fabriated, where eah sixth of them is read out. The�ve remaining strips operate as intermediate strips to improve the resolution by thee�et of harge sharing. The intrinsi detetor resolution of 7.2±0.2 µm has beenmeasured in testbeams [67℄.3.2.3 The Central Traking-DetetorThe CTD [70℄ is a wire drift hamber to measure diretions and momenta of hargedpartiles and their energy loss dE/dx, whih is used for partile identi�ation. Forpartile traks with a transverse momentum of more than 150MeV, measured in atleast three superlayers and �tted to the interation vertex, the transverse momentum6as visible in Fig. 3.5(a)



50CHAPTER 3. THE STORAGE RINGHERA AND THE ZEUS EXPERIMENTresolution of the CTD alone is given by [71℄:
σ(pT )

pT
= 0.0058 · pT ⊕ 0.0065 ⊕ 0.0014

pT
, (3.1)where pT is the transverse momentum of the trak in GeV and the symbol⊕ indiatesthe quadrati sum. The �rst term is due to the hit position resolution, whereas theseond and third term are due to multiple sattering e�ets inside resp. before theCTD. Integrating the MVD into the trak reonstrution improves the resolutionto [72℄

σ(pT )

pT
= 0.0026 · pT ⊕ 0.0104 ⊕ 0.0019

pT
. (3.2)The additional material of the MVD worsens the terms depending on multiple sat-tering, but the term due to the hit position resolution improves drastially.The CTD has a ylindrial shape and its ative volume, �lled with argon (Ar,82%), ethane (C2H6, 15%) and arbon dioxide (CO2, 3%) [73℄, ranges from z =

−100 m to z = 104 m with an inner and outer radius of 18.2 m and 79.4 m,respetively. It overs polar angles of 15◦ < θ < 164◦ from the IP and has ompleteazimuthal overage. The 4608 sense wires are arranged in 72 radial layers pooledtogether to nine superlayers (SL) onsisting of eight layers eah. One otant of theCTD is shown in Fig. 3.7. One group of eight sense wires within a superlayer is

Figure 3.7: Cross setion (xy-plane) of one CTD otantThe dots indiate sense wires.
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Figure 3.8: Layout of a CTD ellThe thin lines indiate the eletri �ux lines.alled a ell (shown in Fig. 3.8). To ompensate for the Lorentz angle7 of 45°, theplanes of the sense wires inside a ell are tilted. The wires of the odd numbered SLsare parallel to the beam axis, whereas those of the even numbered SLs are inlinedby an angle of about ±5°(stereo angle) to allow for a better determination of the
z-oordinate.3.2.4 The Uranium CalorimeterIn Hera physis, it is essential to measure hadroni jets and/or missing transversemomenta with the highest ahievable auray, whih is also true in this analysis.Therefore the detetor response should be equal for both eletrons and hadrons ofthe same energy (e/h = 1) in order to redue the systemati error. This prop-erty is alled ompensation. The CAL [74℄ is a high-resolution ompensating sam-pling alorimeter, whih onsists of alternating layers8 of depleted uranium-alloy(98.1%U238, 1.7%Nb, 0.2%U235) absorbers and organi plasti sintillators. It sur-rounds the traking detetors and the solenoid and overs 99.7% of the 4π solidangle.Sine most onventional alorimeters are underompensating (e/h > 1), om-pensation an be ahieved by both enhanement of the hadroni response and sup-pression of the eletromagneti response. The hadroni response an be enhaned byan e�ient detetion of neutrons (n) and photons (γ)9, whereas the eletromagneti7measured with respet to the radial axis8sandwih alorimeter9in order not to lose energy oming from nulear deexitations of the detetor material



52CHAPTER 3. THE STORAGE RINGHERA AND THE ZEUS EXPERIMENTresponse an be suppressed by the hoie of a material with a high atomi number(Z). To adjust for e/h = 1, within a few perent, the thiknesses of the absorberand the sintillator layers are optimised to 3.3mm, what refers to about one radi-ation length (X0), and to 2.6mm respetively. The total depth of the alorimeteris designed so, that 90% of all jets of maximum energy (∼800GeV) deposit at least95% of the energy in the CAL.Geometrially the CAL is divided into three parts: the forward (FCAL), barrel(BCAL) and rear (RCAL). These parts are subdivided into single modules, wherethe FCAL and RCAL modules are retangular and BCAL modules have a wedge-shape due to the ylindrial overall-design. The modules onsist of so alled towersof 20×20 m2, whih are longitudinally subdivided into one eletromagneti setion(EMC) and two (one for RCAL) hadroni setions (HAC1, HAC2). The setionsare separated by metal plates of 1X0 thikness. The EMC setions are furthertransversely subdivided into four (two for RCAL) ells. Sine a ell onstitutes thesmallest readout-unit of the CAL, even the single setions of a HAC tower will bereferred to as ells in this thesis. Tab. 3.1 summerises properties of the CAL parts.CAL part FCAL BCAL RCAL
θ overage 2.2° � 39.9° 36.7° � 129.1° 128.1° � 176.5°Number of modules 23 32 23Number of EMC 25 23 25layers HAC 160 98 80Depth EMC (X0) 26 25 26HAC (λ) 6.2 3.9 3.1Total weight (t) 238 320 154Table 3.1: Properties of CAL partsOne layer means one pair of absorber and szintillator. In addition to the number oflayers, eah setion ontains a single sintillator layer. X0 and λ are the radiationlength and the interation length (1λ ≈ 25X0).The light produed in the sintillators of one ell is read out via wavelengthshifters (WLS) and onverted into eletrial signals in two photomultiplier tubes(PMT) per ell. As an example, Fig. 3.9 shows the struture of an FCAL mod-ule. The summed signal is used for energy and timing measurements. The energyresolution for the CAL has been determined in testbeam measurements [75℄ as

σe

E
=

18%√
E

and σh

E
=

35%√
E

(3.3)
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Figure 3.9: Layout of an FCAL modulePartiles oming from the IP enter from the left. The module is 2m deep and 4.6mhigh.for eletromagneti and hadroni showers, with E in GeV. The exellent timingresolution of the order of 1 ns for energy depositions larger than 4.5GeV is used torejet non-ep events by their harateristi timing patterns already at trigger level.The proportion of the two PMT-signals (energy sharing) provides a measurementof the horizontal position (loal y-oordinate) of the inidene of an eletron with aresolution of
σy =

1.52 m√
E

+ 0.15 m , (3.4)where part of the onstant term is due to the resolution of the testbeam mea-surement. The same method using the proportion of the energy deposition in theneighbouring ells of the struk ell gives a resolution in the loal x-oordinate of
σx =

α√
E
, (3.5)where α = 5.2 m in the entre of the ell and α = 4.0 m at the edge.The natural radioativity of U238 produes a stably onstant signal in the PMTs(dark urrent). To redue these dark urrents, the uranium plates are wrapped intostainless steel foils. The thikness of this foil is adjusted to 0.2mm for the EMCand 0.4mm for the HAC to allow for an unbiased physis measurement on the one



54CHAPTER 3. THE STORAGE RINGHERA AND THE ZEUS EXPERIMENThand, but to have still a signal high enough for alibration purposes on the otherhand [76℄. Beside this main alibration tool, the PMTs and the readout eletronisare alibrated using laser, LED and test pulses. The steel foils also ontribute tothe ompensation by suppressing 3% of the eletromagni signals.3.2.5 The Baking CalorimeterThe BAC [77℄ is designed to orret CAL measurements for leaking energy and totrak muons traversing the YOKE, that is important espeially in regions whereno muon detetors are present like e.g. the bottom of the Zeus detetor. Sineit is able to distinguish hadron from muon showers, the BAC ontributes to muonidenti�ation and trigger. Additionally one an bene�t from the intrinsi CALresolution by vetoing events with hadron showers leaking out of the CAL.The BAC is a traking alorimeter using the YOKE as absorber. It is built frommodules of tubular aluminium proportional hambers of 11×15mm2 ross setionand several meters length. For the hambers a gas mixture of argon (Ar, 85 � 90%)and arbon dioxyd (CO2, 10 � 15%) is used The BAC modules are formed by sevenor eight of suh tubes (ells) and are inserted layerwise into the YOKE. Tab. 3.2lists the inventory of the BAC. Inside eah tube a gold plated tungsten wire of 50 µmdiameter is strethed with support every 50 m. The wires have both, analog andRegion Barrel Bottom Forward Rear TotalArea (m2) 1902 296 460 322 2980Gas volume (m3) 38.04 5.92 9.20 6.44 59.60Number of layers 9 9 10 7 �Number of 8-tube-modules 2252 204 800 560 3816Number of 7-tube-modules 672 106 320 224 1322Module length (m) 4.5 or 5.5 7.3 1.8 � 3.6 1.8 � 3.6Number of wire towers 102 10 30 30 172Number of pad towers 1122 150 208 208 1456Shaped athode hannels � 438 � � �Table 3.2: BAC inventoryThe bottom is listed separately from the barrel BAC, beause it is equipped toompensate for the missing muon hambers in this region.digital readout. For energy measurements, the analog signal is summed up in non-projetive wire towers, whih are formed by the wires of two to four neighbouringmodules (width of about 25 m to 50 m) over the full depth of the BAC. The digitalreadout provides hit patterns to trak partiles in two dimensions. Additionally, the



3.2. THE ZEUS EXPERIMENT 55modules are equipped with 50 m long and 0.7mm thik aluminium athode padsmounted on the top of the aluminium extrusion. They are grouped in non-projetivepad towers to distribute and loalise energy and hits along the wires. In width anddepth these pad towers are formed equivalent to the wire towers and have the lengthof one pad, thus resulting in a a size of about 50×50 m2 (four modules). Theseon�guration results in an energy resolution of
σe

E
=

1.1√
E

(3.6)with the partile energy E given in GeV, whereas the spatial resolution obtainedis about 1mm perpendiular to the wires and of the order of the pad length alongthe wires. To allow for the measurement of muon trajetories underneath the Zeusdetetor, where no muon detetors are present, layers 1, 5 and 9 of the bottom BAChambers are equipped with speial shaped athode pads with a spatial resolutionof about 1mm along the wires.3.2.6 The Muon DetetorsSine muons are part of the �nal state of many physis proesses of high relevaneat Hera like e.g. heavy quark prodution or prodution of isolated leptons, em-phasis is put on identi�ation and reonstrution of muons down to lowest polarangles in Zeus. Due to the limited momentum resolution of the traking detetorsat small polar angles and the higher average momentum of muons in the forwarddiretion, these tasks are muh more hallenging in the latter region. For this rea-son the e�ort spent into the forward muon detetor is bigger than for other forwardsub-detetors ompared to their barrel and rear ounterparts. The forward muondetetor (FMUON, 3.2.6.1) is also ompletley independent from the barrel and rearmuon detetors (B/RMUON, 3.2.6.2).Generally the muon detetors onsist of two parts, one on the inside and theother on the outside of the YOKE with respet to the IP. They provide a momentummeasurements independent from the traking detetors and ontribute to the trigger.3.2.6.1 Forward Muon DetetorFMUON is designed to provide a ompletely independent momentum measurementat low polar angles for muons up to at least 100GeV [61, Ch. 9℄. In addition, non-epbakground is rejeted at trigger level on the bases of diretionality and momentumuts.FMUON onsists of:Toroids: Two large toroidal magnets provide a magneti �eld of 1.7 T to measuremuon momenta in the region 5◦ < θ < 16◦.



56CHAPTER 3. THE STORAGE RINGHERA AND THE ZEUS EXPERIMENTLimited streamer tubes: Four limited streamer tubes (LST) [78℄ trigger planes(LST1 � LST4) have the aim to trigger on muon andidates and to reonstrutthe azimuthal and radial oordinates of their traks. One plane is made offour hambers grouped in two half-planes. One hamber (quadrant) onsistsof two layers of horizontally positioned LSTs within a plasti sheet. The tubesof the two layers are displaed by 0.5 m to allow for omplete geometrialaeptane. Eah quadrant is ontained in an air tight aluminium box withopper strips glued on the outside in polar geometry. The LSTs indue a signalin the opper strip, if a partile rosses the plane. There are 132 radial (ρ)strips of 1.9 m width per quadrant, whih are divided along the bisetor ofthe quadrant so that the simplest readout unit is an otant. The number ofazimuthal (φ) strips per otant is 32. Eah overs an angle of 1.4°. Both typesof strips are read out digitally.Two planes of limited streamer tubes (wall planes, LW1 and LW2) over theangular gap between BMUON and the toroids (16◦ < θ < 32◦) to ahievethe desired geometrial aeptane of FMUON. Eah plane onsists of eightair tight aluminium wrappings with one LST layer inside. The LST signal isindued in opper strips with radial arrangement. The 64 φ-strips per otantover 0.7°, and the 192 ρ-strips per otant over 1.8 m eah. The φ-strips areread out digitally, while the ρ-strips are read out digitally and analogly.Drift hambers: The four planes of drift hambers (DC1 � DC4) are needed inorder to obtain a good momentum resolution. Eah plane onsists of fourindividual hambers grouped two by two into half layers. The basi elementof a hamber is the ell made of four sense wires and the set of wires neededto generate the appropiate eletri �eld. The sense wires measure the radialoordinate (ρ). The signal from the wires is sent to a time-to-digital onverter(TDC), whih onverts them into a time interval related to the drift distaneby a known relation.LST1 and DC1 are situated inside the YOKE and make up the inner region ofFMUON (FMUI), the remaining omponents form the outer region of FMUON(FMUO) on the outside of the YOKE. Fig. 3.10 shows the shemati struture ofFMUON.3.2.6.2 Barrel and Rear Muon DetetorsThe Zeus barrel and rear muon detetors (B/RMUON) [79℄ over a very large areaof about 1800m2 and onsist of LSTs as ative elements. The hambers are situatedinside (BMUI, RMUI) and outside (BMUO, RMUO) the YOKE. Eah hamberonsists of two double layers of LSTs with wires running parallel to the beam axisin the barrel and normal to it in the rear. The double layers are separated and
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Figure 3.10: Shemati view of FMUON along the beam axisThe thik blak lines indiate the limited streamer tubes, from the left to the right:LST4, LST3 (between the toroids), LST2, LW1 and LW2 (wall planes) and LST1(within the YOKE). The grey areas show the drift ambers, DC4 to DC1 from theleft to the right.supported by aluminium honeyomb frames of a thikness of 127mm (304mm forBMUO). Within a double layer the individual layers are displaed by 8.3mm inorder to minimise dead areas for partiles traversing at 90°with respet to the wireplane. Eah LST is made of a plasti pro�le ontaining eight 1 m wide ells witha 100 µm opper-beryllium wire, whih is read out via a TDC. The LST planes areequipped on one side by 13mm wide readout strips running normal to the wireswith a 15mm pith. They have an analog readout [80℄. The ahieved resolutionsare 200 µm orthogonal and 700 µm parallel to the wires. A three-dimensional viewof the B/RMUON hambers inluding the wire and strips arrangement an be seenin Fig. 3.11.3.2.7 Luminosity MeasurementsFor the luminosity measurement at Zeus [82℄, the proess of ep-bremsstrahlung(ep → e′pγ) with the lepton and the photon sattered at very low angles θe and θγwith respet to the inoming eletron is hosen. The ross setion of this proessis large enough (σ ≥ 20mb) to yield su�ient statistis and is very well known bytheory. The di�erential ross setion as funtion of the photon energy is desribed



58CHAPTER 3. THE STORAGE RINGHERA AND THE ZEUS EXPERIMENT

WIRES

STRIPS

RMUI

RMUO

BMUO

BMUI

e±

p

Figure 3.11: Shemati view of B/RMUON [81℄Gaps between the planes are inserted in this sketh to have a better perspetive.by the Bethe-Heitler formula [22℄ and is known with an auray of 0.5%:
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) , (3.7)where α is the �ne struture onstant, re the lassial eletron radius, k, E, E ′ and
Ep the energies of the photon, the inoming eletron, the outgoing eletron and theproton and me and mp the masses of the eletron and the proton. The reoil of theproton an be negleted to a very good approximation, whih gives

E = E ′ + Eγ . (3.8)At Zeus, only the bremsstrahlung photon rate is measured to determine theluminosity. The photons are radiated with θγ ≤ 1mrad and travel along the p-beampipe until this is bent upwards from about z ≈ −80m on. They leave thebeampipe through an aluminium exit window of 1 m thikness at z = −92.5m.Then the photon rate is measured by two independent systems.



3.2. THE ZEUS EXPERIMENT 5910% of the photons onvert into an e+e−-pair in the exit window and are bentout of the photon diretion by a spetrometer dipole magnet. The photon rateis measured now indiretly by ounting e+e−-oinidenes in two small tungstensinillator alorimeters away from the photon �ight diretion. This spetrometer hassmall aeptane in oninidene (≈3%) and no aeptane for low energy photons,so that the probability of pile-up and synhrotron radiation (SR) photon oinideneis small. The main systemati error of this method is due to the error in theknowledge of the aeptane. The aeptane is measured by oinidene rates withbremsstrahlung eletrons in a small tungsten sintillator �bre alorimeter at z =
5.3m (6-meter tagger, TAG6), whih has 100% aeptane in an window of E ′ wherethe spetrometer aeptane is maximised. These eletrons an be deteted, beausethe e-beam bending magnets lose to the IP at as spetrometer magnets bendingo�-beam energy eletrons towards the entre of the Hera ring. A oinidene dueto a Bethe-Heitler event should give an total energy E ′ + Eγ equal to the e-beamenergy. Monte Carlo simulations have shown, that a total systemati error of 1.4%in the luminosity measurement with the spetrometer should be attainable.The seond method of ounting the photon rate measures the bremsstrahlungphotons diretly. Photons traversing the exit window without onversion travelalong a 12.7m long vauum pipe. Then two absorbers (�lters) and two aerogelCherenkov ounters blok the SR and an be used to orret for the energy loss ofbremsstrahlung photons in the �lters. At z = −107m, a lead sandwih alorimeterof a depth of 22X0 with additional vertial sintillator �ngers measures energy andhorizontal position of the photons for θγ ≤ 0.5mrad. The energy resolution dependson the auray of the energy loss orretion applied. The spatial resolution is ofthe order of 3mm [84℄ orresponding to an unertainty of the reonstruted θγ ofabout 30 µrad. Due to the problem of photon pile-up, a number of orretions haveto be applied to the luminosity measurement. Simulations have shown, that theorresponding systemati error an be kept below 2%.A sketh of the Zeus luminosity monitor is shown in Fig. 3.12.3.2.8 Polarisation MeasurementsThe availability of longitudinally polarised e-beams at Hera II opens up the possi-bility of detailed studies of eletroweak physis along with other bene�tting to theHera ollider experiments [58,85℄. For example, in the SM the ross setion of CCin DIS depends linearly on the longitudinal polarisation of the e-beam. The rosssetion for e−(e+)p CC DIS at a polarisation of +1(-1) is predited to be zero.Measuring the total ross setion as a funtion of polarisation allows the SM tobe tested through searhes for right-handed CC. Fig. 3.13 shows the atual statusof suh measurements at Zeus. They are also of importane for analyses of eventswith missing transverse momentum, where CC DIS events are bakground. Besides
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Figure 3.12: Shemati view of the Zeus luminosity monitor system (sideview)A bremsstrahlung photon produed at the IP onverts in the exit window and the
e+e− pair oinidene is reorded by the two tungsten sampling alorimeters. Thesattered bremsstrahlung eletron is deteted by TAG6. Non-onverted photons aredeteted by the lead sampling alorimeter.that, searhes for BSM-physis with hiral ouplings like e.g. in RPV SUSY anbene�t from longitudinally polarised e-beams as well as measurements of DVCS.By the emission of synhrotron radiation, e-beams beome polarised tranver-sly (Sokolov-Ternov e�et [87℄). This transverse polarisation an be onverted intolongitudinal polarisation and vie versa by spin rotators [88℄. In Hera II, threeexperiments bene�t from this tehnique to make longitudinally polarised e-beamsavailable as shown in Fig. 3.14. To ful�ll the goals of the polarised physis pro-gramme, a preise measurement of the e-beam polarisation is neessary. Thereforetwo polarimeters are installed in Hera: one to measure the transverse (TPOL),one the longitudinal polarisation (LPOL), whose measurements should agree witheah other. Both polarimeters make use of the polarisation dependene of Comp-ton sattering. Cirularly polarised intense pulsed laser beams10 are used as photonsoures. For the Hera II upgrade, both polarimeters have been equipped to providealso single bunh polarisation measurements to deal with the polarisation di�erenebetween olliding and non-olliding bunhes.The LPOL [89℄ measures the energy asymmetry between the baksattered pho-tons from left- and right-handed polarised laser beams with an eletromagneti10Nd-YAG laser operated at a wavelength of 532 nm



3.2. THE ZEUS EXPERIMENT 61

0

20

40

60

80

100

120

140

160

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
0

20

40

60

80

100

120

140

160

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

ZEUS

ZEUS CC (prel.) 04-05 e−p (41.7 pb-1)

ZEUS CC 98-99 e−p (P=0)

SM e−p (ZEUS-S)

ZEUS CC (prel.) 03-04 e+p (30.5 pb-1)

ZEUS CC 99-00 e+p (P=0)

SM e+p (ZEUS-S)

P

σC
C

 (
Q

2  >
 2

00
 G

eV
2 ) 

(p
b)

Figure 3.13: Charged urrent ross setions with longitudinally polarisedlepton beams at Zeus [86℄The unpolarised ross setions were measured with Hera I data.alorimeter onsisting of four optially isolated NaBi(WO4)2 rystals, whih areshielded from SR by two 6mm thik lead plates. The e-beam polarisation is de-termined with an absolute statistial preision of 1% per minute and a frationalsystemati unertainty of 1.6%.The TPOL [90℄ measures the energy dependent angular asymmetry of the baksat-tered photons. Compared to the LPOL, the TPOL alorimeter is segmented into anupper and lower half to measure the up-down-asymmetry of the energy from left-and right-handed polarised laser beams. To alibrate the position measurement, asilion strip-detetor is installed in front of the alorimeter. The e-beam polarisa-tion is determined with an absolute statistial preision of 5%� per minute and afrational systemati unertainty of 3.4%.The measurements of both detetors agree within 1% for the Hera II 2003/04
e+p-running with an ombined systemati error of 3.25% [91℄.3.2.9 Trigger and Data AquisitionAs desribed in 3.1, the bunh rossing rate at Hera is 10.4MHz, where the rateof physis ep-events varies from e.g. 0.1Hz for NC DIS events with Q2 > 100GeV2to 250Hz for soft PhP (for an instantaneous luminosity of 2·1031 m-1s-1). On the



62CHAPTER 3. THE STORAGE RINGHERA AND THE ZEUS EXPERIMENT

Figure 3.14: Hera II polarisation and polarimetersA shemati sketh of Hera and its experiments is shown. The blak vertial arrowsindiate transverse polarisation of the e-beam, the pink arrows indiate longitudinalpolarisation and the pink dots show the position of the polarimeters.other hand, the rate of non-ep bakground events11 an exeed the rate of physisevents by several orders of magnitude. Sine the total data size per event is 150 kBand the writing speed at Zeus is limited to about 1.5MB/s, a signi�ant redutionof the data rate and size with a maximum e�ieny for physis events is required.A three level trigger system [92℄ with inreasing omplexity of the deision mak-ing algorithms and dereasing throughput is used to selet events online. The triggerand data aquisition (DAQ) sheme is illustrated in Fig. 3.15. In the following thetrigger levels are desribed.First level trigger (FLT): The FLT is a hardware based trigger, whih uses pro-grammable logi to rejet bakground events. Eah Zeus subomponent hasits own FLT, whih make deisions based on properties like e.g. global andloal energy sums, timing or traking information as far as ahievable in theshort time on-hand (1.0 � 2.5 µs). The global FLT (GFLT) then ombines theseindividual deisions to a �nal one whithin the �xed FLT lateny of 4.4 µs. Sine11deribed in 4.2.2
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Figure 3.15: Zeus trigger and DAQ shemeData �ow and trigger deisions are illustrated.



this is longer than the bunh rossing time of 96 ns, the events are pipelineduntil the event deision is taken. The event rate is redued to below 1 kHz.Seond level trigger (SLT): The SLT is a software based trigger with a parallelproessor system implemented in a transputer network. Similar to the FLT, lo-al SLT deisions are ombined to an event deision by the global SLT (GSLT).Sine the available omputation time is longer than in the FLT, event proper-ties an be alulated to higher preision and omplexity. Timing informationfrom the CAL is available at this stage, whih is essential to rejet beam-gasevents. The event deision is taken within 7ms and the event rate is reduedto ∼50 � 100Hz. Data of aepted events is sent to the eventbuilder (EVB),whih forms one onsistent event reord and stores the data until the nexttrigger level is ready to proess. The data struture is based on the Alephdata model (Adamo) [93℄.Third level trigger (TLT): The TLT uses a simpli�ed version of the o�ine re-onstrution software on a omputer farm to reonstrut the whole event. Atthis stage information like kinemati variables, output of eletron and jet �nd-ers or the topology of the hadroni �nal state are available. In addition, alassi�ation of the event is performed. The output rate of the TLT is ∼5 �10Hz and the aepted events are written to tape to be fully reonstrutedo�ine with maximum preision later.



Chapter 4Searh StrategyThis searh for isolated leptons in events with large missing transverse momentumfousses on the prodution of W -bosons and single t-quarks. So the searh strategyis geared to the topologies of these kinds of events with emphasis on the searhfor singly produed t-quarks. The main goal of the searh is to set limits on theprodution of single t-quarks in Fn, and the searh is optimised with respetto this goal. However, single W -boson prodution is also treated as signal in thissearh, sine the searh strategy is also be appliable to these proesses.4.1 Topology of Events with Isolated Leptons andLarge Missing Transverse MomentumAs the title indiates, the dominating property of these events is the isolated leptontogether with large missing transverse momentum. However, the prodution meh-anisms desribed in 2.4 lead to further distint properties, whih are desribed inthe following.4.1.1 Topology of Single W-Boson ProdutionIn W -boson prodution the isolated lepton and the missing transverse momentumare both due to the leptoni deay of the W -boson. An observation of the satteredbeam eletron is rare, beause this reation is dominated by the PhP regime. Thus,a sizable momentum transfer to the struk quark with a resulting separate jet israther unlikely.For the leptoni deay one expets a lepton with high transverse momentum andmissing transverse momentum in the event due to the undeteted neutrino. Forthe leptoni deay W → τντ the signature depends on the subsequent deay of the
τ -lepton. For the leptoni τ -deays τ → eνeντ , µνµντ the signature is similar to the65



66 CHAPTER 4. SEARCH STRATEGYorresponding W -deay, exept from the large missing transverse momentum fromthe additional two neutrinos. For the hadroni τ -deay a hadroni jet with smallspatial extent and additional missing transverse momentum from the neutrino inthe τ -deay is expeted.4.1.2 Topology of Single t-Quark ProdutionThe signature of single t-quark prodution is very similar to that ofW -boson produ-tion inluding the statements on momentum transfers. The main di�erene arisesfrom the additional b-quark from the t-quark deay, whih leads to an additional jetwith high transverse energy. Furthermore the isolated leptons are restrited to bepositively harged. This signature is unique in Hera physis.Due to the very small ross setion of single t-quark prodution within the Stan-dard Model (see 2.4.2.1), it is assumed that the observation of singly produed
t-quarks at Hera is not to be expeted from Sm proesses.4.1.3 Topologies of Prodution Mehanisms in R-Parity Vi-olating SupersymmetryIn all Stop prodution reations disussed in 2.4.3.1 the beam eletron and the strukquark annihilate, so that they annot ontribute to the �nal state. Therefore besidesthe Stop deay produts only the proton remnant an be observed. In the deay
t̃1 → bχ̃+

j as shown in Fig. 2.16(a), the isolated lepton and the neutrino arryingthe missing transverse momentum originate from the hargino deay. Suh eventsalso ontain a jet from the b-quark and additionally possible deay produts fromthe neutralino. Anomalous W -boson prodution as shown in Fig. 2.16(b) leadsto the signature of interest via the leptoni W -deay. Again, additional hadronideay produts would be expeted. The topology of the Rpv Stop deay as shownin Fig. 2.16() depends on the subsequent τ -deay. In ase of a hadroni deay theevent signature would be a narrow jet from the τ -deay, a jet from the b-quark andmissing transverse momentum in the diretion of the τ -jet from the τ -neutrino. Ifthe τ deays leptonially, the narrow jet is replaed by the orresponding lepton. Inthis ase the missing transverse momentum is arried by the two neutrinos.4.2 Bakground Proesses4.2.1 Standard Model ep BakgroundSm proesses ontribute to the signature of interest via mismeasurements produ-ing fake leptons and large missing transverse momentum. In a searh for singly



4.2. BACKGROUND PROCESSES 67produed t-quarks also the Sm W -boson prodution ontributes. More spei�ally,these proesses are onsidered:Charged urrent deep inelasti sattering: CC DIS events are haraterisedby missing transverse momentum oming from the sattered neutrino in the�nal state. These result in signal events, if a hadron is misidenti�ed as anisolated lepton.Neutral urrent deep inelasti sattering: In NC DIS events the sattered beameletron usually is identi�ed within the main detetor. If the hadroni �nalstate or the eletron is mismeasured or the event ontains muons or neutrinos,a signi�ant missing transverse momentum an arise. Events whih are notidenti�ed as NC are the main soure of bakground for e-type signal events.Photoprodution: In PhP proesses the sattered eletron arries only a smalltransverse momentum and esapes the detetor through the beampipe. Onlya mismeasurement of the hadroni �nal state an lead to signi�ant missingtransverse momentum, whih in onjution with a fake isolated lepton mightmimi a signal event. The fration of suh mismeasurements is small in PhP.However, these events ontribute to the signature of interest through the highPhP ross setion.Lepton pair prodution: To mimi a signal event in this ase, a signi�ant miss-ing transverse momentum needs to be reonstruted in addition to at least oneof the two leptons. This is mainly the ase for µ-pair prodution, whih is thedominating soure of bakground for µ-type signal events.Single W -boson prodution: On the one hand, single W -boson prodution atsas signal. On the other hand, in searhes for single t-quark prodution theseevents are part of the bakground. The signature has already been desribedin 4.1.1.4.2.2 Non-ep BakgroundIn addition to ep-interation, there are other soures of bakground to be onsidered:Beam gas interations: Beam gas interations are interations of the beam par-tiles with residual gas nulei inside the beam pipe or elements of the beamline. They are suppressed by VETO for su�iently high transverse momentaof the interation produts oming from a p-beam interation.Halo muons: Beam gas interations an produe partiles whih deay into muons(π±, K±). This leads to a bakground of muons passing the detetor almostparallel to the beamline.



Muons from osmi showers: When osmi rays interat within the atmosphere,they produe high-energy muons (�osmis�) whih an traverse the CTD.Most of them pass on straight lines from top to bottom, but also horizontalosmis our. Cosmis an radiate photons or interat inelasially (µN →
νX) produing large energy depositions and missing transverse momentumin the CAL. Overlayed osmi events may adulterate the measured energy in
ep-events.Sparks in CAL ells: The PMTs in CAL ells an disharge spontaniously (spark),whih leads to fake energy depositions. They are identi�ed by a large imbal-ane between the two independent PMTs in a CAL ell. In ells with onlyone ative PMT, one an suppress sparks by requiring a minimum energy inadjaent ells.



Chapter 5Data Sample and Monte CarloSimulations
5.1 Data SampleIn this searh, Hera II data from e+p-ollisions taken in the years 2003 and 2004is analysed. The total integrated luminosity is Lint = 40.76 ± 1.86 pb−1.The integrated luminosities and the average polarisation values of partiularrunning periods are summarised in Tab. 5.1 [94℄.Year Lepton beam Runs Lint (pb−1) σLint

P̄sum 2003 e+ 295 2.08 5.1% 0.3292004 e+ 18 0.47 4.2% 0.02004 e+ 501 7.90 4.6% 0.3312004 e+ 714 17.52 4.7% -0.3862004 e+ 224 12.80 4.2% 0.325sum 2004 e+ 1457 38.68 4.5% 0.0sum 2003 - 2004 e+ 1752 40.76 4.5% 0.017Table 5.1: Integrated luminosities and polarisationThe integrated luminosities Lint and their unertainties σLint
are obtained with thephoton alorimeter (see 3.2.7). The average polarisation values P̄ are obtained withTPOL (see 3.2.8) or with LPOL, if TPOL was not available (62 runs in total).

69



70 CHAPTER 5. DATA SAMPLE AND MONTE CARLO SIMULATIONS5.2 Monte Carlo SimulationsSimulations are essential to understand the omplex properties of high-energy physisreations and detetor performanes. Typially these simulations are done using astatistial sampling method alled the Monte Carlo (MC) method. It is imple-mented in so-alled MC generator programs, whih allow to predit detailed �nalstate properties of various proesses. Coupled with a detetor simulation program,also the response of the detetor to ertain reations an be predited. In searhesfor Bsm physis, MC preditions of the Sm proesses are used to �nd deviations ofthe data from the Standard Model.MC simulation of hadroni high-energy physis proesses an be divided intothree parts:Hard subproess: The hard subproess inluding the parton showering an bedesribed perturbatively. Qd radiation is treated separately (see 5.2.1.1).Hadronisation: The hadronisation phase annot be desribed perturbatively andhas to be modelled. Its output ontains the produed partiles and their four-momenta.Detetor simulation: The detetor simulation takes the produed partiles andsimulates their interation with the ative and passive (�dead�) material ofthe detetor. New partiles an be produed, e.g. via photon onversion.The digitisation as a speial part of the detetor simulation. It translates thepartile interations with the ative material into the detetor response.This setion desribes the simulation of all Sm proesses onsidered in this anal-ysis.5.2.1 Monte Carlo ModelsSine only the hard subproess an be alulated from perturbation theories, the softsubproesses have to be modelled. Di�erent models exist for the partiular phasesof the physis proess, whih are desribed in the following.5.2.1.1 QCD RadiationAlthough in priniple hard Qd radiation1 belongs to the hard subproess, it hasto be modelled, sine it is a higher order proess and simulations are available onlyin Lo. Two approahes are ommonly used:1initial or �nal state radiation of additional gluons



5.2. MONTE CARLO SIMULATIONS 71Colour dipole model: In the olour dipole model (Cdm) [95℄, Qd radiation isdesribed as parton showers evolving from independently radiating olourdipoles. The �rst dipole is spanned by the struk quark and the proton rem-nant. The spatial extension of the proton remnant is taken into aount asrestrition to the phase spae for hard gluon radiation lose to the protonremnant.Matrix element and parton shower model: In the matrix element and partonshower model (Meps) higher orders of perturbation theory are summed upto all orders usually using the DGLAP leading-log approximation [20, 21℄.Perturbation theory is appliable to parton energies down to about 1GeV. Aplanar parton shower is generated with the energy frations in eah branhingproess determined using the Altarelli-Parisi splitting funtions [21℄. Angularordering is imposed5.2.1.2 Fragmentation and HadronisationFor the simulation of the �nal part of the physis proess two approahes are om-monly used:Lund model: In the Lund string fragmentation model [96℄ the olour �eld betweendiverging qq̄-pairs is treated as a string of onstant energy density of about
1GeV/fm. The total string energy inreases with inreasing distane betweenthe qq̄-pair, until a new qq̄-pair an be reated from the vauum. The stringsplits in substrings this way until the energy of the initial qq̄-pair is dissipated.Cluster hadronisation: The luster hadronisation model [97℄ is based on the ideaof preon�nement of olour. Gluons are split into qq̄-pairs non-perturbatively.Neighbouring quarks and antiquarks are ombined to low mass olour singlettlusters, whih deay isotropially into hadron pairs or form hadrons by them-selves under momentum exhange with neighbouring lusters to adjust themass.5.2.2 Simulation of the Signal ProessesIn the following the simulation of the signal proesses is desribed in more detail.5.2.2.1 Simulation of Single W-Boson ProdutionEvents with singly produed W -bosons were simulated with EPVEC 1.0 [24℄, a Logenerator for eletroweak vetor boson prodution, whih does not inlude Qd ra-diation. The CTEQ5D parametrisation of the proton Pdfs [98℄ was used. Hadroni



72 CHAPTER 5. DATA SAMPLE AND MONTE CARLO SIMULATIONS�nal states were simulated using the Lund string fragmentation model as imple-mented in Jetset 7.4 [99℄.EPVEC uses two phase spae regions to ompose the total ross setion like
σ = σ(|u| > ucut) +

ucut
∫

dσ

d|u|d|u| , (5.1)with the square of the four-momentum transfer from the inoming quark to the �nalstate W -boson u = (pq − pW )2. The �rst term arises from W -boson prodution inthe Dis regime. It is alulated using heliity amplitudes for the proess eq → eWq′.The seond term desribes W -boson prodution in the resolved PhP regime. It isalulated by folding the ross setion of the proess qq′ → W with the proton Pdfsand the e�etive Pdfs of the photon emitted by the inoming eletron. The totalross setion varies little with ucut, whih is set to 25GeV2 in this analysis. The
W -boson samples used in this analysis are listed in Tab. 5.2.

W prodution proess σ (pb) events Lint (pb−1)
W+ Dis 0.51296 48395 94345
W− Dis 0.42772 48712 113888
W+ resolved 0.08198 10000 121981
W− resolved 0.11409 10000 87650Table 5.2: MC samples to simulate Sm bakground from events withsingly produed W -bosonsThe simulated ross setions σ, the numbers of simulated events and the orrespond-ing integrated luminosities Lint are shown.5.2.2.2 Simulation of Single t-Quark ProdutionFot this analysis, events with singly produed t-quarks were simulated using Hexf[100℄, a generator for exited fermions, whih is based on a phenomenologial model[101℄. An exited u-quark (u∗) with the mass of the t-quark is produed by theexhange of a virtual photon, thus simulating the anomalous oupling κtuγ only. The

u∗-quark is fored to deay to W+b then. The proton Pdfs were evaluated fromthe MRS(A) parametrisation [103℄. Initial state Qed radiation is inluded usingthe Weizsäker-Williams approximation [102℄. The Qd asade was simulatedby the Meps model implementation of Lepto 6.1 [104℄. Hadroni �nal stateswere simulated using the Lund string fragmentation model implemented in Jetset7.4 [99℄. Hexf uses a �xed mass of the t-quarkmt. So, the simulation was performedwith the three masses mt = 170, 175, 180GeV to study the e�et of varying mt. The



5.2. MONTE CARLO SIMULATIONS 73
mt (GeV) oupling deay events170 κtuγ bW 46857175 κtuγ bW 46927180 κtuγ bW 46202Table 5.3: MC samples to simulate signal events with singly produed

t-quarks (Hexf)The simulated anomalous ouplings, the deay of the t-quark and the numbers ofsimulated events are shown for the di�erent used �xed t-quark masses mt. Crosssetions and therefore also the orresponding integrated luminosities are unknown.For the t-quark mass of 175GeV a lower limit of Lint > 218 pb−1 is alulated fromthe ross setion limit given in Eq. 2.26.
Q2 sale for the proton struture funtion was set to m2

t . The Hexf t-quark samplesused in this analysis are listed in Tab. 5.3.To simulate also the anomalous oupling vtuZ and the deay hannel t → uZ,single t-quark prodution was simulated withCompHEP [47℄. Here the proton Pdfswere evaluated from the MRST parametrisation [105℄. Initial state radiation was notinluded. For the simualtion of the Qd asade and the hadronisation, CompHEPwas interfaed to Pythia 6.2 [106,107℄. Again, hadroni �nal states were simulatedusing the Lund string fragmentation model implemented in Jetset 7.4 [99℄, and the
Q2 sale for the proton struture funtion was set to m2

t . In CompHEP, the massof the t-quark was simulated with a �nite width. The CompHEP t-quark samplesused in this analysis are listed in Tab. 5.4.Range of mt (GeV) oupling deay events150 � 200 vtuZ bW 10000150 � 200 vtuZ uZ 9000160 � 190 κtuγ bW 14362160 � 190 κtuγ uZ 15725Table 5.4: MC samples to simulate signal events with singly produed
t-quarks (CompHEP)The range of the simulated t-quark mass, the simulated anomalous ouplings, thedeay of the t-quark and the numbers of simulated events are shown. Cross setionsand therefore also the orresponding integrated luminosities are unknown. For the
t-quark mass of 175GeV a lower limit of Lint > 218 pb−1 is alulated from the rosssetion limit given in Eq. 2.26.



74 CHAPTER 5. DATA SAMPLE AND MONTE CARLO SIMULATIONSIn a detailed omparison at generator level, the CompHEP and Hexf samplesused in this analysis were found to agree well [46℄. To obtain results whih areomparable to the analysis on Hera I data, the Hexf sample generated with mt =
175GeV was hosen as the default sample for this analysis.5.2.3 Simulation of Bakground ProessesIn the following the simulation of those Sm proesses is desribed, whih are expetedto ontribute to the seleted events in this analysis.5.2.3.1 Simulation of Deep Inelasti Sattering ProessesFor this analysis, CC and NC DIS events were simulated by Lepto 6.5 [104℄, a gener-ator for deep-inelasti lepton-nuleon sattering, whih was interfaed to Herales4.5 [108℄, an event generator for deep-inelasti ep-ollisions via DjanhoH [109℄ 1.1.The CTEQ5D parametrisation of the proton Pdfs [98℄ were used. The simulationof Qd radiation were based on Cdm as implemented in Ariadne 4.10 [110℄ or onMeps as implemented in Lepto 6.5. Hadroni �nal states were simulated using theLund string fragmentation model implemented in Jetset 7.4 [99℄. On the generatorlevel, the simulated events had to exeed lower limits in Q2. The DIS samples usedin this analysis are listed in Tabs. 5.5 and 5.6. Sine the ross setion of CC Disdepends strongly on the polarisation of the lepton beam, the CC Dis MC sampleshad to be reweighted aording to the average polarisation of the analysed data.Cdm Meps

Q2
min (GeV) σ (pb) events Lint (pb−1) events Lint (pb−1)10 44.885 248955 5546.5 248998 5547.5100 39.649 249998 6305.3 249838 6301.25000 3.2850 15000 4566.2 15000 4566.210000 0.70626 5000 7079.5 5000 7079.520000 0.064348 5000 77702 5000 77702Table 5.5: MC samples to simulate Sm bakground from CC DIS eventsThe simulated ross setions σ, the numbers of simulated events and the orre-sponding integrated luminosities Lint are shown for both used models of �nal stateradiation, Cdm and Meps.



5.2. MONTE CARLO SIMULATIONS 75Cdm Meps
Q2

min (GeV) σ (pb) events Lint (pb−1) events Lint (pb−1)100 8122. 938300 115.53 762975 93.939400 1167.7 120000 102.77 119999 102.771250 197.42 49997 253.25 49811 253.252500 58.927 24000 407.28 23999 407.275000 14.844 22999 1549.4 24000 1616.810000 2.7936 22998 8242.4 22997 8232.020000 0.30999 21996 70957 23997 7741230000 0.054443 11994 220304 10996 20197340000 0.010874 11955 1099410 10997 101131050000 0.0021185 11263 5316500 11998 5663440Table 5.6: MC samples to simulate Sm bakground from NC DIS eventsThe simulated ross setions σ, the numbers of simulated events and the orre-sponding integrated luminosities Lint are shown for both used models of �nal stateradiation, Cdm and Meps.5.2.3.2 Simulation of Photoprodution ProessesDiret and resolved PhP events were simulated with Herwig 5.9 [111℄ using theproton Pdf CTEQ4D [112℄ and the photon Pdf GRV LO [113℄. Partoni proesseswere simulated using Lo matrix elements, inluding initial and �nal state partonshowers. Hadronisation is performed using a luster model. At generator level,the simulated events had to exeed either a lower limit in transverse energy of thehadroni system of 30GeV or a lower limit in transverse momentum of the hadronisystem of 6GeV. The PhP samples used in this analysis are listed in Tab. 5.7.PhP proess σ (pb) events Lint (pb−1)diret 2830 474160 167.55resolved 11900 565246 47.500Table 5.7: MC samples to simulate Sm bakground from PhP eventsThe simulated ross setions σ, the numbers of simulated events and the orrespond-ing integrated luminosities Lint are shown.



5.2.3.3 Simulation of Lepton Pair ProdutionLepton pair prodution was simulated using the generator Grape 1.1j [114℄ and theproton Pdf CTEQ5L [98℄. Three kinemati regions were distinguished aording tothe four-momentum transfer at the proton vertex Q2
p and the invariant mass of thehadroni �nal state Mhad:

Q2
p = (pe,in − (pe + pl+ + pl−))2 , (5.2)

M2
had = ((pe,in + pp,in) − (pe + pl+ + pl−))2 , (5.3)where pe,in and pp,in are the four-momenta of the inoming eletron and proton,respetively, and pe, pl+ and pl− are the four-momenta of the outgoing eletron andleptons, respetively. The kinemati regions are:� elasti: Mhad = Mp� quasi-elasti I: Mp +Mπ0 < Mhad < 5GeV andquasi-elasti II: 5GeV < Mhad� DIS I � IV: Q2

p > 1GeV2 and Mhad > 5GeV with the subproesses I � IVorresponding to the initial state quark (u, ū, d/s or d̄/s̄).At generator level, the events had to ontain at least one lepton with a polar angle of
5◦ < θ < 175◦ and at least one lepton with a transverse momentum of pT > 5GeV.The lepton-pair samples used in this analysis are listed in Tab. 5.8.5.2.4 Detetor SimulationIn order to ompare the MC simulation with the measured data, the generated MCevents are run through a full simulation of the Zeus detetor. This is split into thedetetor simulation pakage Mozart and the trigger simulation Czar. Mozartombines the Geant 3.21 [115℄ based simulation of interations of generated par-tiles with the detetor material and the simulation of detetor responses. Czarsimulates the trigger deisions and responses for various trigger on�gurations. Inase of a positive trigger deision, it passes the event to the reonstrution program(v. 6). In this analysis, the Zeus detetor simulation in the version num03t0.1 [116℄was used.



Leptons Subproess σ (pb) events Lint (pb−1)elasti 13.39127 30000 2240.3quasi-elasti I 5.749749 30000 5217.6quasi-elasti II 0.2197806 29985 136400
e+e− DIS I 32.63463 29975 918.50DIS II 8.258278 30000 3632.7DIS III 6.475909 30000 4632.6DIS IV 3.660185 30000 8196.3elasti 10.20552 30000 2939.6quasi-elasti I 4.969400 30000 6036.9quasi-elasti II 0.1667154 29000 173950
µ+µ− DIS I 13.00195 30000 2307.34DIS II 2.680569 29000 10819DIS III 2.374704 30000 12633DIS IV 1.215734 30000 24676elasti 6.350449 30000 4724.1quasi-elasti I 3.562767 30000 8420.4quasi-elasti II 0.144120 30000 208160
τ+τ− DIS I 5.233473 30000 5732.3DIS II 1.047287 30000 28645DIS III 0.9540724 30000 31890DIS IV 0.4786053 30000 62682Table 5.8: MC samples to simulate Sm bakground from lepton-pair pro-dutionThe simulated ross setions σ, the numbers of simulated events and the orrespond-ing integrated luminosities Lint are shown.





Chapter 6Event ReonstrutionIn this hapter the variables used in this analysis are de�ned.6.1 Calorimeter Reonstrution6.1.1 Calorimeter Energy CorretionsIn order to suppress the noise, isolated CAL ells with an energy below 80MeV forEMC ells and 140MeV for HAC ells were skipped in the reonstrution. Also ellswith a large imbalane of
|Eleft −Eright|

Ecell

> 0.7 (6.1)between the two independent PMT responses Eleft and Eright were exluded, ifthe total energy deposit in the ell Ecell was above 1GeV. To alibrate the energyresponse of the CAL, onstant orretion fators are multiplied to the measurements,depending on the CAL part and the ell type. They are listed in Tab. 6.1. ThisCAL part Cell type Energy orretionFCAL EMC +4.0%HAC −5.0%BCAL EMC +4.0%HAC +8.0%RCAL EMC +2.5%HAC +2.5%Table 6.1: Energy orretion fatorsDi�erent energy orretions for eah ell type in eah CAL part.79



80 CHAPTER 6. EVENT RECONSTRUCTIONorretions were applied only to data. The remaining unertainty in the CAL energydetermination is ±1% for the FCAL and BCAL and ±2% for the RCAL [118℄.An additional energy orretion of a fator of 0.97 was applied to all HAC energiesin MC. This orretion is spei� for analyses performed on the atual 2003/04 e+pdata [119℄.Further energy orretions, whih are spei� for the reonstruted event vari-ables, are desribed in the following setion.6.1.2 Calorimeter VariablesThe total energy deposition in the CAL Etot and its projetions onto the Zeusoordinate axes px, py and pz are de�ned as
Etot =

∑

i

Ei , (6.2)
px =

∑

i

Ei sin θi cosφi , (6.3)
py =

∑

i

Ei sin θi sinφi , (6.4)
pz =

∑

i

Ei cos θi , (6.5)with the summation index i running over all onsidered CAL ells (see 6.1.1). θiand φi are the polar and the azimuthal angle of the i-th CAL ell with the energydeposition Ei. The angles were alulated using the reonstruted event vertex andthe enter of the respetive ell. The energy response of eah ell was orretedfor energy loss in inative material between the interation point and the partiularell, separately for identi�ed eletrons and hadrons. For ells not assoiated witheletrons (s. 6.4.1), the orretion also took into aount energy losses in super-raks, bak-splash from the CAL and non-uniformities in the response of the ell1[120℄. In addition, this orretion took into aount response di�erenes betweendata and simulation.The variable
E − pz = Etot − pz =

∑

i

Ei(1 − cos θi) (6.6)has harateristi distributions for di�erent �nal states. Due to energy and mo-mentum onservation it peaks at twie the lepton beam energy (55GeV) for NCDIS events with the sattered beam eletron deteted in the main detetor. The1Eergy measurements of hadrons at small energies are overestimated.



6.1. CALORIMETER RECONSTRUCTION 81transverse energy
ET =

∑

i

Ei sin θi (6.7)denotes the absolute value of the total energy deposition projeted onto the az-imuthal plane.The imbalane of the deteted transverse momentum pT and its azimuthal di-retion φ are given by
pT =

√

p2
x + p2

y , (6.8)
φ = arctan

py

px
. (6.9)The missing transverse momentum pmiss

T is de�ned by the negative transverse mo-mentum2 also taking into aount the undeteted transverse momentum arried bymuons, whih esaped the detetor. Therefore the transverse momentum of themuon reonstruted by the muon �nder (s. 6.4.2) is added in ase of a high proba-bility (quality) of its identi�ation:
pmiss

T =

√

√

√

√

(

px +
∑

i

pµ
x,i

)2

+

(

py +
∑

i

pµ
y,i

)2 , (6.10)
φmiss = arctan

−py −
∑

i

pµ
y,i

−px −
∑

i

pµ
x,i

, (6.11)with the summation index i running over all identi�ed muons. The transverse mo-mentum imbalane not taking into aount the innermost ring of the FCAL pex1IR
Tis de�ned similar to pT :

pex1IR
T =

√

√

√

√

(

∑

i6=1IR

Ei sin θi cos φi

)2

+

(

∑

i6=1IR

Ei sin θi sinφi

)2 . (6.12)The summation index i runs over all CAL ells exept those of the innermost ringof the FCAL. The energies of the ells were not orreted in this ase.6.1.3 Kinemati VariablesDepending on the measured �nal state, the kinemati variable x, y andQ2 (see 2.3.1)are usually reonstruted by three algorithms, whih are desribed in the following.2Thus the missing transverse momentum points into the diretion of a possibly unmeasuredpartile.



82 CHAPTER 6. EVENT RECONSTRUCTION6.1.3.1 Eletron MethodThe eletron method is used in �xed target experiments and is very simple, sine onlyinformation on the sattered eletron is used. The kinemati variables are expressedby:
Q2

e = 2EeE
′
e (1 + cos θe) , (6.13)

ye = 1 − E ′
e

1Ee
(1 − cos θe) , (6.14)

xe =
Q2

e

sye
, (6.15)where Ee is the energy of the eletron beam and E ′

e and θe are the measured energyof the sattered eletron and its polar angle, respetively.6.1.3.2 Double-Angle MethodThe double-angle method [121℄ uses information on both, the hadroni �nal stateand the eletron. The kinemati variables are expressed by:
yDA =

sin θe (1 − cos θhadr.)

sin θhadr. + sin θe − sin (θe + θhadr.)
, (6.16)

Q2
DA = 4E2

e

sin θhadr. (1 + cos θe)

sin θhadr. + sin θe − sin (θe + θhadr.)
, (6.17)

xDA =
Ee

Ep

sin θhadr. + sin θe + sin (θe + θhadr.)

sin θhadr. + sin θe − sin (θe + θhadr.)
, (6.18)where Ep is the energy of the proton beam and θhadr. is the measured polar angle ofthe hadroni �nal state. This method does not require a preise knowledge of thealorimeter energy sales.6.1.3.3 Jaquet-Blondel MethodThe Jaquet-Blondel method [122, p.391℄ uses only information on the hadroni �nalstate. The kinemati variables are expressed by:

yJB =
Ehadr − phadr

z

2Ee
, (6.19)

Q2
JB =

(

phadr
T

)2

1 − yJB
, (6.20)

xJB =
Q2

JB

syJB

, (6.21)



6.2. JET RECONSTRUCTION 83where Ehadr, phadr
z and phadr

T are the measured energy, the longidudinal and thetransverse momentum of the hadroni �nal state, respetively.This method was used in this analysis, sine the sattered beam eletron is notexpeted to be reonstruted in the detetor. In order to avoid unphysial values(x, y > 1) due to mismeasurements, the alulated values of x and y were regularised.6.2 Jet Reonstrution6.2.1 Jet Reonstrution AlgorithmJets were reonstruted from the energy deposits in the CAL using the kT -algorithm[123℄ in its longitudinally invariant inlusive mode [124℄ based on CAL ell energies.The ell energy threshold desribed in 6.1.1 was raised to 100MeV for EMC and
150MeV for HAC ells in the jet reonstrution.The transverse jet energy Ejet

T and its position in the η-φ oordinate spae werede�ned as
Ejet

T =
∑

i

ET,i =
∑

i

Ei sin θi , (6.22)
ηjet =

∑

i

ET,iηi

Ejet
T

, (6.23)
φjet =

∑

i

ET,iφi

Ejet
T

, (6.24)where the summation index i runs over all ells assoiated with the jet. Ei, ET,i,
θi, ηi and φi are the energy, transverse energy, polar angle, pseudorapidity andazimuthal angle of ell i, respetively.The longitudinally invariant inlusive kT -algorithm ombines CAL ell energiesto jets as follows:1. The algorithm starts with the list of ells (alled �partiles� here) and an emptylist of jets.2. A distane di = E2

T,iR
2
0 is alulated for eah partile i with the free parameter

R0 set to 1.3. A distane dij = min(E2
T,i, E

2
T,j)R

2
ij is alulated for eah pair of partiles (i, j)with R2

ij = ∆η2
ij + ∆φ2

ij4. The minimum value of all di and dij is labeled dmin.



84 CHAPTER 6. EVENT RECONSTRUCTION5. If dmin belongs to the set of dij, the partiles i and j are merged into a newentry in the list of partiles. The original partiles are removed from the list.6. If dmin belongs to the set of di, the partile i is removed from the list of partilesand enters the list of jets.7. If partiles are left, the proedure is repeated.8. When no partiles are left (i.e. all partiles are inluded in jets), the algorithm�nishes.6.2.2 Jet Energy CorretionsThe jet energies were orreted for energy losses in inative material. These fatorswere derived from a sample of CC Dis MC events by alibrating the jet energiesreonstruted from CAL ells to the orresponding jet energies reonstruted fromthe true hadroni �nal state [125℄. The auray of this alibration was better than2%. A parametrisation of these orretion fators as a funtion of Ejet
T and ηjetwas applied to both, MC and data. The e�ets of this orretion on jets from

b-quarks [46℄ showed, that a systemati underestimation of the b-quark energy ofabout 10% is ounterbalaned. The remaining unertainty in reonstruting the
b-quark energy was 2%.Additional jet energy orretions were applied to data in orrelation with theglobal energy orretions desribed in 6.1.1.6.2.3 Speial Jet VariablesAdditional jet variables an be used to distinguish Qd-jets from jets originatingfrom misidenti�ed eletrons or from hadronially deaying τ -leptons:� Jet radius:The jet radiusRjet

90 is the radius of the one in the η-φ oordinate spae enteredaround the jet axis, whih ontains 90% of the total jet energy. Due to thehadroni showers, Qd-jets have a broader energy distribution than lepton-indued jets with narrow eletromagneti showers.� Eletromagneti energy fration:The eletromagneti energy fration Ejet
EMC/E

jet
total is the fration of the jet en-ergy deteted by EMC ells. For eletron-indued jets, this fration is expetedto be large.� Leading trak energy fration:The leading trak energy fration Ejet

lt /E
jet
total is the fration of the jet energy



6.3. TRACK AND VERTEX RECONSTRUCTION 85arried by the most energeti trak assoiated with the jet. For eletron-indued jets, this fration is expeted to be lose to one. Sine jets fromhadronially deaying τ -leptons also ontain neutral partiles, their leading-trak fration is expeted to be signi�antly smaller than one.6.3 Trak and Vertex Reonstrution6.3.1 Trak and Vertex ReonstrutionTraks were reonstruted from CTD and MVD hits [126℄. The transverse momen-tum of a trak ptrk
T was derived from its measured signed radius Rtrk as

ptrk
T = qRtrkBZEUS (6.25)with the partile harge q3 and the magneti �eld BZEUS (see 3.2.1). Only trakswith a transverse momentum of ptrk

T > 0.1GeV were onsidered in this analysis.Trak harges were determined from the sign of the trak radius, but were not on-sidered in this analysis. The event vertex was reonstruted from the reonstrutedtraks. Primary vertex traks were re�tted to the event vertex.A speial variable used in this analysis is the transverse deviation of the vertexposition rvtx
0 . It is de�ned as the distane of the reonstruted event vertex from themeasured average vertex in the azimuthal plane. For data this average was takenon a run-by-run basis.6.3.2 Trak IsolationThe de�nition of trak isolation in this analysis was based on distanes D in theLorentz-invariant η-φ oordinate spae. For traks, the η-φ oordinate was evaluatedfrom the momentum vetor of the trak at its starting point4. For jets, the η-φoordinate was evaluated from the momentum four-vetor of the jet. The isolationof a trak from other traks was de�ned as the distane

Dtrk =

√

(

∆ηtrk
i

)2
+
(

∆φtrk
i

)2 (6.26)of the respetive trak from the losest neighbouring trak i, whih was required tobe a primary vertex trak with ptrk
T > 0.2GeV. The isolation of a trak from jetswas de�ned as the distane

Djet =

√

(

∆ηjet
i

)2
+
(

∆φjet
i

)2 (6.27)3Usually partiles are assumed to have |q| = e.4event vertex for primary vertex traks



86 CHAPTER 6. EVENT RECONSTRUCTIONof the respetive trak from the losest neighbouring jet i with a transverse energyof at least Ejet
T > 5GeV within a pseudorapidity range of −1 < ηjet < 2.5. If thetrak was assoiated with a jet, this jet was skipped, if it ontains this trak only.A trak is assoiated with a partiular jet, if the distane Djet

i , measured betweenthe jet axis and the extrapolation of the trak to the CAL surfae is less than one.Jets with an eletromagneti fration of more than 90% and jets with a 90%-radiusof less than 0.1 were not onsidered.In ases, where no proper neighbouring trak and/or jet for alulating a distanewas found in the event, the respetive isolation was set to a value larger than thegeometrial limit.6.4 Lepton Identi�ationLeptons in high-energy physis events originate from various soures. So, the usedlepton identi�ation algorithms are expeted to �nd leptons from di�erent origins.In general, an identi�ed lepton ontributes to the signature of interest, if it mathesan isolated trak5. Further requirements, whih are typial for partiular leptonsand the lepton identi�ation algorithms themselves are desribed in the following.6.4.1 Eletron Identi�ationThe eletron identi�ation in this analysis is based on the eletron �nder Em [127℄,whih was developed espeially for the identi�ation of sattered beam eletrons inNC DIS events with high Q2. It uses seven variables derived from alorimeter andtraking information to alulate the likelihoods for the objet to be an eletron.The algorithm is tuned to the orresponding distributions from eletrons learlyidenti�ed by other algorithms. The energy of an eletron andidate was alulatedfrom the CAL information, whih was orreted for energy loss in inative materialaording to test-beam measurements (s. 6.1.2).Eletrons were also required to exeed a value for the produt of the likelihoodsof 10−3 and to have a orreted energy of more than 8GeV. Furthermore, the energyontained in a one of radius 0.8 in the η-φ-plane may not ontain more than 20%not assoiated to the eletron andidate. An eletron found in an event is lassi�edas the sattered beam eletron, if its aoplanarity is less than 0.14. If more thanone eletron is found, this riterion is applied to the eletron with the highest pT or� if neessary � to the eletron with the 2nd-highest pT .As a ross hek, the neural-network based eletron �nder Sinistra [128℄ wasompared with Em. Requiring an eletron probabilty of 0.9, no deviations werefound in the data sample desribed in 7.2.5The lepton mathes an isolated trak = The lepton is isolated.



6.4. LEPTON IDENTIFICATION 876.4.2 Muon Identi�ationThe muon identi�ation in Zeus uses a number of di�erent muon �nding algorithms,whih typially math the information from two or more subdetetors6. The outomeof these algorithms is ombined by the muon �nder pakage GMuon [129℄. Besidesthe kinematial properties of eah muon andidate it provides a quality lassi�ation�ag, whih allows for a separation of fake muons from real muons. This lassi�ationis de�ned on the basis of ertain quality riteria from eah muon �nder and theirorrelations. For example, a muon andidate with a very high probability from themuon �nder Bremat to math a primary vertex trak is lassi�ed with the highestquality 6 (exellent), whereas a muon andidate with an entry of fair quality fromthe muon �nder Mv only is lassi�ed with the quality 1 (low). The values of thisquality �ag range from -2 (bad) to 6 (exellent)7.In this analysis, muons with a quality �ag of 3 (fair) or more are onsideredin the alulation of pmiss
T . Also muons with a quality �ag of 1 (low) or more areonsidered, if they math an isolated trak (see 7.3). The requirement of an isolatedtrak math indiates that the bakground for the muon reonstrution is very low,so that this redued quality riterion is appliable [130℄.6.4.3 τ-Lepton Identi�ationCompared to other leptons, τ -leptons deay quikly (cτ = 87.11 µm), and in thepresent study only their deay produts an be identi�ed. The BR of the leptonideays (τ → µν̄µντ , eν̄eντ ) amounts to 35%. Sine a missing transverse momentumis already expeted from the prodution of the τ -lepton in a W -boson deay, themissing transverse momentum from the additional neutrinos does not indue a learsignature. Those events annot be distinguished from �diret� e- or µ-prodution.In almost 50% of all ases the τ -lepton deays hadronially with only one hargedpartile visible (one-prong deay), whih leads to an isolated trak ending up in aollimated (�penil-like�) hadroni jet. This is illustrated in Fig. 6.1, where both jettypes are shown in one event. These jets an be distinguished from Qd jets on thebasis of the jet shape variables introdued in 6.2.3.In this analysis a simple approah similar to that used in the H1 analysis [131℄ ishosen to identify τ -leptons, whih is desribed in 7.3. A more sophistiated methodbased on a disriminator tehnique [46,132℄ might be used in the future after beingustomised for Hera II data.6A list of the algorithms and the respetive subdetetors is found in App. C7A list of the GMuon quality �ags inluding some examples is found in Tab. C.1
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a
b

Figure 6.1: τ-Lepton (one-prong deay) and Qd-indued jets(a) A �penil-like� τ -lepton indued and (b) a broad Qd-indued jet in the Zeusdetetor are shown. The light blue rings depit the CAL. The red segments representenergy depositions. The thin red lines are reonstruted traks. The piture wasextrated from a MC event with a singly produed t-quark.6.5 Additional Variables� Aoplanarity:The aoplanarity φobj
acopl of an objet is de�ned as its azimuthal separation fromthe hadroni system:

φobj
acopl = π −

∣

∣φobj − φhadr
∣

∣ , (6.28)with the azimuthal angles φobj and φhadr of the objet and the hadroni system,respetively. The aoplanarity of the event is de�ned as the aoplanarity ofthe isolated eletron with the highest transverse momentum. For NC Disevents, the aoplanarity is expeted to be lose to zero, sine the satteredbeam eletron balanes the hadroni system, whih means that |φobj − φhadr|is lose to π.� Transverse mass:



The transverse massM ij
T of two objets i and j is de�ned as:
M ij

T =

√

2pi
Tp

j
T (1 − cosφij) , (6.29)with the transverse momenta pi

T and pj
T of those objets and their azimuthalopening angle φij. If these two objets are the deay produts of a �mother�objet, the transverse mass distribution is expeted to peak at the mass of themother objet. E.g. if one onsiders a leptoni deay of a W -boson with anidenti�ed lepton and identi�es the missing transverse momentum in the eventwith the undeteted neutrino, the transverse mass alulated from the leptonand the missing transverse momentum should peak at the W -boson mass.� Longitudinal neutrino momentum:If one onsiders a leptoni deay of a W -boson with an identi�ed lepton andidenti�es the missing transverse momentum in the event with the undetetedneutrino, the longitudinal neutrino momentum pν

z an be reonstruted fromthe onstraint that the invariant mass of the lepton-neutrino system Mlν or-responds to the mass of the W -boson MW :
Mlν =

√

(El + Eν)2 − (~pl + ~pν)2 = MW , (6.30)with El, ~pl and Eν , ~pν the energy and the momentum vetor of the lepton andthe neutrino, respetively. This equation is solvable for pz,ν, if one assumesthat neutrinos are massless (E2
ν = ~p2

ν). It yields two solutions whih haveto be evaluated for their physial meaning. In this analysis, the momentumfour-vetor reonstruted by the orresponding lepton �nder (s. 6.4) was usedfor this alulation rather than trak quantities, sine the errors in the trakreonstrution beome large for high-pT traks. In ase of a τ -andidate (s.7.3), the quantities were taken from the orresponding jet.





Chapter 7Searh for Isolated LeptonsThe event seletion was split into �ve steps:1. sample seletion,2. ontrol seletion,3. pre-seletion of isolated lepton events(From this seletion step on, eletron, muon and τ -lepton andidates weretreated separately.),4. �nal seletion of W-boson andidates and5. �nal seletion of single t-quark andidates.The seletion uts desribed in this hapter are applied to both, data and MC events,unless noted otherwise.All referenes to the MC sample of singly produed t-quarks refer to the Hexf-sample generated with a t-quark mass of 175GeV (s. 5.2.2.2).7.1 Sample SeletionThis �rst seletion step reprodued roughly the �rst seletion step performed in theHera I analysis [39,46℄. It was performed in order to investigate the e�etiveness ofthe Hera I tehniques to rejet non-ep bakground in Hera II data. No distintionregarding the lepton andidates was made.The following uts were applied:� DST trigger bit seletion:The best trigger-based representation of the signature of interest was givenby the trigger bit DST34, whih is designed to give a preseletion of CC91



92 CHAPTER 7. SEARCH FOR ISOLATED LEPTONSevents in Zeus. It mainly requires large total transverse momentum and largetransverse momentum exluding the innermost FCAL ring, in partiular:
pT > 7GeV and pex1ir

T > 6GeV. (7.1)Even though both uts were tightened further in this �rst seletion step, theDST seletion saves omputation time. The trigger e�ienies1 were foundto be 77% for single W -boson prodution with subsequent leptoni deay and98% for single t-quark prodution with a subsequent leptoni deay of the
W -boson. A detailed desription of the DST34 trigger logi is found in App.D.� Total transverse momentum:Sine the signature of interest ontains at least one neutrino in the �nal stateleading to signi�ant missing transverse momentum in the detetor, a ut onthe measured total transverse momentum was applied:

pT > 15GeV. (7.2)The transverse momentum distributions after the sample seletion are shownin Fig. 7.1(a).� Non-ep bakground rejetion:� Event vertex:In order to redue bakgrounds from non-ep interations, the event vertexwas required to be lose to the nominal interation point along the beamaxis:
∣

∣zvtx
∣

∣ < 50 m. (7.3)The longitudinal vertex position distributions after the sample seletionare shown in Fig. 7.1(b). In the azimuthal plane the event vertex wasrequired to be reonstruted inside the beam pipe.� CAL holes:As desribed in 3.2.4, CAL ells are read out with two independent PMTs.If both PMTs of a ell are �dead�, the energy deposition in this ell is lost,whih an lead to signi�ant missing transverse momentum. In order toavoid this unertainty, events with a high-pT trak (ptrk
T > 3GeV) pointinginto the diretion of a dead ell are rejeted. In partiular, the angle1A de�nition of e�ieny is given in 8.2.



7.1. SAMPLE SELECTION 93between the extrapolated impat point of trak i on the CAL surfae andthe entre of the dead ell j, Ωij , was required to ful�ll
Ωij < 0.1 . (7.4)This ut was applied only to data. It rejeted 16 events orresponding to4%� of all data events, whih pass all other uts in the sample seletion.� CAL timing:The CAL provides an aurate ell-by-ell timing measurement. Gener-ally the ells are alibrated suh, that energy depositions from relativistipartiles originating from ep-interations at the interation point shouldhave a time lose to 0 ns. This information an be used to rejet non-

ep bakground signatures, sine they reate timing strutures, whih areinonsistent with those of physis events.* Beam-gas interations and halo muons:Partiles from beam-gas interations and halo muons hit the RCALfrom the bak leading to early times relative to FCAL.* Atmospheri muonsAtmospheri muons impinge on the detetor from above leading to atime di�erene between the upper and the lower CAL parts.A omplete list of the timing uts is given in Tab. 7.1. No requirementon a minimum number of ells taken into aount in the partiular CALparts was applied. The timing uts were applied only to data.� Unnaturally loalised energy depositions in the CAL [139℄:* Dead PMTs and sparks:Sparks are sudden disharges of CAL PMTs, whih an lead to signif-iant mismeasurements. Sparks are identi�ed by a large imbalanebetween the energies measured by the two PMTs of the ell. Thespei� ut hosen is |EL − ER|/(EL + ER) > 0.8, where EL and
ER indiate the energy measured by the �left� and by the �right�PMT, respetively. Unertainties in the energy measurement anarise from ells with one dead PMT. In this ase the energy deposi-tion in the ell is estimated by doubling the energy deteted by theworking PMT. By de�nition, the energy imbalane amounts to zeroin this ase. To redue these unertainties, the transverse momentumis alulated exluding those ells (pgoodbal

T ) and ompared to the to-tal (unorreted) transverse momentum. In partiular, the following



94 CHAPTER 7. SEARCH FOR ISOLATED LEPTONSondition is imposed:
0.5 <

pgoodbal
T

pCAL
T

< 2 . (7.5)* Halo and atmospheri muons:Halo and atmospheri muons were rejeted by requiring
EBHAC

EBCAL
< 0.9 , (7.6)if the total energy in the BCAL is more than 5GeV. The same utwas applied to the RCAL energies.* Energy fration of highest-ET ell:The fration of ET in the highest-ET ell of the total ET is a gooddisriminator against sparks. The following spei� uts were used:· highest-ET ell in HAC:

Ei
T

ET

< 0.7 , p−i
T

pT

> 0.3 and Ei
T

Ej
T

< 0.9 , (7.7)· highest-ET ell in EMC:
Ei

T

ET
< 0.8 , p−i

T

pT
> 0.2 and Ei

T

Ej
T

< 0.95 . (7.8)Here i and j denote the highest-ET ell and the island2 ontaining i,respetively. The label−i indiates, that this quantity was alulatedexluding i. In ase of the EMC, the last ut was only applied, if onePMT in i was dead.� Transverse momentum measured outside the �rst inner ring of FCAL:Proton beam-gas events within the main detetor lead to high energydeposits in the inner rings of the FCAL. Therefore it is required:
pex1ir

T > 9GeV. (7.9)� Trak quality:A �good� trak is de�ned as a vertex-�tted trak with ptrk
T > 0.2GeV. Pro-ton beam-gas events usually ontain a large number of low-energy traks,whih are not �tted to the primary vertex [134℄. This event signaturewas rejeted by requiring

ngood
trk > 0.2 · (ntrk − 20) . (7.10)2An island is a CAL lustering objet. It is formed by energy deposits in adjaent ells of onepartiular CAL layer [133℄.



7.1. SAMPLE SELECTION 95� Atmospheri muons:Muons from interations of high-energy osmi rays in the atmosphereare haraterised by a straight trak through the detetor. If this trakruns lose to the interation point, it might be reonstruted as two traksoming from the event vertex. If an event ontained exatly two trakswith a transverse momentum of more than 0.2GeV, both vertex-�ttedand with an opening angle of more than 178◦, the event was rejeted. Amuon identi�ation was not required.� Cosmi showers:Cosmi showers originate from high-energy protons hitting the upper at-mosphere. In the detetor, they are haraterised by many muons and alarge energy deposition in the BAC. They were rejeted by
EBAC < 100GeV and nBAC

µ < 15 , (7.11)where EBAC is the energy measured and nBAC
µ the number of muonsdeteted in the BAC.CAL part Minimum energy (GeV) Timing utCAL 2.0 ∣

∣tCAL
∣

∣ < 6 ns4.0 ∣

∣tCAL
∣

∣ < 5 nsFCAL, BCAL or RCAL 0.6 ∣

∣tFCAL,BCAL,RCAL
∣

∣ < 6 ns4.0 ∣

∣tFCAL,BCAL,RCAL
∣

∣ < 5 nsupper or lower CAL half 4.0 ∣

∣tuCAL,lCAL
∣

∣ < 6 nsupper or lower FCAL half 4.0 ∣

∣tuFCAL,lFCAL
∣

∣ < 6 nsFCAL and RCAL 1.0 ∣

∣tFCAL − tRCAL
∣

∣ < 6 nsupper and lower CAL half 1.0 ∣

∣tuCAL − tlCAL
∣

∣ < 6 nsupper and lower FCAL half 1.0 ∣

∣tuFCAL − tlFCAL
∣

∣ < 6 nsupper and lower RCAL half 1.0 ∣

∣tuRCAL − tlRCAL
∣

∣ < 6 nsTable 7.1: Timing utsThe minimum energy gives the lower limit on the deteted energy for applying theut. It is valid for the orresponding CAL parts independently. The timing utrefers to the average timing in the orresponding CAL parts.Fig. 7.1 shows the distributions of the transverse momentum pT and the longi-tudinal vertex position zvtx after the sample seletion. The Sm simulation ontainsthe event samples desribed in 5.2.2.1 and 5.2.3. These samples were weighted a-ording to the integrated data luminosity as well as the simulation of single t-quark
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Figure 7.1: Transverse momentum and longitudinal event vertex positionafter sample seletion(a) Transverse momentum pT and (b) longitudinal vertex position zvtx for data(dots) and the Sm MC with Dis events generated with Cdm (yellow area) or Meps(blue line). Also single W -boson prodution with subsequent leptoni deay (redarea) and single t-quark prodution with subsequent leptoni deay of the W -boson(blak line) are shown. Only events whih passed the sample seletion are shown.prodution, assuming the ross setion given in Eq. 2.26. CC and NC Dis eventswere simulated using both, the Cdm and Meps model (s. 5.2.3.1). Results forboth models are shown in the �gures. 4475 data events were observed, whereas theSm expetation was 1312.7±10.7 for Cdm and 1245.5±9.8 for Meps, respetively3.The e�ienies of the sample seletion were 47% for single W -boson produtionwith subsequent leptoni deay (7.28±0.05 events expeted) and 89% for single t-quark prodution with a subsequent leptoni deay of the W -boson. Fig. 7.1(a)shows a signi�ant exess of data for small transverse momenta. For pT > 25GeV,data and Sm MC agree well. Fig. 7.1(b) shows the longitudinal vertex distribu-tion. Its simulation was based on measurements [135℄. Typially a peak at thenominal interation point with zvtx = 0 m with an exponential fall towards theedges of the interation region is expeted. The data shows a ompletely di�erentshape than expeted. Besides the greater absolute number of data events ompared3Here and in the following, the given unertainties on the number of seleted MC events arestatistial unertainties as de�ned in Eq. 8.2.



7.2. CONTROL SELECTION 97to the Sm predition, a broader peak and a slighter fall towards the edges of the
zvtx-distribution were observed in data. This behaviour is harateristi in ase of asigni�ant ontamination by non-ep bakgrounds.Studies on the bakground onditions in Hera II [136,137℄ indiated, that afterthe Hera upgrade an inreased number of partile bakground events from protonand eletron beam-gas interations an be expeted. Indeed, a random eye-san4of the data after the sample seletion showed, that it is ontaminated by many ofthose non-ep bakground events. A typial proton beam-gas event is shown in Fig.E.1. Figs. 7.2(a) and (b) illustrate that these events were loated at small values of
phadr

T /Ehadr
T and large values of the transverse vertex deviation. In addition the Smpredition of rvtx

0 is slightly shifted to smaller values with respet to data, whih isdue to the idealisation of the simulation. The two-dimensional distributions of thesevariables are shown for data and MC in Figs. 7.2() and (d). In the region of small
phadr

T /Ehadr
T and large rvtx

0 the data shows an signi�ant number of entries, whereasno ontribution is seen in the simulation. The number of these entries was similarto the observed total exess in data ompared to MC. Therefore, these events wereidenti�ed with beam-indued partile bakground and were removed from the datasample as desribed in the following.7.2 Control SeletionThis seletion step was introdued in order to rejet the additional non-ep bak-ground whih arises from the harsh bakground onditions after the Hera upgrade.No distintion regarding the lepton andidates was made.The following uts were applied:� Transverse momentum:The transverse momentum ut was raised to:
pT > 20GeV. (7.12)The transverse momentum distributions after the ontrol seletion are shownin Fig. 7.3(a).� Further non-ep bakground rejetion:Based on the distributions shown in Fig. 7.2() and (d), events were rejeted,if

phad
T

Ehad
T

< 0.65 and rvtx
0 ≥ 0.07 m, (7.13)where rvtx

0 is the transverse vertex deviation as de�ned in 6.3.1.4The eye-san was performed with the Zeus Event Visualisation program (ZeViS) [138℄.
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Figure 7.2: phadr
T /Ehadr

T and transverse vertex deviation after sample sele-tion(a) phadr
T /Ehadr

T and (b) transverse vertex deviation rvtx
0 for data (dots) and the SmMC with Dis events generated with Cdm (yellow area) or Meps (blue line). Alsosingle W -boson prodution with subsequent leptoni deay (red area) and single

t-quark prodution with subsequent leptoni deay of the W -boson (blak line) areshown. phadr
T /Ehadr

T vs. transverse vertex deviation rvtx
0 for () data and (d) SmMC with Dis events generated with Cdm. The olour sale ranges from blue (noevents) to red with inreasing number of events. Only events whih passed thesample seletion are shown.



7.2. CONTROL SELECTION 99After these uts, 727 events were observed in data, whereas the Sm expetationwas 843.8±4.7 for Cdm and 835.9±4.5 for Meps, respetively. The bakgroundis dominated by CC Dis events (787.3±2.3 for Cdm and 787.1±2.3 for Meps, re-spetively). The e�ienies of the sample seletion were 38% for single W -bosonprodution with subsequent leptoni deay (5.90±0.05 events expeted) and 78%for single t-quark prodution with a subsequent leptoni deay of the W -boson. Fig.7.3 shows the distributions of the transverse momentum pT and the longitudinalvertex position zvtx after the ontrol seletion. Both variables show a muh better(a) (b)
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Figure 7.3: Transverse momentum and longitudinal event vertex positionafter ontrol seletion(a) Transverse momentum pT and (b) longitudinal vertex position zvtx for data(dots) and the Sm MC with Dis events generated with Cdm (yellow area) or Meps(blue line). Also single W -boson prodution with subsequent leptoni deay (redarea) and single t-quark prodution with subsequent leptoni deay of the W -boson(blak line) are shown. Only events whih passed the ontrol seletion are shown.desription of the data by the MC simulation. The transverse momentum distribu-tions (Fig. 7.3(a)) show an exponential fall with inreasing values for both, dataand MC. The agreement is fair, data undershoots the MC simulation slightly. Thedistributions of the longitudinal vertex position (Fig. 7.3(b)) show a peak at thenominal interation point (zvtx = 0 m) and a exponential fall towards the edges ofthe interation region.Fig. 7.4 shows the distribution of kinemati variables, namely the Bjorken sal-
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Figure 7.4: Kinemati variables after ontrol seletion(a) Bjorken saling variable xJB, (b) virtuality yJB, () momentum transfer Q2
JBand (d) Ehadr − phadr

z for data (dots) and the Sm MC with Dis events generatedwith Cdm (yellow area) or Meps (blue line). Also single W -boson prodution withsubsequent leptoni deay (red area) and single t-quark prodution with subsequentleptoni deay of the W -boson (blak line) are shown. The index JB indiates that
x, y and Q2 were alulated with the Jaquet-Blondel method. Only events whihpassed the ontrol seletion are shown.



7.3. PRE-SELECTION OF ISOLATED LEPTON EVENTS 101ing variable xJB, the virtuality yJB, the momentum transfer Q2
JB and Ehadr − phadr

z ,after the ontrol seletion. The distribution of Ehadr − phadr
z (Fig. 7.4(d)) shows anexponential fall towards the kinemati limit of 55GeV. Beyond this value, �utua-tions towards large values of the energy measurement in the CAL lead to unphysialvalues, whih are not well reprodued by the simulation. The e�et of this mismea-surement is also observed at large values of xJB (Fig. 7.4(a)) and Q2

JB (Fig. 7.4()).Outside this extreme region of the phase spae, the shape of the data distibutionsis desribed well by the Sm predition.7.3 Pre-Seletion of Isolated Lepton EventsFig. 7.5 shows the distributions of the trak isolation variables Dtrk and Djet (s.Eqs. 6.26 and 6.27) after the ontrol seletion. Both distributions show large peaks(a) (b)
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Figure 7.5: Trak isolation after ontrol seletion(a) Trak isolation from other traks Dtrk and (b) trak isolation from jets Djet fordata (dots) and the Sm MC with Dis events generated with Cdm (yellow area) orMeps (blue line). Also single W -boson prodution with subsequent leptoni deay(red area) and single t-quark prodution with subsequent leptoni deay of the W -boson (blak line) are shown. Only vertex �tted traks with ptrk
T > 0.2GeV in eventswhih passed the ontrol seletion are shown.at D = 0 from non-isolated traks with a steep exponential fall. Aumulations areobserved in the region of ∼ 1 ≤ D ≤∼ 5, alled isolation region, from traks whih



102 CHAPTER 7. SEARCH FOR ISOLATED LEPTONSare isolated from other traks or jets, respetively. For Dtrk this aumulation issmeared into the peak from non-isolated traks. The bin with D ≈ 7 ontains trakswith no neighbouring trak or jet aording to the restritions in 6.3.2, where theisolation was set to a large value. For both isolation variables data agrees well withthe simulation. The fration of traks from single W -boson and t-quark produtionwith subsequent leptoniW -deay is above the average in the isolation region. Cutson the isolation variables enrih the data sample with events ontaining isolatedleptons. Fig. 7.6 shows the two-dimensional distributions of the trak isolationvariables of the highest-ptrk
T trak for MC simulations after the ontrol seletion.Both, the W -boson and the t-quark sample (Fig. 7.6() and (d), respetively) showa luster of highest-ptrk

T traks in the intersetion of both isolation regions, whihis learly separated from the rest of the events. Also the Sm preditions exludingsingle W -boson prodution with subsequent leptoni deay (Fig. 7.6(a) and (b))have events in this region, but the distribution are smeared over the whole range ofthe isolation variables. The events in the isolation region from the Sm preditionsare dominated by NC Dis and di-lepton events. In addition, all samples showontributions from events, where no neighbouring trak and or jet to the highest-pTtrak was found. Cuts on the isolation variables of the highest-ptrk
T trak enrih thefration of events with leptoni W -deays in data. In order to selet events withisolated leptons, the following uts were applied as indiated by the red lines in Fig.7.6:� Isolated high-pT traks:Only traks with ptrk

T > 5GeV and θtrk < 2.35 were taken into aount. Ad-ditionally the traks were required to be �tted to the primary event vertex.Traks mathing a sattered beam eletron (s. 6.4.1) or a muon with a badreonstrution quality (lower than 3, s. 6.4.2) were exluded. Finally thehighest-pT trak with
Dtrk > 0.5 and Djet > 1 (7.14)was hosen as andidate for an isolated high-pT lepton.� Mathing of isolated traks and identi�ed leptons:If the isolated high-pT lepton andidate trak was identi�ed to mathed aneletron or a muon from the orresponding lepton �nder, it was �agged as aneletron or muon andidate, respetively. If not, the trak was assumed toome from a hadron and was treated as a τ -lepton andidate.Eletron, muon and τ -lepton andidates were treated separately from here on.An isolated trak was alled an eletron or muon andidate, if the trak mathed a�nding of the orresponding lepton �nder as desribed in 6.4.1 and 6.4.2, respetively.Isolated traks without a lepton math were assumed to originate form hadrons andwere passed to the atual τ -lepton identi�ation.
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Figure 7.6: Two-dimensional trak isolation of highest-ptrk
T trak in MCafter ontrol seletionTrak isolation variables Djet vs. Dtrk for (a) Sm MC with Dis events generatedwith Cdm, (b) MC with Dis events generated with Meps, both exluding single

W -boson prodution with subsequent leptoni deay, () singleW -boson produtionwith subsequent leptoni deay and (d) single t-quark prodution with subsequentleptoni deay of the W -boson. Only the highest-ptrk
T traks in events whih passedthe ontrol seletion are shown. Traks mathing a sattered beam eletron (s.6.4.1) or a muon with a bad reonstrution quality (lower than 3, s. 6.4.2) wereexluded. The box sizes are proportional to the logarithm of the number of eventswith idential sales in all �gures. The red lines illustrate the applied uts.



104 CHAPTER 7. SEARCH FOR ISOLATED LEPTONSIn the eletron hannel, 5 events were observed in data, whereas the Sm expe-tation was 13.9±1.7 for Cdm and 11.5±1.6 forMeps, respetively. The bakgroundis dominated by NC Dis events (10.7±1.7 for Cdm and 8.2±1.6 for Meps, respe-tively). The e�ienies of the pre-seletion in the e-hannel were 31% for single
W -boson prodution with subsequent deay to eνe (1.59±0.03 events expeted) and34% for single t-quark prodution with a subsequent deay of the W -boson to eνe.Fig. 7.7 shows kinemati variables of events with an isolated eletron andidate.The simulation of the transverse momentum distribution (Fig. 7.7(a)) shows a peak(a) (b)
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Figure 7.7: Kinemati variables of isolated eletron andidate events afterpre-seletion(a) Transverse momentum pT and (b) E−pz for data (dots) and the SmMC withDisevents generated with Cdm (yellow area) or Meps (blue line). Also single W -bosonprodution with subsequent deay to eνe (red area) and single t-quark produtionwith subsequent deay of the W -boson to eνe (blak line) are shown. Only eventswhih passed the pre-seletion as isolated eletron andidate events are shown.at small values and a steep exponential fall towards higher values. This is expetedfrom NC Dis events, sine the transverse momentum originates from mismeasure-ments. This behaviour is reprodued by data, though the data undershoots thesimulation slightly. Events from Sm single W -boson prodution with subsequentdeay to eνe or from the Bsm single t-quark prodution with subsequent deay ofthe W -boson to eνe tend to have higher transverse momentum from the undetetedhigh-energy neutrino. Also the distributions of E − pz show the typial behaviourof a sample whih is dominated by NC Dis events with a spike at the double lepton



7.3. PRE-SELECTION OF ISOLATED LEPTON EVENTS 105beam energy (55GeV). The desription of the data by the Sm predition is rea-sonable for this quantity, if the limited statistis are taken into aount. Still oneevent with extremely high E − pz is observed, where the simulation has no ontri-butions. For W -boson and t-quark prodution, the expeted values are generallybelow the double lepton beam energy. Fig. 7.8 shows properties of the isolatedeletron andidates. The aoplanarity angle (Fig. 7.8(a)) was alulated from thetrak momentum vetor. Eletrons with a small aoplanarity angle alulated fromthe momentum vetor reonstruted by the eletron �nder had been removed earlier(s. above and 6.4.1). A peak at small values is observed in the Sm predition asexpeted from the bak-to-bak topology of NC Dis events (s. 6.5). Also the dis-tribution for single t-quark prodution tends to small values, sine these events alsohave a bak-to-bak topology (s. 2.4.2). However, the distribution is muh broaderdue to the undeteted neutrino. For single W -boson prodution the distribution ismostly �at, sine the orrelation between the W -boson and the hadroni transversemomenta is weak in most of the prodution mehanisms (s. 2.4.1). A small en-hanement at large values arises from �nal state W -radiation of the sattered quark(s. Fig 2.9(b)). In this ase, the deay produts of the W -boson are expeted in thesame hemisphere as the jet. The distribution of the transverse momentum of theisolated eletron pe
T (Fig. 7.8(b)) for single W -boson prodution has a lear peak atabout half of theW -boson mass due to the energy splitting between the eletron andthe neutrino. For single t-quark prodution the distribution is �at. The hadronitransverse momentum with respet to the isolated eletron (Fig. 7.8()) has a spikeat high values in single t-quark prodution as expeted (s. 2.4.2), whereas all otherdistributions peak at small values with an exponential fall towards large values. Forsingle W -boson prodution, the transverse mass of the assumed eνe-system Meν

T(Fig. 7.8(d)) aumulates at the mass of the W -boson as expeted. Also in single
t-quark prodution a similar behaviour is observed. The distributions of the Smsimulation has its maximum at a slightly smaller value, but a lear distintion is notpossible. One data event is reonstruted withMeν

T very lose toMW , the others be-have as predited by MC. In general these distributions show reasonable agreementof data and the Sm predition.In the muon hannel, 4 events were observed in data, whereas the Sm expe-tation was 5.4±0.2 for both, Cdm and Meps. The bakground is dominated bydi-muon prodution (3.8±0.2 events expeted). The e�ienies of the pre-seletionin the µ-hannel were 15% for single W -boson prodution with subsequent deayto µνµ (0.78±0.02 events expeted) and 41% for single t-quark prodution with asubsequent deay of the W -boson to µνµ. Fig. 7.9 shows kinemati variables ofevents with an isolated muon andidate. The distributions of the transverse mo-mentum (Fig. 7.9(a)) fall exponentially from small to high values exept for single
t-quark prodution. In the µ-hannel of the W -boson as well as in di-muon eventsboth leptons lead to undeteted energy. For W -boson and di-muon prodution,
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Figure 7.8: Properties of isolated eletron andidates after pre-seletion(a) Aoplanarity φe
acopl and (b) transverse momentum pe

T of the isolated eletron, ()hadroni transverse momentum with respet to the eletron phadr.
T and (d) transversemass of the reonstruted eletron-neutrino system Meν

T for data (dots) and the SmMC with Dis events generated with Cdm (yellow area) or Meps (blue line). Alsosingle W -boson prodution with subsequent deay to eνe (red area) and single t-quark prodution with subsequent deay of the W -boson to eνe (blak line) areshown. Only events whih passed the pre-seletion as isolated eletron andidateevents are shown.
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Figure 7.9: Kinemati variables of isolated muon andidate events afterpre-seletion(a) Transverse momentum pT and (b) missing transverse momentum pmiss
T for data(dots) and the Sm MC with Dis events generated with Cdm (yellow area) or Meps(blue line). Also single W -boson prodution with subsequent deay to µνµ (redarea) and single t-quark prodution with subsequent deay of the W -boson to µνµ(blak line) are shown. Only events whih passed the pre-seletion as isolated muonandidate events are shown.this missing energies balane eah other, whih leads to smaller values in the totaltransverse momentum. This results in a smaller e�ieny of the applied pT -uts in

W -boson prodution ompared to the e-hannel. In single t-quark prodution, theleptons are expeted in the same hemisphere, so that the missing energies add to alarge total transverse momentum. This expetation is reprodued by the simulation.Only events with small transverse momentum are observed in the data. The missingtransverse momentum (Fig. 7.9(b)) of singleW -boson and t-quark prodution tendsto have higher values than the Sm bakground as expeted from events with a high-energy neutrino. Sine no neutrinos are expeted in di-muon prodution, the missingtransverse momentum is small in this ase. Data events are observed in a region ofthe missing transverse momentum, where bakground dominates, but events witha W -deay also beome relevant. Within the limited statistis, agreement of dataand Sm predition is observed in these distributions. Fig. 7.10 shows propertiesof the isolated muon andidates. The MC distribution of the muon azimuth angle
φµ (Fig. 7.10(a)) is �at. Enhanement in data at |φµ| = π/2 would be a hint of
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Figure 7.10: Properties of isolated muon andidates after pre-seletion(a) Azimuth angle φµ and (b) transverse momentum pµ
T of the isolated muon, ()hadroni transverse momentum with respet to the muon phadr.

T and (d) transversemass of the reonstruted muon-neutrino systemMµν
T for data (dots) and the SmMCwith Dis events generated with Cdm (yellow area) or Meps (blue line). Also single

W -boson prodution with subsequent deay to µνµ (red area) and single t-quarkprodution with subsequent deay of the W -boson to µνµ (blak line) are shown.Only events whih passed the pre-seletion as isolated muon andidate events areshown.



7.3. PRE-SELECTION OF ISOLATED LEPTON EVENTS 109ontamination by atmospheri muon events. This is not observed. The distributionof the transverse momentum of the isolated muon pµ
T aumulates at small values fordata and Sm simulations. W -boson and t-quark prodution peak at a similar value,but with a signi�ant tail towards large values. The distribution of the hadronitransverse momentum with respet to the muon phadr.
T behaves very similar to thetotal transverse momentum distribution, sine the muon deposits only little energyin the alorimeters. A ontribution from di-muon events is found in the simulationat small values of phadr.

T . The distribution of the transverse mass of the assumed µνµ-system Mµν
T (Fig. 7.10(d)) for single W -boson and t-quark prodution is similar tothe one for the e-hannel. However, the Sm bakground peaks at zero as expetedfrom Bethe-Heitler proesses. All distributions show a reasonable agreement of dataand Sm simulation.Finally, the remaining isolated traks without any lepton �nder math are as-sumed to be single hadron traks. In this hannel 12 events were observed in data,whereas the Sm expetation was 6.5±0.8 for Cdm and 5.9±0.8 for Meps, respe-tively. The bakground is dominated by CC Dis events (5.3±0.2 and 4.7±0.2 eventsexpeted for Cdm and Meps, respetively). The e�ienies of the pre-seletion inthe τ -lepton hannel were 3.4% for single W -boson prodution with subsequent de-ay to τντ (0.18±0.01 events expeted) and 4.2% for single t-quark prodution witha subsequent deay of the W -boson to τντ . It has to be taken into aount, thatthese e�ienies inlude all τ -deay hannels, whereas the BR of the τ -lepton de-aying into one single harged hadron is about 50%. However, the ourene of atleast one additional neutrino in events with τ -leptons (s. 4.1.1) and the unhargedhadrons from the τ -deay make it more di�ult to identify the isolated trak in thishannel. The exess in data is assumed to ome mainly from misidenti�ed eletrons,whih is known not to be reprodued properly in the simulations. In order to rejetsuh events, the properties of the isolated traks were investigated further. Fig.7.11 shows some quantities, whih are likely to distinguish isolated hadrons from

τ -deays from e.g. misidenti�ed eletrons. The trak-jet mathing Djet,ass. (Fig.7.11(a)) denotes the distane of the isolated trak from the momentum axis of theassoiated jet. All distributions peak at small distanes, but for the Sm bakgroundand data a tail towards large values is observed. The jet radius Rjet,ass.
90 (s. 6.2.3, Fig.7.11(b)) is expeted to be small (ollimated �penil-like� jet) for τ -deays. Single

W -boson and t-quark prodution show an aording distribution. However, dataand Sm predition have a tail towards large values again. For misidenti�ed ele-trons the eletromagneti energy fration of the jet Ejet,ass.
EM /Ejet,ass. (Fig. 7.11())is expeted to be lose to one. All distributions are almost �at, but for W -bosonand t-quark prodution the distributions are trunated below one. After adding theleading trak fration Ejet,ass.

trk /Ejet,ass. (Fig. 7.11(d)) all distributions peak belowtwo as expeted. However, data and Sm simulation have tails to large values. Thisis due to disagreements between energy measurements in the CAL and momentum
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-decay of Wτsingle t, Figure 7.11: Properties of isolated hadroni traks after pre-seletion(a) Trak-jet mathing Djet,ass., (b) jet radius Rjet,ass.
90 , () eletromagneti energyfration, (d) sum of eletromagneti energy ration and energy fration of the leadingtrak in the jet and (e) trak aoplanarity angle φtrk

acopl for data (dots) and the SmMC with Dis events generated with Cdm (yellow area) or Meps (blue line). Alsosingle W -boson prodution with subsequent deay to τντ (red area) and single t-quark prodution with subsequent deay of the W -boson to τντ (blak line) areshown. Only events whih passed the pre-seletion as isolated traks without leptonmathing are shown.



7.3. PRE-SELECTION OF ISOLATED LEPTON EVENTS 111measurements in the CTD, espeially for high-pT traks with a large error on themeasured momentum. For NC Dis events with a misidenti�ed sattered beam ele-tron the trak aoplanarity angle φtrk
acopl (Fig. 7.11(e)) is expeted to be very small.Indeed, the Sm simulation shows a peak for this variable, whih is also observed indata. In summary, the shown quantities are likely to rejet bakground events fromSm proesses as well as from mismeasurents. In partiular, the following uts wereapplied:� Trak-jet mathing:The isolated trak is required to be very lose to the orresponding jet axis:
Djet,ass. < 0.2 . (7.15)� Jet Radius:A ollimated jet is required by:
Rjet,ass.

90 < 0.4 (7.16)� Jet energy frations:In order to redue the bakground from NC DIS, the shown energy frationsare restrited to:
Ejet,ass.

EM

Ejet,ass.
< 0.95 and (7.17)

Ejet,ass.
EM + Ejet,ass.

trk

Ejet,ass.
< 2. (7.18)These uts were based on an optimisation proedure performed on a CC Disontrol sample for τ -identi�ation [132℄. The partiular values were modi�edaording to the atual distributions.� Trak aoplanarity:In order to redue the bakground from NC Dis further, the same ut as foridenti�ed eletrons is applied:

φtrk
acopl > 0.14 . (7.19)After these uts, in the hannel with an isolated hadroni trak (isolated τ -leptonandidate), 1 event was observed in data, whereas the Sm expetation was 3.2±0.1for Cdm and 2.8±0.1 for Meps, respetively. The bakground is dominated by CCDis events (2.9±0.1 and 2.6±0.1 events expeted for Cdm andMeps, respetively).The e�ienies of the pre-seletion in the τ -lepton hannel were 2.9% for single

W -boson prodution with subsequent deay to τντ (0.15±0.01 events expeted)



112 CHAPTER 7. SEARCH FOR ISOLATED LEPTONSand 3.5% for single t-quark prodution with a subsequent deay of the W -boson to
τντ , where the BR of about 50% for the τ -lepton deaying into one single hargedhadron was not taken into aount. Fig. 7.12 shows kinemati variables of eventswith an isolated τ -lepton andidate. The distributions of transverse momentum pT(a) (b)
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Figure 7.12: Kinemati variables of isolated τ-lepton andidate eventsafter pre-seletion(a) Transverse momentum pT and (b) E−pz for data (dots) and the SmMC withDisevents generated with Cdm (yellow area) or Meps (blue line). Also single W -bosonprodution with subsequent deay to τντ (red area) and single t-quark produtionwith subsequent deay of the W -boson to τντ (blak line) are shown. Only eventswhih passed the pre-seletion as isolated τ -lepton andidate events are shown.(Fig. 7.12(a)) and E − pz both fall exponentially from small to large values forSm predition and W -boson prodution. The data event is found at small values.For single t-quark prodution these distributions are almost �at for pT < 70GeVand 10GeV < E − pz < 50GeV. The simulation exeeds the data, but statistisare very limited. Fig. 7.13 shows properties of the isolated τ -lepton andidates.The distribution of the trak isolation from jets (Fig. 7.13(a)) tends to small valuesjust above the threshold for isolated traks in the Sm bakground ompared to W -boson and t-quark prodution. This omes from jets in CC Dis events, where �nalstate radiation leads to an additional jet with only one harged trak. In the SmMC samples a signi�ant number of events have no neighbouring jet. This eventspopulate the bin at Djet ≈ 7. In t-quark prodution the b-jet is found in mostases. The transverse momentum of the isolated hadroni trak ptrk
T (Fig. 7.13(b))
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Figure 7.13: Properties of isolated τ-lepton andidates after pre-seletion(a) Trak isolation from jets Djet and (b) transverse momentum ptrk
T of the iso-lated hadroni trak, () hadroni transverse momentum with respet to the isolatedhadroni trak phadr.

T and (d) transverse mass of the reonstruted trak-neutrino sys-tem M trkν
T for data (dots) and the Sm MC with Dis events generated with Cdm(yellow area) orMeps (blue line). Also singleW -boson prodution with subsequentdeay to τντ (red area) and single t-quark prodution with subsequent deay of the

W -boson to τντ (blak line) are shown. Only events whih passed the pre-seletionas isolated τ -lepton andidates andidate events are shown.



114 CHAPTER 7. SEARCH FOR ISOLATED LEPTONSpeaks at small values for all samples. For the hadroni transverse momentum withrespet to the isolated hadroni trak phadr.
T (Fig. 7.13()) a similar behaviour isobserved as for the total transverse momentum with tails to very small values. Thisis due to the fat that the transverse trak momenta are generally small. In ase of

t-quark prodution, again a aumulation is observed at large values as expeted.The transverse mass of the assumed τντ -system M τν
T (Fig. 7.10(d)) peaks at smallvalues for all simulations. The absene of a peak at the W -boson mass for W -bosonand t-quark prodution is due to the involvement of two neutrinos in this speialase, the seond one from the τ -lepton deay. The data event is found lose to thepeaks of the Sm simulations.Considering all hannels, data agrees with the Sm predition after the pre-seletion reasonably taking into aount the limited statistis. The number of se-leted events is overestimated by MC, mostly in the e-hannel. However, shapesof data distributions are reprodued by the Sm predition, respetively the foundevent in the τ -hannel mathes aumulations of the Sm distributions. In total, 10events are observed in data, whereas the Sm simulation predits 22.6±1.7 (Cdm) or19.0±1.5 (Meps). A list of the data events is given in Tab. 7.2.7.4 Final Seletion of W-Boson CandidatesAs desribed in 6.5, Eq. 6.30 yields two solution for pν

z whih have to be evaluatedfor their physial meaning. An event was rejeted, if neither solution for the neutrinomomentum vetor ful�lled all of the following requirements:
Mlν−hadr. <

√
s , (7.20)

0GeV < Eν − pz,ν < 55GeV, (7.21)
(Eν − pz,ν) + (E − pz) < 75GeV and (7.22)

Eν + El + Ehadr. < 1000GeV, (7.23)where the indies ν, l and hadr. indiate properties of the reonstruted neutrino,the isolated trak and the hadroni system, respetively. Mlν−hadr. is the invariantmass of the ombined neutrino-trak-hadroni system. A ut on the reonstrutedtransverse mass of the assumed lepton-neutrino system M lν
T was not applied, sinethe distributions in Figs. 7.8(d), 7.10(d) and 7.13(d) give no general handle for thisintention.In order to selet andidate events with a leptoniW -boson deay, seletion utswere applied individually for eah leptoni hannel.� Eletron hannel:NC Dis event with the sattered beam eletron found in the detetor are the



7.4. FINAL SELECTION OF W-BOSON CANDIDATES 115Run Event pT phadr.
T (l) M lν

T ptrk
T Cutnumber number (GeV) (GeV) (GeV) (GeV) variableEletron hannel E − pz (GeV)47512 9797 20.4 9.79 31.5 32.0 82.650308 1013 20.7 9.56 34.3 18.2 61.350410 1276 22.7 5.20 40.6 31.7 65.150754 477 31.8 4.21 77.8 50.9 45.251108 11802 22.3 16.1 27.5 8.39 38.9Muon hannel pmiss

T (GeV)48620 14029 23.1 23.9 37.6 34.1 10.550482 17061 24.5 26.0 0.18 11.4 14.550968 139984 24.2 24.7 2.66 19.1 5.7351137 36292 23.0 21.3 34.4 30.9 9.58
τ -Lepton hannel Djet

trk51045 19607 22.9 11.6 27.5 24.2 noneTable 7.2: Data events found after pre-seletionThe run number, event number, transverse momentum pT , hadroni transversemomentum exluding the lepton andidate phadr
T (l), transverse mass of the reon-struted lepton-neutrino system M lν

T , transverse momentum of the isolated trak
ptrk

T . Furthermore, either E − pz, the missing transverse momentum pmiss
T or thetrak isolation Djet

trk are given as harateristi variable, depending on the leptonihannel. The value �none� for Djet
trk indiates that no neighbouring jet to the isolatedlepton andidate was found. A very large arbitrary value was used in this ase.main soure of bakground in the e-hannel of this analysis. A typial propertyof that event type is the peak in the E − pz-distribution at twie the leptonbeam energy as seen in Fig. 7.7(b). To rejet those events, the ut

E − pz < 47GeV (7.24)is applied.� Muon hannel:As shown in Fig. 7.9(b), events from singleW -boson and t-quark prodution inthe µ-hannel have signi�ant missing transverse momentum. In ontrast, theSm bakground peaks at small values in these distributions. This is expressedby requiring
pmiss

T > 10GeV (7.25)in this hannel.



116 CHAPTER 7. SEARCH FOR ISOLATED LEPTONS� τ-Lepton hannel:In this hannel, CC Dis bakground events were found to have a small isola-tion of the isolated trak from the neighbouring jet (s. Fig. 7.13(a)). Thisbakground is redued by inreasing the existing ut on trak-jet isolation (s.Eq. 7.14) to
Djet > 1.8 . (7.26)In the eletron hannel, 1 event was observed in data, whereas the Sm expe-tation was 3.2±0.5 for Cdm and 2.9±0.5 for Meps, respetively. The bakgroundis dominated by NC Dis events (1.2±0.5 for Cdm and 0.9±0.5 for Meps, respe-tively). The e�ienies of the pre-seletion in the e-hannel were 21% for single

W -boson prodution with subsequent deay to eνe (1.04±0.02 events expeted) and11% for single t-quark prodution with a subsequent deay of the W -boson to eνe.Fig. 7.14 shows properties of events with a W → eνe andidate. The distributionof the hadroni transverse momentum with respet to the reonstruted W -boson
phadr.

T (W ) has a peak at 40GeV for single W -boson prodution and a maximum atlarger values for single t-quark prodution. The Sm bakground aumulates loseto zero, but a tail up to large values is observed. The data event is found at the
W -boson peak. The number of reonstruted �good� jets (de�ned in 7.5) peaks atone for t-quark prodution as expeted from the b-jet. In W -boson prodution, theourene of zero and one jet are almost equally probable, whih is explained by thevarious prodution mehanisms. The ontribution of the Sm bakground is found tohave mostly two good jets reonstruted, whih indiates that mismeasurements aremore probable in ase of di-jet events. Also the data event is found to have two goodjets. In the distributions of the transverse mass of the reonstruted trak-neutrinosystem Meν

T the same behaviour as for the pre-seletion is observed (s Fig. 7.8(d)).Compared to that seletion stage, the Sm bakground at large values in the regionof the signal MCs has been redued suessfully. The data event has a rather smallreonstruted mass. As expeted, the mass of the reonstruted eletron-neutrino-hadroni system Meν,hadr. peaks near the t-quark mass for t-quark prodution. Smproesses peak at smaller values, but far beyond the W -boson mass and with tailsto very large values similar to t-quark prodution. A lear distintion of those pro-esses annot be made by this quantity. The data event is found between the Sm-and the t-quark peaks.In the muon hannel, 2 events were observed in data, whereas the Sm expetationwas 1.5±0.1 for both, Cdm and Meps. The bakground is now dominated by di-muon prodution (0.5±0.1 events expeted). The e�ienies of the pre-seletionin the µ-hannel were 10% for single W -boson prodution with subsequent deayto µνµ (0.53±0.01 events expeted) and 22% for single t-quark prodution with asubsequent deay of theW -boson to µνµ. Fig. 7.15 shows properties of events with a
W → µνµ andidate. Compared to the e-hannel, the distributions of the hadroni
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Figure 7.14: Properties of events with a W → eνe andidate(a) Hadroni transverse momentum with respet to the reonstruted W -boson
phadr.

T (W ), (b) number of good jets, () transverse mass of the reonstruted trak-neutrino system Meν
T and (d) mass of the reonstruted eletron-neutrino-hadronisystem Meν,hadr. for data (dots) and the Sm MC with Dis events generated withCdm (yellow area) or Meps (blue line). Also single W -boson prodution with sub-sequent deay to eνe (red area) and single t-quark prodution with subsequent deayof theW -boson to eνe (blak line) are shown. Only events whih passed the seletionas W → eνe andidate are shown.
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Figure 7.15: Properties of events with a W → µνµ andidate(a) Hadroni transverse momentum with respet to the reonstruted W -boson
phadr.

T (W ), (b) number of good jets, () transverse mass of the reonstruted trak-neutrino system Mµν
T and (d) mass of the reonstruted muon-neutrino-hadronisystem Mµν,hadr. for data (dots) and the Sm MC with Dis events generated withCdm (yellow area) or Meps (blue line). Also single W -boson prodution withsubsequent deay to µνµ (red area) and single t-quark prodution with subsequentdeay of the W -boson to µνµ (blak line) are shown. Only events whih passed theseletion as W → µνµ andidate are shown.



7.4. FINAL SELECTION OF W-BOSON CANDIDATES 119transverse momentum with respet to the reonstruted W -boson phadr.
T (W ) arebroader. This is explained by the reonstrution of the transverse momentum ofthe neutrino (s. Eqs. 6.8,6.9), whih is not as aurate as in the e-hannel. Single

t-quark prodution tends to larger, the Sm bakground to smaller values than single
W -boson prodution, but the distributions interfere with eah other. The dataevents are found at rather small values, where the bakground expetation dominatesslightly. The fration of events without a good jet is dropped ompared to the e-hannel in W -boson prodution. This omes from events, where the W -boson isprodued without signi�ant transvere momentum. The transverse momenta of theleptons from the deay balane eah other. The same applies to the undetetedtransverse momenta. This leads to a small total transverse momentum, so thatthe event is rejeted already at the earliest seletion stage (s. 7.1). The seletionof events from single t-quark prodution is not a�eted by this phenomenon andbehaves as in the eletron ase. The di-muon dominated Sm bakground has amaximum at one good jet, where also one data event is found. The other data eventhas two good jets. The probability to �nd a W -boson event is about 45% in thisbin. The distributions of the transverse mass of the reonstruted trak-neutrinosystem Mµν

T behave as in the e-hannel. A signi�ant peak lose to zero is foundfrom di-muon prodution in the Sm predition, where also one data event is found.The other event is loated in a region, where the bakground ontribution is stilldominant. Also the distributions of the mass of the reonstruted muon-neutrino-hadroni system Mµν,hadr. are similar to those in the e-hannel, but broader. Onedata event has a rather small value lose to the maximum of the bakground, theother is found at the peak of the W -boson distribution.In the τ -lepton hannel, 1 event was observed in data, whereas the Sm expeta-tion was 2.3±0.1 for Cdm and 2.1±0.1 for Meps, respetively. The bakground isdominated by CC Dis events (2.1±0.1 for Cdm and 1.9±0.1 forMeps, respetively).The e�ienies of the pre-seletion in the τ -hannel were 2.3% for single W -bosonprodution with subsequent deay to τντ (0.12±0.01 events expeted) and 1.7% forsingle t-quark prodution with a subsequent deay of the W -boson to τντ . It has tobe taken into aount, that these e�ienies inlude all τ -deay hannels, whereasthe BR of the τ -lepton deaying into one single harged hadron is about 50%. Fig.7.16 shows properties of events with a W → τντ andidate. The distributions arestill dominated by Sm bakgrounds over their whole range. In priniple, the sig-nal simulation shows the same behaviour as observed in the e-hannel for variablesinvolving the hadroni system, namely the hadroni transverse momentum with re-spet to the reonstruted W -boson, the number of good jets and the mass of thereonstruted τ -lepton-neutrino-hadroni system. The nature of the dominating CCDis bakground explains the observed tendeny to larger values in phadr.
T (W ) and

M τν,hadr. for the Sm bakground simulations. The peak for zero good jets omesfrom the fat that the jets assoiated with the isolated traks were removed from
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Figure 7.16: Properties of events with a W → τντ andidate(a) Hadroni transverse momentum with respet to the reonstruted W -boson
phadr.

T (W ), (b) number of good jets, () transverse mass of the reonstruted trak-neutrino system M τν
T and (d) mass of the reonstruted τ -lepton-neutrino-hadronisystemM τν,hadr. for data (dots) and the SmMC withDis events generated withCdm(yellow area) orMeps (blue line). Also singleW -boson prodution with subsequentdeay to τντ (red area) and single t-quark prodution with subsequent deay of the

W -boson to τντ (blak line) are shown. Only events whih passed the seletion as
W → τντ andidate are shown.



7.5. FINAL SELECTION OF SINGLE T -QUARK CANDIDATES 121the list of good jets. In the signal distribution of the transverse mass of the re-onstruted trak-neutrino system M τν
T , signi�antly smaller values are found thanin the other lepton hannels. There the seond neutrino and the neutral hadronsfrom the τ -deay do not enter. In ontrast, the neutral hadrons are inluded in thedetermination ofM τν,hadr. through using the jet rather than the trak there (s. 6.5).The data event is found lose to the peaks of the Sm bakground in all distributions.Considering all hannels, data and the Sm expetations are ompatible after the�nal seletion of W -boson andidates. In total four events were observed, whereasthe Sm simulation predits 7.1±0.5 (Cdm) or 6.5±0.5 (Meps). A list of the founddata events is given in Tab. 7.3. Event display pitures of these events are presentedin App. E.2.Run Event phadr.

T (W ) M lν
T M lν,hadr. njets,goodnumber number (GeV) (GeV) (GeV)Eletron hannel51108 11802 38.6 27.5 153.8 2Muon hannel48620 14029 14.2 37.6 150.2 250482 17061 40.5 0.18 109.7 1

τ -Lepton hannel51045 19607 21.7 27.5 82.1 0Table 7.3: Data events found after pre-seletionThe run number, event number, hadroni transverse momentum exluding the re-onstruted lepton-neutrino system phadr
T (W ), transverse mass of the reonstrutedlepton-neutrino system M lν

T , invariant mass of the reonstruted lepton-neutrino-hadroni system M lν,hadr. and the number of �good� jets njets,good (de�ned in 7.5).7.5 Final Seletion of Single t-Quark CandidatesIn order to selet andidates for single t-quark prodution, emphasis is put on thehadroni system in this seletion stage. As desribed in 2.4.2, a jet with largetransverse energy Ejet
T from the b-quark is expeted from the deay of singly produed

t-quarks. The following uts were applied:� Jets:Sine the b-quark from the t-quark deay is expeted to end up in a high-energeti jet, at least one �good� jet with
−1 ≤ ηjet < 2.5 and Ejet

T ≥ 5GeV (7.27)



is required (njets,good ≥ 1).� Hadroni transverse momentum:Also the whole hadroni system is expeted to have a large transverse momen-tum. In order to ompare the results to a searh performed on Hera I databy the Zeus experiment [1, 46℄, the ut
phadr.

T (W ) > 40GeV (7.28)on the hadroni transverse momentom exluding the reonstruted W -bosonwas hosen.In the eletron hannel, no event was observed in data, while the Sm expeta-tion were 0.56±0.04 (Cdm) and 0.57±0.04 (Meps). The e�ienies were 5.7% for
W -boson prodution with subsequent deay in the e-hannel (0.29±0.01 events ex-peted) and 8.3% for t-quark prodution with subsequent W -deay in the e-hannel.One data event survived the seletion in the muon hannel, where the Sm expe-tations were 0.71±0.06 (Cdm) and 0.69±0.06 (Meps). The e�ienies were 6.4%for W -boson prodution with subsequent deay in the µ-hannel (0.33±0.01 eventsexpeted) and 18.4% for t-quark prodution with subsequent W -deay in the µ-hannel. No data event was observed in the τ -lepton hannel, while the Sm expe-tations were 0.13±0.03 (Cdm and Meps). The e�ienies were 0.6% for W -bosonprodution with subsequent deay in the τ -hannel (0.032±0.004 events expeted)and 1.4% for t-quark prodution with subsequent W -deay in the τ -hannel. Adetailed disussion of these results is presented in 8.



Chapter 8Results
8.1 Statistial and Systemati Unertainties8.1.1 Statistial UnertaintiesOn the one hand, statistial unertainties of the results arise from the limited numberof generated MC events. The events of a partiular MC sample are weighted to theintegrated luminosity of the analysed data Lint with the weight fator

wi
MC = Lint ·

σi
MC

ni
MC,tot.

, (8.1)where σi
MC is the generation ross setion of MC sample i and ni

MC,tot. is its totalnumber of generated events. Then the statistial unertainty σstat. on the number ofevents seleted from a ombined MC sample1 is de�ned as
σstat. =

√

∑

i

ni
MC,sel. · (wi

MC)
2 , (8.2)where ni

MC,sel. is the number of events seleted from a partiular MC sample i. Thesum runs over all inluded individual MC samples i. All statistial unertainties onMC expetations quoted in this analysis were alulated aording to this de�nition.The individual statistial unertainties at partiular seletion stages are summarisedin App. F.On the other hand, also the numbers of found data events nobs. provide a statis-tial unertainty on the results, namely ±√
nobs.. If nobs. = 0, the statistial error is+1.1A ombined MC sample ontains events from various individual MC samples i with di�erentgeneration ross setions σi

MC . 123



124 CHAPTER 8. RESULTS8.1.2 Systemati UnertaintiesIn this analysis, positive and negative systemati unertainties σ+
sys. and σ−

sys. weretaken into aount. They were alulated as:
σ+

sys. =

∑

i

wi
MC

∣

∣ni
MC,sel. − ni,+

MC,sel.

∣

∣

∑

i

wi
MCn

i
MC,sel.

and (8.3)
σ−

sys. =

∑

i

wi
MC

∣

∣ni
MC,sel. − ni,−

MC,sel.

∣

∣

∑

i

wi
MCn

i
MC,sel.

, (8.4)where the sum runs over all inluded individual MC samples i, again. ni,+
MC,sel. and

ni,−
MC,sel. are the numbers of seleted MC events for a positive and negative e�et ofthe orresponding systemati variation, respetively, with

ni,−
MC,sel. < ni

MC,sel. < ni,+
MC,sel. . (8.5)If several e�ets of the same sign were found for one variation, the unsigned max-imum is quoted. If no e�et of a partiular sign was found for one variation, it isquoted as zero.The following sytemati unertainties were taken into aount:Luminosity measurement: A onstant systemati error of 4.5% was applied toall Sm simulations due to unertainties in the luminosity determination (s.5.1). This has no e�et on seletion e�ienies, but on all Sm expetations.Qd radiation model: The use of Meps instead of Cdm as Qd radiation modelin the simulation of NC and CC Dis events (s. 5.2.1.1 and 5.2.3.1) led to asystemati unertainty on the bakground expetation.CAL sale: The unertainty of the absolute energy sale of the CAL was assumedto be 1% for the F/BCAL and 2% for the RCAL (s. 6.1.1). For the systematiunertainties of the signal e�ienies and bakground expetations, the energyof eah CAL ell was varied aordingly.Mass of the t-quark: The nominal value of 175GeV for the t-quark mass in thedefault signal MC sample (s. 5.2.2.2) was varied by ±5GeV. The exlusionlimits on anomalous single t-quark prodution were alulated separately forall three masses.Generator used for the simulation of single t-quark prodution: The defaultsimulation of proesses involving κtuγ with the subsequent deay t→ bW+ was



8.2. SIGNAL EFFICIENCIES AND BACKGROUND EXPECTATIONS 125generated using Hexf. A systemati e�et for these proesses arises from us-ing CompHEP instead. The exlusion limits were alulated separately forthis ase.Single W -boson prodution ross setion: The theoretial unertainty on thesingle W -boson prodution ross setion is 15% (s. 2.4.1). This has no e�eton seletion e�ienies, but on Sm expetations.The individual sytemati e�ets at partiular seletion stages are presented in 8.2.8.2 Signal E�ienies and Bakground ExpetationsThe signal e�ieny ǫ is de�ned as:
ǫ =

nsignal
sel.

nsignal
tot.

, (8.6)where nsignal
sel. denotes the (weighted2) number of simulated signal events after sele-tion uts and nsignal

tot. denotes the total (weighted) number of simulated signal events.In ase the signal was simulated with a given ross setion3, the weight normalisesthe signal MC sample to the integrated data luminosity. Then also the purity p ofthe seleted event sample an be alulated as:
p =

nsignal
sel.

nall
sel.

, (8.7)with the (weighted) number of all4 seleted MC events nall
sel..8.2.1 Pre-SeletionTab. F.1 lists the ontribution of individual Sm MC samples to the seleted eventsafter pre-seletion as desribed in 7.3. The main bakgrounds are NC Dis in the

e-hannel, di-µ prodution in the µ-hannel and CC Dis in the τ -hannel. PhPproesses did not ontribute. The Sm expetation overestimated the data by about125%. The purity of the W -boson signal is about 7% in the e-hannel, 14% in the
µ-hannel and 5% in the τ -hannel.Tab. 8.1 summarises the event yields, Sm preditions and signal e�ienies afterpre-seletion. In the e- and µ-hannel, the seletion e�ienies of single t-quark2S. Eq. 8.1 for a de�nition of the weight.3In this analyis, that was the ase for single W -boson prodution.4�All� denotes the sum of Sm bakground and Sm signal MC.



126 CHAPTER 8. RESULTS
Sample e-Channel µ-Channel τ -ChannelData events 5 4 1Sm (Cdm) events 13.95±1.72 5.41 ±0.24 3.16 ±0.14Sm (Meps) events 11.47±1.61 5.40 ±0.24 2.81 ±0.14
W -boson events 1.59±0.03 0.773±0.018 0.153±0.008

ǫ (%) 31.3 ±0.5 14.9 ±0.3 2.93 ±0.15
t-quark ǫ (%) 34.1 ±0.8 40.5 ±0.9 3.45 ±0.26Table 8.1: Event yields, Sm preditions and signal e�ienies after pre-seletionThe Sm predition of the number of events is given for the omplete Sm simulationfor both, the Cdm- and the Meps-sample, and for singly produed W -bosons. Theomplete Sm simulation ontains the events from W -boson prodution. Signal ef-�ienies ǫ were alulated for single W -boson and single t-quark prodution. Thee�ienies and the number of events found in the W -boson sample refer to signalevents generated in the W -boson deay hannel aording to the partiular searhhannel. The quoted unertainties are statistial unertainties only.

Sample e-Channel µ-Channel τ -Channel
W -boson e 31.3 <0.1 0.1
W -boson µ 1.2 14.9 0.1
W -boson τ 5.3 2.3 2.9
W -boson hadr. <0.1 <0.1 <0.1
t-quark e 34.1 0 0
t-quark µ 3.7 40.5 0
t-quark τ 5.9 3.5 3.5
t-quark hadr. 0.5 <0.1 <0.1Table 8.2: Cross e�ienies of the signals after pre-seletionE�ienies of partiular signal MC samples in the individual searh hannels. Alle�ienies are given in perent. The bold numbers indiate the e�ienies in the�orret� searh hannel. Unertainties are negleted.



8.2. SIGNAL EFFICIENCIES AND BACKGROUND EXPECTATIONS 127events is smaller than in the aordingHera I analysis at this seletion level (∼60%).The reason is illustrated by the omparison of the two-dimensional distributions ofthe trak isolation variables (s. Fig. 7.6 and [46, Fig. 7.8℄). The fration of events,whih ontain an isolated high-pT trak is smaller inHera II data. In the µ-hannel,the seletion e�ieny di�ers between W -boson and t-quark prodution due to thedi�erent behaviour of the transverse momentum in these events (s. Fig. 7.9(a)).The e�ieny in the τ -hannel is very small ompared to the other hannels, whihwas already observed in the Hera I searh [1, 46, 131, 140℄. It su�ers most fromthe ine�ienies of the trak isolation requirement and from ross e�ienies inthe other leptoni hannels. Tab. 8.2 shows the ross e�ienies of the signalsafter pre-seletion. E�ienies in the �wrong� searh hannel are generally small forthe e- and µ-hannel of the W -boson deay. For τ -leptons, the ross e�ienies inthe other leptoni hannels are larger than expeted from the branhing ratios ofthe τ -lepton deay. Misidenti�ations of the isolated hadroni trak are responsiblefor this behaviour. The e�ienies of the hadroni deay hannel are negligible.The reliablity of this searh was not a�eted by these ross e�ienies, sine oneindividual event was assigned to only one searh hannel.8.2.2 Final Seletion of W-Boson CandidatesTab. F.2 lists the ontribution of individual Sm MC samples to the seleted eventsafter the �nal seletion of W-boson andidates as desribed in 7.4. The bakgroundfrations were redued signi�antly in eah leptoni hannel individually. The purityof the W -boson signal inreased to 32% in the e-hannel, 35% in the µ-hannel andremained at 5% in the τ -hannel. However, the main bakground soures stayed thesame as quoted in 8.2.1. Also the fat that the Sm expetation overestimates thedata persisted.Tab. 8.3 summarises the event yields, Sm preditions and signal e�ienies afterthe �nal seletion of W-boson andidates. The e�ienies in the e- and µ-hanneldropped by about 1/3 for W -boson prodution ompared to the previous seletionstage. For t-quark prodution in these hannels, the losses were larger, sine thereonstrution of the neutrino from the W -boson deay was more di�ult in thisase. Additional missing momenta from semi-leptoni deays in the b-jet smearedthe momenta, whih ontribute to the neutrino reonstrution (s. Eq. 6.30) andresulted often in solutions, whih did not ful�ll all the requirements from Eqs. 7.20�7.23.Tab. 8.4 summarises the systemati unertainties at this seletion stage.The results from this seletion stage were used to alulate a ross setion limiton single W -boson prodution at Hera as desribed in 8.4.



128 CHAPTER 8. RESULTSSample e-Channel µ-Channel τ -ChannelData events 1 2 1Sm (Cdm) events 3.23±0.48 1.50 ±0.10 2.35 ±0.12Sm (Meps) events 2.90±0.49 1.50 ±0.10 2.09 ±0.12
W -boson events 1.04±0.02 0.530±0.015 0.118±0.007

ǫ (%) 20.5 ±0.4 10.2 ±0.3 2.26 ±0.13
t-quark ǫ (%) 11.2 ±0.5 22.4 ±0.7 1.70 ±0.18Table 8.3: Event yields, Sm preditions and signal e�ienies after the�nal seletion of W-boson andidatesThe Sm predition of the number of events is given for the omplete Sm simulationfor both, the Cdm- and the Meps-sample, and for singly produed W -bosons. Theomplete Sm simulation ontains the events from W -boson prodution. Signal ef-�ienies ǫ were alulated for single W -boson and single t-quark prodution. Thee�ienies and the number of events found in the W -boson sample refer to signalevents generated in the W -boson deay hannel aording to the partiular searhhannel. The quoted unertainties are statistial unertainties only.8.2.3 Final Seletion of t-Quark CandidatesTab. F.3 lists the ontribution of individual Sm MC samples to the seleted eventsafter the �nal seletion of t-quark andidates as desribed in 7.5. The main souresof Sm bakground were singleW -boson prodution in the e- and µ-hannel and stillCC Dis proesses in the τ -hannel.Tab. 8.5 summarises the event yields, Sm preditions and signal e�ienies afterthe �nal seletion of t-quark andidates. In the e- and µ-hannel, the Sm bakgroundwas redued by about 70%. The bakground fromW -boson prodution was reduedby more than 60%, while the t-quark signal was redued by 20% in this seletionstage. Data shows no deviation from the Sm predition. In the τ -hannel, wherean exess has been observed in the Hera I analysis [1, 46, 131, 140℄, no hints on asimilar result are seen. However, the purity of the t-quark signal of 11% maximum5is smaller than in the Hera I analysis as well as the signal e�ieny. For a moreonlusive statement, the more deided τ -reonstrution method used in the HeraI analysis [46, 132℄ should be re-used, properly ustomised for Hera II data.Tab. 8.6 summarises the systemati unertainties at this seletion stage.These results were used to alulate limits on single t-quark prodution at Heraas desribed in the following.5This maximum purity is ahieved by estimating the number of signal events on the basis ofthe upper ross setion limit shown in Eq. 2.26.
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E�et Sample e-Channel µ-Channel e/µ-Channels τ -Channel TotalLumi. bkg./Sm ±4.5Meps bkg. -15.0 +0.3 -10.3 -11.4 -10.7Sm -10.1 +0.2 -6.9 -10.8 -8.2CAL bkg. +0.0 +1.2 +0.0 +2.6 +0.0sale -15.9 -5.9 -10.7 -0.6 -5.2

W +1.9 +0.5 +1.0 +0.4 +0.8-1.2 -0.8 -0.6 -1.2 -0.5Sm +0.0 +1.0 +0.0 +2.5 +0.0-11.2 -4.1 -7.3 -0.0 -4.1
σsingle W bkg. ±1.4 ±1.4 ±1.4 ±0.1 ±0.9Sm ±5.8 ±6.2 ±5.9 ±0.8 ±4.2Total bkg. +4.7 +4.9 +4.7 +5.2 +4.6sys. -22.4 -7.6 -15.6 -12.3 -12.8unert. W +1.9 +0.5 +1.0 +0.4 +0.8-1.2 -0.8 -0.6 -1.2 -0.5Sm +7.3 +7.7 +7.4 +5.2 +6.2-16.8 -8.7 -12.5 -11.7 -11.0Stat. bkg. ±22.1 ±10.3 ±15.6 ±5.5 ±9.4unert. W ±1.8 ±2.6 ±1.6 ±5.7 ±1.4Sm ±15.0 ±6.7 ±10.4 ±5.2 ±7.2Table 8.4: Systemati unertainties in perent after the �nal seletion ofW-boson andidatesThe quoted systemati e�ets orrespond to the list given in 8.1.2. The e�ets weredetermined for the Sm bakground MC sample (bkg.), the Sm W -boson produtionMC sample (W ) and the ombination of both to a omplete Sm MC sample (Sm).For the W -samples, only the deay hannel orresponding to the reonstrutionhannel was onsidered, and the quoted unertainties are given for e�ets on theseletion e�ieny. W -deays reonstruted in a �wrong� hannel (ross e�ienies)were onsidered in the bakground sample. The statistial unertainties are alsoquoted for omparison.



130 CHAPTER 8. RESULTSSample e-Channel µ-Channel τ -ChannelData events 0 1 0Sm (Cdm) events 0.563±0.042 0.708±0.057 0.133±0.026Sm (Meps) events 0.570±0.035 0.689±0.055 0.132±0.026
W -boson events 0.287±0.011 0.325±0.012 0.031±0.004
t-quark ǫ (%) 8.45 ±0.41 18.4 ±0.6 1.45 ±0.53Table 8.5: Event yields, Sm preditions and signal e�ienies after the�nal seletion of t-quark andidatesThe Sm predition of the number of events is given for the omplete Sm simulationfor both, the Cdm- and the Meps-sample, and for singly produed W -bosons. Theomplete Sm simulation ontains the events from W -boson prodution. Signal ef-�ienies ǫ were alulated for single t-quark prodution. The e�ienies and thenumber of events found in the W -boson sample refer to signal events generated inthe W -boson deay hannel aording to the partiular searh hannel. The quotedunertainties are statistial unertainties only.8.3 Exlusion Limits on Single t-Quark ProdutionThe Fn oupling of the t-quark to the u-quark is desribed by the e�etive La-grangian in Eq. 2.23 in terms of the ouplings κtuγ and vtuZ . The values of κtuγ and

vtuZ determine the prodution ross setion as well as the deay width aording tothe Lo parametrisations in Eqs. 2.24 and 2.26. For the limit setting proedure, bothouplings were treated as free parameters. Two-dimensional limits in the κtuγ-vtuZplane were obtained, as desribed in 8.3.1. Also one-dimensional limits were alu-lated, using various approahes inluding Nlo alulations for κtuγ as desribed in8.3.2.For the limit alulations, the results of this analysis in the e- and µ-hannel wereombined with results from the Zeus searh in Hera I data [1, 39, 46℄ and a Zeussearh for hadronially deaying W -bosons [39℄. The τ -hannel of this analysis wasnot onsidered due to the small signal e�ieny. The model parameters entering theLo limit alulation are listed in Tab. 8.7. The parameter cγ,Z for the interfereneof photon and Z-boson exhange was negleted (s. 2.4.2.2). The experimentalparameters entering the Lo limit alulation are listed in Tabs. 8.8 [46℄, 8.9 [46℄and 8.10. The e�ienies for the deay hannel t→ uγ were not evaluated and setto zero.
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E�et Sample e-Ch. µ-Ch. e/µ-Ch. τ -Ch. TotalLumi. Sm ±4.5Meps Sm +1.2 -2.8 +1.0 -1.1 -1.0
σsingle W Sm ±10.5 ±8.4 ±9.3 ±4.0 ±8.8CAL Sm +1.6 +3.0 +1.2 +5.9 +1.1sale -1.0 -1.8 -0.3 -0.3 -0.0

t +3.0 +1.4 +1.9 +0.0 +1.8-4.0 -0.1 -1.3 -2.7 -1.4
t-Mass t +4.6 +0.0 +0.4 +13.5 +1.1-11.5 -2.0 -5.0 -22.8 -5.9CompHEP t +21.2 +9.8 +13.1 +11.3 +11.9Total Sm +11.6 +10.0 +10.4 +8.4 +9.9sys. -11.5 -10.1 -10.3 -6.1 -9.9unert. t +21.9 +9.9 +13.2 +17.6 +12.1-12.2 -2.0 -5.2 -23.0 -6.1Stat. Sm ±7.4 ±8.0 ±5.5 ±19.2 ±5.3unert. t ±4.8 ±3.3 ±2.7 ±36.5 ±2.6Table 8.6: Systemati unertainties in perent after the �nal seletion oft-quark andidatesThe quoted systemati e�ets orrespond to the list given in 8.1.2. The e�ets weredetermined for the Sm bakground MC sample (bkg.), the Sm W -boson produtionMC sample (W ), the ombination of both to a omplete Sm MC sample (Sm)and the default t-quark prodution MC sample (t). For the t-sample, only thedeay hannel orresponding to the reonstrution hannel was onsidered, and thequoted unertainties are given for e�ets on the seletion e�ieny. The statistialunertainties are also quoted for omparison.
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Parameter at mt (GeV) 170 175 180and √

s (GeV) 300 318 300 318 300 318
cγ 5.451 7.520 4.300 6.076 3.370 4.886
cZ 0.1808 0.2861 0.1433 0.2340 0.1123 0.1899

ΓSM (GeV) 1.404 1.554 1.713
Γt→uγ/κ

2
tuγ (GeV) 0.293 0.302 0.310

Γt→uZ/v
2
tuZ (GeV) 1.297 1.449 1.610Table 8.7: Model parameters for Lo limit alulation on single t-quarkprodutionThe parameters cγ and cZ as well as ΓSM , Γt→uγ and Γt→uZ refer to the Lo parametri-sations in 2.4.2.2

Parameter at √s (GeV) 300 318and mt (GeV) 170 175 180 170 175 180
ǫγ,bW , ǫγ,uZ (%) 11.3 16.6 14.0 12.5 16.5 16.5

ǫZ,bW (%) 4.57 4.01
ǫZ,uZ (%) 4.48 3.88

nobs. 2 6 5 9 3 8
nSM 1.4 3.3 1.0 10.6 14.3 11.3

Lint (pb−1) 45.0 82.2Table 8.8: Experimental parameters for Lo limit alulation on single
t-quark prodution obtained in analyses of Hera I data in the hadronihannelThe signal e�ienies ǫi,j are given, where i denotes the simulated oupling and jdenotes the simulated t-deay. nobs. is the number of observed events in data an
nSM is the Sm expetation.



8.3. EXCLUSION LIMITS ON SINGLE T -QUARK PRODUCTION 133Parameter at √s (GeV) 300 318and mt (GeV) 170 175 180 170 175 180
ǫγ,bW (%) 6.49 6.90 7.20 6.69 7.09 7.31
ǫγ,uZ (%) 3.03
ǫZ,bW (%) 11.07 11.51
ǫZ,uZ (%) 10.25 10.63

nobs. 0 0
nSM 0.49 1.40

Lint (pb−1) 47.9 82.2Table 8.9: Experimental parameters for Lo limit alulation on single
t-quark prodution obtained in analyses of Hera I data in the leptonihannelsThe signal e�ienies ǫi,j are given, where i denotes the simulated oupling and jdenotes the simulated t-deay. nobs. is the number of observed events in data an nSMis the Sm expetation. Where only one value is given for both √

s, it was obtainedfor √s = 318GeV.Parameter at mt (GeV) 170 175 180
ǫHexfγ,bW (%) 13.47 13.41 12.51
ǫγ,bW (%) 15.16
ǫγ,uZ (%) 13.79
ǫZ,bW (%) 11.06
ǫZ,uZ (%) 10.10

nobs. 1
nSM 1.27

Lint (pb−1) 40.76Table 8.10: Experimental parameters for Lo limit alulation on single
t-quark prodution obtained in this analysis (Hera II data, leptoni han-nels)The signal e�ienies ǫi,j are given, where i denotes the simulated oupling and jdenotes the simulated t-deay. The separate values of ǫdefaultγ,bW for di�erent t-quarkmasses were obtained from the Hexf simulation of single t-quark prodution (s.5.2.2.2). All further e�ienies were obtained from the orresponding CompHEP-samples (s. Tab. 5.4). nobs. is the number of observed events in data and nSM is theSm expetation.



134 CHAPTER 8. RESULTS8.3.1 Two-dimensional exlusion limitsA two-dimensional likelihood L was de�ned in the κtuγ-vtuZ plane as
L (nobs.|κtuγ , vtuZ) =

(nsig. (κtuγ , vtuZ) + nSM)nobs. · e−(nsig.(κtuγ ,vtuZ)+nSM)

nobs.!
, (8.8)where L is the probability to observe nobs. events, when nSM events are expetedfrom Sm proesses and nsig. are expeted from single t-quark prodution for a givenpair (κtuγ , vtuZ). nsig. is alulated as

nsig. (κtuγ , vtuZ) = Lint ·
∑

i,j

σt
i · BR(j) · ǫij (8.9)with the following parameters:� the integrated data luminosity Lint,� the single t-quark prodution ross setions σt
i , where i denotes the produtioneither via κtuγ or via vtuZ ,� the deay branhing ratios BR(j) as alulated from the aording deaywidth, where j denotes the deay hannel, and� the seletion e�ienies ǫij for eah ombination of i and j,The sum over the branhes i and j runs over the two used ouplings κtuγ and vtuZeah. Five independent likelihoods were de�ned, aording to the analyses in theleptoni and hadroni hannels for the Hera I data taking periods at √s = 300GeVand √

s = 318GeV [1, 39, 46℄ and to this analysis (leptoni hannel, Hera II at√
s = 318GeV). Combined likelihoods were obtained by multiplying the partiallikelihoods.In the κtuγ-vtuZ plane a two-dimensional probability density p was de�ned usinga Bayesian approah to invert the likelihood:
p (nobs.|κtuγ, vtuZ) =

∏

i Li (nobs.|κtuγ , vtuZ)
∫∞

κtuγ=0

∫∞

vtuZ=0

∏

i Li (nobs.|κtuγ , vtuZ) dκtuγdvtuZ

. (8.10)A uniform a priori probability of κtuγ and vtuZ was assumed. The limit at 95% CLwas de�ned as the set of pairs (κtuγ, vtuZ), where the following relation holds for aonstant p0:
∫

p(nobs.|κtuγ ,vtuZ)>p0

p (nobs.|κtuγ , vtuZ) dκtuγdvtuZ = 0.95 . (8.11)
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Figure 8.1: Two-dimensional exlusion limits on single t-quark produtionThe exlusion limits for the three onsidered t-quark masses are shown as obtainedfrom (a) this analysis only, (b) the ombined Hera I and II analyses in the leptonihannels and () the ombined Hera I and II analyses in the leptoni hannels andHera I analyses in the hadroni hannel. The latter ontains also two-dimensionalexlusion limits obtained by the Cdf and L3 ollaborations, the one-dimensionallimit on κtuγ obtained by the H1 ollaboration and the one-dimensional Nlo limiton κtuγ obtained in this analysis (s. Tabs. 8.11 and 8.12), all for a t-quark mass of175GeV. All limits are given at 95% CL.



136 CHAPTER 8. RESULTSFig. 8.1 shows the resulting limit urves, whih inlude this analysis. Theexlusion limits obtained from this analysis only (Fig. 8.1(a)) are not ompatitivewith the existing limits due to the limited statistis. However, the ombination withthe Hera I analysis in the leptoni hannels (Fig. 8.1(b)) shows an improvementompared to the results of that analysis only. For a t-quark mass of 175GeV, thelimit on κtuγ improved from 0.252 in Hera I to 0.213 in the ombined analyses, bothat 95% CL. Also the ombination of all onsidered analyses (Fig. 8.1()) bene�ttedfrom this analysis. There the limit on κtuγ at mt = 175GeV improved from 0.198 to0.181. The limits improve further slightly, when ǫγ,bW obtained from the CompHEPsimulation is used6. There, the obtained limit is κtuγ < 0.209 at 95% CL for theombined analyses in the leptoni hannels and κtuγ < 0.179 at 95% CL for theombination of all analyses.8.3.2 One-dimensional exlusion limitsThe simplest way to obtain one-dimensional exlusion limits, either for κtuγ = 0or vtuZ = 0, is to extrat them from Fig. 8.1() as the intersetions of the two-dimensional limit urves with the vtuZ and κtuγ axis, respetively.In addition, a one-dimensional integration over a probability density similar tothe proedure deribed in 8.3.1 was performed. A uniform a priori probability of theprodution ross setion σt was assumed in this ase and the probability densitieswere de�ned as:
p
(

nobs.|σt, vtuZ = 0
)

=

∏

i Li (nobs.|σt, κtuγ (σt))
∫∞

σt=0

∏

i Li (nobs.|σt) dσt
and (8.12)

p
(

nobs.|σt, κtuγ = 0
)

=

∏

i Li (nobs.|σt, vtuZ (σt))
∫∞

σt=0

∏

i Li (nobs.|σt) dσt
. (8.13)The limits on the prodution ross setion at 95% CL were de�ned as the values

σt,lim
κtuγ

and σt,lim
vtuZ

, where the following relations hold:
σt,lim

κtuγ
∫

σt=0

p
(

nobs.|σt, vtuZ = 0
)

dσt = 0.95 or (8.14)
σt,lim

vtuZ
∫

σt=0

p
(

nobs.|σt, κtuγ = 0
)

dσt = 0.95 , respetively. (8.15)6This result is not shown in Fig. 8.1, sine it is very lose to the result obtained for Hexf at
mt = 175GeV.



8.3. EXCLUSION LIMITS ON SINGLE T -QUARK PRODUCTION 137These ross setion limits were used to alulate the one-dimensional limits on theorresponding oupling in Lo from Eq. 2.24 as well as in Nlo7.The one-dimensional exlusion limits obtained from these di�erent approahes inombination of all �ve likelihoods are summerised in Tabs. 8.11 and 8.12. System-
mt (GeV) Approah κlim

tuγ σt,lim
κtuγ

(pb−1)Lo 2-dim 0.163+0.015
−0.012±0.001 0.200+0.038+0.002

−0.029−0.003170 Lo 1-dim 0.160+0.014
−0.012±0.001 0.193+0.035+0.003

−0.028−0.002Nlo 1-dim 0.145+0.012
−0.011±0.001 �Lo 2-dim 0.181+0.011
−0.014±0.001 0.199+0.037

−0.030±0.002175 Lo 1-dim 0.177+0.015
−0.013±0.001 0.191+0.033

−0.027±0.002Nlo 1-dim 0.160+0.014
−0.012±0.001 �Lo 2-dim 0.223+0.017+0.002
−0.016−0.001 0.243+0.038+0.004

−0.034−0.002180 Lo 1-dim 0.215+0.017+0.002
−0.014−0.001 0.227+0.035

−0.030±0.003Nlo 1-dim 0.195+0.015
−0.013±0.001 �Lo 2-dim 0.179+0.016
−0.014±0.001 0.195+0.036

−0.030±0.002CompHEP Lo 1-dim 0.175+0.015
−0.013±0.001 0.186+0.033

−0.026±0.002Nlo 1-dim 0.158+0.014
−0.011±0.001 �Table 8.11: One-dimensional exlusion limits on single t-quark produ-tion via photon exhangeThe one-dimensional exlusion limits for vtuZ = 0 for the three t-quark masses mtused in Hexf and for using CompHEP are shown as obtained from the axis inter-setions of the two-dimensional limits (Lo 2-dim), the one-dimensional probabilitydensity (Lo 1-dim) and the Nlo alulations (Nlo 1-dim). The Nlo alulationswere performed for the ross setion limit obtained with the Lo 1-dim approah.The alulations for CompHEP were performed using the same onstants as for thealulations for Hexf at mt = 175GeV. The quoted unertainties are the statistial(�rst) and the systemati (seond) unertainty. All limits are given at 95% CL.ati and statistial unertainties were alulated by varying the input parameters tothe limit setting proedure aordingly to the unertainties. The systemati e�etsby varying the t-quark mass and by using di�erent generators for single t-quark pro-dution were not onsidered, sine the alulations were made separately for thesevariation (s. 8.1.2). All unertainties are dominated by the statistial unertaintyfrom the number of observed events.7For Nlo, alulations were only available for vtuZ = 0 [45℄ (s. 2.4.2.2).
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mt (GeV) Approah vlim

tuZ σt,lim
vtuZ

(pb−1)170 Lo 2-dim 0.813+0.061
−0.051±0.004 0.189+0.030

−0.023±0.002Lo 1-dim 0.822+0.065
−0.055±0.004 0.193+0.033

−0.025±0.002175 Lo 2-dim 0.915+0.070
−0.059±0.004 0.196+0.031

−0.025±0.002Lo 1-dim 0.926+0.078+0.005
−0.063−0.004 0.201+0.034

−0.027±0.002180 Lo 2-dim 1.051+0.078
−0.068±0.005 0.210+0.032

−0.027±0.002Lo 1-dim 1.087+0.092+0.006
−0.077−0.005 0.224+0.040+0.003

−0.030−0.002CompHEP Lo 2-dim 0.915+0.067
−0.058±0.004 0.196+0.032

−0.024±0.002Lo 1-dim 0.926+0.076
−0.063±0.005 0.201+0.034

−0.027±0.002Table 8.12: One-dimensional exlusion limits on single t-quark produ-tion via Z-boson exhangeThe one-dimensional exlusion limits for κtuγ = 0 for the three t-quark masses mtused in Hexf and for using CompHEP are shown as obtained from the axis inter-setions of the two-dimensional limits (Lo 2-dim), the one-dimensional probabilitydensity (Lo 1-dim). The alulations for CompHEP were performed using the sameonstants as for the alulation for Hexf at mt = 175GeV. The quoted unertain-ties are the statistial (�rst) and the systemati (seond) unertainty. All limits aregiven at 95% CL.8.4 Exlusion Limit on the Single W -Boson Produ-tion Cross SetionsSine the event yield after the �nal seletion of W -boson andidates agrees with theSm predition negleting the ontribution from W -boson prodution (s. Tab. 8.3),a limit on the ross setion of single W -bosons was set.The exlusion limit on the single W -boson prodution ross setion was alu-lated similarly to the one-dimensional ross setion limits on single t-quark pro-dution introdued in 8.3.2 in the ombined e- and µ-hannels. In this ase, thelikelihood was de�ned as
L
(

nobs.|σW
)

=

(

nsig.

(

σW
)

+ nbkg.

)nobs. · e−(nsig.(σW )+nbkg.)

nobs.!
, (8.16)

nsig.

(

σW
)

= Lint ·
∑

i

σW
i · ǫi , (8.17)where the sum over i runs over the individual prodution ross setions either for

W+- or W−-bosons, eah for both phase spae regions desribed in 5.2.2.1. The



8.5. CONCLUSION 139probability density was de�ned as
p
(

nobs.|σW
)

=

∏

i Li

(

nobs.|σW
)

∫∞

σW =0

∏

i Li (nobs.|σW ) dσW
, (8.18)and the ross setion limit at 95% CL was de�ned as the value σW,lim, where thefollowing relation holds:

σW,lim
∫

σW =0

p
(

nobs.|σW
)

dσW = 0.95 . (8.19)The parameters used in the alulation are summarised in Tab. 8.13. The ex-Parameter W+
DIS W+

res. W−
DIS W−

res.

ǫ (%) 19.15 11.17 13.39 8.31
BF (%) 45.13 7.21 37.63 10.04
nobs. 3
nbkg. 4.72
Lint (pb−1) 40.76Table 8.13: Parameters for W -boson ross setion limit alulationThe signal e�ienies ǫ and the branhing fration BF are given for the phase spaeregion of the proesses aording to 5.2.2.1. BF was obtained from the relations ofthe prodution ross setions in the aording MC simulation (s. Tab. 5.2). nobs. isthe number of observed events in data an nbkg. is the Sm bakground expetation.perimental parameters nobs. and nbkg. were obtained from the results in the e- and

µ-hannel of this analysis after the �nal seletion of W -boson andidates (s. 8.2.2).The τ -hannel of this analysis was not onsidered due to the small signal e�ieny.The exlusion limit on the W -boson prodution ross setion at Hera was al-ulated as
σW < 1.54+0.66

−0.41(stat.)+0.09
−0.04(sys.) pb at 95% CL. (8.20)This limit is only 33% above the Nlo alulations (σW = 1.16 pb±15%, s. 2.4.1).8.5 ConlusionA searh for events with isolated high-pT leptons and large missing transverse mo-mentum was performed on 40.76 pb−1 of Hera II data in e+p ollisions at 318GeV.



In the τ -hannel of this searh, no deviations from the Standard Model were ob-served. The exess observed in the orresponding Hera I analysis was not sup-ported, but the signal-to-bakground ratio of the τ -reonstrution method used hereis not ompatitive with the more sophistiated one used in the Hera I analysis. Alsoin the e- and µ-hannel no deviations from the Standard Model were observed andthe limits were alulated in ombination of this searh with searhes for single
t-quark prodution in Hera I data.Two-dimensional limit urves in the κtuγ-vtuZ plane and one-dimensional lim-its were alulated and improved the results of the Hera I analyses. The one-dimensional Nlo limit on κtuγ for mt = 175GeV of

κtuγ < 0.160+0.014
−0.012(stat.)± 0.001(sys.) at 95% CL (8.21)is the most stringent so far. Using this limit in Eq. 2.24, the ross setion limit onsingle t-quark prodution at Hera for mt = 175GeV is tightened to

σsingle t < 0.186+0.029
−0.012(stat.)+0.002

−0.001(sys.) pb, (8.22)whih is 12% lower than the value given in Eq. 2.26. The limits improved furtherby using CompHEP also for the simulation of the proess involving κtuγ with thesubsequent deay t → bW+. They were found to be κtuγ < 0.158+0.014
−0.011(stat.) ±

0.001(sys.) at 95% CL and σsingle t < 0.183+0.028
−0.021(stat.)± 0.002(sys.) pb.Also a limit on the single W -boson prodution ross setion at Hera was set at

σsingle W < 1.54+0.66
−0.41(stat.)+0.09

−0.04(sys.) pb at 95% CL. (8.23)



Chapter 9Optimising of Design Parameters ofthe Tesla Vertex Detetor
9.1 IntrodutionWhen designing a new detetor, many aspets have to be taken into aount. Theseare not only optimal performane with respet to the physis goals, but also tehnialfeasibility, osts and the time shedule. With the latter onstraints the detetor anbe optimised for maximum physis reah.Optimising in this sense is done with the help of simulations. Physis eventsare generated to pass through a detetor simulation. The output of these simula-tion is reonstruted and ompared to the truth information. An optimal detetorintrodues a minimum distortion of the truth information.In 9.2 the Tesla projet is introdued brie�y. Then the spei� design goalsand the tehnologial options for the Tesla vertex detetor are desribed in 9.3.An approah to optimise the design parameters of the Tesla vertex detetor onthe basis of the Sm proess e+e− → tt̄ is illustrated in 9.4, and �nally the work issummarised in 9.5.9.2 The Tesla ProjetThe proposed TeV-Energy Superonduting Linear Aelerator (Tesla) is an e+e−-ollider of 500GeV total energy, whih an be upgraded to 800GeV [141℄. It om-plements the hadron ollider Lh, urrently being built at Cern1, sine it usesthe advantages of lepton ollisions: a lean experimental environment (no �protonremnants�) and pointlike olliding partiles, whih do not involve any struture fun-1Conseil Européen pour la Reherhe Nuléaire141



142CHAPTER 9. OPTIMISING OFDESIGN PARAMETERS OF THE TESLA VERTEX DETECTORtion. The very high CMS energy and the high luminosities make the Lh a disoverymahine. On the other hand, Tesla is designed for preision measurements. Itsprimary physis goals are [143℄:� preision measurements of the Higgs partile,� preision measurements of Sm parameters,� searh for and preision measurements of Susy partiles,� searh for dark matter,� searh for other new physis.To meet this hallenge, Tesla is planned as a 33 km long underground faility witha CMS energy of 91.2 � 800GeV and a peak luminosity of the order of 1034 m−2s−1at 500GeV. More tehnial details are given in Tab. G.1. Fig. 9.1 shows a shematiview of the Tesla faility (a) and a map of the proposed tunnel (b).To reah the goals of the Tesla projet, a detetor of unpreedented preisionis required. More spei�ally, the following harateristis need to be optimised:� trak momentum resolution, e.g. to determine the reoil mass to Z → ll̄deays,� vertex and impat parameter resolution for �avour identi�ation,� energy-�ow for the multitude of multijet topologies (This requires �ne 3-Dgranularity in traking and alorimetry, with both being inside the oil.),� good geometrial aeptane and good forward detetors, for measuring miss-ing energy and the luminosity spetrum,� triggerless and deadtime-free data aquisition,� high tolerane for mahine indued bakgrounds.The layout of the detetor is that of a typial quasi-hermeti detetor for sym-metri high-energy ollision experiments ontaining:� traking:� a solenoidal magneti �eld of 4T,� a �ve-layer Si-pixel vertex detetor VTX (see 9.3),� a Si-pixel or -strip disk forward traker FTD,
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(a) (b)

Figure 9.1: The proposed Tesla faility(a) Shemati view of the planned Tesla aelerator faility. In addition to the mainaelerator line and the experimental area, the damping rings and a possible seondinteration region are shown. (b) Map of the Tesla tunnel near Hamburg, Germany,extending from the Desy site all the way to Westerhorn with the experimental hallloated at Ellerhoop. The light blue area represents the ity of Hamburg, the darkblue band the river Elbe and the white lines the motorways A7 (from south to north)and A23 (from Hamburg to north-west).



144CHAPTER 9. OPTIMISING OFDESIGN PARAMETERS OF THE TESLA VERTEX DETECTOR� a large volume gaseous entral traking hamber TPC (time projetionhamber),� a Si-strip intermediate traker SIT,� a forward traking hamber FCH, built from straw tubes.The shemati layout of the traking detetors is illustrated in Fig. 9.2. Themomentum resolution should be
δ

(

1

pT

)

≤ 5 · 10−5

(GeV
c

)−1 . (9.1)� alorimetry:� a highly granular eletromagneti alorimeter ECAL,� a highly granular hadroni alorimeter HCAL,� a low angle tagger LATThe desired overall-energy resolution for energy �ow objets (EFOs [144℄) is
δE

E
≃ 0.3

1
√

E(GeV)
. (9.2)The granularity of the alorimeter should allow for internal traking of hargedand neutral partiles for a omplete reonstrution of the energy �ow. For thispurpose, the oil has to enlose the alorimeters.� muon detetion:� the instrumented Fe-yoke MUON� luminosity measurement:� a luminosity alorimeter LCALFig. 9.3 shows the detetor layout. A more detailed desription of the detetor andvarious design options are found in [145℄.9.3 The Tesla Vertex Detetor9.3.1 Design GoalsBesides Higgs prodution studies, the potential for investigating eletroweak sym-metry breaking must be met by a detailed study of the deay properties of the Higgs
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Figure 9.2: Layout of Tesla traking detetorsThe aronyms orrespond to those in the text.

Figure 9.3: Tesla detetor layoutA ross setion through one quadrant of the detetor is shown. All dimensions arein mm. The aronyms for the subdetetors are explained in the text.



146CHAPTER 9. OPTIMISING OFDESIGN PARAMETERS OF THE TESLA VERTEX DETECTORboson. Distinguishing between a light Higgs boson deaying into bb̄, cc̄, gg and τ τ̄pairs represents a major hallenge for the Tesla vertex detetor. An extendedHiggs setor with its distintive signatures with multiple b-jets, several Susy de-ay senarios and also Sm proesses like e+e− → tt̄ are equally hallenging. Heavy�avour identi�ation plays a key role in many of the physis goals of a linear ollider.It requires exellent traking e�ieny and spatial resolution in order to determinevertex positions and trak impat parameters. For many analyses it is also manda-tory to be able to assign all traks orretly to their prodution vertex in order todetermine the vertex mass and harge.For the Tesla vertex detetor these requirements lead to a desired impat pa-rameter resolution of
δ (IPrφ,z) ≤ 5 µm ⊕ 5 µmGeV/c

p sin3/2 θ
, (9.3)where δ(IPrφ,z) denotes the impat parameter resolution in the rφ-plane as well as forthe z-oordinate, and p and θ are the trak momentum and polar angle, respetively[146℄. This translates into a point resolution of less than 5 µm. Furthermore, thebest possible polar angle overage is desirable to ope with the expeted multijetenvironment with jets in the whole polar angle range. A polar angle overage of

| cos θ| ≤ 0.96 for the inner three and | cos θ| ≤ 0.9 for the inner �ve layers isproposed. The innermost layer of the vertex detetor needs to be as lose to thebeampipe as possible for the best trak extrapolation to the verties possible. Toallow for stand-alone traking, a minimum number of �ve vertex detetor layers isneeded with an equidistant layer separation of at least 5mm to ontrol multiplesattering e�ets. At small polar angles, one has to pay speial attention to thematerial budget. So, thin sensors or even onial endaps are to be preferred. In aseof Cmos or Cd sensors (see the following setion for explanations), the potentialfor preise traking to very low momenta is established for a layer thikness of
0.06%X0 ≈ 56 µm, where X0 denotes the radiation length of silion2. Taking intoaount mahine-related issues, the base on�guration as shown in Tab. 9.1 onsistsof 8 · 108 pixels of 20 × 20µm2 integrated in ylindial layers. A shemati view ofthis on�guration an be seen in Fig. 9.4.9.3.2 Sensor TehnologiesSeveral di�erent sensor tehnologies are being investigated for the vertex detetorof a linear ollider. Researh and development (R&D) on these options is ongoingin parallel to provide a basis for the �nal hoie of the tehnology. In this setion aseletion of these tehnologies is introdued.2X0(Si) = 9.36 m [4℄



9.3. THE TESLA VERTEX DETECTOR 147Layer Radius(mm) Length(mm) Readouttime (µs) Bakground(hits/mm2)1 15 100 50 4.32 26 250 250 2.43 37 250 250 0.64 48 250 250 0.15 60 250 250 0.1Table 9.1: Key parameters of a Cmos- or Cd-based vertex detetorThe quoted readout times are the estimated maxima to ope with the bakgroundrate. The bakground oupanies are integrated over these individual readouttimes.

Figure 9.4: Layout of the Tesla-VTX base designAn open view into the VTX inluding the ryostat is shown. In the entre one anidentify the short �rst layer embedded in the narrowed beampipe.



148CHAPTER 9. OPTIMISING OFDESIGN PARAMETERS OF THE TESLA VERTEX DETECTOR9.3.2.1 Monolithi Ative Pixel SensorsThe basi idea is to make the Cmos3 tehnology appliable for monolithi ativepixel sensors (Maps) [147℄ in high-energy physis and to exploit the low osts andexisting prodution infrastrutures.An ionising partile traversing the sensor generates free harges in a low resis-itivity p-type epitaxial layer of 5 � 15 µm thikness as shown in Fig. 9.5(a). Thefree eletrons di�use and are olleted by implanted n-wells, the pixels. Sine thelightly p-doped epitaxial layer is embedded between two heavily p+-doped media(i.e. p-wells and substrate), eletrons reahing the boundary regions are re�etedby the potential barriers (see Fig. 9.5(b)) due to the doping pro�le. No depletionvoltage is applied. Part of the readout eletronis inluding the �rst ampli�ationstage is implanted diretly onto the p-wells to optimise the readout noise.(a) (b)

Figure 9.5: Shemati harge olletion and potential in a Maps sensor(a) The free eletrons generated by an ionising partile di�use thermally to the n-well. Readout eletronis (M2) are implanted into the p-well. (b) The potentialgradient is shown at the entre of the n-well (A�A′) and at the entre of the p-well(B�B′). The potential barriers at the p/p+-edges are learly seen as well as thepotential minimum in the n-well.Advantages are the Cmos prodution proess with low osts, the low noise andgood signal-to-noise ratio (S/N) at high speed, the radiation hardness and the ho-3Complementary metal-oxide-semiondutor



9.3. THE TESLA VERTEX DETECTOR 149mogeneous harge olletion. Disadvantages are the bad photon detetion e�ienyat high energies and the possible trenh isolation in very deep sub-µm produtionproesses.This study was performed in order to optimise the design of a vertex detetorbased on the Maps tehnology. It is based on the spei�ations of the Mimosa4 5sensor, whih are listed in Tab. 9.2.Year 2001Cmos proess 0.6 µm AMSPixels 1020×1024Pixel size 17×17 µm2Epilayer thikness 14 µmSpatial resolution 1.5 µmReadout analogTable 9.2: Properties of Mimosa 5 [148℄Mimosa 5 was the �rst fabriated �real size� sensor of the Mimosa series at Ires(Institut de Reherhes Subatomiques, Strasbourg, Frane).9.3.2.2 Hybrid Ative Pixel SensorsClosely related toMaps is the tehnology of hybrid ative pixel sensors (Haps) [149℄.In this ase the readout eletronis are situated on a separate hip mounted onto thesensor and onneted via bump bonds (hybrid struture). Haps sensors are depletedin order to use the whole sensor substrate as ative volume, whih leads to highersignals. There exists already some experiene with Haps detetors, e.g. from theLh experiments. Haps sensors are very fast and radiation hard and they have ahomogeneous harge olletion and a good high-energy photon detetion e�ieny.Beside that, the sensor arhiteture sets no limits on the design of the readout hip.However, the noise level is rather high, the sensors are relatively thik and expensiveand the bump bonding alignment is problemati.A speial variety of Haps are silion-on-insulator (Soi) hips [150℄, whih aresimilar to Maps hips, but with the eletronis separated from the sensor by aninsulating layer. Thus the arhiteture is �quasi-monolithi�, as an be seen in Fig.9.6. The biggest disadvantages of Haps are remedied by the Soi tehnology, whihshows no alignment problems and is thinner than onventional Haps. However,at present the development of this tehnology is slowed down by a lak of wafermaterial of the quality required for the Tesla VTX.4minimum ionising partile Mos ative pixel sensor



150CHAPTER 9. OPTIMISING OFDESIGN PARAMETERS OF THE TESLA VERTEX DETECTOR

Figure 9.6: Shemati struture of an Soi sensorThe eletronis are reated on a 1.5 µm thin Si-�lm over the insulating layer alledBOX (buried oxide).

Figure 9.7: Shemati harge olletion in a Cd sensorThe free eletrons are olleed underneath the anodes (p1,2,3).



9.4. OPTIMISING OF THE DESIGN PARAMETERS OF THE TESLA VERTEX DETECTOR1519.3.2.3 Charge Coupled DeviesA harge oupled devies (Cd) pixel detetor [151℄ is a two-dimensional array ofpotential wells. The signal is generated in a partially depleted, p-type epitaxial layerof typially a 10 � 30 µm thikness. The free eletrons di�use thermally or, in thedepleted area, drift towards the potential minimum underneath an anode. Again, a
p/p+-edge between the ative volume and the sensor bulk ats as re�etion layer forthe free eletrons. A thin n+-type layer on the surfae moves the potential minimumtowards the n+/p-edge, so that the eletrons are olleted underneath the sensor'ssurfae (burried hannel Cd). Then the olleted harges are moved through thesensor to be read out at the sensor edge. This is done by a periodial variationof the potential wells (loking). The anodes are realised as Mos gates on top ofthe n+-layer, where the depletion voltage is applied. The priniple of operation isskethed in Fig. 9.7.Cds have been used for traking devies in the past. The spatial resolution isexellent and the harge olletion very homogeneous. On the other hand, the hargeolletion e�ieny is smaller then with other tehniques, the radiation hardness hasstill to be proven and the vendor hoie is very limited.9.3.2.4 Depleted p-Channel Field E�et TransistorsIn depleted p-hannel �eld e�et transistors (Depfet) [152℄ the free harge generatedin the totally depleted n-type substrate is olleted at an internal n−-gate, whih issituated under an integrated p-hannel transistor. There they modulate the urrentin the transistor. The depletion voltage is applied from the opposite side.Depfets have a very low noise and a good S/N. The readout is non-destrutive,thus repetitive readout is possible. A good photon detetion e�ieny is possible,the harge olletion is homogeneous and the sensors are radiation hard. However,the prodution proess is ompliated, expensive and urrently not ommeriallyavailable.9.4 Optimising of the Design Parameters of the TeslaVertex Detetor9.4.1 General StrategyKey parameters for the VTX performane are e.g. the impat parameter resolution,the harge olletion e�ieny or the signal-to-noise ratio. Thereof, the impat pa-rameter resolution an be ustomised with the help of simulation studies. Heneit is an important parameter for optimising the VTX design, but it piks out only



152CHAPTER 9. OPTIMISING OFDESIGN PARAMETERS OF THE TESLA VERTEX DETECTOR(a) (b)

Figure 9.8: Shemati harge olletion and potential in a Depfet sensor(a) The free eletrons are olleted at the internal gate, where (b) the potential hasa loal minimum. The transistor hannel urrent from the soure to the drain ismodulated by the eletri �eld from the eletrons. The pixel is swithed on ando� by the external top gate. The olleted harges are removed by swithing theonnetor indiated as bulk to lear. The sensor is depleted by applying a voltageat the rear ontat.one property of one trak in a high-energy physis event. To really say somethingabout physis apabilities, a higher stage of reonstrution omplexity with moreinformation has to be evaluated, whih implies physis interpretations of the reon-struted data. In ase of the VTX this stage is represented by a full heavy �avouridenti�ation (heavy �avour tagging), whose performane is strongly in�uened bythe impat parameter resolution. However, the heavy �avour tagging typially usesthe traking system only. Only when the e�ets of other subdetetors are fully takeninto aount within the framework of a omplete analysis, the intrinsi impat ofvarying VTX designs an be estimated realistially. For this purpose the t-quarkprodution proess e+e− → Z0/γ∗ → tt̄ at a CMS energy of 500GeV was hosen inthis study.The signal and the bakground proesses onsidered are desribed in the followingand the simulation and reonstrution tools used are explained. Finally the analysis



9.4. OPTIMISING OF THE DESIGN PARAMETERS OF THE TESLA VERTEX DETECTOR153and its outome are desribed.9.4.2 The Signal Proess e+e− → tt̄The t-quark is the heaviest fermion in the Standard Model, and all experimentalresults indiate that it behaves exatly as expeted of a third generation Sm quarkof harge +2/3. In partiular the diret measurements of its mass by the Tevatronexperiments Cdf and D0, yielding a ombined result for its mass of 178.0±4.3GeV[4℄, are in exellent agreement with earlier extrapolations of eletroweak measurentsat Lep and Sl5 [153℄. Its large mass lose to the expeted sale of the eletroweaksymmetry breaking makes the t-quark partiularly interesting [143℄. It is likelyto play a key role in revealing the origin of eletroweak symmetry breaking andin solving the �avour problem. High-preision measurements of its properties andinterations are therefore mandatory at a future ollider.At Tesla the t-quark is mainly produed pairwise in the annihilation proess
e+e− → Z0/γ∗ → tt̄. Further prodution mehanisms like Z0γ → νeν̄ett̄, W+W− →
tb̄ν̄ee

−, Z0Z0/e+e−γγ → e+e−tt̄ an be negleted here. The prodution ross setionat a CMS energy of 500GeV is expeted to be about 0.6 pb. Thus, Tesla wouldbe e �top-fatory� with about 70 tt̄-events expeted per hour. The t-quark deaysrapidly (τ ≈ 10−24 s) before it hadronises and almost exlusively through the singlemode t → bW . The proess is pitured in Fig. 9.9. The two b-quarks result in two

Figure 9.9: Feynman diagram of t-quark pair prodution at TeslaOnly the deay t → bW is onsidered. fi and f ′
i with i = 1, 2 denote all possiblefermion ombinations from the W -boson deays.hadroni jets. Depending on the W -boson deays, three �nal states our:5Stanford Linear Collider at the Stanford Linear Aelerator Center (Sla)



154CHAPTER 9. OPTIMISING OFDESIGN PARAMETERS OF THE TESLA VERTEX DETECTOR� six jets (46%): Both W -bosons deay hadronially.� four jets + lν (44%): OneW -boson deays hadronially, one leptonially (miss-ing energy from neutrino).� two jets + l1ν1 + l2ν2 (10%): Both W -bosons deay leptonially (missingenergy from two neutrinos).In this analysis, the attempt was made to reontrut the tt̄ �nal state from theall-hadroni (six jets) deay hannel as desibed in 9.4.5.9.4.3 The Fast Detetor Simulation and Reonstrution Pro-gram SgvFor physis analyses within the Tesla detetor framework, usually the programsBrahms6 [154℄ and SimDet [155℄ are used. Brahms is a full simulation and re-onstrution pakage based on Geant 3.21 [115℄. It provides a detailed detetordesription and a sophistiated reonstrution toolkit inluding alorimeter trak-ing and energy �ow anaylsis. However, it is slow and di�ult to use for detetordesign studies. SimDet is a fast simulation, whih relies on parametrisations ofthe Brahms output. It is fast, but the parametrisations have to be regeneratedfor every new detetor on�guration by running Brahms �rst. So, even this is oflimited use for detetor design studies.Sgv7 [156℄ is �a fast and simple program for simulating high energy physis ex-periments at olliding beam detetors� [157℄. It was originally developed for andused within the Delphi experiment, and extensions for Tesla studies exist. It isfast and ontains a omplete analysis hain from event generation to reonstru-tion. The detetor geometry desription is very muh simpli�ed, and it is easy tounderstand (�human readable�) and to modify8. In addition, di�erent detetor de-sriptions an be treated simultaneously. Therefore it is an exellent tool for a �rstdetetor design.In the following, the funtioning priniples of Sgv are desribed. Then theimplementation of the neural network based heavy �avour tagging is introdued,whih originally was not inorporated in Sgv.6Beph (the seond letter of the hebrew alphabet) reonstrution and analysis helpful montearlosoftware7Simulation a grande vitesse8An example is given in App. H.



9.4. OPTIMISING OF THE DESIGN PARAMETERS OF THE TESLA VERTEX DETECTOR1559.4.3.1 Simulation and ReonstrutionSgv does not simulate detetor responses, but rather traks the partiles throughthe detetor and alulates the reonstruted quantities from the given resolutionsof the hit detetor elements inluding material e�ets (multiple sattering), extrap-olation e�ets and Gaussian smearing. Also photon onversion, bremsstrahlung andmerging of alorimeter lusters are taken into onsideration. No pattern reognitionor shower development simulation is performed, whih speeds up the proessing sig-ni�antly. In this sense Sgv simulates also the reonstrution step. The output ofthis proedure are trak helies, ovariane matries and alorimeter lusters.In addition, Sgv provides an analysis toolkit ontaining e.g. vertex reonstru-tion (using algorithms from the Delphi experiment), jet �nding (as implemented inPythia), event shape variables and impat parameters. To ope with the apa-bilities of the VTX and the speial requirements of this work, a high-performaneheavy �avour tagging was inorporated into Sgv, whih is desribed in 9.4.3.2.Currently Sgv uses the generators Pythia 5.7/Jetset 7.4 [158℄, Pythia 6[106, 159℄ or Susygen [160℄ to simulate high-energy physis events. In this study,the events samples were generated by Pythia 6.2.The detetor geometry is fed into Sgv from �human-readable� plain text �les.The possible detetor on�gurations are very simple. Only ylinders in parallel withthe beam axis and planes perpendiular to the beam axis are used, whih an besegmented depending on the azimuthal angle. Detetor elements are haraterisedby: � the detetor type: traking detetors, alorimeters, taggers, sintillators ordead material,� their geometrial properties: loations and dimensions,� material properties: thiknesses in units of X0 and atomi numbers A,� spatial and energy resolutions,� e�ienies and measurement thresholds.For silion traking detetors, the spatial resolution also depends on the angle ofinidene. The energy resolution of alorimeters depends on the partile energy.Impating partiles are treated either as minimum ionising partile (MIP), eletro-magneti or hadroni shower depending on the partile type. As a starting point ofthis study, a detetor desription based on the Tesla TDR [145℄ was used with thespei�ations of the Mimosa 5 sensor (see Tab. 9.2) for the VTX. Besides the �ve-layer geometry (s. Tab. 9.1) inluding material from e.g. ooling and mehanialsupport, the used parameters were:



156CHAPTER 9. OPTIMISING OFDESIGN PARAMETERS OF THE TESLA VERTEX DETECTOR� sensor material: silion (A = 14) of a thikness of 0.015% of X0,� point resolution: 1.5 µm in r − φ and z,� no restritions on e�ieny and measurement threshold.9.4.3.2 Neural Network Based Heavy Flavour TaggingThe major task of a vertex detetor is to reonstrut the primary and further ver-ties of a high-energy physis event. The reonstrution of seondary verties ispartiularly important for heavy �avour tagging. This, in turn, is essential for theidenti�ation and reonstrution of the atual physis proess, espeially in the re-gions of interest of a future linear ollider like e.g. t-quarks , Higgs physis andSusy. Only the best possible reonstrution of those proesses leads to preisionmeasurements and this is exatly, what a future linear ollider will be built for. So,a highest-performane heavy �avour tagging is desired for Tesla appliations andthe atually used neural network based pakage [161℄ is a promising andidate toful�ll the requirements. This pakage was originally not inorporated in Sgv. It wasinherited from Brahms and the performane of the implementation was tested byomparing it to existing studies on Brahms [162℄. The heavy �avour tagging pak-age ombines three approahes to identify heavy �avour quarks, whih are desribedin the following.Impat parameter joint probability tagThe impat parameter joint probability tag was introdued by the Aleph ollabo-ration [163℄. It uses the impat parameter information of eah harged trak in ajet to determine the probability, that the trak is onsistent with oming from theprimary vertex.The impat parameter d0 is the distane of losest approah of a trak to theprimary vertex, measured in the azimuthal (rφ) plane. It is signed aording towhether the trak helix intersets the jet axis in that plane in front of (positive) orbehind (negative) the primary vertex9. This distintion is illustrated in Fig. 9.10.The impat parameter signi�ane xd is de�ned as
xd =

d0

σd0

, (9.4)where σd0
is the estimated error on d0 alulated from the trak and primary ver-tex ovariane matries. While the impat parameter signi�anes of traks fromthe primary vertex f(x) are expeted to be distributed symmetrially around zero9In this sense the loations �in front� and �behind' are given with respet to the opposite �ightdiretion of the jet partiles.
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Figure 9.10: Illustration of impat parameter signingA projetion onto the x-y-plane is shown. Partile �ight diretions are indiated byarrows. The jet axis meets the primary vertex O. Partile p rosses the jet axis infront of O and has a positive impat parameter d. Partile p′ rosses the jet axisbehind O and has a negative impat parameter d′.re�eting the �nite detetor resolution, traks from seondary verties tend to pos-itive values. This is the ase espeially for traks from heavy �avour deays. Fig.9.11(a) shows suh a distribution from a sample of simulated e+e− → qq̄ events10.It is easily realised, that on the positive side the fration of traks from b-deaysinreases with inreasing signi�ane. On the negative side this fration is stable.Generally, the ontamination from seondary vertex traks is low for the negativeside of the xd-distribution. Sine f(x) is expeted to be symmetri, it thereforeis determined using traks with negative impat parameter signi�anes only. Inthis analysis it was obtained by �tting the negative part of the distribution with aGaussian entered at zero and two exponential tails as shown in Fig. 9.11(b). Theexess of traks with high positive xd is learly seen.After obtaining f(x), the probability Pi, that a trak i from the primary vertexhas a positive impat parameter signi�ane greater than x0 is given by10The sample for all heavy �avour tagging studies was generated and reonstruted with Sgvusing Pythia 6.2 with �nal state radiation. e+e− → tt̄ was ignored. The only requirement onthe events was, that they needed to have more than 6 traks. Jets were reonstruted using the�Durham� algorithm as implemented in Pythia, whih orresponds to the kT -algorithm desribedin 6.2.1.
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Pi =

∞
∫

x0

f(x)dx

∞
∫

0

f(x)dx

, (9.5)and the orresponding joint probability PJ , that an ensemble of n traks omes fromthe primary vertex is
PJ = y

n−1
∑

m=0

(− ln y)m

m!
, (9.6)with

y =
n
∏

i=1

Pi . (9.7)Ideally, light quark (uds) jets should give a �at distribution of PJ , while b-jets (andto some extent also c-jets) should peak at zero. Fig. 9.12 shows the PJ -distributionsof the used sample for impat parameters in rφ, z and three dimensions. The peaks



9.4. OPTIMISING OF THE DESIGN PARAMETERS OF THE TESLA VERTEX DETECTOR159

)φ (rJP
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

je
ts

1

10

210

310

410

)φ (rJP
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

je
ts

1

10

210

310

410

 (rz)JP
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

je
ts

1

10

210

310

410

 (rz)JP
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

je
ts

1

10

210

310

410

 (3D)JP
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

je
ts

1

10

210

310

410

 (3D)JP
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

je
ts

1

10

210

310

410  @ 500 GeVq q→32k events ee 

all jets

uds-jets

c-jets

b-jets
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160CHAPTER 9. OPTIMISING OFDESIGN PARAMETERS OF THE TESLA VERTEX DETECTORat zero for heavy �avour jets are learly seen in all three distributions. Also uds-jetsshow a small spike at zero, whih originates from Ks- and Λ-deays, whih ouldbe vetoed by looking for two-trak verties with ompatible masses. Anyway, thetwo-dimensional impat parameter signi�anes give a better separation than thethree-dimensional one, whih is disarded for the neural network.Topologial vertex reonstrutionThe topologial vertex reonstrution algorithm Zvtop was developed by the Sld11ollaboration [164℄ to fully exploit the apabilities of its high-resolution vertex de-tetor. Zvtop searhes for verties in the three-dimensional oordinate spae ratherthan in trak ombinations, whih beomes impratial for high trak multipliities.Exellent b- and also c-tagging performane was proven with this algorithm [165℄.In Zvtop eah trak is represented by a �probability tube� in spae, whih is athree-dimensional unnormalised Gaussian probability density fi(~r) derived from thehelix parameters of trak i. In order to deide whih vertex is the primary and toonstrain it to be onsistent with the IP, also the IP is desribed by a probabilitydensity f0(~r), whih usually is simply a Gaussian ellipsoid entered at the IP. A�vertex density� is then formed from the trak12 probability densities, whih is highin regions where many traks overlap (verties). One approah to alulate thevertex density V (~r) is
V (~r) =

n
∑

i=0

fi(~r) −
∑

f 2
i (~r)

∑

fi(~r)
, (9.8)where the �rst term is a measure of multipliities and the degree of overlap andthe seond term guarantees V (~r) ≃ 0, if fi(~r) is signi�ant for only one trak. Adesriptive two-dimensional example is pitured in Fig. 9.13. To resolve two vertiesat ~r1 and ~r2, the minimum Vmin on the line between ~r1 and ~r2 is determined. Theverties are resolved, if

Vmin

min (V (~r1), V (~r2))
< R0 , (9.9)with the tunable parameter R0 = 0.6. One vertex is found at the IP in any ase. Toeah vertex found a unique subset of traks is assoiated from the list of overlaps.The verties are then re�tted using the trak subsets after removal of traks, whih�t badly with the vertex. Finally an attempt is made to reattah unassoiated traksto the nearest vertex in order to reonstrut e.g. one-prong B-deays by assigningthe isolated trak to the subsequent D-deay vertex. In this analysis, Zvtop was runon jets rather than on whole events or event hemispheres. Two-prong verties with11Sla large detetor12Sine the IP probability density is treated similar to the trak probability densities, �trak� inthis ontext inludes the IP.
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Figure 9.13: The Zvtop reonstrution oneptA two-dimensional example is shown with arbitrary sales. (a) Traks are repre-sented by Gaussian tubes of the trak probability densities fi(~r). (b) Vertex proba-bilities are alulated V (~r), whih are greater than zero only in regions where traksoverlap. In this example, the resulting primary (left) and seondary vertex (right)are easily distinguished.an reonstruted mass of 0.47GeV < mcorr. < 0.53GeV were rejeted to suppressontributions from KS-deays.The resulting jet vertex multipliities are shown in Fig. 9.14(a). Most uds-jetshave only one vertex � the primary vertex � reonstruted. The jets with two ormore verties are quite pure in heavy �avour deays and a signi�ant number of b-jets has three or more verties reonstruted, whih re�ets the tertiary verties fromthe subsequent D-deays. To distinguish b- from c-jets, the mass of the seondaryverties is alulated inluding also the tertiary verties, if present. A orretionon the estimated missing invariant mass from neutral produts of the B- and D-deays is applied, whih is based on the di�erene between the vertex momentumvetor diretion alulated from the visible deay produts and the spatial vetorof the seondary vertex (�pT �-orretion). The obtained mass distribution is shownin Fig. 9.14(b). For high masses a good purity of b-jets is visible as well as thesmall ontamination of the whole sample with uds-jets. The sharp ut-o� for c-jetsat around 2GeV o�ers the possibility to distinguish b- and c-jets quite e�iently.Finally Zvtop alulates a probability PS, that all traks assigned to the seondaryvertex atually ome from one ommon vertex. It is derived from the χ2 of the vertex�t and is zero, if no seondary vertex was found in the jet. Fig. 9.15 shows the atual
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Figure 9.14: Zvtop verties and orreted seondary vertex massesThe distributions are shown for all jets (yellow area), uds-jets (red area), c-jets(blue line) and b-jets (blak line). Jets with a two-trak seondary vertex and anunorreted seondary vertex mass onsistent with a KS-deay are exluded. (a)Number of verties per jet found by Zvtop. The primary vertex is found in any ase.(b) pT -orreted mass of seondary verties (inluding tertiary vertex, if present).probability distributions. The bakground from uds-jets is strongly suppressed, sothat a high tagging purity an be ahieved.One-prong harm tagThis method [161℄ is not used to tag c-jets diretly, but it is rather likely to be partof a neural network tag.About half of the c-jets have only the primary vertex reonstruted (see Fig.9.14(a)). However, around 40% of D-hadrons deay to only one harged trak, sothe presene of one single high-momentum trak with large impat parameter mightbe useful to identify c-jets. This proedure was applied to jets with only one vertexreonstruted by Zvtop. All traks with a momentum larger than 2GeV and hitsin all VTX layers were onsidered as one-prong harm andidates and were sortedby their impat parameter signi�anes in rφ (xd) and rz (xz). Traks identi�ed asoming from photon onversion or KS andidates were removed. The latter werefound by forming all two-trak verties from pairs of traks with xd > 3, and a-epting verties with a PS > 1%, a radius of less than 2 m and an invariant mass
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164CHAPTER 9. OPTIMISING OFDESIGN PARAMETERS OF THE TESLA VERTEX DETECTORsatisfying m < 0.02GeV for photon onversion or 0.475GeV < m < 0.525GeV for
KS-deays. The distributions of impat parameter signi�anes are shown in Fig.9.16. All distributions are dominated by traks from c-jets for signi�anes largerthan �ve. However, while c-jets tend to have one single trak of large impat param-eter signi�ane, b-jets typially also have a seond trak of large impat parametersigni�ane. An e�ient enrihment of the neural network tagging performane isthus expeted.Neural network heavy �avour tagThe neural network heavy �avour tag used in this analysis ombines the output ofthe three independent methods desribed above. It provides the following output:� a b-tag probability PNN

b to �nd b-jets within a sample of hadroni jets,� a c-tag probability PNN
c to �nd c-jets within a sample of hadroni jets,� a b-c-distintion tag DNN

bc to separate b- from c-jets in the absene of bak-grounds.Depending on the number of found Zvtop verties, the events are split into threelasses, whih are treated di�erently. Tab. 9.3 lists the variable used for eahlass. Some variables were transformed suh, that they �t the ranges 0 ≤ x ≤ 1 or
−1 ≤ x ≤ 1.The neural network was implemented with the Jetnet 3.1 pakage [166℄ andtrained using �ve million jets from e+e− → qq̄ events. Figs. 9.17, 9.18 and 9.19display its output. The heavy �avour probabilities for b- and c-jets show a leardistintion of the orresponding heavy �avour from the bakground. Due to thehigher vertex mass and the larger seondary vertex reonstrution e�ieny, the
b-tagging is more e�ient. This an be seen easily in Fig. 9.20, where the purity vs.e�ieny for varying uts on the tagging probabilities is shown. The urves showa better performane in b-tagging than in c-tagging for both, Sgv and Brahms.On the one hand, the b-tagging performane is better in Brahms, whih re�etsthe higher auray of its more sophistiated reonstrution. On the other hand,
c-tagging is more hallenging due to the higher requirements in the reonstrutionauray. In this ase the higher level of idealisation in Sgv makes an impat andthe performane is better than in Brahms.However, the overall performane of heavy �avour tagging in Sgv reahed a levelomparable to Brahms, whih made it appliable to the present analysis.9.4.4 Preseletion of t-Quark Pair Prodution EventsThe preseletion of t-quark pair prodution was tuned with respet to the expetedSm bakground to ahieve a good purity vs. e�ieny of the event sample before
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Figure 9.16: Impat parameter signi�anes for one-prong harm tagThe distributions are shown for all jets (yellow area), uds-jets (red area), c-jets (blueline) and b-jets (blak line). Only traks from jets with one Zvtop vertex with ptrk >
2GeV hitting all VTX layers are onsidered. KS- and photon onversion andidateswere removed. First (upper-left) and seond (upper-right) most signi�ant trak injet (rφ). First (lower-left) and seond (lower-right) most signi�ant trak in jet (rz).
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Class ≤1 vertex 2 verties ≥3 vertiesImpat Parameter Pj(rφ) × × ×joint probablity tag Pj(rz) × × ×

xd(1) ×
xd(2) ×
xz(1) ×One-prong xz(2) ×harm tag p(1) ×
p(2) ×
cos θ(1) ×
cos θ(2) ×
Smax = (L/σL)max × ×
L(Smax) × ×ZVTOP mcorr. × ×
p × ×
ntrk × ×
PS × ×Table 9.3: Variables used in neural network heavy �avour tagThe lasses with two and with three or more verties use the same set of variables,but with di�erent weights. p(1, 2) are the momenta of the traks with the largestimpat parameter signi�ane and θ(1, 2) are their polar angles. L is the deay lengthmeasured by Zvtop with the estimated error σL. Smax is the largest deay lengthsigni�ane and L(Smax) the orresponding deay length. p is the jet momentum, nthe number of all traks assigned to non-primary verties.
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Figure 9.17: Neural network b-probabilityOnly jets with PNN
b > 0 are displayed for all jets (yellow area), uds-jets (red area),
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Figure 9.18: Neural network c-probabilityOnly jets with PNN
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b-tagging and t-quark reonstrution take plae. The bakground arises mainlyfrom other qq̄-events and from the prodution of eletroweak gauge boson pairs.Also lepton pair prodution, Bhabha sattering, prompt photons and PhP wereonsidered. The omplete list of the generated event samples is found in Tab. 9.4.The Bhabha proess was treated in a speial way in this ontext. Due to its very largeross setion only a small test sample in terms of Lint was generated (one millionevents) to verify, if it was likely that suh events would survive the preseletion. Itwas found, that Bhabha proesses are not expeted to ontribute to the seletedevent sample.To rejet the bakground, three distinting properties of tt̄-events were exploited:Number of traks: The ourene of at least two hadroni jets in tt̄-events resultsin a large number of reonstruted traks ompared to events, where mainlyleptons form the �nal state.Energy-momentum onservation and deteted energy: The fration of miss-ing energy or momentum is expeted to be rather small for tt̄-events, sine aertain amount of energy is arried by the �visible� b-jets in any ase. Thisproperty an be used to rejet events, where a signi�ant energy fration isarried by neutrinos or is not present in the main interation due to initial stateradiation, if the radiated photon esapes the detetor through the beampipe.Thrust: The thrust13 T is de�ned as

T = max
|~n|=1

∑

i

|~n · ~pi|
∑

i

|~pi|
, (9.10)with the momentum vetor ~pi of partile i [167℄. The thrust axis is given thenby the normalised vetor ~n, for whih a maximum is attained. The allowedrange is 0.5 < T < 1, with a two-jet event orresponding to T ≈ 1 and anisotropi event to T ≈ 0.5. Hene a smaller thrust is expeted from tt̄-eventsthan from all types of bakground proesses exept the prodution of weakgauge boson pairs.The event properties listed above lead to the following requirements to be appliedin the preseletion:� Number of traks ntrk:

ntrk > 12 . (9.11)Fig. 9.21 shows the orresponding distributions after preseletion. The ten-deny of signal events to larger numbers of traks is visible.13the maximum direted momentum
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Proess Deay σ (pb) Lint (fb−1) Preseletion (%)

Z0/γ∗ tt̄ (signal) 0.5820 9.876 95.1
dd̄ 2.152 9.545 2.72
uū 2.410 11.08 4.05
ss̄ 2.408 10.22 4.25
cc̄ 2.396 9.956 4.42
bb̄ 2.124 9.801 3.11

Z0/γ∗ e+e− 1.075 18.60 0.0
µ+µ− 1.080 18.52 0.0
τ+τ− 1.046 19.12 0.005
νeν̄e 0.8282 24.15 0.0
νµν̄µ 0.8272 24.18 0.0
ντ ν̄τ 0.8262 24.21 0.0
dd̄ 1.132 11.22 2.64
uū 1.071 10.27 4.44
ss̄ 1.136 10.18 2.78
cc̄ 1.068 10.31 4.70
bb̄ 1.123 10.86 2.81

Z0/γ∗ + γ e+e− 0.4041 24.75 0.0
µ+µ− 0.4036 24.78 0.0
τ+τ− 0.4020 24.88 0.0
νeν̄e 0.4610 21.69 0.0
νµν̄µ 0.4598 21.75 0.0
ντ ν̄τ 0.4589 21.79 0.0

Z0Z0 0.5587 10.39 7.03
W+W− 7.678 10.48 3.99Bhabha 2.720 · 105 3.676 · 10−3 0.0Prompt photons (γγ) 8.238 12.14 0.0PhP (γγ) f f̄ 3.554 · 103 2.814 0.0005Table 9.4: Generated signal and Sm bakground proesses to e+e− → tt̄The generator ross setions σ and the generated integrated luminosities Lint areshown as well as the preseletion e�ieny.
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E > 100GeV, (9.12)

E − pz > 100GeV, (9.13)
E + pz > 100GeV, (9.14)with the total measured energy E and the longitudinal energy imbalane pz.Fig. 9.22 shows the orresponding distributions after preseletion. In the dis-tribution of the total energy, a spike is seen for bakground around 300GeV.This is due to initial state radiation, where one of the inoming leptons radi-ates a photon, whih arries a signi�ant fration of the initial energy. Sinethis photon is emitted in the �ight diretion of the lepton, it esapes the de-tetor through the beampipe and the orresponding energy is not measured.In addition to the resulting energy de�it, this proess provides an imbalanein the measured longitudinal momentum pz. These events are typially har-aterised by a low value of either E − pz or E + pz and polar angles θ of themeasured energy imbalane ~p lose to the edge of the interval [0, π]. So, the300GeV-spike and the spikes around 0 and 2π in Fig. 9.23(b) are losely re-lated. It is also seen, that the tt̄-distribution peaks notiably below the CMSenergy of 500GeV. This is due to the signi�ant fration of lepton-neutrinopairs originated either from leptoni W -deays or from heavy �avour deaysas e.g B → D∗lν.� Thrust:

T < T0 (9.15)or
(

T − T0

T1 − T0

)2

+

(

θ − π/2

π/2

)2

< 1 . (9.16)
T0 = 0.7 and T1 = 0.9 are the two parameters of this two-dimensional ut. Insummary this uts rejet all events beyond an elliptial urve with T = T0 atthe edges of the θ-distribution (θ = 0, π) and T = T1 at θ = π/2, as illustratedin Fig. 9.23(). The ellipsoidal shape of the two-dimensional ut in Eq. 9.16 islearly seen. T0 and T1 were tuned suh, that the overall preseletion e�ienyfor the tt̄-signal stays greater than 95%.The frations of events passing the preseletion uts are listed in Tab. 9.4, lastolumn. The ahieved purity of tt̄-events after the preseletion is about 37.5%.9.4.5 t-Quark ReonstrutionThe BR of the all-hadroni deay mode of tt̄-events is the largest (∼ 44%). The re-onstrution is straight forward, sine no missing momenta are expeted and no lep-
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Figure 9.21: Number of traksAll events (yellow area), bakground events (red area) and tt̄-signal events (blakline). The distributions show the number of traks ntrk in the event. Only eventsful�lling the preseletion requirements are displayed.
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Figure 9.22: Missing energy and momentumAll events (yellow area), bakground events (red area) and tt̄-signal events (blakline). The distributions show (a) the total energy E measured in the event and thelongitudinal energy imbalanes E− pz (b) and E + pz (). Only events ful�lling thepreseletion requirements are displayed.
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9.4. OPTIMISING OF THE DESIGN PARAMETERS OF THE TESLA VERTEX DETECTOR177ton identi�ation is needed. The Qd bakground from multijet events is expetedto be large (see 9.4.4), but it an be redued signi�antly by requiring b-tagging.Therefore this is one hannel suitable for vertex detetor design studies.9.4.5.1 Reonstrution MethodThe reonstrution of the t-quark pole mass is known to be a�eted by many the-oretial unertainties in this hannel. Generally, the extration of the t-quark polemass annot be performed with a preision better than O(ΛQCD) [168℄. In addi-tion, espeially the requirement that the invariant masses of two jet pairs are eahonsistent with the invariant mass of a W -boson leads to additional problems om-ing from the inomplete knowledge of the hadroni �nal state. On top of that,a signi�ant unertainty on the reonstruted t-quark mass may ome from non-perturbative phenomena, whih are expeted to shift the reonstruted masses in
W+W−- and tt̄-prodution. Thus, any approah involving the reonstrution of theproess W → q1q̄2 is bound to lead to a systemati shift in the reonstrution of the
t-quark mass.In this analysis, a simple reonstrution method not involving the diret reon-strution of the W -boson deay was used [169℄. Sine it has been used for thereonstrution of fully simulated tt̄-events at Tesla before, the fast and the fullsimulation ould also be ompared. The method is very general and suitable forthe reonstrution of any proess in whih a partile V and an antipartile V̄ areprodued and they deay as:

e+e− → V V̄ → vaVavbVb (9.17)
Va → V1V̄2 , Vb → V3V̄4 , (9.18)without prior knowledge of the masses of the intermediate partiles Va and Vb. Thee�etiveness of this method is based on the assumption that the initial-state partiles

V and V̄ have similar (but not equal) masses, and on momentum onservation.These two requirements, together with the fat that both initial partiles deay intothree other partiles, are essential for the reonstrution of the invariant masses of
V and V̄ through six jets in the �nal state. After the preseletion of events withsix hadroni jets, whih is desribed later in this setion, one starts with the list ofthese six jets and their momenta pi. The jets are merged into two groups with threejets eah and the summed momenta P1 and P2 and invariant masses M1 and M2. Ifone requires exatly one tagged b-jet in eah group14, there remain six possible pairsof three-jet groups in a tt̄-event. In order to redue the number of ombinationsfurther, the assumption on the similarity of the masses of the initially produed14High purity and e�ieny of the b-tagging are essential for this method.



178CHAPTER 9. OPTIMISING OFDESIGN PARAMETERS OF THE TESLA VERTEX DETECTORpartiles is used:
|M1 −M2| < ∆M , (9.19)where ∆M is an adjustable ut parameter. Momentum onservation is used to �ndombinations with a bak-to-bak topology:
∣

∣

∣

~P1 + ~P2

∣

∣

∣
< ∆P , (9.20)where again ∆P is an adjustable ut parameter.Using the full simulation, it has been shown, that this is a robust reonstru-tion proedure [169℄. A reonstruted distribution of the t-quark mass entered at176GeV was obtained. The distribution was �t with a Breit-Wigner urve with a�xed width of 9.5GeV onvoluted with a Gaussian with its width used as free �tparameter. The Gaussian width was found to be 5.5GeV in that analysis. These �tparameters were referene values for the atual analysis.9.4.5.2 Monte Carlo StudiesIn order to test, whether this reonstrution method is usable also within Sgv, �rstsome MC studies on jet properties had to be done. These studies were performedwith an inlusive event sample15, whih passed the preseletion desribed above.Jets were reonstruted using the �Durham� algorithm as implemented in Pythia.The b-tagging performane is illustrated in Fig. 9.24(a,b). Its quality is similarto that of the b-tagging implementation study disussed in 9.4.3.2. The tendenyto higher purities at high e�ienies (low ut values of PNN

b ) results from the lowerfration of ontributing non-b-jets in the atual event sample. This is an e�et ofthe additional preseletion, whih enrihes the sample with tt̄-events. It balanesthe negative impat of the additional bakground inluded in this sample and of theinlusion of initial state radiation. This negative impat is visible from the broadershape of the b-jet spike at large PNN
b . In summary, the b-tagging performaneappears to work well for the atual analysis. Figs. 9.24(-e) show, that a two-dimensional ut in the PNN

b -PNN
c plane might work best. With the requirement

PNN
b ≥ 0.5 + 0.5(PNN

c − 0.5) a purity of 85.9% ould be ahieved with an e�ienyof 69.6%. This exeeds the apabilities of the pure ut on PNN
b and reahes theperformane of the Brahms b-tagging (see Fig. 9.24(b)) The distintion tag Dbc

NNwas not onsidered here, sine it shows no remarkable e�et within an inlusivesample.A entral issue of the atual analysis is to obtain the highest ahievable purity of
tt̄-events in the sample. As already mentioned in 9.4.4, tt̄-events are more isotropi15�Inlusive� in this sense means: e+e− → Z0/γ∗(+γ), Z0Z0, W+W−, inluding initial and �nalstate radiation. Further bakground listed in Tab. 9.4 was not onsidered here.



9.4. OPTIMISING OF THE DESIGN PARAMETERS OF THE TESLA VERTEX DETECTOR179
(a) (b)

b
NNP

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

je
ts

0

500

1000

1500

2000

2500

3000

b
NNP

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

je
ts

0

500

1000

1500

2000

2500

3000

all jets

non-b-jets

b-jets

efficiency

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

p
u

ri
ty

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

BRAHMS b-tag

SGV b-tag

SGV b-tag incl. sample

() (d) (e)
b
NNP

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

cN
N

P

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

b-jets

b
NNP

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

cN
N

P

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

c-jets

b
NNP

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

cN
N

P

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

uds-jets

Figure 9.24: b-tagging performane in an inlusive Sgv event sampleFor the neural network b-probablity (a) only jets with PNN
b > 0 are displayed for alljets (yellow area), non-b-jets (red area) and b-jets (blak line). The neural network

b-tag purity vs. e�ieny (b) from varying uts on PNN
b is shown for the Brahms(blue stars) and Sgv (red dots) performanes taken from Fig. 9.20 and for theinlusive sample (blak dots). The neural network c- vs. the b-probablities areshown for () b-jets, (d) c-jets and (e) uds-jets.



180CHAPTER 9. OPTIMISING OFDESIGN PARAMETERS OF THE TESLA VERTEX DETECTORthan the expeted bakground events. This property has been exploited alreadyby using the thrust in the preseletion, whih relies on the measurement of singlepartiles. However, it is also expeted to be seen in the spaial distribution of jets,sine the six jets in the all-hadroni deay hannel should be well separated fromeah other. A measure for this is the variable yk, whih desribes the minimumdistane of k lusters in the event16. For the all-hadroni hannel, y6 should berather large ompared to other hannels or bakground. Fig. 9.25() shows theorresponding distribution obtained in the Brahms analysis. The separation powerof this variable is exellent there. The same variable is shown in Fig. 9.25(a) asobtained from Sgv. Here the jet reonstrutions seems to be unable to separatethe all-hadroni tt̄-events at all. The distributions of the all-hadroni tt̄-events andthe bakground are shifted into the diretion of eah other and �nally merge. Alsothe use of a di�erent jet reonstrution algorithm17 does not show any improvement(Fig. 9.25(b)). Obviously the reonstrution of jets in Sgv annot ahieve therequired auray to reonstrut tt̄-events properly. This impression is supportedby simply looking at the distribution of the number of reonstruted jets in Fig.9.25(d). Despite the large BR of the all-hadroni hannel, only a small numberof tt̄-events had six jets reonstruted. The purity is quite high, but it dereasesquikly when hanging the jet reonstrution parameters to gain more six-jet events.The separation power of y6 did not take any advantage from this variations.Unfortunately Sgv in its present on�guration was not able to ope with therequirements of the hosen analysis. It was not able to reprodue adequately the jetproperties of the examplary analysis performed with Brahms. The reasons for thisare not understood yet and need further investigation.9.4.5.3 ConlusionThe t-quark analysis, whih was proposed for the atual design study of the VTXis rather simple and straight forward. However, it requires highest reonstrutionauray in trak and vertex as well as in jet reonstrution. Sine the fast MChosen for this study was designed for an earlier experiment with less resolutionthan Tesla would have, it dit not provide the auray to deal with the potentialof a future linear ollider. Updates are possible, but so far this was done for thevertex reonstrution only as desribed in 9.4.3.2. To use this analysis method withSgv suessfully, also the jet reonstrution should be updated. Possible questionsto be investigated in this ontext are:� Are the �nal state properties of tt̄-events omparable on generator level inboth, Sgv and Brahms?16yk orresponds to min(dij) as de�ned in 6.2.1 for k remaining partiles or jets in the lists.17Jade-algorithm [170℄
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Figure 9.25: y6 in Brahms and Sgv and number of jets in Sgv
y6 in Sgv obtained (a) with the �Durham� algorithm and (b) with the Jade algo-rithm for all jets (yellow area), all-hadroni tt̄-events (blak line) and bakgroundevnets (red area). () y6 in Brahms [169℄ for all-hadroni tt̄-events (green shadedarea) and bakground (blue line). (d) Number of jets obtained from the inlusivesample used for the b-tagging performane study desribed above. Distributions areshown for all events (yellow area), tt̄-events (blak line) and bakground (red area).



182CHAPTER 9. OPTIMISING OFDESIGN PARAMETERS OF THE TESLA VERTEX DETECTOR� Does Sgv provide alorimeter lusters of the required resolution?� Do the used �Durham� reonstrution algorithms di�er?As long as this update has not been done, two ways to proeed are possible:� One stays with a lower level of reonstrution omplexity (see 9.4.1) and per-forms the VTX design study with respet to the vertex reonstrution per-formane. This is done for example in design studies for a Cd-based vertexdetetor [171℄.� A di�erent proess is hosen for the full analysis, whih does not rely on thejet reonstrution auray as strongly as the t-quark reonstrution presentedhere. For instane, an analysis of the Higgs branhing frations in the proess
e+e− → ZH → qq̄XY ompared VTX layouts with varying sensor thiknesses[172℄. While the impat seemed to be negligible in the hannel H → bb̄, thehannel H → cc̄ showed a strong orrelation of the sensor thikness with theauray of the branhing fration determination.In both ases full advantage is taken from the Sgv funtioning priniple on the onehand and from the implementation of the neural network heavy �avour tagging onthe other hand.9.5 SummaryThis hapter has desribed the attempt to perform a design study for the Teslavertex detetor. Its goal was to optimise the design parameters of the VTX withrespet to a omplete physis analysis.The Tesla projet has been introdued and the desired spei�ations of itsvertex detetor have been desribed. The sensor tehnologies under onsiderationhave been haraterised with emphasis on the Maps option, for whih this studywas arried out. The optimisation method has been introdued, whih relies on aomplete analysis of t-quark pair prodution at a CMS energy of 500GeV. A pre-seletion was developed, whih enrihes an inlusive event sample to a fration of38% of tt̄-events with an e�ieny of 95%. The fast simulation and reonstrutionprogram Sgv was upgraded with a sophistiated heavy �avour identi�ation to opewith the apabilities of the proposed vertex detetor. This heavy �avour identi�-ation uses a neural network, whose input uses the results of the topologial vertex�nder Zvtop. The performane of the implementation almost reahed that of thefull Tesla simulation and therefore ful�lled the requirements to be used in thisstudy. Then, the hosen reonstrution method of t-quarks has been introdued,whih ombines heavy �avour tagging with jet information. For both reonstrution



ingredients, MC studies have been performed to verify the ability of Sgv to giveresults of usable auray. The heavy �avour tagging showed a good performanewith a b-tagging purity of 86% at an e�ieny of 70% in Sgv for an inlusive eventsample. However, the jet �nding resolution of Sgv did not meet the requirementsat all. The jet reonstrution of Sgv ould not ope with the highest resolutionsahievable in a full simulation and reonstrution program and should be updated.It turned out, that the hosen analysis annot be performed with Sgv in its presentstatus.For the time being, Sgv with the heavy �avour tagging implementation is stillused for Tesla vertex detetor design studies in hannels, whih do not need suha good jet resolution as the t-quark reonstrution. However, the suessful updateof the vertex reonstrution gives hope, that this might be possible even for thejet reonstrution. If so, the advantages of Sgv would be usable for linear olliderdetetor design studies in the future.





Chapter 10SummaryIn this thesis a searh for events with isolated leptons and large missing transversemomentum with the Zeus experiment, using an integrated luminosity of 40.76 pb−1of e+p-ollisions olleted during the Hera II running period in the years 2003 and2004 has been presented. The aim of this work was to look for possible exessesover the Sm predition or, alternatively, to derive limits on the prodution of single
t-quarks at Hera. The addition of these new data improves the results of earlierZeus analyses and prepares the ground for the analysis of the full integrated Heraluminosity, whih is expeted to be about �ve times larger than the data analysedso far.Events with singly produed t-quarks lead to isolated leptons and large missingtransverse momentum via the deay into a b-quark and a W -boson and the subse-quent leptoni deay of the W -boson. The missing transverse momentum originatesfrom the neutrino in this deay. This signature is also expeted in single W -bosonprodution with leptoni deay. Additionally, a high-energy jet is expeted from the
b-quark in single t-quark prodution. A number of Sm proesses are bakgrounds tothese signals through mismeasurements. In the eletron hannel, these are mainlyNCDis events with a mismeasured hadroni system or eletron. Bethe-Heitler muonpair prodution with one mismeasured muon or hadoni �nal state an mimi anisolated muon event and CC Dis multi-jet events with a one-trak jet or NC Disevents with an unidenti�ed eletron and unmeasured energy lead to bakground inthe τ -lepton hannel. The observation of an exess over the Sm predition would bean indiation of new physis. Proesses generating the signature of interest throughsingle t-quarks or other proesses in theories beyond the Standard Model have beendisussed with emphasis on supersymmetri models. Indeed, an exess with a Pois-son probability of 1.8% had been observed by the Zeus experiment in the τ -leptonhannel of Hera I data.The CC branh of Sm single t-quark prodution at Hera is highly suppresseddue to the small values of the o�-diagonal elements of the CKM-matrix. Fn185



186 CHAPTER 10. SUMMARYproesses are only present via higher order orretions in the Sm and not expetedto be observable at Hera, but Bsm proesses ould enhane the prodution ratesigni�antly. Both, Sm and Bsm proesses are harterised by an anomalous Fnoupling1 with an e�etive Lagrangian involving an anomalous magneti oupling
κtuγ at the tuγ-vertex and an anomalous vetor oupling vtuZ at the tuZ-vertex.Limits on both had been set already by various experiments.In the presented analysis, �rst a generi searh for events with large missingtransverse momentum and isolated traks was performed. This inludes a newlydeveloped rejetion of non-ep bakgrounds, whih is needed due to the harsher bak-ground onditions in Hera II. Isolated traks were identi�ed as eletron, muon orhadroni traks, where the hadroni traks passed a seletion dediated to isolatedone-prong deays of τ -leptons. Data and MC simulations were found to be in rea-sonable agreement after this seletion stage. In the e-hannel, �ve events were foundin data with 14.0 expeted in the Standard Model. The main ontribution omesfrom badly reonstruted NC Dis events. In the µ-hannel, four events were foundin data with 5.4 predited in the Standard Model, mainly from muon pair produ-tion. The τ -hannel su�ered from a low signal e�ieny. One event was found indata with 3.2 expeted. The main bakground soure were CC Dis events with ajet with only one assoiated trak. Individual bakground rejetion uts were ap-plied in eah hannel to selet andidate events for leptonially deaying W -bosons.One data event survived in the e-hannel, with 3.2+0.5

−0.7 expeted, two data eventswere found in the µ-hannel (1.5±0.2 expeted) and one in the τ -hannel (2.4+0.1
−0.3expeted). These results were used to derive an upper ross setion limit on the pro-dution of single W -bosons at Hera of 1.54+0.67

−0.41 pb at 95% CL. This is 33% abovethe Nlo alulation. Finally, a seletion was applied to isolate events ontainingsingly produed t-quarks. No data events were found in the e-hannel (0.6±0.05expeted), one event was found in the µ-hannel (0.7±0.1 expeted) and no eventswere found in the τ -hannel (0.1±0.02 expeted). These results are onsistent withthe Sm expetation, also in the τ -hannel, where an exess had been observed inHera I data. However, the identi�ation of τ -leptons in their one-prong deayhannel di�ered in both analyses. In this analysis, the signal-to-bakground ratio isworse, so that a onlusive statement annot be made here. The results in the e-and µ-hannel were used to derive new limits on the anomalous Fn oupling inombination with the independent searhes for single t-quark prodution in HeraI data in both, the leptoni and hadroni deay hannel of the W -boson. In Nlo,an upper limit on κtuγ of 0.160+0.014
−0.012 at 95% CL was obtained for a t-quark mass of175GeV, whih improves the former limit by 8%. Together with the most stringentlimit on vtuZ , this result is equivalent to an upper ross setion limit for the Fn1Only ouplings to the u-quark were onsidered, sine c-quark ouplings are suppressed atHera.



187proesses onsidered of 0.186+0.029
−0.012 pb. This improves the former limit by 14%. Theuse of a di�erent simulation of single t-quark prodution at the tuγ-vertex with thesubsequent deay t→ bW+ leads to further improved limits of κtuγ < 0.158+0.014

−0.011 at95% CL and σsingle t < 0.183+0.028
−0.021 pb.Also in this thesis, a simulation study for the vertex detetor design of the futurelinear ollider Il on the basis of the Tesla proposal has been presented. An inde-pendent fast simulation tool suitable for detetor design studies was equipped witha sophistiated heavy-�avour tagging algorithm in order to math the apabilitiesof the Il. Today, the resulting software pakage is used internationally in vertexdetetor design studies for the Il.The Tesla projet and the options for the vertex detetor sensor tehnology havebeen introdued. The study presented in this thesis was arried out for the Mapstehnology option. A omplete physis analysis hain was applied to a simulatedevent sample in order to monitor the e�ets of vertex detetor design modi�ations.The fast simulation and reonstrution program Sgv was hosen for this study,beause it provides quik and easy modi�ations of the detetor design and is in-dependent of the full simulation, di�erent from the parametrised fast MC program.The hosen physis proess was the annihilation into a t-quark pair (e+e− → tt̄).In this ase, the bakground rejetion and the reonstrution of the t-quarks bene�tsubstantially from an e�etive b-quark tagging, whih in turn relies on the vertex res-olution apability of the vertex detetor. Sgv was equipped with a neural-networkbased heavy �avour tagging algorithm inluding the topologial vertex �nder Zv-top. For the tagging of b- and c-quark indued jets, the performane of this pakagewith respet to purity vs. e�ieny was tested. The sample used ontained both,

b- and c-quarks as well as light quark jets. The heavy �avour tagging reahed thequality of the full Tesla simulation and reonstrution program Brahms.The sensitive performane parameter used was the t-quark mass reonstrutedfrom the all hadroni deay into six jets. A omparable analysis using Brahms hadbeen already available for omparison. The t-quark reonstrution algorithm usedin that analyis was adapted to the study presented in this thesis. The signal proesswas simulated and reonstruted with Sgv together with the expeted bakgroundproesses. These are pair prodution of all other quark �avours and all leptonswith and without initial state radiation, pair prodution of gauge bosons, Bhabhasattering and photoprodution. A preseletion was developed, whih ahieved apurity of 38% at a signal e�ieny of more then 95% without onsidering the t-quarkdeay hannels. With this event sample, MC studies were performed to evaluate theappliability of the hosen t-quark reonstrution method to the output of Sgv.The b-tagging performane was found to work very well also for b-jets resultingfrom a t-quark deay. A purity of 86% was ahieved at an e�ieny of 70%. To



188 CHAPTER 10. SUMMARYselet tt̄-events in the all-hadroni deay hannel, the Brahms analysis exploited theisotropi topology of suh events resulting in a lear spatial separation of the six jets.Here the Sgv jet reonstrution failed, although the �Durham� jet reonstrutionalgorithm was used in both analyses. In Sgv the spatial distribution of the jetsshowed no separation power � in most of the all-hadroni tt̄-events, not all jetsould be reonstruted. The partiular reason for this behaviour is not understoodyet and needs further investigation.In summary, it was found that the analysis hosen for the vertex detetor designstudy ould not be performed with Sgv at its present status. Nevertheless, Sgvwith the adapted heavy-�avour tagging is very suessful in vertex detetor designstudies using di�erent signal proesses or a lower level of reonstrution omplexity,where the jet reonstrution is not ruial. As a remedy for the problems disusses,an update of the Sgv jet reonstrution should be onsidered to gain full bene�tfrom the advantages of Sgv.



Appendix AReview of Correlated Searhes atHeraIn this hapter, generi searhes for events with isolated leptons and large miss-ing transverse momentum and searhes for single W -boson or t-quark produtionperformed by the Zeus and H1 ollaborations are summarised.A.1 Zeus Searhes for Isolated LeptonsIn order to searh for single t-quark prodution, the Zeus ollaboration performed asearh for events with isolated leptons and large missing transverse momentum in the
e- and µ-hannel in Hera I data of an integrated luminosity of Lint = 130.1 pb−1[1, 39, 46℄. The data seletion required an isolated high-pT trak identi�ed eitheras eletron or muon and a missing transverse momentum of more than 20GeV. Toselet t-quark andidates, at least one high-ET jet and a missing hadroni transversemomentum of more than 40GeV were additionally required. No deviations fromthe Standard Model were observed and limits on single t-quark prodution wereomputed in ombination with the orresponding searh in the hadroni hannel (s.App. A.2). The resulting two-dimensional limits in the κtuγ-vtuZ plane are shown inFig. 2.15. The limit on κtuγ from Nlo alulation was set to 0.174 at 95% CL for a
t-quark mass of 175GeV. The results of that searh were also used in the alulationof limits on single t-quark prodution performed in this analysis (s. 8.3).A similar searh in the same data set was performed in order to �nd eventswith isolated τ -leptons and large missing transverse momentum [1,46,131,140℄. Thesearh onsidered only τ -leptons with subsequent one-prong deay (BR(τ → hντ ≥
0 neutrals) ≈ 50%). Events, whih ful�lled the requirements of the searh desribedabove without the isolated trak being identi�ed as eletron or muon were passed toa τ -lepton identi�ation algorithm. This algorithm uses a multi-variate disriminant189



190 APPENDIX A. REVIEW OF CORRELATED SEARCHES AT HERAmethod [173℄ with six observables desribing the shape of the jet whih is assignedto the isolated trak [46, 132℄. One data event was found, where 0.07 events wereexpeted from the Sm simulation. With a redued ut on the missing hadronitransverse momentum of 25GeV, two events were observed in data, whereas only0.2 were expeted. The Poisson probability for this observation is 1.8%.Further searhes for events with isolated high-pT leptons were performed bythe Zeus ollaboration in order to determine the ross setion of single W -bosonprodution at Hera. A searh performed on 47.7 pb−1 of e+p data taken at √s =
300GeV determined a ross setion estimate of 0.9+1.0

−0.7 ± 0.2 pb and a orrespondingupper limit on the ross setion of 3.3 pb at 95% CL from the e-hannel [174℄. Amissing transverse momentum of more than 20GeV and a high-pT eletron (pe
T >

10GeV from eletron �nder, pe
T > 5GeV from traking) were the main requirements.This searh was repeated on 66.3 pb−1 of e+p data taken at√s = 318GeV. The rosssetion limit set in that searh was 2.8 pb at 95% CL [175℄.A.2 Zeus Searhes for W -Bosons in the HadroniChannelIn order to searh for single t-quark prodution, the Zeus ollaboration performeda searh in the hadroni deay hannel of the W -boson in Hera I data of Lint =

127.2 pb−1 [39℄. Three high-ET jets and no signi�ant missing transverse momentumwere expeted with the invariant mass of a two-jet ombination ompliant with the
W -boson mass (65.5GeV< M2j < 90.8GeV) and the invariant mass of the three-jet ombination ompliant with the t-quark mass (159GeV< M3j < 188GeV). Nodeviations from the Standard Model were observed and limits on single t-quarkprodution were omputed in ombination with the orresponding searh in the e-and µ-hannel (s. App. A.1). The results of this searh were also used in thealulation of limits on single t-quark prodution performed in this analysis (s. 8.3).A.3 H1 SearhesThe H1 ollaboration searhed for isolated eletrons and muons in events with largemissing transverse momentum in Hera I data of Lint = 118.3 pb−1 [176℄. The mainseletion riteria were a missing transverse momentum of more than 12GeV, anisolated eletron or muon with a transverse momentum of more than 10GeV andkinematial onsistane of the reonstruted lepton-neutrino system with the deayof aW -boson. For a hadroni transverse momentum of more than 25GeV, an exessof data was observed in both hannels, whih supported earlier observations [177℄.Four eletron events were observed, where 1.5 were expeted, and six muon events



A.3. H1 SEARCHES 191were observed, where 1.4 were expeted. In a strongly orrelated searh for single
t-quark prodution in the same data set [40℄, limits were set to 0.55 pb for the rosssetion an 0.27 for κtuγ , both at 95% CL. This result also inluded an analysis inthe hadroni hannel. At present, in 211 pb−1 of ombined Hera I + II data, eleveneletrons (3.2 expeted) and six muons (3.2 expeted) are found with a missinghadroni transverse momentum of more than 25GeV in the event [178℄.In the τ -hannel, H1 did not observe any deviations from the Standard Model[131, 179℄. No andidate event was observed in 108 pb−1 of Hera I data, where 0.5events were expeted.



Appendix BZeus Luminosity
Year / √

s Integrated luminosity (pb−1)running pe-riod (GeV) Heradelivered on tape physis1993-94 e− 300 2.17 0.99 0.821994-97 e+ 300 70.92 51.14 48.301998-99 e− 318 25.20 17.78 16.681999-2000 e+ 318 94.95 73.40 65.882002-03 e+ 318 5.20 1.70 0.972003 e+ 318 6.53 2.72 2.082004 e+ 318 77.94 42.30 38.682003-04 e+ 318 84.47 45.02 40.791993-2004 e+ 300-318 250.34 169.56 154.771993-2004 e− 300-318 27.37 18.77 17.501993-2004 total 300-318 277.71 188.33 172.27Table B.1: Zeus integrated luminositiesThe bold numbers indiate the data used in this analysis. There, 0.03 pb−1 wereskipped in this analysis due to indiations from data quality monitoring. In addi-tion, about 150 pb−1 of e−p-data were reorded by Zeus in the years 2004-05. Thealulation of the �nal numbers was not �nished yet.
192



Appendix CMuon FindersIn this analysis, the muon �nder pakage GMuon [129℄ was used whih ombinesthe outome of several muon �nding algorithms. In the following a list of thesealgorithms is given [181℄.GLOMU: Looks for low momentum muons ombining CTD, CAL and B/RMUONinformation [182℄.BREMAT: Looks for muons ombining CTD and B/RMUON information [183℄.MAMMA: mathes either traks or hits in FMUON with lusters in the FCALand/or CTD traks.MPMATCH: Looks for muons ombining CTD and FMUON [184℄.MUFO: Looks for muons ombining CTD and FMUON information.MIP: Finds prompt muons in the CAL+CTD based on the assoiation of a MIPCAL island to a high momentum trak.MV: Finds prompt muons anywhere in the CAL (+CTD) with a neural networkalgorithm.Tab. C.1 gives desription and examples of GMuon quality �ags.
193



194 APPENDIX C. MUON FINDERSQuality Desription Examples6 exellent quality muonfor high bkg. samples BREMAT 5dof pmath>0.01 from prim.vtx; MPMATCH or MUFO, p>0.05 or MV5 very good qualitymuon for interm./highbkg. samples all other MPMATCH/MUFO to CTD;good quality MUFO to vertex; nonen-tral BREMAT 4dof + MV; MAMMAFMU+CAL+CTD; nonentral BAC + MV,good quality; all BREMAT + BAC + MV4 good quality muonfor intermediate bkg.samples BREMAT 4dof pmath>0.01 from prim.vtx; lesser quality MUFO to vertex; un-mathed FMU + MV; entral BAC + MV,good quality; BAC + MIP (p>2); good qual-ity BAC3 fair quality muon an-didate for low bkg.samples BREMAT 5dof pmath>0.01 not from prim.vtx; MV prob > 0.95; GLOMU + MV prob> 0.6; MAMMA FMU+CAL; BAC + MV,bad quality; BREMAT + BAC, bad quality;GLOMU + BAC2 reasonable qualitymuon andidate forlow bg. samples BREMAT 4dof pmath>0.01 not from prim.vtx; unmathed FMU trak (MFCTS); MVprob > 0.8; GLOMUmath; reasonable qual-ity BAC1 low quality muon an-didate MPMATCH to CTD, pmath<0.01; MVprob > 0.60 unknown or very lowquality muon andi-date MIP math only; MV without trak or se-ondary vertex or no vertex-1 doubtful muon andi-date BREMAT 5dof p<0.01-2 bad muon andidate BREMAT 4dof p<0.01; unmathed FMUtrak with reonstrution problem-3 alternative reon-strution of muonalready in list; qualityand use to be judgedby user-999 simulated MC promptmuon, not identi�ed-1000 simulated MC pi/Kdeay muon, not iden-ti�edTable C.1: GMuon quality �agsFor desriptions of the the aronyms, see [181℄.



Appendix DTrigger LogiThe only trigger de�nition used in this analysis was the DST bit 34 (DST34), whihusually is used to selet CC Dis events. Information from SLT and TLT is ombinedin this trigger bit. DST34 and the referred SLT and TLT slots are de�ned in thefollowing.D.1 DST bit 34DST34 is set, if the following requirements are ful�lled:� EXOTLT2 or EXOTLT6 or pex1IR
T > 6GeV (for the TLT de�nitions, s. App.D.2),� pT > 7GeV,� In order to rejet bakground from beam-gas interations, an event is vetoed,if it ful�lls all of the following requirements:� NOT EXOTLT2� pex1IR

T < 10GeV,� pT < 25GeV,� pT/ET < 0.7 ,� E − pz < 10GeV,� pT/pz < 0.8 ,� px < 0GeV,� |px| < 4GeV. 195



196 APPENDIX D. TRIGGER LOGICD.2 TLT informationThe TLT branh EXOTLT2 (CC, good trak) has the following logi:� pFLT
T > 6GeV AND� ntrk,good ≥ 1 AND� |zvtx| < 60 m AND� |tu − td| < 8 ns.The TLT branh EXOTLT6 (CC) has the following logi:� EXOSLT4 (for the SLT de�nition, s. App. D.3) AND� |tu − td| < 8 ns AND� pFLT
T > 6GeV AND� ngood

trk ≥ 1 OR� EFCAL > 10GeV.D.3 SLT informationThe SLT branh EXOSLT4 has the following logi:� |tg| < 7 ns AND� EITHER* pT > 6GeV AND* Eex2IR
T > 6GeV AND* ngood
trk ≥ 1� OR* pT > 9GeV AND* Eex1IR
T > 8GeV AND* EFCAL > 20GeV.



Appendix EEvent Pitures in theZeViS-Event-DisplayZeViS [138℄ is a lient-server event-display for the Zeus experiment, based on theobjet-oriented data analysis framework RooT [180℄.E.1 Typial Bakground Event after Sample Sele-tionA typial bakground event from proton beam-gas interations is shown in Fig.E.1. After a proton had interated in the beamline as desribed in 4.2.2, a partileasade was produed. These partiles ould not be shielded ompletely and sprayedinto the detetor. Many entries in the alorimeters were observed without mathingtraks and without jet-like lustering. A few partiles aused reonstruted traks,whih led to an reonstruted event vertex.E.2 Candidate Events for Leptonially DeayingW-BosonsThe event pitures of the data events are shown, whih survived the �nal seletionof W -boson andidates (s. 7.4).Fig. E.2 shows a andidate for a W -boson deaying in the eletron hannel.The isolated eletron (thik red line) hits the CAL in the rak between BCAL andRCAL. Its reonstruted energy is 10.6GeV, the transverse momentum measuredfrom the trak is 8.4GeV. One jet is observed in the FCAL, the seond jet wasreonstruted from the eletron. The missing transverse momentum vetor (blakarrow, pmiss
T = 22.3GeV) points into the diretion of further hadroni ativity in197



198 APPENDIX E. EVENT PICTURES IN THE ZEVIS-EVENT-DISPLAY(a) (b)

Figure E.1: Zeus run 45865, event 17231: proton beam-gas eventEvent shown in (a) x-y-view and (b) r-z-view. In the x-y-view, the light blue ringsdepits the CAL. The red segments represent energy depositions. The thin red linesare reonstruted traks. The grey otagon represents the BAC. The blue pixels arehits in the BAC pads.the BCAL, whih however was not identi�ed as a jet. It is assumed, that this eventshows an NC Dis di-jet proess with the jet in the BCAL badly measured. Thisis also indiated by the rather high E − pZ of 40.0GeV, whih also is in�uenedby the assumed mismeasurement. This event failed the �nal seletion of t-quarkandidates, sine the transverse hadroni momentum negleting the reonstruted
W -andidate of 38.6GeV was slightly too small.Fig. E.3 shows a andidate for a W -boson deaying in the muon hannel. Theisolated muon (thik red line) esapes the detetor through the RCAL and the BAC.Its energy is reonstruted as 45.5GeV (ptrk

T = 34.1GeV). The missing transversemomentum vetor (blak arrow, pmiss
T = 10.5GeV) points into the opposite diretionin the azimuthal plane. An eletron andidate (seond isolated trak) and a jet areobserved in the forward diretion. The transverse mass of the reonstruted W -andidate amounts to 37.6GeV. Various interpretations are possible, but aW -bosonwhih singly produed in the Dis regime annot be exluded.Fig. E.4 shows a andidate for another W -boson deaying in the muon hannel.The isolated high-quality muon (thik red line) esapes the detetor through theBCAL, the RCAL and the BAC. A seond high-quality muon is observed in theforward diretion. Eah muon is strongly orrelated with a reonstruted jet and themissing transverse momentum vetor (not shown here) points exatly into the �ightdiretion of the isolated muon. The reonstruted transverse W -mass is extremely



E.2. CANDIDATE EVENTS FOR LEPTONICALLY DECAYINGW-BOSONS199(a) (b)

Figure E.2: Zeus run 51108, event 11802: W -andidate, e-hannelEvent shown in (a) x-y-view and (b) r-z-view. In the x-y-view, the light blue ringsdepits the CAL. The red segments represent energy depositions. The thin red linesare reonstruted traks. The thik red line indiates the isolated lepton andidateand the blak arrow shows the diretion of the missing transverse momentum.(a) (b)

Figure E.3: Zeus run 48620, event 14029: W -andidate, µ-hannelEvent shown in (a) x-y-view and (b) r-z-view. In the x-y-view, the light blue ringsdepits the CAL. The red segments represent energy depositions. The thin red linesare reonstruted traks. The thik red line indiates the isolated lepton andidateand the blak arrow shows the diretion of the missing transverse momentum.



200 APPENDIX E. EVENT PICTURES IN THE ZEVIS-EVENT-DISPLAY(a) (b)

Figure E.4: Zeus run 50482, event 17061: W -andidate, µ-hannelEvent shown in (a) x-y-view and (b) r-z-view. In the x-y-view, the light blue ringsdepits the CAL. The red segments represent energy depositions. The thin red linesare reonstruted traks. The thik red line indiates the isolated lepton andidateand the blak arrow shows the diretion of the missing transverse momentum.(a) (b)

Figure E.5: Zeus run 51045, event 19607: W -andidate, τ-hannelEvent shown in (a) x-y-view and (b) r-z-view. In the x-y-view, the light blue ringsdepits the CAL. The red segments represent energy depositions. The thin red linesare reonstruted traks. The thik red line indiates the isolated lepton andidateand the blak arrow shows the diretion of the missing transverse momentum.



E.2. CANDIDATE EVENTS FOR LEPTONICALLY DECAYINGW-BOSONS201small (0.2GeV). It is very likely, that this event shows heavy quark pair produtionin the PhP regime with both heavy quarks deaying semi-leptonially into muons (s.e.g. [136℄). This event passes all seletion riteria, sine the muon trak is the onlyone assoiated with the orresponding jet. Due to the large hadroni transversemomentum of 40.5GeV, this was also the only data event whih passed the �nal
t-quark seletion.Fig. E.5 shows a andidate for a W -boson deaying in the τ -lepton hannel.The isolated trak (thik red line) is the only reonstruted trak (ptrk

T = 24.2GeV)in this event. It points into the diretion of a jet of a total energy of 55.0GeVin the FCAL. The transverse energy of the jet is exatly the same as ptrk
T . Themissing transverse momentum vetor (blak arrow, pmiss

T = 22.9GeV) points intothe opposite diretion. The reonstruted transverse W -mass is 32.2GeV. A CCDis event is likely, but a W -deay annot be exluded in this ase. This event failedthe �nal seletion of t-quark andidates by means of all uts.



Appendix FEvent Yields
Sample e-Channel µ-Channel τ -Channel TotalPhP 0 0 0 0NC Dis (Cdm) 10.67 ±1.71 0.001±0.001 <0.001 10.67 ±1.71CC Dis (Cdm) 0.652±0.067 0.382±0.051 2.92 ±0.14 3.96 ±0.16NC Dis (Meps) 8.21 ±1.61 0.006±0.005 0.025±0.025 8.24 ±1.61CC Dis (Meps) 0.639±0.066 0.375±0.051 2.55 ±0.13 3.57 ±0.16Di-e 0.044±0.044 0 0 0.044±0.044Di-µ 0.376±0.068 3.80 ±0.23 0.018±0.018 4.19 ±0.24Di-τ 0.272±0.042 0.331±0.046 0.053±0.019 0.656±0.065Di-l total 0.692±0.091 4.13 ±0.24 0.071±0.026 4.89 ±0.25Bakground total (Cdm) 12.01 ±1.72 4.51 ±0.24 2.99 ±0.14 19.52 ±1.73Bakground total (Meps) 9.54 ±1.61 4.51 ±0.24 2.65 ±0.14 16.70 ±1.34
W -boson e 1.59 ±0.03 <0.001 0.006±0.002 1.59 ±0.03
W -boson µ 0.059±0.005 0.773±0.018 0.005±0.001 0.837±0.018
W -boson τ 0.274±0.011 0.120±0.007 0.153±0.008 0.546±0.015
W -boson hadr. 0.013±0.002 0.002±0.001 0.001±0.001 0.017±0.003
W -boson total 1.94 ±0.03 0.895±0.019 0.164±0.008 2.99 ±0.03Sm (Cdm) total 13.95 ±1.72 5.41 ±0.24 3.16 ±0.14 22.51 ±1.74Sm (Meps) total 11.47 ±1.61 5.40 ±0.24 2.81 ±0.14 19.69 ±1.63Data 5 ±2.24 4 ±2.0 1 ±1.0 10 ±3.16Table F.1: Predited event yields of individual Sm MC samples after pre-seletionThe bakground sample summarises all Sm samples without W -boson prodution.The quoted unertainties are statistial unertainties only.202



203Sample e-Channel µ-Channel τ -Channel TotalNC Dis (Cdm) 1.21 ±0.48 0 <0.001 1.21 ±0.48CC Dis (Cdm) 0.467±0.055 0.172±0.034 2.15 ±0.12 2.79 ±0.14NC Dis (Meps) 0.907±0.487 0 0.025±0.025 0.932±0.487CC Dis (Meps) 0.447±0.054 0.175±0.034 1.87 ±0.11 2.49 ±0.13Di-e 0 0 0 0Di-µ 0.147±0.041 0.481±0.085 0.018±0.018 0.646±0.096Di-τ 0.146±0.030 0.223±0.038 0.053±0.019 0.421±0.052Di-l total 0.292±0.051 0.704±0.093 0.071±0.026 1.067±0.109Bakground total (Cdm) 1.97 ±0.48 0.876±0.099 2.22 ±0.12 5.07 ±0.51Bakground total (Meps) 1.65 ±0.49 0.879±0.099 1.97 ±0.12 4.49 ±0.52
W -boson e 1.04 ±0.02 <0.001 0.004±0.001 1.05 ±0.02
W -boson µ 0.025±0.003 0.530±0.015 0.003±0.001 0.557±0.015
W -boson τ 0.182±0.009 0.090±0.006 0.118±0.007 0.391±0.013
W -boson hadr. 0.003±0.001 0 0.001±0.001 0.004±0.001
W -boson total 1.25 ±0.02 0.620±0.016 0.127±0.007 2.00 ±0.03Sm (Cdm) total 3.23 ±0.48 1.50 ±0.10 2.35 ±0.12 7.07 ±0.51Sm (Meps) total 2.90 ±0.49 1.50 ±0.10 2.09 ±0.12 6.49 ±0.52Data 1 ±1.0 2 ±1.414 1 ±1.0 2 ±1.414Table F.2: Predited event yields of individual Sm MC samples after the�nal seletion of W-boson andidatesSamples without ontribution in Tab. F.1 are skipped. The bakground samplesummarises all Sm samples without W -boson prodution. The quoted unertaintiesare statistial unertainties only.



204 APPENDIX F. EVENT YIELDS
Sample e-Channel µ-Channel τ -Channel TotalNC Dis (Cdm) 0.036±0.027 0 0 0.036±0.027CC Dis (Cdm) 0.105±0.026 0.072±0.022 0.098±0.025 0.275±0.042NC Dis (Meps) 0.010±0.007 0 0 0.010±0.007CC Dis (Meps) 0.137±0.030 0.052±0.018 0.097±0.026 0.286±0.044Di-µ 0.007±0.004 0.118±0.042 0 0.125±0.043Di-τ 0.020±0.011 0.121±0.028 0 0.141±0.030Di-l total 0.027±0.012 0.240±0.051 0 0.266±0.052Bakground total (Cdm) 0.168±0.040 0.311±0.055 0.098±0.025 0.577±0.072Bakground total (Meps) 0.175±0.033 0.292±0.054 0.097±0.026 0.563±0.068
W -boson e 0.287±0.011 0 0.003±0.001 0.290±0.011
W -boson µ 0.016±0.003 0.325±0.012 0 0.341±0.012
W -boson τ 0.094±0.006 0.066±0.005 0.031±0.004 0.192±0.009
W -boson hadr. 0.002±0.001 <0.001 0 0.002±0.001
W -boson total 0.399±0.013 0.391±0.013 0.034±0.004 0.824±0.018Sm (Cdm) total 0.563±0.042 0.708±0.057 0.133±0.026 1.40 ±0.075Sm (Meps) total 0.570±0.035 0.689±0.055 0.132±0.026 1.39 ±0.071Data 0 +1.0 1 ±1.0 0 +1.0 1 ±1.0Table F.3: Predited event yields of individual Sm MC samples after the�nal seletion of t-quark andidatesSamples without ontribution in Tab. F.2 are skipped. The bakground samplesummarises all Sm samples without W -boson prodution. The quoted unertaintiesare statistial unertainties only.



Appendix GTesla � Tehnial Details
CMS energy (GeV) 500 800Aelerating gradient (MV/m) 23.4 35Beam pulse length (µs) 950 860Bunhes/pulse 2820 4886Bunh spaing (ns) 337 176Charge/bunh (e) 2 · 1010 1.4 · 1010Beam size at IP (nm×nm) 553×5 391×2.8Bunh length at IP (mm) 0.3 0.3Beamstrahlung (%) 3.2 4.3Luminosity (m−2s−1) 3.4 × 1034 4.3 × 1034Power/beam (MW) 11.3 17Table G.1: Tesla spei�ationsA list of proposed Tesla spei�ations for the base on�guration (ECMS = 500GeV)and an upgrade option (ECMS = 800GeV) [145℄.
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Appendix HSgv Desription of Default TeslaVTX (Maps)As an example for a detetor desription in Sgv, the default on�guration of theVTX used in this study with parameters of the Mimosa 5 sensor is given here.Explanations are given in [157℄. More examples of higher omplexity, e.g. by seg-mentation in φ, are found via [185℄.BF: BFIELD=4.0TYPE: BARREL_TRACKINGLAYER: BEAMPIPEGEOMETRY: R=1.5, ZMIN=0.0, ZMAX=999.9MATERIAL: X0=0.00425, A=4MEASUREMENT: CODE=0LAYER: VXDGEOMETRY: R=1.55, ZMIN=0.0, ZMAX=5.0MATERIAL: X0=0.00015, A=14MEASUREMENT: CODE=1, SIG_RPHI=0.00015, SIG_Z=0.00015LAYER: VXDREPEAT: TIMES=4, DELTA_R=1.1GEOMETRY: R=2.6, ZMIN=0.0, ZMAX=12.5MATERIAL: X0=0.00015, A=14MEASUREMENT: CODE=1, SIG_RPHI=0.00015, SIG_Z=0.00015ENDREPEAT:LAYER: VXD_READOUTGEOMETRY: R=1.55, ZMIN=5.0, ZMAX=8.0MATERIAL: X0=0.02, A=14MEASUREMENT: CODE=0LAYER: VXD_READOUTREPEAT: TIMES=4, DELTA_R=1.1GEOMETRY: R=2.6, ZMIN=12.5, ZMAX=15.5MATERIAL: X0=0.02, A=14MEASUREMENT: CODE=0ENDREPEAT: 206



LAYER: VXD_CRYOSTATGEOMETRY: R=9.0 , ZMIN=0.0, ZMAX=16.MATERIAL: X0=0.0025, A=6MEASUREMENT: CODE=0LAYER: VXD_SUPPORTGEOMETRY: R=11.0, ZMIN=0.0, ZMAX=16.0MATERIAL: X0=0.0042, A=4MEASUREMENT: CODE=0
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