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. AbstratThe analysis presented in this thesis onerns the e+p deep inelasti hargedurrent sattering ross setions measured with the H1 detetor at HERA.The analysed data were taken in the years 2003-04 at a entre-of-mass energyps = 319 GeV and omprise two periods of positron beams with positive andnegative longitudinal polarisation, orresponding to an integrated luminosityof 26.9 pb�1 and 20.7 pb�1, respetively. The ross setions are measured ina kinemati region of four-momentum transfer squared Q2 > 300 GeV 2 andinelastiity y 6 0:9.From the analysed data the polarisation dependene of the total harged ur-rent ross setion is determined for the �rst time at high Q2. The results areompared with preditions of the Standard Model and found to be in agree-ment, i.e. possible ontributions from non-standard right-handed urrents areonsistent with zero.
KurzfassungDiese Arbeit beshreibt der Bestimmung der Wirkungsquershnitte f�ur tief-inelastishe Streuung mittels geladener Str�ome von Positronen an Protonenmit dem H1 Detektor am Speiherring HERA. Die hier analysierten Datenwurden in den Jahren 2003-04 bei einer Shwerpunktsenergie vonps = 319 GeVaufgenommen. Sie setzen sih aus zwei Perioden mit positiver und nega-tiver longitudinaler Polarisation des Positronenstrahls mit integrierten Lumi-nosit�aten von 26.9 pb�1 und 20.7 pb�1 zusammen. Die Wirkungsquershnittewurden in der kinematishen Region Q2 > 300 GeV 2 (Quadrat des Viererim-puls�ubertrags) und y 6 0:9 (Inelastizit�at) bestimmt.Die Abh�angigkeit des totalen Wirkungsquershnitts von der Polarisation wurdeerstmalig bei hohem Q2 gemessen. Die Resultate werden verglihen mit denVorhersagen des Standardmodells. Sie stimmen mit diesem �uberein, insbeson-dere sind die Beitr�age von rehth�andigen Str�omen vertr�aglih mit Null.
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IntrodutionThe understanding of the struture of matter, its properties and interationsis one of the fundamental questions in physis and, onsequently, a drivingfore for partile researh.The experiments of partile sattering, where the result of two body inter-ation is examined, for a long time have been suessfully used as a tool toprobe the struture of matter. The idea of suh experiments was born by thelassial Rutherford experiments [1℄ where a beam of � partiles was �redonto a thin gold foil as target. The observed rare large deetions of thesattered partiles served as evidene for the substruture of the gold atoms,leading to the disovery of the atomi nuleus.There are four known types of interations in nature, gravitational1, eletro-magneti, weak and strong. In the �rst experiments where the elasti sat-tering of the eletron on stationary targets was analysed (e.g. Hofstadter [2℄in the late 50's), the eletromagneti fore was used to measure the hargedistributions of the nuleus and of the proton. With the inrease of ahievableenergies for the beam partiles the �rst inelasti sattering experiments, withlarge four-momentum transfer squared Q2 between the inoming and outgoingeletron, beame possible. This led to extended studies of the substrutureof the proton. In 70's the eletron-proton sattering experiments at SLAC(Stanford Linear Aelerator Center) for the �rst time showed the so-alled'saling' behavior, i.e. independene of Q2, of the proton struture fun-tions [3,4℄. Aording to Bjorken [5℄, 'saling' is expeted when the eletronssatter elastially on point-like harged spin 1=2 partons inside the proton,today known as quarks. The Bjorken 'saling' is a basi idea of the partonmodel (Quark Parton Model, QPM ) introdued by Feynman [6℄ in the 60's.The interations of quarks are mediated by 'olor' �eld quanta, the gluons,and are desribed within the framework of the theory of strong interations(Quantum Chromodynamis, QCD).1The gravitational fore is too weak to notie its inuene to elementary partiles.i



ii IntrodutionThe development of weak interation phenomenology started in the early 30'swith Fermi, who suggested a 4-fermion model for neutron � deay [7℄. Thegreat suess of the eletroweak uni�ation theory developed by Glashow [8℄,Weinberg [9℄ and Salam [10℄ (GWS model) was elebrated in 1983 with thedisovery of the predited heavy W� and Z partiles in pp experiments atCERN [11,12℄.Quantum Chromodynamis together with the theory of eletroweak inter-ations omposes the Standard Model of elementary partile physis.A unique possibility to explore the struture of the proton and, at the sametime to probe the theory of eletroweak interations, has been initiated bythe eletron2-proton ollider HERA (Hadron Elektron Ring Anlage) at DESY(Deutshes Elektronen-Synhrotron) in 1992. HERA extended the kinematiregime in Q2 by more then two orders of magnitude of the one ahievable bythe experiments whih use stationary targets (e.g. SLAC).The results of HERA physis with data taken until the end of the year 2000("HERA I") involve tests of the eletro-weak and QCD theories, investiga-tions of perturbative QCD and di�rative sattering, photo-prodution, QCDanalyses of jet and searhes for new partiles.The possibility to ollide protons with a longitudinally polarised eletronbeam, as well as a signi�ant inrease of the instantaneous luminosity, wasprovided with the upgrade of HERA in 2003 ("HERA II"). This allows to ex-tend the studies of HERA I for suh rare physis proesses as harged urrentinterations (e�p ! (�)X) and to perform preise tests of the eletroweaksetor of the Standard Model.Weak harged urrent proesses with W exhange measured with the H1detetor at HERA are studied in this thesis. The data taken in 2003-04 withpositive and negative longitudinal polarisation for the positron beam are usedto measure various ross setions for harged urrent interations. The polar-isation dependene of the total harged urrent ross setion was measuredfor the �rst time at high momentum transfer Q2. The results of this thesishave been published [13℄ in Deember 2005.The thesis onsists of eight hapters. General theory aspets of Deep Inelas-ti Sattering are disussed in the �rst hapter. The HERA ep ollider andthe H1 experiment are desribed next. A short introdution to Neural Net-works and their usage for the triggering of inlusive DIS events (e.g. hargedurrents) whih are of partiular importane for the HERA II running, are2The "eletron" here generally refers to eletrons and positrons unless expliitly statedotherwise. ii



Introdution iiialso disussed in hapter 2. The reonstrution of the event kinematis isthe topi of hapter 3. Relevant aspets of the neutral urrent measurement(e�p ! e�X) used in the harged urrent analysis are given in hapter 4.The seletion of harged urrent events and the ross setion extration aretopis of hapters 5 and 6. The results of the harged urrent measurementand the summary are given in hapters 7 and 8.
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Chapter 1Theoretial OverviewThis analysis onerns the study of the harged urrent deep inelasti satter-ing (DIS) proesses measured at HERA with the H1 detetor. In this hapterthe deep inelasti sattering, DIS kinematis and the ross setions of DISproesses are explained. The basi DIS theory aspets, i.e. the quark partonmodel (QPM), the theory of strong interations (QCD) and the eletroweaksetor of the Standard Model are introdued here as well. The exhaustivetheory desription an be reviewed in other soures like [14℄.
1.1 Deep Inelasti Sattering (DIS)Deep inelasti sattering (DIS) at HERA is the eletron sattering on protonswhere the eletron has suÆient energy to interat with a harged onstituentof the proton (quark) and, as a result, a multihadroni �nal state is produed.There are two deep inelasti eletron-proton sattering proesses measuredat HERA: neutral urrent (NC), ep ! eX, and harged urrent (CC),ep ! �X. The exhanged partiles between the eletron and the quark inneutral urrent reations are the photon () and the boson Z (Figure 1.1 left).In the harged urrent sattering proess a harged boson W� is exhanged(Figure 1.1 right). Photons are interating eletromagnetially, the bosons Zand W� are mediators of the weak fore. The sattered (anti)neutrino (�) inthe CC proess is not deteted and results in an apparent missing transversemomentum. However, the missing transverse momentum an be measuredand is a typial signature of harged urrent reations.
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2 Theoretial Overview
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Figure 1.1: Diagrams of neutral NC (left) and harged CC (right) urrentdeep inelasti sattering proesses. The symbols denote the partiles, thefour-momenta of the partiles are given in brakets. The label "X" denotesthe hadroni �nal state.1.1.1 Kinematis of DIS ProessesThe four-vetors of partiles involved in the sattering proess (see Figure 1.1)are: l - the four-vetor of inoming eletron,P - the four-vetor of the inoming proton,l0 - the four-vetor of the outgoing eletron,P 0 - the four-vetor of the hadroni �nal state X,q = l� l0 is the four-momentum arried by the exhanged boson.The variables ommonly used to determine the DIS kinematis are:� the four-momentum transfer squared q2:q2 = (l � l0)2q2 is a measure of the virtuality of the exhanged boson, usuallyused as the positive quantity Q2:Q2 = �q2 (1.1)� the inelastiity y, whih is the frational eletron energy transfer bythe exhanged boson to the proton:y = P � qP � l (1.2)In the proton rest frame where P = (M; 0; 0; 0), y = (Ee �E0e)=Eeas alulated from P � q = P (l � l0) = M(Ee � E0e) andP � l = MEe. 2



Theoretial Overview 3� the Bjorken saling variable x:x = Q22P � q (1.3)In the "in�nite momentum frame" (where the transverse mo-mentum of the interating, i.e. struk quark of the proton anbe negleted) x is the (longitudinal) proton momentum frationarried by the struk quark. This frame represents the basi ideaof the Quark Parton Model (QPM), i.e. the assumption that theproton is made out of point-like onstituents or "partons".All variables introdued are related with the eletron-proton enter-of-massenergy squared, s = (P + l)2: Q2 = sxy (1.4)As will be explained later, in QPM the DIS proess is viewed as elasti sat-tering of the eletron with a parton, therefore any of two of the variables x,y and Q2 are suÆient to desribe the DIS kinematis at �xed ep enter ofmass energy ps.1.1.2 Basis of the Cross Setion CalulationsIn QED, the one-photon exhange amplitude is dominating in the lowest-orderDIS proess. The ross setion of inelasti lepton-nuleon sattering thus anbe fatorised into a leptoni (L��) and a hadroni (W ��) tensor (see, e.g. [14℄):d� � L��W �� (1.5)L�� is well known in QED. It is assoiated with the oupling of the exhangedphoton to the lepton line and depends only on the four-momenta of the in-oming and outgoing lepton (see Figure 1.1):L�� = 2[l�l0� + l�l0� + (q2=2)g�� ℄ (1.6)Here, g�� is the metri tensor.The tensor W �� desribes the nuleon vertex and has the general formW �� = �W1�g�� � q�q�q2 �+ W2M2�p� � (P � q)q�q2 ��p� � (P � q)q�q2 � (1.7)W1 and W2 represent the struture of the hadron as it is 'seen' by the virtualinterating photon. 3



4 Theoretial OverviewIn 70's the eletron-proton sattering experiments at SLAC (Stanford Lin-ear Aelerator Center) [3, 4℄ showed that at high Q2 (Q2 � 5 GeV 2) thedependene of the inelasti proton funtions on Q2 vanishes and beome fun-tions of x alone. This represents the saling behavior of the proton funtionswhih was suessfully explained by Bjorken [5℄ and lead to the parton modelas explained in the next setion. Often the funtionsW1 andW2 are expressedin terms of the "struture funtions" F1(x) and F2(x) in the following way:MW1(x;Q2)! F1(x) (1.8)W2(x;Q2)P � qM ! F2(x) (1.9)Assuming that the proton onstituents partiipating in the sattering are spin12 partiles, Callan and Gross showed [15℄:F2(x) = 2xF1(x): (1.10)This relation was on�rmed experimentally [17℄ for low values of Q2 (and ps)and reets the fat that the harged partons inside the proton arry spin 12 .Using the notations in (1.8) and (1.9), the double di�erential ross setion forinelasti sattering an be expressed as:d2�dxdQ2 = 4��2xQ4 �y22 2xF1(x) + (1� y)F2(x)� (1.11)With 1.10 one an obtain that the ross setion for inelasti sattering (1.11)an be written as: d2�dxdQ2 = 2��2xQ4 �(1 + (1� y)2)F2(x)� (1.12)where the term 1 + (1� y)2 is alled the heliity fator Y+.1.1.3 Quark Parton Model (QPM)The main idea of Quark Parton Model is based on Bjorken saling and itsinterpretatation by Feynman [6℄: Deep inelasti lepton-proton sattering isthe sum of inoherent elasti lepton-parton sattering proesses. The orre-sponding ross setion of the whole proess is the sum of all lepton-partonross setions. As disussed in previous setion, this senario predits saleinvariane of the proton struture funtions, i.e. their independene on thekinemati sale (Q2). 4



Theoretial Overview 5The assumption that all hadrons onsist of quasi-free point-like partiles soonwas shown to be inonsistent with the lepton and nuleon sattering experi-ments [17℄. Aording to QPM, the proton is made of two up and one downquark. The proton struture funtion F2(x) then is written as the sum of thequark distribution funtions [16℄:F2(x) =Xi e2i xqi(x) = xne2uu(x) + e2dd(x)oHere, ei is the harge of the quark i.However, it was determined experimentally [17℄ that the average total mo-mentum arried by quarks inside the proton is:Z 10 xu(x)dx+ Z 10 xd(x)dx � 0:36 + 0:18 = 0:54This result learly suggested that about half of the proton momentum isarried by eletrially neutral onstituents (the other half is arried by theharged quarks). In addition, the interpretation of quarks as the only protononstituents had to be revised by the experimentally observed saling vio-lations. The saling violation of the F2 proton struture funtion measuredexperimentally by H1 and some �xed target experiments as funtion of Q2 ispresented in Figure 1.2.Nowadays the neutral proton onstituents are known as gluons. The theorydesribing the interations between the proton onstituents is alled QuantumChromodynamis (QCD). As will be shown in the next setion, the salingviolations are explained within the framework of QCD via interations of thequarks and gluons.1.1.4 Quantum Chromodynamis (QCD)Quantum Chromodynamis (QCD) is an important part of the StandardModel whih desribes the strong interation, one of the four fundamentalfores of nature. It assumes quarks to be elementary �elds interating viamassless spin 1 bosons, known as gluons. Gluons arry the quantum numberolor whih has three values (red, blue, green) and is desribed by SU(3)C .Quarks do not exist free but are bound in olor-singlets (quark-antiquarkpairs, mesons, and three-quark states, baryons) states (on�nement).Interations between quarks and gluons in QCD are desribed by relativis-ti quantum �eld theory with a non-Abelian gauge group SU(3)C . Thismeans, that the gluons themselves arry olor harge, i.e. are self-interating.QCD thus has an important di�erene ompared to quantum eletrodynamis(QED) where photons are eletrially neutral and do not self-interat.5
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Figure 1.2: Struture funtion F2 as funtion of Q2 for di�erent x regions.The points represent H1 measurements whih are ompared with the H1 �tfor the proton density funtions [18℄ (band). The measurements of two �xedtarget experiments (BCDMC [19℄ and NMC [20℄) are also inluded in thegraph.Renormalisation and the running strong oupling onstantIn QED, the e�etive eletromagneti oupling onstant � depends on themomentum transfer Q2 arried by the mediating photon and inreases withthe inrease of Q2. This is a onsequene of "vauum polarisation", wherevirtual e+e� pairs partially sreen the harge, similar to a dieletri mediumwhih sreens the eletri harge.In analogy to QED, the oupling strength �s in QCD depends on Q2 ar-ried by the mediating boson. The leading order graph in QCD of the gluonline orreted to vauum polarisation (Figure 1.3 (a)) represents this ideawhere the quark-antiquark loop leads to a sreening of the olor harge. Theunique gluon self oupling results from the virtual gluon loop as shown in6



Theoretial Overview 7Figure 1.3 (b). It has been shown [21, 22℄, that gluon loops work as "anti-sreening": With the inrease of Q2 the seond term "overomes" the olorsreening and results in a derease of the oupling onstant with inreasing ofQ2 ("running strong oupling onstant"). This is the origin of asymptotifreedom. (a) (b)
Figure 1.3: Contribution of the qq loop to vauum polarisation (a), gluonloop ontribution to vauum polarisation (b).The running of the oupling onstant �s between a referene sale � and agiven Q2 an be written [14℄ as:�s(Q2) = �s(�2)h1� �s(�2)12� (33 � 2f) ln �Q2�2 �+ � � �i (1.13)Here, the number 33 arises from the gluon loop, f is the number of quarkavours and �2f is the ontribution from the quark pair loops. From theequation 1.13 it an be seen, that the running of �s depends on the numberof quark avours f , i.e. as long as f � 16 �s will derease with inreasing Q2.Sine the known number of quark avours is 6, �s is expeted to fall with theinrease of Q2.At suÆiently low Q2, the e�etive oupling will beome large. It is us-tomary to denote the Q2 sale at whih this happens by �2QCD. The strongoupling �s(Q2) an be written as:�s(Q2) = 12�(33 � 2f) ln(Q2=�2QCD) (1.14)For 6 quark avours �QCD is approximately equal to 300-500 MeV .At large energy sales (equivalent to large Q2) where the distane between thepartons are small owing to the unertainty priniple, �s beomes small and thepartons an move "freely" inside the proton. This property is alled asymp-toti freedom. Similarly, at small Q2, i.e. large distanes, the ouplingbetween the partons inreases and results in on�nement, where quarksand gluons are bound in hadroni states.7



8 Theoretial OverviewFatorisationAppliations of QCD as disussed up to now, are limited to the short-distaneregion (perturbative QCD or pQCD1). Due to higher order orretions at longrange (infrared divergenes, i.e. radiation of soft gluons o� partons, forexample) it is impossible to alulate DIS ross setion. The fatorisationtheorem fatorises the ross setion into a "short distane" omponent (i.e.elasti eletron-parton sattering), whih is alulable within pQCD, and anon-perturbative "long distane" omponent (parton distributions), whihhas to be determined experimentally. As a result, the inlusive lepton-protonDIS ross setion is alulable in pQCD with empirially parameterised partondensities (at a given referene sale) inside the proton. The parton densitiesare alled parton distribution funtions (PDF).Although the parton distribution funtions annot be alulated, their Q2dependene is alulable in pQCD as desribed by the DGLAP (Dokshitzer-Gribov-Lipatov-Alterelli-Parisi) evolution equations [23℄:�q(x; t)�t = �(t)2� Z 1x dyy �q(y; t)Pqq�xy�+ g(y; t)Pqg�xy�� (1.15)�g(x; t)�t = �(t)2� Z 1x dyy �q(y; t)Pgq�xy�+ g(y; t)Pgg�xy�� (1.16)Here, t = ln(Q2=�2QCD), Pij are the so-alled splitting funtions. Pij desribethe probability of parton j with momentum fration y to produe a parton iwith momentum fration x, when the Q2 sale hanges from Q2 to Q2+ dQ2.Figure 1.4 shows four Feynman diagrams for eah of these elementary pro-esses.
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Figure 1.4: Feynman diagrams for eah of the four splitting funtions Pijand the orresponding elementary proesses: (a)-(b) gluon emission by aquark, () quark-antiquark reation, (d) gluon emission by a gluon.1Perturbative QCD is the study of the theory of QCD in energy regimes where thestrong oupling onstant �s is small, allowing perturbation theory to be applied.8



Theoretial Overview 9The eletron-proton sattering proess an be viewed as an interation wherethe eletron ats as a soure of virtual photons, i.e. �p ! X. The ex-hanged virtual photon (q2 6= 0) an be either transversely or longitudinallypolarised. In the QPM model, due to onservation of the heliity and angu-lar momentum, the interation of an eletron and a longitudinally polarisedvirtual photon is not possible. In QCD, due to additional partiles at thehadroni vertex (the quark an radiate a gluon or a gluon an split into aquark-antiquark pair, as shown in Figure 1.4), there is no longer diÆulty toonserve the heliity and angular momentum with a longitudinally polarisedvirtual photon. The Callan-Gross relation (1.10) is no longer valid and thedi�erene of the two struture funtions F2(x) and F1(x) is onneted to anon-zero longitudinal struture funtion FL:FL(x) = F2(x)� 2xF1(x) (1.17)In QPM, the longitudinal struture funtion FL = 0.1.1.5 Theoretial Aspets of Eletroweak InterationsFirst attempts to understand weak interations started in 1933 when Fermiformulated the 4-fermion model to desribe the neutron � deay:n! p+ e� + �eFermi proposed a point interation Lagrangian as follows:LF = GFp2J�(np)J�(e�) = GFp2 � � (p)� (n)�� � (e)� (�)� (1.18)where the �rst urrent is assoiated with the transition of n to p (hadroni ur-rent), the seond term orresponds to the (e�) pair (leptoni urrent). Theseurrents are oupled with the oupling onstant GF ("Fermi onstant") whihis equal to 1:16 � 10�5 GeV 2 [24℄.However, the violation of parity (non-invariane of interations under spaeoordinate inversion, or mirror reetion) whih nowadays is a well knownproperty of the weak interations, was learly not built into Fermi's vetor-vetor theory. An example of a quantity illustrating parity violation (hangingsign under spae oordinate inversion) is heliity. Heliity is a projetion ofpartile's spin along its diretion of motion, as shown in Figure 1.5.The violation of parity was initially proposed by T.D. Lee and C.N. Yang(1956) [26℄ in K meson deay (then known as the � � � puzzle). One yearlater parity violation was established in nulear � deay (Wu [27℄).9



10 Theoretial Overview
ps psFigure 1.5: Shemati presentation of di�erent heliity states. Heliity isthe projetion of the partile spin to the diretion of motion: h = ~s � ~p=j~s � ~pj.For spin 12 partiles heliity an either be positive (+~2 ) - the partile is then"right-handed" (right), or negative (�~2 ) - the partile is then "left-handed"(left).A generalisation of the Fermi's vetor theory to inlude parity violation wasindependently proposed in 1958 by Feynman and Gell-Mann [28℄ and Sudar-shan and Marshak [29℄. They suggested a (V �A) Lagrangian for weak inter-ations. The notation (V �A) means that both vetor and axial vetor partsare ontained in the weak urrent J�. The purely left-handed nature of theneutrino, violating parity in a maximal way, is introdued by the 12 (1�5) op-erator. Thus the expression for the hadroni weak urrent at the quark level isJ�(h) = u� 1� 52 dC + : : : (1.19)Here, the fator � yields a vetor oupling whereas �5 gives the axial ve-tor, u is the Dira spinor of the u quark, and dC is the Cabibbo-rotated quark�eld with harge �1=3 introdued by Cabibbo [30℄ in 1963: When the quarksare grouped into families (aording to their harges and masses), the quarktransitions in the weak deays (e.g. d! u in neutron � deay) are ourringnot only within a family, but (to lesser degree) from one family to another.The weak fore thus ouples not to the quark pairs but rather to linear ombi-nations of the physial quarks, written as the sine and osine of the so-alledCabibbo angle �C : dC = d os �C + s sin �C (1.20)The two omponent quark spinor with inorporated Cabibbo struture of theharged urrents usually is denoted as:q = � udC�LThe symbol L indiates that only the left-handed parts of the wave funtionsenter into the weak transitions.All three generations of quarks known today an be expressed via the 3 � 3Cabibbo-Kobayashi-Maskawa matrix [16℄ whih is an extension of the originalCabibbo matrix, formulated by Kobayashi and Maskawa in 1973:10



Theoretial Overview 110� d0s0b0 1A = 0� Uud Uus UubUd Us UbUtd Uts Utb 1A0� dsb 1A (1.21)The probability for a transition of a quark q to a quark q0 is proportional tothe square of the magnitude of the matrix element jUqq0 j2.The ombined Feynman, Gell-Mann and Cabibbo theories showed a good de-sription of the experimentally measured harged-urrent interations within�rst-order perturbation theory. However, at energies of order 1=pGF (or-responding to � 300 GeV ) violation of the unitarity, i.e. onservation ofprobability, is enountered.Unitarity was saved (in lowest order) by introduing a new �eld quantum, theintermediate vetor boson W . In ontrast to the eletromagneti �eld quan-tum (photon), W has to be harged as the weak urrents involve a hange ofharge (by one unit) and also has to be massive (aording to the Yukawa-Wik argument [33℄ that the range of a fore is inversely proportional to themass of the exhanged �eld quantum). In the approximation of Q2 � MW(here MW is the mass of the W ), the oupling strength GF is proportional tothe weak ouplings onstant g: GFp2 = g28M2W (1.22)However, even with W exhange it an be shown that unitarity in weakinterations is not saved at higher orders: The theory turned out as non-renormalisable (due to the non-vanishing mass of W ).Developing the theory of weak interations, in 1958 Bludman [34℄ suggestedthe existene of neutral weak interations with a hargeless mediator, nowa-days known as the Z boson. The �rst experimental evidene of the neutralweak interations was revealed in 1973 at CERN [35℄.The properties of the Z boson are desribed in the framework of eletroweakinteration, established by Glashow in 1961, Weinberg in 1967 and Salamin 1968 (GWS model) where the eletromagneti and weak interations areunderstood as two aspets of the same interation. The theory inorporatesa new quantum number, weak isospin I, in analogy to isospin of the stronginterations. As disussed above, eah family of quarks (and leptons) formso-alled weak doublets of left-handed fermions whih an transform into eahother by the exhange of a W . The eletri harge ef of the fermions in thesame family di�ers by one unit. Being a doublet, the weak isospin is I = 1=2and the third omponent is I3 = �1=2. The right-handed fermions do notouple to the W and are desribed as singles with I = I3 = 0. The whole listof weak multiplets of fermions is given in Table 1.1.11



12 Theoretial Overviewleptons��ee�L; �����L; ���� �L ef = n 0�1 o I = 12 I3 = n +12�12 oeR; �R; �R ef = �1 I = 0 I3 = 0quarks�ud0�L; � s0�L; � tb0�L ef = n +23�13 o I = 12 I3 = n +12�12 ouR; R; tR ef = +2=3 I = 0 I3 = 0dR; sR; bR ef = �1=3 I = 0 I3 = 0Table 1.1: Weak multiplets of leptons and quarks. ef is the eletri harge,I is the weak isospin, and I3 its third omponent.Conservation of I in weak reations requires three states of I3 (�1; 0;+1), i.e.three bosons. These states ould be assigned to W+, W� and a third neutral�eld quantum W 0, also with a purely left-handed oupling. In addition, oneould postulate a state B0, a singlet of the weak isospin I = I3 = 0. Itsoupling strength (g0) to the weak neutral urrent does not have to be equalof the one for W� and W 0 (g). The new �elds B0 and W 0 were assumed toarry mass.Eletroweak uni�ation was suggested by Glashow, introduing the weak ana-log to hyperharge2 YW , using the Gell-Mann-Nishijima formula [14℄:ef = I3 + 12YW (1.23)Here, the eletri harge ef is in units of e. The lepton doublets in this asehave YW = �1 while quark doublets have YW = +1=3.The basi idea of the eletroweak uni�ation is to desribe the neutral ur-rent mediators (photon and a hypothetial Z) as linear ombinations of B0and W 0 suh that one state, the photon, remains massless. This mixing isexpressed as a rotation through the weak mixing angle, or Weinberg angle3,�W :2Hyperharge Y = B + S where B is the baryon number and S is the strangeness.3There is no theoretial predition for �W . Therefore its value has to be determinedexperimentally. The present best estimate of sin2 �W in the MS sheme is 0.2312 [24℄.12



Theoretial Overview 13ji = sin �W jW 0i+ os �W jB0i (1.24)jZi = os �W jW 0i � sin �W jB0i (1.25)The relation between the Weinberg angle �W and the weak ouplings g, g0:tan �W = g0g : (1.26)Uni�ation is expliitly expressed by relating the weak oupling g with theeletri harge e: g sin �W = e (1.27)The ombination of a new Abelian group U(1) assoiated with "weak hyper-harge" and the SU(2) group assoiated with "weak isospin" resulted into theSU(2)�U(1) group of eletroweak interations. Thus the uni�ation of theweak and eletromagneti fores was established. However, the masses of theweak bosons W� and Z still have to be aommodated within the theory.The W boson ouples to left-handed leptons and quarks with equal strength,irrespetive of their harge. In the oupling of Z the eletri harges play arole as well. The oupling strength of Z to a fermion f is given byC(f) = iesin �W os �W (f); (1.28)(f) = I3 � ef sin2 �W (1.29)Apart from the neutrino, the neutral urrent ouplings, in ontrast to theharged urrents (see equation 1.19) are not pure V -A type, e.g.:Jneutr� (h) = u12��L(1� 5) + R(1 + 5)�u+ : : : (1.30)Here, the oeÆients L and R are the left handed and right handed hiralouplings orresponding to (f) in equation 1.29.The masses of the mediator bosons W� and Z are aquired via the Higgsmehanism. As has been shown by Peter Higgs in 1964 [36℄, it is possibleto generate masses for bosons (and fermions) without destroying gauge in-variane (i.e. the renormalisability of the theory) by introduing a omplexsalar �eld, alled the Higgs �eld. The main assumption of this mehanism isa non-zero vauum expetation value v for the Higgs �eld �. With a non-zerovauum expetation value it is possible to generate sreening urrents to givemass to the weak gauge bosons. 13



14 Theoretial OverviewThe masses of the weak bosons W� and Z are related to the vauumexpetation value v and ouplings g and g0 via:MW = g2v MZ = pg2 + g022 vUsing 1.26, MW and MZ are related by the Weinberg angle:os �W = MWMZ (1.31)The experimentally determined masses of the W� and Z bosons are [24℄:MW� = 80:425 � 0:038 GeV MZ = 91:188 � 0:002 GeVThe vetor and axial vetor terms (� and �5) in 1.30 lead to the de�ni-tions of vetor and axial vetor harges (onstants) vf and af for fermions(Table 1.2). The relations of vf and af to L and R are given by:vf = 2�L(i) + R(i)�af = 2�L(i)� R(i)��e; ��; �� e; �; � u; ; t d; s; bef 0 -1 +2/3 -1/3L 1/2 �1=2 + sin2 �W 1=2� 2=3 sin2 �W �1=2 + 1=3 sin2 �WR 0 sin2 �W �2=3 sin2 �W 1=3 sin2 �Wvf 1 �1 + 4 sin2 �W 1� 8=3 sin2 �W �1 + 4=3 sin2 �Waf 1 -1 1 -1Table 1.2: Coupling onstants of leptons and quarks to the Z boson. ef isthe eletri harge of the fermion (is in units of e).

14



Theoretial Overview 151.2 Neutral and Charged Current Cross Setions1.2.1 Unpolarised Lepton-Proton DIS Cross SetionsInluding the weak neutral urrent (Z exhange), the neutral urrent di�er-ential ross setion for unpolarised interating partiles is given as [14℄:d2�e�pNCdxdQ2 = 2��2xQ4 �e�pNC (1.32)with the redued NC ross setion term�e�pNC = Y+ ~F�2 � Y�x ~F�3 � y2 ~F�L (1.33)Here, Y� = 1� (1� y)2 is the heliity fator (see equation 1.12), ~F�2 , ~F�3 andthe ~F�L are generalised struture funtions. ~F�L is the longitudinal struturefuntion with a ontribution to the ross setion proportional to y2, thereforeonly important in the very high y region (in addition, ~F�L is small in the largeQ2 range onsidered in this thesis). The ~F�L term will not be disussed furtherin this thesis.~F�2 and ~F�3 an be expressed in terms of �ve struture funtions desribingthe ontributions from pure photon exhange, Z interferene and pure Zexhange:~F�2 = F2 � ve �WQ2Q2 +M2Z!F Z2 + (v2e + a2e) �WQ2Q2 +M2Z!2FZ2 (1.34)x ~F�3 = �ae �WQ2Q2 +M2Z!xF Z3 � 2aeve �WQ2Q2 +M2Z!2xFZ3 (1.35)Here, the pure photon exhange is desribed by F2, pure Z exhange by FZ2and xFZ3 , and Z interferene by F Z2 and xF Z3 . ve is the weak vetor andae the weak axial-vetor oupling of the eletron to the Z (see equation 1.29)and are given in Table 1.2. The Weinberg angle �W (see equation 1.27) entersthe quantity �W in the following way:�W = 14 sin2 �W os2 �WIn the Quark Parton Model (see setion 1.1.3) the struture funtions areexpressed via quark and anti-quark densities:15



16 Theoretial Overview[F2; F Z2 ; FZ2 ℄ = xXq [e2q ; 2eqvq; v2q + a2q℄fq(x;Q2) + q(x;Q2)g (1.36)[xF Z3 ; xFZ3 ℄ = xXq [e2qaq; 2vqaq℄fq(x;Q2)� q(x;Q2)g (1.37)The sums run over all quark avors q. Due to the limited kinemati range atHERA the sum runs over �ve quark avors, i.e. the enter of mass energy psis not suÆient to produe a top quark.The Charged Current ross setion an be presented in a form similar tothe one of NC reations [14℄:d2�e�pCCdxdQ2 = G2F2�x� M2WQ2 +M2W �2�e�pCC (1.38)with the redued CC ross setion term �e�pCC , also often denoted as ~�CC :�e�pCC = ~�CC = Y+ ~W�2 + y2 ~W�L � Y�x ~W�3 (1.39)Here, GF is the Fermi onstant whih is related to the weak oupling g andeletromagneti oupling e (see eq 1.27):GF = g24p2M2W = e24p2 sin2 �WM2W (1.40)~W�2 , ~W�L and ~W�3 are struture funtions analogous to the Neutral Currentase (see eq. 1.33). Sine the Charged Current interations are purely weakproesses, W�2 , W�L and W�3 do not ontain eletromagneti and interfereneterms. The generalised CC struture funtions for unpolarised interatingpartiles an be expressed [37℄ as:~W�2 = 12W�2 (1.41)x ~W�3 = �12xW�3 (1.42)In the Quark Parton Model W�2 and W�3 (W�L = 0) are sensitive to di�er-enes of quark and anti-quark distributions and are given by:e+ : W+2 = 2x�d+ s+ u+ �; xW+3 = 2x�d+ s� [u+ ℄�e� : W�2 = 2x�u+ + d+ s�; xW�3 = 2x�u+ � [d+ s℄� (1.43)16



Theoretial Overview 17The b and t quarks do not ontribute toW�2 and xW�3 beause of two reasons:First, the t quark is too massive to be produed in the HERA kinemati range,seondly, the probability of the u ! b transition aording to the Cabibbo-Kobayashi-Maskawa matrix is very small (Uub, see equation 1.21).Aording to 1.43, the struture funtion term ~�CC is related to the quarkdensities via e+ : ~�e+pCC = x[u+ ℄ + (1� y)2x[d+ s℄e� : ~�e�pCC = x[u+ ℄ + (1� y)2x[d+ s℄ (1.44)Eletro-weak Uni�ationUnpolarised neutral and harged urrent ross setions measured with theH1 detetor at HERA I as funtion of Q2 are shown in Figure 1.6. As seenin the piture, NC and CC ross setions beome about equal in magnitudeat Q2 & 104 GeV 2. This follows from the propagator term (1=Q2)2 for NCand (1=Q2 +M2W )2 for CC interations introduing a Q2 dependene whihis di�erent for NC and CC until Q2 .M2Z(W ).This so-alled eletro-weak uni�ation region is predited by the eletroweaksetor of Standard Model as was desribed in setion 1.1.5 (see also equa-tion 1.40).e+p and e�p Charged Current Cross SetionsThe di�erenes between e+p and e�p harged urrent ross setions (see Fig-ure 1.6) arise due to the following fators:- the proton is omposed of two u and one d valene quark, e+ probesthe d quark while e� probes the u quark (see eq. 1.43, 1.44). Sine theoupling strength of the W is the same for all fermions, this implies afator of two in the eletron-quark harged urrent interations;- onservation of angular momentum implies a (1 � os �)2 dependeneof the sattered � for e+p interations in the enter of mass (CM)frame (baksattering is not allowed). The distribution of the angularmomentum is at for � in e�p reations (see Figure 1.7). Conservationof angular momentum brings another fator of three di�erene in thee+p and e�p ross setions;- at high four momentum transfer squared Q2, the d quark distribu-tion as funtion of x falls o� faster at large x than the one of theu quark [18℄. 17
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Figure 1.6: Cross setions of unpolarised neutral (irles) and harged ur-rent (boxes) deep inelasti sattering proesses as funtion of Q2, measuredwith the H1 detetor. The e+p ollisions are shown as full symbols, e�p asopen symbols. The results are ompared to the Standard Model expetationsusing a NLO QCD �t (band). From [18℄.
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Figure 1.7: Illustration of the angular dependene in harged urrent rea-tions (in the CM frame, assuming the z diretion along the e� motion and� being the sattering angle of the �): (left) the angular momentum ompo-nent Jz is not onserved if the � is sattered bakwards, i.e. the interationamplitude is proportional to (1 � os �); (right) the interation amplitudedoes not depend on � beause Jz = 0.
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Theoretial Overview 191.2.2 DIS Cross Setions with Polarised LeptonsAfter the upgrade of HERA in the year 2000 (details of the upgrade willbe disussed in hapter 2), HERA has the apability to longitudinally po-larised the lepton beam. The polarisation of the lepton beam Pe (eletron orpositron) is de�ned as: Pe = NR �NLNR +NL : (1.45)Here, NR (NL) is the number of right (left) handed leptons in the beam. Inan unpolarised beam, the number of left and right handed leptons is the same.The harged urrent ross setion of polarised leptons with unpolarised pro-tons is predited by the Standard Model to have a linear dependene on thelepton polarisation Pe (all variables as explained in eq. 1.38):d2�e�pCCdxdQ2 = �1� Pe�G2F2�x� M2WQ2 +M2W �2~�e�pCC (1.46)As seen in the equation above, the total CC ross setion thus is equal tozero for "left-handed" (see Figure 1.5) positrons as well as for "right-handed"eletrons.Unlike for harged urrents, the ross setion for neutral urrent reationsis inuened by the longitudinal lepton polarisation only at high Q2. Thisdependene appears via the Z exhange and an be expressed in the followingway: d2�e�pNCdxdQ2 = 2��2xQ4 h�e�pNC + Pe�e�pNCpoli (1.47)Here, �e�pNCpol is similar to �e�pNC but involves polarised struture funtions.More detailed desription an be found in [38℄.1.2.3 Radiative CorretionsThe ross setions presented in the last two setions are alulated at theleading-order (LO or Born approximation, O(�2)). The main ontributionto higher order proesses omes from additional photon lines, either inter-nal (virtual) or external (real). The emission of the real photon an hangethe ep entre-of-mass energy and thus the event kinematis is also hanged.Therefore the measured ross setions have to be orreted for higher orderradiative e�ets (typially of order few perents) denoted by the orretionterm Ær [39℄: 19



20 Theoretial Overviewd2�dxdQ2 = d2�dxdQ2 ���Born 11 + Ær (1.48)More generally, the radiative orretions an be separated into two ontri-butions: The ones rising from the eletromagneti and those from the weakproesses: 1 + Ær = (1 + ÆQED)(1 + Æweak) (1.49)The alulation of the radiative orretions for the NC ross setions involvesa set of Feynman diagrams, eah being a gauge invariant [39℄. A detailed dis-ussion about the radiative orretion for the NC sattering is given in [39℄.The separation of the QED - weak ontributions for the CC radiative orre-tions is desribed in [40℄ and will be shortly disussed in this setion.Radiative orretions for CC satteringThe four leading Feynman diagrams for radiative CC sattering (i.e. withadditional photons) are shown in Figure 1.8: The emission of a photon fromthe inoming eletron (a), from the inoming and outgoing quark (b, ) andfrom the W (d). Similarly to the real orretions shown in Figure 1.8, thevirtual eletroweak one-loop diagrams (orretions to the e�W and qq0W ver-ties, self-energy orretions of the involved partiles) also give rise to infrareddivergenes. After ombining real and virtual orretions, the infrared diver-genes anel eah other and the resulting QED orretions on the CC rosssetion an be expressed in the following way [40℄:d2�dxdQ2 = d2�dxdQ2 ���Born (1 + e2l Jlep + elefJint + e2fJqua) (1.50)Here, Jlep; Jint and Jqua are the "leptoni", "interferene" and "quarkoni"ontributions, eah being gauge invariant; el and ef are harges of the eletronand the inoming quark, respetively.The terms Jint and Jqua in the numerial programs for the alulation ofDIS ross setions are usually negleted (the results for the individual on-tributions are available in [41℄, [42℄). However, it is important to notie (forthe studies presented in setion 5.2.2) that the leptoni ontribution Jlep in-volves terms ontaining the photon radiation of the inoming eletron (Fig-ure 1.8 (a)), as well as the terms involving the outgoing quark radiation(Figure 1.8 ()).As mentioned above, the CC radiative orretions also ontain purely weakontributions. They arise mostly due to W self-energy terms. The inueneof the weak radiative orretions are small and are disussed in [43℄.20
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W(a) (b) () (d)Figure 1.8: Feynman diagrams for radiative harged urrent sattering withthe emission of the photon from the inoming eletron (a), from the inomingand outgoing quark (b,), from W (d).The photon radiation of the inoming eletron is ommon for both, CC andNC, and is usually alled Initial State Radiation (ISR). The photon radiationof the outgoing eletron exists only in NC events and is alled Final StateRadiation (FSR).1.3 Bakground Proesses to Charged CurrentThe typial signature of harged urrent events is missing transverse momen-tum originating from the esaping neutrino. Therefore, the bakground toharged urrent interations are ep events with an apparent transverse mo-mentum imbalane usually aused by imperfet detetion of the �nal statepartiles. There are two reasons why a missing momentum an be measuredin transversely balaned events: Part of the event �nal state may esapedetetion, or the measurement of the �nal state was inaurate (resolutione�ets).The possible bakground proesses to CC are photoprodution, neutral ur-rent events, lepton pair and real W prodution. In the following these bak-ground lasses are desribed4.1.3.1 PhotoprodutionPhotoprodution (p) is a proesses where a quasi-real (i.e. almost on themass shell) photon, emitted by the eletron, is interating with the pro-ton. The ross setion of events with photon exhange depends on the four-momentum transfer as 1=Q4 (see 1.32). Therefore, photoprodution is thedominant proess as Q2 ! 0 (events with Q2 & few GeV 2 are onsidered asDIS NC events).4The ontribution of NC events to CC bakground and their rejetion methods aredisussed in setion 5.1.3. 21



22 Theoretial OverviewTwo examples of photoprodution proesses are presented in Figure 1.9. Thereation on the left side of the Figure 1.9 usually is alled the diret proess(the whole photon takes part in the hard subproess with a parton from theproton), while the reation on the right side represents a resolved proess(the photon ats as a soure of partons, one of whih takes part in the hardsubproess). The hadroni �nal state in the photoprodution proess onsistsof two (or more) jets.
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Figure 1.9: Feynman diagrams for diret (left) and resolved (right) photo-prodution proesses.The photoprodution events an "obtain" a missing transverse momentumin the detetor (i.e. beome bakground to CC) when some hadroni �nalstate partiles (e.g. �'s) esape detetion, and (or) by imperfet measurementof the hadroni �nal state due to limited detetor aeptane.Photoprodution interations are the main bakground to CC events (at lowQ2 the rate of p events is a few hundred times larger than the CC rate).1.3.2 Lepton-Pair ProdutionThe dominant proess for lepton-pair prodution at HERA is ep ! epl+l�or ep ! eXl+l� (the pair of leptons mainly originate from photon-photoninterations, photons being radiated by the eletron and the proton). If thelepton pair in the �nal state is �+�� (Figure 1.10), the event may look like theCC event beause muons do not ontribute muh to the alorimetri energy.If the lepton pair onsist of eletrons, they will be measured in the detetorand will usually not ause any missing transverse momentum. The typialrate of the lepton-pair event prodution proess is about 8 events per 1 pb�1of luminosity (the CC event rate is about 40 events per 1 pb�1).22
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1.3.3 W ProdutionAnother rare proess is realW� prodution. TheW� is produed in ep ! eWXor ep ! �WX reations. When the boson deays leptonially, the event�nal state may mimi a harged urrent ration due to the produed �. Anexample diagram where the W� deays into ���� is shown in Figure 1.11.The real boson prodution proess has a very small ross setion at HERA [44℄(typially about one event is expeted per 2 pb�1 of luminosity).
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24 Theoretial Overview1.4 Monte Carlo (MC) event generatorsMonte Carlo event generators are programs to simulate partile reations inthe detetor. MC's are used in various physis analyses as a powerful toolto estimate detetor e�ets, whih annot be determined from the data. Themain reasons for simulating spei� physis proesses in this analysis are:� the determination of the detetor aeptane,� the ontribution of the bakground proesses,� the determination of the eÆieny of seletion uts,� the estimation of radiative e�ets.All these points will be disussed in the further hapters.The main steps to produe Monte Carlo simulated spei� physis proessesare shortly desribed below.Generation of the Spei� Physis ProessesEvent generators ontain the Born level QCD matrix elements of hard pro-esses. The �rst step to produe MC simulated proesses is the randomevent generation initialised aording to these matrix elements spei� forthe physis proess. The next step is simulation of parton showering andhadronisation proesses.Parton Showering and HadronisationThe reation of hadroni states from the initial partons involves two distintproesses, parton showering and hadronisation. Higher order QCD radiationis represented by leading logarithmi parton showers. In this stage the highenergy primary partons lose their energy radiating seondary partons whih,in turn, produe others and so on. These branhings of partons are done a-ording the splitting funtions as desribed in setion 1.1.4 (Figure 1.4). Theproess stops when the energies of the partons beome too small, i.e. below� 1 GeV . At suh small energies the strong oupling, �s, is too large andthe showering proesses annot be desribed anymore by perturbative QCD.At this stage, the �nal state onsists of many "free" partons, i.e. quarks andgluons. Then hadronisation takes plae whih employs empirial models todesribe the formation of the hadroni �nal state. Here, olored partons arebound into olorless hadrons.A shemati view of the e�p sattering proess illustrating parton showeringand hadronisation is given in Figure 1.12.There are several di�erent algorithms to generate parton showering and hadro-24
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26 Theoretial OverviewIn this analysis 100 000 of generated harged urrent events were used, almost1 million of NC events, � 3 million of photoprodution events and more than400 000 of lepton-pair and W prodution events.Detetor SimulationIn this step, whih is the same for all MC generators, the interations ofthe generated partiles with the detetor material are simulated. This isdone by propagating the generated �nal state partiles using their four-vetorinformation and simulating random interations with the di�erent detetoromponents. The simulation of eletromagneti and hadroni showers in thealorimeters is done with a fast parametrisation program H1FAST [58℄. Thedetetor response is alulated from the simulated interations, ionisationsand energy deposits.In the H1 experiment a full detetor simulation is reated with the H1SIM [59℄software using the GEANT [60℄ program.Partile ReonstrutionThe simulated events are subjeted to the same reonstrution and analysishain as the data. The relevant partile reonstrution methods for this anal-ysis (same for data and MC) are desribed in hapter 3.MC to Data CorretionAfter the simulation and reonstrution steps, some detetor e�ets may notbe fully modelled in the MC events. Therefore, it is important at the analysislevel to ensure that the MC simulation orretly models the detetor responseand desribes the data in every analysis aspet. As will be desribed in detailin hapters 4-6, in ase of observed disrepanies, the simulation is orretedto desribe the data.
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Chapter 2The H1 experiment atHERAThe HERA ("Hadron Elektron Ring Anlage") aelerator is the only mahineworld-wide olliding eletrons with protons. Two detetors to register ep ol-lisions were designed and built in the end of the eighties with the major taskis to study the struture of the proton. The kinemati range of HERA is morethan two orders of magnitude larger than the range aessible so far in �xedtarget experiments (see Figure 2.1).In this hapter a short desription of the HERA aelerator and the H1 de-tetor is given. Emphasis is put on the H1 trigger system and the studiesperformed to redue the DIS event trigger rates using the seond level neuralnetwork trigger (L2NN).2.1 HERA AeleratorThe HERA aelerator (Figure 2.2) is loated at DESY (Deutshes Elektro-nen Synhrotron), Hamburg. It has the irumferene of 6.3 km and separatestorage rings for eletrons and protons. Eletrons are aelerated to 27.6 GeVand protons to 920 GeV (820 GeV before 1998). The energy of the eletronbeam energy is limited by synhrotron radiation while the p beam is limitedin energy by the strength of the magneti �eld of the superonduting dipolemagnets.The ollisions at the enter-of-mass energy ps = 318 GeV (301 GeV before1998) take plae in two interation regions surrounded by two large multipur-pose detetors, H1 [61℄ and ZEUS [62℄. In addition, there is one operational�xed-target experiment, HERMES [63℄, where the eletron beam is broughtinto ollision with polarised gas targets in order to study the spin strutureof the proton. The seond �xed-target experiment, HERA-B [64℄, where theproton beam was used to produe �nal states with b quarks, has been om-pleted. 27
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Figure 2.2: Shemati view of the HERA aelerator.Here, f is the bunh rossing frequeny, Ne and Np are the number of ele-trons and protons in eah bunh, and �x and �y are the Gaussian transversebeam pro�les in the x and y diretions at the interation point.Any physial ross setion is related with the number of observed events Nand the integrated luminosity L as:� = NLThe integrated luminosity in the equation above is given as L = R L dt. Theintegrated luminosity olleted by H1 for the HERA I and HERA II periods(until the end of 2005) versus time is shown in Figure 2.3. From the �gureone an see that the installation of the foussing system has improved theinstantaneous luminosity by about a fator of three.The seond improvement of HERA II is the possibility to longitudinally po-larise the eletron beam (for physis explanations and onsequenes of lon-gitudinally polarised leptons to DIS reations, see setion 1.2.2). The longi-tudinal eletron beam polarisation is ahieved installing spin rotators aroundthe interation regions in the HERA ring.29
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Figure 2.3: H1 integrated luminosity as funtion of time for HERA I andHERA II periods, up to the end of the year 2005.2.1.1 Longitudinal e Beam Polarisation at HERA IIThe eletrons at HERA beome transversely polarised through the emissionof synhrotron radiation (the Sokolov-Ternov e�et [65℄): When eletronsmove in losed orbits guided by the magneti dipole �elds of a storage ring,they emit synhrotron radiation; a very small fration of the emitted photonswill ause a spin-ip between "up" and "down" quantum states of the ele-tron spin. Sine the probabilities of the "up-to-down" and "down-to-up" spinstates are di�erent, the initially unpolarised eletron beam beomes polarisedwith time aording to:P (t) = Pmax(1� e�t=� ) (2.2)Here, Pmax is a theoretial limit for the maximal polarisation and is ' 0:93(not taking into aount possible depolarisation e�ets); � is the build-uptime. For a storage ring with radius R and eletron energy Ee, � � R2=E5ewhih amounts to � 40 min at HERA.To ahieve longitudinal eletron polarisation for the ep interations the verti-al polarisation is rotated into longitudinal just before the interation pointand, in order to maintain stable beam polarisation, it must be rotated bakto vertial immediately after. At HERA II, the hains of speial magnets,so-alled spin rotators [66℄ were installed near the H1 and ZEUS detetors30
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Figure 2.4: Shemati view of the HERA ring after the upgrade.(the HERMES experiment already had suh spin rotators during the HERAI period. The shemati representation of the HERA ring after the upgradewith installed spin rotators is shown in Figure 2.4.The ahievable degree of longitudinal eletron polarisation is limited by manyfators whih have to be taken into aount building up and maintaining thepolarisation in the storage ring. For example, the so-alled "spin mathed"rotator optis is inuened by the magnet alignment and positioning prei-sion, �eld errors and orbit orretions, number of beam position monitors,et. The tehnique used for optimising the polarisation in the HERA ring isalled harmoni losed orbit spin mathing and is desribed in [67, 68℄.The typial degree of polarisation ahieved at HERA II is � 40%, as shownin Figure 2.5.Polarisation MeasurementThere are two tehniques to measure the polarisation in eletron sattering:M�oller sattering, ee ! ee, and Compton sattering, e ! e. The �rstmethod is experimentally simple, but limited to beam urrents Ie � 5�A.The seond method is more ompliated to implement but is fast and au-rate, and is therefore routinely used in experiments operating with high beamurrents.Both longitudinal and transverse eletron polarisationmeasurements at HERArely on the same physial priniple: Spin dependent Compton sattering ofirularly polarised laser light (photons) o� polarised beam eletrons.31
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The H1 experiment at HERA 33The Transverse PolarimeterThe transverse polarisation is determined by measuring the spatial vertial"up-down" asymmetry of the energy distribution of single bak satteredCompton photons. The photons are produed in a 10W Ar laser and areirularly polarised. The Compton photons are deteted in a vertially seg-mented alorimeter whih measures their energies in the upper (Eup) andlower (Edown) halves. The experimentally measured energy asymmetry Aexpis equal to: Aexp = hEupi � hEdownihEupi+ hEdowni (2.4)The longitudinal omponent of the eletron beam polarisation Pz an be ob-tained through the di�erene of the mean values of hAexpi swithing the laserlight between two irular polarisation states, L and R:�Aexp = hAexpiL � hAexpiR2 = �S3PzATPOL(E) (2.5)ATPOL(E) is the so-alled analysing power whih has to be heked throughalibration and formally is given by:ATPOL = R ��1(�)R(�)d�R ��0(�)R(�)d� (2.6)Here, � = E=E;max is the ratio of the sattered photon energy to its max-imum value and R(�) is the detetor response funtion. The Compton rosssetion is given by �(�) = �0(�)��1(�) where the upper sigh orresponds tothe total spin 3/2 of the eletron-photon on�guration (initial spins of e and are aligned), the lower sigh orresponds to the total spin 1/2 (initial spinsare anti-aligned).The polarimeter is alibrated in parallel to the atual measurement using theCompton edge in the energy spetrum2.The relative unertainty of the polarisation measurements using TPOL wasdetermined to be 3:5% [74℄.The Longitudinal PolarimeterThe measurement of the longitudinal eletron polarisation is based on theenergy asymmetry of the baksattered photons. The photons are deliveredby the high intensity Nd:YAG laser (Figure 2.6). The energy weighted rosssetions of the baksattered photons are used to obtain Pz. The energyweighted asymmetry Aexp is given by:2The "Compton edge" is the maximum bak-sattered photon energy and is given byE0;max � 4yE2. Here, E is the inident photon energy, y = [1 + 4EeE=m2e℄ and Eeis the inident eletron energy. 33



34 The H1 experiment at HERAAexp = hEiL � hEiRhEiL + hEiR = �S3PzALPOL(E) (2.7)Here, hEiL and hEiR are the means of the measured photon energies belong-ing to the di�erent photon polarisation states, ALPOL is the analysing powerof LPOL.LPOL is designed to operate in two3 modes: single-photon mode (number ofsattered photons per bunh n � 0:001) andmulti-photon mode (n � 1000).In the single photon mode the energy of eah individual photon is analysed,therefore, the high measurement auray an be ahieved. The simulatedphoton energy distribution with Pz = 0:5 using HERA eletron beam param-eters is shown in Figure 2.7. The disadvantage of this method is low statistisand high bremsstrahlung bakground whih originates from ollisions of theeletron beam with the residual gas in the beam pipe. Therefore the singlephoton mode is used for the test and diagnosis purposes only.In the multi-photon mode, the total energy of all deposited photons in thealorimeter is measured. The advantage of this mode is small bakground asthere is enough statistis per single bunh to overome the bremsstrahlungbakground. The asymmetry is formed by the measured average photon en-ergy sums I1=2 and I3=2, orrespond to the total spin 1=2 and 3=2 of theeletron-photon on�gurations (Figure 2.8). This mode is used as the stan-dard LPOL operation.The relative unertainty of the polarisation measurements of LPOL for theyears 2003-04 was determined to be 1:6% [75℄.
a 1 cm thick fused silica window [21] and is brought into collision with theelectron beam at a vertical angle of 8.7 mrad. The window was mounted withHelicoex gaskets [22] to minimize stress such that it has negligible opticalretardation.At the interaction point, the laser spot has a diameter of approximately0.5 mm, and the transverse size of the electron beam is �x � 0.6 mm hor-izontally and �y � 0.2 mm vertically. Each electron bunch is approximately11mm long (corresponding to 37 ps), i.e. about one hundred times shorter thanthe laser pulse. After passing through the interaction point, the laser beamexits the storage ring vacuum system through an identical vacuum windowand enters a second polarization analyzer which also monitors the positionand the intensity of the laser light.
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Figure 2.7: Simulated baksattered Compton photon energy spetra olletedin the single photon mode [69℄ for di�erent values of irular polaristion(S3 = 0;+1;�1). The bremsstrahlung bakground (the normalisation to theCompton spetra is arbitrary but largely suppressed in sale) is also shown..
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Fig. 11. Spectra collected in multi-photon mode for the spin-12 (dashed histogram)and spin-32 (solid histogram) con�gurations for a speci�c electron bunch with abeam polarization of 0.59.photons to many thousand. During normal operating mode in which about1000 back-scattered Compton photons are produced at the beginning of a �ll,approximately 250 times more energy is deposited in the calorimeter than thehighest energies (bremsstrahlung) deposited in the single-photon mode, sincethe average energy deposited per Compton photon is 6.8 GeV. In order toattenuate the �Cerenkov light to protect the photomultiplier tubes from satu-ration, a remotely controlled movable, perforated nickel foil could be insertedinto the 3 mm air gap between the NaBi(WO4)2 crystals and the photomulti-plier tubes. This was initially the standard mode of operation.Even though the NaBi(WO4)2 crystals are 19 radiation lengths long, there isa small amount of longitudinal shower leakage into the photomultiplier tubes.Unfortunately, the corresponding shower particles generate a large signal inthe photomultiplier tubes, which introduces a substantial non-linearity in theenergy response. The longitudinal shower leakage signal derives mostly fromthe highest energy Compton photons and hence has a large analyzing power.When the �Cerenkov light produced in the NaBi(WO4)2 crystals was attenu-ated by the nickel foil, the shower leakage signal dominated the signal in thephotomultiplier tubes. This altered the response function and increased theanalyzing power of the detector by about 25%.The polarimeter has been operated without any light attenuators since early1999. This was also the case for the test beam calibrations. The gain in thephotomultiplier tubes has to be reduced in the multi-photon mode by about afactor of 200. As described in Section 4.3, it was veri�ed that the photomulti-plier tubes are linear over this large range in gain. To address concerns aboutlong-term stability, linearity, and radiation damage, a tungsten/scintillatorsampling calorimeter, similar to the one employed in the Transverse Polarime-ter [8] but without position sensitivity, is moved in the Compton photon beamperiodically. It acts as an independent device to check the beam polarizationmeasurement and is otherwise not exposed to bremsstrahlung and direct syn-14
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Figure 2.8: Experimentally measured baksattered Compton photon energyspetra olleted in the multi-photon mode for S3 = +1 (orresponding tothe total spin 3=2 eletron-photon on�guration in the plot) and S3 = �1(total spin 1=2). From [75℄. 35



36 The H1 experiment at HERA2.2 H1 DetetorThe H1 detetor [76℄ was designed and built as a general purpose detetor tostudy ep interations at HERA. The design of the detetor is similar to mostof the olliding experiment detetors with the exeption of its longitudinalasymmetry. The "forward" part of the detetor, de�ned as the diretion ofthe inident proton (positive z in the H1 oordinate system) and the "bak-ward" part (negative z diretion) are optimised for the detetion of the protonremnant and the sattered eletron, respetively.A shemati view of the detetor is shown in Figure 2.9. Starting from theinteration vertex, the H1 detetor is omposed of a entral 2 and a for-ward 3 traking system followed by an eletromagneti 4 and a hadroni5 Liquid Argon (LAr) alorimeter overing most of the solid angle, and a"warm" alorimeter onstruted of sintillating �bers (Spaghetti Calorimeter,SpaCal) overing the bakward region. The LAr alorimeter is surrounded bya superonduting ylindrial 6 m diameter oil 6 whih provides a uniformmagneti �eld of 1.15 T. Finally, the entire detetor is surrounded by the Ironyoke 10 made from iron plates whih return the magneti ux and housestreamer tubes for muon identi�ation.In order to enlarge the geometrial aeptane of partile reonstrution sat-tered at small angles, several additional independent detetors have been on-struted around the main H1 detetor. In the forward diretion there are: TheVery Forward Proton Spetrometer [77℄ (VFPS), the Forward Proton Spe-trometer [78℄ (FPS), the Proton Remnant Tagger [79℄ (PRT) and the ForwardNeutron Calorimeter [80℄ (FNC). The energy measurements of the satteredeletrons in the bakward diretion are performed by two Eletron Taggers(ET6 and ET40) loated at zET6 = �5:4 m and zET40 = �40 m 4. A PhotonDetetor (PD) is installed at (zPD = �101:8 m). PD measures Bethe-Heitlerproesses, ep ! ep, whih in oinidene with ET40 is used to determinethe luminosity (for details see 2.2.3 setion).In the following, only those H1 detetor omponents whih are relevant forthe present harged urrent analysis will be desribed: The traking systemfor the measurement of the harged partiles traks (setion 2.2.1), the Liq-uid Argon Calorimeter for the hadroni shower energy measurement (setion2.2.2), the luminosity system (the luminosity diretly enters the alulationof any physis ross setion, setion 2.2.3), and the Time of Flight System forthe bakground rejetion (setion 2.2.4).4During HERA I period there were three Eletron Taggers (ET8; ET33 and ET44with loations zET8 = �8 m, zET33 = �33 m and zET44 = �44 m, respetively). InHERA II they have been replaed by the ET6 and ET40.36
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38 The H1 experiment at HERA2.2.1 Traking SystemThe aim of the traking system is to provide a preise measurement of mo-mentum and angles of harged partiles (aurate trak reonstrution) andto ontribute a trigger signal. For these purposes the H1 traking systemonsists of various traking devies based on the di�erent detetor tehnolo-gies. The basi overview of the H1 traking system together with its mainparameters is given in Table 2.1. The side view of the system is displayed inFigure 2.10.

Figure 2.10: The side view of the H1 traking system. For HERA II, CIZand part of the CIP hamber are replaed by CIP2k.A short desription of the entral and silion traking devies is given below,the Bakward Trak Detetor (BTD) and Forward Trak Detetor (FTD)were not used in the present analysis.Central Trak Detetor (CTD)The CTD is an ensemble of �ve subdetetors eah for a di�erent partile de-tetion purpose (see Figure 2.11). Two oaxial ylindrial jet hambers, CJC1and CJC2, ontain 30 and 60 drift ells eah, with 56 sense wires in total andprovide preise partile angle and momentum measurement. The wire planesare inlined with respet to the radial diretion by about 30Æ whih approxi-mately orresponds to the Lorentz angle, i.e. the drift angle by whih hargedpartiles are deeted in an eletri �eld due to the e�et of the magneti �eldfrom solenoid. As a result of the wire inlination, the ionisation produed bythe harged primary partiles will drift perpendiular to the wire plane, thusahieving a better trak resolution. 38



The H1 experiment at HERA 39Central Trak Detetor: CTDangular overage spatial resolutionCIP2k �� = 5 mrad(Central Inner Proportional Chamber) �z = 1:5 mCJC (Central Jet Chamber) 15Æ < � < 165ÆCOP �r� = 170 �m(Central Outer Proportional Chamber)COZ (Central Outer Z-Chamber) �z = 350 �mCST (Central Silion Traker) 30Æ < � < 150Æ �r� = 14 �mForward Trak Detetor: FTDangular overage spatial resolutionplanar and radial drift hambers 5Æ < � < 25Æ �xy = 1 mmFST (Forward Silion Traker) 8Æ < � < 16Æ �r = 16 �mBakward Trak Detetor: BTDangular overage spatial resolutionBDC (Bakward Drift Chamber) 153Æ < � < 177Æ �r < 400 �mBST (Bakward Silion Traker) 162Æ < � < 176Æ �r = 16 �mTable 2.1: The overview of the traking detetors omposing the H1 trakingsystem and their main parameters.

y xbeam pipe!CST!  CIP2k CJC1
 CJC2 COP COZ Figure 2.11: The radial viewof the Central Trak Detetor.

The Central Inner Proportional Chamber [81℄, CIP2k, is a replaement of theHERA I Central Inner z-hamber (CIZ) and part of the original CIP drifthamber. CIP2k is a ylindrial multi-wire proportional hamber with a di-ameter � 40 m and onsists of �ve radial layers. The hamber is positioned39



40 The H1 experiment at HERAbetween the Central Silion Traker (CST, see below) and the entral drifthambers (Figure 2.11). The CIP2k allows fast (� 2 �s) z vertex positiondetermination and thus eÆient bakground rejetion.The Central Outer z-hamber, COZ, is a thin drift hamber designed to im-prove the trak reonstrution in the r � z plane, i.e. provides a polar anglemeasurement. The hamber ontains 4 layers of sense wires with 16 and 24rings around the beam axis.COP is a Multi-wire Proportional Chamber used to provide a fast trigger tim-ing signal of the vertex position. For this purpose the hamber has a highersegmentation in the z diretion with respet to the diretion in � (60 setorsin the z diretion and 8 in �).Silion Trakers (FST,CST,BST)The Central Silion Traker [83℄ (CST) onsists of two onentri ylindrialsilion sensor layers with 12 and 20 modules at radii of 5.75 m and 9.75 m,respetively. Eah module ontains six silion sensors. Both CST layers have35.6 m ative length in the z oordinate.CST is the losest detetor to the beam pipe. The spatial resolution of CSTis an order of magnitude better than the entral traker hambers (see Ta-ble 2.1). Therefore it is used to omplement and improve the CTD measure-ment.The Forward and Bakward Silion Trakers were not used in the presentanalysis.Resolution of Traking DeviesThe momentum resolution of the traking devies dereases with inrease ofthe transverse momentum (�pT =pT � 0:003pT [GeV ℄ [61℄), therefore the lowmomentum harged partiles usually are measured with a high preision.2.2.2 CalorimetryThe Liquid Argon Calorimeter (LAr) overs the entral and forward part ofthe H1 detetor within the angular range of 4Æ . � . 154Æ. LAr is the maindetetor omponent to measure the energy of eletromagneti and hadronishowers. The Lead-Fiber Calorimeter (SpaCal) in the present analysis is onlyused to omplement the ToF system whih sets veto onditions (desribedin setion 2.2.4). The other two H1 detetor alorimeters - Plug alorimeter(0:7Æ . � . 3:4Æ) and the Tail Cather (instrumented in the Iron Yoke as apart of the muon system) - are not relevant for harged urrent analysis andwill not be desribed. 40



The H1 experiment at HERA 41Liquid Argon Calorimeter (LAr)The liquid argon tehnique was hosen for the main H1 detetor alorimeterdue to good system stability, ease of alibration, homogeneity of response andhigh granularity.The LAr alorimeter is made of wheels, eah being divided in two parts5,inner eletromagneti (EM) and outer hadroni (HAD) staks (Figure 2.12).The struture of the wheels is the following: The Bakward Barrel (BBE),the Central Barrels (CB1, CB2, CB3), two Forward Barrels (FB1, FB2), theInner Forward (IF) and the Outer Forward (OF) modules. All wheels aresegmented into 8 equal otants.
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Figure 2.12: The Liquid Argon Calorimeter: (a) longitudinal and (b) radialview.In order to ensure a good spatial resolution, both eletromagneti and hadroniparts of the LAr alorimeter are highly segmented, resulting in a total of45000 read-out ells. Beause eletromagneti showers are more ompatthan hadroni ones, the EM setion has a four-fold higher segmentation thanthe HAD setion.LAr has a typial "sampling" alorimeter struture, i.e. EM and HAD staksare made of "passive" absorber material and an "ative" sampling medium.The EM part is made of 2.4 mm Pb absorber and 2.35 mm liquid argon asative material. The HAD ells onsist of 19 mm stainless steel and a doublegap of 2.4 mm liquid argon.5All wheels exept BBE have eletromagneti and hadroni parts. BBE has only aneletromagneti part. 41



42 The H1 experiment at HERAIt is typial to desribe the depth of the eletromagneti (hadroni) parti-le shower development in the absorber material by the radiation length X0(interation length �)6. In order to handle full shower ontainment (� 95%),the longitudinal segmentation of the EM part is 20 � 30 X0 and 5 � 8 � forthe HAD setion.The alorimeter is non-ompensating, i.e. eletromagneti and hadroni show-ers have di�erent energy responses (about 30% smaller for hadroni showers).To obtain the proper hadroni energy measurement (essential for hargedurrent analyses) a speial software tehnique [84℄ is used to orret for thisdi�erene.The energy resolution of the alorimeter has been determined in test mea-surements and holds the values:for eletrons and photons [85℄: �em=E = 12%=pE[GeV ℄;for hadrons [86℄: �had=E = 50%=pE[GeV ℄:It is important to notie that the relative energy resolution of alorimetersimproves with inreasing energy E of the inident partile (as shown above,�E=E � 1=pE).Noise suppressionAll measurements relying on the LAr alorimeter are strongly a�eted by noiseoriginating from the eletronis for signal ampli�ation [87, 88℄. In a simpli-�ed model ("white noise model", see [87℄) the eletroni noise �n has a lineardependene on the alorimeter ell apaity CD: �n � CD. As the eletro-magneti alorimeter ells have higher apaities they su�er more from noisethan the hadroni ones. There is also a lear dependene on the alorimeterregion: In the high apaity (big ells) CB region the noise is higher than inthe low apaity (small ells) IF region for example.The noise level in the LAr alorimeter is measured for eah of the 65000eletroni hannel during eletroni alibration (due to a double transmissionsystem used in H1 there are more read-out hannels than alorimeter ells,for details see [61℄). The noise varies between 15 and 30 MeV per hannel,depending on the alorimeter region. Cells with an energy deposit greaterthan +2 � above the average noise level (estimated by random triggers) areremoved. On the reonstrution level noise is further suppressed as desribedin [61℄ inluding orretions for the dead material7. On the analysis level,6� is typially an order of magnitude large than X0 for most materials. For example,for Pb � = 193 g=m2 and X0 = 6:3 g=m2, for Fe � = 132 g=m2 and X0 = 13:8 g=m2.7The orretion parameters due to energy loss in dead material loated in front ofthe alorimeter (beam pipe, trakers and the inner ryostat wall) are derived from MonteCarlo simulations. 42



The H1 experiment at HERA 43omplementary noise suppression algorithms [89℄ and a alibration to the re-onstruted energies on the partile level are applied (desribed in hapter 4).In the Monte Carlo events noise is added on top of the simulated energyand the full noise suppression proedure is applied as in the real data.Spaghetti Calorimeter (SpaCal)The purpose of the SpaCal alorimeter is to detet eletrons sattered at lowangles. In the present analysis the trigger elements provided by SpaCal areused to set veto onditions (see setion 2.2.4).SpaCal is loated in the bakward region of the H1 detetor (see Figure 2.10),overing the region 153Æ . � . 174Æ (at HERA II). Like LAr, SpaCal is a non-ompensating sampling alorimeter and has eletromagneti and hadronisetions. The alorimeter is made of long thin �bers (the �ber assoiation withspaghetti gave the name to this type of alorimeter). The inident partile isdeteted by the sintillation light emitted by the �bers. The detailed detetordesription is given in [90, 91℄.2.2.3 Luminosity SystemAs mentioned in setion 2.2.1, the luminosity system onsists of two indepen-dent alorimeters, the Photon detetor (PD) and the Eletron Tagger (ET40).PD is situated at zPD = �101:8 m and measures the rate of bremsstrahlungphotons from the Bethe-Heitler proess [92℄, ep ! ep. ET40 is loated atzET40 = �40 m and is used to detet sattered eletrons whih are deetedby the magneti �eld of the HERA foussing magnets. Besides the luminositymeasurement, ET is also used to study photoprodution proesses (see setion1.3.1) with a limited aeptane of Q2 < 0:01 GeV 2 and 0:4 < y < 0:85.The luminosity is determined using both detetors simultaneously, measuringthe �nal state eletron and photon produed in the Bethe-Heitler proess,ep ! ep (the proton usually esapes undeteted through the beam pipe).The luminosity L is alulated from the total rate of bremsstrahlung events,Rtotal, orreted for the rate in the non olliding, i.e. pilot bunhes, R0 (typ-ially 10 out of 180 bunhes) [61℄:: L = Rtotal � (Itotal=I0)R0�visibleHere, Itotal and I0 are the eletron beam urrents in the olliding and pilotbunhes, and �visible is the visible part of the ep! ep proess ross setion(whih is known theoretially with 0.5% preision).Further details of the luminosity measurement are given in [93℄.43



44 The H1 experiment at HERA2.2.4 Time of Flight System (ToF)A very eÆient way of rejeting the beam assoiated bakground is to usethe event time of ight. For this purpose the Time-of-Flight system (ToF)is designed. ToF is omposed out of several high time resolution sintillatordetetors onneted to photomultipliers.The ToF system [94℄ is a set of the following devies (see Figure 2.13):FToF (z � 7:0 m) Forward ToF installed within the forward muonsystem,PToF (z � 5:3 m) ToF installed behind the Plug alorimeter,FIT (z � 2:7 m) Forward Interation Timing system mountedbehind the forward traker,SToF (z � �2:4 m) installed just before the hadroni SpaCal setion,BToF (z � �3:3 m) Bakward ToF mounted after SpaCal,VETOWALL several small veto ounters mounted lose to(z � �(6:5� 8:1) m) the beam pipe.
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The H1 experiment at HERA 45The aim of the H1 Trigger System is a fast and eÆient separation of realphysis events from the dominating bakground and a proper aommodationof the ep ollisions within a limited H1 bandwidth. For these purposes thetrigger system onsists of four separate levels, eah onseutively �lteringinoming data and making more and more omplex deisions. The �ltereddata from one level are sent to the next level until the manageable rate forthe H1 data aquisition system (� 40 Hz) is reahed after the �nal level (seeFigure 2.14).
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46 The H1 experiment at HERA2.3.1 The First Trigger Level (L1)The deision to keep or rejet an event at the �rst trigger level (L1) is basedon the information arriving from all subdetetors in the form of trigger ele-ments. The trigger elements from the subdetetors are passed in dead timefree pipelines (the pipelines length varies between 27 and 35 BC's deep de-pending on the subdetetor) to the Central Trigger Logi (CTL). The CTLoordinates and synhronises the data stream from all subdetetors, ombinesthese trigger elements into so-alled subtriggers and makes a deision to keepevent ("L1keep") if at least one subtrigger is set8. If the event was kept, thepipelines are stopped and the "dead time" (time when the detetor annotontinue to take data) starts.A desription of relevant trigger elements for the harged urrent analysisprovided by the traker system, LAr alorimeter and ToF system is givenbelow.The Fast Traking Trigger (FTT) [95,96℄ has been reently integrated into theH1 trigger system (replaing the old DCr� trigger). FTT uses partial read-out of the CJC1 and CJC2 hambers for exible topologial seletivity andprovides L1, L2 and L3 trigger elements. FTT was just in the ommissioningphase during this analysis data taking period and will not be disussed here.Traking System Trigger ElementsThe traking hambers provided trigger elements used in this analysis aresummarised in Table 2.2, details an be found in [97℄.name short desriptionCIP sig signi�ane in the entral part of the interation vertexdetermined from the traksCIP T0 a timing signal set if there is at least one entral trak inoinidene with the interation timeCIP MUL the multipliity of the traksTable 2.2: List of traking system trigger elements used in the present anal-ysis for the harged urrent event triggering.The trigger elements of the traking system are also used to supplement vetoonditions, i.e. to rejet non-ep bakground events. In the present analysisthe following veto onditions are used: CIP MUL>7 (more than 1000 traksin the event) and CIP sig==0 (no entral traks found whih ould be usedto determine the event interation vertex).8Some subtriggers may have a presale p whih means that this trigger will be ignoredby CTL until it has been set p times. 46



The H1 experiment at HERA 47LAr Trigger ElementsThe LAr alorimeter trigger [61℄ is the main trigger for all high Q2 physisanalyses. The LAr energy measurement is built from the signals providedby 45000 LAr ells (see setion 2.2.2). Subset of these signals are added toso-alled trigger ells (TC) and added further to trigger towers (TT) with aprojetive geometry. TTs are used to build even oarser granularity big towers(BT) (the distribution of � of BTs is shown in Figure 2.12), eah of them splitin an eletromagneti (EM) and a hadroni (HAD) part. The signals from theBTs (whih are still analog) are digitized with fast ADCs (FADC, fast analogto digital onverter) and fed into digital summing eletronis whih are �nallydisriminated using programmable threshold funtions. The derived triggerelements (TE) are sent to CTL. For details refer to [98℄.The LAr trigger elements used in the harged urrent analysis are summarisedin Table 2.3.name short desriptionLAr Etmiss the transverse momentum in the alorimeter, de�ned as:p(Pi Px;i)2 + (Pi Py;i)2where the sum runs over the i BT's and the momenta isalulated from the energies and angles in the BT i:Px;i = Ei sin �i os�iPy;i = Ei sin �i sin�iLAr IF the energy sum of the BT's belonging to the IF regionLAr eletron 1 set if the TT energy is above a ertain threshold in theeletromagneti part (� 6 GeV )LAr T0 an "OR" of the TT timing signals T0 determined by aonstant fration disriminator tehniqueTable 2.3: List of trigger elements provided by LAr alorimeter trigger andused in the present analysis for the harged urrent event triggering.ToF Trigger Elements (Veto onditions)The trigger elements or veto onditions provided by the ToF system are ap-plied to most of the subtriggers. All ToF subsystems provide their triggerelements in three time windows around the interation time � [�4;+16 ns℄:BG bakground window (set by partiles arriving earlier than partilesfrom the interation point),IA interation window (set by partiles from the interation point),GL global window (set by partiles arriving later than the partilesfrom the interation point). 47



48 The H1 experiment at HERAThe veto onditions are ombinations of signals from the ToF subsystem andfrom the trigger time window. For example, the signal provided by the For-ward Interation Timing system in the interation window would be FIT IA.In addition, there are veto onditions set by the ToF system together withsome other subdetetor. The additional ondition used in this analysis is:SPCLh AToF E 1 set when the total SpaCal hadroni "out of time"energy (AToF) is greater then 0.6 GeV .2.3.2 The Seond Trigger Level (L2)Two trigger systems, the Neural Network Trigger (L2NN) [99℄ and the Topo-logial Trigger (L2TT, [100℄) form the seond trigger level. At level 2, thefull L1 information from all subdetetors is available. Sine the time withinwhih the L2 deision has to be taken is 20 �s, there is enough time to exploitthe orrelations between the various subdetetors.The L2NN system onsists of 13 independent neural networks, eah of themwith the possibility to have up to 64 input neurons, 64 hidden and 1 outputneuron. Eah network is trained to reognise a spei� physis hannel mak-ing use of its spei� patterns in the detetor.The short introdution to neural networks and tehnial details of the L2NNtrigger system are given in setion 2.4. Examples of the network trainingproedure applied to the main inlusive DIS subtriggers in order to tightenthe onditions at HERA II are also desribed in setion 2.4.2.3.3 The Third Trigger Level (L3)The third trigger level was not used during HERA I period neither at theHERA II period up to the end of 2005. The Fast Traking Trigger (FTTlevel 3) has been only reently ommissioned.2.3.4 The Fourth/Fifth Trigger Levels (L4/5)The L4/5 trigger level makes the event reonstrution from the ompletereadout of the event information (the readout starts with "L2 keep"). Eventparameters (traks, lusters, vertex, time of the interation) are reonstrutedby the H1 software reonstrution algorithm (H1REC).The events are lassi�ed into ertain physis lasses by so-alled L4 �lters [101℄(or rejeted if they do not �t in any of the existing lasses), and are writtento the Prodution Output Tapes, POT, (� 100 kb per event). A subset of thePOT information is dupliated to the Data Summary Tapes (DST, � 10 kbper event) whih is usually suÆient for most of the data analyses.48



The H1 experiment at HERA 492.4 Neural Networks for DIS Inlusive Event Trig-geringThe H1 Level 2 trigger provides an early opportunity for event "pattern reog-nition" based on information from all subdetetors. Sine 1996, the L2NNtrigger has been suessfully used to trigger various physis hannels (mostlyexlusive hannels, like heavy vetor meson prodution, e.g. ep ! epJ= orDeeply Virtual Compton Sattering DVCS, ep ! ep) and to signi�antlyredue the orresponding physis trigger rates. An example of the neuralnetwork appliation for elasti photoprodution of J= vetor mesons an befound in [102, 103℄.The performed studies have shown that L2NN an be suessfully used totrigger also the inlusive physis hannels being used for the ongoing datataking by the H1 experiment.In this hapter an overview of the L2 neural networks (as introdued in se-tion 2.3.2) trained to reognise DIS inlusive interations is presented. First,a short introdution9 to neural networks (NN) is given. Then, the level 2neural network trigger will be desribed. The appliations of networks for in-lusive events (harged and neutral urrent, multi-eletrons, isolated leptons)are presented in the last setion.2.4.1 Introdution to Neural NetworksA neural network (or more preisely Arti�ial Neural Network, ANN) onsistsof elementary units alled neurons (or nodes) in assoiation with the nerveells of the human brain. Regardless of how ompliated the real biologialneuron may be, a simpli�ed abstration an be simulated by a simple math-ematial model (Figure 2.15 (a)): A neuron i reeives a ertain number ofinputs, eah with a weight wi. The neuron i omputes a non-linear funtionf(a) from the weighted sum of its inputs:yi = f��ixiwi � b� (2.8)Here, b is the neuron threshold value whih is ompared with the summedresult of the weighted inputs, i.e. the "ativation" of the node (b is sometimesalso alled ativation threshold). The funtion f is a threshold funtion, whihis usually taken as f(a) = 11 + e�a (2.9)9The more detailed introdution to neural networks an be found in e.g [104℄.49



50 The H1 experiment at HERAUsing this basi building blok, networks of neurons an be built up. Thereare several possible arhitetures for neural networks. One of the most pop-ular (also well suitable for pattern reognition problems) is the multilayerfeed-forward arhiteture. The neurons in the feed-forward networks are or-ganised in layers, passing the information from an input layer to an outputlayer of neurons.The onstrution of the neural network is performed in the following way:Eah neuron in the layer reeives the inputs from all neurons in the previouslayer and sends its output to all neurons of the next layer. A symboli view ofsuh a net is shown in Figure 2.15 (b). The network shown has three layers:One input, one hidden and one output layer. When neurons in the hiddenlayer have reeived all inputs from the input layer, they perform the ompu-tation of the funtion f (equation 2.9) and provide their outputs yi to eahnode of the output layer. The single neuron of the output layer omputes the�nal network output, a single number in the range [0; 1℄.(a) (b)
Figure 2.15: Symboli presentation of (a) the neural network elementaryunit - neuron; (b) the feed forward neural network with one hidden layer.For explanation of symbols see text.The geometrial interpretation of suh a network is quite simple: If one imag-ines the spae formed by the network inputs ("trigger" spae in this ase),then eah neuron of the hidden layer de�nes a hyperplane in this spae wherethe normal vetor of the hyperplane is given by the vetor of weights wi. Thedistane to the origin is given by the threshold b. Several suh hyperplanesdivide the trigger spae into two arbitrarily shaped regions: "signal" and"bakground"10. The �nal output of the network (given by the single outputneuron) is the separating funtion in trigger spae.The idea of the network training is �nding the optimal funtion for the besttwo lass-separation. For this purpose a set of example patterns is requiredwith assoiated target values for the output ("1" for signal and "0" for bak-10Generally, there ould be more than two lasses required to distinguish the signal fromthe bakground, but suh problems will not be disussed here.50



The H1 experiment at HERA 51ground in the simples ase). The way of training by adopting to lassi�edexamples is alled supervised learning.The di�erene between the orret answer � and the network output y anbe desribed by an error funtion E, given by:E = 12�i(�i � yi)2 (2.10)The randomly initialised network weights an be adjusted in a minimisationproedure using gradient desent of the error funtionw ! w � ��E�w (2.11)Here, � is the step size (or learning rate) whih desribes the dynamis of thehanging of weights. Starting from the output layer, the derivative of errorfuntion �E�w is derived for eah layer and propagated "bakwards" throughthe network down to the input layer. This is the basi idea of the bak prop-agation algorithm [105℄.In order to ontrol the network performane, the usual proedure is to sepa-rate the input data into three sets: training, seletion and test11. After thenetwork is trained with the training sample, the independent seletion setallows to �nd an optimal network performane between several trainings withdi�erent training parameters. The �nal independent test sample is neessaryto test the "true" performane of the seleted network. In this way the net-work response to unknown patterns is tested (generalisation).As the standard evaluation of the neural network performane it is ommon todisuss the signal eÆieny versus bakground rejetion (more explanationsare given in setion 2.4.3).A more detailed desription of the network training proedure is given in [103℄.2.4.2 H1 Level 2 Neural Network Trigger (L2NN)Basi arguments of using neural networks in the H1 trigger system are:� to exploit multidimensional orrelations between various trigger quan-tities from all subdetetors available at the seond trigger level,� the speed performane of the networks whih use parallel hardwarearhiteture and thus provide a lear advantage for a limited triggerdeision time.11The typial splitting of the known set of example patterns into training, seletion andtesting is 50%-25%-25%. 51



52 The H1 experiment at HERAThere are three algorithms available in the L2NN: Feed Forward Networks(FFN), Bakground enapsulators and Construted Nets. FFNs are the net-works with a three-layer struture (one input, output and one hidden layer)and with a maximum of 64 nodes eah. Bakground enapsulators are netswhih enapsulate the bakground events aording to its spei�s and areused for "unknown physis" to trigger. Construted Nets are used for simpleappliations suh as topologial orrelations.In the following, the term "neural network" will refer to the FFN type net-works.L2 Trigger HardwareL2NN is a set of 13 neural networks presently implemented on parallel om-puters (CNAPS from Adaptive Solutions [106℄). Eah network has its owndata preproessing module Data Distribution Board (DDB), whih providessuitably preproessed input data to the CNAPS board and transfers the net-work output to the Central Trigger Logi (CTL). The layout of the L2NNhardware is shown in Figure 2.16.
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Figure 2.16: Layout of the H1 Neural Network Trigger (L2NN) system. Theproessors of eah network (CNAPS) are assoiated with a preproessingmodule (DDB) whih prepares the input quantities for the neural network.52



The H1 experiment at HERA 53Data Distribution Boards (DDB)After speial reeiver ards ollet the inoming trigger information from allsubdetetors, the information is distributed further via a 128 bit wide L2 busto the Data Distribution Boards (DDBs). Eah DDB "selets" the relevantinformation from the L2 data stream and also performs basi preproessingoperations suh as bit summing, for example. The DDB an provide up to 648 bit inputs to the assoiated CNAPS board.CNAPS boardsThe array of CNAPS boards is loated in a VME rate with 8 bit wide inputand output buses used for the data transfer. Eah of the boards is equippedwith one CNAPS hip whih de�nes the size of the proessable FFN to a64 x 64 x 1 (64 inputs, 64 nodes in hidden layer and single output node) ar-hiteture12. This type of net requires about 8 �s for the deision alulation.A omplete tehnial desription of CNAPS an be found in [99, 108℄.The strategy of network usage is the following: Eah of the networks is trainedfor a spei� physis hannel and is assoiated with one (or several) level 1 sub-triggers whih are found to be eÆient for triggering the given physis hannelbut whose trigger rates exeed the allowed bandwidth. The additional L2NNondition is used to redue the exess rate for the given subtrigger withoutloosing too many physis events.2.4.3 Training of Neural Networks and their PerformaneIn this thesis the fous is drawn to networks trained to redue the rates oftwo main DIS inlusive subtriggers, S67 and S77. Both subtriggers are basedon the alorimetri information and are used in the harged urrent analysis(de�nitions of these subtriggers are given in setion 5.1.3). The CC eventsused for the training were seleted similarly to the analysis desribed in hap-ter 5. The main trigger element of S67 is LAr eletron 1 (see setion 5.1.3)This subtrigger is also very eÆient for the triggering of other physis han-nels, suh as harged urrent, rare proesses with isolated eletrons in the�nal state, et.After the HERA upgrade and the inrease of the instantaneous luminosity(equation 2.1), the high rates of the subtriggers S67 and S77 beame ritial.The rates of S67 and S77 as funtion of instantaneous luminosity over thewhole year 2005 are shown in Figure 2.17. As an be seen from these �gures,12The network design is motivated aording to the Kolmogorov [107℄ rule saying thatany multi layer FFN an be represented by the FFN with a single hidden layer.53



54 The H1 experiment at HERAboth subtriggers an reah rates of 10 Hz for ertain beam onditions. Inthese onditions a large part of the H1 bandwidth is onsumed13 and otherphysis triggers are prevented to run eÆiently. The presaling senario an-not be applied to these subtriggers as the seletion of the deep inelasti e�preations are the prime goal of the H1 physis output (in H1 jargon alsoalled "holy ow" triggers). The Level 2 neural networks appeared to be anattrative solution of the problem.S67 S77
Figure 2.17: Rates of subtriggers 67 and 77 versus the instantaneous lumi-nosity in the year 2005.Combined Networks for Inlusive Physis ChannelsTo train the neural networks for rate redution of the subtriggers S67 andS77 (one network for eah subtrigger) it is neessary to selet "signal" and"bakground" samples �rst. The signal samples should be omposed of thephysis hannels whih are triggered by S67 and S77, respetively. The on-erned physis reations are: harged urrent, neutral urrent, multi leptonevents14, and events with isolated eletrons in the �nal state15.In order to prepare training samples for the networks, one has to deal withthe problem of very small signal sample of the rare multi lepton and isolatedeletron proesses (approximately few hundred in total over the whole year2005) whih is barely suÆient to train networks with a omplex input layeras required for high eÆieny. A good approximation whih was hosen forthe given onditions was to o�er the rare events more frequently in the net-work training (i.e. high weights were applied to these events).13The H1 bandwidth is limited by the front-end readout time, the L4 omputing powerand the maximum data logging rate.14Events with multi leptons (usually 2) in the �nal state originate mainly from photon-photon interations: Photons radiated from the inident eletron and proton interat toprodue a pair of leptons,  ! l+l� (see setion 1.3.2 or [109℄).15Within the Standard Model isolated leptons in the �nal state and missing transversemomentum are expeted mainly due to W boson prodution with a subsequent leptonideay [110,111℄. 54



The H1 experiment at HERA 55As all physis hannels rely on similar detetor information (traking andalorimetri measurements), same inputs were hosen for the S67 and S77networks:energy in LAr alorimetereifq0-3 quadrants of the inner forward regionefbq0-3 quadrants of the forward regionebq0-3 quadrants of the entral regionlaret/larx/lary transverse energy, x and y omponents (see Table 2.3)traking systemfttmulta/fttmult number of traks in di�erent pT ranges (FTT)ipq0-3 number of traks in CIP quadrants (entral region)ipbtot number of traks in bakward CIP regionSome examples of the input quantities for the ombined signal and bak-ground events are shown in Figure 2.18.The hosen network arhiteture with the given 22 input quantities is 22 x 5 x 1,where 5 orresponds the number of nodes in the hidden layer and 1 is the out-put node.The results of the S77 network training (with the four disussed physislasses used as signal in the training) are presented in Figure 2.19 wherethe output distributions of the training and test events are shown. The plotson the left olumn orrespond the training sample (upper for signal, bottomfor bakground), the plots on the right olumn orrespond to results of theindependent testing sample. The result of the network, i.e. the plot of signaleÆieny versus bakground rejetion (Figure 2.20) shows very good resultsfor both, training and testing samples (the network performane is slightlyworse for the testing events, as expeted). From these output plots an optimalut (also alled "working point") an be hosen, i.e. the value de�ning thedeision to keep or rejet the event. The ut orresponds the value x in theplots of Figure 2.19, i.e. only the events in the right side of this ut are kept.Similarly, the ut orresponds the value y in the plot of Figure 2.20, i.e. theevent is kept if y > yut.The optimal working point of the network was hosen at 0.02 yielding an eÆ-ieny of 99.89% and 75% bakground rejetion. This means that 99.89% ofphysis events are triggered by the S77 network and 75% of the bakgroundevents are rejeted for the hosen threshold.The trained ombined networks for the subtrigger S67 and S77 rate redutionare presently operated at the H1 seond level triggers system.
55



56 The H1 experiment at HERA
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Chapter 3Reonstrution of KinematiQuantitiesAs mentioned in hapter 1.1, two of the three inlusive kinemati variablesare suÆient to desribe inlusive DIS proesses, e.g. x and Q2.DIS kinematis an be determined from the sattered eletron or the hadroni�nal state (HFS) observed in the detetor. The HFS is formed by the hadronsresulting from the e � q interation and the proton remnant. Unlike neutralurrents where the sattered eletron information an be used, in the hargedurrent ase kinemati variables an only be reonstruted from the hadroni�nal state.In the present analysis the neutral urrent events are used to alibrate thehadroni energy measured in the LAr alorimeter ("hadroni alibration")and to determine the eÆienies of the CC seletion requirements. Therefore,the relevant NC event kinemati reonstrution methods are introdued hereas well.The kinemati reonstrution methods are desribed in the following or-der: First, the "eletron" method where the kinematis are determined fromthe sattered eletron alone, seond, the "hadron" method where only thehadroni information is used, and �nally, the "�" and "double angle" meth-ods where both, hadron and eletron information is used.All expressions below are given in the ultrarelativisti limit, i.e. the partilemasses are negleted.Eletron methodThe event kinematis in this method is determined from the sattered eletronalone. This was traditionally the method used in the �xed target experiments,e.g. R. Hofstadter [2℄, SLAC experiments [3, 4℄, et.:59



60 Reonstrution of Kinemati QuantitiesQ2e = 4EeE0e os2 �e2 ye = 1� E0e2Ee (1� os �e) xe = Q2esye (3.1)Here, E0e and �e are the energy and polar angle of the sattered eletron, s isthe eletron-proton enter-of-mass energy squared.As an be seen from the formulae above, the variable ye at large angles �e (theeletron is sattered bakwards) depends mainly on the sattered eletron en-ergy E0e, whereas Q2e depends mainly on the sattered eletron angle �e. Thisleads to a high resolution in x at high y but the resolution rapidly dereasestowards low y (however, the Q2 resolution is very good over the full kinematirange).Hadron methodUsing the method whih was introdued by Jaquet-Blondel [112℄, the kine-mati variables an be determined from the hadroni �nal state partiles:yh = 12Ee Xh �Eh � pz;h� Q2h = p2T;h1� yh xh = Q2hsyh (3.2)Here, Eh and pz;h are the energy and longitudinal momentum omponents ofpartile h in the hadroni �nal state, Ee is the energy of the inoming ele-tron. pT;h is the transverse momentum of the hadroni �nal state, de�ned as:pT;h =s�Xh px;h�2 + �Xh py;h�2 (3.3)px;h and py;h are momentum omponents of partile h in the transverse plane,the sum is over all partiles exept the sattered eletron.As an be seen from the formula 3.2, the resolution in Q2 (and onsequentlyin x) is severely a�eted by the term 1=(1 � y), i.e. the resolution of bothvariables deteriorates in the high y region.� methodAnother method exploiting the information of the partiles in the hadroni�nal state and the sattered eletron is the so-alled � method [113℄. Thevariable y is expressed here as in the hadron method with the beam energyobtained from the transverse momentum balane in the event:pinT = poutT = E0e sin �e +Xh (Eh sin �h); (3.4)60



Reonstrution of Kinemati Quantities 61where the sum runs over all hadroni �nal state partiles. The di�erene ofthe energy and longitudinal momentum in an ideal detetor should be equalto 2Ee, thus from energy and momentum onservation one obtains:2Ee = E0e � pz;e +Xh (Eh � pz;h) = E0e(1� os �e) +Xh (Eh � pz;h) (3.5)Using the same expression for the variable y as in the "hadron" method, onean dedue: y� = Ph(Eh � pz;h)Ph(Eh � pz;h) +E0e(1� os �e) (3.6)The quantity Ph(Eh � pz;h) sometimes is alled "�". Theny� = ��+E0e(1� os �e) (3.7)The other kinemati quantities in this method are given by:Q2� = P 2T;e1� y� = E02e sin2 �1� y� x� = Q2�sy� (3.8)Advantages of the � method are the small sensitivity to partile losses in thebeam pipe and the small sensitivity to the initial state photon radiation, ISR(as explained in setion 1.2.3, the photon radiated of the eletron leads to asmaller enter-of-mass energy squared s and, aordingly, to di�erent eventkinematis).Double Angle method (DA)The DA method is a kinemati reonstrution method for neutral urrentevents. The variables are reonstruted only from the polar angle of the sat-tered eletron (�e) and the hadroni �nal state (h):yDA = sin �e(1� os h)sinh + sin �e � sin(�e + h) Q2DA = 4E2e sinh(1 + os �e)sinh + sin �e � sin(�e + h)xDA = Q2DAsyDA (3.9)The hadroni polar angle h is given by:tan h2 =Xh Eh � pz;hpT;h61



62 Reonstrution of Kinemati QuantitiesThe polar angle of the sattered eletron �e is expressed as:tan �e2 = E0e � pz;epT;e (3.10)The transverse momentum using the double angle method (pT;da) is then givenby: pT;da = 2Eetan h2 + tan �e2 (3.11)Sine the DA method is independent of the alorimetri energy measurementand uses only �e and h, it an be used to alulate the expeted LAr energies("hadroni alibration"). For details see hapter 4.
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Chapter 4Neutral Current Events forthe Charged CurrentAnalysisIn the low Q2 region the harged urrent interations are suppressed by thepropagator mass (� [M2W =(Q2 +M2W )℄2, see equation 1.38). In ontrast tothe purely weak CC reations, the neutral urrent ross setion exeeds theCC ross setion by more than two orders of magnitude due to the dominantphoton exhange (� 1=Q4) at low Q2.The sattered eletron in NC interations is identi�ed very eÆiently andreonstruted with high preision (e.g. the eletron luster identi�ation inef-�ieny is below 0:5% in the entral LAr alorimeter region [114℄). Therefore,the neutral urrent events provide the possibility to perform detailed detetorquality heks. NC events are used in the CC analysis for several purposeswhih are listed below:� to alibrate the hadroni energy,� to determine the distribution of the ep interation vertex whih is usedto adjust the vertex distribution of the CC simulated events,� to produe so-alled pseudo harged urrent events whih are used todetermine the eÆienies of the CC seletion requirements.The NC events used in this analysis were seleted in [115℄ and orrespond tothe same e+p period as onsidered in this thesis. One of the detetor stabilityheks whih was performed with the seleted NC events is illustrated inFigure 4.1. The �gure shows the number of NC events per 1 nb�1 of luminosity("event yield") as funtion of time (or, more preisely, so-alled run numbers,see explanation in hapter 5.1). As seen from the Figure 4.1, the NC eventyield is onstant throughout the whole e+p data taking period.63



64 Neutral Current Events for the Charged Current Analysis
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66 Neutral Current Events for the Charged Current AnalysisAs a �rst step in the alibration proedure, a hadron �nding algorithm as-soiates lusters with traks (so-alled trak-luster "mathing"): Eah trakis extrapolated up to the surfae of the alorimeter as a helix, and as a straightline inside the alorimeter. The alorimetri energy Eylinder is omputed inthe volume of a 67:5Æ one originating at the alorimeter inner surfae andthe extrapolated trak line intersetion.To ahieve an optimal measurement for eah partile in the hadroni �nalstate, HADROOII ompares the resolution of the traker and the alorimeter.For this purpose the resolution of eah trak is ompared with the expetedalorimeter resolution on the basis of the partile's energy.Low pT harged partiles in most ases have a better trak measurement asthe momentum resolution inreases with derease of the transverse momen-tum (�pT =pT � pT ), while the relative energy resolution of the alorimeterimproves with inreasing energy E of the inident partile (�E=E � 1=pE).If the resolution of the traker is better than the resolution of the alorimeterand the observed alorimeter utuations are below 95 % C.L., the alorimet-ri energy Eylinder is fully suppressed to avoid double ounting. In ase largerutuations are observed, they are onsidered as originating from neutral om-ponents in the showers (or other traks) and are not suppressed. Similarly, ifthe resolution of the alorimetri energy is better than the resolution of thetraker and the energies Eylinder and Etrak are omparable, the alorimeterinformation is used to reate a partile andidate.The alibration of the hadroni energy is applied for the eah jet1 in thehadroni �nal state. The method to alibrate jets is desribed in [116℄. Thismethod uses DIS neutral urrent events and as a referene relies on the doubleangle kinemati reonstrution method whih, as explained in hapter 3, isindependent on the measured energies in the alorimeter.The ratio of the hadroni transverse momentum and the double angle trans-verse momentum is used in the alibration and is alled pbalTpbalT = pT;hpT;da (4.1)pT;h is de�ned in equation 3.3. An example of the pbalT distribution for NCdata and MC events (before alibration) is shown in Figure 4.4 (left).Constants to orret the hadroni energy to the true level are determinedusing NC events seleted with one jet only and suh that the pT;da measure-ment is well under ontrol (for the full seletion list refer to [89℄).The alibration onstants are determined from a ertain fator Fptbal. This1A jet is a ollimated bunh of the hadroni �nal state partiles.66



Neutral Current Events for the Charged Current Analysis 67fator is obtained from a �t to the mean values of the pbalT distributions as fun-tion of pT;da, separately in di�erent � regions. Only jets with pjetT > 4 GeVare alibrated with this method. The alibration of Monte Carlo events isperformed separately following the same proedure.The distribution of pbalT for one jet NC data and MC events after appliationof the alibration is given in Figure 4.4 (right).More details of the alibration proedure an be found in [89℄.
Data
MC

Figure 4.4: pbalT = pT;h=pT;da distribution for one jet data (points) and MC(line) events before (left) and after (right) the alibration. From [89℄.To test the alibration proedure a large sample with di�erent sets of se-letion uts (see [89℄) of DIS neutral urrent events is used. Moreover, thisneutral urrent event sample is subdivided into one, two and three jet eventsub-samples in order to be independent from the events used in the alibra-tion.The agreement between neutral urrent data seleted two jets and the orre-sponding Monte Carlo sample after the alibration is shown in Figure 4.5.The omparison of the balane in transverse momentum separately for thedata and the Monte Carlo simulation versus the eletron transverse momen-tum pT;e and the hadroni angle h is given in Figure 4.6. The agreement ofdata and Monte Carlo in both distributions is well within 2%, taken as thealibration unertainty.
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Neutral Current Events for the Charged Current Analysis 694.2 Interation Vertex Reweighting for SimulatedEventsFor the orret CC event kinemati reonstrution it is important that sim-ulated CC events desribe the data in all aspets, inluding the z positionof the ep interation vertex. The z position is important, sine all kinemativariables depend on angular information, using the vertex as the origin.Di�erent beam onditions, de�ned by the beam optis, ause variations ofthe ep interation vertex position (for detailed explanation see hapter 5).The variation of the vertex position in the longitudinal (z) diretion is in-uened also by the length of the partile bunhes. These variations resultin a Gaussian distribution of the interation z position around the averagenominal interation point.For pratial reasons all Monte Carlo events are simulated with the meanposition of hzi = 0 m and a �xed Gaussian width for the z distributionof the vertex, �z = 13 m. The simulated z distribution therefore must beadjusted to the data. The NC events are used to determine the z vertexshape, resulting in reweighting fators whih are applied to the MC. An 11thorder polynomial is used to parametrise the reweighting funtion with param-eters �i. The weight applied to MC is alulated as:wzvtx = P10i=0 �izivtx�11 (4.2)The z vertex distributions of the NC data and NC Monte Carlo events beforeand after the MC reweighting are shown in Figure 4.7. Details about thevertex reweighting proedure an be found in [115℄.
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70 Neutral Current Events for the Charged Current Analysis4.3 Pseudo Charged Current Events (PSCC)For the present measurement it is essential to know the eÆienies of thetriggers used to trigger harged urrent events. In priniple, a monitoringsample of the data using independent triggers ould provide a possibility todetermine the trigger eÆienies. Due to low statistis and absene of inde-pendent monitoring subtriggers it is not possible to use this method for CCevents. The trigger simulation in the CC Monte Carlo events also annot beused as it is not fully reliable in this respet. Moreover, CC simulated eventshave to be orreted for the eÆienies of the CC seletion requirements.In order to ful�ll all these needs, NC data events are employed: If the in-formation of the sattered eletron in the detetor is removed, the resultingevent topology beomes almost idential to the one of the harged urrent(as explained in setion 1.2.3, some di�erene expeted onerning radiativee�ets) [117℄. Suh events are alled pseudo harged urrent (PSCC) events.In the PSCC proedure2 the sattered eletron �nding algorithm is appliedto eah seleted NC event. When the eletron is found, all relevant detetorinformation, i.e. traks and alorimetri energy, found inside the � � � one(� is the azimuth angle and � is pseudorapidity3) with the radius R��� = 29Æis removed from the event. The one radius is de�ned as:R��� =q4�2traks +4�2traks:In order to obtain orret kinematis, the full event reonstrution (H1REC,see setion 2.3.4) is applied to the modi�ed NC (i.e. PSCC) events.Finally, PSCC events are reweighted to the harged urrent ross setionso that the orret kinemati distributions expeted for real CC events arereprodued: Eah PSCC event reeives a weight w(x;Q2) with whih it entersinto all subsequent distributions. The weight is de�ned as:w(x;Q2) = d2�CCdxdQ2.d2�NCdxdQ2 (4.3)Here, x and Q2 are taken as measured for the neutral urrent event.Both, harged and neutral urrent ross setions are alulated using theH1 PDF 2000 [18℄ parton distribution funtions.2The ode modifying the NC events to PSCC events was developed by many authors.Several improvements were made to the ode in order to ful�ll ertain requirements forthe present analysis. These modi�ations are desribed in the next hapter.3The pseudorapidity � is de�ned as � = � ln(tan(�=2)).70



Neutral Current Events for the Charged Current Analysis 71An example of a neural urrent event and the orresponding PSCC eventis displayed in Figure 4.8.The method to determine the CC seletion eÆienies using PSCC events isdisussed in hapter 5.2.
(a)

(b)

Figure 4.8: Neutral urrent event (a) and the same event after the eletronremoval - PSCC event (b). 71
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Chapter 5Charged Current DataThe e+p data olleted in the years 2003-04 with the H1 detetor are onsid-ered in this analysis. The data orrespond to 47.6 pb�1 of total integratedluminosity and omprise two periods with di�erent heliity states of the beampositron. The integrated luminosity L and the luminosity weighted mean po-larisation Pe for these data are given in Table 5.1. In the table and through-out this thesis the notations "L" and "R" are used for periods with the left(Pe < 0) and right (Pe > 0) handed positrons, respetively.data sample luminosity polarisation time periodL (pb�1) < Pe > (%)L e+ 20:7 �40:2 3.4.2004 - 19.6.2004R e+ 18:4 33:3 17.10.2003 - 1.4.20048:5 34:3 2.7.2004 - 12.8.2004sum of R 26:9 33:6Table 5.1: Main harateristis of the data samples used in the analysis.This hapter is entirely devoted to the seletion of CC events in the presenteddata sets whih are needed to measure CC ross setions.The general quality riteria valid for most of the analyses and the data pre-seletion proedure are desribed �rst. As explained in setion 2.3, the rawdata rate is already signi�antly redued by the H1 Trigger System with thehelp of the trigger elements designed for spei� physis event signatures. Thedesription of the �nal CC seletion requirement starts with the subtriggers,i.e. ompositions of the trigger elements optimised to trigger harged urrentinterations.In the following, the kinemati phase spae of the measurement is de�ned.This is done by the interation vertex requirement (in order to selet eventsin the optimised detetor resolution region) and the kinemati uts.A set of seletion requirements have been designed to suppress bakground73



74 Charged Current Dataevents. To rejet ep events whih are bakgrounds to CC reations (see se-tion 1.3) various software algorithms have been developed or adopted fromprevious analyses. Finally, the non-ep bakground event lasses and theirspei� rejetion methods are disussed.To ontrol the CC seletion requirements and to study detetor e�ets in thedata (used to orret the response in simulated events), the pseudo hargedurrent tehnique is used (see hapter 4). The determination of seletion eÆ-ienies is desribed in the seond part of this hapter. On the basis of theseeÆieny studies the systemati unertainties for eah seletion requirementwere determined and are disussed at the end of eah setion.The harateristis of the �nal seleted harged urrent event samples aregiven at the end of this hapter.5.1 Charged Current Seletion5.1.1 Run SeletionThe data olleted by the H1 and the other HERA experiments is deliveredduring so-alled luminosity �lls. A �ll starts with the time when both partilebeams are brought into olliding mode after optimising the beam optis formaximum luminosity and minimum bakground. The �ll usually ends withthe dump of one or both beams, mainly determined by the lifetime of thepositron beam (typially � 10 h). The data are olleted by the experimentsin runs, whih are de�ned by stable detetor onditions. Typially, during one�ll there are many runs taken. The quality of a run is de�ned orrespondingto the operational status of the detetor omponents and is distinguishedas good, medium or poor. During a good run all "major" systems (trakingdevies, LAr, luminosity system, SpaCal and entral muon hambers) areoperational. A run is delared as medium if at least one of the major systemsis not working or several subsystems are out of operation. The run is poor ifthere is a serious hardware or software problem.� For the present data analysis only good and medium runs wereaepted,� a minimum luminosity of 0.2 nb�1 per run (orresponding to arun of � 10 s duration) was required in order to ensure that thedetetor operation was stable during data taking.The High Voltage (HV) requirement is an important data seletion riteriumwhih shows the operation status of the devie. For example, the HV of74



Charged Current Data 75the traking system during a run may "trip" due to short beam instabilitiesresulting from a large partile ow in the detetor. During suh trips theHV is temporarily swithed o� to protet the hambers. In ontrast to thetraking system, high voltage is always applied for the LAr alorimeter.The HV status is di�erentiated on a single event basis.� HV requirement for analysed events is applied for LAr, CJC, CIP,TOF and luminosity system.As mentioned in setion 2.2.4, some subtriggers whih trigger high rate physisreations (like photoprodution, see setion 1.3.1) an have a presale greaterthan 1, i.e. not eah triggered event will atually be kept.� The data were seleted with the presale of 1, i.e. with subtriggerswithout presale. Dediated studies were performed to validate nopresale for the CC subtriggers.In addition, in order to rely on the e+ polarisation measurement,� only those events were aepted where at least one of the twopolarimeters (LPOL preferred) has been operational.The "pro�le" of the e+ polarisation (i.e. luminosity versus e+ polarisation)measured for the analysed data sample is shown in Figure 5.1. The smallregion with �20% < Pe < 0% was exluded from the analysis in order tomeasure the harged urrent ross setions with a high mean polarisation.In additional to the standard run seletion given above, four run ranges withCIP readout and data logging problems have been removed from the anal-ysis: 360177-360281, 361882-362486, 372336-372619 and 384836-385073. Allexluded runs together orrespond to � 0:6 pb�1 of integrated luminosity.
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76 Charged Current Data
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Figure 5.1: Polarisation pro�le for the 2003-04 e+p data taken by the H1.The low negative polariation region (�20% < Pe < 0%) is exluded from thepresent analysis.5.1.2 Loose Pre-SeletionThe run quality, minimum run luminosity and several additional requirementswhih are given below, were used for the preseletion of the inlusive neutraland harged urrent DIS data sample. The uts whih were relevant for theharged urrent preseletion are:pT;miss > 8 GeV,Q2h > 100 GeV2,yh < 0:95,rejetion of "obvious" non-ep bakground.The pT;miss and Qh uts are based on the typial harged urrent event signa-ture, i.e. missing transverse momentum (result of the undeteted �). The highyh region was exluded due to poor resolution of the hadroni reonstrutionmethod (see hapter 3). Finally, a signi�ant part of the non-ep bakgroundwas rejeted by a set of high eÆieny topologial bakground �nders whihwill be disussed further in this hapter. The studies performed have shownthat no interesting physis events were lost in the preseletion step due toalibration or other data treatments. The e�et of the preseletion uts onthe simulated CC and simulated bakground events is shown in Figure 5.2.With the given preseletion a fator of 40 was ahieved in the redution,resulting to the data sample of � 2 million events. With this sample the opti-misation of the �nal uts and ut ontrol was performed, as desribed below.76
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Figure 5.2: The pT;miss (a) and yh (b) distributions for the simulated hargedurrent events and simulated bakground proesses (see setion 1.4) forQh > 100 GeV 2. The preseletion uts (pT;miss > 8 GeV and yh < 0:95)are indiated in the plots.5.1.3 Final SeletionTrigger requirements: S66kS67kS77The triggering of harged urrent events is based on the "missing" transversemomentum aused by the undeteted neutrino (LAr Etmiss trigger element)and the event timing information (LAr T0 and CIP T0). In addition, globalveto onditions (see setion 2.2.4) are applied to the subtriggers. The ompletede�nitions of the harged urrent subtriggers as used in the present analysisare given in Table 5.2. 77



78 Charged Current DataST trigger elements desriptionS66 (LAr IF>1&& LAr Etmiss>2) && phys. signature(CIP T0 jj (LAr T0 && !CIP T0 nextBC)) && timing riteria(FIT IA jj !FIT BG) && veto ondition(!SPCLh AToF E 1 && !VETO BG &&!BToF BG && !SToF BG) &&(!(CIP MUL>7 && CIP SIG==0))S67 (LAr eletron 1) && phys. signature(CIP T0 jj (LAr T0 && !CIP T0 nextBC)) && timing riteria(FIT IA jj !FIT BG) && veto ondition(VETO BG && !BToF BG && !SToF BG) &&(!(CIP MUL>7 && CIP SIG==0))S77 (CIP SIG>0 && LAr Etmiss>1) && phys. signature(CIP T0) && timing riteria(FIT IA jj !FIT BG) && veto ondition(!BToF BG && !SToF BG) &&(!(CIP MUL>7 && CIP SIG==0))Table 5.2: List of the harged urrent subtriggers and their logial triggerelement ombinations.Subtrigger 66 is designed to trigger events passing a high ET;missthreshold1 in oinidene with deposited energy in the forward LArregion (LAr IF>1).About 66% of the harged urrent events are triggered by this subtrig-ger.Subtrigger 67 is designed to trigger NC events. The main element ofS67 is LAr eletron 1. The eletromagneti FADC (see setion 2.3.1)energies of a given big tower (BT) are disriminated by � - dependentthresholds (� 5 GeV ). The trigger bit is set for a BT if the eletro-magneti part of the tower passes this threshold. This subtrigger isalso very eÆient for the triggering of harged urrent events: About84% of harged urrent events triggered by S67.Subtrigger 77 is the main harged urrent subtrigger. It triggersall low transverse momentum events: LAr Etmiss>1 orresponds tothe low ET;miss threshold. CIP SIG>0 is the loosest entral vertexrequirement. Generally, there are four CIP SIG trigger elements whihare set aording to following ondition:1In total there are three ET;miss thresholds in the LAr alorimeter. The thresholdshave been set to 38 FACD ounts (� 4:75 GeV ), 48 FACD ounts (� 6 GeV ) and 60FADC ounts (� 7:5 GeV ) [118℄, respetively.78



Charged Current Data 79N trakstr > K�N traksfwd +N traksbwd �where N trakstr , N traksfwd and N traksbwd are the number of CIP traks inthe entral, forward and bakward regions, respetively. K is a mul-tipliation fator whih is equal 0 (or 1, 2, and 4) for the signi�ane0 (or 1, 2 and 3).Typially about 98% of the harged urrent events are triggered by S77.For the desription of the veto trigger elements given in Table 5.2, see setions2.2.4 and 2.3.1.Interation Vertex RequirementThe beam optis an slightly di�er from one luminosity �ll to another and thusause variations of the ep interation vertex position. Variation of the beamposition in the x, y plane (beam shift) and possible beam inlinations with therespet to the H1 oordinate system (beam tilt) are relatively small (typiallyof order few mm) and are determined for the data on a run by run basis.Due to the beam bunh struture (eah e bunh has a width of �z � 1 m inthe longitudinal diretion, the p bunh has a width of �z � 13 m) the inter-ation position in the z diretion has a nearly Gaussian distribution aroundthe average nominal interation point (z = 0 m). As the detetor providesbetter resolution and therefore better kinemati reonstrution for the ep in-terations lose to nominal interation point, the z vertex reonstrution isrestrited in the present analysis to�35 m < zvertex < 35 m:This range orresponds to � 3 � of the z vertex distribution. The requirementis applied to the vertex determined from traks measured in the entral drifthamber (entral vertex ).As desribed in setion 4.2, the Monte Carlo events are reweighted to thez vertex distribution of the NC data.The distributions of the interation vertex in the z diretion for the 2003 -04 CC data and the reweighted CC Monte Carlo events are presented inFigure 5.3. Good agreement is seen in the �gure between the data and MCdistributions for both data sets (the larger utuations observed in the L dataare aused by limited statistis). 79



80 Charged Current Data
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Figure 5.3: Distribution of the z vertex for the 2003-04 CC events of the L(left) and R (right) periods. The CC MC and simulated bakground ontri-butions are also shown.De�nition of the Kinemati Phase SpaeThe kinemati phase spae for the harged urrent ross setion measurementswas hosen with respet to the detetor aeptane and seletion eÆieniesas follows:pT;miss > 12 GeVdetermined by the rapid derease of the trigger eÆieny towards lowpT;miss (below 40% for pT;miss smaller than 12 GeV , see setion 5.2.1),and the inrease of the ep indued bakground as will be explainedfurther in this hapter.0:03 < yh < 0:85the upper, i.e. high yh limit is determined by the poor Q2 resolution ofthe hadron method (see hapter 3). The low yh region is limited dueto the detetor aeptane where the hadroni �nal state is partiallylost in the beam pipe and thus degrading the trigger eÆieny in thisregion (see setion 5.2.1).Q2h > 223 GeV2this requirement is orrelated with the pT;miss ut. The hosen valueof 223 GeV 2 is de�ned by the binning used for this measurement asdesribed in hapter 6. The binning was hosen to be onsistent withprevious analyses on unpolarised data.
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Charged Current Data 81Bakground RejetionBakgrounds to harged urrent interations originate from two soures:� ep indued bakground� non-ep indued bakgroundIn the following these bakground lasses are explained and the spei� bak-ground rejetion methods are disussed in detail.ep Indued BakgroundThe largest ontributions of the bakground proesses to the harged urrentsample are indued by p and neutral urrent events (the proesses have beenintrodued in hapter 1).Rejetion of the photoprodution bakgroundThe variable used to distinguish between ep bakground proesses and thegenuine harged urrent events is based on the transverse momentum imbal-ane [119℄: While the neutrino is always sattered in the opposite diretionto the struk quark (apparent transverse imbalane of the �nal state partilesin the detetor), the p is expeted to have �nal state partiles isotropiallydistributed around the beam axis, i.e. not showing any missing pT . How-ever, photoprodution events an "obtain" some transverse imbalane ausedby leptonial deays of HFS partiles and by imperfet hadroni measurement.The sums of the transverse momentum vetors parallel (~pT;p) and anti-parallel(~pT;ap) to the transverse vetor sum formed by the all deteted partiles (~pT;h)are de�ned as: Vap = �Xap ~pT;h � ~pT;appT;h ; (5.1)Vp =Xp ~pT;h � ~pT;ppT;h ; (5.2)The axis de�ning the positive hemisphere in the transverse plane is given bythe transverse vetor sum ~pT;h and thus the parallel and anti-parallel momen-tum vetors are ~pT;h � ~pT;p > 0 and ~pT;h � ~pT;ap < 0.The ratio of Vap and Vp is alled Vratio:Vratio = VapVp : (5.3)81



82 Charged Current Data(a) (b)
�������
�������
�

�������
�������
�

Figure 5.4: Radial view of a typial harged urrent (a) and a typial pho-toprodution event (b). The lines shown are perpendiular to the axis ofthe transverse vetor sum of the all deteted partiles (~pT;h) and divide thedetetor in two hemispheres visualising the large transverse imbalane in theharged urrent event (all measured �nal state momentum is in one hemi-sphere, sine the � is not deteted on the opposite side). In the photopro-dution event the measured transverse momentum is approximately equal inboth hemispheres.Charged urrent events with a large transverse imbalane would typially havevery di�erent Vap and Vp omponents leading to Vratio � 0. In photoprodu-tion events with balaned transverse momentum vetors, Vratio � 1.In the present analysis the variable Vratio is alulated summing over all par-tiles measured in the detetor after the noise subtration and alibration(setion 4.1). A ut of Vratio � 0:25 is applied in this analysis (Figure 5.5 (a)).Further studies with the p and harged urrent Monte Carlo events showedthat the rejetion power of the Vratio ut is strongly improved in ombinationwith the pT;miss variable [120℄. As seen from the 2-dimensional Vratio - pT;missplot in Figure 5.5 (b), a signi�ant part of the p bakground has low pT;missand high Vratio values. With the inrease of pT;miss the harged urrent eventsstart to dominate. The dashed line in this �gure indiates the 2-dimensionalVratio - pT;miss ut optimised for the present analysis.
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Figure 5.5: Illustration of p bakground suppression uts: (a) Vratio distri-bution for the 2003-04 data, CC MC and pMC after all other seletion uts.The dashed lines indiate the ut Vratio � 0:25. (b) 2-dimensional Vratio andpT;miss distribution for CC MC and p MC events. The dashed line indiatesthe 2-dimensional Vratio� pT;miss ut down to pT;miss = 12 GeV (horizontalline) used as an additional CC seletion requirement.
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84 Charged Current DataNeutral urrent event rejetionThe majority of NC events are already strongly suppressed by the kinematiphase spae and seletion requirements adjusted for the CC events. However,a small fration of NC events (� 5%) satis�es the CC seletion requirementsand enters in the �nal CC sample. These are mainly NC events where thesattered eletron is not identi�ed as suh in regions where the alorimetrimeasurement is poor.There are three algorithms applied in the presents analysis to suppress theseremaining NC events. In the �rst algorithm the reonstruted trak of themisidenti�ed eletron is used to reognise NC events:1. The event has an isolated trak opposite to the hadroni �nal state.An isolated trak is de�ned as opposite to the hadroni �nal state ifthe di�erene between the trak and the hadroni �nal state (HFS) inthe azimuth angle � is4� = j�trak � �HFS j � 160ÆThe isolation riterium is applied only to traks identi�ed as non lep-toni (originating neither from eletrons or muons) and have reliablemomentum measurement, i.e. with pT > 1 GeV and � > 25Æ. Thetrak is isolated if there is no another trak in the � � � one aroundit with a radius R��� = 0:5 (29Æ), alulated asR��� =q4�2traks +4�2traksHere, 4�traks and 4�traks are the di�erene in azimuth angle � andpseudorapidity � between two traks.The seond algorithm searhes for isolated eletrons opposite to the hadroni�nal state:2. The event has an isolated eletron with large Djet and aomplanarity4�a � 160Æ.The quantity Djet de�nes the distane in � � � spae between theisolated eletron and the four-vetor of the losest jet (or hadroni�nal state if there is no jet):Djet =q4�2e�jet +4�2e�jet84



Charged Current Data 85It is required that the Djet is greater than 1.0 (57:3Æ).The lepton aoplanarity 4�a is the distane in azimuth angle � be-tween the eletron and the four-vetor of the hadroni �nal state4�a = j�lepton � �HFS jThe isolation here means eletron against the hadrons, i.e. the iden-ti�ed eletron is alled isolated if the alorimeter energy in the onearound the eletron of radius R��� = 0:5 (29Æ) is less than 5% of theeletron energy [121, 122℄.Finally, an additional ut was developed in this analysis in order to reduethe remaining fration of neutral urrent events with the sattered eletron:3. The event has an identi�ed sattered eletron and a balaned trans-verse momentum pT;bal = pT;h=pT;e:0:75 < pT;h=pT;e < 1:05The distribution of pT;h=pT;e for the CC events, CC simulated and NCsimulated events before and after this ut is shown in Figure 5.6.The remaining number of the NC events in the CC sample after the desribedNC rejetion algorithms is redued to below the permil level.
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86 Charged Current DataNon-ep Indued BakgroundThe non-ep bakgrounds are osmi muons rossing the detetor, beam parti-le interations (mostly protons) with the residual gas nulei inside the beampipe (beam gas), and partile interations with the beam pipe or aeleratoromponents surrounding the beam pipe (beam halo events). All three suhbakground types are largely suppressed during the data taking by the ToFsystem (see setion 2.2.4) and dediated L4 �lters (see 2.3.4 setion). However,the rate of non-ep bakground still remains very high (relative to the smallross setion of CC events) and requires additional rejetion at the analysislevel. This is done by �lter algorithms alled topologial non-ep bakground�nders [123{125℄.The bakground suppression is based on the topologial signatures of eahlass:- osmi muons originate from ollisions of osmi rays with the at-mosphere and leave "downgoing" traks in the instrumented iron, LAralorimeter and the traking devies;- in the �nal state of the beam gas interations many low pT parti-les are produed whih are distributed isotropially in the transverseplane. These partiles orrespondingly generate many low pT traksin the H1 traking hambers. As a result of the high energy of theproton beam, the �nal state partiles are boosted in the diretion ofthe proton beam. Beam gas events may be misidenti�ed as hargedurrent events if the proton ollides with beam gas nulei lose to theep interation vertex and due to hadroni �nal state utuations whenthe event "obtains" missing transverse momentum;- the signature of beam halo events is a muon trak rossing the de-tetor parallel to the beam pipe. These muons are originating frominterations of the protons with the beam pipe or mahine elementssurrounding the beam pipe far upstream of the detetor (the �'s mainlyomes from pions and kaons). The hadroni omponents of these inter-ations are quikly absorbed by the surrounding material and usuallyare not arriving at the detetor.The non-ep bakground events may also overlap with the physis events orwith eah other. Suh events are alled overlap events. Examples of eahbakground lass and one overlap event are presented in Figures 5.7-5.10.
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Charged Current Data 87

Figure 5.7: An example of a beam halo event. The �'s originating from beamproton interations with the beam pipe or surrounding elements (usually farupstream the detetor) leave harateristi energy pattern in the eletromag-neti LAr alorimeter and the muon hambers parallel to the beam pipe.

Figure 5.8: An example of a osmi event. A high energy muon generates anenergy deposit in LAr alorimeter and straight trak in the traking ham-bers, resulting in a missing transverse momentum pT;miss = 24:6 GeV . Dueto the single reonstruted trak pointing into the expeted ep interation ver-tex this event satis�es all CC seletion requirements. The event was rejetedduring the visual sanning. 87



88 Charged Current Data

Figure 5.9: An event with several overlapping beam-gas interations. The �energy patterns are learly visible in the muon hambers. Suh events mayontribute to CC bakground if the proton interation with the residual gasnulei ours lose to the ep interation region, and also if utuations inthe �nal state indue missing transverse momentum pT;miss.

Figure 5.10: An example of an overlap event. A lear osmi muon pat-tern rossing the detetor is visible together with an ep interation our-ring at the same time. The total event missing transverse momentumpT;miss = 17:4 GeV . This event ful�lled all CC seletion requirementsbut was rejeted during the visual sanning.88



Charged Current Data 89Topologial bakground �ndersA set of bakground �nder algorithms, alled QBGFMAR2, is used to rejetthe non-ep bakground introduing minimal ineÆieny to the CC MC events.The algorithms in QBGFMAR have been developed to reognise typial sig-natures of osmi, beam halo and beam gas events. At the analysis levelQBGFMAR is implemented in a bit oded formats and stored as the ag Ibg.A short desription of eah QBGFMAR �nder is given in Table 5.3.Besides QBGFMAR, two additional sets of non-ep bakground �nders, alledIbgfm and Ibgam, have been applied in the analysis. Ibgfm is an extensionof the QBGFMAR pakage and uses di�erent ombinations of QBGFMARvariables (a detailed desription an be found in [125℄).The Ibgam �nders are desribed in Table 5.4 (taken from [125℄ and updated).The Ibgam bits 3, 4 and 8 are not applied in this analysis sine these �ndersause a ineÆieny for harged urrent events (as was determined by CC MCevents).bit �nder desription0 HALAR longitudinal energy pattern in the LAr alorimeter1 HAMULAR longitudinal energy pattern in the LAr alorimeterwith energy deposit inside the bakward ironendup2 HAMUMU horizontal muon trak in the forward detetorregion and energy deposit inside the bakward ironendup3 HASPALAR luster in the inner forward LAr part, mathingenergy deposit in SpaCal4 HAMUIF luster in the inner forward LAr part, mathingenergy deposit inside the bakward iron endup5 COSMUMU two opposite muon traks mathing in diretions6 COSMULAR at least one muon with 90% energy deposited ina mathing LAr luster7 COSTALAR two opposite lusters in the Tail Cather with 85%energy deposited in mathing LAr lusters8 COSTRACK two CJC traks with opposite diretions in spae9 COSLAR LAr luster with the highest hadroni energy depositin the isolated ylinder of the radius 25 m. Energyin the eletromagneti part is small.Table 5.3: Overview of the QBGFMAR non-ep bakground �nders as odedin 10 Ibg bits.2A detailed desription of QBGFMAR an be found in [124℄.89



90 Charged Current Data.
bit �nder desription0 BEAMGASTRACK many CJC traks in the bakward region of thedetetor9 large ratio of the non-vertex/vertex �tted CJCtraks1 COSLARSHAPE osmi muon not rossing drift hamber2 osmi muon rossing drift hamber with energydeposits in opposite sides of LAr alorimeter3 osmi muon rossing drift hamber with energydeposit in one side of LAr alorimeter withmathing iron trak4 COSLARTRACK high energy luster without mathing traks5 HALARTRACK high energy horizontal luster without mathingtraks6 HASPA uniform energy deposition in SpaCal7 COSTRACKTIME osmi muon determined by hronologialsequene of CJC traks8 many non-vertex �tted CJC traks with thelarge T0CJC time di�erene10 BEAMGASLAR- many CJC traks in the bakward detetorTRACK region11 HALARTRACK no good quality trak measured in the detetorregion with a good aeptane12 large trak-luster mismath in the polar angle �Table 5.4: Desription of the non-ep bakground �nders as oded in theIbgam bits. Bits 3, 4 and 8 are not used in the present analysis.
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Charged Current Data 91Timing requirementsAn additional bakground rejetion is ahieved requiring the event intera-tion time to be in oinidene with the bunh rossing (BC) time3. The eventtiming is determined preisely with the entral drift hamber (from the drifttime of the harged partiles to the anode wires inside the hamber) or withthe LAr alorimeter (an average T0 timing derived from all big towers). Theresolution of the T0 of CJC hamber is� 2 ns (about 0.02 BC) and � 0:1 BCfor the LAr T0.The timing requirement applied in the analysis is a ombination of both CJCand LAr T0:360 tiks � T0CJC � 510 tiks� (runs 357072 - 368000)410 tiks � T0CJC � 510 tiks (runs 368001 - 392213)jT0LAr � TLAr;nomj � 0.54 BC � 500 T0CJC tiks orrespond to 96 nsFor the runs 357072 - 368000 the larger T0CJC timing period was hosenin order to over a seondary CJC T0 peak whih appeared in this perioddue to hardware problems. For the rest of time, i.e. runs 368001 - 392213,a tighter T0CJC timing ut was applied. The timing distributions with theindiated uts for the 2003-04 data after all harged urrent seletion exeptthe timing uts are shown in Figure 5.11.Visual Event SanningAfter all uts whih were applied to the harged urrent andidates, an ad-ditional 33 events (3.5% of all 932 seleted CC events) have been identi�edby visual sanning as non-ep bakground. Two out of 33 events whih weresanned away are shown in Figures 5.8 and 5.10.
3With the exeption of COSTRACKTIME �nder in Ibgam, the bakground �nders donot have any timing requirements. The CJC timing (T0) is used in COSTRACKTIME todetermine the diretion of a osmi muon by hronologial sequene of hits in the CJC.91
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Figure 5.11: Distributions of the CJC and LAr timing signals (T0) for se-leted CC events from the data taken in the years 2003-04. The timingrequirements are indiated as dashed lines in the plots.
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Charged Current Data 93A Summary of the Final CC Data CutsThe summary of the harged urrent seletion uts is given below. In braketsthe rejetion of eah step is given, starting from � 2 million events after theloose pre-seletion (setion 5.1.2).� Trigger requirements:S66kS67kS77(rejet � 29%)� Primary interation vertex:measured by the entral traker in the region�35 m < zvertex < 35 m(rejet � 65% of the remaining sample)� Kinemati uts:pT;miss > 12 GeV , 0:03 < yh < 0:85 and Q2 > 223 GeV 2(rejet � 96% of the remaining sample)� ep indued bakground rejetion:! Vratio � 0:25 and Vratio � pT;miss 2-dimensional ut! rejetion of NC events(rejet � 47% of the remaining sample)� Non-ep indued bakground rejetion:! topologial bakground �nders (Ibg, Ibgfm and Ibgam)! event interation timing requirements:360(410) � T0CJC � 510 tiks and jT0LAr � TLAr;nomj � 0.54 BC(rejet � 86% of the remaining sample)� visual event sanning(rejet 3:5% of the �nal sample)The total number of the CC events seleted in the years 2003-04 is 899.
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94 Charged Current Data5.2 EÆieny Estimation Using PSCC EventsWhen the detetor information of the sattered eletron is "removed" in aNC event, the resulting event looks as a real CC event. Suh events are alledpseudo harged urrent events (PSCC), see setion 4.3.The PSCC events are used for the determination of the trigger requirementand seletion eÆienies for the CC events. The simulated CC events are ad-justed to the determined PSCC eÆienies so that Monte Carlo events modeldata in eah analysis aspet (details see below).The eÆieny " of any CC seletion requirement using PSCC events is de�nedin a following way: "ut = N utPSCCNallPSCC (5.4)Here, N utPSCC is a number of weighted PSCC events (see setion 4.3) whih ful-�ll the ut requirements. It is a sum of the event weights: N utPSCC = PwutPSCC .NallPSCC is the total number of weighted PSCC events (NallPSCC =PwallPSCC).As will be shown later, the measurement of the ross setion an be rep-resented in double di�erential form, i.e. as funtion of the two independentkinemati quantities x and Q2. All seletion ut eÆienies in this thesis weredetermined in (x;Q2) bins whih are used for the double di�erential CC rosssetions measurement. The simulation then is adjusted to the determinedeÆienies in the eah (x;Q2) bin.
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Charged Current Data 955.2.1 Trigger EÆienyAs disussed above, trigger eÆienies were determined using PSCC events.Sine the data from the negative and positive polarisation periods (i.e. leftand right handed data samples) ould potentially have di�erent detetor per-formane, the eÆienies were determined separately for the L and R datasets. Further studies have shown that there are no signi�ant di�erenesbetween the eÆienies determined separately for two periods and are om-parable within statistial errors. Nevertheless, the trigger eÆienies for twoperiods were used separately.An example of the trigger eÆienies as funtion of x and Q2 for the righthanded data period (with more integrated luminosity, see Table 5.1) are dis-played in Figure 5.12.The eÆienies as funtion of the missing transverse momentum pT;miss andthe hadroni angle h are shown in Figure 5.13. Part of the ineÆieny atlow pT;miss (orresponding to low Q2 and high x) is aused by the limiteddetetor aeptane at low h angles, i.e. where the ET;miss trigger elementis reonstruted from the part of the hadroni �nal state whih is not disap-pearing in the beam pipe. The ineÆieny at low pT;miss and high h angles(low Q2, low x) rises due to relatively high energy thresholds against noise inthe entral detetor region.Figure 5.14 shows the trigger eÆienies as funtion of x for various valuesof Q2. The ineÆienies at low Q2 and high x has the same origin as for lowpT;miss and low h, i.e. limited by the detetor aeptane. In the same waythe ineÆieny at low Q2 and low x is aused by the high energy thresholdsagainst the noise in the LAr alorimeter.The CC MC events are reweighted with the trigger eÆienies determinedfrom the PSCC events.Systemati unertaintyThe systemati unertainty on the trigger eÆienies in eah (x;Q2) bin isdetermined in a similar way to previously performed CC analyses, e.g. [126℄.The unertainty depends on the eÆieny in the (x;Q2) bin and the statistialerror of the PSCC sample used, and is given by: 15%(1� ")�ErrstatPSCC .For the present analysis, ErrstatPSCC was determined to be 1%.
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33 45 46

56 66 70 67

78 89 93 90 89

88 96 99 99 99 98 100

78 80 97 100 100 100 100 100

39 60 93 100 100 100 100

27 89 97 100 100

)2Log(Q
2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 4.2 4.4

L
o

g
(x

)

-2

-1.5

-1

-0.5

0

Figure 5.12: Trigger eÆienies in (x;Q2) bins as determined for the righthanded (R) CC sample.
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Figure 5.16: (a) Distribution of the z vertex for the 2003-04 CC data andCC Monte Carlo events; (b) z vertex distribution of PSCC data, PSCC MCand CC MC events.A potential reason for the vertex eÆieny di�erene in the CC and PSCC(neutral urrent) simulations is related to radiative e�ets:- as desribed in setion 1.2.3, the photon radiation in the CC MonteCarlo events inludes three terms: The photon radiation from the"inoming" lepton (initial state radiation, ISR), the photon radiationfrom the exhanged W�, and some part of the photon radiation fromthe �nal state, i.e. "outgoing" quark (qout). The interferene of theinluded qout part with other terms is taken into aount. Terms whihaount for the remaining radiation from the outgoing quark and vir-tual loop orretions on the quark line are negleted as argued in [40℄;99



100 Charged Current Data- ontrary to the CC MC, in the NC Monte Carlo events the photon ra-diation from the outgoing quark is not aounted for. Clearly, photonradiation from the W� does not exist in NC MC events. In addition,there are photons radiated from the sattered eletron (Final StateRadiation, FSR) whih do not exist in the CC events.The polar angle (�) distribution of the radiated photons in PSCC and CCMC events is shown in Figure 5.17. The PSCC MC distribution in this �gureis orreted for the FSR, i.e. for the presene of the photons radiated fromthe sattered eletron. As noted in Figure 5.17, the photons radiated in thebakward region (at large polar angles) are emitted by the inoming eletron(ISR). The distributions of ISR photons are similar for CC MC and PSCCMC events. The photons observed in the entral and forward region (smallpolar angles) in CC MC are emitted by the outgoing struk quark and theW . The forward photons are not observed in the PSCC MC events.The disussed di�erenes onerning radiative e�et may lead to di�erentlyreonstruted kinemati variables in PSCC and CC MC events and thus a�etthe vertex eÆienies.
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Figure 5.17: Distribution of the polar angle (�) of radiated photons in CCMC and PSCC MC events.To study a possible inuene of the radiative e�ets on the vertex require-ment eÆieny in CC and PSCC simulated events, non-radiative Monte Carloevents were generated for CC and NC interations, i.e. the photon radiationo� the lepton line was swithed o� during event generation. The PSCC teh-nique was then applied to the non-radiative NC MC events and the vertexeÆieny was determined from the produed non-radiative PSCC simulatedevents. The ratio of the vertex eÆieny for the usual radiative PSCC MCand non-radiative PSCC MC events is shown in Figure 5.18. The observed100
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102 Charged Current DataThe results of the performed studies an be summarised as follows:- good agreement of the vertex distributions was observed for CC dataand CC MC events (Figure 5.16 (a)),- disagreement of the vertex distributions was observed for CC data andPSCC events at z & 40 m (Figure 5.16 (b)),- good agreement of the vertex distributions was found for PSCC dataand PSCC MC events (Figure 5.16 (b)),- reasonable agreement of the vertex eÆienies for CC MC and PSCCevents was found after modifying the vertex algorithm (Figure 5.19),- due to di�erent methods used to reonstrut the event vertex positionin CC MC and PSCC events, some small di�erenes of the vertexeÆieny remain between PSCC data and CC MC (and thus betweenPSCC MC and CC MC) (Figure 5.19). The remaining di�erene isused to determine the systemati unertainty of the interation vertexrequirement.Systemati unertaintyAs the di�erene between vertex requirement eÆienies for PSCC data andCC MC events inreases towards low yh values, a yh dependent systematiunertainty was hosen from Figure 5.19 (b): 15% for yh < 0:05, 6% for0:05 < yh < 0:15 and 1% for 0:15 < yh < 1:0.
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Charged Current Data 1035.2.3 ep Bakground Rejetion EÆienyp bakground rejetionThe ineÆieny due to p suppression uts was determined from the PSCCevents and ompared with the eÆieny determined from CC simulation7.As shown in Figure 5.20, the eÆienies of the p suppression uts for PSCCand CC MC are in good agreement over the whole xh region. Detailed studieshave been performed to evaluate systemati unertainties rising from the epindued bakground.
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104 Charged Current Datasuppression uts. As shown in Figure 5.21 (a), good agreement is observed inthe Vratio distributions for the CC data and p simulated bakground.The other method to estimate the systemati unertainty of the subtratedp bakground is to use the eletron tagger (ET, see hapter 2.2). ET is usedto identify p events by measuring the sattered eletron in the data and inthe simulated photoprodution proesses. Data and simulation events wereseleted in the tagger aeptane region 0:4 < ye < 0:85. In addition, the av-erage ET aeptane (determined for a given analysis period) was taken intoaount for the simulation. To suppress the overlap with the Bethe Heitlerevents, an energy in the photon tagger (PT, hapter 2.2) was required to beless than 2 GeV .The method showed good agreement of the Vratio distributions for taggeddata and photoprodution events (Figure 5.21 (b), detailed studies performedin [120℄). For the remaining di�erenes observed in the Vratio distributionsa systemati unertainty of 30% on normalisation of the ep bakground sub-tration has been hosen (shown as the shaded area in Figure 5.21). Thee�et on the unertainty to the CC ross setion is smaller than 1%.
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Charged Current Data 105Neutral urrent bakground rejetionThe total ineÆieny indued by all NC suppression uts in the PSCC andCC MC events was estimated to be below 0:5% in the present analysis andwas therefore negleted. However, a 10% systemati unertainty was assignedto the NC bakground suppression (this results in an e�et smaller than 1%to the total CC ross setion, see setion 6.3).5.2.4 Non-ep Bakground Rejetion EÆienyThe bakground �nders are applied to both the data and the simulation. TheeÆieny of the bakground �nders is determined from the PSCC events andfrom the simulated events separately8.The eÆienies for the bakground �nders Ibg, Ibgfm and Ibgam, determinedas funtion of the hadroni angle h from the PSCC and CC MC events, areshown in Figure 5.22. As seen in the �gure, the eÆieny of the bakground�nders is lose to 100% for a wide range of h but typially dereases for verylow h values where the detetor aeptane is limited. The eÆieny at highh values is inuened by limited number of events and the edge of the LAralorimeter aeptane. However, the di�erene between the eÆienies ofPSCC and simulated events is below 5% everywhere.As the di�erenes of the individual eÆienies for eah bakground �nderlasses are small, the total eÆieny is determined for all bakground �nderstogether. The resulting eÆieny determined from PSCC events was used toadjust the eÆieny in the simulation: The MC events were reweighted withthe fator w de�ned for eah (x;Q2) bin as:w(x;Q2) = "PSCCbgf ="CC MCbgfHere, "PSCCbgf and "CC MCbgf are the eÆienies of the bakground �nders deter-mined from PSCC and CC MC, respetively.The ratio of the non-ep bakground �nder eÆienies as funtion of yh forPSCC data and CC MC events before and after the MC reweighting is shownin Figure 5.23.The proedure to derive the systemati unertainty for the bakground �nderuts is desribed at the end of this setion.8Non-ep bakground rejetion eÆienies were determined for the whole 2003-04 dataperiod. 105
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Charged Current Data 1095.3 Final Charged Current Event SamplesThe number of the seleted harged urrent events together with the orre-sponding Monte Carlo expetations and the measured bakground ontribu-tions for L and R positron running periods are given in Table 5.5.L e+ R e+CC data 220 679CC MC expetation 221.9 649.1bakground MC 16.9 22.2Table 5.5: Final harged urrent samples seleted in this analysis.The distributions of several kinemati quantities (pT , Q2, E � pz, x) for theseleted harged urrent events are shown in Figure 5.26 and Figure 5.27 forL and R data sets, respetively. Good agreement between the distributionsfor CC data and simulation is found. As the rate of bakground events doesnot depend on the positron polarisation, the relative bakground ontributionin the L data set is larger.As mentioned in hapter 4, an important data quality hek is the stabilityof the detetor with time. The numbers of CC events per 1 nb�1 luminosity("event yield"), orreted to zero polarisation, are shown as funtion of therun number in Figure 5.28. As in the NC ase (Figure 4.1), the yields of bothCC samples were found stable with time.
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Figure 5.26: Distributions of the kinemati variables pT , Q2, E � pz and xfor the left handed CC data together with expetations for the full simula-tion, taking into aount all eÆienies. The ontribution of the simulatedbakground is shown as well.
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Figure 5.27: Distributions of the kinemati variables pT , Q2, E � pz and xfor the right handed CC data together with expetations for the full simula-tion, taking into aount all eÆienies. The ontribution of the simulatedbakground is shown as well.
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Figure 5.28: Event yield of L (top) and R (bottom) harged urrent eventsdivided by (1 + Pe) as funtion of the run number. The lines are linear �tsfor a given period with a �2=dof = 0:6 and 1:1 for the L and R handed CCsamples, orrespondingly.
112



Chapter 6Charged Current CrossSetion Measurement
The proedure to measure the ross setions for the deep inelasti hargedurrent sattering proess is desribed in this hapter.The kinemati (x;Q2) plane is divided into bins for the ross setion deter-mination. The size of eah bin is optimised aording to the resolution andertain quality riteria (aeptane, purity and stability). The ross setionis alulated from the measured number of events in the data and the orre-sponding simulated events in the (x;Q2) bins. The simulation is orreted fordetetor aeptane and all eÆienies are taken into aount. The disussionof the systemati unertainties is presented at the end of this hapter.6.1 De�nition of (x;Q2) BinsThe binning in the x and Q2 plane for the determination of the harged ur-rent ross setion is de�ned with equidistant bins in log10(x) and log10(Q2).The sizes of the bins are de�ned taking into aount the statistial preisionof the measurement and the resolution of the kinemati quantities. The rosssetions are measured at the bin enter values.The de�nition of the (x;Q2) bins used in this analysis follows the binningused in the previous published inlusive measurements, e.g. [126℄.Bin boundaries:log10(Q2) 2.35 2.60 2.85 3.10 3.35 3.60 3.85 4.10 4.40Q2 GeV 2 224 398 708 1259 2239 3981 7080 12589 25119log10(x) -2.33 -2.00 -1.67 -1.33 -1.00 -0.75 -0.50 -0.25 0.00x 0.005 0.010 0.021 0.047 0.100 0.178 0.316 0.562 1.000113



114 Charged Current Cross Setion MeasurementBin enter values:log10(Q2) 2.48 2.70 3.00 3.30 3.48 3.70 3.90 4.18Q2 GeV 2 300 500 1000 2000 3000 5000 8000 15000log10(x) -2.10 -1.89 -1.50 -1.10 -0.89 -0.60 -0.40 -0.19x 0.008 0.013 0.032 0.080 0.130 0.250 0.400 0.650
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Figure 6.1: Kinemati plane in x and Q2 for the harged urrent measure-ment. The dashed lines represent bin boundaries, the solid lines are limitsde�ned by the y and pT;h uts. The bins used for the CC ross setion mea-surement, i.e. satisfying the P and S quality requirements (see text), areshown as the dashed areas.The kinemati plane in x andQ2 is further restrited by the uts 0:03 < y < 0:85and pT;h > 12 GeV , orresponding to the requirements applied in this analy-sis (see setion 5.1.3). The kinemati plane for the CC measurement is shownin Figure 6.1.Additional quality riteria for the seletion of bins are given by the Aeptane(A), Purity (P ) and Stability (S) determined from Monte Carlo simulation.These variables are alulated as follows:114



Charged Current Cross Setion Measurement 115Ai = N reiNgeni (6.1)Pi = Ngen+reiN rei (6.2)Si = Ngen+reiNgen+re(all)i (6.3)whereNgeni is the number of generated MC events in the bin i (eventsmust also satisfy the y and pT;h requirements),N rei is the number of reonstruted MC events in the bin i (eventsmust also satisfy all CC seletion requirements),Ngen+rei is the number of generated and reonstruted MC events inthe bin i,Ngen+re(all)i is the number of MC events generated in the bin i andreonstruted in any bin.The Aeptane is a fration of reonstruted events over the generated inthe bin i. However, events may migrate from bin to bin. For example, if thenumber of events migrated out from the bin i is replaed by the same amountof events migrated in from other bins, A stays 100%. Suh e�ets are quanti-�ed by the Purity, i.e. the fration of events generated and reonstruted inthe same bin i. Finally, the Stability aounts for the generated events whihwere reonstruted in bins other than i.In order to be able to trust the quality riteria whih are entirely determinedfrom simulated events, it is important to verify good agreement between dataand simulation (for the agreement in the present analysis see hapter 4).Aeptane, Purity and Stability as funtion of x at �xed values of Q2 arepresented in Figure 6.2 for the L and R CC samples. The derease of S andP in the high x region is aused by the loss of �nal state partiles in thebeam pipe. The e�et beomes smaller with the inrease of Q2. The low xregion (high y) is a�eted by the poor resolution of the hadron reonstrutionmethod (see hapter 3).The measurement of CC ross setions was performed only in those binswhere P or S are larger than 30%. The bins used for the CC measurement,i.e. ful�lling P or S quality riteria, are shown in Figure 6.1 with the dashedarea1.1The CC ross setions were not measured at Q2 = 15000 GeV 2 in the present analysisas no CC events were found in the orrespond bins.115



116 Charged Current Cross Setion Measurement

L

R
Figure 6.2: Aeptane (A), Purity (P) and Stability (S) as funtion of x forvarious values of Q2 as determined in the present harged urrent analysisfor the left (top) and right (bottom) handed CC samples. Typially, theerrors are smaller than the symbol size. Only bins where P and S greaterthan 30% are used for the ross setion measurement (indiated by the dashedline).
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Charged Current Cross Setion Measurement 1176.2 Cross Setion CalulationThe general formula to measure the ross setion in a given (x;Q2) bin is:�� = Ndata �N bgrLdataA Æb 11 + Ær : (6.4)Here, �� represents the total, single di�erential and double di�erential rosssetions, i.e. �� = �tot, d�dQ2 , d�dx , d2�dxdQ2 ,Ndata is the number of data events seleted in a bin,N bgr is the number of simulated bakground events seleted in a bin,Ldata is the integrated luminosity (see setion 2.1),A = NreNgen is the detetor aeptane as de�ned in the equation 6.1 anddetermined from MC inluding radiative orretions,Æb is a orretion fator for the ross setion to aount for the shiftfrom the �nite size bin to the bin enter position ("bin enter orre-tion"). It is determined from the theoretial ross setion preditionat the bin enter (xi;; Q2i;) and the integrated ross setion over thesame bin i: Æbi = d2�dxdQ2 jx=xi;;Q2=Q2i;R xi;maxxi;min R Q2i;maxQ2i;min d2�dxdQ2 dxdQ2 ;Æri is a radiative orretion estimated by the Monte Carlo simulation(see setion 1.2.3): Æri = �rad�Born � 1:The aeptane, bin enter and radiative orretions are obtained from theMonte Carlo simulation of the CC reations. The radiative e�ets are al-ulated using HERACLES [50℄ as implemented in DJANGO [48℄. The rosssetion formula 6.4 an be simpli�ed to:�� = Ndata �N bgrNMC LMCLdata ��MC (6.5)were NMC is the number of reonstruted MC events in a bin and LMC is theluminosity of the MC sample. Similar to equation 6.4, ��MC represents thetotal, single di�erential and double di�erential ross setions of the theory.117



118 Charged Current Cross Setion Measurement6.3 Systemati UnertaintiesSystemati unertainties are separated into orrelated and unorrelated ones,depending on their orrelation between the ross setion (x;Q2) bins. Thoseerrors whih an ause a systemati shift, ommon to all measured ross se-tion values are treated as orrelated, the hadroni energy sale whih maydi�er from the "true" energy equally over all detetor regions and thus overall bins, is a typial example. The unorrelated errors originate from the lo-al ineÆienies depending on the detetor performane. For example, thehadroni energy measurement also depends on the alorimeter performaneand therefore may di�er in ertain alorimeter regions. Thus the unertaintyof the hadroni energy measurement has both orrelated and unorrelatedomponents, i.e. the unertainty is treated to be partially orrelated and par-tially unorrelated.The separation of unertainties in orrelated and unorrelated is relevant foromparisons of theoretial expetations with the data (see setion 7.1).Systemati unertainties to the ross setion measurement were determinedfrom the simulated events varying eah of the unertainty soures (listed be-low) by the amount estimated from the studies disussed in hapter 4. Theresulting errors on the ross setion found to be symmetri to a good approxi-mation and are listed in Table 6.1 for the total CC ross setion measurement.The systemati unertainties on the harged urrent ross setion measure-ments are:� A 2% unertainty is assigned to the hadroni energy measured in theLAr alorimeter, 1% of whih is assumed to be orrelated (setion 4.1).� A 10% orrelated unertainty is assigned to the energy identi�ed asnoise in LAr alorimeter (setion 4.1).� A orrelated unertainty due to variation of the variable Vratio by�0:02(setion 5.2.3).� A 30% orrelated unertainty on the subtrated photoprodution bak-ground (setion 5.2.3).� A 10% orrelated unertainty on the subtrated NC (setion 5.2.3),and 20% on the other ep bakgrounds [128℄ (lepton pair and W pro-dution, see setion 1.3).� A y dependent unorrelated unertainty introdued by non-ep bak-ground �nders (setion 5.2.4):2% for yh < 0:1,1% for yh > 0:1. 118



Charged Current Cross Setion Measurement 119� A y dependent unorrelated unertainty of the vertex �nding eÆieny(setion 5.2.2):15% for yh < 0:05,6% for 0:05 < yh < 0:15,1% for 0:15 < yh < 0:1.� An unertainty on the trigger eÆieny is determined as a quadratisum of the trigger ineÆieny and the statistial error of PSCC eventsused for the eÆieny determination: 15%(1� ")�ErrstatPSCC .The �rst unertainty omponent is assumed to be orrelated. Thestatistial error of PSCC events, ErrstatPSCC , is onsidered to be unor-related and was estimated to be 1% in this analysis (setion 5.2.1).� An unorrelated unertainty due to QED radiative orretions (see se-tion 1.2.3) was estimated in [129℄ and on average is smaller than 2%(depending on the kinemati region). The unertainty on the radiativeorretions is determined by omparing Æri obtained from various nu-merial programs whih slightly di�er in the implementation of O(�)and higher order QED orretions.� A 0.5% orrelated unertainty is related to the variation of the dif-ferent hoie of PDFs used in the MC simulation. The unertaintywas estimated using several ommonly used PDFs (e.g. MRSH [53℄,CTEQ [55℄) to derive harged urrent ross setions.A global unertainty of 1.3% is onsidered on the luminosity measurement,out of whih 0.5% is assumed as orrelated.The absolute unertainty of 1.1% and 0.7% on the mean polarisation is on-sidered for the L and R data samples, respetively.The total systemati error on the ross setion is obtained adding the in-dividual unertainties in quadrature. The total error of the measurement isformed by adding the total systemati and statistial (determined from thenumber of data events) errors in quadrature.For the measurement of the total CC ross setion the unertainty on theluminosity is inluded in the total systemati unertainty but the polarisa-tion error is not (see disussion in setion 7.1). In the single and doubledi�erential ross setion measurement the normalisation unertainty of theluminosity is not onsidered in the total systemati unertainty but the un-ertainty of polarisation is inluded.The summary of all unertainties with the e�ets to the total ross setionmeasurements is shown in Table 6.1.119



120 Charged Current Cross Setion Measurement

systemati unertainty variation e�et on �tothadroni sale �2% 1:3%noise subtration �10% 0:3%trigger eÆieny �(15%(1� ")�ErrstatPSCC) 2%vertex eÆieny y dependent 2:1%Vap=Vp ut �0:02 0:6%statistial error of CC MC 0:5%p bkg subtration �30% (0:5 � 1)%NC bkg subtration �10% < 0:1%rest ep bkg subtration �20% < 0:3%bakground �nders y dependent 1:1%radiative orretions 0:8%total systemati unertainty (3:6 � 3:7)%luminosity 1:3%Table 6.1: The list of all systemati unertainties and estimated e�ets tothe total harged urrent ross setion.
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Chapter 7ResultsThe e+p harged urrent ross setions measured with left and right handedpositrons in the beam (polarised ross setions) allow to perform novel testsof the eletroweak part of the Standard Model.The ross setions in this hapter are presented in the following order: The to-tal CC ross setion �totCC , the Q2 dependene of the CC ross setion d�=dQ2,the x dependene of the CC ross setion d�=dx and the CC ross setionmeasured double di�erentially, d2�=dxdQ2.The polarised ross setions were found to be in agreement with the Stan-dard Model expetation, i.e. proportional to the positron polarisation (seeequation 1.46). Thus the results an be ombined into an unpolarised rosssetion measurement with the better statistial preision. This also gives animproved aess to the QCD observables and allows diret omparisons withprevious H1 CC measurements.The numerial values of all CC ross setions of the present measurementtogether with the systemati unertainties are summarised in Appendix A,Tables A.4-A.9.7.1 Polarised CC Cross SetionsThe most interesting measurement, testing the eletroweak model, is the po-larisation dependene on the total harged urrent ross setions. It is a �rstsuh measurement at high Q2. The measured polarisation dependene allowsdiret tests of the eletroweak setor of the Standard Model whih predits alinear dependene of the ross setion on (1 + Pe) in a V �A type theory.121



122 Results7.1.1 Polarisation Dependene of the Total CC Cross SetionThe measurement of the total harged urrent ross setions, �totCC , was per-formed in the kinemati region Q2 > 400 GeV 2 and y < 0:9 1.The measured total CC ross setions for two values of the longitudinalpositron polarisation Pe are presented in Table 7.1. In the table also theunpolarised CC total ross setion, based on 65.2 pb�1 of data and olletedin the years 1999-2000 [18℄, is given.Pe(%) �totCC (pb) SM expetation (pb)-40.2 14:16 � 1:08stat � 0:56syst 15:69 � 0:30 28:44 � 0:77stat � 0:85syst 26:3 � 0:4+33.6 35:58 � 1:47stat � 1:35syst 35:08 � 0:6Table 7.1: The total CC ross setion values measured in the regionQ2 > 400 GeV 2 and y < 0:9 together with the expetations of the StandardModel.The labels stat and syst in Table 7.1 stand for the statistial and total system-ati unertainties. As disussed in 6.3 setion, the luminosity error is inludedin the total systemati �totCC unertainty, the polarisation error is not.The unpolarised (Pe = 0) ross setion shown in Table 7.1 di�ers from theone in [18℄ in two respets: The Q2 ut is adopted to the present analysis(from Q2 > 1000 GeV 2 to Q2 > 400 GeV 2), and the unertainty of the QEDradiative orretions are redued from 3% to 0.8% (based on [129℄). Theunertainty of the luminosity measurement (1.5%) is inluded in the totalsystemati unertainty of the unpolarised measurement.For omparison, the expetations of the Standard Model for the measuredross setions are also given in Table 7.1. The unertainties of the SM areombinations of the model errors and the errors of the experimental data en-tering into the H1 PDF 2000 �t. The measured harged urrent ross setionstogether with the SM preditions are shown in Figure 7.1.In order to test the SM preditions of a linear polarisation dependene alinear �t has been performed to the three data measurements using a �2minimisation (least squares) method. In the error matrix for the �t, the or-related systemati unertainties (see setion 6.2) are taken into aount. Theabsolute error of the polarisation measurement was onsidered as independentunertainty whih is ompletely unorrelated for the two measurements.1The orretion from the kinemati uts (Q2h > 400 GeV 2, 0:03 < yh < 0:85,pT;miss > 12 GeV ) to the measured ross setion region (Q2 > 400 GeV 2 and y < 0:9)was determined to be 1.063 using the H1 PDF 2000 parametrisation.122



Results 123The linear �t results in a �2 = 4:0 for one degree of freedom. The �t extrap-olated to the point Pe = �1 yields a fully left handed harged urrent rosssetion of �totCC(Pe = �1:0) = �3:3� 2:3stat � 0:6syst � 0:8pol pbThis value is onsistent with zero. The errors here orrespond to the statistial(stat) and systemati (syst) unertainties. There is an additional systematiunertainty from the polarisation measurement (pol).
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124 ResultsFrom the unertainties of the extrapolated ross setion to the point Pe = �1,an upper limit of 2:24 pb at 95% on�dene level (CL) is derived using a pre-sription, aording to Feldman and Cousins [130℄.The result obtained is onsistent with the eletroweak theory predition of avanishing ross setion due to the V � A harater (see setion 1.1.5) of theweak harged urrent.The upper limit of �totCC(Pe = �1) an be used to set a limit on the massof a hypothetial right handed gauge boson WR. Assuming that the total CCross setion is as a sum of R and L harged urrents (mediated by WL andWR, respetively), i.e. �totCC = (1 + Pe)�LCC + (1 � Pe)�RCC , the extrapolatedross setion upper limit 2:24 pb at Pe = �1 an be diretly used to deter-mine the mass of WR. For the alulation the assumptions of a massless righthanded �e and SM ouplings were made. The result obtained exludes theexistene of harged urrents mediated by a right handed WR of mass below200 GeV at 95% CL.The published measurement of the total CC ross setions [13℄ is the resultof a ommon e�ort of two independent analysis groups at H1. A very goodagreement of two independent ross setion measurements was ahieved andthe results of both analyses were used in the publiation.The result of this analysis di�ers from the orresponding published [13℄ resultof �totCC (at Pe = +33:6%) in the following aspet: Due to improved under-standing of the di�erene of the vertex eÆieny between pseudo CC and CCsimulated events, the orresponding systemati unertainties were reduedsubstantially (see setion 5.2.2).The measurement of the total CC ross setion was also performed withinthe ZEUS ollaboration [131℄. Both results are presented in Figure 7.2. Thelinear �t of the ZEUS data provides a ross setion [131℄ at Pe = �1:0 of�ZEUSCC (Pe = �1:0) = 7:4� 3:9stat � 1:2syst pbwith the same error notation as above. The result obtained is onsistent withthe predition of Standard Model as well.Starting in 2005, the HERA mahine is running with eletrons instead ofpositrons. The e�p data o�er an additional possibility to test the eletroweakpart of the Standard Model. Like e+p CC ross setions, the CC ross se-tion for polarised e� beam depends linearly on the longitudinal polarisation,but with a (1 � Pe) dependene. Thus the e�p CC ross setion vanishesat Pe = +1. The predition for the e�p CC total ross setion, based onthe H1 PDF 2000 parton distribution funtions, is shown as a dashed line inFigure 7.2. 124
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126 Results7.1.2 The Q2 Dependene of the Polarised CC Cross SetionThe Q2 dependene of the polarised harged urrent ross setions was mea-sured in the kinemati region y < 0:9 2. The measured ross setions togetherwith the SM preditions based on the H1 PDF 2000 parton distribution fun-tions are shown in Figure 7.3 (note that the measurement of �totCC presentedin the previous setion does not inlude the value of d�=dQ2 measured atQ2 = 300 GeV 2). As seen in the �gure, the measured ross setions agreewell with the theory preditions over the entire Q2 range. However, a smalldi�erene in the region 398 GeV 2 < Q2 < 708 GeV 2 was observed. The di�er-ene has been investigated and was shown to originate neither from detetore�ets nor from the data treatment [120℄. Most likely, this is a statistialutuation (onsistent within 2.6 standard deviations with the expetation).The ross setion values of the d�=dQ2 measurement are given in Appendix A,Tables A.2 and A.3.

Figure 7.3: e+p CC ross setions of two polarised (L and R) measurementsas funtion of Q2 for y < 0:9. For omparison, the SM preditions based onthe H1 PDF 2000 parton distribution funtions are shown.2The fators estimating the inuene to d�=dQ2 due to hanges in the kinemati re-gion (from the analysis uts to the ross setion measurement) are given in Appendix B,Table B.1. 126



Results 1277.1.3 The x Dependene of the Polarised CC Cross SetionThe x dependene of the CC ross setions was measured in the kinematiregion Q2 > 1000 GeV 2 and y < 0:9 3. The results together with the SM pre-ditions are presented in Figure 7.4. The derease of the theory expetationsobserved at low x values is a result of the kinemati uts (Q2 > 1000 GeV 2and y < 0:9).The tabulated ross setions an be found in Appendix A, Tables A.5 andA.6.
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3The fators estimating the inuene to d�=dx due to hanges in the kinemati re-gion (from the analysis uts to the ross setion measurement) are given in Appendix B,Table B.2. 127



128 Results7.1.4 Polarised Double Di�erent Cross SetionThe measurement of the polarised double di�erential harged urrent rosssetions, d2�=dxdQ2, was performed in the region of 300 � Q2 � 15000 GeV 2and 0:013 � x � 0:65. The results of this measurement together with thetheory preditions are presented in the form of redued ross setions, ~�CC ,(equation 1.39) whih are diretly related to the parton distribution funtions,and are shown in Figure 7.5.The measured double di�erential ross setions are interesting as the test ofthe eletroweak part of Standard Model as well as an additional input to theexisting H1 inlusive results for the extration of the parton distributions ofthe proton (PDFs) by a next-to-leading order QCD �t.The numerial values of d2�=dxdQ2 and ~�CC are tabulated in Appendix A,Tables A.8 and A.9.7.2 Unpolarised CC Cross SetionsAs disussed in setion 1.2.1, the theory predits a linear dependene of theCC ross setions on the positron beam polarisation (equation 1.46). Theresults disussed in the previous setion showed a remarkable agreement ofthe CC ross setions for eah (L an R) sample (�totCC , d�=dQ2, d�=dx andd2�=dxdQ2) with the Standard Model expetations. Thus with the availablestatistial preision, the L and R harged urrent samples an be ombinedin order to measure an unpolarised CC ross setion. Unpolarised CC rosssetions are interesting for the following reason: The statistial error would besigni�antly redued (although still remains the dominant unertainty) andthus better preision an be o�ered to QCD analyses (i.e. the extration ofthe parton distributions within the proton).The ombined L and R harged urrent sample (for harateristis of L and Rdata sets see Tables 5.1 and 5.5) was orreted for the remaining polarisation(Prest = 1:49%) to a fully unpolarised data set whih is determined as follows:Prest = LRPR + LLPLLR + LLHere, LR and PR orrespond to the integrated luminosity and polarisation ofthe R data sample, similarly LL and PL are used for the L data set.The integrated luminosity of the unpolarised data set is 47:6 pb�1.In the following, the unpolarised di�erential CC ross setions d�=dQ2, d�=dxand d2�=dxdQ2 are presented. 128
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Figure 7.5: The redued polarised e+p CC ross setions as funtion of xfor di�erent Q2 values of the left handed (top) and right handed (bottom)data. The theory expetation based on the H1 PDF 2000 parton distributionfuntions is also shown.
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130 Results7.2.1 The Q2 Dependene of the CC Cross SetionThe Q2 dependene of the unpolarised harged urrent ross setions wasmeasured in the same kinemati region as the polarised one, i.e. for y < 0:9.The results are presented in Figure 7.3. The data are ompared with predi-tions of the H1 PFD 2000 �t and show good agreement. The data to theoryratio is also given in Figure 7.6.The numerial values of the ross setions are tabulated in Appendix A, Ta-ble A.1.
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Results 131Figure 7.7 shows the new results of the unpolarised di�erential CC ross se-tion d�=dQ2 together with orresponding the neural urrent ross setionmeasured at H1 in the years 1999-2000 [18℄. The NC ross setion at low Q2exeeds the CC ross setion due the dominant photon exhange (the NC rosssetion inreases towards low Q2 like 1=Q4), whereas the CC ross setion atlow Q2 is suppressed by theW propagator mass (� [M2W =(Q2+M2W )℄2). How-ever, the CC and NC ross setions approah eah other in the region whereQ2 is of omparable size with the weak intermediate vetor boson masses(Q2 � M2Z(W )). This is a manifestation of the eletro-weak uni�ation (seesetion 1.2).
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132 Results7.2.2 The x Dependene of the CC Cross SetionSimilarly to the polarised ross setion, the kinemati uts Q2 > 1000 GeV 2and y < 0:9 were applied for the measurement of the unpolarised di�erentialross setion d�=dx. The x dependene of the unpolarised harged urrentross setion for data and theory is presented in Figure 7.8. The ratio of theross setions for data and the H1 PDF 2000 preditions (Figure 7.8) showsgood agreement between measured and predited d�=dx values.The numerial values of the ross setions are tabulated in Appendix A, Ta-ble A.4.
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Results 1337.2.3 Unpolarised Double Di�erent Cross SetionThe measurement of the unpolarised double di�erential CC ross setion,d2�=dxdQ2, was performed in the same kinemati region as the polarisedone, i.e. 300 � Q2 � 15000 GeV 2 and 0:013 � x � 0:65. The resultstogether with the theory preditions are presented in Figure 7.9 in the formof the redued ross setion, ~�CC (equation 1.39).The numerial values of d2�=dxdQ2 and ~�CC are tabulated in Appendix A,Table A.7.

Figure 7.9: Unpolarised e+p redued harged urrent ross setion as fun-tion of x for di�erent values of Q2. The model unertainty based on the H1PDF 2000 parton density funtions is shown as the shaded band (determinedas explained in Figure 7.6).
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134 ResultsComparison with 1999-00 e+p Measurement at H1The omparison of the unpolarised redued CC ross setion ~�CC with theprevious unpolarised H1 e+p measurement [18℄ is presented in this setion.The unpolarised measurement from [18℄ is based on data taken in 1999 and2000 at a entre of mass energy ps = 319 GeV (as in the present analysis),and orrespond to an integrated luminosity of 65:2 pb�1 (luminosity of thepresent measurement is 47:6 pb�1).The redued CC ross setions are shown in Figure 7.10 (top). Good agree-ment is observed between the unpolarised 1999-00 measurement and the re-sults of the present analysis performed with polarised positrons. Despite thefat that two analyses di�er in the event seletion requirements, a very rea-sonable agreement is observed between the ross setions.The overall good agreement of the ross setions of both data measurementsand the preditions of H1 PDF 2000 is also seen in the ratio plots shown inFigure 7.10 (bottom). The highest x ross setion points are missing in thisanalysis due to low statistis (typially � 2 events) but are present in the99-00 measurement.
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Figure 7.10: Redued unpolarised e+p harged urrent ross setion ~�CC ofthe present measurement (solid symbols) and previous H1 measurement pub-lished in [18℄ (open symbols) as funtion of x at di�erent values of Q2. Thetheory expetations based on the H1 PDF 2000 parton distribution funtionsare shown as bands (determined as explained in Figure 7.6).135



136 ResultsThe Quark Distribution xd at Large xIn the QPM, the e+p CC redued ross setion ~�CC is a sum of quark distri-butions (see equation 1.44 in setion 1.2.1):~�CC = x[u+ ℄ + (1 � y)2x[d+ s℄:The various ontributions of the quarks to the CC ross setion an be alu-lated from the H1 PDF 2000 �t as desribed in [18, 132℄. Figure 7.11 showsthe redued unpolarised CC ross setion (from the beginning of this hapter)and the sum of all quark ontributions (as predited by the H1 PDF 2000 �t)as a band. As an be seen from Figure 7.11, the harged urrent ross setionis dominated at large x by the d quark (its ontribution is shown as the solidline). This provides a unique possibility to onstrain the d quark distributionin a QCD �t, sine the e�p CC and e�p NC ross setions are dominated atlarge x by the u quark distribution.

Figure 7.11: Unpolarised e+p redued harged urrent ross setions as fun-tion of x for various values of Q2 (same this analysis data as in Figure 7.9).Also shown are the expeted ontribution of the valene quark (xd) indiatedas a dark line. The model unertainty (H1 PDF 2000) is shown as a shadedband.
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Chapter 8Summary and OutlookMeasurements of the e+p deep inelasti harged urrent (CC) ross setionswith the H1 detetor at HERA have been presented in this thesis. The mea-surements are based on data taken in the years 2003-04 at a entre-of-massenergy ps = 319 GeV with positrons of negative and positive longitudi-nal polarisation, orresponding to integrated luminosities of 20.7 pb�1 and26.9 pb�1, respetively. These are the �rst measurements of the polarisa-tion dependene of the harged urrent ross setions at high four-momentumtransfer squared Q2.The relevant aspets of the harged urrent analysis, espeially the under-standing of detetor e�ets in the data and in the Monte Carlo simulations,have been developed in the thesis. To improve the triggering for the ongoingHERA running, the neural networks for the DIS event trigger rate redutionat the seond H1 trigger level were provided.The total and di�erential harged urrent ross setions, �totCC , d�=dQ2, d�=dxand d2�=dxdQ2, are measured in the kinemati region of Q2 > 300 GeV 2 andinelastiity y 6 0:9. The measured ross setions were ompared with the the-ory expetations and found to be in agreement with the Standard Model (SM)predition. The total harged urrent ross setion extrapolated to Pe = �1was found to be onsistent with zero, supporting the absene of the righthanded harged urrents in the eletroweak setor of the SM.Part of the results obtained with the present analysis were published by theH1 Collaboration as the �rst polarisation dependene of the total hargedurrent ross setion measurement at HERA [13℄.The results of this analysis an be further used in the following aspets:The d quark distribution in the valene region an be onstrainedwhih is possible espeially from the e+p CC interations at HERAin the large Q2 region. The understanding of the proton struture is137



138 Summary and Outlookessential for future studies in the �eld of partile physis, for example,in studies of pp ollisions at the Large Hadron Collider (LHC);Charged urrent ross setions an be used to determine the mass ofheavy intermediate vetor boson W . Although the mass of the Wpresently is known with high preision [24℄, the spae-like domain ofW exhange at HERA brings an additional quality to the boson massdetermination;Together with the data presently being olleted at HERA II, preisetests of the eletroweak SM setion an be performed (the statisti-al error still dominates in the present analysis). New, preise mea-surements an be used to onstrain the physis beyond the StandardModel.
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Appendix ATables of ResultsIn this appendix the results of the single and double di�erential harged ur-rent e+p ross setion measurements are given. The results of the unpolarisedross setion measurement, i.e. the ombination of L and R data sets are pre-sented �rst, then the results of polarised ross setion measurements are given.Abbreviations used in tables:Æstat the relative statistial errorÆsys the relative systematial errorÆtot the relative total errorÆun the unorrelated part of the systemati errorÆhun the ontribution of the hadroni energy error to the unorrelatedsystemati errorÆor the orrelated part of the systemati errorÆV +or the ontribution from a positive variation of one standard deviationof the vertex requirement errorÆh+or the ontribution from a positive variation of one standard deviationof the hadroni energy errorÆN+or the ontribution from a positive variation of one standard deviationof the error due to noise subtration
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140 Tables of ResultsQ2 d�CC=dQ2 Æstat Æsys Ætot Æun Æhun Æor ÆV+or Æh+or ÆN+or(GeV 2) (pb=GeV 2) (%) (%) (%) (%) (%) (%) (%) (%) (%)300 3.352e-02 12.08 13.75 18.31 10.53 -3.42 8.84 7.84 -1.97 -0.56500 1.732e-02 9.71 6.76 11.84 5.76 -1.58 3.54 2.84 -0.78 0.791000 1.094e-02 7.60 4.23 8.70 3.85 -1.01 1.73 0.76 -0.57 0.602000 5.009e-03 7.23 3.16 7.89 2.88 0.31 1.31 0.41 0.40 0.393000 2.287e-03 8.78 4.02 9.66 3.42 2.55 2.12 0.38 1.61 0.675000 1.182e-03 9.72 5.77 11.30 4.83 4.35 3.16 0.42 2.66 0.758000 2.842e-04 16.10 10.48 19.22 9.05 8.75 5.29 0.48 4.64 1.1515000 3.409e-05 31.17 18.71 36.35 15.44 15.21 10.55 0.50 9.55 1.57Table A.1: The unpolarised (Pe = 0) ross setion d�CC=dQ2 of the om-bined 2003-04 e+p CC measurement for y < 0:9. The luminosity unertaintyof 1:3% is not inluded in the errors.Q2 d�CC=dQ2 Æstat Æsys Ætot Æun Æhun Æor ÆV+or Æh+or ÆN+or(GeV 2) (pb=GeV 2) (%) (%) (%) (%) (%) (%) (%) (%) (%)300 2.154e-02 23.94 14.74 28.12 10.52 -3.27 9.97 7.89 -1.87 -0.46500 7.177e-03 24.21 7.50 25.34 5.82 -1.61 3.89 2.78 -0.79 0.751000 5.538e-03 16.72 5.11 17.48 3.83 -1.02 2.06 0.81 0.56 0.632000 3.027e-03 14.39 4.23 15.00 2.94 0.23 1.43 0.40 0.31 0.413000 1.295e-03 17.83 4.87 18.48 3.47 2.65 2.12 0.41 1.64 0.605000 7.139e-04 19.22 6.41 20.26 4.92 4.44 3.13 0.43 2.68 0.738000 1.460e-04 34.55 10.71 36.18 8.91 8.62 5.30 0.47 4.71 1.15Table A.2: The polarised (Pe = �40:2%) ross setion d�CC=dQ2 of theleft handed (L) 2003-04 e+p CC measurement for y < 0:9. The luminosityunertainty of 1:3% is not inluded in the errors.Q2 d�CC=dQ2 Æstat Æsys Ætot Æun Æhun Æor ÆV+or Æh+or ÆN+or(GeV 2) (pb=GeV 2) (%) (%) (%) (%) (%) (%) (%) (%) (%)300 4.408e-02 14.02 13.77 19.65 10.50 -3.35 8.69 7.95 -1.92 -0.50500 2.566e-02 10.60 6.99 12.69 5.77 -1.56 3.43 2.87 -0.76 0.751000 1.545e-02 8.53 4.61 9.70 3.85 -0.97 1.62 0.75 -0.55 0.632000 6.574e-03 8.37 3.62 9.11 2.78 0.28 1.25 0.41 0.38 0.443000 3.074e-03 10.08 4.53 11.05 3.51 2.67 2.10 0.41 1.65 0.595000 1.573e-03 11.26 6.00 12.76 4.76 4.28 3.09 0.42 2.62 0.778000 3.980e-04 18.21 10.65 21.09 9.04 8.74 5.29 0.47 4.68 1.1515000 3.943e-05 39.10 18.46 43.24 15.23 14.99 10.26 0.50 9.30 1.52Table A.3: The polarised (Pe = 33:6%) ross setion d�CC=dQ2 of the righthanded (R) 2003-04 e+p CC measurement for y < 0:9. The luminosityunertainty of 1:3% is not inluded in the errors.
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Tables of Results 141x d�CC=dx Æstat Æsys Ætot Æun Æhun Æor ÆV+or Æh+or ÆN+or(pb) (%) (%) (%) (%) (%) (%) (%) (%) (%)0.032 1.570e+02 9.15 3.38 9.75 2.75 0.73 1.96 0.35 0.53 0.890.080 8.719e+01 7.03 3.05 7.66 2.68 1.46 1.47 0.39 0.70 0.710.130 5.097e+01 8.32 4.36 9.39 3.87 2.62 2.01 0.47 1.56 0.350.250 1.434e+01 13.12 7.01 14.87 6.09 5.32 3.47 0.51 2.91 0.660.400 4.530e+00 28.46 14.04 31.74 11.46 11.18 8.11 0.50 6.53 -1.85Table A.4: The unpolarised (Pe = 0) ross setion d�CC=dx of the ombined2003-04 e+p CC measurement for y < 0:9 and Q2 > 1000 GeV 2. Theluminosity unertainty of 1:3% is not inluded in the errors.x d�CC=dx Æstat Æsys Ætot Æun Æhun Æor ÆV+or Æh+or ÆN+or(pb) (%) (%) (%) (%) (%) (%) (%) (%) (%)0.032 1.044e+02 17.36 4.51 17.94 2.87 0.68 2.23 0.35 0.46 0.800.080 4.004e+01 15.97 4.10 16.49 2.71 1.53 1.50 0.41 0.76 0.740.130 3.783e+01 14.75 5.09 15.61 3.85 2.60 1.99 0.47 1.57 0.380.250 7.503e+00 28.04 7.49 29.02 6.06 5.29 3.49 0.51 2.94 0.610.400 3.012e+00 63.89 15.86 65.83 12.65 11.86 9.17 0.50 6.79 -2.71Table A.5: The polarised (Pe = �40:2%) ross setion d�CC=dx of the lefthanded (L) 2003-04 e+p CC measurement for y < 0:9 and Q2 > 1000 GeV 2.The luminosity unertainty of 1:3% is not inluded in the errors.x d�CC=dx Æstat Æsys Ætot Æun Æhun Æor ÆV+or Æh+or ÆN+or(pb) (%) (%) (%) (%) (%) (%) (%) (%) (%)0.032 1.982e+02 10.75 3.72 11.38 2.63 0.66 1.77 0.39 0.48 0.820.080 1.241e+02 7.83 3.61 8.62 2.67 1.50 1.45 0.41 0.72 0.720.130 6.210e+01 10.07 4.78 11.15 3.88 2.64 2.01 0.47 1.59 0.370.250 2.021e+01 14.85 7.25 16.52 6.08 5.32 3.44 0.51 2.94 0.640.400 6.588e+00 31.70 14.34 34.79 11.62 11.37 8.17 0.50 6.79 -1.75Table A.6: The polarised (Pe = 33:6%) ross setion d�CC=dx of the righthanded (R) 2003-04 e+p CC measurement for y < 0:9 and Q2 > 1000 GeV 2.The luminosity unertainty of 1:3% is not inluded in the errors.
141



142
TablesofRes

ults Q2 x y d2�CC=dxdQ2 ~�CC Æstat Æsys Ætot Æun Æhun Æor ÆV+or Æh+or ÆN+or(pb=GeV 2) (%) (%) (%) (%) (%) (%) (%) (%) (%)300 0.013 0.227 7.052e-01 1.187 25.03 19.46 31.71 13.76 -4.12 13.76 12.89 -2.69 -0.70300 0.032 0.092 2.065e-01 0.856 20.65 10.65 23.24 8.02 -2.92 7.01 5.56 1.38 0.78300 0.080 0.037 7.279e-02 0.754 23.27 12.67 26.50 11.25 -2.66 5.84 2.25 -1.83 -1.97500 0.013 0.379 4.286e-01 0.765 21.64 11.54 24.52 8.19 -1.43 8.14 7.44 1.21 0.85500 0.032 0.154 1.607e-01 0.706 15.06 5.54 16.04 4.31 -1.92 3.48 1.63 -1.21 1.09500 0.080 0.062 4.397e-02 0.483 17.35 7.25 18.80 6.85 -1.56 2.38 0.52 -0.38 -0.491000 0.013 0.757 4.261e-01 0.874 16.89 10.44 19.85 7.72 -2.86 7.03 5.92 -2.64 -0.191000 0.032 0.308 1.303e-01 0.657 12.14 3.35 12.59 2.47 -0.79 2.27 -0.38 0.37 0.631000 0.080 0.123 3.641e-02 0.459 13.27 4.91 14.15 4.36 0.83 2.25 0.46 0.90 0.921000 0.130 0.076 1.323e-02 0.271 28.02 7.73 29.07 6.68 -0.95 3.89 0.50 -0.87 -2.142000 0.032 0.615 7.907e-02 0.513 11.84 3.66 12.39 2.90 -1.08 2.23 0.50 -0.52 0.802000 0.080 0.246 2.574e-02 0.418 11.25 2.98 11.64 2.21 0.78 2.00 0.34 0.89 0.722000 0.130 0.152 1.060e-02 0.280 17.79 5.67 18.67 5.06 1.57 2.54 0.48 0.98 -0.522000 0.250 0.079 1.147e-03 0.058 77.63 9.62 78.22 6.62 -0.65 6.97 0.50 -1.39 -3.403000 0.080 0.369 1.551e-02 0.315 12.73 4.18 13.40 3.24 2.61 2.65 0.46 1.82 0.693000 0.130 0.227 8.263e-03 0.272 15.22 3.33 15.58 2.41 1.48 2.30 0.45 0.72 0.733000 0.250 0.118 1.266e-03 0.080 33.58 6.92 34.28 5.72 3.47 3.90 0.50 1.61 -1.255000 0.080 0.615 1.013e-02 0.301 16.07 7.19 17.61 5.99 5.62 3.98 -0.52 2.78 1.105000 0.130 0.379 4.908e-03 0.237 15.92 5.15 16.73 3.73 3.28 3.55 0.50 2.54 0.935000 0.250 0.197 1.531e-03 0.142 20.96 5.87 21.76 4.29 3.86 4.01 0.51 2.64 0.425000 0.400 0.123 6.727e-04 0.100 44.85 13.92 46.96 9.72 8.93 9.97 0.50 3.84 -2.628000 0.130 0.606 2.048e-03 0.158 22.68 11.06 25.23 9.24 9.07 6.08 0.44 4.78 1.598000 0.250 0.315 5.498e-04 0.081 26.51 9.09 28.02 7.35 7.13 5.36 0.50 4.02 1.118000 0.400 0.197 1.932e-04 0.046 44.89 15.01 47.33 10.98 10.83 10.23 0.50 7.39 -1.22Table A.7: The unpolarised (Pe = 0) ross setion d2�CC=dxdQ2 and the redued ross setion ~�CC of the ombined 2003-04e+p CC measurement. The luminosity unertainty of 1:3% is not inluded in the errors.
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143

Q2 x y d2�CC=dxdQ2 ~�CC Æstat Æsys Ætot Æun Æhun Æor ÆV+or Æh+or ÆN+or(pb=GeV 2) (%) (%) (%) (%) (%) (%) (%) (%) (%)300 0.013 0.227 7.018e-01 1.181 38.69 20.08 43.59 13.64 -3.96 14.49 13.10 -2.38 -0.29300 0.032 0.092 1.007e-01 0.417 48.03 11.71 49.43 7.85 -2.73 8.27 5.68 1.54 0.82300 0.080 0.037 2.719e-02 0.282 63.14 13.77 64.62 11.33 -2.64 7.34 2.28 -1.63 -1.56500 0.013 0.379 1.241e-01 0.222 67.73 11.90 68.76 8.08 -1.47 8.31 7.30 1.04 0.70500 0.032 0.154 5.688e-02 0.250 41.36 6.54 41.87 4.36 -1.97 4.07 1.62 -1.06 1.00500 0.080 0.062 2.506e-02 0.275 35.66 7.69 36.48 6.82 -1.50 2.32 0.57 -0.43 -0.491000 0.013 0.757 1.175e-01 0.241 53.25 10.40 54.25 6.99 -2.45 7.22 5.99 -2.32 0.131000 0.032 0.308 8.259e-02 0.417 23.76 4.65 24.21 2.58 -0.90 2.79 -0.37 0.48 0.711000 0.080 0.123 1.702e-02 0.215 29.98 5.53 30.49 4.33 0.62 2.15 0.48 0.84 0.871000 0.130 0.076 9.489e-03 0.195 50.76 8.14 51.41 6.71 -1.01 3.75 0.50 -0.82 -2.242000 0.032 0.615 5.399e-02 0.350 22.24 4.79 22.75 3.11 -0.93 2.46 0.48 -0.43 0.832000 0.080 0.246 1.327e-02 0.215 24.21 3.95 24.53 2.19 0.62 1.90 0.35 -0.79 0.762000 0.130 0.152 8.458e-03 0.223 30.40 6.08 31.00 4.96 1.20 2.29 0.49 0.75 -0.413000 0.080 0.369 7.079e-03 0.144 28.79 5.08 29.24 3.42 2.85 2.64 0.50 1.85 0.803000 0.130 0.227 5.644e-03 0.186 28.09 4.23 28.41 2.42 1.50 2.21 0.44 0.89 0.633000 0.250 0.118 6.479e-04 0.041 71.71 7.42 72.10 5.76 3.55 3.84 0.50 1.84 -1.395000 0.080 0.615 4.056e-03 0.121 39.39 7.44 40.09 5.78 5.40 3.85 -0.52 2.75 0.965000 0.130 0.379 4.592e-03 0.222 25.19 5.85 25.86 3.94 3.51 3.40 0.50 2.46 0.925000 0.250 0.197 6.209e-04 0.058 50.65 6.77 51.10 4.73 4.34 4.04 0.53 2.86 0.605000 0.400 0.123 3.163e-04 0.047 100.00 13.06 101.55 8.36 7.47 9.67 0.50 4.25 -2.958000 0.130 0.606 6.941e-04 0.053 60.15 11.40 61.22 9.30 9.13 6.04 0.43 4.90 1.498000 0.250 0.315 4.223e-04 0.063 46.30 8.99 47.16 6.93 6.69 5.07 0.50 3.82 0.968000 0.400 0.197 8.970e-05 0.021 100.00 15.73 102.04 11.62 11.47 10.26 0.50 7.90 -0.99Table A.8: The polarised (Pe = �40:2%) ross setion d2�CC=dxdQ2 and the redued ross setion ~�CC of the left handed(L) 2003-04 e+p CC measurement. The luminosity unertainty of 1:3% is not inluded in the errors.
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TablesofRes

ults Q2 x y d2�CC=dxdQ2 ~�CC Æstat Æsys Ætot Æun Æhun Æor ÆV+or Æh+or ÆN+or(pb=GeV 2) (%) (%) (%) (%) (%) (%) (%) (%) (%)300 0.008 0.369 2.167e+00 2.245 46.19 37.36 59.41 29.96 -5.77 22.23 21.23 -3.41 -0.69300 0.013 0.227 7.254e-01 1.221 33.27 19.51 38.57 13.74 -4.13 13.71 13.00 -2.59 -0.52300 0.032 0.092 2.993e-01 1.240 22.84 10.67 25.21 7.98 -2.61 6.81 5.71 1.30 0.62300 0.080 0.037 1.115e-01 1.155 24.99 12.58 27.98 11.29 -2.82 5.19 2.22 -1.88 -1.45500 0.008 0.615 1.219e+00 1.339 56.35 24.73 61.54 18.64 -1.10 16.13 15.25 -0.21 1.81500 0.013 0.379 6.720e-01 1.199 22.77 11.66 25.58 8.46 -1.54 7.79 7.27 -0.86 0.50500 0.032 0.154 2.453e-01 1.078 16.16 5.68 17.13 4.27 -1.81 3.20 1.67 -1.00 1.05500 0.080 0.062 6.065e-02 0.666 19.84 7.48 21.20 6.84 -1.56 2.32 0.55 -0.48 -0.581000 0.013 0.757 6.889e-01 1.412 17.79 10.76 20.79 8.01 -2.28 6.92 6.03 -2.30 0.321000 0.032 0.308 1.704e-01 0.860 14.09 3.75 14.58 2.46 -0.91 2.05 -0.37 0.38 0.651000 0.080 0.123 5.231e-02 0.660 14.78 5.20 15.67 4.33 0.71 2.12 0.47 0.81 0.851000 0.130 0.076 1.656e-02 0.340 33.62 7.92 34.54 6.68 -1.02 3.78 0.50 -0.69 -2.202000 0.032 0.615 9.805e-02 0.636 13.96 3.85 14.48 2.60 -0.79 2.07 0.51 0.31 0.882000 0.080 0.246 3.561e-02 0.578 12.72 3.44 13.18 2.09 0.71 1.91 0.36 -0.77 0.792000 0.130 0.152 1.254e-02 0.330 21.94 5.85 22.71 4.99 1.17 2.35 0.49 0.76 -0.442000 0.250 0.079 2.401e-03 0.122 67.50 9.57 68.18 6.61 0.68 6.65 0.50 -1.37 -3.663000 0.080 0.369 2.197e-02 0.445 14.18 4.78 14.97 3.51 2.91 2.61 0.49 1.81 0.783000 0.130 0.227 1.036e-02 0.341 18.09 3.88 18.51 2.46 1.57 2.28 0.44 0.98 0.633000 0.250 0.118 1.807e-03 0.115 38.00 7.41 38.72 5.94 3.89 3.98 0.50 1.95 -1.405000 0.080 0.615 1.486e-02 0.442 17.60 7.07 18.97 5.58 5.20 3.89 -0.55 2.77 1.075000 0.130 0.379 5.262e-03 0.254 20.55 5.55 21.28 3.94 3.52 3.38 0.50 2.41 0.915000 0.250 0.197 2.303e-03 0.214 23.01 6.18 23.83 4.32 3.90 3.97 0.52 2.70 0.555000 0.400 0.123 1.037e-03 0.154 50.09 13.16 51.79 8.51 7.64 9.84 0.50 3.91 -2.978000 0.130 0.606 3.159e-03 0.243 24.47 11.45 27.02 9.50 9.33 6.09 0.42 4.94 1.468000 0.250 0.315 6.580e-04 0.097 32.38 9.01 33.61 7.15 6.92 5.12 0.50 3.87 1.038000 0.400 0.197 2.796e-04 0.066 50.14 15.40 52.45 11.37 11.21 10.21 0.50 7.66 -1.04Table A.9: The polarised (Pe = 33:6%) ross setion d2�CC=dxdQ2 and the redued ross setion ~�CC of the right handed(R) 2003-04 e+p CC measurement. The luminosity unertainty of 1:3% is not inluded in the errors.
144



Appendix BKinemati ExtrapolationFatorsIn this appendix the fators (kor) are given whih estimate the inuene to thesingle di�erential CC ross setions aused by enlarging the kinemati regionbeyond the uts used in the CC analysis. The fators kor were alulatedusing the H1 PDF 2000 parametrisation.
Q2(GeV 2) 300 500 1000 2000 3000 5000 8000 15000kor 1.397 1.175 1.042 1.026 1.030 1.035 1.047 1.064Table B.1: The extrapolation fator kor estimating the inuene to thedi�erential ross setion d�CC=dQ2 due to hanges from the measurementkinemati uts 0:03 < y < 0:85 and pT;miss > 12 GeV to y < 0:9.x 0.032 0.080 0.130 0.250 0.400kor 1.053 1.017 1.008 1.002 1.061Table B.2: The extrapolation fator kor estimating the inuene to thedi�erential ross setion d�CC=dx due to hanges from the measurementkinemati uts 0:03 < y < 0:85 and pT;miss > 12 GeV to y < 0:9 forQ2 > 1000 GeV 2.
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