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Resum�eDans cette th�ese la mesure de la fonction de structure du proton F2(x;Q2) estpr�esent�ee, e�ectu�ee avec les donn�ees prises en 1995 par l'exp�erience H1 aupr�esdu collisionneur HERA dans le domaine cin�ematique de 10�5 � x � 10�2 et de0:85 � Q2 � 20 GeV 2. Cette mesure est faite avec les premi�eres donn�ees prisesapr�es que les d�etecteurs \arri�eres" de H1 aient �et�e am�elior�es, avec l'installation d'uncalorim�etre de type SpaCal, et l'adjonction d'une chambre �a d�erive �a 4 plans, laBDC. Ces deux d�etecteurs et leurs performances sont d�ecrits en d�etail en paral-l�ele avec les autres sous-d�etecteurs utilis�es dans l'analyse. De nouvelles techniquesd'analyse concernant la calibration, la reconstruction cin�ematique et la suppressiondu bruit dans le SpaCal sont pr�esent�ees. Les r�esultats obtenus sur F2 sont en bonaccord avec les mesures pr�ec�edentes faites �a HERA, et ont une pr�ecision meilleuredans la r�egion de Q2 entre 3 et 10 GeV 2, dans laquelle le r�egime perturbatif de laChromodynamique Quantique est atteint. La validit�e des �equations d'�evolution �al'ordre \Next-to-Leading" de la QCD est montr�e.AbstractIn this thesis the measurement of the proton structure function F2(x;Q2) is pre-sented in the kinematic domain of 10�5 � x � 10�2 and of 0:85 � Q2 � 20 GeV 2with the H1 experiment at the electron-proton collider HERA using data takenduring the year 1995. This measurement is done with the �rst H1 data after the\backward" detectors were upgraded with a new calorimeter of the SpaCal type,and a new drift chamber (BDC) in front of it. Both these detectors and their per-formances are described in detail along with the other detector components used inthe analysis. New analysis techniques are presented, concerning the calibration, thekinematic reconstruction and the noise suppression in the SpaCal calorimeter. TheF2 results are in good agreement with previous HERA data, and have an improvedprecision in the region of Q2 between 3 and 10 GeV 2, in which the perturbativeregime of QCD is reached. The validity of Next to Leading Order QCD to explainthe rise at low x of the F2 proton cross-section is shown.2



IntroductionThe most direct way to study the structure of the nucleon consists in breaking upthe proton by scattering energetic leptons o� it. This type of interaction, calledDeep Inelastic Scattering (DIS), revealed about thirty years ago the compositenessof the proton, and in the following its constituents: quarks and gluons and their in-teraction, described by the theory of QuantumChromoDynamics (QCD). Until theearly nineties, DIS experiments were performed in the �xed target mode by shootingelectron, muon or neutrino beams on Hydrogen, Deuterium or, especially for neu-trino scattering, on heavy targets like carbon or even lead, which allow not only tostudy the proton structure, but also the neutron structure and the di�erent e�ectsof their binding in the nucleon. From double di�erential cross-section measurementsof these lepton-nucleon interactions, structure functions can be determined, whichcan be interpreted as the sum of the various quark densities in the nucleon and belinked by their evolution in the phase space to the gluon density. Although the evo-lution of the parton densities can be established in di�erent models in one dimensionof the phase space, precise experimental measurements are necessary to determinetheir shape and to verify the validity of di�erent assumptions made by the variousmodels.With HERA (Hadron-Electron Ring Accelerator) at DESY (Deutsches Electro-nen SYnchrotron) a collider of leptons and hadrons was built for the �rst time: in1992 the �rst collisions between 26:7 GeV electrons and 820 GeV hadrons were per-formed and observed by the H1 and ZEUS experiments. The increase of the center ofmass energy ps ' 300 GeV , obtained by the collider mode, presents an importantincrease in the kinematic region accessible for the proton structure studies. Figure0.1 shows a comparison of the accessible regions between HERA and various �xedtarget experiments in the two kinematic variables, mostly used for the description ofthe proton structure: x, the fractional momentum of the struck quark in the in�nitemomentum frame of the proton, and Q2, the squared momentum transfer betweenthe scattered lepton and the proton. HERA allowed to extend the measurementof the proton structure towards low x and at high Q2, by roughly three orders ofmagnitude. In 1992, the �rst year of operation of HERA, the rise of the structurefunction F2 with decreasing x was established and related to an increase of the gluondensity. In the following years, the increase in luminosity allowed for a more precisequanti�cation of this e�ect, as well as for the study of consequent predictions forexclusive processes, as for example the contribution from charm production to thestructure function.In 1995, the H1 collaboration replaced detector components in the backward re-3
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Figure 0.1: Kinematic plane of the accessible region for Proton Structure Functionmeasurements comparing HERA and various �xed target experiments.gion 1, which is the most relevant region for the detection of the scattered electron atlow x and low Q2, by a Backward Drift Chamber (BDC) and a SpaCal Calorimeter,allowing for an extension of the measurable kinematic region towards lower x andlower Q2. Most of the 1995 running was devoted to the commissioning of these newsubdetectors, but enough data was taken in order to improve the previous measure-ments in the region of Q2 between 1 and 10 GeV 2, which will be described in thisthesis. A period of data taking was devoted in 1995 to explore the region down toQ2 = 0:35 GeV 2, by shifting the interaction vertex in the proton beam direction.These two measurements allowed for a more precise description of the transition re-gion between real photon exchange (photoproduction) and virtual photon exchange(DIS), in which the breakdown of the validity of perturbative developments of QCDis expected.After a brief description of the theoretical background of Deep Inelastic Scat-tering in chapter 1, the experimental setup is presented in chapter 2. The varioussteps of the event selection (chapter 3), the calibration and correction proceduresused for the cross-section measurement (chapter 4) are discussed. The chapter 5 isdevoted to the F2 measurement and to a brief interpretation of the results.1At HERA, the positive z-axis is de�ned in the direction of the proton beam.4
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Chapter 1Deep Inelastic Scattering and F2Deep inelastic scattering (DIS) of electrons o� protons has revealed in the late sixtiesthe partonic structure of the proton [1, 2, 3]: the scattering can in fact be thoughtof as between the electron and one of the constituents of the proton. The structureof the proton is translated into measurable quantities called the structure functions.From these functions one can study di�erent properties as the composition and thebehaviour of the proton constituents. QuantumChromoDynamics (QCD) describesthe so called \strong interaction" among these constituents. The perturbative de-velopment of QCD (pQCD) can be tested by measuring the structure functions indi�erent kinematic regions and studying their variations.This chapter presents the de�nition of the structure functions from the crosssection and their interpretation in the Quark Parton Model (QPM) and in pQCD.In section 1.1 the event kinematics are de�ned. In section 1.2 the structure functionsand their relation to the cross section are presented. In section 1.3 the interpretationof the structure functions in the framework of the QPM is developed. Section 1.4establishes the DGLAP evolution equations of the parton densities in the QCDframe. In section 1.5 the QCD �ts to the structure functions are discussed along withparameterization schemes of the parton densities. In section 1.6 models describingthe transition between photoproduction and DIS are presented.1.1 The Kinematics of Deep Inelastic ScatteringThe deep inelastic scattering of an electron o� a proton can be described at thelowest order by the diagram in �gure 1.1. An incident electron of 4-momentumk(E; 0; 0;qE2 �m2e) interacts with a proton of 4-momentum p(Ep; 0; 0;�qE2p �m2p).At HERA, the energy of the incoming electron and proton is E = 27:6 GeV andEp = 820 GeV respectively, so we can neglect the masses of the particles in the fol-lowing. In neutral current events the electron and the proton exchange a boson 
 orZo with 4-momentum q(�; ~q). After the scattering, the 4-momentum of the electroncan be written as k0(E 0; ~k0), while the proton generally breaks up in several particles,forming the hadronic �nal state X. In charged current events, the outgoing leptonis a neutrino and the exchanged particle a charged W boson.8
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;Z0 (q)p p XFigure 1.1: Diagram for DIS ep-scattering.We de�ne three Lorenz invariant quantities Q2, x and y in order to describe theinteraction, as Q2 = �q2 = �(k � k0)2 (1.1)x = Q2=2p:q (1.2)y = p:q=p:k (1.3)In DIS, the boson propagator is always space-like, therefore, we de�ne a positivequantity Q2, the squared momentum transfer, as the virtuality of the exchangedboson. As the Z and the W bosons are massive, their exchange is only relevant atlarge Q2 (of the order of M2 � 104 GeV 2) and not treated in the following, sincethe measurement takes place at Q2 � 10 GeV 2. The in
uence of the Z exchange onthe F2 structure function is about 1% at Q2 � 1000GeV 2. x is the Bjorken variable,which can be interpreted in the frame of in�nite momentum of the proton, as thefractional proton momentum carried by the struck quark. The third quantity y,usually termed as inelasticity, is the fractional electron energy carried by the virtualphoton in the proton rest frame. Further two useful quantities are de�ned as,s = (k + p)2 (1.4)W 2 = (q + p)2 (1.5)s, the total ep center of mass energy squared, is characteristic of the accelerator andthe hadronic �nal state mass W, is the total 
�p center of mass energy. Using the4-momentum of the incoming particles and neglecting the masses of the electron meand the proton mp, s becomes s = 4EEp (1.6)leading to a center of mass energy ps of about 300 GeV which is related to theother kinematic variables by Q2 = sxy (1.7)Within this approximation we obtain W 2 as,W 2 = (1 � x)x Q2 (1.8)9



1.2 The Inclusive Cross-Section and the Struc-ture FunctionsThe double di�erential cross section for DIS of non-polarized electrons and protons(ep) exchanging a photon is given by [4, 5]d2�d
dE 0 = �2Q4 (E0E )L��W�� (1.9)Here � = e24� is the electromagnetic coupling constant. The angular phase space ofthe scattered electron is described by d
, i.e.d
 = sin �d�d� (1.10)The leptonic tensor L�� describes the electron-photon interaction and is com-pletely known following the point-like nature of the electron. It is given byL�� � 12tr(6 k0
� 6 k
�) = 2(k�k0� + k0�k� + q22 g��) (1.11)for an electromagnetic interaction of a non-polarized spin 1=2 particle. Here 
 arethe four 4 � 4 Dirac matrices and g�� is the completely symmetric tensor. Thehadronic tensor W�� describes the boson-proton interaction. Its form is not knownexactly, since the proton has a complex structure. It is given in terms of the hadroniccurrent operators J�(x) as,W��(p; q) = 14mp Z d4x2� eiq:x < pjJ�(x)J�(0)jp > (1.12)with the proton mass mp. Using the arguments of Lorenz invariance and currentconservation, the tensor can be constructed in the most generalized form, from twoavailable 4-vectors p� and q�, the symmetric tensor g�� , the asymmetric tensor �����and scalars functions which only depend upon the independent scalar variables p � qand Q2. This leads to the following expression,W��(p; q) = F1(x;Q2)(�g�� � q�q�Q2 )+F2(x;Q2)P�P�p:q � iF3(x;Q2)����� p�q�p:q (1.13)With a modi�ed vector P� de�ned as,P � � p� + p � qQ2 q� (1.14)The hadronic tensor contains three unknown scalar functions F1, F2 and F3, termedas structure functions. At large Q2 (pQ2 >> 1=D, with the proton size D �3GeV �1), the structure functions F1 and F2 describe the density of the constituents(called partons, assuming that the proton has a substructure) and their momentuminside the proton [6]. They correspond to the elastic form factors in the low Q2 limit.10



The F3 structure function is vanishing for purely electromagetic interactions, as theleptonic tensor does not contain an asymetric component, which must be addedwhen taking into account the Z exchange, where also the weak contribution to F2must be considered [7]. Substituting these tensors in the cross section expression,one arrives at d2�e�pdxdQ2 = 4��2xQ4 [y2xF1(x;Q2) + (1� y)F2(x;Q2)] (1.15)Considering only the virtual photon exchange, the process ep! e0X can be factor-ized in two parts e! e0
� and 
�p! X. The aim of using the electron as a beam isin fact to get a virtual photon which probes the structure of the proton. The totalcross section for the later process is:�tot(
�p! X) =X� 8�2�MW 2 �M2 ���� ���W�� (1.16)with ��� being the polarization vector of photon and � its helicity which contraryto a real photon can have both longitudinal (� = 0) and transverse (� = �1)components. The cross-section can be decomposed as�tot = �T + �L (1.17)Putting the explicit form of the polarization vectors and substituting the expressionof W�� from equation 1.13, the two parts can be written in terms of structurefunctions, �T = ��=+1 + ��=�1 = 4�2�Q2(1 � x) � 2xF1(x;Q2) (1.18)�L = ��=0 = 4�2�Q2(1� x)[F2(x;Q2)� 2xF1(x;Q2)] (1.19)Based on the helicity of the virtual photon, the longitudinal and transverse structurefunctions of the proton are de�ned as,FL(x;Q2) � F2(x;Q2)� 2xF1(x;Q2) (1.20)FT (x;Q2) � 2xF1(x;Q2) (1.21)1.3 The Quark Parton Model and the Quark Mo-mentum Distribution FunctionsIn a system in which the proton is moving with an in�nite momentum, the partons�nd no time available for mutual interactions during the scattering and the protoncan be simply pictured as being made up of free massless partons [6]. This pictureis called the Quark-Parton Model (QPM), which leads to an simple interpretationof the structure functions in terms of parton densities. Using the Feynman rules,11



the double di�erential cross section for an electromagnetic interaction between anelectron and the ith pointlike parton of spin 1=2, called quark, carrying a momentumfraction ! (0 � ! � 1) of the proton is given byd2�idxdQ2 = 4��2Q4 e2i 12 [1 + (1� y)2]�(x� !) (1.22)The presence of the Dirac function � in this cross section, gives a physical meaningto the variables x, as being the momentum fraction carried by the struck quark. Ifd!fi(!) is the probability of �nding the ith struck quark in the proton carrying amomentum fraction between ! and !+d! , then the total electron proton scatteringcross section will be: d2�dxdQ2 =Xi Z 10 d!fi(!) d2�idxdQ2 (1.23)This factorization of the cross section is only possible for the quark-parton model,where no interaction occurs between the partons. Comparing equations 1.15 and1.23 we obtain after integrating the � function, the proton structure functions asbeing F1(x;Q2) = 12Xi e2ifi(x;Q2) (1.24)F2(x;Q2) =Xi e2ixfi(x;Q2) (1.25)which expresses the structure functions as the weighted sums of the density of allquark i, carrying a fractional momentum x. From the last two equations, we getF2(x;Q2) = 2xF1(x;Q2)) FL(x;Q2) = 0) �L = 0 (1.26)which is known as the Callan-Gross relation [8]. Moreover in the quark-partonmodel, the longitudinal photon cross section vanishes, which means, as the photonis strongly virtual that the partons do not carry any transverse momentum.However, from the structure functions which are measured experimentally, onecan estimate the quark momentum distribution functions and quantify the momen-tum carried by spin 1=2 partons in the proton. Combining the results from di�erentexperiments one �nds [9] Xq Z 10 dxx(q(x) + q(x)) = 0:45 (1.27)where q + �q = fi for all the di�erent quark and antiquark 
avors. This fact ( i.e.the right-hand-side is not equal to one) suggests that there are not only spin-1=2partons in the proton, as only a fraction of the momentum (45%) is carried by them.In the following, we will see, that the remaining proton momentum is carried by thegluons, which are the bosons of the color interactions between the quarks, and whichare neglected in the QPM. 12



1.4 Structure Functions in QCDIn the QPM, the proton contains only spin-1=2 non-interacting partons, the quarks.In QCD, the quarks can have three di�erent \colors" (a more complex type of chargethan in Quantum Electrodynamics) and are interacting by exchanging non-abeliangauge bosons called gluons. The strength of the interaction is determined by thestrong coupling constant �s, in a similar way as the coupling constant � in QED,but unlike � in QED, �s decreases with increasing Q2. This means that the stronginteraction gets \weaker", the smaller the distance in between quarks, leading to\asymptotic freedom" for su�ciently high Q2. Contrarily to the photon, which iselectrically neutral, the gluon by itself carries color which arises from the non-abelianstructure of the color �eld and therefore interacts with other gluons. The inclusionof gluons in calculating the structure functions is described in this section, fromwhich the evolution equations are derived.1.4.1 ep-Interactions at the Order �sFigure 1.2 shows the main diagrams which have to be taken into account for thecross-section calculation of the DIS process up to the �rst order in �S . The diagramin �gure 1.2a corresponds to the Born diagram. Taking into account the interactions

Figure 1.2: Di�erent processes up to the �rst order in �s contributing to the matrixelement calculation. 13



at the �rst order of �s, we have to consider the diagrams 1.2 b� g. The diagrams1.2 b; c correspond to the QCD-Compton processes, where a gluon is radiated beforeor after the interaction with the photon, where as the diagram 1.2 d shows theinteraction via photon gluon fusion. In �gure 1.2 e�g, the virtual 1-loop correctionsare pictured, which have to be taken into account in the cross-section calculation.From equation 1.13, and using the de�nition of the longitudinal structure func-tion given in equation 1.20, the structure functions F2 and FL can be expressed asfunction of the hadronic tensor W�� asF2(x;Q2)x =  �g�� + 3Q2 p�p�(p:q)2!W��FL(x;Q2)x = �2Q2 p�p�(p:q)2W�� (1.28)Equation 1.12 can be written in momentum space and for the electron quark scat-tering where a struck quark carries the momentum fraction ! of the proton, asfW��(!) = 2�34!M Xn Z nYi=1[ d3pi(2�)32pi0 ] < !pjJy�(0)jn >< njJ�(0)j!p > �4(pn � !p � q)(1.29)The tilde over W�� di�erentiates the partonic tensor from the hadronic tensor.Here the phase space is for n-�nal state particles, the � function expresses the4-momentum conservation at the vertex and the matrix elements describe the tran-sition amplitude from the initial parton p carrying the momentum fraction ! to n�nal partons.First we consider the QCD-Compton process 
�(q)+q(!p)! q(p0)+g(k) (�gure1.2 b; c) for its contribution to F2. For this process in which we have two �nal stateparticles, d(PS) is given by the phase space along with the � functiond(PS) = d3p0(2�)32p00 d3k(2�)32k0 �4(p0 + k � !p� q) (1.30)The matrix elements are calculated using the Feynman rules for �gure 1.2 b; c. Weintroduce the Lorenz invariant quantities for partons asŝ = (p + q)2; t̂ = (p0 � q)2; û = (p0 � p)2: (1.31)Integrating out the delta function and the azimuthal angle, the phase space reducesto just one single variable t̂. After some calculations using the equations 1.28 and1.29, the contribution to F2 from the QCD-Compton process terms of invariantvariables ŝ, t̂ and û is found to beeF q;r2 (!)x = 2�s3� Z tmax0 dt̂ŝ+Q2  � t̂̂s � ŝ̂t + 2ûQ2ŝt̂ � 6x2!2 ûQ2! (1.32)In this expression tilde means the partonic F2, the superscript q indicates the quark-photon interaction and r the radiation of real gluon before or after the interaction14



with the photon. The lower limit of the integration is zero and the integral isdiverging at this limit. This arises because we have given the real gluon a zeromass. Associating a non zero mass m to gluon prevents the divergence and we canabsorb this mass in the de�nition of the bare quark momentum distribution in theend of our calculations. This way of renormalization is known as the gluon massregularization (MG) scheme, though there exist other schemes like the dimensionalregularization scheme (DR) [9].To get the proton structure function F2, we must convolute the partonic eF2structure functions as F2(x;Q2)x =Xq e2q Z d!q(!) eF2(!)! (1.33)By introducing z = x! and integrating over bt, we getF q;r2x =Xq e2q Z 1x dzz q�xz�"�s2��43 1 + z21 � z log  Q2m2!�+ 2�s3� �1 + z21 � z log(1 � z)+1 + z21� z (�2 log(z))� 32 11� z + 4z + 1 + 54�(1� z)�#(1.34)In this equation the integral is independent from the regularization scheme,whereas the multiplicative term of 2�s3� is only a function of z and depends on the reg-ularization scheme, besides its process dependence. In order to distinguish amongthe di�erent schemes and di�erent processes, we put subscripts and superscripts,and call this term for the case of the gluon radiation f q;rF2;MG. The coe�cient func-tion 43 1+z21�z of log(Q2m2 ) however is independent of any scheme of regularization andis a universal function that appears whenever a quark radiates a gluon. We call itthe splitting function and denote it as P rqq(z), where the superscript r speci�es thereal gluon emission contribution, and represents the probability of �nding a quarkq, which reduced its momentum fraction x by the fraction z after the emission ofa gluon (�gure 1.3 a). We note the singularities at z = 1, the upper limit of inte-gration, for both P rqq(z) and f q;rF2;MG, however these singularities will cancel by theinclusion of the virtual gluon emission contributions P vqq(z) and f q;vF2;MG (�gures 1.2e; f; g) as we will see in following. So the real gluon emission from the quark addsto F2 as,F q;r2x =Xq e2q Z 1x dzz q�xz� �s2�P rqq(z) log  Q2m2!+ �sf q;rF2;MG! (1.35)If we calculate the virtual gluon contribution (�gures 1.2 e; f; g), we get the followingexpression for the radiative (r) and the loop (v) contribution,F q2x = F q;r2x + F q;v2x= Xq e2q Z 1x dzz q�xz� �s2� ��43 1 + z21 � z + (2 + 83 log(�))�(1� z)� log(Q2m2 )�15



+ 2�s3� ��1 + z21 � z log(1 � z) + 12 log2(�)�(1� z)�+ 1 + z21� z (�2 log(z))� 32� 11� z � log(�)�(1� z)�+ 4z + 1 �  2�23 + 54�(1� z)!�! (1.36)By looking at this expression, one �nds that each singular term in braces has itscounterpart, such that the integration over these individual sums vanishes. If wewrite the above equation in terms of P and f , the expression becomesF q2x =Xq e2q Z 1x dzz q�xz� �s2�Pqq(z) log(Q2m2 ) + �sf qF2;MG! (1.37)with Pqq(z) =  43 1 + z21 � z !+ (1.38)�sf qF2;MG = 2�s3� ((1 + z2)� log(1� z)1 � z �+ + 1 + z21 � z (�2 log(z))�32 1(1� z)+ + 4z + 1 + 2�23 + 54�(1� z)) (1.39)The subscript + indicates that the corresponding functions are de�ned such thatthey do not contain the singularities and their integrals are always 0.Finally the contribution from the photon-gluon fusion diagram 1.2 d is given byF g2 (x;Q2)x = 2Xq e2q Z 10 d!! (�s2�Pqg(z) log Q2m2!+ �sfgF2(z)) (1.40)Where the splitting function Pqg = 12(z2 + (1� z)2) corresponds to the annihilationof a gluon into a quark-antiquark pair (�gure 1.3 c), and the function f is�sfgF2;MG(z) = �s2�(�2Pqg(z) log(z)� 1 + 3z � 3z2) (1.41)Four splitting functions can be de�ned, as pictured in �gure 1.3 The two splittingfunctions, corresponding to the diagrams b and d of �gure 1.3, can be computed ina similar way and have the following expressions:Pgq(z) = 43 1 + (1� z)2zPgg(z) = 6" z(1 � z)+ + 1 � zz + 11 � 23nf12 �(1� z)# (1.42)where nf is the number of the 
avors, which must be considered for the evaluationof the triple gluon vertex for the Pgg splitting function. The Pgq splitting functioncorresponds to a quark emitted by a quark transforming to a gluon.16



Figure 1.3: Di�erent processes corresponding to the four splitting functions.The structure function F2 up to the order �s is obtained by adding F i2 from allthe diagrams of the �gure 1.2. Thus by adding equations 1.25, 1.37 and 1.40 weobtain the following expression for F2,F2(x;Q2)x = F born2 (x;Q2)x + F q2 (x;Q2)x + F g2 (x;Q2)x= X e2q Z 1x dzz �q�xz�+ q �xz��"�(1� z) + �s2�Pqq(z) log Q2m2!+ �sf qMG;F2(z)#+2X e2q Z 10 dzz g �xz�x "�s2�Pqg(z) log  Q2m2!+ �sfgMG;F2(z)# (1.43)Here g is the gluon density of the proton. In a similar way, the longitudinal structurefunction FL isFL(x;Q2) = F bornL (x;Q2)x + F qL(x;Q2)x + F gL(x;Q2)x= Xq e2q Z 1x dzz3 �q�xz�+ q �xz�� h�sf qFL;MG(z) + �sfgFL;MG(z)i(1.44)where the f functions are �sf qFL;MG(z) = 2�s3� 2z�sfgFL;MG(z) = �s2�2z(1� z) (1.45)The new Q2 dependent quark distribution functions can be extracted from F2 usingthe relation F2(Q2; x) =Xq e2q �q(x;Q2) + q(x;Q2)� (1.46)resulting in a integro-di�erential equation.17



1.4.2 The DGLAP Evolution EquationsAlthough we cannot solve equation 1.46 for F2 we can control the evolution of theparton distribution functions with respect of log(Q2) with the help of the equation1.43. The evolutions of the quark and gluon distribution function are more conve-niently put in the double integro-di�erential equations, called the DGLAP equationsafter Dokshitzer, Gribov, Lipatov, Altarelli and Parisi [10] and are obtained fromequations 1.43 and 1.46 @q(x;Q2)@(logQ2) = �s2� (Pqq 
 q + Pqg 
 g) (1.47)@g(x;Q2)@(logQ2) = �s2� (Pgq 
 q + Pgg 
 g) (1.48)Here 
 is de�ned as P 
 q = Z 1x dzz P �xz� q(z;Q2) (1.49)Equations 1.47 and 1.48 can be described by diagrams a and b of �gure 1.4 respec-tively. In a simpli�ed way, we may say that� the evolution of the quark density with Q2 depends on the quark densitybefore the emission of a gluon and the gluon density before creating a quarkanti-quark pair� the variation of the gluon density is coupled to the quark density before gluonemission and the gluon density at the triple gluon vertex itself.
Figure 1.4: DGLAP equations in leading order stating the rate of change of the quarkand gluon distributions with respect to � where � = 211� 23nf log(�(Q2o)=�(Q2)).18



1.4.3 The Leading-Log ApproximationThe radiation of a single gluon is not the only process which contributes to the cross-section, multiple gluon radiation as pictured in �gure 1.5, must also be considered.In order to compute these contribution we can use a perturbative development.In perturbative QCD, the processes are factorized in short-range phenomena, with
Figure 1.5: Ladder diagram for multiple gluon radiation.Q2 > �2fac, and long-range phenomena, Q2 < �2fac. �2fac is called the factorizationscale and is chosen such as �s(�2fac) is su�ciently small to allow a perturbativedevelopment of the short-range processes.Within this framework, F2 can be expressed as a function of the parton densitiesas F2(x;Q2) = Xi=q;g Z 10 d�Ci  x� ; Q2�2ren ; �2fac; �s! qi(�; �2ren; �2fac; �s) (1.50)where we sum over the quark and the gluon densities. The equation depends on twoscales: the renormalization scale, which prevents ultraviolet divergences in which themomentum of virtual particles in 1-loop contributions gets in�nite (similar to themass regularization in section 1.4.1 and the factorization scale �2fac, which de�nesthe separation into short-range and long-range contribution. In the case of the gluonladder, gluons emitted with k2T > �2fac will contribute in the coe�cient function andbe computed in the perturbative development, whereas gluons emitted at k2T < �2faccan not be computed perturbatively and contribute to the parton densities. Dueto the factorization scale, the coe�cient functions are infra-red stable, which meansthey will not contain singularities from gluons emitted collinearly.In order to compute the coe�cient functions, only the gluon ladders, being thedominant processes are included. The emitted gluons are supposed to be ordered inlongitudinal momentum �1 > �2 > �3 > :::::: > �n > x (1.51)and strongly ordered in transverse momentumQ2 >> k2nT >> ::: >> k22T >> k21T (1.52)19



In the leading-log approximation (LLA), only the dominating terms contributing as�sn(log Q2�2 )n are considered. This is valid as long as�s(k21T ) log Q2k2T ! � 1 (1.53)�s(k21T ) log�1x�� 1 (1.54)In NLO, also the terms in �n+1(log Q2�2 )n are considered.1.4.4 The Small-x BehaviourAt low x, the evolution of F2 is driven by the gluon density and the evolution of thegluon density itself is dominated by the contribution from the triple gluon vertex,which leads to the approximationdg(x;Q2)d logQ2 ' �S2� Pgg 
 g with Pgg(z) ' 6z (1.55)After the derivation with respect to log 1=x, this equation can be rewritten as@2(xg(x;Q2)@ log 1=x@ log(log(Q2=Q20) = 12�0xg(x;Q2) (1.56)and can be solved exactly, leading to a double logarithmic scaling of the gluondensity, as xg(x;Q2) / expvuut48�0 log 1x log log Q2Q20! (1.57)The BFKL EquationThe leading log approximation is only valid under the assumption that�s(Q2) log(1=x)� 1 (1.58)This condition is not ful�lled when x is becoming very small.Therefore as �s(Q2) log(1=x) � 1, the BFKL equations (Balitski, Fadin, Kuraev andLipatov) were proposed [11], where all the terms in (�s log( 1x))n are summed. Thisapproach needs strong ordering in x, i.e.,x << xn << ::::: << x2 << x1 << x0 (1.59)and weak ordering in transverse momentaQ2 � k2T � k2nT � ::: � k22T � k21T � Q20: (1.60)20



As at low Q2 the behaviour of the gluon is dominating the behaviour of F2, theBFKL equation is describing the evolution of the gluon density with log(1=x), usingthe function f de�ned by the derivated gluon densityf(x; k2) = d(xg(x;Q2)logQ2 �����k2=Q2 (1.61)and the evolution with log(1=x) is given by@f(x; k2)@ log 1=x = @f0(x; k2)@ log 1=x + 3�S� k2 Z dk02K(k2; k02)f(x; k0) (1.62)where f0 is a non-perturbative term describing the coupling of the gluon to theproton and K the kernel.From the BFKL equations, the strong rise of F2 with decreasing x can be derivedby an approximative solution of this equation [12], leading to a divergent gluondensity:xg(x;Q2) / x�� with � = 3�S� 4 log(2) � 0:5 at �S = 0:2 (1.63)However recent calculation at the NLO [13] have given large corrections reducingthe amount of gluons at low x, which are still under theoretical debate (see forexample [14]).In order to relate the behaviour of the gluon density to F2, the kT factorizationtheorem was developed [15], which can be pictured as seen in �gure 1.6.
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fFig. 2.8 { Diagramme en �echelle de gluons intervenant dans la sommation BFKL.C'est �egalement une repr�esentation de la formule de factorisation en kT : Fi = F 
g
f , dans laquelle f est la distribution de gluons non int�egr�ee, et F 
gi est la fonctionde structure du gluon virtuel qui caract�erise le processus de fusion photon-gluon.2.5.2 Limite BFKLOn a montr�e que l'�equation BFKL pr�edit que la distribution de gluons nonint�egr�ee f(x; k2T ) est domin�ee quand x! 0 par une solution analytique de la forme :f � x��Lqk2T exp � ln2(k2T= �kT 2)ln(1=x) !avec �L = 3�S� 4 log 2 (�L � 0:32 pour �s = 0:12), il est alors possible de calculer F2en utilisant le th�eor�eme de factorisation en kT que l'on repr�esente sch�ematiquementsur la �g. 2.8. Alors :F2 = F 
g 
 f + F bf2 ' C(Q2) x��L + F bf (2.47)o�u F bf � 0:4 est une contribution non-perturbative du bruit de fond constante �abas x � 0:05 et d�etermin�ee par le comportement de F2 �a grand x � 0:1 [15].2.5.3 Synth�eseLes pr�edictions concernant la forme de F2 �a bas x sont diverses : pour une ap-proche de type DGLAP, on a mis en �evidence les solutions (2.44) et (2.46) et pourune approche de type BFKL on a d�eduit la formule (2.47).L'exp�erience doit donc nous apprendre quelle image physique est la plus perti-nente dans la r�egion cin�ematique recouverte par les donn�ees ; alors, il sera possiblede donner les ordres de grandeurs des variables x et Q2 lors des transitions entre les32

Figure 1.6: Ladder diagram for multiple gluon radiation, indicating the kT factor-ization.Within this framework, F2 can be expressed as:F2 = F 
p 
 f + F np ' C(Q2)x��L + F np (1.64)where F 
p is the characterized by the photon-gluon fusion process convoluted tothe derivated gluon density, F np � 0:4 is a constant non-perturbative contribution21



at x � 0:05 and determined from the F2 behaviour at x � 0:1 [16]. However,predictions on F2, from the BFKL inspired models, show a similar behaviour thanin the NLO-DGLAP formalism, whereas the prediction on FL are about a factor oftwo lower.1.5 QCD Fits and Parton DistributionsEquations 1.47 and 1.48 do not predict the parton distribution functions at somearbitrary Q2, but for a given distribution functions at some initial Q20 scale, theDGLAP equations evolve them to an arbitrary scale. QCD �ts aim at extractingthe parton densities of the proton and the value of �s. They are derived from themeasured F2 values, and may also take into account other processes in which theparton densities intervene, for example the prompt photon production pp ! 
X,which depends on the gluon density at high x or the Drell-Yann production pp !l+l�X, which is sensitive to the sea quark densities. The result of these �ts allows totest pQCD and to predict the cross-sections in yet unmeasured kinematic regions. Inorder to perform a QCD �t, �rst the parton densities are parameterized as functionsof x. They are then injected in the DGLAP equations (eqs 1.47 and 1.48) at a givenvalue of Q20 and evolved according to these equations in Q2. The splitting functionsP and the coe�cient functions C have been computed to NLO. The theoreticalF2 computed from the parton densities, is then adjusted to the data, taking intoaccount the constraints from the quark counting rule on the valance quark densitiesuv and dv Z 10 uv(x;Q2)dx = Z 10 u(x;Q2)� 2�u(x;Q2)dx = 2 (1.65)Z 10 dv(x;Q2)dx = Z 10 d(x;Q2)� 2 �d(x;Q2)dx = 1 (1.66)and from the momentum sum ruleZ 10 x(uv + dv + g + 2(us + ds + ss + cs + bs))dx = 1 (1.67)where the subscript s indicates the contribution from the sea-quarks. Various groupshave performed QCD �ts, di�ering in the chosen input data, the type of partondensity parametrization and additional assumptions on parton densities. In thefollowing, two of them are described in more detail.1.5.1 The MRST ParametrizationIn this parametrization due to Martin, Robert, Stirling and Thorne [17], the partondistribution functions are parameterized at a scale Q20 = 1GeV 2 asxuv(x) = aux�u(1 � x)�u(1 + bupx+ cux) (1.68)xdv(x) = adx�d(1 � x)�d(1 + bdpx+ cdx) (1.69)xS(x) = asx�s(1� x)�s(1 + bspx+ csx) (1.70)22



xg(x) = agx�g(1� x)�g(1 + cgx) (1.71)with 3 active 
avors u, d and s. S stands for the total sea quark density. Theconstraints put on the light sea quarks at Q2 = Q20 are2�u = 0:4S �� (1.72)2 �d = 0:4S +� (1.73)2�s = 0:2S (1.74)which means that the u and d quarks densities contributing t o the sea can bedi�erent by � and the strange contribution to the sea accounts for 20%. The c andb contributions are only generated above their threshold Q2 > m2q from boson-gluonfusion.To obtain the parameters of the parton distribution functions, large amount ofdata points from di�erent experiments i.e. H1, ZEUS, HERMES, BCDMS, NMC,E665 and SLAC was used to cover the maximum possible kinematic region. Itwas further required to satisfy the neutrino data constraints by comparing with thestructure functions F �n2 and xF �n3 as measured by the CCFR experiment [18]. Theparameterized gluon distribution was constrained by the prompt-photon productionfrom the E706 experiment at x � 10�3. Contrarily to the former parametrization[19] where the light sea was weakly constrained by a single measurement of �u � �dat x = 0:18 from NA51 [20], the present parametrization is strongly constrained bythe Drell-Yann production in the range 0:03 � x � 0:35 from the E866 experiment[21]. The CDF measurement of the asymmetry of the rapidity distribution of thecharged lepton fromW� ! l�� provides a tight constraint on the light valence ratiou=d [22]. The new more precise measurements of F �p2 , F �d2 and F �d2 =F �p2 by NMCconstrains further the parton densities [23]. Finally the parameterized charm quarkdistribution was required to satisfy the recently measured charm structure functionat HERA [24].1.5.2 The GRV ModelThe GRV (Gl�uck, Reya and Vogt) model [25] was developed as a dynamical (\ra-diative") parton model in order to account for the QCD evolution of the partondensities. This means that all parton densities even the gluons are assumed to havea valence like form at a very low Q2 scale, typically �2 � 0:3 GeV 2. The sea quarksare then generated dynamically via boson-gluon fusion, and were predicted to risestrongly at low x [26, 27, 28] which was con�rmed by the very �rst measurementsat HERA. The parton densities are parameterized as followingxuv(x) = a0ux�0u(1� x)�0u(1 + b0upx+ c0ux+ d0ux3=2) (1.75)xdv(x) = a0dx�0d(1� x)�0d(1 + b0dpx+ c0dx+ d0dx3=2) (1.76)x�(x) = a0�x�0�(1� x)�0�(1 + b0�x) (1.77)x(u(x) + d(x)) = ex
(1 � x)�(1 + fx) (1.78)23



xg(x) = g0x�0g(1 � x)�0g (1.79)The GRV parametrization assumes the strange quark distribution s(x) = s(x) = 0at the initial scale leading to an SU(3) broken sea. The light quarks u, d and s, aresupposed massless whereas the heavy quark masses used aremc = 1:4 GeV mb = 4:5 GeV mt = 175 GeV (1.80)The remaining constraints are same as in MRST.1.6 The Transition towards PhotoproductionIn QCD, we generally distinguish two major types of interactions, \hard interac-tions", where we can determine a factorization scale, which is su�ciently importantsuch that perturbative calculations can be performed, and \soft interactions", whichcan only be described by phenomenological models. In ep scattering, the most natu-ral interaction scale is given by the exchanged photon: for DIS-events at Q2 greaterthan a few GeV 2, perturbative calculations can be safely applied, whereas photopro-duction processes at Q2 ' 0 can be described by Regge theory, as used for examplein the model of Donnachie-Landsho� [29], where F2 is the sum of two Regge tra-jectories, which are motivated by the contributions of Reggeon exchange (particlescarrying non-zero quantum numbers) and Pomeron exchange (particles carrying zeroquantum numbers).With the HERA data at low Q2, the transition region between the two regimescan be studied explicitally and several approaches were developed in order to de-scribe the behaviour of the cross-section over the full kinematic region. The two mostsuccessful models, the Badelek-Kwiechinski model and the ALLM-parametrizationare described brie
y.1.6.1 The ALLM ParametrizationThe ALLM parametrization (Abramowicz, Levin, Levy and Maor) [30] is the resultof a �t on F2 data from various experiments, photoproduction cross-sections, andthe cross-sections from hadron-hadron interactions. The Regge theory inspired �tis based on the idea, that F2 can be obtained from a Pomerons and a Reggeoncontribution as F2(x;Q2) = Q2Q2 +m20 �F IP2 (x;Q2) + F IR2 (x;Q2)� (1.81)with F IP2 (x;Q2) = cP (t)x�P (t)P (1 � x)bP (t)F IR2 (x;Q2) = cR(t)x�R(t)P (1 � x)bR(t) (1.82)the scale t is de�ned as t = log0@ log Q2+Q20�log Q20� 1A (1.83)24



The t dependence of the coe�cients cP , cR, bP , bR as well as �P (t) and �R(t)is expressed by two parameterized functions, such that this �t contains 23 freeparameters, which allow to describe the cross-section measurements from �xed targetand the HERA experiments in the whole phase space in x (3 � 10�6 � x � 0:85) andQ2 (0 GeV 2 � Q2 � 5000 GeV 2).1.6.2 The Badelek-Kwiechinski ModelIn the Badelek-Kwiechinski Model (BK) [31], the structure function is composed ofa non-perturbative part based on the Vector Meson Dominance Model (VDM) and aperturbative part based originally on the GRV approach, but which can be replacedby any type of NLO QCD parametrization:F2(x;Q2) = F VDM2 (x;Q2) + Q2Q2 +Q20FQCD2 (x;Q2) (1.84)In VDM, the photon is considered as a hadronic system, carrying the quantumnumbers of a vector meson. F VDM2 (x;Q2) contains therefore the contribution of theproduction cross-section of all light vector mesons, with M2V < Q20, Q20 de�ning thelimit between the VDM and the QCD regime and can be expressed as:F2(x;Q2) = Q24� XV M4V �V (W )
2V (Q2 +M2V )2 (1.85)where �V is the total vector meson-nucleon cross-section and 
2V the coupling con-stant of the photon to the vector meson. If only a �nite number of vector meson isconsidered, the F VDM2 contribution is vanishing at high Q2. For Q20 ' 1:2 GeV 2 theconsidered vector mesons are according to their masses �, ! and �. The extension ofVDM, by taking into account the continuous contribution in the perturbative regionof the phase space is called Generalized Vector Meson Dominance Model (GVDM).1.7 SummaryWe have introduced the formalismwhich relates the structure functions to the stronginteraction theory QCD. Using the framework of perturbative theory, the evolutionof the structure function can be predicted as a function of log(Q2) by the DGLAPevolution equations, and current parametrizations of the parton densities obtainedby NLO QCD �ts have been presented. At small x, the gluon density is dominatingthe F2 behaviour and can be predicted by the LL-approximation to have a doublelogarithmic scaling behaviour. This approximation however is only valid, if log(1=x)is small, whereas in the opposite case, the BFKL formalism was proposed. Theconstraints on the behaviour of F2 from the DGLAP and the BFKL equations, arenot important enough to discriminate them experimentally, and di�erent observablesas for example FL will be necessary in the future in order to establish clearly theunderlying dynamics. The transition from perturbative to non-perturbative QCDat very low Q2 has been discussed in the form of two di�erent models, either using25



a Regge theory inspired Ansatz or a generalization of the Vector Meson DominanceModel. The results of the measurement presented in this thesis will be compared tothe two approaches.
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Chapter 2The HERA Accelerator and theH1 DetectorThe HERA collider (Hadron Electron Ring Accelerator) is producing electron-protoncollisions for the H1 and ZEUS experiments with an electron beam energy of 27:6 GeVand a proton beam energy of 820 GeV , resulting in a center of mass energy ps =301 GeV . H1 (and similarly ZEUS) is a nearly hermetic multi-purpose detector [1](see �gure 2.1) equipped from inside out with a tracking system, several calorime-ters, a superconducting solenoid delivering a magnetic �eld of 1:2 T and dedicated
THE  H1  DETECTOR

Figure 2.1: Longitudinal view of the H1 Detector before the upgrade of the backwardregion. 29



muon detectors. The detector is asymmetric, re
ecting the asymmetry in the beamenergies, with a small calorimeter in the backward region 1, dedicated mostly to themeasurement of the scattered electron at low Q2 and a denser forward region, wheremainly the fragments of the proton are observed.Since 1992 the luminosity increased roughly by a factor of 10 each year from25 nb�1 in 1992 to 35 pb�1 in 1997. The accumulated luminosity allows for a precisestudy of the structure functions especially in the low x and low Q2 region. In orderto improve the precision of these measurements, an upgrade program of the rear partof the H1 detector was undertaken replacing the Backward Proportional Chamber(BPC) by a Backward Drift Chamber (BDC) and the Backward Electro-MagneticCalorimeter (BEMC) by a 'Spaghetti' Calorimeter (SpaCal).The present chapter describes brie
y the HERA accelerator and the H1 detec-tor. After introducing HERA in section 2.1, section 2.2 describes the luminositysystem and the di�erent methods used for the luminosity measurement. Section 2.3discusses the tracker system and section 2.4 the calorimeter system with emphasisgiven to the new SpaCal calorimeter as the present analysis relies strongly on thisdetector. The other subdetectors are not used in this analysis and their descriptioncan be found in [1].2.1 The HERA AcceleratorBefore obtaining the �nal beam energies of 27:6 GeV for the electrons and of820 GeV for the protons, di�erent steps in pre-acceleration are taken [2], from thebunch formation to the �nal beam energies (see �g 2.2).
Figure 2.2: The HERA accelerator with the location of the four experiments and anenlarged view of the preaccelerators.For the electrons, �rst a LINAC injects individual electrons of 500 MeV intoa small storage ring which produces single bunches of � 60 mA. These bunches1The positive z axis is de�ned w.r.t the proton beam direction30



are transferred to DESY II which accelerates them to 7 GeV . Then 70 bunches of14 GeV are collected in PETRA. These bunches are �nally transferred to the mainstorage ring HERA, where up to 210 bunches are circulating and accelerated to thenominal beam energy.The protons pass through almost the same kind of processes before attaining the�nal energies. A di�erent LINAC produces 50MeV H� ions, which are accumulatedin DESY III. In DESY III, the charge exchange injection takes place within 10 turnsof accumulation by stripping o� the electrons of the H� ions passing through athin foil in order to obtain protons in individual 7:5 GeV bunches which are thentransfered to PETRA and cumulated into 70 bunches each of 40 GeV . Finally theyare transfered to HERA and accelerated to 820 GeV .A bunch of whether electron or proton has a Gaussian distribution of particlesboth in the x- and y-directions [3]. Each bunch has a length of 7:8 mm for theelectron beam and 110 � 150 mm for the proton beam at their maximum energies,determinating the width of the interction vertex distribution in z. Their widths atthe interaction points are 0:3 mm (for the electrons) and 0:32 mm (for the protons)while their heights at the interaction points are 0:04 mm and 0:1 mm respectively,leading to an ellipsoidal transverse cross-section. Each bunch contains about 3:5 �1010 electrons and 1011 protons. The spacing between the bunches is 96 ns, leadingto a collision frequency of 10:4MHz Some bunches have no counterpart, called pilotbunches, and used to study beam induced backgrounds.If we look at the bunch structure of the electrons (see �g 2.3), we see a main12 Chapter 2. Accelerator, beams and luminosity measurement
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ight scintillator FToF.surrounded by several extra (satellite) bunches of much less intensity, at �4:8 ns and �19:2ns, thus �lling the 96 ns interval between interactions. Fig 2.2 illustrates the longitudinalpro�le of a proton packet as observed in the forward time of 
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ects roughly the longitudinal structure of the proton beam,resolved by the much shorter electron bunch. The distribution of the observed interactionz-vertex position (see Fig 2.8-a) due to collisions between the main proton bunch and theelectron beam has a width of � 10 cm. It is essentially half the length of the proton bunch.Another peak in the vertex distribution appears at � +70 cm from the main peak andcorresponds to the satellite bunch arriving 4.8 ns before the main bunch. Other satellitebunches are not observed in the detector due to acceptance e�ects.Only interactions corresponding to the main proton bunch are usually used for physicsanalysis. However, the H1 luminosity system, based on the detection of bremsstrahlungevents (ep ! ep
) (see section 2.3), is sensitive to the total amount of protons containedwithin �19:3 ns of the main bunch centre. As a consequence, the integrated luminosity Lshould be corrected to account for the satellite bunch e�ect.The rest of this section is dedicated to a qualitative overview of the phenomena leadingto the occurrence of this complicated proton bunch structure.The next section is devoted to an analysis of the available data and to the determinationof the integrated luminosity originating from the satellite bunch, and thus to the correction

Figure 2.3: Bunch structure of the electron beam with the main bunch and thesatellite bunches. Indicated is the part seen by the luminosity system.peak and besides satellite bunches which are 4:8 ns later and �4:8 ns earlier, thanthe main bunch. The contribution of these satellite bunches are varying in timeand between di�erent �lls. As the interactions from these bunches contribute to theluminosity measurements but are cut by the vertex requirement in the analysis, we31



have to correct for their contribution in the luminosity determination. The meancorrection factor is �3:6% for the 95 nominal vertex data.The main running parameters for HERA in 1995 are summarized in table 2.1and compared to the performance during the 1994 e+ running. The performance ofthe machine improved, especially for the mean proton currents, which is partiallyrelated to an increase of the number of stored bunches, but also higher currents ineach bunch could be achieved. The design values for HERA are also given.1995 e+ 1994 e+ nominallepton energy (GeV ) 27:6 27:6 30proton energy (GeV ) 820 820 820hIei (mA) 18:4 17:0 60hIpi (mA) 54:0 41:0 160number of bunches 174 (+21 pilots) 153 (+21 pilots) 210peak luminosity (cm�2s�1) 6:0 1030 4:3 1030 1:5 1031Table 2.1: Main parameters of HERA for the 1995 data taking compared to the1994 e+ running and the nominal values.The two interaction regions of the electron and the proton beam are equippedwith the H1 detector in the north and with the ZEUS detector in the south. In theeast hall, the HERMES detector is installed, where the electron beam is scatteredon a gas target. The beam and the target are polarized for studies of polarizedstructure functions and semi-inclusive measurements on the hadronic �nal state. Inthe west hall, the HERA-B experiment uses the proton beam on wire targets and isaiming at observing direct CP violation in the B �B system.2.1.1 Kinematic Constraints for HERA-EventsFrom the HERA-beam energies, we can easily compute the accessible x�Q2 domainfor DIS events: the kinematic limit in Q2 with the available center of mass energyis 90600 GeV 2, whereas at Q2 = 1 GeV 2 an x value of 1:1 � 10�5 can be reached.Figure 2.4 shows the lines of constant energy and angle, for both the scatteredelectron (upper �gure) and the \struck quark" in the naive QPM (lower �gure) overthis kinematic region. The region is delimited by a diagonal, corresponding to thekinematic constraint of y < 1. Lines of constant y will be parallel to this diagonal.The relation between x, y and Q2, implies that the lowest x values are obtainedalso at lowest Q2 and at high y. The reach at low Q2 is limited by the �-acceptanceof the scattered electron in the backward region: considering an acceptance limit dueto the beam-pipe of 2o, electrons of events with with Q2 < 0:1 GeV 2 are escapingthe backward beam-pipe.In order to reach low x values, we must be able to detect events at high y, whichmeans at low electron energy. If electrons can be identi�ed with energies downto 3 GeV , y � 0:9 can be reached, however this is far from being trivial, as the32
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HERAKINEFigure 2.4: Hera kinematics: x and Q2 regions as function of the energy and theangle of the scattered electron, indicating the calorimeter in which it is detected(upper plot) and as function of the theoretic energy and angle of the struck quarkin the QPM (lower plot). 33



electron/pion separation is very di�cult at low energy and therefore misidenti�cationcan easily occur. This e�ect is ampli�ed, by the fact that at high y, the struck quarkis backscattered, creating an low energetic jet in the backward region of the detector.At high x, the detection of events is limited by the hadronic �nal state, whichis directed more and more in the forward direction, as we are going towards lowery. The background conditions at HERA however impose the presence of an eventvertex measured with the tracking chambers from either the electron or the hadronic�nal state, imposing therefore a limit on the measurable region towards high x.Besides, the wide range in x covered by a rather small variation in the electronenergy, indicates that we must use the hadronic �nal state information in order toaccurately reconstruct the event kinematics, as even small errors on the electronenergy will induce huge migration in the x�Q2 plane.As the cross-section in DIS is varying as 1=Q4, we will get the majority of eventsat low Q2, i.e. low electron scattering angles. Limiting the event rate, due to alimited amount of trigger band-width, is therefore be done by prescaling trigger forelectron candidates in the very backward region.2.2 The Luminosity SystemFor the luminosity determination, the cross-section of QED processes which can becomputed precisely, are measured and from the comparison with the expected valuethe luminosity is extracted. At HERA, one can use essentially two methods for theluminosity determination [4]:� Bethe-Heitler Bremsstrahlung: The Bethe-Heitler process ep! e
p has a verylarge cross section of about 100 mb for the emission of a photon at low anglesbelow 17 �rad. This allows for a measurement with a very high statisticalprecision, but at these angles, the electron and the photon are escaping themain detector and have to be detected in special calorimeters placed furtheraway along the beam pipe.� QED-Compton: In the elastic ep! ep
 or inelastic ep! eX
 QED Comptonprocess, the scattered electron and photon angles are large and both can beclearly seen in the main detector. The small cross section �vis � 10 nb however,prevents a good statistical precision. This method is therefore only used forcross-checks [5].The Luminosity DetectorThe electron and photon of the Bethe-Heitler process are detected by the luminositydetector, which consists of an electron tagger and a photon detector (see �gure 2.5),located upstream of the main H1 detector [6]. The main electron tagger (ET) forthe luminosity system is a 49 channel crystal Cherenkov calorimeter with a crosssection area of 15:4 cm � 15:4 cm and a depth of 20 cm, located at z = �33:4 m.Two additional new electron tagger ET44 and ET8, analogous to ET but with only34



6 channels (2�3 crystals), are situated at z = �44 m and z = �8 m. These taggersare not used for the luminosity measurement.Based on the bremsstrahlung process:ep! e
p� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � � -
HHHHHHHHHje 2X0 VC PDETElectron Tagger (ET)EET = 11:8 GeV Photon Detector (PD)EPD = 14:5 GeV
H1 Luminosity SystemIPFigure 2.5: Schematic view of the Luminosity System. Above is indicated the Bethe-Heitler process and the principle of its detection. In the middle, an event seen inthe Electron Tagger and the Photon Detector is shown along with the setup of theVeto-Counter and the Photon Detector. Below, the magnets from the interactionpoint in the main detector to the luminosity detectors are indicated.A 25 channels crystal Cherenkov calorimeter with a cross sectional area of10 cm � 10 cm and a depth 20 cm is used as photon detector (PD) and locatedat z = �103:1 m. A veto counter (VC), a water Cherenkov detector of 28 cm width,is just in front of the PD at z = �102:8 m and used as protection against the highsynchrotron radiation 
ux.The system has high radiation resistance with a good energy resolution of �E=E =15%=pE�1%, a resolution in x and y of �x;y = 0:3�1:2 mm and a timing resolutionbelow 3 ns for both ET and PD. 35



Other Functions of the Luminosity SystemBesides the luminosity measurement, these detectors are used to monitor the be-haviour of the electron beam. The ET is also used, together with the two additionaltaggers, to measure electrons in photoproduction events at Q2 � 0 GeV 2. In theseevents the angular deviation of the electron is so small that it escapes into the beam-pipe and may then be detected, within their acceptance, by these electron taggers.As these events are the main background at low energy in DIS, the tagged eventsare used for the background estimation in our event sample.2.2.1 The Luminosity DeterminationThe luminosity2 is obtained from the following formula [6]:L = N epBH(E
 > Emin)�BH(E
 > Emin) (2.1)As the system is very close to the beam pipe, there is a large contamination from syn-chrotron radiation, predominantly at low energies. This background can be avoidedby putting a lower limit on the photon energy Emin. The choice of a reasonable Eminfurther reduces pile-up e�ects. The luminosity was corrected for limited geometricalacceptance of the detector and the trigger e�ciencies. The number of Bethe-Heitlerevents NBH are determined in H1 by two di�erent methods.� Coincidence (
e) method: This method uses only events, where the elec-tron and the photon are detected in coincidence. It is very sensitive to smallvariations in the beam optics due to the limited acceptance of ET, as smallchanges in the vertical position of the electron beam, may make the electronescape the tagger. However the advantage is its stability against small vari-ations in the trigger threshold. Moreover as one is measuring the energiesof both the electron and the photon, a better relative energy calibrations isachieved. In �gure 2.6, the correlation of the energy measured in the pho-ton and in the electron detector is shown, where the sum of the two energiesshould be equal to the beam energy of the electron. In the 1995 data takingthis method was used for the online analysis due to these two advantages.� Single photon (
) method: Here only the information obtained from thePD is used. Due to the larger acceptance of the PD compared to the ET,this method is less sensitive to variations in the beam optics. However, itis less stable against variations in the trigger threshold and a better energycalibration is needed as the relative calibration with the scattered electron isnot available. Therefore this method is less adapted for the online analysis,and used for the precise o�ine determination of the luminosity.2L denotes the total time-integrated luminosity (b�1).36



Veto counter response, should be extracted from real data. One possibility is to exploitthe energy correlation between the photon and the electron arms, as shown in Fig.8.Plotting the average value of <Ee+E
 > versus the photon energy, one can in principledata a) b)
c)

Figure 8: Energy correlations between the electron and the photon arms for BH eventstriggered by the coincidence requirement ET�PD.extract the information on the absolute scale at lower E
. Naively, any deviation fromthe constant level line in such a dependence would mean a nonlinearity of the energyscale. Unfortunately, this simple picture is not realised because of the limitations in thedetector acceptances, especially the ET acceptance, which is strongly energy dependent.Therefore, it is necessary to compare the data with Monte Carlo events, having an idealenergy scale. Such a comparison is presented in Fig.8(b,c). For these plots the multiplephoton events have been suppressed by the requirementEV C < 0:5 GeV. One can see thatthe general trends are well reproduced by the Monte Carlo [9]. The residual di�erences,in the region of non-negligible ET acceptance, do not exceed 0.7%. They can be treatedas a consequence of the non ideal Electron tagger acceptance description in the MonteCarlo. From that we conclude that the data are compatible with a simple scale errorpropagation: �E
(Emin) = �E
(E0) E0Emin :The �nal step is to translate �E
 to �L through the non-linear dependence ��BH(�Emin).As an example, the following systematic errors are obtained for the nominal IP data14
Figure 2.6: Correlation between the photon energy measured in the photon detectorand the electron energy in the electron tagger used for the energy calibration forluminosity system.Uncertainties on the Luminosity MeasurementThe most important contributions to the uncertainties of the luminosity measure-ment are coming from the theoretical uncertainty on the calculated cross-section,�BH, which is 0:47% and from the photon energy calibration and the PD energy res-olution, which leads equally to and uncertainty of 0:47 % at Emin = 10 GeV . Pile-upe�ect occur with the emission of more than one BH photon in a single bunch cross-ing (BC), such that their energies are summed and wrongly estimated as the energyof a single photon. The error estimated from this e�ect is 0:11 %. The statisticalerrors from the electron gas background subtraction contribute 0:21% [6].The total corrections on the on-line luminosity measurements determined fromthe o�-line study are �2:7� 1:07 % for the nominal vertex data and �5:4� 1:14 %for the shifted vertex data. The satellite bunch corrections determined from theo�ine analysis for 91 % of the nominal vertex 1995 data (only 'Good' or 'Medium'runs) are �3:6 % with a systematic error of �0:4 % from FToF (Forward Time ofFlight) measurements and +1:6�0:3 % from the limitation of the method used. The totalerror on the luminosity measurement is 1:97%.2.3 The Tracking SystemThe H1 tracking system [7] is used for the detection of charged particle tracks,the measurement of their momenta and the determination of the event vertex.A momentum resolution of �pp2 � 0:3% GeV �1 and an angular resolution of �#,�' < 1 mrad is achieved for the reconstructed tracks. The dE=dx information fromthe drift chambers can also be used for particle identi�cation. Besides, the tracking37



system provides information which is used in the event trigger. The complete track-ing system, as shown in �gure 2.7, is divided into three parts: the forward trackerwhich is only used for the vertex reconstruction in this analysis, the central trackerand the backward drift chamber.

Figure 2.7: Longitudinal view of the H1 Tracking System before the upgrade pro-gram of the backward region.2.3.1 The Central Tracking SystemThe central tracker is a combination of multiwire jet chambers, drift chambers andproportional chambers and covers an angular region between 25o to 155o.The Central Jet Chambers (CJC1, CJC2)These chambers work according to the following principles:1. Primary Ionization: Incident charged particles are ionizing the gas atoms.If a produced electron has an energy above the ionization threshold (EIon �26 eV ), it causes further ionization.2. Drift: The motion of the electrons and the ions is controlled by applying anelectric �eld (E) between the sense wires and the cathode wires. The produced38



electrons drift towards the sense wires with a certain drift velocity dependingon the gas used.3. Gas Ampli�cation: Near the sense wire, the electric �eld changes as E / 1=rand reaches values of E � 104 � 105 V=cm. As a result, the electron gainsenergy and new ions are produced. A large number of these ions near the sensewire produces an avalanche and ampli�es the signal.The central jet chambers are built from two cylindrical co-axial (the beam being theaxis) jet chambers [8]. The inner one, CJC1 has a radial coverage from 20 cm to45:2 cm, the outer one CJC2 from 52:7 cm to 85:5 cm and the cylinders are 220 cmlong centered around the interaction point. chambers are �lled with a mixture ofArgon(Ar), Ethane(C2H4) and water(H2O) in ratio 50 : 50 : 0:08 at atmosphericpressure in order to increase the primary ionization. The internal structure consistsof sense wires, cathode wires, potential wires and �eld wires, all parallel to thebeam. This allows to measure precisely the radial positions, but not the z-positionof a track. As shown in �gure 2.8, the wires form tilted planes at 30o to the radial

Figure 2.8: The Central Tracking System, section perpendicular to the beam.direction. This tilt is provided to compensate the 30o Lorentz angle in the presenceof 1:2 T magnetic �eld so that in the presence of the high transverse momentumtracks, the drift direction is perpendicular to the �eld.The above described wire geometry provides a nice transverse resolution of �r' �170 �m. A rough estimation of the z-measurement is done by the charge division39



method in which the sense wire currents are measured at both ends of the sensewires. This method gives a resolution of �z � 2:2 cm (i.e. 1% of the wire length).The resolution obtained in the energy loss measurement is �dE=dx � 10%.The Central z-Chambers (CIZ, COZ)Due to the poor precision in the z-position determination of the CJC chambers, twoadditional chambers were added, the innermost CIZ, lies in front of CJC1 and theouter one COZ, in between CJC1 and CJC2 (See �gure 2.8). The polar angles rangecovered by CIZ and COZ are 16o < # < 169o and 25o < # < 156o respectively.1. CIZ: The chamber forms a 16 faces regular polygon in the cross-section witha thickness of 0:012 radiation length Xo. In the z-direction, the chamber isdivided into 15 equal rings, each ring being drift cell 12 cm long and 2 cm thick,where the wires are mounted along polygons. The wire planes are tilted by45o with respect to the beam, tilted backward for the �rst 9 cells while tiltedforward for the remaining 6 cells according to the direction of the crossingtracks. This wire geometry resolves the right-left ambiguity and it eliminatesthe dependence of the chamber resolution on the crossing angle.2. COZ: The chamber cross-section is a 24-faces regular polygon. The number ofcells and their azimuthal size is the same as in CIZ. The wire planes are nottilted and these planes are aligned perpendicular to the beam. Mirror trackscan be eliminated, as they do not point to the vertex.In each cell, the soldering of the wires is performed at ' = 0o and amounts to adead zone in ' of 7:7% of 2� for CIZ and 5:3% of 2� for COZ. The chambers allowfor a precision of the measurement in z of �z = 260 �m for CIZ and �z = 200 �mfor COZ, while the resolution in r', which is determined by the charge division atthe wire ends, is rather poor (�r') of 28 mm and 58 mm respectively.The Central Proportional Chambers (CIP, COP)Next to the z-chambers, two thin cylindrical proportional chambers, CIP and COP(see �gure 2.8) are located which give space points for three di�erent triggers [9].Combining these space point informations with the one from the four planes ofthe FPC (Forward proportional chambers) and those from the CIZ and the COZallows for a fast estimation of z-vertex position. The system provides a good timingmeasurement for the particle tracks with a resolution of 75 ns for CIP and 60 nsfor COP. By looking at their structure, the CIP is divided into sixty sectors in z-direction each of a width �z = 3:65 cm and in eight sectors in ', each of a width�' = 45o while the outer chamber COP, consists of 18 sectors in z-direction eachwith a width �z = 12:1 cm and sixteen sections in azimuthal direction with a widthof �' = 22:5o. 40



2.3.2 The Forward TrackersThe angular acceptance for the forward trackers [10] (�g 2.7) is 7o � # � 25o. Thesystem is composed of three identical supermodules, which are the combination ofplanar and radial drift chambers and proportional chambers.The Planar ModulesIn the planar drift chambers the wires are parallel to each other (see �gure 2.9) andthe whole chamber is orthogonal to the beam. The system consists of three planesoriented at 00 and �600, with a total of 1152 channels. The main purpose of theplanars is the # measurement with a resolution below 1 mrad. The radial resolutionis of 150 � 170 �m while the double track resolution is below 2 mm.The Radial ModulesThree radial wire drift chambers [11, 12] are improving the r' and r reconstructions.The basic structure contains wire strung radially from r = 15 cm to r = 76 cm (see�gure 2.9). Each radial consists of 48 wedge shaped drift cells in '.The Forward Proportional Chambers:The Forward Proportional Chambers are giving a fast timing information which isused as a veto for interactions, which are produced out of the time-window of anep collision. The information of a the presence of a signal in the forward tracker,assembled to a ray, is used in combination with the CIP/COP information in triggerelements indicating the presence of a vertex.2.3.3 The Backward Drift ChamberAs stated earlier the former Backward Proportional Chamber (BPC) was replacedbefore the 1995 data taking by a Backward Drift Chamber (BDC) [15, 16]. TheBPC was used to measure the impact points of the charged particles tracks in frontof the BEMC with a precision of 1 mm. However, being a plane chamber it didnot measure the direction and the momentum of the charged particles tracks. Thismeasurement was performed by the central trackers but restricted in acceptance to# < 165o given by CJC1.The newly installed backward drift chamber (BDC) covers the angular region of153o � # � 177:5o. The system (see �gure 2.10) contains 4 parallel planes of doublelayers perpendicular to the z-axis, each plane has 8 equal azimuthal sectors with44 radial wires per sector thus forming a cobweb geometry . The distance betweentwo wires decreases as one goes from higher to lower radii, in order to cope with thehigh background rate (beam gas, beam wall) which increases as one goes closer tothe beampipe. Each of the four planes is tilted with respect to its adjacent plane by11:25o so that the whole detector provides 32 e�ective ' segments, which are uniquesegments in 3-dimension. The detector contains the gas mixture of 92:5%Ar; 5%41



Figure 2.9: The three di�erent modules of the Forward Tracking System, sectionperpendicular to the beam and the corresponding cell structures.42



isobutane and 2:5%NH3. The gas mixture provides a reasonable gas ampli�cationfactor of 5:104 and the drift velocity of ionization electrons is vd = 28 �m=ns atE = 1kV=cm, directed radially.
Figure 2.10: Schematic view of the BDC, showing the arrangement of the 4 doublelayers and the structure of a double layer readout cell.The described BDC geometry provides an impact point with a good radial resolu-tion of �r � 0:4 mm and an azimuthal resolution of �' � 0:8 mm for non-showeringparticles while it has a moderate hit resolution of 400 �m in # and 1 mm in '.The double track resolution is 3 mm. There is a large amount of dead material infront of the BDC due to the CJC's end walls, electronics and cables with a variabledepth from 0:5 to 2 radiation lengths with an inhomogeneous structure. This deadmaterial produces preshowering of the electron in about 60 to 70% of the events.The BDC can measure the energy loss of the electron due to this preshowering bymeasuring dE=dx with a precision of �dE=dx � 30%, but this has not been used forthe analysis so far. In the case of showering particles the resolution degrades as�r � 1:4mm and �r' >� 1:5mm.The Electron Track ReconstructionThe BDC is a vital detector in the backward direction in order to identify theelectron in low Q2 events. Therefore an electron candidate is only validated, if theelectron cluster in the SpaCal can be associated to a track measured in the BDC.In order to use the maximum available information, from the track reconstructionone de�nes �02 [15], adding to the usual �2 criteria, using the distance of the closestapproach between tracks and hits, the di�erence between the electron cluster and a43



BDC track, �02 = �2 + (�#�# )2 + (�(d'=dz)�d'=dz )2 (2.2)Here �# is the di�erence in the polar angle of the track and the angle from theelectron cluster to the vertex and �(d'=dz) is the di�erence in the correspondingslopes. For the electron reconstruction only 5 tracks with minimum �02 are kept andthe remaining tracks are rejected. Among these �ve tracks the electron is selectedas one with a minimal projected distance from the SpaCal cluster.The polar angle resolution depends upon the radial resolution, the resolutionin z-vertex and the resolution in z-BDC. As the later two are very small, one canneglect them and hence �# = �RzBDC � zvtx (2.3)from which one �nds a resolution of 0:6 mrad for non-preshowering events. Whilecomparing the data with the simulation, one �nds a shift of 0:5 mrad in the angulardistribution which is included in the systematic errors for the F2 measurement.2.4 The CalorimetersThe tracking systems can only detect charged particles and as the resolution dp=p isproportional to p, the momentummeasurement is more accurate for low momentumparticles. For sampling calorimeters, where only a fraction of the deposited energyis detected by some active material, the energy resolution �E=E varies as 1=pE,therefore high energetic particles are more precisely measured with a calorimeter,whereas neutral particles can only be measured by the calorimeter. The energy lossas a function of the distance varies as pE for a tracker, while for calorimeters itvaries as log(E). This means that the calorimeters are very compact in order toabsorb a particle, whereas trackers only modify slightly the trajectory of a particle.With a high granularity, calorimeters can determine the position of isolated parti-cles and electromagnetic and hadronic particles can be separated by looking at thelongitudinal and transverse structure of the measured shower.5 In High Energy Experiments we use sampling calorimetersThe response time of calorimeters vary, depending on the active material. In thecase of scintillators, the response is very fast and precise, as for example in the caseof the SpaCal calorimeter, where the timing resolution is about 1 ns. For the liquidArgon Calorimeter, the response time is limited by the drift velocity of electronsin the liquid Argon and the rise time of the electronic signal. However the timinginformation of calorimeters is used to veto interactions out of the timing window inthe trigger system, which is rejecting non-ep background events.Electromagnetic ShowersA photon of a few MeV will interact with matter either by photoelectric or byCompton e�ect, while an electron of a fewMeV interacts with the detector material44



via ionization and excitation (Figure 2.11). At energies of severalGeV the dominantprocess for photons is e+e� pair production and Bremsstrahlung for electrons. Theseinteractions give rise to electromagnetic cascades.The total longitudinal length, lateral radius and the starting point of the cascadeformation depends on the material of the detector depend on the energy of theparticle. One de�nes the radiation length Xo as the length of material through
Abbildung 2.2: Anteil der einzelnen Prozesse zum Energieverlusts pro Strah-lungsl�ange f�ur Elektronen und Positronen als Funktion ihrer Energie in Blei[PDG92]Strahlungsl�ange, aufgeteilt in die verschiedenen beitragenden Prozesse, f�ur Elek-tronen und Positronen dargestellt. Auch weniger stark beitragende Prozesse sindgezeigt. Sie sollen hier nur kurz genannt werden:� M�llerstreuung: e� + e� ! e� + e�� Bhabha-Streuung: e+ + e� ! e+ + e�� Annihilation: e+ + e� ! 
 + 
Die Energie, bei welcher der Energieverlust pro Wegl�ange durch Ionisation gleichdemjenigen durch Bremsstrahlung ist, wird als kritische Energie bezeichnet. Sieist gegeben durch  dEkritdx !ion =  dEkritdx !brems :Als Parametrisierung f�ur Ekrit gibt Amaldi [AMAL81] Ekrit = 550=Z [MeV ] miteiner Genauigkeit von 10% im Bereich f�ur 13 � Z � 92 an.17
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Photon EnergieAbbildung 2.3: Anteil der verschiedenen Prozesse zum Photonwirkungsquer-schnitt in Blei [PDG92]� Tiefe des Schauers: t = lnE0=Ekritln 2 Strahlungsl�angen� Zahl der Teilchen im Schauermaximum: n = E0EkritWichtig ist die Proportionalit�at zwischen der Anzahl der produzierten Teilchenund der Energie des Prim�arteilchens.2.2.1 Schauerentwicklung und r�aumliche AusdehnungNach der Vorstellung des vereinfachten Schauermodells sollen nun die Ergebnissevon detaillierteren Modellen, Simulationen und Messungen zusammengetragenwerden.Longitudinale AusdehnungGeht man davon aus, da�� die Energiedeposition pro Wegl�ange durch Ionisation und Anregung un-abh�angig von der Energie ist, dies bedeutet �dEdx �ion = �EkritX0 ,� Vielfachstreuung, Compton-Streuung und Photoe�ekt vernachl�assigbarsind, der Schauer also eindimensional betrachtet wird,19

Figure 2.11: Energy loss by a electron (left) and an photon (right) as a function ofthe energy in Lead.which an energetic electron looses 1 � e�1 � 67% of its energy by Bremsstrahlung[17]. Xo depends strongly on the material, 5 Xo correspond for example to 45 cmof Al but less than 3 cm of lead, whereas the longitudinal shower development asa function of Xo is nearly independent of the material. For a 10 GeV electron theshower is generally contained in about 25Xo [18] The transverse development of anshower is expressed by the Moli�ere radius �M , which is de�ned as the transverseradius of a shower of an electron after one radiation length. About 95% of theenergy of an electromagnetic shower are contained in a cylinder of radius r = 2�M ,which corresponds to about 3:4 cm for lead.Hadronic showersIn the formation of the hadronic showers, the interaction between the hadrons andthe nuclei of the absorbing material has to be considered in addition [19]. Contraryto the electromagnetic showers, not all the energy of the hadron deposited in thedetector can be measured since the energy involved in the breaking up of the inter-acting nucleons has to be taken into account. This can be compensated either bythe choice of the absorbing material [20] or by software reweighting techniques, asperformed by H1 [21]. In the case of hadronic showers, one de�nes the interactionlength �, as the length of the absorbing material through which a hadronic particlelooses in average 67% of its energy. For the lateral extension of a hadronic shower,45


