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Everything starts somewhere, though many physiists disagree.[Terry Prathett, 1948 - ℄



Chapter 1IntrodutionOne of the major ahievements for physis in the 20th entury has been the advent of theStandardModel of partile physis. Many areas of physis have been united in this theory. Notonly have the eletromagneti and the weak fore been united, but also the strong interationhas been given a very beautiful desription in the formulation of Quantum Chromo Dynamis(QCD). QCD has suessfully desribed suh diverse phenomena as the jet phenomenon andthe short-distane struture of the proton.The ultimate test of QCD is the breaking of the so-alled Bjorken saling in deep inelastilepton-hadron sattering (DIS) predited by perturbative QCD. This phenomenon has beenstudied in detail over the last deades and has proven a reliable key to the struture of theproton. Saling violation is parametrised by the proton struture funtions, whih desribethe ontents of the proton in terms of the momentum distribution of the proton onstituents,the \partons", and the sale at whih the proton is probed.This high-energy limit of DIS has been suessfully desribed by the so-alled DGLAP equa-tions1, whih will be desribed in detail in hapter 4. These equations desribe the salingviolations in terms of logarithms of the \hardness" of the reation, lnQ2, where Q is themomentum transfer between the lepton and the hadron. For DIS a onsequene of DGLAPis the predition that the lepton and the proton interat through a parton asade, obeying astrong ordering in transverse momentum of the emissions. Figure 1.1 shows suh a asade.The HERA ollider - situated in Hamburg - is an aelerator onsisting of two storage rings inwhih eletrons or positrons are brought to ollision with protons. The proton is a ompositeobjet, while the eletron to the best of our knowledge is fundamental and hene is a point-like partile. This ontrast enables us to onsider HERA to be basially the Worlds largestmirosope, using eletrons to probe the inner struture of the proton.A entral result of HERA has been the disovery of a steep rise in the proton struturefuntion in the region of low parton momentum relative to the total proton momentum. Itseems that the parton density in the proton inreases dramatially, as it is probed at lowerand lower sales relative to the proton momentum. This behaviour is expeted to be desribedin DIS not by logarithms of Q2, but rather by logarithms of 1xbj , where xbj is the frationalproton momentum arried by the interating parton.In the ase of very low xbj, and hene of high values of log 1xbj , the dynamis of the lepton1Dokshitzer, Gribov, Lipatov, Altarelli, Parisi



3proton interation are expeted to be desribed by the so-alled BFKL equations. Theywill also be desribed in hapter 4. The BFKL equations ditate that the parton asade beordered, not in transverse momentum, but in the total energy of the emitted partiles. It turnsout, however, that the BFKL equations su�er from ompliations that inhibit their preditivepower. A solution to this problem has reently been o�ered, as it has been shown that the so-alled CCFM equations are able to reprodue the pt-ordering of DGLAP in the high-Q2limitas well as the energy ordering of BFKL in the low-xbj limit. The CCFM equations are basedon priniples of olour oherene leading to imposition of angular ordering in emissions.Searhes have so far failed to give lear evidene
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Figure 1.1: A parton asade in DIS. Thepositron transfers a momentum Q, and theproton may dissoiate into a ompliated �-nal state.

for non-DGLAP dynamis. This is due to thefat that the phase spae for DGLAP dynamisis far greater than that for BFKL-like dynamis.This leads to the onlusion that to �nd this newtype of parton dynamis, it is neessary to lookat very spei� �nal states to extrat a signal.One suh �nal state was proposed by Mueller etal [Mue91b℄, [Mue91a℄, [BdRL92℄, [Tan92℄.The idea is to investigate high energy partonemission in whih the \room" for evolution intransverse momentum is severely restrited. Thisenhanes the hane of seeing other types of dy-namis. The method used is to study the eventswith a jet in the forward diretion ful�lling er-tain kinemati requirements, and subsequently toompare the observations with preditions fromthe di�erent QCD models.The goal of this thesis is to investigate the par-ton dynamis of forward jet events. This is donethrough a ross setion measurement of forwardjet prodution and through the detailed study of event variables.Part I onstitutes an introdution to the relevant theory needed to understand this partiulararea of partile physis. The experimental apparatus of the H1 detetor and the HERAollider is desribed in the seond part. In part III, I will present a measurement of theforward jet ross setion done with the H1 detetor at HERA. The measurement is performedon data olleted by the H1 ollaboration during 1997, and the data are ompared to variousmodels of QCD.To further distinguish between the employed models, several event variables have been studiedwith fous on the desription of transverse dynamis given by the individual models.





Part ITheory

There is a theory whih states that if ever anyone disovers exatly what theUniverse is for and why it is here, it will instantly disappear and be replaed bysomething even more bizarrely inexepliable.There is another theory whih states that this has already happened.[Douglas Adams, 1952 - 2001℄



Chapter 2Quantum Chromo DynamisQuantum Chromo Dynamis (QCD) is the theory of the strong nulear fore. QCD desribesthe interations between quarks and gluons, and how they ombine to form hadrons suh asprotons, neutrons or �-mesons.In this hapter I will give a brief introdution to the so-alled Quark Model, whereupon I willintrodue the formal apparatus of QCD and disuss the physis it ontains. The transitionto a QCD desription of the proton struture is saved for hapter 3.2.1 The Quark ModelThe quark model was originally suggested independently by Gell-Mann [GM64℄ and Zweig[Zwe℄ to explain the apparent SU(3) symmetry in the mass spetra of the then-known hadrons.The ornerstone of the model was to suggest that the hadrons onsist of either three quarks toform the half integer spin baryons or a quark-antiquark pair to form the mesons with integerspin.The quarks themselves were thought of as ourring in (then) three varieties (avours) havingspin 12 and having frational harges of +23 and �13 of the proton harge. These three varietieswere denoted u (up), d (down) and s (strange).A proton was seen as onsisting of two u and one d quark:jpi = juudi (2.1)This model from the beginning was quite suessful in lassifying the then known hadronsand predit the masses of some that had not been observed at the time. In spite of this asigni�ant amount of objetions were raised against it. How ould one hypothesise aboutpartiles with properties that had never been seen? It must be possible to break up thehadrons in their onstituents to observe their properties. All attempts at this failed, andit was argued that if energies at the GeV-sale were onsistently not able to break up theproton, the binding energy of the individual quark had to be of the order of several GeV. Thiswas obviously quite ontrary to the observations putting the proton mass at roughly 1 GeV.Another fundamental problem of the quark model was the fat that the quarks were postulated



2.2 Non-Abelian Yang-Mills Theory 7to be fermions. In several of the hadrons there would have to be idential quarks with identialvalues of all known quantum numbers. This �rst seemed to be a violation of the Pauli exlusionpriniple, whih states that no two fermions an be found in the same quantum state. Theproblem was solved with the advent of the olour hypothesis, whih states that all quarksome in three olours, namely red, green and blue. \Colour" is here stritly referred to asa quantum number and not physial olour. The three olour states are assumed linearlyindependent, and the quarks may our in any superposition - a olour triplet - of the three.The asymmetry of the proton wave funtion ould now be saved by writing it as:jpi = javour,spini 
 jolouri = juud; spin = 1=2iS 
 jolouriA (2.2)where S and A refer to 'symmetri' and 'antisymmetri' respetively.The olour hypothesis also implied that hadrons be olour neutral and the quark bound stateswere thus seen to be invariant under SU(3)C -transformations.Properties of the quark model, suh as the olour hypothesis, have over the years beomewell established fats through many experimental measurements. In the beginning of the1970's Rihard P. Feynman put forth the Quark Parton Model (QPM) in a series af talksand letures. The QPM assumed hadroni partiles to be omposed of a small number ofonstituents, \partons". These inluded the quarks, arrying eletri harge, and possiblyother partiles holding the quarks together. The quarks were assumed to be essentially freeand inapable of exhanging large portions of momentum. No one artile stands out as thefoundation of the QPM but [Fey72℄ and [Fey℄ are ommon referenes. With the disoveryof asymptoti freedom the piture was �nally omplete, and the quark model has thus givenbirth to a full quantum �eld theory of the strong nulear fore. This theory is known asQuantum Chromo Dynamis (QCD), and it overomes many of the objetions raised above.In the following setions, I will treat QCD in detail.2.2 Non-Abelian Yang-Mills TheoryThe formulation of QCD rests upon the priniples of invariane of the Lagrangian densityunder gauge transformations. In the ase of QCD the Lagrangian must be invariant underSU(3)C -transformations.I shall here provide only a brief treatment of the derivation of LQCD. For a more satisfatorytreatment, the reader may onsult [Pet94℄. For an introdution to struture oeÆients andrepresentations see appendix A.Fundamentally, the assumption of QCD is that matter is made out of quarks. The quark �eldis a fermion �eld, and as suh may be desribed as a Dira spinor q�(x). We now denote thequark �eld olour triplet as (q) = 0� q1q2q3 1A = �qi�(x)� : (2.3)Ignoring the Dira index �, the quark �eld transforms under SU(3)C asqi ! Uijqj or q ! Uq (and �q ! �qUy); (2.4)



8 Quantum Chromo Dynamiswhere U 2 SU(3).Requiring that the free Lagrangian L0 = �q(i 6 � �m)q 1 of the quark �eld remains invariantunder SU(3)-transformations inspires the de�nition of a ovariant derivative:D� = �� +A� (2.5)where A� is a 3 � 3 matrix �eld in the Lie-algebra of SU(3). It is identi�ed with the gluon�eld. Under a gauge transformation A� an be readily shown to transform asA0� = UA�Uy � (�U)Uy (2.6)De�ning the �eld strength tensor as:F�� = [D�;D� ℄ (2.7)= ��A� � ��A� + [A�;A� ℄we an without further ado write down the generi gauge-invariant Yang-Mills Lagrangian:L = �q(i 6D�m)q + Tr fF��F��g (2.8)where  is a dimensionless onstant.This Lagrangian is uniquely de�ned from the requirements of Lorentz invariane, gauge in-variane and renormalisability when onsidering only the interations of the �elds q(x) andA�(x). There is nothing in equation (2.8) that refers expliitly to SU(3), and in fat one mayextrat for instane the theory of eletroweak interations by replaing SU(3)-symmetry withSU(2)
 U(1) symmetry.2.3 The Classial Lagrangian of Quantum Chromo DynamisTurning expliitly to SU(3), we write A� as a linear ombination of the generators of theLie-algebra in the fundamental representation:A� = �igTaAa� (2.9)where Ta = �a2 for a = 1; : : : ; 8. The �eld strength tensor in the same way beomes:F�� = �igTaF a�� (2.10)Using the equations (2.7) and (2.10), one may show thatF a�� = ��Aa� � ��Aa� + gfabAb�A� ; (2.11)where fab are the struture oeÆients of SU(3). The gauge transformation of the gluon�eld shown in equation (2.6) beomes (for an in�nitesimal global gauge transformation):A0a� (x) = [1� i� ~T℄abAb�(x) (2.12)16� = ��� =P4�=1 ���



2.3 The Classial Lagrangian of Quantum Chromo Dynamis 9where ( ~T)ab = �ifab is the SU(3) generator of the adjoint or otet representation.Writing out the trae in equation (2.8) it follows thatTr fF��F��g = �12g2F a��F ��a: (2.13)Taking  � 12g2 , we an now write down the full Lagrangian of QCD and try to interpret it:LQCD = Xf n�q(f)(i 6D �mf )q(f)o+ 14F a��F ��a (2.14)= Xf n�q(f)(i6� �mf )q(f)o| {z }I +Xf ng�q(f)Ta 6Aaq(f)o| {z }II +14F a��F ��a
where the f -index refers to quark avours.To understand the physial ontents of equation (2.14), it is instrutive to write out the tensorprodut of the �eld strength tensors. I will here just write the result:F a��F ��a = (��Aa� � ��Aa�)(��A�a � ��A�a)| {z }III +2gfabAb�A�(��A�a � ��A�a)| {z }IV (2.15)+ g2fabfab00Ab�A�A�b0A�0| {z }VI will briey omment on the ouplings between the quark and the gluon �elds as they arefound in equations (2.14) and (2.15). We are still in priniple treating a lassial theory, sothese onsiderations have little diret appliability. However, it is nie to see some of thebasi properties of the full quantum �eld theory read diretly o� the Lagrangian.I This term desribes the free quark �eld only. It gives rise to the free quark propagator.II This term desribes the oupling of the quark �eld to the gluon �eld.III This is the kineti term of the gluon �eld whih gives rise to the gluon propagator.IV As this term ontains three A-fators, it desribes a three-gluon self-oupling.V In this term there are four gluon �elds. This gives rise to the only quarti vertex in theStandard Model, namely the four-gluon oupling.An extremely interesting point is that the oupling onstant of the theory is determined fromthe gluon self-oupling alone, whih again tells us that all quark avours ouple to the gluon�eld with the same strength. This is a property exlusive to non-Abelian gauge theories, as itstems from the non-Abelian terms in equation (2.15).



10 Quantum Chromo DynamisTo summarise, the assumption of SU(3)C -invariane of the fermioni quark �eld triplets leadsto a uniquely de�ned theory of strong interations ontaining eight massless gluon �elds inthe otet (or adjoint) representation of SU(3). Partiular to this theory is that the bosoni�elds interat not only with the fermions but also with eah other2.Quark Q=Qp Mass Hadron energy (MeV)u 23 � 4 MeV 12m� = 384d �13 � 7 MeV 12m� = 384 23 � 1.5 GeV 12mJ= = 1549s �13 � 135 MeV 12m� = 510t 23 � 170 GeV N:A:b �13 � 5 GeV 12m� = 4730Table 2.1: [PDG98℄ The properties of the six quarks are listed here. Note that beause free quarksannot be observed, the listed masses are the so-alled urrent masses for all the hadron formingquarks, whereas the t-mass is found from diret observations of t-deays. The t is extremely heavyand thus has too short a lifetime to form hadrons whih is also the reason no hadron energy is listed.2.3.1 Feynman RulesTo alulate amplitudes and ross setions for spei� proesses in a quantum �eld theoryone uses perturbation theory in the form of Feynman rules. These are rules that desribean algorithm derived from the Lagrangian. The algorithm onsists in short of writing downdiagrams for all possible proesses (to a given order in the oupling onstant) with a given�nal state, jF i and initial state, jIi. One then substitutes given mathematial expressionsfor the elements of the diagrams to alulate probability amplitudes hF jSjIi, where S is thesattering matrix. The physial probability to a given order is then jhF jSjIij2.The Feynman rules are reviewed in �gure 2.1. In this �gure all momenta point towards thevertex so that the sum of all external momenta is zero.In the �gure, one may note that referenes are made to a �-parameter. This parameter isonneted to a hoie of gauges within the lass of ovariant gauges. In this lass of gaugesone adds an additional term to (2.14) that introdues the so-alled Faddeev-Popov ghosts.These are omplex salar �elds that obey Fermi statistis(!). The ghost �elds are denoted bydotted lines in the �gure. For details on hoie of gauge see [ESW96℄.
2Although the Glashow-Salam-Weinberg model of eletroweak interations ontains a ZWW-vertex, this isthe only part of the SM in whih gauge bosons are seen to interat with other bosons of the same type.



2.3 The Classial Lagrangian of Quantum Chromo Dynamis 11pA; � B; � ÆAB ��g�� + (1� �) p�p�p2 + i�� ip2 + i�pa; i b; j Æab i(6 p�m+ i�)jipA B Æab i(p2 + i�)A;�
b; i ; j �igT ab�ji
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A; �

B C gfABCq�
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B; �

A; � C;  �gfABC h(p� q)g�� + (q � r)�g� + (r � p)�g�i
A;� B; �
C;  D; Æ

�ig2fXACfXBD(g��gÆ � g�Æg�)�ig2fXADfXBC(g��gÆ � g�g�Æ)�ig2fXABfXCD(g�g�Æ � g�Æg�)Figure 2.1: A �gure showing all Feynman diagram omponents and their mathematial expression.Straight lines are quarks, urly lines are gluons. The dotted lines are salar ghosts (obeying Fermistatistis) whih are neessary in some gauges.



12 Quantum Chromo Dynamis2.4 Renormalisation and Asymptoti FreedomThe Lagrangian as it is written out in equation (2.14) does not desribe the full theory. Tofully formulate the theory, one needs to address the problem of renormalisation.As (2.14) is written, ouplings are desribed in terms of a dimensionless onstant g. One maynow onsider a theory in whih the quark masses are set to zero (a fairly good approximationfor the u and d quark). As the oupling onstant is dimensionless, LQCD is seen to be saleinvariant. One may rede�ne the sale of length (and thus also of energy) and �nd that thetheory remains invariant. This is of ourse in diret ontradition with the observations, aswe do not observe protons of any given size. Quite the ontrary there seems to be a generalsale of approximately 1 fm or 1 GeV for the strong interations, as an be seen from table2.2. Physial dimension of the hadrons � 1 fm � 5 GeV�1Total hadroni ross setion � (1 fm)2Universal Regge slope [Pet94℄ �0 � 1 GeV�2Mass of the lightest baryons � 1 GeVTable 2.2: Examples of the general sale of the strong interation.2.4.1 Running of the Coupling ConstantA property of quantum �eld theories is the way the oupling onstant varies with the saleat whih you probe the theory. To understand the running of the oupling onstant in QCD,it is instrutive to start by onsidering Quantum Eletro Dynamis (QED).Amplitudes in QED are given as a funtion of the eletron harge, whih is the ouplingonstant of the theory. This of ourse implies that a preise de�nition and measurement ofthe eletron harge is a fundamental part of the theory.When measuring the eletron harge, however, a fundamental fat of quantum �eld theoryomes into play. You annot speify the harge without speifying the sale at whih you probeit. If we want to measure the harge of the eletron skethed in �gure 2.2(a), we may do soby measuring the Coulomb fore between the eletron and a test harge.At \large" distanes the test harge will experiene not just the Coulomb fore of the eletronharge itself. It will also interat with all quantum utuations emanating from the eletronitself or from the vauum.Beause the eletron is negatively harged, the positrons of the utuations will tend to beloser to the eletron, whih will subsequently be surrounded by a polarised loud in suh away that the eletron harge is sreened. One refers to this as vauum polarisation.As we move our test harge loser to the eletron itself, we penetrate the loud of virtualharges surrounding it, and we will thus measure an inreasing eletrostati fore between thetwo harges, exeeding the ontribution from the Coulomb-potential.It turns out that limQ2!1(gQED) =1:



2.4 Renormalisation and Asymptoti Freedom 13
(a) QED harge sreening (b) QCD \anti sreening"Figure 2.2: QED harge sreening vs properties of QCD.QED is thus expeted to break down at extremely high energies. The theory is said to ontaina Landau pole. This Landau pole, however, does not threaten the validity of perturbationtheory for energies below 10279 GeV [Pet94℄, and we may thus safely trust QED as we knowit for all energies that are urrently available for experiments.As a onsequene of this harge sreening, we an not onsider the bare eletron harge ameaningful physial quantity. We may instead measure it at a given energy sale and speifyall physial preditions in terms of this renormalisation sale.In QCD the harge sreening has the opposite e�et, as the gauge bosons are now free tointerat also among one another (see �gure 2.2(b)).The reason for this behaviour arises from onsidering the full amplitude for q ! q depitedin equation (2.16) �(2)� = ++ ++ : : : (2.16)It turns out that adding the two diagrams: : :+ + + : : :they ontribute with opposite signs, and therefore not only anel the sreening of the olourharge, but even reverse the e�et [AP99℄, [Pet94℄. This fat an be seen from the so-alledrenormalisation group equations that speify the running of the oupling onstant as the saleat whih it is probed varies ([AP99℄ h. 5).Making the onventional hoie of de�nition of the strong oupling onstant�s = g2(Q2)4�the renormalisation group equation reads [Pet94℄dd logQ2 (��1s (Q2)) = 112� (11NC � 2Nf ); (2.17)



14 Quantum Chromo Dynamiswhere NC is the number of olours (3 for the ase of QCD) and Nf is the number of ativequark avours.One may then obtain [PS℄ / [Pet94℄�s = 12�11NC � 2Nf 1logQ2=�2 (2.18)where � is a onstant of integration.Looking at equation 2.18 we �rst note, that the �rst fration is always positive. QCD ontainsthree olours and Nf � 6.3 We then turn to the limit of Q2 ! 1 in whih �s is seen toonverge to zero. We may indeed onsider the quarks to behave like free fermions as stipulatedin the QPM. The theory is said to exhibit asymptoti freedom.Considering now the limit of Q2 ! �2 we see that �s diverges. This means that as weapproah this limit, we annot expet higher order proesses to have negligible amplitudes.Perturbation theory thus eases to be valid. � onsequently represents a ut-o� sale, wherewe an no longer apply perturbative QCD.Experimental measurements of � gives a value of � � 200 MeV. We an thus trust pertur-bation theory when Q is signi�antly larger than this value. At a value of Q2 = 1 GeV2,�s is approximately 0.4. Correspondingly, we may onlude that the strong interation be-omes strong for distanes larger than 1� , whih is the approximate size of the light hadrons(~=200 MeV � 1 fm).

3At present day ollider experiments one an normally safely assume Nf to be 4 or 5.



Chapter 3Theory of Deep Inelasti SatteringDeep Inelasti lepton-hadron Sattering (DIS) was suggested by Bjorken in 1966 as a test-ing ground for obtaining information on the nuleon struture. The keystone of Bjorken'sargument was that by studying the properties of the sattered lepton alone and ignoring thehadroni �nal state, one ould obtain information on the (then) hypotheti quark ontents ofthe protons and neutrons. The experiments of the time were �xed target experiments, whereeletrons were brought to ollide with nulei. This is ontrary to the situation at HERA,where a beam of eletrons or positrons ollide with a proton beam enabling muh higherentre-of-mass energies to be reahed.I will here give an introdution to the basi theoretial formalism needed to study DIS inthe HERA ontext. From there, hapter 4 will disuss the transition from �rst prinipleQCD/QED alulations to evolution shemes of di�erent nature.3.1 Kinematis of Deep Inelasti SatteringThe generi DIS proess is: l + p! l0 +X (3.1)This desribes the most general form of sattering by a lepton on a proton. The proess maytake plae via harged as well as neutral urrents, and we inlude all possible hadroni �nalstates X. As we shall be working with positron-proton-sattering, we now limit ourselves toonsidering the proess e+ + p! e+ +X (3.2)We assign four-momenta to the individual partiles in the proess as shown in �gure 3.1.Independently of the proess denoted by the irle, we an de�ne some kinemati variables.The invariant entre-of-mass energy of the ep-system is denoted ps, wheres � (pe + P )2 (3.3)A variable whih is more relevant to DIS, where one of the inident partiles is omposite, is
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Figure 3.1: A diagram representing DIS.the invariant mass of the hadroni �nal state. This is de�ned by:W 2 � (P + q)2 (3.4)This quantity ollets the invariant mass olliding with the positron and an be seen as theentre-of-mass energy of the photon-proton system.The negative square of the four-momentum transfer is:Q2 � �q2 = �(pe � p0e)2 (3.5)Q may be onsidered the invariant mass (often referred to as virtuality) of the photon.DIS events are often desribed in terms of the dimensionless variables1xbj � Q22P � q (3.6)y � P � qP � pe : (3.7)y varies between 0 and 1, as an be seen from the fat that (3.7) in the proton rest frameredues to: y = 1� E0eEe (3.8)where the prime denotes the positron energy after the ollision. This diretly provides thelimit: 0 � y � 1 (3.9)For obvious reasons y is referred to as the inelastiity of the ollision. For y = 0 the positronretains its energy, and we have a ase of elasti sattering. Correspondingly, y = 1 representsthe ase of a ompletely inelasti ollision. The limits are valid in all frames of referene dueto Lorentz invariane. y provides a quantitative way of de�ning the phase spae for DIS.We an infer a limit on xbj diretly by noting thatW 2 = (P + q)2 = m2p �Q2 + 2P � q (3.10)from whih it follows that xbj = Q2W 2 +Q2 �m2p (3.11)1The subsript bj refers to J. D. Bjorken, one of the founding fathers of the Quark Parton Model (QPM)



3.1 Kinematis of Deep Inelasti Sattering 17By de�nition Q2 � 0. Also W 2 �m2p � 0, as the invariant mass of the hadroni �nal statemust be larger than mp, when the lepton energy dereases. It now follows that xbj � 0. AsQ2 goes to zero so does xbj. From this it is seen that0 < xbj < 1: (3.12)In the framework of the Quark Parton Model (QPM), where the photon satters on the point-like onstituents of the proton, xbj is the fration of the proton momentum arried by thestruk parton (see setion 3.3.1)A variable whih is often also used is �, given by:� � P � q (3.13)In the proton rest frame, it redues to� = mp(E0e �Ee) (3.14)This shows that � is a measure of the energy of the exhanged boson.A �nal note on Q2 is that it is solely dependent on the positron vertex. It an be shown that:Q2 � 2EeE0e(1� os �) (3.15)where � refers to the positron sattering angle. This follows diretly from the de�ning relation(3.5): Q2 = �(pe � p0e)2 = �(p2e � p0e2 � 2pep0e) (3.16)= � �2m2e � 2(EeE0e � ~pe � ~p0e)� = �2m2e + 2EeE0e � 2j~pejj~p0ej os � (3.17)� 2EeE0e(1� os �) (3.18)Equation 3.15 is valid in all frames of referene. The larger the sattering angle, the largerQ2. The upper limit on Q2 is given by s as:Q2 = xbjy(s�m2p) � xbjys (3.19)The approximation uses the fat that HERA energies are orders of magnitude larger than theproton mass, whih is why we may in pratie safely neglet it.3.1.1 Reonstrution of Kinemati VariablesAs mentioned above, Q2 may be parametrised by positron information alone. This is also thease for the other variables of DIS.The standard H1 oordinate system is de�ned with the positive x-axis pointing toward theentre of the HERA ring, and the positive y-axis pointing vertially upwards. The positivez-axis is in the proton diretion. This orresponds to a polar angle of � = 0, and anglesspei�ed in the remainder of this thesis will not be positron sattering angles like in equation(3.15), but rather � � �satter as shown in �gure 3.2.
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Figure 3.2: De�nition of the polar angle in H1.Reonstruting the kinematis from the sattered positron alone is one among several meth-ods, and it is known as the eletron method. The parameters are reonstruted aordingto: Q2 = 2EeE0e(1 + os �) (3.20)y = 1� E0e2Ee (1� os �) (3.21)xbj = Q2sy (3.22)Note the hange of sign between equations (3.15) and (3.20). This is due to the de�nitionof the polar angle, whih is not the lepton sattering angle. Note also that me and mp havebeen negleted in (3.22) as they are muh smaller than s.The primary advantage of the eletron method is that it is easy to use, as it only requiresthe aurate reonstrution of one partile. Its problems, on the other hand, are a largesensitivity to radiative orretions (see setion 9.8.2) and a low xbj-resolution at low y-values.This resolution problem is seen by onsidering the error on xbj:�2x = ��x�y�2 �2y +��x�s�2 �2s +� �x�Q2�2 �2Q2 + (mixed derivatives)� (orrelations) (3.23)At low y-values, this error will be dominated by the �y-term:�x � �����x�y �����y = Q2sy2�y = xy�y (3.24)In this analysis, the eletron method has been used. As we ut away events with y < 0:1, thismethod is quite safe, as long as we take into aount orretions for QED radiation.3.1.2 Frames of RefereneIn aelerator based partile physis experiments, one most often wishes to work in the Centre-of-Mass System (CMS), as both the initial and �nal states are then known to be at rest,onstraining the kinematis signi�antly.



3.1 Kinematis of Deep Inelasti Sattering 19In ep-ollisions, however, the lepton-parton CMS is not known due to the omposite natureof the proton. One therefore often hooses to work in other frames of referene. The mostommon ones are:The Laboratory FrameThe laboratory frame is in many aspets the easiest to use. The detetor geometry is learlyde�ned, so e�ets arising from detetor inadequaies, suh as dead areas in alorimeters, arelearly de�ned. The downside is that physis signals an be \washed out" by the varyingboost of the CMS.The Hadroni Centre-of-Mass FrameIt is often of interest to onsider physis variables in other systems than the laboratory frame.Some physis parameters may be easier to analyse and understand. One suh frame is TheHadroni Centre-of-Mass (HCM) frame. The HCM frame is de�ned as the photon-protonentre-of-mass system, and it is preisely the rest frame of the hadroni �nal state.Many analyses have been arried out in the HCM frame, as the onnetion between thephysis and the geometry of the event is learer here. The prie is a redued understandingof the detetor geometry, as the boost and rotation angle will vary event by event.The Breit FrameIn the Breit frame, the momentum transfer of the positron has only a z-omponent [ESW96℄.The four-momentum of the exhanged virtual photon therefore beomes:q = (0; 0; 0; Q) (3.25)The Breit frame is often referred to as the brik wall frame. Considering the ollision inthe QPM as seen in �gure 3.3, the struk quark enters the reation from the right withpz = �12Q. It sees the photon as a \brik wall" from whih it simply rebounds, arrying awaya momentum portion pz = 12Q
proton remnantpz = Q pz = �Q2pz = Q2

Figure 3.3: Photon-quark ollision in the Breit frameThe Breit frame is used to de�ne variables for the jet algorithm used in this analysis, namelythe inlusive kt-algorithm (see setion 6.5). The reason for this is that the right-hand sideof the event should look like one hemisphere of an e+e�-annihilation event at ECM = Q.This side of the event is therefore often referred to as the urrent jet hemisphere. In ontrastthe left-hand side of the event whih ontains the proton remnant is denoted the beam jet



20 Theory of Deep Inelasti Satteringhemisphere. The similarity between the urrent jet hemisphere and a q�q-hemisphere frome+e�-physis makes it easier to arry over the de�nition of jets from the q�q ase where theinitial state onsists of two point partiles (the quarks) to DIS, where the initial state ontainsone point partile (the struk quark) and an extended objet (the proton remnant).3.1.3 CoordinatesIn experiments, where the CMS is known, or perhaps even oinides with the laboratory frame,the relevant oordinates to use will almost always be the standard spherial oordinates (�; �).At ollisions involving hadrons, other oordinates are typially used. This is due to the fatthat (�; �)-oordinates do not behave \niely" under a Lorentz transformation.At HERA a typial hoie of oordinates is (�; �), where � is the standard azimuthal angle.� is alled the pseudorapidity. The de�nition stems from the de�nition of rapidity [PDG98℄:y = 12 ln�E + pzE � pz� = tanh�1 �pzE � (3.26)Under a boost � in the z-diretion, the rapidity transforms additively:y ! y � tanh�1 � (3.27)Rapidity di�erenes between partiles or jets in an event are therefore invariant under longi-tudinal boosts. The only problem is that alulation of rapidity requires a measurement ofany two of E; p or m, whih is diÆult. In the high energy limit where E ' p, the rapiditymay be approximated by the pseudorapidity [PDG98℄:y � � = � ln�tan��2�� (3.28)whih only depends on the measurement of �.The requirement for � to be approximately equal to y is that p� m and � � 1= [PDG98℄.3.2 The Elasti QED Cross SetionAt low energies, ep-sattering an be desribed quite aurately as oherent QED-satteringbetween the lepton and the proton. Experiments at low energies have traditionally been�xed-target experiments where the proton is at rest. Elasti sattering means that both thelepton and the proton retain their identities. A diagram representing the amplitude for aneletron-proton sattering proess in QED is shown in �gure 3.4.Note that no ontribution from Z0 is noted here, as Q2 � m2Z .Taking the proton as being at rest and assigning momenta as in �gure 3.1 (Pi � 0), theproess has most often been desribed in terms of the Mott ross setion ([BJ℄ p. 437):� d�d
�Mott = �2 os2 � �2�4E2e sin4 � �2� [1 + 2Eemp sin2 ��2�℄ (3.29)
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Figure 3.4: Elasti e-p sattering.� is the eletromagneti oupling onstant often referred to as the �ne struture onstant.We have here reverted to the de�nition of � as the lepton sattering angle. It is de�ned inthe laboratory frame, whih is now the proton rest frame.The Mott ross setion is valid for the eletromagneti sattering of two point-like spin 12Dira partiles. It di�ers from the lassial Rutherford alulation through the inlusion ofthe spin of the partiles and by allowing the struk partile to reoil.The proton, however, is an extended objet, and it annot be desribed in the same way asthe eletron urrent: j� = �e�u(p0e)�u(pe) (3.30)Writing down the proton urrent in its most general form ([BJ℄ p. 437), one �nds it to be ofthe form J� = e�u(P 0) �F1(q2)� + �2mpF2(q2)i���q�� u(P ): (3.31)��� is de�ned by ��� = i2 [�; � ℄, and � is the anomalous magneti moment of the proton.F1 and F2 are independent form fators parametrising the detailed struture of the protonrepresented by the \blob" in �gure 3.4. In the Breit frame they an be shown to desribe theproton harge and magneti moment distributions [HM℄. They will be interpreted in detailfor inelasti sattering in setion 3.3.1.In the limit q2 ! 0, both form fators go to 1, as the proton is then viewed as a point-likepartile with magneti moment (1+�) e2mp . Its substruture is not resolved by the exhangedphoton, as the photon wavelength is muh larger than the size of the proton.A alulation of the sattering ross setion gives [BJ℄:d�d
 = � d�d
�Mott���F 21 (q2)� �2q24m2p F 22 (q2)�� q22mp [F1(q2) + �F2(q2)℄2 tan2��2�� (3.32)Remember that we are still onsidering elasti sattering. The inelasti variables de�ned insetion 3.1 have not yet ome into play.If the proton were strutureless, F1 would be 1 for all values of q2 and � would be zero. Thiswould revert equation (3.32) tod�d
 = � d�d
�Mott �1� q22m2p tan2��2�� (3.33)whih is basially the Mott ross setion supplemented with a treatment of the magnetimoment. This is preisely the ross setion for e� ! e� ([BJ℄ p. 437) if one substitutes m�for mp.



22 Theory of Deep Inelasti Sattering3.3 The Inelasti Cross Setion to Lowest OrderMoving on to inelasti sattering, the eletromagneti ross setion for the proess l p ! l Xis given by [ESW96℄:d2�emdxbjdy = 8��2mpEeQ4 (3.34)� ��1 + (1� y)22 � 2xbjF em1 + (1� y)(F em2 � 2xbjF em1 )�� mp2Ee�xbjyF em2 �This equation is valid for harged leptons and for Q2 � mZ . Note how the inelasti variablesnow ome into play, as they are no longer onstrained by the kinematis of elasti sattering.3.3.1 Proton Struture in the Quark Parton ModelIn inelasti sattering, the form fators evolve from being merely funtions of q2 (or Q2), asin the elasti ase, to being funtions of both xbj and Q2. However, it was Bjorken's greatahievement that he predited the saling of the struture funtions.The Bjorken limit is de�ned as the limit in whih Q2 and � = P � q ! 1, while xbj is kept�xed. Bjorken saling is the term for the observation that the struture funtions in this limitbehave as: Fi(xbj ; Q2)! Fi(xbj) (3.35)This shows that the struture funtions ease to have any dependene on the absolute energysale of the reation. They are only funtions of the dimensionless saling variable introduedin setion 3.1. An illustration of Bjorken's predition is shown in �gure 3.52 The data havebeen obtained over more than twenty years in many di�erent experiments. As an be seen,the measurements are very alike despite the fat that the Q2-range spans four orders ofmagnitude.The physial interpretation of the saling phenomenon is that the photon satters on point-like onstituents of the proton. Had these onstituents had a non-trivial spatial distribution,the struture funtions would have a Q=Q0-dependene, with 1=Q0 as a harateristi saleof the onstituents. In other words the resolving power of the photon relative to the sale1=Q0 of the proton onstituents would have to be taken into aount.We an now formulate DIS in the QPM-piture. We work in the ultra-relativisti limit inwhih Ep � P ( = 1 as usual). This means that P � mp. In other words, we an negletthe mass of the proton. We also ignore any intrinsi motion of the partons in the proton.The photon satters inoherently on a point-like quark onstituent arrying a fration � ofthe proton momentum (p�q = �P �). Equation (3.34) an now be rewritten as [ESW96℄:d2�dxbjdQ2 = 4��2Q4 �[1 + (1� y)2℄F1 + 1� yxbj (F2 � 2xbjF1)� (3.36)2Reprodued from [ESW96℄ p. 88
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Figure 3.5: Measurements of F2 from SLAC-MIT, BCDMCS, H1 and ZEUS.It an be shown from onsiderations of the basi matrix-element for 2! 2 { sattering thatthe partoni ross setion must also satisfy ([ESW96℄ p. 89):d2�̂dxbjdQ2 = 4��2Q4 [1 + (1� y)2℄12e2qÆ(xbj � �) (3.37)Comparison of the two expressions gives the struture funtions in this piture as:F̂2 = xbje2qÆ(xbj � �) = 2xbjF̂1 (3.38)The \hat" denotes the fat that these quantities refer to the individual partons and not tothe proton as a whole. The above relation between F̂1 and F̂2 is known as the Callan-Grossrelation.Equation (3.38) provides the reason for the traditional interpretation of xbj . F̂2 desribesa quark onstituent mass with momentum fration � = xbj . From �gure 3.5, it is obviousthat F2 is a distribution rather than a delta funtion. This indiates that the onstituents ofthe proton arry a ontinuous range of momentum frations. Figure 3.6 shows an intuitivepiture of F2, as it should behave for the proton onsidered as one of four possibilities:1. A point partile. The struk \parton" is the proton itself. All momentum is arried bythis partile.2. The proton onsists of three valene quarks, arrying 1/3 of the proton momentum eah.
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Figure 3.6: The expeted behaviour of F2 for three di�erent notions of the proton ontents [DES℄.



3.4 DIS to First Order in �s 253. The proton ontains three bound valene quarks. The quarks are held together bygluons. These must onsequently arry some of the momentum, and the exhange ofmomenta smears the distribution4. The proton onsists of three valene quarks plus a number of gluons, and sea quarkpairs arrying possibly very low momenta, thus reating the low-x rise of F2.The idea of the ontinuous momentum spetrum together with equation 3.38 are inorporatedinto the so-alled na��ve parton model [Fey72℄, in whih the virtual photon satters inoherentlyo� the individual quarks. In this model, the quark distribution funtion q(�) is introdued.q(�)d� represents the probability that a quark q arries a proton momentum fration � between� and � + d�.We an now obtain the struture funtions by weighting q(�) with the quark distributionfuntions: F2(xbj) = 2xbjF1(xbj) = Xq;�q Z 10 d�q(�)xbje2qÆ(xbj � �)= Xq;�q e2qxbjq(xbj) (3.39)3.4 DIS to First Order in �sSo far, we have studied the ep-sattering only for eletromagneti interations, and althoughthis may provide a lot of information on the partoni ontents of the proton, it does not allowfor detailed studies of the strong interation. In this setion, we will look at the possible�rst-order QCD proesses that may take plae in ep-sattering. The ross setion presentedwill follow the derivation in [CES92℄.Figure 3.7 shows the generi diagrams for DIS. Figures 3.7(a) and 3.7(b) show the diagramsalready onsidered in setion 3.3. The remaining diagrams in the �gure show �rst orderproesses in �s. To �rst order3, two types of proesses are possible. Either a gluon is emitted,as shown in �gure 3.7() and 3.7(d), or the gluon splits into a quark box that interats withthe photon. The �rst type is alled QCD Compton sattering, while the latter is referredto as Boson-Gluon Fusion (BGF). Where the zeroth order diagrams have one parton in thehadroni �nal state apart from the proton remnants, the �rst order proesses all have twopartons in the �nal state.In order to simplify the situation, we re�ne our hoie of variables further and introdue theLorentz invariant partoni saling variablesxp � Q22p0 � q = Q22�P � q = xbj� (3.40)z � p0 � p1p0 � q ; (3.41)where p0 is the momentum of the initial parton. P and q are the momenta of the protonand the photon, respetively, as previously de�ned, and p1 is the momentum of one of the3often referred to as Leading Order (LO)
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(e) Boson-gluon fusion (BGF)Figure 3.7: Shown here are generi diagrams of zeroth and �rst order proesses in �s. The diagramsare not meant to be read as Feynman diagrams in the strit sense. No distintion is made betweenpartiles and antipartiles. For full gauge invariane one also needs to inlude versions of the QCDCompton diagrams with gluon emission from the initial quark.



3.4 DIS to First Order in �s 27outgoing partons. The momentum of the other outgoing parton needs not be spei�ed asknowledge of any three of p0; q; p1 and p2 implies the last one due to momentum onservation.xp is seen to be the fration of the initial parton momentum arried by the struk parton (toleading order) .Corresponding to p1;2, we de�ne P1;2 as the momenta of the observed �nal state hadrons. Wemay therefore also de�ne zH to be: zH = P � P1P � q (3.42)In the hadroni entre-of-mass frame (see setion 3.1.2), pt = pt;1+pt;2 of the outgoing partonsis zero, if we disregard the intrinsi motion of the partons within the proton.For massless partons, pt is given by:p2t = (1� xp)z(1� z)xp Q2: (3.43)The parton ross setion for the �rst order proesses an now be writtend5�̂ijdxpdydzd2pt = �Q2q16�2Q4 yL��M��ij � Æ �p2t � (1� xp)z(1 � z)xp Q2� ; (3.44)where Qq is the harge of the sattered quark. L�� (M��) is the square of the leptoni(partoni) urrent. L�� thus desribes how the lepton ouples to the photon, while M��desribes the photon oupling to the parton. Writing out L��M��ij for ij = q�q; qg and gq,the following expressions are obtained for the proesses shown in �gure 3.7.L��M��qg = 64�3 �sQ2 (pe � p0)2 + (p0e � p1)2 + (p0e � p0)2 + (pe � p1)2p0 � p2 p1 � p2 (3.45)L��M��gq = 64�3 �sQ2 (pe � p0)2 + (p0e � p2)2 + (p0e � p0)2 + (pe � p2)2p0 � p1 p1 � p2 (3.46)L��M��q�q = 8��sQ2 (pe � p2)2 + (p0e � p1)2 + (p0e � p2)2 + (pe � p1)2p0 � p1 p0 � p2 (3.47)The total ross setion may now be written asd5�dxbjdydzHd2pt = Xi;j dxpdzd2ptd�d�0Æ(xbj � �xp)Æ(zH � �0z)Æ2(Pt � �0pt)Fi(�;Q2)� d5�̂ijdxpdydzd2ptDj(�0; Q2); (3.48)where Fi(�;Q2) is the probability distribution desribing an i-type parton with a fration �of the proton momentum. Dj(�0; Q2) is the probability distribution for a j-type parton tofragment produing a hadron with a fration �0 of the parton's momentum P1 = �0p1.The equations (3.45),(3.46) and (3.47) an be written out in oordinates. This is done in[Ja94℄, but has not been inluded here. In this proess, one sees that singularities arise asxp ! 1, z ! 1 or z ! 0 resulting in a divergene of the total ross setion. These alulations



28 Theory of Deep Inelasti Satteringare therefore not safe in the region of very soft or ollinear gluon emissions. By introduinga pt-ut-o�, the divergent regions are avoided.For large virtualities and orrespondingly small values of �s the dynamis is totally dominatedby zeroth and �rst order proesses as desribed here. However as the virtualities dereaseand �s rises higher order e�ets must be taken into aount.At present DIS is only desribed up to next-to-leading order (NLO), as higher order alu-lations are too omplex. A variety of approximation methods are used to take higher ordere�ets into aount without performing the full alulation.Some of these methods will be desribed in hapter 4.



Chapter 4DIS Proesses and QCD EvolutionShemesAs desribed in Chapter 2, QCD is an asymptotially free theory. We an re�ne preditions ofthe theory by onsidering higher and higher orders of expansions in �s as long as Q2 � �2QCD.This road turns out to be a roky one. The ompliations of the alulations rise drastiallyas soon as one attempts alulations beyond leading order (LO). The DIS-proesses have beendesribed to Next-to-Leading Order (NLO). Higher order solutions do not seem realisti towork out at this point, although NNLO-alulations exist for some proesses.In DIS at HERA, interations our at very high energies. This leaves a large phase spae forparton emissions. Higher order e�ets of QCD therefore plays a large role. The proton andthe lepton interats through a ompliated asade of partons at varying sales.An approah to enhaning the preditive power of QCD is the onept of resummation. Itturns out that one an expand the struture funtions in the kinemati variables of the proess,and that this expansion is equivalent to the full summation of ertain lasses of diagrams. Wean in other words regard resummation shemes as alulations of an arbitrarily high orderin whih we restrit ourselves to only onsidering ertain types of proesses.Suh an approah has of ourse ertain disadvantages ompared with analytial alulations.� Preditions will generally not be gauge-invariant, sine this requires all proesses withthe same initial and �nal state to be taken into aount (to the required order).� Depending on the evolution parameter, there will be regions in phase spae that aredesribed better than others.However, there is a hope that regions of phase spae may be identi�ed in whih the di�erentapproahes an be seen to have physial signi�ane.In the following, I will desribe four of these shemes as well as their expeted region ofvalidity. The models are embodied in Monte Carlo event generators that have been used inthe analysis. These generators will be treated in hapter 5.



30 DIS Proesses and QCD Evolution Shemes4.1 DGLAPIn this setion I will present the DGLAP (Dokshitzer, Gribov, Lipatov, Altarelli, Parisi)evolution equations ([GL72℄, [Lip75℄, [AP77℄, [Dok77℄). These equations provide a foundationfor treating parton splittings for the ase when Q2 is very large.A fundamental assumption in the QPM is that the intrinsi motion of the partons in theprotons may be negleted, and that we may onsider the quarks to have zero transversemomentum. This is not true in QCD. Quarks and gluons are in permanent interation andexpliitly gluons may be emitted at any point in time leading to large transverse momenta ktof the quarks.Doing detailed alulations of the orretions to the quark distribution funtions (see setion3.3.1) from gluon emission one obtainsq(x; �2) = q0(x) + �s2� Z 1x d�� q0(�) �P �x�� ln �2�2 +C �x���+ : : : (4.1)x is the fration of the proton momentum arried by the parton. This x needs not be thexbj of a sattering proess, as the q-distribution is not a physial observable (see �gure 4.1).The distribution funtion is given not only as a funtion of x. A sale �2 is also inluded.�2 is known as the fatorisation sale, and it results from the treatment of the ollineardivergene of the matrix element for gluon emission. q0(x) plays the role of the unmeasurablebare distribution. P (x) is known as the splitting funtion and is de�ned asP (x) = 43 1 + x21� xIts form is spei� to the qqg-vertex and it will be interpreted later.F2 an now be obtained using equation (3.39):F2(xbj ; Q2) = xbjXq;�q e2q Z 1xbj d�� q(�; �2) �Æ(1 � xbj� ) + �s2�P �xbj� � ln Q2�2 + : : :� (4.2)As a diret onsequene of QCD, it is now seen, that F2 does not sale. Bjorken salingis logarithmially broken. This does not express that quarks and gluons are not point-like.Rather it is a onsequene of the transition from the QPM piture to the more dynamidesription of QCD.Note here that we do not know the parton distribution funtions. They must inlude ontri-butions from the non-perturbative regimes of the theory, and they are therefore not alulablefrom perturbation theory. They have to be measured by experiment.We now de�ne a variable t = �2 and take the derivative of (4.2) with respet to ln t. There isno t-dependene on the left-hand side, so the derivative is zero. As for the sum that resultson the right-hand side, it is seen that any t-dependene there may be in the individual termsshould be the same due to avour invariane of QCD (we ignore the masses of the quarks).The sum is now a vanishing sum of idential quantities, so all terms must vanish identially.The DGLAP evolution equation now results:dq(x; t)d ln t = �s(t)2� Z 1x d�� P �x�� q(�; t) (4.3)



4.1 DGLAP 31The left-hand side of (4.3) arises from integrating over the Æ-funtion in equation (4.2),whereas the right-hand side rests upon the assumption that the only expliit ln t-dependenein the expansion omes from the ln Q2t -term. Note that x has been substituted for xbj , as theequation should desribe the evolution of a parton asade (�gure 4.1) with varying x-values.This is of ourse not a very rigorous treatment, as we have ignored the t-dependene of �s aswell as of q(�; t) inside the integral. A more formal treatment is based on operator produtexpansion (OPE), and may be found in [GP74℄, [GW74℄, or in [PS℄. This treatment on�rmsequation (4.3) and gives the full predition as a 2nf + 1-dimensional matrix equationt ��t � qi(x; t)g(x; t) � = �s(t)2� Xqj ;�qj Z 1x d�� 0� Pqiqj �x� ; �s(t)� Pqig �x� ; �s(t)�Pgqj �x� ; �s(t)� Pgg �x� ; �s(t)� 1A� qj(x; t)g(x; t) � ;(4.4)where the quark distribution funtion has been replaed with the general parton distributionfuntions. The splitting funtions now have a physial interpretation. The leading orderDGLAP splitting funtion P (0)ab (x) is the probability of �nding a parton of type a in a partonof type b with a fration x of the longitudinal momentum of the parent parton and a transversemomentum squared muh less than �2 ([ESW96℄ p. 109).For a physial interpretation of the DGLAP equation, we
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Figure 4.1: Gluon asade.

onsider a situation in whih the eletron satters o� theproton in a reation ful�lling Q2 � mp. Considering aparton in the proton, it may either be a real parton or aresult of an emission with some virtuality t. In eah partonbranhing, the virtuality of at least one of the partons hasto inrease, and we may therefore regard the DGLAP se-nario as a series of parton splittings with a strong orderingin virtuality from Q2 and steeply falling, moving from thephoton side to the proton side, as depited in �gure 4.1As the virtuality of a parton may be written as [Dav01℄:t = k2t1� xnThis ordering translates diretly into a requirement byDGLAP on the transverse parton dynamis of the propa-gators. These dynamis an be expressed ask2t0 � k2t1 � : : :� k2tn�1 � k2tn: (4.5)By momentum onservation in the individual vertex, we arrive at the onlusion that theDGLAP equation e�etively implies a asade-like piture of (predominantly) gluon emissionsas depited in �gure 4.1. In this asade the emissions are strongly ordered in transversemomentum.This behaviour predited by DGLAP inluding kt-ordering and saling violation of F2 hasbeen experimentally on�rmed in the lnQ2 � ln (1=x)-regime (example: [H194℄).



32 DIS Proesses and QCD Evolution Shemes4.2 BFKLDGLAP evolution has its region of validity in the regime where lnQ2 � ln(1=x). This isdue to the fat that it e�etively resums the [�s lnQ2℄n-terms in the full QCD-expansion.However, there are also terms of [�s ln 1=x℄n that may ontribute. In the kinemati regime,where lnQ2 � ln(1=x) it is therefore neessary to selet another approah.Resummation of the ln 1=x-terms was �rst done by Balitsky, Fadin, Kuraev and Lipatov([KLF76℄,[KLF77℄,[BL78℄), and the result may be expressed in the BFKL equation (in theform given in [ESW96℄): �G(x; k2t )� ln 1=x = Z d2k0tK(~kt; ~k0t)G(x; k02t ) (4.6)Looking at a partiular vertex, the primed quantities represent the daughter parton, and thenon-primed the mother. The details of the splitting dynamis are governed by the BFKLsplitting kernel, K(~kt; ~k0t), and the funtion G is the unintegrated gluon density ful�llingxg(x;Q2) ' Z Q20 dk02t G(x; k2t ); (4.7)where g(x;Q2) is the total proton gluon density.BFKL-evolution represents a ladder of parton splittings, as shown in �gure 4.1, where theemissions are ordered in x instead of kt:x0 � x1 � : : :� xn�1 � xn (4.8)with xbj setting the lower limit. This an be interpreted as the assumption that an emittedgluon tends to arry a large fration of the momentum of the propagating gluon.On the other hand, there is no requirement on the transverse momentum, whih may varyrandomly. This means that while both DGLAP and BFKL predits the emission of a gluonasade, their preditions on the transverse dynamis is very di�erent. In other words itshould be possible to disentangle the two types of dynamis, by applying the right uts onthe transverse momenta in the hadroni �nal state. This is exatly what is attempted in thepresent analysis.4.3 CCFMThe CCFM (Catani, Ciafaloni, Fiorani, Marhesini) equation ([Cia88℄, [CFM90a℄, [CFM90b℄,[CCH91℄) imposes the requirement on the parton asade that parton emissions in the initialasade only take plae in an angular ordered region of phase spae. CCFM reprodues aswell DGLAP as BFKL behaviour in the appropriate limits. CCFM evolution is used in theMonte Carlo event generator CASCADE.The requirement of angular ordering stems from onsiderations of olour oherene. Themaximum allowed angle is denoted 
, and it is determined by the quark box onneting thephoton to the gluon.



4.3 CCFM 33Deomposing the gluon momenta in omponents parallel with and perpendiular to the protondiretion, the four-momenta pi of the emitted gluons may be written [JS01℄pi = yi(pp + !ipe)| {z }pki +pti; !i = p2tisy2i ; (4.9)where yi = (1 � zi)xi�1 and xi = zixi�1. !i is thus onneted to the angle of the emittedgluon with respet to the proton. xi and yi are the momentum frations of the exhangedand emitted gluons. zi is the momentum fration in the branhing (i � 1) ! i, i.e. thefrational energy transfer between the i�1st and the ith exhanged gluon. pti is the transversemomentum of the emitted gluon.Angular ordering translates to !0 < !1 < : : : < !n < 
 (4.10)or zi�1qi�1 < qi; (4.11)where qi is the resaled transverse momentum of the emitted gluons de�ned byqi = xi�1ps!i = pti1� zi : (4.12)When generating a parton asade, the quantity of interest is the splitting funtion. TheCCFM splitting funtion is given by ([Cia88℄, [CFM90a℄, [CFM90b℄):dPi = ~P ig(zi; q2i ; k2ti)�sdzid2qi�q2i �(qi � ziqi�1)�(1� zi � �i) (4.13)where the �-funtion has the onventional de�nition:�(x) = � 0 ; x < 01 ; x � 0 (4.14)�s(qi; qi�1) is the Sudakov form fator, whih may be interpreted as the probability for aparton at the sale qi�1 to \survive" to the sale qi [ESW96℄. It is often referred to as theprobability of non-emission. An expression for �s is found in [JS01℄.Colour oherene e�ets are taken into aount by the angular ordering imposed by the �rst�-funtion in equation (4.13).The gluon splitting funtion is given by [JS01℄:~P ig = ��s(q2i (1� zi)2)1� zi + ��s(k2ti)zi �ns(zi; q2i ; k2ti) (4.15)where ��s = 3�s� .�ns is the non-Sudakov form fator that ounters the 1=z singularity in the splitting funtion.An expression of �ns may be found in [JS01℄.



34 DIS Proesses and QCD Evolution ShemesHaving introdued some of the formalism, the CCFM equation is given in equation (4.16) asan integral equation ([Mar95℄, [BMSS98℄, [KMS95℄):A(x; kt; �q) = A0(x; kt; �q) + Z dzz Z d2q�q2�(�q � z�q)�s(�q; zq) ~P (z; q; kt)A�xz ; k0t; q� (4.16)where k0t = jkt + (1 � z)qj, and kt and q are two-dimensional vetors. �q is the upper salefor the last angle of emission:�q > znqn; qn > zn�1qn�1; : : : ; q1 > Q0 (4.17)The A in equation (4.16) is the unintegrated gluon density, de�ned aording to [Jun02b℄:xg(x; �q) ' Z �q20 dk2t xA(x; k2t ; �q) (4.18)4.4 CCFM vs. BFKLThe CCFM equation as well as the BFKL equation are known to reprodue the orret leadinglogarithms in the small-x limit for all �nal state observables ([FSV98℄, [Web98℄, [Sal99℄). Itwould therefore seem obvious to implement BFKL in a Monte Carlo generator. This approah,however, runs into a number of problems.Using x as the evolution parameter introdues a dependene on the infrared (soft) ut-o�[Sal99℄. The rapidity an also be used as the evolution parameter. This �xes the problemwith the ut-o�-dependene, but introdues a new problem [JS01℄. This problem an be seenfrom the fat that DGLAP, CCFM and BFKL with x as the evolution parameter all preditF2 at small x and large Q2 to behave as:F2(xbj ; Q2) � exp�2q ��s lnQ ln 1=xbj� (4.19)Using rapidity as the evolution parameter in BFKL, however, F2 is predited to behave as:F2(xbj ; Q2) � exp�2q ��s lnQ ln 1=xbj + ��s ln2Q� (4.20)The CCFM equation does not su�er from these problems. Furthermore, it is seen in theDGLAP limit that the angular ordering of CCFM translates into an ordering in q, reproduingDGLAP dynamis. CCFM therefore forms a better basis for an implementation in a MonteCarlo generator.4.5 The Colour Dipole Model (CDM)Another model for higher order QCD radiation needs to be mentioned here. In the ColourDipole Model (CDM) ([Gus86℄, [GP88℄), the parton asades are modelled from the assump-tion that emissions take plae from the formation of olour dipoles spanned by quarks and
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gq

�qFigure 4.2: A primordial olour dipole spanned by a q�q-pair emits two seondary dipoles by theemission of a gluon.antiquarks. When the primordial dipole emits a gluon, this gluon arries olour harge byitself, produing a \kink" in the dipole as shown in �gure 4.2. This leads to the formationof seondary dipoles of quarks and gluons whih may in turn produe more dipoles indepen-dently. The only onstraint is that kt dereases at eah radiation of new dipoles. It shouldbe emphasised that this is not the same as the strong kt-ordering of DGLAP. It is simply theobservation that the primordial dipole \ontains" the highest transverse momenta, and thatsubsequent emissions must fall between the two partons of the dipole.In CDM there are three fundamental types of dipoles that may radiate. These are shown in�gure 4.3.
q�q: Z= q1�q3g2Z= q1�q3g2 qg: q q1g3g2q q1g3g2 gg: g g1g3g2g g1g3g2Figure 4.3: Dipole types in the Colour Dipole Model.The radiation of a gluon from a dipole of mass W is therefore desribed in terms of threefundamental ross setions: d�q�qdx1dx3 , d�qgdx1dx3 and d�ggdx1dx3 , where the xi are the �nal state energyfrations 2Ei=W of the emitting partons in the dipole CMS. As three partons take part in theemission, two of the xi need to be spei�ed. All three ross setions are well approximatedby [Lon92℄ d� / �sdp2tp2t dy; (4.21)where pt; y are the transverse momentum and rapidity of the emitted gluon with respet tothe total dipole momentum.



36 DIS Proesses and QCD Evolution ShemesConsidering this onept applied to DIS, the �rst dipole is reated by the sattered quarkand the proton remnant. The available phase spae an be roughly represented as a trianglein the (y,ln p2t ) plane as shown in �gure 4.4.
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����������Figure 4.4: Phase spae for DIS in CDM.Sine the proton remnant is treated as an extended objet, there is an additional redutionof the phase spae for gluon emission due to the fat that a gluon an only aess a frationof the momentum arried by the remnant [Lon99℄. The e�et an also be understood as asuppression of the radiation of small wavelengths from an extended antenna. The suppressionis indiated by the line in the diagram above. Treating the photon as an extended objetwith assoiated parton density funtions introdues a similar suppression on the photon side.CDM is a highly tunable model, and it is often used to orret for detetor e�ets. It isimplemented in the Monte Carlo event generator ARIADNE.



Chapter 5Monte Carlo Event GenerationIn most data analyses in physis, the measurement of physial observables from a partiledetetor have to be ompared with the preditions from di�erent theories or models. These areusually implemented in so-alled Monte Carlo generators, whih provide a spei� desriptionof proesses under investigation. In this analysis, the following three generators have beenused:� ARIADNE v. 4.08 (CDM)This generator has been used to orret for detetor e�ets, as it turns out to desribethe forward jet ross setion fairly well.� RAPGAP v. 2.8 + 3.0 (DGLAP + Resolved photon)This event generator has been used to ompare pure DGLAP evolution applied for theforward jet ase.� CASCADE v. 1.2 (CCFM)As this generator embodies CCFM evolution it is a good andidate to desribe partondynamis, where DGLAP in the form of RAPGAP fails.I will here present these generators with a short desription of the method of event generation.It is here important to remember, that CDM (as embodied in ARIADNE) is a highly tunablemodel, that is often used for detetor orretions. However, it gives little information in theontext of parton dynamis. DGLAP and CCFM, on the other hand, are models based on awell de�ned theoretial approah, and they ontain fewer parameters. DGLAP relies on thehoie of fatorisation sale �2, and CCFM (as implemented in CASCADE) relies on threeparameters as will be desribed in setion 5.2. The resolved photon model is also a modelwhih ontains many parameters, introduing a omplete set of parton density funtions forthe photon as will be mentioned in setion 5.1.5.1 RAPGAPThe RAPGAP Monte Carlo event generator [Jun95℄ is designed spei�ally to desribe DISas well as di�rative sattering. The Monte Carlo generator implements the zeroth and �rst



38 Monte Carlo Event Generationorder matrix elements of QCD to generate the hard sub-proess (Q2) itself. The partonshower is then generated using a bakwards evolution sheme, starting at the photon sideof the sattering and iterating suessive branhings towards the proton side. This is doneunder the requirement of a strit ordering in virtuality of the propagator, and hene kt, asdesribed in setion 4.1. The iteration proess ontinues until a ut-o� Q0 is reahed as shownin �gure 5.1(a). Final state parton showering and fragmentation is treated with the LundString Model [And97℄ (see setion 6.2) as implemented in JETSET ([Sjo86℄, [SB87℄, [Sjo94℄).RAPGAP is also apable of using CDM (setion 4.5) instead of DGLAP.
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(b) DGLAP evolution inludinga resolved photon omponentFigure 5.1: Parton evolutions.RAPGAP inludes the possibility of treating the photon as a resolved objet with orrespond-ing parton density funtions aording to the Resolved photon model ([Jun95℄, [JJK98℄). Inthis model the hard sale of the proess needs not be on the photon side of the ladder. Theimplementation is aomplished by adding another DGLAP evolution starting at the hardsale and limited by the virtuality of the photon. The resolved photon approah is shown in�gure 5.1(b).In the remainder of this thesis \RAPGAP DIR" will be referring to RAPGAP using standardDGLAP, with a renormalisation and fatorisation sale of �2 = p2t +Q2.\RAPGAP DIR+RES" will be referring to RAPGAP inluding a resolved photon omponent.The virtual photon has been parametrised using the SaS photon struture funtion [SS96℄.In the analysis, two versions of the RAPGAP program have been used. For orretions weused a sample of detetor simulated and reonstruted RAPGAP 2.8 (DIR). For omparisonbetween data and Monte Carlo, RAPGAP 3.0 generated through the HzTool framework [B+℄was used.



5.2 CASCADE 395.2 CASCADEAs desribed in setion 4.4, there are problems involved with building a BFKL-based eventgenerator. Therefore, CASCADE [Jun02a℄ has been used in this analysis. CASCADE em-bodies CCFM evolution in ombination with zeroth and leading order matrix elements.In analogy with RAPGAP, CASCADE generates the hard sattering from QCD matrix ele-ments. Parton showering is then added, using a bakward evolution sheme. In this sheme,the starting point is the quark box with an upper angle 
. From here, the program goes su-essively down the ladder until the proton side is reahed. This is done under the requirementof angular ordering imposed by the CCFM equation.The unintegrated gluon density xA(x; k2t ; �q) (see setion 4.3) is obtained from a forwardevolution proedure using the forward evolution Monte Carlo program Smallx ([MW91℄,[MW92℄). As the CCFM equation is quite ompliated, the gluon density is not parametrised.Instead, it is alulated on a grid in log x, log kt and log �q [JS01℄. The three input parametershave been �tted to F2(x;Q2) as measured by the H1 and ZEUS experiments [HJ03℄.Two sets of unintegrated gluon densities have been used in the analysis. These are J2003 set1 and J2003 set 2 [HJ03℄. The di�erene between these two sets is that Set 2 progresses toa soft kt-sale of 1:18 GeV, whereas Set 1 uts o� at 1:33 GeV. Furthermore, Set 2 inludesthe full gluon splitting funtion. Contrary to equation (4.15), non-singular terms are inludedthat have been ignored in other implementations. It is therefore of interest to see if this moreomplete treatment of the splitting funtion and the assoiated gluon density hanges thepreditions of CCFM.CASCADE v. 1.2 using J2003 Set 1/2 will heneforth be referred to as CASCADE J2003 Set1/2 or simply CASCADE Set 1/2.5.3 ARIADNEThe ARIADNE Monte Carlo generator [Lon92℄ implements CDM in the treatment of partonshowers. As desribed in setion 4.5, the initial dipole is formed by the sattered parton andthe proton remnant. This dipole now suessively emits more dipoles without requirement ofkt-ordering. This is shown in �gure 5.2.ARIADNE ontains a native desription of the QCD Compton proesses (�gure 3.7 p. 26),whereas the boson-gluon fusion proess (BGF) must be inluded \by hand". This is aom-plished by the use of a mathing proedure on the �rst emission in the event [Lon92℄. Theprimordial dipole spanned by the struk quark and the proton remnant may either emit agluon aording to the orresponding matrix element (inluding the phase spae suppressionfrom setion 4.5) or \emit" the anti-partner of the struk quark aording to the BGF matrixelement, onstruting a quark box.



40 Monte Carlo Event Generation

p
�

Figure 5.2: QCD radiation in CDM as implemented in ARIADNE.



Chapter 6Jet PhysisOne of the most diret piees of experimental evidene for the existene of quarks is the jetphenomenon. In this hapter, I will give a brief introdution to jets. What they are, and howto reonstrut them.6.1 Colour Con�nement and the Jet PhenomenonAs disussed in hapter 2, QCD exhibits asymptoti freedom in the high energy limit. Itwas also mentioned how perturbation theory breaks down due to a divergene of the strongoupling onstant as energies approah �QCD � 200 MeV. As no free quarks and gluons haveever been observed, this is said to be the onsequene of olour on�nement.This leads to the notion that quarks and gluons are to be regarded as �eld exitations in theasymptoti limit, where they an be treated as being free. The onept of a quark or a gluonloses its meaning as the energy sale dereases.
Figure 6.1: Emission of three partons. This situation is typial for a high energy real boson deay asfor example a W� or a Z0.We now onsider the emission of a high energy parton as shown in �gure 6.1. Eah of thethree shown partons may arry a large fration of the original boson energy.In the time span from the initial parton emission to the �nal state partiles are formed, thesepartiles undergo a series of fragmentations, eah reduing the energy per partile until theenergy is so low that the non-perturbative nature of on�nement sets in, and hadrons areformed.The �nal state partiles may form a very omplex state onsisting of any number of pho-tons, leptons and light hadrons. Due to momentum onservation, the momenta of the deayproduts from, say, a quark should add up to reonstrut the original quark momentum.



42 Jet PhysisFor high energy parton deays, this will lead to a ollimated ow of �nal state partiles inthe detetor. This is alled a jet. Looking at a partiular high-energy quark fragmenting,the �rst emission of a gluon is restrited in p? (relative to the quark diretion of motion) by�QCD to be � 1 GeV. All subsequent emissions have lower p?, while the forward momentumsu�ers no suh onstraint. The higher the energy ontent of the reation, the better the jetsare de�ned, as the ratio p?pk dereases.
DALI                                                                                                      
                                                                                                          

Run=9063    Evt=7848    ALEPH Run=15768    Evt=5906

Figure 6.2: A two jet event and a three jet event from the ALEPH experiment [�b℄ at CERN. Theevents are interpreted as a Z0 deaying to two quarks. In the right piture, one of the quarks hasemitted a gluon as in �gure 6.1.Figure 6.2 shows two jet events reorded with the ALEPH detetor at CERN. Note how theopening angles of the jets are very small, indiating a very high energy of the original partons.6.2 The Lund String ModelThe above desription of fragmentation is not omplete. Both quarks and gluons arry olourharge, whereas the �nal state partiles must be olour neutral due to olour on�nement.In other words, there must be a olour ow between deay produts of di�erent initial statepartons. This in turn leads to orrelations in the fragmentation that are desribed in theLund String Model (LSM) [And97℄.In the LSM, the partons in the initial state are onneted with so-alled strings. Thesestrings are to be viewed as a non-perturbative aspet of QCD. They are olour ux tubeswhih exhange the olour needed to ensure olour neutral �nal state hadrons.Inherent in the LSM is a predition of orrelations in the fragmentation. A string \tension"is de�ned, and new partiles are the result of a string breaking in two. Fragmentation of thepartons is thus equivalent to fragmentation of the strings. For the example in �gure 6.3, this
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q�q

gFigure 6.3: Strings in a q�qg-on�guration. This is the event plane as seen in the Centre-of-Massframe. It is not a Feynman diagram.leads to enhaned partile prodution between the quarks and the gluon relative to the regionbetween the quarks.The string e�et is well supported by experiment ([�a℄, [JA81℄, [JA83℄) and the LSM is imple-mented in JETSET ([Sjo86℄, [SB87℄, [Sjo94℄). JETSET is today regarded as a standard toolto simulate �nal state parton showering and fragmentation. Other models of fragmentationexist. The most well-known is the HERWIG luster model [Kup98℄.6.3 Finding JetsIf jets are to be manifestations of the original partons, there is no unique way to determinewhih partiles belong to a jet. In the three jet event in �gure 6.2, it is seen that there aresome soft emissions that an not in a sensible way be assigned to either one of the jets withoutambiguity. This ambiguity is already aused by the underlying physis. The hadronisationproess is not independent in both jets, as e.g. in the LSM model both sides are onnetedby a olour ux tube.To onsistently reonstrut jets, jet algorithms have been de�ned to presribe how partileslose in phase spae should be ombined into jets. These algorithms do not guarantee theaurate reonstrution of the underlying partons in the �nal state. Rather they ensure thatall jets are reonstruted in a onsistent way. Di�erent algorithms will generally give di�erentresults. It is therefore important to use the same jet algorithm on data and on hadron levelMonte Carlo, in order to make a omparison.Jet algorithms divide into two main groups: The so-alled one algorithms and the lusteringalgorithmsThe Cone algorithms rely on the idea that a jet an be haraterised as a onentration oftransverse energy in a one of radius R in (�; �)-spae [AC99℄. In the algorithm, all partileswithin a radius R0, R =p(��)2 + (��)2 � R0 (6.1)are ombined into a jet of transverse energy EtEt = Xi'th part. in oneEti ; (6.2)and a new jet axis is de�ned. This proedure is then applied over a number of iterations untilthe quantities are �xed.



44 Jet PhysisUsing �� instead of ��, a jet measure is obtained, whih is invariant under longitudinalboosts.The spei�s on how to de�ne, merge and disregard jets vary from implementation to imple-mentation.Cone jets have traditionally been the anonial hoie in hadroni ollisions, as the entre ofmass of the hard sattering proess is typially boosted with an unknown amount. Further-more, hadroni ollisions will typially inlude a lot of soft ativity from spetator partonssuh as the proton remnant in DIS. The \pollution" of the jets from these underlying eventquantities is to a large extent determined by geometry and is thus easily estimated.Clustering algorithms are based on grouping partiles together aording to a metri[ES93℄. Partiles with \nearby" momenta are de�ned as belonging to the same jet, and apseudo partile is de�ned from the two. This pseudo partile then goes into the lustering asthe regular partiles.The lustering typially ontinues until all partiles above a ertain momentum thresholdbelong to a pseudo partile or are too far away from anything else in the event to be mergedinto a pseudo partile. The surviving pseudo partiles are then taken as the jets.An advantage of lustering algorithms is that they are rotationally invariant. They are thuswell �tted to desribe jet prodution in for example e+e�-ollisions, where the CMS oinideswith the laboratory frame.For hadroni ollisions, the drawbak is that most lustering shemes assume everything inan event to be of interest, thus inluding all partiles in the hadroni �nal state in a jet. Inhadroni ollisions this is not a good assumption. The typial objet of study is parton-partonor photon-parton sattering. Apart from the hard sattering proess there is a lot of ativitynear the beam pipe due to the fragmentation of the spetator partons.In the present analysis, the inlusive kt-algorithm ([ES93℄, [CDSW93℄) has been used. Forthat reason this is the only jet algorithm that I will desribe in detail.6.4 Choie of Jet-AlgorithmA study of a number of jet-algorithms applied to DIS was presented in [Kar02℄. The studyonsisted of a detailed investigation of how hard partons at the matrix element level werereonstruted after parton showering and after hadronisation.The jet-algorithms were ompared aording to a number of riteria desribing the deviationsin invariant mass and momentum diretion between the three levels. This was done as afuntion of the jet resolution parameters of the individual jet-�nders.A number of quantities were de�ned and measured to this end. The measurements werearried out on a RAPGAP event sample whih was divided into a number of sub-samplesontaining di�erent types of physis suh as di�ration, QCD-Compton proesses or BGFevents. The jet algorithms were in this way tested on a wide variety of physis signatures tomake the onlusions as universally valid as possible. The onlusion was that the CDF-CONEalgorithm and the inlusive kt-algorithm showed the best performane judged on the abilityto reonstrut the parton harateristis. There was a tendeny in many of the parameters



6.5 The Inlusive kt-Algorithm 45studied for the two to be very alike. The inlusive kt-algorithm was not as good as the CDF-CONE algorithm in desribing the diretion of very soft jets, but for harder jets (� 2�3 GeV)the inlusive kt-algorithm in general showed smaller mean deviations in (�; �)-spae than theCDF-CONE algorithm. This is a main reason that it has been used in the present analysis.6.5 The Inlusive kt-AlgorithmThe inlusive kt-algorithm ([ES93℄, [CDSW93℄) is an attempt to de�ne a lustering algorithmin a way that makes good sense for hadron-hadron ollisions. The resulting algorithm is alustering sheme by nature, but it shares many features with one jets.The algorithm was originally de�ned for hadron hadron ollisions in the CMS. As this framehas no diret equivalent in DIS, it has here been exeuted in the Breit frame (see p. 19).The hadroni �nal state is seen as onsisting of a set of \protojets" i with momenta p�i . Asprotojets are taken the individual partiles in the hadroni �nal state. The massespp�i pi;� areassumed to be small ompared to the transverse momenta pt;i. Eah protojet is haraterisedby (�i; �i; Et;i), where Et;i is de�ned as Ei sin �i. This is atually a slight hange from theoriginal formulation [ES93℄, whih used Et;i = jpt;ij.Given a list of protojets the inlusive kt algorithm now reursively joins pairs of protojets toform new protojets. The algorithm also determines, when manipulations of a protojet shouldease, and it should be moved to the list of \jets".Given a list of protojets, the jet algorithm proeeds as follows:1. For eah protojet, a \size" di is de�ned:di = E2t;i (6.3)Correspondingly for all pairs of protojets i; j, a \distane" is de�ned aording to themetri: dij = min(E2t;i; E2t;j) �(�i � �j)2 + (�i � �j)2�R2 (6.4)Note the parameter R, whih should be supplied by the user. It is analogous to theone size in the one algorithms. R has been set to 1 in the present analysis.2. De�ne dmin to be the smallest of all the di and dij .3. If dmin is a dij , protojets i and j are merged into a new protojet k aording to:Et;k = Et;i +Et;j (6.5)�k = Et;i�i +Et;j�jEt;k (6.6)�k = Et;i�i +Et;j�jEt;k (6.7)4. If dmin is a di, protojet i is onsidered not mergeable. It is onsequently moved fromthe list of protojets to the list of jets.5. Re-iterate



46 Jet PhysisThe proedure ontinues until there are no more protojets. The result is that all partilesin the hadroni �nal state are grouped into a list of jets. The list is ordered by transversemomentum as a onsequene of step 3 and 4 above. Only the jets with high Et will generallybe of physial interest, though.The fat that all partiles are inluded makes the algorithm well suited for inlusive mea-surements, suh as the \one jet or more"-ross setion. If one wishes to make exlusivemeasurements, pt = Et of the jets is a good ut-o� parameter.It is a matter of key importane that a jet algorithm be infrared safe. This is simply thestatement that the addition of a soft parton should not hange the results.The infrared divergenes at parton level arise from situations in whih a parton emits a softgluon, with q� ! 0, or in whih a parton splits into two ollinear partons.Infrared safety is quikly realised for this ase, as two ollinear partons would immediatelybe reombined by the algorithm. Also, there would be no hange in the jet ross setions forvery soft gluon emissions, as neither the angle nor the Et of the jets would be hanged by thesoft gluon.







Part IIThe Experimental Faility

No amount of experimentation an ever prove me right; a single experiment anprove me wrong. [Albert Einstein, 1879 - 1955℄



Chapter 7The HERA ColliderThe HERA ollider is an aelerator omplex designed to ollide eletrons or positrons withprotons. The main omponents of HERA are the two storage rings, in whih the protons andeletrons are aelerated to their �nal energies of respetively 820 GeV and 27.5 GeV.1
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Figure 7.1: An overview of the HERA failities7.1 The Colliding BeamsTo reah the point where the two beams are ready to be brought to ollision, the partilespass through several stages of pre-aeleration before entering the main HERA ring.First, the proton beam is prepared. A sample of protons is made by stripping hydrogen atomsof their eletrons. The linear aelerator LINACIII (1) aelerates the protons to 50 MeV,1In 1998, the proton energy was upgraded to 920 GeV



7.2 Experiments at HERA 51whereupon the DESYIII aelerator (2) inreases the energy to 7.5 GeV. The proton bunhesare then transferred to PETRAII (3) for aeleration to approximately 40 GeV. When thisenergy is reahed, the protons are injeted into HERA.When all available proton bunhes in HERA have been �lled and aelerated to their �nalenergy, there are around 180 bunhes with a total urrent of approximately 80 mA.After injetion and aeleration of the protons, the eletron beam is prepared. For stabilityreasons typially a positron beam is used.The eletrons are aelerated to 450 MeV in the linear aelerator LINACII (4). They arethen transferred to the DESYII ring (2), where they reah an energy of 7 GeV. At this energy,they are injeted into PETRAII. At an energy of 13 GeV, the eletron beam is transferred toHERA, for �nal aeleration to 27.5 GeV.The �lling of the bunhes in HERA takes plae in several stages. In the luminosity mode, theeletrons generate a urrent of typially 20-30 mA.In the past years the lepton beam has typially onsisted of positrons. This is due to the fatthat a positron beam is easier to keep stable over long periods of time. Positively hargedgas ions remaining in the beam pipe tend to get attrated to an eletron beam ausing thebeam quality to deteriorate faster, as the ions attenuate the beam.7.2 Experiments at HERAThe experimental program of HERA inludes four experiments. These are ZEUS, HERMES,HERA-B and H1.HERMES [Mil97℄ is a �xed target experiment foused on studying the spin struture of theproton. For this purpose, a polarised gas target is used as a target for the polarised e+-beamto study the polarisation dependene of DIS.HERA-B [H+℄ is another �xed target experiment. It was originally intended to provide fastresults on CP-violation parameters in b-physis through �-prodution in pN-ollisions, butreently the fous has shifted to more general areas of QCD. The ollaboration itself has nowdeided to stop the experiment, but the possibility still remains that other ollaborations maybe interested in using the detetor.ZEUS [ZE℄ is a general purpose ep-ollision detetor similar to H1. It is designed to investi-gate parton dynamis in QCD in depth. Main topis are the partoni struture of the protonand the photon, vetor meson prodution and hadroni �nal states.The H1 detetor is desribed in detail in the next hapter.



Chapter 8The H1 Experiment

Figure 8.1: An overview of the H1-detetorThe H1 detetor is a omplex apparatus designed to measure properties of partiles originatingfrom high energy ep-ollisions at HERA. The detetor onsists of a multitude of sub-detetorsarranged around the nominal interation point with a solid angle overage of lose to 4�. Theonly openings in the detetor are in the forward and bakward regions to allow for the beams



8.1 General Design Considerations 53to enter and exit the detetor.I will here desribe the 1997 on�guration of the H1 detetor, with a few onluding remarkson later upgrades. Where no other referenes are given, the reader is referred to the tehnialdesign report: [H197a℄, [H197b℄.The interation point is surrounded by a traking system, whih is again divided into aentral and a forward traker. The trakers are used for high-preision measurements ofharged partile trajetories and partile identi�ation. The energies of the partiles in theevent are measured by alorimeters surrounding the trakers. Along the beam axis, a Time-of-Flight system (ToF) is installed. This onsists of three stations of sintillators, and it isused for partile identi�ation as well as for trigger veto on the primary vertex of the event.Around the trakers and the alorimeters, there is a superonduting solenoid magnet whihprodues a lose-to uniform magneti �eld of 1.15 T. To detet muons and hadroni energywhih penetrate all of the inner detetor elements as well as the solenoid magnet, the returnyoke of the solenoid is instrumented with streamer tubes and muon detetors. Forward muonsare measured with the Forward Muon Spetrometer (FMS).In this analysis, the following detetors are of key importane:� The bakward \Spaghetti" Calorimeter (SpaCal), together with the Bakward DriftChamber (BDC), performs high preision measurements of the sattered eletron, pro-viding key information on the kinematis of the event.� The Liquid Argon (LAr) alorimeter measures energy deposits in the main solid angleof the detetor.The standard H1 oordinate system is hosen as a right-hand system with the z-axis alongthe proton beam diretion and the x-axis pointing towards the entre of the HERA ring. Theorigin of the system is plaed in the nominal interation point.8.1 General Design ConsiderationsIn HERA ep-ollisions, the Centre-of-Mass system is highly boosted in the forward (proton)diretion. The boost orresponds in average to  � 2:9. A onsequene of this energyasymmetry is the asymmetri design of H1 shown in �gure 8.2. The proton diretion is tothe left. The instrumentation in this diretion is more segmented and massive than in thebakward diretion.As is desribed in setion 3.1.1, a good identi�ation and reonstrution of the sattered leptonis ruial for an aurate reonstrution of the kinematis in an event. It was therefore a majordesign goal to ahieve good eletron/pion separation as well as an aurate measurement ofthe eletron energy.8.2 TrakingThe H1 traking system depited in �gure 8.3 serves to provide eÆient trak reonstrutionand from the trak bending radius in the magneti �eld to measure the momenta of the
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Figure 8.2: Longitudinal ut through the H1 detetor parallel to the beam pipe
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Figure 8.3: An overview of the H1 traking system8.2.1 The Central and Bakward Silion Trakers (CST & BST)When harged partiles pass through a semionduting material, they produe eletron-holepairs. These an be olleted using an n-p juntion subjeted to an eletri �eld to provideaurate and very fast trak information ([Leo℄ h. 10).The Central Silion Traker [P+00℄ of the H1 experiment onsists of two onentri ylindriallayers of silion sensors with two oordinate readout.The silion sensors are strip detetors with r�-strips on the p-side, and z-strips on the n-side- a struture sometimes referred to as a \half-ladder". The CST has a point resolution of12 �m in the r�-diretion and 22 �m in the z-diretion. This enables the CST to suessfullyidentify seondary deay verties from hadrons ontaining b-quarks.The Bakward Silion Traker [HL00℄ onsisted in 1997 of 4 diss segmented in 16 setorseah. The layout of the BST itself and of a setor is shown in �gure 8.5.
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8.2 Traking 57The BST has a radial resolution of 16 �m and an azimuthal resolution of 22Æp12 . The bad�-resolution stems from the fat that the primary task for the BST is to measure r andonsequently �.
8.2.2 The Central Jet Chambers (CJC 1 + 2)The Central Jet Chambers CJC1 and CJC2 [B+89℄ are the largest traking sub-detetors inthe H1-experiment, and the ones primary responsible for reonstruting trak information.They onsist of two onentri drift hambers with an ative length of 2200 mm. Sensewires are strung parallel to the beam axis, and the readout of eah end of a wire providesa z-resolution of approximately 22 mm (1% of the wire length) by harge division. Theombination of the wires provide an r�-resolution of 170 �m.Eah hamber is divided into drift ells. CJC1 onsists of 30 ells with 24 anode wires eah,whereas CJC2, due to its larger volume, is made up of 60 ells eah with 32 wires.The individual drift ell is tilted about 30Æ with respet to the radial diretion as shown in�gure 8.6.

beam pipe

central jet chamber 2 (CJC2)

outer z-chamber (COZ)

outer MWPC (COP)

central jet chamber 1 (CJC1)

inner z-chamber (CIZ)

inner MWPC (CIP)

backward silicon tracker (BST)Figure 8.6: An end-on view of the traking system. Note the angle of the CJC-ells with respet tothe radial diretion.This orientation of the drift ells has several advantages. It provides the optimum trakresolution in the r � �-plane of 170 �m. In addition, it improves the trak reonstrution,as it is now possible to determine on whih side of the wire, the partile passed through theell. \Wrong mirror"-hit andidates do not math to form traks, and the segments that areformed do not point to the vertex.



58 The H1 Experiment8.2.3 Z-Chambers (CIZ,COZ)Immediately inside CJC1 and CJC2, respetively, the inner and the outer z-hambers (CIZ /COZ) are plaed. This plaement an be seen in �gure 8.6, and in �gure 8.3. They are thindrift hambers with sense wires perpendiular to and drift diretion parallel with the beamaxis. They omplement the measurement of the harged trak momenta by a z-oordinatemeasurement with a preision of typially 300 �m.8.2.4 The Bakward Drift Chamber (BDC)The Bakward Drift Chamber [Sh96℄ is designed as a supplement to the Spaghetti Calorime-ter (see setion 8.3.2), to improve the measurement and identi�ation of the sattered eletron.It is installed in front of the SpaCal overing an angular range of 153Æ < � < 177:5Æ.
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Figure 8.7: The Bakward Drift ChamberThe hamber onsists of four double layers divided into eight �-setors. Eah of these setorsomprise 32 drift ells with sense wires.Figure 8.7 shows a shemati view of the BDC wire orientation. As the �gure shows, the wiresare strung in the �-diretion. This is to optimise �-resolution for reonstrution of kinemativariables (see setion 3.1.1). The individual double layers are revolved 11:5Æ to allow for aoarse �-measurement. The resolution in � of the hamber is 0:57 mrad [K+98℄.



8.2 Traking 598.2.5 The Forward Traking Detetor (FTD)The Forward Traking Detetor is a set of drift hambers designed to detet forward traksin the angular region 5Æ < � < 25Æ. The FTD omprises three idential super-modules. Eahof these super-modules onsists of three planar hambers, a multi-wire proportional hamber(MWPC, [Leo℄ h. 6), a transition radiator and a radial ell.

Figure 8.8: The Forward Traking DetetorThe planar hambers are oriented with � = 0Æ, �60Æ or 60Æ, and are omprised of 32 retan-gular ells, eah with four wires. The radial hambers have 48 wedge-shaped ells with wiresmounted radially from the beam axis.Transition radiation is eletromagneti radiation in the X-ray region, whih is emitted whenan ultra-relativisti partile rosses a boundary between two media of di�erent dieletri on-stant. The transition radiators are used for eletron/pion-separation, as transition radiationrises strongly with the  fator of the partile in question. Eletrons therefore produe farmore transition radiation than pions with similar energies. For more information on transitionradiation, see [Ege℄.The trak momentum resolution is �pp2 < 0:003 GeV �1, whereas the trak angular resolutionis ��;� < 1 mrad.



60 The H1 Experiment8.3 CalorimetryH1 is equipped with a number of alorimeters using a variety of tehnologies. These unitsare:� The Liquid Argon Calorimeter (LAr)� The Spaghetti Calorimeter (SpaCal)� The forward alorimeter (Plug)� The Tail Cather (TC)The individual alorimeters will be treated in detail below. For the present analysis, the LAr-alorimeter along with the SpaCal have been the most important alorimeters. The Plugalorimeter is situated in the very forward region of 3:5 < � < 5, and the Tail Cather isinstalled in the iron yoke of the magnet to measure leakage from the other alorimeters.8.3.1 The Liquid Argon Calorimeter (LAr)

Figure 8.9: The Liquid Argon alorimeterThe Liquid Argon alorimeter [H1Cal93℄ is the largest single alorimeter of H1. It overs theangular range between 4Æ and 153Æ.A liquid Argon alorimeter is essentially a stak of metal plates immersed in liquid Argon([Leo℄ h. 6). A voltage is applied between the plates. Inoming partiles shower in the metal,whereupon the shower ionises the Argon, and the eletrodes pik up the harge. Sine theentire shower is olleted, the energy of the shower is proportional to the ionisation olleted.The liquid Argon alorimeter of H1 is plaed within the solenoid magnet to minimise theamount of dead material in front of it. It omprises an eletromagneti part and a hadronipart. The innermost ells whih are seen in �gure 8.9, omprise the eletromagneti partof the LAr. The outer ells make up the hadroni part. Showers in the eletromagneti



8.3 Calorimetry 61part result from the use of lead plates, whereas steel is used in the hadroni part. In thez-diretion, the LAr is made up of 8 wheels, eah onsisting of 6-8 setions in �.The resolution of the LAr is omprised of several quantities:� The eletromagneti energy resolution is 11%pE(GeV ) � 2%� The hadroni energy resolution is 50%pE(GeV ) � 2%The absolute energy sale is reonstruted up to an unertainty of 4% and onstitutes one ofthe main ontributions to the systemati error in this analysis.8.3.2 The Spaghetti Calorimeter (SpaCal)For low values of momentum transfer, Q2 < 100 GeV2, the deetion angle of the leptonis quite small. It traverses the bakwards detetors and hits the Spaghetti Calorimeter.[H1SG96℄.

Figure 8.10: The Layout and loation of the SpaCal. The side view shows the plaement of theSpaCal in the H1 detetor. The eletromagneti and hadroni setions are visible. The end-on viewonly shows the eletromagneti part of the SpaCal.The SpaCal overs the angular region of 153Æ < � < 177:5Æ, and is loated behind the BDC.It onsists of a hadroni and an eletromagneti setion, as shown in �gure 8.10.Both the eletromagneti and the hadroni setions of the SpaCal onsist of sintillating �bresembedded in a lead matrix. The diameters of the �bres are 0.5 mm and 1.0 mm, respetively.Inident partiles shower in the lead, and the shower is deteted by the sintillating �bres.The sintillations are now piked up by photo-multipliers and onverted into eletrial pulses.The layout of the eletromagneti setion of the SpaCal is also shown in �gure 8.10. It isdivided into 1192 ells, whih allows for a good eletron/hadron separation by measurementof transverse shower pro�les. The depth of the Elm-SpaCal is 25 m, whih is suÆient for a30 GeV eletron to deposit all of its energy.



62 The H1 ExperimentThe angular resolution of the SpaCal is 2 mrad, whereas the energy resolution is 7%pE(GeV ) ,plus an unertainty of 1% in the absolute energy sale.As for the hadroni setion of the SpaCal, it is somewhat oarser, onsisting of only 136 ellsof a depth of 25 m. It is used mainly to distinguish between hadroni and e= showers basedon penetration depth.8.4 The Luminosity SystemThe luminosity measurement of H1 is based on the proess ep ! ep. These events arereferred to as bremsstrahlung events. The ross setion for this type of event is alulable toa very high degree of preision within QED, and the signature is very distint.To measure these events, an Eletron Tagger (ET) and a Photon Detetor (PD) are installedvery lose to the beam pipe away from the detetor. Their positions are zET = �33:4 m andzPD = �102:9 m. In the on-line luminosity measurement, oinidental detetion of a protonand a photon is used for simpliity, whereas the o�-line method relies only on the detetedphoton. The unertainty on the luminosity measurement is 1%.8.5 The Time-of-Flight System (ToF)A lot of bakground events are present under the running onditions of HERA. A entralsoure of these events is ollisions of the beam partiles with the beam pipe or with residualgas atoms. To rejet these events, a Time-of-Flight system is installed. The system onsistsessentially of a number of sintillator devies mounted perpendiularly to the beam pipe.Combining information from the SpaCal with the output of the sintillators, it is possible todetermine whether the deteted partiles originate from a \real" event.This deision is based on the de�nition of time windows given by the HERA lok. TheHERA lok tells when bunh rossings our. It is then a matter of simple geometry inombination with exat timing to determine whether an event be rejeted on the basis of theToF information.8.6 The Trigger SystemThe bunh rossing frequeny at HERA is approximately 10 MHz, and the number of read-out hannels of the H1 detetor is around 270,000. Not all of these hannels are equally fast,and not all of the events taking plae in the detetor are equally important. In fat the typialbakground rate at the design luminosity of L = 1:5�1031 m�2s�1 is 50 kHz from beam-gasevents alone, while the DIS rate is approximately 2.2 Hz, and W -events in ontrast our aouple of times a week [H197a℄. These onditions ditate the need for a trigger system todetermine when to read out the detetor and whih events to keep.The trigger system is omposed of four levels, denoted L1-4. The Level 1 (L1) trigger makes aseletion for eah bunh rossing. This seletion is made based on trak origin information andToF information to ut down the beam-gas rate. The L1 trigger ombines trigger elements



8.6 The Trigger System 63in up to 128 sub-triggers. The seond- and third-level triggers were bypassed in the 1997on�guration. At the fourth level trigger (L4), all information is evaluated, and a limitedreonstrution of the event takes plae. At both trigger levels pre-saling may our. Pre-saling by a fator n means that only every nth event is kept for a given sub-trigger ondition,reduing the trigger rate and the need for storage by a fator n. A orresponding weight ofn is then applied to the events kept.After approval from the L4 trigger, the event is written to disk and kept. The output rateof the L4 trigger is typially around 10 Hz. In other words, only one event is kept for onemillion bunh rossings. A lot of these events are bakground events, though, as the triggersystem is designed to make sure that no interesting events are rejeted.





Part IIIForward Jet Analysis

In physis, you don't have to go around making trouble for yourself - nature doesit for you. [Frank Wilzek 1951 - ℄



Chapter 9Event Seletion and CorretionsAttempts to identify a BFKL-like behaviour in inlusive DIS have so far proved not to besuessful. This is largely attributed to the fat that the phase spae for DGLAP partonevolution is very large, and BFKL-e�ets tend to be \washed out".To ounter this problem, it has been suggested ([Mue91b℄, [Mue91a℄, [BdRL92℄, [Tan92℄) tolook at forward jets in order to spei�ally target a phase spae region in whih DGLAP issuppressed. This improves the hane to disentangle possible e�ets from BFKL dynamisfrom the dominating DGLAP e�ets.In the following hapters, a study of forward jets using 1997 data from the H1 experimentis presented. The study is based on an integrated luminosity of 13:72 pb�1 of runs passingthe trigger seletions. As the detetor on�guration and the triggers hanged substantiallyafter 1997, data from later years annot be merged with the 1997 data without redoing thedetetor alibration and the trigger studies.A ross setion measurement is performed, and event variables are studied. The results areorreted to hadron level and ompared to theoretial preditions by the Monte Carlo eventgenerators. For omparison with DGLAP the Monte Carlo generator RAPGAP is used. Asno BFKL Monte Carlo exists to desribe DIS, the data have been ompared to the CCFMgenerator CASCADE.9.1 Forward Jets and Resummation ShemesAs desribed in setion 4.1, a key signature of DGLAP is a strong ordering in the transversemomentum of the emitted partons in the asade. To suppress this kt-ordering and yet leavingroom in the kinematis for parton evolution in x, events have been seleted in whih a forwardjet is reonstruted arrying a signi�ant fration of the proton energy and with a transversemomentum of the same order of magnitude as Q2 of the event.This situation is depited in �gure 9.1. As is indiated by the diagram, a high energy partonemission having kt � Q2 will indeed suppress kt-evolution. There is no \room" left for strongkt-ordering.Therefore, to diretly suppress strong kt-ordering, events are seleted ontaining a jet in the
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Figure 9.1: A generi forward jet diagram.forward diretion, the transverse momentum of whih is required to be of the same order ofmagnitude as Q2 through the requirement:0:5 � P 2t;jetQ2 � 2 (9.1)To enhane BFKL-like dynamis through evolution in x, the energy of the jet is required toful�l xjet � EjetEp � xbj ; (9.2)leaving room in the parton ladder for evolution in x.9.2 The Need for an Event SeletionWhen performing a physis analysis, it is important to de�ne the event seletion in suh away as to learly de�ne the physis of interest, so that onlusions may be drawn. Di�erentuts are applied and ativity is required (or disallowed) in di�erent sub-detetors. This helpsto ensure aurate reonstrution of the events while minimising orretions and suppressingbakground. The event seletion for this analysis onsists basially of three parts:1. Seleting \lean" runs and events without disturbing noise.2. De�ning a kinemati region of the event, optimising the performane of the individualsub-detetors and possibly reduing the bakground.3. Imposing the forward jet requirement to target the desired dynamis.



68 Event Seletion and CorretionsIn the following setions, I will explain the event seletion from run and trigger seletion tothe omplete forward jet seletion. The exat uts hosen are very lose to [Kar02℄ and tothe ongoing H1 forward jet analysis, [H103b℄ for ompatibility.9.3 Run Seletion and TriggersThe present analysis is based upon data taken during 1997. During this period of datataking an integrated luminosity of 21:57 pb�1 was olleted. In the seletion of runs, thebasi requirement is that the high-voltage system of the H1-detetor is turned on, and thatthe following detetors are operational (see hapter 8): The Liquid Argon alorimeter, theSpaghetti Calorimeter, the Bakward Drift Chamber, the Central Jet Chambers, the Innerz-hamber, the Time-of-Flight sintillators and the luminosity system.The number of runs ful�lling these requirements provide an integrated luminosity of 13:72 pb�1.As there is a bunh rossing every 96 ns in HERA, a lot of events need to be rejeted alreadyat the data aquisition stage. Other events represent physis lasses whih are irrelevant tothis analysis suh as harged urrent interations and high Q2 events.The L1 trigger requirement made in this analysis is based on the S0 trigger, whih is de�nedby: S0 = (IET > 2) ^ (TOF ) (9.3)The two trigger elements are the SpaCal Inlusive Eletron Trigger, IET ([H196℄,[Spi96℄) andthe bakward Time of Flight trigger, TOF ([H197a℄).The IET -requirement of 2 orresponds to a positron energy threshold of 5:7 GeV. The TOFelement is a omposite trigger element ensuring that measured partiles originate from nearthe nominal interation point.At the higher level triggers, event lasses are de�ned based on di�erent uts in the eventtopology and ativity in the di�erent sub detetors [H1L℄. It is in this analysis a requirementthat the events be in the event lasses Jet and DIS.9.4 Detetor CutsTo orretly identify a DIS event, it is important to ensure a good quality of the eventreonstrution. This is obtained by imposing uts on the reonstruted positron as well ason the primary event vertex and a global event variable. These uts will be treated in detailbelow.9.4.1 Positron CutsA primary objetive is to have an aurate reonstrution of kinemati quantities. Thereonstrution rests upon a reliable and preise reonstrution of the sattered positron doneby the SpaCal and the BDC.



9.4 Detetor Cuts 69To ensure that the positron is fully within the aeptane of the SpaCal, the following angularut is imposed: 160Æ � �e � 172:5Æ (9.4)A large ontribution to the bakground is the so-alled photo-prodution events, in whih Q2is very small. In these events, the sattering angle of the positron is so small that it goesdown the beam pipe. The measurement is therefore sensitive to hadrons being misidenti�edas the positron.To ounter this, a lower ut is imposed on the positron energy:Ee � 11 GeV (9.5)The ut has several justi�ations. It ensures a high eÆieny of the S0-trigger. At the sametime, it suppresses \fake" positron andidates stemming from hadrons or showering in thedead material in front of the SpaCal. It thus helps to suppress photo-prodution events.As desribed in setion 8.3.2, the SpaCal onsists of a number of ells. SpaCal lusters arede�ned by summing up energy deposits in the individual ells. When seleting the positronamong the possible andidate lusters, the fat is used that hadroni showers in general arebroader than e=-showers. The entre-of-gravity of a SpaCal luster r is de�ned:r = Pni=1pEiriPni=1pEi (9.6)where ri and Ei orrespond to the entre and the energy of the ith SpaCal ell, respetively.The energy weighted luster radius is then given byR = 1E nXi=1 Ei � jri � rj; (9.7)where E refers to the ombined luster energy. To redue bakground from hadroni showers,the ut on R is R � 3:5 m: (9.8)However, the detetor simulation of the H1 detetor gives a di�erent positron luster radiusthan what is found in the data. To orret for this, a fator of 1.065 has been applied to thepositron luster radius in the Monte Carlo. Figure 9.2 shows the e�et of this orretion.More bakground from hadroni interations is removed by requiring very little ativity in thehadroni part of the SpaCal whih is plaed behind the eletron part (see setion 8.3.2). It isrequired that EHad � 0:5 GeV, where EHad is the sum of all energy deposits in the hadronipart of the SpaCal within a irle of radius 15 m with respet to the position of the positron.If the positron is found very lose to the beam pipe, there is a signi�ant risk that part ofthe energy is not ontained in the SpaCal and \leaks" into the beam pipe. To rejet eventswhere this may be a problem, the SpaCal is equipped with four veto ells lose to the beampipe. If the ombined energy in these ells EVeto exeeds 1 GeV, the event is rejeted.Showers from photons are very muh like positron showers. To disern between the two,information from the BDC is used to math the positron luster with a trak, utilising that
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Figure 9.3: An H1 event display showing a beam-gas interation. As is obvious from the �gure, theprimary vertex of the reation is very muh displaed from the nominal interation point.



72 Event Seletion and CorretionsThe length of a proton bunh is approximately 44 m, and a positron bunh is 2.5 m long.The distane between two bunhes is a little less than 30 metres. Considering the �nite timespread of the bunhes, it is found that the interations take plae in an area of approximately50 m around the interation point, giving rise to the ut�25 m � zvtx � 35 m: (9.10)The exat value of this ut stems from previous analyses (ex. [Dav01℄).9.4.3 Final State Objet P(E � pz)Due to the ineÆienies of the detetor, energy sometimes leaks undeteted out of the detetor.This happens, when a shower broadens enough, for the seondary partiles to esape theinstrumented material. Also it may happen that eletroni noise is treated as a signal. Inattempt to rejet some of these events, the quantity Pi(Ei � pz;i) an be used. i runs overall reonstruted objets in the �nal state. Considering the initial state of the positron andthe proton, it is seen thatXi (Ei � pz;i) = Ep � pz;p +Ee � pz;e (9.11)� Ep �Ep +Ee � (�Ee) = 2Ee= 55 GeV:By momentum onservation, this is also true after the ollision. In the ase of a perfet mea-surement, the sum of E � pz for all reonstruted partiles (inluding the sattered positron)will be 55 GeV.If, on the other hand, a hadron is misidenti�ed as the sattered positron, the sum in equation(9.11) beomes smaller. Initial state radiation from the inoming positron as well as beam-gasor beam-wall an also distort this quantity. To suppress these events, a ut is imposed on thesum to be 35 GeV �Xi (Ei � pz;i) � 75 GeV: (9.12)9.5 Kinemati DIS SeletionIn the reonstrution of the kinemati variables of the event, the eletron method is used.Detailed information on this method was given in setion 3.1.1. The relevant variables areBjorken-x (xbj), the inelastiity (y) and the momentum transfer squared (Q2).The kinemati limits on Q2 and y are set to5 GeV2 � Q2 � 75 GeV2 (9.13)0:1 � y � 0:7: (9.14)The Q2-ut makes sure that we are in fat seleting DIS-events (lower ut), while the upperut ensures that it is feasible to �nd jets having P 2t;jet � Q2.



9.6 Forward Jet Seletion 73The y-ut ensures a minimum inelastiity while at the same time making ertain that thesattered positron is well within the SpaCal aeptane. The lower limit also uts out theregion of low resolution in xbj (see equation (3.24)), while the upper limit orresponds looselyto the positron uts in equations (9.4) and (9.5).To reate a well-de�ned region in Bjorken-x emphasising the low-x region, a ut in xbj isimposed: 0:0001 � xbj � 0:004 (9.15)Chek-plots for the DIS-seletion are shown in �gure 9.4. As an be seen, the features of thedata are quite aurately desribed by the ARIADNE, while RAPGAP does not provide thesame level of auray.9.6 Forward Jet SeletionWe now onsider events whih have passed the DIS-seletion, and whih ontain an energetijet in the forward diretion. Furthermore, we make a number of requirements on the propertiesof this forward jet.Jets have been identi�ed using the inlusive kt-algorithm (see setion 6.5). The algorithm hasbeen run on objets, ombining trak information with energy deposits in alorimeter ells.These objets are referred to as Final State COMBined (FSCOMB) objets.A forward jet must be found in the pseudorapidity interval:1:735 � �jet � 2:79 (9.16)This is a region in whih the angular resolution is good enough to avoid mixing jets with theproton remnant. It orresponds to a �-region of approximately [7Æ; 20Æ℄.To ensure good jet reonstrution while exluding noise and the proton remnant, a ut ismade on the transverse momentum of the jet:Pt;jet � 3:5 GeV (9.17)To aomplish the suppression of DGLAP and thus to enhane sensitivity to BFKL-dynamis,a requirement is made that the transverse momentum of the jet be omparable in magnitudeto Q2 of the event: 0:5 � P 2t;jetQ2 � 2 (9.18)We now de�ne xjet as the energy fration of the jet relative to the proton:xjet = EjetEp (9.19)Additionally, we impose the following ut on xjet:xjet � 0:035 (9.20)This ombination of uts ensures that the phase spae for evolution in kt is very small while atthe same time demanding a larger spae for evolution in x through the requirement xjet � xbj .Figure 9.5 shows a forward jet event. This is a very lean event. The jet is well-de�ned andthere is little residual ativity.
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Figure 9.5: This event display shows an event whih was seleted by this analysis.



76 Event Seletion and Corretions9.7 Evaluating the Forward Jet Event SeletionIn order to understand the detetor response, we need to perform the same event seletionon a Monte Carlo sample, both for detetor level and hadron level. We are then in a positionto see, how muh information \survives" the detetor simulation, and to whih extent thereonstruted sample is \polluted" with false events. The Monte Carlo sample used was asample of ARIADNE Monte Carlo run through a full detetor simulation [H1℄.Furthermore, we need to establish the extent to whih orretly reonstruted forward jetevents have migrated from one bin to another in the variables that will be used in the rosssetion measurement.We therefore de�ne the following four quantities in eah bin of the measurement:� Purity: P = N sameH\DND (H \D) (9.21)� Stability: S = N sameH\DNH (H \D) (9.22)� Bakground: B = 1� NH\DND (D) (9.23)� Aeptane: A = NH\DNH (H) (9.24)where ND and NH is the number of events found in a ertain bin on detetor level and onhadron level, respetively. NH\D is the number of events found on both hadron and detetorlevel, and N sameH\D is the number of events found in the same bin on both detetor and hadronlevel.Purity and stability are alulated on an event-by-event basis from events passing both dete-tor and hadron level seletion. The bakground is alulated from events passing the detetorlevel uts, and the aeptane is alulated from events passing the hadron level uts.As an be seen from �gures 9.6, 9.7 and 9.8, P and S are in general not below 0.6, exept forthe xjet-plots, where they get as low as 0.5. This means that for those events that pass bothseletions, there is a good probability that the event is found in the same bin on both levels.This is an important point, as it will be established in setion 9.8.3 that small bin migrationsensure that the bin-by-bin orretion proedure works satisfatorily.
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80 Event Seletion and CorretionsTurning to bakground and aeptane, the bakground is quite high. The interpretation ofthis is that a large fration of the forward jet events found on detetor level were not foundon hadron level. The aeptane is in many ases not very large.
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This has been observed in other analyses ([Lob97℄,[Kar02℄). One possible explanation for this is theway that the P 2t;jetQ2 -ut allows a smearing in Pt;jetto a�et the Q2-window. Figure 9.12 depits theQ2-window as a funtion of the reonstrutedPt;jet. As an be seen, a �nite Pt;jet-resolutionresults in a quite drasti hange in the allowedQ2-values. As �gure 9.9 learly shows, there is avery �nite resolution in Pt;jet whih will ertainlya�et the available Q2-window.
9.8 Correting for Detetor E�ets and QED RadiationWhen performing a physis measurement in a detetor, the result may be given as a distribu-tion of one variable as a funtion of another. Looking stritly at the variables as a detetorreturns them, however, is not the best way to go about making preditions. What we areinterested in is the underlying DIS event and the parton dynamis it expresses. What wesee is an event smeared by �nite detetor resolution and ineÆienies. Also initial and �nalstate interations are of importane in DIS. These eletroweak orretions will be treated insetion 9.8.2I will here present a method for unfolding detetor level distributions to non-radiative hadronlevel. The proedure is referred to a the Bin-by-Bin orretion method ([Wob00℄, [Kar02℄).A more rigorous treatment may be found in [Cow℄.9.8.1 Detetor CorretionsNo instrument possesses an in�nite preision. This is true for a partile physis detetor andso also for the H1 detetor. An example of a measurement ompared to the true value isshown in �gure 9.13, whih depits the energy measurement of the sattered positron.The left plot shows the energy distribution of the sattered positron with very loose utsapplied, whereas the right one shows only events that have passed the forward jet seletionon both detetor and hadron level.As an be observed from the �gure, the situation an be improved greatly through rejetion ofbakground by the appropriate event seletion. An in�nite preision is of ourse not possible,and the detetor e�ets need to be orreted for when presenting a result.
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82 Event Seletion and Corretions
Z=Z=W=

q
e+

q
e+

Z=W=Z= Z=W= Z=W= Z=Z=f
Z=WW W WZ=Figure 9.15: Diagrams of virtual orretions. For brevity the diagrams have been divided into lasses.Not all ombinations of Z, W and  are possible as suggested by some of the diagrams. The initialand �nal state limits whih ombinations are possible. The f represents any fermion loop.These orretions a�et the measurement in several ways. First of all the ross setionshange. The real orretions for example will quite learly a�et the reonstrution of thesattered positron and therefore hange any ross setions measured in kinemati quantitiesmeasured therefrom. This is primarily relevant for initial state radiation. A photon emittedby the positron after the sattering will be lose to ollinear with the positron, and the twowill still be reonstruted as one energy deposit.Seondly, the event topology itself is altered, as for example ollinearly emitted photons fromthe inoming positrons are lost in the beam pipe, hanging the value of P(E � pz).It an thus be onluded that for example photon bremsstrahlung annot be aounted forusing non-radiative Monte Carlo events. The simulated event must take the radiative orre-tions into aount for a onsistent orretion.9.8.3 Unfolding the CorretionsWe now turn to the general problem of measuring a binned distribution xi. We let x̂i denotethe true value in the ith bin of the distribution.The measured value of xi is onneted to x̂i through the detetor response funtion:xi =Xj Dij x̂j (9.25)A omplete unfolding of the distribution is onneted to the inversion of the D-matrix. Thisan rarely be done analytially. One may of ourse use a detetor simulation to observe thee�et of the detetor response funtion on individual events and thus determine the D-matrixitself. Inverting this matrix, however, an lead to unstable and osillating solutions with largeerrors [Cow℄. For this reason (and for simpliity) orretions are instead performed bin bybin in the present analysis.



9.8 Correting for Detetor E�ets and QED Radiation 83If the bins of the distribution are hosen so that migrations are small between the bins, thedetetor response matrix an be approximated by a diagonal matrix. Having a diagonalresponse matrix, we an obtain the true distribution asx̂i = xiCi;detetor (9.26)where the orretion fator Ci;detetor is obtained using generated events run through a detetorsimulation. It is given by the ratio between the generated value yi;gen and the reonstrutedvalue yi;re: Ci;detetor = yi;genyi;re (9.27)Equation (9.26) orresponds to the x-distribution orreted for detetor e�ets and aep-tane.Treating radiative orretions, we may go through a similar argument to onlude that wemay orrespondingly de�ne Ci;rad = yi;no rad: or:yi;inl: rad: or: (9.28)where both nominator and denominator represent generated quantities with and withoutradiative orretions, respetively.The total orretion fator is therefore de�ned:Ci;total = Ci;detetorCi;rad (9.29)Keeping in mind that detetor orretions must be performed using Monte Carlo imple-menting radiative orretions, it is realised that yi;gen = yi;inl: rad: or:. Consequently, theorretion an be performed diretly from detetor level to non-radiative hadron level usingthe presription: x̂i = xi yi;no rad: or:yi;re (9.30)This is the method that has been used in this analysis.The Bin-by-Bin orretion method is not only appliable in the ase where bin migrationsare small. However, the prie to pay for using the method in ase of large migrations is theintrodution of a bias, \pulling" the orreted value towards the Monte Carlo value [Cow℄.It is seen that (at least) one of two requirements should hold true:� Migrations between bins are small� All aspets of the data are desribed by the reonstruted Monte Carlo sampleAn estimate on the introdued bias (and hene on the model dependene of the orretion)may be gained by omparing the orreted quantities by those obtained using a di�erentMonte Carlo model. This estimate may then be onsidered a ontribution to the systematierror.



Chapter 10The Forward Jet Cross SetionMeasurementIn the following, a ross setion measurement is presented on the basis of the desribed eventseletion. The forward jet ross setion is measured as a funtion of xbj , Pt;jet and xjet.I will start with onsidering the detetor level distributions. I will then address the problemof orretions for detetor e�ets and radiative orretions. After this, the systemati erroron the measurement will be estimated, whereupon the measurement will be presented.
10.1 Detetor Level DistributionsThe forward jet seletion has been performed as desribed in setion 9.6, using 13:72 pb�1 ofdata. Using the binning indiated in �gure 9.9, the distributions shown in �gure 10.1 wereobtained.The data were ompared to two Monte Carlo samples, namely ARIADNE and RAPGAPDIR. Both samples have been run through a full detetor simulation, whereupon the forwardjet seletion has been performed.Only the pure DGLAP point-like photon has been inluded in the RAPGAP-predition, andomparison with data shows, that it fails in desribing the data. ARIADNE, on the otherhand, does a fairly deent job of desribing the features of the data distributions.The failure of RAPGAP DIR to desribe the forward jet distributions is an initial on�rmationthat DGLAP dynamis have indeed been suppressed due to the forward jet seletion.As these plots are on detetor level, they are highly oupled to the H1-detetor and the H1-toolkits. To ompare with physis models in general, detetor e�ets must be unfolded alongwith radiative orretions, so that all preditions are given on non-radiative hadron level.This will be done in setion 10.2.
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86 The Forward Jet Cross Setion Measurement10.2 Detetor CorretionsThe data are orreted to non-radiative hadron level using the Bin-by-Bin orretion methodas desribed in setion 9.8.3.As was seen in setion 9.7, the migrations between the hosen bins are quite small. Further-more, it is seen that events generated with ARIADNE and passed through the full detetorsimulation, desribes the data quite satisfatorily. The orretions were therefore arriedout using two samples of ARIADNE Monte Carlo, namely a non-radiative hadron level sam-ple (orresponding to yi;no rad: or: in equation (9.30)) and a reonstruted radiative sample(yi;re). The orretion fators are shown in �gure 10.2. Shown here are also the orre-

xbjxbjxbj

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0.001 0.002 0.003 0.004
xjetxjetxjet

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0.04 0.05 0.06 0.07
Pt,jet (GeV)Pt,jet (GeV)Pt,jet (GeV)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

4 6 8 10 12Figure 10.2: The orretion fators for the ross setion measurement. The solid line representsARIADNE, whereas the dotted line represents RAPGAP DIR.tion fators obtained using RAPGAP DIR. The RAPGAP sample was used to estimate thesystemati error indued by the orretion as disussed in setion 9.8.3.10.3 Treatment of Systemati ErrorsSystemati errors from a variety of soures have been estimated. In several situations, thishas given rise to errors that vary from bin to bin and errors that are asymmetri. Theindividual systemati errors have been added in quadrature on the assumption that they areindependent.I will here present the investigated ontributions to the systemati error.The energy sale of the LAr alorimeter: The energy sale of the LAr alorimeter isknown to within �4% (see setion 8.3.1). To hek the onsequenes of this on the forwardjet measurement, the analysis was run on Monte Carlo with a shift of �4% in the sale ofthe LAr alorimeter. The hange in the orretion fator was then applied as a perentualsystemati error. The average value of the systemati error indued was +8%/-3%.Model dependene of orretion proedure: As an be seen in �gure 10.2, the orre-tion fators will hange if the orretion is applied using the RAGPAP Monte Carlo sample.



10.4 The Correted Di�erential Cross Setion 87As disussed in setion 9.8.3 a omparison between the two sets of orretion fators willgive an estimate of the indued bias and thus the systemati error from the orretion. Thehanges in orretion fators and thus the systemati errors were on average +5%/-4%, butin ertain bins of the distributions, the systemati error from model dependene reahed asmuh as 10%.The energy sale of the SpaCal: Varying the energy sale of the SpaCal within thelimits of �1% (the unertainty in energy sale, see setion 8.3.2) and running the analysis onMonte Carlo, the average ontributions to the systemati error obtained were +3%/-1%.The angular resolution of the reonstruted positron: As the angle of the reon-struted positron is known to within �2 mrad (setion 8.3.2), the analysis was run on MonteCarlo varying the angle with that amount. This resulted in an average systemati error of+2%/-1%.The luminosity unertainty: The luminosity is known to 1% auray (setion 8.4). Thistranslates diretly into a 1% unertainty on the di�erential ross setion.10.4 The Correted Di�erential Cross SetionAfter the orretion of the data from detetor level to non-radiative hadron level, the �nalhadron level ross setions are plotted in �gure 10.3. Shown in the plots are the statistialerrors with tik marks on the error bars. The full error bar represents the statistial erroradded to the systemati error in quadrature. The individual ontributions to the systematierror were added in quadrature. This proedure relies upon the assumption that the individualontributions are unorrelated.Looking at the omparisons to the di�erent Monte Carlo preditions, ARIADNE ontinues todesribe the data well. Correspondingly, RAPGAP DIR ontinues to fail in its desription.Turning to RAPGAP DIR+RES, it is seen that the DGLAP approah of RAPGAP may infat be brought to exellent agreement with the data by inluding a resolved photon ompo-nent. The resulting \double DGLAP" evolution is therefore a ontender in the desription ofthe forward jet ross setion.In the plots, omparison is also made to CASCADE using two di�erent alulations of theunintegrated gluon density. What is seen is that there is a very signi�ant di�erene betweenthe two sets. This an not be attributed to the di�erene in the soft regions alone, but mustalso in part be due to the inlusion of the full gluon splitting funtion in Set 2 (see setion 5.2).CASCADE Set 1 onsistently overshoots the data, whih was a behaviour also observed forearlier alulations of the unintegrated gluon density [Kar02℄, although it is here signi�antlyredued. CASCADE Set 2 seems to underestimate the ross setion in the soft region, whilethere is better agreement with the data for harder jets and larger values of xbj.
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Chapter 11Diserning Models Through EventVariablesHaving seleted the forward jet events and drawn some preliminary onlusions from the rosssetion measurement, it is of interest to look at the individual seleted forward jet events andtry to disern between the di�erent models on the basis of event variables and per-eventdistributions.The following variables and distributions have been onsidered:Transverse energy ow: In an H1 study [H103a℄, forward �0-prodution was studied withuts similar to the forward jet uts applied here. The major di�erene was the absene of a\pt � Q2"-ut.In this study the transverse energy ow around the �0 was measured with the onlusion thatDGLAP failed to desribe the pedestal of the �0-peak, whereas the resolved photon approahand CCFM tended to give a better desription.The transverse energy ow is exatly a way to investigate in detail the dynamis of the partonasade, where the kt-dynamis is a entral di�erene between the di�erent models.Jet pro�les: In 1998, it was observed in a ZEUS study [ZE99℄ that when looking at theforward jet pro�les in bins of the forward jet pseudorapidity there was a signi�ant broadeningof the forward jet as a funtion of �. It has therefore been investigated whether a similarbroadening an be observed here.pt-spetrum: To get a learer idea of whih model does the better job of desribing theparton asade of the events, a pt-spetrum has been alulated of the seleted events andompared to models.The di�erent variables have been measured at detetor level and orreted to non-radiativehadron level using the same ARIADNE sample that was used to orret the ross setionmeasurement. The systematis on the �nal orreted quantities were estimated and addedusing the same presriptions as in 10.3 and 10.4.



90 Diserning Models Through Event Variables11.1 Transverse Energy FlowAs the forward jet arries a signi�ant amount of the energy in the seleted events, thetransverse energy ow around the jet has been investigated in detail.Bin 1 1:735 < �forward jet < 2:50Bin 2 2:50 < �forward jet < 2:65Bin 3 2:65 < �forward jet < 2:79Table 11.1: De�nition of the bins in forward jet pseudorapidity, �.The events were �rst sorted in three bins of forward jet pseudorapidity, as seen in table 11.1.The bins were hosen to have approximately the same statistis. Figure 11.1 shows, that theresolution in �forward jet is good enough for this binning to make sense. The �gure shows, thatmigrations between bins from hadron level to detetor level are within reasonable limits.For eah event, the transverse energy ow was then alulated as a funtion of the pseudo-rapidity of eah partile and the distane to the forward jet axis in units of pseudorapidity.
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-2 0 2Figure 11.2: Detetor level distributions of transverse energy ow. Data are ompared to reonstruted ARIADNE and RAPGAP DIR. The plotsare organised with asending �forward jet to the right.



92 Diserning Models Through Event Variables11.1.2 CorretionsThe orretion follows the same proedure as was used for the ross setion measurement.As ARIADNE was used to orret the ross setion measurement it was also used here. Ofourse it is harder to de�ne \bin migrations" exatly, and we expet a larger smearing on adistribution of this level of omplexity anyway. As neither ARIADNE nor RAPGAP DIR doa perfet job in desribing the data, we must expet larger systemati errors on the orreteddistributions as a result.I will not be showing all the orretion fators, but merely a small sample. In �gure 11.3, theorretion fators are shown for Bin 2 in forward jet pseudorapidity.

∆η∆η∆η
0

0.2

0.4

0.6

0.8

1

1.2

-1 0
ηηη

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

-2 0 2Figure 11.3: Corretion fators for the Et-ow. The solid line represents ARIADNE, whereas thedotted line represents RAPGAP DIR.As an be seen from the �gure, the orretion fators in some bins are as muh as 60% fromunity. As the two generators also disagree heavily in many bins, this points to large systematierrors.11.1.3 SystematisThe same ontributions to the systemati error were onsidered, as was done in setion 10.3.The luminosity, though, has of ourse been disregarded (The Et-ow is a per-event quantity).As it turns out, there are quite large ontributions to the systemati error. These ontributionsstem mainly from the model dependene, as indiated in �gure 11.3.The problem seems generally to be due to the fat that neither of the two generators desribethe data aurately. This is espeially true for the entral �-range around � = 0. One mightargue that RAPGAP DIR should be preferred over ARIADNE on the basis that it atuallyis better than ARIADNE in many regards when onsidering the detetor level distributions.I deided against this on the basis that onsisteny in the orretion proedure is desirable.Furthermore, the di�erene between the models would be the same, resulting in the samesystemati error.



11.1 Transverse Energy Flow 9311.1.4 ResultsFigure 11.4 shows the orreted transverse energy ow in oordinates of ��. In �gure 11.5is orrespondingly shown the Et-ow as a funtion of �. The measurements are ompared tothe same �ve Monte Carlos as was done for the ross setion. The �2-values for the di�erentMonte Carlo generators relative to the data are listed in table 11.2.For dEtd�� (7 bins) the three entral bins have been de�ned as the jet region (bins 4-6). Therest is de�ned as pedestal. For dEtd� (10 bins), bins 8-9 de�ne the jet, and the rest is attributedto the pedestal. The �2-values have not been divided by the number of bins. Instead thenumber of bins (Degrees Of Freedom) is indiated at the bottom. The maximum sensitivityis hinted by the �2-values, as they would look in the absene of systemati errors.dEtd�� Pedestal Jet Total dEtd� Pedestal Jet Total1:735 < �jet < 2:5ARIADNE 5.15 3.30 8.45 6.84 1.08 7.92RG-DIR 2.50 3.18 5.68 5.00 1.11 6.11CASCADE Set 1 1.39 0.96 2.36 3.05 2.92 5.97CASCADE Set 2 7.33 1.75 9.68 7.09 2.71 9.802:5 < �jet < 2:65ARIADNE 7.46 2.40 9.87 6.56 1.53 8.08RG-DIR 1.28 0.55 1.83 4.34 0.58 4.92CASCADE Set 1 3.84 0.83 4.67 3.21 0.97 4.18CASCADE Set 2 0.29 2.02 2.32 2.93 0.81 3.742:65 < �jet < 2:79ARIADNE 2.33 0.58 2.91 3.02 0.06 3.08RG-DIR 1.51 3.50 5.01 2.96 2.77 5.74CASCADE Set 1 3.73 6.26 9.99 3.85 2.87 6.72CASCADE Set 2 5.84 10.80 16.64 3.76 9.04 12.80No SystematisARIADNE 10.02 6.96 16.98 16.79 1.47 18.26RG-DIR 8.47 6.13 14.61 27.19 1.89 29.08CASCADE Set 1 3.11 1.90 5.01 7.90 5.53 13.43CASCADE Set 2 9.12 3.15 12.27 12.53 6.16 18.682:5 < �jet < 2:65ARIADNE 18.47 8.18 26.65 27.76 6.71 34.46RG-DIR 6.23 1.59 7.82 32.49 2.17 34.66CASCADE Set 1 17.99 1.51 19.51 17.00 2.25 19.25CASCADE Set 2 0.40 2.91 3.31 6.75 1.35 8.112:65 < �jet < 2:79ARIADNE 5.13 1.74 6.86 11.00 0.11 11.11RG-DIR 1.79 5.21 7.00 18.32 4.42 22.74CASCADE Set 1 12.30 9.91 22.21 17.52 6.36 23.87CASCADE Set 2 6.69 16.13 22.82 4.85 14.71 19.56DOF 4 3 7 8 2 10Table 11.2: �2 for the di�erent Monte Carlos relative to the data. The upper half of the tabularinludes the full treatment of systematis, whereas the bottom half only inludes the statistial error.Entries marked with red have a probability of ompatibility with the data of less than 5%.
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11.2 Jet-Pro�les 97on both sides of the forward jet tends to deteriorate. This was also the ase for the detetorlevel distributions (�gure 11.2). The observation is supported by table 11.2, although it isseen that the variations are diminished by the large systematis.In all ases ARIADNE seems to predit a broader jet than do the other models. Also, it hasa tendeny to overshoot the data.RAPGAP: There is surprisingly little di�erene between the standard DGLAP approahand DGLAP with the resolved photon inluded. This is in ontrast with the forward pionstudy in �gure 11.7, where a di�erene is visible. The two RAPGAP samples will here notbe treated independently.Generally speaking, it seems that RAPGAP has a problem with desribing the entral partsof the detetor. This leads to an overestimation of the jet pedestal in �gures 11.4(a) - 11.4(b).Note that the dip at 1:5 < � < 2 is also badly desribed here (�gures 11.5(a), 11.5(b)).At higher forward jet pseudorapidities, the desription improves somewhat in the pedestal.However, smaller errors leaves the pedestal �2 essentially unhanged. Also the energy ow ofthe jet itself is a bit underestimated (�gures 11.4(), 11.5()). This again was not observedin the forward pion study, where RAPGAP had a tendeny to overshoot the entral peak.CASCADE: The striking feature of the two CASCADE samples is again the apparentlylarge sensitivity to the unintegrated gluon density. They give approximately the same valuesin the jet itself, where both samples predit a lower value of the transverse energy ow thanis seen in the data. The pedestal however, whih orresponds to the softer emissions, is verydi�erent.Away from the jet, it is seen that Set 1 stays niely on the data points apart from the dip at1:5 < � < 2, whih in �gure 11.4(b) is smeared into a general overestimate of the Et-ow.Looking at Set 2, it is seen that it is apable of desribing features of the data that none of theother generators an. While it is still too low in the jet itself, it provides a good desriptionof the pedestal (espeially in �gures 11.5(b) and 11.5()). Table 11.2 shows that all pedestalpreditions are ompatible with the data, even when disregarding the systemati error. Thedip in the data at 1:5 < � < 2 is also very well reprodued.In the �0-plots in �gure 11.7, the CASCADE desription improved, looking at pions loserto the beam pipe. This behaviour is not as learly observed with the forward jets. Quite tothe ontrary the lower half of table 11.2 argues that the CASCADE desription of the datais better for low values of �forward jet.11.2 Jet-Pro�lesJet pro�les are typially used as a ross-hek that jets are orretly identi�ed and reon-struted. The �-pro�les give an understanding of the pt-ompensation of the jet, and the�-pro�les desribe the jet relative to the rest of the average event topology.The jet-pro�les as they are de�ned here state that a �-pro�le is simply the Et-ow as afuntion of �� relative to the forward jet. Only partiles within the �-slie, j��j � 1 are



98 Diserning Models Through Event Variablesounted to enhane the immediate features of the jet itself. Correspondingly, an �-pro�le isde�ned as the Et-ow as a funtion of �� within a �-slie, j��j � 1.A study done by ZEUS [ZE99℄ using Cone jets showed a broadening of the forward jet loseto the beam pipe as well as a ontamination of the jet by the proton remnant. this was usedto argue that forward jet pseudo rapidities over 2.6 should be disregarded. I have thereforedivided the data into six bins of �forward jet, to try to establish whether this is also the ase inthe data presented here.The bins are shown in table 11.3.Bin 1 1:735 < �forward jet < 2:30Bin 2 2:30 < �forward jet < 2:50Bin 3 2:50 < �forward jet < 2:60Bin 4 2:60 < �forward jet < 2:65Bin 5 2:65 < �forward jet < 2:72Bin 6 2:72 < �forward jet < 2:79Table 11.3: Bins of �forward jet for jet-pro�le study.11.2.1 Detetor Level Jet-Pro�lesFirst, the pt-ompensation is onsidered by looking at the �-pro�le of all seleted forward jetevents. No binning is performed in �forward jet at this point. Looking at �gure 11.8 where thedetetor level jet-pro�les are shown, it is observed that ARIADNE tends do desribe the pt-ompensation a little better than RAPGAP DIR. This is based upon the observation that thedata points rise a bit as the ��-values go towards ��, indiating that a measurable frationof the pt-ompensation takes plae within the ��-slie of j��j � 1. This behaviour is not atall desribed by RAPGAP DIR, while ARIADNE does show a small rise at the edges.
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11.2 Jet-Pro�les 99Turning to the �-pro�le, however, the piture seems to be that the softer emissions away fromthe jet are desribed a lot better by RAPGAP DIR than by ARIADNE.Then the broadening is onsidered. Figure 11.9 shows the jet-pro�les for the six �forward jet-bins. The �-pro�les at this point show no indiation of the behaviour observed by ZEUS.Looking at the �-pro�les, it is seen that the tail in the entral part of the detetor beomeslarger, whereas the jet itself remains essentially unhanged.
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11.2 Jet-Pro�les 10111.2.4 Comparison to Monte CarloThe orreted jet-pro�les are shown in �gure 11.12. As there was very little di�erene betweenthe di�erent versions of RAPGAP and CASCADE, only one of eah has been inluded.Consider the �-pro�le �rst. The partiles are all emitted in the forward diretion, as theymust be within j��j � 1 to be inluded. It seems that there is little di�erene in the waythese forward emissions are handled, although there is a slight tendeny of ARIADNE todesribe the pt-ompensation best.Turning to the �-pro�le, where the entire �-range of the detetor is taken into aount, thereis a lear tendeny of ARIADNE to overshoot the data in the tail. This is in agreement withwhat was observed in 11.1.4, although it has been greatly enhaned by the j��j � 1-ut.For ompleteness the jet-pro�les have also been orreted to non-radiative hadron level inthe six bins of �forward jet de�ned in table 11.3. This is in ontrast to the measurement in[ZE99℄, where only detetor level distributions were onsidered. The orreted distributionsare shown in �gure 11.13. Note how the forward jet remains learly de�ned also in theseplots. There are no indiations of ontamination by the proton remnant.
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11.3 The pt-Spetrum 10311.3 The pt-SpetrumThe treatment of soft emissions seems to be a entral parameter in diserning between thedi�erent Monte Carlo models. A pt-spetrum was therefore made of the partiles in all theseleted forward jet events in an attempt to see, if there was a signi�ant di�erene betweenthe models.11.3.1 Detetor Level SpetrumThe detetor level pt-spetra of FSCOMB objets are shown in �gure 11.14. The spetra havebeen divided into bins of �forward jet as originally de�ned in table 11.1.

Pt

1/
N

 d
n

/d
P

t

Pt

1/
N

 d
n

/d
P

t

Pt

1/
N

 d
n

/d
P

t

Pt

1/
N

 d
n

/d
P

t

Data
ARIADNE
RAPGAP DIR.

0

2

4

6

8

10

12

14

16

0.5 1 1.5 2 2.5 3(a) 1:735 < �forward jet < 2:5 Pt

1/
N

 d
n

/d
P

t

Pt

1/
N

 d
n

/d
P

t

Pt

1/
N

 d
n

/d
P

t

Pt

1/
N

 d
n

/d
P

t

0

2

4

6

8

10

12

14

16

0.5 1 1.5 2 2.5 3(b) 2:5 < �forward jet < 2:65 Pt

1/
N

 d
n

/d
P

t

Pt

1/
N

 d
n

/d
P

t

Pt

1/
N

 d
n

/d
P

t

Pt

1/
N

 d
n

/d
P

t

0

2

4

6

8

10

12

14

16

0.5 1 1.5 2 2.5 3() 2:65 < �forward jet < 2:79Figure 11.14: Detetor level pt-spetra of forward jet events. The plots are organised with asending�forward jet from left to right in aordane with table 11.1.The spetrum stops at pt=3 GeV, beause the statistial error inreases dramatially as theaverage oupany in eah bin dereases below 1. Also, a noise ut is made at pt=0.5 GeV.What an be seen in these plots is that both models tend to give an adequate qualitativedesription, while RAPGAP DIR seems to give the better desription for the lowest values of�forward jet.11.3.2 CorretionsFigure 11.15 shows the orretion fators alulated from ARIADNE over a large pt-range of[0 GeV, 10 GeV℄. �forward jet is in the range [1.735, 2.30℄. It makes good sense to make a noiseut for pt < 0:5 GeV, whih has been done. Also, it an be readily seen that the desriptionis best in the region pt 2 [0:5 GeV; 2 GeV℄, while the statistial error rapidly deterioratesbeyond this point.The orretion fators from the seleted pt-range are plotted in �gure 11.16. It is worth notingthat the two generators agree only to within 10-15% even in the �rst three bins. This meansthat the systemati error from model dependene beomes very large.
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11.3 The pt-Spetrum 10511.3.3 SystematisContributions to the systemati error have been investigated as in setion 10.3 and 11.1.3.The model dependene has proved to be the dominant ontribution by far. As disussed inthe previous setions the error stemming from the omparison with RAPGAP DIR is of theorder 10-15%, sometimes more. None of the other ontributions exeed a few perent.11.3.4 ResultsThe orreted spetra are shown in �gure 11.17. As expeted, the systemati errors areompletely dominating the total error.It turns out that there is pratially no hange in the pt-spetrum as the result of the inlusionof a resolved photon omponent in RAPGAP. The two lines are pratially on top of eahother.Due to the large systemati error, it is hard to draw onlusions, but the tendeny seems to bethat CASCADE provides a very good desription of the pt-spetrum, where both ARIADNEand RAPGAP have problems in the soft regions. As for the unintegrated gluon densities, itseems that Set 2 provides the best desription for low forward jet pseudorapidities, whereasSet 1 is the best at high values of �forward jet.
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Chapter 12Conlusions and OutlookA measurement of the forward jet ross setion has been presented as a funtion of Bjorken-x,the forward jet transverse momentum Pt;jet and the fration of the proton momentum arriedby the jet xjet. The measurement is based upon an integrated luminosity of 13:72 pb�1olleted by the H1 ollaboration during 1997. Through a orretion to hadron level, aomparison has been made to di�erent QCD models through the orresponding Monte Carlogenerators. The measurement agrees with previous analyses [Kar02℄. Also event variableshave been studied, fousing on transverse dynamis to make an attempt to disern betweendi�erent models of QCD.12.1 ObservationsIt is seen that normal DGLAP evolution embodied in RAPGAP DIR fails ompletely indesribing the forward jet event ross setion. Inlusion of a resolved photon omponent,however, improves the situation dramatially. The event variables show very little depen-dene on the resolved photon omponent. Here, DGLAP evolution gives a desription that isompatible to the data. Espeially the hard emissions in the jet itself is well desribed, whilethe softer emissions, as they are seen for example in the Et-ow pedestals of �gures 11.4 -11.5 are less onviningly desribed.Along with RAPGAP DIR+RES, the Colour Dipole Model embodied in ARIADNE providesa very good desription of the forward jet ross setion. However, in the measurements ofthe event variables, ARIADNE shows a lear tendeny to overshoot the measured transverseenergy ow. This is espeially seen when onsidering the jet-pro�les in terms of pseudorapid-ity. The �-desription of the jet-pro�les is very good, however. Another note on ARIADNEis that it does not give a good desription of the pt-spetra.The predition of CASCADE, and onsequently CCFM, turns out to be extremely sensitiveto the non-singular terms in the gluon splitting funtion and the orresponding alulation ofthe unintegrated gluon density (setion 5.2). The ross setion shows a very strong di�erenebetween the two alulations used. Set 1 seems to overshoot the ross setion quite onsistently(apart from the lowest xbj-bin). None of the two CASCADE samples reprodue the rosssetion in the softest bins, while agreement is better with the data for harder jets and largervalues of xbj . The event variables, however, all seem to be quite well desribed by CCFM.



108 Conlusions and OutlookEspeially CASCADE Set 2, whih inludes the full gluon splitting funtion, does a good job.Spei�ally the soft emissions of the Et-ow pedestals in �gures 11.4 - 11.5, as well as thept-spetra in �gure 11.17, are very well desribed.12.2 What Was LearnedIt has been demonstrated that CCFM is better suited than DGLAP in desribing forwardjet events, both with regards to the ross setion and the event topology. Also it has beenshown, how the \double DGLAP" approah of the resolved photon model brings the DGLAPpredition for the ross setion in perfet agreement with the data, while having little e�eton the event topology. This, however, is at the expense of introduing extra variables.The forward jets in the seleted events are well de�ned and well desribed by most models.There are no indiations of ontamination by the proton remnant as a funtion of pseudora-pidity as desribed by ZEUS. It remains to be lari�ed, whether this di�erene is indued bythe hoie of jet algorithm, or if the ZEUS observation was simply a resolution e�et in thealorimeters. The present analysis goes further than the ZEUS measurement by orretingthe jet pro�les to non-radiative hadron level and doing detailed omparison to Monte Carlopreditions.No hard onlusions regarding parton dynamis an be drawn from the Et-ow measurementor the pt-spetra. There are indiations that DGLAP evolution is not suÆient to desribesoft emissions, even when inluding the resolved photon, but there is not basis for onludingthat this should be interpreted as the onset of BFKL-like dynamis. So there is as yet nobasis to disregard any model. It is interesting, though, that the CCFM predition dependingonly on three parameters provides a highly ompetitive desription of the event topology.12.3 OutlookA entral problem of this analysis has been the very large systemati error indued by themodel dependene of the detetor orretions. As radiative orretions should not give devi-ations of this size between the models, this is probably a problem in the detetor simulation.To try and solve this, a path ould be hosen to perform the orretions in two steps. Thiswould mean simulating at distributions in all variables, and running them through fragmen-tation (JETSET) and the detetor simulation to obtain separate orretion fators for thedetetor e�ets and for the radiative orretions.Other problems in this analysis were the high values for the bakground and the low aep-tane, whih were disussed in setion 9.7. Reent studies done by the Lund group indiatethat this situation may be improved by loosening the upper limit of the p2tQ2 -ut for the forwardjet. However, nothing is �nal on this.In the years 1998-2000, HERA olleted a total integrated luminosity of around 100 pb�1.Due to the inrease in proton energy from 820 GeV to 920 GeV, lower regions in Bjorken-xhave been made available. Analysis of this data would therefore mean not only an inreasein statistis of the forward jet event sample, but also a probable inrease in the ability todisern between the models at low-xbj.



12.3 Outlook 109During the 1990's, DIS was the best testing ground for parton dynamis, and DGLAP aswell as the possible transition into BFKL dynamis have been studied intensively. In 2007,the Large Hadron Collider (LHC) is expeted to start operations at CERN, Geneva. Whenthat happens, a whole new area of opportunities to see BFKL-like dynamis will arise. The�rst suggestion [MN87℄ for a BFKL signature at LHC was to study di-jet prodution atlarge rapidity separation. This, however, has been disfavoured by later studies [ADDF+01℄,showing that the BFKL parton dynamis onvoluted with parton density funtions wouldbe nearly invisible. Other hannels remain promising, though. These are assoiated mini-jetmultipliities in Higgs prodution [EOSW00℄ and W + 2jet prodution [And02℄.There is thus plenty of work to be done in QCD for the years to ome.
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Appendix ASome Notes on Representations andStruture CoeÆentsIn hapter 2, referenes are made to the fundamental and the adjoint representations of theLie algebra of SU(3). To understand what these representations are, it is instrutive toonsider elements of the theory of ompat, simple Lie-groups.I will here assume the reader to be familiar with the onepts of groups and ompatness.The presentation follows that given in [Pet94℄, to whih I refer for omitted proofs.A.1 Fundamental ConeptsA Lie group is a topologial group that an be equipped with a set of loal oordinates afterwhih di�erentiation an be performed. If the group onsidered as a topologial spae isompat, we refer to the group as a ompat Lie group.The arhtypial example of a ompat Lie group is the unitary group in one dimension:U(1) = fei�j� 2 Rg (A.1)Its elements an be mapped to the unit irle, whih is ompat.A.2 Lie AlgebrasConsidering a ompat Lie group U of dimension d, we may write the group elements in thearea around the unit element 1 as: U(~�) = 1+ i~� � ~T (A.2)where ~� = (�1; : : : ; �d) is an in�nitesimal vetor of dimension d, and where ~T = (T1; : : : ;Td)are the d so-alled generators of the Lie algebra.The Lie algebra is the set of all linear ombinations of the Ti's. It is onsequently the tangentspae of U at 1, and fTig is the basis of the Lie algebra.



118 Some Notes on Representations and Struture CoeÆentsBy multiplying elements of the form (A.2), it may be shown, thatexpfi~� � ~T g 2 U (A.3)also for the ase when ~� is a �nite vetor.Now onsider two group elements in the neighbourhood of 1:U1 = ei�T U2 = ei�S (A.4)where �; � are real and in�nitesimal, and T ,S are elements of the Lie algebra. We then knowthat U�11 U�12 U1U2 2 U (A.5)To �rst order, this expression is just 1. To seond order, however, we see that the expressionevaluates to 1+ it[T ;S℄ (A.6)where t depends on �; �.This shows us that if T and S are elements of the Lie algebra, then also i[T ;S℄ is in the Liealgebra. We may thus write: [Ti;Sj ℄ = iCkijTk (A.7)where summation over k is implied.The set fCkijg is denoted the set of struture oeÆents of the algebra. They are learlyantisymmetri in i; j, and the Tk may be hosen so that the struture oeÆents beomeantisymmetri in all indies. In this ase, we write:[Ti;Sj ℄ = ifijkTk (A.8)For unitary matries, the generators will be hermitean, and the fijk real.A matrix representation of the Lie algebra is a set of d matries Ti that full�l the relation[Ti;Si℄ = ifijkTk (A.9)These in turn generate a matrix representation of the group elements aording to equation(A.3).A.3 Representations of SU(N)The group SU(N) is the group of unitary N�N -matries with deteminant 1. These matriesthemselves form a representation of SU(N). This representation is known as the fundamentalrepresentation.How do the generators look in this representation?If we onsider an N �N matrix Uin the neighbourhood of 1, we may write itU = 1+ i�T (A.10)



A.4 SU(3) 119where T is the hermitean matrix generator, and � is in�nitesimal. The determinant of U isnow det(1+ i�T) = 1 + i�Xi Tii +O(�2) (A.11)from whih it is seen that the generators of the fundamental representation of SU(N) aretraeless.We an now restrit the generators by the following onsideration. The general N�N matrixhas 2N2 real parameters. A Hermitean matrix has a real diagonal, and hermitiity requiresthat it has only 12�2�(N2�N)+N = N2 real parameters. Imposing �nally the requirementof a vanishing trae, it is seen that N2 � 1 free parameters remain.If the T-matries have N2 � 1 free parameters, this means that there are N2 � 1 generatorsof the Lie algebra of SU(N). Of these N � 1 may be hosen to be diagonal. In other wordsN � 1 generators of SU(N) ommute.Another representation of the Lie algebra of SU(N), alled the adjoint representation maybe onstruted diretly from the struture oeÆents.We de�ne d(= N2 � 1) d� d matries �i by de�ning:(�a)b = �ifab (A.12)These matries may be shown to full�l the relation of the Lie algebra:[�a; �b℄ = ifab� (A.13)A.4 SU(3)Turning spei�ally to SU(3), we note that we have 32�1 = 8 generators of the fundamentalrepresentation. Two of these an be diagonal.Using the so-alled Gell-Mann notation, we may de�ne:�1 = 0� 0 1 01 0 00 0 0 1A �2 = 0� 0 �i 0�i 0 00 0 0 1A �3 = 0� 1 0 00 �1 00 0 0 1A�4 = 0� 0 0 10 0 01 0 0 1A �5 = 0� 0 0 �i0 0 0i 0 0 1A �6 = 0� 0 0 00 0 10 1 0 1A�7 = 0� 0 0 00 0 �i0 i 0 1A �8 = 1p3 0� 1 0 00 1 00 0 �2 1A (A.14)
and �nd that the �-matries obey the relation:��a2 ; �b2 � = ifab�2 (A.15)



120 Some Notes on Representations and Struture CoeÆentsThis gives us 83 = 512 struture oeÆents of whih most are zero. The remaining ones arewritten out as: f123 = 1 (A.16)f458 = f678 = p32 (A.17)f147 = �f156 = f246 = f257 = f345 = �f367 = 12 (A.18)


