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Abstra
tDi�ra
tive Jet Produ
tion in Deep-Inelasti
 e+p Collisions at HERA { A measure-ment is presented of dijet and 3-jet 
ross se
tions in low-jtj di�ra
tive deep-inelasti
 s
atteringintera
tions of the type ep! eXY , where the system X is separated by a large rapidity gapfrom a low-mass baryoni
 system Y . Data taken with the H1 dete
tor at HERA, 
orrespond-ing to an integrated luminosity of 18:0 pb�1, are used to measure hadron level single anddouble di�erential 
ross se
tions for 4 < Q2 < 80 GeV2, xIP < 0:05 and pT;jet > 4 GeV. Theenergy 
ow not attributed to jets is investigated. Viewed in terms of the di�ra
tive s
atteringof partoni
 
u
tuations of the photon, the data require the dominan
e of qqg over qq states.The measurements are 
onsistent with a fa
torising di�ra
tive ex
hange with an inter
ept
lose to 1.2 and tightly 
onstrain the dominating di�ra
tive gluon distribution. Soft 
olourneutralisation models in their present form 
annot simultaneously reprodu
e the shapes andthe normalisations of the di�erential 
ross se
tions. Models based on 2-gluon ex
hange areable to reprodu
e the shapes of the 
ross se
tions at low xIP values.
ZusammenfassungDi�raktive Jet-Produktion in tief-inelastis
her e+p Streuung bei HERA { Eswird eine Messung von 2- und 3-Jet-Wirkungsquers
hnitten in di�raktiver tief-inelastis
herStreuung f�ur Ereignisse des Typs ep ! eXY bei kleinen jtj vorgestellt. Das System Xist dur
h eine gro�e Rapidit�atsl�u
ke von einem baryonis
hen System Y kleiner Masse ge-trennt. Aus Daten, die mit dem H1-Detektor bei HERA aufgezei
hnet wurden und einer in-tegrierten Luminosit�at von 18:0 pb�1 entspre
hen, werden einfa
h- und doppelt-di�erentielleWirkungsquers
hnitte auf Hadron-Niveau im kinematis
hen Berei
h 4 < Q2 < 80 GeV2,xIP < 0:05 und pT;jet > 4 GeV bestimmt. Der Energie
u� au�erhalb der Jets wird unter-su
ht. Im Proton-Ruhesystem gesehen verlangen die Daten eine Dominanz von qqg- �uberqq-Fluktuationen des Photons. Die gemessenen Wirkungsquers
hnitte sind konsistent miteinem faktorisierenden di�raktiven Austaus
h mit einem Inter
ept nahe bei 1.2 und s
hr�ankendie dominierende di�raktive Gluondi
hte stark ein. Gegenw�artige Modelle wei
her Farb-Neutralisation k�onnen die Form und Normierung der di�erentiellen Wirkungsquers
hnitteni
ht glei
hzeitig bes
hreiben. Auf 2-Gluon-Austaus
h basierende Modelle sind in der Lage,die Form der Wirkungsquers
hnitte bei kleinen Werten von xIP zu reproduzieren.
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Introdu
tionA

ording to our present understanding of the fundamental parti
les and their inter-a
tions, all matter is made up of point-like parti
les, the quarks and leptons. In theStandard Model of parti
le physi
s, these intera
t via the ex
hange of gauge bosons.The ele
tromagneti
 and weak for
es are mediated by the massless photon and the massiveW� and Z0 bosons respe
tively. Gravity is up to now not in
luded in the standard model.The s
ope of this thesis is the strong intera
tion. In the Standard Model, the theoryof strong intera
tions is Quantum Chromodynami
s (QCD), a non-Abelian quantum�eld theory. In QCD, the strong for
e is mediated by gluons whi
h 
ouple to 
olour
harge. The non-Abelian stru
ture of QCD is re
e
ted by the gluon self-
oupling. Thevalue of the strong 
oupling 
onstant �s depends on the s
ale �2 of the intera
tion. Forlarge enough �2, the value of �s is mu
h smaller than unity, so that perturbative QCD
an be applied. However, for the bulk of intera
tions where hadrons are involved, thes
ale of the intera
tion, usually provided by the momentum transfer, is small, so that �sis large and perturbation theory 
annot be applied.In a spe
ial 
lass of su
h soft hadroni
 intera
tions at high energies, only va
uumquantum numbers are ex
hanged. These 
olour singlet ex
hange events are in-terpreted as being due to di�ra
tive s
attering. Experimentally, su
h intera
tionsare 
hara
terised by a large rapidity gap in the hadroni
 �nal state without parti
leprodu
tion. The underlying dynami
s of the 
olourless ex
hange in terms of QCD arenot yet pre
isely known, although the ex
hange is expe
ted to be driven by gluons.Phenomenologi
al models to des
ribe di�ra
tive s
attering range from approa
hes wherea pseudo-parti
le 
alled pomeron is introdu
ed to 2-gluon ex
hange 
al
ulations.The observation of rapidity gap events in deep-inelasti
 s
attering (DIS) at theele
tron-proton 
ollider HERA [1℄ has generated 
onsiderable renewed interestin understanding di�ra
tion in terms of Quantum Chromodynami
s. The advantageof investigating di�ra
tive intera
tions in DIS is that the 
olourless ex
hange 
an bestudied using a point-like, highly virtual photon probe, similarly to proton stru
turemeasurements in non-di�ra
tive DIS. This o�ers the 
han
e to illuminate the underlyingdynami
s of di�ra
tive DIS in terms of QCD.In addition to studying in
lusive di�ra
tive s
attering at HERA [2{5℄, it is parti
-ularly interesting to fo
us on those hadroni
 �nal states where additional hard s
alesare introdu
ed. Examples are the produ
tion of heavy quarks, in whi
h the quark1



2 Introdu
tionmass provides the hard s
ale, and high transverse momentum jet produ
tion.Su
h topologies are promising 
andidates for whi
h the di�ra
tive 
ross se
tion may be
al
ulable using perturbation theory, in 
ontrast to in
lusive di�ra
tion. High transversemomentum (pT ) jet �nal states in di�ra
tion are studied in pp 
ollisions [6{9℄ as well asat HERA [10,11℄.This thesis is 
on
erned with di�ra
tive jet produ
tion in DIS. A high statisti
smeasurement of dijet and a �rst measurement of 3-jet produ
tion in 
olour singletex
hange DIS events are presented, whi
h were performed using the H1 dete
tor atHERA. Compared with a previous measurement [11℄, the integrated luminosity isin
reased by one order of magnitude. The kinemati
 range is extended towards lowerphoton virtualities and jet transverse momenta. The available amount of data allows forthe �rst time to measure double-di�erential di�ra
tive jet 
ross se
tions, whi
h enabletests of Regge and QCD fa
torisation hypotheses. In addition, restri
ted phase spa
eregions 
an be explored where 
al
ulations based on 2-gluon ex
hange are expe
ted tobe appli
able. Di�ra
tive jet produ
tion is also highly sensitive to the role of gluons indi�ra
tion, in 
ontrast to more in
lusive measurements where it 
an only be inferredindire
tly from s
aling violations.For the analysis presented here, DIS events are sele
ted where the proton (ora low-mass proton ex
itation) loses only a small fra
tion of its in
oming momentumand es
apes undete
ted through the beam pipe. Separated from this system by alarge rapidity region devoid of hadroni
 a
tivity, the photon disso
iation system X iswell 
ontained within the 
entral part of the dete
tor. In the analysis, the two 
aseswhere there are either at least two or exa
tly three high pT jets 
ontained in X are
onsidered. The measured distributions are 
orre
ted to hadron level 
ross se
tions. Thesystemati
 un
ertainties are determined. The hadroni
 �nal state of the events whi
h isnot 
ontained in the jets is also investigated. The predi
tions of various QCD inspiredphenomenologi
al models and 
al
ulations are 
onfronted with the data.Preliminary results of this analysis have been reported in [12{14℄. The �nal resultsare published in [15℄.Stru
ture of the ThesisThe theoreti
al foundations are outlined in 
hapter 1, where the �rst part is 
on
ernedwith deep-inelasti
 s
attering and QCD. The se
ond part gives an overview of di�ra
-tive s
attering, starting with the 
on
epts of Regge phenomenology and then turning todi�ra
tive DIS, where the relevant phenomenologi
al models are reviewed. Previous H1results are summarised in 
hapter 2. Chapter 3 des
ribes the simulation of events usingMonte Carlo generators. An overview of the HERA 
ollider and the H1 experiment isgiven in 
hapter 4. Data sele
tion and 
ross se
tion measurement are explained in 
hap-ters 5 and 6. The measured 
ross se
tions are presented, interpreted and 
ompared tothe model predi
tions in 
hapter 7. In the appendix, additional model 
omparisons arepresented and re
ent results from the Tevatron pp 
ollider are dis
ussed.



Chapter 1Theoreti
al OverviewIn this 
hapter, the theoreti
al foundations for the measurement of jet produ
tion 
rossse
tions in di�ra
tive deep-inelasti
 s
attering at HERA are reviewed. In the �rst part(se
tion 1.1), the kinemati
s of deep-inelasti
 s
attering (DIS) at HERA are explained andthe theory of Quantum Chromodynami
s (QCD) is introdu
ed. In the se
ond part (se
-tion 1.2), an overview of di�ra
tion in hadron-hadron intera
tions and in deep-inelasti
s
attering at HERA is given. The 
urrently available phenomenologi
al models and QCD
al
ulations whi
h attempt to des
ribe di�ra
tive DIS at HERA in
luding jet-produ
tionare reviewed. The theoreti
al aspe
ts are dis
ussed here only to an extent whi
h is ne
-essary for the motivation of the analysis and the interpretation of the data.1.1 Deep-Inelasti
 S
attering and QCDThe basi
s of deep-inelasti
 s
attering (DIS) and QCD are reviewed in this se
tion. Afterthe kinemati
s of DIS have been introdu
ed, the DIS 
ross se
tion is interpreted in terms ofthe parton model and its re�nement using perturbative QCD. The basi
 properties of thetheory of QCD are outlined. The DGLAP and BFKL approximations are dis
ussed. Thekinemati
s of leading order QCD pro
esses in DIS are explained. The 
on
ept of resolvedvirtual photons as an approximation to higher order QCD diagrams is introdu
ed. For adetailed review of DIS and QCD, see e.g. [16℄.1.1.1 Kinemati
s of Deep-Inelasti
 S
atteringIn Fig. 1.1, the kinemati
s of deep-inelasti
 ele
tron-proton s
attering are visualised. Thebeam ele
tron intera
ts with a parton from the proton by the ex
hange of a virtual gaugeboson. In neutral 
urrent (NC) s
attering, a 
� or Z0 boson is ex
hanged. In the 
ase of
harged 
urrent (CC) s
attering, a W� boson is ex
hanged, whi
h leads to an ele
tron-neutrino in the �nal state. If the 4-ve
tors of the in
oming and outgoing lepton aredenoted k and k0 and q is the boson 4-ve
tor, the negative squared invariant mass of theex
hanged virtual boson is given byQ2 = �q2 = (k � k0)2 : (1.1)3



4 1 Theoreti
al Overview
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Figure 1.1: The kinemati
s of deep-inelasti
 ele
tron-proton s
attering. The ele
tron(with 4-ve
tor k) intera
ts with the proton (P ) via the ex
hange of a virtual gauge boson(q), whi
h s
atters o� a parton in the proton with longitudinal momentum fra
tion �.Values of Q2 above � 4 GeV2 
orrespond to the regime of deep-inelasti
 s
attering. If thephoton is almost real (Q2 ' 0), the pro
ess is usually referred to as photoprodu
tion. Itis 
onvenient to introdu
e the two dimensionless quantities x and y:x = �q22P � q (0 � x � 1) ; y = P � qP � k (0 � y � 1) ; (1.2)where P denotes the 4-ve
tor of the proton. The squared invariant masses of the ele
tron-proton and photon-proton systems s and W 2 are given by1:s = (k + P )2 ' Q2=xy ' 4EeEp ; W 2 = (q + P )2 ' ys�Q2 : (1.3)1.1.2 DIS Cross Se
tion and Parton ModelThe analysis presented in this thesis is only 
on
erned with neutral 
urrent (NC) inter-a
tions. The deep-inelasti
 s
attering 
ross se
tion 
an then be expressed as the sum ofthe 
ontributions from 
� and Z0 ex
hange and an interferen
e term:�NC = �(
�) + �(Z0) + �(
�Z0) : (1.4)The large mass of the Z0 boson (MZ0 = 91:1882 � 0:0022 GeV [17℄) suppresses the
ontribution from Z0 ex
hange and the interferen
e term at low values of Q2 a

ordingto the ratios of the propagator terms:�(Z0)�(
�) � � Q2Q2 +M2Z0�2 ; �(
�Z0)�(
�) � Q2Q2 +M2Z0 : (1.5)1Parti
le masses have been negle
ted.



1.1 Deep-Inelasti
 S
attering and QCD 5Sin
e in the analysis presented here deep-inelasti
 s
attering events for Q2 < 80 GeV2 arestudied, the 
ontributions from Z0 ex
hange and Z0
�-interferen
e 
an safely be negle
ted.The 
ross se
tion, expressed in terms of the two variables x and Q2, 
an then be writtenas: d2�(x;Q2)dx dQ2 = 4��2xQ4 ��1� y + y22 �F2(x;Q2)� y22 FL(x;Q2)� : (1.6)Here, � is the ele
tromagneti
 
oupling. F2(x;Q2) denotes the proton stru
ture fun
tion.Be
ause the 
ross se
tion 
onsists of two 
ontributions from the s
attering of transverselyand longitudinally polarised photons, the longitudinal stru
ture fun
tion FL(x;Q2) isintrodu
ed. F2 
orresponds to the sum of longitudinal and transverse photon polarisation
ontributions, whereas FL 
orresponds to longitudinal polarisation only. The ratio of thelongitudinal to transverse photon 
ross se
tions R(x;Q2) is given byR(x;Q2) = �L�T = FL(x;Q2)F2(x;Q2)� FL(x;Q2) ; (1.7)The DIS 
ross se
tion 
an then be re-expressed as:d2�(x;Q2)dx dQ2 = 4��2xQ4 �1� y + � 11 +R� y22 �F2(x;Q2) : (1.8)In the kinemati
 region of not too large y, 
ontributions from longitudinal photon ex
hange
an be negle
ted (R = 0) and Eq. 1.8 redu
es tod2�(x;Q2)dx dQ2 = 4��2xQ4 �1� y + y22 �F2(x;Q2) : (1.9)The Parton ModelWhen the �rst deep-inelasti
 s
attering experiments were performed at SLAC [18℄, as
aling behaviour of the proton stru
ture fun
tion was observed: F2(x;Q2) was found tobe approximately independent of Q2 for 1 < Q2 < 10 GeV2. Bjorken [19℄ predi
ted thatF2 should only depend on x in the limit Q2 !1. The quark-parton model, invented byFeynman [20℄ to explain the s
aling behaviour, is based on two assumptions:� The hadron taking part in the s
attering pro
ess is made of point-like 
onstituents(partons or quarks, as introdu
ed by Gell-Mann [21℄), among whi
h the hadronmomentum is distributed.� At largeQ2, the quarks intera
t as free parti
les inside the hadron. At the short times
ale O(1=pQ2) of the intera
tion, the photon sees a frozen state of non-intera
tingquarks. The 
ross se
tion 
an thus be expressed as an in
oherent sum of elasti
photon-parton s
attering pro
esses.In the parton model, the dimensionless quantity x (Eq. 1.2) 
orresponds to the momentumfra
tion � of the stru
k quark (negle
ting the quark mass). In 
onsequen
e, the stru
turefun
tion F2 
an be expressed as:F2(x;Q2)! F2(x) =Xi e2ixfi(x) : (1.10)
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al OverviewHere, the sum runs over the 
onstituent quarks, ei is the ele
tri
 
harge of quark i andfi(x) is the momentum distribution or parton density fun
tion in the proton. If quarksand anti-quarks were the only 
onstituents of the proton, their momentum sum shouldsatisfy unity. Measurements however yield Pi R 10 x[q(x) + �q(x)℄ dx ' 0:5. The missingmomentum is 
arried by gluons.1.1.3 Quantum Chromodynami
sWith more and more pre
ise stru
ture fun
tion measurements, s
aling violations, i.e. adependen
e of F2 on Q2, are observed at x values lower and higher than those a

essedby the �rst SLAC measurements. Fig 1.2 shows high pre
ision measurements of F2(x;Q2)over 5 orders of magnitude in Q2 and a range in x between 3:2 �10�5 and 0:65. F2 exhibitsa dependen
e on the resolution power Q2 of the photon probe. These s
aling violations
an be explained within Quantum Chromodynami
s (QCD): The quarks in the proton
an radiate gluons, whi
h themselves may split into q�q pairs.QCD is a non-Abelian gauge theory whi
h is invariant under the SU(3) 
olour trans-formation. `Colour' 
orresponds to an additional degree of freedom whi
h represents the
harge of the strong intera
tion. The 
olour 
harge is 
arried by quarks and gluons.Quarks appear in red, green or blue 
olour. The massless gauge bosons of the theory arethe eight bi-
oloured gluons. The gluon self-
oupling is a re
e
tion of the non-Abelianstru
ture of QCD.Renormalisation and Fa
torisationRenormalisation To 
al
ulate QCD 
ross se
tions, integrations have to be performedover the entire phase spa
e of real and virtual quarks and gluons. These integrals turn outto be divergent. A s
heme 
alled regularisation is therefore de�ned to leave out the diver-gent parts of the integrals. The 
al
ulated 
ross se
tions then depend on the energy s
ale�2r used in the regularisation. This dependen
e is 
ompensated by de�ning an e�e
tive
oupling 
onstant �s, in whi
h the divergent 
ontributions are absorbed (renormalisa-tion). The 
oupling 
onstant is de�ned by the renormalisation s
heme used and dependson the renormalisation s
ale �2r. The requirement that the 
al
ulated 
ross se
tions shouldbe independent of �2r leads to the renormalisation group equation (RGE), a perturbativeexpansion in �s whi
h des
ribes the dependen
e of �s on �2r. When 
al
ulating up toO(�s), the solution is: �s(�2r) = 12�(33� 2nf) ln(�2r=�2QCD) : (1.11)Here, �QCD is a free parameter whi
h has to be determined experimentally and nf is thenumber of quarks with mass less than �r. The 
urrent world average value of �s at theZ0 mass is �s(�r = MZ) = 0:1185 � 0:0020 [17℄. Consequen
es of the s
ale dependen
eof the strong 
oupling 
onstant are� Asymptoti
 freedom: If �2r is large, the 
oupling �s is small and 
ross se
tionsfor spe
i�
 pro
esses are 
al
ulable as a perturbative expansion in �s. In this limit,quarks 
an be treated as free parti
les.
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Figure 1.2: Experimental data on the proton stru
ture fun
tion F2(x;Q2), shown as afun
tion of Q2 for di�erent x values. For display purposes, a fa
tor 
i(x) = 0:6 � (i(x) �0:4) is added to the F2 values, where i(x) is the integer bin number in x. Shown aremeasurements of the H1 
ollaboration at HERA [22℄ and earlier results from the NMCand BCDMS �xed target experiments [23℄ (�gure from [22℄).� Infrared slavery: At small values of �2r, 
orresponding to large distan
es, the
oupling strength �s gets large and perturbation theory is no longer appli
able.Quarks are 
on�ned in hadrons and non-perturbative methods have to be applied.Fa
torisation The theorem of hard s
attering fa
torisation in QCD states that theshort-range, perturbatively 
al
ulable aspe
ts of a physi
al pro
ess 
an be separated fromthe long-range aspe
ts, for whi
h perturbation theory is not appli
able. As an appli
ation
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kT>µf
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Figure 1.3: Hard s
attering fa
torisation in QCD. Diagrams for photon-quark s
atter-ing (a) in lowest order and (b) in higher orders of �s are shown. By a rede�nition ofthe quark distribution fun
tion fq=P , all soft gluon emissions with transverse momentumkT < �f are absorbed into the quark density (kT is the gluon transverse momentumwith respe
t to the proton). This introdu
es a dependen
e on the fa
torisation s
ale �finto both the quark density fq=P (x; �2f ) and the partoni
 
ross se
tion �
�q(�2f ) of thepro
ess.of this theorem, the proton stru
ture fun
tion, F2 
an be expressed as:F2(x;Q2) = Xi=q;g Z 1x d� fi(�; �2r; �2f ; �s) � CVi �x� ; Q2�2r ; �2f ; �s� : (1.12)Here, �2f is the fa
torisation s
ale, the CVi are 
oeÆ
ient fun
tions and the fi are the partondistribution fun
tions. The fa
torisation s
ale �2f de�nes the energy s
ale above whi
hthe pro
ess is 
al
ulated within perturbative QCD (Fig. 1.3). The resulting 
oeÆ
ientfun
tions CVi depend on the parton 
avour i and on the ex
hanged boson V , but noton the type of hadron. They are therefore pro
ess independent. The physi
s below thefa
torisation s
ale is absorbed into the quark and gluon distribution fun
tions fi, whi
hare dependent on the hadron whi
h takes part in the intera
tion.Be
ause the 
oeÆ
ient fun
tions have been 
al
ulated 
ompletely so far only up toO(�2s) for the in
lusive ep 
ross se
tion, the 
al
ulated 
ross se
tions as well as the par-ton distribution fun
tions exhibit dependen
es on the 
hoi
es of the renormalisation andfa
torisation s
ales.1.1.4 Evolution of Parton DistributionsThe parton distributions fi(x;Q2) have not been 
al
ulable so far from �rst prin
iplesin QCD. However, for suÆ
iently large values of Q2 (i.e. small �s) it is possible topredi
t the evolution of the parton distributions using perturbative 
al
ulations. There,approximations of QCD are 
ommonly used in whi
h di�erent 
hoi
es of the region ofphase spa
e taken into a

ount are made. In the perturbative expansion terms 
ontainingpowers of �s ln(Q2=Q20), �s ln(1=x) and mixed terms of the form �s ln(Q2=Q20) ln(1=x)
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Figure 1.4: Feynman diagrams for the O(�s) splitting fun
tions. From left to right,the pro
esses q ! q0g, g ! q�q and g ! gg are shown, 
orresponding to the splittingfun
tions Pgq(z) (Pqq(1� z)) , Pqg(z) and Pgg(z).appear. The two main approximations whi
h are made are re
e
ted by the DGLAP andthe BFKL approa
hes:The DGLAP Evolution EquationsIn the DGLAP (Dokshitzer, Gribov, Lipatov, Altarelli, Parisi) [24℄ s
heme, only 
ontri-butions in the perturbative expansion proportional to leading powers of �s ln(Q2=Q20) aretaken into a

ount. Terms proportional to leading powers of �s ln(1=x) are negle
ted.Obviously, this is a reasonable approximation for large Q2 and not too small values of x.The evolution of the quark and gluon distributions qi(x;Q2) and g(x;Q2) is then givenby the DGLAP equations:dqi(x;Q2)d lnQ2 = �s2� Z 1x dzz hqi(z; Q2)Pqq �xz� + g(z; Q2)Pqg �xz�i ; (1.13)dg(x;Q2)d lnQ2 = �s2� Z 1x dzz "Xi qi(z; Q2)Pgq �xz �+ g(z; Q2)Pgg �xz�# : (1.14)The index i runs over the quark and anti-quarks 
avours. The Pij(z) denote the splittingfun
tions. They give the probability for parton bran
hings q ! qg, g ! q�q and g ! ggof a mother parton j, where a daughter parton i is emitted with fra
tional momentum(1� z) and the mother parton retains the fra
tion z of its momentum (see Fig. 1.4). Thesplitting fun
tions are perturbatively 
al
ulable. In leading order (O(�s)), they are givenby2: Pqq(z) = Pgq(1� z) = 43 � 1 + z2(1� z)+�+ 2 � Æ(1� z) ; (1.15)Pqg(z) = 12 �z2 + (1� z)2� ; (1.16)Pgg(z) = 6 � z(1� z)+ + 1� zz + z(1� z)�+ (11� nf3 ) � Æ(1� z) : (1.17)2The '+' subs
ript indi
ates that the 
ollinear singularities at z = 1 are regularised by:R 10 dz f(z)(1�z)+ := R 10 dz f(z)�f(1)1�z .
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Figure 1.5: The gluon distribution in the proton as obtained from an NLO DGLAP�t to F2(x;Q2) data from H1 and BCDMS [25℄. The gluon distribution is shown fordi�erent values of Q2 = 5; 20; 200 GeV2. The �t was done for �s(MZ) = 0:115 andQ20 = 4 GeV2. The meaning of the error bands is explained in the legend.Using this formalism, the parton distributions fi 
an be evaluated for any value of Q2 ifthey are given at the starting s
ale Q20 of the QCD evolution. In a `DGLAP QCD �t',parton distributions 
an be extra
ted from measured stru
ture fun
tion data by parame-terising the parton densities f fajgi (x;Q20) at Q20. The free parameters fajg are determinedfrom a �t in whi
h the parton distributions evolve a

ording to the DGLAP equations.As an example, Fig. 1.5 shows the gluon distribution in the proton for di�erent values ofQ2, as extra
ted from a NLO DGLAP QCD analysis of F2(x;Q2) data [25℄. The gluondistribution shows a global in
rease with in
reasing resolution power Q2 and a strong risetowards low x values.The evolution of parton distributions 
an be visualised by a ladder diagram of partonemissions as shown in Fig. 1.6. In the DGLAP s
heme or `leading log(Q2)' approximation,only those 
on�gurations are summed up whi
h ful�l:� Strong ordering of transverse momenta kT;i: k2T;i � k2T;i+1 � : : :� Q2;� Ordering of longitudinal momenta xi: xi > xi+1 > : : : > x.As mentioned before, the DGLAP approa
h negle
ts terms proportional to powers of�s ln(1=x) in the perturbative expansion. However the kinemati
 region whi
h 
an bea

essed at HERA extends to very low x values down to 10�5. In the region of low x, the
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Figure 1.6: Ladder diagram of the QCD parton evolution. The longitudinal and trans-verse momenta of the emitted gluons are labelled xi and kT;i.�s ln(1=x) terms should eventually be
ome important. This forms the basis of the se
ondapproa
h:The BFKL EquationThe BFKL (Balitzky, Fadin, Kuraev, Lipatov) [26℄ approximation sums up 
ontributionsproportional to leading powers of �s ln(1=x) in the perturbative expansion, whi
h be
omeimportant at very low x. In this approximation, the gluon ladder as shown in Fig. 1.6need not be ordered in kT . As a 
onsequen
e, the appropriate gluon distribution is notintegrated over kT . Instead, an unintegrated gluon distribution F(x; k2T ) is de�ned, whi
his related to the 
onventional gluon distribution byxg(x;Q2) = Z Q2 dk2Tk2T F(x; k2T ) : (1.18)The BFKL equation des
ribes the ln(1=x) evolution of F(x; k2T ):dF(x; k2T )d ln(1=x) = Z dk02T K(k2T ; k02T ) F(x; k02T ) = K 
 F = �F : (1.19)The solution of the BFKL equation is 
ontrolled by the largest eigenvalue � of the kernelK. Up to leading order in ln(1=x) and for �xed �s, a steep power law is obtained for thegluon distribution:xg(x;Q2) � f(Q2) � x�� ; � = �s12 � ln 2� ' 0:4 : : : 0:5 : (1.20)
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xFigure 1.7: (a) The forward �0 meson produ
tion 
ross se
tion (p�T;� > 2:5 GeV) as afun
tion of x in three bins of Q2 as measured by H1 [28℄. The QCD models RAPGAP(dire
t and resolved virtual photon 
ontributions, see se
tion 1.1.6) and LEPTO (onlydire
t 
� 
ontributions) as well as a leading order BFKL 
al
ulation are 
ompared tothe data. (b) The rate of forward �0 produ
tion in DIS, obtained by dividing the datapoints from (a) by the in
lusive DIS 
ross se
tion.It is noted that the in
lusion of a running �s and next-to-leading order 
ontributionshave a strong e�e
t on � [27℄. The BFKL approximation takes the following gluon ladderdiagrams into a

ount:� No ordering of transverse momenta kT;i (`random walk');� Strong ordering of longitudinal momenta xi: xi � xi+1 � : : :� x.Be
ause there is no lower bound on kT;i in the BFKL approximation , a 
ut-o� parameterk20 has to be introdu
ed in the 
al
ulations. The resulting 
ross se
tions therefore dependon the value of k20.There is no 
on
lusive eviden
e so far for a breakdown of the DGLAP QCD approxi-mation even at the lowest a

essible values of x at HERA (see Fig. 1.2). It may howeverwell be possible that BFKL e�e
ts are present in the data but the DGLAP approa
h is
exible enough to a

ommodate for this by adjustment of the parton distributions. It ismore promising to look for BFKL e�e
ts in the �nal state, espe
ially very 
lose to theproton dire
tion. Fig. 1.7 shows a measurement of the 
ross se
tion for the produ
tionof high pT �0 mesons 
lose to the proton dire
tion in DIS events [28, 29℄. Models witha DGLAP-based strong kT ordering 
learly fail to reprodu
e the observed 
ross se
tions.On the other hand, a model based on a leading order BFKL 
al
ulation is roughly inagreement with the data.
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Figure 1.8: Kinemati
s of leading order QCD pro
esses in deep-inelasti
 s
attering,viewed (a) in the proton in�nite momentum frame and (b) in the 
entre-of-mass frameof the �nal state partons. A parton from the proton with longitudinal momentum �Pintera
ts with the virtual photon 
�, produ
ing two �nal state partons j1 and j2. The
entre-of-mass energy squared of the hard intera
tion is ŝ. In the 
entre-of-mass frame,the two �nal state partons are emitted ba
k-to-ba
k with polar angle �̂ and 
orrespondingtransverse momentum p̂T .1.1.5 Leading Order QCD Pro
essesAt �xed order �ns , a �nite number of diagrams 
ontribute to the deep-inelasti
 lepton-proton 
ross se
tion. These diagrams have been expli
itly 
al
ulated without approxima-tions up to O(�2s) or next-to-leading order QCD by now. In leading order QCD (O(�s)),diagrams with one QCD vertex are summed, whi
h results in a se
ond parton in the �nalstate emerging from the hard partoni
 s
attering.Kinemati
sThe kinemati
s of these 2 ! 2 pro
esses are visualised in Fig. 1.8. A parton from theproton with longitudinal momentum � �P intera
ts with the virtual photon (q). Two �nalstate partons with 4-momenta j1 and j2 are produ
ed. From 4-momentum 
onservation,the relation ŝ = (q + �P )2 = (j1 + j2)2 (1.21)follows. ŝ denotes the squared 
entre-of-mass energy of the hard s
attering pro
ess. Arelation between the parton momentum fra
tion � and the Bjorken-x variable followswhi
h is di�erent from the quark parton model:� = x�1 + ŝQ2� : (1.22)In the 
entre-of-mass frame of the hard intera
tion, the two �nal state partons are ba
k-to-ba
k in the azimuthal and polar angles �̂ and �̂ . The dependen
es on �̂ and �̂ are givenby the matrix element of the hard s
attering. If the transverse momentum of the outgoingpartons is denoted p̂T , the following relation holds between p̂T , ŝ and �̂ (negle
ting parton
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Figure 1.9: The leading order QCD diagrams in DIS. (a) The QCD-Compton (QCDC)pro
ess. The stru
k quark emits a gluon before or after the intera
tion with the virtualphoton. (b) Boson-Gluon-Fusion (BGF). The virtual photon annihilates with a gluonfrom the proton. A q�q pair is produ
ed.masses): p̂T = pŝ2 sin(�̂) : (1.23)Order �s Pro
essesAt O(�s), the following diagrams have to be in
luded in the 
al
ulation of the DIS 
rossse
tion in addition to the bare quark parton model (QPM) pro
ess (see Fig. 1.9):� QCD-Compton S
attering (QCDC): The stru
k quark from the proton radiatesa gluon before or after the intera
tion with the virtual photon;� Boson-Gluon-Fusion (BGF): The virtual photon annihilates with a gluon fromthe proton, whereby produ
ing a quark-antiquark pair.In both 
ases a QCD vertex proportional to �s is introdu
ed. The dynami
s of the 2! 2pro
ess ab! 
d are 
onveniently expressed in terms of the Mandelstam variables ŝ, t̂ andû: ŝ = (a + b)2 = (
+ d)2 ; t̂ = (a� 
)2 ; û = (a� d)2 : (1.24)The transversely polarised photon-parton 
ross se
tions for the QCD-Compton and Boson-Gluon-Fusion pro
esses are then given by:d�̂T (
�q ! qg)dt̂ = 8�e2i��s3(ŝ+Q2)2 �� t̂̂s � ŝ̂t + 2ûQ2ŝt̂ � 2ûQ2(ŝ+Q2)2� (QCDC) ; (1.25)d�̂T (
�g ! q�g)dt̂ = �e2i��s(ŝ+Q2)2 � û̂t + t̂̂u � 2ŝQ2t̂û + 4ŝQ2(ŝ+Q2)2� (BGF) : (1.26)
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Figure 1.10: Kinemati
s of a 2 ! 2 hard s
attering pro
ess in DIS where the virtualphoton is resolved. A parton from the photon with momentum fra
tion x
 intera
ts witha parton from the proton, produ
ing two �nal state partons j1 and j2.Quark masses have been negle
ted. It is important to note that in leading order QCD, in
ontrast to the QPM pro
ess, a dire
t sensitivity to the gluon distribution g(x;Q2) arisesfrom the BGF diagram.1.1.6 Virtual Photon Stru
tureIn deep-inelasti
 s
attering, the photon intera
ts as a point-like parti
le be
ause of its highvirtuality Q2. By 
ontrast, real photons (Q2 ' 0) 
an 
u
tuate into long-lived hadroni
systems whi
h 
an be 
onsidered in terms of photon stru
ture fun
tions. For a reviewof real photon stru
ture, see [30℄. There are several approa
hes for the modelling of thetransition region of a few GeV2 in Q2, whi
h is 
overed by the HERA experiments andalso by the analysis presented in this thesis.Kinemati
sThe kinemati
s of resolved photon deep-inelasti
 s
attering events are visualised inFig. 1.10. If the photon is resolved, only a fra
tion x
 of the photon momentum q entersthe hard s
attering pro
ess. If the 4-ve
tor of the parton from the photon entering thehard s
attering is labelled u, then x
 = P � uP � q : (1.27)Dire
t photon events satisfy x
 � 1 by de�nition. Events where the photon is resolvedhave x
 < 1. The squared 
entre-of-mass energy of the hard intera
tion ŝ and the protonmomentum fra
tion � of the parton whi
h enters the hard intera
tion are given by:ŝ = (�P + x
q)2 = (j1 + j2)2 ; � = xx
 �1 + ŝx2
Q2� : (1.28)Applying hard s
attering fa
torisation also to the photon, the 
ross se
tion 
an, by analogyto hadron-hadron s
attering, be expressed as the produ
t of the photon and proton parton
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al Overviewdensities and the hard s
attering 
ross se
tion �̂:d5�dy dx
 d� d 
os �̂ dQ2 = 132�s f
=e(y;Q2)y Xij f 
�i (x
 ; �2f ; Q2)x
 fPj (�; �2f)� �̂(
os �̂) ;(1.29)where f
=e(y;Q2) denotes the 
ux of transversely polarised photons. Longitudinal photonex
hange is negle
ted here. The f 
�i and fPj are the parton densities of the virtual photonand the proton. Usually, p2T or Q2 + p2T is 
hosen for the fa
torisation s
ale �2f , where pTis the transverse momentum of the �nal state partons. The physi
al pi
ture is that forthe region p2T > Q2 the stru
ture of the photon 
an be resolved.Two popular models for the parton distributions of the virtual photon originate fromS
huler and Sj�ostrand and from Drees and Godbole:S
huler and Sj�ostrand ModelThis approa
h (also 
alled `SaS') [31℄ assumes that the parton distributions of the virtualphoton 
orrespond to those of the real photon but are suppressed with in
reasing Q2,parameterised by a fa
tor of the form (k2=(k2 + Q2))2. The parton density fun
tions ofthe virtual photon 
an then be expressed asf 
�i (x
; �2f ; Q2) = XV 4��f 2V � m2Vm2V +Q2�2 pVi (x
 ; �2f ; �20) ++ �2�Xq 2e2q Z �2f�20 dk2k2 � k2k2 +Q2�2 pq�qi (x
 ; �2f ; k2) : (1.30)The parton distributions are de
omposed into a non-perturbative 
omponent modeled byve
tor meson dominan
e (VMD) pVi and an anomalous perturbative 
omponent pq�qi . TheVMD 
omponent parameterises the non-perturbative 
u
tuations of the photon to ve
tormesons (�0, !, �, ...) with experimentally determined 
ouplings f 2V . The anomalous
omponent is given by the perturbatively treatable q�q virtual photon 
u
tuation. Thes
ale �20 represents the border between the non-perturbative and perturbative regimes.There are four models, SAS-1M, SAS-2M, SAS-1D and SAS-2D whi
h di�er in their 
hoi
eof fa
torisation s
heme (DIS (D) or MS (M) [32℄) and the s
ale at whi
h the evolution isstarted (0.6 or 2.0 GeV indi
ated by the 1 or 2 in the name, respe
tively).Drees and Godbole ModelThe model by Drees and Godbole (abbreviated by `DG') [33℄ starts with real photonparton densities [35℄ and suppresses them by a fa
tor L whi
h depends on Q2, p2T and afree parameter ! whi
h 
ontrols the onset of the suppression:L(Q2; p2T ; !2) = ln p2T + !2Q2 + !2 �lnp2T + !2!2 : (1.31)
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(a)
α-

1
 x
f~ γ

(b)Figure 1.11: (a) Triple di�erential dijet 
ross se
tion d3�ep = dQ2dp2Tdxjets
 as measuredby H1 [36℄. The shaded areas represent a QCD predi
tion based on dire
t photon
ontributions only. The solid and dashed lines 
orrespond to QCD predi
tions wheredire
t and resolved photon 
ontributions a

ording to the DG model are added. (b)E�e
tive parton density of the virtual photon f
�eff , multiplied by x
=�s, in bins of Q2and p2T [36℄. Also shown are predi
tions based on the SaS and DG models.Quark densities in the real photon are suppressed by L and the gluon densities by L2.This ansatz [34℄ is designed to interpolate smoothly between the leading-logarithmi
 partof the real photon parton densities, � ln(p2T=�2QCD), and the asymptoti
 domain, p2T �Q2 � �2QCD, where the photon density fun
tions are predi
ted by perturbative QCD tobehave as � ln(p2T=Q2).Comparison with DataFig. 1.11a presents a measurement of the triple-di�erential dijet 
ross se
tiond3�ep = (dQ2 dp2T dxjets
 ) (1.32)at low Q2 [36℄. In the region of small Q2 and p2T > Q2, a leading order QCD predi
tionwith dire
t photon 
ontributions only is not able to des
ribe the data at low values ofx
 . A mu
h improved des
ription is a
hieved if a model is used whi
h in
ludes resolvedphoton 
ontributions as well. The data were used to extra
t an e�e
tive parton densityf 
�eff =Pi(q
�i + �q
�i ) + 94g
� (1.33)of the virtual photon, whi
h is in broad agreement with the DG and SaS models, as shownin Fig. 1.11b.
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al Overview����))(y;Q2! �q���� ���� & x
f(x
; �2; Q2) 
 - DGLAP����� �� �����x
; �2 ! q		���� ��t̂! g qg ! qghard scattering������ �� �� ������g			������ �������� �� �����		���� ������ ����		���� ������ % xpf(xp; �2) p - DGLAP����� ��������pFigure 1: Deep inelastic scattering with a resolved virtual photon and the q
gp ! qg partonicsubprocess.the proton and the photon side are included. The generic diagram for the process q
gp ! qgincluding parton showers is shown in Fig. 1.Since the photon structure function depends on the scale, �2, of the hard scattering process,the cross section of resolved photon processes will consequently also depend on the choice ofthis scale. The parton density of the photon is evolved from a starting scale Q20 to the scale �2,the virtuality at the hard subprocess, giving a resummation to all orders.It should be noted that a NLO calculation assuming point-like virtual photons contains asigni�cant part of what is attributed to the resolved structure of the virtual photon in the RESmodel [ 19]. This is due to the fact that in order �2s the virtual photon can split into a q�q pairwith one of the two quarks interacting with a parton from the proton, giving rise to two highpT jets.2.1 Choice of ScaleIn leading order �s processes the renormalization scale �R and factorization scale �F are notwell de�ned which allows a number of reasonable choices. There are essentially two competinge�ects: a large scale suppresses �s(�2) but gives, on the other hand, an increased parton density,xf(x; �2), for a �xed small x value. The net e�ect depends on the details of the interactionand on the parton density parameterization.3

Figure 1.12: Ladder diagram for a resolved virtual photon event in DIS. At the pro-ton as well as the photon sides, QCD evolution a

ording to the DGLAP formalism isassumed. The hard 2 ! 2 s
attering takes pla
e somewhere in the middle of the lad-der where kT is largest. This leads to non-ordered kT a
ross the whole ladder (�gurefrom [37℄).Resolved virtual Photons and non-ordered kTA ladder diagram for a resolved virtual photon pro
ess is shown in Fig. 1.12. For nottoo small values of the s
ale �2, the parton distributions of the proton and the photonea
h evolve a

ording to the DGLAP s
heme, with strongly ordered kT;i in
reasing fromboth ends of the ladder until the hard 2 ! 2 s
attering pro
ess is rea
hed at the largestkT values. This 
orresponds to a situation where the strong kT ordering of the DGLAPapproximation is no longer valid a
ross the whole ladder. In this way, the resolved virtualphoton approa
h has a 
ertain similarity to the BFKL approximation, where also the kT;ineed not be ordered.1.2 Di�ra
tive S
atteringIn this se
tion, an overview of di�ra
tion in soft hadron intera
tions and in deep-inelasti
s
attering is given. For re
ent reviews of di�ra
tive s
attering, see e.g. [38{40℄. Hadroni
di�ra
tion in general is �rst introdu
ed following the histori
al developments in the pre-QCD era. The kinemati
s of di�ra
tive s
attering at HERA and di�ra
tive jet produ
tionare then introdu
ed. The modern phenomenologi
al models whi
h try to explain di�ra
-tive DIS at HERA, in
luding di�ra
tive jet produ
tion, are reviewed.1.2.1 Di�ra
tion in Soft Hadron Intera
tionsWhen studying hadron-hadron 
ollisions, the 
ross se
tion for hard intera
tion pro
essesis relatively small, of the order of a few nb. For the hard intera
tion 
ase, due to the
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(a) (b)Figure 1.13: Generi
 (a) s- and (b) t-
hannel two-body intera
tions of the type A +B �! C +D. The two pro
esses are related by the 
rossing relations.hard s
ale whi
h is provided by the transverse momentum of the produ
ed parti
les, thevalue of �s (see Eq. 1.11) is small and QCD perturbation theory, as des
ribed in theprevious se
tions, 
an be applied. However, the bulk of the intera
tions is soft, with lowmomentum transfer. �s is then large and the perturbative expansion in QCD does not
onverge. Thus, perturbative QCD 
an not be applied for these intera
tions.Regge PhenomenologyHistori
ally, Regge phenomenology was introdu
ed in the beginning of the 1960's [41℄,the pre-QCD era, to des
ribe soft hadron-hadron intera
tions at high energy by the t-
hannel ex
hange of mesons. It is still used as a tool to model soft intera
tions and elasti
s
attering, where perturbative QCD 
annot be used. In the S-matrix pres
ription, the2! 2 pro
ess A+B �! C +D is 
hara
terised by the amplitude SS(s; t) = I + iT (s; t) ; (1.34)where I is the unit matrix and T is the transition amplitude. S and T are expressed interms of the Mandelstam variables s and t. In the s-
hannel pro
ess (see Fig. 1.13), A andB annihilate to an intermediate state whi
h then de
ays into C and D. In the t-
hannelrea
tion, A and B s
atter by the ex
hange of some state. Both types of intera
tions arerelated by the 
rossing relationTAB!CD(s; t) = TA �C! �BD(t; s) : (1.35)The simplest s
attering amplitude to 
onsider is that for the ex
hange of the lightestmeson, the pion, as in the one pion ex
hange (OPE) model [42℄. The s
attering amplitude
ontains a propagator of the form: T (s; t) � 1m2� � t : (1.36)For a t-
hannel ex
hange, t < 0, whi
h leads to a pole at t = m2� in the unphysi
al regionof t > 0, 
orresponding to a resonan
e in the s-
hannel.
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Figure 1.14: The leading meson traje
tory (
omprising the �, f , ! and a traje
tories;also 
alled reggeon) in the (m2 = t; J) plane. At positive t, it �ts through the 
orre-sponding s-
hannel meson resonan
es. The extrapolation to negative t is in agreementwith a measurement of the t-
hannel 
harge ex
hange rea
tion ��p! �0n [43℄.To obtain a more a

urate and 
omplete des
ription of hadroni
 
ross se
tion am-plitudes, it is ne
essary to sum up 
ontributions from all possible ex
hanges with theappropriate quantum numbers. It was observed in experiment that groups of mesonswith the same quantum numbers but di�erent angular momenta J lie on approximatestraight lines in the (m2; J) plane, where m is the meson mass. In Regge phenomenol-ogy, a generalised 
omplex angular momentum �(t) is introdu
ed: J = Re �(t). Thedependen
e of � on t (Fig. 1.14) is parameterised linearly in terms of a Regge traje
tory:�(t) = �(0) + �0t : (1.37)�(0) and �0 denote the inter
ept and the slope of the traje
tory. In the asymptoti
 high-energy, small s
attering angle limit s ! 1, t=s ! 0, the leading 
ontribution to theelasti
 s
attering amplitude for the s
attering of two hadrons a and b is then given byT (s; t) � �a(t)� ss0��(t) �b(t) ; (1.38)where �a(t) and �b(t) (related to the hadroni
 form fa
tors) des
ribe the dependen
e onthe spe
ies of the in
oming hadron and s0 de�nes a hadroni
 s
ale relative to whi
h s mustbe large (usually s0 ' 1 GeV2). The di�erential 
ross se
tion for the elasti
 t-
hannels
attering pro
ess is then:d�dt � 1s2 jT (s; t)j2 = (�a(t)�b(t))2 � ss0�2�(t)�2 : (1.39)
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al theorem, the elasti
 amplitude for t = 0 (forward s
attering) is related tothe total 
ross se
tion:�tot(s) = 1s Im T (s; t = 0) � �a(0)�b(0)s�(0)�1 : (1.40)Inserting Eq. 1.37 into Eq. 1.39 and parameterising �(t) as eb0t yields (for small t):d�dt � (�a(t)�b(t))2� ss0�2�(t)�2 = d�dt ����(t=0) eBt ; (1.41)where B is the slope parameterB = b0;a + b0;b + 2�0 ln� ss0� : (1.42)The energy independent terms b0;a and b0;b arise from the approximate exponential t de-penden
e of the hadron form fa
tors �a;b(t). For the proton, a value of b0;p = 4 : : : 6 GeV�2is required by experimental data, whi
h is 
onsistent with the often quoted value for theproton radius Rp ' 1 fm. The in
rease of B with 
entre-of-mass energy s whi
h leads toa steepening of the exponential de
rease of the elasti
 
ross se
tion is 
ommonly 
alledshrinkage.The Pomeron Traje
toryExperimentally, total and elasti
 hadroni
 
ross se
tions de
rease with s up to ps '10 GeV (Fig. 1.15). At higher energies, a rise of the 
ross se
tions with s is observed, in
ontradi
tion to the fa
t that the traje
tories of all known meson families have �(0) < 0:6,whi
h results in a monotonously falling 
ross se
tion (Eq. 1.40). To resolve this, a newtraje
tory, the pomeron, was introdu
ed by Gribov [46℄ and named after the Russiantheoreti
ian Y. Pomeran
huk. It has sin
e been parameterised as [47℄�IP (t) = 1:08 + 0:25t (1.43)to a

ommodate the rise of �tot with s. Sin
e it mediates elasti
 s
attering, the pomeron
arries va
uum quantum numbers (C = P = +1).The postulated C = P = �1 partner of the pomeron is 
alled odderon [48℄. It 
ouldmanifest itself via a non-vanishing di�eren
e of the pp and pp total 
ross se
tions atvery high energies. The odderon may also be observable in ex
lusive pseudos
alar mesonprodu
tion at HERA [49℄.Pro
esses involving pomeron ex
hange are referred to as di�ra
tive, be
ause the tdependen
e of the elasti
 pro
ess at �xed s is similar to the 
lassi
al di�ra
tion patternfrom the s
attering of light o� an opaque sphere.The 
ombination of the meson and pomeron traje
tories gives a good parameterisationof hadron-hadron and photon-hadron high-energy intera
tions at low momentum transfer
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Figure 1.15: Total hadron-hadron and photon-hadron 
ross se
tions. Shown are (a)proton-proton [44℄, (b) pion-proton [44℄ and (
) photon-proton [45℄ 
ross se
tions as afun
tion of the 
entre-of-mass energy ps or W .(Fig. 1.15). In [44℄, a variety of total 
ross se
tions, namely for pp, pp, ��p, K�p, 
p andother pro
esses, were �tted to�tot(s) = CIPs�IP (0)�1 + CIRs�IR(0)�1 : (1.44)The normalisation parameters CIP and CIR depend on the spe
i�
 type of intera
tion. All
onsidered hadroni
 
ross se
tions are well des
ribed simultaneously for�IP (0) = 1:0808 ; �IR(0) = 0:5475 : (1.45)The parameterisation of total hadroni
 
ross se
tions at high energies where the energydependen
e is given by s�IP (0)�1 with �IP (0) ' 1:08 is usually referred to as the `softpomeron', sin
e it parameterises low momentum transfer 
ross se
tions.`Hard' PomeronsRe
ent experimental observations have shown that the energy dependen
es of some di�ra
-tive pro
esses are stronger than those expe
ted from the soft pomeron. In this 
ontext,
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tive S
attering 23the term `hard pomeron' is frequently used. One example is the elasti
 photoprodu
tionof J=	 mesons [50, 51℄, whi
h requires a pomeron inter
ept of around 1.2.Another 
ase is the x dependen
e of the stru
ture fun
tion F2(x;Q2). F2 is related tothe total photon-proton 
ross se
tion by�
p = 4�2�Q2 F2(x;Q2)����Q2=0 : (1.46)If the x dependen
e of F2(x;Q2) at �xed Q2 is assumed to follow a simple power behaviour,the power � 
an be 
onsidered in terms of an e�e
tive pomeron inter
ept a

ording toF2(x;Q2) � f(Q2) x�� = f(Q2)�1x��(0)�1 () �
p(W 2) � �W 2�� = �W 2��(0)�1 :(1.47)The pre
ise F2 data from HERA [25℄ have shown a 
lear dependen
e of the e�e
tiveinter
ept �IP (0) on Q2, rea
hing values mu
h larger than the soft pomeron inter
ept asQ2 gets large. The general pattern is that the pomeron inter
ept be
omes larger thanthat of the soft pomeron wherever hard s
ales su
h as Q2 or the 
harm quark mass arepresent.In the following, two parameterisations of `hard pomerons' are brie
y introdu
ed whi
hare relevant for deep-inelasti
 ele
tron-proton s
attering.Leading Order BFKL Pomeron The power law x�� whi
h is obtained for the gluondistribution in the LO BFKL [26℄ approximation (Eq. 1.20) 
an be interpreted as a pertur-bative QCD `BFKL pomeron' with inter
ept �BFKLIP (0) = 1+�LO, where �LO = 0:4 : : : 0:5.If the (large) NLO 
orre
tions to the BFKL equation are taken into a

ount [27, 52℄ theinter
ept of the NLO BFKL pomeron is determined as �NLO BFKLIP (0) ' 1:17.Hard Donna
hie-Landsho� Pomeron Donna
hie and Landsho� [53℄ performed �tsto F2(x;Q2) data for x < 0:07 and Q2 < 10 GeV2, where in addition to the inter
eptsof the pomeron and reggeon traje
tories a third term of the form x1��hardIP (0) is in
luded,whi
h is 
alled `hard pomeron'. The result of the �t, whi
h also gives a good des
riptionof J=	 data [50℄, is �hardIP (0) = 1:42� 0:05.Inelasti
 Di�ra
tion in 
p Intera
tionsDi�ra
tion is not only relevant for elasti
 and total hadroni
 
ross se
tions. It also existsin inelasti
 pro
esses, where one or both of the hadrons disso
iate into an unbound statein a high-mass 
ontinuum. This is observed not only in hadron-hadron 
ollisions, butalso in photon-hadron intera
tions as studied at the HERA ep 
ollider. In 
p s
attering,there are four prin
iple types of di�ra
tive pro
esses (see Fig. 1.16): The photon 
an
u
tuate into a ve
tor meson with the quantum numbers of the photon (JPC = 1��),where the proton either stays inta
t (elasti
 ve
tor meson produ
tion) or disso
iates intoa system Y of (small) mass MY (proton disso
iative ve
tor meson produ
tion). Thephoton 
an also disso
iate into a high-mass system X with mass MX . Also in this 
ase,
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(c) (d)Figure 1.16: The four prin
ipal di�ra
tive pro
esses in photon-proton intera
tions:(a) Elasti
 ve
tor meson produ
tion, (b) proton elasti
 photon disso
iation, (
) protondisso
iative ve
tor meson produ
tion and (d) double disso
iation.the proton 
an either stay inta
t or disso
iate into a Y system.In the analysis presented in this thesis, di�ra
tive photon-proton intera
tions are stud-ied where the photon disso
iates into a high-mass systemX. The proton either stays inta
tor disso
iates into a very low-mass system Y (Figs. 1.16b,d).1.2.2 Di�ra
tion in Deep-Inelasti
 S
atteringDi�ra
tive events were also observed in deep-inelasti
 ep s
attering (DIS) at the HERAep 
ollider [1℄. In approximately 10% of all DIS events, there is no hadroni
 �nal statea
tivity observed in the region of the outgoing proton. Su
h a
tivity is normally produ
edby the remnant of the proton or the 
olour 
ow from the proton debris to the stru
k quark.This signature is attributed to a di�ra
tive ex
hange between the photon and the proton.Kinemati
sThe kinemati
s of di�ra
tive DIS at HERA are visualised in Fig. 1.17. The ele
tron
ouples to a virtual photon 
� whi
h intera
ts with the proton by a 
olourless ex
hange,produ
ing two �nal state systems X and Y of the disso
iating photon and proton, re-spe
tively. The de�nitions of the DIS kinemati
al variables as introdu
ed in se
tion 1.1.1remain valid also in di�ra
tive DIS. In addition, several new variables are introdu
ed. Ifthe 4-ve
tors of the X and Y systems are denoted pX and pY , the masses are given by:MX = p2X ; MY = p2Y : (1.48)In the 
ase where MX and MY are small 
ompared with W , the systems are separatedby a large rapidity gap. The longitudinal momentum fra
tion of the 
olourless ex
hange
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Figure 1.17: The kinemati
s of di�ra
tive DIS. The ele
tron 
ouples to a virtual photon
� whi
h intera
ts with the proton by a 
olourless ex
hange, produ
ing two �nal statesystems X and Y . If the masses of X and Y are small 
ompared with W , the twosystems are separated by a large rapidity gap.with respe
t to the proton xIP and the squared 4-momentum transferred at the protonvertex t are then de�ned by:xIP = q � (P � pY )q � P ; t = (P � pY )2 : (1.49)In addition, the quantity � is de�ned as� = xxIP = �q22q � (P � pY ) : (1.50)In an interpretation in whi
h partoni
 stru
ture is as
ribed to the 
olourless ex
hange,� is the longitudinal momentum fra
tion of the ex
hange that is 
arried by the stru
kquark, in analogy to x in the 
ase of in
lusive s
attering.The Di�ra
tive Stru
ture Fun
tionAs for the 
ase of in
lusive DIS, i.e. without the requirement of a rapidity gap, the 
rossse
tion for di�ra
tive DIS 
an be expressed in terms of a stru
ture fun
tion, the so-
alleddi�ra
tive stru
ture fun
tion FD2 . In the most general 
ase, the di�ra
tive 
ross se
tiondepends on �ve variables3:d5�ep!eXYdxIP d� dQ2 dMY dt = 4��2�Q4 �1� y + y22(1 +RD(5))� FD(5)2 (�;Q2; xIP ;MY ; t) : (1.51)RD = �DL =�DT is the ratio of the di�ra
tive longitudinal to transverse photon 
ross se
tions.In the analysis presented in this thesis, 
ontributions from longitudinal photon ex
hangeare negle
ted.3Dependen
es on azimuthal angles are not 
onsidered here.
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Figure 1.18: Dependen
e of jtjmin on xIP . The minimum kinemati
ally allowed valueof jtj is shown as a fun
tion of log xIP for MY = mP and MY = 1:6 GeV.If the outgoing disso
iating proton system Y is not dete
ted and es
apes through thebeam pipe, t and MY are not measured and hen
e are integrated over impli
itly. Thedata are then interpreted in terms of the triple-di�erential stru
ture fun
tion FD(3)2 :d3�ep!eXYdxIP d� dQ2 = 4��2�Q4 �1� y + y22 � FD(3)2 (�;Q2; xIP ) ; (1.52)with FD(3)2 (�;Q2; xIP ) = Z MY;maxmP dMY Z tmintmax dt FD(5)2 (�;Q2; xIP ;MY ; t) : (1.53)MY;max and tmax are the upper and lower4 bounds for MY and t, respe
tively. tmin is thelowest kinemati
ally allowed value of jtj and is approximately given by:tmin ' m2PxIP � M2Y xIP1� xIP : (1.54)The dependen
e of jtminj on xIP and MY in the ranges relevant for the analysis presentedhere is shown in Fig. 1.18. tmin only be
omes signi�
antly di�erent from zero if MY andxIP are 
lose to their upper limits.1.2.3 The Proton Rest Frame and Di�ra
tive Jet Produ
tionViewing DIS at low x in the proton rest frame, the virtual photon splits into a qq pairwell before the intera
tion with the proton (Fig. 1.19a). The qq state may then s
atterelasti
ally with the proton. The produ
tion of high pT �nal states by the di�ra
tive q�qs
attering pro
ess is heavily suppressed [55℄ and the invariant masses MX produ
ed aretypi
ally small. It is thus expe
ted that for large values ofMX or pT , O(�s) 
ontributions4Note that t < 0 for t 
hannel rea
tions.
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Figure 1.19: Di�ra
tive s
attering in the proton rest frame and the proton in�nitemomentum frame. In the proton rest frame, the virtual photon disso
iates into a qqstate (a), s
attering o� the proton by 
olour singlet (e.g. 2-gluon) ex
hange. In thein�nite momentum frame, this 
an be related to di�ra
tive quark s
attering (b). Theemission of an additional gluon forms an in
oming qqg state (
). If the gluon is thelowest pT parton, this 
ontribution 
an be related to di�ra
tive Boson-Gluon-Fusion (d)(�gure after [54℄).due to the radiation of an extra gluon be
ome important [56,57℄. The result is an in
omingqqg system (Fig. 1.19
).In the proton in�nite momentum frame, the lowest order (i.e. O(�0s)) 
ontributionto the di�ra
tive 
ross se
tion is the di�ra
tive quark s
attering diagram (Fig. 1.19b).The O(�s) 
ontributions are di�ra
tive Boson-Gluon-Fusion (BGF) and QCD-Compton(QCDC) s
attering. Unlike in
lusive di�ra
tive s
attering, di�ra
tive jet produ
tion isdire
tly sensitive to the di�ra
tive gluon distribution due to the dire
t 
oupling to thegluon in the 
ase of the BGF diagram (Fig. 1.19d).There is a 
orresponden
e between the proton rest frame and the in�nite momentumframe pi
tures, whi
h is dis
ussed here in the 
ontext of the leading log(Q2) approx-imation. Di�ra
tive qq s
attering (Fig. 1.19a) 
an be related to the di�ra
tive quarks
attering diagram (Fig. 1.19b). If the gluon is the lowest pT parton, di�ra
tive qqg s
at-tering (Fig. 1.19
) 
an be related to di�ra
tive BGF (Fig. 1.19d). If the q or q is thelowest pT parton, the pro
ess 
orresponds to di�ra
tive QCDC s
attering (not shown).In the 
ase of 2-gluon ex
hange (se
tion 1.2.7), additional diagrams have to be taken intoa

ount in Fig. 1.19b,d where the two gluons 
ouple to di�erent partons.Be
ause of the non-zero invariant mass squared ŝ of the two highest pT partons emerg-ing from the hard intera
tion in the O(�s) 
ase, a new variable zIP is introdu
ed:zIP = � � �1 + ŝQ2� : (1.55)
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al OverviewSimilarly to � for the 
ase of the lowest order diagram, zIP 
orresponds to the longitudinalmomentum fra
tion of the ex
hange whi
h takes part in the hard intera
tion.1.2.4 Di�ra
tive Parton DistributionsIn the leading log(Q2) approximation, the 
ross se
tion for the di�ra
tive pro
ess 
�p!p0X 
an be written in terms of 
onvolutions of universal partoni
 
ross se
tions �̂
�i withdi�ra
tive parton distributions fDi , representing probability distributions for a parton i inthe proton under the additional 
onstraint that the proton remains inta
t with parti
ularvalues of xIP and t: Thus, at leading twist5,d2�(x;Q2; xIP ; t)
�p!p0XdxIP dt = Xi Z xIPx d� �̂
�i(x;Q2; �) fDi (�; Q2; xIP ; t) : (1.56)This hard s
attering fa
torisation formula for di�ra
tive DIS holds for large enough Q2and �xed x, xIP and t. This ansatz was �rst introdu
ed in [58℄ and applied to harddi�ra
tion in [59℄. The proof of Eq. 1.56 for in
lusive di�ra
tive lepton-hadron s
atteringwas given in [60℄ in the framework of a s
alar model and in [61℄ for full QCD. Thedi�ra
tive parton distributions are not known from �rst prin
iples, though they shouldobey the DGLAP [24℄ evolution equations.Re
ently, there have been attempts to 
al
ulate the di�ra
tive parton distributionsat a starting s
ale �20 for QCD evolution under 
ertain assumptions. In [62℄, the protonis repla
ed by a small-size pair of heavy quarks, su
h that perturbation theory 
an beapplied. A di�erent approa
h is the semi
lassi
al model by Bu
hm�uller, Gehrmann andHebe
ker [54℄, based on the opposite extreme of a very large hadron. In spite of thedi�erent assumptions, the two approa
hes give rather similar results for the di�ra
tiveparton distributions. The parton distributions follow the same general behaviour at theendpoints z = 0; 1 and the gluon distribution is mu
h larger than the quark distribution.The endpoint behaviour of the gluon distribution is given by:limz!0 gD(z) � z�1 ; limz!1 gD(z) � (1� z)2 : (1.57)In Fig. 1.20, the di�ra
tive parton distributions and the resulting di�ra
tive stru
turefun
tion FD2 as obtained from the model in [62℄ are shown.1.2.5 Resolved Pomeron ModelThe appli
ation of Regge phenomenology of soft hadroni
 high energy intera
tions tothe 
on
ept of di�ra
tive parton distributions leads to the Ingelman-S
hlein model of a`resolved pomeron' with a partoni
 stru
ture [63℄ invariant under 
hanges in xIP and t.The di�ra
tive parton distributions then fa
torise into a 
ux fa
tor fIP=p and pomeronparton distributions f IPi :fDi (x;Q2; xIP ; t) = fIP=p(xIP ; t) � f IPi (� = x=xIP ; Q2) : (1.58)5`Leading twist' means that non-leading powers of Q are negle
ted.
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(a) (b)Figure 1.20: Parameterisations of di�ra
tive parton distributions and the di�ra
tivestru
ture fun
tion FD2 from [62℄. (a) The di�ra
tive gluon (top) and quark singlet (bot-tom) distributions are shown for di�erent values of the s
ale Q2. (b) The 
orrespondingdi�ra
tive stru
ture fun
tion FD2 as a fun
tion of � for di�erent Q2.The universal 
ux fa
tor des
ribes the probability of �nding a pomeron in the proton as afun
tion of xIP and t. The pomeron parton distributions are usually expressed in terms of� = x=xIP . Equivalently, the di�ra
tive stru
ture fun
tion FD(4)2 (xIP ; t; �; Q2) fa
torises:FD(4)2 (xIP ; t; �; Q2) = fIP=p(xIP ; t) � F IP2 (�;Q2) : (1.59)Here, F IP2 (�;Q2) denotes the pomeron stru
ture fun
tion whi
h is, by analogy to F2(x;Q2),related to the pomeron parton distributions and obeys the usual DGLAP QCD evolutionequations: F IP2 (�;Q2) =Xi e2i � qIPi (�;Q2) : (1.60)In the following, two parameterisations of the resolved pomeron model are presented whi
hwill be 
onfronted with the measured di�ra
tive jet 
ross se
tions in 
hapter 7.The H1 parameterisationThe H1 
ollaboration has interpreted their measurements of the in
lusive di�ra
tive stru
-ture fun
tion FD(3)2 in terms of a resolved pomeron model [3℄ (Fig. 1.21). At the largestxIP studied, it was ne
essary to 
onsider more generally 
ontributions from sub-leadingreggeon ex
hanges as well as the pomeron, su
h that (negle
ting possible interferen
eterms)FD(4)2 (xIP ; t; �; Q2) = fIP=p(xIP ; t) � F IP2 (�;Q2) + fIR=p(xIP ; t) � F IR2 (�;Q2) : (1.61)The 
ux fa
tors for the pomeron and reggeon ex
hanges were parameterised in a Regge-inspired form: ffIP ;IRg=p(xIP ; t) = CfIP ;IRg � 1xIP �2�fIP ;IRg(t)�1 ebfIP ;IRgt ; (1.62)
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Figure 1.21: The measurement in [3℄ of the di�ra
tive stru
ture fun
tion, plotted asxIPFD(3)2 (xIP ; �;Q2). Overlaid is the result of a Regge parameterisation of the data,where the reggeon 
ontribution only (lower lines) and the sum of pomeron and reggeon
ontributions (upper lines) are shown.
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tive S
attering 31with �fIP ;IRg(t) = �fIP ;IRg(0) + �0fIP ;IRgt : (1.63)From �ts in whi
h the parton densities evolve a

ording to the DGLAP equations, pa-rameterisations of the pomeron quark and gluon distributions and values for �IP (0) and�IR(0) were obtained. The resulting value of�IP (0) = 1:203� 0:020 (stat:)� 0:013 (syst:)� 0:030 (model) (1.64)is signi�
antly higher than that obtained from soft hadroni
 intera
tions, where �IP (0) '1:08 [44, 64℄ (see se
tion 1.2.1).For the pomeron parton densities, it was assumed that the pomeron is an iso-singletand self 
harge-
onjugate. A light quark singlet densityqIPi (z) = u(z) + d(z) + s(z) + �u(z) + �d(z) + �s(z) (1.65)and a gluon density gIP (z) were parameterised at the starting s
ale �20 = 3 GeV2. TheDGLAP QCD evolution was performed at leading order. The parton densities extra
tedfor the pomeron, shown in Fig. 1.22, are dominated by gluons, whi
h 
arry 80� 90% ofthe ex
hanged momentum throughout the measured Q2 range. The two solutions of the�t, labelled `�t 2' and `�t 3', di�er mainly in the shape of the gluon distribution at largez. This is a re
e
tion of the un
ertainties related to extra
ting the gluon distributionin an indire
t way from the s
aling violations. At large z = �, the gluon distribution isnot well 
onstrained be
ause FD(3)2 data with � > 0:65 were ex
luded from the �ts. The`�t 3' parameterisation (�2=ndf = 176=156) is preferred by the data with respe
t to `�t2' (�2=ndf = 187=156). Pomeron parton distributions where only quarks 
ontribute atthe starting s
ale of the QCD evolution (e.g. `�t 1' in [3℄) fail to reprodu
e the observeds
aling violations of F IP2 (�;Q2).The ACTW parameterisationAlvero, Collins, Terron and Whitmore [65℄ have performed 
ombined �ts to in
lusivedi�ra
tive stru
ture fun
tion measurements by the H1 [3℄ and ZEUS [4, 66℄ 
ollabora-tions and to di�ra
tive jet produ
tion in photoprodu
tion as measured by ZEUS [67℄.A parameterisation of the pomeron 
ux fa
tor is used in whi
h dependen
es on t arenegle
ted: fIP=p(xIP ) = C � 1xIP �2�IP�1 : (1.66)Be
ause only data with low xIP values were in
luded in the �ts, sub-leading reggeonex
hanges are not taken into a

ount. A series of �ts were made where the pomeronparton distributions were evolved in NLO, using the MS s
heme [32℄, from a startings
ale �20 = 4 GeV2. The best �t is labelled `D', in whi
h the value of the pomeroninter
ept is set to �IP (0) = 1:19.It should be noted that there are indi
ations [11℄ that the the di�ra
tive photopro-du
tion 
ross se
tion at HERA is suppressed if the photon is resolved, possibly due to
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Figure 1.22: Pomeron parton densities, extra
ted from a leading order DGLAP QCDanalysis of FD(3)2 (xIP ; �;Q2) [3℄. Shown are two parameterisations (`H1 �t 2' and `H1�t 3') of the quark singlet and gluon distributions, evaluated at three values of thes
ale �2. The quark singlet distributions are very similar for the two �ts and thereforenot plotted separately. The distributions are normalised su
h that the pomeron 
uxfIP=p(xIP = 0:003; t = 0) is unity.se
ondary intera
tions whi
h destroy the rapidity gap. This e�e
t was not taken intoa

ount in the ACTW �ts, where the pomeron gluon distribution is mainly 
onstrainedby the photoprodu
tion jet data.1.2.6 Soft Colour NeutralisationAn alternative approa
h to di�ra
tive DIS is given by soft 
olour neutralisation models,whi
h naturally lead to very similar properties of in
lusive and di�ra
tive DIS �nal states.Soft Colour Intera
tionsIn the Soft Colour Intera
tion (SCI) model by Edin, Ingelman and Rathsman [68℄,the hard intera
tion in di�ra
tive DIS is treated identi
ally to that in in
lusive DIS.Di�ra
tion o

urs through soft 
olour rearrangements between the outgoing partons,leaving their momentum 
on�guration un
hanged. If two 
olour singlet systems areprodu
ed by su
h a me
hanism, the hadroni
 �nal state 
an exhibit a large rapidity gap(Fig. 1.23). In the original SCI model, di�ra
tive �nal states are produ
ed using onlyone additional free parameter, the universal 
olour rearrangement probability P0, whi
his �xed by a �t to FD(3)2 .
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Figure 1.23: The Soft Colour Intera
tion (SCI) model for di�ra
tive DIS [68℄. (a)In deep-inelasti
 s
attering, 
olour strings (dashed lines) are spanned between the �nalstate partons and the proton remnant. (b,
) Soft 
olour intera
tions 
an lead to rear-rangements of the 
olour strings and hen
e to 
olour singlet 
on�gurations in the �nalstate.The model has been re�ned re
ently [69℄. In the Lund string model [70℄, the so-
alledarea law ensures that large-size string 
on�gurations are exponentially suppressed. Here,the area of a string spanned between two partons is de�ned asAij = (pi + pj)2 � (mi +mj)2 = 2(pipj �mimj) : (1.67)For the produ
tion of rapidity gaps by Soft Colour Intera
tions, a generalised area law isintrodu
ed in [69℄ whi
h makes the 
olour rearrangement probability proportional to thenormalised di�eren
e in the generalised areas of the string 
on�gurations before and afterthe rearrangement. The probability 
an thus be written as:Pij = R0(1� exp(�b�Aij)) ; (1.68)where R0 and b are free parameters whi
h are determined by �ts to FD(3)2 data.Semi
lassi
al ModelAnother approa
h is the semi
lassi
al model by Bu
hm�uller, Gehrmann and Hebe
ker [54℄,a non-perturbative model whi
h was already mentioned in se
tion 1.2.4. Viewed in theproton rest frame, qq and qqg 
u
tuations of the virtual photon s
atter o� a superpositionof soft 
olour �elds asso
iated with the proton. Those 
on�gurations whi
h emerge in a net
olour singlet 
on�guration 
ontribute to the di�ra
tive 
ross se
tion [57℄. The 
al
ulationis performed under the assumption of a very large hadron. The gluoni
 �elds en
ounteredby the partoni
 probe in distant regions of the target are un
orrelated (see Fig. 1.24).The result is formulated as a parameterisation of t-integrated di�ra
tive parton dis-tributions fDi [71℄, whi
h are shown in Fig. 1.25. An xIP or energy dependen
e is putinto the model whi
h re
e
ts the assumption that with in
reasing energy of the qq or qqg
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Figure 1.24: Semi
lassi
al model [54℄. A 
olour dipole is travelling through a largehadron, intera
ting with un
orrelated gluoni
 
olour �elds Ai. x? and y? are transverse
oordinates.
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(a) (b)Figure 1.25: The di�ra
tive quark singlet (a) and gluon (b) distributions in the semi-
lassi
al model [54℄, multiplied by �2 � x2IP and evaluated at �2 � x2IP = 0:003.probe, more and more modes of the gluoni
 proton �eld are `seen' by the probe. This isparameterised as a soft logarithmi
 in
rease of the 
ross se
tion with energy:dfDi (xIP ; �; Q2)dxIP � (L� ln xIP )2fDi (�;Q2) : (1.69)It is noted here that, although Regge fa
torisation is not implied in the model, Eq. 1.69demonstrates that the 
ross se
tion is formulated in a way that the xIP dependen
e isfa
torising.The four free parameters of the model (in
luding L) are determined from a 
ombined�t to the in
lusive and di�ra
tive stru
ture fun
tions F2 and FD2 at x (xIP ) values below0.01. A detailed des
ription of the model 
an also be found in [38℄.1.2.7 Colour Dipole and 2-Gluon Ex
hange ModelsIn the proton rest frame, di�ra
tive DIS is often treated by 
onsidering the q�q and q�qgphoton 
u
tuations (Fig. 1.26) as (e�e
tive) 
olour dipoles. The di�ra
tive 
�p 
rossse
tion 
an be fa
torised into an e�e
tive photon dipole wave fun
tion j	j2 and the squared
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p(a) (b)Figure 1.26: Dipole pi
ture of di�ra
tive q�q (a) and q�qg (b) ele
troprodu
tion, mediatedby the ex
hange of two gluons with transverse momenta �lt. The photon is viewed asdisso
iating into either a quark dipole or an e�e
tive gluon dipole, made up of a gluonand a 
ompa
t q�q pair (�gure from [72℄).`dipole 
ross se
tion' �̂2 for the s
attering of these dipoles o� the proton [73, 74℄:d�
�pT;Ldt �����t=0 � Z d2r Z 10 d�j	T;L(�; r)j2 �̂2(r2; x; :::) : (1.70)Here, the subs
ripts T and L denote transverse and longitudinal photon polarisation, r isthe relative transverse separation between the quarks and �, (1� �) are the momentumfra
tions of the quark and the antiquark.Many properties of the di�ra
tive �nal state, for instan
e the gross features of thedi�ra
tive � distribution, 
an be dedu
ed from a knowledge of the partoni
 wave fun
tions	T;L(�; r) of the photon alone.E�e
tive Photon Dipole Wave Fun
tionsThe wave fun
tions for the q�q 
u
tuation of a transversely polarised photon with heli
ity�
 = +1, expressed in terms of the transverse momentum kt instead of the transverseseparation r, are given by (see [72℄ and referen
es therein):	+�T;q�q(�;kt) = p2eq� (kt � "�
=1)k2t + �(1� �)Q2 ;	�+T;q�q(�;kt) = � p2eq(1� �) (kt � "�
=1)k2t + �(1� �)Q2 : (1.71)The wave fun
tion indi
es 	��0 denote the heli
ities of the quark (�) and the antiquark(�0). eq is the quark ele
tri
al 
harge and " is the polarisation ve
tor. The longitudinalwave fun
tions are	+�L;q�q(�;kt) = 	�+L;q�q(�;kt) = 2eq�(1� �)Qk2t + �(1� �)Q2 : (1.72)
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al OverviewFor the q�qg photon wave fun
tion, the situation is more 
ompli
ated. One possibilityis to apply the leading log(Q2) approximation, whi
h is equivalent to a strong orderingof transverse momenta (se
tion 1.1.4). Then, in the limit of large Q2 and small kT;g �Q, �g � 1, the small separation between the large kT quark-antiquark pair leads toa 
ombination of their 
olour stru
tures into an e�e
tive gluon whi
h forms, togetherwith the small transverse momentum gluon g(�g; kT;g), an e�e
tive gluon dipole. In thisapproximation [75℄, the e�e
tive wave fun
tion for transversely polarised photons 
an bewritten as 	q�qg = 1p�Q2 k2t ("1 � "2) � 2(kt � "1)(kt � "2)k2t + �Q2 ; (1.73)where "1;2 are the polarisation ve
tors of the q�q and g forming the gluon dipole. Sin
e�� 1, (1� �) was repla
ed by 1.In a re
ent QCD motivated parameterisation by Bartels, Ellis, Kowalski and W�ustho�[76℄, longitudinally and transversely polarised qq states dominate at high and mediumvalues of � respe
tively. The qqg state originating from transversely polarised photonsis dominant at low � (high MX), although it is a higher order 
ontribution whi
h issuppressed by �s. The �-dependen
es of the di�erent 
omponents, as obtained from thedipole wave fun
tions, are given by�T;qq � �(1� �) ; �T;qqg � (1� �)
 ; �L;qq � �3(1� 2�)2 (1.74)and to �rst approximation do not depend on the dipole 
ross se
tion. The resultingde
omposition of the di�ra
tive stru
ture fun
tion FD2 in terms of these 
ontributions isillustrated in Fig. 1.27, where a value of 
 ' 4 was used, in agreement with a �t to FD(3)2data.The dipole 
ross se
tionInvestigating di�ra
tive �nal states with varying transverse momenta kt probes the dipole
ross se
tion as a fun
tion of the dipole size. Large size, low kt 
on�gurations intera
twith the proton similarly to soft hadron-hadron s
attering. Small size, high kt dipole
on�gurations lead to hard s
ales whi
h en
ourage a perturbative QCD treatment of thedipole 
ross se
tion. The pre
ise dynami
s of the dipole 
ross se
tion are not known apriori. However, the simplest realisation of a net 
olour singlet ex
hange at the partonlevel is a pair of gluons with 
an
elling 
olour 
harges [77℄. To ensure gauge invarian
e,all possible 
ouplings of the two t-
hannel gluons to the quark or e�e
tive-gluon dipolehave to be 
onsidered.In this pi
ture, the dipole 
ross se
tion in Eq. 1.70 
an be related to the unintegratedgluon distribution F(x; l2t ) [26℄ in the proton [73, 74℄:�̂(x; r) � Z d2ltl2t �1� eir�l��s(l2t )F(x; l2t ) : (1.75)
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βFigure 1.27: De
omposition of the di�ra
tive stru
ture fun
tion in the dipole pi
tureof [72℄, shown as xIPFD2 as a fun
tion of � for two values of Q2. The dashed anddashed-dotted lines labelled `T' and `L' represent the 
ontribution from transversely andlongitudinally polarised q�q states, respe
tively, whereas the dotted line 
orresponds tothe 
ontribution from transversely polarised q�qg states. The upper solid line is the sumof the three 
ontributions.lt denotes the transverse momentum of the t-
hannel gluon (Fig. 1.26). The di�ra
tive
ross se
tion is then proportional to the unintegrated gluon distribution squared.In the following, two re
ent models based on the ideas of dipole 
ross se
tions and 2-gluon ex
hange are introdu
ed. Other 
olour dipole approa
hes 
an be found in [56,78,79℄,for example.Saturation Model by Gole
-Biernat and W�ustho�The dipole approa
h has been employed in the `saturation' model by Gole
-Biernat andW�ustho� [80℄. Here, an ansatz for the dipole 
ross se
tion is made whi
h interpolatesbetween the perturbative and non-perturbative regions of �
�p. It is mainly a model forin
lusive DIS whi
h 
an also predi
t the di�ra
tive 
ross se
tion.The idea behind the model is to des
ribe the transition between large and small valuesof Q2 in in
lusive DIS at low x, i.e. the transition between the perturbative QCD regimewhere the proton stru
ture is parameterised in terms of parton distributions evolving withQ2 and the non-perturbative regime of vanishing Q2, usually assessed in terms of Reggephenomenology. Saturation in this 
ontext means that the strong rise of the 
ross se
tiontowards lower x is damped be
ause the parton density in the proton be
omes so high thatre
ombination e�e
ts limit a further growth. The nu
leon then appears to be bla
k. Thefollowing ansatz for the dipole 
ross se
tion is made:�̂(x; r2) = �0 �1� exp�� r24R20(x)�� : (1.76)
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al OverviewLow-x saturation of �̂ is introdu
ed via an x-dependent radius R0(x):R0(x) = 1GeV � xx0��=2 : (1.77)2R0 
orresponds approximately to the mean parton separation. Convoluting �̂ with thee�e
tive dipole wave fun
tions leads to a 
ross se
tion behaviour whi
h shows Bjorkens
aling behaviour for large Q2 and goes to a 
onstant for Q2 = 0. The relation between�̂ and F is given by �sF(x; l2t ) = 3�04�2 R20(x) l2t e�R20(x)l2t : (1.78)If Eq. 1.78 is inserted into Eq. 1.75, Eq. 1.76 
an be reprodu
ed. This model is ableto give a reasonable des
ription of F2(x;Q2) at low x, whi
h determines the three freeparameters (x0, � and �0). The parameterised dipole 
ross se
tion 
an be re-expressed interms of the unintegrated gluon density F(x; l2t ). Integrating F(x; l2t ) at large Q2 leadsba
k to the ordinary gluon distribution:xg(x;Q2) � (�sR20(x))�1 � x�� ; (1.79)whi
h shows a plain s
aling behaviour be
ause Q2 evolution is not in
luded in the model.The �t to F2(x;Q2) yields � = 0:228, higher than the soft pomeron value of 0.08 (seese
tion 1.2.1).The dipole 
ross se
tion as parameterised from the �t to the in
lusive F2(x;Q2) 
anbe used to predi
t the di�ra
tive 
ross se
tion at t = 0. If an additional free parameterB = 6:0 GeV�2 is introdu
ed to des
ribe the t dependen
e as eBt, the di�ra
tive stru
turefun
tion FD(3)2 is su

essfully des
ribed in this model. The model predi
ts a 
onstant ratioof the di�ra
tive to the in
lusive 
ross se
tions. It is important to note that the 
al
ulationof the qqg 
ross se
tion using Eq. 1.73 is made under the assumption of strong kT orderingof the �nal state partons (leading log(Q2) approximation), 
orresponding to k(g)T � k(q;q)T .Model by Bartels et al. (BJLW)Cross se
tions for di�ra
tive qq and qqg produ
tion by 2-gluon ex
hange have been 
al-
ulated by Bartels, Ewerz, Lotter and W�ustho� (qq) [81℄ and by Bartels, Jung, Kyrieleisand W�ustho� (qqg) [82℄. In this model, the 
ross se
tion for a parti
ular di�ra
tive DIS�nal state 
onsisting of (only) high pT jets is 
al
ulated employing perturbative QCDte
hniques. It 
an then be explored how far this approa
h 
an be extrapolated into thesoft region.The 
al
ulation of the qqg �nal state is performed in a more general way than theleading log(Q2) approa
h whi
h has been employed in the saturation model. To be spe
i�
,also 
ontributions where the transverse momentum of the gluon is 
omparable or largerthan those of the quark or antiquark are in
luded in the 
al
ulation of the 
ross se
tion.The 
al
ulation is performed in the leading log(1=�), log(1=xIP ) approximation, retainingall powers of (k2T=Q2), and applies to the regionQ2 �M2X �W 2 ; (1.80)
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orresponding to �; xIP � 1. The requirement to be ful�lled in order to apply perturbationtheory is that all partons have suÆ
iently high kT :k2T;q; k2T;�q; k2T;g � Q20 ; (1.81)where Q20 is a typi
al hadroni
 s
ale. The result of the 
al
ulation isd�dM2X d2k1 d2k2 dt ����t=0 = K �MilM�il ; (1.82)where K represents kinemati
 fa
tors, k1 and k2 are the transverse momenta of the quarkand the gluon respe
tively and the matrix element M is given byMil = Zl2t;min d2lt�l2t �s F(xIP ; l2t ) Til : (1.83)lt is the t 
hannel gluon transverse momentum. Til represents the q�qg 
omponent of thephoton wave fun
tion:Til = � lt + k1 + k2D(lt + k1 + k2) + k1 + k2D(k1 + k2) � k1 � ltD(k1 � lt) � k1D(k1)�i (1.84)� lt + k2(lt + k2)2 � k2k22�l + (lt ! �lt) ;with D(k) = �(1� �)Q2 + k2 : (1.85)The derivative of the next-to-leading order (NLO) GRV [83℄ gluon parameterisation isused for F(x; l2t ). The infrared 
ut-o� l2t;min for the t 
hannel gluon transverse momentumis tuned to reprodu
e the GRV parameterisation. The 
al
ulations require all outgoingpartons to have high pT (Eq. 1.81) and are thus not suited to des
ribe FD(3)2 . The minimumvalue k2;min � p
utT;g (1.86)for the �nal state gluon transverse momentum is a free parameter. As for the saturationmodel, the 
al
ulation yields predi
tions at t = 0. The extension to �nite t is performedusing the Donna
hie-Landsho� elasti
 proton form fa
tor [84℄. The sum of the qq and qqg
ontributions in this model is hereafter referred to as `BJLW'.
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Chapter 2Previous H1 Results on Di�ra
tive FinalStates
In this 
hapter, previous results on di�ra
tive �nal states in DIS whi
h were obtainedwithin the H1 
ollaboration are presented. Here, the fo
us is on high-pT jet or heavyquark produ
tion, where a hard s
ale in addition to Q2 is provided. Other H1 results ondi�ra
tive �nal states 
an be found in [85℄.
2.1 Di�ra
tive Dijet Produ
tionThe �rst measurement of di�ra
tive dijet produ
tion in DIS [11℄ was based on data takenin 1994, 
orresponding to an integrated luminosity of 2:0 pb�1. The basi
 sele
tion 
utswere 7:5 < Q2 < 80 GeV2, 0:1 < y < 0:7, xIP < 0:05 and pT;jet > 5 GeV. 55 events weresele
ted and thus the measurement was 
learly statisti
ally limited. Di�erential 
rossse
tions (Fig. 2.1) were measured as fun
tions of the transverse momentum of the jetspT;jet and of zjetsIP , a hadron level estimator for the momentum fra
tion of the 
olourlessex
hange whi
h enters the hard pro
ess (Eq. 1.55).The data were 
ompared with the resolved pomeron model a

ording to the H1 pa-rameterisation (see se
tion 1.2.5). Even with the limited statisti
s available at that time,the 
on
lusion 
ould be drawn that in su
h a model pomeron parton distributions whi
h
ontain only quarks at the starting s
ale of the QCD evolution (`�t 1') fail to a

ommo-date the observed dijet rate, 
onsistent with what was observed in the QCD analysis ofFD(3)2 . The zjetsIP distribution was also 
ompared with the BJLW 2-gluon ex
hange model(se
tion 1.2.7). At that time, only the 
al
ulation of the qq 
ross se
tion [81℄ was available,shown in Fig. 2.1b as the hat
hed area. The 
on
lusion was that this 
ontribution aloneis not able to des
ribe the dijet rate. 41
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(a) (b)Figure 2.1: First results on di�ra
tive dijet produ
tion in DIS from H1 [11℄. Shownare di�erential 
ross se
tions as fun
tions of (a) the transverse momentum of the jetspjetT and (b) zjetsIP , an estimator for the fra
tion of the 
olourless ex
hange momentumentering the hard intera
tion. The model predi
tions whi
h are shown are explained inthe text.2.2 Di�ra
tive D� Meson Produ
tionH1 has measured the di�ra
tive produ
tion of D� mesons [86{88℄ via the de
ayD�+ ! D0 �+slow ! (K� �+) �+slow (and 
harge 
onjugate) : (2.1)The kinemati
 range of the measurement is 2 < Q2 < 100 GeV2, 0:05 < y < 0:7,xIP < 0:04, pT (D�) > 2:0 GeV and j�(D�)j < 1:5. The data, whi
h were taken in 1995-97,
orrespond to an integrated luminosity of 21 pb�1. As for the jets, the analysis wasstatisti
ally limited sin
e a total number of 38� 10 events were sele
ted.Fig. 2.2 shows the extra
ted di�erential 
ross se
tions as fun
tions of p�T (thetransverse momentum of the D� in the 
�p-CMS), xIP , � and zobsIP , an estimator for thefra
tion of the 
olourless ex
hange momentum entering the hard intera
tion (Eq. 1.55).Here, the 
on
lusions are di�erent from those obtained in the �rst analysis of dijetprodu
tion (see last se
tion): The resolved pomeron model based on the H1 �ts to FD(3)2overestimates the 
ross se
tions by a fa
tor of three, although the shapes are reprodu
ed.The BJLW model, taking only the qq 
ontribution into a

ount [81℄, is in agreement withthe data at high values of �, zobsIP and low values of p�T and xIP .The 
on
i
ting 
on
lusions whi
h 
an be drawn from the dijet and the D� meson
ross se
tions 
all for an improvement in the statisti
al pre
ision of the data in both
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SCI • 1/2Figure 2.2: Results on the produ
tion of D� mesons in di�ra
tive DIS from H1 [86℄.Shown are di�erential 
ross se
tions as fun
tions of p�T (the transverse momentum ofthe D� in the 
�p-CMS), xIP , � and zobsIP , an estimator for the fra
tion of the 
olourlessex
hange momentum entering the hard intera
tion. The model predi
tions whi
h areshown are explained in the text.measurements, whi
h may then either 
on�rm this dis
repan
y or reveal that it originatesfrom a statisti
al 
u
tuation.
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Chapter 3Monte Carlo SimulationThe use of so-
alled Monte Carlo programs is essential for several aspe
ts of data analysisand interpretation in a high energy physi
s experiment:� They are used to 
orre
t the measured data for the limited eÆ
ien
ies, a

eptan
esand resolutions whi
h are unavoidable in a real world dete
tor. In the terminologyof high energy physi
s, the measured distributions of dete
tor level observables are
orre
ted by use of Monte Carlo programs to the hadron level, that is the �nal stateof the event after hadronisation and subsequent fast de
ays.� They are also used to 
ompare the obtained 
ross se
tions to the predi
tions ofphenomenologi
al models or QCD 
al
ulations.The te
hniques employed in Monte Carlo generators are reviewed and a model independentde�nition of di�ra
tion at the hadron level is introdu
ed. The simulation of events forthe purpose of this analysis is explained.3.1 Te
hniquesIn this se
tion, the main 
on
epts of the te
hni
al implementation of the physi
s pro
essesinto Monte Carlo generators are introdu
ed. The general stru
ture of these programs isvisualised in Fig. 3.1.Matrix ElementsIn �xed order (�s)n perturbation theory, all diagrams to order n, in
luding the virtual
orre
tions from loop diagrams, are 
al
ulated and summed to obtain a predi
tion of thepartoni
 
ross se
tion. Up to now, the matrix elements up to the order (�s)2 are available(NLO QCD). In the analysis presented here, only (�s)1 matrix element 
al
ulations (LOQCD) are used. This is due to the fa
t that so far no NLO QCD Monte Carlo programsare available whi
h are able to generate 
olour singlet DIS events. The leading orderQCD matrix elements are those for the Boson-Gluon-Fusion (BGF) and QCD-Compton(QCDC) diagrams as explained in se
tion 1.1.5, in
luding the 
orresponding virtual 
or-re
tions. A lower 
ut-o� in the transverse momentum pT of the outgoing partons has to45
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Figure 3.1: General stru
ture of a Monte Carlo generator for lepton-proton s
attering.`isps' stands for initial state parton showers (�gure from [30℄).
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Figure 3.2: Parton 
as
ades in deep-inelasti
 s
attering: (a) Leading logQ2 initial and�nal state parton showers (MEPS). (b) The 
olour dipole approa
h (CDM).be introdu
ed for light quark produ
tion (uds) be
ause of a 
ollinear divergen
e of thematrix element at pT = 0. It is important to 
onsider observables that do not depend onthe value of the 
ut-o�, for instan
e by studying �nal states with pT � p
utT . In the 
aseof heavy quark produ
tion (e.g. 
) a 
ut-o� is not needed be
ause of the s
ale set by thelarge quark mass.Parton Cas
adesAs already said, 
omplete �xed order (�s)n 
al
ulations are not available so far for n > 2.However, with the parton shower ansatz [89℄, higher order e�e
ts 
an be approximatedin arbitrarily high order �s, but only in the leading logQ2 approximation (see Fig. 3.2a).The stru
k quark in deep-inelasti
 s
attering 
an emit partons before and/or after thehard s
attering vertex, whi
h initiate the initial state and �nal state parton showers,respe
tively. As a 
onsequen
e of the leading logQ2 approximation, the parton 
as
ade
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Mesons

q
q

di
st

an
ce

timeFigure 3.3: Hadronisation in the Lund string model. A 
olour string spanned betweenpairs of quarks su

essively splits up by 
reating new q�q pairs.is strongly ordered in kT . The parton bran
hings are based upon the DGLAP splittingfun
tions.An alternative modelling to parton showers is provided by the 
olour dipole approa
h(CDM)1 [90℄. Here, the parton 
as
ade is not divided into an initial and a �nal state(see Fig. 3.2b). All parton radiation is des
ribed starting from a 
olour dipole formedbetween the stru
k quark and the proton remnant. Subsequent gluon radiation emergesfrom dipoles spanned between the newly 
reated and the original 
olour 
harges. Thepro
ess is iterated until the available energy has been used up. The Boson-Gluon-Fusion(BGF) pro
ess is not in
luded in this s
heme and is thus inserted manually. The partonemissions are not ordered in kT . Be
ause of this feature, the 
olour dipole approa
h
reates �nal states whi
h are expe
ted to be similar to BFKL topologies.HadronisationThe most 
ommonly used model to des
ribe the transition from partons to the observablehadrons is the Lund string model as introdu
ed in [70℄. It starts by stret
hing a string-like(i.e. 
onstant energy per unit length) 
olour �eld between the two separating partons ofa q�q pair (see Fig, 3.3). In DIS, a string is also stret
hed to the proton remnant. Whenthe energy stored in the string is large enough, the string breaks up by 
reating a new q�qpair, forming new string pie
es. The pro
ess is iterated until the available energy is usedup. The resulting string fragments are 
ombined into mesons and baryons. Gluons arerealized as kinks in the string.An alternative hadronisation model, provided by the so-
alled 
luster fragmentationmodel [91℄, exists but is not used in this thesis.
1`Colour dipole approa
h' as an approximation of higher order QCD e�e
ts is not to be 
onfused withthe `Colour dipole models' introdu
ed in se
tion 1.2.7.
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Figure 3.4: Model independent de�nition of di�ra
tion in DIS. The two systems Xand Y are separated by the largest rapidity gap between the �nal state hadrons.3.2 Model Independent De�nition of Di�ra
tionIn measurements of events 
ontaining a large rapidity gap, the de�nition of a di�ra
tivehadron level 
ross se
tion should be used whi
h does not depend on the spe
i�
 modelfor generating di�ra
tive events whi
h is implemented in the Monte Carlo simulation.The de�nition whi
h is usually employed in di�ra
tive analyses within the H1 exper-iment 
omplies with this requirement. It is based on the de
omposition of the hadroni
�nal state into two distin
t topologi
al systems, labelled X and Y (Fig. 3.4). The twosystems are separated by the largest gap in rapidity between the �nal state hadrons in thephoton-proton 
entre-of-mass frame. The system 
losest to the dire
tion of the proton islabelled Y . From these systems X and Y the hadron level quantities xIP , MY and t are
omputed from the 4-momenta pX and pY byxIP = q � (P � pY )q � P ; MY = p2Y ; t = (P � pY )2 (3.1)for every simulated event, where q and P denote the photon and proton 4-ve
tors. Bymaking 
uts on these quantities whi
h require small xIP , MY = mP or small and t de-pending on the analysis, a hadron level 
ross se
tion for di�ra
tive events 
an be de�nedmodel-independently be
ause the pro
edure is well de�ned, irrespe
tive of the underlyingphysi
s model in the Monte Carlo generator.3.3 Dete
tor Level Event SimulationIn this se
tion, it is explained how the sample of Monte Carlo events is obtained whi
hhas been fed through the full H1 dete
tor simulation and re
onstru
tion. This samplewill be used for 
orre
ting the data to the hadron level. It is noted that for this purpose,although the physi
s model whi
h is used for the simulation is explained in detail, it isin prin
iple irrelevant whi
h spe
i�
 model has been used, as long as a good des
riptionof all aspe
ts of the data is a
hieved.



3.3 Dete
tor Level Event Simulation 49Two samples of simulated Monte Carlo events are used for the 
orre
tion of the datato the hadron level (and for dete
tor level 
omparisons). In one sample, 
olour singletex
hange events are simulated. In the other, standard deep-inelasti
 s
attering is simu-lated. The two samples are mixed together su
h that the 
olour singlet ex
hange sampleis used to model the regionxIP < 0:2 ; MY = mP ; all jtj : (3.2)The standard DIS sample is used forxIP > 0:2 or MY > 5 GeV : (3.3)Details of the simulation of the two event samples are given below. The region of phasespa
e whi
h 
orresponds to mP < MY < 5 GeV ; (3.4)whi
h is not 
overed by two samples mentioned above, is treated separately for te
hni
alreasons (see se
tion 6.4.5).Colour Singlet Ex
hange Events (`RG-DIF' Sample)The Monte Carlo generator used to generate 
olour singlet ex
hange events is RAPGAP,version 2.08/06 [92℄. Events are generated a

ording to a resolved (partoni
) pomeronmodel, as des
ribed in se
tion 1.2.5. Contributions from pomeron and reggeon ex
hangesare in
luded negle
ting any possible interferen
e e�e
ts. The parameterisations of thepomeron and reggeon 
ux fa
tors and parton distributions are taken from the H1 analysisof FD(3)2 [3℄. The pomeron and reggeon traje
tories and slope parameters are �IP (t) =1:20 + 0:26t, bIP = 4:6 GeV�2, �IR(t) = 0:50 + 0:90t and bIR = 2:0 GeV�2. The pomeronparton distributions are the `
at gluon' (or `�t 2') parameterisations extra
ted from theleading order QCD �ts to FD2 . Those of the meson are taken from �ts to pion data [93℄.The renormalisation and fa
torisation s
ales are set to �2 = Q2 + p2T , where pT isthe transverse momentum of the partons emerging from the hard s
attering. The partondistributions are 
onvoluted with hard s
attering matrix elements to leading order inQCD. Intrinsi
 transverse momentum of the partons in the pomeron [94℄ is not in
luded.Charm quarks are produ
ed in the massive s
heme via Boson-Gluon-Fusion. For theprodu
tion of light quarks, a lower 
ut-o� p2T > 9:0 GeV2 is introdu
ed in the O(�s) QCDmatrix elements to avoid divergen
es. Higher order QCD diagrams are approximated withparton showers in the leading log(Q2) approximation (MEPS) [89℄ or the 
olour dipoleapproa
h [90℄ as implemented in ARIADNE [95℄. Hadronisation is simulated using theLund string model in JETSET [96℄. QED radiative e�e
ts are taken into a

ount via aninterfa
e to the HERACLES program [97℄.A 
ontribution of events where the virtual photon 
� is assigned an internal partoni
stru
ture is also simulated (se
tion 1.1.6). The resolved virtual photon is parameteriseda

ording to the SaS-2D [31℄ set of photon parton densities, whi
h has been found togive a reasonable des
ription of in
lusive dijet produ
tion at low Q2 in a previous H1



50 3 Monte Carlo Simulationanalysis [36℄.For the simulation of pomeron ex
hange, a total of 2.4M events were generated, whi
h
orrespond to an integrated luminosity of 120 pb�1. Before the events were fed throughthe CPU-time 
onsuming full dete
tor simulation and re
onstru
tion, a presele
tion wasapplied in order to redu
e the number of events without a loss of information. This wasa
hieved by sele
ting only those events where at least one jet is found at the hadron levelwith pT;jet > 3 GeV. Events not passing this sele
tion do not belong to the hadron level
ross se
tion de�nition, nor are they generally sele
ted on dete
tor level. The presele
tionredu
es the event sample to 360K events. Be
ause the dete
tor simulation had to beperformed a

ording to the year in whi
h the data were taken, the events were split intotwo samples whi
h were then simulated for 1996 and 1997 running 
onditions separately.For the simulation of reggeon ex
hange, 4M events were generated (
orresponding to77 pb�1), out of whi
h 460K survived the presele
tion. Finally, 200K resolved virtualphoton events (93 pb�1) were generated, out of whi
h 80K were kept. The sum of allthree 
ontributions is hereafter referred to as `RG-DIF'.In
lusive DIS Events (`RG-DIS' Sample)In
lusive DIS events are simulated by RAPGAP as well. The proton stru
ture fun
tionis parameterised a

ording to [83℄. The parton distributions are 
onvoluted with leadingorder QCD matrix elements. �2 = Q2 + p2T was 
hosen as the renormalisation andfa
torisation s
ale. Higher order QCD diagrams are approximated by parton showers(MEPS) and hadronisation is performed a

ording to the Lund string model. QEDradiative e�e
ts are taken into a

ount via HERACLES [97℄.A sample of 1.2M events was used for this analysis, 
orresponding to an integratedluminosity of 24:2 pb�1. This sample is hereafter referred to as `RG-DIS'.3.4 Simulation of Model Predi
tionsMonte Carlo generators are also used to 
ompare the measured hadron level 
rossse
tions with the predi
tions of the phenomenologi
al models and QCD 
al
ulationsdes
ribed in se
tions 1.2.4 to 1.2.7. For this purpose, the time 
onsuming dete
torsimulation is not required. Therefore, high statisti
s event samples 
an be generated.For ea
h of the di�erent model predi
tions or parameterisations whi
h are 
omparedwith the data, several million events have been generated, 
orresponding to integratedluminosities whi
h are typi
ally one order of magnitude larger than the data. A very
onvenient te
hni
al framework to obtain the predi
ted 
ross se
tions is provided by theHZTOOL [98℄ pa
kage, whi
h has been used for this purpose.All of the predi
tions are made to leading order of QCD. Unless otherwise stated,higher order QCD e�e
ts are approximated by initial and �nal state parton showers.



3.4 Simulation of Model Predi
tions 51RAPGAP is used to obtain the predi
tions of the resolved pomeron model with di�er-ent pomeron inter
ept values and parton distributions. It also 
ontains implementationsof the saturation, semi
lassi
al and BJLW models. Both versions of the Soft ColourIntera
tions (SCI) model are implemented in the LEPTO 6:5:2� generator [99℄.
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Chapter 4Experimental SetupIn this 
hapter, the ep 
ollider HERA1 at the DESY2 laboratory in Hamburg is introdu
ed.The H1 dete
tor at HERA, whi
h was used to measure the data whi
h are analysed inthis thesis, is des
ribed.4.1 The HERA ColliderThe HERA 
ollider [100℄ is lo
ated at the DESY laboratory in Hamburg, Germany, andoperates sin
e 1992. It is the �rst and, so far, the only a

elerator in whi
h di�erentparti
le spe
ies, ele
trons (or positrons) and protons, are a

elerated in two storage ringsand brought into 
ollision. The HERA tunnel has a 
ir
umferen
e of 6:3 km. The �nalenergy of the ele
tron ring is Ee = 27:5 GeV. The proton beam energy was in
reasedfrom Ep = 820 GeV to Ep = 920 GeV in 1998. The available 
entre-of-mass energy ECMfor ep 
ollisions is thusECM = ps 'p4EeEp ' 320 GeV (for Ep = 920 GeV) : (4.1)The ele
tron ring is equipped with dipole magnets with a �eld strength of 0:17 T. Theproton ring 
onsists of super-
ondu
ting dipole magnets whi
h are 
ooled with liquidHelium and operated at 4:7 T. The proton energy is limited by this �eld strength,whereas the ele
tron energy is limited by the available RF power be
ause of the lossesdue to Syn
hrotron radiation.Fig. 4.1 shows a view of the HERA a

elerator 
omplex, 
onsisting of the main HERAring and the pre-a

elerators. Proton inje
tion starts by a

elerating negatively 
hargedhydrogen-ions in the linear a

elerator H-LINAC. After stripping o� the ele
trons fromthe ions, the protons are a

elerated in the DESY-III and PETRA rings to an energy of40 GeV. They are then transferred to HERA and brought to their �nal energy. Ele
tronsor positrons are initially a

elerated in the e-LINAC, brought to 12 GeV energy in theDESY-II and PETRA rings and are then transferred to HERA for a

eleration to their�nal energy.1Hadron-Elektron Ring Anlage.2Deuts
hes Elektronen-Syn
hrotron. 53
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PETRA(a) (b)Figure 4.1: S
hemati
 overview of the HERA a

elerator 
omplex at DESY. Figure(b) is an enlargement of the area indi
ated by the dashed re
tangle in (a).In HERA, ele
trons and protons are stru
tured in 210 � 220 bun
hes of 1010 to 1011parti
les ea
h. From these bun
hes approximately 175 are 
olliding bun
hes. The restare so-
alled pilot bun
hes whi
h do not 
ollide with bun
hes from the other beam. Thebun
h 
rossing frequen
y �BC and time interval tBC are given by the bun
h stru
ture:�BC ' 10:4 MHz ; tBC = 96 ns : (4.2)By the year 2000, the peak ele
tron and proton 
urrents routinely rea
hed values up toIe = 50 mA and Ip = 110 mA, resulting in a peak luminosity of up toL = 1:5 � 1031 
m�2s�1 ; (4.3)in agreement with the design value.The two 
ounter-rotating beams are brought into 
ollision at two intera
tion regions(north and south). There, the H1 and ZEUS experiments were built around the intera
tionregions to study ep 
ollisions. In the east and west areas, the two �xed target experimentsHERMES and HERA-B are lo
ated. The HERMES experiment, operating sin
e 1995,measures 
ollisions of the polarised ele
tron beam with a polarised gas target (H2, D, He)in order to measure the spin stru
ture of nu
leons. The HERA-B dete
tor, 
ompletelyinstalled sin
e 2000, uses the proton beam in �xed target mode by inserting tungsten wiretargets into the beam halo. The experiment aims at measurements of CP -violation in thesystem of the neutral b-mesons B0/B0.In September 2000, HERA operation was stopped to undertake a major upgrade ofboth HERA and the 
olliding beam experiments H1 and ZEUS. The goal is to in
rease thedelivered spe
i�
 luminosity by a fa
tor of 4 to 5 by inserting super-
ondu
ting quadrupolemagnets 
lose to the H1 and ZEUS intera
tion regions. The dete
tors also undergo majorupgrade programmes. Luminosity operation will be resumed in the summer of 2001.



4.2 The H1 Experiment 554.2 The H1 ExperimentThe H1 experiment is a multi-purpose apparatus to study ep 
ollisions. It is des
ribed indetail in [101℄. It has an almost 4� 
alorimetri
 and tra
king 
overage in order to measurethe 
omplete �nal state of ep intera
tions. Be
ause of the non-equal beam energies, thedete
tor is asymmetri
 with respe
t to the beam axis. The granularity of the 
alorimetersfor example is mu
h �ner in the region of the outgoing proton.Fig. 4.2 shows an isometri
 view of the dete
tor. The dimensions of the dete
tor, whi
hhas a total weight of about 2800 tons, are approximately 12x10x15 m. Ele
trons enterfrom the left, protons from the right side into the intera
tion region. The H1 
oordinatesystem is de�ned su
h that the positive z-axis points along the proton beam dire
tion.The nominal intera
tion point is at z = 0. The x-axis points towards the 
entre ofthe HERA ring, the y-axis points upwards. A spheri
al 
oordinate system is often usedwhere the polar and azimuthal angles � and � are de�ned in the (y; z) and (x; y) planesrespe
tively su
h that � = 0o 
orresponds to the positive z dire
tion and � = 0o pointsalong the x-dire
tion. For ultra-relativisti
 parti
les, the pseudo-rapidity � is often usedinstead of �: � = � ln tan �2 : (4.4)It 
orresponds for massless parti
les to the rapidity y:y = 12 ln E + pZE � pZ : (4.5)A 
onvenient feature of � and y is that they transform linearly under Lorentz boosts alongthe z axis. The 
onsequen
e is that (pseudo-) rapidity di�eren
es �y (��) are invariantunder su
h boosts. The region of the outgoing proton (z > 0, � > 0, � < 90o) is oftenreferred to as the forward region, whereas the dire
tion of outgoing lepton (z < 0, � < 0,� > 90o) is 
alled the ba
kward region.The H1 dete
tor is a 
omplex arrangement of many di�erent 
omponents. The gen-eral design follows the established s
heme for 
ollider dete
tors in high-energy physi
s:The intera
tion point is surrounded by a tra
king system in whi
h the traje
tories of
harged parti
les, bent due to a magneti
 �eld, are measured. The tra
king system issurrounded by ele
tromagneti
 and hadroni
 
alorimeters. The outermost part of the de-te
tor is formed by the muon system. In the following, the fo
us will be on those dete
tor
omponents whi
h are relevant for the analysis presented in this thesis.4.2.1 Tra
kingThe tra
king system of H1 
overs the angular range 5o < � < 178o with full azimuthal
overage (Fig. 4.3). It is subdivided into several parts: The 
entral tra
king system 
oversthe region 15o < � < 165o and 
onsists of 
on
entri
al drift and proportional 
hambers.The forward tra
ker, whi
h is similarly 
omposed, 
overs 5o < � < 25o. The ba
kwardregion 155o < � < 178o is 
overed by the ba
kward drift 
hamber (BDC). Very 
lose tothe intera
tion point, the 
entral and ba
kward sili
on tra
king dete
tors CST [102℄ andBST [103℄ are installed. They are however not used for this analysis.
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1 Beam pipe and magnets 9 Muon 
hambers2 Central tra
king dete
tors 10 Instrumented Iron yoke3 Forward tra
king dete
tors 11 Forward muon toroid4 Ele
tromagneti
 LAr 
alorimeter 12 SPACAL and BDC5 Hadroni
 LAr 
alorimeter 13 PLUG 
alorimeter6 Super-
ondu
ting 
oil 14 Con
rete shielding7 Compensating magnet 15 LAr 
ryostat8 Liquid Helium supplyFigure 4.2: An isometri
 view of the H1 Dete
tor at HERA.Central Tra
king SystemFig. 4.4 shows a radial view of the 
entral tra
king system. It 
omprises two large 
on
en-tri
 drift 
hambers (CJC1 and CJC2) with a length of 2:2 m. The drift 
ells are in
linedby about 30o with respe
t to the radial dire
tion. CJC1 (CJC2) 
onsists of 30 (60) 
ellswith 24 (32) sense wires, strung parallel to the z axis. The spa
e-point resolution in (r; �)is 170 �m, in z it is 2:2 
m (from measuring the 
harge at both ends of the wire). A
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Figure 4.3: A side view of the H1 tra
king system in
luding the 
entral, forward andba
kward tra
king devi
es.homogeneous solenoidal magneti
 �eld of 1:15 T is provided by a super-
ondu
ting 
oilof 6 m diameter whi
h is lo
ated beyond the main 
alorimeter to minimise dead materiallosses.The resolution in z is mu
h improved by two additional inner (CIZ) and outer (COZ)z-
hambers with wires perpendi
ular to the beam axis, lo
ated inside and outside of CJC1.CIZ and COZ are divided into 15 and 24 drift 
ells respe
tively with 4 sense wires per
ell. They a
hieve a z resolution of 260 �m. The 
ombination of the z-
hambers withCJC1 and CJC2 leads to a tra
king resolution of �(p)=p < 0:01 � p=GeV.The 
entral tra
king system is 
ompleted by two multi-wire proportional 
hambers(MWPC's). The 
entral inner proportional 
hamber (CIP), lo
ated inside of the CIZ, andthe 
entral outer proportional 
hamber (COP), sitting between COZ and CJC2, deliverfast timing signals with a resolution of 21 ns, better than the bun
h 
rossing time. Theyalso provide moderately a

urate spa
e points for tra
king information whi
h is used forthe �rst level trigger. The segmentation of CIP and COP in (�; z) is (8; 60) and (16; 18)respe
tively.Forward Tra
kingThe forward tra
king system 
onsists of three identi
al super-modules aligned along thez-axis. Ea
h super-module 
ontains a planar and a radial drift 
hamber, a proportional
hamber and a transition radiator (see Fig. 4.3). In this analysis, only the forward multi-wire proportional 
hambers (FPC) with a timing resolution of 20 ns are used to provide,together with CIP and COP, a fast trigger on tra
ks pointing towards the nominal inter-a
tion point.
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Figure 4.4: A radial view of the 
entral tra
king system, 
omprising the 
entral drift
hambers CJC1 and CJC2, the z 
hambers CIZ and COZ and the proportional 
hambersCIP and COP.Ba
kward Tra
kingTra
king information in the ba
kward region is provided by the ba
kward drift 
hamber(BDC) [104℄, whi
h was installed in H1 as part of a major dete
tor upgrade in 1995. Itsmain purpose is to measure the dire
tion of the s
attered lepton in the angular range155o < � < 178o. The design of the BDC (Fig. 4.5) is optimised with respe
t to amaximum resolution in the polar angle �, whi
h is important for the determination of theevent kinemati
s (Q2; x) from the s
attered lepton in DIS events.The sense wires are strung perpendi
ular to the beam axis, forming o
tagons in �, sothat the drift dire
tion in the 
ells is radial, whi
h optimises polar angle resolution. TheBDC 
onsists of four double layers of 32 drift 
ells ea
h. Ea
h double layer is rotatedwith respe
t to the previous one by 11:25o, avoiding insensitive regions at the o
tantboundaries and giving the possibility to resolve ambiguities in the � measurement. Thedrift 
ells in a double layer are shifted half a 
ell width in r, whi
h resolves the left-rightambiguity. At small radii, the drift 
ells are smaller 
ompared to large radii be
ause ofthe larger rate of ba
kground parti
les whi
h are produ
ed at smaller distan
es from thebeam pipe. Ea
h of the 8 � 8 = 64 o
tants 
onsists of 16 small and 16 large drift 
ells witha drift radius of 0:5 and 1:5 
m respe
tively. In total, the BDC thus 
ontains 2048 signal
hannels.The pre
ision to whi
h the polar angle of the s
attered ele
tron is measured in theBDC with additional information on the event vertex position has been shown to ex
eed
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hemati
 overview of the design of the ba
kward drift 
hamber (BDC).0:7 mrad [105℄. The BDC is also su

essfully used as a preshower dete
tor. The s
atteredele
tron loses energy be
ause of the material it has to pass before rea
hing the ba
kward
alorimeter. Using the deposited 
harge in the BDC the resolution of the re
onstru
tedele
tron energy 
an be improved [106℄.4.2.2 CalorimetryThe H1 dete
tor 
omprises four 
alorimeters: The liquid Argon 
alorimeter (LAr), theba
kward `spaghetti' 
alorimeter SPACAL, the so-
alled `tail 
at
her' (TC) (the ironmagnet return yoke instrumented with streamer 
hambers) and the PLUG 
alorimeteraround the forward beam pipe.The PLUG and TC 
alorimeters are not used for this analysis. The 
alibration of thePLUG is not well understood and for the events under study, the hadroni
 �nal stateenergies are not large enough to allow for signi�
ant leakage from the LAr into the tail
at
her.The LAr CalorimeterThe LAr sampling 
alorimeter provides energy measurement in the polar angular range4o < � < 154o and in full azimuthal 
overage. The main advantages of the liquid Argonte
hnique are good stability, homogeneity of the response, ease of 
alibration and �negranularity whi
h 
an be a
hieved. The LAr is lo
ated in a 
ryostat inside the solenoid
oil to minimise the amount of dead material in front of the 
alorimeter. It is segmentedalong the z axis into eight wheels (see Fig. 4.6). Ea
h wheel itself is segmented in � intoeight o
tants and is divided into an inner ele
tromagneti
 (e.m.) and an outer hadroni
(had.) se
tion (with ex
eption of the `BBE' wheel, whi
h has only an e.m. se
tion). Thetotal number of readout 
hannels is about 45; 000.The e.m. part 
onsists of 2.4mm thi
k lead absorber plates with 2.35mm liquid Argonas a
tive material, leading to a thi
kness of 20 to 30 radiation lengths. The had. se
tion
onsists of 19mm stainless steel absorber plates with a double gap of 2.4mm LAr. The en-ergy resolution for ele
trons has been determined as �e:m:(E)=E ' 11%=pE=GeV�0:01,
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Figure 4.6: A side view of the LAr 
alorimeter. Only the upper half of the 
alorimeteris drawn. The lo
ation of the nominal intera
tion point is labeled `WWP'.for hadrons is is �had:(E)=E ' 50%=pE=GeV � 0:02, as obtained from test beam mea-surements. The total depth of the 
alorimeter 
orresponds to 5 to 8 hadroni
 intera
tionlengths.The LAr 
alorimeter is non-
ompensating, i.e. the response to hadrons is about 30%smaller than that to ele
trons of the same energy. This is 
orre
ted o�-line by a weightingte
hnique. The absolute hadroni
 energy s
ale (for typi
al hadroni
 energies whi
h arestudied in this thesis) is known to 4% from studies of the transverse momentum balan
ebetween the s
attered lepton and the hadroni
 �nal state in DIS events.The SPACAL CalorimeterCalorimetri
 information in the ba
kward region is provided by a s
intillating �bre`spaghetti' 
alorimeter with lead absorbers (SPACAL) [107℄. It 
overs the polar angularregion 155o < � < 178o and is mainly used together with the BDC for measuring thes
attered lepton in low Q2 DIS events (1 < Q2 < 150 GeV2).In
ident parti
les develop into a shower in the lead, whi
h 
auses the �bres to s
in-tillate. The light is then 
olle
ted by photo-multipliers. The SPACAL is split into aninner ele
tromagneti
 and an outer hadroni
 part (see Fig. 4.7), in total 
orrespondingto 2 hadroni
 intera
tion lengths. The e.m. part is 28 radiation lengths deep, so that fora 27:5 GeV ele
tron the energy leakage is negligible. The small 
ell size of (40:5 mm)2is well mat
hed to the Moli�ere radius of 25:5 mm, ensuring good ele
tron-pion separa-tion and position resolution. The 
ell size in the hadroni
 se
tion is (119 mm)2. Intotal 1328 
hannels are read out with a time resolution of 1 ns. This ex
ellent timinginformation is used to provide time-of-
ight information for energy depositions in theSPACAL. In the ele
tromagneti
 se
tion, energies 
an be measured with a resolution of�(E)=E = ((7:1 � 0:2)%=pE=GeV) � (1:0 � 0:1)%, as obtained in test beam measure-ments. The absolute energy s
ale was determined as 0:3% for ele
trons with 27:5 GeV,2:0% at low energies and following a linear extrapolation inbetween [108℄. In the hadroni
se
tion, energies are measured with a resolution of �(E)=E ' 30%=pE=GeV and theenergy s
ale is known to 7%.
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Figure 4.7: Side view of the ba
kward region of the H1 dete
tor. The positions of theele
tromagneti
 and hadroni
 se
tions of the SPACAL 
alorimeter and of the BDC areshown.4.2.3 Forward Dete
torsThe forward part of the LAr 
alorimeter ends at a pseudorapidity value of � = 3:4. Inorder to sele
t events with a rapidity gap, two additional sub-dete
tors are used whi
henlarge the 
overage for hadroni
 a
tivity to values of the pseudorapidity of up to � ' 7:5.These are the forward muon dete
tor (FMD) and the proton remnant tagger (PRT).The Forward Muon Dete
torThe forward muon dete
tor (FMD) is situated beyond the return yoke for the magneti
�eld. Its design purpose is to trigger on and to measure muons in the forward regionof H1. The dete
tor is shown in Fig. 4.8a. The angular 
overage is 3o < � < 17o,3:7 > � > 1:9. The FMD 
onsists of six double layers of drift 
hambers, four with wiresstrung tangentially around the beam pipe to measure � and two with wires strung radiallyto measure �. The double layer stru
ture resolves the left-right ambiguity.Three double layers are situated on either side of a toroidal magnet, designed to bendthe muons to allow momentum measurement in the range 5 < p < 100 GeV. A 
hargedparti
le produ
es a pair of hits in a double layer. The hit pairs in the six double layersare linked to produ
e full tra
ks.Be
ause of se
ondary s
attering with the beam pipe, the FMD has an indire
t sen-sitivity to parti
le produ
tion at pseudorapidity values larger than its dire
t 
overage of� < 3:7. This is employed for the sele
tion of di�ra
tive events.The Proton Remnant TaggerThe proton remnant tagger (PRT) is lo
ated at z = +24 m in the forward dire
tioninside the HERA tunnel. It 
onsists of seven s
intillators arranged around and betweenthe proton and ele
tron beam pipes as visualised in Fig. 4.8b. Ea
h s
intillator 
omprises
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(b)Figure 4.8: Illustrations of (a) the forward muon dete
tor (FMD) and (b) the protonremnant tagger (PRT).two sheets of plasti
 s
intillator with separate photo-multipliers and pulse-height dis
rim-inators. Signals are only 
onsidered if they are within the time window expe
ted from anep intera
tion. The PRT is sensitive to parti
les produ
ed in the pseudorapidity range6 < � < 7:5.4.2.4 Luminosity Measurement and Time-of-Flight SystemAn essential ingredient for a 
ross se
tion measurement is the pre
ise determination ofthe integrated luminosity to whi
h the a

umulated data 
orrespond. This is 
ommonlydone by measuring the rate of events of a rea
tion with a well known 
ross se
tion. InH1, the Bethe-Heitler pro
ess ep! ep
 is used for this purpose.Fig. 4.9 shows the layout of the luminosity system. The two prin
ipal 
omponentsare the ele
tron tagger (ET), installed 
lose to the ele
tron beam pipe at z = �33:4 m,and the photon dete
tor (PD) at z = �102:9 m, next to the proton beam pipe. Bothare hodos
opes of total absorption 
rystal Cerenkow 
ounters whi
h have high radiationresistan
e and good energy, spatial and time resolution. S
attered ele
trons are de
e
tedby a set of low-� quadrupoles before they leave the beam pipe at z = �27:3 m through anexit window and hit the ET. The photons leave the proton beam pipe at the point where itbents upwards at z = �92:3 m and then rea
h the PD, whi
h is shielded from syn
hrotronradiation by a Pb �lter / water Cerenkow veto 
ounter 
ombination. The ET and PDdevi
es are mounted on movable platforms whi
h are retra
ted during beam inje
tion inorder to redu
e radiation damage. Two di�erent methods are used to determine theluminosity:� Coin
iden
e method: The simultaneous dete
tion of ele
tron and photon is re-quired.
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 above the threshold Emin is 
ounted. The luminosity is then obtained by:L = N epBH(E
 > Emin)�BH(E
 > Emin) = Pi(W toti (Emin)�W bgri (Emin))�trig(Emin) (1� Æn
(L; Emin))�BH(Emin) � A
(�x;�y) ; (4.6)where �BH is the Bethe-Heitler 
ross se
tion, Wi denotes the total and ba
kgroundnumber of events in part i of the data and A
(�x;�y) is the 
orre
tion for the limiteda

eptan
e of the PD whi
h depends on the lepton beam tilt (�x;�y). Æn
(L; Emin)
orre
ts for the pile-up e�e
t in the PD, i.e. the dete
tion of more than one photonin a single bun
h 
rossing, whi
h depends on the luminosity and on Emin.In the o�-line analysis, the photon method is used. After all 
orre
tions are applied,the systemati
 un
ertainty in the luminosity measurement is 2%. Fig. 4.10 shows theintegrated luminosity delivered by HERA and a

umulated by H1. It is shown for ea
hyear sin
e 1992 as a fun
tion of the day within the year. In ea
h 
onse
utive year, theperforman
e of HERA in
reased. By the end of the year 2000, ea
h 
olliding beamexperiment had more than 100 pb�1 of luminosity available on tape for physi
s analysis.The Time-of-Flight SystemThe time-of-
ight (ToF) system reje
ts ba
kground originating from beam intera
tionswith residual gas atoms. Based on a pre
ise knowledge of the timing stru
ture of the beamsprovided by the HERA 
lo
k, time windows are set 
orresponding to the position of the
ounters whi
h re
e
t the amount of time a parti
le from an ep intera
tion needs to rea
hthe 
ounter. Time-of-
ight 
ounters are installed in the forward (FToF) and ba
kward(BToF) regions of H1. In addition, unused spa
e in the PLUG 
alorimeter is instrumentedto provide a PLUG ToF (PToF) system. Finally, a double wall of s
intillators, known asveto wall, is positioned at �8:1 < z < �6:5 m. Time-of-
ight information is also providedby the SPACAL 
alorimeter, as mentioned in se
tion 4.2.2.
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(a) (b)Figure 4.10: Summary plot of the integrated luminosity (a) delivered by HERA and(b) a

umulated by H1 for the years sin
e 1992. The a

umulated integrated luminosityis shown as a fun
tion of the day within the year.4.2.5 Trigger and Data A
quisitionThe purpose of the trigger system is to sele
t ep intera
tions of physi
s interest and toreje
t ba
kground. The H1 experiment is equipped with a multi-level (L1-L5) triggersystem.The �rst level trigger (L1) is a dead-time free system whi
h provides a de
ision whetherto keep an event or not within 2:5 �s. Be
ause of the bun
h 
rossing time of 96 nsa pipeline system is employed to store the full event information until the L1 de
isionis rea
hed. An event is kept if one of 128 L1 sub-triggers (S0-S127) has �red. Thesesub-triggers are logi
al 
ombinations of trigger elements, signals provided by individualdete
tor 
omponents. An overview of the trigger elements whi
h are most important forthe analysis presented in this thesis is given in the next se
tion.The se
ond level trigger (L2) provides the opportunity to verify the L1 de
ision byemploying more sophisti
ated algorithms whi
h 
ontain for example neural nets or aresensitive to 
ertain event topologies. The L2 de
ision is available after 20 �s. In thisanalysis, no L2 
ondition is used.If L2 de
ides to keep the event, the 
omplete event information is read out and trans-ferred dire
tly to the fourth-level trigger (L4). The L3 trigger is 
urrently not imple-mented. L4 is a software �lter farm with approximately 30 parallel pro
essors, ea
hrunning a redu
ed version of the H1 re
onstru
tion software and pro
essing one eventat a time. Be
ause the full event information is available now, the remaining numberof ba
kground events 
an be further suppressed. The 
omputing power of the L4 farmallows for a rate of events being pro
essed of approximately 45 Hz.In order to make maximum use of this bandwidth, a 
exible s
heme of pres
aling is
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h of the sub-triggers is assigned a pres
ale fa
tor.A pres
ale of 10 for example means that only one out of 10 events whi
h �re this sub-trigger is kept, the remaining 9 events are reje
ted on L1. The reason is that the fullbandwidth should not be o

upied by triggers with a high rate whi
h are typi
ally softphysi
s (e.g. very low Q2). The pres
ales are adjusted regularly during a �ll be
ause therelatively low ele
tron beam lifetime of 10h leads to a fast 
hange of the L1 trigger rateswith time during a �ll. Until 1997, there were 4 trigger phases with prede�ned pres
alesfor the L1 triggers. Phase 1 was used at the beginning of a �ll when the 
urrents (i.e.trigger rates) were highest. During the �ll, phases 2 to 4 were sele
ted by the shift 
rewto a

ommodate more and more de
reasing 
urrents. Sin
e 1998, there is an automati
s
heme for adjusting the pres
ales a

ording to physi
s demands in su
h a way that theL4 target rate of 45 Hz is optimally made use of. Events whi
h pass the L4 �ltering arewritten to tape with a rate of approximately 8 Hz and stored permanently.The last level L5 is performed o�-line. The events are fully re
onstru
ted and 
lassi�eda

ording to 
riteria provided by the H1 physi
s working groups. Non-
lassi�ed eventsare reje
ted. Out of the events reje
ted by L4 and L5, 1% ea
h is still kept for monitoringpurposes in a separate �le.The data are taken in separate runs of events in whi
h ideally the 
onditions do not
hange. Whenever the setup of the experiment 
hanges, su
h as 
hanges of the triggersetup, the pres
ales or the availability of subsystems, a new run is started. A run 
omprisestypi
ally a few 10k events.4.2.6 L1 Trigger ElementsThe following L1 trigger elements (see previous se
tion) are most relevant for the analysispresented in this thesis:SPACAL IET TriggerThe purpose of the in
lusive ele
tron trigger (IET) of the SPACAL is to trigger on 
an-didates for the s
attered ele
tron in low Q2 deep-inelasti
 s
attering events. The IET isbuilt from 4x4 analogue energy sums over neighbouring ele
tromagneti
 
ells, whi
h areread out in the time-of-
ight window for ep intera
tions. The energy sums are performedin overlapping sliding windows to avoid ineÆ
ien
ies. They are 
ompared to three pro-grammable thresholds. Additionally, ea
h IET threshold is divided into two regions: Theinner region (CIET), a re
tangular region 
lose to the beam pipe with the approximate
oordinates �17 < x < �9 
m ; �9 < y < 17 
m ; (4.7)and the outer region, 
omprising the rest of the SPACAL. The reason for this distin
tionis that the inner region su�ers from a large beam-indu
ed ba
kground, 
alled the hot spot.The de�nition of the IET trigger elements and thresholds is given in Tab. 4.1.



66 4 Experimental SetupInner region Outer region Threshold energySPCLe_IET_CEN_1 SPCLe_IET>0 Ethres = 0:5 GeVSPCLe_IET_CEN_2 SPCLe_IET>1 Ethres = 2:0 GeVSPCLe_IET_CEN_3 SPCLe_IET>2 Ethres = 6:5 GeVTable 4.1: De�nition of the IET trigger elements.
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Figure 4.11: Visualisation of the z-vertex trigger.Z-Vertex TriggerBy requiring a re
onstru
ted vertex in the nominal intera
tion region, the majority of non-ep indu
ed ba
kground 
an be reje
ted. The z-vertex trigger uses fast signals from theMWPC layers of the CIP and COP 
ombined with information form the planar MWPCof the �rst super-module of the forward tra
ker. The z-vertex histogram (Fig. 4.11) is�lled with the z 
oordinates at r = 0 of rays, straight-line 
oin
iden
es in the rz-plane ofMWPC hits. in �, there is a 16-fold segmentation. In the histogram, the bin with thelargest number of entries, above the relatively 
at ba
kground from wrongly identi�edrays, is expe
ted to 
orrespond to the intera
tion vertex of the ep 
ollision. The zVtx_sigtrigger element is set when a large or signi�
ant peak above ba
kground is found in theintera
tion region.CJC Tra
k TriggerThe CJC trigger is responsible for triggering events 
ontaining high transverse momentumtra
ks. It employs 10 of the 56 wire layers in CJC1 and CJC2 and 
ompares the digitisedhits to a total of 10000 prede�ned masks. In this analysis, two trigger elements with adi�erent pT threshold are used, as de�ned in Tab. 4.2. Tra
k 
andidates with a distan
eof 
losest approa
h (d
a) of less than 2 
m to the origin in the r�-plane are a

epted.4.2.7 Dete
tor Simulation and Re
onstru
tionMonte Carlo generators (
hapter 3) produ
e as output a list of 4-ve
tors 
ontaining theinitial parti
les produ
ed in the ep 
ollision and the subsequent de
ay produ
ts a

ordingto the used fragmentation and hadronisation s
hemes.



4.2 The H1 Experiment 67Name De�nitionDCRPh_Ta at least 1 tra
k with 400 < pT < 800 MeVDCRPh_THig at least 1 tra
k with pT > 800 MeVTable 4.2: De�nition of the CJC trigger elements used in the analysis.Dete
tor SimulationIn order to 
ompare the Monte Carlo events with the measured data and to estimatethe dete
tor 
orre
tions, the generated events 
an be subje
ted to a full simulation ofthe H1 dete
tor. The simulation is 
ontained in the H1SIM [109℄ program, whi
h isbased on the GEANT [110℄ dete
tor simulation pa
kage. In H1SIM, the details of thegeometri
al a

eptan
e and intrinsi
 resolution of the dete
tor 
omponents as well as thedistribution of instrumented and uninstrumented material are implemented, so that thedete
tor response to the generated parti
les 
an be 
al
ulated.Re
onstru
tionAfter the dete
tor simulation, the events are subje
ted to the same re
onstru
tion softwareas the a
tual data. The re
onstru
tion 
ode is 
ontained within the (H1REC) [111℄program. Here, parti
le traje
tories (tra
ks) are re
onstru
ted from hits in the tra
kingdete
tors, for example.
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Chapter 5Data Sele
tionIn this 
hapter, the sele
tion of di�ra
tive deep-inelasti
 s
attering events with at leasttwo or exa
tly three high-pT jets is des
ribed. The sele
tion 
an be divided into di�erenttasks. After the general sele
tion requirements, for example on the operational statusof the dete
tor, the sele
tion of deep-inelasti
 s
attering (DIS) events by identifying thes
attered ele
tron in the SPACAL 
alorimeter is des
ribed. Then, the re
onstru
tion ofthe hadroni
 �nal state and the sele
tion of events with two or more jets using a jetalgorithm is explained. After the sele
tion of di�ra
tive events based on requirements onthe absen
e of a
tivity in the outgoing proton region has been presented, the 
hapter endswith a dis
ussion of the trigger eÆ
ien
y for the sele
ted events.5.1 Basi
 Event Sele
tionIn the analysis presented here, data taken with the H1 dete
tor in the years 1996 and 1997are analysed. In this period, HERA 
ollided Ep = 820 GeV protons with Ee = 27:5 GeVpositrons1.Trigger Phases and Run RangesOnly events re
orded when the L1 trigger phases 2 to 4 were a
tive are 
onsidered for theanalysis. Phase 1 is used at the beginning of the �ll when the dete
tor is typi
ally notyet fully operational.A period at the beginning of the 1996 data taking was ex
luded from the analysisbe
ause of frequently 
hanging de�nitions of the trigger elements and L1 triggers, 
ausedby high ba
kgrounds in the inner part of the SPACAL, the so-
alled hot spot. The basi
run-ranges used in the analysis are given in Tab. 5.1.Dete
tor StatusOnly events are sele
ted where all 
omponents of the dete
tor whi
h are relevant for theanalysis were fully operational. This is a
hieved by:1From now on, `ele
tron' will be used as a generi
 term for both ele
trons and positrons throughoutthis thesis. 69
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tionYear Run range1996 158094 { 1711561997 177921 { 201519Table 5.1: Run ranges of the data used in the analysis.� The individual runs are 
lassi�ed as good, medium and poor, a

ording to the op-erational status of the dete
tor. For the analysis, only runs 
lassi�ed as good ormedium are used.� On an event-by-event basis, the operational status of the H1 
omponents used in theanalysis is 
he
ked. This 
omprises information on the status of the low and highvoltage power supply, the subdete
tor readout status and other status information.The status of the following systems is monitored: CJC, CIZ, SPACAL, BDC, LAr,TOF, PRT, FMD and the luminosity system.� A set of runs where a problem was identi�ed, either 
on
erning a relevant dete
tor
omponent or the data taking, is not used for the analysis. In part, the informationused was provided by [112℄.After these sele
tions, the analysed data sample 
orresponds to a total integrated lumi-nosity of L = 17:96� 0:36 pb�1 ; (5.1)out of whi
h � 5 pb�1 were re
orded in 1996 and � 13 pb�1 in 1997. The luminosityvalues are obtained using the photon method, as des
ribed in se
tion 4.2.4.5.2 Sele
tion of DIS EventsIn this se
tion, the sele
tion performed to obtain a 
lean sample of deep-inelasti
 s
atteringevents with Q2 values in the range 4 to 80 GeV2 is presented. This sample then serves asthe basis for the further sele
tion of large rapidity gap events 
ontaining jets.Re
onstru
ted Event VertexThe sele
tion requires that there is an event vertex re
onstru
ted by the tra
king system,to whi
h at least one tra
k is pointing. The z 
oordinate of the vertex is required to liewithin �35 < zvtx < +35 
m ; (5.2)
orresponding to a region of approximately �3� within the nominal intera
tion pointat z = 0 (Fig. 5.1a). This 
ut ensures the sele
tion of ep 
ollision events and reje
tsba
kground from beam-gas or beam-wall intera
tions.The z-vertex distribution implemented in the Monte Carlo simulations show slightshifts in the peak position and the width of the distribution with respe
t to the data.
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Figure 5.1: Distributions of (a) zvtx and (b) Pi(Ei � pZ;i), shown for data and theMonte Carlo simulation. In (a), the e�e
t of reweighting the zvtx distribution in thesimulation to that observed in the data is also shown. All distributions have beennormalised to unit area.Be
ause the z 
oordinate of the vertex is important for re
onstru
ting the polar angleof the s
attered ele
tron, the z-vertex distribution in the simulations is reweighted tothat observed in the data (Fig. 5.1a). The applied weight is formed by the ratio of twoGaussians �tted to the distributions in the data and the simulations.Containment of the EventFor ea
h event, the quantityPi(Ei�pZ;i) 
an be 
al
ulated, where i runs over every �nalstate obje
t re
onstru
ted in the dete
tor, in
luding the s
attered ele
tron. If all �nal stateparti
les of an ep 
ollision were dete
ted and perfe
tly measured, Pi(Ei � pZ;i) = 2Ee '55 GeV would be satis�ed be
ause of energy and longitudinal momentum 
onservation.The distribution of this quantity for data and simulation is shown in Fig. 5.1b. Thedistribution is smeared around the nominal value be
ause of the �nite resolution anda

eptan
e of the dete
tor. A 
utXi (Ei � pZ;i) > 35 GeV (5.3)is applied for the sele
tion of DIS events for two reasons:� In the 
ase of a photoprodu
tion (Q2 ' 0) event, where the s
attered ele
trones
apes undete
ted through the beam pipe, a �nal state hadron 
an fake an ele
tron
andidate in the SPACAL. The undete
ted ele
tron leads to a re
onstru
tedPi(Ei�pZ;i) whi
h is signi�
antly lower than 55 GeV. Due to the 
ut, this photoprodu
tionba
kground is signi�
antly redu
ed.� In the 
ase of intera
tions with initial state QED radiation, the photon radiated fromthe ele
tron 
an es
ape through the beam pipe, whi
h detoriates the re
onstru
tionof the event kinemati
s. These events are also suppressed by the 
ut.
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tionYear Reason Coordinates (in [
m℄)1996 dead 
ell �25:0 < x < �20:5 �37:5 < y < �33:0broken HV 8:1 < x < 24:5 �8:1 < y < 8:11997 dead 
ell �48:0 < x < �46:1 �28:0 < y < �25:0dead 
ell �16:3 < x < �12:5 �21:0 < y < �16:0dead 
ell �31:5 < x < �25:5 33:1 < y < 39:1dead 
ell 27:0 < x < 38:1 �38:0 < y < �27:0broken HV 22:3 < x < 42:5 �42:5 < y < �22:3Table 5.2: Regions in the SPACAL ex
luded from the analysis. `broken HV' meansthat the high voltage power supply of the 
orresponding region was not working properly.Fidu
ial Region for Ele
tron CandidatesThe s
attered ele
tron in low Q2 DIS events is identi�ed in the SPACAL together withthe BDC by a series of sele
tion 
uts. The 
andidate for the s
attered ele
tron is theele
tromagneti
 SPACAL 
luster with the highest energy in the event.A �du
ial region is de�ned in the SPACAL in order to ensure a high quality sele
tionof ele
tron 
andidates with high eÆ
ien
y. Due to high ba
kground levels, the innermostregion of the SPACAL is ex
luded by requiring the distan
e between the ele
tromagneti

luster and the beam pipe d
l�bp to satisfyd
l�bp > 9:0 
m : (5.4)In addition, only ele
tron 
andidates with a re
onstru
ted polar angle �0e within156o < �0e < 176o (5.5)are 
onsidered. The lower boundary is motivated by the outer a

eptan
e of the SPACAL,the inner boundary is mat
hed to the lower analysis 
ut in Q2 whi
h is applied (see below).Finally, a number of re
tangular regions in the SPACAL are 
ut out be
ause of dead orineÆ
ient 
ells or be
ause of problems with the high voltage power supply (see Fig. 5.2a).A list of these regions is found in Tab. 5.2.Cuts on the Ele
tron CandidateA series of 
uts is applied on the ele
tron 
andidate in order to sele
t DIS events andreje
t ba
kground. The energy E 0e of the 
luster forming the ele
tron 
andidate has tosatisfy E 0e > 8:0 GeV : (5.6)Towards lower values, the ba
kground from photoprodu
tion events with a misidenti�edhadron in the SPACAL in
reases strongly.The radius of the 
luster r
l (Fig. 5.3a) is required to satisfyr
l < 3:5 
m ; (5.7)
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Figure 5.2: (a) The �du
ial a

eptan
e of the SPACAL, shown as a fun
tion of the x-and y-position of the 
luster 
entre of gravity. The inner and outer shaded areas withthree 
on
entri
 rings ea
h 
orrespond to �0e = 176o and �0e = 156o, with a zvtx-positionof 0 (
entral rings) or �35 
m (inner and outer rings). The thi
k re
tangle 
orrespondsto the a

eptan
e of the inner SPACAL IET trigger (CIET, see se
tion 4.2.6). The whiteboxes visualise the regions dis
arded from the event sele
tion as des
ribed in Tab. 5.2.The distribution of the s
attered ele
trons for sele
ted DIS events is symbolised by thesmall boxes. (b) The kinemati
 plane (log x,logQ2=Q20), where Q20 = 1 GeV2. Theshaded area 
orresponds to the a

eptan
e of the SPACAL (156o < �0e < 176o). Alsodrawn are the isolines for Q2 = 4 GeV2 and 80 GeV2 and for y = 0:1 and 0:7. Thedistribution of DIS events is represented by the small boxes.be
ause the transverse dispersion within in a 
alorimeter is larger for hadroni
 than forele
tromagneti
 showers. The 
ut thus reje
ts photoprodu
tion ba
kground. In the MonteCarlo simulation, the ele
tron 
luster radius is typi
ally underestimated by approximately5%, whi
h is 
orre
ted before applying the 
ut.Be
ause of the 28 radiation lengths of the ele
tromagneti
 part of the SPACAL, show-ers of ele
trons with energies up to 27:5 GeV should be fully 
ontained. Therefore, anya
tivity in the hadroni
 se
tion of the SPACAL behind the ele
tron 
andidate is a sign ofa hadron faking an ele
tron. To quantify this, a variable Ehad is de�ned by summing upthe hadroni
 energy within a 
one with 4o opening angle with respe
t to the dire
tion ofthe ele
tron 
andidate (Fig. 5.3b). Ehad is required to satisfyEhad < 0:5 GeV : (5.8)Furthermore, at small s
attering angles of the ele
tron (
orresponding to low Q2),leakage into the beam pipe has to be avoided to ensure a good energy measurement. Forthis purpose, the summed energy Eveto (Fig. 5.3
) in the 4 
ells of the veto layer of the
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Figure 5.3: Distributions of variables used for the sele
tion of the s
attered ele
tronfor data (points) and Monte Carlo simulation (histograms). Shown are (a) the 
lusterradius r
l, (b) the hadroni
 energy behind the ele
tron 
andidate Ehad, (
) the energy inthe SPACAL veto layer Eveto and (d) the radial distan
e of the 
losest BDC tra
k fromthe 
luster 
entre of gravity. In (a), the e�e
t of in
reasing the simulated 
luster radiusby 5% is shown. The dashed verti
al lines indi
ate the 
ut values. All distributions havebeen s
aled to unit area.SPACAL, dire
tly adja
ent to the beam pipe, is required to satisfyEveto < 1:0 GeV : (5.9)The measurement of the ele
tromagneti
 
luster in the SPACAL is 
omplemented bytra
king information provided by the BDC. Clusters from neutral hadrons su
h as �0'swould not produ
e a tra
k in the BDC. For this reason, the distan
e dBDC between theSPACAL 
luster 
entre of gravity and the 
losest tra
k in the BDC (Fig. 5.3d) shouldful�l dBDC < 3:0 
m : (5.10)A summary of these 
uts 
an be found in Tab. 5.3.
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tion of DIS Events 75Cut ExplanationE 0e > 8:0 GeV Cluster energyr
l < 3:5 
m Cluster radiusEhad < 0:5 GeV Hadroni
 energy behind e.m. 
lusterEveto < 1:0 GeV Energy in veto layerdBDC < 3:0 
m Distan
e to 
losest BDC tra
kTable 5.3: Cuts on the ele
tron 
andidate in the SPACAL. The 
uts are explained inthe text.Kinemati
 Re
onstru
tion of the DIS VariablesThe kinemati
s of a DIS event are given by the Q2,x, y and W 2 variables, as introdu
edin se
tion 1.1.1. From these quantities, only two are independent. In this analysis, Q2and y are 
hosen for the 
hara
terisation and sele
tion of DIS events. x does not have awell-de�ned interpretation in the 
ase of di�ra
tion. W 2 is 
losely related to y (Eq. 1.3).In the H1 dete
tor, the s
attered ele
tron as well as the hadroni
 �nal state formed bythe ele
tron-proton intera
tion are well measured. The DIS kinemati
s 
an therefore bedetermined either from the ele
tron only (ele
tron method), from the hadrons only (hadronmethod) or from a 
ombination of both.In this analysis, the ele
tron method is used. Q2 and y are re
onstru
ted from thepolar angle �0e and the energy E 0e of the s
attered ele
tron byQ2 = 4EeE 0e 
os2��0e2 � ; y = 1� E 0eEe sin2��0e2 � : (5.11)The quality of the re
onstru
tion of Q2 and y is visualised in Fig. 5.4. Q2 is re
onstru
tedwith a resolution of 5:9%. The y measurement su�ers mostly from initial state QEDradiation, where a photon radiated before the intera
tion es
apes through the beam pipe,whi
h leads to a wrong assumption on Ee. y is then re
onstru
ted too large. The following
uts on Q2 and y are applied for the �nal sele
tion of DIS events:4 < Q2 < 80 GeV2 ; 0:1 < y < 0:7 : (5.12)The lower limit in Q2 results from the intention to stay in the region of deep-inelasti
s
attering. The upper limit is 
hosen be
ause, although the a

eptan
e of the SPACALextends to Q2 = 150 GeV2, the highest Q2 region is only sparsely populated with eventsin the �nal sele
tion and the a

eptan
e is redu
ed be
ause of the 
ut �0e > 156o (seeFig. 5.2b). The upper limit in y 
orresponds roughly to the 
ut E 0e > 8 GeV. The lowerlimit is motivated by the fa
t that due to the sele
tion of di�ra
tive events as explained inse
tion 5.5, events with lower y values are suppressed. In addition, the resolution in y whenusing the ele
tron method is degrading below y = 0:1. The distribution of the sele
tedevents in the (log x,logQ2=Q20) plane (Q20 = 1 GeV2) is visualised in Fig. 5.2b. After all
uts have been applied, approximately 1,900,000 events remain for further analysis.
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Figure 5.4: The re
onstru
tion of Q2 (top) and y (bottom), as obtained from thesimulation.5.3 Hadroni
 Final State Re
onstru
tionIn this se
tion, the re
onstru
tion of the hadroni
 �nal state of the events, formed by theintera
tion of the virtual photon with the proton, is des
ribed and the understanding ofthe 
alibration of the measured hadroni
 energies is presented.The hadroni
 �nal state is re
onstru
ted by 
ombining 
alorimetri
 with tra
kinginformation. Asso
iations of neighbouring 
alorimeter 
ells, 
alled 
lusters, in the LArand SPACAL 
alorimeters are 
onsidered for the analysis. If only this information wasused for the re
onstru
tion of the hadroni
 �nal state, the measured energies would betypi
ally measured too low be
ause of two reasons:� Be
ause of dead material in front of the 
alorimeter, parti
les originating from theevent vertex typi
ally lose energy before they rea
h the 
alorimeter;� To redu
e the sensitivity to (ele
troni
) noise, 
uts are applied to reje
t low energeti
isolated energy depositions in the 
alorimeter.To 
ompensate for these e�e
ts, tra
king information is used in addition:
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 Final State Re
onstru
tion 775.3.1 Combination of Clusters and Tra
ksIn [113℄, an algorithmwas developed whi
h 
ombines 
alorimeter and tra
king informationwhilst 
arefully avoiding double 
ounting. For this pro
edure, only tra
ks re
onstru
tedin the 
entral tra
king system (CJC) are 
onsidered. The transverse momentum of thesele
ted tra
ks has to satisfy pT;tra
k < 2:0 GeV : (5.13)This 
ut takes into a

ount that the momentum measurement of 
harged hadrons degen-erates towards higher momentum. On the other hand, these highly energeti
 hadrons arewell measured in the 
alorimeter. The sele
ted 
lusters and tra
ks are 
ombined by thefollowing pro
edure:1. The sele
ted tra
ks are extrapolated into the 
alorimeter.2. For ea
h tra
k, the energies of 
lusters within a 
one around the extrapolated impa
tpoint in the 
alorimeter are summed up. The 
one radius is 25 
m (50 
m) in theele
tromagneti
 (hadroni
) se
tions of the 
alorimeter.3. The 
lusters in the 
one are sorted in as
ending distan
e with respe
t to the impa
tpoint.4. The 
lusters are removed one by one until the di�eren
e of the tra
k energy Etra
kand the energy sum of the removed 
lusters PiE
luster;i is less than the energyresolution in �E in the 
one:jEtra
k �PiE
luster;ij < �E : (5.14)5. If removing a 
luster would lead to a total removed 
luster energy whi
h is biggerthan the tra
k energy: PiE
luster;i > Etra
k + �E ; (5.15)the 
luster is kept and its energy is res
aled a

ordingly.The 
ombined obje
ts are then formed by the remaining 
lusters and the tra
ks. Thispro
edure leads to an improved re
onstru
tion of the hadroni
 �nal state with respe
t tousing 
alorimeter information only. It also results in a redu
ed systemati
 un
ertaintyoriginating from the hadroni
 energy 
alibration of the 
alorimeter.Transverse Momentum Balan
eFig. 5.5 shows the distribution of the ratio pT;had=pT;e, whi
h ideally would satisfy unitybe
ause of transverse momentum 
onservation. pT;had is determined from the summed4-ve
tors of all hadroni
 �nal state parti
les bypT;had =q(Pipx;i)2 + (Pipy;i)2 : (5.16)
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Figure 5.5: The ratio pT;had=pT;e for data. Shown are distributions where the hadroni
�nal state was re
onstru
ted (a) from 
alorimeter 
lusters only or (b) from 
ombining
lusters and tra
ks. The distributions have been s
aled to unit area. For the �ts, onlythe region around the peak value has been used, due to the non-Gaussian behaviour ofthe distributions away from the peak.The mean and width of the measured distribution is mainly given by the hadroni
 �nalstate re
onstru
tion, sin
e the ele
tron pT is well measured from pT;e = E 0e � sin �0e. If only
lusters are used, the distribution peaks at 0.94, indi
ating that a fra
tion of the hadroni
�nal state is typi
ally not re
onstru
ted (Fig. 5.5a). If 
ombined obje
ts are used, thedistribution peaks at 1 and also has a smaller width (Fig. 5.5b).5.3.2 Calibration of Hadroni
 EnergiesA good knowledge of the 
alibration of the hadroni
 �nal state energies is 
ru
ial for ananalysis of jet produ
tion. A tool to study the 
onsisten
y of the hadroni
 
alibrationsbetween the data and the simulation used to 
orre
t the data is provided by the doubleratio R
al = (pT;had=pT;e)Data(pT;had=pT;e)MC : (5.17)In Fig. 5.6, this quantity is studied as a fun
tion of the hadroni
 �nal state polar angle
had, 
al
ulated from tan�
had2 � = Ehad � pZ;hadpT;had : (5.18)By looking at di�erent values of 
had, the 
alibration 
an be 
he
ked lo
ally in di�erentregions of the dete
tor. The relative 
alibrations of the individual LAr wheels (see se
tion4.2.2) for example may di�er with respe
t to ea
h other. The observed double ratio showsa 
at behaviour in 
had and is 
onsistent with unity within �4%, the quoted un
ertaintyin the knowledge of the absolute hadroni
 energy s
ale of the LAr 
alorimeter.
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Figure 5.6: Double ratio of the pT -balan
es for data and simulation as a fun
tion of
had, the polar angle of the hadroni
 �nal state. The dotted lines 
orrespond to thequoted 4% un
ertainty in the knowledge of the absolute hadroni
 energy s
ale of theLAr 
alorimeter.5.4 Sele
tion of Jet EventsIn the following, the sele
tion of events where the hadroni
 �nal state 
ontains either twoor exa
tly three jets with transverse momentum of at least 4 GeV with respe
t to the
�p 
ollision axis is des
ribed.High transverse momentum partons whi
h emerge from a hard s
attering pro
ess arenot observable dire
tly. They fragment into 
ollimated sprays of hadrons, whi
h are
ommonly 
alled jets. A jet retains, to a 
ertain degree, information on the 3-momentumof the initial hard parton. Jets are experimentally identi�ed by the use of so-
alled jetalgorithms. From an analysis of the properties of re
onstru
ted jets, the dynami
s of theunderlying hard partoni
 pro
ess 
an be inferred.5.4.1 Jet AlgorithmIn this analysis, jets are re
onstru
ted with the CDF 
one jet algorithm [114℄. It uses a
one with �xed radius R
one =p(��)2 + (��)2 (5.19)in (�,�) spa
e to de�ne the jets. The algorithm works as follows:1. First, a list of hadroni
 �nal state obje
ts above a �xed threshold transverse energyET;ini, to be used as seeds for the jet �nder, is 
reated.2. From these seeds, jets are formed by grouping together all obje
ts within a radiusR
one around the seed.
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tion3. For ea
h jet, a new jet-axis is 
al
ulated from the ET -weighted mean in � and � ofall obje
ts in the jet:�jet =Xi ET;i �iET;i ; �jet =Xi ET;i �iET;i : (5.20)4. Steps 2 and 3 are iterated until the list of jets remains un
hanged.5. The energy and momentum of ea
h jet are 
al
ulated from the massless 4-ve
tors(Ei;pi) of the obje
ts in the jet 
one byEjet =PiEi ; pfx;y;zg;jet =Pipfx;y;zg;i : (5.21)Then, the jet quantities used in the analysis, namely pT;jet = ET;jet (jets are treatedas being massless), �jet and �jet, are 
al
ulated.6. All jets with transverse momentum pT;jet > pminT;jet form the output of the algorithm.Treatment of overlapping JetsFor multi-jet events, it is important to properly handle 
ases where two jets overlap. This
an happen if a �nal state parton radiates a gluon under a small emission angle. Thisgluon then 
ould form a jet whi
h overlaps with the jet of the mother parton. Su
h
on�gurations are treated as follows:� In the 
ase where one jet is 
ompletely 
ontained within another one, the 
ontainedjet is simply removed from the list of jets.� If there is a partial overlap between two jets with transverse energies EjetT;1 and EjetT;2,where EjetT;1 > EjetT;2, the overlap fra
tion �ov is 
omputed by�ov = PiET;iEjetT;2 ; (5.22)where i runs over all obje
ts 
ontained in both jets. If �ov is above a 
uto�, whi
his typi
ally set to 0:75, the two jets are 
ombined.5.4.2 Jet Sele
tionThe obje
ts used as input for the jet algorithm are the 
ombined obje
ts as de�ned inse
tion 5.3.1.Boost into the 
�p frameThe jet algorithm is applied after boosting the obje
ts into the 
�p 
entre-of-mass frame,de�ned by q + p = l � l0 + p = 0 ; (5.23)



5.4 Sele
tion of Jet Events 81where l (l0) is the 4-ve
tor of the in
oming (outgoing) ele
tron, q (p) is the photon (proton)4-ve
tor. The reason to go into this frame is that be
ause of the 
onservation of transversemomentum, the pT of the s
attered ele
tron is balan
ed by the hadroni
 �nal state. This`arti�
ial' transverse momentum is however not relevant for the study of QCD dynami
s.What 
ounts is the transverse momentum with respe
t to the photon-proton 
ollisionaxis. Therefore, the boost to the 
�p frame is performed.With respe
t to di�ra
tion, it is noted that the 
�p frame di�ers from the rest frameof the photon disso
iation system X, de�ned by q + xIPP = 0 (see se
tion 6.1.1), only bya Lorentz boost along the z axis. The 
onsequen
e is that transverse momenta are equalin both frames.Jet Sele
tionThe parameters that are used to run the jet algorithm areR
one = 1:0 ; ET;ini = 0:15 GeV ; �ov = 0:75 : (5.24)The transverse momentum of the sele
ted jets is required to satisfy2p�T;jet > 4:0 GeV : (5.25)The jets are required to lie within �1:0 < �jet < 2:2 : (5.26)in the laboratory frame, to ensure good 
ontainment within the LAr 
alorimeter. Eventswith either at least two or exa
tly three jets are 
onsidered in the analysis:Njets � 2 or Njets = 3 : (5.27)In Fig. 5.7, 
orrelations between jets found on hadron level and on dete
tor levelare shown for events with two or more jets. Jets on the di�erent levels are mat
hedby minimising the distan
e in (��; ��). A good spatial 
orrelation between hadron leveland re
onstru
ted jets is observed. The resolution in p�T;jet is found to be 17:8%. The
orrelation between the hadron level jets and the partons emerging from the 2 ! 2leading order QCD pro
esses BGF and QCDC (se
tion 1.1.5) is studied in Fig. 5.8, whi
hshows that a good 
orrelation exists between partons and jets. The pseudorapidities ofthe hadron level jets are on average slightly shifted towards the forward dire
tion withrespe
t to the partons, whi
h is 
aused by hadronisation e�e
ts.
2Quantities in the 
�p frame are labelled with a star `�'.
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Figure 5.7: Correlations between hadron level (`h-jet') and dete
tor level (`jet') jetsfor dijet events. Jets are mat
hed by minimising the distan
e in (��; ��). Shown are
orrelations for ��jet (top), ��jet (middle) and p�T;jet (bottom).
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Figure 5.8: Correlations between the hard partons emerging from the 2! 2 BGF andQCDC pro
esses (`parton') and hadron level jets (`h-jet'). Partons and jets are mat
hedby minimising the distan
e in (��; ��). Shown are 
orrelations for �� (top), �� (middle)and p�T (bottom).
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tion5.5 Sele
tion of Di�ra
tive EventsDi�ra
tive events are sele
ted by the requirement of a large rapidity gap without hadroni
�nal state parti
le produ
tion between the outgoing proton dire
tion and the hadroni
�nal state system, whi
h is 
ontained well within the 
entral part of the dete
tor. Forthis purpose, the forward dete
tors FMD and PRT (see se
tion 4.2.3) are used togetherwith the most forward part of the LAr 
alorimeter.5.5.1 Energy Flow in the Forward LAr CalorimeterAs said in se
tion 4.2, the LAr 
alorimeter 
overs pseudorapidity values up to � = 3:4. Aquantity �max is re
onstru
ted, whi
h is de�ned as the pseudorapidity of the most forwardLAr 
luster with ECluster > 400 MeV. The energy threshold is introdu
ed to redu
e thesensitivity to low-energy noise in the 
alorimeter. To sele
t di�ra
tive events, a 
ut�max < 3:2 (5.28)is applied. In prin
iple, di�ra
tive events 
an be reje
ted due to ele
troni
 noise (
or-responding to energies above 400 MeV) in the 
alorimeter. This e�e
t exists but theresulting eÆ
ien
y loss for di�ra
tive events is 
orre
tly taken into a

ount in the MonteCarlo simulations. The random noise in the LAr is monitored over regular periods of thedata and in
orporated into the dete
tor simulation automati
ally.5.5.2 A
tivity in the FMD Dete
torThe FMD 
overs the pseudorapidity range 1:9 < � < 3:7 dire
tly. It is however alsosensitive to parti
le produ
tion at larger � values be
ause of se
ondary s
attering with thebeam pipe and 
ollimators whi
h shield the 
entral part of the dete
tor from syn
hrotronradiation indu
ed from the ele
tron beam. Out of the six layers of the FMD, only thethree layers in front of the toroid magnet, when viewed from the intera
tion point, areused to sele
t di�ra
tive events. The post-toroid layers are su�ering from high ba
kgroundrates due to syn
hrotron radiation. A 
ut is made on NFMD, the sum of re
onstru
tedhit pairs in the three pre-toroid FMD layers:NFMD � 1 : (5.29)Be
ause there is some amount of random noise in these layers, NFMD is not required tobe exa
tly zero. By doing so, one would reje
t too mu
h di�ra
tive events due to noise.Noise in the FMD dete
torEven if one hit pair in the FMD is allowed, there is still a fra
tion of di�ra
tive eventsreje
ted be
ause of two or more noise hit pairs. It has to be taken 
are that the lossesdue to noise are 
orre
tly taken into a

ount in the 
al
ulation of the 
ross se
tions, sin
ethey are not in
luded in the standard dete
tor simulation. To determine the noise in theFMD, samples of random trigger events are analysed whi
h were taken during the samerun ranges as the sele
ted data.
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Figure 5.9: Random noise in the FMD dete
tor. Shown is �, the fra
tion of randomtrigger events with NFMD > 1, �max < 3:2 as a fun
tion of the run number, divided by100, for the (a) 1996 and (b) 1997 data taking periods. The period with � > 0:25 atthe beginning of the 1997 data taking is ex
luded from the analysis be
ause of a readoutproblem with the FMD. The dashed lines 
orrespond to the mean values of �, the dottedlines visualise the assumed un
ertainty of 25%.In order to investigate the time dependen
e of the noise, the e�e
t is studied as afun
tion of the run number. In Fig. 5.9, the fra
tion of random trigger events satisfyingNFMD > 1 ; �max < 3:2 (5.30)is shown as a fun
tion of the run number for 1996 and 1997. The additional 
ut on theabsen
e of a
tivity in the forward part of the LAr (�max < 3:2) is made to avoid double
ounting of events whi
h have noise in the FMD and in the LAr. The eÆ
ien
y loss dueto su
h events is already taken into a

ount by the LAr noise simulation. As 
an be seenin Fig. 5.9, the noise fra
tion � is stable within a level of 25% (indi
ated by the dottedlines) with an averaged value of h�i = 5:5%� 1:4% (5.31)At the beginning of 1997, a set of runs had to be dis
arded from the analysis be
ause ofa readout problem with the FMD dete
tor, whi
h 
an also be seen from Fig. 5.9.
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Figure 5.10: EÆ
ien
y of the PRT dete
tor. The individual eÆ
ien
ies �PRT;i for ea
hof the 7 s
intillators are shown for data (points) and simulation (histograms) for the (a)1996 and (b) 1997 running periods.5.5.3 A
tivity in the PRT Dete
torThe PRT, 
overing approximately the pseudorapidity interval 6:0 < � < 7:5, is sensitiveto hadroni
 a
tivity very 
lose to the outgoing proton beam, typi
ally originating fromthe proton remnant. To sele
t di�ra
tive events, it is required that NPRT , the sum of hitsin the seven s
intillators of the PRT, is equal to zero:NPRT = 0 : (5.32)The amount of random noise in the PRT s
intillators is found to be negligible.EÆ
ien
y of the PRT Dete
torThe eÆ
ien
ies of the PRT s
intillators are not well des
ribed by the Monte Carlo simu-lations used to 
orre
t the data. This is mainly due to a rapid aging of the s
intillators,be
ause they are exposed to a high rate environment 
lose to the proton beam. It is thusne
essary to estimate the a
tual eÆ
ien
ies from the data and then to 
orre
t the MonteCarlo simulation.Fig. 5.10 shows the eÆ
ien
ies �PRT;i of the individual s
intillators of the PRT for dataand simulation (standard DIS) for the 1996 and 1997 running periods. The eÆ
ien
ieshave been derived by evaluating the fra
tion of events where the individual PRT s
intil-lator �red for events with a
tivity in the forward part of the LAr 
alorimeter and in theFMD: �PRT;i = NPRT;iNall (�max > 3:2;NFMD > 1) : (5.33)One observes that the measured eÆ
ien
ies are typi
ally mu
h smaller than the simulatedvalues. Furthermore, whereas for the simulations the eÆ
ien
ies are very similar between1996 and 1997, they are signi�
antly lower on average in 1997 
ompared with 1996 in
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tive Events 87the data. The eÆ
ien
ies in the simulation are redu
ed by the ratio of the measured tothe simulated eÆ
ien
ies. The obtained 
orre
tion fa
tors for 1996 and 1997 are listed inTab. 5.4. PRT s
intillator no. OverallYear 1 2 3 4 5 6 7 fa
tor1996 0.782 0.703 1.000 0.397 0.071 0.151 0.813 0.8501997 0.460 0.517 1.000 0.191 0.086 0.095 0.216 0.770Table 5.4: Corre
tion fa
tors for the PRT eÆ
ien
ies.The eÆ
ien
y for s
intillator number 3 is left un
hanged be
ause in this 
ase, the mea-sured eÆ
ien
y is bigger than the simulated value. If these 
orre
tion fa
tors are appliedto the simulation, there is still a signi�
ant dis
repan
y in the observed distribution ofPRT hits if simulation and data are 
ompared. This suggests that the simulation theshowering of parti
les in the material surrounding the PRT is not perfe
t or that theprimary parti
le multipli
ities are too large. The result are 
orrelations between hits indi�erent s
intillators whi
h are overestimated in the simulation. Therefore, an overallredu
tion of the probability to measure a
tivity in any of the s
intillators is applied ontop of the re
alibration for ea
h year, as given in the rightmost 
olumn of Tab. 5.4. TheeÆ
ien
y of the PRT was also investigated in detail in [87℄, where identi
al values for the
orre
tion fa
tors were obtained for 
orresponding running periods.5.5.4 The xIP VariableThe quantity xIP , as introdu
ed in se
tion 1.2.2, measures the longitudinal momentumfra
tion of the 
olourless ex
hange with respe
t to the proton (Eq. 1.49). xIP is re
on-stru
ted from Q2, W and the invariant mass MX of the hadroni
 �nal state by:xIP = Q2 +M2X � tQ2 +W 2 �m2P ' Q2 +M2XQ2 +W 2 : (5.34)For the kinemati
 range under study, t (whi
h is not measured) and mP 
an be negle
ted.MX is 
al
ulated from the 4-ve
tors of the hadroni
 �nal state parti
les:M2X = (PiEi)2 � (Pipx;i)2 � (Pipy;i)2 � (Pipz;i)2 : (5.35)The re
onstru
tion of MX and logxIP is visualised in Fig. 5.11.Events with a large rapidity gap in the �nal state, as sele
ted by the above mentioned
uts on �max, NFMD and NPRT , have xIP values up to 0:2. In order to sele
t events in theregion of xIP where the 
ross se
tion is dominated by di�ra
tive ex
hange and remainingba
kground from non-di�ra
tive DIS is small, an additional 
utxIP < 0:05 (5.36)is applied.
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Figure 5.11: Re
onstru
tion of MX and log xIP . Correlations between the hadron leveland re
onstru
ted level values of the hadroni
 �nal state invariant mass MX (top) andof log xIP (bottom) are shown.5.5.5 Summary of the Di�ra
tive Sele
tionA summary of the 
uts whi
h are applied to sele
t di�ra
tive events is given in Tab. 5.5.Di�ra
tive Cuts�max < 3:2NFMD � 1NPRT = 0xIP < 0:05Table 5.5: Summary of the di�ra
tive 
uts.In Fig. 5.12, the distributions of �max, log xIP , NFMD and NPRT are shown for data andthe sum of the di�ra
tive and in
lusive DIS Monte Carlo simulations, mixed together asdes
ribed in 3.3. The relative normalisations of the simulations are adjusted individuallyto mat
h the data. The distributions are well des
ribed by the simulations. The 
ontribu-tion of di�ra
tive events dominates at low �max, low xIP and at zero NFMD, NPRT values.The ex
ess of events at low �max values over the standard DIS simulation is 
hara
teristi
for di�ra
tive events at HERA [1℄.
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Figure 5.12: Distributions of (a) �max, (b) log xIP , (
) NFMD and (d) NPRT . Shownare DIS data with at least two jets (points) and the Monte Carlo simulation (histograms).The simulation is the sum of the in
lusive (`RG-DIS') and the di�ra
tive (`RG-DIF') DISMonte Carlo event samples, mixed together as explained in se
tion 3.3. The 
ontributionof the in
lusive DIS simulation is represented by the hat
hed areas. The 
ut values areindi
ated by the dashed verti
al lines.5.6 Trigger Sele
tion and Trigger EÆ
ien
yIn order to measure 
ross se
tions, it is mandatory to require at least one level-one sub-trigger with a well-known trigger eÆ
ien
y for the sele
ted events. Only then it is possibleto fully determine the sele
tion eÆ
ien
y and thus to obtain a measurement of the 
rossse
tion. In order to make maximum use of the available luminosity, a subtrigger has tobe 
hosen whi
h triggers on as mu
h of the sele
ted events as possible. This requires (a)a high eÆ
ien
y for the given event signature and (b) a low pres
ale value of the trigger.For an analysis of jet produ
tion at low Q2 as presented in this thesis, a trigger whi
h
ombines a trigger element based on an ele
tromagneti
 
luster in the SPACAL (theele
tron 
andidate) in 
onjun
tion with a high pT tra
k signal in the 
entral tra
ker (witha high eÆ
ien
y for jet events) is optimal. The use of a trigger solely based on the s
atteredele
tron, for whi
h the eÆ
ien
y is basi
ally 100% (see below) is sub-optimal be
ause thehigh rate of su
h a trigger for the region of Q2 under study leads to a signi�
ant amountof pres
aling, whi
h in turn redu
es the e�e
tive luminosity for that trigger.
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tionYear Run range Trigger Comment1996 158094� 163254 S2(l)163255� 171156 S2(h) tra
k pT threshold in
reased1997 177921� 193432 S2(h)193433� 200444 S61 IET threshold in
reased200445� 201519 S0 no tra
k requirement (min. bias)Trigger De�nitionS2(l) (SPCLe_IET_CEN_2 || SPCLe_IET>1) && (DCRPh_Ta && Zvtx_Sig)S2(h) (SPCLe_IET_CEN_2 || SPCLe_IET>1) && (DCRPh_THig && Zvtx_Sig)S61 (SPCLe_IET_CEN_3 || SPCLe_IET>2) && (DCRPh_THig && Zvtx_Sig)S0 (SPCLe_IET_CEN_2 || SPCLe_IET>1) (&& = `and' ; || = `or')Table 5.6: Compilation of the subtriggers used in the analysis. The upper table 
om-prises the data taking periods, the used subtriggers and 
omments explaining the 
hangesin the trigger de�nition. In the lower table, the de�nitions of the individual subtriggersare given. In
luded are just the main trigger 
onditions.The basi
 subtrigger 
hosen for the analysis is S2, whi
h is formed by a logi
al 
om-bination of the SPACAL IET trigger (in
luding the inner `CIET' region) in 
onjun
tionwith the CJC and z-vertex trigger elements (see se
tion 4.2.6).Trigger HistoryAt the beginning of the data taking period under study (1996), the de�nition of S2(Tab. 5.6) in
luded the SPACAL IET trigger element (in
luding the CIET region) with amedium energy threshold (SPCLe_IET_CEN_2 || SPCLe_IET>1), the DCRPh trigger ele-ment with the lower pT threshold for the tra
k 
andidate (DCRPh_Ta) and the z-vertex trig-ger element (Zvtx_Sig). Starting from run 163255, the tra
k trigger element was repla
edby DCRPh_THig, whi
h has a higher pT threshold. This however does not signi�
antly re-du
e the eÆ
ien
y of the trigger for the sele
ted events. At the beginning of the 1997 datataking, the de�nition of S2 was the same as for the se
ond part of 1996. Starting with run193433, the de�nition of S2 was 
opied 1:1 to S61, with the ex
eption that the IET triggerenergy threshold was in
reased to the high value (SPCLe_IET_CEN_3 || SPCLe_IET>2).Finally, at the end of 1997 during the so-
alled minimum bias3 run, subtrigger S0 wasused for the analysis. This subtrigger 
omprised no tra
k requirement and the mediumIET energy threshold.Pres
alesThe 
hosen subtriggers have a pres
ale of 1 for most of the 
orresponding running periods.There is a small fra
tion of runs where the trigger used had a pres
ale > 1. In su
h 
ases,3`Minimum bias' stands for a trigger setup where the available data taking bandwidth is distributedmainly to triggers with a very high rate (e.g. very low Q2) whi
h are downs
aled otherwise.
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y 91the 
orresponding events are 
ounted with a weight equal to the pres
ale. Runs wherethe pres
ale of the used subtrigger is very high are ex
luded from the analysis.Trigger EÆ
ien
yIn general, the eÆ
ien
y of the SPACAL IET trigger for ele
trons with E 0e > 8 GeV, as
onsidered in this analysis, is very 
lose to 100%. The total trigger eÆ
ien
y is thus basi-
ally given by the eÆ
ien
ies of the tra
king-based trigger elements (DCRPh and Zvtx_Sig).There are two ways to determine the trigger eÆ
ien
y for the data sample under study:The �rst possibility is simply to make use of the simulation of the trigger in the MonteCarlo. The strategy would then be to require that the 
orresponding subtrigger �red inthe data as well as in the Monte Carlo simulation whi
h is later used to 
orre
t the data.This strategy however has to rely on the 
orre
t parameterisation of the eÆ
ien
y in thesimulation, whi
h is not ne
essarily the 
ase. An alternative approa
h is to determine thetrigger eÆ
ien
y from the data itself, and then to 
orre
t the data for the ineÆ
ien
y.Then, the trigger simulation is not needed for the determination of the 
ross se
tions.The se
ond approa
h has been employed for this analysis.The eÆ
ien
y of a given trigger for the sele
ted sample of events 
an be determinedby using an independent subtrigger whi
h is 
alled monitor trigger. `Independent' meansthat the studied trigger and the monitor trigger have no trigger elements in 
ommon. Thetrigger eÆ
ien
y is then given by �trig: = Nmon:+trig:Nmon: ; (5.37)where Nmon: is the number of events where the monitor trigger �red and Nmon:+trig: isthe number of events where the monitor trigger and the trigger under study both �red.In this analysis, the eÆ
ien
ies of the SPACAL-based (�el) and the tra
king-based (�tr)
omponents of the trigger are determined individually. The 
ombined trigger eÆ
ien
y isthen �trig: = �el � �tr : (5.38)The monitor triggers used are� Subtriggers S67, S75 and S77 for the determination of �el. These triggers are basedon energy deposits in the LAr 
alorimeter.� Subtrigger S0 for the determination of �tr. S0 is based on SPACAL informationonly.The value of �el is generally above 99%, ex
ept at the lowest ele
tron energies between8 and 11 GeV. In addition, for two subsamples of the 1997 data the IET eÆ
ien
y wasredu
ed in 
ertain regions of the SPACAL be
ause of hardware problems with the trigger.These e�e
ts have been taken into a

ount in the eÆ
ien
y 
al
ulations. The tra
kingeÆ
ien
y, given mainly by the DCRPh and Zvtx_Sig trigger elements, is typi
ally between80 and 90%. It is slightly redu
ed from run 163255 be
ause of the in
reased DCRPh pTthreshold. �tr has been parameterised 2-dimensionally as a fun
tion of the pseudorapidities
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Figure 5.13: Trigger eÆ
ien
y for di�ra
tive dijet events. Shown is the total triggereÆ
ien
y for the sele
ted data sample (open 
ir
les) as a fun
tion of (a) Q2, (b) y,(
) log xIP , (d) the average dijet pseudorapidity in the laboratory frame h�ilabjets, (e) theaverage transverse momentum p�T;jets and (f) the dijet invariant mass M12. Also shownis the 2-dimensional parameterisation of the trigger eÆ
ien
y (solid lines) together withthe assumed �5% un
ertainty (dotted lines).
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Figure 5.14: Number of a

umulated events, divided by the trigger eÆ
ien
y, plottedas a fun
tion of the a

umulated integrated luminosity. The dashed verti
al lines indi
atewhere the trigger used for the analysis or its de�nition 
hanged.and transverse momenta of the jets. The main features of this parameterisation are that�tr is in
reasing with pT and de
reasing towards large � values be
ause jets with � > 1:5are not 
ontained within the full a

eptan
e of the 
entral tra
king system. Starting fromrun 200445 (the minimum bias running period), there is no ineÆ
ien
y originating froma tra
king requirement and the total trigger eÆ
ien
y is given by �el.Fig. 5.13 presents the overall trigger eÆ
ien
y for the 
omplete 1996 and 1997 sam-ple of sele
ted di�ra
tive dijet events. The points represent the measured values of thetotal trigger eÆ
ien
y. The solid lines 
orrespond to the above mentioned parameter-isation of �trig:. The upper and lower dotted lines represent a �5% un
ertainty in thetrigger eÆ
ien
y, whi
h is in
luded into the systemati
 un
ertainty of the 
ross se
tionmeasurements.The trigger eÆ
ien
y for the 3-jet sample 
annot be determined from monitor triggersbe
ause of a la
k of statisti
s. It is parameterised in the same way as the dijet eÆ
ien
y.It is noted here that the di�ra
tive dijet trigger eÆ
ien
y was 
ross 
he
ked with the mu
hlarger sample of in
lusive dijet events with jet pseudorapidities and transverse momentain a similar range but without a rapidity gap.Stability of the Sele
tionFig. 5.14 shows the number of a

umulated events, divided by the trigger eÆ
ien
y, asa fun
tion of the a

umulated integrated luminosity. Signi�
ant deviations from the ex-pe
ted straight line are not observed and reassure that the trigger eÆ
ien
ies for thedi�erent running periods with varying trigger setups have been taken into a

ount 
on-sistently.
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tion26 1 Data Sele
tion
Run 163023  Event 90665  Class: 3 4 11 15 16 17 18 20 27 Date 29/07/1999
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Figure 1.15: Graphi
al representation of a sele
ted di�ra
tive DIS dijet event. (left)rz-view. Protons enter the dete
tor from the right, ele
trons (positrons) from the left.The s
attered ele
tron is measured in the SPACAL. There are no energy deposits in theforward part of the LAr 
alorimeter. Two jets are measured in the 
alorimeter togetherwith the 
entral tra
king system. (right top) Distribution of the deposited energy in the
alorimeter as a fun
tion of � and �. The large peak 
orresponds to the ele
tron. (rightbottom) r�-view. The ba
k-to-ba
k stru
ture of the two jets is visible. The pi
ture hasbeen 
reated using the LOOK [104℄ program.Figure 5.15: Graphi
al representation of a sele
ted di�ra
tive DIS dijet event. (left)rz-view: Protons enter the dete
tor from the right, ele
trons (positrons) from the left.The s
attered ele
tron is measured in the SPACAL. There are no energy deposits in theforward part of the LAr 
alorimeter. Two jets are measured in the 
alorimeter togetherwith the 
entral tra
king system. (right top) Distribution of the deposited energy in the
alorimeter as a fun
tion of � and �. The large peak 
orresponds to the ele
tron. (rightbottom) r�-view: The ba
k-to-ba
k stru
ture of the two jets is visible. The pi
ture hasbeen 
reated using the LOOK [115℄ program.5.7 SummaryDi�ra
tive deep-inelasti
 s
attering events with at least two or exa
tly three jets have beensele
ted from data taken in the years 1996 to 1997. After all 
uts have been applied, thenumbers of sele
ted events for the kinemati
 range mainly given by 4 < Q2 < 80 GeV2,0:1 < y < 0:7, xIP < 0:05 and p�T;jet > 4 GeV areNDijet = 2506 ; N3�Jet = 130 : (5.39)The data 
orrespond to an integrated luminosity ofL = 17:96� 0:36 pb�1 : (5.40)A graphi
al representation of one of the sele
ted dijet events is shown for illustration inFig. 5.15.



Chapter 6Cross Se
tion MeasurementThe following 
hapter des
ribes the measurement of the di�erential hadron level 
rossse
tions for di�ra
tive dijet and 3-jet produ
tion in DIS . After the 
hosen observableshave been introdu
ed, the measured data are 
ompared with the Monte Carlo simulationswhi
h are used to 
orre
t the data. The de�nition of the 
ross se
tions at the hadronlevel is explained. Then, the 
orre
tions whi
h are applied to the data to obtain the
ross se
tions are reviewed in detail. The 
hapter ends with a study of the systemati
un
ertainties in the measurements.6.1 De�nition of the ObservablesIn this se
tion, the 
hosen observables to study di�ra
tive dijet and 3-jet produ
tion arepresented. The distributions of these observables are 
orre
ted to the hadron level.6.1.1 Dijet Cross Se
tionsThe dijet 
ross se
tions are measured di�erentially in the following observables:Basi
 event propertiesThe following observables represent fundamental quantities for di�ra
tive deep-inelasti
s
attering:� The photon virtuality Q2;� The photon-proton 
entre-of-mass energy W ;� The invariant mass of the photon disso
iation system MX ;Q2 is well re
onstru
ted from the polar angle and energy measurements of the s
atteredele
tron (Fig. 5.4). The quality of the W measurement 
an be inferred indire
tly from they re
onstru
tion, whi
h is also shown in Fig. 5.4, if one bears in mind the relation betweenW and y given by W 2 = ys � Q2. The re
onstru
tion of MX was already presented inFig. 5.11. 95



96 6 Cross Se
tion MeasurementJet ObservablesThe properties of the dijet system are studied in terms of the jet transverse momentumin the 
�p frame p�T;jet and the jet pseudorapidity in the laboratory frame �labjet. For ea
hevent, average values for the two highest pT jets are 
onstru
ted:� The average transverse momentum of the jets, de�ned asp�T;jets = 12 �p�T;jet 1 + p�T;jet 2� ; (6.1)� The average pseudorapidity of the jets, de�ned ash�ilabjets = 12 ��labjet 1 + �labjet 2� : (6.2)The re
onstru
tion of the jet pseudorapidities and transverse momenta with respe
t tothe hadron level was shown in Fig. 5.7. The good 
orrelation between the hadron level jetsand the partons emerging from the hard s
attering pro
ess was demonstrated in Fig. 5.8.A good 
orrelation between partons and jets is important in order to infer the underlyingdynami
s of the pro
ess under study.Observables related to Di�ra
tionThe following observables are suited to interpret the data in the 
ontext of di�ra
tion:� The longitudinal momentum fra
tion xIP of the proton whi
h is 
arried by the
olourless ex
hange. The dependen
e on xIP is essentially a measure of the energydependen
e of the 
ross se
tion. For the re
onstru
tion of xIP see Fig. 5.11. The
orrelation between the hadron level value of xIP , as 
al
ulated from the X system,and the `true' generated value of xIP is essentially perfe
t (not shown).� The � variable, whi
h is 
al
ulated from� = Q2Q2 +M2X � t ' Q2Q2 +M2X : (6.3)In a partoni
 interpretation, � 
orresponds to the momentum fra
tion of the 
olour-less ex
hange whi
h is 
arried by the stru
k quark whi
h 
ouples to the virtualphoton. In
lusive measurements of the di�ra
tive stru
ture fun
tion are typi
allyexpressed as a fun
tion of �.� The momentum fra
tion z(jets)IP of the 
olourless ex
hange whi
h enters the hardintera
tion, 
al
ulated from z(jets)IP = Q2 +M212Q2 +M2X ; (6.4)where M12 is the invariant dijet mass, 
al
ulated from the massless jet 4-ve
tors.In loose terms, z(jets)IP measures the fra
tion of the energy of the X system whi
h is
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Figure 6.1: Re
onstru
tion of the z(jets)IP variable. Shown are 
orrelations between (top)the hadron level (labelled `zhadIP ') and dete
tor level (labelled `zre
IP ') values and (bottom)between the generated (labelled `zgenIP ') and the hadron level values of z(jets)IP .
ontained in the two highest pT jets. In the 
ontext of a resolved partoni
 pomeronmodel (se
tion 1.2.5), z(jets)IP is an estimator for the longitudinal momentum fra
tionof the parton in the pomeron whi
h enters the hard s
attering.The z(jets)IP variable is re
onstru
ted on dete
tor level with respe
t to the hadron levelwith a pre
ision of approximately 25%, as shown in Fig. 6.1(top). There is also agood 
orrelation between the hadron level value of z(jets)IP and the true generatedvalue of zIP (Eq. 1.55), as 
an be seen in Fig. 6.1(bottom). A small 
ontributionfrom events generated at small but re
onstru
ted on hadron level at large values ofzIP , whi
h is observed in the lower right 
orner of Fig. 6.1(bottom left) originatesfrom events where a pair of 
harm quarks (

) is produ
ed via the Boson-Gluon-Fusion (BGF) diagram.In order to test fa
torisation properties and s
ale dependen
e e�e
ts in the data, thefollowing two-dimensional distributions are studied:� In order to test Regge fa
torisation, i.e. the fa
torisation of the 
ross se
tion intoa term whi
h only depends on xIP (integrating over t) and a se
ond term whi
h
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tion Measurementdepends on Q2, p�T;jets, z(jets)IP et
. but not on xIP , the zIP distribution is measuredin four intervals of xIP . For the spe
ial 
ase of a resolved pomeron model (se
tion1.2.5), the term depending only on xIP 
orresponds to the t-integrated pomeron 
uxfa
tor fIP=p(xIP ), the other term is proportional to the pomeron parton distributionsf IPi (z; �2), probed at a parton momentum fra
tion z = z(jets)IP and evaluated at thefa
torisation s
ale �2.� To test the dependen
e of the 
ross se
tion on the fa
torisation and renormalisations
ale �2, the z(jets)IP distribution is measured in four intervals of �2, set to Q2+p2T , thesum of the two hard s
ales in the pro
ess. The dependen
e on this parti
ular 
hoi
eof s
ale is investigated in 
hapter 7 and appendix A. In the 
ontext of di�ra
tive orpomeron parton distributions, the evolution of the parton distributions with s
ale
an be investigated.Resolved Virtual Photon ContributionsIn order to investigate the possible presen
e of a 
ontribution from events where thevirtual photon is resolved, the following observable is studied:� x(jets)
 , an estimator for the photon momentum fra
tion x
 whi
h enters the hardintera
tion. For the de�nition of x
 see Eq. 1.27. As in the 
ase of real photopro-du
tion analyses at HERA [116℄, x(jets)
 is 
al
ulated from the ratio of the summedE � pZ of the two jets to the total E � pZ of the X system:x(jets)
 = Pi(Ei � pZ;i)jetsPi(Ei � pZ;i)X : (6.5)x(jets)
 
orrelates well with the parton level and is re
onstru
ted with a resolution of ap-proximately 12% relative to the hadron level de�nition, if dire
t and resolved photon
ontributions are 
ombined. For the resolved photon 
ontribution only, the 
orresponding
orrelations are shown in Fig. 6.2.Hadroni
 a
tivity outside the JetsThe intention behind a study of the hadroni
 a
tivity outside of the two highest pT jets isto dis
riminate between di�erent models for di�ra
tive jet produ
tion. In the proton restframe pi
ture, di�ra
tively s
attered qq photon 
u
tuations 
annot produ
e additionalhadroni
 energy outside the two jet 
ones (negle
ting jet resolution and higher orderQCD e�e
ts). By 
ontrast, qqg states would lead to a signi�
ant energy beyond the twohighest pT jets. Another aspe
t is that the resolved pomeron model implies the presen
e ofa soft non-
ollimated pomeron remnant, whereas in the BJLW model for qqg produ
tionby 2-gluon ex
hange all three partons are required to have high transverse momentum.Furthermore, the possible presen
e of resolved virtual photon 
ontributions in the data
an also be investigated by studying the energy 
ow outside the jets.
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Figure 6.2: Re
onstru
tion of the x(jets)
 variable. Shown are 
orrelations (top) betweenthe hadron level (labelled `xhad
 ') and dete
tor level (labelled `xre

 ') values and (bottom)between the generated value xgen
 and the hadron level estimator for x(jets)
 . In both
ases, only simulated events where the virtual photon is resolved have been in
luded inthe plots.It is desirable to investigate these questions in the rest frame of the X system, whi
his also 
alled the 
�IP 
entre-of-mass system (Fig. 6.3). It is de�ned by:q + xIPP = 0 ; (6.6)where q (P ) are the photon (proton) 4-ve
tors. Quantities in that frame are labelled witha dagger `y'. The zy = 0 plane de�nes two hemispheres: The zy < 0, �y < 0 hemisphere
orresponds to the photon dire
tion, whereas the zy > 0, �y > 0 hemisphere 
orrespondsto the `pomeron' dire
tion. In this 
ontext, the term `pomeron' is only used synonymouslywith the 
olourless ex
hange, not implying the 
ontext of a 
ertain physi
al model. Thefollowing observables are studied:� E(
)rem, the energy sum of all hadroni
 �nal state parti
les of the X system not
ontained in the two highest pT jets and lo
ated in the photon hemisphere (zy < 0)of the 
�IP 
entre-of-mass frame:E(
)rem =Xi Eyi (pyz;i < 0; i 62 Jets 1; 2) : (6.7)
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Figure 6.3: Visualisation of the 
�IP 
entre-of-mass system. This frame 
orrespondsto the rest frame of the X system and is de�ned by q + xIPP = 0. The zy > 0, �y > 0hemisphere 
orresponds to the pomeron dire
tion, whereas the zy < 0, �y < 0 hemisphere
orresponds to the photon dire
tion.Similarly to x(jets)
 , this observable is used to investigate the presen
e of resolvedphoton 
ontributions, sin
e a possible photon remnant would lead to an in
reasedenergy 
ow in the photon hemisphere.� p(IP )T;rem, the transverse momentum of the summed �nal state hadrons of the X systemnot 
ontained in the two highest pT jets and lo
ated in the pomeron hemisphere(zy > 0) of the 
�IP 
entre-of-mass frame:p(IP )T;rem =q(Pi pyx;i)2 + (Pi pyy;i)2 (pyz;i > 0; i 62 Jets 1; 2) : (6.8)This observable is designed to dis
riminate between models with a soft pomeronremnant (e.g. the resolved pomeron model and the saturation model) and thosewith a third high-pT parton (BJLW model).For the quality of the re
onstru
tion of the two observables, see Fig. 6.4.6.1.2 3-Jet Cross Se
tionsThe 
ross se
tions for di�ra
tive 3-jet produ
tion in DIS are measured di�erentially inthe following observables:� The 3-jet invariant mass M123, 
al
ulated from the massless jet 4-ve
tors.� The z(3 jets)IP observable, 
al
ulated from:z(3 jets)IP = Q2 +M2123Q2 +M2X : (6.9)This quantity 
orresponds, by analogy to the de�nition of z(jets)IP in the 
ase of dijetprodu
tion, to the fra
tion of the 
olourless ex
hange momentum whi
h enters thehard s
attering pro
ess. It 
an also be viewed as a measure of the fra
tion of thehadroni
 �nal state energy of the X system whi
h is 
ontained in the three jets.
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Figure 6.4: Re
onstru
tion of (top) E(
)rem and (bottom) p(IP )T;rem. Shown are 
orrelationsbetween the hadron level and dete
tor level quantities.
6.2 Comparison Data { SimulationFor the unfolding of the data from e�e
ts of limited dete
tor a

eptan
es, resolutions andeÆ
ien
ies, it is essential that the Monte Carlo simulation whi
h is used for the unfoldinggives an adequate representation of these e�e
ts. Con�den
e that this is a
tually the
ase 
an be obtained by 
omparing all relevant kinemati
 distributions of the measuredevents with the simulation. If a good agreement is found between data and simulation,the unfolding pro
edure 
an be expe
ted to give reliable results.Deviations observed in the distributions of the simulated with respe
t to the measuredevents have to be taken into a

ount in the estimation of the systemati
 errors on theunfolded 
ross se
tions. In addition, it will have to be investigated how the 
orre
tionsdepend on the spe
i�
 physi
al model whi
h is implemented in the Monte Carlo gener-ator used to simulate the events. This model dependen
e of the 
orre
tions has to bein
orporated into the systemati
 error.
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tion Measurement6.2.1 Di�ra
tive Dijet EventsIn Figs. 6.5 and 6.6, the measured di�ra
tive dijet events (data points with statisti
alerror bars) are 
ompared with the predi
tion of the Monte Carlo simulations (solidhistograms) whi
h are used to 
orre
t the data to the hadron level. For ea
h measurementinterval, the number of observed events in the data has been divided by the integratedluminosity. Losses due to trigger ineÆ
ien
y are 
orre
ted for (see se
tion 5.6). TheMonte Carlo simulation 
orresponds to the sum of the simulated 
olour singlet ex
hange(RG-DIF) and standard DIS (RG-DIS) events, mixed together as explained in se
tion3.3. For the simulation of 
olour singlet ex
hange events, dire
t and resolved virtualphoton 
ontributions are in
luded. The 
ontribution from the standard DIS simulation(RG-DIS) is indi
ated (dotted histograms). The simulations have been s
aled to the data.In general, the simulations give a very good des
ription of the properties of the dijetevents. In Fig. 6.5d, the distribution of events as a fun
tion of the logarithm of the(Bjorken-) x variable is shown. Due to the sele
tion of events where the s
attered ele
tronis dete
ted in the SPACAL (see se
tion 5.2), the range in x is approximately 10�4 to 10�2.In this low-x regime, the 
ontribution from valen
e quarks in the proton is negligible andthe gluon distribution is mu
h larger than the quark distribution.Fig. 6.6b shows that the distribution of the average pseudorapidity h�ilabJets of the jetsis not perfe
tly des
ribed by the simulations. The measured jets tend to lie more forwardon average 
ompared with the simulations. This dis
repan
y is taken into a

ount whenthe systemati
 error on the 
ross se
tions whi
h originates from the model dependen
e ofthe 
orre
tions is evaluated.The j 
os��Jetsj distribution is shown in Fig. 6.6d. This quantity relates to the pseu-dorapidity di�eren
e of the two jets viaj 
os��Jetsj = j tanh �12 (��Jet 1 � ��Jet 2)� j (6.10)�� 
orresponds to the polar angle �̂ in the parton-parton rest frame, as de�ned in se
tion1.1.5, be
ause rapidity di�eren
es are invariant under longitudinal Lorentz-boosts. Thedependen
e on �� is, apart from a

eptan
e e�e
ts (the 
uts in p�T;jet and �labjet) whi
hlimit the a

essible range of ��, given by the matrix element of the underlying hards
attering pro
ess. A good agreement with the simulation is observed, where 2-jet eventsare dominantly produ
ed via the leading order QCD matrix elements.The dependen
e on ���Jets, the azimuthal angular di�eren
e between the two jets, ispresented in Fig. 6.6e. The distribution is peaked at a value of 180o, 
orresponding tothe ba
k-to-ba
k 
on�guration. The smearing towards smaller values of ���Jets is slightlymore pronoun
ed in the data with respe
t to the simulations. Deviations from the pi
tureof a two-parton �nal state with an ideal ba
k-to-ba
k 
on�guration may originate fromhigher order QCD or hadronisation e�e
ts.In Fig. 6.6f, the data are presented as a fun
tion of p� 2T;Jets=Q2, the ratio of the squareddijet transverse momentum to the photon virtuality. Due to the sele
tion of events withQ2 > 4 GeV2 and p� 2T;Jet > 16 GeV2, the relationp� 2T;Jets=Q2 � 1 (6.11)
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Figure 6.5: Comparison of the di�ra
tive dijet data (data points) with the Monte Carlosimulation (solid histograms). Shown are distributions for (a) the photon virtuality Q2,(b) y, (
) the 
�p invariant mass W , (d) log x, (e) the invariant mass MX of the photondisso
iation system and (f) the number of jets NJets. The Monte Carlo simulation isthe sum of the 
olour singlet ex
hange and the in
lusive DIS samples, as explained inthe text. The 
ontribution from the in
lusive DIS simulation alone is also shown (dottedhistograms). The simulations have been s
aled to the data, whi
h are divided by theintegrated luminosity and 
orre
ted for trigger ineÆ
ien
y.
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Figure 6.6: Comparison of the dijet data (data points) with the Monte Carlo simulation(solid histograms) (
ontinued). Shown are distributions for (a) the dijet invariant massM12, (b,
) the average jet pseudorapidity and transverse momentum variables h�ilabJetsand p�T;Jets. Also shown is (d) the j 
os��j distribution, (e) the di�eren
e in azimuthalangle between the jets ���Jets and (f) the ratio p� 2T;Jets=Q2.
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tions 105holds for most of the events. Q2 and p� 2T;Jet a
t as the two hard s
ales for the pro
essunder study.6.2.2 Di�ra
tive 3-Jet EventsIn Fig. 6.7, distributions of kinemati
 variables for the sele
ted 3-jet events are shown.As for the dijet sample, the 3-jet distributions are 
ompared with the simulations of
olour singlet ex
hange (RG-DIF) and standard DIS (R(RG-DIS) events, mixed togetheras des
ribed in se
tion 3.3.Taking into a

ount the limited statisti
al pre
ision of the 3-jet data, also this datasample is well des
ribed by the simulations that are used to 
orre
t the data.6.2.3 Energy Flow around the JetsFig. 6.8 shows the transverse energy 
ow around the jet axes for the dijet sample. Forthe jet pro�les in �� and ��, only transverse energies within one unit in azimuth andpseudorapidity are in
luded in the plots respe
tively. The jet pro�les for ba
kward andforward jets are shown separately in Figs. 6.8a,
 and b,d. The data exhibit a 
lear ba
k-to-ba
k dijet stru
ture in azimuth. The energy 
ow is well des
ribed by the Monte Carlosimulation that is used to 
orre
t the data (solid lines). As said in se
tion 3.3, thesimulation in
ludes a 
ontribution from resolved virtual photons. The 
ontribution fromdire
t photons alone is indi
ated by the dotted histograms. It underestimates the energy
ow ba
kward of the jets, 
orresponding to the photon hemisphere.6.3 De�nition of the Hadron Level Cross Se
tionsIn this se
tion, the de�nition of the phase spa
e for di�ra
tive dijet and 3-jet produ
tionhadron level 
ross se
tions in deep-inelasti
 s
attering is given. Two aspe
ts are relevanthere: The �rst is that the phase spa
e must not 
ontain regions where nothing 
an bemeasured be
ause of dete
tor a

eptan
e or limited statisti
s. Se
ondly, the phase spa
ehas to be de�ned su
h that the 
orre
tions whi
h have to be applied to the measured datain order to unfold them to the hadron level are small. Large a

eptan
e 
orre
tions leadto large systemati
 errors on the extra
ted 
ross se
tions.Phase Spa
e for DIS EventsThe data are 
orre
ted to a phase spa
e for deep-inelasti
 s
attering (DIS) events whi
his given solely in terms of the kinemati
 variables Q2 and y:4 < Q2 < 80 GeV2 ; 0:1 < y < 0:7 : (6.12)No dete
tor related 
uts, e.g. on the polar angle �0e of the s
attered ele
tron, are madefor the de�nition of the 
ross se
tions at the hadron level.
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Figure 6.7: Comparison of the sele
ted 3-jet events (data points) with the MonteCarlo simulation (solid histograms), as explained in the text. Shown are distributionsfor (a) Q2, (b) y, (
) MX , (d) the three-jet invariant mass M123 and (e,f) the meanpseudorapidity and transverse momentum of the three jets, h�ilab3 Jets and p�T;3 Jets.
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Figure 6.8: Observed distributions of the average transverse energy 
ow per eventaround the jet axes in the di�ra
tive dijet sample. ��� and ��� are the distan
es fromthe jet axes in pseudorapidity and azimuthal angle in the hadroni
 
entre-of-mass frame.The jet pro�les in �� and �� are integrated over �1 unit in �� and �� respe
tively. (a)and (
) show the distributions for the ba
kward jet in the laboratory frame, whereas(b) and (d) show those for the forward jet. The distributions for the simulated eventsamples as explained in the text are 
ompared with the data. Here, the 
ontributionsfrom dire
t photons only (dotted histograms) and from the sum of dire
t and resolvedphoton 
ontributions (solid histograms) are shown.



108 6 Cross Se
tion MeasurementPhase Spa
e for Jet EventsThe phase spa
e for dijet and 3-jet events is de�ned by means of the jet algorithm, asexplained in se
tion 5.4.1. The algorithm is applied to the hadrons 
ontained in theX system, boosted into the 
�p 
entre-of-mass frame. Jets are only a

epted if theirtransverse momentum with respe
t to the photon-proton 
ollision axis satis�esp�T;jet > 4 GeV : (6.13)A 
ut on the pseudorapidities of the jets is made in the 
�p system whi
h approximatelymat
hes the sele
tion 
ut in the laboratory frame of �1:0 < �labjet < 2:2:�3 < ��jet < 0 : (6.14)Evidently, the following 
uts are applied to sele
t dijet and 3-jet events:Njets � 2 or Njets = 3 : (6.15)Phase Spa
e for Di�ra
tive EventsAs explained in se
tion 3.2, di�ra
tive events are de�ned at the hadron level in a model-independent manner by looking for the largest gap in � between any two hadroni
 �nalstate parti
les and from that de�ning two systems X and Y . The phase spa
e of themeasured 
ross se
tions is then given in terms of the kinemati
 variables xIP , MY and jtj,
al
ulated from the 4-ve
tors pX and pY . The 
ut on xIP mat
hes the 
ut whi
h is appliedon dete
tor level: xIP < 0:05 : (6.16)The 
uts on MY and jtj are 
hosen su
h that they roughly 
orrespond to the upper endof the rapidity gap (3:2 < � < 7:5, given by the a

eptan
e of the forward dete
tors)required for the measured events:MY < 1:6 GeV ; jtj < 1:0 GeV2 : (6.17)The motivation for 
hoosing spe
i�
ally these numbers is explained in se
tion 6.4.5. Thefull de�nition of the hadron level 
ross se
tions is summarised in Tab. 6.1.6.4 Corre
tions applied to the DataIn this se
tion, it is explained how the 
orre
ted hadron level 
ross se
tions are obtained.The systemati
 un
ertainties in the resulting 
ross se
tions are evaluated.The pro
edure by whi
h the hadron level 
ross se
tions are obtained 
omprises severalsteps: Firstly, a raw 
ross se
tion is obtained by mainly 
orre
ting for trigger ineÆ
ien
ies.Then, migrations into the measured region from events with high xIP or high MY aresubtra
ted. The distributions are then 
orre
ted for dete
tor e�e
ts using a bin-to-binunfolding method. In addition, 
orre
tions have to be applied to take the noise in theFMD dete
tor and the migrations over theMY = 1:6 GeV boundary into a

ount. Finally,the 
ross se
tions are 
orre
ted for QED radiative e�e
ts, so that they are de�ned at theBorn level.
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 Range ofHadron Level Cross Se
tions4 < Q2 < 80 GeV20:1 < y < 0:7xIP < 0:05MY < 1:6 GeVjtj < 1:0 GeV2Njets � 2 or Njets = 3p�T;jet > 4 GeV�3 < ��jet < 0Table 6.1: The kinemati
 range to whi
h the hadron level 
ross se
tions are 
orre
ted.6.4.1 Raw Cross Se
tionIn general, a 
ross se
tion �i is de�ned experimentally as the number of a

umulatedevents in interval i of a measured distribution as a fun
tion of the observable x, dividedby the 
orresponding integrated luminosity:�i(x) = Nevt(xi)L : (6.18)As said in se
tion 5.1, the integrated luminosity for the sele
ted data sample 
orrespondsto L = 17:96�0:36 pb�1. In addition, the loss of events due to the trigger ineÆ
ien
y hasto be taken into a

ount. This is a
hieved by dividing the number of sele
ted events bythe trigger eÆ
ien
y �trig;i, determined as explained in se
tion 5.6. Furthermore, to obtaina di�erential 
ross se
tion, �i is divided by the width �i of the measurement interval orbin. The 
ross se
tions thus represent average values over the measurement intervals,whi
h are quoted at the bin 
entre. The raw 
ross se
tion is then given by:�d�dx�i = 1L 1�trig;i 1�i Nevt(xi) : (6.19)6.4.2 Migrations from high xIP or high MYMigrations of events into the measured sample whi
h originate from the region of xIP > 0:2or MY > 5:0 GeV are taken into a

ount by the simulation of standard DIS pro
esses(RG-DIS, see se
tion 3.3). This 
ontribution is �rst subtra
ted from the data before ina se
ond step the 
orre
tion to the hadron level is performed by using only the 
oloursinglet ex
hange simulation (RG-DIF).For ea
h measurement interval, the number of events to be subtra
ted is derived fromthe predi
ted number of standard DIS events NRG�DIS whi
h pass the sele
tion 
uts ondete
tor level and ful�l xIP > 0:2 ; MY > 5:0 GeV (6.20)
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tion Measurementat the hadron level. NRG�DIS is s
aled by the ratio of the integrated luminosities of thedata L and the `RG-DIS' simulation LRG�DIS:NBKG;i = LC LRG�DISNRG�DIS(xi) : (6.21)C is a fa
tor by whi
h the predi
tion of the RG-DIS sample is s
aled up (approximately40% for dijet events) in order to give a good des
ription of the in
lusive (i.e. withoutdi�ra
tive 
uts) jet 
ross se
tion whi
h is observed in the data. This dis
repan
y innormalisation whi
h is observed when 
omparing jet 
ross se
tions with the predi
tionsof leading order QCD Monte Carlo models is a well-known e�e
t. It has been observedbefore [117℄ in a similar region of pT;jet andQ2 and 
an be explained by the la
k of full NLOQCD matrix elements for the 
al
ulation of the 
ross se
tion within the simulation. Thefra
tion of events whi
h is subtra
ted 
orresponds to about 5% in total and is 
on
entratedat large xIP values (see Figs. 6.5 and 6.6).6.4.3 Corre
tion to the Hadron LevelAfter the migrations from large xIP or MY have been subtra
ted, the 
orre
tions to beapplied to the measured distributions to unfold the data to the hadron level 
an beperformed with the simulation of 
olour singlet ex
hange events (RG-DIF) only.The method employed for the unfolding of the hadron level 
ross se
tions is the so-
alled bin-to-bin 
orre
tion method. It 
an be applied if it is a good approximation tounfolding with a matrix M, de�ned as ~n = M � ~m, where ~m and ~n 
orrespond to themeasured and unfolded distributions, respe
tively. If the bin-to-bin migrations are smalland therefore the matrixM is approximately diagonal, the bin-to-bin 
orre
tion methodis an adequate alternative to the matrix method.Corre
tion Fa
tor The so-
alled 
orre
tion fa
torCF;i = �(rad)re
;i�(rad)had;i (6.22)is 
al
ulated for every bin of the measured 
ross se
tions. It 
orresponds to a fa
tor bywhi
h the raw 
ross se
tion has to be divided to obtain the 
orresponding hadron level
ross se
tion. It is derived from 
al
ulating the following 
ross se
tions using the `RG-DIF'sample of Monte Carlo events:� �(rad)re
;i , 
al
ulated at the level of measured dete
tor observables from the sample ofsimulated events whi
h pass all sele
tion 
uts whi
h are applied to the data. Thesample in
ludes the e�e
ts of QED radiation and was passed through the full H1dete
tor simulation and re
onstru
tion.� �(rad)had;i , 
al
ulated at the level of generated hadrons from all events whi
h belong tothe de�nition of the hadron level 
ross se
tions (Tab. 6.1). QED radiative e�e
tsare in
luded.
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tions applied to the Data 111It is noted that both samples in
lude the e�e
ts of QED radiation. The 
orre
tion to theBorn level will be performed in a se
ond step (se
tion 6.4.6).In the following, the migrations between measured 
ross se
tion bins as well as eÆ-
ien
ies and purities are dis
ussed. Every simulated event 
an be 
lassi�ed into one (andonly one) of the following three sub-samples A, B or C:� A: These are events whi
h pass all 
uts on dete
tor level and belong to the de�nitionof the hadron level 
ross se
tions. Taking the number of re
onstru
ted jets as anexample, sub-sample A 
orresponds to those events where two or more jets arefound on dete
tor level and on hadron level. It is noted that only for this samplethe measured observables, su
h as e.g. the average transverse momentum of thejets, are well de�ned on both levels.� B: This sub-sample 
orresponds to those events whi
h belong to the hadron level
ross se
tion de�nition but do not pass all 
uts applied to the events on dete
torlevel. These are events, for example, where two or more jets are found on hadronlevel, but only one jet is found on dete
tor level.� C: Events whi
h do not fall into the hadron level de�nition of the 
ross se
tions butdo pass all dete
tor level sele
tions fall into this sub-sample. This 
ould be eventsfor example, where only one jet is found on hadron level, but two jets are found ondete
tor level.Bin Purity and Stability For sampleA, the observable under study is well de�ned onhadron level and on dete
tor level. The bin-to-bin migrations for this sample are studiedby looking at the bin purity p and bin stability s, de�ned as:pi = NAgen+re
;iNAre
;i ; si = NAgen+re
;iNAgen;i : (6.23)The bin purity is de�ned as the fra
tion of events re
onstru
ted in a bin that are alsogenerated in that bin. The bin stability is de�ned as the fra
tion of events generatedin a bin that are also re
onstru
ted in that bin. If both s and p are high, the 
orrela-tion matrix Mij between the hadron level and dete
tor level quantities is dominated bythe diagonal entries Mii, whi
h is desirable in order to su

essfully apply a bin-to-bin
orre
tion method.Global EÆ
ien
y and Ba
kground Fra
tion From samples A and B, the sele
tioneÆ
ien
y 
an be studied in terms of the global eÆ
ien
y, de�ned asei = NAgen;iNAgen;i +NBgen;i : (6.24)In words, ei 
orresponds to the fra
tion of generated events whi
h belong to the 
rossse
tion de�nition and are also re
onstru
ted at the dete
tor level, evaluated at bin i of
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tion Measurementthe hadron level distribution. Similarly, the global ba
kground fra
tion is de�ned forevents whi
h belong to sub-samples A or C asbi = NCre
;iNAre
;i +NCre
;i : (6.25)This quantity measures the fra
tion of re
onstru
ted events whi
h are not generatedwithin the hadron level 
ross se
tion de�nition, evaluated at bin i of the dete
tor leveldistribution.The total 
orre
tion fa
tor CF;i for a measurement interval 
an be expressed in termsof ei, bi, si and pi: CF;i = ei � si(1� bi) � pi : (6.26)Distributions for e, s, b and p as well as for the 
ombined fa
tor CF are shown in Fig. 6.9for a sele
ted number of 
ross se
tions. As a general rule, the binning of the 
ross se
tionswas 
hosen su
h that the values of the bin purity and bin stability are well above 30%.Typi
al values are 50 to 60%. The 
orre
tion fa
tors CF are typi
ally in the range 0.5 to0.8.The integrated value of the global eÆ
ien
y e is around 0.35. It shows a rising be-haviour with the jet transverse momentum p�T;jets. The global eÆ
ien
y is below averagefor the largest values of xIP . These e�e
ts are 
aused by smearing over the measurementboundaries at xIP = 0:05 and p�T;jet = 4 GeV.The inverse behaviour with respe
t to the global eÆ
ien
y is observed for the globalba
kground fra
tion b, whi
h is about 45% on average. The value of b is above averageat the largest xIP and smallest p�T;jets values. For the 3-jet 
ross se
tions, the integratedvalues of global eÆ
ien
y (ba
kground fra
tion) are smaller (larger) than for the dijet
ross se
tions. This 
an be explained by the on average larger xIP value for 3-jet events1whi
h leads to more smearing over the 
ut at xIP = 0:05 and by more smearing aboutthe minimum p�T;jet if three jets are required.The observed numbers for global eÆ
ien
y (e) and global ba
kground fra
tion (b)result from the 
ompli
ated sele
tion of di�ra
tive dijet and 3-jet events where manydi�erent 
uts are applied in order to sele
t DIS events, events with two or three jets anddi�ra
tive events all at the same time. The eÆ
ien
y for example is thus the produ
t ofthe DIS eÆ
ien
y, the eÆ
ien
y for jets and the eÆ
ien
y for sele
ting di�ra
tive events.All of these individual event signatures and 
orresponding sele
tions are well understoodindividually. The dependen
e of the 
orre
tion fa
tors on the parameters of the physi
almodel built into the simulation is studied in se
tion 6.5.
1This is a kinemati
 e�e
t due to the energy whi
h is needed to produ
e three high-pT jets.
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Figure 6.9: Purities, eÆ
ien
ies and 
orre
tion fa
tors. Shown are distributions for thebin stability s, the bin purity p, the global eÆ
ien
y e, the global ba
kground fra
tionb and the 
ombined 
orre
tion fa
tor CF as de�ned in the text. The distributions areshown for a representative sele
tion of the measured 
ross se
tions.
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tion Measurement6.4.4 Corre
tion for FMD NoiseAs explained in se
tion 5.5.2, di�ra
tive events are reje
ted due to noise in the FMDdete
tor whi
h is misinterpreted as real hadroni
 a
tivity in the outgoing proton region.Be
ause this noise is not in
luded in the Monte Carlo simulation, a 
orre
tion has to beapplied to the measured 
ross se
tions in order to 
ompensate for the loss of events inthe data. In se
tion 5.5.2, the probability of re
onstru
ting at least two hit pairs in theFMD due to noise, whi
h leads to a reje
tion of the event, was estimated from a study ofrandom trigger events as 5:5%�1:4%. To a very good approximation, this 
orre
tion 
anbe treated as a 
onstant normalisation fa
tor by whi
h all of the extra
ted 
ross se
tionshave to be in
reased: CFMD = +5:5%� 1:4% : (6.27)The un
ertainty on the value of CFMD, whi
h is estimated as 25%, is in
luded in thesystemati
 error on the measured 
ross se
tions.6.4.5 Smearing over MY = 1:6 GeV and jtj = 1:0 GeV2In this se
tion, the smearing over the measurement boundaries at MY = 1:6 GeV andjtj = 1:0 GeV2 is investigated. The additional 
orre
tion whi
h has to be applied to themeasured 
ross se
tions be
ause events with MY > mP (proton disso
iation) are notin
luded in the simulation (RG-DIF) is explained.Fig. 6.10a shows the eÆ
ien
y for dete
ting the proton disso
iation system Y as afun
tion of MY . The 
ombined forward dete
tor eÆ
ien
y rea
hes � 90% for MY �5 GeV. The individual dete
tion eÆ
ien
ies are:� The PRT has a 
onstant eÆ
ien
y of around 45% be
ause of its proximity to thebeam pipe.� The eÆ
ien
y for dete
ting the Y system in the LAr is slowly in
reasing with MYand is 
omparable to the PRT eÆ
ien
y above MY ' 5 GeV.� The FMD is most eÆ
ient above MY ' 2:5 GeV be
ause of se
ondary parti
leprodu
tion.For MY approa
hing the proton mass mP , the eÆ
ien
ies are qui
kly de
reasing. Thiswould lead to large 
orre
tions if 
ross se
tions were to be determined for elasti
allys
attered protons only. This in turn would result in large systemati
 un
ertainties. Theseun
ertainties 
an be redu
ed if proton disso
iation is in
luded up to a �nite value of MYin the 
ross se
tion de�nition at the hadron level. As in previous H1 analyses, the valueMY = 1:6 GeV is 
hosen here.Figs. 6.10b,
 show the eÆ
ien
ies for dete
ting a proton disso
iative system and anelasti
ally s
attered proton as a fun
tion of jtj, respe
tively. The 
ombined dete
tioneÆ
ien
y for proton disso
iation is approximately 
onstant at the level of 85%. In the
ase of an elasti
 proton, the eÆ
ien
y strongly in
reases with jtj and rea
hes 30% at
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Figure 6.10: The eÆ
ien
y for dete
ting the Y system as a fun
tion of MY and jtj,obtained using the DIFFVM [118℄ Monte Carlo simulation. Shown are eÆ
ien
ies fordete
ting proton disso
iation as a fun
tion of (a) MY and (b) and jtj as well as theeÆ
ien
y for dete
ting an elasti
 proton as a fun
tion of jtj (
). The eÆ
ien
ies areshown for a
tivity above noise thresholds in any forward dete
tor (full 
ir
les) as wellas for the FMD (open triangles), the PRT (full squares) and the LAr (open 
ir
les)dete
tors individually (�gure from [87℄).around 1:0 GeV2. The measured hadron level 
ross se
tions are 
orre
ted to the rangejtj < 1:0 GeV2.As said before, the basi
 a

eptan
e 
orre
tions are performed with a simulationof 
olour singlet ex
hange events (RG-DIS). This pro
edure takes the migrations overjtj = 1:0 GeV2 for elasti
ally s
attered protons into a

ount. Proton disso
iation is notin
luded in the simulation. The high disso
iation mass region of MY > 5 GeV is 
overedby the simulation of standard (i.e. non-di�ra
tive) events (RG-DIS). The missing pie
e inthe 
orre
tion pro
edure is thus the treatment of the migrations over the MY = 1:6 GeVboundary forMY < 5 GeV. This 
orre
tion, whi
h is applied on top of the basi
 
orre
tionpro
edure, is determined using the DIFFVM [118℄ Monte Carlo model of proton disso-
iation in J= produ
tion. The 
orre
tion fa
tor CMY is determined from the following
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tion Measurementformula:CMY = Ngen(MY < 1:6 GeV; jtj < 1:0 GeV2) � Nre
Ngen(MY < 1:6 GeV; jtj < 1:0 GeV2) + R �Ngen(jtj < 1:0 GeV2) : (6.28)Here, Ngen and Nre
 are the number of hadron level and re
onstru
ted dete
tor level (i.e.passing forward 
uts) proton disso
iation events. R denotes the ratio of elasti
 to protondisso
iation 
ross se
tions and is assumed as R = 1 for the determination of CMY . Theresult for the 
orre
tion is CMY = �6:5%� 6:5% : (6.29)The determination of the un
ertainty in the value of CMY is des
ribed in se
tion 6.5.The 
orre
tion leads to a global redu
tion of all measured 
ross se
tions. The number
orresponds to the luminosity-weighted mean of the individual results for the 1996 and1997 data taking periods whi
h yield slightly di�erent values individually, mainly be
auseof the degrading PRT eÆ
ien
y.6.4.6 Corre
tion to the Born LevelThe Monte Carlo simulations used to 
orre
t the 
ross se
tions to the hadron level in
ludevarious QED 
orre
tions to the bare Born term. These 
omprise initial and �nal statephoton radiation from the ele
tron as well as quark radiation and the 
orrespondingvirtual loop diagrams. Although it is possible to de�ne the 
ross se
tions su
h that theseQED e�e
ts are in
luded, it is desirable to 
orre
t to the Born level. The reason is thatmodel predi
tions whi
h are to be 
ompared with the data usually do not in
lude theseQED e�e
ts.In 
onsequen
e, a 
orre
tion CQED;i fa
tor is applied to the extra
ted 
ross se
tions.It is de�ned for every bin i of a measured distribution asCQED;i = �(non�rad)had;i�(rad)had;i : (6.30)The values of CQED;i (Fig. 6.11), whi
h on average are about 0.95, have been obtained from
ross se
tion predi
tions for 
olour singlet ex
hange events where the QED 
orre
tions tothe 
ross se
tions were either swit
hed on or o�. Be
ause for this task the generated MonteCarlo events need not be passed through the full time 
onsuming dete
tor simulation andre
onstru
tion, high statisti
s event samples 
an be used to determine CQED. In total,about 19M events ea
h were generated for the two samples with and without QED e�e
ts,
orresponding to integrated luminosities of more than 200 pb�1 ea
h.6.4.7 Summary of the Corre
tion Pro
edureThe full 
orre
tion pro
edure to the hadron level is summarised by the following formula:�d�dx�i = �Nevt(xi)�trig;i �NBKG;i� 1L 1�i 1CF;i CFMD CMY CQED;i : (6.31)The values of Nevt(xi), �trig;i, NBKG;i, �i, CF;i and CQED;i are determined individually forea
h measurement interval. By 
ontrast, L, CFMD and CMY are identi
al for all bins.
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Figure 6.11: QED 
orre
tions applied to the measured 
ross se
tions. Shown arethe values of CQED = �(non�rad)had;i =�(rad)had;i for several of the measured 
ross se
tions asobtained from simulations of 
olour singlet ex
hange events where QED radiative e�e
tswere either in
luded or not.
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tion Measurement6.5 Systemati
 ErrorsThe measurement of 
ross se
tions is always subje
t to systemati
 un
ertainties. Theseun
ertainties originate from an imperfe
t understanding of the dete
tor, for example theknowledge of the absolute energy 
alibration of the 
alorimeters. In addition, un
ertaintiesarise from the 
orre
tions applied to the data to 
orre
t them to the hadron level. These
orre
tions generally depend on the physi
al model whi
h was used in the Monte Carlogenerator.6.5.1 Dete
tor UnderstandingThe un
ertainties asso
iated with dete
tor understanding (see se
tion 4.2) are as follows.Calibration of Hadroni
 Energies� The un
ertainties in the hadroni
 
alibrations of the LAr and SPACAL 
alorimetersare 4% and 7%, respe
tively. They mainly in
uen
e the measured values of p�T;jetand MX . The resulting un
ertainties in the 
ross se
tions are up to 10% (with amean value of 5%) for the LAr and 0:5% for the SPACAL.� The un
ertainty in the fra
tion of energy of the re
onstru
ted hadroni
 obje
ts
arried by tra
ks is 3%. This leads to a systemati
 error in the range 1% to 5%.Measurement of the S
attered Ele
tronThe un
ertainties in the measurements of the energy and polar angle of the s
atteredele
tron, E 0e and �0e, propagate into the re
onstru
tion of Q2, y and W and the de�nitionof the 
�p axis for the boost into the 
�p frame.� The un
ertainty in �0e, whi
h is 1 mrad, leads to a systemati
 error of 1% to 2%.� The un
ertainty in E 0e is estimated as 0:3% at the kinemati
 peak (E 0e = 27:5 GeV)and 2:0% at E 0e = 8:0 GeV [108℄. It results in a systemati
 error between 1% and5%, depending on the kinemati
s.Trigger EÆ
ien
y and Luminosity� The un
ertainties in the determinations of the trigger eÆ
ien
y and the ep luminos-ity a�e
t the total normalisation by 5% and 2% respe
tively.FMD Noise� There is an un
ertainty of 25% in the fra
tion of events lost due to noise in the FMD,whi
h translates into a 1:4% normalisation error on the measured 
ross se
tions.6.5.2 Modelling of the DataThe Monte Carlo modelling of the data gives rise to the following un
ertainties.
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 Errors 119Migrations from large xIP , MY� The un
ertainty in the number of events migrating into the sample from xIP > 0:2or MY > 5 GeV, as obtained from the `RG-DIS' sample of Monte Carlo events, isestimated as 25%. The result is a systemati
 error between 1% and 3%, with thebiggest values at large xIP .Migrations about MY = 1:6 GeVA 6:5% un
ertainty arises from theMY smearing 
orre
tion (se
tion 6.4.5). It is estimatedby variations of:� The ratio of elasti
 proton to proton disso
iation 
ross se
tions in DIFFVM, denotedR in Eq. 6.28, between 1:2 and 2:1;� The generated MY distribution within 1=M2:0�0:3Y ;� The t dependen
e in the proton disso
iation simulation by 
hanging the slope pa-rameter by �1 GeV�2;� The simulated eÆ
ien
ies of the forward dete
tors FMD and PRT by �4% and�25% respe
tively.QED Corre
tions� The un
ertainty arising from the 
orre
tion of the 
ross se
tions to the Born levelwithout QED radiative e�e
ts is typi
ally 5%, originating from the �nite statisti
alerror on the 
ross se
tion predi
tions.Approximations for Higher Order QCD E�e
ts� The use of di�erent approximations for higher order QCD diagrams, the partonshower (MEPS) model or the 
olour dipole approa
h (CDM), leads to a 3% un
er-tainty in the 
ross se
tions.Model Dependen
eThe model dependen
e of the a

eptan
e and migration 
orre
tions as obtained from thesimulation is estimated by varying the shapes of kinemati
 distributions in the simulationsbeyond the limits imposed by previous measurements or the present data. This is doneby reweighting� The zIP distribution by z�0:2IP and (1� zIP )�0:2;� The pT distribution by (1=pT )�0:5;� The xIP distribution by (1=xIP )�0:2;� The t distribution by e�2t;
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tion Measurement� The �labjet distribution to that observed in the data.The resulting systemati
 un
ertainties range between 6% and 13%. The largest 
ontribu-tions originate from the assumed shapes of the xIP and �labjet distributions.Cut-O� to avoid Collinear Divergen
es� The lower p2T 
ut-o� 
hosen to avoid 
ollinear divergen
es in the leading order QCDmatrix elements in the RAPGAP simulation is relatively high (p2T > 9 GeV2) withrespe
t to the experimental 
ut p�2T;jet > 16 GeV2 for te
hni
al reasons. Studyingthe dependen
e on the 
ut-o� value results in an additional un
ertainty of 5%.Choi
e of the Jet AlgorithmIn general, the measured jet 
ross se
tions depend on the jet algorithm whi
h is used.For a sub-sample of the data, the e�e
t of using a di�erent jet algorithm, the so-
alledin
lusive kT algorithm [119℄, has been studied. The obtained 
ross se
tions, for the dataas well as for the simulations, are smaller in normalisation by approximately 15%, butthe shapes of the distributions are hardly a�e
ted. The 
on
lusions drawn from the
omparisons of di�erent QCD models with the data do thus not signi�
antly depend onthe parti
ular 
hoi
e of the algorithm whi
h has been made.Most of the systemati
 un
ertainties are not strongly 
orrelated between data points.The total systemati
 error has been evaluated for ea
h data point by adding all individualsystemati
 errors in quadrature. It ranges between 15 and 30% and for most data pointsis signi�
antly larger than the statisti
al un
ertainty.



Chapter 7Results and InterpretationIn this 
hapter, the measured di�erential 
ross se
tions at the hadron level are presentedin the kinemati
 region spe
i�ed in Tab. 6.1. The phenomenologi
al models des
ribed inse
tions 1.2.5-1.2.7 are 
onfronted with the measured data.The 
ross se
tions are shown graphi
ally in Figs. 7.2-7.9. In all �gures, the inner errorbars 
orrespond to the statisti
al error, whilst the outer error bars represent the quadrati
sum of the statisti
al and systemati
 errors. The numeri
al values of the measured 
rossse
tions 
an be found in appendix C in Tabs. C.1-C.6. The quoted di�erential 
rossse
tions are average values over the intervals spe
i�ed in the tables.7.1 General Properties of the Dijet DataIn this se
tion, general features of the data are dis
ussed, referring to Figs. 7.1-7.4. Themodel predi
tions whi
h are also shown in these �gures are dis
ussed in se
tions 7.2 and7.3.7.1.1 Transverse Energy Flow and Correlation M212-M2XIn Fig. 7.1a, the un
orre
ted average transverse energy 
ow per event for the dijet sampleis shown as a fun
tion of the pseudorapidity �y in the rest frame of the X system (seese
tion 6.1). Positive values of �y 
orrespond to the pomeron hemisphere, negative valuesto the photon hemisphere. Both the total energy 
ow and the energy 
ow from parti
lesoutside the two leading jets are shown. The data exhibit 
onsiderable hadroni
 energynot asso
iated with the jets. This additional energy is distributed in both hemisphereswith some preferen
e for the pomeron hemisphere.In order to examine the sharing of energy within the X system on an event-by-eventbasis, Fig. 7.1b shows the un
orre
ted 
orrelation between the squared dijet invariantmass M212 and the squared total di�ra
tive mass M2X [57℄. Ex
ept for a small subset ofthe events at lowMX , only a fra
tion of the available energy of the X system is 
ontainedin the dijet system, su
h that M12 is 
onsiderably smaller than MX on average.121
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Figure 7.1: (a) The un
orre
ted distribution of the average transverse energy per eventfor the di�ra
tive dijet sample as a fun
tion of the pseudorapidity �y in the 
entre-of-mass frame of the X system. Distributions are shown both for all �nal state parti
les(solid points) and for only those parti
les whi
h do not belong to the two highest pT jets(open points). The predi
tion of the RAPGAP simulations for dire
t and for dire
t plusresolved virtual photon 
ontributions are also shown. (b) The un
orre
ted 
orrelationbetween the squared invariant mass of the X system M2X and the squared dijet invariantmass M212 for the di�ra
tive dijet sample. The dotted line 
orresponds to M2X =M212.7.1.2 Di�erential Cross Se
tionsFigs. 7.2 and 7.3 present di�erential dijet 
ross se
tions as fun
tions of the followingobservables: the photon virtuality Q2; the mean dijet transverse momentump�T;jets = 12 �p�T;jet 1 + p�T;jet2� (7.1)in the 
�p frame, the 
�p invariant mass W ; the mean dijet pseudorapidity in the labora-tory frame h�ilabjets = 12 ��labjet 1 + �labjet 2� (7.2)and the logarithms of the xIP and � variables, whi
h are 
al
ulated fromxIP = Q2 +M2XQ2 +W 2 ; � = Q2Q2 +M2X : (7.3)The Q2, p�T;jets and W Cross Se
tionsThe Q2 and p�T;jets distributions are steeply falling (Fig. 7.2a,b). Due to the sele
tionof events with Q2 > 4 GeV2 and p� 2T;jets > 16 GeV2, the relation p� 2T;jets > Q2 holds for
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Figure 7.2: Di�ra
tive dijet 
ross se
tions as a fun
tion of (a) the photon virtuality Q2,(b) the mean transverse jet momentum p�T;jets in the 
�p 
entre-of-mass frame, (
) the 
�pinvariant mass W and (d) the mean jet pseudorapidity h�ilabjets in the laboratory frame.Also shown are the predi
tions from a resolved (partoni
) pomeron model with gluondominated pomeron parton distributions as obtained from the QCD analysis of FD(3)2 byH1 [3℄. The results, using both the `�t 2' (`
at gluon') and `�t 3' (`peaked gluon') partondistributions for the pomeron, are shown evolved to a s
ale �2 = Q2 + p2T . Resolvedvirtual photon 
ontributions are added a

ording to the SaS-2D parameterisation [31℄.The predi
tion based on `�t 2' is also shown where the 
olour dipole approa
h (CDM)for higher order QCD e�e
ts is used in pla
e of parton showers (MEPS).
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Figure 7.3: Di�erential di�ra
tive dijet 
ross se
tions as fun
tions of (a) log xIP and (b)log �. The solid 
urves represent the predi
tions of the resolved pomeron model (`�t 2')as des
ribed in the text with dire
t and resolved photon 
ontributions. For the log xIPdistribution, the 
ontribution from sub-leading reggeon ex
hange as obtained in [3℄ isindi
ated by the hat
hed area. The dashed and dashed-dotted histograms 
orrespondto the 
ross se
tion predi
tions where the value of the pomeron inter
ept �IP (0) in themodel was 
hanged from the default value of 1.20 to 1.08 and 1.40 respe
tively. For this�gure, all model predi
tions have been s
aled to the integrated 
ross se
tion in the data.For the log � distribution, the predi
tion using the `�t 3' parton distributions is alsoshown and the range 
overed by the in
lusive H1 measurement of FD(3)2 is indi
ated.the bulk of the data. As 
an be seen in Fig. 7.2
, the W range of the sele
ted events isapproximately 90 < W < 260 GeV.The log xIP and log � Cross Se
tionsThe xIP distribution shows a rising behaviour from the lowest a

essible values of � 0:003up to the 
ut value of 0.05. For kinemati
 reasons, the dijet measurement is dominatedby larger xIP values than is the 
ase for in
lusive di�ra
tive measurements. The � range
overed by the measurement extends down to almost 10�3, lower than a

essed so far inmeasurements of FD(3)2 .The shapes of the measured 
ross se
tions are generally well des
ribed by the RAPGAPsimulation used to 
orre
t the data (solid histograms, see se
tion 3.3). One ex
eption isthe h�ilabjets distribution, whi
h shows that on average the measured jets have slightly largerpseudorapidities than is predi
ted by the simulations.
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Figure 7.4: The di�ra
tive dijet 
ross se
tion as a fun
tion of z(jets)IP . The same data are
ompared to predi
tions of resolved pomeron models, where either (a) �2 = Q2 + p2T or(b) �2 = p2T are used as renormalisation and fa
torisation s
ales. In (a), the `�t 2' (or `
atgluon') and `�t 3' (or `peaked gluon') parameterisations based on the H1 leading orderQCD �ts to FD(3)2 [3℄ are shown. Dire
t and resolved 
� 
ontributions are both in
luded.The size of the resolved 
� 
ontribution in `�t 2' is indi
ated by the shaded histogram.In (b), where only the dire
t 
� 
ontributions are shown, the preferred solution `ACTW�t D' of the �ts from [65℄ is shown in addition to the H1 �ts. The 
orresponding gluondistributions, evolved to the mean value of the respe
tive s
ale used and normalised su
hthat the pomeron 
ux fIP=p(xIP = 0:003; t = 0) is unity, are shown above the predi
tions.The z(jets)IP Cross Se
tionIn Fig. 7.4, the 
ross se
tion di�erential in z(jets)IP , 
al
ulated fromz(jets)IP = Q2 +M212Q2 +M2X (7.4)is shown. In loose terms, the z(jets)IP observable measures the fra
tion of the hadroni
 �nalstate energy of the X system whi
h is 
ontained in the two jets. The measured z(jets)IPdistribution is largest around 0.2 and thus 
on�rms the observation from Fig. 7.1 thatthe total energy of the X system is typi
ally mu
h larger than that 
ontained in the jets.Di�ra
tively s
attered qq photon 
u
tuations (see se
tion 1.2.3) satisfy zIP � 1 at the



126 7 Results and Interpretationparton level, but 
an be smeared to z(jets)IP values as low as 0.6 be
ause of fragmentationand jet resolution e�e
ts. Even taking this smearing into a

ount, the z(jets)IP distributionimplies the dominan
e of qqg over qq s
attering in the proton rest frame pi
ture.7.2 Interpretation within a Partoni
 Pomeron ModelIn this se
tion, the data are 
ompared with the Ingelman-S
hlein model as introdu
ed inse
tion 1.2.5, using the RAPGAP Monte Carlo model with various sets of pomeron partondistributions. In all 
ases unless otherwise stated, the RAPGAP predi
tions shown use theparton shower approximation to higher order diagrams (MEPS) and a 
ontribution fromresolved virtual photons is in
luded, as des
ribed in se
tion 3.3. It has been shown in anH1 measurement of in
lusive dijet produ
tion for similar ranges in Q2 and p�T;jets [36℄ thatin
luding resolved photon 
ontributions improves the des
ription of the data by leadingorder Monte Carlo Models in the region p� 2T;jets > Q2. It is thus reasonable to expe
t asimilar 
ontribution in di�ra
tion.7.2.1 Di�ra
tive Gluon DistributionPomeron parton densities dominated by gluons have proved su

essful in des
ribing notonly in
lusive measurements of the di�ra
tive stru
ture fun
tion [2, 3, 5℄, but also moreex
lusive hadroni
 �nal state analyses [10, 11, 85, 120℄. By 
ontrast, pomeron partondistributions dominated by quarks (e.g. `�t 1' from [3℄) do not des
ribe the data [3,11,85℄.In parti
ular, they lead to signi�
antly smaller predi
ted dijet ele
troprodu
tion 
rossse
tions than were obtained in previous measurements [11℄ (see 
hapter 2 and appendixA.1). The free parameters of the Ingelman-S
hlein model to whi
h dijet produ
tion ismost sensitive are the pomeron gluon distribution gIP (z; �2) and the pomeron inter
ept�IP (0). The sub-leading reggeon 
ontribution and the pomeron quark distribution arebetter 
onstrained by in
lusive 
olour singlet ex
hange measurements [3, 121℄.Predi
tions based on two sets of pomeron parton distributions obtained from theleading order DGLAP analysis of FD(3)2 from H1 in [3℄ are 
ompared with the data inFigs. 7.2 and 7.3. The `
at gluon' or `�t 2' parameterisation gives a very good des
riptionof all di�erential distributions, ex
ept for d�=dh�ilabjets. Sin
e h�ilabjets is 
orrelated with allof xIP , z(jets)IP , y and x(jets)
 , smaller deviations between the data and the simulation inthese quantities may 
ombine to give larger deviations in h�ilabjets. The predi
tions basedon the `peaked gluon' or `�t 3' parameterisation in Figs. 7.2 and 7.3 are also in fairagreement with the data, though the des
ription is somewhat poorer than that from `�t2'. If the 
olour dipole approximation (CDM) to higher order QCD e�e
ts is used insteadof parton showers (MEPS), the predi
ted dijet 
ross se
tions in
rease in normalisationby approximately 15% (Fig. 7.2). The shapes of the predi
ted distributions, in
ludingthat of z(jets)IP , are not signi�
antly a�e
ted.The 
ross se
tion di�erential in z(jets)IP (Fig. 7.4) is also 
ompared with predi
tionsfrom di�erent sets of pomeron parton distributions. As said before, in a resolved pomeron



7.2 Interpretation within a Partoni
 Pomeron Model 127model z(jets)IP is an estimator for the longitudinal momentum fra
tion of the parton fromthe pomeron whi
h enters the hard s
attering pro
ess. Fig. 7.4a shows the predi
tionsbased on the partons extra
ted in `�t 2' and `�t 3' of [3℄. The parton distributionsare evaluated at a s
ale �2 = Q2 + p2T . Alternative reasonable 
hoi
es of s
ale su
h asQ2 +4p2T make only small di�eren
es to the Monte Carlo predi
tions (see appendix A.1).The 
ontribution of quark indu
ed pro
esses in the predi
tions is small. The fra
tionof the 
ross se
tion as
ribed to resolved virtual photons, whi
h is shown separately for`�t 2' in Fig. 7.4a, is also small and is 
on
entrated at low z(jets)IP . The same is true forthe reggeon 
ontribution (not shown). The predi
tions based on the `
at gluon' or `�t 2'parton densities are in very good agreement with the data. The `peaked gluon' or `�t3' parameterisation leads to an overestimate of the dijet 
ross se
tion at high values ofz(jets)IP . The gluon distributions from whi
h the predi
tions are derived are shown abovethe data at �2 = 42 GeV2, representing the mean value of Q2 + p� 2T;jets for the sele
tedevents. The di�eren
e in shape between the gluon distributions and the hadron levelpredi
tions re
e
ts the kinemati
 range of the measurement (Tab. 6.1). The dijet dataare highly sensitive to the shape of the gluon distribution, whi
h is poorly 
onstrainedby the FD(3)2 measurements. This is espe
ially the 
ase in the region of large momentumfra
tions (zIP or �), sin
e data with � > 0:65 were ex
luded from the DGLAP analysis ofFD(3)2 in [3℄.In Fig. 7.4b, the same data are 
ompared with the models where p2T was 
hosenas the renormalisation and fa
torisation s
ale and only dire
t photon 
ontributions arein
luded. The level of agreement between the data and the simulations based on the H1�ts is similar to that in Fig. 7.4a. Also shown is a predi
tion based on the best 
ombined�t in [65℄ to H1 and ZEUS FD(3)2 data and ZEUS di�ra
tive dijet photoprodu
tiondata (`ACTW' parameterisation; se
tion 1.2.5). In this parameterisation, the pomeroninter
ept is set to �IP (0) = 1:19. Due to the di�erent shape and normalisation ofthe gluon distribution in this parameterisation, the agreement with the dijet data issigni�
antly poorer than is the 
ase for the two H1 �ts.In general, the 
lose agreement between the `�t 2' and `�t 3' parameterisations andthe data 
an be interpreted as support for fa
torisable pomeron parton distributions inDIS, strongly dominated by gluons with a momentum distribution relatively 
at in zIP .In the following, some basi
 assumptions of the resolved pomeron model are tested,namely the evolution of the parton distributions with s
ale, Regge fa
torisation and theuniversality of the pomeron inter
ept.7.2.2 S
ale Dependen
eFig. 7.5a shows the 
ross se
tion di�erential in z(jets)IP in four intervals of the s
ale �2 =Q2 + p2T . Even in this double di�erential view, the `�t 2' resolved pomeron model withparton densities evolving a

ording to the DGLAP equations gives a very good des
riptionof the data. The `peaked gluon' solution overestimates the 
ross se
tion at high z(jets)IP inall regions of �2.
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Figure 7.5: Di�ra
tive dijet 
ross se
tions as a fun
tion of z(jets)IP , shown in four intervalsof (a) the s
ale �2 = Q2 + p2T and (b) log xIP . The data are 
ompared to the resolvedpomeron model based on the two �ts to FD(3)2 from H1, in
luding both dire
t and resolved
� 
ontributions.
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 Pomeron Model 1297.2.3 Regge Fa
torisationIn Fig. 7.5b, the data are used to test Regge fa
torisation, i.e. the fa
torisation of the
ross se
tion into a pomeron probability distribution in the proton and a 
ross se
tionfor the intera
tion between the pomeron and the photon (Eq. 1.58). The 
ross se
tiondi�erential in z(jets)IP is measured in four intervals of xIP . A substantial dependen
e of theshape of the z(jets)IP distribution on xIP is observed. This is dominantly a kinemati
 e�e
t,sin
e xIP and z(jets)IP are 
onne
ted via the relationxIP � z(jets)IP = x(jets)p ; (7.5)where x(jets)p is the proton momentum fra
tion whi
h enters the hard pro
ess. The rangein x(jets)p is approximately �xed by the kinemati
 range of the measurement.Again, the fa
torising resolved pomeron model des
ribes the distributions well. Thus,at the present level of pre
ision, the data are 
ompatible with Regge fa
torisation. Thereis little freedom to 
hange the pomeron inter
ept �IP (0) and 
ompensate this by adjustingthe gluon distribution. Fast variations of �IP (0) with zIP are also in
ompatible with thedata1.7.2.4 Pomeron Inter
eptThe value of �IP (0) 
ontrols the energy or xIP dependen
e of the 
ross se
tion. In thepredi
tions of the resolved pomeron model shown in Figs. 7.2-7.5, a value of �IP (0) = 1:2is used, as obtained in the H1 analysis of FD(3)2 [3℄. Sin
e this value of �IP (0) is larger thanthat des
ribing soft intera
tions, it is interesting to investigate whether further variationtakes pla
e with the additional hard s
ale introdu
ed in the dijet sample. In Fig. 7.3a, thee�e
t on the shape of the predi
ted 
ross se
tion di�erential in xIP is investigated when�IP (0) is varied. As examples, the predi
tions with �IP (0) = 1:08 (`soft pomeron') and�IP (0) = 1:4 (approximate leading order `BFKL pomeron' [26℄, see se
tions 1.1.4,1.2.1)are shown. All predi
tions have been s
aled to the total 
ross se
tion in the data. ThexIP dependen
e of the data requires a value for �IP (0) 
lose to 1.2. The values of 1.08 and1.4 result in xIP dependen
es whi
h are steeper or 
atter than the data respe
tively.Making a �t for �IP (0) to the shape of the xIP 
ross se
tion, assuming a 
ux of theform given in Eq. 1.62, yields a value of�IP (0) = 1:17 � 0:03 (stat:) � 0:06 (syst:) +0:03�0:07 (model) :The model dependen
e un
ertainty is evaluated by varying:� the resolved photon 
ontribution by �50%;� the reggeon 
ontribution by �50%;1In the analysis in [76℄ for example, the di�ra
tive stru
ture fun
tion FD(3)2 is parameterised as thesum of 
ontributions from longitudinally and transversely polarised qq and qqg photon 
u
tuation 
rossse
tions whi
h are dominant in di�erent regions of �. The xIP dependen
es of the individual 
ontributionsare not assumed to be identi
al.



130 7 Results and Interpretation� the pomeron gluon distribution within the range allowed by the measured z(jets)IPdistribution;� the assumed �0IP by �0:26 GeV�2 and� the slope parameter bIP within the range bIP = 2 : : : 8 GeV�2.The e�e
ts of NLO 
ontributions and possible pomeron-reggeon interferen
e have not beenstudied. The extra
ted value of �IP (0) is 
ompatible with that obtained from in
lusivedi�ra
tion in a similar Q2 region, despite the fa
t that the jets introdu
e an additionalhard s
ale.7.3 Energy Flow in the Photon Hemisphere and Re-solved Virtual PhotonsAs 
an be seen from Figs. 7.2-7.5, the data are well des
ribed by the resolved pomeronmodel, where a 
ontribution from resolved virtual photons is in
luded as des
ribed inse
tions 1.1.6 and 3.3. In this se
tion, two observables are studied whi
h are parti
ularlysuited to the interpretation of the data in terms of dire
t and resolved photon 
ontribu-tions.The x(jets)
 Cross Se
tionThe 
ross se
tion di�erential in x(jets)
 , an estimator for the photon momentum fra
tionwhi
h enters the hard s
attering pro
ess, is shown in Fig. 7.6a. x(jets)
 is 
al
ulated fromx(jets)
 = Pi(Ei � pZ;i)jetsPi(Ei � pZ;i)X (7.6)(see se
tion 6.1). The distribution is peaked at values around 1 but there is also a sizeable
ross se
tion at lower x(jets)
 values. The predi
tion of the resolved pomeron model withonly dire
t photon 
ontributions des
ribes the high x(jets)
 region, but lies signi�
antlybelow the data at low values of x(jets)
 . The predi
tion is non-zero in this region onlybe
ause of migrations from the true value of x
 to the hadron level quantity x(jets)
 . If the
ontribution from resolved photons is in
luded, a mu
h improved des
ription of the datais a
hieved. The total predi
ted dijet 
ross se
tion then in
reases by 17%.The E(
)rem Cross Se
tionThe part of the hadroni
 �nal state not asso
iated to the two highest p�T jets is best studiedin the 
�IP 
entre-of-mass frame. Hadroni
 �nal state parti
le produ
tion outside the twohighest p�T jets 
an originate from jet resolution e�e
ts, possible photon and pomeronremnants or from higher order QCD diagrams. In order to further investigate the energyin the photon hemisphere, the E(
)rem observable is studied, de�ned as the energy sum of
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Figure 7.6: Di�erential di�ra
tive dijet 
ross se
tions as a fun
tion of (a) x(jets)
 , anestimator for the photon momentum fra
tion entering the hard s
attering pro
ess, and(b) E(
)rem, the summed hadroni
 �nal state energy not belonging to the two highest p�Tjets in the photon hemisphere of the 
�IP 
entre-of-mass frame. The data are 
omparedto the resolved pomeron model (`�t 2') with and without an additional 
ontributionfrom resolved virtual photons, parameterised a

ording to the SaS-2D photon partondistributions.all hadroni
 �nal state parti
les of the X system not 
ontained in the two highest p�T jetsand lo
ated in the photon hemisphere of the 
�IP 
entre-of-mass frame (se
tion 6.1):E(
)rem =Xi Eyi (pyz;i < 0; i 62 Jets 1; 2) : (7.7)The 
ross se
tion is shown di�erentially in E(
)rem in Fig. 7.6b. The distribution fallsqui
kly as E(
)rem in
reases, indi
ating the dominan
e of dire
t photon s
attering. Thedes
ription at high E(
)rem values (
orresponding to x
 < 1) is again mu
h improved byadding the resolved 
� 
ontribution.The presen
e of resolved virtual photon 
ontributions is also suggested by the energy
ow ba
kward of the jets (
orresponding to the photon dire
tion) in the jet pro�les(Fig. 6.8). Similarly, the transverse energy not asso
iated with the jets in the �y < 0hemisphere of the 
�IP system (Fig. 7.1a), is best des
ribed when the resolved photon
ontribution is added. Good des
riptions of these distributions 
annot be a
hieved byadjusting the di�ra
tive gluon distribution.



132 7 Results and InterpretationThe resolved virtual photon 
ontributions 
an be viewed as an approximation to NLOQCD diagrams and/or 
ontributions without strong kT ordering. The possible presen
eof su
h e�e
ts will be investigated further in se
tion 7.5.7.4 Soft Colour Neutralisation ModelsThe Soft Colour Intera
tions (SCI) and semi
lassi
al models (se
tion 1.2.6) both give areasonably good des
ription of in
lusive di�ra
tion at HERA with a small number of freeparameters. In Fig. 7.7, the predi
tions of these models are 
ompared with the dijet 
rossse
tions as fun
tions of p�T;jets, MX , log xIP and z(jets)IP . With the ex
eption of the 
rossse
tion di�erential in MX , the data shown are identi
al to those in earlier �gures.7.4.1 Soft Colour Intera
tionsThe original version of SCI gives a reasonable des
ription of the shapes of the di�erentialdistributions of the dijet data, but the overall 
ross se
tion is too low by a fa
tor ofabout 2. The re�ned version of the SCI model, based on a generalised area law for stringrearrangements, gives an improved des
ription of FD(3)2 at low Q2. It also reprodu
es thenormalisation of the dijet 
ross se
tions mu
h better than the original version. However,the shapes of the di�erential distributions are not des
ribed, with the ex
eption of p�T;jets.7.4.2 Semi
lassi
al ModelThe semi
lassi
al model gives a good des
ription of the shapes of the distributions, but thetotal predi
ted dijet 
ross se
tion is only around half that measured. The free parametersof the semi
lassi
al model were determined using only FD(3)2 data in the region xIP < 0:01.Even at low xIP , the predi
tions lie signi�
antly below the dijet data (Fig. 7.7
). It ispossible that the in
lusion of NLO terms would improve the des
ription of the data bythe semi
lassi
al model.7.5 Colour Dipole and 2-Gluon Ex
hange ModelsIn this se
tion, the saturation and BJLW models (se
tion 1.2.7), based on the ideas ofdipole 
ross se
tions and 2-gluon ex
hange, are 
ompared with the dijet data. Be
auseof the nature of the 2-gluon models, only �nal state parton showers are in
luded in thesimulations. A restri
ted data sample with the additional 
utxIP < 0:01 (7.8)is studied, be
ause the 
al
ulations were 
arried out under the assumption of low xIPto avoid 
ontributions from se
ondary reggeon ex
hanges and ensure that the protonparton distributions are gluon dominated. Applying this additional restri
tion redu
esthe number of events in the data sample by a fa
tor of approximately 4.
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Figure 7.7: Di�erential dijet 
ross se
tions as fun
tions of (a) p�T;jets, (b) MX , (
)log xIP and (d) z(jets)IP . The data are 
ompared to the original version of the Soft ColourIntera
tion (SCI) model, labelled `SCI (original)', the predi
tion of the re�ned SCI ver-sion based on a generalised area law for string re
onne
tions, labelled `SCI (area law)',and to the semi
lassi
al model.



134 7 Results and InterpretationThe p(IP )T;rem Cross Se
tionThe resolved pomeron model implies the presen
e of a soft pomeron remnant. The sameis true for qqg produ
tion within the saturation model where the gluon behaves in a`remnant-like' manner, due to the kT -ordering 
ondition imposed in the 
al
ulations. By
ontrast, the qqg 
al
ulation within the BJLW model imposes high transverse momentaon all three partons and is not restri
ted to kT -ordered 
on�gurations. Any `remnant'system beyond the dijets in this model is thus expe
ted to have relatively large pT . Togain more insight into the properties of the part of the hadroni
 �nal state not belongingto the jets, the observable p(IP )T;rem is studied, as de�ned in se
tion 6.1:p(IP )T;rem =q(Pi pyx;i)2 + (Pi pyy;i)2 (pyz;i > 0; i 62 Jets 1; 2) : (7.9)This variable measures the transverse momentum of all hadroni
 �nal state parti
les inthe pomeron hemisphere of the 
�IP 
entre-of-mass frame (�y > 0) not belonging to thetwo highest p�T jets.Dijet 
ross se
tions for the region xIP < 0:01 di�erential in Q2, p�T;jets, z(jets)IP and p(IP )T;remare shown in Fig. 7.8. They are 
ompared with the predi
tions of the saturation, BJLWand resolved pomeron (`�t 2') models.7.5.1 Saturation ModelThe saturation model is able to reprodu
e the shapes of the measured 
ross se
tions,though the overall predi
ted dijet rate is too low by a fa
tor of approximately 2. Thenormalisation of the saturation model is �xed from the �t to in
lusive F2 data and by theassumed e6t dependen
e for di�ra
tive pro
esses. The total predi
ted dijet 
ross se
tionwould in
rease whilst preserving a good des
ription of FD(3)2 if the t dependen
e werefound to be harder for dijet produ
tion than for in
lusive di�ra
tion (see appendix A.2).7.5.2 BJLW ModelIn the BJLW model, the 
ontribution from qq states alone is negligibly small even atlarge values of zIP . This is in a

ordan
e with the expe
tation for high pT , high MXdi�ra
tive �nal states. The predi
ted qqg 
ontribution is mu
h larger. The normalisationof the BJLW model for qqg produ
tion 
an be 
ontrolled by tuning the lower 
ut-o�on the transverse momentum of the �nal state gluon p
utT;g in the 
al
ulations. If this
ut-o� is set to 1:5 GeV, the total 
ross se
tion for dijet produ
tion with xIP < 0:01is approximately 
orre
t in the model. Lowering p
utT;g to 1:0 GeV leads to a predi
tionsigni�
antly above the measured 
ross se
tion. The des
ription of the shapes of thedistributions is reasonable apart from small dis
repan
ies in the z(jets)IP distribution.The di�eren
es between the predi
tions of the saturation and BJLW models mayoriginate from the di�erent parameterisations of the unintegrated gluon distributionof the proton F(x; k2T ) (see appendix A.3), the di�erent treatments of non-kT -ordered
on�gurations or from the assumed t dependen
e.
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Figure 7.8: Di�ra
tive dijet 
ross se
tions in the restri
ted kinemati
 range xIP < 0:01,shown as fun
tions of (a) Q2, (b) p�T;jets, (
) z(jets)IP and (d) p(IP )T;rem, the latter denotingthe summed transverse momentum of the �nal state parti
les not belonging to the twohighest p�T jets and lo
ated in the pomeron hemisphere of the 
�IP 
entre-of-mass frame.The data are 
ompared to the saturation, BJLW and resolved pomeron (`�t 2', dire
tand resolved virtual photons) models. For the BLJW model, the 
ontribution from qqstates alone and the sum of the qq and qqg 
ontributions for two di�erent values of thepT 
ut-o� for the gluon p
utT;g are shown.



136 7 Results and InterpretationThe resolved pomeron model, in whi
h the non-kT -ordered resolved photon 
ontribu-tions are small in the low xIP region, 
ontinues to give the best des
ription of all observ-ables, in
luding the p(IP )T;rem distribution. The good des
ription of the p(IP )T;rem distributionby both the resolved pomeron and the BJLW models indi
ates that the present data arenot easily able to dis
riminate between models with a soft `remnant' and those with athird high-pT parton.7.6 3-Jet Produ
tionIn this se
tion, 
ross se
tions for the di�ra
tive produ
tion of three high-pT jets as
omponents of the X system are presented. Ex
ept for the requirement on the numberof jets, the analysis is identi
al to the dijet analysis, su
h that no requirements are madeon possible hadroni
 a
tivity beyond the jets.In Fig. 7.9, the measured 3-jet 
ross se
tions are presented as fun
tions of the 3-jetinvariant mass M123 and the z(3 jets)IP observable, as introdu
ed in se
tion 6.1:z(3 jets)IP = Q2 +M2123Q2 +M2X : (7.10)Similarly to z(jets)IP for dijet events, the z(3 jets)IP observable is a measure of the fra
tionof the energy of the X system whi
h is 
ontained in the jets. The z(3 jets)IP 
ross se
tionis measured up to 0.8. With the present statisti
s, it is not possible to extra
t a 
rossse
tion for the interesting region 0:8 < z(3 jets)IP � 1:0, whi
h 
orresponds approximatelyto `ex
lusive' 3-jet produ
tion. The measured z(3 jets)IP 
ross se
tion demonstrates thatadditional hadroni
 a
tivity beyond the jets is typi
ally present even in the 3-jet sample.7.6.1 Comparison with the Partoni
 Pomeron ModelThe 3-jet data are 
ompared with the resolved pomeron model (`�t 2'), with the hardintera
tion evaluated at a s
ale �2 = Q2 + p2T . Dire
t and resolved 
� 
ontributionsare in
luded. Be
ause the leading order for 3-parton �nal states is O(�2s), two di�erentapproximations for higher order QCD diagrams are 
onsidered here, the parton showermodel (MEPS) and the 
olour dipole approa
h (CDM).The measured 
ross se
tions are well des
ribed when using CDM. The MEPS simula-tion tends to lie below the data at low M123 or high z(3 jets)IP .7.6.2 Comparison with the BJLW ModelThe BJLW 
al
ulation with p
utT;g = 1:5 GeV is not able to a

ommodate the observed rateof 3-jet events. The predi
ted 
ross se
tion in
reases towards the high z(3 jets)IP regime ofex
lusive 3-jet produ
tion.For kinemati
 reasons, the 3-jet sample originates from the region xIP > 0:01, where
ontributions from the proton quark distributions and se
ondary ex
hanges, whi
h are
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Figure 7.9: Di�erential 
ross se
tions for di�ra
tive 3-jet produ
tion as fun
tions of (a)the 3-jet invariant mass M123 and (b) the 
orresponding zIP -variable z(3 jets)IP , measuringthe 
olourless ex
hange momentum fra
tion whi
h enters the hard intera
tion. Thedata are 
ompared with the resolved pomeron model with two di�erent approa
hes forhigher order QCD diagrams, the parton shower model (labelled `MEPS') and the 
olourdipole approa
h (labelled `CDM'). The `H1 �t 2' parameterisation is used and dire
tand resolved virtual photon 
ontributions are in
luded. The BJLW model is also shown,in
luding qq and qqg 
ontributions, with the 
ut-o� for the gluon p
utT;g set to 1:5 GeV.not in
luded in the 2-gluon models, 
an no longer be negle
ted. An improvement in thepredi
tions of dipole models may also 
ome through the in
lusion of higher multipli
ityphoton 
u
tuations su
h as qqgg, whi
h have not yet been 
al
ulated.



138 7 Results and Interpretation



Summary and Con
lusionsAt the ele
tron-proton 
ollider HERA, 
olour singlet ex
hange intera
tions 
an be studiedin deep-inelasti
 s
attering, where the virtual photon introdu
es a hard s
ale Q2 whi
hprobes the stru
ture of the di�ra
tive ex
hange. This thesis has been 
on
erned with ameasurement of di�ra
tive jet produ
tion in deep-inelasti
 s
attering. The aim of themeasurement has been to illuminate the underlying dynami
s of di�ra
tive s
attering interms of Quantum Chromodynami
s.The analysis was performed using data 
orresponding to an integrated luminosity ofL = 18:0 pb�1 whi
h were taken with the H1 dete
tor at HERA. The kinemati
 range ofthe measurement was 4 < Q2 < 80 GeV2, xIP < 0:05, p�T;jet > 4 GeV, MY < 1:6 GeV andjtj < 1:0 GeV2. Compared with a previous measurement [11℄, the integrated luminositywas in
reased by one order of magnitude and the kinemati
 range was extended to lowerQ2 and p�T;jet values. With these data, a high statisti
s measurement of di�ra
tive dijetprodu
tion in DIS was performed and the produ
tion of three high pT jets was measuredfor the �rst time in di�ra
tion.The observed dijet events typi
ally exhibit a stru
ture where, in addition to there
onstru
ted jets, the photon disso
iation system X 
ontains hadroni
 energy withtransverse momentum below the jet s
ale. The dijet invariant mass is thus generallysmaller than the total mass MX . Viewed in the proton rest frame, the data 
learlyrequire the dominan
e of higher multipli
ity photon 
u
tuations (e.g. qqg) over thesimplest qq 
on�guration. Considered in the proton in�nite momentum frame, the datashow that the di�ra
tive gluon distribution is mu
h larger than the quark distribution.The data 
an be des
ribed by a resolved partoni
 pomeron model, with di�ra
tiveparton distributions extra
ted from FD(3)2 data [3℄. The good des
ription from this modelstrongly supports the validity of di�ra
tive hard s
attering fa
torisation in DIS [61℄. Thedominant 
ontribution in the model arises from a di�ra
tive ex
hange with fa
torising xIPdependen
e (`Regge' fa
torisation [63℄). A value of�IP (0) = 1:17 � 0:03 (stat:) � 0:06 (syst:) +0:03�0:07 (model)is obtained for the inter
ept of the leading traje
tory from �ts to the dijet data. The
ompatibility of the data with QCD hard s
attering and Regge fa
torisation 
ontrastswith the observed strong fa
torisation breaking when di�ra
tive ep and p�p data are
ompared [8, 65℄ (see appendix B). The dijet data give the best 
onstraints to date139



140 Summary and Con
lusionson the pomeron gluon distribution. The data require a large fra
tion (80 � 90%, asobtained in [3℄) of the pomeron momentum to be 
arried by gluons with a momentumdistribution whi
h is 
omparatively 
at in zIP . Predi
tions derived from the `
at gluon'(or `�t 2') parameterisation in [3℄, with higher order QCD e�e
ts modelled using partonshowers, are in remarkably good agreement with all aspe
ts of the dijet data with thesingle ex
eption of the h�ilabjets dependen
e. The level of agreement between the resolvedpomeron model and the data is better than that obtained from leading order predi
tionsfor in
lusive ep dijet data (e.g. [122℄), where the NLO 
orre
tions are approximately 40%in a similar region of Q2 and p�T;jets. A possible explanation for this observation is aredu
ed phase spa
e (given by MX 
ompared with W ) for higher order parton emissionsin the 
ase of di�ra
tion.The two versions of the Soft Colour Intera
tions (SCI) model [68, 69℄ are notable to reprodu
e the overall dijet rate and the shapes of the di�erential 
ross se
tionsat the same time. The similarly motivated semi
lassi
al model [54℄ in its present(leading order) form a
hieves a good des
ription of the shapes of the 
ross se
tions butunderestimates the total dijet 
ross se
tion.Models based on 
olour dipole 
ross se
tions and 2-gluon ex
hange havebeen 
ompared with the dijet data in the restri
ted region xIP < 0:01. The saturationmodel [80℄, whi
h takes only kT ordered 
on�gurations into a

ount, des
ribes the shapesof the jet distributions but underestimates the overall 
ross se
tion. The normalisationof the BJLW model [81, 82℄, in whi
h strong kT ordering is not imposed, is 
lose to thedata if a 
ut-o� for the gluon transverse momentum of p
utT;g = 1:5 GeV is 
hosen. Theshapes of the di�erential distributions are reasonably well des
ribed.From the 3-jet produ
tion 
ross se
tions, strong 
on
lusions 
annot yet be drawn,be
ause of the limited statisti
al a

ura
y and the kinemati
 restri
tion to large xIP im-plied by the requirement of three high pT jets. At the present level of pre
ision, thepartoni
 pomeron predi
tions based on the `�t 2' parameterisation in [3℄ are in goodagreement with the 3-jet 
ross se
tions, provided the CDM model of higher order QCDe�e
ts is used. The BJLW model is unable to reprodu
e the rate of observed 3-jet eventswhen p
utT;g is kept �xed at 1:5 GeV.Con
lusionsDi�ra
tive jet produ
tion has been shown to be a powerful tool to gain insight intothe underlying QCD dynami
s of di�ra
tion, in parti
ular the role of gluons. The jet
ross se
tions are sensitive to di�eren
es between phenomenologi
al models whi
h allgive a reasonable des
ription of FD(3)2 . Models based on fully fa
torisable di�ra
tiveparton distributions 
ontinue to be su

essful. Considerable progress has been made in
al
ulations based on 2-gluon ex
hange.



141OutlookIn the measurement whi
h has been presented, the systemati
 un
ertainties are the dom-inating sour
es of error on the measured 
ross se
tion points. However, investigatingdi�ra
tive jet produ
tion in DIS with higher statisti
al pre
ision remains worthwhile forthe following reasons:� More data in restri
ted kinemati
 regions 
an be a

umulated, espe
ially at lowxIP values, higher transverse momenta of the jets or near zIP ' 1, the domainof ex
lusive dijet produ
tion. In these regions, perturbative 
al
ulations based on2-gluon ex
hange 
laim to be appli
able.� A larger data sample would also allow to study di�ra
tive 3-jet produ
tion in moredetail, whi
h 
urrently su�ers from limited pre
ision.A 
omplementary experimental method to sele
t di�ra
tive �nal states in whi
h anadditional hard s
ale other than Q2 is present is provided by di�ra
tive open 
harmprodu
tion. Clearly, mu
h more pre
ision is needed here to resolve the dis
repan
ieswhi
h are observed when the results are 
ompared with this analysis or in
lusive FD(3)2measurements.New high pre
ision measurements of the di�ra
tive stru
ture fun
tion FD(3)2 orpreferentially FD(4)2 (xIP ; t; �; Q2) are needed for a full extra
tion of di�ra
tive partondistributions fDi (xIP ; t; x; Q2) and to investigate pomeron-reggeon interferen
e and highertwist e�e
ts, for example.Con
erning the phenomenologi
al models, the in
lusion of higher order (NLO QCD)
ontributions is awaited. In the proton rest frame pi
ture, 
ontributions from higher mul-tipli
ity photon 
u
tuations su
h as qqgg are suggested by the present experimental data.The relationship between models based on dipole 
ross se
tions and those formulated interms of di�ra
tive parton distributions needs further 
lari�
ation.
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Appendix AAdditional Model ComparisonsIn this appendix, additional 
omparisons of the resolved pomeron, saturation and BJLWmodels with the measured dijet 
ross se
tions are presented. It is demonstrated how thevariation of 
ertain parameters in these models a�e
ts the predi
ted 
ross se
tions.A.1 Partoni
 Pomeron ModelIn Fig. A.1, the measured di�ra
tive dijet 
ross se
tions are again 
ompared with theresolved pomeron model, based on the H1 �ts to FD(3)2 , as explained in se
tion 1.2.5.In addition to the previously shown `�t 2' and `�t 3' parameterisations, in whi
h alarge fra
tion of the pomeron momentum (80 � 90%) is 
arried by gluons, the thirdparameterisation 
alled `�t 1' is 
ompared with the data. This parameterisation assumesthat only quarks 
ontribute at the starting s
ale of the QCD evolution. It is not ableto des
ribe the observed s
aling violations of FD(3)2 . It also signi�
antly underestimatesthe measured dijet 
ross se
tions. This observation was already made in the �rst H1measurement of di�ra
tive dijet produ
tion in DIS [11℄.In Fig. A.2, the e�e
t of varying the renormalisation and fa
torisation s
ales �2 isshown for the `�t 2' and `�t 3' parameterisations. A dependen
e on the 
hoi
e of s
ale isintrodu
ed be
ause the 
ross se
tion 
al
ulations are performed at �xed (leading) orderQCD. The di�eren
es in the predi
ted 
ross se
tions for the resolved pomeron model when
hoosing �2 = Q2 + p2T or �2 = p2T as renormalisation and fa
torisation s
ales were shownto be small in Fig. 7.4. Fig. A.2 shows the variations in the 
ross se
tions if �2 = Q2+4p2Tis 
hosen instead of �2 = Q2 + p2T . Again, the e�e
ts on the predi
ted 
ross se
tions aresmall.Be
ause of the sele
tion of events, all of these possible 
hoi
es for the s
ale are su
hthat the average values of �2 to whi
h the parton distributions are evolved are ratherlarge. For large values of �2, the dependen
e of the shapes of the parton distributions onthe fa
torisation s
ale is weaker than for smaller �2. Cross se
tion 
al
ulations performedat next-to-leading order QCD would further redu
e the s
ale dependen
es.143



144 A Additional Model ComparisonsA.2 Saturation ModelIn Fig. A.3, the di�ra
tive dijet 
ross se
tions for the restri
ted kinemati
 region xIP < 0:01are 
ompared with the saturation model by Gole
-Biernat and W�ustho� (se
tion 1.2.7).In this model, the di�ra
tive 
ross se
tion at t = 0 is extended to �nite t viad�dt = d�dt ����t=0 � eBt : (A.1)The `default' value for the slope parameter B in the model is set to B = 6:0 GeV�2,whi
h gives a reasonable des
ription of the in
lusive di�ra
tive stru
ture fun
tion FD(3)2 .Fig. A.3 shows the e�e
t of 
hanging B to 4 or 8 GeV�2. The normalisation of thepredi
ted 
ross se
tion in
reases by 50% for B = 4:0 GeV�2, whereas it de
reases by 25%for B = 8:0 GeV�2. If B = 4:0 GeV�2 is 
hosen, an improved des
ription of the dijet
ross se
tion 
an be obtained. However, a good des
ription of FD(3)2 
an only be retainedif the value of B would depend on a s
ale of the pro
ess other than Q2, sin
e the Q2ranges for the FD(3)2 and the dijet measurements are 
ompatible.A.3 BJLW ModelFig. A.4 presents a 
omparison of the di�ra
tive dijet 
ross se
tions for xIP < 0:01 withthe 2-gluon ex
hange model by Bartels et al. (BJLW, se
tion 1.2.7). In this model,the 
ross se
tion is proportional to the squared unintegrated gluon density F(x; k2T ) inthe proton. As default, the derivative of the GRV NLO [83℄ parameterisation of thegluon distribution is used for F(x; k2T ). The �gure shows how the predi
ted dijet 
rossse
tion depends on this 
hoi
e. As explained in se
tion 1.2.7, the dipole 
ross se
tionin the saturation model by Gole
-Biernat and W�ustho�, where the free parameters are�xed from a �t to the in
lusive F2(x;Q2), 
an be re-expressed in terms of F(x; k2T ). Ifthis parameterisation is used for the 
al
ulation of the di�ra
tive dijet 
ross se
tion inthe BJLW model, the predi
ted 
ross se
tion in
reases by approximately 50%, indi
atinglarge di�eren
es between the two parameterisations of F(x; k2T ).
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Figure A.1: Di�ra
tive dijet 
ross se
tions, 
ompared with the predi
tions of the re-solved pomeron model with pomeron parton densities obtained from the H1 QCD �ts toFD(3)2 [3℄. In addition to the two parameterisations where the majority of the 
olourlessex
hange momentum is 
arried by gluons, namely `�t 2' (solid histograms) and `�t 3'(dotted histograms), the predi
tion for `�t 1' (dash-dotted histograms) is shown, whereonly quarks 
ontribute at the starting s
ale of the QCD evolution.



146 A Additional Model Comparisons

1

10

10 2

20 40 60 80

1

10

10 2

4 6 8 10 12 14

10

10 2

-2.5 -2.25 -2 -1.75 -1.5
0

200

400

600

0 0.2 0.4 0.6 0.8 1

H1 Diffractive Dijets

Q2 [GeV2]

d
σ 

/ d
Q

2  [p
b

/G
eV

2 ]

H1 Data
H1 fit 2 (µ2=Q2+pT

2)
H1 fit 3 (µ2=Q2+pT

2)
H1 fit 2 (µ2=Q2+4pT

2)
H1 fit 3 (µ2=Q2+4pT

2)

(a)

p
T,jets
*       [GeV]

d
σ 

/ d
p

T
,je

ts
* 

   
   

[p
b

/G
eV

]

(b)

log10xIP

d
σ 

/ d
 lo

g
10

x IP
 [p

b
]

(c)

z
IP
 (jets)

d
σ 

/ d
z IP (j

et
s)

 [p
b

]

(d)

Figure A.2: Di�ra
tive dijet 
ross se
tions, 
ompared with the predi
tions of the re-solved pomeron model with the `
at gluon' (�t 2) and `peaked gluon' (�t 3) pomeronparton densities, as obtained from the H1 QCD �ts to FD(3)2 [3℄. The parton distribu-tions are evolved to either �2 = Q2+ p2T (solid and dotted histograms) or �2 = Q2+4p2T(dashed and dash-dotted histograms).
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Figure A.3: Di�ra
tive dijet 
ross se
tions for xIP < 0:01. Overlaid are predi
tionsof the saturation model by Gole
-Biernat and W�ustho� where the value of the t-slopeparameter B is varied. Apart from the default value of B = 6:0 GeV�2 (dash-dottedhistograms), predi
tions for B = 4:0 GeV�2 (dashed histograms) and B = 8:0 GeV�2(dotted histograms) are 
ompared with the data.
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Figure A.4: Di�ra
tive dijet 
ross se
tions for xIP < 0:01. Overlaid are predi
tionsof the BJLW 2-gluon ex
hange model, where either the derivative of the GRV NLOparameterisation of the proton gluon distribution is used for F(x; k2T ) (dashed histograms)or the unintegrated gluon distribution as parameterised in the saturation model (dash-dotted histograms) is 
hosen.



Appendix BComparison with Tevatron DataAt the Fermilab Tevatron pp 
ollider (Chi
ago, USA), a measurement of di�ra
tive dijetprodu
tion with a leading anti-proton was performed by the CDF 
ollaboration [8℄. Thepro
ess under study is p+ p �! p+ Jet 1 + Jet 2 +X :Di�ra
tive events were sele
ted by measuring the elasti
ally s
attered anti-proton in aforward Roman pot spe
trometer 57m downstream from the intera
tion point. The basi
sele
tion 
uts were 0:035 < xIP < 0:095, jtj < 1:0 GeV2 and ET;jet > 7 GeV. Thelongitudinal momentum fra
tion of the anti-proton 
arried by the stru
k parton, labelledx here, and the � variable are 
omputed fromx = 1ps Xi=1;2ET;i e��i ; � = xxIP ; (B.1)where ps = 1:8 TeV. The measured ratio ~R(x) of di�ra
tive to non-di�ra
tive dijetevents is shown as a fun
tion of x in Fig. B.1a. The ratio is evaluated in bins of xIP � �and �tted to a fun
tion of the form~R(x) = R0 � (x=0:0065)�r : (B.2)For the kinemati
 range under study, no signi�
ant dependen
e on xIP = � is observedand the extra
ted values for R0 and r are R0 = (6:1 � 0:1) � 10�3 and r = 0:45 � 0:02.From ~R(x), an e�e
tive di�ra
tive stru
ture fun
tion ~FDjj is extra
ted via~FDjj (�) = ~R(x = �xIP ) � ~FNDjj (x! �xIP ) ; (B.3)where ~FNDjj (x) 
orresponds to the non-di�ra
tive e�e
tive stru
ture fun
tion of the anti-proton. The ~Fjj are de�ned as~Fjj = x[g(x; �2) + 49q(x; �2)℄ : (B.4)The s
ale �2 is set to �2 = hET;jeti2 ' 75 GeV2. The non-di�ra
tive anti-proton stru
turefun
tion is evaluated from the GRV98(LO) [123℄ parameterisation.149
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(a) (b)Figure B.1: Di�ra
tive dijet produ
tion at the Tevatron [8℄: (a) The ratio of di�ra
tiveto non-di�ra
tive dijet events ~R as a fun
tion of the anti-proton momentum fra
tion
arried by the stru
k parton x, evaluated in bins of � � xIP . (b) The measured e�e
tivedi�ra
tive stru
ture fun
tion ~FDjj as a fun
tion of �. The data are 
ompared with apredi
tion based on the two H1 �ts to FD(3)2 data at HERA.The obtained result for ~FDjj (�) is shown in Fig. B.1b. The measurement is 
omparedwith the resolved pomeron model where the pomeron and meson 
ux fa
tors and partondistributions are taken from the H1 �ts to the di�ra
tive stru
ture fun
tion FD(3)2 inlepton-proton s
attering [3℄. The result is striking: Both the `
at gluon' (`�t 2') and the`peaked gluon' (`�t 3') parameterisations obtained in di�ra
tive lepton-proton s
attering
learly fail to des
ribe the di�ra
tive stru
ture fun
tion whi
h is obtained in pp 
ollisions.It is re
alled that the proof of di�ra
tive hard s
attering fa
torisation in [61℄ is only validfor lepton-hadron s
attering, not for hadron-hadron intera
tions.The result 
an be interpreted as strong eviden
e for a breakdown of Regge and di�ra
-tive hard s
attering fa
torisation, when di�ra
tive hadron-hadron and lepton-hadron s
at-tering 
ross se
tions are 
ompared.



Appendix CCross Se
tion TablesIn this appendix, the numeri
al values of the measured 
ross se
tions, in
luding the sta-tisti
al and systemati
 errors, are summarised in a tabular form.
Dijet 
ross se
tion as a fun
tion of Q2.Bin Q2 [GeV2℄ � [pb=GeV2 ℄ stat. err. [%℄ syst. err. [%℄ tot. err. [%℄1 4:0 { 6:0 21:4 4:5 16:4 17:02 6:0 { 10:0 13:0 4:0 16:1 16:63 10:0 { 15:0 6:3 4:8 17:0 17:74 15:0 { 20:0 4:1 6:2 16:7 17:85 20:0 { 30:0 2:3 5:8 16:4 17:46 30:0 { 40:0 1:2 8:0 16:3 18:27 40:0 { 50:0 0:7 10:4 19:7 22:38 50:0 { 60:0 0:7 12:5 23:9 27:09 60:0 { 80:0 0:4 11:9 29:6 31:9Dijet 
ross se
tion as a fun
tion of p�T;jets.Bin p�T;jets [GeV℄ � [pb=GeV℄ stat. err. [%℄ syst. err. [%℄ tot. err. [%℄1 4:0 { 5:0 74:9 4:0 17:8 18:32 5:0 { 6:0 59:5 3:3 16:4 16:83 6:0 { 7:5 28:8 3:9 17:3 17:84 7:5 { 9:0 9:9 7:0 17:9 19:25 9:0 { 11:0 3:4 11:0 17:7 20:86 11:0 { 14:0 0:9 18:9 18:6 26:5Dijet 
ross se
tion as a fun
tion of h�ilabjets.Bin h�ilabjets � [pb℄ stat. err. [%℄ syst. err. [%℄ tot. err. [%℄1 �1:00 { �0:66 22:4 13:5 34:3 36:92 �0:66 { �0:33 68:9 6:3 17:7 18:83 �0:33 { 0:00 112:8 4:7 15:7 16:44 0:00 { 0:33 131:6 4:2 15:7 16:35 0:33 { 0:66 127:9 4:3 17:5 18:06 0:66 { 1:00 85:3 5:1 17:4 18:27 1:00 { 1:50 16:4 6:8 25:6 26:5Dijet 
ross se
tion as a fun
tion of MX .Bin MX [GeV℄ � [pb=GeV℄ stat. err. [%℄ syst. err. [%℄ tot. err. [%℄1 8:0 { 14:0 1:9 10:1 20:0 22:42 14:0 { 20:0 7:5 4:4 15:1 15:73 20:0 { 30:0 7:3 3:2 16:9 17:24 30:0 { 40:0 4:5 4:0 17:8 18:35 40:0 { 60:0 1:2 6:2 27:1 27:8Table C.1: Di�erential hadron level dijet 
ross se
tions.151



152 C Cross Se
tion Tables
Dijet 
ross se
tion as a fun
tion of W .Bin W [GeV℄ � [pb=GeV℄ stat. err. [%℄ syst. err. [%℄ tot. err. [%℄1 90:0 { 115:0 1:1 6:6 20:3 21:32 115:0 { 140:0 1:4 5:1 18:5 19:23 140:0 { 165:0 1:7 4:4 18:0 18:54 165:0 { 190:0 1:3 4:5 17:7 18:35 190:0 { 215:0 1:1 4:7 17:7 18:36 215:0 { 240:0 0:9 5:4 17:0 17:87 240:0 { 260:0 0:5 10:3 28:5 30:3Dijet 
ross se
tion as a fun
tion of log10 xIP .Bin log10 xIP � [pb℄ stat. err. [%℄ syst. err. [%℄ tot. err. [%℄1 �2:5 { �2:3 7:3 21:8 28:8 36:12 �2:3 { �2:1 35:4 10:8 25:1 27:43 �2:1 { �1:9 88:2 6:8 17:5 18:84 �1:9 { �1:7 171:2 4:7 16:3 17:05 �1:7 { �1:5 269:3 3:6 16:3 16:76 �1:5 { �1:3 440:7 3:2 18:6 18:8Dijet 
ross se
tion as a fun
tion of log10 �.Bin log10 � � [pb℄ stat. err. [%℄ syst. err. [%℄ tot. err. [%℄1 �2:8 { �2:5 24:9 11:3 26:4 28:72 �2:5 { �2:2 88:3 5:6 18:1 19:03 �2:2 { �1:9 129:9 4:3 16:7 17:24 �1:9 { �1:6 152:7 3:9 17:4 17:95 �1:6 { �1:3 145:9 4:3 16:8 17:36 �1:3 { �1:1 85:0 7:0 17:5 18:87 �1:1 { �0:8 53:4 7:8 17:4 19:08 �0:8 { �0:5 13:5 17:7 29:8 34:6Dijet 
ross se
tion as a fun
tion of z(jets)IP .Bin z(jets)IP � [pb℄ stat. err. [%℄ syst. err. [%℄ tot. err. [%℄1 0:000 { 0:125 269:4 5:8 23:7 24:42 0:125 { 0:250 493:9 3:8 18:4 18:83 0:250 { 0:375 331:3 4:2 18:6 19:14 0:375 { 0:500 233:2 4:9 18:5 19:25 0:500 { 0:625 174:2 5:9 16:1 17:26 0:625 { 0:750 94:0 8:1 16:3 18:27 0:750 { 0:875 39:8 11:7 16:3 20:08 0:875 { 1:000 30:0 16:7 24:5 29:7Dijet 
ross se
tion as a fun
tion of x(jets)
 .Bin x(jets)
 � [pb℄ stat. err. [%℄ syst. err. [%℄ tot. err. [%℄1 0:0 { 0:2 25:4 14:3 35:1 37:92 0:2 { 0:4 104:8 6:5 17:7 18:93 0:4 { 0:6 153:8 5:0 18:1 18:84 0:6 { 0:8 331:5 3:6 18:0 18:35 0:8 { 1:0 428:3 3:1 16:7 17:0Dijet 
ross se
tion as a fun
tion of E(
)rem.Bin E(
)rem [GeV℄ � [pb=GeV℄ stat. err. [%℄ syst. err. [%℄ tot. err. [%℄1 0:0 { 4:0 38:1 2:5 17:2 17:32 4:0 { 8:0 9:0 4:7 17:6 18:23 8:0 { 12:0 4:0 6:7 25:4 26:34 12:0 { 20:0 2:0 8:0 38:6 39:4Table C.2: Di�erential hadron level dijet 
ross se
tions (
ontinued).



153Dijet 
ross se
tion as a fun
tion of z(jets)IP for �1:5 < log10 xIP < �1:3.Bin z(jets)IP � [pb℄ stat. err. [%℄ syst. err. [%℄ tot. err. [%℄1 0:00 { 0:15 232:9 6:0 29:7 30:32 0:15 { 0:30 209:4 5:3 24:2 24:83 0:30 { 0:50 85:4 6:4 20:8 21:84 0:50 { 0:70 30:9 10:4 18:8 21:55 0:70 { 1:00 3:4 28:9 47:0 55:1Dijet 
ross se
tion as a fun
tion of z(jets)IP for �1:75 < log10 xIP < �1:5.Bin z(jets)IP � [pb℄ stat. err. [%℄ syst. err. [%℄ tot. err. [%℄1 0:0 { 0:2 97:1 6:4 20:8 21:82 0:2 { 0:4 134:3 5:3 19:0 19:73 0:4 { 0:6 63:4 7:1 16:3 17:74 0:6 { 0:8 21:8 12:6 16:6 20:85 0:8 { 1:0 8:5 25:8 34:4 43:0Dijet 
ross se
tion as a fun
tion of z(jets)IP for �2:0 < log10 xIP < �1:75.Bin z(jets)IP � [pb℄ stat. err. [%℄ syst. err. [%℄ tot. err. [%℄1 0:00 { 0:30 37:8 8:3 23:4 24:92 0:30 { 0:45 59:7 9:2 18:2 20:43 0:45 { 0:60 49:1 11:2 19:4 22:44 0:60 { 0:80 33:8 10:9 19:1 22:05 0:80 { 1:00 9:0 21:8 24:8 33:0Dijet 
ross se
tion as a fun
tion of z(jets)IP for log10 xIP < �2:0.Bin z(jets)IP � [pb℄ stat. err. [%℄ syst. err. [%℄ tot. err. [%℄1 0:00 { 0:30 5:2 30:2 85:2 90:42 0:30 { 0:45 25:8 16:2 31:5 35:43 0:45 { 0:60 28:0 13:9 21:3 25:54 0:60 { 0:80 24:8 12:8 18:9 22:95 0:80 { 1:00 11:9 17:4 22:0 28:0Table C.3: Di�erential hadron level dijet 
ross se
tions in four bins of log10 xIP .Dijet 
ross se
tion as a fun
tion of z(jets)IP for 20 GeV2 < Q2 + p2T < 35 GeV2.Bin z(jets)IP � [pb℄ stat. err. [%℄ syst. err. [%℄ tot. err. [%℄1 0:0 { 0:2 150:5 6:7 32:4 33:12 0:2 { 0:4 109:0 7:3 26:6 27:63 0:4 { 0:6 45:2 10:8 28:8 30:84 0:6 { 0:8 18:7 16:2 31:6 35:55 0:8 { 1:0 5:9 31:6 54:4 63:0Dijet 
ross se
tion as a fun
tion of z(jets)IP for 35 GeV2 < Q2 + p2T < 45 GeV2.Bin z(jets)IP � [pb℄ stat. err. [%℄ syst. err. [%℄ tot. err. [%℄1 0:0 { 0:2 89:7 7:1 25:2 26:22 0:2 { 0:4 71:8 6:9 21:8 22:93 0:4 { 0:6 39:3 9:0 26:1 27:64 0:6 { 0:8 16:9 14:4 26:3 30:05 0:8 { 1:0 4:3 27:7 26:2 38:1Dijet 
ross se
tion as a fun
tion of z(jets)IP for 45 GeV2 < Q2 + p2T < 60 GeV2.Bin z(jets)IP � [pb℄ stat. err. [%℄ syst. err. [%℄ tot. err. [%℄1 0:0 { 0:2 74:6 7:7 24:6 25:82 0:2 { 0:4 78:0 6:7 24:5 25:43 0:4 { 0:6 43:2 8:6 18:6 20:54 0:6 { 0:8 14:7 14:7 20:1 25:05 0:8 { 1:0 5:5 23:6 28:7 37:2Dijet 
ross se
tion as a fun
tion of z(jets)IP for Q2 + p2T > 60 GeV2.Bin z(jets)IP � [pb℄ stat. err. [%℄ syst. err. [%℄ tot. err. [%℄1 0:0 { 0:2 58:7 9:2 25:2 26:92 0:2 { 0:4 114:6 5:8 17:4 18:43 0:4 { 0:6 73:4 6:8 15:6 17:04 0:6 { 0:8 45:3 9:4 15:3 18:05 0:8 { 1:0 14:4 18:3 22:3 28:8Table C.4: Di�erential hadron level dijet 
ross se
tions in four bins of Q2 + p2T .



154 C Cross Se
tion Tables
Dijet 
ross se
tion as a fun
tion of Q2 for xIP < 0:01.Bin Q2 [GeV2℄ � [pb=GeV2 ℄ stat. err. [%℄ syst. err. [%℄ tot. err. [%℄1 4:0 { 10:0 1:58 9:7 18:5 20:92 10:0 { 20:0 0:40 13:9 18:4 23:13 20:0 { 40:0 0:12 17:7 29:2 34:14 40:0 { 80:0 0:01 44:7 58:3 73:5Dijet 
ross se
tion as a fun
tion of p�T;jets for xIP < 0:01.Bin p�T;jets [GeV℄ � [pb=GeV℄ stat. err. [%℄ syst. err. [%℄ tot. err. [%℄1 4:0 { 5:0 8:3 12:0 23:9 26:82 5:0 { 6:0 4:7 11:0 21:3 24:03 6:0 { 7:5 2:0 16:0 19:1 24:94 7:5 { 9:0 0:3 50:0 43:2 66:1Dijet 
ross se
tion as a fun
tion of z(jets)IP for xIP < 0:01.Bin z(jets)IP � [pb℄ stat. err. [%℄ syst. err. [%℄ tot. err. [%℄1 0:00 { 0:30 5:2 30:2 85:2 90:42 0:30 { 0:45 25:8 16:2 31:5 35:43 0:45 { 0:60 28:0 13:9 21:3 25:54 0:60 { 0:80 24:8 12:8 18:9 22:95 0:80 { 1:00 11:9 17:4 22:0 28:0Dijet 
ross se
tion as a fun
tion of p(IP)T;rem for xIP < 0:01.Bin p(IP)T;rem [GeV℄ � [pb=GeV℄ stat. err. [%℄ syst. err. [%℄ tot. err. [%℄1 0:0 { 0:5 24:5 10:3 26:8 28:82 0:5 { 1:0 11:2 12:7 24:8 27:93 1:0 { 3:0 1:3 16:0 58:1 60:3Table C.5: Di�erential hadron level dijet 
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ross se
tions.
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