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Abstra
tLeading neutrons produ
ed in high energy ele
tron-proton 
ollisions at a 
enter-of-momentum energy of 318 GeV2 are studied with the Forward Neutron Dete
tor ofthe ZEUS experiment at the HERA 
ollider. The Forward Neutron Dete
tor 
onsistsof the Forward Neutron Calorimeter and the newly implemented Forward NeutronTra
ker. The dete
tors and their 
alibration are presented. The transverse mo-mentum squared, p2T , distributions of leading neutrons in bins of xL, the fra
tionof the proton energy 
arried by the neutron, have been measured using the For-ward Neutron Tra
ker. The measurements were made using data samples in deepinelasti
 s
attering and photoprodu
tion, 
orresponding to integrated luminositiesof 21 pb�1 and 9.3 pb�1, respe
tively. The distributions are �tted with an ex-ponential, and the slopes are presented as a fun
tion of xL. The results are 
om-pared to models of one pion ex
hange and to leading proton measurements. ThexL distributions of the photoprodu
ed neutrons are measured for di�erent bins oft, the invariant momentum transfer squared. The (1 � xL) distributions satisfy apower law dN=dxL / (1� xL)a(t) with the powers a(t) lying on a linear traje
tory int: a(t) = 1:08� 0:08+0:40�0:42 � (2:78� 0:32+0:31�0:41 GeV�2)t. This result is 
onsistent withthat expe
ted from pion ex
hange and with previous measurements. The neutronenergy distributions are 
ompared for di�erent values of momentum transfer squaredbetween the ele
tron and the proton and the results are dis
ussed in the 
ontext ofmodels of absorption.
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Chapter 1
Introdu
tion
S
attering experiments give the possibility of examining the stru
ture of matter and,in parti
ular, of nu
leons. A probing parti
le is s
attered o� a target and the energyand angular distributions are measured. The size of an obje
t that 
an be resolved ins
attering experiments is determined by the momentum transferred from the probeto the target. To probe smaller obje
ts a higher momentum transfer is needed. Ex-periments whi
h 
an probe to mu
h smaller distan
es than the size of the target are
alled deep inelasti
 s
attering experiments.The stru
ture of the nu
leon is dire
tly a

essible in leptoprodu
tion experiments,in whi
h the probing parti
le is a lepton, either an ele
tron or neutrino. In 
ontrastto the nu
leon, mesons like the pion are poorly understood, sin
e it is diÆ
ult to makea pion target. The pion 
an, however, be probed in \leading neutron" produ
tionat HERA [1℄, [2℄, [3℄, where a proton ex
hanges a pion with the probing ele
tron,giving rise to a neutron at 
lose to zero degrees with respe
t to the proton dire
-tion. This produ
tion me
hanism of leading neutrons is not 
ompletely understood.It is of interest be
ause it gives insight into the short and long distan
e stru
ture ofhadrons, spe
i�
ally the proton, and therefore provides information on the relation-ship between the \soft" (low momentum transfer from the proton to the neutron)and \hard" (high momentum transfer from the ele
tron probe) aspe
ts of the strongintera
tion. It 
an give insight into the 
orrelation between the quarks themselves andnot only the measured single quark momentum densities. The long range stru
ture of1



Chapter 1. Introdu
tion 2hadrons remains a puzzle of quantum 
hromodynami
s (QCD), the mi
ros
opi
 the-ory of the strong intera
tion, and is 
losely related to the problem of the transitionfrom perturbative to non-perturbative physi
s. A non-perturbative approa
h to thestrong intera
tion, su
h as Regge theory, is needed to 
al
ulate the produ
tion rateof leading neutrons. This thesis provides needed input to theories like Regge theoryand QCD, whi
h 
annot yet predi
t the stru
ture of hadrons and mesons satisfa
toryand 
annot yet explain the produ
tion me
hanism of leading neutrons 
ompletely .Leading neutrons have been measured with the ZEUS experiment at the ele
tron-proton 
ollider HERA using a 
alorimeter installed at zero degrees in the HERAtunnel some 100 m from the ep intera
tion point. In 1992 a �rst version of the For-ward Neutron Calorimeter (FNC), a small test 
alorimeter, proved the feasibility ofmeasuring leading neutrons. Using the test FNC, a �rst study of leading neutronsin photoprodu
tion at a 
enter-of-mass energy of 180 GeV was performed [4℄, [5℄.The one pion ex
hange (OPE) model was found to be 
onsistent with the data, inagreement with previous hadroprodu
tion experiments [6℄.Data taken in 1995 with the mu
h improved �nal FNC were used to measure the
ross se
tion for photoprodu
tion with two jets of high transverse momentum and aleading neutron in the �nal state [7℄, [8℄. A major study of leading neutrons in deepinelasti
 s
attering was undertaken using data taken from 1995 to 1997 [9℄, [10℄. Theangular dependen
e of leading neutrons was determined with large errors and thedi�erential 
ross se
tion relative to the in
lusive pro
ess ep ! eX in deep inelasti
s
attering was measured. Under the assumption of a simple OPE model, the pionstru
ture fun
tion was extra
ted.In 1998 the FNC was upgraded by installing the Forward Neutron Tra
ker (FNT).The FNT greatly improved the position resolution of the dete
tor. Furthermore, anew photoprodu
tion trigger allowed the simultaneous data taking of deep inelasti
s
attering and photoprodu
tion events.In this thesis, the produ
tion of leading neutrons by s
attering positrons (or ele
-



Chapter 1. Introdu
tion 3trons) o� protons is studied using data taken from 1998 to 2000 with the FNC andFNT. Chapter 2 is devoted to the ZEUS dete
tor 
omponents whi
h were needed toperform the data taking and analysis reported here. In Chapter 3 the improved for-ward neutron dete
tor is presented and its 
alibration and performan
e are des
ribed.Chapter 4 gives a brief outline of the underlying theory and explains the basi
 kine-mati
 
on
epts. A review of the methods used for re
onstru
tion of the kinemati
variables is given in Chapter 5. The data samples whi
h are analyzed are des
ribed inChapter 6, as well as the methods of event sele
tion. Chapter 7 des
ribes the align-ment and �nding of the 
enter point of the neutron distribution. Chapter 8 des
ribesthe systemati
 un
ertainties. The angular distributions of neutrons in photoprodu
-tion, deep inelasti
 s
attering and photoprodu
ed dijet events are studied in Chapter9. The angular distributions are �tted using an exponential parameterization and
ompared to theoreti
al predi
tions. Chapter 10 analyses the data in the frame workof Regge theory and provides further eviden
e for the dominan
e of pion ex
hangein the neutron produ
tion me
hanism. In Chapter 11, a measurement of absorptivee�e
ts in leading neutron produ
tion is presented. Chapter 12 is a summary.



Chapter 2The HERA A

elerator and theZEUS Dete
tor
2.1 A

elerators at DESYThe Hadron Ele
tron Ring Anlage (HERA) (Fig. 2.1) is the world's only ele
tron-proton 
ollider. HERA is lo
ated at the Deuts
hes Elektronen Syn
hrotron, DESY,Hamburg, Germany. The HERA tunnel has a 
ir
umferen
e of 6.3 km and is lo
ated10 m to 25 m below the surfa
e. The 
on�guration of the fa
ility is shown in Fig.2.2.

Figure 2.1: Aerial view of the HERA site at DESY in Hamburg, Germany. Thea

elerators PETRA (the inje
tor for HERA) and HERA are marked by dashed lines.
4



Chapter 2. The HERA A

elerator and the ZEUS Dete
tor 5

Figure 2.2: The a

elerators used for HERA at DESY. The four experiments ZEUS(South hall), HERA-B (West hall), H1 (North hall) and HERMES (EAST hall) areindi
ated.Protons are a

elerated in two smaller rings, DESY II to 7.5 GeV, and PETRA to 40GeV, before inje
tion into HERA. Three inje
tions of 70 bun
hes are needed to �llHERA, whi
h has 220 radio frequen
y bu
kets separated by 96 ns. The protons area

elerated to 920 GeV in HERA.Ele
trons or positrons are a

elerated to 500 MeV in a linear a

elerator, LINACII. They are then 
ooled in a storage ring, PIA, and segmented into a bun
h stru
-ture. In the DESY II ring they are a

elerated to 7 GeV, in PETRA to 14 GeV and�nally in HERA to 27.5 GeV. The 
ollisions of ele
trons or positrons of 27.5 GeVand protons of 920 GeV result in a 
enter-of-momentum energy of 317 GeV. Fig. 2.3shows the integrated luminosity sin
e the start of HERA in 1992. From 1994 to 1997the HERA proton energy was 820 GeV. Sin
e 1998 the proton energy has been 920GeV. The data used in this thesis were taken during the run periods in the years 1998to 2000. The total integrated luminosity in this period was 125 pb�1.2.2 The ZEUS Dete
tor at HERAAt HERA, there are two halls for 
olliding ele
trons or positrons and protons, thenorth hall (H1 experiment) and the south hall (ZEUS experiment). The data used in
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Figure 2.3: Integrated luminosity delivered by HERA 1994-2000. From 1994 to 1997the �nal energy of the protons was 820 GeV. Sin
e 1998 the proton energy has been920 GeV.



Chapter 2. The HERA A

elerator and the ZEUS Dete
tor 7this thesis were 
olle
ted using the ZEUS dete
tor.The ZEUS dete
tor is a multi-purpose dete
tor whi
h allows the study of �nal stateparti
les produ
ed by ep 
ollisions. It is an asymmetri
al dete
tor, to a

ount forthe momentum imbalan
e between the 
olliding beams. A detailed des
ription ofthe ZEUS dete
tor 
an be found in the te
hni
al status reports [11℄ and subsequentstatus reports [12℄. Throughout this thesis, the ZEUS 
oordinate system is used (Fig.

positron

y

x

θ φ

z

proton

up

ρ
r

center
HERAFigure 2.4: The ZEUS 
oordinate system.2.4). The z axis points along the so-
alled forward dire
tion, the dire
tion of theproton beam. The dire
tion of the positron beam de�nes the rear dire
tion. The xaxis points towards the 
enter of the HERA ring, the y axis points up. The nominalintera
tion point is at (x; y; z) = (0; 0; 0). The polar angle is measured with respe
tto the positive z axis and the azimuthal angle relative to the positive x axis. Thus,the polar angles of the proton and ele
tron beam are 0 and 180 degrees, respe
tively.
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elerator and the ZEUS Dete
tor 8The dete
tor 
omponents whi
h are essential for this analysis are des
ribed in thefollowing se
tions.

end
enterFigure 2.5: Cut away view of the ZEUS dete
tor.
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elerator and the ZEUS Dete
tor 92.2.1 The Central Tra
king Dete
torThe Central Tra
king Dete
tor (CTD) ([13℄,[14℄,[15℄) is lo
ated inside a super
on-du
ting solenoid, whi
h provides a uniform magneti
 �eld of 1:93 T. It is a 
ylindri
aldrift 
hamber providing momentum and dire
tion information of 
harged parti
les,and also energy loss (dE=dx) information to help identify parti
les. The CTD hasan inner radius of 18.2 
m, an outer radius of 79.4 
m and a length of 205 
m. Ra-dially, the CTD is subdivided into 9 superlayers as seen in Fig. 2.6. Odd numberedsuperlayers have sense wires parallel to the CTD axis. Even numbered superlayersare stereo layers with wires in
lined by �5o to the 
hamber axis. The transversemomentum resolution is �(pt)=pt = 0:0058pt� 0:0065� 0:0014=pt (pt in GeV), where� means taken in quadrature [16℄.

Figure 2.6: View of the ZEUS CTD superlayers.2.2.2 Uranium CalorimeterA 
alorimeter measures the total energy deposited by in
ident parti
les. The ab-sorbed energy is transformed into a measurable signal, whi
h is proportional to theenergy of the in
ident parti
le. An in
ident parti
le intera
ts with the materials inthe 
alorimeter, produ
ing se
ondary parti
les. These se
ondary parti
les intera
t inturn, 
ausing the development of a parti
le shower. There are two types of showers,
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elerator and the ZEUS Dete
tor 10ele
tromagneti
 showers and hadroni
 showers.Ele
tromagneti
 showers are indu
ed by an in
ident e�, e+ on 
. Ele
tromagneti
showers at energies higher than 1 GeV are dominated by bremsstrahlung and pairprodu
tion. Bremsstrahlung is the radiation of a photon 
 by an ele
tron or a positronin the presen
e of the nu
lear ele
tri
 �eld. Pair produ
tion is the produ
tion of anele
tron and a positron by a photon with enough energy in the nu
lear ele
tri
 �eld.An ele
tromagneti
 shower is 
hara
terized by its radiation length, X0, whi
h is ma-terial dependent. X0 is the mean distan
e over whi
h a high energy ele
tron loses 1/eof the initial energy by bremsstrahlung. This energy loss is given by(dEdx )Bremsstrahlung � � EX0 ; (2.1)where x is the thi
kness of the material and E the energy of the ele
tron. A materialthi
kness of 20 radiation lengths is enough to 
ontain more than 99% of the ele
-tromagneti
 shower. The 
hara
teristi
 length of ele
tromagneti
 showers is smallerthan that of hadroni
 showers.In
ident hadrons undergo ele
tromagneti
 and nu
lear intera
tions. Hadroni
 show-ers are made up of a large variety of pro
esses. Se
ondary parti
les are produ
ed ininelasti
 
ollisions with nu
lei. The main 
ontributions to hadroni
 shower develop-ment are the produ
tion of 
harged hadrons. The 
harged hadrons lose energy byionization until a new strong intera
tion o

urs. Neutral hadrons are also produ
ed,whi
h 
an intera
t strongly. Neutrinos are produ
ed, whi
h es
ape undete
ted by the
alorimeter. Photons are produ
ed as well, from the de
ay of neutral pions. The pho-tons give rise to ele
tromagneti
 showers within the hadroni
 shower. Furthermore,the ex
ited nu
lei produ
ed 
an either release lower energy photons or nu
leons orundergo �ssion. A hadroni
 shower 
an be 
hara
terized by the nu
lear absorptionlength, �, whi
h is the mean free path before a parti
le intera
ts inelasti
ally,� = A�NA�i ; (2.2).
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elerator and the ZEUS Dete
tor 11where A is the mass number of the absorber, � the density of the material, NA isAvogadro's number and �i is the inelasti
 
ross se
tion [17℄.A homogeneous 
alorimeter is build entirely of an a
tive (signal produ
ing) medium.This type of 
alorimeter is a solution at low parti
le energies and for purely ele
tro-magneti
 showers. As parti
le energies in
rease, the size of the 
alorimeter ne
essaryto 
ontain the hadroni
 shower be
omes more and more une
onomi
al in a totally a
-tive 
alorimeter. A solution to this problem is the sampling 
alorimeter. A sampling
alorimeter is 
omposed of layers of a
tive material whi
h alternate with layers of adense absorber. The a
tive materials measure the energy 
ow as a fun
tion of depth.The a
tive and absorbing materials and their thi
knesses 
an be 
hosen to a
hieve anele
tron/hadron (e=h) signal response ratio 
lose to unity, whi
h is the de�nition ofa 
ompensating 
alorimeter, in whi
h the average energy lost to binding energy andneutrinos is 
ompensated by other pro
esses. A 
ompensating 
alorimeter has thebest possible hadroni
 energy resolution.The most important dete
tor 
omponent in ZEUS to re
onstru
t ep s
attering eventsis a high resolution uranium 
alorimeter (UCAL). The UCAL is a sampling 
alorime-ter [18℄, [19℄, [20℄. It is made of depleted uranium (the absorber material) and s
in-tillator (the a
tive material) in a sandwi
h stru
ture. The thi
kness of the plates ofuranium and s
intillator has been 
hosen to a
hieve 
ompensation (e=h = 1:00�0:03)for a wide energy range. The energy resolution is �(E)=E = 0:35=qE(GeV) forhadrons and �(E)=E = 0:18=qE(GeV) for ele
trons/positrons, as determined undertest beam 
onditions.The UCAL has three segments, the rear (RCAL), barrel (BCAL) and forward (FCAL)
alorimeter, where forward is in the proton beam dire
tion. The RCAL 
overs a polarangle region of 128:1Æ < � < 176:9Æ, the BCAL a region of 36:7Æ < � < 129:1Æ andthe FCAL a region of 2:2Æ < � < 39:9Æ. FCAL and RCAL are ea
h segmented into24 verti
al modules. Ea
h FCAL module is subdivided into 20� 20 
m2 towers. Thetowers 
ontain an ele
tromagneti
 (EMC) and two hadroni
 (HAC) se
tions. Ea
h
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tor 12hadroni
 se
tion of a tower is 
alled a 
alorimeter 
ell. The EMC se
tion has a sub-division into four 20� 5 
m2 
ells. RCAL has only one hadroni
 se
tion and the 
ellsize of the EMC is 20� 10 
m2. BCAL has 22 wedge-shaped modules with two HACse
tions and one EMC se
tion. The wedges are tilted 2:5Æ in � with respe
t to aradial line from the intera
tion point in the x� y�plane. It has 14 towers along thez axis.The 
alorimeter 
ells are read out by photomultiplier tubes (PMTs) on oppositesides whi
h are 
oupled to the s
intillators via wavelength shifters. The energy 
ali-bration of the 
alorimeter was originally done in a test beam, and is followed in timeon a 
hannel-by-
hannel basis using the radioa
tive de
ay of 238U, whi
h provides astable and time independent referen
e signal. This 
alibration tra
king is good to1%. The PMT light eÆ
ien
y and linearity is 
he
ked periodi
ally using LED andlaser light. Radiation damage to the s
intillator near the beam is 
he
ked on
e a yearusing 60Co sour
es along the sides of the 
alorimeter modules. The ele
troni
 readoutis 
alibrated via 
harge inje
tion test pulses. The 
alorimeter time resolution is betterthan 1 nse
 for energy deposits above 4:5 GeV.
2.2.3 The Luminosity MonitorIn order to measure 
ross se
tions, an a

urate measurement of the time integratedluminosity is 
ru
ial. At HERA, ep luminosity is measured using the rate of hardbremsstrahlung photons from the Bethe-Heitler pro
ess ep! ep
 [21℄. This pro
esshas a high 
ross se
tion and is theoreti
ally understood to an a

ura
y of 0:5%.The luminosity monitor (LUMI) 
onsists of two 
alorimeters, an ele
tron 
alorimeter(LUMI-e) and a photon 
alorimeter (LUMI-
)[22℄, as seen in Fig. 2.7. LUMI-e isa lead s
intillator 
alorimeter, lo
ated at z = {35 m. It measures small angle (�< 4 mrad) s
attered ele
trons, whi
h are de
e
ted from the nominal orbit by theHERA magnets, whose energy is in the range of (0:2� 0:8)EBeam. LUMI-
 is a lead-s
intillator 
alorimeter as well. It is lo
ated at z = {104 m in the HERA tunnel. A3:5X0 
arbon/lead �lter prote
ts LUMI-
 against syn
hrotron radiation.
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m )

Figure 2.7: The Layout of the ZEUS luminosity monitor as well as some of the HERAquadrupole (Q) and dipole (B) magnets.
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tor 142.2.4 The Small Angle Rear Tra
king Dete
torThe Small Angle Rear Tra
king Dete
tor (SRTD) is a s
intillator strip dete
tor atthe fa
e of RCAL. It 
overs 68�68 
m2 around the RCAL beam-pipe hole, as seen inFig. 2.8. The task of the SRTD is to improve the position measurement of ele
tronss
attered at small angles, to 
orre
t for ele
tron energy loss in ina
tive material infront of RCAL and to provide a timing-based reje
tion of ba
kground at the FirstLevel Trigger (see Se
tion 2.2.6).
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Figure 2.8: View of the SRTD Dete
tor around the RCAL beam-pipe hole. Thereare two layers with horizontal and verti
al s
intillator strip orientation.
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tor 152.2.5 The Leading Proton Spe
trometerS
attered protons with a large fra
tion of the initial momentum of the proton aremeasured by the Leading Proton Spe
trometer (LPS) [23℄,[24℄. The LPS 
onsists ofsix stations downstream in the HERA tunnel, lo
ated between z = +24 m and z =+90 m. At ea
h station, six planes of sili
on dete
tors 
an be moved from top andbottom or left to right, to position the dete
tors as 
lose as 10 proton beam diametersto the beam axis. The dete
tors measure s
attered protons in an azimuthal planewith the HERA magnets a
ting as the spe
trometer magnets. The LPS (espe
iallystation LPS 6) is situated within the geometri
 a

eptan
e of the Forward NeutronCalorimeter (FNC) and obs
ures the path of s
attered neutrons.

Figure 2.9: View of the LPS Stations in the HERA tunnel.
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tor 162.2.6 ZEUS Trigger and Data A
quisition SystemThe bun
h 
rossing time at HERA is 96 ns, whi
h is equivalent to a rate of � 10MHz.ZEUS has developed a sophisti
ated three level trigger system to eÆ
iently sele
t epevents. Both the data and trigger information are pipelined at the front end, sin
ethe de
ision time of the �rst level trigger is about 4 �se
, mu
h longer than the bun
hspa
ing. A s
hemati
 diagram of the ZEUS trigger system is shown in �gure 2.10.The First Level Trigger (FLT) redu
es the input rate to 1 kHz or below. It is solely ahardware trigger. Ea
h 
omponent has its own FLT. The information from the lo
alFLTs are passed on to the Global First Level Trigger (GFLT). There, the trigger in-formation is 
ombined into 64 trigger de
isions (so 
alled FLT slots) and 
ombined toan overall de
ision per event. If the de
ision is positive, the pipelines are stopped andthe data for the appropriate bun
h 
rossing are read out. This introdu
es dead-timein the experiment of 1 to 2 per
ent.The Se
ond Level Trigger (SLT) redu
es the rate of a

epted FLT events below 100Hz. It is software based and runs on a network of mi
ropro
essors. Again ea
h SLT
omponent passes a trigger de
ision to the Global Se
ond Level Trigger (GSLT), whi
hreje
ts or a

epts an event. An a

epted event is passed on to the Event Builder (EB).The EB 
ombines data from all dete
tor 
omponents into a single event stru
ture.This information is passed on to the Third Level Trigger (TLT).The TLT redu
es the rate to a few Hz. The TLT is software based and uses of-
ine re
onstru
tion 
ode. About 80 sophisti
ated trigger algorithms run at the TLTto identify interesting 
lasses of physi
s events. Events a

epted by the TLT arewritten to tape via a �ber link 
onne
tion to DESY 
omputing 
enter. The typi
alevent size is 100 kBytes.
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Figure 2.10: View of the ZEUS trigger and data 
ow.



Chapter 3
The Forward Neutron Dete
tor
3.1 The Forward Neutron Dete
torThe Forward Neutron Dete
tor (FND) is an essential 
omponent in this analysis.It 
onsists of two 
omponents, the Forward Neutron Calorimeter (FNC) and theForward Neutron Tra
ker (FNT). The FNT is positioned inside the FNC.3.1.1 The Forward Neutron CalorimeterThe FNC in its 
urrent version was installed in 1995. It is situated 105.6 m down-stream from the ZEUS intera
tion point, in the proton dire
tion, in the HERA tunnel.Its purpose is to dete
t leading neutrons (LN) whi
h are produ
ed at very small an-gles in ep 
ollisions at ZEUS. It is a 
ompensating sampling 
alorimeter, 
omposed ofa lead-s
intillator layered stru
ture in four se
tions, front and rear, ea
h subdividedinto top and bottom. The dimensions and materials of ea
h layer 
an be found intable 3.1.1. The FNC is pi
tured in Fig. 3.1.The FNC is lo
ated in the only spa
e available in the HERA tunnel suÆ
ientlyfar downstream that the positron and proton beams are well separated. The protonbeam line passes through a 10� 10 
m2 hole in the top part of the 
alorimeter, dueto the upward traje
tory of the beam line after verti
al bending magnets. The ele
-tron beam line passes by the side of the FNC. The FNC has lead shielding against18
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Figure 3.1: An isometri
 view of the FNC.Depth Absorption lengthsMaterial (
m) �APb 1.25 0.073S
intillator 0.26 0.003Paper 0.04 0Air 0.1 0Total 1.65 0.076134 layers 222.1 10.2Table 3.1: The stru
ture of a FNC 
ell.syn
hrotron radiation originating from the ele
tron beam line.
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tor 20Length Depth Height x width Tower size PMTSe
tion Layers (
m) �A (
m x 
m) (
m) 
hannelsBottom front 95 156.75 7.2 50 x 70 5 20Bottom rear 39 64.35 3.0 50 x 74 10 10Top front 95 156.75 7.2 20 x 60.5 5 8Top rear 39 64.35 3.0 20 x 64.5 10 4Table 3.2: The size of the di�erent FNC se
tions.The s
intillators in ea
h se
tion are further subdivided into verti
al towers. The frontse
tion has altogether fourteen towers (4 towers in the top se
tion and 10 towersin the bottom se
tion) with a height of 5 
m ea
h. The s
intillator strips have aheight of 4.94 
m, and are wrapped in TYVEC [25℄, whi
h is a white paper. TYVECis highly re
e
tive in the wavelength range of the light produ
ed by the s
intillat-ing material. The top and bottom rear se
tions have 7 towers (2 towers in the topse
tion and 5 towers in the bottom se
tion) with a height of 10 
m ea
h. The s
in-tillators are read out by PMTs via wavelength shifters on opposite sides of ea
h tower.The FNC is a 
ompensating 
alorimeter with a signal ratio of ele
tromagneti
 tohadroni
 signal e=h � 1. In a 120 GeV test beam at CERN, the hadroni
 energyresolution of the FNC was measured [26℄, to be�(E)E = 65%qE(GeV) : (3.1)In addition, there are three veto 
ounter planes of s
intillator at positions of 70 
m,78 
m and 198.5 
m in front of the FNC (see Fig. 3.2). Their purpose is to reje
t
harged parti
les. Due to the bending magnets in front of the FNC, any 
hargedparti
le entering the FNC must be produ
ed downstream of the magnets. Ea
h vetoplane has a size of 50� 70� 2 
m3 
overing the entire front bottom of the FNC.
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Figure 3.2: The veto 
ounter positions and numbering s
heme in front of the FND.Side view (upper) and top view (lower).
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tor 223.1.2 The Design of the FNTThe se
ond 
omponent of the FND is the Forward Neutron Tra
ker (FNT). The FNTwas installed in the spring of 1998. It 
onsists of a hodos
ope of 17 s
intillator �ngersfor the x position re
onstru
tion and 15 s
intillator �ngers for the y position re
on-stru
tion. They are held together by two 1 mm thi
k aluminum plates and separatedfrom ea
h other by another aluminum plate. Ea
h s
intillator �nger has a size of 168mm in length, 11 mm in width and is 5 mm in thi
kness. Along the �nger length is agroove in whi
h a wavelength shifting �ber of 1.6 mm diameter is glued. One end ofthe �ber is metallised as a re
e
ting mirror. The other end is glued to a 
lear opti
al�ber whi
h guides the s
intillator signal to a PMT. Ea
h s
intillator �nger is wrappedin TYVEC paper. An example �nger 
an be seen in Fig. 3.3. The 
lear read-out �breis surrounded by a light blo
king heat shrink tube, to eliminate 
ross-talk betweenthe �bres.Fig. 3.4 shows the two layers of the FNT hodos
ope during assembly. The brasstubing visible is used to guide a radioa
tive sour
e into the FNT while a sour
e s
anis performed for 
alibration purposes. To ensure showering of most of the in
omingneutrons before the FNT, the FNT is situated approximately one intera
tion lengthdeep into the FNC, repla
ing layer 16 of the FNC. It was positioned transversely to
over the geometri
 aperture for neutrons. Fig. 3.5 shows the position of the FNThodos
ope in the FNC. The geometry outline in the FNT shows the geometri
 a

ep-tan
e as a result of material (magnets, beam pipes, et
.) whi
h absorb the neutronbeam.3.1.3 The Position Resolution of the FNTIn order to measure the spatial resolution of the FNT, a slit 
ollimator was pla
ed infront of the outer veto 
ounter of the FNC. The slit 
ollimator 
onsisted of 2 layersof lead blo
ks whi
h were separated by a 1.0 mm slit.The 
ollimator was pla
ed on a table whi
h was moved verti
ally by a stepping motor.By 
ontrolling the position of the table, the 
ollimator slit 
ould be pla
ed in front of
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Figure 3.3: One FNT s
intillator �nger. The green wavelength shifter in the grooveis visible. The white TYVEC paper has been partly 
ut. To the left the 
onne
tionfrom the wavelength shifting �bre to the 
lear opti
al �bre 
an be seen.
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brass tube

brass tube
Figure 3.4: View of the two planes of the FNT hodos
ope. The aluminum supportplates are visible behind the s
intilator �ngers. The bla
k 
ables are the opti
al �breswhi
h 
onne
t to the PMTs.
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Figure 3.5: The transverse position of the FNT relative to the FNC as seen lookingtowards the ZEUS intera
tion point. The proton beam pipe and the outline of theneutron a

eptan
e aperture due to beam line elements are shown.The dot marks theposition of the beam spot.
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tor 26every horizontal strip of the FNT. Figure 3.6 shows an example of the re
onstru
tionof the y measurement in the FNT with the 
ollimator in front. It provides a mea-surement of the spatial resolution of the FNT. The resolution of the FNT is Æy = 2.3mm, independent of position.Be
ause the FNT is lo
ated approximately one intera
tion length deep in the FNConly 1-e�1 of the events should shower in front of the FNT. Fig. 3.7 shows the numberof events entering the FNC as a fun
tion of the y plane energy in the FNT. About63 % of the events have energy above the pedestal, as expe
ted.
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4 5 6 7 8 9 10 11Figure 3.6: Re
onstru
tion of y using the slit 
ollimator in front of the FND. Themean, RMS and � are in units of �nger separation (1:17 
m).
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tor 283.2 The Calibration and Monitoring of the FNCand FNTThe 
alibration and monitoring of the FNC and FNT 
onsist of three steps. Firstthe gains of the PMTs are measured with a 60Co sour
e. Se
ondly, the drift of thegains over time is followed with beam gas data and a time dependent 
orre
tion ismade. In the third step, the overall energy s
ale is determined using a 
omparison ofthe beam gas neutron energy spe
trum to Monte Carlo simulation.3.2.1 60Co Sour
e S
an to Calibrate Photomultiplier GainsThe relative gains of the PMTs in the FNC and FNT are obtained by s
anning witha radioa
tive 60Co sour
e. The method was developed for the ZEUS main 
alorimeter[27℄. The sour
e ex
ites s
intillators within the FNC or FNT, whi
h leads to a signalin the PMTs. The basi
 prin
iple of the FNC sour
e s
an is demonstrated in Fig.3.8. Fig. 3.9 shows the response of the PMTs. There is a peak as the sour
e passesea
h s
intillator layer. The dip at layer 16 is due to the FNT. Fig. 3.10 shows theresult of a s
an of the FNT.
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an to measure relative FNCPMT gains.
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rear front

Figure 3.9: The signal (arbitrary units) of one sour
e s
an along the length of a FNCtower and a zoom of a part of it. The dip marks the position of the FNT dete
tor inthe FNC. The zoom shows the peak stru
ture of the layers. The FNT dip is at layer16. The front of the FNC is at the right.
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tor 30The sour
e s
an signal is proportional to the amount of energy deposited. The

Figure 3.10: The signal (arbitrary units) of three adja
ent FNT s
intillators in a 60Cosour
e s
an. Ea
h peak marks the position of a FNT s
intillator.di�eren
es in the signal height of di�erent PMTs in the FNC or FNT are due todi�ering PMT gains. This method does not give absolute gains but does give therelative gains, i.e., gains relative to an average signal. For ea
h 
hannel i the signalai is measured. The relative gain of 
hannel i is de�ned asgi;s = N � ai;sPNi=1 ai;s ; (3.2)where N is the number of 
hannels in the 
alorimeter (N=42 for the FNC. The FNThas 32 �ngers, whi
h are subdivided into two layers, N=15 or N=17) and the sub-s
ript s is a parti
ular sour
e s
an.
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tor 31The 60Co sour
e s
ans were performed as often as possible. The number of s
answas limited, however, by the infrequent times when there was a

ess to the HERAtunnel. Sour
e s
ans were performed on average three times a year.3.2.2 Beam Gas RunsIn order to monitor the gain drifts between sour
e s
ans, so-
alled \beam gas runs"were taken at the beginning of ea
h HERA re�ll when the proton beam had rea
hedits �nal beam energy, but before the positrons or ele
trons were inje
ted. These runsinvolve neutron produ
tion by the intera
tion of the proton beam with residual gasin the va
uum pipe. The beam gas neutron energy spe
trum is well understood fromhadron-hadron experiments measuring pn! Xp (pp! Xn). A typi
al beam gas runhas about 50 K events. The readout is triggered by energy deposits in the FNC. Therun-to-run 
onditions are assumed to be stable, so the 
alorimeter energy spe
trumshape should not 
hange. Ea
h 
hange in the mean energy in a tower is therefore dueto a drift in PMT gain and slowly degrading s
intillators due to radiation damage,and a 
orre
tion is made to the relative gains.3.2.3 Energy S
ale CalibrationThe beam gas runs are also used to determine the FNC energy s
ale. The energy forea
h event is 
al
ulated as: E(pC) = 42Xi=1 Ei(pC)gi (3.3)with the sum running over all 42 
hannels of the FNC. Ei is the energy deposited inea
h tower. The energy s
ale is now extra
ted by a 
omparison of the energy spe
trum(in units of pC) of all the events in the sum with the predi
ted spe
trum from a MonteCarlo simulation (in units of GeV) by �tting the region of the kinemati
al end pointof beam gas data to the Monte Carlo simulation. The Monte Carlo simulation isbased on one pion ex
hange (OPE) and takes dete
tor e�e
ts like resolution and theproton beam divergen
e into a

ount. By �tting the kinemati
al end-point region,the dependen
ies on whi
h parti
ular form of OPE in the Monte Carlo simulation
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tor 32is used to �t the measured beam gas data to Monte Carlo simulation is very small.The end point �t of the measured data to the predi
ted Monte Carlo simulation datagives in a s
ale fa
tor in pC/GeV (whi
h is determined in the �t by minimizing �2).Fig. 3.11 shows su
h a �t. For ea
h new 60Co sour
e s
an there is a new set ofrelative gains. One sour
e s
an �xes the 
alibration of a single beam gas run, the
losest one in time. The extension to the whole run period is done by using theaverage energy deposition values from the beam gas runs between sour
e s
ans asdes
ribed in se
tion 3.2.2. The whole run time is divided into approximately oneweek long intervals in order to redu
e the amount of 
alibration 
onstant informationrequired and to average over small run to run ba
kground and beam variations. Thesedivisions ea
h have a 
orresponding 
alibration version. In ea
h 
alibration version,the < pC >i are averaged over the 
orresponding beam gas runs. There is a set of 42
alibration 
onstants for ea
h 
alibration version for the FNC and 32 for the FNT.

Figure 3.11: The FNC energy spe
trum is �tted to a MC simulation whi
h in
ludedthe dete
tor resolution.
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tor 333.2.4 Tower Balan
ingAfter the 
alibration was �nished, there was a depletion of high xL neutrons foundin the upper part (i.e. the upper tower) of the FNC aperture. The reason for thisdepletion is that the 
alibration of the upper tower (tower 8) is o� with respe
t to thelower tower (tower 7) of the FNC aperture. The reason for this is unknown. Expe
tedwould be a smooth distribution of energy sharing between the towers, symmetri
a
ross the boundary between the towers. This means that
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2 4 6 8 10 12 14 16Figure 3.12: The result of the 
alibration 
orre
tion. At high xL events populate bothtowers 7 and 8 uniformly in � after the re
alibration.e8e7 + e8 = F (y) = 12 + bf((y � y0)L ) (3.4)where e8 and e7 are the energies distributed in tower 7 and 8 and f(y) is a 'swit
hing'fun
tion with the limits f(y)! �12 (3.5)
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tor 34as y goes to �1, e.g. 1=�tan�1(y). Free parameters are the boundary y0, a lengths
ale L and an amplitude b. Suppose the 
alibration of tower 8 is degraded by afa
tor d. Equation 3.4 
hanges toe8=d(e7 + e8)=d = F (y)d+ (1� d)F (y) (3.6)and a simultaneous �t of the data is done to all four parameters. The parameter d islargely independent of xL. The FNT information was used to sele
t events to balan
ethe 
alibration a
ross the tower boundaries 6/7, 7/8 and 8/9. Towers 6 to towers 9
arry approximately 90% of the overall deposited energy. After balan
ing the towers,the end point �t of se
tion 3.2.3 was redone so that the overall energy s
ale does not
hange. The result of the 
alibration 
orre
tion is that high xL events populate bothtowers 7 and 8 uniformly in �. Fig. 3.12 shows the 
hange in the event population oftower 7 and 8 for xL > 0:9 before and tower balan
ing. Note that this re
alibrationdoes not a�e
t the FNT. The results in this thesis were 
ompared before and afterthe re
alibration and were not signi�
antly di�erent.3.2.5 Energy S
ale Time StabilityIn the 95-97 data it was observed that the energy s
ale of the FNC di�ered from yearto year even after 
alibration due to un
ontrolled 
hanges in the beam inje
tion 
on-ditions. The e�e
t was removed by res
aling the energy spe
tra using the Kolmogorovtest. For the 98-2000 data the same pro
edure was followed using a sample of dijetphotoprodu
tion events in 
oin
iden
e with a leading neutron. All run periods from1998 to 2000 were used in this pro
edure in order to tra
k the res
aling. The resultsare shown in Fig. 3.13. Data in the anomalous peak at the end of the 1999 run periodare not used in the analysis. This pro
edure 
orre
ts ea
h run period to an averageoverall energy s
ale. The distribution of Kolmogorov probability is almost 
at, asexpe
ted. It has a peak at probabilities 
lose to one due to the slight over-
orre
tionentailed by the method. The �nal energy s
ale was determined by mat
hing the av-erage overall s
ale of 98-2000 DIS data to the �nal 95-97 DIS data. The di�eren
e inenergy s
ale between the two data sets was 1.1%, as seen in Fig. 3.14.
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Figure 3.13: (top) The energy s
ale adjustment as a fun
tion of run period for the1998 to 2000 data. The arrows indi
ate the run years. (bottom) The distributionof Kolmogorov probability for ea
h run period. The inset shows a histogram of theenergy s
ale adjustment fa
tors.
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Figure 3.14: A 
omparison of the neutron energy spe
trum in 1995-1997 (un
orre
tedfor a

eptan
e) to that of 1998-2000, in units of xL = E (GeV)=920. The inset showsthe Kolmogorov probability as a fun
tion of relative energy s
ale.
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tor 373.3 Veto CountersThere are three planes of veto 
ounters ea
h read out by a pair of PMTs in front ofthe FNC. The 
alibration of the veto 
ounters has been extended from earlier FNC
alibrations to in
lude a veto 
ounter 
alibration for ea
h 
alibration version. Theenergy s
ale of the veto 
ounters has been 
alibrated in units of minimum ionizingparti
le (MIP). A photon in the beam 
an 
onvert to an e+e� pair in the ina
tivematerial in front of the veto 
ounters or in the veto 
ounters themselves. These areused to identify a 2-MIP peak, whi
h is seen in Fig. 3.15.
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tion.
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tor 383.4 Position Measurement with the FNDThe position of a shower in the FND 
an be measured using the FNC or the FNT.3.4.1 Position Measurement with the FNCIn prin
iple it is possible to make a neutron position measurement with the FNC.As des
ribed in the dete
tor se
tion, the FNC is read out on both sides. The ratioof energy shared between them provides the feasibility to measure the horizontalposition of an in
ident parti
le as follows:x = �2 ln(ELER ); (3.7)where � is the s
intillator attenuation length and EL and ER are the energies measuredon the left and right sides of the FNC towers. The resolution is Æx = 22:3 
m=pE, asmeasured at 120 GeV [26℄. The y (verti
al) position measurement of the FNC 
an bedetermined using the 
entroid method by taking an energy weighted average of thetower positions: y = P10i=1 wiyiwi : (3.8)The sum 
overs the front towers of the FNC. The weights, wi are fun
tions of theenergy deposits, Ei, in ea
h tower. Weights are dis
ussed further in the positionre
onstru
tion of the FNT. The large FNC tower width of 5 
m limits the resolution to� 1:5 
m and biases the measurement to the tower 
enter. An improved measurementof the position of the shower 
an be made using the FNT.3.4.2 Position Re
onstru
tion in the FNTThe x or y position measurement of an in
ident parti
le in the FNT 
an be re
on-stru
ted, using a log-weighted 
entroid, in the following way:xre
 = PiwixiPiwi ; (3.9)where the weight wi is a fun
tion of the energy.
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tor 39Two possible 
hoi
es are the re
onstru
tion with linear weightswi = Ei (3.10)and the re
onstru
tion with logarithmi
 weightswi = ln EifEEtot (3.11)for Ei > fEEetot and wi = 0 otherwise. The position re
onstru
tion is done thesame way for the x and y positions. The value of fE = 0:03 results in the smoothestdistribution as seen in Fig. 3.16.The linear re
onstru
tion shows a bias towards the 
enter of the s
intillator �ngerwhen the shower width is of the same size as the width of the s
intillator. Due tothis, the logarithmi
 position re
onstru
tion in x and y is used for the analysis.3.4.3 FNT Coordinate SystemThe FNT re
onstru
tion is done within its own 
oordinate system. The FNT 
oor-dinate system translates as follows into the ZEUS 
oordinate system:xZEUS = (xFNT � 11:3) 
m (3.12)and yZEUS = (yFNT � 7:2) 
m: (3.13)The ZEUS 
oordinate point (-11.3 
m, -7.2 
m) is the lower left 
orner of the FNThodos
ope looking towards the intera
tion point. It is the (0 
m, 0 
m) 
oordinateof the FNT 
oordinate system. This was determined by a survey when the FNT wasinstalled and veri�ed by a 
omparison of data to Monte Carlo. In this 
omparison,the number of events in the geometri
 a

eptan
e is maximized by moving an outlineof the geometri
 a

eptan
e a
ross the events and the events inside are 
ounted. Themaximum event position is the position as determined by the survey within � 1mm.The geometri
 a

eptan
e outline is de�ned by the apertures of the HERA beam lineelements.
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tor 413.5 Angular Distributions of NeutronsThe neutron s
attering angle 
an be 
al
ulated in FNT 
oordinates as�n = q(xFNT � x0)2 + (yFNT � y0)2zFNT ; (3.14)where (x0; y0) is the position of the beam spot. The s
attering angle �n is limited bythe geometri
 aperture to a maximum value of 0.8 mrad, shown in Fig. 3.17. The
ir
les show the 
ontours of 
onstant �n. The 
ir
les have their origin at the zerodegree spot of the neutron distribution.
ZEUS

-10

-5

0

5

10

-10 -5 0 5 10Figure 3.17: The geometri
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eptan
e in the FNT and the 
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onstant �n.



Chapter 4Theoreti
al Ba
kground
4.1 Deep Inelasti
 S
atteringDeep Inelasti
 S
attering (DIS) des
ribes a pro
ess where a lepton s
atters o� a nu-
leon with a momentum transfer large 
ompared to the s
ale of the strong intera
tion.The lepton 
an be a 
harged lepton (e, �) or a neutrino (�e, ��) and the nu
leon isa proton (p) or a neutron (n). The intera
tion 
an be either a neutral 
urrent (NC)intera
tion mediated by the ex
hange of a neutral boson (
, Zo), or a 
harged 
urrent(CC) intera
tion mediated by a 
harged boson (W�). At HERA the kinemati
 limitin Q2, the momentum transfer squared, is 105GeV2.4.1.1 DIS Kinemati
 VariablesAn ele
tron e s
atters o� a proton p produ
ing a s
attered ele
tron e0 and a hadroni
�nal state X, e(k)p(p)! e0(k0)X(h); (4.1)where k = (0; 0;�Ee; Ee) (4.2)p = (0; 0; Ep; Ep) (4.3)k0 = (px;e0; py;e0; pz;e0; Ee0) (4.4)h = (px;h; py;h; pz;h; Eh) (4.5)42
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al Ba
kground 43are the 
orresponding 4-ve
tors and the parti
le masses are negle
ted. The 
enter-of-momentum energy is s = (k + P )2= k2 + P 2 + 2k � P= 4EeEp; (4.6)Ee, Ep are the energy of the ele
tron and proton beam. The parti
le masses areoften negle
ted in this thesis, be
ause they are small 
ompared to their mu
h largermomenta. The momentum transfer squared Q2 is the negative invariant mass squaredof the ex
hanged (virtual) bosonQ2 = �q2 = �(k � k0)2: (4.7)The Bjorken s
aling variables, x, is de�ned asx = Q22p � q : (4.8)The inelasti
ity y is y = p � qp � k : (4.9)This leads to the relation Q2 = s � x � y: (4.10)The ex
hanged boson-proton 
enter-of-momentum energy is the total hadroni
 masssquared W 2 = (p+ q)2 (4.11)= Q2(1� xx ): (4.12)The rapidity, also denoted by y, of a parti
le is given byy = 12 ln(E + pzE � pz ); (4.13)whi
h is, negle
ting the masses, equal to the pseudorapidity �,� = �ln(tan(�2)); (4.14)where � is the produ
tion angle with respe
t to the proton dire
tion.
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kground 444.2 Quark Parton ModelIn the Quark Parton Model (QPM), the proton is assumed to be 
omposed of free,point-like 
onstituents, whi
h are 
alled partons [28℄. In this model the 
ross se
tionfor deep inelasti
 ep s
attering is the in
oherent sum of two body elasti
 ele
tron-parton intera
tions.The neutral 
urrent (NC) 
ross se
tion 
an be written generally for Q2 << M2Zas a fun
tion of two stru
ture fun
tions F1 and F2 asd2�dxdQ2 = 4��2xQ4 [y22 2xF1(x;Q2) + (1� y)F2(x;Q2)℄: (4.15)The variable x is the momentum fra
tion 
arried by the stru
k parton. For 
ollisionswith spin 12 quark 
onstituents, the stru
ture fun
tions F1 and F2 are related by theCallan-Gross relation F1(x;Q2) = 12xF2(x;Q2); (4.16)and F2(x;Q2) 
an be written asF2(x;Q2) = xXi e2i fi(x;Q2); (4.17)where ei is the parton 
harge and the parton density fun
tion (PDF) fi(x;Q2)dx isthe probability of �nding a quark i of 
harge ei in the momentum range of x to x+dx.The Callan-Gross relationship is a 
onsequen
e of the spin 12 nature of partons; par-tons with spin zero would have a ratio 2xF1=F2 = 0. In the QPM, these PDFs dependonly on x and have no dependen
e on the s
ale Q. This is 
alled s
ale invarian
e [29℄.The Callan-Gross relation and the s
aling hypothesis were 
on�rmed at the StanfordLinear A

elerator in 1969 [30℄.If the proton 
onsisted only of 
harged partons (quarks) momentum 
onservationimplies Xi Z 10 xfi(x)dx = 1: (4.18)The experimentally found value is � 0:5 [31℄. This 
an be understood if about halfof the proton's momentum is 
arried by neutral partons, 
alled gluons. Experimental
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e of these gluons was found in 1979 at DESY [32℄. ZEUS and other exper-iments have 
on�rmed s
ale invarian
e for x � 0:15 as seen in Fig. 4.1. However,variations in F2 with Q2 are seen at lower and higher values of x, thus breaking s
aleinvarian
e. The theory of quantum 
hromodynami
s (QCD) explains this deviationfrom the expe
tations of the simple quark parton model by introdu
ing the radiationof gluons from quarks and the splitting of gluons to quark-anti-quark pairs.
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Figure 4.1: The stru
ture fun
tion F2(x;Q2) as a fun
tion of Q2 and �xed x values.
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sQuantum Chromodynami
s (QCD) is a theory developed in the 1970s to des
ribethe physi
s of the strong intera
tion. QCD is a non-abelian gauge theory based on aSU(3) 
olour symmetry group. In QCD, quarks intera
t by ex
hanging gauge bosons,
alled gluons. The gluons 
an 
ouple to ea
h other as well, due to a 
olour 
hargethey 
arry. The 
olour 
oupling in QCD is distan
e dependent and de
reases at veryshort distan
es. In leading order perturbation theory the s
ale dependen
e of thestrong 
oupling 
onstant, �s, is given by�s = 12�(33� 2nf ) ln( �2�2 ) ; (4.19)where nf is the number of quark 
avors and � is an arbitrary s
ale. � is the QCDs
ale parameter at whi
h the strong 
oupling 
onstant be
omes large and perturba-tion theory breaks down.Non-perturbative e�e
ts make it impossible to 
al
ulate in
lusive 
ross se
tions inQCD from �rst prin
iples. The fa
torization theorem [33℄ 
an be used to des
ribe the
ross se
tion for ep s
attering as �ep =Xi fi=p�ei (4.20)where �ei is the 
ross se
tion for a short distan
e (perturbative) intera
tion and fi=pare the parton density fun
tions whi
h sum over long distan
e (non-perturbative)e�e
ts and have to be determined experimentally. The PDFs are hadron dependent,but the 
ross se
tions �ei, whi
h 
an be 
al
ulated perturbatively, depend only on theparton i. This separation into a short distan
e part 
al
ulable in perturbative QCDand a long distan
e part is 
alled fa
torization. The separation itself is determined bya so-
alled fa
torization s
ale �. The 
ross se
tion in ep s
attering, �ep, is measurableand hen
e must be independent of the 
hoi
e of the fa
torization s
ale �.4.4 Regge Ex
hangePrior to QCD, an understanding of the strong intera
tion observed in s
atteringexperiments at high energies was a
hieved by Regge theory [34℄. It is not based on
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ros
opi
 theory, but rather on basi
 properties of the s
attering amplitudes.In prin
iple therefore, it should be possible to predi
t the results of Regge theoryfrom QCD but this has so far not proven tra
table. Regge theory gives a gooddes
ription of soft hadroni
 intera
tions, in parti
ular of their 
ross se
tions. Inthe Regge pi
ture the intera
tion of hadrons ab ! 
d is mediated by ex
hangedparti
les that lie on linear traje
tories in angular momentum, �, as a fun
tion of t,the momentum transfer squared 
arried by an ex
hanged virtual parti
le. �(t) is a
ontinuous 
omplex variable. The 
ross se
tion results from the sum of all possibleex
hanges 
onsistent with the ex
hanged quantum numbers. The observable poleson these traje
tories are the parti
les at t = m2� with � = 0; 1; 2:::. The region ofviability for Regge theory is at high s and small momentum transfer. It is 
onvenientto analyse the s
attering amplitude as a partial wave series whi
h 
an be transformedinto a sum of Regge traje
tories [35℄, [36℄, [37℄, [38℄. The s
attering amplitude Atakes the form A / s�(t); (4.21)with the Regge traje
tory �(t) de�ned as�(t) = �0 + �0t; (4.22)and the di�erential 
ross se
tion in t is given byd�dt / s2�(t)�2: (4.23)The total 
ross se
tion at high s is given by� / s�IP (0)�1; (4.24)where IP is the so-
alled 'pomeron'. The pomeron is a traje
tory with an inter
eptslightly greater than 1 and the same quantum numbers as the va
uum. Originallyit was introdu
ed in Regge theory to explain slowly rising 
ross se
tions in hadron-hadron intera
tions.4.5 Leading Neutron Produ
tionThe semi-in
lusive produ
tion of neutrons, ep!enX, where the neutron is produ
eda at small angle �n and 
arries a large fra
tion of the momentum of the initial state
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alled leading neutron (LN) produ
tion [5℄, [8℄, [10℄. Fig. 4.2 shows theFeynman diagram of semi-in
lusive leading neutron produ
tion in ep 
ollisions. Todes
ribe LN produ
tion, two hadroni
 variables are introdu
ed. The momentumtransfer, t, from the target proton to the produ
ed neutron and the inelasti
ity,(1� xL), are given by t = (p� p0)2 (4.25)(1� xL) = k � (p� p0)k � p : (4.26)The variables t and (1� xL) are the hadroni
 equivalents for the dete
ted neutronsof the leptoni
 variables Q2 and y. The momentum transfer from the initial protonmomentum to the leading neutron is small, be
ause the leading neutrons are produ
edat very small s
attering angles. In the lab frame, xL and p2T , the transverse momentumsquared of the neutron, are given by:xL = jpzjjpj ' EnEp (4.27)p2T = �t � xL � (1� xL)(m2n � xLm2p) (4.28)' (xLEp�n)2; (4.29)where Ep is the proton beam energy and �n is the neutron produ
tion angle withrespe
t to the proton dire
tion. Here xL is estimated as the energy fra
tion of thein
ident proton 
arried by the produ
ed neutron.4.6 One Pion Ex
hangeIn the p ! n transition the � on the pion traje
tory (with �(0) = �0 = m2� and�0 = 1) and the � on the rho traje
tory 
an be ex
hanged. However, due to itssmall mass, the pion dominates the transition amplitude and its relative 
ontributionin
reases as jtj de
reases. Therefore one-pion-ex
hange (OPE) is an often proposedme
hanism for the su

essful des
ription of leading neutron produ
tion data. TheHERA leading neutron data allow the low x stru
ture of the pion to be probed. Thesimple OPE pi
ture (Fig. 4.2) 
an be exploited by employing fa
torization. The 
ross
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Figure 4.2: The Feynman diagram for OPE.
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tion for semi-in
lusive ep ! enX fa
torizes into two terms:d�2(W 2; Q2; xL; t)dxLdt = f�=p(xL; t) � �
��((1� xL)W 2; Q2); (4.30)where W represents the 
enter-of-mass energy of the virtual photon-proton system, trepresents the four-momentum squared (the mass of the ex
hanged pion) 
arried bythe ex
hanged pion, f�=p is the 
ux of the virtual pions in the proton and �
�� is thetotal 
ross se
tion of the s
attering of the virtual photon and virtual pion.To evaluate the 
ux fa
tor is 
ru
ial. There are two 
hoi
es found in the litera-ture:� The OPE diagram 
an be expressed in the form of a Reggeized pion traje
tory.The Reggeized pion 
ux fa
tor is of the general formf�=p(xL; t) = 14� g24� �2t(t�m2�)2 (1� xL)1�2��(t)(F (t))2; (4.31)where F (t) is a form fa
tor, a

ounting for o�-mass shell 
orre
tions, and g is thep�0p 
oupling 
onstant. The pion traje
tory is given by �(t) = (t � m2�)=(1GeV2)that is �0 � 0 and �0 � 1GeV�2. The form fa
tor is independent of xL. In theliterature it is usually 
onsidered to be exponential or Gaussian [39℄, [40℄, [41℄.� A non-reggeized pion 
ux omits the pion traje
tory (i.e., ��(t) is set to 0). Thisleads to a 
ux given byf�=p(xL; t) = 14� g24� �2t(t�m2�)2 (1� xL)(F (t; xL))2; (4.32)where the form fa
tor F 
an depend on both t and xL.Five di�erent form fa
tors are 
onsidered in this thesis:� a Gaussian F (t) = exp(�R2(t�m2�)2) (4.33)
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kground 51� a simple exponential F (t) = exp((b(t�m2�)) (4.34)� an n-pole approa
h F (t) =  �2 �m2��2 � t !n (4.35)(n = 1 is 
alled monopole, n = 2 is 
alled dipole)� a light-
one exponential F (t; xL) = exp bt�m2�1� xL ! (4.36)� a light-
one dipole approa
hF (t; xL) = exp0�b �2 �m2p�2 +m2p + m2��t1�xL 1A (4.37)The Gaussian and exponential form fa
tors are used in Reggeized OPE and the otherthree form fa
tors, as well as the exponential, are used in non-Reggeized OPE. Thevalues of R2 and the slopes b are obtained from data [42℄, [43℄, [3℄, [41℄, [44℄, [45℄.The values for non-Reggeized b, R2, �2 
an be obtained from [46℄, [47℄,[48℄, [49℄, [50℄,[51℄, [52℄, [53℄, [54℄ and [55℄. Di�erent authors use di�erent expressions for the formfa
tor and di�erent values for parameters. Table 4.1 gives an overview of some of thepreferred parameters.
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Author Form-Fa
tor Parameter Referen
eBishari-0 exponential b = 0 GeV�2 [39℄Bishari-4 exponential b = 2 GeV�2 [39℄KPP exponential b = 0.3 GeV�2 [39℄NSSS Gaussian R = 1.5 GeV�1 [41℄GKS exponential b = 1.2 GeV�2 [47℄FMS exponential b = 1.8 GeV�2 [46℄FMS monopole �2 = 0.25 GeV2 [46℄FMS dipole �2 = 0.81 GeV2 [46℄PSI,SNS light-
one exp. b = 0.4 GeV�2 [48℄,[56℄MST light-
one dipole � = 1.5 GeV [55℄Table 4.1: The type of expression used for the form fa
tor by di�erent authors andthe values of parameters used.
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tionWhen the virtuality of the ex
hanged photon is 
lose to zero, Q2 � 0, the regime ofphotoprodu
tion is rea
hed. At HERA the range of photoprodu
tion extends fromQ2 � 10�8 GeV2 (quasi-real) to Q2 � 4 GeV2. There are two types of pro
esses 
on-tributing to photoprodu
tion. The �rst is dire
t photoprodu
tion, where the photonintera
ts dire
tly with a parton from the proton. The full photon 4-momentum ispresent and the 
oupling is point-like. Fig. 4.3 shows an example of dire
t photo-produ
tion. The photon intera
ts dire
tly with the gluon via a quark to produ
e aquark anti-quark pair.

Figure 4.3: Example of a leading order Feynman diagram for dire
t photoprodu
tionof quarks 
g ! qq.
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ond pro
ess is resolved photoprodu
tion. A parton from the photon intera
tswith a parton from the proton as seen in Fig. 4.4. The photon shows the behavior of ahadron, and a
ts as a sour
e of partons. Only a fra
tion of the photon's 4-momentumis transferred. Resolved photoprodu
tion has a \soft" 
omponent due to peripheralpro
esses at low momentum transfer and a \hard" 
omponent from the s
attering ofa parton from the proton on a parton from the photon with high momentum trans-fer [57℄. The resolved 
ontributions are summed in the photon stru
ture fun
tions F 
.Dire
t and resolved hard photon pro
esses give rise to quarks and gluons with largetransverse momenta in the �nal state, whi
h are observed as narrow jets of hadrons inthe dete
tor. The two jets have to balan
e in transverse momentum. The fra
tionalmomenta 
arried by the initial state partons in the photon, x
 , and in the proton, xp,
e+,
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Figure 4.4: Example of a leading order Feynman diagram for resolved dijet photo-produ
tion of quarks qq ! qq.
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an be written as x
 = PpartonsEpartonT e��parton2E
 (4.38)xp = PpartonsEpartonT e�parton2Ep ; (4.39)where EpartonT and �parton are the transverse energy and the pseudorapidity of theoutgoing partons. Events with pT < 1GeV are de�ned as soft physi
s and eventswith pT > 1GeV are 
onsidered hard physi
s. The following observables are used asexperimental estimates of x
 and xpxobs
 = PjetsEjetsT e��jet2E
 (4.40)xobsp = PjetsEjetsT e�jet2Ep : (4.41)4.7.1 Photoprodu
ed Dijets and OPEThe di�erential 
ross se
tion for dijet events with a leading neutron ep! enX+2jetsusing the OPE des
ription 
an be written asd�epdET = Z dyf
=e(y) Z dxLf�=p(xL) Z dxobs� dxobs
 f�(xobs� )f
(xobs
 ) d�dET ; (4.42)where f� represents the parton density in the pion, f�=p the pion 
ux from the protonand � is the hard s
attering 
ross se
tion. The neutron tagged dijets are a subset ofall dijet events. In the OPE pi
ture, the photon intera
ts with a pion and the neutronis produ
ed, as seen in Fig. 4.5. The fra
tion of the pion momentum 
arried by theparton into the dijet produ
tion is estimated asxobs� = EpxobspEp � En = xobsp1� xL = PjetsEjetT e�jet2(Ep � En) : (4.43)
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Figure 4.5: Resolved OPE dijet photoprodu
tion.
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kground 574.8 AbsorptionNeutron absorption 
an o

ur through res
attering of the neutron on the virtualphoton. Sin
e the size of the virtual photon falls like Q�1, more neutron res
atteringis expe
ted for photoprodu
tion than for DIS. The variation of the mean size of then-� system as a fun
tion of xL in ex
hange models leads to an xL dependen
e ofthe absorption. The data in this thesis are 
ompared to two model 
al
ulations ofabsorption in the 
ontext of OPE.4.8.1 The model of D'Alesio and PirnerThe absorption model of D'Alesio and Pirner [58℄, is based on the Meson Cloud Model(MCM) [59℄, [60℄, [61℄. In the MCM the proton is seen as a bare proton surroundedby a 
loud of virtual mesons.The invariant di�erential 
ross se
tion for OPE is given by D'Alesio and Pirner asEn d3�d3pn = xL� d�dxLdp2T (4.44)= 24� g24� 1xL(1� xL)m2N(1� xL)2 + p2T(M2N� �m2N)2 jG(xL; pT )j2�p�tot; (4.45)where G(xL; pT ) is the form fa
tor extra
ted from Skyrme type models [62℄, [63℄ orfrom the light-
one or the 
ovariant approa
h.In this pi
ture, a 
ollision 
an be des
ribed by di�erent impa
t parameters, as seenin Fig. 4.6. When xL is large, the pion and the neutron in the target proton are wellseparated and the impa
t parameter b has a higher probability to be large. As shownin Fig. 4.6, the impa
t parameter b des
ribes the distan
e between the target proton(as a neutron-pion system) and the proje
tile p, whi
h is a photon.In Fig. 4.6 (a), the impa
t parameter is large. The � is stripped and the neutrona
ts as a spe
tator. In the 
ase of Fig. 4.6 (b), a more 
entral 
ollision takes pla
eand the proje
tile p 
an res
atter the neutron. The separation of the n� � system ,brel (i.e., the distan
e between neutron and pion) depends on the 
ux fa
tor used.



Chapter 4. Theoreti
al Ba
kground 58

p

n

π+

X

n p

b p

n

π+ X

n p

b

X(a) (b)Figure 4.6: Pi
ture of the 
ollision for two di�erent impa
t parameters. The proje
tilep is a photon in the 
ase of HERA.
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kground 59Fig. 4.7 shows the density of the neutron-pion system for di�erent form fa
tors. Theseparation is larger at high xL, so less res
attering of the neutron takes pla
e. Theresulting predi
tions of energy distributions of neutrons in DIS and PHP are shown inFig. 4.8. Absorption de
reases with in
reasing xL be
ause the mean n-� separationis in
reasing.
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kground 614.8.2 The model of Nikolaev, Speth and ZakharovIn the absorption model of Nikolaev, Speth and Zakharov [64℄ a pion 
loud aroundthe proton is assumed as well. This model 
al
ulates initial and �nal state intera
tione�e
ts, using the diagrams shown in Fig. 4.9, 4.10 and 4.11.The opti
al theorem, whi
h relates the total 
ross se
tion �ab for a two body pro-
ess to the forward elasti
 s
attering amplitude, is generalized to in
lude one-parti
lein
lusive rea
tions [65℄. The total 
ross se
tion for a one-parti
le in
lusive intera
tionis related to the forward s
attering amplitude for the three-body elasti
 s
atteringpro
ess. The generalized opti
al theorem relates Fig. 4.9 (a) to Fig. 4.9 (b). Fig. 4.10shows the diagram that in
ludes both � and Pomeron ex
hange. The absorptivefa
tor Kabs is de�ned as Kabs = (f�=p + fabs)f�=p ; (4.46)where fabs is the absorptive 
orre
tion ([66℄, [67℄, [68℄, [69℄). The e�e
t of the absorp-tive strength Kabs is approximately in
luded in OPE by modifying the form fa
torFabs(t). As in the 
al
ulation of D'Alesio and Pirner, the absorption of a neutron isstrong for impa
t parameter b < Rp where Rp is the radius of the proton. The sizeof the pion 
loud around the nu
leon is 
omparable to Rp.Due to the impossibility to 
al
ulate the diagram in Fig. 4.10 exa
tly, the absorptivee�e
ts are 
al
ulated using Reggeon diagrams 
orresponding to Fig. 4.11(b) for thepion ex
hange me
hanism. A Gaussian parameterization of the amplitude of elasti
a� s
attering and a form fa
tor F (t) = exp[R2(t�m2�)℄ was used for the 
al
ulation.The absorptive fa
tor Kabs is shown in Fig. 4.12 for pp and 
p s
attering to a �nalstate Xn.
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Figure 4.9: The pion ex
hange amplitude for the rea
tion ap ! Xn and the 
orre-sponding triple Regge diagram.

Figure 4.10: The absorptive � ex
hange amplitude for the ap! Xn rea
tion.
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Figure 4.11: The triple Regge diagrams for absorption 
orre
tions 
orresponding toFig. 4.10.

Figure 4.12: The absorptive Kabs fa
tor for (a) p2T = 0GeV2, (b) p2T = 0:1GeV2, (
)p2T = 0:2GeV2 and (d) p2t = 0:3GeV2 as a fun
tion of z(= xL). The solid lines givethe values for pp ! Xn at a 
enter of mass energy of 400 GeV. The dashed linesshow the predi
tions of the Reggeon 
al
ulus approa
h for 
p! Xn.



Chapter 5Kinemati
 Re
onstru
tionThere are several methods to re
onstru
t the kinemati
 variables Q2; x and y.5.1 Ja
quet-Blondel MethodThe Ja
quet-Blondel (JB) method re
onstru
ts kinemati
 variables from the hadroni
�nal state [70℄, referred to here by the subs
ript h. This 
an be done in the ZEUSdete
tor sin
e it is nearly a 4� dete
tor. However, a part of the hadroni
 informationis lost through the forward beam hole, but the Ja
quet-Blondel variables are notsensitive to this loss. However, they are sensitive to any energy lost by hadronsthrough the rear beam hole, but this is a small e�e
t, sin
e any su
h parti
les havevery low energy. The variables Æh=(Eh-pz;h) and p2T;h are determined as follows:Æh =Xi (Ei � pz;i) (5.1)p2T;h = (Xi px;i)2 + (Xi py;i)2; (5.2)where the sum is taken over ea
h CAL 
ell i, but ex
luding 
ells asso
iated with thes
attered ele
tron.The kinemati
 variables are then:yJB = Æh2Ee (5.3)Q2JB = p2T;h1� yJB (5.4)64



Chapter 5. Kinemati
 Re
onstru
tion 65xJB = Q2JBsyJB : (5.5)5.2 Double Angle MethodThe double angle (DA) method uses the measurement of the polar angle �0e of thes
attered positron and the hadroni
 polar angle 
h [71℄. The a

ura
y of angle mea-surements very often ex
eeds that of energy measurements, whi
h is an advantageof the DA method. The DA method is less sensitive to radiative 
orre
tions as well.The angle 
h 
an be 
al
ulated from the hadroni
 system as:
os
h = p2T;h � Æ2hp2T;h + Æ2h : (5.6)The kinemati
 variables are then:yDA = sin �e(1 + 
os 
h)sin 
h + sin �e � sin(�e + 
h) (5.7)Q2DA = 4E2e sin 
h(1 + 
os �e)sin 
h + sin �e � sin(�e + 
h) (5.8)xDA = Ee sin 
h + sin �e + sin(�e + 
h)Ep sin 
h + sin �e � sin(�e + 
h) : (5.9)5.3 Ele
tron MethodThe ele
tron method uses the measured energy E 0 of the ele
tron and the polar angle�0e. In this method, the kinemati
 variables 
an be expressed as [71℄:yel = 1� E 0e2Ee (1� 
os �e) (5.10)xel = EeEp E 0e(1 + 
os �e)2Ee � E 0e(1� 
os �e) (5.11)Q2el = 2EeE 0e(1 + 
os �e): (5.12)



Chapter 6Event SampleIn this 
hapter, the data used for the analysis in this thesis are presented. Threedi�erent data sets are de�ned:� DIS: a semi-in
lusive deep inelasti
 s
attering analysis data sample ep! enXwith Q2 > 10GeV2. The data were taken in 2000 in a run period whi
h a

u-mulated an integrated luminosity of 20.1 pb�1.� PHP: a semi-in
lusive photoprodu
tion analysis data set ep! enX with Q2 <4GeV2. The integrated luminosity was 9.3 pb�1, sin
e the trigger for photo-produ
tion was not operational for the entire 2000 run period.� PHP-dijet: a photoprodu
ed dijet analysis sample ep! 2jets + enX withQ2 <4GeV2. The sample period 
orresponding to an integrated luminosity of 20.1pb�1 as the DIS sample was used.The online and o�ine sele
tion used for DIS, PHP and PHP-dijet data are introdu
edand des
ribed. The last part of the 
hapter des
ribes the �nal o�ine event sele
tion
uts to ensure a 
lean neutron sample.6.1 TriggerTo sele
t events and reje
t ba
kground, the ZEUS three level trigger system wasused as des
ribed in the Chapter 2, Se
tion 2.2.6. Ba
kground 
an be syn
hrotron66



Chapter 6. Event Sample 67radiation, proton beam intera
tions with the residual gas in the va
uum pipe, beamhalo muons from de
aying pions, protons or ele
trons intera
ting with beam linematerial, and 
osmi
 rays.6.2 DIS sele
tion6.2.1 FLTThe major task for the �rst level trigger (FLT) for DIS events was to sele
t anele
tron in the 
alorimeter. Events pass the FLT when they ful�ll one of the followingrequirements:� an isolated ele
tromagneti
 deposit in the RCAL is found and:{ the total energy deposit in the RCAL EMC ERCALEMC > 3:75GeV{ the SRTD timing is 
onsistent with an ep intera
tion� ERCALEMC > 3:4GeV outside the 
ells around the beam pipe hole or both theenergy in the BCAL EMC EBCALEMC > 4:8GeV and a tra
k is found in theCTDEvents whi
h o

ur outside the dete
tor are removed using signals from up-stream veto 
ounters.6.2.2 SLTAt the se
ond level trigger level further energy and timing 
uts �lter out more ba
k-ground. The 
alorimeter timing is an average energy-weighted time of the forwardand rear 
alorimeter 
ells. The DIS requirements in the SLT are:� timing of the 
alorimeter:{ jtFCALj < 8 ns or jtFCAL � tRCALj < 8 ns. The timing is set so that energydeposits from ep events from the intera
tion point arrive at the FCAL andRCAL at 0 ns. Proton beam events have arrival times at the RCAL about10 ns earlier.
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osmi
 muon events are reje
ted on the basis of a time di�eren
e betweenthe upper and lower half of the 
alorimeter.� stati
 dis
harges of a PMT to its shielding are seen as an isolated energy deposit.Due to the large imbalan
e of energy in the 
ell produ
ed by su
h an event (re
allthat ea
h 
ell is viewed by two PMTs), they are easily identi�ed and reje
ted.� Æ = E � pz is 
al
ulated as the sum over all 
alorimeter 
ells assuming anintera
tion point at x = y = z = 0, i.e.:Æ =Xi Ei(1� 
os�i); (6.1)where �i is the polar angle of ea
h 
ell and Ei the energy. Sin
e Æ is 
onservedby the intera
tion, Æ = 2Ee = 55:2GeV will be found for a fully 
ontainedevent. Es
aping parti
les through the forward beam hole 
ontribute � 0 to Æ(Note that Æ is the JB variable de�ned in equation 5.1). A parti
le k es
apingthrough the rear beam hole, however, results in a loss to Æ of � 2Ek. In DISthe loss is small, but in the 
ase of photoprodu
tion, the loss is large sin
e thehigh energy s
attered ele
tron es
apes through the rear beam hole. In order toremove photoprodu
tion events from the DIS sample, the 
ut made is:Æ0 = Æ + 2E
LUMI�
 > 29GeV; (6.2)where E
LUMI�
 is the LUMI photon tagger. Its energy is in
luded to a

ountfor DIS events in whi
h a photon is radiated from the initial state ele
tron.6.2.3 TLTThe TLT has the full event information. Calibrated dete
tor information is availableat this level and the full o�ine re
onstru
tion 
ode is used. For a DIS event therequirements are:� Æ < 100 GeV� Æ0 > 30 GeV



Chapter 6. Event Sample 69� a positron with Ee0 > 4 GeV is found by at least one of four independentpositron �nders6.2.4 DIS O�ine CutsAll events passing through the trigger 
hain are written on tape for storage. They areanalyzed using the full o�ine re
onstru
tion software pa
kage with �nal 
alibrationand 
orre
tions. Further information su
h as beam 
onditions, bad running periods,dete
tor 
omponents o�ine and a bad readout 
hannel list is also available. Anevent re
ord 
ontaining the information needed to re
onstru
t the entire kinemati
sis stored in Data Summary Tapes (DSTs). The �nal event sele
tion is made from theDSTs. For the DIS sample, the 
riteria were:� the vertex z position �50 
m < jzvertex j < 100 
m� identi�
ation of a positron (or ele
tron) using SINISTRA, a neural networkele
tron identi�er. The probability has to be P > 0:9 and the energy has to begreater than 10 GeV.� a "box 
ut" of 13 
m � 9 
m in x� y is made on the position of the s
atteredpositrons on the fa
e of RCAL. This 
ut is done to avoid energy degration dueto shower leakage into the beam pipe hole.� yJB > 0:2 to ensure good resolution in the hadroni
 angle 
h. The hadroni
angle re
onstru
tion resolution is very poor for events with a small amount ofhadroni
 a
tivity in the 
alorimeter, sin
e the e�e
ts of the uranium noise inthe 
alorimeter be
ome signi�
ant.� yel < 0:95 to remove events in the forward 
alorimeter that have a misidenti�edpositron. The main 
ause is an energeti
 photon from the de
ay of a �0 produ
edin jet fragmentation. DIS positrons in the forward region are expe
ted from veryhigh Q2 events. An ele
tromagneti
 
luster from a �0 photon has an energybelow that expe
ted. Hen
e it has a very high value of yel and is removed bythe 
ut.



Chapter 6. Event Sample 70� 38GeV < Æ = E � Pz < 70GeV is a 
ut around the nominal value of 55 GeVfor a fully 
ontained DIS event.6.3 PHP6.3.1 FLTThe FLT requires for a PHP event:� an energy deposit in the LUMI-e dete
tor Ee > 5GeV� ERCALEMC > 0:464 GeV, outside the 
ells around the beam pipe hole orERCALEMC > 1:250GeV� energy deposit in the FNC EFNC > 180GeV6.3.2 SLTIn PHP events the positron s
atters at a very small angle and es
apes through therear beam hole. This results in Æ = 2(Ee{Ee0), leading to a 
ut reje
ting DIS events:� ÆSLT+2 ELUMI�
 < 29 GeV, with ELUMI�
 the energy deposit in the LUMI-
dete
tor.6.3.3 TLTThe TLT requirement is:� a vertex is found and �66 
m < zvertex < 66 
m, that the vertex origin is no morethan 66 
m away from the ZEUS intera
tion point6.3.4 Photoprodu
tion O�ine CutThe only extra o�ine 
ut required is:� Lumi-
 < 1GeV



Chapter 6. Event Sample 716.4 PHP-dijet6.4.1 FLTThe major 
riteria for passing the FLT for PHP-dijet events are:� EBCALEMC > 3:4GeV� ERCALEMC > 2:0GeV, outside the 
ells around the beam pipe hole� total transverse energy ET > 11:6GeV, ex
luding the forward pipe region� total EMC energy deposit EEMC > 10GeV, ex
luding the forward pipe region� the total energy deposited in the 
alorimeter ECAL > 15:0GeV6.4.2 SLTThe SLT requirements for photoprodu
ed dijet events are the same as for PHP events.� ÆSLT+2 ELUMI�
 < 29 GeV, with ELUMI�
 the energy deposit in the LUMI-
dete
tor.6.4.3 TLTFor a PHP-dijet event it is required that� at least 2 jets were found using a 
one algorithm with radius 1.0 (i.e., jet energyis found within a 
one radius p�2 + �2 = 1), ea
h with EjetT > 3:0GeV andpseudorapidity j�jetj < 2:56.4.4 PHP-dijet O�ine CutsThe photoprodu
ed dijet events were sele
ted using variables 
al
ulated with there
onstru
ted vertex position of the intera
tion point and the energy deposits in the
alorimeter. Events with an ele
tron in the CAL were removed, so that Q2 < 4GeV2.Dijet events were required to have at least two jets, ea
h havingEjetT > 5GeV (6.3)



Chapter 6. Event Sample 72j�jetj < 2: (6.4)Finally, the photon-proton 
enter-of-momentum energy was restri
ted to135GeV <W < 265GeV: (6.5)6.5 Final Event Sele
tion for NeutronsThe event sele
tion above ensured 
lean samples in the main ZEUS dete
tor. Further
uts were introdu
ed to ensure that the parti
les in
ident on the FNC and FNT wereneutrons.6.5.1 FNC Energy CutThe neutron energy spe
trum is limited toxL > 0:2 : (6.6)6.5.2 Maximum Energy Position CutTo ensure that a parti
le in
ident on the FNC is approximately within � 10 
m in yfrom the zero degree axis, a 
ut on the number of the tower with the highest depositedenergy is made: 5 < TWRmax < 10: (6.7)6.5.3 Ele
tromagneti
 Showers 
aused by PhotonsEle
tromagneti
 showering of photons 
auses a mu
h narrower shower than the neu-tron showers and tend to be 
ompletely 
on
entrated in one tower. These events areremoved using a parameter 
tag = ETWRmax + ENTWRP10TWR=1ETWR ; (6.8)



Chapter 6. Event Sample 73where ENTWR is the energy of the tower with the next-to-maximum energy. Fig. 6.1shows the 
tag distribution. The peak 
lose to 
tag = 1.0 is due to photons. A 
ut ismade at 
tag < 0:92: (6.9)
6.5.4 Shower SizeDue to the verti
al FNC segmentation, the RMS shower width in the y-dire
tion 
anbe 
al
ulated as Ywidth = vuutP10TWR=1ETWR � y2TWRP10TWR=1ETWR � y2TWRmax; (6.10)where ETWR is the energy measured in a tower of the FNC and YTWR is the y positionof the 
enter of this tower. Only the towers in the front bottom part of the FNC are
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0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2Figure 6.1: The distribution of the 
tag, after a 
ut on the energy of the veto 
ounter.
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ount, sin
e they 
ontain approximately 90% of the energy of a shower.Figure 6.2 shows the Ywidth distribution for an FNC event sample. The tail is due toparti
les whose showering is spread out a
ross the FNC surfa
e. A 
ut is made atYwidth < 8:0 
m (6.11)to eliminate this tail due to neutrons showering in front of the FNC.6.5.5 Veto CutAny 
harged parti
le hitting the FND is due to an intera
tion downstream from thebending magnets in the proton beam. Events with 
harged parti
les are reje
ted bythe veto 
ounters. Fig. 3.2 shows the veto 
ounter position in front of the FND. A
ut is made at Eveto < 0:8MIPs: (6.12)
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-5 0 5 10 15 20 25Figure 6.2: The distribution of Ywidth



Chapter 6. Event Sample 756.5.6 Energy Cut and Clean Shower Cuts in the FNTIn order to sele
t neutrons whi
h shower within the �rst intera
tion length, a 
ut ismade on the deposited energy ExFNT and ExFNT in the x and y plane of the FNT.Very low energy deposits indi
ate that parti
les have not yet showered. The required
uts are ExFNT > 3 pC (6.13)EyFNT > 3 pC: (6.14)Fig. 6.3 shows the energy distribution in the FNT x plane after the neutron FNCand FNT 
leaning 
uts. To ensure that there is a well 
ollimated shower in the FNT,the FNT �ngers with the highest energy deposit per event and the �nger with these
ond highest energy deposit are required to be adja
ent in ea
h plane:j(nFNTx;max � nFNTx;max2j < 2 (6.15)j(nFNTy;max � nFNTy;max2j < 2: (6.16)
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0 20 40 60 80 100 120 140 160 180 200Figure 6.3: Energy in the FNT x plane after neutron FNC and FNT 
leaning 
uts.



Chapter 7
AlignmentTo measure the angular distribution of leading neutrons, the determination of thezero degree point (x0; y0) relative to the FNT is essential and is the most 
riti
alundertaking. Three methods to determine the zero degree point are taken into 
on-sideration. The position of the 
omponents of the proton beam line 
an be seen inFigure 7.1. The pro
edure is 
ompli
ated by the fa
t that even inside the geometri
aperture, there is ina
tive material. Mapping this material is important in order tofully understand the angular dependen
e. Figure 7.2 shows the x; y re
onstru
tionof neutron events in the FNT. The 
urve outlines the geometri
 aperture as de�nedin the ZEUS dete
tor simulation pa
kage. There is a band in y around 3 
m wherethere is a depletion of events. It is 
aused by a RF-shield made of steel in station 6of the LPS dete
tor, as dis
ussed in se
tion 7.2.7.1 Sliding Disk MethodIn this method, a disk with a radius of 2:3mm, the FNT position resolution, is movedsystemati
ally over the area of the geometri
 aperture in small steps and the numberof events inside the 
ir
le is 
ounted. This method gives an idea of the neutron distri-bution and where dead material might be en
ountered. Fig. 7.3 shows the result ofsu
h a 
ounting in a three dimensional proje
tion. Fig. 7.4 shows a two dimensionalproje
tion with di�erent shades giving a s
ale for the number of events 
ounted. Thezero degree point is determined when the event 
ount is maximum, indi
ating that76
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S2S3S4S5S6   S1

ZEUS

FNCFigure 7.1: The positions of the 
omponents of the proton beam line in the HERAtunnel. Components labeled with a Q are quadrupole magnets, 
omponents labeledwith a B are dipole bending magnets. The numbers give the approximate distan
eof ea
h 
omponent from the ZEUS intera
tion point in meters.The arrows labeledS1-S6 indi
ate the LPS station positions and their number. The dashed line showsthe zero degree line. The solid line indi
ates the proton beam, whi
h is bend upwardsby dipoles B67, B72 and B77.the disk is 
entered on the peak of the neutron distribution. Due to the radius ofthe sliding disk, the error for the peak �nding in this method is larger than 5 mm.To redu
e the error on the position measurement, the sliding disk has to be madesmaller. The statisti
s of the measurement de
rease too fast to make the disk smaller,the error 
an not be further redu
ed in this method.While this method does not provide detailed information about the position of ina
-tive material, it shows whether the beam spot is moving or stable over a long periodof time. The LPS provides a better handle on whether the beam 
onditions are sta-ble or not. The LPS determines the momentum 
omponents px and py. From thisinformation it is possible to 
al
ulate the beam position at the FNC. Unfortunately,the zero degree line determined by the LPS itself 
annot be used be
ause there is anunknown o�set between the LPS and the FNT dete
tors. Fig. 7.5 shows a plot ofthe proje
tion of the zero degree line determined by the LPS y beam spot position onthe front of the FNC as a fun
tion of time and Fig. 7.6 shows the proje
tion of thisplot. The proton beam is stable with a RMS deviation of less than 2 mm. Fig. 7.7
ompares now the beam spot of the neutron distribution in the FNT, as determinedby the sliding disk method, with the measurement of the LPS proton beam spot po-
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onstru
ted x; y position of neutron events in the FNT in the ZEUS
oordinate system. The geometri
 aperture is 
learly visible, as well as missing eventsinside the geometri
 aperture due to absorbing material inside the geometri
 aper-ture. The 
urve outlines the geometri
 aperture as predi
ted by the ZEUS dete
torsimulation.
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Figure 7.3: The x; y distribution of number of neutron events dete
ted in the FNTas 
ounted by the sliding disk method.
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Figure 7.4: The x; y distribution of number of neutron events dete
ted in the FNTas 
ounted by the sliding disk method with respe
t to the FNT hodos
ope. The linesmark the borders between the FNT s
intillator �ngers.
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Figure 7.5: S
atter plot of the proje
tion of the LPS y beam spot position on thefront of the FNC versus time. Time is given as run number.

Figure 7.6: Distribution of the proje
tion of the y position on the front of the FNCof the LPS beam spot. Note that there is an unknown arbitrary o�set between LPSand FNT 
oordinate systems.
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Figure 7.7: Comparison of spread of LPS beam position and FNT beam positionmeasurement for a longer run range. The position of the LPS beam spot is very wellevaluated. The 
omparison shows that the FNT beam spot is as well stable to a fewmm. The line indi
ates the mean value of the FNT beam spot measurement.
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ted onto the FNC as a fun
tion of time. This 
omparison shows that theneutron beam spot is as well stable to a few mm. This leads to the 
on
lusion, thaton
e the zero degree point is found it 
an be used for the whole run range and neednot to be evaluated for every run or a small run range. This provides a tremendousstatisti
al advantage.7.2 Monte Carlo MethodAnother, more pre
ise, way to evaluate the zero degree position is provided by the
omparison of the data with a generated Monte Carlo sample. For this a good knowl-edge of the ina
tive material is essential. The ina
tive material inside the geometri
aperture is mostly due to LPS station 6, and it has been modeled in detail in theMonte Carlo. Figure 7.8 shows the material seen by neutrons inside the geometri
aperture proje
ted to the FNT position. The MC simulation takes into a

ount thegeometri
 aperture in
luding ina
tive material inside, the proton beam divergen
e(100 MeV in x, 50 MeV in y), the FNT position resolution and the FNC energyresolution, and uses a parameterization of the observed xL spe
tra. The generatedevents are subje
ted to the same 
uts as the data. The pro
edure to �nd x0; y0 isiterative:1. Start with arbitrary p2T distributions of the neutrons and produ
e Monte Carlosamples with a range of x0; y0 positions.2. Compare MC to data and determine x0 and y0 in the FNT. To do so, the xor y FNT position re
onstru
tion distribution was 
ompared to the Monte Carlo re-
onstru
tion distribution for a range of theoreti
al x0 and y0 positions in the FNT.This is illustrated in Figs. 7.9 and 7.10. The positions with the lowest �2 were usedas new x0 and y0 values.3. Cal
ulate p2T distributions from the data with newly obtained x0 and y0 values.4. Go ba
k to step 2 with the new p2T distributions.
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Figure 7.8: Position of dead material inside the geometri
 aperture as proje
ted onthe FNT. The open 
ir
les are the position of the outer limits of 
anges and the wallof the va
uum 
hamber of the LPS Roman Pot.
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hange in x0, y0 position in the FNT is smaller than the esti-mated error of the method.Figures 7.11 and 7.12 show the �2 evaluation for the data/MC re
onstru
tion 
om-parison. The lowest �2 value marks the zero degree position of the neutron beam. Atthis point the �2=DOF � 1. The error on the beam position is determined from theposition where the �2 is in
reased by 1 from the minimum value. The error is 0.1 
mfor both x0 and y0.7.3 Comparison of p2x and p2yAnother method to evaluate the zero degree position of the neutron beam is using theassumption that the transverse momentum distributions for p2x and p2y in bins of xLafter 
orre
tion for the ina
tive material and beam tilts should be the same. Assumingan x0; y0 position, p2x and p2y were extra
ted by bin-by-bin unfolding as des
ribed belowin se
tion 7.4. The di�erent beam divergen
es in x and y were a

ounted for in theMonte Carlo simulation. A �2 
omparison of the p2x and p2y distributions will show aminimum at the 
orre
t zero degree point in x and y. Figures 7.13 and 7.14 showsthe p2x and p2y distribution in in
reasing xL bins at the (x0; y0) position. The result ofthis method agrees within 1 � with the result of the previous Monte Carlo method.7.4 Bin-by-Bin-UnfoldingThe �nite resolution and the limited a

eptan
e of the neutron dete
tor make it ne
-essary to 
orre
t for smearing, migration and a

eptan
e, sin
e even after ba
kgroundsubtra
tion, the measured distribution di�ers from the true distribution. This 
or-re
tion pro
edure is 
alled unfolding or de
onvolution. The relation between the truevariable x distribution f and the measured variable y distribution g isg(y) = Z A(y; x)f(x)dx; (7.1)



Chapter 7. Alignment 86
0

200

400

600

800

1000

5 7.5 10 12.5 15
0

200

400

600

800

1000

5 7.5 10 12.5 15

0

200

400

600

800

1000

5 7.5 10 12.5 15
0

200

400

600

800

1000

5 7.5 10 12.5 15Figure 7.9: Zero degree determination for the FNT x 
oordinate by 
omparison ofMC and data. The points with errors represent the data, the dashed line the MCsimulation and the verti
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Chapter 7. Alignment 90where A(x,y) is the so 
alled transfer fun
tion or resolution fun
tion. It representsthe e�e
ts of the dete
tor. The determination of the distribution f(x) from g(y) isthe unfolding pro
ess. The distributions in this thesis are represented by histograms.The transfer fun
tion 
an be represented by a matrix. Equation 7.1 is written inmatrix form as y = Ax: (7.2)This equation 
an be solved for the ve
tor x given ve
tor (histogram) y and thematrix A, whi
h des
ribes the transition from x to y . Ea
h element of the matrixA des
ribes the probability of observation of an entry in histogram bin j of the his-togram y , if the histogram bin i of histogram x is the true value.In most high energy physi
s experiments, the resolution fun
tion is not known ana-lyti
ally. However, it 
an be represented by data from Monte Carlo simulations usingthe relation DatatrueDataobserved = MCtrueMCobserved (7.3)and gi = gMC = Z A(y; x)f(x)dx = aMCiaDatai fi: (7.4)When the measurements y are 
lose to the the true values x, the bin-by-bin-unfolding
an be utilized and aDatai = aMCi . The bin-by-bin unfolding repla
es the transfermatrix by a simple diagonal matrix. Ea
h bin is un
orrelated to the other bins of thehistogram and has its own 
orre
tion fa
tor1ai = #of generated events in bin i(true)#events measured in bin i : (7.5)This 
orre
tion is 
al
ulated from the Monte Carlo simulation. This leads to the truenumber N(
orre
ted) of data events by the unfolding equationNdata
orre
ted = 1aindatai (7.6)with gMC = gData: (7.7)



Chapter 7. Alignment 917.5 Final Values of the Zero Degree DeterminationThe �nal values for the determination of the zero degree point of the neutron dis-tribution measured by the FNT, using the method of 
omparing p2x and p2y, are (inZEUS 
oordinates): x0 = �0:3 
m� 0:1 
m (7.8)y0 = �0:4 
m� 0:1 
m (7.9)



Chapter 8Systemati
 Un
ertaintiesThere are two dominant sour
es of systemati
 errors, whi
h apply to all the resultsin the following 
hapters:� The un
ertainty in the absolute energy s
ale of the FNC. It was estimated tobe �2% from the 
alibration and 
on�rmed by the Kolmogorov test in se
tion3.2.� The un
ertainty in the geometri
al a

eptan
e and �nding the zero degree point.This in
ludes the systemati
 un
ertainty in the position of the ina
tive material.The un
ertainty in the position of the beam spot is �x = �0:1 
m; �y = �0:1 
m,as determined in Chapter 7.The systemati
 errors were obtained by varying the energy s
ale (see Fig. 8.1) andthe beam position by their errors in ea
h dire
tion and the resulting errors were addedin quadrature. The sensitivity to the energy s
ale error at high xL is very large, so a
ut xL < 0:92 (8.1)was introdu
ed.There are other systemati
 errors whi
h are negligible 
ompared to these two, su
has the trigger eÆ
ien
y of the FNC. It was 
lose to 100% for the energy range under
onsideration and is therefore not 
onsidered in 
al
ulating systemati
 errors.
92
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Figure 8.1: Variation of the energy s
ale �1% and �2% in the traje
tory analysis ofChapter 10.



Chapter 8. Systemati
 Un
ertainties 948.1 Validation of Systemati
 Un
ertantiesA 
he
k of the systemati
 errors was made by 
omparing the results obtained by thebin-by-bin unfolding method used in this thesis (Method 1) and another independentmethod (Method 2) des
ribed below.The eÆ
ien
ies and 
orre
tion fa
tors for the observed neutron distributions were
al
ulated with Monte Carlo simulation of the proton beam line whi
h in
luded theproton beam-line elements, absorbing material, proton beam spread, and the mea-sured resolutions of the FNC and FNT for neutron as des
ribed earlier. Monte Carloevents were generated to mat
h the observed un
orre
ted distributions and the 
or-re
ted distributions were obtained using bin-by-bin unfolding [72℄, as des
ribed inse
tion 7.4. The advantages of this method are:� The dire
tly measured position of the ina
tive material is used;� Compared to method 2, no assumptions about the angular distributions ofneutrons at low xL have to be made.The disadvantage of this method are:� The statisti
s are limited due to the fa
t that only data with the LPS dete
tor6 out of the beam were used. The 
ompli
ated distribution of the ina
tivematerial when LPS dete
tor 6 is in position 
ould not be a

urately modeled;� The Monte Carlo simulation used itself has a bias. The Monte Carlo dataare generated under the assumption of a 
ertain neutron distribution in thebeginning. Iteration minimizes the bias, but it will not vanish.In method 2, developed by Garry Levman [73℄ the ina
tive material is measured usinglow xL neutrons. Be
ause the maximum pT a

epted by the FNC de
reases rapidlywith xL, and the slope in pT de
reases with xL, low xL neutrons are approximatelyuniformly distributed over the a

eptan
e aperture of the FND. On
e the ina
tivematerial has been mapped using low xL neutrons, high xL neutrons whi
h have themost peaked angular distributions 
an be used to determine a preliminary beam spot.



Chapter 8. Systemati
 Un
ertainties 95The systemati
 error on the preliminary beam spot determined in this manner is �0.1-0.5 
m. The beam spot position is re�ned and the error redu
ed using a gridsear
h for the beam spot position whi
h minimizes the di�eren
e, after unfolding,between the p2x and p2y distributions. The pro
edure is as follows:1. Measure the position distribution of low xL neutrons 150 < En < 250 GeV and
ompare to the expe
ted distribution for neutrons produ
ed uniformly in angle2. Create an Ina
tive Material Map (IMM) and smooth statisti
al 
u
tuations outof the map3. Measure the position distribution of high xL neutrons (800 < En < 920) GeVand 
orre
t for ina
tive material using the IMM and smooth statisti
al 
u
tu-ations out of the high xL angular distribution4. Use the peak position as a preliminary measurement of the beam spot5. Using the IMM and the beam spot position unfold the p2x and the p2y distribu-tions, then move the beam spot position to minimize the di�eren
e between thep2x and p2y distributions.The �nal angular distributions are determined by the following pro
edure:1. Use the IMM and the beam spot position to determine an a

eptan
e table asa fun
tion of (En; �) assuming perfe
t resolution2. Unfold the angular distributions3. Improve the A

eptan
e Table using the measured energy and angular distri-bution to a

ount for �nite resolution e�e
ts (migrations)It was found that iteration of steps 2 and 3 was not ne
essary.The advantages of this method are:� There is no need for a simulation of the beam line and ina
tive material;� The position of the FNT with respe
t to ina
tive material is not needed in theZEUS 
oordinate system;



Chapter 8. Systemati
 Un
ertainties 96� there is no need to tra
k the movements of the LPS dete
tor 6 into and out ofthe beam and therefore there is no loss of statisti
s due to 
utting data withthe LPS dete
tor 6 in position;� No Monte Carlo simulation of the \true" physi
s distributions is required;� Bin-by-bin unfolding with its 
on
omitant biases is avoided;� The resultant a

eptan
es are dire
tly appli
able to all distributions;� Ea
h measured event has its own weight so that averages and moments of dis-tributions 
an be dire
tly determined;� The method is traditional and natural for a spe
trometer of low e�e
tive di-mension.The disadvantages of this method are:� The assumption of uniformity of the angular distribution of neutrons at smallx introdu
es an un
ertainty;� There 
ould be additional error from un
ertainties in the IMM.Comparing the results of the two analysis methods gives a measure of any furthersystemati
 error in the results in this thesis, sin
e the two methods have quite di�erentsystemati
 
onsiderations. As an example, Fig. 8.2 shows the 
omparison of the(1 � xL) distributions in bins of t for the analysis in this thesis and the analysis ofmethod 2. The two independent methods agree very well. The 
omparison showsthat the systemati
 un
ertainties are of the order of the statisti
al error or smaller.All 
omparisons of results show similar behavior, giving 
on�den
e that no furthersystemati
 errors need to be assigned.
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Chapter 9The p2T Distributions of LeadingNeutronsThe measurement of the angular distribution of leading neutrons gives the opportu-nity to better understand the leading neutron produ
tion pro
ess. The 
omparisonof leading proton angular distributions with those of leading neutrons 
ast light ondi�eren
es in the produ
tion me
hanism. By investigating di�erent 
hannels (DIS,PHP, PHP-dijet) a possible di�eren
e in produ
tion behavior 
an be seen. The 
om-parison of predi
tions of various theoreti
al 
ux fa
tors with the measurements 
an
onstrain the 
hoi
e of parameters used in OPE model 
al
ulations.9.1 p2T Distribution Re
onstru
tionThe transverse momentum squared p2T distributions were extra
ted in bins of xL usingbin-by-bin unfolding. Fig. 3.14 shows the neutron energy distribution for DIS. (Astudy of the energy distribution as a fun
tion of Q2 is made in Chapter 11).The p2T of leading neutrons 
an be re
onstru
ted usingp2T = (En sin �n)2= (En�n)2 (9.1)= (Ep xL �n)2; (9.2)98



Chapter 9. The p2T Distributions of Leading Neutrons 99where Ep is the proton beam energy, En is the neutron energy and xL = En=Ep. Theneutron s
attering angle �n is 
al
ulated using the measured FNT shower position.9.2 Corre
ted p2T DistributionsFig. 9.1 shows a 
omparison of raw p2T DIS distributions before unfolding with p2Tdistributions from a MC simulation. The MC and the data agree reasonably well, sobin-by-bin unfolding of the data is justi�ed.The 
orre
ted distributions are �tted to the fun
tional formdNdp2T = N0 exp(�bp2T ) (9.3)and exponential slopes b are obtained.Figs. 9.2 { 9.4 show DIS, Figs. 9.5 { 9.7 show PHP and Figs. 9.8 { 9.10 showPHP-dijet p2T distributions in 12 in
reasing xL bins. The results of the exponential�ts are also shown in these �gures.9.3 Comparison of Neutron and Proton p2T slopesin DIS and PHPFig. 9.11 shows the 
omparison of DIS slopes measured for leading neutrons (ep !enX) with the FNT and leading protons (ep ! epX) measured with the LPS [74℄.While leading neutrons show a rise in the b-slope value with xL, leading protonsshow just a weak xL dependen
e for xL > 0:6. The produ
tion pro
ess of leadingneutrons is dominated by isove
tor OPE ex
hange, while leading proton produ
tiondoes not have a dominant single parti
le ex
hange produ
tion me
hanism. Leadingprotons 
an be produ
ed by isove
tor or isos
alar ex
hange, predominantly �0, � andPomeron. � produ
tion also 
ontributes [74℄.Fig. 9.12 shows the 
omparison of PHP leading neutron b values to b values of
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tion measured previously at ZEUS [74℄. As in DIS the b valuesfor leading neutrons rise with xL, while those for leading protons in PHP show a veryweak dependen
e on xL for xL > 0:6, again indi
ating more than one dominatingprodu
tion pro
ess.9.4 Comparison of b Values for Di�erent ChannelsThe 
omparison of the b values in DIS, PHP and PHP-dijet is shown in Fig. 9.13.The values of b rise from � 5GeV�2 at low xL to � 11GeV�2 at high xL. The resultsfor all three data sets are similar. The PHP slopes are systemati
ally higher than theDIS slopes by � 1GeV�2.9.5 Comparison to OPE Form Fa
torsThe slope of the p2T distributions at �xed xL derives solely from the 
ux fa
tor(t=(t�m2�)2F (t)) if the assumption is made that there is no t dependen
e in theintera
tion of the 
� with the virtual ex
hanged �, as dis
ussed in Chapter 4. Themeasured b(xL) dependen
e 
an be 
ompared with the predi
tions of various OPEmodels. Figs. 9.14 { 9.16 show the 
omparison for DIS, PHP and PHP-dijet. The
urves labeled Bishari-0, Bishari-4, and KPP are the same model with di�erent 
hoi
esof parameters. In DIS, some models are in
onsistent with the data, while the param-eters of others are 
onstrained by the data. OPE is expe
ted to dominate neutronprodu
tion only for xL > 0.6. In this region several of the models 
an be reje
ted im-mediately as the sole me
hanism for produ
ing leading neutrons. Bishari-4 is 
learlyin
onsistent with the data, while Bishari-0 and KPP has a shape 
ompatible withthe measured b�slopes. The shape of the models MST, PSI, SNS des
ribe the dataroughly as well. NSSS, GKS and all the FMS models under 
onsideration 
an beruled out. For PHP and PHP-dijet, the pi
ture is similar.



Chapter 9. The p2T Distributions of Leading Neutrons 101
10 3

0 0.05 0.1

10 3

0 0.05 0.1 0.15

10 3

0 0.05 0.1 0.15
10 2

10 3

0 0.05 0.1 0.15 0.2

10 2

10 3

0 0.1 0.2

10 2

10 3

0 0.1 0.2 0.3

Figure 9.1: Comparison of DIS p2T distributions for MC and raw data before unfoldingin sele
ted xL bins.
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ted p2T distributions for DIS for the xL bins with 0:35 < xL < 0:55.



Chapter 9. The p2T Distributions of Leading Neutrons 103
10 3

0 0.05 0.1 0.15

10 3

0 0.05 0.1 0.15

10 3

0 0.05 0.1 0.15 0.2

DIS

10 3

0 0.1 0.2

Figure 9.3: Corre
ted p2T distributions for DIS for the xL bins with 0:55 < xL < 0:74.
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ted p2T distributions for DIS for the xL bins with 0:74 < xL < 0:92.
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ted p2T distributions for PHP for the xL bins with 0:35 < xL < 0:55.



Chapter 9. The p2T Distributions of Leading Neutrons 106

10 3

0 0.05 0.1 0.15

10 3

0 0.05 0.1 0.15

10 3

0 0.05 0.1 0.15 0.2

PHP

10 3

0 0.1 0.2

Figure 9.6: Corre
ted p2T distributions for PHP for the xL bins with 0:55 < xL < 0:74.
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ted p2T distributions for PHP for the xL bins with 0:74 < xL < 0:92.
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Figure 9.11: Comparison of leading proton b values and leading neutron b values inDIS.
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Figure 9.12: Comparison of leading proton b values and leading neutron b values inPHP.
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Figure 9.13: The 
omparison of the b values for DIS and PHP and PHP-dijet.
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Figure 9.14: The 
omparison of extra
ted b values to model predi
tions for DIS.
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Figure 9.16: The 
omparison of extra
ted b values to model predi
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Chapter 10
The Pion Traje
tory inPhotoprodu
tionFor the semi in
lusive produ
tion pro
ess ep! enX, xL and the invariant momentumtransfer squared t between the in
oming proton and the neutron are related by thefollowing equation: t = �p2TxL � (1� xL)xL (m2n � xLm2p); (10.1)with mp the mass of the proton, mn the mass of the neutron, and pT = En�n thetransverse momentum of the neutron.The pion 
ux 
an be written asf�=p(xL; t) = 14� g2n�p4� �t(m2� � t)2 (1� xL)1�2��(t)(F (t))2; (10.2)where ��(t) = �0�t is the Regge traje
tory of the pion with slope �0�. The form fa
tor,F (t), is independent of xL in a 
ovariant approa
h.In this 
ase, the 
ux fa
tor 
an be parameterized asf�=p = A(t)(1� xL)a(t); (10.3)whi
h leads to a neutron produ
tion 
ross se
tion of117



Chapter 10. The Pion Traje
tory in Photoprodu
tion 118d2�dxLdt = A(t)(1� xL)a(t)�
��((1� xL)W 2; t; Q2); (10.4)where �
�� is the total 
ross se
tion. In the following analysis any t dependen
e of�
�� is assumed to be small and is negle
ted. The 
�� 
enter-of-momentum energysquared s
�� is given by s
�� = (1� xL)W 2: (10.5)For photoprodu
tion (Q2 = 0) �
�� � �
�, whi
h has a well known power law depen-den
e [54℄: �
�(s
�) = AIP (s
�)� + AIR(s
�)�� (10.6)with � = �IP (0) � 1 � 0:1 and � � 0:5. At large s
�, the Pomeron IP (�) termdominates the Reggeon IR(�) term and the (1 � xL) distribution is proportional to(1� xL)aeff (t), where the e�e
tive traje
tory aeff (t) is given byaeff (t) = 1 + �� 2�0�t: (10.7)Fig. 10.1 shows the kinemati
 region in t and p2T that is 
overed by the FND as afun
tion of xL. Fig. 10.2 shows the (1�xL) distributions of the PHP data in di�erentt bins. The PHP events were sele
ted as des
ribed in se
tion 6.3 and se
tion 6.5.The determination of the systemati
 un
ertainties are des
ribed in Chapter 8. Thedistributions are approximately power laws in (1� xL), i.e.:dN=dxL / (1� xL)a(t): (10.8)For ea
h t bin the power a(t) was obtained by a linear least squares �t to the observeddistribution for xL < 0:92. Only statisti
al errors were used in the �ts be
ause thesystemati
 un
ertainties are highly 
orrelated point to point. The resulting �ts aresuperimposed on the �gures.Fig. 10.3 shows aeff for PHP as a fun
tion of �t and a �t of aeff(t) to a straight line:aeff(t) = 1:08� 0:08+0:40�0:42 � (2:78� 0:32+0:31�0:41 GeV�2)t: (10.9)



Chapter 10. The Pion Traje
tory in Photoprodu
tion 119This results (using equation 10.7) in the following values for the traje
tory:�IP (0) = 1:08� 0:08+0:40�0:42 and �0� = 1:39� 0:16+0:16�0:21GeV�2: (10.10)The results for the pion slope and the pomeron inter
ept are in good agreement withthe expe
ted values of �IP (0) and �0�, and are eviden
e for the dominan
e of OPE inthe pro
ess ep! enX at very low Q2.10.1 Comparison to earlier MeasurementsThe e�e
tive pion traje
tory has been determined in earlier measurements of hadroni
intera
tions. One example is the in
lusive rea
tion ��n ! pX�� [75℄. The resultswere: a�eff (t) = (0:14� 0:07) + (1:09� 0:19)t (10.11)at ps = 21GeV and a�eff (t) = (0:32� 0:08) + (1:30� 0:20)t (10.12)at ps = 205GeV and 360GeV.The in
lusive rea
tions pn ! pX and �+n ! pX have also been studied [76℄, withthe result a�eff (t) = (0:26� 0:04) + (1:07� 0:11)t (10.13)at ps = 100GeV.Finally, in the rea
tions pp ! nX [77℄, �0� was found to be 1.34, 1.16, 1.29 and1.13 at ps = 62:7GeV, 52:8GeV, 44:9GeV and ps = 30:6GeV respe
tively. ��(0)was averaged over all energies with the result��(0) = �0:11� 0:15: (10.14)The earlier measurements for �� are in good agreement with the results of this thesis,given in equation 10.10.
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Figure 10.2: The neutron xL spe
trum for in
lusive photoprodu
tion in bins of in-variant momentum transfer squared t. The 
urve shows the results of �ts to thein
lusive photoprodu
tion data of the form A(t)(1 � xL)a(t). The error bars showthe 
ontribution of the statisti
al (inner) and systemati
 error (outer) to the totalun
ertainty.
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Figure 10.3: The e�e
tive powers for PHP (�) as a fun
tion of the invariant momen-tum transfer squared t determined by least squares �ts to the 1 � xL distributions.The e�e
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tion data have been �t to a straight line.The error bars show the 
ontribution of statisti
al error to the total un
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Chapter 11Comparison of PHP and DIS xLSpe
traAs des
ribed in Chapter 4, neutron absorption 
an o

ur through res
attering of theneutron on the photon. Sin
e the size of the virtual photon falls like Q�1, more neu-tron res
attering would be expe
ted for photoprodu
tion than for DIS. The variationof the mean size of the n-� system as a fun
tion of xL in ex
hange models leads toan xL dependen
e of the absorption. Hen
e vertex fa
torization should be violated,that is 1�
p!Xntot d2�
p!Xn(xL; p2T )dxLdp2T 6= 1�
�p!Xntot d2�
�p!Xn(xL; p2T )dxLdp2T : (11.1)The aim of this analysis is to 
ompare the xL distributions of neutrons for di�er-ent ranges of photon virtuality Q2. Fig. 11.1 shows the un
orre
ted neutron energydistributions for the three data sets: DIS, PHP and PHP-dijet. While the threedistributions have a similar shape, the 
hange in shape from PHP to DIS is 
learlyvisible, with PHP-dijet lying between the two, but 
loser to PHP.A straightforward way to 
ompare the xL distributions is to take the ratios of thedistributions at di�erent Q2. Di�eren
es in the shapes are then readily apparent. Thedata in this thesis are then 
ompared to the two model 
al
ulations of absorption inthe 
ontext of OPE des
ribe in Chapter 4.An important feature of the analysis in this 
hapter is that only the DIS data taken123
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Figure 11.1: Comparison of DIS, PHP and PHP-dijet neutron energy distributions.



Chapter 11. Comparison of PHP and DIS xL Spe
tra 125simultaneously with the PHP data set (
orresponding to 9.3 pb�1) is used. Hen
e a
omparison of the two xL distributions 
an be made without systemati
 errors dueto the energy s
ale un
ertainty and a

eptan
e un
ertainties, sin
e these will largely
an
el in the ratio.In Fig. 11.2 the ratio of the DIS and PHP distributions normalized by their re-spe
tive in
lusive 
ross se
tions are given as a fun
tion of xL:�(xL) = 1�(
�p) d�(
�p!n)dxL1�(
p) d�(
p!n)dxL :The 
urrent set of data 
annot be used to 
ompletely �x this normalization be
auseof di�erent eÆ
ien
ies for the DIS and photoprodu
tion triggers. The in
lusive 
rossse
tion �(
�p ! X) and �(
p ! X) were not determined. Instead the previousresults from ZEUS [10℄ were used. The ratio �(xL) was res
aled su
h that it mat
hedthese results in the range 0.64 < xL < 0.82, resulting in an overall un
ertainty in � of� 0.05. In the range of 0.2 < xL < 0.55, the ratio drops slightly. It rises for higherxL values, ex
eeding unity for xL > 0.9. Shown as well is the previous ZEUS result,whi
h had worse statisti
al and systemati
 un
ertainties. Ex
ept for the highest xLpoint, the old and new data sets are in good agreement. The theoreti
al predi
tionsdis
ussed in Chapter 4 for absorptive e�e
ts are indi
ated by the lines. These pre-di
tions were 
al
ulated for the Q2 range 10{100 GeV2. The model of D'Alesio andPirner [58℄ is in moderate agreement with the data, but the model of Nikolaev, Spethand Zakharov [64℄ des
ribes the shape of the data less well.In Figure 11.3 the ratio is shown in four Q2 intervals. For xL < 0.55 the data samplesexhibit a similar fall with xL. Above xL = 0.55, the steepness of the rise of the datawith xL in
reases with Q2.In Fig. 11.4 the data samples are split into four di�erent xL intervals and the ratio1=� is shown as a fun
tion of Q2. In order to enlarge the Q2 range a point at lowerQ2 from previously published ZEUS results [10℄ has been added to this �gure. Thereis a 
learly 
hanging Q2 dependen
e for di�erent xL ranges. A dashed line is drawnat the value of 1, whi
h would be expe
ted if vertex fa
torization holds.
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ale un
ertainty. There is an overalls
ale un
ertainty of 0.05 on this ratio.
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tra 129Both the fa
t that the ratio is not in agreement with 1 and the 
hanging dependen
eof the ratio on Q2 as a fun
tion of xL indi
ate a violation of vertex fa
torization. Theresults are only in fair agreement with expe
tations derived from absorption models.It should be noted that the above 
omparison to theory is subje
t to an important
aveat. The quantity derived in the theoreti
al 
al
ulations isd�PHPad�PHPna , d�DISad�DISna (11.2)where d�PHPa , d�DISa are the semi-in
lusive 
ross se
tions 
al
ulated with the absorp-tive pro
esses and d�PHPna and d�DISna are the 
ross se
tions 
al
ulated without takingabsorption into a

ount. The quantity is not observable. The quantity measured bythe experiment is d�PHPa�PHP , d�DISa�DIS ; (11.3)where �PHP and �DIS are the 
ross se
tions for the in
lusive pro
ess ep! eX. Thetheory assumes d�na = f�0; (11.4)for photoprodu
tion and DIS, where f is a 
ux fa
tor and �0 is the 
ross se
tion forthe pro
ess e� ! eX. Combining (11.2) and (11.4),d�PHPad�PHPna , d�DISad�DISna = d�PHPa�0PHP , d�DISa�0DIS : (11.5)Therefore, provided �PHP�DIS = �0PHP�0DIS ; (11.6)it follows that the theoreti
al expression (11.2) equals the experimental expression(11.3), that is d�PHPad�PHPna , d�DISad�DISna = d�PHPa�PHP , d�DISa�DIS : (11.7)The assumption (11.6) seems reasonable, but it has not been measured.



Chapter 12
Summary
The study of the produ
tion pro
ess of leading neutrons in ep 
ollisions at HERAprovides an interesting exploration of short range (\hard") and long range (\soft")aspe
ts of the strong intera
tion. Pion ex
hange 
an be studied and the stru
ture ofthe pion probed. Absorptive e�e
ts 
an give information on the size of the photonand of the proton viewed as a �-neutron system. Various aspe
ts of leading neutronprodu
tion are addressed in this thesis, in parti
ular by studying the neutron angulardistributions. This has been made possible by the 1998 upgrade to the ZEUS For-ward Neutron Calorimeter (FNC) with a position measuring hodos
ope. The angulardistributions of leading neutrons are measured in Deep Inelasti
 S
attering (DIS),Photoprodu
tion (PHP) and Photoprodu
ed dijet (PHP-dijet) event samples.Cru
ial to the measurement is the determination of the zero degree point of theneutron distribution. The pro
edure is 
ompli
ated by the fa
t that even within thegeometri
 a

eptan
e of the FNC there is ina
tive material whi
h partly shadowsthe leading neutrons. The mapping of the ina
tive material and the determinationof the zero degree point with three di�erent methods agree within the errors of themethods. The angular distributions were measured as a fun
tion of the momentumtransfer squared to the neutron, p2T , and parameterized as an exponential form e�bp2Tfor the neutron energy fra
tion xL. All three data sets show similar values of b, ris-ing from � 5GeV�2 at low xL to � 11GeV�2 at high xL. The PHP (a soft pro
ess)b values are� 1GeV�2 higher than those of DIS and PHP-dijet (both hard pro
esses).130



Chapter 12. Summary 131The values of b as a fun
tion of xL are 
ompared to leading proton measurementsin DIS and PHP. While the leading neutron b values have a strong dependen
e onxL, the leading protons have just a weak dependen
e on xL, in agreement with ex-pe
tations that the produ
tion me
hanism for leading protons is not dominated byOne-Pion-Ex
hange (OPE) as is the 
ase for leading neutrons, but rather by a 
om-bination of several ex
hange me
hanisms.The b values are 
ompared to theoreti
al OPE predi
tions for neutron produ
tion.None of the models with the parameters preferred by the authors is in very goodagreement with the data. The data 
an reje
t some models and 
onstrain the 
hoi
eof parameters in others.The xL distributions of neutrons for PHP in bins of t are approximately power lawsin (1�xL), that is dN=dxL / (1�xL)a(t). For ea
h t bin the power a(t) was obtainedby a linear least squares �t to the observed distribution. To within the experimentalun
ertainties the powers lie on a linear traje
tory in t:a(t) = 1:08� 0:08+0:40�0:42 � (2:78� 0:32+0:31�0:41 GeV�2)t:This leads dire
tly to the following result using OPE:�IP (0) = 1:08� 0:08+0:40�0:42and �0� = 1:39� 0:16+0:16�0:21GeV�2:These values are in good agreement with the expe
tations of 1.08 for �IP (0), the valueof the pomeron traje
tory at t = 0GeV, and of � 1.0 for the slope of the pion traje
-tory. This measurement at a 
enter-of-momentum energy of 318 GeV in ep s
atteringis 
onsistent with earlier determinations in hadroni
 experiments with lower 
enter-of-momentum energies.Neutron absorption is studied by measuring the ratio of the xL distributions of neu-trons at di�erent Q2 and 
omparing to theoreti
al predi
tions. The 
al
ulation of



Chapter 12. Summary 132Nikolaev, Speth and Zakharov [64℄ does not des
ribe the data well, whereas the pre-di
tion of D'Alesio and Pirner [58℄ is better, although still only in moderate agreementwith the data.The Q2 dependen
e of the ratio is investigated separately for di�erent xL intervals.The ratio di�ers from unity and has a Q2 dependen
e varying with xL, indi
atingthat vertex fa
torization is violated, i.e., the proton-pion-neutron vertex 
annot betreated separately from the intera
tion of the probing parti
le with the ex
hangedpion.These studies 
ontribute signi�
antly to the knowledge of leading baryon produ
tionin high energy intera
tions, and the data will help fo
us further theoreti
al under-standing in this 
omplex �eld of study. The measurements 
ast new light on theunderstanding of the pion and further the understanding of the proton. It is an im-portant input to the theory of QCD and its evolution, whi
h is not yet able to predi
tthe stru
ture of hadrons and mesons 
ompletely. These studies are of importan
e toRegge theory and its role as a non-perturbative theory to explain the leading neutronprodu
tion me
hanism.In the outlook to future experiments with more statisti
s, leading neutron produ
tionin 
harged 
urrent events is of interest, sin
e 
avor sensitivity 
an be tested. The W�ex
hanged in e�p! �nX 
an 
ouple to both the valen
e and the sea quarks. It 
ou-ples to the valen
e quarks at high x� = xBJ=(1�xL), the momentum fra
tion 
arriedby the pion, whi
h means neutrons at high xL. The W+ ex
hanged in e+p ! ��nX
an only 
ouple to sea quarks, whi
h have low x�, meaning neutrons at low xL. Soin e+p ! ��nX there should be more neutrons at lower xL than in e�p ! �nX.The a
tual xL distributions in the two 
ases would test parameterizations of the pionstru
ture fun
tion.Another interesting study would be to look at rapidity gap events with leading neu-trons. HERA results [78℄ suggest that large rapidity gap events, whi
h 
omprise onlyabout 10% of the total 
ross se
tion, are predominantly due to pomeron exhange. The



Chapter 12. Summary 133rap gap fra
tion is only about half this for neutron tagged events. OPE will makea 
ontribution be
ause the ex
hanged pion 
an s
atter di�ra
tively via a pomeronex
hange with a resulting rapidity gap. A study with higher statisti
s would enhan
ethe knowledge of the forward stru
ture in deep inelasti
 di�ra
tion.For the next few years HERA will run with �ve times the previous luminosity, sofurther studies su
h as those just mentioned will be possible.



Appendix AGlossaryBCAL : Barrel Calorimeter.BMUON : Barrel Muon 
hambers.CAL : Calorimeter.CC : Charged Current.CTD : Central Tra
king Dete
tor.DAQ : Data A
quisition System.DESY : Deuts
hes Elektronen Syn
hrotron, the German national high energy physi
slaboratory lo
ated in Hamburg, Germany.DIS : Deep Inelasti
 S
attering.DST : Data Summary Tape.EMC : Ele
tromagneti
 se
tion of the CAL.EVB : Event Builder.FCAL : Forward Calorimeter.FLT : First Level Trigger.FNC : Forward Neutron Calorimeter. 134



Appendix A. Glossary 135FND : Forward Neutron Dete
tor.FNT : Forward Neutron Tra
ker.GeV : Giga ele
tron Volt.GFLT : Global First Level Trigger.HAC : Hadroni
 se
tion of the CAL.hadron : Strongly intera
ting parti
le.HERA : Hadron Elektron Ring Anlage.LPS : Leading Proton Spe
trometerlepton : e; �; � , or neutrinos of these parti
lesLUMIE : Part of the luminosity monitor for measuring Ele
trons from the Bethe-Heitler pro
ess.LUMIG : Part of the luminosity monitor for measuring Gammas from the Bethe-Heitler pro
ess.MC : Monte Carlo.MeV : Mega ele
tron Volt.NC : Neutral Current.PHP : Photoprodu
tionPMT : Photomultiplier Tube.QCD : Quantum Chromodynami
s.RCAL : Rear Calorimeter.RMUON : Rear Muon 
hambers.RTD : Rear Tra
king Dete
tor.



Appendix A. Glossary 136SLT : Se
ond Level Trigger.TLT : Third Level Trigger.UCAL : Uranium Calorimeter.ZEUS : High energy physi
s experiment lo
ated at DESY, Hamburg, Germany



Bibliography[1℄ R. Zoller. Z. Phys., C53:443, 1992.[2℄ H. Holtmann et. al. Phys.Lett., B338:363, 1994.[3℄ B. Kopeliovi
h. Z.Phys., C73:125, 1996.[4℄ M. Brki�
. A Study of Leading Neutrons in 
p Collisions at HERA. PhD thesis,University of Toronto, 1996.[5℄ ZEUS Collab, M. Derri
k et. al. Phys. Lett., B384:388, 1995.[6℄ J. Engler et al. Measurement of in
lusive neutron spe
tra at ISR. Nu
l.Phys.,B84:70{82, 1975.[7℄ M. Khazad. Measurement of Dijet Cross Se
tions with a Leading Neutron inPhotoprodu
tion at HERA. PhD thesis, York University, 1999.[8℄ ZEUS Collab, J. Breitweg et al. Nu
l. Phys., B596:3, 2000.[9℄ C.-P. Fagerstroem. Leading Neutron Produ
tion In Deep Inelasti
 S
attering atHERA. PhD thesis, University of Toronto, 1999.[10℄ ZEUS Collab, J. Breitweg et al. Nu
l. Phys, B637:3, 2002.[11℄ ZEUS Collab. The ZEUS Dete
tor. Te
hni
al Report, 1986.[12℄ ZEUS Collab. The ZEUS Dete
tor. Status Report, 1993.[13℄ N. Harnew et. al. Nu
l. Instrum. Methods, A279:290, 1989.[14℄ B. Foster et. al. Nu
l. Phys. (Pro
. Suppl.), 32:181, 1993.137



Bibliography 138[15℄ B. Foster et. al. Nu
l. Instrum. Methods, A338:254, 1994.[16℄ J. Breitweg and others. Measurement of high-q2 
harged-
urrent e+p deep in-elasti
 s
attering 
ross se
tions at HERA. Eur. Phys. J., C12:411, 2000.[17℄ Paul de Jong. The Measurement of the Hadroni
 Energy Flow and Jet Produ
tionwith the ZEUS Calorimeter in Deep Inelasti
 S
attering Events at HERA. PhDthesis, University of Amsterdam, 1993.[18℄ M. Derri
k et. al. Nu
l. Inst. Methods, A309:77, 1991.[19℄ A. Bernstein et. al. Nu
l. Inst. Methods, A336:254, 1994.[20℄ A. Caldwell et. al. Nu
l. Instrum. Methods, A321:356, 1992.[21℄ H. Bethe and W. Heitler. Pro
. Roy. So
., A146:83, 1934.[22℄ M. Derri
k et. al. Z. Phys., C63:391, 1994.[23℄ LPS Group. Lps alignement, 
alibration and re
onstru
tion for 1994 data. ZN-96-59.[24℄ K.O'Shaughnessy et al. NIM, A342:260, 1994.[25℄ TYVEK is a produ
t of DuPont. DuPont Corporate Information CenterChestnut Run Plaza 705/GS38 Wilmington, DE 19880-0705, USA.[26℄ S. Bhadra et al. Design and test of a forward neutron 
alorimeter for the zeusexperiment. Nu
l. Instr. and Meth., A394:121, 1997.[27℄ U. Behrens et al. Quality 
ontrol and 
alibration of the zeus forward and rear
alorimeters with 60
o sour
es.[28℄ R.P. Feynman. Phys. Rev. Lett., 23:1415, 1969.[29℄ J.D. Bjorken. Phys. Rev., 179:1547, 1969.[30℄ E.D. Bloom et al. Phys.Rev.Lett, 23:930, 1969.[31℄ T. Ei
hten. Phys. Lett., B46:274, 1973.



Bibliography 139[32℄ TASSO Collab., R. Bradelik et al. Phys. Lett., B86:243, 1979.[33℄ J.C. Collins, D.E. Soper and G. Sterman. Perturbative Quantum Chromody-nami
s.[34℄ T. Regge. Nuovo Cimento Ser., 14:10, 1959.[35℄ M. L. Perl. High Energy Hadron Physi
s. John Wiley and Sons, Toronto.[36℄ P. D. B. Collins. Regge Theory and High Energy Physi
s. CambridgeUniversity Press, New York.[37℄ Donald M. Perkins. Introdu
tion to High Energy Physi
s. Addison-WesleyPublishing, Don Mills, Ontario, �rst edition.[38℄ R. J. Eden. Rep. Prog. Phys., 34:995, 1971.[39℄ M. Bishari. Phys.Lett., B38:510, 1972.[40℄ I. Potashnikova B. Kopeliovi
h, B. Povh. Zeit. Phys., C73:125, 1996.[41℄ N.N. Nikolaev, W. S
haefer, A. Sz
zurek, J. Speth. Do the E886 Drell Yan data
hange our pi
ture of the 
hiral stru
ture of the nu
leon? hep-ph/9812266, 1998.[42℄ B. Robinson et al. Phys. Rev. Lett., 34:1475, 1975.[43℄ R.D. Field and G.C. Fox. Nu
l. Phys., B80:367, 1974.[44℄ NA27 Collab., M. Aguilar-Benitez et al. Zeit. Phys., C50:405, 1991.[45℄ E666/NuSea Collab., E.A. Hawker et al. Phys. Rev. Lett., 80:3715, 1998.[46℄ L.L. Frankfurt, L. Maniewi
z , M.I. Strikman. Zeit. Phys., A334:343, 1989.[47℄ K. Gole
-Biernat, J. Kwie
inski, A. Sz
zurek. Phys. Rev., D56:3955, 1997.[48℄ M. Przyby
ien, A. Sz
zurek, G. Ingelman. Zeit. Phys., C74:509, 1997.[49℄ A.W. Thomas. Phys. Lett., B126:97, 1983.[50℄ A. Sz
zurek, N.N. Nikolaev, J. Speth. Phys. Lett., B428:383, 1998.



Bibliography 140[51℄ A.S. Ito et al. Phys. Rev., D23:604, 1981.[52℄ CCFR Collab., C. Foudas et al. Neutrino produ
tion of 
harm at FNAL E-744.[53℄ H. Holtmann, A. Sz
zurek, J. Speth. Nu
l. Phys, A569:631, 1996.[54℄ A. Donna
hie, P.V. Landsho�. Phys. Lett., B296:227, 1992.[55℄ W. Melnit
houk, J.Speth, A.W. Thomas. Phys.Rev., D59:14033, 1998.[56℄ A. Sz
zurek, N.N. Nikolaev, J. Speth. Phys.Lett., B428:383, 1998.[57℄ G. Wolf. DESY 94-022.[58℄ U. D'Alesio and H.J. Pirner. Target fragmentation in pp, ep and 
p 
ollisions athigh energies. EPJ, A7:109, 2000.[59℄ V.R. Zoller. Z. Phys., C53:443, 1992.[60℄ A. Holtmann, A. Sz
zurek and J. Speth. Nu
l. Phys., A596:631, 1996.[61℄ W. Koepf, L.L. Frankfurt and M. Strikman. Phys. Rev., D53:2586, 1996.[62℄ G. Holzwarth and R. Ma
hleidt. Phys. Rev., C55:1088, 1997.[63℄ R.J. Fries and A. S
hafer. hep-ph/9801358.[64℄ N.N. Nikolaev, J. Speth and B.G. Zakharov. Absorptive 
orre
tions to the onepion ex
hange and measurability of the small-x pion stru
ture fun
tion at HERA.KFA-IKP(TH)-1997-17, 1997.[65℄ A.H. Mueller. Phys. Rev., D2:2963, 1970.[66℄ K.J.M. Moriarty, J.H. Tabor and A. Ungki
hanukit. Phys. Rev., D16:130, 1977.[67℄ B.G. Zakharov, V.N. Sergeev. Sov. J. Nu
l. Phys., 28:689, 1978.[68℄ A.G. Az
arate. Phys. Rev., D17:3022, 1978.[69℄ B.G. Zakharov, V.N. Sergeev. Sov. J. Nu
l. Phys., 38:801, 1983.



Bibliography 141[70℄ F. Ja
quet and A. Blondel. Pro
eedings of the Study for an ep fa
ility in Europe.DESY-79/48, 1979.[71℄ S. Bentvelsen, J. Engelen and P. Kooijman. Pro
eedings of Workshop on Physi
sat HERA. 1991.[72℄ The ZEUS Collaboration, J. Breitweg et al. Measurement of Dijet Cross Se
tionsfor Events with a Leading Neutron in Photoprodu
tion at HERA. NP, B596:3,2000.[73℄ Garry Levman. Private Comuni
ations.[74℄ ZEUS Collab, S. Chekanov et al. Nu
l. Phys, B658:3, 2003.[75℄ H. Abramowi
z et al. Nu
l. Phys., B166:62, 1980.[76℄ H. Hanlon et al. Phys. Rev., D20:20, 1979.[77℄ W. Flauger, F. Monnig. Nu
l. Phys., B109:347, 1976.[78℄ ZEUS Collab, M. Derri
k et al. Phys.Lett., B315:481, 1993.


