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Abstract

Ameasurement is presented of the di�ractive proton structure function FD
� �x�Q

�� xIP �

over the range ������� � x � ������ 	�� GeV� � Q� � �� GeV� and ������ � xIP �

���� using the H� detector situated at the HERA electron�proton collider� The mea�

surement was made using data taken in ���� running for an integrated luminosity

of �
� nb��� The data were selected using a class of deep inelastic scattering events

that showed no energy �ow in a region of pseudorapidity close to the proton beam

direction� The results are consistent with an xIP dependence of x���������������
IP in�

dependent of Q� or � � x�xIP � This result is in good agreement with factorisable

di�ractive models�

A new method of selecting di�ractive events is presented based upon the recon�

struction of signals using detectors close to the beam pipe� This method results

in a large improvement in the acceptance of di�ractive events� compared with the

previous method which used information solely from the main calorimeter� and so

allows measurements to be made in new kinematic regions�

The forward muon detector is described in detail� Included is a full description of

the calibration and alignment of the detector� Results are given for a measurement

of the drift velocity� T� and spacial resolution of the chambers of the system� A

Monte Carlo prediction of the momentum resolution is provided�
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Introduction

The understanding of di�ractive processes can be greatly enhanced by making mea�

surements in Deep Inelastic Scattering �DIS�� Just as the structure of the proton

was determined in earlier DIS experiments so the structure of the pomeron �the

mediator of di�ractive processes� can now be measured� HERA is the rst DIS ex�

periment that reaches the very low Bjorken x needed to produce di�ractive events

across a wide kinematic range� The proton structure was largely determined by mea�

suring the proton structure function� F P
� �x�Q

��� Analogously it is expected that a

similar understanding of the pomeron structure should be gained by measuring the

di�ractive proton structure function� FD
� �x�Q

��xIP � t�� In chapter �� of this thesis

is presented a measurement of a slightly limited form of the full di�ractive struc�

ture function� namely FD
� �x�Q

�� xIP �� This is the rst such measurement ever made�

This thesis is primarily concerned with the experimental extraction of the structure

function from the data and not with a theoretical interpretation of the results� The

few conclusions that are drawn are used to justify the method of extraction� The

method of extraction and the results obtained are presented in chapter ���

The sample of di�ractive events used for the structure function measurement

were selected using parts of the detector situated close to the beam in the proton

�forward� direction� This �forward� selection di�ers from the one used previously�

which used information solely from the main calorimeter ���� It resulted in an

increase in statistics and allowed the structure function measurement to be made

over a much greater kinematic range� The utilisation of the forward detectors was

far from straight forward� Certain detectors �such as the forward muon detector�

were not originally designed for this purpose� New reconstruction techniques were

needed and detailed Monte Carlo comparisons were made to ensure that acceptances

and backgrounds could be reliably determined� The details of this analysis can be

found in chapter ��

The forward muon detector was used in the structure function measurement

as a di�ractive event tagger� It can �as its name suggests� also be used to detect

and measure the momentum of forward going muons� Described in chapters ���



��

are the details of the measurements made to calibrate the detector for its role as a

muon detector� For good momentum reconstruction it was necessary to have spacial

resolutions of � ��� �m in the drift chambers of the system� This involved not only

understanding the factors that a�ected the resolution of an individual drift cell

�described in chapter ��� but also required a procedure to align the separate layers

of drift chambers with respect to each other �described in chapter ��� The spacial

resolutions achieved with the calibration procedure and the e�ects of misalignments

on the momentum resolution are given in chapter ��

Other topics included in this thesis are� an overview of electron�proton scattering

at HERA in chapter �� a description of the H� detector in chapter �� an outline of

di�ractive DIS physics in chapter 
 and the method of DIS event selection at H� in

chapter 	�



��

Chapter �

Electron�proton Scattering at

HERA

��� Introduction

One of the primary purposes of the HERA electron�proton collider is to extend the

existing measurements of the structure of the proton� The electron is �up to the

precision experiments will allow� a point like particle whilst the proton is composite�

Thus in an electron�proton scattering experiment it is only the proton that breaks up�

The electron is� therefore� a very �clean� probe with which to measure the proton�s

structure� HERA is a colliding beam experiment� which is in marked contrast to all

other electron�proton scattering experiments in which the proton is at rest �xed

target�� This enables HERA to reach a centre of mass energy a factor of �� higher

than previously possible� allowing measurements to be made in unexplored kinematic

domains�

This chapter gives a brief overview of electron�proton scattering and how the

structure of the proton is measured at HERA� For a more comprehensive review of

HERA physics see ����

��� Electron�proton Scattering

The dominant reaction in electron�proton scattering is neutral current �NC� scat�

tering�

e� � p � e� �X �����
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where X is a mainly hadronic system� The reaction is mediated by a virtual photon

�or sometimes by a Z�� and so can be interpreted as photon�proton scattering�

	� � p � X �����

with the electron as a virtual photon source�

The other reaction allowed within the standard model of particle interactions is

charged current �CC� scattering�

e� � p � 
e �X �����

In this case a charged W� boson is exchanged rather than a photon� Such events

have been sighted at HERA ��� and show results in agreement with the electroweak

model�

Other processes might be seen at HERA such as the lepton �avour changing

neutral current reaction�

e� � p � �� �X� �����

for which lepton number is violated or heavy lepton production�

e� � p � e�� �X� �����

which results in a particle with the quantum numbers of the electron but an increased

mass� Such processes cannot be explained within the standard model and have not

yet been observed�

��� Kinematics of Electron�proton Scattering

Figure ��� shows a diagram of an example NC event�� Momentum and energy

conservation require the condition�

p� k � p� � k� �����

so by knowledge of the ��vectors of the incoming particles and the scattered electron

that of the hadronic nal state is completely determined� The kinematics of the

reaction can be fully described by the square of the centre of mass energy�

s � �p � k ���
�

�The results of this section can readily be generalised to include CC scattering by replacing the
scattered electron ��momentum �k�� with that of the neutrino� Non standard model reactions can
be treated similarly�
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Figure ���� The ��vectors used to dene the kinematic quantities�

and the two Lorentz invariant variables�

Q� � ��k � k��� ���	�

and

x �
Q�

�p � �k � k��
�����

Q� is the virtuality of the virtual photon� It can be viewed as a measure of the

spacial resolving power of the interaction� The greater Q� the smaller the structure

within the proton that can be measured� x is the Bjorken scaling variable� It is

the fraction of the proton�s momentum carried by the object struck by the virtual

photon ����

Other useful quantities are�

y �
�p � �k � k��

s
�
Q�

sx
� ������

and

W � � p�� ������

the invariant mass of the hadronic nal state

The kinematics of the reaction are complicated� however� if there is electromag�

netic radiation from the initial state particles or the nal state electron� In this

case the relationship of equation ��� no longer holds and the kinematic variables

depend on whether they are reconstructed from the hadrons or scattered electron�

A detailed study of the e�ects of radiation on the measurements made at HERA is

given in ����
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Electron�proton scattering data is usually divided into two classes of events�

photoproduction �	p� and Deep Inelastic Scattering �DIS�� 	p are those events with

very small Q� ��� � GeV�� i�e� the exchanged photon is almost on mass shell� DIS

covers the region of high Q� �typicallyQ� � � GeV��� The reason for the distinction

is that only when Q� is large �i�e� in the DIS region� can the interaction be treated

using perturbative Quantum ChromoDynamics �pQCD�� Many of the results of 	p

can be understood only with non perturbative and phenomenological models�

��� Structure of the Proton

The virtual photon in electron�proton scattering generally interacts not with the

proton as a whole but with a constituent �called a parton�� Thus by measuring the

cross section as a function of the kinematic variables and investigating the properties

of the hadronic nal state �X� a detailed survey of the partons within the proton

can be made� Electron�proton scattering is di�erent to the other reactions such as

proton�proton scattering in which it is usual for both protons to fragment making

isolation of the nature of the interaction di�cult�

HERA� having a much larger centre of mass energy than previous xed target

electron�proton experiments� allows the survey of the proton to extend into unex�

plored kinematic regions� Q� can reach values a factor of ��� greater� meaning

processes that occur at rates a factor of �� faster in the proton can be resolved� x

can reach values a factor of ��� smaller than previous experiments� so the density

of constituents carrying down to ���� of the proton�s momentum can be measured

for the rst time�

The principal method of determining the structure of the proton is by mea�

surement of the proton structure functions in DIS� These are dened �for neutral

current� as�

d��

dx dQ�
�
���

xQ�
��� � y �

y�

�
�F P

� �
y�

�
F P
L � �y �

y�

�
�F P

� �� ������

where the structure functions F P
� � F

P
L and F P

� are functions of x and Q�� F P
�

is the dominant contribution to the cross section� F P
L is the contribution due to

longitudinally polarised photons and F P
� due to Z� exchange and so only becomes

important when Q� is close to the Z� mass� The variation of the structure functions

in x and Q� allows the structure of the proton to be determined and also provides a

test of pQCD ���� A measurement of F P
� has been made at H� ��� and measurements

of the other structure functions should be possible in the future by changing the

beam energies and running with positrons �
��
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Figure ���� Inelastic production of J�� mesons via 	 � g fusion�

Certain measurements of the structure of the proton are also possible in 	p�

An example of this is the measurement of the gluon density via an analysis of the

J�� cross section� J��s can be produced by photon�gluon fusion �see gure �����

Since there is no corresponding quark induced diagram� identication of this J��

production mechanism leads to a clean method to measure the gluon density �	��
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Chapter �

The H� Detector

��� The HERA Electron Proton Collider

HERA �the Hadron Electron Ring Accelerator� is composed of two concentric� near

circular� evacuated beam�pipes of ��� km circumference� Electrons are accelerated

to ���
 GeV clockwise in one and protons anticlockwise to 	�� GeV in the other�

The beam�pipes are made to cross at two points on the ring� so that electron and

proton beams overlap and collisions may take place� The beams are split into short

pulses �called bunches� separated by �	�	 m �or �� ns between interactions�� Some

bunches are left empty so that a lled electron or proton bunch might arrive at the

interaction point without a colliding partner� These �pilot� bunches are useful for

measuring backgrounds due to the collision of an electron or proton with residual

gas in the beam�pipe �beam�gas interactions� or with the beam�pipe wall �beam�wall

interactions�� Two detectors� H� and ZEUS� have been built around the interaction

points�

��� Overview of the H� Detector

The H� detector is stationed around the northern interaction point of HERA� It

is designed to measure the angles� energies and identify particles produced in the

interaction with a near � solid angle coverage� The main limitation on the angular

coverage comes from space taken up by the beam�pipe itself� Points within the

detector are described with a right handed Cartesian coordinate system �x� y� z� in

which the nominal interaction point denes the origin� z is in the direction of the

proton beam and y is vertically upwards� A spherical coordinate system �r� �� ��

is dened in the conventional way with reference to the Cartesian� so that � � ��
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corresponds to the proton direction and � � �	�� to that of the electron� The terms

�forward� and �backward� refer to the regions of � � ��� and � � ��� respectively�

To re�ect the asymmetric nature of the collisions the H� detector is in turn very

asymmetric� The backward region is almost entirely devoted to identication of the

scattered electron� whereas the forward region has a much larger number of detector

components to cope with the high density of particles that travel forward in a typical

event�

The two main particle detection techniques used at H� are tracking and calorime�

try� A tracking detector aims to reconstruct the paths traversed by any charged par�

ticles that passed through the detector� Most of the trackers at H� are positioned in

a magnetic eld or else there is a magnetic eld between them and the interaction

point� Thus by measuring the radius of curvature of the tracks the momentum of

the particle that gave rise to the track is determined� Uncharged particles cannot

be identied by most of the trackers at H��

A calorimeter absorbs nearly all incident particles and converts their energy

into a measurable signal� The energy resolution is thus very good especially for

high energy deposits� The calorimeters are nely segmented but generally not such

that individual particles can be resolved� Instead the energy of groups of parti�

cles �clusters� or isolated particles �such as the scattered electron in DIS� is found�

Calorimeters have the advantages over trackers in that they can can detect neutral

particles and distinguish between electrons or photons and hadrons�

The H� detector is pictured in gure ���� It consists of a cylindrical arrangement

of trackers about the beam�pipe� with an outer layer of calorimeters� surrounded

by a solenoid producing a magnetic eld of magnitude ��� T in the z direction�

The detector is enclosed in iron consisting of a barrel and a forward and backward

endcap� which acts as the return yoke for the magnetic eld� Forward of the iron is

a forward muon spectrometer and the proton remnant tagger� Backward of the iron

are the electron tagger and photon detector�

��� Calorimetry

The H� calorimeter system is pictured in gure ���� It is composed of four physically

separate units� the Liquid Argon Calorimeter �LAC�� the Backward ElectroMag�

netic Calorimeter �BEMC�� the plug calorimeter �PLUG�� and the tail catcher �TC�

situated within the iron return yoke�
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� Beam pipe and beam magnets

� Central track detector

	 Forward track detector

� Electromagnetic calorimeter


 Hadronic calorimeter

� Super conducting coil ����T �

� Compensating magnet

 Helium cryogenics

� Forward muon chambers

�� Instrumented iron

�� Forward muon toroid magnet

�� Backward electromagnetic calorimeter

�	 Plug calorimeter

�� Concrete shielding

�
 Liquid argon cryostat

Figure ���� The H� detector� The proton remnant tagger �at z � �� m�� the electron
tagger �at z � ��� m� and the photon detector �at z � ���� m� are not included
on this diagram�
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Figure ���� The H� calorimeters�

All the calorimeters at H� work on the same principle� They are constructed from

layers of absorber material with gaps lled with a sampling component� Particles

pass into the absorber material� where they undergo multiple collisions with the

atoms of the absorber� Electrons and photons interact with the electrons of the atom

producing electron�positron pairs and photons by the processes of bremsstrahlung

and pair production� Hadrons interact with the nuclei of the atoms of the absorber

producing secondary hadrons and nuclear fragments� The secondary particles will

interact with further atoms producing yet more particles� until eventually a shower of

variously charged particles is produced� In this way all of the energy of the incident

particles is lost to the shower� The showering process continues as the particles move

into the sampling layer� The material used in the sampling layer is specic to each

particular calorimeter� but all have been chosen so as to maximise the conversion

of the energy of the shower into an electrical signal that can be passed on to the

readout part of the experiment�
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LAC is the main calorimeter at H�� Its large solid angle coverage ��� � � � �����

�� � � � ����� makes it the principal calorimeter used in the detection of the

hadronic nal state and the scattered electron in high Q� events� It is constructed

from layers of metal absorber interleaved with an active volume consisting of liquid

argon� A high voltage is placed across the gap� with the electrodes divided into rect�

angles� each having the size of a few cm� The active volume dened by the gap and

each rectangular electrode is known as a �cell�� Each cell gives an independent energy

measurement so the angular energy distribution of an event can be determined�

The energy of the shower is converted into a measurable signal by the ionisation

of argon atoms caused by collisions with particles from the shower� The argon ions

and liberated electrons move towards the electrodes and produce a signal in the

readout system� The number of ionised particles will be proportional to the energy

of the shower and so the integrated charge as recorded by the readout system can be

converted into the total energy� Liquid argon is chosen over other possible sampling

materials because of its high atomic density� thus increasing the number of ions

produced� and because the liberated electrons and ions will not interact inelastically

with further atoms �since argon is a noble gas�� so the observed signal is produced

over a small period of time� which is essential for triggering�

LAC is divided into two sections� the electromagnetic inner part �EMC� and

outer hadronic part �HAC� to allow separation between electrons or photons and

hadrons� EMC has layers of thin ���� mm� lead absorber plates� compared to the

much thicker ��� mm� steel absorber layers of HAC� The cross sections for the

processes of energy loss of incident electrons or photons are much greater than those

for the hadrons� This means electrons and photons lose virtually all their energy

in the thin layers of EMC� whilst hadrons pass through and are not absorbed until

they reach the thick layers of HAC� Thus clusters found in EMC have a good chance

of arising from electrons or photons and those in HAC from hadrons�

The energy resolution of LAC has been measured in test beams to be �E�E �

�����
p
E����� �with E in GeV� for electrons and �E�E � �����

p
E����� for pions

����

The two particle types that are generally not stopped by LAC are muons and

neutrinos� LAC can help in muon identication if a track reconstructed in a tracker

or muon detector points to a region of the calorimeter where there is little energy

deposit� then there is a good chance that the particle was a muon� Neutrinos can

only be identied by reconstructing the total transverse momentum of an event�

which would be zero if all particles are detected and non zero if a neutrino were
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Figure ���� Transverse view of the backward electromagnetic calorimeter� The beam�
pipe hole is shown in the centre�

present�

BEMC� having an angular coverage of ���� � � � �
��� is the calorimeter used

to identify the scattered electron in low Q� DIS events� It is relatively transparent to

hadrons� with a containment of only about �� � of hadronic energy� It is composed

of 		 stacks� most of which are rectangular ��� cm��� cm��� cm� arranged as
shown in gure ���� with their major axis parallel to the beam�line� Each stack is

made up of alternate layers of ��� mm lead as the absorber and � mm scintillator

as the sampler� Wavelength shifter bars run down the long sides of the stacks�

Photodiodes are connected to the back ends of the wavelength shifter bars�

BEMC operates by conversion of the energy of the shower� induced in the lead

absorber plates� into photons within the scintillator by the process of atomic exci�

tation� The photons are piped to the photodiodes by the wavelength shifters� where

they are converted into an electrical signal� which is sent to the readout�

Test beams studies ��� have shown the energy resolution of BEMC for incident

electrons to be �E�E � �����
p
E����� and the overall scale uncertainty is estimated

to be �����

PLUG covers the region ���� � � � ��� Its principal purpose is to allow mea�
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surements of the hadronic nal state at angles more forward than those reached

by LAC� It consists of nine alternate layers of 
�� cm copper absorber and readout

boards containing a ��� �m layer of silicon as the sampler� The silicon layer is split

into �� mainly square �� cm�� cm� sections� The energy resolution is ����pE ����

The iron return yoke is laminated� with the gaps lled with instrumented layers�

Part of this instrumentation is used as the tail catcher calorimeter� The purpose

of TC is to measure any hadronic energy that escapes LAC or BEMC� This is

particularly important in the region of BEMC which has little hadronic capability�

TC uses the iron of the return yoke as absorber material� On the inner and

outer sides and within the nine gaps of the iron are positioned �� layers of Limited

Streamer Tube �LST� chambers� Eleven of the layers have calorimetric capabilities

with a layer of readout pads of dimensions �� cm��� cm �in the endcaps� and

�� cm��� cm �in the barrel�� The limited streamers induced by the passage of

charged particles through the chambers �see section ���� give rise to a current in the

readout pad� The energy resolution is �E�E � ����pE ����

��� Tracking

Figure ��� shows the inner tracking detectors of the H� detector� All the trackers

are of two basic types� drift chambers and Multi Wire Proportional Chambers

�MWPCs�� A drift chamber consists of a sealed box lled with gas� One or more

sense wires� kept at high positive voltage� run along the interior of the chamber�

A region surrounding the sense wire is kept at uniform E eld� This is usually

achieved by the placement of cathode wires a few cm away from the sense wires and

eld shaping wires close to the sense wires� or else by the addition of strips kept at

high voltage on the chamber wall� The net result is a region within the chamber of

near uniform E eld� except very close �� � mm� to the sense wire where the eld

increases very rapidly�

Charged particles that pass through a drift chamber induce ionisation in the gas

along the path of the particle� The liberated electrons �drift� towards the sense wire

under the in�uence of the E eld� On reaching the region of increasing eld� the

magnitude of the eld is such that collisions of the electrons with gas molecules

causes secondary ionisation� The electrons released take part in further collisions

until an avalanche of electrons and ions is formed� The movement of ions away from

the sense wire causes an induced current in the sense wire that travels up the wire

and is recorded by the readout system�
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Figure ���� The H� Tracking Detectors�

The time taken for the primary electrons to reach the sense wire is generally a

very simple function of the distance they travelled� Hence the distance of closest

approach of a particle track and the sense wire �the drift distance� can be determined

from the time of the pulse� usually to an accuracy of a few hundred �m� The

di�erence between the signals received at either wire end can be used to nd the

distance along the wire where the avalanche was induced by the method of charge

division �see section ����� This measurement is generally only accurate to a few cm�

Since the position of the sense wire itself is accurately known �to within � �� �m� a
three dimensional space point is taken for each wire that a particle passes close to�

Thus the path taken by a particle can be reconstructed� The reconstructed path is

called a track�

MWPC�s work on the same principles as drift chambers� except that they do not

contain any drift regions� Instead the wires are placed very close together so that

the avalanche regions of adjacent wires overlap� Thus the chamber�s resolution is

limited by the wire separation �to a few mm�� They have the advantage over drift

chambers in that the signals can be read out very quickly making them very useful

for triggering purposes�

The trackers at H� are situated in a high magnetic eld� The eld causes charged

particles to move in helical orbits� By measuring the curvature of the track the

particle�s momentum can be determined�
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The H� trackers are shown in gure ���� They are split into three physically

separate components� the Forward Tracking Detector �FTD� covering an angular

range 
� � � � ���� the Central Tracking Detector �CTD� ���� � � � ������ and

the Backward MWPC �BPC� ������� � � � �
������ In the overlap regions good

track reconstruction is generally only possible if links between the track segments in

the di�erent detectors are made� The major di�erence between the detectors is in

the orientation of the sense wires� In the CTD most wires run parallel to the beam�

line� whereas in the FTD and BPC the wires run perpendicular� These orientations

maximise the number of sense wires passed by a particle and so increase the number

of hits per track�

��� Muon Detectors

The bulk of muon detection at H� is provided by the limited streamer tubes situated

within LST chambers of the iron return yoke� The LSTs are rectangular boxes of

� cm�� cm of varying length� A single wire runs along the centre of each tube�

Three sides of the tube are made from a composite material with a low surface

resistivity� onto which the high voltage is placed� The fourth side has a high surface

resistivity� The wire is earthed� The E eld in the tube is of a magnitude such

that an avalanche �or streamer� is produced across the whole cross section of the

tube when a charged particle passes through� The high resistive plate stores charge

and so prevents a complete breakdown of the cell� To make a measurement in the

direction along the wire� long thin metal strips are placed perpendicular to the wires

just above the high resistive plate for those chambers not equipped with calorimeter

readout pads� The streamer induces a pulse on these strips� The spacial resolution

is determined by the spacial size of the limited streamer giving about � mm from

the LSTs and �� mm from the strips�

Muon detection is further supplemented by the Forward Muon Detector �FMD��

This measures the angles and momenta of muons produced in the forward region�

It is described in detail in chapters ����

��� Electron Tagger and Photon Detector

The electron tagger �ET� and photon detector �PD� are positioned close to the beam

at z � ��� m and z � ���� m respectively� Their main purpose is to provide a

luminosity measurement by detection of the electron and photon produced in the
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bremsstrahlung reaction� ep � ep	� This reaction has a well known cross section�

so along with the knowledge of the acceptance of the detectors �found from Monte

Carlo� the luminosity can be measured� The electron tagger is also used to detect

the scattered electron in photoproduction events�

The detectors are �Cerenkov calorimeters� each made up of an array of rectangular

crystals� They have an energy resolution of �E�E � ����
p
E � ���� and spacial

resolution of less than � mm�

��	 Scintillation Detectors

Scintillation detectors are placed on the backward side of the H� detector with the

main objective of vetoing proton beam�gas or beam�wall background events� The

detectors consist of a plane �perpendicular to the beam� of scintillators situated

around the beam�pipe� The Time Of Flight detector �TOF� is situated between

BEMC and the backward iron endcap� The inner and outer veto walls are situated

outside the iron return yoke at z � ���� m and z � �	�� m respectively�

The scintillation detectors work on the principle that particles produced from

an electron�proton collision will arrive at the scintillator at a di�erent time to back�

ground interactions� Particles produced in proton background collisions upstream

of H� will arrive at the scintillator at approximately the same time as the proton

bunch passes by� Particles from an electron�proton collision will arrive some time

later �at about the time the electron bunch passes by�� Upstream background will

arrive later still� although of course background events produced near the interaction

point cannot be vetoed using timing alone�

The use of the scintillation detectors results in a reduction of about �� � in the

background rate�

A further set of scintillators� the Proton remnant Tagger �PTAG�� is placed

forward of the rest of H� at z � �� m to detect particles very close to the proton

beam direction�

��
 Triggering

The purpose of the H� trigger is to ensure that the data recorded by H� contains

as high a proportion of interesting �physics� events and as low a proportion of non
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colliding background events as possible� There are currently three levels to the H�

trigger� L�� L� and L��� The rst two are �on line� i�e� take place within a few ms of

the collision and the third is �o� line� i�e� takes place after the data have been recorded

on tape� The levels are ordered in increasing event reconstruction sophistication but

decreasing speed of decision taking� with L� the having the lowest reconstruction

sophistication but taking decisions the fastest� At each level events consistent with

no interaction or background are rejected� Thus the data �ow is reduced as the

trigger level increases�

A trigger element is a �ag for a particular event that records whether or not a

certain criterion has been fullled� This could be for instance energy above a certain

threshold in a calorimeter or a hit in an MWPC� By analysis of all trigger elements a

decision can be made as to whether the event is consistent with an electron�proton

collision� a background interaction� or else no interaction at all� This decision is

called an event trigger�

The major problem confronted by the rst level trigger �L�� is the shortness in

the bunch crossing time ��� ns� since signals from the detector can take an order of

magnitude longer to be output� The problem is overcome by storing the information

of the last �� bunch crossings in a procedure known as �pipe�lining�� Thus only those

trigger elements that can retrieve and process the required information from the

detector within about �� bunch crossings and assign the information to the correct

bunch crossing can be used for the L� trigger� This time limit means that only

simple reconstruction tasks can take place� The trigger elements are sent once per

bunch crossing to the central trigger� Here all those elements that correspond to

the ��th bunch cross before are compared with a predetermined list� If there is any

combination that would indicate a collision event then the event has passed the L�

trigger� a signal is sent to every readout channel and the event is read out�

The readout channels cannot input new information from the detector and output

past information at the same time� Once an L� trigger is received the readout

channels cease to input new data and start to output the data stored in their bu�er�

After compression the data are transferred to the rst stage of processing� which

takes place in a device called the L� lter farm �FARM�� This procedure takes several

ms� during which time no new events can be recorded �the experiment is said to

be running in �dead�time��� Once the data reach the farm the readout channels are

enabled and dead�time is over�

The FARM operates asynchronously to the rest of the data acquisition system

�L� and L	 are currently not yet available
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and so does not contribute dead�time� The events are reconstructed to a very high

level �tracks and clusters are found� and any events that are clearly consistent with

background are rejected� The data of those saved events is compressed with low

level data such as the pulse digitisations discarded� The data is then stored on tape�

At L� the data is reconstructed� usually a few hours after the collision� with the

highest level and most up to date reconstruction code� A nal selection of physics

event candidates is made and the events stored on the Data SummaryTapes �DSTs��

The main purpose of L� is to reduce the volume of data to a manageable size for

physics analysis�
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The Forward Muon Detector

��� The Role of the Forward Muon Detector

����� Muon Identi�cation

The FMD�s primary purpose is to provide muon identication� momentummeasure�

ment and triggering in the forward region� The usual method of muon identication

and measurement � identication of a track within the instrumented iron with a

link back to the inner trackers where a momentum measurement is made � is not

su�cient in the forward region� The high track density in the forward tracker makes

linking di�cult� With an added comparison of momentum there is a greater chance

that the correct track in the forward tracker will be linked� The requirement of both

an instrumented iron track and a forward muon track greatly reduces� especially for

triggering� the number of non�muon background tracks due to secondaries from the

proton remnant�

Momentum measurement is possible in the range � GeV � p � ��� GeV� where

the lower limit arises from absorption of low energy muons in the FMD toroid or

in the material between the interaction point and the FMD and the upper limit

from momentum resolution deterioration due to nite spacial point resolution of the

chambers and misalignment e�ects �see chapter ���

The detector can be used on its own �with an angular range of �� � � � �
�� or

in conjunction with the instrumented iron and forward tracking detector �
� � � �

�
��� A link to the forward tracker is desirable to improve momentum resolution�

In addition to muons produced as a result of a collision �physics muons� there

are two other prolic sources of muons� cosmic and beam halo muons� Beam halo
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Figure ���� The �T distributions as determined by the FMD of a� physics muons�
b� beam halo muons and c� cosmic muons� �T is the radial track angle dened as
tan �T � �R��R����Z��Z��� where R�� R� are the distances from the beam line and
Z�� Z� are the Z positions at two points along the �straight� track� with Z� � Z��
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muons are the result of proton collisions with residual gas in the in the beam pipe

or beam pipe wall� They are in time with the proton beam� are typically produced a

long way behind the interaction point �Z as low as ��� m� and are at low �T �� ����
The rate of electron�gas induced background muons is negligible� The large rate and

di�erent angular proles �see gure ���� make cosmic and beam halo muons very

useful for calibration and alignment of the FMD�

����� Proton Remnant Measurements

Particles produced in an e�p collision at very low angles to the direction of the proton

beam have a chance of colliding with some �dead� material� such as the beam pipe

wall or a collimator� producing a shower of secondaries� These secondaries can have

large angles w�r�t� the beam and so can enter the FMD� The average number of hits

from secondaries for a typical �DIS� event is � ��� with � 	�� of events having at

least one hit� Reconstruction of these secondaries provide an e�ective method to

probe the proton remnant and aids tagging of elastic events� where little activity in

the forward region is expected� For muon identication� of course� these hits must be

treated as background with any muon tracks �picked� out by careful reconstruction�

A detailed study of the forward muon detector in proton remnant mode is given in

chapter ��

��� Spacial Arrangement of the FMD

The forward muon spectrometer is pictured in gure ���� It consists of a toroidal

magnet� producing a eld of about ��� T� with three layers of drift chambers on

either side� Each layer is made up of eight octants xed alternately� to either side

of a large aluminium support� A diagram of a complete layer is shown in gure ����

A single octant is made up of an aluminium support sandwiched between two

sublayers of drift chambers� The drift chambers in the two sublayers all have parallel

wires� but are displaced from each other by a half chamber width� as can be seen in

gure ���� The chambers are positioned on the octant with wires either perpendic�

ular �for the � layers� or parallel �for the � layers� to the octant�s axis of symmetry�

The naming convention of the layers �i�e� � or �� arises from the spherical coordinate

which� when a vertex is assumed� is most accurately measured by the layer� The �

layers are labelled with Roman numerals� I � IV � starting at the layer closest to

the interaction point� Likewise the � layers are labelled I and II� The � sublayers

are labelled �� 	 and the �s �� �� again starting with the sublayer closest to the
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Figure ���� Section through the forward muon spectrometer� showing an example
muon path�

176 cm

120 cm

Figure ���� A complete theta layer showing all eight octants as viewed from the
interaction point�
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Figure ���� A � octant a� and a � octant b�� Note the x coordinate always refers to
the direction of the sense wire�

a� b�

YC
XC ZC

Figure ���� A � dimensional representation of a cell� The sense wire is shown along
the centre� The local cell coordinate system is shown�

interaction point� Unless explicitly stated �usually with a superscript �� it should

be assumed that a � layer or sublayer is referred to�

Besides the H� coordinate system �see section ���� two additional systems are

used to describe points within the FMD� The rst is octant specic and the second

cell specic� The octant coordinate system �X� Y� Z� has its origin �OX � OY � at the

beam pipe and OZ midway between the wires of two sublayers� X always runs in

the direction of the sense wires and Y perpendicular as shown in gure ���� The cell

coordinate system is shown in gure ���� The geometric centre of the sense wire is

used as the origin� XC is in the direction of the sense wire� YC is in the direction

of the aluminium end plate� and ZC in the direction of the drift eld strips�
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��� Operation of the Forward Muon Detector

A muon from the interaction point passes through the rst layers of chambers ��I �

�I� �II�� is bent in the toroid by an amount�

��T � ���	

p
� �����

where p is the muon momentum in GeV and ��T is measured in radians� and

then through the nal layers of chambers ��III � �II � �IV �� The chambers provide

accurate � and � measurements enabling ��T and hence p to be determined� The

main source of measurement error in p comes from multiple scattering o� iron atoms

in the toroid �estimated to be �ms�p��p � ���� ������ although at high momentum

octant misalignments have a comparable e�ect �see chapter ���

��� The Drift Chamber

����� Structure

The cells are sealed rectangular boxes� with outer casings of PCB and aluminium�

Etched on the inside of the PCB boards are �� copper strips of uniform width� with

the exception of the outer two which are smaller to partially compensate for end

e�ects� A nichrome sense wire runs along the cell�s major axis� One end of the

sense wire is connected to a pre�amplier� the other is �z�linked� to the wire of an

adjacent cell with a ���  resistor� In this way there is only one pre�amplier per

cell but both ends of the wire are read out� To reduce over currents �in the shorter

cells nearer the beam� whilst keeping a high e�ciency �in the longer cells� two sense

wire radii of �� �m �in the short cells� and �� �m �in the long cells� have been used�

Details of the cells and their ordering within an octant and the coordinate labelling

scheme is shown gure ����

Voltages are placed on the copper strips� in such a way as to produce as uniform

a eld as possible� over as great a volume of the cell as possible� directed away from

the wire in the YC direction� A high voltage is set on the mid strip� earth on the

aluminium casings� with the intervening strips having the voltage V � Vcentre�� �
YC�Y� �� where Y� the distance to the aluminium ��� cm�� The sense wire is kept at
a higher voltage than that on the centre pad �typically greater by ��� kV�� so there

is a region of extremely high eld surrounding the wire as can be seen in gure ��


�����
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Figure ���� Cross�section through an octant� showing individual cells�

The chambers are lled with a carefully chosen gas� which is continually passed

through at atmospheric pressure via two plastic tubes situated at each end near the

wire�

����� Operation

As a muon passes through a chamber it causes primary ionisation of a few atoms of

the gas by collisions with gas molecules� The electrons and positive ions will �drift� in

the ZY plane� in a direction determined by the electric eld� the electrons towards

the wire� the ions away from it� The charges move at constant velocity� rather than

accelerate� because they continually undergo collisions with gas molecules �up to

�� per cm�� Near the wire �� few hundred �m� the electrons reach the region of

high electric eld� where they gain su�cient energy to cause secondary ionisation of

the gas molecules with which they collide� These secondary electrons cause tertiary

ionisation and so forth� until an �avalanche droplet� containing up to ��� electron�

ion pairs is formed� The liberated electrons move only a small distance before being

absorbed at the sense wire� whereas the ions move up to � � cm towards the cathode�

The movement of charge within the chamber induces a corresponding current

in the sense wire� The primary charges are so few that they produce a negligible

current� Only with the onset of avalanching is the beginning of the signal discernible�

The electrons from the avalanche droplet account for typically less than �� of the
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Figure ��
� The E�eld as a function of drift distance for ZC��� The results were
obtained using an electrostatic simulation of a cell�

energy of the pulse� the other ��� is accounted for by the movement of the ions

since they move through a much greater potential di�erence� The majority of the

pulse energy is developed over the rst �� ns or so� resulting in a sharp pulse with

a small rise time�

The signal travels along the sense wire in both directions� One pulse passes

through the z�link and down the adjacent wire� Both end up at a wire end� where

they pass through a pre�amplier and nally into an analogue to digital converter

�FADC��

The FADC samples the pre�amplier output once every time bin ����� ns�� It

has a memory of ��� time bins which is linearly shifted and overwritten once per

time bin� Only when the FADC receives an external event trigger will the FADC

be �stopped� and its memory be transfered to the front end processors where the

rst stage of reconstruction �the QT analysis� takes place� Example FADC output

is shown in gure ��	�
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Figure ��	� A typical FADC signal showing the pulses obtained from each wire end�
The pulse height is measured in arbitrary units� �bin � ���� ns�

����� Choice of Gas and Operating Voltages

The gas used in a drift chamber is typically a two or three component mixture�

Its main component is usually a noble gas� since much higher elds are needed to

induce ionisation for polyatomic gases which have other means of energy dissipation

�rotation and vibration�� Small quantities of an electro�negative polyatomic gas are�

however� added to provide �quenching�� This is the process by which the electro�

negative atoms absorb photons� and undergo charge exchange with the noble gas

ions� without further ionisation� thus e�ectively taking energy out of the avalanche�

and so limiting it� Without the quenching agent� charge multiplication would in�

crease uncontrollably� eventually leading the cell to permanently discharge and so

becoming inoperative� The chosen gas mixture for the FMD is ����� Ar�����

CO������ CH��

The drift velocity �i�e� the speed with which the primary electrons move� of the

gas depends both on its precise mixture and on the E�eld and pressure�� The

magnitude of the drift velocity is important since a gas that is too fast gives a

�Other quantities such as temperature and magnetic �eld also have smaller e�ects�
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Figure ���� Variation of the drift velocity with E�eld� The measurements were
made using FMD cells in a cosmic test rig�

decrease in distance resolution� whereas one that is too slow will mean pulses with

a large drift time will not be fast enough to be used for the trigger� Figure ���

�obtained from ����� shows that for the FMD gas there is a large variation in drift

velocity with E�eld� but also a region of maximum drift velocity� which is fairly

�at �the so called plateau�� The drift eld across the cell is set to the value at the

centre of the plateau ����� kV!cm�� so slight variations in E�eld or pressure will

not change the drift velocity greatly�

��� Reconstruction

����� QT

The raw data� consisting of pulses like those of gure ��	� is translated into a form

from which track coordinates can be reconstructed by the QT �charge�time� pro�

gram� A hit is dened as any signal that rises above a set threshold level and

continues above this level for a certain number of time bins� The time of the hit is

found by tting the leading edge of the pulse �for details see ������ This procedure
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enables the resolution on the time to be better by a factor of ��� than a bin width�

To improve the resolution further an average of the times of the two pulses from

each wire end is taken resulting in the quantity T �

A measure of the relative dispersion of the two pulses is found by adding up the

charge �in arbitrary units� collected over the rst few bins� of the signal from each

wire end� with the resulting quantities QA and QB�

����� Space Point Reconstruction

As explained in the previous section� the output of QT is in the form of charges and

times� The quantities actually required� however� are the XC and YC coordinate of

the muon� as it passes through the ZC � � plane�

The XC coordinate is found by charge division� As the pulses pass along the

sense wire they su�er a dispersion proportional to the resistance through which

they travel� The larger the distance through which the pulse travels the smaller Q

will be� The charge division quantity

C �
QA �QB

QA �QB

�����

has been shown� using a test set�up ����� to vary linearly with XC� with the constant

of proportionality and intercept dependent on the resistance of the sense wires and

z�link� The sign of C shows which of the cells of the pair the muon passed through�

The resolution on XC is about �� of the total cell pair length including the z�link�

or of the order of a few centimeters� Any hit that has QA or QB zero �a single ended

hit� is not used by the standard reconstruction since no charge division coordinate

can be found�

The YC coordinate can be found using the drift time Tdrift� The time interval

the between passage of the muon through the cell and the onset of avalanching will�

assuming a constant drift velocity� be proportional to the distance travelled by the

primary electrons and hence YC� so�

YC � v�Tdrift � T�� �����

where the v �the drift velocity� and T� �the tzero� are constant� Determination

of these constants and further corrections to drift coordinate determination can be

found in chapter �� Since only the absolute distance from the wire �YC� is known

each hit gives rise to two possible Y coordinates at Ywire � YC � The drift wire

�usually eight� but dependent on the position of the peak in the pulse distribution�
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ambiguity must be resolved at later stages of the reconstruction where the hits are

associated into pairs or segments�

����� Muon Track Reconstruction

A muon that completely passes through the detector will produce up to �� hits that

must be linked together to form a track� Muon track reconstruction is a three stage

process� the association of hits from both sublayers of a layer to form a �pair�� the

linking together of pairs from the three layers before �after� the toroid to produce

a pre��post�� toroid segment� and the linking of a pre� and post�toroid segment to

produce the complete muon track�

Pairing rstly associates those hits from the rst layer with those from the second

if the Y separation ��Y � jY � � Y �j for �I� is less than ��� cm �corresponding to

a limit of ��� in angle�� Any remaining hits with �Y less than � cm ����� are then

paired� unless a di�erent pair containing at least one of the hits can be made with

a lower �Y � One further cut is made on accepted pairs that �X must be less than

� times the errors on the two coordinates summed in quadrature� All hits in the

system have now been divided into pairs or singles �i�e� all hits that did not form a

pair�� Pairs and singles are labelled with a � or � following the naming convention

of the layer they are contained in�

A segment is dened as any combination of pairs and singles with the criteria

that� each segment may contain only one pair or single from any layer� it must

contain either two � pairs or a � pair and a � single� all hits must be contained

within the same octant or from an adjacent octant� and it cannot contain hits

from both sides of the toroid� A �� per degree of freedom ����ndf� is now found

independently in X and Y � The errors used are ��� �m for each Y coordinate

and � � of the total wire length for each X coordinate� These are close to the

measured resolutions �see section ����� All segments with either ��
X�ndf � ��� or

��
Y �ndf � ��� are rejected� All segments with both ��

X�ndf � �� and ��
Y �ndf � ��

are kept� Any other segment is rejected if another exists made up of at least one

common hit and has either ��
X�ndf or �

�
Y �ndf less by a factor of ��

A link between a pre� and post�toroid segment is made if the radial distance

di�erence is � �� cm and the � di�erence is � ���� for a straight line extrapolation

of the segments to the centre of the toroid� The sample is further cleaned up

by performing a momentum scan� A full extrapolation of the pre�toroid segment�

�Unless there are more post� than pre�toroid segments in which case� to save reconstruction
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through the toroid is performed with magnetic eld bending and multiple scattering

errors taken into account� The extrapolation is made using a range of momentum

between ��� GeV and ��� GeV� The errors on the segment coordinate are fully

propagated and a �� representing the probability of a �match� between the two

segments of the track found for each momentum� The match is made in X� Y � �

and �� The minimum �� of the scan ���
min� is recorded�

Tracks are rejected if� ��
min � 
�� the momentum scan had no minimum� or there

exists another track made from any of the same hits with a lower ���

����� Momentum Measurement

Two methods are used to nd the momentum of a track� The rst is simply to use

the momentum that gave ��
min� This is the �full t method�� The second method is

to perform a new scan� after the event has been identied as containing a muon by

the full scan� but to use only a comparison of � �i�e� information from X� Y and �

is ignored� to work out the ��� This is the �angle only method�� This method can

give better momentum resolutions for a partially misaligned detector �see chapter �

for further details��

����� Calibration Reconstruction

A slightly di�erent version of the reconstruction is used for calibration �i�e� cosmics

and beam halo� data to ensure that all distributions produced are free from any

reconstruction bias� All pairs with �Y � � cm are kept since cosmics can have

much larger angles than physics muons �see gure ����� Segments must contain

exactly two � pairs from within the same octant and only the pre� and post�toroid

segment with the lowest ��
Y �ndf is kept� The only track nding cut is to ensure

that the two selected segments lie within the same octant so no momentum scan is

needed� One special reconstruction technique is required for cosmics� since they are

not in time with the HERA clock and so have an event dependent T�� The T� is

found independently for each segment using the checksum of equation �����

T� �
�

�
�
W

v
� T� � T�� �Y 	 � Y 
 � Y �� Y ��

ZS
�vZL

� �����

It should be noted that this reconstruction technique has a lower reconstruction

e�ciency than the standard reconstruction and can only be used when the level of

time� the extrapolation is performed from the post�toroid segments
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background tracks is low �which is the case for beam halo and cosmics�� It is not

suitable for physics muon reconstruction�



�


Chapter �

Calibration of the Forward Muon

Detector

��� Introduction

This chapter explains in detail how T as output by the QT program is converted

into the spacial coordinate YC� It is shown how various corrections are made to T

on a cell by cell basis� so bringing all times in �phase�� how v and T� are determined

from the data� and how a nal correction dependent upon the track angle is made�

��� Timing Corrections

A muon produced at the interaction point travels for a time TF�n� before reaching

a cell pair� labelled n� The muon causes ionisation of electrons which drift for a

time Tdrift before reaching the sense wire� Two pulses then propagate in opposite

directions along the sense wire� the rst travels along the wire� through a pream�

plier� along a cable and is read out by FADC A� The other travels along the wire�

through the z"link� along a second �paired� wire� through a second preamplier and

out along a second cable to FADC B� The times taken for the pulses to travel along

the sense wire to their respective FADC are TCA�n� and TCB�n�� A diagram of

the path taken of the signal from cell to FADC is shown in gure ���� TCA and

TCB are a function of the cell pair number �n� since the cables and sense wires vary

in length� All FADCs are �stopped�� by the event trigger� at the same time after a

collision so if the times recorded at the FADCS are TA and TB then�
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Figure ���� Diagram of a cell pair showing the path of the two pulses along the sense
wires to the FADC�

TA � TF �n� � Tdrift � TCA�n� � TZ �����

TB � TF �n� � Tdrift � TCB�n� � TZ � �����

where TZ is a constant for all FADCs�

Measurement error on Tdrift is reduced by taking the mean of TA and TB giving�

T � TF �n� � Tdrift �
�

�
�TCA�n� � TCB�n�� � TZ �����

or

T � TF �n� � Tdrift � TC �n� � TZ �����

setting TC �n� � �TCA�n� � TCB�n�����

To summarise� it is necessary to determine the three quantities of time of �ight

�TF�n��� wire and cable propagation time �TC�n�� and the constant TZ in order for

the drift time �Tdrift� to be determined from the measured pulse time �T��

����� Time of Flight Correction

The time of �ight �TF�n�� is simply worked out by taking the distance between

the nominal interaction point and the geometric centre of the sense wire of the cell
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through which the muon passed and dividing it by the speed of light� E�ects such

as the of the bending of the muon in magnetic elds� its multiple scattering� the z

vertex for the event not being at its nominal value and the muon passing through

the cell at a point away from the centre of the sense wire have all been calculated

and found to be negligible compared to the resolution of YC�

����� Cable and Wire Corrections

The wire and cable propagation time �TC�n�� is equal to the time taken for a pulse

to travel the total distance from FADC A to FADC B via cables� sense wires and

z link� A measurement of this quantity was made using a test pulse system which

is built into the readout of the FMD� A test pulse generator is connected by wires�

which are contained within the same cable as the signal wire� to each sense wire at

the pre�amp� A test pulse travels from the generator along the testpulse wire until

it reaches the pre�amp� where one signal travels up the signal wire to FADC A and

another up the sense wire� through the z�link up the second sense wire� through the

second signal wire to FADC B� The time taken from generation to readout of this

latter pulse is TC�n��

A test pulse run was taken with conditions set up so that every other test pulse

channel in the whole system was pulsed simultaneously i�e� there was exactly one

pulse traveling in each wire pair for each event� On the next event the remaining

channels were pulsed� After normal QT analysis the time of the later pulse was

taken �Tpulse�n����

The pulse generator is not precisely in time with the HERA clock but comes

with a spread of about ��� ns� Each wire pair is� however� pulsed simultaneously so

by taking a di�erence�

Tpulse�n� � Tpulse�� � � TC �n�� TC �� � �����

where channel � is arbitrarily chosen as the reference channel� the time of pulse

generation cancels� To reduce random error many events are taken and a histogram

of the L�H�S� of equation ��� produced for each cell pair n� Figure ��� shows some

examples� The histograms are tted with a Gaussian� the peak position being

TCcor�n�� Hence

TC �n� � TCcor�n� � TC �� � �����

The complete list of cable corrections can be found in �����

�Since the QT pairs the pulses from the two sense wires and outputs T��

�
� �T� � T�� and

Td�T�� T� the time of the later pulse is Tpulse � T � �

�
jTdj�
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Figure ���� The cable corrections for two di�erent cell pairs�

����� Complete Correction

Equation ��� can now be rewritten in terms of the measured or calculated quantities�

Tdrift � T �TCcor�n�� TF �n�� TZ � TC ��� ���
�

Combining the constant terms to the single constant T��

Tdrift � T �TCcor�n�� TFcor�n�� T� ���	�

and dening the corrected time as Tcor � T �TCcor�n�� TFcor�n�

Tdrift � Tcor � T� �����

T� can now be explicitly dened as the corrected time obtained from a muon

passing through any cell� very close to the sense wire�

��� Determination of T�

Two methods were used to determine T�� the drift time distribution method and

the checksummethod� Both these methods require a large sample of muons� in time
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with the HERA clock� triggered by the H� central trigger� free from background

and at low angles with respect to the beampipe �to limit angular corrections see

section ����� For these reasons beam halo muons were used� Physics muons were

not used due to their small rate and large background contamination� Cosmic muons

were not used for being out of time with respect to the HERA clock�

For the data presented here a sample of ������ beam halo muons was used� The

data were taken during normal e�p collisions� with the toroid eld on� for the running

period ����
��� � �
��
���� To ensure a completely unbiased trigger the forward

muon trigger was not used� Instead the trigger required a track in both forward

and backward iron endcaps plus a hit in the veto wall� �
� of the triggers were

reconstructed using the beam halo calibration code as described in section ������

It will be noticed from the following discussion that a precise measurement of

T� and v can only be obtained if both these quantities are input accurately into the

reconstruction code� For this reason the measurement procedure from reconstruction

onwards was repeated several �� �� times with values obtained from the previous

iteration input into the next� All results presented here are from the nal iteration�

����� Time Distribution Method

The mean of the corrected times� T � obtained from a sample of muons passing

through a chamber will be equal to the drift time obtained for a muon passing

through the exact centre of the drift space� if the illumination of muons and the

cell e�ciency is uniform w�r�t� drift distance� Stated another way� with uniform

illumination there are as many events before the centre of the drift space as after�

Uniform illumination of a single cell is not possible since beam halo has a strong

radial �� Y � dependence as can be seen in gure ���� A Monte Carlo study has

shown� however� that uniform illumination can be approximated by combining the

time distributions from the cells of both sublayers in a region of the layer where

the illumination varies smoothly with Y � Figure ��� shows the distance distribution

obtained from the study to be �at� indicating a very good approximation to uniform

illumination�

The requirement of uniform e�ciency across the cell can be seen to be nearly

valid by examination of gure ���� The small decrease in e�ciency near the sense

wire is accounted for as a systematic error�

A correction must made to T due to a contamination of the data with events
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Figure ���� Hit e�ciency as a function of drift distance� Data are taken from a test
rig using cosmics�

arising from the proton satellite bunch that arrives ���� ns before the main proton

bunch� These events produce beam halo muons with a T� shift of ���� ns and are

estimated to contribute ��� of the total� leading to a correction of ����� ns� It

should be noted that the lling of the satellite bunches varies on a run by run basis�

T can be related to the T�� with knowledge of the drift velocity� by

T� � T � D

�v
������

where D is the total drift distance of a cell ����� cm��

����� Checksum Method

For a straight line track the gradient as measured by the two sublayers of �I will be

equal to the gradient as measured by the two sublayers of �II�

Y � � Y �� Y � � Y � � �� ������

If the above is converted into cell coordinates then for most tracks two possibilities

ensue� depending on the �stagger� permutation of the cells �as shown in gure ��
��
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YC1-YC2-YC3+YC4=0                                                           YC1+YC2+YC3+YC4=2W

Figure ��
� The two possible �stagger� permutations with their corresponding check�
sums� The � layer has been omitted for clarity�

For like stagger�

YC� � YC� �YC �� YC� � � ������

For unlike stagger�

YC � � YC� � YC� � YC� � �W ������

The unlike stagger checksum can be converted into a checksum involving cor�

rected times� using equation ��� so�

T� � T� � T� � T� �
�W

v
� �T� ������

To remove the dependence of the above checksum with drift velocity a new quantity

is dened�

Tmid �
W

�v
� T� ������

�The su�x cor will be dropped from now on for reasons of brevity� All times should be assumed
corrected unless otherwise stated�
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Figure ��	� Checksum used to calculate Tmid� Only events passing through cham�
bers with the unlike stagger permutation were chosen� The t is a Gaussian plus a
��D polynomial� The events from the proton satellite bunch at �
��	 ns from the
main peak can clearly be seen�

so

YC � v�T �Tmid� �
W

�
������

i�e� Tmid is the time obtained from a muon passing a distance W�� �� cm� from

the sense wire and� since the cell�s drift distance is equal to the wire separation

�W � D�� Tmid � T � Hence�

T� � T� � T� � T� � �Tmid ����
�

A plot of the unlike stagger checksum is shown in gure ��	�

����� Error Treatment

The statistical and systematic errors for the two methods used to calculate Tmid

are shown in tables ��� and ���� The various contributions were estimated as follows�

	 ALP " Possible rotations in � �see table ���� of �����
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Error !ns
ALP ��

WIR ���
ANG ���
DRI ���
EFF ���
SAT ���

SYS ���
STA ���

Table ���� The statistical error and relative contributions to the systematic error on
Tmid� as determined by the time distribution method�

Error !ns
ALP ��

WIR ���
ANG ���

SYS ��

STA ���

Table ���� The statistical error and relative contributions to the systematic error on
Tmid� as determined by the checksum method�

	 WIR " Wire by wire T� shifts due to uncertainties in the cable and wire

correction �TC� and cell by cell misalignment� Calculated by comparing the

T� obtained from isolated sets of � cells within the same octant�

	 ANG " Shift due to angular corrections as described in section ����

	 DRI " Uncertainty in the total drift space �D � ����� � ����� cm��

	 EFF " Deviation from uniform e�ciency across cell�

	 SAT " Uncertainty in the fraction of satellite bunch events ��� � ����

	 SYS " The total systematic error� determined by addition of all the contribut�
ing systematic errors in quadrature�

	 STA " The statistical error�
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��� Results

The results from the time distribution are�

T � Tmid � 	���� � ���� ��� ns� ����	�

and from the checksum method�

Tmid � 	�	�� � ���� � ��
 ns ������

Once the drift velocity is known T� can simply be determined using equation �����

��� Calculation of the Drift Velocity

The drift velocity is calculated in two ways� The rst uses the time distribution and

the second uses a checksum method� The data selection and time distribution used

are exactly the same as those used for the T� determination�

����� Time Distribution Method

An ideal drift cell with uniform illumination and e�ciency and constant drift velocity

would give a top�hat time distribution �with a small amount of smearing at the edges

due to non zero spatial resolution�� The rst two criteria have been shown to be

nearly true �see section ���� whereas a constant drift velocity is generally limited to

certain regions of the drift space� A region where the time distribution is constant

corresponds to a region of constant drift velocity� If such a region is chosen as in

gure ��� then if the number of events within this region is Nmid � the length of the

chosen region is Dmid � the total number of events N and the total drift length D

then�

Dmid �
Nmid �D

N
� ������

since v is constant v � Dmid��T so�

v �
NmidD

N ��T � ������

Methods have been devised ���� to account for deviations from uniform drift

velocity near the sense wire and outer edge of the cell �caused by the non uniform

E�eld�� Studies have shown that for the present gas and voltage setting making this

correction has little impact on the cell�s spacial resolution� It is preferred� therefore�

to retain the simple model of constant drift velocity across the cell�
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����� Checksum Method

If the gradient of a track measured by the two coordinates of the single sublayer �III

is compared to the gradient measured by the two layers �III and �IV the following

checksum is obtained�

�Y 	 � Y 
� Y � � Y � � ��YIII� ZS
�ZL

� Y �� Y � ������

� ��W � YC� �YC �� ������

� �v�T� � T�� �Tmid� ������

where the value �YIII has been included to account for any misalignments in the

Y direction between the two layers� the � depends on the stagger permutation of

�III � ZS is the Z separation between the two sublayers of �III and ZL is the Z

separation between the layers �III and �IV � Hence a graph of T� � T� � �Tmid

versus �Y 	 � Y 
 � Y � � Y ��ZS���ZL� has a gradient of ��v independent of Tmid

and �Y octant misalignments�

It is evident� by considering equation ����� that best results are obtained if the

track gradient �Y �� Y �� has as large a range as possible� It is for this reason that

only data from post toroid segments are used with the large gradient range arising

from bending in the toroid�

Since this method explicitly requires tracks at large angles it is essential that the

angular corrections �as described in section ���� are performed�

An example plot of the checksum is shown is shown in gure ����

����� Error Treatment

The statistical and systematic errors for the determination of the drift velocity for

the time distribution method are shown in table ���� The various contributions were

estimated as follows�

	 ANG " Shift due angular corrections�

	 DRI " Uncertainty in the total drift space �D � ����� � ����� cm��

	 EFF " Deviation from uniform e�ciency across cell�

	 LIM " Shifts obtained by changing limits of the central region �by ���� ns��

	 OCT " Shifts obtained by performing the procedure on isolated octants�
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Figure ���� The velocity checksum left with angular corrections� Only events in one
octant with one stagger permutation have been selected� Events greater than ��
away from the tted line have been discarded� Fit is a straight line�
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Fractional Error ��
ANG ���
DRI ��

EFF ���
LIM ���
OCT ���

SYS ���
STA ���

Table ���� The statistical error and relative contributions to the systematic error on
v� as determined by the time distribution method�

	 SYS " The total systematic error� determined by addition of all the contribut�
ing systematic errors in quadrature�

	 STA " The statistical error�

The systematic error for the checksum method was calculated in a slightly dif�

ferent way� The checksum can be plotted for both stagger permutations� for both

�III �equation ����� and �IV �

�Y 	 � Y 
� Y � � Y � � ��YIII� ZS
�ZL

� �v�T
 � T	� �Tmid� ������

and for each octant� leading to �� possible measurements of v� The spread in the

results gives a measurement of the total systematic error� Included in the system�

atic error are� errors due to the tting method� wire by wire T� di�erences� Z

misalignments� � rotations� and errors in the angular correction�

The systematic error due to the checksum method is�

��v�sys � ���� ������

����� Results

The result from the time distribution method is�

v � ����� � ����� � ����	 cm�s�� ����
�

and from the checksum method

v � ���	� � ����� � ����� cm�s�� ����	�
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Figure ����� Diagram showing the path of the ionised electron that reaches the sense
wire rst� Its path length is generally less than YC for large ��

��� Angular Corrections

This correction is made to account for the fact that for steep angled tracks the

rst electron to reach the sense wire will generally not arise from the ZC � � plane�

but from another part of the cell as shown in gure ����� This leads to smaller

drift times and hence smaller drift distances the steeper the track� To account for

this di�erence a full electrostatic simulation of the cell was done using a modied

version of MOPAL ����� Tracks through the chamber were simulated at all possible

angles and positions within the cell� For each angle�position combination all possible

electron paths were simulated and the smallest one chosen� It was thus possible to

correct the measured drift distance to the true YC� The complete set of angular

corrections can be found in �����

An isochrone map is shown in gure ����� Examples of the variation in correc�

tion with drift distance and angle are shown in gure ����� The e�ect of angular

corrections on the real data is shown in gure ����� It can be seen that deviations

from the straight line occur at large angles if the angular corrections are not made�

No systematic errors are quoted on this measurement� since the analytic calcula�

tion should give results much better than the resolution of the cell� However� if the

physical characteristics of the cell are di�erent to those assumed in the calculation

then it would be expected that the true angular corrections will be di�erent from

those calculated� Since the possible di�erences are many and di�cult to estimate�

any errors arising are incorporated into the measured spacial resolution �see sec�

tion ����� Figure ��� does indeed show a rise in resolution with angle implying that
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Figure ����� The isopotentials �top� and isochrones �bottom� of a quarter cell with
sense wire at the origin�
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Figure ����� The angular corrections for three di�erent angles� The e�ects of the
discontinuous eld near the anode strips can clearly be seen in the ��� case�
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the assumptions that have gone into this calculation are too simplistic and a more

detailed treatment could result in a reduction of the resolution at high angles�
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Chapter �

Alignment of the Forward Muon

Detector

��� Introduction

The cells �and sense wires� are positioned on the octant frame to an accuracy �
�� �m ��
�� A physical survey ��	� has� however� shown that the octants themselves

are displaced from their nominal values �i�e� values assumed by the reconstruction�

by up to � cm� Furthermore� since the layers of the FMD must be moved periodically

to provide access to H�� these octant misalignments will not remain constant for all

running periods� Precise momentum measurement necessitates determination of

the misalignments of the octants ideally to much better than the resolution of the

detector� Estimates of the desired upper limit of the misalignments can be seen in

gure ��� �updated from ������

Physical surveys have proved di�cult due to the crowded environment of the

FMD area� As yet no physical survey has yielded all alignment quantities and for

certain running periods no physical survey was possible� It is thus necessary to have

independent alignment procedure based upon muons traversing the system� The

remainder of this chapter explains the techniques used� the results obtained and the

limitations of the method�

��� Data Selection

The alignment procedure described here requires a large number �minimum �������

of muons� passing through the same octant of all layers of the system� with as large

a range in � as possible �to align in Z� and at large momentum �to reduce toroidal
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Figure ���� The Alignment requirements of the � layer�

multiple scattering�� Cosmic muons are ideally suited� having all of these properties�

Physics muons were not used since e�p collision data are always taken with the toroid

eld on and beam halo were rejected due to their limited angular range�

For the results presented in here ������ cosmic muons were triggered using the

forward muon trigger with a �cosmic load� as described in ����� Of these 		� were

reconstructed using the cosmic calibration code as described in ������

The toroid eld was turned o� for this run� so that layers from either side of the

toroid could be compared�

����� Translational Alignment

The method used to extract the translational misalignments �following the approach

of ����� uses no information from individual sublayers� instead an average is taken

so YI � �Y �� Y ����� XII � �X��X���� etc� For a straight track passing through

the system the ��D points as measured by �I and �IV are �arbitrarily� chosen to

dene the straight line of the track� All other octants are translated so that their

measured track points are forced to lie on the line� Resolution and smearing due

to multiple scattering are compensated for by repeating the procedure with many

events�
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Figure ���� Two example alignment checksums� Data are for octant 
� The t is a
Breit�Wigner�

The misalignments �labelled with a prex of ���� were determined by a checksum

method� As an example the Y and Z misalignments of �II are considered� If all

rotational misalignments are ignored then the gradient of a straight track� passing

through all layers in the same octant� as measured by �I � �II should be equal to

that measured by �I � �IV �

YII � �YII � YI
ZL � �ZII

�
YIV � YI

ZT
�����

ZL
ZT
�YIV � YI�� �YII � YI� � ��ZII

ZT
�YIV � YI � � �YII �����

Hence a ��D plot of the checksum� �ZL�ZT ��YIV�YI���YII�YI�� versus the track
gradient� YIV � YI � has a gradient of ��ZII�ZT and an intercept of �YII� Similar
results holds for the other layers� although for checksums involving X coordinates

�including all � layer misalignments� the resolution is much worse than any e�ects

due to Z misalignments� So for instance �XII is determined by a ��D plot�

�XII �
ZL
ZT
�XIV �XI �� �XII �XI� �����
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Figure ���� One dimensional plots of CS��II� Y � after a� rst iteration and b� after
fth iteration� Data are for octant 
� The t is a Breit�Wigner�
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CS��II�X� � �XIV �XI �ZL�ZT � �XII �XI�
CS��II� Y � � �YIV � YI�ZL�ZT � �YII � YI �
CS��III�X� � �XIV �XI �ZL�ZT � �XIV �XIII �
CS��III� Y � � �YIV � YI�ZL�ZT � �YIV � YIII�

CS��I�X� � �XIV �XI �Z
�
L�ZT � �Y �

I �XI �

CS��I� Y � � �YIV � YI�Z
�
L�ZT � �X�

I � YI�

CS��II�X� � �XIV �XI �Z
�
L�ZT � �XIV �X�

II�

CS��II� Y � � �YIV � YI�Z
�
L�ZT � �YIV � Y �

II �

Table ���� The alignment checksums� Coordinates obtained from the � layers have
a superscript ���� Coordinates from the � layers have no superscript� ZL is the
separation in Z between the misaligned layer and �I for pre�toroid layers or �IV for
post�toroid layers� ZT is the separation in Z between �I and �IV �



���� Data Selection ��

(YIV−YI)   /cm

C
S(

θ II
 ,Y

) 
  /

cm P0=−0.1416 ± 0.0028  cm

P1=(−4.38 ± 0.031)×10-3

χ2/ndf=22.9

(YIV−YI)   /cm

C
S(

θ II
 ,Y

) 
  /

cm P0=−0.0006 ± 0.0030  cm

P1=(−0.029 ± 0.034)×10-3

χ2/ndf=8.0

-4

-3

-2

-1

0

1

2

3

4

-150 -100 -50 0 50 100 150

-4

-3

-2

-1

0

1

2

3

4

-150 -100 -50 0 50 100 150

Figure ���� Two dimensional plots of CS��II� Y � versus track angle after a� rst
iteration and b� after fth iteration� Data are for octant 
�

a�

b�




� Chapter �� Alignment of the Forward Muon Detector

A full list of the checksums used to align in X� Y and Z is shown in table ����

It has been shown ���� that toroidal multiple scattering produces deviations from

a straight line which follow a Breit�Wigner distribution� This inevitably leads to

long tails in all alignment checksums� For the ��D plots the tails are simply dealt

with by tting to a Breit�Wigner function as shown in gure ����

The ��D plots cannot be treated so simply� A simple least squares t is inade�

quate since small statistical �uctuations in the number of events in the tails cause

large �uctuations in the values of the t� A more complex t of a Breit�Wigner

convoluted with a straight line could in principle be used� However� since both the

height and width would vary along the line �and have sharp cut o�s�� the t would

become extremely complicated� Instead the tails of the distribution are cut� the

checksum tted using a least squares t and an iterative procedure employed to

ensure the nal result is free from any bias introduced from the cut�

The full procedure is as follows� First the checksum is plotted in ��D and tted

with a Breit�Wigner �an example is shown in gure ����a�� The checksum is now

plotted versus the track gradient� with events greater than �# �# being the full

width half maximum� from the mean removed and a least squares t performed

�as shown in gure ����a�� The results are then used to align the octant in Y and

Z and the whole procedure repeated several �� �� times until the straight line t

yields values for the gradient and intercept consistent� within errors� with zero �see

gure ����b�� The misalignments are then taken as the sum of the values obtained

after each iteration�

An estimate of the statistical error on the tted variables is made by taking #

obtained from the ��D plot after the last iteration �gure ����b� and assigning each

ordinate coordinate of the ��D plot an error of #!���� �the F�W�H�M� of a Gaussian

being ����� ������

����� Rotational Alignment

The rotational misalignments could in principle be found using a similar approach

to that used in the translational case� This would need very precise translational

alignment as a prerequisite and also involve rather complicated checksums involving

all � spacial coordinates �rather than � in the translational case�� Since the origin of

certain systematics is uncertain no attempt has been made� It is possible� however�

by using information from the sublayer coordinates to determine �� for the � planes�

but no alignment method has yet been developed for the other rotational quantities�
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Figure ���� Example checksums used in �� determinate a� for �II and b� for �IV �
Fit is a� a Breit�Wigner and b� a Breit�Wigner plus ��D polynomial�

a� b�

The gradient as determined by a sublayer �Y �� Y ���ZS should be the same for

all layers the track passes through� Any di�erence will arise almost completely from

� rotations� The �I is chosen as the reference so for example�

��III �
�

ZS
�Y � � Y �� Y � � Y ��� �����

As can be seen by the plots of this quantity �gure ���� there is large smearing due

to multiple scattering when layers either side of the toroid are compared� The peak

position is� however� still well dened�

��� Error Treatment

The statistical and systematic errors for the alignment quantities are given in tables

���� ��� and ��� with the following contributions�

	 ZMI " Shifts due to Z misalignments �of �� cm�




� Chapter �� Alignment of the Forward Muon Detector

���X� !cm ���X�� !cm ���Y �� !cm
ZMI ����� ���� ����
LIM ����� ���� ���	

SYS ����
 ���
 ����
STA ���

 ���� ����

Table ���� The statistical error and the relative contributions to the systematic
errors on �X for the � and � layers and on �Y for the � layers�

���Y � !cm ���Z� !cm
ALP ����� ����
BET ����� ����
XIR ����� ����
LIM ����� ����

SYS ����� ����
STA ����� ����

Table ���� The statistical error and the relative contributions to the systematic error
on �Y and �Z for the � layers�

	 LIM " Shifts due to changing the cut�o� on the tails of the tted distribution

�cut changed from �� cm to �� cm for the ��D translational ts� �# to �# for

the ��D translational ts and from ��� rad to ��� rad for the �� t��

	 ALP " Shifts due to � rotations �of �����

	 BET " Shifts due to � rotations �of �����

	 XIR " Shifts due to � rotations �of �����

	 WIR " Shifts due to wire by wire T� di�erences �of ��� ns�

	 SYS " The total systematic error� determined by addition of all the contribut�
ing systematic errors in quadrature�

	 STA " The statistical error

��� Results

The misalignments can be found in tables ��� and ���



���� Results 
�

����II��� ����III��� ����IV ���

WIR ���
� ���
� ���
�
LIM ����� ����� �����

SYS ���
� ����� ���	�
STA ����� ���
� ����	

Table ���� The statistical error and the relative contributions to the systematic error
on �� for the � layers�

Layer Octant �X !cm �Y !cm �Z !cm
�II � ����� ����	� ��
�
�II � ���	� ������ ����
�II � ��	� ������ ���
�
�II � ����� ������ �����
�II � ���� ������ �����
�II � ���� ������ �����
�II 
 ���	 ������ ���

�II 	 ����� ������ ��	�
�III � ���� ��
�� ���
�
�III � ����	 ����� �����
�III � ����� ���	� �����
�III � ����� ������ �����
�III � ����	 ������ �����
�III � ���� ���
�� ����

�III 
 ���� ���
� �����
�III 	 ���� ����� ���		
�I � ����� ���� "
�I � ���� ����	 "
�I � ���� ��	� "
�I � ���
 ����� "
�I � ���� ���� "
�I � ���� ����� "
�I 
 ��
� ����� "
�I 	 ����� ���	� "
�II � ����� ���� "
�II � ���� ����� "
�II � ����� ����� "
�II � ����� ����� "
�II � ����� ���� "
�II � ���
� ���
 "
�II 
 ���
� ���� "
�II 	 ����� ����� "

Table ���� The translational misalignments�
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Octant ��II �
� ��III �

� ��IV ��

� ����� ��
� ��
�
� ���� ��
� ��
�
� ���� ����� ����
� ���� ����� �����
� ����� ����� �����
� ����� ����� �����

 ����� ���� ����
	 ����� ���
 ����

Table ���� The rotational misalignment� ���
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Chapter �

Performance of the Forward Muon

Detector

��� Introduction

The focus of chapters � and � has been determination of the coordinates of a muon

track to as great an accuracy as possible� Particular emphasis has been placed on

reducing measurement error on ��T �� �YIV�YIII�YII�YI ��ZL�� so prominence has
been given to the Y coordinate of the � layers� This chapter gives a detailed survey

of the peformance of the detector once all corrections of the preceeding chapters have

been taken into account� The rst section gives measurements of misalignment free

spacial resolutions as obtained from real data� The second section gives an estimate

of the momentum resolution determined using a full Monte Carlo simulation of the

detector� To take into account any possible inadequacies of the alignment method

the layers of the detector are rst misaligned and then realigned using the same

procedure as for real data�

��� Spacial Resolution

The resolution for the drift coordinate ���Y �� is determined from the spread in the

like stagger checksum �equation ������ This gives an estimate of the resolution free

from translational octant alignment and uncertainties in drift velocity and event

tzero� All other factors a�ecting the resolution �including cell misalignments� cell

by cell tzero di�erences and rotational octant misalignments� are included� The

checksum distribution is tted to a Breit�Wigner and then converted to a standard

deviation using the same approach as in ������ The results �shown in gure ���� can
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Figure ���� The resolution in Y � a� checksum used for resolution determination for
muons at ���� Only data with a like sign stagger permutation have been used� The
t is a Breit Wigner� b� resolution� dened as as #���
 where # is the F�W�H�M� of
the checksum� plotted as a function of track angle� �� Cosmic data were used�

a� b�

be seen to be strongly dependent on the track angle� � �dened in gure ������

The resolution in X is determined as a fraction of the total wire length of the

cell pair� L� The resolution is determined using the X checksum corresponding to

equation ���� and is plotted in gure ���� Again a Breit�Wigner is tted to the

distribution and a conversion made from the F�W�H�M� to a standard deviation�

The result is�

��
X

L
� � ����� �����




��� Momentum Resolution 
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Figure ���� Checksum used to determine the resolution in X� The t is a Breit
Wigner� Cosmic data were used�

��� Momentum Resolution

����� Monte Carlo Simulation

Two Monte Carlo simulations of the misaligned FMD were performed� The rst �cos�

mic� simulation was used to produce alignment quantities and the second �physics�

simulation used to provide the momentum resolutions�

For the cosmic simulation single muons were produced with a momentum range

of �"�� GeV� a top hat � distribution from �"���� uniform in � with a nominal H�

vertex and extremly large �Gaussian� smearing in its vertex OX and OY positions

of ���� cm� The toroid eld was o� for this simulation� Using the results of ��� as
a rough guide each Y coordinate was smeared using a Gaussian of � � ��� �m and

each X coordinate by � � � � of the cell pair wire length� With reference to the

results of chapter �� each octant was individually translated and rotated from its

nominal position using a random top hat function with limits of �� cm in each of

X� Y and Z and of ����� in each of �� � and �� Out of a total of �	
���� simulated
muons ����� were reconstructed using the calibration code� The reason for the low
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reconstruction e�ciency was that the muons were not geometrically constrained to

pass through all layers of the same octant as required by the reconstruction� The

data were then put through the alignment procedure as described in chapter ��

For the physics simulation single muons were simulated from the H� vertex with

a momentum range of �"�� GeV� a top hat � distribution from �� to ��� and uniform

in �� The toroid eld was on� The octants were misaligned to exactly those values

used in the cosmic case� The simulated muons were reconstructed using the full

forward muon reconstruction� including a realignment bank containing the quantities

determined by the cosmic simulation�

����� Results

The fractional inverse momentum resolution is dened as the standard deviation of

a distribution in ���p����p�� where

���p
��p

�
j��prec � ��pgen j

��pgen
�����

with pgen the generated momentum at the vertex and prec the momentum at the

vertex as reconstructed by the FMD�

A resolution based on inverse momentum is used in preference to one in momen�

tum since it generally gives a more Gaussian spread� The momentum resolution as

a function of momentum� for various levels of misalignment and for both momentum

reconstruction techniques �as described in section ������� can be seen in gure ����

It can be seen that without any alignment procedure the momentum resolution is

only reasonable �� ���� for p � �� GeV� After the alignment procedure� if the

angular method is used� the momentum resolution is reasonable up to ��� GeV and

substantial improvements have been made at lower values�
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Figure ���� The momentum resolution as a function of momentum as determined
a� by the angular method and b� by the full t method� Open triangles are with
no alignment� closed circles with alignment as described in text and open stars for
perfect alignment� Monte Carlo data have been used�
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Chapter 	

Di
ractive DIS at H�

	�� Introduction

Although di�ractive processes have been observed since very early particle scattering

experiments� there is still no clear understanding of the exact nature of the interac�

tion� Di�raction is generally modelled by the exchange of a vacuum state Regge pole

� the pomeron� The reasons for the existence of the pomeron and what specically

the pomeron is are questions that are far from resolved� DIS not only allows a mea�

surement of the pomeron content of the proton �that can be compared with previous

experiments� but also allows a unique opportunity to measure the structure of the

pomeron itself� The kinematics of HERA �in particular the very low x reachable�

make it the rst DIS experiment where measurement of the pomeron structure is

possible� Only direct processes �see section 
�
��� have been observed in previous

DIS experiments�

Di�ractive events are characterised experimentally by a large region in the pseu�

dorapidity� ��� distribution of the hadronic nal state where no particles are ob�

served� The �rapidity gap� extends typically greater than � unit of pseudorapidity�

Standard non di�ractive models predict only a very small number of events to have

such large rapidity gaps� It has been observed in many high energy collision exper�

iments that in a large fraction �
 
��� of events with a rapidity gap one of the

incident hadrons remains intact after the collision� In these events the elastically

scattered hadron marks one of the boundaries of the gap�

�� � � ln�tan������
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Figure 
��� Diagrams a� of a standard DIS event with colour �ow between the
current and target jets and b� of a di�ractive event where there is no colour �ow�

a� b�

	�� Interpretation of Events with a Rapidity Gap

in Terms of a Colourless Exchange

Figure 
���a shows a diagram of a standard DIS event� where the virtual photon

interacts with one of the valence quarks� The reason for the absence of a gap is clear�

there is a colour string between the target and current jet� since both the struck

quark and the proton remnant are in a coloured state� To full the requirement of

colour connement the region between the target and current jets must be lled with

hadrons� Conversely� if the proton remains intact �or in a low mass colourless state�

then there is no colour string between the target and current jets� no requirement of

hadron production and so a gap may be produced �see gure 
���b�� In this scenario

the photon cannot interact directly with a valence quark or indeed any other parton

from the proton all of which are coloured� Instead some colourless combination

of quarks or gluons is thought to become separated from the proton and it is this

object �or a parton from within it� which undergoes the hard collision with the

virtual photon�

	�� Identity of the Colourless Exchange

The model of colourless exchanges is the Regge theory� This model has been used to

successfully predict many of the aspects of pp� pp collisions and photoproduction�

The model interprets simple scattering processes as the virtual exchange of bound

state hadrons� The scattering amplitude for a particular reaction �say � � p �
� � n� can be calculated by summing over all possible hadron states that allow

charge� isospin� spin� parity� G parity� strangeness etc� to be conserved� The path

that links this set of particles in particle spin"mass space is called a Regge trajectory�



���� Kinematics of Di�raction 	�

The partial wave amplitudes for each state is found by solving the Schr$odinger

equation with a Yukawa potential �see for example ������ The theory gives results in

very good agreement with data for simple inelastic reactions �such as ��p� ��n

or � � p� �� � p� although more complicated processes involving more than two

hadrons in the nal state need sophisticated Regge models �such as triple Regge

exchange��

Applying Regge theory to elastic reactions such as � � p � � � p with the

reaction mediated via Regge trajectories of known neutral particles would indicate a

cross section that falls with centre of mass energy� What is experimentally observed�

however� is a cross section that is slightly rising with centre of mass energy� In the

Regge picture this would indicate an exchange of a set of particles with quantum

numbers of the vacuum �zero charge� zero isospin� positive parity� zero baryon num�

ber � and even spin� The trajectory is known as the Pomeran�cuk pole or pomeron

�IP � for short� No recorded bound hadron �or other� states that possess both the

vacuum quantum numbers and the correct spin�mass states as predicted by the the�

ory have yet been observed i�e� the pomeron is not a bound state object� Processes

that involve pomeron exchange are known as di�ractive�

Regge theory predicts that quasi�elastic reactions at higher energy �such as p �

p � p �X or e � p � e� p �X� are dominated by pomeron exchange� since the

cross sections for other exchanges fall with centre of mass energy� Results from pp�

photoproduction and DIS �see chapter ��� show good agreement with predictions

from Regge theory�

	�� Kinematics of Di�raction

For a DIS di�ractive event the presence of a gap leads to � experimentally observable

��vectors in the nal state rather than � in the standard DIS case� This leads to �

independent kinematic variables� Q� and x� dened as for standard DIS�

Q� � ��k � k��� �
���

x �
Q�

�p � �k � k��
�
���

and the di�ractive variables xIP and t�

t � �p� p��� �
���

xIP �
�k � k�� � �p � p��

�k � k�� � p �
���
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Figure 
��� The ��momentum vectors for a di�ractive NC DIS process�

� �� jp�j
jpj � �
���

where the ��vectors are dened in gure 
��� t can be interpreted as the ��momentum

transfer at the pomeron�proton vertex and xIP as the fraction of the proton�s mo�

mentum carried by the pomeron�

	�� Factorisation of the Di�ractive Structure Func�

tion

It is possible to dene a di�ractive proton structure function in analogy to the

standard proton structure function �equation ������

d���xIP � t� x�Q��

dxIP dt dx dQ�
�
���

xQ�
�� � y �

y�

��� �R�
�F�

D�x�Q��xIP � t�� �
���

where contributions from FD
� have been neglected and R � FD

L ��F
D
� �FD

L �� F�
D is

the usual method of expressing the di�ractive di�erential cross section�

There is much theoretical support �see for example ����� for the ansatz of fac�

torisation� This states that F�
D can be written as the product of a �ux factor� fIP�p�

and the pomeron structure function F IP
� such that�

F�
D�x�Q��xIP � t� � fIP�p�xIP � t�F

IP
� ���Q

�� �
�
�



��
� Structure of the Pomeron 	�

where � � x�xIP is the fraction of the pomeron�s momentum carried by the object

struck by virtual photon� In this picture the process of emission of a pomeron by the

proton and the interaction of the virtual photon with the pomeron are independent�

The reasoning behind the factorisation ansatz is due to the very di�erent time scales

of the two interactions� At the proton�pomeron vertex the momentum transfer� t

��
 ��� GeV��� is generally much smaller than that at the photon�pomeron vertex�

Q� �� � GeV��� The non perturbative part of the structure function is now distinct

from the perturbative part� so whilst it must be admitted that pQCD cannot be used

to explain fIP�p� F
IP
� is a quantity that can be treated perturbatively� F IP

� ���Q
�� now

gives all the information about the pomeron that F��x�Q�� gives about the proton�

For example if the pomeron had no internal structure it would be expected that

F IP
� � ��� � �� or if it had partonic structure then�

F IP
� ���Q

�� �
X
f

e�f
h
�qf���Q

�� � �qf ���Q
��
i

�
�	�

where �qf and �qf are the quark and antiquark momentum density functions for

each quark �avour f �

	�� Structure of the Pomeron

As previously explained no bound state pomeron has yet been observed� It�s struc�

ture is therefore far from certain� It is natural to assume that the pomeron is

composed of partons� If so then the simplest structure would be a colourless singlet

of a quark antiquark pair �quark model� or a pair of gluons �gluon model�� QCD

pair production diagrams �g � qq and q � gg� would result in an admixture of

quark and gluon states for both models� The precise composition and how it varies

in � and Q� should be readily calculable with pQCD if the initial state is assumed�

More complex models involving � or more initial �i�e� before QCD splitting� partons

are also possible�

For both models the leading order QCD diagram is shown in gure 
���a� al�

though for the gluon model� because of its higher gluon density� the next to leading

order diagram of gure 
���b should contribute signicantly�

Measurement of FD
� and F IP

� and their evolution in � and Q� allows �in analogy

with the proton� extraction of the quark and gluon densities and hence identication

of the pomeron �����
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Figure 
��� Diagrams of various possible pomeron interaction mechanisms� The
virtual photon interact with� a� a quark from within the pomeron � b� a gluon
from within the pomeron� c� the pomeron directly producing a vector meson d� and
higher order gluon interactions �Nicholaev�Zakharov model��
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	�	 Modelling Di�raction

	�	�� Factorisable Models

Most di�ractive DIS models treat the perturbative and non perturbative vertices

of the interaction separately i�e� they assume factorisation� The non perturbative

part �fIP�p�xIP � t�� is then not peculiar to DIS and so it can take the form of a

parameterisation of a t to experimental �	p or pp etc� � data or a Regge Model

prediction which is in agreement with data� The perturbative part �F IP
� ���Q

��� is

much more uncertain� with most models allowing a wide range of possibilities�

All factorisable models have similar predictions for the form of the pomeron

�ux� a steeply falling cross section with increasing jtj and an xIP dependence such

that fIP�p 
 ��xnIP � where n is equal to or slightly greater than � and very weakly

dependent on t�

Berger et al� ���� and Streng ���� obtain a pomeron �ux from a Regge analysis

with certain parameters tuned to t previous data� They obtained�

fIP�p�xIP � t� � ���
�

��
e�

�
�
���jtj �

x
��������jtj
IP

� �
���

with � � ���
� Donnachie and Landsho� ��
� use Regge theory and an elastic form

factor for the proton to get�

fIP�p�xIP � t� � ���
�

��

�m�
p � ��	t

�m�
p � t

�

��� t���
��
�

x
��������jtj
IP

� �
����

with the same value as Streng for �� Ingelman and Schlein ���� use ts to data with

Regge theory used only for the overall normalisation�

fIP�p�xIP � t� �
�

���
����	e�	jtj � �����e��jtj�

�

xIP
� �
����

The pomeron structure function �F IP
� ���Q

��� depends on the identity of the par�

tonic constituents of the pomeron and how the pomeron�s momentum is shared

between them� All the models specify the partonic content and momentum distri�

bution function� G�xp�� at some low value of Q� and use pQCD evolution to predict

the composition at higher Q� values�

Donnachie and Landsho� ��
� propose the pomeron to be composed of quarks�

Other models ���� ��� ��� propose a predominantly gluonic pomeron�

Many models assume that the sum of the momentum of the constituents of the

pomeron adds up to the momentum of the pomeron itself i�e� the momentum sum
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rule is fullled�

Z �

�
xpG�xp� � �� �
����

with

G�xp� �
X
i

fi�xp�� �
����

where fi is the probability that the ith parton within the pomeron carries a fraction xp

of the pomeron�s momentum� It is� however� by no means clear that this relationship

must hold� Indeed Donnachie and Landsho� suggest it does not ��
��

If the pomeron were composed of two partons then a natural choice for a momen�

tum distribution function that fullled the momentum sum rule would be a hard

distribution of the form�

xpG�xp� � �xp�� � xp�� �
����

Donnachie and Landsho� propose a similar distribution function but take the overall

normalisation from the quark densities of the proton such that�

xpf�xp� �
�

�
Cxp��� xp�� �
����

with C����� and three quark �avours �plus three antiquark �avours� allowed� but

s and s contributing half strength so that�

xpG�xp� �
�

�
Cxp�� � xp�� �
����

Berger suggests an alternative hard distribution�

xpG�xp� � ����	 � ����xp���� xp�� �
��
�

Streng argues ���� that equation 
��� represents the hardest possible gluon den�

sity since the addition of further gluons would make the distribution softer i�e�

decrease the average gluon momentum� He suggests the softest possible distribution

to be similar to the gluon sea in the proton�

xpG�xp� � �� � xp�
�� �
��	�

with the real distribution lying somewhere between these two limits�
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	�	�� Non Factorisable Models

Nicholaev and Zakharov suggest breaking of factorisation by higher order QCD

diagrams such as 
���d or else by multiple pomeron exchanges ��	�� They argue that

the valence and sea quark distributions within the pomeron should have di�erent xIP

dependencies� The deviations are� however� small compared to the present errors of

the data �see section ���
�� The model gives a maximum change in the slope of FD
�

of � x����IP �

	�	�� Direct Models

Direct processes arise when the virtual photon does not resolve structure within the

pomeron �i�e� interacts as a whole� and produces nal states with � � � andMx � �
�see gure 
���c�� The lowest mass nal state that can be produces in a di�ractive

process� where the proton remains intact� is a single �� meson �� production would

violate spin!parity conservation�� This places an upper limit on the value of � for

any Q�� Di�ractively produced � states along with other low mass vector mesons

��� � etc� � have been observed in high energy interactions including DIS ����

The production of these states can be treated using pure Regge theory� since no

pomeron structure is involved� The Regge theory predictions are incorporated into

the Vector Meson Dominance model �VMD� �����

	�
 Monte Carlos

Two programs are currently used by H� that provide Monte Carlo implementation

of the various di�ractive models� RAPGAP ���� and DIFVM �����

RAPGAP is used for factorisable models such as those discussed in section 
�
���

It models the single pomeron exchange diagrams of gures 
���a and gure 
���b�

Higher order gluon emission is simulated with the Colour Dipole Model �ARIADNE�

���� and hadronisation by the LUND string model ����� So far there is no implemen�

tation of non factorisable exchanges or direct processes�

The program allows any pomeron �ux factor and pomeron structure function to

be chosen� Amongst the wide choice of structure functions available two have been

selected that reproduce various aspects of the data well ���� These are RAPGAP

Hard Quark �RAPHQ� and RAPGAP Hard Gluon �RAPHG�� Both Monte Carlos
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use the Streng parameterisation of the pomeron �ux �equation 
��� and the hard

pomeron structure function �equation 
����� No QCD evolution has been used so

the only diagram for the hard subprocess in RAPHQ is gure 
���a and that for

RAPHG is the photon gluon fusion gure 
���b� It should be noted that the two

Monte Carlos will lead to di�erent measured structure functions� In RAPHQ the

virtual photon interacts directly with one of the constituent quarks so � � xp� In

RAPHG the gluon with momentum xp must rst split into a qq pair� The virtual

photon interacts with one of these quarks� The momentum of the stuck parton � is

now less than xp� Hence RAPHQ has F IP
� 
 ���� �� whereas RAPHG has a softer

distribution�

DIFVM is used to produce direct process �gure 
���c� resulting in a vector

meson in the nal state� The model produces an admixture of ��

��� ��
	�� and

������� vector meson states� The mixture along with the y and Q� dependence

is taken from ts to to data from other experiments� An overview of the model

together with a comparison with H� data is given in ����

Monte Carlos of RAPHQ� RAPHG and DIFVM have been produced that include

a full simulation of the events through the H� detector�



��

Chapter �

Selection of DIS Events


�� Introduction

The DIS events at H� are classied into two groups depending on where the scattered

electron was reconstructed� The low Q� �
�� GeV� � Q� � 	� GeV�� sample is

dened as those events where the electron was found in the BEMC� the high Q�

�Q� � ��� GeV�� sample in the LAC� All the data presented in chapters � and ��

are �because of the higher statistics� for the low Q� sample� It is the selection of

these events that is described here�


�� Event Shape

The cross section for DIS is approximately proportional to y�Q
 or �� cos
��e����

where �e is the scattered electron angle� Thus the scattered electron predominantly

travels backwards in the detector with �e decreasing for increasing Q��

The hadronic nal state can be divided in two parts� the current jet and target�

or remnant jet� The current jet is formed from hadronisation about the direction

of the struck parton and the target jet from the hadronisation of the other partons

from the proton� The term �jet� is somewhat misleading� since the current jet is

not always resolved by standard jet nding algorithms and� since there may be

substantial activity in the region between the two jets� the boundary between the

jets might not be well dened�

In the detector the large boost in the proton direction means that the target jet

�The term target jet is an historical name derived from usual DIS experiments when the source
of protons was a �xed target
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travels down the beampipe and is not reconstructed in the main detector �although

see chapter � for experimental methods of probing the target jet using the forward

detectors�� The current jet generally does pass into the main detector and is well

reconstructed by the calorimeters�


�� Reconstruction of x� y and Q�

At H� the electron vector �k� in gure ���� and the hadronic nal state �p�� are well

measured� It is thus possible to measure x and Q� solely from the hadrons� solely

from the electron or from a combination of both� A large variety of combination

methods are possible� many of which result in an improvement of the resolution

in x or Q�� A detailed discussion of the electron only method� the hadron only

method and various combination methods is given in ����� Two of these methods

are described here� the electron only method and the sigma method�

The kinematic variables for the electron only method can simply be obtained by

converting equations ��	" ���� into LAB coordinates�

ye � � � E�

E
sin�

�e
�

�	���

Q�
e � �EE� cos�

�e
�

�	���

xe �
Q�

�yeEP
�	���

where E is the initial electron energy� E� the scattered electron energy� P the initial

proton energy and �e the scattered electron angle�

The electron only method gives very good resolutions in Q� �� �� �� over the full

acceptance range of the BEMC� The y resolution is good at high y but deteriorates

rapidly as y� �� because of the ye in the denominator�

��ye�

ye
� d��E��

E�ye
� �	���

At high y the measurements are made di�cult because of the e�ects of large

Initial State Radiation �ISR�� These limitations restrict the range over which rea�

sonable structure functions can be measured to ���� � y � ��� �����

The sigma method combines hadronic and electron information in a way that not

only improves the y resolution at low y but also substantially decreases the e�ects

of ISR�
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In the sigma method the initial state electron energy �E� in equations 	���	��

is replaced a value �Erec� reconstructed from the nal state� From energy and pz

conservation�

�Erec �
X
h

�Eh � pzh� � E� � pze � % � E��� � cos �e
�
�� �	���

where % �
P

h�Eh � pzh� is summed over all hadrons reconstructed in the main

calorimeter� It should be noted that % is reconstructed rather well since those

hadrons lost down the forward beam pipe have a small Eh � pzh and so do not

contribute greatly� Replacing E with Erec the kinematic variables become�

y� �
%

%� E ���� cos �e� �	���

Q�
� �

E�� sin� �e
� � y�

�	�
�

x� �
E�

P

cos� �e
�

y�
�	�	�

The y resolution is now good even at low values since�

��y��

y�
� y�

d��E��

%
� �	���

y now appears in the numerator rather than the denominator� The method allows

reasonable measurements to be made in the range ���� � y � ��
 ����� The upper

limit is made to suppress photoproduction background� where an energetic hadron

fakes an electron cluster in the BEMC�

In those events with ISR the radiated photon will almost always be lost down

the backward beam pipe and so Erec is the energy the electron has just before it

interacts with the proton� Hence the reconstructed kinematic quantities �Q�
� and

y�� are nearer the �true� values than those assuming the full electron energy �Q�
e and

ye�� This leads to an overall reduction in radiative corrections from up to � ���

using the electron only method to � �� for the sigma method �����


�� Event Selection

A low Q� DIS event is selected on the basis of a coincidence of a well measured

electromagnetic cluster in the BEMC and a hit in the BPC� Further cuts are intro�

duced to remove backgrounds� which mainly arise from photoproduction and beam

gas!wall events� Final cuts are made to restrict the data to regions where the DIS

kinematic quantities �x� Q� and y� have reasonable resolutions�
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���� Detector Cuts

	 DCLBP � � cm � Cut placed on the distance between the centre of the

cluster in the BEMC and extrapolation of the track dened by the BPC hit

and the reconstructed vertex� This ensures that the cluster and BPC hit were

due to the same particle�

	 ECRA � � cm � An electron will produce a cluster in the BEMC over a

localised region� unlike hadrons for which the cluster is generally more spread

out� Thus to minimise the possibility that a hadron from other processes

�mainly photoproduction� fakes an electron� a cut of � cm on the transverse

size of the BEMC cluster is made�

	 jXCLj � �� cm AND jYCLj � �� cm � This cut removes BEMC clusters

whose centres lie near to the triangular shaped stacks close to the beam pipe

�see gure ����� The �triangles� have been shown ���� not to be well described

by Monte Carlo�

	 RVTX � � cm � A vertex must be reconstructed in the inner trackers within

� cm of the nominal beam line� This cut therefore requires at least one well

reconstructed track� Requirement of a vertex greatly reduces non collision

background�

	 ��� cm� ZVTX ��� cm � The z position of the vertex at the distance

of closest approach must lie within values of the nominal interaction point

consistent with the spread in the vertex due to the length of the proton bunch�

This requirement further reduces non collision background�

	 RVHIT � ���� � RVHIT is the ratio of the total number of hits in vertex

constrained tracks to the total number of hits in all tracks� This cut further

reduces non collision background�


���� Kinematic Cuts

	 �
�� � �e � ���� � Limits the reconstructed electron angle so that the whole

electron cluster is within the BEMC�

	 Q� � 
�� GeV� � Limits the reconstructed Q� to values that are well recon�

structed�

	 ���������� � y � ��
����� � Limits placed on the reconstructed y for the

sigma method �electron method�� The limits represent the range in which y is
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well reconstructed and does not su�er from large photoproduction background

or radiative corrections� It should be noted that the lower limit for the sigma

method is higher than the value quoted in section 	��� The reason for this is

that some of the Monte Carlos used to compare and correct data presented in

this thesis were simulated primarily for purposes that did not require low y

data� Events with y � ����� were not simulated to save on computer time�





�


Chapter �

Selection of Di
ractive Events

�� Introduction

Di�ractive events have traditionally been distinguished from their �standard� non�

di�ractive counterparts by the observation either of an elastically scattered proton

and!or of a rapidity gap characteristically larger than for standard events� The

present H� detector has no means of identifying the elastically scattered proton " it

is almost always lost down the beampipe�� The method chosen to select di�ractive

events� therefore� is to look for a rapidity gap between the proton remnant �which

would of course be a single proton in the elastic case� and the current jet�

Di�ractive events were originally sighted at ZEUS ���� and H� ��� by examination

of energy deposits in the main calorimeter� A plot of the rapidity of the most forward

detected deposit of energy greater than ��� MeV� �max� �as shown in gure �����

shows a long tail extending to smaller values than those expected for �standard� non

di�ractive events� �max represents the rapidity of the border between the current jet

and the gap� Standard events generally have an �max very close to the edge of the

acceptance of LAC� Di�ractive events are classied as those with �max � ��	�

The calorimeter �max cut o�ers a useful method of selecting a clean sample

of di�ractive events �Monte Carlo estimates are that non di�ractive background

contribute � 
�� using very well understood detectors� It does� however� su�er

from the drawback that many di�ractive events are lost and furthermore these are

not evenly distributed in the important di�ractive kinematic variables as can be seen

in gure ��	� It was in an attempt to access the high xIP and high MX region that

a new di�ractive event selection was devised� This involved extending the range

�although the �rst station of a forward proton spectrometer �allowing tagging and energy mea�
surements� is installed and taking data for ���� running
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Figure ���� The �max distribution for the data �closed circles� and for standard DIS
Monte Carlo �CDM� shaded�

of particle detection to higher rapidity than the edge of LAC using the �forward

detectors� of PLUG� FMD� IRON �the instrumentation in the return yoke� and

PTAG and so enabling di�ractive events with much smaller gaps to be tagged� This

chapter explains the operation of the forward detectors when used to tag di�ractive

events� Reconstruction techniques are described� a Monte Carlo comparison with

the data is given and the cuts used in the nal di�ractive event selection with their

acceptances and backgrounds are given�

�� Tagging Di�ractive Events Experimentally

For an e�ective di�ractive event selection by means of a rapidity gap two objec�

tives must be pursued� the selection must have as large an e�ciency as possible for

accepting di�ractive events and at the same time e�ciently reject standard events�

Optimisation can be achieved by varying not only the size of the rapidity gap� but

also its position in pseudorapidity� As shown in gure ��� di�ractive events with a

proton remnant typically have a low particle multiplicity in the range � � � � ��

those without a proton remnant have a low multiplicity in the range � � � � 	�

whereas the non di�ractive events have large multiplicity for all � � 	�

The H� detector has the capability of detecting particles up to a rapidity of 	 as



��� Detection of High Rapidity Particles using the Forward Detectors ��

η

P
ar

ti
cl

es

η

P
ar

ti
cl

es

0
25
50
75

100
125
150
175
200
225
250

-2 0 2 4 6 8
0

50
100
150
200
250
300
350
400
450

-2 0 2 4 6 8

Figure ���� The distribution of particles as a function of pseudorapidity as obtained
from� a� the di�ractive Monte Carlo� with the solid line indicating particles from
the current jet� dark shade the elastically scattered protons and light shade particles
arising from dissociated protons� and b� the DIS Monte Carlo �CDM��

a� b�

shown in gure ���� By use of the BEMC� LAC and the forward detectors �PLUG�

FMD� IRON and PTAG� all of the rapidity interval from ���	 ��
��� to �
 ������
is covered with a minimum single particle detection e�ciency of ���� It is evident

therefore that the best possible event selection should include as many of the forward

detectors as possible �with the possible exception of PTAG� and as large an �max as

possible�

�� Detection of High Rapidity Particles using

the Forward Detectors

Figure ����a shows a typical DIS event where there is no evidence of any rapidity

gap� It can be seen that there is much forward activity� with energy deposits in the

PLUG� IRON and the very forward parts of LAC along with hits in the FMD and

IRON� The observed signals arise in two ways� Either a primary particle from the

interaction passes into the detector or else the primary particle passes inside the

beam pipe until it collides with some material �the beam pipe wall� a collimator� a

quadrupole magnet etc��� This collision generally produces a shower of secondaries�

some of which have large angles to the beam and so can pass into a detector� It is
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Figure ���� Two DIS events� a� shows large deposits of energy in the forward region�
indicating a standard DIS event� b� shows little energy in the forward region and is
thus selected as a di�ractive candidate�

a�

b�
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Figure ���� The single particle detection e�ciency for various subdetectors as ob�
tained from standard DIS Monte Carlo �MEPS�� solid line is the LAC� diagonal
lines is the PLUG� shaded is the FMD� dotted line is the IRON� cross hatched is
the PTAG�

the detection of these secondaries that allows the forward detectors to probe very

high rapidity�

By contrast a DIS di�ractive candidate is shown in gure ����b� In this case there

is very little activity in all the forward detectors implying that there is a rapidity

gap from the most forward LAC cluster �� � ��	� to � � 
�

����� Reconstruction of Signals in the Forward Detectors

The signals from the forward detectors must be reconstructed in such a way as

to maximise the chances of detecting particles and minimise the possibilities of

obtaining a fake signal caused by noise in the detectors�

The particle �ux through the FMD is almost entirely from secondaries since

it is well shielded by the IRON and LAC and the �ux of muons is very small�

The FMD su�ers only slightly from noise �� ����� hits per cell per event�� The

noise is thought to arise mainly inside the electronics of the readout system� Hits

from a charged particle can easily be distinguished from noise hits since a charged

particle will usually give a hit in both sublayers of a layer� whereas noise is randomly

distributed� It has been found that reconstruction up to the pairing level is su�cient
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to almost entirely get rid of noise hits� Pairs are dened as any two hits found in each

sublayer of a layer that are separated by no more than � cm in the drift coordinate

�Y ��� Further constraints are that a hit cannot be used to make more than one

pair and no more than one hit from each cell can be used� The latter constraint

is introduced because a single pulse of irregular shape �which is not described by

the Monte Carlo� can give rise to more than one reconstructed hit� There is little

to be gained from attempting to use the separation of the layers in Z to access

di�erent regions of rapidity so the total number of FMD pairs is summed� NFMD�

It should be noted that reconstruction up to the segment level is also possible� but

will necessarily reduce e�ciency since particles are not geometrically constrained to

pass through more than one layer�

No non standard reconstruction was found to be necessary for the PLUG� After

noise suppression the signals are converted into an energy measurement per channel�

Since the PLUG occupies a small bite in rapidity no attempt has been made to use

the PLUG�s segmentation� Instead the total PLUG energy is taken� EPLUG�

The IRON has both tracking and calorimetric capabilities� It is the tracking

that is of more use for the present purposes� since secondaries are found to have

very low energies and so can produce a hit without signicant energy deposits over

background levels� No attempt has so far been made to reconstruct the hits in the

muon chambers of the IRON into segments� Instead the total number of hits found

in the forward iron endcap is summed� NIRON �

PTAG su�ers from almost no noise� It is therefore su�cient to sum the total

number of scintillators that re� NPTAG�

����� Determination of Residual Noise

As explained in the previous section e�orts have been made to ensure that the

reconstructed quantities are as free from noise as possible� There will still� however�

be a residual amount of noise left after reconstruction� This section explains how

this residual level is determined and what lower limits placed on the reconstructed

quantities to distinguish between a signal consistent with noise and one consistent

with particle detection�

The amount of noise for each detector was found using a random trigger which

coincided with a lled electron and proton bunch� The chance of a collision or beam

�This is a looser cut than that used for muon reconstruction �see section 	�
�	� since these
secondaries can have much larger angles than muons from the interaction
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Figure ���� Signals as recorded by the forward detectors for ���� random trigger
events

gas event in this sample is very small� The results can be seen in gure ���� On

the basis of these plots the following cuts were made to distinguish between a signal

consistent with noise and a signal consistent with detection of particles from the

interaction �secondary or primary�� At least one particle is dened to be have been

detected in an event if�

EPLUG � � GeV OR
NIRON � � OR
NFMD � � OR
NPTAG � �

These cuts will not� however� completely remove noise� Table ��� shows the

chance of misidentifying events of a sample consisting totally of events where no

particle travelled in the forward region for each of the cuts�

Noise is added to Monte Carlos by adding the signal obtained from a random

trigger real data event to the signal obtained from the Monte Carlo�
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Cut Fraction
EPLUG � � GeV �����

NIRON � � �����
NFMD � � �����
NPTAG � � �����

Table ���� The fraction of events in which a signal would be obtained from noise
alone for each of the cuts given� Data used was a sample of ���� random trigger
events

�� Monte Carlo Comparison

It is important to check that the forward detectors are well described by the Monte

Carlos� since any physics analysis will rely on Monte Carlos to unfold acceptances

and backgrounds� Large signals are to be expected from standard DIS events so it is

with this event class that Monte Carlos are compared� An inference that di�ractive

events are also well described is then made�

Discrepancies between the data and the standard DIS Monte Carlos can arise

because of three main reasons� the simulation of the subdetector or surrounding

region may be inadequate� the underlying physics of the Monte Carlo may not

describe the data� or the background events �including di�ractive events� have been

treated incorrectly� An attempt has been made to quantify the e�ect of each of these

possibilities by varying the sophistication of the simulation� using two independent

DIS models� and substantially changing the di�ractive�non di�ractive Monte Carlo

mix�

����� Forward Beampipe Region Simulation

There are two versions of the simulation code �H�SIM� considered here� versions ����

and ����� Version ���� is a better approximation to the actual beampipe than �����

with many omissions included� A comparison of results obtained with each version

is useful to understand what e�ect non perfect simulation has on the e�ciencies of

the forward detectors�

Version ���� simulates the forward detectors and their very near surroundings

very well� There are however several omissions� A collimator forward of the PLUG

�C��� one inside the FMD �C�� and one forward of the FMD �C�� are not included�

The collimators are pieces of metal inserted into the beampipe to protect the H� de�
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tector from synchrotron radiation from the electron beam� They include mechanics

�to allow movement in and out of the beam� and are surrounded by lead shielding�

A constriction in the beam pipe in the region of C� is absent and the beampipe

wall for a length of about �� cm near C� is missing �probably due to an error in the

simulation code��

Version ���� includes descriptions of the collimators C� and C�� their casings�

the lead shielding and missing the beam pipe� Collimator C� is� however� still not

present�

����� DIS Models

The two main non di�ractive DIS Monte Carlos used by H� are compared in this

analysis� the Colour Dipole Model �CDM� ��
� and the Matrix Elements plus Parton

Showers �MEPS� ��	�� Both have been constrained to t the structure function

F��x�Q�� as measured by H� from ���� data �the MRSH� parameterisation� �����

����� Control Plots

Plots of the reconstructed signals of each detector are shown in gures ��� and ��


for a sample of data where it is expected that there is little di�ractive contribution�

From these it can be seen that the FMD is well described by both models� The

PLUG can be well described if a constant energy scale factor is introduced� by the

CDM Monte Carlo� but even with the scale factor MEPS shows too many events

with low energy� This result is expected since energy �ow measurements with the

LAC ���� show that the MEPS Monte Carlo produces about �� � too little energy in

the forward region� whereas CDM describes the energy �ows quite well� The IRON

is not well described by the Monte Carlo� there are far more hits in data than in

either Monte Carlo� PTAG shows a fairly large deviation from the data�

����� Detector E�ciencies

In an attempt to quantify the level of agreement between Monte Carlo and data

an e�ciency for the rejection of standard DIS events has been calculated for each

detector� making use of correlations between detectors �i�e� comparisons of the rate

at which one detector gives a signal compared to two detectors simultaneously giving

�This is to be expected since no test beam calibration has been performed on the PLUG so the
energy scale used in the Monte Carlos is to some extent arbitrary�
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Figure ���� Comparison of data with CDM �SIM ������ The closed circles are data
points� The solid line is Monte Carlo data� The PLUG energy is shown rescaled by
a factor of ��� �solid line� and not rescaled �dotted line�� The data were selected
using the sigma method of event selection with the additional cut of �max � ��� to
suppress di�ractive events
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Figure ��
� Comparison of data with MEPS �SIM ������ The closed circles are data
points� The solid line is Monte Carlo data� The PLUG energy is shown rescaled by
a factor of ��� �solid line� and not rescaled �dotted line�� The data were selected
using the sigma method of event selection with the additional cut of �max � ��� to
suppress di�ractive events
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signals�� A procedure has been used to allow the fraction of di�ractive events to vary

as a free parameter� The method gives several reasonably independent measures of

e�ciency for each detector� It should be noted that the e�ciencies are only valid for

the reconstruction cuts given in section 	��� They will certainly vary with xBJ � Q��

Their usefulness lies in that a perfect Monte Carlo would give the same e�ciencies

as the data� Any disagreements must be put down to Monte Carlo inadequacies�

A full explanation of the technique is described in appendix A� A summary of

the results are shown in table A��� The results show that the method of extraction

of the e�ciencies is independent of the Monte Carlos used as an input �either the

model� the sophistication of the simulation or the di�ractive proportion��

The Monte Carlo e�ciencies for the PLUG� FMD and LAC are in good agreement

�� ��� with the data for all model!simulation combinations� The only exception

is the FMD which shows a slightly higher e�ciency for SIM ����� A separate in�

vestigation has shown that this e�ect is wholly due to the absence of the �� cm

section of beam pipe in SIM ����� which gave low energy particles a greater chance

of escaping into the FMD� The addition of the collimators makes little di�erence

to the overall e�ciency� As indicated by the control plot �gure ���� rescaling the

PLUG energy by ��� gives a better agreement for CDM� although for MEPS the

disagreement is worst� The scale uncertainty in LAC ���� at ��� MeV� has little

e�ect on the e�ciencies�

The other two detectors �IRON and PTAG� do not seem so well described by

the Monte Carlos� As would be expected from observation of the control plot� large

di�erences between the e�ciencies for data and Monte Carlo were found� These

di�erences do not signicantly alter by a change in DIS model and so would seem

to indicate that there is an inadequacy in the simulation of the detectors� This

supposition can be further supported for the IRON since it covers a similar rapidity

interval as some of the other forward detectors� which do not see any excess� The

supposition for PTAG� having no other detector near� is less certain� especially since

the theoretical uncertainties are substantial in the target jet region�

�� Final Selection

It is now possible to summarise the results of this chapter by giving a set of di�ractive

event selections� For the reasons given in the previous section the IRON is not well

described by the Monte Carlos so is not used in the nal selection cuts� PTAG

is slightly better described� although not perfectly� It is included in the selections
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since it is unique amongst the detectors in allowing a measurement of the fraction

of events with proton dissociation� Whenever it is used a systematic uncertainty of

��� in its e�ciency should be incorporated into any physics analysis�

Each selection has its advantages and disadvantages and no one is suitable for

all types of physics analysis� The variation in the acceptance of each of the cuts as

a function of several kinematic quantities is shown in gure ��	 and the estimated

fraction of non di�ractive background is shown in table ���� The acceptances were

estimated using the di�ractive Monte Carlo mix of section ����� The backgrounds

were estimated by taking the fraction of the number of events obtained from data

to that obtained from the standard DIS Monte Carlo for each di�ractive selection�

with the Monte Carlo normalised to the data for �max � ���� It is recommended that

CDM should be used to estimate the standard DIS background and the uncertainty

in the DIS background estimated by taking the di�erence between the backgrounds

obtained from MEPS and CDM� The selections are as follows�

	 ETAM " �max � ��	

	 FWDA "
�max � ��� AND

NFMD � � AND
EPLUG � � ����� GeV

	 FWDA� "

�max � ��� AND
NFMD � � AND
EPLUG � � ����� GeV AND
NPTAG � � ���

	 FWDB� "
NFMD � � AND
EPLUG � � GeV AND
NPTAG � � ���

where the brackets indicate the values to be taken for Monte Carlo data to par�

tially correct for the apparent scale di�erence in the PLUG energy and the observed

e�ciency di�erence for PTAG� The selections marked with an asterisk �i�e� those

including PTAG� are used to anti�select events in which the proton dissociates� The

non asterisked selections are used to select a complete sample of di�ractive events�
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Selection CDM MEPS
ETAM ���
 ����
FWDA ���	 ����
FWDA� ���
 ����
FWDB� ���� ����

Table ���� The estimated fraction of standard DIS background for the various di�rac�
tive selections� Data were selected using the electron method�
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Chapter �

Measurement of the Di
ractive

Proton Structure Function

���� Introduction

The measurement presented in this chapter is not for the full structure function but

restricted to
R
FD
� �x�Q

��xIP � t� dt� which for reasons of brevity shall be written as

FD
� ��� xIP � Q

��� With the present apparatus it is not possible to detect the elastically

scattered proton and so t cannot be determined� It might be suspected that the ��

momentum of the proton could be inferred by a measurement of the remaining

system �the scattered electron and hadrons� but� since the energy loss of the proton

is generally much less than the energy resolution of the detector� such a measurement

gives virtually no information about t�

The structure function is obtained by converting the measured cross section using

equation 
�� which� after integration over t� becomes�

d���xIP � x�Q��

dxIP dx dQ�
�
���

xQ�
�� � y �

y�

��� �R�
�F�

D��� xIP � Q
�� ������

or via a Jacobian transformation�

d����� x�Q��

d� dx dQ�
�

���

��Q�
��� y �

y�

��� �R�
�F�

D��� xIP � Q
�� ������

As yet there is no experimental information or theoretical calculations of R for

di�ractive DIS� For this reason R is set to zero for all x� Q� and �� Once R has

been measured or calculated it will be straightforward to convert the measurement

presented here� It should be noted that if R turns out to be of the same order as

the calculation made for F P
� �x�Q

�� ��� then the points will not change their value

by more than � � � i�e� rather small when compared to the statistical errors on the

measurement�
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The data for this measurement were selected using the FWDB cuts dened in

section ��� and so the structure function presented represents the total di�ractive

cross section �elastic proton plus proton dissociation�� The data were taken in the

���� running period for a total integrated luminosity of �
� nb�� and restricted to

the low Q� �i�e� BEMC selected� data sample�

���� Kinematic Variable Reconstruction

Chapter 	 describes how the standard DIS variables x and Q� are reconstructed� For

this analysis the structure function is calculated with both the electron and sigma

methods since each method has rather di�erent systematic errors� The results from

the two methods are then compared�

� and xIP are determined from the standard DIS variables and the invariant mass

of the hadrons�

� � Q�

Q� �M�
X

� ������

if Q� is large �� � GeV�� and�

xIP �
x

�
� ������

MX is determined from information from the calorimeters �LAC� BEMC and TC��

M�
X �

X
�pc�

� � �Xpc�
�� ������

where pc is the ��momentum vector of each calorimeter cluster and the sum is over

all clusters apart from that belonging to the scattered electron�

���� Bin Selection

The di�ractive cross section is determined by nding the number of events in a bin

in x� Q� and � space� The bin measurement is then converted to a cross section

at a point somewhere within the bin using a Monte Carlo with a structure function

that is similar to that measured� The bins were selected to be of a su�cient size

such that the level of smearing �i�e� reconstruction of the event in the wrong bin

due to imperfect detector resolution� was tolerable and that there was a reasonable

number of events in most bins�
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The accessible range in x and Q� is dened by the angular coverage of the BEMC

and� as explained in chapter 	� limited to those values where radiative corrections�

photoproduction background and resolutions are not too large� The kinematic region

is further restricted by placing an upper limit on xIP � This cut is introduced because

the acceptance of the forward cuts becomes poor at large xIP as shown in gure ��	�

The complete set of kinematic cuts is as follows�

���� � �e � �
�� ������

���������� � y � ��
����� ����
�

Q� � 
�� GeV� ����	�

xIP � ��� ������

for the sigma �electron� method� The projection of the kinematic volume onto the

x�Q� plane is shown in gure ����

The kinematic volume is subdivided into bins dened with x and Q� limits

shown in table ���� and the � limits shown in table ����� The kinematic cuts

�equations ���������� mean that some bins are non rectangular as can be seen in

gure ����� The bins in x and Q� were chosen following closely those used for the

���� F P
� �x�Q

�� measurement ���� which had a similar total number of events as the

present analysis� The bins in � were chosen so as the e�ects of smearing were reduced

to a minimum� The upper limit on � ���	� ensures that the majority of direct �� � ��
vector meson states are not selected� These events are produced as resonances and

so� although the total cross section can straightforwardly be calculated� conversion

to a structure function at a measured point is problematical� The small number

of vector meson states that migrate into the selected bins are accounted for by the

smeared acceptance correction as dened in section ������� With this selection all

bins were checked with the di�ractive Monte Carlo and found to have adequate

resolutions in x� Q� and �� which for this analysis is dened to be less than the bin

size� Figure ���� shows how the average resolutions vary as a function of each of the

kinematic quantities�

The point where the structure function is quoted� the �bin centre�� is included in

tables ���� and ����� This is chosen for each bin to be far from the bin edges and

close to the point where the assumed structure function �i�e� that from the di�ractive

Monte Carlo� equals its mean value across the bin�
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Q�
centre xcentre Q�

low Q�
high log�xlow� log�xhigh� Method

	�� ������� 
�� ���� ���
� ����� SE
	�� ������� 
�� ���� ����� ����� SE
���� ������� ���� ���� ���
� ����� S
���� ������� ���� ���� ����� ����� SE
���� �����
� ���� ���� ����� ����� SE
���� ������� ���� ���� ����� ���
� SE
���� ������
 ���� ���� ���
� ����� SE
���� ������� ���� ���� ����� ����� S
���� �����
� ���� ���� ����� ����� SE
���� ������� ���� ���� ����� ���
� SE
���� ������
 ���� ���� ���
� ����� SE
���� ������� ���� ���� ����� ����� SE
���� ����
�� ���� ���� ����� ����� S
���� ������� ���� 
��� ����� ���
� SE
���� ������
 ���� 
��� ���
� ����� SE
���� ������� ���� 
��� ����� ����� SE
���� ����
�� ���� 
��� ����� ����� SE
���� ������� ���� 
��� ����� ���
� S

Table ����� The bin centres and boundaries in x and Q�� The column �Method�
refers to which of the two kinematic variable reconstruction methods is used in that
bin� �E� is the electron method and �S� is the sigma method� Q� values are in GeV��

�centre �low �high
����� ���� ����
���
� ���� ����
���
� ���� ����
����� ���� ��	�

Table ����� The bin centres and boundaries in ��
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���� Monte Carlo Selection

Monte Carlos must be used in this analysis to estimate acceptances� backgrounds

etc� It is� therefore� important that the Monte Carlos used describe the real data

as closely as possible� Out of several available di�ractive parameterisations a choice

has been made of�

��� RAPGAP hard gluon�
��� RAPGAP hard quark�
	� di�ractive VMD�

As can be seen in gure ���� this mixture describes the control distributions very

well� Of course this prescription will not match the true structure function exactly�

Section ���� describes the procedure by which the systematic error on the measured

structure function due to changes to the input Monte Carlo is calculated� This

Monte Carlo has two limitations that must be accounted for separately in the mea�

surement and systematic errors� there is no implementation of QED radiation or

proton dissociation�

For non�di�ractive background determination a Monte Carlo was used based on

the CDM model with a structure function �MRSDH�� obtained from a t to the

F P
� �x�Q

�� using ���� H� data ����� This model has also been shown to describe

energy �ows in the acceptance region of the main calorimeter very well ���� and so

would be expected to reproduce the background well� To assess the e�ect of a change

in DIS model a model which does not describe the energy �ows� MEPS �again with

MRSDH��� is used �����

���� Determination of FD
� ��� xIP � Q

��

The Born cross section for a bin in Q�� x and � can be determined from the measured

number of events in the bin� N � by the following equation�

d���x�Q�� ��

dx dQ� d�
� �N �NBAC� � �

BV O
� �

ACC
� �

PDI
� �
�
� �
L
� �

�� � ��
�������

where�

	 NBAC � the total number of background events

	 BV O � the corrected �volume� of the bin in x�Q��� space� It allows a con�

version of the bin measurement to a value at a quoted point�
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Figure ����� Comparison of the di�ractive Monte Carlo with uncorrected data� Left
is shown the signal obtained without background subtraction �closed circles� and the
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	 ACC � the smeared Monte Carlo acceptance correction� made to correct for

detector losses and migration of events between bins�

	 PDI � the proton dissociation correction� made to correct for events lost due

to particles passing into the forward detectors as a result of proton dissociation�

	 � � trigger e�ciency�

	 L � the integrated luminosity�

	 � � the radiative correction� made to convert the measured radiative cross

section into the Born cross section� The Born cross section is that that would

be obtained if there were no QED radiation�

The remainder of this section explains how each of these quantities is determined�

����� N � Number of Di�ractive Candidates

The rst stage of event selection is a selection of a clean sample of DIS events

using either the sigma or electron selections described in chapter 	� The di�ractive

events are picked out of the DIS selection using the cuts of FWDB �as described in

section ����� This selection gives a reasonable acceptance and a low non di�ractive

background level� It cuts few proton dissociation events so the measured number of

events can be corrected to the total �proton dissociation plus elastic� cross section�

����� NBAC � Non Di�ractive Background

The primary source of background is standard non di�ractive DIS events� An es�

timate of this contribution is made using the CDM Monte Carlo with the number

of events normalised to that found in data after DIS selection cuts and a further

cut of �max � ��� to suppress the number of di�ractive events� The standard DIS

Monte Carlo is then put through the same DIS and di�ractive cuts �FWDB� as for

the data and the number of events per bin recorded�

The other main sources of background are beam�gas and photoproduction with a

faked electron cluster in the BEMC� The number of beam�gas events was estimated

from the real data by examination of the electron and proton pilot bunches and that

from photoproduction by Monte Carlo simulation� Both were found to be negligible

��� ��� when compared to the statistical errors on the measurement� Full details
of this analysis can be found in �����
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�� ���

����� ACC � Smeared Acceptance

The smeared acceptance is given by�

ACC �
NMC
rec

NMC
true

� �������

whereNMC
rec is the number of events reconstructed in the bin after all cuts and NMC

true is

the number of generated events in the bin after the kinematic cuts of equations �����

���� have been made� Data is taken entirely from the di�ractive Monte Carlo�

For a perfect detector ACC would take the value of �� ACC takes into account

event losses �i�e� where an event is not reconstructed as a di�ractive DIS event at

all� and smearing between bins �i�e� where an event is generated in one bin but is

reconstructed in another��

����� PDI � Proton Dissociation Correction

The number of events lost due to proton dissociation was estimated from the data by

comparing the total number of di�ractive candidates �after background subtraction

and a correction made for losses due to noise� obtained with the ETAM selection

alone� NE� and that obtained with the ETAM and FWDB together� NE�F � so�

PDI �
NE�F

NE

� �������

Monte Carlos predict that there is only a very small chance of a particle from the

dissociated proton reaching the LAC so ETAM has the same chance of selecting a

proton dissociation event as an elastic proton event� The value obtained is�

PDI � ���� � ����� �������

where the systematic error mainly arises from uncertainty in the standard DIS back�

ground contamination� There is no experimental or theoretical evidence that PDI

varies as a function of the kinematic variables�

����� BV O � Corrected Bin Volume

BV O is determined entirely from the di�ractive Monte Carlo� It is dened as�

BV O �

R
bin

d����	x	Q�
d� dx dQ� d� dx dQ�

d����c	xc	Q�
c

d� dx dQ�

� �������

where xc� Q�
c� and �c are the values at the quoted bin centre�
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����� � � Trigger Ine�ciencies

The Monte Carlo used does not include any losses due to the acceptance of the H�

trigger� The e�ciency of the trigger is estimated at ��		 � ����� with extra losses
of not more than �� � for �e � �
���� and E� � ���� GeV� These extra losses do

not change the value of the structure function at any measured point by more than

� �� Further details of the calculation of the extra losses can be found in ����

����	 � � Radiative Corrections

The radiative corrections were calculated using a recent version of the ARIADNE

Monte Carlo ����� which includes di�ractive event generation� with an interface to

HERACLES ���� which generates the radiative events� The calculations were made

only for the electron method of event selection� since the radiative corrections for

the sigma method are estimated to be less than � � i�e� negligible when compared

to the statistical errors on the measurement� The calculations were performed by

�����

���� Systematic Errors

The various contributions to the systematic error on each data point were estimated

as follows�

	 BAC � Uncertainty in non di�ractive DIS background� found by taking the

di�erence between the structure function obtained with NBAC determined by

CDM and MEPS Monte Carlos�

	 ACB � Error in acceptance due to uncertainty in the � distribution of the

input di�ractive Monte Carlo� This is calculated by changing the �hardness�

of the Monte Carlo by an amount shown in gure �����a� This is achieved by

reweighting the Monte Carlo cross section with the function�

�
�

g
� g�� � g� �������

where g is � for the default� ��� for the harder distribution and � for the softer�

ACB is taken as half the di�erence between the structure functions obtained

with ACC calculated using the harder and softer input distributions� It should

be noted that this error includes any uncertainty in the fraction of direct
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Figure ����� A comparison of the data �closed circles� with the di�ractive Monte
Carlo unweighted �solid line� and reweighted �dotted lines� to re�ect the estimated
uncertainty in a� the hardness of the � spectrum and b� the xIP dependence�

a� b�

processes �VMD� in the data since the reweighting will change this fraction in

the Monte Carlo by a factor of approximately ��

	 ACX � Error in acceptance due to uncertainty in the xIP distribution of the

input di�ractive Monte Carlo� This is calculated by changing the slope in the

input Monte Carlo by an amount�

�

x����
IP

�������

ACX is taken as half the di�erence between the structure functions obtained

from each of the the slope changes�

	 ACF � Error in acceptance correction due to uncertainty in the hard sub�

processes of the production of the hadronic nal state� The number of events

estimated to be lost by the FWDB selection can vary depending on the model

assumed for the hard subprocesses� ACF is taken as the di�erence in the ob�

tained structure function if the input Monte Carlo were all gluon initiated or
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all quark initiated�

ACF � jN
G
FWDB

NG
� NQ

FWDB

NQ
j��N

Q
FWDB

NQ
� � FD

� � �����
�

where �for RAPGAP hard gluon� NG is the number of events per bin recon�

structed with DIS cuts but no di�ractive selection and NG
FWDB is the number of

events per bin reconstructed with DIS and FWDB cuts� and similar denitions

for RAPGAP hard quark� This denition of ACF avoids any contributions

due to bin smearing� which are accounted for in other systematic errors�

	 ACR � Error in acceptance due to uncertainties of the amount of radiative

smearing� The di�ractive Monte Carlo used in the acceptance calculation does

not have an implementation of QED radiation� Events with radiation will not

necessarily be reconstructed in the correct bin and so result in a di�erent

acceptance correction� The error arising from the absence of radiative events

in the Monte Carlo is calculated by comparing the di�erence in acceptance

obtained from two standard DIS Monte Carlos generated with and without

radiative events for each x�Q� bin� The error is then applied to each of the �

bins that share the same x and Q��

	 ELA � Error due to the ��� energy scale uncertainty of the LAC� This is

estimated by nding the fractional change in the number of reconstructed

di�ractive Monte Carlo events per bin before and after changing the energy

scale assumed in the reconstruction�

	 EBE � Error due to the ���� energy scale uncertainty of the BEMC� Deter�

mined in a similar way as for ELA�

	 ETH � Error due to uncertainty in the measurement of �e of � mrad� Deter�

mined in a similar way as for ELA�

	 ERA � Error due to uncertainty in the radiative correction� This is taken as

the di�erence of the structure function calculated with and without the full

radiative correction�

	 BSB � Error in the corrected bin volume due to uncertainty in the � distri�

bution� Estimated by taking the di�erence in the obtained structure function

with BVO calculated using a hard quark distribution �F IP
� 
 ���� ��� and a

�at distribution �F IP
� 
 �� which seems to t the data better� see gure �����

	 BSX � Error in the corrected bin volume due to uncertainty in the xIP slope�

Estimated by taking the di�erence in the obtained structure function with

BVO calculated using the Streng parameterisation �equation 
��� with � � ���


and � � �����
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	 OVE�Overall normalisation uncertainty� Certain systematic a�ect all points

data point equally� The estimated contributions are�

� � � Uncertainty in the measurement of luminosity�
� � � Uncertainty in losses due to detector noise�
� � � Uncertainty in PDI calculation�

���	 The Di�ractive Proton Structure Function

FD
� ��� xIP � Q

�� is shown in gure ����� plotted as a function of xIP at �� di�erent

�Q���� combinations for both the electron and sigma analyses� It was observed that

in those bins where the acceptance was low a high proportion of points had greater

than ��� � systematic error� indicating that with present understanding no useful

measurement can be made for bins with low acceptance� For this reason all bins

with ACC � ��� are not shown in gure ���� or included in subsequent plots or

tables� Also removed from subsequent plots and tables are those points from the

� � ������ Q� � �� GeV� bin� The level of statistics is so low that all points are

consistent with zero and no useful structure function measurement can be made�

It can be seen from gure ���� that there is very good agreement between the

electron and sigma methods� It was observed that in most bins the sigma method

had a lower overall systematic error and it also covers a wider kinematic range�

There was thus little gain in combining the results� Instead the nal set of values

�listed in tables ���� and ����� are those obtained solely from the sigma method�

Figure ���
 shows a t to the measured values of the form�

FD
� ��� xIP � Q

�� �
A���Q��

xnIP
�����	�

where A is allowed to vary as a function of � and Q� and n is constrained to be a

constant for all �� Q� and xIP � This function gives reasonable �� values for all � and

Q� showing that within the errors FD
� has the same xIP dependence for any � and

Q� i�e� the data agree with the ansatz of factorisation� The result of the t is�

n � ���� � ����� ����� �������

A similar t to the electron method selected data showed results in good agreement�

n � ���
 � ���
� ����� �������

The systematic errors on n were estimated by making a remeasurement of the

structure function after each of the possible changes described in section ���� was
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performed and retting� The total systematic error was found by summing in

quadrature the di�erences between the slope obtained from each change and the

value obtained without changes� The value of n obtained is in good agreement with

the predictions made from the di�ractive models �see section 
�
���� indicating that

the dominant mechanism for the production of the observed rapidity gaps is indeed

di�raction�

Since the results show no deviation from factorisation it is possible to extract the

pomeron structure function� The theoretical denitions of F IP
� given in section 
�
��

are not used since they require an assumption of the normalisation of the �ux factor�

Instead the quantity &F IP
� is dened such that�

&F IP
� �

Z x
high
IP

xlow
IP

FD
� ��� xIP � Q

��dxIP � �������

so that�

&F IP
� �

A���Q��

n � �
n
�xlowIP �

��n�� � �xhighIP ���n��
o
� �������

if the structure function is assumed to follow the form of equation ����	� &F IP
� is

equal to the theoretical denitions of F IP
� apart from a constant scale factor� The

values used for the limits of the integration were chosen so that the xIP range was

approximately the same as the range of the data points� The limits are�

xlowIP � ���� �������

xhighIP � ���� �������

&F IP
� is shown plotted as a function of Q� in gure ���	 and � in gure ����� The

results are consistent with a �at Q� dependence i�e� are consistent with scaling and

the assumption of a partonic content to the pomeron� The � dependence is �at

within errors� but also consistent with a hard pomeron structure function with an

indication of an enhancement at lower �� This enhancement could well be due the

�sea� produced by QCD pair production diagrams� It can be seen that the data

clearly forces the soft pomeron structure function to be rejected�
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Figure ����� FD
� ��� xIP � Q

�� plotted as a function of xIP for various � and Q� values�
Filled circles correspond to data selected using the sigma method� Open circles
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Table ����� FD
� ��� xIP � Q

��� ST is the statistical error� SY is the total systematic
error� N is the number of events in the bin� NBAC is the estimated number of
background events in the bin� ACC is the smeared acceptance� Not included in the
errors is an overall normalisation uncertainty of 	 �� Q� values are in GeV��
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Figure ���
� FD
� ��� xIP � Q

�� plotted as a function of xIP for various � and Q� values�
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Summary

It has been shown that the forward muon detector is well understood and capable of

performing its required function at H�� Methods have been demonstrated that allow

the drift velocity and T� of the chambers to be determined� Each quantity was also

determined using an independent approach with results in good agreement� The

drift chamber layers were aligned by a procedure based upon muons traversing the

detector� The spacial resolutions of the chambers were measured and shown to be in

good agreement with expectations� The momentum resolution was determined using

a Monte Carlo simulation of the detector� Results were presented demonstrating that

useful momentum measurement was possible up to ��� GeV�

A new di�ractive event selection was introduced utilising information from the

forward detectors and main calorimeter� This selection was shown to have a better

acceptance and allowed a much greater accessible kinematic range than the previous

selection used at H�� A comparison of Monte Carlo predictions of the performance

of each subdetector with data was presented�

The new di�ractive event selection was used to make a measurement of the

di�ractive proton structure function� FD
� ��� x�Q

��� over a range ������� � x �

������ 	�� GeV� � Q� � �� GeV� and ����� � � � ����� The data were consistent

with an xIP dependence independent of Q� and � of x���������������
IP i�e� the data

show no deviation from the ansazt of factorisation� The data show an F IP
� ���Q

��

dependence consistent with a hard ����� �� or �at � dependence� There is strong

disagreement with the soft ��� � ���� dependence�
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Appendix A

Forward Detector E�ciencies

A�� Introduction

This section outlines the method used to extract the e�ciency for the rejection of

standard DIS for the LAC and each of the forward detectors� The e�ciencies can

then be compared to Monte Carlo e�ciencies and decisions made independently for

each subdetector on its suitability as a di�ractive tagger and how well it is described

by the Monte Carlo� Since it is at present not possible to isolate a sample of DIS

events containing no di�ractive events a system has been devised which measures

the fraction of di�ractive events as well as the e�ciencies�

A�� Method

Consider a detector� labelled i� for which a signal is obtained for a fraction� Ei� of

standard DIS events� Di for di�ractive DIS events and Fi for the total DIS sample�

The detector is considered suitable as a di�ractive veto only if�

Ei �� Di �A���

If the fraction of standard DIS events in the total event sample is g then�

Fi � gEi � ��� g�Di� �A���

with the same result holding for another detector� j �

Fj � gEj � ��� g�Dj � �A���

It should be noted that Fi is directly measurable from the data but Ei and Di are

not�
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If it is assumed that the e�ciencies of the two detectors are independent �as�

sumption �� then�

Fij � gEiEj � ��� g�DiDj � �A���

where Fij is the fraction of events where a signal is obtained in both detectors�

Consider a Monte Carlo made up of a mixture of standard DIS events and di�rac�

tive DIS events of proportions gMC and � � gMC�

Fi
MC � gMCEi

MC � ��� gMC�Di
MC �A���

Fj
MC � gMCEj

MC � �� � gMC�Dj
MC �A���

Fij
MC � gMCEi

MCEj
MC � �� � gMC�Di

MCDj
MC� �A�
�

where the superscript MC indicates Monte Carlo data� Subtracting equations A���

A�� and A�
 from equations A��� A�� and A�� respectively and assuming terms

containing D are small and so can be ignored �assumption ���

�Fi � Fi � Fi
MC � gEi � gMCEi

MC �A�	�

�Fj � Fj � Fj
MC � gEj � gMCEj

MC �A���

�Fij � Fij � Fij
MC � gEiEj � gMCEi

MCEj
MC �A����

Now we have � equations with three unknowns Ei� Ej and g �F s are measured

in the data and all Monte Carlo quantities are known��

Ei �
�Fij � gMCEi

MCEj
MC

�Fj � gMCEj
MC �A����

�A����

Ej �
�Fij � gMCEi

MCEj
MC

�Fi � gMCEi
MC �A����

�A����

g �
��Fi � gMCEi

MC�

Ei
�A����

Thus if the assumptions made are valid then this method makes it possible to extract

the e�ciencies of the two detectors and the fraction of standard DIS events from the

data independently of the Monte Carlo e�ciencies or the assumed event fraction� If

the number of subdetectors investigated is increased the set of equations becomes

over constrained� for three subdetectors we get � equations with four unknowns�

for four subdetectors �� equations with � unknowns and for ve subdetectors �the

actual case� we get �� equations with � unknowns� It is thus possible to cross check

the results obtained�



A��� Results ��


The assumptions made in the above derivation might seem too simplistic� It

would seem obvious� for example� that an event in which a large amount of energy

was deposited in the forward LAC would have a much larger chance of also depositing

energy in the PLUG than the assumption of independent e�ciencies would imply�

The problem is dealt with by the subtraction of the corresponding Monte Carlo

quantities� If equation A�� were upgraded by the introduction of extra correlation

terms then equation A�
 must also be upgraded� By making the subtraction to

produce equation A��� it would be expected that most of the correlation terms

cancel� The same argument is used to justify assumption �� If the di�ractive terms

are non negligible for the data equation then they will be very nearly cancelled by

the Monte Carlo subtraction� The cross check provides further evidence that the

assumptions are valid�

A�� Results

The data were selected using the DIS cuts described in section 	�� for the sigma

method� There was no anti�selection of di�ractive events� The e�ciencies and stan�

dard DIS fraction were measured using a variety of input Monte Carlos and a range

of possible input standard DIS fractions �gMC�� The results are shown in table A���

Each of the quantities shown for real data is the mean of all possible measurements

that could be made from the set of over constrained equations� The quoted error

on each measured quantity is the r�m�s spread of all the possible measurements and

not the error on the mean� The error thus includes the statistical and systematic

contributions� Also included in the table are the results obtained by rescaling the

PLUG energy in the Monte Carlo by ��� and recscaling the LAC energy by ��
��
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Model CDM MEPS CDM CDM CDM CDM MEPS CDM
SIM ���� ���� ���� ���� ���� ���� ���� ����
Special PLUG PLUG LAC

Rescale Rescale Rescale

gMC �� �� �� 	� ��� �� �� ��
g �� � � �� � � �� � � 		� � �� � � � � �

EMC
f 
� 

 	� 
� 
� � � �

Ef 
� � � 

 � � 
	 � � 
	� � 
� � � � � �

EMC
p 	� 
	 	� 	� 	� 
� 
� �

Ep 	� � � 	� � � 	� � � 	�� � 
� � � 	� � � 	� � � �

EMC
l 	� 	� 		 	� 	� � � 	


El 	� � � 	� � � 	� � � 	�� � 	� � � � � 	� � �
EMC
i 
� �� �� 
� 
� � � �

Ei 	� � � 	� � � 	� � � 	�� � 
	 � � � � �

EMC
t �� �� �� �� �� � � �

Et �	 � � �	 � � �� � � ��� � �
 � � � � �

Table A��� E�ciencies of the forward detectors� Subscript f refers to the FMD�
subscript p refers to the PLUG� subscript l refers to the LAC� subscript i refers to
the IRON� subscript t refers to the PTAG� Quantities measured for real data are
shown with no superscript� Quantities obtained from the Monte Carlos are shown
with superscript MC�
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