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Chapterr 2
ZEUSS a Detector for HERA
2.1.. Introduction
Thee charged current ep cross section presented in this thesis was measured using
thee ZEUS detector. The ZEUS detector is one of four detectors situated at the
HERAA accelerator, at the DESY laboratory located in Hamburg, Germany. In
thiss chapter the HERA accelerator and the ZEUS detector will be described.
Thee description of the ZEUS detector will focus on the sub-detectors most
relevantt for the measurement of the charged current ep cross section. A detailed
descriptionn of the ZEUS detector can be found in [30].

2.2.. The HERA Accelerator
Thee Hadron Elektron Ring Anlage, HERA, is the first and currently the only
acceleratorr which allows for deep inelastic electron 1 -proton colliding beam experiments.. The electrons are accelerated to an energy of 27.5 GeV. Until 1998
protonss were accelerated to 820 GeV. Later the energy of the proton beam was
increasedd to 920 GeV providing a centre-of-mass energy of i/s = 2y/EeEp =
3188 GeV. Four experiments use the HERA facility (see Fig. 2.1). Two of them
usee both beams: the HI experiment, located at the North Hall, and the ZEUS
experiment,, located at the South Hall. The main objective of these two experimentss is to measure the parton distributions inside the proton, using the
electronss in the electron beam as probes. The other two experiments only use
onee of the beams provided by HERA. In the East Hall the polarised electron
beamm collides with various polarised and unpolarised targets of the HERMES
detector.. The HERMES experiment measures the spin structure of the nucleon.. HERA-B, at the West Hall, uses the interactions of the halo of the proton
11

Electron can be read as positron, unless otherwise stated.
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FigureFigure 2.1. Schematic view of the HERA accelerator together with the injection
systemsystem PETRA and the four experiments using the HERA beams.

beamm with a wire target to measure J/ip production originating from 6-decays
too measure CP violation in the 6-system.
Thee HERA accelerator is situated in Hamburg, Germany, and was constructedd by the Deutsches Elektron Synchroton laboratory, DESY, together with
internationall collaborators. The HERA tunnel has a circumference of 6336 m
andd was finished in 1987. In 1990 the accelerator was installed, and first collisionss were observed in October 1991.
Thee beams for HERA are provided by a chain of pre-accelerators. The protonss are obtained from a surface-plasma magnetron source generating H~ions
whichh are accelerated by several radio frequency, RF, cavities in the linear collider,, LINAC III [31], to 50MeV for injection in DESY III. In the DESY III
acceleratorr the H~ions are accelerated to 7.5 GeV in 11 bunches with 96 ns
bunchh spacing and subsequently the two electrons are stripped off the H~ions
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FigureFigure 2.2. Integrated luminosity versus days of running: (a) delivered by
HERA;HERA; (b) gated by ZEUS and suitable for physics analysis. The figures show
thethe integrated luminosity collected during the years 1994 t° 2000.
byy passing through a gold foil. The protons are then passed to the Positronn Elektron Tandem Ring Anlage, PETRA, where they are accelerated in
700 bunches, again with 96 ns bunch spacing, to the HERA proton injection
energyy of 40 GeV.
Thee electrons and positrons are obtained by conversion of photons produced
byy bremsstrahlung in an electron beam. The electrons (positrons) are acceleratedd in LINAC I (LINAC II) to an energy of 220 MeV (450 MeV) before beingg injected into DESY II which increases the electron and positron energy to
7.55 GeV. The electrons (positrons) are then injected into PETRA II which acceleratess 70 bunches of the leptons, with 96 ns bunch spacing, to the HERA
leptonn injection energy of 14 GeV. Figure 2.1 shows a schematic overview of
thee HERA accelerator together with the injection system PETRA.
Thee luminosity provided by HERA has steadily increased over the years.
Figuree 2.2(a) shows the integrated luminosity delivered by HERA as a function
off days of running and Fig. 2.2(b) shows the integrated luminosity collected
byy ZEUS. In the first three years of HERA operation, electrons were used for
thee lepton beam. Due to various problems (e.g. bad vacuum) the lifetime of
thee electron beam was very short (~ 3 hours) and in 1994 HERA switched
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too a positron beam which had a longer lifetime (~ 8 hours). To collect a
comparablee amount of e~p and e+p data, HERA switched in 1998 to an electron
beam.. At the same time the proton beam energy was increased from 820 GeV
too 920 GeV, providing an extension of the kinematic range covered by HERA.
Duee to still bad electron beam conditions HERA switched back to positrons
againn in 1999. Hence, the integrated luminosity delivered in the running period
1998-19999 was rather low (£ = 25.2 p b _ 1 of which 16.7 p b _ 1 was collected by
ZEUSS and used for physics analysis). HERA ran with a positron beam until
thee upgrade shutdown in 2000 and delivered in that period, 1999-2000, an
integratedd luminosity of 94.9 p b _ 1 of which 66.3 p b _ 1 was collected by ZEUS
andd could be used for physics analysis. The various configurations per running
periodd are listed in Table 2.1 together with the collected luminosity.
TableTable 2.1. Overview of the various run configurations of HERA
overover the years together with the luminosity collected by ZEUS. The
datadata collected in the period 1998 -2000 was used for the analysis
describeddescribed in this thesis.
year r
1993 3
1994 4
1994-1997 7
1998-1999 9
1999-2000 0

EEpp{GeV) {GeV)
mode e EEee(GeV) (GeV)
^ P b " 1 ) ) 6C/JC{%) 6C/JC{%)
e~p e~p
e~p e~p
ee++p p
e~P e~P
ee++p p

26.7 7
27.5 5
27.5 5
27.5 5
27.5 5

820 0
820 0
820 0
920 0
920 0

0.55 5
0.28 8
48.3 3
16.7 7
66.3 3

——

1.5 5
1.5 5
1.8 8
2.25 5

2.3.. The ZEUS Detector
Inn this section the components of the ZEUS detector most relevant for the
analysiss described in this thesis will be described briefly. A detailed description
off the ZEUS detector can be found elsewhere [30] [32]. The ZEUS detector is
aa general purpose detector with nearly hermetic calorimeter coverage. A cross
sectionall view of the detector is presented in Fig. 2.3.
Thee ZEUS detector is an asymmetrical detector, since the centre-of-mass
systemm does not coincide with the laboratory system due to the proton colliding
withh the much lighter lepton. Therefore, particles in the final state generally
willl be boosted in the forward direction2 where the detector is made thicker in
2

Thee ZEUS coordinate system is a right-handed Cartesian system, with the Z axis pointing
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orderr to fully contain the hadronic final state.
Promm the inside out, the detector consists of tracking chambers inside a superconductingg solenoid magnet, B —field= 1.43 T, surrounded by electromagnetic,
EM,, and hadronic calorimeters and muon chambers. The most important detectorr parameters are given in Table 2.2.
TableTable 2.2. The most important ZEUS central detector parameters
componentt

parameter

UCALL

angular coverage
a(E)/Ea(E)/E (EM shower)
a(E)/Ea(E)/E (hadronic shower)
positionn resolution (hadrons)
timee resolution
angular coverage

CTDD

<J(P<J(PTT)/PT)/PT

Z-Z-vertexvertex resolution
RR — 4> vertex resolution

value
2.6° < 9 < 178.4°
0.18/y/Ë{GéV) © 0.02
0.35/V#(GeV) © 0.03
~ 1 cm
< 1 ns
15° < 9 < 164°
0.0058PT(GeV) © 0.0065
©0.0014/P T T
0.4 cm
0.1 cm

2.3.1.. Tracking Detectors
Inn the centre of the ZEUS detector the vertex detector, VXD [33], was located.
Thee VXD was removed at the end of the 1995 running period, and has been
replacedd by the micro vertex detector, MVD, during the upgrade in 2001. The
centrall tracking detector, CTD, is surrounding the VXD. The very forward
regionn is covered by the forward detector, FDET, the very backward region by
thee rear tracking detector, RTD.
Centrall Tracking Detector
Thee main tracking detector of ZEUS is the central tracking detector, CTD [34].
Thee CTD is a 205 cm long cylindrical drift chamber with inner and outer radii of
18.22 cm and 79.4 cm, respectively, covering the polar angle region of 15° < 9 <
164°.. It is composed of 72 concentric layers of sense wires, evenly divided into
inn the proton beam direction, referred to as the "forward direction", and the X axis pointing
leftt towards the centre of HERA. The coordinate origin is at the nominal interaction point.
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FigureFigure 2.3. Cross section of the ZEUS detector: (a) x -y projection; (b)
projection. projection.
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guardguard wire
—— ground wire
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Stereoo angle

(a) )

FigureFigure 2.4- Layout of: (a) the wires in one octant of the CTD. The larger
(smaller)(smaller) dots indicate the sense (ground) wires. The wire positions are shown
atat the end plates; (b) an expanded single drift cell.

99 superlayers. Five superlayers have wires parallel to the Z axis, axial wires,
whilee the remaining four superlayers have wires with a small stereo angle of ~ 5°
withh respect to the Z axis. This allows for both an R — <f> and a Z coordinate
measurement.. Figure 2.4(a) shows one octant of the CTD, together with the
valuess of the stereo angle of the wires in the superlayers. The superlayers are
dividedd into cells of eight sense wires orientated at an angle of 45° with the
radiall direction to produce drift lines approximately tangential to the chamber
azimuthh in the 1.43 T magnetic field provided by the superconducting solenoid
magnett surrounding the CTD. This orientation also ensures that at least one
layerr in the superlayer will have a drift time shorter than the bunch crossing
timee of 96 ns. Figure 2.4(b) shows an expanded single drift cell.
Superlayerss 1, 3 and 5 can provide a so called flight-by-timing vertex. This
vertexx is used in the trigger decision and has a resolution of ~ 5 cm in Z.
Inn the final event reconstruction more advanced methods are used in track
reconstructionn and vertex determination, and the interaction vertex is measured
withh a typical resolution of 0.4cm in the Z direction and 0.1 cm transverse to
thee beam direction. The resolution of the transverse momentum for tracks
passingg at least three superlayers is: G{PT)/PT
= 0.0058PT(GeV) © 0.0065 ©
0.0014/P TT [35].
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Forwardd and Rear Tracking Detectors
Too track particles going into the very forward direction, the forward detector,
FDET,, consisting of the forward tracking detector, FTD, and the transition
radiationn detector, TRD, could be used. The FTD consists of three planar
driftt chambers, and covers a polar angle region in the forward direction of
7.5°° < 0 < 28°. The TRD, a detector to separate electrons from hadrons, is
situatedd between the FTD chambers. During the upgrade of the detector in
20011 the TRD has been replaced by the straw tube tracker, STT. To track
particless going into the very rear direction, the rear tracking detector, RTD,
couldd be used. The RTD consists of one plane of drift chambers, covering the
polarr angle region of 160° < 0 < 170°.
Inn the analysis described in this thesis, the information from these trackingg detectors was used only by the muon identification program MUFFIN
andd in the process of scanning for events containing halo and cosmic muons
(seee Sect. 5.9.1).
2.3.2.. Calorimeters
Thee ZEUS tracking detectors are surrounded by a high resolution uraniumscintillatorr sampling calorimeter which on its turn is surrounded by the backing
calorimeter,, BAC.
Uraniumm Calorimeter
Thee 238 U-scintillator sampling calorimeter, UCAL or CAL [36], is composed
off alternating plates of scintillator material and depleted uranium. The calorimeterr is nearly hermetic, with a solid angle coverage of 99.8% in the forward
region,, and 99.5% in the rear region. The calorimeter consists of a forward
part,, FCAL, a barrel part, BCAL, and a rear part, RCAL 3 . Figure 2.5 gives a
schematicc overview of the CAL and its angular coverage. The FCAL and BCAL
(RCAL)) are divided into an electromagnetic section, EMC, and two (one) hadronicc sections, HACl and HAC2. Perpendicular to this division these sections
aree divided into cells, of which the sizes are determined by the scintillator tiles.
Inn the electromagnetic section of the FCAL and BCAL, FEMC and BEMC,
cellss have transverse dimensions of 5 x 20 cm 2 while the cells in the hadronic
sectionn are larger from 20 x 20 cm2 (HACl) to 24.4 x 35.2 cm 2 at the front face
33

The regions between the various parts are indicated by super crack regions.
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OVERALLL DIMENSIONS -------- 6 m diameter (r,o)
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FigureFigure 2.5. Schematic view of the UCAL

off a BCAL HAC2, BHAC2, cell. The cells in the electromagnetic section of the
RCAL,, REMC, have transverse dimensions of 10 x 20 cm2. The BEMC cells
aree wedge shaped and point towards the interaction point. The light produced
inn the scintillator material by particles in the shower, is collected by wavelength
shifterr bars on either side of the cell, and converted into electronic signals by
twoo photomultiplier tubes, PMTs. The dual readout of a cell increases the
measurementt precision and prevents "dead" cells when one of the PMTs fails.
Alsoo timing information is provided for energy deposits. The resolution of the
timingg is better than 1 ns, for energy deposits greater than 4.5 GeV.
Particlee energies are determined from the energy deposits in the active materiall of the particle shower induced by the traversing particle. An electron or
photonn initiates an electromagnetic shower in the calorimeter which consists of
loww energetic e~e+ pairs and bremsstrahlung photons. Hadrons entering the
calorimeterr will interact strongly with the absorber material, and initiate had-
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hadronn

FigureFigure 2.6.
CAL. CAL.

electron

muon

Typical shower profiles of hadrons, electrons and muons in the

ronicc showers, generally broader than EM showers and peaking at larger depth.
Muonss with energies typical for HERA act as minimum ionising particles, MIPs,
distributingg their energy equally of the whole trajectory. Figure 2.6 shows the
showerr development for the different particles. In general, the measured energy
inn a purely electromagnetic shower (e) will be greater than in a purely hadronic
showerr (h) of the same energy. The major factors contributing to this difference,, are energy loss to nuclear recoil and nuclear breakup energy. As a hadron
interactionn deposits its energy partly through electromagnetic interaction and
partlyy in purely hadronic interaction, where the actual em fraction varies significantly,, the varying sensitivity will cause a deterioration of the hadronic energy
resolution.. By choosing depleted Uranium as absorber and judiciously choosingg the thickness of absorber and scintillator, it has been possible to create
aa calorimeter with equal sensitivity to hadronic and electromagnetic showers
(e/h(e/h = 1) [37]. Using this technique of compensating calorimetry, energy resolutionss oia{E)/E = 0 . 1 8 / ^ 0 0 . 0 2 for electrons and a(E)/E = 0.35/\/£e0.03
forr hadrons (E in GeV) have been achieved. Furthermore, the activity of the
uraniumm provides a calibration and monitoring signal for the CAL. Calibration
betweenn cells of the calorimeter is possible at the level of 1% by setting the
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gainss of the PMTs in such a way as to equalise the uranium signal [30].

Backingg Calorimeter
Thee CAL is surrounded by the backing calorimeter, BAC [38], which is integratedd with the iron yoke that is used as a path for the solenoid flux return.
Thee BAC consists of 40000 proportional tubes and 1700 pad towers, and can
bee used to measure energies of particle showers not fully contained within the
CAL.. The BAC also serves as a muon filter. The energy resolution for hadrons
iss a(E)/E = 1.2/y/Ë with E in GeV. The BAC has been used in this analysis
ass a systematic check for energy leakage out of the CAL (see Sect. 6.5.7), and
inn the process of event scanning for muon identification.

2.3.3.. Muon Chambers
Thee outer part of the ZEUS detector is composed of muon detectors. The muon
detectorr consists of a forward muon detector, FMUON, barrel muon detector,
BMUON,, and a rear muon detector, RMUON [39]. The forward muon detector
consistss of four layers of limited streamer tubes, LSTs, and four drift chambers.
Onee LST and one drift chamber are mounted on the inner surface of the yoke,
FMUI,, while the other LSTs and drift chambers are mounted on a toroidal
1.77 T magnet residing outside the yoke, FMUO. The polar angular coverage
off the FMUON is 6° < 9 < 32°. The BMUON and RMUON are somewhat
smaller.. The barrel muon detector consists of LSTs placed on the inside of
thee BAC, BMUI, and LSTs placed on the outside, BMUO, and has a polar
angularr coverage of 34° < 9 < 135°. The rear muon detector also consists of
LSTss placed on the inside of the BAC, RMUI, and LSTs placed on the outside,
RMUO,, and has a polar angular coverage of 134° < 9 < 171°. The BMUON
doess not have a fully azimuthal coverage, i.e. —55° < <p < 235°, as there is no
bottomm octant. The momentum resolution is designed to be ~ 20% for muons
upp to 10 GeV in the BMUON and RMUON, and for muons up to 100 GeV in
thee FMUON.
Inn the analysis described in this thesis the muon detectors have been very
valuablee in the identification of halo and cosmic muons by MUFFIN, and in the
processs of scanning the events by eye.
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2.3.4.. C5 Counter

Thee C5 counter [40] is positioned at z = —315 cm, directly behind the RCAL.
Itt is an assembly of four scintillation counters arranged in two planes around
thee HERA beampipe, separated by 0.3 cm of lead. It records separately the
arrivall times of the protons and electrons in the beams and is used to reject
eventss due to upstream beam-gas interactions.
2.3.5.. Luminosity Monitor

Thee luminosity is measured with the luminosity monitor, LUMI, via the bremsstrahlungg reaction: ep — epy [41]. The cross section for this reaction, the
Bethe-Heitlerr process [42], is very precisely known [43] and therefore forms an
excellentt way by which the luminosity can be measured. The LUMI consists of
twoo sampling lead-scintillator calorimeters: a photon detector, LUMI-7, located
att Z = —107 m near the proton beam pipe, and an electron detector, LUMI-e,
locatedd at Z = —35 m near the electron beam, both shown in Fig. 2.7. The
energyy resolution for both detectors is a(E)/E = 0.18/i/E(GeV). However, a
carbon-leadd filter in front of the LUMI-7, installed to shield it from synchrotron
radiation,, reduces its resolution to a(E)/E = 0.25/y/E(GeV). Due to poor understandingg of the LUMI-e only the LUMI-7 is used to measure the luminosity,
whilee the LUMI-e is used only for additional systematic checks. The luminosity
iss then determined from the ratio of the number of measured bremsstrahlung
photonss divided by the cross section. The largest uncertainties in the luminosityy measurement come from the uncertainty in the calibration of the LUMI-7
andd the photon acceptance. The measured luminosity and its uncertainty for
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eachh run period are listed in Table 2.1.
2.3.6.. Trigger
Thee bunch spacing time in the HERA accelerator is 96 ns, leading to a bunch
crossingg rate within the ZEUS detector of 10.4 MHz. Since the rate of non-ep
eventss is about 3 - 5 orders of magnitude larger than the rate of ep interactions,
mostt of the events detected by ZEUS are background events. An advanced
triggerr system is needed to select the interesting ep physics events and reject
thee background events in order to bring the event rate down to a level acceptable
forr data storage. The ZEUS detector has a three level trigger system [44] which
reducess the final event rate to an acceptable level of ~ 5 Hz. Figure 2.8 gives
aa schematic view of the data acquisition chain, DAQ, together with the trigger
system. .
Firstt Level Trigger
Thee ZEUS first level trigger, FLT, is based on hardware (ASIC, FPGA) processors,, and reduces the rate from 10.4 MHz to about 300-500 Hz. Each componentt stores its event information in a pipeline of 46 bunch crossings deep,
runningg synchronously with the HERA clock. Hence, the FLT decision to keep
orr discard the event has to reach the components front-end electronics within
4.44 us. The components participating in the FLT decision, perform their calculationss in parallel on a subset of their data, using rough, but fast algorithms.
Thee outcome of the calculation of each component is passed to the global first
levell trigger, GFLT, within ~ 2.5 us. The GFLT combines the information
fromm the different components and issues a decision to keep or discard the
eventt within ~ 2 us.
Secondd Level Trigger
Iff the GFLT issues the decision to keep the event, the detector components
transportt the detector data from the pipeline to event buffers for processing
byy the second level trigger, SLT, which reduces the output rate to 50-70 Hz.
Thee SLT is a software trigger, based on a set of parallel processing transputers.
Ass with the FLT, each component participating in the SLT decision process,
processess its own data, which is then passed to the global second level trigger,
GSLT,, which decides to keep or discard the event. Due to more time available
att the SLT level, the components can use more sophisticated algorithms, i.e.
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FigureFigure 2.8. A schematic overview of the ZEUS trigger and DAQ chain.
trackk reconstruction, for processing the available data of better precision that
att the FLT.
Thirdd Level Trigger

Iff the GSLT accepts the event, all components pass their data to the event
builder,, EVB, which assembles the data into events which are passed to the
thirdd level trigger, TLT. The TLT is a cluster of Silicon Graphics workstations,
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SGIs,, which were upgraded to a cluster of Linux machines after the upgrade in
2001.. The TLT runs a reduced version of the off-line analysis programs for full
eventt reconstruction, and applies similar event selection algorithms as used in
thee off-line analysis. The TLT reduces the rate by an additional factor of 5 - 1 0 .
Thee event data is transmitted to DESY central data storage via an optical fibre
link,, FLINK, for storage at 5-14 Hz.

2.4.. Data Samples
Thee charged current cross section measurements described in this thesis are
basedd on data collected in the running period 1998-2000. HERA delivered
25.22 p b _ 1 of e~p data in the period 1998 -1999 of which 16.4 p b _ 1 was collected
withh the ZEUS detector and passed the data quality monitoring. This sample
hass been used for the cross section measurement of e~p — veX. In the running
periodd 1999-2000 HERA delivered 66.41 p b " 1 of e+p data of which 60.9 p b _ 1
hass been used for the cross section measurement of e+p — veX.
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