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Chapterr 2 

HERAA and ZEUS and the upgrade 
project t 

Inn this chapter the HERA electron-proton collider is described. The ZEUS experiment 
iss one of the four HERA experiments. The layout and the instrumentation of the ZEUS 
detectorr is also presented. 

HERAA has delivered in total an integrated luminosity of 120 p b 1 in the years 1991 
too 2000. To enhance the luminosity an upgrade of the accelerator was foreseen for 2001. 
Forr this reason a one year long shutdown was necessary, that started in the fall of 2000. 
Too profit from the HERA upgrade, the ZEUS experiment also made an upgrade plan. A 
summaryy of the resulting modifications is given in this chapter. 

Thee startup of HERA-II, in the summer of 2001, came with various unexpected prob-
lems.. As a consequence only a small sample of data was collected until the end of 2003. 
Moree details can be found in the last section of this chapter. 

2.11 The HERA collider 

Thee HERA collider is a unique particle accelerator for the study of high energy electron-
protonn (ep) collisions. The HERA ring is located at the research centre DESY in Hamburg, 
Germany.. The HERA ring is located inside a tunnel with a circumference of 6.3 km and 
approximatelyy 30 m below ground level. Figure 2.1 shows an aerial view of (a part of) 
Hamburgg with the locations of the HERA tunnel and the experimental halls. 

AA schematic drawing of the HERA accelerator complex is given in figure 2.2. After 
passingg a chain of pre-accelerators, electrons and protons are injected in opposite direc-
tionss into two separate rings, where they are accelerated to their final energies of 27.5 GeV 
(electrons)) and 920GeV (protons). The beams can be stored for several hours, during 
thiss period collisions can be made. The beams are not continuous but are concentrated 
inn a number of bunches. 

Thesee bunches of electrons and protons are brought into collision in the interaction 
regionss of the HI and the ZEUS experiment. Every 96 ns two bunches cross, correspond-
ingg to a maximum collision rate of 10.4 MHz. Table 2.1 summarises the main HERA 
parameters. . 

21 1 
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Figuree 2.1: View from the sky of the DESY laboratory grounds in the city of Hamburg. 
Thee location of the HERA tunnel is marked. 
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Figuree 2.2: Schematic drawing of the HERA electron-proton collider. Until 1997 the 
HERAA proton beam was accelerated up to 820 GeV. Starting from 1998 the proton beam 
energyy has been 920 GeV. 
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Tunnell  circumference 
Bunchh spacing (in time) 
Bunchh spacing (in distance) 
Numberr of buckets 
Beamm crossing angle 

Centree of mass energy [ GeV] 
Numberr of colliding bunches 
Peakk luminosity [cm"2 sec"1] 
Specificc luminosity [cm"2sec"1 A - 2] 
Integratedd luminosity [pb" y"1] 
max.. Ip [mA] 
max.. Ie [mA] 

/£(/?y)) P-ririg [mm] 
/?*(/?*)) e-ring [mm] 
Widthh of interacting beams [ mm] 
Heightt of interacting beams [ mm] 

6336.833 m 
966 ns 

28.88 m 
220 0 

Omrad d 

Design n 
313.7 7 
210 0 
1.5-1031 1 

3.44 - 1029 

50 0 
160 0 
58 8 
10.0(1.0) ) 
2.2(0.9) ) 
0.247 7 
0.078 8 

2000 0 
318 8 
174 4 
1.55  1031 

7.44  1029 

70 0 
95 5 
45 5 
7.0(0.5) ) 
0.90(0.60) ) 
0.190 0 
0.050 0 

Upgrade e 
318 8 
174 4 
7.55  1031 

1.88  1030 

150 0 
140 0 
58 8 
2.45(0.18) ) 
0.63(0.26) ) 
0.120 0 
0.030 0 

Tablee 2.1: HERA collider parameters from the original design, the performance during 
thee year 2000 and the goals for the luminosity upgrade. 

Thee key parameter of particle colliders is the luminosity C The luminosity is defined 
ass the number of collisions per unit area and per unit time [cm"2sec"1] . The specific 
luminosityluminosity is the luminosity divided by the beam currents [cm"2sec"1 A" 2] . The specific 
luminosityy quantifies the intrinsic quality of the colliding beams. The integrated luminosity 
iss the luminosity summed over a given period of time [cm"2] . 

Inn particle physics the probability for a given process (cross section) is expressed in pb. 
([lpb]]  — [10~36cm2] and £(integrated) in pb"1) . To calculate the number of occurrences 
(events)) of a process with cross section a the following equation is used: 

NN = a x £(integrated). (2.1) 

Fromm the previous equation it is seen that the higher the luminosity, the larger is the 
eventt rate for a given process. High luminosity is obtained by optimising the transverse 
sizee of the beams, the number of particles per bunch, the lifetime of the beams and the 
numberr of bunches in the machine: 

££ = / j ^ . (2.2) 

wheree n  ̂ particles collide on n2 particles with frequency ƒ and where ax and ay are the 
Gaussiann transverse beam profiles in the x and y direction [12]. 

Usuallyy the beam size is expressed in term of the transverse emittance e, denoting the 
beamm quality, and the amplitude function /?, determined by the magnet configuration. 
Thee emittance, the ^-function and the beam width are related through: 
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Figuree 2.3: Integrated luminosity for the three data samples recorded by ZEUS until 2000. 
Thee average data taking efficiency is 70%. 

Thee first ep collisions in ZEUS were observed in f992 [18]. The ZEUS data sample 
cann be divided in three periods. One short period with e~p running and two large ones 
withh e+p running. Figure 2.3 shows the integrated luminosity that is useful for physics 
analysiss for these three periods. 

Inn the year 2000 the design value of L = 1.5  10 cm wass routinely surpassed at 
thee start of a luminosity fill . However, for a substantial further increase large modifications 
off  the interaction regions were unavoidable. 

Too reach a total luminosity of f ftT1 an upgrade project was planned. The choice 
wass made to decrease the /3-functions at the interaction point. This means that the 
focusingg of the beam becomes stronger and that the transverse region of the interacting 
beamss becomes smaller. Also spin-rotators were installed to polarise the lepton beam 
longitudinally.. Polarisation is outside the scope of this thesis. 

Inn the old focusing scheme the first proton quadrupole was at a distance of 26 m from 
thee interaction point (IP). In order to focus the proton beam more strongly these magnets 
hadd to be moved closer to the experiments requiring an earlier magnetic separation of the 
electronn and proton beam. The new machine lattice around the IP is shown in figure 2.4a. 
Keyy elements are: 

 New half-quadrupoles (GM) at 1 m from the IP. A modified (thinner) mirror 
platee allows protons to be focused without large disturbance on the electron beam 
whichh is only 7 cm away. 

 Two super conducting magnets (GO and GG) inside the experiments. These mag-
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Innerr radius 
Outerr radius 
Length h 
Magneticc field (Bz) 
Thicknesss in radiation lengths 
Operatingg temperature 

0.8755 m 
0.9577 m 
2.4600 m 
1.43T T 
0.9 9 
4.55 K 

Tablee 2.2: Parameters for the ZEUS solenoid. 

netss perform the final focusing of the proton and electron beam. 

Thee reduction of the e beam bending radius from 1200 m to 400 m results in a sig-
nificantlyy increased amount of synchrotron radiation. At the design value1 of 58 mA elec-
tronn current a total power of 28 kW would be produced which has to pass through the 
interactionn regiem and has to be absorbed at absorbers placed at 11. 19 and 25 m down-
streamm the experiment. Figure 2.4b shows an enlarged view of the region around the 
beamm line. To make sure that the major part of the synchrotron radiation (SR) does not 
hitt the beam pipe wall a large vacuum pipe is designed. Due to the large tail of SR in 
thee horizontal plane the shape of this beam pipe needs to be elliptical (46 mm (vertical) 
xx 119 mm (horizontal)). 

Thee foreseen luminosity increase after the upgrade as emoted in table 2.1 is an effect 
off  the reduced ii  functions at the IP and the somewhat increased beam currents. The 
resultt wil l lead to a luminosity of 7.5  10{ 1 cm 2 s e c' which is a factor five higher than 
beforee the upgrade. 

2.22 The ZEUS detector 

Thee ZEUS detector is a multi-purpose detector. It has tracking detectors close to the 
collisionn point to detect the path of charged particles. Then surrounding the tracking 
detectors,, calorimeters measure the energy of particles. Finally a union detection system 
surroundss the detector. A detailed description of the ZEUS detector can be found else-
wheree [19]. A brief outline of the components relevant for this thesis is given below. A 
threee dimensional view of the ZEUS detector is shown in figure 2.5. 

2.2.11 The super conducting solenoid 

Chargedd particles follow a curved track in the magnetic held provided by a thin super 
conductingg solenoid, cooled with liquid helium. Table 2.2 gives some parameters of the 
ZEUSS solenoid. The transverse momentum of a charged particle in a homogeneous mag-
neticc held is: 

PiPi = \kqBr\. (2.4) 

wheree q is the charge in elementary charge units. B is the magnetic field strength in Tcsla. 
Iff  r is the radius in m and pt is measured in GeV, then the curvature constant k equals 
0.29988 GoVT- 1 in l. 
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Figuree 2.4: (a) Layout of the modified interaction region, (b) Synchrotron radiation 
producedd inside the experiments has to pass the detector through the elliptical beam 
pipe.. This figure shows the HI interaction region, but the situation in ZEUS is similar. 
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Figuree 2.5: Three dimensional view of the ZEUS detector. The height of the detector 
iss 10 m and the length along the beam line is approximately 20 m. In the drawing one 
quadrantt of the detector is cut out to show the interior of the experiment. 
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Figuree 2.6: The magnetic field map of the ZEUS central detector. The length of the 
arrowss shows the magnitude of the field. The direction of the arrow is given by the 
radiall  and axial component of the field. The different tracking chambers are named in 
figurefigure 2.10. 
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Figuree 2.7: A schematic picture of the calorimeter. The different EMC and HAC sections 
aree shown, as well as the angular coverage of the BCAL. 

Thee field at the nominal centre of the ZEUS detector is axial with a strength of 1.43 T. 
Inn figure 2.6 the direction and the size of the field is given for a grid of space points in 
thee tracking volume. This figure is a plot of the 1998 field ma]). During the upgrade the 
configurationn of the beam magnets has changed, but it is expected that the magnetic field 
inn the tracking volume is unchanged. 

2.2.22 The calorimeter 

Thee calorimeter is designed to stop all particles except muons and neutrinos and tries to 
determinee the energy of the particles. The calorimeter (CAL) [20] consists of multiple 
layerss of uranium and scintillator. The CAL has three parts: the forward1 (FCAL), the 
barrell  (BCAL) and the rear (RCAL) calorimeters. A cross section of the CAL in the yz 
planee is shown in figure 2.7. 

Eachh part is subdivided transversely into towers and longitudinally into one electro-
magneticc section (EMC) and either one (in RCAL) or two (in BCAL and FCAL) hadronic 
sectionss (HAC). One EMC section has a depth of 25X0 (radiation lengths). This is similar 
too one hadronic interaction length (1A). One HAC section has a depth of 3A. A schematic 
crosss section of a BCAL tower is shown in figure 2.8. 

Thee smallest subdivision of the calorimeter is called a cell. A tower contains four 
electro-magneticc cells of 5 x 20 cm2 in the FCAL and BCAL and two electro-magnetic 

'Forwardd means in the proton direct ion. 



30 0 ChapterChapter 2 HERA and ZEUS and the upgrade project 

photomultiplier s s 

wavelengthshifter s s 

2.66 mm scintillato r 

0.44 mm steel 
3.33 mm Uraniu m 
0.44 mm steel 

Figuree 2.8: Schematic cross section of a BCAL tower. 

thee RCAL and two in the BCAL and FCAL. 
Thee light produced in the scintillator material of each cell is read out via wavelength 

shifterr planes on the left and right side of the cell. A photomultiplier tube (PMT) is 
connectedd to each wavelength shifter. Not only the signal of each cell is measured, also 
thee arrival time of the pulse is recorded with the precision of a few ns. 

Thee thickness of the scintillator and depleted uranium layers were chosen such that the 
CALL is compensating. This means that on average the response of the calorimeter (that 
iss the measured light output) for hadrons and electrons is equal when these particles have 
thee same energy. The CAL energy resolutions, as measured under test beam conditions, 
aree cr(E)/E = 0 . 1 8 / 7̂  for electrons and a(E)/E = 0.35/\ [ Ê for hadrons {E in GeV). 

Usingg the longitudinal and transverse shape of the "particle showers'" inside the 
calorimeterr three different classes of particles can be identified: 

•• electrons, positrons and photons start to shower as soon as they enter the calorime
ter.. They are identified in the calorimeter by the limited shower size both longitu
dinallyy and transversally, 

•• hadrons start to shower later and produce deeper and wider showers, 

•• muons lose energy in the CAL mostly through ionisation. The deposited energy is 
largelyy independent of the momentum of the muon. 

Typicall shower profiles for these particles are shown in figure 2.9. 
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hadronn e lect ron rnuon 

Figuree 2.9: Electro-magnetic, hadronic particles and muons shower differently in the 
calorimeter. . 

Region n 
>> 3 CTD super layers 
andd > 2 BMV D layers 
>> 3 BMV D layers 
FMVDD and FDET hits 

" m i n n 

19 9 

22 2 
7 7 

" m ax x 

160 0 

160 0 
19 9 

Tablee 2.3: Different ranges in 9 are covered by different tracking components. 

Duee to the natural radioactivity of the depleted uranium all scintillator plates of the 
calorimeterr are uniformly irradiated, thus providing a monitoring and calibration of the 
scintillatorr light transmission and the gain of the PMTs. The measured uranium activity 
providess a long term calibration at the level of 1%. 

2.2.33 Tracking detectors 

Thee ZEUS detector has various tracking components. Figure 2.10 gives an overview of 
thee tracking detectors inside the inner part of the ZEUS detector. The angular coverage 
inn 9 of the different components is found in table 2.3. 

Thee tracking of charged particles is done with wire chambers. The wire chambers are 
dividedd in 3 regions: forward, central and rear. The ZEUS detector upgrade consists of a 
neww silicon microvertex detector (MVD) and a new straw tube tracker (STT). The MV D 
hass a forward (FMVD) and a barrel (BMVD) part. The MV D is the main component for 
thiss thesis and is described extensively in chapter 3. 
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Figuree 2.10: The ZEUS post-upgrade tracking system. 

T h ee central tracking detector 

Thee central tracking detector (CTD) is a cylindrical drift chamber with 72 layers of sense 
wires,, organised in 9 super layers. Electrons, created by the traversing charged particles 
thatt ionise the gas atoms in the CTD volume, drift towards these sense wires. Near the 
wire,, where the field is very strong, ionisation avalanches are created. The pulse1 measured 
withh the sense wires is proportional to the energy loss of the initial particle. 

Thee time of arrival of the signal can be translated to a drift distance which gives 
informationn about the trajectory of the particle. A cosmic muon and the raw hits in the 
CTDD are shown in the xy view in figure 2.11. The marked wires measure a signal above 
threshold. . 

Figuree 2.12 shows a cross section of one octant of the CTD. Super layers 1, 3. 5, 7 and 
99 are axial super layers with the wires parallel to the beam. The wires of super layers 2, 
4,, 6 and 8 have a stereo angle of approximately 5°. This angle can be used to give a z 
measurementt (z by stereo), by finding the z position where the axial and stereo hits give 
thee best fit  to a track. The stereo angle is optimised to give an equal angular resolution 
inn 0 and (f>. 

Alsoo in figure 2.12 the different track segments of a track are drawn. The ghost 
segmentss are indicated by the dotted lines and are not compatible with a track coming 
fromm the interaction point. The offset effect of the stereo layers can be clearly seen. 

Thee sense wires of super layer 1, 3 and 5 are equipped with so called z by timing read 
out.. The 2 position of the hit along the wire can be reconstructed using the difference in 
timee of arrival of the pulse at the two wire ends. In table 2.4 some important parameters 
off  the CTD are summarised. 
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Figuree 2.11: A cosmic track (in the xy view) passing through the CTD and MVD . Also 
shownn are the raw CTD and MVD hits. 

Innerr radius 
Outerr radius 
Length h 
Positionn resolution 
zz resolution (stereo) 
zz resolution (timing) 
99 range super layer 3 

1622 mm 
8500 mm 
2.41m m 
1900 Mm 
11 mm 
<< 3 cm 

19°° < 0 < 160° 

Tablee 2.4: Parameters for the ZEUS central tracking detector. 



34 4 ChapterChapter 2 HERA and ZEUS and the upgrade project 

^ ^ 

Innerr l ï > > ; - X V x . V 
etecfrosrati.:: |  s^V" - r r 

Figuree 2.12: One octant of the CTD showing the super layer structure. The measured 
trackk segments in the various layers are drawn by the solid lines. 

pp (GeV) 

Figuree 2.13: The measured dE/dx versus momentum for a sample of tracks with negative 
chargee in the CTD. The lines show the Bethe-Bloch prediction for different particles. 
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Figuree 2.14: Three dimensional view of the two STT super modules. 

Becausee the pulse height for each wire is proportional to the energy loss of a charged 
particle,, the average energy loss per unit length (dE/dx) can be measured. The dE/dx 
hass to be calibrated for differences in track angle, pressure and gain of the gas in the 
trackingg chamber. The calibrated dE/dx is plotted versus the momentum of the track 
inn figure 2.13. This is done for a sample of negatively charged particles. So in the figure1 

differentt bands (ir~. K~ and p) are seen which follow the Bethe-Bloch expectations for 
thee particles. Particle identification is possible for certain momentum ranges using the 
dE/dxdE/dx information. 

Straww tube tracker (STT) 

Thee pattern recognition capabilities of the ZEUS forward tracking have been improved 
byy the replacement of two layers of transition radiation detector by layers of straw tubes 
(straww tube tracker or STT). The STT was proposed in 1998 [21] and was installed during 
thee 2000-2001 shutdown. The layout of the STT is shown in figure 2.14. The STT covers 
thee region of 5° < 6 < 25°. A well measured track in this region wil l traverse 4 layers 
withh in total 24 layers of straw tubes. 

Thee straws are approximately 7.5 mm in diameter and range in length from around 
200 cm to just over 1 m. They are constructed from two layers of 50 pm kapton foil coated 
withh a 0.2 pm layer of aluminium, surrounding a 50 pm wire at the centre. The straws 
aree arranged in wedges consisting of three layers rotated with respect to each other, to 
givee a three dimensional reconstruction. Each of the two "super modules'' consists of four 
layerss of such wedges. 
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2.2.44 Trigger, data acquisition and event simulation 

Thee HKRA bunch crossing rate is very high: 10.4 MHz or every 96 ns the ZEUS detector 
needss to be read out. So for this reason a fast read out is necessary. Even under good 
dataa taking conditions there is a high rate of background events. More on background 
eventss can be found in section 2.3. 

Thee challenge is to find from the ten million bunch crossings per second, the approx-
imatelyy five most interesting physics events. (The limitation of the 5 Hz event rate is 
basedd on the maximum data size of the offline tape storage). Approximately in 1 out of 
1000 bunch crossings a detectable collision occurs. This reduces the rate to 100 kHz 

Thee approach adopted for the ZEUS data acquisition is a three level trigger system. 
AA diagrammatic representation of this system is shown in figure 2.15. 

Firstt level trigger 

Thee first level trigger (FLT) is a hardware based trigger which uses programmable logic 
too make a quick rejection of background events. The FLT reduces the input rate of 
100kHzz to an output rate of 1 kHz. Because it is not possible to take a decision within 
thee bunch crossing time (96ns). the1 data are pipelined until the trigger decision is taken. 
The11 individual component decisions use a subset of the total data, and are made1 within 
1.00 2.5//s. The global first level trigger (GFLT) calculations then take up to 20 bunch 
crossings.. The FLT delivers the abort/accept decision after 4.4 //s. 

Typicall  criteria used by the FLT in taking the trigger decision are the (went vertex, 
thee transverse energy of the event, and energy sums in sections of the calorimeter. The 
FLTT has a good efficiency for cp physics (~ l()0(/{) . but still has a very low purity (~ 1%). 

Secondd level trigger 

Thee SLT is a parallel processor utilising a network of transputers [22]. It reduces the FLT 
outputt rate of ~ 1 kHz to an output rate of ~ 100Hz. Similarly to the FLT, the outputs 
of'' the component SLT decisions are passed to the global SLT (GSLT) where the event 
decisionn is made. The GSLT takes its decision after 5.2 6.8ms. The decision is based 
uponn limited charged particle tracking, vertex determination, calorimeter timing. E — pr, 
jott or scattered electron tagging. 

Tin11 data from an event accepted by the SUF trigger is sent directly from the compo-
nentt to the event builder (EVB). The EVB stores the data from the components until the 
thirdd level trigger (TLT) is ready to process it. and combines the data from the different 
componentss into one1 consistent record: the event. One event is stored in a single record 
off  ADAM O [23] database tables. 

Thirdd level trigger 

Thee TLT has been designed to cope with an input rate of 100 Hz from the SLT at design 
luminosity.. The1 output rate is reduced to about 5Hz. 

Thee TLT algorithms run on a farm of processors which processes the events in parallel. 
Forr speed reasons tin1 TLT uses a simplified version of the offline reconstruction software 
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MONTEE CARLO 

Figuree 2.16: Schematic representation of the ZEUS data acquisition chain and the corre-
spondingg Monte Carlo software chain. 

too calculate the kinematics of the event. Detailed tracking is performed as well as a 
numberr of jet finding routines. Neutral current DIS events are tagged using electron 
finderss on the calorimeter deposits. Events that pass the trigger criteria get an additional 
tagg which specifies which category the event belongs to. (For example a high Q2 neutral 
currentt event.) These tags are known as trigger bits/slots. 

Eventss which have triggered a TLT bit are written to tape via a tape robot, over a 
dedicatedd connection to the DESY computing centre (FLINK) . During data taking the 
shiftt crew in the ZEUS control room monitors all the various trigger rates and fired trigger 
bitss to ensure the quality of the data. 

R e c o n s t r u c t i on n 

Thee raw data are processed offline typically a few days after the data were taken. Cali-
brationn constants which are not available online are implemented here. The more CPU 
intensivee parts of the reconstruction code are implemented here rather than in the TLT. 
AA filter also runs over the events which is similar to a 4"1 level trigger. This again uses 
physicss motivated criteria to select samples of similar events, which are then allocated a 
code,, known as a DST bit. Furthermore the most important quantities for physics studies 
aree stored in so called MDSTs (mini data summary tapes). 
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Figuree 2.17: Schematic diagram of the post upgrade ZEUS luminosity measurement. 

Montee Carlo simulation 

Figuree 2.16 gives a flow diagram of the ZEUS data taking. Each block in the diagram has 
ann analogous block in the Monte Carlo simulation. The ep interactions can be simulated 
usingg event generator programs. The generated final state particles are then passed to 
thee ZEUS detector simulation. This program is based on GEANT [24]. 

Thee next step in the simulation chain is the trigger simulation. Finally the Monte 
Carloo events are reconstructed with the same programs as were used to reconstruct the 
data. . 

2.2.55 Measuring the luminosity 

Thee delivered luminosity at ZEUS is determined by measuring the bremsstrahlung process 
epep —• ep7. The cross section of this (Bethe-Heitler) process has been calculated to high 
accuracyy [25]. This process is measured using a lead-scintillator calorimeter that is placed 
att 2 equals —107 m from the interaction point. It accepts photons at angles < 0.5mrad 
withh respect to the electron beam direction. The luminosity corresponding to the events 
storedd on tape is measured with an uncertainty of ~ 3% [26]. 

Thee measurement of the luminosity at HERA-II must cope with the greatly increased 
synchrotronn radiation background and the higher probability for multiple bremsstrahlung 
photonss in a single beam crossing. To compensate for the latter, two devices have been 
constructedd with very different systematic uncertainties. 

Firstt the old photon calorimeter has been upgraded to obtain better shielding. Sec
ondlyy a new setup is added to measure photon conversions (7 —» e+e~) . This setup 
consistss of two separate calorimeters which measure coincidences of the e~e+ pairs which 
comee from conversions in the photon pipe exit window. A schematic diagram of the new 
luminosityy measuring system is shown in figure 2.17. 
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Bothh devices vise the information from a small calorimeter placed around (im from 
thee interaction point which detects the radiating electron. By using the two measuring 
devicess a reduction of the systematic errors is expected to produce a precision of about 
YA. YA. 

2.33 Running experience in 2002 and 2003 

Shortlyy after the HERA restart, in the fall of 2001. it was observed that already at low 
beamm currents the backgrounds in the ZEUS detector were very high. One problem was 
thatt there was not enough shielding to protect the ZEUS detector from direct synchrotron 
radiationn generated by the positron beam. The radiation came from more than 100 m 
downstreamm the interaction point. During a shutdown in the winter of 2002 the additional 
shieldingg was installed. 

Duringg 2002 it was noticed that t he backgrounds in the ZEUS (and HI) detector were 
stilll  something like 10 times larger than had been anticipated. A large effort was done by 
thee experimental groups and the HERA machine physicists to understand the source of 
thee backgrounds [27]. There are at least three sources that contribute to the problem: 

•• off-momentum positrons in time with the positron beam. 

•• indirect synchrotron radiation back-scattered mainly from an absorber about 11m 
onn the upstream proton side of the ZEUS interaction point. 

•• a verv large increase1 in proton heain-gas background, due to the poor dynamic 
vacuumm in the region immediately surrounding the interaction region. 

Thee "commissioning" period for HERA and the experiments, from October 2002 to 
Marchh 2003. aimed at diagnosing the background problems and delivering luminosity to 
thee experiments for commissioning of the detectors. 

Followingg this, there was a 3 months shutdown in the spring for modifications close 
too the interaction region that reduce the kwel of backgrounds in the detector. Since 
Octoberr 2003 there has been a period of' stable running, which has provided physics 
qualityy luminosity for the detectors. 

Figure11 2.18 shows the integrated luminosity delivered to ZEUS by HERA and the 
integratedd luminosity recorded by the experiment. Also shown is the integrated luminosity 
withh the MYD turned on. As can be seen, the total amount of recorded data is about 
l ó p bb '. For 85/{ of the data the MYD was turned on and delivered good data. 

2.3.11 Backgrounds in the CTD 

Thee CTD has been an essential tool in understanding the backgrounds. It was expected 
thatt the liackgrounds would inevitably he higher after the upgrade, particularly a higher 
levell of synchrotron radiation caused by the more intensely focused beams and new beam 
opticss needed for HERA-fl. New interaction region collimators were designed to avoid 
anyy direct synchrotron radiation reaching the sensitive components of the detector. In 
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Figuree 2.18: Luminosity gated by the ZEUS experiment until April 2004. Also shown is 
thee integrated luminosity recorded with the microvertex detector delivering good data. 

thiss respect the new collimators have been successful, but unfortunately a rather large 
amountt of radiation back-scattered from the main absorber, positioned 11 m downstream 
thee interaction point. The back-scattered radiation was then hitting the collimator nearest 
too the MVD and was scattered into the CTD. 

I tt was also expected that the vacuum in and around the interaction point would be 
worsee because the new final-focus superconducting magnets, positioned just inside the 
ZEUSS calorimeter on both sides, do not allow space for as many high-vacuum pumps as 
before.. However while the static vacuum seemed not to be a problem, the dynamic vacuum 
(positron-beamm induced degradation of the vacuum) was much worse than expected. The 
combinationn of a narrower beam pipe, cold surfaces, more collimators, fewer pumps and 
neww optics complicated the diagnosis of the problems. 

Too absorb the reflected synchrotron radiation better, the collimator nearest to the 
MV DD was redesigned and re-installed in the 2003 shutdown. The reduction in the reflected 
synchrotronn radiation is demonstrated in figure 2.19b. which shows the distributions of 
CTDD hits before and after the summer 2003 shutdown. The z distribution of the hits 
iss now flat, with the characteristic peak from the reflections having disappeared. The 
driftt time distribution is now dominated by contributions in time with the beam. The 
clearr reflections seen in 2002 are no longer present. It can be concluded that the reflected 
synchrotronn contribution to the background is now small. 

Thee operation of the CTD suffered from the high currents caused by the beam related 
backgrounds.. Too high currents form a problem for the lifetime of this wire chamber. 
Too prepare for the worse running conditions in the future, the high voltage of the sense 
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(a) ) (b) ) 

Figuree 2.19: Distribution of the CTD hits before and after the summer 2003 shutdown. 
Inn (a) is shown the drift time distribution with respect to the HERA bunch crossing, 
markedd TO on the plot. The major contributions from synchrotron radiation reflections 
aree indicated. In (b) is shown the z distribution of the CTD hits. 

wiress in the CTD was lowered to 95% of the nominal voltage. To compensate for the lost 
efficiency,, the noise threshold was reduced. 

Thee measures taken to reduce the reflected synchrotron radiation were expected also 
too improve the dynamic vacuum, because the heating of the beam pipe would be reduced. 

Ann additional effect of the proton induced background was the showering of particles 
insidee the material of the collimator close to the interaction point (—80 cm). By reshaping 
thiss collimator and making it thinner an additional reduction in background was expected. 

Changess in the commissioning procedure were introduced in an attempt to reduce the 
amountt of gas "stored" in the beam pipe walls: The beam pipe near the interaction region 
wass heated prior to the luminosity running period, to free the gas present in the walls. In 
additionn during August 2003 there was a period, when the machine ran with high positron 
currentss for several weeks, to try and •'bake-out" remnant gas from the beam pipe walls. 
Thiss combined with a procedure for regular warm-ups of the cold final focusing magnets 
inn the interaction regions to room temperature to remove frozen gas on the inner surface 
off the magnets was shown to significantly improve the observed dynamic vacuum. 

Thee overall effect of these changes on the running conditions for the experiment are 
demonstratedd in figure 2.20, which shows the measured CTD sense wire currents, nor
malisedd to particular proton beam currents. The improvement with time, at monthly 
intervalss during the luminosity run, due to the integrated positron beam current is clearly 
seen. . 

Extrapolatingg from the present running conditions, it should be possible to run the 
CTDD within the safe operating limit on the sense wire currents even at the maximum 
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Figuree 2.20: Background conditions during the last three months of 2003, in terms of the 
drawnn CTD sense wire currents (in ADC counts). The safety limi t is set to 360. The 
CTDD currents drawn are rescaled to the proton currents indicated. 
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Figuree 2.21: Integrated radiation dose measured with the ZEUS RADMON system during 
2002/20033 running. 

predictedd beam currents. 

2.3.22 Backgrounds in the MV D 

Thee first ep collisions in the MV D were recorded in the fall of 2002. That first data taking 
periodd lasted until March 2003 and was characterised by the large backgrounds, a small 
integratedd luminosity and a significant radiation dose. Nevertheless, that period was used 
forr the commissioning of the MV D as described in this thesis. 

Thee MV D sensors and in particular the Helix front end chip are not implemented in 
radiationn hard technology. A moderate level of radiation tolerance is achieved by the 
flexibilityflexibility  of the Helix architecture which permits the tuning of a large number of the 
chip'ss parameters. On the basis of results from irradiation tests, a radiation budget of 
3kGyy accumulated dose in the electronics has been established for the entire lifetime1 of 
thee detector [28]. 

Thee absorbed dose during operation of the detector is carefully monitored with a 
systemm of radiation sensitive devices: 

Thee instantaneous dose rate is measured with a system of 16 PIN diodes mounted 
bothh in front and in the rear of flu- detector at four locations close to the beam 
pipe.. This system is connected to the general ZEUS alarm and interlock system. In 
additionn to giving warnings to the ZEUS and HERA shift crews both in the case 
off  very large instantaneous rates as well as high rates over extended periods, it can 
alsoo abort the lepton beam in HERA. 

Integratedd doses are measured with 8 radiation field-effect transistors (RADFET) 
placedd close to the PIN diodes. 

•• The doses measured in the RADFETs are cross calibrated with six removable ther
moluminescentt dosimeters (TLD). 
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Figuree 2.21 shows the integrated dose rates measured in the 8 RADFETs during the 
firstt running period after the HERA upgrade. The RADFET Rl placed behind the 
detectorr on the inside of the HERA ring registered an integrated dose rate in excess of 
1.22 kGy or more than one third of the radiation budget of the MV D for its entire lifetime. 
Thee continuous rise of the line Rl represents normal detector operation. The jumps are 
causedd by beam accidents. 

Thee strong asymmetry of the radiation dose seen in the RADFETs indicate that the 
dosee originates predominantly from so-called off momentum positrons in the HERA ma-
chinee which hit a synchrotron radiation collimator close to the rear RADFETs. The 
estimationn of the effective dose received by the detector electronics is complicated. Sim-
ulationss of this background component suggest that the dose measured in the RADFET 
Rll  should be scaled down by approximately a factor 30 to obtain the dose seen in the 
MV DD electronics. 

Thee effect of the backgrounds on the data taking are explained in figure 2.22. For this 
studyy the data of the first 3 months of 2003 arc used. Using some simple criteria (timing, 
energy,, vertex, etc.) events are divided in different classes: halo muon, proton-gas. off-
momentumm positron, deep inelastic scattering and photoproduction. In the figure is seen 
thatt a small fraction of the data are real physics events. The physics events are measured 
withh a low number of hits in the MV D (less than 200). It is seen that the large tail for 
highh occupancy in the MV D is caused by the background events. 
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Figuree 2.22: Data from good runs of the first 3 months of 2003. including the MVD . 
Thee solid line represents all the data. The events are divided in halo muons, proton-gas, 
positron-gas,, deep inelastic scattering and photoproduction candidates using a number of 
criteriaa (timing, energy, vertex, etc.). In (a) the E—pz measured with the CAL is plotted. 
Inn (b) the z vertex measured with the CTD and in (c) the number of hits in the MVD 
aree shown. It is seen that mainly the background events are the reason for the large tail 
inn distribution of the number of MV D hits. 


