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Chapter 4 

HERA and ZEUS 

4.1 The ep collider HERA 

The HERA accelerator at the DESY laboratory in Hamburg is the first and so far only colliding 
beams facility in the world where electrons or positrons are collided with protons. The acceler
ator, situated under the "Volkspark" in Hamburg, has a circumference of 6.3 km and is located 
25 m below ground level. The layout of HERA and the main parameters of the accelerator are 
given in figure 4.1. 

Figure 4.1: Layout of the HERA accelerator at DESY. 

There are four experimental halls along the HERA ring. Since the startup of HERA in 
1992 two detectors measure interactions of the colliding beams: HI and ZEUS. Both are multi
purpose detectors covering almost the full solid angle. Additional experiments are HERMES 
and HERA-B. At HERMES interactions between polarised beam electrons and a stationary 
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32 CHAPTER 4. HERA AND ZEUS 

polarised gas target are studied. At HERA-B the proton beam collides with a stationary target 
to study CP violation in the decay of B-mesons. 

Since the startup in 1992 the luminosity delivered by HERA has increased gradually. Figure 
4.2 shows the accumulated luminosity for each year up to April 1999, as a function of time. 
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Figure 4.2: Overview of the luminosity delivered by HERA from 1992 up to April 1999. 

4.2 The ZEUS coordinate system 
The ZEUS coordinate system (figure 4.3) is a righthanded coordinate system in which x points 
towards the centre of HERA, y points up and z is along the proton beam direction. 

Figure 4.3: The ZEUS coordinate system. 

4.3 The ZEUS detector 
The ZEUS detector is a multi-purpose detector located in the south hall of HERA. The detector 
covers almost the full solid angle. The major components of the ZEUS detector are the inner 
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tracking detectors, situated in the 1.4 T magnetic field of a superconducting solenoid, the 
uranium-scintillator calorimeter, muon detection chambers and the luminosity monitor. In 
addition various dedicated detectors extend the measurement of very forward or very backward 
going particles. A cross sectional view of the ZEUS detector is given in figure 4.4. A detailed 
description of the detector can be found in [64]. In this section we discuss the components of 
the detector relevant to the present analysis of jet photoproduction. 

Overview of the ZEUS Detector 
( longitudinal out ) 
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Figure 4.4: The ZEUS detector in yz and xy 
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4.3.1 The tracking detectors 

The ZEUS inner tracking system consists of forward, central and rear tracking detectors, as 
shown in a schematic overview in figure 4.5. 

Figure 4.5: An overview of the ZEUS inner tracking detectors. 

The Central Tracking Detector [65] (CTD) is a cylindrical drift chamber which consists 
of 72 cylindrical layers, organised in 9 superlayers. A cut out of the CTD is shown in 
figure 4.6. The even numbered superlayers have a stereo angle of ±5° which allows the 
measurement of the z position of tracks. The CTD covers the polar angular region from 
11° to 168°. The transverse momentum resolution for a track that has traversed all 
superlayers is (T{PT)/PT ~ ^(O.OOSpj-)2 + (0.016)2, where pT is in GeV. 

The Forward Tracking Detector (FTD) consists of planar drift chambers interleaved with 
Transition Radiation Detectors (TRD's). It extends the track reconstruction down to 
polar angles of 7.5°. The TRD's allow for the identification of electrons. Due to readout 
problems, FTD data is not available for the full 1995 running period. 

The Rear Tracking Detector (RTD) is a planar drift chamber which consists of three layers 
of drift cells with their wires oriented at 0°, +60° and —60° with respect to the horizontal 
plane. The RTD improves the accuracy of the tracking in the backward direction and 
covers the polar angular region between 160° and 170°. 
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Figure 4.6: A cross sectional view of a slice of the CTD showing the wires of the different superlayers 

4.3.2 The uranium calorimeter 

The main ZEUS calorimeter [66] (CAL) is a sampling calorimeter with alternating layers of 
3.3 mm depleted uranium and 2.6 mm scintillator material. The CAL covers almost 99.9% 
of the total solid angle and is subdivided into a forward (FCAL), barrel (BCAL) and a rear 
(RCAL) calorimeter, covering the pseudorapidity regions 4.3 > r] > 1.1, 1.1 > rj > —0.75 and 
—0.75 > 7] > —3.8. The calorimeters are longitudinally segmented in an electromagnetic and 
two (one for the RCAL) hadronic sections. The cells in the electromagnetic sections have the 
transverse dimensions 5 x 20 cm2 (10 x 20 cm2 for the RCAL). Cells in the hadronic sections 
have the transverse dimensions 20 x 20 cm2. The light produced in the scintillator material 
of each cell is read out via wavelength shifter bars on the left and the right side of the cell. 
A photo-multiplier tube is connected to each wavelength shifter bar. In figure 4.7 schematic 
views of the calorimeter are shown. 

The thickness of the scintillator and depleted uranium layers was chosen such that the CAL 
is compensating. This means that the response of the calorimeter to hadrons and electrons is 
equal when these particles have identical energies. In test beam measurements [67], an energy 
resolution of 18%/V'E GeV for electrons and 35%/v/EGeV for hadrons has been obtained. 

The longitudinal and transverse segmentation of the calorimeter is used to identify different 
types of particles. Three particle classes can be distinguished: 

• electrons and photons start to shower as soon as they enter the calorimeter. They are 
identified in the calorimeter by the limited shower size both longitudinally and laterally, 

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

• muons loose energy in the CAL mostly through ionisation. The deposited energy is largely 
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Figure 4.7: Schematic representation of the uranium calorimeter from different viewpoints. 

independent of the momentum of the muon. The energy deposited in each calorimeter 
section is referred to as a Minimum Ionising Particle (MIP) signal. 

Typical shower profiles for these particle classes are shown in figure 4.8. 

The F and RCAL presampling detectors 

In 1995 presampling detectors were installed on the front surfaces of the F and RCAL [68]. The 
two presamplers consist of 576 scintillator tiles in total, with dimensions 20 x 20 x 0.5 cm3. The 
tiles cover the area of the F and RCAL surface that is not shadowed by the BCAL for particles 
originating from the nominal interaction region. The coverage is shown in figure 4.9. 

The presamplers measure the shower multiplicity of a particle entering the calorimeter. This 



4.3. THE ZEUS DETECTOR 37 

Figure 4.8: Typical shower profile in the calorimeter for different types of particles. The uranium and 

scintillator layers of the CAL and one of the wave length shifter bars are shown. 

multiplicity is correlated to the energy loss of the particle in the inactive material in front of 
the CAL and can be used to correct the energy measured in the CAL for these losses. In 
chapter 5 the energy correction for NC-DIS scattered positrons in the RCAL, using the RCAL 
presampler is discussed. 
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Figure 4.9: Coverage of the presamplers in front of the F and RCAL. The lines indicate the calorimeter cells 

and the shaded area indicates the area covered with presampler tiles. 
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4.3.3 The luminosity monitor 

The luminosity in ZEUS is determined by measuring the positron-proton Bremsstrahlung or 
Bethe-Heitler process ep -> ep7 [69]. The cross section of this process is known to a high 
accuracy [70]. The luminosity monitor [71] consists of a photon and an electron calorimeter 
positioned downstream of the positron beam (see figure 4.10). Although initially intended as 
a coincidence measurement, due to the poor understanding of the acceptance of the electron 
calorimeter, the bremsstrahlung cross section is currently determined from the count rate of 
photons above a certain energy threshold (E^1) in the photon calorimeter. The luminosity is 
calculated as: 

O = RepjEj > E*) 

- a^(E7>EfY l4- i j 

where Rep(E1 > E^h) is the photon rate and CF'^)
C{E1^) is the acceptance corrected cross section 

for these photons to be produced. 
The photon calorimeter is a lead-scintillator sampling calorimeter with a 1 radiation length 

thick carbon filter in front to shield the detector from direct synchrotron radiation and a 
presampler to correct the measured energies for losses in dead material. The accuracy of the 
luminosity measurement for the 1995 running period was 1.1%. 

Positron beam 

- > •X/X/X/X/X/XTX/X/XZ-NB y-detector 

e'-detector N. Positron beam 

Figure 4.10: A schematic representation of the position of the photon and electron calorimeters of the 
luminosity monitor. 

4.3.4 Background rejection 

Some detectors of which the data is not used in the present analysis, nevertheless play an 
important role in the background rejection at the trigger level. We discuss different background 
sources and the detectors used to reject them. 

Besides processes originating from ep interactions there are several processes observed in 
the ZEUS detector that originate from other sources. We shall refer to these as non-physics 
processes. The two main sources of such processes are: 

• interactions of beam particles with residual gas in the beam pipe or with the beam pipe 
wall. These interactions, referred to as b e a m gas interactions, can occur in the proton 
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beam as well as in the positron beam. When they occur close to or inside the detector 
they can produce signals in the detector. In the same type of process, via the decay of 
pions, muons are produced which travel with the proton beam in what is called the beam 
halo. These are referred to as halo muons, 

• a second source of non-physics backgrounds are cosmic interactions in the atmosphere in 
which muons are produced. These cosmic muons can deposit energy in the detector. 

The strategy applied to reduce the non-physics backgrounds in the collected data is twofold. 
First of all the detector is shielded against the particles produced in these non-physics processes. 
The background from cosmic muons is strongly reduced because the ZEUS detector is located 
25 m below ground level and the*detector itself is shielded with ~ 1 m of concrete and an 
iron yoke. The detector is also shielded against particles produced by the beams in the HERA 
tunnel. The Veto-wall, a 87 cm thick iron wall with a 95 x 95 cm2 hole for the beam pipe and 
magnets, is positioned 7 m upstream in the proton direction and shields the detector from the 
proton beam halo. 

The second strategy applied to reduce non-physics backgrounds is to reject them at the 
trigger level. For example: the Veto-wall is equipped with scintillator counters on both sides. 
At the trigger level, coincidences in these counters are used to reject halo muons. 

The most important information used to reject non-physics backgrounds is the timing in
formation of the following detectors: 

• different calorimeter sections like e.g. the FCAL, the RCAL or the upper_or lower half of 
the BCAL, 

• the C5 collimator, positioned behind the RCAL, which is equipped with scintillator coun
ters on both sides, 

• the SRTD (Small angle Rear Tracking Detector), a scintillator strip hodoscope positioned 
around the rear beam hole. 

In ZEUS the timing measurement of different components is calibrated in such a way that 
for particles produced in an ep interaction at the nominal interaction point the timing is zero. 
This situation is illustrated in figure 4.11a. Figure 4.11b is an example of a typical proton 
beam gas interaction occurring upstream in the proton beam. Particles produced in such an 
interaction arrive early in the upstream detectors: C5, SRTD and RCAL. Also the difference 
between the arrival time in the RCAL and in the FCAL can be used to reject these events. In 
figure 4.11c a typical cosmic muon is shown. To reject these events the difference between the 
arrival time in the upper and the lower half of the BCAL is used. 



40 CHAPTER 4. HERA AND ZEUS 

ep-interaction 
FCAL BCAL RCAL 

VETOWALL 

b) 
beamgas interaction 

FCAL BCAL RCAL 

cosmic muon 

FCAL BCAL RCAL. 

csQ 

a 

i 
Figure 4.11: Typical signature of: an ep interaction at the nominal interaction point (a), an upstream proton 
beam gas interaction (b) and a cosmic muon (c). 
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Figure 4.12: Layout of the ZEUS trigger and data acquisition chain. 

4.3.5 The trigger and data acquisition chain 

The ZEUS data acquisition system has to deal with the HERA bunch crossing rate of over 10 
MHz. The corresponding rate of non-zero signals produced in the detector lies between 10 and 
200 kHz. Of these events no more than 10 per second are accepted by the ZEUS trigger chain 
and stored on tape. These conditions require a multi-level trigger system, starting with fast 
electronics mounted on the detector, with which a crude first event selection is made and ending 
with an almost complete online event reconstruction. A schematic diagram of the trigger and 
data acquisition chain is shown in figure 4.12. 
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First Level Trigger 

The first level trigger (FLT) has to deal with the HERA bunch crossing rate of 10 MHz, cor
responding to 96 ns per bunch crossing. Data from every bunch crossing is stored in pipelines. 
These pipelines are 46 bunch crossings deep and allow for a 4.4 fis latency per event. The 
component FLT's calculate crude event observables such as local energy sums and timing in
formation. This information is passed on to the Global FLT (GFLT) in the form of trigger 
signals. The rate at which non-zero trigger signals are produced in the detector is between 10 
and 200 kHz. At the GFLT trigger signals are compared to thresholds. A global decision is 
reached in the GFLT Box, where logical operations can be applied to the trigger data. If a 
positive decision is reached the pipelines are stopped and the data is moved to the second level 
trigger event buffers and to the component second level triggers. The maximum output rate of 
the FLT is 1 kHz. 

The most important component FLT's are: 

• the Calorimeter FLT (CFLT) where regional energy sums, such as the summed energy in 
the electromagnetic section of the RCAL or the total FCAL energy, are determined. For 
most energy sums the cells closest to the beam pipe are excluded. 

• the CTD-FLT determines the number of tracks and whether they originate from the 
interaction region. This is done by applying lookup tables to two dimensional projections 
of the r and z coordinates of the hits in the CTD and the FTD. 

• the SRTD and C5 FLT's supply timing information that is used to reject interactions 
that occurred upstream in the proton beam. 

• the Veto-wall FLT provides a coincidence signal that is used to reject halo muon and 
beam gas interactions. 

Second Level Trigger 

Like the FLT, the second level trigger (SLT) is divided in component SLT's and in a Global SLT 
(GSLT). The component SLT's provide information on global energy sums like ET or E — Pz 

(CAL-SLT), on tracks, on the timing of the event and on the interaction vertex (CTD-SLT). 
For the determination of this information a few milliseconds are available. The information 
is sent to the Global SLT (GSLT) where more detailed algorithms can be applied to the data 
than on the GFLT. The maximum output rate of the SLT is 60 Hz. 

The Event builder 

The GSLT decision is passed to the event builder. When an event is accepted the event builder 
collects the data from all components and puts it in the standard ZEUS format. The full data 
is then passed to the TLT. 
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MONTE CARLO 

Figure 4.13: Schematic representation of the ZEUS data acquisition chain and the corresponding Monte Carlo 

software chain. 

Third Level Trigger 

The third level trigger (TLT) consists of a farm of computers which run an almost complete 
version of the offline reconstruction code. At the TLT complicated algorithms like electron 
finders and jet finders, are run. The output rate of the TLT is between 3 and 10 Hz. These 
events are stored to tape. 

4.3.6 The offline reconstruction 

Offline the data collected in ZEUS are passed through the reconstruction software package, 
which contains the reconstruction codes of the different detectors. In figure 4.13 a schematic 
overview is given of the complete data acquisition chain, on the one hand, and the corresponding 
software chain through which Monte Carlo simulated events are passed, on the other hand. 

The offline reconstruction is largely identical for both cases. Based on the raw detector 
information, the reconstruction codes of the detectors determine tracks, calorimeter clusters etc. 
For each event a set of tables is filled containing all relevant information. This information is 
used in the analyses to run reconstruction jobs or to study events using event-display programs. 

The tracking reconstruction 

In the reconstruction code, tracks are determined based on the combined data from the CTD, 
the RTD and the FTD. The reconstruction code starts with pattern recognition on the hits 
in the detectors. The obtained tracks are fitted to a 5 parameter helix. When all tracks are 
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fitted the code tries to find the primary interaction vertex. Tracks that are compatible with 
this vertex are refitted including the vertex. 

The calorimeter reconstruction 

Raw calorimeter data is unpacked and calibrated using information from regularly taken test 
runs in which the uranium noise signal in the calorimeter is monitored. Apart from this a set 
of correction procedures is applied to the CAL data: 

• known discrepancies between the energy scale in data and in the detector simulation are 
fixed by multiplying the energy response of the F. B and RCAL with the factors 1.000, 
1.050 and 1.025 respectively (see chapter 5). This correction is only applied to the data; 

• noise contributions are removed from the calorimeter data by removing the signals of 
isolated cells when: 

- Eemc < 100 MeV 

- Ehac < 150 MeV 

- E < 700 MeV & \IceU\ > 0.70 where IcM is the fractional difference between the 
signal in the left and in the right photo multiplier connected to the same cell. 

Furthermore signals from cells that are known to be particularly noisy are removed when 
they are within three standard deviations from the average noise level observed in that 
cell; 

• in some cases calorimeter energy deposits can be faked by "sparks" in the electronics. To 
reject sparks, cells with energy greater than 700 MeV and \IcM\ > 0.90 are removed. 


