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Abstract

For experimentation at HERA, the ZEUS collaboration has put a major effort into
calorimeter research and has developed a high resolution uranium scintillator calorime-
ter, which represents the main component of the ZEUS detector.

Physics requirements call for a calorimeter with the best possible energy resolution,
equal response for hadrons and electrons and a stability and uniformity at the one—
percent level.

This report describes the principles of calorimetry and their application for the ZEUS
calorimeter. A detailed test program has led to a calorimeter with a depth of up to 72,
consisting of a sampling structure of 3.3mm thick uranium plates interleaved with 2.6mm
thick plastic scintillator tiles and wavelength shifter readout with photomultipliers. The
700t calorimeter is hermetic and covers about 99.8% of the solid angle. An energy
resolution of 35%/+/E has been measured for single hadrons and jets, and equal response
to electrons and hadrons to within 2% between 2 and 100GeV. The angular resolution
for hadrons is better than 10mrad. Special readout electronics has been developed
for coping with the short time between bunch crossings at HERA leading to a time
resolution of 1ns for energy deposits of more than 15GeV.

HERA physics requires a precise calibration of the calorimeter. Several calibration
methods have been developed and are presented. The main method uses the signal from
the uranium radioactivity, which has been calibrated against the response to electrons,
hadrons and muons with well known energies in test experiments at fixed target accel-
erators. The quality control of the calorimeter fabrication has allowed us to achieve an
absolute calibration throughout the calorimeter of 1% from the uranium signal alone.
The uranium signal also provides a longterm calibration at the 1% level.
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Chapter 1

Introduction

At the new electron—proton collider HERA at DESY, which has successfully produced the
first ep collisions, interactions between 30GeV electrons and 820GeV protons will be studied.
For this purpose two large detectors, H1 and ZEUS, have been built.

For measuring with high precision the energies and directions of single particles and parti-
cle jets, created in electron—proton collisions, the ZEUS collaboration has constructed a high
resolution uranium scintillator calorimeter.

This report describes the systematic development of a hermetic uranium scintillator
calorimeter, which provides excellent energy resolution and good angular resolution for jets
and hadrons as well as sufficient electron resolution. Then it presents the tests and calibration
of the calorimeter modules and the installation of the complete calorimeter into the ZEUS
detector.

In order to understand the demands on a detector at HERA, a short introduction is given
to the parameters of the collider. Then a selection of exciting topics of HERA physics and
the requirements on the detector are presented, followed by a description of the main charac-
teristics of the individual components of the ZEUS detector (chapter 2).

In chapter 3 an introduction to the fundamentals of calorimetry is given and the basic
physical processes and compensation in hadron calorimeters are described.

The research in calorimetry performed by the ZEUS calorimeter group over many years
and the systematic development of the high resolution ZEUS uranium scintillator calorimeter
are presented in chapter 4. The optimization of the parameters of the calorimeter is described.
In addition to the development of the high precision calorimeter, new experimental results
in hadron calorimetry have been attained, providing a deeper understanding of the physical
processes which dominate hadron calorimetry and which should be useful for the design of
the next generation of calorimeters.




The experimental results gained from the various tests of the forward calorimeter proto-
type performed at the Proton-Synchrotron (PS) and the Super-Proton—Synchrotron (SPS)
at CERN (Conseil Européen pour la Recherche Nucléaire, Geneva) and the verification and
optimization of the parameters for the final construction of the ZEUS calorimeter are pre-
sented in chapter 5. Not described will be the results on the barrel calorimeter modules which
have been tested with beam particles at FNAL (Fermi National Accelerator Laboratory, near
Chicago).

In chapter 6 the thorough quality control of all individual components of the calorime-
ter and the different quality checks and measurements of the final ZEUS forward and rear
calorimeter modules are presented. The excellent calibration results achieved with different
methods, in particular the calibration using the signal of the radioactivity of the uranium
and the high precision in the uniformity of the calorimeter in position and time are presented
and discussed.

In chapter 7 the most important characteristics of the ZEUS uranium scintillator calorime-
ter are summarized and final conclusions are drawn.



Chapter 2
The ZEUS Detector at HERA

2.1 The Electron—Proton Collider HERA

2.1.1 Overview of HERA

The Hadron Electron Ring Accelerator, HERA, is the first electron—proton collider in the
world and will be the only one for many years. It offers for the first time the unique possibility
to study, at very high energies, deep inelastic scattering between electrons of 30 GeV and
protons of 820 GeV. The construction of this two-ring accelerator took from May 1984 until
November 1990 followed by the commissioning of the machine in 1991. The experiments will
start in April 1992,

The HERA tunnel runs for the most of its length of 6.3km outside the Deutsches Elektro-
nen-Synchrotron DESY, Hamburg (Fig. 2.1) 10m - 25m deep under a large city park and
residential and industrial buildings. The four experimental halls are completely underground
and have only small access buildings above ground.

Fig. 2.1 HERA at DESY, Hamburg.

2~1



HERA was built at DESY in international collaboration with institutes in Canada, France,
Israel, Italy, Netherlands, USA and manpower from PR China, CSFR, former GDR, Poland
and United Kingdom. The main parameters of HERA are summarized in Tables 2.1 — 2.3.
For details see [HER81], [VOS87], [WII90] and [KOS92]. Status reports and further articles
<[)n HERA can be found in [LOHS87], [BRI8S], [WII89], [POER9), [KRU89d], [SOD90] and
SCH90].

Figure 2.2 presents the layout of the electron—proton collider HERA, including the pre-
accelerator system and the three interaction points where the two large experiments H1 and
ZEUS, each consisting of many individual components, are presently under construction and
a third experiment, HERMES, is planned for the future.

A detailed description of the HERA injection scheme is presented in Fig. 2.3.
The proton injection starts with negative hydrogen ions (H™) from the 50 MeV Proton Linac,
followed by acceleration in the proton synchrotron DESY III to 7.5 GeV. From there the pro-
tons are transferred via PETRA at an energy of 40 GeV to the HERA proton storage ring.
The electrons or positrons are pre-accelerated first in a linear accelerator, LINAC I (220 MeV,
e”) or LINAC II (450 MeV, e*) and at DESY II to 7.5GeV. Then the particles are injected
via PETRA at an energy of 14 GeV into the HERA electron storage ring.

Figure 2.4 shows a view into the 25m deep HERA ring tunnel with an inner diameter of
5.2m. The two storage rings are mounted on top of each other. The magnets of the electron
storage ring (lower) are normal conducting and operate at room temperature. The magnets
of the proton storage ring (upper) have to produce a magnetic field of 4.7 Tesla to bend
the high momentum proton beam in the arcs of the ring. Therefore superconducting (s.c.)
magnets were developed which are operated at a temperature of 4.2°K (Fig. 2.4).

A cross section of the HERA tunnel is given in Fig. 2.5. In addition to the proton and
electron magnets there are transfer lines for helium and pressure of gas, a quench pipe,
cooling water, a shielded cavity for electronics and there is space for a transport vehicle

(HERA "Tram”).
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Main General Parameters of HERA

Construction time

Costs of the HERA collider

Countries involved in the construction of the collider
Commissioning

Circumference of the HERA tunnel
Depth underground

Inner diameter of the tunnel

Thickness of the tunnel walls

Number of pre—accelerators for HERA
Number of experimental halls

Size of the experimental halls

Number of experiments (1st stage)
Costs of the 2 experiments (1st stage)
Countries involved in the 2 experiments
Beginning of the experiments

Number of interaction points

May 1984 — November 1990
1010 mio Deutsch-mark
12

1991

6336m

10m - 25m

5.2m

30cm

6

4

25m x 43m

2 (H1 and ZEUS)

240 mio Deutsch—mark
17

April 1992

3

Table 2.1 Main general parameters of the electron~proton collider HERA.

The HERA Beams Electron Proton
Nominal energy 30 GeV 820 GeV
Centre of mass energy 314 GeV
Injection energy 14 GeV 40 GeV
Luminosity per interaction point 1.5 x 1031 cm 25!
Particle current 60 mA 160 mA
Particles per bunch 3.5 x 10° 10!
Number of bunch buckets 220 220
Maximum number of bunches 210 210
Beam crossing angle head-on collision, 0 mrad
Bunch distance 28.8m (96ns)
Bunch length (at maximum energy) 30mm 440mm
Beam width at the interaction points 0.264mm 0.300mm
Beam height at the interaction points 0.017mm 0.095mm
Radiation energy loss per revolution 70.38 MeV 1.4 x 1071° MeV
Polarization time at 30 GeV 27 min —
Filling time 15 min 20 min
Table 2.2 Main parameters of the HERA beams.
The HERA Storage Rings Electron Proton
Total number of magnets 2009 1833
Main dipoles ‘ 465 422 (s.c.)
Main quadrupoles 605 224 (s.c.)
Field strength of the main dipoles 016 T 468 T
Number of conventional rf cavities 82 2 (4)
Number of superconducting rf cavities 16 —
Frequency of the rf cavities 500 MHz 52 (208) MHz

Table 2.3 Main parameters of the HERA storage rings.

2-3




260

e T

%

xperimental Hall

NORTH
H1 \
\
ﬁ -3 (HERMES)
Experimental Hall
Protons EAST \
Electrons

Wy HERA

\ / 820 GeV p x 30 GeV et

(] WEST L =1.5- 103ecm—2s1
pETRA DESY e'!.Linac 210 bunches, 29m spaced
..

H-Linac 2
Experimental Hall

SOUTH /
\'/ %

ZEUS

Fig. 2.2 Layout of the HERA electron—proton collider.

\ T g
SO Me'! ‘/ -~
X

Fig. 2.3 The HERA injection scheme.

2-4



Fig. 2.4 View of the HERA ring tunnel.
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Fig. 2.5 Cross section through the HERA ring tunnel.
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2.1.2 The HERA Electron Storage Ring

Figure 2.7 shows one of the 12 m long magnet modules of the electron ring, the cross
sections through the different magnet types and a summary of the main magnet data. Each
module consists of a 9 m long dipole magnet supplying a field of 0.16 Tesla at 30GeV, one
quadrupole, one or two sextupole and several correction magnets preassembled on a common
girder. The main parameters of the electron beam and the electron storage ring are summa-
rized in Tables 2.2 and 2.3.

In August, 1988 for the first time electrons were injected and successfully stored in HERA.
Single electron bunch currents have been accumulated at the design value of 0.3 mA and a
maximum energy of 14 GeV has been reached limited by the radio frequency (rf) system used
at this stage. In a second run in September 1989 electrons were accelerated to an energy of
27.5 GeV and stored with lifetimes of up to 5 hours. The maximum single bunch current
reached was 2.49 mA corresponding to 3.26 x 10! electrons per bunch. In the multibunch
mode 2.87 mA was reached (design value: 58 mA) mainly limited by low accumulation rate
and poor lifetime at high currents. A feed back system has been developed and successfully
tested in PETRA [WII90].

The successive stages of the rf system are described in Fig. 2.6, where the maximum
electron energy En.. and the polarization time 7p,; are plotted as a function of the electron
current [POE89]. Sixteen superconducting 4-cell cavity structures assembled pairwise into
8 cryostats were built by industry and tested at DESY. The design goal for the gradient is
5MV/m. These cavities were installed in the straight sections of HERA early 1991.

(min, Emax (GEV)
T Po! h
g | 38p2MVIm HERA
10 37 \\ electron energy
Y \
'._ \
] BT
\
35 \ 2x20
E N s.c. cavity units
15 3% \

20
30
40 2wt .\"\ option]
~
sof 27] / T
26| 7/8 of PETRA cavitie
60 [

10 20 30 40 50 601y, (mA)

Fig. 2.6 Maximum electron energy E,, ;. and polarization time 7p,; in HERA as a
function of the electron current for 3 options of cavity configurations.

2-6



11755 mm °

 — !
e
. Josol I 9135 mm | j 2180 R
CORRECTION QUADRUPOLE SEXTUPOLE CORRECTION GUADRUP 1
DIPOLE MAGNET MAGNET 8585 mm DIPOLE MAGNET oL iﬂs:ggggl.s
L 520 a0 7?0 280
AW B

| .

350

AR ZA

275

QUADRUPOLE MAGNET
. Rein forcing angle
Iron yoke - _1.:_!;::-
Copper coil
Separating e,
plane At s

TECHNICAL DATA at 30 GeV

field gradient 0.1314 T/ecm
bore diameter 74 mm 2
conductor {copper) 13.3x13.3 mm

hole diameter 5.7 mm
turns per coil 20
current 358 A
power 2.73kW
mass 1020 kg

¢~ DIPOLE MAGNET

HERA: MAGNETMODULES for the ELECTRON RING

SEXTUPOLE MAGNET

Separating
plane

TECHNICAL DATA at 30 GeV

Sextupole strength  0.0409 Tiem?

bore diameter 96 mm

conductor ribbon {copper)
28x0.5 mm?

turns per coil 138

current 45 A

power {620 mm long magnet) 3.5kW
mass {620 mm long magnet}  550kg

X | .

DIPOLE MAGNET

Al conductor

with insulation Local jaint between

yoke and girde:

—

gVacuum chamber I

Cooling channel

Al conductor with
insulation

380

beam érc
% . radiation absorber
\ Distributed vacuum pump B
=1 Rein forcing girder
390 mm

TECHNICAL DATA gt 30 GeV

Field strength 0.1638 T Number of turns in coil 1
Bending radius 6104 m Current 6767 A
Gapheight 51.5 mm Power 257 kW
Good field Mass {including girder for

cross section 40%80 mm? quadrupole and sextupole 4200 kg
Conductor 100 cm?

{aluminum)

Fig. 2.7 Magnet module for the HERA electron ring and magnet cross sections.



2.1.3 The HERA Proton Storage Ring

The 416 main dipoles and 224 main quadrupoles of the proton ring are superconducting
magnets [WOL86b], [KAI86], [WII88]. The basic design of a superconducting (s.c.) dipole
magnet coil is shown in Fig. 2.8 [MES88]|. A s.c. HERA dipole has a length of 9.8 m and a
nominal current of 5027 A for 820 GeV protons leading to a central field of 4.682 T.

The wires developed for the s.c. magnets consist of niobium-titanium alloy fibres embed-
ded in copper (Fig. 2.9). Twentyfour wires, each consisting of 1230 filaments with a diameter
of 0.014 mm in a 0.8mm diameter, are combined to form the superconducting cable.

The cross sections of dipole and quadrupole magnets for the proton ring are shown in Fig.
2.10. The superconducting dipoles have been tested and achieve very high current densities
of about 2800 A/mm? at 4.2 K. The mechanical tolerances are very tight, in the order of 10—
20u, the forces acting on the mechanical structures are extremely high, about 100-200to/m
and the stored energy is 210 kJ/m at a temperature of 6.2 K. The main parameters of a
superconducting HERA dipole magnet are summarized in Table 2.4.

The s.c. magnets are extremely well insulated against the outside world. For a dipole
this is shown in Fig. 2.11. The two layer Nb~Ti—coil, clamped by aluminium alloy collars,
contains spacers for improving the field homogenity. The coil is cooled by one—-phase helium
at 4.4 K. The helium returns in two phase condition through pipes in the cold iron yoke. The
superinsulation of the 4 K parts of the magnets consists of 10 layers of aluminium coated
mylar foils interleaved with glass net spacers. The 40 K shield is wrapped with 30 layers.

The superconducting parts of the proton ring are supplied with liquid helium by a large
liquid helium refrigerator plant. It consists of 3 units with a total power consumption of 3 x
2845 kW and a cooling capacity of 3 x 6.6 kW at 4.3 K plus 20.4 g/s liquid He.

All s.c. dipoles and quadrupoles have been fabricated in industry and tested at DESY.
The high quality of the s.c. cables and s.c. magnets is documented in Fig. 2.12 and 2.13.

Figure 2.12 shows the critical currents I, of the s.c. cables (BBC) at a magnetic field of
5.5 T and a temperature of 4.6 K versus the cable identifying number {WIP90]. Each dipole
cable has a length of usually 1910 m comprising 2 x 585 m and 2 x 372 m for the two inner
and outer coils of a complete magnet. The cable length necessary for all dipoles is 874 km
and for all quadrupoles 109 km. The critical currents of nearly all dipole cables are far above
the nominal value of 5027 A and fulfil the selection criterion to carry at least 8000 A.

The s.c. magnets have been quenched several times to study their properties and max-
imum quench currents [MEI90]. Figure 2.13 presents the distributions of quench currents
of all dipoles and all quadrupoles at a temperature of 4.72 K. The average quench currents
are also indicated. At the HERA operational temperature of <4.5 K the quench currents
will be higher by more than 400 A compared to the values shown in Fig. 2.13. Corrected to
4.4 K the quench currents of the dipoles will be about 6910A, far above the nominal value of
5027A and for the quadrupoles about 7840A, thus safe operation of the proton storage ring
should be possible at 1 TeV. In addition the field quality of both dipoles and quadrupoles,
was measured and gave excellent results.

All magnets of the proton ring have been installed in the HERA tunnel and cooled down.
One octant has been ramped up to 6000 A, the other octants up to 3000 A (Sept. 91).
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Superconducting Dipole Magnet

Type cold bore, cold yoke
Nominal field for 820 GeV 4682 T
Nominal current for 820 GeV 5027 A
Maximum field at the conductor 4914 T
Stored energy 762 kJ
Yoke length 8.736 m
Cryostat length 9.766 m
Cryostat diameter (outer) 0.61 m
Inner diameter of beam pipe 55.3 mm
Number of dipoles (horizontal) 416

Table 2.4 Main parameters of a superconducting HERA dipole magnet.

Fig. 2.9 Superconducting cable for the magnets of the HERA proton storage ring.
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600 mm
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Fig. 2.11 Cross section through a superconducting HERA dipole magnet with cryogenic.
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Fig. 2.12 Critical current I, of the superconducting cables (BBC) at a magnetic field
of 5.5 T and a temperature of 4.6 K versus the cable identifying number.
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Fig. 2.13 Quench current distributions of the s.c. dipoles and quadrupoles at 4.72 K.
The nominal current for 820 GeV protons is 5027 A at <4.5 K.
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2.1.4 The Interaction Region

Side and top views of an interaction region are shown schematically in Fig. 2.14 [BUOSS].
In the straight sections close to the interaction region the electron and proton bunches run
in the same vacuum pipe at an angle of 0 mrad and pass through one another for head-on
collisions. For the electron and proton bunches to be in the middle of the same straight line,
the proton beam is smoothly bent down by about 80cm (Fig. 2.14, side view). After the
protons have passed the interaction region they are brought back to the level of the proton
ring. To solve this task 123 conventional magnets are installed in the straight sections to
guide the protons.

At the interaction point (IP) the beam sizes are very small. For electrons the beam width
is 0.26mm and the beam height 0.017mm. For protons the beam width is 0.3mm and the
beam height 0.095mm.

The maximum number of beam buckets is 220 for each beam. Of these 10 are left empty.
The distance between bunches is about 29m and the bunch length is 30mm for electrons and
440mm for protons at maximum energy (Table 2.2).

Side view
- 1.0m

TRy : e
X : protons

- S S
e r 1
electrons g HSEP HTRA ML 2 s s vs
- 0.5
T L) | T L T T ] T T T v ]' T T L} L) ] T ¥ T T T T T T ] T T 1 Y 'I T T Y l'_—[ T T T v 'I
200m 150 100 50 0 50 100 150 200m
Top view
IP  protons
R - R W ,w»_gs
HSEP ™~
// /\e‘- ‘0‘\() / - 0.5 . .
Quad [ 10 \$ T Thi
Triplet | HTRA
15
20
-25m

Fig. 2.14 Interaction region of the HERA electron—proton collider.
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2.2 Physics at HERA
2.2.1 Overview of HERA Physics

Deep inelastic lepton nucleon scattering has played an important role in probing the struc-
ture of the proton and has made significant contributions for understanding the fundamental
electromagnetic, weak and strong interactions of leptons and quarks.

A figure of merit for lepton nucleon interactions is the maximum four momentum transfer
squared, Q?, that can be explored. Before HERA QZ? __ has been =~ 300 ~ 400GeV?; with
HERA it will increase by two orders of magnitude to ~ 30000 — 40000GeV?2.

Under specific assumptions the building blocks of matter can be studied down to sub-
structures of 3 x 10'%cm corresponding to ~10~* of the proton radius. The forces at such
small distances are of particular interest.

There are several reports, talks and lectures presenting overviews of the physics accessible
at HERA, e.g. [LLE77], [ECF79-83], [CAS85], [LOH83], [WOL86], [HER87-+91], [86D90],
[ALI90]. _

A comprehensive overview can be found in the "Proceedings of the HERA Workshop”,
Hamburg, October 12-14, 1987 (Vol.142, 940 p.) [HER87] and in the forthcoming proceed-
ings of the 1991 workshop.

In the present work only a small selection of primary topics of HERA physics will be pre-
sented. After a description of the kinematics of deep inelastic ep—scattering and an overview
of selected topics of HERA physics, the physics requirements on the ZEUS detector are
formulated.

The range of the region which can be investigated, critically depends on the accuracy to
which the energies and angles of the particles and jets resulting from the interactions can be
measured.

The main topics of HERA physics discussed in this section are

Neutral and Charged Current Processes
Test of Quantum Chromodynamics
Substructure of Quarks and Electrons
Search for New Currents

Search for New Particles.

2.2.2 Deep Inelastic Electron—Proton Scattering

Due to the large momentum transfer with Q? up to 10°GeV? HERA becomes an electron—
quark collider. The fundamental electron—proton scattering process is described in lowest
order by the diagram shown in Fig. 2.15 with j = photon.

2-13



Pe, Ec = four momentum and energy of the

1(pp,E) o incoming lepton (electron beam)
e (pe,E.) // p;; E; = four momentum and energy of the
______ 9:__. outgoing lepton
0. = scattering angle of the outgoing
i=7,2°%W* (q) electron
Pz = four momentum of the current
p (Ppa?p)r\ (p-) s S proton 1 j = v,Z° W%
L) AN > Jet Pp, E, = four momentum and energy of the
q’ incoming proton (beam)
current x = fraction of the proton momentum
jet carried by the struck quark
(E;) E;, 0; = energy and scattering angle of the
current jet

Fig. 2.15 Diagram of the deep inelastic electron—proton scattering process.

The incoming electron (lepton) exchanges a neutral (-y, Z°) or charged (W*) current j with
one of the quarks of the proton. The struck quark q’, called the current quark, fragments
into a jet of particles (current jet). The remaining quarks of the proton (spectator quarks)
fragment into the proton jet mainly disappearing into the beam pipe. The outgoing lepton
is an electron (e) or a neutrino (v) depending on whether a neutral (NC) or charged (CC)
current is exchanged.

In the quark—-parton model the current j couples to a quark with four momentum p; =
¢(E,,0,0,-E,). Assuming the initial and final quark to be massless, p2=p}=0, then

0 = p? = (p.+q)? = pi+2p.q+q® = £2p,a-Q* = £ =Q%/(2ppq) =x.

Neglecting QCD corrections the Bjorken scaling variable x can be interpreted as the fraction
of the proton momentum carried by the struck quark.

The basic kinematical variables of the deep inelastic electron—proton scattering are sum-
marized in Table 2.5. The inclusive scattering process is completely described by two in-
dependent kinematical variables as e.g. the two Lorentz invariant quantities Q? and v or
equivalently the dimensionless scaling variables x and y.

Kinematical variables Q? and v:

Q = -q®=—(p.-p;)? = sxy four momentum transfer of the current squared

v = 24, 2E,(E. - E;cos’—azi) energy of the current in the target rest frame
or equivalently x and y in the range 0 < (x,y) < 1:

x = A _ ¢ Bjorken scaling variable (~fraction of the

2pp-q)  2myr
proton momentum carried by the struck quark)

. 2p, -
(pP ) Pe) s Vmaz
and
s = (pe+ pp)? ~4E.E, total invariant mass squared
W? = (q+pp)?=Q%1/x~-1)+ m? invariant mass squared of the hadronic system

Table 2.5 Kinematical variables of the deep inelastic ep scattering events.
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The total invariant mass squared is called s and the invariant mass squared of the hadronic
system W?, which ranges from m? to s. The approximate () sign results from the fact that
the masses of electron (m.), proton (m,) and the scattered lepton have been neglected which

is a very good approximation at HERA energies.

The maximum possible energy of the current in the proton rest frame is:
s — (m. + m,)? .S _ 2EE

2m, T 2m, m,

From this follows that collisions at HERA correspond to a fixed target experiment with an
electron beam of 52TeV.

The event topologies of the scattering process (Fig. 2.15) in the laboratory system are
presented in Fig. 2.16 before and after the deep inelastic scattering process.

Vmaz -

AFTER
NC CC
BEFORE C\e N
e  _ P in {JFOfOn jet proton jet Y\
30 GeV 820 GeV beampipe
1]
€ current jet current jet

Fig. 2.16 Event topology of deep inelastic ep scattering events.
The kinematical variables of an event can be determined from a measurement of the
following quantities (Table 2.6):
1) from the scattered electron [NC]:
E; and §, — energy and scattering angle of the outgoing electron;
2) from the current jet [NC, CCJ:
E; and §; — energy and production angle of the current jet;
3) from the final state hadrons [NC, CC|:
Pzi; PT;; and E,; — parallel and transverse momenta w.r.t. the beam axis
and energy of the i-th final hadron (Jacquet Blondel Method [JAC79]).

Kinematical Scattered Electron Current Jet Hadronic System
Variable E, 6. E;, 6; Pzis PTis Bri, i=1...n
-2
Q x~ 4 E, E! sin® 8 E} sin’6; (X: pra)?
2 1-— =} cos® % l-y
7 E, . 2
7 22 e L ein2 -1
‘o~ E, sin 2 E; sin 5 _Q_2
B E! 6. E, ,
E, (1 - Ef cos® E) E, (1 — E:’ cos® %’—) sy
E' 8, . , (Bh: — p.s
y 1——:cosz-é~ %cosz%- i ( ;'Ee Pzi)

Table 2.6 Experimental determination of the kinematical variables Q?, x and y
from the scattered electron, the current jet or the hadronic system.
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2.2.3 Neutral and Charged Current Processes

The most important processes contributing to deep inelastic electron proton scattering can
be described by Feynman diagrams presented in Fig. 2.17 [HIL87)]. In particular photon gluon
fusion plays an important role at HERA and is the main source for heavy quark production

(Q=c, b, t, ...).
[

NC

photon gluon

cC

fusion ()

eq collisions

eg collisions

Fig. 2.17 Processes (Feynman diagrams) contributing to deep inelastic ep scattering

The contributions from neutral and charged current processes to the scattering cross sec-
tion in ep scattering, taking into account only pure v and pure W exchange, can be approx-

mately described [WOL86] by:

d"(‘YP) 2 1 2

ddfd | a (5;) F(z,y) NC 1
do(Wp) 21

dody @iy @y OO

assuming the same coupling constant « for v and 101‘
W to leptons and quarks and the structure func-
tion F(x,y). Only the propagator terms 1/Q* and
1/(Q*+M},)?, with My =82GeV the mass of the _g
W, differ for the two processes. 10

Figure 2.18 shows qualitatively the behaviour of

do/dxdy (rel.units)

the cross sections for v and W exchange as a 100 10! 102 103 104 105
function of Q2. At Q? =~ 1 the cross section Q2 (Gev2)

for neutral currents () is about 10® times larger

than the cross section for charged currents (W). Fig. 2.18 Qualitative behaviour of NC

For Q% >10*GeV? weak and electromagnetic cross
sections have the same magnitude.

scattering by v exchange and
CC scattering by W exchange.
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Figure 2.19 shows the relative size of the cross section from pure 7, pure Z° and v/Z° in-

terference as a function of Q*. The v/Z° interference and the pure Z° term become important
in the upper HERA Q?-range and finally dominate at Q? above 10* GeV? [ING87].

Neutral Current Processes

The differential neutral current cross section is given in leading order standard electroweak
theory by

Loyc(eT ra?
dI::(:l(Qz 2 4zQ4 [Y*=Fi(=,@%) + (1 - y)Fa(2, Q") % (v — v*/2)zFi(z, Q")

where F,, F;, F; are structure functions. F,; and F, are related through the Callan-Gross
relation, 2xF;=F;, which is approximately valid for spin 1/2 quarks.

The double differential cross section for the one-photon exchange (e"p—e~X) can be
expressed by two dimensionless structure functions Fy(x,Q?) and F(x,Q?):

d’o(y) _ 4ma’ 2 2 2
Tody " sty |1~ VF(@) + 2y’ Fi(2,Q)]
Introducing the Callan—Gross relation this formula can be abbreviated:

do(y 4ral
dz:c(iy) = sz2y? (1-y+9'/2)F(=, Q")

The structure functions can be expressed in the standard quark parton model by quark
distribution functions ¢y(x,Q?) and §;(x,Q?) which measure the probability for finding a
quark or an antiquark carrying the momentum fraction x of the proton. The structure
functions can be expressed in terms of the g, § as follows:

Fy(=,Q%) = 22Fi(2,Q%) = z [¢(2, Q%) + 7(=, Q%))
where e.g. ¢(x,Q%)=3u(x,Q?)+3d(x,Q?) +3s(x,Q%)+3c(x,Q?) +1b(x,Q?) for the em current.
The cross section with additional Z° exchange can be written in the same form as for
the one photon exchange; F1(x,Q?) and F;(x,Q?) now contain contributions from v and Z°
exchange and v, Z° interference terms.

In the upper Q*-range of HERA, above 10*GeV?, /Z° interference and pure Z° exchange
start to dominate the pure v exchange as mentioned above (Fig. 2.19).
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Charged Current Processes

The differential charged current cross section for left handed ef (efp — vX) through W
exchange can be described by

d’occ(efp) 1 4ral

dzdQ? = 2s5ini@w z(Q? + ME)?
where F1(x,Q?), F2(x,Q?) and F3(x,Q?) are three structure functions.
For right handed electrons:

d*occ(eqp — vX)

dzdQ? =0

since the neutrino is left handed.

In the quark—-parton model these structure functions can be expressed by
Fz(za Qz) = szl(m3 Qz) =z [Q(zs Qz) + q(‘ﬂ, Qz)] and z71"«':‘3(23) Qz) =z [Q(zs Qz) - -q‘(‘t” Qz)]

where

4(2,Q) = u(z, Q%) + c(2,@%) + .. and (z,Q*) = &z, Q") +3(2, Q%) + -

If higher quark masses are omitted the cross section for left handed ef is approximately
described by

d*occ(efp — vX) _ 1 4ma?
dzdQ? ~ 25int@p (Q% + MZE)?

The accessible region of x and Q? at HERA depends on the structure of events and the
detector design. Figure 2.20 shows the accessible domains in the x,Q*-plane where x and
Q? can be well measured a) for NC scattering from either the scattered electron or the jets
and b) for CC scattering only from the jets [WOL90a]. The main limitations result from the
precision with which the energy of the scattered electron or the jets can be measured, and on
the size of the beam hole. For NC scattering, precise measurements of the structure functions
should be possible for the full range of x and Q? over which the event rate is sufficient. For
CC scattering this will be difficult for y>0.6 (y=Q?/xs). The well measurable region can be
extended by operating HERA at lower beam energies.

[4(2, @) + (1 — ¥)*d(=, Q)]

Figure 2.21 points out how wide the accessible range at HERA is for measurements of
the structure function Fy(x,Q?) at s~10*GeV? and 10°GeV? extending over almost 5 orders
of magnitude in Q? [BLU87]. For comparison data of charged lepton—proton scattering from
SLAC and the CERN SPS muon experiments are superimposed.

For one year of data taking an integrated luminosity of 100pb~! is expected. For the
structure function measurements an integrated luminosity of 500pb~ is assumed. Figures
2.22 and 2.23 present the event rates in the x,Q?—plane expected at HERA for NC and CC
scattering with L = 500pb~! calculated with Lund-LEPTO and EHLQ structure functions
[WOL90a]. At low Q? the large NC event rate stems from photon exchange. At Q? above
the mass squared of the Z° (mz), the contribution of Z° exchange has the same magnitude as
pure photon exchange. The CC event rate at low Q? is much smaller than for NC scattering,
but exceeds the NC event rate at Q? >m?,.
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Fig. 2.20 The accessible regions at HERA where x and Q? can be well measured:
a) for NC scattering from either the electron or the jets and
b) for CC scattering only from the jets.
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Fig. 2.21 Fy(x,Q?) structure function calculations for 1GeV? <Q? <10°GeV? accessible
at HERA compared to measurements of different fixed target experiments.
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Fig. 2.22 Event rates for NC scattering at HERA with L = 500pb™? calculated
with Lund-LEPTO and EHLQ structure functions.
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Fig. 2.23 Event rates for CC scattering at HERA with L = 500pb~? calculated
with Lund-LEPTO and EHLQ structure functions.

(8%

-19



2.2.4 Test of Quantum Chromodynamics

Stringent tests of Quantum Chromodynamics (QCD) will be possible at HERA due to
the large accessible Q?-range. One of the primary physics goals at HERA is to make pre-
cise measurements of the deep inelastic structure functions at high Q?, where logarithmically
falling structure functions are predicted by QCD as already indicated in Fig. 2.21.

The structure functions measured at SLAC
and the CERN SPS muon experiments up
to 300 GeV? will be extended with sufficient
statistics up to 4-10* GeV?.

Gluon radiation as described for example from
the scattered quark in Fig. 2.24 leads to scale
breaking of the form

. F(z)
1+ c In(Q?/A?)

and can be studied in full detail.

F(z)

The QCD scale parameter, Agcp, is expected
to be determined with an accuracy of about
+40MeV for Agcp=200MeV.

The HERA experiments can be expected to
provide for the first time a precise measure-
ment of the gluon structure function G(x,Q?)
of the proton. Measurement of the gluon dis-
tribution at small x will be possible from the
longitudinal structure function Fy = F, — 2xF,
[COO87]. The question of the rise of G(x,Q?)
— a hotly discussed subject will be answered.

Figure 2.25 shows two different gluon distribu-
tions which are both compatible with present
data. They are of the form

(A) xG(x,Q?%) = 0.676 x~/?(1 - x)° and

(B) xG(x,Q%*) =5 (1 -x)°

Superimposed are the measured data expected
from HERA. The error bars and shaded bands
illustrate the statistical and systematic errors
for 100pb~! corresponding to one standard
year of data taking.

p
L/ AN

Figure 2.24
Gluon bremsstrahlung in eq-scattering.

xG(x.Q2)
2 _ 2
20 Q¢ = 50 GeV
10
5 A Sirr. 57,
/
~(1 - x)°

2 fe.

1 1 | 1 1

0-002 0005 0OV 002 005 «x
Figure 2.25

Two different gluon distributions superim-

posed on measurements expected for data
from the ZEUS detector (Q? = 50GeV?).



2.2.5 Substructure of Quarks and Electrons

There are models considering quarks and/or electrons as composite objects, with com-
mon constituents [EIC83], [CAS83], [CAS85], [MARS8Y7] as illustrated in Fig. 2.26. These
substructures of quarks and/or electrons would produce deviations from the QCD predicted
structure functions. The interchange of common constituents leads to a contact interaction
(C.L), which is a function of the mass parameter A describing the strength of the composit-
ness scale. The contact term L is proportional to L ~ g?/A?, where g measures the coupling
strength and g?/4r = 1 is assumed.

If such new physics exists the new physical phenomena will differ from the predictions of
the standard model for Q? > A?. At Q? < A? the interference between the standard processes
and the new physics would lead to contact interactions resulting in observable deviations from
the standard model expectations.

Figure 2.26c shows the ratio between the structure function F; for 4 exchange alone
and with the contributions from Z°, together with the additional contribution from a contact
interaction with A=1TeV [CAS83]. For Q? above 10*GeV? large deviations from the standard
model are predicted. After two years of data taking the measurements will be sensitive to
A = TTeV corresponding to distances of about 3-10~*%cm.

1T U TUTI I L LRAL|

FnQ 314 Gev
A =1 Tev
x=0.]

T
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L oond

Fig. 2.26a Electron scattering on composite >
quarks. 10
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Figure 2.26¢

Fig. 2.26b Composite electron and quark Influence of a contact interaction with Ay
scattering by constituent =1 TeV on the structure function F2(x,Q?)
interchange. compared to the standard model. The full

curves correspond to (V-A); x (V-A),, the

9_21 dashed one to (V-A); x (V+A),.



2.2.6 Search for New Currents

Electroweak theories can be tested at HERA simultaneously by measurements of deep
inelastic neutral current and charged current processes. In addition there is the possibility to
measure with e~ and et beams. Furthermore there is the expectation that the measurements
eventually can be performed with longitudinally polarized et’s.

In addition to processes with the known W(W;) and Z(Z,) vector bosons, the sensitivity
of deep inelastic ep scattering to effects of hypothetical second W, and Z; bosons has been
studied. The explorable mass range was estimated for different interesting models and the
additional physical power of longitudinally polarized beams for W, and Z; searches was
pointed out. An example for estimation of the sensitivity to a second W, at HERA is given
in the following.

2.0
!
The amplitude for the exchange of the stan-
dard W(W,) is given by

g2
(Q* + M)

If a hypothetical W, couples in the same way
to leptons and quarks and if the coupling con-
stants g; and gz for W, and W are chosen such

A(Q*) ~

CJ‘(W| +Wz)/CJ‘(W[)

that the low Q? region remains unchanged, the (.5 |- My, =200 GeV
ratio of the cross sections of ¢(W;+W3;) to
o{W3;) can be written as:
2 2 27,2
O'(W1+W2)= 1—rm—~;—|—rm—; 1+Q°/m3y 300
a(Wh) mj  mi 1+Q*/m] -

\

with m;=Myw and r=g/g*.
’ 500

. . SR A 800___4
Figure 2.27 shows this ratio with r=1. After émoo 1

two years of HERA running W, masses can be 1.0
investigated up to ~ 700GeV. Y 10000 20000 30000

Q2 (Gev?)
Fig. 2.27 Ratio of the cross sections of
(W, + W,) to a(W,).

Corresponding estimations exist also for neu-
tral currents and Z° production.

Right Handed Currents

A search for right handed currents is of prime interest. This is best done using longitudi-
nally polarized electrons.

Any nonzero cross section of egp — vX or efp — TX scattering signals the existence of
a right handed charged current.

For neutral current reactions a difference between the cross sections for ef z and el n
scattering is expected due to the different contributions of the Z° exchange. Figure 2.28
presents the magnitude of weak interaction effects in NC reactions which amount to about
60% at Q% ~ 10*GeV2.
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Fig. 2.28 Neutral current cross sections for left and right handed e¥.

2.2.7 Search for New Particles

At HERA the main source of heavy quark production will be photon gluon fusion (Fig.

2.17). The total cross section is of the form

oleg — QRX) ~ M54

with Mg = mass of the heavy quark.

Figure 2.29 describes the contributions of pho-
ton gluon fusion in neutral current events as
a function of Q2 [ZEU85]. It shows that the
production of heavy quarks can be expected
essentially at low Q2.

Fraction of events

10
08}

3 Yg—q+qg
06
0Lt

i Yg—qg
o.z—//\
0 ) I B 1 At 4 s | — .

20 60 200 600 2000 6000 20000
Q¥ (GeVic)?

Fig. 2.29 Contributions of photon gluon
fusion in NC events.

At HERA, searches are possible in particular [SOD9O] for:

VAN up to a mass of 700 GeV
WE 400 GeV
SUSY 180 GeV
e’ 200-250 GeV

up to a mass of 4-7 TeV
300 GeV
280 GeV

contact int.
leptoquarks
leptogluons
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2.2.8 Physical Requirements on the Detector Performance

The detector requirements for calorimetry, tracking devices and particle identification,
depend on the momenta and angles of the particles and jets of the final state produced in
the ep scattering [ZEU85], [WOLS86], [KRU87a]. The kinematics of deep inelastic scattering
between 30GeV electrons and 820GeV protons is shown in Fig. 2.30. The transverse mo-
mentum is plotted w.r.t. the beam axis versus the longitudinal momentum. The elongated
shape of the phase space of the scattered lepton and the quark is due to the different electron
and proton beam energies. The events are in general very asymmetric, with most of the final
state hadrons in the forward proton direction [ING87].

In Fig. 2.31 two Monte Carlo simulated events are shown in a typical HERA detector
design, one neutral current event [NC] with x=0.25 and Q?*=5000GeV? in the upper plot and
a charged current event [CC] with x=0.35 and Q?=16000GeV? in the lower plot. For the
NC event the scattered electron has an energy of 64GeV and the current jet an energy of
160GeV. The proton remnants jet disappears essentially in the beam pipe. The kinematical
quantities x and Q? of this event can either be determined from a measurement of energy
and angle of the scattered electron (E,d,.) or from energy and scattering angle of the current
jet (Ej, 6;). In the CC event the outgoing lepton is a neutrino v, which carries away an
energy of 50GeV, the current jet has an energy of 170GeV and again the proton remnants
Jet disappears essentially in the beam pipe. The neutrino is not detected, thus for CC events
the kinematical variables x and Q? can be determined precisely only from the energy and the
scattering angle of the current jet (E;, 6;), or from the total hadron flow [JAC79).

These two typical examples for NC and CC events show, that the precision with which
the kinematical variables x and Q? can be determined depends strongly on precise energy
and angular measurements. In particular for CC events x and Q? can be determined only
from a measurement of the energies and angles of the produced hadrons. A closer inspection
reveals that in most cases it is the precision of the energy measurement which determines the
accuracy of x, Q*. Consequently a high precision energy measurement is of primary physical
interest for a HERA detector and requires the implementation of a high resolution calorimeter.

Figure 2.32 shows the kinematical region accessible in the x,Q?-plane at HERA for CC
events assuming the Longo criteria [LON83]. The dashed line describes the measurable area
for a high resolution calorimeter with an energy resolution of 35%/v/E@®1% for single hadrons
and jets, and equal response to electrons and hadrons (e/h=1), the full line correspondingly
for a standard hadron calorimeter with a typical resolution of 60%/vVE®1% and e/h=1.4.
The Longo criteria require for the well measurable region, that if the x,Q%—plane is divided
into small bins, after reconstruction more than 60% of the events stay in the original bin and
less than 40% of the events migrate from outside into that bin. This plot shows the power
of a high resolution calorimeter: it extends significantly the accessible kinematical region in
particular at low x, and towards large Q2.
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The ZEUS collaboration started in 1984 a comprehensive program of research and devel-
opment in calorimetry to gain the knowledge and experience for design and construction of
a calorimeter with the best possible energy resolution for hadrons and jets.

The primary goals for the ZEUS hadron calorimeter can be summarized as follows:

Compensation (e/h=1) and best possible energy resolution
for hadrons and jets

47 hermeticity

Precise angular resolution for particles and jets (<10mrad)
Precise energy calibration (<1%)

Handling of short times between bunch crossings, 96ns

For the tracking devices one of the most important tasks is the determination of the sign
of the charge of the particles in the final state, in particular for single electrons and muons.
The essential requirements can be summarized as follows:

High transverse momentum resolution 1(;’7’)- ~0.003pr

High density of points along each track for dE/dx measurement
and electron recognition

Two track angular resolution ~ 4mrad

Tracking down close to the beam line (=~ 100mrad)

Precise vertex detection

For lepton identification the requirements are as follows:

Identification of leptons and momentum and angle measurements
over the entire angular range



2.3 The ZEUS Detector

2.3.1 Overview of the ZEUS Detector

About 450 scientists are taking part in the ZEUS collaboration. They come from 50 insti-
tutions (Table 2.7) in ten countries: Canada, Germany, Israel, Italy, Japan, The Netherlands,
Poland, Spain, United Kingdom and the USA [ZEUS85...91]. The composition of the ZEUS
collaboration can be found at the end of this report (p.8-31). In addition an organigram of
the Hamburg ZEUS members is added indicating their activities (p.8-35).

Figure 2.33 shows an artist view of the ZEUS detector and its internal structure. Sections
of ZEUS along and perpendicular to the beam are presented in Fig. 2.34 and 2.35 and the
main parameters of the detector are summarized in Table 2.8. The dimensions of the ZEUS
detector are 11.6m x 10.8m x 20.0m (X, ¥, z) and its total weight is 3600t.

The heart of the ZEUS detector is the uranium scintillator calorimeter (CAL) which mea-
sures with high precision energies and directions of particles and particle jets. It has a layered
structure and is built from depleted uranium (DU) plates interleaved with sheets of plastic
scintillator. Readout of the light from the scintillator is achieved by means of plastic wave-
length shifters with associated photomultipliers.

Fig. 2.33 Artist view of the ZEUS detector showing its internal structure.
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The uranium scintillator calorimeter totally encloses the tracking detectors. These de-
tectors measure the tracks of charged particles using wire chambers and consist of: a vertex
detector (VXD), the central drift chamber (CTD), forward (FTD) and backward (RTD) drift
chambers and in the forward direction a transition radiation detector (TRD) to identify high
energy electrons. These chambers are surrounded by a thin superconducting solenoid coil
producing an axial field of 1.8 Tesla for determining the momenta of charged particles from
their curvature in the magnetic field.

Behind the third and sixth DU layers of the calorimeter a detector of 3cm x 3cm silicon
diodes is foreseen in order to improve the hadron electron separation (HES) and in addition
the spatial resolution.

The CAL is surrounded by the backing calorimeter (BAC) which is constructed from
the 7.3cm thick iron plates of the return yoke and read out by means of proportional tube
chambers. With the BAC the energy of events not completely absorbed by the CAL can be
measured.

Particles which traverse the large amount of material and are not absorbed in the uranium
scintillator or backing calorimeter are identified as muons and their tracks are measured be-
fore and after the iron yoke by special muon track chambers (MUON). The muon momenta
are determined by the deflection of their tracks in the iron yoke which is magnetized toroidally
by copper coils to 1.6 Tesla. In the forward direction additional magnetized iron toroids and
muon chambers are installed to cope with very energetic muons (up to 150GeV). Also, the
path of muons through the yoke can be followed with BAC.

In the far forward direction a leading proton spectrometer (LPS) is installed consisting of
six pots distributed over 100 m along the beam pipe to detect, with high resolution silicon
strip detectors, forward scattered protons.

In the direction of the electron beam photons and electrons are detected in coincidence
in the luminosity detector (LUMI) at distances of 35m and 106m from the interaction point.

ZEUS - COLLABORATION

CANADA Manitoba, McGill, Toronto, York

GERMANY Bonn, DESY, DESY~Zeuthen, Freiburg, Hamburg I,
Hamburg II, Jalich, Siegen

ISRAEL Tel Aviv, Weizmann Institute

ITALY Bologna, Cosenza, Florence, Frascati, L’Aquila,
Padua, Rome, Turin I, Turin IT

JAPAN Tokyo-INS, Tokyo—Metropolitan

THE NETHERLANDS NIKHEF-Amsterdam

POLAND Cracow, Warsaw

SPAIN Madrid

UNITED KINGDOM  Bristol, Glasgow, London (I.C.), London (U.C.),
Oxford, Rutherford

USA Argonne, Brookhaven, Columbia, Iowa, Louisiana State,
Ohio State, Pennsylvania State, U.C. Santa Cruz,
Virginia Tech, Wisconsin

Table 2.7 Institutes of the ZEUS Collaboration.
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PARAMETERS OF THE ZEUS DETECTOR

Dimensions 11.6m x 10.8m x 20.0m
Total weight 3600t
Magnets: Solenoid (s.c.) 1.8T, 86cm<R<11lcm, L=280cm
Compensator (s.c.) 5T, 37cm<R<47cm, L=120cm
Yoke Coils 1.6T in the iron yoke
Uranium Scintillator Calorimeter (CAL)
Total weight 700t
Layer structure 3.3mm DU + 2.6mm Scint.
Structure of CAL FCAL BCAL RCAL
Number of modules 24 32 24
Longitudinal segmentation EMC EMC EMC
HAC1,2 HAC1,2 HAC1
Max. number of layers 185 119 105
Max. depth in absorption length 7.1 5.3 4
EMC transverse segmentation 5x 20 5x 24 10 x 20cm?
HAC transverse segmentation 20 x 20 20 x 28 20 x 20cm?
Number of photomultipliers 12000
Silicon detector (HES) FCAL BCAL RCAL
Number of layers / Si—diodes 2 /20000 1 /20000 1 /10000
Diode area 20 20 10 m?
Backing Calorimeter (BAC)
Active area 2980 m?
Number of layers / signal wires 7 - 10 / 40000
Size of towers / Number of towers 50 x 50cm? / 1700
Tracking Detectors (VXD, CTD, FTD, RTD, TRD)
Vertex detector (VXD) / number of signal wires 9.9cm<R<15.9cm / 1440
Central drift chamber (CTD) 16.2cm<R<85.0cm
Superlayers / wire layers per superlayer 9/8
Number of signal wires 4608
Forward/backward detector (FTD, RTD) 12.4-16.4cm<R<62-121cm
Drift layers / signal wires 12 / 5544
RTD drift layers / signal wires 3 / 1008
Number of TRD planes 4
Number of TRD signal wires / cathode strips 1056 / 1056
Muon Detector (MUON)
Forward: Number of signal layers / channels 26 / 18400
Central: Number of signal layers / channels 16 / 70400
Leading Proton Spectrometer (LPS)
Position of detectors z = 24, 41, 44, 63, 81, 90m
Luminosity Detector (LUMI)
Position of detectors z = —35, -106m
Performance:
Energy resolution for hadrons and jets o(E)/E = 35%/VE & 2%
Energy resolution for electrons o(E)/E = 18%/VE & 1%
Momentum resolution for charged particles a(p)/p = 0.002-p @ 0.003
Hadron misidentification probability P(h—e) 5.107% — 1075
Pion misidentification probability P(m — u) 1073

Table 2.8 Parameters of the ZEUS detector.
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2.3.2 Magnet System and Iron Yoke

The momenta of charged particles are determined by measuring the deflection of their
tracks in the 1.8 Tesla axial field of the thin, superconducting solenoid which is located
between CTD and CAL. The coil of the solenoid has a length of 2.46m and an inner/outer di-
ameter of 1.85m/1.91m (Table 2.9). It is installed in a 2.8m long cryostat with an inner/outer
diameter of 1.72m/2.22m. The inner wall of the vacuum vessel supports the CTD.

The material thickness of the solenoid was minimized to about 0.9 radiation lengths X,
(=8cm Al) to reduce the degradation of the energy measurement of electrons, photons and
hadrons in the high resolution calorimeter. The field inhomogenity defined by ¢ il Mdl
with a magnet:c field B,o at the origin and a track length L should be less tha.n 8% in the
central region.

Figure 2.36 shows a picture of the opened iron yoke during installation of the solenoid.
The solenoid has been tested and cooled down to 5 K in 66 hours (Jan. 90) and the design
field of 1.8 T has been reached. Field measurements have been performed with a precision
better than 0.2% in the central region. They are in good agreement (<1%) with the predicted
values. Figure 2.37 shows results of the magnetic field measurements. The axial field B, and
the radial field B, are plotted as a function of z. Results from detailed 3—dimensional mag-
netic field calculations with the program package TOSCA are superimposed for comparison
{COR90].

Superconducting Solenoid Coil Cryostat
Inner diameter 1850mm 1720mm
Outer diameter 1914mm 2220mm
Length 2.46 m 2.80 m
Forward length 1.3 m 145 m
Backward length -1.2m -1.35m
Bomez (z=0) 1.8 Tesla —

Nominal current 5 kA —

Table 2.9 Parameters of the thin superconducting solenoid.

To compensate for the influence of the magnetic field of the thin solenocid on the beam
dynamics a superconducting solenoid (compensator) creating the same opposite integrated
field length of fB.dz = 6.0 Tm along the beam axis is installed in the rear end cap of the iron
yoke. The compensation coil has a length of 1.2m, an inner diameter of 0.37m and reaches a
maximum field B,,,. of 5T on axis.

The two solenoids are treated as a whole system. They have the same cooling system and
are supplied with He at a temperature of 4.4K and a pressure of 1 bar and gaseous He at
40K. Both solenoids are charged or discharged simultaneously during beam operation.

The iron yoke returns part of the flux of the thin solenoid and represents the biggest part
of the detector. It has the shape of an octagonal cylinder, closed by two end caps, with overall
dimensions of 10.4m x 9.1m x 8.6m (l,w,h) and a weight of 1962 tons. It is built from 7.3cm
thick iron plates with 3.7cm gaps for insertion of the multiwire proportional chambers of the
backing calorimeter. The iron yoke is split into 3 parts and can be opened for access to the
inner components of the detector (see Fig. 2.36).

In order to enable a precise muon momentum measurement the yoke is magnetized by nor-
mal conducting coils generating a toroidal magnetic field of 1.6T in the iron yoke (Fig. 2.36).
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Fig. 2.36 Installation of the superconducting solenoid.
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2.3.3 High Resolution Calorimeter (CAL)

The most important characteristics of the calorimeter can be summarized as follows: full
containment of all particles in the entire angular range (solid angle coverage 99.8% in the
forward and 99.5% in the backward hemisphere), linear and equal response for electrons and
hadrons up to the highest energies (e/h=1.0 (compensation)), precise energy measurement
for hadrons and jets with an energy resolution of 35%/vVE ® 2% and 18%/VE & 1% for
electrons, an angular resolution for jets better than 10mrad, a time resolution of a few ns
compared to a bunch—crossing time of 96 ns, the ability to discriminate between hadrons and
electrons because of their different energy depositions and a calibration accuracy of about 1%.

Figure 2.38 shows the layout of the calorimeter. It totally encloses the inner tracking
detectors (VXD, CTD, FTD, RTD, TRD) and the superconducting solenoid and consists
mechanically of three main components:

Forward Calorimeter (FCAL) ( 22°<8< 39.9%,
Central or Barrel Calorimeter (BCAL) ( 36.7° <6< 129.19),
Rear Calorimeter (RCAL) ( 128.1°< 8 < 176.5°).

The depths of these three calorimeter parts were optimized w.r.t. the kinematically maxi-
mum possible jet energy E(8). In units of absorption lengths FCAL has a2 maximum depth of
7.1, BCAL of 5.3) and RCAL of 4\. The total weight of the uranium scintillator calorimeter
is 707t (517t DU, 52t steel boxes, 23t scintillator, plus mechanical structures).

FCAL and BCAL are segmented longitudinally into three sections, an electromagnetic
(EMC) with a depth of 25 radiation lengths (Xo) or 1 interaction length (1) and two hadronic
sections (HAC1,2) with a depth of 2 x 3.1 in the FCAL and 2 x 2.1 in the BCAL. The
RCAL is divided longitudinally into two sections, one EMC (1)) and one HAC section (3.12).

Figure 2.39 shows a front view of the FCAL with its modular structure as seen from the
interaction point. Its front face approximates a circle with a radius of 2.5m and its depth
for vertical incidence varies from 7.1 in the central region to 5.6\ in the outer horizontal
regions. The different depths are indicated in Fig. 2.39. The FCAL is assembled from a total
of 24 modules each having a width of 20cm, an active depth up to 1.53m, a height varying
from 2.2m to 4.6m and a weight of up to 12t. The transverse internal segmentation of the
FCAL as seen from the interaction point is presented in Fig. 2.40. The fine granularity in
the central region is achieved by a finer transverse segmentation of the EMC section which
extends up to the region of the shadow of the BCAL. The different FCAL and RCAL module
types and compositions are summarized in Table 2.10.

Figure 2.41 indicates the internal structure of an FCAL module. The FCAL modules have
a non-projective tower structure with a size of 5cm x 20cm in the EMC and 20cm x 20cm in
HAC1 and HAC2.
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FCAL module type F1T |FiB {F11 | F12 | F21 [F22 | F3 | F4 | F5 | F6
number of modules 1 1 2 8 2 2 2 2 2 2
active height (cm) 220 | 220 | 460 | 460 | 420 | 420 | 380 | 340 | 300 } 220
total weight (t) 59 | 59 |12.4|124]11.3]11.3| 93 88|66 |48
towers (20x20cm2) 11 11 23 23 21 21 19 17 | 15 11
depth (1)) 71 |71 | 71|71 | 71|71 |64|64]|56]5.6
EMC sections (5x20) 36 36 76 68 52 44 | 36 | 12 | - -
HACO sections (20x20) 2 2 4 6 8 10 | 10 | 14 | 15 | 11
HACI sections (20x20) | 11 | 11 | 23 | 23 | 21 | 21 |19 | 17 | 15 | 11
HAC2 sections (20x20) 11 11 23 23 { 21 21 {19 | 17 | 15 | 11
EMC channels (XP1911) 72 72 | 152 | 136 | 104 | 88 72 | 24 - -
HAC channels (R580) 48 | 48 | 100 | 104 | 100 | 104 | 96 | 96 | 90 | 66
RCAL module type |R1T {R1B | R11 | R12| R21 {R22 | R23 | R3 | R4 | R5 | R6
number of modules 1 1 2 6 2 2 2 2 2 2 2
active height (cm) 220 | 220 | 460 | 460 | 420 | 420 | 420 | 380 | 340 | 260 | 220
total weight (t) 33 |37 |77 |77 |70 70|70 |64]|57]|37]30
towwrs(20x20¢nf) 11 11 23 23 21 21 21 19 [ 17 § 13 | 11
depth () 4.0 40 | 40 | 4.0 | 4.0 | 40 | 40 (40| 40| 3.3 | 3.3
EMC sections (10x20) | 10 | 18 | 38 | 34 | 30 | 26 | 22 | 18 | 6 | — [ -
HACO sections (20x20) [ - 2 4 6 6 8 10 {10 | 14 | 13 | 11
HACI sections (20x20) [ 11 11 23 23 21 21 21 19 |} 17 | 13 | 11
EMC channels (R580) | 20 | 36 | 76 | 68 | 60 | 52 | 44 |36 |12 | - | -
HAC channels (R580) 22 26 54 58 54 58 62 58 { 62 | 52 | 44
T and B modules are special modules above and below the beam pipe.
Table 2.10 FCAL and RCAL module types and compositions.
EMC HAC
material thickness | thickness | thickness | thickness | thickness | thickness
(mm) | %) | ) | (mm) | () | ()
steel 0.2 0.011 0.0012 0.4 0.023 0.0024
DU 3.3 1.000 0.0305 3.3 1.000 0.0305
steel 0.2 0.011 0.0012 04 0.023 0.0024
paper 0.2 0.2
SCI 2.6 0.006 0.0033 2.6 0.006 0.0033
paper 0.2 0.2
contingency 0.9 0.9
sum 7.6 1.028 0.0362 8.0 1.052 0.0386
effective X, 0.74 cm 0.76 cm
effective A 21.0 cm 20.7 cm
effect. Moliere radius 2.02 cm 2.00 cm
effect. critical energy 10.6 MeV 12.3 MeV
effective density 8.7 g/cm? 8.7 g/cm?®

Table 2.11 Layer structure of the EMC and HAC calorimeter sections.
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The sandwich sampling structure is the same throughout the whole calorimeter: 3.3mm
thick depleted uranium plates (DU) corresponding to one radiation length (1X,) and 2.6mm
thick scintillator plates. The DU plates are clad with 0.2mm (EMC) or 0.4mm (HAC) steel
foils for ease of handling and reduction of noise from the radioactivity of the uranium. Table
2.11 gives detailed information on the layer structure of the EMC and HAC sections.

In order to the uranium plates not exerting pressure on the scintillator plates the distance
between the uranium plates is kept by small 3.9mm thick spacers of 5Smm x 6émm (TiC) in
the EMC and 5mm x 10mm (WC) in the HAC. The spacers are placed every 20cm along
both edges between two DU plates. Special gaps of 15mm are provided after the 4th and 7th
scintillator layer (3.3X, and 6.3X,; the first layer consists of scintillator plates) for insertion of
the silicon pad arrays (3cm x 3cm Si diodes) of the hadron electron separator (HES). BCAL
and RCAL have only one gap, namely after the 4th scintillator layer. A fully stacked module
equipped with wavelength shifters is compressed to a solid mechanical unit by 196mm wide
and 0.25mm thick stainless steel straps tensioned with 15-20kN/strap. The mechanical de-
tails of an FCAL module are seen in Fig. 2.42 showing a large FCAL module in the stacking
position.

Each longitudinal section (EMC, HAC1, HAC2) is read out on both sides by plastic wave-
length shifter plates (WLS, 2mm thick), light guides (LG) and associated photomultipliers
(PMs). Details of the mechanical design and the optical readout scheme are presented in
Fig. 2.43 for a cut along one calorimeter stack. In total the calorimeter requires about 12000
photomultipliers.

The calorimeter roughly works as follows (Fig. 2.44): particles entering the calorimeter
interact with the absorber plates (DU) producing a "shower” of particles. The charged
particles of such a shower produce light in the scintillator which propagates by reflection
to the wavelength shifters where it is converted to light of a longer wavelength. This light
again propagates by reflection to the photomultiplier which generates an electrical signal
that can be measured and recorded. A detailed description of the physical processes and the
development of the high resolution ZEUS calorimeter are given in chapter 3 and 4.
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The depth of the calorimeter is sufficient to absorb in most cases the full electron showers
in the EMC and the hadron showers in the EMC and HAC sections. The signal produced in
the photomultipliers is proportional to the energy of the incident particles.

The thickness of the uranium and scintillator plates of the ZEUS calorimeter has been
optimized to give equal signals for electrons and hadrons of equal energy (e/h=1). Such a
calorimeter is called compensating calorimeter. It has the advantage that for all jets of the
same energy (ignoring muons and +’s in the jet) it produces the same signal size irrespective
of their electromagnetic (electrons, photons) and hadronic (e.g. pions, protons) composi-
tion. A compensating calorimeter gives the best energy resolution for hadrons. In ZEUS this
amounts to 35%/vE @ 2% while for typical noncompensating calorimeters 50-60%/vE @
4% is typically observed (see, however, the noncompensating calorimeter of H1 in weighting
mode (p. 3-27)). The principle of operation of a compensating calorimeter is discussed in
full detail in chapter 3 and 4.

The better energy resolution of such a compensating calorimeter increases the number of
well measured events by a factor of 1.7, expands the Q? range by 50%, and allows events with
very small x-values (xx0.01) to be measured. For comparison see Fig. 2.32.

Figure 2.45 shows a photo of the stacking machine in York (CDN) assembling the first
FCAL prototype module. These prototype modules have the same internal structure as the
final FCAL modules and a height of 80cm. The comprehensive FCAL prototype calorimeter
test program is presented and discussed in chapter 5.

Figure 2.46 presents a photo of two FCAL wavelength shifter cassettes ready for installa-
tion into a fully stacked calorimeter module. At the front left side two light guides of HAC1
and HAC2 and, below, four smaller EMC light guides can be seen. At the front right side four
EMC wavelength shifters of the other cassette are visible. In order to get uniform response
along the WLS special absorption patterns for the back reflector have been individually cal-
culated based on uniformity measurements. They were printed under computer control for
each WLS and put at the backside.

Figure 2.47 shows a picture of a fully stacked FCAL module at NIKHEF (Amsterdam,
NL) before WLS installation and mounting of the tension straps. The uranium scintillator
sampling structure can be well seen. At the central front face of the module (top side) the

finer transverse segmentation of the EMC section and the two gaps after 3 and 6 DU layers
for the silicon pad arrays of the HES are also visible.

The RCAL like the FCAL consists of 24 modules. In comparison to the FCAL the RCAL
differs mainly in a coarser tower structure of 10cm x 20cm in the EMC having only one HAC
section and a total depth of 4. '

The Barrel Calorimeter is constructed from 32 identical modules each covering an angle
wedge of 11.25°. Figure 2.48 shows a section through the BCAL perpendicular w.r.t. the
beam axis. The inner/outer radius of the BCAL is 1.22m/2.29m. All modules are (near—)
projective in ¢, but tilted by 2.5° to avoid projective module boundaries. The whole BCAL
can be rotated around its central axis to allow insertion and removal of modules from above.
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Fig. 2.50 The BCAL stacking machine at Argonne containing a fully stacked module.

Figure 2.49 shows the internal structure of a BCAL module; each module has a length of
3.3m and a total weight of about 10t. The EMC towers of a BCAL module are projective in
¢ and 6 and have a size of 5cm x 24cm at the front face. The HAC towers are projective in
¢, but non-projective in 6.

Figure 2.50 shows the BCAL stacking machine at ANL (Argonne, USA) containing a
fully stacked BCAL module before installation of the WLS. The uranium scintillator sand-
wich sampling structure and the EMC towers, projective in #, can be seen as well.

In order to achieve the desired characteristics for the final ZEUS calorimeter, in particu-
lar the excellent energy resolution for hadrons and particle jets, extreme care has been taken
in the design and fabrication of all individual components: the optical readout comprising
scintillator plates, wavelength shifters, light guides, photomultipliers, PM—shielding against
the magnetic field and also the calorimeter electronics, depleted uranium plates etc...

The depleted uranium plates have a material composition of 98.1% 2**U, 1.7% Nb and
less than 0.2% 23U and the density is about 18.9g/cm3. One radiation length of pure ?3®U is
3.2mm and one absorption length 10.5cm. The density of DU is less and the chosen thickness
of 3.3mm corresponds to one radiation length. The maximum allowed tolerances on the
nominal DU plate thickness of 3.3mm are +0.15mm in the EMC, +0.20mm in the HAC1,
1+0.25mm in the HAC2 section and the r.m.s. spread of the thickness is about 2% [AND91].

2-42



The plastic scintillator plates were fabricated of SCSN-38, a cast polystyrene material
doped with 1% p—-PBD and 0.02% BDB fluors, which has a relatively high light yield and
stability against aging and radiation. Only scintillator plates with a thickness of 2.64+-0.2mm
were accepted. To get uniform light output over the entrance surface the scintillator tiles
were wrapped in white Tyvek paper with correction pattern printed on. Figure 2.51 shows
the correction pattern of an EMC scintillator tile and the improvement on the uniformity in
light response. The light output combined from both readout edges yields a uniformity of
+2.5%.

The plastic wavelength shifters (2.04:0.2mm thick) were made of PMMA (polymethyl
methacrylate) doped with fluorescent dye Y7 with an ultraviolet absorbant for wavelengths
below 360nm. They were equipped with back and end reflectors to give a uniform light col-
lection along the WLS, this means throughout the total calorimeter depth. In Fig. 2.46 the
small black dots of a correction pattern are visible through the upper HAC wavelength shifter
close to the HAC light guide of the left cassette. Figure 2.52 shows the improvement by the
correction pattern along the WLS. After correction by this graded pattern the response is
uniform. It improves from 12% to 3% nonuniformity.

Figure 2.53 presents the emission spectrum of SCSN-38, absorption and emission spectra
of K27 and Y7 in PMMA and the spectiral sensitivity of a trialcali photocathode. The ZEUS
calorimeter has been equipped with XP1911 (¢=19mm) and R580 (¢=38mm) photomulti-
pliers which have bi-alkaline photocathodes with a spectral response (similar to that of the
trialkali photocathodes) well suited to match the spectrum of the Y7 WLS. This shows that
the chosen optical components match well.

Each single piece of the various components has been fully tested and measured under all
relevant aspects as for example dimensions, weight, uniformity etc...

The large amount of individual pieces: The largest FCAL modules contain 185 DU plates,
5980 scintillator plates, 9024 spacers and 46 wavelength shifter cassettes. Overall, there are
156000 FCAL/RCAL scintillator plates, 12000 wavelength shifters and 12000 photomultipli-
ers. The tight quality control required, made it necessary to automatize the quality control
and have it done under computer control. Such systems were developed and setup at several
institutions.

A degradation of the uniformity at the boundaries between two calorimeter modules has
been avoided or minimized by adding 2.6mm thick lead sheets between the modules. The
thickness of the lead sheets has been optimized in the FCAL prototype calorimeter tests at
CERN. The measurement results of these tests are presented in chapter 5.

As shown by extensive tests, by careful fabrication of all calorimeter components and the
subsequent high quality control the design requirements of +2% signal uniformity over the
entrance surface and in the calorimeter depth were achieved. A light yield of >2 photoelec-
trons per scintillator layer per minimum ionizing particle (mip) was measured.

For global calorimeter calibration and monitoring the uranium radioactivity offers a su-

perior feature. Test measurements have shown a long term stability of better than 0.5% and
the absolute energy scale to be known to better than 1%. For details see chapters 5 and 6.
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Ten of the FCAL/RCAL modules or 30% of all FCAL/RCAL towers have been tested at
the CERN SPS with hadrons, electrons and muons in the momentum range from 15GeV/c
to 100GeV/c and calibrated to an absolute energy scale of about 1%. These results are sta-
tistically relevant and can be used for an absolute energy calibration of all 48 FCAL/RCAL
modules by the uranium radioactivity. A detailed description of these tests and the
subsequent analysis of the data are presented in chapter 6.

The performance of the calorimeter can be checked by radioactive sources (®*°Co), which
are moved along the edges of the calorimeter towers. Direct calibration of the photomultipli-
ers is possible by a light flasher system consisting of a laser set up and optical fibres.

Before installation in the ZEUS detector each fully equipped calorimeter module has been
checked for light tightness, scanned with ®®Co sources to check the correct local uranium
scintillator plate structure and calibrated with cosmic muons.

Figure 2.54 shows a picture of the complete forward calorimeter after installation in the
ZEUS detector. At the backside of the 24 FCAL modules photomultipliers, cables etc... are
visible. The two FCAL parts can be retracted, by ~40cm also when the iron yoke is closed,
to avoid excessive irradiation during HERA machine development.

Fig. 2.54 View into the ZEUS detector after installation of the FCAL.
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Hadron Electron Separator (HES)

The main task of the Hadron Electron Separator is to achieve a significant improvement of
the identification of single electrons and electrons in jets compared to the calorimeter alone.
In jets the prompt electron to hadron ratio is expected to be in the order of 10~2. The identi-
fication is possible due to the different development of electromagnetic and hadronic showers

in the calorimeter [ZEU91a).

The HES consists of one or two planes of silicon pad arrays of =~ 3cm x 3cm Si diodes.
FCAL has two 15mm deep gaps for the Si diode planes after the 4th and 7th scintillator layer
(3.3X, and 6.3X,; the first layer consists of scintillator plates}), BCAL and RCAL have one
plane after the 4th scintillator layer (~4X,).

Combining the information from a single Si plane with that from the calorimeter a hadron
rejection of 75 to 200 is achieved at 90% electron efficiency between 10 and 75GeV. For two
Si planes the hadron rejection is further improved by a factor 5.

Test measurements with various Si diodes have been performed together with the ZEUS
FCAL prototype calorimeter tests at CERN. Figure 2.55 shows for example the different
pulseheight spectra of hadrons and electrons at 5GeV in one silicon pad detector placed after
3.3X, in the FCAL prototype [ERN91].

Figure 2.56 presents a scatter plot of 5GeV beam particles, where the calorimeter infor-
mation (Egic1/Egaci+emc) is plotted versus the energy measured in the HES. Cuts are
indicated by which clean electron and hadron samples can be selected.

The hadron misidentification at an electron efficiency of 90% for one Si diode plane after
3.3X, is summarized in Table 2.12 for particle energies of 2, 5 and 9 GeV. Different combi-
nations of the information available from the HES and from one or nine calorimeter towers
are presented.

Energy [ HES |1 CAL Tower | 1 CAL Tower | 9 CAL Towers | 9 CAL Towers
(GeV] | %] %] + HES [%] [%] + HES [%]
2 3.8404 | 7.79+0.45 1.47+0.24 4.28+0.35 0.98+0.21
5 3.5+0.2| 0.651+0.09 0.2210.06 0.36+0.07 0.17+0.06
9 3.6+0.2 | 0.37+0.08 0.15+0.06 0.231+0.07 0.11+0.06

Table 2.12 Hadron misidentification at 90% electron efficiency for one Si diode plane
placed after 3.3X, in the FCAL prototype calorimeter.
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2.3.4 Backing Calorimeter (BAC)

The Backing Calorimeter complements the energy measurement of hadron showers leaking
out of the high resolution calorimeter and acts as veto counter selecting precisely measured
events fully contained in the uranium scintillator calorimeter. The BAC energy resolution is
about 1.1/v/E for hadrons. It also measures in three layers with high spatial precision muons
traversing the bottom yoke.

The BAC totally surrounds the inner detector and the high resolution uranium scintillator
calorimeter. It consists of the 7.3cm thick plates of the iron yoke with 3.7cm gaps equipped
with aluminium proportional tubes filled with 87%Ar + 13%CO, and operated at 1.8kV.

Figure 2.57 shows the various elements of a BAC chamber module. The main components
are an Al extrusion and an Al coverplate which form 15mm x 11mm cells. Each cell is read
out by a gold plated tungsten wire of 50um diameter.

The signals of wires and cathode pads are added to form non—projective pad towers of
about 50cm x 50cm. Special cathode pads are installed in layers 1, 5 and 9 of the bottom
yoke achieving a spatial resolution of about 1mm along the tube direction.

In forward direction 10 module layers are installed, in the barrel and bottom region 9 and
in the rear direction 7 layers with a total area of about 3000m?. The main parameters of the
Backing Calorimeter are summarized in Table 2.13.

A BAC prototype consisting of eleven 7.3cm thick iron absorber plates and ten chamber
planes with transverse dimensions of 2m x 2m, a depth of 4.9 (46X,, 115cm) and a weight
of 26t has been built and extensively tested at the CERN-SPS without and with the FCAL
prototype calorimeter in front [ABR90].

Figure 2.58 shows for 100 GeV hadrons the correlation between the energy measured in the
Backing Calorimeter prototype and the Forward Calorimeter prototype. For most hadrons
the energy is almost completely contained in the FCAL as expected [KRU86a,b], [KRU90e]
(for details see chapter 4.2). A strong correlation is found between events with energy leakage
out of the FCAL prototype and the energy measured in the BAC prototype. The prototype
tests have shown, that the Backing Calorimeter fulfils its tasks very well.

Barrel Bottom | Forward | Rear Total
Number of layers 9 9 10 7
Area [m?], Gas volume [m?] 1902, 38.0 | 296, 5.9 | 460, 9.2 | 322, 6.4 || 2980, 59.6
Number of 8, 7-tube modules | 2246, 658 | 193, 120 | 840, 280 | 572, 112 || 3891, 1170
Module lengths [m] 4.5,5.5 7.3 1.8,3.6 | 1.8,3.6
Number of wires 22574 2384 7980 5360 38298
Wire, pad towers 100, 1100 | 10, 150 | 32,222 | 36, 230 178, 1702

Table 2.13 Parameters of the Backing Calorimeter (BAC).
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2.3.5 Tracking System

The inner detector of ZEUS is positioned inside the superconducting solenoid. It con-
sists of different tracking devices: the Vertex Detector (VXD), the Central (CTD), Forward
(FTD) and Rear Tracking Detector (RTD) and the Transition Radiation Detector (TRD)
and is dedicated for charged particle detection.

The main tasks of the inner detector are summarized in the following:

e Separation and reconstruction of charged and neutral current events

e Reconstruction of final state hadrons and electrons with o(p:)/p:<0.003-p,;
electron tagging by dE/dx and TRD; suppression of muons from hadron decays

¢ Reconstruction of tracks close to the primary vertex

e Trigger rejection of events which do not come from the primary vertex.

Figure 2.59 shows a vertical section through the inner detector along the beam axis. The
various detector components of the tracking system are described in the following from inside
to outside starting with the Vertex Detector.

Vertex Detector

The primary tasks of the Vertex Detector are the detection of short-lived particles and
the improvement of the momentum and angular resolution of charged particles measured in

the CTD.

The VXD is a cylindrical drift chamber filled with dimethyl ether (DME) and placed in
the limited space available between the beam pipe and the CTD (88mm<R<162mm). It
represents a combination of a Jet Chamber and a Time Expansion Chamber (TEC). It has
120 drift cells; each cell has 12 sense wires with a length of 1.6m, 3mm apart alternating with
field wires. The structure and dimensions of one cell are presented in Fig. 2.60. Parameters
of the VXD are summarized in Table 2.14.

Wire length 1.6 m
Diameter of sense, field, drift wires 20, 50, 50 um
Maximum drift space 3.6 mm
Drift gas ("slow”) dimethyl ether
Drift velocity at 2 kV/cm 5 pm/ns
Maximum drift time 500 ns

Table 2.14 Parameters of the Vertex Detector (VXD).

The Vertex Detector has a high spatial resolution of 35-70um and achieves a double track
resolution of 500um. Calculations on the vertex position and momentum resolution of the
CTD at a polar angle of 90° with and without VXD information are presented in Table 2.15.
Measurement errors of 100um are taken into account for the CTD and 35um or 55um for
the VXD. The precision of the determined vertex position, where do indicates the closest
distance between the true production point and the fitted track in the x,y—plane, improves
for example for 50 GeV particles from o(d)=91xm using only CTD information to 25 um
with additional VXD information (ovxp = 35um) and the momentum resolution o(1/p)
[GeV/c] improves from 1.5-1072 to 8.7-10~%. These results show a significant improvement of
both the determination of the vertex position and the momentum resolution.
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Fig. 2.59 Vertical section through the inner detector along the beam axis.

Cell Structure of the Vertex Detector
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Fig. 2.60 Cell structure of the Vertex Detector.

P Resolution CTD only CTD+VXD CTD+VXD
[GEV/C} of dp and p (O'VXD:35[.Lm) (OVXD=55um)

50 o(do) 91 25 33

1 [pm)] 230 77 85

50 a(1/p) 1.5-107° 8.7-107* 9.2.107*

1 [GeV/c] 5.6-1072 4.3-1073 44-1073

Table 2.15 Vertex and momentum resolution at 90° polar angle.
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Central Tracking Detector (CTD)

In the Central Tracking Detector the trajectories of charged particles are reconstructed in
a polar angle region from 15° < # <164° surrounding the interaction region.

The CTD is positioned inside the superconducting solenoid and is built as a cylindrical
drift chamber with a length of 241cm and an inner/outer radius of 16cm/85cm (Fig. 2.59).

The layout of the wires and the equipotentials and electron drift trajectories in the CTD
are presented in Fig. 2.61 and 2.62. The inner structure of the CTD consists of 9 superlayers
with 8 sense wires per superlayer. Five superlayers run parallel to the beam and four are
tilted by a stereo angle of 5° or 7° for z—measurement of the tracks.

The CTD is equipped with 576 drift cells with overall 4608 sense wires and 19584 field
wires and is filled with a gas mixture of Ar:CO,:C,Hg (90:8:2) (in addition about 0.84%
ethanol) at atmospheric pressure bubbled through ethanol. The active wire length is about
2 m. The maximum drift path is 2.56 cm and the maximum drift time is about 500 ns. The
main parameters of the Central Tracking Detector are summarized in Table 2.16.

The CTD achieves a spatial resolution of 100-120 ym in the (x, y)-plane depending on
the polar angle # and in z—direction of 1.0-1.4 mm. The two track resolution is in the order
of < 2.5 mm.

A momentum resolution of ¢(p)/p = 0.0021-p & 0.003 (p in GeV/c) is expected at a polar
angle of 90°. In addition particle identification is possible by dE/dx with o(dE/dx)/dE/dx
better than < 6% (e™).

For the first level trigger information is used from the first 3 axial superlayers of the CTD.

Figure 2.63 shows a picture taken of the Central Tracking Detector during preparation of
the chamber in a clean room.

Overall dimensions L=241c¢m, R;,=16cm, R, =85cm
Inner structure 9 superlayers, 8 sense wires / superl.
Number of cells, sense, field wires 576, 4608, 19584

Gas / Lorentz Angle at 1.8T argon/ethane 50:50 / 45°
Maximum drift time ~ 500 ns

Position resolution in (x, y)-plane 100-120 pm (6-dependent)
Resolution in z by stereo wires (by timing) 1.0-1.4mm (< 3cm)
Two—track resolution < 2.5 mm

Momentum resolution at 90° o(p)/p = 0.0021-p & 0.0029
Particle identification by dE/dx o(dE/dx)/(dE/dx) < 6% (e™)

Table 2.16 Parameters of the Central Tracking Detector (CTD).
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Figure 2.61
A 45° sector of the CTD consisting of 9 su-
perlayers with 8 sense wires per superlayer.

Equipotentials

Figure 2.62
Equipotentials and electron drift trajecto-
ries in superlayer 1.

Figure 2.63
The assembled vessel of the CTD at Oxford.




Forward and Rear Tracking Detector (FTD, RTD)

The Forward Tracking Detector consists of 3 planar drift chambers and extends the track-
ing region in the forward direction to 7.5° < § <28°, where high particle rates are expected
due to the jet topology and the Lorentz boost (Fig. 2.59). The 3 FTD chambers are separated
by 21lcm leaving space for the Transition Radiation Detector (TRD).

The Rear Tracking Detector consists of 1 planar drift chamber covering an angle of
160° < 8 <170° in the backward direction (Fig. 2.59). Its main task is to measure the
direction of scattered primary electrons in low Q? events.

Each of the 4 planar drift chambers has the same internal structure. It consists of 3 layers
of drift cells, positioned perpendicular to the beam with wire orientations of 0%, +60° and
—60° with respect to the horizontal plane. The layout of one FTD chamber is presented in
Fig. 2.64 indicating the 3 different wire orientations.

Figure 2.65 shows the structure of two drift cells of an FTD layer with a depth of 50mm
and a width of 25mm. Each drift cell contains 6 sense wires and 7 potential wires and is filled
with a gas mixture of argon/ethane at atmospheric pressure (Ar/C,Hs/C,HsOH (49/49/2)).
The amount of material per chamber has been minimized to a radiation thickness of 0.09X,
for the sensitive area and 0.13X, for the outer rim. The main parameters of the FTD and
RTD are summarized in Table 2.17.

Figure 2.66 indicates the number of sense wires hit by a track going in forward direction
as a function of the polar angle § using only the CTD and CTD + FTD in combination.
It shows, that more than 50 sense wires are hit in the forward direction down to 6 angles
>120mrad and that a precise track measurement is possible down to very small angles. For
single wires a spatial resolution of about 120-130um is achieved and a two track resolution
of < 2.4mm.

The momentum resolution is better than o(p)/p<0.01-p down to § angles of 150mrad.

Gas mixture at atm. pressure
Drift field, nominal drift velocity
Single wire resolution

Two track resolution

Number (diameter) of sense, pot. wires/cell

Parameters of FID1 FTD2 FTD3 RTD
Overall Dimensions Rin, Roy [mm] | 124, 820 | 124, 1030 | 144, 1210 | 164, 620
Angular acceptance [mrad] 140 — 470 | 122 -489 | 105 —489 | 175 — 350
Number of sense, potential wires 1224, 1428 | 1512, 1764 | 1800, 2100 | 1008, 1176
Gas volume [m?] 0.25 0.40 0.60 0.14
R.l. of sens. area, outer rim [X,] 0.09, 0.13 | 0.09, 0.13 | 0.09, 0.13 | 0.09, 0.13
Total no. of channels, gas volume 5544, 1.39m*

6 (30pm), 7 (121um)
Ar/ethane/ethanol (49:49:2)
~ 1250V /cm, 52um/ns

120-130um
< 2.4mm

Table 2.17 Parameters of the Forward and Rear Tracking Detectors (FT'D, RTD).
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Figure 2.65
Cell structure of one FTD layer.

Figure 2.66
Number of wire layers hit per track in CTD
and CTD+FTD as a function of the 8 angle.
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Transition Radiation Detector (TRD)

The Transition Radiation Detector was optimized for electron identification, especially for
electrons in jets, in the momentum range from 1 to 30GeV/c. A probability for misidentifying
pions as electrons P(m — e) of about 2-10~2 is achieved.

Transition radiation is created by charged particles passing the boundary of two ma-
terials with different dielectrical constants. This effect starts above a certain y-threshold
(y=E/mc?), even below the Cherenkov threshold, thus charged particles of the same momen-
tum, but different mass can be distinguished due to their different 4’s. The opening angle
of the radiation cone is § = 1/4. To increase the light output a periodical layer structure is
chosen for the radiator.

The TRD consists of two packages of two modules positioned in the two 21cm wide gaps
between the three FTD chambers and covers an angular range from 7° to 26° in forward
direction (Fig. 2.59). Each of the four TRD modules has 2 depth of 10cm and overall outer
dimensions of R;,=12.5cm and R,,=82.5-109.5cm. It is built of a 7cm thick radiator stack
followed by a drift chamber as detector filled with Xe gas with 10% admixture of quench
gas (CO; and iso—C4Hjo). The radiator stack is built of polypropylene (PP) fibres with a
diameter of $=20um and a density of p=0.101g/cm?>.

Figure 2.67 shows a sketch of one TRD module indicating the radiator and the drift cham-
ber layout. The internal structure is described in Fig. 2.68, where a radial cut through a
TRD module is presented.
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Figure 2.67 Figure 2.68
Internal structure of one TRD module. Radial cut through one TRD module.
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2.3.6 Muon Detectors (MUON)
Forward Muon Detector (FMUON)

The Forward Muon Detector identifies muons in the forward hemisphere down to very
small angles close to the beam axis (Fig. 2.34). It offers a completely independent measure-
ment of muon momenta up to at least 100GeV/c. This is in particular important at small
angles (<200mrad) where the momentum resolution of the CTD + FTD deteriorates. In
addition an independent vertex reconstruction is possible.

The Forward Muon Spectrometer consists of Drift Chambers (DC) and Limited Streamer
Tubes (LST) plus two magnetized iron toroids. A vertical section through the detector along
the beam axis is presented in Fig. 2.69.

Figure 2.70 shows a photo of the front face of the FMUON toroids. The two external iron
toroids, 6m in diameter with a total depth of 0.9m and a weight of about 200 tons are placed
in front of the iron yoke (1.6T) and are magnetized by 8 normal conducting coils per toroid
to an internal field of 1.7 Tesla. Together with the magnetized iron yoke they provide the
bending power for a precise momentum measurement and improved muon identification.

Four planes of Drift Chambers (DC1,...,DC4) provide precise position and angular mea-
surements of the outgoing muons. The positions of the DC-planes in the FMUON are indi-
cated in Fig. 2.69. Figure 2.71 shows one full FMUO plane, 5.7-6.9m in diameter with 8 drift
chambers and the support structure. In total there are 32 'octant’ chambers with trapezoidal
shape. :

Four planes of Limited Streamer Tubes (LT1,...,LT4) with p — ¢ strip readout yield infor-
mation for muon triggering and good tracking and momentum measurement. The positions
of the LT-planes are also given in Fig. 2.69. Figure 2.72 presents the layout of one full
LT-plane with a diameter of about 6.6m. Each plane is built of 4 quadrants consisting of
two layers of plastic LSTs fabricated of Noryl and displaced by a half cell width (5mm). In
total there are 16 'quadrant’ chambers.

Two additional planes of Limited Streamer Tubes (LW) with an angular range from 18°
to 36° plus the Inner Forward Muon chamber FMUI ensure the overlap coverage between the
Forward and Barrel Muon Detector.

Figure 2.73 shows a photo of the Forward Muon Spectrometer installation in the ZEUS
detector.
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Figure 2.69
Vertical section through the Forward Muon
Detector along the beam axis.

Figure 2.70
Photo of the opened FMUON toroids.
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One full plane of FMUON drift chambers
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Figure 2.72
One full plane of FMUON limited streamer
tubes (LT1, LT2, LT3, LT4).
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Barrel and Rear Muon Detector (BMUON, RMUON)

The main task of the Barrel and Rear Muon Detectors is to identify muon tracks pene-
trating the calorimeter and the iron yoke.

The momentum determination is achieved by measuring the direction of the particle tracks
before and after the magnetized iron yoke by two chambers of two double layers of limited
streamer tubes placed inside (BMUIL, RMUI) and outside (BMUO, RMUO) of the iron yoke.
These detectors cover a large area of about 2000m? and have a fine granularity necessary for
a point resolution better than 1mm. Typical dimensions of the chambers are 3m x 8m.

Each chamber consists of 2 double layers of LST's separated by an aluminium honeycomb
structure with a depth of 20cm in BMUI and 40cm in BMUO, which provides the mechani-
cal stability for the chamber with minimum weight and offers the lever arm necessary for a
precise angular measurement.

Figure 2.74 shows a cross section of a half BMUON chamber. The LSTs are placed in
horizontal positions. They are equipped with external orthogonal readout strips (analog
readout) and run parallel w.r.t. the beam axis in BMUON. They are placed in double gas
containers. One LST module is built of 8-fold plastic profiles and jackets, both made of Noryl.

The RMUON has a corresponding structure, but the LSTs run perpendicular w.r.t. the
beam axis. The main parameters of the muon detectors are summarized in Table 2.18.

FMUON | DC1,...,DC4 | Number of planes, drift chambers/plane 4,8
Total active area 111m?
Total number of sense wires, cells 4064, 1016
Gas mixture at atm. pressure 90%Ar+-9%CO,
+1%CH,
LT1,...,LT4 | Number of planes, LST chambers/plane 4,4
Number of layers/chamber 2
Number of profiles (8 wires)/layer 34
Total number of profiles 1088
LW1, LW2 | Profile length 3.22-3.34m
Gas mixture 30%A1‘+70%C4H10
BMUON, | LSTs Active area ~ 2000m*
RMUON Total number of digital, analog channels 27840, 42496
BMUON + RMUON angular acceptance 34° < 4
Gas mixture 25%A1‘+75%C4H10

Table 2.18 Parameters of the Muon Detectors (FMUON, BMUON, RMUON).



2.3.7 Leading Proton Spectrometer (LPS)

The Leading Proton Spectrometer measures forward scattered protons with transverse
momenta pr <1GeV/c and momenta p/psesm=0.3-1.0 with an acceptance of ~ 10% — 40%.

The LPS consists of six detector stations S1,...,56 using ’'Roman pots’ positioned 24m,
41m, 44m, 63m, 81m and 90m down the proton beam line. Figure 2.75 shows the positions
of the LPS detector stations along the outgoing proton beam line. The first three detectors
51, S2, S3 are built of single pots and S4, S5, S6 of double pots.

There are six silicon strip detector planes per pot with 2 x—planes, 2 u— and 2 v-planes
at +45° w.r.t. the x—plane with the x strips parallel to the direction of magnetic deflection.
In addition at stations S4, S5 and S6 there are extra, small trigger planes. The shapes of
the detector planes are different for each station and optimized w.r.t. the least area of 100
around the beam profile.

Each detector plane consists of silicon strips with a readout pitch of width of 115um. Two
planes of the same coordinate in a detector provide a spatial resolution of +25um. The total
number of strips is about 50000 with a total area of 1560cm?. The main parameters of the
Leading Proton Spectrometer are summarized in Table 2.19.

At least two horizontal and two vertical position measurements together with the assumed
point-like interaction region in combination with the bending power of the beam magnets
yield a very precise momentum determination. At high momenta the resolution varies from
0.9% with information of only two detectors to 0.15% with information of S4, S5 and S6.

Number of detector stations, 'Roman pots’ 6,9

Number of pots per station 1 (51,52,83), 2 (54,55,56)
Position of station S1,...,S6 [m] 24, 41, 44, 63, 81, 90
Detector planes per pot 6 strip planes

Strip width 115pum

Total number of Si-strips ~ 50000

Total area of strips, large-area Si 1560cm?, 260cm?
Spatial resolution +25um
Momentum resolution < 1%

Table 2.19 Parameters of the Leading Proton Spectrometer (LPS).
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Fig. 2.75 Positions of the LPS stations along the straight section of the proton beam line.
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2.3.8 Luminosity Monitor

The main tasks of the Luminosity Monitor are a precise measurement of the luminosity
and tagging of electrons emitted at very low angles.

For determination of the absolute luminosity the preferred process of small angle, high
energy bremsstrahlung ep — epy is measured by tagging e and « in coincidence. The cross
section of this process is described by the Bethe—Heitler formula:

do _ 4o ® (E _E_2\( 4EEE 1
dk erE\BTE 3\ Mmk 2

with k = photon energy, E, E' = primary and secondary electron energy, E, = proton energy,
M, m = mass of proton and electron, a = fine structure constant, r. = classical radius of
electron. Since the energy transfer to the proton is negligible, B! = E — k .

The Luminosity Monitor consists of two detectors: an electron detector and a photon
detector. Figure 2.76 shows the positions of these two detectors at the electron and proton
beam lines.

The electron detector is placed about 35m from the interaction point close to the electron
beam line behind the bending magnet BH04, which acts as beam spectrometer for off beam
energy electrons. It is built of an electromagnetic lead scintillator sampling calorimeter sur-
rounded by lead shielding and tags electrons scattered under very small angles 6, <0.5mrad.
For position measurement of the electron provisions are made for inserting scintillating finger
counters into this calorimeter.

The photon detector is positioned at a distance of 104m to 107m from the interaction
point close to the proton beam line. It consists of three components: 1) an adjustable 0.5 —
3.5X, thick carbon filter absorbing synchrotron radiation, 2) an air filled Cherenkov counter
vetoing electrons mainly from < conversion in the filter and 3) a photon lead scintillator
sampling calorimeter. The photon detector measures the energy of photons in the energy
intervall of 16GeV>E, >11GeV with full geometrical acceptance of the scattered electrons
with energies of 14GeV<E, <19GeV.

The bremsstrahlung cross section integrated over the photon energies amounts to 15.4mb.
The event detection rate for this cross section will be in the order of 230kHz assuming a
luminosity of L = 1.5-10%cm™2s~!. This event rate is more than sufficient for a fast and
continuous monitoring of the luminosity.
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Fig. 2.76 Positions of the Luminosity Monitor detectors at the electron and proton beam.
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2.3.9 Trigger, Data Acquisition and Physics Detection

The short bunch—crossing time of 96 ns demands a pipeline, in which the data of the
subdetectors is kept to permit a decision in the first-level trigger (FLT). The decision of the
FLT is taken 4.4us after the crossing [ZEU85...91].

The task of the FLT is to reduce the incoming events (almost all from background) to a
level of 1kHz. At the second-level trigger the digitized data of the detector components are
analysed and cross checked and the rate is reduced at least to about 100Hz. At the third-level
trigger the whole event is reconstructed and the rate is further reduced to around 3Hz. The
trigger logic is built in a VME environment. In addition test and calibration triggers are
set up, e.g. for the uranium noise, light flashers, luminosity etc... The various triggers can
enforce the readout by the data acquisition (DAQ) system.

The main goal of the DAQ is to collect and store the event data from the ZEUS detector.
Important tasks of the DAQ are readout and recording of data, monitoring of hardware and
software performance, collection and storage of calibration constants, control of dataflow and
reconstruction, testing of hardware and software functions. The dataflow in the DAQ for the
various components is described in Fig. 2.77.

In the first step of the off-line analysis detector oriented entities, like tracks, energy de-
position in the calorimeter etc... will be reconstructed. Then the physical objects such as
momentum vectors, particle identities etc... are determined by combining the information
from the individual detector components.

Correct pattern recognition and event reconstruction represent a very complex task. Com-
prehensive program packages were developed and implemented in the ZEUS analysis chain.
Figure 2.78 shows a simulated deep inelastic scattering event in the CTD. Figure 2.79 repre-
sents the graphic display of a generated event in a vertical section through the inner tracking
detectors and the uranium scintillator calorimeter of the ZEUS detector along the beam axis
[LEI92]. Both pictures illustrate the complexity of event reconstruction.

An overview of possible HERA physics processes and their typical physical signatures
related to the ZEUS detection methods and detector specifications is presented in Table 2.20
[STRI1].
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Fig. 2.78 A generated deep inelastic scattering event in the CTD.

Fig. 2.79 Graphic display of a generated event simulated in the inner tracking detectors
and the uranium scintillator calorimeter of the ZEUS detector.
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Production
process(es)

typical signature

detector

ZEUS specifications

neutral current

isolated electrons

EM. calonmeter

o(E.)/E. = 18%/VE, & 1%

charged current

central tracking

o(pr)/pr < 0.003-p1

HAD. calorimeter

supersymmnetry

hadron jets o(E.)/En = 35%/Ex ® 2%
missing pT hermetic solid angle coverage:
calorimeter forward: 99.8 %,

backward: 99.5 %

heavy flavour
exolics

clectrons in jets

central tracking

dif/dz for E < 6 — 10GeV

two track resolution < 2.5mm

calorimeter

longitudinal segmentation
and HES

forward transition
radiation detector

b misidentification'P(h—e) x2.10-2
for 1GeV<E, <30GeV

1solated muons
and muons in jets

muon chambers

forward:

o(p)/p = 23% at 100GeV
barrel:

a(p)/p = 30% at 20GeV

sign of charge

magnetic field

1.8 T' central tracking region
1.6 T iron yoke (4 chamber)

secondary vertices

vertex detector

O spatial = 30 - 70pm
Otwotrack = 500um

photoproduction

clectron detection
at small angles

small angle
electron tagger

zero angle electron tagger
14GeV<E, <19GeV

bremsstrahlung
for luminosity
monitoring

photon detection
at smal] angles

small angle
photon tagger

zero angle v tagger
16GeV>E, >11GeV

Table 2.20 Overview of possible HERA physics processes and their typical physical sig—
natures related to the ZEUS detection methods and detector specifications.
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Chapter 3

Fundamental Physics of Hadron
Sampling Calorimeters

3.1 Energy Measurement of High Energy Particles
and Jets

In order to measure the energy of particles and jets with high precision, calorimeters
become more and more the central component of large detectors at the new generation of
particle accelerators.

In contrast to wire detectors positioned in a magnetic field, where the momenta of charged
particles can be measured, and where the momentum resolution scales as

a\p
® .,
p
and so degrades with increasing momentum, the energies of both charged and neutral particles
can be measured with calorimeters and the energy resolution of well designed calorimeters

scales as

P A )

o(E)
E

Sk

and so improves with increasing energy.

A further striking advantage of calorimeters is that the depth L necessary to absorb elec-
trons and hadrons increases only logarithmically with the energy E of the incoming particle
or jet:

L~a+blnE .

Particle identification is also possible in a spatially (longitudinally and transversally) seg-
mented calorimeter due to the spatially different energy deposits of different particle types.
In addition, a calorimeter such as that built for the ZEUS detector offers a high time resolu-
tion of better than 1ns for energy deposits above 15GeV. It can handle high event rates and
provides fast information for the trigger and timing to a few ns.



There are various excellent reviews and publications providing overviews of calorimetry.
Only a few are mentioned here, e.g. [AMAS1], [FAB85], [BRU86,87], [WIG87,91], [FAB&9].
Calorimeters have been used for more than 20 years. A major break through in the under-
standing of hadron calorimeters was achieved in the mid eighties.

Hadron calorimetry is one of the most complex and exciting fields of detector research and
development in high energy physics. There are various new ideas, developments and tests

in calorimetry. Comprehensive and excellent overviews of the present status of the different
fields in calorimetry can be found e.g. in [ECF89], [LHC90], [COL90] and [PIS91].

The topics on calorimetry selected in this chapter are chosen in particular with respect to
the basic understanding of the high resolution ZEUS uranium scintillator calorimeter. Inten-
sive research and systematic development were performed for the ZEUS calorimeter during
1984-1991. The most important results of the ZEUS calorimeter research, development and
tests are presented in the following chapters. Overviews and special topics on the ZEUS
calorimeter can be found e.g. in [ZEUS85...91], [WOLS86], [KRU87a...90b}, [BER87], [KL.A89]
and on the ZEUS calorimeter tests in particular in [CAT87], [AND86], [BER87a], [AGO89],
[DRE90], [BEH90], [AND90] and [AND91].

The central ideas of a perfect calorimeter are, that:

1) the particle or particle jet is completely absorbed in the calorimeter
and

2) the absorbed energy is converted into a measurable signal, which is propor-
tional to the energy of the incident particle and independent of its type.

HADRON

N
7

(p, n, m, ..2)

'CALORIMETER’
Fig. 3.1 Principal ideas of a ’calorimeter’.

Figure 3.1 illustrates the idea of a ’calorimeter’. From the left a particle, e.g. a hadron
(p, 7%, ...) enters a vessel filled with a liquid. It interacts with the atoms of the liquid
and deposits its energy by creating a shower of particles. The shower is almost completely
absorbed in the liquid, only neutrinos will leave the vessel undetected. The temperature of
the liquid will increase with the deposited energy. But due to the small change in temperature
the energy can not be measured by a normal thermometer. For example cosmic protons with
- an energy of 10?%eV which are totally absorbed in a 10%g massive block of material increase
the temperature of the block only by 1073K, an undetectable amount.
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Next best would be to use an active medium like scintillator and measure the generated
light as energy measure. But the density is too small and the calorimeter would become too
big.

Finally the best choice is to build a sampling calorimeter. This is the preferred way for
hadron calorimeters in the multi-GeV region.

Homogeneous calorimeters consist of an absorbing part which represents simultaneously
also the active medium. Examples of homogeneous electromagnetic calorimeters are e.g. that
of L3 using a device of BGO (Bi Ge3O1;) crystals with transverse dimensions of about 3cm x
3cm and a depth of 24cm readout by photodiodes [L3Y83], [BAKS88] or that of OPAL using
lead glass blocks, with transverse dimensions of 1lcm x 1lcm and a depth of about 37cm
readout by associated photomultipliers [OPA83].

In order to realize a compact sampling hadron calorimeter usually absorber plates are
interleaved with detector layers, forming the sampling (sandwich) calorimeter. But there are
also other geometries used for sampling calorimeters, e.g. that of the spaghetti type with
scintillating plastic fiber readout or the accordion type liquid argon calorimeter. Construc-
tion and operation of sampling (sandwich) calorimeters are described in the following section.

3.2 Structure and Operation of Sampling Calorimeters

In contrast to homogeneous calorimeters, which are fully sensitive detectors, sampling
calorimeters are built of passive absorber alternating with an active medium. Common
sampling sandwich calorimeters consist of absorber plates of material with a short interaction
length such as Fe, Cu, Pb, U, ... interleaved with active detector layers e.g. scintillator or
liquid argon.
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Active Detector Layers (e.g. Scint., LAr)

Fig. 3.2 An electromagnetic shower simulated in a sampling calorimeter.

Figure 3.2 shows the principle of a sampling calorimeter. It consists of passive absorber
plates (Pb, U, ...) and active layers of scintillator plates, which detect the traversing parti-
cles and which can be read out by wavelength shifters and associated photomultipliers (see
also Fig. 2.43 and 2.44). An electromagnetic shower has been simulated with the Monte
Carlo program package EGS4 (Electron Gamma Shower Simulation, Version 4) [NEL85): an
electron enters the calorimeter and creates an electromagnetic shower. The shower is al-
most completely contained in the calorimeter volume apart from a few particles leaving the
calorimeter in the backward direction (albedo).

Only a small fraction (4% for electrons in the ZEUS calorimeter) of the particle energy
is deposited in the active medium of a sampling calorimeter. A small fraction of this energy
is converted to light and yields a measurable signal in the photomultipliers. In standard
sampling calorimeters this signal is approximately proportional to the energy of the incoming
particle.

The ratio of energy of a particle of type ¢ visible in the active medium to the totally
absorbed energy in the calorimeter is called the sampling fraction R;. It depends on the
material and the thicknesses of the absorber and detector plates of the calorimeter as well as
on the particle type. It is defined as:

R, = gvi:,i - Eoisi ’
absi  Pinviaj + Buisg
where ¢ = particle type e.g. e, h, mip (shower component)
E.,,; = visible (measurable) energy in the active layers for :
E;nvisi; = invisible energy in the active and passive layers for ¢
Eaps i = totally absorbed energy in the calorimeter for 7 .
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To compare the sampling fractions of different calorimeters, R; is often normalized to the
sampling fraction of a hypothetical minimum ionizing particle, called mip. R,n.;, (=:mip as
abbreviation) is defined as
_ (dE/dz),
= (dB/d), + R(dE =),

mip

where (dE/dz), and (dE/dz), are the minimum ionizing losses per unit length of the active
medium and the absorber, and R = t/s, where t and s are the thicknesses of an absorber
plate and an active medium layer. The mip value is independent of the energy and depends
only on the material. Figure 3.3 shows the minimum energy losses of different particle types
which are all about equal. Muons at a fixed energy of about 200 — 300MeV behave similarly
to minimum ionizing particles. They usually have a pulse height distribution with a long
tail towards high pulses due to §-rays, known as Landau distribution. To obtain an approxi-
mately energy independent signal the most probable value of the muon pulse height spectrum
is used (for more details see chapter 4.2.5).

100 -
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- Figure 3.3
B Energy loss dE/dx as a function of

| I O T R TTr AR the energy for different particles.

0! 10! 107 10° Energy [MeV]

The relative sampling fraction R;/Rmi, (=: i/mip as abbreviation) represents the ratio
of the measurable fraction of the deposited energy of particle type i to that of a minimum

ionizing particle. Typical e/mip (:=R./Rmi,) —ratios for heavy absorbers and light readout
media are between 0.6 and 0.7 [WIG87].

Fluctuations in the energy measurement are expected due to the sampling structure of
a sampling calorimeter and the statistical nature of the physical processes. Because of the
statistical nature of the physical processes that play a role in calorimeter measurements, the
relative energy resolution improves with increasing energy.

Fluctuations of the sampling fractions, denoted by Ae, A, etc., where e (:=R.), 7 (:=R,)
etc. represent the sampling fractions, produce the so—called ”sampling fluctuations”. They
can be reduced by increasing the sampling frequency.

Fluctuations of the shower components, AE.,, AE,, etc., where E.n,, Ey, etc. represent

the energy fractions of the different shower components in the shower, through the different
sampling fractions, produce the so—called ”intrinsic fluctuations” [TIE89], [DRES0).
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3.3 Electromagnetic Showers

3.3.1 Physical Description of Electromagnetic Showers

Electromagnetic showers consist of e ’s, e*’s, v’s. They are created by the interaction of
a high energetic electron, positron or photon with matter. ete —pairs and bremsstrahlung
v’s are produced, which in turn produce particles themselves. This cascade continues until
the total energy of the primary particle has been transformed into low energetic secondary
particles which loose their energy predominantly by ionization.

Figure 3.4a shows the cross sections of the different physical processes of electrons and
positrons in lead as a function of their energy. The physical processes for photons in lead are
presented in Fig. 3.4b.

At energies above 1 GeV bremsstrahlung (~ Z?) for electrons and positrons and pair pro-
duction (~ Z?) for photons are the dominating processes and become energy independent. At
low energies ionisation loss (~ Z-log(Z)) plays the dominant role for electrons and positrons,
and photo effect (~ Z*-Z®) for photons.

The development of electromagnetic showers is very well described by quantum electro-
dynamics (QED) [TSA74]. The energy-loss mechanisms depend essentially on the electron
density in the absorber. At low energies (<10MeV) nuclear reactions, e.g. yn, vp or photonu-
clear fission, may also play a certain role. But these usually do not exceed 1% of the cross
sections [FAB89]. The radiation length X, sets the typical scale for electromagnetic showers.
The scale for electromagnetic showers expressed in units of X, is material independent.

X, is defined as the energy loss of electrons by bremsstrahlung at energies above 1GeV:
dE E

dzbrems  Xo
where z represents the thickness of the material in units of radiation lengths X, and E the
energy of the incident electron or positron in MeV.

The radiation length X, can be calculated with high precision from the formula [ROS52):

1 4a-JZ—AZ(Z +1) 2 In(18327%) _ 2

Xo (1 + 0.12 (Z/82)?) [ g b

2
where a = ;—, A = mass number of the material in [g], Z = atomic number of the material,

c
N, = Avogadro number and r, = classical electron radius in [em].

The radiation lengths of a few materials are summarized in Table 3.1 [PDG90]. A good
approximation for the radiation length X, is given by [AMAS1]:

A9
XQQISOE; m],

with a precision of +20% for 13 < Z < 92.
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Fractional energy loss per radiation length
in Pb as a function of electron or positron
1995 energy [PDG90]. The longitudinal develop-
ment of electron—photon cascades is appro-
ximately independent of the absorber when
il the results are expressed in units of inverse
10 100 1000 radiation lengths.
E (Mev) (e7,e*)

0.5

Moller (e-)
-~

Bhabha (e*)

annihilation

N l I T T f ] T I
\° % LEAD {2 -82) Pb 7 Fig'ure 3.4b
er- - Vr Photon cross sections o in Pb as a function
of the photon energy, showing the contribu-
tions of different processes [PDG90].

T = atomic photo—effect (electron ejection,
photon absorption), ccog = coherent scat-
tering (Rayleigh scattering — atom neither
ionized nor excited), orncor = incoherent
scattering (Compton scattering off an elec-
tron), kK, = pair production (nuclear field),
K. = pair production (electron field), opg.N.
= photonuclear absorption

The intensity of photons can be expressed
as I=Ipe %, where x [X,] is the path length
PHOTON ENERGY and ¢ [1/X,] the photon cross section.

Crov + EXPERIMENT

1ab}—

CROSS SECTION , BARNS /ATOM

Material Z Alg]l | pl5s] | Xo[ZL] | Xo[em] | Ryr[em] [ A[E5] | Alem] [ A/X,
Polystyrene | ~3.4 - 1.060 43.8 41.3 14.7 82.0 | 77.4 | 1.87
Al 13 | 26.98 | 2.70 | 24.01 8.89 5.38 106.4 | 39.4 | 4.43

Fe 26 55.85 7.87 13.84 1.76 1.91 131.9 | 16.8 | 9.53

Pb 82 |207.19 | 11.35 6.37 0.56 1.56 194.0 | 17.1 | 30.45
U 92 | 238.03 | 18.95 6.00 0.32 0.96 199.0 | 10.5 | 33.17

Table 3.1 Values of radiation lengths X, and interaction lengths A for a few materials.
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The energy loss by ionisation of an electron traversing one radiation length is called the
critical energy €p:

d.E _ €9

550 E;iou - YQ ’
where ¢ ~ - [MeV] with a precision of £10% for 13 < Z < 92.

For an electron with an energy ¢, the energy loss by ionization and bremsstrahlung are
approximately equal:

@
dz

dF

T dz

ion brems
In an electromagnetic shower ¢, defines the dividing line between shower multiplication
and energy dissipation through ionization.

A simplified consideration of the electromagnetic shower development at high energies
taking into account only bremsstrahlung and pair production is described in (ROS52].

Precise calculations of electromagnetic showers, taking into account all known physical
processes, cross sections and the detailed calorimeter configuration, can be performed using
the Monte Carlo program EGS4 [NEL85], yielding reliable results in comparison to real mea-
surements with a precision at the percent level.

Precise calculations of the maximum number of particles Ny, in an electromagnetic
shower and the depth t,,,. after which the shower maximum is reached yield [LOH90]:

0.31 E

N. . o 1.1 for electrons
" JIn(E/e&) —0.25 €

0.5 for photons

and  tmea([Xo) = In(E/e) — {

Some fundamental properties of electromagnetic showers calculated and experimentally
verified are indicated here and will be discussed in more detail later:

1) the energy measured in the calorimeter is proportional to the particle energy
2) the energy resolution o(E)/E is proportional to 1/vE
3) longitudinal shower dimensions are proportional to a + b-InE

(e.g. at 10GeV, >98% of the shower is contained in 20X,)



3.3.2 Electromagnetic Shower Dimensions
Longitudinal Development of Electromagnetic Showers

The average longitudinal profile of electromagnetic showers can be approximately (ana-
lytically) described with Rossi’s approximations [ROS52]:
1) the cross section for ionisation is energy independent (dE/dx = —€/X,),
2) multiple scattering is neglected and the shower is treated one-dimensionally,
3) Compton-scattering is neglected.
A good parametrization of the longitudinal energy deposition dE/dt(t) is given by [LON75]:

a+1
b tae—bt

T(a+1) ’
where E = the energy of the primary particle, ¢ = /X, depth from the calorimeter front
face in units of Xo, f,n.e = position of the shower maximum, a = b - #,,,; and b =~ 0.5. The

parametrization for 1 GeV photons in Pb has for example the following form: dE/dt(t) =
E .0.06 -t?¢~%/? [KLES4].

dE

Figure 3.5 presents the longitudinal shower profiles of 6 GeV/c electrons in Al, Cu,
Pb and U, showing the approximate scaling in units of radiation lengths X, {[FAB85]. The
deviation from exact scaling in X, is essentially due to the fact that X, is defined for GeV-
type particles. The shift of the shower maximum to greater depths for high-Z absorbers is
a result of particle multiplication down to lower energies and the shower decay beyond the
shower maximum is due to lower—energy electrons which still radiate {[FAB89].

The depth t,,.4, at which half of the energy of the incident particle is deposited is:
tmed = [ln(f—o) + a] (with a = 0.4 or 1.2 for €’s or 7’s) .
The depths tmeq and tm.. are related approximately by [AMAS81]: tmaz{Xo] & timea — 1.5 .
The length L after which 98% of an electromagnetic shower is contained in a calorimeter
is approximately [FAB85]:
L(98%) = tmaz + 4att »

where A, = (3.4 + 0.5)[X,] describes the exponential decrease of the shower after its maxi-
mMum tymaz. Agee is almost energy independent, but material dependent.
Another approximation for the electromagnetic shower containment is given by [LOH83]:

L(98%) = 3-tmax and L(90%) =~ 2-tmaz -

Transverse Development of Electromagnetic Showers

The transverse development of electromagnetic showers in the first, high energetic core
of the shower, is characterized by both the emission of bremsstrahlung photons and multiple
scattering. Multiple scattering of e* increases with decreasing energy of the shower particles
and contributes to the lateral spread of the shower. The peripheral part of the shower is
mainly dominated by the propagation of photons, that are less attenuated in matter in the
region where the total cross section is minimal (e.g. at about 10-20MeV in lead) [AMAS1].
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The Moliére Radius Rys gives a measure for the radial shower development and describes
the average lateral deflection of electrons with an energy ¢, after one radiation length Xo:

X
RM = ES--9 y
€o

where Eg = 21MeV from multiple scattering theory.
An approximation of R)s is given by:
A g
Ry~ 7= [—
M z [c'm2
with a precision of +£10% for 13 < Z < 92.

Figure 3.5 indicates for 6 GeV/c electrons on the right ordinate the radius R [Ry] for
90% shower containment as a function of the shower depth in X,. It shows, that the lateral
shower development scales approximately with the Moliére radius Ry.

An electromagnetic shower is contained with a certain fraction of its energy in a cone with
a mean radius R of about [KLE84]:

R(95%) ~ 2-Rp and R(Qg%) ~ 3-Ry -

The lateral spread of a shower grows with Z of the absorber material because Rys increases
almost linearly with Z if Rjs is measured in units of Xo:

Rar/Xo = 21MeV/ep = 0.04-Z .
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The radial shower distribution d(r) can be approximated by the sum of two exponential
functions with r in units of Rys.

The transverse shower profile dE/dz(z), where =z describes the transverse horizontal co-
ordinate in ¢m from the shower maximum, can be parametrized also by a combination of two
exponential functions:

Z_E(x) — Ale—l-"»'I/Bl + Aze—|=|/32 ,
T

with the parameters A;, A; for the contributions and B,, B, for the slopes of the two
exponential functions. The spatial energy deposition f(z,y,z) is integrated over the whole
calorimeter depth dE/dz(z) = [ f(z,y,2)dydz, with y [cm] and z [cm] the vertical and
longitudinal coordinates. The first exponential describes the high energetic core of the shower
and the second one the low energetic halo.



3.4 Energy Resolution of Electromagnetic Sampling
Calorimeters

For electromagnetic showers in sampling calorimeters the following relation is valid [DRE90}:
Evia = eE b]

where F is the energy of the incident particle, E,;, the visible energy in the readout medium
and e (:=R.) the electromagnetic sampling fraction.

The electromagnetic energy resolution of sampling calorimeters can be expressed by:

vis A .
AL ‘=2 (EinGeV),

E. e JE
where AE,;, represents the fluctuations of E,;, and Ae the fluctuations of the electromagnetic
sampling fraction e (:=R.), which produce the so—called electromagnetic sampling fluctua-
tions.

All experimental data indicate that the parameter a is energy-independent and approxi-
mately proportional to v/%, with ¢ the thickness of an absorber plate. A parametrization of a
is given by [FABS85]:

. dE dE
a = 3.2%/Ae[MeV] with Ae= t(Ti;)’ + S(E)’ ,
where Ae represents the energy loss per sampling layer (¢,s) in MeV.

The electromagnetic energy resolution of sampling calorimeters is usually dominated by
sampling fluctuations. It can be improved by increasing the sampling frequency. Other ef-
fects such as photoelectron statistics o, and light attenuation in the scintillator o) degrade
the energy resolution. For several ZEUS test calorimeters the influence of these effects is
discussed in detail in chapter 4.5.3.

The energy resolutions for electrons measured with different electromagnetic sampling
calorimeters are summarized in Table 3.2 [AMAS81].

Calorimeter Al/Scint Fe/LAr Cu/Scint W/Sidet. Pb/Ar/CO, U/Scint
pas/act [mm)] 89/30 1.5/2.0 5/2.5 7.0/0.2 2.0/10.0  1.6/2.5
Energy resolution
meas. at 1GeV [%)] 20 7.5 13.0 25.0 < 20.0 11.0

Table 3.2 Energy resolutions for electrons measured with different electromagnetic
sampling calorimeters [FAB85].



3.5 Hadron Showers

3.5.1 Physical Description of Hadron Showers

A hadron shower or cascade is a series of successive hadronic interactions induced by a
strongly interacting particle (p, n, 7%, ...).

The composition of hadron showers is much more complex in comparison to electroma-
gnetic showers. Due to this complexity no simple analytic description exists for hadron

showers and up to now their simulation is only approximate although detailed and complex
Monte Carlo program packages have been developed e.g. CALOR, GHEISHA and HERMES.

A detailed qualitative description of the development of hadron showers can be found in
[FABS85], [BRU86,87], [WIG87,91], [BER87] and [FAB&9].

The elementary physical processes contributing to a hadron shower are illustrated by a
simplified presentation in Fig. 3.6. The main characteristic properties of a hadronic cascade
in the multi-GeV region are summarized in Table 3.3.

With high probability a charged hadron (p, 7%, ...), entering a calorimeter, will first lose
energy by ionisation of the material before a hadronic interaction takes place.

For energies above 50 MeV the hadronic interaction of the incoming hadron with the
nucleons of the absorber material will induce a spallation process. This process consists of
many independent particle collisions inside the nucleus followed by a deexitation through p,
n, 7, 7%, v, ... particle emission and evaporation. By this intranuclear cascade new particles
are emitted if their kinetic energy is above the binding energy. Further intranuclear cascades
may be induced along the shower axis.

High energy (250MeV) pions, protons and neutrons can additionally induce a fission of
heavy nuclei.

Nuclear fragments and excited nuclei are produced thus nuclear binding energy is lost in
the absorber and is no longer available for a measurable signal.

Deexitation will also proceed via y—emission. Most v’s are prompt, whereas neutron
capture of #**U leads to a delayed y-radiation up to 1 us [ARMS83].

In addition to the pure hadronic process a significant electromagnetic contribution to the
hadron shower is produced by neutral pions, 7’s etc decaying into photons (#° — ~v). The
electromagnetic fraction of a hadron induced shower increases with incident energy. This
increase is due to the secondary n%’s which will propagate electromagnetically without any
further nuclear interactions. This electromagnetic fraction fluctuates strongly from event to
event.

Neutrinos leave the calorimeter volume undetected; muons behave in many cases similar
to minimum ionizing particles and may leave the calorimeter after deposition of a certain
fraction (e.g. a few GeV) of their initial energy.

The hadronic cascade starts to die out, when the energies of the shower particles become
so small, that they are completely absorbed.
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Fig. 3.6 ’Elementary physical process’ in a hadron shower.
Reaction Properties Influence on energy Characteristic Characteristic
pe resolution time (s) length (g/cm?)
Hadron Multiplicity = A%'Ins 7%/%* ratio 10722 Abs. length A = 35A!7°
production Binding energy loss. p
Nuclear Evaporation energy = 10%  Binding energy loss. 107 #-10-1
de-excitation Binding energy = 10% Poor or different
Fast neutrons = 40% response to n, charged Fast neutrons A\, = 100
Fast protons = 40% particles, and v’s. Fast protons Ay, = 20
Pion and Fractional energy of u’s Loss of »'s 107%-107¢ »
rnuon decays and »’s = 5% partial loss of u’s
Decayofc,b  Fractional energy of y’sand  Loss of »’s, part. p’s 1071221071 <\
particles v's at percent level Tails in resolution
produced in function.
multi-TeV
cascades -

Table 3.3 Characteristic properties of the hadronic cascade [FAB85].
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Figure 3.7
Block diagram of the simplified pure hadronic part of a hadron shower in a uranium scin-
tillator calorimeter [BER87]; the bold frames indicate the sources of measurable signals;
dE/dz (p,n%,Ions)|’"°N Az,(;) = ionization loss in the scintillator (a) or the uranium (p);
N (p)/N (n) = number of protons to number of neutrons released during the intranuclear
cascade; Z and A = atomic and mass number; SCI = scintillator.
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The subsequent processes of the purely hadronic part of the shower in a uranium scintil-
lator calorimeter are described in Fig. 3.7. Spallation is essentially considered as a process,
which happens in two phases. The time scales for the individual physical processes are indi-
cated and the sources for a measurable signal in the scintillator are pointed out by bold frames.

Figure 3.8a presents the results of Monte Carlo calculations on the energy fractions of the
different physical processes contributing to the hadronic shower as a function of the energy of
the incoming hadron (proton) [GAB89)]. It shows, that the electromagnetic fraction increases
approximately logarithmically (0.1-InE[GeV]) with the energy of the primary particle.

Figure 3.8b presents the energy fractions w.r.t. the hadronic energy (B+C+D of Fig.
3.8a) as a function of the energy of the incoming hadron. It illustrates, that the fractions of
hadronic energy (fion, £B,.,+, f») are approximately independent of the energy of the incoming
hadron for energies above ~ 2GeV.



ORNL-DWG 86-14362

80 T l T 1 T I I |

(7] HETCB8 (NEW VERSION)

70 A ELECTROMAGNETIC (n°+ y) —
e 8 HADRONIC {p+mt+ut)
& C BINDING ENERGY + RECOIL ENERGY
wWeo t— OF HEAVY NUCLEI (A>1) +¥ ENERGY s A —
o + ELECTRONS FROM u DECAY

D ENERGY OF NEUTRONS WITH
= B ENERGY LESS THAN 50 MeV N
w 90 ¢ U TARGET
= \ (FISSION NOT INCLUDED)
O
W
5 Vi d
§ 30 -
2
w - .\ -
C

&

10 I~ 3 P .0 -

./ ——
o' I [N BT | i T U I SR AT | i PR S BTN U S ¢
1 o 10 50 100 5001000

ENERGY OF INCIDENT PROTON (GeV)

Fig. 3.8a Fractions of the deposited energy (A+B+C+D) for an infinite uranium block
as a function of the incident proton energy [GABB89].

80 L T v L ]—' T v l T T T ] LELEL II A v LS I T Ty
%L ]
a‘ [ - B HADRONIC (p+mt+u?) ]
+ 70 C BINDING ENERGY + RECOIL ENERGY 7
&) - OF HEAVY NUCLEI (A>1) +¥ ENERGY ]
T - + ELECTRONS FROM u DECAY .
@ 60 r O ENERGY OF NEUTRONS WITH J
g - ENERGY LESS THAN 50 Mev .
8o - U TARGET .
Y {(FISSION NOT INCLUDED) ]
s 90 -
M= ]
¥ o B
¢ 40 —e C
s~ '
g ]
= ]
e 30 T
ey
B )
5 20 :
Q —
¥ —eo D
8 ’
5 ]
g 10 .
p_‘ -
0 . NI PR | s M B : PSP PR
1 o 10 20 100 5001000

Energy of Incident Proton {GeV]

Fig. 3.8b Fractions of the deposited hadronic energy (B+C+D) for an infinite uranium
block as a function of the incident proton energy.

3-17



3.5.2 Hadron Shower Dimensions
Longitudinal Development of Hadron Showers

For the longitudinal and transverse development of hadron showers the material indepen-
dent measure is the nuclear interaction length A. It is defined by:

A g]
Ny-o; "em?’’

A=

where A = mass number of the absorber, N4 = Avogadro number and o; = inelastic cross
section.

A good approximation for A is given by:

1/3

A=35 [cm] ,

where p = the specific density [g/cm?].

For a few materials the values of A are summarized in Table 3.1. These values are sig-
nificantly larger than the radiation lengths Xo for high A materials and indicate already,
that hadron calorimeters have to be much more massive than electromagnetic calorimeters.
Showers of 300GeV pions are for example contained at the 95% level in about 80cm uranium,
while for 300GeV electrons a depth of 10cm uranium is sufficient (chapter 4.2), [KRU86b,90e],
[FAB89]. Typical dimensions of iron hadron calorimeters at 300GeV are e.g. 2m length and
1m transverse, while for em iron calorimeters a total length of only 0.5m and about 0.15m
transverse are necessary.

The longitudinal profiles of hadron showers starting from the interaction point with mo-
menta from 5GeV/c to 210GeV/c are presented in Fig. 3.9. They have been measured at
CERN with the longitudinally fine segmented WA78-H1-ZEUS sampling calorimeter with a
length of 13X (5.4) U/Scint plus 8) Fe/Scint) built of 10mm U (25mmFe) absober plates in-
terleaved with 5mm scintillator layers and read out by associated photomultipliers [KRUSS],
[CATS7].

A phenomenological function has been fitted to the data. The parametrization of the
energy deposit dE/dx(x) as a function of the distance x in interaction lengths from the
shower vertex is:

where E is the incident energy, a=3, b{A~1]=19.5, =0.13+0.02 and
c[A~1]=(0.67+0.03)—(0.166+0.003) In( E[GeV]/50). This parametrization was adjusted, start-
ing from [BOCSI], for the longitudinal segmentation in steps of 0.45) in the uranium and
0.62) in the iron part of the WA78 calorimeter. The function describes well the data for en-
ergies above 10GeV. Further results of this test, in particular studies on shower containment
and calorimeter length are discussed in full detail in chapter 4.2.
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Fig. 3.9 Longitudinal shower profiles for hadrons between 5 to 210 GeV for events
with shower vertices in the first 0.45\.
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Fig. 3.10 Transverse projections of shower profiles, integrated over the whole calorimeter
depth, for hadrons between 10 to 100GeV. The lines are meant to guide the eye.
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The length L of a calorimeter, after which 95% of the energy of a hadron shower is
contained can be described by the parametrization [FAB85]:

L(95%) ~ tma:r: + 2~5’Aatt 9

where t,,5.[A] & 0.2-InE[GeV] + 0.7 is the position of the shower maximum measured from the
entrance face of the calorimeter and A,y =~ A(E[GeV])*?? describes the exponential decrease
after tq.. For high Z materials the energy dependence of A, becomes a little bit weaker.

Transverse Development of Hadron Showers

Hadron showers have highly energetic narrow cores with widths of about 0.1 to 0.5X
(FWHM), which increase with shower depth. For 95% radial containment of a hadron shower
a cylinder with a radius of R is necessary [FAB85]:

R(95%) < A

R does not really scale with A and decreases for high Z materials.

The lateral spread of 30GeV/c hadron showers in the ZEUS FCAL prototype calorimeter
is presented in Fig. 5.40 [BEHS89].

The transverse hadron shower profile dE/dz(z), where ¢ describes the transverse hori-
zontal coordinate of the calorimeter in cm from the shower maximum, can be parametrized
like electromagnetic ones by a combination of two exponential functions:

‘fi_E(z) — Ay lUB 4 Aje-lel/Bs
T

with the parameters 4,, A; for the contributions and By, B; for the slopes of the two ex-
ponential functions. The spatial energy deposition f(z,y,z) in the calorimeter is integrated
over the whole calorimeter depth dE/dz(z) = [ f(z,y,z)dydz, with y [cm] and 2z {cm] the
vertical and longitudinal coordinates. The first exponential describes the high energetic core
of the hadron shower and the second one the low energetic halo {[BARS9].

Figure 3.10 shows the transverse shower profiles of hadrons with energies from 10GeV to
100GeV measured with the ZEUS T60 uranium scintillator test calorimeter [AGO89]. The fits
with the indicated parametrization are in good agreement with the measured data [BARS9].
Further results of the T60 calorimeter test are presented in chapter 4.5.
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3.6 Monte Carlo Shower Simulations

Monte Carlo simulations are very helpful in optimizing the calorimeter design. The simu-
lation of electromagnetic and hadronic showers provide important information on the physical
properties of this calorimeter, e.g. the ratios of e/mip, e/h, etc ... on the energy resolution.

There exist various Monte Carlo simulation packages. The EGS [NEL85] program package
provides an excellent simulation of electromagnetic showers. It represents the world standard
for electron and photon shower simulations. For hadronic showers various elaborate simula-
tion packages exist, e.g. CALOR, HERMES, NEUKA, GHEISHA etc ...

In order to analyse and compare the results of the various ZEUS calorimeter tests carried
out to determine the best design for the ZEUS calorimeter, hadron shower simulations were
performed [ZEU89], in particular with the simulation package HERMES. HERMES was de-
rived from CALOR [GABB8S5], developed at ORNL (Oak Ridge National Laboratory).

HERMES (High Energy Radiation Monte—Carlo Elaborate System) [CLO87] simulates
all known individual physical processes of photons, electrons and hadrons in the absorber
plates and active layers down to very low energies (= 10keV), using measured cross sections
and the precise calorimeter configuration. As a consequence of such detailed event—-by—event
simulation a large amount of computing time is necessary; thus HERMES has been applied
for selected questions of calorimetry.

Figure 3.11 describes as an example the organization of HERMES. HERMES represents
a collection of various Monte Carlo codes, which have been selected, improved and completed
for the simulation of high energy hadron showers in calorimeters.

HETC-KFA simulates the high energy hadron processes, MORSE-KFA the low energy
particle transport of neutrons and gammas and EGS-KFA the electromagnetic shower com-
ponent. SIM and STATIST provide detailed information on the shower properties and the
calorimeter response.

The standard input/output coupling system between the different HERMES Monte Carlo
codes is presented in Fig. 3.12. Each MC code can run independently of the other ones.

The computing times necessary for the most important codes of HERMES are summa-
rized in Table 3.4 per GeV incident energy for an IBM 3081 (calorimeter test T35). About
3.1 seconds CPU time are overall needed per GeV. The simulation can be sped up by code
vectorization [ZEU89)].

Monte Carlo Codes in HERMES CPU time [s]/GeV
HET/SIM (hadron cascade) 0.4
EGS (electromagnetic cascade) 0.6
MORSE (neutron and gamma transport) 2.1
in total 3.1

Table 3.4 Computing time for hadron shower simulation with HERMES for the T35 calo-
rimeter test in seconds per GeV incident energy (CPU time on an IBM 3081).
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Fig. 3.12 Scheme of the HERMES Monte Carlo programs for calorimeter simulations.

3-22



3.7 Energy Resolution and Compensation in Hadron
Sampling Calorimeters

The energy resolution of hadron sampling calorimeters is significantly worse in compari-
son to electromagnetic (em) sampling calorimeters. This is the result of the different physical
contributions to a hadron shower, giving different measurable signals for the same amount of
deposited energy. Furthermore the relative fractions of these different contributions fluctuate
from event to event.

Fabjan and Willis realized that for hadron calorimeters the energy resolution is strongly
affected by the loss of binding energy [FAB77]. For 10GeV incoming 7% about 20% of the en-
ergy is spent on binding energy. However, in the nuclear breakup neutrons (n) are produced,
N, ~ Epgin4. Hence if one is able to detect the neutrons with a certain response it should
be possible to compensate for Ep;ng loss. A prototype was built and verified this [BOTSL1].
Tuning of the neutron signal by changing the scintillator thickness of a uranium scintillator
calorimeter was proposed by Briicckmann [BRU86] and has lead to a compensating calorime-
ter yielding equal response to electrons and hadrons.

The energy resolution o/E for conventional hadron calorimeters scales as 1/v/E + const.
Typical values of o/E for sampling sandwich calorimeters with 1-2X, thick absorber plates of
Fe or Pb, are in the order of 0.5/VE to 0.9/vE (E in GeV) plus an additional term of a few
%. A significant improvement was reported by Fabjan and Willis for uranium liquid argon
sampling calorimeters [FAB77|. A reanalysis of the data showed only a marginal improvement
[REH85]. However a uranium calorimeter with scintillator readout (2mm/3mm U, 2.5mm
Scint) showed an energy resolution as good as 0.33/vE [BOT81] and [AKE87]. On the other
hand a uranium scintillator calorimeter with 10mm U and 2.5mm Scint showed an energy
resolution of 0.5/v/E [CAT87] (chapter 4.2) similar to that of conventional calorimeters.

These results show, that the energy resolutions for hadrons depend not only on the choice
of active and passive material, but also on correct thicknesses of the passive and active layers.
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Figure 3.13 presents for comparison the contribution of sampling fluctuations to the en-
ergy resolution of em and hadron showers in sampling calorimeters (Fe/LAr, U/LAr). The
electromagnetic energy resolution is completely dominated by sampling fluctuations. The
hadronic energy resolution has in addition strong contributions from other effects [FAB77],
[TIE89], [DRE90]. How sampling fluctuations can be measured is presented in detail in chap-
ter 4.5.3.

For hadron showers in sampling calorimeters the following relation is valid [DRE90]:
Evis = hE 1’

with the hadronic sampling fraction k.

The energy E of the hadron shower consists of the following components:
E=E.,. + E, + E, + E, + Enua,

where E., is the energy of the electromagnetic component (mainly from #%), E, that of
the charged pion component, E, that of the proton component, E, that of the neutron com-
ponent and En, is the energy lost to nuclear binding energy (sometimes called ”invisible
energy”) or taken by nuclear fragments. Each component has its own sampling fraction. The
detection efficiency of the readout medium for the different components plays an important
role and is included in the sampling fractions.

The visible energy of a hadron shower in a sampling calorimeter is then given by:
E,, =eE.,, + nE, + pE, + nE, + NENuu ,

where e, 7, p, n and N represent the sampling fractions of the different shower components.

In hadron showers the fluctuations of the visible energy have two different origins:

o Fluctuations of the sampling fractions, denoted by Ae, A, etc. for the different sam-
pling fractions e (:=R.), # (:=R,) etc. , produce the so—called ”"sampling fluctuations”
(Gsamp)- They can be reduced by increasing the sampling frequency.

o Fluctuations of the energy fractions of the different shower components, AE,,,, AE,,
etc., through the different sampling fractions, produce the so—called "intrinsic fluctua-

tions” (Gintr )-
The fractional energy resolution of hadron sampling calorimeters can then be expressed
by the following empirical formula:
AE,, Ah

= = Csamp D Tintr
E,; h P ’

where 0,ump is a function of v/# and 0., is a function of R (=t/s, t thickness of an absorber
plate and s of a readout layer).

A parametrization of ¢,amp for experimental data is given by [FAB85]:

a

T samp = ﬁ (E in GCV)

with @ = 9.0%/Ae[MeV] .



A parametrization of 0., for experimental data and Monte Carlo calculations has the
following form [WIG87]:

b
o'intfzﬁ"l'cs

where ¢ depends on the e/h ratio and vanishes for compensating calorimeters.
These results show, that for compensating hadron calorimeters both 0,5, and i, scale
with v/ E and therefore the hadron energy resolution does so as well.

Frequently sampling fluctuations o,,mp dominate the total hadronic energy resolution.
They have a purely statistical nature due to the sampling of the showers and contribute as
a/VE to the energy resolution. In sampling sandwich calorimeters with fixed thicknesses
of passive (t) and active (s) planes the contribution of sampling fluctuations to the energy
resolution tends to scale as v/#/VE [FAB89].

Sampling fluctuations of hadronic showers are significantly larger compared to those
of electromagnetic showers. The number of different shower particles contributing to the
hadronic signal is smaller. Individual hadronic shower particles such as protons may traverse
many sampling layers and deposit on average more energy in the active layers with a much
larger spread in the dE/dx loss than electrons.

Intrinsic fluctuations oy, are created for example by fluctuations in the fraction of the
initial energy transformed into ionizing shower particles. The main factors which drive the
intrinsic fluctuations of hadron sampling calorimeters are: 1) the binding energy needed for
nuclear break up and 2) the difference between e/mip and h/mip. Intrinsic fluctuations set
the limit for the energy resolution achievable for a hadron calorimeter. For instance, the
electromagnetic contributions in hadron showers created from n%-decays yield non—-Gaussian
fluctuations and an additional constant term to the energy resolution. This term only van-
ishes if compensation (e/h=1) is achieved.

The energy resolution for well designed hadron calorimeters, neglecting instrumental ef-
fects such as shower leakage, calibration nonuniformities, etc., can be described by [FAB89|:

Thod _ [CFte & Chmp
E E
The energy resolution improves with increasing energy and is dominated at high energies by
the constant term C. The value of C depends in first approximation on the degree of com-
pensation and vanishes if compensation is achieved. In addition this formula indicates, that
an increase of the sampling frequency doesn’t make sense if intrinsic fluctuations dominate.

The contributions of sampling fluctuations and intrinsic fluctuations to the energy re-

solution for hadrons can be determined by comparing the energy resolutions measured with
different fractions of the calorimeter readout layers (chapter 4.5.3) [FAB77), [TIE89], [DRE90].

In order to find the optimum parameters for a calorimeter configuration with the best
possible energy resolution for hadrons, the relevant quantities, which create the different
fluctuations, in particular the intrinsic fluctuations, have to be known and understood. These
quantities are presented and discussed in the following section. Methods are presented of how
to minimize the effects of fluctuations in hadronic showers. This is demonstrated using the
ZEUS uranium scintillator calorimeter as example.
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The relative sampling fraction (relative measurable signal) of electrons is given by the
response ratio e/mip (chapter 3.2). The corresponding sampling fraction of the pure hadronic
(intrinsic) part of the hadron shower, without electromagnetic contributions from #° decays,
is described by the experimentally not measurable response ratio h;/mip of a calorimeter.
The signals measured for electrons S(e) and hadrons S(h) can be expressed by:

S(e) = kE - miz_p
and

h;
S(h) = kE - {f“"mLip + (1 -Lm)

where k represents the calibration constant for a specific calorimeter configuration and f..
describes the electromagnetic energy fraction in a hadron shower, which grows logarithmically
with the energy E of the primary hadron (Fig. 3.8); f, = (1 — f.,) is the hadronic fraction.

The signal ratio for electrons and hadrons (e/h) is then:
S(e) e/mip
S(h) ~ fem-€/mip+ (1 — fom) - hifmip

If the ratio e/h does not equal 1, then the electromagnetic fraction, which is strongly
fluctuating from event to event, yields a significant contribution to the width of the hadron

pulse height distribution.

A simplified but illustrative consideration of a conventional calorimeter with e/h=1.4
shows clearly the degradation of the energy resolution [WOLS86]. The assumptions are:

— the shower consists only of 7% and #° (electromagnetic fraction),
— on average the contribution to the energy of E(n%) : E(n%) is 2: 1,
— large fluctuations of E(n*) : E(#°) from event to event.

For example:

E,: E,o relative Signal S(h)
3 0 — 1.0
2 1 — 113
1 2 — 1.27
0 3 — 14

This simple example illustrates, that the distribution of hadron pulse heights becomes
very broad and the energy resolution is degraded if e/h # 1.

Figure 3.14 shows experimental results of the ZEUS calorimeter test T60 [AGO89] (chapter
4.5) on the influence of the ¢/h-ratio on the hadronic energy resolution. For comparison the
pulse height distributions of 5GeV electrons, hadrons and muons are presented for a non-
compensating lead scintillator calorimeter (5mm Pb, 5mm Scint) with e/h=1.3 (a) and a
depleted—uranium scintillator calorimeter (3.2mm DU, 5mm Scint (not yet optimized for
compensation)) with e/h=1.07 (b). This result illustrates, that with an e/h-ratio closer to 1,
the width of the hadron pulse height distribution is significantly reduced and the energy
resolution is strongly improved.
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Fig. 3.14 Pulse height distributions of 5 GeV electrons, hadrons and muons measured
with a lead scintillator (5mm Pb, 5mm Scint) calorimeter (a), and a deple-
ted—-uranium scintillator (3.2mm DU, 5mm Scint) calorimeter (b) (ZEUS).

Methods to Minimize the Effects of Fluctuations on the Hadron Response

In order to achieve compensation (e/h=1), to get the best possible energy resolution for
hadrons, in principle two ways are possible: either by a reduction of the e/mip-ratio (by
software) or by an increase of the h;/mip-ratio (by hardware).

The different shower components and their influence on the e/h-ratio and the hadron
response will be discussed in the following.

By Software — Weighting of the Local Electromagnetic Energy Depositions

If the spatial information in a noncompensating calorimeter is sufficient to recognize highly
localized depositions of electromagnetic energy from 7% — vy decays, then the electromag-
netic contribution to the hadron signal can be reduced by weighting so that e/h=1. Thus
fluctuations in the hadron response due to the electromagnetic content will be reduced and
the energy resolution will improve. Suitable weighting algorithms have been developed and
successfully introduced by the CDHS [HOL78], [ABR81] and H1 collaborations [BRAS8S].

Figure 3.15 shows the energy resolution of the 2.5cm iron/scintillator sampling calorime-
ter of the CDHS collaboration as a function of the incident particle energy [ABR81]. Every 5
layers were read out by a separate photomultiplier. The energy resolution without weighting
increases from about 60%/vE at 10GeV to about 100%/vE at 160GeV pion energy. After
weighting the energy resolution improves to about 58%/+/E over the full energy range.

Figure 3.16 and 3.17 present results from a lead-copper/liquid argon test calorimeter
(1st part: 1.1 (2.4mm Pb), 2nd part: 6.1A (5mm Cu)) of the H1 collaboration [BRASS|.
The hadromic section was read out longitudinally by 57 readout boards. The weighting
method relies on the frequent longitudinal sampling.

Figure 3.16 shows the calorimeter response of 50GeV pions and electrons before (a) and
after (b) software weighting. The weighting equalizes the response of pions and electrons, thus
the energy resolution of pions is improved by removing "tails” due to fluctuations in the em
content of the hadron shower [BRAS88|, [KUS91]. Figure 3.17 presents the energy resolution
without and with weighting as a function of the pion energy from 30GeV to 230GeV. After
weighting a hadronic energy resolution of about 50%/+/E was obtained [BRASS).
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By Hardware — Lost Nuclear Binding Energy Compensated by Neutrons (v’s)
The different contributions to the h;/mip-ratio can be written as
h; ton n B v
L o et e £ 4
mip mip mip mip mip mip

where f;,, + £, + £, + fg + f, =1 and

f; (¢ =ton,n,v,B,v) describes the average fraction of the hadronic energy
excluding the electromagnetic fraction, f..,, of hadron
showers in sampling calorimeters, in form of

fion — charged hadrons and muons (p, 7%, p%, ...) (ionization)
faa) — neutrons ()

ip - nuclear binding energy B lost in nuclear break up

f, - mneutrinos (which leave the calorimeter undetected) and
i/map describes the relative sampling fractions.

B/mip = 0, because the nuclear binding energy B is lost in the nuclear break up and
therefore does not contribute to the signal.

An improvement of the energy resolution is possible via compensation due to the fact that
the fraction of nuclear binding energy (fg) lost for a measurable signal is strongly correlated
with the fraction of neutrons and v’s (f,, f,) emitted in nuclear break up or deexitation. fp
is relatively large e.g. 20% for 10GeV pions. However, in ordinary calorimeters neutrons do
not contribute appreciably to the signal.

In order to get a signal from the neutrons plastic or organic scintillator represents the
favoured choice as active detector medium because of its high hydrogen content, by which
the neutrons are moderated. The recoil protons produce visible light in the scintillator by
ionization and create a signal which is correlated with fp.

For elastic scattering a fraction of 1/(A + 1) of the neutron energy is transferred to the
target recoil, where A denotes the mass number of the target nucleus. Hence, maximum
energy transfer is obtained for a hydrogen nucleus (A = 1).

Comprehensive Monte Carlo (MC) simulation programs have been developed and quali-
tative and quantitative understanding of the different physics processes has been achieved to
a reasonable extent (chapter 3.6).

Results of such MC simulations e.g. with HETC [CHA72] on the relative energy fractions
(f;) for 5GeV protons are presented in Table 3.5 for different sampling calorimeters [GAB85].
The results of these simulations show, that uranium yields the largest fraction of neutrons
and nuclear 4’s and in particular the smallest amount of lost energy.

Typical values of the relative sampling fractions (i/mip) are given in Table 3.6 [WIG87],
[WEGS89]. i/mip-ratios for 1X, thick absorber/2.5mm scintillator plates (LAr gaps) are
bold—faced.



Calorimeter: U/Scint | Pb/Scint | Fe/Scint | U/LAr
| Energy fraction (f;) in form of: [ [%] | (%) | %] | (%] |
ionization (£..) 41.8 46.7 57.0 41.6
primary proton 4.9 5.0 4.6 5.2
secondary protons 29.4 334 42.4 28.8
secondary nt’s 7.4 8.1 9.8 7.4
secondary u’s 0.1 0.2 0.2 0.2
neutrons (f,) 19.5 12.1 7.8 20.2
low energy (<20MeV) neutrons 14.7 12.1 7.8 14.3
(not from fission by n’s<20MeV)
fission neutrons 4.8 - - 5.9
(from fission by n’s<20MeV) _
T nuclear v’s (£,) 21.6 7.3 8.3 24.1
excitation v’s 2.0 2.5 34 2.4
fission 4’s (from all charged 2.7 0.0 0.0 2.6
particles plus neutrons >20MeV)
~’s from neutrons <20MeV 16.9 4.8 4.9 19.1
(fission, in—, non elastic and n—capture) Il
| "lost’ energy (*f5,’) 17.1 | 33.8 | 270 [ 141 |
electromagnetic energy (f...) 12.1 15.3 17.4 12.6
from w%—decays (E.m/E {%])
U/Scint: 72 cells of 2mm U, 3mm Scint and 275 cells of 3mm U, 3mm Scint;
Pb/Scint: 1.2mm Al, 3.6mm Pb, 1.2mm Al, 3mm Scint; Fe/Scint: 6mm Fe, 3mm Scint;
U/LAr: 30 cells of 2mm U, 1.6mm LAr, 1.6mm G10, 1.6mm LAr and
112 unit cells of 4mm U, 1.6mm LAr, 1.6mm G10, 1.6mm LAr

Table 3.5 Energy available from 5GeV protons incident in U/Scint®, Pb/Scint®, Fe/Scint*
and U/LAr® calorimeters as calculated with CALOR [GAB85] with 50ns (a) or
100ns () integration time. The numbers denote the average fractions of the
pure hadronic energy available from the different hadron shower components.
The numbers for the em fraction are related to the primary proton energy E.

Calorimeter: | U/Scint | Pb/Scint | Fe/Scint | U/LAr | Pb/LAr | Fe/LAr

ion/mip 0.93 0.83 1.0 0.88
p/mip 0.96 0.94 0.83 0.99 0.97 0.88
n/mip 0.8-25 0.8-2 0.56-2 0 0 0

~/mip (low E) 0.36 0.41 0.73 0.4 0.45 0.94
e/mip 0.58 0.6 0.83 0.63 0.66 0.92

Table 3.6 Typical values of relative sampling fractions (i/mip) for different sampling
calorimeters. The i/mip-ratios for 1X, thick absorber/2.5mm scintillator
(PMMA) or liquid argon readout are bold—faced.
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Energy Fractions

The different fractions of deposited energy in a uranium block as a function of the primary
hadron energy have been presented already in Fig. 3.8 [GAB89]. Detailed information from
Monte Carlo simulations for 5GeV protons incident on different calorimeter configurations
are summarized in Table 3.5. The most important characteristics of f; are discussed in the
following:

fions £ny £5 £,

are approximately independent of the primary particle energy (with f;,.+f,+£,+f5,=1 ;
see Fig. 3.8), but depend on the absorber material.

decreases with increasing Z,,,. It is essentially determined by the number of secondary
protons from spallation (x70%) (Table 3.5). The fraction of secondary protons decreases
with decreasing Z,,,/Apa, of the (passive) absorber.

increases with Z,,,. f, is particularly large for uranium, because in addition to spallation,
nuclear fission contributes to the creation of neutrons. The signal of this contribution depends
on the integration time because the neutrons have to transfer their energy to the protons of
the active medium.

depends on Z,,, (Table 3.5). For uranium a large contribution (17%) comes from slow
neutrons (<20MeV) and about 3% from fission 4’s induced by particles faster than 20MeV.

Relative Sampling Fractions |i/mip

The relative sampling fractions i/mip of the different shower components (i = e, ion, n, 7)
are discussed in the following [BRU86], [WOL86], [WIG87], [KRU87], [WEGS89]:

e/mip

The e/mip-ratio is smaller than 1 in sampling calorimeters with Z,,, > Z,+ and decreases
with increasing Z,,, [FLA85], [PES89]. This is essentially the result of the different Z—
dependences of the various cross sections:

~ ionization (= Z?) — pair production (= Z?)
- bremsstrahlung (=~ Z?) — photo effect (=~ Z*-Z5)
— Compton effect (= Z')



The e/mip-ratio decreases with increasing passive absorber thickness d,., at fixed (ac-
tive) detector layer thickness d,; and becomes independent for large absorber thicknesses,
e.g. for uranium absorber plates with dy 2 3mm [BRUS6], [WIG87] and for lead with
dpy 2 5mm [HOF82).

This behaviour is expected due to the photo effect, where most of the energy of the low
energy photons (<1MeV) is lost in the high Z absorber. Only electrons produced close to the
absorber surface can contribute to the signal. For the ZEUS uranium scintillator calorimeter
the sampling fraction for mip’s is about 6.6% and the e/mip-ratio has a value of about 0.62
for 3.3mm thick DU plates with 2 x 0.2mm thick stainless steel cladding interleaved with
2.6mm thick scintillator plates.

ion/mip

The ion/mip-ratio is in the order of 0.8 — 1.1 . The largest fraction of ionization loss
results from secondary protons (*70%) mainly released from spallation (Table 3.5, 3.6 and
Fig. 3.7, 3.8) and dominates therefore the ion/mip-ratio. It depends on the energy spectrum
of the spallation protons and recombination effects.

The number of released protons and hence the ionization loss decreases with decreasing
Zpas/Apas; €.g. the ionization loss due to secondary protons is about 2.4% smaller for 33°U
than for 237Pb.

The ion/mip-ratio may be varied by the choice of the material thickness. For a fixed
thickness dy of uranium plates the p/mip-ratio decreases with decreasing thickness dscin: of
the scintillator plate.

For a uranium scintillator calorimeter the p/mip-ratio is in the order of 0.9. The contri-
bution of pions from spallation is with about 7% — 8% relatively small.

n/mip

The n/mip-ratio depends strongly on the efficiency with which the neutrons are measured
in the active medium. Organic scintillator represents the favoured medium due to its hydro-
gen content, in which a high energy transfer is possible between the neutrons created in the
absorber material and light nuclei (free protons) of the scintillator. This is not the case for
uranium liquid argon calorimeters (U/LAr) for which n/mip=0 (Table 3.6). The large frac-
tion of neutrons (f,) produced in the uranium (Table 3.5) does not create a measurable signal
in the liquid argon and is lost for compensation. Tests performed with admixtures of several
% of CH,4 to the liquid argon or organic substances at the surface of the readout boards have
not yielded larger n/mip-ratios. In recent test measurements with o and 3 particles in liquid
argon doped with ethylene (C.H,) an increase in the collected charge of the o particles was
observed at low concentrations (200ppm). This would correspond to better compensation
between electron and hadron energy measurements in a hadron calorimeter [FAB91].

The cross sections for neutron induced reactions on uranium and hydrogen are shown in
Fig. 3.18 [BRfJSG]; for the individual physical processes see Fig. 3.7. In organic scintillator,
with its large hydrogen content, almost all the kinetic energy of the neutrons is transformed
into measurable proton recoil energy. This offers the possibility to increase significantly the
pure hadron signal and plays an important role for compensation.
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Fig. 3.18 Cross sections for neutron induced reactions on uranium and hydrogen.

Low energetic neutrons in the MeV range loose most of their kinetic energy to protons
in elastic np collisions with the hydrogen of the scintillator. At very low neutron energies
n—capture dominates, which yields a related y—emission and therefore a related contribution
to the hadron signal.

An incoming hadron with an energy of E=10GeV produces on average about 450 neutrons
with an energy of <E, > =~ 3MeV; most of the neutrons stem from spallation. In fissionable
material like uranium, neutrons are created also by fission.

For low energy protons passing through scintillator yet another effect has to be taken into
account: saturation of the scintillator light output. For <E,, > ~ 3MeV it follows that <E, >
=~ 1.5MeV, for which 8 is about 0.08. The result is a very high ionization density because
dE/dx ~ 1/8%. The saturation can be parametrized by (Birk’s law [BIR60))

dL _ 5-dE/dz
dc 1+ kB-dE/dz’

where L = light yield, $ = absolute signal efficiency, kB = product of quenching parameter
k and the ionization density along the track B. The kB factor of the scintillator material
SCSN-38 used for the ZEUS calorimeter is 0.00835[g/MeVcem?).

The n/mip-ratio depends strongly on the readout medium. If the readout layers contain
hydrogen, the neutrons will essentially travel until they hit the hydrogen and their sampling
fraction is approximately independent of the ratio dact/dpa,, While the sampling fraction of
mip’s increases with d,.:/d,q, [BRU86,87]. Therefore the n/mip-ratio increases with decreas-
ing dgct/dpes- The n/mip—ratio can be tuned in the range of about 0.5 — 2.5 .
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4.3 A Uranium Scintillator Test Calorimeter with Com-
pensation and High Energy Resolution for Hadrons
— Calorimeter TEST 35

4.3.1 The Experimental Set Up of Calorimeter TEST 35

The main aim of calorimeter TEST 35 was to verify, that a modular uranium scintillator
calorimeter with wavelength shifter readout and a tower structure as planned for the ZEUS
calorimeter can be built, which achieves compensation and an energy resolution of 35%/ vE
for hadrons (= name TEST 35) [ANDS86], [ZEU87], [KRU88b], [BEH90a).

Three uranium modules, on loan from the HELIOS experiment at CERN [AKES5], were
restacked with new scintillator plates and test measurements were performed during June
and July 1986 in the T7 beam line (East Hall) at the CERN PS.

Figure 4.53 shows a sketch of the TEST 35 calorimeter. It consisted of 3 modules, each
with a width of 20cm, a height of 120cm and a total depth of 125 radiation lengths (Xo) or
4.2 interaction lengths (Aine).

The modules had an internal sandwich sampling structure of 3mm thick depleted uranium
plates interleaved with 2.5mm thick scintillator plates. The 20cm x 20cm towers were read
out on two opposite sides by wavelength shifter bars of 20cm x 80cm followed by light guides
and photomultipliers. The uniform readout along the wavelength shifters was achieved by
back reflectors of aluminium foils with black printed ”backgammon” patterns to compensate
the light attenuation in the wavelength shifters. The upper half of the calorimeter with an
entrance area of 60cm x 60cm was equipped with SCSN-38 scintillator tiles and consisted of
9 towers without longitudinal segmentation. The SCSN-38 scintillator tiles with dimensions
of 60cm x 20cm were optically separated into 20cm x 20cm units by a sawing method. The
main parameters of the TEST 35 calorimeter are summarized in Table 4.11.

The relative calibration of the photomultipliers was performed using the radioac-
tivity of the uranium. The high voltages of the photomultipliers were adjusted in such a way,
that they gave the same mean signals created in the scintillator tiles by the radioactivity of
the uranium integrated over 10us. The calibration was continuously monitored during the
data taking in between spills. By adjusting the high voltages of the photomultipliers every 3
to 4 hours the variation of the uranium signal from photomultiplier to photomultiplier was
less than 0.5%.

The beam set up is presented in Fig. 4.54. It comsisted of two threshold Cherenkov
counters for the separation between electrons and hadrons, a set of scintillation counters
defining the beam and the TEST 35 cslorimeter itself. Muons were identified by a signal in
the scintillation counter B6 positioned behind the calorimeter.

The calorimeter was aligned such, that the beam particles were incident on the centre
of the upper half of the calorimeter. Measurements with this calorimeter configuration were
performed with electrons, muons and hadrons at momenta of 3, 5, 7 and 9GeV/c.
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Fig. 4.54 The experimental set up of calorimeter TEST 35 at the CERN PS.

Sampling structure: DU / SCI 3mm / 2.5mm
Number of DU plates 133
Size of DU plate 1200 x 199 x 3 mm?
Number of SCI plates 134
Size of SCI plates:
in the upper half - SCSN-38 3X [ 200x200x2.5 mm? ]
in the lower half — Altustipe 600x200%2.5 mm?
Number of optical channels
to readout the SCSN-38 ' 18
Doping of K-27 WLS 100 mg/1
Photomultipliers XP2011
Average density 9.9 g/cm?
| Total depth of the stack 806.5 mm = 125 r.l. = 4.2);,,

Table 4.11 Main parameters of the TEST 35 calorimeter.
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4.3.2 Experimental Results of Calorimeter TEST 35

Figures 4.55, 4.56 and 4.57 show the pulse height spectra of 5GeV/c muons, electrons and
hadrons (pions) with a gate width of 100ns. Gaussian distributions were fit to the pulse height
spectra of electrons and hadrons within 42 standard deviations around the most probable
values. An energy resolution of 33.7%/vE was achieved for hadrons and of 16.3%/ VE for
electrons with an e/h-ratio of 1.04+0.03, here calculated as the ratio of the pulse heights
for hadrons to the pulse heights for electrons measured in the central tower. The hadron
distribution shows a tail to lower pulse heights due to leakage.

The transverse leakage of hadron showers was determined by scanning the calorimeter in
horizontal direction. The transverse energy distribution for 5GeV/c hadron showers is plotted
in Fig. 4.58 indicating the average pulse heights measured by the upper 18 photomultipliers.
About 80% of the shower energy is deposited in the central tower. The distribution indicates
that the transverse leakage is at the few % level.

Monte Carlo calculations {CLO87a] simulating a hermetic TEST 35 calorimeter with
uniform readout yield an e/h-ratio of 1.0040.02 and an energy resolution of 30%/ VE for
hadrons. These predictions are compatible with the measured values if inhomogenities in the
readout and energy leakage are taken into account.

Figure 4.59 presents the e/h-ratio as a function of the gate width (At). It decreases with
the gate width from e/h = 1.11 at At = 70ns to e/h = 1.04 at At = 600ns. This is due to
the delayed contribution of low energy neutrons to the hadron signal. But the higher degree
of compensation due to the larger gate width does not lead to an improved energy resolution
(Fig. 4.60) because of an increase of the contribution from the uranium noise. Corrections
for transverse and longitudinal leakage of the hadron showers, estimated to be about 5% to
10%, and for nonuniformities in the wavelength shifter readout will bring the e/h-ratio close
to 1.

Similar results were also obtained for 3, 7 and 9GeV/c. The deviation of the average
hadron signal from linearity is less than 1.5%. Figure 4.61 shows the energy resolution for
hadrons with a gate width of 200ns as a function of the hadron momentum. The energy
resolution achieved for hadrons is about 33.7%/+/E in the momentum range from 3GeV/c to
9GeV/c and scales with 1/VE.
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4.4 A Lead Scintillator Test Calorimeter with Com-
pensation and High Energy Resolution for Hadrons
— Calorimeter TEST 36

4.4.1 The Experimental Set Up of Calorimeter TEST 36

The aim of TEST 36 was to find out, if compensation can be achieved also with a lead
scintillator calorimeter. Following a proposal by H. Briickmann [AND87] a sandwich sampling
calorimeter has been built of 10mm thick lead plates interleaved with 2.5mm thick SCSN-38
scintillator tiles [BER87a], [ZEU87], [BER87], [KRU88a]. The unusual high ratio of about
4 for the thicknesses between the lead and scintillator plates was predicted as the optimum
one [WIG87]. For this configuration the contributions of neutrons to the hadronic signal was
expected to be large enough to obtain compensation.

Figure 4.62 shows the lead scintillator calorimeter of TEST 36 with a total entrance area
of about 66cm x 68cm. It consisted of 9 towers, with wavelength shifter readout on two oppo-
site sides, plexiglass light guides and photomultipliers (XP2011). Each tower had transverse
dimensions of about 20cm x 20cm and a longitudinal segmentation into one electromagnetic
(1A or 29X, deep) and one hadronic section (4A deep). The uniformity along the wavelength
shifter bars, made from PMMA and doped with K-27, was achieved by graded light filters,
which were optimized in bench tests. The main parameters of the TEST 36 lead scintillator
calorimeter are summarized in Table 4.12.

The experimental set up of TEST 36 in the X5 beam line at the CERN SPS is presented
in Fig. 4.63. It consisted of two Cherenkov counters and one muon tagger for particle iden-
tification, scintillation beam counters and the TEST 36 calorimeter itself.

The online calibration of the calorimeter was performed with a **Co-source (3mCi), which
could be inserted in the middle of a lead plate between the EM and HAD towers. An offline
calibration was done with electrons, hadrons and muons incident on the centre of each tower
[BER87a]. The mean signals of the photomultipliers in the EM section were equalized for
10GeV electrons and in the HAD section for 10GeV hadrons. The electron and hadron
calibration agreed within +1% in the EM section.

The intercalibration between the EM and HAD sections was performed by multiplying
the gain of the HAD photomultiplier signals by a factor a and demanding that the fractional
energy resolution for hadrons be optimum.

Measurements have been performed with electrons, hadrons (pions) and muons at the
CERN PS (T7 beam, East Hall) in the momentum range from 3GeV/c to 10GeV/c and at
the CERN SPS (X5 beam, West Hall) from 10GeV/c to 75GeV/c.
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Fig. 4.63 The experimental set up of calorimeter TEST 36 at the CERN SPS.

Size of Pb plates

Size of Scint. plates
Size of WLS bars
Photomultipliers per module

700 x 218 x 10mm?

218 x 218 x 2.5mm?

218 x 310 x 2.0mm?
6

TEST 36 "EM section HAD section
Sampling structure: Pb / Scint. 10mm / 2.5mm 10mm / 2.5mm
Number of Pb plates 16 65
Number of Scint. plates 16 65

700 x 211 x 10mm?

211 x 218 x 2.5mm?

218 x 918 x 2.0mm?3
6.

Material of the Pb plates
Material of the Scint. plates
Material of the WLS bars
Doping of the WLS
Photomultipliers

96%Pb + 4%Sb
SCSN-38
PMMA UV absorbant
125mg/1 of K-27
Philips XP2011

Table 4.12 Main parameters of the TEST 36 lead scintillator calorimeter.
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4.4.2 Experimental Results of Calorimeter TEST 36

Figures 4.64, 4.65 and 4.66 show the pulse height spectra of 10GeV/c muons and 10GeV/c
to 75GeV /c electrons and hadrons. Gaussian distributions were fit to the pulse height spectra
of the electrons and hadrons within 43 standard deviations around the most probable values.

Figure 4.67 presents the energy resolution for electrons and hadrons as a function of the
particle energy.
The energy resolution for electrons can be parametrized by

o _ (23.5+0.2)%
<E > vE

where the first term is in agreement with EGS4 Monte Carlo simulations with a contribution
of 6.6% from photoelectron statistics and the constant term is compatible with the beam
momentum spread.

The hadrons were incident on the centre of tower 5 with an energy deposition of about
80% in the central tower for energies from 3GeV to 75GeV. The energy deposited in the EM
section decreases from 50% at 3GeV to 30% at 75GeV.

The energy resolution for hadrons with negligible transverse and longitudinal leakage can
be parametrized by

®(1.2+0.2)% ,

on  (442+1.3)%
<E,> VE ‘

Although 10mm thick Pb absorber plates are quite coarse an excellent energy resolu-
tion is achieved, in particular at high momenta and no constant term is necessary for the
parametrization. This result demonstrates that for optimization of the compensation at high
momenta, the minimization of intrinsic fluctuations is more important than that of sampling
fluctuations.

Figure 4.68 shows the e/h-ratio as a function of the energy and in addition the contribution
from photostatistics. The e/h-ratio varies from 1.19 at 3GeV /c to 1.09 at 75GeV/c. After
correcting for an estimated leakage of about 5%, an e/h-ratio was found of

-E =1.05+0.04 for p>10GeV/c .

The e/mip-ratio has also been determined [BER87a] to

€

mip

= 0.67 4+ 0.03 ,

which is in agreement with a value of e¢/mip=0.65 from Monte Carlo calculations using EGS4
[NELS8S5].

TEST 36 for the first time has shown, that compensation can be achieved also with lead
as absorber. Using scintillator for readout a ratio of about 4 for the thicknesses of lead to
scintillator plates is necessary. The equalization of the electron and hadron signals yields a
significant improvement of the energy resolution for hadrons.
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4.5 Optimization of the Calorimeter Configuration
— Calorimeter TEST 60

4.5.1 The Experimental Set Up of Calorimeter TEST 60

TEST 60 had a modular structure and consisted of a set of different sampling calorime-
ter configurations in which materials could easily be exchanged. It had good uniformity, no
spacers or dead spaces, fine transverse segmentation and longitudinal segmentation. The aim
of TEST 60 was to study the energy resolution and e/h-ratio versus material composition,
transverse and longitudinal leakage, transverse and longitudinal shower profiles, position re-
solution and to learn how to calibrate the calorimeter. In addition many important effects on
the energy resolution and the uniformity, e.g. of the optical readout were studied [ENG86],
[KRU87b), [ZEU87], [BER87], [KRU88a], [AGO89].

Calorimeter TEST 60 consisted of separate modules positioned closely behind each other.
Figure 4.69 shows the layout and mechanical structure of one TEST 60 calorimeter module.
The entrance area of each module was 60cm x 60cm (= name TEST 60). The scintillator
plane was segmented in the vertical direction into twelve 50mm high SCSN-38 scintillator
strips, each wrapped in white paper to increase the light output and in addition in one layer
of aluminized mylar foil to decouple the strips optically from each other. The scintillator
strips were read out by 3mm thick PMMA wavelength shifter bars glued to bent plexiglass
lightguides with associated photomultipliers (XP2011). The absorber plates could be ex-
changed up to certain thickness limits without disturbing the readout configuration. The
main parameters of the TEST 60 calorimeter modules are summarized in Table 4.13.

In total nine TEST 60 calorimeter modules were built at NIKHEF. The modules #1-5
were constructed of 30 layers of 5mm thick scintillator plates and the modules #6-9 of 45
layers of 3mm thick scintillator plates. First the modules #1-5 were equipped with 4mm
thick lead absorber plates. In the final configuration for all modules 3.2mm DU plates were
used apart from module #8, which was equipped with 3mm thick DU plates.

Tests were performed with DU absorber plates interleaved with 5mm scintillator plates
in modules #1-5 (T60A) and with 3mm scintillator plates in modules #6-9 (T60B1).

Measurements were then also done with graded light filters installed between the scin-
tillator strips and the wavelength shifters to correct for the light attenuation in the WLS
(T60B2).

In the following test the DU plates were clad in addition with 0.2mm thick stainless steel
foils to reduce the dark current in the photomultipliers due to the radioactivity of the ura-
nium and to check its influence on the calorimeter performance (T60B3).

There were two different experimental set ups of TEST 60: T60A consisted of 4 modules
#1-4 with a total depth of 4.4\ and T60B consisted of 4 modules #6-9 with a depth of 6],
which in addition uses module #1 (1.1)) as a backing calorimeter (Fig. 4.70). T60A was
tested in the T7 beam at the CERN PS with particles up to 9GeV/c and T60B in the X5
beam at the CERN SPS with particles from 10GeV/c to 100GeV /c.

The beam setup is shown in Fig. 4.70. Electrons were identified by two Cherenkov counters
and also by the transverse and longitudinal shower deposition in the calorimeter.
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Fig. 4.69 Construction of one TEST 60 calorimeter module.
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Fig. 4.70 The experimental set up of calorimeter TEST 60 at the CERN SPS.

TEST 60 Module #1-5 Module #6-9
Lateral dimension 60cm x 60cm 60cm x 60cm
#Absorber layers 30 45
Space per layer 7 mm 5 mm
Absorber material | depleted uranium (lead) depleted uranium
Absorber thickness 3.2mm (4mm) 3.2mm (3mm for mod #8)
# Scintillator layers 30 45
Space per layer 6 mm 4 mm
Scintillator material SCSN-38 SCSN-38
Dimension 600 x 50 x 5 mm? 600 x 50 X 3 mm?®
#Strips/layer 12 12
Total thickness 390 mm 405 mm
Depth [r.1.], [Aine] 30Xy, 1.1X;n: 45X,, 1.5\ 0
WLS material PMMA UV absorbant .. | ... with K-27(120 mg/1)
WLS dimension 388 x 50 x 3 mm?® 405 x 50 x 3 mm?®
# Strips (PMs) 2 x 12 (XP2011) 2 x 12 (XP2011)

Table 4.13 Parameters of the calorimeter modules of TEST 60.
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4.5.2 Experimental Results of Calorimeter TEST 60

The results of four different data samples taken with the TEST 60 calorimeter are pre-
sented in the following. The characteristics of these data samples, called T60A, T60B1,
T60B2 and T60B3 are described in Table 4.14.

Data Sampling | Momentum Comments

Sample | Structure [GeV/c]

T60A | 3.2mm DU 3-8.75
5mm Scint.

T60B1 | 3.2mm DU | 10 - 100 attenuation length of the WLS: 1.3m,
3mm Scint. no light filters between Scint./WLS

T60B2 | 3.2mm DU | 10— 100 | with graded light filters between Scint./WLS
3mm Scint. for linear readout along the WLS

T60B3 | 3.2mm DU | 10 - 100 [ with graded light filters between Scint./WLS;
3mm Scint. DU plates wrapped in a 0.2mm steel foil

Table 4.14 Data samples of four different TEST 60 configurations.

The transverse leakage of the hadron showers were determined by scanning over the ver-
tical segmentation of the calorimeter. It was about 3% to 4% and in first approximation
independent of the particle energy.

In order to remove events, which have a significant longitudinal leakage cuts were applied.

For T60A about 15% of the events are removed from the data sample at 7GeV/c if more
than 10% of the total measured particle energy is deposited after 3.3 in module 4.

For T60B about 10% of the events are removed at 10GeV/c and about 30% at 75GeV/c
if more than 2% of the total measured particle energy is deposited after 6\ in the backing
calorimeter.

Figures 4.71, 4.72a and 4.72b show the pulse height spectra of muons at 50GeV/c, elec-
trons from 10GeV/c to 50GeV/c and hadrons from 10GeV/c to 100GeV /c.

Electromagnetic showers are completely contained in the first module (30X, or 45X, deep).
Therefore only the response of the first module is plotted in Fig. 4.72a. The response is linear
within +1% and the energy resolutions with 3o0—cuts are summarized in Table 4.15. A fit to
the data points yields a parametrization of the energy resolution for electrons of

17.2%
vE

The contribution of photoelectron statistics is about 7%/v/E (quadratically added) to
the first term. The constant term is compatible with the beam momentum spread of ~1%.
The electron energy resolution for T60A is better than for T60B1, 2 or 3 due to the smaller
contribution from photoelectron statistics and a smaller spread in the beam momentum.

cr/E' =

& 0.8% for T60B2 .

The energy resolution for hadrons after the longitudinal leakage cut is given in Table
4.16. It improves with the change from 5mm (T60A) to 3mm thick scintillator plates (T'60B)
and improves in addition with the implementation of the graded light filters between the
scintillator tiles and the wavelength shifter bars.
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Fig. 4.71 Response of the TEST 60 calorimeter (T'60B2) to 50GeV/c muons.
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Fig. 4.72a Response of the TEST 60 calorimeter (T60B2) to electrons at 10 to 50GeV/c.
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Fig. 4.72b Response of the TEST 60 calorimeter (T60B2) to hadrons at 10 to 100GeV /c.
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T60A T60B1 T60B2 T60B3
p c/vVE | oc/VE o/E c/VE c/E o/VE o/E
(GeV/e] | (%] | [%] (fit) (%] (it) (%] (fit)
3 15.7
5 15.5
7 15.5
8.75 15.7
10 17.3 17.3 17.6
20 17.9 |17.8%/VE | 17.3 |{17.2%/VE | 17.3 |17.6%/VE
30 186 | @0.7% | 181 | @0.8% | 179 | ©0.4%
50 19.7 18.9 18.6

Table 4.15 Energy resolution of electrons for different TEST 60 configurations.

T60A T60B1 T60B2 T60B3
p o/VE | o/VE o/E o/VE o/E c/VE c/E
(GeV/e] | [%] | [%] (fit) (%] (£it) (%] (fit)
3 40.1
5 41.6
7 41.4
8.75 41.8
10 38.4 36.8 35.1
20 36.9 349 33.4
30 39.1 | 37.6%/VE | 353 |36.0%/VE | 342 |345%/VE
50 41.4 ®1.8% 36.8 ®1.0% 35.3 ®1.0%
75 41.0 38.1 36.3
100 40.0 38.9 37.3

Table 4.16 Energy resolution of hadrons for different TEST 60 configurations.

p [GeV/c] | T60A T60B1 | T60B2 T60B3
3 1.13£0.05
5 1.1240.05
7 1.12+0.05
8.75 | 1.10+0.05
10 1.00%0.05 | 1.01£0.05 | 0.95+0.05
20 0.99+0.05 | 1.00:£0.05 | 0.9540.05
30 1.0040.05 | 1.01+0.05 | 0.96+0.05
50 1.01+0.05 | 1.02+0.05 | 0.96+0.05

Table 4.17 e/h-ratios for different TEST 60 cornfigurations.

4-64



The hadron energy resolution can be parametrized by

36.0%
E =
/B =78

The best energy resolution of 34.5%/VE @ 1.0% was achieved for T60B3, where the DU
plates were in addition clad with 0.2mm thick stainless steel foils and module 8 with 3mm
thick DU plates was moved from the last (T60B2) to the first calorimeter module position.

® 1.0% for T60B2.

Table 4.17 presents the e/h-ratios for the different calorimeter configurations. The results
were corrected for longitudinal nonuniformities and leakage.

For T60A the thickness ratio of DU to scintillator was dpy/dscine = 0.64 and an e/h-
ratio of 1.12 was determined, while for T60B2 with dpy/dsecin: = 1.07 an e/h-ratio of 1.0
was determined in agreement with theoretical predictions described in chapter 3 {ZEUS86].
The decrease of the e/h-ratio by about 5% for T60B3 is due to the cladding as predicted by
EGS shower simulations [BRU86], [WIG87a]. The e/mip-ratio is reduced because of the low
energy electrons produced by photoeffect and Compton scattering {~Z*~*), which normally
leak from the absorber plates into the scintillator. But in T60B3 these electrons are partially
absorbed in the cladding.

The position resolution in x and y was measured with T60B3 for 30GeV electrons and
hadrons and is presented in Fig. 4.73. The vertical position (y) is obtained from the charge
sharing between the scintillator strips and the horizontal position (x) from the right and
left photomultiplier signals. The spatial resolution for 30GeV electrons is 0,=12.4mm and
0y,=2.7mm and for 30GeV hadrons 0,=22.7mm and ¢,=13.0mm. The position resolution as
a function of the energy can be parametrized as ¢ = a/VE @ b with a,=82, b,=0.6 and
a,=12.9, b,=1.3 for electrons and a,=123.2, b,=10.9 and a,=74.2, b,=0 for hadrons.

Various other test measurements were performed with calorimeter TEST 60. For example
in BCAL a 17mm thick iron plate is forseen after 1);,; for mechanical stability. The effect of
iron plates with various thicknesses of up to 20mm after about 1);,, was studied for hadrons
at 20, 30 and 50GeV/c. At 50GeV /c the energy resolution degrades by about 2% for a 20mm
thick iron plate installed after 1);,,. The effect on the energy resolution of a 20mm iron plate
at 20GeV/c and 30GeV/c and a plate up to 15mm at 50GeV/c is below 1% [KRU87D].
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Fig. 4.73 Spatial resolution in x and y for 30GeV/c electrons and hadrons for setup T60B3.
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4.5.3 Experimental Determination of Intrinsic and Sampling Fluc-
tuations in Uranium and Lead Scintillator Calorimeters

In order to determine the contributions of intrinsic and sampling fluctuations to the to-
tal energy resolution, the readout of the compensating ZEUS uranium and lead scintillator
calorimeters, TEST 60 and TEST 36, has been modified and test measurements have been
performed [TIE89], [DRE90].

The fractional energy resolution of hadron sampling calorimeters can be described by

Ah
35— = Osamp D Oiner

h

the quadratic sum (@) of sampling fluctuations ¢,.,mp and intrinsic fluctuations oins,.

The fluctuations of sampling fractions (Ae, A, etc...), which produce "sampling fluc-
tuations” can be reduced by increasing the sampling frequency. The fluctuations of shower
components (AE.,,, AE,, etc...) produce through the different sampling fractions the so-
called ”intrinsic fluctuations”.

Sampling fluctuations are approximately proportional to v/%, t = thickness of the absorber.
The thickness of the active medium is called s and the sampling ratio R = t/s.
Sampling fluctuations have been parametrized [FAB85] by

!
Tsamp = % (Ein GeV) witk o' = 9% /Ae[MeV]

dE . C
and Ae = t(g)t + s(%), the energy loss per unit sampling cell for minimum ionizing
particles in MeV.

Intrinsic fluctuations are a function of R and depend on the sampling fractions, possibly
also on the sampling ratio R. They can be described [WIG87] by

bl
Tintr = —\/—E

where ¢ depends on the e/h-ratio and vanishes if compensation is achieved. For compensa-
ting calorimeters, both 0,4mp and o;p,, scale with 1/ VE.

+c,

In order to determine the sampling fluctuations the technique of the "two interleaved
calorimeters” was applied [FAB77]. Figure 4.74 shows the two interleaved calorimeters. For
calorimeter a the readout layers with odd-numbers and for calorimeter b the readout layers
with even~numbers are summed up.

The relative fluctuations are defined as

AE, AR, v OB e o DBy
sum — <Em>s dif — <-Emm>,

Tqg = oL =
¢ < B>’ * T < B>’

with the average energy sums < E, > and < E;, > of the two calorimeters a and b, and
< EBpm >=<E,+Ey,> < Eg;> =< E,— By > their sum and difference, and AE,,
AEy, AE,,, and AEy; the corresponding fluctuations.
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Fig. 4.74 The two interleaved calorimeters with the definitions of E,, E; (partial
energy sums), E,. (total energy) and Ey; (energy difference).
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Fig. 4.75 Calorimeter setups used in the test: (a) all plates are read out on both sides

(configuration 1); (b) each plate is read out only on one side (configuration 2).

For electromagnetic showers only sampling fluctuations are present. With the absorber
thickness 2t of the interleaved calorimeters

Tsum = Tsamp and Og = Op = \/i * Tsamp

with 0,amp for the complete calorimeter consisting of calorimeter a and b.
Since the sampling fluctuations for the calorimeters a and b are independent:

Odif = Tsum -

For hadron showers intrinsic fluctuations are the same for calorimeters a and b and also
for the complete calorimeter. From this it follows, that intrinsic fluctuations contribute in
the same way to o4, 03 and 0,um, but cancel in g4; .

The sampling fluctuations are independent in the calorimeters a and b, as for electroma-
gnetic showers. Therefore for hadronic calorimeters the following relations are valid:

Osum = Cintr D Osamp, Cq = 0p = Ointy D \/5' Tgamp, Odif = Osamp -

Two different readout configurations (Fig. 4.75) have been prepared for the compensat-
ing lead scintillator calorimeter TEST 36 (10mm Pb, 2.5mm Scint.) and the compensating
uranium scintillator calorimeter TEST 60 (3.2mm DU, 3mm Scint. (T60B)).

Both calorimeters were tested with electrons and hadrons at momenta of 10, 20, 30 and
50GeV /c for configuration 1 (standard readout) and 2 (interleaved calorimeters). The mea-
surement results averaged for 10 to 50GeV/c are summarized in Table 4.18.
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Hadrons Electrons
Cal. | Conf. | ,umVE | 04isVE | 04ideVE | CpemVE | 0aisVE OsiseVE e/h
[%] [%] (%] (%) [%] [%]
Pb/ | Conf. 1 43.5 10.3 44.8 24.4 8.6 25.8 1.1140.01
Scint. | Conf. 2 43i 42.3 60.5 24.5 25.8 36.0 1.11+0.01
DU/ Conf. 1 35.8 11.7 37.7 17.1 8.2 18.9 1.01+0.01
Scint. | Conf. 2 37.3 32.6 49.5 18.5 19.2 26.8 1.004+0.01

Table 4.18 Results from the lead and uranium calorimeters for configuration 1 and 2.
The estimated total errors are about £1.0% for the individual fluctuations.

The readout was available on left and right sides and the quantity 0,4 = 3(or + 01)
was defined, where o and oy are the fractional energy fiuctuations measured by summing
the left and right readout. For configuration 2 these left and right readout calorimeters are
the two interleaved calorimeters.

The measurements have shown that all fluctuations scale with 1/vE. A first estimation
of intrinsic and sampling fluctuations yields:

Osamp = Ouide © Ogurm = 42.0%/ VE for the lead and 32.5%/ VE for the uranium calorimeter,
Tintr = Osum © Osamp = 11.3%/ VE for the lead and 18.3%/ VE for the uranium calorimeter.

In addition instrumental effects such as photoeleciron statistics op., finite beam size opeam
and light attenuation in the scintillator o) contribute to the fluctuations of the total energy
resolution. These fluctuations have been investigated [DRE90] and are given in Table 4.19.

Cal. | Conf. | 0,VE (%) | OseamVE [%] oV E (%]
Pb/ [ Conf. 1 6.5 , 5.6 6.0
Scint. | Conf. 2 7.0 5.6 6.6
DU/ [ Conf. 1 7.5 5.6 7.0
Scint. | Conf. 2 10.5 5.6 7.4

Table 4.19 Instrumental effects on the lead and uranium calorimeters
for configuration 1 and 2.

Taking into account the instrumental effects, the following three equations with two un-
knowns, ¢;nsr and o,,mp, are valid for configuration 2:

Osum = Ointe D Osamp 32] Ope;
Oside = COinte D \/i * Osamp @ '\/i * Ope @D Tbearn D O,
Odif = Osamp © Ope D Opeam D O,

and in addition O,um ® Cdif = Oside -
The experimental results, including instrumental effects, of the contributions of intrinsic

and sampling fluctuations to the total energy resolution of electrons and hadrons for the two
compensating uranium and lead scintillator calorimeters are summarized in Table 4.20.
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Cal. Particles cr,-m\/E [%] aaamp\/E [%] ocamp\/E/ M Ac [%]
Pb/ Hadrons 13.41+4.7 41.240.9 11.340.3
Scint. | Electrons 0.3+5.1 23.54-0.5 6.44-0.2
DU/ | Hadrons 20.4+2.4 31.1+0.9 11.61+0.4
Scant. | Electrons 2.24+4.8 16.5+0.5 6.140.2

Table 4.20 Intrinsic and sampling fluctuations of the compensating lead and uranium
calorimeters with Aef® = 13.3MeV and APV = 7.2MeV.

The instrumental effects have no significant effect on the final results. The measured
sampling fluctuations dominate the hadronic energy resolution of both calorimeters and are

Tsamp = 11.5%/Ae[MeV]/,/E[GeV] ,

slightly larger compared to a value of o’ =~ 9%./Ae[MeV] mentioned already before [FAB85].
They are by a factor 2 larger for hadrons than for electrons.

The intrinsic fluctuations are smaller for lead (073, =~ 13.4%/vE) than for uranium
(02Y ~ 20.4%/vE). One possible explanation is, that the neutrons from nuclear reactions,
which are necessary to achieve compensation in the scintillator, are more strongly correlated
with the lost nuclear binding energy in lead than in uranium, for which fission may deliver
in addition an uncorrelated contribution (fluctuations). One has also to keep in mind, that
intrinsic fluctuations depend possibly also on the sampling ratio R, which is much larger
for the lead scintillator calorimeter (R¥® ~ 4) than for the uranium scintillator calorimeter

(RPY ~1).

Apart from the unique possibility with high resolution compensating uranium scintillator
calorimeters of calibrating the calorimeter using the radioactivity of the uranium with high
accuracy to better than about 1%, as achieved for the ZEUS calorimeter (chapter 6), com-
peunsating lead scintillator calorimeters (as demonstrated by TEST 36) offer also an excellent
energy resolution for hadrons, in particular at high energies.

The hadronic energy resolution of compensating lead scintillator calorimeters with a
sampling ratio R of about 4 is practically limited by the sampling fluctuations due to the
presently achievable mechanical tolerances in the thicknesses of the scintillator (2.5mm) and
lead (10mm) plates. For a same sampling ratio of 4 but smaller thicknesses of the sampling
layers and improved thickness tolerances, the energy resolution for hadrons is in principle only
limited by the small contribution of intrinsic fluctuations for lead scintillator calorimeters.
Provided that thinner scintillator plates are feasible and give sufficient light and mechanical
tolerances can be controlled lead could give a better energy resolution than DU. But: DU
calorimeters are self calibrating while Pb calorimeters are not.

Promising projects in research and development of lead scintillator (fiber) calorimeters

are in progress [WIG88|, [WIG89], [ACO90], [WIG91].
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Chapter 5

Construction and Test of the ZEUS
FCAL Prototype Calorimeter

5.1 Description of the Calorimeter

5.1.1 Imntroduction

Several test calorimeters have been constructed and many beam studies have been per-
formed in order to optimize the parameters of the ZEUS calorimeter (chapter 4). The FCAL
prototype calorimeter was then built to verify and optimize the final parameters [BEH89],
[ANDS89], [KRU89c], [KRU90b]. The prototype modules follow the same design as the final
ZEUS forward calorimeter modules (chapter 2.3.3).

Figure 5.1 shows a three dimensjonal view of the FCAL prototype with its module, tower
and longitudinal structure. It consists of four modules with a front area of 80cm x 80cm
(4 x (20cm x 80cm)), a depth of 1.55m (7)) and 192 PMs (EMC: 128 Valvo XP2972, HAC:
64 Valvo XP2081). The sampling structure is 3.3mm depleted uranium plates interleaved
with 2.6mm scintillator plates. The scintillator plates were wrapped in white Tyvek paper
which had a black printed pattern to obtain a uniform response independent of position. The
main parameters are summarized in Table 5.1.

The thicknesses and mechanical tolerances achieved for the various components are:
3.31+0.15mm for the uranium plates, 0.2+0.01mm (EMC) and 0.4+0.02mm (HAC) for the
steel cladding, 2.6£0.30mm for the scintillator plates, 2.0+0.2.mm for the WLS plates and
typical tolerances of 0.5mm for the stacking.

The four prototype modules were assembled at York University (Canada) (Fig. 2.45).

5.1.2 The Experimental Set Up

An extensive test programme has been carried out at CERN. The experimental set up used
at the PS (East Hall, T7 beam line) is described in Fig. 5.2. It consisted of the scintillation
beam counters Bl, B2, B3 and B4 defining the beam, two Cherenkov counters C1 and C2
and the FCAL prototype calorimeter itself.

The beam position at the entrance of the calorimeter could be located with a precision of
2mm in horizontal and 1mm in vertical direction.

The particle identification of pions, protons and electrons was performed by the Cherenkov
counters and for low momenta by a time of flight measurement between B1 and B2.

A similar experimental set up was used at the SPS to study the behaviour at high energies.
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Fig. 5.1 The module, tower and longitudinal structure of the FCAL prototype.
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Fig. 5.2 The experimental set up with the FCAL prototype at CERN.

5-2



EMC | HAC

Absorber material Depleted Uranium (DU)
Absorber cladding stainless steel
Readout material SCSN-38 Scintillator (SCI)
Layer structure:
Steel 0.2 mm 0.4 mm
DU 3.3 mm 3.3 mm
Steel 0.2 mm 0.4 mm
Paper 0.2 mm 0.2 mm
SCI 2.6 mm 2.6 mm
Paper 0.2 mm 0.2 mm
Contingency 0.9 mm 0.9 mm
Effective X, 7.4 mm 7.6 mm
Effective A 210 mm 207 mm
Effective Ry 20.2 mm 20.0 mm
Effective density 8.7 g/cm? 8.7 g/cm?®

[ Transverse
segmentation 5cm X 20cm 20cm X 20cm
Longitudinal HAC1 (3.09})
segmentation 25.9X, (0.96) HAC2 (3.09))
Number of layers | (1AI-SCI) 25DU-SCI 2 x 80DU-SCI
Total length 24.1 cm 128.0 cm
Total cross—section 80cm X 80cm 80cm X 80cm
Optical readout 2mm thick WLS plates -+ light guides
WLS material PMMA + Y7(45ppm) | PMMA + Y7(30ppm)
Photomultipliers XP2972 (Valvo) XP2081 (Valvo)
Readout channels 128 64

Table 5.1 Main parameters of the FCAL prototype calorimeter.

Figure 5.3 presents a picture of the first FCAL prototype module, which has been stacked
and assembled at York (Canada) and has just arrived at CERN.

A picture of the experimental area with the complete FCAL prototype test stand at the
CERN SPS (West Hall, X5 beam line) is shown in Fig. 5.4. From the left the particle beam
containing hadrons, electrons and muons is entering the experimental area through a vacuum
beam pipe.

First the beam particles pass the scintillation beam counters installed on a movable table.
Then they enter the FCAL prototype calorimeter which is placed in an iron frame and is
completely covered with black plastic foil for light tightness. The iron frame is movable in
the horizontal and vertical direction and can be rotated in the horizontal plane in order to
vary the angle of beam incidence. The complete entrance face of the prototype can be scanned
with beam particles under various angles of particle incidence.

The FCAL prototype test stand seen on the picture has been rotated by an angle of
about 20°, and the backing calorimeter (BCAL) prototype positioned just behind the FCAL
prototype is visible at the right side of the picture.
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Fig. 5.3 The first FCAL prototype module arrived at CERN.

) at CERN.

~ S . i

e SPS (West Hall. X5 bea
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5.1.3 Calibration of the FCAL Prototype

Different methods of calibrating the ZEUS calorimeter were tested at CERN. The tech-
niques use: the radioactivity of the uranium, pointlike radioactive gamma sources, LEDs and
laser light pulses.

An important advantage of uranium calorimeters is the possibility of using the signal from
the radioactivity of the uranium for the calibration [AKE85], [AND86), [AKE87], [AGO89),
[BEHS89]. This calibration method is in particular discussed in this section, the other ones
are explained in more detail in chapter 6.

It became very clear during the prototype tests, that the calibration of the ZEUS calorime-
ter modules by means of the radioactivity of the uranium represents a particularly simple
and eflicient method which can be carried out during data-taking.

At the PS the HV of the photomultipliers was tuned in such a way, that the signal from
5GeV/c electrons corresponded to 125pC (= 500 ADC channels). The current induced by
the radioactivity of the uranium was then 0.6pA for the EMC tubes [BEH89]. The signal
from the uranium radioactivity (UNO) was used to study and correct the photomultiplier
gain variations as a function of time. Figure 5.5 shows the UNO signal for a well-behaved
tube as a function of time. A measurement was performed every 2 hours during a period of
30 days. The short term variation of this channel (tube 1), defined as the difference of the
UNO signals between 2 consecutive runs (§), is on average < § > = 0.2%; the long term
variation, defined as the maximum UNO variation during the total measurement period (4),
is A = 3%. The variations differ from channel to channel; short term variations are typically
below 1%, long term variations are about 10%.

Short term variations depend on the frequency of the measurements. The experimental
results show, that measurements done every 8 hours are sufficient to monitor the UNO signal
with an accuracy of 1% (0.7% for EMC and 0.2% for HAC tubes) [BEH89).

500 DR TrrTrT Y Y LA LB S A | Ty "l'l"
tube1 (EMQ)
—- [ measurements every 2hours ]
< L00 -
E | o
= - " e ]
3 W0 F ' ;
.cn -
g \- (6>=02% ]
3 200 1 A =3% ]
[
100 PP EPUIGE BRI B PRSP P U | P
0 7 14 2 28 35
Time (days)

Fig. 5.5 The UNO signal variations for a well behaved channel as a function of time.
Measurements were taken every 2 hours during a period of 30 days.
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In order to study the ability of the UNO signal to detect real PM gain variations the whole
calorimeter was scanned 5 times with 5GeV/c electrons and muons. The average spread of
the e/UNO ratios for the EMC tubes is 1.1% and of the x/UNO ratios for the HAC tubes
about 0.5%, including small effects like e.g. statistical errors and shifts due to the calorimeter
positioning. The PM gain variations can be traced by the UNO signal with an accuracy of
better than 1%.

The intercalibration between the same calorimeter sections (EMC, HAC1, HAC2) with
the UNO signal was studied in comparison with beam particles.

For the FCAL prototype an intercalibration between the PM gains of the same type of
sections with the UNO signal was possible with an accuracy of 2% to 3%, with beam particles
within 1%.

An intercalibration between EMC and HAC sections is possible with beam particles by
tuning the intercalibration parameter a in the formula: E = Egyc + @ - Eguc, where Egpc
and Eg.c are the energies deposited in EMC and HAC. The o parameter can be determined
by various methods, which are expected to be equivalent for a compensating calorimeter
[BEH89), [KOL89), for example by requiring

1) optimum hadron energy resolution,

2) equal response for electrons and hadrons,

3) the muon response to be proportional to
the number of scintillator layers.

Figure 5.6 shows the fractional energy resolution (o/E) as a function of the intercali-
bration parameter o for 10GeV/c and 100GeV/c hadrons (method 1). The minimum of
o /E is more pronounced at higher momenta and is slightly shifted to lower values of a with
decreasing momenta. This shift to lower a values is in particular seen in Fig. 5.7, where
a(p)/a(30GeV/c) is plotted as a function of the beam momentum. It can be understood as
a result of the change in shower development for hadrons below 2GeV which is presented in
chapter 5.2.2 (Fig. 5.19). There is no significant increase of « observed above 30GeV/c. The
value of @ (=1) at p = 30GeV/c was then used for the final calibration. This o value is also
in reasonable agreement with the requirement of an optimum e/h-ratio (method 2) (Fig. 5.8).

The final UNO ratio between HAC and EMC sections obtained from the intercalibration
with beam particles was then 5.40 in comparison to an estimated value of about 5.

For 5GeV/c muons a signal ratio of the HAC to EMC sections of 3.14 was measured.
This is compatible with the ratio of the number of scintillator layers of 80(HAC)/26(EMC)

= 3.08. However corrections taking into account the multiple scattering of muons and the

different cladding in EMC and HAC are needed.

A typical calibration cycle used for the FCAL prototype tests had then the following
form:

1) electron calibration for each EMC tower at the beginning of the test,
2) charge injection measurement every 24 hours to calibrate the readout electronics,
3) uranium radioactivity measurements every 8 hours.
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Fig. 5.7 Intercalibration parameter a obtained by minimization of the hadronic energy
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5.2 Energy Resolution and e/h—Ratio at High and Low
Energies

5.2.1 Response to Hadrons and Electrons with Momenta
up to 100GeV/c

The response to hadrons and electrons was studied in the momentum range from 1GeV/c
to 10GeV/c at the PS and from 10GeV/c to 100GeV/c at the SPS [BEH89).

Figure 5.9 shows the pulse height distributions for electrons and hadrons measured at
the PS, summing up all calorimeter channels. The distributions are normalized to the same
number of events. The linearity of the electron response is plotted in Fig. 5.10. Deviations
from linearity are at the +1% level. The most important experimental results on the e/h-
ratio and the energy resolution have been presented already in chapter 3.7 (Fig. 3.25, 3.26 and
3.27). The mean values of the distributions for hadrons and electrons are equal within ~2%.
An energy resolution of 35%/ VE for hadrons and 18% / VE for electrons was measured.

The Overall Energy Resolution
The overall energy resolution of the FCAL can be described by the following expression:

OFE Onoise a

TE _Tnore o " @b

E- E °VE°
where the first term describes the contribution from noise of the electronics and the ura-
nium radioactivity (1), the second term the contribution of intrinsic, sampling and photo-
electron fluctuations (2) and the third term the contribution of calibration errors and non-
uniformities (3).

(E in GeV),

The value of a is, as already mentioned, about 35% for hadrons and 18% for electrons. The
contribution to the parameter a from photoelectron statistics, governing the light yield, could
be tested by a LED system installed in each prototype module. The number of photoelectrons
(p.e.) for a 1GeV electron equivalent signal (E,) can be determined by the formula:

N = (22 (52),

Oled Eiea

where E;.4 and 0y.4 are the average response and r.m.s. fluctuation for a given PM. The num-
ber of photoelectrons is on average N = 41.3 p.e./GeV for EMC tubes and N = 101 p.e. /GeV
for HAC tubes [BEH89], [KRU89b]. The difference in light yield between EMC and HAC
sections depends strongly on the quality of the wave length shifter pieces. The non-negligible
contribution of the photoelectron statistic to the energy resolution of 18%/+/E for electrons
is 10%/VE, the sampling fluctuations alone are about 15%/vE. The quality of the wave
length shifters, in particular that of the EMC wave length shifters, was significantly improved
for the final modules by polishing the edges (chapter 6.6.2).

The noise from the electronics and the uranium radioactivity (1) is plotted in Fig. 5.11.
The uranium noise dominates in the measurements at the PS, but not at the SPS due to
reduced PM gains.




It is in the order of 25MeV per 20cm x 20cm tower (EMC+HAC1+4+HAC2) and 100MeV
for all channels in the 4 modules. on.i,. = 2.5%+/N;, where N, is the number of towers nec-
essary to sum up the total signal, with N, ~ 1 for electrons and N, ~ 16 for hadrons. For
all 460 towers of the FCAL the maximum value of i, Will be 0.5GeV, still relatively small
compared to typical energies deposited in the FCAL.

The value of b is in the order of 2%. This is essentially the result of the accuracy (=1%)
and stability (=1%) of the UNO signal measured every 8 hours and non-uniformities from
particles incident at the boundaries between modules (=1%) and between EMC sections or
close to spacers (~1%).
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Fig. 5.9 Pulseheight distributions for electrons (a) and hadrons (b) obtained at the PS.
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Fig. 5.11 Sum of all calorimeter channels in module 1 and 2 for random trigger events
(only calorimeter noise) for the two following cases: HV for PM at nominal
value (showing electronic and uranium noise) and reduced to 400 V (showing
only electronic noise) at the PS with nominal PM electronic gains.
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5.2.2 Response to Pions, Protons and Electrons with Momenta
between 0.5 and 10GeV/c

In our test measurements at the PS in April to June 1989 we have studied in detail the
response to pions, protons and electrons in the low momentum range from 0.5 GeV/c to

10 GeV/c [ANDS89], [KRU89c], [FUR90].

Particle Identification

For low momenta the particle identification was achieved by a time of flight (TOF) mea-
surement between the scintillation beam counters Bl and B2 separated by a distance L of
9.2m. The TOF difference between hadrons and pions can be calculated by the formula:

L m? m3
At=—,|1 —"-‘/ —),
c( +p2 1+p,)

where m;, m, and p are the hadron mass, the pion mass and the beam momentum.

A clean separation between pions of positive charge and protons was possible by a TOF
measurement for momenta up to 2GeV/c (Fig. 5.12).

For all momenta up to 10GeV/c pure samples of electrons, pions and protons were sep-
arated by combining the information from TOF, Cherenkov counters and the calorimeter
itself.

Readout Electronics

Before this test the readout electronics of the FCAL prototype had been changed to a state
almost identical to that of the final ZEUS calorimeter electronics (Fig. 5.13) {ZEUS85...89],
[CAL89], [AND89]. The PM signals were connected to a DC coupled integrator used to
measure the current induced by the radioactivity of the uranium (UNO signal) and
an AC coupled shaper whose output was sampled 5 times in 96ns steps, corresponding to the
time difference between consecutive HERA bunch crossings (Fig. 5.14). In contrast to the
final hardware the samples were pipelined by Le Croy MVV200 CCDs and used for charge
reconstruction.

Calibration

The calibration was performed in the same way as descibed in chapter 5.1. The intercali-
bration parameter o with a value of 1 yields the best energy resolution (method 1) and also
an e/n-ratio of 1 (method 2) for p = 10GeV/c (Fig. 5.15).

Experimental Results

The electron response is linear within 1%; no difference is seen between et and e~ and
the energy resolution for electrons is 18%/vE. A significant difference in the response to the
different particle types is found at momenta below 2 GeV/c. The pulse height distributions
of 0.5 GeV/c pions, protons and electrons are displayed in Fig. 5.16.

Figure 5.17 shows the e/h-ratios at equal momenta for 7#*, #~ and p. There is obviously
no significant difference between pions of opposite charge but a strong difference between
pions and protons which increases towards low momenta.
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However, a different picture emerges if the e/h—ratios for #*, 7~ and p are plotted at equal
kinetic energies Ex. This presentation shows, that e/h is the same for 7+, #~ and p and
depends in first approximation only on the kinetic energy Ex, the energy available for particle
production and energy deposit in the calorimeter. At low energies hadrons loose more and
more of their energy via dE/dx of a single particle, hence they give the sampling fraction as
a minimum ionizing particle (mip). Thus e/h approaches ¢/mip, which is 0.62 in the present
calorimeter. The value of ¢/mip = 0.62 has been calculated according to EGS4 [NEL85] and
was experimentally determined from e/u.

The energy resolution as a function of the kinetic energy is equal for pions and protons and
is about 34%/+/Ek above 2 GeV and approaches 22%/+/E at 0.2 GeV (Fig. 5.19). Below
0.2GeV the total calorimeter noise starts to dominate the energy resolution for hadrons.
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Fig. 5.12 TOF spectra for various beam momenta and both polarities at the PS.
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5.3 Calorimeter Uniformity

5.3.1 Uniformity at the Boundary between Calorimeter Modules

The ZEUS FCAL calorimeter is nonprojective (chapter 2.3). The minimum angle of a
boundary between two calorimeter modules seen by a high momentum particle is 40mrad.
Boundaries in the ZEUS FCAL are at § angles of (40 + (n — 1)-80)mrad where n is the ’crack
number’.

Test measurements at the PS and the SPS have shown that the boundary between two
modules has only a negligible effect on the response to hadrons even at very small angles of
beam incidence. But the response to electrons at small angles is increased significantly in the
region of the boundary [BEH89], [KRU89c].

Figure 5.20 presents the calorimeter response to 5GeV /c electrons (a) and 5GeV/c hadrons
(b) for angles of particle incidence of Omrad, 40mrad and 80mrad in a horizontal direction
over the centre of two EMC sections of modules 2 and 3 in the central region of the FCAL
prototype. An increase of the response is found for electrons at the boundary between two
calorimeter modules, which is about 40% for the minimum incident angle of 40mrad and
decreases with larger 0 angles. Hadron showers are much less sensitive to mechanical details
inside the calorimeter and only a negligible effect is seen for hadrons. The significant increase
of the electron response is the result of part of the electromagnetic shower, passing along the
wavelength shifters with a high local density of shower particles and producing a strong con-
tribution of Cherenkov light. The region of the increase of the electron response is confined
to a small area of less than 2cm width, to be compared to the tower size of 20cm.

Eietrons (ExSGeV/c) a)
T

2000 T T T 2000 1 T T T | 2000 1 T T T

‘Ste)” < €:0mrad CEed> 0 = L0mrad ) 6= Bmrad
' 5% . T woeNf T — RDCM |- 4
R P % - W%,
1000 - ‘ - wolF T—— " ST A mo_,T el —— 4
—
B 7 B 2cm 7] B .
o (1 J ) ol 1 1 1 1 | 0 J 1 1 |
3 50 5 60 65 70 SS 60 65 10 % 80 65 % 15 80 85
X{cm) Xicm) X(to)
Hadrons (E«SGevic) D)
uQQ?‘);; ! I T ! ¢h> T 3 L) T Y <Eh> = T H T T
8 =0 mrad 140Cenl =40 mrad taoCa 980 mrad
10001« . A R . 000 - . R - 1000} e mte o .
] 1 | 1 1 oL ! 1 L ! 0 1 1 1 1
45 50 stltm) 60 65 0 §5 60 " l(:’S 70 75 40 4 S0 S5 &0 65

X{cm)

Fig. 5.20 Calorimeter response to 5GeV /c electrons (a) and 5GeV/c hadrons (b) as a
function of the beam impact position at the boundary between two calori-
meter modules for various angles of incidence (Omrad, 40mrad, 80mrad).
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Fig. 5.22 Calorimeter response to 30GeV /c electrons as a function of the beam impact
position for various angles of incidence and thicknesses of Pb foils between

modules 2 and 3.
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A Pb foil inserted between two calorimeter modules can absorb part of the electroma-
gnetic shower and improve considerably the uniformity of the calorimeter. Figure 5.21 shows
a schematic drawing of the location (top view) of the Pb foil between two modules.

In order to determine the optimum thickness for the Pb foil systematic scans over the
entrance area of the calorimeter have been performed with electrons of 5GeV/c, 30GeV/c
and 75GeV/c and in addition with hadrons for various angles of beam incidence and Pb foils
with thicknesses of 0, 1, 2, 3 and 4mm between modules 2 and 3.

Figure 5.22 shows various scans with 30GeV/c electrons over the boundary between mo-
dules 2 and 3 under angles of Omrad, 40mrad and 80mrad without and with 2mm and 3mm
thick Pb foils. The maximum deviation from uniform response is indicated on each plot. At
an angle of incidence of 80mrad the deviation is reduced to about +7% for a 2mm thick Pb
foil and to —16% for a 3mm thick Pb foil. The plots illustrate, that 2mm and 3mm thick Pb
foils reduce considerably the non—uniformity of the electron response at the boundary. The
optimum thickness for the Pb foil is obviously between 2mm and 3mm. The Pb foil has only
little impact on the hadron response (Fig. 5.20). It still improves the uniformity for hadrons.

Figure 5.23 indicates the contribution of the different calorimeter sections to the total
signal of 30GeV/c electrons for a 6 angle of 40mrad without and with a 2mm thick Pb foil.
These measurements point out, that in particular the strong contribution from the HAC1
signal is significantly reduced by the Pb foil and the total signal becomes more uniform.
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Fig. 5.23 Contribution of the different calorimeter sections to the total signal of 30GeV/c

electrons for 40mrad beam incidence a) without and b) with a 2mm thick Pb
foil between modules 2 and 3.

The average shift from uniform response, when averaged over one module, is presented
for 5GeV/c electrons (a) and 30GeV/c electrons (b) in Fig. 5.24 for different thicknesses of
Pb between two modules. Figure 5.25 shows the r.m.s. of the response distributions for the
same conditions as in Fig. 5.24. The values of Fig. 5.25 give the direct contribution to the
electron energy resolution. Both representations favour a 2mm to 3mm thick Pb foil.

The optimum thickness of the Pb foil was finally determined by averaging the experimental
results of the 5GeV/c, 30GeV /c and 75GeV/c electron scans. The average shift from uniform
response, the r.m.s. of the response distribution and the mean square deviations from uniform
response have been taken into account. An optimum thickness of 2.6+0.2mm has been
determined for the Pb foils [DAN90].

For the ZEUS calorimeter Pb foils with a thickness of 2.5mm, for stability glued on 0.2mm
thick steel foils, have been finally installed between the modules of FCAL and RCAL.
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Fig. 5.25 R.m.s. of the response distribution for the same conditions as for Fig. 5.24.
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5.3.2 Uniformity at the Location of Spacers

Spacers made from tungsten—carbide with dimensions of 4 x 5 x 6mm? in the EMC are
located between the uranium plates at the corners of each 20cm x 20cm tower. Their influ-
ence on the response of 5GeV/c electrons is plotted in Fig. 5.26 for an angle of incidence of
Omrad [BEH89]. The maximum size of the dip in the electron response is about 20%. This
size is reduced for the final FCAL by spacers of lower Z material (titanium carbide). In the
ZEUS detector particles always enter the calorimeter under angles bigger than 40mrad at the
spacers thus the effect of spacers will be significantly reduced with increasing incidence angle.
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Fig. 5.26 Calorimeter response to 5GeV/c electrons as a function of the calorimeter
position in vertical direction over the spacers at the module boundary.

5.3.3 Uniformity at the Boundary between EMC Sections

The influence of the 1mm gaps between the EMC sections of the FCAL prototype is shown
in Fig. 5.27 [BEH89]. The maximum reduction of the electron response is 5% at an angle of
incidence of Omrad. For the final FCAL these gaps are reduced to 0.6mm and the maximum
dip in the electron response is reduced to 3% according to Monte Carlo (EGS4) calculations.
In the real detector particles will enter the calorimeter at the boundaries between EMC sec-
tions always under a certain incidence angle thus the effect of gaps between EMC sections
will be essentially smeared out with increasing incidence angle.
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Fig. 5.27 Calorimeter response to 5GeV/c electrons as a function of the calorimeter
position in vertical direction over the central region of the EMC sections.
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5.4 Effect of Absorbers in Front of Calorimeters

5.4.1 Material in Front of the ZEUS Calorimeter

Tracking chambers, a magnet coil and various mechanical constructions are installed in
front of the calorimeter. The material is presented in Fig. 5.28 in units of radiation lengths
[Xo] as a function of the polar angle §. For most of the 8 range the thickness of the material
is only 1 - 1.5 radiation lengths X,. But there are also narrow peaks up to 4 X, at a few
small regions where mechanical support structures are necessary. This material degrades the
measured signal and the energy resolution of the calorimeter.

Absorber
Thickness
[xo] v 's T v v T *g T
4 FCAL <[ BCAL > RCAL '
: 1
3 .|
2 b i
1 I |
0 . N s .E 1 N N — A L " A A a : i A A N "
0 45 90 135 6 (° 180
Forward Direction Backward Direction

Fig. 5.28 Material in front of the high resolution ZEUS uranium scintillator calorimeter
in units of radiation lengths [X,] as a function of the polar angle 6 (as estima-
ted in ZEUS 88-52).



5.4.2 Studies of Absorbers in Front of the FCAL Prototype

Systematic studies with various thicknesses of absorber (Al) directly in front of the ZEUS
forward calorimeter (FCAL) prototype have been performed at CERN in the momentum
range from 0.5 to 100GeV/c to determine quantitatively the effect of absorbers [FUR90),
[KRU90a], [KRU90e].

The experimental set up used at CERN was already described in Fig. 5.2. It conmsists
of scintillation counters defining the beam, two Cherenkov counters C1 and C2, the FCAL
prototype calorimeter and the absorber in form of aluminum plates placed in the central
region directly in front of the prototype.

The most important parameters of the measurement program with absorbers in front of
the FCAL prototype are listed in the following:

Hadrons and Electrons (Chapter 5.4.3)

Absorber: aluminum Thickness: Ocm, 9cm, 18cm, 27cm (= 0, 1, 2, 3 Xo)
Momentum: at CERN PS: 0.5,1,2,3,5 GeV/c
at CERN SPS: 10, 20, 30, 75 GeV/c

Hadrons and Particle — Jets (Chapter 5.4.4)

Absorber: aluminum Thickness: Ocm, 4cm, 10cm
Momentum: at CERN SPS: 50, 100 GeV/c

5.4.3 Effect of Absorbers on Hadrons and Electrons

Figure 5.29 and 5.30 show the pulse height spectra for electrons and pions at 5GeV/c and
30GeV/c with different thicknesses of aluminum absorber directly in front of the FCAL proto-
type. With absorber in front, the mean values of the spectra are significantly shifted to lower
values and the widths of the distributions increase. Whereas for electrons the shape remains
approximately Gaussian, it becomes strongly asymmetric for hadrons with a tail to small
pulse heights. The influence of the absorber is considerably stronger for particles at 5GeV/c
than at 30GeV /¢, in particular for hadrons, and decreases with increasing momentum.
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Fig. 5.29 Pulseheight spectra of 5GeV/c electrons and 5GeV/c pions without and with
9cm, 18cm and 27cm Al absorber in front of the FCAL prototype

(# = number of events [arbitrary units}).
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Fig. 5.30 Pulseheight spectra of 30GeV /c electrons and 30GeV/c pions without and with
9cm, 18cm and 27cm Al absorber in front of the FCAL prototype
(# = number of events [arbitrary units]).
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Figure 5.31 and 5.32 show for electrons and hadrons at 30GeV the ratio of the mean signal
height and the standard deviation (30 cut used) with and without material as a function of the
absorber thickness in front of the calorimeter [KRU90e]. For 1 X, material in front the mean
value is reduced by about 1% for hadrons and 2% for electrons and decreases significantly in
particular for electrons with increasing absorber thickness. The widths increase with absorber
material in front and are for 1 X, by about 3% larger for electrons and 9% larger for hadrons.
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Fig. 5.33 Ratio of the mean signal height with absorber (<Q>) and without absorber
(<Qo >) as a function of the momentum for various thicknesses of absorber
in front of the FCAL prototype.

The ratio <Q>/<Qo > for 9cm, 18cm and 27cm aluminum absorber as a function of the
particle momentum is shown in Fig. 5.33. The deviation from 1.0 is large at low momenta
and is decreasing with increasing momentum. Monte Carlo simulations have been performed
and a similar behaviour has been found [KAW91].
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As already discussed in chapter 5.2, Fig. 5.18 shows the e/h-ratios at equal kinetic energies
Ex for 7#t, n~ and p. The e/h-ratio is the same for 7+, 7~ and p and depends in first
approximation only on the kinetic energy Eg, the energy available for particle production
and energy deposit in the calorimeter. At low energies hadrons lose more and more of
their energy via dE/dx of single particles and approach the sampling fraction of 2 minimum
ionizing particle (mip). Thus e/h approaches e/mip, which is 0.62 in the present calorimeter.
In addition the energy resolution for hadrons improves to 22%/ VE. As the electron response
e is linear with kinetic energy, the ratio <Q>/Ex normalized to <Qo >/Ex at 75GeV
((<Qo >/Ex) |1scev) with absorber in front shows smaller deviations from 1 (see Fig. 5.34).
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Fig. 5.34 Ratio of the mean signal height (<Q>) and the kinetic energy Ex as a
function of the momentum for various thicknesses of absorber in front
of the FCAL prototype.

The normalized ratio of <Q>/Eg is shown in Fig. 5.34 for hadrons as a function of
the momentum. The different curves show the dependence on the absorber thickness. The
deviation from 1 is significantly reduced compared to <Q>/<Qo >, in particular at low
momenta with absorber in front.

This result is in particular important for the response of particle jets. Jets consist to a
large extent of low energetic hadrons in the GeV range. The increase of the hadron response
for momenta below 5GeV/c and the decrease of the response due to absorber (1-3X,) infront
of the calorimeter partially compensate each other (Fig. 5.34).



5.4.4 Effect of Absorbers on Particle Jets — Interaction Trigger

The analysis of the data taken with the interaction trigger installed to simulate particle jet
production in front of the FCAL prototype and the study of methods to correct experimen-
tally for energy lost in the absorber in front of the calorimeter via pulse height measurement
are discussed in this section.

In order to study the effect of absorbers on the response and the energy resolution of par-
ticle jets, an interaction trigger has been built and installed in front of the FCAL prototype
[KRO92].

Figure 5.35 shows the experimental set up at the CERN SPS with the interaction trigger.
The interaction trigger consists of a thin 13mm Beryllium target (0.03)) for single nuclear
interactions, a leadglass veto system (L1,...,L8) and a scintillator trigger system (T1,...,T5).
An aluminum absorber is placed behind the trigger system followed by a scintillation counter.
This scintillation counter acts as presampler and is installed directly in front of the prototype.
Data have been taken at beam momenta of 50GeV/c and 100GeV /c with Ocm, 4cm and 10ecm
thick Al absorbers.

The particle multiplicities created by interactions in the Be-target in comparison to sin-
gle beam particles are presented in Fig. 5.36. Particle multiplicities in the order of 10 — 20
particles per interaction are created with a long tail to higher multiplicities [KRO91].

Without absorber in front of the prototype the average response to particle jets is some-
what reduced compared to single hadrons and the energy resolution is about the same. At
100GeV the average response to jets is reduced by about 1.7% and the energy resolution is
3.7% for jets which is about the same as for single hadrons.

INTERACTION TRIGGER WITH ABSORBER AND PRESAMPLER

FCAL prototype

t— Interaction Trigger —

module 1 Beam

o Leadglass trigger

g: Presampler Velto system

= module 2 /Algsorber (L1...L8) i

° ' 18 [L7| L6

S_' module 3 - e sesasssnnseassanes > - H.%beam

2 4 L3 | L2 L1

m module 4 scintillator ' i
trigger .
system Be target
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Fig. 5.35 Experimental set up of the interaction trigger, aluminum absorber and
presampler in front of the FCAL prototype at the CERN SPS.
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A correlation is seen between the jet energy measured in the calorimeter Ec, and the
multiplicities of charged particles measured in front of the Al absorber in the trigger system
and after the Al absorber in the presampler. The correlation measured in the presampler is
significantly stronger compared to that in the trigger system. For 100GeV jets and a 10cm
thick Al absorber the correlation between Ec,; and the particle multiplicity measured in the
presampler is presented in Fig. 5.37.

The effect of absorbers on the average response and the energy resolution for jets is
presented in Fig. 5.38 and 5.39 as a function of the Al absorber thickness. For a 4cm thick Al
absorber only a negligible effect on the average response is seen. For 10cm Al the response
is reduced by about 4.5% for 50GeV and about 2% for 100GeV jets. In comparison to jets
without absorber the energy resolution is degraded for 50GeV and 100GeV by about 5% for
4cm and 20% for 10cm Al absorber.

A significant improvement is achieved by a correction of the measured energy Ec, with
information on the particle multiplicities in front and behind the absorber. The degradation
of the energy resolution of 20% is improved to less than 5% by this correction. A perfect
correction of the average energy Ecq to ( Eif;“a:o - 1) = 0 is possible with a negligible effect
on the improved energy resolution.

In the ZEUS experiment the charged particle multiplicity will be measured by the tracking

detectors in front of the magnet coil and mechanical support structures. Enough space is
available for installation of a presampler between the inactive material and the calorimeter.
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5.5 Reconstruction of Position and Angle of the Axis
of Particle Showers

5.5.1 Introductory Remarks

Besides excellent energy resolution for hadrons and jets, a precise determination of the
angle of single electrons and hadrons (jets) to better than 10mrad with respect to the inter-
action point is required for the ZEUS calorimeter. As discussed already in detail in chapter
2.2.2 and 2.2.8 a precise energy and angular measurement of the scattered electron and the
current jet are the basic conditions for determining x and Q? of the deep inelastic events with
high precision.

Using the structure of the ZEUS calorimeter with a transverse segmentation of 5cm x 20cm
in the EMC and 20cm x 20cm in the HAC sections and a longitudinal segmentation in one
EMC (25X, and 1)) and two HAC sections (each 3)) for the FCAL, different methods have
been studied to determine the positions and angles of the axis of electromagnetic and hadron
showers.

Electromagnetic showers are fully contained in four EMC sections corresponding to a
tower size of 20cm x 20cm. The position of the shower axis can be reconstructed in horizon-
tal (x) and vertical (y) direction. The angle of the scattered electron can be determined in
first approximation from the measurement of the position of the shower axis and the nominal
or measured interaction point. This information can be used in the fast trigger.

Hadron showers are laterally spread over about four calorimeter modules (~ 80cm) and
their energy is longitudinally deposited along the total depth of the calorimeter, in EMC,
HACI1 and HAC2.

Figure 5.40 illustrates the lateral spread of 30GeV/c hadron showers measured with the
FCAL prototype. Each cell represents a 20cm x 20cm calorimeter tower. The beam is inci-
dent in the middle of the central tower depositing a fraction of 75.5% of the incident energy
in this tower. The numbers in the cells indicate the percentage of deposited energy [BEH89).

Figure 5.41 presents the fractions of deposited energy by hadron showers in the different
longitudinal calorimeter sections (EMC, HAC1, HAC2) as a function of the beam momentum.
With increasing momentum the average fraction of deposited energy increases logarithmically
in HAC2, while it decreases in the EMC. For momenta above 20GeV/c to about 200GeV/c
the energy deposited in HACL1 is almost constant at about 60%. At 200GeV/c the average
fraction of deposited energy in EMC and HAC2 cross over and each section contains on av-
erage about 20% of the energy. The energies deposited in the different calorimeter sections
fluctuate strongly from event to event.

The position of the hadron shower axis can be determined separately for each calorimeter
section if enough energy is deposited in this section. This is clearly the case for EMC and
HACI1; with increasing momentum this is also true for HAC2 providing an additional point
on the shower axis.



In order to determine the angle of the hadron shower axis from the calorimeter alone the
longitudinal centres of gravity of the shower have to be reconstructed in the different calorime-
ter sections. At least two centres of shower gravity have to be available for reconstruction of
the hadron shower angle by the calorimeter alone. If the position of the interaction point can
be used in addition, the precision is significantly improved.

Lateral Spread of 30GeV/c Hadron Showers
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Fig. 540 Lateral spread of 30GeV /c hadron showers. Each cell represents a 20cm x 20cm
tower. The beam is incident in the middle of the central tower.
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Fig. 5.41 Fraction of energy deposited by hadron showers in the different calorimeter
sections as a function of the beam momentum.



5.5.2 Reconstruction of the Transverse Centres of Gravity of
Particle Showers

In this section the reconstruction of the transverse positions of the axis of electromagnetic
and hadron showers is described. The position resolution of the calorimeter has been stud-

ied for single electrons and hadrons at various angles of beam incidence up to momenta of
100GeV/c [BEH89], [AND90].

For each calorimeter section (cell) of EMC, HAC1 and HAC2 the transverse centre of
gravity of the particle shower is determined from the ratio of the signals (energies) measured
in the right Eg and left photomultiplier Er.

Assuming an exponential light attenuation ) in x direction along the scintillator, the
distance §x from the x- centre of the tower (Fig. 5.42) can be calculated by:

A, Epr
ox = =In(—=-) .
x = n( EL)
Figure 5.43 shows the ratio Ex/Ey as a function of éx for 5GeV/c electrons measured
along the x axis at the middle of an EMC tower. It illustrates that éx has a logarithmic

dependence of the ratio Eg/Ey except for the region close to the WLS (<2cm), which can be
parametrized by a polynomial.
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The position of the incident particle can be determined by the transverse centre of gravity
of the particle shower created in the calorimeter. The transverse centre of gravity of the
particle shower can be calculated by summing up all towers weighted with their energy:

X = Zw;z; and y= Zw,-y.- N

with z; = (z,); + éz; and y; = (y.): + 8y weighted by w; = E;/E, where (z0)s, (yo): are the
central x, y coordinates, E; the energy deposited in the it* calorimeter section and E the total
energy.

The transverse centres of gravity can be calculated separately for EMC, HAC1 and HAC2.
This is necessary if the angle of hadron incidence is determined from the calorimeter infor-
mation alone, for which at least two points are required.

Figures 5.44 and 5.45 present for 5GeV /c electrons and hadrons the results of the horizon-
tal (x) position reconstruction (a) and the horizontal position resolution (b) [BEH89]. The
structures in the position reconstruction in particular at the boundaries between modules and
strips are introduced by the simplicity of the reconstruction algorithms and can be corrected
by more sophisticated ones.

Shifts in the recomstruction of the electron position are found close to the boundary
between two calorimeter modules and are in the order of 5mm. The shifts of the hadron po-
sition reconstruction (Fig. 5.45a, 5.47a) are simply the result of energy leakage to the sides.

The position resolution at the centre of a section are expected to be about:

, o(Er — Ey)
o= th o= JER-EL)
7 7¢ W = Epn+ EL >

For electrons o4 represents essentially the photoelectron statistics of 10%//E[GeV] and

for hadrons o4 is about 12%/ VE. The calculated position resolutions of o, = 5.4/ vEcm for
electrons and o, &~ 6.6/v/Ecm for hadrons are in good agreement with the measurements.

Figures 5.46 and 5.47 show the results of the vertical (y) position reconstruction of 5GeV/c
electrons and hadrons. The vertical position resolution can be described by o, ~ 1.4/vEcm
for electrons and o, ~ 6.7/v/Ecm for hadrons.

The simple algorithm used to reconstruct the particle position yields reasonable results.
More sophisticated algorithms or parametrizations can reduce significantly the shifts in ho-
rizontal and vertical position reconstruction.

Systematic scans have been performed with hadrons and electrons also under various
angles of beam incidence at momenta of 30, 75 and 100GeV/c [AND90], [AND90a), [AND91a}.

The resolution of the transverse centres of gravity for hadrons with angles of beam in-
cidence of Omrad and 200mrad in the horizontal x,z— plane are presented in Fig. 5.48 as a
function of the beam momentum for EMC, HAC1 and HAC2. The experimental results on
position reconstruction and resolution are summarized in Table 5.2.

The transverse position resolution improves with increasing momentum for all three
calorimeter sections; EMC, HAC1 and HAC2. At 30GeV/c and 6 = Omrad the position
resolution in the x direction is 0, = 1.6cm for the EMC and improves to o0, = 1.2cm at
100GeV/c. The resolution becomes worse with the calorimeter depth, from EMC to HAC2,
due to the increasing lateral shower spread and the decreasing energy deposition in each
calorimeter section (cell).

5-31




2 3
axtem)| @ g,lcmi 8 .
1+ 1 :
i ir :
: |
1) RPN U S S e |
: :
H 1 :
..1 L : :
7 Mz ‘E Ml 1 i 0 U‘Z.:’ 1 1 :
‘0 15 20 25 xicm) 20 ) i3 20 25 xfcm) 3

Fig. 544 Horizontal position reconstruction for 5GeV /¢ electrons under normal incidence

showing a) the shift in the average position and b) the position resolution.
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Fig. 5.45 Horizontal position reconstruction for 5GeV/c hadrons under normal incidence

showing a) the shift in the average position and b) the position resolution.
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Fig. 5.46 Vertical position reconstruction for 5GeV /c electrons under normal incidence
showing a) the shift in the average position and b) the position resolution.
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Fig. 5.47 Vertical position reconstruction for 5GeV/c hadrons under normal incidence
showing a) the shift in the average position and b) the position resolution.
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Energy

XEMC OXEMC XHAC1 OXHAC1 XHAC? OXHAC2

[mrad] | [GeV] [cm] [cm] (cm] [cm] [cm] [cm]
30 -10.0 £+ 0.05 1.6 -10.0 £+ 0.04 1.9 -10.0 1+ 0.16 5.3

0 75 0.0 £+ 0.04 1.0 0.0 £+ 0.03 0.8 0.0 £ 0.09 2.4
100 -10.0 + 0.06 1.2 -10.0 4 0.05 1.1 -10.0 £ 0.15 3.4

30 -9.5 £ 0.05 1.7 -2.2 £ 0.07 3.4 7.9 1+ 0.16 4.8

200 75 -9.5 + 0.04 1.5 -2.9 + 0.09 2.6 7.2 1+ 0.15 4.0
100 -9.8 + 0.08 1.3 -3.1 £ 0.11 2.6 7.3 £ 0.15 3.3

Table 5.2 Position reconstruction and resolution of the transverse centres of shower
gravity in EMC, HAC1 and HAC?2 for 30GeV/c, 75GeV/c and 100GeV/c
hadrons at § angles of Omrad and 200mrad (impact position in x at —10cm
(Ocm for 75GeV, Omrad)).
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Figure 5.48
Position resolution of the transverse cen-
tres of gravity in EMC, HAC1 and HAC2
as a function of the hadron energy at 6
angles of Omrad and 200mrad with an im-
pact position in the middle of tower 10
(see Fig. 5.50).




5.5.3 Reconstruction of the Longitudinal Centres of Gravity of
Hadron Showers

Method 1 — Parametrization of the Longitudinal Centres of Gravity

In the first method the longitudinal centres of gravity of hadron showers z; are parame-
trized separately for each calorimeter section (i = EMC, HAC1, HAC2) as a function of the
energy E; deposited in each section at a total energy Eo, thus z; = zi(Eo, E,).

Figure 5.49 illustrates the coordinate system used for this parametrization in one EMC
section. The centres of gravity z; (% r; for small angles) are determined at a fixed total energy

E; by:
z;(Ek)
tan@ ’

with the polar angle 8 in the horizontal (x,z~) plane and x;(E;) the transverse centre of shower
gravity as a function of E;. The 6 angles were precisely adjusted by rotating the FCAL proto-
type (Fig. 5.4) and the x; values were determined as described in the previous chapter 5.5.2.

z;(E;) =

Module 3 Module 2
[ | y
1 Shower i 15
T ¢ HAC1  Axis 7Y ' [em]!  TowER 11 TOWER 7
10
2z
EMC Centre 5
[~ of ‘
Gravity 0 —o -
in EMC
-3 > .
z;
-10 -—e -
x: -7 _ TOWER 10 TOWER 6
Top View x > 1o
9 -20
20 -15 -10 -5 0 b 10 15 20
x [cm]
Figure 5.49 Figure 5.50
Description of the coordinate system used Matrix of impact positions over the cen-
for the parametrization of the longitudinal tral entrance face of the FCAL prototype
centres of gravity in one EMC section. calorimeter.
Momentum 6 Angle in mrad
[GeV/c] [0 | 40 | 120 | 200 | 280 | 360
30 2150 | 2150 | 2150 | 2150 | 2150 | 2150
75 850 - - 850 [ 850 | 850
100 550 - 550 | 550 - 550

Table 5.3 Measurement program with numbers of hadron events taken at 30GeV/c,
75GeV/c and 100GeV/c at various angles of beam incidence.
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This parametrization has been performed for hadrons with momenta of 30GeV/c, 75GeV/c
and 100GeV /c with impact positions distributed over a matrix of points covering in a syste-
matic way the central tower structure of the FCAL prototype for 8 angles of beam incidence
from Omrad to 360mrad.

Figure 5.50 shows the matrix of impact positions over the central entrance face of the
FCAL prototype calorimeter. The measurement program with the numbers of hadron events
taken for 30GeV /c, 75GeV /c and 100GeV /c hadrons at various angles of beam incidence are
summarized in Table 5.3.

Figure 5.51 illustrates the correlations measured between the energies deposited in EMC,
HAC1 and HAC2 and the transverse centres of shower gravity for 75GeV /c hadron showers
at an angle of beam incidence of 200mrad.

The average longitudinal centres of gravity zgmc, zrac:1 and zg4cz (z component) have
been determined as functions of Egpyc, Egac: and Eg o, at Eg:

zemc = 2emc(Eo, Egmc), zmac: = z2rac1(Eo, Egac1), 2maca = zmac2(Eo, Egaca) -

Figure 5.52 shows for 75GeV/c hadrons the parametrization of the longitudinal centres
of shower gravity for EMC, HAC1 and HAC2 as a function of the energy E; deposited in the
corresponding calorimeter sections.

The strongest variation of the position of the longitudinal centre of shower gravity is found
in the EMC. This is expected due to the longitudinal development of hadron showers with
the maximum energy deposition on average at about 0.7 after the start vertex (Fig. 4.20).

If the energy deposited in the EMC (or HAC1, HAC?2) is below a certain value, a wrong z;
value could be calculated from a wrong transverse centre of gravity x; dominated by noise, for
example from the uranium radioactivity, the electronic readout (see Fig. 5.11) or the optical
readout. The longitudinal centres of gravity are removed from the sample by a cut on E; if
the deposited energy is below a certain value (see Table 5.4).

This method represents a fast and reliable parametrization in both, determination and
application of the average longitudinal centres of gravity of hadron showers in EMC, HAC1
and HAC2. A more sophisticated but also more time consuming algorithm has been developed
which considers the longitudinal development of each single hadron shower and can therefore
take at least partially into account the fluctuations on the average longitudinal centres of
gravity presented by error bars in Fig. 5.52.
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Parametrizations of the longitudinal cen-
tres of shower gravity for EMC, HAC1
and HAC2 for 75GeV/c hadrons at 8 =
200mrad.



Method 2 — Parametrization of the Longitudinal Profile of Single Hadron Showers

This method starts from the parametrization developed for the average longitudinal
hadron shower profiles already presented and discussed in detail in chapter 4.2.6 [KRU86b),
[CAT87], [KRUQOd] This parametrization has been modified in order to be more flexible in
describing the longitudinal profiles of single hadron showers with the information available
from the calorimeter (PLSP-algorithm) [AND90a], [AND91a).

The parametrization of the energy deposition dE/dz of single hadron showers as a function
of the distance z from the calorimeter entrance face has the following form:

dE a+1

T =k B { @ gy (=) ) 4 (1= @) (=) (e — e,

where Ej is the incident energy, k a normalization constant and s, b, ¢ and o parameters,
which have to be determined for each single hadron shower.

The parameter s describes the distance of the start vertex of the hadron shower to the
entrance face of the calorimeter.

The first term has essentially the shape to reproduce the electromagnetic component of
the hadron shower close to its start vertex.

The second term describes the exponential dependence for large distances from the shower
start vertex and represents mainly the hadronic part of the shower.

The third exponential function in the parametrization allows for an increase of the energy
deposition at the end of the shower profile, for example created by knock—on electrons.

For each single hadron shower the parameters are optimized in such a way, that:

—dz = Egmoe, E;dz = Egacr, Iz—dz = Egnacs,

/:L;Mc ‘Zf /Llucx dE /mez dE

Lpme Lyaci

with the integration limits Lgyc = 0.96A, Lgici = 4.05) and Lgac2 = Lgac1 + 0.377
(Egac2)®™), where A = 25.1cm for the EMC and 20.7cm for the HAC sections (ZEUS89).

The parameters s, b, ¢ and a determine completely the parametrization of the shower
profile and the longitudinal centres of shower gravity:

ZEMC, ZHACY, ZHAC?

can be calculated by integration from this parametrization.

This method can not reproduce the physical details of the longitudinal development of
single hadron showers from the three calorimeter measurements available from EMC, HAC1
and HAC2. But it can take into account typical structures of the development of single
hadron showers, in particular correlations between the energies deposited in EMC, HAC1
and HAC2, for example simply by energy conservation. Therefore it can handle partially the
deviations from the average longitudinal centres of gravity presented in Fig. 5.52.
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5.5.4 Determination of the Angle of the Axis of Hadron Showers

The FCAL prototype can be rotated in the horizontal x,2— plane. Figure 5.54 shows a top
view of the FCAL prototype rotated in the horizontal plane. The position of the interaction
point (IP) similar to that in the ZEUS detector is also indicated. The maximum number
of centres of shower gravity (x;, z;) available from the calorimeter sections is three (EMC,
HAC1, HAC2). At least two centres of gravity are necessary to determine the 6 angle by the
calorimeter information alone.

In the experiment, also the interaction point can be included in the analysis. The distance
between the IP and the FCAL front face is 221cm in z.

The 6 angle is determined by:

z
0= tan(—
arctan(53)
with Az = z;4; — z; and Az = z;4; — z; . If more than two centres of gravity are available a
straight line is calculated through the points by a least square fit.

Figure 5.55 illustrates the fractions of energy deposited by a hadron shower in the dif-
ferent towers of EMC, HAC1 and HAC2 created by a 100GeV /c hadron entering the FCAL
prototype under a 8 angle of 200mrad in the x,z— plane {AND90a).

The centre of gravity is shifted with increasing calorimeter depth, that means from EMC
to HAC2, to larger x values.

In the EMC the energy is almost completely contained in one 20cm x 20cm tower, while
the energy deposited in HAC1 and HAC?2 is spread over at least five towers; a high fraction
of energy is seen in the central core of the shower.

The cuts applied on the signals measured in EMC, HAC1 and HAC2 in order to remove
statistical fluctuations and the fractions of events removed are summarized in Table 5.4.

The fractions of energy of 30GeV, 75GeV and 100GeV hadron showers deposited in the
different calorimeter sections at # = Omrad are given in Table 5.5.

For all three energies the relative fractions of deposited energy are very similar: in EMC
about 22%, in HAC1 about 62% and in HAC2 about 16%. Correspondingly, the absolute en-
ergies deposited for example in HAC2 increase linearly with the hadron energy and at higher
energies information is no longer lost by a cut on the energy.

Figure 5.56 shows the fractions of § angles reconstructed without interaction point from
different combinations of calorimeter sections: EMC + HAC1, HAC1 + HAC2 and EMC +
HAC1 + HAC?2 as a function of the energy of the hadron shower.

For about 20% of the hadron showers at 30GeV the energy is almost completely deposited
in the EMC and no 8 angle can be determined from the calorimeter information alone. But
for all events the 8 angle can be determined by using the position of the interaction point.
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The 6 angles are reconstructed from the centres of shower gravity (x, 2;), that means
from the transverse centres of gravity (chapter 5.5.2) and the longitudinal centres of gravity
(chapter 5.5.3) determined either by method 1 (parametrization of zemc = zemc(Eo, EEMmc),
etc...) or by method 2 (parametrization of the longitudinal profiles of single hadron showers,
PLSP-algorithm).

Energy || Cutgyc | Lost Events | Cutgac: | Lost Events Cutgacz | Lost Events
[GeV] (GeV] (%] [GeV] (%] [GeV] (%]
30 2.5 46.8 2.0 3.1 2.0 59.5
75 2.5 46.1 2.0 0.1 2.0 19.3
100 2.5 44.5 2.0 0.1 2.0 124

Table 5.4 Cuts applied on deposited energies and the fractions of events removed by
these cuts in EMC, HAC1 and HAC2.

Energy | Ezmc | Eemc || Enaca | Egac: | Enaca | Eraca
[GeV] || [%] | [GeV] | [%] | [GeV] (%] | [{GeV]
30 25.8 7.7 61.2 184 13.0 3.90
75 21.5 16.1 62.1 46.6 16.5 12.4
100 21.1 21.1 62.0 62.0 16.9 16.9

Table 5.5 Fractions of energy of 30GeV, 75GeV and 100GeV hadron showers
deposited in EMC, HAC1 and HAC2.

100 e A S A | T 3 3
Fraction | 3
of Events { . ]
f Fraction of all
80 - reconstructed 3
(%] 6 angles .
¢ . Reconstruction of § Angles by: .
60 - (no double counting) 3
40 E EMC + HACl e ‘/“”"” :
F e ]
FHACT + HAC24 7 T~ -7 §
20 | T T, ;
F EMC + HAC1 o~ Treele ]
E + HAC2 3
O o A A 1 1 1 L i " | L L " " 1 A il 1 1 1 3

0 25 50 75 100 E [GeV]

Fig. 5.56 Fractions of # angles reconstructed from different calorimeter sections

as a function of the energy of the hadron shower without interaction point.
Each reconstructed 8 angle is counted only once.
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Fig. 5.57 Angular resolution as a function of the energy of the hadron shower determined
by method 1 (parametrization) at § = 200mrad without interaction point.
The fractions of hadron showers are indicated in brackets.
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Fig. 5.58 Angular resolution as a function of the energy of the hadron shower determined
by method 2 (PLSP-algorithm) at = 200mrad without interaction point.
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Figure 5.57 and 5.58 show for comparison the angular resolution at § = 200mrad as a
function of the energy for the longitudinal centres of gravity of showers determined by method
1 (parametrization) and by method 2 (PLSP-algorithm) without interaction point.

The angular resolution improves for both methods with increasing energy due to the
fact that more energy is deposited in all three calorimeter sections and therefore statistical
fluctuations play only a minor role.

The angular resolution determined by method 2 shows an improvement in comparison
to method 1. This is in particular the case if all three centres of gravity are available. At
100GeV the improvement is in the order of 20% for 45% of the hadron showers.

The reconstruction of the particle shower axis by the calorimeter information alone can
be very useful e.g. in the data analysis in order to remove particles or jets which don’t belong
to the primary interaction.

A considerable improvement of the angular resolution is achieved if the interaction point
is taken into account to determine the 8 angle. This is due to the large lever arm of more than
2m and the small errors on the position of the IP. For method 1 the reconstructed @ angles
and the angular resolutions are summarized in Table 5.6 for a 8 angle of beam incidence of
200mrad under various conditions. The measurements show very good results for the angular
resolution in particular for the combination of EMC + IP. A further improvement of the
angular resolution is expected for the combinations of EMC, HAC1 and HAC2 with the IP
by a refined reconstruction algorithm aligning the different calorimeter sections against each
other as a function of the 8 angle.

Figure 5.59 presents the angular resolution of the 8 angle reconstructed from EMC + IP,
HAC1 + IP and HAC2 + IP as a function of the hadron shower energy at § = 200mrad.

The angular resolution improves with increasing shower energy and yields the best results
for a combination of EMC + IP. At 100GeV an angular resolution of 4.7mrad is achieved
for 56% of the hadron showers by reconstruction with EMC + IP. A resolution of 9.8mrad
is obtained for the remaining hadron showers by reconstruction with HAC1 4 IP. We note
that already at § = 360mrad relatively large corrections have to be introduced due to side
leakage of the hadron showers.

These results fulfil or even exceed the requirements on the angular resolution of the ZEUS
uranium scintillator calorimeter. In addition an improvement of the position and angular
reconstruction can be expected for the final ZEUS calorimeter due to the improved optical
readout and better photomultiplier characteristics and an improved calibration in space and
time of better than 1% (see chapter 6).



| Energy Reconstruction by | 6 angle [mrad] | o4 [mrad] | Events [%] |
EMC + IP 200.04-0.21 6.9 52.3
HAC1 + IP 200.0+0.27 12.0 95.6
30GeV HAC2 + IP 199.7+0.49 15.1 44.1
EMC + HAC1 + IP 200.21+0.22 7.1 50.4
HAC1 + HAC2 + 1P 201.1+0.40 11.7 41.5
EMC + HAC1+2 + IP 200.0+0.67 9.8 10.9
EMC + IP 200.31+0.25 5.5 55.2
HAC1 + IP 201.140.37 10.7 99.0
75GeV HAC2 + IP 199.31+0.46 12.1 80.9
EMC + HAC1 + IP 199.310.26 5.6 50.4
HAC1 + HAC2 + IP 200.71+0.40 10.2 78.9
EMC + HAC1+2 + IP 200+0.36 6.4 37.3
EMC 4+ IP 199.240.27 4.7 55.5
HAC1 4+ IP 202.04-0.42 9.8 99.1
100GeV HAC2 + IP 198.41+0.46 10.1 87.7
EMC + HAC1 + IP 199.140.27 4.7 54.0
HAC1 + HAC2 + IP 202.210.45 9.9 86.8
EMC + HAC1+2 + IP 199.2+0.39 6.3 45.1

Table 5.6 Angular resolution for 30GeV, 75GeV and 100GeV hadron showers at §=200mrad

for various combinations of calorimeter information plus interaction point.
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Fig. 5.59 Angular resolution as a function of the energy of the hadron shower at § =

200mrad for combinations of EMC + IP, HAC1 + IP and HAC2 + IP.
The fractions of hadron showers are indicated in brackets.
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Chapter 6

Calibration of the ZEUS Uranium
Scintillator Calorimeter

6.1 Motivation for a Precise Calibration (<1%) at HERA

Precise calibration is as important for HERA physics as is an excellent energy resolution
for hadrons and jets. Figure 6.1 illustrates the difference between the true and the measured
value. For the true physical quantity of a particle or jet, for example the energy E,, a dis-
tribution is measured with a mean value <E> and an approximately Gaussian shape with a
standard deviation og. A perfect calibration is achieved if Eg = <E>.

When measuring structure functions, calibration errors can fake interesting physics. Fi-
gure 2.26c shows the influence of a contact interaction, created by a quark substructure,
with Ag = 1 TeV on the structure function [CAS83]. Unfortunately, similar deviations from
the standard model can be faked by calibration errors. Figure 6.2 presents the influence of
calibration errors on the cross section as a function of Q2. It demonstrates that an absolute
calibration of the calorimeter at the 1% level is required [ZEU85).

6.2 Concept of the Calorimeter Calibration

The design and production of the calorimeter were aimed at ensuring that the ratio
(Mo sured s'ﬂ)——j is independent of position and time at the level of 1% [AND91],

(Deposited Particle Energy

[KLA91], [KRU91].

To achieve this aim the calorimeter has to fulfil the following characteristics: uniform
response as a function of the position in each calorimeter module from tower to tower, uni-
formity from module to module, signal stability in time and linearity of the signal with the
particle energy.
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Fig. 6.1 Energy measurement with a calorimeter; Eg = true energy of the incoming par—
ticle or jet, <E> = average value of the measured energy distribution, og =
standard deviation (= resolution); The calibration is perfect if Eo = <E>.
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In the ZEUS calorimeter the following calibration methods are used:

Uranium Radioactivity — the source of the signal is distributed in the
calorimeter and is stable in space and time;
Beam Particles — for the absolute energy calibration use the ratio

{particle energy) (measured at CERN, FNAL,

(uranium signal)
and with cosmic muons);

80Co — Source Scans — quality control on local uniformity;

Light Flasher — System - linearity of photomultipliers and readout electronics;
Charge Injectors ~ balance of gains of all electronic channels;

Physics Reactions — particles with known energies measured in ZEUS.

Figure 6.3 illustrates the combination of the different calibration tools in the ZEUS
calorimeter and the readout.

The light flasher system consists of a laser system which provides light flashes via Light
fibres to all photomultipliers. The complete readout system from the photomultipliers on-
wards can be checked by this system. The linearity up to the highest signals, the timing of
all channels and the photoelectron yield can be determined {MIT90], [BAM90).

The charge injectors are coupled to the front—end cards to check the readout chain from
the front-end cards onwards and to balance the gain of all electronic channels.

In the following section the influence of mechanical tolerances on the calorimeter calibra-
tion is discussed. Then the calibration with the radioactivity of the uranium and uniformity
measurements with a pointlike radioactive source for quality control on local uniformity are
presented. At the end of this chapter results on the beam calibration of FCAL and RCAL
modules at the CERN SPS are presented and discussed.

charge injector

steel wire DAC monitor
Co*0 source ————
—_ - = PM elecironics

Calorimeter section

o, 4 | === loser
‘ ophcol light flasher
fiber monitor

light distribution bax

(Uranium radioactvity)

Fig. 6.3 Sketch of the various calibration tools in the ZEUS calorimeter.
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6.3 Influence of Mechanical Tolerances on the
Calorimeter Calibration

6.3.1 Uranium Plates — Tolerances

The uranium plates have been rolled by MSC in the USA. For FCAL and RCAL they
have been clad with a steel foil at CRNL in Canada. The plates have maximum dimensions of
4600mm x 200mm x 3.3mm and weight of 60kg. The uranium plate thickness was measured
with a precision of 0.02mm.

An increase of the DU plate thickness by 1% increases the particle energy deposition in
the uranium approximately by 1%, thus about 1% less energy is seen in the scintillator and
the signal from particles is reduced by about 1%. But there is no significant influence on the
UNO signal [AND91].

This shows that a 1% thickness tolerance averaged over several uranium plates in the
calorimeter is allowed (0.035mm). This precision has been achieved by collaboration with
industry and requiring a high quality control standard.

Figure 6.4 presents the thickness distributions of the uranium plates of different calorime-
ter sections with an allowed tolerance per plate of £0.15mm for FEMC and +0.2mm for
FHAC1. Averaged over several uranium layers (e.g. 25 plates in 1)) the desired tolerance is
achieved.

2000 . , - , 2000

urainium a) ‘lll‘ﬂimtum b) ]
plates FE mean ~ 3.204 piates REMC mean ~ 3315 ]
1500 MC rms ~ 1.9 % ] 1500 rms ~ 1.9 % ]
1000 H k 1000 - 9
so0 | 1 500
o A 1 A — 0 A ” e A '
2.8 3.0 3.2 3.4 3.8 3.8 2.8 3.0 3.2 3.4 3.6 3.8
Thickness (mm) Thickness {(mm)
6000 v v v v 6000 v \ i \
uranium c) ura.intlm d)
pl&tes mean ~ 3.281 plates Cz mean ~ 3.279
4500 | FHAC! rms ~ 2.1 % 1 4500 T FHA rms ~ 23 %2 ]
3000 - - 3000 4
1500 - - 1500 1
o A A Y — o i A ey e
2.8 3.0 3.2 A4 3.8 3.8 2.8 3.0 3.2 a4 3.8 3.8
Thickness (mm) Thickness (mm)

Fig. 6.4 Thickness distributions of uranium plates for a) EMC sections of FCAL,
b) EMC sections of RCAL, ¢} HAC1 and d) HAC2 sections of FCAL.
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6.3.2 Scintillator Plates — Tolerances

The scintillator plates have been manufactured by Kyowa in Japan. They have been cut,
polished and wrapped at DESY. The final scintillator plates have dimensions of 200 (50)mm
x 200mm x 2.6mm (~150000 plates). Their thickness and light yield have been measured.

In a scintillator plate which is 1% thicker than nominal, approximately 1% more particle
energy is deposited in the scintillator; thus the measured signal increases by about 1%. In
contrast, the increase of the UNO signal is significantly smaller [AND91]. This shows that a
thickness tolerance of about 1% averaged over several scintillator plates in the calorimeter is
allowed (0.025mm).

The thickness distributions of scintillator plates selected for the different sections of the
FCAL are shown in Fig. 6.5. The distribution of the FEMC (a) tiles shows an rms of 1.1%,
FHACI1 (c) 2.4% and FHAC2 (d) 2.5%. The allowed thickness tolerances per plate have been
+0.1mm for FEMC and +0.2mm for FHAC1 and FHAC2.

3000 v +— y 400

scint. a) sqilnt. ' b)
tiles mean ~ 2.584 tiles mean ~ 2.684
FHACO
FEMC rms ~ 1.1 % 00 A rms ~ 1.2 %
2000 I 4
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1000 g J
100 + L
0 -4 - A 0 N
2.2 2.4 2.8 2.8 3.0 2.2 2.4 2. 8 3.0
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Fig. 6.5 Thickness distributions for samples of scintillator tiles belonging to
a) EMC, b) HACO, ¢) HAC1 and d) HAC2 sections of FCAL.
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6.3.3 Influence of Mechanical Tolerances on the Calibration

A detailed discussion of the influence of scintillator, uranium and Fe-cladding thickness
tolerances on the calorimeter calibration with respect to the calibration using the radioacti-
vity of the uranium is presented in [AND91].

The electron sampling fraction can be expressed by:
e €3
e= () :
mip’ €,u + €.C + €,8
with ¢/mip = the ratio between the sampling fractions of electrons (4%) and minimum ioni-
zing particles (6.6%), u, c, s = the nominal sampling thicknesses of uranium, cladding and
scintillator (3.3mm, 2 x 0.2mm and 2.6mm) and e, ¢, ¢, the corresponding energy losses
dE/dx (20.7MeV/cm, 11.7MeV/cm and 2.0MeV/cm).

The effect of the thickness variations, As, Au, Ac, on the electron response is given by:
Ae As Au Ac
- =f.—+fu_+fc"—‘ ’
e s u c

with fe= 0.93, f¢=-0.87 and f¢=-0.06 for a single layer in the EMC sections (Table 6.1a).

The radiation dose rate of a uranium plate behind an absorber of thickness t can be
described by [KLA87]:
Dose(t) ~ Aet/* 4+ Be™/* |

with A ~ 1.95mGy/h and B = 0.05mGy/h, a, = 1.24mm and b, = 36mm for scintillator and
a. = 0.17mm and b, = 6.5mm for iron.

After integration over the dose rate the effect of thickness variations in the signal of the
uranium radioactivity (UNO) can be expressed for single layers by:
A(UNO) LY. uno DAC
UNO - f ] 3 + f [ c ]

with fU"°= 0.40, f*"°=-0.99 and f** =~ 0.05 for the EMC sections.

Assuming that the deviations from the nominal value are uncorrelated between different
plates of the calorimeter, the effect of the thickness tolerances on ¢/UNO for a complete EMC
section can be determined by:

A(e/UNO)
e¢/UNO

where F,= 0.21, F,= 0.25 and F.= 0.18 at 10GeV and approximately energy independent.

= F-% ® Fu%?- ® Fc% with F,=) (fie — Fo™ euno )12

With the measured thickness tolerances (At/t) presented in the previous sections, a value
of about 0.6% is expected for A(e/UNO).

The influence of thickness tolerances for EMC and HAC sections on the different ratios
e¢/UNO, h/UNO and x/UNO are summarized in Table 6.1a and 6.1b. For the EMC (HAC)
sections A(h/UNO) = 0.4% (0.3%) and A(u/UNO) = 0.3% (0.2%) are calculated.

These estimations are in agreement with the experimental results obtained from the beam
calibration presented in chapter 6.6.



Ratio | EMC | f¢ oo | F | Atft | A(e/UNO)
s +0.93 [ +0.40 | 0.21 [ 1.1% 0.2%
e/UNO | u -0.87 | 4+0.05 | 0.25 | 1.9% 0.5%
c -0.06 { -0.99 | 0.18 | 1.8% 0.3%
total 0.6%

Ratio [EMC] f T f*~ [ F [At/t | A(h/UNO)
s 4+0.93 | +0.40 [ 0.10 | 1.1% 0.1%
h/UNO u -0.87 | +0.05 | 0.18 | 1.9% 0.3%
c -0.06 | —0.99 | 0.18 | 1.8% 0.3%
total 0.4%

Ratio |EMC| f* | f*= | F | At/t | A(g/UNO)
s | +1.00 | +040[012[11% | 0.1%

#/UNO u - +0.05 | 0.01 | 1.9% 0.0%
c - —0.99 | 0.19 | 1.8% 0.3%
total 0.3%

Table 6.1a Influence of thickness tolerances for EMC sections on the ratios:
e/UNO, h/UNO and x/UNO.

Ratio | HAC| f* e | F | At/t| A(R/UNO)
s +0.94 | +0.53 [ 0.05 | 2.4% 0.1%
h/UNO | u -0.82 | 40.13 [ 0.11 | 2.1% 0.2%
c -0.11 | ~1.53 | 0.16 | 1.3% 0.2%
total 0.3%

Ratic |HAC] 7* | f | F | At/t | A(u/UNO)
s | +1.00 | +0.53 | 0.05 | 2.4% 0.1%

p/UNO | u - |+013|001{21%| 0.0%
c - -1.53 [ 0.17} 1.3% 0.2%
total 0.2%

Table 6.1b Influence of thickness tolerances for HAC sections on the ratios:
h/UNO and p/UNO.



6.4 Calibration with the Radioactivity of the Uranium

Many factors that affect the calorimeter signal cancel in the ratio ﬁ%
The uranium signal (UNO) from the radioactivity of the depleted uranium (98.1% 8y,
0.2% 23U, 1.7% Nb) of the ZEUS calorimeter is used for:

1) monitoring of the photomultipliers (a total of 12000),
2) intercalibration of the calorimeter sections and
3) the absolute calibration scale.

Figure 6.6 presents the main decay lines of the decay chain of 33*U into 33'U, where the
numbers in brackets indicate the energy in MeV of the emitted particles. The uranium signal
is composed of B particles with a maximum energy of 2.3 MeV and v rays with energies in
the range from 10 to 1000 keV. The « particles (4.2 MeV) are absorbed in the cladding.

At the surface of 3mm thick uranium plates 2600counts/(cm?s) have been measured for
P particles above 10keV, with an average energy of 200keV, and 442counts/(cm?s) for « rays
above 60keV, with an average energy of 500keV [PEGS85).

Due to the large fraction of low energy electrons the radiation dose rate is reduced by
about 70% after 0.2mm Fe-cladding and by about 90% after 0.4mm. Tolerances of 2ym in
the thickness of the cladding change the signal by about 1%. Therefore Fe—foils have been
selected for the cladding with thickness tolerances of 1-2um.

Because of the long lifetime of uranium nuclei (4.5-10%), the radioactivity of the uranium
yields an extremely stable signal for the calibration of the calorimeter.

At the beginning of data taking the high voltages of the photomultipliers are set by the
UNO signal to give a specified signal.

BUkSs10°y)

als.2) 23%
alt2) 77%

610.1) 26%
\ g 102)73%

g (125107%
{153} 06 %
p (2.29) 98%

2:‘,‘&:(1.2ml

v(1.001)

v{0.767)

Y (2.410Y)

Fig. 6.6 Decay chain of 333U into 33*U, including only the main decay lines and
indicating the energy in MeV of the emitted particles.
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6.5 Uniformity Measurements with a Pointlike
Radioactive Source

A pointlike radioactive source (**Co, 2 mCi) with a length of 1mm and a diameter of
0.7mm is moved under computer control along the tower structure of a module and the
calorimeter signal is measured. From this measurement local information is gained on: each

scintillator plate, the calorimeter uniformity along the wavelength shifter and on stacking or
installation errors [AND91], [KRU91], [GLO91].

The measurement device is described in Fig. 6.7. A trolley is installed on top of the front
face of an FCAL or RCAL module, which is placed on its backframe. At each tower position
a ®Co - source is moved along the tower structure while the calorimeter signal is measured.
Tubes have been installed inside the calorimeter modules, through which *Co — sources can
be moved along the wavelength shifters also when the calorimeter is completely installed in
the ZEUS detector.

Figure 6.8 shows the ratio of fiu%)l_) versus the source position along an FEMC
section. For each single scintillator plate a separate signal is measured. Two large dips are
observed in the FEMC, which correspond to the positions of the two gaps reserved for the
silicon detectors (HES).

A corresponding scan with the ®*Co - source along an FHAC section, consisting of 80
scintillator plates, is presented in Fig. 6.9. The uniformity over the whole FHAC tower is
within a few %.

Figure 6.10 shows a scan over an FHAC section with a large dip in the plateau region.
A plastic strip was found between the scintillator plates and the wavelength shifter. After
removing the plastic strip the uniformity of the FCAL section was in good shape.

All FCAL and RCAL modules have been checked by this procedure. Problems due to
stacking or installation errors were found and have been repaired.
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Figure 6.7
View of the ®°Co - source measurement de-
vice for quality control on local uniformity.
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6.6 Beam Calibration of Calorimeter Modules at the
CERN SPS

6.6.1 The Experimental Set Up for the Beam Calibration

The beam calibration of FCAL and RCAL modules was performed at the CERN SPS in
the X5 beam line (West-Hall). Electrons, hadrons and muons were available in the momen-
tum range from 15GeV/c to 110GeV/c.

A sketch of the calibration stand is shown in Fig. 6.11. An FCAL module with a weight
of 12t and a length of 5m is bolted in horizontal position on top of the calibration stand
[AND91]. It can be moved under computer control in the xy— plane and the total front face
of the calorimeter module can be scanned with beam particles. A picture of the calibration
stand is presented in Fig. 6.12.

The complete DAQ system is sketched schematically in Fig. 6.13. The movement of
the test stand and the HV of the photomultipliers are controlled by the Slow Control Tasks
installed on a 68020 microprocessor, which can be accessed from the main computer, a Mi-
croVax 3600.

The readout electronics consists of a shaping-sampling-pipelining scheme [SIP89], [HER91],
[AND91]. The PM signals are integrated and shaped such that the rise and fall times are
longer than 96ns. The pulse is then sampled in steps of 96ns and the samples are stored for
digitization (Fig. 6.14). The data from events selected by the trigger can be picked up inside
an analog pipeline and transferred from the analog pipeline to a buffer. The pipelines and
buffers are integrated micro electronics which are part of the front—end cards.

Each front-end card contains the readout for 12 channels (PMs). The signal of each PM is
split into 4 parts described in Fig. 6.15. One channel for the measurement of the UNO signal
(Ivno), one channel with ’high gain’ (Qg) for the range from 0 to 20GeV/c, one with ’low
gain’ (Qr) up to 400GeV/c and one channel for the trigger. The effective dynamic range is
equivalent to 16.5 bits for a precise measurement from mips up to the highest expected signals.

Figure 6.11

Sketch of the movable calibration stand
with an FCAL module in horizontal po-
sition for testing.




Figure 6.12

Picture of the movable calibration stand
with an FCAL module in horizontal po-
sition for testing.
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Fig. 6.13 Schematics of the data acquisition setup.
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6.6.2 General Experimental Results

In this section a selection is presented of important general experimental results gained
on the final FCAL and RCAL modules tested at CERN.

Energy scans have been performed with electrons in the momentum range from 15GeV/c
to 110GeV/c. The deviation from linearity is less than 1% for FCAL1 and up to 2% for
RCALI (Fig. 6.16). The energy resolution of electrons measured with FCAL1 and RCALL1 is
about 17.5%/+vE and degrades slightly with increasing momentum to 19%/VE at 100GeV/c.

The vertical (x) and horizontal (y) positions of the module installed on top of the calibra-
tion stand w.r.t. the beam axis were determined by 15GeV /c electron scans with an accuracy
of Ax ~ +1mm and Ay =~ +3mm (Fig. 6.17).

The uniformity of the modules in the horizontal direction was measured with 15GeV/c
electrons with perpendicular incidence on the calorimeter. Figure 6.18 shows the results of
the uniformity scans for FCAL1 and RCAL1. The dips every 5cm in module FCAL1 are in
the order of 4% due to the gaps of about 0.5mm between the scintillator tiles. With smaller
beam dimensions within 300xm the dips increase to 10%. In module RCAL1 similar dips of
about 7% are observed every 10cm (Fig. 6.18b). But as pointed out already in chapter 5.3
in the real detector the incident particles will have angles larger than 40mrad and the dips
will be essentially smeared out.

Further results are the light yield for the FEMC sections of about 110 photoelectrons/GeV
/PM and for the REMC sections of about 140 photoelectrons/GeV /PM corresponding to 1.4
and 1.7 p.e./mip/layer/PM respectively [AND91], [KRU89D).

The time resolution for electrons is better than 1ns above 15GeV/c and degrades at lower
momenta due to noise (Fig. 6.19). The time resolution for muons is about 4ns in the EMC
sections.
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Fig. 6.16 Deviation from linearity for a) FCAL1 and b) RCAL1 as a function of the
electron beam momentum, where § = (Q/p)/(Qo/Po) — 1 with Qo and po
the calorimeter charge and beam momentum at 15GeV/c.
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Fig. 6.17 Module scans with 15GeV/c electrons a) in vertical (x) and b) in horizontal (y)

direction, in order to determine the position of the calorimeter module.
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Fig. 6.18 Uniformity scans with 15 GeV/c electrons in horizontal (y) direction a) in
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6.6.3 Results on the Beam Calibration

The beam calibration has been performed with electrons, pions and muons at momenta of
15GeV/c and 100GeV /c at the CERN SPS. Systematic scans were taken over the entrance
surfaces of 10 modules; 6 FCAL modules with 24 towers (900 EMC channels = 36% and 552
HAC channels = 30%) and 4 RCAL modules with 24 towers (328 EMC channels = 23% and
184 HAC channels = 20%) [AND91], [KRU90b], [KRU91].

At the beginning of a calibration cycle the gains of all photomultipliers were adjusted to
give a specified signal from the uranium radioactivity (UNO calibration). After this adjust-
ment all modules gave the same response to electrons and hadrons.

An electronics calibration cycle was performed for each module (Table 6.2). Then four
’beam-on’ calibration cycles were taken with electrons, muons and hadrons at 15GeV/c or
100GeV/c as described in Table 6.3 and typically every 8 hours a ’beam—off’ calibration cycle
was taken in particular to measure the UNO currents and the gains of the electronics (Ta-
ble 6.4).

After an initial run—in phase the time required for the calibration of one FCAL (RCAL)
module was 5 (4) days.

The absolute calibration scale defined by the ratio w::f; ':z:"d was determined.

The mean electron response, e, for the 74 EMC towers of an FCAL module (FNL4) is
shown in Fig. 6.20a. The typical spread of e and x is about 1% within one module and 0.5%
from module to module. The statistical error for individual towers is in the order of 0.3% to
0.4%.

The typical spread of the hadronic response, h, is 1.1% within one module and 1% from
module to module (Fig. 6.20b).

Figures 6.21a and 6.21b show the distributions of the mean response of 15GeV/c electrons
(a) and 100GeV/c hadrons (b) for all measured FCAL towers.

These distributions show, that particles at a fixed energy yield the same signal to within
1% for all measured FCAL towers and that the calibration error is smaller than about 1%.

A calibration done in 12/89 and repeated in 4/90 shows an excellent stability: the differ-
ence of the response ratio of electrons to uranium radioactivity is 0.4%.

For all modules, those tested with beam as well as those not tested in beam, the calibration
from the uranium signal has been cross checked with cosmic muons.



Step | Run Type | Events/Run | Runs Comments
1 DC 50 2 ADC/V conversion
2 Vin;(0 V) 50 58 | pipeline cell pedestals
3 Vigi(2 V) 50 58 pipeline cell gains
4 Vinj 50 8 pipeline cell linearity
5 Qing 100 2 pulse slopes
6 Qinj 100 8 pulse linearity
7 Qing 100 2 ground check

Table 6.2 The electronics calibration cycle performed for each module.

Scan | Particles | E(GeV/c) | Events Runs Runs Sensitive

Number per Run | F12(F11) | R12(R11) [ Sections
1 electrons 15 2000 74(80) 40(42) | EMC(H/L)

2 electrons 100 2000 74(80) 40(42) EMC(L)

+ muons 2000 EMC(H)

3 hadrons | 100 5000 23 23 HAC(L)

+ muons 10000 HAC(H)
4 electrons 15 2000 74(80) 40(42) | EMC(H/L)

Table 6.3 The 'beam-on’ test cycle performed for each module.

Scan Run Type | Events Runs Runs Comments
Number per Run | (FCAL) | (RCAL)

1 UNO 1000 7 4 Iuno measurement
2 Qinj(10 pC) | 1000 7 4 gains for Qiy;

3 Qiyi(80 pC) | 1000 7 4 gains for Qin;

4 Random 1000 7 4 pedestals for beam
5 LED(AC) 1000 7 4 PM monitoring
6 LED(DC) 1000 7 4 PM monitoring
7 laser 1000 7 4 PM monitoring

Table 6.4 The 'beam-off’ calibration cycle performed every 8 hours.
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HAC?2) of one FCAL module after UNO calibration.
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Fig. 6.21b Average response of 100GeV/c hadrons for all measured FCAL supertowers
(EMC+HAC1+HAC?2) after UNO calibration.
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Chapter 7

Summary and Conclusions

The ZEUS collaboration has built a large detector at the new electron-proton collider
HERA at DESY in order to study the interactions of 30GeV electrons and 820GeV protons
in the newly opened kinematic region of very high momentum transfer up to Q? ~ 40000GeV?
and a centre of mass energy of 314GeV.

The high resolution uranium scintillator calorimeter represents the central component of
the ZEUS detector. A large effort has been invested in calorimeter research and development.
Many prototype calorimeters have been built and calorimeter tests have been performed by
the ZEUS calorimeter group to optimize the parameters of the calorimeter.

The final ZEUS forward and rear calorimeter modules have a width of 20cm, a depth of
up to 2m, a height varying 2.2m to 4.6m and a weight of up to 12t. They have a sandwich
sampling structure of 3.3mm thick depleted uranium plates interleaved with 2.6mm thick
plastic scintillator tiles throughout the whole calorimeter and wavelength shifter readout
with associated photomultipliers. The calorimeter has a longitudinal segmentation into an
electromagnetic (25X, or 1)\ deep) and one or two hadronic sections (3A — 6\ deep) with a
tower structure of about 5cm x 20cm in the electromagnetic and about 20cm x 20cm in the
hadronic sections.

The main characteristics of the ZEUS uranium scintillator calorimeter are the following:

A high energy resolution of 35%/VE for hadrouns and jets and 18%/vE for electrons.
Compensation (e/h = 1, the same signal size for electrons and hadrons) has been achieved
at pion energies above 2GeV.

The three calorimeter sections, forward, barrel and rear, cover the full solid angle (47
hermeticity) and yield precise measurements of position of particles and jets (¢, ~ 1.2cm for
100GeV hadrons) and an angular resolution of better than 10mrad, when combined with the
interaction point.

The measured pulses are shorter than the bunch crossing time of 96ns and the time reso-
lution is better than 1ns for energy deposits above 15GeV.

The readout electronics achieves a pedestal stability of about 3MeV and a gain stability

of 0.5% over a period of 1 week. The photomultiplier gains can be monitored to within 0.5%
by measuring the uranium activity every 8 hours.
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The calorimeter response to electrons is linear within +1% from 15GeV/c to 110GeV/c
for the XP1911 photomultipliers and better than 2% for the R580 photomultipliers up to

110GeV/c.
The average light yield is 110 photoelectrons/GeV/PM for the FEMC sections and 140

photoelectrons/GeV/PM for the REMC sections. These values correspond to 1.4 and 1.7
photoelectrons/mip/layer/PM respectively. The attenuation length of the scintillator tiles is
about 70cm.

The noise is 8, 10 and 13MeV for FEMC, REMC and HAC high gain channels respec-
tively. For a complete FCAL tower (EMC+HAC1+HAC?2) it is 47MeV (high gain). In the
high gain the noise is dominated by uranium noise and in the low gain by electronic noise,
where it amounts to 84MeV per photomultiplier channel.

By careful fabrication of all individual components of the ZEUS calorimeter and high
quality control, the desired performance has been achieved. The uranium radioactivity has
been found to be an invaluable tool for the calibration and monitoring of the response of
the calorimeter modules. The absolute calibration scale has been determined with 15GeV
electrons for the calorimeter modules calibrated at the CERN SPS and is valid for all FCAL
and RCAL modules. An absolute calibration with an accuracy of about 1% has been obtained.
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4.40 Calorimeter design of a high resolution calorimeter (a), (veto readout section (b),)
PM Boxes (c) and backing calorimeter (d).

4.40a Fraction of energy deposition in the DU/Scint. + BAC calorimeters ( 1 — F:f:;-‘
for 40GeV jets with Eg4c = 4% ~ 5%; Acar = 5.4).

4.41 Fraction of 40 GeV ’jets’ as function of 1 — —1’-"— for Eg.c < 2% of the shower
energy; Acar = 5.4,

4.42 Fraction of 40 GeV ’jets’ as fct. of 1 — for Epac = 4% - 5% of the shower
energy; Acar = 5.4).

4.43 Fraction of 40 GeV ’jets’ additionally outside i-o35 as function of the calorimeter
depth for Eg4c < 2% of the shower energy.

4.44 Fraction of 135 GeV ’jets’ additionally outside i-035 as function of the calorimeter
depth for Eg4¢c < 2% of the shower energy.

4.45 Fraction of 40 GeV ’jets’ as function of the shower energy in the BAC (EBAc);

Acar = 5.4,
4.46 Fraction of 135 GeV ’jets’ as function of the shower energy in the BAC (Ep,¢);
Acar = T.2).

4.47a Calorimeter depth for 80% of single hadrons as function of the energy for different
fractions of shower containment.
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4.47b

4.48a

4.48b

4.49a

4.49b

4.49c

4.49d

4.50a

4.50b

4.51a

4.51b

4.52a

4.52b

4.53
4.54
4.55
4.56
4.57
4.58
4.59
4.60
4.61
4.62
4.63
4.64
4.65

Calorimeter depth for 80% of ’jets’ as function of the energy for different fractions
of shower containment.

Calorimeter depth for 85% of single hadrons as function of the energy for different
fractions of shower containment.

Calorimeter depth for 85% of 'jets’ as function of the energy for different fractions
of shower containment.

Calorimeter depth for 90% of single hadrons as function of the energy for different
fractions of shower containment.

Calorimeter depth for 90% of ’jets’ as function of the energy for different fractions
of shower containment.

Calorimeter depth for 90% of single hadrons as function of the energy for different
fractions of shower containment (extrapolation up to 10 TeV).

Calorimeter depth for 90% of jets’ as function of the energy for different fractions
of shower containment (extrapolation up to 10 TeV).

Calorimeter depth for 95% of single hadrons as function of the energy for different
fractions of shower containment.

Calorimeter depth for 95% of ’jets’ as function of the energy for different fractions
of shower containment.

Calorimeter depth for 1 TeV single hadrons {Extrapolation] as function of the
shower containment for different fractions of single hadrons.

Calorimeter depth for 1 TeV ’jets’ [Extrapolation] as function of the shower con-
tainment for different fractions of ’jets’.

Calorimeter depth for 1 TeV single hadrons [Extrapolation] as function of the
fraction of single hadrons for different fractions of shower containment.

Calorimeter depth for 1 TeV ’jets’ [Extrapolation] as function of the fraction of
’jets’ for different fractions of shower containment.

Sketch of the TEST 35 calorimeter.

The experimental set up of calorimeter TEST 35 at the CERN PS.

Response of the TEST 35 calorimeter to 5GeV/c muons.

Response of the TEST 35 calorimeter to 5GeV /c electrons.

Response of the TEST 35 calorimeter to 5GeV/c hadrons.

Transverse energy distribution of 5GeV/c hadrons in the TEST 35 calorimeter.
e/h-ratio vs. integration time in TEST 35.

Energy resolution for hadrons and electrons vs. integration time in TEST 35.
Energy resolution for hadrons vs. beam momentum in TEST 35.

Sketch of the TEST 36 calorimeter.

The experimental set up of calorimeter TEST 36 at the CERN SPS.
Response of the TEST 36 calorimeter to 10GeV /c muons.

Response of the TEST 36 calorimeter to electrons at 10 to 75GeV/c.
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4.66
4.67
4.68
4.69
4.70
4.71
4.72a

Response of the TEST 36 calorimeter to hadrons at 10 to 75GeV/c.

Energy resolution for hadrons and electrons vs. energy in TEST 36.

The e/h- and e/mip-ratio as a function of the energy in TEST 36.
Construction of one TEST 60 calorimeter module.

The experimental set up of calorimeter TEST 60 at the CERN SPS.
Response of the TEST 60 calorimeter (T60B2) to 50GeV/c muons.

Response of the TEST 60 calorimeter (T60B2) to electrons at 10 to 50GeV /c.

4.72b Response of the TEST 60 calorimeter (T60B2) to hadrons at 10 to 100GeV /c.

4.73
4.74

4.75

5.1
5.2
5.3
5.4
5.5

5.6

5.7

5.8

5.9
5.10

5.11

5.12
5.13
5.14
5.15

Spatial resolution in x and y for 30GeV/c electrons and hadrons for setup T60B3.

The two interleaved calorimeters with the definitions of E,, E; (partial energy
sums), E,,m (total energy) and Egy (energy difference).

Calorimeter setups used in the test: (a) all plates are read out on both sides
(configuration 1); (b) each plate is read out only on one side (configuration 2).

The module, tower and longitudinal structure of the FCAL prototype.
The experimental set up with the FCAL prototype at CERN.

The first FCAL prototype module arrived at CERN.

The FCAL prototype at the SPS (West Hall, X5 beam line) at CERN.

The UNO signal variations for a well behaved channel as a function of time.
Measurements were taken every 2 hours during a period of 30 days.

The energy resolution normalized to a value at @ = 1 as a function of the inter-
calibration parameter o for 10GeV/c and 100GeV /c hadrons.

Intercalibration parameter o obtained by minimization of the hadronic energy
resolution as a function of the momentum (a normalized to a at 30GeV/c).

e/h as a function of the intercalibration parameter a for 10 and 100GeV /c parti-
cles.

Pulse height distributions for electrons (a) and hadrons (b) obtained at the PS.

Electron linearity. The parameter § = <E. >/pteam normalized to its average
value (PS, SPS independent) is plotted versus the beam momentum.

Sum of all calorimeter channels in module 1 and 2 for random trigger events (only
calorimeter noise) for the two following cases: HV for PM at nominal value (show-
ing electronic and uranium noise) and reduced to 400 V (showing only electronic
noise) at the PS with nominal PM electronic gains.

TOF spectra for various beam momenta and both polarities at the PS,
Readout electronics.
PM pulse after shaper with 5 samples.

Energy resolution and e/h-ratio for 10 GeV/c pions as a function of the inter-
calibration parameter a.
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5.16

5.17
5.18
5.19
5.20

5.21
5.22

5.23

5.24

5.25

. 5.26

5.27

5.28

5.29

5.30

5.31

5.32

5.33

5.34

Pulse height distributions for e, #* and p with a momentum of 0.5 GeV/c.
Gaussian fits are overlayed.

e/h-ratio as a function of the momentum for 7%, 7~ and p.
e/h-ratio as a function of the kinetic energy for 7%, 7~ and p.
The energy resolution for 7+, 7~ and p as a function of the kinetic energy Ex.

Calorimeter response to 5GeV/c electrons (a) and 5GeV/c hadrons (b) as a func-
tion of the beam impact position at the boundary between two calorimeter mo-
dules for various angles of incidence (Omrad, 40mrad, 80mrad).

Location of the Pb foil between modules 2 and 3 of the FCAL prototype.

Calorimeter response to 30GeV/c electrons as a function of the beam impact
position for various angles of incidence and thicknesses of Pb foils between modules
2 and 3.

Contribution of the different calorimeter sections to the total signal of 30GeV/c
electrons for 40mrad beam incidence a) without and b) with a 2mm thick Pb foil
between modules 2 and 3.

Shift of the electron response for 5GeV/c (a) and 30GeV/c (b) due to the non-
uniformity at the boundary between two calorimeter modules as a function of the
angle of beam incidence for various thicknesses of Pb foils.

R.m.s. of the response distribution for the same conditions as for Fig. 5.24. These
values indicate the direct contribution to the electron energy resolution.

Calorimeter response to 5GeV/c electrons as a function of the calorimeter position
in vertical direction over the spacers at the module boundary.

Calorimeter response to 5GeV/c electrons as a function of the calorimeter position
in vertical direction over the central region of the EMC sections.

Material in front of the high resolution ZEUS uranium scintillator calorimeter in
units of radiation lengths [X;] as a function of the polar angle § (as estimated in
ZEUS 88-52).

Pulse height spectra of 5GeV/c electrons and 5GeV/c pions without and with
9cm, 18cm and 27c¢m Al absorber in front of the FCAL prototype.

Pulse height spectra of 30GeV/c electrons and 30GeV /c pions without and with
9cm, 18cm and 27cm Al absorber in front of the FCAL prototype.

Ratio of the mean signal height with absorber (<Q>) and without absorber
(<Qo >) as function of the absorber thickness.

Ratio of the standard deviation with absorber (< o >) and without absorber
(< &0 >) as function of the absorber thickness.

Ratio of the mean signal height with absorber (<Q>) and without absorber
(<Qo >) as a function of the momentum for various thicknesses of absorber in
front of the FCAL prototype.

Ratio of the mean signal height (<Q>) and the kinetic energy Ex as a function of
the momentum for various thicknesses of absorber in front of the FCAL prototype.



Fig.
Fig.
Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.

Fig.

5.35

5.36

5.37

5.38

5.39

5.40

5.41

5.42

5.43

5.44

5.45

5.46

5.47

5.48

5.49

5.50

5.51

5.52

Experimental set up of the interaction trigger, aluminum absorber and presampler
in front of the FCAL prototype at the CERN SPS.

Particle multiplicities for interactions in the Be-target of the interaction trigger
compared to single beam particles (Be-target removed).

Correlation plot of the jet energy Ec,; measured in the FCAL prototype versus
the charged particle multiplicity after 10cm Al absorber for 100GeV jets.

Influence of an Al absorber on the average response to particle jets (%ﬁ‘(‘z(%; -
1) as a function of the Al absorber thickness x{cm| for 50GeV and 100GeV jets
without and with correction by the multiplicity measured with the trigger system
and the presampler.

Influence of an Al absorber on the energy resolution of particle jets (g5(x)/ Fon (x=0)
- 1) as a function of the Al absorber thickness x[cm] for 50GeV and 100GeV jets
without and with correction by the multiplicity measured with the trigger system
and the presampler.

Lateral spread of 30GeV/c hadron showers. Each cell represents a 20cm x 20cm
tower. The beam is incident in the middle of the central tower.

Fraction of energy deposited by hadron showers in the different calorimeter sec-
tions as a function of the beam momentum.

Distance éx between the cenire of an EMC tower and the transverse centre of
shower gravity.

The signal ratio Eg/Ey of the right and left photomultipliers as a function of the
distance §x to the centre of the tower.

Horizontal position reconstruction for 5GeV/c electrons under normal incidence
showing a) the shift in the average position and b) the position resolution.

Horizontal position reconstruction for 5GeV/c hadrons under normal incidence
showing a) the shift in the average position and b) the position resolution.

Vertical position reconstruction for 5GeV/c electrons under normal incidence
showing a) the shift in the average position and b) the position resolution.

Vertical position reconstruction for 5GeV/c hadrons under normal incidence
showing a) the shift in the average position and b) the position resolution.

Position resolution of the transverse centres of gravity in EMC, HAC1 and HAC2
as a function of the hadron energy at 8 angles of Omrad and 200mrad with an
impact position in the middle of tower 10 (see Fig. 5.50).

Description of the coordinate system used for the parametrization of the longitu-
dinal centres of gravity in one EMC section.

Matrix of impact positions over the central entrance face of the FCAL prototype
calorimeter.

Correlation plots of the energies deposited in EMC, HAC1 and HAC2 and the
transverse centres of shower gravity for 75GeV/c hadrons at § = 200mrad.

Parametrizations of the longitudinal centres of shower gravity for EMC, HAC1
and HAC2 for 75GeV/c hadrons at § = 200mrad.
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5.54

5.55

5.56

5.57

5.58

5.59

. 6.1
. 6.2

. 6.3
.64

. 6.5

. 6.6

6.7

6.8

6.9

. 6.10

6.11

6.12

Determination of the 8 angles of the axis of particle showers with the FCAL
prototype at CERN SPS.

Fraction of energy deposited in the towers (20cm x 20cm) of EMC, HAC1 and
HAC2 of a 100GeV/c hadron with a 8 angle of beam incidence of 200mrad in x—
direction.

Fractions of 8 angles reconstructed from the different calorimeter sections as a
function of the energy of the hadron shower without interaction point. Each
reconstructed # angle is counted only once.

Angular resolution as a function of the energy of the hadron shower determined
by method 1 (parametrization) at § = 200mrad without interaction point. The
fractions of hadron showers are indicated in brackets.

Angular resolution as a function of the energy of the hadron shower determined
by method 2 (PLSP-algorithm) at § = 200mrad without interaction point. The
fractions of hadron showers are indicated in brackets.

Angular resolution as a function of the energy of the hadron shower at § = 200mrad
for combinations of EMC + IP, HAC1 + IP and HAC2 + IP. The fractions of
hadron showers are indicated in brackets.

Energy measurement with a calorimeter and the description of calibration.

Influence of the calibration error on the cross section, where 0;, and 0, denote
the cross section without and with calibration error.

Sketch of the various calibration tools in the ZEUS calorimeter.

Thickness distributions of uranium plates for a) EMC sections of FCAL, b) EMC
sections of RCAL, ¢) HAC1 and d) HAC2 sections of FCAL.

Thickness distributions for samples of scintillator tiles belonging to a) EMC, b)
HACO, c) HAC1 and d) HAC2 sections of FCAL.

Decay chain of 33°U into 33U, including only the main decay lines and indicating
the energy in MeV of the emitted particles.

View of the ®°Co — source measurement device for quality control on local unifor-
mity.

Calorimeter scan with a Co®® - source along an FEMC section. The source signal
is given in units of the UNO signal.

Calorimeter scan with a Co® - source along an FHAC section. The source signal
is given in units of the UNO signal.

Calorimeter scan with a Co®® - source along an FHAC section. The dip disap-
peared after a plastic strip was removed, which was found between the scintillator
plates and the wavelength shifter.

Sketch of the movable calibration stand with an FCAL module in horizontal po-
sition for testing.

Picture of the movable calibration stand with an FCAL module in horizontal
position for testing.
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6.13

6.14

6.15

6.16

6.17

6.18

6.19

Schematics of the data acquisition setup.
Pulse after shaper with 8 samples.
Schematics of a front-end card.

Deviation from linearity for a) FCAL1 and b) RCALLI as a function of the electron
beam momentum, where § = (Q/p)/(Qo/po) — 1 with Qo and po the calorimeter
charge and beam momentum at 15GeV/c.

Module scans with 15GeV/c electrons a) in vertical (x) and b) in horizontal (y)
direction, in order to determine the position of the calorimeter module.

Uniformity scans with 15 GeV/c electrons in horizontal (y) direction a) in module
FCAL1 and b) in module RCALI.

Time resolution for electrons as a function of the beam momentum for an FCAL
module.

6.20a Average response of 15GeV/c electrons for 74 EMC sections of one FCAL module

after UNO calibration.

6.20b Average response of 100GeV /c hadrons for 23 supertowers (EMC+HAC1+HAC2)

of one FCAL module after UNO calibration.

6.21a Average response of 15GeV /c electrons for all measured FCAL EMC sections after

UNO calibration.

6.21b Average response of 100GeV/c hadrons for all measured FCAL supertowers

(EMC+HAC1+HAC2) after UNO calibration.



Tables

Table 2.1 Main general parameters of the electron-proton collider HERA.
Table 2.2 Main parameters of the HERA beams.

Table 2.3 Main parameters of the HERA storage rings.

Table 2.4 Main parameters of a superconducting HERA dipole magnet.
Table 2.5 Kinematical variables of the deep inelastic ep scattering events.

Table 2.6 Experimental determination of the kinematical variables Q?, x and y from the
scattered electron, the current jet or the hadronic system.

Table 2.7 Institutes of the ZEUS Collaboration.

Table 2.8 Parameters of the ZEUS detector.

Table 2.9 Parameters of the thin superconducting solenoid.

Table 2.10 FCAL and RCAL module types and compositions.

Table 2.11 Layer structure of the EMC and HAC calorimeter sections.

Table 2.12 Hadron misidentification at 90% electron efficiency for one Si diode plane placed
after 3.3X, in the FCAL prototype calorimeter.

Table 2.13 Parameters of the Backing Calorimeter (BAC).

Table 2.14 Parameters of the Vertex Detector (VXD).

Table 2.15 Vertex and momentum resolution at 90° polar angle.

Table 2.16 Parameters of the Central Tracking Detector (CTD).

Table 2.17 Parameters of the Forward and Rear Tracking Detectors (FTD, RTD).
Table 2.18 Parameters of the Muon Detectors (FMUON, BMUON, RMUON).
Table 2.19 Parameters of the Leading Proton Spectrometer (LPS).

Table 2.20 Overview of possible HERA physics processes and their typical physical signatures
related to the ZEUS detection methods and detector specifications.

Table 3.1 Values of radiation lengths X, and interaction lengths A for a few materials.

Table 3.2 Energy resolutions for electrons measured with different electromagnetic sampling
calorimeters.

Table 3.3 Characteristic properties of the hadronic cascade.

Table 3.4 Computing time for hadron shower simulation with HERMES for the T35 calorime-
ter test in seconds per GeV incident energy (CPU time on an IBM 3081).

Table 3.5 Energy available from 5GeV protons incident in U/Scint®, Pb/Scint®, Fe/Scint®
and U/LAs® calorimeters as calculated with CALOR [GABS5|] with 50ns (a) or
1001ns (b) integration time.

Table 3.6 Typical values of relative sampling fractions (i/mip) for different sampling calori-
meters. The i/mip-ratios for 1X, thick absorber/2.5mm scintillator (PMMA) or
liquid argon readout are bold—faced.
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Table 4.1a List of ZEUS uranium scintillator test calorimeters.

Table 4.1b List of ZEUS lead scintillator test calorimeters.

Table 4.1c Layer structure of the WA78-H1-ZEUS calorimeter set up.

Table 4.2 Efficiencies of electrons and hadrons for different Cherenkov cuts (30GeV).
Table 4.3 Particle types contained in the beam for 5, 10, 20, 30 and 40 GeV/c.

Table 4.4 Response to different particles measured with the WA78-H1-ZEUS calorimeter.
Table 4.5 Calculated electron sampling fraction.

Table 4.6 Materials in the WA78-H1 calorimeter and energy loss for minimum ionizing
particles (mip).

Table 4.7a Energy deposit in an individual module of the WA78 calorimeter.
Table 4.7b Energy deposit in two individual modules of the WA78 calorimeter.

Table 4.8 Calorimeter depth required for a shower containment of 95% for various fractions
of all events and jets.

Table 4.9 Inactive material due to PM-boxes etc ... between the high resolution calorimeter
CAL and the backing calorimeter BAC.

Table 4.10 Influence of inactive material (0.6X;ne) at 5.4, and at 7.2);,; on the resolution
of the ZEUS calorimeter.

Table 4.11 Main parameters of the TEST 35 calorimeter.

Table 4.12 Main parameters of the TEST 36 lead scintillator calorimeter.
Table 4.13 Parameters of the calorimeter modules of TEST 60.

Table 4.14 Data samples of four different TEST 60 configurations.

Table 4.15 Energy resolution of electrons for different TEST 60 configurations.
Table 4.16 Energy resolution of hadrons for different TEST 60 configurations.
Table 4.17 e/h-ratios for different TEST 60 configurations.

Table 4.18 Results from the lead and uranium calorimeters for configuration 1 and 2. The
estimated total errors are about +1.0% for the individual fluctuations.

Table 4.19 Instrumental effects on the lead and uranium calorimeters for configuration 1 and
2.

Table 4.20 Intrinsic and sampling fluctuations of the compensating lead and uranium calorime-
ters with Aef® = 13.3MeV and APV = 7.2MeV.

Table 5.1 Main parameters of the FCAL prototype calorimeter.

Table 5.2 Position reconstruction and resolution of the transverse centres of shower gravity
in EMC, HAC1 and HAC2 for 30GeV/c, 75GeV/c and 100GeV/c hadrons at ¢
angles of Omrad and 200mrad.

Table 5.3 Measurement program with numbers of hadron events taken at 30GeV/c, 75GeV/c
and 100GeV /c at various angles of beam incidence.
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Table 5.4 Cuts applied on deposited energies and the fractions of events removed by these
cuts in EMC, HAC1 and HAC2.

Table 5.5 Fractions of energy of 30GeV, 75GeV and 100GeV hadron showers deposited in
EMC, HAC1 and HAC2.

Table 5.6 Angular resolution for 30GeV, 75GeV and 100GeV hadron showers at § = 200mrad
for various combinations of calorimeter information plus interaction point.

Table 6.1a Influence of thickness tolerances for EMC sections on the ratios:
e¢/UNO, h/UNO and p/UNO.

Table 6.1b Influence of thickness tolerances for HAC sections on the ratios:
h/UNO and x/UNO.

Table 6.2 The electronics calibration cycle performed for each module.
Table 6.3 The ’beam-on’ test cycle performed for each module.
Table 6.4 The ’beam-off’ calibration cycle performed every 8 hours.
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