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ABSTRACT

ZEUS is a detector for eip collisions at HERA. It is designed with the
best possible hadronic energy resolution %n mind. A depleted-uranium
calorimeter provides a resolution of 0.35 E 7 & .02 and hermetic coverage.
Charged particles are tracked to resolution o, /p = 0.002p ® 0.003 (90°)
and < 0.0lp for angles above 140 mrad. A vergex detector measures impact
parameters to 50 um accuracy. Forward and barrel muon systems measure and
jidentify muons with a hadron rejection of 1073. Silicon calorimeter pads
and transition radiation detectors provide excellent electron
identification. The luminosity monitor also tags photons at Q? = 0, and
leading protons are detected over a wide momentum range.

ZEYLZ = Zntnois kab' Evpetrs ‘Yroke tj€uns Ivppetpias
ZEUS - Search to Elucidate Underlying Symmetry.



1. OVERVIEW
Lepton-hadron scattering has provided a key to unlock the structure of the
proton, and of the weak currents coupling to quarks and leptons {1]. Just
as the work of Hofstadter et al showed the component nucleons inside the
helium nucleus [2], so scattering at 4.9-16 GeV at SLAC and DESY
pinpointed the hard parton structure inside the nucleon [3,4], now
identified as due to spin-}% quarks with fractional charges and the
expected weak couplings [5,6]. A crucial experiment at SLAC in 1978
scattered electrons of fixed helicity off deuterons. The change in the
cross—section on reversing the electron helicity showed a clear parity-
violating effect, and the first evidence for the existence of a Z° boson
which couples to charged particles ([7]. Our present understanding of
nature rests in large part on this foundation.

HERA provides polarised e® beams and a massively increased energy range.
For 30 GeV electrons and 820 GeV protons the cm energy is 314 GeV and
events will be seen with Q2 > 30000 GeVZ. At the opposite extreme the x
range down to 0.001 will be available to measure gluon distributions and
look for quark substructure. Figures 1 and 2 illustrate the range of
phenomena to be studied. Figure 1(a) shows the momentum vectors of the
recoil lepton and the jet at different values of Q2 and x. In order to
exploit the unique window of HERA on high-Q? charged-current events we
need excellent jet-energy resolution and calibration [8]. Otherwise the
smearing corrections are too great for useful measurements to be made [9].
Figure 1(b) shows the gain in the (Q?, x) plane when improving the
fractional hadron energy resolution from 0.60/VE to 0.35/YE (E in GeV).
The Q?-range is extended and one obtains a factor 1.7 more well measured
events. By contrast Figure 2 shows a simulated ep - ttX event., 1In this
case there is a profusion of low energy particles at wide angles to the
beam.

To study the wide range of anticipated phenomena, we have developed the
ZEUS detector (Figure 3). It has the following characteristics:

Calorimeter. This is hermetic (2.2° ¢ 8 < 176.5°, covering 99.8% of
the forward hemisphere and 99.5% of the rear} and has the best
possible hadron energy resclution. '

A depleted-uranium/scintillator calorimeter is used (DUCAL), with
depth varying between 7 A (forward direction) and 4 A (rear). Such
a calorimeter, with 499 tons of depleted uranium, absorbs 95% of the
energy of 95% of the jets incident on it [10,11}. This provides
hadron energy resolution o(E)/E = 0.35 E 2 @ 0.02. The DUCAL is
surrounded by a backing calorimeter (BCAL - 7.5 cm Fe plates/AR
proportional tubes: o(E)/E = 1.0 E *). which improves the energy
resolution by measuring the tails of showers, and also identifies
"precision events" which are contained fully in the high-resolution
detector. Thgy calorimeter design implies that for electrons
o(E}/E = 0.17 E * & 0.01.

Tracking. A central magnetic field of 1.8 T provides accurate
measurement of charged tracks through the central, forward and rear
tracking detectors (CTD, FTD, RTD). o(p)/p = 0.002 p & 0.003 at
90°, o(p)/p < 0.01 p (8 > 140 mrad), o(0,¢) £ 0.001. With a vertex
datector close to the beam pipe the impact parameter resolution is
about 50 pm.



Lepton identification. For electrons in jets pion rejection of 10°*
is obtained in the forward cone over a wide momentum range (see
Figure 4). This wuses energy-momentum balance
(tracking/calorimeter), for a layer of transition radiation detector
(TRD}, and silicon pad detectors (3 x 3 c<m?) at the peak of the
electromagnetic shower 1in the calorimeter. dE/dx from tracking
{¢ 6% resolution) helps at low energies. In the barrel region
hadren rejection better than the expected prompt lepton fraction is
expected up to 25 GeV/c.

For muon identification we use double track—momentum measurement
(inner detector + toroids) and tracking through the BCAL. In the
forward direction, where lepton momenta are high, a system of
several magnetised toroids 1s used. We expect o{p)/p ~ 20% for
p = 100 GeV/c in the forward direction and 30% for p = 20 GeV/c in
the barrel. Pion rejection factors of 1000 (p = 40 GeV/c, forward)
and 500 (p = 10 GeV/c, barrel) are obtained.

Forward particles. A leading proton detector measures protons
leaving down the beam pipe with 1% resolution and high acceptance
over a wide momentum range (0.3 < x; < 1). On the other side
zero—degree photon and forward electron detectors provide a
luminosity monitor (via ep - epy), as well as tagging exchanged
photons and providing an optional veto for hard initial-state
bremsstrahlung events, in order to remove the most rapidly varying
part of radiative corrections.

The readout environment is dominated by the 96 ns inter—cressing
interval, . less than, for example, the 500 ns maximum of drift time
in the CTD. This leads us to the development of pipelined data
acquisition and trigger. The ZEUS work is therefore in the
forefront of developments needed for future colliders, such as LHC
and SSC, with 15-25 ns crossing intervals [12,13}1.

The ZEUS detector is described fully elsewhere [11,14]. Here we outline
the approach that has been followed in developing the detector design.

2. TOE CALORIMETERS

The energy of a particle or jet of charged and neutral particles is
measured efficigntly in a calorimeter with a fractional resolution that
improves as E ” (because of the increase in shower statistics) and a
detector depth that grows only as log E. To obtain sufficient hadronic
absorption lengths in a reasonable space one uses dense (and therefore
high Z) absorber plates interspersed with active detector layers, usually

of lower Z (see Figure 5(a)). For an electromagnetic shower in such a
sampling calorimeter cne expects:
-+
o) _ g o /AE(I L/N )

E : E
for an electron of E GeV, losing AE MeV/layer with N,k electrons seen per
minimum icnising particle (mip) per layer [15]. FO£V3 mm DU {(depleted
uranium) 2.5 mm scintillator and Npe =4, og/E =0.14 E 72,

In a detector with high Z absorber/low Z detector, electrons leave a
signal less than that of a minimum ionising particle (say a muon) [16].
This is because the energy lost by the electrons is detected downstream,



and migrates to regions of high Z, as can be seen from the Z-dependence of
the energy—detecting processes: ionisation and Compton scattering (Z1),
pair production and bremsstrahlung (Z2?) and, the dominant contribution,
photoelectric effect (Z%). Thus e/mip is about 0.6 for DU/Sci, 0.7 for
Pb/liquid argon, 0.85 for Fe/Sci, 0.95 for Cu/liquid argon.

For hadrons the situation is more complicated and the losses are greater.
A hadronic shower has, compared to an electromagnetic shower, fewer
interactions (each of high multiplicity) and a large unknown loss of
energy (the binding energy of the struck nucleon) at each interaction. A
variable fraction is lost in neutrinos, and each time a w° is made, the
energy 1is deposited much more locally (on a scale X (rad) ~ 1 cm, not
A(int} ~ 15 cm) as an electromagnetic shower. The result is that there is
significantly less energy deposited (typically 70% of that from an
electron-initiated shower of the same energy), but a widely varying
distribution, reaching all the way up to the electron energy for those
occasional cases where the shower is dominated by mw°s (see Figure 6(a))}.
Such calorimeters typically 'yield, after corrections to _spot local
clusters of energy due to n°s, a resolution of (0.5 to 0.6) E_%[18,19].

In a depleted urdnium-scintillator calorimeter, neutron spallation and
y—emission provide an opportunity to compensate for the hadronic energy

loss [21,15,16,20]. If one adjusts the calorimeter properties to achieve
exact q&wpensation, e/h = 1, then hadron energy resolutions of (0.30 to
0.35) E " are achieved [21]. The following effects determine the response

of a DU-scintillator to hadronic showers:
* JIonisation by charged particles (dE/dx).

* Electromagnetic showers from the decay of w°, giving e/mip *~ 0.6.
The low energy component (E £ 1 MeV) is mostly lost into the DU
by photoelectric effect.

* Hadron-nucleus collisions. One loses typically 15-20% of the
energy to nuclear binding and neutrinos [21], but gains fissions
(4.1/GeV for 300 GeV pions) and spallation neutrons (450 neutrons
of + 3 MeV for 10 GeV protons) over a timescale of order 100 ns
(somewhat matched to the HERA inter-crossing time).

e Spallation neutrons give np elastic scatters on the free hydrogen
in the scintillator. (For a detector such as liquid argen
without free hydrogen this mechanism is negligible, although
T-emission gives some compensation.)

. The slow protons ionise the scintillator. B ~ 0.08 and
dE/dx * 1/P? so saturation effects are important. The light
output follows Birks' law

dL  _ S dE/dx
dx

1 + Ky dE/dx

(Kg ~ 0.01 g cm™2 MeV"' - see Figure 7.)
One sees that electrons give a signal 40% below a mip. Hadrons are
suppressed even further, but the compensation mechanism, through np

scatters in a hydrogenous detector (such as scintillator or
tri-methyl-pentane), provides an enhancement. By adjusting the detector
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parameters, one can achieve compensation within 1-2%. The energy
resolution will be [22]:

olE) _  0.22 o oo /AE“ M T
E vE ) E
for 3 mm DU, 2.5 mm Scintillator, Npe = 4, ¢/E = 0.33 E%,
Figure 8 shows a test setup used to study the resolution of a
DU-scintillator calorimeter and Figure 6(b) some results. Compensation
and improved resolution are seen when DU is used. Since spallation occurs
in all heavy elements, compensation can be achieved with Pb/Sci. A

resolution of 0.45 E has been achieved, the best seen in a2 non—uraniu
calorimeter, but with an electromagnetic resolution degraded to 0.24 E 7
f2473.

Figure 9 compares our predictions of compensation (e/h) as a function of
plate thickness, with the results of tests [14,16]. As a result of this
theoretical and experimental experience, one is able to pick a precise
configuration and predict its performance [25]. Figure 10 shows results
up to 100 GeV beam energy. Linearity is better than * %%. For hadrons in
the energy range 10-100 GeV we find:

o/E = 0.34% E_% @ 0.013

From this experience we proceed to the design of the high resclution
calorimeter, shown in Figure 11, Each calorimeter tower consists of
repeated units of depleted urapium and scintillator, as shown in Table 1.
Each DU plate is clad in steel to reduce the radicactivity emitted to a
level that does not provide a troublesome background to energy
measurement, but does provide a ready, universal, absolute stability
monitor. Each calorimeter tower has 146 to 186 such layers. The towers
are 20 % 20 cm with three depth segmentations (EMC, HAC1, HAC2 except at
the rear) readout with wavelength shifter bars both sides to
photomultipliers at the rear (see Figure 12)}. The front (EMC) section has
5 x 20 cm towers. In the barrel region (BEMC, BHAC) the towers have a
wedge shaped layout (32 sectors), and a pointing EMC section. In all
there are 7612 electromagnetic readout channels and 5228 hadronic
channels. There are 499 tons of depleted uranium, and 23 tons of
scintillator.

A calorimeter of great statistical precision has an advantage only if its
systematic errors (calibration, uniformity, time dependence} can be
controlled equally well. Figure 13 illustrates some aspects of this
showing almost no change in attenuation length (a) with radiation dose
(b) with time, and great uniformity by the use of reflection masks
(c) across the scintillator of an EMC tower and (d) in depth down a
wavelength shifter bar. The irregularities across cracks are also found
to be very small [25]. No cracks point at the vertex.

Electrons are identified in the calorimeter by matching the measured
energy to the momentum measured in the tracking chambers. A large
improvement (x 100) is made if the pulse height is sampled close to the
shower maximum. This is done using 3 x 3 cm? $i pads (a size matched to
the EM shower diameter) to catch electrons in showers. Figure 14 shows
the pulse height distributions after 5.4 X, for hadron and electron beams.
In the silicon system alone, hadron rejections of 100 are achieved at 90%



TABLE 1

COMPOSITION OF A LAYER PU + SCI IN HADRON CALORIMETER

Material Thickness (mm) X, A
Steel 0.4 0.023 0.0024
DU 3.3 1.000 0.0305
Steel 0.4 0.023 0.0024
Sci 2.6 0.006 0.0033
Paper 0.7
Contingency 0.6
Sum 8.0 1.052 0.0386
Effective X, 0.76 cnm
Effective A 20.7 cm
Effective Ry 2.0 cm
Effective Critical Energy 12.3 MeV
Effective Density 8.7 g/cm?

electron efficiency at 50 GeV, and the use of two sampling layers (at 3.6
and 7.2 X,) achieves the same rejection down to 3 GeV.

The hadron energy measurement is completed by the backing calorimeter.
This detector (Figure 15} has extruded aluminium proportional tubes
between 7.5 cm thick layers of iron. It provides measurement of the
ener i h i i %

gy in the tail of a shower to resclution 1.0 E **, or can be used to
define events contained fully in the uranium. Triangular cathode paths
provide measurement of a through-going muon trajectory to 2 mm accuracy

along the wire.

3. MUON IDENTXFICATION

Lepton identification is a key element of QCD studies and of searches for
new phenomena at HERA. In contrast to LEP, where the virtual photon or Z°
treats all generations equally, HERA has a first-generation initial state.
Any difference in behaviour for outgoing electrons and muons is a
signature for new physics within a generation, for example right-—handed or
excited leptons [26]. It is therefore essential to have excellent muon
detection over as large a solid angle as possible, as well as the electron
identification provided by the calorimeters and the tracking detectors.

The muon detector is necessarily large (see Figure 3) with over 3000 m? of
limited streamer tubes. It has to perform the following functions:

* Identify a muon by a minimum-ionising track penetrating through
the calorimeter.

¢ Measure the sign of the charge of the track over the full
momentum range, including the forward direction where the momenta
are highest. For this reason the backing calorimeter is
magnetised toroidally and muon trajectories measured on entry and
exit. Additional toroids strengthen the forward detector.



* Identify the muon as coming from the primary interaction or a
short lived (< 1072 s) decay. This demands continuous tracking
through the inner detector, measurement of impact parameter, and
a comparison of inner and outer detector momentum measurements.

e Provide a trigger for rare muon events as a signal for new
physics.

A prompt muon is tracked with up to 80 consecutive measurements through
the inner tracking chambers, including the vertex detector (to guard
against decay in flight), extrapolated through the depleted uranium, and
measured through the backing calorimeter. The iron of the backing
calorimeter is magnetised toroidally (B = 1.6 T), and the trajectory is
measured in muon chambers at four planes (twe co—ordinates each plane), to
provide position and direction information both inside and outside the
iron. We thus obtain a very strong muon signature, by remeasuring both
trajectory and momentum.

The layout of the barrel muon detectors is shown in Figure 3(b), together
with the coils used to magnetise the iron. The barrel muon detector is
constructed wusing double-layers of limited streamer tubes (LSTs) of
non—-flammable construction, with two co-ordinates read out (see
Figure 16(a)). A honeycomb structure holds two double layers rigidly over
an octant of the detector (Figure 16(b)}. Relative alignments are
monitored continuously at the octant boundaries to an accuracy of 15 um.
The tube size (9 mm) is chosen to limit the drift time to 96 ns, so that
there is no crossing—number ambiguity (Figure 16{(c)). Position accuracies
of 150 pm are achieved, giving a momentum error of 30% at 30 GeV/c. (Most
of the error is due to multiple scattering in the iron.)

Higher momentum muons are anticipated in the forward direction. A
stronger analysis system is therefore constructed with two additional iron
toroids, and five planes of LSTs (r, ¢ co—ordinates) and time of flight to
give a trigger and four planes of drift chamber (r co-ordinate) measuring
momentum (see Figure 3(a)). Additional LST walls complete the angular
coverage between the forward toroids and the barrel region. Figure 17(a)
shows the momentum resolution for different regions of polar angle and
17(b) the trigger efficiency as a function of momentum.

Both the barrel and the forward ~muon detector systems provide event
triggers, by looking for coincidences between inner and outer layers
separated by iron, and demanding candidate tracks through them. This
provides triggers for exotic and heavy flavour physics, as well as for
cosmic ray tests,

4, THE INNER TRACKING DETECTORS

The tasks and environment of the tracking detectors dictate the form of

the detector chosen {(Figure 18) [27]. We wish to reconstruct tracks in
jets - an excellent two track resolution (2.5 mm) is needed, and many
points on a track for unambiguous track following (9 x 8 superlayers
radially, 9 x 6 in the forward direction). We need to reconstruct exotic
events - and so need an unambiguous sign measurement for pr < 150 GeV/c,
ie o /p ¢ 0.003 p (GeV/c): we chose a high magnetic field (1.8 T). We
need strong lepton identification - vertex accuracy, momentum and charge

accuracy for both e and u, dE/dx and TRD for e, and continuity of tracking
as a protection against decay in flight for p. Vertex accuracy is needed
in addition for heavy flavours and exotics, and we need a vertex trigger



as a protection against the dominant background of off-trajectory protons
that otherwise confuse the charged-current trigger. The detector has to
be continuously live to new events but have a powerful rejection of
out-of-time crossings (96 ns interval).

A segment of the central tracking detector is illustrated in Figure 19(a).
It is constructed as a stereo superlayer chamber, or ‘'vector drift
chamber', with nine superlayers (alternately axial and small angle stereo)
each with eight layers. Each superlayer is capable of reconstructing a
track vector, and chains of track vectors are subsequently linked
together (see Figure 19(b)). The philosophy is similar to that of the
CDF, Mark II and SLD detectors [13, 28-31]. Table 2 gives some
characteristics of the chamber together with performance figures measured
in recent tests [32].

The high repetition rate of HERA forces a short maximum drift path (2.5
cm = 500 ns) and demands a strong out—of-time rejection technique. The
short maximum drift time also allows the tracking chambers to contribute
to the level-l trigger. To achieve this, we take advantage of the high
magnetic field, and the resulting large rotation of electron drift away
from the electric field lines. We design for a 'Lorentz angle' of 45°, by
balancing the electric field and alcchol concentration against the

magnetic field [30]. Sophisticated design calculations optimise the
uniformity of drift, simultaneously with the uniformity of sense wire
gain, and minimal electrostatic wire deflections [33,34]. Figure 20

illustrates electron drift trajectories and isochrones, and shows the
dislocation and loss of points on a track, out of time by one crossing.
One also sees in Figure 19(b) that left-right ambiguous solutions are
readily rejected on grounds of lack of continuity, within and between
superlayers.

Tracking is continued into the forward direction by the forward tracking
detector. This is constructed in three modules. Each module has three
superlayers at 60° relative orientations, and each superlayer has six
sense layers (see Figure 21). More than 50 sense layérs are crossed by
all tracks at & > 126 mrad. The chambers are of low-mass construction,
amounting to only 0.27 radiation lengths, and 0.39 "X, in the frames.

TABLE 2

CERTRAJL. TRACKING DETECTOR PARAMETERS

4608 sense wires in 72 layers

Gas Ar/C H_/C_ E_OH vp = 50 pm/ns
104 MOz FADC Readout
al(re) 100-200 pm {(8-dependent)
o(z) 1.0-1.4 mm (stereo)
3 cm - layers 1, 3, 5 (timing—trigger)
o (dE/dx) < 6% (e™)
Two track resolution 2.5 mm
Magnetic field 1.8 7T
Op/p 0.0021 p 8 0.0029 (90°)
0.0012 p & 0.0032 (45°)




There is * 150 pm stagger to resolve left-right ambiguity and a maximum
drift length of 12 mm. In the event of high backgrounds due to bad
running conditions, the central part of the chamber can be desensitised
whilst operating the outer part normally. However, one expects only
0.2 y/crossing to be absorbed in these chambers from collimator emissions
in normal running.

A single rear tracking detector module (18 sense layers) is provided to
improve the Q? resolution by measurements of the recoil electron direction
at small (backward) angles. The FTD and RTD system has a total of 5796

sense wires.

Electron identification in the forward cone is strengthened by transition
radiation detectors. There are four modules, two between FTD 1 and FID 2,
and two between FTD 2 and FTD 3. The radiator volume contains 20 um
diameter polypropylene fibres, and the emitted X-rays are absorbed in a
Xe-CO, drift region. An amplification region (6 mm wire spacing)
completes the 10 m deep module (Figure 22). Figure 23 illustrates the
time structure of typical events from w and e beams. One sees
contributions from dE/dx (w and e), and X-ray absorption (e) which is
clustered in space {and therefore in time alsc). Electrons and hadrons
are distinguished on the basis of total charge and number of clusters
(estimated efficiently by looking at the total charge above threshold),
making a maximum likelihood fit to the four modules. Test beam data
indicate hadron rejection better than 10-2 at 90% electron efficiency.
This performance 1is included in the hadron rejection levels shown in
Figure 4 {(see also Reference 35).

Two vertex detéctor concepts are currently under consideration - a time
expansion chamber and an induction drift chamber. The time expansion
chamber consists of two superlayers of staggered mini jet-cells, with up
to 10 hits/track (see Figure 24). Precision is achieved by the use of
unsaturated gas (dimethylether). The slow drift (+ 6 pm/ns) provides the
basis of the spatial precision, and two-track resolutions of 1.5 mm or
better should be achieved (see also Reference 36). Limiting the maximum
drift time to 500 ns gives a system of 230 cells with 832 sense wires, An
elegant and compact construction, mounting the wires on alumina plates
which themselves are the electronics boards, has been devised.

The vertex detector has to squeeze into the space between the beam pipe
and the CTD. Figure 25(a) shows a possible induction chamber layout. The
beam pipe is offset to allow for the one-side-dominated electron
synchrotron radiation fan, whilst approaching as close as possible to the
beam., Each shaded region is a double layer of low-mass construction. The
principle of the induction chamber is 1llustrated in Figure 25(b). Ancde
wires are placed at 600 pym spacing. The position measurement is achieved
by looking at the left-right asymmetry of the induced signals on the
potential wires [37]. '

5. FORWARD—GOING PARTICLES

On the electron (downstream) side, we detect forward going electrons and
photons using detectors as shown in Figure 26. The e-p splitter magnets
act as an electron spectrometer, and Pb-scintillator—silicon electron
calorimeter located at 30 m has high acceptance for 16 < E, < 22 GeV.
Photons are detected at zero degrees by a y-detector (carbon filter - 3X_,
Cerenkov electron veto, Pb-scintillator-silicen) after 100 m.



The two detectors comprise a high-rate, luminosity monitor through the
process ep ~ epy. Systematic errors (estimated to be no more than 5%) are
limited by knowledge of the beam properties, as this affects the
calculated acceptance. In addition, these detectors extend the physics
capabilities in two ways. First, the recoil electron tags the energy of
virtual photons at Q* = 0 (Q*_ ., = 0.02 GeV?), between 8 < E_ < 14 GeV.
Secondly, the forward y-detector can be used to veto (or identiEy) initial
state bremsstrahlung events. Efficient vetoing of these greatly eases the
radiative correction calculations in, for example, the evaluation of the
longitudinal structure function at very low-x [38].

The physics reach of the detector is extended in another direction by the
leading proton detector. One approaches the downstream proton beam as
close as possible with silicon strip detectors in Roman pots. The optics
are complicated and the access difficult, and so to achieve a good

acceptance one needs several (six) pots. The detector locations (S1-56)
and the acceptance as a function of the longitudinal proton momentum
fraction (xy) are shown in Figure 27. One reaches the diquark

fragmentation region, as well as being enable to study, for example, the
structure function of the Pomeron [39}, or looking at high py jets in
diffractive events [40].

Development and construction of the detector components described above is
now underway. Working within a three-continent collaboration on such a
large project is both an educational and a rewarding experience. Those of
us from overseas owe a great deal to the support and enthusiasm of the
DESY Laboratory.
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FIGURE CAFPTIONS

10.

11.

12,

13.

14,

{a) Lepton and jet momentum vectors over the (Q*, x) range for
30 GeV e on B20 GeV p. At high x and low Q2 jets lie close to
the beam. Also shown is the range explored by EMC. Running
at intermediate energies will provide continuity.

{(b) Improvement in the range of well-measured C€C events, on
changi the hadronic energy resolution from 0.60 E ” to

0.35 E 2. The number of well-measured events also increases
by a facter 1.7.

Topology of a simulated tt production event.

Vertical section through the ZEUS detector <(a) along the beanm
(b) normal to the beam.

Hadron~electron rejection for electrons in jets in the FCAL:
(a) energy and momentum balance within 20 and transition radiation
information (b) same + one-layer $i pad (c) the expected prompt e/h
ratio in jets.

{a) Sketch of a sampling calorimeter

(b) the e/mip ratio fdr saveral DU-scintillator structures,
calculated with EGS [11].

Pulse height distributions for 5 GeV e, u, h in (a) Pb-Sci
(5 + 5 mm} (b) DU-Sci (3.2 + 5 mm) [15].

The ionisation loss and light output (arbitrary units) for protons
with Kg = 0.01 g em™? MeV-1 [15].

Setup used for DU-scintillator tests [19].

Predictions for the e/h ratio for uranium scintillator and lead
scintillator calorimeters. Measurements shown as crosses.

Calorimeter response to electrons, hadrons and muons at energies for
10 to 100 GeV.

The high resolution calorimeter layout.

Internal structure of a calorimeter tower, showing gaps for silicon
detector. Note the breaks in the drawing in order to show detail at
the start of HACl and HAC2.

Scintillator control of systematics: (a) attenuation after
radiation does of 0 and 1.6 kGy (b) time dependence (in days) of
attenuation length (c) uniformity across an EMC scintillator tower

(d} uniformity along a wavelength shifter bar.

(a) Pulse height distributions for S5 GeV hadron and electron
beams. Si pad detector after 5.4 X,.

(b) Hadron rejection as a function of electron efficiency.

{c) Same with 2 planes at 3.6 and 7.2 X depth.
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15.

16.

17.

18.

19.

20.

21,

22,

23,

24,

25.

26,

27.

Backing calorimeter (a) schematic of A% proportional tubes (b) pulse
height distribution for 50 GeV muons tracked through (c) same for
20 GeV electrons in test chamber with 5 cm iron plates.

(a) Cross—section of a barrel muon chamber.

(b) Chamber support showing two double layers of LSTs, honeycombs
and location of electronic cards at chamber ends.

(c) Space-drift time relation within one LST cell. Lines -
50 pm/ns.

(a) Expected momentum resolution for forward muon detector as a
function of momentum.

(b) Trigger efficiency.

Layout of the inner tracking detectors: CTD - central tracking
detector; FID1, 2, 3 - forward tracking chambers; TRD — transition
radiation detector; RTD - rear tracking detector; VXD - vertex
detector.

(a) Layout of a CTD segment.

(b} Simulated NC event, axial layers only, including left-right
ambiguities,

Electron drift lines and isochrones (constant drift-time contours -
50 ns intervals). The points associated with a track, out of time

by one crossing, are illustrated.

(a) Sketch of an FTD chamber with three superlayers of different
wire orientation.

(b) Cross—section of drift cells.

{c) Number of sense layers traversed as a function of polar
angle,

Cross—section through one 10 cm deep TRD module, Sense wires are
spaced 6 mm apart.

Time structure of typical events in a TRD module.
(a) Equipotentials and (k) Drift lines in a TEC cell.

(a) Arrangement of the chamber modules for the IDC vertex
detector,

(b) Principle of the induction chamber.

The forward electron spectrometer (35 m long) and the forward photon
detector (105 m).

(a) The layout of the forward proton detector.

(b) Acceptance as a function of x; = p; (proton)/p(beam).
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