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1 - INTRODUCTION

1.1 - Physics motivations.

The successful operation of the CERN pp Collider [1,2] provides a
unique opportunity to study highly excited hadronic states with masses up
to /s = 540 GeV, ten times higher than available from previous machines.
In such collisions the Wwe and z° bosons which mediate electroweak inter-
actions [3] are produced at an approximate rate of two per day [4] for
the present luminosity of 10%° cm 2 s™'.

In the present mode of operation three equidistant proton bumnches
collide with three equidistant antiproton bunches in the six long straight
sections of the SPS machine, of which two are available for collider
experimentation. One (LSS3) is instrumented with the 2000 ton UAL multi-
purpose magnetic detector [5]. The other (LSS4) houses the UA2 experiment
which, despite its much smaller size and cost, is competitive in several
fields [6] and in particular in detecting the electroweak bosons [7].

The UAZ detector [8], Fig. 1, covers almost the whole solid angle
with the exception of two narrow cones (20° half-angle) along the beams,
where a system of wire chambers and scintillator telescopes is located to
measure the total pp cross-section [9]. The UA2 acceptance is not suffi-
cient to observe the full rapidity plateau populated by secondaries from
normal pp collisions [10]. However, it is well suited to the study of
those collisions which probe the hadronic matter at very short distances,.
These collisions result in large transverse momentum secondaries, which
are kinematically confined to the central rapidity region. In fact all
hadronic jets with transverse energies exceeding 90 GeV and v 607 of all
Wt and z° decay products are contained in the UA2 solid angle.

The Wi and Z bosons decay mostly into quark-antiquark and lepton-—
antilepton pairs. The quark-antiquark decay mode is expected to have a
large branching ratio, typically 707, and to yield two-jet final states
with invariant masses equal to that of the parent boson.

The identification of these two-jet decay modes above the continuum
of non-resonant two-jet events depends to a large extent upon the mass
resolution which can be achieved., Even in the case of a perfect detector,

the two-jet invariant mass resolution is limited by ambiguities in
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assigning soft secondaries to their parent jet. Therefore, the leptonic
decay modes are more convenient candidates to detect W and Z production,
in spite of their smaller branching ratios. In particular, the z° + e'e”
channel is expected to yield a virtually background-free signature. The
neutrinos from W - e(u)v escape detection but the Jacobian peak in the
transverse momentum distribution of the charged lepton exceeds the
continuum of leptons from other sources by a factor of at least 50 [7].

The UA2 detector is instrumented to identify electrons and measure
their energy over the whole acceptance but it does not detect muons. This “
choice was suggested by the possibility of achieving excellent energy
resolution in compact electromagnetic calorimeters, whereas muon detection
techniques imply the use of bulky equipment, such as thick absorbers and
large magnetic field volumes, in order to achjeve comparable energy reso-
lutions. In addition, electromagnetic calorimeters acting as front sec-—
tions of hadronic calorimeter cells allow for a design in which electrons
and hadronic jets can be detected by the same apparatus.

This is the approach taken by UA2 in the central region, which is
instrumented with a highly segmented electromagnetic and hadronic calori-
meter covering the region of polar angles 40° < § < 140° over the full
azimuth (Figs. 1-3). The calorimeter is limited to the central region
because the desire to measure the important charge asymmetry predicted
for W + ev decays at polar angles closer to the beam directions implies
the use of a magnetic field to distinguish between e’ and e .

The present article describes the design and performance of the UA2

central calorimeter.

1.2 - Generxal design considerations.

In the light of the physics motivations outlined in the previous '
subsection we now survey the main considerations which have led to the
design of the UA2 central calorimeter. J

A high angular segmentation is necessary to ensure an optimum sepa-
ration of the particle - or jet of particles - of interest from the many
other secondaries produced in the event. This is important for many
reasons

a) to resolve localised clusters of energy deposition H
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b) to provide a means of triggering on local energy depositions to
discriminate against very large multiplicity events or against multiple
interactions ;

¢) to minimise the overlap probability of a hard 7% with a soft ﬂi which

could be misinterpreted as an electron.

The requirement that a calorimeter cell and its 8 surrounding neigh-
bouring cells should not see more than one particle on the average gives
at least onme hundred cells as an order of magnitude estimate of the mini-
mum number of cells for a typical multiplicity of 12 secondaries in the
calorimeter acceptance.

A single particle may deposit emergy in several cells either because
the lateral shower extension exceeds the cell size or because the particle
trajectory crosses several cells as a result of the finite size of the
pp interaction region. Here the relevant parameters are the radiation and
absorption lengths of the calorimeter material, which define the lateral
shower sizes, and the vertex distribution of the events (a Gaussian with
" 10 cm rms along the beamand with negligible transverse dimensions). These
considerations define a minimum cell size below which there is no advan-
tage to go. Lt is always possible, of course, to construct 2 large enough
calorimeter to accomodate the desired segmentation. However, the weight
and cost of the detector grow as the square of its diameter and a comr
promise must be found between optimum performance and the desired compact-
ness and low cost. In the UAZ design, a segmentation of 240 cells is
chosen. Each cell covers 10° in polar angle and 15° in azimuth and has
its froat face located 60 cm away from the centre of the pp interaction
region. Each cell has the shape of a truncated pyramid with the vertex in
the centre of the interaction region in order to minimise the energy
sharing between adjacent cells, For reasons of convenience in light
collection the same angular cell size is adopted for both electron and
hadron calorimetry. As a result, while a good match is achieved between
hadron shower and cell sizes, showers induced by electrons and photons
have a much smaller lateral extension. This is overcome by the use of a
multiwire proportional chamber located behind a 1.5 radiation length
tungsten converter and in front of the calorimeter cells to provide the

desired accuracy in angular measurement and to discrimimate against events
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in which a charged hadron and one or more photons (e.g. from 7° decay)
hit the same calorimeter cell,

The cell design aims at achieving good energy resolutions - for both
electrons and hadron jets — and an efficient discrimination between elec—
trons and hadrons. Uranium is known [ll] as the optimum calorimeter
material ; it allows for a most compact design and its similar response
to electromagnetic and hadronic showers result in the best energy resolu-
tion attainable by calorimetry., However we did not retain it as a feasible
solution because of the difficulty to purchase uranium plates machined
at the appropriate sizes within reasonable time and at reasonable cost.
The UA2 design uses more conventional materials ; lead for electron calo—
rimetry and iron for hadron calorimetry, with longitudinal segmentations
sufficient to ensure energy resolutions at 40 GeV of ~ 27 rms for elec—
trons and v 107 rms for hadron jets.

Scintillator was preferred to liquid argon as being more convenient
to operate in the underground area, given the constraint of having to
move the whole detector between the SPS tunnel and a storage hall as
quickly as possible before and after each running period. Two different
types of scintillator are used in the electron and hadron compartments
in order to match their respective performance requirements. Wave—length
shifting plates allow for light collection from each compartment separa-
tely while minimising intercell dead spaces.

Each calorimeter cell is segmented in three longitudinal sections :
the electromagnetic compartment, 17.5 radiation lengths deep, and two
hadronic compartments each 2 absorption lengths deep. This segmentation
gives good electron-hadron separation capability. The total cell length of
approximately 4.5 absorption lengths is not always sufficient to comple-
tely contain high-energy hadronic showers and a significant deterioration
of the resolution due to longitudinal escape is observed at energies
exceeding 40 GeV. The segmentation of the hadron calorimeter in two indi-

vidual compartments allows a partial correction for this effect. ¢

1.3 - Outline of the articie

The remaining Sections are devoted to the description of the calori-

meter design (Sections 2 to 4) and performance (Sections 5 to 7).
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Section 2 gives a detailed description of the calorimeter construc-
tion : mechanical structure, light collection, photomultipliers. Section 3
is entirely devoted to the various techniques implemented in order to
monitor the calibration of the energy respomse : this is essential in
order to avoid an effective deterioration of the energy resolution over
long periods. Section 4 deals with the electronics systems involved in
the treatment of the phototube signals. This involves both trigger elec—
tronics allowing for fast pattern recognition of simple cluster configu-
rations and energy measurement electronics with severe accuracy and
stability requirements.

The results of the enmergy calibration measurements obtained over
2 years of operation are presented in Section 5 and discussed in terms of
stability of the respomse and of the ability of the calibration methods
to control its variations and correct them. Sections 6 and 7 report on
the performances of the electromagnetic and hadronic calorimetexrs, res-—
pectively. They discuss the dependence of the response upon energy,
(linearity, resolution, etc...) and upon impact on the calorimeter front
face (crossing intercell boundaries, dependence upon incidence angle,
etc... ),

Section 8 briefly describes the method of pattern recognition,

2 — CALORIMETER DESIGN AND CONSTRUCTION

We describe in this Section the implementation of the general design

considerations which were presented in the Introduction.

2.1 - Mechanical structure,

A modular structure was retained to allow an efficient organisation
of the various steps of the construction : machining the basic steel
structures, equipping them with scintillators, phototubes, etc .., and
calibrating in e and i beams,

This implies that the modules are identical and that each module is
light-tight, instrumented with an independent calibration monitoring
system (see Section 3) and rigid enough to be transported without changing

. . . . . . o .
its characteristics. A division in 24 modules, each covering 157 1n
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azimuth and including 10 calorimeter cells spanning the whole range of
polar angle, was adopted,.

We retained a spherical rather than cylindrical geometry (Fig. 4) to
ensure that all cells are, on average, traversed at normal incidence and
have their front faces at the same distance (v 60 cm) from the calorimeter
centre. Each cell covers 10° in polar angle and 15° in azimuth and has
the shape of a truncated pyramid (tower structure) with the vertex in the
center of the Ep interaction region. A cylindrical geometry would imply
either inclined angles between the faces and edges of the scintillator
plates causing a poor light collection or in the case of edges cut perpen-
dicularly the intercell dead space would increase considerably. Both
solutions would result in a strong dependence of the light collection on
polar angle. However such a dependence is also present in a spherical
geometry, for which different cells have different trapezoidal cross-—
sections. The main disadvantage of the spherical geometry is the restric-
tion it imposes for a given weight to the space available to the central
cylindrical tracking detector.

The basic steel structure of each module (Fig. 5) consists of the
400 absorber plates of its hadronic compartments and of two 5 mm thick
lids between which they are bolted in a rigid assembly., The lids extend
beyond the calorimeter region to form a light-tight structure housing the
light guides and supporting the phototubes. The ten electromagnetic com—
partments are independent units suspended from the front absorber plates
of the corresponding cells. The lids do not extend into the electromagne-
tic region, thus allowing a smaller dead space between electromagnetic
compartments of adjacent modules.

The 24 modules are assembled between two large ring structures
(Figure 2) on a movable platform serving as a common support for the
whole UAZ detector,

All cables of the UA2 experiment are channelled via a set of chariots
suspended from overhead rails allowing for the movement of the detector
from (to) the SPS tunnel to (from) the storage hall without having to
disconnect any cable. The movable platform slides on air cushions : the

transfer from one location to the other takes approximately two hours.,




2.2 - Design considerations.

The choices concerning comverter and scintillator materials, granu-

larity (number of scintillator-converter pairs per unit length) and total

cell length result from studies taking into account the state of the art

[12] at the time of the design and prototype measurements performed by us

using high energy SPS beams (m , e and u ).

a)

b)

c)

The following considerations were found to be relevant :
Sampling fluctuations for a fully contained shower are proportional to
the square root of the converter plate thickness (expressed in g/cm?).
Our prototype measurements using iron plates of 1.3, 3.0 and 4.5 cm
confirmed published results [131.
Longitudinal shower escapes increase with the logarithm of the energy
and undergo important fluctuations. In the case of the electromagnetic
compartment the escape energy is measured — though less accurately -
in the hadronic compartment. More relevant however is the rejection
power against charged hadrons when identifying electrons.

In the case of the hadronic compartments the contribution of lon-
gitudinal shower leakage to the energy resolution of a 10 GeV shower
varies from v 3 GeV to v 1.5 GeV when the total depth increases from
1.5 to 4.5 absorption lengths [}2]. Our prototype measurements
confirmed these results.

Light output.

The contribution of photon statistics to the energy resolution
allows in principle for relatively thin scintillator plates. For exam-
ple our prototype measurements on a 17 radiation length thick cell
(comparing the signals from two independent wave-shifting light guides)
indicate that a total thickness of 10 cm of aromatic scintillator com-
tributes v 1% to the resolution of a 40 GeV electron shower. However,
other factors of relevance favour a large light output :

- preserving the possibility to check the energy calibration of the
electromagnetic compartment with minimum ionising traversing particles;

~ keeping the ratio between the scintillator signal and the
contribution of Cerenkov light in the wave-shifting light guides at a
high level ;

- minimising the effect of possible surface problems (optical
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contact, crazing, etc ...) by using thick scintillator plates (but
edge effects become in this case more important near the wave—shifting
light guides).

In addition aromatic scintillators are less sensitive to radia-

tion damage than acrylic scintillators.

The final design (Figure 6) is the result of a cost optimisation
process taking into account the above factors.

The electromagnetic compartments (Figure 7) are stacks of twenty-six
3.5 mm thick lead converter plates and twenty—-seven 4 mm thick PVT*)
scintillator plates adding up to a total length of 20 cm (17 radiation
lengths).

The two hadronic compartments of each cell consist of respectively
19 and 21, 15 mm thick steel converter plates. The total cell length
(electromagnetic and hadronic compartments) is 106 cm, corresponding to
" 4.5 absorption lengths. The converter plates in the hadronic compart—
ments are interspaced with 5 mm thick plates of acrylic scintillator )
(PMMA doped with 1% PBD, 0.17 POPOP and 10% naphtalene), wrapped in alu-
minium. The separation in two hadronic compartments with independent read
out aims at providing information on the longitudinal shower development.
For the same purpose the last three scintillator plates of the second
hadronic compartment are viewed by a wave-shifting rod inserted in a 2 cm
diameter hole at the center of the cell (backtag) .

The total weight of a fully equipped 10 cell module is ~ 4 tons.

2.3 - Light collection.

Light is collected via wave shifting light guides [14] from the two
sides of the calorimeter cells which are normal to the lids of the module
(Figure 8). The effect of the dead spaces which they introduce is strongly
reduced by the longitudinal spread of event vertices in the Collider
experiment. The light guides are inserted in intercell gaps having widths

of 5.8, 10.4 and 15.0 mm between the electromagnetic and the two hadronic

s':)

*k)

NE104B, manufactured by Nuclear Enterprises, Edinburgh, United Kingdom,
type GS2030, manufactured by (a) Rohm GmbH, Darmstadt, West—Germany
and by (b) Polivar SPA, Pomezia, Italy.
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compartments respectively. They are cut from 2 mm thick acrylic plates
and all sides not facing the scintillators are wrapped in aluminium. Over
the length of their associated calorimeter compartments - where they act
as wave-length shifters - they are doped with 90 mg/1 BBQ *). The effi-
ciency of the BBQ absorption in the wave-length shifter plate is about
807 averaged over the spectrum from the scintillator used in the electro-
magnetic compartments. Two thin nylon wires tightened on the cell sides
prevent optical contact between the scintillator and the light guide.

The UV absorption edge of the acrylic base material has been chosen
to absorb as much as possible Cerenkov light produced by traversing par-
ticles (Figure 9). For the same reason filters which transmit most of the
BBQ emission spectrum but absorb shorter wave lengths (507 absorptiom at
A = 430 nm) are located in front of each phototube., Between these filters
and the intercell plates, light is guided via twisted strips providing
the desired match and made of the same acrylic material.

Light attenuation in the wave-shifting light-guides is not important
in the spectral region of interest, the attenuation length being of the
order of 3 m.

In the scintillator, however, we measured much shorter attenuation
" 27 em, in the relevant part of the spectrum. When exci-

att
ting scintillator sample plates (20 x 5 x 0.5 ecm’) with a Ru'’® source

lengths, A

and collecting light via- the same wave-shifting light-guide as used in
the calorimeter assembly, we observed that the effective attenuation
length of scintillator increases with the source to light guide distance,
d. Typically, the photomultiplier signals drop by a factor of 0,7 (0.6)
between d = 1 cm and d = 10 cm, and by a factor of 0.9 (0.87) between

d =10 cm and d = 19 cm for the scintillators of the electromagnetic
(hadronic) compartments, This results in significant dependences of the

energy response on impact coordinates (see Sections 6 and 7).

2.4 — Electromagnetic compartments,

In order to minimise intercell dead space each electromagnetic cell

is assembled as an independent self-supporting stack (Figure 7) using

*
) GS2029, manufactured by Rohm GmbH, Darmstadt, West—Germany.
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the first iron absorber plate of the corresponding hadronic compartment
as a base plate. The stack 1s pressed between this plate and two spring-
loaded aluminiumplates (18 mm total thickness) on its front face using
two 0.5 mm thick steel side walls. In the final calorimeter assembly a

1 mm tolerance gap is left between the side walls of the cells of adja-
cent modules.

Each stack is machined on its four sides as a single unit, using
diamond tools to produce a high quality surface finish. In order to
achieve stable conditions of total and normal reflection on the scintilla-
tor faces, thin teflon (refractive index 1.34) and aluminium foils are
inserted between these and the lead plates against which they are pressed
(teflon facing the scintillator and aluminium facing the lead).

The segmentation of the electromagnetic calorimeter is not sufficient
to provide the angular accuracy and resolving power necessary to discri-—
minate efficiently, when searching for electrons, against events in which
a charged hadron and one or more photons hit the same cell. For this
purpose a preshower counter, consisting of a 1.5 radiation length thick
tungsten cylinder surrounded by a 71 cm diameter multiwire proportional
chamber, is inserted between the central tracking detector and the elec-
tromagnetic calorimeter., Its solid angle coverage matches that of the
calorimeter.

The proportional chamber [8], the detailed description of which is
beyond the scope of the present article, contains a single layer of anode
wires parallel to the beam line and distant from each other by 4 mm. The
cathode potential is provided by equidistant helicoidal strips at # 45°
to the wires. We measure the pulse heights on the cathode strips and the
charge division on the wires,

The resolving power thus obtained is better than 2 c¢cm in space and

the position accuracy is v * 3 mm,

2.5 — Photomultipliers.

The photomultipliers have been chosen to have high stability and
linearity and to show negligible changes after initial turn—on and ageing.
This is important to maintain a good overall energy resolution during

*
several years of operation. Philips XP 2008 and XP 2012 photomultipliers )
*)

Manufactured by R.T.C. La Radiotechnique Compelec, Paris, France.
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were retained as having satisfactory performances (Table 1) for an accep-
table cost. They are 10-stage limeglass photomultipliers differing only
in the nature of their 32 mm diameter photocathodes (Sb Cs type Super A
for XP 2008 and Sb-K-Cs type D for XP 2012), Because of a better long range
stability we equipped the electromagnetic compartments with the latter type.

The tubes were ordered socketless and used with a CERN made base in
which a tube socket, the resistors of the divider chain and the signal
and high voltage cables were potted with an epoxy resin.

Dark-current, photocathode efficiency and linearity were measured by
the manufacturer and stability acceptance tests were performed at CERN
using a semi-automatic computer controlled test-bench. Batches of 64 tubes
were subject to a three day stability test. They each saw the same incan-
descent light to establish the desired average anode current, and the
same pulsed light emitting diodes which were used to monitor the gains.

A typical test result for a single tube 1s shown in Figure 10.

The fraction of tubes passing the acceptance tests was much higher
for XP 2012 tubes than for XP 2008 tubes. Approximately 67 of the XP 2008
tubes exhibited the surprising behaviour of very occasional jumps in gain
in excess of 1%. Almost all of these tubes also failed the stability
test ; thus the stability test served to reject the tubes that would have
shown this behaviour if we had been able to observe their response over a
longer time period. After testing, the accepted XP 2008 tubes were sorted
according to their stablility and the better ones were used for the more
important first hadronic compartments while the worst were saved for the
back-tags. Retrospectively we believe that it would have been more appro-
priate to use exclusively XP 2012 tubes in spite of their slightly higher
cost.

The tubes are placed in light-tight mountings on the module back
plates (Figure 8) and pressed with springs against the associated light
guides, avoiding optical contact. Each tube is surrounded by a cylindri-

cal mu—metal shield connected to the photocathode potential,
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3 - THE CALIBRATION MONITORING SYSTEM

At the Ep Collider we have no source of particles of known momentum
which could be used to obtain an energy calibration for each calorimeter
cell. Using electron and muon beams we have calibrated all calorimeters
before their installation in the experiment, as described later in Section
5, and we have monitored afterwards changes in their overall response v
with a calibration monitoring system.

Two methods are used to monitor the gain of the electromagnetic
calorimeters as schematically shown in Fig. 1l. One uses a light flash
system and the other one measures the direct current induced in the photo-
multipliers by a movable Co® radiocactive source in front of the calori-
meter cell, Two flash boxes allow independent illumination of the light
guides and scintillator plates. The hadronic calorimeters are only
equipped with one light flash system. This system, as described below in
more detail , includes a light flash generator, optical fibers and two
types of light stability monitors, one with vacuum photo-diodes and one
with specially gain-calibrated photomultipliers (J-counters). With flash
box 1, which is common to the electromagnetic and the hadronic calorime-
ters, we have chosen to monitor mainly the stability of the PM gains.
Particular emphasis has been given to the knowledge of the energy calibra-—
tion stability of the electromagnetic calorimeters, which is the major
contribution to the accuracy of the mass determination for the intermedia-
te vector bosons in the UA2 experiment. A second flash box is therefore
implemented for the electromagnetic compartments to obtain a measurement
of the response to light passing through a scintillator plate, converting
in the wave length shifter plates and travelling back to the PM. This
overall response, including the scintillator light output, is also inde-
pendently measured with a Co®® radiocactive source (Section 3.4).

The general philosophy was to provide each module with its own inde-
pendent light flash system. In this way the calibration system could be
operated during the calibration of each module in its final configuration
except for the J-counter which was added at a later stage and which is

commont to all central calorimeter modules.
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3.1 - The light flash generator

The light flash generator consists of a Xenon flash tube plugged
into a HV pulse transformer*). A capacitor (typically 2 nF) charged at
+ 1.5 to 2 kV provides the flash energy. A thyristor switching + 200 V is
used to produce a prepulse in the Xe bulb to ignite the light flash. The
flash light is emitted into a cylindrical light scrambler box with its
internal walls painted white. A blue filter selects a wave length band
similar to that of the light from particles showering in the calorimeter.
There is no direct light from the flash tube to the bundle of optical
fibers. These accept only the light diffused from the walls of the box.

The light flash has a rise-time of 20 ns and an exponential decay
time of about 150 ns. The pulse-~to—pulse variations in light output are
generally < 57. In a calibration run the light flash generators of each
module are operated at a frequency of about 1 Hz. The total flash cali-
bration time ( typically 3 mn . for 50 counts per flash generator) is
minimized by scanning such that events from different modules are inter-—

leaved.

3.2 - The optical fibers and their light couplings.

The flash light is carried from the generator to the calorimeter
cells by single polymer fibers**) with a core diameter of 0.98 mm and an
external diameter of 1 mm protected by a polyethylene jacket. The fiber
is rated to have a numerical aperture of 0.5, an attenuation of about
500 dB/km (at 600 nm wave length) and a minimum curvature radius of 15 mm.

The flash light from flash box 1 (Fig. 11) is carried to each light
guide at the back of the calorimeter module. The light is not transmitted
directly to the light guide but is sent into a thin plate of wave length
shifting material (BBQ, see Sect. 2,3) which is glued onto the light
guide. The BBQ plate and the light guide are in optical contact, and only
the converted light reaches the PM. The fibers from the second flash box
go directly to the electromagnetic calorimeter compartments. There the

light is deflected from the fiber into a scintillatoxr plate by a small

. .
) Xe flash tube EG + G FX-280 with EG + G Lite-Pac trigger FY-507.

k)
FP-01 made by Fort (France).
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plexiglass prism. The fiber is glued into the prism which in turn is
glued onto the scintillator, Two fibers per cell bring the light to oppo-
site sides. One illuminates a plate in the front and the other a plate in
the back of the cell,

In addition to the fibers carrying the flash light to the PMs there
are bundles of fibers from both flash boxes which transmit the light to
the stability monitors described below. The length of an individual
fiber is ~ 4 m so that each of the 24 calorimeter modules is equipped

with a total of about 500 m of fibers.

3.3 - The light stability monitors.

Two independent systems of light stability monitors are used to
provide a normalization for the Xe flash light output.

Each calorimeter module has a diode box with three vacuum photo-
diodes*). These receive the flash light from both flash boxes by fibers,
The applied voltage between the anode and the cathode of these diodes is
12 V. The signals are amplified in the diode box by a factor 200 with
operational amplifiers. The gain of the amplifiers can be calibrated by
injecting known charges at the input of each channel. This is done by
charging a coaxial cable in the diode box with an external voltage and
discharging it through the amplifiers using a triggerable Hg-relay switch.
The diode box gives three amplified diode signals, and an OR-ed output
which is used for triggering purposes.

In addition the light from one of the two flash boxes is also chan—
nelled through about 10 m of fibers to a single monitoring device, the
J-counter, common to all modules. It contains a 16 x 10 x 3 cm? NElla**)
scintillator block viewed on one side by three XP 2012 PMs. On the other
side optical fibers are coupled to the scintillator via diffusing lucite
cubes. These fibers are conmnected to fibers from the calorimeter flash
light generators by means of precise cylindrical connectors with a repro-
ducibility of the connection of better than 1%. In addition to recording

independently the flash signals from the light flash calibrations the

*)

:k:'c)

EMI type PD1900 with S-4 cathode response.

Manufactured by Nuclear Enterprises, Edinburgh, United Kingdom.
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scintillator can also be exposed to an accurately positioned radiocactive
source (150 uCi Co® or 50 uCi Sr* ) on the fiber side. The PM signal
outputs are in this case switched to a measurement of the direct currents
induced by the radioactive sources, This procedure allows a gain calibra-

tion of the J-counters.

3.4 -~ Co® source current measurements.

We also monitor the calibration of the electromagnetic calorimeter
cells with a method independent of the light flash system, which consists
of measuring the response to a 4 mCi Co®® radioactive source (1% = 5.27
years). For these measurements the PM signals are read in a direct current
mode with a precise digital voltmeter. These measurements are referred to
as source current measurements in the following.

The electromagnetic calorimeter cells are not directly accessible in
the UAZ detector, The source is attached to a string and guided through
plastic tubes of 8 nmm diameter which run along the calorimeter meodule
front faces. At the centre of each cell the source container is accurate—
ly positioned by a click-stop. The shape of the container is designed
such that its orientation is reproduced for each measurement.

Contrary to the light flash calibrations, which are fully computer-
controlled and fast, the source current measurements can be done only
with access to the detector and require typically 12 hours for the full

central calorimeter.

4 - ELECTRONICS

4.1 - Introduction.

The electronics associated with the central calorimeter must pexform
two main functions :
— to convert the analog signals form the PMs into digital form with
the required precision and stability ;

- to provide a trigger for the physics events of interest.

A major simplification in the electronics is achieved by adjusting

the gains of the PMs (see Section 5) so that their response is proportional
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to transverse energy rather than energy. This results in similar pulse

height distributions from all PMs of a given compartment type, because

the event rates depend primarily on transverse energy, and because each
calorimeter cell subtends approximately the same interval of azimuth ¢

and pseudo-rapidity n.

Since the energy deposition is proportional to the charge collected
at the PM anode, we use charge-semsitive 12-bit analog-to-digital conver-
ters*) (ADCs) which integrate the input current over the gating time.

For the electromagnetic calorimeter we aim at an energy resolution
of A 2% at 40 GeV, which corresponds roughly to the expected transverse
energy of electrons from W and z° decay. The choice of 12-bit ADCs does
not limit the resolution down to transverse energies of the order of
2 GeV, even in the presence of pedestal fluctuations of the order of one
or two channels. At the same time, it allows a measurement of a transverse
energy deposition as large as 80 GeV in a single cell.

Another simplification in the electronics is permitted by the mode
of operation of the pp Collider itself, The two circulating beams are
distributed into three short (v 2 ns) equidistant bunches, which cross
the centre of the apparatus once every ~ 8 us (eventually Vv & us in the
six-bunch operation mode). The time of the potential events is very well
defined, therefore, and it is known in advance by means of pick-up elec~
trodes located in the machine v 50 metres upstream of the collision point.
The signals from these electrodes are sent by means of air-core cables to
the counting room, where they are used to generate gate signals for all
relevant electronics, including the ADCs. The triggering electronics
needs about 800 ns for a first level trigger to determine if the event
associated with the bunch crossing is to be kept or not. In the latter
case, a general reset signal is issued 3 us before the next bunch crossing.

In the following subsections we describe in more detail the method
adopted to fan out the PM signals to the ADCs and to the trigger logic.
We then discuss trigger algorithms and their implementation, as well as
the method used to monitor the stability of the whole electronics chain,
We findlly give some details on the system adopted to supply the high

voltage to the 1680 PMs of the central calorimeter.

*
) Le Croy model 2282E.
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4.2 - Signal Fan-out.

The signals from each PM are sent via two metres of minjature coaxial
cable to a 20-channel terminal box mounted at the detector end of a 90 m
long multicoaxial cable which transmits the signals to the counting room.
There are four terminal boxes on each calorimeter module : one for the
electromagnetic compartments, two for the two hadronic compartments and
one for the backtags,

The multicoaxial cable consists of 20 independent miniature coaxial
cables of a type chosen because of its very small ohmic resistance, Thig
cable*), when used in association with a charge-sensitive ADC operated
with a relatively long gate time (400 ns in our case) attenuates the
transmitted charge by 127 over the 90 m distance.

Coaxial cables were preferred to twisted wire pairs because the
impedance was found to be much more uniform.

In the counting room the multicoaxial cable is connected to the back
of a fan-out module named OLIFAN [15], which transmits the signals from
the 20 PMs to
a) an ADC, via a gain 1 buffer and multicoaxial ribbon cables :

b) another ADC, via a gain n 10 amplifier to measure with good electronic
resolution the low energy part of the spectrum. This is particularly
relevant to the measurement of non-interacting minimum-ionising parti-
cles, which are used to monitor the calibration stability (see Section
5.4) 3

c) a monitor output via a gain 1 buffer, for easy oscilloscope inspection
of the individual PM signals ;

d) an integrating sample~and-hold amplifier (ISH) [16], which adds the two
PM signals from the same cell, integrates the resulting signal and

transmits it to the trigger electronics (see Section 4.3) ;

e) an output of a fast analog sum of the 20 input signals (%).

There are three OLIFAN modules for each calorimeter module, one for

the electromagnetic compartment and one for each hadronic compartment .,

) Cable 0.5 1/1.5 ~ 50 ohms, made by Felten & Guillaume A.G,,

West-Germany.
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The 10 backtags share an OLIFAN with the 10 backtags of an adjacent
calorimeter module.

The OLIFAN uses the mechanics of a double-width CAMAC module. It
consists of a printed circuit (PC) board, into which are plugged 20 small
PC boards (one for each PM signal) containing the two gain 1 buffers and
the gain 10 amplifier, and another 10 small PC boards containing the ISH
amplifiers. The OLIFAN modules used for the electromagnetic compartments
are fully equipped with all of these small PC boards ; those for the
hadronic compartments and the backtags contain only the two gain 1 buffers.

The OLIFAN needs two NIM level signals to gate and clear the ISH
amplifiers. ’

A schematic diagram of the electronics which receive the two PM

signals of a single electromagnetic compartment is shown in Fig. 12.

4.3 - Trigger Electronics.

The trigger algorithms are largely dictated by the physics events of
interest,

The Z and W triggers are based exclusively on the information from
the electromagnetic compartments of the calorimeter. Because of the trans-
verse dimensions of the cells, there is an appreciable probability that
an electromagnetic shower from an electron is shared among neighbouring
cells. Trigger thresholds must be applied, therefore, to linear sums of
signals from neighbouring cells, rather than to each individual cell.

For this reason the signals from all possible 2 x 2 clusters of neighbou-
ring cells are linearly summed ; each cell contributes to four clusters,
with the exception of the 48 edge cells which contribute to two clusters
only,

The Z and W triggers are implemented in the hardware by means of
special modules called ROLAND [15]. Each ROLAND (a double-width CAMAC
module) receives the 20 ISH voltage levels generated by the two OLIFAN
modules associated with two adjacent calorimeter modules. These voltage
levels, which are kept constant to better tham 20 mV for a maximum of
3 us, are proportional to the transverse energy deposited in a cell and
saturate above 25 GeV.

The front end of a ROLAND module sums up the ISH levels of adjacent
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cells in 2 x 2 clusters by means of a resistor network. Each summed
voltage level so obtained is then compared to a reference voltage Vref’
which is common to all 9 clusters of a ROLAND and to all ROLAND modules.,
Vref is generated by a fast 8-bit digital-to-amalog converter (DAC),

with a settling time of less than 10 ns, which is controlled by a synchro-
nous counter, A one-bit step of the DAC corresponds to about 100 MeV of
transverse energy. Loading any digital value into the counter results in
applying a common threshold to all clusters. Any cluster exceeding this
threshold sets an associated flip-flop, and the state of all flip-flops

is sent to the decision-making electronics, which is implemented in

MBNIM standard [17]. The OR of the 9 flip-flops in a ROLAND module is also
available as a NIM output level. Several thresholds can be applied in
sequence with a frequency of 10 Miz,

The ROLAND modules can also be used as fast ADCs, capable of conver-
ting all clusters simultaneously to 8-bit numbers in 2.5 us. For this
purpose the synchronous counter is loaded to the highest possible value
and then required to count down, Whenever a flip-flop is set during the
count-down, a shift register is loaded with the value of the counter,
memorising the digital value of the cluster transverse energy. The
counter value is converted to Gray code before memorisation in order to
avoid errors due to synchronisation problems. A simplified block diagram
of a ROLAND module is shown in Fig., 13.

Figure 14 shows the trigger timing. After gating the ADCs and the
ISHs, a first threshold (corresponding to ~ 3.5 GeV) is applied to all
ROLAND modules, and the decision making digital electromics test if there
are at least two clusters above threshold, separated in azimuth by at
least 60°. This is the so-called Z-trigger, which is recorded in a MBNIM
strobed coincidence register used as a memory.

About 100 ns later a second, higher threshold (corresponding to a
transverse enmergy of & 8 GeV) is applied, and at least ome cluster is
required to set the so-called W-trigger bit.

Other triggers are implemented using conventional NIM electronics :
in particular, a total hadronic transverse energy trigger is defined by
linearly summing all of the I signals provided by the OLIFAN modules and
requiring that the resulting signal exceeds a given threshold (typically

set at 35 GeV). This trigger, as well as triggers involving other parts
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of the UA2 detector , set bits in the same MBNIM strobed coincidence
register recording the Z- or W-bits. After 800 ns a decision is taken on
whether to keep or reject the event, based on the pattern of trigger bits
and on a computer defined trigger—enable mask, More details on the UA2
triggers can be found elsewhere [15]. )

If the event satisfies the trigger requirements, all clusters in

the ROLAND modules are converted to digital values in 2.5 us, as descri-

bed above, before reading out the event.

4.4 — Calibration Electronics.

The requirement of good energy resolution implies strong constraints
on the stability of the electronics because of the long data taking
periods,

The solution to this problem adopted in the UA2 experiment consists
in monitoring the gains of all electronic channels by means of a number
of precision pulse generators (PPG) which inject a known charge into each
PM channel on the detector side. In this way gain variations can be
followed and corrected for, by performing calibration runs as often as
needed and in particular whenever an electronic component is replaced in
a given PM channel after a failure.

The PPGs perform also the functions of calibrating the attenuation
of the signal cables, measuring the gain and linearity of the combined
OLIFAN-ADC system, and testing the trigger logic.

There are 24 PPGs, one for each calorimeter module, which are ins—
talled on the detector support structure, A PPG is a single-width CAMAC
module which consists of 8 independent pulse generators, one for each
group of 10 PMs, producing signals with a pulse shape similar to that of
real PM signals,

These signals are obtained by discharging a cable of known length
charged up to a known variable voltage Vo’ by means of a Hg relay, The
charge is injected into a group of 10 channels by a passive splitter made
of 500 & high precision resistors mounted in the terminal box on the
detector end of the 90 metre long signal cables (Fig. 12). The cormmon
point of the splitter is connected to ground for normal operation to
avoid cross-talk among the channels ; however during calibration this

ground connection is removed by a relay switch.




- 21 -

A PPGmodule contains also a triggering circuit to provide a gate
for the ADCs and the ISH amplifiers. '

The maximum operation frequency of the PPG is about 100 Hz, A PPG
calibration run consists in measuring and analysing the response for
typically 14 different values of V  chosen such that the signals cover
the full ADC range. Accumulating 20 counts per voltage step the total
PPG calibration time for all PM channels is about 40 minutes. The measu—
rements are repéated typically once per week.

The Xenon light flash system described in the previous section is
controlled by CAMAC modules called CALIBUA2 located on the detector
support structure. One double-width module CALIBUA2 controls six light
flash generators and three diode boxes, corresponding to three calorime-
ter modules. It contains the trigger outputs for the flashers and the Hg
relays for the charge injection into the diode amplifiers, the low voltage
supplies for the diode boxes, and the discriminator part for the diode
OR signals. The ORs of the three calorimeter modules can be OR-ed further
with other CALIBUA2s or PPGs to provide the UA2Z master logic with a
global calibration trigger signal.

The electronics associated with the light flash system is located
together with the PPG modules in CAMAC crates near the calorimeter, The
main online computer*) controls the calibration electronics via a single

standard long distance link,

4.5 - High Voltage System.

A very simple method to supply the high voltage (HV) to the 1680 PMs
of the central calorimeter has been adopted in the UAZ experiment,

This method consists of using a small number of "master' HV power
supplies and a high stability voltage dropping resistor in series with
each PM voltage divider. The values of these resistors are determined
during the initial calibration of the calorimeter modules (see Section 5).

The obvious advantages of this method are simplicity and low cost j
however, it lacks the flexibility of other HV systems, in which the

voltage can be easily varied for an individual channel whenever needed.

%
) VAX 11/780, Digital Equipment Corporation, Maynard, Massachusetts, USA,
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Four master HV supplies*), capable of delivering 600 mA at 2000 V
are used together with 24 HV distributors, one for each calorimeter
module, which are located in the céunting—room. The voltage from each
master supply (-1900 V) is daisy-chained through six distributors.

Each HV distributor contains 10 plug-in cards, one for each cell.

A card supplies the HV to the seven PMs of a cell by means of seven
independent channels, each comsisting of two 1% high-stability series
resistors which are plugged into the card. It is possible to change the
total value of the voltage dropping resistance in steps of 1 kiz, which
correspond to v 1 V steps in the PM cathode voltage.

If the current drawn by any one of the seven channels in a card
exceeds a threshold of 3.5 mA (the value for normal operation is ~ 1 mi),
a relay cuts the HV on the card and an alarm signal to the computer is
generated. When this happens, the faulty channel is identified by light-
emitting diode on the front panel of the HV distributor, and the corres-—
ponding voltage dropping resistor cam be removed until the fault is
repaired,

The 70 HVs are fed to a calorimeter module by means of 4 multi-
conductor cables**).

The experience gained during two running periods at the pp Collider

in 1981 and 1982 has shown that this system works well,
5 — ENERGY CALTBRATION AND STABILITY

5.1 - Introduction.

One of the main goals of the UA2 experiment is the detection of the
decay A e+é_ and a measurement of the z° mass and width, which are
predicted to be about 94 and 3 GeV/c? respectively. This requires an
initial calibration of the electromagnetic compartments with a precision
of the order of 17. Furthermore, because of the very low event rate (of
the order of few z° - e'e events per running period of three months) the

calibration constants must be known with comparable precision over periods

*)

:’:*)

Type HIN 1200M-2000 made by FUG, West-Germany,

Cable made by Thomson Brandt, France.




- 23 -

of time as long as several years.

For the hadronic compartments the constraints on the calibration are
less severe, since the energy resolution is only ~ 10% at 40 GeV. However,
the possibility to observe peaks in the two-jet invariant mass distribu-—
tion due to the hadronic decays of the intermediate vector bosons still
requires precisions of the order of 2 to 3%, and stabilities of the same
order of magnitude.

In this section we describe the procedure followed to calibrate the
central calorimeter with the required accuracy, and we present results on
the calibration stability observed during a period of almost two years of
operation. We also give a description of the beam set—up used in the ini-
tial calibration and in additional studies of the calorimeter performance

repcrted in Sections 6 and 7,

5.2 — Test Beam Set-up.

The 24 calorimeter modules were all calibrated before installation
in the UA2 apparatus using a 10 GeV beam of negative particles from the
CERN PS,

The beam particles (mostly 7 ) were defined by a telescope of scin-
tillator counters which included an air light-guide circular scintillator
with a diameter of 15 mm. A 1.5 radiation lengths thick tungsten plate
followed by a scintillator counter equipped with pulse height measuring
electronics was installed behind the circular counter just in front of
the calorimeter module, in order to simulate the cylindrical tungsten
converter actually used in the UAZ experiment (see Section 2.4),

Electrons in the beam were identified by a coincidence of two 4 m
long gas Ceremkov counters filled with helium at a pressure of 2.5 atmos—
pheres. These electrons were used to calibrate the electromagnetic com-—
partments of the calorimeter, as discussed in the next Section,

The calibration of the hadronic compartments was made using the muons
contained in the beam. These muons were identified by removing the two
Cerenkov counters from the coincidence and replacing them with a signal
from a scintillator counter behind a 2 m thick iron wall,

The value of the beam momentum was measured directly by magnetic

deflection to be 10,10 GeV/c, with a systematic uncertainty of +0.05 GeV/c.
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Practically the same set-up was also used at the SPS for the studies
of the calorimeter performance described in Sections 6 and 7., Some of
these measurements needed a better space resolution for the incident beam
particles than that of the 15 mm diameter c¢ircular counter. In these
cases, this counter was replaced by a pair of 2 mm wide finger counters
at 90° to each other.

Collimators on the indident beam line were used to keep pile-up

effects at a negligible level,

5.3 - Initial calibration.

In order to calibrate the calorimeter and adjust the PM gains, each
module was mounted on a motorized table, which could be moved by remote
control so that the axis of each cell could be aligned with the beam. The
same electromics and cables as at the pp Collider were used in these
measurements.,

As mentioned in Section 4, the gain of each PM was adjusted so that
the charge measured by the corresponding ADC was proportional to trans-
verse energy. This calibration constant was chosen to be 0,08 GeV/pC for
all three compartments of a cell, so that the largest measurable trans-
verse energy deposition in an individual compartment was 80 GeV.

The calibration procedure for the electromagnetic compartments con-
sisted of varying the PM high voltage by means of a computer comtrolled
high voltage power supply until the most probable charge measured by
the ADC was given by

Qu(pC) = 12,5 E{GeV) sin 8 (1)

where E is the most probable energy deposition in the electromagnetic
compartment expected for the beam electrons, and 6 is the polar angle of
the cell centre when the calorimeter module is mounted in the UAZ
experiment,

In pratice the voltage adjustment procedure was stopped when the
most probable charge differed from Qg by 5 2%. At this point the infor-
mation from a sample of v 2000 electrons and v 500 flash triggers was
written onto magnetic tape for a further more refined off-line determina-

tion of the calibration constants.



- 25 -

The calibration of the hadronic compartments was made using the
muons contained in the beam. Muons were preferred to hadrons in spite of
their lower flux because they gave rise to a narrow pulse height spectrum
in each compartment. Hadrons, on the contrary, gave energy depositions
in each compartment having a much broader spectrum, which furthermore
depended upon the cell size because of the large transverse dimensions
of the hadronic showers at 10 GeV.

The equivalent muon energy deposition in the two hadronic compart-
ments and in the backtags had been previously determined in special
studies performed at the CERN SPS (see Section 7), by comparing the calo-
rimeter response measured with hadrons of known energies, to that
measured with muons. The values adopted were 0.453 and 0.698 GeV in the
first and second compartment, respectively, for all cells.

Because of the chosen calibration constant of 0.08 GeV/pC, muon
peaks would occur around channel 20 in the ADCs and a precise determina-
tion of the peak positions would be difficult. Therefore an amplifier
with a nominal gain of 12 was inserted for the calibration on each
hadronic channel and its exact gain value was determined by means of the
electronics calibration system described in Section 4.4 . To avoid pile-
up effects arising from the large number of hadrons in the beam, which
produced signals saturating the electronics in the presence of this
additional gain, a 1 m long copper block was inmserted in the beam up-
stream of the calorimeter module to absorb most of the incident hadrons.

The calibration procedure was similar to that of the electromagnetic
cells, Special flash runs were taken with these amplifiers by-passed to
avoid saturation of the electromics.

In the case of the backtags the PM gains were adjusted so that the
muon peaks corresponded to a charge of 2 pC at the ADC inputs for all
cells.

As a final check of the high-voltage setting the calorimeter module
was connected to the high~voltage system described in Section 4.5 and
measurements with incdident electrons and muons were again performed for

each cell.
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5.4 - Calibration stability measurements.

The initial calibration of all 24 calorimeter modules in the 10 GeV
CERN PS beam was performed between the end of 1980 and March 1981. The
only calibration system implemented at that stage was the light flash
generator with the vacuum photodiodes as a light monitor. The first 20
calorimeter modules, complemented with the facility to make Co® source
current measurements and the addition of the J-counter as second light
monitor, were then assembled into the UAZ detector during Summer 1981.
The initial source current calibration of the electromagnetic calorimeters
could be made in November 1981 shortly before the first Ep running period
of the SPS Cellider.

The 4 remaining calorimeter modules were periodically recalibrated
at intervals of a few months in beams both at the CERN SPS and PS, using
all components of the calibration system. These measurements, obtained up
to now over a period of about two years, as well as systematic Co® source
current measurements and studies of the energy response in minimum-bias
pp events for all calorimeter modules are used to study in detail the
long-term stability of the calorimeter response and the ability of the
calibration system to correct for the observed changes in the energy
calibration.

A further check on the stability has been performed in December 1982
with the recalibration of 4 calorimeter modules which were dismounted
from the UA2 detector after the 1982 running period of the pp Collider.
These last measurements also provide information on possible radiation
damage during Collider operation.

The result of the recalibration measurements with the 8 modules is
that we have observed a decrease of the overall calorimeter response to
particles of a given energy. For each module the average drift in the
electromagnetic calorimeters for 10 GeV electrons in shown in Fig. 15a.
It amounts to —-6.7 * 0.37 per year on average. No significant difference
is seen between the modules which have been used in the UA2 detector
during pp Collider rums and the others. This observation excludes a large
contribution from radiation damage, in agreement with the results of Co®°
source current measurements performed before and after Bp runs. They

showed an additional drop of typically 27 per two-month running period.
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The distribution of the ratio Rem of the respomse to 10 GeV electrons in
the last recalibration to that in the initial beam calibration is shown
in Fig. 15b for all 160 PM channels contributing to Fig. 15a. The two
measurements are separated by about 2 years. The rms value of only 3.0%
indicates that the observed loss in sensitivity (Rem < 1) is affecting
all the channels in a similar way, with the exception of 4 of them for
which either a mechanical or an optical damage of the light guide has
been found to be responsible for wvery large drops of sensitivity

(Rem < 0.75).

The decrease of the electromagnetic calorimeter response has occurred
in a uniform way during the two years, as established by the periodic
calibration runs on the 4 modules not yet installed in the UA2 detector
as well as by several Co®® source current measurements on all the modules.

A similar result, albeit more pronounced and with larger channel to
channel and module to module fluctuations, is observed for the hadronic
calorimeters. Fig, 16 shows the average drop per module for both hadronic
compartments. The average drop in Rhad’ the ratio of the response for
10 GeV muons in the last calibration runs to that in the initial beam
calibration, is typically 10% per year, but with non-statistical module-
to-module differences (see below). The rms value for the distribution of
R a4 within a compartment of a module (20 channels) is typically 8%.

A direct measurement of the calibration stability for each calori-
meter module is also obtained from the average energy flow observed in
minimum-bias pp events. As an example , Fig. 17 displays the transverse
energy distribution ZET in the first hadronic compartments summed over
all eight non-edge cells of a given module. The energy f}ow method

min max
<
r < EET ET .

A calibration error § would change the measurement of EET to (1 + 6)ZET

consists of measuring the fraction p of events having E

and result in a value p different from pg, where p, corresponds to the

true ZET distribution, The relation between & and p/p, is a function of
min . max
ET R ET

range depends on the available statistiecs ; E

and of the shape of the true ZET distribution, The optimum E

min _ max _
T = (0,5 GeV and ET

1.5 GeV have been chosen for this analysis., The measurements from the

T

modules recalibrated in December 1982 in a beam of known energy have been
used to define the true 2E; distributions and the values of p;. The accu~-

racy of the energy flow method turns out to be limited by systematic



- 28 —

effects rather than by statistics. A relative comparison of two measure-
ments, one from the beginning of the 1983 pp run and the other one from
the end, is shown in Fig. 18. The systematic uncertainties on §, mainly
due to instabilities of the electronics (pedestals) and errors in the
selection of minimum-bias pp events, are estimated to be less than 2%
with module-to-module rms spreads of 1.5, 2.0 and 3.0% for the electro-
magnetic, first and second hadronic compartments, respectively. Within
these uncertainties the results from the energy flow measurements agree
with the drop of the calorimeter response observed with the modules
recalibrated in the beam.

There are many possible sources for the observed deterioration.
Electronics effects can be excluded to the level of < 0.3% by the charge
injection system (PPG, Section 4.4). The HV of the PMs has been controlled
by checking the HV dropping resistors and by adjusting the HV provided by
the bulk supplies to < 0.2 V. The PM gain variations due to the supply HV
changes are thus limited to < 0,2%. It is difficult to determine separa-
tely the time dependence of the various factors contributing to the over-
all calorimetex calibration : scintillator response and its light atte-
nuation, wave length shifter (BBQ) behaviour including absorption,
emission and light attenuation, losses in the light guides, PM photo-
cathode response and gain, and all the optical couplings between these
components. Two contributions have been evaluated, which however are not
sufficient to explain the whole effect. From the information collected
with the light flash system, where the light from flash box 1 probes
mainly the PM response (see Fig. 10), one can conclude that the XP 2012
PMs used for the electromagnetic claorimeters have been stable to within
+27 per year whereas the XP 2008 PMs used in the hadronic calorimeters
have shown a gain drift of -4,7 * 27 per year.

The light attenuation in the scintillator of the electromagnetic
compartments has been measured in a few cells by varying the impact point
of the beam particles over the fromt face (see following Section). The
measured decrease with time of the effective absorption length can only
account for a drop of 2 * 17 per year.

The acrylic scintillator for the hadronic compartments has been
supplied by two manufacturers (see Section 2.2). Different ageing preper—

ties have been observed : the response of the hadronic calorimeters
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containing scintillator (a) has been measured by the energy flow method
to drop on average 157 per year whereas modules equipped with scintilla-
tor (b) age at a slower rate (8% drop per year on average). The same
behaviour has been observed in beam recalibrations where module number 1
of Fig. 16 is equipped with scintillator (a) and the others with (b).

From the recalibration measurements one can evaluate the performance
of the different components of the calibration system, choose an optimal
procedure to correct for the drifts in the calorimeter response, and
determine its parameters. We note first that the vacuum photodiodes,
which are part of the light stability monitors, do not exhibit the desi-
red long-term stability. In fact drifts (or even sudden jumps in some
cases) as large as 107 per year have been observed in the ratios of the
signals from the three diodes which monitor the same flash light genera-
tor. The diodes are only used for relative normalizations over short
periods (within one flash run). The second light stability monitor, the
J-counter, with its own calibration through Co®’ and Sr® source current
measurements, shows an intrinsic instability of < 1% per year, However
its response to the different modules shows fluctuations around this
value which build up to a rms of 2.57 per year. The result is worse if
the layout of the fibers or their connections are changed., The correc—
tions using flash box 2, which sends the light to scintillator plates of
the electromagnetic compartment, overestimate the drop in the calorimeter
response by about a factor of two. This could be due to a deterioration
of the light coupling of the fibers to the scintillator. Even though the
results from flash box 2 cannot be used over long time periods they most
conveniently correct for short-term fluctuations in the electromagnetic
calorimeters. The systematic error from the use of flash box 2 over a
period of two months is < 1Z. The most satisfactory results in reprodu-
cing the calibration changes have been obtained with the Co®® source
current measurements in the electromagnetic compartments. This method
reproduces the energy measurements for 10 GeV electrons to better than 1%
per year with a channel-to-channel rms of 17, Finally, the information
from the energy flow method is of particular interest for the hadronic
compartments where no source current measurement is available.

We have therefore adopted the following procedure to correct for the

time evolution of the calibration.
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Tor the electromagnetic channels :

i) an average correction modulated by small adjustments from the energy
flow measurements is applied for the time interval between the ini-
tial beam calibration and the first Co® source current measurement ;

ii) Co® source current measurements are performed at least once before
and after each pp Collider period and their results are used to

follow the calibration evolution ;

e
=
[ aetd
p—s

between these measurements flash runs are made, typically once a day
during data taking periods, to correct for short-term fluctuations ;
the J-counters are used as relative flash light monitors ;

iv) samples of minimum-bias pp events are recorded during the entire PP
Collider periods and used to survey the calibration with the energy

flow method.

For the hadronic calorimeters we use for the absolute normalization
averaged over each module the results of the energy flow method. The
results of the flash light system (flash box 1) are taken into account to
correct for individual channel-to-channel fluctuations within each module
in a relative way,

The result of this correction procedure, covering a time interval of
about two years, is shown in Fig. 19 for the electromagnetic calorimeters
(before applying the energy flow corrections). Shown is the ratio Rz;rr
of the corrected response for 10 GeV electrons in the last recalibration
to that in the initial beam calibration. The average value per module is
displayed in Fig. 19a and the distribution for the individual channels is
given in Fig. 19b. One of the four modules used in test beams is excluded
here because its initial Co®® source current measurement was made much
later than for the others. We find in Fig. 19 2 mean value*<RZ;Fr>>—l =
~1.9 *+ 0.3% with a channel-to—channel rms spread of 2.2%Z.

The initial and the last recalibrations have been performed in diffe-
rent test beams. We have measured for both beams the absolute momentum
setting with a beam spectrometer using the same reference magnet with a

known bending power. The systematic uncertainty of Rz;rr

from the absolute
beam momentum is estimated to be *0,87. A further systematic error comes
from the average correction applied for the time interval between the ini-
tial beam calibration and the first Co®’ source current measurement. The
value used in Fig. 19 was obtained from measurements of three modules in a

beam during the first six months after the initial beam calibration. Their
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systematic uncertainty contributes *1.47%7 to Rem . Adding the two contri-

. . . . corr
butions in quadrature, we estimate the systematic error on Rem

at this
stage to be *1.67., Note however that due to the fact that all modules
exhibit a statistically consistent result (Fig. 19a) we can use the latest

recalibration measurements to set the normalization for the corrections from

the energy flow measurements. Including these corrections we obtain<:RZ;rr>
-1 = -0,3+1,0% with a rms channel-to-channel spread of 2.87. The systemr

atic uncertainty on the absolute calibration of the electromagnetic calo-—
rimeters is then reduced to less than *1.57 after two years of operation.

The results of the calibration corrections for the hadronic compart-—
ments are shown in Fig. 20 where Rﬁzzr is the ratio of the corrected res-—
ponse to 10 GeV muons in the last calibration to that in the initial cali-
bration. The mean value for both compartments is<<R§er?>-1 =15+ 1.1%
and the channel-to-channel rms spread is 8%. We use these recalibration
measurements and the results from the energy flow method as an estimate
of the systematic uncertainty on the absolute calibration of the hadromic
calorimeters. The systematic uncertainty is less than +3.5%.

A further check on the calibration has been obtained from the energy
deposition of non-interacting minimum ionizing particles produced in PP
collisions (Fig. 21). The most probable energy loss in each electromagne-
tic cell type has been determined to within *2.5%. After applying the
calibration corrections it agrees well with the values chosen in the
initial beam calibration.

The results from the calibration stability measurements can be sum—
marized as follows. After more than two years of operation the systematic
uncertainties in the absolute energy scale are less than #1.57 for the
electromagnetic and less than #3,57 for the hadronic calorimeters, with
channel-to-channel rms spreads of 3% and 87, respectively. The main uncer-
tainties of the calibration are due to the drifts which have occured
during the time between the initial calibration in the beam and the first
Co® source current measurements (electromagnetic compartments) and the
first energy flow measurements (hadronic compartments). The complete ca-
libration procedure, when applied after a full recalibration of all calo-
rimeter modules in a beam, would improve the above values to *17% (+27%)
for the absolute enmergy scale of the electromagnetic (hadronic) calorime-

ters with channel-to-channel rms spreads of 2% and 3%, respectively.
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6 - PERFORMANCE OF THE ELECTROMAGNETIC CALORIMETER

6.1 - Introduction.

A detailed knowledge of the behaviour of individual cells of the elec—
tromagnetic calorimeter is essential, if the performance criteria
discussed in Section 1 are to be achieved for the study of intermediate
vector bosons and jets.

As an example, the(gffective resolution for very high-energy elec—
trons is determined not by the intrimsic resolution o/E ~ 0.14/vE (E in
GeV), but by systematic effects such as :

1) an accurate knowledge of the dependence of light response on the
position and angle of track impact in a given cell,
11) a knowledge of the response linearity with respect to electron energy,

1ii) the reproducibility of response in different cells of the calorimeter.

As described in Section 2, the 240 cells of the electromagnetic
calorimeter are divided into 5 cell shapes. In each cell type, light is
collected from trapezoidal scintillator plates as shown in Fig. 22, The
angle o in Fig, 22 varies from 5.3° for the smallest cell to 0.7° for
the largest one ; this implies different light-collection properties
for each cell type.

The response with respect to beam impact position, beam incidence
angle and beam energy, has been studied at the CERN PS and SPS using
electron beams of momenta between 1 and 70 GeV/c (Ap/p"v21Z). In these
measurements, up to 5 examples of each cell type were used, to estimate
cell-to-cell variations of the calorimeter response,

In the following subsections, BBQS and BBQ£ are used to represent
the light collected by respectively the smaller and larger BBQ-doped
light-guides. As shown in Fig. 22, x (mm) and ¢ (degrees) are used to
define the position of beam impact at the front face of the calorimeter.
In all measurements, the beam configuration and data-collection electro-
nics were as described in Section 5.2, The signal given by the scintilla-
tor behind the tungsten converter was required to exceed 4 equivalent

minimum ionising particles to minimise the incident hadron background.
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6.2 - Dependence of light response and resolution on energy,

Measurements of the light response and of its resolution were made
in several examples of each cell type, using electrons passing through
the centre of each cell.

Figure 23 shows the deviation of the response from linearity. The
associated error-bars represent the rms spread of individual measurements,
for all cell types. The corrected energy

corr = 1024 E  /[1+0.01 Ln(E__ + 1)] (E in GeV)

can be measured to better than #17 on average.

Figure 24 shows the energy resolution for electrons passing through
the centre of each cell for different positions of the tungsten converter.
A resolution G/E ~ 0.14/vE (E in GeV) approximately describes these

measurements., The beam resolution (Ap/p v *1%) has not been unfolded.

6.3 - Impact dependence of the response to electrons.

The response of the electromagnetic calorimeter depends on the impact

position of electrons on the calorimeter, because of a number of factors :

1) As a result of the trapezoidal shape (Fig. 22) of scintillator

plates, more light is collected by the large light-guide than by the
smaller one. Light reflecting from non-parallel edges has its effec-
tive internal reflection angle changed by (+2 nq)o or (-2 noz)o for
respectively the large and small light guides (n being the number of
reflections from non-parallel edges). All non-absorbed light reflec-
ting from the scintillator edge of the small light guide will even-
tually enter the large light guide.

ii) As noted in Section 2,3, the attenuation length of the scintillator
has a strong wavelength dependence, As a result the light attenuation
curve (< Aeff > " 25 cm) is non-exponential, light of shorter wave-
lengths being absorbed closer to the point of electron impact.

1ii) Close to a cell edge, some shower energy escapes into adjacent cells
and along inter-cell gaps. By including the neighbouring cell energy
most energy is recoverable, but for impacts close to a cell edge

(% 5 mm) special corrections must be applied (see Section 6.6).
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In this Section, we describe the results from spatial scans of seve-
ral cells of each type using normal-incidence electrons.

In all spatial scans on different cells of the same type, measure-
ments were reproducible with an rms spread of < %1%. Nevertheless signi-
ficant variations of the uncorrected light response exist as a function
of the beam impact position in a cell. For example, Figs. 25a to 25c¢
show typical measurements in cell type 3 (intermediate size) ; the light
response 1is shown for the small light-guide (BBQS), the large light guide
(BBQ,), and BBQ , = fﬁQS—-BBQE.

Light response variations have been corrected in each cell type by
a parametrisation

BBQ (corrected) = BBQ(raw) ° exp [f(x, |¢|)]
where f(x, |¢|) is a polynomial of 3rd degree in x and of 2nd degree in
|#|. Polynomial coefficients have been evaluated in each cell type, for
each of BBQS and BBQK. The corrected energy response, for 10 GeV elec-
trons normally incident on cell type 3, is shown in Fig. 26. The rms
spread of corrected energy response is always < 1,77 for a given cell
type ; in only 2 cases is the spread > *1Z,

If a single particle enters the calorimeter cell, the variation of
light response allows an accurate measurement of the impact position
along a contour of constant R = BBQS/BBQE. If in additicn either ¢ or x
of the incoming particle is measured (in the case of the UAZ experiment
either by the central tracking detector, or by the preshower chamBer
following the tungsten converter), the impact point is accurately determi-
ned, and the‘response BBQsﬂ can be evaluated to better than v *x1%. The
rms spread of the evaluated impact position, with respect to that exter-—
nally measured, is shown in Fig. 27. If no external track measurement is
provided, the accuracy of energy measurement is limited to the variation
of BBQS£ along a contour of constant R.

In Fig. 28 the energy resolution is shown for the ¢ = 0 plane. The
resolution is unaffected by the beam impact position, except within v 5 mm
of the cell edge. The typical resolutiom, ¢/E = 0.16/vE, is larger than
the value previously quoted because energy leakage of the electromagnetic
shower into the hadron compartments has not been taken into account in

this Figure.
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6.4 - Longitudinal shower development.

The longitudinal shower development has been studied using‘electrons
of between 6 and 70 GeV, For 10 GeV electrons of normal incidence at the
cell centre, a typical distribution of energy deposited in the hadron
calorimeter is shown in Fig. 29. The tail of large energy deposition in
the hadron calorimeter results in part from a small 7™ beam contamination,
Relevant to calorimeter operation in the UA2 environment is the fractiom
of true electrons depositing less than a given emergy in the hadron calo-
rimeter. Results are shown in Fig. 30 ; at 70 GeVelectron energy, 957 of
all electromns deposit less than 117 of their energy in the hadron calori-
meter. At all electron energies, the deposition of energy in the second
hadron compartment is negligible.

For normal-incidence electron impacts of more than 10 mm from a cell
edge, the leakage of shower energy into the hadron calorimeter is little
changed from the above results, as shown in Fig. 31. The leakage remains
small for distances of more than 5 mm from the cell edge, and can be

parametrised.

6.5 - Lateral shower development,

Because of the small lateral extension of electromagnetic showers,
electrons of normal incidence at the centre of a cell lose less than 1.5%
of their energy into surrounding cells. However, from a measurement of
the energy deposited in adjacent cells when electrons enter the cell near
an edge, it is possible to estimate the mean lateral shower extension.
Figure 32 shows the fractional energy escape for 2 electron scans across
a cell interface :

i} a 10 GeV-electron scan, laterally (x) across the light guides,
ii) a 40 GeV-electron scan, vertically (¢) between two cells of the same
type.
In each case, a good agreement with the data is obtained from a parame-

trisation
1

£ =0.5(1.0 + e'E/Rl)“ + 0.5(1.0 + e_E/Rz)_l,
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where R, 2,11 + .08 mm,
Ry = 8.64 £ .24 mm,

and £ (mm) is measured with respect to the centre of the intercell

1]

gap.

This parametrisation can be used in actual pp operation of the UA2
experiment to compare the measured energy distribution in a cluster of
electromagnetic cells (see Section 8) with that expected from a single
electron or photon. From the knowledge of the track impact position in
the calorimeter we predict the energy fractioms deposited in the hit
cell and the surrounding ones and compare them with the actual measu—

rements by defining a quality factor :

q = /I [Ei (predicted) - Ei (measured)]z/z Ej (measured),

where i extends over all cells of the energy deposition with non-zero
measured or predicted energy, and j extends over those cells with measu—
red energy. Figure 33 shows a typical q distribution for normal incidence
electrons of 10 GeV. Figure 34 shows the value of q exceeded by 5% (10%)
of the 10 GeV electrons (the limits shown decrease slightly with increa-

sing electron energy).

6.6 — Light response near a cell interface.

To study the light response near a cell interface (a 4.6 mm gap
housing the light guides), a scan was made between cell types 3 and 4,
using a 2 x 2 mm® beam of normal incidence 10 GeV electrons. Electroma—
gnetic showers created near the gap deposit some energy in the gap, with
subsequent changes of light response, resolution, and energy leakage into
the hadron compartments. .

After applying the corrections of Section 6.3, and accepting events
having a light response within #3¢ of the peak response, Fig. 35a shows
the accepted event fraction {(no correction has been made for the effect
of the 2 mm beam size). The remaining events have a peak response and
resolution shown in Fig. 35b and 35c.

The increase of longitudinal energy leakage near the cell interface,
for all events, is shown in Fig. 31.

The separation between cells in the azimuthal direction is smaller

than that just discussed : it amounts to 2 mm, with the space filled
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by a pair of 0.5 mm steel plates. The effects on light response and lon-

gitudinal leakage are much smaller in this case.

6.7 - Light response for oblique incidence.

The data described so far concern normal incidence of the electrom
on a calorimeter cell, In the pp environment, however, tracks deviate
from normal incidence by typically 5 to 10° due to the finite length of
the collision region.

Data were collected using 10 GeV electrons with angles of incidence
simulating pp vertex offsets of *20, +50, %100 and £200 mm. The data were
analysed as for the previous Sections, except that x was corrected for
the incidence angle.

The corrected data of Fig. 36 show that the effect of intercell
gaps on the measured light response decreases rapidly with increasing
vertex offset ; for effective vertex positions of > *20 mm, the change
in light response is small, Similarly, the effect on the resolution of
light response and on the variation in longitudinal leakage is negligible,

In the same way that the lateral energy escape was predicted, and
compared with data (Section 6.5), the quantity q can be extended to take
account of oblique track incidence. As a function of the fraction R of
energy deposited in the highest energy cell we find

< g >n" 0.205 - 0.2 R, N 0,412 - 0.4 R,

9907

7 — PERFORMANCE OF THE HADRON CALORIMETER

7.1 - Introduction.

In the energy domain of the Ep Collider the hadron calorimeter
serves essentially two purposes : to contribute to electron identification
by discriminating against much more copious hadroms and to provide accu-
rate measurements of the energy and direction of hadron jets [6].

The second of these tasks imposes severe constraints on the energy
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response to single hadrons. Hadron jets consist of several collimated
hadrons, mostly neutral and charged pioms, with energies distributed

1. The UA2 detector cannot resolve individual jet

approximately like E~
fragments because this would require a segmentation of = 1 msr. As a
result, individual impact points, energies, and identities (r?, Wi,
etc...) of each jet fragment are not separately measured. To achieve a
good energy resolution it is therefore important that the response to
single hadrons be as little dependent as possible on these parameters. In
particular the linearity of the energy response should extend down to the
GeV range and effects related to the crossing of cell boundaries must be
kept as small as possible.

These considerations are also relevant to the sharpness of the
threshold of a trigger on total transverse energy.

¥

7.2 - Measurements with incident 7 's.

The response of the hadrom calorimeter to éingle pions was studied
in a series of measurements performed with momentum analysed (Ap/p = 17)
7~ beams at the PS and SPS. Beam momenta of 1, 2, 4, 6, 10, 20, 40 and
70 GeV/c were used. Most measurements were performed with three modules
arranged as a 45° azimuthal wedge of the actual calorimeter set—up. These
modules were installed on a remotely controlled support which could be
moved to let the beam impinge at any desired location of any cell of the
middle module and to vary its angle of incidence within limits correspon—
ding to the longitudinal extension of the pp collision region. The upper
and lower modules were used to collect lateral shower escapes. In part of
the high energy measurements an additional iron-scintillator calorimeter
located behind the three modules was used to estimate longitudinal shower
leakage.

The beam configuration and data collection electronics were the same
as described in Section 5.2. The signal given by the scintillator behind
the tungsten converter was required not to exceed 2 minimum ionising
particle equivalent in order to veto against a small residual electron

contamination.
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7.3 - Relative contributions of the three compartments.

In general a hadron shower of energy E deposits energies Ei in each
of the three calorimeter compartments, These individual energy depositions
are in proportions which undergo large fluctuations, The signals S; recor-
ded in the associated phototubes are related to Ei via relations
Ei = li(E) Si’ where the Ai(E) coefficients are averaged over different
shower configurations and locations within the impact cell. An energy
independent approximation to the Ai coefficients, ii’ can be obtained from
a measurement of the response to high energy muons (constant energy loss
along their path) and, for i = 1, from the response to electrons. These
approximations are however only indicative and the direct way to evaluate
Ai(E) is to vary them until the width of the distribution E = Ehi(E)Si is
minimum, This procedure allows the definition of the Ai(E) coefficients
up to a factor which is obtained by requiring that, on the average < E >
is equal to the incident beam energy. For example, in the energy range
1 <E < 10 GeV, it yields the following result :

(I) Xy/Xy = 1,27, Az/h2 = 1.01, As/X3 = 0.93
and, in the energy range 10 < E < 70 GeV,
(IX) A1/X; = 1.18, Ap/%, = 1.00, Ay/As

with typical uncertainties of the order of 1%.

1.06,

When dealing with hadron jets, since the detailed emergy sharing
among their fragments is unknown, one is forced to use energy-averaged
values of the A coefficients, with the result that their energy dependence
implies a deterioration of the resolution achieved. Similarly, the exact
7% content being unknown, the deviation from 1 of A;(E)/XA; contributes an
additional deterioration.

With these remarks in mind we adopt set (II) as a standard, energy
independent, set of A coefficients in the subsequent analysis and we
always define the measured energy as

neas = 1.18 A; S; + X, S, + 1.06 >\3 Ss,

where S, is the geometric mean in compartment i of the signals associated

with each of its two wave-shifting light guides.
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7.4 — Energy dependence of the response to T 's.

The data collected with incident m beams of 1 to 70 GeV/c have been

used to evaluate the ratio r between E
meas

function of energy, impact point, and angle of incidence. When performing

and E, for each event, as a

this evaluation the data were corrected for a small lateral escape
(always less than 2%) out of the 3-module test set-up — in the actual
Collider experiment this escape is collected in the adjacent modules -
but no correction was applied for longitudinal leakage beyond the second
hadreonic compartment,

No significant correlation between the dependences upon energy and
impact point has been observed. In all cases a Gaussian distribution was
found to give a fair description of the data (see Fig. 37), which allows
for a summary of the results in terms of two parameters : the mean value
of r, r, and its root mean square deviation from r, rms (r).

The dependences on energy of r and rms(r) are shown in Fig. 38a,b.
The increase of r in the 1 to 10 GeV range reflects the fact that the
adopted set of A coefficients is not the most appropriate in this energy
region. The effect of longitudinal leakage becomes significant at higher
energies. The measured resolution (Fig. 38b) improves towards higher
energies : rms(r)/r decreases from = 30% at 1 GeV to = 137 at 70 GeV.
This decrease is slower than the naive E_]i law which would result from
purely statistical fluctuations and is closer to a E_% law. Better reso—
lutions are obtained when the data are restricted to a single impact con-
figuration : for example rms(r)/r is only 11% for 70 GeV w 's impinging
normally on a cell centre. The values displayed in Fig. 38b include, in
addition to the intrinsic instrumental resolution, that resulting from
the adoption of a unique set of energy independent A coefficients and
from averaging over different configurations of impact point and inci-
dence angle. They are however the relevant figures of merit when dealing

with hadron jets.

7.5 — Impact dependence of the response to T 's.

The gross features of the dependence of T upon impact point are

illustrated in Fig. 39 for normal incidence 7 's. They include
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i) a modulation of = #3% amplitude depending upon the relative distan-—
ces of the impact point to the light guides of the impact cell,

ii) a modulation of = *57% amplitude depending upon the relative distan-
ces of the impact point to the steel walls separating the impact
calorimeter module from its neighbours,

iii) a dependence upon cell type resulting in a = 7% decrease when going

from central to edge cells.

Correlations between these effects are measured to be small and are
ignored : a good description (to within = *17) of the dependence of r
upon impact point is obtained with a parametrisation having the simple
formr = rg + ¥y X° + rs ¢2 + ry D? where x and ¢ were defined in Fig, 22
and D 1is the distance of the impact point to the symmetry plane
separating the two central cells of the calorimeter module (Fig. 39).

The dependence of the resolution upon impact is dominated by the
relative distances of the impact point to the wave shifting light guides
of the impact cell : it is optimum near cell centre and deteriorates near
cell edges. The associated modulation of rms{(r) has an energy dependent
amplitude with A { rms(xr) } / rms(r) increasing from = 6% at 10 GeV to
= +147 at 40 GeV,

Both r and rms(r) are observed to be very insensitive to the inci-
dence angle within the limits corresponding to the event vertex distri-
bution in pp collisions. In particular the effect on r does not exceed 1%.

Most of the features described above are of a global nature and
result from various effects such as light attenuation in the scintillator
plates, light collection efficiency, and shower absorption in the inter-
module walls, They do not however account for local discontinuities at
inter-cell boundaries. To study these effects, measurements were performed
with fine scans accross such boundaries.

Particles travelling through the = 8 mrad intercell gap where the
light guides are inserted do not usually undergo nuclear interactions.
But, while they give no signal in the light guides located at the other
side of the cell, they produce Cerenkov light in the guides which they
traverse : typically a relativistic m impinging in an intercell gap pro-
duces the same signal as a v 4 GeV 1 impinging on the cell centre., The
net result is an effective loss of acceptance which amounts to = 5% for

particles coming from the exact centre of the calorimeter. The effect
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washes out rapidly for off-centre vertices. For particles impinging in
the vicinity of the intercell gap the contribution of shower secondaries
travelling through the gap is negligible : neither T nor rms(r) are

significantly affected,

7.6 - Longitudinal shower development.

The 7 data are also useful to study the longitudinal and transverse
developments of hadron showers in the calorimeter. For the longitudinal
development studies we disregard hadrons which do not interact in the
calorimeter : in any case, they cannot be distinguished simply from a
small muon contamination in the incident beam (~ 13%7 at 1 GeV, =~ 3% at
10 GeV). From the energy measurements in each compartment, Ei = Ai Si’ we
define two independent parameters describing the longitudinal development
of the hadron shower :

X =E;/(E; + E2),
Y = E3/(Ey + E3).

Longitudinally compact showers initiated near the front of the calorimeter

]

1

feature large X and small Y values. Both X and Y span the range 0 to 1,

Distributions in X and Y as a function of incident energy are dis-
played in Fig. 40. While both parameters undergo large fluctuations, they
exhibit a clear emergy dependence which is consistent with the expected
increése of the longitudinal shower extension with energy. The data have
also been reduced to density tables in (X, Y) space at each energy, which
can be used at the Collider to assign to each energy cluster a measure of
the likelihood that it corresponds to a single charged hadron,

The behaviour of the X distribution in the vicinity of X = 1 is
relevant to the evaluation of the rejection power against hadrons when
searching for electrons. The probability for a 40 GeV 7~ to deposit more
than 907 of its energy in the electromagnetic compartment is 0.47.

The increase of Y with energy is associated with an increased leakage
beyond the second hadronic compartment. On the average we measure leakages
of 2% at 20 GeV, 5% at 40 GeV and 7% at 60 GeV, which contribute to the
curvature observed in the energy response curve towards higher energies
(see Fig. 38). We have investigated the possibility to correct for this

leakage'on an event-by-event basis by using the measured value of Y and/or
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the contribution of the last 3 scintillator plates as measured by the
backtag phototube of the impact cell (see Section 2). We find that this
procedure is not efficient at significantly improving the energy resolu-
tion. The reasons are that the leakage undergoes large fluctuations and
does not contribute a dominant fraction of the global energy resolution,
However the backtag signal can be used to eliminate leaking showers, for
which its pulse height exceeds a threshold, thereby improving energy
resolution at the expense of detection efficiency. For example, the reso-
lution achieved with 40 GeV 7 's is improved by 30% of its original value
for showers having a backtag pulse height not exceeding that of a minimum
ionising particle, but this selection retains only 60% of the original

shower sample.

7.7 — Transverse shower development.

Transverse shower development in the calorimeter is studied from the
dependence upon impact of the energy distribution among the cells invol-
ved. A convenient description of the transverse shower extension is pro-
vided by the fraction 1 - p(u) of the shower energy deposited beyond a
plane making an angle o with the trajectory of the incident hadron and
containing the calorimeter centre (see Fig. 41), Measured values of p(a)
are displayed in Fig, 41 for 10 GeV incident 7 's. A fair description of

the totality of the m data is obtained using a parametrisation of the

form p () ={1+exp (-o/a) }7! _
with o =o0p + 0y {1 - exp—{(a/a2)? } - 03 In(E/10 GeV).
Note that p(a) + p(-a) = 1 as it should be. Best fit wvalues are

oo = (L.37 + 0,08)° as = (7 = 1)°

a; = (1.6 = 0.2)° as = (0.2  0,04)°,

The data evidence a small but significant shrinking when energy increases :
for o = 20, o decreases fromn 2.0° at 1 GeV to v 1.1° at 70 Gev.

This parametrisation is useful at the Collider to evaluate the pro-
bability that the match between a track in the vertex detector and an
energy cluster in the calorimeter is consistent with the hypothesis that
they are both associated with the same charged hadron. For this purpose,
as was done earlier in the case of electrons, we define a quantity q

related to the difference between the observed and predicted energy
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sharing among the cluster cells, The distribution of q for 10 GeVv
T data is shown in Fig. 42. Its dependence upon energy is weak and

obeys the approximate relation < q > = 0,35 E®¥ (E in GeV).

7.8 — Response to hadron jets.

The relevance in the Collider experiment of the calorimeter response
to hadron jets was emphasized earlier, We now approach this question from
two different points of view : one is to infer the response to hadron
jets from the ™ data by using a simple model to simulate jet fragmenta~
tion ; the other is to analyse data collected at the SPS with a polyethy-
lene target inserted on the incident beam path to produce multi~hadron
jets impinging on the calorimeter.

The fragmentation model assumes, on the average, equal and uncorre-
lated m°, rt and T populations. The longitudinal fragmentation function
is chosen to be of the form D(z) = £E%Elz and the transverse momenta kiof
the fragments with respect tothe jet axis have a distribution of the form

dN L) 2 . =
EEEE « exp(~z ki/< ki >%)} with < ki > = 450 MeV/c.

The multihadron data are taken with incident 7 beams of 10, 20, 40
and 70 GeV/c. The target is a 10 cm thick polyethylene block (= 0.21
radiation lengths, =~ 0.13 absorption lengths) followed by a scintillator
from which we require a pulse height exceeding 2 equivalent minimum
ionising particles. It is located ~ 40 cm away from the calorimeter front
face, '

The response to hadron jets depends critically on their relative
content : the use of a unique, energy independent, set of )\ coefficient
result in an overestimate of the energy carried by 7°'s (for which
Ay = 1) and in an underestimate of that carried by soft s (for which
A1 = 1.27 in the 1 to 10 GeV region). Also 7%'s are measured with a
better energy resolution (typically 147 EH%) than 7 's. The values obtai-
ned for r and rms(r) from the two independent approaches are displayed in
Fig, 43 as a function of incident energy. These results indicate an
improved resolution (despite the deterioration expected from the adoption
of a unique set of ) coefficients) towards higher energies with respect
to single hadrons. This is due in part to the lesser contribution of lon-

gitudinal escapes in the case of hadron jets. Distributions of X and Y
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(Fig. 44) illustrate clearly their better containment.

Hadron jets are highly collimated and produce energy clusters exten-
ding over only a few calorimeter cells. In the Collider experiment the
exact directions of the jet axes are unknown and are approximately obtai-
ned from the evaluation of the centre of energy of the calorimeter cluster.
We find this approximation to be valid to within % 3° typically in the
energy range 20 to 70 GeV. This result, together with the results of
Fig. 43 on energy resolution, gives an estimate of the accuracy AM atta-
ched to the measurement of the invariant mass M of a typical two-jet

system. We find AM v 8 GeV/c? for M = 80 GeV/c?.
8 — PATTERN RECOGNITICN

Sections 6 and 7 discussed the calorimeter performance in a test
beam environment. However, its performance at the pp Collider is compli-
cated by event-by-event changes in the vertex position, and the fact that
in a multiparticle environment clusters of energy deposition may overlap.
In this Section we define the algorithm used to create clusters of energy
deposition ; having created clusters, the previously discussed tools of

a) the distribution of longitudinal and lateral energy depositions,

b) the differing light response of individual tubes in a calorimeter

cell,

can be used to distinguish between electrons, hadrons, and hadron jets.

Figures 45 and 46 show in 6-¢ plots the electromagnetic and hadronic
energy depositions in a typical 3-jet event [18] and, for the case of
electrons, in a z° event [19]. Initially, all neighbour cells having a
common edge and an energy Ecell > Eth are associated to form a cluster.
The cell energy of a single compartment, or a combination of compartments,
may be considered. If, within a cluster, more than one energy maximum
exists (separated by SE > GEval) the cluster is separated, individual
cells being associated to one or the other cluster. The created clusters
are superimposed on Figs. 45 and 46.

The associated cluster energy is defined from the individual cell
energies E. and a halo energy from neighbouring cells having energy

E <EL therefore not participating in the cluster, is added.

cell h ’
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The resultant clusters of energy have :

a) a cluster energy Ecluster = E Ei + Ehalo’

b) a direction and position defined by the event vertex, and the
(energy-weighted) average cluster position defined below,

¢) a cluster size in each of the § and ¢ directions,
[<82 >-<8>2 ]%

L
[<¢?>-<9¢>2]%

with <K >=75%. K, E, /I, E,, K. = 8. or ¢..
1 1 1 1 1

%

o]

Typically, an electron or photon cluster in the electromagnetic com
partment will extend over one or two calorimeter cells ; a hadron typi-
cally deposits significant energy in a cluster of 3 x 3 cells but with
small g and U¢ (that is, most of the energy is deposited in one or two
cells). However, a hadron jet will typically result in a cluster of about
10 cells. In addition to the high-energy clusters reconstructed in a
2-jet event, typically 3 clusters of energy E > 1.0 GeV are reconstructed
[18].

The values:afEth and Eval used depend on the type of physics ana-
lysis performed. For electron and photon identification, clusters are
evaluated in each compartment, and subsequently linked according to their
distance from a line defined by the reconstructed vertex and the electro-
= 0,5 GeV and 6Ev = 1.0 GeV,

th al
For the creation of clusters used in jet analyses, the energy of each

magnetic cluster. In these studies, E

compartment is added before creating clusters ; in this case, Eth =

0.4 GeV and GEval = 5.0 GeV. Because the energy of surrounding cells is
added as a halo to the cluster energy, results are relatively insensitive

to the wvalue of Eth chosen,
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Photomultiplier characteristics

Photomultiplier XP2008 Xp2012
used in hadronic electro~-
calorimeter type magnetic
Dark current

(gain 5 x 10°%, 20°¢) < 50 nA
Photocathode efficiency > 10%

(integrated over BBQ

emission spectrum)

(plus > 60% of the mean
efficiency of all PM)

Linearity deviations

(<Ia> =1 pA, gain 5 x 10°, < 2%
range 0 - 100 mA)

Stability

(maximum variation of gain < 27
during 12 hours, <I_> 5 uA)

Rate stability

(maximum variation of gain

when <Ia> changes from < 6%

0.5 yA to 5 pa)
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FIGURE CAPTIONS.

1.

The UA2 detector : schematic cross section in the vertical plane

containing the beam.

The central calorimeter of the UAZ detector on its support platform

in the underground assembly hall of the CERN pp Collider.

A photograph of the electromagnetic cell front faces during assembly

(thirteen out of twenty four modules are in position).

A schematic comparison between spherical (left hand side) and cylin-

drical (right hand side) geometries.

Basic steel structure of a hadron calorimeter module during assembly.
The converter plates of 5 out of 10 cells are assembled. The lower
1id is in position but the upper 1lid is not yet imstalled. The light
guide housing structures and the phototube support plates are visi-

ble in the back.

Perspective view of a calorimeter cell showing schematically the

mode of light collection.

Close-up photograph of the electromagnetic cells of a calorimeter
module, The wave-shifting light guides are not yet in positiom.
Calibration light fibers are prepared for connection to the scin-

tillator plates.

Photograph of a calorimeter module during assembly showing the light

guides and the phototube support plates.

Spectral responses of various light—collection equipments

a) emission spectrum of the scintillator plates used in the electro-
magnetic calorimeter,

b) emission spectrum of the scintillator plates used in the hadromic

calorimeter,



10.

11,

12,

13,

14,

15,

16.

17.
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¢) absorption spectrum of the wave-shifting light guides,

d) emission spectrum of the wave~shifting light guides,

e) transmission coefficient of the light guides bringing the wave-
shifted light to the phototubes,

f,g) photocathode responses of the phototubes used to collect the
light from the electromagnetic (f) and hadronic (g) compartments.

Examples of photomultiplier test results
a) a typical good test result,
b) an unsatisfactory test result showing failure of the stability

tests and two discrete gain changes.

a) Schematical layout of the calibration system (see text). Only one
calorimeter cell is showm.

b) Sketch of the implementation of the calibration system.
The electronics associated to a single electromagnetic cell.
Simplified block diagram of a ROLAND module.

Timing diagram of the W and Z triggers.

a) Average drift per module measured for the electromagnetic calori-
meters. The first four modules have been operated previously in
the UAZ detector (see text).

b) Distribution of Rem’ defined as the observed ratio of the response
to electrons in the last recalibration to that in the initial

calibration, for all channels contributing to (a).

Average drift per module measured for the hadronic calorimeter. The
values for the two compartments are shown separately.

Transverse energy E_ in the first hadronic compartments, summed

T
over all non-edge cells of a given module, from non-biased pp

collisions.



18.

19.

20.

21,

22,

23,

24«

25,
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Ratios of the emnergy correction factors foorr = 1 + § obtained by

the energy flow method for two different data samples (see text).

Results of the correction procedure for the electromagnetic calori-
meter. Module 5 has been excluded (see text).

corr
a) Average values of Rom

per module, defined as the ratio of the
corrected response to electrons in the last recalibration to
that in the initial calibration.

Tr

b) Distribution of RZ;? for all channels,

Results of the correction procedure for the hadronic calorimeter.
Average values of R;Zgr per module, defined as the ratio of the
corrected response to muons (hadrons) in the last recalibration to
that in the initial calibration. The results for the two compart—

ments are shown separately.

An example of the energy deposition for non-interacting particles in
the electromagnetic calorimeter (edge cells excluded). Data collec-

ted from pp interactions.

A typical cell (type 3) of the electromagnetic calorimeter. The
position (x mm, ¢ degree) is defined with respect to the cell centre
unless otherwise stated., BBQS, BBQz represent the respense of respec—
tively the small and large BBQ-doped light guides. BBQS£ = /ﬁﬁﬁ;_ﬁﬁaz

Deviation of the light response BBQS£ from linearity, as a function
of the incident electron energy E. (GeV). The superimposed curve is

@ (1.0 + 0,01 In [E_+ 1.0]).

The energy resolution as a function of the incident electron energy.
The open points show data where the tungsten converter is positioned
as for collider operation., Full points show data collected with the

tungsten converter 90 cm from the front of the calorimeter.

Response(before correction for attenuation) of 10 GeV/c electrons

normally incident on cell type 3 (intermediate cell size). Data are



26,

27.

28,

29.

30.

31.

3z,
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shown for a) BBQS b) BBQE c) BBQsﬁ' The data are normalised to
1.0 at the centre of the cell (see Fig. 22) ; the vertical bars in

each figure represent the cell edge.

The same data as that of Fig. 25, corrected for light collection

variations, Data are shown for a) BBQS b) BBQ£ c) BBQsK'

The resolution (rms in mm) of the evaluated track impact, as a func-
tion of the position in each of cell types 1 to 5, for electrons of
10 GeV/c and 40 GeV/c normally incident in the median plane of the
cells (¢ = 00). The variable z is measured along the calorimeter

front face with respect to the edge of cell type 1, in mm.

The value of the quantity o/vE, where o is the energy resolution, as
a function of the position in cell types 1 to 5, for electrons of

10 GeV/c and 40 GeV/c, in the median plane (¢ = 0°). The variable z
1s measured with respect to the edge of cell type 1. Shower leakage
into the hadron calorimeter has not been included in the evaluation

of the emnergy.

The distribution of longitudinal energy leakage into the hadron
calorimeter, for 10 GeV electrons of normal incidence at the centre

of cell type 3.

The fraction of events which (at a given incident electron energy)
deposit less than a fraction o of the electron shower energy in the

hadron calorimeter.

The mean longitudinal leakage, normalised to the centre-cell leakage,
as a function of position in the calorimeter cell, for normal-

incidence electrons in the median plane (¢ = 0%).

The fractional lateral energy containment in a calorimeter cell, as
a function of the track impact position in the cell, The variable
£ (mm) is defined with respect to the edge of the cell, The super—

imposed parametrisation is defined in the text.



33.

34,

35.

36.

37.

38.

39.

40,

41.
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Typical distribution of the quality factor q, defined in the text,
for 10 GeV normal incidence electrons with impact point 12 mm from

the cell edge.

907 and 95% containment limits, for the quality factor q. Data are

shown for 10 GeV normal incidence electrons in the median plane

(¢ = 0%).

a) Fraction of events with measured energy within *#30 of the peak
energy as a function of the distance of track impact from the
cell edge (10 GeV electrons in the median plane).

b) Light response BBQS£ for accepted events.

c) Resolution of response BBQsﬁ for accepted events.

Light respomse as a function of track impact position, for electrons
having an incident angle equivalent to 20, +50, +100 and *200 mm
vertex offsets Av at the pp Collider. Open circles correspond to

positive values of Av, full circles to negative ones.

A typical r-distribution. The curve is the best Gaussian fit through

the data,

The dependence on incident energy of (r - 1) and of rms(xr)/r (see
text). The curves are simple fits

- - =L
r -1 =A¢ + A1fn E + A Lr°E and rms(r)/xr < E *.

The dependence of r upon the coordinates of the impact point on the
calorimeter front face. The data are for 10 GeV ©w at p = 0% (black
circles) and ¢ = 6° (open circles). Error bars are not shown (their

sizes are illustrated by the point to point fluctuatioms).

Longitudinal shower development. X and Y distributions (see text)

are shown for different 7 energies.

Fraction of the shower energy contained within the space limited by
a plane making an angle o with the trajectory of the incident hadron

(see text).
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42. A typical q-distribution obtained for 10 GeV incident 7 s (see text),

43,

bb,

45.

46.

The dependence of r and rms(r) on energy for multihadron data {black
circles) and for Monte Carlo jets (crosses). The smooth line indicates

the behaviour of single pions.

The X and Y distributions obtained for 40 GeV Monte Carlo jets (black
circles). Error bars include the effects of reasonable changes in

the frag?entation parameters. The dotted line corresponds to a change
of the %: ratio from é'to %-and the dashed line from %—to %—.
smooth line is for 40 GeV single pions.

The

Energy deposition in each cell (8-¢ view) of the central calorimeter
for a 3-jet event. In each cell, the lower number represents the
electromagnetic energy and the upper number shows the hadronic
energy deposition. Also shown (darkened) are jet-clusters formed
for this event. A threshold energy Eth = 0.4 GeV is used for cluster

creation.

As Fig, 45, for a typical 7% » ete” event. Electromagnetic
clusters are shown as darkened outlines. Also shown in this figure
are the positions of reconstructed track impacts on the calorimeter
(+), indicative of good track-energy matching. A threshold energy

Eth = 0.5 GeV is used for cluster creation.
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