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SlTMMARY
0\ I t\ iew i~ presented of the major considerations for detec

tor" at . :,e sse. Particular emphasis is placed on the design of
a large 4 7r magnetic detector and on the feasibility of building
sur h a detector. The results of each of the Working Groups are
'-l1mmarized. It appears to be possible to build a detector that
incorporates nearly all of the desired features, but significant
R&D on detectors particularly in the area of electronics, will
be required.

INTRODUCTION
In discussing detectors and instrumentation for the SSC at

the 1986 Snowmass Workshop, one of the first questions which
arose was how one could best progress beyond the work accom
plished at the 1984 Snowmass summer study}, at workshops for
detectors at the LHC2, and at various intervening workshops
aimed at studying the physics capabilities of the SSC. During
these studies considerable progress has been made on outlining
the required characteristics of detectors: the desired thickness,
...egrnentation, and energy resolution of the calorimeters; the
humber of wires and cell size for tracking, as dictated by con
.,iderations of instantaneous rate and radiation damage; the
triggering rate and momentum resolution for muons; questions
of t,l"ct ron identification, etc. In addition, a certain amount
of hi dill!-torming has taken place concerning different types of
large 4r. detectors: for example, magnetic vs. non-magnetic,
detectors built with "conventional" technology vs. those which
n1lght be huilt with new technology, specialized detectors which
emphasize muon detection (generally at the risk of somewhat
inff'T'ior detection of electrons and jets) vs. detectors which
•1ft.• elt·signed \\ it h more or less equal priority assigned to the
,Ietl'ction of plect.rnDs, muons, and Jets of particles. Such con
'idt'ratlons 01 t he optimal conn'ptllal design for a detector are
tal frllJrl t>xhausted and could WE'll hdve been one of the primary
topics lor Snowmaso;; '86. It was decided instead to adopt, for
the pu rpose of this workshop, one of the commonly accepted
(on(ept.ual designs for a large 4 7r detector with solenoidal field
and to evaluate in some detail whether one could realistically
build such a detector. The motivations were twofold: first,
very little consideration has been given in previous studies to
the question of whether it is feasible to realistically build such a
cletf'ctor. Second, it was felt· that a more detailed consideration
of 'ill( h d detector might sharpen one's perception of the various
R&D topics which must be pursued particularly aggressively.

The discussion below presents first the overview of the de
t.'rlor considered, and then discusses in greater detail each of
t'tt> su hsystems. In addition to presenting the design consid
Ned, with some discussion as to why it was chosen, consid
,. rable emphasis is placed on progress sincE' the Snowmass '84
\\ nrksholJ and on those R&D topics which geemed to thE' par
ticipa:lt~ t.o bf' of p.lrtic,Jlar iIJlllortall<:t'. \eedlf'ss to "-ay. the
list of tOpl("S I~ not lornI'll'tt· nor has any significant effort bt'.'n
madt, to rank them in OTdt'f of importance.

CONCEPTUAL DESIGN
T he design goals for a large 47r detector, chosen on the basis

t hat the detector should allow one to effectively address a wide
range of the physics processes of greatest interest. include:

,.. hermetic calorimeter coverage over the rapidity range of
at least Iyl < 5.5 in order to permit accurate measurement
of missing transverse energy.

* measurement capability of jet energies up to the multi
TeV range with good energy resolution.

* optimized efficiency for multi-jet detection and mass re
construction of particles decaying into jets or jets and
leptons.

* detection of muons over the rapidity range Iyl < .) with
the ability to determine, al least crudely, muon momenta
at the trigger level over much of the same rapidity interval

:I" optimal detection and identification of electrons via calorimo
try in conjunction with tracking or other devices

t momentum measurement capability for charged tracks in
the central rapidity interval Iyl < 2, i.e. a magnetic de
tector

:I" precision secondary vertex detection in at least the central
rapidity interval for flavor tagging and the detection of
relatively long-lived states

~ some sensitivity to exotic new particles beyond a missing
energy signature

.. capability of operation at the SSC design luminositr (1(\;\;1

cm- 2sec- l ) and at lower luminosities if desirable.

Conceptual designs of detectors to meet these goals h<iH'

been put forth, among other places, in the Snowmass 84 work
shopl and in the DCMAP reportof

• The 47r Group at this work·
o;hop examined the two designs discussed in the latter rerN'
ence and concluded that they were representative of the gen
eral problems posed by a 47r magnetic detector; they therefore
decided to examine these designs critically with regard to over
all feaSibility, servicability, and systems level performance. No
real attempt was made to determine a new or "better" design.

Each of the two designs. schematically shown in Figures 1
and 2, utilize the following features:

I. uranium liquid-argon (or lead liquid-argon) calorimetry
for tIlt' first 5-6 ahsorpt.ion lengths (the precision calorimt,>
ter)

Figure 1a
A ~Ian \ iew of Detector B arranged along the beamline with

all elements positioned for data taking.
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Figure 1b
An end view of the central region of Detector B showing space

allocation of the various systems as a function of radius.

Figure 2
A plan view of Detector A arranged along the beamline with

all elements in position for data taking.

2 .... ()Jl\/:nt ional" drift chamh.'rs or proportional drift tube~

for tl'>o rentral tracking

3. superconducting solenoid to provide the magnetic field in
the central region

4. a return yoke instrumented with wire chambers with pad
readout to provide an additional 6 absorption lengths of
lower precision "tail catcher" calorimetry

5. a massive, magnetized iron muon detection and measure
ment system

The solenoidal field orientation was chosen primarily be
cause it provides more uniform coverage in the central region
(where the highest mass events are preferentially produced)
and because it provides the simplest triggers on transverse mo
mentum. However, a more detailed comparison of the relative
merits of solenoid and dipole fields is certainly warranted. The
pnmary difference between the two designs conside.red here l~ef'

in the choice of whether the precision calorimeter IS placed m
side or outside, the magnet coil.

Since various other working; groups addressed the calorime
r.ery, tracking, etc in detail. the t 1r group concentrated on un;
derstanding design IJrohl.·IlIS at t hE' level of t he overall detector.
These include ~'Il"'Hing I hat t' various detector components
til together. that they (dll be mO\,ed in such a way as to allow
pt~riodi( access to each system, and that it is possible to route
'he cable!" out of the detector Realistic estimates were made
\11 the "pace required for cryostats, cables, etc.

Of particular concern was the impact of the cryostats and
cable plant on the hermeticity of the calorimeter. Figure 3 illus
trates the region of nonuniform response that can be expected
due to coil and cryostats for the geometry in which the bulk of
the calorimeter is outside the magnetic field. For the case of
the precision calorimeter inside the magnetic field a somewhat
radical approach was considered, that of dividing the calorime
ter, and the solenoid, in the center (figure 4). The molival ion
was that a nonuniform region of fixed size subtends a .,maller
region of rapidity if it is placed at YO degrees than if it is placed
near 30 degrees. Some attempt has been made to stagger t hl
calorimeters so that complete coverage is maintained. It i~

not known whether the resulting configurations are sufficientl~

hermetic and implementing studies to answer to this question
should be a high priority.

Cmlral Hadron C.te'
..... ""'. ReturII

Figure 3
A crack at the ends of the coil for Detector B. The lines show

the region of degraded calorimetry.

CALORIMETRY
The conceptual design of the calorimetry follows in a fairly

straightforward way from the requirement that one he able to
detect efficiently, and with as high a rejection of backgrounds a~

is possible, elec.trons, neutrinos (and other weakly int.eract ing
particles), quarks and gJuons. W's and Z·.... Ont' of th.· 11I0:-.1

d1aJIcJlging goals for th-; calorimp.tr~ is that one be able to
idf"nt iff the rr -..... qq and Z ~ qq decay modes.

Thickness The overall thickness of the calorimeter is set
hoth by the desire to obtain rather good energy resolution (of
ordN a few percent) for jets in the several TeV range and by
the requirement of optimal missing E t resolution. Extrapo
lation of existing measurements indicate that to contain 98%
of the energy of a 1 TeV hadron requires a calorimeter thick
ness of 12 absorption lengths. It should be noted however that
measurements by different groups of the thickness required for
containment of 98 or 99% of the energy of a hadron shower are
not in very good agreement with one another5 • Better measure
ments will be required before the thickness can be optimized.
111 the meantime, a thickness of 11-12 oX at 90° and 13-14 A in
t.he forward direction is typically assumed.

As far as the thickness of the electromagnetic calorimeter is
concerned, Monte Carlo studies6 for the 1984 Workshop indi
cated that f'ven for an electron of 1 TeV, 26 radiation lengths
will cOIltain q~~ ofthe energy: the thickness of the electromag
netic port.iqn of t.hf' l alorimeter was therefore taken to be 25
Xo
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Figure 4
A crack for Detector A at 90°, z = 0, showing a smaller region

of degraded calorimetry.

Segmentation The transverse segmentation of the elec
tromagnetic calorimeter is determined both by the necessity
for optimal identification of electrons and by the goal of de
tecting W --+ qq. Fine segmentation for electron identification
is required to reject backgrounds from single hadrons and from
single hadrons coincident with photons, and to enable reason
able efficiency for identifying an isolated shower in the high
multiplicity environment. While it will be very difficult, if not
impossible, to identify electrons arbitrarily close to a J.et axis a

7 . 'study In the 1984 Workshop concluded that top quarks with a
transverse momentum of 500 Gev/ c could be identified vi.a their
semileptonic decays with an efficiency of 80% if the segmenta
tion of the EM calorimeter was :::::: 0.02 x 0.02; the efficiency
deteriorated significantly for coarser segmentations. Studies
of W ---+ qq decays indicated that a similar segmentation was
required if the optimal effecl ive mass resolution were to be ob
tained; good effective mass re~olution for these decays is essen-
tial if one is to discrinlmate effectively against background from
ordinary processes8 . This segmentation corresponds to tower
sizes of order 5cm '>. ")r.m in the central region, the largest size
cOllJpatible Wit 11 a determination of the shower position to an
accuracy of order 2-3 mm. Given these facts, and bearing in
mind the desire to keep the number of electronics channels from
growing too large, the EM segmentation was assumed to be of
order 0.02 x 0.02 in the central region and of order 0.03 x 0.03
in the more forward regions of rapidity.

Each EM tower was assumed to be subdivided longitudi
nally into three sections; a smaller number would probably
compromise the electron/pion discrimination given the very
Iarge range of electron energies of interest (:=:: 30 GeV to 2-3

TC'V) dnd ,ht: wncom:taut change in the shower length. The
possibility of reading out the middle longitudinal section with

... t.rips rather than pads. in order to improve the position n'so[u

tion was discussed. While no quantitative study was performed,
It was the opinion of the Electron group (based on studies for
the DO detector) that finer segmentation should be in the form
of smaller towers (perhaps in only one of the longitudinal sec
tions) rather than strips.9 An optimization of the segmentation,
both longitudinal and transverse, for electron/pion discrimina
tion will probably require additional studies in a test beam.

The segmentation of the hadronic calorimeter in rapidity
and 4> was assumed to be 0.06 x 0.06. This corresponds to
tower sizes somewhat larger than the shower size in the central
region but very much smaller than the typical spread of the jet.
No convincing argument was made to go to finer sizes, and the
consensus was that this size would probably be adequate.

Calorimeter Composition If the thickness and segmenta
tion of the calorimeter seem relatively straightforward, its com
position is considerably more problematic. Almost all combina
tions of absorber (Uranium, lead, iron) and sampling technique
(scintillator, gas, liquid argon, warm liquid) were considered.
The basic criteria were that the chosen technology must sup
port the desired segmentation, must survive the high counting
rates and radiation level, and should provide sufficient energy
resolution to enable the detection of n° ---+ WW where one of
the W's decays semileptonically and one decays to qq. Several
estimates indicate that the energy resolution of calorimeters
constructed with iron or copper absorber would be of order 9
11% for 400 Gev jets due to the fact that the electron/pion
response is 1.4-1.6 for low energy particles10. By contrast, Ura
nium and lead calorimf'ters were estimated to have a resolution
of order 2-4% under the same conditions.

Scintillators that are relatively radiation hard should in
principle, survive the radiation from interactions in t he cen~ral
region However, in spite of some assurances from the accelera
tor physicists that radiation from beam loss would be negligible
com~ared '0 that from interactions, the experience at the SppS
convmced most participants that scintillator was a very risky
bet. In addition. it is awkward to realize the desired transverse
and longitudinal segmentation. Hence, scintillator was not con
~idered very seriously though one could not completely exclude
It for the central hadron calorimeter.

Calorimeters which employ sampling with wire chambers or
prop?rtional tubes, which we will often refer to simply as gas
calOrimetry, does enable fine segmentation in both the trans
verse and longitudinal directions in a simple and straightfor
ward way (by means of pad readout). In addition, it is rel
atively easy to construct and reasonably inexpensive. Cracks
or dead spaces in the calorimetry occupy a rather small frac
tion of the volume, though they certainly exist. DisaJvantages
of gas calorimetry include the fact that it is less dense and It

yidds poorH energy resolution. The gaps between the absorber
plates are typically of order 1 em, though at least one electro
magnetic calorimeter has been constructed with gaps as small
as 5 mm ll . The energy resolution is typically 1.5 - 2 times
worse for electromagnetic showers and 1.1 - 1.2 times worse
for hadronic showers. Of greatest concern, however, are the
facts that (1) it is difficult to maintain the mechanical toler
ances required for the response to be uniform to 1-2% over the
entire calorimeter, (2) the gain will vary with changes in the
temp.erature a~d press~re, and (3) it is highly unlikely that gas
calonmeters WIll sustam the instantaneous rate and radiation
levels in the forward direction. It is possible that each of these
concerns can be overcome and dealt with in a satisfactory man
ner, but at the moment the challenges seem sufficiently difficult
that gas calorimetry does not seem a likely candidate for the
complete calorimeter system.
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4. Calorimeter Parameters

Table 1
Summary of parameters for the calorimeter.

Construction The construction of the precision calorime
ter was assumed to be similar to liquid argon calorimeters cur
rently being built (NA34, DO, SLD);13-15 the plate th~ck~ess

is set primarily by a compromise between energy resol~tlon,

density, and mechanical simplicity. The absorber plate.s In the
electromagnetic section 'were assumed to be 2 mm uranIUm (al
tf" natel\" 2 mm Ipad) while those in the hadronic section were
tilkUl t~ be 6 mm uranium lalternately 12 mm lead). This
yields approximately 40 plates for the electromagnetic and 90
p I.. res for t hf> hadronic. The readout is via pads on a 1.6 mm
G-lO board in the center of the gap with 2 mm liquid argon on
pach side. These specifics were important primarily in evalu
ating the capacitance of each readout channel and the overall
thickness of the calorimeter.

[f the absorber were chosen to be lead, It is possible that
the absorber itself could divided into "tiles" chosen to have
transverse dimensions which just correspond to the desired seg
mentation in rapidity and 4>15. In this case the G-lO board is
not necessary and the gap can be thinner. It was noted that

In comparison with scintillator and gas sampling, the use of
liquid argon has a long list of advantages. The uniformity of re
sponse, both as a function of position and as a function of time,
is excellent. The goal of a systematic error of 1%should be able
to be obtained with a modest amount of effort. There is also no
fundamental problem with achieving the degree of segmenta
tion required (but see the discussion of electronics below). Use
of lead or uranium as an absorber yields a ratio of electron to
pion response of order 1.2 ± 0.1 with the corresponding good
energy resolution, typically 12-15%/JE for electrons and 45 
55%/VE for hadrons. Thus at t~e present time, a leading can
didate for the calorimeter system is liquid argon sampling with
lead or uranium plates. The potential problems with hermetic
ity due to cryostats are of course non-trivial as was discussed
above.

Since liquid argon calorimeters are very expensive, and also
because of the difficulties of large cryogenic systems, it is cleary
advantageous to restrict their size to the smallest value con
sistent with obtaining the performance required. The disad
vantages of gas calorimetry that argue against its use as the
primary system, are not as significant if it is employed as a
"catcher" system. Thus it was assumed that the first six ab
sorption lengths (including the electromagnetic section) would
be composed of a "precision" calorimeter using liquid argon
with uranium or lead absorber plates, and that the last six
absorption lengths would be composed of a cruder calorime
ter employing iron plates (5 - 10 em in thickness) with gas
sampling. The overall characteristics12 of the calorimeter are
summarized in Table 1.

Electronics

A question of crucial importance is whether the response
of the calorimeter is sufficiently fast to avoid serious problems
with pileup, both at the trigger level and in the offline analysis.
This question was therefore addressed in considerable detail.
Sc intillator calorimeters clearly excel in this regard since the use
of last scintillators and the proper choice of wave shifters allow
a response time of the order of several tens of nsec. However,
as we have already seen, their use is apt to be precluded by the
problems with segmentation and radiation hardness.

At first glance liquid argon would seem to be a poor choice
since the drift Vf~locity is 200 nsee per mm for pure argon and
100 nsee for argon mixed with 0.5% methane (larger additions
of methane begin to degrade the charge collection efficiency).
In fact, the problem of response time is nearly identical for
all ionization calorimeters whether they employ liquid argon,
gas sampling, or warm liquids such as TMP or TMS. (Silicon
sampling is an exception however; it is much faster). This is
so not only because the drift time is significant in each case,
but also because one of the fundamental limitations is the time
requ ired to transfer the charge from the detector to the charge
preamplifier.

For the simplest configuration, that in which connections
are neglected, the response time of the system is simply the
capacitance of the detector times the input impedance of the
preamplifer. In real systems, however, the capacitance and in
ductance of the connections can not be neglected. An analysis
of the uptimization of the entire system, detector, cables, and
preamplifer, indicates that the best risetime that can be ob
I ained (without substantially compromising the signal-to-noise)
will be of order t,. ~ 40n.'lec .~. I where I is the length of the ca
bles In meter~l(. Henct!. the only way to obtain a fast risetime

is to utilize short connections. This strongly suggests plaCIng
the preamplifier within the calorimeter, perhaps in the liquid
argon. Such a scheme is being utilized for the NA34 experi
ment at CERN.13 Alternatively, one may bring the cables di
rectly through the walls of the cryostat, thus result ing in cable
lengths of order 1 - 2 m. A significant complication results if
the calorimeter is to be located within the magnetic field since
it is desirable for reasons of signal to noise to use transformPfs
to match the source capacitance to the input capacitance of the
preamplifier. For the electromagnetic towers, with C$ :::::: 5.4nF,
this transformer matching may be ignored with modest (30 
40%) increase in the noise level, but for the hadronic towers,
with C $ ~ 60nF, the degradation is far worse. It has also been
pointed out that transformers provide excellent protection for
the preamplifier in the event of H. V. breakdown, an eventu
ality which must be allowed for. If the preamplifiers were to
be located directly in the liquid, reliable protection would be
essential.

Realistic configurations of source capacitance, cables, and
preamplifier were considered for both the Model A and Model
B detectors; since the former, in which the calorimeter is placed
in the magnetic field, is more problematic, we discuss it in some
df'tail.

For the electromagnetic calorimeter, one may achieve a fast
response by bringing the cables directly through the cryostat
and locating the preamplifiers on the inside wall of the calorime-

this gain approximately compensates for the added thickness
of lead required; hence the total thickness of a lead calorimeter
with tiles is approximately the same as that of uranium with
printed circuit board readout.

t 3J

t 1
± ,
t 1

t .01

t 1),

t 1),

t 2>'

-1), t 5X o

3
2

25 xo •
5A
6A
6A
12A

.03 x .03

.06 x .06

.06 x .06

Electromagnetic thickness
Precision Hadronic
Total Precislon EM + Hadr.
Hadronlc tall catcher
Total
Transverse Segmentation

EM ~y x U
Hadronlc 6y x 6.
Tall Catcher 6y x 6.

Longtl tudlonal Segmentation
EM
Hadronlc
Tall Catcher 2

Electromagnetic Energy Resolution
olE • - 12J/IE
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tf>l. In thl::' way cable lengths of 1-2 m may be achieved. Since
I. hen' exist 170,000 channels for,., < 2.5 this would result in an
f>(Jormous number of feedthroughs with a correspondingly large
twat loss and possible decrease in the integrity of the cryostat.

It ,\ a~ therefore suggested that the readout be divided into fast
trigger towers, of segmentation li.T] x li.</> ~ 0.06 x 0.06 and 1
longitudinal segment, and 170,000 slow readout towers with the
Ii TIN sf>gmentation 0.02 x 0.02 - 0.03 x 0.03 and three longitudi
nal segments. The slow readout channels would be brought out
through various gas ports located along the top of the vessel
resulting in a cable length of ~ 12 m.

For the hadronic calorimeter, it was assumed that trans
former matching would be employed and the requirement that
the preamplifiers be located outside the magnetic field results
in a maximum cable length of ~ 6 m (again assuming that one
penetrates directly through the cryostat). For the purpose of
the study of electronic noise and pileup, it was assumed that
tht're was only 1 longitudinal segment in the precision calorime
ter thus resulting in 8700 such channels.

In spite of the 200 - 400 nsec drift time and the minimum
rise time dictated by the cable length, the use of fast pulse
shaping (qualitatively, differentiation) can result in the forma
t Ion of a rather fast signal (with a corresponding loss in the
charge sampled). Needless to say, there is also a correspond
ing increase in the equivalent noise charge (ENC). The optimal
"ihaping time will be determined by a balance between the ENC,
\\ tllch increases as the shaping time is decreased, and the effec
tive RMS noise due to pileup, which decreases as the shaping
time is decreased.

The expected electronic noise for the three types of readout,
fast electromagnetic, slow electromagnetic, and (fast) hadronic,
was evaluated with reasonable care both from an absolute point
of view and by scaling the measured results of NA34; the details
are presented in the Electronics Group report17 and the results
are summarized in Table 2.

Quantity Symbol EM Slow EM Fast Hadronic

Pad Capacitance Cpad 0.25 nF 2.8 nF 51 nF
Stripline Capacitance C.irip 0.28 nF 0.8 nF
Cable Capacitance CC3ble 0.90 nF 1.8 nF 9 nF
Total Capacitance Csource 1.4 nF 5.4 nF 60 nF

Risetime t r 325 nsec 65 nsec 365 nsec
Measurement or
Peaking time tm 400 nsec 100 nsee 500 nsee
Equivalent Noise Charge ENC 4800 e 25000 e 30000 e
Equivalent Noise Energy ENE 15 MeV 65 MeV 120 MeV
uranium Noise Energy U ur 5 MeV 7 MeV 170 MeV
Event Pileup Noise 115 MeV 120 MeV 113 MeV
Time Resolution 4 nsee 2 nsee 8 nsee
(E = 5 GeV)

Table 2
Summary of Capacitance, Equivalent Noise Charge,

Equivalent Noise Energy, Risetime, Event Pileup, and Time
Resolution for the Calorimeter System.

The effects of event pileup are of fundamental importance
and considerable effort was dedicated to its evaluation. Ya
mashita and Kondo17a calculated the RMS noise using events
generated by ISAJET and assuming bipolar shaping. They in
chided energy sharing, both transverse and longitudinal, among
thE' t.owers. Alverson and Huston performed a similar calcula
tion, which did not attempt to evaluate energy sharing, but

which did verify explicitly the scaling of the noise with time
and size of the tower. The estimated noise, scaled to the same
parameters as were assumed for the electronic noise, is pre
sented in Table 2.17

Missing Et

T he discovery of a number of new phenomena may rely
heavily on the detection of missing neutrinos, or other weakly
inlera~ting particles, as evidenced by the observation of a large

missing transverse momentum. The Calorimeter and Jets and
~lissing Et groups made significant progress in studying a va~

riel\ of effects which can simulate missing momentum.
A fundamental background is of course the extent to which

known physical processes produce neutrinos. The level of neu
trino production in jets, as characterized both by the mean
multiplicity of neutrinos and the fraction of the initial parton
momentum taken off by neutrinos, was studied by Iwasaki18

.

Results on the latter are presented in Figure 5 for light quarks,
c, b, and t, quarks, and gluons with an inital momentum of 1
TeV. It is apparent that events with a t quark of large trans
verse momentum will often have a significant missing Pt. While
this signature will be useful in tagging such events, it may also
be a background to other, more exotic new processes.

It has been known for some time that events in which jets
exit the detector through the beam pipe can yield a large miss
ing momentum. The study performed at this workshop 111. using
the latest version of Isajet in which initial gluon radiation is in
cluded. indicated that this effect is substantially worse than had
been previously thought. The results are presented in Figure
6. The apparent missing Pt due to this effect will dominate the
rate of events with real missing neutrinos for Pt up to nearly
100 GeV even if the calorimeter coverage extends to angjf>s as
small as 0.5 degrees. Fortunately given a distance of the for
ward calorimeter of 17 m from the crossing point, it should
be possible to tag the existence of large amounts of energy at
angles significantly less than 0.5 degrees, even if that energy
cannot be precisely measured due to inadequate containment
in the calorimeter.

The effects of multiple event pileup on missing Pt were also
investigated. Figure 7 illustrates the distribution of missing Pt
in the absence of any pileup, and with pileup for the case of
bipolar shaping of duration 400nsec, as calculated by Alverson
and Huson19

• The pileup effects can be reduced by cuts on the
sign and magnitude of the energy distributions in each tower.

It is quite possible that each of the above effects-loss of
energy through the beam pipe and noise from pileup-will be
small compared to the effects of cracks and dead spaces if the
calorimeter is not properly designed. The large regions of non
uniform response implied by Figures 3 and 4 are rather discon
certing and it is important that detailed studies be performed to
determine whether they present a serious problem or not. The
use of warm ionization calorimeters, even if only for the elec
tromagnetic section, would greatly alleviate the problem and
the development of such calorimeters, such as is being carried
out by UAI, is extremely important.

TRACKING

The tracking group reaffirmed once more the importance
of quality tracking in order to accomplish the physics goals20 •

Thf> specific motivations include:

1. Identification of electrons
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Design Considerations Given the choice of a solenoidal

6. Improvement of missing Et resolution by identification of
high Pt tracks pointed to cracks or areas of poor resolution
in the calorimeter.

5. Identification of T particles
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4. Identification and measurement of secondary vertices

7. improvement of e / 11" separation by comparison of momen
tum of track with energy observed in calorimeter.

8. Determination of the sign of electron

Figure 6 .
Missing Pt (Isajet 5.22) requiring 30 < Pt < 100 GeV: sohd

squares below 20 , solid diamo~ds belo~ ~
0

and open squ:res
below 0.50 • The solid line 1S the mlssmg Pt below 1:5 .

calculated at Snowmass '84 (Isajet 4.0). The. dashed hne 1S

missing Pt contribution from neutrmos.

Conventional Wire Chambers

It should he noted that (4) - (8) require the presence of
a magnetic field: for these reasons, and also on the general
grounds that one should have the maximum capability to iden
tify the unexpected, the consensus was that it is desirable to
have a magnetiC field. A solenoidal field geometry was studied,
primarily because this geometry has been chosen by the bulk
of colliding beam experiments, and because of the extreme Im
portance of simple triggers. The relative merits of a dipole field
versus a solenoid is certainly a topic worthy of further study.
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3. Matching of important signatures, such as electrons, muons,
and high Pt jets with a particular vertex.

2. Determination of whether there exists more than one in
teraction during a single crossing.

o 0.2. 0.4- D.' fJ.C2- I. 0

X=: ~ (lJ'$)/ Pt." (fA.Vf"1f'M )

Figure 5
Distributions of the fraction, X, of the initial parton

transverse momentum (1 TeV) that is carried off by neutrinos
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geometry, the bulk of the tracking detector in the central region
will employ axial wires, and the primar)' design questions are
(1) what is the optimal electrode configuration, (2) what is the
best means of supporting the wires mechanically, and (3) what
technique can one use to obtain the z coordinate. At angles
less than 15- 30°, one might well choose non-axial wires; this
type of track detector was not discussed in detail, though its
existence is illustrated in Figure 8.
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Figure 8
Schematic layout of track chambers in the central region

(Iyl < 2).

The electrode geometry and scale (cell size and total number
of wires) are dictated by the simultaneous requirements set by
considerations of radiation damage, rate limitations, and occu
pancy. The first must be satisfied if the chamber is to continue
working for at least several years, the second by the require
mellt that the electric field not be distorted to the extent that
drift times are incorrectly measured, and the third by the goal
that track reconstruction efficiency be sufficient to accomplish
the physics goals.

The onset of radiation damage in a chamber, the result
of which is generally decreased gain and instability against H.
V. breakdown, is usually parametrized in terms of the total
collected charge per em of wire length. In very clean labora
tory environments, chambers have been operated, with little
evidence of degradation, after charge collections in excess of 1
C / cm21

• However, large chamber systems used in actual ex
periments often begin to deteriorate after charge collections 10
- 100 times less. For the purpose of designing for the sse, it
seems reasonable to assume that one will benefit from a bet
ter understanding of which gases to use and what impurities
to particularly avoid; at the same time. some conservatism is
caned for in a very large and expensive system. We assume a
goal of < 0.1 Cfem. Assuming an ionization of 100 electrons
per rm, 108 interactions per second, and a gas gain of 2 x 104 ,

a cell of 5 mm fll11 width (and 1:1 aspect ratio) at r = 25 em
will il('C'umulat.f· 0.086 C /cm per year (107 sec). The same cell
at r ,';0 CIll, would accumulate 0.11 C! m in five years.

I. 'Ii .. ngl's in t he gain and efficiency of wire chambers have
been observed when the instantaneous rates exceed 104 parti
cle::. per second per mm of wire length, for a gas gain ~ 4 x 105

•

At lower gas gains, rates as high as 105 from-sec have been
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Figure 9
(Top) Conventional "jet cell" with maximum drift dista;nce of

a few mm. (Bottom) A possible small cell configuration;
hexgonal cells could also be used. Hits from tracks that are

out of time will not lie on a common trajectory.
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Resolution and Number of Layers If the arguments
concerning the cell size and shape are quite general and straight
forward, conclusions concerning the required resolution and
number of layers depend very strongly on the particular physics
goals. One of the goals that was at least tentatively adopted h
that one should be able to dE'termine the sign of electrons for
transverse momentum IIp to 1 TeV. This is obtainable with a
resolution of 200 microns, 100 layers, and a field strength of 1.5
Tesla. Clearly this particular goal could be more economically
achieved with half as many layers and an improved position res
olution. It should be possible to obtain close to 100 microns in a
reasonably straightforward rashion; alignment will be difficult
but the excellent results achieved for L3 demonstrate that it
should be feasible. Some suggest that by means of pressurized
straws, it should be possible to obtain 50 micron resolution24

•

Such results have been obtained with straws, but to date only
in much smaller devices.

The required number of layers will s~rely be determined
primarily by questions of pattern recognition, and the trend
of most experiments at lower energies to utilize of order 100
layers suggests it is unlikely that one will be able to do with
less at SSC. However, a more quantitative answer to this ques
tion relies on considerable simulation, combined with a clearpr

Sense Wire

Field Wire

Out of
Time

In
Time10-86

obtained (in small chambers) without sigificant degradation22 •

A cell of 5 mm width at r = 50 em experiences a counting rate
of ~ 2 x 103

/ mm-sec. An alternate criteria often used (though
in principle less accurate) is the total current drawn per wire;
typically, existing chambers begin to experience stability prob
lems when this exceeds 1 uA per wire. Our canonical cell at 50
em, if it covers y < 1.5 should experience a total current of :::::
0.25 uA per wire.

The most stringent criterion for the cell size is in fact the
average occupancy and the double track separation required to
at least identify tracks of particular interest in the very high
multiplicity environment typical of high Pt interactions at the
sse. A 5 mm wide cell (2.5 mm drift) has a resolving time of 50
nsec if a gas with conventional drift velocity (50 microns/nsec)
is utilized. A layer ofsuch cells at a radius of 25 em and covering
y < 1.5 would experience an occupancy of 28%, far above the
range desired for useful tracking information.. At r = 50 em,
the occupancy drops to a much more reasonable, but hardly
conservative, 7%.

In order to provide tracking with conventional wire cells for
radii less than 50 em it will be necessary to utilize cells with
a maximum drift of only 1-1.5 mm or a faster gas, or both.
It IS possible to obtain velocities of 100-125 microns/nsec with
CF 4 which would help a great deal at small radii24 • However,
the lifetime of chambers operating with CF4 has not yet been
adequately investigated.

To summarize, the considerations of radiation damage, in
stantaneous rate, and occupancy all dictate a cell size of the
same order. The occupancy, which should be kept < 10%, is
the most stringent requirement and implies cell sizes of order
2.5 mm, 5 mm and 9 mm for radii of 25 em, 50 em, and 200
em respectively. Identification of a fast gas such as CF4 which
was sufficiently radiation resistant would improve the average
occupancy significantly.

CElll Size and Shape With the small cell sizes discussed
above, jet-cell geometries, which have been widely utilized at
lower interaction rate machines. do not make much sense. (Fig
ure 9) It is therefore assumed that individual cells, with an
aspect ratio of roughly 1:1 will be used. These could be con
strut ted with a number of different geometries, including square,
hexagonal, or round (in the case of straws). In cells of this as
pect ratio, there is little point to using multihit electronics. The
effective double track resolution of a single cell is then just its
half width. To obtain good efficiency for tracks spaced closely
together, and to identify the time of any individual track, it
will be desirable to stagger the cells in subsequent layers. To
enable one to search locally in the chamber for segments, and
to simplify the task of identifying the time of a segment, it
may be beneficial to group the cells into superlayers of 6 layers
each. There is considerable optimism that hardware proces
sors, perhaps located directly on the chamber, may be able to
reconstruct these segments sufficiently reliably that it will not
be necessary to keep all of the raw hit information.

z coordinate Determination of the z coordinate will be par
ticularly problematic. Charge division, which yields resolutions
of all ~ 1% fOJ gas gains exceeding 105

, i:- a poor candidate
for gas gains on 1 lit' order of 2 104 • It is likely therefore that
one will have to H'ly m 8tert>0 Ilwasurements. ~l1pplernt>nted by
pad readout on a number of layers. The latter technit.}l1E" should
yield resolutions of :::::: 1 - 2 mm on larger chambers, with much
better accuracies obtainable on small chambers near the ver
tex. It was suggested that the axial and stereo wires might be
grouped in an A U A V A arrangement where A and V,V rep
resent the axial and stereo superlayers, each consisting of six
wire layers.
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understanding of exactly what the tracking should be able to
accomplish.

Me(~hanical Construction Assuming the cell sizes sug
flested above and the existence of 120 layers of wires, one esti
mates:::: 1.3 " 105 sense wires. Since the wire tension for this
numbeJ oLwire<; isoLorder 80-- 100 tonsrproblems of support
ing the wirf's are greatly alleviated if the chambers were built
in 4 - 5 modules. as shown in Figure 8. In this case, one has
only to support of order 20 tons per unit, and an endplate of
thickness I em may be used (with a safety factor of~) A ~l1m

mary of the paramf'ter~ of the chamber of conventional !'imaIl
cell constructIOn II'> given in Table 3.

Table 3
Summary of Drift Chamber Geometry, Current and

Occupancy

Module Number
Drift Distance (cm)
r",," (em)
"",,,. (cm)
Number or Layers
Sense Wires
Average,* Wires/Layer
Maximum Q(C/cm/yr)

1""'11.1
Length (cm)
Maximum Occupancy
Maximum Current (pA)

1
0.20

50
66
30

27,360
912

0.019
1.5
279

0.094
0.528

2 3
0.35 0.40
106 135
130 162

30 30
31,68035,040

1056 1168
0.007 0.005

1.2 1.2
392 489

0.105 0.106
0.288 0.253

4 Total
0.50
202
235

30 120
43,200 137,280

1440
0.003

1.0
553

0.091
0.194

the sse. both to aid In identifying heavy quarks such as band
('. and also as a general aid in searching for new physics. Thus a
silicon wrtex detector is considered an important part of a 4 7f

detector, even if at the present time potential radiation damage
would appear to limit its usage to luminosities less than 1033

•

The detector proposed is-reasonably ambitious but not alto
gether implausible (Figure 10). Consisting of five layers of sili
con at radii ranging from 5 em to 15 em, it would be constructed
from 488 wafers, approximately twice the number being con
sidered for the CDF silicon detector. The suggested strip pitch
is 25 microns on the first three layers and 50 microns on the
latter two layers, thus resulting in a total of 920k channels.
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Figure 10
:-\('hematic diagram of a five layer silicon microvertex detector.

Two planes are used in each layer to determine r, </> and z.

An alternative mode of construction might be to build each
of the chamber modules ent irely out of straws 24 . Straws offer a
number of advantages including the absence of field wIres \\ hich
implies greatly reduced tension and thin endplates, isolation of
broken wires, longer chamber lifetime, and the greater ease
with which wires can be supported over long distances. On the
other hand, the only such chambers built to date utilize straws
which have a relatively large diameter (5 - 7 mm) and which
are relatively short (70 - 100 em).

The limits on wire stability25 are similar for both types of
chamber. For example, for wires one obtains limits of I < 1.7m
for 2 mm drift and I < 4 m for 5 mm drift; for straws, one
obtains k1.8 m for 2 mm drift and I < 5 m for 5 mm drift.

For the conventional wire chamber, it was suggested that
I he barrel supporting the endplates could be constructed from
a sandwich of 1 mm AI, 1 em Hexcell, and 1 mm AI. This,
combined \\ith the gas and the wires. results in ~ 4.5% of a
rndi"tion length per module. The straw construction resulted
11 d nearlv identical thickness.

TRD and Electron Identification

The use of TRD's, as recommended by the electron group,
could be incorporated if a modular chamber design were uti
lized. However, the total thickness of material, which then
approaches 30% for the complete system, is such that the track
muItiplicity, at least in the outer portions of the chamber, would
be increased by nearly 50%. Said another way, 20-25% of all
tracks would not come from the primary vertex. These effects
may be large enough that they would significantly compromise
pattern recognition and electron identification. This question
dearly needs to be evaluated in more detail.

MkrovertE>X Detectors

Detection of secondary vertices is apt to be important at

The present developments of CMOS charge preamplifiers indi
cate that it may be possible to attain sufficient signal-to-noise
if shaping times of several hundred nanoseconds are utilized.
While this is long compared to the crossing time, it IS esti
mated that the hit rate per strip is only 64 kHz even on the
innermost layer. It may therefore be possible to operate the
device with shaping times this long if analog buffers are incor
porated along with the preamplifier and if the time of the hits
is determined as well as the charge.

The power dissipation, even using CMOS biased at currents
of one hundred microamps will pose a non-trivial problem for
this number of channels.

There is currently a lot of enthusiasm for the development of
true pixel detectors as a solution to the problem of secondary
vertex detection at the SSC. It is too early to tell whether
realistic devices can be built but it is certainly an important
area of development.

Can one in fact identify secondary vertices in the extremely
dense tracking environment of typical SSC events? Events were
generated in which bb pairs were generated with transverse mo
menta of 500 GeV/c and the charged particles were tracked
through a magnetic field of 1.5 Tesla. A glance at Figure lla
would seem to offer little hope that secondary vertices could be
isolated. However, when the event is viewed on a very blown
up scale (Figure lIb), appropriate to the resolution and dou
ble track separation of the vertex detector, it appears that it
should be possible to identify the vertices in at least a reason
able fraction of the events.

ELECTRON IDENTIFICATION

The report of the group studying electron identification con
centrated on four different topics9 • These are:

1. The requirements for electron identification. For a variety
of interesting physics topics, an attempt was made to de-
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One Event Display in SSD

We shall summarize each of these in turn.

Requirements for Electron Identification

4. Overall detector design. To what extent are the require
ments for electron identification consistent with other goals
for the overall detector.

Numerous studies have been made in previous workshops7,

as well as in the present one, on the topic of electron identi
fication and its importance for the selection of physics proc
cesses of particular interest. It has already been noted in the
section on calorimetry that studies of the identification of t
quarks at high Pt indicate that a calorimeter segmentation of
order /).TJ x /).¢> ~ 0.02 x 0.02 - 0.03 x 0.03 is required if one is
to identify electrons efficiently. A study by Lane and Roh1P6,
also on the selection of tt events, concluded that such events
could be selected cleanly if the rejection against hadrons sim
ulating electrons exceeded a few x 103 • Since one is interested
in searching for new particles, which might decay to tt, in the
mass range 0.2 - 1.0 TeV and since the lepton will carry off on
average one third of the momentum of the parent quark the
scale of interesting lepton momenta for this process is 20 - 150
GeV.

A process which is indicative of the electron identification
required at very high energies is the production of a heavy Z' or
W'. A study of this process27 indicated that a W' or Z' with a
mass of 1 TeV could be cleanly identified if a hadron rejection of
order 103 can be obtained for leptons with transverse momenta
up to 500 GeV jc.

In spite of the very high energy of the sse, there will be a
desire to identify leptons at rather low transverse momentum.
As has already been metioned, the study of particles which
decay to t quarks benefits from lepton identification down to
transverse momentum of 20 - 30 GeV jc. The selection of b
quarks, which may still be important at the time of the SSC
for studies of rare b decays and CP violation, will benefit from
lepton identification down to transverse momenta of several
Ge V since the b quark itself is produced most often at low
transverse momenta. For studies of these processes, a rejection
against hadrons of 103

- 104 will be desired.
All of the studies that have been performed on t he pion

electron rejection ratio that is required for selection of partic
ular physics processes are inherently somewhat fuzzy in their
conclusions, due to uncertainties in the backgrounds. The qual
itative conclusion reached by the electron group during Snow
mass 86 was that below 100 GeV j c many physics signatures
would benefit from hadron rejection approaching lOS while for
the regime above 1 TE>\- c, rejections at the level of 103 would
suffice.

One should perhaps also be guided by the experience of
many generations of experiments at fixed target machines and
at the ISR. The inclusive lepton-to-pion ratio is of order 10-4

roughly independent of Ph except at the very lowest transverse
momenta. Since the ratio of b-quark to light quark production
in jets will likely be of order 10-2

- 10-3 and since the b-quark
leptonic branching ratio is ~ 0.1, the leptonjpion ratio il" likely
to be of order 10-3 - 10-4 at larger momenta as well. Thus,
if interesting events are to. be selected primarily on the basis
of the lepton signature, rejections approaching 104 will be re
quired. Where multiple selection criteria are employed, weaker
rejections may be sufficient.
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termine the rejection against hadrons that is required in
order to identify or measure a particular physics process.

2. Techniques of electron identification. Special considera
t ion was given to calorimetry, transition radiation detec
tion (TRD), and synchrotron radiation.

3. Backgrounds. These include primarily the interaction of
single hadrons, photon conversions, and the overlap of a
charged particle with one or more photons.

Figure 11
(a) Event display for a pair of bb jets, each with transverse
momentum of 500 GeV jc. (b) The same event shown on a

greatly expanded scale. The secondary vertex results from the
decay of a B meson with 344 GeV jc Pt·
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Eler t ron Detection Methods
11" reje tion power

LOG 10 (I-Electron efficiency)

Figure 12
n rejection pow~r as a function of electron

efficiency for 100 GeV e and n events. The set of
variables used is denoted by:
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order 50. The additional rejection obtained by using longitu
dinal shower shape within the EM calorimeter is 2-.5 and that
obtained by using the transverse snower size is another factor
of 2-3. The overall rejection factor of 400 for 100 GeV has not
directly used the absolute energy deposit in the EM section. I~

is quite likely that further optimization of the algorithm and'
of the segmentation would lead to further improvements. We
conclude simply by noting that this study, in addition to con
tributing some ideas concerning intelligent choice of variables
for the general X2 approach, corroborates earlier measurements
that rejections of order 1000:1 may be obtained.

Transition Radiation Detectors Transition radiation de
tectors have been used for electron identification in several fixed
target and colliding beam experiments, and will be included on
a major scale in both the DO detector14 at Fermilab and the
upgraded UA2 detector at CERN.sO Their use in sse detec
tors has has been discussed previously, but potential problems
included (1) the relatively large amount of space required (40
- .50 cm per module), (2) the long collection time if drift dis
tances of several em are used, and (3) the fact that in previous
geometries considered the upper limit for efficient electron fJis
criminat.ion wa.'" ~ 100 GeVIe. A design was developed at this
workshop which dppears (subject to some caveats) to overcome
most of these problems.

i,i

The parameter em is a x2 measure of how well event m
agrees with the mean values and correlations Vi appropriate to
the calibration sample used to determine M. The reader is re
ferred to the electron group report and to the specific study9,29

for details of the analysis. Here we simply summarize the no
table features and conclusions.

While the procedure is potentially very general and power
luI. It can require a determination of M as a function of energy,
position. and incident angle. One of the significant contribu
tions of Fukui et al was to recognize that using ratios of the
ent>rgy deposition in individual layers to the total deposition
removes to first order the energy variation of the variables and
hence of the matrix M. Secondly, by using energy weighted rms
widths as a measure of transverse shower size one obtains a
measure of the transverse size which is largely independent of
the impact point.

Figure 12 shows the pion rejection factor as a function of
electron efficiency for 100 GeV electrons and pions. For an
electron efficiency of 90%, a simple comparison of the energy
after 17XO to the deposit in the first 17XO gives a rejection of

Calorimetry Many previous studies28 have been performed
on the degree to which one can distinguish elech'ons and hadrons
using the longitudinal and transverse energy depositio~s 1Il

Ii IH'ly segmented calorimeters; it has been dearly establIshed
that high energy electrons can be distinguised from hadrons
with rejection factors approaching 1000:1. It s~oul~ be note~,

however, that these results are invariably obtamed m an enVI
ronment where the particle under consideration was well sepa
rated from any other particles. In addition, the optimal trans
verse and longitudinal segmentation, given the invariable li~

itations of cost and complexity, is not so easily stated, partIC
ularly when it is desired to identify electrons over a very wide
range of energies.

Two general questions addressed by the electron group at
this workshop were (1) the optimization of the calorimeter pa
rameters for the best electron identification and (2) improve
ments in the methodology of electron selection in order to find
faster and more efficient algorithms. Each of these topics ben
efited from a study by Y. Fukui29 of electron identification,
and hadron rejection, using test beam data in the End Plug
calorimeter of CDF. This calorimeter utilizes a tower reaoout
(~77 x ~¢ ~ 0.1 x 0.1) for the first 2.5 and last 2.5 radiation
lengths, and a combination of strip and tower readout for th.e
central twelve radiation lengths. The strips are alternately orI
ented to measure accurately the width of the shower in 11 or ¢.
The three longitudinal tower readouts are referred to in Figure
12 as EM1, EM2, and EM3 while the strip readout is referred
to simply as ." or ¢. A six interaction length hadron calorimeter
was also used; its readout will be designated as HAD.

The technique for the analysis is to calculate a X2 variable
for an individual event to evaluate the probability that the ob
served energy distributions are consistent with those expected
for an electron. The method uses the full covariance matrix
evaluated from electron test beam data and thus takes into ac
count not only the average values of the measured variables rVi I
but their correlations as well:

Mii = ~ L)v1n
) - Vi)(V]") - Vi)

n

H=M-1

C - ~(v~m) - v-)H· .(v(m) - v-)
~m - L..J' "1 J J
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Charged track

X Ray Detector
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Figure 14
Schematic diagram of the TRD X-ray detector. Hexagonal

cells are made of six potential wires and one sense wire and
are 4 mm in diameter. The radiator consists of 100 foils of

polypropylene 40 microns thick and separated by 900 microns.

particles, obtained by selecting on the total charge of all those
cells with greater than 8 keVeach, is shown in Figure 15. One
obtains a rejection of 34 for an electron efficiency of 90%. If
instead one cuts on the number of cells which have charges ex
ceeding the 8 keV cutoff, one obtains a rejection of 220. The
same calculation for electrons and pions at 300 GeV( \l,plds
a rejection of 5 using total charge and 15 using the number
of cells above threshold. The Monte Carlo calculation) ieldmg
these results is somewhat idealized in that it does not take into
account either the variation in path length in each hexagonal
cell due to the position of the particle or charge sharing between
neighboring cells.

If the electronics on each wire were designed to measure
time as well as charge, then the position of energy depositions
could also be determined, and each of the hexagonal cells could
be considered a part of the tracking detector. It has already
been pointed out in the section on tracking that there exists
some motivation to group layers of the track detector together
into superlayers, in order to allow the easy identification of
track segments. If one further assumes an outer radius of the
tracking of order 2 meters and a total of 100 measurements
along a track, there will exist significant free space as a function
of radius and one might argue that the TRD's can then be
fully integrated with the tracking in a way that costs relatively
little (other than the cost of the TRD itself). Whether this
appealing intpgration of TRD's and the tracking system (which
'" <LS already indicatf'd in Figure 8) b really feasible or not will

OL-L-__....L......L .l...-_........;__-:-'::--'

o 8 10 20 30

Perhaps the most important observation is that one can
·'tune" the design of the radiator to improve the rejection of
high energy pions. By utilizing polypropylene foils 40 microns
thick and separated by 900 microns, one can increase the energy
of the X-rays relative to earlier designs; Figure 13 shows the
X-ray spectrum-detected in a 4 em Xenon chamber following a
100 foil radiator. In this way the effective threshold for pions
can be increased to ~ 300 GeV/c.

Ex keV

Figure 13
X-ray spectrum detected in each chamber.

To significantly decrease the collection time, it is suggested
that the Xenon chamber following the radiator consist of 4
mm diameter hexagonal cells as shown in Figure 14. A pro
tot\ pe chamber very similar to this design has already been
(onstructed by Bouclier et al31 (though not necessarily for use
\\ ith TRD's) using cells of only 2 mm diameter. If the cham
Iwr is filled with a mixture of X e - C2 Hr, (50%-50%), the drift
vplocity is 45 microns/nsee for an electric field between 1300
and 2500 volts/em: thus the time to collect all the charge is
45 nsec. The total thickness of the Xenon chamber would be
approximately four centimeters.

For most particle trajectories (the exceptions being those
occurring when the particle passes very near the sense wire)
significant portions of the ionization energy loss drift nearly
perpendicular to the track direction and will therefore arrive at
the sense wire at approximately the same time; the technique
of cluster counting may then not work as well as in a geometry
where the drift field is always parallel to the track direction.
Thus it was assumed that only the total charge in each cell
would be measured.

The pion rejection factor was evaluated for a TRD system
consisting of four radiator/chamber packages corresponding to
a total thickness of 56 em. It is apparent from Figure 13
that the ionization energy loss may be effectively discriminated
against by requiring a minimum of 8 keVin any individual cell;
the probability that a pion will yield more than 8 keVin a sin
gle cell is 2.1 x 10-3 • The electron-pion rejection for 50 GeVIe
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"('pend in large measure on a more detailed examination of the
,1c'lails of the mechanical supports. In addition, it was already
noted that the total amount of material is uncomfortably large.

then be a large signal in this several layer very fine sampling
"calorimeter" while hadrons would )0 leld the usual Landau en
ergy loss distribution.

The reader has probably already noted that 0.9 em of lead
(orresponds to 1.6 radiation lengths and that the primary elec
tron will often produce much more dramatic effects when in
teracting with this much material. Indeed, the amount of lead
suggested above and the nature of the signature is nearly iden
tical to what is employed in the UA2 "preconverter". Thus
in evaluating the merits of synchrotron radiation as a tool for
identifying electrons, it appears important, particularly in the
central region where the syncrotron radiation is only marginally
separated from the track trajectory, to compare the anticipated
signal with that produced by interaction of the primary elec
tron in the synchrotron radiation detector.

Detection of synchrotron radiation may be most applicable
in the forward region, for those detectors which include strong
magnetic fields in that region. This follows for two reasons:
first, much longer path lengths are typically available, thereby
allowing the synchrotron radiation to separate more from the
initial particle trajectory. Such a separation is a feature that
is qualitatively different from the early showering of an elec
tron (or hadron) and may therefore improve the selectivity of

E>1t'c:roJ) df'tpction. Secondly. the momenta of electrons of even
rnod~ralf' PI (e.g. 50 - 100 GeV/c) are very large thus rendering
techniquE'S such as TRD's of limited use .

where the quantity in brackets is the parent- daughter relation
for 1r

0 decay, that is the ratio of the number of photons to 11"0 at
a given energy, Pc is the total (internal plus external) conversion
probability, epair is the efficiency for identifying the conversion
as a pair of tracks, and Pv is the probability of identifying the
conversion by the absence of a pointing track upstream of the
conversion.

The parent-daughter relation depends strongl} on the Pt diS

tribution and for an exponential distribution is of order <: Pt
!Pt. However for a power-law distribution the ratio approaches
a constant value at large Pt. For the p;5 factor expected from
QeD, (dND/dNp ) ~ 0.44.

The photon conversion probability Pc is determined by the
amount of material. For the track detector discussed above the

Consideration was also giv~m to the dominant sources of
background which can mimic an electron signature, those being
single pion misidentification, photon conversions (plus Dalitz
decays), and overlaps between a charged hadron and one or
more photons. We give a very brief summary of these discussions.9

Pion Misidentification As noted earlier, it is to be ex
pected that a well-designed calorimeter can achieve rejections of
hadrons (at least in an isolated environment) of order 1000:1.
In some cases, rejections even higher than this may be ob
tained; however, diffractive interaction of pions into final states
in which most of the energy is taken off by neutral particles sets
a fundamental limit at the level of ~ 3000:1 on the rejection
that can be obtained by a calorimeter alone. Transition ra
diation detectors should yield independent rejections of 50 
100. however, and hence it should be possible with a combined
system to obtain a total rejection near 105 •

Conversion Backgrounds The rejection factor R that can
be IIbtained against conversion pair backgrounds can be written

Barkgrounds
.7

€el

Figure 15
Pion rejection factor (1/Ell") as a function of electron efficiency

( Ee ) using total detected charge in four layers.

SynC'hrotron Radiation Synchrotron radiation has often
been considered as an attractive possibility for electron iden
tification and in fact is being used in the AMY detector at
TRISTAN. Since the total radiated energy increases as E4,

In addition, it may be shown that the number of photons emit
fed is only a function of B x S and is independent of energy.
It is therefore the average energy of the photons that increases
dramatically with the energy of the incident particle. For par
ticles of several hundred GeV momentum, the majority of the
photons emitted have energies exceeding the critical energy of
many heavy Z materials. As an example, if B ~ 15 kG and
S ~ 1 m, the number of photons of energy> 5 MeV is about
10 for electrons of energy 200 GeV.

Detection of these photons is not altogether simple because
of their high energy. In the 5-10 MeV region the mass absorp
tion coefficient in lead is about 0.45 em, with about half the
cross spctio!l due to the pair production process. Thus nearly
0.9 ("In of lead will be required in order to yield 3-5 conversions
th",rf'b~' produdng 6-10 electrons and positrons. The lead must
bE' spgmentt'd into several thin sheets with active sampling ma
terial in between if these electrons and positrons of a few MeV
are to be detected. The signature for d priloary ele(tn'~i would

where S is the total path length in meters and R is the radius of
curvature, one might expect this technique to be particularly
fruitful at t he high energies addressE'd at the sse. One can
rewrite the above expression as

-339-



TWO LEPTON ACCEPTANCE
Z -.//

Figure 16 illustrates the importance of acceptance down
to fairly small angles, even for Z masses as large as 2 TeV.

2. Muons are more easily identified in jets than electrons.
Many physics topics may benefit significantly from iden
tification of leptons in, or near, jets. Such identification
will be very difficult for electrons.
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duce the extended gauge group to which they belong. In
addition, like-sign leptons are key signatures for Majorana
neutrino pairs if suitable kinematic selections are made.
It is important that the sign of leptons be measured in the
forward direction, a region in which the sign of electrons
may not be easily determined.

3. Muon-electron correlations are important for determining
whether events with multi-leptons are produced by (a)
pairs via a neutral current, (b) uncorrelated weak decays
of heavy quarks, or (c) exotic decay processes.

4. Very Forward detection may be easier for muons than for
electrons. One of the leptons from a high-mass pair is
often emitted at small angles.

5. Reasonable mass resolution may be obtained in combina
tion with sign information. While the mass resolution of
very high mass pairs will be superior for electron pairs, it
may be difficult for such events to obtain a sign determi
nation for both electrons.

MUON DETECTION

The muon group considered in some detail a rather broad
range of the issues relevant to muon detection including physics
topics for which muon detection may be particularly important,
the basic geometry of the detector, fundamental limitations due
to catastrophic energy loss mechanisms, momentum resolution,
and triggering.33 We discuss each of these briefly in turn.

Introduction

amount oll matenal at 90° is nearly 20% of a radiation length,
not including the additional material due to the TRD's. In
addition. it is unlikely that the end plates of the chambers can
be reduced to less than 20% even if great care is taken to reduce
the material in the wire support and electronic systems.

IdentifirationoLthe conversion by the detectioo-oftwo,
rather than one, charged particles may be achieved either by the
use of dE/dx (in scintillator. silicon, or wire chambers) or by the
direct observation of two tracks. For the former case, which is
generally used in non-magnetic detectors. it is anticipated that
a rejection of order 100 may be obtained with suitable measure
ments of dE/dx. The latter case is more complicated since it
depends on tracking efficiency at low momentum; an estimate
is given as a function of photon energy and the assumed mini
mum momentum at which tracks can be efficiently identified, in
the Electron Group Report. At the risk of oversimplification,
it seems reasonable to assume that rejections of 50 - 100 are
feasible.

Finally, it was noted that the efficiency with which one can
identify conversions by the absence of a pointing track will be
limited by the track density in the event as a whole. It was es
timated that, assuming an isolation equivalent to that required
by the calorimeter segmentation, one would obtain Pv ~ 10-20.

It is apparent from the above that the overall efficiency
for identifying conversions is a relatively complicated function
of f'nergy and angle; the conclusion of the electron group is
that it should be possible to achieve rejections approaching
5- 104 105

•

Overlap Backgrounds Finally we consider apparent elec
tron signatures produced by the spatial overlap of a charged
particle and one or more photons. One study using an EM
calorimeter with fine depth segmentation and one-dimensional
transverse segmentation found that exactly overlapped photons
and pions, produced with energy spectra appropriate to high
energy collisions, could be rejected at the level of 100:132

• A
crude estimate of the overlap probability for a charged particle
and a photon indicat~d that even taking particle densities ap
propriate to a 500 GeV jet, the probability that a given charged
particle would be overlapped within 1 em by a photon was less
than 1%. One should also note that TRD's should reject this
background with nearly the same efficiency as is obtained for
smgle hadrons. While relatively large uncertainties clearly re
main, it appears that rejections substantially in excess of 104

can also be obtained against this background.

Figure 16
Two-lepton angular acceptance for Zx --+ II for Z masses of

500, 1000 and 2000 GeV.

Importance for Physics

While few people would question the importance of a good
system for muon identification and measurement, it is useful
to restate briefly some of the reasons that muon identification
may be particularly important.

1. Sign of leptons New Z's which decay to lepton pairs have
characteristic asymmetries which may enable one to de-
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2.00

2 TeVIc muon beam
incident on 3 m iron

P.80 1.84 1.88 1.92 1.96
Exit momentum. TeV /c

Figure 18
The momentum distribution of 2 TeVIe muons after

traversing 3m of iron, as obtained with Van Ginneken's
TRAMU muon transport code. The most probable loss is 13

GeV, and the full width at half maximum 14 GeV (0.7%).
Ten percent lost more than 2.5% of their energy, and 1.5%

lost more than 100% of their incident energy.

Of more direct importanc.e for the detection of muons is the
fact that showers of a few GeV, though they do not significantly
change the energy of the muon, can obscure the muon track
in one of the detector planes. This effect was evaluated with

Effeet of Catastrophic Energy Losses

of reasonably sophisticated triggering in hardware processors,
may require six planes.

Each detector plane is comprised of three layers of drift
tubes; the redundancy is necessary both to allow for inefficiency
in a given layer and also to provide resolution of the left-right
ambiguity. and a corresponding determination of the time of
the track to an accuracy such that it can be identified with a
particular beam crossing. It is estimated that the total muon
system then contains 108k wires. Assuming that the non-bend
coordinate is determined (with reduced resolution) by charge
division, charge induction on pads, or a comparison of the time
of the signal at each end of the wire, the total number of elec
tronic channels will be of order 220k.

\t1uons of energy greater than several hundred GeV are sub
ject to large energy losses when they traverse high Z materials
due to bremstrahlung, pair production, and nuclear interac
tions. The ~1UOIl Group therefore invested considerable effort
in investigating the effect of these energy losses on muon detec
tion and momentum measurement. Figure 18 shows the distri
bution of exit momenta of a 2 TeV muon beam after traversing
3 m of iron, as calculated with Van Ginneken's TRAMe muon
transport code. The full width at half maximum is 0.7%. Ten
percent of the muons lost more than 2.5% of their energy, and
1.5% lost more than 10% of their energy. These fluctuations are
negligible compared with the 10 - 12% lower limit on the mo
mentum resolution due to coulomb scattering. The occurence
of very large fractional energy losses at a rate of a fraction of
a percent could have significant impact on the probability of
observing large missing E t however. While it is likely that such
catastrophic energy losses can be identified by anomalous hits
in one or more of the detector planes, this effect has not yet
been studied in detail.
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END· CAP DETECI'OR

\1pa~urE'ment of thE' sign asymmetry can be important both
for determining the coupling of a new boson to u and d quarks
and for df'ducing thE' type of gauge group to which a new boson
belongs.

The basic layout of the muon detector considered is shown
in Figure 17. The field in the central region traverses a 3m
thick rectangular box; the direction of the field could be ei
ther axial or azimuthal depending on whether the flux from
the solenoid is returned through the muon spectrometer or the
hadron calorimeter. The endcap detector is square in cross sec
tion, is four meters thick, and contains a toroidal field which
is excited by coils in a conventional manner. In the forward
direction, a cylindrical toroid, of approximately 5 m thickness
completes the angular coverage. The geometry of the detector
considered could be adapted with minor variations to either the
\10del A or B detectors.

sse MUON DETECI'OR ELEMENTS
SHOWING PROPORTIONAL WIRE ARRAYS

Muon Detector Geometry

SCALE
Figure 17

Magnetic and proportional wire detector geometry for t hf'
muon detector. A total of 108K electronic wire detector

channels is needed.

Also illustrat.ed in Figure 17 is the proposed layout of detec
tor planes. Each system contains a minimum of five detector
planes. This choice is motivated by the desirability, for accu
rac\' of monH'Tlll1m resolution, of measuring at least the exit or
entrance angle. as well as measuring the sagitta. In addition,
due to occasional large electromagnetic showers which may ob
~(,lJre the muon track, an additional detector plane must be in
cluded. Five planes were deemed sufficient for the central and
endcap regions, though addition of a sixth plane allows some
what improved momentum resolution. In the forward direction,
the higher average energy of muons and the probable necessity
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Triggering

Considerable attention was devoted to the muon trigger,
and this is discussed in the section on triggering below.

ENERGY RESOLUTION OF MUON SPECTROMETER
1.0 r-rT'TT--~"""-'-~~P"'T"I"'--"'--""""""'T""'1

(c)

ffJJ-{
r-- J -+-1-i

x - " planes(300",). DO anile

o - 3 planes(lOO",). anll.( .14 mrad)

C - 4 planes(300",). anll.( .50 mrad)0.8

~
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Figure 19
~uon momentum measurement schemes for various
magnetized-iron geometries as described in the text.

A comparison of the resolution obtained with three super
planes of high precision (100 microns) plus angle measurement
with one using the same 3 m of magnet, but divided into four
superplanes with poorer position resolution, is shown in Figure
20. The latter assumes four planes in the iron, with 300 mi
crons resolution, both with and without the initial angle mea
surement. It is apparent that the resolution is dramatically
better if the higher resolution can be obtained; hence studies
to understand whether one can achieve systematic errors ap
proaching 100 microns for such a large spectrometer are very
important.

some care. Yor example, if three chambers are utilized for a
sagitta measurement and all three planes are required to be
clean of additonal hits around the muon, it is estimated that
the efficiency for a 1 Tev muon is only 60%; for a 3 Tev muon,
the efficiency has fallen to 30%. It is necessary therefore to
include at least one redundant plane. Fifty em of iron between
the detector planes was thought to be sufficient to eliminate
correlations.

I. No additional measurements; i.e. one relies entirely on
the sagitta measurement in the iron.

2. The muon direction at the entrance of the muon spec
trometer is measured by providing an additional mea
surement with a lever arm of 1 m (assumed to be in iron,
either with no magnetic field or a field perpendicular to
the field in the external spectrometer).

Momentum Resolution

The Muon group also considered in some detail a variety of
schemes for momentum measurement. In comparing air core
and iron core magnets they noted that since the fractional er
ror due to coulomb scattering decreases as L -0.5 while the frac
tional error due to measurement of the sagitta decreases at 1.. 2,

better resolution could in principle be obtained with air core
magnets. An example is the muon spectrometer patterned after
the L3 detector for which the momentum resolution was esti
mated to be ~ 4 % at 1 TeV .34 However, it was also concluded
that iron core magnets would likely be used for the the general
purpose 471" detectors because of the easier construction and the
ability to combine the muon identification with the momentum
measurement.

The measurement precision obtainable with an external iron
muon spectrometer, of thickness 3 m and field strength 2 T,
was evaluated for four different measurement strategies. In
.'ach case a basic set of three measurements, at the entrance of
'hI-' iron, in the the center of the iron, and at the exit of the
iron. was assumed. The four possibilities then supplemented
t h i~ information with:

3. Either the incoming or the outgoing angle of the track is
measured assuming aIm lever arm in air.

Figure 20
The resolution of the muon energy for various measurement
strategies i. e. number of planes and the initial angle. (The
resolution of the initial angle uses the point resolution in a

plane for two planes separated by 1 m of air).

4. The incoming direction is measured in iron, the outgoing
in air; the optimum case (both directions in air) is not
substant.ially different from this case.

These tour different possibilities are schematically illustrated in
Figure 19. In each case a position resolution (per superplane) of
100 microns was assumed. The results are compared in Table 4.
[t is apparent t hat for any substantial improvement one must
mea~ure both angles. Also shown in Table 4 are the results
obtainable with the central track detector.

Momentum ~ (b) (,C) (cl) (e)

'200 aeV 12.4% 14.1% 12.3% 11.0% 'f.'1.
400 aeV 13.9% 15.2% 13.6% 11.7% 9.20'.
700 aeV 17.3% 18.0% 18.6% 13.3~ " e,.

1 TeV 21.7% 21.8% 20.4% 15.8~ 413-1.

2TeV 38.2~ 36.0% 35.3% 24.8~ IICY.

Table 4
Momentum resolution for four different measurement

techniques in the muon spectrometer (refer to Figure 19) (a)
iron only (b) 1 angle (in Fe) (c) 1 angle (in air) (d) 2 angles.
For comparison the resolution obtainable with a central track

chamber is also shown (e).
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ELECTRONICS. TRIGGERING, AND DATA
ACQUISITION

Introduction

It has already been noted in the discussions on calori~e

try and tracking that a significant development of electromcs
will be required if experiments at the sse are to adequately
exploit the full luminosity available. This follows from the ne
('essity of simultaneously satisfying the goals. of high speed, low
noise, and low power. The performanc~reqUlre~, and the prob
It>ms encountered, will be similar for many different types of
experiments whether they utilize large 411" detectors, forw~rd

spt>(·trometers, or other specialized dete~tors. The Electromcs
group concentrated on the systems reqUIred for large 411" detec
tors since it is for this application that many of the problems
nre most atut-e. l7

A wncept ual design for the overall system of electronics,
triggering, and data acquisition is pre~ente~ in Fig~re.21. The
major considerations which lead to thiS deSign, WhlC~ IS a nat
ural f'volution of existing systems, include the followmg:

oeTeCTOR eLeMeNTS

.HA~eR.

ANALO.
PROCIS.OR.

LeveL 1
STORA••

LeveL a
STORA••

32 - BIT HIGH - SPEED
DATA LINES

Figure 21
Schematic diagram showing the front ~nd electronics, lev~l.l 
level 2 buffers (primarily analog) multlplexer - ADC - dlgltal

buffer, event builder, and processor farm.

1. High luminosity, corresponding to an interaction rate of
order 108 evt'nts per second, is essential if one is to be
st>nsitive to many of the processes of greatest interest.

2. Both the high data rate and the complicated nature of
the events rt'quire that each system be finely segmented.
Thus the tracking, calorimetry, electron identification,
and muon detection systems will each require of order
100,000-200.000 chann'els. For at least the calorimetry
and tracking systems, the electronics must be low noise,
fast, and opt'rate at low power.

3. it does not seem to be feasible to form a trigger with sig
nificant rejection within the 16 nsec between beam cross
ings. Rather, estimates indicate that of order 500-1000
nsec will be required to form the initial, or levell, trig
gers. It will therefore be necessary to delay, or pipeline,
all information from the detectors. Information crucial
to further triggers is digitized during the level 1 trigger
processing.

4. Following the initial trigger system which will pass events
at a rate of 104 - 105 per second, a level 2 trigger sys
tem, utilizing primarily special purpose process~rs, will
achieve a further rejection of events of approximately
100:1. Events passing the level 1 system should be buffered
so that fluctuations in the initial pass rate do not lead
to deadtime and loss of E'fficiency. For events passing
the level 2 system. n matrix of scannE'rs and ADC's will
digitize the date for all channE'ls containing information
relevaIlt to that evpnt

5. Finally, a third level or decision-making will be performed
using general purpose processors capable of reasonably
complete and sophisticated reconstruction of events.

The general flow of the electronics summarized in Figure
21 has been discussed in several previous workshops35,36. In
addition, it is to a large extent modeled after existing exper
iments such as VAl, UA2, CDF, and DO. It is encouraging
to note that the performance required at each stage has been
obtained. or is likely to be obtained, in existing experiments.
Thus, for example, VAl and UA2 have obtained rejections ex
ceeding 1000 in the equivalent of a level 1 system for triggers on
electrons, muons, and jets. eDF fully anticipates that its level
2 and level 3 svstem will achieve a combined rejection exceeding
10" That the' total rejection of nearly 108 may be obtained re
mains to be demonstrated, however, since the selection criteria
of the l.' A1-UA2 "level 1" systems are strongly correlated with
those planned for level 2 - level 3 in CDF. For one process of
great interest, HO ~ W tW" -+ eflqq, a study37 indicated that
it should be feasible to attain the desired factor. For many
of the other processes of interest, further work is required to
demonstrate that the overall rejection can be achieved.

While aU aspects of the electronics, trigger, and data acqui
sistion system require significant development, it is apparent
that the most serious technological challenges involve the front

end electronics. Also. t he design of the preamplifiers, ampli
n('rs. etc. is very closely linked with the design of the detec
tor~. For these feasons, and also because an earlier workshop at
hrmilab concentrated on triggering and data acquisition3~,the
Electronicc:; group decided to focus attention primarily on the
front end electronics. Of the many different types of front end
systems, including among others those for tracking, calorime
try, muon detection, transition radiation detectors, etc., it WaS
decided to concentrate on calorimetry and tracking both be
cause these systems are in a sense the most basic and also
because it was felt that solutions to problems in these areas
would very likely be applicable to systems for other detectors.

Some discussion of level 1 triggering is also presented below;
the reader is referred to the Electronics Group report17 and
to reference 35 for additional details on the level 2, level 3
triggering and the data acquisition systems.

Calorimeter Electronics

SchE>matic Diagram, Pulse Shaping, and Noise A
:'i('hematic diagram of the electronics for the calorimeter is shown
III Figure 22. It has already been noted in the section on
calorinlf't n' that it j" desirable to USf' transformer matching for
tilUM' , Ildllfleb >\ jth ia, ~l-' ",ourcf' (<tparitanc·f'. and that short
'ai.I ..... mll,;t .W I,tlli1.('d f lite risetinw of th.' -lgnal ;.., to be kept
,is --mall ii" pC)8!"ble.
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Figure 23
Measured response of t hf' "i .'\34 liquid argon calorimeter

system. (a) Output preamplifier for fJ function charge input.
(b) Output of preamplifier for liquid argon signal. (c) Output

of fast shaping amplifier for liquid argon signal.

The rather "low response produced by Lhe inherent drift
time in t Iw liquid argon or by the slow risetime due to cables
dnd preamplifier may be compensated to some extent by fast
pulse shaping (with a corresponding decrease in the signal-to
noise). This is illustrated in Figures 23a. - 23c which show
the performance measured for the NA34 systemP Figure 23a
shows the response of the preamplifier to a delta function charge
injection (with the source capacitance attached), Figure 23b
shows the response of the preamplifier to liquid argon signals,
and Figure 23c shows the response after bipolar shaping. The
peak of the signal, which is proportional to the energy deposi
tion, is attained after 100 nsec. The time of the signal may be
determined rather accurately from the zero crossing point.

For the particular geometry of the calorimeter considered
during this workshop, the total source capacitance, equivalent
nOIse charge, equivalent noise energy. event pileup noise, rise
tinl{', and time resolution were estimated. These results are
presented in Table 2 and a discussion of the assumptions em
ploved in t heir determination is included in the report of the
Elf" t ronic~ Group.

Energy Measurement and Analog Pipeline The front
end Circuitry following the shaping amplifier (which may pro
duce either unipolar or bipolar signals) must perform at least
the follo\\ i IIg functions:

Figure 22
Schematic diagram of the front end electronics for the

calorimeter. The output of the shaping amplifier is sampled
and stored at 30 or 60 MHz in a CCD or analog memory unit

(AMr).

energy measurement, via sampling of the voltage at the
appropriate time

'1 t lffi(' measurement for at least the trigger towers, and
preferably all towers

:~ storage or delay of the analog information until the level
1 trigger is completed (0.5- 1 usee)

4. buffering of the information from events that have passed
t he level 1 trigger so that additional events may he recorded
in a deadtimeless way.

These goals may be accomplished in a number of ways. In
one of the simplest schemes the delay could be provided by
a conventional delay line and the energy determined by two
sequential samplings, one before the event of interest and one
after the event of interest (suitably delayed to allow for the
risetime) .

[n a high rate environment where the signals cover a large
dynamic range, it is generally accepted that two samples are
not sufficient; it is necessary to measure the slope of the base
line a:. well as its magnitude. This is then equivalent to "bipo
lar ...haping". In addition, it will be essential to measure the
time of energy depositions in at least the trigger towers. Be
cause time invariant bipolar shaping is a natural choice for time
mf'asurement (the zero-crossing time is independent of the am
plitude) and because the zero-crossing time may be easily <lno
affurately measured by additional voltage samples. the ana-

log pipeline or "analog ring buffer" shown in Figure 22 Sf'f'ms

a natural choice. It combines the features of multiple voltage
samples for energy and time determination, storage of the in
formation during the level 1 trigger processing, and buffering
of the information so that the system is deadtimeless. The at:
tual technology and design that will be optimal to implement
such an analog pipeline is not completely clear at this time.
It can probably be accomplished with appropriate CeD's or
with switched capacitor arrays such as the Microstore recently
designed for use with the SLD detector38 •

Dynamic Range The dynamic range of the system is set
by the maximum energy that must be measured without sat
uration and by the precision that is required at low energies.
The most stringent criteria at the upper end of the scale is
probably set by the search for Z hosons with masses in the
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rauget 6 TeV; this implies that one must be able to mea
Surf> energies of order 2 TeV in a single channel. At the low
f'Tid, thf' inherent resolution of 12 - 15%/JE for the electro
rlldgnetic calorimeter implies a resolution of 120-150 MeV at 1
Ge V. One does not want to compromise this resolution since it
is likely to be important for the determination of the position
of f'lectron showers. A scale 0£100 MeV per channel is consis
tent with this; at the same time the inherent limitations due to
f'lectronic noise, uranium noise, and event pileup will probably
prevent an} substantial benefit from a finer scale. Hence the
d) ndrnic range of the system must be of order 14 bits.

Current systems, such as that for the CDF calorimetry, have
demonstrated the feasibility of obtaining dynamic ranges equiv
alent to 16 bits in a relatively straight-forward and inexpen
sive \\ay. While the preamplifier incorporates the full dynamic
range. it is often simpler and less expensive to divide the sig
nal at some point such that two parallel, overlapping systems
of lesser dynamic range are utilized to accomplish the overall
objective. Since the linearity of CCD's and simple switched
capacitor arrays is currently rather far from 14 bit performance,
two parallel systems were assumed, each of 9-10 bit accuracy,
as shown in Figure 22.

Track Chamber Electronics

The potential problems for track chambers of event pileup,
distortion of the gain and drift velocity due to the equilibrium
level of ions, and radiation damage are alleviated primarily by
choosing small cell sizes and operation at low gas gain. Thus to
a farge extent the problems of tracking become identified with
the challenge of developing an electronics system which simul
taneously satisfies the requirements of low noise, low power,
and high speed.

Types of Systems There will exist, of course, many differ
ent types of tracking detectors and readout which are optimized
for different purposes, for example central tracking, intermedi
ah> angle tracking, forward tracking, transition radiation de
tectors. and microvertex detectors. There are at least three
different types of electronics systems that may be utilized de
pending on the quantity which it is desired to measure. These
include

1. .\1easurement of the total charge (or a fixed fraction of
the total charge) deposited by individual particles

2. Measurement of the time of the signal from individual
particles.

3. Measurement of the charge, as a function of time, result
ing from one or more particles (waveform sampling).

It may be desired to make these measurements either on the
signals induced on the wires (anodes) or on the cathodes.

It is important to distinguish between the requirements of
(1). in which only one charge is measured per particle, and the
rate of measurement is set by the instantaneous rate of particles
(typically 3-6 Mhz) and the beam crossing rate (60MHz), and
(3) in which multiple measurements of charge from a single
particle are made either to obtain good timing resolution or to
separate the charge distributions from different particles with
spacing as close as 20 nsec. The latter system, which is often
referred to as waveform sampling, typically requires frequencies
of at least 100 MHz and preferably 200 MHz.

As noted earlier, the very high particle flux and questions
of radiation damage, appear to require that a large part of the
track chamber system use small cells, of either square, circular,
or hexagonal geometry. The geometry of these cells is such
t hat the positions of tracks will probably be determined by
Jt'ading edge timing. In addition, there is little to be gained
in att<'mpting to resolve multiple tracks from the same event
in a single cell, since the track separation in time is of the
same order as the time during which the ionization is collected
from a single particle. The Electronics group therefore decided
to concentrate on systems of type (2) since a large fraction of
the tracking electronics will be of this type and since it seems
more likely that electronics of this type might be incorporated
directly on, or very near to, the chamber itself.

Schematic Diagram, Pulse Shaping, and Performance
A schematic diagram of a system for measuring the drift time
for most track chambers is presented in Figure 24. If it is not
to limit the performance of the tracking system, it must satisfy
the following goals:

1. Sufficiently low noise to allow operation with gas gain of
order 1-2 x 104

2. Time resolution ,'I nsec.

3. Double pulse resolution of 20-30 nsee

Fortunately, the continuing evolution and refinement of pream
plifiers and amplifiers22 has led to systems which are capable
of the performance represented by (1) - (3). Of particular inter
est h~s been the development of rather simple, yet fast, shaping
amphfiers capable of producing pulses of FWHM ~ 6 nsec. The
p~rformanceof one such system which utilizes delay-line clip
plllg to suppress the exponential tail of the preamplifier and
pole zero cancellation to nearly eliminate the l/t falloff of the
current pulse from the chamber is presented in Figures 25a _
25c. :\ four-fold integration with time constant ~ 1 nsee is
utilized as an approximation to gaussian shaping. These re
sults were obtained with a very small chamber but even for
relatively large chambers it should be possible td obtain pulses
with FWHM ~ 12-15 nsec.

Power In addition to providing the performance discussed
abov~, it is ~ery' i~portant that the entire system-preamplifier,
amplIfier, dlscrImmator, and time measurement- should (00-

TVC + Analog PipelIne

Figure 24
Conceptual design of the electronics for measuring drift times

in a track chamber. In addition to a preamplifier, shaping
amplifier, and discriminator, the circuit schematically shows

time-to-voltage conversion followed by an analog buffer.
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Figure 25
Response of track chamber electronics. (a) Preamplifier

output. (b) Preamplifier tail cancelled (~ anode current) (c)
Anode current tail cancelled.

sume less than 100 m W of power. The motivation for such a
low power is partially economic since the cost of crates, cool
ing, power supplies. etc. is to a large extent proportional tv
the total power. But t he strongest motivation is provided by
the desire to locate the entin' front-pnd electronics system. up
through the timt· meaburment and digital or analog pipel~ne,

directly on or .. ery near to the chamber itself. The alterna
tive, which is to route 50,000-100,000 cables to electronics at a
remote location (even if remote is only 5 m distance) appears
to be difficult to accomplish without seriously degrading the
hermeticity of the calorimetry. It was felt that careful consid
eration of system design and redundancy would yield a system
that was sufficiently reliable.

Time Measurement Two different systems were consid
ered for time measurement. The first, schematically illustrated
in Figure 24, uses time-to-voltage conversion and an analog
pipeline. A pulse from a wire, if it exceeds the discriminator
threshold. turns on a current source, which is then turned off
by a subsequent pulse from a reference clock system. It is pre
sumed that the reference clock would be synchronized with the
crossing frequency and would run at 30 or 60 MHz. The goal
would be to obtain a time resolution, at least in the absence of
slewing or "walk" effects, of 200-300 picoseconds and full scale
range of 30 - 60 nsec. Numerous such systems have been built

using discrete components and there is no fundamental reason
why such performance could not be obtained with fully inte
grated, or largely integrated, systems. The required dynamic
range of the analog memory or analog pipeline would then be
8-9 bits.

A purely digital system for time measurement was also pro
posed and is discussed in detail in a contributed paper.39

Level 1 Triggers

One of the important assumptions in the trigger systems
that have been proposed is that one can obtain a rejection
factor of 103 104 within 0.5 - 1 usee. The Level 1 triggers
that are typically regarded as crucial for selecting the events of
interest are

1. Tot al E t and missing Pt

2. Jets with E t > 40 GeV

3. Isolated electrons with E t > 25 GeV

4. Muons with Pt > 10 - 15 GeV

A fifth category which is more often listed among the level 2
triggers, but which is a candidate to be included in levell, is
that of high Pt tracks.

Trigger Times and Pipelining As indicated by the cal
culations on time resolution for the calorimeter, it should be
possible to uniquely associate an energy deposition in a partic
ular trigger tower with a particular beam crossing, if the ener.gy
deposition is sufficiently large to be important for the level 1
trigger. Since it is necessary in any event to have a one-to-one
correspondance between a particular trigger and the raw data
corresponding to that trigger, and since it may be useful even at
level 1 to combine trigger information from different detectors,
it is presumed that the output of any trigger system will have a
time associated with it which allows that trigger to be uniquely
identified with a particular crossing. If analog memory units
or sh ift registers are used to pipeline the trigger information
in the same manner as for the raw data, it should be straight
forward to form combinations of triggers in a manner that is
dead timeless.

Calorimeter Triggers The calorimeter information will
be extremely important for triggering and will be used to im
plement categories (1) - (3) above. These triggers require that
one be able to multiply the energy in each tower, or sums of sev
eral trigger towers, by sin () sin 4> or cos 4>. Given the pipelined
structure, it should be possible to accomplish this either with
multiplying DAC's or with digital multipliers, and still be able
to keep the association of each trigger with a particular cross
ing.

It has been found useful, both in offline analyses and in the
formation of triggers, to exclude from energy sums those towers
whose energy is below a certain minimum. This will be particu
larly important in the present high rate environment due to the
significant amount of low energy noise which arises both from
pileup and from electronic noise. Simple analog switches, such
as that illustrated schematically in Figure 26, can be utilized
to pass linearly the signal if it exceeds a certain threshold. It

OUTPUl

Figure 26
Analog gate with threshold.
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is likely that such a switch will be utilized for each 0.06 ~: 0.06
trigger tower, though it is conceivable that direct analog sums
of 2 - 4 towers might be performed first if coarser segmentation
proves to be adequate.

Both the electron triggers and the jet triggers will require
some form of crude clustering at level 1; the UAI and UA2
experiments -also found it important to include this capability
so that prototype systems exist. For the electron trigger the
chistering may simply be the sum of four adjacent towers. In
order to obtain full efficiency, one must allow for energy shar
i ng between trigger towers: hence each four-tower sum will pre
,.;umably be offset from the adjacf'nt sums by one trigger tower
width (0.06. 0.06). This is the scheme used very effectively
by the l T.'\2 experiment.

For the jet trigger, a similar technique might be utilized
t hough one would sum all those trigger towers over a region of
order 6." x t::..</> ~ 1 x 1. As with the electron trigger, such sums
would have to be overlapping to attain full efficiency. It is also
possible that more sophisticated algorithms may be developed
that are sufficiently fast.

Muon Triggers Considerable attention was given to the
topic of muon triggers. Fig. 27 shows estimated rates for
all particles, particles with Pt > 5 GeV, particles exiting the
calorimeter, and particles exiting the muon iron. For angles
greater than 15°, simply the requirement that there exists a
track segment pointing to the vertex will reduce the interaction
associated rate to the level required, and should be sufficient
to eliminate background from noise and cosmic rays. Should
additional discrimination be required, a cut on the angle of the
segment (at least in the central region) can be used to increase
the momentum cut.

Figure 27
Raw angular rates for all particles, all particles greater than 5

GeV, all particles exiting the coarse calorimeter, and all
particles exiting the muon iron.

In the forward direction. the rate of muons (both prompt
and from decays) is sufficiently large that a reasonably accurate
determination of momentum will be required at level 1; specif
ically, it will be necessary to impose a transverse momentum
cut Pt > 10-15 GeV to reduce the trigger rate to acceptable
levels. Since tht> displacement of a track from the infinite mo
mentum trajectory for Pt = 20 GeVIc is small, e.g. 2.8 mm and
21 mm at polar angles of 0.77 and 5.7 degrees respectively, it
\\ ill tw necessary to use drift time information. A preliminary
design of a track processor that performs a fast analog least
"{juan's fit to the hit information was presented. The tower
,ize corresponding to each track processor would be kept small
enough to keep the rate in that trigger tower below 100 kHz in
order to minimize ambiguities caused by multiple hits. To sim
plify the processor only hits from planes with low multiplicity
would be utilized. A simulation of 1 TeV muons propagating in
magnetically saturated iron was performed to study the effect
of muon-induced electromagnetic showers; it was found that if
five detector stations are used, each separated by 1 m steel,
then at least three detector planes were clean for 97% of the
events.

While further studies are clearly required, there was consid
erable optimism that it should be reasonably straightforward
to design a muon level 1 trigger which would reduce the trigger
rate to less than 10 kHz.

Forward and Other Specialized Detectors

While many of the participants pursued the Nirvana of a
large hr detector that is capable of doing all physics, a small
group of enthusiasts40 pursued detectors in the forward direc
tion, spurred on by the observation that the rapidity interval
'>-10 will in fact be undetected by the "411"" detectors. Inspira
tion for studying this region is provided by (I) the hope that
there may be new physics that is preferentially produced in
the forward direction and (2) the observation that final states
with masses in the several hundred GeV range are produced
with equal rates in each unit of rapidity and may in some in
stances be better studied (for example with superior particle
identification) in the forward region.

Severa) different geometries were considered. In one (Figure
28), originally proposed by Bjorken41 , quadrupole spectrome
ters, including particle tracking, calorimetry (and optionally
ring imaging cerenkov counters) are spaced along two kilo
meters thereby allowing coverage over nearly the full rapidity
range.

-Killing-dipol..

l....---i7,.-----:2~O:--"""":;71;.;---;2=-"'l;7::!::OO..-·2~OO::O':""""----Z(ml

Figure 28

~(' hematic illustration of forward detector proposed by
Bjorken.

-347-



,. A r~)ore traditional approach40 led to the layout shown in
~ Igure ...9. The ~pe<tromf'tf>rs.were designed to allow study of
torward prod.uctlOn of states In the mass region < 1.6 TeV;
the. rurpose IS to preserve access to the range of C!\t energy
a~allabl~ at .the Tevatron, while taking advantage of different
kInematIcs In order to improve the quality of the measure
u!ent: TI~n~e '~1-'ettroIl1eters, each contaming track chambers,
rIng unagmg cerenkov counters, calorimetry, and muon detec
tors, were used to cover the angular interval 0.2 - 200 mrad.

A detector design for scattering in the very forward region,
in particular for small angle elastic scattering, was put forth
by DeSalvo, Orear, and Maleyran.43 They conclude that by
using thin walled proportional tubes inserted directly into the
beam pipe, it should be possible t.o measure elastic scattering
to angles as small as 10-6 radians, the region in which Coulomb
scattering dominates.

DETECTOR SIMULATION

11 20 35 100 200

BBAM

•

It is widely recognized that to make further progress in the
design of calorimeters, track detectors, and the overall detector
design, more sophisticated and accurate simulations will have
to be performed. Such simulations pose a formidable task and
will in all likelihood require a concerted effort on the part of
a number of individuals. Motivated by this need, Price and
Lebrun spontaneously formed an ad hoc working group on de
tector simulation during the workshop. Their report44 reviews
the currently available programs for detector simulation and
discusses the requirem('nts for sse. The group also makes rec
ormnendations on how to proceed in order to most effectively
a("complish the desired goals.

THE "TASTER"
RAAE IS DECAY SPECTFDETER SOEMAT I C

Figure 29
Schematic of a more conventional forward detector proposed

by Schlein and Foley.

Still another design is that of the "Taster" which is illus
trated in Figure 30 and discussed in detail in the report of the
Heavy Quark group.42 One of the primary goals in the design
of this detector is that one be able to study rare B decays and
CP violation. Even at the sse B mesons will be produced
primarily at low Pt. It is argued that the detection of leptons
of c:;everal GeV transverse momentum is much easier in the for
ward direction where the momentum of such particles is of order
10-30 GeV rather than 2-5 GeV. In addition, charged particle
identification, which is apt to be important in the ultimate B
decay experiment, may be easier to implement in the forward
direction.

CONCLUSION

One of the challenges presented to the participants at the
beginning of the workshop was that of examining each of the
major detector systems in considerably greater detail than had
been done in previous workshops, with the goal of understand
ing whether it is in fact feasible to build a detector such as
outlined in the DCMAP report or in the Proceedings of Snow
mass 84. The suggestion that one think about such mundane
problems as mechanical structure, power dissipation, electro
static stability of wires, cable routing, etc. prompted a few
good-natured remarks that it is unheard-of that one should do
"honest work" during a summer study; however, most of the
graups rose to the challenge and made considerable progress
towards this goal. In addition, this workshop benefited enor
mously from progress made in the development of detectors and
electronics in the last two years. While a number of questions
remain to be answered, it seemS clear that it will be possible to
build detectors which accomplish most of the goals outlined in
the Introduction and which will allow one to effectively address
the physics potential of the SSC.

A second charge to the working groups was that they at
tempt to identify areas of research and development that seemed
to be particularly important for implementation of the detec
tors being considered. While the Task Force on Detector R &
D for the sse has already produced an excellent report on this
suhject, it seemed useful to ask the participants of the work
shop to also focus on it. They did so and clearly identified a
number of areas which they felt to be particularly important.
Happily, and not surprisingly, there is a large overlap with the
recommendations of the Task Force.

It is interesting to note that much of the R&D during the
last two years that is most relevant to sse detectors was carried
out not for the sse but for the sake of other experiments. For
a variety of reasons, including the fact that nearly all of the
major colliding beams detectors are no longer in the R&D
phase, and that the particular problems for the sse of high
rate and radiation hardness are not always shared by other
experiments, itis unlikely that one will be able to rely on this
mechanism in the future. It is important that an aggressive R
& D program focussed on the problems posed by detectors at
high luminosity, high energy colliders be initiated as soon as
possible.

I
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Figure 30
Schematic of the "Taster" detector which is designed

primarily to study B decays.
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