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Introduction

The use of calorimetric messuresents of partic=
ular jer ensygiss, angles and typss is sxpected rto be
of parsmount imporcence in S8C experiments. The sig=-
natures of interesting oew physics sre imsgined ro ip-
clude identification snd messurement of jets, elec-
trons, photons and missing energy up to nearly the
full beas snargiss. At high energy, calorimelric ses-
suresents dre superior to other koovn methods for a
" wariety of reasons. Up to the limits imposed by cali~
bration systematic error, the relative energy resolu-
tion decreases like 1//E, whereas magnetic seasurement
resolution increases like E. The depth required for
containment of energy increases oriy as 1n{E) so thae
calorimetera offer relatively compict detectors.
Radiation hardness, a r€quirement fur the full SSC
luminosities, is possible to achievs with suitzble
choices of media. The time resolurion reguired to
extract interesting eveots in the wery large collision
rates {mean &t = 10nsec), although insufficient for
full time separationm, is probably achievable at the
level required to extract most physics. It is also
true rhet sigosls from calorimerers lsnd theaselves to
forming fast triggers which can extract ussful candi-
duts svants for further analysis, Bince calorimerers
are by nature messive, they complement detection of
wuons by presentisg absorber materiwl required in any
cuse for muon identification. Finally, sinc: measure-
ment of jets will be crucisil ar the S5C, the similar-
ity in response of calorimeters to charged and neutral
hadrona ot electromagnetic pruticles is essentiasl.

The demands uporn an ideal S5C calorimeter are
many and varied; optimization of parameters for par-
ticular physics purposes will depend upon the partic-
ular requirements of an experiment. The identifica-
tion of non-interacting particle production {neutrin=-
os, photinos etc) demacds excellent control of energy
rssolution, snd position sccuracy as wall as carsful
attention to minimizing dead zonss o©f coverages. Maxi-
mizing energy resolution requires the largest posaible
sampling frequency for energy deposits, as well a»
sufficient lopgitudinsl depth to avoid degradatisa due
to leakage fluctuations. Use of calorimeters for par-
ticle identification {electron/hadron, ¥/ %", W + jera
/QCD jets ete.) will place particular premium on seg-
mentation, both transverse and longirudinal. Similar
requirements on transverse segaentation result when
one desires to isolate particular psrticles in the
wvicinity of many other psrticles [e.g. identification
of leptons in the midst of quark jet fragmentation).
Study of rare events at the highest accessible lumin=-
ogity will place particular stress oo the speed of

*This research supported by the U.5. Department of
Energy under Coatract DE-ACD2~75CHOD016 and by the
National Science Foundarion.

signal colleccion end shaping in order to aveid con™
fusing overlsp from unwanted bsckground collisions.
FPinalily the cost optimizations will stongly influence
caloriserer choices; beyond the cbwious dependence on
rav materinl costs, thers ie strong bsnafit from mewi=
wmizing the mesn daneity and {n miminieing the space
required for signal collection and processing.

The investigations of caloriperry st the S5C were
sided by talks on special topics by M. Abpline, U.
Azaldi, C. Baltay, B. Cox, H. Friech, P. Grannis, C.
Heusch, J. Buston, J. Kirkby, 5. Limn, T. Steinberger
and G. Todh. We have benefited from seversl excellent
reviews oo aspects of EX ap n;-dronic cascades and the
pecformance of calorimerry.*~~.

The activities related to calorimerry at Snowasss
took place in three maiv areas. These were:

1. The performance criteria for S55C calorimetry,
including the requirements on hermeticity, shower con~
taiument, gegmentation 4nd time resolution. The wse
of calorisetric means of particle identification wvas
studied and is sumcarized in the report of Fernandes
et. al.

2. The study of trigpering wethods using calori-
meter eneryy, angle and timing informsrion. ,_This work
is presented elsevhere in these proceedings.”;

3. A geviev of a wide weriety of calorimeter
ssterials for absorber and sampling, as well as
several means of vbtaining the readout of the energy
deposits.

The participation of many physicsts in these
studies should be explicity noted. Their efforcs,
both at Snowmase and in the months following, have
helped elucidate many of the desired properties of
calorimetry at the S5C and have pointed the way toward
eosantisl srudies and tests in the nuxt Zevw yesrs.
These individvalas, with the breakdown of the various
working groups and the organizarion of this summary
are indicated below.

1. Performance Criteris for SSC Calorimerry

A. Hermeticiry - S. Linn, F. Paige, B. Pope, L.
Price, S. Protopopescu.

B. Shower Containment and Albedp - C.
Newvmap-Hplmes, G. Yodh.

C. Criteria for Segmentation - T. Ferbel, J.
Huston, T. Kondo, R. Partridge.

D. Pile-uvp and Time Resolution = M, Glaudman,
8. Gordon, J. Kirkby, P. Wanderer, D.P. Weygand.

I11. Calorimetric Triggers ~ M. Abolins, L. Price, R.
Wagner.



II1. Potential Calorimervic Media
A. Uranium Absorbers snd Compensation ~ L.
Dalzay, V. Cook, T. Ferbel, M. Gordon, P. Grannis, C.
Heusch, H, Iwvasaki, T. Xondo, 1. Leedom, P. Slattecy,
T. Yamanaka, Y. Watanabe.

3. Watm Liquid Ionization Calerimeters ~ A. lu,
C. Heusch.

C. Gas Calorimetecs -~ A. Llu.,

D. S5ilicon Seapling - T. Xendo, Y. Watanabe, 5.

E. New Heavy Glasses - B, Cox.
P. 3srium Fluoride

I. rerformance Criteria for SSC Calorimetry

A, Herwericity

The recent experieace of CERN 5p§5 experiments
shows the power of signalling the presence of neu~
trinoe or other noo-interacting psrticles in high pr
events, This is mede possidble if the Ep of had-
rons, electrons, wuons and phorons are well measured
over the larges: possible solid angie. The vector
transverse sogentus in &n event can be then used to
infer the exisisnce of non-interacting parricles abowe
some threahold in Ey, set by the acale of the Ep
resolution errora.

Several effects combine ro produce apparent miss—
ing pr from imperfections in the detector. They
include the finite epergy resolution of the calori-
aetry, misseasurement of shower angles, loss of parci~-
cles within the loles impseed by the 55 beam pipes,
loss of particles into crac s between adjacent sep-
ments of calorimetyy and losses into uncovered regions
due to the constraints of real 1ife {supporrs, cable
pathways etc.). Some of rheae sre clearly detector
dupsndsnt and must be studied with specific designs in
aind. In this regard it is interesting to exaxine the
effec:; of incomplete calorimetry coverage for CDP
and DA at the 2 Te¥ Fermilab Callider. Both of these
detector simulations find that particuler care must be
paid to minimizing the cracks and desd zobes in cover=-
age in order to capitalize on good energy and angle
resolution.

The natural scale for assessing instrumental ef~
fects is that setr by the unavoidable losses by neu-
trinos. These come primarily from the semi-leptonic
decays of ¢,b, and t quarks produced in hard consti-
tuent collisions. The effect of nevtrinos hee been
svaluatyd fo: 7s = 4D TeV pp coliisions using
ISAJET*"™"* fwo-jer evente containing the canonicsl
mixture of heavy quark production. The differential
cross section dofdMPT, whete MPT is the wmissipg pr,
is ahown in Pig. 1 for these neutrino contributions
above. The MPT distriburion is seen to be sirongly
non~Gaussiap for this source, with contributions at
the level of 100 pb/GeV around MPT = 100 GaV/e. -
Figure 1 alsp shows the differenrisl cross section due
to losses withia circular beam holes whose angular
sizes are > 6 {8 £0.3%), n2 5.5 {8€ 0.5°), and N
>5{pL0.8 ¥). These crosa ssctions dp mot include
wffects of cracks, energy or angle resolution; they
are compured using light guark jet events appropri—
ately weighted over all pp. The use of ISAJET ?
simulating the effect of small angle beam holes
suspect, since thar program does not include 1n1t1:1
state gluon radiation. 1In parcicular, disagreement
was found berween ISAJET and analytic approximate cule
culations in derails such as the dependence of MPT
distributions upon jet py. Our compariscns in this
workshop do indicate that the ISAJET simulations asre

2t least gqualitatively correct. Fourther work is
needed to exiend the snalytic calcularions 1o address
the question of the ful} differential cross section
w3, MPT. Taking the ISAJET reaults shown in Fig. 1,
we find that the beam hole effects becone less than
those from neutrino production at a wvalue of MPT
ranging from 20 GeV/c for n{Holeld = 6.0 o about 4D
GeV/e for niHole) = 5.0.

The effect of energy and anple resolution on the

MPT distridbutinrns has been investigated for vs = 4D
TeV collisions. Figure 2 shows these resulls, again
compared with the effect of neutrino emission. In
this study, the energy resoluticn was sssuxed to be 8

» ,35/F for hadrens end o * )5/ for EM particles.
Thc enerpy resolution function was Gaussian. In addi-
tion, the impact point of each s-over was assumed o
have s measurenent error of og = « 2w {on a
cylindrics! sppromimaticn to e detwctor with affactive
radivg = 100 ¢m, capped alopg cthe beams &2 200 cm).
Such resolutions lead to the expectation of miseing
pr resolutions of the form ©(MPI) = CviIZy wizh T
in the wvicipiry of 0.3. We see from Fig. 2 that these
angle and energy tesplutions have only modest effect
op that due o & 0.5° beam hole (n= 5.4).

The effect of cracks in calorimeter coverage has
been studied. Por this calculation, dead regions were
introduced into the cra’orimeter in the form of azi-
muthal wedges in a cylindrical ealorimeter {Tipner *
10D ctm) which extends between 3IN® § 8 4 150°. These
wvedges have boundariecs which project to the beam axes;
they sre assumed to be filled with material of the
same density as the active repions of celorimetry.
ISAJET events are propagated through a shower generat~-
ing Mopte Carle (see Ref. 9) in which the mean longi~
tudinal and transverae showey profiles are reproduced,
as well #3 reagonable repragentations of fluctusticns
in energy deposit, The caloriueter density wap chosen
to approximsts ursniuz and liquid argon (p » pp,)
with Xg = 1 cn and i ~ 20 em. Thet energy which i»
deposited in the cracks was ignored and the remaining
energy in live regions used to form the differential
cross section. The Tesul.o are shown in Fig. 3 for
two values of crack size ~ 1.3 of the total srss of
the central calorimeter, and 4.0Z. Again, the effect
of neutrinp production ia shown in FPig, 3 for compar-
ison. We see that there are some Don~-Gaugsian rails
in the cross secticn due to the cracks. Below MPT =
40 GeV, the effect of these cracks dominates the neu=
rrino effect, even for 1X of dead area. The effect of
these cracks at {1.32 desd #rea) is «bout the saze as
that Jue to & D.5° beam hole, out to MPT = 3D CeW/e.

It is clser thar, of the several contzolleble
effects on misping pr resolution the presence oif
cracks and desd spors is potentially most damaging.
The cracks investipgated in this workshop, even 4t the
level of 1.3% of the area over the range 30" < 8 X
150", pive tise to WPT broadening at levels :nmparabXe
to reascnable beam pipe holes. They also yield mon~
Gaussian tails to the distribution. It is_also found
in resl simulations of present experiments — that
dead areas introduced for mer .anical support and
access will give larger MPT contributions unless
rigorously controlled. Such calculations” indicare
that particular attention must de paid to avoiding
za2ps in coverage for the EM portions of the calori-
BELTY.

The conclusions of this workshop are then that
various iostrusental effects {crarks, beam holes and
energy/angle swearing, in that order) are likely to
dominate 55C rissing pr sesolurions below about 40



GeV/c. At lsrger MPT, carefully constructed calori~
meters should be sensitive primarily to real effects
such az nevtrino, photino, ttc. production.

B. Shower containaent and Albedo

The longitudinel depth required for containmen:t
of a fixed fraction of snergy in & calorimetar in-
creanes logerithmically with incident energy. The
longitudinal trensition curves Sor hadrons are ususily
parametrized using tggx [the depth for shower maxi-
mum) and A (rhe effective attenvation length following
shower maxizum). Both tg.y #nd A increase logarith-
mically with energy, so that the depth regquired to
contain fraction f of a shover takes the form t{f) = A
+ B In(E).

Measurements of §,fro¢ accelerator data’? and a
cosmic ray experiment ~ give & cosbined result in the
range 20 < £ £ 5000 Ge¥ of A = 0,16 + 0,29 a2} (in
Ag). The depth of shover maximum !or‘enﬁmgia- between
3 and 200 GeV is taken from cslculations ~ to be
Toax = ~0.23 + 0.58 1a{E) {in Ap). The resulting
depth for 952 containment is t{952) = 0,41 + 1,75
1u(E) (ie Ap) which yields 952 containment st 8.5 Ap
and 12.5 3p at 100 and 1000 CeV, respectively. It is
worth noting thet the parssetrization from the CERN
COIS experiment gives :{99%) = 3.5 + 0.9 In(E), ficted
to data between 15 and 140 GCeV. This larter expression
gives an extrapolated depth for E=100D GeV of 9.7 Ap
=-considerably lowver thar the containzent depth quored
above.

It is embarassing that such a fundamental para-
meter as the depth of calorimerer required to contain
hadronic showers is known with such imprecision in the
TeV regime. Clearly the coats of detectors which
ezploy 15 ip deep calorimeters will be quite a bit
larger than those with 10 ip of calorimetry. The
issue is important, both for protection of muon detec-
tors from punchthrough, and slso for good energy reso-~
lution since fluctustions in the leaksge fraction can
bs quite large, The sxisting sccelerator”® deta shows
approximately 301 degradstion of resolution in going
from 992 to 5957 containment. Better high energy wea-
surements of shower containment are called for. A
contriqgtion to these Proceedings by C. Newman~
Bolmes®" rried to assess the importance of energy ras-
olution and contaiment using the CDF Monte Carlo. It
vas zssumed thxt L's and V's escape, there were ao
beaz holes and some assumed angular resolution. To
optimize the miesing Ey resolution it was found that
the energy reaolution was aot very important and the
calorimeter only had to be 103p thick in order that
the angular fluctuarions were sbout equal to those
from leakage,

The losa of energy frow the entrance face of »
calorimeter {albedo) can be of importance in affecting
energy resolution. Albedo arises due ro backscattered
secondaries aa well as long~range components emitted
iuotropicallein nuclear fragmentations. Cosmic ray
measyrements”~ of the backscaitered charged pesrticle -
component give the ausber {into 4fl = 23) per showar of
N= 2.4+ 1.13 In (E/100 GeV) for showers between 150
and 2000 GeV. Asauming each particle carriea an aver-
age of 0.5 GeV, thia tomponent of albedo represents
1.23 of the full shower energy at 100 GeV and 0.25% at
1000 GeV. The albedc losses due to phqions are com~
parable to those for charged particles ™ ; neutron
losses are probably greater.

Accelerator test datal? at 5 Gev using iron and
uranjumw liquid argon calorimetrers have seen an appar~
ent loss of abour 3% of the incident energy when the
position of first interaction is within 1.7 Ap of the

front face of the calorimeter. If interpreted as
albedo, this qualitatively confirms the cosmic ray
reosuilts.

Theee estimazes of the albedo do not appesr to
impair seriously the energy resolutions achievable by
calorimetry at high energies, although they are uncefs
tain enough to warrent furthsr study. At low ensrgy
there is vather direct evidence thar resolution ia
made worse when the first hadronic interaction occurs
early in the calorimeter ~ uniess specisl correczion
factors are introfuced. 11 addition to worsening res-
olution in the calorimeter, the zlbedo has the effect
of sending unwanted particles backwards into the
detectors closer to the interaction. Since each high
enesgy showver sends seversi charged particles backward
{5 at E = 100D GeV), this effect can be quite damag-
ing.

C. Criteria for Segwentation

The degree of scgmentation of calorimeters is of
crucial importance in determining the structure of
events and in identifying the character oz particles
in the events. There are two tasic approaches to
setting the desired segmentation: the firs: is to set
the granularity of T apd hadronic sections of the
calorimster ot the transverse size of the individual
showers themselveu; the asecond is to use the structure
of certain physics rignatures to set the appropriate
scale. Clearly the firs? spproach sets the smallest
sensible size.

There is considerable data on the transverse
sizes of showvers in Jdifferent media. We first examine
the EM cascades where data, anslyric understanding and
Monte Catlos are relstively more reliable than for °
hadronic showers. Since thz wesan angles involved in
the 2remsstrahlung and pair production processes L_ad=-
ing to longitudinal shower developuwent are smaller
than the oean angles or multiple Covlomb scatrecing of
the bulk of the electrons, it is the latter whivh set
the transverss sizs scals through the cheractszietic
Holiere redium:

g ™ 21 MeV %,

3

c
where €. is the critical energy (at which the joni-
zation loss is equal to radiation losses) and Xp is
the radiation lenpth. Although the Moliere radius
sets the scale for the bulk of the enerpy deposit, the
extreme tails of the traneverse distribution sre
believed to be due to the spreading of low energy
photona at the minimum attenuation coefficients. At
deprhs beyond the maximum in the longitudinal develop=
ment curve, this essentially geometric effect contri-
butes to the growth pf these wings.

The gquestion of how the transverse profiles of EM
showers behave in sampling calorimetsrs == where both
£ 2ad Xp differ between absorber and sampler --
received aome attention in the workshop. Naively, ona
way expect conziderable broadening of ahowers when a
large fraction of the medium is low 2 sampling mater=
ial, #llowing the angular divergencies of the electron
and photon populations to open up the spatial distri-
bution. Experiment and calculation show this effect
to be of minor importance. Test calorimeters with
varilH%e insertions of air or plastic were studied by
Yuda, " The rue widths shown in Fig 4 show some
geometric effect of introducting sizeable air paps,
but wvery little when acrylic Bpacers intervene between
lead plates.



quantitative study reported in this Proceed-
ings '~ studied a lead-liquid argon sampling (3.5 mm
Pb and 5 mm Ar) calorimeter using the £G5S Monte Carlo
and found a radius of about 4 cm for 951 transverse
containment of a full shover. If ths georacric
spreading effect in srgon were dominan' we would
expect the radisl size to be 2.% tiwes ..t fur pure
lesd. The zesults of Ref. 19 sre instesd consistent
with those obtained using & Moliere radius cosputed
using the weightsd sverage rasistion length and crici-
cal energy for lesd. Thus the Iransverse sizes of
shovers in this caloriseter srs abdout 203 lzrger then
in pure leasd.

The 952 contsinment radius for full IM showers is
about 27y as indicated sbove for typical SSC cslori-
meter wedias e.g. (2 mm U/2 ms Ac) gives 95% contain-
ment at r=Z cs. Thus, transverde segwentation st the
level of 2 x 2 cm seeva a rassonable match to the
showsr sizes. It should be pointsd out however that
the central core of the shower ia quite smsll indeed;
[at s depth of 5/Xp in] s 100 GeV shower, che full,
width of the projecced shower is only.sbout 2 mm.

Pig. 5 shows this effect.
for rather fine segmentation st the depth of the
,shower maxima.

"s The ability to messure the centroid of a shower
haa been studied in various experimentsl tests and in
some simulations. There gre some discrepancies among
these data; some evidenca“’ exists for position reso-
lu:ig?nzghich scale like £-0.5, while other

data“’"““ argues for a weaker energy depeadence. A
Monte Carlo result®” using ZGS finds position resolu-
tions of a few mm uming 5 x 5 cm segzentations with
5=10 GeV electrous.

The longitudinal segmentation in EM Calorimeters
can be exploited to give useful diurilinl:ugzrﬁz
betwsen electrons (or photons) and hadrona, ™
It is possible, using the combination of lateral and
longitudinal segwentation, to reject hadrens wiih fac~
tors exceeding 10° For 100 GeV incident energies. The
minimue oumber of longitudinal samples reguired for
this is three; it is imporrant that these samples be
chosen auch chat ocae igsrelativzly swall apd centered
oa the shower maximum.

‘The transverse size of hsdronic showers is estab-
lished primarily by the mean transverse momeotum in
hadronic interactions, as well as by multiple Coulomd
scattering. Because of large mean free path of had-
rous in materials, the relatively large inelasticity
in each collision and relatively fsw generations in s
full cascade, hadron sliowers ers clisracterized by
larg=: transverse spresd snd grester fluccuation than
zce uri showers. The average transverae profile for
200 GeV in an ¥~ iron-scintillator calorimeter is
shova in Pig. 6; although there is e relacively dense
core of energy near the shower axis {Xcm) the wings
of the distribution extend past 15 c» from the a-is.

Despite the complexities of the hadronic multi=-
plicaﬁon process, there is & Teasonable rule of
thusb“’ thet the lateral profiles of full showers can
be expressed as u function of the single variable Rp =
transverse thicikness in g/cm {where the appropriate
weighted average of material densities is taken) The
radius within which 95 of the energy is contained in
about 1 absorption length (3p) in the parricular wix
of materials eaployed. ¥ig 7 shows such a curve com~
paring xdzsazsox 2's and p's in the energy ranoge 10 -
200 GeV,“"~“° This scaling behavior may not persist
ar the highest 55C energies where the fraction of
snergy in ths caacade carried by »°*a i3 known to

Such smsll corea msy srgue

increase, lesding to narrowing of the & ANSVETNE pro-
files. For example cosmic~ray Tesults” with an iron~
scintillator calorineter show & decreap- in the 98X
containment from 4D cm at £ = 4D GeV 0 25 cu at'E =
20 TeV,

The average width of hadronic showers also shows
an spproximately linesr increase with depth into &
calorimeter, as shown in Fig. Z. These data”™ also
indicats tha independence of shower siges with wRTeT=
isl when expressed in terms of thicknesses {g/om™).

For the 2or: of dense caloriaeters discussed for |
S5C (e.g. wvranium-liquid argon)} the radius for 55%
containment is thus .xpected ro be about 10 cm; as -
noted sbove, the central core of the showers are smal~-.
ler" by & good bit {e.g. S0X containment within s few
cm radius), The conclusion st this workshop vys that
calorimeter transvares segaentation of 5 x 5cm® wes
sufficiently Zins to sstch the avarags showar sizss to
be encountersd. In terms of confinement padii, this
size is in fact smeller thap the 2 x 2 cx® EM segment-.
ation recommended above. The larger fluctuation for
hadronic showers may justify this; in sny case msking ;

hedronic segments more than & times the area of EM ;

' seguments leads to diminisbing economic rerurs. :

The size indicated for hadronic segmentation is

also well matched to detersining the shower centroid

with saximum precision. Studies of r:c:}ﬂmid measure~
ment in iron-scintillator calorimezers™" show that '
little jmprovewent is made if the sampling element
widths decrease belov about 10 cm {Fig. 9). Since the
density of uranium calorimeters should be nesrly twice
the iron devices, it appears that cearly optimel reso-
lution should be resched with 5 cm wide hadronic seg-
ments. The measurements shown in Fig. 9 show an ex~
ponentislly increasing behsviog, of centroid error o =
opexpld/dg), where dp=60 gw/cw™. Fig. 10 shows the
energy dependence of gﬂition error whicth falls ap~
proximately like £~0.3,

The second method for establishing puidelines for
calorimeter segmentation is based wpon the capsbility
to isolate physirsl phecomena of particulsr interesr.
Two studies were undertaken st this workshop. The
first examined hov a finely segmented calorimeter

could distinguish W + qq decays from single parton
jets at large pr.  In this study ueing py = SDD
GeVfe W's or jets, the discriwination was seen tp
improve as segmentation became finer down to about 2n
* g¢= 0.03 {e.g. about Scm xS coazt r = 1.5 m.
The size indicated in this work pertains priomerily to
ths hadronic asymentation sincs ths lets duscribud ars
dominated by mulzihadron fraguwentstion. The second
study examined IEE ability to isplate electrons from
top quark decay. Electrons were considered isolated
if no charged particles struck the 3 x 3 matrix of
cella surrounding the electron and if less than 5I of
the eleztron energy was deposited by neutral parti-
cles. Top quark jers of pr = 500 GeV/c showed over
80 electron isolation probability with segmentation
of An= Ap = tD!D:.’. Thiz resul? implies EM cells of
about 3 x 3 cn” at r = 1.5 =,

It is interesting thar these two physics studies
yield segmentation of calorimctry at about the same
level as was dictazed by the intrinsic shower sizes
themselves. Thers appears then to be a matural scale
to the transverss segmentation desirable in cslor-
imetry for SSC detectors. This size (about 2 x 2 oo’
for EM calorimetry and 5 x 5 cm® for hadronic) is
achievable by present techoigues; the cost of such
granulerity is however likely to be largs. For a
celorizster covering £ 6 units of rapldiry, in a



cylindrical geometry of effective radius of lm, it
izplies about 2 x 10° £M towers and 3 x 10" hadronic
towers. Allowing for 3} compartments within the BM ’
section end 3 within the hadrgnic gives a total :
channel count of about 7 x 10”. At current costs per!
chanoel of eleccronics of et least 550, the cost for |
5il;;trunm:ing such & calorimeter will be in excess of
M.
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D. Tine Resolution

In order to utilize the high luminoeity of the
5SC for rare processes such as hesvy Higgs or quark
production it is crucisl to determine whether the
calorimeter will function at sufficiently high rate.

_ This lubjectayn been widely discussed rsiently, eg.

© ps5C*?, and the pp conference.

below, is rather low.

" few GeV.

Snowggss '82°7, the DPP Berkelegy meeticg™ , the
o % The conclusions are

that sll known calorimeters have collection times of
order 100 nsec. Therefore, not omly the events
within the same bunch crossing will pile up but slso
those from crossings before sand after. However the
calorimetar cell occupancy rate, as we shall cutline
Therefore, in designing the
§5C: 1) n, the mssn nuaber of intscactions/croseing,

" ahould bs #» small as possible wpprosching 1; 2) &

time history of each chann2l in = 10 nsec iatervals
is desirable to sort out avents from different
crossings; and 3) R&D on faster calorimeters should
be vigorously pursued.

The occupancy rate for the most popular choice
for s calorimeter, liquid argon, can be estimated.
With the addition of 1X methane the electron drift
time for s 2 mx gap would be » 150 p». For op =
lﬁgsnb and dN(shlrged yuti&],el)ldy = 6.5 this gives
107" x 3 x 107" x 160 x 107°" x 6.5 = 312 charged
particles per unit of rapidity in 300 ns! Assuming a
segumentetion of 4¢ = 0.03 and &4n = 0.03 and thst each
particls effscts 3x3 tovers, this izplies that = 1/2
of the towsrs have soms remnant of a soft shower - &
gentle glow. Even though the drift time is slow the
time resolution in liquid argon calorimetera is good
enough to distinguish signals in a particular bucket
if each tover has s time seasurement. This reduces

the occupancy to § 5%.

There have been studies of & few specific
physics :opigg with the presence of up to 10 minimum
bias events. For example very high pr jets
clearly stand out over the background when demanding
a minimum py in every ccll of the calorimeter of a
For isolated electrons in heavy W's or Z's
the signsl has been shown to be rather unaffected by
the pileup of minimux bias events. Even for SUSY
particles where the signature is an isbalance of pp
with no charged leptons, the addition of additionsl
events is not very severe since they all balance

PT-

Howaver aa laderman pointed out in 1‘98233, there
mey be some rare processes which pile up infreguently
to simulate an even tarer signal. For exazple
consider the production of heavy quarks:

Tl b,

L
‘lv

The signature would be a high pr lepton, a large
miesing energy and the constraint of the Q mass for
both decays. The sams slgnsture could be sinulated

by
a) pp * [: jet
w
+ pp * et ¢ jet

or b) pp + jet + jet
+ pp * jet ¢ jet
L!v.

A detailed Monte Carlo uimulltiq% nf these two
possibilicies was made using ISAJET. For example
for possibility b), two jet events were generated in -
10 equsl pr bins from O to 1 TeVi/c. The tracks X
were projected £o a model calorimeter with seguenta~ !
tion &n = D.1, &4 = 0.1 covering iy‘l € 5. The energy
in each crll of the calorimeter was'recorded. Simi- |
ilarly a large nuxber of two jet events wvere generated:
selecting only those with & charged lepton pr > 40 )
GeVfc. The particles from these events were also put!
into cells in the calorimeter. Each of these ]
events carries s weight related to the cross section |
in the pr bin in which they were generated. Then
the two sets of events were summed: the contents of
21l calorizmeter cells were added, Finally an analy=
sje vas psriormsd on both heavy guark svanta gensc-
ated by ISAJET and these events that were summed, !
The signal and background were subjected to the same .
cuts, These cuts were chosen on the basis of mini=
mizing losses of the signal but maximizing the loss
of normal single event backgroundn. The cuts are
1isted ip Table 1 for mass of heavy guarks of 200 and
SO0 CeV. Table 1 alsp lisrs the cross section for
the events that survive the cuts. For the background
this was derived from the following:

1

Py = POy

Py = 20

Prz = 23°P2 2
Nyz = AP1=P2 = Np o102
o3zl = N3z

D12 = POI02

‘Table 1. N
Analysis of Heavy Quark Signal and Backpround

A) Cuts used in snalysis

M-Q = 200 GeV M.Q = 500 GeW
I pr > 100 200 GeV
pr{lepton) > 40 BO GeV
Sum of Ep in
3x3 cell cluster
sround high pr
lepton < 5 S Ge¥
Transverse momentiuun
of lepton relative > 20 20 Ce¥
to jer* direction
Transverse mass of
jet* and lepton > 20 10D Ge¥
Scalar component of
prY¥ transverse to
lepton 3-mowestus > 50 10D Gev
B) Results of the cuta
a) signal {llesvy quark) 8. 1x10= Ty de2n10=8n
b} signel W + jet 1.Ex10" b 7.0%10""mb

jer + jet

€) jet + jet 9.9x10" 5ab 1.8x10~5mb

jet + jer

*the jet is the highest py jet in the same
hemisphere as the highest pr lepton.



" where T3(2) is the propavality of background 1(2)
occuring during e beam crossing o is :hs int‘ignted
luminosity per beas crossing (3.3 x 10~ zb~* in this
example’ ©)(2) is the cross section for bsckground
1(2), N is the total number of bewm crossings and L =
Hp is the integrated luminosity. It is clear that
the type a) background is close to the sigral while
typs b) backgzound excesds the signal. Unfortunately
this study did not optimize the anslysis procsdurs
and perhaps it would be easy to suppresa the back-
ground due to this type of pileup. Clearly more of

. this type of work ia required.,

All calorimeters need sccurate calibration sad
monitoring hove”r this is covered in a concribution
by P. Slattery.

+ I1. Cslorimetric Triggers

with 1.6 x 10° interactions per second there is
quite a challenge to the trigger syatem to reduce
this rate to = 1 Axr. This grqup has s separate con~
tribution to the Proceedings.’ A first level trigger
reduces the rats by # 1000, This iz sccomplished by
demanding py > 75 CeV in a region of the calor-
imeter covering An = (.25 and 24 = 15° or demsnding
two such regions having py > 25 GeV or demanding
that miseing energy > 25 Ce¥. An implementation of
such a trigger with no dead time is given. Finally
tt+ additionsl requiresents for warious specific
physics signatures ia Jircuseed. The calorizetric
thresholds for each signature is calculated to reduce
the rate to 0.2 Hr. The conclusion is that triggers
can be devised that allow the study of the 1 TeV mass
region.

I11. Potential Calorimetric Hedia

A. Uzanium Absorber

A considerable smount of diacussion was held on
ths uns of uranlue we un sbsorber. The 5‘;’" usa of
uranium was in liquid argon cslorimeter.*’ This mea=
surement showed both aa improvement in the energy
resolution using uranium compsred to iron and also a
more nearly egqual response for hadronic showers com-—
pared to electromagnetic showers, EM/HAD = 1, Both
of these benefita were understond and interpreted as
the effect of fission induced in the uranium nuclei
by the nuclear cascade givipg additional energy in
the sampling medium in the form of some mixture of
neutrons and gamea rays. Such a fission product Ia
understood to then partially compensate for the
energy lost in a pon-uraniuvm absorber in the excita-
tion of the nuclei. A confirmation of these effects
was later cbaerved by the AFS col)ﬁbnntion using 8
uranium acinti;.]ntoz calorimeter. However, J. Brau
and T. Gabriel™ have recently suggested that the cb-
served EM/HAD » 1 is primarily due Io the transition
effect. The transition effect is the obhserved dif-
ference between what an electrozagnetic shower depos-
its in s sampling celorimetsr (with many transitions
between a high density absorber and low density sam-
pling medium) and what would be expected to be depos-
ited on the basis of considering the fraction of the
dE{fdx loas in the ammpling medium. The Brau and
Gabriel suggestion is based on Monte Carlo calcula~
tions uaing EGS3 and HETC. They claim that the tran-
sition effect in + high Z material suppresses the
electron response thereby giving equaliry with
hadrons. In fact y/e = 2, the experimental measure
n:ntdf the transition effect, in the original U/LA
test  where "u" is the signal observed for a minimum
iopizing particle passing through the calorimeter
converted to the epergy lost by that muon in dE/dx in
borh tha abaorber and sampling medium. 3Brau and

=3

Gabriel predict that a lead caloriverer may slso give

EM/HAD = ], However both in a 3.5X lead acintillator
-lenurcmegt and a 5.4) tungston sciotillator mea-
surement'® this ratio was *l.% ~ 1.5. Brau and

Gabriel slso pointed out that e sciotillator-uranius
calorimeter may hsve better performance than a ligquid’
argon uranium one due to increased saturaticn offects
ic srgon comparsd to scintillatsr.

A recent atudy for LHC has indicated the great
importapce of this ratiy being cloase to 1.” 1t is
obvious that more real data is needed, Currently DP ]
and SLD have U/LA testr underway and SLD is planning
8 Pb/LA test for 1985.

8. Warm Lliguid lonization Calorimetars

»
Compared to liquiu argen sampling, the possibil~'
ity of using Toom ‘tsmpeuture 1i.‘quml such as tetra=- |
metbylailane 11337 or neopentase™” offers certain
advantages. The need for insuvlared cryogenic ves-
sels is removed, and the eignal collection could bhe |
faster. Unfortunately the liguid must be extremely
pure, the liquids are flammable, sometizes toxic, and
the effecrive signal cbtsined is 141D - l,lsﬁsompued
to liquid argon. At present only J. Engler = has
obtained results using a 10 liter TMS system with
cossic rays. Work is alse going on st LBL (M,
Strovink), CERN {D. Schinzel), snd Aschen. This
technique needs to be proven on a large scale bur
merirs atteation for the SSC.

C. GCas Calorimeters

Unofficially it was reported skLat the LEP-3
group &t CERN has obtained EM/HAD = 1 with an appro- '
priate gas mixture and abscrber. Unfortunately the
energy resolution is about s factor of 2 worse for
a2 sampling compared to liquid argen, However at
the S5C energies the sinplification of gas sappling
with faster time collection, simpler electronics and
aechsnicel copstruction could prove wery useful,
Unfortunatsly radiation damege still prevants this
approach closs to the bsszs, Alwo it may be pointed
out that the density of such a calorimeter is usually
30-4D% below slternatives and thers is a pon-trivial
problem to monitor the gain in a large system.

D. 5i Saxpling

A contribution was prepared for these Proceed-
ings on the use of .siﬁiE%n detectors as the sampling
nediun for calorizetry. The advantages of using

#ilicon as the sanpling medium are tlie gaiu stability

{since the detectsr has unit gain as in ligquid
argon), fast response, compaciness, operation at
roomtemperature, insensitivity to magnetic field, and
ease of fine segmentation. Unfortunately the cost is
currently hipgh and radiation damage, particularly to
the electronics which needs to be close, could be
severe. Also there is currently a fair =mount of
dead epace on the perimeter of a silicon detector
whick could lead o dead spaces in the calorimeter.
1dsally such calorimeters would ba bost fiwar the
beams bur there th: radiation level is highest. Also
the sampling fraction is intrinsically very low since
the active thickness is typically = 30D .. This
leads to preater sampling fluctuations which
increases the ensrpy resolution compsred to using &
thizker sampling medium with the same thickness for
absorber plates.

Rew heavy glasses were dizcussed which have
density = B. They have been developed by A.R. )
Spowart in exzall quantities. “The coxpositions are i



proprietary until agreements are worked out with
glass manufacturers. Ssmples hav> been checked with
sources and seex to be as radiation bard as SCCI1-C
doped with cerium. At SSC energies there would be
enough 1ight output to use photodiodes for all
readouts. This topic requires more work.

P. 3B F2 used with PWC

An interesting fast cnlgsinetoz was proposed by
D. Anderscn and S, Majewski. It has not been fully
developed Ybut work hes been done at CERN and now at
BNL (C, Wooiy ot al.). Curreatly radistion hardneas
is being measured, The gein calidration and stabil=
ity could ba a problem since there are so many inde-
peodene photocathode surfaces and proportional chaz-.
bers. Also there is & need to heat the chazbers
sbove room temperature to allow the TMAZ to have
enough vapor prassurs. Parhsps ite high cost will ba
ths only msjor drawback,

Conclusions and Recommendations

Ac anticipated, the studies done in this work=-
shop have confirped that calorimetry will be a domi-
nant part of many detectors for the S5C. TFor the
generalized 43 detectors they will bzl’:'sndicpenui‘ble;
for wost of the specislized detectors — calorimeters
will play important roles in particle identification,
jec Teconstruction, quatk flavor tagging etc. Al-
though the working group has Dot seen specific areas
where currently known caloriserric techniquea are
totally inadequate for the iob at SSC, there are
clearly worries about some of the performance and
cost ftigures.

Calorimeters can be judged on many different
beses: EM end hadronic energy resolution, tesponse
ratic for £} and hadronic showars, position resolu=
tion, time resclution, signal collection time, effer-
tive density, segmentstion ability, calibration con-
trol, stability, radistion hardness, ease of packag-
ing, intrinsic noise, linearitv, ability to operate
in magnetic fields and of coutse cost. No single
choice of method is ideal from all points of wview.

It is perhaps a failure of this workshop that new
ideas for calorimetry media and readour were not
forthcoming.

For many of the discussions, the standard choice
for SSC calorimetry of uranium liquid argon was
made. This choice has clear advantages in that it
has been demonstrated to work, has superior density,
EM to hadron responss, snergy rasolution, callbrasinn
and ease of segmentation., Its primary drawbacks are
the difficulty of working with the cryogenicz liguid
contaipers and r“e signal collection times. The
characreristic integration times { =100 nset) inherent
in ligquid argon schemes allow substantial overlap of
events within the resolution ioterval. Although oo
clear case has been made that interesting physics
will be jeopardized by these overlaps, we are by no
wmeane sure that some crucisl topology of rars event
will be lost due to the background from several over-
lapped events. Thus it seems crucial to extend
studies of this problem through more complete simula-
tions than have been reported here. 1t must be true
that at some level {e.g. & signature involving 1 e”,
2 u* and three jets) the backgrounds swamp the signal
when 10 eventa are overlapped. We need a better
guide to the acceptable limits of time resolution for
a range of physics.

Other techniques offer specific sdvantages.
Substitution of liguid argon with room temperature
liquids {TM5, THMP, etc.) relieve the cryogenic diffi-
culties but raise new hazards sssocisted with flamma-
bility., There is also a loss in signel size and s
gain in signal ppeeds. Regquisite purity is hard o
schieve. Sampling with scintillator mey give timing
improvezents at the risk of excessive radiation
damage. Porential new ceriwum doped heavy glasses msy
sivs superior energy rssolution, but will posa diffi-
culzies in calibration and stability and in wdbility
to seguent finely. The use of BaFp should yield :
excellent tize resolution bur may have difficulries
owing to mon~uniformities, srability snd construction' |
problems. The idea of sampling with silicon wefers )
could be very artractive snd straight forward to !
bdild, but cosi, cracks for readouts and rediation
dszsge sre problems. The existing technigues using
gas sampling arc viable but give reduced snszgy Taso= .
lutlon, isss overall density snd difficulties in cal=
ibration. It is clear that further R sad O on #ll of
theae possible choices should have a high priority in’
the coming few years. For some there are major un=
knowns with regard to radiation damage, snergy reso-
luzien and Elt/hadronic response which need to e
measured, For all, there needs to be demonstratior |
thet zalculations and swall scale prototype perfor-
mance can be transiated into workage larpe scale ]
devices. -

1
)

Somewhat orthogonal to the guestion of evaluar-
ing the warious calorimeter sampling materials is the
issue of how well uranium absorber works to reduce :
energy resolution widths and egualize EM and hadronic,
response. This issue is not wholly decoupled from
the choice of ssmples, as it is expected that convere
sion of fission decay products in the sampler will be
better in low Z than in high Z waterisls. The role
ot the transition effect in reducing EM response is
alao undsratood to dspend in a known guantitstive way
upon the critical energies, and hence on samnling
medium 2, The major unresplved issues here are in
the size of the compensation effect due to fission of
uranium relative to other non~uranium properries such
as albedo, lesksge and transition effect, Test cal-
orimeters of nrarly identical construction should be
atudied. ©Of particular interest are comparisons of
uraniuvm liquid argon, lead liguid argon, uranium
scintillator and lead scintillator calorimeters of
equivalent depth, rsdius and segmenration.

‘The ability to m;igger on calorimetrie informa-
tion was studied here’ and found to be sufficient o
the task (barely). The schemes envisioned involwe
multi=-level triggers in which & series of mors
sophiszicated cuts are applied at each succecding
stage. An approximation to such tripper schemes are
now being duilt for the 2 TeV Fermilab Lollider where
instantanesus luminosities will be at least a factor
10 below the SS5C deaign. Experience with the detec-
tors and triggers should provide very wseful experi-
ence in hardling noise and overlapping evenrs, making
fast jer {inding algorithme and missing pr calcula-
tions, and in incorporating triggers for special par-
ticles. Additional simulations and studies of the
trigger problems for ! SSC, together with advances
in implementstion, shuuld continue.

Studies of the performance parameters required
to do the range of S5C physics need amplitication in
several areas. Much of this can b: accomplished
through combinations of analytic calculations angd
Honte Cario simularions. Awong the topics needing
further work we note: [1) proper caleulation of the
effect of beam holes upon missing pr resolution;

{2) puch more extensive modelling of rhe deleterious



effects 'of dead regions in calorimeter coverage; (1)

aessuresent of hsadronic showver containmen:t depths;
(4) the benefic to be found from tagging the time of
individusl energy deposite; (5) the wbility of calor-
imeters to aid in identifying specific jer or psrti-
cle types; and {6) the effect of time overlapped
event backgrounds on interesting physics signatures.

It is, in our opinion, essential that much of R

. and D, simulation and calculation exercises be

' program is a legitimste concera in itself.

carried forvard as rapidly ss poseidle. We have
pezhape five years svailable before conetruction of
the real S5C detectors is initiated und the sort of
program outlined here is necessarily an iterative and
recursive process, Although we xay count on the
efforcs of those collsborations now building Jetec-
tors for L¥P, BLC, Te¥ I snd HERA to snswsr :~zs of
the questicns, it is clear that theze initistives
will not address all of the new tezritory thet should
be expored for SSC detectors.,

The zechsnism for stimulaeting this research
Although

it oay be ideal to csll for the establishment of ded-

" jcated detector R and D groups”, such arrangementa

- of calorimeter prototypes.

have not been wholly successful in the past. It is
however clear that the major laberatories in this

 country and abroad do have an opportunity, and per—

haps responsibility, to dedicate some fraction of
their resources to such unrestricted resesrch. It
has besn zost useful in.prowiding forus and talent
for these entsrprises in tha past and should be ex=
panded. A corollary is that access o test beaus
muet be preserved {enlarged?) in order to facilitate
rapid and repeared tests of specific new realizations
Pinally, it seems appro=
priate that the SSC R and D phase not lose sight of
the need to foster research on derector issucs a»
well a2 on accelerator questions. The time scale for
the detector buildup is not so much shorter than for
the 5SC itself,

A radical altersstive would be to call for pro-
posals as early as possible, organize the proponents
into parhaps 2 groups, appoint a manager to take on
the responaibility of developing tho detector which
would include the detector EAD relevant and neces~
sary. This is essentially the exaaple followzd in
LEP. It would mobilize experimental groups to trcut
the SSC as a reality and therefore commit themselves
to the project. The RED would be naturally directed
towsards tasks ralevant to tast project. It would
alaso force an early interaction between builders of
the accelerator wnd the detecter.
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