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Study of High-p Events with a Calorimeter Hodoscope

I. Objectives

The detailed study of hadron-hadron inelastic events of high-pT,

‘and particularly of correlations among particles in such events, promises

to add significantly to our understanding of strong interaction processes
at very small distances, and may throw light on the possible presence of

point-like components -- partons -- in hadrons.

A major feature to be expected in high-pT events is the presence of

correlated groups or clusters of high-pT particles -~ i.e., of (transverse)

jets. An elementary mechanism which will give such jets is the production
of high-pT resonances,which can give multi-particle clusters carrying an
internal transverse momentum of a few ténths GeV/c. A more exciting pos-
sibility, first suggested by ﬁerman, Bjorken.aﬁd Kogat (BBK),1 is that
parton collisions may produce jets, and that by studying jets one may be
able to study parton-parton collisions. In any event, we proceed from

the viewpoint that clustering effects do occur. The resonance mechanism
at least must produce jets; and there is already experimental evidence
showing an increasing clustering effect with increasing P, 85 seen in

the results of the CCR and PSB grbups. To gain further insight into the
nature and meaning of high-pT events, and of associated clustering effects,
one should measure the momentum of imdividual particles occurring in
proxi@ity to a high Prp particle.

We propose to make a detailed measurement of high-p, jets, at the
T 3

ISR, Our principal detector system will be.a calorimeter hodoscope,

covering somewhat more than 1/2 steradian net (about one steradian gross).

This calorimeter will use basically a steel and liquid scintillator

.
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sandwich constrﬁction, of a design which wé have tested and which has
good resolution at energies as low as a féw GeV. With this calorimeter,
and with an auxiliary charged éarticle detecﬁor to show &irections of all
chérged particles over a considerably larger solid angle, we expect to be
able to make measurements giving information on ﬁhe following questions,
1. To what extent do jets occur as groups of high-pT particles,

dlstlnctly separated in momentum space from other particles

.in a given event? (See Foﬁs, [ and 2. tleen -(hom ref, S ((((,ustl'a'fmg )(C)
2. Vhat is the differential cross section for jets, ddg/E , as a-

function of"F’T)J and GJ, for P, ) ~b GeV/c to 10 GeV/c,

jet’visible

and gjet from about 45° to 80°. (We deflne a. jet as an event
with at least one particle of high Pps and include in the jet
.3-momentuﬁ all particles lying "unusually" close in angle --.
for a jet near 900, e.g., this means all particles within an
angle of 1/3 to 1/2 radian of the highest Py particle detected,
See below for further details.)

3. How doesithe jet cfoss section, E%g7g , compare with the single-
particle cross section E%§7E ? (A parton-parton mechanism is
expecéed to produce a theoretical intensity ratio, for jets
compared to TP, of the order of 50 or 100 to 1, roughly inde-
pendent of momentum. Because the low energy members of a parton
jet cannot be unambiguously associated with the jet, one expects
jnstead an observed intensity ratio of the order of 10 or 20
to 1,)

4, What is the distribution of longitudinal and transverse momentum

among the particles of a jet? And what effective masses (i.e.,’

invariant masses) are present in jets? (For example, we expect



to see p's and w's rather clearly, if they are present in any
appreciable fraction of jets.)
5. What particle ratios are present in jets? We expect to get some

information, perhaps rough, on relative numbers of np, K°

neutrons, (See. L@(oun)

and

If this experiment gives sufficiently interesting results, we expect
that it would then be very important to continue on to install a second
jet detector (calorimeter hodoscope) on the other side of the collision
fegion, to try to measure properties of pairs of jets. Such pairs, if
found, could be the first hard evidence of collisions between point-like

components in hadrons.

II. Some speculative properties of jets

| Bjorkenl’2 and collaborators have suggested the general properties
that parton jets might have. In fact, whether or not parton jets exist,
Yresonance jets" 6ertain1y must, and will have the superficially similar
property of an internal transverse momentum of a few tenths GeV/c. That

low transverse ﬁomentum, when present along with high longitudinal momen-

tum of the individual fragments, gives a relatively close angular clustering,

and it is this clustering of high Pp particles that characterizes what we.

call a jet. .

Schematically, a jet comsists of a cluster of particle vectors in

momentum space, as indicated below by vectors P1 2. 3.4
b Bt 1 b
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Particles at a wide angle from the jet axis cannot be unambiguously
associated with the jet, and therefore one will in general have to be
satisfied with a measurement of an apparent jet energy, which will be
less than the true jet energy. (We will use the terms "jet energy' and
""jet momentum'  interchangeably, although to be precise they are somewhat
different for the "true" jet.) How much energy will be missed, for this
reason? |

To give an answer one must take some model of the jet internal
momentum distribution. Feynman,3 and Bjorken,4 have suggested that a
parton jet, like the jets along the‘béam direction, may have a "plateau"
region éf hadrons in the rapidity variable y; On such a model, one finds

that the missing energy, the energy contained outside the angle 8, is

given by
o
. 90 (.
| AE]9 ~ T8 E; s

where %g is the rapidity density of particles in the plateau region, per
event,and (pT) is the average transverse momentum of jet members, with

respect to the jet axis. From single-particle inclusive distributions we

: d :
take the values (pT) ~ % GeV/c and 3% ~ 2. If these apply to parton jets,

as would follow from Feynman's suggestion, then we have
0.67

AE] angles >0 ~ @ Gev.



(Bjorken2 has obtained this result by a related arguﬁent. We thank him
fof introducing this result to us.) Thus if one includes particles up to,
* but not beyond, one radian frém the jet axié, one can expect to lose on
the average about 2/3 GeV outside that angle.

Bu£ it is difficult to include particles as far away as one radian,
in the operational definition of a jet. Such particles will have in
general quite low momenta - with {(p) within 10% or so of (pT) - and thus
will not be in any way clearly associated with a jet in any particular
direction. Moreover, the average density of particles, dN/dQ, is large
enough that a one-radian ha}fjangle cone (AQ =~ 3 sr) will on the average
include at least one random particlé, for a jet at 90° to the beam, or
many more for a jet at 45°. So'we should perhaps plan to ﬁse an angle
cut of 1/3 to 1/2 fadian from a jet axis, in defining particles which
belong to a jet. For a cutoff angle of 1/3 radian, appropriate to
studyiﬁg jets at angles as small as 40° or so, the missing energy may
thus be of the order of 2 GeV. (From the above model this missing energy
might take the form of three pafticles, at angles of 0.4, 0.6, and 1.0
radian from the jet axis, and with momenta of 0.9,6.5, and 0.4 GeV/e
respectively.) This missing energy plays an imﬁortant role in the
detectability of jets, in the measurement of the jet energy spectrum, and
in the ultimate possibility of determining the energy>and momentua-trans-
fer variables in a parton;parton scattering, s' and t'. We discuss these
matters further below. Moreover, the apparent multiplicity of a jet, as
well as the apparent energy, can be much smaller than the values for the
true jet. For example, while a 10 GeV (true) jet might have 6 or 7 parti-

cles according to the multiplicity observed for ordinary events at ISR,

the slowest 3 or 4 would be lost by a cut at 1/3 radian, leaving about
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8 GeV (apparent) in 3 particies. For lower emergy jets the effects are
much more drastic: a 5 GeV (tfue) jet, of multiplicity 5 o; 6, would
appear as a single pair, of total energy 3 GeV. |

(For a schematic representation of what a beam jet and a transverse
jet look like in momentum vectors, on the model of flat rapidity distri;

bution, see reference 5.)

I1I. FEnergy Spectrum of Jets

The energy spectrum of jets can be related to the energy spectrum of
their fragments, if one makes some assumption about the "fragmentation
function", the g(x) of BBK. (g(x) is the fractional energy distribution

dE , sy s S
1l __ dE in the jet; it is analogous to yW,(x).) The behavior of g(x)
E. dx 2 _
total .
near x = 1 is of principal importance for determining the relation between
Jet spectrum and fragment spectrum.

Bjorken and Kogut6 have used a correspondence principle argument
to obtain the result that g(x) for the m meson behaves like (l-x) at x

2 . . . . A
near 1. Bjorken has shown how if this behavior is characteristic of

partons then a p_n jet spectrum gives also a p-n pion spectrum, but

weaker by about(S/ikn-l)(n—Z). n is defined here by o' E‘E§§7E Algé --

i.e., n = -d log ¢'/dp. From tﬁis chain of argument, and with n ~ 8, a
vaiue appropriate to the ISR 90° +° spectrum, 3 to § GeV, one may e%pect
jets of a given total energy Py to be ~ 50-100 times more numerous than
single m°'s of energy pl.' The exponent n as defined above varies sfightly with
momentum, bl (s close to & over a wide ringe. - - T .. |

If this series of arguments is correct, then the ratio of jet event

rate to single . event rate, at high Prps will be a quite large number.

If such a high ratio were to be observed, it might provide important



support for a parton-parton collision model and for partons; at the least
such a result would probably be an important aid in distinguishing between

different models. ) .

. o .
The actual ratio of rates, jet vs. 1w , which one can expect to measure

ié not as high as the ratio corresponding to the true jet energy spectrum,
however. This is because the lower energy members of a jet can;ot be
unambiguously associated with the jet, as discussed in secﬁion II above;
As an example, we consider the case that the jet is taken to include only
particles within a cone of half angle 1/3 radian (or 2/3 radian). Then
the jet signal can be expected to be ~ 2 GeV (or 1 GeV) smaller than the
true Jet energy. One then oBtains, on the model just discussed, expected
results as shown in Table I,

From Table I one sees that to test this major point, on the question
of the rate of jet events compared to the rate of single m events,bone
should look for jets of tﬁe highest possible energy. For example, if the
estimates in Table I are not too far wrong, then measurehents of jets of
‘energy as low as 4 GeV will give very little useful information on a parton
model -- at 4 GeV the number of jets per GeV may be 5 or even 10 times the
number of T 's per GeV, but in addition to single m™'s one will find

i, Ko, and baryons, and therefore the observed rate of

single ﬁ+, n-, K
"jets" (at this jet energy that means primarily observed multiplicity of
only 2 correlated particles) will not be enough larger than single-particle
rates to provide by itself useful discrimination between a parton model
and other models,

The conclusion that it is of high importahce to look‘for jets of the

highest possible energy -- perhaps 8 to 12 GeV -- has implications for

the solid angle, luminosity, and background conditions required.



TABLE 1

%
Near 90o

Expected Jet Energy Spectrum,

do(jet) /dPdQ Rate of jet signals***Aabove p s
do(r ) /dpdQ o obs’ o
in 1/4 sr (lab), at 90 , at 1=2x10)
. =k . wx . . o,
observed(L’ﬁ8> a)if & = 1/3 b) if 8 < 2/3 if 8 < 1/3 (rate of single 7 in
: 1/4 sr)
4 GeV 3% 13 600 evs/hr 160
6 8 21 80 10°
8 14 28 8 0.6
* This table is based on the observed CCR data‘for dng , and the model discussed
in the text. A LS tulcen as &
observed energy + 2 GeV for 8 = 1/3 radian.

K&k

True jet energy =
: observed energy + 1 GeV for ©

Obtained from CCR results for np's, multiplied by

columns. We assume an '""outside' detector.

-

2/3 radian.

the ratios in the previous



IV. Calorimeter Hodoscope

1. - introduction
We wish to detect jets of total energy about 3 to 12

Gev and beyond, with individual particle energies as low as
about 1 Gev. On the moael discussed above, the true jet energy
spectrum, in IRT , may be roughly similar to the e energy
spectrum; in fact, becaﬁse of the problem of the missing low
'energy members of the jet, the observed jet energy spectrum
will appear flatter'with energy than the true spectrum.

- We can therefore expect to have reasonable energy
resolution on jets if we have reasonable resolutiQn in the
presence of the 17° energy spectrum. The required energy
resolution for that purpose ié discussed in reference 5. As
discussed there, it is important, in measuring a steeply falling
spectrum, to have the high energy tail of the resclution curve
not extend too far. One important measure of this tail is the
distance from the peak to the last l% to 5% of the area. 1In

reference 5 it is shown by an example that the necessary energy

resolution to the 1% level is roughly(ﬂﬁ] apparent, to 1% level)

£ 30 to 40%, for E = 3 to 5 Gev. A more careful calculation,
based on the CCR data, shows that for energies from about 2 Gev

to 10 Gev one can in fact tolerate a spread AE,’ apparent, to 1% areg
E-bcak

of 40 to 50%. For any reasonably well-behaved resolution shape,

the FWHM will be roughly the same és the value of. AE)Ito 1% level®
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The BNL-Penn-Wisconsin collaboration, of Turkot,
Selove, Erwin et. al. have bﬁilt a test calorimeter which in
" brief preliminaﬁy measurements has given resolution of approxi-
mately this quality;A We also have evidence that this resolution
can be appreciably improved by minor refinements. The test
calorimeter, and some of the results, are described below.

2. Test calorimeter and results.

A tgst calorimeter of 10 toﬁ design has been built,
and preliminéry'test'results have been obtained at the AGS in
2 days of running at the-end of May. The resolution obtained
was about 50% FWHM from about 3 to 10 Gev, for w's and
protons; there is no very long tail. These preliminary measure-
ments were made with an incoﬁplete and‘crudely adjusted system,
and we have evidence that the resolution can be readily improved
to a value of about 40% at 5 Gev. (It appears that other design
refinements could improve this figure appreciably, to perhaps
25% FWHM at 5 Gev, though pefhaps at substantially higher cost.)

The calorimeter is 1.2 m square. it ﬁas a éeries of
modules, with layers of steel and liquid scintillator. The
runs in May were made with layers of approximately 12 mm steel
and 38 mm scintillator, with a total thickness of about 1.8 m.
(But in May the first 30 cm of the calorimeter had only one
steel layer out of 3, in place.) Each 45 cm of depth is viewed
by two 5-inch phototubes, one on each side, through 27 light
pipes on each side. There wére thus 8 phototubes toEal, in our
tests. .For the loaded 'system, each 45 cm is about one collision

length.

Iz



-11-

In the May runs we adjustedvthé relative PM gains
using mesons, and had time only to make the gains.roughly
" equal -- perhaps to + 10%. Most of the data was taken with
only the summed signal recorded, on a PHA. We also took a
small amount of data, with 7 Gev/c protons, with individual
ADC's reading out the 8 tubes, on each event. These latter
data are &aluable in showing several‘features. (1) The length
of the cascade is typically about two collision lengths.
(2) There is a contribution to the low energy tail coming from
leakage out the baék. (?hese'runs were made with a total of
about 4 collision lengths; the test calorimeter is designed to
have up to 50% more length, and in later runs we Will use 5.5
collision lengths or more.) (3) The absence of steel'in the
first part of the calérimeter, particularly with our parti-
cular arrangement of phbtotubes, gives an appreciable
broadening of the resolution. If we correct (by cuts) for
all of these effects, and céirect also‘for the differing gains
in the different PM-ADC channels, then the fWHM drops'from
dbout 50% to about 30% -- but with very poor statistics. We
believe that in practice it would be easy to obtain 40%
resolution. -

A few representative pulse height distributions, from
PHA'and from summed video, are shown in Figures 3 and 4 .
These illustrate in brief the following features we found from
the test run: | |

(1) The response is quite linear frbm 3 to 7 Gev.

(2) Pions give about 65% the pulse height of

electrons. Protons give about as much pulse height per Gev
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of kinetic‘energy as pibns give per Gev of total energy.

(3) For pions and protons from about 3 tb 10 Gev
the pulse height spectrum (uncorrected sum) has about 50%
FWHM. “

" (4) For electrons the width (uncorrected sung is
about 20% FWHM.

We also made some measurements of edge effects, and
found they were small, less than 5 or 10%, for particles
entering farther than 30 cm from an edge.

3. - Calorimeter hodoscope - general design features.

We wish to covér about one steradian gross, which
corresponds to somewhat over half a steradian net after
allowing for edge effects. We will cover this with a.matrix
rbgghly 4 x 4 units of area, each about 1/4 radian by 1/4
radian. The array will be located asymmétrically so as to
cover a range éf angles going from (gross angles) near 90%
to angles much closer to thé beam -- 35 or so. This
asymmetrical arrangement is to enable us to‘study high }7r
events with a‘Eonsiderable range of sin 5 where 65 is
the angle between jet and beam.

The hodoscope elements will be approximately 2 m
in depth. Exact thickness will be chosen after further tests
with our test calorimeter, uéing different layer thicknesses.
Light will be collected by mounting small phototubes iight at
each module. (We have calculated the light collection uni-
formity, for a design we are currently building in a test
version, and find that non-uniformity should contribute a

standard deviation less than 5% for 3 Gev showers.) Total
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mass of the.array will be about 50 tons.

The front section of thé array will have Pb plates
instead of steel,vfor a total thickness (Pb plus scintillator)
of about 30 cm. This is neceséaryvso that 7° energies can
be properly identified. (Otherwise, a signal of a given size
might correspond to a ﬁt of 6 Gev, or a iToof less than 4 Gev.
That same signél.size, it should be noted, might also corre-
spond to a préton with a momentum of 7 Gev/c.)

| Aékétches of the proposed layout, assuming operation
" with a étreamer éhamber,-are shown in Figﬁres 5 and 6 .
4. Identifiéation of neutral species.

Single particle inclusive ﬁeésurements show that with
increasing PT the ratio of non-pions ?o pions grows. It would
be of much interest to have information on particle ratios
. present in jets. For neutral members of jets we expect to
obtain some information on this question, though perhaps only
rough information. Firsf of all, 1To's will be identified
separately, as discussed above. We then wish to sort the re-
maining neutrals into Kf and neutrons. We hope to do this to
some extent, on a statistical basis (not event by event), by
obtaining some information on Kf by seeing the rate of k;; .
The rate of ,<5 we hope to determine, roughly, by observation
of actual V's from’f<:“’ﬁ4ﬂo in an auxiliary charged-particle
detector, and by effective-mass determination of events with

o, ' \

two T 's.
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5. Comparision of scintillator calorimeter with Willis
calorimeter, and.furthér remarks on energy resolution.
‘ W. Willis has developed a very interesting calorimeter

design, using liquid argon (LA} in a pulse-ion-chamber mode.
" That design hasrmany attractive feétures, including the
feasibility of using a more nearly homogeneous mixturé of
steel (say) and LA, with consequent improved energy resolution.
(In reference 5, W. Selove has discussed the importance of
having a short collision length and a short radiation length;
this consideration indicates that one would probably not want
to use pure LA in afcalofimeter array at ISR.)

The iron plus liquid scintillator (Fe pius LS) design
we propose to puild can not readily be built with very fine
léyers of Fe and 1S. The LS system does however have an ad-
vantage in time resolutioﬁ over the LA system, by a factor
which is not precisely determined but which is probably of the
order of 5 or 10. This better time resolution may be of con-
siderable importance, particularly if one wishes to work at
the highest possible luminosity, so as to study Jjets of the
highest possible 7.

As for the energy resolution,‘we méke the following
remarks.

1) The ultimately usable energy resolution for the
study of jets is limited by two factors presently beyond our
control:

(as A proton of momentum p)3§> P%nﬂw1' gives a

calorimeter signal approximately 1 Gev smaller than a pion
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,of'the same momentum. For 5 Gev jets,'say, this is in some
sense equivalent to a 20% FWHM contribution if protons are
present of the order of half the time in such jets,

(b) The low energy members of a jet can not even in
principle be associated unambiguously with the jet. This
effect, discussed abbve; represents an uncertainty of 1 to 2
Gev ~-- so an equivalent FWHM contribution of 20% to 40% at 5
Gev, or 12% to 25% at 8 Gev.

2) A major contribution to ﬁhe width of the resolution
curve comes from the variation, from event to event, of the
percentage of the incident energy which goes into 1T0 's in the
course of the total absorption cascade; (See reference 5 for
a discussion of this effect particularly in its extreme form,
the "full—energy—blip“.) AThét part of the cascade energy which
is electromagnetic delivers a larger signal, because no energy
is lost in binding energy, neutrinos, and other similar effects.
These considerations have led H. Brody X to suggest that one
might profit from having a simulténeous measurement of a
Cerenkov-radiation-produced signal, in a cascade. Our test
calorimeter provides physically for a sampling Cerenkov signal
of this kind. Calculations made by T. Gabriel and R. G.
Alsmille.r9 on LS and Cerenkov signals-for a geometrical
arrangement very close to that of our test calorimeter have
given preliminary results (a) showing reasonable agreement with
our measured energy'resolution, and (b) indicating a high

correlation between LS and Cerenkov signals. By using this
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correlation it appears that the resolution of our calorimeter

.could be improved to perhaps 25% FWHM at 5 Gev.

V. Auxiliary Charged Particle Detector

In addition to the calorimeter hodoscope, a large-solid-
angle charged particle detector is essential for thié experiment.
Its principal purposes are (1) to show all tracks'within about
1 radian or more arouﬁd the calorimeter solid angle, to permiﬁ
seeing Whether an observéd jet stands alone, (2) to give more
accurate information con éharged particle directions, for
tracks giving signals in the calorimeter, énd (3) to assist in
discriminating against backgrognd, by éhowihg whether calorimeter-
associated tracks come from the intersection region. Detecticn
-~-i.e., conversion--of ’TFD'S is also desirable, in a radiator
of 1 or 2 radiation lengths; for the same reasons.

Our detector of éhoice for this purposé is a streamer
chamber. The streamer chamber of the Aachen-CERN-Munich
collaboration would be excéllent for this purpose, and we hope
we can make some arrangement to work with that chamber, preferably
in collaboration with the Aachen-CERN-Munich group. If that
should prove not possible, an alternative charged particle
detector could be a set of cylindrical chambers, liké those the
BNL-VPI-Penn-Purdue-Wisconsin collaboration has used in the Argo
spectrometer system at BNL. This is a working set of 6 cylindrical
.magnetostrictive chambers, 75 cm long, and with radii from 15 cm

to 47 cm.
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We make some remarké here on the compérison of magnetic
and non-magnetic charged particle detectors for this experiment.
To be specific, we compare the SFM and the streamer chamber.

First we note that - . if one wants to study jets, and wants
to measure the energy spectrum of jets, then even with a magnet
one also needs a calorimeter. A magnet system like the SFM
has some serious disadvantages relative to a non-magnetic system,
in this case:

(1) The'angular aperture through which the neutral members
of a jet can reach the calorimeter is quite limiﬁed, by the
pole tips and coils.

. (2) The calorimeter system cannot be brought close to the
intersect, with the SFM, because the magnet and its chambers
éxtend quite far to the side. Hence the cdlorimeter expense
would be considerably greater with the SFM, for a given solid
angle coverage, than with a.non—magnetic detector.

(3) Most important, triggering on jets is veryAdifficult
with a magnetic system like the SFM, because the magnet disperses
the charged tracks. This makes it very difficult to select out
the 100-1000 events per hour desired from the 108 or so occurring
per hour.

We further note that the better enefgy resolution on charged
tracks, with a magnet, is of limited value in determining jet
energy. This is true because one still has the calorimeter
resolution width on neutral particles--and the still broader

resolution effect on jet energy from the missing members of a jet.
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VI. Triggering; background

The fundamental trigger mechanism we would use would be
total energy deposition in the calorimeter, with some
adjustable threshold required. This trigger is designéd to
study the jet energy distribution, and to obtain a sample of
jets in various energy bands, for study of the internal |
momentum distribution in jets, and for obtaining some
information on particle ratios in jets.

Additional trigger modes of interest would be (a) npenergy,
in»the calorimeter, and (b)'total jet transverse momentum, from
the calorimeter energy contributions weighted by sin 0.

Background is a non-trivial problem, not in terms of very
large numbers of triggers per second, but rather because |
upstream single-beam interactions can give appreciabie numbers of
triggers (hundreds per hour) with large energy deposition in

the smallier-angle hodoscope elements. For example, to reach

a calorimeter element at about 40° from the median beam direction

(i.e., 33° from one beam), beam-beam events must produce a
particle at 40°, with pt* about equal to 0.6 p . But to
reach that calorimeter element from say 2 meteizbupstream, with
the calorimeter layout shown above in section IV, a beam-gas or
beam-wall event must produce a particle with a Pt* of only about
0.3 p . Forp about 6 GeV, for example, the eveht rate

lab lab '
for events of the latter type to reach the small—anglg part of
the calorimeter will be of the order of 100 times the rate for

"beam-beam events to do so, based on typical single-beam vs.

beam-beam event rates. A major part of this potential background

(i
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effect can be removed by shielding--an atténuation factor of
Vdver 100 would be pfovided by one meter of iroﬁ. Final
discrimination against backgroundlevents, however,‘is likely

to require a charged.particle detector with good track-direction

determination.

VII. Time Scale

The calorimeter system can be ready for testing'in place
in 6-8 months after approval. The time interval would be
on the shorter side of this range if European collaborators

contribute a part of the work on the calorimeter construction.:

We strongly desire European collaborators.
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