NAL PROPOSAL NO. 246

SCIENTIFIC SPOKESMAN:
W. Selove
Physics Department
University of Pennsylvania
Philadelphia, Pa. 19174

FTS/COMMERCIAL:
215-594-8159

SEARCH FOR DIFFERENCE IN PION/PROTON INTERNAL STRUCTURE

W. Selove, L. Kroger, T. Kondo, W. Kononenko, E. M. 0'Neill

University of Peﬁnsylvania

A. R. Erwin, E. Harvey, R. Loveless, M. Thompson

University of Wisconsin

September 26, 1973




SEARCH FOR DIFFERENCE IN PION/PROTON INTERNAL STRUCTURE

September 26, 1973

CONTENTS :

1. Introduction

2. Partons and Jet Pairs

3. Magnitude of the Asymmetry
4, Multiplicities in Jets

5. Detector Dgsign

6. Counting Rates

7. Beam Requirements

8. Background

9. Summary




“l-

SEARCH FOR DIFFERENCE IN PION/PROTON INTERNAL STRUCTURE

INTRODUCTION

Since the development of the quark model, and in view of its many suc~
cesses, the question has frequently been examined whether one could find evidence,
through study of high energy collisions, that the pion is made essentially of
two components, qa, while the proton is made of three, qqq. With the develop-
ment of the parton model(l) this question takes on a new aspect, and a new means
of searching for evidence on this question appéars.

In the parton model,ithe pion has a higher probability of having high
momentum internal components (i.e., wiéh a large value of the fractional momen~
tum, x) than does the proton. This effect,(somewhat analogous to the effect
that would result from a 2-quark versus 3-quark structure, would cause the
products of a parton-parton collision, from a xnp initial state, to carry for-
ward along the x's direction. There would thus exist a forward-backward asym-
metry, in the overall np CM system, for the products of a parton-parton collision.
We estimate this asymmetryvto be quite large in high-pT events, which may be
dominated by parton-parton collisions; no such strong asymmetry is necessarily
to be expected in low-pT events,

‘We propose to look for such an asymmetry. It seems likely that its
presence, or absence, will constitute important evidence on the validity of
the parton model, and could accordingly give important information on the
structure of hadrons. Aside from any detailed model of parton distributions
and interactions, moreover, the observation of such an asymmetry would
constitute direct evidence of a difference in internal structure of the pion

and proton.
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The form of detector best suited to this study is a calorimeter hodoscope.
To study the asymmetry, a pair of calorimeter detectors, on the two sides of
the beam, is necessary. To obtain important additional information on the
structure and multiplicity of high-pT clusters, the calorimeters should be
hodoscoped more finely than would be required for study of the asymmetry alome.
The angular resolution and energy resolution required, the sensitivity requiréd,
the beam intensity and‘targetllength needed, and other details are described
below. For sufficiently sensitive conditions, we estimate that a large
asymmetry is expected.

VAIn addition to information on an asymmetry, the detector we propose would be

able to give information on many other features of high- events, including the

Pp
important ratio of event rates with jets of a given Py compared to single parti-
cles of the same P> the distribution of multiplicities in jets and correlatioms
in these multiplicities for jet pairs, much additional information on internal
jet structure and on jet angular distributions, and some information on particle
species in jets. We emphasize, in all this, that the basic asymmetry expected
is not in any way dependent on whether multi-particle jets occur or not. More-~
over, the asymmetry would occur regardlgss of the behavior of the parton-parton

scattering cross section as a function of s' and t', the parton-pair energy and

momentum-transfer variables.

PARTONS AND JET PAIRS

(2,3)

Bjorken and collaborators first suggested that parton-parton collisions
might produce (transverse) jet pairs at large angles, distinctly separable from

jets along the beam direction. These jet pairs, if found, could give direct

evidence on parton-parton collisions, and on the internal momentum distribution
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of partons in hadrons. The parton model of hadron structure suggests the form

4,5)

of this internal momentum distribution. In that model the probability for

high~momentum components inside the pion is greater than for high-momentum com-

(6)

ponents inside the proton. This is the parton model's expression of the idea
that the pion is made of fewer components than the proton.

How would this effect be detectable? 1f parton-parton collisions producé
jet pairs, then the existence of larger high-momentum components in the pion
would show itself, in np collisions, as a forward-backward asymmetry for the
total momentum of the pair of jets, in the xp CM systém, (;1+§2)z' The expected

(2)

magnitude of this asymmetry, on the BBK model, is very large. On the BBG

7,8 (which seems to be in better agreement with large Py x° data of the

model
CCR group(g)) it appears that the asymmetry would be even larger. This asymmetry
would be a very striking effect. Observation of such an asymmetry, or its absenée,
could give strong evidence on the validity of the parton model of hadron structure--
i.e., on the meaningfulness of a picture of hadrons as objects containing point-
like components.

We emphasiée several points in connection with the idea of searching for
jet pairs and for a forward-backward asymmetry.

(1) The idea of an asymmetry does not rest on the notion that multi-
particle (transverse) jets must occur, In fact, questions of great interest
are: what are the multiplicity distributions in the high-pT groups, what are
the correlations in those distributions in a pair of jets, and how do these
distributions vary when one collides different kinds of particles, (We remark,
as an aside, that evidence already exists indicating that some clustering does

occur in high- events; moreover, some clustering must occur, if only from

Py

»

production of resonances of high pT.)




A

(2) 1In the experiment which we propose, one can hope to study two
aspects of hadron structure and interactions which can be studied only in
hadron-~hadron collisions and which are inaccessible wvia neutrino or electro-
magnetic interactions: (a) the internal structure of the pion, as probed by
deep inelastic processes, compared to that of the proton, (b) interactions of
possible components of had?ons.

(3) 1f partons exist, and if‘parton-parton collisions produce jet pairs,
then major differencesin typeé of partons and in their fragmentatioﬁ prope;ties
may exist. Such differences for example are suggested by the BBG model, It

is important for the equipment to be able to detect such possible differences,

MAGNITUDE OF THE ASYMMETRY IN (13'1+f>’2)z

In the Feynman~Bjorken parton model, the internal momentum distribution of

the hadron is described by the function

%gs f(X) = : g(x) ,

M

4) (2)

where f(x) and g(x), in the notation of Feynman and of Bjorken et al

respectively, describe the parton fractional momentum distribution. At large

%, the behavior of g(x) is related to the elastic form factor of the hadron,

(10) (4)

according to the arguments of Drell and Yan,

Kogut.(s) We take their result, that for x =+ 1 one has gp(x) m(l—x)3 for the

Feynman, and Bjorken and
proton and gﬁ(x) ~ (1-x) for the pion. Then the forward-backward asymmetry, for
parton jets made in wp collisions, comes from the fact that for large x the
function 8. falls more slowly than gp. As an example, for collisions with

X M X, 25%, one finds the intensity ratio for jet pairs at 80° to that at

1
100° to be approximately and ideally
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1¢80°) 8, “%‘ [+ .174] )8 (%, m%- Q- .174])
. ) == - 2 2
1(100°) g (x) ~3 - .174] )8, () =~ 5 0+ .174])

g (.78)g (.55)
= p %4 -
gﬂ('SS)gp(.78)

To describe this result graphically, we consider wp collisions at 300 GeV.

The above result can then be represented by the following diagram:




Plab(n) = 300 GeV

p* =~ 12 GeV —
Jef‘ R azh E%
a) General jet pair A .
4
/\9'
e S o (j)
* ,
= M\
v—.y:)
jet B ot 6,
b) jets with 8,=0.=9 ,
X, +x
and P =P,=P , ~ 8 GeV (i.e., -1 — §.)
8 = 100° 6 = g9¢° 8 = go°

relative intensity: 1
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Bjorken has calculated the jet-jet angular correlation for a number of casesfll)

In general, the correlation function involves the parton-parton scattering cross-

section da (s’,t')glz)

a0 but for the case that we discuss s' and t' are con-

stant and our result above can be read directly from Bjorken's calculation.

We have not addressed, above,‘the question of a possible difference in
ﬁypes of partons, nor in parton scattering cross sections, and in g(x), for
different parton species. In the parton-interchange model of BBG, one can
expect substantial effects of this kind, with possibly even greater asymmetries
than occur in the above simplified calculationgs)

OQur estimate above represents an idealized calculation, which assumes
that one can determine the direction and energy of a jet. 1In fact, these
quantities have an intrinsic uncertainty, because low-energy members of a jet

(13,11) These uncertainties

cannot be unambiguously associated with the jet.
give in effect an angular resclution smearing. As a result, the forward-back-
ward asymmetry will be reduced. For the example given above, with jets of

8 GeV, the reduction is not a major one. For lower energy jets, however, and

even more for lower "x" (= P ), the asymmetry to be expected becomes

*
jet/p beam
rapidly smaller, To observe a large effect it is therefore necessary to

measure jets of high x and large jet energy.

MULTIPLICITIES IN JETS

As remarked above, the idea of a forward-backward asymmetry in jet pairs
does not rest on any assumption that high*pT events occur generally with the
total Pr carried by a cluster of particles. However, the question of the
mutiplicity distribution in jets is also a highly interesting question. On
the BBK model, one can expect to have many more jets of high total P than
single particles of the same P To make a specific estimate, one must take

some model for the fragmentation of scattered partons.




, (11)

Using a model suggested by Bjorken. the intensity of jets of a given
Pr might be expected to be higher than the intensity of single x°'s of that Pp by
a factor s %(n-l)(n-z), where n i1s the (local) power with which the invariant
single-particle cross section falls with P From CCR data(g) for pp collisions
at equivalent energy 300 GeV, one finds n ~ 12 to 15, for P~ 4 GeV/c at 900.
This gives g%i(jets)'“'ZOO times as large as %%TGTO), at ~ &4 GeV/e.

If multi-particle jets were found this much more frequently than single 7°'s
it would be spectacular indeed, and would probably constitute very strong support
for a parton mechanism of highpr events. However, there are at least two
consideratigns which prevent the observation of an effect as large as indicated
above. One is that the low energy members of a jet can never be unambiguously
associated with the jet513’11) That gives the result that a jet of “true"
energy 4 GeV, say, will appear to be a jet of 2 to 3 GeV. The intensity
suggested above will therefore be lost in the far higher single-Tr intensity at
2 or 3 GeV-~at 2 GeV the single T intensity is ~ 1000 times as great as at
4 GeV. Secondly, a jet of 4 GeV "true" energy which appears as say 2.5 GeV
obgerved energy is not a very tightly clustered jet, nor is it likeiy to have
very high observed multiplicity, 1If one uses for a model the suggestion by
Feynman(h) and Bjorken(3) that a parton jet may be expected to fragment with
the same kind of rapidity plateau as is observed in beam-direction jets, one
finds that the 4 GeV (Mtrue') jet we are diséussing is likely to appear as
follows: one particle of ~ 1.5 GeV, a second of ~ 1.0 GeV, at an angle of
~ % radian from the first, and ~ 1.5 GeV in three more particles which can
not be associated with the jet because they are at very distant angles, have

quite low pp with respect to the beam direction, and look just like the other

5 to 10 particles that can come from beam jets in this event.




Thus multi-particle jets of true energy & GeV will probably be almost
impossible to obgerve clearly; and it will be equally‘impossible to measure
the intensity of such jets in a meaningful way. One finds that when the totai
energy of the jet increases, it becomes rapidly very much easier to observe
the jet as a cluster; and the estimate of the intensity of jets of a given
observed total py also leads to a rather sharply increasing ratio of jets to
singles. We can therefore hope to get important information on the ratio of
(multi-particle) jets to singles, at sufficiently high»jet momentum,

In order to be able to observe in a meaningful way the ratio of jets to
singles, it‘is not only important to detect jets of higher energy, but it is
equally important to have a sufficiently large angular acceptance. This is
necessary because one wishes (a) to contain as large as possible a fraction
of the true jet energy, and (b) to be able to see the jet as standing distinctly
separated from the general distribution of other, low Pr s particles in a given
event. Estimates of the kind indicated above, if applied to a jet of observed
energy 6 GeV in a cone of half-angle 300 or 45°, respectively, indicate that
at 300 GeV in pp collisions one might expect to observe 10 or 50 times as many
jets as single T°'s.

Whatever the true intensity ratio will prove to be, it is clear that it
is likely to be of high importance (1) to be able to measure jets of the
highest possible energy--i.e., to build a détecting system which can detect
(and can trigger on) the smallest possible cross section, and (2) to be able
to measure the intensity of jets as a function of pp, and to be able to compare
it with the intensity for singles. The second requirement also calls for very

dN
high sensitivity; and the requirement of measuring dp (jet) dictates a calorimeter

as the basic detector element.
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It is important to note that the multiplicity distribution in jets~-or
more generally, the multiplicity distribution in high-pT clusters~~is likely
also to be a very powerful tool in elucidating the mechanism of high»pf procesgses.
For example, in the parton interchange model of BBG one might expect that
collisions of different kinds of partons might produce strikingly different
multiplicity distributions, and different multiplicity correlations (i.e.,
between two jets). We remark that in the BBG model the internal momentum
distribution of partons in pions and in protons, and the fragmentation properties
of different kinds of partons emerging in TTp and pp collisions, may be very
different, more different even than in the BBK model. In any event, to investi-
gate the possible presence of.different components in high-py events, and to
look for the expected high ratio of jet intensity to singles intensity, it is
very important to have, in a single apparatus, the ability to see and dis-
tinguish high-pp events of various multiplicities, including low multiplicity

»

jets and singles.

DETECTOR DESIGN

For the objectives we have discussed, it is clear that the principal
detector system must be a calorimeter array or hodoscope. Most of this
section deals with the properties of such a calorimeter hodoscope. An
auxiliary charged particle detector is also needed, and we comment on it at
the end of this section.

{(a) Calorimeter detection compared to magnetic analysis. An essential

part of the study we propose is the measurement of the cross-section for jets
of a given Pops independent of the multiplicity within the jet, and independent
of whether the members of the jet are charged or neutral, A magnetic analysis

system without a calorimeter cannot accomplish these purposes.
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(b) Jet energies and composition. Above, we gave an example of a "jet

structure” for a jet of 4 GeV (true) in the CM. The internal transverse

momentum in a jet is taken to be ~ 3 GeV/c. If the internal longitudinal

momentum distribution corresponds to a flat rapidity plateau, as suggested by
Feynman and Bjorken, then transverse jets will look similar to beam jets. This
pictufe leads, as in the example above, to a jet of CM momentum 4 to 8 GeV/c
as having 2 to 4 fast particles and 3 or so slow particles (which can not be
associated with the jet). |

" We note that existing data indicate that to at least some extent high-—pT
events show some clustering--jet-like-~character. Data of the CCR and PSB
groups show an increasing clustering effect (associated multiplicity in a
A of 5 gror so) with increasing pT. Such an effect is in qualitative agree-

ment with the model suggested above. We note also that high- resonances

Pr
will have a similar appearancef-i.e., a cluster oﬁ 2 or more particles each

with high Py and having an angular spread which decreases wiﬁh increasing

total jet momentum,

We expect to concentrate our initial attention on jets (or single particles)
of CM momentum 4 to 8 GeV, at angles of about 70o to 1100. Such a jet, as
seen in the laboratory for a beam energy of 300 GeV, will have a total energy
of about 40 to 100 GeV. An individual 60 GeV jet might consist of 3 particles,
with energies of 30, 20, and 10 GeV, with angle separation of about 0.2 rad
CM and 10 to 20 mr lab.

We wish to be able to detect two such jets, to obtain information on the
energy of each member of the jet, to see that eaéh member has "unugually high"
Prs and to see if the jet stands &lone, with momentum vectors clearly distinct
from other particles produced in the same event. This requires a calorimeter

hodoscope.
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(c) Calorimeter hodoscope. The calorimeter hodoscope should have individual

elements of the desired angular fesoltuion, and should cover a large enough
total solid angle to (a) contain the jet, (b) see whether the jet is a group of
particles distinctly separated in momentum space from other particles. This

(13) subdivided into perhaps

requires‘a solid angle of about 1 steradian CM,
20 separate elements in angle. The physical size of each element will be
approximately the diameter of a cascade shower (~ 8" to 16" depending on the
inner construction), and the calorimeter will be located at such a distancev
as to give the desired angular resolution per element.-AThese considefations
indicate a calori@eter with elements of area from ~ 8" square to 16" square,

with some 20 to 30 such elements located about 20 meters from the target.

(d) Energy resolution. We consider a calorimeter made of steel plates,

(14)

and scintillator. For particle energies of 10 to 30 GeV, published work
indicates resolution of *20 or 25% to ilOZ or so is obtainable for protons

in this energy range. We have constructed and tested a calorimeter (steel

and liquid scintillator) designed to work in this energy range and below. We
find (a) we can readiiy get resolution of about i252,down to a few GeV, and

(b) the resolution at higher energies in this range appears to be somewhat
broader for charged x's than for protons. (For 7°'s the resolution is consider-
ably narrower than for other particles.,) The physical mechanism which produces
the broader resolution appears to be fluctuations in the fraction of the energy

o, (13)

s in the course of the cascade. From calculations by T. A.

(15)

going into «

Gabriel and R. G. Alsmiller it appears that the resolution can accordingly

be improved by simultaneous measurement of a Cerenkov pulse height signal from

the cascade, together with a scintillator signal, as suggested by Brody.(l6)
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One can thus expect that for a 60 GeV jet one can obtain resolution of
about ilOZ. This resolution is adequate to work with the single-ﬁo spectrum

at 90° CM, as measured by the Columbia-CERN-Rockefeller group.(g)

That 1is,
the "effective" energy of a ﬁo, or a group of particles, measured at 60 GeV
lab and about 6 GeV CM, with a momentum spectrum extrapolated slightly from
the 4.5 GeV/c or so measured by CCR, would be about 10?iless than 6 GeV~-so
the spectrum unfolding problem would not be a sericus one., We remark that for
jets the momentum spectrﬁm can be expected to be less steep than for singles,
so that the resolution problem is even less troublesoﬁe.

The front pért of thé calorimeter ‘would be built of lead, and scintillator,

: . . o
to give preferential detection of x '

s. This is necessary because the signal
size for no‘s of a given energy is substantially higher than for non-e-m
showers of that energy(SOZ,higher, for 10 GeV or so). This construction

also permits obtaining information on the number of non-s° neutrals(KLo and

1

o
neutrons) compared to the number of x 's.

(e) Time resolution. As we have emphasized, we wish to measure very high

Pq events, and this requires very high sensitivity. We wish therefore to run at
very high "luminosity'", with the highest possible event rate. One ultimate
limitation will be the detector resolving time. Accordingly, we wish to make
the resolving time as short as possible, We expect to have a resolving time

in the calorimeter of 10 to 20.nanoseconds, using liquid scintillator. We

wish to have a comparable resolving time in the auxiliary charged particle
detector,

(£f) Charged particle detector. To obtain a short resolving time, we

plan to use a scintillator hodoscope. To observe events with a typical multi-
plicity of perhaps 10 to 20, to cover essentially all solid angle up to about

150° CM, and to obtain a more accurate measurement of the angles of particles
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entering the calorimeter, we plan to build a scintillator hodoscope with 300
to 600 elements of solid angle,

(&) Detector layout. A schematic representation of a detector layout

incorporating the above principles is shown in Figure 1.

COUNTING RATES

Our principal objectives require the highest possible sensitivity.
(1) We wish to measure coincidences, and correlated multiplicities,’between a
pair of high-pT clusters’or particles. (2) We wish to measure the intensity
of jets compared to singles, Both of these objective; require that we be
sensitive to single~particle cross sections, at very high Py We propose to use
such a combination of beam flux and target length as to give an interaction
rate close to the saturation rate for our detector. Thus we would like an
interaction ratekof some 20 to 40 MHz instantaneous., Assuming an effective duty
cycle of SO?Q(a year or go from now), this gives a rate of 10 MHz average,
or ~ 3 X 1010 interactions per hour,

To what Py will this permit us to go? We first discuss the answer in the
case of pp collisions, and single ﬁo’s. On the parton model, the rate for
jets of a given Pp will be much higher; and on the parton model, the rate for =np
collisions with very large P will be higher than.for PP~

(a) Singles rates, pp collisions. For 7°'s near 90°, made in pp collisions,

the CCR data give a cross section:

do_ oy L5 x 10726 -26ppMs 2
d3p/E pTS‘Z4 cev? sr

which fits data near 90° over a wide range of Py and s. At 300 GeV equivalent

their last data point, at Pp = 4.6 GeV, gives a measurement in reasonable
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FIG.1 SCHEMATIC LAYOUT OF THE EXPERIMENT
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34

agreement with this expression, which gives 4.5 x 10° The CCR data

cm
Gevzsr -34 2
would indicate an integrated cross section, above 4.6 GeV, of ~ 7 x 10 Mlem™ .
For 4§ of m,% sr (roughly the fiducial area of our proposed detector on each

34

side of the beam), we have finally 3.5 x 10‘ cm2 Eé(no), at 90°, above 4.6 GeV,

into % sgj. This isuabout_lo-8 of the total pp cross section--so one would get
about 300 single ﬂolhr, above 4.6 GeV, with the interaction rate described
above. Thus one would still get wvery usable singles rates at pT(ﬂQ) well above
4.6 GeV, It is indeed important to go to higher Ppe The discussion of the
asymmetry, above, indicates an asymmetry of about 4:1 for jets (or singles) of

8 GeV each; for 6 GeV a similar calculation gives only 2:1. These asymmetry
values wouid be reduced slightly by angular smearing due to the unseen members
of a jet.

An estimate indicates it is unlikely that we can get to 8 GeV for single
x°'s in this proposed experiment. 6 GeV however does seem possiﬁle. For 6 GeV
an extrapolation of the above cross section gives a rate, into % sy, about
30 times less than for 4.6 GeV, orbabout 10 events per hour, It can be expected
that n+ and 7 will add about twice the no intensity, so we conclude that a
reasonable estimafe for single x's above.6 GeV Pr in our proposed detector (one
side of the beam) with the proposed interaction rate is ~ 30 x's per hour, in
pp collisions. What coincidence rate can then be expected, for events showing
high Pr simultaneously in our detectors on both sides of the beam?

The answer to this question is of course seyerely model dependent, What
we wish to see is whether on a reasonable parton model, with as few assumptions
as possible, we can expect a respectable counting rate, and a measurable

asymmetry. If so then the presence or absence of such an asymmetry will

probably giQé useful evidence on the validity of a parton model.
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(b) Coincidence rates, single-n "trigger", pp. collisions. We have estimated

above that 6 GeV single n's will occur, as one-sided high-pT events, at a rate

of the order of 30 per hour. (4.6 GeV x's, similarly, would come at about 1000
per hour.) We now ask for the probability, on a parton-parton scattering model,
that if one such x is seen on one side that the other "jet" (which could be a
single particle, or a multi-particle cluster) go into our detector. For purposes
of measuring the asymmetry we have discussed, we are interested in the probability
that the second jet be directedAat some angle within an interval of about 10°

(and also in the probability that if the first jet is at say 80° then the second
is between about 60° and 120°),

(11)

This ahgular correlation question has been discussed by Bjorken,

a7

and by
Ellis and Kislinger. We show below in Figure 2 the results of a calculation
using their formulation. 1In this calculation we have neglected the t'—dependenqe‘
(and s'-dependence) of the fundamental parton-parton scattering cross section

%%T (s',t'y. As explained above, the asymmetry on which we are seeking evidence does
not depend on the s',t"dependence of %%T; the detailed curves below would be
modified by such a dependence but the ratio‘bf cross sections EE%%?%(91=80°,

6,=80°) to (61=1oo°,62=1oo°) would not be modified.

do__
dﬁﬁdfé
The angular correlation calculation has been made assuming partons, rather
than single x's, of 6 GeV Prpe For that case, we find that for pp and wp both, a
10° slice of angle on the "other" side of the beam will show typically a 10?>t0
1522coincidence rate. (We take the two opposite-side jets to be coplanar.)

One also finds that the xp single jet rate is about SOZ,higher than the pp rate,

in this range of Py and angle.

do

) and from (b) the unseen

Effects from (a) the probable t'-dependence of
members of the jet, work in opposite directions on the coincidence rate. We

therefore take 10% as a reasonable estimate for the coincidence rate per 10°,
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FIG. 2

ANGULAR CORRELATIONS IN PARTON-PARTON SCATTERING
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We thus arrive ét the following estimate. For an interaction rate in the
target of ~'107/sec time average; we expect to see about 30 single n's per hour,
and about 15 coincidences.per hour, in pp collisions; for the % sr fiducial area
on each side,'triggered by éingle n's above 6 GeV. (15 out of 30 represents the
roughly 505Lof the time that the coincidence "recoil" high P object is detected.)
For np collisions, we expect a slightly higher coincidence rate. But now if we
sort these coincidences into the various combinations of angular intervals, taken
about 10° wide each,we find for xp collisions, and 6 GeV single x's, about 1
coincidence per hour in each pair of 10° intervals. Thus in several hundred
hours, at this rate, we would see for the nip case an intensity ratio, for
(61,92) = (80°,80°) compared to (100°,100°), of about 2 to 1, with a statistical
accuracy of about 7Z-102, so a5 to?7 standérd deviation effect.

This would Be a marginal effect. However, one can expect a considerably
larger effect, on the parton model, for several reasons. First, the prob-
ability for a 6 GeV (detected) multi-particle jet is much greater than for a
6 GeV single n. Secondly, we can expect a larger asymmetry from such jets,
because a multi-particle jet with 6 GeV gggggggg corresponds to a "true" jet
energy of 7 to 8 GeV, and such jets have a substantially higher asymmetry than
for 6 GeV. Finally, we can expect to see a larger asymmetry, by using angles
farther apart than 80° and 100°. We also note that the event rate rises rapidly
with decreasing pT--though the asymmetry may also rapidly decrease with decreas-
ing Prp-

We thus conclude that an interaction rate in the target of 20 to 40 MHz is
likely to give sufficient sensitivity to observe the asymmetry we wish to look

for--and that such a high interaction rate is also necessary.
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BEAM REQUIREMENTS

For 30 MHz interaction rate we need a beam flux of 100 to 300 MHz or more.
In fact, as we discuss in the next section, one cannot use a very long target,
and consequently we need a beam flux at the upper end of this range. We would
like to obtain a negative x beam of ~*109 particles per burst.

The beam energy must be as high as possible. Only if the jet energy is
high enough will the jets we expect to see loock like jets, be analyzaBle in a
simple way, and give a relatively uncomplicated interpretation in terms of the
"true" energy spectrum of jets. We estimate that with a beam of 109 protons
at 300 GeV, we will be able to see singie n's up to about 6 GeV, and jets up to
perhaps 7 GeV observed (~ 8 GeV true), at a few events per hour. If the beam is
appreciably lower in enmergy or in intensity, we will not be able to go this high
in Pp> and the problem of detecting ;he asymmetfy Wé search for, and of deter-
mining the properties of jets in general, will become much more difficult,

Except for energy and intensity, beam requirements are mnot particularly’
severe, We do also need protons available at high intensity, for comparisom.
But otherwise the momentum spread, and the size and emittance of the beam, are
not critical, A momentum spread of iS%;would be quite satisfactory, as Would be an

angular divergence even as large as a few mrad.

BACKGROUND

The most severe background we anticipate is that coming from secondary
scattering in the target or nearby downstream material. A rough calculation
shows that for a target of say 107, interaction length (i.e., a target length
of ~ 60 em) about ZOﬂzof the high-pT events observed in the calorimeter (with
particles of 1 to 4 GeV/c pT) would come from double scattering rather than
single beam~interactions. This is a large number, and would very much confuse

the interpretation of multiplicity distributions in high- events, We

Py
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therefore propose to use a target length of about 57;6~ 30 em), and perhaps
run part of the time with a longer target, to see if we can detect the effect
of these secondary scatterings. In any event, this effect limits the target

length we feel is acceptable, and leads us to request a beam flux of 109_

SUMMARY

We propose to study "jet pairs', pairs of high-pT clusters (or single
particles), in zp and pp collisions. Prime objectives are:

(1) to look for an asymmetry in the production of forward pairs compared
to backward pairs, which would indicate a greater probability of high momentum
coﬁponents in the‘pionrthan in the proton;

(2) to measure the ratio of event rates with jetswof a given P compared
to single particles of the same Pps @ large ratio would probably represent
support for a parton model;

(3) to study the distribution of multiplicities in jets, and correlations
in these ﬁultiplicities for jet pairs; these distributions and correlations
might show structure indicating a multiple component mechanism for high-pT

events.

In addition, we expect to obtain information on the internal momentum dis-
tribution (longitudinal and transverse) in jets, some information on ratios of
numbers of xo's, other neutrals, and charged particles, in jets, and information on
the angular distribution of jets and of possible parton-parton scattering.

The asymmetry effect is estimated to be a very large one, on the parton
model. Using the Berman, Bjorken and Kogut model, with partons scattering via
gluon exchange and with differences from differgnt parton species neglected,
the cross section for jet pairs 10° forward of 90°, in xp collisions, is estimated

to be 4 times larger than for jet pairs 10° backward of 90°, for jets of
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6-7 GeV observed 300 GeV iy beam). On the parton interchange model, of
Blankenbeclér, Brodsky and Gunioﬁ, different parton species may give quite
different results, and it/appears that the asymmétrylwould be even larger.
An asymmetry of the magnitude predicted by these models would be a very strik-
ing effect; it seems likely that it would be strongly suggestive of a model
of hadron structure with point-like components, and with fewer such components
in the pion than in the proton. |

To see this asymmetry (or lack of it!) clearly, and to study the other
matters listed, a pair of calorimeter hodoscopes, of tﬁe best time résolution,
is required, and a beam of the highest possible energy (300 GeV) and very high

flux (109 pions per burst).
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I. PHYSICS OBJECTIVES

1. Broad objectives. Our broad purpose is to see
{a) What accompanies a high-pT particle.
(b) What balances a high—pT particle,
(c) Whether we can study parton-parton scattering.

2. A central objective. The central objective in this proposal is to
search for an asymmetry in np scattering, of the kind suggested by a 2 quark
vs. 3 quark model, or suggested by the parton model. For this purpose we
need high Xp (= pT/pmax); and we need high Pr See Section VI.below,

3. Study of clusters. It is important for several reasons that the
equipment be able to contain clusters of high-pT particles, and to measure,
and trigger on, the total Pr of the cluster.

(a) The balancing Py may be carried by a cluster.

(b) One of our major objectives is to measure the intensity of
clusters relative to singles, as a function of total Ppe

{(¢) We wish to measure the intermnal distribution of momentum in
clusters.,

4. Study of multiplicities in high p, gT oups.

(a) We wish to be able to “trigger" on the total Pr of a high—pT
group. To Ytrigger" here means to select for tape readout,
The triggering selection requires several features in the calori-
meter, because (a) the counting rate is a very steep function of

Prs (b) the calorimeter covers a large range of lab angle (Y varies by

lab
3 or 4 to 1) and thus the Pr carried by a given energy depends very much




(b)

on the particular particle angle, and (c¢) s give about 503%
more pulse height than charged hadrons. These questions are taken
up in Appendix 1, where we conclude that one needs (a) accurate
fast pulse height information well identified with individual
particle angles--i.e., a calorimeter hodoscope, and (b) accurate
fast distinguishing of 7°'s from non-no's, and appropriate
multiplication of the pulse height. In Appendix 1 we also describe
the total-p; trigger arrangement.

The correlation of multiplicities on the two sides of the beam

in a high pp event is a subject of majof interest. IfAthe

parton iﬁterchange model is correct, one can expect to possibly
see well defined structure in the plot of multiplicity correlation,
n; vs. n,, where the n, give the multiplicities in the two high~-

Py 8roups. According to the model of Brodsky et. al., it is
possible that one might see distinct sets of events corresponding

to (a) two "rn'" outgoing states, (b) a "x'" and a ''quark" outgoing,

(c¢) two "quark" outgoing states. These might show up in the form
indicated in Figure 1, as distinct clusterings in the multiplicity
correlation plot., But whether this model applies or not, the
question of whether the multiplicities on the two sides of the

beam are correlated or not is itself a question of basic interest,

In order to study this question, we must be able to study all

events in a given Pr band; and when we see a group of particles
(expected multiplicity 2 or 3) with a high total Py we should be able
to measure the individual particle Py values, so as to have a cleaner

identification of "high p, clusters."

T
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5. Possible information on parton-parton scattering. This is a somewhat
difficult objective, As discussed below in Sections V and VI, it is quite
hard in principle to know the '"true" total Pp of a cluster, since the 1ow-—pT
members can not be unambiguously associated with the cluster. The principal
way in which one might hope to make a first test of the consistency of high-pT
events with parton-parton scattering, and a way which avoids this problem of
what the "true" cluster energy is, is to study the distribution of pairs of t
high-pT groups as a function of the scattering variables, s' and t'. (s' and t'
refer to the energy and momentum transfer variables of‘the pair of high--pT groups.) '
Specifically, one can select a subset of events in a given s' interval, and study the
t' distribution. If one then changes the beam energy, and selects the same s' interval,
and the same CM energy and angle ranges for the clustefs, it is then a prime test -to
see whether the t' distribution remains the same. In order to make such a study, it is
important that the high—pT clusters be clearly identifiable from other tracks in the
same event; and this in turn becomes quite difficult if the total Pp of the cluster
is not large enough. '

One therefore wishes to work at very large Pp How large? Detailed study
(see Section V below) indicates that events of "true" total cluster energy
4 GeV, for example, will be very difficult to recognize and analyze, because
they are likely to appear as only 2% to 3 GeV observed energy. One therefore
wishes to be able to measure events, and correlations, for much higher valges of
cluster energy--say for 5 or & GeV observed. This requires the highest possible

beam energy, and the highest tolerable beam intensity. (See Section VI.)

II. SOME OBJECTIVES WHICH ARE NOT BASIC OBJECTIVES OF THIS EXPERIMENT

1. To see whether some clusters occur. This is not a basic objective--

clusters must occur, because of the emission of resonances.




2. To see whethgr the balancing momentum opposite a high Pr track
{a) is typically coplanar,
{b) occurs commonly in a small number of particles or in a large
numbers,
These are important points, but both will be tested in the presently
ongoing ISR experiment by CCR/Saclay; and also in the upcoming Split
Field Magnet experiment at ISR.
3. To see whether clusters of tracks commonly occur opposite a high P
track or whether instead there is a‘general azimuthal spread.
{a) A géneral spread is not likely kinematically.
(b) Two 4= datectorg are now running at the ISR to study this
question, the streamer chamber experiment, and the Pisa-
Stony Brook experiment.
4, To make a careful study of scaling properties of high-pT events, This
is extremely difficult in principle at present energies. The "true' total
energy of a cluster can be expected to have a large uncertainty because the
low energy members of a cluster cannot be unambiguously associated with the
cluster. This uncertainty, combined with the Qery steep pq dependence observed
for single particles, makes it very unlikely that scaling behavior can be meaning-
fully tested at NAL for anything other than single particle inclusive distributions.
We spell out here the nature of the problem. For scaling tests we wish to
use fixed pT/Jé, and want to test the s dependence. But there is no unambiguous
way to determine the total “true' p_ of a high-p, event, within 1 GeV or ll GeV (see
Section V below); T T 2
a sample calculation indicates that if the invariant cross section is of the

P
form —l; fgfg), then this 1 GeV or 1%'GeV uncertainty can typically iutroduce an

Pr
uncertainty in n of 2 to 4 units.
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I1I. FEASTIBLE ADDITIONS TO OUR OBJECTIVES

e

Several measures are possible, with modest additional resources.

1. Charged particle identification. We can readily add Cherenkov cauhters,
to distinguish n, K, p, masses over a wide range of momentum., The experiment
design provides suitable space for the insertion of several layers of these
counters, which would run at atmospheric pressure,

2. The sign of the charge of each high-pT particle detected could be
determined, The experiment design provides space fornmagnets of
IBdE sz 2 kg-m and with aperture about one meter by one meter. These magnets
would provide charge sign identification, again over a wide range of momentum.

3. Auxiliary hodoscopes to permit opefation at higher beam intensity,

The present design permits operation at an instantaneous interaction rate of about
0.2 x 10? interactions/sec (beam ~0.5 x 108fsec instantaneous)., We estimate that
this beam intensity could be tolerated without serious background problems, With

auxiliary hodoscopes we could probably work with a higher beam rate and interaction

rate, up by 5 times or perhaps 10 times, background permitting,

IV, SOME PROPERTIES AND REQUIREMENTS OF A CALORIMETER HODOSCOPE

.1. The shower size in a calorimeter. To measure energies separdtely of
individual particles in a cluster, particularly if energies of adjacent particles
are quite different, we must have the showers separated, This requires that the
particles enter the calorimeter farther apart than the resolution distance.
Moreover, if we wish to know the total Pr of a cluster, and perhaps to trigger on
that total P2 then we must measure the angle of each particle well enough to
determine the associated Pys if the showers of two particles overlap, it is

accordingly necessary that the shower size itself not introduce a large uncertainty

in P
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For these purposes we must first of all know the approximate size of a
shower. In Appendix 2 we show that an optimistic measure of the diameter of a
shower is about 2/3 collision length. Two showers must be separated by at least

this amount to avoid substantial overlap; more conservatively, the separation

should be 1 to 1% collision lengths. 1In a calorimeter made with layers of iron

and liquid scintillator, with layer thicknesses appropriate to this experiment
(about equal thickness), one collision length is about 30 cm.

2. The distance frém calorimeter to target. We propose to look initially |
at particles with laboratory angles of about 40 to 130 mrad. As indicated below in

an example, one would like the individual showers in the calorimeter to span an angle

range no more than perhaps 1% to 1 or 1% to 1. Thus at the smaller angles, say &40-

50 mrad, the shower size should correspond to 10-20 mrad lab angle, and thus the
target-to-shower distance should be 50 to 100 times the shower diameter. If

the shower diameter is 2/3 to 1 collision length, this means the shower maximum
should occur at a distance fromthe target which is 30-100 times as large as a
collision 1eﬂgth. For a collision length of 30 em this means the calorimeter
should be at 10-30 meters from the target. For example, if the calorimeter were
put 4 meters from the target, then at the shower peak (~50 cm farther away) the
diameter of the shower would cover the range from 40 mrad lab to aboutl00 mrad
lab., In this case, if e.g. two particles enter af 50 and 90 mrad witg a total
energy of 80 GeV, one would not in general be able to distinguish total P
values between about Aé-and 6% GeV. (The intensity for single particles of

= &% is ~500 times greater than for 6%, at 90° CM in 300 GeV pp collisions.)

3. Sampling of energy deposition separately for each element of calorimeter

Pp

area., The hodoscope elements should be entirely separate, and should deliver

fast pulse height information on energy (and p,) deposited in each element. If
T P

-

?
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several hodoscope elements give a common combined.light signal, and if separate
area sampling is done only infrequently in depth in the calorimeter, thén it

will be in effect impossible to isolate true high-pT events from 1ow-pT ones

which can simulate them because of inadequate sampling. Sampling must occur
several times per collision length in depth, since the length of showers for 10 GeV
particles is commonly only 2 to 3 collision lengths. Moreover, thissamplingk
should give fast pulse height information, at scintillator speed, so that

one can trigger on the total Pp of clusters and thus study questions such as the
multiplicity distribution, and multiplicity correlatiéﬁs, as a function ofpr.

4, Fast pulse height signal for ﬂo‘s. The xo-detecting front end of the
calorimeter hodoscope must similarly deliver fast pulse height information,
hodoscoped, for use in triggering. This xo front end must also be made with
scintillator, like‘the following part of the calorimeter; hadrons (i.e., other
than xo) will frequently deposit a substantial fraction of their energy in this
front sectiom, ’'and it must be possible to combine that signal readily with the
signal from the remainder of the calorimeter. In order to "trigger" on a high

total of a cluster, 7°'s and non-7°'s must be separately identified within the
Prp !

trigger time (on the basis of the deposition of energy vs. depth), and the pulse

oyt

heights weighted accordingly in order to test the event for total P

V. SOME SPECULATIVE PROPERTIES OF HIGH*pT CLUSTERS .

In this section we discuss some possible or probable properties of
clusters, with a view to deciding what angular resolution the calorimeter
hodoscope should have. We alsc discuss the difficulty of testing scaling

for high Py events.




1. Typical angle between tracks. We must make some estimate of the
angular spread between tracks in a Yhigh Pp cluster'”, in order -to understand
the conditions ﬁnder which we might be able to identify such clusters,‘and
in order to decide what angular resolution is necessary in the calorimeter
hodoscope. As a prototype of a high Py cluster we consider a p(meson; we
note that the internal transverse momentum in a P, with respect to the
direction of the p as a whole, is of the same 1/3 GeV/c order of magnitude
as is expected for "jets' on the parton model,

Consider a p of tqtal momentun 6 GéV/c. if it d;cays symmetrically,
it gives twoxn's of momentum 3 GeV/c each, separated in angle by 0.24 radians.
If it decays quite asymmetrically, say into two tracks of longitudinal
momentum 1.5 and 4.5 GeV/c, the angle between these two tracks is 0.27 radians,
hardly changed, The internal transverse momentum in the two cases is 0.36
and 0.30 GeV/c, respectively.

Fromithis example, we see that a pair of high Py particles, carrying
internal transverse momentum of about 1/3 GeV/c each, at a total momentum of
6 GeV/c, will be separated by an angle of about 0.25 radians, as long as the
energies of the two particles are no more different than about 3 to 1.

2. Possible structure of multi~particle high-pT clusters; the rapidity

plateau model. Feynman, and Bjorken, have suggested that if high Py jets occur by a
parton mechanism they can be exﬁected to show a flat rapidity distributiom, just

as is roughly found for jets along the beam direction. (This model has received
possibly supporting evidence recently in the work of Berkelman et. al. on hadron
states in deep inelastic electron scattering (Cornell preprint CNLS-240, August -
1973). They find a roughly logarithmic dependence of hadrén multiplicity on

total *"jet' momentum, thus implying the presence of a rapidity plateau.)
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If the internal momentum distribution in a high p, cluster is described " i

by a rapidity plateau and by a roughly constant internal transverse momentum,
then we can construct a picture of a typical multi-particle cluster, First. }
of all, if the height of the rapidity plateau, dN/dy, is written as N', then

the rapidity interval between successive members of the cluster is approximately

1/N'. It follows that for the high momentum members of the cluster, the momentum

£ k4 - ' ‘
ratio of successive lower-momentum members has the value pn+1/pn:e e /N . Existing

data show that N' for hadron-hadrcn collisions is about 2; the corresponding

A R SR oA R AN inir a2 AR

value of pﬁ+1/pn is about 0.6 . If the successivelyﬂlower momentumvmembers of
suéh a cluster have mo@entum approximately 0.6 times the momentum of the preceeding
member, then the highest momentum member of the cluster carries a fraction
(1-0.6), or 0.4, of the total cluster momentum,

We can thus construct a model of such a "jet". For example we consider a
jet of total enmergy 4 GeV., 1If the fragments of this jet are characterized
by a rapi&ity plateau, then some of them will be at large angles to the jet

axis, and the total longitudinal momentum of the group will be appréciably

smaller than the total energy. (One can picture that as an outgoing parton “fragments",
some of its low energy members have their directions changed by '"final state | |
interactions" with the other partons continuing along the beam direction.)

Using the model above, and taking the transverse momentum of each membér of

the jet to be approximately 1/3 GeV/c, we find that this 4 GeV jet would

consist of a highest momentum member of~1.5 GeV, at an angle ~0.2:radians

from the jet axis, a second member of ~1:0 GeV, at an angle of ~0.3

‘radians, a third member ~0.6 GeV, at an angle of ~40° , and two last members“,

with ~0.4 or 0.5 GeV each, at angles of 60° or more from the jet axis, We

sketch such a jet in Figure 2.
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We see that the three lowest energy members of this jet are in no way
distinguished from the collection of many particles produced in +a:= typical
event, with p; relative to the beam direction of ~1/3 GeV/c. Moreover the
angle of each of the two lowest energy members, or perhaps the lowest three,
is so far from the jet axis that those low energy members can not be associated
unambiguously with the jet by virtue of angular closeness. Thus the "jet",
which may actually carry five particles,would not be cleanly identifiable as
a cluster of more than two particles, or perhaps three. Moreover the pair
most closely correlated in angle, probably the two highest momentum members,

’would‘still have an angle separation probably greater than % radian,

Thus this jet, of 4 GeV "true' energy, would be measurable typically only as a
pair of particles of total energy 2.5 GeV, or perhaps 3 GeV. Moreover the
angle for the total momentum vector of these two highest momentum particles
could deviate from the angle of the "true" jet by the order of 1/5 radian or
so, or 10°,.

This degrading of the apparent energy concentration per unit solid angle
which one thinks of a "jet" carrying causes’great problems if one tries to
study scaling properties of jets. It also causes substantial problems if one
wishes to see whether high pp on one éide of the peam is compensated §y
observed particles with any clear clustering on the other side. Finally, it
causes substantial problems if one wishes to study angular correlation effects
between two high-pT groups on opposite sides of the beam,

3. Angular resolution needed in the calorimeter system. The individual members

of a cluster will be separated by angles which, statistically, are smaller for jets

of higher pg. The highest Py at which we can obtain a useful coincidence rate at NAL

is of the order of 6 GeV/c, or perhaps 7 GeV/c, measured, based on measured single~-

particle cross sections.
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We thus see that if we wish to measure separately the
energy of each particle in a high Pp cluster, in this range of total cluster
energy, that we should have angular resolution of at least 0.2 or 0.25 radians
for CM angles near 90°, This corresponds to laboratory angular resolution of
~15-20 mrad. For a shower diameter, in the calorimeter, of 20 to 30 cm this
in turn shows that we should put the calorimeter at 10 to 20 meters from the
target. We have chosen the more conservative value of 20 meters. This
corresponds roughly to dividing the CM angular rangevigto intervals of
~0.2 rad each.

4, The ratio of jet intensity to single-particle intensity, for a
given total Pr- '

The ratio of jet intensity to singles intensity, for a given total
P is a highly interesting quantity to measure. It is however a very
difficult quantity to measure, particularly at insufficiently high values of
Ppe For examﬁle, consider jets and singles of '"true" energy 4 GeV. Using
the method suggested by Bjorken, described in our proposal, one estimates that
4 GeV jets should occur about 100 times as frequently as 4 GeV single n's (all
charges included). Suppose however that jets of 4 GeV true energy can be
measéred only as jets of apparent energy 2.5 GeV, as suggested above. Then
the number of such 2.5 GeV jets has to be compared with the number of 2.5 GeV
singles; and the nﬁmber of singles of that energy is ~200 times the number of
singles of 4 GeV energy. Therefore the number of 2.5 GeV (measured) " jetsg"

would not be 100 times the number of measured singles of 2.5 GeV, but instead

only about equal in number,

»
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If one goes to much higher values of Pp> the problem becomes slightly less
severe, at least if.one uses the Bjorken method of estimating the number of jets
relative to the number of sihgles. For 7.5 GeV, for example, we find’that the
number of jets of true energy 7.5 GeV would be about 4 times greater relative to
singles, than for 4 GeV. That is, the number of 6 GeV (measured) jets would be
several times the number of 6 GeV singles.

Oneshould also note that if the missing energy can be kept to 1.0 GeV
instead of 1.5 GeV, the observed ratio of 6.5 GeV (ﬁeasured) jets to 6.5 GeV
singles would be, according to this model, about 5 times greater still, or perhaps
15 to 20, The flét-rapidity model gives for the unobserved energy outside an
angle 8 the value |

<y >
] .
>8 tan 8

Using N' =~ 2 and <pT> ~ 1/3 GeV, one finds ﬁ}>€ =~ 1.0 GeV for 8 ~ 0.6 radian. 1In
principle, one could use for 6, in the experiment, a value as large as the average

d daN :
angle up to the next "random" particle. Since E%‘-———l———~ E§ , the next

2x sinze

random particle is on the average ~1 radian away, at 90° CM--but of course at a
clogser angle if one studies high Py events at CM angles much closer to the beam,.

Finally, we note that if "singles" are in fact mostly accompanied by 1 to
1.5 GeV of low energy fellow~travelers, as is suggested by the parton fragmentation
model, then the intensity of jets of a given measured total P relative to the
intensity of singles, could be much larger than the ratio between 1 and 5 indicated
above, This point emphasizes the importance of measuring the ratio of jets to
singles, and the importance of unambiguous determination of the total Pr of a

group of detected particles.
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Sections VI through IX, not finished yet, deal with the following

topics:
VI. Beam Energy and Intensity Required for the Asymmetry Search
VII. Preliminary Results of our Calorimeter Tests (See Appendix 4,
attached herewith)
VIII. Cost Estimate for the Calorimeter System
IX. Auxiliary Equipment, and Overall Costs
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NAL PROPOSAL NO. 246
APPENDIX 1

THE TOTAL-pT TRIGGER; CALORIMETER REQUIREMENTS FOR OBTAINING GOOD P RESOLUTION

The angle coverage of the calorimeter proposed is shown in Figure 1. 1In
Figure 2 the same calorimeter is shown schematically subdivided in laboratory
angle Y, with an output signal weighted from each segment so as to provide a
trigger signal proportional to the total Py of a group of particles reaching
the calorimeter.

This subdivision, and Py~ weightingﬂof signals, is essential in prder to
select the events of high Py efficiently in the presenée of the enormously
higher rate of all.events. For example, at the interact ion rate proposed‘here
of about 10 per microsecond in.the target, a 1 sr calorimeter roughly like
those shown would have a counting rate of about 3 MHz. It is totally impossible
to record events at that rate. Each recorded event requires the ADC processing of
about 200 signals. These signals, and the signals from about 1000 more
individual track hodoscope elements, are then read out. We estimate that we
might be able to record 100 events per burst without much difficulty, with an
absolute limit of several hundred events per burst (unless one goes to a much
more sophisticated readout system). We must therefore have a trigger system
capable of selecting the 1lin 10,000 or so, of all events, that meet the trigger
requirement.

The Py spectrum is very sgeep. To restrict ourselves to the highest P
events which occur once in 10,000 times requiresthat we have a Py threshhold
at ~ 3 GeV/¢, according to the single-particle measurements of Cronin et al.
With the trigger system of Figure 2, this is straightforward. If we did not
have the calorimeter subdivided but instead used only a sihgle calorimeter element

as indicated in Figure 1, then we would have to use a 20 GeV emerpy threshhold.




B . , A-1
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But in that case we would also be triggered by some signals of ~ 1 GeV/c P> at
small angles., Integration over the Afl of Figure 1 shows that in fact with a
20 GeV trigger threshold one would get trigger signalg 200 times as often as with a
3 GeV/e Pp trigger. These could not all be recorded, and hen§e one would have to
raise the threshold energy for the trigger, in order to avoid saturating the
readout system. Moreover, without an édequately segmented calorimeter hodoscope
structure the Pp thresholds would be strongly angle-dependent. Such an effect
would severely interfere with the study of events of fixed pp as a function of
production angle,

' To obtain an angle independent Py trigger we must also identify, for the

, o o . . Oy, .

trigger, whether a particle is a n or a non-nx . The signal size for = 's is
~ 50% greater than for non-rx_'s. This effe;t also, if not properly accounted for,
would badly distort the triggering threshold for events with r°'s compared to the
threshold for events without n°'s.

We note that in order to effectively use a total-pT trigger like that
indicated in Figure 2, and in fact to interpret the total P of individual
multi-particle events and the angle of the totalmpT vector, it is necessary
that the showers for individual particles be well resolved and individually well
measured, if those particles have appreciably different sin 9 values. For
example, if the calorimeter segment sampling indicated in Figure 2 is too coarse
in depth, then the individual particle energies will not be well known. Such a-
lack of detailed information could produce large uncertainties--poor “resolution'--
in total Pp- In order to give a useful degree of resolution in Py it is necessary
to sample each calorimeter hodoscope element throughout iteg depth, several times
’per collision length.

Moreover, the individual particle shower eneréies must be re&son;bly well
measured in sin 9, Thisg requires that the calorimeter not be too close to

the target. Thus if the calorimeter is, e.g., only 4 meters from the target,
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and 1f each particle shower is 20 to 30 cm in diameter, then 2 showers will be
resolved only if their laboratory angles are separated by more than 50 mrad or
so. Thus if one particle is at say 40 mrad lab angle and the other at

80 mrad, then their individual energies will not in general be well

measured but only the sum. This case corresponds to 2 particles with CM

2
different but we do not know which is at 40 mrad and which at 80 mrad then

1
angles more than  radian apart; and if the particle energies are very

there is a very large uncertainty in total Pps typically by a factor of ~ 1 %-

We thus see that we require a calorimeter array in which individual
calorimeter hodoscope elements give a fast pulse-height signal (a) reasonably
accurately measuring the energy deposited at that angle, (b) reasonably

's

. . c s o

accurately measuring sin v for that element, and {c¢) distinguishing =
o . . . . R .

from non-x ‘s, with appropriate weighting introdiced into the signal for

determining total Pr*

Page 3
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APPENDIX 2 o

AN ESTIMATION OF THE TRANSVERSE DIMENSION OF
HADRON SHOWERS IN IRON AT ABOUT 10 GeV/c

(1) We estimate a mean transverse dimension of hadron showers from the two
following experimental facts:

(a) Dependence of the pion peak on the location of the beam, as

observed at 7 GeV/c in our test runs with the 10-ton calorimeter.(l)

(b) Edge effects observed by Engler, Schopper et. al., with their
total absorption spectrometen for protons.(z)
In order to calculate the mean transverse radius R of the hadron shower, we must
make some assumption about the transverse distribution of energy deposited in
the hadron shower. The following discussion is based on a very sim?lified

model, with energy deposition uniform inside a circle of radius R, and zero

outside,

(2) Estimate of R from the position dependence of the pion peak at 7 GeV/c.

In Figure 1 are shown the relative pulse heights of the calorimeter for u, p,;

and e, normalized at the center for each particle, Both muons and electrons

. . . ‘e /] pjus M o0
€t .
give highly localized energy depos:.tlon__.lf_g_E?;\R —D { © i1 — A i e o0 3 )
§
compared with pions, and therefore 4 , Rias w FDO
, . 4 g .
the dependence of their pulse heights by l
A { s; 79 g 73
on the location can be taken to give y 4 E " — B 74—~
: y w86 | %o
the relative light collection efficiency / ¢" X
e . ‘ 1L ¢o
at different locations. We have 7 C P S
/] .
. . / W 65
interpolated between the measured points /
’ /]
in a smooth way, taking into account / ) : ‘
y, g ,A( "f,, 5 € !2’
the geometrical symmetry of the / /"7?/ A A A A A AR B A O GV A A v & il
Yy
E‘ci%e 0,{» the co,lw‘.méTew i%
m
Y

Ti gure 1.
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device, to get the light collection efficiency at poéitiéns between the measured
points. The pulse height for pions is affected by the non-uniformity of the
light collection efficiency, and the- pion shower pulse height can be calculated
by averaging light collection efficiency inside a circle R. This was done at

the positions A and B (see Figure 1) for three different values of R as follows:

Averaged Light Collection Efficiency at Ratio
R A B B/A
3" 99.0% 75.5% 0.76
5" 97 .8% 77.0% - 0.79
A 95.5% 78.07% 0.82
Observation 0.80

Thus the experimentally observed ratio indicatesto us that the mean radius R

s

is between 5" énd 7.

(3) Estimate of radius R from the edge effects measured by Englér et. al.

Engler et. al. found the mean pulse height decreased to 85% at a distance of 5 cm

from the edge with respect to the one in the center. Using the assumption of uniform

é R
Bom

energy deposition, we can calculate the
radius R of a circle 15% of the area v,

15%
of which is outside their spectrometer, ™~

as indicated in Figure 2. R is found

to be about 8.5 cm.

F.‘%um 2.

(4) We examine whether the above crude estimates of R are consistent with

each other, by expressing R in units of collision length, as follows.
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Page 3
) Collision R in
Configuration of Matter Length Collision Length
Our _
calorimeter | 0,5"Fe + 1.5" liq. scintillator 43 cm 0.28 ~ 0.4
Engler 2cm Fe + 0.7 cm plastic scint,
et, al, + 0.8cm gap 28 cm 0.3

The colliéion length of each detector was obtained using 136 g/cm2 for one

interaction length in Fe.

As is shown in the last column, the values of R

estimated from two different experiments agree reasonably well.

We thus conclude that, using'this model of uniform transverse energy

deposition inside a radius R, the value of R is about 0.3 collision length.

Some of the slow particles made in a cascade could travel considerably larger

distances sideways. Therefore, if one wishes to contain a very large fraction

of the total energy, say 90% , one should use a larger "effective radius" than

the value of 0.3 collision length obtained in this note.

References: (1)

@)

BNL~Penn-Wisconsin Collaboration, Internal Report, October 11,

1973.

J. Engler et. al,, Nuclear Instruments and Methods 106,

189 (1973).
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BACKGROUND EFFECTS, FROM PILEUP, IN A HIGH-pT CALORIMETER EXPERIMENT

(1). In an inclusive high-pT and high intensity experiment using a calorimeter,.
more than one interaction might occur within the resolving time of the apparatus.
In such a case transverse momenta observed in the calorimeter could be added

up to give a false high—pT signal,

(2). The probability to have n interactions within the resolving time and un-

resolved in vertex position in the target is given by

me "
Pint(n) Y
(L)
m = Nq

where N is the number of incident particles in the resolving time-and q is the
number of interaction lengths in the xésolving length in the target. We assume
that q is small enough so that only n = 1 and n = 2 are important. The following

example is given for N = 1 and q = 0.04 (or for N = 4 and q = 0.01)

_-0.04 - -0.04 ~ -0.04
P () = e , Pint(z) 0.02 e s Pint(S) = (,0003 e

int

and in this case the ratio R of the double interaction to the single one is

int
P, . (2) ‘
int
R = e = (3,02 ¢
int Pint(l) ’

The quantity R is plotted in Fig. 1 as a function of the resolving time and

int
of the intensity of the incident beam, for the cases of q'= 0.04 and q = 0,01.
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(We consider that q = 0.01, which 1s ~3 inches of liquid hydrogen, is probably
reasonably achievable. We also note that when there is an improvement in the
microstructure at NAL, one can also profit from the use of sharper time resolution,

and can use several times higher beam rate.)

(3). The probability P. that one interaction in the target gives a transverse

1

momentum deposit between Pr and Pr +~ApT in the calorimeter of A{: sterradian

is written as

- —4d0_
Py (oo, B6 = G dg A0 ®)
where dpdgﬂ is the differential inclusive cross section given by the following
T
approximation. at 90°
2 +
dg_ ., Pr _do )
dedfz o d3p/E .
+
The invariant inclusive cross section 3 for positive particles is
d"p/E

taken from the measurement by Cronin et. al, at 300 GeV/c in pp collisions.

An approximate representation

of these results is shown in A ¢ .,QF%. k/
‘ oe m
~ (GeV/O)
the figure. The factor 3 in . k//// : GeV
1
Eq. (4) is due to the inclusion ,g
£
of negative and neutral particles. »}E‘
The dependence of Pl on p. is -
shown in Fig. 3.
. -t—o‘&'
The probability P2 that B
two interactions occurring in a w

resolving time of the apparatus
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give a total transverse momentum between P and Pr +-ApT into AL steradian is
calculated by the formula
2 T
= £ -p,)d
By (PpIopyli = Bpp BT | Py (PP (ppopp)dpy ©)
(4). The overall relative rate to have accidentally coincidenced intefations

which give a fals high~pT signal is therefore given by

R - P, (py)
Rpp) = Ry P, (o) (®)

In Fig. 2 we plot R(pT) against Pp when Rint is 0.02 and A§¢ is 1 sr. Note that
we ha?e used here the known single-particle Pr distributions in making the
calculation., If high-pT events occur commoply as multi-particle groups, the
results shown in Fig. 2 would be modified accordingly.

The relative contributions to the integral in Eq. (5) are plotted against

Py for several values of Pr in Fig. 4.
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APPENDIX &

PERFORMANCE OF A SAMPLING CALORIMETER AT 3 TO 17 GeV. A PRELIMINARY REPORT.

BHNL-Penn-Wisconsin

L4

i

Abstract: A sampling calorimeter has been built aimed at giving improved
resolution in the few GeV range compared to previously obtained results.
It has been run in a BNL test beam, with =, p, and e, at momenta from 3
to 17 GeV/c. Runs were taken with 2 different arrangements of plate and
scintillator thicknesses. N

For energies below 8 or 10 GeV, the fractional energy resolution
for m and p becomes roughly constant; at about 50% FWHM. The tail of the
resolution curve cuts. off relatively sharply, at a pulse height about 50%
above the peak of the distribution. These results are little different
for the 2 geometries used: 1) 0.5 inch Fe and 1.5 inch LS (liquid
scintillator), and II) 1.0 inch Fe and 1.5 inch LS.

“Work supported in part by U.S. Atomic Energy Commission.
KRBNL: F. Turkot; U. of Pennsylvania: E. Harvey, T. Kondo, W. Kononenko,

E. M. O'Neill, W. Selove; U. of Wisconsin: R. Diamond, A. R. Erwin,
R. Loveless, M. Thompson. .




1. For some experiments aimed at studying high-pT phenomena, one needs a

»

calorimeter detector for hadrons having individual energies of 2 to 10 GeV.
The most complete recently reported work in this energy range was that of

Engler et a They found, with @ sampling calorimeter, a FWHM resolution

approximately cdnstant at AE for proténs of about 5 to 20 GeV; the AE(FWHM)
in their detector was about 5 GeV. For work in the stéeply falling momentum
spectrum féund for single n's near 900 at the ISR, such a resolution is
useless below 10 GeV or so, since signals corresponding to a nominal 5 GeV,
say, would in fact be totally dominated by signals fréé particles wifh a
true energy as low as 1 or 2 GeV, wHich are thousands of‘times more nUmerous.
In a study of‘what resolution might be theoretically obtainable, it'
was concluded that it mighp be‘possible to obtain 5 resolution of about
50% FWHM, and an end ﬁoint about 50% beyond the peak, independent of
energy.(z) This resolutioh could in principle be obtained by using a much
higher proportion of scintillator than that of Engler et al. A resolutiop
of 50%, and a corresponding end point, would be just about satisfactory
for use with a spectrum as steep as that at ISR at 900. (At angles more
forward than 900 less resolution is needed; and for multi-particle groups

less resolution is needed.)

i
2. We have built and tested a calorimeter designed to answer several
questions. 1) What resolution can be obtained for this energy range?

2) What does the tail at large pulse heights look like? 3) What effect

does plate thickness have in a range of convenient thicknesses?

v« e o s o4

e e
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The calorimeter uses steel plates in liquid scintillator (LS). It
has overall dimensgons approximately 120 cm square (active area) by 250 cm
thick. It is built in the form of 15 cases, each one 15 cm thick with
2 cm of wood between cases. Each case has 1/8 inch thick faces, and was
opérated with steel p?ates‘inserted§oasu>divide'the 15 cm thickness into
3 or 2 compartments. Light is taken from the edges, collected 3 cases at
a time into one 5 inch PM (54 AVP) on each side; the 15 cases are thus
grouped into 5 triads, looked at by a total of 10 PM's. 1 to 2 per cent
of the light reaching the edges was collected by the-light pipes going to
the PM's.

In "Geometry I'', we used steel pgckages'in each case which gave 1/2
inch Fe layers separated by | % inch LS. The end faces of two adjacanf

-cases, plus }eflecting liners in the cases, plus the wood spacer, con-

stituted approximately 1/2 inch Fe equivalent of nudlear interaction,

roughly equivalent in thickness to the inserted 1/2 inch plates, Each
case was thus divided into 3 gaps, and each gap was sampled at 3 points
by light pipes.

In "Geometry IT", the insert consisted of a 1 inch Fe plate in the
center,bordered by two 1 % inch LS gaps with 1/4 inch Fe plates outboard.
in effect, the light from each of the two 1 % inch gaps was then collected
by a set of 3 light pipes, in the light pipe bundles going to the PM's.

The calorimeter could be moved vertically (op;rating.at the reference
height or at higher locations), anﬂvhorizontally. Most éf the data were
taken with beam defining counters giving a beam 2 inches square entering
the calorimeter, acurately aligned paralliel to the calorimetgr axis.

Figurés 1-7 show some details of the physical arrangements.

PPN




Page 4
The case faces, and the plates which were inserted, were lined with
FEP teflon, following a technique developed by Cline, Mann, and Rubbia.(3)

Extremely good reflection was obtained, as indicated in Figure 8.

A}

3. Data were recorded on maénetic tape, and generally also on a PHA
(this is mostly photographically). The Pﬁ gains were balanced, to within
about ¥ 10%, by using muons. Each tube's output was amplified 40 times
and QOnnected to an individual ADC. The tuﬁe outputs, amplified by 10,

were also combined into a video sum signal, which was also connected to an

ADC. All ADC outputs were recorded on the magnetic tape.

To trigger separately on electrons, or to trigger separately on
protons or non-protons, we used a gas Cherenkov counter located about
20 meters upstream. Atmomenta of 3 GeV/c and lower we used time-of-
flight for the beam particles, to separate protons from other particles.
For a muon trigger we used a scintillation counter positioned behind
15 feet of concrete following the calorimeter.

. Beam rates were in the range of ‘50 K to 300 K per 800 millisec
spill depending on beam momentum and polarity, a&d on whether we had Head
blocks inserted far upstream in the beam. The beam intensity was not
always under our control; but for careful measurements of tail effects
we were able to take data with relatively lowAintensity zn the beam.

We could also, by software processing of the final data, use the first
triad of the calorimeter as a veto on signals showing more than one

minimum ionizing particle in the first triad, within the ADC time gate of-

about 200 nsec. (Onec triad is equivalent to about one collision Wength,
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and about 7 radiation lengths.) With this veto cut we could obtain a purified

sample of data foripions and for protons, although not for electrons, ‘which
typically deposited about 75% of the total energy into the first triad.

‘ During a major part of therunning, the test beam had many occupants
simultaneously, and the beam region ahead of the calorimeter had some

2 . c s .
20 gm/cm” of material distributed in the 20 meters ahead of the calorimeter.

L. A bird's eye view of somemajor features of the results can be seen in
Figures 9 and 10, These were taken in 2 days or prefiminary runniné which

we had at the end of May. (bata taking resumed, after an AGS shutdown, in mid
August.) These‘Figures show. the following features. (A1l plots shown bglow
were taken with the entering beam centered iﬁ the calorimeter and with no

trigger requirements other than beam defining telescope and Cherenkov counter.)

“1) For electrons the response is quite linear with energy.

2) The typical FWHM for electrons is about 20% for 5 to 7 GeV/c,
and the spectrum shape cuts off sharply at about t 10% from the
peak. '

- 3) For mi's, the peak of the pulse height distribution occurs at
close to 2/3 of the pgak position for e's of the same momentum.

L) The end point of the 1 spectrum occurs close to where the
electron {pure e-m shower) peaks; this is what is to be expected
for chargedn events in which almost all o% the energy of the mw
gets converted to 7's in the first nuclear intéraction. Thus

. the end pofnt of the m spectrum is at about 1.5 times the pulse
height of the peak.

5) The shape of the 1 spectrum, between peak and end point, is

approximately linear. Thus the FWHM of the spectrum is also

o g b R St e P e S 4 e
- *
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approximately 50%.
6) The 50% FWHM value,and the 1.5 ratio of end point to peak, hold

almost constant for incident energies between 3 and 7 GeV.

. . .

A few further features of the results are shown in Figures 11 to 14,

There the following can be seen:

1) In Figure 11, 7 and € are shown for Geometry II. One sees
that the resolution is very similar to that for Geometry T
(Figures 9 and 10).

+

2) In Figure 12, the m spectra are shown for 5 to 15 GeV,

Geometry TI. One sees the end point, say at the level with 1%

to 2% of. the area remaining, occurring about 50% beyond the

peak position, for 5 to 10 GeV, and slightly closer for 15 GeV.

3) In Figure 13, m and proton spectra are shown for 7 GeV/c, for both

geometries. These two geometries have respectively Fe thicknesses

of 1/2 inch and 1 inch. The resolution curves are almost indis~

tinguishable for these two cases.

C e + o ..
L) Finally, in Figure 14, m and proton spectra are shown, this time

for 15 GeV/c. At this higher momentum the FWHM is a smaller

percentage than for the lower energy range, about 40% or a bit less

compared to about 50%. OQur preliminary examination of further
resul¥5 at the higher momenta in our data also suggests that the
FWHM for protons may decrease a bit faster than for m's, with

increasing energy.
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Figure 10
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10/22/73 . APPENDIX 2

AN‘ESTIMATION OF THE TRANSVERSE DIMENEION OF
HADRON SHOWERS IN IRON AT ABOUT 10 GeV/c

(1) We estimate a mean transverse dimension of hadron showers from the two
following experimental facts:
(a) Dependence of the pion peak on the location of the beam,. as
observed at 7 GeV/c in our test runs with the 10-ton caiorimeter.(1>
{b) Edge effects observed by Engler, Schopper et. al., with their
total absorption Spectrométen for protons.(z)
In order to calculéte the mean transverse radius R of the hadron shower, we must
make some assumption about the‘transverse distribution of energy deposited in
the hadron shower. The following discussion is based on a very simplified
model, with energy deposition uniform inside a circle of radius R, and zero

outside,

{(2) Estimate of R from the position dependence of the pion peak at 7 GeV/c.

In Figure 1 are shown the relative pulse heights of the calorimeter for u, u,

and e, normalized at the center for each particle, Both muons and electrons

. . . - 4 oex Ly {ol¢]
» a o a i CENTE } “
glve_h1gh1} localized energy depo 1t10n‘_m*dgwm_;m_~.“m[) { T - A { e oo ) .
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device, to get the light collection efficiency at positions between the measured
points. The pulse héight for pions is affected by the non-uniformity of the
light collection efficiency, and the pion shower pulse height can be calculated
by averaging light collection efficiency inside a circle R. This was done at

[

the positions A and B (see Figure 1) for three different values of R as follows:

Averaged Light Collection Efficiency at Ratio
R A B B/A
3" 99.0% 75.5% 0.76
5" 97.8% 77.0% 0.79
7" : 95.5% 78.07% G.82
Observation 0.80

Thus the experimentally observed ratio indicates to us that the mean radius R

is between 5" and 7".

(3) Estimate of radius R from the edge effects measured by Engler et. al.

Engler et. al. found the meah pulse height decreased to 85% at a distance of 5 cm

from the edge with respect to the one in the center., Using the assumption of uniform

energy deposition, we can calculate the

radius R of a circle 15% of the area of e
154 ﬁx\
of which is outside their spectrometer, \ﬁfﬂﬁy/%i 1

ER
3 Bem
\J

as indicated in Figure 2. R is found

to be about 8.5 cm.

Figure 2.

{4) We examine whether the above crude estimates of R are consistent with

each other, by expressing R in units of collision length, as follows.




3w
. Collision R in
Configuration of Matter Length Collision Length
Our
calorimeter | 0.5'"Fe + 1.5" liq. scintillator 43 cm 0.28 ~ 0.4
Engler 2em Fe + 0.7 em plastic scint,
et, al, 4+ 0.8cm gap ' ' 28 em 0.3

The collision length of each detector was obtained using 136 g/cm? for one
interaction length in Fe.. As is shown iﬁ the last column, the values of R
estimated from two different experiments agree reasonably well,

We thus conclude that, using this model of uniform transverse energy
deposition inside a radius R, the value of R is aboﬁt 0.3 collision length.
Some of the slow particles made in a cascade could travel considerably larger
distances sideways. Therefore, if one wishes to contain a very large fraction
of the total energy, say 90% , one should use a larger "effective radius" than

the value of 0.3 collision length obtained in this note.

References: (1) BNL-Penn-Wisconsin Collaboration, Intermal Report, October 11,
1973,

(2) J. Engler et. al,, Nuclear Instruments and Methods 106,
189 (1973).
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BACKGROUND EFFECTS, FROM PILEUP, 1IN A HIGH-pT CALORIMETER EXPERIMENT

(1). 1In an inclusive high-pT and high intensity experiment using a calorimeter,
more than one interaction might occur within the resolving time of the apparatus.
In such a case transverse momenta observed in the calorimeter could be added

up to give a false high»pT signal.

(2). The probability to have n interactions within the resolving time and un-
resolved in vertex position in the target is given by

n ~-m
m e

n!

Pint(n) =
1
m = Ng

where N is the number of incident particles in the resolving time and q is the
number of interaction lengths in the resolving length in the target. We assume
that q is small enough so that only n = 1 and n = 2 are important. The following

example is given for N =1 and q = 0.04 (or for N = 4 and q = 0.01)

0.04 -0.04

P, (1) = e , P. (2) =0.02 e ,m0-04
- int int

, P, (3) =0.0003 e

and in this case the ratio R’nt of the double interaction to the single one is
i

0.02 (2)

R‘ T e —— 2
int Pint(l)

The quantity Rint is plotted in Fig. 1 as a function of the resolving time and

of the intensity of the incident beam, for the cases of ¢ = 0.04 and q = 0.01.




-

(We consider that q = 0,01, which is ~3 inches of liquid hydrogen, is probably
reasonably achievable. We also note that when there is an improvement in the
microstructure at NAL, one can alsc profit from the use of sharper time resolution,

and can use several times higher beam rate,)

L

(3). The probability P, that one interaction in the target gives a transverse

1

momentum depogit between Py and P + Apf in the calorimeter of Al sterradian

is written as

dg
Pl(pT)mTA&? = “——wde ac APTAQ/otot 3
where E;é%@ igs the differential inclusive cross section given by the following
T
approximation at 90°
2
_do__ | Ejl_ _ikiiw (4)
aq ™ '
de { E dBp/E .
+
The invariant inclusive cross section 3 for positive particles is
d7p/E

taken from the measurement by Cronin et. al. at 300 GeV/c in pp collisions.

An approximate representation

of these results is shown in A ,NQF%
. —~ - 6o ™ 3’/@3&»\»‘ /)
the figure. The factor 3 in . &7 .
S
3
Eq. (4) is due to the inclusion = o g ”lﬁggﬁr
‘ z , L 265€
P 2
of negative and neutral particles. - . k
E. , ~335 |4
The dependence of P, on p,, is - ' — 28e
1 T .
¥ ’ L{'
F ¥
shown in Fig. 3. i '
* 1o ! !
The probability P, that Sg By : X
m 1 ]
two interactions occurring in a $ '
i

resolving time of the apparatus
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give a total transversce momentum between p,, and P, +-ApT into Af: steradian is

T

calculated by the formula

Pp
P, (9, )00, AG = £p, 007 [ P (0P (p-p,)dp )
277 T& I o 1717717 Y1 1
(4). The overall relative rate to have accidentally coincidenced interations
which give a fals high-pT signal is therefore given by

P, (p..)
= ‘ a..g__l_
R(pp) = Ry o Py (pp) (6)

In Fié. 2 we plot R(pT) against P when Rint is 0.02 and A% is 1 sr. Note that
we have used here the known single-particle P distributions in making the
calculation, If high-—pT events occur commonly’as multi-particle groups, the
results shown in Fig., 2 would be modified accordingly.

The relative contributions to the integral in Eq. (5) are plotted against

Py for several values of P in Fig. 4.
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PERFORMANCE OF A SAMPLING CALORIMETER AT 3 TO 17 GeV. A PRELIMINARY REPORT.

BNL~Penn-Wisconsin

) .?

Abstract: A sampling calorimeter has been built aimed at giving improved
resolution in the few GeV range compared to previously obtained results.
It has been run in a BNL test beam, with =, p, and ¢, at momenta from 3
to 17 GeV/c. Runs were taken with 2 different arrangements of plate and
scintillator thicknesses. -

For energies below 8 or 10 GeV, the fractional energy resolution
for n and p becomes roughly constant, at about 507 FWHM. The tail of the
resolution curve cuts off relatively sharply, at a pulse height about 50%
above the peak of the distribution. These results are little different
for the 2 geometries used: I) 0.5 inch Fe and 1.5 inch LS (liquid
scintillator), and TI) 1.0 inch Fe and 1.5 inch LS.

“Work supported in part by U.S. Atomic Energy Commission.

KKBNL: F. Turkot; U. of Pennsylvania: E. Harvey, T. Kondo, W. Kononenko,
E. M. 0'Neill, W. Selove; U. of Wisconsin: R. Diamond, A. K. Erwin,
R. toveless, M. Thowpson.
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1. For some experiTent§ aimed at studying high-pT pheromena, one needs a

calorimeter detector for hadrons having individual energies of 2 to 10 GeV.

The most complete recently reported work in this energy range was that of

Engler et al.(]) They found, with & sampling calorimeter, a FWHM resolution

approximately constant at AE for protons of about 5 to 20 GeV; the AE(FWHM)

in their detector was about 5 GeV. For work in the steeply falling momentum

spectrum found for single n's near 90° at the ISR, such a resolution is

useless below 10 GeV or sb, since signals corresponding to a nominal 5 GeV,

say, would in fact be totally dominated by signals frdh particles with a

true energy as low as 1 or 2 GeV, which are thousands of times more numerous.
In a study of what resolution might be theoretically obtainable, it

was concluded that it mighg be possible to obtain a resolution of about

50% FWHM, and an end boint about 50% beyond the peak, independent of

energy.(z) This resolution could in princible be obtained by using a much

higher proportion of scintillator than that of Engler et al. A resolution

of 50%, and a corresponding end point, would be just about satisfactory

for use with a spectrum as steep as that at ISR at 900. (At angles more

forward than 90° less resolution is needed; and for multi-particle groups

less .resolution is needed.)

2. We have built and tested a calorimeter designed to answer several
questions. 1) What resolution can be obtained for this energy range?
2) What does the tail at large pulse heights look like? 3) What effect

does plate thickness have in a range of convenient thicknesses?




The calorimeter uses steel plates in liquid scintillator (LS). It
has overall diménsions approximately\IZO cm square (active area) by 250 cm
thick. It is built in the form of 15 cases, each one 15 cm thick with
2 cm of wood between cases. Each case has 1/8 inch thick faces, and was
operated with steel plates insertedsoasto divide the 15 c¢m thickness into
3 or 2 compartments. Light is taken from the edges, collected 3 cases at
a time into one 5 inch PM (54 AVP) on each side; the 15 cases are thus
grouped into 5 triads, looked at by a total of 10 PM's. 1 to 2 per cent
of the light reaching the edges was collected by the light pipes going to
the PM's.

In ""Geometry I'', we used steel packages in each case which gave 1/2
inch Fe layers separated by 1 % inch LS-.The end faces of two adjacenf
cases, plus reflecting liners in the cases, plus the wood.spacer, con-
stituted approximately 1/2 inch Fe equivalent of nuclear interaction,
roughly equivalent in thickness to the inserted 1/2 inch plates. Each
case was thus divided into 3 gaps, and each gap was sampled at 3 points
by light pipes.

In "Geometry II', the insert consisted of a 1 inch Fe plate in the
centenbordered by two | %‘ inch LS gaps with 1/4 inch Fe plates outboard.
In effect, the light from each of the two 1 % inch gaps was then collected
by a set of 3 light pipes, in the light pipe bundles going to the PM's.

The calorimeter could be moved vertically {(operating at the reference
height or at higher locations), and horizontally. Most ;f the data were
taken with beam defining counters giving a beam 2 inches square entering
the calorimeter, acurately aligned parallel to the calorimeter axis.,

Figures 1-7 show some details of the physical arrangements.

R T T LT



The case faces, and the plates which were inserted, were lined with
FEP teflon, following a technique developed by Cline, Mann, and Rubbia.(3)
Extremely good reflection was obtained, as indicated in Figure 8.

3

3. Data were recorded on magnetic tape, and generally also on a PHA

(this is mostly photographically). The PM gains were balanced, to within
about * 10%, by using muons. Each tube's output was amplified 40 times
and connected to an individual ADC. The tube outputs, amplified by 10,
were also combined into a video sum signal, which was also connected to an

ADC. A1l ADC outputs were recorded on the magnetic tape.

To trigger separately on electrons, or to trigger separately on
protons or non-protons, we used a gas Cherenkov counter located about
20 meters upstream. Atmomenta of 3 GeV/c and lower we used time-of-
flight for the beam particles, to separate protons from other particles.
For a muon trigger we used a scintillation counter positioned behind
15 feet of concrete following the calorimeter.

Beam rates were in the range of 50 K to 300 K per 800 millisec
spill depending on beam momentum and polarity, and on whether we had lead
blocks inserted far upstream in the beam. The beam intensity was not
always under ourAcontrol; but for careful measureménts of tail effects
we were able to take data with relatively low intensity %n the beam.
We could also, by software processing of the final data, use the first
triad of the calorimeter as a veto on signals showing more than one
minimum ion?zin; particle in the first triad, within the ADC.time gate of

about 200 nsec. (One triad is equivalent to about one collision length,



and about 7 radiation lengths,) With this veto cut we could obtain a purified .

sample of data for pions and for protons, although not for electrons, which

typically deposited about 75% of the total energy into the first triad.

During a major part of therunning, the test beam had many occupants
simultaneously, and the beam region ahead of the calorimeter had some

2 . . ,
20 gm/cm” of material distributed in the 20 meters ahead of the calorimeter.

L. A bird's eye view o% some major features of the results can be seen in
Figures 9 and 10. These were taken in 2 days or prefiminary running which

we had at the end of May. (Dgta taking resumed, after an AGS shutdown, in mid
August.) These Figures show the following features. (A1l plots shown bglow
were taken with the entering beam centered in the calorimeter and with no

trigger requirements other than beam defining telescope and Cherenkov counter.)

sty s koo s

“1) For electroﬁs the response is quite linear with energy.
2) The typical FWHM for electrons is about 20% for 5 to 7 GeV/c,
and the spectrum shape cuts off sharply at about * 10% from the ;

peak.

- 3) For 7's, the peak of the pulse height distribution occurs at

close to 2/3 of the peak position for e's of the same momentum.

.

4) The end point of the 1 spectrum occurs close to where the
electron (pure e-m shower) peaks; this is what is to be expected é
for chargedir events in which almost all of the energy of the n
gets converted to ﬂo‘s in the first nuclear intéraction. Thus
the end point of the m spectrum is at about 1.5 times the pulse
height of the peak.

5) The shape of the m spectrum, between peakvand end point, is

approximately linear. Thus the FWHM of the spectrum is also




~ 6 -~

approximately 50%.

6) The 50% FWHM value,and the 1.5 ratio of end point to peak, hold

almost constant for incident energies between 3 and 7 GeV.

3 .

5. A few further features of the results are shown in Figures 11 to 14,

There the following can be seen:

1)

2)

3)

b)

In Figure 11, 7 and e are shown for Geometry IT. One sees
that the resolution is very similar to that for Geometry I °
(Figures 9 and 10).

’ +

In Figure 12, the T spectra are shown for 5 to 15 GeV,

Geometry TL. One sees the end pofnt, say at the level with 1%

to 2% of the area remaining, occurring about 50% beyond the

peak position, for 5 to 10 GeV, and slightly closer for 15 GeV.

In Figure 13, ﬂ+ and proton spectra are shown for 7 GeV/c, for both
geometries. These two geometries have respectiQely Fe thicknesses
of 1/2 inch and | inch. The resolution curves are almost indis-
tinguishable for these two cases.

Finally, fn Figure 14, W+‘and proton spectra a%e shown, this time
for 15 GeV/c. At this higher momentum the FWHM is a smaller
percentage than for the lower energy range, about 40% or a bit less
compared to about 50%. OQur preliminary examinat%on of further
results at the higher momenta in our data also suggests that the
FWHM for protons may decrease a bit faster than for m's, with

increasing energy.




6. We have benefited from much assistance given byvthe University of
Pennsylvania machine shop, and by many individuals. We particularly thank
M. Hearn and his Staff, and W. Mueller. Discussions with H. Schopper, and
calculations he provided for us, we;e invaluable. A. Mann and C. Rubbia
were generous in providing informatio; and assistance. We profited much
from discussions with W. Willis, T. A, Gabriel, and R. G. Alsmiller, We

thank D. Berley, R. Stafford, and the AGS staff, for much help.
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ABSTRACT

An upgraded form of the segmented calorimeter detector described
in E-246 and E-395 is described, along with the broad set of physics.
ocbjectives which can be pursued with this detector in the detailed

study of high p, events produced in hadron-hadron collisions.
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I. Introduction

This is an updated version of the proposal for E-246. E-246 was
approved in 1974, for running in the high-intensity P-West beam. When
E-395, a slightly reduced version of E-246, was approved in 1975,
E-246 was changed to a deferred status.

E-395 is about to rum, in M-2. Normally, we would have waited
for results from E-395 before submitting an updated version of E-246.
Since the PAC, however, may wish to consider jet proposals to some extent
at its forthcoming summer meeting, we thought it useful to submit
this brief update at this time. We will provide a more detailed

supplement as soon as results from E-395 make it appropriate.

E-395 uses a highly segmented modular calorimeter of relatively
good energy resolution. This calorimeter is of novel and a&vanced
design, and uses individual modules of a design developed by us,
and tested, in a quite substantial array, in M-5. E-395 has a two
amm detector. One arm has full hadron detection capability, in a
25-segment array; the second arm has a 24-segment 7% detector, and in
addition some hadron capability of smaller solid angle. The entire
calorimeter array can be moved along the beam line, so as to subtend
solid angles in each amm up to 2sr at energies of 200 and 400 GeV.

This relatively large solid angle, together with the highly
segmented form of the detector, gives a capability for studying high
p, events, jet-like or otherwise, which should show some of their
features much more clearly than have existing experiments.

In 246, and subsequently, we have developed in detail a set of ideas
for a detector of still much more capability. We describe briefly in
this document some of those ideas, and some of the physics objectives
which can be addressed with the expanded detector. We plan to

submit a more detailed description after we have obtained some results
in E-SQS. We remark here, as an introduction, that the apparatus,
indicated in Fig. 1, has the following features:

1) It uses an expanded set of the calorimeter modules we have
developed, to provide much increased solid angle coverage with full
~ hadron detection ability. '
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2) The angular coverage includes the entire forward hemisphere,
- and substantial coverage at 6 (cm) beyond 90°--out to approximately
135° at 200 GeV and higher (i.e., out to tan ©
even more in a later phase).

LAB 0.2 rad, or

3) The energy resolution for charged particles, and for most
jets, is sharply improved by the use of an optimized degree of
magnetic deflection, using a magnet of large aperture and small
deflecting power (~ 3 kg-m).

4) Very comprehensive particle identification capability is
included, permitting w/k/p separation of every charged particle
detected, for particles with vy's between about 20 and 80.
is done with a particle identifying device of new design.




I1. Objectives

A large amount of experimental information exists on high-pt
events in hadronic collisions. From ISR experiments one has evidence
of jet-like structure and an indication of roughly coplanar jet-jet
type structure and recently from Fermilab E-260 much clearer
evidence that jets are produced and in much greater abundance than
singles at high Py-

These results all agree in a general way with the picture of
high-pt hadronic events as occurring through quark-quark collisions
(or collisions of other partons) as originally suggested by Berman,
~Bjorken and Kogut, and others. The possibility that this is indeed
the dominant mechanism, and the corresponding possibility of obfaining
experimental information on quark-quark forces, is what makes the
study of these high P, events so very important.

It is clear from existing experiments that a much more detailed
experimental study must be done, to more fully understand the
nature of high p, events.. Some major.aspects of these events may
be observed for the first time in E-395. E-246A would continue this
study in much more detail. The objectives of a comprehensive
study are of large scope, and include the following:

1) The fundamental objective is to study the hard-scattering
mechanism which appears to dominate hadronically produced high P
events. This requires a segmented calorimeter system of very
large solid angle coverage, including also very large azimuthal
coverage. Only with such a system can many of the following objectives
be studied.

2) Two fundamental experimental quantities to be obtained are
dN/dpt (total) for jets, and the corrgsponding two-jet distribution.
These quantities, and that of item (3), bear on the fundamental
question whether high-pt jet-jet events, and/or single-jet events,
follow a pt8 law or instead more nearly the pt4 behavior expected
in a simple model.

3) The possible extraction,from the data, of do/dt” for quark-
quark (etc.) scattering. (t’, and s”, are used to designate the
variables in the quark-quark system.)




4) The experimental study of scaling or its absence. This
question has many fundamental aspects, including the question of the
detailed mechanism by which a quark turns into a jet, and the question
of how closely the "fragmentation function" for quarks going into
hadrons is similar to that for lepton-induced processes.

5) The study of coplanarity, or more generally of opposite-
side momentum balance. This question involves fundamental questions
of possible multi-jet structure, of internal transverse momentum
for the initial quarks, of the Py exhibited by the presumed beam
jet, etc.

6) Measurement of particle species in jets to elucidate the
quantum number flow.

7) Study of "asymmetries" in mp, Kp, pp collisions. (See
E-246 for a detailed example of the result one might expect from
the 2-quark/3-quark difference of w and p structure.)

8) Study of target dependence of high Pt phenomena. (This
relates particularly to item 4 above.)

9) Study of the beam jet, or more generally jet structure in
the near-beam region. This has to do with item 5 above, but also
with the study of low-x phenomena, involving questions of internal
x-distributions in the incident hadrons, possible study of quark-sea
contributions, etc. ‘

These objectives are ambitious. But nothing short of an
experiment of the scope discussed here can provide an answer to the
questions we have listed. Such an experiment must have large solid
angle multi-segmented calorimeters, good resolution, and extensive
particle identification capability. '

The next section describes such a detector.

e e i e .




I1I. Apparatus

Fig. 1 shows a plan view of the apparatus, and Fig. 2 shows a

front view of the calorimeter.

The basic features are the following:

1) 1In a very compact arrangement, the detector includes a
large solid angle segménted calorimeter, magnetic deflection, drift
chambers for tracking, and a new particle identifying system, the
6érenkov Imaging Detector (CID).

2) The calorimeter uses predominantly the same type of
modules used in E-395. Approximately a doubled mumber is needed.

We remark that 80% of these modules were built and tested in under
6 months.

3) Three of the four drift chamber modules shown (two planes
per module) are the chambers from E-395; only one additional module is.
to be built for the new .experiment. ' ‘

4) The magnet shown is the BNL type 72D18. 1In the arrangement
shown. it gives a momentum resolution of about #0.4%p (GeV/c). For
energies below 30 GeV or so this gives better energy resolution than
the calorimeter. ; 7

5) The magnetic "kick' of the magnet is small, about 0.1 GeV/c.
This permits jet detection with negligible magnetic dispersal of the
individual tracks and with negligible smearing of the P threshold.

The C.I.D. is a gas Cerenkov counter of a new type. It uses
two spherical mirrOfs,'one on each side of the beam, to image the
Cerenkov light for individual tracks onto an image intensifier,
with subsequent CCD registration and output. The performance which
can be expected has been studied in detail, and with the region
very close to the beam excluded, we expect to be able to identify
m/k/p species for particle energies between about 10 GeV and 40 GeV,
and to distinguish n from k/p down to 3 or 4 GeV. The system will
readily handle tracks whose imaged Eerenkov.light circles are inter-
leaved or partially overlapped -- it uses the information on the
diameter of each circle, in conjunction with the drift chamber




information on the location of each circle's center, to give
identification even in the interleaved case. We remark that in a
certain energy range the C.1.D. together with the magnet and
calorimeter information also gives substantially improved energy
resolution for k's and p's. '

Initial development of the C.I.D. is under way. Work on various
parts of it will be done by members of the collaboration at
Michigan State, Pennsylvania and Wisconsin.

The calorimeter array is shown in Figure 2. Because of the
modular nature of our calorimeter, it is readily possible to expand
the solid angle coverage or the number of segments. It is also
possible, as in E-395, to vary the distance of a part or all of
the calorimeter array from the target, and thus to increase the
angular fineness of the calorimeter coverage over some fraction of
the solid angle covered. |

The array shown in Fig. 2 covers the entire forward
hemisphere, including the beam region, with elements which give
sufficient P resolution to address the physics objectives givén
above. This complete azimuthal coverage to 6 (cm) = 90° is provided
at energies of 200 GeV or higher. In addition, substantial coverage
exists at larger value of © (cm}, out to about 135° at 200 GeV or
250 GeV. At higher energies, of course, more solid angle is covered,
by the entire system.

We are interested in adding still more modules, to give more
angular coverage, in a later - phase. The only limitation is
money -- the modules are produced almost 100% industrially.




IV. Beam, Rates,‘Running Time

We propose to use the new P-West secondary beam. The prospective
wide range of energies and intensities is of great value for the study
proposed here.

Our present expectation is that most of our rumning would be done
at a beam flux of a few x 107 particles/sec (averaged over the burst]),
or an interaction rate of a few x 106/sec. ‘At this interaction rate we
could obtain complete coverage of all particies except those in the beam
~ 1line itself. For special purposes such as the study of the highest
possible Dy region we would use a higher flux, probably up to several
times 108. We expect to'typically use a target of 5 to 10 percent
interaction length. The flux levels usable are in general limited only
by the time resolution of the calorimeter.

We request an initial time allocation of 1500 hours. 500 hours of
this time is for testing and tune-up, and 1000 hours is for data taking.
Some of the test/tuneup time could probably be done with simultaneous
use of the beam by other experiments, particularly downstream of our setup.

We will also require substantial time in M-5 for testing of compo-
nents of the detection system. Much of this time however is totally
compatible with simultaneous use of the M-5 beam by many other experi-
mental groups--we did much of our testing for E-395 in that mode.




V. (Collaborators

The present collaborators for E-246A are listed below:
Lehigh: A. Kanofsky
Michigan State: * C. Chang, K. W. Chen, I. Kostoulas, L. Litt

Pennsylvémia: L. Cormell, M. Dris, W. Kononenko, B. Robinson,
W.- Selove, B. Yost

Wisconsin: M. Corcoran, A. R. Erwin, E. Harvey, R. lLoveless,
\ M. Thompson '

In addition, we expect two to five graduate students to become
engaged in this experiment. '

We would welcome additional collaborators, although construction
and running of the experiment described here are within our present
capabilities. ‘ |




VI. Costs

The equipment for this experiment will consist of:
(1) The present E-395 apparatus, virtually in its entirety.
(2) The C.I.D.--estimated cost $40K to $50K for the prototype and
$30K'fof the second unit.
(3) Additional calorimeter modules--$150K.
(4) One additional pair of drift chamber planes--$20K.
(5) Miscellaneous--$50K.

In addition, a magnet, like the BNL 72D18, is needed. We would look

to Fermilab for aid in providing such a magnet.

VII. Time Schedule

The equipment can be ready in less than one year from date of

approval and of availability of funds.




Fig. 1 Experimental layout .
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Fig. 2 Front face of calorimeter array

(A) The angular region close to the beam is covered by a more finely segmented section

"behind the main section
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SEARCH FOR DIFFERENCE IN PION/PROTON INTERNAL STRUCTURE

INTRODUCTION

Since the development of the quark model, and in view of its many suc~
cesses, the question has frequently been examined whether one could find evidence,
through study of high energy collisions, that the pion is ﬁadc essentially of
two components, qa, while the proton is made of three, qqq. With the develop-
ment of the parton modelcl) this quest;on takes on a new aspect, and a new means
of searching for evidence on this question appears.

In the parton model, the pion has a higher probability of having high
momentum internal components {(i.e., wigh a large value of the fractional momen~
tum, x) than does the proton. This effect, somewhat analogous to the effect
that’would result from a 2-quark versus 3-quark structure, would cause the
products of a parton-parton collision, from a np initial state, to carry for-
ward along the n's direction, There would thus exist a forward-backward asym-
metry, in the overall yp CM system, for the products of a parton-parton collision,
We estimate this asymmetry to be quite-large in high~pT events, which may be
dominated by parton-parton collisions; no such strong asymmetry is necessarily
to be expected in 1ow--pT events.

.We propose to look for such an asymmetry. It seems likely that its
presence, or absence, will constitutc important evidence on the validity of
the parton model, and could accordingly give important information on the
stfucture of hadrons. Aside from any detailed model of parton distributions
and interactions, moreover, the observation of such an asymmetry would
constitute direct evidence of a difference in internal structure of the pion

and proton.

S
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The form of detector best suited to this study is a calorimeter hodoscope.
To study the asymmetry, a pair of calorimeter detectors, on the two sides of
the beam, is necessary. To obtain important additional information on the
structure and multiplicity of high—pT clusters, the calorimeters should be
hodoscoped more finely than would be required for study of the asymmetry alone,
The angular resolution and energy resolution required, the sensitivity requiréd,
the beam intensity and target length needed, and other details are described
below. For sufficiently sensitive conditions, we estimate that a large
asymmetry 1s expected.

In addition to information on an asymmetry, the detector we propose would be

able to give information on many other features of high- events, including the

Pp
important ratio of event rates with jets of a given Pp compared to single parti-
cles.of the same Pp» the distribution of multiplicities in jets and correlations
in these multiplicities for jet pairs, much additional information on internal
jet structure and on jet angular distributions, and some information on particle
species in jets. We emphasize, in all this, that the basic asymmetry expected
is not in any way dependent on whether multi-particle jets occur or not. More-
over, the asymmetry would occur regardlgss of the behavior of the parton-parton

scattering cross section as a function of s' and t', the parton-pair cnergy and

momentum-transfer wvariables.

PARTONS AND JET PAIRS

(2,3)

- Bjorken and collaborators first suggested that parton-parton collisjions
might produce {(transversc) jet pairs at large angles, distinctly separable from
jets along the beam direction. These jet pairs, if found, could give dircct

_evidence on parton~parton collisions, and on the inteynal mementum distribution

.
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of partons in hadrons, The parton model of hadron structure suggests the form

4,5)

of this internal momentum distribution. In that model the probability for

high;momentum components inside the pion is greater than for high-momentum com-

(6)

ponents inside the proton. This is the parton model's expression of the‘idea
that the pion is made of fewer components than the proton,

How would th%s effect be detectable? If parton-parton collisions producé
jet pairs, then fhe existence of larger high-momentum components in the pion
would show itsélf, in np collisions, as a forward-backward asymmetry for the
.. total momentum of the pair of jets, in the mp CM systém, (31+§é)z. The expected

(2)

magnitude of this asymmetry, on the BBK model, is very large. On the BBG

model(y’a) {(which seems to be in better agreement with large P x° data of the

CCR group(g)

) it appears that the asymmetry would be even larger. This asymmetry
would be a very striking effect. Observation of such an asymmetry, or its abscn;e,
could give strong evidence on the validity of the parton model of hadron structure--
i.e., on the meaningfulness of a picture of hadrons as objects containing point-

"like components.

We emphasiic several points in connection with the idea of searching for
jet pairs and for a forward-backward asymmetry.

(1) The idea of an asymmetry does not rest on the notion that multi-
particle (transverse) jets must occur, In fact, questions of great interest

are: what are the multiplicity distributions im the high- groups, what are

Pr
the corrclations in those distributions in a pair of jets, and how do these
» distributions vary when one collides different kinds of particles, (We rcmark,

as an aside, that evidence already exists indicating that some clustering doecs

occur in high-pT events; moreover, some clustering must occur, if only from
’ )

production of resonances of hiph pT.)
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(2) In the experiment which we propose, one can hope to study two
aspects of hadron structure and interactions which can be studied only in
hadron-hadron collisions and which are inaccessible via neutrino or elcctro~
magnetic interactions: (a) the internal structure of the pion, as probed by
decp inelastic processes, compared to that of the proton, (b) interactions of
possible components of had;ons.

(3) If partons exist, and if'par;on~parton collisions produce jfet pairs,
then major differencesin types of partons and in their fragmentation prope:ties
may exist. Such differences for example are suggested by the BBG model. It

is important for the equipment to be able to detect such possible differences.

MAGNITUDE OF THE ASYMMETRY IN (7Z>’1+f>'2)z

In the Feynman-Bjorken parton model, the internal momentum distribution of

the hadron is described by the function

D=te0 =250,

E IR

4) (2)

where f(x) and g(x), in the notation of Feynman and of Bjorken et al

respectively, describe the parton fractional momentum distribution. At large

%, the bchavior of g(x) is related to the elastic form factor of the hadron,

(10) )

according to the arguments of Drell and Yan, Feynman, and Bjorken and

Kogut.(5> We take their result, that for x =+ 1 one has gp(x) ﬁ'(l-x)3 for the
proton and g“(x) ~ (1-x) for the pion. Then the forward-backward asymmetry, for
parton jets made in yp collisions, comes ffom the fact that for large x the
function gx falls more slowly than gp. As an example, for collisions with

Xy R X, m:%, one finds the intensity ratio for jet pairs at 80° to that at

1
100° to be approximately and ideally


http:propcrti.es

: 2
1{800) . gﬂ'(xl :-?z:':}'- ﬁ. -+ .174_] )gp(xz %‘5 [1 - .]74] )

1(100°) gn(xl m%‘ [:]_ - .17&] )gp(xz :c,'%- [1 + .17&] )

g (.78)g (.55)
= p ~ é‘ L]
8ﬂ(-55)gp(.78)

To describe this result graphically, we consider sp collisions at 300 GeV.

The above result can then be representéd by the following diagram:
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Bjorken has calculated the jet-jet angular correlation for a number of cases
In general, the correlation function inveolves the parton-parton scattering cross-
do (S,’t,)SIZ)

section ——

ac’ but for the case that we discuss s' and t' are con-

stant and our result above can be read directly from Bjorken's calculation,

We have not addressed, above, the question of a possible differcnce in
types of partons, nor in parton scattering cross secctions, and in g(x), for
different parton Spccics; In the parton-interchange model of BBG, one can
expect substantial effects of this kind, with possibly even greater asymmctries
than occur in the above simplified calculationga)

OQur estimate above represents an idealized calculation, which assumes
that one can determine the direction and energy of a jet. In fact, these
quantities have an intrinsic uncertainty, because lqw-energy members of a jet

(13,11) These uncertainties

cannot be unambiguously associated with the jet.

' give in effect an angular resolution smearing. As a result, the forward-back-

ward asymmetry will be reduced. For the example given above, with jets of

8 GeV, the reduction is not a major one. For lower energy jets, however, and
for Y (s * et to be expected becomes

even more for lower "x'" ( Pjet/p beam’ ’ the asymmetry p

rapidly smaller. To observe a large effect it is therefore necessary to

measure jets of high x and large jet enexrgy.

MULTIPLICITIES IN JETS

.As remarked above, the idea of a forward-backyard asywmetry in jet pairs
does not rest on any assumption that highka events occur generally with the
total pp carried by a cluster of particles. However, the question of the
mutiplicity distribution in jets is also a highly intercsting question. On
the BBK model, one can expect to have many more jets of high total pT than
single ﬁarticlcs of the same pT. To make a specific estimate, one must take

some model for the fragmentation of scattered partons.

(11)
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(11)
Using a model suggested by Bjorken, the intensity of jets of a given
Py might be expected to be higher than the intensity of single ﬂo's of that Py by
-3
a factor & 5(n-1)(n-2), where n is the (local) power with which the invariant
9
single-particle cross section falls with P From CCR data( ) for pp collisgions
. 0 *
at equivalent encrgy 300 Gev, one finds n~ 12 to 15, for pT'V 4 GeV/c at 90 .
‘ anN ' dN o ~
This gives de(jets) ~ 200 times as large as ggf(n ), at ~ 4 GeV/ec.

o
‘s

If multi~particle jets were found this much more frequently than single g
it would be spectacular indeed, and would probably constitute very strong support

for a parton mechanism of high- events. HHowever, there are at least two

Pr
considerations which prevent the observation of an cffect as large as indicated
above. One is tﬁét the low encrgy members of a jet can never be unambiguously
associlated with the jet513’1l) That gives the result that a jet of "true"
energy 4 GeV, say, will aénggg to be a jet of 2 to 3 GeV. The intensity
suggested above will therefore be lost in the far higher single-T intensity at
2 or 3 GeV~-~at 2 GeV the single T intensity is ~ 1000 times as great as at

4 GeV. Secondly, a jet of 4 GeV "true' energy which appears as say 2.5 Gev
observed encrgy is not a very tightly clustered jet, nor is it likely to have
very high obscrved multiplicity. If one Qses for a model the sugpestion by
Feynman(a) and Bjork&n(3) that a parton jet may be expected to fragment with
the same kind of rapidity plateau as is observed in beam-direction jcts, one
finds that the 4 GeV (Ytrue') jet we are discussing is likely to appear as
follo?é: one particle of ~ 1,5 GeV, a second of ~ 1,0 GeV, at an angle of

~ % radias from the first, and ~ 1,5 GeV in three more particles which can

not be assoéiated with the jet because they are at very distant angles, have

gquite low pp with respeet to the beam direction, and look just like the dther

5 to 10 particles that can cowe from beam jots in this event,



Thus multi-particle jets of true energy 4 GeV will prob;bly be almost
imQOSsible to observe clearly; and it will be equally impossible to measure
the intensity of such jets in a meaningful way. One finds that when the total
encergy of the jet increases, it becomes rapidly very much easier to observe
the jet aé a cluste?; and the estimate of the intensity of jets of a given
obscrved total p; also leads to a rather sharply increasing ratio of jets to
singles. We caﬁ therefore hope to get important information on the ratio of
(multi-particle) jets to singles, at sufficiently highwjet momentum.

In order to be able to observe in a meaningful way the ratio of jets to
singles, it‘is not only important to detect jets of higher energy, but it is
equally important to have a sufficiently large angular acceptance. This is
necessary because one wishes (a) to contain as large as possible a fraction
of the true jet energy, and (b) to be able to see the jet as standing distinctly
separated from the general distribution of other, low Pr o> particles in a given
event., Estimates of the kind indicated above, if applied to a jet of obsecrved
energy 6 GeV in a cone of half-angle 300 or 450, respectively, indicate that
at 300 Gev in pp collisions one might expect to observe 10 or 50 times as many
jets as single °'s.

Whatever the true intensity ratio will prove to be, it is clear that it
is likely to be of high importance (1) to be able to measurc jets of the
highest possible encrgy--i.e., to build a détecéing system which can detect
€and can trigger on) the smallest possible cross section, and (2) to be able
to measure the intensity of jets as a function of py, and to be able to compare
it with the intensity for siugles. The second requirement also calls for very
high 5cusiti;ity; and the requirement of measuring %g (jet) dictates a calorimeter

as the basic detector element.
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It is important to note that the multiplicity digtribution in jets--or
more generally, the multiplicity distribution in high—pT clusters--is likely
also to be a very powerful tool in elucidating the mechanism of high=-py processes.
For example, in the parton interchange model of BBG one might expect that
colligions of different kinds of partons might produce strikingly different
multiplicity distributions, and diffcrent multiplicity correlations {(i.ec.,
between two jets). We remark that in tﬂe BBG model the internal momentum
distribution of partons in pions and in protons, and the fragmentaticon properties
of different kinds of partons emerging in Tp and pp collisions, may be very
different, more diffcrent even than in the BBK model. In any event, to investi-
gate the possiblg'presencc of.different components in high-pqp events, and to
look for the expected high ratio of jet intensity to singles intensity, it is
very important to have, in a single apparatus, the ability to see and dis-
tinguish high-py events of various multiplicities, including low multiplicity

.

jets and singles.

DETECTOR DESICN

For the objectives we have discussed, it is clear that the principal
detector system must be a calorimeter array or hodoscope. Most of this
section deals with the propertics of such a calorimeter hodoscope. An
auxiliary charged particle detector is also needed, and we comment on it at
the end of this section.

(a) Calorimeter detection compared to magnetic analysis. An essential

part of the study we propose is the measurcment of the cross-scction for jets
of a given Pops independent of the multiplicity within the jet, and independent

of whether the members of the jet are charged or ncutral. A mapnetic analysis

system without a calorimeter cannct accomplish these purposes.
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{(b) Jet encrgies and composition. Above, we gave an example of a “jet

structure' for a jet of 4 GeV (truec) in the CM. Thckinternal transverse

v A 1
momentum in a jet 1s taken to be ~ J GeV/c. 1f the internal longitudinal

momentum distribution corresponds to a flat rapidity plateau, as suggested by
Feynman and Bjorken, then transverse jets will look similar to beam jets. This
picture leads, as in the example above, to a jet of CM momentum 4 to 8 GeV/c
as having 2 to 4 fast particles and 3 or so slow particles (which can not be
assoclated with the jet).

" We note that existing data indicate that to at least some extent high-pT
events show some clustering-~jet-like--character. Data of the CCR and PSB
groups show an iIncreasing clustering effect (associated multiplicity in a
A8 of % sror s0) with increasing pT- Such an effect is in qualitative agree-
ment with the model suggested above. We note also that high-pT resonances
will have a similar appearance--i.e., a cluster 0( 2 or more particles cach
with high Pr and having an angular spread which decrecases wiﬁh increasing
total jet moméntum.

We expect to concentrate our initial attention on jets (or single particles)
of CM momentum & tb 8 Gev, at'angles of about 70° to 1100. Such a jet, as
scen in the laboratory for a beam encrgy of 300 Gev, will have a total encrgy
of about 40 to 100 GeV. An individual 60 GeV jet might consist of 3 particles,
with energies of 30, 20, and 10 Gev, wi?h angle separation of about 0,2 rad
€M and 10 to 20 mr lab.

We wish to be able to detect two such jets, to obtain information on the
energy of each member of the jet, to see that cach member has "unusually high
pT, and to sce if the jet stands alonc, with momentum veectors clearly distinct
from other particles produced in the same event. This requires a calorimeter

hodoscopa,
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(¢} Calorimeter hodoscope. The calorimeter hodoscope should have individual

¢lements of the desired angular resoltuion, and should cover a large enough
total solid angle to (a) contain the jet, (b) see whether the jet is a group of
particles distinctly separated in momentum space from other particles. This

(13 subdivided into perhaps

requires a solid angle of about 1 steradian CM,
20 separate elements in angle. The physical size of cach element will be
approximately the diamcter of a cascade shower (~ 8" to 16" &epending on the
inner construcéion), and the calorimeter will be located at such a distance
as to give the desired angular resolution per element.‘\These considefations
indicate a calorimeter with elements of area from ~ 8" square to 16" square,

with some 20 to 30 such elements located about 20 meters from the target,

(d) Energ&vresolution. We consider a calorimeter made of steel plates,

(14)

and scintillator. For particlc energies of 10 to 30 GeV, published work
indicates resolution of #20 or 25% to 4107, or so is obtainable for protons

in this energy range. We have constructed and tested a calorimeter (stecel

and liquid scintillator) designed to work in this energy range and below. We
find (a) we can readiiy get resolution of about iZSZ down to a few GeV, and

(b) the resolution at higher energies in this range appeafs to be somewhat
broader for charged x's than for protons; (For 7°'s the resolution is consider-
ably narrower than fér other particles.) The physical mechanism which producces
the broader resolution appears to be fluctuations in the fraction of the energy

o 13) . .
's( ) in the course of the cascade, From calculations by T. A,

(15)

going into =«

Gabriel and R. G. Alsmiller it appears that the resolution can accordingly

be improved by simultancous measurcement of a Cerenkov pulse height signal {rom

(16)

the cascade, together with a scintillator signal, as sugpested by Brody.
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One can thus expect that for a 60 GeV jet one can obtgin resolution of
about ilO?L This resolution is adequate to work with the single-no spectrum
at 96° CM, as measurcd by the Columbia-CERN-Rockefeller group.(g) That is,
the “"effective" energy of a no, or a group of particles, measured at 60 GeV
lab and about 6 GeV CM, with a momentum spectrum extrapolated slightly from
the 4.5 GeV/c or so measured by CCR, would be about 10?;1ess than 6 GeV--so
the spectrum unfolding problem would not be a serious one. We remark that for
jets the momenéum spectrum can be expected to be less steep than for singles,
so that the resolution problem is even less troublesoée.

The front pdrt Qf-thé calorimeter "would be built of lead, and scintillator,
to give preferential detection of 7 's. This is necessary because the signal
size for no's of a given energy is substantially higher than for non-e-m
showers of that energy(SOZ,higher, for 10 GeV or so). This construction
also permits obtaining information on the number of non-° neutrals(KLo and

o
neutrons) compared to the number of 5 's.

(e} Time resolution. As we have emphasized, we wish to measure very high

Pp events, aind this requires very high sensitivity. We wish thercfore to run at
very high "luminosity'", with the highest possible event rate, One ultimate
limitation will be the detector resolving time. Accordingly, we wish to make
the resolving time as short as possible, We expect to have a resolving time

in the calorimeter of 10 to 20 nanoseconds, using liquid scintillator. We

wish to have a comparable resolving time in the auxiliary charged particle

detector.

(£) Charged particle detector. 7To obtain a short resolving time, we

plan to use a scintillator hodoscope. To observe events with a typical wmulti-
plicity of perhaps 10 to 20, to cover essentially all solid angle up to about

150° CM, and to obtain a morc accurate measurcment of the angles of particles
’ i I
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entering the calorimeter, we plan to build a scintillator hodoscope with 300
to 600 elements of solid angle.

{£) Detector layout. A schematic representation of a detector layout

incorporating the above principles is shown in Figure 1.

COUNTING RATES

Our principal objectives reqﬁire the highest possible sensitivity.
(1) We wish to measure coincidences, and correlated multiplicities, between a
pair of high-—pT clusters or particles, (2) We wish to measure the intensity
of jets compared to singles. Both of these objectiveé require that we be
sensitive to single-particle cross sections, at very high Pope We propose to use
such a combination of beam flux and target length as to give an interaction
rate close to the saturation rate for our detector. Thus we would like an
interaction ratekof some 20 to 40 MHz instantaneous. Assuming an effective duty
cycle of 307L(a year or so from now), this gives a rate of 10 MHz average,
or ~ 3 x 1010 interactions per hour.

To what Py will this permit us to go? We first discuss the answer in the .
case of pp collisions, and single 7°'s. On the parton model, the rate for
Jets §f a given Py will be much higher; and on the parton model, the rate for up

collisions with very large Py will be higher than for pp.

: - o ; . s
(a) Singles rates, pp collisions. For x 's near 90°, made in pp collisions,

the CCR data give a cross scction:

do_ 0y ., L5 10720 0‘2(’1’1‘/'/3 e’
d3p/E pTa.za CeV2 sT

which fits data near 90° over a wide range of Pp and s. At 300 GeV equivalent

their last data point, at p, = 4.6 GeV, gives a measurement in reasonable

T
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FIG.1 SCHEMATIC LAYOUT OF THE EXPERIMENT
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=34 cm2
agrecment with this expression, which gives 4.5 x 10 ——— . The CCR data
GeVisr -34 2
would indicate an integrated cross section, above 4.6 GeV, of ~7 x 10 b AG em .

For AL of ~ % st (roughly the fiducial area of our proposed detector on cach

34 cm2 E?(no), at 90°, above 4,6 GeV,

side of the beam), we have finally 3.5 x 107
into % sf]. This is about,lO“8 of the total pp cross section--so one would get
about 300 single xofhr, above 4.6 GeV, with the interaction rate described
above., Thus one would still get very us&ble singles rates at pT(ﬁo) well above
4.6 GeV. It is indeed important to go to higher Ppe The discussion of the
asymmetry, above, indicates an asymmetry of about 4:1 for jets (or singles) of
8 GeV each; for 6 GeV a similar calculation gives only 2:1., These asymmetry
values wouid be reduced slightly by angular smearing due to the unseen members
of a jet.

An estimate indicates it is unlikely that we can get to 8 GeV for single
7°'s in this proposed experiment, 6 GeV however does seem p035151e. For 6 GeV
an extrapolation of the above cross section gives a rate, into % sr, about
30 times less than for 4.6 GeV, or‘about 10 events per hour. It can be expected
that ﬁ+ and 7 will add about twice thé 7 intensity, so we conclude that a
reasonable estimate for single x's abovevﬁ GeV Pp in our proposed detector (one
side of the beam) with the proposed interaction rate is ~ 30 x's per hour, in
pp collisions. What coincidence rate can then be expected, for events showing
high P simultancously in our detectors on both sides of the beam?

The answer to this question is of course seyerely wodel dependent, What
we wish to see is whether on a recasonable parton model, with as few assumptions
as possible, we can expect a respectable counting rate, and a measurable
asymmetry, 1f so then the presence or absence of such an asymmetry will

probably give useful evidence on the validity of a parton model,
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(b)Y Coincidence rvates, single~x Y"tripgeer”, pp collisions. We have estimatoed

above that 6 GeV single x's will oceur, as one-sided high-pT events, at a rate
of the order of 30 per hour. (4.6 GeV n's, similarly, would come at about 1000
per hour.) We now ask for the probability, on a parton-parton scattering model,
that {f one such 5 is secen on one side that the other "jet" (which could be a
single particle, or a multi-particle cluster) go into our detector, For purposes
of measuring the asymmetry we have discussed, we are interested in the probability
that the second‘jet be directed at some angle within an interval of about 10°
(and also in the probability that if the first jet is at say 80° then the second
is between about 60° and 120°).

This ahgu]ar correlation question has been discussed by Bjorken,(11> and by

(17)

Ellis and Kislinger. We show below in Figure 2 the results of a calculation
using their formulation., In this calculation we have neglected the t'~dependenqc
(and s'~dependence) of the fundamental parton-parton scattering cross section

dL‘ (s',t'). As explained above, the asymmetry on which we are sceking evidence does

not depend oun the s',t' dependence of Q%T; the detailed curves below would be
modified by such a dependence but the ratio of cross sections affg?g(e 80
62=80°) to aﬁ,dgica =100°, 8 =100°) would not be modified.

Tbe angular correlation calculation has been made assuming partons, rather
than single x's, of 6 GeV Ppe For that case, we find that for pp and =np both, a
10° slice of augle on the "other" side of the beam will show typically a loz}to
1SZ,coincidencc rate, {(We take the two opposite-side jets to Bc coplanar.)
One also finds that the ap single jet rate is about SOZ,higher thaun the pp rate,
in this range of Prp and angle.

Effects from (a) the probable t'-dependence of g%;, and from (b) the unscen

members of the jet, work in opposite dirvections on the coincidence rate. . We

. 7
therefore take 1074 as a recasonable cstimate for the coincidence rate per 10°.
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We thus arrivé at the following estimate. For an interaction rate in the
target of A'107/sec time average, we cxpect to see about 30 single n's per hour,
and about 15 coincidenccsfper hour, in pp collisions; for the %'sr fiducial area
on each side,Atriggcred by single n's above 6 GeV., (15 out of 30 represents the
roughly 50$iof the time that the coincidence Yrecoil" high Pp object is detected.)
For np collisions, wc cxpect a slightly, higher coincidence rate. But now if we
sort these coincidences into the various éombinations of angular intervals, taken
about 10° wide éachjwe find for np collisions, and 6 GeV single x's, about 1
coincidence per houf in each pair of 10° intervals. Thus in several hundred
hours, at this rate, we would see for the np case an intensity ratio, for
(61,62) = (80°,80°) compared to (100°,100°), of about 2 to 1, with a statistical
accuracy of about 7Z-102, so a 5 to 7 standard deviation effect. |

This would Ee a marginal effect. AHowcver, one can expect a considerably
larger effect, on the parton model, for several reasons. First, the prob-
ability for a 6 GeV (detected) multi-particle jet is much greater than for a
6 GeV single x. Secondly, we can expect a larger asymmetry.from such jets,
beéausc a multiwparticle jet with 6 GeV detected correéponds to a "true' jet
energy of 7 to 8 GeV, and such jets have a substantially higher asymmetry than
for 6 GeV., Finally, we can expect to see a larger asymmetry, by using angles
farther apart than 80° and 100°. We also note that the event rate rises rapidly
with decrecasing pT-—though the asymmetry may also rapidly decrease with decreas-
ing Pope

We thus conclude that an interaction rate in the target of 20 to 40 MHz is
likely to give sufficient sensitivity to observe the asymmetry we wish to look

for~-and that such a high interaction rate is also necessary.




REAM REQUIREMERTS

For 30 Milz interéction rate we nced a beam flux of 100 to 300 Miz or more.
In fact, as we discuss in the next section, one cannot use a very long target,
and consequently we need a beam flux at the upper end of this range. We would
like to obtain a negative s beam of ~f109 particles per burst.

The beam energy must be as high as possible. Only if the jet energy is
high enough will the jets we expect to éee look like jets, be analyzable in a
simple way, and give a relatively uncomplicated interpretation in terms of the
Yirue" energy spectrum of jets. We estimate that with a beam of 109 protons
at 300 GeV, we will be able to see singie no's up to about 6 GeV, and jets up to
perhaps 7 GeV obﬁerved (~ 8 GeV true), at a few events per hour. If the beam is
appreciably lower in energy or in intensity, we will not be able to go this high
in Pp> and the problem of detecting the asymmetry we search for, and of deter-
mining the properties of jets in general, will becowme much more difficulrt,

Except for energy and intensity, beam requirements are not particularly.
severe. We do also neced protons available at high intensity, for comparison.
But otherwise the momentum spread, and the size and emittance of the beam, are

not critical. A momentum spread of iS%;would be quite satisfactory, as would be an

angular divergence even as large as a few mrad.

BACKGROUND

The most severe background we anticipate is that coming from secondary
scattering in the target or’uearby downstream material. A rough calculation
shows that for a target of say 10731nteraction length (i.e,, a target Jenpth
of ~ 60 cm) about ZOQLQf the high~pT events observed in the caloriwmeter (with
‘particles of 1 to 4 GeV/c pT) would come from double scattering rather than

single beam-interactions. This is a large number, and would very much confuse

the interpretation of multiplicity distributions in high-pT events. We
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therefore propose to usec a target length of about SI;CV 30 cm), and pevhaps
run part of the time with a longer target, to sece if we can detect the effect
of these sccondary scatterings. In any event, this effect limits the target

length we feel is acceptable, and leads us to request a beam flux of 109.

SIMMARY

We propose to study '"jet pairs", pairs of high-pT clusters {(or single
particles), in xp and pp collisioﬁs. Prime objectives are:

(1) to look for an asymmetry in the production of forward pairs compared
to backward pairs, which would indicate a greater probability of high momentum
coﬁponents in the pion than in the proton;

(Z)Yto measure the ratio of event rates with jets»of a given Py compared
to single particles of the same Ppi @ large ratio would probably represent
support for a parton model;

{(3) to study the distribution of multiplicities in jets, and correlations
in thesec ﬁultiplicities for jet pairs; thesc distributions and correclations
might show structure indicating a multiple component mechanism for h?gh-pT

events,

In addition, we expect to obtain information on the internal momentum dis-~
tribution (longitudinal and transverse) in jets, some information on ratios of
numbers of ﬁO‘S, other neutrals, and charged particles, in jets, and information on
the angular distribution of jets and of possible parton-parton scattering.

The asymmetry effect is cstimated to be a ;ery large one, on the parton
‘model. Using the Berman, Bjorken and Kogut model, with partons scattering via
gluon exchange and with differences from different parton species neglected,

the cross section for jet pairs 10° forward of 90°, in znp collisions, is estimated

to be 4 times larger than for jet palrs 10° backward of 90°, for jois of
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6~7 GeV obscrved 300 GeV g beam). On the parton interchange model, of
Blankenbecler, Brodsky and Gunion, different parton species may give quite
different results, and it appears that the asymmetry’would be even larger.
An asymmetvry of the magnitude predicted by thesc models would be a very strik-
ing effect; it seems likely that it would be strongly suggestive of a model
of hadron structure with point-like components, and with fewer such components
in the pion than in the proton. k

To see this asymmetry {or lack of it!) clearly, and to study the other
matters listed, a pair of calorimeter hodoscopes, of tﬁe best time résolution,
is required, and a. beam of the highest possible energy (300 GeV) and very high

9
flux (10" pions per burst).
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FIGURE Z.

BEAM VIEW OF DETECTOR

(A) BETTER RESOLUTION (0.2 rad) detector distance 12 m.

2 sr each side

80 tons

¢'=0° AN

te‘).oo .

(8) GREATER COVERAGE; detector d!stance 8 m

4 sy each side

100 tons

Proposal File No, r;?f//

o

6=120°

’.ﬂ"‘_, e —

P
T F

Master
DO
JRS

(* = additional
elements)




%3 E- - § NER i ENSEE . WW N ™ EESEAN N . .. M: i 341 ¥ T -
oS AR NS RRERR B . it RERERORERNAIR ERPEERRER RN ¥ KNERE 31 (- W haEdns 3 L |-
X 3 P E T LT JREFENas ut SRS PR AR S ahpdlagavd : REAREu kNS ekl R R T e ) FHEH P TR TR A HeiE :
- A LL,. BANERER q TR K . ; . 3 ENEREVS HEAR ARRYREEYERR ANEES L ¥ g 1y Wi Sity X :
der it bl THHIR R SR e s g L 3 RENNAYHpYREYNNTS P : R LR LA R e R HH
S S T R TR SRR L e A TR R R T H STHEHU R B TEF F R R T A L e :
-3-4 4.0 1 fod EE XN HER% Bl O - - et o) RgEEN NN g3l b . 4 .. EEREX SEENES 44 E + '
HE LR R R S T L e T R BT 3 S b N TR Y
LA ks i ik 1 T B e e R R T R R Sl ibEns FH PR AR
R NYNM B T e . A NE 3. ¥ g R ¥ 5% 3.4 5.0 » 5 s 3 . ERER ] BEN | |
s ] § i REx 3. EipRuRgn SRR SEEE R ARl LLTE AR NN AREN RPN 3 REnn 11 Sisunid 3 SRR LV TR L - ¥ o
SHRgE 2N EESEANES {1 SN SHkER 4 J . SESS EEEES REwNE NN -} il ] SEAne BESRAFAXE 44 RPN 3 ] ¥ . BEREENS R . 4] E g ¢ N & B "
] . KNxd aps £ o) Mg ¢ . EERANASsESIniE g <.n KB -1 e il - \A |«~ b X “ H. -] 5 -4 il ..l g il Al - b 1 ] EEERES -4 #1 3o 3 5 -1 SEES - E2 g 44 1.5 i ' ’
. |- 2 N .y | |- REN 4§ . & S pas R RE¥RN 4 -] SE = g i 3 pd e ERRREES . g LH<|.\ BURRE ¢ RN E 1N
NSEEREINE THREHT T Ereadenagis g Erases ST i Rrpseay : srakiea R A T R e
T T R e e e e e e T e e e e T T R e T T R R e R i E e T A R e e T T T TF
& A A ESRERNBRATUASRS .. REAR NS RRREE ENREAN . SESREUNANERRES R RuSEsEN 8 BENGR SR ¥y N SIVEPR R L ik NS RN L Py RERNEEER ¥ ELEE P bR 13- {1 :
SORRERREnE Rty LT SRESARNNERE RN BEEARANENE SRR SR ENE % RAREERS T NEEEIRAARRO IR RN SRR RN i NEERSEANNRAREREn SREREAANNERARE RN AN NERERE FRwantves » ey 5y i & ey
RRUNERENER NERES RENEERNE R 5 . BRENSHNERE SN RN . % REBESSNRY RS FRRERE N A-pad ELCLL » NN BRASNRESUR KEEREEY 114 L SR RENNESKEENSRENNRSRESY BRSNS :
1. RESANY SEN FHANE KR A SEYNARRNRE N NESRESNERERUEDRUNER S u Wl Ny REXEuUSENERu NANIN 4 H ENERNSSERRENES A NIN SR SAEN Hh EELl ¥ 14 ¥ 3T L NREREN R RENEENN SEE %
HEEE L L PR e AR R G H i1 PR T R TE 1 P TR B e A R PR TR P B A TR P T A
T T T R R R e R ARanwsRdyax HEH Erasis 1 R R A A R -
HARRWER HOEnFRE RN NADS £ SENNRRaREREN N A RN AN R R RN Y T VT SRRSO X NES e 9 ARPRESANY BEBENS RYSAN NS 3 RERAn! N XN {4 33 Eunghe il SEH R B
HrHE T T A e H E S T i Lo R IR H T E Eges B2l S R TR R B e R e R T P R a0 B
b e e TR T e T P e e R P e R e e R R R R e e e R e T S R T HEEH H A THHTH i
S E e e e e e T O e e e L R e e v e L HE R B RO T P HRH RS e e HHE
L Hil FlT L R R AR
e R T A A e T B R T T e T BT L R T B T T TR :
Thp e e R e B R e R A AR R S P DS G : i T R e e e e R
T e D e A S B I Ve e L e e [ G E A AR T e SEERECE 33
S R R R R B L P e Bt o B T R s B P B B e R T T e .
‘, i SEN ‘ REN NERSESNANNNS AFEETRRY RENAS BERAYN .. Foperd ] A4 BERNERESS CHERT0 SESNE 11 BSEN T RENNENS 311 T LY k¥y nwr,vﬁ!f 1E REKRUNORARES NN . i
] RESREERENNAS AR ANNE A S RN R R o '.| X ..MVHH,\ LA ] :”m £ , NEgE ,.l RANES IS HA i +H ,\,A‘v'u< ..Wv& S PR A 11 HH - § N THHTE H
7] R T H R A H D : : N E e R A R S R T A L E T !
- A 8! - A 11 4 [ N - H P L LHChrer N RUAREAUNERSRY NE H
sEELREERRSR RN Lt e B R e e e 1 B desatteoRRtanEibugs T AR T E R T T FE R T e e B ;
AR e Rt T O L B DL L L SR B kel - H ] e e U L T T .
HEH R R R B R P e e e e R e e i p U T W A LT S LR R T HEE R b S e ;
A EEEE } a In nis yRikS pagagh SNguERsnauNNEasr By A kx REANSA RIS EAn) '
3 e R | v..v : ,; 5 ] 1is ; H - HM;.M 4 AN . b o -} 5 8 REN ‘M. Vv X4 1 ;( - E nd o - i 1n N ] EREENENENEE . 8 < s i1 N kY E - -] g >
pehaRaseiiice L F L AL L : 3 TR A D R R R :;. P L S TR L R A e ke i’
R AL e e sEets - LR R R R R e - = - Eansy m HHHIH _
L R R iR g e | LR i Rt A H LA T O He R P T TR SRR N ¢
L LR R HHELE SINL RE RRAARNRES 2 HITHG LLE H ARHENSAERERERIRR Y eaNACHRANERRERNCR R ENGR] RERRADRES -k
T HL R R L R Mm. I Eek A R B HTHL EHH M T ST R '
ERE - 4] . a4l ST A‘H . SERN ‘M S ENan PERESRERRRRAREER LT By oS ESS AN SEFANEARANS i3 WRERYRE N SEREINY EERERRE w” ’
Hilk 8t T A T H I T H L HE T B L HR R HHEEH Religis : s
i ST AR e R e IR T FEEE B R e e R P R e :
S e e a e e R B R THTE B ety P B R R 1 e R A ] L T - seanilnrshanndl fRrRzilts 7
AENESS ¥ BARNN . TH RONDRAEnwR QLS &S Sy N} k. i §hud SEED. FaEy SEREXMEEND B R i - puny : ¥ . | A% LIx% 3 Y
X - 410t SRREASNENYSRFENE ANRRAR S . ! ERRAER SEERERSS NN S NARs RS RENSRE S ANy e RENEREUNARSS: .'Zl RE |H.le|‘ m.‘. ‘HH ] A ,:x
i HET T P | ATHTHETI T aSyas L b L
1 T T HEH T CEEH b R gl s e R L T 2l SR DO H R e A T TR
3 L H Y NN : LT} ‘ . b .“,; ‘ i ..'w ghey :M : NERRERURNRES N n un NN .41 Aritidigly SENNSEREARNSURATAS RN SESARRUERRS YR SEREERRANAR SEARANS 11 AN TS .
T TR : N anthii b At s R L S R R R T R R T N R H
AU R e T i e g 1 bk D PR e e O e P e e L e ipsddasierbint Al U8 (Hauinaite S
i ! TR AR L REAZESaRIRISSYE L H T R R P JRRRash: it M i
| AT il ik gREEH] Jaky iy TR B EEH T R e e R R R e R )
HEER R N o ¥ SRR IR ER) (RAERSLICRES R PR B e T e T T R A T -
fsdatis EEL e Ly R e P TR e R e sRAERERSE AHEH BatsIRiHn
A e L L] SRR P L LT T : IR RIRERER SERAREE mu : ,
L JREERET JEER AR R e e R R T R QO
" swy i 3% . SEASEERES 4 VL RS ¥ el T ] nlv._”. )
R : ra g St i ARRImTRA - T} ; End: |
cistytistes RN RESa AN sEH: TR eI S : i 1 G
L X R IRREEAR w L L T i - L bl 3 :
Hinhi faiceily S R A e e R P ‘ e
HITE T BB e R e e : JReils lh i ,
H H P rh..,..mu« L) LT 1t soipiabig bl bldaadg it iy NENEYARRLE Em
a

Prop¢
M
DO
4R

. 0D USTSST ¥ INLINTH .
“ ) . H VSN NI 39N WO ST X Gt TR
A/l\.; N’ CIGL O YALIWILLNID 3HL OL O X b \m

C
[T I




	NAL Proposal #246
	Supplement to NAL Proposal #246
	Appendix I
	Appendix II
	Appendix III
	Appendix IV
	Addendum to Appendix II
	Addendum to Appendix III
	Addendum to Appendix IV
	FNAL Proposal #246A
	NAL Proposal #246 Copy 2

