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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 made essentially of 

two components, qq, 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 appears. 

In the parton model, the pion has a higher probability of having high 

momentum internal components (i.e., with 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 ~p initial state, to carry for

ward along the u's direction. There would thus exist a forward-backward asym

metry, in the overall ~p 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 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~udy 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 alon~. 

The angular resolution and energy resolution required, the sensitivity required, 

the beam intensity and target length needed, and other details are described 

below. For sufficiently sensitive conditions, we estimate that a large 

asymmetry is expected. 

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

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

important ratio of event rates with jets of a given PT compared to single parti

cles of the same PT' 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 regardless 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 ' f~rst 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 o~ 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 

of this internal momentum distribution. (4,5) In that model the probability for 

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

ponents inside the proton. (6) 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? If parton-parton collisions produce 

jet pairs, then the existence of larger high-m?mentum components in the pion 

would show itself, in rtp collisions, as a forward-backward asymmetry for the 

... ... 
total momentum of the pair of jets, in the np eM system, (Pl+P2)z' The expected 

magnitude of this asymmetry, on the BBK model, (2) is very large. On the BBG 

model(7,8) (which seems to be in better agreement with large PT nO data of the 

CCR group(9» it appears that the asymmetry would be even larger. This asymmetry 

would be a very striking effect. Observation of such an asymmetry, or its absence, 

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 emphasize several points in connection with the idea of searching for 

jet pairs and for a forward-backward asymmetry • 

.(1) The idea of an asynwetry 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-PT events; moreover, some clustering must occur, if only from 

production of resonances of high 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 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 hadrons. 

(3) If partons exist, and if parton-parton collisions produce jet pairs, 

then major differences in types of partons and in their fragmentation properties 

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. 

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

the hadron is described by the function 

dN E f(x) E 1 g(x)
dx x 

where f(x) and g(x), in the notation of Feynman(4) and of Bjorken et al(2) 

respectively, describe the parton fractional momentum distribution. At large 

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

according to the arguments of Drell and Yan, (10) Feynman, (4) and Bjorken and 

Kogut. (5) We take their result, that for x ~ lone has g (x) ~ (1_x)3 for the 
p 

proton and g (x) (I-x) for the pion. Then the forward-backward asymmetry, for 
1f 

parton jets made in 1fP collisions, comes from the fact that for large x the 

function g falls more slowly than g • As an example, for collisions with 
1f P 

xl ~ x ~~. one finds the intensity ratio for jet pairs at 80° to that at2 

1000 to be approximately and ideally 
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1(80°) 
. 1(100°) 

g (.78)g (.55) 
1t p R:J4= g (.55)g (.78)
1t p 

To describe this result graphically, we consider 1tP collisions at 300 GeV. 

The above result can then be represented by the following diagram: 
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Plab(~) = 300 GeV 

p* ~ 12 GeV 

o 

Xl + x2 2
and P 1=P2=P, ~ 8 GeV (i.e.. 2 = 3") 

8 = 100° 
e = 80° 

\f 
/\ 

relative intensity: 1 2 4 
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Bjorken has calculated the jet-jet angular correlation for a number of cases~ll) 

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

. da (12)
sect10n -- (s' t')· but for the case that we discuss s' and t' are condt' , , 

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 

types 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 ca1culation~8) 

Our 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 low-energy members of a jet 

b · 1 . d . h h . (13 ,11) h . .cannot be unam 19uous y assoc1ate W1t t e Jet, T ese uncerta1nt1es 

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 

even more for lower "x" (~Pjet!P*beam)' the asymmetry to be expected becomes 

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

measur~ 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-p events occur generally with the 
T 

total PT 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 PT than 

single particles of the same PT' To make a specific estimate, one must take 

some model for the fragmentation of scattered partons. 
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(11)
Using a model suggested by Bjorken. the intensity of jets of a given 

PT might be expected to be higher than the intensity of single nO,s of that PT by 
3 

a factor~ 2(n-l)(n-2), where n is the (local) power with which the invariant 

single-particle cross section falls with PT' From CCR data(9) for pp collisions 

at equivalent energy 300 GeV, one finds n - 12 to 15, for PT ~ 4 GeV/c at 90
o 

• 
~ ~ 0 

This gives dp (jets) .,..., 200 times as large as dp (IT ), at "'" 4 GeV/c.T . T 

If multi-particle jets were found this much more frequently than single nO,s 

it would be spectacular indeed, and would probably constitute very strong support 

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

considerations 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 

. d . h h . (13,11)
assoc~ate w~t t e Jet. That gives the result that a jet of "true" 

energy 4 GeV, say, \-li11 appear to be a jet of 2 to 3 GeV. The inte~sity 

suggested above will therefore be lost in the far higher single-IT intensity at 

2 or 3 GeV--at 2 GeV the single IT intensity is - 1000 times as great as at 

4 GeV. Secondly, a jet of 4 GeV If true II energy which appears as say 2.5 GeV 

observed energy is not a very tightly clustered jet, nor is it likely to have 

very high observed mUltiplicity. If one uses for a model the suggestion by 

Feynman(4) 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 ("true") jet we are discussing is likely to appear as 

follows: one particle of ~ 1.5 GeV, a second of "" 1.0 GeV, at an angle of 
1 

radian from the first, and"" 1.5 GeV in three more particles which can""'2 

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

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

5 to 10 particles that can come from beam jet·s in this event. 
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Thus multi-particle jets of true energy 4 GeV will probably be almost 


impossible 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 


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 PT 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 PT ' 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 30
o 

or 45
0 

, respectively, indicate that 

at 300 GeV in pp collisions one might exp~ct to observe 10 or 50 times as many 

. . I 0Jets as s1ng e IT I 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 detecting 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 PT' 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-PT processes. 

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 np 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-PT 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-PT 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 PT' 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 ~ 31 
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 

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 

associated with the jet). 

We note that ~xisting data indicate that to at least some extent high-PT 

events show some clustering--j~t-like--character. Data of the eeR and PSB 

groups show an increasing clustering effect (associated multiplicity in a 

An of ~ sr or so) with increasing p. Such an effect is in qualitative agree
T 

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

will have a similar appearance--i.e., a cluster of 2 or more particles each 

with high PT and having an angular spread which decreases with increasing 

total jet momentum. 

We expect to concentrate our initial attention on jets (or single particles) 

of eM momentum 4 to 8 GeV, at ang1es of about 700 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 

eM 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 each member has "unusually high" 

PT' and to see if the jet stands alone, with momentum vectors clearly distinct 

from other particles produced in the srune event. This requires a calorimeter 

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

elements of the desired angular reso1tuion, 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 

requires a solid angle of about 1 steradian CM, (13) subdivided into perhaps 

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 distance 

as to give the desired angular resolution per element. These considerations 

indicate a ca10riqteter 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, 

and scintillator. For particle energies of 10 to 30 GeV, published work(14) 

indicates resolution of ±20 or 2S/o to ±10% or so is obtainable for protons 

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

and liquid sCintillator) designed to work in this energy range and below. We 

find (a) we can readily get resolution of about ±2S% down to a few GeV, and 

(b) the resolution at higher energies in this range appears to be somewhat 

broader for charged rc's than for protons. (For rco'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 

. . 0, (13). h f h d F 1 1· b T Ago~ng ~nto n s ~n t e course 0 t e casca e. rom ca cu at~ons y • • 

Gabriel and R. G. A1smi11er(lS) 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. (16) 
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One· can thus expect that for a 60 GeV jet one can obtain resolution of 

about ±10/~ This resolution is adequate to work with the single-~O spectrum 

at 90° CM, as measured by the Columbia-CERN-Rockefeller group. (9) That is, 

the "effective" energy of a ~o, 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% less than 6 GeV--so 

the spectrum unfolding problem would not be a serious one. We remark that for 

jets the momentum spectrum can be expected to be less steep than for singles, 

so that the resolution problem is even less troublesome. 

The front part of the calorimeter'would be built of lead, and scintillator, 

to give preferential detection of ~o's. This is necessary because the signal 

size for ~OIS of a given energy is substantially higher than for non-e-m 

showers of that energy (50% higher, for 10 GeV or so). This construction 

also permits obtaining information on the number of non-~ 
o 
neutrals(~ 

0 
and 

o
neutrons) compared to the number of ~ 'so 

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

PT events, and this requires very high sensitivity. We wish therefore to run at 

very high "luminosity", with the highest possible event rate. One ultimate 

lim±tation 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 

1500 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. 

(g) 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 objectives require that we be 

sensitive to single-particle cross sections, at very high PTe 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 rate of some 20 to 40 MHz instantaneous. Assuming an effective duty 

cycle of 30/0 (a year or so from now), this gives a rate of 10 MHz average, 

1010. . hor ~ 3 x 1nteract10ns per our. 

To what PT will this permit us to go? We first discuss the answer in the 

case of pp collisions, and single ~O,S. On the parton model, the rate for 

jets of a given PT will be much higher; and on the parton model, the rate for ~ 

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

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

the CCR data give a cross section: 

21.5 x 10-26 cm 
28.24 GeV srPT 

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

their last data point, at PT = 4.6 GeV, gives a measurement in reasonable 
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FIG. 1 SCHEMATIC LAYOUT OF THE EXPERIMENT 
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2 

10-34 cmagreement with this expression, which gives 4.5 x The CCR data 

Gev2sr 
would indicate an integrated cross section, above 4.6 GeV, of ~ 7 x 10-34 ~ cm • 

For ~Q of ~ t sr 	(roughly the fiducial area of our proposed detector on each 

side of the beam), we have finally 3.5 x 10-34 cm
2 ~(no), at 90°, above 4.6 GeV, 

8into t srJ. This 	is about 10- of the total pp cross section--so one would get 

o
about 300 single n /hr, above 4.6 GeV, with the interaction rate described 

oabove. Thus one would still get very usable singles rates at PT(n ) well above 

4.6 GeV. It is indeed important to go to higher PT' 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 would 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 

o n 's in this proposed experiment. 6 GeV however does seem possible. For 6 GeV 

an extrapolation of the above cross section gives a rate, into t sr, about 

30 times less than for 4.6 GeV, or about 10 events per hour. It can be expected 

+ -	 0that nand n will add about twice the n intensity, so we conclude that a 

reasonable estimate for single nls above 6 GeV PT in our proposed detector (one 

side qf the beam) with the proposed interaction rate is ~ 30 nls per hour, in 

pp collisions. What coincidence rate can then be expected, for events showing 

high PT simultaneously in our detectors on both sides of the beam? 

The answer to this question is of course severely 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 give useful evidence on the validity of a parton model. 
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(b) Coincidence rates, single-re "trigger", pp collisions. We have estimated 

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

of the order of 30 per hour. (4.6 GeV refs, sbnilarly, would come at about 1000 

per hour.) We now ask for the probability, on a parton-parton scattering model, 

that if one such re 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 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 angular correlation question has been discussed by Bjorken, (11) and by 

Ellis and Kislinger. (17) We show below in Figure 2 the results of a calculation 

using their formulation. In this calculation we have neglected the t'-dependence 

(and s'-dependence) of the fundamental parton-parton scattering cross section 

da (s',t'). As explained above, the asymmetry on which we are seeking evidence doesdt' 
da 

not depend on the s', t 1 depende.nce of dt I; the detailed curves below would be 

modified by such a dependence but the ratio of cross sections dr;d~r (1:\=80 0 
,

1. .:.~ . 

The angular correlation calculation has been made assuming partons, rather 

than single ~'s, of 6 GeV PT" For that case, we find that for pp and rep both, a 

10° slice of angle on the "other" side of the beam will show typically a 10'1" to 

1510 coincidence rate. (We take the two opposite-s ide jets to be cop lanar.) 

One also finds that the rep single jet rate is about 50khigher than the pp rate, 

in this range of PT and angle. 

daEffects from (a) the probable t'-dependence of dt" and from (b) the unseen 

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

therefore take 10ias 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 at the following estimate. For an interaction rate in the 

7 
target of ~ 10 /sec time average, we expect to see about 30 single rr's per hour, 

and about 15 coincidences per hour, in pp collisions, for the t sr fiducial area 

on each side, triggered by single rr's above 6 GeV. (15 out of 30 represents the 

roughly 50~oof the time that the coincidence "recoil" high PT object is detected.) 

For rrp collisions, we expect a slightly higher coincidence rate. But now if we 

sort these coincidences into the various combinations of angular intervals, taken 

about 100 wide each,we find for rrp collisions, and 6 GeV single rr's, about 1 

coincidence per hour in each pair of 10° intervals. Thus in several hundred 

hours, at this rat~, we would see for the rrp case an intensity ratio, for 

(8 ,8 ) = (80°,80°) compared ~o (100°,100°), of about 2 to 1, with a statistical1 2

accuracy of about 710-102, so a 5 to 7 standard 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 je~ is much greater than for a 

6 GeV single rr. Secondly, we can expect a larger asymmetry from such jets, 

because a multi-particle jet with 6 GeV detected 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 p --though the asymmetry may also rapidly decrease with decreas
T 


ing PT' 


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 

9
like to obtain a negative ~ beam of ~ 10 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 look like jets, be analyzable in a 

simple way, and give a relatively uncomplicated interpretation in terms of the 

9IItruell energy spectrum of jets. We estimate that with a beam of 10 protons 

at 300 GeV, we will be able to see single ~o, 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 energy or in intensity, we will not be able to go this high 

in PT' and the problem of detecting the asymmetry we 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 not particularly 

severe. We do also need 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 ±S7owould be quite satisfactory, as ~ould 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 10{~interaction length (i.e., a target length 

of ~ 60 em) about 2070 0f 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-in=eractions. This is a large number, and would very much confuse 

the interpretation of mUltiplicity distributions in high-PT events. We 



-21

therefore propose to use a target length of about 5 70 (~ 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 rrp 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 

components in the" pion than in the proton; 

(2) to measure the ratio' of event rat~s with jets of a given PT compared 

to single particles of the same PT; a large ratio would probably represent 

support for a parton model; 

(3) to study the distribution of multiplicities in jets, and correlations 

in these multiplicities for jet pairs; these dist.ributions 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 

onumbers of r. IS, 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 different parton species neglected, 

the cross section for jet pairs 100 forward of 90°, in rrp collisions, is estimated 

to be 4 times larger than for jet pairs 10° backward of 90 0 
, for jets of 
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6-7 GeV observed 300 GeV n 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 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 the best time resolution, 

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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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 rrp 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 xT (= PT/Pmax); and we need high PT' 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 PT of the cluster, 

(a) 	 The balancing PT 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 PT' 

(c) 	 We wish to measure the internal distribution of momentum in 

clusters. 

4, 	 Study of multiplicities in high PT groups. 

(a) 	 We wish to be able to "trigger" on the total PT of a high-PT 

group. To "trigger" 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 

PT' 	 (b) the calorimeter covers a large range of lab angle (e varies by
lab 

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

w--, 
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on the particular particle angle, and (c) nO,s give about 50~ 

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 I' 
0, f 0, d . ' fast distinguish ing 0 f n s rom non-n s, an appropr~ate I.:.;.~multiplication of the pulse height. In Appendix 1 we also describe ..•. 

the total-PT trigger arrangement. -~ 

(b) The correlation of mUltiplicities on the two sides of the beam I
!, 

in a high PT event is a subject of major interest. If the I 
! 

parton interchange model is correct, one can expect to possibly 

see well defined structure in the plot of multiplicity correlation, 

n vs. n
2 

, where the n give the multiplicities in the two high
l i 


PT groups. According to the model of Brodsky et. al., it is 


possible that one might see distinct sets of events corresponding 


to (a) two "n" outgoing states, (b) a "n" and a "quark" outgoing, 


(c) two llquark" 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 PT band; and when we see a group of particles 

(expected multiplicity 2 or 3) with a high total PT w~ should be able 

to measure the individual particle PT 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 PT of a cluster, since the 10w-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 

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 clusters, 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 PT of the cluster 
is not large enough. 

One therefore wishes to work at very large PT' How large? Detailed study 

(see Section V below) indicates that events of tltrue" total cluster energy 

4 GeV, for example, will be very difficult to recognize and analyze, because 

they are likely to appear as only 221 to 3 GeV observed energy. One therefore 

wishes to be able to measure events, and correlations, for much higher values of 

cluster energy--say for 5 or 6 GeV observed. This r.equires 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. 
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2. 	 To see whether the balancing momentum opposite a high PT track 

(a) 	 is typically coplanar, 

(b) 	 occurs commonly in a small number of particles OT. 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 ~igh PT 

track or whether instead there is a general azimuthal spread. 

(a) 	 A general spread is not likely kinematically. 

(b) 	 Two 4n detectors are now runriing 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 very steep PT 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!ls, and want to test the s dependence. But there is no unambiguous 

1 way to determine the total "true l1 PT of a high-PT event, within 1 GeV or 12" GeV (see 
Section V below); 
a sample calculation indicates that if the invariant cross section is of the 

1 	 PT 1
form ~ f\rs)' then this 1 GeV or 12 GeV uncertairtty can typically introduce an 

PT 
uncertainty in n of 2 to 4 units. 



6 


III. 	 FEASIBLE ADDITIONS TO OUR OBJECTIVES 

Several measures are possible, with modest additional resources, 

1. Charged particle identification. We can readily add Cherenkov counters, 

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 for magnets of 

JBd..e R;:·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 operation at higher beam intensity, 

The present design permits operation at an instantaneous interaction rate of about 

0.2 x 10
7 

interactions/sec (beam ~.5 x lOB/sec 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 

I, The shower size in a calorimeter. To measure energies separ~tely of 

i~dividual 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 PT of a cluster, and perhaps tq trigger on 

that total PT' then we must measure the angle of each particle well enough to 

detennine the associated PT; if the showers of two particles overlap, it is 

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

in PTe 

~ I 
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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 

tshould be 1 to l~ collision lengths. In 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 from calorimeter to target. We propose to look initially 

at particles with laboratory angles of about 40 to 130 mrad. As indicated below in 
1. 

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

range no more than perhaps It to 1 or It 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 distancenomthe target which is 30-100 times as large as a 

collision length. For a collision length of 30 cm 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 (~O cm farther away) the 

diameter of the shower would cover the range from 40 mrad lab to aboutlOO mrad 

lab. In this case, if e.g. two particles enter at 50 and 90 mrad with a total 

energy of 80 GeV, one would not in general be able to distinguish total PT 

1 1
values between about 42 and 62 GeV. (The intensity for single particles of 

PT = 4t is ~OO ttmes greater than for ~, at 90° eM in 300 GeV pp collisions.) 

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

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

fast pulse height information on energy (and PT) deposited in each element. If 
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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, then it 

will be in effect impossible to isolate true high-PT events from low-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, this sampling 

should give fast pulse height information, at scintillator speed, so that 

one can trigger on the total PT of clusters and thus study questions such as the 

multiplicity distribution, and multiplicity correlations, as a function of 'PT' 

4. Fast pulse height signal for reo,s. The reo-detecting front end of the 

calorimeter hodoscope must similarly deliver fast pulse height information, 

ohodoscoped, for use in triggering. This re front end must also be made with 

scintillator, like the following part of the calorimeter; hadrons (i.e., other 

than reo) will frequently deposit a substantial fraction of their energy in this 

front section,. '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 PT of a cluster, re o 's and non-re 0 's must be separately identified within the 

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

heights weighted accordingly in order to test the event for total PT' 

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 also discuss the difficulty of testing scaling 

for high PT events. 



1. Typical angle between tracks. We must make some estimate of the 

angular spread between tracks in a "high PT cluster", in order to understand 

the conditions under 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 PT 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 total momentum 6 GeV/c. If it decays symmetrically, I 
it gives tworr's of momentum 3 GeV/c each, separated in angle by 0.24 radians. I 
If it decays quite asymmetrically, say into two tracks of longitudinal L 
momentum 1.S and 4.5 GeV/c, the angle between these two tracks is 0.27 radians, I 
hardly changed. The internal transverse momentum in the two cases is 0.36 ~ 

I 
and 0.30 GeV/c, respectively. I 

From this example, we see that a pair of high PT 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 PT jets occur by a 

parton mechanism they can be expected to show a flat rapidity distribution, just 

as is roughly found for jets along the beam direction. (This model has received 

possibly supporting evidence recently in the work of Berke1man et. a1. on hadron 

states in deep inelastic electron scattering (Cornell preprint CNLS-240, August 

1973). They find a roughly logarithmic dependence ·of hadron mu1tiplici.ty on 

total "jet" momentum, thus implying the presence of a rapidity plateau.) 

http:mu1tiplici.ty
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If the internal momentum distribution in a high PT cluster is described 

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, dNldy, is written as N', then 

the rapidity interval between successive members of the cluster is approximately 

lIN'. It follows that for the high momentum members of the cluster, the moment~ 
-lIN'ratio of successive lower-momentum members has the value Pn+l/Pn ~ e • Existing 

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

value of Pn+/Pn is about 0.6. If the successively lower momentum members of 

such a cluster have momentum 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 energy 4 GeV. If the fragments of this jet are characterized 

by a rapidity plateau, then some of them will be at large angles to the jet 

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

smaller than the total energy. (One can picture that as an outgoing parton Hfragments", 

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 member 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-4.s GeV, at an angle ---<>.2:radians 

from the jet axis, a second member of ~1~0 GeV, at an angle of ---<>.3 

radians, a third member ~.6 GeV, at an angle of ~Oo , and two last members 

with ~.4 or 0.5 GeV each, at angles of 600 or mor~ from the jet axis# We 

sketch such a jet in Figure 2. 

A 
Ii 
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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 PT relative to tpe 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 "jetll , 

which may actually carry five particles,would not be cleanly identifiable as 

a cluster of more than t¥o 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 t radian. 
t 

Thus this jet, of 4 GeV "true" energy, would be measurable typically only as a \' 
!~ 
I 
I' 

pair of particles of total energy 2.S GeV, or perhaps 3 GeV. Moreover the I 
I, 

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 lIS radian ot' 

so, or 10°. I 

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 PT on one side of the beam 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 PTe The highest PT 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 PT 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 range into intervals of 

~.2 rad each. I 
I 

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

The ratio of jet intensity to singles intensity, for a given total 

PT' is a highly interesting quantity to measure. It is however a very 

difficult quantity to measure, particularly at insufficiently high values of 

PT' For example, 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 ~'S (all 

charges included). Suppose however that jets of 4 GeV true energy can be 

measured 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 number of singles of that energy is -200 times the number of 

Singles of 4 GeV energy. Therefore the number of 2.5 GeV (measured) "jets" 

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 PT' 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 singles. 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 (measured) jets to 6.5 GeV 

singles would be, according to this model, about 5 times greater still, or perhaps 

15 to 20. The flat-rapidity model gives for the unobserved energy outside an 

angle e the value 

N'<p > 
T 

tan e 

Using N' ~ 2 and <PT> ~ 1/3 GeV, one finds EJ>e ~ 1.0 GeV for e ~ 0.6 radian. In 

principle, one could use for e, in the experiment, a value as large as the average 

S
. dN __-=1~_ dN

angle up to the next "random" particle. l.Uce dn- . 2 dy , the next 
2rc s~n e 

random particle is on the average "-'1 radian away, at 90° CM--but of course at a 

closer angle if one studies high PT 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 I 
model, then the intensity of jets of a given measured total PT relative to the 

intensity of singles, could be much larger than the ratio between 1 and 5 indicated I 
above. This point emphasizes the importance of measuring the ratio of jets to I

f 

singles, and the importance of unambiguous determination of the total PT of a I 
! 

group of detected particles. 
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)fSections 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 Esttmate for the Calorimeter System 

IX. Auxiliary Equipment, and Overall Costs 

- ...--..------------------~ 



NAL PROPOSAL NO. 246 
APPENDIX 1 

THE TOTAL-PT TRIGGER; CALORIMETER REQUIREMENTS FOR OBTAINING GOOD PT RESOLUTION 

The angle coverage of the calorimeter proposed is shown in Figure 1. In 

Figure 2 the same calorimeter is shown schematically subdivided in laboratory 

angle ~, with an output signal weighted from each segment so as to provide a 

trigger signal proportional to the total PT of a group of particles reaching 

the calorimeter. 

This subdivision, and PT- weighting of Signals, is essential in order to 

select the events of high PT efficiently in the presence of the enormously 

higher rate of all events. For example, at the interaction 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 abuut 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 1 in 10,000 or so, of all events, that meet the trigger 

requirement. 

The PT spectrum is very steep. To restrict ourselves to the highest PT 

events which occur once in 10,000 times requires that we have a PT threshhold 

at ~ 3 GeV/c, according to the Single-particle. measurements of Cronin et a1. 

With the trigger system of Figure 2, this is straightforward. If we did not 

have the calorimeter subdivided but instead used only a single calorim~ter element 

as indicated in Figure 1, then we would have to use a 20 GeV energy threshhold. 
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But in that case we would also be triggered by some signals of ~ 1 GeV/c PT' at 

small angles. Integration over the 60 of Figure 1 shows that in fact with a 

20 GeV trigger threshold one would get trigger signals 200 times as often as with a 

3 GeV/c PT trigger. These could not all be recorded, and hence one would have to 

raise the threshold energy for the trigger, in order to avoid saturating the 

readout system. Moreover, without an adequately segmented calorimeter hodoscope 

structure the PT thresholds would be strongly angle-dependent. Such an effect 

would severely interfere with the study of events of fixed PT as a function of 

production angle. 

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

000trigger, whether a particle i~ a ~ or a non-~. The signal size for ~ 's is 

,...., 50~ greater than for non_~OI s. This effect also, if not prop'erly accounted for, 

would badly distort the triggering threshold for events with ~OIS compared to the 

threshold for events without ~OIS. 

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 PT of individual 

multi-particle events and the angle of the total-PT vector, it is necessary 

that the showers for individual particles be well resolved and individually well 

measured, if those particles have appreciably different sin e 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 IIresolution"-

in total PT' In order to give a useful degree of resolution in p 
T it is necessary 

to sample each calorimeter hodoscope element throughout its depth, several times 
per collision length. 

Moreover, the individual particle shower energies must be reasonably well 

measured in sin 8. This requires that the calorimeter not be too close to 

the target. Thus if the calorimeter is, e.g., only 4 Ineters from the target, 
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and if 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 

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

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

there is a very large uncertainty in total PT' typically by a factor of - I 2'I 

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 

accurately measur1ng sin ~ for that element, and (c) distinguishing rro,s 

0, • h' d h I ffrom non-rr s, W1t appropr1ate weighting intl:o ticed into t e signa or 

determining total PT' 

-.---.--.-~---------------......--------
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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 lO-ton calorimeter. (1) 

(b) 	 Edge effects observed by Engler, Schopper eta al., with their 

total absorption spectromete~ for protons. (2) 

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 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 rr, ~, 

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

g1ve, 	 h' hI ocaI' energy depos11on__ Ca.l1Eo t ~IOOe'loo't' 	 ellll-·-A19 	 y I 1zed -r--D { J-l1"5 

l 

compared with pions, and therefore I TT 1104 "IT 1'.00 
9'/ 

the dependence of their pulse heights 
t-l '7Q { t-\ Iq3 

on the location can be taken to give -""'~;---"'I.--- E 	 ~''7'f -- Be' '14 
TT S'(;. l( I~o 

the 	relative light collection efficiency 4 6" 

at different locations. We have 

interpolated between the measured pOints 

in a smooth way, taking into account " --~ ioE'-- 11. --""')I 
the geometrical symmetry of the 	 i' r I", I I 7 I' 'I I' -,-'7'1'-,.......,--,;, 1'-~.".-7--'77"·"TT - 

'f") 

1 	 :::;ed~e o-f the C~tIY·rllell~Y'-+ I~ 
rn 

1. 
7J 
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device, to get the light collection efficiency at positions 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 
R A B 

3" 99.0~ 75.5% 

5" 97.8" 77 .O~ 

7" 95.5$ 78.0~ 

Observation 

Ratio 

BfA 


0.76 

0.79 

0.82 

0.80 

Thus the experimentally observed ratio indicatesto 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 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 

energy deposition, we can calculate the 

radius R of a circle 15 '/1 of the area 

of which is outside their spectrometer, 

as indicated in Figure 2. R is found 

to be about 8.5 cm~ 

F,~"~ 2. 
(4) We examine whether the above crude estimates of R are consistent with 

each othex, by expressing R in units of collision length, as follows. 
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Configuration of Matter 
Collision 
Length 

R in 
Collision Length 

Our 
calorimeter 

Engler 
et. a1. 

O.S"Fe -+: loS" liq. scint i lla tor 

2cm Fe + 0.7 cm plastic scinto 
+ 0.8cm gap 

43 cm 

28 cm 

0.28 - 0.4 

0.3 

The collision 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. 

(2) 	 J. Engler et. a1., 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 expertment using a calorimeter, 

more than one interaction might occur within the resolving ttme 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 

Pint(n) = n: 
(1) 

m = Nq 

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 tmportant. 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 
= 0.02 e P. (3) = 0.0003 ePint(l) = e 1nt 

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

P. t(2) 
R = 1n = 0.02 (2)
int P.1nt(l) 

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

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 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 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 transversel 

momentum deposit between PT and PT + 6PT in the calorimeter of 60 sterradian 

is written as 

(3) 


where is the differential inclusive cross section given by the following 

approximation.at 90° 

(4) 


dO+ 
The invariant inclusive cross section for positive particles is

3
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 

the figure. The factor 3 in 

Eq. (4) is due to the inclusion 

of negative and neutral particles. 

The dependence of PIon PT is 

shown in Fig. 3. 

The probability P that
2 

two interactions occurring in a 
2.. f. GreV/cresolving time of the apparatus 

V 2t,S" e-4.2 Pr 

~ 2.9 e- 3."55 ~T 
lL" . 

http:approximation.at
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give a total transverse momentum between PT and PT + 6P into 6G steradian isT 

calculated by the formula 

(5) 

(4). The overall relative rate to have accidentally coincidenced interations 

which give a fals high-P signal is therefore given byT 

R (6)int 

In Fig. 2 we plot ~(PT) against PT when Rint is 0.02 and 6', is 1 sr. Note that 

we have used here the known single-particle PT 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 

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

,. ...'de 
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 n, p, and e, 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 nand 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: I) 0.5 inch Fe and 1.5 inch LS (liquid 
scintillator), and II) 1.0 inch Fe and 1.5 inch LS. 

( 
r 

~~ 
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R. Loveless, M. Thompson. 
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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 al.(l) They found, with a sampl ing calorimeter, a FWHM resolution 

approximately constant at 6E for prot~ns of about 5 to 20 GeV; the 6E(FWHM) 

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

900 spec~rum found for single ~IS near at the (SR, such a resolution is 

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

say, would in fact be totally domin.ated by signals from particles with a 

true energy as 10~ as 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 might be possible to obtain a resolution of about 

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

energy. (2) This resolution could in principle 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 900 less resolution is needed; and for multi-particle groups 

less resolution is needed.) 

£. 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? 
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,.' .The calorimeter uses steel plates in liquid s~intillator (LS). It 
" 

has overall dimensions 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 

operated with steel plates inserted sb as to crivide 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. to 2 per cent 

of the light reaching the edges was collected by the~ight pipes going to 

the PM IS. 

In "GeometrY III, we used steel packages in each case which gave 1/2 

inch Fe layers separated by I 2J inch LS. ,The end faces of two adjacent 

cases, plus reflecting liners in the cases, plus the wood spacer, con

stituted approximately 1/2 inch Fe equivalent of nu~leat 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 1ight pipes. 

In "Geometry :tI", the insert consisted of a 1 inch Fe plate in the 

cente~bordered by two I 21 
inch LS gaps with 1/4 inch Fe plates outboard. 

In effect, the light from each of the two 121 
inch gaps was then collected 

by a set of 3 light pipes, in the light pipe bundles going to the PMl s • 

The calorimeter could be moved vertically (operating at the reference 
i 

height or at higher locations), and horizontally. Most of the data were 

taken w~th beDm defining counters giving a beam 2 inches square entering 

the calorimeter, acurately aligned parallel to the calorimeter axis • . 
Figurds 1-7 show some details of the physical arrangements. 
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..The case faces. and the plates which were inserted. were lined with 

FEP teflon, following a technique developed by Cline. Mann, and Rubbla. (3) 

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

1. 	 Data were recorded on magnetic tap~, 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 wasampl ified 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. 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 mi llisec 

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 our ~ontrol; but for careful measurements of. tai I effects 

we were able to take data with relatively low intensity in 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. (One triad is equivalent to about one collision 'length, 

.. -~ •.. -~.------------------



A-4 
Page 5 

and about 7 radiation lengths.) W'th th' t Id bI IS ve 0 cut we cou 0 tain 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 the~noing, 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. 

!i.. 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 preliminary running which 

we had at the end of May. (Data taking resumed, after an AGS shutdown, in mid 

August.) These Figures show. the following features. (All plots shown below t 
" 

were taken with the entering beam centered in the calorimeter and with no t 
i 

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 ± 10% from the 

peak. 

3) For n1s, the peak of the pulse height distribution occurs at 

close to 2/3 of the peak position for els of the same momentum. 

4) The end point of the n spectrum occurs close to where the 

electron (pure e-m shower) peaks; this is what is to be expected 

for charged-n events in which almost all of the energy of the TT 

gets converted to n 
o 's in the first nuclear interaction. Thus 

the end point 6f the n spectrum is at about 1.5 times the pulse 

height of the peak. 

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

approximately linear. Thus the H/HM of the spectrum is also 

--~-.----------------------
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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. , I 

• 

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

There the following can be seen: 

1) In F i gu re '11, nand e a re shown fo r Geomet ry IT. One sees 

that the resolution is very similar to that for Geometry I 

(Figures 9 and 10). 
+ 

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

Geometry II. One sees the end point, say at the level with 1% I 
!' 

I 

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, n+ and proton spectra are shown for 7 GeV/c. for both 
, ! 

geometries. These two geometries have respectively Fe thicknesses 	 I 
Iof 	1/2 inch and I inch. The resolution curves are almost indis- 1 

I 
tinguishable for these two cases. 

! 
4) 	 Finally, in Figure 14, n + 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%. Our preliminary examination of further 

results at the higher momenta in our data also suggests that the 

FWHM for protons may decrease a bit faster than for nls, with 

"increasing energy. 

, . 
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FIGURE 11 
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FIGURE 13 
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ADDENDUH, NAL PROPOSAL NO. ' 246T. Kondo 	 ---- 
10/22/13 	 APPENDIX 2 

AN ESTIMATION OF THE TRANSVERSE DIMENSION OF 

HADRON SHOVJERS IN IRON Kr ABOUT 10 GeVI 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 GeVI c in our test runs with the lO-ton calorimeter. (1) 

(b) 	 Edge effects observed by Engler, Schopper et. al., with their 

total absorption spectrometer, for protons. (2) 

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 shO\.Jer. The following discussion is based on a very simplified 

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

outside. 

In Figure 1 arc shO\m the relative pulse heights of the calorimeter for 1(, p') 

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

the dependence of their pulse heights 

on the location can be taken to give 

the relative Ijght collection efficiency 

at different locations. We have 

interpolated between the measured points 

in a smooth "my, taking into account 

the gC'ometrical symmetry of the 

1. 




· 
, 
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device, to get the light collectioil. efficiency at positions 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: 

R 

3" 

5" 

7" 

Averaged Light Collection Efficiency at 
A B 

99.05r 

97.8% 

95.5% 

75.5% 

77.0% 

78.0% 

Observation 

Ratio 
BfA 

0.76 

0.79 

0.82 

0.80 

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

is between 5" and 7" . 

Engler et. a1. 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 

energy deposition, we can calculate the 

radius R of a circle 157" of the area 

of which is outside their spectrometer, 

as indicated in Figure 2. R is fonnd 

to be about 8.5 cm. 

FI~iA'''<. 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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I Configur!1Uon of Matter 
Collision 

Length 
R in 

Collision Length 

Our 
ca lor:imeter O.S"Fe + 1. 5" liq. sCintillator 

Engler 2cm Fe + 0.7 cm plastic scinto 
et. al. + 0.8cm gap . 

43 cm 

28 cm 

0.28 - 0.4 

0.3 

2The collision length of each detector ,,,,as obtained using 136 g/cn! 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. 

(2) 	 J. Engler et. al., Nuclear Instruments and Methods 106, 
189 (1973). 



T. Kondo and H. Selove ADDENDUM, NAL PROPOSAL NO. 246 
10/HI/73 APPENDIX 3 

BACKGROUND EFFECTS, FROM PILEUP, IN A HIGH-P CALORIMETER EXPERIMENT
T 

(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 

n -m 
P. t (n)

ln 
=: 

m 

n. 
(1) 

m - Nq 

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. He 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 
= e P. t(2) ::: 0.02 e P. t(3) 0.0003 e 

ln :tn 

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

Pint (2) 
0.02 (2)Rint = ~t(l)

:tn 

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

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 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 also profit from the use of sharper time resolution, 

and can use several times higher beam rate.) 

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

momentum deposit between P and PT + 6PT in the calorimeter of L\r/. sterradian
T 

is written as 

(3) 

where dcr is the differential inclusive cross section given by the following
dpTdn 

appro~imation at 90° 

da+ 
(lJ )

3
d piE 

da+ 
The invariant inclusive cross section 3 for positive particles is 

d piE 
taken from the measurement by Cronin et. a1. at 300 GeV/c in pp collisions. 

An approXIDlate representation 

of these results is shown in 

the fi.gure. The factor 3 in 

Eqo (4) is due to the inclusion 

of negative and neutral particles. 

The dependence of Pl on PT is 

shown in Fig. 3. 

The probability P2 that 

two interactions occurring i.n a 

resolving time of the apparatus 
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give a total transverse momentuill betvlcen P and P + h.P into h.() steradian is
T T T 

calculated by the formula 

" 

(5) 


(4). The overall relative rate to have accidentally coincidenced interations 

which give a fals high-PT signal is therefore given by 

R (6)
int 

In Fig. 2 we plot R(P ) against P when R is 0.02 and h.~l is I sr. Note that
T T int 

we have used here the known single-particle P distributions in making theT 

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 

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

AbstrClc:.!: 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, \-Jith n, p, and c, 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 nand p bec6mes 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 distribu~ion. These results are little different 

for the 2 geometries used: I) 0.5 inch Fe and 1.5 inch LS (liquid 

scintillator), and II) 1.0 inch Fe and 1.5 inch LS. 


" 
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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 al.(l) They found, with ~ sampling calorimeter, a FWHM resolution 

approximately constant at 6E for prot~ns of about 5 to 20 GeV; the 6E(FWHM) 

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

900spectrum found for single n's near at the (SR, 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 from particles with a 

true energy as low as 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 might be possible to obtain a resolution of about 

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

energy. (2) This resolution could in principle be obtained by using a much 

higher proportion of scinti Ilator'than that of Engler et al. A resolution 

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

for use wi th a spect rum as steep as that at ISR at 900
• (At angl es more 

900forward than 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. I) What resolution can be obtained for this energy range? 

2) What does the tai I at large pulse heights look I ike? 3) What effect 

does plate thickness have in a range of convenient thicknesses? 

'. 


______... ~-~-------------------I.""': 
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The calorimeter uses steel plates in liquid scintillator (lS). It 

has overall dimensi.ons approximately 120 cm square (active area) by 250 em 

thick. I t is bui It in the form of 15 cases, each one 15 em thick with 

2 cm of wood between cases. Each case has 1/8 inch thick faces, and was 

operated with steel plates inserteds;oastoaivide 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. to 2 per cent 

of the light reaching the edges was collected by the light pipes going to 

the PHiS. 

In "Geometry I", we use? steel packages in each case which gave 1/2 

1inch Fe layers separated by 1 2 inch lS. The end faces of two adjacent 

"I 

I 
~ 

r 
I, 
[ 
I, 

I 
" 
" 

cases, plus reflecting liners in the cases, plus the wood spacer, con

stituted approximately 1/2 inch Fe equivalent of nuclear interaciion, 

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 1 i ght pipes. 

In JlGeometry nil, the insert consisted of a 1 inch Fe plate in the 

1 
cente~bordered by two I 2 inch lS gaps with 1/4 inch Fe plates outboard. 

1
In effect, the light from each of the two 12 inch gaps was then collected 

by a set of 3 light pipes, in ,the light pipe bundles going to the PHIS. 

The calorimeter could be moved vertically (operating at the reference 

height or at higher locations), and horizontally. Most of 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. 

, 
\' 



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. 

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

(this is mostly photographically). The PM gains were balanced, to within 

about t 10%, by using muons. Each tube's output wasampl ified 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. 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 

IS 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 our control; but for careful measurements of tail effects 

we were able to take data with relatively low intensity fn 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 10n)zing particle in the first triad,' within the ADC time gate of 

about 200 nsec. {One triad is equivalent to about one collision length, 
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and about 7 radiation lengths.) W·,th th,· t t ld b .s ve 0 cu we cou 0 taln 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 the~nning, 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. 

!:±. A bird's eye view of some major features of the results can be seen in 

Figures 9 and 10. These were taken in 2 days or preliminary running which 

we had at the end of May. (Data taking resumed, after an AGS shutdown, in mid 

August.) These Figures show the fol lowing .features. (All plots shown below 

were taken with the entering beam centered in 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 ± 10% from the 

peak. 

3) For *'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 n spectrum occurs close to where the 

electron (pure e-m shower) peaks; this is what is to be expected 

for charged-n events in which almost all of the energy of the TT 

gets converted to o 
IT IS in ~he first nuclear interaction. Thus 

the end point of the IT spectrum is at about 1.5 times the pulse 

height of the peak. 

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

approximately 1inear. Thus the FWHM of the spectrum is also 
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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. 

2' A few further features of the results are shown in Figures 11 to 14. 

There the following can be seen: 

1) In Figure 11, nand e are shown for Geometry lI. One sees 

that the resolution is very similar to that for Geometry r' 

(Figures 9 and 10). 
± 

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

Geometry II. 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, "+ and proton spectra are shown for 7 GeV/c, for both 

geometries. These two geometries have respectively Fe thicknesses 

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

tinguishable for these two cases. 

4) 	 Finally, in Figure 14, n+ and proton spectra are shown, this time 

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

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

compared to about 50%. Our preliminary examination of further 

results at the higher momenta in our data also suggests that the 

FWHM for protons may decrease a bit faster than for "IS, with 

increasing energy. 
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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. 

objectives which can be pursued with this detector in the detailed 

study of high Pt events produced in hadron~hadron collisions. 
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J. 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 run, 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 st.mD1ler 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 advanced 
design, and uses individual modules of a design developed by us, 
and tested, in a quite substantial array, in M-S.· E-395 has a two 
arm detector.· One arm has full hadron detection capability, in a 
2S-segment array; the second ann has a 24-segment 1T

o 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 ann up to 2sr·at energies of 200 and 400 GeV. 

This relatively large solid angle, together with the highly 
segmented fonn of the detector, gives a capability for studying high 

Pt 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-39S. 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 e (em) beyond 900 --out to approximately 

1350 at 200 GeV and higher (i.e., out to tan eLAB - 0.2 rad, or 

even more in a later phase). 

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 "('s between about 20 and 80. 

is done with a particle identifying device of new design. 
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II. 	 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 Pt" 
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 obtaining 
experimental information on quark-quark forces, is what makes the 

study of these high Pt 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 Pt 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 Pt 
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 corresponding 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 da/dt~ for quark

quark (etc.) scattering. (t', and s', are used to designate the 


variables in the quark-quark system.) 
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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 Pt 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 TIp, Kp, pp collisions.· (See 
E-246 for a detailed example of the result one might expect from 
the 2-quark/3-quarkdifference of 1T 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 obj ectives 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 nrust have large solid 

angle muiti-segmented calorimeters, good resolution, and extensive 
particle identification capability. 

The next section describes such a detector. 
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III. 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) In a very compact arrangement, the detector includes a 

large solid angle segmented calorimeter, magnetic deflection, drift 
chambers for tracking, and a new particle identifying system, the 
" Cerenkov Imaging Detector (CID). 

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

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.t 

The C.I.D. " It usesis a gas Cerenkov counter of a new type. 
two spherical mirrors,' 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 
n/k/p species for particle energies between about 10 GeV and 40 GeV, 

and to distinguish n from kip down to 3 or 4 GeV ~ The system will 
v

readily handle tracks whose imaged Cerenkovlight circles are inter
leaved or partially overlapped -- it uses the information on the 
diameter of each circle, 'in conjunction with the drift chamber 
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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.I.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.l.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 nunber 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 ~ich give 
sufficient Pt resolution to address the physics objectives given 
above. This complete azimuthal coverage to e (an) = 90° is provided 
at energies of 200 GeV or higher. In addition, substantial coverage 
exists at larger value of e (em), out to about 1350 at 200 GeVor 
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 running 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 particles except those in the beam 

line itself. For special purposes such as the study of the highest 

possible PT 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-s for testing of compo

nents of the detection system. MUch of this time however is totally 

compatible with simultaneous use of the M-s beam by many other experi
mentalgroups--we did much of our testing for E-395 in that mode. 

--~---~---------
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V. Collaborators 

The present collaborators for E-246A are listed below: 

Lehigh: A. Kanofsky 

Michigan State: . C. Chang, K. W. Chen, L Kostoulas, L. Litt 

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

Wisconsin: M. Corcoran, A. R. Erwin, E. Harvey, R. Loveless, 

M. Thompson 

In addition,'we expect u~o 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. 
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VI. Costs 

The equipment for this experiment will consist of: 

(1) The present E-39S apparatus, virtually in its entirety. 

(2) 	 The C.I.D.--estimated cost $40K to $50K for the prototype and 

$30K for the second unit. 

(3) Additional calorimeter modules--$lSOK. 

(4) One additional pair of drift chamber planes--$20K. 

(S) Miscellaneous--$50K. 

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

to Fermilab for aid in providing such a magnet. 

VI I . Time Schedule 

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

approval and of availability of funds. 



2 

1 


2 


x (m) 

1 

, 'E -"-I 
o l. :cB:>8 

- --  -  --'- 
- - I-l ---,-. '1-1----\U'!-H H I-----+\+'!!I+I---

Dl CALORIMETER 

') 

) 

I .,. t--- t- • I I I I I,-----t-- 
o 	 l' 2 3 41 5 6' 7 8' 9 


, z (m) 


F~g. 1 Experimental layout 



j 

.-f--_.. f---  -"--
t 

{A) 

I 0 

I 

r-	 220 cm ----------,·-------"-4 

I 
) 

120 

) 

.L 

1{ig. 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 




NAL· PROPOSAL NO. 21~5
---"""-'-""---

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

FTS/COMNERCIAL: 
215-594-8159 

SEARCH FOR DIFFERENCE IN PION/PROTON INTERNAL STRUCTURE 

W. Se1ove, L. Kroger, T. Kondo, W. Kononenko, E. M. O'Neill 

University of Pennsylvania 

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 Design 

6. Counting Rates 

7. Beam Requirements 

8. Background 

9. Surmnary 



-1-

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, qq, while the proton f~ 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 appears. 

In the parton model, the pion has a higher probability of having high 

momentum internal components (Le., with a large value of the fractional momen

tum, x) than does the proton. This effect, some\-1hat 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 rtp initial state, to carry for

ward along the 1r'sdirection. There would thus exist a forward-bllckward asym

metry, in the overall rtp 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 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 ~odel of parton distributions 

and fntf'ractions, moreover, the observation of such an asymmetry would 

constitute direct evidence of 0 difference in internal structure of the pion 

and proton. 



• 

-2

l'he form of detector best suited to this s:.udy is a ca lorimeter hodosc'ope. 

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 required, 

the beam intensity and target length needed, and other details are described 

below. For sufficiently sensitive conditions, we estimate that a large 

asyn~etry is expected. 

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

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

important ratio' 'of event rates with jets of a given p,£ compared to single parti 

cles. of the same PT' 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 regardless of the behavior of the parton-parton 

scatLering cross section as a function ~f Sl and t', the parton-pair energy and 

momentum-transfer variables. 

PARTONS AND JET PAIRS 

(2 3). . 
Bjorken and collaborators ' f1rst suggested that parton-parton collisions 

might produce (transverse) jet pairs at large angles, distinctly separable from 

jets along tlw heam direction.. These jet pairs, if found. could give di n~ct 

evidence on parton-pllrton collisions, an.d on the internal momentum distribution. 

. . 
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of partons in hadrons. The parton model of hadrbn 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

ponents inside the proton. (6) This is the parton mode I' s express:lon of the idea 

that the pion is made of fewer components than the proton. 

How would this effect be detectable? If parton-parton collisions produce 

jet pairs, then the existence of larger high-momentum components fn the pion 

would show itself, in rrp collisions, as a forward-backward as)~metry for the 
.... .... 

total momentum of tlle pair of jets, in the rrp CM system, (PI+P2)z' The expected 

magnitude of this asymmetry, on the BBK model,(2) is very large. On the BBG 

model(7,S) (which seems to be in better agreement with large PT )1'0 data of the 

CCR group(9» it appears that the asymmetry would be even larger. This asymmetry 

would be a very striking effect. Observation of such an asymmetry, or its absence, 

could give strong evidence on the validity of the parton model of hadron structure-

i.e., OTl the meaningfulness of a picture of hadrons as objects containing point-

like components. 

We emphasize 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 arc the multiplicity distributions in the high-PT groups, what are 

the correlations in those distributions in a p~ir of jets, and how do these 

, distributions vary when one cnlHdcs dlffercH1t kinds of particles. (We remark, 

as an aSide, that evidence already exists indic<lting that some clustering d~ 

occur in h:lgh-P events; moreover, some clustering ~ occur, if only fromT 


prndbction of resonances of hi~) PTo) 




(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 inaccessi.ble via 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 hadrons. 

(3) If partons exist, and if parton-parton collisions produce jet pairs, 

then major differences in types of partons and in their fragmentation propcrti.es 

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. 

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

the hadron is described by the function 

dN ;;:; f(x) == 1 g(x)
dx x 

where f(x) and g(x), in the notation of Feynman(4) and of Bjorken et a1(2) 

respectively, describe the parton fractional momenttuu distribution. At large 

x, 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, Feynman, and Bjorken and 

(5) 3
Kogut. We take their result, that for x .... 1 one has g (x) '" (1-x) for the 

p 

proton and g (x) (I-x) for the pion. Then the fonvard-backward asymmetry, for 
l( 

parton jets made in llP collisions, comes from the fact that for large x the 

function g falls more slowly than g. As an example, for colli.sions with 
II p 

Xl R! x ~~, one finds the intensity ratio for jet pairs at 80° to that at2 

lOO~ to be approximately and ideally 

http:propcrti.es
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,1(80°) 
I(lOOO) 

g (.78)g (.55) 
J( P ;::,4. 

g (.55)g (.78)
11: p 

To describe this result graphically, we consider 1t1> collisions at 300 GeV. 

The above result can then be represented by the following diagram: 
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Plab(~) - 300 GeV 

p* ~ 12 GeV 

a) General jet pair 

o------------~,~ 

r~=12 

Xl + 2 

and P =p =p , ~ 8 GeV (i.e., 2 

x2 
c 3)
. 1 2 

e = 80° 

/\ 


relative intensity: 1 2 4 
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Bjorkcn has calculated the jet-jet angular cotrelation for a number of cases~l1) 

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

, dO' (12)
section -dt f (Sl , t l )., but for the case that we discuss Sl and t' are con

stant and our result above can be read directly from Bjorkenls calculation. 

We have not addressed, above, the question of a possible difference in 

types of partons, nor in parton scattering cross scctions, 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 calculation~8) 

Our 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 low-energy members of a jet 

b · 1 i d . hI' (13,11) 1 • •cannot be Ul1am ~guous y assoc ate w~t tle Jet. Tlese uncertal.ntl.es 

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 GcV, the reduction is not a major one. For lower energy jets, hO'-lever, and 

even more for lower "x" (;:::;;$ Pjet/P*beam), the asymmetry to be. expected becomes 

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

measure. jets of high x and large jet energy. 

~ULTIPLrcrTTES IN JET~ 

As remarked above, the idea of a forward-bnckward asynnnctry in Jet pairs 

docs not rest on any nssumption that high'-p events occur generally with the 
T , 

total PT carried by a of particles. However, the qlwstion of the 

nmti.plicity distribution in jets 1.s also a highly interesting question. On 

the BilK mode l, one can expect to have m,1ny more jets of high total P than 
T 

sinr,lc partic.lcs of the same P , To mal,e tI specific efltimatc, one munt t<1ke
T

Aome 1110del [or th(' frHgnwHt.'ltion of f;catt(~rcd parlons. 

http:uncertal.ntl.es
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( 11)
Using a model suggested by Bjorken. the intensity of jets of a given 

PT might be expected to be higher than the intensity of single 'Ito'S of that PT by 

3 
a factor ~ "2(n-l) (n-2), where n is the (local) power with which the invariant 

single-pnrtic1e cross section falls with P " From CCR data (9) for pp collisions 
T 

o 
at equivalent energy 300 GeV, onc finds n ~ 12 to 15, for p - 4 GcV/c at 90 • 

T 
dN dN ° This gives dp (je ts) 200 times as large as dPT(n ), at - 4 GeV/c.

T 

If multi-particle jets were found this much more frequently than single nOfS 

it would be spectacular indeed, and would probably constitute very strong support 

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

considerations 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 

. (13,11)
assoc i ated with the Jet. That gives the result that a jet of "true" 

energy 4 GoV, say, will aEpcnr to be a jet of 2 to 3 GeV. The intcpsity 

s~ggested above will therefore be lost in the far higher sing1e~1 intensity at 

2 or 3 GeV--ut 2 GcV the single IT 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 energy is not a very tightly clustered jet, nor is it likely to have 

very high observed multiplicity. If one uses for a model the suggestion by 

Feynnuu/ I
.) and Bjorkt~l1(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 GoV ("true") j<"t \~C are discussing is likely to appeal." as 

follows: OTW particle of"'" 1.5 GeV, a second of"" 1.0 GcV; at an angle of 
1 

.... '2 radian from the f:trst, and""' 1.5 GeV in three more particles which can 

not be associated wit.h the jet bc~c:luse they are at very di.stant unr,1c.~s, have 

quite low PI ,,rith r(':;pect to the .1!(·;l1ll dirl'ction, nnel look just lilw the dtlwr 

5 to 10 particl(·s th.• !; can COIHC from beam j('t's in this evcht. 
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Thus multi-particle jets of true energy 4 GcV will prob:1bly be almost 


impossible to observe clearly; and it will be equally imposslble to measure 


the intensity of such jets in a meaningful way. One finds that when the total 


energy of the jet increa~es, 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 PT 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 standi.ng distinctly 

separated from the general distribution of other, low PT ' 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 30° or 45°, respectively, indicate that 

at 300 GeV in pp collisions one might exp~ct to observe 10 or 50 times as many 

jets 88 single nO,s. 

\.J'hatevcr 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 encrgy--Le., to build a detectlng system which can detect 


(and can trigr,cr on) the smallest possible cross section, and (2) to be able 


to measure the intensity of jets us a function of PT' and to be able to compare 


it with the intensity for singles. The second requirement also calls for very 


dN 
hir,h }~ctl8itivity; und til<.' requirement of measuring dp (jet) dicllltcn :1 c;dori1nt'ler 

as the basic dctcctot' element. 

http:standi.ng
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It Is important to note that the multiplicity distribution In jets--or 

more generally, the multiplici.ty distribution in high-PT clusters--is Hkely 

also to be a very powerful tool in clud.dating the mechanism of high -PT processes. 

For example, in the parton interchange model of BUG one might expect that 

collisions of different kinds of par tons might produce strikingly different 

multiplicity distributions, and different mUltiplicity correlations (i.e., 

between two jets). We remark that in the BUG model the internal momentum 

distribution of partons in pions and in protons, and the fragmentation properties 

of different kinds of par tons emerging in np 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-PT events, and to 

look for the expected high ratio of jet intensity to singles intensity, it is 

vcry important to Ilave, in a single apparatus, the ability to see and dis

tinguit:h high-PT events of vad.ous mUlti.pliciti.es, includi.ng low multiplicity 

jets and singles. 

DETECTOR DESIGN 

For the objecti.ves we have discussed, it is clear that the principal 

detector system must be a calorimeter array or hodoscope. Host of this 

section deals ,,,ilh the properties of such a calorirnc tel' hodoscope. An 

auxiliary chnrgcd particle dt,tcctor is also needed, and we comment on it at 

the cnd of thIs section. 

(a) .t;;.'!.!£E.:L~'l~.t:.r.'1.::.-dctccti()n comparC'd t.a, magnctlc a1l.'1lysi5. An essential 

part of the. study we propose is the I11CClSllrcmcnt of the cross-section for Jets 

of n given PT, indl~pend('nt of the multiplicity within the jet, and indC'p,'ndent 

of whether the lnemb l1t'S of the jet /;"Ire charged or neutral. A magnetic 11n<lly519 

system ~vJJll.!'_I!.~ it calorimeter cannot accomplish these purposes. 

http:includi.ng
http:mUlti.pliciti.es
http:multiplici.ty


(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
1 

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 

picture le.ads, as in the example above, to a jet of CM momentum 4 to 8 GeV I c 

as having 2 to 4 fast particles and 3 or so slow particles (,.,rhich can not be 

associated with the jet) • 

. We note that ~xisting data indicate that to at least some extent high-p'!' 

events show some clustering--j~t-likc--charactcr. Data of the CCR and PSB 

groups show an increasing clustering effect (associated multiplicity in a 

AG of 1..! sr or so) "dth increasing p. Such an effect is in qualitative agree
T 

ment ,.,ith the model sugges ted above. \-le note also that high-P resonances
T 

will have a similar appearance--i.e., a cluster of 2 or more particles each 

with high PT and having an angular spread which decreases with increasing 

total jet momentum. 

We expect to conccntrate our initial attention on jets (or single particles) 

0 0 
o f Cr~1 mon~ntum 4 to 8 GeV, at ang 1es o·f a bout 70 to 110 • Such a jet, as 

seen in the laboratory for a beam energy of 300 GcV, will have a total energy 

of about 40 to 100 GeV. An individual 60 GcV jet might consist of 3 particles, 

with energies of 30, 20, and 10 GeV, ,.,ith angle separation of about 0.2 rad 

C1'1 and 10 to 20 mr lab. 

He wish to be able to detect two such jets, to obtain informntion on the 

encrr,y of each member of the jet, to eel' that each member ha~; "unusually high!! 

P
T

, and to sec if the Jet st,mds alone, with montf'l1tum vectors c1e,trly distinct 

[rom other IHlrtlclcs produn~d in the 511lHC cv<~nt. Thls requires a cnlorinlL'tc.'r 

hodo!Jcopc. 
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(c) C81ortm~tcr hodoscope. The calor~lcter hodoscopB should have individual 

elements 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 

requires a solid angle of about 1 steradian eM, (l3) subdivided into perhaps 

20 separate elements in angle. The physical size of each clement 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 distance 

as to give the desired angular resolution per element. These considerations 

indicate a calorif\leter 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, 

and scintillator. For particle energies of 10 to 30 GeV, published work(l4) 

indicates resolution of ±20 or 25"/0 to ±10% or so is obtainable for protons 

in this energy range. We. have constructed and te!>ted a calorimeter (steel 

and liquid scintillator) dN>igned to work in this energy range and below. We 

find (a) we can readily get resolution of 'about ±257 dO\m to a few GcV, andQ 

(b) the resolution at higher energies in this range appears to be somewhat 

broader for charged r:'s than for protons. (For nO,s the resolution is considcr

ably narrower than for other particles.) The physical mechanism which produces 

G.lbriel and R. G. Alsnaller it appears that the resolution can accordingly 

the broader resolution nppcars to be fluctuations in the fraction of the energy 

going into 
o (13)

11 's 
.
J.n th~ course of the cascade. From cnlculations by T. A. 

. (15) 

be improved hy si.multancous lIlCaSUrPlllcnt of a Ccrcnkov pulse height signal from 

(16)
the cascade, togQthcr with a scintillfltor si.gnal, as sUGt:.cstcd by Brody. 
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One can thus expect that for a 60 GeVjct one can obtain resolution of 

about ±lO'l... This resoluti.on is adequate to work with the single-nO spectrum 

at 900 CM, as measured by the Columbia-CERN-Rockefeller group. (9) That is, 

the "effective" energy of a nO, or a group of parti.cles, 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% less than 6 GeV--so 

the spectrum unfolding problem would not be a serious one. We remark that for 

jets the momentum spectrum can be expected to be less steep than for si.ngles, 

so that the resolution problem is even less troublesome. 

The front part of the calorlineter'would be built of lead, and sCintillator, 

to give preferenti.al detection of nO,s. This is necessary because the signal 

0, f' .size for n s 0 a glven energy 1S substantially higher than for non-e-m 


showers of that energy (S07v higher, for 10 GeV or so). This construction 


also permits obtaininz infonnation on the number of non-,(
o 

neutrals (K
0 

and

L 

0,
neutrons ) compared to the number of ,( s. 

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

PT events, artd this requires very high sensitivity. We wish therefore to run at 

vcry 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 t~me in the auxi.liary charged par.ticle 

, detector. 

(f) Cl'E..!:L£.~1rt:icl(' oc:.!..£.S.!2..E.. To obtain a short resolving tillie, Wl' 

plan to lise a scinti.llator hodm·;coJH.!. To observC' events \,lith a typjcal lIlulti 

plicit.y o[ perhaps 10 to 20, to cover ec:senti<ll1y all Holid angle up to ab0ut 

150" Ott llnu to obtain a more accurate mCDSm-Cml'nt of llw angles of partielcfl 

http:preferenti.al
http:resoluti.on


entering the calorimeter, we plan to build a scintillator hodoscope with 300 

to 600 elements'of solid angle. 

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

incorporating the above principles is shown in Figure 1. 

S:;OUNTING RATES 

Our principal objectives require the highest possible sensitivity. 

(l) We wish to measure coi.ncidences, 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 objectives require that we be 

sensitive to single-particle cross sections, at very high PTe We propose to use 

such a combination of beam flux and target length as to give an interaction 

rate close to the saturati.on rate for our detector. Thus we would like an 

interaction rate of some 20 to 40 HHz instantaneous. Assuming an effective duty 

cycle of 3070 (a year or so from now), this gives a rate of 10 HHz average, 

1010. . hor ~ 3 x ~nteract~ons per our, 

To what p,!, will this permit us to go? We first discuss the answer in the 

case of pp collisions, and single nO,s. On the parton model, the rate for 

jets of a given PT will be much higher; and on the parton model, the rate for lrp 

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

(a) Si.1!E1cs rates, pp colHRions. For nOls ncar 90°, made in pp collisions) 

the CCR data give a cross section: 

2 em 
2GeV sr 

,-.'Id,h fits data ncar 90° over a wide rnngc of P,£ and s. At 300 GcV equival(~nt: 

their last data point; llt P .,., [ •• 6 GcV. gives a 1Hl'flSnrCIU('nt in rcason~lblc
T 

http:saturati.on
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FIG. f . SCHEMATIC LAYOUT OF THE EXPERIMENT 
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2
34agrct'm(~nt with this expression. which gives 	4.5 x 10- c; • The CCR data 

GeV sr 
wou ld in l.cate an integrate cross sectJ.on, a ove • .- L~'d " d.l b 4 	 6 GeV, of _. 7 x 10.3/* 1\('"\ cm2 • 

For ~n of - i1 sr (roughly the fiducial area 	of our proposed detector on each 

34 2
side of the beam), we have finally 3.5 x 10- cm §(rro), at 90", above 4.6 GeV, 

8into t srJ. This is about 10- of the total pp cross section--so one ,...ould get 

o
about 300 single " /hr, above 4.6 GeV, with the interaction rate described 

above. Thus one would still get very unable singles rates at PT(1t'o) well above 

4.6 GoV. It is indeed important to go to higher PT" The discussion of the 

asynunetry, 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 would 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 

1t'o 's in this proposed experiment. 6 GeV however does seem possible. For 6 GeV 

an extrapolation of the above cross section gives a rate, into i1 
sr, about 

30 times less thnn for 4.6 GeV, or about 10 events per hour. It can be expected 

. + -	 0
that 1t' and 1t' will add about twice the 1. intensity, so we conclude that a 

reasonable estimate for single nls above 6 GeV P in our proposed detector (one
T 

side Qf the beam) with the proposed interaction rate is - 30 1t"S per hour, in 

pp collisions. What coinci~!£.!.l\:e. rate can then be expected, for events showing 

high p,£ simultaneol1s1y in our detectors on both sides of the beam? 

The answer to this question is of course severely model dependent. What: 

we wi.sh to see is whether on a reasonable parton model, wi.th as few assumptions 

as possible, we can expect: a respactahle counting rate, and a measurable 

asymmetry. If so tltml the presence or absence of such an aSYllunctry wi.ll 
. 

probably give useful evidence on the validity of a parton model. 

http:sectJ.on
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(b) foincidence rates, sing]_('-~r "tri!~g('r". pp col1islnns. We huve estimated 

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

of the order of 30 per hour. (4.6 GcV n's, similarly, would come at about 1000 

per hour.) We now ask for the probability, on a parton-parton scattering modcl~ 

that if one such n is seen on one side that the other "jetl! (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 angular correlation question has been discussed by Bjorken, (11) and by 

' d K' 1" . (17)Ell15 an 1S 1nger. We show below in Figure 2 the results of a calculation 

using their formulation. In this calculation we have neglected the t'-dependence 

(and s'-dependence) of the fundamental parton-parton scattering cross section 

do (' I) As explained above, the asymmetry on which we are seeking evidence doeselt IS, t • 

not depend on the sl,t' dependence of ~~I; the detailed curves below would be 


modified by such a dependence but the ratio of cross sections d"~~r~ (81=80 0 
, 


8 =80°) to ._d.c!_,_(S =100 0 ,8 =100°) would not be modified. 

2 dG1d'tz 1 2 


The angular correlation calculation has been made asslUning partons, rather 

than single Jr's, of 6 GeV PI' For that case, \10 find that for pp and rrp both, a 

10° sHce of angle. on the "other." side of the beam will show typically a 107" to 

15% coincidence rate. (We take the two opposite-side jets to be. coplanar.) 

Oue also finds that the np single j(·t rate is about 50% higher than the PI> rate, 

in this ranee of PT and nngle. 

. da
Effects [rom (8) the probable t '-dependence of dt" and from (b) the unseen 

nl('mbcrs of tl;p jet, work in opposite di.rections on the coincidence rotc •• We 

therefore tnke 10% as II reHsonahlc csti.matc for the coinci,del1ce rate per 10°. 



· 

FIG. 2 
ANGULAR CORRELATIONS IN PARTON - PARTON SCATTERING 
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We thus arrive at the following estimate. For an interaction rate in the 

7target of ,.... 10 Iscc time average, we expect to see about 30 single rr's per hour, 

1
and about 15 coincidences per hour, in pp collisions, for the ~ sr fiducial area 

on each side, triggered by single re's above 6 GeV. (15 out of 30 represents the 

roughly 50'l00f the time that the coincidence "recoil" high PT object is detected.) 

For rep 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,wc find for np collisions, and 6 GoV single refs, about 1 

coincidence per hour in each pair of 10° intervals. Thus in several hundred 

hours, at this rat:~, we would see for the np case an intensity ratio, for 

(8 ,8 ) = (80 0 ,80°) compared too (100 0 ,100°), of about 2 to 1, with a statistical1 2

accuracy of about 7Z-l0Z, so a 5 to 7 standard 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 f6r a 6 GeV (detected) multi-particle je~ is much greater than for a 

6 GeV single n. Secondly, we can expect a larger asymnletry from such jets, 

because a multi-particle jet with 6 GeV detected corresponds to a IItrue ll jet 

energy of 7 to 8 GeV, an.d such jets have a substantially higher asymmetry than 

for 6 GeV. Finally, we can expect to see Ii larger asymmetry, by using angles 

farther apart than 80° and 100°. \ole also note that the event rate rises rapidly 

with decreasing pl'--though the .:lsynmletry may also rapidly decrease with decreas-

We thus conclLlde- that an int.eraction rate in the target of 20 to 40 MHz is 

I ikely to gi.ve sufficient sensitIvity to observe the asymmetry we wish to look 

[or~·and thut such a high interaction rate iR also necessary. 
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For 30 r-1Hz interaction rate \<le need a beam flux of 100 to 300 MHz or more. 

In fact, as \<le discuss in the next section, one cannot use a very long target, 

and conseql1ently \<le need a beam flux at the upper end of this range. We \<lould 

9
like to obtain a negative ~ beam of - 10 particles per burst. 

The beam energy must be as high as possible. Only if the jet energy is 

high enough \<li11 t.he jets \<le expect to see look like jets, be analyzable in a 

simple \<lay, and give a relatively uncomplicated interpretation in terms of the 

9
"true" energy spectrum of jets. We csti.mate that \<lith a beam of 10 protons 

o 
at 300 GeV, \<le will be able to see single rr 's up to about 6 GeV, and jets up to 

perhaps 7 GeV observed (~ 8 GeV true), at a fe,,, events per hour. If the beam is 

appreciably lower in energy or in intensity, \<le will not be able to go this high 

in P'r' and the problem of detecting the asymmetry \<le search for, and of deter

mining the properti.es of jets in general, \<li11 become much mOl'e difficult. 

Except for energy and intensity, beam requirements are not particularly 

severe. We do also need protons available at high intensity, for comparison. 

But otherw:!.se the momentum spread, and the size and emittance of the beam, are 

not critical. A momentum spread of ±s'7o \<lould be quite satisfactory, as would be an 

angular divergence even as large as a fe\<l mrad. 

BACKGROUND 

The most severe background' '''0 anticipate is that coming from secondary 

scattering i.n the target or nearby dm-l11strcam 1l1aterial. A rough calculation 

fJho\~s that for a tarcet of say 10'/(. interaction length (Le,. a target length 

of ~ 60 em) about 20"'). of thc. hiCh- P events observed :in the ca lori.mctcr (\<lith
T 

particles of 1 Lo 4 GeV/c P ) would com~ from double scattering rather tllanT

single beat(\-in~(!r:lct1om>. This is n large number, lind would very much confww 

the inlcrpn.'ta'.:iOll of mlllt1plid ty d i stri butiorw 1n hi gh- P ovcnt!.i. H..:
T 

http:otherw:!.se
http:properti.es
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therefore pruposc to Ilse a target length of nbou't 570 (-- 30 cm), and pcrh<1ps 

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 

9length we feel is acceptable, and leads us to request a he<1U1 flux of 10 • 

SUMMARY 

We propose to study IIjet pairsll, pairs of high-PT clusters (or single 


particles), in 1rp 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 

components in the' pion than in the proton; 

(2) to measure the ratio' of event rat~s with jets of a given PT compared 

to single particles of the same PT; a large ratio would probably represent 

support for a parton model; 

(3) to study the distribution of multiplicities in jets, and correlations 

in these multiplicities for jet pairs; tl~se 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 

onumbers of 1'( 's, other neutrals, and charged particles, in jets, and information on 

the angular distribution of jets and of possible parton-parton scattering. 

The asynunctry effect is estimated to be a very large one, on the pnrtol1 

'model. Using the lierman, Bjorken and Kogut model, with partons scattering via 

gluon exchange Ilnd with d:i ff(~rcnc('s from differf'ot p.1rton species neglected, 

the cross scction for .1ct pairs 10" forward of 90"', in 11P colI i510n8, :is estilll.:ItPtl 

to be 4 t.im(;s l,ll'ger tlwn [or jet pn:l.rs 10° backward of 90" t for je ls of 
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6-7 GcV observed 300 GcV rc beam). On the parton interchange model, of 

Blankenbccler, Brodsky and Gunion, different parton species may give quite 

different results, and it appears that the asynnctry would 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 p1.on than :i.n the proton. 

To see this asymmetry (or lack of it~) clearly, and to study the other 

matters listed, a pai.r of calorimeter hodoscopes, of the best time resolution, 

is required, and a. beam of the highest possible energy (300 GeV) and very high 

9 .flux (10 p10n9 per burst). 
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FIGURE 2. BEAM VIEW OF DETECTOR 
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