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ABSTRACT: A two-arm calorimeter array has been used to study events of high
Pr using 200 GeV and 400 GeV beams at Fermilab. The two arms, not identical,
cover about 1.5 sr each, roughly centered near 90° CM on each side of the beam.

New results are found, particuiarly on three subjects. (1) The
structure of the high Pr groups is characteristic of what has been predicted
for “jets'!, (2) High total Pr in one arm is accompanied in general by high
Pt in the other arm. The "away'' side Pt spectrum in fact shows a peak. The
position of that peak tends to increase with increasing trigger-side Pre
(3) A two-arm-sum trigger was also used. This trigger shows evidence of a
strongly correlated two-jet structure for the high Pr events, and also gives
information on the magnitude of the quark/parton transverse momentum in a

parton scattering model.
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1. INTRODUCTION AND SUMMARY

This is a report on the first results from a new high Pr experiment still

in progress.

The study of high Pr events in hadron-hadron interactions has been pursued
intensively in recent years, with the particular hope of seeing a relatively
simple basic character to those events at sufficiently high Pys @ "jet'-like
character, which could hopefully give information on the scattering of quarks
or partons, and thus perhaps on the forces between them. The first suggestion
that such jets might occur, and might be produced in the scatterings of hadron
constituents, was made by Berman Bjorken and Kogut (BBK) ! ; the subject was

(2) (3)

further developed by Bjorken and by other authors . Some important
recent results are described in papers by Darriulat et a](

b ), by Della Negra
et a]( 5), by Jacob( 6), and particularly by Bromberg et al(7’8 ). The recent
theoretiéa] literature on this subject, like the experimental, is voluminous--
we mention particularly recent papers by Feynman and his collaborators(g’]O )
by Landshoff(]]), and by Ellis and Stroynowskl( 2) a further very extensuve

list can be found in reference 3.

The‘recent experimental results, as described in references 4-8 , have
given increasing confirmation of some of the predictions of the BBK model. We
report here the first results from a new high Py experiment, which bear on the

existence and character of jets, and on associated phenomena.

From an extensive preliminary analysis of the data obtained so far, mostly
in about 100 hours of data taking under various beam and geometry conditions,

we have found the following principal results.

1) High Py events of 3 to 6 GeV/c total Py detected in a 1% sr calorimeter
detector located near 90° CM, occur much more frequently as clustered groups

of particles relatively close together than as single particle events.

2) The clustering grows tighter, in terms of .Aff/éij. » as pr (total)
grows larger. At the upper end of our Py range, 5 GeV/c or so, the typical
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multiplicity in the calorimeter is about 5 or 6. Tybically, at this total

Py» One sees a core'', with 3 particles or so each of Pr above 1 GeV/c, all

3 lying in a ANl of about 1/2 steradian. In the additional 2 sr or so
-surrounding the calorimeter we see evidence, from the drift chamber information,
that only 2 or 3 additional particles occur, compared to the 5 or 6 which are

more tightly clustered in the calorimeter.

These characteristics, together, correspond to those which have been
predicted for "jets'. By a jet we shall mean a multi-particle group with
such a high value of Clen/Ajl that kinematically it stands clearly distinct
from any surrounding high Pr particles or groups. Clearly if 40O to 45% of the
total initial beam energy, %:{?f , goes as a multiparticle group into a 1/2
sr region, one cannot have many other such concentrations of l&Rn/le present

in that event.

3) When one triggers on events with some high pT'band in one arm, the "away"
side total pT, in a calorimeter detector of 1 to l% sr, shows a peak in
pT(éway)-

This is a new result. The presence of this away-side peak, and its detailed
characteristics, discussed below, give evidence of a correlated two-jet structure
in high Py events (i.e., two large-angle jets), and suggest that one is seeing

hard collisions between hadron constituents.

L) We have also used a trigger which sums the two arm Pr magnitudes ("'L+R"
trigger). This trigger is free of the trigger bias expected to result, in
. . . e e (5,6,10,12)
single-arm triggering, from initial transverse momentum of the partons .
The results (a) show further strong evidence of correlated two-jet structure,
and (b) give a further indication, beyond other methods used previously, that
the initial transverse momentum of the colliding constituents is about 3/4 GeV/c,

in the events studied so far.

5) We have also studied the ratio,.

T(pp) > jet + x)

¢r(1r+p)—» jet + x °?

for a 200 GeV beam. As pT(jet) increases from LS to § GeV/c, R decreases
from about S to about 3/&

i

R




2. APPARATUS

The apparatus consisted of a two arm segmented calorimeter array, with 6
planes of drift chambers between the hydrogen target and the calorimeter system.
The calorimeter array was readily movable along the beam direction, and was
operated at two different positions in the data reported here. |In both cases,

the solid angle covered by each arm was about 1%; sr(CH).

Figurevl shows a schematic top view of the apparatus, in the "7 meter!
position. Data at 400 GeV were principally taken in this position. The
calorimeter was also operated in a 't meter' position, where the 200 GeV data
reported here were taken. All of the data described here were taken at 400

GeV, 7 m position, unless otherwise stated.

The calorimeter was of modular construction, segmented in area (into
segments") and in depth. The Right (R) arm has 25 segments; its construction

is shown schematically in Figure 2. This figure shows an array of 25 segments,

A U NN FRRNVE S, Ry P =, o P ~ oo} £
each segment 4 modules deep. The A, B, and C layers consist of ator

pa—

steel-scintil
sandwiches, each module about 2 absorption lengths thick. The A! modules consist
of thin (3 layer) lead-scintillator sandwiches, and have the purpose of providing
a quite clear distinction between7ro's and other hadrons--this is important since
the pulse height of purely electromagnetic showers is substantially higher, for

a given incident energy,kthan the most probable pulse height of non-e-m showers.
As described below, the A' modules, together with the depth segmenting of the
calorimeter system,give a very clear separation of e-m and non-e-m showers,

when there is no more than one particle entering a given segment.

The modules in the Right arm are of two different cross sections, 15 cm X
15 cm and 20 x 20. The modules are arranged with the size stepping from the
smaller size to the larger one both horizontally and in depth, to optimize
solid angle subdivision and to make each segment "aim'! reasonably well at the

target. This is shown further, schematically, below.

The calorimeter modules indicated in Figure 2 use a fluorescent bar light

collection technique developed by us, and described schematically in a previous
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SCHEMATIC VIEW OF WEST HADRON CALORIMETER.

FIGURE 2.
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report( 3 ). In the present detector, the scintillator is ”Plexipop“(]h ) and
1
the fluorescent bars are made of ”BBQ”( 5) (16 ). The photo-
]
(17 ), and are specially designed to allow them

to be embedded in the calorimeter array without giving large spurious signals

—dobed acrylic

multipliers are made to our design
from particles hitting the photomultiplier.

The size of the individual modules, as well as the sampling frequency within
the modules, was chosen by us after a series of extensive tests on energy

of (13,18,19 )

resolution, shower size, and uniformit%Aresponse. Each module gives

response typically uniform to + a few percent over its entire volume.

The detailed design of the calorimeter modules will be described by us else-

where.

The basic method of energy ca]ib;ation for the calorimeter uses both the
pulse height response for minimum ionizing particles, and direct energy calibration
using monoenergetic particle beams. The energy resolution has been measured, with
monoenergetic beams, for a numBer of different entrance points into the array.
For a typical particle energy of interest in the 400 GeV data, 20 GeV, the resolution
corresponds to a ¢ which is about G % for e-m showers ‘and about 20 % for non-e-m
~ showers. This response is illustrated in Figure 3. It is to be stressed that
for calorimeter use on events with a steeply falling pf spectrum, an extremely
important feature of the response is the absence of any extended ''tail" on the
pulse height spectrum. Any extended tail can make the resolution~unfolding
problem so difficult as to be almost impossible. The present modules give
effectively no tail whatsoever beyond the pulse height produced by purely e-m

showers, and the resolution-unfolding problem is manageable without serious difficulty.

The LEFT (L) arm has 24 segments of electromagnetic shower detector calorimeter
(a ¥11° detector”), followed, over a large part of its CM solid angle, by
absorption lengths of further calorimeter. The CM solid angle covered by the °

detector is again about 1.5 sr; for hadrons the coverage is about | sr.

Between the hydrogen target (45 cm long for the data reported here) and the
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calorimeter, there were 6 planes of drift chambers. Four of these planes had
I readout only (vertical wires); the other two had two-dimensional xy readout,
using a delay-line readout system déveloped by M. Atac and associates(zo).
This array of chambers permits tracking charged particle trajectories to determine
the vertex location. Presently this tracking, not yet refined, gives a vertex
location typically accurate to a few cm or less, in z. Except for events with
tightly clustered tracks, the drift chambers also give x, y coordinates for each
charged track at the calorimeter. This tracking information is also not yet
refined, but we find events sufficiently frequently with drift chamber tracks
pointing directly at hadronic-type energy depositions in the calorimeter array
so as to enable us to identify the character and rate of multi-particle high
Pr events. with very little uncertainty.

Finally, we show in Figure 4 a front view (beam's-eye view) of the two arms,
and the solid angle coverage of the Right arm, in the "7 m' position. For the
. Right arm, the total solid angle covered, to the edges of the calorimeter array,
is about 2 sr; a fiducial region, which omits the edge regions, is about 1.5 sr

effective; the CM angular coverage per segment averages about 0.3 rad x 0.3 rad.

The drift.chambers covered a considerably larger soiid angle in each arm.

At L0OO GeV, the drift chambers covered over 4 sr, in each arm.

The character of the events we see at high Pr is described below, in

section 5.
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3. TRIGGERING ARRANGEMENTS

Severai types of triggers were used simultaneously. Triggers were made,
and data recorded, in the following way. First, each photomultiplier signal
was amplified, at the calorimeter, with a highly stabilized amplifier, of
remotely switchable gain, and sent on to the counting room via very noise-free
"Twinax'' cables. The amplifiers permitted appropriate gain levels both for
data-taking and for module calibration using muons 21 . The signal arriving

in the counting room was then split, using passive fanouts, and used in two

separate ways. One line, for each module, went to an ADC, which was gated on
when a trigger occurred. The second line, for each module, was used to produce
high Py triggers of a variety of types. For example, a fast signal with amplitude

corresponding to the total Py reaching the Right arm was generated by first
attenuating the signal from each module by an appropriate factor to give an output

proportional to p sin GL for that module, then adding these weighted signals

; AB
from all modules in that arm. The resulting ”total-Right—arm-pT“ signal did not
depend on multiplicity in any way. 'Henceforth we shall designate such total—pT
values by using a capital P--for example as PT’ or PTR (for PT(RIGHT)).

Interactions were recorded for analysis if they met any one of four types of

trigger requirements. All triggers required a coincident beam telescope signal

and the appropriate signal above a PT threshold. The types of triggers recorded

were
(1) L trigger: left arm only, large solid ang]e (1.5 s71)
(2) R trigger: right arm only, large solid angle (~1.5 sr)
(3) "L+R"trigger: sum of magnitude§ of left and right arm tota]—pT values, and

(4) "'sP" trigger--a “single-particle“ trigger: left arm, small solid angle
(~0.1 sr).
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In normal data-taking, each of the first 3 of these 4 types of trigger
simultaneously supplied signals to discriminators operating at three different
threshold levels. Thus 10 different trigger channels were simultaneously open.
(The triggers operating at lower thresholds were of course fed to the triggering
input through pre-scalers, to provide modest triggering rates for these lower
threshold channels.) The P_ levels used were, typically, about 1.5, 2.2, and

T
3.0 GeV/c for L triggers and for R triggers

We typically operated with a total beam rate of about 0.7 to 0.9 x 106 par-
ticles per 1.2 second spill. Events were vetoed if a pileup gate fired, or if
any of an array of halo counters fired, or if the dE/dx in the final beam
telescope counter indicated that an interaction had occurred in the beam telescope
counters., Under these conditions, and with the P_ thresholds set as indicated

T
above, we typically recorded about 50 events per spill.

L. BACKGROUND

For 400 GeV, 7 m position, the raw ratio (target-full)/(target-empty), dead-
time corrected, was typically over 5:1, with the triggering mix described above.
At the highest PT values reached, somewhat above 5 Gev; the full/empty ratio was
about 2%:1 after two very simple software cuts, and before using any vertex

requirement on the drift chamber tracks. These two cuts were the following:

(1) The number of total "hits' in the drift chambers was required to be at
least 14, corresponding roughly to the level occurring for 2-track events.
(The delay line chambers give 2 "hits' for each track.)

(2) Events were rejected, in softwaré, if any one module recorded a signal
gréater than about 100 GeV energy deposition. (Such signals typically

occurred from cosmic ray events, for example.)

We remark that background identification is greatly facilitated by the
fact that the calorimeter array is segmented in depth as well as in area.
That depth segmenting plays an essential role in allowing us to get almost

no spurious events even at the 5 GeV/c P.. level, where events occur at about

T
10/hour, or about 1 in 106 interactions. The background rate is consistent with
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an estimate for the rate expected from events produced in the final beam tele-
scope scintillators, but which avoid the dE/dx veto. Those scintillators are

7% farther from the calorimeter than is the hydrogen target, and tracks reaching
a particular calorimeter segment will correspondingly have a Tower true PT if
they actually come from the scintillator rather than from the target. The result
is a very slight effective shift in the true PT being measured; the amount of
the shift is small compared even to the modest uncertainty in our energy scale

resulting from calorimeter resolution effects.

Examination of events left after the above two cuts shows that the great majority
of them are multiple particle events, even at well above 5 GeV/c (R trigger),

with no evidence of any spurious large signal from cosmic rays or other sources,

5. CHARACTER OF SINGLE PARTICLE AND MULTI PARTICLE EVENTS AS SEEN IN THE
CALORIMETER

“As ‘part of our calibration procedure, we have put beams of 10, 20 and 50

GeV particles into the Right arm, at several different positions.

) A single particle entering the calorimeter gives in general a well localized
shower as seen in a front view projection of the modules. We will show below
examples of the distribution around the entering axis. Moreover, the segmenting
in depth permits very clean sepafation between Tro's and non- W°'s--the gamma
rays from a 1T° deposit their energy completely in the A' and A layers, typically
‘with a substantial fraction of the energy in the A' layer. Non- Tr°'s, on the
other hand, give showers which typically penetrate much more deeply, and which

give very little energy in the A! layer.

Multi-particle groups entering the calorimeter thus typically show quite
clearly separated showers for individual particles, for multiplicities up to 3
or 4. At higher multiplicities one begins to get appreciable overlap of the

individual particle showers. We have spoken so far only of the calorimeter alone;
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of course the drift chamber tracks assist greatly in identifying.the multiplicity

involved, and in enabling us to identify the PT values of the individual entering

particles, and the relative momenta of those particles with respect to each other.
The character of the energy deposition for individual e+ and individual ,Tr+

or protons is shown for typical events in Figure 5. These events were taken

with a monoenergetic 20 GeV beam of mixedT?/p and e+ entering the calorimeter,

in the center segment of column 3, but over toward the neighboring segment in

column 4. The direction of the particle beam for these events was not face on

into the calorimeter, but angling somewhat toward the right. The units shown are

roughly in GeV deposited in the individual modules. We have used a conversion

factor of 10 ADC channels per GeV for electromagnetic deposition, and & channels

per GeV for nonelectromagnetic deposition. (These numbers closely approximate

the correct energy scale as determined by our overall calibration measurements.

The numbers used for determination of the energy of an event or a spectrum are

also adjusted to take into account the folding effect of the calorimeter

resolution into the PT spectrum.) From the exampies shown in Figure 5 one can

understand qualitatively how single-particle showers can be identified in the

calorimeter, and how well the energy can be determined. Note that slightly

different energy scales per ADC channel must be used for e-m and non-e-m showers,

to give the best estimate of particle energy.

In Figure 6 we show a few examples of multi-particle events triggering the R
arm, as recorded under actual data taking conditions. These events are chosen

as representative of events with P (R) in the vicinity of 5 @eV/c. Pr here

designates the magnitude of the vector sum of the individual P_'s shown by the

T
modules of the R arm.

Figure 6a is actually an example, among events with P_ = 5 GeV/c or so,

T
of a case with the individual particle showers somewhat better separated than
is typical for this valie of PT. This event shows several features commonly

seen in these high PT events. (1) Part of the energy is electromagnetic,
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~ ).0 GeV Py in this case, and is visible as 2 separate X~ showers. The
separation of these showers is consistent with their being the two B’ rays

of a TTD . (2) Several distinct non-e-m energy depositions are visible. One

of these, spreading over some 4 segments, could correspond to one hadronic

shower or perhaps to more than one; the drift chambers show clear evidence of

one or more tracks aiming at the caloriméter at the x position of the ''center of
gravity' of that cluster. The y coordinate for this '"'track'! did not correspond

to the calorimeter cluster--that can happen if more than one track hits a single
wire of an xy place. The total PT of this cluster is approximately 1.L§ Gev/c.
(3) There are 2 or 3 other rather distinct localized regions of energy deposition.
Two of these would clearly occur on the same wires of the drift chamber set.

The drift chamber tracks give one xy coordinate (one would be lost if two charged
tracks hit the same wire cell) for this pair, and it aims directly at the location
of the calorimeter energy deposition for one of the localized groups. (4) In
summary, the event shows (a) a clear probable T° of P = 2,0) (b) a probable
hadron (i.e., noanD) of P = |,€ (or possibly two near-by hadrons totaling this

’ 19 N tr .

Y
pT), {c) two ‘other hadrons of P = L& and 0,¥ , and {d)

groups of lower Py each, 9.3 and 0.3

It is characteristic of the great majority of events in the uppér end of
the PT range we cover, i.e., in the vicinity of 5 GeV/¢ PT’ that each event shows
a multiplicity, and a distribution of individual particle Py values, similar to

those of the events in Figure 6. That is, for P_ around 5 GeV/c, one finds

T
typically a total multiplicity of 5 or 6 in the calorimeter, evidence for 2 or 3
particles each with Pt above 1 GeV/c, and 2 particles or so with '""low' Pr values,

0.3 GeV/c or so.

A further characteristic of great interest concerns the question of how
closely the individual particles for each event cluster near each other, in
direction. To examine this question, we have defined a "cluster axis' for each
event, and examined the distribution of individual pp vectors with respect to

that axis. In the next section we discuss this question in more detail.
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6. THE "JET AXIS", AND THE DISTRIBUTION OF PARTICLE ANGLE oA FROM THE AXIS.
INTERNAL INDIVIDUAL-PARTICLE TRANSVERSE MOMENTA. .

We have calculated the direction of the total vector momentum entering the
calorimeter in each event. For briefness, and at the ‘moment with no prejudice as
to what a '"jet'" is, we shall call this direction the '"'jet axis''. To explain speci-
fically: we calculate the average rapidity (effectively the average polar angle),
and the average azimuthal angle ¢ of the cluster. These averages are calculated
by weighting the rapidity and ¢ of each individual module by the amount of Pr

deposited in that module.

A central question, which we now begin to examine here, is the detailed
manner in which the individual particle pT's do or do not cluster closely to
the jet axis. Putting aside for the moment the question whether a better
procedure could be used to choose an optimum direction for the jet axis, we

proceed to describe the results with the definition given above.

With the jet axis defined as above, namely the direction of the average rapi-
dify and average azimuth of all particles reachingkthe calorimétéf, we define an
angle & , between the jet axis and each individué] modular deposition. We then
calculate the cosd& distribution for a group of events. In Figure 7A we show this
experimental distribution both for our normal trigger events (curve b) and for truly
single-particle events--events using a calibration beam directed into the calori-
meter (curve a). Both these curves are normalized to area = 1.0 . In Figure 7B
we show curves for data events chosen from three different P_ bands. In each of

T
the curves in Figure 7B the curve is normalized to total area = PT'

It is clear that the cos X distribution for the typical 5 GeV/c data event

" we observe is strikingly different from that for single-particle events. The .
single-particle events show a very sharply localized cos &4 distribution--the
central & -function-like bump has a width coming from the finite segment area

and from the shower size (which is roughly the same as the module transverse
dimension); there is a tail, of small fractional area, coming from the way in which
some fragments of the cascade shower in the calorimeter spread out an appreciable

distance from the entering particle's trajectory.




A Doodt

( _p,w( ake

0.0\

a)o‘q .

€
S b

03

0~

k 0% &, ‘
| —b 24—

. [Fi6. 7

(a) SINGLE PANTICLES,
Ys 6ev/c P, FLVIVALNT

| (L) Dara evewts, Pp= 4.5 % S.0

o)
G-eV/e

LPKEUMIN ptY RESULTS
£-395




...25..

The data events, on the other hand, show a cos @ distribution representative

of a multi-particle group, with the highest 40-50% of the total P.. occurring

T
in the interval cos & = 1.0 to 0.9, corresponding to & < ~ 0.45 radian.

We remark that various other procedures could be used to choose a jet axis.
The typical events going into Figure 7 show a central ''core', with most of the
total PT in it, and 2 or 3 '"outlying" low-pT particles, about 0.3 GeV/c each.
These outlying particles typically pull the jet axis some appreciable amount away
from the more concentrated core. Examination of a few typical events shows that
if one locates an alternate jet axis more nearly centered in the core, then this
axis is typically some 10 degrees or so from the one originally defined, and the
result is to generally sharpen up the cosdistribution relative to that of Figure 7.
E.9., moving the jet axis 10 degrees CM (0;2 radian) typically results in changing
some individual & values for higher—pT particles downward, from an initial 0.4
to 0.6 radians down to the 0.25 to 0.45 range. This change (a) concentrates the
cosd distribution in the range below (1-€eSe®) = 0.1 rather than 0.2, and (b) gives

[ VI IR O g e}

the individua!l high-pT particles much smaller values of "internal transverse-

momentum'' relative to the jet axis.

It is clear from these studies done so far that (1) the exact shape of the
distribution depends sensitively on the exact method of defining a jet axis,
(2) nevertheless, typical 5 GeV/c PT data events have a multiparticle character,
T (3) in the

lies in a central core, of

- totally different from that for single particle showers of similar P
typical 5 GeV/c data event, some 70% of the total PT

typically 2 or 3 particles, within the range ol . {core) ™ 0.3 to 0.4
effective

rad, corresponding to a solid angle of the order of 1/3 to 1/2 sr.

Finally, we remark on the numerical value of the internal transverse momentum
for individual particles with respect to the jet axis. As we have just said, in

the typical event around P_ = 5 GeV/c, there is a '‘core', with 2 or 3 particles

lying in a solid angle of gbout 1/2 sr, with these particles making individual
angles o less than 0.3 to 0.4 rad‘from the jet axis. In the typical 3-particle
core case the individual core particles have Py values between about 1.0 and 2.0
GeV/c; and they have individual transverse momenta. from the axis averaging

typically 0.3 or 0.4 GeV/c.
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7. RELATIVE RATES OF MULTIPLE-PARTICLE AND SINGLE-PARTICLE HIGH P

T EYENTS.
We have found, in agreement with reference 7, that the great majority of

our high P_ events, when we use an entire arm of the calorimeter as a trigger,

have mu]tigle particles entering the calorimeter.. In order to observe the
relative cross section for single particles, we used also a trigger which
responded only to the PT deposited in a small section of the left arm, a
"'Single Particle' (SP) trigger. This SP trigger corresponded to an effective

solid angle of about 0,1 sr (CM) for TTofs, and somewhat less for hadrons.

. . . o]
Using the SP trigger, we measured the cross section for Tl 7's, over a
certain py range. The results, and a comparison with some other reported

(22’23), are shown in Figure 7A. We observe good agreement, within

measurements
a factor of about 2, which corresponds to a systematic uncertainty of 5 to 10%

in the energy scale for the preliminary analysis reported here.

For single TI o's, at about 900 CM, we thus measure an invariant 0 , 0
of about 3 x'iOvSO‘cmz/(GeV)2'sr at 7 GeV P> and a vaiue of
‘ 2 0.1 sr
Ao, 6 x 10731 e single 1T
ey ~ X GeV 2 GeV p
Db+ T

(24)

From the data of Antreasyan et. al. we note that if we sum over all

particle species this would correspond to

l&o’ - 2 0.1 sr
zi; ~ 2.4 x10 30 %27 , sing. part. all species
r .

2 GeV Pt

We now compare this with the cross section we measure when we use the "'L"

trigger, the entire left arm. We then get

2 ~ 1 sr
élg- ~ 6x10 28 %mv s all high PT events
aR © 2 GeV P

Thus when we increase the detector solid angle 10-fold, the (multiple-particle)

cross section increases about 250-fold, compared to the all-species sum

cross section at the smaller solid angle, at 2 GeV PT'

We obtain results of similar nature with the Right arm, and also at

higher PT'
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To interpret the multiple-particle cross section in terms of an invariant
cross section requires a more careful examination of fiducial region solid angle
acceptance. This is taken up in Section 9, below. At this point, however, we
simply note again that in calorimeters of the relatively large solid angle we
have, high—PT events are very heavily dominated by multiple-particle groups,
with the experimental £5074ﬁI27 (cmZ/GeV) for an entire arm being of the
order of 100 times the sing]e—]TO cross section which a detector of that total

solid angle would have.
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ARE THE EVENTS "“JET'-LIKE IN THE FORM PREDICTED BY BJORKEN ET. AL,?

The predominant features of the high PT groups we see are these:

1) A multiparticle group, carrying in total up to 40-50% of the initial
beam energy ( ,%.VEU, comes out of the interaction going roughly sideways
to the beam, and carries a large PT into a small solid ang]e—-3%§ to 4 GeV/c

into about 1/2 sr. .

2) Several particles in the group carry individual pT's which are unusually
large (1 to 2 GeV/c); individual single particles with these high Py values
enter the detector (1.5 sr) in about 1% (1 GeV/c) to 0.1% (1.6 GeV/c) of all

interactions.

3) The probability for several such high-pT particles to a) be produced, and

b) enter the same small ASL as each other, and c) be accompanied typically,

in the same 1 sr region, by 2 to 3 additional particles totaling 1 to 1%; GeV/c,
is experimentally ~~ IOL+ times larger than it would be if these particles were
totally uncorrelated. That is: we are observing highly correlated groups of

high-pT particles.

L) The calorimeter shows that outside of the main 1/2 sr core region, with

5 or so particles in it at PT.hJ 5 GeV/c, there are typically one or two addi-
tional low Pr particles in the remaining 1 sr or so of the calorimeter, and |
or 2 additional charged particles in the additional 2 sr covered by the drift
chambers. With this evidence as to a concentration of track multiciplicity,
and with close to half the initial E* (=n%d§) concentrated in %;sr or so, it is
clear that the clusters of particles we see represent single isolated multi-
particle groups, with Z;PT/OJI of the order of 5 GeV/0.5 sr. For these events
there can clearly be no other multi-particle groups, in the trigger-side
hemisphere, with correspondingly intense APT/AIL. (

5) The toS & distribution for events of total P.. ranging from 2.5 to 5 GeV/c

T
shows that in the central 1/2 sr the value of AFQYASJL increases with the

total PT of the event.
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6) We can define an axis for the group, as discussed above. In the typical
3 to 5 GeV PT event, each of the particles in the central 1/2 sr or so carries
. . . . * . . .
a transverse momentum away from this ''jet axis'', i.e., k, Sun d) which is of
i

average magnitude about 0.4 GeV/c.

The above features correspond closely to what has been predicted by Bjorken
fér jets arising from scattered partons. While with the present aparatus we
cannot exclude the possible occurrence of other types of high-PT events which
would not show these high values of AeT DJSL in a localized region, we

can conclude that those high PT events which dominate our triggers do indeed

have

a) the concentrated APT/AR , and

b) an inner structure
which correspond quite well to the main characteristics of the "jet" events

which were predicted by Bjorken.
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9. CROSS SECTION FOR JETS

We give here our preliminary cross section values for the data taken at
LOO GeV, 7m position, with an R trigger. See Figure 4b for the angular coverage

of the detector.

From the measured target-full rates we have subtracted a background,
by comparintharget-full and target-empty PT spectra per unit '"live beam flux''.
For the R trigger, this background is about 20% of the total event rate up to
PT = 3 GeV/c, and then increases to a constant 40% above L GeV/c.

We then calculate a differential cross section for the 1.5 sr right arm,

2 4o
in the form @O“ }w.—(@e\l) = _] . Note that this quantity
.Ssr FT APy 1.5 5

is not an invariant cross section, but is an experimental quantity which can

be compared with data measured by any other experiment which uses a calorimeter
detector with the same solid angle coverage. The resulting values are plotted

in Figure 8.

We also give a rough set of values for the invariant cross section, 0;
To estimate this quantity we must know the effective solid angle AJ for
"eontaining'' jets. From detailed study of the density of events in a plot
showing the location of the jet axis in 69* - 95 space, we find a central
region, 20° x 20° in size (the right arm has a total coverage roughly
80° x 800), in which the density of events is approximately uniform, and much
higher than the density over the much larger region outside the this central
region. (See Figure 9.) One might thus be led to use this 0.1 sr or so as
a fiducial region. This region typically contains about 1/3 of all the events
in a given P. band, although it is only about 1/15 of the total solid angle

T

of the right arm. We will give a rough estimate of C& based on this approach.

But we emphasize that even the existence of a substantial plateau-like region

of this kind by no means guarantees that jets of any given PT are being
"contained''. It is of course impossible even in principle to either fully

| contain a large;angle jet, or to know accurately what particles entering the
calorimeter may be coming from '""beam jets'' rather than from the main jet being

detected. The question as to what is the ''true Qi " for jet production
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involves this fundamental uncertainty. We remark that there is another uncer-
tainty, of similar magnitude, which has to do with the definition of the '"energy"
of the jet--that uncertainty arises because the sum of thé center-of-mass
energies of the individual fragments of a jet is larger than the magnitude of
the vector sum of the momenta of thoseT fragments. Thi_ieffect by itself can
introduce typically a 10 to 15% diftierence between ’FTI and what one could
call the "'energy" of the jet, Z‘p’i\ (neglecting rest masses of the fragments).

For these reasons, a sharply defined quantity like our EAB’ lﬁer(éev)ﬂlf:r}

and similar quantities, will probably prove of greater use in describing jets
and comparing results from different experiments, in the immediate future, rather
than a value for the presumed or - Nevertheless, we give here the Value of
Ot which would result from our data if we use the central plateau-like 0.1 sr,
and if we use the A¢ corresponding to events with the jet axis lying in that

solid angle. We thus define a 0y by

Ao‘)jet axis ik central O,5sr
A PT' APT ' ’A'ﬂcenl‘ra(
LM

=0l sr

HAO' in this central regiqn is, as we have said, about 1/3 of Aﬂ]-S or -
(1t is curious, and grounds for caution, that this 1/3 value does not appear to
change signifiﬁantly for PT varying from 2.5 to 5 GeV/c.) We thus obtain
the simple result that OE(apparent) defined in this way is simply about

'/3 . . . 9 . (AU)I.S Sr
o0 °F 10/3, times the "harder' number, @(r‘ber GeY Ssr ) --———-—————Pr Y

If in fact even this central 0.1 sr does not represent a region of 100% efficiency
for containing the jets, then the true Oy describing jet production will be
larger than the 0:'[ (apparent) we are calculating. We have reason to believe

that this is in fact the case.

In any event, we plot 0:’[ (apparent) , calculated in this way, in Figure 10.

We note that in the 3 to 5 GeV/c P range the value of 03 (apparent) thus

T
obtained falls at about the same rate per GeV, a factor of about 25 per GeV, as

(23).

the single particle cross sections measured by Antreasyan et al We note

also that the value of (7 (apparent) we obtain, at 400 GeV, is about 10 times

(8)

larger than that reported by Bromberg et al at 200 GeV. ~ There are several
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obvious differences in the measurements which could help explain that
difference. (1) The beam energy is different, (2) our calorimeter covers a
very substantially larger QAMfL than theirs, has a fully segmented character
rather than strip-type construction, and has a different energy resolution,
(3) they have used a magnet in their detector arrangement, with a substantial
magnetic ''kick' relative to the width of their calorimeter; this improves
the energy resolution for charged tracks, but introduces major effects of
smeared particle trajectories in determining which particles are swept in or

out of the calorimeter.

We do have data also for protons at 200 GeV, not yet analyzed as to
cross section; we will report that cross section in the near future.
Our CM angular coverage at 200 GeV is quite similar to that at 400 GeV, since
we are able to readily move the calorimeter appropriately closer to the target

at the lower energy.

10. OBSERVATION OF A PEAK IN THE AWAY-SIDE PT DISTRIBUTION.
STRONG TWO-JET CORRELATIONS.

When we trigger on one arm (either arm), the opposite-side momentum
distribution shows a peak. This is a new result. All previous high Pt
experiments that have been reported have in general shown only single-particle
momentum spectra on the away side(25). These spectra have regularly shown a

monotonic decrease as the single-particle Py increases.

With our apparatus, however, we are able to look for possible away-side jets,
which might give a PT roughly balancing the trigger-side PT , and which might
thus indicate the occurrence of hard collisions. |In fact we do see roughly such

an effect.

We proceed as follows. We describe here the case that we trigger with an
'L trigger. Then in software we select events in various well-defined PT(LEFT)
bands. We then examine the PT(AWAY) spectrum--i.e., in this case the
PTR spectrum. That spectrum typically shows a broad peak; and the position of

the peak increases with the value of the trigger PT'
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We do not show those spectra here, but instead only the results when we
further de-1imit the directions of the jet axis on the trigger side and the
jet axis on the away side. As discussed in Section 9, there appears to be a
region of about 0.1 sr, in the center of eachlarm, in which the density of
events, plotting the direction of the jet axis, is roughly uniform and is about
5 times larger than the density averaged over the entire arm. If we require first
of all that the trigger-side jet axis lie in the 0.1 sr fiducial region, then
(a) the number of events decreases by about 3, and (b) the peak in the away-side
PT spectrum moves to a higher value. If we then further require that the jet
axis for the AWAY side also lie in the fiducial 0.1 sr for its arm, then the
number of events decreases by a further factor, of 2.5 (for higher trigger PT
values) to 4 (for lower ones). The final result is shown for two sample

trigger-PT bands in Figure 11. The peaking on the AWAY side is clear, and the

tendency of the away-side peak to follow the trigger-side PT value is also clear.

Figure 12 shows the steady movement of the PT(AWAY) peak with PT(TRIGGER),
for a small sample of the data we have taken. We see that (a) as PT(TRIG)
increases from 1.5 to 3.5 GeV/c the away-side peak position increases steadily,
and (b) in this range the away side peak lies 0.5 to 1.0 GeV/c below the trigger

side peak.

This effect must be stuaied further--we emphasize.that this result is a
preliminary one. But the away-side peak has shown up from the very first data
we have taken, it is present even without making fiducial angle cuts on either
side, and it is present whichever arm is used as the trigger arm. We should also
emphasize that in the vicinity of such a peak the calorimeter resolution has no

significant effect.

Presumably this new observation of an away-side peak occurs only because our
away-side detector, as well as the triggering detector, is of calorimeter type
and of relatively large solid angle; In fact, since it has long been known that
for high Pt events a rough co-planarity effect exists, the trigger-side fiducial
solid angle cut tends to give events with the away-side particles in the plane
of the away-side arm--one then requires only adequate 6’-coverage with that arm
(and of course also adequate ¢ coverage to detect those fragments somewhat

out of the trigger plane) in order to have a good chance of seeing the opposite
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side PT > provided that the opposite side pf is carried off at large angles

rather than, say, along the beam direction. The facts that (1) the opposite

side spectrum is so clearly peaked, (2) the two-jet cross section is such a large
fraction of the triggeriﬁg cross section even§when the away side jet axis is
constrained to lie in a roughly 20° e 20° interval, and (3) the away-side PT follows
the trigger-side PT value, are all indications of a strongly correlated and

closely coplanar two-jet structure in all the high PT events we observe--i.e.,

of the presence of two correlated large angle jets.

Such a correlation has been suggested by parton scattering models.
In such a model, the difference in the PT(TRIG) and PT(AWAY) values would be
interpreted as due to transverse Fermi momentum of the initial partons. The
data in Figure 12 are in qualitative agreement with such a picture, with the

away-side P_ regularly smaller than the trigger-side value. But the exact

quantitativl interpretation of these data to give a numerical value for the
quark/parton transverse momentum is complicated by a number of factors, and
we do not attempt such an evaluation here. Instead we go on to another method
we have used to study both two-arm correlations and quark/parton transverse

momentum.
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11. THE L+R TRIGGER. TWO-JET CORRELATIONS. QUARK/PARTON TRANSVERSE MOMENTUM.

In addition to the single-arm triggers described above, we have used a
two-arm-sum trigger (see Section 2), which does not favor either arm. This
YL+R" trigger permits us to measure (1) the PT-dependence of the cross section,
independent of effects due to parton transverse momentum, (2) the nature of
two-arm correlations for high Py events, and (3) the magnitude of parton

transverse momentum.

Figure 13 shows a small sample of data taken with the L+R trigger, with
the threshold at PTL +PTR > L GeV/c. (These Py

Figure shows that the data, for this trigger, are roughly symmetrical around

's are magnitudes.) This

the diagonal, where PT(L) and PT(R) are equal, and that the density of events
decreases as one moves perpendicularly away from the diagonal, toward either axis.
Following the discussion given above in terms of the Fermi momentum of the

partons, kT , we can calculate the rms parton transverse momentum. We use the

deviation v of each point measured perpendicularly from the diagonal, within

some chosen band of fixed (PTL + PTR), and calculate Yems TFOM
- 2 _ 2!
Yems = V<92 -<o>"
It can readily be shown t@ag in terms of a parton scattering model Yrms = <{k ’>

where <fk D is the rms/transverse momentum of each of the collldlng partons

(assumed equal for the two colliding partons).

In Figure 14 we show the result of this calculation, for (PTL + PTR)/2
up to about 4.7 GeV/c.

We note that the value of <fk f> over most of the range in Figure 14,
about 0.8 Gev/c, is similar to the value implied for the colliding
constituents in the recent dimuon studies of L. Lederman et al. They obtain

26 for prlpp) > Goplem >

is presumably \}2 times the individual transverse momentum values of the

approximately 1.2 GeV/c
colliding constituents in that experiment.

We note that the PTL-PTR correlation seen in Figure 13 is quite different

from what one would expect in a model using the product of uncorrelated

single-arm spectra each corresponding to what has been measured for single
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2
partic]es( 3). One readily finds that for such an uncorrelated model the regions
near the axes would be more densely populated than the region near the diagonal.
This is the opposite of what we observe--and that again indicates that we are

observing highly correlated high—pT depositions in the two arms.

| +
12. COMPAR!ISON OF JETS PRODUCED BY T ~ AND PROTON BEAMS

We took data with a positive 200 GeV beam, using the 4 meter position.
I ncoming 7T+, and protons were identified by the two double-PM Cerenkov counters
27)
b( .

in the M2 beam at Fermila The results of a preliminary analysis of part
of our data, examining the production cross section ratio for protons and TT+-
to make jets with an R trigger, is shown in Figure 15, Analysis of the relative
nature of 'N*'and proton-induced events, including a study of the two-arm

angular correlations, is continuing.
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