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ABSTRACT

We have studied hadron pairs, roughly back to back

in the center of momentum frame, produced by the interactions

of 400, 300 or 200 GeV protons with a beryllium or tungsten

target. The transverse momentum of each hadron was between

1 and 6 GeVI c. We were able to distinguish pions, kaons

and protons over most of that range. We measured invariant

single and two particle cross sections along with their nucleon

number (A) and energy (s) dependence. When the transverse

momentum of each hadron exceeded 2.7 GeVI c, our correlation

measurements (by exhibiting x scaling) strongly suggestede

that constituent scattering is the dominant process for the

production of hadrons in this regime. Correlations between

species of hadrons seem to be consistent with the quark-quark

scattering model.
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I. INTRODUCTION

Prior to 1973, observations of hadrons produced by

the high energy collisions of nucleons were indicative of a "soft"

scattering of diffuse nuclear material. In 1973. the CERN­

Columbia-Rockefeller collaboration! revealed that the number

of hadrons produced with large transverse momenta (P..L ,.. 6

GeV/c) by high energy ("JS = 53 GeV)· PP collisions was _107

times greater than the extrapolation of the steep exponential

decline at low P.L characteristic of the' soft scattering. The

favored theory explaining this abundance of high Pi hadrons was

the "hard" scattering of point-like constituents of the colliding

protons. The primary candidates for these constituents were,

of course, quarks. Measurements
2

substantiated the predic-

tion of "jets" which, as shall be discussed shortly, comes from

the quark-quark scattering picture. The energy (s) dependence

characteristic of the scattering of point-like particles was not

observed, however, in the production of single hadrons between

P..L :: 1 to 7 GeV I c. 3 Our experiment measured the production

1



of pairs of hadrons and found indications that constituent

scattering is the primary process by which pairs of hadrons

are produced when their transverse momenta both exceed

.... 3 GeV/c.

Our experiment was performed at Fermi National

Accelerator Laboratory from June 1976 to February 1977.

It was known at Fermilab as E494. We also performed an

electron pair experiment (E288) concurrent with our dihadron

effort in the hopes of confirming or rejecting a possible e+ e -

4
resonance at a mass near 6 GeV. The reaction with which

this thesis is concerned is

P + Be ... h± + h:l:. + anything

where h is an unspecified type of hadron. '!be momenta of the

primary protons were 400, 300 or 200 GeVIc. Occasionally

we used a tungsten target. The secondary hadrons under study

were roughly back to back and 900 from the primary beam

direction in the 400 GeV center of momentum (eM) frame. The

momenta of our secondaries ranged from 20 to 100 GeV/c

(typically -35 GeV/c) and the transverse momenta from 1 to

2



6 GeV / c. The masses of the hadron pairs we studied were

between 4 and 10 GeV. We were able to distinguish pions,

kaons and protons from p = 2 to 4 GeV / c in each arm and
.L

up to dihadron masses of 8 GeV. Of course we searched for

massive dihadron resonances, exploring every combination of

hadron species, and found none strong enough for us to detect.

The resonance search is described in detail in Reference 5.

Since the purpose of this thesis is to present our

experimental measurements and show how they support several

ramifications of the quark-quark scattering picture, the quark­

quark scattering picture will be discussed briefly here. 6

Figure 1 illustrates the collision of a beam proton and target

nucleon. In this picture, quarks happen to collide, scattering

at 90
0

in the eM frame. The force between the two scattered

quarks, called the gluon field, is thought to increase as the

distance between the two quarks becomes large. (This is

postulated to explain the non-observation of free quarks yet

allow their existence within hadrons. ) The strengthening gluon

field, then, pulls quark-antiquark pairs out of the vacuum

between the two scattered quarks. All of the quarks eventually

find antiquark partners to form mesons or join in groups of

3



three to form baryons. These are the hadrons we detect. Note

some interesting predictions of this picture. First. several

hadrons may be produced on each side of the interaction. These

4

hadron groups are called jets. Second. jets are produced on

opposite sides of the interaction in the quark-quark center of

mass frame from two scattered quarks with equal and opposite

p • Third. assuming a random selection of which beam quark
.1.

collides with which target quark. and no correlation between the

types of quarks pulled out of the vacuum on one side of the

interaction and those on the opposite side. the species of the

two detected hadrons are uncorrelated. Our measurements

provide a quantitative check of a consequence of the second

prediction and a somewhat more qualitative check of the third

prediction.

The description of our experiment proceeds in an

orderly fashion starting with the apparatus. the data. back-

grounds. single hadron production measurements and finally

hadron pair measurements.



II. A.

II. THE APPARATUS

Beam and Targets

Protons were accelerated to energies of 200, 300 or

400 GeV, slowly extracted from the synchrotron and sent to our

experiment at the Proton Central Laboratory at Fermilab. We

controlled the final steering and focusing of the beam. The beam

position was monitored by separated wire ionization chambers

and the intensity of each pulse was monitored by both a secondary

emission monitor (SEM) and an ionization chamber. We used

beam intensities between 2 x 10
9

and 3 x 1010 protons per pulse.

Typically a pulse lasted 1 second and was repeated every 10 sec­

onds. The protons were bunched into "rf buckets" as a result of

the rf accelerating voltage in the synchrotron being left on during.

extraction. Each bucket was less than a nanosecond long and was

separated from neighboring buckets by 18.9 nsec. Our "resolving

time", the time interval between two particles detected by our

apparatus needed to rule out their simultaneity, was less than

18.9 nsec, so essentially it was one rf bucket. We placed a small

freon filled Cerenkov counter (SB) in the beam line to tell us the

population of each and every bucket. (SB is the acronym for

"super bucket", an unusually heavily populated rf bucket, which,

5



as we shall see later, contributes substantially to dihadron

background. )

The calibration of SEM to the number of beam protons

was carried out by proton lab personnel who placed a copper foil

in the beam line and passed a fixed amount of beam through it as

measured by the SEM. High energy protons (>400 MeV) convert

Cu atoms to 24Na and 52 Mn with a lmown cross section (3.5 and

7
4.0 mb per Cu nucleus ), so the measurement of the amount of

24Na and 52Mn in the copper indicated how many protons actually

passed through the foil. The calibration constant was found to be

# ~r;~ns = 1. 01 x 10
8

This measurement was performed several times showing the

stability of this constant to be ,.. ± 20/0. [Another Cu - 24Na or

52Mn cross section measurement was recently Dlade at Fermilab

by S. Baker et al. The results (as yet unpublished) were 3.8 mb

24 52_
for Na and 4. 6 rob for Mn production. If these values were

used. our cross sections would increase by -10%. In order to

maintain continuity with earlier Fermilab experiments. however.

we will use 3.5 and 4.0 mb. ]

We could move one of three targets into the beam: two

beryllium targets which differed only in width (Be 7 and Be 3) and

6



one tungsten target (W). The widths of the Be 7 and W targets

were of the order of the beam width (- O. 04 em). intercepting

,.., 700/0 and ,.., 950/0 of the beam respectively. The Be 3 target was

wide enough to insure the entire beam was incident upon it. The

target heights were much larger than the vertical spread of the

beam «0.1 cm). Properties of the targets are given in Table I.

We will find it useful to calculate the ratio of interacting protons

to incident protons using

7

# into protons
# inc. protons

=
-L/'A.

1 - e

where L is the target length and 'A. is the absorption length. We

will also need the effective target length. the average length of

target encountered by unabsorbed beam. which is given by

The number of protons interacting in the target was

monitored by a scintillation telescope (N) located in the beam of

neutral particles in one arm of our experiment. Figure 2.

showing N/SEM vs. the distance from the beam. to the target

centers, confirms our knowledge of beam. and target widths.

Note that without a target N/SEM = 1.-1. so that with a target

more than 98. 50/0 of N comes from the target. Because the



entire primary beam could be incident upon Be 3, the ratio

N/SEM gave us Be 3' s N calibration: the number of N' s per

proton incident upon the target. Since the ratios of N to incident

protons for Be 7 and Be 3 were necessarily equal, the Be 3 cali­

bration was used for Be 7. Figure 3 shows the stability of the .

N calibration constant as a function of time. We see no signifi­

cant time dependence. N was placed in the neutral beam so that

its calibration would be independent of analyzing magnet current.

Figure 3 confirms this to the ± 5% level. The dependence of

N on beam intensity was also investigated (Fig. 4) and was

found to be quite linear up to intensities much larger than we

used. There was no wide tungsten target because, unlike

Be 3, the absorption of secondaries near 900 eM for such a

target would not be negligible. The W calibration, then, had

to be calculated from W target scans like that of Fig. 2.

Integrating N/SEM with respect to the beam to target distance

expressed in target widths should give a value equal to what

N/SEM would be if the target were infinitely thick (but without

secondary absorption) . The integrals of the curves of Fig. 2

are 109, 105 and 80. 5 for Be 3, Be 7 and W respectively.

Note the values for Be 3 and Be 7 are very close to each other

8



9

and to the standard Be 3 calibrations. This and the fact the

ratio of the peak value of N/SEM to the area is just under 1

(.... 95%), as one would expect from the target and beam widths,

gives us confidence in the N calibration for W. Figure 3

shows the repeatability of the measurement. From this figure

we obtain the final values of the N calibration constants and

their errors for all our targets, which are listed in Table IT.

Table II also gives values for two constants, CXs

and CR' which will be used in cross section and correlation

function calculations later. I define them as

S:s
N A

- # inc. protons P No Leff

C
R

# into protons-
N

where A (the number of nucleons), p (the density), L eff (the

effective target length) and the ratio of interacting protons to

incident protons are all found in Table I. N is Avagadro rso .

P N >..o
Cxs CR =

number. Note that the product of CXs and C
R

reduces to

A

= CTinel

where >.. is the absorption length and therefore CT. 1 is thelne

inelastic cross section.



II. B. Collimators, Magnets and Acceptances

The upstream portion of the apparatus is shown in

Fig. 5. After their creation in the target, secondaries in each

arm passed through a 5 m deep collimator made of steel and

tungsten. Downstream of this collimator was a 5 cm deep

tungsten collimator installed to define the aperture for the con-

current dielectron experiment. In our analysis computer

program, hadrons were required to be well within the accept-

ance imposed by these collimators. The fiducial volume used

in our final analysis is completely described by Table III. The

angles 8x and 8y are relative to the primary beam direction.

Positive x and 8x point in a horizontal plane away from the

primary beam line while positive y and 8y point up in the up

arm and down in the down arm. (The up and down arms will be

defined shortly. ) The distance from the target, z, is measured

along a line described by 8 = O. 0725 radians, 8 = 0.' Wex y

measured x and y relative to this line. Our openings in 8x

and 8y correspond to the acceptance in azimuthal angle <l> and

center of mass polar angle 8 shown in Fig. 6. Note the wide

acceptance in 8CM (900
± 20°) compared to the narrow slit in

<l> (64) ~ 7°). Ranges in 8CM for the three beam energies

10



()

are listed in Table IV and were calculated using tan~

= 'rCM tan ()LAB ['rCM = (1 - velocity of CM frame
2
/speed of

1

light2) -2" ], which is valid for{3 (the velocity of the secondary

divided by the speed of light) near 1. These correspond to the

1 E + P {3-1 ()
ranges in rapidity, y = 2 1n E _ p" = -In tan}, where ~I

II

is the parallel momentum and E is the energy of the secondary,

also given in Table IV. Note t::.y is only 0.67.

Mter the collimators, particles passed through the

horizontal fields of the analyzing magnets, one in each arm.

The pole faces were 3.05 m long, 25 cm high and tapered from

45 to 60 cm apart. Charged particles were bent vertically, thus

decoupling the measurements of momentum. and production

angle. Looking downstream, the left arm of the apparatus only

accepted particles bent up out of the neutral beam and was

therefore called the up arm (UP). The right arm looked at

charged particles bent downward and was called the down arm

(DN). The two magnets were connected in series so that the

currents through them were always equal. The polarities of the

magnets, however, could be varied independently. Most of our

data were taken at magnet currents of 1288 and 961 amps. The

11



corresponding integral fields were 34.8 and 25.8 kG-meters,

imposing p kicks of 1. 043 and 0.774 GeVIc respectively•
.L

Both the current and the field at one point in each magnet were

continuously monitored and found to be stable within ±0.1%.

Small variations (± 1%) in field strength vs. x and y were taken

into account in the analysis after being measured with a long

and narrow flip coil.

The aperture downstream of the magnets is described

in Table ill and is illustrated in Fig. 7. This geometry dic-

tates what the vertical acceptance (AO) as a function ofy

momentum must be, the result of which (for the up arm) is

shown in Fig. 8. At low momenta, particles are bent out of

the downstream aperture. At intermediate momenta, the

vertical acceptance is determined by limits on· Oy. At high

momenta the acceptance falls due to insufficient magnetic field

to sweep high momentum particles out of the neutral beam.

To calculate the single arm acceptance as a function of

P.L' we must know how hadrons are distributed in o. This

information comes from the approximation that at fixed p ,
.L

single hadron production is independent of rapidity y when y is

{3-1 -dOsmall. Since dy = -'-0' the number of hadrons produced
SIn

12



per unit range in () at constant PL is proportional to Si~ () .

Based on this, a Monte Carlo program produced our acceptance

vs. p shown (for the up arm) in Fig. 9. Its error is estimated
L .

to be ± O. 003. Because we will express our results in terms of

the single hadron invariant cross section,

E d3
(J" _ 1 d3

(T

dp3 - P del> dy dp
L 1.

we defined our acceptance as the integral over our fiducial

volume: f del> dy. This integral is Lorentz invariant and there-

fore can be evaluated in the CM or lab system. Also its value

is independent of beam energy. (However the mean rapidity is

energy dependent.) Since f dep dy 13~ 1 f dn2 (where n is the
sin ()

solid angle), in the 400 GeV CM frame where () 11'0# 900 our

acceptance is approximately equal to the CM solid angle.

To determine the acceptance for pairs, we must ask if

the observation of a hadron on one side of the interaction affects

our assumptions of flat distributions in y and ep over our

acceptance in the opposite arm. The answer is approximately

. 8
no over our small ranges In y and ep • Hence the pair accept-

d6
(J"

ance for E1 E2 3 3' f f d<l>l dYl d<l>2 dY2' is simply the
dPl dP2

product of our two single arm acceptances.

13



II. C. Scintillation Counters and Primary Trigger T

Figure 10 shows the apparatus used to detect the

secondaries we have been discussing. The first alert to the

possible presence of such a secondary came from the scintilla-

tion counters TO, Tl and S2. These were made of 1/4 inch

scintillation material (Pilot Y), the geometry of which is shown

in Fig. 11. From each counter element we derived an on-off

signal and from these signals we created our primary trigger T.

First we combined signals from the elements of TO and Tl

including only those TO. T 1. pairs which lined up with the exit
1 J

of the analyzing magnet:

TO ':- Tl = TO •
1

+TO .
2

+TO •
3

+TO •
4

+TO •
5

(Tl
l

+ T1
5

)

(TIl + TI5 + Tl2 + Tl
6

)

(T1
2

+ T1
6

+ Tl
3

+ Tl
7

)

(Tl3 + T1
7

+ T1
4

+ Tl8)

(T1
4

+ T1
8

)

Finally we required that any S2 element fired. Hence

T = TO * Tl . S2

Our primary pair trigger was TUD, the coincidence of the up

arm T (TU) and the down arm T (TD). Specific details of our

triggering system will be discussed in Section IV. A.

·14
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Occasionally T was not on when a desirable secondary

was actually present. To measure its inefficiencYI we used an

independent trigger based upon the requirement that both Ceren­

kov counters in one arm fired. Imposing very stringent track

quality requirements (in order to be as sure as possible that a

desirable secondary really was present)1 we measured the

inefficiencies of TU and TD given in Table V. The ineffi­

ciencies were found to be dependent on the intensity of the beam

15

and the mass ranges of Table V correspond to the different

running conditions needed to best study the 4-51 5-6 and 6-10

GeV regions of the mass spectra. In general l the higher the

mass region l the higher the beam intensity. (See Table XV

for specifics. )

Based upon information regarding the position of a sec­

ondary in our apparatusI the analysis computer program tried to

reconstruct its track. After a possible track was found l the

correct Tl element was required to have been on. The scintilla­

tion hodoscopes Vl and V2 were also required for track recon­

struction. They were composed of 38 and 55 tall l narrow

counters standing vertically side by sidel thus giving fair reso­

lution in ex. Starting with V1 1 on the small x side l their

geometry is described as follows:



...-'"

VI (z = 2456 cm)

elements 1-16: 1.94 cm wide, 1/8 inch thick

17 -34: 3.57 cm wide, 1/4 inch thick

35-38: 5. 12 cm wide, 1/4 inch thick

V2 (z = 3562 cm)

elements 1-24: 2.19 cm wide, 1/4 inch thick

25-48: 3.56 cm wide, 1/4 inch thick

49-55: 5.11 cm wide, 1/4 inch thick

The inefficiencies of the Tl and VI-V2 requirements in track

reconstruction were measured using T triggers and high quality

16

tracks. The results are also in Table V.

The overall scintillation counter efficienc~es, the

products of the previously mentioned efficiencies, are given in

Table V. The errors of these measurements are estimated

to be -15% of the inefficiencies, due to changes during the five­

month rurming period. The efficiencies of the individual ele­

ments of VI or V2 were roughly the same, with only one (V2
12

up) showing an inefficiency (-10%) much higher than the rest.

Similarly, the trigger counter efficiencies were fairly constant

across the aperture, the only exception being T18 up which

contributed - 5% more to the T inefficiency in its region of the

aperture than the rest.



.-

The V1 and V2 hodoscopes were also used by our high

P..L trigger. For now, all we need know about the high Pi trigger

is that it used information in the form of whether or not a track

.
existed in each of four regions in 9x (9

1
, 9

2
, 8

3
, 0

4
). The first

step towards the accomplishment of this was the grouping (the

logical OR of the signals) of the VI elements into 10 groups of 4

and the V2 elements into 14 groups of 4. Each V2 group was

then combined (logical AND) with every VI group in line with it

and the target. These 14 V2 >:'Vl groups were then grouped into

categories consisting of 4, 4, 3 and 3 V2 *VI groups. These

4 categories correspond to 8 1, 82, 6
3

and 9
4

respectively and

have the following angular bounds.
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6
1

:

6
2

:

83 :

9
4

:

(J = 48.5 to 58.5 m.radx

58.5 to 71.4 mrad

71. 4 to 83.4 mrad

83.4 to 94.5 mrad

Another signal derived from the VI's and V2's was the

multi-track indicator (M1). Ml was on if more than one V2 *Vl

group per arm were on. Its effect will be discussed in

Section IV. A.



II. D. Wire Chambers, Reconstruction and Resolution

Nine wire chambers in each arm. were located as shown

in Fig. 10. The directions and spacings of the signal wires are

given in Table VI. These wires were gold plated tungsten 20

or 30 microns in diameter. Each chamber consisted of a plane

of signal wires sandwiched between two planes of vertical high

voltage wires which were 100 microns in diameter and spaced at

1 mm intervals. Outside these three planes were Aclar windows

used to contain the 83% argon, 17% CO2 gas. A trace (0. 1%) of

freon 13 B 1 was added to this mixture to inhibit wire breakage.

Outside the windows were two planes of aluminum window screen

which were grounded to prevent spurious radio-frequency pickUp.

Knowing which wires of each chamber were activated,

the path of a particle could be reconstructed. In our analysis

program, this reconstruction began by requiring that of the three

chambers at station 1 (lQ, IP, lY). two contained activated

wires. A pair of these activated wires from two different cham­

bers corresponds to an x-y coordinate at station 1. Similarly.

two out of 3Q. 3P and 3Y were required to have activated wires.

By pairing coordinates from station 1 and station 3, we deter­

mined the possible trajectories of particles. Each possibility

1



was accepted or rejected by requiring that the correct T 1, V1

and V2 elements be on and that the correct wires of 2Y or JY

and of at least 7 of the 9 chambers be activated.

The efficiency of each chamber was measured with high

quality tracks (which included the requirement that all other wire

chambers were hit) and is presented in Table vn. From the

previously described reconstruction fonnuIa. the overall wire

chamber efficiencies were calculated and are also given in

Table VII.

The resolution in momentum. p • mass and other vari­
.!.

abIes was determined by the wire spacings and locations in z of

the wire chambers and by the effects of multiple scattering. The

mean square angular deviation, d < 8
2 >. imparted by multiple

scattering from a length of material dX is approXimately9
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=

where p is the momentum in GeVI c and L
R

is the radiation

length. The radiation lengths for all materials in the secondary

beam are listed in Table VIII. Figure 12 shows our overall

momentum resolution (expressed as a standard deviation fT ) and
p

the contribution of multiple scattering. The overall resolution

in production angle is



CTex
=

=

0.18 mrad

0.16 mrad

2Q

The P..L and mass resolutions are shoWn in Fig. 13. When the

tungsten target was in use, the additional -1 radiation length

through which secondary particles passed added only 0.015

GeV I c in quadrature to CT • Because of the concurrent di-
Pol

electron experiment, we were able to verify our resolution cal-

culations by the observation of the J ltV decay into electron pairs.

At an analyzing magnet current of 961 amps, the acceptance in

mass included the J IIJ1 region. The measured dielectron mass

spectrum is shown in Fig. 14 along with a Gaussian distribution

of standard deviation equal to our expected resolution. It can be

seen that the width of the J IIJ1 peak is indeed consistent with our

calculated resolution.



II. E. Cerenkov Counters and Particle Identification

We were able to distinguish pions.. kaons and protons

through the use of two Cerenkov counters in each arm (see

Fig. 10). Each Cerenkov counter was a light-tight, gas-tight

box enclosing the aperture. Cl was filled with helium and C2

with a neon-nitrogen mixture. Both gases were at just above

atmospheric pressure in order to use thin windows and reduce

cost. Each counter contained three mirrors which reflected

the Cerenkov light onto three corresponding phototubes. The

mirrors were side by side with the following widths (starting at

the small x side~

Cl (mirrors at z = 2324 cm:

734 cm from the entrance window)

mirror 1: 35 cm wide

2: 48 cm

3: 48 cm

C2 (mirrors at z = 2915 cm:

422 cm from the entrance window)

mirror 1: 39 cm wide

2: 39 cm

3: 78 cm

The Cl phototubes were 2 inch RCA C3100M quantacons while

those in C2 were 5 inch Amperex 58 DVP's with wavelength-

21



shifter coatings over their faces. Details of the design and con-

struction of the Cerenkov counters are presented in the Appendix.

Cerenkov light is produced whenever a charged particle

exceeds the local speed of light (c/n; where n is the index of

refraction and c is the speed of light in vacuum). Hence the

threshold momentum (Pth) above which light is produced from a

charged particle of rest mass m o is

22

The efficiency of a Cerenkov counter depends on the amount of

light each particle produces. The pertinent quantity is the num-

ber of electrons knocked off the phototube face by the Cerenkov

light. The average number of these photoelectrons (APE) is

. b 10gIven y

APE = N L sin
2

0o c

where No is a constant depending on the type and quality of the

phototube, L is the path length of the particle emitting Cerenkov

light and 0 is the Cerenkov angle which is given by cos 0
c c

1= J3n (where (3 is the particle's velocity divided by c).

Equivalently,



For particles of a given velocity. the actual number of photo-

electrons is described by a Poisson distribution. Hence the

inefficiency (1 - E). or fraction of times Cerenkov light pro-

duces no photoelectrons. is
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1 - E =
-APE

e

No was measured at a test beam where a very pure.

sample of particles guaranteed to produce maximum Cerenkov

light (i. e. p > > Pth) could be obtained. This guarantee was

made possible by an additional Cerenkov counter whose gas was

under partial vacuum so that only very fast particles would be

detected. The results were:

Cl: N = 185 ± 5
o

C2 : N = 150 ± 20
o

In our calculations. however. we used more conservative values

for No: 150 for C1 and 100 for C2.

Even with gases of the lowest indices of refraction used

in our experiment. the average numbers of photoelectrons were

8.2 for Cl and 11. 2 for C2. which correspond to inefficiencies

of 0.03% and 0.001% respectively. Inefficient light collection,

faulty electronics and other problems could be additional sources

of inefficiencies. Hence we measured the Cerenkov inefficiencies



directly as best we could. Since electrons traveled much faster

than their Cerenkov thresholds in our experiment_ we sought as

pure a sample of electrons as possible. The efrr production

-4
ratio_ normally 10 for PP collisions_ was enhanced by a

factor of 400 by allowing rro, s to produce e+e - pairs in a thick

aluminum target. The best hadron rejection possible by the lead

glass calorimeter increased e frr of our data sample by a factor

of 1300. Since the remaining few percent of hadrons in our

electron sample could not be eliminated, requirements were

made so most of these hadrons would be above their threshold

velocities. Specifically, the sample used to measure the effi-

ciencyof C1 had momenta exceeding 20 GeVfc so that most of

the pions would be above threshold. The C2 sample was made

up of events with Cl on_ so that every particle of this data sam-

pIe (except those included only because C1 accidentally was on)

had a velocity greater than the threshold velocity of C2. The

measured inefficiencies are presented in Table IX • Note

that with the possible exception of C2 up (whose larger than

average inefficiency arose from a measured O. 2% inefficiency

of the small angle phototube), the measured inefficiencies are

consistent with the contamination of our sample of electrons.
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The most serious problem with the Cerenkov counters

was that they were occasionally on when they should not have

been. This was due to stray particles which were fast enough

to produce Cerenkov light but did not' come directly from the

target and usually transversed only part of the apparatus. When

a legitimate secondary was accompanied by one of these fast

strays# unless the stray was incident upon a different mirror

than the mirror traversed by the legitimate track# it was impos­

sible to tell whether the stray or the legitimate particle produced

whatever Cerenkov light was detected. It was possible to meas­

ure the extent of this effect by looking at mirrors not traversed

by legitimate tracks and observing how often the phototubes were

on. The results# of course# were intensity dependent# so meas­

urements using the running conditions corresponding to each

mass range are presented in Table IX. It was observed that

most of the Cl and C2 accidental hits were uncorrelated.

The gases within the Cerenkov counters were chosen so

that the momenta at which particle identification was possible

covered the desired regions. The Cl gas never varied# but the

C2 gas was changed according to the region of the mass spectrum

under study. The gases and corresponding indices of refraction
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are presented in Table X. The indices of refraction were

measured directly with an interferometer. Details of this meas­

urement and device are presented in the Appendix.

Threshold momenta for pionS.- kaons and protons are

illustrated in Fig. 15. Comparisons of the thresholds calculated

using our measured indices of refraction to the directly observed

momentum thresholds are shown in Fig. 16. The top graph

shows the measured C1 efficiency vs. momentum. for pions iden­

tified by the requirement that C2 be on. (The apparent decrease

in the efficiency of C1 when p > 20 GeV/c is actually due to kaons

beginning to produce light in C2 and thus contaminate the pion

sample.) Indeed pions began to produce light very near their

expected momentum threshold. (The expected threshold appears

a little too high. As will be dis cussed in the Appendix. lowered

values were used in the analysis.) The bottom graph shows the

measured efficiency of C2 vs. momentum for kaons and anti­

protons. identified by requiring Cl be off. The kaon threshold is

evident and in about the right place. (The non-zero C2 efficiency

below kaon threshold is caused by accidental hits in C2 and pion

contamination through accidental hits in Ct. As one would expect.

the efficiency at high momenta levels off to about 67%. the K- to

K plus P ratio.)
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We were able to distinguish pions, kaons and protons at

momenta where the Cerenkov responses were expected to be

IT: C1 on, C2 on

K: C10ff, C2 on

P: C1 off, C2 off

(By" on", we mean the probability of on being greater than 95%.)

This region in momentum we call the triple identification band

(3-ID) and is illustrated in Fig. 15. Note that for our experiment

the bounds of this region depended only on the C2 gas mixture.

[As shown in Fig. 15, we restricted the 3-ID region so that even

though the C2 gas mixture varied slightly (±10% in n -1) the 3-ID

boundaries were defined to remain constant in time.] We also

used the pion identification band (v-ill), the region in momentum

where the Cerenkov responses were expected to be

IT C10n, C2 on

K or P: C1 off, C2 on or off

The IT-ID region is also illustrated in Fig. 15 and, as one

would expect, depended only on the Cl gas. The acceptances

in single arm p , defined in the same way as those of Fig. 9
.l

but restricting momenta to these regions, are shown in

Fig. 17. It should be noted that particle identification outside

these regions is possible. For example, if a particle with
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momentum slightly above proton threshold in C2 were to fire

28

neither Cl nor C2, it could only be a proton. (See Fig. 15.)

At this momentum, however, protons in general mayor may not

fire C2, so that not all protons can be identified in this way.

This is an example of conditional particle identification. All

particle identification outside the 3-ID band (except pion identi­

fication within the IT-ID band), however. was ignored.

Definitions of C 1 and C2 actually being on (from their

phototube signals) were made and then modified to reduce the

effects of accidental hits yet not significantly increase the ineffi­

ciencies of the Cerenkov counters. The following discussion may

be clarified by Fig. 18 where events in the triple identification

region are plotted on a Cl pulse height vs. C2 pulse height

scatter plot. Cl was defined to be on when its signal exceeded

0.2 photoelectrons (PE). C2 was on when its signal was greater

than 0.3 PE. When C2 was off (which should have implied Cl

was also off), Cl on was redefined as > 1.0 PEe For positive

particles and C 1 off, C2 on was redefined as > O. 7 PE. (The

increased inefficiency due to this redef"mition Dlerely sent more

K+ into the large P + data sample. )



Fortunately~ the effects of Cerenkov accidentals were

to cause rare species (protons and kaons) to contaminate larger

species samples (kaons and protons). The species compositions

of the secondaries in our apparatus were roughly
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+
IT

IT

K+: p+ = 10: 3~

K : P = 10: 2

4

1

From these ratios~ Table ]X and approximate inefficiencies

(for which the momentum dependence of APE was taken into

account)~ we calculated the losses and contaminations of the IT ~

K and P data samples given in Table XI •

accurate to about ± 250/0 of themselves.

These values are



II. F. Lead Glass and Water Calorimeters

The momentum of each secondary was measured a second

time with our lead glass and water calorimeters. The lead glass

array. present for electron identification in the concurrent di­

electron experiment. is shown in Fig. 19. The water calorim­

eter. a novel device. was selected because of its low cost yet

adequate energy resolution. It was basically a tank of ultra-pure

water 244 cm deep. 305 cm wide and 549 cm long (the down arm

calorimeter was somewhat smaller: 244 x 305 x 320 cm
3

) with

air gap mirrors on the sides and bottom. Wavelength shifter­

doped acrylic panels at the downstream end sent light to RCA

8575 phototubes above. It is shown in detail in Fig. 20. 11

Our calorimeters measured the energy of a hadron in

the following way. When a hadron entered the calorimeters it

soon collided with a nucleus producing many energetic hadrons

(typically 6). These hadrons. in turn. collided with oth~r

nucleii producing even more energetic hadrons. This process is

lmown as a hadronic shower. The typical length between colli­

sions is the absorption length which is given for the components

of the calorimeters in Table XII. Both calorimeters worked

by detecting Cerenkov light produced by the shower hadrons
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(including the initial hadron). The energy of the incoming

hadron, distributed to shower hadrons upon collisions, was con-

tinuously lost to the surrounding media through ionization energy

transfer. The total amount of energy lost in this fashion was a

large, fairly constant fraction of the initial energy of the hadron

and was proportional to the sum of the path lengths of the charged

hadrons associated with the shower. Table XII lists these

energy losses per particle-em (I :/min). Since the total

amount of Cerenkov light detected was also proportional (with the

exceptions discussed below) to the sum of the path lengths of the

shower hadrons, the total Cerenkov radiation was proportional

to the energy of the incoming hadron. There were problems with

this type of hadron calorimeter, however, which made even the

best possible energy resolution relatively poor•. First, hadrons

stopped giving off Cerenkov light while they still had large

amounts of energy (see Table XIII). This problem was ampli-

fied by the fact that a hadron-nucleus collision produced many

low energy hadrons. As seen in Table XIII, another problem

was the different behavior of each species of shower hadron.

Neutral pions were the worst offender in this regard, because

they readily decayed into two photons which often created



electron-positron pairs which, in turn, initiated electromagnetic

showers producing a great deal of Cerenkov light. A problem

concerning the water calorimeter was that the Cerenkov light

passed through 1 to 3 (light) absorption lengths of water before

being collected, the amount of light absorbed depending on the

location of the shower in the calorimeter. The problem of some

shower hadrons making it through and out of the calorimeters

was small. The amount of energy contained by the calorimeters

was estimated to be 99% for the up arm and 91% for the down

12
arm.

The performance of the calorimeters is shown in

Fig. 21. Here events are histogramm.ed according to their

energy as measured by the calorimeters (Ecal) divided by their

momentum as measured with the magnetic spectrometer (p).

The scale was arbitrarily set so that < Ecal!p > ~ 1. Excluding

the low E IIp spike, FWHM = 0.80 <E al!P>. Thelowca c

E cal I p spike is due in part to muons but mostly to particles

which did not come directly from the target (but, for example,

scattered off magnet pole faces) and thus fooled our magnetic

spectrometer. This demonstrates a very important function of

the calorimeter: it eliminated these "fakes" from the data
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sample. We decided to only accept events with Ecal/p > 0.35.

Figure 21 shows this cut eliminated most of the fakes yet only

1. 0% of the good events in each arm. Exactly how many fakes

remained with the good events after passing this cut will be dis-

cussed in the section on backgrounds.

The linearity of E cal with the hadron's actual energy p

is shown in Fig. 22. The histogram corresponding to high

momenta is seen to be peaked at a slightly higher E l'p and
ca

has slightly better resolution than the low momenta histogram.

This is the expected behavior because the larger the hadron's

momentum, the larger the fraction of energy lost before the

velocities of the shower hadrons were less than their Cerenkov

thresholds.

It was observed that E cal was dependent on the species

33

of the incoming hadron. E IIp histograms for pions, kaons,
ca

protons and antiprotons are presented in Fig. 22. No differ-

+ - + -ences between the Ecal/p curves of 11" and 11" or of K and K

were observed. The species dependence of E cal may be due to

differences in the species compositions of the corresponding

hadronic showers. Note that the difference between the pion

and kaon curves is the large number of pions with high E l'p.ca



Perhaps more trOIS were produced early in the showers initiated

by pions. The larger E 1 for antiprotons compared to protons
ca

may be due in part to the energy released in the pIS eventual

annihilation.

The lead glass and water calorimeter signals were digi-

tized separately and mixed in the computer analysis program to

attain the best energy resolution. This same mix was used to

electronically combine the outputs of the two calorimeters. This

signal, whose pulse height was proportional to E l' was theca

momentum Lllput to the high p trigger which will be discussed
.J.

in the next section.
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III. mGH p AND HIGH MASS TRIGGERS
.L

Because we wished to study large p hadrons and high
.l

mass hadron pairs, we needed a trigger to suppress the enor-

mous number of low p single arm events and low mass pair
.1.

events. This we did by constructing signals with pulse heights

proportional to p or mass. Only if one of these signals ex­
.1.

ceeded a preset threshold voltage might the event be recorded

on tape.

Our single arm p trigger was based upon the equation
.1.

p = p. (). A signal proportional to momentum (p) came from
.1.

the calorimeters, as described in the last section. The angular

«() information for each arm was four bits, each of which was

on if a track was detected in the corresponding angular region.

This was described in detail in Section II. C. Before the angle

bits were used by the trigger, each bit was vetoed by the

presence of a larger angle bit so that at most one bit was on at a

time. We multiplied p by () by passing the calorimeter signal

through one of four attenuators according to which angle bit was

on. The attenuators reduced the pulse height by a factor of

< 0i> I < f) 4>' where < ()i > was the mean angle corresponding

to the i th angle bit, 04 being the largest angle. The result was

3S



a signal approximately proportional to p , which turned on a
1..

bit (PT) when it exceeded a preset voltage. The trigger is

diagramed in Fig. 24 .

Our mass trigger was based ·upon the following series

of approximations. (8 is the angle between the two secondaries.)
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I'W

4 P.!.l P..1. 2=

= m,2 _ p,2
.1..

I'W m,2=

(good within 0 to -5% for this experiment)

where m t == Pi! + P.L 2

Pl - P.1.! - P.L 2

Hence summing the two signals proportional to p and P d
.LUp ..L n

gave us a signal whose pulse height was approximately propor-

tiona! to mass. As shown in Fig. 24, the mass signal set bits

if it exceeded a high threshold voltage (:MH) or a somewhat

lower threshold voltage (MM).

The efficiency curves of the PT and MH triggers were

measured directly using scintillation counter (T) triggered data~

but the statistics were insufficient to accurately determine the



curves over their entire ranges. Knowing the shapes of the

E IIp distributions, however, allowed us to simulate the PTca

and MH triggers in our Monte Carlo program, giving us high

statistics efficiency curves. These- curves are shown in Fig. 25

together with the directly measured efficiencies. One param-

eter, relating the pulse height of the p (or m') signal in mV to
.L.

an actual p (or m t ) in GeV I c, was adjusted so that the simu­
.L

lated curves agreed with the measured efficiencies as well as

possible. The Monte Carlo simulation indicated the efficiency

curves scaled in the ratio of p or m' (measured with our mag­
.l

netic spectrometer) to threshold voltage. This.. as one can see

by comparing efficiencies using different thresholds, is verified

by our direct measurements.

The threshold voltages were chosen according to the

region of the mass spectra under study.. Table XIV shows

these voltages and the corresponding trigger efficiencies. Note

the regions in P.L and m' under study correspond to efficiencies

of typically 70%.

The species dependent behavior of the calorimeters led

to species dependent trigger efficiency curves. PT efficiency

curves for the different types of hadrons are shown in Fig.. 26.
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This behavior was also evident from directly measured trigger

efficiencies. The species dependence of the efficiency curves

was, of course, taken into account in the analysis.

Our high P and mass triggers were not, unfortunately,
.L

always trouble-free. The gain of the water calorimeter photo-

tubes drifted during the course of the experiment, the effect of

which was equivalent to the threshold voltages varying ± 7%.

This we took into account in our data analysis. For a portion of

our running, a power supply partially failed rendering our PT

and MH triggers dead .... 30% of the time. The dead time, how-

ever, was constant and was accurately measured.. making this

data useful.

The estimated errors associated with the PT and MH

efficiency curves are represented by a shift in p or m' of ± 4%.
..L

This for example.. corresponds to an error in the PT curve of

± 5% of 700/0 efficiency.
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IV. THE DATA

IV. A. Rates and Data Acquisition

Detected particle and trigger rates. normalized to a

one second pulse_ are presented in Table XV. In actuality,

the spill length varied from 0.8 to 1. 3 seconds. At a typical

intensity of 2 x 10
10

incoming protons per pulse. the detected

particle rate (singles rate) of each scintillation counter or wire

chamber plane was on the order of 5 MHz. The JY and JV wire

chambers, being so close to the analyzing magnet. had singles

rates 3 or 4 times higher. The entire experiment was capable

of handling two or three times more intensity than we used with

no ill effects.

Several signals vetoed all counters in the experiment

(including all triggers and our neutrals counter N). effectively

turning the entire experiment off in their presence. One of these.

the spike killer, turned off data taking when the intensity_ aver­

aged over an ,., 10-5 second interval, exceeded a preset limit.

Another signal killed the experiment whenever the intensity of an

individual rf bucket was too large. This "super bucket" signal

(SB) was described in Section II. A. After each trigger, slow

trigger logic and the computer both took a certain amount of time
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to process information before they were ready to handle another

trigger. During this time a signal was on which stopped further

data collection. The dead times associated with these signals

are also listed in Table XV.

Because of the long time duration needed to collect

signals from the lead glass and execute the complicated logic

associated with the high p and mass triggers, we used two
.J..

levels of triggers: fast triggers and slow triggers. Only in the

presence of a fast trigger was information processed by the rela-

tively slow logic to determine the presence of the slow triggers.

Only in the presence of a slow trigger was data collected by the

computer and written onto data tape. The slow trigger logic took

300 nanoseconds to process iP..formation. The fast trigger logic

operated every rf bucket. The fast triggers were:
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TU prescaled

TD prescaled

TU· TD (TUD)

The TU and TD prescale factors were typically 1024. This

means only after 1024 TU signals did the TU prescaler unit

produce one signal. Because the computer took '" 800 IJ.sec to

process a trigger before it was ready for another, the number



of slow triggers per pulse had to be relatively small. Typically

the slow triggers were:
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PTU • TUP/
S

PTD • TDP/
S

PTU • PTD • TUD

MH • Ml • TUD

MHP/ s . TUD

MMP/s . TUn

electron pair trigger

(= PTUD)

(= MHM1)

- P(= MH IS)

(= MMP/
S

)

The first two of these were our single arm triggers. Our main

pair triggers were PTUD and MHM1. Ml_ as mentioned in

Section II. C_ vetoed events with possibly more than one track

per arm. Its effects will be discussed in the next section. The

MHF'I S and MMPI S triggers were used to study the action of the

MHMl trigger. The electron pair trigger was used in the con-

current dielectron experiment. At times we included other slow

triggers_ often involving FU and FD which were produced when

the signals from the calorimeters (E 1) exceeded a preset
ca

threshold voltage. Numerous types of study runs involved

various other fast and slow triggers. Typical fast and slow

trigger rates are given in Table XV. Note that only .... 70

events were recorded on tape every pulse.



IV. B. Track Quality Cuts

The events written on data t~~went a series of
--------_.~

track quality cuts in our computer analysis program. The fates

of typical sets of 1000 slow triggers are presented in Table XVI.

The first requirement was the ability to somehow reconstruct the

track of each particle (requiring only 2 wires out of lQ, lP, lY,

2 out of 3Q. 3P. 3Y and the correct elements of TO. Vl. V2).

The track was then required to have originated near the target

and to have passed cleanly through the collimators, magnet and

apparatus. (See Table III describing the fiducial volume. )

Any event with more than one track per arm was discarded, since

retaining it would only add confusion to particle identification and

E IIp determination. This cut eliminated only a small percentca

of the real particles as seen in Table XVllI. Next the stringent

reconstruction described in Section II. D was required. Finally

the E IIp cut described in Section II. F was applied. This
ca

affected the slow triggered data very slightly because the high

P.L and mass triggers already required a large E cal signal.

The use of the E cal signal in the slow triggers greatly

increased the fraction of events with reconstructable, fiducial

tracks. [The fact that PT and MH required a proper VI. V2
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combination also made a small (.... 25%) improvement in recon-

structability. J This great improvement in the reconstructability

of the data sample is evident in the comparison of Tables XVI
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and XVII. Table XVII was made using study runs in which

only TU. TD and TUD were triggers. The enrichment of high

quality tracks in the sample of events written on tape was one of

the most important features of our high p and mass triggers•
..L

M1 was used because it increased the fraction of recon-

structable. fiducial pair events by a factor of -1. 7 when study-

ing the 6-10 GeV mass spectra. (For the 4-6 GeV spectra. Ml

increased pair event reconstructability by .... 1. 1.) The reason

for this is that unreconstructable events usually passed trigger

requirements only because the proper counters were turned on by

a spray of stray particles rather than one particle coming cleanly

from the target. Since these particle sprays were more likely to

turn on more than one VI * V2 combination than ~egitimatepar-

ticles. Ml was effective in eliminating non-reconstructable

events. The particle sprays were more frequent when the pri-

mary protons were delivered in uneven bunches (for example.. in

"super buckets"). so when the beam quality was bad. Ml was an

even greater boon to reconstructability. Originally we hoped Ml



would eliminate most of the Cerenkov accidental hits and stray

hadrons which perhaps deposited their energy in the calorimeters

along with the legitimate secondary, producing an artificially

large E 1 signal. It was found, however, that Ml reduced
ca

Cerenkov accidentals by only .... 10% and made no difference to the

width or mean value of the E IIp distribution. As one mightca

expect, Ml reduced the number of pair events thrown out by the

single track per arm requirement by a factor of - 5. Ml also

eliminated good events, the percentage of which was monitored

by PTUD triggers. The Ml efficiencies for hadron pairs are

presented in Table XIX. These efficiencies were found to be

independent of the Pi of each secondary.
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IV. C. Amounts of Data Collected

For each mass range under study. we adjusted the inci-

dent beam intensity, analyzing magnet current. high p and mass
.L

trigger threshold voltages and the Ne":N2 mixture in Cerenkov 2.

The running conditions are summarized in Table XX. Most of

the time the polarities of the analyzing magnets were set as to

accept opposite sign pairs. (Roughly equal times were spent with

+ - - +up dn and up dn .) Some time was spent looking at +/+ or -1-

pairs, although this was not popular with members of our group

interested in searching for resonances in the dihadron or dielec-

tron mass spectra. Normally we used 400 GeV protons on a

beryllium target. We occasionally used a tungsten target to study

A (nucleon number) dependence of hadron pair production and for

a while used 200 and 300 GeV protons to study s dependence. The

amounts of data corresponding to each running condition are given

in Table XXI. The total luminosities can be converted to incom­

ing protons by multiplying N by ... 2 x 10
6

• A running day as de-

fined in T able XXI corresponds to a reasonably full day of data

taking with steady, high quality beam. Because of study runs.

equipment problems and accelerator shutdowns. the data summa-

rized in Table XXI was actually taken over an - 5 month period.
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v. BACKGROUNDS

The first type of background I shall be discussing is

single arm background. These background events passed all

track quality cuts but still were not caused by real particles at

the observed momenta. As discussed in previous sections,

most of these events we're caused by one of two phenomena:

(1) sprays of stray particles turning on enough counters to pass

all trigger requirements or (2) single particles not coming

directly from the target, but scattering off objects such as

magnet pole faces. Although the first type made up the bulk of

undesirable events written on tape, almost all were eliminated by

the stringent reconstruction requirements described in Section

IV. D. Most of the illegitimate events of the second type (and

the survivors of the first type) were eliminated by cuts on two

.independent quantities: the x position of the track at the target

(see Table ill) and E 1/p. Even though the number of ille­ca

gitimate events surviving these cuts was small, as the number of

legitimate events decreased with increasing p , this background
..L

became more and more significant.

For two bins in P.L (3 -4 and 4-5 GeVI c) we attempted

to directly measure this background. Figure 27 (using PTU
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triggers from the 6-10 GeV running conditions) shows the dis-

tribution of events on an x vs. E al /p scatter plot. The
target c

legitimate events are distributed in a narrow Gaussian distribu-

tion about x
t

t = O. All events have a somewhat high E IIp
arge ca

because the E 1 signal was used in the high p trigger. One
ca L

would expect the background events to be uniformly distributed in

X
t

t and tend to have low values of E IIp. The events dis-
arge ca

tributed about x
t

t = 5 em should be ignored because they
arge

are the results of interactions in the thin, titanium window of the

target box, "" 70 em upstream of the target, and are eliminated

by the x
t

t cuts (shown as dashed lines in Fig. 27).
arge

Assuming the events in the left third of each plot are background

events, and just as many of these background events populate the

central third (the region within the x
t

t cuts), we estimatedarge

the background to real ratio to be on the order of 0.40/0 for p
i

= 3 to 4 GeV/c and 30/0 for Pi = 4 to 5 GeV/c. A sneak'preview

of the high Pol region of our single arm invariant cross section

(which will be discussed in detail in the next section) confirms

these order of magnitude background estimates. Assuming the

background events were uniformly distributed across the aper-

ture, we adjusted the level of our background to the highest value

~ ~ ~---~ - ---- ~~~--~---~~~~---~- ~--- -------------



consistent with the cross section measurement of Fig. 28. We

see that although the background to real ratio is less than -15%

at PoL = 5 GeV / c, it falls rapidly to ..... 1% at 4 GeV I c and is

negligible below that. Because the background is small over the

ranges in PoL under study and is difficult to accurately determine,

no attempt was made to subtract it from our measurements.

Background events of the second type to which our

experiment was sensitive are accidental pairs. These are pairs

of particles created during the same rf bucket but not by the

same interaction. Hence any sample of pair events, nUD, is

made up of real and accidental pairs, nUD 1 and nUD •rea acc

We can calculate nUD if we know the corresponding single
acc

arm quantities, nU and nD. In terms of probabilities per rf

bucket, P
b

,

Of course summing over all buckets, E P b (nU) = nU and

48

EPb(nUD )= nUD •ace acc
Using the proportionality of P b (nU)

and P b (nD) to the intensity of the rf bucket, ~,

Pb(nU) =



we can write

P
b

(nUD )
acc

;:: nU nD

. 2
\,
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Summing over all buckets

nUD
acc = nU nD

~. 2
\,

nUD =
acc

(~~)2 I ~ ~2 we call the effective number of rf buckets. (If \

were constant, this would be equal to the actual number of rf

buckets. ) It is very useful to define a quantity, B
int

, as the

number of interacting protons per effective rf bucket. Hence

B
intnU nD ...."...-.-~--­

# mt. protons

(Recall from Section II. A, the number of interacting protons is

equal to e
R

N. )

B
int

was measured with T triggers, since it was found

that TUD »TUD 1 (more on this later). Specifically
acc rea

TUD
TU TD

where N, TUn, TU and TD were all measured with scalers.

Bint depended only on the intensity and quality of the

incident beam. In order to keep B
int

and hence the number of

accidental pairs as low as possible, pulses with B
int

much



correction factor

should have been

higher than the average were removed from the data sample.

Table XXII lists the B
int

cuts and averages for the different

running conditions. As previously mentioned, we used our

bucket intensity monitor (SB) to eliminate individual rf buckets

with very large intensities. Figure 29 shows a typical B
int

distribution with and without the employment of SB.

The pair quantity used in the measure:ment of B
int

really

TUDacc • Hence Bint was :multiplied by the

TUDacc TUDreal
TUD (= 1 - TUD ). We obtained a

lower limit of TUD l!TUD by knowing how many TUD triggers
rea

passed all reconstruction and track quality requirements (see

T able XVII) and then knowing what percentage of these pairs

came from the same interaction. The latter piece of information

required the measurement which will be discussed in Section

VII. A. on the correlation function R. We will see that the ratio

of real to total hadron pairs is R/(R + BinJ, where to fir:st order

R is a function only of m', the sum of both hadrons' PJ... From

the distribution in ro' of the TUn triggered events, we found the

ratios of real to total reconstructed, high quality TUD pairs to be

0.20, 0.20 and o. 15 for running conditions corresponding to the

mass ranges 4-5, 5-6 and 6-10 GeV respectively. From this
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and Table XVII we calculated the lower limits of TUD l!TUD
rea

listed in Table XXII. To the extent the TUD triggers which

failed the track quality or reconstruction requirements were

uncorrelated (which is probably close' to the truth since these

pairs were of low m' and, as we shall see in Section VII. A,

were therefore rarely correlated), the actual values of TUD 1
rea

!TUD are close to these lower limits.

We verified that the percentage of TUD 1 in TUD was
rea

indeed very small through the dependence of TUD on intensity.

The real component of TUD was proportional to the number of

51

interactions, so it was proportional to N. TUD per pulse,
acc

on the other hand, was proportional to the product of TU and TD

[assuming 2: ~2 / (~~)2 was constant pulse to pulse] and was

therefore proportional to N
2

• Writing

tells us a pulse by pulse scatter plot of TUD!N vs. N should

produce a straight line with a y intercept of TUD lIN. Therea

assumption ~ ~2 ! (~~)2 was constant pulse by pulse is a bad

one, however. Actually, ~~ ! (~ib)2 varied pulse to pulse and

run to run, because it depended on how constant the intensity was



during each spill. Also, there was occasionally a correlation

between spill uniformity and beam intensity. We made use, then,

of a quantity called TUD4: the coincidence of a TU trigger with

a TD trigger delayed by 4 rf buckets. Obviously there was no

real component of TUD4. TUD4 can be expressed as

5

Hence

TUD4 = TU TD

TUD4
TUDacc

=

This ratio, called sb (for super bucket ratio: th~ larger the

bucket to bucket intensity variations, the smaller this quantity

was) was found to be somewhat more stable than Z; i{ ! (Z; ~)2•.

It was typically O. 65 to O. 90. Hence we write

TUD = (TUDreal) -.!...( TUD4)
N N + ~ N

so scatter plotting TUD!N vs. TUD4/N should produce a straight

line with slope lb and y intercept TUD al'Ne Figure 30s re

shows such a plot using the 4-5 GeV running conditions. (The x

and y axes have been interchanged to improve accuracy.) Lines

have been drawn through an intercept corresponding to



(
TU~real ) . =

mm
(

TUDreal\

TUD -J .
mm

Tun
<-->

N
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;' 0.01

The distribution of events is consistent with TUD l!TUn being
rea

anywhere between zero and ten times our lower limit. Hence we

TUDreal
corrected Bint by 1 - ( TUn ) ." realizing there is an

mm
uncertainty in B. t of a few times this correction. All togetherln

we estimated the systematic error associated with B
int

to be

The first type of background I discussed" single arm

background" also contaminated the sample of pair events. These

background events" however" were mostly uncorrelated so were

removed from the pairs by the accidental subtraction we made

through the use of B. t.In



VI. SINGLE HADRON CROSS SECTIONS

AND PARTICLE RATIOS

The measurements of single hadron cross sections and

particle ratios from p = 1 to 7 GeV I c were carefully made
.L

several years before our experiment by the Chicago-Princeton

collaboration.
13

We collected single arm data along with pairs

in order to (l) subtract accidental pairs, (2) measure correla-

tions, (3) check systematic errors by comparing results from

the up and down arms and different running conditions and (4)

present evidence to support or contradict the Chicago-Princeton

measurements.
3

E~
dp 3

In terms of

We will present the invariant cross section,

1 1 d2(}
= , which \ve measure at y ~ o.

2rr P.L dy dP.L

measurable quantities,

Cxs
N

(events within p and p + AP )
L .L .L

(single arm pre-scale factor)
(1 - decay probability) overall efficiency

where CXs is the constant defined in Section II. A, N is the

flux measured by our neutrals counter, the acceptance is that of

Fig. 9 or Fig. 17, and EpT is the high P.L trigger efficiency.

The overall efficiency is the product of the efficiencies due to the
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scintillation counters, wire chambers, Ecal/p cut, single track

requirement and data compression programs. The decay prob-

ability for pions or kaons is calculated from

-L

decay probability = 1 - e /3'YCT

where L is the distance from the target to calorimeters, c is the

2 -~
speed of light, f3c is the particle's velocity, 'Y = (1 - (3) and

T is the mean lifetime of pions or kaons. The decay probabilities

are in the range 10 to 17% for kaons and 1 to 3% for pions.

Our single particle cross sections (per Be nucleus) for

hadrons (using no particle identification) are compared to

Chicago-Princeton's in Fig. 31. The invariant cross sections

have been multiplied by p 8 in order to make a detailed com­
i

parison possible. Our data points show both statistical errors

(indicated by the horizontal caps) and combined statistical and

estimated systematic errors (indicated by the full length of the

vertical lines). They do not show an additional ±70/0 normaliza-

tion error associated with C
XS

. Our cross sections show

remarkably good agreement with those of Chicago-Princeton.

The data for Fig. 31 (and Fig. 32) were taken with various

running conditions according to:

S5



p (GeV/c)
Running Conditions

..L for Mass Range (GeV)

1. 15 to 2.55 4-5

2.55 to 2.95 5-6

2.95 to 6.55 6-10

The consistency of our measurements using different running

conditions appears to be within our estimated systematic errors.

Data from the up and down arms have been combined. Cross

sections from each arm alone show the same degree of agree-

ment with Chicago-Princeton and with each other as the data of

Fig. 31.

± ± ± ±
Our particle ratios, namely K]Tf and P]Tf as func-

tions of PJ.' were unfortunately not measured as directly as one

might like. For example,
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:::

(K+ within PJ. and PJ. + ~PJ.)

(Tf+ within PJ. and P..l + ~P..L)

+
(1 - decay of Tf ) • misidentification corrections

+(1 - decay of K )

Recall the high PJ.. trigger efficiency depended quite strongly on

particle type (see Fig. 26). Misidentification corrections are

given in Table XI. The combined corrections to the raw

particle ratios were typically factors of 1. 3 for K±/Tf±, 1. 5 for



+/ + -; -P IT and 1. 2 for P IT • The pions, kaons and protons were
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restricted to the full identification region so that no acceptance

corrections were needed. Our ratios and Chicago-Princeton' s

are shown in Fig. 32. Our K/lT ratios are in fairly good agree-

ment and our P /IT ratios roughly agree with those of Chicago-

+/ + -; -Princeton. The P IT and P IT ratios from the 5-6 GeV data

sample (p = 2. 75) seem high relative to Chicago-Princeton' s
.L

as well as the two points at the highest p. At fir st it seems
.L

our excess of protons at high p could be due to single arm
.L

background, but even if all background events failed to fire the

Cerenkov counters (and hence were identified as protons), at

a p of 4 GeV/c less than 25% of our P sample and 5% of our
.l

p+ sample would be background. It should be pointed out that

we did not choose our running conditions for the best measure-

ments of particle ratios. If, instead of running at high inten-

sities and pre -scaling the single arm triggers by a factor of

1000, we had run at low intensities without pre-scaling the

single arm triggers, then both our Cerenkov accidentals and

single arm backgrounds would have been negligible.



VII. HADRON PAIR PHYSICS

VII. A. The Correlation Function R

The correlation function R is a convenient form in

which to present our data because we can measure R directly

and with few sources of systematic error. R by definition is

3
E~

2 d 3
P2 L

/0"inel

3 3
dPI dpi /

/o-inel
3

E~
1 3

dP1) 0" . 1me

R =

where our cross sections are evaluated at y 1 = Y2 = 0 and where

our pair crosS section is evaluated at <P
2

- <PI ::: 180
0

• In words,

R is the ratio of the probability of observing a hadron at P.l.l and·

another hadron on the opposite side of the interaction at Pl.2 to

the probability if the two hadrons were uncorrelated. In terms

of measurable quantities,

n real (P.Ll' Pl.2)

n (Pl.!) n (P.L2)

where C
R

is defined in Section II. A, N is the flux measured by

our neutrals monitor (C
R

N, then, is the total number of inter­

acting protons) and n 1 (p l' P 2) is the number of realrea .1. ..L

S8



hadron pairs per (GeV Ic)2 at P.Ll and P.L2. n{!i.t) is the

number of hadrons per GeV Ic at P.Ll when looking at one side

of the interaction only. Note that no acceptances or efficiencies

(unless MH triggers were used) were needed to calculate R,

because the pair acceptances and efficiencies are the products

of the single arm acceptances and efficiencies. So that no high

p trigger efficiencies entered our equation for R, we always
.L

used PTUD triggers.

The number of pairs coming from different interactions

[ n (p l' P 2)] had to be subtracted from the observedacc.L J..

n (PJ..l' PJ..2). Recall from Section V,

B
int

nacc (PJ..l' Ii.2 ) = eRN n (P.Ll) n (P.L2)

where B
int

is the number of interacting protons per effective

rf bucket. In terms of observed pairs, therefore,
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n (~1' P.L2)

n (P.L 1) n (P.L2)
- B

int

Hence the removal of accidentals from R involved only the sub-

traction of a constant. A useful corollary of this is that the

ratio of accidental to real pair events can be simply expressed

as B. t/R.In



The only sources of systematic error came from the

measurement of Bint ( U"R = +10%, -5% of B
int

) and from single

arm accidentals, which affected R through the single particle

cross sections in its denominator. Since our R measurements

involved hadrons of p :< 5 GeVIC7 this background was small.
.J..

(See Section V.) The systematic error associated with CR

(± 11%) affected only the overall normalization of R and was

therefore not included in our figures.

Looking at our measured values of R on a P.Ll ' P.L2

grid, one notices R is a strong function of mr == 'P.L! +P1..2 but a

weak function of P' = P 1 - P 2. This is illustrated in Figs. 33,
.l ..l .L

34 and Table XXIII. All 400 GeV beryllium +/- data were used,

with a lower limit in m' chosen for each running condition (m'

> 3. 9, 4.9 or 5.9 GeVIc for the 4-5, 5-6 or 6-10 GeV mass

range) to limit the percentage of accidental pairs. It should be

noted that our R measurements from different running conditions

(and hence different Bint's) agreed7 substantiating our procedure

of subtracting accidentals. The flatness in R as a function of Pi.

allowed us to improve statistical accuracy for Fig. 33 by

averaging our R values within -1. 1 < Pl < 1.1 GeVIc. Each

curve of Fig. 34 was the average of several curves of constant
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m' after each of these curves was raised or lowered by a con-

stant factor so that their values near P.L I = 0 were the same.

This was necessary to assure that the shape of each curve of

Fig. 34 was not due to a varying mean m'.

Our correlation results are difficult to interpret in this

form. The flatness of our R (P ') curves shows that the two
.L

hadrons by themselves do not display strict transverse momen-

tum conservation. The tremendous increase in R with m'

(R c:c el. 50 m' near m' = 7 GeV/c) will be understood when

we discuss x scaling.
e
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VII. B. The A Dependence of Hadron Pairs

The nucleon number (A) dependence of single hadron

production at large p was carefully measured by the Chicago-
.1. .

Princeton collaboration several years ago.
14

They found single

hadron cross sections to vary as Aa, where a as a function of

P.1. is as shown in Fig. 35. To get a feeling for the meaning of

a, let us consider several simple models of proton-nucleus

interactions and their predicted values of a. For an lIopaque"

model of the nucleus, where incident protons would most likely

interact soon after contact with its surface, cross sections

2/3
would vary as A . If, however, an incident proton was

equally likely to interact with a nucleon at any point within the

nucleus, a cross section would be proportional to the number of

nucleons, so a would be one. The observation by Chicago-

Princeton that a is greater than one implies the nucleus must

act collectively in producing single hadrons. Possible explana­

tions of this collective behavior include multiple scattering, 15

the collective motion of nucleons or partons,16 and the altera-

tion by the nucleus of the gluon field between scattered quarks.
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Our measurement of a is based on the equation
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(Cxs · events /N)W

(CXS . events/N)Be

The values for A and for the ratio of the cross section constants

can be found in Tables I and II. Our measured a

values for single hadrons are presented in Fig. 35. To study

the A dependence of pair cross sections we assumed pair pro-

duction also varies as Aa • Of course using only two target

Our results are

materials, the power law dependence for pairs could not be

checked. Instead of looking at the pair Q' on a P.L l' P.L2 grid,

we once again rotate axes and look at Q' as a function of

m'(= P..Ll + P.t2) and P1..' (= P..Ll - P.L2)·

presented in Fig. 36. First we see, after integrating over all

P.1..', a (m') is consistent with 1. Next we see, especially for

. large values of m' (where large values of P I are accessible),
.L

a (P1..') increases with IP.1..' I to values significantly greater

than 1.

Why the production of single hadrons at high P.L should

be enhanced by a large nucleus but not the production of pairs,

unless IP..L 1 - P.L2 I :; 2 GeV / c, is very mysterious. Our

observations are perhaps consistent with collective motion



-.

models, where a kick is given to the p of one hadron at the
..L

expense of the p of the away side hadron. On the other hand,
..L

the larger nuclear enhancement of asymmetric hadron pairs com-

pared to symmetric pairs may be because the low p hadron of
..L

an asymmetric pair has a low fraction (z) of the scattered quark

P..L and, for some reason, the production of such hadrons is more

sensitive to large nucleii.

For single hadrons, 0' (p ) was observed by Chicago­
.J..

Princeton to be species dependent. For pairs we observed 0'

was also species dependent. 0', for all m' and IP.J..' I < 2. 1

GeV / c, is given as a function of particle combination in

Table XIV. The possible significance of these results will

be discussed in Section VII. D.

Further details of our A dependence measurements

can be found in Reference 17.
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VII. C. x Scaling-e---'""'-.....

The quark-quark scattering picture makes definite pre-

dictions for hadron-hadron correlations. In a simple-minded

. 18
way~ let us see how these predictions come about. First let

us ignore transverse motion of the quarks within the beam proton

or target nucleon. Let us say the scattered quarks are produced

with equal and opposite transverse momentum P.L and with cross

section ~~ = <P (P ~ ",fS). Jet experiments ten us <P (P.L) can be
.L .L

approximated by AP.L-n ~ where for our beam energies n .... 12.
19

In the quark-quark scattering picture.. the mesons or baryons we

detect are made up of the scattered quarks and/or quarks pulled

out of the vacuum by the gluon field between the scattered quarks.

If the probability of producing such a hadron with transverse

momentum between p and p + dp from a scattered quark of
.L .L .L

P.L
transverse momentum P.L is D(z) d{z). where z = P.L" then

the cross section of the hadron is given by

d(j =fW dP

dp <P (P.L) D(z) p.L

.L P.L .L

or p dz<P ( -:!: ) D(z) -z z
0

1
,."

A pJ..-nf 0
n-l

D(z) z dz
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At this point two interesting features of single hadron production

in the quark-quark picture are evident. First# the Pi depend-

ence of the cross section of the detected hadron is the same as

that of the scattered quark. The comparison of jet cross sec-

Hons to single hadron cross sections substantiates this predic­

tion.
19

Second, the zn-l inside the integral over z means only

the values of D at z near 1 are important. For the same reason#

the average z should be near 1. Using results from jet experi-

ments, the detected hadron carries on the average,... 85% of the

transverse momentum of the scattered quark. (We must not be

misled. Given a hadron was detected, it carries '" 85% of the

quark PJ... Given a quark was scattered, however, the average

Pi of the leading hadron is a much smaller percentage of the

quark Pl.. This is known as trigger bias.) Next we write the

cross section for back to back hadron pairs.
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where P.L2 $ Pl.1

=fo
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dN
dx

e

and use the conditional probability function

defined as
dN
dxe

P.L2
We define x ==

e P.L 1

dN
In words, dx .6Xe is the probability that given a hadron with

e
p = p 1 is observed, a hadron on the opposite side of the inter­
J. .J..

action with p between x p 1 and (x + b.x ) P::.J..1 is also
.L e..L e e

observed. Substituting our expressions for the single and pair

dN
dx

e
-.

hadron cross sections,

fo
l n

D 1(zl) D2 (xez 1) zl dZ l= (1 n-l
)0 D 1(zl) zl dZ l

The fact that this ~: is independent of P..L 1 is called x
e

e
scali.."1g. Feynman, Field and Fox, taking into account effects

like the transverse momentum of quarks within the beam and

target, and taking into account our experimental aperture, also

predict approximate x scaling (for regions in p much larger
e .J..

than the mean P.L of the beam and target quarks). Reference

20 shows the predictions of Feynman-Field-Fox made for us just

before the analysis of our data. Next we shall put our correla-

tion data in the form of ~~ and test for x
e

scaling.
e



dN
The correlation function R is related to dx in a very

e
simple way. From the definition Of: we find

e
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dN
dxe

= 0.065
cr. 1me

R at PJ..I = 0, this

= p = m r /2...Laway

dN
0.065 comes from the way we chose to express dx We

e
wanted to emphasize that, given a trigger hadron, our accept-

ance on the opposite side of the interaction was small. Hence we

quote ~~ as the probability of the away arm hadron falling into
e

a constant acceptance (close to our maximum acceptance) of

0.065, with ranges in y and <I> close to those of our actual

aperture. (See Section II. B.) Hence we can quickly obtain a

~~ curve through the multiplication of our R (m r ) with our
e

single hadron cross section. Since our R (m') is approximately

dx
dN

is at x = 1 and is a function of Pt.
e e ..L rig

The result is shown in Fig. 37. Roughly•

we do see x scaling, which is quite striking compared to thee

enormous rise and fall of R and the away arm cross section

with P..L.

In terms of directly measurable quantities,
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dN
dx

e
=

real pair events within x and x + t::.x
e e e

(trigger arm events) (trigger arm pre-scale factor) t::.x
e

1

[ acceptance . ]o 065 EpT (1 - decay prob) overall eff• away arm

where the quantities used in this equation are those defined in

Section VI. In order to explore:- where the efficiency of the
e

PT trigger was low.. however.. we found that measuring Rand
3

E ~ independently (i. e. perhaps using different running
2 dP23

conditions) and then calculating ~~ reduced possible system­
e

atic errors. Our results are presented in Figs. 38 and 39.

These figures are based upon R values using PTUD triggers and

using the observation that R
h
+h- is symmetric about P

L
' = 0

(see Fig. 34) to combine data accordingly. To improve statis"':

tical precision we plotted f~= dXe in Fig. 38.. which should
e

also be independent of Pt' if x scaling is obeyed. Indeed..
1-. rIg e

we observe x scaling near and above Pt' = 2.7 GeV / c.
e L rIg

This observed independence of dx
dN

with Pt. motivated us to
e .1. rIg

combine data within 3 < Pt' < 4 GeV I c to better show the
.L rIg

in Fig. 39. From our final equation for
dN

x dependence of -de x
e

~~ from our simple-minded quark-quark scattering picture.
e

n
the zl inside the integrals over zl means only the integrands



the pair cross

A dependence.

near z 1 = 1 are important. so that the x
e

dependence of :
e

should be roughly that of D
2

(x
e

). The data presented in

Fig. 39 fit very well to a line proportional to e -5.7 x e .

We must remember the data we are using were taken

using a beryllium target. Let us estimate the effect of A

dependence on our x scaling results. From the definition of
e

~~ we find we must correct the pair cross section in the
e

numerator and trigger arm cross section in the denominator for

Looking only at ddN at x = 1, we can assume
x e

e
t·· t" 1 t A 1• O±O. 05 (sec lon lS propor lOna 0 see

dN 0'-1
Fig. 36). Hence we multiply our dx values by A , where

e
O! is for shlgle hadrons (as measured by Chicago-Princeton).
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(See Fig. 35.) The results are given in Fig. 40.

is still very evident.

x scaling.
e

Let us gain a feeling for the effect of the transverse

motion of the beam and target quarks on our simple-minded pre-

diction of exact x scaling. Mainly because of this transversee

motion. the distribution of the net Pol of the two scattered

quarks is smeared around Pl.-net = o. This does not signifi­

cantly affect the shape of the pair cross section as a function of

mI. but does affect the single hadron cross section, because a
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number of hadrons are boosted to a higher p (typically,..., 1
L

21
GeV I c higher ) where the population before their arrival was

relatively sparse. The steeper the exponential slope of the

single hadron cross section (:0" ), the larger this effect is.
PL

From p = 2 to 5 GeV I c, this slope decreases very gently.
L

d
dxN (xe ~ 1, Pt' ) is affected only through the trigger arm

e l~ .

cross section in its denominator. This net P.L smearing,

therefore, changes our exact x scaling prediction into ae

d
dN (x ..... 1, Pt' ) with a gentle rise on the order of that

x
e

e J.. rig

observed when Pt' > 2.7 GeV I c in Fig. 40.
J.. rIg

The agreement between our data and predicted x
e

scaling shows consistency if not proof that constituent scattering

is the dominant mechanism for the production of hadrons with

,..., dN
P > 2.7 GeV I c. The observed fall of~ in Fig. 40 when
L e
Pt. < 2.5 GeV I c is a deviation from x scaling, perhapslng e

indicating the dominance of another mechanism producing

hadrons at these P..L. This non-x scaling at low p is con-
e .L

sistent with previous dihadron measurements. 8

----- - ------------- ---- ------------------
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VII. D. The Species Dependence of R

If quark-quark scattering were the only process by

which hadrons are produced at large p , one would expect no
.1.

correlation between the type of hadron produced on one side of

the interaction and the type produced on the opposite side. This

is because any quark from the beam proton can co~lide with any

quark from the target nucleon after which the two quarks dress

themselves with other quarks independently to form the observed

hadrons. [We are neglecting the small effect due to the require-

ment that whenever the two hadrons contain valence quarks of the

original scatterers, one must have come from a beam proton

and the other from a target proton or neutron. For example, if

the two hadrons always were to contain valence quarks of the

scatterers, this effect would lead to a ratio of .;+ (away arm)

yield given a IT - trigger to that given a IT+ trigger of about 1. 05.1

If species correlations are indeed absent, then d?N
xe

should be independent of the species of the trigger hadron. From

the relationship between Rand ddN , we see R should be inde­
xe

pendent of the species of either hadron. Therefore we will com-

pare R for all species combinations and look for their equality.

The lack of statistical precision prevented a straightforward
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comparison of R (m' ) between all combinations of species.

+ ­Therefore we divided R for each species by R for h h at each

m I (in order to divide out the common exponential dependence of

R) and then averaged over m'. Note'that R!Rh+
h

- can be

thought of as a pair particle ratio divided by the product of single

particle ratios. No attempt was made to correct for particle

misidentification. The loss of particles from a 1T, K or P

sample is an inefficiency which, as we recall, does not affect R.

Contamination of different particle types into the species sample

under consideration moves the measured R in the direction of

the R of the contaminants in an amount proportional to the
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degree of contamination. (See Table XI.) Hence the only

effect of particle misidentification is to bring the R ratios

slightly closer to one another.

XXV).

Our R!Rh+ h - are presented in Fig. 41 (and Table

We used PTUD triggers and restricted all momenta to

the triple identification region. The ranges in m ' were chosen

to correspond to the x scaling region (m' = 5. 9 to 7. 9 GeV! c)e

and the region where a process other than constituent scattering

may be present (m I = 3. 9 to 5.9 GeV! c). As one can see, our

R ratios are not all the same.



The phenomenon mentioned in the last section, net P.L

smearing, is responsible for surprisingly large deviations in

R/R
h
+

h
- from unity. Since the exponential slopes of the single

hadron cross sections differ between particle types, the effects

of net PJ.. smearing on R, which contains two single arm cross

sections in its denominator, are species dependent. We can look

at this in a more simple-minded way. Single hadrons observed

at a certain p are most likely low p hadrons in the quark-
.L .J..

quark center of mass frame (where P t = 0) which have been
.J..ne

given a boost of 1 GeV / c or so by the net P smearing.
21

The
.L

single hadron particle ratios at p = 4 GeVI c, therefore,
.J..

actually may correspond to a p of 3 GeV Ic in the quark-quark
.L .

center of mass frame. It is the quark-quark center of mass p
.J..

which is the variable of interest in studying the basic constituent

interaction. Therefore, if each hadron of a pair were to have a

P of 3 GeV / c, which, on the average, should also be the p in
.L .J..

the quark-quark center of mass frame (because of symmetry),

the probability of each being a 1T, K or P should depend on the

single hadron particle ratios measured at a single arm P.1. of

about 4 GeV/c. Hence our naive expectations of R/R
h
+

h
- being

1 should, in the quark-quark scattering model, be corrected by
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the ratios of particle ratios at p + 1 GeVI c to those evaluated at
1..

P1... Our new predictions are presented in Fig. 41. The data

indeed follow the trend of our crude predictions. More accurate

predictions require an estimate of the· actual distribution in net

Pl.. which produces the effect we have been discussing.

Two species combinations of interest are K - K + and PP

because~ if quantum number exchanging processes are at work~

the R/R
h
+h- for these two combinations should be higher than

the rest. In the low m' plot of Fig. 41 we do indeed see such an

effect, which is diminished in the high m' plot as it should be if

quark-quark scattering is the dominant process at large m'. Be-

fore we jump to conclusions~ however, we must remember our

R ratios were measured using beryllium, and A dependence cor-

rections are quite species dependent. To correct for A depend-

1 . 1 dR's by Aa1+a2-apair, hence we mu tlp your measure were al

and a
2

are single particle a's (see Ref. 14) and a . is listed
pa1r

in Table XXIV. Our A-dependence corrected R ratios are pre-
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sented in Fig. 41.
. - + -

We see the R ratios for K K and PP are

no longer larger than the rest. This still may be an interesting

observation, however, perhaps indicating the enhancement of a

low P1.. quantum number exchanging process by large nuclei.



Perhaps the most direct way to present our hadron

pair data is the invariant six-fold differential cross section,
6

E E d cr We quote this cross section per beryllium
1 2 dP13 dP23 .

o
nucleus and evaluated at Y1 = Y2 = 0 and <1>1 - <1>2 = 180 . In

terms of directly measurable quantities,

{
p and p +~p }

real pair events within :..L1 d.Ll :..Ll
CXS P..L2 an P..L2+ ~P.L2
=-_.---------------~----'--

N P..L1 P.l.2 ~P.Ll ~P..L2 acceptance l acceptance2

1

1

overall efficiency1 overall efficiency2

Basically the acceptances and efficiencies used here are the

products of those used for our single hadron cross sectiqns.

Because statistical and systematic accuracy was improved

through the use of MHMI triggers rather than PTUD. we needed

E
MH

, the high mass trigger efficiency, and E
Ml

, the efficiency

of Ml (see Table XIX). In order to determine if M1 altered

the ratio of real to accidental pairs, we measured R with PTUD
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triggers both with and without the employment of Ml. Since no

difference was observed, we concluded that Ml had no signifi-

cant effect on our accidentals subtraction. Our six-fold cross

sections as a function of m' for symmetric h+h - and + ­
1T 1T

pairs (I p.L'1 < 1. 1 GeV / c) are shown in Fig. 42.

The six-fold cross section is related to the correlation

function R in a very simple way.

d6
0- 1

3 3
R E~ E~E 1E 2 3 3 =

0-. I Id 3 2
d

3
dPl dP2 me P1 P2

We can also relate this to
dN
dx

.
e

dN
E

1
d

3
0-

d
6

0-
dx dP13e

E 1E 2 3 3 =
dPl dP2

0.065 P..L 1 P.t2

Hence for symmetric pairs where x ;' 1, xe scaling implies
6 e

E
1
E

2
d
3

0- 3 as a function of p 1 = P 2 = m' /2 should have
dPl dP2 .L .L

the P.L 1 dependence of the single hadron invariant cross section

divided by P..L ~ .

d
6

0-
From the relationship between E 1E 2 3 3 and R,

dP l dP2
we see that if the single hadron invariant cross section were

linear exponential (ex; e ap..L ), the P
L

' dependence of the
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six-fold cross section would be the same as the P..L' dependence
3

of R (see Fig. 34). Because the exponential slope of E d (J"

dp3

with increasing P.L' theincreases (becomes less negative)
6

P.L' dependence of E 1E 2 ~ (J" 3 should be even milder than
dPl dP2

that of R. Our measurements are shown in Fig. 43. Indeed

the cross section is very flat as a function of P..l'. Similar

measurements for the various species combinations were

difficult due to the small number of events collected, as shown

in Fig. 44. The "tilts" of these curves (for example. the

+ - + -m' = 6. 6 curves for 1T K and P 1T ) are consistent with

R (P.L') for all species being symmetric about P..l' = o.

According to our A dependence findings, (see Fig. 36).

our cross sections for symmetric pairs vs. m I should not

The six-fold cross section

change in shape when we correct for A dependence. but should

" 1 b d" °d d b At. O±O. 05SImp y e IVI e y •

vs. P
L

' will change in shape, however. Usip.g a simple fit to
p.L,2

our pair a, a = 0.98 + , we show the A-dependence
40

correction factor on Fig. 43 by which the beryllium data of

that figure should be multiplied in order to convert to cross

section per nucleon.



VII. F. s Dependence

By comparing measurements using 400, 300 and 200

GeV incoming protons, we were able to determine the s depend-

ence of the cross sections and correlation functions. It should

be noted, however, that at 300 and 200 GeV, our center of mass

rapidity ranges were no longer centered around O. (See Table

IV. ) In fact, in the 200 GeV center of mass frame, back to

Our acceptance

back hadron pairs were not accepted into our apparatus. For-

tunately (due to a broad spectrum of quark longitudinal momenta

within the beam protons), the production of hadron pairs is

rather insensitive to the rapidity of the pair. 8

vs. pair rapidity (which was close to the average rapidity of the

two hadrons), generated by Monte-Carlo, is shown in Fig. 45.

The correlation function R for the three beam energies

is shown in Fig. 46. Note the slight decrease in R (at constant

m') with increasing beam energy. Figure 47 shows the test of

x e scaling at 200 and 300 GeV. The 300 GeV data exhibit x e

scaling, but, due to the paucity of events, no conclusion can be

drawn from the 200 GeV data. Note the slight increase in

d
dN (at x ~ 1) with increasing beam energy. Hence from the
x ee

definitions of R and ddN , at constant p , the s dependence of
xe L
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the pair cross section is somewhere between that of the single

hadron cross section and the square of the single hadron cross

section.

.
In its simplest form. the quark-quark scattering pic-

ture predicts the s dependence of the single hadron invariant

. b 6cross sectlOn to e
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2P.L
where the scaling variable ~ == ...rs. (That an invariant cross

section describing point-like elastic scattering :must be of this

form is evident from simple dimensional analysis.). For sym­

metric pairs we generalize the definition of x to x == m' •
.L .L tJS

so that x is the fraction of available eM energy associated
.1.

with the transverse motion of the two hadrons. The power of
6

. P.1. for the symmetric E 1E 2 ~ (T' 3 is predicted by the
dPl dP2

simple quark-quark scattering picture to be -6, as one can

see by dimensional analysis.

We followed the procedure of the Chicago-Princeton

collaboration 3 in fitting our cross sections to the form

b k
= A(l-x) P

.1. .L



Our results are presented in Table XXVI. Our 1T+ cross

sections for the three beam energies are shown together with

the x > O. 17 fit in Fig. 48. Since the cross sections are
..L

plotted as functions of x , the p dependence can be measured
..L ..L

from the vertical displacements between the 200, 300 and 400

GeV curves. Note that these displacements are not perfectly

constant as a function of x , which is why the fits over the two
..L

different x ra.l1ges in Table XXVI produced slightly different
.L

values for k. Since the A dependence corrections changed the

shape of our single hadron cross sections only slightly, the fit

parameters band k were relatively insensitive to our conver-

d 6 (T + _
sion to cross section per nucleon. E 1E 2 3 3 for 1T 1T

dPl dP2
and the x > o. 17 fit are shown in Fig. 49. Assuming its

..L

A -dependence for all energies corresponds to Q • ~ 1 (the
paIr

measurements described in Section VII. B were made only at

400 GeV), the band k fit parameters are independent or A

dependence corrections. From Table XXVI we conclude that

the fit parameter k for the symmetric pair invariant cross

sections is typically 1 (+ 0.5, -1. O) unit more negative than

k for the single hadron invariant cross sections.
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The deviation of the p dependence of the single hadron
J..

invariant cross section from p -4 is thought to be due in part
J..

(up to two powers of P.L) to net PJ.. smearing. 22 Since the

symmetric pair cross section is immune to such effects, R. D.

Field suggested we measure this by comparing the energy

dependence of the cross section for symmetric pairs to that for

single hadrons. Indeed the fit parameter k for symmetric

pairs is closer to -6 than k for single hadrons is to -4 by

0.5 to 2. 0 units.
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For m'

VIII. CONCLUSION

Our many results are summarized as follows. Our

single hadron cross sections are in v,ery good agreement with

those of Chicago-Princeton. Our particle ratios also agree

with theirs. The A dependence for symmetric hadron pairs

corresponds to a ;' 1, in sharp contrast with the rise in the

single hadron a as a function of p to values greater than l.
.L

The pair 0', however, does rise significantly higher than 1

when IPL' I becomes large. Our correlation function Rand

the pair invariant sL""{-fold differential cross section are both

very mild functions of P.L' (= P.L 1 - P.L2). The exponential

rise of R with m' (= P.Ll + P.L2) is directly related to the fact

we observe x scaling when Pt. ): 2.7 GeV I c.
e .L ng .

> 6 GeV I c, R for each species combination appears to be the

same given we compare pair cross sections and single hadron

cross sections at the same P.L l' PL2 in the quark-quark center

of mass system (where P t = 0). For m' = 4 to 6 GeV Ic,Lne
+ - +-there seems to be an enhancement of K K and P P pairs

above that expected assuming no species correlations. After

making A dependence corrections, however, these enhance-

ments disappear. The s dependence of the single hadron
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-8
invariant cross section is described by P..L at constant x..L' in

agreement with previous measurements. For the pair invariant

cross section it is roughly p -9.
J..

The fact we observe x scaling is an important, quan­
e

titative piece of evidence in support of the constituent scattering

model. Our species correlation measurements are in agree-

ment with the quark-quark scattering picture. Thus it appears

we have probed the nucleon and have uncovered its substructure:

point-like constituents which are most likely quarks.
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APPENDIX: Details of the Cerenkov Counters

C1 was approximately 140 em wide, 80 em high and

760 em long. It was made in three 254 em long sections. The

walls were made of two sheets of aluminum separated by ,... 4 em

of plastic honeycomb, making the Cerenkov counters quite sturdy

but relatively light. The mirrors were aluminum-coated glass

with a film (..... 500)t) of Mg F 2 over the reflecting surface. This

prevented oxidation of the aluminum which would have decreased

the reflectivity of ultraviolet light. During the experiment, the

C1 l s were contbuously flushed with helium which kept the pres­

sure within the Cerenkov counters at a constant 3 em of water

above atmosphere. The phototubes had to be out of contact with

the Cl gas, since helium will slowly penetrate glass, ruining

phototubes in a matter of months. This was accomplished with

quartz wL."1dows, which filtered out no more ultraviolet light than

did the faces of the RCA C3100M phototubes. Even though almost

all the Cerenkov light was focused upon the 2 -inch diameter photo­

tube faces, Winston cones were used to assure complete light

collection. The downstream section of Cl is drawn in Fig. 50.

C2 was 160 em wide, 80 em high and 450 em long and

was made in two sections. Its construction was similar to that of
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C1 except in it were 5-inch Amperex 58 DVP's (with no Winston

cones) in direct contact with the gas. Since the majority of

Cerenkov light is ultraviolet, most of which is unable to' pass

through the face of 58 DVP phototubes', we coated the faces of

the tubes with an organic wavelength shifter, p-terphenyl (pT),

which absorbed UV light and reradiated visible light. The type

and thickness of the wavelength shifter was arrived at after

experimentation at a test beam. The thickness of the pT coat

was varied from 50 to 500 fLG I cm
2

with no apparent change in

light collectability. Another wavelength shifter, tetraphenyl-

butadiene (TPB), was also tested and found to work about as well

as pT. After a month, however, the TPB became cloudy and

ineffective. pT supposedly also will age, especially when ex-

posed to air, although we had no such problems during the course

of our experiment. The coats of pT we decided upon were 200

fLO I cm
2

thick. \Ve evaporated the pT onto the tube faces .under

-5
a vacuum of about 5 x 10 torr. The N of the tubes increased

o

from the standard 60 ± 2 to 150 ± 20 with wavelength shifter:

a factor of 2 ~ more Cerenkov light collected.

Since the C2 gas was a variable mixture of neon and

nit rogen, the index of refraction was measured three times a day.
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This was done with the interferometer of Fig. 51. A laser

beam was split into two parallel beams, one of which traveled

through air, the other which traveled through a cell which was

evacuated or filled with Cerenkov gas. When the beams were

recombined, they either constructively or destructively inter-

fered depending on differences in their optical path lengths. The

differences in optical path lengths across the cross section of the

beams produced light and dark bands in the recombined beam.

The lens enlarged this interference pattern before it illuminated

the viewing screen. (It was crucial to place the lens after the

beams were recombined, otherwise temperature gradients in the

gas cell would drastically distort the interference pattern during

a measurement.) When gas was slowly let into the evacuated

cell, the optical path length in the cell increased, making the light

and dark bands move across the screen. The number of bands

which crossed the screen was counted electronically with the aid

of two phototransistors (two in order to detect forward and back­

ward movement). When the cell was completely filled, the num-

ber of bands that crossed the screen center was related to the

index of refraction (n) of the gas in the cell by
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# bands = L

A (n - 1)



where L is the length of our gas cell (1. 026 m) and A is the

-7
wavelength of the laser light (6. 328 x 10 m). Typical numbers

of bands were 56 for helium, 210 for 67% Ne, 33% N2 and 430

for N2. A correction had to be made to take into account different

temperatures in the Cerenkov counters and the gas cell. Another

correction was made because n is dependent on the frequency of

the light. (n was measured with red laser light. Cerenkov light

is predominantly in the UV region.) Although this dependence is

23
well known for the gases we used. we were not sure just what

regions of the ultraviolet spectrum we were sensitive to. After

direct observation of Cerenkov thresholds (Fig. 16). we arrived

at a frequency correction factor of 1.08 for both C1 and C2 by

which we multiplied our measured n - 1. (For the expected

thresholds of Fig. 16, we used first guess frequency corrections

for C1 and C2 of 1. 04 and 1. 10 respectively.) Uncertainties in

the measurements of n - 1 are estimated to be ± 4%. which

corresponds to uncertainties in the threshold momenta of only

± 2%.
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TABLE I

TARGET PROPERTIES

Target Width Length A Density. Absorption # into protons L eff
(em) (em) (gm/em3) Length # inc. protons (em)

(em)

Be 7 0.0222 10.271 9.012 1. 848 37. 1 :!: 10% 0.242 :!: 8.7% 8. 971 :!: 1. 3%

Be 3 0.203 II II II II II II

W O. 0417 1. 275 183.85 19.3 9. 85 :!: 10% O. 121 :!: 9.4% 1. 196 :!: 0.6%

)



) )

TABLE II

N CALIBRATION CONSTANTS

( 2 )
2

N!SEM C em C
R ~ inel (n~~ei)XS nuclei

Be @ 400 GeV ± 5%
-31

243,000 ± 11%
-25

100.5 8.98 x 10 ± 7% 2. 18 x 10 ± 10%

Be @ 300 GeV :i: 6%
-31

254,000 ± 12%
-25

96.0 8. 58 x 10 :i: 8% 2. 18 x 10 :i: 10%

Be @ 200 GeV 89.7 :i: 5%
-31

272, 000 :i: 11%
. -25

8. 02 x 10 :i: 7% 2. 18 x 10 :i: 10%

W @ 400 GeV 77.6 :i: 50/0
-29

158.. 000 :i: 12%
-24

1. 016x 10 :i: 7% 1. 605 x 10 :i: 10%

W
0.772 :i: 7% 11.31 :i: 7.5% O. 649 :i: 14% 7.36:i:14%Be @ 400 GeV

)



) )

TABLE III

FIDUCIAL VOLUME

z Up Arm z Down Arm

Target 0 x :: -2.3, 2.3 0 x = -2. 3, 2. 3

e = 0.0485, 0.0945 e = O. 0485, O. 0945
Production Angles x x

e = -0.0040, 0.0035 e = -0. 0035, 0.0040
Y Y

x=-5.08,5.08 x = -5. 08, 5. 08
Collimators 152.8 152.8

Y = -0.635, O. 635 Y = -0. 635, O. 635

Tungsten Collimator 676 y = -3.05, 2.24 676 Y = -2. 64, 2. 64

Magnet Cente r 1123 1127

Magnet Exit 1324
x = -35.6, 35.6

1328
x = -35.6, 35. 6

Y = -2.03, 9.89 Y = -2. 03, 9. 89

Chamber lY 2416 Y = 10. 64, 49. 7 2413 Y = 10. 83, 49. 9

x = -83.3, 84.3 x = -78.7, 88.9

Lead Glass 3655 y = 24. 1, 9 L 8 (x < 6.9) 3659 Y = 23. 9, 91. 7 (x < 1. 3)
= 24.1, 10L 5 (x> 6. 9) = 23. 9, 101. 3 (x > L 3)

Lengths in em, Angles in radians

)
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TABLE IV

CM RAPIDITY RANGES

400 GeV 300 GeV 200 GeV

tJS 27.430 23.764 19.418

'Y CM
14.617 12.664 10.348

0
0.0683 rad 0.0788 rad 0.0963 rad0LAB - 90CM

°CM
o 0 o 0 o 070.7 to 108.4 63. 2 to 100.4 53.3 to 88. 9

YCM
-0.326 to 0.343 -0. 183 to 0.487 0.019 to 0.689

)



TABLE V

SCINTILLATION COUNTER INEFFICIENCIES (0/0)

Running Conditions
for Mass Range: 4-5 GeV 5-6 GeV 6-10 GeV

UP 3.5 4.4 7.3
T Trigger

DN 2.8 3.8 6.0

T 1 Requirement

VI Requirement

V2 Requirement

TOTAL

UP

DN

UP

DN

UP

DN

UP

DN

o. 1

0.6

0.8

0.6

0.7

0.3

5.0

4.2

O. 1

0.7

0.9

0.8

0.7

0.4

6.0

5.6

0.3

1.4

1.3

0.8

0.6

0.4

9.3

8.4



TABLE VI

WIRE CHAMBER GEOMETRY

Wire Angle
Z Spacing from

(em) (em) Horizontal # Wires

JY 1427 0.212 0 79

JV 1427 0.212 60° 304

1Q 2388 0.203 -7.125° 272

IP 2402 0.203 7. 125° 272

1Y 2416 0.203 0 192

2Y 2975 0.300 0 192

3Q 3503 0.298 -7.125° 352

3P 3517 0.298 7.125° 352

3Y 3531 0.300 0 280



TABLE VII

WIRE CHAMBER INEFFICIENCIES (%)

Running Conditions for Mass Range
4-5 GeV 5-6 GeV 6-10 GeV

JY
UP 2.6 3.4 4.6
DN 2.0 3.0 5.5

JV
UP 0.8 1.1 1.6
DN 4.2 5.7 6.3

1Q
UP 1.1 1.4 2.2
DN 1.0 1.4 2.3

1P
UP 4.2 4.7 4.3
DN 2.0 2.2 2. 9

1Y
UP 1.4 1.7 3.2
DN 1.7 2.3 3.7

UP 2.2 2.6 3.5
2Y DN 3.3 4.0 5. 7

3Q
UP 1.6 1.9 2. 1
DN 1.4 1.7 2.0

3P
UP 1.3 1.9 2. 1
DN 2.8 3.7 3.7

3Y
UP 2.0 2.0 2.4
DN 1.3 1.7 2.5

-
TOTAL

UP
DN

0.3
0.3

0.4
0.5

0.7
1.0
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TABLE VIII

MATERIAL IN SECONDARY BEAM

Radiation 0/0
Length Length Radiation Z

Material (cm) (cm) Length (cm)

1 Target Be O. 12 to O. 23 35.3 0.3 to 0.6 0
W 0.22 to 0.43 0.35 63. 0 to 123.0

2 He 585 477000.0 O. 1
3 Target Box Window Kapton O. 01~~ 28.7 - 585
4 Air 91 31000.0 0.3
5 Shielding Pile Window Mylar 0.025 28.7 O. 1 676
6 Vacuum
7 Magnet Exit Window Mylar 0.025 28.7 O. 1 1324
8 Air 103 31000.0 0.3
9 JY. JV - 1427

10 Air 164 31000.0 0.5
11 C1 Entrance Window Mylar 0.028 28.7 O. 1 1591
12 He 766 477000.0 0.2·
13 C1 Mirror Glass O. 15 10. 6 1.4 2324
14 CI Exit Window Mylar 0.035 28.7 O. 1 2357
15 Air 45 31000.0 O. 1
16 1Q. IP. IY AI. Screen 0.0068 8.9 O. 1 2402
17 VI Pilot Y 0.32 or 0.64 42.9 0.7 or 1. 5 2456
18 TO Pilot Y 0.64 42.9 1.5 2467
19 Air 92 31000.0 0.3
20 C2 Entrance Window Mylar 0.035 28.7 O. 1 2494
21 C2 Gas 452 34300.0 1.3
22 C2 Mirror Glass 0.25 10.6 2.4 2915
23 C2 Exit Window Mylar 0.035 28.7 O. 1 2946
24 Air 29 31000.0 O. 1
25 2Y Ai. Screen 0.0023 8. 9 - 2975
26 Tl Pilot Y 0.64 42.9 1.5 3034
27 Air 542 31000.0 1.7
28 3Q, 3P, 3Y 3517

)



TABLE IX

CERENKOV INEFFICIENCIES (%)

(Measured with Electrons)

Inefficiency Due to Impurities
Inefficiency (%) in Electron Sample (%)

Cl up 0.16
.... O. 15

Cl dn O. 10

C2 up 0.08
,.., 0.02

C2 dn 0.02

0/0 OF TIMES CERENKOVS FIRED

WHEN THEY SHOULD NOT HAVE

Running Conditions
for Mass Range: 4-5 GeV 5-6 GeV 6-10 GeV

Cl up > 0.2 P. E. 1.8 5. 1 11. 5
> 1.0 0.8 2. 1 4.9

Cl dn > 0.2 2.2 5. 6 8.0
> 1.0 1.1 2.5 3. 9

C2 up > 0.3 5.5 12. 1 14.8
> 0.7 3.0 7.0 9.6

C2 dn > 0.3 3.7 7.4 11. 8
> 0.7 2.3 5.0 7.9



)

C1:

C2:

)

TABLE X

CERENKOV GASES

Pion Identification
Gas n - 1 Momentum Band

-5 8-56 GeV/cHe 3. 72 x 10

Triple Identification
Mass R.ange Gas n - 1 Momentum Band

4-5 GeV N2
-4

22 -39 GeV Ie2. 86 x 10

42% Ne~ 580/0 N2
-4

30-50 GeV/c5-6 GeV 1. 93 x 10

UP: N2
-4

UP: 22 -39 GeV I cAsymmetric UP: 2.86 x 10

5-6 GeV DN: 67% Ne~ 33% N2
DN: 1. 40 x 10-4 DN: 35-55 GeV/c

6-10 GeV 67% Ne, 33% N2
-4

35-55 GeV Ie1. 40 x 10

)
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TABLE XI

IT~ K~ P SAMPLES: LOSSES AND CONTAMINATIONS (o/a)

Running Conditions
for Mass Range

4-5 GeV 5-6 GeV 6-10 GeV

IT: losses: C1 or C2 0.4 0.2 0.2
inefficiencies

cont: K's with C1 K+ 0.7 1.9 3.4
accidentals K 0.4 1.1 2.0

K: losses: C1 accidentals or 2.2 5.4 9.8
C2 :inefficiencies

cont: IT'S with C1
+ 1.0 0.5 0.4IT

:inefficiencies IT 1.8 0.9 0.7

pIS with C2 p+ 3. 1 6. 9 10. 1
accidentals P 2.3 4.9 6.7

P: losses: C1 or C2 p+ 3.7 8.2 12.8
accidentals P 5.6 11. 9 17. 1

cont: K's with C2 K+ 0.2 O. 1 0.1
inefficiencies K- 0.3 O. 1 O. 1
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TABLE XII

PROPERTIES OF CALORIMETER COMPONENTS

dE

Length Abs. Length Rad. Length
dX

min
Material (em) (em) # Abs. Length (em) (MeV/em)

Pb 1. 27 18.5 O. 1 0.56 12.8

Lead Glass 60.0 40.0 1.5 2.36 9.0

Steel 6.3 17. 1 0.4 1. 77 11. 6

up arm 549.0 7.0
H

2
O 78.8 36.4 2.03

down arm 320.0 4. 1

)



TABLE XIII

CERENKOV THRESHOLDS FOR THE CALORIMETERS

Lead Glass H
2

O

Particle n E
th

n E th

1T 1. 673 0.17 GeV 1. 33 0.21 GeV

K 0.62 0.75

P 1. 17 1. 42
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TABLE XIV

PT AND MASS TRIGGER SETTINGS

Mass Threshold + + -p (or m') for which h (or h h
Range Voltage .L Trigger Efficiency is

(GeV) (mV) 25% 50% 70% 85%

4-5 52 1.4 1.8 2.2 2.7

PT 5-6 72 1.9 2.5 3. 1 3.7

Trigger
Asymmetric UP: 52

5-6 DN: 92

6-10 92 2.4 3.2 ' 3.9 4.7

4-5 32 2.5 3. 1 3.6 4.2

MH
5-6 47 3.7 4.5 5.3 6. 1

Trigger

6-10 62 4.8 5.9 6.9 8.0

(P.L's in GeV/c, Masses in GeV)



TABLE XV

RATES (Per a 1 Second Pulse)

Mass Range (GeV)

4-5 5-~ (asymmetric) 6-10

INTENSITY 4 x 10
9

7 x 10
9

2 x 10
10

(protons per pulse)

SINGLES RATES 6 . 6 6
-1 x 10 -2 x 10 -5 x 10

(per counter or wire
chamber plane)

LIVE TIMES:

Spike Killer 0.95 0.95 0.95

SB Veto 1. 00 1. 00 0.95

Slow Logic Busy 1. 00 0.99 0.95

Computer Busy 0.83 0.84 0.93

FAST TRIGGERS:

TU
5 5 61. 5 x 10 4.0 x 10 1. 1 x 10

TD 5
4.2 x 105 61. 6 x 10 1. 3 x 10

TUD 1300 7400 56000

SLOW TRIGGERS:

PTU (: 1024) 17 (: 2048) 18 (7 1024) 10

PTD (71024) 18 (7512) 11 (7 1024) 10

PTUD 16 12 7

MHMI 41 18 24

MH (78) 10 (78) 10 (78) 6

MM (732) 7 (..;. 32) 12 (7256) 4

Electron Pairs 1/2 3 5

TOTAL 96 72 58-,
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TABLE XVI

NUMBER OF EVENTS PASSING TRACK QUALITY CUTS

Mass Simple Single Stringent
E lipRange Slow Track Fiducial Track Track ca

(GeV) Triggers Reconst. Cuts Per Arm Reconst. Cut

PTU
P 1000 939 722(from 12. 7K TU Is) 716 700 700

4-5 PTD (from 14. 8K TDPI s) 1000 914 739 739 728 728

MHM1 (from 21. 4K TUD) 1000 640 378 377 368 362

-
PTU (from 10. 3K TUPIS) 1000 930 731 729 713 713

5-6 PTD (from 85. 4K TDPI S) 1000 889 723 710 700 700(asym.)
MHM1 (from 115K TUD) 1000 704 452 450 436 432

PTU (from 93K TUP/
S

) 1000 776 562 550 530 530

6-10 PTD (from 159K TDP/ s ) 1000 812 602 596 571 571

MHM1 (from 2500K TUD) 1000 454 252 248 237 235

)
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TABLE XVII

NUMBER OF T TRIGGERED EVENTS PASSING TRACK QUALITY CUTS

Mass Simple Single Stringent
Eca1/pRange Track Fiducial Track Track

(GeV) Triggers Reconstruction Cuts Per Arm Reconstruction Cut

TU 1000 371 239 237 229 225

4-5 TD 1000 277 162 161 157 148

TUD 1000 117 58 56 56 54

)

5-6

6-10

TU

TD

TUD

TU

TD

TUD

1000

1000

1000

1000

1000

1000

321

255

104

104

130

13

201

154

40

53

66

3

199

153

40

52

64

3

191

147

37

46

60

3

186

134

35

43

57

3



TABLE XVIll

PERCENTAGE OF TRACKS WITH MORE THAN ONE

TRACK PER ARM

Up Arm

Down Arm

4-5

0.3

0.2

Mass Range (GeV)

5-6

0.6

0.8

6-10

2.2

1.4



TABLE XlX

M1 EFFICIENCIES FOR HADRON PAIRS

Mass Range

4-5 GeV

5-6 GeV

6-10 GeV

Percentage of PTUD

High Quality Pairs with M1

87%

82%

79%
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TABLE XX

RUNNING CONDITIONS

50% Efficiency Points of Full Particle ID
Mass Range Intensity Magnet Current PT in p MH in m' Momentum Band

(GeV) (protons /pulse) (amps) ~(GeV/c) (GeV / c)

4-5 4 x 10
9 961 1.8 3. 1 22-39

5-6 7 x 10
9 1288 2.5 4.5 . 30-50

5-6
7 x 10

9
961

up: 1.8 4.5
up: 22-39

asymmetric down: 3.2 down: 35-55

6-10 2 x 10
10

961 or 1288 3.2 5. 9 35-55-

)



TABLE XXI

DATA SETS

Data Set
(Mass Range in GeV)

Running Days @
5000 Pulses/Day

400 GeV Protons on Beryllium:

4-5: +/- 7.3 1.2
+/+ 0.9 0.2
-/- 0.9 0.2

5-6: +/- 20.5 1.7
+/+ 3.4 0.3
-/- 5.8 0.5

asymmetric: +/- 14.1 1.1
+/+ 5. 1 0.5
-/- 8.6 0.7

6-10: 961 amps: +/- 324.0 10.2

1288 amps: +/- 405.0 8.7
+/+ 35.0 1.4
-/- 92.0 3. 1

400 GeV Protons on Tungsten:

4-5: +/- 1.0 0.2

5-6: +/- 3.5 0.2

asymmetric: +/- 1.7 0.2

6-10: +/- 35.0 1.4

300 GeV Protons on Beryllium:

5-6: +/- 53.2 2.0
+/+ 11. 0 0.4
-/- 32.5 1.2

asymmetric: +/- 105.5 5.5
+/+ 13.7 0.7
-/- 36.7 1.7

-

200 GeV Protons on Beryllium
(taken concurrently with 300 GeV runs):

5-6: +/- 41.5
+/+ 10.7
-/- 23.3

1.6
0.4
0.9



TABLE XXII

B. t CUTS AND AVERAGES. In

Mass Range

4-5 GeV

5-6 GeV

6-10 GeV

B. t CutIn

25

50

110

16

30

70

Tun 1rea
Tun

0.011

0.007

0.0005



TABLE XXIII

R (mI) Ill1 - 1121 < 1. 1

m' B. t R
h
+

h
- Error R + - Error

lTI IT IT

4.0 15 9. 1 0.4 10.4 0.7
4.2 15 11.8 0.5 12. 1 0.9
4.4 15 14.5 0.7 16. 1 1.2
4.6 15 18.6 1.0 22.6 1.7
4.8 15 21. 6 1.4 27. 1 2.4
5.0 26 31. 9 1.5 37.2 2.5
5.2 27 43.5 2.2 51. 8 3.7
5.4 28 53.7 3. 1 60.8 5.3
5.6 28 66.0 4.4 83. 1 8. 1
5.8 29 92.2 6.7 112.4 12.7
6.0 66 120.0 4. 1 145.6 7. 9
6.2 66 153.2 5.8 203.1 12.3
6.4 67 215.7 8.5 249.9 18.6
6.6 68 290.8 12. 6 382 31
6.8 68 412.5 19. 1 537 52
7.0 69 591 30 987 99
7.2 69 687 42 823 131
7.4 69 1034 67 1450 250
7.6 69 1252 97 1680 390
7.8 69 1843 154 3060 780
8.0 69 2840 250 4150 1330
8.2 70 3770 390
8.4 70 4290 560
8.6 70 4830 780
8.8 70 8100 1340
9.0 71 9850 1950
9.2 71 11300 2800
9.4 71 15500 4300
9. 6 72 17100 6100
9.8 71 26700 10100

10.0 71 40200 16400

Errors shown are statistical only.



..

TABLE XXIV

SPECIES DEPENDENCE OF a

- - -
IT K P

+ 0.99 ± 0.03 1.05 ± 0.09 1. 29 ± O. 14IT

K+ 0.98 ± 0.09 1.33 ± 0.17 -

P 1.11 ± 0.07 1. 58 ± 0.21 1. 37 ± O. 13



Species

+ +rr rr
+ ­rr rr

rr rr
K+rr+

K+rr­

K+K+
- +K rr

Krr
K-K+

KK
P+rr+

+ ­P TT

P+K+

P+K-

p+p+

P rr+

Prr
P K+

PK
P p+

PP

TABLE XXV

m' == 3.9-5.9 GeV/c

Be Data A-Corrected

1.03 ± 0.11

1.15 ± 0.04 1.08 ± 0.10

1.07 ± 0.11

0.95 ± 0.13

0.94 ± 0.07 0.96 ± 0.20

0.79 ± 0.29

0.83 ± 0.08 0.71 ± 0.16

0.74±0.14

1.20 ± 0.16 0.59 ± 0.23

1.00 ± 0.45

0.64 ± 0.10

0.87 ± 0.06 0.80 ± 0.13

0.90 ± 0.18

0.74 ± 0.12 0.25 ± 0.12

0.47 ± 0.18

0.84 ± 0.11 0.47 ± 0.15

0.52 ± 0.17

0.75 ± 0.18

0.61 ± 0.37

1.15 ± 0.17 0.69 ± 0.22

0.49 ± 0.67

m' == 5.9-7.9 GeV Ic

Be Data A-Corrected

1.08 ± 0.16

1.28 ± 0.04 1.21 ± 0.11

0.97 ± 0.12

0.91 ± 0.18

0.97 ± 0.07 0.99 ± 0.21

1.66 ± 0.53

0.67 ± 0.08 0.59 ± 0.13

0.88 ± 0.17

1.05 ± 0.16 0.53 ± 0.22

0.76 ± 0.52

0.60 ± 0.14

0.72 ± 0.06 0.71 ± 0.12

0.54 ± 0.22

0.64 ± 0.13 0.24 ± 0.12

0.23 ± 0.23

0.33 ± 0.10 0.20 ± 0.09

0.49 ± 0.22

0.43 ± 0.18

0.07 ± 0.34

0.39 ± 0.17 0.27 ± 0.14

0.00 ± 0.69
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TABLE XXVI

FITS TO SINGLE HADHON AND SYMMETRIC PAIR INVARIANT CROSS SECTIONS

)

d3
o- d6

o- b k
E- or E E = A (1- x) P

dp3 1 2 dP13 dP23 1. l-

2p m t

where x = .,;; p = -2 for symmetric pairs
1. '\J S J..

..
x.t > O. 17 x.L > 0.24

Cross Section A b k A b k

Single rr+ (Be) (3.3± 0.3) x 10-26 7.4± 0.5 -8.a±0.1 (5.5±1.5)x 10-26 6.1±0.8 -8. 9± 0.2
(AC) (4.4± 0.4) x 10-27 7.4±0.5 -8.4±0.1 (7 .2± 1.9) x 10-27 6.1±0.8 -9.2 ± a.2

- (Be) (2.9±0.2)x 10-26 (4. 7± 1.4) x 10-26rr 9.1±O.1 -7.5±0.1 8.1±0.8 -8.2±a.2
(AC) (3.9±O.3)x 10-27 9.1±0.1 -7.9±0.1 (6.5± 1.7) x 10-26 8.1±0.8 -8.6±0.3

h+ (Be) (l3.0±0.7)x 10-26 8.3±0.1 -8.5± a.l -26 7.3±a.2 -9.5±0.1(39.1±4.5) x 10

h- (Be) (6.9±0.4)x 10-26 11.2±0.1 -7.6±0.1 (l6.3± 1. 7) x 10-26 10.7±0.2 -8.4± 0.1

Symmetric rr+rr- (1.6±0.3)x 10-28 12.8± O. 6 -8. 7± 0.2 (1. 7±0. 7) x 10-28 14.0±0.8 -8.4± 0.2

h+h- (6. 7± 0.4) x 10-28 13.0± 0.4 -9.3±0.1 (8.4± 1.9) x 10-28 13.7±0.6 -9.2± 0.2

300 & 400 GeV Data Only

Single rr + (Be) (4.2±0.2)x 10-26 7.8±0.9 -8.2± 0.2

- (Be) (3.4±0.4)x 10-26 8.3±0.3 -7.9±0.2rr

Symmetric rr+rr- (1.7±q.4)x 10-28 10.8± 1.2 -9.2± 0.4

Be = Beryllium data. AC = A dependence corrected.
All errors are statistical. Systematic error on k = ± O. 5.
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CENTER OF MASS ACCEPTANCE .@ 400 GeV (fop view)
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. THE APPARATUS (TOP VIEW)

)

S2 2" STEEL
V2! f ~ _95~I ~ ~ - - - - mrad

VI ~o ~ -----Jlu----- \ 50
UP ARM_~ ~t::~t=------ \~.. c.=:' mrad

MAGNET t -e---------]-1 . p.t
- 2j::-- --- . 50--_If:::;;; - - -- ________ ___ ___mrad~4f47~:: rt~::;fU:. :.L:::_-_lL:tjUL~LJI1 __ -- lll~f:~ 95

d
\ V I' ~ p.../ 1 mra[{(Will JY, J IQ IP. IY 2Y 30,3, \. LEAD

' , 3Y GLASSDOWN ARM

I I ~ I I

o 10 20 30 40

DISTANCE FROM TARGE"T (METERS)

FIGURE 10



,/"""'.

TRIGGER COUNTER GEOMETRY

'OcmI

5 ~

4

3

2
I ~

TZ(~=2647em)

4 8

3 7

'5cmI 2 6

5.,.....

T I (r =3034 em)

y I 2 3 4 5 6 7 8 9 10 II 12

FIGURE 11

52 (~= 3620 em)
----X-~·~

I I
15cm



) ) )

op /P(%)
I i

1.5

1.25

1.0

.75

.5

.25

"",,/
/'

"""".""./
/'

/'
OVERALL RESOLUTION: ,,/"" 961 AMPS

.""
"""",,/

""""/'
,,/

,,/
/'

/'
/'

/'
,,/

./
/'

____..:ONTR~lJTIO~~UE~~~UL~LE.SCATTERI~
--------

O' 10 20 30 40 50 60 70 80
MOMENTUM, P (GeV/c)

FIGURE 12

90 100



_r-

CTp Ip (%)
J. J.

1.5
.,....,

961 AMPS.,...., "
"1.0

.5

o I 2 3 4 5
(SINGLE ARM) P (GeV/c)

J.

6

CTm 1m (O/o)
1.0-------.~-----......------.-

.75

.50

•25O~....I....-....a....-.....a...-.....I.4-1-6..L....-.""'---....L-8----l..-----l1O-.L..-
1
...L..

2
.....

MASS (GeV)

FIGURE 13



EVENTS

80

70

60

50

40

30

20

10

l CT =.013 GeV

2.95 3.00 3.05 3.10 3.15 3.20 3.25
me+e-(GeV)

FIGURE 14



\ '-ON 108
MAY HAVE BEEN ON ----

r----K
Ie-- 31 0 ---I ~POSITIVE 10

p~
~CONDITIONAL 10

- -,
.".

.
.. -

..
--- -- I

~ -- I

~27Ti
~17T

C2K
elK

C2p
CIP

o 10 20 30 40 50 60 70

MOMENTUM (GeY/c)

80 90 100

PARTICLE 10 REGIONS FOR N2

C2K
elK

C2p
Clp

_K~I--31O-----l

P .•

7T

.. -
•

~---- I

~ I

108---
o 10 20 30 40 50 60 70

MOMENTUM (GeY/c)

80 90 100

FIGURE 15



PIONS
FRACTION OF EVENTS

WITH tl ON

\.0 ~--.---r--rl~~~""""---'---~~1

0.8

0.6

0.4

0.2

i
{EXPECTED v THRESHOLD

o I.!...!.!••.•• • • • .,' I I

10 15 20 25
MOMENTUM (GeV/c)

I

30

-

35

KAONS AND ANTIPROTONS
FRACTION OF EVENTS

WITH ~2 ON

L 0 .---r---r--.-.......I----r--.-"T'"'"""""'T----r--.--"T'"'"""""'T--"''T"""~~__""T"""_r__...___._____r__r__.,..___,

0.8

0.6

0.4. . H .
0.21j I I 1111

jI I II[EXPECTED K THRESHOLD

o I I

25 30 35 40
MOMENTUM (GeV/c)

FIGURE 16

45 50



ACCEPTANCES FOR PARTICLE TD REGIONS

C\I 7 ··'0 ·•·, ~

6
/\~4-5 GeV 3-10

l.L I \ ~

0 \ ~,
(f)

, 5-6 GeV 3-10
5 Ir- ,- IZ

:J
,

4 I
I

Z ,,
":<i-7T -IO Upper Cutoff,

W ·
3 , ··U ·, ··Z ·I •··

~
·, ···

2 , ···a.. , ····W I ..
U

, ...
I

.

~
.., .., ..,

00 I 2 3 4 5 6 7
(SINGLE ARM)

~
(GeV/c)

FIGURE 17

--------------'--- ----------



) ) )

C2 LIGHT (photoelectrons)
............................................... , '

I:

: 1

.'

1 1

I
1

II
1 2

11

: I

11 I
II

I
1\

It

21

PIONS

1
: I

II 11111
I 1

I
I

I
I

I
I

\
1 I

I
\

\
1 \

I

,11

II

I
I

11
i I

I I 121
I 1 21 I I 1
I, I;> 1 \ 1\ I 1

, II 2 11 I 'I
, 11 'I IZ I 11 I I

I I 11 ZI I 31;> 4 1 1
11 I ZI1 31 I II ?II III

I 21<!?1I I III l II 1 12'11111 Z
Z 12 4 'I 311111 111;>ZII II I I II

1 'I? 11311 311 11Z22? I? 3331 7'111 2 I I Z
I I ,32iZ,12 I? 0113 41?33 Z 2 I I Z

, IZ I ? Z 12 Z 211111211?1 212;> lOll 3 2 I II
11 11 l'II~3?'1~0411 1213?4~7211Jl I III III I

1 2IiI121~'~121212 j312'?2?~ I 3 I 114
11 I 10231 42ZZ55028iI21?~325 024 1 22

2 21 I ;> 12~2131,'37212?011 1614117,7 5~1 I 2
2' ??1 113~13,J2IJ 3'1' 00 ?qlol 7'1 ?1~2)11 I 1

~1' , ,'10,07"42 312 7171311113 13222 I II
, 1??I;>'I"11131~1122"53~35~??' oJ I 31 III 2

I ?1 2, IZ ,2133?115331,3 2 1 I~ 45,? 2 II 3 3 ~12 I
II 1Z111Z4?1 3...iI330.104 251?OS2"11 3312 2 I

I IZ , 2 II 4,51153~2221'42323121 214 11;>7113113 2 liZ

KAONS 9. 1 \1 112 1111,1 o•• 11132'lb24~ 72121\3 2 .12211 III
Q 111112 ~ ~1l3,1 2~" 15 0,0 2721?1 IIII? I I 112 I I

10 I I' 1 II~I I ,1 211121312?1 il 2212111 I JI 21 I 11
8 I \1 II 111,11 11132314111 I 11113 I I II
QO I 1 II \ 1143121 I I II 211?1 II I I
'01 I < I I11I II i 2' III 11 I I
H \ I 11 1 I I I II 1 I I I
••• I 1 1 I
.~ 1 1

KAON· PROT0N;.a 11
BOUNOARY-~-~I"--+1r+---r-----t-~---------------------

I 00 Z
I

: ANTIPROTONS .
I •.........•.........•.........•.........•.........•.........•.........•.........•.........•..........

-\.Q01 .100 ?Ion •• IO~ o.IOU A.lnO 10.100 12.100 10.lnn 10.Jnn 1~.ln2

'~.7
2~.1

"5.5
'4.Q
i •• 3
"'.7
23.1
~'.5

21. Q

2: .,
cC,'
c1"l.)

10.5
I •• il
10. J
1"' .. ~

l"',l
'''',e;
15.9
1Co .. ~
: ,
; 1
13,-;
I?Q
j,'.3
1~ .. ,.
1:.1
~ "'. ~
1,Q:)

ii,30
~ ... ~

~.lJ

",I)f;
~.qO

"",1"
,."'j
:, .. 1 C
-.-;"
J,9'j
1, :3 i
',7':

i. 1"
.,cC'
,~~O

.,~O

-,'pO
-.Q~'
-1.5'
-i.!"
-~.7'

CI LIGHT (photoelectrons)

FIGURE 18



) ) )

THE CALORIMETERS

Lead glass
r - ,

H20 calorimeter

I _{3876Cm(Up arm)
!z- 3775cm(down arm)
I .

1­

""'15cm

T
35cm

~
H
15cm

\ \ \ \ .
\ 'i " \
\ \
\ \

\

\
\
\
\

I
I
t .
I
I

Z=.3635cm

I.27cm
Pb

\x

BEAM ,..

6.3cm
steel

FIGURE 19



) )

THE WATER CALORIMETER

wavelength shifter panels

)

plastic cover
(not shown)

<o~~~

e

acrylic - air gap­
acrylic mirror

FIGURE 20

photo multiplier tubes

wood with
black vinyl
interior

sides



EVENTS

120

3.02.0

(Ecal/p) = 1.09

1.0
Ecal/p

FWHM =.87

Ol....-.L.....;;.;::.--L-_.......L..__..........__..........__.&....-~~

o .35

20

60

40

80

100

FIGURE 21



EVENTS (norma Iized to
a total of 1000)

120

3.02.01.0

OL..-_----L.__--L-__--'-__......L...._----=~~~L......

o

"IDa
..

.. .. p>35 GeV/c80 ••
• « p> ""40)•;. I..

•••• p < 30 GeV/c60 • I•• 1.• « p >"" 28)•r·
••••40 •• ..
• I• •• •

20

Ecal/p

FIGURE 22



1T «Ecal/p)= 1.06)

K «Ecallp)=.98)

p «Ecal/p)=.88)
p « Ecal/p) =1.02)

20

80

40

60

120

100

140

EVENTS/ 81 N (normalized to a
total of 1000)

1.0 2.0 3.0

Ecal/p

FIGURE 23



) ) )

THE HIGH PT TRIGGER

MH

PTU

MM

~PTD

LG • Linear Gate

LFI • Linear Fan In

LFI

84

84

81

DOWN ARM:

UP ARM:

H2 0 CAL

LEAD GLASS I

ATTENUATOR
~

H20 CAL

LEAD GLASS I

FIGURE 24



PT Trigger Efficiency PIONS
1.0r-----r-----.,-----rr---::::5~===..,

.8

.6

.4

.2

2 3 4
(SINGLE ARM) Ii (GeV)

5 6

Mass Trigger Efficiency 1T+""-
1.0-----.---..,....-.---,~---r-___,.~-_r_____r-_._____,

.8

.6

.2

0
0 2 3 4 5 6 7 8 9 10

MASS (GeV)

FIGURE 25



) ) )

92mVPT Trigger Efficiency
ID. I

--7T
- ... - K

P
P

62 -3 4 5
(SINGLE ARM) Ii (GeV)

~ •?"',,:?..;
/'",.~

/.' ".""
,,'- ,,,,1fIII"

~ ~ ,//
,///

,///
,/ /

,/ /1
/ I, I

/ I
,l/' I" I

"I' I'
" I II

,'/ /
,', I
// I

" I I/1 I
/, I
'l /

,~ I
Y /

,~ //

'J'/""/~_ ....
°0

4

.8

.6,

.2

FIGURE 26



) ) )

ECOI/P Ecal/p

-

-

-

-

I

l.
6

I

...L......L
4

Ii
I
I
J

I
I,
I
I
I
I
I

1

1
1

12
11

11* 1
:>2

1

1 1
1

1 1
1 111

1
1 1

If?l1
1 1

1

1

11! 1t1
1 11

..l.
-4

J

I
~ L L _

I I
I 66 T<!lTAL EVENTS
1 I
I I
I I

-2 0 2

Xtarget (em)

4<p < 5GeV/c
.1

T ' I I II
f--

0Ll.
-6

.51----

1.01--

1.5 t--

2.01--

-

-

-

I

1
1

11

III

111

2

1
1 21
1 211

1111
1 21 31

1 331
113 121

2 2
2 23 2

111 6431 1
1 2 0:;22

24 ~Z3

29 4362
1 B 95511

46 9731
\65 -~41

137 7462
2 58 E75ZZ
1 10 OA52 2

1 319 -85\ 11

1 1:5:l~~~~~1
1 363 -A51

1 14 75Z
18 45

2 31
123 3

1

1
1

1 - I II

I
3<R <4 GeV/c I

J. I

I-

I
I
I
I
I
I
1
I
I

1 I
I
I
I
I
I

.51- : I: -
,I _

_ -------/- __.1..- 1 ----

I I -
I 807 TOTAL EVENTS
I I
I I
I I

-2 0 2

Xtarget (em)

1.5.-

1.0 I--

2.01--

FIGURE 27



BACKGROUND DETERMI NATION

7

+ Hadrons

'3 4 5 6
(SINGLE ARM) P (GeV/c)

J.

" ....... ....... .........
.........

.........

ESTIMATED UPPER .................. -... ......... I f
LIMIT OF BACKGROUND --....., _} __

-34
10

-33
10

· -31
10

FIGURE 28



) )

EVENTS'
r-I-ir---ir--'~i-'1r--"'ir--"'ir--""i-""i-""i~""'i-..."r--"'i-"'ir--""i-""'-""'i""l

600

500

... ~ USING S8 VETO

400

)

300

200

100

0
0 20 40

r'I I ,..,
,.., I I I ­
I L I ... oJ

J -

60 80

Bint

FIGURE 29

r',.., , I
I t I I

J L.J ,
:~NOT USING
I., S8 VETO

I
I
I
I.,

L __ ,

L.,
....,

1..,-,'-,__ ....r ....__

100: 120 140 160
Cut



) )

i ,TUD4jN iii iii iii Iii i I1.5- iii

sb=.80

)

1

1.0

.5

o
o .5

1

1.0
TUD/N

FIGURE 30

1
1

11 1
1 1 2

1

?

1.5



1 I I . I I I

tHiI;++
i ,

-26 Ti9 <} 9~Q f
10 ~

~Y 9\>,,++
-

-COo
~ . \ +~Q)

t9
N ¢ •E
...Y. . ,
CD .... ! ¢ f
~ ,

~ f)(

blpt) 2 fIt) ~ -27
-0 -0 10 - -

W

+ Hadron US +
.

cp * (

-Hadron US <>

Icp .- I
:>

-28 I I I

10 0 2 3 4 5 6 7
(SINGLE ARM) P1

(GeV/c)

FIGURE 31



·8 I I I I I

~hT+ us •
.7 I- Cp :I< -

K77T- us <t>

.6 Cp *
f

-~

o .5 l-

i ! i ! ~ -

fi=« A- ~ I ta::
.3 l-

f '*~l~~cji
.2 *~ ~ *!
.I

00
I I I I

I 2 3 4 5 6 7
P (GeV/c)
.L

tit JtI
P/7T+ us •

.7 Cp *
S

P/7T- us <t>
cp ...

.5 1 !0
i=; :4
<:(

~ I0::.3 3:

i.2 d1 .

.1 • ~ ~ ~ J ~ ~
.. tit

06 • ..
2 3 4 5 6 7

P (GeV/c)
.L

FIGURE 32



•

100

10

IR -P 1<1.1
.11 J.2

•••••
•+••

++
.+

+

ff
!tf!!

t!!
t

t
,I

It

II.......-~----I_--I....--L_....L...-.---'-_--L.--.L_--L--.L---I

o 2 3 4 5 6 7 8 9 10
m':s p + P (GeV/c)

J.I .L2

FIGURE 33



'= 9.4

10

100



) )

±HADRONS

)

I I I I I I

1.2~

I.I~

xa 1.01~-x •

x
•

x.
x x x

f x

-

-

0.9~
x us. _

CP x

08' I I I I I I I

·0 I 2 3 4 5 6
SINGLE ARM P (GeV/c)

.1
FIGURE 35



1.2 I I,.....

1.1 l- f -
~

J:a 1.0
I I ()

0.9
m'(GeV/c)

0.8 I I

5 6 7 8 9
1.7

1.• 6 o m >6.5 GeV/c
.. m<6.5 GeV/c

1.5

1.4

1.3
a

1.2

1.1

1.0

0.9 I
~(GeV/c)

0.8
0 2 3 4 5

",-

FIGURE 36



4
10

100

10

dN X 106

dxe .

2·I
P or ml /2
J.

FIGURE 37



I I I I

-

-
-

­
·

AWAY ARM: h­
TRIGGER: h+

.55< xe <.85

., • !!tff II
- 4 .85 < xe < 1.15 • • • • • • t
10 -

(dN
)dxe dxe

•

Q¢* ·
)

1.15 < xe < 1.45

105 ) -- -
·

I I I I I I

0 I 2 3 4 5 6
TRIGGER P (GeV/c)

.L

FIGURE 38



102

*•
• 3< TRIGGER P < 4 GeV/c

J.

-3 •10 •
dN •dxe

•
10

4 •
•
•

f

, 105 ,
AWAY ARM: h-

TRIGGER: h+ f~

f
I106

o .5 1.0 1.5
xe

2.0 2.5

FIGURE 39



) )

A-DEPENDENCE CORRECTED

)

1.15dN
dxe

axe
.85

104
t , f ,

AWAY ARM: h­
TRIGGER: h+

-510 ' ! I I , , , , , , , , , ,

o 1 234 5 6

TRIGGER p (GeV/c)
J.

FIGURE 40



) ) )

.".+ .".+.".- K+ K+ K+ K- K- K- K- P+ P'" p'" P+ p'" p p p p P P

.".+ .".-.".- .".+ .".- K+.".+ .".- K+ K-.".+ .".- K+ K- p+ .".+ .".- K+ K- p+ l'

I r I II II

• Be Data -5.9< m' <7.9
x A Corrected

<> Predictions

)1-

<> ~ <> ~ <>
? T

<>
] <> ~ :> <>

~ .,
I •

! f 1!
}

f <> <> ! ~
-~ <

\ ~>

c-

I •~

.I I I I

1.5

o

2.0

~ 1.0
Rh+h-

.5

.".+ .".+.".- K+ K+ K+ K- K- K- K- p+ p+ p+ p+ p+ P P P P P P

.".+ .".- .".- .".+ .".- K+ .".+ 7T- K+ K- .".+ .".- K+ K- p+ .".+ .".- K+ K- p+ P

3.9< m' < 5.9

I

<>

! i 1t ~ J
f

1.5

o

2.0

IX 1.0
Rffn

.5

FIGURE 41



6

10
31 + E E d a- ( 2 -4)

I 2 d 3d 3em GeV

*+
PI P2

*++
-32 *•

10 **++ 1JI'I< 1.1 GeV/c* ,*
-33 ,',
10 % •

$ •

* ,* •
10

34 **'•
+ h+h- 'i'•
f 7f+7f- f$*

1ft-35
10 !

tt
if

-36 fBi10

-37
10 O.l.....--......L.---2...l....-----1.3-4....L...-----LS-...J....6-----J7-,-+S-gl...-.....L..IO---J

m' (GeV/c)I

FIGURE 42



I I , I I I

-

-
-
-

-32
10 -

-33
10 ~

-3610 f-

m' =5.4
-::-
--
-
-

1037
I I I I I I

-4 -3 -2 -I 0 1 2 3 4
,

11 =~+ - Fi- (GeV/c)
FIGURE 43



I I

17T+K-1

m'-4.4
f--

~
-

I-

1!!I! I jjl
-.

If!l!i!i~ !I- -

II It!! !!'jil!
l- I . -

-32
- /0

-34
- 10

-33
- /0

-35
- 10

-36
10

2 3 4 -4 -3 -2 -I 0 I 2 3 4

m'-5.4

111'1111"'1 111"llf'j I.

1'11111
'" :::,,11,1

Ilflllli

-34
10

Ip+7T-1
m'''4.4

I- fY?9~

~:::jl
-

r
- II 111I III ill! -

f
-

fj!!\N ~;~f tt
-

l- I -

-34
- 10

-35
- 10

. _ -33
10

m'''4.4

?
fill Ill!!

m'=54

IIlll11fljll

tly!!y!!! ;;~:;i!tl
-35

10 f....

-36 -36

10_4 -3 -2 -I 0 I. 2 3 4 10_4 -3 -2 -I 0 I 2 3 4

J{= P.1+- fi- (GeV/c) 1[= ~+ - ~-<GeV/c)

FIGURE 44

~2Iv I-

:}4
10 f-



) ) )

PAIR ACCEPTANCE

:foh-0 0 GeV ti +ti- _
4 300 GeV h 200 GaV h+1i

0. <I 1< J Ie I r) 1" J I ) •

-A -:3 -:2 -.I ° .1 .2 .3 ~ .5 .6 .7 .8

CENTER OF MASS

.01

.005

FIGURE 45



5
10

It

IcY
,

~lJRh+h-
I~I< 1.1 GeV/c

!

16 !!~i~

r
+;!i

100
~.

!t
,f~t

Ii
t + 400 GeV,!

10 * 300 GeVf
+ 200 GeV

'0 2 3 4 5 6 7 8 9 10

m' (GeV/c)

FIGURE 46

----- -------- ------- --------



) )

103
L

AWAY ARM h-

.\'015 ~
TRIGGER h+

dN
dXe dXe ~

f!f;t!it:~:iff!t!.85

I04~

+400 GeV I~ 300 GeV
; 200 GeV

I

-5
10

)

o

FIGURE 47

4
(GeV/c)



+ 400 GeV
~ 300 GeV
.; 200 GeV

-3210 L- ----!: ::--:-_--:;--_~

.I .2.3 A .5
2P.L

X.L :rs

-27
10 §

d3
(j" (cm 2 GeV2

)! E dp3
~

-28 ! 7T+
10 ~

•
~

•
•-29

10

-31
10

-30
10

FIGURE 48



Ip'l < 1.1 GeV/c
J.

/

• 400 GeV*300 GeV
,200 GeV

-36

10 .-=-,-----~2~--......L..-~L.J....-u.-----I
. , .3 .5

X - m
:L-.;s

-33
10

-32
10

-35
10

FIGURE 49



) ) ~

DOWNSTREAM SECTION OF ~ I (side view)

VOLTAGE DIVIDER
FOR PHOTOTUBE

PLEXI­
GLASS

MIRROR
SUPPORT
~

BLACK MYLAR
WINDOW --.-

CAVITY FLUSHED
WITH DRY AIR

(ALUMINUM- PLASTIC HONEYCOMB- ALUMINUM

QUARTZ WINDOW

WINSTON CONE

2
11

QUANTACON

~~ERENKOV LIGHT

(

GAS-TIGHT SEAL
BETWEEN SECTIONS

I. 254 em ..I

FIGURE 50



I

I

)

LASER

)

THE INTERFEROMETER (top view)

GAS CELL

BEAM SPUTTER

~ IOOcm ~

FIGURE 51

INTERFERENCE
PATTERN

LENS \

SCREEN 6
2 PHOTOTRANSISTORS

)


