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SEARCH FOR NEW HEAVY PARTICLES

Walter H. Toki

Submitted to the Department of Physics on April 30, 1976

in partial fulfillment of the requirements

for the degree of

Eoctor of Philosophy

Abstract

Experiments were done at the proton synchrotron at Brook-

haven National Laboratory with a 28.5 Gev incident proton beam

and a pair spectrometer to detect hadrons and electrons; The

first search yielded the discovery of the "J". Here we describe

subsequent searches for other long lived particles decaying 'into

K ir+, K+w-, PP, KK +, K+P, K~P, Tir , -p,and r+ P. The result
7 -34 2

based on 2x10 events shows to a sensitivity of oB~10 cm no

such states were found. The cross sections of all pairs decrease

like d 2a/dxdm e-5m and can be grouped into three bands; i~P;

wr+, PP, K P; and K ,+ P. Within a given band the yield is

the same to 20% and different groups are separated by a factor

x.10 from each other. A measurement of electron-hadron pairs

yielded no indication of a new phenomena and sets limits on e+ K
c s s- 33 -34 2

and e P cross sections to less than 10 and 10 cm re-

spectively.

Thesis Supervisor: Ulrich J. Becker

Title: Associate Professor of Physics
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MOTIVATION

The discovery of the J particle in August 1974 at Brook-

haven National Laboratory by the M.I.T. group1 was completely

unexpected. It was the result of the first high sensitivity

and high resolution experiment studying the reaction,

P + P )e e + X

Theoretical speculations before the discovery asked for neutral

particles but with a mass larger than 10 GeV to mediate weak

interactions as photons do in electromagnetic interactions. 2

The only prediction in the e e+ mode was a continuum, made by

the Drell-Yan model of parton-antiparton annihilation. 3

Since the J discovery there has been a flood of theoret-

ical models attempting to explain the J as well as y(3700) later

discovered at Spear.4 Almost all models predict additional long

lived particles, which due to their quantum numbers, decay into

modes other than e e+

The charm model interprets the J particle as a bound

quark-antiquark state with the new heavy fourth quark containing

the quantum number charm. The charmed quark originally was

introduced to eliminate unobserved strangeness changing weak

current of the Salam-Weinberg theory.5 Using a nonrelativistic

four quark model with the J mass as input, theorists pre-

6
dict many sharp states. If J is orthocharm

a
there must be parastate, near 3 GeV with probably a
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large coupling (decay) to PP.

The charm model mainly predicts sharp states containing

charm in the mass region between 2.0 and 2.5 Gev. Using the

Salam-Weinberg theory these charmed states are predicted to

have specific weak decay modes and branching ratios. The hypo-

thetical D* meson decays slowly because this is charm-forbid-

den into nonleptonic modes like D*+K + and also semileptonic

into D*+K e v. With 0 being the Cabbibo angle one expects

branching ratios,

F(D* + K e v) cot2 e

P(D0 + f e v)

Aside from theoretical speculations, the experimental

question is, are there other long lived states that are unable

to decay into e e+ pairs but can decay into hadron pairs hh+

and is there an electron-hadron pair e h signal, possibly from

a three body decay.

To answer these questions the e e+ pair spectromecer at

B.N.L. was modified to perform a systematic search of hadron

pairs in the reactions

P + P 7 T P ++ XP+P 4- ITP7 +X

KP

K K
P P+
P T
T K+

Also a systematic search for eh h+ and e + h pairs in the reactions
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P + P + e r

e+K
eP
e_i w+
eK
e P was performed.

In the next chapter we describe the e e pair spectrometer

used for the e e pair search. This allows for an orderly des-

cription of the apparatus as it was designed, constructed and

later modified. In the following chapter, the modifications and

the hadron pair experiment are fully described, followed by the

e h experiment.

1. J.J. Aubert et. al., Phys. Rev. Lett. 33, 1404 (1974).
2. S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967).
3. S.D. Drell and T.M. Yan, Phys. Rev. Lett. 25, 316 (1970).
4. G.S. Abrams et. al., Phys. Rev. Lett. 33, 1453 (1974).
5. S.L. Glashow, J. Iliopoulos and L. Maiani, Phys. Rev 02,

1285 (1970).
6. T. Appepquist et al., Phys. Fev. Lett. 34,365(1975)
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DESIGN CONSIDERATIONS FOR e e PAIR MEASUREMENT

The design considerations for the MIT spectrometer were

for measuring pp -* e e+ + X with high sensitivity and high

resolution to detect long-lived particles. The primary problem

is measuring a very small e +e pair signal against an intense

hadronic background.

To detect e+ e pair events at an acceptable rate, a high

beam intensity is required. Estimating the rate from a previous

2 + -+-
experiment that measured a + p continuum in P+U-.>p p + X, the

design beam intensity of 2x102 protons/AGS beam pulse was cho-

sen. This led to predictions of 20x106 hz single arm rates of

3
hadrons, based upon Hagedorn and Ranft calculations. Further-

more, estimates of the hadron pair rates were quite high. A

naive estimate of the e e pairs rate over the hadron pair rate

is the ratio of the electromagnetic to strong coupling. With the

2strong coupling g =10, if we compare an s-channel exchange with

an electromagnetic coupling to an exchange with strong coupling,

the ratio becomes,

22 -6

4- ~ 10

g

The main design requirements emerging are a spectrometer that

can accept 2x107 hz single arm rates and can detect electrons

with a rejection efficiency against hadrons of 10 . All this is

coupled with the requirement of high resolution.
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To detect electrons but reject hadrons with high

efficiency two Cerenkov counters are used. Furthermore, to

reduce knock-on electrons (elastically-scattered atomic elec-

trons) and photon conversion, all material in spectrometer arm

is minimized.

The key to detect an e e pair signal with estimated

10 khz single arm electron rates and 2x10 7 single arm hadron

rates, will be fast timing with detectors with short resolution

times and small dead time. Using 4 planes of hodoscopes in

addition to the Cerenkov, a many-fold coincidence can be formed

to reduce background in the trigger, as well as provide a fast

trigger with resolving times in the 10's of nanoseconds.

To sensitively momentum analyze particles, magnetic

deflection should be measured to the limit imposed by multiple

scattering. This deflection measurement can be accomplished

by the use of proportional wire chambers to determine track

position to 2 mm accuracy.

Finally, assuming that the production of particlcs

that decay into e e+ pairs have a similar production mechanism
4

to vector mesons, produced in pp collisions, namely,

da -bp2

2p a e P-
dp~

then the best kinematic region is at rest in the CM frame.

Choosing to detect the decay particles symmetrically in the

lab system or at 90* in the CM frame. One finds the pair opening
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angle for 28.5 Gev incident protons to be;

elbtan (P )=tan (P,/-y (P + E ) )=tan (PL/y47 2+m2) ~tan (1/y ) ~14 .60*

This is for particles with m<P such as e, K and ff and then

it is independent of the pair mass.

1. J.J. Aubert et al., Nucl. Phys.B89,l(1975).
2. J.H. Christensen et. al., Phys. Rev. Lett. 25, 1523 (1970).
3. H. Grote, R. Hagedorn and J. Ranft, Particle Spectra (1970).
4. V. Blobel et. al., Phys. Lett. 48B, 73 (1974).
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GENERAL DESCRIPTION

The layout of the electron pair spectrometer is shown in

fig. 1 and 2. The symmetric arms are positioned at 14.6*

relative to the beam to detect electrons at 90* in the CM

frame for an incident 28.5 Gev proton beam.

The three dipole magnets MO, Ml and M2 bend the charged

secondaries in the vertical plane. The momentum is determined

from the total vertical deflection through the magnets by

measuring the track positions beyond the last magnet in

four proportional wire chambers AO, A, B and C.

Behind A and B chamber are a set of 8x8 hodoscopes to

provide a fast timing signal for the trigger electronics.

The electrons /positrons were identified by two threshold

Cerenkov counters and a set of lead-glass and lead-lucite

shower counters. CO Cerenkov counter was built into Ml mag-

net ane CE Cerenkov counter was beyond the last magnet M2.

This configuration decoupled charged particles passing through

each counter magnetically to provide rejection against delta

rays. The lead-glass and shower counters at the end of the

arm provided an additional check for an electron shower and

improved track identification in the case of two or more track

ambiguities.

CB, a large angular acceptance wedge shaped Cerenkov

counter, was placed below MO magnet to count electrons
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(positrons) bent downward radially from the center of MO. A

coincidence from CB and a positron (electron) in the spec-

trometer arm indicated a pair event entered the arm, primarily

from * + yee , which was rejected.
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MAGNETS

The three magnets MO, Ml and M2 of fig. 2 were mapped

in January of 1974. An aluminum trough with a small wheeled

cart holding a 3-dimensional hall probe was surveyed into each

magnet. All field components were measured stepping along

the horizontal lines in 1" intervals. For each point the hall

probe output was fed into a Hewlett-Packard 3485A digital

voltmeter whose output punched the 3 field values on cards.

The current was monitored by the voltage drop across a high

precision shunt. Roughly 105 points were measured in 3 com-

plete magnet settings.

The hall probe was calibrated against a Nuclear Magnetic

Resonance probe in a dipole magnet with a known highly homogen-

ous field. The calibration corrected field strength, rotation

and position. All cards with DVM values were put onto magnetic

tape and corrected accordingly. Then for each horizontal trace,

done with the probe, the total integrated field was calculated.

All other intermediate values were determined by interpolating

between measured ones.

To calculate the momentum along the central ray axis we

first note that the amount of bending of a particle of momentum

P(GeV) through a magnet of given Bdl (kilogauss-inches) is:

-l
( = sin ([f Bdk/(P x 1313.2) + sine. 1)out in

where 0. and 0ou are the angles with the normal. We may
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estimate the momentum along the central ray axis by determining

the momentum a particle that enters MO at 0* must have to leave

M2 at 10.330 to the horizontal, entering normal to the wire

chambers. This roughly corresponds to the average path in

phase space or the principle momentum axis (P ) a particle
0

follows through the spectrometer arm. From Monte Carlo calcula-

tions the angular acceptance of each spectrometer arm is 6 t Ae=

14.60 land 0 = t20 with momentum acceptance of 0.6 P < P <
0 0

1.8 P . In table 1, are the results at three different magnet

settings along with the invariant mass of an e +e pair that

occurs when each secondary is on the principle momentum axis of

each spectrometer arm.
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Table 1. Center f B dl values (kilogauss-inch)

M2 (18D40)

474.17

417.94

320.04

P(Gev)

9.26

7.2

4.6

Mee. (Gev)-pair-1

4.6

3.6

2.3

SETTING

HIGH P

NED P

LOW P

MO(8C20)

219.02

219.02

219.02

M (18D72)

1498.25

1086.94

568.495
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SCINTILLATION COUNTERS

Scintillation counters of the right and left arm are

E(8), F(8), G(8), and H(8) and R(8), S(8), T(8) and U(8),

respectively. All are 1.6 mm thick scintillators. The counters

with their tube base positions are drawn for the right arm in

fig. 3. All counters used 56 DVP (2" dia.) phototubes with 2 ns

clips. The vertical scintillators were all of equal widths,

whereas the 4 top horizontal counters were half the widths of the

bottom four. This was an attempt to more evenly distribute the

rates since low momentum particles with higher rates were bent

up higher into the hodoscopes. All phototubes pointed away

from the beam in order to reduce background.

The counters were all voltage plateaued (measure

detection efficiency versus high voltage) in the AGS east test

beam. The setup is shown in fig. 4. It used three small test

counters to define the beam. All cables (H.V. and signal) used

between the counter and the electrons were the same as those

to be used for the experiment. The efficiency was the 4-fold

coincidence with the counter under test divided by the 3-fold

coincidence excluding that counter. To incorporate light

attenuation, the end opposite to the phototube was placed in

the test beam. All final voltages were set 50 volts above the

knee (where the efficiency curve stops rising and flattens out).

All counters had measured efficiencies of better than 99%.
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CERENKOV COUNTERS

The Cerenkov effect occurs in mediums when the

velocity of a charge particle exceeds the velocity of light

radiation. The effect is characterized by the Cerenkov eqn:

cos 6 = 1/ n

where 0 is the angle of emission, 6 = v/c and n = index of

refraction. The onset or threshold of Cerenkov light occurs

at cose = 1. The number of photons emitted per unit length,

calculated classically by Tamm & Frank, is given by

3N2 12 23N 2-naZ . ( - 1/ 2 n 2) dX3L f,

A2

For experimental uses the expression is simplified to

N = A L sin 2' = A L (1-1/ n )

where N is the number of photoelectrons ejected off the

photocathode of the photomultiplier . The A (cm 1 ) factor

characterizes the wavelength dependent efficiency of the photo-

cathode and the optical system. Assuming one photoelectron

to yield a count, thenfrom Poisson statistics the efficiency

of the photomultiplier is given as

e -N
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Hence for +99% detection efficiencies, at least 5 photoele-

trons are required.

The spectrometer contains three large aperature gas

threshold Cerenkov counters, CB, Co and CE, to identify

electrons. Table 2 summarizes the design characteristics
of the gases

of the counters. The index of refractionsAare given at 25*C

and 1 atm and the A values are from published values.2

CB counter (fig. 5 ) has four mirrors and phototubes

positioned radially from MO magnet so each system is partially

momentum selective. Only electrons of less than 1 Gev can be

detected. The top surface of CB used a very thin stainless

steel window (0.25 mm) to minimize conversion of gamma rays

from the target and electron bremsstrahlung in the foil. CB

was aligned with a laser and not tested before placement into

the spectrometer. Later, tests will be described using

electron converter plates. CB was filled with Isobutane gas

, a denser gas than hydrogen, otherwise used

for electron detection, because its short length allowed the

particle track to emit little Cerenkov light. Thus a denser

gas was used to increase the photon yield of the electrons,

however at the cost of lowering the threshold of the pions

and increasing CB's background rate.

CO counter (fig. 6 ) extended all the way through Ml

magnet. It used the highly sensitive RCA 31000M phototube

and a lucite spherical mirror and a parabolic mirror near the

phototube. The front and rear window of CO was thin mylar
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(125 m and 250 m respectively) and the mirror was 3 mm lucite

so as to minimize multiple coulomb scattering and knock on

electrons. The test beam setup used a Cerenkov

counter efficient on pions and four small scintillation

counters to define the beam. Initially CO was voltage-

plateaued to find the knee. All cables (HV and signal) used,

between CO and the electronics, were the same as later

used in the spectrometer. The efficiency was the 5 fold

coincidence of all counters divided by the 4 fold coincidence

excluding Co. Filling CO with CO2 gas at 1 atm and setting

the voltage at 50% detection efficiency, the output was fed

into a PHA and the photoelectron peaks were clearly discern-

able (fig. 7)*. This is a special feature of the newly

developed 31000M tube. Next the detection efficiency as a

function of gas pressure was investigated. For dilute gases,

the relation between n, index of refraction and density can

be cal'-ulated classically and results in the Lorentz-Lorenz

Law.2

2
n 1  

A d2
n + 2

d = gas density, A = atomic refractivity (constant), conse-

quently

2 2
P 12 n {:;2

2 n 2 + 1 T 1 h r2 + 1

*This checks <n.
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P = pressure, T = temperature, and simplifying, for

0 < <l, n = n-l

P ( 273 0/T ) T 0 = n

P(atm), T(K*) and Tj = n- 1 , at 1 atm. at o*C. Since,

2 2
N = A L ( 1 - / n )

then for e = 1 and n ~ 1

2
N = A L ( n - 1 ) = 2 A L (n - 1) = 2 AL n

N = 2 A L P (2730 nI/ T)

Hence the efficiency dependency of P was checked to be,

S = i - e K = 2 A L 2730 -no/ T

To check the A parameter value against published values 3

the efficiency of the counter as a function of beam momentum

was measured and compared. The resulting values were in rough

agreement with the published value of 150 cm . Finally, the

optics of various regions of phase space were mapped by tilt-

ing the counter in different positions relative to the beam (fig. 8)

CE counter has similar optical system to CO except it has

a larger angular acceptance. Again CE had thin mylar windows

and a lucite mirror. It was designed to operate near or at

1 atm. The test beam runs were identical to those of CO.
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However, it was found that the uniformity of the photocathode

surface was very important. This was discovered by changing

the efficiency by rotating the phototube. This was later

corrected by replacing the mirror and trying several differ-

ent 3100M phototubes.

1. M. Frank and I. Tamm, Dokl. Akad. Nauk SSSR, ]4, 109(1937)

J.. Litt and R. Meunier, Ann. Rev. Nucl. Sci., 23, 1(1973)

3 D. D. Yovanovitch et al., Nucl. Inst. and Meth., 9A, 477(1971)
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oO ( 0. *.
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Fig. 7' Pulse height spectrum from the phototube (RCA C3100M) of the CO in Helium

Cerenkov counter. Clearly visible are the one, two and three photoelectron peaks.
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TABLE 2 CERENKOV COUNTER CHARACTERISTICS

COUNTER GAS PRESS. LENGTH A n (n-1) y N
e thres thres

100 cm 1.364x10-3 19.1.

1.505x10~4 57.6

1.204x10~ 4 64.4

25

13

14

9.7 Mev 2.7 Bev

29

33

8.0

9.0

1

I-r3 -

(~A.)

0

CB

C0

CE

C4 li

H2

112

1 atm

1

0.8

90 cm

283

388

150

150

w 0



LEAD-GLASS AND SHOWER COUNTERS

The lead-glass and shower counters are shown in

12+
fig. 9 . The ̂ 1 3 lead-glass counters that form the first and

second banks, are each 3 radiation lengths thick. Their

horizontal and vertical positions provide partial spatial

selection. The last bank contains 7 horizontal shower coun-

ters that are a lead-lucite sandwich 10 radiation lengths

thick. Each lead-glass counter uses one Amperex XP-1031 (3")

phototube and each shower counter has two 58DVP(5") phototubes

on each end.

Connected at the end opposite to the phototube in the

lead-glass counters and in the center of the shower counters

were fiber optic light pipes all fed from one tight emitting

diode. This provided absolute and relative calibration of the

counters.

The counters were voltage plateaued in the test team

with pairs so only their Cerenkov light was detected. The

calibration with electrons will be described later in the

section- Spectrometer Checks.

-31-
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PROPORTIONAL WIRE CHAMBERS

Proportional wire chambers may be compared to an

array of geiger counters except lower field strengths are

used at the cathode causing discharge in the proportional

region. When charged particles pass through a gas, elec-

trons are liberated by ionization. When these electrons

are nearby sensing wires of positive potential, they are

accelerated towards the wire and induce secondary ioniza-

tions which result in an avalanche of electrons. The

charge collection yields a negative pulse on the wire. Charpak exploit-

ed this effect to construct large multiwire arrays when

transistorized amplifiers sensitive to such signals made it

feasible. The wire chambers feature spatial resolution of

the order of mm, good resolution time and small dead time.

The time resolution is limited by the drift times of

electrons which vary depending (20-50ns) where the charged

particle passed between the two sensing wires. The dead

time (200-300 ns) is limited to the length of time for the

collection of all electrons.

The spectrometer has four proportional wire chambers,

A0, A, B and C. Chambers A, B and C each had three planes
(fig. 10)

of sensing wires rotated 6 0 * This configuration required

that a charged particle passing through the chambers fire

wires whose sum of wire number coordinates from the three
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planes equal a constant. Also each chamber was rotated 200

relative to the preceeding to reduce parallel track

ambiguities.

Because AO was placed at the opening of M2, the high

rates required a special design. The purpose of AO was to

provide an additional check on the horizontal track position

to improve track reconstruction. For one set of vertical

wires high rates of 2x10 7 /sec yielded 1 particle/50 ns. The

dead time was approximately 350 ns, hence the amount of

tracks lost is for 100 effective wires,

(350/50) (1/#wires) = 7%

for one plane. Using 2 sets of wires, slightly rotated +50

as to decouple the dead times will improve the situation.

The chambers had sense wires 2 mm apart sandwiched

between high voltage wire planes with a separation of 6 mm

between planes. The wires were strung with 50-70 grams of

tension and glued onto G10 frames. Thin mylar windows in

front and back sealed the chambers gas tight. The mylar

windows were also aluminized to shield the wires from R.F.

pickup.

The chamber was filled with a special gas mixture of

80% argon and 20% methylal. This was obtained by bubbling

argon through methylal at 20 C where the partial pressure is

0.2 atm. This mixture allowed the chambers to operate in
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high radiation without."ageing" and further allowed chamber

operation at low voltages of 3.2 kV with amplifier thresholds

of 250 iV.

The wire readout system is the Sippach2 design.

Fig. ha shows a block diagram of the system. The signal is

amplified and discriminated on IC boards on the chamber and

the pulse is sent along a 200 ft. cable to the coincidence

register in trailer. The signal reaches the coincidence

register, which is a combination OR/LATCH device that from

32 wire signals forms 32 bit words that will enter the

Track Encoder. The coincidence register performs coincidence

of all 8800 wires with the event tri-gger of 30 ns which is

stored in the latch. The Track Encoder forms wire chamber

numbers from the 32 bit words and the address information

from the coincidence register so only the numbers of the

fired wires are passed on. The Interface and DRllB are

the interface devices to match the electronics to the

UNIBUS system of the PDPll. There the computer will process

the data onto tape.

G. Charpak et al,, Nucl, Instr, and Meth, 62(1968)13,

2h-. Cunitz et al., Nucl. Instr. and Meth, 91(1971)211.
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Configuration Of Wire Planes In Proportional Chambers

-600

-400 +200

-20*0 +4

-80*0

-50 +50

0
+600

Fig. 10 Relative orientation of the planes of wires in the proportional

chambers.

0* +80*

for each
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Swire # = :onst-j



-37-

PROPORTIONAL

WIRE CHAMBERS

TRACK

ENCODER

INTERFACE

DR11B

(DEC)

WIRE CHAMBERA

COINCIDENCE

REGISTER

LATCH

PDP11/45

UNIBUS

TAPE

DRIVE

Fig. 11 a READOUT

AMPLIFIER/

DISCRIMINATOR

305 ns.
DELAY



~38~

SHIELDING

The shielding requirements for the experiment were

immense since beam intensities of 1012 protons/pulse were

used. The shielding is used primarily to stop neutrons.

Generally neutrons interacting strongly reach a maximum

hadronic cascade at roughly 6 interaction lengths long and

1
3 wide . Consequently 12' of concrete (10" collision length)

shielding was around the target area and 6' of concrete was

around the spectrometer beyond M2 magnet to protect the

experimental area.

To shield the spectrometer arms from gamma rays and

neutrons, the hodoscopes and chambers were positioned such.

that they did not see the target directly through the open-

ing of the magnets. Also a large lead brick and uranium

collimator was constructed around MO magnet and CB counters

to stop charged secondaries and y rays. To stop soft

neutrons, bags of Borax (rich in Boron content) were placed

between Ml and M2 magnets and around CE counters.

1. J. Engler et al., Nucl. Inst. and Met.106,189(1972).
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TARGET

The targets were either flat 1" metal strips in quan-

tities of one to nine pieces. The choice of targets included

Be, Cu, Ni, Pb, etc.

The flat strip targets provided a large surface for

the incident beam to strike, which is important for absolute

cross section measurements since no part of the beam should

miss the target.

The choice of the number of targets had different

merits. The single target piece has the advantage of producing

experimental data that can be analyzed with simpler acceptance

calculations with a single target center. The many-piece tar-

get has the advantage of producing a cleaner reaction. For a

given total target thickness, if the target is divided into

smaller sections, spread out along the beam axis, there is less

chance of a secondary scattering, multiple scattering and

bremsstrahlung in the case of electrons.

Normally, Be targets were used because the small fermi

motion of the nucleons produced better defined kinetimatics.

However, Ni targets were used on one occasion because of its

high fermi motion in an attempt to produce a reaction with

higher CM energy. The Pb and Cu targets were used on electron

calibration runs to maximize the production of pairs by Bethe-

Heitler production of y's from i0 decay.

The targets were mounted on an adjustable tray that was
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was surveyed into position. The tray held cross marked

scintillator flags. These flags were monitored by a T.V.

camera. The entire tray and its supporting table were inside

a Helium bag to reduce multiple scattering of particles enter-

ing the spectrometer. The He gas protection of secondary

particles entering the spectrometer was extended by a handmade

4 mm polyethylene bag to the first window of CO counters. Down

stream of the box followed an aluminum beam pipe filled with He

that continued to the beam dump behind the spectrometer. This

was to reduce background due to further proton interactions.
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BEAM CHARACTERISTICS

The beam was a slow extracted 28.5 GeV proton beam with

a spill length -.7 sec and a repetition rate of 2.4 seconds.

The beam line, 96" above the AGS floor, used four upstream

2
quadrupoles to focus the beam into a spot size 3x6 mm2. The

last quadrupole focused in the vertical plane to accurately

position the beam vertically which is necessary for correct

track reconstruction. The beam intensities were variable from

10 12 ib110 - 2X10 protons/pulse. Fig.' shows the target area.
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BEAM POSITION MONITORS

The beam was monitored in several ways. The most

important method used the T.V. camera to view the scintillator

flags. The targets were also monitored by 5 small spectrometers

of 3 telescope counters each viewing the target at 75*. The

secondary rate of the center piece target was checked by the

middle monitor spectrometer. The spill rate was checked by a

small scintillation counter, in the target area, whose output

was integrated and displayed on a sweep triggered by the beam

gate to give a profile of the beam spill. This spill monitor

allowed measurement of the beam spill length and partial

identification of beam problems. Large spills indicated that

the beam was hitting the beam pipe wall. Jagged spills

indicated uneven extraction.
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BEAM INTENSITY MONITOR

The beam intensity was determined by a Secondary

Emission Monitor whose integrated output accumulated on a

scaler. Generally one count of the scaler corresponded to

109 protons. The AGS beam diagnostics group initially cali-

brated the S.E.M. in the proton synchrotron against current

transformers. Later during actual runs, aluminum and poly-

ethylene foils were placed in the beam. Using known cross

11 -26 2
sections and half lives for C (a = 2.5 x 10 cm and

T1/2 = 20.5 min.) produced b 28.5 GeV protons incident on

24 -27 2
polyethylene and Na (a = 8.0 x 10 cm and T 1/2 = 15 hrs.)

produced in reactions using aluminum targets, the number of

incident protons could be determined. However, this measure-

ment was sensitive to beam conditions and caused a 5% fluc-

tuation between different measurements.
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TRIGGER ELECTRONICS

A block diagram of the trigger electronics is shown in

fig. 12. All discriminators, except for CB's, were set at

30 mV threshold with output widths of 10 ns. The CB counters

which had high rates were set at 3 ns output widths with

200 mhz discriminators (all others used 100 mhz units).

The first gate, G1, was a coincidence of four Cerenkov

counters and strobed all the hodoscope discriminators with a

50 ns gate. The Gl rate was 1 khz.

The master trigger G2 was a coincidence of all eight

hodoscope planes for the hadron pair experiment

G2 = (EE) (EF) (EG) (EH) (ER) (ES) (ET) (EU) A Z

G2 started the data collection, opened the 60 ns gate on the

ADC units and provided the start pulses for the TDC units. In

addition G2 initiated al ms. veto over itself to stop triggers

during data collectioi and transfer to the computor.

To provide a dead timeless trigger, that is monitored on

a scaler, for an absolute count of the real trigger rate, a

separate trigger, G3, was formed with the identical electronics

and wiring as G2 except without a veto.
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DATA ACQUISITION SYSTEM

The data acquisition system was controlled by a soft-

ware program on a PDPll/45 computer. The block diagram of

the system is shown in fig. 13. Starting with G2, an inter-

rupt is sent through the DRllB interface to the computer

to start the PDPll and CAMAC read sequence. When this readin

is completed the wire numbers are read in and finally the

veto is cleared and the system is ready for another interrupt.

Four to five events were accumulated in the memory and then

written on one tape record in 16 bit words on an IBM 7-track

tape drive.

The event data is listed in fig.14 . The 3 word

buffer prefix contains the number of events and number of

16 bit words in the entire record. The 25 PDPll words contain

the numbers of CAMAC words and wire number words, data, time

and run number. The 180 CAMAC words contain timing and

charge data. The TDC (time to digital converter) CAMAC units

had 512 channels at 0.2 ns per channel. Generally the first

200 channels were found to be linear and consequently the

average timing signal was centered about channel 80. The ADC

(analogue to digital converter) CAMAC units had 256 channels

at 1.0 picocoulombs per channel. The phototube outputs of the

lead glass and shower counters were fed into adjustable

attenuators which scaled the EQ and hence the ADC spectrum.
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To provide additional checks on counters, their discriminator

outputs were fed into CAMAC scalers and dumped onto tape and

then reset every 10 beam spills. Fig. 15 lists a typical

dump.
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ON-LINE ANALYSIS

The on-line analysis with the PDPll computer consisted

of histograming CAMAC and wire chamber numbers as well as

simple differences, efficiencies and 3 or 4 fold coincidences (fig. 16)

The histograming program sampled events when the computer was

not processing data. Consequently at lower rates the histo-

graming was more efficient. The histograms could be produced

on a linear or log scale. The wire chamber histograms had a

special histogram program to produce fine lines to display

compactly the number of counts of each wire (fig. 17). Accumulated

histograms were stored on disk and constantly updated.
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Fig. 16 Timing difference between EFGH and RSTU hodoscopes taken from an on-line

computer printout. Each horizontal unit is 0.2 nanoseconds.



Fig. 17 Histogram of two from the three planes of the left

A-Chamber. Taken during a high intensity run to chedk the

efficiency. For this a 5x10 cm2 trigger counter was incor-

porated into the trigger. The peaks are projections thereof.
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EXPERIMENTAL MODIFICATIONS

The entire layout of the modified spectrometer is

shown in fig. 18&19.For hadron pairs, the spectrometer was

modified by installing a new target system, new Cerenkov

counters, a pair of scintillation counters near the end of

the spectrometer arms, and a set of scintillation counters

at the forward opening of M2.

The new target system consisted of five (.4 crij- Be

cubes held by thin piano wire. By constraining the vertex

to 2 mm on the beam axis this matches the accuracy of the

wire chambers and yields improved momentum resolution. When

searching for long lived particles this enhances the signal

relative to the background. Additionally, this reduced the

accidental background which was anticipated to be much

higher. Occasionally Al 203 target cubes, which flouresce

under proton bombardment, were used to check the beam

position.

To identify the protons, kaons and pions, CE was

filled with isobutane to be efficient on f's and a new gas

threshold counter CK, filled with ethylene of 6-22 atm.

detects kaons and pions to provide adjustable large index

of refraction so the threshold of kaon detection can be

adjusted for different magnet settings. Before installation,

the CK's were tested in the AGS test beam in a similar
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manner as CE and Co.

To provide a new Gl trigger that included protons,

large scintillators, "A" and "Z", 23" x 36" x 1/4" thick,

were installed near the end of the spectrometer arms. Each

had phototubes, at the top and bottom, connected to a mean

timer to improve the timing resolution.

Finally, D and Q counters (a set of eight 1.6 mm thick

vertical strip scintillators) were added in the right and

left arm between CO and M2 magnet to reduce the trigger

.rate by requiring additional coincidences further upstream

of the spectrometer arm.
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SPECTROMETER CHECKS

Before an actual data taking run, at least a full week

is spent systematically checking and calibrating all compo-

nents of the spectrometer. In this section we describe the

methods applied on all parts of the spectrometer.

All 64 hodoscopes were checked for efficiencies. One

plane of eight hodoscopes were plateaued at a time. From

fig. 3 we describe how the E counters were plateaued. The

others follow analogously. Using a moderate beam intensity

of 10 protons/pulse we - trigger with (ZG).F8.H8.

This restricts the geometry +o the end of the counter opposite

to the phototubes. The total triggers and counts from all E-

hodoscopes are collected by the PDPll which computes the

efficiencies. This is done at normal voltages (determined

from test beam measurements) and at +50, -100 and -200 volts

relative to normal to check the correct position of the knee.

To plateau the Cerenkov counters a small test counter

with a scintillator roughly 1"x2" was placed directly behind

the center of the EF hodoscopes. This was to plateau on

central rays in the Cerenkov counter. Using a trigger of

EFGH.test.C01, the CEl efficiency (CEl counts/triggers) was

measured at normal, -400, -500, -700 and -800 volts. The

normal voltage setting of the Cerenkov counter was roughly

500 volts above the knee! This method was applied in like

*Since pions emit in isobutane nore light than electrons in hydrogen.
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manner to CK and Co.

Next the timing of the hodoscopes and Cerenkov counters

were checked. Before the actual run the trigger electronics

is thoroughly checked with a pulser such that all the dis-

criminator outputs are in time. Consequently, the only

necessary changes in timing are made by adding or removing

cable to the line between the discriminator input and photo-

tube output. All the timing is checked by using known

reference values of the TDC units. If an e e pair, for

example, fires all the counters, the signal from the counters

arrive all at the same time at the discriminator outputs.

The TDC units cross check this and the stability.

The two arms are timed in using CEl or CE2 versus a

small test counter. The test counter is placed behind CEl

and used as a start for the TDC. The TDC channel is compared

to the TDC channel of CE2 when the same test counter is

physically moved into an identical position in the other

spectrometer arm. Due to the RCA 31000M tubes, these counters

have excellent timing as seen in fig.24a. Appropriate cable

is added or removed so the signals arrive at the same TDC

channel. Now CEl and CE2 are in time and can be compared to

other counters in the corresponding arm. Next the entire

right arm is aligned by using CEl discriminator output as the

TDC start for all the TDC units of the right arm. Appropriate

cable is then added or subtracted so that all the signals
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appear in the same TDC channel. Finally CEl and CE2 each are

aligned relative to themselves so their own stop signal will

arrive in the same TDC channel as the others. Hence, all

the signals are in time.

The proportional wire chambers were initially voltage

plateaued with a test counter in five positions: in the four

corners and the center. The trigger consisted of the test

counter and the particular hodoscope segments that cover the

test counter scintillator. The test counter was placed

behind "C" chamber and all planes of the wire chambers of

that arm were plateaued at one time for each test counter

position (fig. 20 ). The timing of the wire chamber signals

was checked by delay curves. A single arm trigger was used

to gate out all coincidence registers (see PROPORTIONAL WIRE

CHAMBERS) and systematically delayed, while the efficiency

(chamber counts/triggers) was recorded by the PDPll.

Plottirg this efficiency as a function of delay, the final

amount of delay used was checked to fall in the center of the

plot between the steep early and late edges of the plot.

The lead-glass and shower counters, although not used

in this run, were used in the next electron/hadrons runs and

will be described here. To calibrate the counter on electrons,

an electron trigger (CO.CEl) was used and the ADC histogram

was produced by the PDPll (fig. 21 ). Extrapolating by eye

where the low end of the electron shower ends, the number of
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events within the shower are counted and the ratio of this

number to the total triggers is plotted as a functionof voltage

(fig. 22 ). Setting the final voltage 100 volts above the

knee, the attenuators, that reduce the signal voltage from

the phototubes that are fed into the ADC units, are adjusted

so the peak of the shower falls in the center channel 150.
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Pulse Height Spectrum In Shower Counter
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Fig. 21 A typical pulse hQight, spectrum for electrons in one

of the shower counters. The electron peak in clearly visible.
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DATA TAKING

Data was taken in runs filling a tape. For every run

a data information (fig.23 ) was filled noting Cerenkov

counter pressures, magnet settings and polarities, beam

energy and conditions, etc.

To check all detectors, scaler rates were taken every

15-30 minute intervals and the PDPll was used to produce

their histograms from the CAMAC readout. The beam was moni-

tored with the spill monitor and the T.V. monitor. Several

impor-ant ratios were plotted to check long-term stability.

As a check of both, beam and detector, the ratio of events/

Secondary Emission Monitor was plotted and checked to be

constant, as well as the counter rate between the left and

right arm, to safeguard against beam asymmetries. Also the

ratio of the telescope counters viewing the target over the

SEM counts was used to check that the beam was properly

steered onto the target.

Additional checks performed every 30 minutes include

checking high voltages of all counters, Cerenkov gas pressures,

magnet currents, argon flow rates to the wire chambers and the

methylal consumption rate of the chambers.

Data for the h+ h runs were taken in February 1975 in

five overlapping mass regions. Tables3&41ists the name of the

magnet settings, the momentum range and the Cerenkov counter
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thresholds for fr, K and P. Intensities between 1010 and 1011

protons/pulse were used on 3xBe, 5xBe and 3xAl203 targets.*

Generally the loss of events from electronics and data collection

dead time was 10-20%.

There were three main trigger; for all h-h+ pairs,

G2= (ED) (EQ) (EFGH) (RSTU) - A - Z

for h-h+ pairs except ffp, with right arm positive polarity,

G2=(Z B) (EQ) (EFGH) (RSTU) (CK1 CE2). A - Z

and for h-h pairs except f p and Tr +, again with right arm

positive,

G2=(ED) (EQ) (EFGH) (RSTU) (CE? CK1) (CEl CE2)- A - Z

The last two triggers were used to suppress the most abundant

modes, i-ffp and af +, to detect the other modes at faster rates.

As will be reported later the data used for cross section

calculations had only the all inclusive h-h+ trigger so the

relative cross sections between different modes is uniformly

measur-d.

*targets were 4 mm cubes, 6" apart.
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TABLE 3 Hadron Pair Runs

Trigger Magnet

h-h+ Med-10

h-h+ Low

h-h+ (-p) Low-Med

hh +(r-p,Tri)Low-Med

h-h+ Med-High

hh +(n-p) Med-High

hh +(T-p) Med P

h-h+ 80%Low P

h h (-T p,Tr)Med-10

h h (fT-p,lvr)Med P

h-h+ Med P

*5xBe= 3 pieces of 4mm B

3xBe= 5 pieces of 4mm B

3xAl203= 3 pieces of 4m
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#Tapes

50

37

20

52

10

40

32

259

100

62

10

e target pieces 6"' apart, 4% collision length

e target pieces 6" apart, 6.7% collision length

l A1203target pieces 6" apart,6.9% collision length

#Trig's

1.9 Meg

1.44

.80

2.04

.391

1.57

1.24

11.5

3.17

2.73

.394

#Inc. P

2.08x1015

5. 45x10 14

5.04x10 14

2.62x1015

8.77x10 14

4.43x1015

2.14x1015

4.11x1015

1.35x1016

1.06x1016

4.59x10 14

Target*

5xBe

3xBe

3xBe

3xBe

3xBe

3xBe

3xBe

3xAl 203

3xAl 203
3xA12 03

3xAl 203
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TABLE 4 Cerenkov Counter Gas Pressure Setting and Mcmentum Thresholds

Mag. Set. P
rang

3.0-7.0

CE Press . Gas

1.0 atm. Isobutane

Med P-10% 4.0-8.5

4.5-10.0

IMed-High 5.0-10.5

""

Ti (n- 1)

1. 37x10-3

i

""

P CK Press.

2.6 Gev
I

19.6 atm.

11.1

9.0

6.5I I

Gas

Ethylene

I

.0155 atm 2

, Pr

.8 5.3

.0081 3.9 7.4

.0065 4.3 8.2

.0047 5.1 9.6

0

Low P

Med P

'p V V0

-n (n-1) P, P
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ANALYSIS

In this section, off-line track reconstruction is

described. This analysis was carried out on the Laboratory

for Nuclear Science IBM 360 computer and the Brookhaven

CDC 7600 computer. It was completed early in the summer of

1975.

Track reconstruction began by finding the point posi-

tions where the charged particles passed through the wire

chambers. For a genuine track through the chambers, the sum

of the wires must be constant which allowed for a 2 mm

tolerance in position. From these positions in the A and C

chambers, straight tracks were defined and checked to have a

corresponding point in B chamber within .4 inches. The momen-

tum is determined by re-extrapolating this track to the

target. An iteration by Newton's interpolation is done start-

ing with 50 GeV momentum in the first try and 1% less in the

second to find its vertical projection from the beam axis.

Forming a derivative of the momentum as a function of that

vertical projection from the beam axis, the momentum is extra-

polated to a value such that it has zero vertical projection

from the beam axis. The process is iterated until the vertical

projection deviates less than .02 inches from the actual beam

height. This defines the momentum and the intersection of the

track with the beam axis which we refer to as the target
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position. Fig.24b displays the average position of the re-

constructed target position (ZLeft + ZRight)/ 2 , where ZLeft

is the target position of the particle that went through the

left arm and ZRight is for that of the right arm. Multiple

scattering causes the spread in vertex positions and the

absolute number in each target piece is different because of

the difference in acceptance for each target piece. Having

determined momentum and opening angle for each particle the

invariant mass of the pair is reconstructed as,

M+h~ = ( {E +E 12 + {p1 p2 }
2 ) l/2

=2 + m2 + 2/ P2+m 2  P2 +m2  - 2 P P coSE= 1  2 1 1 2 2 1 2 ~

The particles were identified by requiring the following

combinations of counts from the cerenkov counters for each

event,

CE CK

F YES YES

K NO YES

P NO NO

One limit to this identification was for kaons. High momentum

protons will count in CK and lead to mi sidentification.

Consequently the kaons and protons require a momentum cut.
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From a momentum distribution of events with CE not counting and

CKcounting the kaon and proton events are separated by eye

(fig.25). This w!as serious in the K events because of the

high proton rates, whereas for K events, the contamination

was small due to the rarity of anti-proton events. The first

peak is due to kaons and the second is due to protons. The

characteristic shape is due to a production mechanism that

rapidly decreases at higher momentum and a spectrometer

acceptance that increases with higher momentum.

To pick out the genuine pair signal the timing diff-

erence between counters in the left and right arm were used.

Fig.24b shows the timing difference between CEl and CE2 for

I+ - pairs. A cut is made around the peak for those intime

signals. The timing is very sharp, FWHM = 0.9ns, and the

random accidentals quite small. The following table lists

the combination of Cerenkov counters used for identification

and the cuts applied to the data.



isoo.-~--- i- -- -- i--+- beam
15,000

Beryllium 6 4x4x mm

10,000
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Position along larget (*n.)

Fig. 24a. Reconstruction of the pair vertey. at the target; using
information from the proportional chambers. The five

pieces of beryllium are seen clearly.

I,500

Time of f light
difference

e Lefi --Right arm

,000

0)
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- sTime Dif fretnce (n) .
Fig. 24b. Time difference between additional scintillation counters

in the ieft and right arms. The resolution obtained is 0.9s

and little background is present.
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TABLE 5 CUTS APPLIED TO h-h' DATA

RIGHT ARM LEFT ARM CERENKOV CUT TIMING CUT TARGET CUT

CE1 CE2

K

P

ff

*T

K

K

K

P

P

K

P

iT

K

P P

CEl CE2 CK2

CE1 CE2 CK2

CEl CK1 CE2 CK2

GE1 CK1 CE2 CK2

CE1 CK1 CE2 CK2

CEl CK1 CE2

GEl CK1 E-2 CK2

CEl CKl CE~2 CK2

ICEl-CE21<1.5ns

ICK1-CK21<2.5

IA-ZI < 4.5

ICK1-CK21<2.5

ICK1-CK21<3.0

IA-ZI < 4.0

IA-Zi < 5.5

IA-ZI < 4.0

JA-ZI < 4.0

I Zright-Z1eft1<4??

i"

1?

I?

It

It

I?

I?

It
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TABLE 6 MOMENTUM CUTS APPLIED TO hh + DATA

MAGNET SETTING

80% LOW P

Low P

Med P-10%

Med P

Med-High P

P
p

0-4.5

0-5

0-7

0-8

0-10

PK

2.25-4.5 Gev

2.5-5.0 Gev

3.5-7.0 Gev

4.0-8.0 Gev

5.0-10.0 Gev
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RESULTS

Roughly 20 million events were analyzed. The results

of the analysis are presented in mass plots in figs. 26-34.

The mass plots are in 12.5 MeV bins, which is consistent

with the observed FWHM of the J particle. The cuts applied

to these mass plots are listed in tables 5&6.

The results of all overlapping mass plots are smooth

distributions increasing because of increasing acceptance

and decreasing because of the production mechanism. The

results are presented in events instead of cross sections

in order to view the statistics involved in searching for

sharp resonances. There are no sharp resonances in all

nine reactions. A comparison of all overlapping mass plots

shows no structure outside of statistical fluctuations.

This result contradicts many theoretical attempts to under-

1
stand the J particle in terms of the charm model . The

charm model predicts a sharp resonance near 3 GeV in pp and

and around 2 GeV inKK. None of these were found in these

measurements for proton collisions at Ecm = 7.43. There may

be wide resonances with larger widths than 300 MeV, however,

this would depend on an exact calculation of the acceptance.

To place an upper limit on the production of sharp

narrow resonances, particles at masses of 2.25, 3.1 and

3.7 GeV were monte carlo generated with a production
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mechanism of

36E - = C e-P
3

dp3

which decay into h h pairs isotropically in its rest frame.

To produce a peak 5 standard deviations above the

background, the required cross section times branching ratio,

aB, yields the following cross sections to which these

measurements are sensitive, at three different masses,

h h 2.25 Gev 3.1,Gev 3.7 Gev MASS

+ - -33 -35 -35 2SK lxlO 4x10 lxlO cm

K+ - 4xlO-33 8 d-35 4x10-35

PP .. 4x10-34 2x10 35

K-K + 1x10-33 5xlO-35 lx10-35

7- + 8x10-33 5x10-34 3x10-35

P K~ 7x10-33 4x10-34 3x10-35

K+P 2x10-33 4x10-35 8x10-36

P -r 4x10 3 2  4xl&-3 3  5x10-3 4

-33 -35 -36
'ff P 2x10 4x10 7x10

1T. Applequist and H. D. Politzer, Phys. Rev. Lett.,34,43(1975)



Fig. 26

MEOD
80% Low P - KIp

.200
2

S400-

1750 2000 2250 250 2750 3000
2400

Low p -K'P

200C-

Oj 1200 -

ki 000 -

40C0-

2050 2300 2550 2800 3050 3300

Low -Med p - K-p

40C --

2W

00c-

2250 2500. 2750 3000 3250

7roC - Med p - 10% - Kp

50C -

2C -

10C -

25Wr-- 0 0 0 3250 3MOO

280-Med P - P

.240 -

2WWOc -
Cec -

40-I
L M'- -

2625 2875 3425 3375 325 3075
MeV/ma

K p mass spectra for five mass ranges from MIT-BNL.



80% Low p -p

6000-

In

S4000-
C4

'A

c

2000-

1500 1750 2000 2250 2500
1200r

Low p- 7r-p

1000-

800-

600-

400-

200-

2000 2250 2500 2750 3000 3250

Low- Med p - if p
800-

,600-

bi

400

200-

.2250 2500 2750 3000 3250 3500

Med p -10% -- p

> GO-
a-

2400 2650 2900 3150 3400
MeV/c f

Tr D mass spectra for four mass rang~es from MIT-BNL.Fig. 27



100

80

> 60

40

20

1750 2000

> 120-

so -C

40-

2800 3050 3300

2500 2750 3000 3250

3000 3250 3500 3750

2750 3000 3250 3500 3750 4000
MeV/c

p K+ mass spectra for five mass ranges from MIT-BNL.

80% Low P -P

2250 2500 2750 3000

Low p-K'p

200 255060

240

420

bi'

Low-Med p -K*

--- II I I I_
2250

. 60

>40

25

Il

Med p -10% -K'

-

2750

>20

Ilu

Fig. 28

Med p K*

'

'

K* 5

00
I3Du



25

200

t ISO

50

80% Low p - KK

-50 15

-

150

400

:200

2000 2250 2500 2750

1800 2050

V30

60

I 40

20

2000 2250
200

ed 100

. 11

2300 2550 2800 3050

2375 2625 2875 3125 3375 3625

5C

> 40

;2
in

C

Med p - K* K

-

2652- 15 37 6 ~7

2625 2675 3125 3375 3625 :kR7'
MeV/cZ

K K mass spectra for five mass ranges from MIT-BNL

Low p- K4K-

Low-Med p - KK

-

-

2500 2750 3000

Med p - 10% - KIK

Fig. 29

- -- - 1

-



3000 80% Low P - K'

200C

Z 000 -

I 0
10 1500 1750 2000 2250 2500 2

300- .Low p- K6 7r-

200-

100-

1750 2000 2250 2i00 2750 3000

1200
Low -Med p - K*

U00 -

600 -

W 400

20C0-

I I I
1875 2125 2375 2625 2875 3125

S- Med p - 10 % K *

K)OC -

600 -

200 -

2250 2500 2750 3000 3250 3

Med p - Kc
1

'

500 -

1200 -

2250 2500 2M5 3000 3250 -
Mew/C I

7rK+ mass spectra for five mass ranges from MIT-BNL.Fig. I30



80% Low P -

200-

r7 2000 2250 2500 2750
400

Low P - rw-d

3W0 -

200 -

2000 2250 2500 2750 3000 3250

140-
Low -Med p - *A

120-

000

80-

InJ

r 60

C

240 250 20035 4() 35

20-

11

2250 2500 2750 3000 3250

Med p -%-

20-

Fa 0- Me pa

4C -

2400 2650 2900 3150 3400 3650
300

100-

25010 2750 3800 32 50 3500 3750
M4V/C2

Fig. 31 n + mass spectra for five mass ranges from MIT-BNL.



800

600 -

Nnc40C -

w
200-

1250 1500 1750 2000 2250 2500

1200- Low p -r*K

IC)

1750 2000 2250 2500 2750 3000
300

Low-Med p - *K-
N

4 I W

2000 2250 2500 2750 3000 3250

2
MMed p - 0% K-

220-

in

40-

2250 2500 2750 3000 3250 3500

Med p-0 - *rK-

2I00 -

C,

v 160-

w2

2250 2500 2750 3000 3250 3500
MeV/

2

spectra for five mass ranges from MIT-BNL.

80% Low P - K- r*

Fig. 32" K wT + mas s



7000

500
C3j

c~i 300

Qw

100

1250 2000
14 0 0 r-

2000

2250

2250 2500
MeV/c 2

FT IT mass spectra for two mass ranges from MIT-BNL,

80 % Low p - *iy~

0-

0-

0-

0
1500 1750 2500

12001

100C

CD

LO
W

W60
IFw

400[

2001-

ow - Med p - 7rTr-

I I

L

-L

2750 3000
I

I

Fi g. 33



80% Low P -p

200-

2C.. 2250

1200

1000

goo

600

400

200

2500 2750 3000 3250

2300 2550 2800 3050 3300

40C

300f-

20 0

hi

2500 2750 3000 3250 3500 3750

Med p - 10% Op

100 -

270 3000 3250 3500 3750 4000
200i

150

5O

50

2875 3125 3375 3625 3875
MeV/c2

4125

p p mass spectra for five mass ranges from MIT-BNL.

Low p-up

Low-Med p -5p

In

r31uj

Med p-Jp

/\od

Fig. 34

>

4



-88-

CROSS SECTION

To obtain cross sectior from the simultaneously

measured reactions,

P +P->77 + X

'_K

KK
KP

P K+

P

the yields of the final hadron states are .assumed to come

from the decay of a particle, A + h+h~ with mass mh+h-, that

decays isotropically.

To calculate the acceptance from 1vbnte C arlo simula-

tion, events are generated according to a flat mass distribu-

tion, mh+h' a flat X = P /VS/2 distribution and a P dis-
L

tribution fitting the data. Given now the complete Kineti-

matics of A in the C.M.S., A then isotropically decays into

a hadron pair uTr, uK, uP, KK, KP, and PP. -'The acceptance for eachpair

must be calculated separately. The program then tries to

transport each decay particle through the magnets, allowing

for decay. These calculations were carried out for each

magnet setting and each of the previously listed pairs.

The cross section for a reaction is related to the

number of events, N, monte carlo events, NM.C., and target in
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the following relation,

NM.-C.

N = CCEPTED x a x (# target nucleons/cm )

GENERATED

for the number of N events detected per incident proton.

N EEAE is tht total number of monte carlo tries,GENERATED

NM.C. is the total number of events detected in the sim-
ACCEPTED

ulation, and a is the reaction cross section. The first

quantity of the right hand side of the equation is called

the acceptance and represents the efficiency to which the

experimental apparatus can detect a reaction. Using data

and monte carlo events from the same 12.5 MeV bins, the

differential cross section is,

da = N ATA/bin NN 1 1

LCCPT/BIJ # target nucleons/m2 (# INCI ENT P UIONS) MO X0

where M0 is the width of the random mass generation and

X is the interval of random X generation, -0.15 < X < 0.1.

The statistical errors are

/1 + 1
N. NDATA/BIN1 ACCEP/BIN

Thus,
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da da + 1
dmdX dmdX NM.C. NDATA/BIN

/ACC/BIN

The target nucleons/cm2 for the Berylium and A1203

are

target nucleons = (#nucleons/nuclei) x (target thickness)

x (density) x (6.02x10 23)

for a cross section per interacting nucleon.

The # incident protons was measured by the Secondary

Emission Counter, as explained earlier. However, since 4 mm

target cubes were used, for improved momentum resolution,

parts of the beam could have missed the target. Conserva-

tively, the overall absolute cross section of all the

measurements is estimated to be uncertain with a factor of 3.

Since measurements were taken simultaneously for all

h+h~ pairs, the relative yields between different h+h~ pairs

should be accurate to t20%. The primary cause of these

errors is due to protons causing counts in CK and hence being

falsely identified as kaons. This is due to proton inter-

actions in C wire chamber which had a total of 1" aluminum

and in the wall of CK which was 5/16" thick steel. This

totaled to a 15% collision length. Even though this effect

was verified later to be ~20%, the modes with K+ in the h+h

pair are omitted.



The cross sections for the following reactions

P + Be-> rP + X

ITf 7T

K P

T T

are shown in fig. 35 .

mass at x = 0. Two i

2
In this figure, is plotted versus

mportant observations are:

doa -5m
1) All cross sections dmdx decrease as z e

2) The cross section falls into three bands; wp in

the first, iTwr, pp and K p in the second, and K~n+ and

w+ p in the last. Each band is roughly an order of magnitude

apart.

We note that for a particle A produced near x = 0 the

production can only depend on the energy E like e-. Assum-

ing the production to be isotropic in the C.M.S.

a(Pd e)) = 2/3 e),

and defining the kinetic energy

T = E - m = (M2 + 3/2P 2) 1/2
J.

we have

-91-

- m,
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3 3 -5E -Sm -5TE d a/d p = Ce = Ce e

-5T
where C is a constant. The e term describes the PL

dependence as a function of mass. The data in fig. 35 clearly

displays the first term. The prediction for T dependence at

different masses is shown in fig. 36.

To check this relation, we note for small mass, the

P, behavior is,

3 3 -5/(3/2)P -6E d c/d p a e e

which is well known from inclusive single particle production.

The P, dependence of our data is verified by comparing the

T dependence with the f + invariant cross section. Mass

independence is demonstrated in three narrow mass bands.

of 1.9<m<2.1, 2.4<m<2.6 and 2.9<m<3.1 Gev in fig. 37.

To further study the P, dependence of other particles

2we include the p* and w amesons. This is compared in fig. 38

with the e 5 (m+T) /E relation against the da/dp2 data points

of p* and w mesons produced from 24 Gev protons incidenL on

liquid Hydrogen. All these results show good agreement with

this simple description for the mass and P. behavior of

inclusive particle production and resonances.

M. Banner et al., Phys. Lett.44b, 537(1973).

V. Blobel et al., Phys. Lett.73,48B(1974)
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Fig.36 The P, behavior of e-ST as a function of M.



-95-

E
dp 3

10-30 1.9 < mn < 2.1 GeV

10-2.4 < m. < 2.6 GeV

e--5T

0~2.9 < m < 3.1 GeV

0 .05 .10 .15 .20
T (GeV)

Fig. 37The T dependence of the invariant cross section (in units of cm2/Gev2)

for Tr7+ at three narrow mass bands. The e-ST line is a visual fit to the data.
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DATA RUNS

For e h pairs, the only modifications from h-h runs

were to fill CE2 and C02 with 1 atm of H2 to detect electrons

(positrons) and to change the trigger to:

G2 = (RSTU) (EFGH) (ED) (EQ) (CE2CO2)

Consequently the right arm would detect positive (negative)

hadrons and the left arm electrons (positrons) depending on

the magent polarity.

The magnet settings were Low P, Low-Med P and Med P-10%

of the hadron runs (table 7 ). The beam intensity for first

two settings was kept low to about 10 protons per pulse to

reduce random accidentals and to operate CB at safe counting

rates. For Med P-10%, the beam intensity was increased and

CB was turned off because the trigger rate was very low and

at higher momentum the ff* production decreases. Generally the

e h rate was higher than the e h~ rate due to knock on

electrons.

To determine what fraction of the e h signal was due to

TF0 decay,

P P + 0 h + x

e e y

special runs were done using converter plates to estimate the

efficiency to which CB can detect such events. As fig. 5
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shows only electrons (positrons) of less than 1.2 GeV can be

detected, hence this method cannot possibly eliminate all 7o's.

the double arm trigger, 17% radiation length copper converter

plates were placed in the gap of MO magnet on the electron

(positron) arm. In this manner the dominant fraction of events

are one- hadron plus an e e+ pair from a converted y entering

the electron (positron) arm. Thus the ratio, from the off-line

analysis of these special runs, of the number of events with

CB counting over the total number of events represents the

fraction to which CB can detect f0 h events. The results

shown in table 9 yield detected fraction of 40 j 4%. Hence

the estimated number of 7r'h events in regular runs will be

the number of events with CB counting times a factor 2.5.
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TABLE 7 Electron-Hadron Runs

MAGNET TARGET #TRIGGERS #INC. PROTONS

Low P

Low P

Low Med P

Low Med P

Low Med P

Low P

Low P

Med P-10%

5xBe 139K

5xBe/Cu Con. 39K

5xBe

5xBe

32K

90K

5xBe/Cu Con. 36K

e+h-

e+h-

e+h

eh

e h

e h

e-h+

e h

195K

419K

132K

11

2

7

9

2

10

18

6

1. 75x1015

1.51x10 14

1.43x10 15

1. 28x1015

1. 56x10 14

1. 14x1015

1. 26x10 15

2. 52x10 15

TABLE 8 CUTS APPLIED TO ELECTIRON-HADRON DATA

LEFT RIGHT CERENKOV AND LEAD GLASS/SHOWER CUT* TARGET CUTt TIMING CUT

e Iff C01 CE1 CK1 LG/SHR CE2 C02 CK2 LG/SHL

e K COI CEl CK1 LG/SHR

e P C01 CE1 CK1 LG/SHR

e e C01 CEl CK1 LG/SHR

"

''

1 L-ZR1 <3.5"
"

"

"?

ICEl-CE2|<1.2ns

ICK1-CE21<1.2

1A - Z 1<2.4

ICEl-CE2|<1.2

*LG/SH; Lead Glass/Shower sum with large pulse height

LG/SH; "

"

small ",

tIn addition to this target cut, (ZL+ZR)/2 had to be within 2" of the survey point

MODE #TAPES

5xBe

5xBe

5xBe
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TABLE 9 CB Efficiency with 17% Converter Plate

Mode Setting

e -

e+K

e P

eK+

eK

e P

Low P

"

Total Events

783

27

CB Events

333

9

DEatected

43 3%

33 13%

of

Low Med

"f

i

402 163

72

517

29

212

41 4%

40 9%

41 3 %
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OFF-LINE ANALYSIS

The only modification from the h-h+ analysis is the

incorporation of the lead glass and shower counters.

The analysis program summed the pulse heights of at

least two adjacent lead glass and shower counters around the

trajectory from the wire chamber. Fig. 39 gives the histogram

of this summation from electrons and hadrons. The hadron

produced a minimum ionizing curve which is the steep curve on

the left. The electrons produce a shower according to a

poisson distribution on the left. With the pulse heights

clearly separated, the cut was applied by eye roughly where

the hadron tail extrapolates to zero.

Table 8 lists the cuts applied to the electron-hadron

data.
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RESULTS

We report here on the e+h~ signal from the measurement

described before. A substantial amount of data in the e-h+

mode has been taken but will not be reported because the e of

the pair could be contaminated with knock on electrons.

There is a clear e +r signal as shown in fig. 40 which

displays the time difference between the two Cerenkov counters

CEl and CE2. Fig.39 confirms this signal by showing clean

target reconstruction. There is also background in the timing

signal (see fig. 40) which we subtract from the intime signal,

N signal = N(t=0, l.2ns) - Nbackground

AN . =/N(t=0, l.2ns) -N
signal Nbackground

This signal is reported in tablelO for the different spectrom-

eter settings. Fig.41 shows the reconstructed mass spectrum

taken from a measurement from Low P. The mass spectrum for the

low momentum setting shown in fig. 41 does not show any signifi-

cantly different shape from 7 'r mass spectrum shown in the Low P

runs in fig. 33.

Fig. 42ashows the corresponding timing plot of e +K which

is obtained by the T.O.F. difference of the A and Z counters.

Fig. 42b shows the corresponding T.O.F. difference A and Z for

the e p signal. And for comparison we show the A and Z T.O.F.

difference from the 7 e signal in Fig.42c. It is obvious
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that whereas a clear a e is seen that pe and K e is marginal.

This certainly conflicts with the idea that most of the ob-

served electron hadron pairs comes from Charmed meson decays,

D* + e K v la)

D* e w v lb)

There one expects equation la) to be preferred by the cos2e c'

where a c is the Cabibbo angle, whereas lb) procedes with the

.2 1
sin ac,

Also from the shape of the e+ r spectrum we have no hint

that this signal emerges from a three body decay. The observed

signal can be converted into upper cross section limits relative

to the 7 J events observed during the runs,

3.5
+ -- 33 7I acy(e K ) dm = 25 11 a(J) < 10 cm 2a)

1.5 am 7
3.5

-34 2

f (e P ) dm = 1 1 u(J) < 10 cm 2b)

1.5 am 7

These spectra may still contain physical background from

internal and external a* gamma conversions. An estimate

assuming ff- (*W -+ e e y) are produced at the same rate as

f + pairs which were measured will yield rates of the magnitude

observed. However, the u* must have a substantially higher

momentum to produce an acceptable e+ via decay. Such unsymmet-

rical pairs have not been measured.
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As mentioned in the previous section, n' decays may be

recognized to the 40 4% level by the help of CB, suggest that

up to -80-90% of the observed signal may come from Dalitz decays

confirming the above estimate. In this case the upper limits

of equation 2a,b may be lower by an order of magnitude.

1., M.K. Gailliard, B. Lee, and J. Rosner, Rev. Mod. Phys.,
47, 310 (1975).
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TABLE 10 e+ h EVENTS

MODE SETTING INC. PROTONS EVENTS %CB EVENTS CB EFF. %irh EVENTS

e - Low P

e+K "

eP 'II

1. 08x10 1 5

I

676 47 36 2%

20 9 31 9%

43 3% 84 9%

33 13% 94 46%

1 1

e r Low Med 1.46x1015

e+K "

340 30 31 3%

5 6 25 14%

e P

Note: %CB Events= #Events w/CB counting

Total #Events

%frh Events= %CB Events

CB Eff.
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SUMMARY AND CONCLUSIONS

In conclusion a systematic study of hadron pairs and

electron-hadron pairs has been performed on opposite charged

pair combinations of w , K and P and e n , e K and e +P.

In the hadron pairs no sharp resonance was seen to a

sensitivity comparable to the J cross section.

In the search for eh pairs no evidence for a large

signal was found with cross sections for e K and e p limited to

3.5

1.5

3a_(e K) dm <
am

0-33 2

3.5

f a (eP)
1m

1.5

dm < 10-34 cm2

And the production of e K- events appears to be smaller than

e +r events. All these results are inconsistent with Charm

particle theory since:

1) no sharp resonances were found, particularly in the

PP and KiT-modes.

2) no sizeable e h signal was found in the mass region

1.5-3 GeV which could originate from the semileptonic decay of

charmed mesons .

3) the e K rate appears to be smaller than the e it

rate, contrary to Charm theory where decays involving strange
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particles are preferred.

The hadron pair cross sections in the mass range 2.5-

4.5 GeV displayed simple degeneracies. All modes show an

exponential decrease as e-5m forming three bands of

1) ITp

2) rr + , pp, K p and

3) K 7r and w p, each band about factor -10 apart. The

mass and P dependence of these results are well described by

3 -5M -5T 2 2Ed a e e ,where T= m + 3 P -m
p3  2dp 5-

Recent theoretical papers have attempted to explain this simple

structure. Chodos and Willemsen use a quark counting model.

Hagedorn2 also gave an explanation for the production dynamics

similar to the aforementioned formula.

To further study the nature of the inclusive h + h pair

results, single particle production has been measured to find

correlations to pair as suggested by Bjorken.3

Search for more sharp resonances at higher masses could

be done with the same spectrometer at N.A.L. to see how extended

the class of new particles is which started with the discovery

of the J.

1. A. Chodos and J.F. Willemsen, Phys. Rev. Let. 35, 334 (1975.
2. M. Chaichian and R. Hagedorn, Phys. Let., (1976).
3. J. Bjorken, private communication.
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