
I will present a brief account of my 
work during the last 10 years leading to 
the discovery of a new family of elemen- 
tary particles. In the next lecture, Dr. 
Richter will discuss his work on the new 
particles. 

Photons and Heavy Photons 

The study of the interaction of light 
with matter is one of the earliest known 
subjects in physics. An example of this 
can be found in the Mo Tsu (the book of 
Master Mo, Chou Dynasty, China, 4th 
century B.C.) (1). In the 20th century, 
many fundamentally important discov- 
eries in physics were made in connection 
with the study of light rays. The first No- 
bel Prize in Physics was awarded to W. 
C. Rontgen in 1901 for his discovery of 
x-rays. 

In modern times, since the work of Di- 
rac, we realized the possibility of the 
creation of electron-positron pairs by en- 
ergetic light quanta. The work of W. E. 
Lamb and R. C. Retherford provided a 
critical step in the understanding of inter- 
actions between photons and electrons. 
The elegant formulation of quantum 
electrodynamics by S. Tomonaga, J. 
Schwinger and R. Feynman, F. J. Dy- 
son, V. F. Weisskopf, and others has led 
to a procedure for calculating observable 
effects of the proper electromagnetic 
field of an electron. 

In the last decade, with the construc- 
tion of giant electron accelerators, with 
the development of sophisticated detec- 
tors for distinguishing electrons from 
other particles, and finally with the build- 
ing of electron-positron colliding beam 
storage rings, much has been learned 
about the nature of very high energy light 
quanta in their interactions with elemen- 
tary particles. The study of interactions 
between light and lightlike particles (the 
so-called vector mesons, or heavy pho- 
tons) eventually led to the discovery of a 
new family of elementary particles-the 
first of which is the J particle. 
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My first knowledge of the concept of 
light quanta and the role they play in 
atomic physics came from the classical 
book Atomic Spectra and Atomic Struc- 
ture by Herzberg (2a), which I picked up 
in the summer of 1957 when I was work- 
ing in New York as a summer student. 
Just before my graduation from college, I 
received as a Christmas gift from my fa- 
ther the English translation of the book 
Quantum Electrodynamics by Akhiezer 
and Berestetskii (2b). During my school 
years at Michigan I managed to go 
through this book in some detail and 
worked out some of the formulas in the 
book myself. Then, during my years as a 
junior faculty member at Columbia Uni- 
versity, I read with great interest a paper 
by Drell (2c), who pointed out the impli- 
cations of various tests of quantum elec- 
trodynamics at short distances using 
high-energy electron accelerators. I did a 
theoretical calculation with Brodsky (3) 
on how to isolate a certain class of Feyn- 
man graphs from the muon production of 
three muons. 

There are basically two ways of testing 
the theory of interactions between pho- 
tons, electrons, and muons. The low-en- 
ergy method, like the Lamb shift or 
(g - 2) experiment, tests the theory to 
high accuracy at a long distance (or small 
momentum transfer). For example, the 
most recent experiment done at CERN 
by Picasso and collaborators (4) to mea- 
sure the g-factor anomaly of the muon 
with a muon storage ring obtained the re- 
sult 

(g - 2)/2 = 0.001165922 + 0.000000009 

(an accuracy of 10 parts per million). 
This result can be compared with calcu- 
lations of quantum electrodynamics, in- 
cluding corrections from strong and 
weak interactions. The theoretical num- 
ber is 

(g - 2)/2 = 0.001165921 ? 0.000000010 

a most fantastic achievement of both ex- 
periment and theory. 

The other way of testing quantum 

electrodynamics (QED) involves the 
study of reactions at large momentum 
transfers. Using the uncertainty prin- 
ciple Ax - Ap - h, this type of experi- 
ment, although much less accurate, 
probes the validity of QED to a large mo- 
mentum transfer or to a small distance. 
One such experiment, the process of 
e+e- production by multi-Gev photons in 
the Coulomb field of the nucleus, has 
both electromagnetic and strong inter- 
action contributions to the e+e- yield. By 
properly choosing the kinematical condi- 
tions, we can isolate the contributions 
from quantum electrodynamics alone 
and reduce the yield from strong inter- 
actions to a few percent. The momentum 
transfer to the electron propagator is 
about 1 Gev; it is related to the effective 
mass of the e+e- pair. The yield of QED 
pairs is of the order a3 (a = 1/137). Be- 
cause the yield is third-order in a, to ob- 
tain a reasonable amount of events the 
experiment must be able to handle a high 
intensity of incident flux. A large accept- 
ance detector is necessary not only to 
collect the events but also to average the 
steep angular dependence of the yields. 

The effective mass of a pair of parti- 
cles emitted from the same point is ob- 
tained by measuring the momenta p, and 
P2 of the particles and the angles 01 and 02 
between their paths and the incident 
beam direction, and by identifying the 
two particles simultaneously so that their 
masses m1 and m2 can be determined. 
The effective mass m of the pair is de- 
fined by: 
m2 = m21 + m22 + 2[EE2 - 

P1P2 cos(01 + 02)] 

where Ei = total energy of the particle. 
A pair spectrometer has two arms, 

which measure simultaneously the mo- 
menta p, and P2 of the particles and the 
angles 01 and 02. Owing to the immense 
size of the equipment required, the phys- 
ical position of each arm is often pre- 
selected. This restricts 01 and 02 to a rela- 
tively narrow band of possible values. 
Different effective masses may be ex- 
plored by varying the accepted momenta 
of the particles p, and P2. 

When the two particles are uncorre- 
lated, the distribution of m is normally a 
smooth function. A "narrow" resonance 
will exhibit a sharp peak above this 
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smooth distribution, while a "wide" res- 
onance will produce a broader bump. 
The identification of particles from the 
spectrometer is done by (i) measuring 
the charge and momentum of the particle 
from its trajectory in a magnetic field; 
and (ii) determining for a given trajec- 
tory, or a given momentum, the mass of 
the particle by measuring its velocity and 
using the relation p = m ? v. 

The measurement of velocity can be 
done with Cerenkov counters, using the 
Cerenkov effect. For electrons, their ad- 
ditional property of having only electro- 
magnetic interactions can be used. When 
an electron enters a dense piece of lead, 
it loses all its energy by a cascading proc- 
ess which releases photons. The amount 
of light emitted from a lead-Lucite sand- 
wich shower counter (or a lead-glass 
counter) is thus proportional to the ener- 
gy of the electron. 

In October 1965 I was invited by W. 
Jentschke, the director of the Deutsches 
Elektronen-Synchrotron (DESY) in 
Hamburg, Germany, to perform my first 
experiment on e+e- production (5). The 
detector we used is shown in Fig. 1, a 
and b. It has the following properties that 
are essential to this type of experiment: 
(i) it can use an incident photon flux of 
- 1011 sec-1, with a duty cycle of 2 to 3 
percent; (ii) the acceptance is very large 
and is not limited by edges of the mag- 
nets or by shielding, being defined by 
scintillation counters alone; (iii) all coun- 

ters are located such that their surfaces 
are not directly exposed to the target; 
(iv) to reject the hadron pairs, the Ceren- 
kov counters are separated by magnets 
so that knock-on electrons from the 
pions interacting with gas radiators in the 
first pair of counters (LC and RC) are 
swept away by the magnet (MA) and do 
not enter the second pair of counters 
(HL and HR). The low-energy knock-on 
electrons from HL and HR are rejected 
by shower counters. 

The large number of Cerenkov coun- 
ters and shower counters enables us to 
perform redundant checks on hadron re- 
jection. Since each Cerenkov counter is 
100 percent efficient on electrons and not 
efficient on hadrons, the observation that 
the yield of e+e- from three Cerenkov 
counters equals the yield of e+e- from four 
Cerenkov counters ensures that we are 
measuring pure e+e- pairs. The com- 
bined rejection is > 108. 

After we had finished this experiment, 
which showed that quantum electro- 
dynamics correctly describes the pair 
production process to a distance of 
- 10-14 cm, we tuned the spectrometer 
magnets so that the maximum pair 
mass acceptance is centered near m - 
750 Mev. We observed a large increase 
in the e+e- yield and an apparent vio- 
lation of QED. This deviation is caused 
by an enhancement of the strong in- 
teraction contribution to the e+e 
yield, where the incident photon pro- 

duces a massive photonlike particle, the 
p-meson, which decays into e+e- (6-8) 
with a decay probability of order a2. In 
order to show that this is indeed the 
case, we made another measurement at a 
larger e+e- opening angle and observed 
an even larger deviation from QED. This 
is to be expected since the QED process 
decreases faster than the strong inter- 
action process when we increase the 
opening angle of the e+e- pair. 

The observation of p - e+ + e- decay 
started a series of experiments by my 
group on this subject (9-12). Basically 
the heavy photons p, co, and 0 are reso- 
nance states of r+Tr-(p), 7r+Tr-Tr?(t), 
and K+K- or +7rT-Tr?(0) with a rather 
short lifetime of typically - 10-23 to 
10-24 second. The widths of these parti- 
cles are Fp, 100 Mev, FO, 10 Mev, 
and rF, 5 Mev. They are unique in that 
they all have quantum numbers J 

(spin) = 1, C (change conjugation)= 
-1, P (parity)= -1. Thus they are 
exactly like an ordinary light ray except 
for their heavy mass. Their masses are 
mp 760 Mev, m, - 783 Mev, and 

m,o 1019.5 Mev. 
The production of heavy photons by 

photons on nucleon and nuclear targets 
shows that it is a diffraction process very 
much like the classical scattering of light 
from a black disk. The experiments on 
photoproduction of heavy photons and 
observation of their e+e- decay measure 
the coupling strength between each 
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Fig. 1. (a) Plan view of the spectrometer: MD, MA, and MB, dipole 
magnets; LI to L4 and RI to R4, triggering counters; LC, RC, HL, and 
HR, large-aperture threshold Cerenkov counters; SLC and SRC, 
shower counters; TL, QL, VL, TR, QR, and VR, are hodoscopes; and 
QM, quantameter. (b) Overall view of my first experiment at DESY. 
The positions of LC, RC, HL, HR, MA, and MD are all marked. The 
physicist on the left is Dr. A. J. S. Smith; on the right is Dr. C. L. 
Jordan. 
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heavy photon and the photon. The inter- 
ference between the ee- final state from 
heavy-photon decays and e+e- from 

QED measures the production amplitude 
of the heavy photon. The interference 
between these amplitudes can be viewed 
classically as a simple two-slit experi- 
ment, where in front of one of the slits 
we placed a thin piece of glass (corre- 
sponding to y -> p -> y -> e+e-), thus 
disturbing the interference pattern. The 
QED pairs alone would correspond to 

passing of light without the glass in front 
of the slit. The interference between 

p(27) -> e+ + e- and co(37r) -> e+ + e- 
and the interference between p(2rr) -- 
2Tr and o(37r) -> 27r are measurements 
of strength of isospin nonconserva- 
tion in electromagnetic interactions (13). 

In the course of these experiments, 
since the width of co is - 10 Mev and that 
of ) is - 5 Mev, we developed a detec- 
tor with a mass resolution of - 5 Mev. 

Some of the measurements have low 
event rates. In one particular experiment 
where we studied the e+e- mass spectra 
in the mass region above the p and co me- 
sons, the yield of e+e- pairs was about 
one event per day, with the full intensity 
of the accelerator. This implies that for 
about half a year the whole laboratory 
was working on this experiment alone. 
The rate of one event per day also im- 
plies that often there were no events for 
2 or 3 days, and then on other days we 
had 2 or 3 events. It was during the 
course of this experiment that we devel- 
oped the tradition of checking all volt- 
ages manually every 30 minutes and cali- 
brating the spectrometer by measuring 
the QED yields every 24 hours. To en- 
sure that the detector was stable, we also 
established the practice of having physi- 
cists on shift, even when the accelerator 
was closed down for maintenance, and 
never switched off any power supplies. 
The net effect of this is that for many 
years our counting room has had a dif- 
ferent grounding system than the rest of 
the laboratory. The control room for this 
series of experiments is shown in Fig. 2. 

Some of the quantitative results from 
the above experiments may be explained 
if we assume that there are three kinds of 
fundamental building blocks in the 
world, known as quarks, which combine 
to form various elementary particles. 
The interactions between photons, 
heavy photons, and nuclear matter are 
results of interactions of the various 
quarks. 

Sakurai (14) was the first to propose 
that the electromagnetic interaction of 
elementary particles may be viewed as 
through the heavy photon (vector me- 
son) intermediate states. 
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New Particles 

After many years of work, we have 
learned how to handle a high-intensity 
beam of - 1011 y-rays per second with a 
2 to 3 percent duty cycle, at the same 
time using a detector that has a large 
mass acceptance, a good mass resolution 
of AM ~ 5 Mev, and the ability to distin- 
guish r7rr from e+e- by a factor of > 108. 

We can now ask a simple question: 
How many heavy photons exist? and 
what are their properties? It is incon- 
ceivable to me that there should be only 
three of them, and all with a mass around 
1 Gev. To answer these questions, I 

started a series of discussions among 
members of the group on how to proceed. 
I finally decided to first perform a large- 
scale experiment at the 30-Gev proton 
accelerator at Brookhaven National Lab- 
oratory in 1971, to search for more heavy 
photons by detecting their e+e- decay 
modes up to a mass (m) of 5 Gev. Figure 3 
shows the photocopy of one page of the 
proposal; it gives some of the reasons I 
presented, in the spring of 1972, for per- 
forming an e+e- experiment in a proton 
beam rather than in a photon beam, or at 
the DESY colliding beam accelerator 
then being constructed. 

Historically, to my knowledge, the 

Fig. 2. Earlier control room at DESY. The three ,her people in the picture are Miss I. Schulz, 
Dr. U. Becker, and Dr. M. Rohde. All have worked with me during the last 10 years. 

The best way to search for vector maesons is through production 

experiments of the type p + p , V? + X . The reasons are: 
be e' 

(a) The V? are produced via strong interactions, thus a high 

production cross section. 

(b) One can use a high intensity) high duty cycle extracted beam. 

(c) An ee e enhancement limits the.quantum number to 1l, thus 

enabling us to avoid measurements of angular distribution 
of decay products. 

Contrary to popular belief, the e e storage ring is not the best 

place to look for vector mesons. In the e e storage ring. the energy 
is well-defined. A systematic search for heavier mesons requires a 

continuous variation and monitoring of the energy of the two colliding 
beams-a difficult task requiring alr.ost infinite machine time. 

Storage ring is best suited to perform detailed studies of vector meson 

parameters once they have been found. 

Fig. 3. Page 4 of proposal 598 submitted to Brookhaven National Laboratory early in 1972 and 
approved in May of the same year, giving some of the reasons for performing this experiment in 
a slow-extracted proton beam. 
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Zichichi group was the first one to use 
hadron-hadron collisions to study e+e- 
yields from proton accelerators (15). 
This group was the first to develop the 
earlier shower development method so 
as to greatly increase the e/7r rejection 

(16). In later years the Lederman group 
made a study of the /jp+,p- yield from pro- 
ton-nuclei collisions (17). Some of the 
early theoretical work was done by Prep- 
arata and co-workers (18), Drell and Yan 
(19), and others. 

Let me now go to the J-particle experi- 
ment (20-22). To perform a high-sensi- 
tivity experiment, detecting narrow- 
width particles over a wide mass range, 
we make the following four observa- 
tions. 

TEST 

Fig. 4. The AGS east experimental area. The MIT experiment is 
No. 598 at the end of station A. Experiment 614 is that of M. 
Schwartz [see (22)]. 
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Fig. 5 (left). Schematic diagram of the experimental setup for 
the double-arm spectrometer used in our discovery of the J 
particle: M0, M1, and M2, dipole magnets; A0, A, B, and C, 
8000-wire proportional chambers; a and b, 8 x 8 hodoscopes; 
S, three banks of leadglass and shower counters; and CB, 
Co, and Ce, gas ierenkov counters. Fig. 6 (right). Relative 
orientation of the planes of wires in the proportional chambers. 
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1) Since the e+e- come from electro- 
magnetic processes, at large mass m the 
yield of e+e- is lower than that of hadron 
pairs (rr+r-, K+K-, pp, K+p, and so on) 
by a factor of < 10-6. 

2) Thus, to obtain sufficient e+e- 
rates, a detector must be able to stand a 
high flux of protons, typically of 1011 to 
1012 protons per second, and 

3) it must be able to reject hadron 
pairs by a factor of > 108. 

4) For a detector with finite accept- 
ance, there is always the question of 
where is the best place to install it to look 
for new particles. A priori we do not 
know what to do. But we do know that in 
reactions where ordinary hadrons are 
produced, the yield is maximum when 
they are produced at rest in the center- 
of-mass system (23). If we further re- 
strict ourselves to the 90? e+e- decay of 
new particles, then we quickly arrive at 
the conclusion that the decayed e+ or e- 
emerge at an angle of 14.6? in the labora- 
tory system for an incident proton ener- 
gy of 28.5 Gev, independent of the mass 
of the decaying particle. 

Figure 4 shows the layout of the slow- 
extracted intense proton beam from the 
Alternating Gradient Synchrotron (AGS) 
at Brookhaven, during the period 1973- 
1974. Our experiment (No. 598) was lo- 
cated in a specially designed beam line 
(the A-line). To design a clean beam with 
small spot sizes, I remembered having a 
conversation with A. N. Diddens of 
CERN, who had used a slow-extracted 
beam at the CERN Proton Synchrotron. 
He advised me to focus the beam with 
magnets alone without using collimators. 

The incident beam of intensity up to 
2 x 1012 protons per pulse was focused 
to a spot size of 3 x 6 mm2. The 
position of the beam was monitored by 
a closed-circuit TV. The stability and 
the intensity of the beam were monitored 

by a secondary emission counter and six 
arrays of scintillation counter telescopes, 
located at an angle of 75? with respect 
to the beam and buried behind 12 feet of 
concrete shielding. Daily calibrations 
were made of the secondary emission 
counter with the Al and C foils. 

From our early experience at DESY, 
we felt the best way to build an electron- 
pair detector that could handle high in- 
tensities, and at the same time have a 
large mass acceptance and a good mass 
resolution, is to design a large double- 
arm spectrometer and to locate most of 
the detectors behind the magnets so that 
they would not "view" the target direct- 
ly. To simplify analysis and to obtain 
better mass resolution, we used the "p, 0 
independent" concept in which the mag- 
nets bend the particles vertically to 
measure their momentum, while the pro- 
duction angles are measured in the hori- 
zontal plane. Figure 5 shows the plan 
and side views of the spectrometer and 
detectors. 

The main features of the spectrometer 
are the following. 

1) Target. The target consists of nine 
pieces of 1.78-mm-thick beryllium, each 
separated by 7.5 cm so that particles pro- 
duced in one piece and accepted by the 
spectrometer do not pass through the 
next piece. This arrangement also helps 
us to reject pairs of accidentals by re- 
quiring two tracks to come from the 
same origin. 

2) Magnet system. The bending pow- 
ers of the dipole magnets Mo, M,, and M, 
are such that none of the counters sees 
the target directly. The field of the mag- 
nets in their final location was measured 
with a three-dimensional Hall probe at a 
total of 105 points. 

3) Chambers. Ao, A, B, and C are 
multiwire proportional chambers. They 
consist of more than 8000 very fine, 20- 

Phototube 

aParabolic Mirror :> 

\/i 
[L l~4- Z 

oz 

PS-^- 
z 

Spherical Mirror b 

z,m-thick, gold-plated wires, 2 mm apart, 
each with its own amplifier and encoding 
system. The wire arrangement is shown 
in Fig. 6. The 11 planes all have dif- 
ferent wire orientations. In each of the 
last three chambers the wires are ro- 
tated 60? with respect to each other, so 
that for a given hit the numbers of wires 
add up to a constant-a useful feature for 
sorting out multitracks and rejecting soft 
neutrons and y-rays, which do not fire all 
planes. We developed special gas mix- 
tures to operate the chambers at low 
voltage in a high-radiation environment. 
To help improve the timing resolution, 
two planes of thin (1.6 mm thick) hodo- 
scopes (8 x 8) are situated behind each 
of the chambers A and B. These cham- 
bers are able to operate at a rate of - 20 
Mhz and are also able to sort out as 
many as eight particles simultaneously in 
each arm. 

It is essential that all 8000 wires should 
function properly because to repair a 
single wire would involve removing 
close to 1000 tons of concrete. 

These chambers and the magnets yield 
a mass resolution of ? 5 Mev and a mass 
acceptance of 2 Gev at each magnet cur- 
rent setting. The good mass resolution 
makes it possible to identify a very nar- 
row resonance. The large mass accept- 
ance is very important when searching 
over a large mass region for narrow reso- 
nances. 

4) Cerenkov counters and shower 
counters. The Cerenkov counters 
marked Co and Ce, together with the lead- 
glass and shower counters marked S, en- 
able one to have a rejection against ha- 
dron pairs by a factor of > 1 x 108. 

The Cerenkov counter in the magnet 
(Co; see Fig. 7a) has a large spherical 
mirror with a radius of 1 m. This is 
followed by another Cerenkov counter 
behind the second magnet with an ellip- 

Pulse height 
Fig. 7. (a) Plan view of the Co counter shown in its location in the experiment. (b) Pulse-height spectrum from the phototube (RCA C3 OOOM) of 
the Co Cerenkov counter with helium as radiator. Clearly visible are the one, two, and three photoelectron peaks. 
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tical mirror of dimensions 1.5 x 1.0 m2. 
The Cerenkov counters are filled with 
hydrogen gas so that the knock-on elec- 
trons are reduced to the minimum. As in 
our earlier DESY experiments, the sepa- 
ration of the two counters by strong mag- 
netic fields ensures that the small num- 
ber of knock-on electrons produced in 
the first counter is swept away and 
does not enter the second counter. 

To reduce multiple scattering and pho- 
ton conversion, the material in the beam 
is reduced to a minimum. The front and 
rear windows of Co are 125 and 250 tum 
thick, respectively. To avoid large-angle 
Cerenkov light reflection, the mirrors of 
Co and Ce are made of 3-mm-thick black 
Lucite, aluminized on the forward (con- 
cave) surface only. The mirrors in the 
experiment were made at the Precision 
Optical Workshop at CERN. We meas- 
ured the curvature of the mirrors with a 
laser gun, and out of the many mirrors 
that were made a total of 24 were used in 
this experiment (4 in Co, 4 in Ce, and 16 
in CB). 

The counters are painted black inside 
so that only the Cerenkov light from 
electrons along the beam trajectory will 
be focused onto the photomultiplier 
cathode. Special high-gain, high-efficien- 
cy phototubes of the type RCA C3 1000M 
are used, so that when we fill the counter 
with helium gas as radiator (where we ex- 
pect, on the average, two to three photo- 
electrons) we are able to locate the single 
photoelectron peak (see Fig. 7b). 

The counter Co is very close to the tar- 

get, which is a high-radiation-level area. 
To reduce random accidentals and dead 
time, the excitation voltage on the photo- 
multiplier has to be kept as low as pos- 
sible. Yet we must still ensure that the 
counter is efficient. We have to avoid 
mistakenly setting the voltage so low 
that the counter is only efficient on an 
e+e- pair from 7r -- y + e+ + e-, which 
may enter the counter. When Co is filled 
with hydrogen gas, a single electron will 
yield about eight photoelectrons, a pair 
will yield about 16. The knowledge of the 
location of one photoelectron peak en- 
ables us to distinguish between these two 
cases. The counters are all calibrated 
in a test beam to make sure they are 
100 percent efficient in the whole phase 
space. 

At the end of each arm there are two 
orthogonal banks of lead-glass counters 
of three radiation lengths each, the first 
containing 12 elements and the second 
13, followed by one horizontal bank of 
seven lead-Lucite shower counters, each 
ten radiation lengths thick, to further re- 
ject hadrons from electrons. The subdi- 
viding of the lead-glass and lead-Lucite 
counters into - 100 cells also enables us 
to identify the electron trajectory from 
spurious tracks. 

Figure 8 shows an overall view of the 
detector with the roof removed. Figure 9 
shows the end section of one arm of the 
detector, showing part of the Cerenkov 
counter Ce, the proportional chambers, 
and counters. 

5) Pure electron beam for calibration. 

To obtain a high rejection against hadron 
pairs and to ensure that the detectors are 
100 percent efficient for electrons, we 
need to calibrate the detectors with a 
clean electron beam. In an electron ac- 
celerator such as DESY we can easily 
produce a clean electron beam with an 
energetic photon beam hitting a high-Z 
target, thus creating 0? e+e- pairs. In a 
proton accelerator the best way to create 
a clean electron beam is to use the reac- 
tion nr? -> y + e+ + e-, tagging the e+ in 
coincidence with the e-. To accomplish 
this, the very directional Cerenkov 
counter CB is placed close to the target 
and below a specially constructed mag- 
net Mo (Fig. 10a). This counter also is 
painted black inside; it is sensitive to 
electrons above 10 Mev/c and rejects 
pions below 2.7 Gev/c. The coincidence 
between CB and Co, Ce, the shower coun- 
ter, and the hodoscopes indicates the de- 
tection of an e+e- pair from the process 
r? -> y + e+ + e-. A typical plot of the 

relative timing of this coincidence is 
shown in Fig. 10b. We can trigger on CB 
and provide a pure electron beam to cali- 
brate Co, Ce, and the lead-glass and 
shower counters. This is another way of 
setting the voltage of the Co counters, 
since the coincidence between Ce and CB 
will ensure that the counter is efficient 
for a single electron and not a 0? pair. 

6) Shielding. As shown in Fig. 8, the 
detector is large, and with 1012 protons 
incident on a 10 percent collision length 
target there are - 1012 particles gener- 
ated around the experimental area. To 

Fig. 8 (left). Overall view of the detector. Fig. 9 (right). End view of one arm, showing part of the 0(erenkov counter Ce and the chambers A, 
B, C, with part of the 8000 amplifiers X, cables Y, and hodoscopes Z. The lead-glass counter is at the end of chamber U. 
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shield the detector and the physicists, we 
constructed scaled-down wooden mod- 
els of the concrete blocks, and soon real- 
ized that we would need more shielding 
than was available at Brookhaven. This 
problem was solved by obtaining all the 
shielding blocks from the Cambridge 
Electron Accelerator, which had just 
closed down. The total shielding used is 
approximately (i) 10,000 tons of con- 
crete, (ii) 100 tons of lead, (iii) 5 tons of 

uranium, and (iv) 5 tons of soap-placed 
on top of Co, between M1 and M2, and 
around the front of Ce to stop soft neu- 
trons. Even with this amount of shield- 
ing, the radiation level in the target area 
1 hour after shutting down the proton 
beam is still 5 roentgens per hour, a most 
dangerous level. 

During the construction of our spec- 
trometers, and indeed during the entire 
experiment, I encountered much criti- 

cism. The problem was that in order to 
gain a good mass resolution it was neces- 
sary to build a spectrometer that was 
very expensive. One eminent physicist 
made the remark that this type of spec- 
trometer is only good for looking for nar- 
row resonances-and there are no nar- 
row resonances. Nevertheless, since I 
usually do not have much confidence in 
theoretical arguments, we decided to 
proceed with our original design. 
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Fig. 10. Measurement of e+e- from rr? -> y + e+ + e- decay. (a) Side view of magnet M0, which bends the various low-energy trajectories (Pe) of 
e' into CB. (b) Relative timing between an electron pulse from CB and a positron trigger from the main spectrometer arm or vice versa. 
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In April 1974 we finished the setup of 
the experiment and started bringing an 
intense proton beam into the area. We 
soon found that the radiation level in our 
counting room was 0.2 roentgen per 
hour. This implied that our physicists 
would receive the maximum allowable 
yearly dose in 24 hours. We searched 
very hard, for a period of 2 to 3 weeks, 
looking for the reason, and became ex- 
tremely worried whether we could pro- 
ceed with the experiment at all. 

One day U. Becker, who has been 
working with me since 1966, was walking 
around with a Geiger counter when he 
suddenly noticed that most of the radia- 
tion was coming from one particular 
place in the mountains of shielding. On 
close investigation we found out that 
even though we had 10,000 tons of con- 
crete shielding blocks, the most impor- 
tant region-the top of the beam stop- 
per-was not shielded at all! After this 
correction, radiation went down to a safe 
level and we were able to proceed with 
the experiment. 

From April to August we did the rou- 
tine tune-ups and found the detectors 
performing as designed. We were able to 
use 1012 protons per second. The small 
pair spectrometer also functioned prop- 
erly and enabled us to calibrate the de- 
tector with a pure electron beam. 

Owing to its complexity, the detector 
required six physicists to operate it. Be- 
fore taking data, approximately 100 

80r- a 242 Events -_ 
_ 1 

70 
SPECTROMETER 

~ At normod momentum 

60 - -10% momentum 

50 

e 40 

hours were spent ensuring that all the de- 
tectors were close to 100 percent effi- 
cient. I list some examples. 

1) The efficiency of the Cerenkov 
counters was measured over the whole 
phase space, and voltages were set so 
that they were efficient everywhere. A 
typical result for Ce is shown in Fig. 1 la. 

2) The voltages and the response of all 
the lead-glass and shower counters were 
calibrated to ensure that the response did 
not change with time. 

3) The efficiency of the hodoscopes at 
the far end, farthest away from the 
photomultiplier tube, was checked. 

4) The timing of the hodoscopes was 
also checked to ensure that signals from 
each counter generated by particles pro- 
duced at the target arrived simulta- 
neously. During the experiment, the time 
of flight of each of the hodoscopes and 
the Cerenkov counters, the pulse heights 
of the Cerenkov counters and of the 
lead-glass and shower counters, and the 
single rates of all the counters together 
with the wire chamber signals were re- 
corded and continuously displayed on a 
storage-display scope. 

5) To ensure that the proportional 
wire chambers were efficient over their 
whole area, a small test counter was 
placed behind the chambers at various 
positions over the chambers' area, and 
voltage excitation curves were made at 
those positions. A typical set of curves 
for all the planes is shown in Fig. lb. 
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Fig. 12. (a) Mass spectrum for events in the 
mass range 2.5 < mee < 3.5 Gev/c. Shaded 
events correspond to those taken at the nor- 
mal magnet setting; unshaded ones corre- 
spond to a spectrometer magnet setting 10 
percent lower than the normal value. (b) 
Measurement of the width of the J. The width 
is shown to be less than 5 Mev. 
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6) To check the timing between the 
two arms, two tests were performed. 
First, the test counter was physically 
moved from one arm to the other so that 
the relative timing could be compared. 
Second, the e+e- yield was measured at 
low mass, mee < 2 Gev/c2, where there is 
an abundance of genuine e+e- pairs. 

In the early summer of 1974 we took 
some data in the high-mass region of 4 to 
5 Gev. However, analysis of the data 
showed very few electron-positron pairs. 
By the end of August we tuned the mag- 
nets to accept an effective mass of 2.5 to 
4.0 Gev. Immediately we saw clean, 
real, electron pairs. But most surprising 
of all is that most of the e+e- pairs 
peaked narrowly at 3.1 Gev (Fig. 12a). A 
more detailed analysis shows that the 
width is less than 5 Mev (Fig. 12b). 

Throughout the years, I have estab- 
lished certain practices in the group with 
regard to experimental checks on our 
data and on the data analysis. I list a few 
examples. 

1) To make sure the peak we observed 
was a real effect and not due to in- 
strumentation bias or readout error of 
the computer, we took another set of 
data at a lower magnet current. This has 
the effect of moving the particles into dif- 
ferent parts of the detector. The fact that 
the peak remained fixed at 3.1 Gev (Fig. 
12a) showed right away that a real par- 
ticle had been discovered. 

2) We used two completely different 
sets of programs to ensure that the analy- 
sis was correct. This means that two in- 
dependent groups of physicists analyzed 
the data, starting from the reduction of 
raw data tapes, to form their own data 
summary tapes, and then performed two 
sets of Monte Carlo acceptance calcula- 
tions, two sets of event reconstructions, 
two sets of data corrections, and finally 
two sets of results, which must agree 
with each other. Although this procedure 
uses twice as much computer time, it 
provides greater confidence in our re- 
sults after the two independent ap- 
proaches have reached the same con- 
clusions. 

3) To understand the nature of various 
second-order background corrections, 
we made the following special measure- 
ments. 

To check the background from pileup 
in the lead-glass and shower counters, 
different runs were made with different 
voltage settings on the counters. No ef- 
fect was observed in the yield. 

To check the background from scatter- 
ing from the sides of the magnets, cuts 
were made in the data to reduce the ef- 
fective aperture. No significant reduc- 
tion in the yield was found. 
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To check the readout system of the sections of the hodoscopes omitted from al to the incident beam intensity, and the 
chambers and the triggering system of the trigger. No unexpected effect was accidental backgrounds from the two 
the hodoscopes, runs were made with a observed on the yield. arms are proportional to the square of 
few planes of chambers deleted and with Since the true event rate is proportion- the incident intensity, a sensitive way to 
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check the size of the background is to 
run the experiment again with different 
intensities. This was done, and the back- 
ground contribution in the peak was 
found to be unnoticeable. 

4) To understand the nature of the 
production properties of the new peak, 
we increased the target thickness by a 
factor of 2. The yield increased by a fac- 
tor of 2, not by 4. 

These and many other checks con- 
vinced us that we had observed a real, 
massive particle. We discussed the name 
of the new particle for some time. Some- 
one pointed out to me that the really ex- 
citing stable particles are designated by 
Roman characters-like the postulated 
W?, the intermediate vector boson, the 
Z?, and so on-whereas the "classical" 
particles have Greek designations such 
as p and w. This, combined with the fact 
that our work in the last decade had been 
concentrated on the electromagnetic cur- 
rent j,(x), gave us the idea to call this 
particle the J particle. 

I was considering announcing our re- 
sults during the retirement ceremony for 
V. F. Weisskopf, who had helped us a 
great deal during the course of many of 
our experiments. This ceremony was to 
be held on 17 and 18 October 1974. I 
postponed the announcement for two 
reasons. First, there were speculations 
that high-mass e+e- pair production from 
proton-proton collisions was coming 
from a two-step process: p + N -> 
7r + ..., where the pion undergoes 
a second collision 7r + N -> e+ + 
e- +.... This could be checked by 
a measurement based on target thick- 
ness. The yield from a two-step process 

would increase quadratically with target 
thickness, whereas for a one-step process 
the yield increases linearly. This was 
quickly done, as described in point 4 
above. 

Most important, we realized that there 
were earlier Brookhaven measurements 
(24) of direct production of muons and 
pions in nucleon-nucleon collisions 
which gave the ,/7Tr ratio as 10-4, a mys- 
terious ratio that seemed not to change 
from 2000 Gev at the Intersecting Stor- 
age Rings down to 30 Gev. This value 
was an order of magnitude larger than 
theoretically expected in terms of the 
three known vector mesons p, co, and q, 
which at that time were the only possible 
"intermediaries" between the strong 
and electromagnetic interactions. We 
then added the J meson to the three and 
found that the linear combination of the 
four vector mesons could not explain the 
L-/7TT- ratio either. This I took as an in- 

dication that something exciting might be 
just around the corner, so I decided that 
we should make a direct measurement of 
this number. Since we could not measure 
the gU/lT ratio with our spectrometer, we 
decided to look into the possibility of in- 
vestigating the e-/7r- ratio. 

We began various test runs to under- 
stand the problems involved in doing the 
e/rr experiment. The most important 
tests were runs of different e- momenta 
as a function of incident proton in- 
tensities to check the single-arm back- 
grounds and the data-recording capabili- 
ty of the computer. 

On Thursday, 7 November, we made a 
major change in the spectrometer (see 
Fig. 13) to start the new experiment to 

search for more particles. We began by 
measuring the mysterious e/rr ourselves. 
We changed the electronic logic and the 
target, and reduced the incident proton 
beam intensity by almost two orders of 
magnitude. To identify the e- back- 
ground due to the decay of 7r0 mesons, 
we inserted thin aluminum converters in 
front of the spectrometer to increase the 
y -e e+ + e- conversion. This, together 
with the CB counter, which measures the 
7r -> y + e+ + e- directly, enabled us to 
control the major e- background contri- 
bution. 

We followed the e/rT measurements 
with another change in the spectrometer 
by installing new high-pressure Ceren- 
kov counters and systematically measur- 
ing hadron pairs (K+K-, 7r+tT-, pp, and 
so on) to find out how many other parti- 
cles exist that do not decay into e+e- but 
into hadrons. But, after a long search, 
none was found. 

In the meantime, since the end of Oc- 
tober, M. Chen, U. Becker, and others 
in the group had been insisting that we 
publish our results quickly. I was very 
much puzzled by the l/7r = 10-4 ratio 
and wanted to know how many particles 
existed. Under pressure, I finally decid- 
ed to publish our results for J alone. 

On 6 November I paid a visit to G. 
Trigg, editor of Physical Review Letters, 
to find out if the rules for publication 
without refereeing had been changed. 
Following that visit, I wrote a simple 
draft in the style of our quantum electro- 
dynamics paper of 1967 (5). The paper 
emphasized only the discovery of J and 
the checks we made on the data without 
mention of our future plans. 
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Fig. 15 (left). Relative J production, at 90? in 
the center of mass, as a function of the energy 
of the incident proton beam. For experiments 
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On 11 November we telephoned G. 
Bellettini, the director of the Frascati 
laboratory, informing him of our results. 
At Frascati they started a search on 13 
November, and called us back on 15 No- 
vember to tell us excitedly that they had 
also seen the J signal and obtained 2,J 
Ftotal = 0.8 + 0.2 kev. Their first spec- 
trum is shown in Fig. 14a. The Frascati 
group were able to publish their results 
in the same issue of Physical Review Let- 
ters (25) as ours. Very shortly thereafter, 
they made a more detailed study of J 
(Fig. 14b) and also established that its to- 
tal width is only - 60 kev. (It lives 
~ 1000 times longer than the p meson.) 

They have since made a systematic 
search for more particles at lower mass, 
but have found none (26). 

Now, immediately after the discovery 
of J, because of its heavy mass and un- 
usually long lifetime, there were many 
speculations as to the nature of this par- 
ticle. Lee, Peoples, O'Halloran, and col- 
laborators (27) were able to photopro- 
duce the J particle coherently from nu- 
clear targets with an - 100-Gev photon 
beam. They showed that the photopro- 
duction of the J is very similar to p pro- 
duction and thus were the first to estab- 
lish that J is a strongly interacting par- 
ticle. 

Pilcher, Smith, and collaborators (28) 
have ingeniously used a large acceptance 
spectrometer to perform an accurate and 
systematic study of J production at 
energies > 100 Gev. By using vr beams 
as well as proton beams, and by measur- 
ing a wide range of mass and the momen- 
tum transfer dependence of /x/ produc- 
tion, they were the first to state that the 
single muon yield that produced the mys- 
terious /J/rr = 10-4, which had puzzled 
me for a long time, comes mostly from 
the production of muon pairs. The J yield 
from the 7r meson seems to be much 
higher than from the proton. 

Figure 15 shows some of the relative 
yields of J production from various pro- 
ton accelerators. It seems that I had cho- 
sen the most difficult place to discover 
the J. 

Some Subsequent Developments 

The discovery of the J has triggered 
many new discoveries. Some of the most 
important experimental work was done 
at SLAC (29) and at DESY (30). 

The latest results (31) from the 47r su- 
perconducting magnet detector, called 
Pluto, measuring e+ + e- -> hadrons 
near the mass of $' (the sister state of J) 
first discovered at SLAC, are shown in 
Fig. 16a. The yield of q' (and of J) goes 
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Fig. 17. Scatter plot of the two-photon 
energies for candidates for the decay 
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4-) + y + y (32). 

up by > 102. It can be seen that an elec- 
tron-positron storage ring is an ideal ma- 
chine for studying these new particles. 
The same group has recently carried out 
a careful search for new particles in a 
higher-mass region. Their accurate re- 
sults, shown in Fig. 16b, confirm the in- 
dication by SLAC that there may be 
many more states in this high-mass re- 
gion. 

One of the most important discoveries 
after that of the J is the observation by 
the double-arm spectrometer group at 
DESY (32) of the chain reaction 

e+ + e- - ', 
L Pc 71Y 

L,Y2 + J 

L/s + /t 

By tuning the storage ring so that the 
electron-positron energy reaches 3.7 
Gev to produce the /', using the double- 
arm spectrometer to select the 
J -> + + f/- events, and detecting both 
the y7 and Y2 as well, they found that the 
two photons yi and Y2 are strongly corre- 
lated into two groups. The first group has 
Ey, = 169 + 7 Mev and EY2 = 398 + 
7 Mev (or vice versa, since they did not 
determine which y came first), and the 
second group has E,1 = 263 + 8 Mev 
and EY2 = 315 ? 8 Mev. This correla- 
tion, called a scatter plot, is shown in Fig. 
17. The emission of monochromatic y- 
rays indicates the existence of intermedi- 
ate states with even-spin quantum num- 
bers. 

The narrow width of the J and the exist- 
ence of the Pc and many other states 
strongly suggest that the J may be a 
bound state of two new quarks. The exist- 
ence of charmed quarks was first pro- 
posed by Bjorken and Glashow (33) and 

Glashow et al. (34), originally as a cure 
for certain difficulties in the weak inter- 
action of hadrons. Indeed, the energy 
levels of the observed states are very 
similar to the positronium state discov- 
ered by Deutsch in 1951 (35). 

Recently there have been indications 
from experiments at Brookhaven (36), 
DESY (37, 38), the Fermi Laboratory 
(39), and SLAC (40) of the existence of 
further narrow states, indications that 
very much follow the general prediction 
of Glashow. 

Conclusion 

In conclusion, we can ask ourselves 
some further questions. 

1) We know that the photon trans- 
forms itself into p, o, and 0 with a mass 
of about 1 Gev. It can transform into J 
and its various associated states with a 
mass of about 3 to 5 Gev. What happens 
when we go to higher and higher 
energies? It seems very unlikely that 
there should not be many more new se- 
ries of photonlike particles. 

2) The existence of J implies that we 
need at least four quarks to explain the 
phenomena observed so far. How many 
more quarks will we need if we find a 
new series of particles in higher-energy 
regions? 

3) If we need a large family of quarks, 
are they the real fundamental blocks of 
nature? Why has none of them been 
found? 
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