Fundamental Particles with Charm

The search for particles with this quantum-mechanical property has

been a preoccupation of high-energy physics. A few such particles

have now been seen in the debris of electron-positron annihilations

t the level of elementary particles
the properties of matter are re-
markably few. A particle can

have mass, or energy, and it can have
momentum, including the intrinsic an-
gular momentum called spin. It can
have electric charge. There are more ar-
cane properties, such as the one called
strangeness, but not very many. In most
cases a list of half a dozen attributes
completely describes a particle. Nothing
more can be said about it.

Because there are so few fundamental
properties of matter the discovery of a
new one is a major event in physics.
Such a new property has recently been
found: it has the whimsical name
charm. The atoms of ordinary matter
have no charm; the property can be ob-
served only in the debris of high-energy
collisions between particles.

The first hint that charm exists came
in 1974, when particles were discovered
that have charm in a hidden or latent
form. More recently particles with overt
charm have been detected. These new
particles are unquestionably among the
most important discoveries of high-en-
ergy physics in the past decade. What is
more, in unraveling the story of charm
physicists have learned much about the
structure of ordinary matter.

Most of the particles observed in na-
ture fall into one of two classes,
the leptons and the hadrons. The leptons
include just four known particles: the
electron, the muon and two kinds of
neutrino. The electron and the muon
both have an electric charge of —1, and
they are also essentially alike in all other
properties with the exception of mass.
(The muon is about 200 times heavier
than the electron.) The neutrinos have
no electric charge and seem to have no
mass. There are also four antileptons,
which are identical to the corresponding
leptons in certain respects, such as mass,
but have other properties that are exact-
ly opposite those of the leptons. For ex-
ample, the antielectron, or positron, has
an electric charge of +1.
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Leptons are considered elementary
because they cannot be broken down
into smaller entities. They have no mea-
surable size and give no hint of any in-
ternal structure. Hadrons, on the other
hand, are complex objects, and there is
strong evidence they do have an internal
structure. More than 100 kinds of had-
ron have been identified, the most famil-
iar being the proton and the neutron, the
constituents of atomic nuclei. Both the
multiplicity of the hadrons and their
properties as individual particles set
them apart from the leptons.

A theory that is now widely accepted
seems to explain these differences. It
does so by stating that hadrons are not
elementary particles at all but compos-
ite entities consisting of a few simpler
constituents called quarks. In many of
their properties the quarks are thought
to be quite similar to leptons; for exam-
ple, they ought to be simple and point-
like particles. There is no question, how-
ever, that the quarks are in a class apart
from the leptons. Interactions between
quarks are dominated by a force that
does not affect leptons at all.

Physicists recognize four basic forces
in nature; in order of increasing strength
they are the gravitational, the weak, the
electromagnetic and the strong forces.
Gravitation influences all particles and
its range is unlimited, but its effects on
subatomic particles are negligible. The
weak force also affects all kinds of mat-
ter. Although the weak force is many
orders of magnitude stronger than grav-
itation, it is still feeble enough for it to
be observable only when stronger inter-
actions are inhibited.

The electromagnetic force acts exclu-
sively on particles that have an electric
charge; among those particles are the
electron and the muon and all the
quarks. Electromagnetic forces bind at-
oms together and are responsible for al-
most all the gross properties of matter,
including chemical properties.

It is the strong force that distinguishes
between leptons and hadrons or, accord-
ing to theory, between leptons and
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quarks. None of the leptons is sensitive
to the strong force in any way; only
quarks and hadrons (which are assumed
to be made up of quarks) feel its influ-
ence. Quarks can interact with leptons
through the weak and electromagnetic
forces, but with each other they interact
almost exclusively through the strong
force. That force is more than 100 times
stronger than the electromagnetic force,
and at energies studied today it is about
1010 times stronger than the weak force.

A theory that accounts for all the vari-
eties of matter with just a few quarks
and leptons has an appealing economy,
but a significant disclaimer is necessary.
Although the theory has gained wide-
spread acceptance, there is no evidence
at all that quarks exist in isolation. So
far no one has been able to extract a
quark from a hadron. Indeed, some the-
orists suggest that quarks may be so
tightly entwined within hadrons that
they may never be separated in the labo-
ratory. The question of the existence of
quarks will not be pursued here; instead
the quarks will be considered as a means
for interpreting relations between parti-
cles observed experimentally.

he quark hypothesis was proposed

independently in 1963 by Murray
Gell-Mann and George Zweig, both of
the California Institute of Technology.
In the original version of the concept
there were three kinds of quark, given
the labels u, d and s, for “up,” “down”
and “strange,” and three corresponding
antiquarks, designated i, 4 and 5. Had-
rons are formed by combining the
quarks and antiquarks according to sim-
ple rules. One possibility is for a quark
and an antiquark to bind together; the
resulting particle is a member of the
class of hadrons called mesons. An ex-
ample is the positively charged pion
(7 +), which is made up of a u quark and
a d antiquark. Another allowed combi-
nation consists of three quarks in a
bound system. Hadrons formed in this
way are called baryons, and they in-
clude the proton (with the quark compo-



sition uud) and the neutron (udd). Final-
ly, antibaryons can be formed from
combinations of three antiquarks.
These are the only permissible ways
of combining quarks to form hadrons. It
is easy enough to imagine other combi-
nations, such as particles made up of
two quarks or of one quark and two an-
tiquarks, but such hadrons do not exist.

The observed properties of hadrons
are explained in a straightforward way
by the properties assigned to their con-
stituent quarks. With the exception of
mass, all the properties of matter needed
to identify a given elementary particle
appear only in discrete units, or quanta,
and they can therefore be measured in
terms of the integers and simple frac-

tions called quantum numbers. Spin an-
gular momentum, for example, is ob-
served only in integer and half-integer
quantities (when it is measured in natu-
ral units); intermediate values are not
possible. In all observed particles elec-
tric charge exists only in integer units of
the electron’s charge.

Most quantum numbers of a hadron
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DECAY OF A CHARMED PARTICLE is reconstructed in a com-
puter-generated display on a cathode-ray tube. The display includes
a schematic cross section of the particle detector in which the event
took place. The octagon is the basic form of the detector; the rows of
four dots give the radial positions of four cylindrical spark chambers;
the innermost circle at the center of the image represents the beam
pipe in which electrons and their antiparticles, positrons, collide to
produce other particles. The trajectories of particles are plotted from
the triggering of discharges in the spark chambers and from two con-
centric rings of scintillation counters, the inner ones being represent-
ed by small boxes and the outer ones by larger, flat boxes. In this event
the particle track at the 12 o’clock position has been identified as
that of a negatively charged K meson (K -) and the track at the seven
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o’clock position is that of a positively charged pion (7+). These two
particles are thought to be the decay products of a particle, designated
DO, that bears the new property of matter called charm. The DO it-
self decays too quickly for it to be detected directly. In electron-posi-
tron collisions charmed particles can be created only in combination
with charmed antiparticles, and in this case the antimatter companion
of the DO is thought to be an excited state, the D', whose decay
products have been identified only tentatively. The scintillation count-
er near the bottom of the display, which has no associated particle
track, might have been triggered by a gamma ray emitted when the
D0 decayed to a DO, This particle might have decayed to yield a
muon (p-) at the 10 o’clock position, a K meson (K+) at the five
o’clock position and a neutrino that would have escaped detection.
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LEPTONS AND QUARKS are the only major classes of particles now thought to be elemen-
tary. Both seem to be simple and pointlike entities, with no internal structure and no measur-
able size. There are four known leptons, arranged in pairs. In the initial formulation of the
quark theory there were only three quarks: those labeled z and d formed a pair but the s quark
had no companion. The charm hypothesis establishes a symmetry between leptons and quarks
by adding a fourth quark, designated c. A special relation must exist between the s quark, which
carries the property of matter called strangeness, and the ¢ quark, which has the similar prop-
erty charm. For each of the leptons and quarks there is an antiparticle with exactly opposite
properties. Quarks have not been isolated, but they seem to be constituents of other particles.
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HADRONS are the particles constructed of quarks. Those called mesons are made up of a
quark and an antiquark, the latter being represented by the symbol for a quark with a bar over
it. Baryons consist of three quarks bound together; there are also antibaryons that combine
three antiquarks. The properties of the hadrons (and of other particles) are accounted for in
terms of the integers and simple fractions called quantum numbers. The first hadron that hint-
ed at the existence of charm was the psi meson, with the quark constitution cc, but since the charm
quantum numbers of this quark and antiquark cancel, the net charm of the psi is zero. The low-
est-mass hadrons that exhibit overt charm are the DO, D+ and F+ mesons, and the first two of
these have been observed. There is also suggestive evidence for a charmed baryon, named A ..
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are determined by simply adding up the
quantum numbers of the constituent
quarks. In the case of electric charge this
procedure requires that the quarks be
assigned some rather bizarre quantum
numbers: they must have fractional
electric charge. The u quark has a
charge of +2/3; the d and s quarks both
have a charge of —1/3. Antiquarks
have the opposite charges. Thus in the
positively charged pion, made up of a u
quark and a 4 antiquark, the charges of
+2/3 and +1/3 add up to + 1. The uud
quarks of the proton, with charges of
+2/3, +2/3 and —1/3, also give a sum
of +1. In the neutron (udd) the charges
of +2/3, —1/3 and —1/3 have a sum
of zero. All these results are in agree-
ment with the known electric charges
of the hadrons.

Other quantum numbers can be treat-
ed in a similar way. Strangeness, for ex-
ample, is a quantum number assigned to
certain hadrons that have anomalously
long lifetimes. In the quark model these
particles are distinguished by the pres-
ence of an s quark or an § antiquark,
which respectively carry strangeness
quantum numbers of —1 and +1; the
other quarks have zero strangeness. The
strangeness of a hadron is then deter-
mined by adding up the strangeness
quantum numbers of all its constituent
quarks. The positively charged K meson
(K+), made up of a ¥ quark and an 5
antiquark, has a strangeness of + 1.

The concept of strangeness was intro-
duced as an explanation for the slow de-
cay of certain hadrons discovered in the
1950’s. Massive hadrons generally de-
cay through the strong force, which acts
very quickly; in a sense the force is said
to be strong precisely because it is so
fast. A strongly decaying hadron ex-
ists for only 10-23 second before it breaks
up into less massive hadrons. All the
properties of matter must remain un-
changed by this process; for example,
the net electric charge of the decay prod-
ucts must be equal to the electric charge
of the decaying particle. This require-
ment is expressed by saying that all
quantum numbers must be conserved.

Strange hadrons can take part in such
decays provided the strangeness quan-
tum number can be conserved. In terms
of the quark model the need to conserve
strangeness implies that the strange s
quark must be passed along intact to the
decay products. The more massive
strange particles do decay to lighter
strange particles in this way, and their
lifetimes are not substantially longer
than those of other strongly decaying
hadrons. Ultimately, however, there
must be a set of lightest strange parti-
cles, which have no states of lower mass
to which they can give the s quark.
These are the K mesons and the lambda
baryon (A).

The K and lambda particles cannot
decay through the strong interaction. In-
deed, they could not decay at all if it



FAMILIES OF HADRONS define all allowed combinations of
quarks. There are separate families for each possible value of intrin-
sic spin angular momentum; those shown here are the mesons with
one unit of spin and the baryons with 1/2 unit of spin. Until recently
only the particles in the plane marked “Charm = 0” had been observed,
but the discovery of charmed particles implies that all the others must

were not for a remarkable feature of
weak interactions: some conservation
laws that are strictly obeyed in all strong
and electromagnetic interactions can be
ignored in weak interactions. Strange-
ness is among these approximately con-
served quantum numbers; as a result
weak interactions can convert an s
quark into a u or a d quark and strange
particles can decay through weak inter-
actions into lighter nonstrange hadrons
or into leptons. Particles that can decay
only through the weak interaction, how-
ever, have much longer lifetimes than
strongly decaying hadrons; the K and
lambda particles have lifetimes ranging
from 10-10 second to 108 second.

few quantum numbers require a

slightly more elaborate system of
bookkeeping than electric charge and
strangeness do. Most notable among
them is spin angular momentum. All
quarks and leptons are expected to have
the same quantity of spin, namely 1/2
unit; rules of quantum mechanics re-
quire that such particles can have their
spin axes aligned in only two possible
directions (with respect to any arbitrary
frame of reference). Thus the quark and
antiquark in a meson can have their
spins pointing in the same direction or in
opposite directions. In the first case the
net angular momentum of the meson is
1: in the second it is 0. From these rules
it follows that mesons always have inte-
ger spin. In a baryon there are also two
possible spin configurations: the spins of
all three quarks can be parallel or the
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spin of one quark can be aligned in the
opposite direction. The corresponding
spins of the baryonare 1/2 and 3/2, and
baryon spins are invariably half-inte-
gers. Further complicating the situation,
a bound system of quarks can have or-
bital angular momentum in addition to
spin: the quarks can revolve around
each other or around their common cen-
ter of mass as well as spin individually
on their axes. Orbital angular momen-
tum adds integer increments to the total
angular momentum of the hadron. Be-
cause there are many possible spin states
a single combination of quarks can give
rise to numerous particles with various
quantities of angular momentum and
also with different energies, or masses.
They are distinct states of matter even
though they are made up of the same
quarks.

By observing the rules for combining
the quarks and for tallying their quan-
tum numbers one can account for all the
properties of hadrons. Every known
hadron can be explained as a combina-
tion of either a quark and an antiquark
or of three quarks. What is more, every
allowed combination of quarks corre-
sponds to a known hadron. There are no
vacancies.

It was the very completeness of this
scheme for classifying the hadrons that
was challenged with the discovery of a
new particle in 1974. The particle was a
hadron, but it could not be formed by
any allowed combination of the three
quarks since all those combinations
were accounted for.
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also exist. The psi particle completes a group of four particles at the
center of the array of spin-1 mesons. The D% D+ and F+ are mem-
bers of another family of mesons, those with zero spin, but they are
represented in the spin-1 group by excited states denoted D*0, D+
and F°+. The D'0, the D'+ and their antiparticles have been found.
As yet, there is little evidence for the observation of charmed baryons.

The new particle was discovered inde-
pendently and at about thesametime by
two groups of experimenters employing
vastly different techniques. One group,
whose members were from the Massa-
chusetts Institute of Technology and
the Brookhaven National Laboratory,
found the particle during an experiment
conducted at Brookhaven and gave it
the name J. The other group, of which I
was a member, was made up of physi-
cists from the Stanford Linear Accelera-
tor Center (SLAC) and the Lawrence
Berkeley Laboratory. Our evidence for
the new particle was obtained in an ex-
periment at SLAC, and we chose to des-
ignate the particle by the Greek letter psi
({). Here I shall adopt the latter name.
Last year the leaders of the two groups,
Samuel C. C. Ting of M.I.T. and Burton
Richter of SLAC, shared a Nobel prize
for their discovery.

The new particle has a mass of about
3.1 billion electron volts (3.1 GeV).
That is more than three times the mass
of the proton, making the psi one of the
heaviest particles known. Those of its
quantum numbers that could be mea-
sured were found to be quite conven-
tional. The psi has a spin angular mo-
mentum of 1, the integer unit indicating
the particle must be a meson. It is elec-
trically neutral, and it has zero strange-
ness. The products of its decay are fa-
miliar particles such as pions, electrons
and muons. With these properties the
psi might have passed for an ordinary
hadron, quite unexceptional except for
its mass. The problem was that all states
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of matter with the quantum numbers of
the psi had long since been identified
with other hadrons. In a world made of
three quarks there was no need for the
psi; there was not even room for it.

Experimentally the one distinctive
trait of the psi is its lifetime, which is
exceptionally long. Many hadrons with
large masses are known, but almost all
of them decay very rapidly through
strong interactions; their lifetimes are
generally on the order of 10-23 second.
The psi particle also decays through the
strong interaction, but it has a lifetime
of about 1020 second, 1,000 times long-
er than the lifetime of a typical hadron
of comparable mass. Some explanation
of its longevity is required.

A suggestive precedent for the long
lifetime of the psi is found in another
particle discovered some years earlier:
the phi meson (¢). The phi meson is
made up of a strange quark bound to a
strange antiquark, and since the strange-
ness quantum numbers of the quark and
antiquark cancel, it has a net strangeness
of zero. The phi can decay through the
strong interaction; all that is required is
that the quark and the antiquark annihi-
late each other. This process conserves
all quantum numbers, but it nonetheless
seems to be inhibited. The lifetime of
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the phi is roughly 10 times longer than
might have been expected.

The simplest way to provide a place
among the hadrons for the psi particle is
to assume it is a meson made up of a
new, massive quark bound to the corre-
sponding antiquark. This structure au-
tomatically accounts for the quantum
numbers of the psi. The long lifetime
might be explained by a mechanism
similar to that which retards the decay
of the phi meson: strong decays would
be allowed but they might be slowed
somewhat.

Abound state of a new quark and a
new antiquark was the leading ex-
planation for the psi particle from the
time of its discovery. In large measure
this hypothesis was credible only be-
cause the existence of a fourth quark
had been proposed long before and on
grounds that had nothing to do with the
discovery of new hadrons.

The new quark was suggested by a
number of theorists as a natural exten-
sion of the model formulated by Gell-
Mann and Zweig. Initially it was sup-
ported by an esthetic argument based on
the notion that there may be a deep con-
nection between leptons and quarks.
Since there are four known leptons, it

//\ POSITRONS

PARTICLE-STORAGE RING at the Stanford Linear Accelerator Center (SLAC) was one
of the devices with which the psi particle was discovered and, more recently, where charmed
mesons have been observed. The oval ring, which is called SPEAR, is supplied with electrons
and positrons by the two-mile accelerator at SLAC. Counterrotating electrons and positrons
are confined to the ring by magnets that bend the particles’ trajectories and focus the beams
into needle-shaped “bunches.” Each bunch is made up of about 101! particles, and the bunches
are synchronized so that they pass through each other in the two straight sections of the ring.
Energy lost by the particles is replenished by the radio-frequency cavities. The magnets con-
fine particles moving in opposite directions since electrons and positrons have opposite charges.
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was argued, the spectrum of elementary
particles would be far more attractive if
there were also four quarks. The leptons
come in pairs, the electron being associ-
ated with one neutrino and the muon
with the other. The u and d quarks form
a similar pair, but the s quark is without
a companion. The new quark was de-
signed to fill this gap. In order to do so it
must have an electric charge of +2/3
and some new quantum number that
would distinguish it from the known
quarks. James D. Bjorken of SLAC and
Sheldon Lee Glashow of Harvard Uni-
versity gave the quantum number the
name charm. The charmed quark is des-
ignated ¢, the charmed antiquark é.

Charm is a property much like
strangeness: it must be conserved in all
strong and electromagnetic interactions
but not in weak ones. Hence the lightest
charmed particles should decay only
through the weak interaction, and they
should have commensurately long life-
times. The psi particle, however, is ex-
empt from this rule because its net
charm is zero. It consists of a ¢ quark
and a ¢ antiquark whose charm quan-
tum numbers cancel.

A substantial theoretical argument
for the charmed quark was made in
1970 by Glashow in collaboration with
John Iliopoulos and Luciano Maiani. It
was based on observations that did not
directly concern charmed particles at all
but involved certain weak interactions
of strange particles. Weak interactions
can proceed either with or without a
transfer of electric charge between the
interacting particles. By 1970 a puzzling
correlation had been established experi-
mentally: with very rare exceptions
strangeness is changed in weak interac-
tions only when electric charge is trans-
ferred. The so-called neutral weak cur-
rents, which do not transfer charge, also
seemed not to alter strangeness.

In the three-quark model there was no
obvious connection between charge-
transfer and strangeness-changing. Gla-
show, Iliopoulos and Maiani pointed
out that the addition of a fourth, ¢,
quark closely associated with the s
quark could account for the suppres-
sion. How it does so involves a rather
subtle quantum-mechanical argument.
The fourth quark does not directly im-
pede the interactions that change
strangeness without transferring charge.
Instead it provides an alternative chan-
nel for those interactions but in such a
way that the effects of the two channels
cancel.

By the time the psi was discovered
charmed particles were already promi-
nent items on a long list of entities that
had been predicted to exist but had nev-
er been observed. The charm hypothesis
could explain the properties of the psi,
but so might other theories. On the other
hand, the charm model predicts much
more than a single new particle; if
charmed quarks exist, there must be an



entire spectrum of new states of matter.
Some of these states are closely related
to the psi: they consist of a ¢ quark and a
¢ antiquark, but they have different
masses and different values of angular
momentum. The charmed quark must
also combine with the original three
quarks to form dozens of new hadrons
with overt charm. By searching for these
particles we could determine whether
or not the psi particle actually contains
a new kind of quark and whether or not
that quark possesses the proposed quan-
tum number charm.

ﬁ SLAC the experiment in which the
psi was discovered and subsequent
searches for other particles containing
charmed quarks were carried out by the
same basic technique. Electrons and
their antiparticles, positrons, are made
to collide at high energy. The particles
of interest are then found by sorting
through the debris of the collisions.

The collisions take place in a device
called a storage ring, in which electrons
and positrons circulate in opposite di-
rections at nearly the speed of light. The
storage ring at SLAC is called SPEAR;
it was built in 1971 and 1972 under the
direction of Burton Richter and John
Rees. At the heart of the SPEAR ring is
a toroidal aluminum vacuum chamber
with a mean diameter of 80 meters and a
cross section of a few inches. When the
ring is operating, about 1011 electrons
circle it clockwise in a needle-shaped
“bunch” a few centimeters long and less
than a millimeter thick. A similar bunch
of positrons circulates counterclock-
wise. The bunches cross twice during
each revolution, and their orbits are
timed so that the collisions take place in
two short straight sections of the ring
where particle detectors are emplaced.
Elsewhere on the circumference of the
ring the vacuum chamber is encased in
large electromagnets, which bend the
trajectories of the particles to the circu-
lar path and keep the bunches focused.
There are also four cavities where radio-
frequency energy is supplied to replen-
ish the energy lost by the circulating
electrons and positrons.

The electrons and positrons are gener-
ated by the two-mile-long linear acceler-
ator at SLAC. At the far end of the ac-
celerator electrons are boiled off a hot
filament, much as they are in an ordi-
nary vacuum tube. The electrons are in-
jected into SPEAR merely by accelerat-
ing them and diverting them into the
ring. Supplying positrons requires a
slightly more elaborate procedure. First
the electrons are propelled through a
third the length of the accelerator,
where they collide with a copper target,
generating a shower of secondary parti-
cles that includes electrons, positrons
and gamma rays. The remaining length
of the accelerator is then adjusted to ac-
celerate only the positrons. Replenish-
ing the stored beams takes only a few
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MAGNETIC DETECTOR at SPEAR was crucial to the discovery of the psi particle and of
charmed mesons. The detector includes two kinds of device: spark chambers and scintillation
counters. Both are sensitive to electrically charged particles emitted in electron-positron colli-
sions at the center of the detector. A strong magnetic field bends the trajectories of the charged
particles, and from the amount of bending their momentum can be determined. The scintilla-
tion counters are made of a plastic that emits a flash of light when a particle passes through it;
they measure a particle’s time of flight and hence its velocity. From the momentum and the
velocity of a particle its rest mass can be estimated, providing an important clue to its identity.

HIGH VOLTAGE

ELECTRICAL GROUND

ALUMINUM WIRES

MAGNETOSTRICTIVE WANDS
/
OUTPUT TO COMPUTER

SPARK CHAMBERS in the magnetic detector consist of concentric layers of fine aluminum
wires; when the detector is triggered, a high voltage is applied across the layers. Only two layers
are shown here; each chamber actually has four layers and there are four chambers, for a total
of about 100,000 wires. When the spark chamber is in operation the wires are immersed in a
noble gas that is readily ionized by the passage of an electrically charged particle. The ionized
atoms left behind provide a conductive path for a spark between wires in the oppositely charged
layers, thereby marking the position at which the particle passed through the cylindrical cham-
ber. The positional information is recorded through a system of magnetostrictive “wands”
laid down perpendicular to the aluminum wires at the end of the chamber. The surge of cur-
rent that flows through the active wire when a spark is triggered gives rise to a pulse in the
magnetostrictive wand, which propagates as a sound wave that can be detected and timed.
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ANNIHILATION of an electron and a positron gives rise to equal

numbers of particles and antiparticles. When hadrons are created as
a result of a collision, the initial product is a single quark and an anti-
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quark of the same type. From the energy imparted to this pair, other
quarks and antiquarks materialize, and ultimately they coalesce in
pairs and triplets to form hadrons. Only the hadrons can be detected.
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SEQUENCE OF DECAYS following an electron-positron annihila-
tion converts the great variety of particles created into a few stable
or nearly stable species. Most hadrons that can decay through strong
interactions have completed their decays within 10-23 second, when
they have traveled only about 10-13 centimeter from the point of
collision. The psi particle is an exception: it decays through the strong
interaction but requires about 10-20 second. The products of the
strong decays are longer-lived hadrons, some of which subsequently
decay electromagnetically, yielding still other hadrons along with
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gamma rays (y). Weak decays are the slowest, but most of them are
completed before the particles have traveled more than a centimeter.
After the weak decays only leptons, gamma rays and the longest-lived
hadrons survive. Detectors cannot be placed closer than a few centi-
meters to the annihilation zone, and so they detect the products of a
collision only after most decays have been completed. Nevertheless,
collision products can often be identified. Gamma rays indicate that
a particle has decayed electromagnetically, and leptons are evidence
for a weak decay. K mesons signal the presence of a strange hadron.
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minutes, after which they circulate sta-
bly for periods of up to several hours.

Theenergy of the stored beams can be
adjusted between 1.2 GeV and 4 GeV.
One of the principal motivations for em-
ploying storage rings is that all this ener-
gy is available for the creation of new
particles. When an electron and a posi-
troncollide, both particles are annihilat-
ed and all their mass and kinetic ener-
gy is converted into a state of pure ener-
gy. Thus the machine has the potential
for creating sets of particles with total
masses of up to 8 GeV.

The energy liberated by the annihila-
tion is confined to a small region of
space, with dimensions of 10-15 to 10-14
centimeter. In an unmeasurably brief in-
terval—the time required for light to tra-
verse such a region—the energy is trans-
formed into material particles, which
then fly away from the point of annihila-
tion. There are few constraints on the
kinds of particle that can be created
from this dense bundle of energy. One
obvious requirement is that energy must
be conserved: the rest masses of the par-
ticles created cannot exceed the sum of
the electron and positron energies. Quan-
tum numbers must also be conserved,
but this requirement is less restrictive
than it might seem at first.

The annihilation of an electron and a
positron is mediated by the electromag-
netic force and the immediate product is
a photon, a quantum of electromagnetic
energy. The photon decays so quickly it
can never be detected, even in principle
(it is called a virtual particle), but it
nonetheless determines the properties of
all subsequent states of the system. If all
the decay products of the virtual photon
are detected and their quantum num-
bers added up, the totals must be equal
to the quantum numbers of the photon.
The psi particle can be created in these
events because its quantum numbers are
precisely those of the photon: it has one
unit of angular momentum but all its
additive quantum numbers—those de-
termined by simply adding up the quan-
tum numbers of the constituent
quarks—are zero. Why this should be so
becomes apparent when the quark com-
position of the psi is considered. It con-
sists of a quark bound to its own anti-
quark, and all quantum numbers except
angular momentum exactly cancel.

In this context what had seemed a re-
strictive demand that the properties of
the photon be conserved is seen to con-
fer almost complete freedom for the
creation of any particle as long as it is
accompanied by its own antiparticle. In
the psi the particle-antiparticle pair is
internal, butitneednotbe so. For exam-
ple, a charmed meson could be pro-
duced in combination with another me-
son having the opposite charm quantum
number. Given enough beam energy al-
most any state of matter (and antimat-
ter) could be formed. Collisions at
SPEAR are energetic enough to yield up

to 50 pions (half 7+ and half # -) or four
protons together with four antiprotons
or even a complete atom of helium and
an atom of antihelium.

As particles emerge from the annihi-
lation region at speeds near the speed of
light they commonly decay through sev-
eral generations to lighter and longer-
lived daughter particles. Most of the
massive hadrons have undergone strong
decays by the time they have traveled
10-13 centimeter, which is approximate-
ly equal to the diameter of a hadron.
The products of these decays are lighter
hadrons, such as pions, K mesons and
protons and neutrons. Hadrons that de-
cay electromagnetically generally travel
less than 106 centimeter before they
emit a photon and are thereby converted
into lower-mass hadrons. Most weakly
decaying particles, such as the strange
lambda baryon, travel a few centimeters
before they are transformed into the
lowest-mass hadrons, such as protons,
neutrons and pions, along with leptons.
Ten centimeters from the point of inter-
action most of the surviving particles
are protons and neutrons, electrically
charged pions and K mesons, gamma
rays and leptons. Within a few meters
the pions and K mesons decay to lep-
tons, leaving only protons, neutrons,
gamma rays, electrons, muons and neu-
trinos. Much farther along the neutrons
and the muons decay.

It is the goal of the experimenter to
detect as many of these particles as
possible and to extract a maximum
amount of information from them. In
practice the closest a detector can ap-
proach the interaction region is a few
centimeters, and so there is no hope of
seeing particles before both strong and
electromagnetic decays are completed.
At the other end of the scale detectors
larger than a few meters in diameter be-
come too costly and unwieldy to be
practical. Even within this limited range
of distances it is generally only the
charged particles and in some cases the
gamma rays that can be detected. Nev-
ertheless, it is often possible from the
particles detected to reconstruct the
chain of events that gave rise to them.
For example, the presence of K mesons
among the decay products can be read
as a sign that strange particles were cre-
ated. Gamma rays indicate that an elec-
tromagnetic decay has taken place and
leptons are a clue to the passage of a
weakly decaying particle.

The detector in which the psi was dis-
covered surrounds one of the interac-
tion regions at SPEAR. It was built by
physicists from SLAC and from the
Lawrence Berkeley Laboratory while
SPEAR was under construction. Vari-
ous individuals and small groups from
both laboratories had responsibility for
components of the detector and for its
computer programs.

The core of the detector is a 150-ton
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solenoid magnet whose useful field vol-
ume is a cylinder three meters in diame-
ter and three meters long. Within the
field are four cylindrical shells of spark
chambers, which record the trajectories
of charged particles as they pass
through the detector. The spark cham-
bers contain a total of 100,000 alumi-
num wires, which sense the momentary
ionization of an inert gas caused by the
passage of a particle. The magnetic field
deflects charged particles, and by mea-
suring the curvature of their trajectories
one can determine the momentum of the
particles.

Beyond the spark chambers are scin-
tillation counters, where brief flashes of
light emitted when a particle penetrates
a strip of phosphorescing plastic are de-
tected photoelectrically. The scintilla-
tions can be timed precisely, and so the
time of flight and the velocity of the par-
ticles can be calculated. Knowing the
velocity of a particle and its momentum,
one can deduce its rest mass, an impor-
tant clue to its identity. The comparison
of velocity and momentum is our princi-
pal means for distinguishing between
the three charged hadrons that survive
long enough to be detected, namely
pions, K mesons and protons.

A final peripheral array of scintilla-
tion counters and spark chambers is
shielded from the interior of the detec-
tor by filtering layers of lead and iron.
The differential abilities of various par-
ticles to penetrate these metals allow us
to discriminate between hadrons and
leptons and, among the leptons, be-
tween electrons and muons.

Most of the time the electron and pos-
itron beams pass through each other
without interacting at all. Even though
each bunch contains 100 billion parti-
cles, the leptons are so small—indeed,
their size has so far proved unmeasur-
able—that the probability of a collision is
low. On the other hand, the beams move
so rapidly, circling the ring more than a
million times a second, that practical
rates of data collection can be achieved.

The detector is triggered whenever
two or more charged particles coming
from the vicinity of the interaction re-
gion strike scintillation counters simul-
taneously with the passage of the beams
through the detector. When a triggering
event is recorded, all the information
from the spark chambers and the scintil-
lation counters is transferred to a com-
puter, where it is recorded on magnetic
tape. The detector is triggered about
once a second, but only a few percent of
these events derive from electron-posi-
tron annihilations. The rest are caused
by cosmic rays and by interactions be-
tween the particle beams and residual
gas molecules in the vacuum chamber.

The data collected on tape are ana-
lyzed with the aid of another computer.
Background events are identified and
discarded and for the more interesting
events the trajectories of the particles
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ANNIHILATION EVENTS can be divided into two broad categories: those that give rise to a
pair of leptons, such as a positive and a negative muon, and those that lead to the creation of a
quark and an antiquark, which eventually appear as a cluster of hadrons. If both leptons and
quarks have a pointlike distribution of electric charge, then the rates of production can be cal-
culated; the rates are determined by the number of kinds of leptons and quarks and by the
squares of their charges. Measurements of the rate of hadron production therefore test various
quark models, discriminating, for example, between those that include charmed quarks and
those that do not. In practice the absolute production rates are not measured; instead the ratio
of hadron production to muon production is determined, a ratio designated by the letter R.

are reconstructed. In a typical event in-
volving hadrons four or five particles
may be detected; their momenta and ve-
locities are measured, and if possible the
particles are identified.

At any given time approximately 35
physicists are involved with the opera-
tion of the detector and data analysis.
Although our number varies as students
and visitors come and go, without the
dedication and talents of a great many
individuals in our collaboration, this
large detection and analysis apparatus
could not function.

hen the psi particle was discov-

ered in 1974 we were not searching
for charmed particles but were engaged
in a much broader inquiry into the struc-
ture of hadrons. We were attempting to
test the assumption that hadrons are
made up of electrically charged, point-
like particles, such as the quarks are
supposed to be.

Quantum electrodynamics, a theory
that has been verified with great preci-
sion, is able to predict the rates at which
particles are created in electron-posi-
tron annihilations provided the particles
have a pointlike distribution of electric
charge. The rate is proportional to the
sum of the squares of the particles’
charges. This prediction has been tested
for electrons and for muons, with good
agreement between experiment and the-
ory. Quarks are thought to behave ex-
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actly like leptons in electromagnetic in-
teractions, and so the same rule should
predict their rate of production also.

Of course, we cannot directly observe
the quarks created in the aftermath of
an electron-positron collision, but it
turns out this is no impediment to mea-
suring their rate of production. When
hadrons appear among the final prod-
ucts of an annihilation, it is assumed
they all derive ultimately from a single
quark-antiquark pair. Hence the rate of
quark production is given simply by the
number of events in which any hadrons
appear. In practice the absolute rate is
not measured. It is more convenient to
measure the ratio of hadron production
to muon production, a ratio that by con-
vention is designated by the letter R. If
the quark hypothesis is valid, then R
should be equal to the sum of the squares
of the quark charges, and it should be
approximately constant, independent of
the collision energy.

The experimental measurement of R
is a straightforward procedure. At the
energies of the SPEAR storage ring,
events in which hadrons appear almost
always have three or more particles in
the final state, whereas muons are pro-
duced strictly in pairs, which leave the
interaction with equal but opposite mo-
mentum. An excellent estimate of R can
therefore be obtained simply by adding
up the number of events in which more
than two particles are detected and di-
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viding by the number of two-body,
back-to-back events.

The ratio R is an important test of
quark theories. Because R is determined
by the sum of the squares of the quark
charges it can discriminate between var-
iants of the quark model having differ-
ent numbers of quarks or different
charge assignments.

Experimentally determined values of
R have an interesting history: they have
consistently been too large for the fash-
ionable theories of the day. In the origi-
nal model of Gell-Mann and Zweig,
with three quarks, R should have been
equalto(2/3)2 + (1/3)2 + (1/3)2, which
adds up to 2/3. That value of R implies
that for every two events involving had-
rons there should have been three muon
pairs produced. The first measurements
of R were made with the storage ring
called ADONE at Frascati in Italy.
These measurements, all made at ener-
gies below 3 GeV, gave values not of
2/3 but of approximately 2; in other
words, there were twice as many ha-
dronic events as muon pairs.

Shortly thereafter theory briefly
caught up with experiment. It was pro-
posed, and it is now widely accepted,
that each of the quarks must conie in
three varieties in order to accommodate
a new quantum number, generally
called color. Unless a quark can be iso-
lated the color quantum number will re-
main permanently hidden from view.
Color has proved to be an exceptionally
fruitful concept in explaining the inter-
actions of quarks, but it is a purely “in-
ternal” quantum number and it predicts
no additional hadrons. Indeed, one of
the few ways in which it impinges on ex-
perimental results is in the value of R. By
tripling the number of quarks, R is also
tripled—to a value of 2.

There was little time to gloat over this
result. In the early 1970’s two more tan-
talizing measurements of R were made
at higher energy with a storage ring at
the Cambridge Electron Accelerator.
They showed that at 4 GeV R is 4, and
at 5 GeV it rises almost to 6.

The Cambridge Electron Accelerator
was shut down shortly after these mea-
surements were made, but the initial
program of experiments at SPEAR, be-
ginning in the fall of 1973, confirmed
and extended the results. R was mea-
sured at several energies separated by
fairly wide intervals. Below about 3
GeV the value is 2.5, reasonably close to
the value of 2 expected if there are three
quarks and each comes in three colors.
Above about 4 GeV, however, the ratio
rises steeply, then above 5 GeV it levels
off at a value of about 5.5. Clearly some
new phenomenon must be making itself
known. Even charm may not be suffi-
cient to explain the behavior of the
curve. Adding the charmed quark to the
model (in three colors) raises the expect-
ed value of R only to 3.3.

These disconcerting results aroused
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RATIO R rises from about 2.5 at energies below 3 billion electron
volts (3 GeV) to about 5.5 at energies above 5 GeV. The most plau-
sible interpretation of the increase is that a threshold for the creation
of a new kind of quark has been crossed in this interval. What is more
remarkable than the overall increase in the ratio is that the curve has
a series of tall and extraordinarily narrow peaks. The three peaks
clustered near 1 GeV represent production of the rho (p), omega (w)

e‘e = ¥ HADRONS

PSI PARTICLE can be created singly in electron-positron annihila-
tions because it consists of a quark and an antiquark of the same type.
The immediate product of the electron-positron collision is always a
photon, but the photon invariably decays to other particles before it
can be observed. The photon has one unit of spin angular momen-

and phi (¢) mesons, which have quark compositions involving com-
binations of uii, dd and s5. The spike at 3.1 GeV is the psi meson (),
made up of a c¢ quark-antiquark pair. The psi was discovered in 1974
during a measurement of R; the psi prime ('), which is an excited
state of the same cc¢ system, was found 10 days later. The broader
peak at 4 GeV represents several short-lived particles and is now rec-
ognized as the threshold for the creation of a pair of charmed mesons.

tum but all its other quantum numbers are zero; any particle created
from the photon must have the same quantum numbers. The psi is
one such particle; the rho, omega and phi mesons are others. The psi
decays through the annihilation of the charmed quark and antiquark,
giving rise to ordinary hadrons such as the three pions shown here.
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much interest, but they were soon over-
shadowed by another feature discovered
in the R curve: the peak that signaled
the presence of the psi particle. In a
graph of R the psi appears as a narrow
spike of enormous height at an energy
of 3.095 GeV. If the spike could be
perfectly resolved, it would be seen to
rise above the background level by a
factor of 3,000; in other words, at 3.095
GeV hadrons are 3,000 times more like-
ly to be created than they are at neigh-
boring energies. Such an enhancement
in hadron production is called a reso-
nance. When the collision energy of the
electron and positron exactly matches
the mass of the psi particle, the proba-
bility is high that a psi will be created.

The subsequent decay of the psi yields
the hadrons that are detected as a reso-
nance. At energies even slightly higher
or lower than that of the resonance, en-
ergy and momentum can no longer be
balanced to produce only the psi and the
rate of hadron production declines.
Even more remarkable than the
height of the psi resonance is its extreme
narrowness, a property related to the
lifetime of the particle. In fact, it is only
from measurements of the width of the
resonance that the lifetime can be de-
duced. Part of the observed width re-
sults from the finite resolution of the ex-
perimental apparatus. Even with perfect
apparatus, however, the peak could not
be confined to a single uniquely defined
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CHARMED
PARTICLES

SPECTRUM OF PARTICLES that includes the psi consists of at least seven states. All of
them are made up of a charmed quark and a charmed antiquark, but they are distinguished by
various combinations of spin and orbital angular momentum. Only the psi and the psi prime
can be created directly from electron-positron annihilations because only those states have the
same quantum numbers as the photon. The quark spins in the psi are oriented in the same di-
rection and they add to give the meson one unit of spin. Two states of somewhat lower energy,
designated 7, and 7’,, are formed when the quark spins are antiparallel. Three states of in-
termediate mass, called p-wave excitations, are formed when a pair of quarks with parallel

spins acquires a unit of orbital angular

tum. The b

d system of a charmed quark and

a charmed antiquark in many ways resembles a simple atom, and the name “charmonium” has
been applied to all the states of this system. As in the spectrum of energy levels in an atom,
one state can be transformed into another of lower energy through the emission of a photon.
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energy. The range of energies over
which the peak is distributed can be in-
terpreted in quantum mechanics as rep-
resenting a residual uncertainty in the
actual energy of the particle, and that
uncertainty is related to the lifetime.
The shorter the lifetime, the greater the
uncertainty. It is as if there were not
enough time before the particle decayed
to make an accurate measurement of its
energy. Most resonances in this mass re-
gion are very broad enhancements hun-
dreds of millions of electron volts wide;
the width of the psi resonance is 67,000
electron volts, or about .002 percent of
its total energy.

The unexpected discovery of such a
narrow peak in the graph of the ratio R
prompted a change in the mode of oper-
ating storage rings. Instead of sampling
hadron production at a few widely sepa-
rated energies, high-resolution surveys
were made with the smallest possible in-
crement between sampled energies. By
far the most successful high-resolution
survey made at SPEAR was the very
first one: 10 days after the discovery of
the psi it disclosed a second, closely re-
lated particle with a mass of 3.684 GeV.
This second particle was given the name
psi prime (J’). Like the psi itself, psi
prime is electrically neutral and has one
unit of spin; it is not quite as long-lived
as the psi, but the resonance width of
228,000 electron volts is still much nar-
rower than most.

Further exploration of the R curve re-
vealed a third feature in the vicinity of
4.1 GeV. This peak is much less distinct;
it is an enhancement with a width of
about 200 MeV. How it should be inter-
preted was not immediately apparent.

bound system of a charmed quark
and a charmed antiquark has much
in common with simple atoms such as
the hydrogen atom. Just before the dis-
covery of the psi, Thomas Appelquist
and H. David Politzer of Harvard pro-
posed the name “charmonium” for this
bound system. The name implies an
analogy with another exotic atomlike
species, positronium, which is a bound
state of an electron and a positron.
According to the charmonium model,
the quark and the antiquark in the psi
particle have their spins aligned in par-
allel, but they have no orbital angular
momentum. The psi prime is an excited
state of this system, analogous to one of
the excited states of a hydrogen atom. In
this state too the quark spins are parallel
and there is no orbital angular momen-
tum. The parallel quark spins combine
to give each meson one unit of spin. This
arrangement of spins is known in atomic
physics as the “ortho” configuration,
and the psi and psi prime particles can
together be called orthocharmonium.
Continuing to argue from the princi-
ples of atomic physics, Appelquist and
Politzer were able to predict additional
forms of charmonium. For example,



there should be states without orbital
angular momentum and with the quark
spins antiparallel. The oppositely direct-
ed spins are subtracted, with the result
that the particle as a whole has zero an-
gular momentum. This configuration is
denoted by the prefix “para,”’ and ithasa
lower overall energy than the ortho con-
figuration. Thus there should be a para-
charmonium state with a mass slightly
less than that of the psi and another with
a mass slightly less than that of the psi
prime. The quark and the antiquark
should also combine with parallel spins
and with one unit of orbital angular mo-
mentum. Three such states are expect-
ed, known collectively as p-wave char-
monium (another term borrowed from
atomic physics). Their masses should all
lie between that of the psi and that of the
psi prime.

Because the quantum numbers of the
photon must be conserved, electron-
positron annihilations can give rise to
quark-antiquark pairs only in the ortho
configuration, and so neither parachar-
monium nor p-wave charmonium can
be observed as peaks in the ratio R. It
should be possible to produce them,
however, through electromagnetic tran-
sitions from the psi and psi prime states.
Once again these transitions are analo-
gous to events in atomic physics, where
an atom can move from an excited state
to a state of lesser energy by emitting a
photon. In the atomic transitions the
photons emitted are typically in the visi-
ble portion of the electromagnetic spec-
trum; in the transitions between char-
monium states the photons are high-
energy gamma rays.

The most straightforward approach
to finding these states is to produce psi
prime particles copiously, then search
among their decay products for telltale
gamma rays. Such experiments were un-
dertaken at SPEAR and at the storage
ring called DORIS associated with the
German Electron Synchrotron near
Hamburg.

The main difficulty in recognizing the
gamma rays is in distinguishing them
from numerous other photons emitted
by unrelated processes. One aid to dis-
crimination is that all the photons emit-
ted during transitions between two given
states have the same energy, so that they
should stand out above the background
events, which have a wide range of ener-
gies. In the initial experiments the back-
ground was further reduced by selecting
for examination only those events that
seemed to conform to a particular se-
quence of decays. We decided to study
events in which a psi prime particle
emits a photon and decays to some in-
termediate state, which then emits an-
other photon and yields a psi particle.
We were thus able to exclude from con-
sideration all events except those in
which the presence of a psi could be de-
duced and in which exactly two gamma
rays were present. Such procedures for
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FIRST CHARMED PARTICLE to be discovered was the DO, composed of a c quark and a @
antiquark. Unlike the psi, the D0 has overt charm: the quantum numbers of the ¢ quark are
not canceled by those of a ¢ antiquark in the same hadron. As the lightest charmed meson, the
DO can decay only through the weak interaction, which can transform the charmed quark into
a quark of another type. Because of the special relation that exists between strangeness and
charm, the charmed quark is usually converted into a “strange” quark; consequently strange
hadrons (such as K mesons) are expected among the decay products. The D0 was discovered
as a bump in the energy distribution of X mesons and pions that have a net electric charge of
zero (K+7— or K- +). Such combinations can be produced by many unrelated processes, but
their number should decline smoothly as the mass of the pair increases. The presence of a bump
at a given energy indicates that a particle with that mass is decaying into the K7 combination.

“cutting” data are common in high-
energy physics; they can reduce hun-
dreds of thousands of recorded interac-
tions to a handful of interesting events.

The first results were reported by a
group of experimenters working at
DORIS; they found 14 events that met
the criteria. Shortly thereafter our group
at SPEAR contributed several more
candidates. These few events retained
one important item of information that
was not a mere artifact of the selection
process, namely the energies of the two
photons. In most of the events one of the
gamma rays had an energy near 170
MeV; by subtracting this energy from
the mass of the psi prime we deduced
that the psi prime was decaying at least
part of the time into an intermediate
state with a mass near 3.5 GeV. The
intermediate state subsequently decays
to yield a psi particle. The 3.5-GeV par-
ticle has turned out to be one of the
states of p-wave charmonium, those
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with a unit of orbital angular momen-
tum. The group at DORIS named it P..
Since then more examples of this so-
called cascade decay have been collect-
ed at both SPEAR and DORIS and the
two related p-wave states, which have
slightly different masses, have been
found.

A second major search for gamma-ray
transitions was undertaken by our group
at SPEAR. We sought evidence for psi
prime decays in which the final state in-
cluded a particular ensemble of hadrons
and a single gamma ray. These decay
products would be the signature of an
intermediate charmonium state that de-
cayed not to a psi particle but to ordi-
nary hadrons. We were gratified to dis-
cover that the photons again clustered at
certain discrete energies, two of which
coincided with energies observed in the
cascade decays.

Within a year of the discovery of the
psi particle a spectrum of closely related
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D+ MESON provides the strongest evidence that the new particles being observed have the
property of charm. The charmed quark in the D+ must decay into a strange s quark, which is a
constituent of the K- meson. The antiparticle of the D+, the D-, contains a charmed anti-
quark that must give rise to a strange antiquark, 5, found in the K+ meson. Combinations of K
mesons and pions consistent with this decay mode (top) show a distinct bump at an energy near
1.87 GeV. What is equally important, combinations that would arise from the forbidden tran-
sition from charmed quark to strange antiquark show no enhancement at that energy (bottom).
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states had emerged. These included not
only the p-wave excitations but also the
paracharmonium state just below the
psi prime. Two groups of experimenters
working at DORIS also obtained evi-
dence for the paracharmonium state be-
low the psi itself; this is the lowest-mass
state of charmonium. Finally, in 1976,
most of the peaks in the gamma-ray
spectrum of the psiprime were observed
in a single measurement, made by physi-
cists from five institutions: the Universi-
ty of Maryland, the University of Cali-
fornia at San Diego, the University of
Pavia, Princeton University and Stan-
ford University. This gamma-ray spec-
trum is like the line spectrum of an ordi-
nary atom, with one spectacular differ-
ence: the energy of a typical photon in
an atomic transition is usually a few
electron volts, whereas the gamma rays
emitted in charmonium transitions have
energies of several hundred million elec-
tron volts.

The spectrum of charmonium states
represents strong evidence that the
psi and its relatives consist of a particle
bound up with its own antiparticle, but
there is no assurance that the quantum
number carried by those particles is
charm. The property itself is hidden in
all the charmonium states. It becomes
manifest only in hadrons that include a
charmed quark or antiquark in combi-
nation with uncharmed quarks.

In electron-positron collisions such
charmed hadrons can be created only in
pairs. Hence the lowest annihilation en-
ergy at which charm could appear is
equal to twice the mass of the lightest
charmed particle. This threshold energy
can be estimated from an examination
of theratio R. A lower bound is the mass
of the psi prime: if the threshold were
below this mass, then the psi prime itself
would decay rapidly to yield a pair of
charmed particles and the resonance
would be much broader than it is. Just
above the psi prime mass a significant
increase in R with several broad peaks
suggests the creation of highly excited
states of charmonium that do decay
strongly to particles with nonzero
charm. Thus the threshold appears to lie
between 3.7 GeV and roughly 4 GeV,
implying that the lightest charmed parti-
cle has a mass between 1.85 GeV and
about 2 GeV.

Like massive strange particles, mas-
sive charmed ones could decay strongly
while conserving charm by passing on
the ¢ quark or ¢ antiquark to a lighter
charmed state. The lightest charmed
particles, however, should decay only
through weak interactions, and they
should therefore be comparatively long-
lived. The lifetimes might be on the or-
der of 10-13 second.

The lightest charmed states were ex-
pected to comprise six mesons, three of
them made by combining a charmed ¢
quark with a %, a d or an 5 antiquark, the



other three by combining a ¢ antiquark
with a u, a d or an s quark. The mesons
containing a charmed quark have been
named respectively D+, DO and F+; the
corresponding antiparticles are D-, DO
and F-.

How could charmed particles be
recognized when they were found?
Even if long-lived mesons with the ap-
propriate masses were discovered, how
could it be established that they are dis-
tinguished by charm rather than by
some other new property of matter? The
answers to these questions lie in the
special relation that must exist between
the charmed quark and the strange
quark if the suppression of strangeness-
changing neutral weak currents is to be
explained. Because of thisrelation weak-
ly decaying charmed particles should
usually include strange particles among
their decay products. K mesons, the
strange particles of lowest mass, serve
as a distinctive signature of events in-
volving the decay of charmed particles.

These properties of charmed-particle
decays suggest an experimental proce-
dure for finding charm. That procedure
is to examine electron-positron colli-
sions above the psi prime mass for mul-
tiparticle events (which usually contain
hadrons) in which there are long-lived
particles that include K mesons among
their decay products.

The usual method for conducting
such searches is to hypothesize a partic-
ular mode of decay, then to select from
a large sample of events all those that
might be examples of the presumed
mode. For example, a reasonable hy-
pothesis is that some charmed particles
might sometimes decay into a K meson
and two pions, and so all events that
included these three particles would be
selected. From measurements of the
momentum of the decay products in
each event the mass of the parent parti-
cle can be calculated. If the particles de-
tected are in fact the products of a single
mode of decay, then the majority of the
computed masses will be clustered at a
single value. If the selected particles are
present through mere coincidence, on
the other hand, then the computed
masses will have a broad and featureless
distribution. This procedure, which is
quite common in high-energy physics, is
called “bump hunting.”

Our first attempts at bump-hunting at
annihilation energies near 4 GeV were
unsuccessful. The absence of a percepti-
ble signal was discouraging, but it was
not fatal to the charm hypothesis.
Charmed mesons might decay through
many different modes, so that no one
mode is represented by a large number
of events.

Meanwhile circumstantial evidence
of charmed-particle production began
to appear in experiments involving quite
different techniques. In these experi-
ments events were initiated by high-en-
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DECAY OF THE D+ MESON is mediated by a weak interaction between quarks. Whereas
the strong force can only create or annihilate matched pairs of quarks and antiquarks, the weak
force can change one kind of quark into another. In the decay of the D+ the weak force is
transmitted by a particle called the W+. The ¢ quark emits a W+ and is transformed into an s
quark; the W+ then decomposes into a « quark and a d antiquark. Analysis of the interaction
shows that neither charm nor strangeness is conserved, although electric charge is conserved.

ergy collisions between neutrinos and
nuclear matter; because the neutrino in-
teractions are necessarily mediated by
the weak force, charmed particles might
be created singly rather than in pairs. At
Brookhaven and at the European Orga-
nization for Nuclear Research (CERN)
a few bubble-chamber photographs
showed events that could be interpreted
as decays of charmed particles. At the
Fermi National Accelerator Laboratory
(Fermilab) an array of particle counters
registered numerous candidate events
distinguished by the presence of two lep-
tons in the final state. The pairs of lep-
tons were strong but nevertheless incon-
clusive evidence for the decay of a
charmed particle with a mass in the vi-
cinity of 2 GeV. With the exception of
a single bubble-chamber photograph
made at Brookhaven, none of these
events provided enough information to
precisely determine the mass of the par-
ent particle.

At SPEAR we continued to accumu-
late data while studying the broad fea-
tures in R at energies near 4 GeV. In
the spring of 1976, with improved tech-
niques for identifying strange particles
and with a much larger sample of
events, a bump was finally recognized.
Gerson Goldhaber and Francgois Pierre
of the Lawrence Berkeley Laboratory
found small but significant peaks at an
energy of 1.863 GeV intwo decay modes
leading to the emission of K mesons and
pions.

One class of events had in the final
state a single K meson and a single pion
with opposite charges, that is, K+ - or
K-m+. The other class of eventshad a K
meson accompanied by three pions with
the charge assignments K+a - +m - or
K-m+m+m-. All these combinations of
particles have a net electric charge of
zero, and they all seem to derive from
the decay of the same object. The most
plausible candidate for that object is the
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electrically neutral D° meson, made up
of a ¢ quark and a « antiquark.

Additional bumps have since been
discovered. The mostimportant of them
results from the decay of the charged
relative of the DO, the D+ meson. The
evidence for this state is an enhance-
ment, at an energy 1.868 GeV, in the
number of events yielding the combina-
tion of particles K-+ +. Significantly,
the decay mode K+ -7 +, which has the
same net electric charge of +1, has no
corresponding peak at the same energy.
This subtle distinction between charge
states has a simple and elegant explana-
tion in the charm theory, and it repre-
sents the best available evidence for the
existence of charm. The D+ meson con-
sists of a ¢ quark bound to a d antiquark.
The relation between charm and
strangeness specifies that a ¢ quark can
decay through the weak interaction to
yield a strange s quark, but it cannot be
converted into an § antiquark. The K-
meson contains an s quark, and so it can
be produced in the decay of the D+; the
K+ meson, on the other hand, contains
an s antiquark, and as theory requires it
is not observed in D+ decays. No com-
peting model of the new particles offers
such definitive predictions, and none is
so consistently in agreement with exper-
imental findings.

In electron-positron  annihilations
charmed particles are invariably cre-
ated in pairs, but the bumps by which
they are identified represent the decay
products of only one member of the
pair. It is possible, however, to deduce
some of the properties of the missing
partner. Because the detected particle is
recoiling from the one that escapes de-
tection, both states must have the same
momentum. From the known momen-
tum and the known total energy of the
system of particles (which is equal to the
annihilation energy of the electron and
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positron) the rest mass of the escaping
particle can be determined.

When the events involving D% and D+
mesons were analyzed in this way, we
found that in some cases the recoiling
objects were simple antiparticles, D°
and D-, with masses identical to those of
the detected particles, about 1.87 GeV.
A more prominent peak in the recoiling-
mass spectrum was observed near 2.01
GeV. The peak is interpreted as evi-
dence for excited states of the mesons,
labeled D0 and D"+. If this interpreta-
tion is correct, the lowest-energy states
(D% and D+) are made up of quarks with
their spins oriented antiparallel, so that
the meson itself has zero angular mo-
mentum, whereas in the excited states
parallel quark spins give the mesons one
unit of angular momentum. Various an-
gular correlations between the particles
and their decay products depend on the
spins, so that this hypothesis can be test-
ed. Preliminary measurements of those
correlations are in agreement with the
model.

Once the mass of the psi had been
established, psi particles could be pro-
duced at will and in large numbers. The
more recent experimental successes
have not been won as easily. States of

matter with overt charm have proved
remarkably difficult to observe. Even
after three years of intensive searching
only a few hundred events have been
recorded inwhichall the decay products
of a charmed particle are identified. All
but a handful of those events are decays
of charmed mesons. There must also be
an extensive family of charmed bary-
ons, made up of three quarks. A few
events offering glimpses of charmed
baryons have been recorded at Fermi-
lab, but most properties of the particles
remain to be determined.

The most elusive charmed particle is
another meson, the F+. It is made up of
a ¢ quark and an § antiquark, and so it is
both charmed and strange. Several
searches for the F+ are under way. Al-
though there is no conclusive evidence
for its existence neither is there much
doubt it will eventually be discovered.

Even if all the evidence in the case for
charm has not yet been presented, there
can no longer be any doubt about the
verdict. The charmed quark began with
an abstract symmetry principle relating
quarks and leptons, a principle that can
almost be reduced to a longing for tidi-
ness. At the outset the hypothesis was
proposed without the support of a single
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SPECTRUM OF CHARMED MESONS that have been observed in electron-positron colli-
sions includes four states and their antiparticles. The states of lowest mass have antiparallel
quark spins and a total spin of zero; the excited D" states are made up of the same quarks
but have the quark spins parallel, giving the mesons a total spin of 1. The one missing charmed
meson, which would also have excited states, is the F+. This meson is made up of a ¢ quark
and an § antiquark and thus is simultaneously charmed and strange. There is some evndence

that the F+ may have been seen in a European experiment but the evid
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experimental observation; today a great
many experiments point to a conclusion
that is all but incontestable. An entire
spectrum of particles testifies to the exis-
tence of the charmed quark: the psi and
the other states of charmonium and the
charmed mesons DO and D+. The most
compelling evidence is also the subtlest:
it is the special relation between strange-
ness and charm manifested in the decay
of the D+ to the three mesons K-+ +
but not to K +7 —#r +. If this is not charm,
it is a superlative counterfeit.

Perhaps the most significant result of
the discovery of charm is an improved
understanding of ordinary matter. It has
often been said that high-energy physics
needs an equivalent of the hydrogen
atom, the comparatively simple system
of bound particles that served as a con-
stant point of reference for the develop-
ment of quantum mechanics 50 years
ago. In a sense, of course, the quark
model makes simple atomlike systems
of all hadrons, but that structure was
never very obvious in experiments until
the discovery of the psi particle. Now
the sharp transitions between charmoni-
um states, with the emission of photons,
provide an exact analogy to atomic
spectroscopy, but at energies a million
times greater. The discovery of charm
marks the beginning of quark chemistry.

he case for charmed quarks may by

now have been proved, but it would
be entirely misleading to suggest that it
ought to be closed. One conspicuous
problem is the value of the ratio R. The
most plausible quark model predicts a
value of 3.3, but the observed ratio is
nearer 5.5. Once again R seems to be
much too large. Furthermore, there is a
growing number of anomalous events,
observed both at SPEAR and at DORIS,
that are not readily explained by present
versions of the quark model, even with
the inclusion of charm. The events are
characterized by the presence of two
charged particles, often leptons, and un-
detected neutral particles, which may
be neutrinos.

At the moment the hypothesis that
seems best able to account for the anom-
alous events and for most of the excess
in R is that a fifth member of the lepton
family is appearing. It would have a
mass of roughly 2 GeV (or 4,000 times
the electron mass) and might be accom-
panied by still another new lepton, a
neutrino. Of course, if there are addi-
tional leptons, the appealing symmetry
between leptons and quarks would be
destroyed. The obvious solution is to
postulate more quarks, and preliminary
evidence for particles containing a fifth
kind of quark has now been reported in
high-energy neutrino interactions at
Fermilab. Further experiments will be
needed to confirm that discovery, but it
appears that the future of elementary-
particle physics is at least as bright as the
recent past.
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Early Schlumber ger loggingoperation in Pechelbronn, France.

50 years ago,

Conrad and Marcel Schlumberger
started answering

the energy problems of today.
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When the two brothers used electricity to log the
underground formations in the Pechelbronn oil
field in France in 1927, they had no conception of
the impact they would have on a young petro-
leum industry.

Today, every well is “logged” to determine
where the oil is and where the next well should be.

In fact, one guess is that more than 75% of
the energy the world uses is due, in one way or
another, to Conrad and Marcel’s invention which
began the evolution of well logging technology.

Technology that has come a long way since
that first log was recorded by hand, point by
point in Pechelbronn.

Today, up to a half dozen logs can be re-
corded simultaneously and computed instantly.

And in a world that is thirsting for energy, it
is precisely the kind of technology needed to help
solve the problems we face today. And the prob-
lems we will face tomorrow.

And it is precisely that kind of technology
we at Schlumberger will continually strive to
provide in our next 50 years.

In the future as in the past,
Schlumberger answeys.

|
Schilumberger
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