Glueballs

They are “atoms of color,”” bound states of the particle that

transmits the color force, the strongest force known. A few

of them may have been detected in high-energy experiments

light? The photon, the quantum unit

of light, is also the carrier of the
electromagnetic force that holds togeth-
er an ordinary atom. Any particle of
matter that has an electric charge can
emit or absorb a photon; in an atom the
electrons are bound to the nucleus by a
continual exchange of photons. In an
atom of light two photons might be
bound to each other by the exchange of
additional photons.

As it happens, such an atom cannot be
created. The reason is that the photon
itself has no electric charge, and so a
photon cannot emit or absorb another
photon. An analogous bound system
may well exist, however, at the next-fin-
er level in the structure of matter. In-
deed, it may have been observed al-
ready. The analogue of the atom of light
is made up of gluons, which are the car-
riers of the basic force of nature called
the strong force or the color force. Or-
dinarily gluons act to bind together
quarks, which are the constituents of
protons, neutrons and many related par-
ticles. A quark has a property called col-
or charge, and any particle with such a
charge can emit or absorb a gluon. In
this respect the role of the gluon resem-
bles that of the photon; the two particles
are also alike in being massless and in
moving at the speed of light. Whereas
the photon is electrically neutral, how-
ever, the gluon has a color charge. As a
result the “glue” that sticks quarks to-
gether can also stick to itself. Two glu-
ons should be able to form a composite
particle held together by the exchange
of other gluons. Physicists have taken to
calling such particles glueballs.

If glueballs exist, it should be possible
to make them in experiments with the
same particle accelerators that give rise
to high-energy combinations of quarks.
The recent reports that glueballs may
have been detected are based on such
experiments, but some uncertainty re-
mains about the identification of the
particles. The reason for the uncertain-
ty is ironic: it seems these most exotic
states of matter are so prosaic in their

Is it possible to imagine an atom of
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outward properties that it is difficult to
distinguish them from ordinary parti-
cles made up of quarks.

he idea that a force must be carried

or transmitted by an intermediary
particle is closely related to the much
older idea that there can be no action at
a distance. The idea of intermediary
particles was first incorporated into a
quantum-mechanical theory in 1934 by
the Japanese physicist Hideki Yukawa.
Yukawa was trying to understand the
force that binds protons and neutrons in
the atomic nucleus, which was then the
only known example of the strong nu-
clear force. He suggested that the force
is transmitted by a particle with a mass
about 200 or 300 times the mass of the
electron.

The basis of Yukawa’s estimate of the
mass was his hypothesis that the range
of a force is inversely proportional to
the mass of the particle that mediates it.
The interaction between the proton and
the neutron was known to have an ex-
tremely short range, on the order of
10-13 centimeter, which implied a com-
paratively large mass. In 1947 a particle
with a mass about 275 times that of the
electron was discovered in cosmic radia-
tion and shown to interact strongly with
the proton and the neutron. The particle
is called the pi meson and its discovery
was a dramatic confirmation of Yuka-
wa’s conjecture.

The magnitude of the electromag-
netic force between two electrically
charged particles is given by Coulomb’s
law: the force is directly proportional to
the product of the charges and inversely
proportional to the square of the dis-
tance between them. The range of the
Coulomb force seems to be infinite, and
so according to Yukawa’s theory the
rest mass of the photon is zero.

Since the gluon also has a rest mass of
zero, one would expect the color force
mediated by the gluon to be a force of
infinite range. In a formal sense the
range of the color force may indeed be
infinite, but the interactions mediated by
gluons have never been observed at a
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range of more than about 10-13 centi-
meter, or roughly the same range as the
force mediated by the pi meson. The
similarity of range is not coincidental:
the interaction mediated by the pi mes-
on is thought to be the net result of
events that can be described on a finer
scale as interactions mediated by glu-
ons, just as an interatomic bond in a
molecule is the net result of electromag-
netic interactions that are ultimately
caused by the exchange of photons be-
tween electrons and protons. The ob-
served range of the color force remains
puzzling, however, and it now seems
that in order to understand the observa-
tion it is necessary to postulate the exis-
tence of glueballs.

In 1964 Murray Gell-Mann and
George Zweig of the California Insti-
tute of Technology independently pro-
posed that all particles subject to the
strong nuclear force are made up of
more elementary constituents: the parti-
cles Gell-Mann named quarks. Particles
subject to the strong force are called
hadrons, and the quark model was intro-
duced in order to classify the proliferat-
ing new hadrons being generated in ex-
periments with accelerators. Gell-Mann
suggested that all the hadrons in ordi-
nary matter are made up of two flavors,
or kinds, of quark, the up, or u-flavored,
quark and the down, or d-flavored,
quark. The proton, for example, is made
up of two u quarks and a d quark (uud),
whereas the neutron is made up of a u
quark and two d quarks (udd). A third
quark called the strange, or s-flavored,
quark was invoked to explain the exis-
tence of certain particles with strangely
long lifetimes. Three corresponding an-
tiquarks were postulated: antiup (u), an-
tidown (d) and antistrange (s). The pos-
itively charged pi meson is made up of
a u quark and a 4 antiquark (ud). At
least two more quark flavors have since
been discovered; they are called charm
(¢) and bottom (b).

One distinctive feature of the quark
model is that each quark carries a frac-
tional electric charge. The charge of the



u quark is +2/3 (in units of the proton’s
charge) and that of the d quark is —1/3.
In a hadron the quarks combine in such
a way that the electric charge of the
bound system invariably turns out to
be an integral multiple of the proton’s
charge. The charge of the proton itself is
2/3 +2/3 —1/3, or +1; the charge of
the neutron is 2/3 — 1/3 — 1/3, or 0.

In this way the electric charge of every
hadron known can be accounted for as a
sum of quark charges. With the excep-
tion of a few somewhat controversial
measurements, however, a fractional
charge has not been observed in nature.
If a particle with a fractional charge
could be isolated, it would seem com-
paratively easy to distinguish it from all
the surrounding particles with integer
charge. Because of the failure to de-
tect fractional charges, many physicists
were at first unwilling to accept the exis-
tence of quarks as more than a conven-
ient but fictional device for making pre-
dictions about hadrons. As more had-
rons were discovered, however, and as
more of their features were shown to fit
the quark model, the reality of quarks
seemed much less at issue. The question
was not whether quarks exist but why
they are never detected in isolation.

A related issue arises when one con-
siders the spin, or intrinsic angular mo-
mentum, of the quarks. The spin of a
particle is like the spin of a top except
that the spin of the particle is quantized:
it must take on integer or half-integer
values when it is expressed in funda-
mental units. Particles whose spin is an
integer (such as 0, 1 or 2) are called bos-
ons; examples are the pi meson (with a
spin of 0) and the photon and the gluon
(with a spin of 1). The energy of a collec-
tion of bosons isdivided among the indi-
vidual bosons according to a statistical
distribution called Bose-Einstein statis-
tics. Particles whose spin is a half-inte-
ger (such as 1/2, 3/2 or 5/2) are called
fermions; the electron, the proton, the
neutron and all the quarks are fermions
with a spin of 1/2. The energy of a col-
lection of fermions is distributed ac-
cording to Fermi-Dirac statistics.

he two kinds of statistics become im-

portant when a number of particles
are considered as a single system, as the
quarks are in a hadron. It is possible for
all the bosons in such a system to share
the same values of energy and spin. A
group of fermions, on the other hand,
must obey the fundamental principle of
quantum mechanics called the exclu-
sion principle, which was first stated by
Wolfgang Pauli. The exclusion principle
forbids any two fermions from shar-
ing the same quantum-mechanical state,
that is, the same values of energy, spin
and other quantum numbers that identi-
fy the fermion. The exclusion principle
is troublesome for the quark model be-
cause there are hadrons that can be ex-

plained only as a bound state of three
identical quarks. The hadron designated
omega minus, for example, is made up
of three s quarks and all three quarks
must have the same energy and spin.
Two identical quarks could be accom-
modated by ensuring theirspins pointin
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opposite directions, but in the omega
minus two of the quarks must occupy
the same state of energy and spin.

In order to resolve the impasse Moo-
Young Han of Duke University, Yoichi-
ro Nambu of the University of Chicago
and Oscar W. Greenberg of the Univer-
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CONSTITUENTS OF GLUEBALLS are the particles called gluons, whose role in the struc-
ture of matter is ordinarily to bind together quarks, which are the components of the proton,
the neutron and many related particles. In a glueball the gluons are bound to one another in a
composite structure without quarks. Each gluon has a property called color; indeed, a gluon
can be represented as having both a color (shown here in the upper half of each circle) and an
anticolor (lower half). The colors are arbitrary labels for mathematical properties and have no
relation to ordinary colors. The gluons continually exchange additional colored gluons. More-
over, when a gluon has been emitted, it can emit still another gluon in turn. As a result a glue-
ball initially made up of two gluons can become a bound state of three or more; the number
of gluons in a glueball is not a well-defined quantity. Any combination of colors and anticol-
ors can be exchanged among the gluons; the only constraint is that no net color can be gen-
erated. In this way the glueball as a whole remains “colorless,” or neutral with respect to color.
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sity of Maryland at College Park intro-
duced the idea that quarks are distin-
guishable not only by flavor, spin and
electric charge but also by the new at-
tribute called color. If the three s quarks
in the omega-minus particle are thought
of as, say, red, blue and green, they do
not occupy exactly the same quantum-
mechanical state and so they do not vio-
late the exclusion principle. (The term
color and the color values red, blue and
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green are arbitrary labels for distinc-
tions that are essentially mathemati-
cal, and they have nothing to do with
real colors.)

At first, postulating the existence of
color seems to lead to more difficulties
than it resolves. Color, like fractional
charge, has not been detected in nature.
All independent particles are colorless,
and so the colors of the constituent
quarks must somehow cancel one an-
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STRONG FORCE that binds the proton and the neutron in the nucleus of the atom can be un-
derstood at three increasingly fine-grained levels of explanation. At the first level the force
can be thought of as acting through the exchange of a pi meson, which causes the proton and
the neutron to exchange identities (a). At the second level the proton, the neutron and the pi
meson are all regarded as being made up of the more elementary particles called quarks. In this
scheme the pi meson in effect transfers an up, or u, quark from the proton to the neutron and
transfers a down, or d, quark from the neutron to the proton (). At the third level of explana-
tion the strong binding force between the proton and the neutron is considered to be the net re-
sult of the action of the color force, which binds quarks together and is mediated by the ex-
change of gluons, the wavy lines designated g in the diagram (c). Because the gluons are colored
their transfer can change the colors of the quarks. Although color is continually interchanged
among the quarks that make up a free particle, the particle has no net color. The combination
of red, blue and green and the combination of blue and antiblue both represent colorless states,
just as the combination of ordinary light in such colors gives rise to white, or colorless, light.
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other. For the colors to cancel in a had-
ron made up of three quarks (such as the
proton) there must be one quark in each
of the colors red, blue and green. For
hadrons made up of a quark and an anti-
quark (such as the pi meson) the require-
ment that the particle be colorless is met
if the constituents assume a color and its
anticolor, say red and antired.

The apparent short range of the color
force, the failure to detect fractional
charge and the failure to detect color
have not led to the abandonment of the
quark hypothesis; it has been far too
successful in explaining the properties
of hadrons to be easily dismissed. In-
stead the three observations taken to-
gether suggest that quarks do exist but
are permanently confined within had-
rons. One of the major challenges for
any theory of quark interactions, there-
fore, is to explain quark confinement.

Ithough the idea of color was first
proposed in order to make the
quark model consistent with the Pauli
exclusion principle, color has since been
given a central place in the model as the
basis of the theory that describes the
interactions of quarks. It is the color
charges of quarks that give rise to forces
acting between them, just as it is the
electric charge of electrons and protons
that generates the electromagnetic force
in an atom. Indeed, the theory of the
color force was constructed by direct
analogy with the theory of the electro-
magnetic force.

The fundamental theory of the elec-
tromagnetic interactions of particles is
quantum electrodynamics, or QED. It
was developed over a 20-year period
beginning in the late 1920’s. The idea
that the force between two electrically
charged particles can be accounted for
by an exchange of photons was intro-
duced by QED. Only particles with an
electric charge can take part in such an
exchange; on the other hand, since the
photon is electrically neutral, the ex-
change does not alter the charge of a
particle that emits or absorbs a photon.

The theory of the color force is called
quantum chromodynamics, or QCD.
The mathematical framework of the
theory was developed in 1954 by C. N.
Yang of the State University of New
York at Stony Brook and Robert L.
Mills of Ohio State University. It was
first applied to the physics of strong in-
teractions by Jun J. Sakurai of the Uni-
versity of Chicago. QCD states that one
colored particle interacts with another
by exchanging gluons. Because there are
three kinds of color, however, QCD is
substantially more complicated than
QED. Furthermore, because the gluons
themselves carry a color charge, the col-
or of a particle that emits or absorbs a
gluon can be changed. With three possi-
ble initial colors and three possible final
colors, providing for all the color trans-
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formations would seem to require nine
kinds of gluon. Actually the three trans-
formations that do not change the color
of either the emitting or the absorbing
particle can be accounted for by only
two gluons. Hence there are eight kinds
of gluon in all.

Each gluon is designated by the effect
it has on the quark by which it isemitted.
For example, when a red-to-blue gluon
is emitted by a red quark, the red quark
becomes blue. A blue quark that ab-
sorbs the red-to-blue gluon becomes a
red quark. The colors of the gluon are
such that when they are subtracted from
those of the red quark, the red quark
becomes blue, and when they are add-
ed to those of the blue quark, the blue
quark becomes red.

If the color force is confined to a small
region of space, the gluon may not be
a directly observable aspect of QCD.
Nevertheless, there is every reason to
suppose the colors carried by the gluons
enable them to form glueballs, or color-
less bound states similar to the hadrons,
the colorless bound states of quarks.
The most direct way to observe the
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GLUON

properties of the gluons may be to study
glueballs. The existence of the gluon
and the glueball were predicted by Har-
ald Fritzsch of the California Institute
of Technology and by Gell-Mann.

Because gluonshave no property com-

parable to the flavor of quarks, glu-
ons can form fewer distinctive bound
states than quarks can. Moreover, be-
cause a glueball must be colorless any
bound state of the gluons that exhibits
net color must be disallowed. Witheight
kinds of gluon it would seem that 64
kinds of glueball might be made by
combining the gluons in pairs, but most
of the combinations would have a net
color. The only pairs of gluons that can
form colorless glueballs are the eight
pairs in which the colors cancel. For ex-
ample, a red-antiblue gluon must be
paired with a blue-antired one.

As it turns out, these eight pairs freely
exchange their colors and form a so-
called mixed state in which any one of
them is equally likely to be found. In-
deed, because the exchange of color
amounts to the emission of a third glu-

GLUON EXCHANGE between two quarks can result in the transfer of color from one quark
to the other. The colors are arbitrarily designated red and antired, blue and antiblue and green
and antigreen. The color of a quark or a gluon is represented by the color of the upper half of
each circle, whereas the anticolor of the particle is represented by the color of the lower half of
the circle. The anticolors can be thought of as negative colors: thus a red-antiblue gluon has
the red color value +1 and the blue color value —1. The absence of a color or an anticolor indi-
cates that the numerical value of the color is 0. A gluon emitted by a quark carries away a dis-
crete quantity of each color. The colors that remain on the quark after the emission of the gluon
are obtained by subtracting the numerical value of each color carried by the gluon from the cor-
responding value of the color of the original quark. The color red of a red quark is reduced from
1 to 0 by the emission of a gluon that carries away a red color of 1 (that is, 1 minus 1 is equal to
0); the color blue, which has the value 0 in the red quark, becomes 1 when a gluon carries away
a blue color of —1 (that is, 0 minus —1 is equal to 1). Similarly, when a quark absorbs a gluon,
the color values of the gluon are added to the corresponding color values of the quark. The col-
or blue of the blue quark is reduced to 0 when a gluon that carries a blue color of —1 is ab-
sorbed (that is, 1 plus —1 is equal to 0); the color red, which has the value 0 in the blue quark,
becomes 1 when a gluon that carries a red color of 1 is absorbed (that is, 0 plus 1 is equal to 1).
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on, glueballs made up of three or more
gluons can be generated as long as color
neutrality is preserved. Glueballs made
up of different numbers of gluons may
not be experimentally distinguishable.

Even though there is only one basic
kind of glueball it should exist in several
states with different quantum numbers.
In all the states the constituent gluons
are the same, but they have different
modes of motion. The quantum num-
bers most important for classifying the
various states are the angular momen-
tum, the parity and the charge-conjuga-
tion quantum numbers.

The total angular momentum of a
glueball could in principle have any one
of many possible values. One contribu-
tion to the total angular momentum is
the intrinsic spin of one unit carried by
each of the gluons. If the spins point in
opposite directions, they cancel and the
glueball has a total angular momentum
equal to 0. If the spins point in the same
direction, they add and the total angular
momentum is equal to 2. There are oth-
er ways for the spins to combine, and
in addition the glueball can have orbit-
al angular momentum associated with
the revolution of the gluons about their
common center of mass; these refine-
ments give rise to mixed spin states in
which each possible value of the total
angular momentum has some probabili-
ty of being observed. The spin-0 and
spin-2 states, however, are the ones most
likely to be detected. It has become cus-
tomary to refer to a spin-0 particle as
either a scalar or a pseudoscalar parti-
cle; the one with a spin of 2 is called a
tensor particle.

Both the parity and the charge-conju-
gation quantum numbers can be either
positive or negative. The parity of a
glueball is positive if in all its inter-
actions the particle cannot be distin-
guished from its mirror reflection; oth-
erwise the parity is negative. Similar-
ly, the charge-conjugation number of a
glueball is positive if the quantum-me-
chanical description of the particle is
unchanged when every particle is re-
placed by the corresponding antiparti-
cle. Among the spin-0 glueballs the sca-
lar one has positive parity and the pseu-
doscalar one has negative parity. The
tensor glueball can have either positive
or negative parity. All three states can
have either positive or negative charge
conjugation.

The description of a hadron or a glue-
ball as a composite of two colored parti-
cles that occasionally exchange a third
colored particle is not entirely adequate.
In QCD the vacuum in which the parti-
cles exist is itself an active contributor
to their properties. Surrounding every
quark and every gluon is a cloud of par-
ticles that are briefly materialized from
the vacuum. They are called virtual par-
ticles because they cannot be detected
directly; they owe their ephemeral ex-
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Physician, did you miss any of these
significant developments in medical science?

* Campylobacter fetus subsp. jejuni is
associated with a colitis that can clini-
cally and sigmoidoscopically resemble
acute idiopathic ulcerative colitis. Stool
cultures are in order for C. fetus before
beginning nonspecific anti-inflamma-
tory therapy.

¢ Coumarin derivatives cross the pla-
centa. A recent study shows that the
consequences for the fetus can be se-
vere. These include embryopathy, still-
birth, and premature delivery.

* Nonsteroidal anti-inflammatory
drugs may produce a marked reduction
in glomerular filtration rate; with ter-
mination of the drug, GFR returns to
normal.

* The firstdocumentedincidentof in-
digenous transmission of dengue in the
continental United States since 1945
has been reported in Brownsville,
Texas.

be a prodigiously energetic or pro-

digiously lucky reader. With 2,000
or more journals published each year,
information that significantly affects pa-
tient management all too easily slips by.
Textbooks are out-of-date before they
are published.

I F THESE ITEMS are familiar you must

Left Coronary Artery

Right Coronary Artery

His Bundie

AV Node

Posterior
Fascicle
Right

Bundie Branch

Left Anterior Fascicle

Branches of the right and left coronary
arteries supply blood to the A-V node and
intraventricular conduction system.
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Computerized scintigraphy reveals pulmo-
nary thromboembolism.

Abdominal computed tomogram reveals
large renal carcinoma replacing part of right
kidney.
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istence to the uncertainty principle of
Werner Heisenberg.

According to the uncertainty princi-
ple, the law of conservation of energy
can seemingly be violated if the viola-
tion is brief enough to go “unnoticed.”
The energy needed to create virtual par-
ticles can be “borrowed” from the vacu-
um surrounding the quark or the gluon
because there is some uncertainty about
the average energy level of the vacuum
over any interval of time. The shorter
the interval, the more uncertain the en-
ergy, and so more energy becomesavail-
able for materializing virtual particles.
The spontaneous creation and subse-
quent annihilation of virtual particles in
the vacuum is called the fluctuation of
the quantum field. The virtual particles
of importance to the color force are glu-
ons and quark-antiquark pairs. The only
constraint on their creation is that the
sum of the three colors remain constant
throughout the interaction.

One consequence of quantum fluctu-
ations is a substantial reduction in the
magnitude of the color force at close

POSSIBLE COLORS
OF QUARKS

|

- o 4 |
| [
\ /

range. The virtual colored particles sur-
rounding a quark or a gluon account for
a large part of the color force that is
“felt” by a test particle outside the cloud
of virtual particles. As the test particle is
moved inside the cloud, however, the
effective color force diminishes. At a
range of about 10-13 centimeter, which
corresponds roughly to the diameter of
a hadron or a glueball, quarks and glu-
ons can move about almost freely in one
another’s presence. This loosening of
the bonds between colored particles at
close range is called asymptotic free-
dom; it was first discussed by Kurt Sym-
anzik of the Deutsches Elektronen-Syn-
chrotron (DESY) in Hamburg and was
later shown to follow from QCD by
Gerard 't Hooft of the University of
Utrecht, H. David Politzer of Harvard
University and David Gross and Frank
Wilczek of Princeton University.

One of the most important early suc-
cesses of QCD was a prediction of
the experimental consequences of as-
ymptotic freedom. When an electron

and a positron are made to collide head
on at high energy, a focused jet or show-
er of hadrons with relatively coherent
flight paths is frequently observed in the
products of the collision. Both double
and triple jets have been seen; the puzzle
is why the hadrons should be bunched in
the jets rather than distributed more uni-
formly. When asymptotic freedom was
shown to be a consequence of QCD,
the jet events could be explained.

The positron is the antiparticle of the
electron, and so when the two parti-
cles collide, they annihilate each other.
When the particle and the antiparticle
have been accelerated to a high energy,
all that energy as well as the energy
equivalent of their mass is released in a
small volume. If the energy density is
sufficient, a quark and an antiquark ma-
terialize in the small volume. Because
momentum must be conserved the mo-
mentum of the center of mass of the
quark-antiquark pair must be the same
as the momentum of the center of mass
of the colliding positron and electron,
namely zero. Hence the quark and the

INITIAL EMISSION STATE OR FINAL ABSORPTION STATE
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FINAL EMISSION STATE OR INITIAL ABSORPTION STATE
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CLASSIFICATION OF GLUONS is based on their effects on the
colors of the quarks that emit or absorb them. Because the effects of
the emission of a colored gluon are the reverse of the effects of ab-
sorption, the table can be read two ways. If the circles colored red,
green and blue across the top row represent the possible color states
of a quark before it emits a gluon, the circles in the left column repre-
sent the color states of the same quark after the emission. The colors
of the emitted gluon are diagrammed at the intersection of the col-
umn and the row corresponding to the initial and the final colors of
the emitting quark. (The colors and anticolors are represented as
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they are in the illustration on page 146.) If one of the colored cir-
cles in the left column represents the initial color state of an ab-
sorbing quark, one of the circles in the top row represents the same
quark’s color state after the absorption of a gluon. The gluon that
takes part in the interaction lies at the intersection of the row and the
column to which the initial and the final absorption states belong.
The three solid-colored gluons along the main diagonal of the table
can be expressed mathematically as combinations of two indepen-
dent matrixes that can each be associated with a gluon. Hence there
are generally considered to be eight distinct gluons instead of nine.
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antiquark begin to move apart in oppo-
site directions.

As long as the two particles remain
within about 10-13 centimeter of each
other their trajectories do not come un-
der the influence of the color force be-
cause of asymptotic freedom. When the
quark and the antiquark begin to feel the
color force, however, the energy of the
interaction causes new quarks and anti-
quarks to materialize and subsequently
to combine with the initial quark and
antiquark to form hadrons. Many of the
hadrons are unstable, but they decay
into longer-lived hadrons that can be de-
tected. The net result is a double jet of
hadrons that retains the signature of the
freely divergent motion of the initial
quark and antiquark.

In some instances one of the quarks
formed after a collision emits a gluon,
which moves along a free trajectory as
long as it stays within the range of as-
ymptotic freedom. As the gluon moves
away from this region, however, it too
begins to feel the influence of the color
force; the gluon’s energy is thereby con-
verted into pairs of quarks and anti-
quarks and ultimately into a third jet of
hadrons. Three-jet events have been ob-
served in several detectors at DESY.

In spite of the success of QCD in ex-
plaining the negligible strength of the
color force over short distances, theoret-
ical prediction of the effects of the force
over longer distances has presented for-
midable difficulties. Indeed, a demon-
stration that the permanent confinement
of quarks and colors is a consequence of
QCD has not yet been forthcoming. A
number of phenomenological models
have therefore been suggested that sim-
plify the calculations and still predict
the confinement of quarks. Within the
models it is possible to calculate the en-
ergy of bound quarks and gluons in the
various states of excitation allowed by
quantum mechanics. The calculations
are analogous in principle to the deter-
mination of the energy states of the elec-
tron orbitals in an atom, and they yield
predictions of the mass of particles that
correspond to the various energy states
of the bound quarks and gluons.

In one such model, called the string
model, the quarks that make up a had-
ron are attached to one another by a
string that has a fixed energy (or mass)
per unit length. When the quarks are
close together, the string is slack, and so
the quarks move about freely. If the dis-
tance between the quarks is increased,
however, the string must elongate and
the energy of the system must increase
proportionally. In the string model a sin-
gle free quark corresponds to a quark at
the end of an infinitely long string, and
so the quark must acquire infinite ener-
gy in order to exist as a free particle.

The string model can also be applied
to the glueball simply by substituting
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CLOUD OF VIRTUAL PARTICLES envelops a charged particle and causes the intrinsic
strength of the force associated with the charge to vary with distance at extremely short range.
The intrinsic strength of the force is defined by a coupling constant. In quantum electrodynam-
ics (QED), the theory that describes the electromagnetic force, an electron is surrounded by vir-
tual photons and by virtual electrons and positrons. The virtual photons are electrically neu-
tral, and so they do not affect the electromagnetic force. The positively charged virtual posi-
trons, however, are attracted to the negatively charged real electron, whereas the negatively
charged virtual electrons are repelled. The net effect is that at distances greater than about
10 - 13 centimeter the intrinsic strength of the force generated by the real electron is screened
by the cloud of virtual positrons. At distances of less than 10 -13 centimeter the effect of the
screen of charge diminishes and the coupling constant becomes larger, perhaps indefinitely
large (a). In quantum chromodynamics (QCD), the theory that describes the color force, the ef-
fects of the virtual particles that surround a quark are reversed. The colors of the virtual quark
and antiquark pairs screen the real color charge much as the virtual electrons and positrons
screen the real electron charge. The virtual gluons, however, act differently: they tend to cluster
around a real quark that has a like color, and so the color is spread out in space. The ultimate re-
sult is that the coupling constant associated with the color force diminishes with distance ().
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PLAN OF THE STORAGE RINGS at the Deutsches Elektronen-Synchrotron (DESY) in
Hamburg shows the paths along which electrons and positrons can be accelerated in opposite
directions and made to collide; it is in the aftermath of such collisions that possible evidence of
glueballs has been detected. A beam of electrons (colored arrows) can meet a beam of posi-
trons (black arrows) at any of several detecting stations. When the particles collide, they annihi-
late one another and their Kinetic energy as well as the energy associated with their mass be-
comes available for the creation of new particles. The detectors labeled in the diagram are con-
structed to be highly sensitive to various kinds of signals given off when the newly created
particles decay. The electrons and positrons can be accelerated to a wide spectrum of energies.

gluons for quarks at the ends of the
string. In the case of the glueball the en-
tire mass of the particle is embodied in
the mass of the string, since the gluons
themselves are massless. The model
predicts that the least energetic glue-
balls should have masses of between 1
and 2 GeV. (A GeV is a billion electron
volts, the energy acquired by an elec-
tron that is accelerated through a poten-
tial difference of a billion volts.)
Kenneth G. Wilson of Cornell Uni-
versity has developed a method of cal-
culating the mass of hadrons and glue-
balls that does not depend on phenome-
nological models but relies instead on
successive numerical approximations.
The method is called the lattice gauge
theory, and it is particularly well suited
to simulating the effects of the color
force by means of a digital computer.
A grid or lattice of points is imposed
throughout the space and time occupied
by the particles, and the values of the
variables needed for describing the mo-
tions of the particles are calculated only
at the lattice points. The numerical ap-
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proximations of continuous space and
time can be improved by making the
mesh of the lattice progressively finer.
Michael J. Creutz of the Brookhaven
National Laboratory recently showed
that both quark confinement and as-
ymptotic freedom are predicted by the
lattice gauge theory.

In the past year my colleagues and I
have calculated the mass of several
possible glueball states and have sug-
gested several experimental contexts in
which they might be observed. The mas-
ses can be calculated in two independent
ways, depending on what underlying
mathematical assumptions are made to
describe the interactions. Asao Sato of
the University of Tokyo, Gerrit Schier-
holz of the University of Hamburg, Mi-
chael J. Teper of DESY and I have calcu-
lated the mass of three of the glueball
states, assuming that the mathematical
group that represents the gluons is either
the one called SU(2) or the one called
SU(3). Mathematical groups enter the
theory of elementary particles as a way
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of describing the possible transforma-
tions among particles. The group SU(2)
applies to particles that have two kinds
of charge and whose transformations
can therefore be classified in a two-by-
two matrix. Of course, colored particles
have three kinds of color charge, and so
QCD is based on the group SU(3). Nev-
ertheless, the results we obtained by as-
suming that the theory was based on the
group SU(2) were almost the same as
they were in SU(3). The SU(2) calcula-
tions can usually be employed for pilot
studies, and they are considerably less
time-consuming.

We found that the mass of the scalar
glueball (the one with a spin of zero and
positive parity) is about 1 GeV, whereas
the mass of the pseudoscalar (spin-0,
negative-parity) glueball is about 1.5
GeV; the mass of the tensor (spin-2)
glueball that has both positive parity
and positive charge conjugation is be-
tween 1.5 and 2 GeV. The values are
consistent with the ones determined
through phenomenological models such
as the string model. They also agree
quite closely with the masses calculated
by two other groups of investigators:
Giorgio Parisi and his collaborators at
the University of Rome and Bernd Berg
of the European Organization for Nu-
clear Research (CERN), Alain Billoire of
the Saclay Nuclear Research Center and
Claudio Rebbi of the Brookhaven Na-
tional Laboratory.

Schierholz, Teper and I have also in-
vestigated the spatial structure of the
scalar and the tensor glueballs. We have
found that the gluons in the scalar glue-
ball tend to distribute themselves even-
ly in a sphere surrounding the center of
the glueball. In the tensor glueball they
tend to cluster in a toroidal region and
only rarely occupy the center.

In order to identify glueballs when
they are generated, their properties,
their mode of production and their most
likely channels for decaying into more-
stable particles must be clearly under-
stood. The problem is not only one of
finding a few glueball signatures in a
welter of background noise; it is also
one of determining exactly how to dis-
tinguish the glueball signatures from
the signatures of hadrons that have not
yet been assigned a classification in the
quark model.

It is not possible to generate glueballs
alone. In the method of generating par-
ticles that is most suitable for observ-
ing glueballs a beam of electrons and a
beam of positrons are accelerated in op-
posite directions and allowed to collide
at a controlled energy. The lifetime of a
glueball produced in the collision is ex-
tremely short: on the order of 10-25 sec-
ond. Hence it is not possible to observe
glueballs directly; one can only infer
their short-term existence from the
properties of the daughter particles into
which they decay. The signature or sig-



nal of a glueball is observed as a reso-
nance: a peak in the number of hadrons
detected when the energy of the collid-
ing particles is adjusted to match the
mass of the glueball.

Since a glueball has no internal quan-
tum number corresponding to the fla-
vor of quarks, every glueball candidate

must be a flavorless particle. The ab-
sence of flavor is not a sufficient condi-
tion for identifying a glueball, however;
there are ordinary hadrons, such as the
eta-prime meson, that have no flavor ei-
ther. Moreover, glueballs can assume
every possible value of the spin, parity
and charge-conjugation quantum num-

335 57 ? 1,990 275 1590 8!6

bers, so that any glueball whose set of
quantum numbers is shared by a hadron
is difficult to identify unambiguously.
On the other hand, there are a few
predicted glueball states whose quan-
tum numbers do not match those of any
hadron. Sato, Schierholz, Teper and I
have recently calculated the masses of
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THREE-JET EVENT demonstrates the existence of the gluon and
confirms the weakening of the color force at close range. Both the
gluon and the weakening effect, which is called asymptotic freedom,
are predicted by QCD. When an electron and a positron collide head
on, they annihilate each other. The kinetic energy as well as the ener-
gy associated with the mass of the particle is converted by the colli-
sion into a high-energy photon, and a quark and an antiquark materi-
alize from the energy of the photon. Because the electron and the pos-
itron move in opposite directions just before the collision, their total
momentum is zero. In order to conserve momentum after the colli-
sion the quark and the antiquark begin to move away from each oth-
er in opposite directions. A gluon emitted by one of the quarks moves

off in a third direction. The trajectory of each particle is a straight
line during the initial stages of flight because of asymptotic freedom;
the color force does not appreciably influence the motion of the parti-
cles at a range of less than about 10 —13 centimeter. As the particles
decay each gives rise to a shower of daughter particles. The initial di-
vergence of the three particles is therefore reflected in the observed
divergence of the jets. Each number in colored type gives the time of
flight in nanoseconds of the detected particle to which the number
corresponds. The time is measured from the moment of the electron-
positron collision to the moment of the detection. Each number in
black type gives the energy, in megaelectron volts (MeV), of the par-
ticle. The event shown was recorded by the JADE detector at DESY.
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SCALAR GLUEBALL

TENSOR GLUEBALL

DYNAMIC STRUCTURE of a glueball can be pictured much as the structure of the elec-
trons in an atom can, namely by plotting the wave function of the gluons that make up the glue-
ball. In the diagram are plotted the wave functions of two glueball states that have been tenta-
tively identified among the by-products of electron-positron annihilations: the scalar, or spin-
0, glueball (a) and the tensor, or spin-2, glueball (»). The density of the shading at every point
corresponds to the amplitude of the wave function at that point. The square of the amplitude
of the wave function is the probability that a gluon will be found in a small region of space.

two such states. We found the masses to
be about 1.5 to 2 GeV, low enough to be
produced in the decay of the J/psi mes-
on, the hadron made up of the charm
quark and the anticharm antiquark,
which is readily generated in an elec-
tron-positron storage ring. (Recall that
charm, like up, down and strange, is a
quark flavor.) If particles having such
masses and quantum numbers are ever

detected, they could be unambiguously
identified as glueballs.

Because of the similarity of many
glueball states to ordinary hadrons it
is good experimental strategy to focus
attention on processes that are thought
to give rise to significant numbers of
glueballs. One likely process is the crea-
tion of a quark and the corresponding
antiquark that subsequently annihilate

TWO- MANY-
CHARGE GLUON GLUON QUARK AND
SPIN PARITY CONJUGATION STATE STATE ANTIQUARK
0 + + 72 GeV
0 + -
_ | . + 35
0 -: 1817 ~ 2% GeV
0 - - 14 ¥ € gev
N SIS TSSSs, - - -
1 + +
1 + - 3.22 + .16 GeV
1 - + 236 T 317 Gev
1 — —
2 + + 1.6 = .085 GeV
2 + -
2 = +
2 - - 36 * 33 Gev

POSSIBLE QUANTUM NUMBERS of glueball states and states of ordinary mesons (in
which a quark and an antiquark are bound together) can be calculated theoretically and com-
pared with values determined experimentally. Colored squares in the table indicate the states,
or particles, for which certain combinations of the three quantum numbers spin, parity and
charge conjugation are theoretically possible. Many combinations are possible for both glue-
balls and ordinary mesons, and so the determination that a particle has such quantum numbers
would still leave the identity of the particle in doubt. For the combinations of quantum num-
bers that are possible only in the glueball state the experimental determination of the quantum
numbers would be unambiguous evidence for the existence of a glueball. The theoretical ener-
gy values of the glueball states listed were calculated recently by the author and his co-workers.
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each other; the products of the annihila-
tion can take many forms, including two
gluons with opposite color charges. In
many reactions quark-antiquark pairs
are formed, but relatively few pairs an-
nihilate each other. The empirical rule
of thumb that suppresses the annihila-
tion is called the OZI rule, after Susu-
mu Okubo of the University of Roches-
ter, Zweig and Jugoro lizuka of Nagoya
University. When the OZI rule is vio-
lated, gluons are emitted copiously and
glueballs are likely to form. A violation
of the OZI rule can also give rise to the
time-reversed reaction: the decay of a
glueball can lead to the formation of
new quark-antiquark pairs.

One reaction that violates the OZI
rule is the decay of the J/psi meson.
Another reaction is the formation of
the phi meson, a hadron made up of a
strange quark and an antistrange anti-
quark. Phi mesons are emitted when pi
mesons bombard a fixed target of pro-
tons. In both reactions signals have been
detected that may indicate the presence
of glueballs.

When a glueball is created, there are
several ways it can decay to yield detect-
able particles. For example, the pseudo-
scalar glueball, which has zero spin
and negative parity, can decay into an
eta meson and two pi mesons or into a
K meson, a K meson and a pi meson.
The former mode, however, can be ob-
served in great quantities from the de-
cay of other particles, and so the signal
from the glueball is almost completely
washed out. The latter signal, however,
in which the K and K mesons are pres-
ent, is known to be favored by the pseu-
doscalar glueball; even a few such de-
tected events could be discerned.

One decay channel in which a glueball
could be distinguished from hadrons
with identical quantum numbers is the
decay into two photons. Because quarks
are electrically charged and gluons are
electrically neutral it turns out that par-
ticles made up of quarks are more likely
to decay into photons than glueballs are.
Accordingly I have estimated that there
should be fewer instances in which a
glueball emits two photons than there
are in which a hadron does.

f all the reactions that might give
rise to glueballs the ones most like-

ly to lead to an unambiguous glueball
candidate are the decays of the J/psi
meson that include photons among the
detected products. A survey of events of
this kind was made at the Stanford Lin-
ear Accelerator Center (SLAC) and two
glueball candidates emerged. One can-
didate was a particle observed two years
ago by experimenters working with the
Mark II detector; its mass was 1.44
GeV, but at the time of its detection its
spin and parity were not determined. Be-
cause the resonance was discovered in a
reaction that closely matched the reac-
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Quality I’aperback Book Club, Inc., Middletown, Pa. 17057.
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How membership works.

1. You receive QPB Review 15
times each year (about every 3%
weeks). Each issue reviews a new
Selection, plus scores of Alter-
nates.

2. If you want the Selection do
nothing. It will be shipped to you
automatically. If you want one or
more Alternate books—or no
book at all—indicate your deci-
sion on the Reply Form always en-
closed and return it by the date
specified.

3. Bonus books for Bonus
Points. For each QPB book or set

you take (except for the books in

this offer), you earn Bonus Points
which entitle you to choose any
of our softcover books. You pay
only shipping and handling
charges.

4. Return privilege. If QPB
Review is delayed and you receive
the Selection without having had
10 days to notify us, you may
ceturn it for credit at our expense.
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cel membership at any time by
notifying QPB. We may cancel
your membership if you elect not
to buy and pay for at least one
book in every six-month period.
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111. The Search for Alexander
An Exhibition. Contributions

by Nicholas Yalouris, Manolis
Andronikos, and Katerina
Rhomiopoulou. (Photographs)
Hardcover: $24.95 QPB: $9.95
124. A Field Guide to American
Architecture. Carole Rifkind
Hardcover: $19.95 QPB: $7.95
151. The Lord of the Rings

(3 Vols., Boxed) J. R. R. Tolkien
Hardcover: $35.95 QPB: $9.95
222. The Mismeasure of Man and
The Panda’s Thumb (2 Vols., Boxed)
Stephen Jay Gould

Hardcover: $27.90 QPB Ed: $11.95
283. The Structures of Everyday
Life. Fernand Braudel

Hardcover: $30 QPB Ed: $12.95
427.0ther Worlds: A Portrait

of Nature in Rebellion; Space,
Superspace and the Quantum
Universe. Paul Davies

Hardcover: $11.95 QPB: $4.25

Join now. Pick any
3 books or sets for
$1 each-with no

obligation to buy
another book.

596. The Solar Age Resource Book

Editors of ‘Solar Age’ magazine

QPB: $7.95

267. The Timetables of History

Bernard Grun

Hardcover: $29.95 QPB: $11.95

444. Dictionary of Philosophy and

Religion: Eastern and Western

Thought. William L. Reese

Hardcover: $29.95 QPB: $10.95

182. Ah, But Your Land Is Beautiful
lan Paton

Hardcover: $12.95 QPB Ed: $6.95

414. The Life and Times of Joe

McCarthy. Thomas C. Reeves

Hardcover: $19.95 QPB Ed: $9.95

421.Life on Earth: A Natural

History. David Attenborough

Hardcover: $22.50 QPB Ed: $9.95

574. The Foundation Trilogy

(3 Vols.) Isaac Asimov

QPB: $6.95

519. Modern Art: 19thand 20th

Centuries. Meyer Schapiro

Hardcover: $20 QPB: $9.95

594. DoverMath Books: Challenging

Mathematical Teasers, Fun With

Figures, Mathematical Brain-Teasers,

J. A. H. Hunter; Mathematical

Diversions, J. A. H. Hunter and

Joseph S. Madachy. (4 Vols.)

QPB: $9.75

163. Conceptual Blockbusting

A Guide to Better Ideas

(Second Edition). James L. Adams

Hardcover: $10.95 QPB: $3.95

The first
book club
for smart
people
who

aren’t rich.

QPB
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POSSIBLE CHANNELS for the decay of a glueball in any of three energy states into more
stable particles that can be detected are indicated by the colored regions in the table. Blank
regions indicate decay channels that can be ruled out on theoretical grounds. The relative
abundance of the particles detected after the collisions of electrons and positrons in a storage
ring, together with theoretical predictions of the probability that the decay will follow a given
channel, makes it possible to identify certain decay products as signals of glueball candidates.

tion one would expect from a glueball,
several of my colleagues and I suggested
it was the pseudoscalar glueball.

A number of other investigators, how-
ever, were disinclined to accept the glue-
ball interpretation. The same reaction

called the E meson, whose mass is 1.42
GeV. The resolution of the resonance
peak, they argued, was not sharp enough
to distinguish two particles whose mas-
ses are so nearly equal.

To ascertain the identity of the parti-

can also signal the decay of a hadron cle Michael S. Chanowitz of the Univer-

40 —

20—

NUMBER OF EVENTS PER 025-GeV INTERVAL

1.2 1.4 1.6 1.8 2.0
MASS OF DECAY PARTICLES (BILLIONS OF ELECTRON VOLTS)

EVIDENCE FOR A GLUEBALL is the sharp resonance, or peak, found when the number of
detected events of a certain kind is plotted against the energy released by the collision of an
electron and a positron. The resonance indicates that the energy of the collision is momentarily
bound up in the mass of a particle just after the collision, instead of being distributed through-
out a range of energy values. Although the original particle decays spontaneously into longer-
lived particles and energetic photons, the energy of the decay products can still be determined.
In the experiment from which the data in the graph were taken the total energy of every decay
that created a K+ meson, a K- meson, a neutral pi meson and a photon was determined. The
number of such events in each energy interval was then plotted (gray region). A second graph
was constructed (colored region) including only those events in which the mass of the K+ and
the K~ mesons did not exceed 1.125 billion electron volts (GeV). The added constraint served
as a noise filter; a resonance at 1.44 GeV stands out clearly. Because the resonance agrees
with the predicted mass of the glueball and because the predicted low-energy states of bound
systems of quarks have already been accounted for by other particles, the data strongly suggest
that glueballs are actually being materialized. The data were obtained from the Crystal Ball
detector while the detector was installed at the Stanford Linear Accelerator Center (SLAC).
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sity of California at Berkeley and I sug-
gested that the spin and the parity of the
new resonance be measured; I noted that
the rate at which pairs of photons were
released by the decay might be mea-
sured also. About a year later a detector
then at sLAcC called the Crystal Ball mea-
sured the photon production in the reac-
tion with great sensitivity. The particle
having a mass of 1.44 GeV was found to
have zero spin and negative parity; in
other words, it is a pseudoscalar parti-
cle. The E meson, on the other hand, is
a spin-1 particle with positive parity.
The spin-0 particle is therefore likely
to be the first confirmed glueball.

The second glueball candidate was
also observed at sLAC by workers using
the Crystal Ball detector. It has a mass
of 1.67 GeV and a spin of 2, so that it
may be a tensor glueball. The particle
decays to yield two eta mesons, which
then decay to yield four photons. Its
mass is in agreement with the mass pre-
dicted for the tensor glueball by the lat-
tice gauge theory, but the number of
photon quadruplets that are detected is
much smaller than the theory requires.

A tensor glueball emitted during the
decay of the J/psi meson is expected to
have another possible mode of decay: in
some instances it should yield two neu-
tral rho mesons. The number of rho
mesons recently observed by the Mark
Il detector is in agreement with the theo-
retical production rate of rho mesons in
the decay of the tensor glueball. The evi-
dence therefore slightly favors the exis-
tence of the tensor glueball, but more
data are needed before the identification
of the particle can be secure.

The lattice gauge theory also predicts
the existence of a scalar glueball, which
should be the least massive one of all.
Most low-mass particles are relatively
stable, and so the resolution of a reso-
nance in their decay products is clear.
The scalar glueball, however, has not
yet been seen. My guess is that the parti-
cle exists, but that its unusual properties
give rise to a wide but low resonance
that is quite difficult to detect.

he discovery of a glueball, like the

discovery of any new particle, is a
remarkable event in its own right. For
the theory of strong interactions, how-
ever, the glueball is a find of special
significance. Its positive identification
would confirm one of the most im-
portant distinctions between quantum
chromodynamics and its parent the-
ory, quantum electrodynamics, namely
the nature of the relation between the
charge associated with an interaction
and the particle that mediates the inter-
action. The tentative identification of
the pseudoscalar glueball is a success of
QCD that is not directly inherited from
QED. Our work for the near future will
surely be to consolidate the success and
continue the search for new glueballs.
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W is for Eagle Wagon. And for the when the roads weave, the weather worsens, or when
wherever. Because Eagle is the only auto-  you just wantto wander where there is no road.
| mobile in the world that lets you go from And Eagle s well-appointed interior makes the going
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