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1. INTRODUCTION AND OUTLINE
1.l History
1 .l .l

ATOMS, NUCLEI, POSITFIONIUM AND OTHER PRE-HISTORY

Two-particle bound states

have played a key role in teaching us about the fundamental interactions. The
hydrogen atom was one of the fertile areas from which quantum mechanics sprang
seventy years ago, and it continues to illuminate the details of quantum
electrodynamics. The deuteron was an essential laboratory for the development of
the theory of nuclear forces. The electron-positron bound state, positronium, and
corresponding bound states involving an electron and a muon, are crucial in
confirming our ideas about how processes may be described in quantum field theory
In much the same manner, bound states involving heavy quark and antiquark have
provided us with crucial confirmation of our present understanding of the strong
interactions. These bound states and their theoretical implications form the subject of
the present article. We shall also be concerned, but to a lesser extent, with bound
states involving single heavy quarks.
1.1.2.

LIGHTQUARK SPECTROSXPY

The strong interactions for many years resisted

attempts at a quantitative treatment. A taxonomy of the hadrons, based on the quark
model (l), grew up in the mid-1960’s. It succeeded in describing hundreds of
strongly interacting particles in terms of three elementary spin-l/2 constituents: the
quarks u, d, and s, for up, down, and strange. Masses, decay rates, and magnetic
moments of the mesons and baryons were systematized (2-5), but the reasons for the
many successes (and occasional failures) of the quark model were not satisfactorily
understood.
1.1.3.

COLOR AND ASYMPTOTIC FREEWM

The requirement that quarks respect Fermi

statistics led in the 1960’s to the introduction of a new three-fold degree of freedom
for quarks. This property (5-7), which has now become known as color, was
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eventually recognized as a suitable strong-interaction charge on which to base a
theory of interquark forces. The advent in the early 1970’s of the color gauge theory
(6) known as quantum chromodynamics, or QCD, brought the promise of a predictive
theory of the strong interactions for the first time. Quarks were understood as
interacting via field quanta called gluons , which interact with one another as well as
with quarks. In electrodynamics, charge screening results in a growth of the effective
charge at short distances. In contrast, in QCD the interactions among gluons (for
which there is no analog in QED) lead to a diminution of the effective
strong-interaction charge at short distances. This asympfofic freedom (9) of the
strong interactions implies that perturbation theory becomes increasingly reliable at
short distances, especially when these distances are small compared with the size
(1 fm = lo-l3 cm) of ordinary hadrons.
1.1.4.

PSIONS AND CHARM

For the light (u, d, s ) quarks involved in the hadron physics ol

the 1960’s, QCD and asymptotic freedom have mainly provided qualitative insights.
The complement to asymptotic freedom in QCD is that at distances of 1 fm or larger,
the strong force becomes increasingly formidable, and quarks and gluons are
confined (10). At such distances, confinement effects dominate the dynamics.
Furthermore, quark pair production becomes important: Hadrons decay readily to
other lighter hadrons, and overlap and mix with one another, frustrating precise
spectroscopic descriptions.
In November of 1974, a remarkably narrow resonance (dubbed the J ) was
discovered (11) with a mass of 3.1 GeV/$, decaying to e+ e-, in the reaction
p + Be + e+e-+
dire&channel

.. . . Simultaneously, the resonance was discovered (12) in the

ine+e‘ + hadrons (also to e+e-, u+u-), and was named the w. The

dual name J/w has persisted. The initial evidence for it is shown in Fig. 1. The cross
section for its production in e+e- annihilations, if integrated over center-of-mass
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energy E. yields (see, e.g., (13)) its leptonic width TJ/,,, -.e+e-:

J/y+e+e-

l-

J/W+f

lrtot I

(1.l )

where the resonance may be observed in any final state f.
The J/y and its excitations are now understood as the bound states of the
charmed quark c and its antiquark (14-18). They are the first bound system of
quarks to which QCD could be expected to apply, even approximately, as a
perturbative theory (16). The large mass of the c (mc z 1.5 GeV/c?) sets a mass
scale high enough (and correspondingly implies a bound-state size small enough) to
approach the asymptotically free regime. In analogy to positronium, the cc

bound

states were dubbed charmonium, and heavy quark - antiquark bound states have
come to be known as quarkonium. Nonrelativistic potential models (18) successfully
described and predicted many properties of the new system.
Subsequently to the discovery of the J/w, hadrons containing a single charmed
quark were found (19). Their properties had been anticipated theoretically to a large
extent (14,15,18,20,21), and, in retrospect, charmed hadrons had already probably
made their appearance several years earlier in cosmic ray interactions (22).
1.1.5.

UPSILONSANDTHEIR

SIMILARITYTO PSIONS

The discovery in 1977 of the r family of

mesons was the first indication of the existence of a fifth quark, the 6 (beauty or
bottom), with mass mb z 5 GeV/r? and charge -l/3. The T and two of its excitations
were first observed in the reaction p + (Cu, Pt) + )*+ f.~-+ . . . , as shown in Fig. 2
(23,24). The T family was quickly identified as a set of bF

levels. Comparison of

bF and cc levels showed that the interquark force was independent of the flavor of
the quarks (25), as expected from QCD. (The flavor denotes the label u, d, s, c, b, ...I
Hadrons containing a single b quark were identified in due course (26).
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Cur present understanding of the electroweak interactions implies that

quarks must exist in pairs, differing in electric charge by one unit of the proton charge
je I. For many years, we knew of the pair u, d, and the unpaired s. The charmed
quark was predicted as the partner of s. to explain the absence of
strangeness-changing, charge-preserving weak interactions (20), and was
subsequently found. Within three years, however, the unpaired (and unpredicted) b
appeared. Its hypothetical partner, the t quark (top or truth ) has yet to make a
definitive appearance, but it seems required to account for the absence of
flavor-changing, charge-preserving weak decays of b (27), and we expect it will be
found. The toponium

(tF)

system should be a good new laboratory for precise

hadron spectroscopy based on QCD.
1.2 Scope of this article
We begin in §2 with a brief review of what is known experimentally about
particles containing heavy quarks. We turn in §3 to the theoretical underpinnings of
the spectroscopies of these particles. The J/ !+Ifamily and other hadrons containing
the charmed quark occupy §4. Section 5 is devoted to the spectroscopy of hadrons
containing the b quark, and $6 to a comparison of the Y and charmonium families.
The still-to-be discovered top quark, and the spectroscopy of its bound states, are
treated in §7. The spectroscopic methods which have been so successful for
charmonium and the r family can be applied to the bound states of new strongly
interacting constituents, such as quarks beyond the anticipated

t

or spinless colored

objects. Some methods for dealing with these exotic possibilities are discussed
in §8. Conclusions take up s9.
The brevity of the present article requires that we cover some topics superficially
and others not at all. Some subjects are treated in greater depth in general reviews
(2-5,28-42). A review in this Volume (43) will treat radiative decays of Jl w and w’.
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Earlier reviews in this Journal are collected in (44). The papers cited in (45-47)
discuss specific quantum-mechanical techniques applicable to bound states of
heavy quarks. An extensive compilation of information on the coupling strength in
quantum chromodynamics has been made in (48). Space limitations prevent us from
discussing the sum rule method in quantum chromodynamics (49-51). Weak decays
of heavy quarks, mentioned briefly by us, receive much more complete coverage in
(52-55).
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2. REVIEW OF THE DATA

2.1 Preliminaries: hadrons as bound states of quarks
2.1 .l

MESONS

the 44

A quark-antiquark (q7

) meson is characterized by the total spin S of

system (S = 0 or l), the relative orbital angular momentum L, and the total

angular momentum J = L + S. The eigenvalues of J2 are J (J +l), where J can
equalL-l,L,orL+l.
We shall use extensively the spectroscopic notation nsscl LJ , with L = 0
labeled by “S,” L = 1 by “P,” L = 2 by “D,” and so on. The radial quantum number n is
equal to one plus the number of nodes of the radial wave function. Thus, the lowest
S state is denoted 1S, the lowest P state 1 P, the lowest D state 1D, etc.
The parity of a o7

state is P = (-1) /- +l; the explicit factor of -1 arises from the

opposite intrinsic parities of fermion and antifermion. A neutral 44

meson is an

eigenstate of the charge-conjugation operator, with eigenvalue C = (-l)L+S.

We

shall often refer to a meson by the label Jpc.
2.1.2.

BARYONS

In this article we shall be concerned only with the lowest-lying states

of three quarks, with total orbital angular momentum L = 0. These baryons thus have
positive panty, and spins J = l/2 or 3/2 equal to the total quark spin S
2.2 Survey of states
We adopt the new nomenclature of the Particle Data Group (56) for hadrons
involving heavy quarks, and indicate the traditional names in parentheses when
needed.
We shall be concerned with mesons and baryons containing the quarks c, b,
and

t.

Some examples of known particles containing c and b include the cc

states (Table 1 and Fig. 3), bF states (Table 2 and Fig. 4) charmed hadrons
(Table 3) and b-flavored hadrons (Table 4). This rich collection of states (56-64)
was unknown until about a dozen years ago. In the rest of this article we shall review
what the study of these spectra has already taught us about fundamental physics,
and what further we can hope to learn.

HEAVY QUARK
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3. THEORETICAL

CONTEXT

3.1 Quark model phenomenology for hadron masses and widths
Quarks as the constituents of hadrons were interpreted at first as convenient
fictions, to be discarded once a more rigorous theory had been found, or as quasiparticles, to be used in phenomenological calculations of masses and widths based
on effective Hamiltonians. We now regard them as fundamental entities, with
interactions described by an underlying gauge theory. Before reviewing current
understanding, however, it is helpful to recall some successes of early
phenomenalogy with light quarks.
3.1 .l.

HADRON MASSES

The masses of the lowest s-wave mesons and baryons may be

described to within 20 MeV by the following simple picture (3) motivated by an
elementary treatment (21) based on QCD: a) Add up all the quark masses mi in the
hadron. b) Add a term for the spin-spin interaction of each quark-quark or quarkantiquark pair. This term is proportional to Ui’bjlmi
operator for the itbquark.

mi, where bi is the Pauli spin

This picture totally neglects the kinetic energies or

differences in binding energies of the quarks. It leads to the mass predictions shown
in Table 5. Why does it work so well?
3.1.2.

BARYON MAGNETIC MOMENTS

By coupling the spins of quarks suitably, one can

determine the magnetic moments of the hadrons containing them. For example, the
magnetic moment of the proton (uud) turns out to be up = (4f+, - ud)/3 . That of
the neutron is un = (4)~~ - p,,)/3, so if uLd = - (1/2)p,, then pn = - (2/3)up, in
good agreement with experiment. The values of the u and d quark moments uU
and f.$, extracted from u,, and p’n are remarkably close to those of Dirac particles
with the same masses as found in the hadron mass calculations. Why should this
be so?
The above two examples are just some of the results of light-quark
phenomenology which we still hope to see established on firmer ground. When we
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apply similar ideas to heavy-quark physics, we begin to understand why they might
hold. Our insight has been provided to a large extent by quantum chromodynamics,
which we now discuss briefly.
3.2 Quantum chromodynamics
3.2.1.

COLOR

Just 300 MeV/$ above the neutron and proton lie three-quark states

totally symmetric in spin and flavor (e.g., the A++ resonance, composed of three u
quarks coupled to J = 312) which have a’spatially symmetric (ground state) wave
function. If the wave functions of the A’s are to obey Fermi statistics, they must be
antisymmetric in something else, called “color.” Thus baryons are composed of
quarks of three different colors, and baryon wave functions are antisymmettized in
color. Color is a type of charge, coupled to a field (the gluon field) just as
electromagnetic charge is coupled to the photon. The gauge theory of the
interactions of gluons and colored quarks is known as quantum chromodynamics, or
QCD.
The gluons couple both to each other and to quarks. The quark-gluon coupling
contributes a term
Lint (quark-gluon) = -ssw

r, .& TaAka’+f

(3.1)

to the interaction Lagrangian, where gs is the (strong) coupling constant, Ta
(a =l,...,

8) are 3x3 matrices.in color space, and Aua are eight gauge fields of

colored gluons. The Ta may be expressed in terms of the familiar Gell-Mann
matrices Xa of SU(3) as Ta = Xa/2.
The quark-gluon interaction bears strong parallels to the electron-photon
interaction in quantum electrodynamics.

The gluon is massless, as is the photon.

The Born term for the quark-quark or quark-antiquark interaction is thus of the familiar
Coulomb (l/r) form, at least at short distances.

HEAVY QUARK
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The gluon self-coupling results in a slow decrease of the effective coupling
strength with decreasing distance. The distance scale is conveniently expressed in
terms of its Fourier-conjugate variable Q, a characteristic momentum.

By calculating

the first quantum corrections to the color Coulomb potential, we find that the strong
interaction analog of the fine-structure constant, a, zgs2/4rc1,can be parametrized as

a&Q2 ) =

12x

(3.2)

(33 - 2n,)ln[dlA2?]

Here nf is the number of fermion flavors with mass below 0, and A is a characteristic
scale, measured in various processes (48) to be of order 200 MeV. The decrease of
a,with increasing Q 2 may be contrasted with the growth of the electromagnetic
coupling at short distances, which occurs when a test charge penetrates the vacuum
polarization cloud which screens a charge at large r. Because of confinement, there
is no meaningful Thomson (long-distance) limit for QCD, so there is no “natural”
scale on which to define as For electromagnetism, on the other hand, it is
conventional to define the charge in terms of its long-distance behavior.
3.2.2.

SHORT DISTANCES

Single gluon exchange at short distances leads to a

Coulomb-like interaction
4 a,(r)
V(r) = -57

,

for a quark-antiquark pair bound in a color singlet. (The factor of 4/3 comes from the
group theory of SU(3).) We illustrate the interaction (3.3) symbolically in Fig. 5(a). As
a result of (3.2). the coupling I+(T) varies logarithmically with r, so that at very short
distances, gluon exchange becomes weaker. This property, known as asymptotic
freedom, is responsible for the quasi-free behavior exhibited by quarks in hadrons
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probed at very short distances by deeply inelastic scattering.
3.2.3.

LONG DISTANCES

The interaction (3.3) is dramatically modified in QCD at

momentum scales smaller than A z 200 MeV, i.e., at distances of about 1 fm or more.
Chromoelectric lines of force bunch together into a tube of approximately constant
cross-sectional area, as illustrated in Fig. 5(b). By Gauss’ Law, this leads to a
constant, distance-independent force, or a potential

V(r)

= kr

(3.4)

where the force constant k is about 0.14 - 0.18 GeV2, or 0.7 - 0.9 GeV/fm. (The value
of k may be deduced from the spectrum of light-quark mesons and baryons with high
orbital excitations (65).) An indefinitely rising potential such as Eq. (3.4) permanently
confines quarks so that they cannot be produced as separate entities. Up to now, no
isolated quark has been observed. The form (3.4) receives theoretical support from
calculations based on a spacetime lattice approach to QCD (65a).
3.3 Interpolating potentials
3.3.1.

POWER

LAWS Systems with radii larger than 1 fm, such as high orbital

excitations of the light-quark hadrons, represent one extreme limit in QCD, that of
long distances. In the complementary limit of short distances, a Coulomb interaction
is operative. The systems of heavy quarks (c and b) that we shall discuss are more
compact than 1 fm, but not so small as to be described by a Coulombic interaction
alone. An effective potential
V(r)

= Arv

(-1 < v < 1)

(3.5)

thus can interpolate between the short-distance and long-distance behavior of QCD.
We shall see in ,$6 that a comparison of cc
v close to zero (4566).

and bb states yields an effective power
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QCD-MOTIVATED INTERPOLATIONS

Potentials motivated by perturbative QCD but

incorporating the expected linear behavior at large separations have been proposed.
The Fourier transform of a l/r potential at small r behaves as l/Q 2 for large
momentum transfer Q , while that of a linear potential for large r behaves as l/Q 4 for
small Q. An expression embodying both limits which reproduces the expected
logarithmic variation of the strong coupling constant for large Q 2 is (67,68)
167~

V(Q’) =

(3.6)

( 33-2n, ) 0’ In[l+Q2/h2]
3.4 Spin-dependent effects
The spin-independent features of quarkonium spectroscopy are well-described
by the potentials just noted, or variations on them. However, various phenomena in
quarkonium systems are sensitive to spin-dependences in the interquark interaction.
For example, they depend on whether this interaction is of the form V,(r) that would
arise from the exchange of a vector particle (a single gluon), or of the form Vs (r) that
would arise from an effective scalar exchange (in QCD, a collective phenomenon
involving many gluons, such as the rotating flux tube illustrated in Fig. 5(b)). The
vector interaction comes from the Fourier transform of a transition matrix element

MftV

q

[Zpf’)

rp U(pi’)I Vv(O 2, [qp,) 7’

U(pi)I 3

(3.7)

while the scalar interaction comes from

MftS = [api)

U(pi’)I VSCO2, [Zp,) U(pi)I

(3.3)

In principle other effective interactions also are possible. Each gives rise to
characteristic spin-spin, spin-orbit, and tensor forces. These are most easily found by
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expanding the expressions (3.7) and (3.8) to order p*, where p is a characteristic
quark velocity in units of c. In practice this amounts to expansion in inverse powers
of quark masses. A detailed review of this method is contained in (28).
3.4.1.

SPIN-SPIN INTERACTIONS

The hyperfine electromagnetic interaction between a

proton and an electron leads to a 1420 MHz level splitting between singlet and triplet
states of atomic hydrogen. In light-quark systems, a similar spin-spin force due to
single-gluon-exchange between quarks generates the splittings between the masses
of the pion and the p resonance, the nucleon and the A resonance, the Z and the A
hyperons, and so on. The spin-spin interaction is of the form
61.62
VssW

=

6 ml

f-4

v*

VvP)

for a quark of mass ml and an antiquark of mass m2 with spins described by the
Pauli matrices cS1 and 62, respectively. The expectation value of 61.62 is +l for a
state with total quark spin S=l (triplet), and -3 for S=O (singlet). Only V,(r)
contributes to the spin-spin interaction.

If we take Eq. (3.3) for the vector interaction,

and neglect the effect of V* on the slow variation of as (r) with r, we obtain a
spin-spin interaction
8
Vss (r)

=

a,(r)
9

ml

61’62
m2

S3(r)

.

(3.10)

Because of the S-function, this expression has nonzero matrix elements only
between S-states. The absence of appreciable spin-spin splitting in states with L >
0 thus is a crucial test of the short-range Coulomb-like nature of the force between
quarks. Such tests are just now becoming feasible for cc
3.4.2.

SPIN-ORBIT INTERACTIONS

and bb states.

Spin-orbit forces between quarks are present for both

vector and scalar interactions, but in different form. Denoting the relative orbital

HEAVY
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angular momentum of a qy

pair by L, and its total spin by S, we find for quarks of

equal mass m:

VL&)

= (L-S) (3 dV”/dr

For (3P2, 3P1, 3P0) states, <L’S)

-dVs/dr)/

(2 m*r)

.

(3.11)

= ( 1 , - 1 , - 2 ). The vector and scalar contribution

contains effects of both explicit spin-orbit interactions and Thomas precession, while
only the Thomas precession is present for the scalar interaction.
3.4.3.

THE TENSOR FORCE

A vector interaction leads to a tensor force of the form

S 12

V
tensor= 12m, m2

where S,z

= 2 [3(S-r)(S-r)

(3.12)

- S*] has nonzero matrix elements only for L + 0.’

Its expectation values in (3P2, 3P1, 3P0) states are (G/5, 2, -4).
3.4.4.

MODEL-INDEPENDENTDISCUSS~ONS

Parametrizations of spin-dependent effects in

quarkonium have been given which are more general than those discussed here.
We refer to the literature for details of analytic (70) and lattice-QCD (65a) treatments.
3.5. Spin-independent relativistic corrections
An expansion of the expressions (3.8) and (3.9) in inverse quark masses also
yields spin-independent relativistic corrections. These introduce a flavor- (or
quark-mass-) dependence into the effective interaction, even if none was present
before. A typical such correction comes from expanding the total energy
(p*

+

rn2)l12 to higher order in p*, yielding the term - (p2)*/8m3, where m is the

quark mass. As we shall see in §6, a typical expectation value of the kinetic energy

‘A

simplemethodfor evaluatingSf2 may be found in (69).
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p2/2m is several hundred MeV for a heavy quark - heavy antiquark bound state. A

typical relativistic correction to quarkonium energy levels is then (several hundred
MeV)*/m, or about a hundred MeV for cc and several tens of MeV for b b.
3.6. Coupled-channel effects
As the mass of a quarkonium state approaches the threshold for decay to pairs
of flavored mesons, important corrections to the form of the interquark potential may
arise from communication with open-flavor channels (18). These coupled-channel
effects may lead to irregularities in an otherwise orderly progression of masses,
leptonic widths, and other properties of the quarkonium levels given by the onechannel potential model.
3.7. Dipole transition rates
Just as in atomic physics, one can calculate electromagnetic transition rates
using simple quantum mechanics. In the dipole approximation, we have
l-h %, -+ l-l ’ 3P, + y )
or

Z

4 a eo2 E r3

r(n 3P, + n ’ %, + y )

(2Jf+l)l<fjrli))*

27

(3.13)

for the simplest electric dipole transitions, where Jf is the spin of the final state, and
the matrix element involves normalized radial wave functions, In all of these
expressions eg will denote the quark charge in units of the proton charge Iel. The
simplest magnetic dipole transitions occur between 3S1 and ‘SO states, and are
described by the rate expressions (18)

or

rc3s, + ‘srJ + y)
r(‘So+%,

+ y)

= 4 aeO* Ey3 (2Jf+1)

where the matrix element <fl jO(Eyr/2)li)

1 <flid Ey r/2)li)

I2 /3mQ2 , (3.14)

of a spherical Bessel function between
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radial wave functions reduces to one or zero in the long-wavelength limit,
depending on the principal quantum numbers of the initial and final states.
Finite-size corrections to the expression (3.13) also involve matrix elements of the
appropriate spherical Bessel functions. Here the three-dimensional wave function
Y(r) is expressed in terms of spherical harmonics and (normalized) radial wave
functions by

W9

=

Y,,

(e,q) Q(r)

(3.15)

We normalize this wave function in such a way that the integral of its square over all
3-space is 1, so that
(3.16)
3.8. Annihilation decays of quarkonium states
Many quarkonium decays proceed via the annihilation of the heavy quark and
antiquark, into photons and/or gluons. For s-waves, the probability of this
annihilation is proportional to the square ]Y(0)j2 of the wave function at the origin.
For higher partial waves L # 0, the Lu spatial derivative of the radial wave function
Rn~(r) at r = 0 governs the annihilation. Perturbative QCD expressions for
annihilation decay rates in quarkonium are shown in Table 6. The decaying
quarkonium state is taken to be a color singlet. [We always suppose SU(3) to be the
color gauge group.]
In deriving perturbative results involving gluon emission, it is assumed that the
concept of an on-mass-shell gluon makes sense. In fact, the gluon must “dress”
itself before emerging as hadrons. Gluons materialize as distinct jets of hadrons
only when their energies exceed a few GeV. and it is for such gluons that the
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perturbative results probably start to be reliable.
As mentioned at the end of $3.2.1, there is no “natural” scale on which to
define as, so the form of the perturbative expansions in this parameter will depend
on the mass scale chosen for as. The first-order corrections in Table 6 are all

based

on evaluating as at the mass of the decaying state, in the ?%(modified minimal
subtraction) renormalization scheme (48). An alternative prescription (72) for
evaluating as at a more physically motivated (and generally smaller) scale which is
widely employed leads in most cases to smaller first-order corrections. Predictions
for ratios of rates are expected to be more reliable than individual predictions
involving 1Y(0)12, which are subject to uncertainties (74) in the definition of the
nonrelativistic wave function. We now comment about individual processes.
38.1.

ONE VIRTUAL PHOTON

The decay of a %t quarkonium state into a lepton pair

proceeds via a single virtual photon, as long as the initial mass M,, is sufficiently
small that the contribution of a virtual Zcan be ignored. The Z” contribution
taken into account in the discussion of t7

be

will

bound states.’ The expression (3.17)

holds for any final fermion-antifermion pair fT

if multiplied by et, by the number of

colors of the fermion f (three for quarks), and by a kinematic correction
(1+2m~/M,,s)(1-4m~/M,,a)1Q for m,#O.
3.8.2

TWO PHOTONS

a) S states. Because of charge-conjugation invariance, an

s-wave quarkonium state can annihilate into two photons only from the spin-singlet
state. The rate is given by Eq. (3.21). An analogous expression (with a different
higher-order correction) holds for para-positronium.

b) P states. The first derivative

of the p-wave radial wave function at r = 0 governs the annihilation amplitude.

The

states which can decay to two real photons are 3P~ and 3P2. The rates are given by
Eqs. (3.23) and (3.26).
3.8.3.

THREE PHOTONS

As for positronium, the decay of the spin-triplet (ortho-) state

leads to (at least) three photons. The rate for quarkonium is given by Eq. (3.18).
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a) S states: Charge-conjugation invariance prevents the

spin-triplet s-wave quarkonium state from decaying to two gluons. The rate for the
spin-singlet state is given by Eq. (3.22). Note the large O(os) corrections.
b) P states:

The rates for two-gluon decay of 3P2 and 3P0 states are given in Eqs.

(3.24) and (3.27). In lowest-order, a common group-theoretic factor governs the
ratio of two-photon to two-gluon widths for the 3P2, 3P0, and ‘So states:
r( yy)
3.8.5.

/ r(gg)=9eQ4
THREEGLUONS

a2/2 as2.
The hadronic decays of a color-singlet 3St quarkonium state

must proceed via at least three gluons. A single (virtual) gluon is forbidden by color
symmetry, and two gluons are forbidden by charge-conjugation invariance. The
three-gluon rate is given by Eq. (3.19).
Comparing (3.22) and (3.19) gives an understanding of the great stability of
the J/v ( r,,, = 63 + 9 keV) in comparison with the nc ( r,,, = 11 + 4 MeV). The
corresponding ratio of 3y to 2y decay rates for the 3Sl and ‘So states of
positronium is 4(rc2-9) ct/9r z i/l 115.
3.8.6.

TWOGLUONS + PHOTON

The ratio a/a, may be measured by comparing the

rates for quarkonium annihilation into ygg and ggg. The result for the ‘/9g decay is
given by Eq. (3.20). Corrections to the shape of the photon spectrum also have
been published (75). The mass spectrum of the two-gluon final state can be
affected not only by details of how gluons turn into hadrons, but also by final-state
interactions between the gluons. Consequently, the process is popular (43) in
searching for quarkless hadrons (“glueballs”).
3.8.7.

ONE REAL AND ONE VIRTUAL GLUON

A J = 1 particle cannot decay to two

transversely polarized identical spin-i particles. As a corollary of this result, the 3Pt
state of quarkonium cannot annihilate into two real gluons. However, the process
can occur if one of the gluons is virtual and materializes into a quark-antiquark pair.
The resulting rate is given by Eq. (3.25).
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3.9. Hadronic production mechanisms
The processes involved in hadronic production of quarkonium states still are
only partly understood. We illustrate some possible mechanisms in Fig. 6.
3.9.1.

TWOGLUON NSDN

AND SUBSEQUENTELECTFIO~~AGNETIC DECAY

When two hadrons

collide, a gluon from one hadron can combine with a gluon from the other to form a
Ceven quarkonium x(~PJ state. This state can then decay via photon emission to
a %t state [Fig. 6(a)].
3.9.2.

QUARK-ANTICIUARKANNIHILATI~N

A light quark q and antiquark 7 can combine

into a virtual gluon which decays into a heavy 05

state. The 07

pair can then

radiate one or more soft gluons to reach a color singlet quarkonium state [Fig. 6(b)].
3.9.3.

PROTON-ANTIPROTON ANNIHILATIONS

When protons and antiprotons collide with a

center-of-mass energy equal to the mass of a quarkonium state of total spin J, as
shown in Fig. 6c, that state can be produced with peak cross section

cstpp -+ [OTIJ)

= 7-t (2J + 1) B([OzlJ

+pP)

/ IV2

(3.28)

,

where K is the magnitude of the center-of-mass 3-momentum, and B([OQJJ -+p p )
is the branching ratio for a quarkonium state of spin J to decay to pz
generally, B(X + Y) = r(X+

Y)lr(X).

more

This method has already been used in

Experiment R-704 at the CERN ISR (76) to produce the x (3P) states and to uncover
candidates for the charmonium 1’ Pt and 1 ‘Ss states in collisions of stored
antiprotons with a hydrogen gas jet. A follow-on experiment (E-760) at the Fermilab
antiproton accumulator ring (77) should achieve very high accuracy for
charmonium masses and yield total widths with a precision of f300 keV for the x
states.
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3.10. Inverse scattering
The interquark potential may be estimated without appeal to theoretical biases
about short-distance and long-distance behavior using the inverse-scattering
formalism. This procedure permits the construction of potentials with any desired
spectrum of s-wave levels using only the level positions and the squares of the
corresponding wave functions at the origin, lY(0)12, as obtained using (3.17) from
leptonic widths (25,78). These potentials provide excellent approximations to radial
quarkonium potentials in the range of distances actually probed by the known
levels. The method has recently been simplified by an appeal to supersymmetric
quantum mechanics (79).
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AND CHARM

4.1. Hadronic and radiative decays of J/v
Decays of the JA+Iprovide rich information on hadrons containing light quarks.
The initial state has well-defined mass, spin, panty, isospin, SU(3), and charge
conjugation. It is copiously produced; nearly fifteen million J&k have been
accumulated in experiments at SPEAR (SLAC) (80) and DCI (Orsay) (81). We give a
sample of this information, referring to the literature and (43) for details.
4.1.1.

HADRONIC DECAYS OF

J/tr The hadronic decays of the J& are expected to proceed

mainly via three-gluon emission [Eq. (3.19)]. The ratio of rates for three-gluon and
lepton pair emission [Eq. (3.17)] is

13 J/tr -, SSd
l-t J/$/-r k+!l-)

=

10(rc2 - 9) a,%?)
81x ec2

[l + 10.3 a,W)/xl

,

d2

(4.1)

if we set the J/tr mass M equal to 2mc. The large 0( as ) correction (71) corresponds
to a substantial fraction of the total rate. The gluons are not nearly energetic enough
to appear as distinct jets. As a result, perturbative QCD is only a qualitative guide to
the decay rate of JA+tinto hadrons. If we were to ignore the QCD correction in (4.1).
we would infer as (fi)

z 0.19 from the observed hadronic width.

When the gluons in JAy decay materialize into a small number of hadrons, one
may hope to learn about the properties of those hadrons. The Mark Ill collaboration
has analyzed processes of the type

JAq + (O* meson) + (l-meson)

,

(4.9)

which proceed via the graphs of Fig. 7. The l- mesons include p and 0 (composed
of [UT + d7 ]/fl)

and e (composed of SF ). The O- mesons include x, q,n’,
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and 1. To the extent that Fig. 7(a) dominates the decay, production of a O- meson
opposite an o tells the nonstrange quark content of that meson, while production
opposite a e tells the strange quark content. The rate may be compared with that for
JAq -t ptr, in which the quark content of both mesons is assumed known. The result
is that while the q is almost exclusively a quark-antiquark state, with roughly half
strange and half nonstrange quarks, then’ has some room (about 113 in probability)
for a gluonic admixture (40,80).
4.1.2.

RADIATIVE DECAYS

Perturbative QCD, in the form of Eqs. (3.19) and (3.20)

predicts that (71)
r( J/tr + yggl

::-

16

a

5

a&W

0 JN + 9537)

[l - 5.6 a&P?)

/XI .

(4.3)

The observed ratio of (10 f 4)% for charmonium (Ref. 82, as quoted in last of Refs.
71) corresponds to a value of a,(@) = 0.29M.08 if we ignore the radiative
corrections (which, however, are substantial).
Many interesting final states may be reached in J/tr radiative decays (43).
These are expected mainly to be those states either composed of, or with
substantial couplings to, a pair of gluons. We summarize these states in Table 7.
The radiative decay to a neutral pion may probe its small admixture of zero isospin.
The decays to q and rt’ probably are sensitive to the relative gluonic admixtures in
these two particles. The fi(l716)

(e) and X(2232) (5) were first seen in radiative

J/tr decays, and the q(1440) (1) (seen earlier in pp annihilations) also is quite
prominent. The ~(1440) and f2( 1716) are candidates for gluonic bound states. The
nature of the X(2232) is uncertain, but it appears to have Jz 2 (63). Other final
states produced opposite a photon in Jhq radiative decays (80,81) include KFrc.
nmr, pp. 00, +$ and p. All of them but the last couple to two gluons.
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4.2. Hadronic decays of v/
4.2.1.

THE DECAYS #-+~ANo

v-+m Over half of the decays of \J consist of hadronic

transitions to the w, accompanied by the low-mass isoscalar systems mt and q.
Semiquantitative treatments of these processes in terms of two-gluon emission by
the charmed quarks exist (84).
4.2.2.

OECAYSOFW

TO HAORONS CONTAINING LIGHTQUARKS

An intriguing puzzle (85) is the

relative suppression of the rates for certain, hadronic v decays: B( v+pn)/
B( v+prc) s 0.6% (90% confidence level); B( y --X*7
(90% cl.), while the corresponding ratios for 2s+2i7r”

)/B( v-X*??)

I 2.07%

and 37c+3x?t0 are

(9.5&2.7)% and (13+7)%, respectively. Nodes in the v radial wave function could
be responsible for this peculiar behavior (86).
4.3. x states
4.3.1.

ELECTRIC DIPOLETRANSITIONS

The only known 3PJ states of charmonium are the

x0, x1, and xz shown in Fig. 3. They are presumably the lowest 3P states, and the
only narrow ones. They were first discovered in radiative decays from the 23SI
level, the ~(3686). In turn, they decay radiatively to the J/v(3097).

Measured

transition rates are compared with theoretical predictions (56,87-89 ) in Table 8.
Purely nonrelativistic estimates of the rate for ~(3686) + m are high by a
factor of two to three. The exact position of the node in the 23St wave function
strongly affects the dipole matrix element <l Plrl2S>.

Relativistic distortions of the

2s and 1P wave functions substantially reduce this matrix element (88,90).
Differences still remain among various relativistic treatments, but the overall
agreement is satisfactory. Relativistic effects are much less important for electric
dipole transitions i,n the b Fsystem.
The angular distributions in the radiative 2s --) 1 P and 1 P + 1S charmonium
decays are in accord with expectations that the lowest multipole (electric dipole, or

23
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El) dominates the transitions. Studies at a slightly higher level of sensitivity than
those already performed (91-93) may uncover small magnetic quadrupole (M2)
contributions. The magnetic moment of the charmed quark as measured in these
transitions should agree with that found in magnetic dipole, or Ml, transitions.
4.3.2.

TWXLUON

AND TWO-PHOTON DECAYS

Recent measurements in pp

annihilations have provided the results (76) l-(x* + w) = 2.6 * 2.2 keV,
rtot(x2) = 2.6+’ -4-, .o MeV, and Fto&)
r(xp~Wr(x~+gg)

.Z 1.3 MeV. The predicted ratio (73)

= (6u2/gas2)(1

- 6.4 CL&T)

,

(4.4)

when combined with these measurements, would imply as = 0.22 + 0.11 if the QCD
correction were ignored. Since this correction is more than 56%. however, the
convergence of the perturbation expansion cannot be guaranteed. The obsenred
two-gluon width of the xz, when compared with predictions of Eq. (3.24) and
potential models (94) for the wave function, entails as > 0.3. The ratio

/r( x2 + 99) = 1.7 a,

r( X, -wTl

implied in Table 6 (using <r> = 3.2 GeV-’

obtained in a typical potential model (67)) only constrains a, c 0.6 on the basis of
the data quoted above. Substantial improvements in the above data are expected in
forthcoming experiments (77).
4.4. Spin-singlet S and P states
Spin-triplet chamtonium states are produced copiously in e+e- annihilations by
formation of $

levels and subsequent El radiative transitions to 3PJ levels, but

the spin-singlet states have been more elusive. The first candidate for a ‘So cc
level (95) appeared nearly five years after the discovery of the J/w. while only hints
(76) of a ’ Pt state exist.
4.4.1.

THE

‘so STATES The IJ~ mentioned in Table 1 and shown in Fig. 3 as the lowest

J PC= O-+ level, is seen in magnetic dipole (Ml) transitions from both the J/t, and the
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In Table 9 we summarize the observed partial widths forthese transitions and the

matrix elements <fjjo(&,rR)ji)

implied by these widths through Eq. (3.14). Also

shown are matrix elements calculated on the basis of nonrelativistic wave functions.
The discrepancy between the two values for J&decay

indicates that mixing effects

and relativistic corrections appear to be important in these transitions. However,
there does not yet appear to be unanimity regarding the magnitude of these effects
(16,96-98).
The two-photon width of the nr,. has recently been measured in yy collisions
(via e+e- + e+e- Q), yielding T(nc-+ yy) = 15.Oti.3 keV (42), and in pp + nc+ yy,
yielding 5.7*5-,

keV (76). The average (42) is T(nc + yy)

= 9 f 4 keV. The

partial width predicted from the ratio of Eqs. (3.21) and (3.17), in the approximation
A#%,) = 2 rn~ is (73)

r( qc + yy ) = (4/3) r(JAq + e’e-)(l

+ 1 .g6 as/n)

,

(4.5)

,

(4.6)

or about 7 keV for as = 0.22 (42). The predicted ratio

0 qc + YY 11 r( qc + gg) = (6 a219 as2)(1 - 14 as/n)

when combined with the new yy width and the total width of the qlc (93) of 11.5+4.5
MeV, would lead to a value of aS = 0.26 * 0.06 in the absence of the QCD correction
term. With the renormalization scale set at the mass of the n0 the QCD radiative
corrections are too large to permit a reliable perturbative estimate of the nlc width.
If we scale results from qc to nlc’ using the ratios of jY(0)j2 obtained from the
corresponding 3St leptonic widths, we would expect the total width of Q’ to be a few
MeV. (The process qc ’ * ncxx is not expected to be a major contributor to the nc’
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total width; the partial width is estimated (84) to be = 0.1 MeV.)
Further pp
%

experiments (77) may be able to produce the nc’ and detect it via

’ + y J/v. This is a “hindered” 2s + 1S transition, as is the observed decay

y’+ync

Form,=1.8GeVl$,

using the matrix element in Table 9, we estimate

r( Q;-’ y J/v ) z 0.5 MeV, or a branching ratio 5( n; + y J/yr ) ~~10~~. A more
optimistic estimate of about 1OT3was obtained in the last of Refs. (18).
4.4.2.

THE’P,

STATE

The same pp experiment which observed the nc also has

candidate events (76) for the ’ Pt charmonium state near the mass
f+I(‘Pt) = [ 5 M(3P2) + 3 M(3P1) + M(3Po) ]/9 = 3522 MeV/$ expected ifthe
spin-spin force (3.9) were negligible for P-states. As mentioned in §3, this would
confirm our notion that the spin-spin force is indeed due to a Coulomb-like
interaction. Fermilab experiment E-760 (77) will be able to search more conclusively
for this state.
4.5. D wave states and prospects for further observations
The ~(3770), which lies about 40 MeV above 00 threshold and decays
mainly to 00,

is a candidate for the lowest 3D1 level of charmonium.

It has a larger

leptonic width than one would expect for a pure D-state, for which r 0~ IR “(O)[*.
This is probably the result of an admixture of 23Sl induced by the spin-dependent
tensor force and by coupling to decay channels (18). The total width of ~(3770),
25 + 3 MeV, is such that any electromagnetic or hadronic transitions to lower cc
states are expected to occur with branching ratios of no more than a few percent (18).
One also expects 3D2, 3D3, and ‘D2 cclevels

not far from the ~(3770). In

one model (87) (which ignores coupled-channel effects, however) the predicted
masses of these states are 3.81, 3.84, and 3.82 GeV/$, respectively, for a 3D1 level
at 3.77 GeV/$.

The parities of all these levels are negative. Now, a JP = 2- panicle

cannot decay to two O- ones, so the 3D2 and 1D2 cc states expected at 3.81 and
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3.82 GeV/$ cannot decay to D’iT. Moreover, they are predicted to lie 50 or 60
MeV/$ m

the D*F threshold of 3.87 GeV/$.

In the absence of a kinematically

allowed strong decay into a pair of flavored mesons (such as makes the ~(3770) so
broad), their transitions to lower cc

states may be observable. In particular, the 3D,

state may decay to y + sPs,t or to mt+ J& while the ‘D2 state may decay to y +l P,.
Both states can be formed, in principle, in the direct channel of pp reactions.
4.6. States above threshold
Above flavor threshold, cc states are no longer exceptionally narrow, as
shown in Table 1. The levels at 4.03 and 4.415 GeVlc? are good candidates for %,
states; a level at 4.16 GeV/$ may be either a 3St or 3Dt state, or a mixture. The
irregularities in the leptonic widths of the states above the charm threshold probably
reflect the effects of the many hadronic channels to which such states can couple,
about which little is known. It would be of particular interest to find levels which
couple appreciably to Ds&

(formerly known as FF)).

4.7. Charmed mesons and baryons
We have already summarized some information about charmed mesons and
baryons in Table 3. Here we add a few details.
4.7.1.

LIFETIMES

Comparison of weak leptonic and semileptonic processes has led to

the idea of Cabibbo universality, according to which, in modern language, the
intrinsic strengths of the charged-current couplings to quarks and leptons are
identical. This idea is embodied in the SU(Z~~~U(l)yelectroweak

theory, in which

the charged-current couplings are determined by weak-isospin quantum numbers.
Mixing among quark generations then gives couplings expressed in terms of the
Cabibbo angle as CO&~ and sinQ forthe u++dand ms
electronttneutrfno

transitions, in units of the

coupling. It has been known for many years from the study of

kaon and hyperon decays that in nonleptonic processes, strangeness-changing
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(AS=l) interactions occur with effective strength 1, not sinec. The amplification by a
factor of 20 is only partially understood (99) as the work of the strong interactions.
Since the discovery of the J/tr, the hope has persisted that the study of charmed
particle decays would lead to new insights into the nature of this nonleptonic
enhancement. Let us examine some of the issues.
In Fig. 8 we compare lifetimes for charmed hadrons measured in a number of
experiments (55) over the past few years. Several conclusions may be drawn from
these values.
(a) The decay rates of hadrons containing charmed quarks are

in crude

accord

with a free-quark picture based on the decays

c(l.6 GeVl&

+ ~(0.5 GeVIr$

e+ v
jl* V
~(0.3 GeV/$)

+

I (4.7)
d(0.3 GeVlc?)

where we assume (20) that the weak c + s transition proceeds with the same
strength as u + d. The charmed quark lifetime would be about 10-l 2 s in this model.
Its branching ratios to &v or to p+v would each be about 20%, with nonleptonic
decays making up the other 60%. In fact (56) S(@ + e+ + anything) = (18.2
close to the naive expectation, and the ti

il.7)%.

lifetime is just about 10-l 2 s.

(b) Charmed quarks appear to decay more rapidly in the U”, D, (P), and Ac+
than in D+. In every case, the semileptonic decay rate ~sLX(c+s/v)

is in accord

with the freequark model (4.7), as required by Cabibbo universality; it is the
nonleptonic decay rates which are enhanced by about a factor of 2l/s to four. Using
the branching ratios quoted in (56) and lifetimes from (55) we find TsL(@, Do, Ac’)
= (1.98f0.34, 1.63H.32.2.37f1.03)

x 10” s-‘, compatible with the semileptonic

rate of 1.8x1 0’ 1 5-l one would expect for a charmed quark of 1.6 GeV/c? in the
process (4.7).
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(c) The differences in nonleptonic decay rates have been ascribed to several
possible mechanisms, reviewed in (52-55). The DC semileptonic branching ratio is
close to the free-quark prediction. Thus, there is probably neither a net enhancement
nor suppression (100) of Dt nonleptonic decays. It appears that the environment of
the charmed quark (100-l 02) can play a significant role in its nonleptonic decay
rate. The study of final states in D, and in charmed-strange baryon decays can be
expected to shed further light on the mechanism of nonleptonic enhancement.
4.7.2.

MASSES

The simple model of hadron masses that was so successful for

light-quark systems (s3.1 .l) leads to the predictions shown in Table 10 for the
masses of hadrons containing one charmed quark. The model is satisfactory for
ordering the levels qualitatively.

From the quantitative deviations, we begin to see

dynamical effects. Thus, the predicted spin-averaged mass of the D, and Ds* is too
high. The cssystem

has a greater reduced mass than the CT or CT system,

leading to increased binding effects which are ignored in our simple model. The
predicted CT hyperfine splitting is too small in comparison with that of D and Cr; we
have ignored the increase of lY(0)12 with increasing reduced mass. On the other
hand, the model successfully predicts M(P)-M(D)=(m,lmc)

[M(K)-M(K)].

The &. was probably the first charmed particle observed (103) after the
discovery of the Jb+r. The Xc, first seen some time ago (56,103), has recently been
confirmed in e+e- annihilations, (60). Candidate events for the charmed-strange
baryons have been seen rather recently in experiments with good capability for
short-track detection (62). The two E’c states listed in Table 10 mix with one another
slightly as a result of spin-spin interactions. Since masses in a two-state mixing
problem repel one another, the lower state is expected to be somewhat lower than
shown in the Table. The agreement for all known charmed baryons is certainly
adequate for such a crude model.
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Simple quark model considerations based on counting up u - d mass
differences, Coulomb self-energies, and hyperfine interactions (3,4,104)
lead to the following electromagnetic mass differences, where experimental values
(56,61) are shown in brackets:

M(o+)

-

M(D”)

= 4.3 [4.7 k 0.31 MeV/s

(46a)

MD+)

-

tvp’o)

= 4.2 [2.9 f 1.31 MeV/G

(4.8b)

M( xc++) -

M( ~2)

= 2.6 [2.5 f 1.O] Me@

(4.8c)

M( xc++) -

hq cc+)

= 2.2 MeV/$

(4.8d)

Ignoring the hyperfine electromagnetic interaction, the authors of (104a) find
M(D+) - Atf(D”) = 6.7 MeVl$

= M(p+) - M(rPO); M( Xc++) - M I;,“) = -6 MeVlr?;

and M( Xc++) - M( Cc+) = -2 MeVl$.
4.7.3.

HADRONIC AND ELECTROMAGNETIC DECAYS

a) 3S t states. The D’states can decay

both to ICDand to yD. The relative rates into these channels appear comparable,
though one process is strong and the other electromagnetic. Quark models (16,105)
predict the rates for these processes in terms of others, such as hadronic and
electromagnetic decays of the K’(892). The outstanding discrepancy is a prediction
B(p+ + -@) = l-4%, to be compared with the value in (56) of 17fll%.
b) The Z;c Similar quark model techniques to those just mentioned lead us to
expect I? EC -+ A$)

= 2 MeV, I? ;s,+ + A, y ) = 90 keV. We use a kinematic factor

pc,m,3E( AJE,JM( E,J suggested in (18) to relate the first process to X(1385) + Arc,
via a symmetry prediction for the transition matrix elements given in (106).
4.7.4.

P-WAVE HADRONS CONTAINING CHARMED QUARKS

The P-wave excitations 3P 2, 3P 1,

1Pt , and 3Po of the CT and CT systems (we shall call them D” here) are expected
to lie somewhere between 2.2 and 2.5 GeV/$.

The corresponding c?

excitations
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should be about 100 - 150 MeV/$ heavier. Each 0’ has decay modes
characteristic of its spin and panty: 3P2 + (10 or rrD); (3Pt or ’ Pt ) + xD;
3P0+xD.

The 3Pl and ‘PI states are expected to mix with one another, in the

manner of the two axial-vector kaons (56) K1(1260) and Kl(l400).

In the limit in

which the charmed quark is much heavier than the u and d quarks, the mass
eigenstates correspond to definite values (112 or 3/2) of the light quarks total (orbital
+ spin) angular momentum (105).
A candidate for a p-wave charmed meson, the D(2420), decaying to n-D+,
has been reported in one experiment (61,107).

It lies 416 + 6 MeV/c? above the

p+, and has a width of T[D(2420)] = 75 f 20 MeV. If the panicle is real, it could be
either a 1 + or a 2+ state. If Jp = l+, the KD decay is forbidden, whereas if Jp = 2+,
the XD decay rate should be about 1.5 times the KD’ rate.
The study of ED resonances could be a very fruitful source of information on the
light quark - heavy quark bound state (108). In the limit that one quark is very heavy,
this system becomes the relativistic one-body problem of QCD.
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FAMILY

AND &FLAVORED

The family of bFbound

STATES

states is our best example so far of a “hadronic

hydrogen atom.” Many s- and p-wave levels have been discovered, more are likely
to be seen, and there is even the prospect of finding some of the predicted d-wave
states. We shall mention what insights various levels of the upsilon family have
provided.
5.1. Hadronic and radiative decays of r
5.1 .l

. PERTURBATIVE am

6Fannihilation.

PREDICTDNS

All of the T decays observed so far proceed via

Virtual photons lead to lepton and quark pairs, while decays which

can be interpreted as proceeding via Tgg and ggg also have been observed. The
partial widths of the Y are summarized in Table 11.
The predicted ratio of strong and leptonic decay rates (with I& taken as 2mb),

Ilr

-) ggg)/ IO + p+ p-1 = lO( x*-9)

as 3(F+2)/9

K a*

,

is subject to a large perturbative correction (71) of the form [l + 9.1 aS (4*)/n
we ignore this correction and use the experimental value r(Pggg)/

(5.1)

1. If

T(T + u+ I-)

3 28.7 f 2.3 implied by Table 11, we obtain a, (/L+*) = 0.17. The experimental error
is insignificant compared with the theoretical one. If the energy scale CT = 0.1574
for evaluating a, is adopted (72) the radiative correction [l - 14 a, (C?)/ x ] is even
larger.
The process r + Tggcan be separated from background for photons of greater
than about half their maximum energy (109,110). The observed rate (see Table 11),
when combined with the predicted ratio

Or + ygg)/ r-0 + ggg)

q

(4/5X al as (P$*)lI11-5.5 as (P?T~)/K 1

(5.2)
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= 0.29 f 0.08 if we ignore the substantial radiative correction.

Taking account of this correction, (109) quote aS ([0.1571+]*) = 0.23 - 0.5 depending
on the assumed photon spectrum.
5.1.2.

NEW NARROW SOSONS

In principle the radiative decays of the T can give rise to

new narrow bosons, such as Higgs bosons (11 l), bound states of scalar colored
objects (112) or axions (113). Searches for all of these objects in T decays have
proved negative so far (55114,115).

The level of sensitivity of Higgs boson searches

is just now approaching the expected electroweak limit, corresponding to a
branching ratio in the decay T + y + H of a few parts in 10’.
5.1.3.

THE~~VS,,)

STATES

The %t bb state (the T) is expected to decay to a

lower-lying 1Ss bF state (the nb) via a magnetic dipole transition at a rate given by
Eq. (3.14): for mb= 4.9 GeV/c?.

r(r -, Y ~1

= 45 eV x (E Y /lOO MeV)3. (5.3)

Estimates (40,87-89, 116) of the r - na mass difference range between 30 and 100
MeV/$.

Present limits (58) imply only M(T) - IU( nb) < 168 MeV/$.

We estimate using (3.14) and nonrelativistic wave functions (see also (117)) the
hindered transition rate I?T’ * y Q) = 3 - 6 eV, corresponding to a branching ratio oi
about 1O-‘. However, corrections (96-98) to (3.14) appear to be appreciable for this
transition.
5.2. Hadronic decays of higher r levels
52.1.

THREE-GLUON DECAYS OF r(2s)

AND r(3s)

The total widths of T(2S) and T(3S) may

be estimated from the measured leptonic widths [see sl .1.4] and leptonic branching
ratios 6, p, of which SW is the most precisely measured. For the 2s and 3s states, a
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of EN may usefully be obtained as follows. All decays of T(2S)

and T(3S) except for radiative (El) transitions and mt emission to lower I” levels are
expected to proceed via bF annihilation. The rates forthese annihilation processes
are all proportional to 1Yns(0)12. Accordingly, we may write (58)

(5.4)

In this manner we obtain values of (1.52 f 0.13)% and (1.72 f 0.20)% for the 2s and
3s levels, to be compared with measured values (56,56) of (1.60 f 0.44)% (2s) and
(1.53 f 0.36)% (3S), respectively. Using the more precise results based on Eq. (5.4),
we estimate the total and partial widths and branching ratios for the 2s and 3s levels
quoted in Tables 12 and 13. The branching ratios to Tgg and ggg have been
obtained by subtraction, and we have assumed the same ygg/ggg ratio as for the 1S
level (Table 11). We then find r(ggg)/ T(e+e-) = 28.5 f 2.8 (2s); 28.4 f 4.4 (3s) in
close agreement with the corresponding ratio of 28.7 f 2.3 for the 1S level. The
implied values of aS thus are all about 0.17 in the absence of QCD corrections.
5.2.2.

DECAYS

IIS-

ms

+ xz The decays of excited r levels to lower ones can proceed

via the emission of two gluons which then materialize into a mt system. This
mechanism also appears to be responsible for the process v’ + Jl w + XX’,which
accounts for over half of the v’ decay rate. Rates and spectra for these processes
have been estimated in (84).
The XI( mass spectra are peaked toward the high end in v’ + Jl w + XX. r(2S)
+ r(l S) + ICX. and r(3S)

+ r(2S)

+ RX. but near its center in r(3S)

+ T(1 S) +

KIF (59). A likely explanation would be a broad s-wave dipion resonance coupled to
a pairof gluons (118).
5.2.3. THEDECAY

T(3S) -L ‘P, + 11x

One expects a ‘Pt bb state at the center of gravity
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of each group of 3PJ levels, as in s4.3.2. For the lowest bF
to M(‘Pt) = [5M(x&

+ 3M( xb,) + M( x&9

states, this corresponds

= 9.9002 k 0.0007 GeV/c?. In decays of

Y(3S) to mr + (anything), a weak (2.56) signal has been seen (59) at M(‘Pt)
9.6946 + 0.0015 GeV/$ at a branching ratio QY(3S) + mt T(1 ‘PI)]

=

= (0.37+0.15)%.

As for charmonium, the close agreement between the predicted and observed
masses indicates that the spin-spin splitting is very small in the lowest p-wave bb
levels. This, in turn, is further evidence for the Coulomb-like nature of the force
leading to the spin-spin interaction between quarks.
The branching ratio for T( 1 ‘P1) + y + r(, is expected to be around 50%, and
the photon energy is expected to be around 500 f 30 MeV. The 1’ Pt level thus may
be a useful source of the lowest bb state.
5.3. xb states and electric dipole transitions
Two sets of p-wave bb

levels have been discovered: a triplet around

9.9 GeV/$ (which we shall call xb , or 1P) and a triplet ( Q,‘. or 2P) around 10.25
GeV/c?. The properties of these levels are noted in more detail in Table 2. The
spin-parity assignments of some of these levels are assumed from theory, but all
tests performed so far (119) on the xb levels are compatible with the values of Jp
shown and with the dominance of electric dipole transitions.
53.1.

FINE STRUCTURE SPLIITING

The masses of the xb levels provide valuable

information on the spin-dependence of the interquark force. In the presence of vector
and scalar interactions, the masses of 3PJlevels xJare determined by the spindependent interactions in s3.4.2 and 3.4.3. The spin-orbit and tensor terms probe
different combinations of vector and scalar potential.
A simple model (88-90,97,120,121) based on a short-range vector interaction
V,(r)

= -(4/3) a,/r

and a long-range scalar interaction V, (r) = k r is compatible

with present data. (A more extensive discussion has been given in (122).) The
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vector interaction is expected on the basis of single-gluon exchange, while an
effective scalar interaction can arise from a rotating flux tube, as mentioned in $3.4
If we define the parameter (123)

R

s

P&)

- PI(

/ Mx, 1 - MXON 3

(5.5)

we expect in such a model R = 0.8 (1 - 5h/l6)/(1 - h/8), where
h ok <l /r)/(

a, <l /fl)).

For a purely Coulombic force (h = 0) one would have

R= 0.8. If M( x2) > f$ xl) > M( x0) (so the scalar interaction is not dominant), the
model predicts R < 0.8.
We show in Table 14 the predictions of this model for a, = 0.374, k = 0.18
GeV2, and mb = 4.9 GeV/$.

From both sets of p-wave levels, there is evidence for a

non-Coulombic part of the interaction, and the deviations from R= 0.8 are as
expected for a scalar long-range interaction. The question of whether there is a
small long-range effective vector part of the interaction (120,122) is still unresolved
(40). Arguments (87,123-6) in favor of a dominantly vector-like confining part of the
potential must be evaluated in light of the successes of the scalar confinement
model.
Predictions for bb fine structure parameters (87-69,120) have been discussed
in (40). The quality of new experimental data will permit distinctions among these
models.
5.3.2.

ELECTRIC DIPOLE TRANSITION RATES

If the quarkonium wavefunctions are known,

one can calculate rates for electric dipole transitions among levels. These may be
compared with measured transition rates provided the total widths of the decaying
states are known, since it is their branching ratios that are measured directly.
One way to learn the wave functions of bbstates

is to construct the interquark
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potential directly from bound state data (25,78,79,127). This permits the evaluation
of the necessary dipole matrix elements in Eqs. (3.13); all approaches (18,87-89)
agree on their values to 10%. The total widths of p-wave levels are estimated
theoretically as the sum of electric dipole and hadronic partial decay rates; the latter
are based on Eqs. (3.21) (3.25) and (3.22) for the 3P2,1 ,c levels, respectively.
We show the results of a comparison of predicted (127) and observed El
transition rates in Table 15. For just one process out of 14 is the partial decay rate
more than two standard deviations away from its predicted value: the transition
23P1+ y + T. Relativistic [O(E y/mb)] deviations from the simple dipole formula
(3.13) for the hard photon (E y = 763 MeV) in this transition are estimated (87-89) to
be at the 20-30% level. Notice the small predicted 3s + 1P rates; the above
approaches do not agree on the exact value of the matrix element, but nearly all
agree it is very small.
5.4. d wave levels
A key test of the very existence of a potential for quarkonium systems (which
could be questioned (128) if gluonic degrees of freedom are important) is its ability
to predict as yet unseen aspects of the spectrum correctly. The d-wave bb

states

provide such a test.
5.4.1.

EXPECTED MASSES

Nearly all potential models agree that the lowest d-wave b b

levels have centers of gravity around 10.16 (1 D) and 10.44 (2D) GeV/r?. Predictions
of the fine structure splitting differ somewhat, but most authors agree that it should be
smaller than in the P states. For example, in (127) the masses (10149, 10156,
10161) and (10434,10440,10444)

MeV/$ are obtained for the1 3Dt ,2,3 and

23D1 ,2,3 levels in the simple model decribed above. These are to be compared with
(10151,10161,10166) and (10433,10442,10447) MeV/c? (87), (10155, 10162,
10167) and (10447, 10454,10459) MeV/$ (89) and (10153,10163,10174) and
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(10444,10452,10462) MEN/C? (18).
5.4.2.

SIGNANRES

The most promising way to observe the d-wave

IN e+e-ANNIHIVITIONS

levels appears to be to study electromagnetic transitions of the Y(3S) level, as
produced in eCB annihilations. The expected rate of production of d-wave levels
may be gauged in terms of the transitions Y(3S) + y + xb’ + y + y + T (1s and/or
2s). which have already been seen. It is likely that in the present sample of more
than 1OS r(3S) decays, at least 1O3 1D states have been produced. The challenge
is to separate them from background.
The photons expected in the transitions r(3S) + yt + 23P + yt + y2 + 1 3D
are expected to have a total energy lying in a narrow band: E y, +E yz = 344klO
MeV, as a result of the small fine-structure splitting in the D states. It is probably
necessary to observe some signature of D-state decay: either an additional photon
y3 with energy around 250 MeV resulting from a transition to a 1 3P state, or a pion
pair + (missing mass = A+). These signatures are shown in Fig. 9(a).
Direct scanning in e+e-annihilations

with extremely high sensitivity and

resolution could in principle excite the 3Dt states. Their leptonic widths are expected
to be very small (87): 1.5 eV for the 13D, (about low3 of the 13St leptonic width,
corresponding to an expected branching ratio of 3 x 10e5), and 2.7 eV for the 23Dl.
Mixing with S-states, which probably affects the observed 1 3Dt state in charmonium
(the ~(3770)), is expected to be, much less significant for the 13Dt and 23Dt br
levels, since (in contrast to the cc

state) they lie well below flavor threshold. Thus,

coupled-channel effects are not expected to be nearly as important.
5.4.3.

HmRONlCPRODucnoN

It is

likely that one important mechanism for 3St T

production in hadronic experiments, such as those leading to the spectrum in
Fig. 2(b), is the hadronic production of p-wave states x0,2 (since these couple to two
gluons), followed by El decays. [The x1 may also be produced in this manner if one
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of the gluons is virtual.] The presence of the T(3S) in the effective mass distribution
of Fig. 2(b) then may signal the production of 3P bb

states in hadronic

experiments. These states can decay not only to r(3S), but also to d-wave
(particularly 23D) levels. The expected transitions are shown in Fig. 9(b). It may be
possible to pick up the 23D states through their lrxT decays. The 1 3D levels shown
in Fig. 9(a) similarly could arise from hadronically produced 23P states,
High-resolution studies of soft photons in hadronic experiments could shed light on
decay schemes such as those shown in Fig. 9(b).
5.5. States above threshold
Just as for the charmonium levels, bF states are highly stable only if strong
decays into pairs of flavored mesons are kinematically forbidden. Thus, the levels
above the shaded line labeled by 2M(B) in Fig. 4 are broader than those below it, as
one may see from Table 2. In light of the measured masses of 6 and R states, the
r(4S) should decay only to pairs of O- mesons (5) each containing a b quark or
antiquark and a nonstrange antiquark or quark. The decays of the higher levels
(129) may be especially good sources of other &flavored hadrons (130). such as
vector mesons, baryons, and particles containing strange quarks. We turn to a brief
description of such states.
5.6. Flavored mesons and baryons
5.6.1.

THE

B (o-)STATES Mesons containing a single &quark (Table 4) have been

reconstructed from their decays into charmed mesons (26,131). The simple model
(3,4,104) described earlier for charmed meson electromagnetic mass differences
predicts M(ySo)- M(e) = 5.7 MeV/c?-, to be compared with the measured values
(131)

of

2.0 f 1.1 k 1.0 MeV/&CLEO)

and 2.4k1.6

MeV/c2

(ARGUS). A

prediction of 4.4 MeV/c? is obtained in the last of Refs. (18).
5.6.2

VECTOR MESONS

(6’) The B^ - 8 hyperfine splitting is expected to be proportional

HEAVY QUARK SYSTEMS

39

to IY(0)12/ mu mb , where 1Y(0)12 is the square of the wave function at the origin.
This wave function is expected to depend primarily on properties of the light quark,
and should not be much affected if we replace the heavy b quark by another (say, c).
In this manner we are led to expect that

M(p) -w(s)

= (m@b) [M(p) - M(D)]
- (l/3)

[WV - MO1

==50 MeV&

,

which is well verified. We predict M(B’O) - M(r)

(5.6)

= 5.6 MeV/$, whereas the last of

Refs. (16) gives 4.4 MeVlr.?.
5.6.3 mEotcrao

~TFWNGE AND BAFIYONIC STATES

Additional states containing a b - quark

may be predicted with the help of the naive quark model described in §3. We
e.dmate mb - mc by comparing the spin-averaged masses of the Bs and Us:

mb-mc

1

3M(m+M(B)
4

3 WV
4

+ M(D)

= 3.34 GeVlc2

(5.7)

The resulting predictions for masses of the lowest b-flavored states [cf. (3); see also
(132)] are shown in Fig. 10. The B, meson is expected to be very useful in studies of
mixing of neutral mesons (as in the K-Fsystem) and CP violation (130). Indeed,
same-sign dimuons produced in 630 GeV pi;- collisions have been interpreted
(133) as evidence for 6, -Es mixing.
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6. COMPARISONS OF QUARKONIUM SPECTRA
The spectra of bound states of different flavors of heavy quarks appear to be
described by the same potential. In this section we recapitulate some arguments in
favor of this assertion, describe some elementary power-law properties of the
potential, show how heavy quarks can provide new information at short distances,
and mention expectations at larger distances (near flavor threshold).
6.1. Flavor-independence of potential
When both cc

and bF

bound state data became available, it was possible

to construct potentials directly from these two sets of data using the inverse scattering
method (25). Two such potentials based on the most recent set of masses and
leptonic widths are compared in Fig. 11. They agree extremely well in the range of
distances where data exist on both sets of bound states. Improved leptonic width
measurements for the charmonium levels would be welcome in refining our
knowledge of the cc interaction and testing flavor-independence to greater
accuracy.
6.2. Elementary power-law behavior (45,66)
The similarity of cc

and br

bound state spectra suggests a

phenomenological power-law potential V(r) = A r v with v = 0. The v = 0 limit
corresponds to V(r) = C In (r), and would give spectra identical except for an overall
shift. Confirming evidence is available from the level spacings in the IJJand T families
separately, as summarized in Fig. 12. It is notable that a simple power-law
interpolates between the anticipated Coulomb and linear regimes for all the known
cc

and b7

states.

The potential V(r) = C In (r) fits charmonium and upsilon data adequately for
C = 0.72 GeV. In such a potential, all states have the same kinetic energy T.
According to the virial theorem, T= ((rY2)dVldr) = C/2 = 0.36 GeV = 2<p2/2mo),

so
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the average velocity of a quark is approximately (p2) = 0.36 GeV/mo

Thus we

expect <p2> to be approximately 0.2 for charmed quarks, and 0.07 for b-quarks.
6.3. Role of heavy quarks in probing potential near r = 0
In Fig. 11 the T(lS) is more deeply bound (has a smaller mean radius) than
~(1s). According to the Feynman-Hellmann theorem (45) [Z/am=

the

-(T)lm],

heavier quarks probe the potential more deeply. In Fig. 13 (40) we compare
predicted cc
40 GeV/$.

( bF

, and 05

levels, where Q is a hypothetical quark of mass

The unique information provided by the 03

system comes from the

lowest levels. The 1S level (especially its leptonic width, sensitive to lYl s(0)12)
probes the potential at distances shorterthan 0.05 fm, where cc

andbr

systems

give little information. Potentials (87,134) with very different behavior for r c 0.1 fm
reproduce existing ccand

bFdata.

As the interquark separation decreases, one expects a trend toward more
Coulomb-like behavior, which may be manifested in several ways (45). First, in the
limit of a pure Coulomb force, the 2s and 1P levels become degenerate. Second,
the values of 1Y(0)12 for nS levels (and hence their leptonic widths) become
proportional to ns3, so that 1Y,,(0)12

/ I Y,s(0)12 + l/8. Third, the spacing

between 1S and 2s levels should begin to grow with increasing quark mass,
reflecting the proportionality of energy levels to reduced mass in a Coulomb
potential.
The first two of these trends are visible as we pass from the charmonium to the
upsilon family. The 1P level is closer to the 2s (relative to the 1S - 2s spacing) in b b
than in cc
for cc

, as we see in Fig. 12. The ratio I Yu,,(0)12 / 1Y,s(0)/2

is 0.63 + 0.07

(characteristic of a power-law potential V(r) 0~ rv with v=O.36), and 0.50 *

0.03 for br

(characteristic of VZO). On the other hand, the 2s - 1S spacing for b b

is actually slightly less than for CC? This has led to the use of a phenomenological
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power-law potential with a small positive power, in view of the expectation that level
spacings in a potential behaving as rv should vary with quark mass mg as AE 0~
mo-v/(2+v).

If QCD provides a correct short-distance description of the

quark-antiquark force, the success of this description should be transitory. Detailed
predictions for the 2S-1 S level spacing and leptonic widths in a variety of potentials
compatible with wand T data are given for heavy quarkonium systems in (40, 68,
135).
6.4. Flavor thresholds: counting narrow levels
The dissociation of a heavy quark-antiquark pair into a pair of flavored mesons
should become less and less sensitive to the flavor of the heavy quark Q as mQ -)m,
occuring simply when the heavy quark pair has a given separation. This distance
turns out to be about 1 fm, as shown in Fig. 11. It then becomes possible to count the
number n of narrow s-wave quarkonium levels below flavor threshold (136), with the
result
n = 114 + (l/n) I dr{mOIEnr-

where E,

V(r)])lE

,

(6.1)

is the threshold energy. The integral is taken from r= 0 to the classical

turning point, where the integrand vanishes. The only quark mass dependence
arises from the explicit factor inside the square root, so that (scaling from the upsilon
family) we expect n = 4(mQ/mb) l/2. Thus, for a 40 GeV/$ quark, one would
expect about 10 or 11 narrow quarkonium levels below flavor threshold, as indicated
in Fig. 13. As we shall see, discovery of much of this rich structure may be quite
challenging.
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7. TOPONIUM

7.1. Present experimental situation reganling the t quark
The top (t ) quark, as mentioned in §l .1.6, is an as yet hypothetical charge 2/3
partner of the b quark. Its mass is known to be larger than about 23 GeV/$.

Hints

of its discovery in the mass range between 30 and 50 GeV/$ seem to have been
premature, but there are not yet bounds that exclude its existence in this mass range.
What new physics could be learned from a 40 GeV/cs top quark? Here we give only
a brief sampling; much more complete discussions have been presented in
(38,68,137-l 39).
7.2. Prediction of levels from potentials and vice versa
As illustrated by the example of Fig. 13, the lowest tT

levels can be expected

to probe the interquark potential at distances shorter than those for which it is known
at present. Predicting the properties of these levels thus requires some extrapolation
of our present phenomenological knowledge. If QCD is a reliable guide, we may
expect a 2s - 1S spacing which probably exceeds 700 MeV/$ (139) and a 1S
leptonic width (for a tT

1S state at 80 GeV&)

ranging between about 4 and 8 keV

(40,140). These observables discriminate between a short-distance Coulomb
interaction and extrapolation of the phenomenological
Higher tT

V(r) - In(r) form.

levels should provide information about regions of the potential

already probed by bF and cc.

Since the bound top quark will be quite

nonrelativistic, the information coming from tT

in these regions of r may actually

reflect the properties of the static potential more accurately.
7.3. Weak decays of t
Toponium may decay by annihilation into gluons, mixing with the Z”, strong or
radiative cascades to other toponium levels, and weak decays of the t-quark. The
weak decays of t increase in importance as mt increases, as illustrated in Fig. 14.
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For sufficiently high rnp electric dipole transitions from excited S states and
production of Higgs bosons via the decay (tT

) + y + H occur with too small a

branching ratio to study effectively [Fig. 14(c-f)].
7.4. Toponium - Z interference
The nS states of

(t7

) can mix and interfere with the Z”, depending on their

masses (38,141-l 43), and as a result may be more easily produced if they lie near
the Z”. On the other hand, since they decay quite readily via the Z”, their transitions
to other quarkonium states will occur with a smaller branching ratio.
7.5. Top-flavored states
7.5.1.

SPIN CORRELATIONS

The lightest %, state containing a single

t

quark is

expected to undergo weak decay, carrying useful spin information (138), before it
decays electromagnetically to the 1So level, as a result of the small predicted
hyperfine splitting.
7.5.2.

CHAROED HK;GS BOSONS

If there is a charged Higgs boson H+ lighter than the

t

quark, the semiweak decay t + H+ + b would dominate over any conventional
semileptonic decay of t , dramatically reducing the top-quark lifetime and the
canonical leptonic branching ratio r( t -+b!lv)/

l? t -+ all) = l/9. For a discussion of

rates, see (144).
7.6. Unusual short-range forces
An enhanced coupling of neutral Higgs bosons to tquarks (145) can lead to
distortions of the lowest tT levels from the expected patterns, including apparent
violations of the level inequalities noted in (47).
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8. THE UNEXPECTED

8.1. A fourth generation (b ‘)
Much of what we have said in $6.3 applies to any heavy color triplet quark,
whether of charge 2/3 or -l/3.

A fourth charge -l/3 quark b’ is not excluded by

present e+e- data above a mass of about 22.7 GeV/c2 (146). A fourth generation
would relax many constraints imposed by the 3-generation Kobayashi-Maskawa
(KM) model (52-55) on the phenomenology of CP violation. Since the leptonic width
of a b ‘F

state is expected to be l/4 that of a corresponding tT state, such quarks

will be more difficult (but not impossible) to study in e+e- annihilations. One expects
leptonic widths for the lowest 3St state to be in the range of 1 - 2 keV for
mbl= 40 GeVlc?. Scans for narrow resonances in e+e- annihilations should be
performed with at least this sensitivity.
8.2. Scalar quarks: level structure, bounds on leptonic widths
Scalar quarks, or “squarks,” are expected as partners of ordinary quarks on the
basis of supersymmetry (147). The bound states of squarks with one another have
properties which are easily calculated (112), but hard to study in the laboratory. As
an example, the s-wave states are expected to be spinless, so they cannot be
produced in e+e- annihilations. The p-wave states are expected to have very small
couplings to single virtual photons. The e+e- cross section would grow very slowly,
as p3 (where 6 is the center-of-mass quark velocity) as the energy crosses threshold
for squark pair production, and would approach l/4 the value for a corresponding
spin-l/2 quark. Further suggestions for observing states of squarkonium have been
given in (3,112,148).
8.3. Color sextets

Quarks of higher-color representations have been suggested in various
contexts (149); in particular, color sextets should contribute twice as much to the
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e+e- annihilation cross section as color triplets of the same charge and mass. The
binding between color sextets should be stronger than between triplets, at least at
short distances. It is interesting that modem superstring theories do not lead one to
expect color sextet quarks, making the search for them particularly timely.
8.4. Exotic quarks in superstring theories
Popular grand unified theories with an EG symmetry, loosely based on
superstrings, contain electroweak singlet charge -l/3 “h ” quarks. These couple
purely vectonally to the Z”, so the characteristic forward-backward asymmetry in
e+e- annihilations already bbsetved for b quarks should be absent (150).

9. SUMMARY

AND OUTLOOK

In only a dozen years, the subject of heavy-quark systems has grown from its
infancy to a rich spectroscopy, illuminating both the strong and electroweak
interactions. The quarkonium (0-8) levels are described by a flavor-independent
interaction with features of both perturbative and nonperturbative quantum
chromodynamics.

The number of r levels below flavor threshold was predicted in

advance, as were numerous properties of members of the r family, on the basis of a
nonrelativistic potential interpretation.
Asonepassesfromcc

@=1/2)tobF

(5 z l/4) systems, a nonrelativistic

description based on QCD acquires greater validity. Still heavier quarks will probe
the interquark interaction almost completely freed from measurable relativistic effects
Future electron-positron and antiproton-proton experiments will provide new
data on cc

and bb

systems, of particular interest in the study of spin-dependent

forces between quarks. Present data are converging on the notion of an effective
scalar interaction at large distances, but it will be possible to test this idea in the next
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few years with far greater precision. The masses of ’ Pt candidates, for which far
more conclusive evidence is needed, appear to lie near the spin-averaged 3P,
values, indicating the short-range nature of the spin-spin interaction, and its origin in
a Coulomb-like gluon exchange.
We also look forward to more data on quarkonium systems with orbital angular
momenta greater than one. At present, only one such state (the d-wave ~(3772)) is
known. Antiproton-proton collisions may be able to see two quasistable J = 2
charmonium states around 3.815 GeV/$.

Almost any flavor-independent central

interquark potential describing the known quarkonium levels predicts the
spin-averaged masses of the d-wave bF states to lie at 10.16M.01 (1 D) and
10.44~.01

(2D) GeV/$.

Mesons and baryons containing single heavy quarks are yielding new
information not only on the electroweak interactions, but also on hadron physics.
The hyperfine splittings between D and /?‘, Ds and D,‘, and 8 and F mesons reflect
the expected interactions of quarks via their chromomagnetic moments. The first
hints of p-wave excitations of D mesons have appeared; further information is
eagerly awaited. Electromagnetic mass differences between charged and neutral D
mesons, charged and neutral charm,ed baryons (Xc), and charged and neutral B
mesons all appear to agree with expectations.
Bound-states of heavier quarks (such as the anticipated top, or t) will provide a
variety of information. The lowest states will probe new territory (below 0.05 fm) of
the interquark force, as a result of the large mass of the t quark. The higher states
are affected primarily by that range of the interquark force already studied in lighter
systems, and will allow confirmation of the flavor-independence of the interaction.
Relativistic corrections, important for charmonium and still perceptible for the r family,
ought to be negligible for most tT

bound states.
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The possibility of more quarks (beyond the t ) or other colored objects means
that it is crucial to understand the bound states of heavy quarks as well as we can.
By so doing, we can infer’properties of the fundamental constituents (such as their
masses, electric charges, and any anomalous interactions they may possess) in
terms of properties of the hadrons containing these constituents.
Experimental techniques for studying heavy quark systems in the future include
electron-positron colliders of modest energy (151), such as the SPEAR machine in
operation at Stanford and the planned Beijing Electron-Positron Collider (BEPC),
proton-antiproton collisions with precisely defined center-of-mass energy (77) and
large electron-positron colliders operating at the Z” mass and above. Further
specialized colliders, perhaps operating in the T energy range, also are under
discussion (152). The Cornell (CESR) and Hamburg (DORIS) electron-positron
colliders will continue to produce stimulating results under conditions of improved
luminosity.
Heavy-quark spectroscopy is at once a mature field, and one with a rich future.
We look forward in the next few years to enjoying its fruits as new means become
available for its study.
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Table 1: cc

1s, (o- -)

Name

Mass (MeV/c?)a

%
%'

2981.+2
3594.f5b

l’Sg
2'5,

%, (l--)

Name

l%,
23s,
33s,
4?3S, cd
4 or 5?3S, c

JnV

Mass (MeVlG)

w‘
w
w
w

Name

3po

X0

3pl
3p2

13D,

r (MeV)a
11+4
<8 (95% C.LJb

lT (MeV)

3096.9 + 0.1
3686.0 i 0.1
4030. * 5
4159. + 20
4415. +6

1 3P, (J ++)

3D, (l--)

Bound States.

0.063+ 0.009
0.215 * 0.040
52.+10
78. k 20
43. k 20

Mass (MeV/$)

Xl

3414.9 If: 1.1
3510.7 5 0.5

13-21e
< 1.3 (90% CL.)’

x2

3556.3 rt:0.4

2.6+‘.4 -1.of

Name

Mass (MeV/$)
3769.9 f 2.4

w

b Rel. (57)
c 3Sl states above charm threshold

may be substantially

d Possible 3D,, if ~(4415) is identified as 43Sl.

f Ref. (76).

4.7f 0.3
2.1 * 0.2
0.75 * 0.15
0.77 + 0.23
0.47 Lk0.10

r (MeV)

a All properties are from Ref. (56) unless otherwise indicated.

e Crystal ball, ref. (93).

r,,(keV)

mixed with 3Dlstates.

r (MeV)
25 + 3
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Table 2: bbBound

Name

3s,(l--)

Mass (MeV/c?-)

l%,

r

9460.0 50.2

23s,
33s,

Y
r”

43s,

r I,,

10577.5 f 4.1

53s,
63S,

-r
r

10864.8 f 7.9
11019.1 k8.6

States.

T(MeV)a
0.043*0.003

1.22 k 0.05

10023.4 k 0.3

0.030 kO.007

0.54kO.03

10355.5 rt 0.5

0.0255+0.005b

0.40 lko.03

24. k 2
110.*13
79.+16

3p./(2”)

Name

13P.

%o

9859.8 f 1.3

13P,

xbl

9891.9 f 0.7

13P,

%2

9913.3 k 0.6

23P,

ho’

10230.5 III 2.3c

23P,

Xbl'

10255.7 f O.ac

23P,

X&?’

10268.6 3~0.7c

‘P,V)
l’P,

reeUWa

0.31 + 0.07
0.13 If: 0.03

Mass (MeV&)

Name

Mass (MeV/c?)
9894.8 + 1.Sd

hb

a All properties are lrom Ref. (56) unless otherwise
b Reference (56).

0.24 k 0.05

noted.

c Based on inclusive photon spectra quoted in Ref. (56), and T”(3S) mass quoted in Ref. (56).
d Reference (59).
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Table 3: Charmed Hadrons.

F

Quark
Content

0-+

Cii
Cd
Cs-

1--

Cii
CT
CS

1+/2+?

Cd

Rarvons
1/2+

cud

a
b
c
d
e

Name

Massa
(MeV/$)

DO
De

1864.6zkO.6
1869.3kO.6
1970.5325

Ds 67
D’O
D-+

Lifetime
(lo-l3 set)
4.3+0.2s0,2b
I o.31+0.52-0,44b
3.5+“.6eo,5b

2007.2k2.1
2OlO.lkO.7
2113. C8
2426. IL 6

D’s F’I
D (2420)

2281.2k3.0

cl/u

AC”
x0++

M&+)+168.4

cdd

X,0

M&+)+1 65.8 z!c0.7d

CUS

EC’ (A+)

2460. k25

css

no0 fT ‘)

2740.i20

Widtha
WW

<5
<2
75.f20C

1.9+0.5m0.3b

f 0.5d

Properties are from Ref. (56) unless otherwise indicated.
Average values from Fig. 8. The precision of these measurements
Reference (60).
Reference (61).
Reference (62).

4.8+2.g-, ,8 e

is improving rapidly
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Table 4: b-flavored Hadrons.

Jpc

Quark
Content

Name

Mass
(MeV/c?)

Lifetimea
(lo-l3 set)

Mesons
-+
0

--

1

bti

fl-

5277.9*1 .1*3b

bd

B0

5281.0&0.9&3’

bti

/3*-

bJ

Be0

a Reference (56). The precision of these measurements
b Reference (63).
c Reference (64).

14.22.7
1

M(B) +52.0*4.5’
1
is improving

rapidly.
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Table 5. Naive model of light-quark meson and baryon masses described in text.
JP

Meson

7r

o-

K
q
P
w

I-

t?
Q

Mass (MeVk?)
Calculateda Measured
140
485
559
780

138
496
549
776

780
896
1032

783
892
1020

a mu= md= 310 MeVk? ; m,= 483 MeV/$;
bmU= md=363MeV/C+;

m,=538

MeV/$;

Jp

1/2+

3/2+

Baryon

Mass (MeV/c?)
Calculatedb Measured

N
A
c
2

939
1114
1179
1327

938
1116
1195
1318

A

1239
1381
1529
1682

1232
1385
1533
1672

Z*
L-*
R

A&s=

(160 MeVl~)x6~6,Jmu2/mimi)~m~)

AEss=

(100 MeV/$)x6jc51(m,2/m;mj)
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Table 6.

Lowest order expressions

PIWXSS

n3S1+ e+e-

F

Rate =

Correction

NC a* eB” 1Y(0) I */M,”

1 - 16 a,/31c

(3.17)

1 - 12.6 a)~

(3.16)

-3 YYY

+ ggg

+ &?fTY

n’so+

YY

-+ gg

n3P,+

YY

+ k!s!

for decay processes of CC and h h.

and first order QCD corrections

factor

1 + 4.9 a*h

for J&

1 + 3.8 a@

for r

32 (rr2 - 9)
SB” a a,” I Y(0) I */m ,”
9

1 - 0.9 aJlz

for J,V

1 - 1.7 a,lr

for r

4n NC eB’ a* 1‘l’(0) I */m,*

1 - 3.4 aJx

T a.” IY(O)I%I Q”
l2

N f et a2 l~n’pcO)12/~g4

$

a,” 1Rn;(0) I2 /k B”

nf %3 In(2me(r))I%,(o)12/m~

T

.“p,+

94&T

8
src

.“p,+

YY

9N,e;

a2 IR&0~“&

for

flc

1 + 10.2a/L

for

v*

(3.22)”

(3.23;

a
(1+8.4a$)a

for

x

( 1 + 11.7 aSIlt 1 a

for

x,

not known

20.4aJx)a

(3.241:’

(3.25)’

(1+5.5aJn,a

(1+21.2c+)a

’ N, is the number of quark colors. Rate expressions

(3.20);

(3.21)

1 + 10.6 a*/dx

(l+
+ g&?

(3.19i;

(3.26)
for

x

for

**

(3.27)”

that do not contain a factor of N, are for N, = 3.

For N, = (6, 6). the rate expressions in 3.20, 3.22, 3.24, 3.27 should be multiplied

by a factor of (25/Z, 27/Z),

and 3.19 hy (49/2,0).
b
The absolute magnitude

of the P-states corrections

c
n, is the number of light quark flavors.

are not yet known; only ratios have been calculated.
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Table 7. Discrete states reached in radiative decays of J/v
Mass
(MeV/$)

Jp

Final
state(s)

J/v branching
ratio (%)

Remarks

26

135

0-

All

0.004M.001

‘So 44

‘-I

549

0-

All

0.086M.008

‘l’

958

0-

All

0.42 f 0.05

f2 (f)

1274

2+

All

0.16+0.02

rl (1)

1440

0-

KTlt
All

0.46 f 0.07
>0.69f0.11

Glueball
candidate

f; (f’)

1525

2+

All

0.016M.005

3P2 q-;j state

f2 (0)

1716

2+

‘lq
K3T
AZ

0.026M.011 b
0.096M.01 qb
0.020M.004b

Glueball
candidate

x (5)

2232

2+?

K+KKSKS

0.0084ti.0032
0.013M.007

Interpretation
unknown

All

1.27 Ifr 0.36

‘So cC

Statea

%

2981

0-

state

3P2 44

state

state

a Where different from the Particle Data Group nomenclature, the common name of the state is shown in
parentheses. Branching ratios are from (56) unless otherwise noted.
b Averages quoted in (42).
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Table 8. El transitions in cc systems

Transition

(MW

2s --+13P,

13P,

13P.

13P,+J/tr

13P, + JAy

13Po-fJA+l

Partial decay rate (keV)
TheoryC
Exptb
MR(a7) MB(88) GRR(89)d

Experimental
branching
ratio (%)a

Photon
energy

128

7.8 * 0.8

172

a.7 + 0.8

9.4 k 0.8

261

14.8* 1.7

429

25.8 zk2.5

389

0.7 k 0.2

303

aFromcompilationof (56)
bBased on total widths (76,93)

of ~?.6+‘.~-, ,,,, 4.3,

17+4

19+4

20*4

3a5+212-155

< 355

i 47rt38

41

27

24

(39)

(27)

(33)

48

31

35

(51)

(40)

(49)

37

19

44

(54)

(45)

(64)

609

347

502

(495)

(362)

(753)

460

369

(368)

270
(250)

(562)

226

128

171

(174)

(121)

(253)

and 13-21 MeV for 3P2,1

CNonrelativistic

predictions

are shown in parentheses

below the relativistically

‘1985 values.

Substantial

changes occur in 1988 work.

,. states,respectively
corrected values
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Table 9. Ml transitions in charmonium

Decay

Partial width
WV)

J/w -) “(1,Y

0.8Ok 0.25

w’ + rl;Y

0.4 - 2.8

w ' + 'l,Y

0.6OkO.17

rl,’ + Jiwr
aExtracted

-

from (3.14) with m, = 1.8 GeV/$

Photon energy
(MW

114
91 +5
638
463

Overlap (fl jo(EYr/2)li)
Experimenta
Theory

0.645 0.10

0.9975

0.64- 1.67

0.9925

0.042 kO.006

0.066

-

0.037
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Table 10. Charmed hadron masses in a model with additive and hyperfine
contributions.

f

Meson

0-

D=cii,
c;T
D,= CT

1882
2088

1867
1971

1-

D=cu.
D,*=c?

2002
2164

2009
2113

JP

Batyon

1/2+

A + = udc
E,“= uuc, udc, ddc
5, = USC,dsc

3/2+

Mass (MeV/c?)
Obsetvedb
Predicteda

CT

Mass (MeV/$)
PredictedC
Observedb

cl,= SC

2281 (input)
2438
2505e
2604f
2775

EC* = WC, udc, ddc
a,* = USC,dsc
cl,* = SC

2502
2658
2818

a mc = 1662 MeV/s;

other parameters as in Table 5

b Masses are from (56) unless noted otherwise
c mc = 1705 MeV/&

other parameters as in Table 5

d Ref. (60)
e State antisymmetric

under exchange of sand u

f State symmetric under exchange of sand IJ

2281 rf: 3
2448 f 4d
2460 + 25
2740 2~20
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Table 11. Partial decay modes of the I”
Decay
mode

Branching
ratio (%)

e+ e-

2.82 + 0.31

1.22 f 0.05

cl+P-

2.78 * 0.22

1.20 f 0.05

2+T-

2.76 + 0.2a

1.19 + 0.05a

r*+sr

10.3* 1.0a

4.42 5 0.55a

1.62 z!z0.43b

0.70 * 0.19

79.8 * 1.4

34.4 2~2.5

100

43.1 * 3.1

aCalculated value
horn ratio r( ygg)/r(ggg)

= 2.03 k 0.53 % (109).

Partial
width (keV)
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Table 12. Partial decay modes of the r(2S) level
Decay
mode

Branching
ratio (%)

Partial
width (keV)

e+ e-

1.52kO.13

0.537 f 0.033a

P+P--

1.52kO.13

0.537 * 0.033

7+z

1.51 rto.13

0.534 zlz0.033

Y* --f 4-G

5.6 k 0.5

1.97kO.12

yxto

4.31 Z’C
0.96a

1.52 + 0.38

%

6.73 f 0.86a

2.38 * 0.39

%

6.57 + 0.87a

2.32 f 0.39

r rc+iT-

1a.75 rt 0.99a

6.62 2~0.78

r 7P7P

9.37 zk0.50

3.31 f 0.39

YSS

0.88 * 0.23

0.31 * 0.09

999

43.28 + 1.94

15.26 * 1.74

100

35.3 * 3.7

aBased on compilation of (56). All other values are calculated on the basis of Eq. (5.4) as explained in
the text.
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Table 13. Partial decay modes of the Y(3S)level
Decay
mode

Branching
ratio (%)

Partial
width(keV)

e+ e-

1.72+0.20

0.402f 0.031a

elf CIz+r

1.72kO.20

0.402& 0.031

1.71 kO.20

0.400+ 0.031

y*-‘qQ

6.3kO.5

1.47*0.11

q&w

5.3 ?2.3b

1.24kO.54

YXb,W)

11.7*3.0b

2.73+ 0.80

3&P)

12.8 *3.3b

2.99kO.88

r(ls) 7t+r-

3.47+0.34c

0.81 If 0.14

r(ls)

1.7450.17

0.41 kO.07

r(2s) 7t+7c-

2.1 *0.5c

0.49+0.14

r(2s) 7tOdJ

1.05kO.25

0.25kO.07

r(ilP,)

X+R-

0.37*0.15c

0.09*0.04

r(ilP,)

7&O

0.19 +0.08

0.04*0.02

YSS

0.88+0.23

0.21 kO.06

999

48.86 f5.1

11.42k1.99

100

23.37k3.26

noxo

aBased on compilation

of (56).

bRef. (58)
%ef.

(59)

All other values are calculated on the basis of Eq. (5.4) as explained in the text.
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Table 14. Predictions for AM = JU(~PJ - (AJI(~PJ) of a scalar confinement model

State

AA@,'[2P]), MeV/$

AM(@ P]), MeV/&
Predicteda

3po

Observedb

-40.4*

-39.3

1.4

3P1

- 8.6

-8.3 kO.8

3P2

13.0

13.1 f 0.7

Mx2)

- Mx,)

0.71

Predicteda

- 29.4

- 29.6 k 2.4

-6.5

- 4.4 * 1.0

9.8

8.5 i 0.9

0.67f0.06

0.71

0.57f0.06d

and exclusive

photon spectra in (58)

JYX,) - Mxo)

a Ref. (127)
b Ref. (56)
c F&f. (58)
dBased on combination

of inclusive

ObservedC
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Table 15. El transitions in LIT systems.
Transition

2s

+

13P2
1JP,
13PfJ

Photon energy
WW

Experimental
branching ratio (%)

Partial decay width (keV)
Theorya
Expetiment

109.5kO.6
130.7kO.7
162.3&l .3

6.57 k 0.87
6.73 f 0.86
4.31 AI 0.96

1.97 f 0.55b
2.02 * 0.55b
1.29 * 0.43b

2.1
2.2
1.4

i3P2

+ r

444.2k2.4

22.0 + 4.2

29.2 k 5.6c

38

i3P,

+ r

425.0 53.5

35.0 iY 8.0

22.4 zlz5.1c

33

c 22.9c

29

3.3 Ik l.ld
3.0 rt l.Od
1.4 * 0.7d

2.8
2.5
1.6

i3Po + r

404.3k5.8

3s

23P2
23P,
23Po

86.5kO.7
99.3k0.8
124.2k2.3

13P2
13P,
13Po

431.5k2.4
450.753.5
471.4st5.8

+

23P2 + r

c6
12.8 + 3.3
11.7 &I 3.0
5.3 f 2.3

0.025
0.017
0.006

r

244.6k2.4
778.9k2.4

15 5 8
16 zt 6

17*9e
19&7e

19.2
9.8

+ r
r

227.7rt3.4
763.lk3.4

24 f 10
7*3

14f6e
4.2 + 1.ae

15.5
9.2

23P0 + r

207.3k5.8

4*3
<3 (90% C.I.)

13+ 10e
<I oe

11.7
8.6

23P,

r
See (127)
bBased on
CBased on
dBased on
eBased on

total width
calculated
total width
calculated

743.7h5.8
of 2s level
total widths
of 3s level
total widths

quoted in (56)
of (132,64,382)
keV for J = 2, 1, 0
quoted in (58)
of (116, 60, 336) keV for J = 2, 1, 0
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FIGURE CAPTIONS

Fig. 1. Initial evidence for the J/y.

a) Hadronic production

e +e- + anything (11). b) Formation

in electron-positron

in the reaction
annihilations

p + Be +

(12).

Fig. 2. Evidence for the T. a) Initial mass spectrum (23); b) A recent spectrum
hadronic production

(24).

Fig. 3. Charmonium

( c c ) spectrum.

branching

ratios, in percent.

in

Arrows denote decays and are labeled by

The band at mass = 2 M(D) denotes the flavor threshold,

above which levels are broader than those below it.

Fig. 4. Spectrum of the upsilon ( b b ) family.
to specific channels,

in percent.

Arrows are labeled by branching

Levels above flavor threshold

ratios

(band at mass = 2 M(B))

are broader than levels below it.

Fig. 5. Chromoelectric

lines of force forthe

Interquark

interaction

at a) short, and b)

long distances.

Fig. 6. Possible mechanisms

for hadronic production

of quarkonium

gluon fusion and subsequent

electromagnetic

decay;

b) Quark-antiquark

c) Direct-channel

of a quarkonium

state in proton-antiproton

production

Fig. 7. Graphs describing
intermediate

production

state; b) One-photon

of O- l- pairs in J/y decays.
intermediate

state.

states.

a) Two-

annihilation;
annihilations,

a) Three-gluon
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Fig. 8. Compilation
d &.;

of charmed

particle lifetime measurements.

a) Do ; b) Df ;

d) A,.

Fig. 9. Electromagnetic

transitions

giving rise to 13D,,2,3 states.

a) from the 33S, b b

level; b) from the 33P levels, capable of giving rise both to the 33S, state [the T(3S)]
and to 23D levels.

Fig. 10. L = 0 mesons and baryons containing

a single b-flavored

quark.

Adapted from

Ref. 3.

Fig. 11. Comparison

of potentials constructed

via the inverse-scattering

levels (heavy curve, levels on left) and charmonium

levels (light curve, levels on right ),

Fig. 12. Ratios of level spacings implied by power-law

potentials

4

; 4 C&s

(E3s - ~2sYE 2s - E,s);

d) (E3s

- &p)l(E3s

-

b)

(E4.s - E3SW3S

method from T

- Ezs)

behaving
- EI,$(.%s

as rV.
- E,s);

&). [ye:+ : -I-:0.1

Fig. 13. Comparison

of predicted

c c, b b, and 0 a levels (for mQ = 40 GeV&)

in

the potential (solid curve) of Ref. (87). For 0 a levels, both the energy and average
radius are shown.

The dashed curve describes

V(r) = (8x/27)&r - l)?r

In hr,

h = 0.7325 GeV (134).

Fig. 14. Expected decay rates and branching

ratios of 1 S-3s

levels of toponium.

[From Kuhn and Ono (138) potential “T.“]

F F : fermion pairs via virtual y and Z;

charged current decay of a single t-quark.

The results for the Richardson

are very similar (see the erratum in (138).)
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