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BR~K2*→Kh !,0.45% ~95% C.L.!

in agreement with SU(3). For the Kh8 channel the situ-
ation is reversed, with the even-spin K*’s expected to
couple preferentially to Kh8 and the odd-spin K*’s cou-
plings to Kh8 expected to be suppressed. The relative
phases of the different decay amplitudes also agree with
the quark-model predictions.

3. The strangeonium mesons

The strangeonium (ss̄) states provide an intermediate
mass between the heavier systems where the quark
model is approximately valid and the lighter mesons
where it is on less firm foundation. For this reason
strangeonium states provide important input for hadron
spectroscopy. It is also important to understand these
states since a number of exotic candidates have been
observed in final states where strangeonium might be
expected.

As in the case of the strange mesons, many of the data
on the ss̄ states have come from the high-statistics study
(;113 million triggers) of strangeonium mesons pro-
duced in the LASS detector by an 11-GeV/c K2 beam.
The channels of interest are dominated by hypercharge-
exchange reactions such as K2p→K2K1L , K2p

→Ks
0K6p7L , and K2p→Ks

0Ks
0L , which strongly favor

the production of ss̄ mesons over glueballs. The study of
strangeonium in hypercharge-exchange reactions can
provide revealing comparisons with the same final states
produced in gluon-rich channels such as J/c radiative
decays. The level diagram for the strangeonium spec-
trum is given in Fig. 16 and their decay widths are shown
graphically in Fig. 17. The ss̄ spectrum is similar to that
of the strange-meson spectrum. Except for the ground-
state pseudoscalar mesons, the observed states fit into
SU(3) multiplets consistent with magic mixing (pure
ss̄) and agree reasonably well with quark-model predic-
tions. The observed leading states lie on an essentially
linear orbital ladder that extends up through the 41 f48 ,
and there are good candidates for the 3P0 and 3P1 part-
ners of the f28(1525). The couplings of natural-parity

states agree well with the SU(3) predictions and the
phases of the decay amplitudes are consistent with the
quark-model predictions. Overall, the parameters and
decay transitions agree well with the predictions of the
quark model. Some of the open issues in ss̄ spectroscopy
are the h(1440), fJ(1710), and the fJ(2220), which we
discuss below and in Sec. V.

An amplitude analysis of the reactions K2p

→KS
0KS

0Lseen and K2p→K2K1Lseen indicates S-wave

structure around the f28(1525) mass, Fig. 18 (Aston et al.,
1988a), suggesting the existence of a 01 resonance,
which is most naturally interpreted as the 3P0 partner of
the f28(1525). The approximate mass degeneracy of
these states would imply that the spin-orbit interaction
in the strangeonium sector is weaker than predicted,
which is consistent with the strange-meson sector. This
implies that the f0(980), sometimes interpreted as the
3P0(ss̄) state, is not a conventional qq̄ state. There have
been numerous sightings of another scalar meson with
mass ;1500 MeV but with different properties than the

state possibly observed by LASS in K2p→KK̄Lseen .
We conclude that they are different states and discuss
the latter in detail in the following section.

There are two candidates for the 111 ss̄ state, with
masses ;1510 MeV and ;1420 MeV. Disentangling
them requires consideration of the E/i region, to be dis-

cussed in Sec. V.D. In the KK̄*1c.c. modes, a partial-
wave analysis reveals structure around 1.5 GeV which is
dominated by the 11 K* wave and around 1.85 GeV in
the 22 and 32 waves. The 11 waves can be combined to
form eigenstates of G parity as shown in Figs. 19(a) and

FIG. 16. Level diagram for the strangeonium mesons. Note
that there are two candidate 13P1 states, the h(1470) is not
unambiguously identified as the 21S0 state, and the f4(2220) is
an unconfirmed report by the LASS Collaboration. From As-
ton et al., 1988d. See Fig. 14 for further details.

FIG. 17. Strangeonium-meson strong decays. For each state
the quark-model predictions are given by the upper bar (Ko-
koski and Isgur, 1987; Blundell and Godfrey, 1996; Barnes
et al., 1997) and the experimental results are given by the
lower bar. From the Review of Particle Physics, Caso et al.,
1998. See Fig. 15 for further details.
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states and odd-spin states with negative parity are for-
bidden. Therefore only states with JPC

5061,261,311, . . . are produced in untagged events,
and states with other quantum numbers should show a
very strong dependence on q2 for tagged events.

3. Radiative J/c decays

All decays of the form J/c→gX (except J/c→ghc)
involve the annihilation of the cc̄ pair into a photon and
a hadronic state of arbitrary mass. To first order in per-
turbative QCD, this proceeds through J/c→ggg , so one
might expect the hadronic state to couple strongly to
two gluons. Consequently radiative J/c decay has long
been regarded as a fertile hunting ground for glueballs.
In this manner, at least, it is quite complementary to
two-photon production. Here again, the state X must be
self-conjugate with C511.

The branching ratio for radiative J/c decay is typi-
cally between ;1024 and ;1023. The best experiments
produce on the order of several million J/c , so only a
few thousand accepted events can be expected for each
of these states. Consequently the statistical power is
meager, and complete partial-wave analyses are difficult.

This subject has not been reviewed for some time
(Königsmann, 1986; Hitlin and Toki, 1988). Since then,
however, new results have been presented from the
DM2 Collaboration at Orsay (Augustin et al., 1988,
1990) and the Mark III experiment at SPEAR (Bai
et al., 1990; Bolton, 1992a, 1992b; Dunwoodie, 1997),
and new data are being collected and analyzed by the
BES Collaboration in Beijing (Bai, 1996a, 1996b, 1998a,
1998b).

IV. THE QUARK MODEL: COMPARISON WITH

EXPERIMENT

A. Heavy quarkonia

It is useful to start with heavy quarkonium where
there is theoretical justification for using potential mod-
els to calculate spectra and where there is some validity
in identifying the static quark potential one obtains from
lattice QCD calculations with the phenomenological po-
tential obtained empirically from heavy-quarkonia spec-
tra. What is surprising is that the general spectroscopic
features evident in the heavy-quarkonia spectra persist
to light-meson spectroscopy, where the quark model is
on shakier ground. In Fig. 3 we compared quark-model

predictions for the bb̄ system to experiment and found
the agreement to be good. In Fig. 11 we show a similar
comparison for the cc̄ spectrum, also with good agree-
ment between prediction and experiment. The basic ex-
perimentally observed level structure consists of a tower
of 12 radial excitations with only one P-wave orbitally

excited multiplet for the cc̄ mesons and two for the bb̄
mesons. This is because the 12 states are directly pro-
duced in e1e2 collisions, while the higher orbital states
require decays from the produced 12 states and are
therefore much more difficult to produce and observe.

There have been suggestions that D-wave quarkonium
can be produced via gluon fragmentation at hadron col-
liders (Qiao et al., 1997a), in Z0 decays (Qiao et al.,
1997b), in B decays (Yuan et al., 1997; Ko et al., 1997),
and in fixed-target experiments (Yuan et al., 1999).
There is some evidence for the D-wave 222 charmo-
nium state with mass 3.83660.013 GeV in Fermilab ex-
periment E705 (Antoniazzi et al., 1994), although this
result is questioned by other experiments (Gribushin
et al., 1996). It is also possible that, with the high statis-

tics available at a B factory, the bb̄ D waves might be
observed via cascade radiative transitions from Y(3S)
→2Pg→1Dgg (Kwong and Rosner, 1988). For both

the bb̄ and cc̄ spectra, the states that differ measurably
from the predicted masses are the 122 states near open
bottom and charm threshold, respectively, where the ne-
glect of coupling to decay channels may not have been
justified (Eichten et al., 1975, 1978, 1980). Note that the
quark-model classifications of some high-mass 122 reso-
nances are ambiguous. It has also been suggested that
the c(4040) and c(4160) are mixtures of the 3S(cc̄) and
charmonium hybrid (Close and Page, 1996).

B. Mesons with light quarks

Given the successful description of heavy quarkonia
by the quark potential model we proceed to the light-
quark mesons. Following the argument of Sec. II that
the basic structure in heavy and light systems is qualita-
tively identical, we use the quark model to interpret the
spectra of mesons with light-quark content. As already
noted, studies of mesons with light quarks complement
those of heavy quarkonium in that they probe a differ-
ent piece of the qq̄ potential, which allows the study of
the strength and Lorentz structure of the long-range
confining part of the potential. In addition, the hadro-
production mechanism is sufficiently different from pro-

FIG. 11. The cc̄ spectrum. The solid lines are the quark model
predictions (Godfrey and Isgur, 1985) and the shaded regions
are the experimental states. The size of the shaded regions
approximates the experimental uncertainty. Note that the in-
terpretation of the c(4040) and c(4160) as a single resonance
is uncertain because of the substantial threshold effects in this
energy region. Although they are included as 3S1 states, their
classification is ambiguous.
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tions. We expect that ultimately the lattice results will be
the most relevant, since they originate from QCD.

Lattice QCD predictions for glueball masses from one
representative calculation are shown in Fig. 6. One
should be cautioned that these results are in the so-
called quenched approximation, which neglects internal
quark loops. The lightest glueball is found to be a 011

state with the following masses from the different col-
laborations: 1550650 MeV (Bali et al., 1993), 16006160
MeV (Michael, 1998), 1648658 (Lee and Weingarten,
1998b), and 17306100 MeV (Morningstar and Peardon,
1999). The difference between these results lies mainly
in how the mass scale is set. The next-lightest states are
the 211 with mass estimates of 22326220 MeV
(Michael, 1998), 22706100 MeV (Bali et al., 1993), 2359
6128 MeV (Chen et al., 1994), and 24006120 MeV
(Morningstar and Peardon 1999), and the 021 state with
a similar mass. Mixings with qq̄ and qq̄qq̄ states could
modify these predictions.

We concentrate on glueballs with conventional quan-
tum numbers, since the first glueballs with exotic quan-
tum numbers, ‘‘oddballs,’’ (012,212,121) do not ap-
pear until ;3 GeV. Because the lowest glueballs have
conventional quantum numbers with masses situated in
a dense background of conventional qq̄ states it is diffi-
cult to distinguish them from conventional mesons. It is
therefore a painstaking process to identify a glueball by
comparing a candidate’s properties to the expected
properties of glueballs and conventional mesons.

Sexton et al. (1996) have estimated the width of the
011 glueball to decay to all possible pseudoscalar pairs

to be 108629 MeV. This number combined with reason-
able guesses for the effects of finite lattice spacing, finite
lattice volume, and the remaining width of multibody
states yields a total width small enough for the lightest
scalar glueball to be easily observed if the partial width
to two pseudoscalar mesons is not too small. A signifi-
cant property of glueball decays is their expected flavor-
symmetric coupling to final-state hadrons. This gives the
characteristic flavor singlet branching fraction for pseu-
doscalar pairs (factoring out phase space)

G~G→pp :KK̄ :hh :hh8:h8h8!/~phase space!

53:4:1:0:1. (24)

Of course, one should also expect some modifications
from phase space, the glueball wave function, and the
decay mechanism (Sexton et al., 1996).

Measurements of electromagnetic couplings to glue-
ball candidates would be extremely useful for the clari-
fication of the nature of these states. The radiative tran-
sition rates of a relatively pure glueball would be
anomalous relative to the expectations for a conven-
tional qq̄ state. Similarly, a glueball should have sup-
pressed couplings to gg. The former could be measured
in electroproduction experiments at, say, an energy-
upgraded CEBAF, while the latter would be possible at
B factories or a tau-charm factory.

There are three production mechanisms that are con-
sidered optimal for finding glueballs. The first is the ra-
diative decay J/C→gG , where the glueball is formed
from intermediate gluons (Cakir and Farrar, 1994;
Close, Farrar, and Li, 1997). The second is in central
production pp→p f(G)ps away from the quark beams
and target, where glueballs are produced from pomer-
ons, which are believed to be multigluon objects. The
third is in proton-antiproton annihilation, where the de-
struction of quarks can lead to the creation of glueballs.
Because gluons do not carry electric charge, glueball
production should be suppressed in gg collisions. By
comparing two-photon widths to J/c production of a
state Chanowitz created a measure of glue content he
calls ‘‘stickiness’’ (Chanowitz, 1984):

S5

G~J/c→gX !

PS~J/c→gX !
3

PS~gg→X !

G~gg→X !
, (25)

where PS denotes phase space. A large value of S re-
flects enhanced glue content. The idea of stickiness has
been further developed by Close, Farrar, and Li (1997).

The simple picture presented above is likely to be
muddied by complicated mixing effects between the
pure glueball and qq̄ states with the same JPC quantum
numbers (Amsler and Close, 1995, 1996). Lee and
Weingarten (1998a, 1998b) have calculated the mixing
energy between the lightest qq̄ scalar state and the light-
est scalar glueball in the continuum limit of the
quenched approximation on the lattice. With this moti-
vation, they performed a phenomenological fit that
found the f0(1710) to be ;74% glueball and the
f0(1500) to be ;98% quarkonium, mainly ss̄ . Although
these results are not rigorous, they do remind us that

FIG. 6. The mass of the glueball states. The scale is set by r0

with 1/r05410(20) MeV. From Morningstar and Peardon,
1999.
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tions from the various JPC. Furthermore, one can exam-
ine the phase motion of one ‘‘wave’’ relative to the other
and demonstrate that the intensity peak is in fact reso-
nant.

Different experiments measuring different properties
are taken together to unravel the meson spectrum. In
the following sections, we describe the various types of
experiments, along with their advantages and disadvan-
tages. We also mention some specific experiments whose
data will be described in later sections.

A. Hadronic peripheral production

Most of the data on light-meson spectroscopy have
come from multi-GeV pion and kaon beams on nucleon
or nuclear targets, where the beam particle is excited
and continues to move forward, exchanging momentum
and quantum numbers with a recoiling nucleon.

Meson-nucleon scattering reactions at high energy are
strongly forward peaked, in the direction of the incom-
ing meson. Typically, the forward-going products are
mesons, with a ground- or excited-state baryon recoiling
at a large angle. This mechanism is shown schematically
in Fig. 9. The excited meson state X has quantum num-
bers determined by the exchange, and subsequently de-
cays to two or more stable particles. Two typical ex-
amples in modern experiments include K2p→K2K1L
by the LASS collaboration (Aston et al., 1988d) and
p2p→X2p→r0p2p→p2p1p2p by the E852 collabo-
ration (Adams et al., 1998). Other recent experiments
with p2 beams include VES at IHEP/Serpukhov
(Beladidze et al., 1993; Gouz et al., 1993) and BENKEI
at KEK (Fukui et al., 1991; Aoyagi et al., 1993). Of par-

ticular note is the GAMS Collaboration (Alde et al.,
1986, 1988a, 1988b, 1992, 1997), which detected all neu-
tral final states. Peripheral reactions with positively
charged beams on proton targets are also possible.
There is no reason to expect a priori that any particular
type of hadronic state (qq̄ , multiquark, glueball, or hy-
brid) should be preferred over any other in this mecha-
nism.

Peripheral reactions are characterized by the square
of the four-momentum exchanged, called t[(pbeam

2pX)2
,0 (see Fig. 9). The forward-peaking nature can

be seen in an approximately exponentially falling cross
section with t , i.e., ebt with b;3 – 8 GeV22. For ex-
ample, in p2p charge-exchange reactions at small values
of 2t , one-pion exchange dominates and is fairly well
understood. It provides access only to states with JPC

5even11 and odd22, the so-called ‘‘natural-parity’’
states. Other states such as JPC

5021 can be produced
by neutral JPC

5011 ‘‘pomeron’’ exchange or r1 ex-
change, but these are not as well understood. Often the
analysis is performed independently for several ranges
of t , to try to understand the nature of the production
(exchange) mechanism.

In the spirit of both Regge phenomenology and field
theory, the diagram in Fig. 9 is taken literally when in-
terpreting a partial-wave analysis of peripheral reac-
tions. That is, the result of the partial-wave analysis is
used to infer that the exchange particle exists and that it
couples to the beam particle and excited meson state,
conserving angular momentum, parity, and charge con-
jugation. As shown by Chung and Trueman (1975), the
analysis is naturally divided into two sets of noninterfer-
ing waves on the basis of positive or negative ‘‘reflectiv-
ity,’’ which in turn corresponds to ‘‘natural’’ @P5

(21)J# or ‘‘unnatural’’ @P5(21)J11# parity of the ex-
change particle with spin J .

The generality of this production mechanism and the
high statistics available result in several advantages. One
possibility is to use triggers that are as unrestrictive as
possible to give large, uniform acceptance, and to
choose particular final states in the analysis stage (Aston
et al., 1990). On the other hand, many experiments de-
sign the trigger to choose only a particular final state
since the events of interest may occur very infrequently.
A difficulty with this approach is that the detection effi-
ciency for the final state is usually not uniform in the
kinematic variables and one must be careful in modeling

FIG. 8. Three-pion mass distribution for the reaction p2p

→p2p1p2p at 18 GeV/c , from experiment E852 at BNL. A
partial wave analysis is used to decompose the spectrum into
its dominant JPC components, clearly showing the a1(1260),
the a2(1320), and the p2(1680).

FIG. 9. Schematic diagram of a hadronic peripheral produc-
tion process. Momentum is exchanged through an off-mass-
shell particle, which may or may not be charged.
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Diffractive Photoproduction

• Unique production mechanism.

• Vector excitations?  Hybrids?

• A “dearth of data.”

1-- Photon

(high energy,

real)

Vector Meson

 Dominance

Nucleon
0++ Exchange (?)
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•  A clean way to study vector mesons.

•  Related to photoproduction.

•  Has had a strong influence on how photoproduction

results have been interpreted.
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Gottfried-Jackson

Coordinate System

z

x

y

θ

ϕ

z is the beam direction

y is the production

normal

x is y cross z

This coordinate system assumes the produced resonance

will retain the polarization of the photon…
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