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tions, and future prospects.
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1. Introduction

Hadron spectroscopy has undergone very rapid developmeaté&nt years, primarily as a re-
sult of the discovery of many new states with interesting afiteh surprising properties, especially
in the spectroscopy of mesons containing charm quarks. ignirthited overview | will discuss a
few examples of these new states, ordered by the generglociete of hadrons expected by the-
orists. These are 1) charmed hadrons and charmonia, 2) ahason molecules, and 3) hybrid
mesons. As the list of new states is quite extensiae 20 have been reported and discussed), for
more detailed information | refer the reader to recent nggien the subject, such as those by God-
frey and Olsen [1], Swanson [2] and (for exotic mesons) Meyet van Haarlem [3]. | conclude
with a summary of future prospects for the field.

2. Charmed Hadrons and Charmonia

The new era of spectroscopy began with the discovery of timg warrow J° = 0t and 1+
states [},(2320 and (2460 [4, 5, 6, 7]. Although venerable and otherwise rather adeura
quark potential models predicted P-wasgestates with these quantum numbers, they anticipated
these states at rather higher masses, above DK @ldHpesholds, and these allowed strong decays
were expected to result in rather broegktates [8].

The initial discussions of these states included the@kspeculations that either these were
not cs states but were a different type of state entirely, perhaisabd D'K molecular bound
states [9], or that these were indeesistates, and that the existing potential models were simply
inaccurate in their predictions [10]. Possibilities fostiag the nature of these states, for example
through radiative transitions, were noted in the literat{f1]. It was also noted that proximity
to the DK and DK thresholds might have displaced initial “bares valence quark model states
downwards in mass (see Hwang and Kim [12] for an early atteémpgalculate this downwards
mass shift). The importance of similar hadron loop effeets long been emphasized by Tornqvist
(see for example [13]).

Although no numerically accurate model of the spectrunto$tates including these mass
shifts has yet been developed, this composite picture obthe2320 and Dy (2460 as strongly
mixed states with largesvalence and DK (EK) continuum components now appears to be widely
accepted. Calculations of the downward mass shifts of qma#lel valence basis states due to
hadron loop effects have confirmed that the shifts are inaddédde right scale. It has also been
noted that even conventional charmonia experience largedard mass shifts due to these loop
effects, and that the mass shifts are similar enough to na baen identified previously. Rather
surprisingly, one may actually prove the equality of theaerbn loop mass shifts for different
“bare” states under rather moderate assumptions (see don@e [14, 15]).

In the charmonium sector, a natural first assignment of a riate svould be a conventional
cc charmonium bound state. To aid in this work, potential meddlcharmonia and their decays
(especially their strong decays) have now been extendedvidearange ofcc states [16, 17]. In
view of the many recently discovered states that do not apjehe consistent with theoretical
expectations, it is reassuring to have one that does! ThiseisZ(3930)", reported by Belle in
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two-photon collisions [18], which is at the correct massécat2Pcc state, hag™ = 27+, and has
the yy couplings expected for &P, cC state; thisx/,(3930 assignment is now generally accepted.

3. Charm Meson Molecules

In addition to states found “at the wrong mass” such as t3é2320 and Dy (2460 discussed
above, there have also been recent reports of candidatesfdy bound “hadronic molecules”.
The best known of these is the X(3872), which was discoveyedile in B decays td /@ m
[19]. In this case a very narrow state was reported at a masa éjthe ID* threshold within
experimental errors, and the preferred quantum numbers feend to bel”© = 17+, consistent
with an S-wave BD*? pair (antiparticle labels are suppressed). ddstates were anticipated with
properties consistent with the X(3872) [20], whereas wathblished one-pion exchange dynamics
(appropriate for a weakly bound state) indicated that ttis $-wave D*° system might just bind
[21, 22].

In this case there is a “smoking gun” for the molecule assgmimsince a weakly-bound
DOD*0 system maximally violates isospin, decays tqup° (feeding the observed)/ ™ decay
mode) andl/ Y w (feeding al /Y3 mode) with comparable branching fractions were predicted b
Swanson [22]. This dramatic prediction appears to have beafirmed [23], which gives strong
support to the charm meson molecule picture of the X(3872).

Perhaps the most remarkable of the new states are the “chalngemonia” which have been
reported in final states of a charmonium plus light hadrom{gh net charge. One example is
the Z(4430), reported by the Belle Collaborationgitvrt [24]. Although the status of these re-
cently reported states is unclear, if confirmed they wouldialsly be candidates for charm me-
son molecules, analogous to the well established X(3872je that a weakly-bound two-meson
molecule is different from the occasionally suggested muidirk cluster; multiquark clusters above
decay thresholds, such as the infamous pentaquark, applely because they spontaneously
dissociate or “fall apart”.

4. Hybrid Mesons

Theorists have long anticipated the existence of hadrontagong both quark and gluonic
excitations [25, 26, 27, 28, 29], which are generically nefd to as “hybrids”. Hybrid mesons have
the experimentally attractive property of spannaiig)™ quantum numbers, including the “exotic”
(nongQ) J°¢ =0-—;0"—,1~+,2*~, ... that are forbidden to conventional quarkonia. Identifimati
of such exotics is an important part of the search for hybrids

The lightest exotic hybrid is anticipated to have the quamtumbers)™ = 1-+, according to
both the MIT bag model [26, 27, 28] and LQCD [30]. It is intaneg that the flux-tube model [29]
differs in anticipatingthree degenerate lightest exotics, wilh® = 07—,1-* and 2-—. Although
two light J°° = 1-F, | = 1 resonances were reported in LEAR and BNL (E852) data in 9964,
the widths of these states and complications in the anahae$ed to alternative, nonresonant ex-
planations for these signals, with the notable exceptich@fobust and clearly resonant(1600
signal in the mode)’t[31]. The COMPASS facility at CERN has recently begun to addrthe
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issue of light exotics, and a signal for thg(1600 has quite recently been reporteddm through
the diffractive production oft " [32].

A surprising development in the theory of strong decays satggthat identifying heavy-flavor
hybrids may not require the observation of exotic quantumimers. In an LQCD study of heavy-
quark hybrids, McNeilest al. (UKQCD Collaboration) noted that decays(@ﬁ—hybrids in which
the heavad pair remained bound, such &k — x,fo, were dominant [34]. If this applies to
charmonium hybrids as well this is remarkably fortunateesikpentally, since it suggests searches
for hybrid resonances in final states suctl Ag rrT, rather than the much more complicated open-
charm S+P final states that had previously been proposed.‘dlbsed charm” hybrid charmonium
decay signature appears to be realized in the Y(4260); this was reported by BABAR iate~
annihilation into the final statd/ym ", through initial state radiation (ISR) [35]. Two states
near 4360 and 4660 MeV with similar closed charm decay modes kince been reported in
@' final states by BABAR and Belle [36, 37]; if confirmed these nadéso be charmonium
hybrid candidates.

5. Summary and Conclusions

We have seen a remarkable renaissance of charm hadronosgegly in recent years. This
has first and foremost demonstrated the importance for thiedfenew experimental facilities and
production techniques, since most of the new discoveriae wmade possible by the B factories,
through the exploitation of B decays and other newly acbésgrocesses (e.g. double charmo-
nium production and higher intensity two-photon collisprior charm hadron and charmonium
production, with unprecedented statistics. Future faediwill evidently be crucial to continue this
work, and possibilities include LHCb and a super-B factofhe dedicated facilities at Beijing
(high intensitye™e™ in the charmonium region) and GSI (charmonium sector prodochrough
pp annihilation) should play especially important roles itufie experimental work on charm spec-
troscopy.

Future developments in theory are also crucial. Althougtepiial models have proven ac-
curate in the past, thes states have shown their limitations, and “unquenching trelgmodel”
through the inclusion of hadron loop effects is a very imanttnext step. The accuracy and lim-
itations of strong decay models, which are crucial for idfgimg states and for estimating loop
effects, is another important area for future investigatidhe existence of charm molecule candi-
dates has demonstrated the importance of understandingrhaddron interactions and identifying
attractive channels which may support bound states; tipis is still poorly understood theoret-
ically. Perhaps the most important theoretical advanceheilthe application of LQCD to these
areas of hadron strong decays and hadron-hadron intemacsmce LQCD uncertainties are better
understood and LQCD results can be systematically improved

To conclude, the previous seven years, heralded by thewdiscof the unexpected narrow
charm-strange mesongf02320 and Dy (2460, have been very exciting times indeed for hadron
spectroscopy. We now have much to understand and integordtcan anticipate many exciting
discoveries in future.
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