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In the past few years the field of hadron spectroscopy hasremewed interest due to the
pubblication, initially mostly from B-Factories, of evidees of states that do not match regular
spectroscopy, but are rather candidates for bound statiesdditional quarks or gluons. Currently,
the most likely possible states beyond the mesons and tiiersare (you can find a review in [1]):

e hybrids: bound states of a quark-antiquark pair and a nummbgluons. The lowest lying
state is expected to have quantum numbgks= 0*~. The impossibility of a quarkonium
state to assume these quantum numbers (see below) makesuthigue signature for hy-
brids. Alternatively a good signature would be the prefeeeto decay into a quarkonium
and a state that can be produced by the excited gluonsrtémy. pairs).

e molecules: bound states of two mesons, usually represast{ﬂcﬂ[q’d], whereQ is the
heavy quark. The system would be stable if the binding enemgyld set the mass of the
states below the sum of the two meson masses. None of thevetdstates have this charac-
teristic, while some of them have masses slightly above ihe & the constituents. In this
case the two mesons can be bound by pion exchange. This ninedirmsly states decaying
strongly into pions can bind with other mesons (e.g. thetédcbeD*D states), and that the
bound state could decay into it's constituents.

e tetraquarks: a quark pair bound with an antiquark pair, lisuepresented agQq [c?@] A
full nonet of states is predicted for each spin-parity, m&ny states are expected. There is
no need for these states to be close to any threshold.

In setting after these states one must also beware of tHdesfiects, where amplitudes might be
enhanced when new hadronic final states become possible.

This paper reviews the experimental state of the art in chaimmn spectroscopy with empha-
sis on the measurements that are most likely to cast moredigthe understanding of the global
picture.

1. Regular Charmonium Spectroscopy

The heavy quark inside these bound states has low enougbyetinat the corresponding
spectroscopy is close to the non-relativistic interpreiet of the atoms. The quantum numbers that
are more appropriate to characterize a state are theréfiodecreasing order of energy splitting
among different eigenstates, the radial excitatioy) the spatial angular momentuln the spin
S and the total angular momentudn Given this set of quantum numbers, the parity and charge
conjugation of the states are derived By= (—1)~*D andC = (—1)(t+9. Figure 1 shows the
mass and quantum number assignments of the well establistaechonium states.

All the predicted states below open charm threshold have bbserved, leaving the search
open only to states above the threshold. In this field thatatevelopments concern the measure-
ment of the paramaters and the quantum number assignmeheftii® = 1~ states.
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Figure 1: Charmonium states with k= 2. The theory predictions are according to the potential niede
described in Ref. [1].

2. Non-standard charmonium states

2.1 TheX (3872

The X (3872 was the first state that was found not to easily fit charmonipetisoscopy. It
was initially observed decaying intty ¢t i~ with a mass just beyond the open charm thresh-
old [2]. The rtmr invariant mass distribution preferred the hypothesis (8872 — J/yp
decay, which would have indicated that if this were a chaiomanstate, the decay would have
violated the isospin. Since it would be quite unusual to h&eedominant decay to be isospin
violating, a search of the isospin partnér — J/(p was conducted invain by BaBar [3]. In the
meanwhile BaBar had evidence of the deX¥ay- J/@y[4] andX — @(2S)y [5], implying positive
intrinsic charge conjugation. Finally, the best assessmighe J°C of this particle comes form the
CDF collaboration that performed the full angular analgdithe X — J/y@ mrrdecay [6] conclud-
ing thatJP€ = 1*+ and 2 * are the only assignments consistent with data. It also ecoefirthat
the decays are consistent witlpas intermediate state.

Table 1: MeasuredX (3872 branching fractions, separated by production and decapamesm. The ratio
of the measurements in the two production mechanisms isgfested a®y, . = BF(B— XK™)/BF(B —
XK9). A’* indicates numbers which are derived from the publishedesby assuming gaussian uncorre-
lated errors.

BaBar Belle combined

BF(B — XK")BF(X — J/@nnyx1C° | 0.84:0.15+0.07 [7] | 0.81:0.09:0.07 [8] || 0.82+0.09"
BF(B — XKY)BF(X — J/ymnx10° | 0.35:0.19:+0.04[7] | 0.67-£0.16-£0.06 [8] || 0.5340.13"

BF(B — XK)BF(X — D*°D%) x 1P 174+445(9] 10.7£3.171310] 134 3¢
BF(B — XK9)BF(X — D*°D%)x 1P 22+ 10+ 4[9] 17+713[10] 1946
Ro/+ With X — J/@mm 0.4140.24 [7] 0.82+0.22 [8] 0.634+0.16*
Ro/+ With X — D*°D° 1.44+0.6 [9] 1.6+ 0.6* 1.540.4*
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The most recent advances on this topics concern the measuirefithe mass of th¥ (3872
and the discussion on whether there is more than one statesimiilar mass (as predicted by
tetraquark models) or not. The two options being investigyé that either the neutral and charged
B mesons decay to different linear combinations of the twaidsX states or that the two states
decay into different final states (in particuldy mrrand D*°D%). The first possibility (different
BY andB* decays) has been investigated by CDF [11], wherelthjert tspectrum has been fitted
searching for evidence of multiple structures. The negasult of such a search has allowed to
establish that the eventual two states would have a massddiff smaller than 3.2 MeV at 90%
C.L.

Both scenarios of multiplX states have instead been investigated by several measusaohe
mass of theX state performed by BaBar [7, 12] and Belle [8, 13] . The sunynodiall available
mass measurements is shown in Fig. 2 where the measuremergisparated by production and
decay channel. There is an indication that the particleydeganto J/ymrmis different from the
one decaying int®*°DP, their masses differing by about 3.5 standard deviations.

38718+ 11406
3868.7+ 15:0.4
BelleDDK + M 38726705104

BaBar DDK+ H 3875.1+ 0.7:05
Belle JApmrK+ M 3872.0+ 0.6+0.5
BaBar J/ymrK* H 38714+ 0.6£0.1
38716+ 02:0.2

38722+ 04

1 1 1
3860 3865 3870 3875 3880

M (Mev)

Figure 2: Measured mass of the(8872) particle. The different production modes’(B: XKs and B~ —
XK™) and the different decay modes (X J/ymmand X — D*°D°) are separated.

In addition, the BaBar paper contains also a first measureofiéme X (3872 width, I :(3.0ﬂ;Zi
0.9)MeV [12] . Finally the measurements ¥fthe branching fractions id/y mmandD*°DP are
summarized in Tab. 1, together with the ratio between thevitvigh is another possible discrimi-
nant among theoretical interpretations.

2.2 Thel ~ family

The easiest way to assign a value 36F to a particle is to observe its production \&ae~
annihilation, where the quantum numbers must be the samieeath¢ photon:J°¢ =1"". B
factories can investigate a large range of masses for suticlgs by looking for events where
the initial state radiation brings thefe” center-of-mass energy down to the particle’s mass (the
so-called 'ISR’ events). Alternatively, dedicatete machines, like CESR arBE Pscan directly
the certer-of-mass energies of interest.

The observation of new states in these processes startetheitiscovery of th& (4260 —
J/@mt by BaBar [14], promptly confirmed both in the same producpoocess [15] and in di-
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Figure3: J/ymm (left) andy(2S)r mr (right) invariant mass in ISR production.

rect production by CLEO-c [16]. The latter paper also repoevidence foY (4260 — J/yn°m®
and some events df(4260 — J/YKTK™.

While investigating whether thé(4260 decayed tap(2S)rr" i~ BaBar found that such decay
did not exist but discovered a new 1 state, ther (4350 [17]. While the absence of (4260 —
Y29t m decays could be explained if the pion pair in thiey r" m decay were produced with
an intermediate state that is too massive to be producedanfitf2S) (e.g. anf©), the absence of
Y (4350 — J/@mrmr is still to be understood, more statistics might be neededse they (4260
decay hides th¥(4350.

Next, Belle has published the confirmation of all these ktates [18, 19] and at the same
time has unveiled a new states that was not visible in BaBiar dize to the limited statistics: the

Y (4660. Figure 3 shows the published invarianet mass spectra fbrthe J/@ " m and the
Y29t m decays.
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Figure 4: Di-pion invariant mass distribution in 4260 — J/wmrm (left), Y(4350 — @(2S)mHm
(center), and Y4660 — @ (2S)rrmr (right) decays.

A critical information for the unravelling of the puzzle ishether the pion pair comes from
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a resonant state. Figure 4 shows the di-pion invariant naasra published by Belle for all the
regions where new resonances have been observed. Althbeglbtraction of the continuum is
missing, there is some indication that only Y660 has a well defined intermediate state (most
likely an fp), while others have a more complex structure.

A discriminant measurement between Charmonium states emndaggregation forms is the
relative decay rate between these decays into Charmonidrthardecays into two charm mesons.
Searches have therefore been carried out for D*)D(*) decays [20, 21, 22] without any evidence
for a signal. The most stringent limit is [2BF (Y (4260 — DD)/BF (Y (4260 — J/ymtm) <
1.0@ 90% confidence level.
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Figure5: TheAcAc distribution in ISR (left) and thew distribution in yy events as measured by Belle.
The superimposed lines are the result of the fits to the dats®/results are reported in the text.

A distinctive signature of tetraquarks would instead be dbservation of decays of these
mesons into two baryons. This has lead to the search by Halésonant structures decaying into
Nc/\c associated to ISR [23]. A tantalizing structure appears theashold (see Fig. 5, which fitted
with a Breit-Wigner returnd/ = (46348"2) Mev andlyot = (927357 19) MeV , properties which
are close to the one of th&4660).

2.3 The3940family

Three different states have been observed in the past ygdteBelle collaboration with
masses close to 3940M&7: one, namedX, observed in continuum events (i.e. not¥i4S)
decays) produced in pair withJ (¢ meson and decaying infdD* [24]; a second one, namef
observed irB decays and decaying inf y « [25]; a third one, named produced in two-photon
reactions and decaying in®-pairs [26]. While theX is consistent with botdP® = 0t~ and 1,
the quantum number assignment of ¥hand theZ states is cleard”¢ = 1+ and 2"+ respectively.
Finally theY is the only apparently broad stafe£ 874 34MeV).

Because of these quantum number assignments and theiranhsse states are good candi-
dates for the radial eccitation of temesons, in particular th&(3940 meson could be identified
with the x0(2P) and theY (3940 with the xc1(2P). The unclear points are the identification of

the X (3940 state and the explanation of why thé3940 state does not decay preferentiallyDn
mesons.
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Next, the BaBar collaboration confirmed th¢3940 — J/y@w decays [27], but measuring
a lower mass and a width, albeit consistem, (= 3914633 (stat) + 1.9(sys)Mev/c?, Ty =
33"3?(stat) + 5(sys)MeV). While the experimental differences among the two roeasents are
still under investigation, a new study has observed a staiehnis consistent with the parame-
ters as measured by BaBar: the Belle spectrum ofifhiew invariant mass iryy events, shown
in Fig. 5 has a structure witiny = 39146"38(stat) + 1.9(sys)Mev/c?, 'y = 33" %(stat) +
5(sys)MeV [28].

2.4 Thecharged states
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Figure6: They(29)r* (left) andxc 1t (right) invariant mass distributions superimposed with fi result
showing the three charged resonances.

The real turning point in the query for states beyond the @oaium was the observation of
charge states decaying into charmonium. There is in factayotavexplain such observation with-
out having at least four bound quarksc_md_). There is currently evidence of three charged states,
all seen exclusively by the Belle Collaboration: #@430 state decaying intg/(2S) rt* [29], and
theZ; andZ, states decaying intge1 (2S) 7t [30].

Unfortunately these states have been observed in B decagsagiation with a charged kaon,
i.e. in three bodyB — X..mK decays, where,. = Y(2S) or Xc1. Three body decays suffer
from interferences between strong amplitudes mediatedffgreht resonances. In these partic-
ular cases thetK system presents several known resonances that could dguffecant effects
of reflection. Namely, the decayB — X.:K*(892), B — X.:K*(1410, and in particular their
interference constitute irreducible sources of backgdownhich are difficult to estimate. The orig-
inal observation of th& (4430 [29] has been therefore object of detailed scrutiny by thBdaa
collaboration who performed the search for the same fina dig studying in detail the effi-
ciency corrections and the shape of the background takiedatiter from the data as much as
possible [31]. The search resulted into hints of a structimee to Belle’s observation, but after
accurate estimate of the background results into an exclusn the product of branching frac-
tions BFB — Z(4330K*)BF(Z(4330 — ¢(29)m) < 3.110°@95% C.L. to be compared with
BF(B — Z(4330K")BF(Z(4330 — ¢(2S)mm) = 4.171310°° as reported in Ref. [29]. Above all
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the paper from BaBar has raised the attention to the probildmesent to the analysis of the Dalitz
plot, leading from a reanalysis from Belle [32].

The result of this analysis, which confirm the conclusionghef original analysis although
the errors on the parameters increase significantly, antdeoBt— x.1 71K decays (nhot yet ana-
lyzed with the full three body approach) are shown in Fig. e Tits to they(2S)m and X1 711
invariant mass distributions return massds= 444324MeV/c*, M = 4051+ 14°2%MeV/c? ,
andM = 4248 44180Mev/c* | and widthsl™ = 109731° MeV, I = 82+234/MeV/c? , andl =
177-54+316MeV /c? for the Z(4430), Z1, andZ; states respectively.

Summary
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Figure 7: Measured masses of the newly observed states, positiotieel §pectroscopy according to their
most likely quantum numbers. The charged statd420)) has clearly no C quantum number.

Finding the corresponding neutral state, observing a dewale of the same states or at least
having a confirmation of their existence, are critical befarcomplete picture can be drawn.

2.5 TheY (4140

The latest report of a new exotic state comes from CDF, whaobaerved an enhancement
close to the threshold in thE @@ invariant mass iB — J/@@K decays [33]. The fitted mass of
the resonant state M = (41430+2.9+1.2) MeV with I = (11.7;83+3.7) MeV. While the most
basic quantum numbers assignment would®e= 0+, JP¢ = 1~ is also allowed, leaving open
the possibility of this state being the lowest lying hybrithis hypothesis is also suggested by the
closeness of the measured mass with the predictions afdatticulations for the hybrid ground
state (see for instance Ref. [34]).

3. Conclusions

More than 40 years after its first formulation, the quark nmdlstill open to new observations.
In particular the heavy-quarkonium is still a valid testgnd for understanding QCD. The study
of well established quarkonium states yields informationiaw energy QCD while the undestand-
ing of the quarkonium spectroscopy, predictable in posémiodels, allows searches for different
aggregation states than the long established mesons.
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The high statistics and quality data from B-Factories hawelgced a very large number of
new states whose interpretation is still a matter of debdieis paper attempted a categorized
review of all these states. A full summary, including the tikely quantum number assignment
is shown in Fig. 7. Lots of theoretical models have been dgeal to interpret the situation but
the picture is far from complete: more precise predictiaesreeded from theory and a systematic
experimental exploration of all possibile production amday mechanisms of these new states is
still in the works.
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