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1. Introduction

The study of spectroscopy and the decay properties of the heavyf@smnic states provides
us useful information about the dynamics of quarks and gluons at thertiadcale. The remark-
able progress at the experimental side, with various high energy maglitedbe B-factories, has
opened up new challenges in the theoretical understanding of heawylilagrons.

The B-factories, the PEPII at SLAC in the U.S.A., and the KEKB at KEK in Japa@rew
constructed to test the Standard Model mechanism for CP violation. Tleegy"ar colliders
operating at a CM energy near 10,580 MeV. B pairs produced are measured by the BaBar
(SLAC) and Belle (KEK) collaborations.

Although the main goal of th8-factories was the observation of CP violation, their contri-
bution to the area of charmonium spectroscopy have been by far moretampoAt the quark
level, theb quark decays weakly to@quark accompained by the emission of a virtdat boson.
Approximately half of the time, th&/~ boson materializes assa pair. Therefore, half of th&
meson decays result in a final state that contaicsair. When thesec pairs are produced close
to each other in phase space, they can coalesce to focnl@armonium meson.

The simplest charmonium produciBgmeson decay i3 — K(cc). Another interesting form
to produce charmonium iB-factories is directly form thete™ collision, when the initial state
et or e occasionally radiates a high energyray, and theete™ subsequently annihilate at a
corresponding reduced CM energy. When the energy of the radratey(yisr) is between 4000
and 5000 MeV, thete~ annhilation occurs at CM energies that correspond to the range of mass
of the charmonium mesons. Thus, the initial state radiation (ISR) procesdiregtly produce
charmonium states with"® = 1.

In the next sections | discuss the experimental data and the possible etatiqprs for the
recently observed, Y andZ mesons.

2. TheX(3872 meson

In August 2003, Belle reported evidence for a new narrow state in trey@ — X (3872K* —
J/ymt KT [1], which has been confirmed by CDF, DO and BaBar [2]. The cuimenld average
mass is

My = (38714+0.6) MeV , (2.2)

and its total width is less than 2.3 MeV. Belle’s [3] and BaBar's [4] obs#owaof the decay
X(3872 — J/y y determine<C = +, opposite to the charge-conjugation of the leading charmo-
nium candidates. Angular correlations among the final state particlesX(@8i72 — J/ " m
decay strongly suggesi§© = 1++ quantum numbers [5].

From constituent quark models [6] the masses of the possible charmonies \stth JPC =
1+ quantum numbers are;*®; (3990 and 33P; (4290, which are much bigger than the observed
mass.

Evidence for the deca} (3872 — J/y " m P at a rate comparable to that {3872 —
J/ymtm was also observed by Belle [3]:

X —=J/@mtm

=10+04+03. 2.2
X =J/ymtm (2:2)




Review and interpretation of new heavy states discoverttead factories Marina Nielsen

This observation establishes strong isospin and G parity violation, whichamipatible with acc
structure forX(3872.

The observation of these two decays, plus the coincidence betweXmtiass and th®*°D°
threshold:M(D*°DP) = (3871814 0.36) MeV [7], inspired the proposal that th&(3872 could
be a moleculatD*°D° + D*°D?) bound state with small binding energy [8, 9]. As a matter of fact,
Tornqvist, using a meson potential model [10], essentially predicteX {8872 in 1994, since he
found that there should be molecules near@B threshold in the)®® = 0~* and 1** channels.
The only other molecular state that is predicted in the potential model updat8d/dryson is a
0t D*D* molecule at 4013 MeV [9]. Th&*°D° molecule is not an isospin eigenstate and the
rate in Eqg.(2.2) is explained in a very natural way in this model.

Recently Belle [11] and BaBar [12] Collaborations reported a nearlibtésenhancement in
the D°DO7° system. The peak mass values for the two observations are in good agteethe
each other{38752+1.9) MeV for Belle and(38751+ 1.2) MeV for BaBar, and are higher than
in the mass of theX(3872 observed in the /@™ m channel by(3.84+ 1.1) MeV. Since this
peak lies about 3 MeV above tiE°DP threshold, it is very ackward to treat it a$4°D° bound
state. According to Braaten [13], the peak observed inBhe K D°D°r® decay channel is a
combination of a resonance below the°DP threshold from theB — K J/Ymtm decay and a
threshold enhancement above &D° threshold. However, in an updated study [14], the new
value for the mass of the near threshold enhancement iR%B&7° system reported by the Belle
Collaboration is(38726f8:2i 0.4) MeV, in a very good agreement with the current world average
mass for theX(3872) in theJ/Ym" m mode in Eq. (2.1).

Maiani it et al. [15] advocate a tetraquark explanation forXi{@872. They have considered
diquark-antidiquark states witl’'® = 1** and symmetric spin distribution:

Xq = [cdls=1[Cq]s-0 + [cq]s—0[CTs-1. (2.3)
Physical states could be expected to fall in isospin multiplets hitt0, 1:
Xu+Xg Xu— X4
X(I=0)= , X(I=1)= : 2.4
(=0 7 (I=1) 7 (2.4)

However, due to the charm quark mass scale, annihilation diagrams aressgd and, therefore,
states are closer to mass eigenstates and are no longer isospin eigenb&atasst general states
are:

X; = c0osOX,+Sin0Xy, X, = cosBXy—SingX, (2.5)

and both can decay intar2and 3t. Imposing the rate in Eq.(2.2), they gét~ 20°. They also
argue that i%X, dominateB* decays, theiX, dominates th&° decays and vice-versa. Therefore,
the X particle inB+ andB? decays are different with [15, 16]

M(Xh) — M(X) = (8= 3) MeV. (2.6)

There are two reports from Belle [17] and Babar [18] Collaborationghe observation of the
B® — K° X decay. However, these reports are not consistent with each othiée Béle measures
[17]:
BY — XKO
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and
M(X)g+ —M(X)go = (0.2240.90+0.27) MeV, (2.8)
BaBar measures [18]:
BO — XKO
B oy = 0414024005, (2.9)
and
M(X)g+ —M(X)go = (2.7+ 1.6) MeV. (2.10)

In any case, the mass difference measurements are much larger thaedibggr in Eq.(2.6).
It is interesting to notice that, using the same tetraquark structure as in5gfa[QCD sum rule
calculation for the mass difference in Eq.(2.6) has obtained [19]:

M(Xy) —M(X) = (3.3£0.7) MeV, (2.12)
in agreement with BaBar measurement. The same calculation [19] has obtained
Mx = (3.924+0.13)GeV, (2.12)

while a QCD sum rule for thX (3872 resonance considering it ag@*°D° + D*°D%) molecular
state [20] has obtained
My = (3.87+0.07)GeV, (2.13)

in a better agreement with the experimental mass. Therefore, from a QPBIBRof view, the
X(3872) is better described ask'D molecular state than as a diquark-antidiquark state.

To summarize, there is an emerging consensus tha¢(B&72) is a multiquark state. In favor
of the tetraquark configuration is the existence of two different statemyiter from B+ or B.
Therefore, it is very important the confirmation of the existence of thesetaies. In favor of the
molecular configuration is the proximity of th§3872 mass and th®*D threshold.

3. TheY(JP€ = 1-7) family

The Y (4260 was the first one in the family observed by BaBar Collaboration [21] in the
reaction

e — yeRd/ YT T, (3.1)

with massM = (4259+ 10) MeV and widthl" = (884 24) MeV. It was confirmed by CLEO and
Belle Collaborations [22]. Therrr mass distribution reported in [21] peaks near 1 GeV and this
information was interpreted as consistent with t{5€980) decay. In a updated report [23], BaBar
has confirmed the observation of t/i&4260 with a mass and width

My = (4252+7)MeV, Ty = (105+20)MeV. (3.2)

However, the newtrr mass distribution shows a more complex structure.
BaBar [24] also found a broad peak in the reaction

e'e — Vispy/m I, (3.3)
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which was confirmed by Belle [25]. Belle found that &t 1~ enhancement observed by BaBar
was, in fact, produced by two distinct peaks with masses and widths:

Y(4360 : M = (4361+13)MeV, T = (74+18)MeV,
Y (4660 : M = (4664+12)MeV, T = (48 15)MeV. (3.4)

The masses and widths of these three states are not consistent with aeyestdblished
1=~ charmonium states [26], and they can also be candidates for multiquak Gtatearmonium
hybrids [27]. An attractive interpretation is that tNé4260 is a charmonium hybrid. Hybrids
are hadrons in which the gluonic degree of freedom has been excitednature of this gluonic
excitation is not well understood, and has been described by varioudsnolee spectrum of
charmonium hybrids has been calculated using lattice gauge theory [28}. r€sult for the mass
is approximately 4200 MeV, which is consistent with flux tube model predic{ip@s However,
more recent lattice simulations predict that the lightest charmonium hybrid ig 4460 MeV [30]

, Which is closer to the mass of thg¢4360).

A critical information for understanding the structure of these states is wetagion pair
comes from a resonance state. From the di-pion invariant mass spemtna ishref. [31] there is
some indication that only thé(4660 has a well defined intermediate state consistent ¥itB80)
[31]. Due to this fact and the proximity of the mass of thle- fo(980) system with the mass of the
Y (4660 state, in ref. [32], th&' (4660 was considered asfg(980) ¢/’ bound state. Th¥ (4660
was also suggested to be a baryonium state [33] and a canorigatE state [34].

In the case oY (4260), in ref. [35] it was considered asascalar-diquarlsc-scalar-antidiquark
in a P-wave state. Maiangt al. [35] tried different ways to determine the orbital term and they
arrived atM = (43304 70) MeV, which is more consistent withi(4360. However, from thetrt
mass distribution in ref. [31], none of these two sta¥@260 andY (4360 has a decay with a
intermediate state consistent with(980) and, therefore, it is not clear that they should have an
ss pair in their structure. Also, in ref. [36], using a relativistic diquark-aiqtidrk picture, it was
shown that thé (4260 can not be interpreted as [@¢s_o[SC[s-o) State in &P-wave.

If one looks at the threshold of the mesonic system&D (1865 D1 (2420)) ~ 4285MeV and
M (Do(2310D*(2007)) ~ 4320MeV, which havel”® = 1~ in Swave, one sees that a molec-
ular interpretation is also possible f#(4260 andY(4360. In refs. [37, 38] a QCD sum rule
calculation for these molecular states was considered. The obtained mtssbgD* state was:
Mp,5- = (4.27+0.10)GeV in good agreement with thé(4260 mass. In the case of tHeD,
molecular state, the obtained mass wagy, = (4.19+0.22)GeV. Therefore, considering the
errors and the width of th¥ (4260 meson, the moleculddD; assignement is also possible, in
agreement with the findings of ref. [39], where a meson exchange madelsed to study the
Y (4260 meson.

The authors of ref. [37] also considered diquark-antidiquark staitbs)®~ = 1~ and sym-
metric spin distribution:

Yq = [cqs=1[CqJs—0 + [cOs—0[COJ 5-1, (3.5)

with g standing for a light or a strange quark. The obtained masses mgre: (4.49+0.11) GeV
and my, = (4.65+0.10)GeV. Therefore, the authors concluded that it is possible to interpret
the Y (4660 meson as acg[cs diquark-antidiquark state, and this is consistent with the di-pion
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invariant mass spectra shown in ref. [31] #6{4660), since there is some indication that it has a
well defined intermediate state consistent wigf980).

To summarize, the discovery of th&4260), Y (4360 andY (4660 appears to represent an
overpopulation of the expected charmonium Istates. The absence of open charm production
is also inconsistent with a conventiora explanation. Possible explanations for these states in-
clude charmonium hybrid aridoD* or DD; molecular state fo¥ (4260, charmonium hybrid and
[cds-o[CYs—0 iNn @aP-wave tetraquark state fa(4360), and a symmetricdtss_1[cs]s_o tetraquark
state or a canonical 35, cc state forY (4660. The current situation regarding the1states pro-
duced via ISR is clearly unsettled.

4. TheZ* (4430 meson

All states discussed so far are electrically neutral. The real turningipdim discussion about
the structure of the new observed charmonium states was the obserwati@liido Collaboration
of a charged state decaying infé7rr", produced irB™ — Ky/mr™ [40]. The measured mass and
width of this state i = (4433+5)MeV, I = (45"33) MeV. There are no reports of" signal
in theJ/ymt decay channel. Since the minimal quark content of this statevs, this state is a
prime candidate for a multiquark meson. Sicg4430 was observed in thg/' 7t channel, it is
an isovector state with positiv@-parity: 1© = 1+,

There are many theoretical interpretations for 21§4430 structure. Because its mass is
close to theD*D; threshold, Rosner [41] suggested it is&mwave threshold effect, while others
considered it to be a strong candidate f@*@®; molecular state [42, 43, 44]. Other possible inter-
pretations are tetraquark state [45], or a cusp irdh@; channel [46]. The tetraquark hypothesis
implies that thez* (4430 will have neutral partners decaying ingdr®/n.

Considering th&* (4430 as a loosely boun8-waveD*D; molecular state, the allowed angu-
lar momentum and parity ai® =0, 1~, 2-, although the 2 assignment is probably suppressed
intheB™ — Z*TK decay by the small phase space. Among the remaining possilaied1 states,
the former will be more stable as the later can also dec®pin S'wave. Moreover, one expects
a bigger mass for thd® = 1~ state as compared toJ& = 0~ state.

In ref. [43] the QCD sum rules were used to studyZh€4430) considered as B*D; molec-
ular state withl© JP = 1+ 0~. The mass obtained wad,+ = (4.40-+0.10)GeV in an excelent
agreement with the experimental mass. To check if2hé4430 could also be described as a
diquark-antidiquark state, in ref. [47] different currents were @ered withJ° =0~ and 1. The
results obtained werdlz(0~) = (4.52+0.09) GeV andMz(17) = (4.84+0.14) GeV. From these
results we conclude that while it is also possible to describ@tt{d430 as a diquark-antidiquark
state withJ? = 0~, theJ® = 1~ configuration is disfavored.

Summarizing, the only open options for t&e (4430 structure are tetraquark, molecule
and threshold effect. It is important to mention that during this conferenamstrelated [48]
that BaBar claim no significant evidence for the existence ozth@430) in the decayB—° —
J/W(@")m KO [49]. Therefore, a confirmation of the existence of #4430 is critical before
a complete picture can be drawn.
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5. TheZ{ (4050 and Z; (4250 mesons

The Z* (4430 observation motivated studies of ottg — K~ (cc) decays. In particular,
the Belle Collaboration has recently reported the observation of two rnesetike structures in
the 1" xc1 mass distribution [50]. The significance of each of ey, structures exceedsob
and, if they are interpreted as meson states, their minimal quark content eostico They
were calledZ; (4050 andZ; (4250, and their masses and widths dg= (40514 1429) MeV,
M1 =8221137 MeV, M, = (4248 5¢80) MeV, M, = 177754318 MeV. Since they were observed
in the 1t* xc1 channel, the only quantum numbers that are known about theh? ad .

Due to the closeness of tig (4050 andZ; (4250 masses to thB*D* (4020 andD;D (4285
thresholds, these states could also be interpreted as molecular statesloylthedfects. Lie et al.
[51], using a meson exchange model find strong attraction fdptle system with® = 0*. They
conclude that, if future experiments confirm tBg (4050 existence, then it is probably &D*
loosely bound molecular state. However, it is very difficult to understapousad molecular state
which mass is above tHa*D* threshold.

In a recent work [38], the QCD sum rules formalism was used to studjbtﬁ% andD;D
molecular states with®J” = 1-0* and 1 1~ respectively. The mass obtained for these molecular
states areMp-p- = (4.15+0.12) GeV, andMp,p = (4.19+0.22) GeV. In ref. [52] it was found
that the inclusion of the width, in the phenomenological side of the sum ruledses the obtained
mass for molecular states. This means that the introduction of the width in theisucalculation,
increases the mass of tBED* andD;,D molecules. As a result, the mass of theD molecule
will be closer to the observedt' (4250 mass, and the mass of tB&D* molecule will be far from
theZ* (4050 mass. Therefore, the authors of ref. [38] conclude that it is possildedoribe the
Z; (4250 resonance structure a®aD molecular state with®J” = 1-1~ quantum numbers, and
that theD*D* state is probably a virtual state that is not related withZhe4050) resonance-like
structure. Considering the fact that theD* threshold (4020) is so close to tAg (4050 mass and
that then” (3'S) mass is predicted to be around 4050 MeV [27], it is probable thaZ {6050
is only a threshold effect [27].

6. Other multiquark states

If the mesonsX(3872), Z*(4430), Y (4260 andZ; (4250 are really molecular states, then
many other molecules should exist. A systematic study of these molecular stetthemexperi-
mental observation would confirm its structure and provide a new testinopdror QCD within
multiquark configurations. In this context, a natural extension would bediepthe strangeness
sector. In particular, in analogy with the mes6(8872), aDsD* molecule withJ” = 1* could be
formed in theB meson decaB — miXs — m(J/@Km). Since it would decay intd/ yK* — J/ YK,
it could be easily reconstructed.

In ref. [20] the QCD sum rules approach was used to predict the make DED* molecular
state. Such prediction is of particular importance for new upcoming expetsmaich can investi-
gate with much higher precision the charmonium energy regime, like the PAXP#tienent at the
antiproton-proton facility at FAIR, or a possible Super-B factory expent. Especially PANDA
can do a careful scan of the various thresholds being present, in addifioecisely going through
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the exact form of the resonance curve. The obtained massMgp: = (3.97+0.08) GeV very
close to théd*D (3980 threshold, and about 100 MeV bigger than ¥18872 mass. This finding
strongly suggests the possibility of the existence BEB* molecular state witd” = 1+,
Finally, considering that it was already observed the double-charmopiaduction in the
reaction [53]
ete” — J/yP+X(3940), (6.1)

it seems that it would be possible the formation of the tetragjeaffud]. Such state with quantum
numberd =0, J =1 andP = +1 which, following ref.[54], we calllc., is especially interesting.
As already noted previously [54, 55], tfig. state cannot decay strongly or electromagnetically
into two D mesons in thes wave due to angular momentum conservation ndP wave due to
parity conservation. If its mass is below tB®* threshold, this decay is also forbidden, and this
state would be very narrow.

The most attractive light antidiquark is expected to be the in the color tripleprflanti-
symmetric and spin 0 channel. Therefore, a constituent quark pictuiig.fmould be a light anti-
diquark in color triplet, flavor anti-symmetric and spingtfc[@,ngd_g}) combined with a heavy
diquark of spin 1 £aef[CgCVHCf]). Although the spin 1 configuration is repulsive, its strength is
much smaller than that for the light diquark due to the heavy charm quark mhissis why one
does not expect a bourgs,

A QCD sum rule for such state gives [56{ir, = (4.0+0.2) GeV in a very good agreement
with the predictions based on the one gluon exchange potential modelafi@d]color-magnetic
model [57].

7. Final Comments

As a final remark, it is very important to find experimentally observable tijieswhich are
sensitive to the quark content of the resonances. In ref. [58], Mataal. have shown that the
nuclear modification factorR-p, defined as the ratio between the cross sections in central and
peripheral collisions between relativistic heavy ions, can be used fogdlils They have shown
that there is a large difference between Bae for the fy(980) produced, iMAu + Au collisions at
RHIC, when thef(980) is assumed to be a four-quark state or a quark-antiquark meson. Howeve
it will be very difficult to observe the new charmonium states discussedeahaelativistic heavy
ions collisions at LHC. Therefore, it is very important to find out otheregipentally observable
guantities which could be sensitive to the quark content of the resonances
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