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1. Introduction

The charmonium spectroscopy has been revived by the discovery of many new states above
the open charm threshold. While some of these states appear to be consistent with conventional cc,
others do not behave like standard mesons, and could be made of a larger number of constituents.
While this possibility has been considered since the beginning of the standard model [1], the actual
identification of such states would represent a major revolution in our understanding of elementary
particles. The most likely possible states beyond the conventional mesons are:

e molecules: loosely bound states of a pair of mesons ([0g][¢'Q]). This system would be
stable if the binding energy were to set the mass of the states below the sum of the two
mesons masses. While this could be the case for Q = b, this does not apply when Q = c¢. In
this case the dominant binding mechanism should be pion exchange. Being weakly bound,
the mesons tend to decay as if they were free [2].

e tetraquarks: a bound state of four quarks usually represented as [Qq][¢’Q]. A full nonet of
states is predicted for each spin-parity therefore a large number of states is expected [3] [4].

e hybrids: a bound state of a quark-antiquark pair and a number of constituent gluons. The
lowest-lying state from lattice calculation is expected to have mass about 4.1 GeV/c? and
quantum numbers J*¢ = 07~ Since a quarkonium state cannot have these quantum numbers,
this would be a unique signature for hybrids [5].

In addition there is the possibility that some observed enhancements are just due to threshold ef-
fects: a given amplitude might be magnified when new hadronic final states become energetically
available.

While there are some good experimental candidates for exotics states, the overall picture is still
not completely clear and needs confirmations as well as discrimination between different explana-
tions. In the next sections we will discuss the latest experimental results with the aim to set some
constraint on the possible interpretation of such new states.

2. yy interaction

Two-photon fusion is a useful production mode for studying such states. The e™ and e~ are
scattered at small angles and are therefore undetected implying that the photons are quasi-real. This
allows production of final state with the quantum numbers J°€ = 0*+ 25+ 4+ 3++ 5++
A further consequence is that the transverse momentum (p7) of the hadronic system is expected to
be low. In addition, these events are characterized by low particle multiplicity and low energy.

21 yy—=J/yvo

The charmonium-like state X (3915) was first observed [6] by Belle in two-photon fusion
events decaying into J/y®. In addition, it was seen decaying into J/y® in B decay analysis,
along with the X (3872) [7]. The nature of the X(3872) is still unclear. It is commonly accepted [8]
that its quantum numbers can be 17" or 27; observing the X (3872) in yy production would favor
the latter assignment.
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BABAR studied the process Yy — J/y® to search for the X(3915) and the X (3872) resonances
using a data sample of 519 fb~!. Figure 1 shows the reconstructed J/y invariant mass dis-
tribution after all the selection criteria have been applied. A large peak at near 3915 MeV/c?
is observed with a significance of 7.60. The measured resonance parameters are my3gjs) =
(3919.4+2.241.6) MeV/c?, I’y (3915) = (136 +3) MeV. The measured value of the two-photon
width times the branching fraction, I'y,[X (3915)] x #(X (3915) — J/y®) is (52+1043) eV and
(10.5£1.940.6) eV for two spin hypotheses J = 0 and J = 2, respectively, where the first error is
statistical and the second is systematic. In addition, an upper limit (UL) at 90% confidence level
(CL) is obtained for the X(3872), I'y,[X (3872)] x #(X(3872) — J/yw) < 1.7 eV, assuming J=2.
All the results are in good agreement with the Belle analysis [6].
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Figure 1: The efficiency-corrected invariant mass distribution for the J/wo final state. The solid line
represents the total fit function. The dashed line is the background contribution. The solid histogram is the
non J/y® background estimated from sidebands. The vertical dashed line is placed at the X (3872) mass.
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Studies of charmonium-like states in recent years have been performed using the J /w7~
final state [9], but no search using the 1.7 7~ final state has been conducted. Such a search may
shed light on the internal dynamic of these states. This analysis has been studied for the first time
and is performed to search for resonances decaying into 1.7+ 7, using a data sample of 474 fb~!.
The 1. was reconstructed via its decay to KgK T, with Kg — 't ™. The signal yield for each X
resonance is extracted from a two-dimensional fit to m(KJK ™) and m(KJK - " ™). Figure
2 presents the two dimensional fits around each of the resonances. No significant signal is observed
in any of the fits. Table 1 summarizes all the fit results. Upper limits are obtained on the branching
fractions B(n:(2S) = N w) < 7.4% and B()e2(1P) = New 1) < 2.2% at 90% CL.
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Table 1: Results of the yy — n.n* 7~ fits. For each resonance X, we show the peak mass and width used
in the fit and the 90% CL upper limit on the product of the two-photon partial width I'y, and the X — .77
branching fraction. For the X (3872) and the X (3915) we assume J = 2.

Resonances | My (MeV/c?) I'x MeV) | ULTy (eV)
Xe2(1P) 3556.204+0.99 | 1.97+0.11 15.7
N:(25) 3638.54+1.7 13.4+£5.6 133
X (3872) 3871.57+£0.25 | 3.0+£2.1 11.1
X(3915) 3915.0+3.6 17.0£10.4 16
Xc2(2P) 3927.2+2.6 24+6 19
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Figure 2: Distributions of (a,c,e) m(KJK*7~) and (b,d,f) m(K?K*n~n* ) with the fit function overlaid
for the fit regions of the (a,b) x2(1P), (c.d) n.(25), and (e,f) X(3872), X(3915) and x.2(2P). The vertical
dashed lines in (f) indicate the peak mass positions of the X (3872), X (3915), and . (2P).

3. Charged charmonia

The Belle Collaboration reported the observation of a resonance-like structure, Z(4430)" —
w(2S)7t in the analysis of B — w(2S)K7 [10]. This claim has generated a great deal of in-
terest [11] since such states must have a minimum quark content cédu, and thus would repre-
sent an unequivocal manifestation of four-quark meson states. The BABAR collaboration did not
see the Z(4430)" in an analysis of the decay B — y(2S)K7 [12]; BABAR also studied [12] the
B — J/wKm where there is no evidence for resonances neither in the J/ym nor in the J/yk
systems. All resonance activity seems confined to the k7 system. Recently Belle performed an
amplitude analysis of the J/wKm [13] system finding no significant evidence of the Z(4430)" in
agreement with the BABAR result. The Belle Collaboration has also reported the observation of two
resonance-like structures in the study of B® — y. K~ 7t [14]. These are labeled as Z, (4050)*



Short Title for header G. Cibinetto

and Z,(4250)*, both decaying to x.; . BABAR studied the same final states [15] to search for
the Z;(4050)" and Z,(4250)" decay into x 7" in B® — x K~ x* and BT — KJx. @+ where
Xe1 — J /Wy, using a data sample of 429 fb~!. The x.; 7" mass distribution, background-subtracted
and efficiency-corrected, was modeled using the k7 mass distribution and the corresponding nor-
malized k7w Legendre polynomial moments. Figure 3 shows the results of the fits done on the
Xc1 " mass spectrum: no significant resonant structure is present in the ¥ 7 system; in every case
the yield significance does not exceed 20. The ULs on the 90% CL on the branching fractions
are: AB(B° — Z,(4050)"K~) x B(Z1(4050)" — yant) < 1.8x1075; B(B° — Z,(4250)"K~) x
B(Z5(4250)" = ymt) <4.0x107% and B(B® — ZTK~) x B(ZT — yant) <4.7x1073.
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Figure 3: (a),(b) Background-subtracted and efficiency-corrected ;& mass distribution for B — x.1k7. ()
Fit with Z; (4050)*" and Z,(4250) " resonances. (b) Fit with only the Z(4150)" resonance. (c),(d) Efficiency-
corrected and background-subtracted .7 mass distribution in the K7 mass region where Belle found the
maximum resonance activity, 1.0 < m?(K7) < 1.75GeV?/c*. (c) Fit with Z;(4050)" and Z;(4250)" res-
onances. (d) Fit with only the Z(4150)" resonance. The dot-dashed curves indicate the fitted resonant
contributions.

4. Charmonium-like states after initial state radiation at the B-factories

4.1 The J/yrn* 7~ invariant mass spectrum

The Y (4260) was discovered [16] in the initial-state-radiation (ISR) process e™e™ — ¥sgY (4260),
Y (4260) — J/wrtn~. Since it is produced directly in e* e~ annihilation, it has J€ =17~ . The
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observation of the decay mode J/ywr’zn® [17] established that it has zero isospin. However it is
not observed to decay to D*D* [18], nor to Djljj [19], so that its properties do not lend them-
selves to a simple charmonium interpretation, and its nature is still unclear. A subsequent Belle
analysis [20] of the same final state suggested also the existence of an additional resonance around
4.1 GeV/c? that they dubbed the Y(4008). BABAR performed a new analysis to study the reac-
tion J/watm~ in ISR using a data sample of 454 fb~! [21]. Figure 4 shows the J/yrx* 7~
mass spectrum from 3.74 GeV/c? to 5.5 GeV/c?: a clear signal of the Y(4260) is observed for
which the values obtained are my460) = 4244 =5+ 4 MeV/c?, Iy (4260) = 114ﬂg +7 MeV and
e x B(J/yrtn—) =9.240.840.7 eV. No evidence for the state at ~4 GeV/c? reported by
Belle [20] is seen. A study of the 777~ system from the Y(4260) decay to J/yr ™~ is done. The
di-pion system is in a predominantly S-wave state. The mass distribution exhibits an f,(980) sig-
nal, for which a simple model indicates a branching ratio with respect to J /w7~ of 0.17+0.13
(stat).
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Figure 4: The J/ w7~ mass spectrum from 3.74 GeV/c? to 5.5 GeV/c?; the points represent the data and
the shaded histogram is the background from the J/y sidebands; the solid curve represents the fit result

4.2 The y(2S)n* 7~ invariant mass spectrum

In addition to the ¥ (4260), two more JP© = 17~ states, the ¥ (4360) and the ¥ (4660), have
been reported in ISR production, via eTe™ — ysgW(2S)wt 1~ [22][23]. The Y (4660) has been
observed only in the Belle experiment [23], and so it is important to confirm the existence of
this state. BABAR used a data sample corresponding to an integrated luminosity of 520 fb~! to
perform an analysis which utilize the ISR mechanism to study the reaction ete™ — y(2S)nt 7~
in the center-of-mass energy range 3.95 - 5.95 GeV, where the y(2S) decays to J/yn"n~ or
to £T¢; for the latter, £*¢~ represents either ee™ or uTu~. The y(2S)nT 7w~ invariant mass
spectrum for y(2S) — J/yr ™ is reported in Figure 5. BABAR observed two resonant structures,
that have been interpreted as the Y (4360) and the Y (4660), respectively. For the first resonance
my 4360) = 4340 % 16(stat) = 9(syst) MeV/c? and Ty 4360) = 94432 (star) = 13(syst) MeV, and for
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the second my (4660) = 4669 =21 (stat ) 4= 3(syst) MeV/c? and Ty 4660) = 104 =48 (stat) + 10(syst)
MeV, confirming the report in Ref. [23] of a structure near 4.65 GeV/c?, and obtain consistent
parameter values for this state.
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Figure 5: The y(2S)n" 7~ invariant mass distribution from threshold to 5.95 GeV/c? for y(2S) —
J/wyrt ™, the points with error bars represent the data in the y(2S) signal region, and the shaded his-
togram is the background estimated from the y(2S) sideband regions. The solid curve shows the result of
the fit.

5. Summary

The study of spectroscopy of the heavy flavor mesonic states continues to provide useful in-
formation about the dynamics of the quarks and gluons interaction at hadronic scale. In this paper
we reviewed the recent results on charmonium-like spectroscopy. Particular focus has been given
to the study of the X (3872) and X (3915) in yy production; after almost one decade from the dis-
covery of the X (3872), despite the abundance of measurements, there’s still no solid consensus
about its nature. Charged charmonia states would be an unequivocal signature of exotic states, but
their discovery still needs to be confirmed by a second experiment. For the 1™~ states discovered
Te~ annihilation after initial state radiation only one decay mode has been observed for each
state despite the many searches making the puzzle even more intriguing.
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