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1. Introduction

For years theory has considered quarkonia as the best laboratory for testing QCD. Unlike the
case of light resonances, the theory has hoped for an accurate descriptions. The last 15 years we
have faced with a challenge that is best characterized by the appearance of the widely used new
term —“‘quarkoniumlike states”. The boundary between quarkonium and quarkoniumlike states is
determined by the flexibility of the theory to explain the experimentally measured properties of
a particular state and its decays. Upon the failure of the theory to describe the state as standard
quarkonium, it is declared to be quarkoniumlike. One can hope for a reverse transition to standard
quarkonium, if there are new ideas explaining the data.

Over the past decade Belle, BaBar, CLEO-c, CDF, DO, BESIII, and LHCb experiments have
discovered dozens of quarkonium and quarkoniumlike states with masses above the open charm and
bottom thresholds. Recent data comes mainly from BESIII experiment thanks to the large sample

T¢~ annihilation and from Belle and BaBar collaborations

collected in a wide energy range in e
which use different charmonium production mechanisms such as B decays, hadron production with
initial-state radiation, yy fusion, double charmonium production. New data are expected from the

SuperB-factory soon.

2. Standard charmonium states

To understand problems which we have in the spectrum of charmoniumlike states let us first
demonstrate that there are new states which can be described by the theory as the standard char-
monium. Despite apparent evidence, this claim requires proof last decade. A good recent example
is the y( 13D2) discovered by Belle in B decays in the Yy, final state [1] and reliably confirmed
by BESIII [2] in eTe™ — 7w yx.. Its decay mode, mass, width are in good agreement with
expectations, that allows to reliably identify this state as the standard charmonium.

2.1 Vector charmonium states

Vector charmonium states can be produced directly in e™

e~ annihilation. They were found
about 40 years ago as structures in the total hadronic cross section above the open charm thresh-
old. However, even today we can not conclude that y states are well understood. In fact y states
are wide and have many common final states. Therefore their overlapping and interference sub-
stantially change the peak pattern. The BESII collaboration has attempted to take into account
interference in the fit with the help of model predictions for the exclusive decays of all y states [3].
The interference is large and makes the total contribution different from the simple sum of the
Breit-Wigner resonances. The experimental data on exclusive open charm cross sections can help
to avoid the model dependence. These results appeared for the first time in the works of Belle
and BaBar 10 years ago [4, 5, 6, 7, 8, 9, 10, 11, 12]. However, only last year the first attempt
was performed to describe all the measured exclusive cross sections simultaneously using the cou-
pled channel model [13]. The measured two- and three-body final states completely saturate the
inclusive hadronic cross section [14]. This allows to hope that the proposed method based on the
coupled-channel model will yield a reasonable result as more accurate experimental results will be
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obtained. The main difficulty in this description was the need to account for three independent com-
ponents in the e"e™ — D*D* cross section, while only their sum were experimentally measured.
This year, Belle presented new results on the cross sections of e e~ — DD* and et e~ — D*D* [15].
Accuracy (both statistical and systematic) was improved by a factor of two compared to the first
Belle study [5]. The new measurements are in good agreement with the previous results of both
Belle [5] and BaBar [11], but the most important is angular analysis of D* decays, that allowed to
decompose the ete™ — D*D* cross section into three independent components depending on the
polarization of the two D*. The structures for the different components are significantly different:
only the D}D; component survived at large energy as expected.

y states are considered as standard charmonium. They decay dominantly into a pair of D
mesons and do not look exotic. However, Belle recently discovered unusual y decays: y(4040)
and y(4160) peaks in the ee™ — J/yn cross section with anomalous partial width of ~ 1
MeV [16]. Recently BES confirmed Belle results [17].

3. Charmoniumlike states

There are dozens of explicitly exotics states that cannot be explained within the framework
of the quark model and the number of such states continues to grow. So far, in order to take
them into account one has admit the possibility of the existence of states other than simple bound
quark-antiquark pairs such as molecular states, multiquark states or hadrocharmonium.

3.1 Vector charmoniumlike states

The list of the vector charmoniumlike Y states produced via the ete™ — Y process are pre-
sented in the Table 1. The existence of the Y (4260), Y (4360) and Y (4660) states were reliably
established by Belle [18, 19] and BaBar [20, 21] via radiation return. The mass and width of the
Y (4660) resonance are consistent within errors with the parameters of the X (4630) state observed
by Belle in the eTe™ — ATA [9].

Interpretation of the vector Y states as standard charmonia faces a number of problems: the
charmonium spectrum with J°¢ = 17~ quantum numbers has been entirely populated with the y
states and there is no room to accommodate newly observed Y states; the Y states with masses
above open charm threshold do not decay to charm mesons unlike expectations; the partial width
of the Y — J/wrnt ™ decays (> 1 MeV) exceeds by two orders of magnitude the analogous values
for the standard charmonium y/(3770)(y(2S)) — J/yrntn .

Recently BESIII presented new accurate scan of ete™ — J/yrn™w~ near Y (4260) [22]. Al-
ready in the BaBar measurements [20] the Y (4260) peak looked asymmetrical: a sharp left rise
and a relatively smooth fall on the right. Finally, BESIII found an explanation of the strange line-
shape as the two overlapping states, the ¥ (4220) and Y (4360), decaying to common final state,
the lighter one Y (4220) was found to be lighter and narrower than the ¥ (4260). The BES results
for the ete™ — w(2S)n" ™ [23] and ee™ — h w1~ [24] cross sections are no less intriguing.
In both cross sections BESIII demonstrated the presence of the same Y (4220) and Y (4390) states
as in the J/ymw ™~ case. New BESIII data indicate also the presence of the ¥ (4220) peak in the
ete” — y.o cross sections [25].
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State M, MeV I', MeV Process
Y (4260) 4251+9 120+ 12 ete = J/yrntn | [20, 18]
Y(4220) | 4222.0+£3.1+£1.4 | 44.1+£43+20 | ete” —>J/yntn | [22]
Y(4220) | 4209.5+£7.4+£1.4 | 80.1£24.6£29 | eTe” — y(2S)n ™ | [23]
Y(4220) | 4218.4/3°+£0.9 | 66.043*°£0.4 ete” s hwtn [24]
Y (4220) 4230 £8+6 381242 ete” = xew [25]
Y (4360) 4346 £ 6 102+10 ete” = y(2S)ntn | 21, 19]
Y (4360) | 4320.0+£10.4+£7.0 | 101.4/5°£102 | efe” —J/yntn~ | [22]
Y(4390) | 4383.84£4.2+£0.8 | 842+£12.5+2.1 | efe” = y(2S)ntn~ | [23]
Y(4390) | 4391.5/8°+£0.9 | 139.5)/82+06 | ete” —hmtn [24]
Y (4660) 4643 9 72£11 efem = y(2S)ntr | [21, 19]
X (4630) 463477, 92141 ete” = AFAS [9]

Table 1: Exotic vector states in e™ e~ annihilation

Another important BESIII result is the e e~ — DD* 7 cross section [26] measured quite ac-
curately with a small scan step. It was previously measured by Belle [7] with low accuracy. Sur-
prisingly, in this cross section there is an indication on the presence of the ¥ (4220). However, the
interpretation of the second peak as the new Y (4390) looks strange. In place of the ¥ (4390) to be
the standard y(4415) state, which must appear in this cross section. Indeed, the y(4415) decays
into DD, (2460) (the Belle study of the y(4415) — DD,(2460) — DD [6]), which means that it
should be visible not only in the DD final state, but also in the DD* & final state.

Thanks to BESIII, a significant revision of the Y states took place. The ¥ (4220) and Y (4390)
states with the improved accuracy of their masses and widths are reliably established. But in addi-
tion it was discovered that each of them has many decays in different final states in contrast to the
first Belle an BaBar results. The last observations remove the basis of the idea of hadrocharmonium
(each Y resonance has its only favorite decay channel) and have to help to determine the nature of
these states.

3.2 Charged charmoniumlike states

Another numerous family of exotic states are charged charmoniumlike states. They decay
strongly into the final state with a pair of c¢ but have a nonzero charge. The first state in this class
was the Z*(4430) found in B — w(2S) K decays in the y(2S)x™ final state by Belle [27]. At the
moment it is reliably established and well studied, its mass, width and the quantum numbers J* =
1" are measured quite accurately. In addition, LHCb conducted an analysis that allowed measuring
the change in the complex phase as a function of the mass of the decay products y(2S)x™, which
behaves as expected for a true resonance [28]. There are the Z(4050)" and Z(4250)" candidates
for charged charmoniumlike states in the decays of B mesons found in the y.; 7" final state [29]
and the Z(4200)" found in the J/wn™ final state [30]. They still need confirmation. Even more
charged charmoniumlike states were found in e™ e~ annihilation. The first was the Z(3900)*, found
simultaneously by Belle [31] and by BESIII [32] in the J/ w7 final state. Today almost dozen
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State M, MeV I, MeV Process
Z(3885)" | 3883.94+4.5| 25+12 Y (4260) — n— (D*OD*) | [36]
Y (4260) — n— (D**DO)

7(3885)" | 3885.7+9.8 | 35+19 ete™ — (DD*)° [37]
Z(3900)" | 3891.24+3.3 | 40+8 Y (4260) — = (J/wxt) | [31,32]
Z(3900)° | 3894.8+3.5 | 29+12 Y (4260) — n°(J/wx%) | [33]
Z(4020)" | 4022.942.8 | 7.943.7 | Y(4260,4360) — w~ (h.n") | [34]
7(4020)° | 4023.94+4.3 | 7.943.7 | Y(4260,4360) — 1°(h.7°) | [35]
Z(4025)" | 4026.3+£4.5 | 24.849.5 | Y (4260) — m~ (D*D*t) | [38]
Z(4025)% | 4025.54+4.6 | 23.0+6.1 ete” — (D*D*)° [39]
Z(4055)" | 4032.142.4 | 26.1+£5.3 | Y(4360) — n~(w(28)x*) | [40]
Z(4050)" | 4051773 g2+l BY— K~ (xam™) [29]
Z(4200)T | 4196733 37017, B' K~ (J/yrt) [30]
Z(4250)T | 42480)% 177+33! B — K~ (xam") [29]
Z(4430)* | 4458415 166732 BY — K~ (y(28)m™) [27, 28]

B - K (J/yrt) [30]

Table 2: Charged charmoniumlike states

states have been observed in the final states with a charmonium and 7 meson or a pair of charmed
mesons [33, 34, 35, 36, 37, 38, 39, 40]. The current list of all observed charged charmoniumlike
states is presented in the Table 2. The statistical significance of the signals is beyond doubt. At the
same time, no convincing models explaining the existence of these peaks has been found yet.

3.3 X(3872)

The oldest and the most interesting state in the spectrum of exotic charmonium is the X (3872)
state [41] which is extremely narrow. While trying to explain the broad states one can speculate
about the possibility to produce peaks by dynamic effects such as cusp, re-scattering, threshold
effect, etc., for the narrow X (3872) such explanations are not suitable. This state is absolutely reli-
ably established from different production mechanisms: in B-decays [42] and in prompt production
at hadron machines [43, 44, 45]. This emphasizes the independence of the properties of this state
from the initial dynamics, which is more characteristic for the real resonance than for some QCD
effects. Many models attempting to explain the origin of X (3872) have been proposed, tested and
then excluded. So far, the only surviving model remains a molecular model, or rather a model that
asserts the presence of a mixture of the DD* molecule to the charmonium state y. (2P).

3.4 X(3915)

Another candidate for the exotic charmonium Y (3915) was recently transferred by PDG [46]
to the category of the standard charmonium. But, it seems, it has been done untimely. The Y (3915)
is seen in the J/y o final state both in the B — J/y®K decays [47, 48] and in yy fusion [49, 50].
BaBar has measured quantum numbers in the process of yy — Y (3915) — J/y® and determined
the spin of the state as J = 0 [50]. Based on this, the PDG hastened to rewrite this state as y.o(2P)
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disregarding many arguments against such interpretation: the expected suppression of the pro-
duction of x.(2P) in B decays, and the expected dominance of its decay in DD. In addition,
later BaBar analysis was criticized: when testing the hypothesis J = 2, not all possible produc-
tion amplitudes were tested, but only those expected for real charmonium [51]. But the main
argument against the interpretation of the Y (3915) as x.o(2P) is that this place is already occu-
pied by more likely candidate, different from the Y (3915), produced and decaying as expected.
In 2007 Belle found a candidate for Y.o(2P) in the process of double charmonium production
ete” — J/Wx.0(2P) — J/wDD [52]. Note that ¥ prefer to be produced with J/y and decay
into the DD final state. While the significance of the first Belle observation was less than 50, the
later Belle analysis using increased statistics of the full data set has confirmed the observation of
Xc0(2P) with the significance of more than 65 [53]. In addition, Belle showed that JPC =0Tt is
more preferable for this candidate than 27, although with low significance, 2.50.

4. Bottomonium states

4.1 Standard bottomonium states

Almost the complete bottomonium table in addition to vector states is the results of recent
discoveries. Four lower vector bottomonium states Y(15), Y(2S), Y(3S) and Y(4S) have been
observed more then 40 years ago and perfectly fit in the expectations. The states above the open
bottom threshold are more complicated both from the experimental and theoretical point of view
because of the influence of open bottom thresholds. They must be taken into account in the fit of
the inclusive hadron cross section.

P-orbital excitation of bottomonium, as in the case of charmonium, are clearly visible in the
radiative decays of vector bottomonium: Y(2S) — xps(1P) and Y(3S) — xps(2P), (J =0,1,2).
They were discovered by CLEO as peaks in the photon energy spectrum and all the properties of
the x5y (1P) and y;;(2P) are well consistent with expectations [54].

The lightest state of bottomonium 1,(1S) was discovered by BaBar in the radiative decays
of Y(2S) [55] and Y (3S) [56] and confirmed by CLEO [57]. The probabilities of these transitions
are small and backgrounds require a very precise description. In the BaBar study the hyper-fine
splitting (mass difference m(Y(1S)) —m(n,(1S))) turned out to be much higher than expected (by
20).

BaBar discovered the D-wave state of T(13D ;) [59] due to the large sample of the data col-
lected at the Y(3S) energy. This state can be seen in complex cascade of radiation transitions
through the Y(3S) — yyY(13D;) — yyn* £~ Y(1S) decay chain.

Quite unexpected was the observation of the /;,(1P,2P) states by Belle via ete™ — Y(55) —
hy(1,2P))mt 7~ process [60]. This discovery allowed to measure accurately the mass of 4, (1P,2P),
which perfectly agrees with the center of gravity of the J; states, as expected in all models. Belle
used /;,(1P,2P) as a source for studying 1, (1S) via radiative decays [58]. The measured hyper-
fine splitting of n,(1S) AMpr(1S) = 57.9 £2.3 MeV removed the tension between theory and
data. From radiative decays of the the /;(2P) Belle has observed the 1,(2S) with a mass of
(9999.0£3.5175) MeV/c? [58].
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4.2 Bottomoniumlike states

In 2007 Belle reported the first observation of ete™ — Y(1S)z"n~ and Y(2S)n" 7~ pro-
cesses near the peak of the Y(55) resonance at /s ~ 10.87 GeV [62]. The obtained partial widths
(Y (58) = Y(1S)n* 7~ ) =0.59+0.044+0.09 MeV and T'(Y(5S) — Y(2S)x"7~) =0.85+0.07 &
0.16 MeV exceeded by more than two orders of magnitude the previously measured partial widths
for dipion transitions between lower Y resonances, including Y (4S5).

The bottomonium pattern began to resemble the case of the vector charmoniumlike Y states
with anomalous transitions to y(15,2S)7" 7~ final states. Since the large production rate was
measured in Y (4260) — h.m~nw~ [61], Belle has searched for a similar transition of Y(55) —
hy(1P,2P)nt~. The discovery of this was the biggest surprise: the transitions from Y(55) to
the lowest Y(1S,2S,3S) proceed without a b quarks spin flip, and into 4, (1P,2P) with a spin flip
turned out to be of the same strength. The latter should be strongly suppressed but the data showed
that there is no suppression. This suggested the exotic dynamics of the Y(5S) — (bb)n" 7~ transi-
tion [63].

In fact, eTe™ transitions to the Y(18)znt 7, Y(2S)ntn—, Y(3S)n " n~ and to the h,(1P) 7t~
hy(2P)" 7~ show two structures in the Y(1S,2S,3S)x™, h,(1P,2P)™" final states corresponding
to intermediate resonance states called Z, [63, 64]. There is an excellent agreement in all five
modes. It should be noted that the two peaks interfere, and the complex phase between the two
peaks turned out to be inverse (shifted by the number ) for Y and /;,. This indicates the molecular
nature of Z,. The molecular hypothesis is also confirmed by the measured Z, quantum numbers
JP = 17 [65], the discovery of the decays of Z, into a pair of BB* and B*B* [66] and the proximity
of both Z, to the corresponding thresholds.

However, even if the molecular model solves the problem of the existence of Z, states, there
remains an open question: what is the nature of the Y(5S) which prefer to decay into Z,. To
search for an experimental answer to this question the cross sections of eTe™ annihilation into
various final states in the energy region from Y(4S) to slightly higher Y(6S)) were investigated.
The inclusive cross-section of the ete™ — bb [67, 68], exclusive cross section of the eTe™ —
Y(1S,2S,38)xr"w~ [69] and of the eTe™ — hy,(1P,2P)w" ™ [64] were measured. The same peaks
at the Y(5S) and Y(6S) energies are seen in all channels while new bottomoniumlike states are not
observed. Therefore, the anomalous decays of the Y(55) — Y(15,25,3S)n" 7~ and of the Y(5S) —
hy(1P,2P)m* £~ , which go through intermediate charged Z,, are properties of Y resonances and not
of accidentally superimposed new vector bottomonium like states.
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