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Abstract. In the past decade, a lot of new hadrons containing heavy quarks
were discovered which do not fit into the scheme provided by the traditional
quark models. Such states are known as the XYZ states and they are conven-
tionally referred to as exotic ones. At present, there is no consensus on their
nature, and different models and approaches have been suggested to explain
their unusual properties. The talk is devoted to a brief overview of the molecule
model for such exotic states.

1 Introduction

Before 2003, when viewed from the position of both theory and experiment, spectroscopy of
heavy quark flavours did not look as an exciting field of research. Indeed, by that time, all
Cc excitations below the open-charm threshold and many bb states below the open-bottom
threshold were already discovered, together with few higher vector states directly accessi-
ble in the e*e™ annihilation. All observed states were predictably well described by the
quark model in its simplest nonrelativistic form with the Cornell-like potential supplied
with spin-dependent interactions [1]. No surprises were anticipated until the first unusual
charmonium-like state, X(3872), was discovered by the Belle Collaboration in the reaction
B* — K*(z*n~J/y) [2]. Later, this state was also found in another hidden-flavour mode,
n*zr’noJ/lﬁ [3], and in the open-charm final state DD* (this mode comes as a sum of two
three-body final states, DDn and DDy) [4]. Further measurements confirmed quite unex-
pected properties of this state which lies about 100 MeV lower than “prescribed” by the
quark model for the radially excited axial charmonium y.;(2P) (the quantum numbers of the
X(3872) are JP€ = 1** [5]) and, what is even more important, incredibly close (within less
than 1 MeV) to the neutral DD* threshold and demonstrates a strong isospin violation through
the nearly equal decay rates of its di- and tri-pion decays to the vector charmonium J/i. The
unusual nature of this states was reflected in the name it was awarded — the X. The discovery
of the X(3872) started a new era in the spectroscopy of heavy quarks for which a very impor-
tant role was played by the B-factories at e*e™ colliders, such as Belle at KEK and BABAR
at SLAC. This also started a new naming scheme for the states which could not be described
by the quark model and, for this reason, were regarded as exotic states — since 2003 such
states have been named using the letters from the end of the latin alphabet: X, Y, Z. The total
number of the reported exotic states in the spectrum of charmonium exceeds 20, and about a
half of them are believed to be well established and confirmed. Two exotic states are found in
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the spectrum of bottomonium — Z,(10610) and Z;,(10650). Although there is no full consen-
sus among phenomenologists concerning particular criteria used to assign this or that name
to a newly discovered exotic state, it is more or less commonly accepted that the name Z is
used for charged (that is, isovector) resonances (for example, Z.(3900), Z.(4020), Z.(4430),
Z,(10610), Z,(10650)) while vector states are called Y’s (for example, Y(4230), Y(4260),
Y(4360), Y(4660)). The name X, following the tradition started with the X(3872), is as-
signed to newly observed exotic states, sometimes temporarily, until their quantum numbers
are unambiguously determined or their nature is clarified (for example, X(3915), X(4140)).
In Figs. 1 and 2 the XYZ exotic states are shown (in red) together with ordinary quarkonia
(given in blue) and relevant open-flavour thresholds (see the horizontal dashed lines).

2 Models

As was mentioned above, most of states in the spectrum of charmonium and bottomonium
can be explained as plain QQ quarkonia which are quite well described with the quark model
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Figure 3. Models for the XYZ exotic states.

based on the nonrelativistic Hamiltonian

2

H:2mQ+p—+0'r—
mgp r

darg

+C+ Vspin—dep, (1)

where mg is the quark mass, o is known as the string tension parameter which sets the
strength of the confining force between coloured objects, a; is the strong coupling constant,
and C stands for a constant energy shift. The factor 4/3 in the Coulomb part of the potential
is the fundamental Casimir operator of the colour S U(3) group.

The standard approach to the spin-dependent potential Vipin.aep in Eq. (1) is to identify it
order by order in the 1/m¢ expansion. This is well justified for heavy quarks and results in
a well-known expression for the spin-dependent potential to the order 1 /m2Q [6, 7]. A sys-
tematic approach to QQ mesons based on the Hamiltonian (1) can be found in Ref. [8] and
in many later works. Thus, the quark model provides a good description of the QQ spectra
below the open-flavour thresholds, as well as leptonic, radiative, and some hadronic widths
of the QQ quarkonia. In the meantime, quark models are known to fail for the exotic states.
The reason for such a failure is rather obvious — the effects of gluons and light quarks, such
as hadronic loops, strong thresholds, pions, and so on, cannot be captured by simple quantum
mechanical approaches, like those based on the Hamiltonian (1), even after relativisation.
This calls for building alternative approaches to the phenomenology of exotic states con-
taining heavy quarks. The most popular models for the exotics are collected in Fig. 3. They
include: (i) a plain QQ assignment which, if applicable, is typically tested first for each newly
observed state, (ii) a hybrid meson (or simply hybrid) in which a quark-antiquark pair is aug-
mented by gluonic degrees of freedom (see, for example, citations contained in Ref. [9]),
(iii) a hadronic molecule — an extended four-quark object which will be discussed in detail
below (for a recent review see Ref. [10]), (iv) a tetraquark whose dominating wave function
component is, similarly to the molecule, a four-quark one, however, tetraquarks are believed
to be compact objects formed by the confining forces, similarly to ordinary mesons or hybrids
(see Ref. [11] for a review and relevant references), and (v) hadroquarkonium which consists
of a heavy-quark core surrounded by a cloud of light quarks [12].

3 Introduction to hadronic molecules

As a hadronic molecular state, or simply a hadronic molecule, we understand a large prob-
ability to observe a resonance in a given hadron-hadron channel. Since the proximity of an
open-flavour threshold implies naturally a large admixture of a meson-meson component in
the wave function of the resonance, then near-threshold exotic states are strong candidates for
hadronic molecules. The nature of such resonances can be different — one needs to solve a
dynamical problem to find out whether this is a bound or virtual state or an above-threshold
resonance. It should be noticed, however, that because of the presence of various elastic and
inelastic decay channels, the poles in the complex energy plane describing near-threshold
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states are always located on unphysical Riemann Sheets, away from the real axis. Thus, such
poles cannot be nominated as bound or virtual states in the proper sense of the word. How-
ever, it is still convenient to stick to this terminology bearing in mind the position of the pole
relative to the nearest relevant hadronic threshold. The binding forces in the molecule can
also be quite different — for example, this can be a s- or z-channel exchange.

Remarkably, there exists a nice commonly accepted and known for many years example
of a molecular state in hadronic physics — the deuteron. Indeed, a 3S; two-nucleon system
is known to possess a pole in the isosinglet channel which is located on the physical Riemann
Sheet and describes the deuteron as a bound state. Meanwhile, a 'S two-nucleon system
also has a near-threshold pole, however, in the isovector channel and located on the second
(unphysical) Riemann Sheet which describes a virtual state just below the threshold.

It was suggested by Weinberg many years ago that, for a near-threshold resonance, it is
possible to define the admixture of the hadronic molecule in its wave function in a model-
independent way. To this end, one can define the probability to observe a compact state
(0 £ Z < 1) in the bound state wave function and to extract its value from the data on the
scattering length and effective range. Applied to deuteron, this approach indeed demonstrates
that the latter is a molecule state with Z — 0 [13-15]. The Weinberg’s method can be
formulated in terms of the pole counting rules [16] which state that an elementary (provided
by the confining forces of QCD) state is described by a large and negative effective range, a
small scattering length and, as a result, corresponds to two nearly symmetric near-threshold
poles in the momentum complex plane. On the contrary, a composite (molecular) state has
a small effective range (its sign is not determined since range corrections may change it), a
large scattering length and is described by a single near-threshold pole. Generalisation of the
Weinberg’s method to the case when there is no bound state in the system and to composite
objects formed by unstable constituents can be found in Refs. [17, 18].

The experimental information on near-threshold states comes predominantly from their
production reactions in which the line shapes are measured in the open-flavour and hidden-
flavour channels. Then bound states reveal themselves as narrow below-threshold peaks
(which, however, are very difficult to identify experimentally) and broad above-threshold
humps in the elastic channels. Virtual states produce cusps in the inelastic channels and
broad humps in the elastic ones. Thus, a combined analysis of all measured production and
decay channels for a given resonance is necessary to reveal its nature.

From the point of view of theory, it is important to notice that the exotic XYZ states
contain heavy quarks. Then, since for mg > Aqcp the spin of the heavy quark decouples, the
exotic systems at hand are subject to Heavy Quark Spin Symmetry (HQSS) which allows one
to relate various properties of exotic states with different orientations of the heavy-quark spin
— the so-called spin partners. Although being approximate, this symmetry appears to be a
rather accurate symmetry of QCD, especially in the b-quark sector, and provides an important
and useful tool for the phenomenology of exotic states — see, for example, Refs. [19-28].

Below we consider few examples of exotic XY Z states and discuss their possible molecule
interpretation.

4 The X-family
4.1 X(3872)
As was already mentioned above, the first and the most well-studied representative of the XYZ

family of exotic near-threshold states is the X(3872). It has the quantum numbers J¢ = 1*+
and its mass and width are My = 3871.68 + 0.17 MeV and I'y < 1.2 MeV [5]. The main
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observation modes for the X(3872) are 77~ J/y, n*tn~n°J/y, DD*, yJ /i, v’ (3686) [5]. It
is also seen in the reaction e*e~ — yX(3872).

In the molecular model, the X(3872) can be viewed as a shallow bound state (Ep <
1 MeV) with a large admixture of the DD* component in its wave function. The short-
range component of the wave function is responsible for the X(3872) production at high
energies, for its radiative decays and decays to light hadrons while the hadronic (long-range)
component is responsible for open-charm decays. It is worthwhile mentioning that the three-
body (DDn) dynamics is important in the X(3872) because of a very specific ordering of
thresholds: mp + mp- > 2mp + m; and mp- — mp — my; << M.

For a recent review and relevant references on the subject see Ref. [29].

4.2 X(3915)

Another exotic state, X(3915), is seen in the reactions B —» KX — K(wJ/Y¥) and yy —» X —
wJ /Y [30, 31], however, quite surprisingly for a charmonium, not seen in the DD final state.
Only two options for the quantum numbers of the X(3915) are compatible with the data: 0**
and 2**, however, the angular distributions for the final-state leptons and pions emerging
from the decays of the J/y and w favour the 0™* option [31] (this analysis was criticised in
Ref. [32]). In the meantime, there exists a good in all respects candidate for the ordinary
Xc0(2P) charmonium — the state X*(3860) reported recently by the Belle Collaboration [33].

From the theory point of view, this states is also problematic. Its y.o(2P) identification
[34] is quite questionable [35, 36]. On the other hand, the proposal of Ref. [32] to associate
the X(3915) with a tensor exotic state and, this way, to override the veto on the 2** quantum
numbers imposed in Ref. [31] does not work for the X(3915) as a D*D* tensor molecule [37].

Thus, the most plausible assumption left for the X(3915) seems to be its identification
with a scalar DD, molecule, as suggested in Ref. [38]. However, to verify this conjecture
one needs to go beyond the simple order-of-magnitude estimates contained in the cited work.

5 The Y-family
5.1 Y(4260)

Among the exotic vector states, the Y(4260) found by the BABAR Collaboration in 2005 [39]
is one of the most well studied. This state is not seen in the R-ratio scan that was considered as
an evidence of its possible hybrid nature [40]. Indeed, the quark-antiquark pair in the hybrid
appears to be in the colour octet state, so it cannot annihilate to photons. The hybrid model
predicts quite a peculiar pattern of open-flavour decays for such states [41—46] which can be
employed to tell hybrids from conventional quarkonia. A competing model for the Y(4260),
as a compact object, is its [cs]-[¢5] diquark-antidiquark assignment [47].

In the meantime, proximity of the DD threshold implies a possible molecule interpreta-
tion of the ¥(4260) [48] which gives a good description of the data in J/ynr, h.nr and DD* 7
final states and, in particular, provides a natural explanation for the Z.(3900) (yet another
molecule candidate — see below) appearance in the Y(4260) decays [49]. It is also worth
mentioning that the prediction of the molecular model for the behaviour of the cross section
ete” — yX(3872) in the energy region near Y(4260) [50] was confirmed experimentally
shortly after its publication [51].

Finally, similarly to the case of the X(3872), the wave function of the Y(4260) may be
a mixture of a short-range (for example, associated with the hybrid or tetraquark) part and a
long-range one given by the D; D molecule.



EPJ Web of Conferences 202, 01002 (2019) https://doi.org/10.1051/epjconf/201920201002
CHARM 2018

6 The Z-family
6.1 Z.(3900)

The Z-states in the spectrum of charmonium attract special attention due to their undoubtedly
exotic nature. Indeed, being charged (isovector) states they definitely contain a c¢ pair, so that
their minimal quark content is four-quark. The charmonium-like state Z.(3900) observed
by the BESIII Collaboration in 2013 [52] has the quantum numbers J°¢ = 1*~, the mass
M = 3886.6 + 2.4 MeV and the width I' = 28.1 + 2.6 MeV [5]. It, therefore, resides just
above the DD* threshold — see Fig.1 — that hints its molecular interpretation as an isovector
cousin of the X(3872) (with the opposite C-parity). Its main observation modes are the decays
to the J/ym and DD* final states. The nature of this state is still obscure — for example, as
argued in Ref. [53], the data are compatible with both virtual state and resonance. If the
Z.(3900) pole in the energy complex plane resides above the DD* threshold, a nontrivial
interplay of different dynamics is needed to explain it.

6.2 Z,(10610) and Z,(10650)

Charged 17~ states Z,(10610) and Z,(10650) in the spectrum of bottomonium were observed
by the Belle Collaboration in 2011 [54]. Their parameters, Mz, = 10607.2 + 2.0 MeV,
Iz, =18.4+£2.4 MeV, MZ,; = 10652.2+1.5 MeV, FZ[; = 11.5+2.2 MeV [5], demonstrate that
they reside very close to the BB* and B*B* threshold, respectively, — see Fig. 2. The seven
observation modes for this states are

T(10860) — nZ\" — nBB*, nB"B’, nn((1S), nan((2S), anC(3S), nnhy(1P), nnhy(2P),
@
and the molecular interpretation for the Z,’s, suggested in the pioneering work [20] and fur-
ther developed in many later works, allows one to explain the nearly equal rates of the two-
pion decays Y(10860) — nmh;, and T(10860) — nxY" which proceed with and without the
heavy quark spin flip, that, naively, would imply a strong HQSS violation, quite unexpected
and unnatural for bottomonia.
Furthermore, the line shapes of the Z,’s in the reactions quoted in Eq. (2) can be well
described in the molecular model framework [55-58].

7 Spin partners

A specific prediction from the HQSS for molecular states is the existence of the spin partners
with a different heavy quark spin orientation. In particular, if the Y(4260) is indeed a D;D
molecule, then another vector state, Y(4360) [59, 60], may be identified as a D,D*/D,D*
molecule, too [61]. Similarly, if the Z.(3900) is identified as a DD* molecule, its D*D*
counter part should be nothing more than the Z.(4020) [62]. The existence of the X(3872) as
a 1™+ bound state in the DD* system was predicted to result in the existence of a tensor 2*+*
molecule X, at the D*D* threshold [23, 26, 27]. Finally, for the Z,(10610) and Z,(10650),
the existence of the spin partner states W,y with the quantum numbers J** (J = 0, 1,2) was
predicted in Refs. [20, 21]. Their line shapes in various elastic and inelastic channels and
the corresponding pole positions are predicted from the data on the Z, states in Ref. [63].
It is important to mention that, because of the positive C-parity, the W,; molecules can be
produced in the radiative decays from the T(10860) to lower lying bottomonia, so that the
probability of such decays is additionally suppressed by the electromagnetic fine structure
constant @ = % However, a large statistics expected at Belle-II should allow to override
this suppression, so that searches for the Z,s’ partner states should be regarded as an important
part of the Belle-1I physical programme [9].
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8 Conclusions

The molecule model provides a commonly accepted and phenomenologically successful ap-
proach to exotic states with heavy quarks which allows one to describe specific line shapes of
exotic near-threshold resonances, predict spin partner states and explain the mass splittings,
such as Mywuas0) — Mx3872) ® Mp,(2420) — Mp- and Mz, 10650) — Mz, (10610) ¥ Mp: — M.

Further developments of the model should include investigations of the relation between
different heavy-quark sectors, a proper inclusion of the pions and compact components of the
resonances’ wave functions, generalisation to the S U(3) flavour group for light quarks, tests
of the accuracy of HQSS, especially in the charm sector.

Support from the Russian Foundation for Basic Research (Grant # 17-02-00485) is grate-
fully acknowledged.
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