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GENERAL INTRODUCTION

As a theory subject to asymptotic freedom QCD is
characterized by an intrinsic mass scale, ΛQCD ∼ 200 −
400 MeV. It is around this scale where all perturbative
calculations for the Q2 evolution of the strong coupling
constant αs = q2

s/(4π) diverge. Accordingly, ΛQCD is
the dividing scale between the perturbative and the non-
perturbative regime. Because of this the physics of bound
systems of light quarks — quarks with masses below
ΛQCD, namely up, down, strange — is expected to be
a lot more complex than the physics of bound systems
of the heavy quarks charm and bottom [45]. In fact,
it follows from asymptotic freedom that at large energy
scales/small distances the quark–gluon interaction gets
Coulombic. Accordingly the spectrum of low lying heavy
quarkonia is very similar to that of positronium, as illus-
trated in Fig. 1. Since QCD keeps colored objects con-
fined within bound systems that are overall color neutral,
the potential needs to deviate from the Coulomb poten-
tial as the distance between the bound objects increases,
for the potential needs to keep rising. Already in the
1970ies the Cornell group found that a central potential
of the kind

V (r) = −α/r + σr , (1)

where σ denotes the so-called string tension, supple-
mented with property adjusted spin and angular momen-
tum terms, allows for a perfect description of all states
known at the time and even until quite recently (see, e.g.
the review presented in Ref. [1]). Using (p)NRQCD —
the effective field theory for heavy quarkonia, to be ex-
plained in the next section — and lattice QCD Eq. (1)
later received a sound foundation within QCD.

It therefore came as a big surprise when with the dis-
covery of X(3872) in 2003 a state was found experimen-
tally that did not at all fit into the predictions by the
up to that time very successful quark model. Quickly
the state was identified as a candidate for a QCD ex-
otic — a meson with a substructure different from Q̄Q.
The X(3872) did not stay alone. The Review of Particle
Physics by the Particle Data Group [2] in its 2014 issue
lists 8 established states that apparently can not be put
into the quark model scheme. Most prominent amongst
those are the charged states found in both the charmo-
nium as well as the bottomonium mass range that decay
exclusively into final states that contain a heavy quark

and a heavy antiquark. Thus these states have to con-
tain at least 4 quarks — they are explicitly exotic. As
described below in a lot more detail the various mod-
els for exotic states can be classified according to their
clustering of the quarks:

• if the heavy quark–antiquark pair is forming a com-
pact, quarkonium like, core surrounded by the light
quarks, the state is called hadrocharmonium;

• if a the light and the heavy quark as well as the
light and the heavy anti–quark combine to form
compact diquark and anti-diquark substructures,
respectively, one speaks of tetraquarks (note, this
applies to the most prominent tetraquark model,
but there are also tetraquark models that do not
assume any diquark clustering) and

• if the heavy quark and the light antiquark as
well as the heavy antiquark as well as the light
quark combine to form a meson pair the object is
called hadronic molecule. When located close
to the threshold of the molecular constituents the
molecules can become quite extended — a feature
that is claimed to lead to observable consequences.

In reality all the physical wave functions might contain
some fraction of all of these configurations and at least
the neutral ones even an admixture of regular quarko-
nium. At present it is the main goal of research in the
field to identify the most prominent component — this
enterprise calls for refined theories that allow one to re-
late observables to the underlying substructures in a con-
trolled way as well as experiments of sufficient quality and
quantity to be decisive.

HADRONIC TRANSITIONS

REGULAR QUARKONIA - OPEN ISSUES AND
CHALLENGES

*** To be done ***

QCD EXOTICS

The spectrum of the currently established charmonium
like states is depicted in Fig. 2. As one can see, above
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FIG. 1: Comparison of the charmonium potential as well as spectrum as it was known 2002, before the discovery of X(3872)
to those of positronium.

the lowest open charm threshold the number of exotics
candidates already outnumbers the number of states that
seem to match to the expectations of the quark model.

When restricting ourselves to confirmed states we are
faced with 8 states that do not seem to fit into the
standard quark model: The 4 established charged states
(Zc(3900)± and Zc(4430)± in the charmonium sector,
and Zb(10610)± and Zb(10650)± in the bottomonium
sector) as well as 4 additional neutral ones (X(3872),
Y (4260), Y (4360), Y (4660)).

Before discussing the current level of understanding
for the various states in detail, in the following we will
briefly describe the most popular models proposed for
their structure.

Models

Tetraquarks

*** To be done ***

Hadrocharmonia

Triggert by the observation that a large number of ex-
otic candidates decay into a quarkonium accompanied by

one or more pions, they were proposed in Ref. [3] to con-
sist of a core provided by a heavy quarkonium surrounded
by an excited state of light–quark matter. In this picture
the mentioned decays are understood as setting free the
quarkonium core in the process of de-exciting the light–
quark cloud into one or more pions.

It is expected that the dominant decay modes of hadro-
quarkonia are given by light quarks in combination with
the core quarkonium. In particular, since in heavy quark
systems the spins of the heavy quarks and the total an-
gular momentum of the light–quarks are conserved indi-
vidually, any given state should decay either into a spin 1
or a spin 0 quarkonium, but not into both. However, this
spin symmetry selection rule can be evaded by mixing [4],
as will be discussed below.

An additional implication of spin symmetry is that
one should expect for each hadroquarkonium spin part-
ner which can be constructed simply by replacing the
heavy quarkonium core by its spin partner(s) while leav-
ing the cloud intact. In this way a rather rich spectrum of
additional hadroquarkonium states can be predicted [5].
Testing these predictions provides crucial tests for the
hadroquarkonium model.
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FIG. 2: Charmonium spectrum as of 2014. In blue are the
states shown predicted by the quark model, while the red
boxed show states that seem not to fit into the quark model
predictions. The isovector states are marked by a ′+′ as su-
perscript. Some thresholds, relevant for the discussion below,
are also indicated.

Hadronic Molecules

Hadronic molecules are understood as bound states of
two color neutral mesons. To get a quantum mechan-
ical understanding of this statement one may think of
the wave function of a physical state to be composed of
two components: a two–hadron or molecular component
and a compact component. Already in 1969 Weinberg
showed that the probability to find the molecular com-
ponent inside the physical wave function, λ2, is related
to the physical coupling of the state to the continuum
channel via [6]

g2
eff

4π
= 4(m1+m2)2λ2

√
2ε/µ ≤ 4(m1+m2)2

√
2ε/µ , (2)

where m1, m2 and µ denote the masses of the individual
constituents and their reduced mass, respectively. The
binding energy, ε, is defined with respect to the contin-
uum threshold via

M = m1 +m2 − ε , (3)

where M denotes the mass of the state considered.
Eq. (2) is correct up to corrections of the order of

√
2µεR,

where R denotes the range of forces. Since g2
eff is nothing

but the residue at the pole for the state considered, via
Eq. (2) the amount of molecular component in a wave
function becomes an observable.

The derivation of Eq. (2) involves the normalization of
a bound state wave function and it therefore holds rig-
orously only for stable bound states. However, it was
shown that it can be generalized to states coupling to
remote inelastic channels [7]. In addition, in order to
keep the corrections small, the bound systems considered
should be shallow. But one may adopt the physical pic-
ture that the coupling of a state gets large when it has
a sizable molecular component also to somewhat more
deeply bound systems — as was shown e.g. in Ref. [8]
this assumption leads to quite significant observable con-
sequences, like highly asymmetric line shapes.

While detailed predictions for new states within a
molecular picture are difficult, since they require a de-
tailed dynamical modeling analogous to that necessary
to describe few nucleon systems, some general statements
are still possible. For instance, molecules should form
(predominantly) in S–waves. Therefore the quantum
numbers of the constituents already define the molecules
they can (most easily) form. In addition, only nar-
row states can form hadronic molecules, since a shallow
bound state that contains a broad building block would
be very short lived or might not even have the time to
be formed before the constituent decays [9, 10].

In addition, it appears natural to expect that the one–
pion exchange plays a crucial role in the formation of
the bound states — after all it is also understood as a
crucial ingredient to the nuclear force. In this context it
is important to acknowledge that the strength of the one–
pion exchange changes by a factor -1/3 when switching
from an isoscalar to an isovector channel. In addition,
it also changes sign, when systems of opposite C–parity
are looked at. As a result of this one should expect that,
if there is an isoscalar molecule of a given C–parity, the
isovector partner, if it exists, should have opposite C–
parity [5]. This is in contrast to the tetraquark picture
where for each quantum number there should always be
both an isoscalar and an isovector state.

Facing the Experiment

The quantum numbers of the X(3872), discovered in
B± → K±X (X → J/ψπ+π−) by BELLE [11], soon af-
ter confirmed by BABAR [12], have been determined by
LHCb to be JPC = 1++ [13] (see also the more refined
analysis presented in Ref. [14]). Especially since the mass
of X(3872) is located 100 MeV lower than that predicted
for the χc1(2P ) [15] and since it decays equally proba-
ble to into the isovector channel ρJ/ψ and the isoscalar
channel ωJ/ψ the X(3872) was regarded as exotic can-
didate. The mass of the X(3872) lies extremely close to
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the D0D̄∗0 threshold and therefore the most natural ex-
planation for this state might be a 1++ DD̄∗ molecule
[16]. As a consequence of the separation to the D+D∗−

channel of only 8 MeV, strong isospin breaking is pre-
dicted in this szenario [16, 17]. Indeed, the compara-
ble rates in the ωJ/ψ and ρ0J/ψ channels are consis-
tent with an interpretation of X(3872) as an isoscalar
DD̄∗ molecule when the different widths of ρ and ω as
well as the mass difference between the DD̄∗ thresholds
are taken into account [18]. A four-quark state cqc̄q̄′

was also discussed [19, 20]. However, since the charged
partners of the X(3872) have not been observed (e.g. in
B− → K̄0X− norB0 → K+X−, whereX− → J/ψ π−π0

[21] this explanation appears unlikely. The claim that
X(3872) must be a compact (tetraquark) state, since it
is also produced at very high pT in p̄p collisions [22],
was challenged in [23] which stresses the importance of
rescattering, see also [24].

The Y (4260) was discovered in J/ψπ+π− by BABAR
in initial state radiation [25]. A charmonium state with
the quantum numbers 1−− is not expected in this mass
region. In addition, if Y (4260) were a charmonium, it
should have a significant coupling to D̄D. However, this
decay channel is not observed. This state could be a hy-
brid charmonium with a spin-1 c̄c core [26, 27]. However,
provided that the observation of Y (4260)→ hc(1P )ππ by
BESIII [28] is confirmed, the hybrid hypothesis would be
under pressure, since this transition would violate spin
symmetry.

The same criticism applies to the hadrocharmonium
interpretation of the Y (4260) which describes this state
as spin-1 quarkonium surrounded by a light quark cloud
[3]. To circumvent the spin symmetry argument [4] ar-
gues that Y (4260) and Y (4360) could be mixtures of two
hadrocharmonia with spin triplet and spin singlet heavy
quark pairs. The same kind of mixing could also operate
for a hybrid.

The mixing scenario of Ref. [4] opens an interesting op-
portunity: using the proposed scenario for Y (4260) and
Y (4360) as input one can use spin symmetry to predict
in total 4 spin partners of the mentioned states — most
special amongst them is a pseudo–scalar state, predicted

to decay predominantly into η
(′)
c ππ, which is significantly

lighter than Y (4260) [5].
In Ref. [29] the Y (4260) was conjectured to be predom-

inantly a D1D̄ molecule. For the authors this assignment
not only provided a natural mechanism for the produc-
tion of a DD̄∗ molecule, Zc(3900), but also allowed sub-
sequently for the prediction of the copious production of
X(3872), also assumed to be a DD̄∗ molecular state, in
Y (4260) radiative decays [30]. This prediction was con-
firmed shortly after at Belle [31]. The Y (4360) as D1D̄

∗

bound state could be the spin partner of the Y (4260)
[32, 33], but a detailed microscopic calculation to make
this connection solid is still lacking.

The tetraquark picture of Maiani et al. explains the

observed Y states and, when including a tailor-made
spin-spin interaction, is also capable to describe both
Zc(3900)± and Zc(4020)± [34], and even the recently
confirmed Z(4430)±. However, even when counting only
the ground states, the model predicts 80 states in the
mass range 3.7 - 4.36 GeV, with at least 67 still to be
found [5]. In particular, each tetraquark model predicts
for every isoscalar state an isovector partner, neither of
which found up today although intensive searches were
performed.

The charged states Zc(3900)±, first observed by BE-
SIII [35] and the to be confirmed Zc(4020)± [36] de-
cay predominantly into D̄D∗ and D̄∗D∗, respectively,
while Zb(10610)± and Zb(10650)± [37, 38] decay pre-
dominantly into B̄B∗ and B̄∗B∗, respectively, although
all of them were discovered in decay modes with a heavy
quarkonium and a pion. This suggests that the states are
close relatives and their interactions connected via heavy
quark flavor symmetry. A molecular interpretation for
the bottomonium states was proposed shortly after the
discovery of the Z±b states [39] and also shortly after that
of the Zc(3900)± [29]. However, their properties also ap-
pear to be consistent with tetraquark structures [40].

The heaviest charged state in the charmonium sector
is the Z(4430)± observed by BELLE [41] and confirmed
at LHCb [42] It is interpreted as hadrocharmonium [3],
D̄1D

∗ molecule [43] as well as tetraquark [34]. Ref. [44]
provided an explanation of this state as cross channel
effect, without introducing an explicit pole.

LATTICE QCD

PROCESSES

B-decays

Initial–State–Radiation

Two–Photon Collisions

Double–Charmonium Production
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