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Abstract. Since ten years ago experiments have been observing a host of exotic states decaying into heavy

quarkonia. The interpretation of most of them still remains uncertain and, in some cases, controversial. Notwith-

standing, a considerable progress has been made on the quality of the experimental information available and a

number of ideas and models have been put forward to explain the observations. We will review the most promis-

ing theoretical interpretations of exotic states, in particular we will discuss the nature of the charmonium-like

resonances in the region 3850−4050 MeV, and propose a new mechanism to explain prompt X(3872) production

cross section at hadron colliders. Finally, the phenomenology of doubly charmed states is commented.

1 Introduction

Heavy quarkonium sector has proved to be extremely use-

ful for the understanding of QCD. In the limit mQ → ∞,

the gauge field dynamics can be simplified in terms of ef-

fective potential models [1], or in terms of effective the-

ories as NRQCD [2], which allow us to make accurate

predictions about quarkonia spectra, production cross sec-

tions and decay rates. However, in the last ten years a lot

of unexpected quarkonium-like resonances have been dis-

covered. There are several hints that these states cannot fit

standard heavy quarkonium interpretations, whence they

were called X, Y, Z. A graphic summary of the situation in

charm sector is reported in Fig. 1. Despite a lot of efforts,

a comprehensive framework for a unified description of

all these states is still missing. The actual identification of

these states would represent a major progress in our under-

standing of strong interaction dynamics, and might imply

the prediction of a large number of additional states that

have not yet been observed.

The most likely possible states beyond ordinary

mesons and baryons are:

• Molecules: bound states of two mesons, just like deu-

terium is the bound state of a proton and a neutron. The

binding mechanism involves the exchange of a light me-

son (π, σ) [3], or even a 0-order contact interaction [4].

The mass of these states is expected to be near the sum

of the two meson masses. In particular, the system

would be stable if the binding energy is negative, so

that the mass of the states would be set below meson

threshold. The smaller is this binding energy, the larger

is the spatial extension of the molecule, up to 10 fm for

X(3872). The bound state should decay mainly into its

constituents [5].
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• Tetraquarks: a quark pair (diquark) in the 3̄c (attrac-

tive) configuration, neutralizing its color with an anti-

quark pair [6, 7]. A full nonet of states is predicted for

each spin-parity, i.e. a large number of states are ex-

pected. There is no need for these states to be close to

any threshold. Isospin-violating decay are predicted in a

natural way. The lack of observations of predicted states

constitutes the main drawback to this model.

• Hybrids: bound states of a quark-antiquark pair in the

8c configuration and of a number of constituent glu-

ons. The lowest-lying state is expected to have quantum

numbers JPC = 0+−. Since a quarkonium state cannot

have these quantum numbers, this is a unique signature

for hybrids. An additional signature is the preference for
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Figure 1. Charmonium sector. Black lines represent observed

charmonium levels, blue lines represent predicted levels accord-

ing to [1], red line are exotic states. The open charm threshold

are reported on the right.
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State Mass (MeV) Width (MeV) Decay channels
(
IG
)

JPC

X(3872) 3871.68 ± 0.17 < 1.2 see Ref. [14] (∗∗) 1++

Y(4260) 4250 ± 9 108 ± 12 see Ref. [14] (0−) 1−−

Zc(3900) 3899 ± 6 46 ± 22 J/ψ π likely (1+) 1+−

Zc(3885) 3883.9 ± 4.5 24.8 ± 11.5 DD∗ (1+) 1+−

Z′c(4020) 4022.9 ± 2.8 7.9 ± 3.7 hc π (1+) 1?−

Z′c(4025) 4026.3 ± 4.5 24.8 ± 9.5 D∗D∗ (1+) 1+−

Zb(10610) 10607.2 ± 2.0 18.4 ± 2.4 Υ(nS ) π, hb(nP) π, BB∗ (1+) 1+−

Z′b(10650) 10652.2 ± 1.5 11.5 ± 2.2 Υ(nS ) π, hb(nP) π, B∗B∗ (1+) 1+−

Table 1. Mass, width and quantum numbers of exotic states analysed. IG is undefined for X(3872) because of isospin-violating decay.
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Figure 2. Result of the fit to the BES and Belle [10] data reported in Ref. [17], in the presence of a lighter resonance (left panel) or

heavier resonance (right panel). The former fit has χ2/DOF = 41/65, whereas the latter fit has χ2/DOF = 47/65. Red curves: fit to

data. Green curves: Zc(3900). Purple curves: additional resonances. Blue dashed curves: background.

a hybrid to decay into quarkonium and a state that can

be produced by the excited gluons (e.g. π+π− pairs) [8].

• Hadrocharmonium (hadrobottomomium): a color-

singlet proto-quarkonium QQ̄ core is supposed to inter-

act with a light quark cloud via a Van-der-Waals resid-

ual force [9]. Quantum numbers are the same of a pair

quarkonium-light meson.

In this talk we would like to summarize the recent re-

search on exotic hadrons by our group. In Sec. 2 we will

talk about Zc states, and about its interpretation in terms of

tetraquark model. In Sec. 3 we will show a possible com-

prehensive framework for most of known states in terms

of Feshbach resonances. In Sec. 4 we will propose a new

mechanism to explain huge X(3872) prompt production

cross section at hadron colliders. Finally, in Sec. 5 we pro-

pose a new tetraquark particle with peculiar quantum num-

bers and experimental signatures, whose existence can be

checked in lattice simulations and at LHCb.

In this review we will rely on the set of best es-

tablished states: in the charm sector we consider the

X(3872), Y(4260) (both seen by many experiments), and

the charged states Zc(3900) [10]. Furthermore, we ex-

tend our analysis to some states recently announced by

BES, i.e. Zc(3885) [11], Z′c(4020) and Z′c(4025) [12]. Fi-

nally, in the bottom sector we will consider Zb(10610) and

Z′b(10650) [13], which look very much like the b-partners

of Zc and Z′c. Mass, width and quantum numbers are re-

ported in Tab. 1.

2 Exotic resonances near X(3872) and
tetraquark model

The Zc(3900) is a charged state seen by BES and Belle [10]

as a resonance in Y(4260) → Z+
c (3900) π− → J/ψ π+π− 1,

likely carrying quantum number JPC = 1+−. Some hints

for the existence of an almost degenerate Z0
c neutral part-

ner seem encouraging [15]. The Zc is described in sev-

eral papers as a DD∗ molecule, the I = 1 partner of the

X(3872) [16]. However, a real bound state must have neg-

ative binding energy, whereas Zc is about 25 MeV above

DD∗ threshold. Such above-threshold states should be

considered a sort of virtual unstable states. However, the

mechanism for which such resonances are pushed above

threshold is still unclear.

In Ref. [7], assuming X(3872) to be a 1++ tetraquark,

two 1+− states were predicted at 3882 MeV and 3755 MeV.

In Ref. [17] the Zc(3900) was identified as the 1+− heav-

ier tetraquark state. The presence of a lighter state would

support the tetraquark hypothesis, whereas molecular pic-

1Hereafter the charge-conjugated modes are understood.
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State Hadro-cc̄, -bb̄ Open c/b Γ (MeV) ν (MeV) A (MeV1/2)

X(3872) J/ψ ρ0 D0D̄∗0 0 0 −
Zc(3900) ψ(3770) π D+D̄∗0 46 ± 22 23 ± 6 10 ± 5

Z′c(4020) hc(2P) πP-wave D∗+D̄∗0 24.8 ± 9.5 9 ± 4.5 8 ± 4

Z′c(4025) hc(2P) πP-wave D∗+D̄∗0 7.9 ± 3.7 5.6 ± 2.8 3 ± 2

Zb(10610) χb0(1P) ρP-wave B+B̄∗0 18.4 ± 2.4 3 ± 2 11 ± 4

Z′b(10650) χb0(1P) ρP-wave B∗+B̄∗0 11.5 ± 2.2 1.8 ± 1.5 8 ± 4

Table 2. Exotic states in term of Feshbach resonances. The width is related to the detuning by Γ = A
√
ν.

ture predicts a D∗D∗ bound state at ∼ 4020 MeV. Further-

more, it was noticed that the presence of a lighter state

(even though at ∼ 3820 MeV) was not incompatible with

data, whereas the presence of a peak at 4020 MeV seemed

unlikely (Fig. 2). All these facts are in favour of tetraquark

hypothesis.

However, in the last months BES discovered two reso-

nances close to the D∗D∗ threshold [12]: Z′c(4025) was ob-

served in the channel e+e− → Z′+c (4025) π− → D∗+D̄∗0 π−,

and Z′c(4020) in the channel e+e− → Z′+c (4020) π− →
hc π

+π−. The mass and width of these two resonances are

compatible to each other respectively within 1σ and 2σ.

As for the quantum numbers, the former has JPC = 1+−.

On the other hand, the latter has JPC = 1−− if the Z′c decays

in S -wave 2. If so, the neutral partner should be copiously

produced in e+e− collisions. If we assume instead that the

two Z′c are the same particle, the latter must decay in P-

wave to get the correct parity. In the following, we will

choose the 1+− assignment and will identify the two reso-

nances.

Finally, BES has recently announced [11] the discov-

ery of a Zc(3885) in e+e− → Z+
c (3885) π− → D∗+D̄0 π−.

Mass and width are compatible with Zc(3900) ones within

2σ and 1σ.

These new discoveries challenge the tetraquark pic-

ture: the Z′c cannot be formed with the same diquarks of

X(3872) and Zc(3900), but seems too light to be the (ra-

dial) excitation of Zc. Moreover, another whole family of

tetraquarks generated by Z′c should be expected, making

this interpretation unfavored for the moment.

However, it is not clear why Z′c has not been seen in

Fig. 2: in a 1+− D∗D∗ molecule the cc̄ pair contains both

S = 0 and S = 1 components, and the S -wave decays

into J/ψ π and ηc ρ should be favored with respect to the

P-wave decay into hc π. The question is still open.

3 Exotic states as Feshbach molecules

All quantitative evaluations of molecular spectra push the

states at- or below-threshold (e.g. see Ref. [18] or the loop

contribution in Ref. [16]). As we said, the mechanism for

which some molecules are pushed above threshold is still

unclear. To explain this, we proposed in Ref. [19] a temp-

tative description in terms of Feshbach resonances.

We consider that the X and Z resonances are 4-quark

states with flavor content cc̄qq̄. The color structure is

2In this case, the virtual photon would decay into Z′c π in P-wave.

free to rearrange in two ways: i) a hadrocharmonium

(hadrobottomomium) [9] configuration where the cc̄ pair

is surrounded by light quak matter, ii) an open charm con-

figuration of two D mesons. The mass eigenstate is a su-

perposition of these two configurations 3. We call P and Q
respectively the open charm subspace and the hadrochar-

monium (closed) subspace.

We assume that the hadrocharmonium system admits

bound states giving rise to a discrete spectrum of levels.

We roughly expect these levels to be in correspondence of

the sum of the masses of hadrocharmonium ‘constituents’.

The coupling between the P and Q subspaces, described

by some HQP Hamiltonian term, appears in the expression

of the scattering length

a � aP+C
∑

n

|〈Ψn|HQP|Ψth〉|2

Eth − En
� aNR−C

|〈Ψres|HQP|Ψth〉|2

ν

If an hadrocharmonium level in the Q subspace hap-

pens to be close and above the onset of the continuum

spectrum of levels in the P subspace, we can neglect all but

this term in the sum, giving rise to an attractive interaction

and favoring the formation of a metastable resonance at the

hadrocharmonium level, that is called Feshbach resonance

(Fig. 3). The effect is enhanced the smaller the difference

in energy E−Eth = ν, E being the bound state level and Eth

the open-charm threshold energy [20]. The Feshbach phe-

3This reflects the fact that, from a QFT point of view, the interpolating

operators of molecules and hadrocharmonium have the same quantum

number, and mix under renormalization.

� > 0

�

�

(3)

(2)

(1)

�

Figure 3. P and Q are the open and closed channels respectively.

(1) Charged X(3872) partners suppression, (2) X case (3), Zc,b

case.
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Figure 4. The elastic scattering of a D0 (or D∗0) with a pion

among those produced in hadronization could reduce the relative

momentum k0 in the centre of mass of the D0D̄0∗ pair.

nomenon is therefore the formation of a resonance in the

‘scattering’ between different internal tetraquark states.

As for the X(3872), we can consider an hadrocharmo-

nium level with a cc̄ pair with the quantum numbers of

the J/ψ and a light component with the quantum num-

bers of the ρ0, held together by hadronic Van der Waals-

like forces. This ‘J/ψ ρ0’ level would have a mass of

3872 MeV. The open charm threshold is at 3872 MeV as

well, so that Feshbach mechanism give rise to a huge scat-

tering length, and to a very narrow state.

As for charged isospin partner of the X(3872), we must

consider that the charged threshold D+ D̄∗0 is at ≈ 3876

MeV, whereas the ‘J/ψ ρ+’ level is still at 3872 MeV. The

level is now below threshold, so that ν < 0. The scattering

length a becomes positive because of the term ∝ 1/ν. This

is the signal that the interaction is repulsive, thus destabi-

lizing the system. This mechanism implies the absence of

charged partners and the occurrence of isospin violation.

We can extend this argument to Zcs and Zbs states. The

decay width of a Feshbach resonance can be extimated

to be Γ = A
√
ν [20]. We report in Tab. 2 the results of

a global fit with existing data, reporting some interesting

agreement with data. In particular, the constant A is com-

patible to be the same for all states, both in charm and

bottom sectors.

The 1−− Y(4260) cannot be described in a similar way.

The closed charm state could be the ψ(2S )σ, but the state

would fall more than 30 MeV below the D1D̄0 threshold,

thus making Feshbach formalism not applicable. How-

ever, even if considered a real DD1 molecule, such a large

binding energy would make the molecule tightly bound

and long-lived, but ΓY(4260) � 100 MeV. Some authors

have proposed the Y(4260) to be an hybrid meson [8],

which does not appear in spectra of purely multiquark in-

terpolating operators, as hadrocharmonium or molecules.

If confirmed, this hypothesis could accomodate this miss-

ing part.

4 Prompt production of X(3872) at hadron
colliders

In this section we focus on the problem of understand-

ing prompt 4 production of X(3872) at hadron colliders.

In Ref. [21] a question was raised: how is that possible

4i.e. not produced in B decays but at the hadron collision vertex.

Herwig Pythia

kmax
0

50 MeV 100 MeV 50 MeV 100 MeV

N 0π 52 253 240 1560

1π 44 299 283 1984

3π 843 2069 4843 11679

4π 1166 2802 6489 14916

5π 1689 4167 7770 18284

σ 0π 0.10 0.50 0.13 0.83

(nb) 1π 0.09 0.59 0.15 1.05

3π 1.67 4.10 2.57 6.20

4π 2.31 5.55 3.44 7.92

5π 3.34 8.25 4.12 9.71

Table 3. Number of molecule candidates generated with Herwig

and Pythia, with different estimates for kmax
0

and different

number of scattering events with pions.

that a very long-lived molecule of a D0 and a D∗0 me-

son, with binding energy compatible with zero, could be

formed within the hadrons ejected in pp̄(p) collisions at

energies of some TeV? More specifically, the binding en-

ergy Eb = MX(3872) − MD0 − MD∗0 � −0.14 MeV and a

single well model were used to estimate the mean squared

momentum kmax
0

� 50 MeV. This number can be used as

an upper bound for relative momentum in center of mass

frame of D0D̄∗0 pairs, so as to be eligible candidates for

becoming molecular loosely bound states. The authors

of Ref. [21] performed numerical simulations with stan-

dard hadronization algorithms (Herwig and Pythia), simu-

lated production of open charm mesons and selected the

DD∗ pairs with a relative momentum as small as kmax
0

,

and finally estimated an upper bound for the prompt pro-

duction cross section of the X(3872) which was found to

be ∼ 300 times smaller than the experimental value, thus

challenging the molecular interpretation of X(3872).

Such a gap did not seem to be unbridgeable to the au-

thors of [22], who resorted to final state interaction (FSI)

mechanisms in the D0D̄∗0 system in order to improve the

theoretical cross section up to the experimental value. In

particular, it was suggested that FSI allow the DD∗ pairs

to get kmax
0

∼ 300 MeV without breaking the bound state.

This approach was criticised in [23], by noting that the

presence of a huge numbers of pions between the DD∗

mesons make FSI approach unjustified. The controversy

remained somewhat unsolved [24] 5.

In Ref. [26] a somewhat opposite mechanism was sug-

gested. It was considered that some of the large num-

ber of pions produced in the neighbourhood of the open

charm meson pairs could scatter elastically on the D0 or

D∗0 component of the would-be-molecule, thus changing

the relative momentum in the centre of mass of the pair, k0

(Fig. 4). As discussed in [21], the spectrum of D0D̄∗0 pairs

before tha interaction with pions can be represented by a

monotonically rising histogram in k0. If even a small part

of them was rearranged within lower relative momenta,

5FSI have recently been used to estimate Zc,b prompt production

cross-sections at hadron colliders [25]. However, the application of this

formalism to above-threshold states is unclear and somewhat arbitrary.
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Figure 5. Number of D0D̄∗0 pairs (events) counted with Herwig (left panel) and Pythia (right panel) when generating resp. 9 × 1010

and 5× 1010 full QCD events at
√

s = 1.96 TeV with the cuts on partons and hadrons described in Ref. [26]. The histograms named 1π

and 3π are related to the elastic scattering of open charm mesons with one or three pions selected.

there could be a significant effect of feed-down of pairs

towards lower bins, even in the far low energy region be-

low 50 MeV. Populating that region means increasing the

formation probability of the loosely bound X.

In Ref. [26] a first qualitative exploration of this phe-

nomenon was performed, by generating samples of pp̄ →
cc̄ (X) events in Herwig and Pythia, at Tevatron COM en-

ergies
√

s = 1.96 TeV. Then, a pion in proximity of one

of the mesons is selected, the elastic interaction (regulated

by effective matrix element) is implemented. It was no-

ticed that the number of pairs with k0 < kmax
0

was sensibly

increased.

Furthermore, the open charm mesons might interact

with pions 2÷3 times before a molecule is formed. Hence

the k(n)
0

after n interactions was evaluated by assuming the

probability distribution function which regulates the vari-

ation of k0 to be the same for all the interactions, like in a

Markov chain. The results showed a striking increase by

a factor of ∼ 100 of the DD∗ molecule candidates, thus

qualitatively indicating that the mechanism might play an

important role in physical events.

We present here preliminary results of the full QCD

events pp̄ → cc̄, pp̄ → gg, pp̄ → gq, pp̄ → qq.... We

generated 9× 1010 events in Herwig and 5× 1010 events in

Pythia. With full QCD, we noticed that more than 95%

of cc̄ pairs are produced during the parton shower pro-

cess by softer and softer gluons, so that the number of

low-relative-momentum DD∗ pairs is larger with respect

to pp̄ → cc̄ events. Following the same analysis as in

Ref. [26], and get the results reported in Fig. 5 and Tab. 3.

We see that with full QCD the enhancement due to inter-

actions with pions is not so relevant as in cc̄ generation. In

fact, we increase the cross section only by a factor O(10),

instead that O(100) as in [26]. If we take into account a

kmax
0

= 100 MeV, and if we consider 3 ÷ 5 interactions

with pions, we can get only up to 30% of experimental

cross section. We remark that also Refs. [22, 25] take into

account only events pp̄ → gcc̄, and a full QCD analy-

sis is needed also with FSI. Finally, a deeper analysis of

the effect of such mechanisms on known differential cross

section distributions is ongoing.

5 Doubly charmed states

The last topic we deal with is another approach to choose

among possible exotic models. We propose indeed to

predict exotic states which fit only one model, and have

neat experimental signatures. In particular, in Ref. [27]

we proposed to look for doubly charmed tetraquark states

of the form [cc]
[
q̄1q̄2

]
, with q1, q2 = u, d, s, that we call

T 0,+,++
(s,ss)

. In particular, the doubly charged states obtained

with q1, q2 = d, s could not be interpreted in terms of

loosely bound molecules D+D+ even if they occurred at

threshold, because of the Coulomb repulsion.

In Ref. [27] the phenomenology of such states was

investigated according to the diquark-antidiquark picture,

and decay widths and production branching fractions from

Bc mesons and Ξbc baryons were estimated (Fig. 6).

Furthermore, from a theoretical point of view, the fla-

vor quantum numbers of the T give the possibility to

clearly distinguish these tetraquarks from conventional

quarkonia. A method by Lüscher [28] established a con-

nection between the two-particle discrete eigenvalues of

the finite volume QCD Hamiltonian and the matrix ele-

ments of the infinite volume scattering matrix under the in-

elastic threshold, thus allowing lattice simulations to make

predictions on QCD unstable states. A lattice simulation

is currently ongoing.
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