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We propose a new interpretation of the neutral and charged X, Z exotic hadron resonances. Hybridized-
tetraquarks are neither purely compact tetraquark states nor bound or loosely bound molecules but rather
a manifestation of the interplay between the two. While meson molecules need a negative or zero bind-
ing energy, its counterpart for h-tetraquarks is required to be positive. The formation mechanism of this
new class of hadrons is inspired by that of Feshbach metastable states in atomic physics. The recent claim
of an exotic resonance in the B?rri channel by the DO Collaboration and the negative result presented
subsequently by the LHCb Collaboration are understood in this scheme, together with a considerable por-
tion of available data on X, Z particles. Considerations on a state with the same quantum numbers as
the X(5568) are also made.
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1. Introduction

The two most popular phenomenological models introduced to
describe the XYZ resonances are the compact tetraquark [1-4]
and the loosely bound meson molecule [5]. While in the first de-
scription the exotic mesons are four-quark objects tightly bound
by color forces, in the second one they are real bound states in a
shallow inter-hadron potential (for a review, see [6]).

In this Letter we propose a new interpretation of these states:
h-tetraquarks' result from an hybridization between the discrete
levels of the tetraquark potential and continuous spectrum levels
of the two-meson potential.

The guiding principle to identify h-tetraquarks is to write first
the diquark composition of would-be-compact tetraquarks along
the lines described in [1,2]. This gives an estimate of the en-
ergy of the discrete level of interest. The strongly bound diquark-
antidiquark state can be Fierz rearranged in a number of color
singlet pairs which can be of the form hidden-flavor + light meson

* Corresponding author.
E-mail address: antonio.polosa@cern.ch (A.D. Polosa).
1 Note that our states do not have any relation to the gluonic hybrids [7]. The
term ‘hybridization’ here is taken from the physics of Feshbach resonances in cold
atom systems, with the meaning explained in the text.
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or two open flavor mesons, having quantum numbers compatible
with the initial tetraquark state. The spin of the light quark com-
ponent is allowed to flip, whereas the spin of the heavy quark pair
has to be the same in both the compact tetraquark and the meson
pair description.

The mass of the would-be-compact tetraquark is computed
with the methods of [1,2]. The masses of the corresponding dif-
ferent would-be-hadron molecules are computed as sums of the
masses of the components in the pair with no interaction en-
ergy. A reference molecule is taken in our analysis: the one having
the closest possible mass, from below, to the tetraquark (diquark-
antidiquark) discrete level.

The meson pair is allowed to interact in the continuous spec-
trum of some unknown shallow meson-meson potential which is
assumed not to have (negative-energy) bound states. A level in the
continuous spectrum of the two-body system and the near discrete
level of the compact tetraquark can match as illustrated below. If
this matching is realized, a sort of ‘hybridization’ of the hadron
molecule into the compact structure occurs.

The hybridized state is unstable as it can dissociate back into its
free components — this is expected to be the major contribution
to the width of the ground state tetraquarks. Other, less frequent,
dissociation channels are also possible and partly contribute to the
total width.
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The scattering in the continuous spectrum is assumed to be es-
sentially inelastic because of the hybridization of the tetraquark
final state, which produces a temporary rearrangement of the in-
ternal structure of the system.

What is important is that the detuning §, i.e. the distance in en-
ergy between the expected tetraquark discrete level (which we can
estimate) and the onset of the continuous spectrum starting from
the closest molecular threshold is positive and small with respect
to the coupling |x| responsible of the hybridization process.

The case in which § < 0 suggests a repulsion in the meson-
meson channel, which is incompatible with hybridization. This
might be the reason which forbids the charged partners of the
X(3872) and provides isospin violation (the charged threshold
happens to be 4 MeV above the tetraquark level).

2. ‘Hybridization’

For any given threshold, the scattering length a in the open
channel P of the meson pair gets enhanced if a discrete level of
the closed channel Q of compact diquarkonia happens to be above
and close to the onset of the continuous spectrum of the pair, ac-
cording to

Wy |Hpo |Wn)(Wn|Hop|W
aZdP—CZ< alHpQ|Wn)(Wn|Hop|Wa)
- En—Eqy

~(1 * a (1a)
- S—E+ie)
Ima~ §(E—38)xap, (1b)

where |Wy) is the discrete level in the closed channel and |V )
is a continuous spectrum state above one of the thresholds
v, ne p, D*D*, D*D, taking the Z. resonance as an example.
The energy associated with |W,) is E, = E for brevity. ap repre-
sents the small scattering length at zero coupling between open
and closed channels. C is a positive numerical constant, Hqgp is
the non-hermitian Hamiltonian which couples the closed and open
channels. In (1a), § = E; — Egy, is the small ‘detuning’ between the
discrete level and the closest threshold (onset of the continuous
spectrum). The effective coupling » is real and depends on the
overlap integrals in (1a). It contributes to the inelastic channel in
which a compact tetraquark is formed as a metastable state (the
inverse process also occurs).

The phenomenon described induces a resonant enhancement
in the production of h-tetraquarks and is compatible with their
production in high energy and high transverse momentum proton-
(anti)proton collisions, as opposed to what expected for real
loosely bound molecules, as discussed in the literature [8,9].

The inelastic cross section at low energy in the continuous
spectrum of the open channel is (neglecting numerical constants)
o ~ el @)

b
where p is the relative momentum in the center-of-mass of the
pair. Therefore, the rate at which the h-tetraquark is formed is

dr ~ pv o ~8(E — ) xap| 2, (3)
where p is the density of initial states

p~d3p=2m)>*?VEdE, (4)

and the integral in E is extended over some [0, Enax] range. The
Dirac-delta in (3) gives an integral different from zero only if the
detuning § falls within the integration range, § < Emax. In that case
the level matching condition E ~ § enhances the hybridization of

the would-be-molecule with the corresponding diquarkonium. In-
serting (4) into (3) gives ?

T~ @2m)'2 [xap| V/§ ~ AVS. (5)

It is difficult to estimate Epax, the maximum relative energy in a
would-be-molecule (tens of MeVs). In our view the hadronization
state is a superposition of a diquarkonium state plus all possible
molecular states allowed by quark flavors and quantum numbers.
We might reasonably expect that being the color force screened
between the color singlets components of the molecule, the rela-
tive energy must be smaller that what one would find in a com-
pact system.

The total width of the state can be expressed as a sum on all
available open-channels

FNZFi. (6)

It is essential here to note that if only pure phase space were to be
considered [10], then the open channel with the largest detuning
would be the dominant one. On the contrary, the considerations
made above show how the enhancement in Eq. (1) leads to se-
lect the closest threshold (from below): all partial widths will be
negligible, exception made for the one relative to a § within the
[0, Emax] integration range. This mechanism is inspired by the for-
mation of metastable Feshbach states in atomic physics [11] (in
XYZ context see [12,9], and in general in the strong interac-
tion [13]).

Therefore we now only consider the closest molecular channel,
and for practical purposes use I' = A+/3 in place of Eq. (5). We
observe that the widths and detunings in a broad class of observed
resonances strictly obey this law with a common value for the A
parameter — this can be appreciated by the very good fit in Fig. 1.
The fact that all data can be fitted with the same proportionality
constant A, strongly supports for the described states to share the
same nature. It also shows that this is not just a phase space effect.
It is worth noting that Fig. 1 implies that the » coupling in (5) has
to nearly cancel (within the errors of the fit) the ./m dependency
on the reduced mass of the molecule.

We might expect small variations among different ap’s. For ex-
ample, open charm meson pairs have scattering lengths, ap, likely
larger than the ones for charmonium + light meson pairs. This
might explain why the Y (4140), which matches a J/v ¢ threshold,
is slightly off in the description of Fig. 1, even though by merely a
1o deviation.

The above arguments do not straightforwardly generalize to ex-
cited tetraquarks. In that case the closed channel is itself not stable
against a de-excitation into its allowed tetraquark ground state. It
then follows that the width predicted with the approach explained
will for sure underestimate the actual width of the state. For ex-
ample, we consider the Z(4430) which, in the tetraquark model,
is the radial excitation of the Z.(3900) [2]. The closest thresh-
old from below would be 7n.(2S) p with a detuning § ~ 65 MeV.
The latter one is probably rather large to consider Eq. (1) without
including other discrete levels. Nevertheless the width obtained
would be I' >~ 80 MeV which naturally underestimates the exper-
imental one, I' = 181 4+ 31 MeV. Similarly, for the moment we
do not extend the analysis to pentaquarks, being the experimental
information not sufficient. In this case, not only one of the two ob-
served resonances would be an excited state, but we do not have
any hint about A. We indeed expect substantial differences from
the present case since the baryon-meson scattering is different.

2 Compare with the discussion in [11].



294 A. Esposito et al. / Physics Letters B 758 (2016) 292-295

80

70 Z(4430)
60—
50—

40—

Y(4140)

X(5568) +

Bl b by b b b b Lo a Ly

80

T (MeV)

30

20F-

5 (MeV)

Fig. 1. Width of the observed exotic mesons as a function of their detuning, § to
the closest, from below, two-meson thresholds. The red point corresponds to the
X(5568) state whose observation has been claimed by DO. The solid curve is the
fitted function A+/8, with A = 9.4+ 1.5 MeV'/? with x2/DOF = 1.4/5 (without
the Y (4140) [14], the quality of the fit would be x2/DOF =0.2/4). The two points
associated with the Z(4020) correspond to the two measurements of its width
obtained from D*®D** (solid black) and the h.7r (dashed gray) channels and which
differ at 20 level from each other. In the fit we considered the I'(Z]) ~ 25 MeV
measured in the D**D*t channel. We also show the prediction for the Z(4430)
width, which underestimates the total width as expected. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Table 1

Comparison of the results obtained assuming a Feshbach mechanism at work with
observed data. We find good agreement with the predicted widths. On the other,
the X(5568) observed by DO has a width way smaller than the expected one. We
also show the prediction for the X, as explained in the text. For the Y (4140), we
considered the most recent result by CMS [14].

Thr. 5 AVS r
X(3872) DOp*0 0? 0° 0?
Z:(3900) DOp*+ 12.1 34.8 35.0
71.(4020) D*0p*t 6.7 25.9 24.8"
Y (4140) /v 31.6 52.7 28.0
Z,(10610) BOB*t 2.7 16.6 18.4
Z},(10650) BB+t 1.8 13.4 11.5
X(5568) BYm+ 61.4 78.4 21.9
Xps B+ K° 5.8 24.1 -

2 The mass of the X(3872) is compatible with the value of the D°D*? threshold
within errors, so we assume for the state to be slightly above it.

b We show the value of the width of the Z/(4020) measured in the D**D*+
channel, which is 2o away from the one measured in the h.w channel.

From Fig. 1 we see that the ground states nicely fit into the
h -tetraquarks pattern. In Table 1 we report the thresholds consid-
ered for each state.

3. The X(5568)

The DO experiment recently claimed the observation of a new
narrow structure in the BYz* invariant mass® [15] — dubbed
X(5568) — which promptly attracted some consideration [16].
The resonance parameters are given by M = 5567.8 MeV and
I' =21.9 MeV. However, a preliminary analysis subsequently per-
formed by the LHCb Collaboration, on a B? sample 20 times larger
than the DO one, found no evidence of X(5568) [17].

3 Hereafter the charged conjugated modes — e.g. B — are understood.

As shown by the red dot in Fig. 1, the X(5568) significantly de-
viates from the expectations of the previous section. The discrep-
ancy is even more relevant if one considers that (a) the interaction
of a B with a Goldstone boson should likely have a larger ap and
(b) the phase space of a light meson would lead to a steeper curve
(T o § in the chiral limit).

4. The Xy in the diquarkonium picture

The DO state would be unambiguously composed by four va-
lence quarks with different flavors — u, d, s, b. In principle, struc-
tures of this type might be accommodated in the tetraquark
model [6], see e.g. [18].

Within the constituent quark model the color-spin Hamiltonian
describing the interaction between the different constituents of a
hadron takes the following form

H=Zmi+22’{ijsi'sj, (7)
i i<j

where m; are the masses of the constituents, §; their spins and

kij some effective, representation-dependent chromomagnetic cou-

plings. The spin-spin interaction is here understood to be a contact

one.

In the diquark-antidiquark picture, the X(5568) would be given
by [bqls, [sq’]gc, with q # ¢’ = u,d. In the most recent and most
successful type-II tetraquark model [2], given the spatial separation
between the diquarks, the only relevant interaction is assumed to
be the one between the spins within the tightly bound diquarks,
meaning that every effective coupling is set to zero, except for kpq
and K.

Given the small available phase space it is likely for the
X(5568) to be a scalar and therefore we will consider the ground
S-wave state Xps = [bqls—o[sq'ls=0, S being the spin of the di-
quark. Its mass would then be given by

M(Xp) = Mypq) + Msq) + 2Kpqg Sj; - Sg + 2Ksq Ss - S¢
= Mypq) + (Misq) — 3/2ksq) — 3/2Kg. (®)

The combination in parentheses corresponds to mg,/2 =
(msa) — 3/2ksq), half the mass of the scalar meson ag(980), as
computed in [1]. The parameters mp,g and kpq can be esti-
mated starting from the masses of the observed Z,(10610) and
Z;(10650) obtaining

Mipg) =~ 5315 MeV;  kpq =~ 22.5 MeV. (9)

Indeed, using the type-II model [2], it is readily found that

M(Z)) + M(Z
m[bq1=—( ")4 ), (10a)
K”q:w‘ (10b)

With all the quantities at hand, the expected mass for the Xj;
state would be

M(Xps) =~ 5771 MeV. (11)

As one can see this would put it very close to the BK threshold,
at 5778 MeV. In this below-threshold situation, the hybridization
mechanism is expected to enhance the repulsion in the open chan-
nel, and the state will not be formed. However, the actual mass of
the state could slightly deviate from the diquarkonium rough esti-
mate: the diquarkonium level might happen to be right above the
BK threshold. In this case we expect to see a resonance with a
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dominant BK decay mode, to be observed in prompt pp(p) pro-
duction, or in the B, decays.

So, we can give a rough estimate of the expected width for the
Xps. Assuming the detuning to be of the same order as the one
observed for the other ground state tetraquarks (8§ >~ 6 MeV) one
predicts the Xps width to be roughly I'y, >~ 20-30 MeV.

5. Conclusions

We presented a new scheme to interpret in a consistent way
quite a large portion of the best experimentally assessed charged
and neutral exotic hadron resonances. In this scheme the state
very recently claimed by the DO Collaboration in the Bsw® chan-
nel does not fit in a remarkable way. The recent negative result
reported by the LHCb Collaboration on the non-existence of this
resonance agrees with the expectations discussed here. Moreover
we find that, if a state with the quantum numbers of the resonance
observed by DO actually exists, it has to be found slightly above the
BK threshold. The closed channel level predicted by the compact
tetraquark Hamiltonian is actually computed at a position a little
below the BK threshold. If the theoretical error in that estimate is
less than we might expect, no resonance will be observed close to
BK: hadron molecules (with zero or negative binding energy) are
not formed in large energy hadron collisions, at high transverse
momenta. If, on the other hand, the prediction of the compact
tetraquark Hamiltonian fails by few MeVs, as it could be the case
considering the approximations involved, then a new h-tetraquark
state will be observed, closely above BK.

6. Note added

Soon after the appearance of our preprint, we received a com-
ment to our paper [10,19], arguing that the square root behavior
shown in Fig. 1 is a simple phase space factor unrelated to the
underlying dynamics. As already commented in the text, since the
total width of the state is the sum of the partial ones, the appli-
cation of phase space arguments would lead to conclude that the
largest contribution comes from the threshold with the largest de-
tuning — the opposite of the argument outlined here in Section 2.
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