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Abstract We study the width of a two-body resonance in
a coupled-channel system. We demonstrate how the width
does not come only determined by the available phase space
for its decay to the detection channel, but it greatly depends
on the relative position of the mass of the resonance with
respect to the masses of the coupled-channels generating the
state. Our results are consistent with the experimental obser-
vation of narrow hadrons lying well above their lowest decay
threshold.

1 Introduction

During the last years we have witnessed a flurry of new res-
onances in the heavy hadron spectra with unexpected prop-
erties, see the compilation of theoretical and experimental
works in Refs. [1-5] for a comprehensive overview. Apart
from the fact that some of these states have exotic flavor char-
acter or quantum numbers, in several cases another striking
result is the lack of a clear relation between the phase space
available for the decay in the detection channel and the width
of the resonance. For example, in the case of the lower LHCb
pentaquark PC+ (4380) [6—8] with a mass of 4380 4+ 8 + 29
MeV, it is seen to decay to the J/Wp channel with a width
' =205 £ 18 £ 86 MeV. The phase space is of the order
of 345 MeV. Some of these states share the common feature
that they have been suggested as possible coupled-channel
hadronic resonances [1-5], and thus the coupled-channel
dynamics may play a basic role to understand their main
features, in particular the width.

In this work we show how the width of a two-body res-
onance generated in a coupled-channel approach does not
come only determined by the available phase space for its
decay to the detection channel, but it substantially depends
on the relative position of the mass of the resonance with
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respect to the masses of the coupled-channels generating the
state. Thus, one could expect the existence of narrow hadrons
lying well above their lowest decay threshold, in agreement
with experimental observations.

2 Formalism

We have studied the behavior of the width of a resonance
for those cases where it is produced between two thresh-
olds, thanks to a coupling between the two corresponding
configurations within the resonance as suggested, for exam-
ple, in Refs. [9,10]. For this purpose, we have modelled
the system as a coupled-channel problem obeying the non-
relativistic Lippmann—Schwinger equation. Channel 1, the
lower in mass, consists of two particles with masses m1 and
my, and channel 2, the upper in mass, is made of two particles
with masses m3 and my4. The Lippmann—Schwinger equation
in the case of S-wave interactions is written as,
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where w1 = mimy/(m1 +mz) and uo = mams/(m3 +my)
are the reduced masses of channels 1 and 2, and AE =
m3+mg4—mi—my withmsz+my > mj+m,. The interactions
in momentum space are given by,

i, 2 [ -
Vi(p,ph = ;/0 r2dr jo(pr)VY (r)jo(p'r). @

where the two-body potentials, which are the inputs to our
present study, consist of an attractive and a repulsive Yukawa
term, i.e.,
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Table 1 Parameters of the interaction as given in Eq. (3). A and B are
in MeV fm, while 4 and pp are in fm™!

Channel A nA B LB
11 100 2.68 667 5.81
22 680 4.56 642 6.73
12 200 1.77 195 3.33
. e HAT e MBT
Vi) =—A +B . A3)
r

This type of parametrization is known to work rather well
for the study of two-, three-, and few-baryon systems [11,12]
and, thus, it is adopted here. We have considered scenarios
where a resonance exists at an energy £ = Ep such that the
phase shift §(Er) = 90°, for energies between the thresholds
of channels 1 and 2, i.e., 0 < Egr < AE. The mass of the
resonance would be given by Wp = Egr + m + m»>. The
width of the resonance is calculated using the Breit—-Wigner
formula as [13-16],

2(Eg — E)

I'E)= lim ———.
E—Eg cotg[§(E)]

“

3 Interacting model

We have parametrized the scenario depicted above, that might
be applied to several heavy resonances recently reported in
the heavy hadron spectra [1-5]. Without loss of generality,
we make use of the same thresholds recently considered in
a more involved three-body calculation [17]: m| = my =
1115.7 MeV/c?, m3 = 938.8 MeV/c?, and my = 1318.2
MeV/c?. None of the results we will later on discuss crit-
ically depend on the choice of the masses of the particles
constituting the thresholds. As said above, the interaction in
the different channels is described by Yukawa potentials con-
sisting of an attractive and a repulsive term. By varying the
parameters one is able to control the existence of a bound
state or a resonance and its relative position with respect to
the thresholds, in the cases where the dynamics is dominated
by two channels. We have chosen as starting point the set of
parameters given in Table 1.

They are adjusted such that in a single-channel calculation,
the upper channel (channel 2) has a bound state just at thresh-
old, while in a coupled-channel calculation, the full system
has a bound state just at the lower threshold (channel 1).

4 Results

If one increases, for example, the magnitude of the repulsive
term in the lower channel, B(1 <> 1) in Table 1, the bound
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Fig. 1 Width of the resonance, I', as a function of the energy difference
between its mass and the mass of the lower threshold generating the
state, AET, = Wg —my — mj. The upper channel is 25.6 MeV above
the lower one

state of the coupled-channel system moves up and actually
becomes aresonance into the continuum. Thus, one can study
the behavior of the width of the resonance when its mass
evolves from the lower threshold, channel 1, to the upper
one, channel 2. The result is shown in Fig. 1.

As one can see, the width of the resonance starts increas-
ing quickly when getting away from the lower threshold,
but about a third of the way towards the upper channel,
the width starts to decrease although the phase space with
respect to the threshold where the resonance is observed still
increases.! When the resonance approaches the upper thresh-
old, it becomes narrow and seemingly ignores the existence
of the lower threshold. The wave function of the (ms3, mg4)
bound state of vanishing energy has, indeed, little overlap
with the (m, m>) configuration. The same trend is obtained
for different strengths of the coupling interaction in Table 1,
channel 1 < 2, or by diminishing the repulsion in the upper
channel, B(2 < 2). Hence, in this region, the dynamics
is dominated by the attraction in the upper channel and the
second channel is mainly a tool for the detection. This mech-
anism is somewhat related to the ’synchronization of reso-
nances’ proposed by Bugg [18].

The mechanism we have discussed could help to under-
stand the narrow width of some experimental resonances
found in the heavy hadron spectra with a large phase space

1" Although the Breit-Wigner formula is not very accurate close to
threshold; however, we have explicitly checked by analytic continu-
ation of the S-matrix on the second Riemann sheet that at low energy
the width follows the expected I' ~ E'/2 behavior, the one shown by
Figs. 1 and 2.



Eur. Phys. J. C (2018) 78:259

Page 3 of 5 259

in the detection channel, whose assumed internal structure
allow them to split into different subsystems [1,3,9,10]. In
this case the transition potential between the upper and lower
channels would come from the quark rearrangements allowed
by the color structure of a multiquark state [4,19]. In partic-
ular, it has been explained in Ref. [19] how hadrons with a
Q Qnii internal structure, where n stands for a light quark
and Q for a heavy one, could split either into (Qn) — (n 0)
or (QQ) — (nit). For Q = c and Q = b, the (QQ) — (ni)
threshold is lower than the (Qn) — (n Q), the mass difference
augmenting when increasing the mass of the heavy quark
(see Fig. 1 of Ref. [19]). Such experimental behavior can
be simply understood within quark models with a Cornell-
like potential [20,21]. Each configuration can indeed evolve
into the other one, so they cannot be considered one at a
time: we are dealing with a compact object, whose quark
color quantum numbers are not separately conserved dur-
ing time evolution. This state is not a simple bound state of
mesons. Thus, the possibility of finding meson—antimeson
molecules, (Qn) — (n Q), contributing to the heavy meson
spectra becomes more and more difficult when increasing the
mass of the heavy flavor, due to the lowering of the mass of
the (QQ) — (ni) threshold.? This would make the system
to dissociate immediately. In such cases, the presence of an
attractive meson—antimeson upper threshold together with
the arguments we have drawn in this work, hint to a possible
explanation of a narrow width of some of the XY Z states
lying close to the (Qn1) — (n Q) upper threshold as a meson—
antimeson molecule, emphasizing the basic role of coupled-
channel dynamics [23]. The situation described above would
be similar to a Feshbach resonance, where the open channel is
represented by the (Q Q) — (nn) state that would get trapped
in a molecular state supported by the closed channel potential
(Qn) — (nQ) [24,25].

An interesting case appears when the thresholds generat-
ing the resonance come rather close, because in this case
one would find small decay widths for the resonance in
between the thresholds, that would become even smaller
when approaching any of them. This is illustrated in Fig. 2,
where we have reduced the mass difference between the
upper and lower thresholds up to 5.6 MeV. This situation
may apply directly to the width of one the most elusive exotic
states, that however has been firmly established by differ-
ent collaborations and whose properties seem to be hardly
accommodated in the quark—antiquark scheme, this is the
X (3872) [26-29].3 Its small width, I' < 1.2 MeV, would
fit our reasoning seeing as a coupled-channel of D?D*0 —
DT D*~, with a mass difference of 7—8 MeV and being

2 Note that the situation is completely different for Q Q77 states, due
to the absence of coupled-channel dynamics [4,22].

3 Note, however, that there exist some studies [30] finding a good fit of
the data with mainly a cc¢ structure.
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Fig. 2 Width of the resonance, I', as a function of the energy difference
between its mass and the mass of the lower threshold generating the
state, AE7, = Wr — mj — my. In this case the upper channel is 5.6
MeV above the lower one

rather close to the lowest threshold [24,31]. There also could
be a contribution from other channels, like J/ VYo [31,32],
that it is almost degenerate with the upper threshold D+ D*~,
and thus our conclusions would remain. Similar arguments
could be handled for the LHCb pentaquarks, which require
a careful analysis in the models used for their study.

It is obvious that the situation may become even more
involved in the case of a resonance that appears in a coupled-
channel system with a larger number of channels. However,
the described systematic of our findings would not be mod-
ified, requiring a proper knowledge of the structure of the
resonance before estimating its decay width. The other way
around, one may conclude that an unexpected behavior of the
width of the resonance may be indicating an important con-
tribution of coupled-channel dynamics and the knowledge of
the decay width in a particular channel would hint to the upper
threshold contributing to the formation of the resonance. This
has been illustrated in Fig. 3, where we have calculated the
width of the resonance for a fixed value of its mass with
respect to the lower threshold, AEr;, = Wr —m|; —mp =
6.5 MeV, but increasing the distance with respect to the
upper threshold, AE’, = m3 + m4 — Wp. For this purpose,
we have diminished the mass of the lower channel in steps
of 5 MeV, thus increasing the distance between thresholds,
m3 + myg — m; — my, and we have increased A(1 < 1) in
Table l insuchawaythat AET), = Wg—m|—my =6.5MeV
remains constant. The result is striking, being the phase space
fixed for the detection channel, the width increases when the
upper threshold moves away. Thus the width provides also
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Fig. 3 Width of the resonance, I, as a function of the energy difference
between its mass and the mass of the upper threshold generating the
state, AEY, = m3 + m4 — Wg, for a fixed energy with respect to the
lower threshold, AE7, = Wr —m| — my = 6.5 MeV

with basic information about the coupled channels that may
contribute to the formation of a resonance.

5 Conclusion

In this work we have studied the width of a two-body reso-
nance in a coupled-channel system. We have demonstrated
how the width does not come only determined by the avail-
able phase space for its decay to the detection channel, but
it greatly depends on the relative position of the mass of
the resonance with respect to the masses of the coupled-
channels generating the state. Our results are consistent with
the experimental observation of narrow hadrons lying well
above their lowest decay threshold. Thus, they may be rele-
vant to understand the basic features of some of the recently
reported resonances in the heavy hadron spectra which are
suggested to be generated by coupled-channel effects. We
have also demonstrated how an unexpected behavior of the
width of the resonance may be indicating an important contri-
bution of coupled-channel dynamics. The other way around,
the observation of a small width in a detection channel hints
to a dominant contribution of some upper channel to the for-
mation of the resonance. Hence, in this region, the dynamics
is dominated by the attraction in the upper channel and the
second channel is mainly a tool for the detection.

Let us finally note that although the exact shape of the
dependence of the width on its position with respect to the
detection channel would depend on the specific dynamics of
the coupled-channel system, the gross features obtained in
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this study might be a relevant and basic hint to explore the
nature of some of the exotic states.
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