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In this work, an analysis under the assumption that the X (3872) and the Z,(10610)/Z; (10650)
are heavy meson-heavy antimeson molecular states is presented. It is based on an Effective Field
Theory (EFT) approach built thanks to the high degree of symmetry that these molecular states
have. For that purpose, the most general leading order lagrangian, compatible with the symme-
tries, is found, and its Low Energy Constants (LECs) fitted to experimental data. Next, we solve
the Lippmann-Schwinger Equation (LSE) for different channels finding several molecular part-
ners of the resonances assumed to have a molecular structure. Finally, considering the Heavy
Antiquark-Diquark Symmetry (HADS) we are able to extend the previous meson analysis to a
baryon sector where exotic pentaquark-like states are found.
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1. Introduction

The full comprehension of QCD is an important task in particle physics. Numerous problems
have been found and, though many breathtaking advances have been made, there are still many
unsolved puzzles.

One of these puzzles we are interested is the complete understanding of the full hadronic
spectrum of QCD. There are different states, those theorized in simple quark models, such as
mesons and baryons; and some quite more exotic, namely, tetraquarks, pentaquarks, glueballs,
hadronic molecules, etc. In this work we are focusing in the molecular part of this QCD spectrum.
The heavy meson-antimeson molecular states were theorized for the first time in the 70s [1]. This
assumption was made based on the existing similarities between these molecular states and the
nucleon-nucleon system. In both cases, bound states would be caused by meson exchanges. So,
the existence of a nucleon-nucleon bound state, that is the deuteron, would be the main reason to
believe that meson-antimeson bound states could also be possible in nature.

This theoretical assumption was quickly tested for different resonances but the clearest can-
didate to be a meson-antimeson molecule was the popular X (3872), discovered in 2003 [2]. This
exotic resonance in the hidden charm sector could not be a charmonium excited state because of its
possible quantum numbers, recently confirmed as J©¢ = 17+ [3] and it was really close to the DD*
threshold (low binding energy, as in the deuteron, is an expected characteristic of molecular states.).
Since then, many other X, Y, Z states have been reported and we cannot still know how many will fit
into this molecular scheme, being the Z,(10610)/Z; (10650) [4] two of the most promising ones.

In this work we aim to advance the current knowledge of the QCD spectrum using an effective
lagrangian based on the many symmetries heavy meson-heavy antimeson systems should have. We
will assume the molecular nature of a couple of resonances: the X (3872) as a J*© = 17+ DD* state
and the isovector Z,(10610)/Z; (10650) as a J?* = 17~ BB* /BB*. Hence, under these assumptions
we will fit some undetermined Low Energy Constants (LECs) in our effective lagrangian thus, when
using that fitted dynamics in different channels we will be able to make our predictions.

2. Symmetries, Effective Lagrangian, determination of the LECs and LSE

In this section we briefly explain our analysis. For more details, see our previous works [5, 6,
7]. Our approach to this analysis is based on the symmetries that the heavy meson-heavy antimeson
have. The origin of these symmetries can be traced back to different scales that are relevant in
these systems: molecular ratio, mesonic ratio, Agcp, Mp... We can distinguish two different kinds
of symmetries depending on the quarks involved: symmetries due to the light quarks of the system
and symmetries related to the heavy quarks.
Symmetries due to the light quarks are SU(3) light quark flavour symmetry, which can relate
x *
N S

into triplets and chiral symmetry, which will constrain pion exchanges.

this analysis for different isospin states since the DE )) (DE )) ) mesons (antimesons) will be described
The symmetries due to the presence of a heavy quark we are using in this work are:
e Heavy Quark Spin Symmetry (HQSS), which states that the dynamics is independent of the

heavy quark spin. This will have two important consequences: the effective lagrangian will
be quite simplified and heavy molecules will be arranged in HQSS multiplets.
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e Heavy Quark Flavour Symmetry (HFS), which states the independence on the heavy quark
flavour. Hence, charm and bottom sector should be similar.

e Heavy Antiquark Diquark Symmetry (HADS), which relates a heavy diquark with a heavy
antiquark.

At leading order, the most general effective potential that respects HQSS is [8]:

Ve = + 2 1A By 1 [HOAO ] 4 (f Tr [ Wiy | Tr [HO 2 A0 + @)

o A _ _
+% Tr [ 5| Tr [HO B yys ] + %B Tr [ 2,1 s | T (B 20,859 75|
where the C’s are four free undetermined LECs, H (H) is a meson (antimeson) hyperfield that
contains both the pseudoscalar and vector mesons, and the A’s are the Gell-Mann matrices, as we
assumed SU (3) light quark flavour symmetry (they would be the Pauli matrices, in case only SU(2)
was considered). The four LECs can be rewritten through a linear combination into Coa,Cop,Cia
and Cyp, where I = 0, 1 is refering to the isospin channel where this counterterm is needed.

Then, in order to determine the LECs in the lagrangian, we make use of the assumptions
specified in Sectionl. Under these two assumptions we can fix the following linear combinations
of the LECs:

Cox = Coa +Cop

Zp(10610) = Ciz =Ci14 —C 2.2
Cix = Cia - Cig b( ) 1Z 1a—Cip (2.2)

X(3872) = {

Two linear combinations of LECs arise from the X (3872) assumption because, we are includ-

ing in the analysis not only the mass of the resonance but its main decay channels too. So far, it is

a puzzle the reason why the main two decays of the X (3872) appear in different isospin channels
according to the experimental ratio of branching franctions [9]:

+ “’7 0
B(X(3872) = J/y n'n n ) 08403 = Ry — MX—T/yp) — 02600 (2.3)
B(X(3872) »J/ynn) MX =Ty o) e

P

where this experimental ratio have been translated to a ratio of decay amplitudes Ry, just taking
into account the different decay widths of the intermediate p and @. These two ratios should be
zero or infinite if the X (3872) had well defined isospin and isospin were conserved in the process.
To explain these finite ratios there are two different scenarios: either the X (3872) isospin is well
defined and isospin is not conserved in its decays or isospin is a conserved quantity in the decay
but the X (3872) isospin is not well defined. We will work in this latter scenario. Though isospin is
a good quantum number in the effective lagrangian, it is not in the kinetic term of the whole hamil-
tonian. The mass difference between the neutral component (D°D°) and the charged component
(DTD7) is around 8 MeV. However, since the mass of the X (3872) resonance is so close to the
DD* this small mass difference is not negligible and isospin turns out not to be a good quantum
number.
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Therefore, we will work with a two coupled channels potential with a non-vanishing / = 1
interaction that we will fit to reproduce the value of the ratio Ry in Eq. 2.3.

Next, we solve the standard LSE in the different channels we are considering, introducing a
Gaussian regulator to treat the ultraviolet divergences in the following way:

T=V+VGT 2.4)
» ” 7 IVIE) kITIﬁ’>

(BITIB")=(PIVIP +/ - 2.5)
E mi — ﬁ
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SE— my —my — Lt
2u

3. Results in the meson sector

Within the scheme defined up to now, we have solved the LSE for several channels (those
whose dynamics does not depend on the Coq LEC). The resonances we find and predict as heavy
meson-heavy antimeson molecular partners of the X (3872) and Z,(10610)/Z; (10650) are shown
in Table IT in [10]. In this table we can see the mesonic molecular partners of the X (3872) and the
Z,(10610)/Z;(10650). The input in this analysis has been the X (3872) mass and decay amplitude
ratio and the Z,(10610) mass. First thing we can notice is that Z; (10650) appears naturally in the
isovector sector as a consequence of these assumptions, as one would have expected. Besides, there

JPC€ =27+ D*D* channel. There, we predict the existence of

is also an important prediction in the
a resonance since this state has the same dynamics and a similar reduced mass than the X (3872)
resonance. Its existence would be a strong hint for the molecular nature of the X (3872).

In the isovector sector, this analysis leads two important consequences too. In this model
we obtain a couple of resonances as virtual states with J°© = 1%~ and structure DD* and D*D*,
respectively. These two resonances can be interpreted as the recently discovered Z.(3900) [11,
12] and Z/(4025) [13], and we are able to assign to them quantum numbers (JPC = 117), still

experimentally undetermined.

4. Results in the baryonic sector

So far, our analysis has only taken advantage of HQSS (which greatly simplified the effective
lagrangian) and HFS (which related results in the charm with the bottom sector, and viceversa). But
there was another extra heavy quark symmetry we have not used yet: HADS. This symmetry, first
theorized in the 90s [14] states that a heavy diquark behaves as a heavy antiquark up to corrections
of the order ( gy ) being 0 < v < 1 the velocity of the heavy diquark system.These corrections are

a little bit higher than those arising in HQSS and HFS which are of order (mQ)

If a heavy diquark behaves as a heavy antiquark we can now use our previous analysis in the
meson sector to describe heavy meson-doubly heavy baryons since the dynamics only depends on
the light degrees of freedom which are the same in both systems. For the same reason, the previous
fits for the different LECs are still valid and can also be used in this context.



Consequences of Heavy Quark Symmetries for Hadronic Molecules Carlos Hidalgo-Duque

In this way we obtain the results shown in Table II of Ref. [15], where our baryon predictions
can be found. As this is a very qualitative analysis, there are not many strong conclusion that can
be drawn from it, besides that resonances in the scalar sector seem to be deeper bound than those
in the vector sector.

5. Conclusions

In this work, we have analysed heavy meson-heavy antimeson systems taking advantage of
an effective lagrangian based on the heavy quark symmetries these molecular states are supposed
to have. We have fitted the undetermined parameters of the lagrangian to reproduce experimental
data: the X (3872) and the Zs. The validity of our analysis strongly depends on the goodness of
these assumptions. In this way we have been able to predict a whole set of molecular partners both
in the meson and baryon sector.

It is worth to notice that we have been working at leading order and, consequently, coupled
channel and pion exchange effects have not been considered as they are subleading [5, 6].
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