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We explore the consequences of heavy flavour, heavy quark spin and heavy antiquark-diquark
symmetries for hadronic molecules within an effective field theory framework. Owing to heavy
antiquark-diquark symmetry, the doubly heavy baryons have approximately the same light-quark
structure as the heavy antimesons. As a consequence, the existence of a heavy meson-antimeson
molecule implies the possibility of a partner composed of a heavy meson and a doubly-heavy baryon.
In this regard, theDD̄∗ molecular nature of theX(3872) will hint at the existence of several baryonic

partners with isospin I = 0 and JP = 5
2

−
or 3

2

−
. Moreover, if the Zb(10650) turns out to be a

B∗B̄∗ bound state, we can be confident of the existence of Ξ∗
bbB̄

∗ hadronic molecules with quantum

numbers I(JP ) = 1( 1
2

−
) and I(JP ) = 1( 3

2

−
). These states are of special interest since they can be

considered to be triply-heavy pentaquarks.

PACS numbers: 03.65.Ge,13.75.Lb,14.40Pq,14.40Rt

The spectroscopic properties of bound states tell us
a great deal about the symmetries and underlying dy-
namics of their components. For instance, the hydro-
gen atom has been an extraordinary source of informa-
tion about several aspects of quantum electrodynamics,
from the accidental SO(4) symmetry in the spectrum to
the vacuum polarization, radiative corrections and renor-
malization that are necessary to explain the Lamb shift.
The classification of hadrons according to isospin, SU(3)
flavour and so on reveals the underlying strong dynamics
binding the hadrons and has been instrumental in the
past for the development of quantum chromodynamics
(QCD). Conversely a deeper understanding of QCD and
its symmetries — such as heavy quark symmetries — will
eventually give new insights into the hadron spectrum.

Heavy hadron molecules are a type of exotic hadron
theorized more than thirty years ago [1, 2]. Their main
component is a pair of heavy hadrons instead of a quark–
antiquark pair. The experimental advances in heavy
quarkonium spectroscopy have identified several molecu-
lar candidates among the recently observed XY Z states.
The most promising ones are the X(3872) [3] and the
twin Zb(10610) and Zb(10650) states, to be called Zb

and Z ′
b, respectively [4, 5]. The Y (4260) [6] might have

finally revealed its (so far conjectural [7, 8]) molecular na-
ture [9] by being an intermediate step in the production of
the recent Zc(3900) [10, 11] (which may also be molecu-
lar [9, 12, 13]). There are always competing explanations
such as conventional heavy quarkonia, tetraquarks or hy-
brid states which have the same quantum numbers. It is
thus challenging to distinguish the hadronic molecules
from other possibilities. In this work, we will explore a
model-independent approach which leads to unique pre-
dictions for hadronic molecules. A set of triply-heavy

pentaquark-like molecules can be predicted as partners
of heavy mesonic molecules as a consequence of heavy
quark symmetries.

Heavy hadronic molecules are very interesting objects
because they have an exceptionally high degrees of sym-
metry stemming from their combined light and heavy
quark content [12, 14–20]. While the presence of heavy
quarks imply that molecular states are subject to heavy
quark symmetries, the light quarks allow to classify
the molecular states in isospin and SU(3) flavor multi-
plets [20]. Among the manifestations of heavy quark
symmetries, we can count heavy quark spin symmetry
(HQSS), which implies that molecular states may appear
in HQSS multiplets, for instance (but not limited to) the
D∗

s0(2317) and Ds1(2460) [14], the Zb and Z
′
b [15–17, 19].

From heavy flavor symmetry (HFS), we know that the
interaction among heavy hadrons is roughly independent
on whether they contain a charm or a bottom quark. In
this regard, the recently discovered Zc(3900) could very
well be a heavy flavour partner of the Zb [12]. Last, there
is a less explored type of heavy quark symmetry that
is going to have particularly interesting consequences:
heavy antiquark-diquark symmetry (HADS) [21].

HADS states that the two heavy quarks within a dou-
bly heavy baryon behave approximately as a heavy an-
tiquark. The heavy diquark component of the baryon
forms a color anti-triplet with a characteristic length
scale of 1/(mQv), where mQ is the mass of the heavy
quarks and v their velocity. The length scale of the
diquark is smaller than the typical QCD length scale
1/ΛQCD and hence we can treat the diquark as point-
like if the quarks are heavy enough. The consequence is
that the light-quark cloud surrounding the heavy diquark
in a heavy baryon would be similar to the one around the
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heavy antiquark in a heavy antimeson. We expect viola-
tions of the order of ΛQCD/(mQv), instead of ΛQCD/mQ

as in HQSS and HFS. This translates into a 30−40% un-
certainty in the charm sector and 15−20% in the bottom
one. Yet even with this limitation HADS can be useful
in suggesting the possibility of new charmed molecules
(see also Ref. [22] for a discussion of this symmetry in
the charm sector), while for bottom ones concrete pre-
dictions can be made, as we will show in what follows.

We consider a state molecular if its most important
component is the set of hadrons conforming the molecule,
where the other components such as compact multi-
quarks play a minor role in its description. In general
this is only true if the separation among the hadrons is
big enough as for them to retain their individual char-
acter. This suggests that genuine molecular states show
a clear separation of scales between their long and short
range structure and are thus amenable to an effective
field theory (EFT) treatment [17, 18, 23, 24] (analogous
to nuclear EFT, see Refs. [25, 26] for reviews). Among
the theoretical advantages of EFT a very interesting one
is power counting: we can expand any physical quantity
as a power series in terms of the expansion parameter
(Q/M), where Q is a typical low energy scale (for in-
stance, the inverse of the size of the molecular state) and
M the high energy scale at which the EFT description
stops being valid (the inverse size of the hadrons). The
heavy hadrons are nonrelativistic: thus we can define a
hadron-hadron potential that admits the low energy ex-
pansion V EFT

HH = V LO
HH +V NLO

HH + . . . , where LO stands for
“leading order”, NLO for “next-to-leading order” and so
on. In addition, the interaction among the heavy hadrons
forming a molecule is nonperturbative so that we have to
iterate the LO (i.e. the most important) piece of the EFT
potential. Due to the exploratory character of this work,
we will not go beyond LO.

Now we will consider the case of heavy meson-
antimeson molecules with the light and heavy quarks be-
ing q = u, d and Q = c, b. The EFT potential is sub-
jected to the constraints of chiral symmetry and heavy
quark symmetries. At LO there are only contact range
interactions, with pion exchanges entering as a correction
at NLO, for more details, see [18] 1. The application of
HQSS leads to the following LO potential [19, 20].

V LO
PP̄ (~q , 0++) = CIa , (1)

V LO
P∗P̄ /P P̄∗

(~q , 1+−) = V LO
P∗P̄∗

(~q , 1+−) = CIa − CIb , (2)

V LO
P∗P̄ /P P̄∗

(~q , 1++) = V LO
P∗P̄∗

(~q , 2++) = CIa + CIb , (3)

V LO
P∗P̄∗

(~q , 0++) = CIa − 2CIb , (4)

1 An exception are isoscalar bottom molecules, for which the
strength of the OPE potential is considerable and hence should
be included at LO unless the molecular state is very shallow.

where the subscript indicates the particle channel (P =
D, B̄ and P ∗ = D∗, B̄∗), ~q is the momentum exchanged
by the heavy meson and antimeson and JPC indicates
the quantum numbers. The subscript I = 0, 1 indicates
the isospin of the molecule (unless stated otherwise, we
are working in the isospin symmetric limit). For each
isospin, the LO potential depends on two parameters,
CIa and CIb, that determine the mass of up to six states.

In turn, HFS implies that the previous potential does
not depend on the flavor of heavy quarks contained in the
mesons [12]. As a consequence of this symmetry we can
expect a particular pattern of states in the charm sector
to repeat itself in the bottom one, though the binding
energies will be different.

Finally, we consider the interaction between doubly-
heavy baryons ΞQ1Q2

,Ξ∗
Q1Q2

(Q1,2 = c, b, total spin of

the heavy pair sQ1Q2
= 1 and JP = 1

2

+
and 3

2

+
, re-

spectively) or the JP = 1
2

+
Ξ′
bc (sbc = 0), and a heavy

meson P (∗). HADS allows us to write the LO Ξ
(∗)
Q1Q2

P (∗)

potential in terms of the same counter-terms CIa and
CIb that appear in the LO meson-antimeson potential.
The analysis of the light quark components in the heavy
baryon-meson system leads to potentials listed in the Ta-
ble I, from which we can derive the spectrum of the heavy
baryon-meson molecules.

To estimate the binding energies of the molecules we
solve the Lippmann-Schwinger equation and look for the
poles of the T -matrix. The EFT potential is singular
when iterated: we have to regularize and renormalize
the potential to make predictions. For the renormal-
ization we employ a gaussian regulator with the cut-
offs Λ = 0.5GeV and 1GeV, and the couplings CIa

and CIb will depend on Λ. The complete procedure
and the choice of the cut-off window is explained in de-
tail in Refs. [19, 20]. For the meson masses, we take
isospin averaged values MD = 1867.24 MeV, MD∗ =
2008.63 MeV, MB = 5279.34 MeV, MB∗ = 5325.1 MeV

and MX = 3871.68MeV [27]. The mass of the Z
(′)
b re-

ported in Ref. [4] ([28]) is 1σ higher (overlaps) with the
corresponding B(∗)B̄∗ threshold. However, the location
of the Zb’s may depend on the parametrization employed
for them, as shown in Ref. [29]. Therefore, we simply as-
sume that the binding energy of the Zb is 2.0± 2.0MeV,
as in Ref. [12]. The doubly charmed baryons were only
reported by the SELEX Collaboration [30–32]. However,
the measured masses are lower than expectations in most
of the model and lattice calculations, and the observed
isospin splittings seem too large to be accommodated in
QCD [33]. Thus, we will use a recent lattice calculation
for the masses, MΞcc

= 3606 ± 22 MeV and MΞ∗

cc
=

3706 ± 28 MeV [34]. For the doubly bottom baryons,
there is no experimental observation yet, and the lattice
QCD predictions are MΞbb

= 10127 ± 13+12
−26 MeV and

MΞ∗

bb
= 10151 ± 14+16

−25 MeV [35]. Their ventral values
will be used. Furthermore, we take constituent quark
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TABLE I. LO potentials and quantum numbers for various doubly-heavy baryon–heavy meson systems.

States ΞQ1Q2
P ΞQ1Q2

P ∗ ΞQ1Q2
P ∗ Ξ∗

Q1Q2
P Ξ∗

Q1Q2
P ∗ Ξ∗

Q1Q2
P ∗ Ξ∗

Q1Q2
P ∗ Ξ′

bcP Ξ′
bcP

∗ Ξ′
bcP

∗

JP 1
2

− 1
2

− 3
2

− 3
2

− 1
2

− 3
2

− 5
2

− 1
2

− 1
2

− 3
2

−

V LO CIa CIa + 2
3
CIb CIa − 1

3
CIb CIa CIa − 5

3
CIb CIa − 2

3
CIb CIa + CIb CIa CIa − 2CIb CIa + CIb

model predictions for the Ξ′
bc and Ξ∗

bc masses, 6958 and
6996 MeV, respectively [36]. Predictions will be made
for the binding energies instead of masses to avoid intro-
ducing the lattice QCD errors of the baryon masses into
the results. Finally, the HQSS/HFS uncertainty in the
counter-terms is assumed to be 20%(7%) in the charm
(bottom sector), while for HADS we use 40% (20%).
They are assumed to be uncorrelated. We will also use a
30% HADS uncertainty for the Ξ′

bc systems. We will not
show them explicitly when writing down the value of the
counter-terms, yet we will take them into account.

We begin by considering the X(3872) as a pure
isoscalar 1++ DD̄∗ molecule as in [19]. The LO po-
tential is given by the counter-term combination C0X ≡
C0a +C0b, which is identical to the one appearing in the

family of Ξ∗
Q1Q2

P ∗ with J = 5
2

−
and the Ξ′

bcP
∗ systems

with JP = 3
2

−
. We have C0X = −1.94 (−0.79) fm2 for

Λ = 0.5 (1)GeV [19]. Bound state solutions are found
in all the considered systems, though the Ξ∗

ccD
∗ system

can be very loosely bound due to the large uncertainty
of the LO potential, and the predictions can be found in
Table II. In addition, it is more than probable that the

isoscalar Ξ
(∗′)
bc B∗ and Ξ∗

bbB̄
∗ molecules require nonpertur-

bative OPE owing to their heavy reduced mass. Though,
the nonperturbative OPE will modify the binding ener-
gies, we expect, however, that these systems will remain
still bound.

Now we continue with what can be deduced from the
Z

(′)
b as isovector 1+− B(∗)B̄∗ molecular states. As can

be seen from Table I, there is no exact match among the
LO potential for the Zb’s, C1Z ≡ C1a − C1b, and the six

possible Ξ
(∗)
Q1Q2

P (∗) configurations. Yet, the 3
2

−
Ξ∗
Q1Q2

P ∗

configuration has coupling: C1a − 2
3 C1b = C1Z + 1

3 C1b.
As far as the relative contribution of the C1b coupling
is not excessive, a hadronic molecule, either as a bound
or virtual state, looks probable. Other two interesting

configurations are the 1
2

−
Ξ∗
Q1Q2

P ∗ and 3
2

−
ΞQ1Q2

P ∗

systems, for which the couplings read C1Z ∓ 2
3 C1b. De-

pending on the sign and size of C1b at least one of the
two configurations should bind.

All this indicates that the isospin-1 doubly-heavy
baryon–meson molecules are probable, but a fur-
ther assessment requires the determination of both
C1a and C1b. From the Zb’s we obtain [12]
C1Z = −

(

0.75+0.15
−0.28

)

[−
(

0.30+0.03
−0.07

)

] fm2 for Λ =
0.5GeV [1GeV], where the errors come from the uncer-
tainties in the binding energy. But for disentangling the

C1a and C1b couplings a second source of information
is necessary. For that we will use the isospin symmetry
breaking of the X(3872), which offers a window into the
interaction in the isovector 1++ DD̄∗ channel [20]. The
decay of the X(3872) into the isovector J/ψ2π channel
indicates that the X is not a pure isoscalar state, but
contains a small isovector component. The branching
ratio of the isovector J/ψ2π to the isoscalar J/ψ3π de-
cays constrains the size of this component and hence the
strength of the interaction in the isovector channel [20].
We find C1X = −(0.13 ± 0.40) [−(0.39 ± 0.09)] fm2 for
Λ = 0.5GeV [1GeV], where the errors reflect the exper-
imental uncertainty in the branching ratio.2 Using the
formulas C1a = (C1X+C1Z)/2 and C1b = (C1X−C1Z)/2,
we obtain C1a = −(0.44± 0.24) [−(0.35± 0.06)] fm2 and
C1b = (0.31±0.24) [−(0.05±0.06)] fm2 (the errors shown
are for guidance only and have been obtained by adding
in quadratures those quoted for C1X and C1Z). We see
that C1b is either positive or, if negative, extremely small
and that |C1b| < |C1a|, which already contains a lot of in-
formation about the possible molecular states. We show
the predictions in Table II, where the uncertainties in the
binding energies come from the errors in C1X and C1Z ,
the additional HQSS/HFS 20% error (as part of the in-
formation comes from the charm sector) and from the
expected 20% violation of HADS.
In the isovector sector, all configurations are plausible

molecular candidates. However, when we take into ac-
count the various uncertainties of the current approach,
we cannot discard in all cases the appearance of vir-
tual states instead of proper bound molecules. The

most promising predictions are the 1
2

−
and 3

2

−
Ξ∗
bbB̄

∗

molecules, for which binding is moderately robust against
the different error sources.
To confirm these states from the theoretical side we

need to pinpoint the value of C1b more accurately. This
could be done either by more accurate measurements of
the X isospin breaking ratio or, better yet, by the even-
tual discovery of HQSS partners of the Zb’s, theWb states
proposed in Ref. [16]. Notice that all the isospin-1 triply-
heavy molecules are very interesting in the sense that
they have a non-trivial pentaquark component. We point
out that though heavy pentaquarks have been predicted

2 The central value of C1X differs from that quoted in [20] by an
amount that is around 10% of its error. This is because of the
use of different values for the X resonance mass.
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TABLE II. Predictions of the doubly-heavy baryon–heavy meson molecules. The isoscalar states are related to the X(3872), and
the error in their binding energies is a consequence of the approximate nature of HADS. The isovector states are determined by
the Zb(10610, 10650) and the isovector component of the X. In this part, different error sources have been taken into account:
the uncertainty in the Zb binding, in the isospin breaking decays of the X and in the HADS breaking. For simplicity, we only
show an unique error obtained by adding in quadratures all the previous ones. Here, Mth represents the threshold, and all
masses are given in units of MeV. When we decrease the strength of the potential to account for the various uncertainties, in
some cases (marked with † in the table) the bound state pole reaches the threshold and the state becomes virtual. The cases
with a virtual state pole at the central value are marked by [V], for which †† means that the pole evolves into a bound state
one and N/A means that the pole is far from the threshold with a momentum larger than 1 GeV so that it is both undetectable
and beyond the EFT range.

State I(JP ) V LO Thresholds Mass (Λ = 0.5 GeV) Mass (Λ = 1 GeV)

Ξ∗
ccD

∗ 0( 5
2

−
) C0a +C0b 5715 (Mth − 10)+10

−15 (Mth − 19)†
−44

Ξ∗
ccB̄

∗ 0( 5
2

−
) C0a +C0b 9031 (Mth − 21)+16

−19 (Mth − 53)+45
−59

Ξ∗
bbD

∗ 0( 5
2

−
) C0a +C0b 12160 (Mth − 15)+9

−11 (Mth − 35)+25
−31

Ξ∗
bbB̄

∗ 0( 5
2

−
) C0a +C0b 15476 (Mth − 29)+12

−13 (Mth − 83)+38
−40

Ξ′
bcD

∗ 0( 3
2

−
) C0a +C0b 8967 (Mth − 14)+11

−13 (Mth − 30)+27
−40

Ξ′
bcB̄

∗ 0( 3
2

−
) C0a +C0b 12283 (Mth − 27)+15

−16 (Mth − 74)+45
−51

Ξ∗
bcD

∗ 0( 5
2

−
) C0a +C0b 9005 (Mth − 14)+11

−13 (Mth − 30)+27
−40

Ξ∗
bcB̄

∗ 0( 5
2

−
) C0a +C0b 12321 (Mth − 27)+15

−16 (Mth − 74)+46
−51

ΞbbB̄ 1( 1
2

−
) C1a 15406 (Mth − 0.3)†

−2.5 (Mth − 12)+11
−15

ΞbbB̄
∗ 1( 1

2

−
) C1a + 2

3
C1b 15452 (Mth − 0.9)[V]

N/A
†† (Mth − 16)+14

−17

ΞbbB̄
∗ 1( 3

2

−
) C1a − 1

3
C1b 15452 (Mth − 1.2)†−2.9 (Mth − 10)+9

−13

Ξ∗
bbB̄ 1( 3

2

−
) C1a 15430 (Mth − 0.3)†

−2.4 (Mth − 12)+11
−13

Ξ∗
bbB̄

∗ 1( 1
2

−
) C1a − 5

3
C1b 15476 (Mth − 8)+8

−7 (Mth − 5)†
−8

Ξ∗
bbB̄

∗ 1( 3
2

−
) C1a − 2

3
C1b 15476 (Mth − 2.5)†

−3.6 (Mth − 9)+9
−11

Ξ∗
bbB̄

∗ 1( 5
2

−
) C1a +C1b 15476 (Mth − 4.3)[V]

N/A
+3.3 (Mth − 18)+17

−19

in the literature on the basis of several arguments [37–39],
this is the first prediction of a triply heavy one.

To summarize, we have studied the implications
of HADS (plus HQSS and HFS) for heavy hadronic
molecules. As a consequence of this symmetry, we can be
confident about the existence of doubly-heavy baryon–
heavy meson (and eventually doubly-heavy baryon–

antibaryon: Ξ
(∗)
Q1Q2

–Ξ
(∗)

Q̄1Q̄2

) partners of heavy meson–

antimeson molecules. From the assumption that the
X(3872) and the Zb(10610/10650) are molecular states
we can predict the existence of the exotic pentaquark-
like partners of these states. We notice that phase space
forbids any of the predicted molecules to decay through
the strong decays of their components. One of the pos-
sible strong decay channels is a triply-heavy baryon plus
one or more pions. Such a decay involves exchanging a
heavy quark and a light quark so that it would have a
small partial width. The ΞQ1Q2

P in a D wave could be
the dominant decay channel of the Ξ∗

Q1Q2
P ∗ states with

JP = 3
2

−
and 5

2

−
. However, if the binding energy is so

small that the binding momentum is much smaller than
the pion mass, the predicted state should be quite stable.
It would be intriguing if any of the predicted states can
be found in high-energy hadron colliders and heavy ion
collisions.
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