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Exotic nuclei with charm and bottom flavor
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Abstract. We discuss the possibility of existence of exotic nuclei containing charm and bottom mesons. We
study the interaction between D̄ (B) mesons and nucleons from view of heavy quark symmetry, and derive the
one pion exchange potentials. We apply these potentials to the two body system of D̄ (B) meson and nucleon N,
and find there are possible stable bound states with spin J P = 1/2− and isospin I = 0. We find that the tensor
interaction mixing D̄N and D̄∗ N (BN and B∗ N) plays an important role. We also qualitatively discuss the possible
bound states of D̄ (B) meson and two nucleons.

1 Introduction
The heavy hadrons with charm and bottom flavors are
one of the most interesting fields of the quark and hadron
physics. The heavy quark masses mc and mb of charm
and bottom quarks introduce new energy scales in QCD,
which are qualitatively different from the typical energy
scale ΛQCD ≃ 200 MeV in light flavors. One of the typical features is the degeneracy of energy levels between
pseudoscalar and vector mesons of heavy flavors in heavy
quark mass limit. This is called as heavy quark symmetry [1]. For charm, in fact, we find the mass difference of
D and D∗ mesons is mD∗ − mD ≃ 140 MeV [2]. For bottom, the mass difference is even smaller mB∗ − mB ≃ 45
MeV [2]. Because their mass differences are almost equal
or less than pion mass, these approximate degeneracies are
regarded to represent examples of the heavy quark symmetry. Another interesting feature of heavy quark physics
is that there are several effective theories directly based on
QCD. For example, heavy quark effective theory (HQET)
based on heavy quark symmetry has provided systematic
understanding of heavy hadrons [1]. In degrees of freedom
of mesons, the HQET are inverted to heavy meson effective
theory [1,3]. The non-relativistic QCD (NRQCD) and potential non-relativistic QCD (pNRQCD) are also useful effective theories to study spectroscopy and generation processes of heavy quark systems [4]. The numerical simulation by lattice QCD is also a direct method to investigate
the non-perturbative nature of QCD.
The hadrons with heavy flavors are now widely discussed not only in the normal hadrons composed with two
and three quarks, but also in exotic hadrons recently discovered several accelerator facilities in the world [5,6].
The representative examples are X(3872) [7], Y(4260) [8],
Z ± (4430) [9], Yb [10] and so on. The field of study of
the hadrons with the heavy flavors is also extended to the
a
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exotic nuclei containing charm and bottom flavors which
may be accessible in high-energy hadron facilities such
as J-PARC (Japan Proton Accelerator Research Complex)
and GSI (Gesellschaft für Schwerionenforschung) [11]. In
this paper, we study exotic nuclei with charm and bottom
hadrons.
The study of exotic nuclei with charm and bottom flavors is important. One reason is that it is possible to apply the discussions starting from QCD by means of several effective theories derived from QCD, such as HQET,
(p)NRQCD and so on. This is in contrast to the low energy effective theories for light flavors with chiral symmetry, in which there is no evident derivation from QCD.
Another reason is that we can enlarge our knowledge of
exotic nuclei, such as strangeness nuclei (hypernuclei and
kanonic nuclei), which are now extensively studied in both
theoretical and experimental sides [12,13]. The study of
strangeness nuclei can be extended to the multi-flavor nuclei containing, not only strangeness, but also charm and
bottom. These flavors play the role of impurity in the normal nuclei. One of the most interesting points in hypernuclei is that the mass scale of strange quarks may not be
so much different from up and down quarks in nuclei, and
hence it may open new types of nuclei with SU(3) flavor
symmetry. On the other hand, the mass scale of charm and
bottom quarks are qualitatively different from that of up
and down quarks. Therefore, we expect that another dynamical scale characterized by heavy quark mass is introduced into the normal nuclei, there should be some qualitatively novel phenomena in heavy flavor nuclei. In any case,
it would be important to understand the whole structure of
exotic nuclei by investigating various kinds of flavor.
The study of exotic nuclei with heavy flavors can be
traced back to the theoretical discussions of exotic nuclei
with charm and bottom baryons, such as Λc , Σc , Λb , Σb and
so on [14]. The heavy flavor mesons in nuclei are also important issues. For closed charm mesons, J/ψ in nuclei has
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been discussed by several authors in which effective theories of QCD [15] and lattice QCD studies [16] have been
employed. For open charm mesons, D meson in nuclei is
an interesting subject [17–19]. In the present discussion,
we study the exotic nuclei with D (B) mesons as discussed
in details in [19].

2 Interactions from heavy quark symmetry
One of the most basic question for study of the exotic nuclei with D (B) mesons is to ask the interaction between D
(B) mesons and nucleons. In many phenomenological studies, the D mesons in nuclei have been discussed by means
of the Weinberg-Tomozawa-type contact interaction with
SU(4) flavor symmetry with π, K and D mesons [18]. This
is a straightforward extension from successful SU(3) flavor symmetry with π and K. However, because the mass
scale of charm is much different form other light flavors, it
is expected that the SU(4) symmetry would not be a good
symmetry in nature. To grasp the reality, we shall see the
mass spectroscopy of strange, charm and bottom mesons.
In strangeness, the ground state is K meson with mass
about 500 MeV and the next excited state is K ∗ vector meson with mass about 892 MeV. Because of the large mass
difference about 392 MeV between K and K ∗ mesons, it
is conventionally considered that the K ∗ vector mesons are
almost irrelevant degrees of freedom as far as we discuss
the ground state. However, this is not the case for heavy
flavors of charm and bottom. As indicated in the beginning of this paper, the mass difference between D and D∗
mesons is about 140 MeV, and that of B and B∗ mesons
are even about 45 MeV. These mass difference can be regarded as small, because they are equal or less than pion
mass. Therefore, it is important to consider not only D (B)
mesons, but also D∗ (B∗ ) mesons in the ground state.
The interaction between the D (B) mesons and nucleons is qualitatively different from that of K mesons and nucleons.To see this difference, let us start from strangeness.
We remember the Weinberg-Tomozawa-type contact interaction for K mesons and nucleons. It is well-known that
the Weinberg-Tomozawa-type contact interaction can be
regarded as exchange of ω and ρ vector mesons. Here,
one pion exchange process is absent in principle, because
the coupling of KKπ is forbidden by parity conservation.
In heavy flavor case, on the other hand, the couplings of
DD∗ π and D∗ D∗ π (BB∗π and B∗ B∗ π) exist. Therefore, there
is one pion exchange process in the interaction of D (B)
mesons and nucleons. This observation indicates that the
KN interaction is a short range force characterized with
scale of mass of ω and ρ mesons, while the DN (BN) interactions are long range forces characterized with scale of
mass of π mesons.
The one pion exchange potential between D (B) mesons
and nucleons requires the information of π meson and nucleon vertex, and D (B) meson and nucleon vertex. The
former is simply given by
LπNN = −
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gπNN †
π·τ
χ ′ σ·∇
χs ,
mN s
2

(1)

where χ s is the nucleon field with spin s, mN is the nucleon
mass, and g2πNN /4π = 13.5 is the coupling constant. The
latter is given with help of heavy quark symmetry,
LπHH = g trH̄a Hb γν γ5 Aνba ,

(2)

where the multiplet field H of P and P∗ is defined by
i
1 + v/ h ∗ µ
Ha =
Paµ γ − Pa γ5 ,
(3)
2
with the velocity v of the mesons [3]. Here we define P as D
or B, and P∗ as D∗ or B∗ for short notation. The conjugate
field is H̄a = γ0 Ha† γ0 , and the index a denotes up and down
flavors. The axial current is given by Aµ ≃ fiπ ∂µ M with

 π0
 √ π+ 
2

(4)
M =  − π0  ,
π − √2

where fπ = 135 MeV is the pion decay constant. The coupling constant |g| = 0.59 for πPP∗ is determined from the
observed decay width Γ = 96 keV for D∗ → Dπ [2]. The
coupling of πP∗ P∗ , which is difficult to access from experiments, is automatically determined thanks to the heavy
quark symmetry. Note that the coupling of πPP does not
exist due to the parity conservation. The coupling constant
g for πBB∗ would be different from one for πDD∗ because
of 1/mQ corrections with the heavy quark mass mQ [20].
The recent lattice simulation in the heavy quark limit suggests the closed value adopted above [21]. This would allow us to use the common value for D and B.

3 Exotic bound states
Now we move to discussion about the P(∗) N bound states.
In this analysis, we consider four states, whose quantum
numbers are classified to J P = 1/2− and 3/2− with isospin
I = 0 and 1. The 1/2− states with I = 0 and 1 are superpositions of three states, 2 S 1/2 for PN, and 2 S 1/2 and 4 D1/2
for P∗ N with the standard notation 2S +1 L J . The 3/2− states
with I = 0 and 1 are superpositions of four states, 2 D3/2 for
PN, and 4 S 3/2 , 4 D3/2 , and 2 D3/2 for P∗ N. A similar analysis has been done in Ref. [22], in which they however
do not take into account the mixing between different spin
states, 2 S 1/2 in PN and P∗ N, and 4 D1/2 in P∗ N.
With these basis, we explicitly represent the potentials
as [19]
ggπNN 1
V1/2− = √
2mN fπ 3
√
√


 0
3C
−
6T µ 
µ

 √
×  3Cµ −2Cmπ
 τP ·τN ,
0

 √
− 6T µ 0 Cmπ − 2T mπ
ggπNN 1
V3/2− = √
2mN fπ 3
√
√
√


 √ 0
3T µ − 3T µ 3Cµ 

 3T C
2T mπ
T mπ 
mπ
 τ ·τ ,
×  √ µ
 − 3T µ 2T mπ Cmπ −T mπ  P N
 √

3Cµ T mπ −T mπ −2Cmπ

(5)

(6)
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Table 1. The properties of the D̄N and BN bound states for J P =
1/2− with I = 0.
BN

1.4 MeV
3.8 fm

9.4 MeV
1.7 fm

DN (2S1/2)
D*N (2S1/2)
D*N (42D1/2)
BN ( S1/2)
B*N (2S1/2)
B*N (4D1/2)

1
[fm-3]

binding energy
relative radius

D̄N

1.5

0.5

0

for J P = 1/2− and 3/2−, respectively. mπ is the pion mass
and µ2 = m2π − (mP∗ − mP )2 is the modified mass because
of the different masses mP∗ and mP for P∗ and P. Cm and
T m are defined as
Z
d3 p
1
Cm =
eiq·r F(q; m),
(7)
3
2
(2π) q + m2
Z
d3 p −q 2
T m S 12 (r̂) =
S 12 (q̂)eiq·r F(q; m),
(8)
(2π)3 q 2 + m2
with the tenor operator S 12 ( x̂) = 3(σ1 · x̂)(σ2 · x̂) − σ1 ·
σ2 , and the form factor F(q; m) = (Λ2N − m2 )/(Λ2N + q 2 ) ×
(Λ2P −m2 )/(Λ2P +q 2 ). Here we adopt ΛN = 940 MeV, ΛD =
1266 MeV and ΛB = 1213 MeV [19]. τN and τP are isospin
operators for nucleon N and meson P.
The kinetic terms are
1
1
△0 + ∆mPP∗ ,
(9)
△0 , −
2e
mP
2e
m P∗
!
1
△2 + ∆mPP∗ ,
−
2e
m P∗
1
1
K3/2− = diag −
△0 + ∆mPP∗ ,
(10)
△2 , −
2e
mP
2e
m P∗
!
1
1
−
△2 + ∆mPP∗ , −
△2 + ∆mPP∗ ,
2e
m P∗
2e
m P∗
K1/2− = diag −

for J P = 1/2− and 3/2− , respectively. Here we define △0 =
∂2 /∂r2 +(2/r)∂/∂r and △2 = △0 +6/r2 , m
e P(∗) = mN mP(∗) /(mN+
mP(∗) ), and ∆mPP∗ = mP∗ −mP . The eigenvalue equation with
the given hamiltonian, H J P = K J P +V J P with J P = 1/2− and
3/2− , is numerically solved by a variational method. The
binding energy is realized as a difference from the threshold mN + mP .
We find the D̄N and BN bound state solutions for J P =
1/2− with I = 0 [19]. Their binding energies and the relative radii are 1.4 MeV and 9.4 MeV, and 3.8 fm and 1.7 fm,
respectively, which are summarized in Table. 1. The wave
functions are shown in Fig. 1, where the solid, dashed,
and dotted curves represent PN(2 S 1/2 ), P∗ N(2 S 1/2 ), and
P∗ N(4 D1/2 ), respectively. The narrow (thick) curves show
the D̄N (BN) states. We indicate that the P∗ N(4 D1/2 ) component is crucially important, though it is smaller than the
PN(2 S 1/2 ) as shown in Fig. 1. The binding energy is induced mainly by the tensor coupling between PN(2 S 1/2 )
and P∗ N(4 D1/2 ), which are in off-diagonal terms in V1/2−
in Eq. (5). Indeed, without this tensor coupling, we cannot
obtain any bound state. Thus, the PN-P∗ N mixing plays an
essential role in these systems.
We see that the BN state is more deeply bound and
compact than the D̄N state. One reason is that the smaller
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Fig. 1. The wave functions of the D̄N and BN bound states for
J P = 1/2− with I = 0.

mass splitting between B and B∗ strengthens the BN-B∗ N
mixing. Another reason is that the kinetic energy of B
mesons is suppressed simply due to heavy mass. In the
heavy quark limit, the complete mass degeneracy of P and
P∗ induces the ideal PN-P∗ N mixing, which would give
the maximal binding energy.
It is worth to emphasize that we can not find D̄N and
BN bound states for other channels, J P = 1/2− with I = 1,
and J P = 3/2− with I = 0 or 1. As a result, we conclude that
J P = 1/2− with I = 0 are the most promising channel for
detecting stable D̄N and BN bound states.
In experiments, the D̄N and BN bound states would
be searched in e+ e− collisions, or anti-proton beam with
deuteron targets [23,24]. We note there is no open decay
channel below the threshold, into which the D̄N and BN
bound states decay by strong interaction. Therefore, they
are stable objects and experimentally well accessible despite of their small binding energies. The D̄N and BN wave
functions have the following components,


 

|D̄Ni = |D− pi−|D̄0 ni + |D∗− pi−|D̄∗0 ni ,

 

|BNi = |B0 pi−|B+ni + |B∗0 pi−|B∗+ni ,

(11)
(12)

with neglecting the weight of each component. We find that
the weak decay processes, D− p → K + π− π− + p and B0 p →
D− π+ + p, in the first component would be available for
reconstruction of the invariant mass.
The D̄N and BN bound states contain five quarks as
ingredient. Therefore they can be compared with the KN
states as candidate of pentaquarks [25]. It has been theoretically studied that the K meson is not bound with a
nucleon by the Weinberg-Tomozawa interaction with chiral symmetry [26]. In contrast, our analysis shows the D̄
and B mesons are bound with a nucleon by one pion exchange potential with respecting heavy quark symmetry.
Therefore, the D̄N and BN bound states may open another
way to search for pentaquark with heavy flavors [27–29].
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4 Toward exotic nuclei
The work on D̄N bound states is extended to exotic nuclei
containing D̄ mesons. One can expect that the binding energy of the D̄ meson in such exotic nuclei becomes larger
as baryon number increases. Such exotic nuclei will be investigated in J-PARC and GSI by using anti-proton beams
with targets of nuclei [30,31]. Here we discuss briefly the
D̄NN states with baryon number two. The possible states
for I = 1/2 are classified to |D̄(NN)0,1 i+|D̄∗ (NN)1,0 i with
J P = 0− and |D̄(NN)1,0 i + |D̄∗ (NN)1,0 i + |D̄∗ (NN)0,1 i with
J P = 1− . For I = 3/2, they are |D̄(NN)0,1 i with J P = 0− and
|D̄∗ (NN)0,1 i with J P = 1− , where subscripts denote the spin
and isospin of nucleon pairs. Only the former two states for
I = 1/2 contain the attractive D̄N pairs for J P = 1/2− with
I = 0. Therefore, one can expect that the D̄NN states, as
well as the BNN states, for J P = 0− and/or 1− with I = 1/2
would be stable.
It is valuable to compare the D̄NN and BNN states
with the K − pp states (K̄(NN)0,1 in our notation) [32]. The
K − pp state is considered to have large binding energy 2070 MeV. However, the K − pp state decays to πYN by a
strong interaction with the decay width 40-70 MeV. On
the other hand, the D̄NN and BNN states are stable in the
strong decay as discussed above. Therefore, the D̄NN and
BNN states may provide more precise information about
exotic nuclei. More quantitative analyses including fewbody calculation will be presented in Ref. [33].
The charmed and bottom nuclei like D̄NN and BNN
states are comparable with the hypothetical existence of
the kaonic nuclei, in which K mesons are bound in nuclei
[34]. The existence of such nuclei may realize if there is a
sufficient number of nucleons around K meson, though KN
interaction itself seems not attractive to form KN molecule
[26]. We stress again that in our analysis the D̄ and B
mesons have sufficiently large attraction to form the stable
charmed and bottom nuclei beginning with baryon number
one.
Finally we mention the possibility that the study of D̄
and B nuclei may extend our understanding of exotic nuclei with multi-flavors. It is known that there is a mixing
of ΛN-ΣN in hypernuclei [13]. This mixing enhances the
binding energy of Λ in hypernuclei. In fact, without this
mixing, we cannot explain the observed binding energy of
Λ in several experiments. The importance of ΛN-ΣN mixing reminds us the role of D̄N-D̄∗ N (BN-B∗ N) mixing in
the present discussion. In our case, too, the mixing plays an
important role to supply effective attraction to form bound
states of D̄N and BN. Although we are not yet in a position to discuss more details, this similarity seems to suggest a dual relationship of hypernuclei containing hyperon,
and charm and bottom exotic nuclei containing D̄ and B
mesons.

It is found D̄N and BN bound states with binding energies 1.4 MeV and 9.4 MeV, respectively, for J P = 1/2−
with I = 0, and no bound states in other channels. These
states are stable in the strong decay, and can be observed
in the weak decay processes D̄N → K + π− π− + p, and
BN → D− π+ + p. The existence of D̄N and BN bound
states would provide an opportunity to probe new exotic
states near the thresholds, and open a new way to investigate for exotic nuclei with variety of multi-flavor explored
at future hadron facilities such as J-PARC and GSI.
The authors thank A. Dote for fruitful discussions.
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