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Hadronic molecules for charmed and bottom baryons near thresholds
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We study hadronic molecules formed by a heavy meson and a nucleon, DN and D*N (BN and B*N)
systems. Respecting the heavy quark symmetry and chiral symmetry, we consider the DN-D*N
(BN-B*N) mixing induced by the one boson exchange potential including the tensor force. We find
many bound and resonant states with J* = 1/2*,3/2*,5/2*,and 7/2" in isospin singlet channels, while
we find only a few resonant states with J* = 1/27 in isospin triplet channels. The analysis of DN and
D*N (BN and B*N) molecules will be useful to study mass spectra of excited charmed (bottom) baryons
with large angular momenta, when their masses are close to the DN and D*N (BN and B*N) thresholds.
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I. INTRODUCTION

Recently, many exotic hadrons observed in experiments
have attracted our interest. They are expected to have
unexpected structures, because their properties, such as
quantum numbers, masses, and decay patterns, cannot be
explained by the ordinary picture of hadrons, baryons as
gqq and mesons as ¢g. As one of the new aspects of these
structures, the possibility of multiquarks or hadronic mole-
cules have been extensively discussed. It is considered that,
particularly near thresholds, hadronic molecules such as
loosely bound or resonant states of meson-meson or
meson-baryon emerge as one of the hadronic configura-
tions realized in nature. As typical candidates, the meson-
meson molecules for X(3872) and Z;, have been studied in
the charm and bottom quark regions [1-8].

The hadronic molecules as bound or resonant states
formed by D or D* mesons (B or B* mesons) and a nucleon
(N) are also interesting. Since the DN and D*N (BN and
B*N) molecules contain ordinary flavor structures of three
quarks, they are intimately related to the ordinary heavy
baryons, A., 2., 2% and their excited states for the charm
sector, and Ay, X4, 2,”; and their excited states for the
bottom sector [9]. These excited states have been studied
in the quark model extensively [11,12]. However, near the
DN and D*N (BN and B*N) thresholds, it is expected that
the wave functions of the quark model states have a large
overlap with the component of DN and D*N (BN and
B*N), and the properties of such baryon states are strongly
affected by DN and D*N (BN and B*N) states. There
would be even such states that are dominated by the
molecular components.

In the DN and D*N (BN and B*N) systems, there are
two important symmetries, the heavy quark symmetry and
chiral symmetry. The heavy quark symmetry manifests in
mass degeneracy of heavy pseudoscalar mesons P = D, B
and vector mesons P* = D*, B* in the heavy quark mass
limit [13,14]. Indeed, the mass splitting between a D (B)
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meson and a D* (B*) meson is small, 140 MeV for D and
D* mesons and 46 MeV for B and B* mesons. The small
mass splittings in the heavy flavor sectors should be com-
pared with the large mass splittings, ~400 MeV for K and
K* mesons and ~600 MeV for 7 and p mesons, in the
light flavor sectors. Because of this, the heavy quark sym-
metry introduces the mixing of PN and P*N states, where
both P and P* mesons are considered on the same footing
as fundamental degrees of freedom in the dynamics [15].
Then, physical states are given as a superposition of PN
and P*N states. For convenience, in the following, we
denote P to stand for P or P*. Thanks to the mixing of
states in P*IN systems, a long range force between a P
meson and a nucleon N is supplied by one pion exchange
with the same coupling strengths for PP*7 and P*P*mr
vertices [16-18].

It is interesting that the pion exchange can exist in P*)N
systems. As a matter of fact, it is known that the pion
exchange is important for the binding of atomic nuclei
[19]. There the tensor force of the pion exchange that
mixes channels with different angular momenta, i.e., L
and L * 2, yields a strong attraction to generate a rich
structure of bound as well as resonant states. Because the
pion exchange is a long range force, it becomes more
significant for states with larger orbital angular momenta.
In fact, it was shown that, in the nucleon-nucleon scatter-
ing, the phase shifts in the channels with large orbital
angular momenta are reproduced almost only by the pion
exchange potential [20,21]. The importance of the pion
exchange was also discussed in NN systems. It was inves-
tigated that the properties of bound and resonant states in
NN systems are dramatically changed if the tensor force
is switched off [22,23]. In our previous studies, it was
also shown that the pion exchange potential played a
significant role for hadronic molecules such as DN and
BN baryons [16-18], DD (BB) mesons (e.g., Z, meson)
[24], and DD (BB) mesons [25].
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In reality, however, the hadronic molecules of PN do
not necessarily correspond to the observed states, because
there should be couplings not only to three quark states but
also to other meson-baryon states such as 7wA,, 72, and
w2; (mwAy, 72y, and 72}), and so on. However, we may
expect that such couplings are small for DN and BN
baryons near the thresholds. The reasons are that the
wave functions of hadronic molecules are spatially large
as compared to the conventional three quark states, and that
the transitions, e.g., from DN (BN) to 73, (72,), are
suppressed by a heavy quark exchange. From those points
of view, in the present discussion, we focus on the role of
the DN and B®'N sectors and study the bound or reso-
nant states generated by D®*'N and B*)N. Recently, there
have been several studies of baryon states as DN (B®N)
[26-40] and D™, (B®3,) [41-43] molecules. The
present study is different from them in that we focus on
the states near the thresholds and with a large angular
momentum.

This paper is organized as follows. In Sec. II, we briefly
describe the interaction between a D™ or B*) meson and
a nucleon. In Sec. III, we solve the coupled-channel
Schrodinger equations numerically for bound and resonant
states. We discuss the results of the D®N and B®N
molecule in Sec. IV, and summarize the present work in
the final section.

II. INTERACTIONS

Following our previous studies [16—18], we consider 77,
p, and o exchange potentials between P*) and N.
The interaction Lagrangians for heavy meson vertices are
given by the heavy quark symmetry and chiral symmetry
[44-50]:

‘£7THH lgﬁTr[Hb‘)/,u,’)/SAbaH] (1)
‘EUHH = _lﬁ Tr[HbU'u(p,u,)baHa]
+iA Tr[HhO-MVF,uV(p)huFIu]y (2)

where the subscripts 7 and v are for the pion and vector
(p and w) meson interactions. The heavy meson field H
is defined by H, = 2[P%, y* — P,ys] with the four-
velocity v* of a heavy meson, where the subscript a
is for 11ght flavors u, d. The conjugate field is given by
H, yOHa vo- The axial current of light flavors is written
by A* =1(£Tore — £or¢T) with ¢ = exp (ifr/f,) and
the pion decay constant f,. = 132 MeV. The pion field is

defined by
° +
N
= ( o ) ©)
T Tx

and the vector meson field by
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where gy = 5.8 corresponds to the gauge coupling constant
from hidden local symmetry [51]. The vector meson field
tensor is written by F,,(p) = d,p, — 0,0, + [pu o]
The coupling constants g, 8 and A are summarized in
Table 1. These coupling constants are essentially the same
as those given in Refs. [17,18], except for the signs of g,
B, and A for vertices of 77 and w, which are reversed due to
G-parity transformation between D™ [B™)] and D™ [B™].
In Egs. (1) and (2), we consider the static approximation
v = (1,0).

For vertices of 7, p, and w mesons to a nucleon, we
employ the Bonn model [52] as

L 7NN — \/Eig ﬂ-NNN Ys 7N, (6)

_ R K _ A
Loy = \/EgUNNI:NY/LpMN + %Na'wa p“N], 7

where N = (p,n)" is the nucleon field. The coupling
constants for nucleons are summarized in Table 1. The
pseudoscalar coupling becomes approximately equivalent
to the pseudovector coupling with a derivative, if the
particles coupled to the pion are on shell, which is approxi-
mately the case of hadronic molecules.

When we consider the 7, p, and w exchange potentials
between the P*) meson and nucleon, we take into account
the internal structure of hadrons by introducing the
monopole-type form factors at each vertex;

2 _ 2
A= — mg,

Fah @) = o et

(®)
with the mass m,, three momentum g of the incoming
meson a(= 7, p, ), and the cutoff parameter A. Here, we
introduce two cutoff parameters for a heavy meson [D*
and B™] and a nucleon. The cutoff parameter Ay for the
nucleon is determined to reproduce the properties (the
binding energy, the scattering length and effective range)
of the deuteron. The cutoff parameter Ap for the heavy
meson P®) = D®_ B® js determined by the ratios of

TABLE I. Masses and coupling constants of mesons a = r,
p, w in Refs. [17,18].

Meson  m,, 8 B AlGeVT'l /4T K
T 13727 -0.59 --- s 13.6

p 769.9 cen 0.9 0.59 0.84 6.1
w 781.94 —-0.9 —0.59 20.0 0.0
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TABLE II.  Cutoff parameters of a nucleon (Ay) and heavy
mesons [A, for D® meson and A for B*) meson] as employed
in Refs. [17,18].

Potential Ay [MeV] Ap [MeV] Ap [MeV]
T 830 1121 1070
TPW 846 1142 1091

matter radii of the heavy meson and nucleon where the
ratio is obtained by a quark model calculation [16—18].
Their numerical values are summarized in Table II.

Here we briefly discuss cutoff dependence. Indeed,
numerical results are rather sensitive to the choice of the
parameters A. Here we have determined them from the
size of hadrons, and so a large deviation from the present
choice is not appropriate. If we change, however, A by, for
example, about 10%, the locations of levels change quan-
titatively, but the structure of spectrum does not change
qualitatively.

In the present study, we employ two types of potentials:
the 7 exchange and the 77p w exchanges. By comparing the
results from them, we show the importance of the one pion
exchange potential.

III. NUMERICAL RESULTS

We consider the states with J© = 1/2*, 3/2*, 5/2%,
and 7/2* (total angular momentum J and parity P) with
isospin I = 0 and 1. Various states with J* are expanded
by coupled channels of 25*! L, (spin S and orbital angular
momentum L) as summarized in Table III. The meson
exchange potentials among various channels and kinetic
terms are summarized in the Appendix. Using the
Hamiltonian composed of the kinetic and potential terms,
we solve the coupled-channel Schrédinger equations for
PN and P*N channels numerically.

A. Isospin singlet (I = 0)

We present the results for the isosinglet state (I = 0).
The energies of bound and resonant states are summarized
in Table IV and also presented in Figs. 1 and 2. The results

TABLE III. Various coupled channels for a given quantum
number J¥.

JP Channels

1/2= PNCS,,) P'NCS,,) P'N(D,,)

1/2 PNCP,,) P*NCP,) P'NCP,,)

3/2~ PN(Ds,)  P*N(S,,)  P*N(D,,) P*NCDs),)
3/2% PN(CPy,)  P*NCPy,)  P*N(Py,)  P'NCF,)
5/2= PN(D,) P*NCDs,) P'N(Ds,) P*N(*G;),)
5/2*  PN(F, /2) P*N(*P, /2) P*N(*F, /2) P*N(*F /2)
7/2~  PNCG,,) P'N(‘D,,) P*NCG,, P'N(G,),)
7/2%  PNCF,,) P*N(F, ) P*N(*F, ) P*N(*H, )
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are shown for the 77 and 7mpw potentials, and the corre-
sponding energy levels are connected by arrows in Figs. 1
and 2. The numerical values are measured from the DN
and BN thresholds, respectively.

First, we discuss the states with J* = 1/2* and 3/27,
and then those with J© = 3/2%,5/2%, and 7/2*. In fact, it
will turn out that the results in those two categories have
different behaviors.

1. J°=1/2"and 3/2"

For (1, JF) = (0, 1/27), we find bound states in both of
D®N and B®N. For DN, the binding energies are
—14.4 MeV for the 7 potential and —82.5 MeV for the
mpw potential. The relative radii are 1.51 and 0.86 fm,
respectively. As expected, for a larger binding energy the
system becomes smaller. The tensor force from the 7
exchange which is the main driving force of the
DN-D*N mixing plays an important role to form the bound
states. In fact, we have verified that neither bound nor
resonant states exist when the tensor force from the 7
exchange is switched off and the DN-D*N mixing is small.
For JP = 1/27, the results in the 77 and 7p w potentials are
very different, as indicated in Figs. 1 and 2. Since both p
and o exchanges are attractive for the DN [B™N]
system, the vector meson exchanges contribute to form
the deeply bound state of the binding energy around
80 MeV. This contrasts with the previous result for the
DN and B®N systems of truly exotic channels, where
the p and w exchanges play a minor role due to the
cancellation of these two potentials [17,18].

We estimate the mixing ratio of various channels in
the bound states as summarized in Table V. We observe
that, for J® = 1/2~ states, the most dominant component
is DN(2S | /2) with a fraction 71.8%. The second dominant
component is D*N (“D1 /2) with a fraction 20.4%.
Therefore, the tensor force which mixes the S wave in
DN(2S1/2) and the D wave in D*N(4D1/2) is important to
provide a strong attraction.

For B®N of (I, J¥) = (0,1/27), we also obtain bound
states. The binding energies are —57.8 MeV for the 7
potential and —145.9 MeV for the mpw potential, and
the relative radii are 0.99 and 0.76 fm, respectively.
Again the results of the two potentials are very different
with the same reason for the DN system. As compared to
the DN system, the binding energy in the B*)N system is
much larger, because heavier particles suppress kinetic
energy. For the mixing ratios, we also find a similar
tendency as we discussed for the D®N system: 56.1%
for BN(2Sl/2), 13.3% for B*N(le/z), and 30.6% for
B*N(*D, 1)-

Let us move to the (1, J7) = (0, 1/2%) state. For D®N,
we find one resonance near the DN threshold when the 7
potential is used. The resonance energy is 1.4 MeV and the
half-decay width is 0.2 MeV as shown in Table IV. In the
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radii are shown only for bound states.
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TABLE IV. Properties of bound and resonant states of DN and BN systems. The energies E are either pure real for bound states
or complex for resonant states. The complex energies for resonances are written as E,, — il'/2 where E,, is the resonance energy and
I'/2 is the half-width. The binding and resonance energies are measured from the lowest threshold (DN and BN). Root mean square

DN BN
1(J%) Potential E [MeV] (Y2 [fm)] E [MeV] (rHY2 [fm]
vy i o S o
T L o S i
0G3/27) oo R 0.9 s 078
0G3/2*) s S . e 181
0(5/2") e 00— 5. s tons .
05/2") S 1370 76 200 i02

00/27) o 2208 - 1091 §7.5 - 461

0(7/2%) oo o .

1a727) wa 147.2 Il01'105.5 50.7 Il01'75.5

scattering state, we define the resonance energy E,. by an
inflection point of the phase shift [53], and the decay width
I'is given by I' = 2/(d8/dE)g—f_. When the 7pw poten-
tial is used, we find a bound state with a binding energy

E
220.8 —i109.1 2077 — 11894
— ey —
7/2— 7/2
160.0 — 4375.4 159.6 — 46719 160.8 — i3.1 -
5/9= 5/2- 137.0 — i7.6
D*N [ttt Z ___________________ Z ____________________ % ..............
(2949 MeV)
63.5 — 7.9
3/2-
26.0 —744.2 23.8 —4118.1
P ——3/2+
+ 1.4—i0.2
DN e 3/_2____m_1/2+
(2807 MeV) —13.7 144 1/27
825 1/27 815 1/2F
TP w ™ Tpw ™

—81.5 MeV and with a relative radius 0.85 fm. The mixing
ratios of the bound state are 38.8% for DN (P

D*N(2P1/2), and 55.2% for D*N(4P1/2), as shown in
Table V. Interestingly, D*N(*P, /2) is the most dominant

1/2), 6.0% for

FIG. 1. Energies of bound and resonant states of D™ N for I = 0 with positive parity (P = +) and negative parity (P = —). The energies
are measured from the DN threshold. The results for 7 and 77 p w potentials are shown, where corresponding states are connected by arrows.
The binding energies are given as a real negative value, and the resonance energies E,. and decay widths I are given as E,, — il'/2.
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E
87.5—i46.7 7/27 g56_i745
— -
713 1028 37— e /2
. 5/ " 5/2" 46.0 —i1.1
* 15 572+
20.0 — 0.2
(6265 MeV) 0.0 —i0 ,pﬁvm.g—nas
BN ————————————————————————————————————————————————————————————— §72/<;_v_ ————————————— 3 Z2+
2.
(6219 MeV) 6
387 3/27
578 /27
838 1/2F
3/2”
—1278
1/2-
vy
— Yt
550
TPpW ™ TPW ™

FIG. 2. Energies of bound and resonant states of B®N for I =

0 with positive parity (P = +) and negative parity (P = —). The

energies are measured from the BN threshold. The same convention is used as Fig. 1.

channel, although the mass of D*N is heavier than the mass
of DN. This is because the attraction of the tensor force is
the strongest for the D*N(*P, /2) channel.

For B®N of (I, J7) = (0,1/2%), we find bound states
for both cases when the 7 and mwpw potentials are used.
The binding energies are —83.8 MeV for the 7 potential
and —185.0 MeV for the mpw potential, and the relative
radii are 0.92 and 0.75 fm, respectively. For the mpw
potential, the mixing ratios of the bound state are 28.4%
for E’N(ZPI/Z), 7.7% for E*N(zPl/z), and 63.9% for
E*N(4P1/2). In this case again, E*N(“Pl/z) is the most
dominant component regardless of its heavy mass.

For (1, J¥) = (0,3/27), we find a resonant DN state for
the 7 potential with the resonance energy 63.5 MeV and
the half-decay width 7.9 MeV as shown in Table IV.
In contrast, for the mpw potential, we find a bound DN
state with the binding energy —13.7 MeV and the relative
radius 0.89 fm. For the bound state, the mixing ratios are
19.8% for DN(2D3/2), 62.8% for D*N(4S3/2), 14.2% for

D*N(4D3/2), and 3.2% for D*N(2D3/2). Thus, D*N(4S3/2)

is the dominant channel although its mass is heavier than
the mass of DN (2D3 /2); once again a large attraction due to

the tensor force is provided.

For the BN state of (I, J¥) = (0,3/27), we obtain
bound states for both cases; the 77 and 7pw potentials
are used. The binding energies are —38.7 MeV for the 7
potential and —127.8 MeV for the mpw potential with
relative radii 0.99 and 0.76 fm, respectively.

2. JP=3/2%,5/2*, and 7/2%

For (1, J7) = (0,3/27), we find resonant states above
the threshold. For D“N, the resonance energies are
23.8 MeV for the 7 potential and 26.0 MeV for the mpw
potential. The half-decay widths are 118.1 and 44.2 MeV,
respectively. As compared to the cases of 1/2* and 3/27,
the results of the 77 and 7pw potentials are not very much
different, as indicated in Fig. 1. Since the wave functions
are extended due to larger orbital angular momenta of the
P wave (L = 1) and F wave (L = 3) for J* = 3/27", the
long range potential of the 7 exchange dominates, while

TABLE V. Mixing ratio of each channel in the bound D™N and B®N states for J” = 1/2* and 3/2* with I = 0 when the mpw

potential is employed.

1/2= PNCS,,,)  P'NCS,,) P'N(D,,)

DN 71.8% 7.8% 20.4%

BN 56.1% 13.3% 30.6%

3/27 PN(Ds,)  P'N(Sy,)  P*N(*Dy,)  P*N(Ds))
DN 19.8% 62.8% 14.2% 3.2%
BN 14.6% 64.7% 16.7% 4.0%

1/2* PNCP,,) P*'NCP,) PN(CP,,)

DN 38.8% 6.0% 55.2%

BN 28.4% 7.7% 63.9% e
3/2% PNCPy,)  P'NCPy,)  P'N(Py,)  P*N(*Fy))
BN 71.2% 6.7% 7.5% 14.6%
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the short range potentials from p and w exchanges are
suppressed. For B®'N, when the 7 potential is used,
we find a resonant state whose resonance energy is
129 MeV and half-decay width is 15.5 MeV, while
when the 77pw potential is used, we find a loosely bound
state of a binding energy —2.6 MeV and a relative
radius 1.81 fm. The mixing ratios are 71.2% for
BN(2P3/2), 6.7% for B*N(2P3/2), 7.5% for B*N(4P3/2),
and 14.6% for B*N(*F, /2). The most dominant component
is BN(P, /»)» and the second dominant one is B*N(*F, 1)-

For (1, JF) = (0,5/27), we obtain resonant states for
both cases when the 77 and mpw potentials are used. For
D®™N, the resonance energies are 153.6 MeV for the 7
potential and 160.0 MeV for the 7p w potential, which are
above the D*N threshold. The corresponding half-decay
widths are 671.9 and 375.4 MeV, respectively. The differ-
ence between the results of the 7 and mpw potentials is
once again small, due to the same reason as before with
large angular momenta. For the B*'N state, we also find
resonant states above the B*N threshold. The resonance
positions are 63.7 MeV for the 7 potential and 71.3 MeV
for the mpw potential. The corresponding half-decay
widths are 177.6 and 102.8 MeV, respectively. We observe
from Table IV that the widths of the 5/2~ states of both
DN and BN are very large. The reason is that there is only
very weak attraction in these channels. Because of the very
large widths of order 1 GeV, it is not easy to interpret them
physically as particle states.

For (I,J7) = (0,5/2%), we find resonant states with
narrow widths for both cases when the 77 and 7pw poten-
tials are used. For D®)N, when the 7 potential is used, the
resonance energy is 160.8 MeV and the half-decay width is
I'/2 = 3.1 MeV. When the mpw potential is used, the
resonance energy is 137.0 MeV and the half-decay width
is I'/2 = 7.6 MeV. For B®¥)N, we also find resonances

147.2 — 4105.5

.

D*N
(2949 MeV)

DN
(2807 MeV)
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whose energies are 46.0 MeV for the 7 potential and
20.0 MeV for the mpw potential, with the corresponding
half-decay widths 1.1 and 0.2 MeV, respectively. Again,
the results for the 7 and 7pw potentials are similar.

For (1, J¥) = (0,7/27), we obtain resonances above the
D*N and B*N thresholds. For D™ N, there exist resonances
at 217.7 MeV for the 7 potential and at 220.8 MeV for
the mpw potential, with half-decay widths 182.4 and
109.1 MeV, respectively. For B*)N, there also exist reso-
nances whose energies are 85.6 MeV for the 7 potential
and 87.5 MeV for the mpw potential, with half-decay
widths 74.5 and 46.7 MeV, respectively.

Finally, for (1, J¥) = (0,7/2"), we find no bound nor
resonant states.

B. Isospin triplet (I = 1)

Let us move to the states of isospin triplet (I = 1). We
summarize the results for DN and for B*'N in Table IV
and show the energy levels in Fig. 3. As a result, we find
resonant states only for J© = 1/2~ when the mpw poten-
tial is employed. For D"N, the resonance energy is
147.2 MeV and the half-decay width is 105.5 MeV. For
the B*)N state, we obtain the resonance whose energy is
50.7 MeV and half-width 75.5 MeV. The reason that there
are not many states in the isospin triplet channel can be
understood as follows; as compared to the isosinglet chan-
nel, the attractive force in the isotriplet channel is weak due
to small isospin factor, 7p - 7y = —3 for isosinglet and
7p - 7y = 1 for isotriplet.

IV. DISCUSSION

A. Contribution from short range interactions

By solving coupled-channel Schrodinger equations for
PN and P*N channels, we find many bound and resonant

B*N
(6265 MeV)
BN
(6219 MeV)

FIG. 3. Energies of bound and resonant states of DN and B®'N for I = 1 when the 7pw potential is used. The same convention is

used as Fig. 1.
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states for / = 0 and few resonances for / = 1. For these
states, the tensor force of the 7 exchange potential plays a
significant role to produce them. When we ignore the P*N
channels and solve the Schrodinger equation only with PN
channels, we find no bound state nor resonance. Thus, the
PN-P*N mixing and the 7r exchange potential play an
important role to generate a rich structure of molecular
states.

The importance of the 7 exchange potential stands out
more in the bottom sector. The small mass difference
between B and B* mesons helps to yield the strong attrac-
tion because it induces the strong BN-B*N mixing with the
tensor force. Furthermore, the B“N has a heavier reduced
mass and hence the kinetic term is suppressed. For these
reasons, the binding energies of B*)N states are larger than
these of DN states.

When we compare the results of the 7 potential and of
the 7pw potential, they are quite different for J* = 1/2*,
3/27, with I = 0, where the p and @ exchange potentials
become important to produce attraction. For D®N and
BN states, both p and w exchange potentials are attrac-
tive, and hence they increase the binding energy signifi-
cantly. On the other hand, for J¥ = 3/2%,5/2*,and 7/2",
the results for the 77p w potential are similar to those for the
7 potential. For large J states, the 7 exchange potential
plays a dominant role to generate bound and resonant
states, while the p and @ exchanges play only a minor
one. This is attributed to the fact that these states have large
orbital angular momenta. If relevant channels include large
orbital angular momenta, the wave functions tend to extend
spatially, and the long range force, namely the 7 exchange
potential, becomes important while the short range force is
suppressed.

B. Emergent hadronic molecules

In the present study, we discuss the molecular structure
formed by the P*)N bound and resonant states. However,
the hadronic molecular picture is not applicable to deeply
bound states with small radii. For such states, the con-
stituent hadrons, namely, D™ [B™] meson and nucleon,
overlap each other, and therefore we have to consider
short range effects such as an internal structure of had-
rons, channel couplings to conventional three quark states
and so on. As a naive criterion for the hadronic molecule,
we have shown the relative radii of the bound states as
discussed in Ref. [25]. If the size of the bound state is
larger than twice of typical hadron size (namely, 1 fm),
the state could be well described by a molecular struc-
ture. For resonant states, we identify the states as the
hadronic molecule. According to the criterion, for the
mpw potential, only the bound state for J© = 3/2% of
BN constructs a hadronic molecule, where the relative
radius is 1.81 fm. Contrary to this, the bound states for
JP =1/2* and 3/2 with I =0, which have a small
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radius and a large binding energy, are not described as
simple molecules. We need to consider the short range
effects including various channel couplings to do more
realistic discussions.

V. SUMMARY

We have investigated heavy baryons as hadronic mole-
cules formed by a heavy meson and a nucleon, DN and
B™N. The interaction is given by the meson exchange
potential with respecting the heavy quark and chiral sym-
metries. Many bound states and resonances are found in the
isosinglet channel both for D*'N and B®N systems. In
contrast, there are few resonances in the isotriplet channel
due to the small isospin factor. For J¥ = 1/2* and 3/2,
we have found deeply bound states far below the DN or
BN thresholds with a small radius. In these states, the
vector meson exchange potential yields a strong attraction.
In order to perform more realistic discussions for such
compact states, we need to consider further effects from
internal structures of constituent hadrons and channel
couplings to quark intrinsic states. On the other hand, for
JP =3/2%,5/2%, and 7/2~ with large orbital angular
momenta, the one pion exchange potential is favored and
we have obtained loosely bound states and resonances near
the thresholds. There the short range interactions are rather
inactive and the long range force of the one pion exchange
dominates, where the tensor force plays an important role
to generate these states, and they compose the hadronic
molecular structure.

It is expected that the hadronic molecular states from a
heavy meson and a nucleon are studied in many accelerator
facilities, the D meson production in the antiproton-
nucleon annihilation process in FAIR [54] and the heavy
ion collision in RHIC and LHC [55,56]. Furthermore, the
exotic baryons are investigated in J-PARC in the coming
future.
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APPENDIX: POTENTIALS AND
KINETIC TERMS

Interaction potentials are derived by using the
Lagrangians in Egs. (1), (2), (6), and (7) as shown in
Refs. [17,18]. The potentials for the coupled-channel sys-
tems are given in the matrix form of 3 X 3 for J© = 1/2*
and of 4 X 4 for the other states.
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The 7 exchange potentials for each J* are obtained by
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The 7p and 7 are the isospin matrices for P*) and N. The
functions C,, = C(r; m) and T,, = T(r; m) are given by

d3q m2
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(A11)

with 512()?) = 3(5’] . )%)(5'2 . )?) - 5’1 . 5'2, and F(A, é))
denotes the form factor given in Eq. (8).
The vector meson exchange potentials (v = p, w) are
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where V¥, V¥ and V¥ are defined as
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Finally, the kinetic terms are given by
. 1 1 1
Kl/zf = d1ag<— TAQ, AO +Ampp* - Az +Ampp»<), (A26)
2mP 2mP* 2mP*
1 1
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1 1
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2ip 21 p 1 p Zm
. 1 1 1 1
K5/2+ = d1ag<— = A?,, — AI +Ampp*, - = A3 +Ampp*, A3 +Ampp ), (A31)
2imp 2 ps 21 ps Zm
. 1 1 1 1
K7/27 = dlag(— = A4, - = Az +AmPP*, - A4 +AmPP$, - +Ampp ), (A32)
sz 2mP* mpx
. 1 1 1 1
K7/2+ = dlag(— TAS’ A3 +AmPP , _~—A3 +AmPP*, - +Ampp ) (A33)
2ip 2mp»= 21 pr 21 p

where A; = 9%/0r* + (2/r)d/ar — I(I + 1)/r?, Fipe = mympe/(my + mpw), and Ampps = mp- — mp. The total
Hamiltonian is then given by H;» = Kj» + Vr.

074019-10



HADRONIC MOLECULES FOR CHARMED AND BOTTOM ...

(1]

(2]
(3]
(4]

S. K. Choi et al. (Belle Collaboration), Phys. Rev. Lett. 91,
262001 (2003).

M. B. Voloshin, Prog. Part. Nucl. Phys. 61, 455 (2008).
E.S. Swanson, Phys. Rep. 429, 243 (2000).

N. Brambilla, S. Eidelman, B. K. Heltsley, R. Vogt, G.T.
Bodwin, E. Eichten, A.D. Frawley, A.B. Meyer et al.,
Eur. Phys. J. C 71, 1534 (2011).

A. Bondar et al. (Belle Collaboration), Phys. Rev. Lett.
108, 122001 (2012).

I. Adachi er al. (Belle Collaboration), arXiv:1207.4345.
M. B. Voloshin, Phys. Rev. D 84, 031502 (2011).

A.E. Bondar, A. Garmash, A.I. Milstein, R. Mizuk, and
M. B. Voloshin, Phys. Rev. D 84, 054010 (2011).

See, for example, Ref. [10] for a recent review for
charmed and bottom baryons as well as up, down, strange-
ness baryons.

E. Klempt and J.-M. Richard, Rev. Mod. Phys. 82, 1095
(2010).

L. A. Copley, N. Isgur, and G. Karl, Phys. Rev. D 20, 768
(1979); 23, 817(E) (1981).

W. Roberts and M. Pervin, Int. J. Mod. Phys. A 23, 2817
(2008).

N. Isgur and M. B. Wise, Phys. Lett. B 232, 113 (1989).
N. Isgur and M. B. Wise, Phys. Rev. Lett. 66, 1130 (1991).
The notation P in the present article is opposite in charge
conjugation from those in Refs. [16-18].

S. Yasui and K. Sudoh, Phys. Rev. D 80, 034008 (2009).
Y. Yamaguchi, S. Ohkoda, S. Yasui, and A. Hosaka, Phys.
Rev. D 84, 014032 (2011).

Y. Yamaguchi, S. Ohkoda, S. Yasui, and A. Hosaka, Phys.
Rev. D 85, 054003 (2012).

K. Ikeda, T. Myo, K. Kato, and H. Toki, Lect. Notes Phys.
818, 165 (2010).

N. Kaiser, R. Brockmann, and W. Weise, Nucl. Phys.
A625, 758 (1997).

N. Kaiser, S. Gerstendorfer, and W. Weise, Nucl. Phys.
A637, 395 (1998).

R.J.N. Phillips, Rev. Mod. Phys. 39, 681 (1967).

C.B. Dover and J.M. Richard, Phys. Rev. D 17, 1770
(1978).

S. Ohkoda, Y. Yamaguchi, S. Yasui, K. Sudoh, and A.
Hosaka, Phys. Rev. D 86, 014004 (2012).

S. Ohkoda, Y. Yamaguchi, S. Yasui, K. Sudoh, and A.
Hosaka, Phys. Rev. D 86, 034019 (2012).

T. Mizutani and A. Ramos, Phys. Rev. C 74, 065201
(2000).

C. Garcia-Recio, V. K. Magas, T. Mizutani, J. Nieves, A.
Ramos, L.L. Salcedo, and L. Tolos, Phys. Rev. D 79,
054004 (2009).

O. Romanets, L. Tolos, C. Garcia-Recio, J. Nieves, L. L.
Salcedo, and R.G.E. Timmermans, Phys. Rev. D 85,
114032 (2012).

[29]
(30]
(31]
(32]
(33]
[34]
[35]
(36]
[37]
(38]
[39]
[40]
[41]
[42]

[43]
[44]

[45]
[46]
[47]
(48]

[49]

[50]
[51]
[52]
[53]

[54]
[55]

[56]

074019-11

PHYSICAL REVIEW D 87, 074019 (2013)

C. Garcia-Recio, J. Nieves, O. Romanets, L.L. Salcedo,
and L. Tolos, Phys. Rev. D 87, 034032 (2013).

J. Hofmann and M.F.M. Lutz, Nucl. Phys. A763, 90
(2005).

J. Hofmann and M.F. M. Lutz, Nucl. Phys. A776, 17
(2000).

J. Haidenbauer, G. Krein, U.-G. Meissner, and L. Tolos,
Eur. Phys. J. A 47, 18 (2011).

J. He and X. Liu, Phys. Rev. D 82, 114029 (2010).

J.-R. Zhang, arXiv:1211.2277.

J.-R. Zhang, arXiv:1212.5325.

X.-G. He, X.-Q. Li, X. Liu, and X.-Q. Zeng, Eur. Phys.
J. C 51, 883 (2007).

Y. Dong, A. Faessler, T. Gutsche, and V. E. Lyubovitskij,
Phys. Rev. D 81, 014006 (2010).

Y. Dong, A. Faessler, T. Gutsche, and V. E. Lyubovitskij,
Phys. Rev. D 81, 074011 (2010).

Y. Dong, A. Faessler, T. Gutsche, S. Kumano, and V.E.
Lyubovitskij, Phys. Rev. D 82, 034035 (2010).

Y. Dong, A. Faessler, T. Gutsche, S. Kumano, and V. E.
Lyubovitskij, Phys. Rev. D 83, 094005 (2011).

J.-J. Wu, R. Molina, E. Oset, and B.S. Zou, Phys. Rev.
Lett. 105, 232001 (2010).

J.-J. Wu, R. Molina, E. Oset, and B.S. Zou, Phys. Rev. C
84, 015202 (2011).

J.-J. Wu and B.S. Zou, Phys. Lett. B 709, 70 (2012).

A. V. Manohar and M. B. Wise, Cambridge Monogr. Part.
Phys. Nucl. Phys. Cosmol. 10, 1 (2000).

R. Casalbuoni, A. Deandrea, N. Di Bartolomeo, R. Gatto,
F. Feruglio, and G. Nardulli, Phys. Rep. 281, 145
(1997).

M. B. Wise, Phys. Rev. D 45, R2188 (1992).

G. Burdman and J.F. Donoghue, Phys. Lett. B 280, 287
(1992).

A.F. Falk and M.E. Luke, Phys. Lett. B 292, 119
(1992).

T.-M. Yan, H.-Y. Cheng, C.-Y. Cheung, G.-L. Lin, Y.C.
Lin, and H.-L. Yu, Phys. Rev. D 46, 1148 (1992); 55,
5851(E) (1997).

H.-Y. Cheng and C.-K. Chua, Phys. Rev. D 75, 014006
(2007).

M. Bando, T. Kugo, and K. Yamawaki, Phys. Rep. 164,
217 (1988).

R. Machleidt, K. Holinde, and C. Elster, Phys. Rep. 149, 1
(1987); R. Machleidt, Phys. Rev. C 63, 024001 (2001).
K. Arai and A.T. Kruppa, Phys. Rev. C 60, 064315
(1999).

U. Wiedner, Prog. Part. Nucl. Phys. 66, 477 (2011).

S. Cho et al. (ExHIC Collaboration), Phys. Rev. Lett. 106,
212001 (2011).

S. Cho et al. (ExHIC Collaboration), Phys. Rev. C 84,
064910 (2011).


http://dx.doi.org/10.1103/PhysRevLett.91.262001
http://dx.doi.org/10.1103/PhysRevLett.91.262001
http://dx.doi.org/10.1016/j.ppnp.2008.02.001
http://dx.doi.org/10.1016/j.physrep.2006.04.003
http://dx.doi.org/10.1140/epjc/s10052-010-1534-9
http://dx.doi.org/10.1103/PhysRevLett.108.122001
http://dx.doi.org/10.1103/PhysRevLett.108.122001
http://arXiv.org/abs/1207.4345
http://dx.doi.org/10.1103/PhysRevD.84.031502
http://dx.doi.org/10.1103/PhysRevD.84.054010
http://dx.doi.org/10.1103/RevModPhys.82.1095
http://dx.doi.org/10.1103/RevModPhys.82.1095
http://dx.doi.org/10.1103/PhysRevD.20.768
http://dx.doi.org/10.1103/PhysRevD.20.768
http://dx.doi.org/10.1103/PhysRevD.23.817.3
http://dx.doi.org/10.1142/S0217751X08041219
http://dx.doi.org/10.1142/S0217751X08041219
http://dx.doi.org/10.1016/0370-2693(89)90566-2
http://dx.doi.org/10.1103/PhysRevLett.66.1130
http://dx.doi.org/10.1103/PhysRevD.80.034008
http://dx.doi.org/10.1103/PhysRevD.84.014032
http://dx.doi.org/10.1103/PhysRevD.84.014032
http://dx.doi.org/10.1103/PhysRevD.85.054003
http://dx.doi.org/10.1103/PhysRevD.85.054003
http://dx.doi.org/10.1007/978-3-642-13899-7
http://dx.doi.org/10.1007/978-3-642-13899-7
http://dx.doi.org/10.1016/S0375-9474(97)00586-1
http://dx.doi.org/10.1016/S0375-9474(97)00586-1
http://dx.doi.org/10.1016/S0375-9474(98)00234-6
http://dx.doi.org/10.1016/S0375-9474(98)00234-6
http://dx.doi.org/10.1103/RevModPhys.39.681
http://dx.doi.org/10.1103/PhysRevD.17.1770
http://dx.doi.org/10.1103/PhysRevD.17.1770
http://dx.doi.org/10.1103/PhysRevD.86.014004
http://dx.doi.org/10.1103/PhysRevD.86.034019
http://dx.doi.org/10.1103/PhysRevC.74.065201
http://dx.doi.org/10.1103/PhysRevC.74.065201
http://dx.doi.org/10.1103/PhysRevD.79.054004
http://dx.doi.org/10.1103/PhysRevD.79.054004
http://dx.doi.org/10.1103/PhysRevD.85.114032
http://dx.doi.org/10.1103/PhysRevD.85.114032
http://dx.doi.org/10.1103/PhysRevD.87.034032
http://dx.doi.org/10.1016/j.nuclphysa.2005.08.022
http://dx.doi.org/10.1016/j.nuclphysa.2005.08.022
http://dx.doi.org/10.1016/j.nuclphysa.2006.07.004
http://dx.doi.org/10.1016/j.nuclphysa.2006.07.004
http://dx.doi.org/10.1140/epja/i2011-11018-3
http://dx.doi.org/10.1103/PhysRevD.82.114029
http://arXiv.org/abs/1211.2277
http://arXiv.org/abs/1212.5325
http://dx.doi.org/10.1140/epjc/s10052-007-0347-y
http://dx.doi.org/10.1140/epjc/s10052-007-0347-y
http://dx.doi.org/10.1103/PhysRevD.81.014006
http://dx.doi.org/10.1103/PhysRevD.81.074011
http://dx.doi.org/10.1103/PhysRevD.82.034035
http://dx.doi.org/10.1103/PhysRevD.83.094005
http://dx.doi.org/10.1103/PhysRevLett.105.232001
http://dx.doi.org/10.1103/PhysRevLett.105.232001
http://dx.doi.org/10.1103/PhysRevC.84.015202
http://dx.doi.org/10.1103/PhysRevC.84.015202
http://dx.doi.org/10.1016/j.physletb.2012.01.068
http://dx.doi.org/10.1016/S0370-1573(96)00027-0
http://dx.doi.org/10.1016/S0370-1573(96)00027-0
http://dx.doi.org/10.1103/PhysRevD.45.R2188
http://dx.doi.org/10.1016/0370-2693(92)90068-F
http://dx.doi.org/10.1016/0370-2693(92)90068-F
http://dx.doi.org/10.1016/0370-2693(92)90618-E
http://dx.doi.org/10.1016/0370-2693(92)90618-E
http://dx.doi.org/10.1103/PhysRevD.46.1148
http://dx.doi.org/10.1103/PhysRevD.55.5851
http://dx.doi.org/10.1103/PhysRevD.55.5851
http://dx.doi.org/10.1103/PhysRevD.75.014006
http://dx.doi.org/10.1103/PhysRevD.75.014006
http://dx.doi.org/10.1016/0370-1573(88)90019-1
http://dx.doi.org/10.1016/0370-1573(88)90019-1
http://dx.doi.org/10.1016/S0370-1573(87)80002-9
http://dx.doi.org/10.1016/S0370-1573(87)80002-9
http://dx.doi.org/10.1103/PhysRevC.63.024001
http://dx.doi.org/10.1103/PhysRevC.60.064315
http://dx.doi.org/10.1103/PhysRevC.60.064315
http://dx.doi.org/10.1016/j.ppnp.2011.04.001
http://dx.doi.org/10.1103/PhysRevLett.106.212001
http://dx.doi.org/10.1103/PhysRevLett.106.212001
http://dx.doi.org/10.1103/PhysRevC.84.064910
http://dx.doi.org/10.1103/PhysRevC.84.064910

