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1. Introduction
- Motivation to study exotic hadrons (multiquarks)
✔ Color confinement (cf. Yang-Mills mass gap)
✔ Flavor multiplets (unconventional assignment)
✔ Multi-baryons (strange/charm/bottom nuclei)

P. W. Anderson
"More is different"

"More quarks (flavors)
are different???”

A. QCD-color-motivated models

1. QCD diquarks

It is well known that the combination of a q ¼ u, d, s light-
quark triplet with a q̄ ¼ ū; d̄; s̄ antiquark antitriplet gives
the familiar meson nonets (an octet plus a singlet) of flavor
SUð3Þ. Using similar considerations based on QCD (Jaffe,
1977a), a red and a blue quark triplet can be combined to form
a magenta (antigreen) antitriplet of qq0 “diquarks” that is
antisymmetric in both color and flavor, and a magenta flavor-
symmetric sextet, as illustrated in Fig. 6(a). The Pauli
principle restricts the spin state of antitriplet quarks to
S ¼ 0 and that of the sextet quarks to S ¼ 1. Since the
single-gluon-exchange color force between the quarks in an
S ¼ 0 antitriplet diquark is attractive, Jaffe designated these as
“good” diquarks and those in an S ¼ 1 sextet, where the short-
range force is repulsive, as “bad” diquarks (Jaffe, 2005). From
the nucleon and Δ0-baryon mass difference he estimated the
difference in binding between light bad and good diquarks to
be ∼ð2=3ÞðmΔ −mNÞ ∼ 200 MeV.
Likewise, green-red and blue-green diquarks form yellow

(antiblue) and cyan (antired) antitriplets as shown in Fig. 6(b).
Thus, in color space, a good diquark antitriplet looks like an
antiquark triplet with baryon number B ¼ þ2=3 and spin ¼ 0.
Since these diquarks are not color singlets, they cannot exist

as free particles but, instead, they should be able to combine
with other colored objects in a manner similar to antiquark
antitriplets, thereby forming multiquark color-singlet states
with a more complex substructure than the qq̄ mesons and
qqq baryons of the original quark model. Jaffe proposed that
the puzzles associated with the low-mass 0þþ mesons,
discussed in Sec. I.C, could be explained by identifying them
as four-quark combinations of a diquark and a diantiquark. In

this scheme, the a0ð980Þ isotriplet mesons are formed from
[qs]-[q̄ s̄] (q ¼ u or d) configurations and their large mass
relative to other octet members is due to the two s quarks
among its constituents (Jaffe, 1977b; Maiani et al., 2004;
’t Hooft et al., 2008). In addition to the light scalar mesons,
diquarks and/or diantiquarks could be constituents of other
octets of tetraquark mesons, as well as pentaquark baryons
and six-quark H dibaryons, as illustrated in Fig. 6(c).
These considerations are expanded to include heavy-light

diquarks (Qq) and diantiquarks (Q̄ q̄) (Maiani et al., 2005;
Terasaki, 2004). The Qq (Q̄ q̄) combinations are color-SUð3Þ
antitriplets (triplets) and flavor-SUð3Þ triplets (antitriplets). In
this case, since the spin-spin force between the quarks is
reduced by a factor of mq=mQ, the mass difference between
bad and good diquarks is reduced. As a result S ¼ 1 Qq
diquarks are not so bad and both S ¼ 0 and 1 diquarks could
be expected to play important roles in hadron spectroscopy
(Manohar and Wise, 2000). More detailed discussions of
diquark models are provided by Esposito, Guerrieri, Piccinini
et al. (2015) and Esposito, Pilloni, and Polosa (2017).

2. QCD hybrids

The linear confining term in the color-force potential
produces a force between a meson’s constituent quark and
antiquark that is constant with increasing separation. As a
result, unlike the electric field lines between opposite charges
in QED, which spread out in space, the color field lines are
configured in a tightly confined “flux tube” that runs between
q and q̄ (Isgur and Paton, 1983).
In their lowest-mass configurations, the flux tube is in a

ground state with angular momentum quantum numbers L ¼
0 and S ¼ 0, and only the relative orbital angular momentum
of the quarks and their net spin determine the quantum
numbers of a state; the gluonic degrees of freedom do not
play any role. As a result, the JPC quantum numbers of these
ground-state or “conventional” mesons, where J⃗ ¼ L⃗þ S⃗,
P ¼ ð−1ÞLþ1, and C ¼ ð−1ÞLþS are restricted to values that
can be accessed by a quark-antiquark pair JPC ¼ 0þþ; 0−þ;
1þþ; 1þ−; 1−−; 2þþ; 2−þ; 2−−;…; other quantum number
combinations, namely, JPC ¼ 0−−; 0þ−; 1−þ; 2þ−;…, are
inaccessible and are called “exotic.” However, if the flux
tube is in an excited state, its orbital angular momentum and/
or spin can be nonzero and contribute L and S values that are
consistent with one or more gluons. In this case they
contribute to the overall quantum numbers of the state and
can form mesons with exotic quantum number assignments
(Horn and Mandula, 1978). Since gluons have zero isospin,
quarkonium hybrids, i.e., QQ̄ − g states, are necessarily
isospin singlets.
Models for the decays of hybrids find that decays

to identical mesons are strongly suppressed, while decays
to two different mesons where one is a qq̄ in an S wave and
the other a qq̄ in a P wave are enhanced (Isgur, Kokoski,
and Paton, 1985; Page, Swanson, and Szczepaniak, 1999).
The predicted widths for ππ or KK̄ final states for light-
quark hybrids are small, as are the DD̄ and BB̄ decay widths
for quarkonium hybrids. In contrast, light hybrid decays
to a1π, b1π, and K1ð1400ÞK̄ decays, where a1, b1, and K1
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FIG. 6. (a) Combining a red and a blue quark triplet produces a
magenta (antigreen) antitriplet and sextet. The antitriplet is
antisymmetric in color and flavor while the sextet is color
antisymmetric and flavor symmetric. (b) The three anticolored
diquark antitriplets. (c) Some of the multiquark, color-singlet
states that can be formed from quarks, antiquarks, diquarks, and
diantiquarks.
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are axial-vector mesons, in which the qq̄ pair is in a relative
P wave, are expected to be strong. Likewise, quarkonium
hybrids are expected to have strong decay widths for D!!D̄ð!Þ

and B!!B̄ð!Þ final states, where D!! and B!! denote open
charm ðcq̄Þ and beauty ðbq̄Þ (q ¼ u, d) P-wave states,
respectively.
A recent review of hybrid mesons by Meyer and Swanson

(2015) points out limitations in this naive but useful 30-year
old picture and provides references to current computations
based on the lattice gauge theory.

B. Other models

1. Hadronic molecules

The idea that Yukawa-type meson-exchange forces could
produce deuteronlike bound states of ordinary, color-singlet
hadrons, as illustrated in Figs. 7(a) and 7(b), has been around
for a long time (Bander et al., 1976; Voloshin and Okun, 1976;
De Rujula, Georgi, and Glashow, 1977; Manohar and Wise,
1993). These “molecular” states are expected to have masses
that are near the constituent particles’ mass threshold and to
have spin-parity (JPC) quantum numbers that correspond to an
S-wave combination of the constituent particles. For the
deuteron, single-pion exchange is the most important con-
tributor to its binding. Tornqvist studied the possibility for
forming deuteronlike BB̄! and B!B̄! states, which he called
“deusons,” using a single-pion exchange potential and con-
cluded that such states “certainly must exist” (Tornqvist,
1994); he also predicted that if some small additional
attraction was provided by shorter range exchanges, bound
DD̄! and D!D̄! systems would also exist.
Since three-pseudoscalar couplings such as DD̄π and BB̄π

are forbidden by rotation plus parity invariance, single-pion
exchange forces do not contribute to DD̄ or BB̄ binding and,
thus, moleculelike structures in these systems are not expected
to occur.
In moleculelike states formed from pairs of open-charm or

open-beauty mesons that are primarily bound by single π-
meson exchange, the heavyQ and Q̄ quarks are typically well
separated in space with very little overlap. This suggests that
“fall-apart” decay modes to pairs of open-flavor mesons
would be dominant, while decays to final states in which
the Q and Q̄ quarks coalesce to form a hidden-flavor
quarkonium state would be rather strongly suppressed.
More detailed discussions of molecular models have been
provided by Swanson (2006), Polosa (2015), Lebed, Mitchell,
and Swanson (2017), and Guo et al. (2018).

2. Hadrocharmonium

For conventional charmonium states with masses above the
open-charm (i.e.,DD̄ð!Þ) threshold, the branching fractions for
fall-apart decays to pairs of open-charm mesons are measured
to be 2 or 3 orders of magnitude higher than decays to hidden-
charm final states.9 This is not the case for many of the
nonstandard hadrons discussed here, where hidden

quarkonium modes are a common discovery channel with
branching fractions that are lower that open-flavor fall-apart
modes, but only by factors of 10 or less. The hadrocharmo-
nium model was proposed by Dubynskiy and Voloshin (2008)
in order to account for this property. In this model, a compact
color-singlet QQ̄ charmonium core state is embedded in a
spatially extended “blob” of light hadronic matter. These two
components interact via QCD versions of the van der Waals
force. They found that the mutual forces in this configuration
are strong enough to form bound states if the light hadronic
matter is a highly excited resonant state. In this model, decays
to the hidden charmonium core state are enhanced to a level
where they are competitive with those for fall-apart modes
(Dubynskiy, Gorsky, and Voloshin, 2009). Allowing for a
sizable branching fraction into open-charm modes requires a
careful tuning of the model parameters.

3. Born-Oppenheimer model

An “all of the above” approach that incorporates all of the
configurations previously discussed, plus the adjoint charmo-
nium configuration illustrated in Fig. 7(d), which is like
hadrocharmonium except with an allowance for the possibility
that the QQ̄ core state has nonzero color, has been advocated
by Braaten (2013) and Braaten, Langmack, and Smith (2014).
This is modeled on the Born-Oppenheimer approximation that
is used in atomic and molecular physics to treat the binding of
atoms into molecules. In this approach, the slow-moving
atomic nuclei are replaced by the heavy quarks and the
potential that describes the interaction of the positive nuclear
charges and the surrounding negative electron clouds are

(a) (b)

(c) (d)

FIG. 7. (a) A meson-meson and (b) a meson-baryon molecular-
like structure bound by Yukawa-type meson-exchange forces.
(c) A sketch of the hadrocharmonium configuration of multiquark
states. Here a color-singlet QQ̄ core state interacts with a
surrounding “blob” of gluons and light quarks via QCD versions
of van der Waals-type forces. (d) In adjoint charmonium states, a
color-octet QQ̄ pair interacts with surrounding gluons and light
quarks via color forces.

9For example, B(ψð3770Þ→DD̄)¼ð93þ8
−9 Þ% while B(ψð3770Þ→

πþπ−J=ψ)¼ð0.193&0.028Þ% (Patrignani et al., 2016).
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DD̄! and D!D̄! systems would also exist.
Since three-pseudoscalar couplings such as DD̄π and BB̄π

are forbidden by rotation plus parity invariance, single-pion
exchange forces do not contribute to DD̄ or BB̄ binding and,
thus, moleculelike structures in these systems are not expected
to occur.
In moleculelike states formed from pairs of open-charm or

open-beauty mesons that are primarily bound by single π-
meson exchange, the heavyQ and Q̄ quarks are typically well
separated in space with very little overlap. This suggests that
“fall-apart” decay modes to pairs of open-flavor mesons
would be dominant, while decays to final states in which
the Q and Q̄ quarks coalesce to form a hidden-flavor
quarkonium state would be rather strongly suppressed.
More detailed discussions of molecular models have been
provided by Swanson (2006), Polosa (2015), Lebed, Mitchell,
and Swanson (2017), and Guo et al. (2018).

2. Hadrocharmonium

For conventional charmonium states with masses above the
open-charm (i.e.,DD̄ð!Þ) threshold, the branching fractions for
fall-apart decays to pairs of open-charm mesons are measured
to be 2 or 3 orders of magnitude higher than decays to hidden-
charm final states.9 This is not the case for many of the
nonstandard hadrons discussed here, where hidden

quarkonium modes are a common discovery channel with
branching fractions that are lower that open-flavor fall-apart
modes, but only by factors of 10 or less. The hadrocharmo-
nium model was proposed by Dubynskiy and Voloshin (2008)
in order to account for this property. In this model, a compact
color-singlet QQ̄ charmonium core state is embedded in a
spatially extended “blob” of light hadronic matter. These two
components interact via QCD versions of the van der Waals
force. They found that the mutual forces in this configuration
are strong enough to form bound states if the light hadronic
matter is a highly excited resonant state. In this model, decays
to the hidden charmonium core state are enhanced to a level
where they are competitive with those for fall-apart modes
(Dubynskiy, Gorsky, and Voloshin, 2009). Allowing for a
sizable branching fraction into open-charm modes requires a
careful tuning of the model parameters.

3. Born-Oppenheimer model

An “all of the above” approach that incorporates all of the
configurations previously discussed, plus the adjoint charmo-
nium configuration illustrated in Fig. 7(d), which is like
hadrocharmonium except with an allowance for the possibility
that the QQ̄ core state has nonzero color, has been advocated
by Braaten (2013) and Braaten, Langmack, and Smith (2014).
This is modeled on the Born-Oppenheimer approximation that
is used in atomic and molecular physics to treat the binding of
atoms into molecules. In this approach, the slow-moving
atomic nuclei are replaced by the heavy quarks and the
potential that describes the interaction of the positive nuclear
charges and the surrounding negative electron clouds are

(a) (b)

(c) (d)

FIG. 7. (a) A meson-meson and (b) a meson-baryon molecular-
like structure bound by Yukawa-type meson-exchange forces.
(c) A sketch of the hadrocharmonium configuration of multiquark
states. Here a color-singlet QQ̄ core state interacts with a
surrounding “blob” of gluons and light quarks via QCD versions
of van der Waals-type forces. (d) In adjoint charmonium states, a
color-octet QQ̄ pair interacts with surrounding gluons and light
quarks via color forces.

9For example, B(ψð3770Þ→DD̄)¼ð93þ8
−9 Þ% while B(ψð3770Þ→

πþπ−J=ψ)¼ð0.193&0.028Þ% (Patrignani et al., 2016).
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A. QCD-color-motivated models

1. QCD diquarks

It is well known that the combination of a q ¼ u, d, s light-
quark triplet with a q̄ ¼ ū; d̄; s̄ antiquark antitriplet gives
the familiar meson nonets (an octet plus a singlet) of flavor
SUð3Þ. Using similar considerations based on QCD (Jaffe,
1977a), a red and a blue quark triplet can be combined to form
a magenta (antigreen) antitriplet of qq0 “diquarks” that is
antisymmetric in both color and flavor, and a magenta flavor-
symmetric sextet, as illustrated in Fig. 6(a). The Pauli
principle restricts the spin state of antitriplet quarks to
S ¼ 0 and that of the sextet quarks to S ¼ 1. Since the
single-gluon-exchange color force between the quarks in an
S ¼ 0 antitriplet diquark is attractive, Jaffe designated these as
“good” diquarks and those in an S ¼ 1 sextet, where the short-
range force is repulsive, as “bad” diquarks (Jaffe, 2005). From
the nucleon and Δ0-baryon mass difference he estimated the
difference in binding between light bad and good diquarks to
be ∼ð2=3ÞðmΔ −mNÞ ∼ 200 MeV.
Likewise, green-red and blue-green diquarks form yellow

(antiblue) and cyan (antired) antitriplets as shown in Fig. 6(b).
Thus, in color space, a good diquark antitriplet looks like an
antiquark triplet with baryon number B ¼ þ2=3 and spin ¼ 0.
Since these diquarks are not color singlets, they cannot exist

as free particles but, instead, they should be able to combine
with other colored objects in a manner similar to antiquark
antitriplets, thereby forming multiquark color-singlet states
with a more complex substructure than the qq̄ mesons and
qqq baryons of the original quark model. Jaffe proposed that
the puzzles associated with the low-mass 0þþ mesons,
discussed in Sec. I.C, could be explained by identifying them
as four-quark combinations of a diquark and a diantiquark. In

this scheme, the a0ð980Þ isotriplet mesons are formed from
[qs]-[q̄ s̄] (q ¼ u or d) configurations and their large mass
relative to other octet members is due to the two s quarks
among its constituents (Jaffe, 1977b; Maiani et al., 2004;
’t Hooft et al., 2008). In addition to the light scalar mesons,
diquarks and/or diantiquarks could be constituents of other
octets of tetraquark mesons, as well as pentaquark baryons
and six-quark H dibaryons, as illustrated in Fig. 6(c).
These considerations are expanded to include heavy-light

diquarks (Qq) and diantiquarks (Q̄ q̄) (Maiani et al., 2005;
Terasaki, 2004). The Qq (Q̄ q̄) combinations are color-SUð3Þ
antitriplets (triplets) and flavor-SUð3Þ triplets (antitriplets). In
this case, since the spin-spin force between the quarks is
reduced by a factor of mq=mQ, the mass difference between
bad and good diquarks is reduced. As a result S ¼ 1 Qq
diquarks are not so bad and both S ¼ 0 and 1 diquarks could
be expected to play important roles in hadron spectroscopy
(Manohar and Wise, 2000). More detailed discussions of
diquark models are provided by Esposito, Guerrieri, Piccinini
et al. (2015) and Esposito, Pilloni, and Polosa (2017).

2. QCD hybrids

The linear confining term in the color-force potential
produces a force between a meson’s constituent quark and
antiquark that is constant with increasing separation. As a
result, unlike the electric field lines between opposite charges
in QED, which spread out in space, the color field lines are
configured in a tightly confined “flux tube” that runs between
q and q̄ (Isgur and Paton, 1983).
In their lowest-mass configurations, the flux tube is in a

ground state with angular momentum quantum numbers L ¼
0 and S ¼ 0, and only the relative orbital angular momentum
of the quarks and their net spin determine the quantum
numbers of a state; the gluonic degrees of freedom do not
play any role. As a result, the JPC quantum numbers of these
ground-state or “conventional” mesons, where J⃗ ¼ L⃗þ S⃗,
P ¼ ð−1ÞLþ1, and C ¼ ð−1ÞLþS are restricted to values that
can be accessed by a quark-antiquark pair JPC ¼ 0þþ; 0−þ;
1þþ; 1þ−; 1−−; 2þþ; 2−þ; 2−−;…; other quantum number
combinations, namely, JPC ¼ 0−−; 0þ−; 1−þ; 2þ−;…, are
inaccessible and are called “exotic.” However, if the flux
tube is in an excited state, its orbital angular momentum and/
or spin can be nonzero and contribute L and S values that are
consistent with one or more gluons. In this case they
contribute to the overall quantum numbers of the state and
can form mesons with exotic quantum number assignments
(Horn and Mandula, 1978). Since gluons have zero isospin,
quarkonium hybrids, i.e., QQ̄ − g states, are necessarily
isospin singlets.
Models for the decays of hybrids find that decays

to identical mesons are strongly suppressed, while decays
to two different mesons where one is a qq̄ in an S wave and
the other a qq̄ in a P wave are enhanced (Isgur, Kokoski,
and Paton, 1985; Page, Swanson, and Szczepaniak, 1999).
The predicted widths for ππ or KK̄ final states for light-
quark hybrids are small, as are the DD̄ and BB̄ decay widths
for quarkonium hybrids. In contrast, light hybrid decays
to a1π, b1π, and K1ð1400ÞK̄ decays, where a1, b1, and K1
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FIG. 6. (a) Combining a red and a blue quark triplet produces a
magenta (antigreen) antitriplet and sextet. The antitriplet is
antisymmetric in color and flavor while the sextet is color
antisymmetric and flavor symmetric. (b) The three anticolored
diquark antitriplets. (c) Some of the multiquark, color-singlet
states that can be formed from quarks, antiquarks, diquarks, and
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antisymmetric in both color and flavor, and a magenta flavor-
symmetric sextet, as illustrated in Fig. 6(a). The Pauli
principle restricts the spin state of antitriplet quarks to
S ¼ 0 and that of the sextet quarks to S ¼ 1. Since the
single-gluon-exchange color force between the quarks in an
S ¼ 0 antitriplet diquark is attractive, Jaffe designated these as
“good” diquarks and those in an S ¼ 1 sextet, where the short-
range force is repulsive, as “bad” diquarks (Jaffe, 2005). From
the nucleon and Δ0-baryon mass difference he estimated the
difference in binding between light bad and good diquarks to
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(antiblue) and cyan (antired) antitriplets as shown in Fig. 6(b).
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qqq baryons of the original quark model. Jaffe proposed that
the puzzles associated with the low-mass 0þþ mesons,
discussed in Sec. I.C, could be explained by identifying them
as four-quark combinations of a diquark and a diantiquark. In

this scheme, the a0ð980Þ isotriplet mesons are formed from
[qs]-[q̄ s̄] (q ¼ u or d) configurations and their large mass
relative to other octet members is due to the two s quarks
among its constituents (Jaffe, 1977b; Maiani et al., 2004;
’t Hooft et al., 2008). In addition to the light scalar mesons,
diquarks and/or diantiquarks could be constituents of other
octets of tetraquark mesons, as well as pentaquark baryons
and six-quark H dibaryons, as illustrated in Fig. 6(c).
These considerations are expanded to include heavy-light

diquarks (Qq) and diantiquarks (Q̄ q̄) (Maiani et al., 2005;
Terasaki, 2004). The Qq (Q̄ q̄) combinations are color-SUð3Þ
antitriplets (triplets) and flavor-SUð3Þ triplets (antitriplets). In
this case, since the spin-spin force between the quarks is
reduced by a factor of mq=mQ, the mass difference between
bad and good diquarks is reduced. As a result S ¼ 1 Qq
diquarks are not so bad and both S ¼ 0 and 1 diquarks could
be expected to play important roles in hadron spectroscopy
(Manohar and Wise, 2000). More detailed discussions of
diquark models are provided by Esposito, Guerrieri, Piccinini
et al. (2015) and Esposito, Pilloni, and Polosa (2017).

2. QCD hybrids

The linear confining term in the color-force potential
produces a force between a meson’s constituent quark and
antiquark that is constant with increasing separation. As a
result, unlike the electric field lines between opposite charges
in QED, which spread out in space, the color field lines are
configured in a tightly confined “flux tube” that runs between
q and q̄ (Isgur and Paton, 1983).
In their lowest-mass configurations, the flux tube is in a

ground state with angular momentum quantum numbers L ¼
0 and S ¼ 0, and only the relative orbital angular momentum
of the quarks and their net spin determine the quantum
numbers of a state; the gluonic degrees of freedom do not
play any role. As a result, the JPC quantum numbers of these
ground-state or “conventional” mesons, where J⃗ ¼ L⃗þ S⃗,
P ¼ ð−1ÞLþ1, and C ¼ ð−1ÞLþS are restricted to values that
can be accessed by a quark-antiquark pair JPC ¼ 0þþ; 0−þ;
1þþ; 1þ−; 1−−; 2þþ; 2−þ; 2−−;…; other quantum number
combinations, namely, JPC ¼ 0−−; 0þ−; 1−þ; 2þ−;…, are
inaccessible and are called “exotic.” However, if the flux
tube is in an excited state, its orbital angular momentum and/
or spin can be nonzero and contribute L and S values that are
consistent with one or more gluons. In this case they
contribute to the overall quantum numbers of the state and
can form mesons with exotic quantum number assignments
(Horn and Mandula, 1978). Since gluons have zero isospin,
quarkonium hybrids, i.e., QQ̄ − g states, are necessarily
isospin singlets.
Models for the decays of hybrids find that decays

to identical mesons are strongly suppressed, while decays
to two different mesons where one is a qq̄ in an S wave and
the other a qq̄ in a P wave are enhanced (Isgur, Kokoski,
and Paton, 1985; Page, Swanson, and Szczepaniak, 1999).
The predicted widths for ππ or KK̄ final states for light-
quark hybrids are small, as are the DD̄ and BB̄ decay widths
for quarkonium hybrids. In contrast, light hybrid decays
to a1π, b1π, and K1ð1400ÞK̄ decays, where a1, b1, and K1

d u

d s u s

ud

sd su

ud

sd ud
3
_

3
_

3
_

d u
uds

_

Pentaquark

d u
sd

H-dibaryon

su
d u

sd
_

Tetraquark

_

d u

3
_d ud

s

u

s

3 3

s s

6+ =

(a)

(b)

(c)

d u ssd

ud d d u u

u sd s

(du-ud)/ 2 (du+ud)/ 2

(ds-sd)/ 2 (us-su)/ 2 (us+su)/ 2(ds+sd)/ 2

+

FIG. 6. (a) Combining a red and a blue quark triplet produces a
magenta (antigreen) antitriplet and sextet. The antitriplet is
antisymmetric in color and flavor while the sextet is color
antisymmetric and flavor symmetric. (b) The three anticolored
diquark antitriplets. (c) Some of the multiquark, color-singlet
states that can be formed from quarks, antiquarks, diquarks, and
diantiquarks.

Olsen, Skwarnicki, and Zieminska: Nonstandard heavy mesons and baryons: …

Rev. Mod. Phys., Vol. 90, No. 1, January–March 2018 015003-9

A. QCD-color-motivated models

1. QCD diquarks

It is well known that the combination of a q ¼ u, d, s light-
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(Manohar and Wise, 2000). More detailed discussions of
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In their lowest-mass configurations, the flux tube is in a

ground state with angular momentum quantum numbers L ¼
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or spin can be nonzero and contribute L and S values that are
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contribute to the overall quantum numbers of the state and
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the other a qq̄ in a P wave are enhanced (Isgur, Kokoski,
and Paton, 1985; Page, Swanson, and Szczepaniak, 1999).
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quark hybrids are small, as are the DD̄ and BB̄ decay widths
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are axial-vector mesons, in which the qq̄ pair is in a relative
P wave, are expected to be strong. Likewise, quarkonium
hybrids are expected to have strong decay widths for D!!D̄ð!Þ

and B!!B̄ð!Þ final states, where D!! and B!! denote open
charm ðcq̄Þ and beauty ðbq̄Þ (q ¼ u, d) P-wave states,
respectively.
A recent review of hybrid mesons by Meyer and Swanson

(2015) points out limitations in this naive but useful 30-year
old picture and provides references to current computations
based on the lattice gauge theory.

B. Other models

1. Hadronic molecules

The idea that Yukawa-type meson-exchange forces could
produce deuteronlike bound states of ordinary, color-singlet
hadrons, as illustrated in Figs. 7(a) and 7(b), has been around
for a long time (Bander et al., 1976; Voloshin and Okun, 1976;
De Rujula, Georgi, and Glashow, 1977; Manohar and Wise,
1993). These “molecular” states are expected to have masses
that are near the constituent particles’ mass threshold and to
have spin-parity (JPC) quantum numbers that correspond to an
S-wave combination of the constituent particles. For the
deuteron, single-pion exchange is the most important con-
tributor to its binding. Tornqvist studied the possibility for
forming deuteronlike BB̄! and B!B̄! states, which he called
“deusons,” using a single-pion exchange potential and con-
cluded that such states “certainly must exist” (Tornqvist,
1994); he also predicted that if some small additional
attraction was provided by shorter range exchanges, bound
DD̄! and D!D̄! systems would also exist.
Since three-pseudoscalar couplings such as DD̄π and BB̄π

are forbidden by rotation plus parity invariance, single-pion
exchange forces do not contribute to DD̄ or BB̄ binding and,
thus, moleculelike structures in these systems are not expected
to occur.
In moleculelike states formed from pairs of open-charm or

open-beauty mesons that are primarily bound by single π-
meson exchange, the heavyQ and Q̄ quarks are typically well
separated in space with very little overlap. This suggests that
“fall-apart” decay modes to pairs of open-flavor mesons
would be dominant, while decays to final states in which
the Q and Q̄ quarks coalesce to form a hidden-flavor
quarkonium state would be rather strongly suppressed.
More detailed discussions of molecular models have been
provided by Swanson (2006), Polosa (2015), Lebed, Mitchell,
and Swanson (2017), and Guo et al. (2018).

2. Hadrocharmonium

For conventional charmonium states with masses above the
open-charm (i.e.,DD̄ð!Þ) threshold, the branching fractions for
fall-apart decays to pairs of open-charm mesons are measured
to be 2 or 3 orders of magnitude higher than decays to hidden-
charm final states.9 This is not the case for many of the
nonstandard hadrons discussed here, where hidden

quarkonium modes are a common discovery channel with
branching fractions that are lower that open-flavor fall-apart
modes, but only by factors of 10 or less. The hadrocharmo-
nium model was proposed by Dubynskiy and Voloshin (2008)
in order to account for this property. In this model, a compact
color-singlet QQ̄ charmonium core state is embedded in a
spatially extended “blob” of light hadronic matter. These two
components interact via QCD versions of the van der Waals
force. They found that the mutual forces in this configuration
are strong enough to form bound states if the light hadronic
matter is a highly excited resonant state. In this model, decays
to the hidden charmonium core state are enhanced to a level
where they are competitive with those for fall-apart modes
(Dubynskiy, Gorsky, and Voloshin, 2009). Allowing for a
sizable branching fraction into open-charm modes requires a
careful tuning of the model parameters.

3. Born-Oppenheimer model

An “all of the above” approach that incorporates all of the
configurations previously discussed, plus the adjoint charmo-
nium configuration illustrated in Fig. 7(d), which is like
hadrocharmonium except with an allowance for the possibility
that the QQ̄ core state has nonzero color, has been advocated
by Braaten (2013) and Braaten, Langmack, and Smith (2014).
This is modeled on the Born-Oppenheimer approximation that
is used in atomic and molecular physics to treat the binding of
atoms into molecules. In this approach, the slow-moving
atomic nuclei are replaced by the heavy quarks and the
potential that describes the interaction of the positive nuclear
charges and the surrounding negative electron clouds are

(a) (b)

(c) (d)

FIG. 7. (a) A meson-meson and (b) a meson-baryon molecular-
like structure bound by Yukawa-type meson-exchange forces.
(c) A sketch of the hadrocharmonium configuration of multiquark
states. Here a color-singlet QQ̄ core state interacts with a
surrounding “blob” of gluons and light quarks via QCD versions
of van der Waals-type forces. (d) In adjoint charmonium states, a
color-octet QQ̄ pair interacts with surrounding gluons and light
quarks via color forces.

9For example, B(ψð3770Þ→DD̄)¼ð93þ8
−9 Þ% while B(ψð3770Þ→

πþπ−J=ψ)¼ð0.193&0.028Þ% (Patrignani et al., 2016).
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components interact via QCD versions of the van der Waals
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matter is a highly excited resonant state. In this model, decays
to the hidden charmonium core state are enhanced to a level
where they are competitive with those for fall-apart modes
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2. Why !𝐷 meson and nucleon?
- Structure of (𝐷 meson
✔ Heavy-quark spin (HQS: 𝑄 → 𝑆𝑄 with 𝑆 ∈ SU(2)&'()* +,(-. /012)
✔ 𝐷 and 𝐷∗ mesons as HQS doublet
✔ 𝐵 and 𝐵∗ mesons also
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- (𝐷 meson and nucleon (pentaquark)
✔ ̅𝑐𝑞𝑞𝑞𝑞 (𝑞 = 𝑢, 𝑑): no annihilation channel
✔ (Anti-)charm nuclei?
✔ Extension to 𝐵 meson and nucleon

Cohen, Hohler, Lebed, PRD72, 074010 (2005)
Yasui, Sudoh, PRD80, 034008 (2009)
Yamaguchi, Ohkoda, Yasui, Hosaka, PRD84, 014032 (2011), ibid. 85, 054003 (2012)

2. Why !𝐷 meson and nucleon?
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A. Hosaka et al. / Progress in Particle and Nuclear Physics 96 (2017) 88–153 123

Fig. 5. Energy levels of D̄(⇤)NN , B(⇤)NN and P (⇤)NN with I = 1/2 and JP = 0� and 1� (solid lines) [137]. The complex energies for resonances are given as
Ere � i� /2, where Ere is a resonance energy and � /2 is a half decay width. Thresholds (subthresholds) are denoted by dashed (dash-dotted) lines.

detailed investigations of the few-body systems will provide another clue to understand the two-body interaction, as in the
case of the hypernuclei and the ⇤N interaction.

In Ref. [225], the DNN three-body system is studied with the DN interaction of Ref. [186] where the DN system has a
quasi-bound state of ⇤c(2595) in the I = 0 channel. The three-body system is solved by two techniques: a variational
calculation based on the Gaussian expansion method as explained in Section 2.4.1 and the fixed center approximation (FCA)
to the Faddeev equation as developed in Refs. [226,227]. In both methods, a narrow quasi-bound state of DNN is found
around 3500 MeV in the I(JP ) = 1/2(0�) channel. The I(JP ) = 1/2(1�) channel is unbound with respect to the ⇤c(2595)N
threshold. The width from the two-body absorption process DNN ! ⇤cN is evaluated in the FCA calculation and found to
be several tens of MeV. By analyzing the wave function obtained in the variational calculation, it is found that the DN(I = 0)
pair in the quasi-bound DNN system has a similar structure with the ⇤c(2595) in free space. This is a characteristic feature
observed in the K̄NN quasi-bound state [228,229]. The FCA approach is also applied to other three-body systems with the D
meson, such as NDK , K̄DN , NDD̄ systems [230], showing the existence of several quasi-bound states.

The D̄NN–D̄⇤NN system is studied in Ref. [137] which indicates the existence of bound and resonance states in the
three-body system. The D̄N–D̄⇤N interaction is given by the pion-exchange potential [98,192,211], and the NN interaction
is adopted by the Argonne v0

8 (AV8’) interaction [231]. The Argonne v0

8 interaction includes the tensor force explicitly, as the
pion-exchange potential is essential in nuclei. As a result, in the I(JP ) = 1/2(0�) channel, a bound state is found at 5.2 MeV
below the D̄NN threshold. In the I(JP ) = 1/2(1�) channel, a resonance state is found at 111.2 MeV above the D̄NN threshold,
with a 18.6 MeV decay width. As in the case of the D̄N–D̄⇤N system, it is found that the tensor force plays an important
role in the D̄NN–D̄⇤NN system. The binding energy mostly comes from the tensor force in the D̄N–D̄⇤N system, while the
central force is dominant in the NN pair rather than the tensor force. The energy levels of the three-body D̄NN–D̄⇤NN system
are summarized in Fig. 5, together with the BNN–B⇤NN system and PNN–P⇤NN which represents the mQ ! 1 limit. It is
shown that the I(JP ) = 1/2(1�) resonance in the charm sector degenerates with the bound I(JP ) = 1/2(0�) state in the
heavy quark limit. Thus, these states form a heavy quark spin doublet as a consequence of the heavy quark symmetry in the
formulation [58,59].

It is interesting to note that the lowest energy state is found to be the state with total spin J = 0 in both the DNN and
D̄NN systems. In the dominant s-wave DNN/D̄NN component in the J = 0 state, the two nucleons are combined into the 1S0
state. On the other hand, in the NN system without D/D̄, the lowest energy state is the bound deuteron in the 3S1 channel,
not the unbound 1S0 channel. This means that, by adding D/D̄, the lowest energy configuration of the two-nucleon system
changes from 3S1 to 1S0. The reason is attributed to the stronger DN/D̄N attraction in the I = 0 channel than that in the
I = 1 channel. By analyzing the isospin decomposition, it is found that the I(JP ) = 1/2(0�) channel has larger fraction
of I = 0 DN/D̄N pair than the I(JP ) = 1/2(1�) channel [225]. This is analogous to the K̄NN system [228,229] which also
favors the I(JP ) = 1/2(0�) state as the ground state. In this way, the injection of D/D̄ causes the structure transition of
the two-body correlation of nucleons. A thorough investigation of the few-body systems will elucidate the property of the
hadronic interactions inside the system.

mass (prediction)

doublet structure
(twin states)

Cf. Review paper: Hosaka, Hyodo, Sudoh, Yamaguchi, Yasui, PPNP 96, 88 (2017)
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detailed investigations of the few-body systems will provide another clue to understand the two-body interaction, as in the
case of the hypernuclei and the ⇤N interaction.

In Ref. [225], the DNN three-body system is studied with the DN interaction of Ref. [186] where the DN system has a
quasi-bound state of ⇤c(2595) in the I = 0 channel. The three-body system is solved by two techniques: a variational
calculation based on the Gaussian expansion method as explained in Section 2.4.1 and the fixed center approximation (FCA)
to the Faddeev equation as developed in Refs. [226,227]. In both methods, a narrow quasi-bound state of DNN is found
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threshold. The width from the two-body absorption process DNN ! ⇤cN is evaluated in the FCA calculation and found to
be several tens of MeV. By analyzing the wave function obtained in the variational calculation, it is found that the DN(I = 0)
pair in the quasi-bound DNN system has a similar structure with the ⇤c(2595) in free space. This is a characteristic feature
observed in the K̄NN quasi-bound state [228,229]. The FCA approach is also applied to other three-body systems with the D
meson, such as NDK , K̄DN , NDD̄ systems [230], showing the existence of several quasi-bound states.

The D̄NN–D̄⇤NN system is studied in Ref. [137] which indicates the existence of bound and resonance states in the
three-body system. The D̄N–D̄⇤N interaction is given by the pion-exchange potential [98,192,211], and the NN interaction
is adopted by the Argonne v0

8 (AV8’) interaction [231]. The Argonne v0

8 interaction includes the tensor force explicitly, as the
pion-exchange potential is essential in nuclei. As a result, in the I(JP ) = 1/2(0�) channel, a bound state is found at 5.2 MeV
below the D̄NN threshold. In the I(JP ) = 1/2(1�) channel, a resonance state is found at 111.2 MeV above the D̄NN threshold,
with a 18.6 MeV decay width. As in the case of the D̄N–D̄⇤N system, it is found that the tensor force plays an important
role in the D̄NN–D̄⇤NN system. The binding energy mostly comes from the tensor force in the D̄N–D̄⇤N system, while the
central force is dominant in the NN pair rather than the tensor force. The energy levels of the three-body D̄NN–D̄⇤NN system
are summarized in Fig. 5, together with the BNN–B⇤NN system and PNN–P⇤NN which represents the mQ ! 1 limit. It is
shown that the I(JP ) = 1/2(1�) resonance in the charm sector degenerates with the bound I(JP ) = 1/2(0�) state in the
heavy quark limit. Thus, these states form a heavy quark spin doublet as a consequence of the heavy quark symmetry in the
formulation [58,59].

It is interesting to note that the lowest energy state is found to be the state with total spin J = 0 in both the DNN and
D̄NN systems. In the dominant s-wave DNN/D̄NN component in the J = 0 state, the two nucleons are combined into the 1S0
state. On the other hand, in the NN system without D/D̄, the lowest energy state is the bound deuteron in the 3S1 channel,
not the unbound 1S0 channel. This means that, by adding D/D̄, the lowest energy configuration of the two-nucleon system
changes from 3S1 to 1S0. The reason is attributed to the stronger DN/D̄N attraction in the I = 0 channel than that in the
I = 1 channel. By analyzing the isospin decomposition, it is found that the I(JP ) = 1/2(0�) channel has larger fraction
of I = 0 DN/D̄N pair than the I(JP ) = 1/2(1�) channel [225]. This is analogous to the K̄NN system [228,229] which also
favors the I(JP ) = 1/2(0�) state as the ground state. In this way, the injection of D/D̄ causes the structure transition of
the two-body correlation of nucleons. A thorough investigation of the few-body systems will elucidate the property of the
hadronic interactions inside the system.
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We propose stable exotic nuclei bound with !D and Bmesons with respect to heavy quark symmetry. We

indicate that an approximate degeneracy of !DðBÞ and !D#ðB#Þ mesons plays an important role, and discuss

the stability of !DN and BN bound states. We find the binding energies 1.4 MeVand 9.4 MeV for each state

in the JP ¼ 1=2% with the I ¼ 0 channel. We discuss also possible existence of exotic nuclei !DNN and

BNN.
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Researches of exotic nuclei have been one of the most
interesting subjects in nuclear physics. Recently, there
have been much progress in studies of proton- and
neutron-rich nuclei with large isospin [1], and hypernuclei
and kaonic nuclei with strangeness [2,3]. Exotic nuclei are
useful to study various aspects of nonperturbative QCD,
such as exotic hadrons, nuclear force, dense and hot matter,
and so forth. They also provide us fundamental informa-
tion for astrophysics.

For enlargement of our knowledge of exotic nuclei, the
variety of multiflavor is now going to be extended to
heavier flavors of charm and bottom. So far, several studies
have been advocated for exotic nuclei with charmed bary-
ons [4] and charmed mesons [5], in which the interaction is
based on SU(4) flavor symmetry as a straightforward ex-
tension from strangeness to charm. Recently, inspired by
the successful application of the chiral dynamics with
approximate SU(3) chiral symmetry to strangeness sector
[3], the extended version with SU(4) chiral symmetry has
been applied to charm sector [6]. However, the dynamics
would drastically change in the system with heavy quarks,
since it realizes not only chiral symmetry but also a new
symmetry, namely, a heavy quark symmetry [7]. This
symmetry has been successfully applied to heavy flavor
hadrons [8–10], and other exotic hadrons [11,12].

In this work, we investigate exotic nuclei bound with an
open heavy flavor meson,D orBmeson, with respect to the
heavy quark symmetry. This approach would provide us
new knowledge of exotic nuclei. Such exotic nuclei will be
experimentally accessible at future high-energy hadron
facilities such as J-PARC (Japan Proton Accelerator
Research Complex) and GSI (Gesellschaft für
Schwerionenforschung) [13].

One of the remarkable features of the heavy quark
symmetry is a degeneracy of pseudoscalar and vector
mesons as seen in small mass splitting between D and
D# mesons, and B and B# mesons. Therefore, both pseu-

doscalar and vector mesons are considered as fundamental
degrees of freedom in the dynamics. The picture for heavy
quark is completely different from the picture for strange
quark, in which approximate chiral symmetry is realized.
In the strangeness sector, only K mesons are important due
to nearly massless Nambu-Goldstone bosons, and hence
K# mesons are almost irrelevant.
The interaction between DðD#Þ mesons and nucleons is

thus qualitatively different from that between K mesons
and nucleons. In the charm sector, approximate degeneracy
of D and D# mesons provides both !DD# and !D#D#

couplings, and it induces one pion exchange potential
(OPEP) in the t-channel of the DN-D#N and D#N-D#N
scatterings. In the strangeness sector, the absence of K#

mesons leads nonexistence of OPEP. Instead, the dominant
force is provided by the Weinberg-Tomozawa type inter-
action. Therefore, we consider that the DN and D#N
interaction is concerned to a long distance force with a
scale of inverse of!meson mass, while theKN interaction
is a short distance force with a scale of inverse of ! and "
meson masses. Such a picture will be applied to B and B#

mesons with more accuracy.
In this paper, we discuss the !DN and BN states as the

smallest system for an open heavy flavor meson and nu-
cleons. The s- and u-channels in the !DN and BN scattering
would be suppressed, because the former includes a pen-
taquark with a heavy quark Q, and the latter requires a
creation of a Q !Q pair. Consequently, the OPEP in the t
channel dominates for this system. In contrast, the DN and
!BN states must be more complicated because of the quark
annihilation process. For these reasons, we concentrate on
the !DN and BN states here. As the smallest nuclei with !D
and B mesons, we address possible !DNN and BNN states
with baryon number two.
The heavy quark symmetry with light quark chiral sym-

metry provides the vertex of ! mesons and open heavy
flavor mesons P (D or B) and P# (D# or B#)

L !HH ¼ g tr !HaHb#$#5A
$
ba; (1)

where the multiplet field H of P and P# is defined by
*yasuis@post.kek.jp
†k-sudoh@nishogakusha-u.ac.jp
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We study heavy baryons with an exotic flavor quantum number formed by a heavy meson and a nucleon

( !DN and BN) through a long range one pion exchange interaction. The bound state found previously in the

ðI; JPÞ ¼ ð0; 1=2$Þ channel survives when short range interaction is included. In addition, we find a

resonant state with ðI; JPÞ ¼ ð0; 3=2$Þ as a Feshbach resonance predominated by a heavy vector meson and

a nucleon ( !D%N and B%N). We find that these exotic states exist for the charm and heavier flavor region.
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I. INTRODUCTION

Hadron physics has opened a renewed interest in multi-
hadron systems. The most familiar example is the atomic
nucleus which is the bound state of protons and neutrons.
However, interestingly enough, we do not have clear evi-
dence yet for analogous systems of baryon number one or
zero. Yet a well-known candidate is "ð1405Þ which is
considered to be a quasibound state of !KN and !#
[1–5]. The isoscalar meson which has been established as
a resonance in pseudoscalar meson scatterings may also be
a quasibound state of the two mesons [6–9]. Such hadronic
composites, or molecular states, are dynamically generated
via hadron-hadron interactions, and are expected to appear
in various mesonic and baryonic systems. The hadron
composites are important also for the study of the hadron
dynamics in nuclear matter [10–15].

In the constituent quark model, the generation of had-
ronic composites can be understood as a formation of
clusters in multiquark systems. Because a typical excita-
tion energy of hadron resonances amounts to several hun-
dred MeV and is enough to create a !qq pair of constituent
quarks, a multiquark component naturally appears in the
resonance states in addition to the minimal configuration of
!qq or qqq with an orbital excitation. Such a multiquark
configuration may arrange itself into a set of color-singlet
clusters, namely, a set of hadrons. This serves a quark
model picture of hadronic composites.

Recently, a novel structure has been suggested by one of
the present authors in manifestly exotic channels with one
(anti) heavy quark, for example, !DN whose minimum
quark content is uudd !c [16]. This is a charm analogue of
the pentaquark $þ ' uudd!s [17,18]. So far the charmed
pentaquarks have been discussed by many authors in vari-
ous methods including quark models and hadron models
[19–31]. To obtain a bound !DN system composed of a !D
meson and a nucleon, the one pion exchange interaction
was found to be crucially important. As emphasized in
Ref. [16], in particular, the tensor force yields strong
attraction through the mixing of an S-wave state of !DN

and a D-wave state of !D%N. The mixing effect is more
important for heavier flavor sectors, where pseudoscalar
and vector mesons are more degenerate. Indeed the mass
splittings of !D !D% and of BB% are about 140 and 46 MeV,
respectively, and are much smaller than the one of the
strangeness sector (KK% mass difference '400 MeV).
Such a mixing mechanism of S and D waves (more

generally the mixing of L and (L( 2) waves, with L being
an orbital angular momentum) has been known to be very
important for deuteron binding, while its relevance has
been reexamined for other nuclear systems rather recently
[32,33]. In QCD, spontaneous breaking of chiral symmetry
is underlying; the light pseudoscalar mesons, pions, are
generated as the Nambu-Goldstone modes, with strong
coupling to hadrons [34,35]. It is emphasized that the
pseudoscalar nature of the pion necessarily leads to the
Yukawa coupling of the form ~s ) ~q, where ~s is the spin
operator for the particles coupling to the pion and ~q is the
momentum of the pion. Then this coupling provides the
tensor force in two-body systems. It is noteworthy that
such a one pion exchange interaction can lead also to stable
exotic states of two heavy meson systems as pointed out in
Refs. [36–39]. In the present study, we investigate the
exotic state of a heavy meson and a nucleon, namely !DN
and BN.
In this paper, we examine the system of PN and P%N

with the inclusion of short range interactions. Here and in
what follows we introduce the notation Pð¼ !D;BÞ for a
heavy pseudoscalar meson and P%ð¼ !D%; B%Þ for a heavy
vector meson. We study not only bound states but also
resonances. We concentrate our analysis on the low lying
states in which S-wave component is included.
Furthermore, we present our analysis only in isospin sin-
glet channels because we find neither the bound state nor
the resonant state in isospin triplet channels.
In Sec. II, we briefly describe the interactions between

PN and P%N based on the heavy quark symmetry. It has
been known that the heavy quark symmetry plays an
important role for charm and bottom quarks, not only in
the dynamics of quarks [40–42], but also in the dynamics
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We study heavy baryons with exotic flavor quantum numbers formed by a heavy meson and a nucleon

( !DN and BN) with positive parity. One-pion-exchange interaction, providing a tensor force, dominates as

a long-range force to bind the !DN and BN systems. In the heavy-quark mass limit, pseudoscalar meson

and vector meson are degenerate and the binding mechanism by the tensor force analogous to that in

the nuclear systems becomes important. As a result, we obtain the !DN and BN resonant states in the

JP ¼ 1=2þ, 3=2þ, and 5=2þ channels with I ¼ 0.
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I. INTRODUCTION

The recent finding of the twin Zb resonances near the
B !B$ and B$ !B$ thresholds [1–3] has added a new evidence
of the exotic states in addition to candidates such as f0, a0,
and "ð1405Þ in strangeness sector [4–6], X, Y, and Z in
charm and bottom sectors [7–9], implying hadronic com-
posites or molecules. They can carry exotic quantum
numbers that cannot be reached by the standard quark
model for mesons of q !q and for baryons of qqq.
Furthermore, the structure of hadronic molecule has not
yet been established. Hence, the study of such states is
important both in theoretical and experimental studies. The
appearance of the states near the threshold is a necessary
condition that the states can be interpreted as hadronic
composites with keeping their identities as constituent
hadrons. The mechanism of forming hadronic composites
near the threshold depends on the nature of the interaction
among the constituent hadrons.

In this respect, the one-pion-exchange potential is of
great interest as one of the most important meson-
exchange potentials between the two constituent hadrons
[10–15]. The one-pion exchange naturally works when the
constituent hadrons have nonzero isospin values. We note
that the existence of the pion is a robust consequence of
spontaneous breaking of chiral symmetry [16]. A unique
feature of the one-pion-exchange potential is the tensor
force due to the pseudoscalar nature of the pion. The tensor
force mixes the states with different angular momentum,
i.e. L and L' 2. This causes a mixing of the different
configurations in a hadronic state and thus yields an attrac-
tion between the two constituent hadrons with lower L
state. In fact, it is known that the tensor force is the leading
mechanism of the binding of atomic nuclei [17].

The pion exchange is possible also for the heavy hadron
systems containing heavy pseudoscalar meson P ¼ !D, B
and heavy vector meson P$ ¼ !D$, B$. The Yukawa
vertices of PP$! and P$P$! generate the pion-exchange
potential, which becomes important especially when P and

P$ mesons are degenerate in the heavy-quark limit. Here,
we note that only P meson cannot generate the pion-
exchange potential because the PP! vertex is not allowed
due to the parity invariance. In the literature, this idea has
been tested and shown to be indeed the case for heavy-
quark systems [10–15]. This does not seem to work,
however, for a light flavor sector in which the heavy-quark
symmetry is not a good symmetry [15].
In this paper, we study manifestly exotic baryons formed

by a !D or B meson and a nucleon N, !DN, and BN, whose
minimal quark content is !Qqqqq, where Q and q stand for
heavy and light quarks, respectively [18]. In Refs. [14,15],
the investigation was made for the negative parity states
where the bound and resonant states were discussed. Here,
we perform the analyses for the positive parity states to
complete the investigation.
There are several previous works on charmed baryons.

In Refs. [12,13], DN and !DN systems were investigated
where the meson-exchange potential was determined by
SU(4) and the pion exchange was considered through the
box diagram. In Refs. [19,20], theDN and !DN interactions
are described in the contact form of the Weinberg-
Tomozawa with the interaction strengths determined by
SU(8). In this paper, based on the heavy-quark symmetry
and chiral symmetry, we treat the one-pion-exchange
potential properly, where the channel couplings are mani-
festly taken into account by coupled-channel scattering
equations.
This paper is organized as follows. In Sec. II, we briefly

summarize the interaction between a heavy meson !D or B
and a nucleon N by following the prescription in
Refs. [14,15]. In Sec. III, we solve the Schrödinger equa-
tions numerically and search the bound and resonant states
in several quantum numbers ðI; JPÞ. Unlike the negative
parity states, bound states are not found in the positive
parity states but only resonances are. The difference of the
present results from the previous ones is discussed. In the
final section, we summarize the present work and discuss
some future directions.
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We study multi-hadron systems with a single heavy quark (charm or bottom) in the limit of heavy
quark mass. The spin degeneracy of the states with quantum numbers ( j + 1/2)P and ( j − 1/2)P for
j #= 0, known in a normal hadron, can be generalized to multi-hadron systems. The spin degeneracy
is the universal phenomena for any multi-hadron systems with a single heavy quark, irrespective of
their internal structures, including compact multi-quarks, hadronic molecules and exotic nuclei. We
demonstrate the spin degeneracy in the hadronic systems formed by a heavy hadron effective theory:
P (∗)N states with a P (∗) = D̄(∗), B(∗) meson and a nucleon N , and a P (∗) meson in nuclear matter.
The spin degeneracy in the multi-hadron systems with a single heavy quark provides us with useful
information about mass spectra, decays and productions in a model-independent manner.

 2013 Elsevier B.V. All rights reserved.

Recent experimental developments in hadron spectroscopy have
unveiled the existence of various exotic hadrons which are consid-
ered to have extraordinary structures. To analyze their properties
is intimately related to the fundamental problems in QCD, such
as color confinement and dynamical chiral symmetry breaking.
Especially for charm and bottom flavors, there have been many
experimental evidences for the existence of the exotic hadrons,
such as X , Y and Z for charm sector and Yb and Zb for bottom
sector [1]. Theoretically, not only exotic hadrons, but also exotic
nuclei with charm and bottom are discussed. Those states can be
explored experimentally at facilities, such as J-PARC, GSI-FAIR, RHIC
and LHC [2]. Heavy exotic hadrons and nuclei will bring us a new
insight from the quark dynamics to the nuclear dynamics, which
cannot be accessed by light flavor hadrons. Although many model
calculations have been extensively performed in the literature, it
will be eagerly required to have the rigorous knowledge directly
based on QCD.

A unique feature of charm and bottom quarks is that their
masses are heavier than the energy scale of light quark QCD. In the
heavy mass limit, it leads to the spin symmetry [3–7]. It has been
known that, in a hadron with a single heavy quark, the spin of
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the heavy quark is decoupled from the total angular momentum of
the light quarks and gluons, the “brown muck” which is everything
other than the heavy quark in the hadron [8]. As a consequence,
there appears a pair of degenerate states with total angular mo-
mentum and parity, ( j − 1/2)P and ( j + 1/2)P , for j #= 0, while a
single state for j = 0, where j is the total angular momentum of
the brown muck. The spin degeneracy has been addressed in the
context of normal hadrons, such as mesons and baryons including
excited states [4–11].

The purpose of the present Letter is to apply the idea of the
spin degeneracy to multi-hadron systems such as exotic hadrons
(irrespective of multi-quarks, hadronic molecules and exotic nuclei)
containing a single heavy quark. We investigate the spin degen-
eracy in the hadronic effective theory of QCD, where the funda-
mental degrees of freedom are given by hadrons, and show that
hadronic molecules with baryon number one and heavy mesons
in nuclear matter exhibit the spin degeneracy. Throughout the dis-
cussion, we assume non-negative baryon numbers for the multi-
hadron systems. The cases of negative baryon numbers will be
immediately obtained.

First of all, let us consider the spin degeneracy in multi-hadron
systems in views of QCD. This is a general discussion so that
the conclusion should hold in any multi-hadron systems, as far
as the heavy quark limit is adopted. Denoting the four velocity
of the heavy quark as vµ with v2 = 1, we introduce the effec-
tive field Q v(x) = eimQ v·x 1+/v

2 Q (x) for projecting out the positive
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Abstract

We discuss the possible existence of exotic dibaryons with a heavy antiquark, being realized as three-body
systems, D̄(∗)NN and B(∗)NN . These are genuinely exotic states with no quark–antiquark annihilation.
We consider the heavy quark spin and chiral symmetries, and introduce the one pion exchange potential
between a D̄(∗) (B(∗)) meson and a nucleon N . As for the NN interaction, we employ the Argonne v′

8
potential. By solving the coupled-channel equations for PNN and P ∗NN (P (∗) = D̄(∗) and B(∗)), we find
bound states for (I, JP ) = (1/2,0−) as well as resonant states for (I, JP ) = (1/2,1−) both in D̄(∗)NN

and B(∗)NN systems. We also discuss the heavy quark limit, and find that the spin degeneracy is realized
in the bound states with (I, JP ) = (1/2,0−) and (1/2,1−).
 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Many exotic hadrons observed in experiments are considered to be loosely bound states of two
hadrons, called hadronic molecules or hadronic composites [1]. The study of such configurations
is important to establish interactions among hadrons as inputs of various hadronic phenomena,
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The binding of a hadron and a nucleus is a topic of great interest for investigating hadron
properties. In the heavy-flavor region, attraction between a P(= D̄, B) meson and a nucleon
N can appear, where PN–P∗N mixing plays an important role in relation to the heavy-quark
spin symmetry. The attraction can produce exotic heavy mesic nuclei that are stable against
strong decay. We study an exotic system where the D̄ (B) meson and nucleus are bound. The
meson–nucleus interaction is given by a folding potential with single-channel PN interaction
and the nucleon number distribution function. By solving the Schrödinger equations of the
heavy meson and the nucleus, we obtain several bound and resonant states for nucleon number
A = 16, . . . , 208. The results indicate the possible existence of exotic mesic nuclei with a heavy
antiquark.
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1. Introduction
Multiflavor nuclei are interesting objects for studying unconventional states of matter in the hadron
and nuclear physics. As a first step towards extending the quark flavor, strangeness nuclei have been
extensively studied both in experiments and in theories. As a new direction, charm and bottom are
new flavors whose properties in nuclei should be different from those of strangeness nuclei [1].
Charm/bottom nuclei, as well as strangeness nuclei, are important for studying (i) the heavy hadron
and nucleon interaction, (ii) the properties of heavy hadrons in a nuclear medium, and (iii) the impurity
effect for nuclear properties. These are related to the flavor symmetry of the interhadron interaction,
the partial restoration of the broken chiral symmetry, and so on, as fundamental problems in quantum
chromodynamics (QCD). In theoretical studies, there has been a lot of research into heavy baryons,
heavy mesons, and quarkonia in nuclear systems (see Ref. [1] and references therein). Recently, few-
body calculations have also been performed [2–5]. In the present study, we focus on the properties
of the D̄ (B) mesons with a quark content Q̄q with a heavy antiquark Q̄ and a light quark q, which
can be bound in finite-size atomic nuclei.

The D̄ (B) meson in nuclear systems is a simple system, because there is no annihilation channel
by q̄q, in contrast to the case of its antiparticle D (B̄) in nuclear medium. They have both been studied
in many theoretical works: the quark–meson coupling model [6,7], the mean-field approach [8–11],
the flavor SU(4) symmetry [12–15], the flavor–spin SU(8) symmetry [16], the pion-exchange inter-
action [17,18], the QCD sum rules [19–24], and the Nambu–Jona-Lasinio model [25]. As advanced
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We discuss the mass modifications of D̄ and D̄∗ (B and B∗) mesons in nuclear medium. The heavy quark
symmetry for D̄ and D̄∗ (B and B∗) mesons is adopted, and the interaction between a D̄ or D̄∗ (B or B∗) meson
and a nucleon is supplied from the pion exchange. We find negative mass shifts for D̄ and B mesons, and hence
that the D̄ and B mesons are bound in the nuclear medium. As applications, we consider the atomic nuclei with
a D̄ meson, 40

D̄
Ca and 208

D̄
Pb, and investigate the energy levels of the D̄ meson in each nucleus. We also discuss

the mass shifts in the isospin asymmetric nuclear medium, and present a possible phenomenon of distribution of
isospin density around a D̄ or B meson in nuclear medium. We find that the mass shifts of D̄∗ and B∗ mesons
have large imaginary parts, which would prevent precise study of the energy levels of D̄∗ and B∗ mesons in
nuclei.

DOI: 10.1103/PhysRevC.87.015202 PACS number(s): 12.39.Fe, 14.40.Lb, 14.40.Nd, 21.65.Jk

I. INTRODUCTION

Research of hadrons with charm and bottom flavors is one
of the most interesting subjects in present hadron and nuclear
physics. Motivated by discoveries of new exotic hadrons with
charm and bottom flavors (X, Y , Z, etc.) in experiments, new
types of hadrons, such as multiquark or hadronic molecules,
are being investigated by many researchers [1–5]. Among
them, exotic hadrons including the D̄ or B meson as a
constituent are interesting objects not only in vacuum but also
in nuclear medium. Because a D̄ (B) meson is composed
with anticharm quark c̄ (antibottom quark b̄) and a light quark
q = u, d, there is no annihilation process of the quark and
antiquark pair in nuclear medium. The decay modes are only
electromagnetic or weak processes. Therefore, we expect to
obtain precise information about the dynamics of a D̄ (B)
meson in nuclear matter, such as their energy levels in atomic
nuclei, without being disturbed by strong decay processes and
absorption processes [6–8]. This nice property of D̄ and B
mesons may be in contrast with their antiparticle states, D
and B̄ mesons. Because D and B̄ mesons in nuclear medium
include light quark annihilation processes, the nonnegligible
widths of the decays and absorptions make it difficult to study
the dynamics of D and B̄ mesons in nuclear medium.

Study of D̄ and B mesons in nuclear matter will provide
us with important information about (i) hadron-nucleon
interaction, (ii) modification of hadrons in nuclear matter,
and (iii) changes of nuclear medium caused by hadrons as
impurity. As for the light flavor mesons in nuclear medium,
the mass shifts of vector mesons ω, ρ, and φ give information
on partial restoration of chiral symmetry breaking in nuclear

*yasuis@post.kek.jp

matter [9]. It is also the case for D̄ and B mesons, because
each of them contains a single light quark. The properties of
D̄ and B mesons are also concerned with the modifications of
quarkonia in nuclear medium [10–14]. In early works [6–8], it
was discussed that D̄ and B mesons are bound in atomic nuclei,
such as 208Pb. The properties of D̄ mesons have been studied
by several researchers with various theoretical approaches,
such as QCD sum rule [15–17], hadronic dynamics [18–25],
and so on. In the literature, the binding energy of a D̄ meson in
normal nuclear matter is estimated to be around a few tens of
MeV. In the present paper, we discuss the hadron dynamics
by focusing on two important symmetries for heavy-light
mesons: the heavy quark symmetry for a heavy quark and
chiral symmetry for a light quark.

For the heavy quark symmetry, as a general property of
QCD, the magnetic gluon couples to the heavy quark with
a suppression factor 1/mQ with the heavy quark mass mQ.
This means that the spin of the heavy quark changes with
suppression by order of 1/mQ, and hence it leads to the
approximate mass degeneracy of pseudoscalar mesons and
vector mesons in hadron mass spectrum [26–30]. The mass
splitting between D̄ and D̄∗ is around 140 MeV. The mass
splitting between B and B∗ mesons is around 45 MeV,
hence the heavy quark symmetry becomes better for bottom
flavor. Indeed, these mass splittings are smaller than those
in light flavor mesons: about 400 MeV between K and K∗

mesons, and 630 MeV between π and ρ mesons. Therefore,
due to the mass degeneracy in heavy-light mesons, we need
to take into account both pseudoscalar mesons and vector
mesons simultaneously as effective degrees of freedom. The
importance of the approximate degeneracy of D̄ and D∗ (B
and B∗) mesons was already emphasized in studies of several
exotic charm and bottom hadrons, such as two-body D̄N (BN )
systems [31–34], Zb mesons [35], DD, DD∗, and D∗D∗

015202-10556-2813/2013/87(1)/015202(9) ©2013 American Physical Society
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Probing gluon dynamics by charm and bottom mesons in nuclear matter in heavy-meson effective
theory with 1/M corrections
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We consider heavy mesons with charm and bottom in nuclear medium. We construct an effective Lagrangian
with axial-vector coupling including 1/M corrections for the heavy-meson mass M by following the velocity-
rearrangement invariance. As an application, we consider heavy mesons, D̄ and D̄∗ mesons for charm and B

and B∗ mesons for bottom, bound in nuclear matter, and we discuss their in-medium masses modified by the
interaction with nucleons via pion exchanges including the 1/M corrections. The mass modifications are affected
by the gluon dynamics in nuclear medium. By comparison with the heavy-quark effective theory, we find that
the effects of scale anomaly are suppressed in nuclear medium. We also find that the contributions from the
chromoelectric gluon are enhanced in nuclear medium, while those from the chromomagnetic gluon are reduced.
We propose to use heavy mesons as probes to research the gluon fields in nuclear medium in experimental studies.
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I. INTRODUCTION

Exotic nuclei containing hadrons as impurities are inter-
esting, not only for studying hadron-nucleon interactions and
changes of nuclear structures induced by the impurities but
also for investigating medium effects at finite baryon number
density as modifications of the QCD vacuum. In the light flavor
(up, down, and strangeness) sector, the exploration of chiral
condensates as well as gluon condensates in nuclear medium
by using light hadrons as probes has been studied [1–7]. As a
natural extension from light flavors to heavy flavors, there have
been also discussions about exotic nuclei containing charm and
bottom hadrons [8–16]. Exotic nuclei with charm and bottom
flavors will bring us new knowledge which is difficult to be
accessed by those with light flavors. It is expected that they
will be studied in future experiments in accelerator facilities.

We consider mass for the hadron and nuclear system
containing a heavy quark with mass mQ. It is given by
1/mQ expansion by following the heavy-quark effective
theory (HQET) [17,18]. Importantly, the coefficients in the
power series of 1/mQ are related to the gluon dynamics in
the heavy systems. As is well known, at leading order of
the 1/mQ expansion (the heavy-quark limit mQ → ∞), the
system with a heavy quark obeys the heavy-quark symmetry,
namely, the heavy-flavor symmetry and the heavy-quark-spin
symmetry. At this order, the mass of the heavy system is
simply a sum of the mass of the heavy quark and the energy
from the light component, namely, the light quarks and the
gluons. The contributions from the light component (light
quarks and gluons) are related to the scale anomaly of the
energy-momentum tensor in QCD [19,20], which is the analog
of the gluon condensate in the QCD vacuum. In the present
study, we further explore the corrections at O(1/m1

Q) in the
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1/mQ expansion. It provides us with additional information
about the gluon dynamics. At O(1/m1

Q), “chromomagnetic”
gluon field is concerned with the mass splitting between a
pair of spin partners, such as a P̄ = (Q̄q)spin 0 meson and a
P̄ ∗ = (Q̄q)spin 1 meson with a heavy antiquark Q̄ and a light
quark q. Furthermore, it is also known from the virial theorem
that the “chromoelectric” gluon field is related to the kinetic
energy of the heavy system with O(1/m1

Q) [21]. Both of them
are involved in the mass formula for the heavy system which is
given by a power series of 1/mQ [see Eq. (4) in Sec. II]. Thus,
we obtain the information about the gluon dynamics from the
masses of heavy systems. This is a quite general procedure so
that it can be applied not only to heavy hadrons but also to
exotic nuclei containing a heavy quark.

Let us focus on the charm (bottom) nuclei with anticharm
(C = −1) [antibottom (B = +1)], which contain a D̄(∗) (B(∗))
meson in the ground state. We note that a D̄(∗) (B(∗)) meson
is composed of c̄q (b̄q) with a charm (bottom) antiquark c̄
(b̄) and a light quark q, and hence there is no annihilation
process from light quark-antiquark pairs in nuclear medium.
Therefore, when the interaction between a D̄(∗) (B(∗)) meson
and a nucleon N is attractive sufficiently, a D̄(∗) (B(∗))
meson can be bound in nuclei as a stable particle against the
decays by strong interactions. It decays by weak interactions
and electromagnetic interactions only. Theoretically, it was
shown indeed that there is an attractive force (e.g., a pion
exchange force) so that several bound and/or resonant states
of D̄(∗)N (B(∗)N ) can exist around the thresholds [22–25].
The problem whether a D̄(∗) (B(∗)) meson is bound in nuclear
matter has been discussed with regard to several theoretical
approaches, the quark-meson coupling models [26–28], the
QCD sum rules [15,16], the mean-field methods [29–32], the
coupled-channel methods with contact interactions [33–36],
and the perturbative calculations by pion exchanges [37]. The
study of atomic nuclei containing a D̄(∗) (B(∗)) meson has
also been performed. There has also been a discussion about
the in-medium interaction between a D̄(∗) (B(∗)) meson and a

0556-2813/2014/89(1)/015201(12) 015201-1 ©2014 American Physical Society
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We discuss the properties of hadronic systems containing one heavy quark in the heavy quark limit. The
heavy quark symmetry guarantees the mass degeneracy of the states with total spin and parity ðj − 1=2ÞP
and ðjþ 1=2ÞP with j ≥ 1=2, because the heavy quark spin is decoupled from the total spin j of the light
components called brown muck. We apply this idea to heavy multihadron systems and formulate the
general framework to analyze their properties. We demonstrate explicitly the spin degeneracy and the
decomposition of the wave functions in exotic heavy hadron systems generated by the one-boson-exchange
potential. The masses of the brown muck can be extracted from theoretical and experimental hadron
spectra, leading to the color nonsinglet spectroscopy.
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I. INTRODUCTION

The study of the exotic hadrons provides us with unique
opportunities to explore fundamental properties of the low
energy QCD, such as color confinement, the chiral
symmetry breaking, etc. Recently, in the heavy flavor
(charm and bottom) sectors, experimental evidences for
new candidates of exotic hadrons, such as X, Y, Z, have
been reported, and these states are extensively investi-
gated in theoretical works [1,2]. Although there have been
many theoretical studies based on various pictures such as
multiquarks, hybrids of quarks and gluons, multihadrons,
and so on, we have not yet understood the essential
features of exotic heavy hadrons. In the present article, we
approach the structure of the hadronic molecules with a
heavy quark from the point of view of the heavy quark
symmetry (HQS) [3–9], namely, the symmetry of the
heavy quark spin, as the fundamental property of heavy
hadrons.
In general, for hadrons with a single heavy quark, the

HQS leads to the mass degeneracy of two states with
different total spin in the heavy quark limit. This is
because the spin of the heavy quark is decoupled from
the total spin of the other components made of light
quarks and gluons. The latter component is called the
brown muck, which is everything but the heavy quark. It is
important to note that the brown muck has the conserved
total spin j, although the brown muck is a nonperturbative
object which is dressed by many quarks and gluons like
qn þ qnqq̄þ qngþ… with a net quark number n. For

j ≠ 0, the spin degeneracy in the heavy hadrons is realized
by the pair states with the total angular momenta, J ¼
j − 1=2 and jþ 1=2. We call those two states the “HQS
doublet.” For j ¼ 0, there is only one state with J ¼ 1=2.
We call this state the “HQS singlet.”
The HQS is seen in the mass spectrum of the charm and

bottom hadrons. For example, the mass splitting between D̄
ðJ ¼ 0Þ and D̄% ðJ ¼ 1Þ mesons is 140 MeV, and that
between B and B% mesons is 45 MeV [10]. Those mass
splittings are smaller than the ones between π and ρ
(∼600 MeV) and that between K and K% (∼400 MeV).
Therefore, D̄ and D̄% (B and B%) mesons are approximately
regarded as the HQS doublet states. In those cases, the
brown muck is a light quark q, which is dressed by quark-
antiquark pairs and gluons, with spin and parity 1=2þ

in total.
Similar mass degeneracy of HQS doublets is also seen in

the baryonic sector. The mass splitting between Σc
ðJ ¼ 1=2Þ and Σ%

c ðJ ¼ 3=2Þ (Σb and Σ%
b) baryons is

65 MeV (20 MeV), which is smaller than 192 MeV
between Σ and Σ%. Λc and Λb with J ¼ 1=2 in the ground
state are regarded as the HQS singlet states because there is
no nearby J ¼ 3=2 partner. Recently, two excited bottom
baryons Λ%

b have been observed at LHCb [11]. Although
the quantum numbers are not settled yet, assigning 1=2−

(3=2−) for the state with the lower (higher) mass, we see
that the mass splitting between Λ%

cð1=2−Þ and Λ%
cð3=2−Þ is

33 MeV and that between Λ%
bð1=2−Þ and Λ%

bð3=2−Þ is only
8 MeV. Those mass splittings can be compared with
115 MeV between Λ%ð1=2−Þ and Λ%ð3=2−Þ.
The brown muck in a heavy baryon with one heavy

quark and two light quarks has the same quantum number*yasuis@th.phys.titech.ac.jp
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a b s t r a c t

Current studies on heavy hadrons in nuclear medium are reviewed with a summary of the
basic theoretical concepts of QCD, namely chiral symmetry, heavy quark spin symmetry,
and the effective Lagrangian approach. The nuclear matter is an interesting place to study
the properties of heavy hadrons from many different points of view. We emphasize
the importance of the following topics: (i) charm/bottom hadron–nucleon interaction,
(ii) structure of charm/bottom nuclei, and (iii) QCD vacuum properties and hadron modifi-
cations in nuclear medium.We pick up three different groups of heavy hadrons, quarkonia
(J/ , ⌥ ), heavy–light mesons (D/D̄, B̄/B) and heavy baryons (⇤c , ⇤b). The modifications
of those hadrons in nuclear matter provide us with important information to investigate
the essential properties of heavy hadrons. We also give the discussions about the heavy
hadrons, not only in infinite nuclear matter, but also in finite-size atomic nuclei with finite
baryon numbers, to serve future experiments.
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We discuss the interaction of an open heavy meson (D̄ and D̄! for charm or B and B! for bottom) and a
nucleon (N) by considering the π, σ, ρ, and ω exchange potentials. We construct a potential model by
respecting chiral symmetry for light quarks and spin symmetry for heavy quarks. Model parameters are
adjusted by referring the phenomenological nuclear (CD-Bonn) potentials reproducing the low-energy NN
scatterings. We show that the resulting interaction may accommodate D̄N and BN bound states with
quantum numbers IðJPÞ ¼ 0ð1=2−Þ, and 1ð1=2−Þ. We find that, in the present potential model, the π
exchange potential plays an important role for the isosinglet channel, while the σ exchange potential does
for the isotriplet one.

DOI: 10.1103/PhysRevD.106.094001

I. INTRODUCTION

Studies of exotic hadrons, such as X, Y, Z, Pc, Xcc, Tcc,
and so on, have revealed novel properties of multiquark
systems with heavy flavors of charm and bottom [1–15].
One of the most important problems in exotic hadrons is the
interhadron interactions. In the present paper, we focus on
the interaction between a nucleon N and an open-heavy
meson, a D̄ (D̄!) meson or a B (B!) meson, which is
intimately relevant to the formation of pentaquarks. Such
an interaction is also relevant for heavy-flavored exotic
nuclei as bound states formed by a multiple number of
baryons [16]. Recently the ALICE collaboration in LHCb
has reported the first experimental study of the D̄N
interaction which was measured through the correlation
functions from proton-proton collisions [17]. Further

development of studying the interaction between a nucleon
N and an open-heavy meson should be awaited.
One of the efficient theoretical analyses can be per-

formed systematically with the basis on the heavy-quark
effective theory. This is an effective theory of QCD, where
a charm (bottom) quark is approximately regarded as a
particle with an infinitely heavy mass mQ → ∞. In this
limit, there appears the heavy-quark spin (HQS) symmetry,
i.e., the SU(2) spin symmetry, as in the nonrelativistic limit.
This symmetry stems from the decoupling of the heavy
quark from light degrees of freedom with the suppressed
magnetic interaction, i.e., the spin-flip interaction. The
HQS symmetry puts conditions on the spin structure of
interaction vertices not only in the quark-gluon dynamics
but also in the hadron dynamics.
The HQS symmetry is seen in the observed approximate

degeneracy in masses of D̄ and D̄! (B and B!) mesons.
Also, the HQS symmetry constrains the structure of the
interhadron interaction in the channel-coupled D̄N and
D̄!N (BN and B!N) systems. For example, it was shown
that the approximate degeneracy in D̄ and D̄! mesons
increases the attractive interaction strength between a
nucleon and a D̄ meson through the box diagram D̄N →
D̄!N → D̄N in the second-order perturbative process [18].
This mechanism is different from the conventional
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2. Why !𝐷 meson and nucleon?
- 2022: First experiment has appeared!
✔ ALICE at LHC Phys. Rev. D106, 052010 (2022) ← analysis by Kamiya, Hyodo, Ohnishi
✔ 𝐷5𝑝 ((𝐷𝑁) correlation function from proton-proton collisions
✔ Attraction suggested?

First study of the two-body scattering involving charm hadrons ALICE Collaboration
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Figure 2: Genuine pD− correlation function compared with different theoretical models (see text for details). The
null hypothesis is represented by the curve corresponding to the Coulomb interaction only.

red band. The purple band in Fig. 1 represents the total background that includes all contributions with
their corresponding weights. Finally, the genuine pD− correlation function is obtained by solving Eq. 1
for CpD−(k∗) and is shown in Fig. 2. The possible enhancement at low k∗ could be attributed to an overall
attractive genuine pD− final-state interaction.

The systematic uncertainties of the genuine pD− correlation function, CpD−(k∗), include (i) the un-
certainties of Cexp(k∗), (ii) the uncertainties of the λi weights, and (iii) the uncertainties related to the
parametrization of the background sources. In particular, the systematic uncertainties of Cp(K+π−π−)(k

∗)
are estimated by varying the proton and D−-candidate selection criteria and the range of the fit of the
C(k∗) parametrized from the invariant mass sidebands. The uncertainties of the λi weights are derived
from the systematic uncertainties on the D− purity and fnon-prompt reported above. The systematic un-
certainty of CpD∗−(k∗) is due to the uncertainty on the emitting source. The overall relative systematic
uncertainty on CpD−(k∗) resulting from the different sources is of 10% in the lowest k∗ interval.

The resulting genuine CpD−(k∗) correlation function can be employed to study the pD− strong interaction

that is characterized by two isospin configurations and is coupled to the nD
0

channel. First of all, in order
to assess the effect of the strong interaction on the correlation function, only the Coulomb interaction is
considered. The corresponding correlation function is obtained using CATS [73]. Secondly, various
theoretical approaches to describe the strong interaction are benchmarked, including meson exchange
(Haidenbauer et al. [21]), meson exchange based on heavy quark symmetry (Yamaguchi et al. [24]), an
SU(4) contact interaction (Hoffmann and Lutz [22]), and a chiral quark model (Fontoura et al. [23]). The
relative wave functions for the model [21] are provided directly, while for the models from [22–24] they
are evaluated by employing a Gaussian potential whose strength is adjusted to describe the corresponding
published I = 0 and I = 1 scattering lengths listed in Table 1. The pD− correlation function is computed
within the Koonin–Pratt formalism, taking into account explicitly the coupling between the pD− and nD0

channels [75] and including the Coulomb interaction [76]. The finite experimental momentum resolution
is considered in the modeling of the correlation functions [38].

The outcome of these models is compared in Fig. 2 with the measured genuine pD− correlation function.
The degree of consistency between data and models is obtained from the p-value computed in the range
k∗ < 200 MeV/c. It is expressed by the number of standard deviations nσ reported in Table 1, where the
nσ range accounts, at one standard deviation level, for the total uncertainties of the data points and the

6

First study of the two-body scattering involving charm hadrons ALICE Collaboration

Table 1: Scattering parameters of the different theoretical models for the ND interaction [21–24] and degree of
consistency with the experimental data. Negative scattering parameters correspond to either a repulsive interaction
or to an attractive interaction with the presence of a bound state [24]. Positive scattering parameters correspond to
an attractive interaction.

Model f0 (I = 0) f0 (I = 1) nσ

Coulomb (1.1–1.5)
Haidenbauer et al. [21]
– g2

σ/4π = 1 0.14 −0.28 (1.2–1.5)
– g2

σ/4π = 2.25 0.67 0.04 (0.8–1.3)
Hofmann and Lutz [22] −0.16 −0.26 (1.3–1.6)
Yamaguchi et al. [24] −4.38 −0.07 (0.6–1.1)
Fontoura et al. [23] 0.16 −0.25 (1.1–1.5)

models. The data are compatible with the Coulomb-only hypothesis within (1.1–1.5)σ . Nevertheless,
the level of agreement slightly improves in case of the model by Yamaguchi et al. as reported in Table 1,
where the nσ values are summarized together with the scattering lengths f0. Here, the high-energy
physics convention on the scattering-length sign is adopted: a negative value corresponds to either
a repulsive interaction or to an attractive one with presence of a bound state, while a positive value
corresponds to an attractive interaction. Most notably, this is the only model in the literature that does
not predict a repulsive ND interaction and, in addition, it foresees the formation of a ND bound state with
a mass of 2804 MeV/c2 in the I= 0 channel. For the model by Haidenbauer et al., a better agreement with
the data can be achieved by fine-tuning the effective scalar coupling constant gσ [21]. As demonstrated
in Table 1, when increasing the coupling constant to g2

σ/4π = 2.25 the overall degree of consistency with
the data is improved. This also implies a change of the interaction, from repulsive to attractive.

Finally, the scattering parameters can be constrained by comparing the data with the outcome of calcu-
lations carried out varying the strength of the potential and the source radius. In this case the interaction
potential is parametrized by a Gaussian-type functional form with the range of ρ-meson exchange. In
this estimation, it is assumed that the interaction in the I = 1 channel is negligible for simplicity. The
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Figure 3: Regions of 68% confidence intervals for the inverse scattering length f−1
0, I=0 as a function of the source

radius varied within one standard deviation considering only the mT dependence on Reff and the total uncertainty
(see text for details) under the assumption of negligible interaction for I = 1. The most probable value is reported
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- Generality: spin-structure (𝑞: light quark, 𝑁: nucleon)
✔ Recombination: [ 6𝑄𝑞]𝑁 = 6𝑄[𝑞𝑁]
✔ HQS multiplets: which is realized in QCD?

- HQS singlet: 𝑞 + 𝑁 with 𝑗 = 0 (total 𝐽 = 1/2 only)
- HQS doublet: 𝑞 + 𝑁 with 𝑗 = 1 (total 𝐽 = 1/2, 3/2 degenerate)

Spin decomposition 
by light quarks and 
gluons from heavy 
quarks
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- 𝑃(∗)𝑁 potential (𝑃 = (𝐷, 𝐵 meson; 𝑃∗ = (𝐷∗, 𝐵∗ meson)
✔ 𝑃𝑁 − 𝑃∗𝑁 channel mixing (multi-channel)

𝜎, 𝜌, 𝜔

𝑃 𝑁

𝑃 𝑁

𝜋, 𝜌, 𝜔

𝑃∗ 𝑁

𝑃 𝑁

𝜋, 𝜎, 𝜌, 𝜔

𝑃∗ 𝑁

𝑃∗ 𝑁

𝜋, 𝜌, 𝜔

𝑃 𝑁

𝑃∗ 𝑁

3. !𝐷 meson and nucleon potential

CD-Bonn
(vertex)

HMET
(vertex)

- Heavy Meson Effective Theory (HMET)
✔ Hadronic effective theory based on 𝜒+HQS symmetries for 𝑃 and 𝑃∗

✔ Effective field:

✔ 𝑃(∗)𝑃(∗)𝑚 vertices are uniquely determined (𝑚 = 𝜋, 𝝈, 𝜌, 𝜔)

3

For the interaction in the PN -P ⇤
N systems, we adopt

the meson-exchange potential between P
(⇤) and N . We

consider the one-pion exchange potential (OPEP) as the
long-range force. We also consider the ⇢ and !-meson
exchange potentials and the �-meson exchange poten-
tials as the short-range force. We explain the derivation
OPEP in details as an illustration. In constructing the
OPEP, we need the information of the interaction ver-
tices of ⇡ and P

(⇤) and those of ⇡ and N . For the ⇡PP
⇤

and ⇡P
⇤
P

⇤ vertices, we employ the heavy meson e↵ec-
tive theory (HMET) satisfying the HQS as well as chiral
symmetry [13, 14]. Notice the absence of the ⇡PP vertex
due to the parity symmetry.

For heavy mesons P and P
⇤, we define the e↵ective

field Ha being a superposition of a heavy pseudoscalar
meson and a vector meson as

H↵ =
�
P

⇤µ

↵
�µ + P↵�5

�1� /v

2
, (3)

where the subscripts ↵ = ±1/2 represent the isospin com-
ponents (up and down) in the light quark components.
We use the following notations: P and P

⇤ for denoting
the states of pseudoscalar and vector mesons (qQ̄), and
P↵ and P

⇤µ
↵

for denoting the corresponding fields in the
heavy-meson e↵ective theory. The relative phase of P ⇤µ

↵

and P↵ is arbitrary, and the present choice is adopted for
the convenience in representing the PN -P ⇤

N potential
as it will be shown later. Here v

µ (µ = 0, 1, 2, 3) is the
four-velocity of the heavy meson (heavy antiquark) sat-
isfying vµv

µ = 1 and v
0
> 0. We notice that (1� /v)/2 is

the operator for projecting out the positive-energy com-
ponent in the heavy antiquark Q̄ and discarding the
negative-energy component. The complex conjugate of
H↵ is defined by H̄↵ = �0H

†
↵
�0. The e↵ective field H↵

transforms as H↵ ! SH�U
†

�↵
under the heavy-quark

spin and chiral symmetries. Here S 2 SU(2)spin rep-
resents the transformation operator for the heavy-quark
spin and U↵� = U↵�(L,R) is a function in the nonlinear
representation of chiral symmetry with L 2 SU(2)L and
R 2 SU(2)R for light up and down flavors.

In terms of H↵ defined by Eq. (3), the interaction La-
grangian for the ⇡P (⇤)

P
(⇤) vertex is given by

L⇡HH = ig⇡tr
�
H↵H̄��µ�5A

µ

�↵

�
, (4)

where the axial current Aµ

�↵
by pions is defined by A

µ =

�
⇠
†
@
µ
⇠ � ⇠@

µ
⇠
†
�
/2 with the nonlinear representation

⇠ = exp

✓
i
⌧ ·⇡

2f⇡

◆
, (5)

with the pion decay constant f⇡ = 94 MeV. The pion field
is defined by ⇡ = (⇡1,⇡2,⇡3) with ⇡± = (⇡1 ⌥ i⇡2)/

p
2

for charged pions and ⇡3 = ⇡
0 for a neutral pion. Notice

that the matrix A
µ is transformed by A

µ
! UA

µ
U

† in
the nonlinear representation of chiral symmetry. Thus
we confirm that the interaction Lagrangian (4) is invari-
ant under both the heavy-quark spin symmetry and the
chiral symmetry. The coupling constant g⇡ = 0.59 is de-
termined from the decay width ofD⇤�

! D
�
⇡
0 observed

by experiments [15]. Below we consider the static frame
in which the heavy meson is static, and set v

µ = (1,0)
in Eq. (4). Thus we obtain the ⇡P (⇤)

P
(⇤) vertices:

L⇡P⇤P⇤ = �
ig⇡

f⇡
"⌫⇢µ�v

⌫
P

⇤⇢†

�

�
⌧ ·@µ⇡

�
�↵

P
⇤�

↵
, (6)

L⇡P⇤P = i
ig⇡

f⇡
P

⇤†

�µ

�
⌧ ·@µ⇡

�
�↵

P↵, (7)

L⇡PP⇤ = i
ig⇡

f⇡
P

†

�

�
⌧ ·@µ⇡

�
�↵

P
⇤

↵µ
. (8)

We introduce the interaction Lagrangian of a pion and
a nucleon in the axial-vector coupling

L⇡NN = �
g⇡NN

2mN

 ̄�µ�5⌧ ·@
µ⇡ , (9)

with the coupling constant g⇡NN . Here  = ( 1, 2)T

with the isospin components  1 and  2 for a proton and
a neutron, respectively. The value of g⇡NN is given by
g
2
⇡NN

/4⇡ = 13.6 from the phenomenological nuclear po-
tential in Ref. [16] (see also Ref. [17]). We adopt the
values of the coupling constants and the cuto↵ parame-
ters by referring the parameters in the CD-Bonn poten-
tial. The nuclear potentials used in the present study are
explained in Sec. A.
With the interaction vertices (4) and (9), we construct

the OPEP between P
(⇤) and N [8–10].2 The OPEP in-

cludes three channels: P
⇤
N ! P

⇤
N , P ⇤

N ! PN , and
PN ! P

⇤
N . We notice that the PN ! PN process is

absent as a direct process due to the prohibition of the
⇡PP vertex, and that the PN -PN interaction is indi-
rectly supplied by multi-step process stemming from the
mixing of PN and P

⇤
N [8–10]. The OPEPs for P

⇤
N -

P
⇤
N , P ⇤

N -PN , and PN -P ⇤
N are given by

V
P

⇤
N-P⇤

N

⇡
(r) = ⇡

⇣
T (r;m⇡)

�
3(T ·r̂)�0

1�1
(� ·r̂)s02s2 � T �

0
1�1

·�s
0
2s2

�
+ C(r;m⇡)T �

0
1�1

·�s
0
2s2

⌘
⌧H

�1↵1
·⌧N

�2↵2
, (10)

2 We show the demonstration to derive the potential for the simple model in Sec. B.
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the states of pseudoscalar and vector mesons (qQ̄), and
P↵ and P

⇤µ
↵

for denoting the corresponding fields in the
heavy-meson e↵ective theory. The relative phase of P ⇤µ

↵

and P↵ is arbitrary, and the present choice is adopted for
the convenience in representing the PN -P ⇤

N potential
as it will be shown later. Here v

µ (µ = 0, 1, 2, 3) is the
four-velocity of the heavy meson (heavy antiquark) sat-
isfying vµv

µ = 1 and v
0
> 0. We notice that (1� /v)/2 is

the operator for projecting out the positive-energy com-
ponent in the heavy antiquark Q̄ and discarding the
negative-energy component. The complex conjugate of
H↵ is defined by H̄↵ = �0H

†
↵
�0. The e↵ective field H↵

transforms as H↵ ! SH�U
†

�↵
under the heavy-quark

spin and chiral symmetries. Here S 2 SU(2)spin rep-
resents the transformation operator for the heavy-quark
spin and U↵� = U↵�(L,R) is a function in the nonlinear
representation of chiral symmetry with L 2 SU(2)L and
R 2 SU(2)R for light up and down flavors.

In terms of H↵ defined by Eq. (3), the interaction La-
grangian for the ⇡P (⇤)

P
(⇤) vertex is given by

L⇡HH = ig⇡tr
�
H↵H̄��µ�5A

µ

�↵

�
, (4)

where the axial current Aµ

�↵
by pions is defined by A

µ =

�
⇠
†
@
µ
⇠ � ⇠@

µ
⇠
†
�
/2 with the nonlinear representation

⇠ = exp

✓
i
⌧ ·⇡

2f⇡

◆
, (5)

with the pion decay constant f⇡ = 94 MeV. The pion field
is defined by ⇡ = (⇡1,⇡2,⇡3) with ⇡± = (⇡1 ⌥ i⇡2)/

p
2

for charged pions and ⇡3 = ⇡
0 for a neutral pion. Notice

that the matrix A
µ is transformed by A

µ
! UA

µ
U

† in
the nonlinear representation of chiral symmetry. Thus
we confirm that the interaction Lagrangian (4) is invari-
ant under both the heavy-quark spin symmetry and the
chiral symmetry. The coupling constant g⇡ = 0.59 is de-
termined from the decay width ofD⇤�

! D
�
⇡
0 observed

by experiments [15]. Below we consider the static frame
in which the heavy meson is static, and set v

µ = (1,0)
in Eq. (4). Thus we obtain the ⇡P (⇤)

P
(⇤) vertices:

L⇡P⇤P⇤ = �
ig⇡

f⇡
"⌫⇢µ�v

⌫
P

⇤⇢†

�

�
⌧ ·@µ⇡

�
�↵

P
⇤�

↵
, (6)

L⇡P⇤P = i
ig⇡

f⇡
P

⇤†

�µ

�
⌧ ·@µ⇡

�
�↵

P↵, (7)

L⇡PP⇤ = i
ig⇡

f⇡
P

†

�

�
⌧ ·@µ⇡

�
�↵

P
⇤

↵µ
. (8)

We introduce the interaction Lagrangian of a pion and
a nucleon in the axial-vector coupling

L⇡NN = �
g⇡NN

2mN

 ̄�µ�5⌧ ·@
µ⇡ , (9)

with the coupling constant g⇡NN . Here  = ( 1, 2)T

with the isospin components  1 and  2 for a proton and
a neutron, respectively. The value of g⇡NN is given by
g
2
⇡NN

/4⇡ = 13.6 from the phenomenological nuclear po-
tential in Ref. [16] (see also Ref. [17]). We adopt the
values of the coupling constants and the cuto↵ parame-
ters by referring the parameters in the CD-Bonn poten-
tial. The nuclear potentials used in the present study are
explained in Sec. A.
With the interaction vertices (4) and (9), we construct

the OPEP between P
(⇤) and N [8–10].2 The OPEP in-

cludes three channels: P
⇤
N ! P

⇤
N , P ⇤

N ! PN , and
PN ! P

⇤
N . We notice that the PN ! PN process is

absent as a direct process due to the prohibition of the
⇡PP vertex, and that the PN -PN interaction is indi-
rectly supplied by multi-step process stemming from the
mixing of PN and P

⇤
N [8–10]. The OPEPs for P

⇤
N -

P
⇤
N , P ⇤

N -PN , and PN -P ⇤
N are given by

V
P

⇤
N-P⇤

N

⇡
(r) = ⇡

⇣
T (r;m⇡)

�
3(T ·r̂)�0

1�1
(� ·r̂)s02s2 � T �

0
1�1

·�s
0
2s2

�
+ C(r;m⇡)T �

0
1�1

·�s
0
2s2

⌘
⌧H

�1↵1
·⌧N

�2↵2
, (10)

2 We show the demonstration to derive the potential for the simple model in Sec. B.
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2. � potentials

We given the interaction Lagrangian for a � meson and
a P

(⇤) meson,

L�IHH = g�I
tr
�
H�IH̄

�
, (23)

where �I (I = 0 and I = 1) meson is introduced for
isospin-singlet and isospin-triplet channels for the PN -
P

⇤
N scatterings. Notice �I has an isospin-dependent

mass (mI), coupling constant (g�I
), and cuto↵ parameter

(⇤�I
). Using the �NN vertices given by

L�INN = �g�INN  ̄�I , (24)

we find that the � potentials for PN and P
⇤
N are ob-

tained by

V
PN-PN

�I
(r) = �

g�INNg�I

m2
�I

C(r;m�I
), (25)

V
P

⇤
N-P⇤

N

�I
(r) = �

g�INNg�I

m2
�I

C(r;m�I
). (26)

The values of m�I
and g�INN are referred to the CD-

Bonn potential, see Sec. A. Concerning the values of g�I
,

we choose one-third of g�INN by assuming that the cou-
pling of a � meson and a hadron h = P

(⇤), N is propor-
tional to the number of the light quarks in the hadron h:
one light-quark in P

(⇤) and three light-quarks in N . The
�-exchange potentials are expressed explicitly by

V
�I

1/2� =

0

@
C�I

0 0
0 C�I

0
0 0 C�I

1

A , (27)

V
�I

3/2� =

0

B@

C�I
0 0 0

0 C�I
0 0

0 0 C�I
0

0 0 0 C�I

1

CA , (28)

for the bases by Eqs. (1) and (2), where we define the
function

C�I
= �

g�INNg�I

m2
�I

C(r;m�I
), (29)

for short notations. Notice that the di↵erent cuto↵ pa-
rameters ⇤�I

are used for I = 0 and I = 1.

3. ⇢ and ! potentials

We consider the exchange of the vector mesons, ⇢ and
!, at shorter range. The ⇢ and ! potentials can be con-
structed from the vP

(⇤)
P

(⇤) vertices for light vector me-
son v (v = ⇢, !). Following the previous papers [8–10],
we consider the interaction Lagrangian

LvHH = �i�tr
�
Hbv

µ(⇢µ)baH̄a

�

+ i�tr
�
Hb�

µ⌫(Fµ⌫(⇢))baH̄a

�
, (30)

by respecting the HQS. The vector meson field is defined
by ⇢µ = igV ⇢̂µ/

p
2 with ⇢̂µ,

⇢̂µ =

 
⇢
0

p
2
+ !

p
2

⇢
+

⇢
�

�
⇢
0

p
2
+ !

p
2

!

µ

, (31)

and gV ' 5.8 the universal vector-meson coupling. In
Eq. (30), the tensor field is given by Fµ⌫(⇢) = @µ⇢⌫ �

@⌫⇢µ+ [⇢µ, ⇢⌫ ]. The coupling constants are given by � =
0.9 and � = 0.56 by following Ref. [14]. For the vNN

vertex, we use the interaction Lagrangian

LvNN = g⇢NN

⇣
N̄�µ⌧ ·⇢

µ
N +

⇢

2mN

N̄�µ⌫⌧N ·@
⌫⇢µ

⌘

+ g!NN

⇣
N̄�µ!

µ
N +

!

2mN

N̄�µ⌫N@
⌫
!
µ

⌘
,

(32)

for ⇢µ = (⇢µ1 , ⇢
µ

2 , ⇢
µ

3 ) with ⇢
µ

±
= (⇢µ1 ⌥ i⇢

µ

2 )/
p
2 and ⇢µ0 =

⇢
µ

3 . The coupling constants are given by g
2
⇢NN

/4⇡ = 0.84,
g
2
!NN

/4⇡ = 20.0, ⇢ = 6.1, and ! = 0.0 [16] (see also
Ref. [17]).
From Eqs. (30) and (32), the one-boson exchange po-

tentials are obtained as

V
v

1/2� =

0

@
C

0
v

2
p
3Cv

p
6Tv

2
p
3Cv C

0
v
� 4Cv

p
2Tvp

6Tv

p
2Tv C

0
v
+ 2Cv + 2Tv

1

A , (33)

V
v

3/2� =

0

BB@

C
0
v

�
p
3Tv

p
3Tv 2

p
3Cv

�
p
3Tv C

0
v
+ 2Cv �2Tv �Tvp

3Tv �2Tv C
0
v
+ 2Cv Tv

2
p
3Cv �Tv Tv C

0
v
� 4Cv

1

CCA ,

(34)

with v = ⇢, ! for the 1/2� and 3/2� states in Eqs. (1)
and (2). The functions C 0

v
, Cv, and Tv are defined by

C
0

⇢
=

gV g⇢NN�

2
p
2m2

⇢

C(r;m⇢)⌧
H
·⌧N

, (35)

C⇢ =
gV g⇢NN�(1 + ⇢)

2
p
2mN

1

3
T (r;m⇢)⌧

H
·⌧N

, (36)

T⇢ =
gV g⇢NN�(1 + ⇢)

2
p
2mN

1

3
T (r;m⇢)⌧

H
·⌧N

, (37)

C
0

!
=

gV g!NN�

2
p
2m2

!

C(r;m!), (38)

C! =
gV g!NN�(1 + !)

2
p
2mN

1

3
C(r;m!), (39)

T! =
gV g!NN�(1 + !)

2
p
2mN

1

3
T (r;m!), (40)

with ⌧H and ⌧N being the abbreviations of ⌧H

�1↵1
and

⌧N

�2↵2
for the isospin Pauli operators acting on P

(⇤) and
N , respectively.
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2. � potentials

We given the interaction Lagrangian for a � meson and
a P

(⇤) meson,

L�IHH = g�I
tr
�
H�IH̄

�
, (23)

where �I (I = 0 and I = 1) meson is introduced for
isospin-singlet and isospin-triplet channels for the PN -
P

⇤
N scatterings. Notice �I has an isospin-dependent

mass (mI), coupling constant (g�I
), and cuto↵ parameter

(⇤�I
). Using the �NN vertices given by

L�INN = �g�INN  ̄�I , (24)

we find that the � potentials for PN and P
⇤
N are ob-

tained by

V
PN-PN

�I
(r) = �

g�INNg�I

m2
�I

C(r;m�I
), (25)

V
P

⇤
N-P⇤

N

�I
(r) = �

g�INNg�I

m2
�I

C(r;m�I
). (26)

The values of m�I
and g�INN are referred to the CD-

Bonn potential, see Sec. A. Concerning the values of g�I
,

we choose one-third of g�INN by assuming that the cou-
pling of a � meson and a hadron h = P

(⇤), N is propor-
tional to the number of the light quarks in the hadron h:
one light-quark in P

(⇤) and three light-quarks in N . The
�-exchange potentials are expressed explicitly by

V
�I

1/2� =

0

@
C�I

0 0
0 C�I

0
0 0 C�I

1

A , (27)

V
�I

3/2� =

0

B@

C�I
0 0 0

0 C�I
0 0

0 0 C�I
0

0 0 0 C�I

1

CA , (28)

for the bases by Eqs. (1) and (2), where we define the
function

C�I
= �

g�INNg�I

m2
�I

C(r;m�I
), (29)

for short notations. Notice that the di↵erent cuto↵ pa-
rameters ⇤�I

are used for I = 0 and I = 1.

3. ⇢ and ! potentials

We consider the exchange of the vector mesons, ⇢ and
!, at shorter range. The ⇢ and ! potentials can be con-
structed from the vP

(⇤)
P

(⇤) vertices for light vector me-
son v (v = ⇢, !). Following the previous papers [8–10],
we consider the interaction Lagrangian

LvHH = �i�tr
�
Hbv

µ(⇢µ)baH̄a

�

+ i�tr
�
Hb�

µ⌫(Fµ⌫(⇢))baH̄a

�
, (30)

by respecting the HQS. The vector meson field is defined
by ⇢µ = igV ⇢̂µ/

p
2 with ⇢̂µ,

⇢̂µ =

 
⇢
0

p
2
+ !

p
2

⇢
+

⇢
�

�
⇢
0

p
2
+ !

p
2

!

µ

, (31)

and gV ' 5.8 the universal vector-meson coupling. In
Eq. (30), the tensor field is given by Fµ⌫(⇢) = @µ⇢⌫ �

@⌫⇢µ+ [⇢µ, ⇢⌫ ]. The coupling constants are given by � =
0.9 and � = 0.56 by following Ref. [14]. For the vNN

vertex, we use the interaction Lagrangian

LvNN = g⇢NN

⇣
N̄�µ⌧ ·⇢

µ
N +

⇢

2mN

N̄�µ⌫⌧N ·@
⌫⇢µ

⌘

+ g!NN

⇣
N̄�µ!

µ
N +

!

2mN

N̄�µ⌫N@
⌫
!
µ

⌘
,

(32)

for ⇢µ = (⇢µ1 , ⇢
µ

2 , ⇢
µ

3 ) with ⇢
µ

±
= (⇢µ1 ⌥ i⇢

µ

2 )/
p
2 and ⇢µ0 =

⇢
µ

3 . The coupling constants are given by g
2
⇢NN

/4⇡ = 0.84,
g
2
!NN

/4⇡ = 20.0, ⇢ = 6.1, and ! = 0.0 [16] (see also
Ref. [17]).
From Eqs. (30) and (32), the one-boson exchange po-

tentials are obtained as

V
v

1/2� =

0

@
C

0
v

2
p
3Cv

p
6Tv

2
p
3Cv C

0
v
� 4Cv

p
2Tvp

6Tv

p
2Tv C

0
v
+ 2Cv + 2Tv

1

A , (33)

V
v

3/2� =

0

BB@

C
0
v

�
p
3Tv

p
3Tv 2

p
3Cv

�
p
3Tv C

0
v
+ 2Cv �2Tv �Tvp

3Tv �2Tv C
0
v
+ 2Cv Tv

2
p
3Cv �Tv Tv C

0
v
� 4Cv

1

CCA ,

(34)

with v = ⇢, ! for the 1/2� and 3/2� states in Eqs. (1)
and (2). The functions C 0

v
, Cv, and Tv are defined by

C
0

⇢
=

gV g⇢NN�

2
p
2m2

⇢

C(r;m⇢)⌧
H
·⌧N

, (35)

C⇢ =
gV g⇢NN�(1 + ⇢)

2
p
2mN

1

3
T (r;m⇢)⌧

H
·⌧N

, (36)

T⇢ =
gV g⇢NN�(1 + ⇢)

2
p
2mN

1

3
T (r;m⇢)⌧

H
·⌧N

, (37)

C
0

!
=

gV g!NN�

2
p
2m2

!

C(r;m!), (38)

C! =
gV g!NN�(1 + !)

2
p
2mN

1

3
C(r;m!), (39)

T! =
gV g!NN�(1 + !)

2
p
2mN

1

3
T (r;m!), (40)

with ⌧H and ⌧N being the abbreviations of ⌧H

�1↵1
and

⌧N

�2↵2
for the isospin Pauli operators acting on P

(⇤) and
N , respectively.
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- 𝑃(∗)𝑁 state (𝐽9 = 1/25, 𝐼 = 0 or 1) Note: applicable to 𝐽! = 3/2" (HQS partner)

✔ Particle basis: 𝑷𝑵( 𝟐𝑺𝟏/𝟐), 𝑷∗𝑵( 𝟐𝑺𝟏/𝟐), 𝑷∗𝑵( 𝟒𝑫𝟏/𝟐)
✔ HQS basis: 6𝑄>?@/A[𝑞𝑁]B?C,@

3. !𝐷 meson and nucleon potential

Cf. Yasui, Sudoh, Yamaguchi, Ohkoda, Hosaka, Hyodo, PLB727, 185 (2013); PRD91, 
034034 (2015)

← 3 channels



- 𝑃(∗)𝑁 state (𝐽9 = 1/25, 𝐼 = 0 or 1) Note: applicable to 𝐽! = 3/2" (HQS partner)

✔ Particle basis: 𝑷𝑵( 𝟐𝑺𝟏/𝟐), 𝑷∗𝑵( 𝟐𝑺𝟏/𝟐), 𝑷∗𝑵( 𝟒𝑫𝟏/𝟐)
✔ HQS basis: 6𝑄>?@/A[𝑞𝑁]B?C,@ Cf. Yasui, Sudoh, Yamaguchi, Ohkoda, Hosaka, Hyodo, PLB727, 185 (2013); PRD91, 

034034 (2015)

3. !𝐷 meson and nucleon potential

- 𝑃 ∗ 𝑁(1/25) Hamiltonian
✔ Kinetic term
✔ 𝜋, 𝜎, 𝑣(= 𝜌, 𝜔) pot. term

✔ Tensor force (𝑇E, 𝑇F) induces strong mixing among 3 channels
✔ Model parameters

- π pot. coupling (D*→Dπ)
- v pot. couplings (universal couplings)

 - σ pot. coupling ~ 1/3 of NN (# of light quarks in P(*) meson)
- Momentum cutoffs (size ratios of anti-D (B) and N from quark model)
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B. Total Hamiltonian

The total Hamiltonian for the P
(⇤)

N states is given
as a sum of the kinetic term and the ⇡, �, ⇢, and !

potentials as

HJP = KJP + V
⇡

JP + V
�I

JP + V
⇢

JP + V
!

JP . (41)

Here KJP is the diagonal matrix for the kinetic terms
given by

K1/2� = diag
�
K0,K

⇤

0 ,K
⇤

2

�
, (42)

K3/2� = diag
�
K0,K

⇤

0 ,K
⇤

2 ,K
⇤

2

�
, (43)

where each component is defined by

KL = �
1

2µ

✓
@
2

@r2
+

2

r

@

@r
�

L(L+ 1)

r2

◆
, (44)

K
⇤

L
= �

1

2µ⇤

✓
@
2

@r2
+

2

r

@

@r
�

L(L+ 1)

r2

◆
, (45)

for angular momenta L = 0 and L = 2. The re-
duced masses µ = mNmP /(mN + mP ) and µ

⇤ =
mNmP⇤/(mN +mP⇤) are defined with mP and mP⇤ be-
ing the masses of P and P

⇤ mesons, respectively.
Concerning the cuto↵ parameters in the potentials, for

example, we consider ⇤H in Eq. (18) to be expressed
by ⇤H = HN⇤N where HN is the ratio stemming
from inverse hadron-size. In Refs. [8–10], we obtained
D̄N = 1.35 for the D̄

(⇤)
N potential and BN = 1.29

for the B
(⇤)

N potential. The same ratios was adopted
for the ⇢ and ! exchange potentials, and can be applied
also for the � exchange potential. In the present study,
however, we regard HN as a free parameter in order to
investigate the dependence of the results on the choice
of HN within some range including D̄N = 1.35 and
BN = 1.29 as representative values. The value of ⇤N is
given by reproducing the phase shifts of the NN scatter-
ings and the binding energy of a deuteron, see Sec. A.

III. NUMERICAL RESULTS

We show the numerical results of the phase shifts for
D̄

(⇤)
N and B

(⇤)
N scatterings with I = 0 and I = 1 in

Fig. 1. In the case of D̄N , the I = 0 channel has a
bound state below the D̄N mass threshold as the phase
shift starts at � = ⇡ and it decreases to zero as the scat-
tering energy increases. We notice that the D̄

⇤
N com-

ponent feels repulsion due to the existence of the bound
state. The I = 1 channel has no bound state below the
D̄N mass threshold. However, it can have a quasi-bound
state near the D̄

⇤
N mass threshold as seen in the D̄

⇤
N

phase shifts starts at � = ⇡. In the bottom case, the
BN interaction in the I = 0 channel has a bound state
below the BN mass threshold, and the B

⇤
N component

feels repulsion due to this bound state. At first sight
the I = 1 channel seems to have no bound state, but the

TABLE I. Binding energies (B.E.) and mixing ratios of the
D̄(⇤)N and B(⇤)N states with I(JP ) quantum numbers. The
binding energies are measured from the mass thresholds of
D̄N or BN . No bound state exists for D̄N in I = 1.

D̄N B.E. [MeV] Mixing ratio [%]

0(1/2�) 1.38

D̄N(2S1/2) 96.1

D̄⇤N(2S1/2) 1.94

D̄⇤N(4D1/2) 1.93

BN B.E. [MeV] Mixing ratio [%]

0(1/2�) 29.7

BN(2S1/2) 76.4

B⇤N(2S1/2) 14.1

B⇤N(4D1/2) 9.46

1(1/2�) 66.0

BN(2S1/2) 38.5

B⇤N(2S1/2) 61.5

B⇤N(4D1/2) 1.82⇥ 10�2

B
⇤
N component has a deeply bound state under the BN

mass threshold.
In table I, we summarize the binding energies and the

mixing ratios of each internal component. The bound
D̄N state in I = 0 has the binding energy 1.38 MeV. The
internal component is almost dominated by D̄N(2S1/2)
with a small mixture of D̄⇤

N(2S1/2) and D̄
⇤
N(4D1/2).

Even when the D-wave component is a small amount,
it plays an important role to switch on the attraction
by the tensor interaction in the OPEP as emphasized in
our previous papers [8–10]. Also in the present model,
the nonnegligible amount of the D-wave component in-
dicates the importance of the OPEP. In the bottom case,
the BN states with I = 0 and I = 1 give deeply bound
states with the binding energies 29.7 MeV and 66.0 MeV,
respectively. In I = 0, the main component is provided
by BN(2S1/2) accompanying small amount of fractions
of B⇤

N(2S1/2) and B
⇤
N(4D1/2). The existence of the

D-wave component indicates again the importance of the
OPEP. In I = 1, in contrast, the bound state has a few
amount of fraction for the B⇤

N(4D1/2) component. This
suggests that the deeply bound BN state with I = 1 is
generated mainly not by the OPEP but by the � ex-
change potential. In the present model setting, in fact,
the � exchange potential provides a strong attraction in
the P (⇤)

N systems as the � exchange potential is strongly
attractive for the NN system with I = 1 in the CD-Bonn
potential. The scattering lengths in each state are sum-
marized in table II.
We investigate the parameter dependence of the at-

traction in P
(⇤)

N . In Fig. 2, we show the dependence
of the scattering lengths on the cuto↵-ratio parameters,
D̄N and BN . The values of these parameters have
some ambiguity in the present model setting. In the D̄N

case, we find that the attraction in I = 0 is provided for
D̄N

>
⇠ 1.1 which values are consistent with the one es-

timated by the ratio of the di↵erent hadron sizes of a D̄

4

V
P

⇤
N-PN

⇡
(r) = ⇡

⇣
T (r;m⇡)

�
3(✏(�

0
1)⇤ ·r̂)(� ·r̂)s02s2 � ✏(�

0
1)⇤ ·�s

0
2s2

�
+ C(r;m⇡)✏

(�0
1)⇤ ·�s

0
2s2

⌘
⌧H

�1↵1
·⌧N

�2↵2
, (11)

V
PN-P⇤

N

⇡
(r) = ⇡

⇣
T (r;m⇡)

�
3(✏(�1) ·r̂)(� ·r̂)s02s2 � ✏(�1) ·�s

0
2s2

�
+ C(r;m⇡)✏

(�1) ·�s
0
2s2

⌘
⌧H

�1↵1
·⌧N

�2↵2
, (12)

with the coe�cient

⇡ = +
1

3

1

2

g⇡NN

2mN

g⇡

f⇡
. (13)

We notice that the coe�cient 1/2 is necessary due to the
normalization factor of the wave functions as explained
in Sec. C in details. The functions C(r;m) and T (r;m)
are defined by

C(r;m) =
m

2

4⇡

1

r

⇥

✓
e
�mr +
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2

⇤2
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◆
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(14)

T (r;m) = +
1
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⇥
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◆
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✓
1
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3
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3
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H
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◆
⇤2
N
�m
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⇤2
H
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N

e
�⇤Hr

!
,

(15)

with m = m⇡, respectively, as functions of an inter-
distance r = |r| for r being the relative coordinate vector
between P

(⇤) and N . The detailed information to derive
the potentials are presented in Sec. C. Notice that the
values of the cuto↵ parameters ⇤H and ⇤N are depen-
dent on the species of the exchanged light-meson, e.g. the
⇡ meson. Originally, C(r,m) and V (r,m) are defined by

C(r;m) =

Z
d
3q

(2⇡)3
m

2

q 2 +m2
e
iq·r

F (q;m) , (16)

SO(r̂)T (r;m) =

Z
d
3q

(2⇡)3
�q 2

q 2 +m2
SO(q̂)e

iq·r
F (q;m),

(17)

for the central and tensor parts, respectively, with q̂ =
q/|q|. The dipole-type form factor is given by

F (q;m) =
⇤2
H
�m

2

⇤2
H
+ |q|2

⇤2
N
�m

2

⇤2
N
+ |q|2

, (18)

where the cuto↵ parameters ⇤H and ⇤N would corre-
spond to the inverse of the spatial sizes of hadrons, e.g.,
at the ⇡P (⇤)

P
(⇤) and ⇡NN vertices for m = m⇡. See the

derivations in Sec. C for more details. In Eqs. (11) and
(12), we define the polarization vectors ✏ (�) (✏ (�)⇤) for

the incoming (outgoing) P ⇤ meson with the polarization
� = 0,±1. The explicit forms ✏ (�) can be represented by

✏ (±) =
1
p
2

�
⌥1,�i, 0

�
, ✏ (0) = (0, 0, 1), (19)

by choosing the positive direction in the z axis for the
helicity � = 0. As the spin-one operator for the P

⇤ me-
son in Eq. (10), we define T = (T1, T2, T3) by (Ti)�0� ⌘

�i"ijk✏
(�0)⇤
j

✏
(�)
k

(i, j, k = 1, 2, 3):

T1 =
1
p
2

0

@
0 1 0
1 0 1
0 1 0

1

A , T2 =
1
p
2

0

@
0 �i 0
i 0 �i

0 i 0

1

A ,

T3 =

0

@
1 0 0
0 0 0
0 0 �1

1

A , (20)

satisfying the commutation relation [Ti, Tj ] = i"ijkTk as
the generators of the spin symmetry. We define the ten-
sor operators S✏(r̂) and ST (r̂) by SO(r̂) = 3(O · r̂)(� ·

r̂)�O·� with r̂ = r/r for O = ✏ and T . Here � are the
Pauli matrices acting on the nucleon spin, and ⌧H

�1↵1
and

⌧N

�2↵2
with ↵i,�i = ±1/2 are the isospin Pauli operators

for P (⇤) (i = 1) and N (i = 2), respectively.

Using the basis of the J
P = 1/2� and 3/2� channels

in Eqs. (1) and (2), we represent the OPEPs (10), (11),
and (12) by the matrix forms,

V
⇡

1/2� =

0

@
0

p
3C⇡ �

p
6T⇡p

3C⇡ �2C⇡ �
p
2T⇡

�
p
6T⇡ �

p
2T⇡ C⇡ � 2T⇡

1

A , (21)

V
⇡

3/2� =

0

BB@

0
p
3T⇡ �

p
3T⇡

p
3C⇡p

3T⇡ C⇡ 2T⇡ T⇡

�
p
3T⇡ 2T⇡ C⇡ �T⇡p
3C⇡ T⇡ �T⇡ �2C⇡

1

CCA , (22)

where we define C⇡ = ⇡C(r;m⇡) and T⇡ = ⇡T (r;m⇡)
for short notations. In Eqs. (21) and (22), we confirm
that the mixing between PN and P

⇤
N are represented

by the o↵-diagonal parts including the tensor potentials.
These tensor potentials induce the strong mixing by dif-
ferent angular momenta, leading to the strong attractions
at short-range scales. Thus, the mixing of PN and P

⇤
N

is important to switch on the strong attraction. This is
analogous to the OPEP in the nucleon-nucleon interac-
tion.

5

2. � potentials

We given the interaction Lagrangian for a � meson and
a P

(⇤) meson,

L�IHH = g�I
tr
�
H�IH̄

�
, (23)

where �I (I = 0 and I = 1) meson is introduced for
isospin-singlet and isospin-triplet channels for the PN -
P

⇤
N scatterings. Notice �I has an isospin-dependent

mass (mI), coupling constant (g�I
), and cuto↵ parameter

(⇤�I
). Using the �NN vertices given by

L�INN = �g�INN  ̄�I , (24)

we find that the � potentials for PN and P
⇤
N are ob-

tained by

V
PN-PN

�I
(r) = �

g�INNg�I

m2
�I

C(r;m�I
), (25)

V
P

⇤
N-P⇤

N

�I
(r) = �

g�INNg�I

m2
�I

C(r;m�I
). (26)

The values of m�I
and g�INN are referred to the CD-

Bonn potential, see Sec. A. Concerning the values of g�I
,

we choose one-third of g�INN by assuming that the cou-
pling of a � meson and a hadron h = P

(⇤), N is propor-
tional to the number of the light quarks in the hadron h:
one light-quark in P

(⇤) and three light-quarks in N . The
�-exchange potentials are expressed explicitly by

V
�I

1/2� =

0

@
C�I

0 0
0 C�I

0
0 0 C�I

1

A , (27)

V
�I

3/2� =

0

B@

C�I
0 0 0

0 C�I
0 0

0 0 C�I
0

0 0 0 C�I

1

CA , (28)

for the bases by Eqs. (1) and (2), where we define the
function

C�I
= �

g�INNg�I

m2
�I

C(r;m�I
), (29)

for short notations. Notice that the di↵erent cuto↵ pa-
rameters ⇤�I

are used for I = 0 and I = 1.

3. ⇢ and ! potentials

We consider the exchange of the vector mesons, ⇢ and
!, at shorter range. The ⇢ and ! potentials can be con-
structed from the vP

(⇤)
P

(⇤) vertices for light vector me-
son v (v = ⇢, !). Following the previous papers [8–10],
we consider the interaction Lagrangian

LvHH = �i�tr
�
Hbv

µ(⇢µ)baH̄a

�

+ i�tr
�
Hb�

µ⌫(Fµ⌫(⇢))baH̄a

�
, (30)

by respecting the HQS. The vector meson field is defined
by ⇢µ = igV ⇢̂µ/

p
2 with ⇢̂µ,

⇢̂µ =

 
⇢
0

p
2
+ !

p
2

⇢
+

⇢
�

�
⇢
0

p
2
+ !

p
2

!

µ

, (31)

and gV ' 5.8 the universal vector-meson coupling. In
Eq. (30), the tensor field is given by Fµ⌫(⇢) = @µ⇢⌫ �

@⌫⇢µ+ [⇢µ, ⇢⌫ ]. The coupling constants are given by � =
0.9 and � = 0.56 by following Ref. [14]. For the vNN

vertex, we use the interaction Lagrangian

LvNN = g⇢NN

⇣
N̄�µ⌧ ·⇢

µ
N +

⇢

2mN

N̄�µ⌫⌧N ·@
⌫⇢µ

⌘

+ g!NN

⇣
N̄�µ!

µ
N +

!

2mN

N̄�µ⌫N@
⌫
!
µ

⌘
,

(32)

for ⇢µ = (⇢µ1 , ⇢
µ

2 , ⇢
µ

3 ) with ⇢
µ

±
= (⇢µ1 ⌥ i⇢

µ

2 )/
p
2 and ⇢µ0 =

⇢
µ

3 . The coupling constants are given by g
2
⇢NN

/4⇡ = 0.84,
g
2
!NN

/4⇡ = 20.0, ⇢ = 6.1, and ! = 0.0 [16] (see also
Ref. [17]).
From Eqs. (30) and (32), the one-boson exchange po-

tentials are obtained as

V
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0
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2
p
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p
6Tv

2
p
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0
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� 4Cv
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2Tv C

0
v
+ 2Cv + 2Tv

1

A , (33)

V
v

3/2� =

0

BB@

C
0
v

�
p
3Tv

p
3Tv 2
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0
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+ 2Cv Tv

2
p
3Cv �Tv Tv C

0
v
� 4Cv

1

CCA ,

(34)

with v = ⇢, ! for the 1/2� and 3/2� states in Eqs. (1)
and (2). The functions C 0

v
, Cv, and Tv are defined by

C
0

⇢
=

gV g⇢NN�

2
p
2m2

⇢

C(r;m⇢)⌧
H
·⌧N

, (35)

C⇢ =
gV g⇢NN�(1 + ⇢)

2
p
2mN

1

3
T (r;m⇢)⌧

H
·⌧N

, (36)

T⇢ =
gV g⇢NN�(1 + ⇢)

2
p
2mN

1

3
T (r;m⇢)⌧

H
·⌧N

, (37)

C
0

!
=

gV g!NN�

2
p
2m2

!

C(r;m!), (38)

C! =
gV g!NN�(1 + !)

2
p
2mN

1

3
C(r;m!), (39)

T! =
gV g!NN�(1 + !)

2
p
2mN

1

3
T (r;m!), (40)

with ⌧H and ⌧N being the abbreviations of ⌧H

�1↵1
and

⌧N

�2↵2
for the isospin Pauli operators acting on P

(⇤) and
N , respectively.
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B. Total Hamiltonian

The total Hamiltonian for the P
(⇤)

N states is given
as a sum of the kinetic term and the ⇡, �, ⇢, and !

potentials as

HJP = KJP + V
⇡

JP + V
�I

JP + V
⇢

JP + V
!

JP . (41)

Here KJP is the diagonal matrix for the kinetic terms
given by

K1/2� = diag
�
K0,K

⇤

0 ,K
⇤

2

�
, (42)

K3/2� = diag
�
K0,K

⇤

0 ,K
⇤

2 ,K
⇤

2

�
, (43)

where each component is defined by

KL = �
1

2µ

✓
@
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@r2
+

2

r

@

@r
�

L(L+ 1)

r2

◆
, (44)

K
⇤

L
= �

1

2µ⇤

✓
@
2

@r2
+

2

r

@

@r
�

L(L+ 1)

r2

◆
, (45)

for angular momenta L = 0 and L = 2. The re-
duced masses µ = mNmP /(mN + mP ) and µ

⇤ =
mNmP⇤/(mN +mP⇤) are defined with mP and mP⇤ be-
ing the masses of P and P

⇤ mesons, respectively.
Concerning the cuto↵ parameters in the potentials, for

example, we consider ⇤H in Eq. (18) to be expressed
by ⇤H = HN⇤N where HN is the ratio stemming
from inverse hadron-size. In Refs. [8–10], we obtained
D̄N = 1.35 for the D̄

(⇤)
N potential and BN = 1.29

for the B
(⇤)

N potential. The same ratios was adopted
for the ⇢ and ! exchange potentials, and can be applied
also for the � exchange potential. In the present study,
however, we regard HN as a free parameter in order to
investigate the dependence of the results on the choice
of HN within some range including D̄N = 1.35 and
BN = 1.29 as representative values. The value of ⇤N is
given by reproducing the phase shifts of the NN scatter-
ings and the binding energy of a deuteron, see Sec. A.

III. NUMERICAL RESULTS

We show the numerical results of the phase shifts for
D̄

(⇤)
N and B

(⇤)
N scatterings with I = 0 and I = 1 in

Fig. 1. In the case of D̄N , the I = 0 channel has a
bound state below the D̄N mass threshold as the phase
shift starts at � = ⇡ and it decreases to zero as the scat-
tering energy increases. We notice that the D̄

⇤
N com-

ponent feels repulsion due to the existence of the bound
state. The I = 1 channel has no bound state below the
D̄N mass threshold. However, it can have a quasi-bound
state near the D̄

⇤
N mass threshold as seen in the D̄

⇤
N

phase shifts starts at � = ⇡. In the bottom case, the
BN interaction in the I = 0 channel has a bound state
below the BN mass threshold, and the B

⇤
N component

feels repulsion due to this bound state. At first sight
the I = 1 channel seems to have no bound state, but the

TABLE I. Binding energies (B.E.) and mixing ratios of the
D̄(⇤)N and B(⇤)N states with I(JP ) quantum numbers. The
binding energies are measured from the mass thresholds of
D̄N or BN . No bound state exists for D̄N in I = 1.

D̄N B.E. [MeV] Mixing ratio [%]

0(1/2�) 1.38

D̄N(2S1/2) 96.1

D̄⇤N(2S1/2) 1.94

D̄⇤N(4D1/2) 1.93

BN B.E. [MeV] Mixing ratio [%]

0(1/2�) 29.7

BN(2S1/2) 76.4

B⇤N(2S1/2) 14.1

B⇤N(4D1/2) 9.46

1(1/2�) 66.0

BN(2S1/2) 38.5

B⇤N(2S1/2) 61.5

B⇤N(4D1/2) 1.82⇥ 10�2

B
⇤
N component has a deeply bound state under the BN

mass threshold.
In table I, we summarize the binding energies and the

mixing ratios of each internal component. The bound
D̄N state in I = 0 has the binding energy 1.38 MeV. The
internal component is almost dominated by D̄N(2S1/2)
with a small mixture of D̄⇤

N(2S1/2) and D̄
⇤
N(4D1/2).

Even when the D-wave component is a small amount,
it plays an important role to switch on the attraction
by the tensor interaction in the OPEP as emphasized in
our previous papers [8–10]. Also in the present model,
the nonnegligible amount of the D-wave component in-
dicates the importance of the OPEP. In the bottom case,
the BN states with I = 0 and I = 1 give deeply bound
states with the binding energies 29.7 MeV and 66.0 MeV,
respectively. In I = 0, the main component is provided
by BN(2S1/2) accompanying small amount of fractions
of B⇤

N(2S1/2) and B
⇤
N(4D1/2). The existence of the

D-wave component indicates again the importance of the
OPEP. In I = 1, in contrast, the bound state has a few
amount of fraction for the B⇤

N(4D1/2) component. This
suggests that the deeply bound BN state with I = 1 is
generated mainly not by the OPEP but by the � ex-
change potential. In the present model setting, in fact,
the � exchange potential provides a strong attraction in
the P (⇤)

N systems as the � exchange potential is strongly
attractive for the NN system with I = 1 in the CD-Bonn
potential. The scattering lengths in each state are sum-
marized in table II.
We investigate the parameter dependence of the at-

traction in P
(⇤)

N . In Fig. 2, we show the dependence
of the scattering lengths on the cuto↵-ratio parameters,
D̄N and BN . The values of these parameters have
some ambiguity in the present model setting. In the D̄N

case, we find that the attraction in I = 0 is provided for
D̄N

>
⇠ 1.1 which values are consistent with the one es-

timated by the ratio of the di↵erent hadron sizes of a D̄

5

2. � potentials

We given the interaction Lagrangian for a � meson and
a P

(⇤) meson,

L�IHH = g�I
tr
�
H�IH̄

�
, (23)

where �I (I = 0 and I = 1) meson is introduced for
isospin-singlet and isospin-triplet channels for the PN -
P

⇤
N scatterings. Notice �I has an isospin-dependent

mass (mI), coupling constant (g�I
), and cuto↵ parameter

(⇤�I
). Using the �NN vertices given by

L�INN = �g�INN  ̄�I , (24)

we find that the � potentials for PN and P
⇤
N are ob-

tained by

V
PN-PN

�I
(r) = �

g�INNg�I

m2
�I

C(r;m�I
), (25)

V
P

⇤
N-P⇤

N

�I
(r) = �

g�INNg�I

m2
�I

C(r;m�I
). (26)

The values of m�I
and g�INN are referred to the CD-

Bonn potential, see Sec. A. Concerning the values of g�I
,

we choose one-third of g�INN by assuming that the cou-
pling of a � meson and a hadron h = P

(⇤), N is propor-
tional to the number of the light quarks in the hadron h:
one light-quark in P

(⇤) and three light-quarks in N . The
�-exchange potentials are expressed explicitly by

V
�I

1/2� =

0

@
C�I

0 0
0 C�I

0
0 0 C�I

1

A , (27)

V
�I

3/2� =

0

B@

C�I
0 0 0

0 C�I
0 0

0 0 C�I
0

0 0 0 C�I

1

CA , (28)

for the bases by Eqs. (1) and (2), where we define the
function

C�I
= �

g�INNg�I

m2
�I

C(r;m�I
), (29)

for short notations. Notice that the di↵erent cuto↵ pa-
rameters ⇤�I

are used for I = 0 and I = 1.

3. ⇢ and ! potentials

We consider the exchange of the vector mesons, ⇢ and
!, at shorter range. The ⇢ and ! potentials can be con-
structed from the vP

(⇤)
P

(⇤) vertices for light vector me-
son v (v = ⇢, !). Following the previous papers [8–10],
we consider the interaction Lagrangian

LvHH = �i�tr
�
Hbv

µ(⇢µ)baH̄a

�

+ i�tr
�
Hb�

µ⌫(Fµ⌫(⇢))baH̄a

�
, (30)

by respecting the HQS. The vector meson field is defined
by ⇢µ = igV ⇢̂µ/

p
2 with ⇢̂µ,

⇢̂µ =

 
⇢
0

p
2
+ !

p
2

⇢
+

⇢
�

�
⇢
0

p
2
+ !

p
2

!

µ

, (31)

and gV ' 5.8 the universal vector-meson coupling. In
Eq. (30), the tensor field is given by Fµ⌫(⇢) = @µ⇢⌫ �

@⌫⇢µ+ [⇢µ, ⇢⌫ ]. The coupling constants are given by � =
0.9 and � = 0.56 by following Ref. [14]. For the vNN

vertex, we use the interaction Lagrangian

LvNN = g⇢NN

⇣
N̄�µ⌧ ·⇢

µ
N +

⇢

2mN

N̄�µ⌫⌧N ·@
⌫⇢µ

⌘

+ g!NN

⇣
N̄�µ!

µ
N +

!

2mN

N̄�µ⌫N@
⌫
!
µ

⌘
,

(32)

for ⇢µ = (⇢µ1 , ⇢
µ

2 , ⇢
µ

3 ) with ⇢
µ

±
= (⇢µ1 ⌥ i⇢

µ

2 )/
p
2 and ⇢µ0 =

⇢
µ

3 . The coupling constants are given by g
2
⇢NN

/4⇡ = 0.84,
g
2
!NN

/4⇡ = 20.0, ⇢ = 6.1, and ! = 0.0 [16] (see also
Ref. [17]).
From Eqs. (30) and (32), the one-boson exchange po-

tentials are obtained as

V
v

1/2� =

0

@
C

0
v

2
p
3Cv

p
6Tv

2
p
3Cv C

0
v
� 4Cv

p
2Tvp

6Tv

p
2Tv C

0
v
+ 2Cv + 2Tv

1

A , (33)

V
v

3/2� =

0

BB@

C
0
v

�
p
3Tv

p
3Tv 2

p
3Cv

�
p
3Tv C

0
v
+ 2Cv �2Tv �Tvp

3Tv �2Tv C
0
v
+ 2Cv Tv

2
p
3Cv �Tv Tv C

0
v
� 4Cv

1

CCA ,

(34)

with v = ⇢, ! for the 1/2� and 3/2� states in Eqs. (1)
and (2). The functions C 0

v
, Cv, and Tv are defined by

C
0

⇢
=

gV g⇢NN�

2
p
2m2

⇢

C(r;m⇢)⌧
H
·⌧N

, (35)

C⇢ =
gV g⇢NN�(1 + ⇢)

2
p
2mN

1

3
T (r;m⇢)⌧

H
·⌧N

, (36)

T⇢ =
gV g⇢NN�(1 + ⇢)

2
p
2mN

1

3
T (r;m⇢)⌧

H
·⌧N

, (37)

C
0

!
=

gV g!NN�

2
p
2m2

!

C(r;m!), (38)

C! =
gV g!NN�(1 + !)

2
p
2mN

1

3
C(r;m!), (39)

T! =
gV g!NN�(1 + !)

2
p
2mN

1

3
T (r;m!), (40)

with ⌧H and ⌧N being the abbreviations of ⌧H

�1↵1
and

⌧N

�2↵2
for the isospin Pauli operators acting on P

(⇤) and
N , respectively.

(S-wave, S-wave, D-wave)

𝜋, 𝜎, 𝜌, 𝜔𝑃/𝑃∗ 𝑁(1/ 2 factor included) 

including HQS singlet/doublet

← 3 channels



- 𝑃(∗)𝑁 state (𝐽9 = 1/25, 𝐼 = 0 or 1) Note: applicable to 𝐽! = 3/2" (HQS partner)

✔ Particle basis: 𝑷𝑵( 𝟐𝑺𝟏/𝟐), 𝑷∗𝑵( 𝟐𝑺𝟏/𝟐), 𝑷∗𝑵( 𝟒𝑫𝟏/𝟐)
✔ HQS basis: 6𝑄>?@/A[𝑞𝑁]B?C,@

3. !𝐷 meson and nucleon potential

- 𝑃 ∗ 𝑁(1/25) Hamiltonian
✔ Kinetic term
✔ 𝜋, 𝜎, 𝑣(= 𝜌, 𝜔) pot. term

✔ Tensor force (𝑇E, 𝑇F) induces strong mixing among 3 channels
✔ Model parameters

- 𝜋 pot. coupling (𝐷∗ → 𝐷𝜋)
- 𝑣 = 𝜌,𝜔 pot. couplings (universal couplings)

 - 𝜎 pot. coupling ~ 1/3 of 𝑁𝑁 (# of light quarks in 𝑃(∗) meson)
- Momentum cutoffs (size ratios of (𝐷 (𝐵) and 𝑁 from quark model)
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B. Total Hamiltonian

The total Hamiltonian for the P
(⇤)

N states is given
as a sum of the kinetic term and the ⇡, �, ⇢, and !

potentials as

HJP = KJP + V
⇡

JP + V
�I

JP + V
⇢

JP + V
!

JP . (41)

Here KJP is the diagonal matrix for the kinetic terms
given by

K1/2� = diag
�
K0,K

⇤

0 ,K
⇤

2

�
, (42)

K3/2� = diag
�
K0,K

⇤

0 ,K
⇤

2 ,K
⇤

2

�
, (43)

where each component is defined by

KL = �
1

2µ

✓
@
2

@r2
+

2

r

@

@r
�

L(L+ 1)

r2

◆
, (44)

K
⇤

L
= �

1

2µ⇤

✓
@
2

@r2
+

2

r

@

@r
�

L(L+ 1)

r2

◆
, (45)

for angular momenta L = 0 and L = 2. The re-
duced masses µ = mNmP /(mN + mP ) and µ

⇤ =
mNmP⇤/(mN +mP⇤) are defined with mP and mP⇤ be-
ing the masses of P and P

⇤ mesons, respectively.
Concerning the cuto↵ parameters in the potentials, for

example, we consider ⇤H in Eq. (18) to be expressed
by ⇤H = HN⇤N where HN is the ratio stemming
from inverse hadron-size. In Refs. [8–10], we obtained
D̄N = 1.35 for the D̄

(⇤)
N potential and BN = 1.29

for the B
(⇤)

N potential. The same ratios was adopted
for the ⇢ and ! exchange potentials, and can be applied
also for the � exchange potential. In the present study,
however, we regard HN as a free parameter in order to
investigate the dependence of the results on the choice
of HN within some range including D̄N = 1.35 and
BN = 1.29 as representative values. The value of ⇤N is
given by reproducing the phase shifts of the NN scatter-
ings and the binding energy of a deuteron, see Sec. A.

III. NUMERICAL RESULTS

We show the numerical results of the phase shifts for
D̄

(⇤)
N and B

(⇤)
N scatterings with I = 0 and I = 1 in

Fig. 1. In the case of D̄N , the I = 0 channel has a
bound state below the D̄N mass threshold as the phase
shift starts at � = ⇡ and it decreases to zero as the scat-
tering energy increases. We notice that the D̄

⇤
N com-

ponent feels repulsion due to the existence of the bound
state. The I = 1 channel has no bound state below the
D̄N mass threshold. However, it can have a quasi-bound
state near the D̄

⇤
N mass threshold as seen in the D̄

⇤
N

phase shifts starts at � = ⇡. In the bottom case, the
BN interaction in the I = 0 channel has a bound state
below the BN mass threshold, and the B

⇤
N component

feels repulsion due to this bound state. At first sight
the I = 1 channel seems to have no bound state, but the

TABLE I. Binding energies (B.E.) and mixing ratios of the
D̄(⇤)N and B(⇤)N states with I(JP ) quantum numbers. The
binding energies are measured from the mass thresholds of
D̄N or BN . No bound state exists for D̄N in I = 1.

D̄N B.E. [MeV] Mixing ratio [%]

0(1/2�) 1.38

D̄N(2S1/2) 96.1

D̄⇤N(2S1/2) 1.94

D̄⇤N(4D1/2) 1.93

BN B.E. [MeV] Mixing ratio [%]

0(1/2�) 29.7

BN(2S1/2) 76.4

B⇤N(2S1/2) 14.1

B⇤N(4D1/2) 9.46

1(1/2�) 66.0

BN(2S1/2) 38.5

B⇤N(2S1/2) 61.5

B⇤N(4D1/2) 1.82⇥ 10�2

B
⇤
N component has a deeply bound state under the BN

mass threshold.
In table I, we summarize the binding energies and the

mixing ratios of each internal component. The bound
D̄N state in I = 0 has the binding energy 1.38 MeV. The
internal component is almost dominated by D̄N(2S1/2)
with a small mixture of D̄⇤

N(2S1/2) and D̄
⇤
N(4D1/2).

Even when the D-wave component is a small amount,
it plays an important role to switch on the attraction
by the tensor interaction in the OPEP as emphasized in
our previous papers [8–10]. Also in the present model,
the nonnegligible amount of the D-wave component in-
dicates the importance of the OPEP. In the bottom case,
the BN states with I = 0 and I = 1 give deeply bound
states with the binding energies 29.7 MeV and 66.0 MeV,
respectively. In I = 0, the main component is provided
by BN(2S1/2) accompanying small amount of fractions
of B⇤

N(2S1/2) and B
⇤
N(4D1/2). The existence of the

D-wave component indicates again the importance of the
OPEP. In I = 1, in contrast, the bound state has a few
amount of fraction for the B⇤

N(4D1/2) component. This
suggests that the deeply bound BN state with I = 1 is
generated mainly not by the OPEP but by the � ex-
change potential. In the present model setting, in fact,
the � exchange potential provides a strong attraction in
the P (⇤)

N systems as the � exchange potential is strongly
attractive for the NN system with I = 1 in the CD-Bonn
potential. The scattering lengths in each state are sum-
marized in table II.
We investigate the parameter dependence of the at-

traction in P
(⇤)

N . In Fig. 2, we show the dependence
of the scattering lengths on the cuto↵-ratio parameters,
D̄N and BN . The values of these parameters have
some ambiguity in the present model setting. In the D̄N

case, we find that the attraction in I = 0 is provided for
D̄N

>
⇠ 1.1 which values are consistent with the one es-

timated by the ratio of the di↵erent hadron sizes of a D̄

4

V
P

⇤
N-PN

⇡
(r) = ⇡

⇣
T (r;m⇡)

�
3(✏(�

0
1)⇤ ·r̂)(� ·r̂)s02s2 � ✏(�

0
1)⇤ ·�s

0
2s2

�
+ C(r;m⇡)✏

(�0
1)⇤ ·�s

0
2s2

⌘
⌧H

�1↵1
·⌧N

�2↵2
, (11)

V
PN-P⇤

N

⇡
(r) = ⇡

⇣
T (r;m⇡)

�
3(✏(�1) ·r̂)(� ·r̂)s02s2 � ✏(�1) ·�s

0
2s2

�
+ C(r;m⇡)✏

(�1) ·�s
0
2s2

⌘
⌧H

�1↵1
·⌧N

�2↵2
, (12)

with the coe�cient

⇡ = +
1

3

1

2

g⇡NN

2mN

g⇡

f⇡
. (13)

We notice that the coe�cient 1/2 is necessary due to the
normalization factor of the wave functions as explained
in Sec. C in details. The functions C(r;m) and T (r;m)
are defined by

C(r;m) =
m

2

4⇡

1

r

⇥

✓
e
�mr +

⇤2
H
�m

2

⇤2
N
� ⇤2

H

e
�⇤Nr +

⇤2
N
�m

2

⇤2
H
� ⇤2

N

e
�⇤Hr

◆
,

(14)

T (r;m) = +
1

4⇡

⇥
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2

✓
1

r
+

3

mr2
+

3

m2r3

◆
e
�mr

+ ⇤2
N

✓
1

r
+

3

⇤Nr2
+

3

⇤2
N
r3

◆
⇤2
H
�m

2

⇤2
N
� ⇤2

H

e
�⇤Nr

+ ⇤2
H

✓
1

r
+

3

⇤Hr2
+

3

⇤2
H
r3

◆
⇤2
N
�m

2

⇤2
H
� ⇤2

N

e
�⇤Hr

!
,

(15)

with m = m⇡, respectively, as functions of an inter-
distance r = |r| for r being the relative coordinate vector
between P

(⇤) and N . The detailed information to derive
the potentials are presented in Sec. C. Notice that the
values of the cuto↵ parameters ⇤H and ⇤N are depen-
dent on the species of the exchanged light-meson, e.g. the
⇡ meson. Originally, C(r,m) and V (r,m) are defined by

C(r;m) =

Z
d
3q

(2⇡)3
m

2

q 2 +m2
e
iq·r

F (q;m) , (16)

SO(r̂)T (r;m) =

Z
d
3q

(2⇡)3
�q 2

q 2 +m2
SO(q̂)e

iq·r
F (q;m),

(17)

for the central and tensor parts, respectively, with q̂ =
q/|q|. The dipole-type form factor is given by

F (q;m) =
⇤2
H
�m

2

⇤2
H
+ |q|2

⇤2
N
�m

2

⇤2
N
+ |q|2

, (18)

where the cuto↵ parameters ⇤H and ⇤N would corre-
spond to the inverse of the spatial sizes of hadrons, e.g.,
at the ⇡P (⇤)

P
(⇤) and ⇡NN vertices for m = m⇡. See the

derivations in Sec. C for more details. In Eqs. (11) and
(12), we define the polarization vectors ✏ (�) (✏ (�)⇤) for

the incoming (outgoing) P ⇤ meson with the polarization
� = 0,±1. The explicit forms ✏ (�) can be represented by

✏ (±) =
1
p
2

�
⌥1,�i, 0

�
, ✏ (0) = (0, 0, 1), (19)

by choosing the positive direction in the z axis for the
helicity � = 0. As the spin-one operator for the P

⇤ me-
son in Eq. (10), we define T = (T1, T2, T3) by (Ti)�0� ⌘

�i"ijk✏
(�0)⇤
j

✏
(�)
k

(i, j, k = 1, 2, 3):

T1 =
1
p
2

0

@
0 1 0
1 0 1
0 1 0

1

A , T2 =
1
p
2

0

@
0 �i 0
i 0 �i

0 i 0

1

A ,

T3 =

0

@
1 0 0
0 0 0
0 0 �1

1

A , (20)

satisfying the commutation relation [Ti, Tj ] = i"ijkTk as
the generators of the spin symmetry. We define the ten-
sor operators S✏(r̂) and ST (r̂) by SO(r̂) = 3(O · r̂)(� ·

r̂)�O·� with r̂ = r/r for O = ✏ and T . Here � are the
Pauli matrices acting on the nucleon spin, and ⌧H

�1↵1
and

⌧N

�2↵2
with ↵i,�i = ±1/2 are the isospin Pauli operators

for P (⇤) (i = 1) and N (i = 2), respectively.

Using the basis of the J
P = 1/2� and 3/2� channels

in Eqs. (1) and (2), we represent the OPEPs (10), (11),
and (12) by the matrix forms,

V
⇡

1/2� =

0

@
0

p
3C⇡ �

p
6T⇡p

3C⇡ �2C⇡ �
p
2T⇡

�
p
6T⇡ �

p
2T⇡ C⇡ � 2T⇡

1

A , (21)

V
⇡

3/2� =

0

BB@

0
p
3T⇡ �

p
3T⇡

p
3C⇡p

3T⇡ C⇡ 2T⇡ T⇡

�
p
3T⇡ 2T⇡ C⇡ �T⇡p
3C⇡ T⇡ �T⇡ �2C⇡

1

CCA , (22)

where we define C⇡ = ⇡C(r;m⇡) and T⇡ = ⇡T (r;m⇡)
for short notations. In Eqs. (21) and (22), we confirm
that the mixing between PN and P

⇤
N are represented

by the o↵-diagonal parts including the tensor potentials.
These tensor potentials induce the strong mixing by dif-
ferent angular momenta, leading to the strong attractions
at short-range scales. Thus, the mixing of PN and P

⇤
N

is important to switch on the strong attraction. This is
analogous to the OPEP in the nucleon-nucleon interac-
tion.
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2. � potentials

We given the interaction Lagrangian for a � meson and
a P

(⇤) meson,

L�IHH = g�I
tr
�
H�IH̄

�
, (23)

where �I (I = 0 and I = 1) meson is introduced for
isospin-singlet and isospin-triplet channels for the PN -
P

⇤
N scatterings. Notice �I has an isospin-dependent

mass (mI), coupling constant (g�I
), and cuto↵ parameter

(⇤�I
). Using the �NN vertices given by

L�INN = �g�INN  ̄�I , (24)

we find that the � potentials for PN and P
⇤
N are ob-

tained by

V
PN-PN

�I
(r) = �

g�INNg�I

m2
�I

C(r;m�I
), (25)

V
P

⇤
N-P⇤

N

�I
(r) = �

g�INNg�I

m2
�I

C(r;m�I
). (26)

The values of m�I
and g�INN are referred to the CD-

Bonn potential, see Sec. A. Concerning the values of g�I
,

we choose one-third of g�INN by assuming that the cou-
pling of a � meson and a hadron h = P

(⇤), N is propor-
tional to the number of the light quarks in the hadron h:
one light-quark in P

(⇤) and three light-quarks in N . The
�-exchange potentials are expressed explicitly by

V
�I

1/2� =

0

@
C�I

0 0
0 C�I

0
0 0 C�I

1

A , (27)

V
�I

3/2� =

0

B@

C�I
0 0 0

0 C�I
0 0

0 0 C�I
0

0 0 0 C�I

1

CA , (28)

for the bases by Eqs. (1) and (2), where we define the
function

C�I
= �

g�INNg�I

m2
�I

C(r;m�I
), (29)

for short notations. Notice that the di↵erent cuto↵ pa-
rameters ⇤�I

are used for I = 0 and I = 1.

3. ⇢ and ! potentials

We consider the exchange of the vector mesons, ⇢ and
!, at shorter range. The ⇢ and ! potentials can be con-
structed from the vP

(⇤)
P

(⇤) vertices for light vector me-
son v (v = ⇢, !). Following the previous papers [8–10],
we consider the interaction Lagrangian

LvHH = �i�tr
�
Hbv

µ(⇢µ)baH̄a

�

+ i�tr
�
Hb�

µ⌫(Fµ⌫(⇢))baH̄a

�
, (30)

by respecting the HQS. The vector meson field is defined
by ⇢µ = igV ⇢̂µ/

p
2 with ⇢̂µ,

⇢̂µ =

 
⇢
0

p
2
+ !

p
2

⇢
+

⇢
�

�
⇢
0

p
2
+ !

p
2

!

µ

, (31)

and gV ' 5.8 the universal vector-meson coupling. In
Eq. (30), the tensor field is given by Fµ⌫(⇢) = @µ⇢⌫ �

@⌫⇢µ+ [⇢µ, ⇢⌫ ]. The coupling constants are given by � =
0.9 and � = 0.56 by following Ref. [14]. For the vNN

vertex, we use the interaction Lagrangian

LvNN = g⇢NN

⇣
N̄�µ⌧ ·⇢

µ
N +

⇢

2mN

N̄�µ⌫⌧N ·@
⌫⇢µ

⌘

+ g!NN

⇣
N̄�µ!

µ
N +

!

2mN

N̄�µ⌫N@
⌫
!
µ

⌘
,

(32)

for ⇢µ = (⇢µ1 , ⇢
µ

2 , ⇢
µ

3 ) with ⇢
µ

±
= (⇢µ1 ⌥ i⇢

µ

2 )/
p
2 and ⇢µ0 =

⇢
µ

3 . The coupling constants are given by g
2
⇢NN

/4⇡ = 0.84,
g
2
!NN

/4⇡ = 20.0, ⇢ = 6.1, and ! = 0.0 [16] (see also
Ref. [17]).
From Eqs. (30) and (32), the one-boson exchange po-

tentials are obtained as

V
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0

@
C

0
v

2
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p
6Tv

2
p
3Cv C

0
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� 4Cv
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A , (33)

V
v

3/2� =
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BB@
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�
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3Tv 2

p
3Cv

�
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3Tv C
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3Tv �2Tv C
0
v
+ 2Cv Tv

2
p
3Cv �Tv Tv C

0
v
� 4Cv

1

CCA ,

(34)

with v = ⇢, ! for the 1/2� and 3/2� states in Eqs. (1)
and (2). The functions C 0

v
, Cv, and Tv are defined by

C
0

⇢
=

gV g⇢NN�

2
p
2m2

⇢

C(r;m⇢)⌧
H
·⌧N

, (35)

C⇢ =
gV g⇢NN�(1 + ⇢)

2
p
2mN

1

3
T (r;m⇢)⌧

H
·⌧N

, (36)

T⇢ =
gV g⇢NN�(1 + ⇢)

2
p
2mN

1

3
T (r;m⇢)⌧

H
·⌧N

, (37)

C
0

!
=

gV g!NN�

2
p
2m2

!

C(r;m!), (38)

C! =
gV g!NN�(1 + !)

2
p
2mN

1

3
C(r;m!), (39)

T! =
gV g!NN�(1 + !)

2
p
2mN

1

3
T (r;m!), (40)

with ⌧H and ⌧N being the abbreviations of ⌧H

�1↵1
and

⌧N

�2↵2
for the isospin Pauli operators acting on P

(⇤) and
N , respectively.

6

B. Total Hamiltonian

The total Hamiltonian for the P
(⇤)

N states is given
as a sum of the kinetic term and the ⇡, �, ⇢, and !

potentials as

HJP = KJP + V
⇡

JP + V
�I

JP + V
⇢

JP + V
!

JP . (41)

Here KJP is the diagonal matrix for the kinetic terms
given by

K1/2� = diag
�
K0,K

⇤

0 ,K
⇤

2

�
, (42)

K3/2� = diag
�
K0,K

⇤

0 ,K
⇤

2 ,K
⇤

2

�
, (43)

where each component is defined by

KL = �
1

2µ

✓
@
2

@r2
+

2

r

@

@r
�

L(L+ 1)

r2

◆
, (44)

K
⇤

L
= �

1

2µ⇤

✓
@
2

@r2
+

2

r

@

@r
�

L(L+ 1)

r2

◆
, (45)

for angular momenta L = 0 and L = 2. The re-
duced masses µ = mNmP /(mN + mP ) and µ

⇤ =
mNmP⇤/(mN +mP⇤) are defined with mP and mP⇤ be-
ing the masses of P and P

⇤ mesons, respectively.
Concerning the cuto↵ parameters in the potentials, for

example, we consider ⇤H in Eq. (18) to be expressed
by ⇤H = HN⇤N where HN is the ratio stemming
from inverse hadron-size. In Refs. [8–10], we obtained
D̄N = 1.35 for the D̄

(⇤)
N potential and BN = 1.29

for the B
(⇤)

N potential. The same ratios was adopted
for the ⇢ and ! exchange potentials, and can be applied
also for the � exchange potential. In the present study,
however, we regard HN as a free parameter in order to
investigate the dependence of the results on the choice
of HN within some range including D̄N = 1.35 and
BN = 1.29 as representative values. The value of ⇤N is
given by reproducing the phase shifts of the NN scatter-
ings and the binding energy of a deuteron, see Sec. A.

III. NUMERICAL RESULTS

We show the numerical results of the phase shifts for
D̄

(⇤)
N and B

(⇤)
N scatterings with I = 0 and I = 1 in

Fig. 1. In the case of D̄N , the I = 0 channel has a
bound state below the D̄N mass threshold as the phase
shift starts at � = ⇡ and it decreases to zero as the scat-
tering energy increases. We notice that the D̄

⇤
N com-

ponent feels repulsion due to the existence of the bound
state. The I = 1 channel has no bound state below the
D̄N mass threshold. However, it can have a quasi-bound
state near the D̄

⇤
N mass threshold as seen in the D̄

⇤
N

phase shifts starts at � = ⇡. In the bottom case, the
BN interaction in the I = 0 channel has a bound state
below the BN mass threshold, and the B

⇤
N component

feels repulsion due to this bound state. At first sight
the I = 1 channel seems to have no bound state, but the

TABLE I. Binding energies (B.E.) and mixing ratios of the
D̄(⇤)N and B(⇤)N states with I(JP ) quantum numbers. The
binding energies are measured from the mass thresholds of
D̄N or BN . No bound state exists for D̄N in I = 1.

D̄N B.E. [MeV] Mixing ratio [%]

0(1/2�) 1.38

D̄N(2S1/2) 96.1

D̄⇤N(2S1/2) 1.94

D̄⇤N(4D1/2) 1.93

BN B.E. [MeV] Mixing ratio [%]

0(1/2�) 29.7

BN(2S1/2) 76.4

B⇤N(2S1/2) 14.1

B⇤N(4D1/2) 9.46

1(1/2�) 66.0

BN(2S1/2) 38.5

B⇤N(2S1/2) 61.5

B⇤N(4D1/2) 1.82⇥ 10�2

B
⇤
N component has a deeply bound state under the BN

mass threshold.
In table I, we summarize the binding energies and the

mixing ratios of each internal component. The bound
D̄N state in I = 0 has the binding energy 1.38 MeV. The
internal component is almost dominated by D̄N(2S1/2)
with a small mixture of D̄⇤

N(2S1/2) and D̄
⇤
N(4D1/2).

Even when the D-wave component is a small amount,
it plays an important role to switch on the attraction
by the tensor interaction in the OPEP as emphasized in
our previous papers [8–10]. Also in the present model,
the nonnegligible amount of the D-wave component in-
dicates the importance of the OPEP. In the bottom case,
the BN states with I = 0 and I = 1 give deeply bound
states with the binding energies 29.7 MeV and 66.0 MeV,
respectively. In I = 0, the main component is provided
by BN(2S1/2) accompanying small amount of fractions
of B⇤

N(2S1/2) and B
⇤
N(4D1/2). The existence of the

D-wave component indicates again the importance of the
OPEP. In I = 1, in contrast, the bound state has a few
amount of fraction for the B⇤

N(4D1/2) component. This
suggests that the deeply bound BN state with I = 1 is
generated mainly not by the OPEP but by the � ex-
change potential. In the present model setting, in fact,
the � exchange potential provides a strong attraction in
the P (⇤)

N systems as the � exchange potential is strongly
attractive for the NN system with I = 1 in the CD-Bonn
potential. The scattering lengths in each state are sum-
marized in table II.
We investigate the parameter dependence of the at-

traction in P
(⇤)

N . In Fig. 2, we show the dependence
of the scattering lengths on the cuto↵-ratio parameters,
D̄N and BN . The values of these parameters have
some ambiguity in the present model setting. In the D̄N

case, we find that the attraction in I = 0 is provided for
D̄N

>
⇠ 1.1 which values are consistent with the one es-

timated by the ratio of the di↵erent hadron sizes of a D̄

5

2. � potentials

We given the interaction Lagrangian for a � meson and
a P

(⇤) meson,

L�IHH = g�I
tr
�
H�IH̄

�
, (23)

where �I (I = 0 and I = 1) meson is introduced for
isospin-singlet and isospin-triplet channels for the PN -
P

⇤
N scatterings. Notice �I has an isospin-dependent

mass (mI), coupling constant (g�I
), and cuto↵ parameter

(⇤�I
). Using the �NN vertices given by

L�INN = �g�INN  ̄�I , (24)

we find that the � potentials for PN and P
⇤
N are ob-

tained by

V
PN-PN

�I
(r) = �

g�INNg�I

m2
�I

C(r;m�I
), (25)

V
P

⇤
N-P⇤

N

�I
(r) = �

g�INNg�I

m2
�I

C(r;m�I
). (26)

The values of m�I
and g�INN are referred to the CD-

Bonn potential, see Sec. A. Concerning the values of g�I
,

we choose one-third of g�INN by assuming that the cou-
pling of a � meson and a hadron h = P

(⇤), N is propor-
tional to the number of the light quarks in the hadron h:
one light-quark in P

(⇤) and three light-quarks in N . The
�-exchange potentials are expressed explicitly by

V
�I

1/2� =

0

@
C�I

0 0
0 C�I

0
0 0 C�I

1

A , (27)

V
�I

3/2� =

0

B@

C�I
0 0 0

0 C�I
0 0

0 0 C�I
0

0 0 0 C�I

1

CA , (28)

for the bases by Eqs. (1) and (2), where we define the
function

C�I
= �

g�INNg�I

m2
�I

C(r;m�I
), (29)

for short notations. Notice that the di↵erent cuto↵ pa-
rameters ⇤�I

are used for I = 0 and I = 1.

3. ⇢ and ! potentials

We consider the exchange of the vector mesons, ⇢ and
!, at shorter range. The ⇢ and ! potentials can be con-
structed from the vP

(⇤)
P

(⇤) vertices for light vector me-
son v (v = ⇢, !). Following the previous papers [8–10],
we consider the interaction Lagrangian

LvHH = �i�tr
�
Hbv

µ(⇢µ)baH̄a

�

+ i�tr
�
Hb�

µ⌫(Fµ⌫(⇢))baH̄a

�
, (30)

by respecting the HQS. The vector meson field is defined
by ⇢µ = igV ⇢̂µ/

p
2 with ⇢̂µ,

⇢̂µ =

 
⇢
0

p
2
+ !

p
2

⇢
+

⇢
�

�
⇢
0

p
2
+ !

p
2

!

µ

, (31)

and gV ' 5.8 the universal vector-meson coupling. In
Eq. (30), the tensor field is given by Fµ⌫(⇢) = @µ⇢⌫ �

@⌫⇢µ+ [⇢µ, ⇢⌫ ]. The coupling constants are given by � =
0.9 and � = 0.56 by following Ref. [14]. For the vNN

vertex, we use the interaction Lagrangian

LvNN = g⇢NN

⇣
N̄�µ⌧ ·⇢

µ
N +

⇢

2mN

N̄�µ⌫⌧N ·@
⌫⇢µ

⌘

+ g!NN

⇣
N̄�µ!

µ
N +

!

2mN

N̄�µ⌫N@
⌫
!
µ

⌘
,

(32)

for ⇢µ = (⇢µ1 , ⇢
µ

2 , ⇢
µ

3 ) with ⇢
µ

±
= (⇢µ1 ⌥ i⇢

µ

2 )/
p
2 and ⇢µ0 =

⇢
µ

3 . The coupling constants are given by g
2
⇢NN

/4⇡ = 0.84,
g
2
!NN

/4⇡ = 20.0, ⇢ = 6.1, and ! = 0.0 [16] (see also
Ref. [17]).
From Eqs. (30) and (32), the one-boson exchange po-

tentials are obtained as

V
v

1/2� =

0

@
C

0
v

2
p
3Cv

p
6Tv

2
p
3Cv C

0
v
� 4Cv

p
2Tvp

6Tv

p
2Tv C

0
v
+ 2Cv + 2Tv

1

A , (33)

V
v

3/2� =

0

BB@

C
0
v

�
p
3Tv

p
3Tv 2

p
3Cv

�
p
3Tv C

0
v
+ 2Cv �2Tv �Tvp

3Tv �2Tv C
0
v
+ 2Cv Tv

2
p
3Cv �Tv Tv C

0
v
� 4Cv

1

CCA ,

(34)

with v = ⇢, ! for the 1/2� and 3/2� states in Eqs. (1)
and (2). The functions C 0

v
, Cv, and Tv are defined by

C
0

⇢
=

gV g⇢NN�

2
p
2m2

⇢

C(r;m⇢)⌧
H
·⌧N

, (35)

C⇢ =
gV g⇢NN�(1 + ⇢)

2
p
2mN

1

3
T (r;m⇢)⌧

H
·⌧N

, (36)

T⇢ =
gV g⇢NN�(1 + ⇢)

2
p
2mN

1

3
T (r;m⇢)⌧

H
·⌧N

, (37)

C
0

!
=

gV g!NN�

2
p
2m2

!

C(r;m!), (38)

C! =
gV g!NN�(1 + !)

2
p
2mN

1

3
C(r;m!), (39)

T! =
gV g!NN�(1 + !)

2
p
2mN

1

3
T (r;m!), (40)

with ⌧H and ⌧N being the abbreviations of ⌧H

�1↵1
and

⌧N

�2↵2
for the isospin Pauli operators acting on P

(⇤) and
N , respectively.

(S-wave, S-wave, D-wave)

𝜋, 𝜎, 𝜌, 𝜔𝑃/𝑃∗ 𝑁

Cf. Yasui, Sudoh, Yamaguchi, Ohkoda, Hosaka, Hyodo, PLB727, 185 (2013); PRD91, 
034034 (2015)

(1/ 2 factor included) 

including HQS singlet/doublet

← 3 channels
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TABLE II. Binding energies (B.E.) and mixing ratios of the
D̄(⇤)N and B(⇤)N states with I(JP ) quantum numbers. The
binding energies are measured from the mass thresholds of
D̄N or BN .

D̄N B.E. [MeV] Mixing ratio [%]

0(1/2�) 1.38

D̄N(2S1/2) 96.1

D̄⇤N(2S1/2) 1.94

D̄⇤N(4D1/2) 1.93

1(1/2�) 5.99

D̄N(2S1/2): 88.9

D̄⇤N(2S1/2): 10.9

D̄⇤N(4D1/2): 0.11

BN B.E. [MeV] Mixing ratio [%]

0(1/2�) 29.7

BN(2S1/2) 76.4

B⇤N(2S1/2) 14.1

B⇤N(4D1/2) 9.46

1(1/2�) 66.0

BN(2S1/2) 38.5

B⇤N(2S1/2) 61.5

B⇤N(4D1/2) 1.82⇥ 10�2

stant as shown in Fig 3. Here we show (a) the binding
energies, (b) the scattering lengths for PN , and (c) the
scattering length for P

⇤
N , respectively, for D̄N(I = 0),

D̄N(I = 1), BN(I = 0), and BN(I = 1). For I = 0, the
binding energies and the scattering lengths are not sensi-
tive to g� value indicating that the sigma exchange force
is not dominant in I = 0; the pion exchange is the most
dominant. For I = 1, however, the results indicate the
sensitiveness to g�, i.e., that the sigma exchange force is
dominant rather than the other meson exchanges.

The existence of the D̄N and BN bound states in
I = 0 is consistent with the result in our previous
works [25–27]. However, we should note the di↵erence
between the present analysis and the previous one. In
the previous case, the ⇡ exchange potential was almost
dominant among the ⇡, ⇢, and ! exchanges. However, the
coupling strengths of the meson exchange potentials were
incorrectly overestimated by factor two due to the incor-
rect normalization of wave functions in Refs. [25–27]. In
the present analysis for I = 0, we have also found that
similar bound states exist by reconstructing the PN in-
teraction model newly including the � exchange. Again,
the ⇡ exchange potential plays the dominate role to pro-
duce the attraction. In contrast, the bound states in
I = 1 have been obtained in the PN states, where the
main attraction is provided by the � potential whose
strength in I = 1 is set to be larger than that in I = 0. .

IV. DISCUSSION

We discuss the internal spin structures of the bound
D̄N and BN states in a view of the HQS symme-

try. As already discussed in detail in Ref. [29], the
P

(⇤)
N state can be decomposed into product states of

the heavy antiquark Q̄ and the light quarks qqqq in
the heavy quark limit. The latter component is called
the light spin-complex, instead of the brown muck, be-
cause it makes a specific structure composed of q and
N which is denoted by [qN ]jP with total spin j and par-
ity P of the light quark components. These are a con-
served quantities due to the spin decoupling from the
heavy quark. The important property in the heavy quark
limit is that the ratio of the fractions of the amount of
PN(2S+1

LJ) and P
⇤
N(2S

0+1
L
0

J
) wavefunctions is deter-

mined uniquely. Here S
0 and L

0 can be di↵erent from S

and L, respectively, in general. As shown explicitly in
Ref. [29], we obtain the fractions

PN(2S1/2) : P
⇤
N(2S1/2) = 1 : 3, (48)

for jP = 0+ and

PN(2S1/2) : P
⇤
N(2S1/2) = 3 : 1, (49)

for j
P = 1+, which hold irrespectively of the choice of

the PN -P ⇤
N potential. Although these ratios are exact

only in the heavy quark limit, they provide us with a
guideline to understand the internal spin structures of
the obtained D̄N and BN bound states.

In table II, for example, we show that the mixing ra-
tios of BN(2S1/2) and B

⇤
N(2S1/2) in I = 0 are 76.4 %

and 14.4%, respectively, which are close to the ratio in
Eq. (48) rather than that in Eq. (49). Thus, it is sug-
gested that the BN bound state in I = 0 is dominated
by the light spin-complex with j

P = 1+. In contrast, the
mixing ratios BN(2S1/2) and B

⇤
N(2S1/2) in I = 1 are

38.5 % and 61.5 %, respectively, are close to the ratio in
Eq. (49) rather than that in Eq. (48). Thus, it is sug-
gested that the BN bound state in I = 1 includes the
light spin-complex with j

P = 0+ as a major component.
One may wonder that the ratios in bottom sector are

not the same as the ratios in Eqs. (48) and (49) in spite of
the su�cient heaviness of the bottom quark mass. This
would be simply due to the violation of the heavy quark
spin symmetry stemming from the di↵erence of the B

meson mass and the B⇤ meson mass, as noted in Ref. [29].
We should notice that the existence of the j

P = 0+

state is new because only the j
P = 1+ state was re-

ported for the ⇡, ⇢, and ! potentials in Ref. [29]. We
can understand this new result in terms of the fact that
the j

P = 0+ state is provided mainly by the � potential
because of the su�cient attraction in the �1 exchange
stemming from the characteristic property of the CD-
Bonn potential (see table IV in Appendix A).

V. CONCLUSION

We have discussed the D̄(⇤)
N and B

(⇤)
N bound states

in terms of the ⇡, �, ⇢, and ! meson-exchange potentials
by considering the heavy-quark spin symmetry and the

𝜋, 𝜎, 𝜌, 𝜔"𝐷/"𝐷∗ 𝑁

“shallow”

“deep”

𝐼 𝐽9 =

𝐼 𝐽9 =

Cf. Deuteron binding energy 2.2 MeV
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 ✔ bound states (𝐼 = 0, 1)

      - 𝐼 = 0: shallow bound state (consistent with previous works)
- 𝐼 = 1: deeply bound state (new!)
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- Note: 𝜎 pot. in 𝐼 = 1 is very strong
- Internal spin: “𝑗 = 1” for 𝐼 = 0 and “𝑗 = 0” for 𝐼 = 1
(approximate)
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TABLE II. Binding energies (B.E.) and mixing ratios of the
D̄(⇤)N and B(⇤)N states with I(JP ) quantum numbers. The
binding energies are measured from the mass thresholds of
D̄N or BN .

D̄N B.E. [MeV] Mixing ratio [%]

0(1/2�) 1.38

D̄N(2S1/2) 96.1

D̄⇤N(2S1/2) 1.94

D̄⇤N(4D1/2) 1.93

1(1/2�) 5.99

D̄N(2S1/2): 88.9

D̄⇤N(2S1/2): 10.9

D̄⇤N(4D1/2): 0.11

BN B.E. [MeV] Mixing ratio [%]

0(1/2�) 29.7

BN(2S1/2) 76.4

B⇤N(2S1/2) 14.1

B⇤N(4D1/2) 9.46

1(1/2�) 66.0

BN(2S1/2) 38.5

B⇤N(2S1/2) 61.5

B⇤N(4D1/2) 1.82⇥ 10�2

stant as shown in Fig 3. Here we show (a) the binding
energies, (b) the scattering lengths for PN , and (c) the
scattering length for P

⇤
N , respectively, for D̄N(I = 0),

D̄N(I = 1), BN(I = 0), and BN(I = 1). For I = 0, the
binding energies and the scattering lengths are not sensi-
tive to g� value indicating that the sigma exchange force
is not dominant in I = 0; the pion exchange is the most
dominant. For I = 1, however, the results indicate the
sensitiveness to g�, i.e., that the sigma exchange force is
dominant rather than the other meson exchanges.

The existence of the D̄N and BN bound states in
I = 0 is consistent with the result in our previous
works [25–27]. However, we should note the di↵erence
between the present analysis and the previous one. In
the previous case, the ⇡ exchange potential was almost
dominant among the ⇡, ⇢, and ! exchanges. However, the
coupling strengths of the meson exchange potentials were
incorrectly overestimated by factor two due to the incor-
rect normalization of wave functions in Refs. [25–27]. In
the present analysis for I = 0, we have also found that
similar bound states exist by reconstructing the PN in-
teraction model newly including the � exchange. Again,
the ⇡ exchange potential plays the dominate role to pro-
duce the attraction. In contrast, the bound states in
I = 1 have been obtained in the PN states, where the
main attraction is provided by the � potential whose
strength in I = 1 is set to be larger than that in I = 0. .

IV. DISCUSSION

We discuss the internal spin structures of the bound
D̄N and BN states in a view of the HQS symme-

try. As already discussed in detail in Ref. [29], the
P

(⇤)
N state can be decomposed into product states of

the heavy antiquark Q̄ and the light quarks qqqq in
the heavy quark limit. The latter component is called
the light spin-complex, instead of the brown muck, be-
cause it makes a specific structure composed of q and
N which is denoted by [qN ]jP with total spin j and par-
ity P of the light quark components. These are a con-
served quantities due to the spin decoupling from the
heavy quark. The important property in the heavy quark
limit is that the ratio of the fractions of the amount of
PN(2S+1

LJ) and P
⇤
N(2S

0+1
L
0

J
) wavefunctions is deter-

mined uniquely. Here S
0 and L

0 can be di↵erent from S

and L, respectively, in general. As shown explicitly in
Ref. [29], we obtain the fractions

PN(2S1/2) : P
⇤
N(2S1/2) = 1 : 3, (48)

for jP = 0+ and

PN(2S1/2) : P
⇤
N(2S1/2) = 3 : 1, (49)

for j
P = 1+, which hold irrespectively of the choice of

the PN -P ⇤
N potential. Although these ratios are exact

only in the heavy quark limit, they provide us with a
guideline to understand the internal spin structures of
the obtained D̄N and BN bound states.

In table II, for example, we show that the mixing ra-
tios of BN(2S1/2) and B

⇤
N(2S1/2) in I = 0 are 76.4 %

and 14.4%, respectively, which are close to the ratio in
Eq. (48) rather than that in Eq. (49). Thus, it is sug-
gested that the BN bound state in I = 0 is dominated
by the light spin-complex with j

P = 1+. In contrast, the
mixing ratios BN(2S1/2) and B

⇤
N(2S1/2) in I = 1 are

38.5 % and 61.5 %, respectively, are close to the ratio in
Eq. (49) rather than that in Eq. (48). Thus, it is sug-
gested that the BN bound state in I = 1 includes the
light spin-complex with j

P = 0+ as a major component.
One may wonder that the ratios in bottom sector are

not the same as the ratios in Eqs. (48) and (49) in spite of
the su�cient heaviness of the bottom quark mass. This
would be simply due to the violation of the heavy quark
spin symmetry stemming from the di↵erence of the B

meson mass and the B⇤ meson mass, as noted in Ref. [29].
We should notice that the existence of the j

P = 0+

state is new because only the j
P = 1+ state was re-

ported for the ⇡, ⇢, and ! potentials in Ref. [29]. We
can understand this new result in terms of the fact that
the j

P = 0+ state is provided mainly by the � potential
because of the su�cient attraction in the �1 exchange
stemming from the characteristic property of the CD-
Bonn potential (see table IV in Appendix A).

V. CONCLUSION

We have discussed the D̄(⇤)
N and B

(⇤)
N bound states

in terms of the ⇡, �, ⇢, and ! meson-exchange potentials
by considering the heavy-quark spin symmetry and the

𝜋, 𝜎, 𝜌, 𝜔"𝐷/"𝐷∗ 𝑁

“shallow”

“deep”

𝐼 𝐽9 =

𝐼 𝐽9 =

Cf. Deuteron binding energy 2.2 MeV
“𝒋 = 𝟏”

“𝒋 = 𝟎”

𝒋

𝑺

“brown muck”
(light component)

heavy quark
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TABLE III. S-wave scattering lengths (a) of the D̄(⇤)N and
B(⇤)N states. An attractive scattering length is given by the
negative sign (a < 0), and a repulsive scattering length and
the scattering length for a bound state are given by the posi-
tive sign (a > 0).

D̄N a [fm]

0(1/2�)
D̄N(2S1/2) 5.21

D̄⇤N(2S1/2) 0.868� i3.72⇥ 10�2

1(1/2�)
D̄N(2S1/2) 2.60

D̄⇤N(2S1/2) 0.944� i0.722

BN a [fm]

0(1/2�)
BN(2S1/2) 1.25

B⇤N(2S1/2) 1.03� i1.07⇥ 10�2

1(1/2�)
BN(2S1/2) 3.84⇥ 10�2

B⇤N(2S1/2) 0.263� i0.585

the new channels of exotic hadrons. Furthermore, the
many-body dynamics would be an interesting subject,
because the PN -P ⇤

N attraction suggests the formation
of heavy-flavored nuclei as many-body states having the
impurity particles in nuclei [16]. Few-body systems such
as D̄NN (BNN) [38] and D̄↵ (D̄He) (B↵ (BHe)) are
also interesting, which can be accessed through the rel-
ativistic heavy ion collisions in LHC and RHIC [39–41].
The nuclear structure of charm and bottom nuclei has
been studied theoretically for some possible exotic light
nuclei [42]. Experiments at J-PARC, GSI-FAIR, NICA,
and so on would also be interesting. In theoretical study,
the cross sections for producing such exotic nuclei have
been discussed [43]. As one of the advanced topics re-
lated to heavy-flavored nuclei, the isospin Kondo e↵ect
is interesting as it exhibits the “confinement” of isospin
charge [44–48]. Many subjects are awaiting to be dis-
cussed in the future.
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Appendix A: The NN potential

We construct the nuclear potential by considering the
⇡, �, ⇢, and ! exchanges. Their interaction Lagrangians

for the vertices with a nucleon are given by

L⇡NN = g⇡NN  ̄i�5⌧ · ⇡ , (A1)

L�INN = g�INN  ̄�I , (A2)

L⇢NN = g⇢NN  ̄�µ⌧ ·⇢
µ
 

+
f⇢NN

4mN

 ̄�µ⌫⌧ ·
�
@
µ⇢⌫

� @
⌫⇢µ

�
 , (A3)

L!NN = g!NN  ̄�µ!
µ
 , (A4)

with the appropriate coupling constants. We use di↵er-
ent � mesons: the �0 meson for the isosinglet (I = 0)NN

scatterings and the �1 meson for the isotriplet (I = 1)
NN scatterings. Their di↵erence appears not only in the
coupling constants but also in their masses. We some-
times omit the underscript I if unnecessary. From the
Lagrangians (A1)-(A4), we obtain the NN potentials:

V⇡(r) =

✓
g⇡NN

2mN

◆2 1

3

⇣
�1 ·�2C⇡(r) + S12(r̂)T⇡(r)

⌘
⌧ 1 ·⌧ 2

⌘

⇣
�1 ·�2C

NN

⇡
(r) + S12(r̂)T

NN

⇡
(r)
⌘
⌧ 1 ·⌧ 2,

(A5)

Vv(r) = g
2
vNN

✓
1

m2
v

+
1 + fvNN/gvNN

2m2
N

◆
Cv(r)

+ g
2
vNN

✓
1 + fvNN/gvNN

2mN

◆2

⇥
1

3

⇣
2�1 ·�2Cv(r)� S12(r̂)Tv(r)

⌘

⌘C
0NN

v
(r) + 2�1 ·�2C

NN

v
(r)� S12(r̂)T

NN

v
(r),
(A6)

V�I
(r) = �

✓
g�INN

2mN

◆2
 ✓

2mN

m�I

◆2

� 1

!
C�I

(r)

⌘ � C
NN

�I
(r), (A7)

with v = ⇢, !, where the functions C
NN

⇡
, TNN

⇡
, CNN

�I
,

C
0NN

v
, CNN

v
, and T

NN

v
are defined as above. More con-

cretely, the NN potentials are expressed by

V
NN
3S1

(r) = V̄
NN

⇡
(r) + V̄

NN

�0
(r) + V̄

NN

⇢
(r) + V̄

NN

!
(r),
(A8)

with

V̄
NN

⇡
(r) =

 
�3CNN

⇡
�6

p
2TNN

⇡

�6
p
2TNN
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�3CNN

⇡
+ 6TNN
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!
, (A9)
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NN

v
(r) =

 
C

0NN

v
+ 2CNN
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p
2TNN
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�2
p
2TNN
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C

0NN

v
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,

(A10)

V̄
NN

�0
=

 
�C

NN

�0
0

0 �C
NN

�0

!
, (A11)

𝜋, 𝜎, 𝜌, 𝜔"𝐷/"𝐷∗ 𝑁

III. NUMERICAL RESULTS

First let us show the phase shifts for D̄ð"ÞN and Bð"ÞN
scatterings with I ¼ 0 and I ¼ 1 in Fig. 1. In the case of D̄N,
the I ¼ 0 channel has a bound state below the D̄N mass
threshold as the phase shift starts at δ ¼ π and it decreases to
zero as the scattering energy increases [Fig. 1(a)]. We notice
that the D̄"N component feels repulsion due to the existence
of the shallow bound state. At first sight, if we look at the
phase shift of the D̄N component in the I ¼ 1 channel, then
we may notice that the interaction is repulsive and therefore
no bound state exists. However, if we turn our attention to the
phase shift of the D̄"Nð2S1=2Þ channel, it starts at δ ¼ π,
indicating the presence of a bound state [Fig. 1(b)]. As a
result, we find a bound state that is formed below the D̄N
threshold. In the bottom case, theBN interaction in the I ¼ 0
channel has a bound state below theBN mass threshold, and
the B"N component feels repulsion due to this bound state
[Fig. 1(c)]. For I ¼ 1, the B"Nð2S1=2Þ phase shift also starts
as δ ¼ π [Fig. 1(d)], as well as the D̄"Nð2S1=2Þ one,
indicating that there is a bound state driven by the B"N
component.
In Table II, we summarize the binding energies and the

mixing ratios of PN and P"N components. The bound D̄N

(a) (b)

(c) (d)

FIG. 1. The phase shifts of D̄N [(a) and (b)] and BN [(c) and (d)] as functions of the scattering energy. Panels (a) and (c) are for I ¼ 0,
and panels (b) and (d) are for I ¼ 1.

TABLE II. Binding energies (B.E.) and mixing ratios of the
D̄ð"ÞN andBð"ÞN states with IðJPÞ quantum numbers. The binding
energies are measured from the mass thresholds of D̄N or BN.

D̄N B.E. (MeV) Mixing ratio (%)

0ð1=2−Þ 1.38 D̄Nð2S1=2Þ 96.1
D̄"Nð2S1=2Þ 1.94
D̄"Nð4D1=2Þ 1.93

1ð1=2−Þ 5.99 D̄Nð2S1=2Þ 88.9
D̄"Nð2S1=2Þ 10.9
D̄"Nð4D1=2Þ 0.11

BN B.E. (MeV) Mixing ratio (%)

0ð1=2−Þ 29.7 BNð2S1=2Þ 76.4
B"Nð2S1=2Þ 14.1
B"Nð4D1=2Þ 9.46

1ð1=2−Þ 66.0 BNð2S1=2Þ 38.5
B"Nð2S1=2Þ 61.5
B"Nð4D1=2Þ 1.82 × 10−2
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4. 𝐵 meson and nucleon potential
- Applicable for 𝐵 meson and nucleon (more ideal in view of HQS)
- Results (𝐵 and 𝑁)
 ✔ Bound states (I=0, 1)

      - I=0: deeply bound state (consistent with previous works)
- I=1: more deeply bound state (new!)
- Both π and σ are important
- Note: σ pot. in I=1 is very strongly attractive
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TABLE II. Binding energies (B.E.) and mixing ratios of the
D̄(⇤)N and B(⇤)N states with I(JP ) quantum numbers. The
binding energies are measured from the mass thresholds of
D̄N or BN .

D̄N B.E. [MeV] Mixing ratio [%]

0(1/2�) 1.38

D̄N(2S1/2) 96.1

D̄⇤N(2S1/2) 1.94

D̄⇤N(4D1/2) 1.93

1(1/2�) 5.99

D̄N(2S1/2): 88.9

D̄⇤N(2S1/2): 10.9

D̄⇤N(4D1/2): 0.11

BN B.E. [MeV] Mixing ratio [%]

0(1/2�) 29.7

BN(2S1/2) 76.4

B⇤N(2S1/2) 14.1

B⇤N(4D1/2) 9.46

1(1/2�) 66.0

BN(2S1/2) 38.5

B⇤N(2S1/2) 61.5

B⇤N(4D1/2) 1.82⇥ 10�2

stant as shown in Fig 3. Here we show (a) the binding
energies, (b) the scattering lengths for PN , and (c) the
scattering length for P

⇤
N , respectively, for D̄N(I = 0),

D̄N(I = 1), BN(I = 0), and BN(I = 1). For I = 0, the
binding energies and the scattering lengths are not sensi-
tive to g� value indicating that the sigma exchange force
is not dominant in I = 0; the pion exchange is the most
dominant. For I = 1, however, the results indicate the
sensitiveness to g�, i.e., that the sigma exchange force is
dominant rather than the other meson exchanges.

The existence of the D̄N and BN bound states in
I = 0 is consistent with the result in our previous
works [25–27]. However, we should note the di↵erence
between the present analysis and the previous one. In
the previous case, the ⇡ exchange potential was almost
dominant among the ⇡, ⇢, and ! exchanges. However, the
coupling strengths of the meson exchange potentials were
incorrectly overestimated by factor two due to the incor-
rect normalization of wave functions in Refs. [25–27]. In
the present analysis for I = 0, we have also found that
similar bound states exist by reconstructing the PN in-
teraction model newly including the � exchange. Again,
the ⇡ exchange potential plays the dominate role to pro-
duce the attraction. In contrast, the bound states in
I = 1 have been obtained in the PN states, where the
main attraction is provided by the � potential whose
strength in I = 1 is set to be larger than that in I = 0. .

IV. DISCUSSION

We discuss the internal spin structures of the bound
D̄N and BN states in a view of the HQS symme-

try. As already discussed in detail in Ref. [29], the
P

(⇤)
N state can be decomposed into product states of

the heavy antiquark Q̄ and the light quarks qqqq in
the heavy quark limit. The latter component is called
the light spin-complex, instead of the brown muck, be-
cause it makes a specific structure composed of q and
N which is denoted by [qN ]jP with total spin j and par-
ity P of the light quark components. These are a con-
served quantities due to the spin decoupling from the
heavy quark. The important property in the heavy quark
limit is that the ratio of the fractions of the amount of
PN(2S+1

LJ) and P
⇤
N(2S

0+1
L
0

J
) wavefunctions is deter-

mined uniquely. Here S
0 and L

0 can be di↵erent from S

and L, respectively, in general. As shown explicitly in
Ref. [29], we obtain the fractions

PN(2S1/2) : P
⇤
N(2S1/2) = 1 : 3, (48)

for jP = 0+ and

PN(2S1/2) : P
⇤
N(2S1/2) = 3 : 1, (49)

for j
P = 1+, which hold irrespectively of the choice of

the PN -P ⇤
N potential. Although these ratios are exact

only in the heavy quark limit, they provide us with a
guideline to understand the internal spin structures of
the obtained D̄N and BN bound states.

In table II, for example, we show that the mixing ra-
tios of BN(2S1/2) and B

⇤
N(2S1/2) in I = 0 are 76.4 %

and 14.4%, respectively, which are close to the ratio in
Eq. (48) rather than that in Eq. (49). Thus, it is sug-
gested that the BN bound state in I = 0 is dominated
by the light spin-complex with j

P = 1+. In contrast, the
mixing ratios BN(2S1/2) and B

⇤
N(2S1/2) in I = 1 are

38.5 % and 61.5 %, respectively, are close to the ratio in
Eq. (49) rather than that in Eq. (48). Thus, it is sug-
gested that the BN bound state in I = 1 includes the
light spin-complex with j

P = 0+ as a major component.
One may wonder that the ratios in bottom sector are

not the same as the ratios in Eqs. (48) and (49) in spite of
the su�cient heaviness of the bottom quark mass. This
would be simply due to the violation of the heavy quark
spin symmetry stemming from the di↵erence of the B

meson mass and the B⇤ meson mass, as noted in Ref. [29].
We should notice that the existence of the j

P = 0+

state is new because only the j
P = 1+ state was re-

ported for the ⇡, ⇢, and ! potentials in Ref. [29]. We
can understand this new result in terms of the fact that
the j

P = 0+ state is provided mainly by the � potential
because of the su�cient attraction in the �1 exchange
stemming from the characteristic property of the CD-
Bonn potential (see table IV in Appendix A).

V. CONCLUSION

We have discussed the D̄(⇤)
N and B

(⇤)
N bound states

in terms of the ⇡, �, ⇢, and ! meson-exchange potentials
by considering the heavy-quark spin symmetry and the

𝜋, 𝜎, 𝜌, 𝜔𝐵/𝐵∗ 𝑁

“deep”

“very deep”

𝐼 𝐽9 =

𝐼 𝐽9 =

Cf. Deuteron binding energy 2.2 MeV



4. 𝐵 meson and nucleon potential
- Applicable for 𝐵 meson and nucleon (more ideal in view of HQS)
- Results (𝐵 and 𝑁)
 ✔ Bound states (I=0, 1)

      - 𝐼 = 0: deeply bound state (consistent with previous works)
- 𝐼 = 1: more deeply bound state (new!)
- Both 𝜋 and 𝜎 are important
- Note: 𝜎 pot. in 𝐼 = 1 is very strongly attractive
- Internal spin: “𝑗 = 1” for 𝐼 = 0 and “𝑗 = 0” for 𝐼 = 1
(approximate)
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TABLE II. Binding energies (B.E.) and mixing ratios of the
D̄(⇤)N and B(⇤)N states with I(JP ) quantum numbers. The
binding energies are measured from the mass thresholds of
D̄N or BN .

D̄N B.E. [MeV] Mixing ratio [%]

0(1/2�) 1.38

D̄N(2S1/2) 96.1

D̄⇤N(2S1/2) 1.94

D̄⇤N(4D1/2) 1.93

1(1/2�) 5.99

D̄N(2S1/2): 88.9

D̄⇤N(2S1/2): 10.9

D̄⇤N(4D1/2): 0.11

BN B.E. [MeV] Mixing ratio [%]

0(1/2�) 29.7

BN(2S1/2) 76.4

B⇤N(2S1/2) 14.1

B⇤N(4D1/2) 9.46

1(1/2�) 66.0

BN(2S1/2) 38.5

B⇤N(2S1/2) 61.5

B⇤N(4D1/2) 1.82⇥ 10�2

stant as shown in Fig 3. Here we show (a) the binding
energies, (b) the scattering lengths for PN , and (c) the
scattering length for P

⇤
N , respectively, for D̄N(I = 0),

D̄N(I = 1), BN(I = 0), and BN(I = 1). For I = 0, the
binding energies and the scattering lengths are not sensi-
tive to g� value indicating that the sigma exchange force
is not dominant in I = 0; the pion exchange is the most
dominant. For I = 1, however, the results indicate the
sensitiveness to g�, i.e., that the sigma exchange force is
dominant rather than the other meson exchanges.

The existence of the D̄N and BN bound states in
I = 0 is consistent with the result in our previous
works [25–27]. However, we should note the di↵erence
between the present analysis and the previous one. In
the previous case, the ⇡ exchange potential was almost
dominant among the ⇡, ⇢, and ! exchanges. However, the
coupling strengths of the meson exchange potentials were
incorrectly overestimated by factor two due to the incor-
rect normalization of wave functions in Refs. [25–27]. In
the present analysis for I = 0, we have also found that
similar bound states exist by reconstructing the PN in-
teraction model newly including the � exchange. Again,
the ⇡ exchange potential plays the dominate role to pro-
duce the attraction. In contrast, the bound states in
I = 1 have been obtained in the PN states, where the
main attraction is provided by the � potential whose
strength in I = 1 is set to be larger than that in I = 0. .

IV. DISCUSSION

We discuss the internal spin structures of the bound
D̄N and BN states in a view of the HQS symme-

try. As already discussed in detail in Ref. [29], the
P

(⇤)
N state can be decomposed into product states of

the heavy antiquark Q̄ and the light quarks qqqq in
the heavy quark limit. The latter component is called
the light spin-complex, instead of the brown muck, be-
cause it makes a specific structure composed of q and
N which is denoted by [qN ]jP with total spin j and par-
ity P of the light quark components. These are a con-
served quantities due to the spin decoupling from the
heavy quark. The important property in the heavy quark
limit is that the ratio of the fractions of the amount of
PN(2S+1

LJ) and P
⇤
N(2S

0+1
L
0

J
) wavefunctions is deter-

mined uniquely. Here S
0 and L

0 can be di↵erent from S

and L, respectively, in general. As shown explicitly in
Ref. [29], we obtain the fractions

PN(2S1/2) : P
⇤
N(2S1/2) = 1 : 3, (48)

for jP = 0+ and

PN(2S1/2) : P
⇤
N(2S1/2) = 3 : 1, (49)

for j
P = 1+, which hold irrespectively of the choice of

the PN -P ⇤
N potential. Although these ratios are exact

only in the heavy quark limit, they provide us with a
guideline to understand the internal spin structures of
the obtained D̄N and BN bound states.

In table II, for example, we show that the mixing ra-
tios of BN(2S1/2) and B

⇤
N(2S1/2) in I = 0 are 76.4 %

and 14.4%, respectively, which are close to the ratio in
Eq. (48) rather than that in Eq. (49). Thus, it is sug-
gested that the BN bound state in I = 0 is dominated
by the light spin-complex with j

P = 1+. In contrast, the
mixing ratios BN(2S1/2) and B

⇤
N(2S1/2) in I = 1 are

38.5 % and 61.5 %, respectively, are close to the ratio in
Eq. (49) rather than that in Eq. (48). Thus, it is sug-
gested that the BN bound state in I = 1 includes the
light spin-complex with j

P = 0+ as a major component.
One may wonder that the ratios in bottom sector are

not the same as the ratios in Eqs. (48) and (49) in spite of
the su�cient heaviness of the bottom quark mass. This
would be simply due to the violation of the heavy quark
spin symmetry stemming from the di↵erence of the B

meson mass and the B⇤ meson mass, as noted in Ref. [29].
We should notice that the existence of the j

P = 0+

state is new because only the j
P = 1+ state was re-

ported for the ⇡, ⇢, and ! potentials in Ref. [29]. We
can understand this new result in terms of the fact that
the j

P = 0+ state is provided mainly by the � potential
because of the su�cient attraction in the �1 exchange
stemming from the characteristic property of the CD-
Bonn potential (see table IV in Appendix A).

V. CONCLUSION

We have discussed the D̄(⇤)
N and B

(⇤)
N bound states

in terms of the ⇡, �, ⇢, and ! meson-exchange potentials
by considering the heavy-quark spin symmetry and the

𝜋, 𝜎, 𝜌, 𝜔𝐵/𝐵∗ 𝑁

“deep”

“very deep”
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✔ Phase shifts

 ✔ Scattering lengths

✔Why not to research 𝐵𝑁 correlation function from heavy-ion collisions?
- Very few theoretical works on 𝐵𝑁 interaction
- Should we explore 𝑩𝟎𝒑 (𝑰 = 𝟎 and 𝟏) channel?
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TABLE III. S-wave scattering lengths (a) of the D̄(⇤)N and
B(⇤)N states. An attractive scattering length is given by the
negative sign (a < 0), and a repulsive scattering length and
the scattering length for a bound state are given by the posi-
tive sign (a > 0).

D̄N a [fm]

0(1/2�)
D̄N(2S1/2) 5.21

D̄⇤N(2S1/2) 0.868� i3.72⇥ 10�2

1(1/2�)
D̄N(2S1/2) 2.60

D̄⇤N(2S1/2) 0.944� i0.722

BN a [fm]

0(1/2�)
BN(2S1/2) 1.25

B⇤N(2S1/2) 1.03� i1.07⇥ 10�2

1(1/2�)
BN(2S1/2) 3.84⇥ 10�2

B⇤N(2S1/2) 0.263� i0.585

the new channels of exotic hadrons. Furthermore, the
many-body dynamics would be an interesting subject,
because the PN -P ⇤

N attraction suggests the formation
of heavy-flavored nuclei as many-body states having the
impurity particles in nuclei [16]. Few-body systems such
as D̄NN (BNN) [38] and D̄↵ (D̄He) (B↵ (BHe)) are
also interesting, which can be accessed through the rel-
ativistic heavy ion collisions in LHC and RHIC [39–41].
The nuclear structure of charm and bottom nuclei has
been studied theoretically for some possible exotic light
nuclei [42]. Experiments at J-PARC, GSI-FAIR, NICA,
and so on would also be interesting. In theoretical study,
the cross sections for producing such exotic nuclei have
been discussed [43]. As one of the advanced topics re-
lated to heavy-flavored nuclei, the isospin Kondo e↵ect
is interesting as it exhibits the “confinement” of isospin
charge [44–48]. Many subjects are awaiting to be dis-
cussed in the future.
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Appendix A: The NN potential

We construct the nuclear potential by considering the
⇡, �, ⇢, and ! exchanges. Their interaction Lagrangians

for the vertices with a nucleon are given by

L⇡NN = g⇡NN  ̄i�5⌧ · ⇡ , (A1)

L�INN = g�INN  ̄�I , (A2)

L⇢NN = g⇢NN  ̄�µ⌧ ·⇢
µ
 

+
f⇢NN

4mN

 ̄�µ⌫⌧ ·
�
@
µ⇢⌫

� @
⌫⇢µ

�
 , (A3)

L!NN = g!NN  ̄�µ!
µ
 , (A4)

with the appropriate coupling constants. We use di↵er-
ent � mesons: the �0 meson for the isosinglet (I = 0)NN

scatterings and the �1 meson for the isotriplet (I = 1)
NN scatterings. Their di↵erence appears not only in the
coupling constants but also in their masses. We some-
times omit the underscript I if unnecessary. From the
Lagrangians (A1)-(A4), we obtain the NN potentials:
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with v = ⇢, !, where the functions C
NN

⇡
, TNN

⇡
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�I
,

C
0NN

v
, CNN

v
, and T

NN

v
are defined as above. More con-

cretely, the NN potentials are expressed by
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𝜋, 𝜎, 𝜌, 𝜔𝐵/𝐵∗ 𝑁

III. NUMERICAL RESULTS

First let us show the phase shifts for D̄ð"ÞN and Bð"ÞN
scatterings with I ¼ 0 and I ¼ 1 in Fig. 1. In the case of D̄N,
the I ¼ 0 channel has a bound state below the D̄N mass
threshold as the phase shift starts at δ ¼ π and it decreases to
zero as the scattering energy increases [Fig. 1(a)]. We notice
that the D̄"N component feels repulsion due to the existence
of the shallow bound state. At first sight, if we look at the
phase shift of the D̄N component in the I ¼ 1 channel, then
we may notice that the interaction is repulsive and therefore
no bound state exists. However, if we turn our attention to the
phase shift of the D̄"Nð2S1=2Þ channel, it starts at δ ¼ π,
indicating the presence of a bound state [Fig. 1(b)]. As a
result, we find a bound state that is formed below the D̄N
threshold. In the bottom case, theBN interaction in the I ¼ 0
channel has a bound state below theBN mass threshold, and
the B"N component feels repulsion due to this bound state
[Fig. 1(c)]. For I ¼ 1, the B"Nð2S1=2Þ phase shift also starts
as δ ¼ π [Fig. 1(d)], as well as the D̄"Nð2S1=2Þ one,
indicating that there is a bound state driven by the B"N
component.
In Table II, we summarize the binding energies and the

mixing ratios of PN and P"N components. The bound D̄N

(a) (b)

(c) (d)

FIG. 1. The phase shifts of D̄N [(a) and (b)] and BN [(c) and (d)] as functions of the scattering energy. Panels (a) and (c) are for I ¼ 0,
and panels (b) and (d) are for I ¼ 1.

TABLE II. Binding energies (B.E.) and mixing ratios of the
D̄ð"ÞN andBð"ÞN states with IðJPÞ quantum numbers. The binding
energies are measured from the mass thresholds of D̄N or BN.

D̄N B.E. (MeV) Mixing ratio (%)

0ð1=2−Þ 1.38 D̄Nð2S1=2Þ 96.1
D̄"Nð2S1=2Þ 1.94
D̄"Nð4D1=2Þ 1.93

1ð1=2−Þ 5.99 D̄Nð2S1=2Þ 88.9
D̄"Nð2S1=2Þ 10.9
D̄"Nð4D1=2Þ 0.11

BN B.E. (MeV) Mixing ratio (%)

0ð1=2−Þ 29.7 BNð2S1=2Þ 76.4
B"Nð2S1=2Þ 14.1
B"Nð4D1=2Þ 9.46

1ð1=2−Þ 66.0 BNð2S1=2Þ 38.5
B"Nð2S1=2Þ 61.5
B"Nð4D1=2Þ 1.82 × 10−2
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IV. DISCUSSION

We discuss the internal spin structures of the bound D̄N
and BN states in a view of the HQS symmetry. As already
discussed in detail in Ref. [29], the Pð"ÞN state can be
decomposed into product states of the heavy antiquark Q̄
and the light quarks qqqq in the heavy quark limit. The
latter component is called the light spin complex, instead of
the brown muck, because it makes a specific structure
composed of q and N which is denoted by ½qN%jP with total
spin j and parity P of the light quark components. These
are a conserved quantities due to the spin decoupling from

the heavy quark. The important property in the heavy quark
limit is that the ratio of the fractions of the amount of
PNð2Sþ1LJÞ and P"Nð2S0þ1L0

JÞ wave functions is deter-
mined uniquely. Here S0 and L0 can be different from S and
L, respectively, in general. As shown explicitly in Ref. [29],
we obtain the fractions

PNð2S1=2Þ∶ P"Nð2S1=2Þ ¼ 1∶3; ð48Þ

for jP ¼ 0þ and

(a) (b)

(c) (d)

FIG. 2. The scattering lengths of D̄N [(a) and (b)] and BN [(c) and (d)] as functions of the cutoff ratio κD̄N and κBN . Panels (a) and (c)
are for I ¼ 0, and panels (b) and (d) are for I ¼ 1.

(a) (b) (c)

FIG. 3. The dependence of (a) the binding energies [panel (a)] and scattering lengths of the PN and P"N states [panels (b) and (c)] on
the sigma coupling strengths. The scale parameter κσ is introduced as g0σ ¼ κσgσ , i.e., changing gσ to g0σ as a free coupling value.
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5. Discussions
- Model dependence
✔ Uncertainty in 𝜎 pot. couplings

- We assumed 𝑃(∗)𝑃(∗)𝜎 strength coupling is “1/3” of that in 𝑁𝑁𝜎
✔ The uncertainty from 𝜎 pot. couplings

- Dependence on binding energies

- Similar results for scattering lengths for 𝑃𝑁 and 𝑃∗𝑁
✔ 𝐼 = 0 is less dependent, but 𝐼 = 1 is more dependent

- 𝜎 is less important in 𝑰 = 𝟎, but more important in 𝑰 = 𝟏

𝜋, 𝝈, 𝜌, 𝜔𝑃/𝑃∗ 𝑁

→ stronger 𝝈 couplingweaker 𝝈 coupling ←

“1/3”

normalized ratio of 𝜎 coupling



5. Discussions
- Charm (bottom) nuclei?
✔ Can charm (bottom) nuclei exist as stable states?
✔What about (𝐷 mesons in nuclear medium? 

- Binding energies?

Cf. Hosaka, Hyodo, Sudoh, Yamaguchi, Yasui, Prog. Part. Nucl. Phys. 96, 88 (2017)CC10583 PRC July 4, 2017 13:24

SPECTRAL FUNCTIONS FOR D̄ AND D̄∗
0 . . . PHYSICAL REVIEW C 00, 005200 (2017)

TABLE I. List of the mass shifts of the D̄ meson in nuclear medium in previous works: quark meson coupling (QMC) model, QCD sum
rule, coupled channel analysis, and chiral effective model.

Analysis Ref. Mass shift of D̄ (MeV) Density ρ (fm−3)

QMC model [18] −62 0.15

QCD sum rule [19] −48 ± 8 0.17
[23] +45 (averaged mass shift of D and D̄) 0.15
[28] −46 ± 7 (averaged mass shift of D and D̄) 0.17
[30] −72 (averaged mass shift of D and D̄) 0.17
[31] +38 0.17

Coupled channel analysis [21] +18 0.17
[22] +(11–20) 0.16
[26] +35 0.17
[15] # −(20–27) 0.17

Chiral effective model [20] # −(30–180) 0.15
[25] −27.2 0.15
[16] −35.1 0.17
[37] +97 (parity doublet model), +120 (skyrmion crystal) 0.16

Our result +74 0.095

right is the Landau damping, which is the nuclear matter effect,631

and this peak grows as the density increases.632

Here, we compare our results and ones obtained in previous633

works. The resultant mass shifts of the D̄ meson are listed in634

Table. I. As we can see in this table, Refs. [23] and [31]635

provide increases of mass of the D̄ meson at density, as is636

the case with our result. These similar tendencies are obtained637

because a contribution of the mean field of the σ meson (σ ∗
0 )638

or chiral condensate (〈q̄q〉) is included, and the D̄ meson mass639

is affected by the decrease of σ0 (or 〈q̄q〉) at density as the640

chiral symmetry is restoring.641

Parameter dependence of our results is also studied. In642

obtaining Figs. 14 and 15, we have employed the value of643

cutoff # = 300 MeV, which is slightly higher than the scale644

of Fermi momentum. Cutoff dependence is also studied. When645

we choose # = 450 MeV, the resulting masses of D̄ and646

D̄∗
0 mesons are changed by 10 MeV at most. The cutoff647

dependence of our results is small. Furthermore, we also study648

the sigma term dependence of our results. When we take $πN649

to be 60 MeV [42], we find that the masses of D̄ mesons650

change by a few MeV.651

There are several problems which are not covered in the652

present study. We do not take into account the effects of the653

mean field of the ω meson in this study. This effect can let654

the mass of D̄ and D̄∗
0 increase by a hundred MeV at most655

at normal nuclear matter density, as studied in Ref. [37].656

The mass modifications to D̄ and D̄∗
0 mesons from the ω657

contribution are the same, however, so that mass difference658

between D̄∗
0 and D̄ mesons is not changed. Besides, we do not659

include any charmed baryons such as #̄cN loops. These loop660

corrections can be estimated as ∼ g2
#cDN

2mN m#̄c
ρB , where g#DN is661

the #̄cD̄N coupling. This correction can provide a few tens of662

MeV if g#cDN is estimated as g#cDN = 10, which is a natural663

choice of value of a hadron interaction. We need to include664

these corrections collectively, and we leave this work for a665

future publication.666

In obtaining the spectral function in Fig. 11, we have treated 667

the σ meson as a stable state, while the observed σ meson has 668

a width corresponding to the decay process of σ → ππ . When 669

we include this effect, we expect that the first peak found in 670

Fig. 11 gets slightly broadened. 671

We construct nuclear matter by the linear sigma model 672

in this study. As is known well, such matter leads to the 673

phase transition of chiral symmetry at lower than the normal 674

nuclear matter density [38]. The main purpose of the present 675

study is to investigate the qualitative tendency of changes of 676

masses and spectral functions for D̄ and D̄∗
0 mesons at low 677

density. We have used a formalism which fully respects the 678

chiral symmetry. The essential contribution to the spectral 679

function for the D̄∗
0 meson is the D̄π loop, and the linear sigma 680

model is one of the simplest chiral models which can provide 681

such interactions. Therefore, we have employed this model to 682

describe the nuclear matter at low density. In order to study the 683

changes of D̄ and D̄∗
0 mesons around the normal nuclear matter 684

density quantitatively, we should apply the present method to 685

more complex but realistic matter, such as that obtained in 686

Ref. [43]. 687

In the present analysis, we only consider the spectral 688

function for D̄ and D̄∗
0 mesons with (q = (0 for simplicity. In the 689

experiment, however, it is expected to be difficult to measure 690

the spectral functions in such a particular kinematic region. 691

Therefore we need to see them with nonzero momentum. We 8692

leave this work for a future publication. 693
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6. Summary
- (𝐷 (𝐵) meson and nucleon potential (chiral and HQS symmetries)

- We considered 𝜋, 𝜎, 𝜌, 𝜔 exchanges by reference to CD-Bonn pot.

- Bound states of (𝐷 meson and nucleon with 𝐼(𝐽9) = 0(1/25), 1(1/25)

- Deeply bound states of 𝐵 meson and nucleon with same 𝐼(𝐽9)

- Future studies: experiments (LHC, Belle, J-PARC, etc.) and theories
✔ Heavy ion collisions (LHC)
✔ Fixed target experiments (J-PARC)

 ✔ More states in the other 𝐼(𝐽9)?
✔ More states in bottom?
✔ Lattice QCD?
✔ 𝐷G5𝑁? (𝐷Λ? (from 𝑢, 𝑑 to 𝑢, 𝑑, 𝑠)
✔ Multi-baryons︓𝑃(∗)𝑁𝑁, 𝑃(∗)𝛼??
✔ (Anti-)charm, bottom nuclei???

Yamagata-Sekihara, Garcia-Recio, Nieves, Salcedo, Tolos, PLB754, 26 
(2016)

ExHIC: PRL106 212001 (2011); PRC84, 064910 (2011), PPNP95, 279 (2017)

Yamaguchi, Yasui, Hosaka, 
NPA927, 110 (2014)

Thanks!

Y. Yamaguchi
Nagoya U.

A. Hosaka
RCNP, Osaka U.

Y. Yamaguchi, S. Y., A. Hosaka, Phys. Rev. D106, 094001 (2022)

"More quarks (flavors) are different???”
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- Reference system: nucleon-nucleon (NN)
✔ Similarity between NN and qN
✔ π, σ, ρ, ω exchange
✔ σ is important to consider both I=0 and I=1 in NN

π,σ,ρ,ω

A. Nucleon-nucleon pot. (modified CD-Bonn)

N N



- Reference system: nucleon-nucleon (NN)
✔ Similarity between NN and qN
✔ π, σ, ρ, ω exchange
✔ σ is important to consider both I=0 and I=1 in NN

- CD-Bonn is a realistic NN potential
✔ Reproducing the fundamental properties of NN force
✔ Simple model: one-meson exchange (π, σ, ρ, ω, ...)
✔ However still complicated (because heavier mesons included)
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- Reference system: nucleon-nucleon (NN)
✔ Similarity between NN and qN
✔ π, σ, ρ, ω exchange
✔ σ is important to consider both I=0 and I=1 in NN

- CD-Bonn is a realistic NN potential
✔ Reproducing the fundamental properties of NN force
✔ Simple model: one-meson exchange (π, σ, ρ, ω, ...)
✔ However still complicated (because heavier mesons included)

- We consider the simpler version of CD-Bonn ("modified CD-Bonn")
✔We consider only mesons with lower masses
✔ Coupling constants as the same as in CD-Bonn
✔ Price to be paid: rescaling of the momentum cutoffs
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TABLE III. Parameters of the local NN potentials from
Ref. [16]. The meson masses are given as the isospin-averaged
values. �I is the � meson considered in the NN scatterings
with total isospin I = 0 and I = 1.

Mesons Masses [MeV] g2/4⇡ f/g

⇡ 138.04 13.6 —

⇢ 769.68 0.84 6.1

! 781.94 20 0.0

�0 350 0.51673 —

�1 452 3.96451 —

TABLE IV. The scale parameters I (I = 0 and I = 1)
and the observables in the NN scatterings. a and re are the
scattering length and the e↵ective range, respectively. Bd is
the binding energy of a deuteron in I = 0. The values with *
indicate the input values.

channel I (I = 0 and I = 1) a [fm] re [fm] Bd [MeV]
3S1 (I = 0) 0.8044226 5.296 1.562 2.225*
1S0 (I = 1) 0.7729982 23.740* 2.337 —

length in the 3
S1 (I = 0) channel is chosen instead of Bd.

As shown in the table, the obtained values of the scat-
tering lengths and the e↵ective ranges are well consistent
with those obtained from the original CD-Bonn potential,
a(3S1) = 5.419 ± 0.007 fm, re(3S1) = 1.753 ± 0.008 fm,
a(1S0) = �23.740 ± 0.020 fm, re(1S0) = 2.77 ± 0.05 fm,
and Bd = 2.225 MeV as shown in table IV, see Ref. [16]
for details.

Appendix B: Potential in a simple model

As an illustration of deriving a potential, we consider
a simple model where a potential is provided by the bo-

son exchange interaction (�) between two heavy particles
(�). We consider the Lagrangian

L[�,�] =
1

2

�
@µ�@

µ
��m

2
�
2
�
� g��†�

+ @µ�
†
@
µ��M

2�†�, (B1)

with the massesm andM for � and �, respectively. From
the equation of motion for �, (@2 +m

2)� = �g�†�, we
obtain the solution

�(x) = g

Z
d4y hx|

✓
�1

@2 +m2

◆

xy

|yi�†(y)�(y), (B2)

for given �(y). As a nonrelativistic limit, making the
approximation @

2 = @
2
0 � @2

⇡ �@2, we find that the
solution is expressed by

�(x) = g

Z
d3y hx|

✓
1

@2
�m2

◆

xy

|yi�†(y)�(y), (B3)

by dropping the temporal dependence in x
µ = (x0,x)

and y
µ = (y0,y). The states |xi and |yi also are changed

to |xi and |yi, respectively. Hereafter, we omit x0 and
y0 if not necessary to be specified.
From the Lagrangian (B1), we obtain the interac-

tion Hamiltonian Hint =

Z
d4xHint(x) with Hint(x) =

g�(x)�†(x)�(x). In the following discussion, we express
this term by Hint(x) = g�(x)�†(x)�(x) because the
temporal dependence is dropped in the nonrelativistic
approximation. The expectation value of Hint(x) leads
to the energy shift of the system:

�E ⌘ h1, 2|

Z
d3xHint(x)|1, 2i, (B4)

with |1, 2i = |1i⌦ |2i where |1i and |2i denote the heavy-
particle states at the position 1 and 2, respectively, at
the equal time. By using Eq. (B3), we rewrite �E in the
following form:

�E = g
2

Z
d3x

Z
d3y h1, 2|�†(x)�(x)hx|

Z
d3p

(2⇡)3
|pihp|

1

@2
�m2

Z
d3q

(2⇡)3
|qihq|yi�†(y)�(y)|1, 2i

=

Z
d3x

Z
d3y h1|�†(x)|0ih0|�(x)|1iṼ�(x,y)h2|�

†(y)|0ih0|�(y)|2i. (B5)

In the above transformations, we have used hx|pi = e
ip·x

for the plane wave, and defined the potential by

Ṽ�(x,y) ⌘ g
2

Z
d3p

(2⇡)3
�1

p2 +m2
e
�ip·(x�y)

, (B6)

between x and y. In the last equation, we have inserted

the vacuum state denoted by |0i normalized by h0|0i = 1.

Let us consider the scattering process p1 + p2 ! p0
1 +

p0
2 of two � particles, where the states |1i and |2i (h1|

and h2|) have the three-dimensional momenta p1 and p2
(p0

1 and p0
2), respectively. Here we need to evaluate the

wave functions, h0|�(x)|1i, h0|�(y)|2i, h1|�†(x)|0i, and

10

TABLE III. Parameters of the local NN potentials from
Ref. [16]. The meson masses are given as the isospin-averaged
values. �I is the � meson considered in the NN scatterings
with total isospin I = 0 and I = 1.

Mesons Masses [MeV] g2/4⇡ f/g

⇡ 138.04 13.6 —

⇢ 769.68 0.84 6.1

! 781.94 20 0.0

�0 350 0.51673 —

�1 452 3.96451 —

TABLE IV. The scale parameters I (I = 0 and I = 1)
and the observables in the NN scatterings. a and re are the
scattering length and the e↵ective range, respectively. Bd is
the binding energy of a deuteron in I = 0. The values with *
indicate the input values.

channel I (I = 0 and I = 1) a [fm] re [fm] Bd [MeV]
3S1 (I = 0) 0.8044226 5.296 1.562 2.225*
1S0 (I = 1) 0.7729982 23.740* 2.337 —

length in the 3
S1 (I = 0) channel is chosen instead of Bd.

As shown in the table, the obtained values of the scat-
tering lengths and the e↵ective ranges are well consistent
with those obtained from the original CD-Bonn potential,
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and y
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tion Hamiltonian Hint =

Z
d4xHint(x) with Hint(x) =

g�(x)�†(x)�(x). In the following discussion, we express
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between x and y. In the last equation, we have inserted
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TABLE II. S-wave scattering lengths (a) of the D̄(⇤)N and
B(⇤)N states. An attractive scattering length is given by the
negative sign (a < 0), and a repulsive scattering length and
the scattering length for a bound state are given by the posi-
tive sign (a > 0).

D̄N a [fm]

0(1/2�)
D̄N(2S1/2) 5.21

D̄⇤N(2S1/2) 0.868� i3.72⇥ 10�2

1(1/2�)
D̄N(2S1/2) 2.60

D̄⇤N(2S1/2) 0.944� i0.722

BN a [fm]

0(1/2�)
BN(2S1/2) 1.25

B⇤N(2S1/2) 1.03� i1.07⇥ 10�2

1(1/2�)
BN(2S1/2) 3.84⇥ 10�2

B⇤N(2S1/2) 0.263� i0.585

spite of the su�cient heaviness of the bottom quark mass.
This would be simply due to the violation of the heavy
quark spin symmetry stemming from the di↵erence of
the B meson mass and the B

⇤ meson mass, as noted
in Ref. [12]. We should notice that the existence of the
j
P = 0+ state is new because only the j

P = 1+ state
was reported for the ⇡, ⇢, and ! potentials in Ref. [12].
We can understand this new result in terms of that the
j
P = 0+ state is provided mainly by the � potential
because of the su�cient attraction in the �1 exchange
stemming from the characteristic property of the CD-
Bonn potential (see table III in Sec. A).

V. CONCLUSION

We have discussed the D̄(⇤)
N and B

(⇤)
N bound states

in terms of the ⇡, �, ⇢, and ! meson-exchange poten-
tials by considering the heavy-quark spin symmetry and
the chiral symmetry. By referring the CD-Bonn poten-
tial for the nuclear force, we have constructed the PN -
P

⇤
N potential with the � exchanges as new degrees of

freedom at middle-range interaction. We carefully have
calculated the potentials with appropriate factors stem-
ming from the normalization of the wave function which
were underestimated in our previous studies. As re-
sults, we have found the D̄N bound state and the BN

bound state state below the lowest mass threshold for
each in I(JP ) = 0(1/2�) channel. Their binding ener-
gies are close to the values which were obtained by our
previous works. With the present potential including �
exchange, interestingly, we have found that the � ex-
change as well as the ⇡ exchange still plays an important
role. We also have found the BN deeply bound state in
I(JP ) = 1(1/2�) as a new state which has not been dis-
cussed so far. It is expected that those states are relevant
to the D

�
p interaction researched in LHCb [2].

The attraction in PN -P ⇤
N systems would open a new

way to understand the inter-hadron interaction in heavy
flavors. It is important that these systems are made
of genuinely five-quark components due to the absence
of the annihilation channels. It may help us to under-
stand the new channels of exotic hadrons. Furthermore,
the many-body dynamics would be an interesting sub-
ject, because the PN -P ⇤

N attraction suggest the forma-
tion of heavy-flavored nuclei as many-body states hav-
ing the heavy hadrons as impurity particles [1]. The
nuclear structure of charm and bottom nuclei has been
studied theoretically for some possible exotic light nu-
clei [18]. Experiments at J-PARC, GSIR-FAIR, NICA,
and so on would also be interesting. In theoretical study,
the cross sections for producing charm nuclei have been
discussed [19]. As one of the advanced topics related to
heavy-flavored nuclei, the isospin Kondo e↵ect is interest-
ing as it exhibits the “confinement” of isospin charge [20–
24]. Many subjects are awaited to be discussed in future.
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for the vertices with a nucleon are given by
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with the appropriate coupling constants. We use di↵er-
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scatterings and the �1 meson in the isotriplet (I = 1)
NN scatterings. Their di↵erence appears not only in the
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ming from the normalization of the wave function which
were underestimated in our previous studies. As re-
sults, we have found the D̄N bound state and the BN

bound state state below the lowest mass threshold for
each in I(JP ) = 0(1/2�) channel. Their binding ener-
gies are close to the values which were obtained by our
previous works. With the present potential including �
exchange, interestingly, we have found that the � ex-
change as well as the ⇡ exchange still plays an important
role. We also have found the BN deeply bound state in
I(JP ) = 1(1/2�) as a new state which has not been dis-
cussed so far. It is expected that those states are relevant
to the D
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p interaction researched in LHCb [2].

The attraction in PN -P ⇤
N systems would open a new

way to understand the inter-hadron interaction in heavy
flavors. It is important that these systems are made
of genuinely five-quark components due to the absence
of the annihilation channels. It may help us to under-
stand the new channels of exotic hadrons. Furthermore,
the many-body dynamics would be an interesting sub-
ject, because the PN -P ⇤

N attraction suggest the forma-
tion of heavy-flavored nuclei as many-body states hav-
ing the heavy hadrons as impurity particles [1]. The
nuclear structure of charm and bottom nuclei has been
studied theoretically for some possible exotic light nu-
clei [18]. Experiments at J-PARC, GSIR-FAIR, NICA,
and so on would also be interesting. In theoretical study,
the cross sections for producing charm nuclei have been
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heavy-flavored nuclei, the isospin Kondo e↵ect is interest-
ing as it exhibits the “confinement” of isospin charge [20–
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with the appropriate coupling constants. We use di↵er-
ent � mesons: the �0 meson in the isosinglet (I = 0) NN

scatterings and the �1 meson in the isotriplet (I = 1)
NN scatterings. Their di↵erence appears not only in the
coupling constants but also in their masses. We some-
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spite of the su�cient heaviness of the bottom quark mass.
This would be simply due to the violation of the heavy
quark spin symmetry stemming from the di↵erence of
the B meson mass and the B

⇤ meson mass, as noted
in Ref. [12]. We should notice that the existence of the
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ming from the normalization of the wave function which
were underestimated in our previous studies. As re-
sults, we have found the D̄N bound state and the BN

bound state state below the lowest mass threshold for
each in I(JP ) = 0(1/2�) channel. Their binding ener-
gies are close to the values which were obtained by our
previous works. With the present potential including �
exchange, interestingly, we have found that the � ex-
change as well as the ⇡ exchange still plays an important
role. We also have found the BN deeply bound state in
I(JP ) = 1(1/2�) as a new state which has not been dis-
cussed so far. It is expected that those states are relevant
to the D
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p interaction researched in LHCb [2].

The attraction in PN -P ⇤
N systems would open a new

way to understand the inter-hadron interaction in heavy
flavors. It is important that these systems are made
of genuinely five-quark components due to the absence
of the annihilation channels. It may help us to under-
stand the new channels of exotic hadrons. Furthermore,
the many-body dynamics would be an interesting sub-
ject, because the PN -P ⇤

N attraction suggest the forma-
tion of heavy-flavored nuclei as many-body states hav-
ing the heavy hadrons as impurity particles [1]. The
nuclear structure of charm and bottom nuclei has been
studied theoretically for some possible exotic light nu-
clei [18]. Experiments at J-PARC, GSIR-FAIR, NICA,
and so on would also be interesting. In theoretical study,
the cross sections for producing charm nuclei have been
discussed [19]. As one of the advanced topics related to
heavy-flavored nuclei, the isospin Kondo e↵ect is interest-
ing as it exhibits the “confinement” of isospin charge [20–
24]. Many subjects are awaited to be discussed in future.
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The attraction in PN -P ⇤
N systems would open a new

way to understand the inter-hadron interaction in heavy
flavors. It is important that these systems are made
of genuinely five-quark components due to the absence
of the annihilation channels. It may help us to under-
stand the new channels of exotic hadrons. Furthermore,
the many-body dynamics would be an interesting sub-
ject, because the PN -P ⇤

N attraction suggest the forma-
tion of heavy-flavored nuclei as many-body states hav-
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D̄⇤N(2S1/2) 0.868� i3.72⇥ 10�2

1(1/2�)
D̄N(2S1/2) 2.60

D̄⇤N(2S1/2) 0.944� i0.722

BN a [fm]

0(1/2�)
BN(2S1/2) 1.25

B⇤N(2S1/2) 1.03� i1.07⇥ 10�2

1(1/2�)
BN(2S1/2) 3.84⇥ 10�2

B⇤N(2S1/2) 0.263� i0.585

spite of the su�cient heaviness of the bottom quark mass.
This would be simply due to the violation of the heavy
quark spin symmetry stemming from the di↵erence of
the B meson mass and the B

⇤ meson mass, as noted
in Ref. [12]. We should notice that the existence of the
j
P = 0+ state is new because only the j

P = 1+ state
was reported for the ⇡, ⇢, and ! potentials in Ref. [12].
We can understand this new result in terms of that the
j
P = 0+ state is provided mainly by the � potential
because of the su�cient attraction in the �1 exchange
stemming from the characteristic property of the CD-
Bonn potential (see table III in Sec. A).

V. CONCLUSION

We have discussed the D̄(⇤)
N and B

(⇤)
N bound states

in terms of the ⇡, �, ⇢, and ! meson-exchange poten-
tials by considering the heavy-quark spin symmetry and
the chiral symmetry. By referring the CD-Bonn poten-
tial for the nuclear force, we have constructed the PN -
P

⇤
N potential with the � exchanges as new degrees of

freedom at middle-range interaction. We carefully have
calculated the potentials with appropriate factors stem-
ming from the normalization of the wave function which
were underestimated in our previous studies. As re-
sults, we have found the D̄N bound state and the BN

bound state state below the lowest mass threshold for
each in I(JP ) = 0(1/2�) channel. Their binding ener-
gies are close to the values which were obtained by our
previous works. With the present potential including �
exchange, interestingly, we have found that the � ex-
change as well as the ⇡ exchange still plays an important
role. We also have found the BN deeply bound state in
I(JP ) = 1(1/2�) as a new state which has not been dis-
cussed so far. It is expected that those states are relevant
to the D

�
p interaction researched in LHCb [2].

The attraction in PN -P ⇤
N systems would open a new

way to understand the inter-hadron interaction in heavy
flavors. It is important that these systems are made
of genuinely five-quark components due to the absence
of the annihilation channels. It may help us to under-
stand the new channels of exotic hadrons. Furthermore,
the many-body dynamics would be an interesting sub-
ject, because the PN -P ⇤

N attraction suggest the forma-
tion of heavy-flavored nuclei as many-body states hav-
ing the heavy hadrons as impurity particles [1]. The
nuclear structure of charm and bottom nuclei has been
studied theoretically for some possible exotic light nu-
clei [18]. Experiments at J-PARC, GSIR-FAIR, NICA,
and so on would also be interesting. In theoretical study,
the cross sections for producing charm nuclei have been
discussed [19]. As one of the advanced topics related to
heavy-flavored nuclei, the isospin Kondo e↵ect is interest-
ing as it exhibits the “confinement” of isospin charge [20–
24]. Many subjects are awaited to be discussed in future.
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Appendix A: The NN potential

We construct the nuclear potential by considering the
⇡, �, ⇢, and ! exchanges. Their interaction Lagrangians
for the vertices with a nucleon are given by

L⇡NN = �g⇡ ̄i�5⌧ · ⇡ , (A1)

L�INN = �g�I
 ̄�I , (A2)

L⇢NN = �g⇢ ̄�µ⌧ ·⇢
µ
 �

f⇢

4mN

 ̄�µ⌫⌧ ·
�
@
µ⇢⌫

� @
⌫⇢µ

�
 ,

(A3)

L!NN = �g! ̄�µ!
µ
 , (A4)

with the appropriate coupling constants. We use di↵er-
ent � mesons: the �0 meson in the isosinglet (I = 0) NN

scatterings and the �1 meson in the isotriplet (I = 1)
NN scatterings. Their di↵erence appears not only in the
coupling constants but also in their masses. We some-
times omit the underscript I if unnecessary. Adopting
the Fourier transformation, we obtain the NN poten-
tials:

V⇡(r) =

✓
g⇡NN

2mN

◆2 1

3

⇣
�1 ·�2C⇡(r) + S12(r̂)T⇡(r)

⌘
⌧ 1 ·⌧ 2

⌘ �1 ·�2C
NN

⇡
(r) + S12(r̂)T

NN

⇡
(r), (A5)

Vv(r) = g
2
vNN

✓
1

m2
v

+
1 + fv/gvNN

2m2
N

◆
Cv(r)

+ g
2
vNN

✓
1 + fv/gvNN

2mN

◆2

⇥
1

3

⇣
2�1 ·�2Cv(r)� S12(r̂)Tv(r)

⌘

⌘ C
0NN

v
(r) + 2�1 ·�2C

NN

v
(r)� S12(r̂)T

NN

v
(r),
(A6)

9

FIG. 2. The scattering lengths of D̄N (top panels) and BN (bottom panels) as functions of the cuto↵ ratio D̄N and BN .
The left panels are for I = 0, and the right panels are for I = 1.

V�I
(r) = �

✓
g�I

2mN

◆2
 ✓

2mN

m�I

◆2

� 1

!
C�I

(r)

⌘ �C
NN

�I
(r), (A7)

with v = ⇢, !, where the functions C
NN

⇡
, TNN

⇡
, CNN

�I
,

C
0NN

v
, CNN

v
, and T

NN

v
are defined as above. More con-

cretely, the NN potentials are expressed by

V
NN
3S1

(r) = V̄
NN

⇡
(r) + V̄

NN

�0
(r) + V̄

NN

⇢
(r) + V̄

NN

!
(r),
(A8)

with

V̄
NN

⇡
(r) =

 
�3CNN

⇡
�6

p
2TNN

⇡

�6
p
2TNN

⇡
�3CNN

⇡
+ 6TNN

⇡

!
, (A9)

V̄
NN

v
(r) =

 
C

0NN

v
+ 2CNN

v
�2

p
2TNN

⇡

�2
p
2TNN

⇡
C

0NN

v
+ 2CNN

v
+ 2TNN

v

!
,

(A10)

V̄
NN

�0
=

 
�C

NN

�0
0

0 �C
NN

�0

!
, (A11)

in the 3
S1 channel, and

V
NN
1S0

(r) = V
NN

⇡
(r) + V

NN

�1
(r) + V

NN

⇢
(r) + V

NN

!
(r),
(A12)

with

V
NN

⇡
(r) = �3CNN

⇡
(r), (A13)

V
NN

v
(r) = C

0NN

v
(r)� 6CNN

v
, (A14)

V
NN

�1
= �C

NN

�1
, (A15)

in the 1
S0 channel. Notice that the tensor potentials

are switched on due to the spin-1 property in the I = 0
channel.

We choose the values of the coupling constants to be
the same values as those in the CD-Bonn potential [16]
as summarized in table III. We notice that the CD-Bonn
model includes the nonlocal potentials in the ⇡, �, ⇢,
and ! exchanges, and contact terms stemming from the
short-range part in the meson-exchange. In the present
study, however, we neglect the nonlocal potentials, the
contact terms and massive � mesons, and so on, because
we are interested only in the low-energy parts in the NN

scatterings.

In order to compensate the di↵erence from the CD-
Bonn potential, we rescale the momentum cuto↵ param-
eter by introducing I⇤m as the new cuto↵ parameter.
Here ⇤m (m = ⇡, �I , ⇢, !) is the original cuto↵ parame-
ter in the CD-Bonn potential, and I (I = 0 and I = 1)
is the scale parameter common to the ⇡, �, ⇢, and ! ex-
changes. Notice the values of I are dependent only on
the isospin channels I = 0 and I = 1. We use the val-
ues in proton-neutron channel in I = 1 in the CD-Bonn
potential, because the electric Coulomb force is not in-
cluded in our potential. We determine the values of I

to reproduce the binding energy of a deuteron Bd in the
3
S1 (I = 0) channel as well as the NN scattering length
in the 1

S0 (I = 1) channel. As the best fitting, we obtain
0 = 0.804 for I = 0 and 1 = 0.772 for I = 1. Roughly,
we consider that those values would represent the “e↵ec-
tive” cuto↵ parameters when the higher-energy dynam-
ics is renormalized at lower energy near thresholds. The
similar values are obtained also when the NN scattering

π, σ, ρ, ω

N N

N N

A. Nucleon-nucleon pot. (modified CD-Bonn)

modified 
CD-Bonn
(vertex)

π
σ, ρ, ω
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and background components. The signal component is described 
by the convolution of the detector resolution with a resonant shape, 
which is modelled by a relativistic P-wave two-body Breit–Wigner 
(BW) function modified by a Blatt–Weisskopf form factor with a 
meson radius parameter of 3.5 GeV−1. The use of a P-wave reso-
nance is motivated by the expected JP = 1+ quantum numbers for 
the 5+

DD

 state. A two-body decay structure 5+
DD

→ "# is assumed with 
N

"

= �N

%

�

 and N
#

= N

Ȏ

+, where N
Ȏ

+ stands for the known mass 
of the π+ meson. Several alternative prescriptions are used for the 
evaluation of the systematic uncertainties. Despite its simplicity, the 
model serves well to quantify the existence of the 5+

DD

 state and to 
measure its properties, such as the position and the width of the 
resonance. A follow-up study91 investigates the underlying nature 
of the 5+

DD

 state, expanding on the modelling of the signal shape and 
the determination of its physical properties. The detector resolution 
is modelled by the sum of two Gaussian functions with a common 
mean, where the additional parameters are taken from simulation 
(Methods) with corrections applied32,92,93. The root mean square of 
the resolution function is around 400 keV c−2. A study of the D0π+ 
mass distribution for D0D0π+ combinations in the region above the 
D*0D+ mass threshold but below 3.9 GeV c−2 shows that approxi-
mately 90% of all random D0D0π+ combinations contain a genuine 
D*+ meson. On the basis of this observation, the background com-
ponent is parameterized by the product of a two-body phase space 
function and a positive second-order polynomial. The resulting 
function is convolved with the detector resolution.

The fit results are shown in Fig. 1, and the parameters of interest, 
namely the signal yield, N, the mass parameter of the BW function rel-
ative to the D*+D0 mass threshold, ȂN

#8

≡ N

#8

− (N
%

∗+ +N

%

�), 
and the width parameter, ΓBW, are listed in Table 1. The statistical 
significance of the observed 5+

DD

%

�

%

�

Ȏ

+ signal is estimated using 
Wilks’ theorem to be 22 s.d. The fit suggests that the mass param-
eter of the BW shape is slightly below the D*+D0 mass threshold.  
The statistical significance of the hypothesis δmBW < 0 is estimated 
to be 4.3 s.d.

To validate the presence of the signal component, several addi-
tional cross-checks are performed. The data are categorized accord-
ing to data-taking periods, including the polarity of the LHCb 
dipole magnet and the charge of the 5+

DD

 candidates. Instead of 
statistically subtracting the non-D0 background, the mass of each 
D → K−π+ candidate is required to be within a narrow region around 
the known mass of the D0 meson38. The results are found to be con-
sistent among all samples and analysis techniques. Furthermore, 
dedicated studies are performed to ensure that the observed 
signal is not caused by kaon or pion misidentification, doubly 
Cabibbo-suppressed D0 → K+π− decays or %�

%

� oscillations, decays 
of charm hadrons originating from beauty hadrons or artefacts due 
to the track reconstruction creating duplicate tracks.

Systematic uncertainties for the δmBW and ΓBW parameters are 
summarized in Table 2 and described below. The largest systematic 
uncertainty is related to the fit model and is studied using pseudo-
experiments with alternative parameterizations of the D0D0π+ mass 
shape. Several variations in the fit model are considered: changes 
in the signal model due to the imperfect knowledge of the detector 
resolution, an uncertainty in the correction factor for the resolution 
taken from control channels, parameterization of the background 
component and the additional model parameters of the BW func-
tion. The model uncertainty related to the assumption of JP = 1+ 
quantum numbers of the state is estimated and listed separately. 
The results are affected by the overall detector momentum scale, 
which is known to a relative precision of δα = 3 × 10−4 (ref. 94). The 
corresponding uncertainty is estimated using simulated samples 
where the momentum scale is modified by factors of (�± ɳǿ). In 
the reconstruction, the momenta of charged tracks are corrected 
for energy loss in the detector material, the amount of which is 
known with a relative uncertainty of 10%. The resulting uncertainty 
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Fig. 1 | The distribution of the D0D0π+ mass. The distribution of the 
D0D0π+ mass after statistical subtraction of the contribution of the non-D0 
background, with the result of the fit with the two-component function 
described in the text. The horizontal bin width is indicated on the vertical 
axis legend. The inset shows a zoomed signal region with a fine binning 
scheme. Uncertainties on the data points are statistical only and represent 
one standard deviation, calculated as a sum in quadrature of the assigned 
weights from the background subtraction procedure.

Table 1 | Parameters obtained from the fit to the D0D0π+ mass 
spectrum: signal yield, N, BW mass relative to the D*+D0 
mass threshold, δmBW, and width, ΓBW. The uncertainties are 
statistical only

Parameter Value

N 117!±!16
δmBW −273!±!61!keV!c−2

ΓBW 410!±!165!keV

Table 2 | Systematic uncertainties for the δmBW and ΓBW 
parameters. The total uncertainty is calculated as the sum 
in quadrature of all components except for those related to 
the assignment of JP quantum numbers, which are handled 
separately

Source ȑ

ɳN

#8

(

LF7 D

−�

)

ȑΓ
#8

(LF7)

Fit model
Resolution model 2 7
Resolution correction factor 1 30
Background model 3 30
Model parameters <1 <1
Momentum scale 3 —
Energy loss corrections 1 —
D*+!−!D0 mass difference 2 —
Total 5 43

JP quantum numbers +��

−��

+��

−��
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Conventional, hadronic matter consists of baryons and 
mesons made of three quarks and a quark–antiquark pair, 
respectively1,2. Here, we report the observation of a hadronic 
state containing four quarks in the Large Hadron Collider 
beauty experiment. This so-called tetraquark contains two 
charm quarks, a V  and a E  quark. This exotic state has a mass 
of approximately 3,875!MeV and manifests as a narrow peak 
in the mass spectrum of D0D0π+ mesons just below the D*+D0 
mass threshold. The near-threshold mass together with the 
narrow width reveals the resonance nature of the state.

Quantum chromodynamics, the theory of the strong force, 
describes the interactions of coloured quarks and gluons and the 
formation of hadronic matter, that is, mesons and baryons. While 
quantum chromodynamics makes precise predictions at high ener-
gies, the theory has difficulties describing the interactions of quarks 
in hadrons from first principles due to the highly nonperturba-
tive regime at the corresponding energy scale. Hence, the field of 
hadron spectroscopy is driven by experimental discoveries that are 
sometimes unexpected, which could lead to changes in the research 
landscape. Along with conventional mesons and baryons, made of a 
quark–antiquark pair (R

�

R

�

) and three quarks (q1q2q3), respectively, 
particles with an alternative quark content, known as exotic states, 
have been actively discussed since the birth of the constituent quark 
model1–8. This discussion has been revived by recent observations 
of numerous tetraquark R

�

R

�

R

�

R

�

 and pentaquark R
�

R

�

R

�

R

�

R

�

 candi-
dates9–36. Due to the closeness of their masses to known particle-pair 
thresholds37,38, many of these states are likely to be hadronic mol-
ecules39–42 where colour-singlet hadrons are bound by residual 
nuclear forces similar to the electromagnetic van der Waals forces 
attracting electrically neutral atoms and molecules. An ordinary 
example of a hadronic molecule is the deuteron formed by a proton 
and a neutron. On the other hand, an interpretation of exotic states 
as compact multiquark structures is also possible43.

All exotic hadrons observed so far predominantly decay via 
the strong interaction, and their decay widths vary from a few to 
a few hundred MeV. A discovery of a long-lived exotic state, sta-
ble with respect to the strong interaction, would be intriguing.  
A hadron with two heavy quarks Q and two light antiquarks R , that 
is, 2

�

2

�

R

�

R

�

, is a prime candidate to form such a state44–49. In the 
limit of a large heavy-quark mass, the two heavy quarks Q1Q2 form 
a point-like, heavy, colour-antitriplet object that behaves similarly 
to an antiquark, and the corresponding state should be bound. It is 
expected that the b quark is heavy enough to sustain the existence 
of a stable CCVE  state with a binding energy of about 200 MeV with 
respect to the sum of the masses of the pseudoscalar, B− or #�, and 
vector, B*− or #∗�, beauty mesons, which defines the minimal mass 
for the strong decay to be allowed. In the case of the CDVE  and DDVE  
systems, there is currently no consensus regarding whether such 
states exist and are narrow enough to be detected experimentally. 

The similarity of the DDVE  tetraquark state and the ɞ++
DD

 baryon con-
taining two c quarks and a u quark leads to a relationship between 
the properties of the two states. In particular, the measured mass of 
the ɞ

++
DD

 baryon with quark content ccu50–52 implies that the mass 
of the DDVE  tetraquark is close to the sum of the masses of the D0 
and D*+ mesons with quark content of DV  and DE , respectively, as 
suggested in ref. 53. Theoretical predictions for the mass of the DDVE  
ground state with spin-parity quantum numbers JP = 1+ and isospin 
I = 0, denoted hereafter as 5+

DD

, relative to the D*+D0 mass threshold

ɳN ≡ N

5

+
DD

− (N
%

∗+ +N

%

�) 	�


lie in the range of −300 < δm < 300 MeV (refs. 53–84), where N
%

∗+ 
and N

%

� denote the known masses of the D*+ and D0 mesons38. 
Lattice quantum chromodynamics calculations also do not provide 
a definite conclusion on the existence of the 5+

DD

 state or its binding 
energy73,85–87. The observation of the Ξ++

DD

 baryon50,51 and of a new 
exotic resonance decaying to a pair of J/ψ mesons29 by the LHCb 
experiment motivates the search for the 5+

DD

 state.
In this Letter, the observation of a narrow state in the D0D0π+ 

mass spectrum near the D*+D0 mass threshold compatible with 
being a 5+

DD

 tetraquark state is reported. Throughout this Letter, 
charge conjugate decays are implied. The study is based on proton–
proton (pp) collision data collected by the LHCb detector at the 
Large Hadron Collider at the European Organization for Nuclear 
Research at centre-of-mass energies of 7, 8 and 13 TeV, correspond-
ing to integrated luminosity of 9 fb−1. The LHCb detector88,89 is a 
single-arm forward spectrometer covering the pseudorapidity range 
of 2 < η < 5, designed to study particles containing b or c quarks and 
is further described in Methods. The pseudorapidity η is defined 
as − MPH

(

UBO

Ȇ

�

)

, where θ is a polar angle of the track relative to the 
proton beam line.

The D0D0π+ final state is reconstructed by selecting events with 
two D0 mesons and a positively charged pion, all produced at the 
same pp interaction point. Both D0 mesons are reconstructed in the 
D0→K−π+ decay channel. The selection criteria are similar to those 
used in ref. 90. To subtract the background not originating from two 
D0 candidates, an extended, unbinned maximum-likelihood fit to 
the two-dimensional distribution of the masses of the two D0 can-
didates is performed. The corresponding procedure, together with 
the selection criteria, is described in detail in Methods. To improve 
the δm mass resolution and to make the determination insensitive 
to the precision of the D0 meson mass, the mass of the D0D0π+ com-
binations is calculated with the mass of each D0 meson constrained 
to the known value38. The resulting D0D0π+ mass distribution for 
selected D0D0π+ combinations is shown in Fig. 1. A narrow peak 
near the D*+D0 mass threshold is clearly visible.

An extended, unbinned, maximum-likelihood fit to the D0D0π+ 
mass distribution is performed using a model consisting of the signal 
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(four quark at least)!

Tcc: doubly charmed tetraquark

1. strong 𝑢𝑑 diquark attraction︖
2. 𝐷 𝑐$𝑢 𝐷∗(𝑐𝑑̅) molecule︖
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3. Are there other Tcc︖
4. Are there Tbb (double bottom)︖
etc.

Bound state below D*+D0 threshold
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is assessed by varying the energy loss correction by ±10%. As the 
mass of the D0D0π+ combinations is calculated with the mass of each 
D0 meson constrained to the known value of the D0 mass, the δmBW 
parameter is insensitive to the precision of the D0 mass. However, 
the small uncertainty of 2 keV c−2 for the D*+ − D0 mass difference38 
directly affects the δmBW value. The corresponding systematic 
uncertainty is added.

In summary, using the full dataset corresponding to an inte-
grated luminosity of 9 fb−1 collected by the LHCb experiment 
at centre-of-mass energies of 7, 8 and 13 TeV, a narrow peak is 
observed in the mass spectrum of D0D0π+ candidates produced 
promptly in pp collisions. The statistical significance of the peak is 
overwhelming. Using the BW parameterization, the location of the 
peak relative to the D*+D0 mass threshold, δmBW, and the width, ΓBW, 
are determined to be

ɳN

#8

= −���± ��± �

+��

−��

LF7 D

−�




Γ
#8

= ���± ���± ��

+��

−��

LF7


where the first uncertainty is statistical, the second is systematic and 
the third is related to the assignment of the JP quantum numbers. 
The measured δmBW value corresponds to a mass of approximately 
3,875 MeV. This is the narrowest exotic state observed to date37,38. 
The minimal quark content for this state is DDVE . Two heavy quarks 
of the same flavour make it manifestly exotic, that is, beyond the 
conventional pattern of hadron formation found in mesons and 
baryons. Moreover, the combination of the near-threshold mass, 
narrow decay width and its appearance in prompt hadroproduction 
demonstrates its genuine resonance nature. The measured mass 
and width are consistent with the expected values for a 5+

DD

 isoscalar 
tetraquark ground state with quantum numbers JP = 1+. The preci-
sion of the mass measurement with respect to the corresponding 
threshold is superior to those of all other exotic states, which will 
give better understanding of the nature of exotic states. A dedi-
cated study of the reaction amplitudes for the 5+

DD

→ %

�

%

�

Ȏ

+ and 
5

+
DD

→ %

�

%

+
Ȏ

�(ȁ) decays that uses the isospin symmetry for the 
5

+
DD

→ %

∗
% transition91 yields insights into the fundamental reso-

nance properties, such as the pole position, the scattering length 
and the effective range. The observation of this DDVE  tetraquark 
candidate close to the D*+D0 threshold provides strong support for 
the theoretical approaches and models that predict the existence of 
a CCVE  tetraquark that is stable with respect to the strong and elec-
tromagnetic interactions.
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B. Open problems in Tcc

Tbb
Doubly bottom tetraquark

There are also systematic errors due to the finite
lattice spacing and the NRQCD action. We expect these
errors to be of the same order as for the related b̄b̄ud
system with IðJPÞ ¼ 0ð1þÞ. We have discussed these
errors in detail in Sec. VII of our previous work [41] and
estimated them to be not larger than 10 MeV. Thus, our
final results for the b̄b̄us tetraquark binding energy and
mass are

ΔE0ðmπ;physÞ ¼ ð−86% 22% 10Þ MeV;

mb̄b̄us tetraquarkðmπ;physÞ ¼ ð10609% 22% 10Þ MeV; ð35Þ

where mb̄b̄us tetraquark is obtained by adding the experi-
mental results of the B and B&

s masses [83] to ΔE0.

2. b̄c̄ud with IðJPÞ= 0ð0+ Þ and IðJPÞ= 0ð1+ Þ
For both b̄c̄ud systems, the finite-volume ground-state

energies are compatible with the corresponding lowest
meson-meson thresholds. Thus, there is no indication that
strong-interaction-stable tetraquarks exist in these chan-
nels. However, because of the statistical uncertainties
of order 20 MeV…50 MeV (see Table VI), we cannot
exclude the existence of a shallow bound state with a
binding energy of only a few MeV below the respective
threshold.
Since we are not in a position to quantify finite-volume

corrections, which might be sizable in particular for states

close to the threshold, we also refrain from extrapolating
our lattice results to the physical pion mass. To summarize
our finite-volume results in a graphical way, we never-
theless plot them in Fig. 9 in the same style as their b̄b̄us
counterparts together with the relevant meson-meson
thresholds.

VI. CONCLUSIONS AND OUTLOOK

We investigated a b̄b̄us and two b̄c̄ud four-quark
systems using lattice QCD with dynamical domain-wall
u, d, and s quarks. The charm quarks were implemented
using an anisotropic clover action with parameters tuned to
remove heavy-quark discretization errors, while the b
quarks were discretized within the framework of
NRQCD. Our work improves upon existing similar studies
[39,40,48–50] by also including nonlocal (scattering)
interpolating operators.
In the b̄b̄us sector with quantum numbers JP ¼ 1þ,

we found clear evidence for a strong-interaction-stable
tetraquark. The binding energy with respect to the BB&

s
threshold is ð−86% 22% 10Þ MeV, which is consistent
with previous lattice-QCD results from Refs. [39,40]. In
Fig. 10 we summarize and compare these lattice-QCD
results with results obtained using different approaches,
e.g., quark models, phenomenological considerations, or
sum rules [13,18,24,26,28,30,43–47]. As discussed in
the Introduction, there are strong discrepancies, even on
a qualitative level, between these nonlattice results. Thus, it

FIG. 10. Comparison of results for the binding energy of the b̄b̄us tetraquark with JP ¼ 1þ [black: this work, using lattice QCD; blue:
previous works using lattice QCD [39,40]; green: other approaches (quark models, phenomenological considerations, sum rules)
[13,18,24,26,28,30,43–47] ].
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C. New state of matter
- Charm (bottom) nuclei︖
✔ Particle-antiparticle hybrid matter︖︖

HiggsTan.com

heavy
antiparticle

”impurity”

light
particle

”nucleus”



D. Light spin structure
- Heavy-quark spin structures (I=0)
✔ Light spin-complex [qN]j (HQ limit)

- j=0: PN(2S1/2):P*N(2S1/2) = 1:3
- j=1: PN(2S1/2):P*N(2S1/2) = 3:1 (←relatively similar to this)
✔ Calculated mxing ratios

- Anti-DN(2S1/2):anti-D*N(2S1/2) = 96:2
- BN(2S1/2):B*N(2S1/2) = 76:14
✔ Calculated P(*)N includes mostly the spin-complex [qN]j with j=1
✔ [qN]j=1 is analogue of a deuteron

- Duality between P(*)N and NN?

π,σ,ρ,ωP/P* N

[qN]j in P(*)N



D. Light spin structure
- Heavy-quark spin structures (I=0)
✔ Light spin-complex [qN]j (HQ limit)

- j=0: PN(2S1/2):P*N(2S1/2) = 1:3
- j=1: PN(2S1/2):P*N(2S1/2) = 3:1 (←relatively similar to this)
✔ Calculated mxing ratios

- Anti-DN(2S1/2):anti-D*N(2S1/2) = 96:2
- BN(2S1/2):B*N(2S1/2) = 76:14
✔ Calculated P(*)N includes mostly the spin-complex [qN]j with j=1
✔ [qN]j=1 is analogue of a deuteron

- Duality between P(*)N and NN?

- Heavy-quark spin structures (I=1)
✔ Calculated mxing ratios

- Anti-DN(2S1/2):anti-D*N(2S1/2) = 90:11 (→ j=1)
- BN(2S1/2):B*N(2S1/2) = 39:62 (→ j=0)
✔ The spin-complex [qN]j j=0 is favored in I=1 in HQ limit?

- This question should be related to the origin of σ potential

π,σ,ρ,ωP/P* N

[qN]j in P(*)N



E. Exotic hadrons
- Motivation to study exotic hadrons (multiquarks)
✔ Color confinement (Yang-Mills mass gap)
✔ Flavor multiplets (unconventional)
✔ Multi-baryons (ex. strange/charm nuclei)

Hadron physics in a nutshell

decrease with increasing distance. For distance scales of the
order of 1 m, αQED ≃ 1=137; at a distance scale of 0.002 fm,
comparable to the Compton wavelength of the Z0 weak vector
boson, αQED ≃ 1=128.
In QCD, the gluon-gluon interaction includes additional

vacuum polarization diagrams that have virtual gluon loops as
shown in Fig. 2(b). These gluon loops modify the QCD
coupling strength αs in a way that is opposite to that of its
QED counterpart: they cause αs to decrease at short distances
and increase at long distances (Gross and Wilczek, 1973;
Politzer, 1973) as illustrated in Fig. 3. The relatively small
value of the coupling strength at short distances, αs ¼
0.1185" 0.0006 at r≃ 0.002 fm, results in what is called
“asymptotic freedom” and facilitates the use of perturbation
expansions to make reliable (albeit difficult) first-principle
calculations for short-distance, high-momentum-transfer
processes such as those studied in the high-pT detectors at
CERN’s Large Hadron Collider (LHC). In contrast, for
distance scales of that approach r ∼ 1 fm, which are character-
istic of the sizes of hadrons, αs ∼Oð1Þ and perturbation
expansions do not converge. This increase in the coupling
strength for large quark separations is the source of “confine-
ment,” i.e., the reason that isolated colored particles, be they
quarks or gluons, are never seen. The only strongly interacting
particles that can exist in isolation are color-charge-neutral
(i.e., white) hadrons.

B. The QCD dilemma

InQCD, the component of the standardmodel (SM) of eleme-
ntary processes that deals with the strong interaction, the eleme-
ntary particles are the color-chargedquarks andgluons.However,
a consequence of confinement is that these particles are never
seen in experiments. Although the QCDLagrangian is expected,
in principle, to completely describe the spectrum of hadrons and
all of their properties, there is no rigorous first-principle trans-
lation of this into any useful mathematical expressions.
The quark and gluon composition of hadrons can be

hopelessly complex, as illustrated in the inset on the right
side of Fig. 3. For distance scales on the order of 1 fm, the
typical size of a hadron αs ∼ 1 and the pattern illustrated in the
figure is just one of an infinite number of possible quark-gluon
configurations that are subject only to the constraints that they

have appropriate quantum numbers and are color neutral. In
fact, while the traditional three quarks form baryons and
quark-antiquark pairs form mesons the prescription works
well for the meson octets and the baryon octet and decuplet
that were known at the time quarks were first introduced, it
fails in a number of other areas. Soon after the quark model
was proposed, it was realized that these simple rules failed to
provide a satisfactory explanation for the properties of the
lowest-mass scalar-meson octet (Jaffe, 1977a) and were
unable to provide a simple explanation for the positive parity
of the lowest-lying excitation of the proton, the JP ¼ 1=2þ

N&ð1440Þ (the “Roper resonance”) (Alvarez-Ruso, 2010) or
the mass of the lowest-lying excitation of the Λ hyperon, the
JP ¼ 1=2− Λð1405Þ (Close and Dalitz, 1980).
A fundamental process that can be computed with

perturbative QCD is quark-quark elastic scattering at high-
momentum transfer. This shows up in high-energy pp
collider experiments as events with two high transverse
momentum jets of hadrons that are nearly back to back in
azimuth. The theoretical description of this process is based
on calculations of the diagram shown in the inset on the left
side of Fig. 3. Here, in lieu of a beam or target of isolated
quarks, the beam and target particles are quarks contained
inside the colliding protons. The momentum distribution of
quarks inside the proton is governed by long-distance QCD
and approximated by universal parton distribution functions
that are taken from fits to data from hadron-collider mea-
surements at lower center of mass (c.m.) energies, deep-
inelastic lepton-proton scattering experiments, etc. The
fundamental QCD qq → qq process at the core of the
diagram has been computed up to Oðα3sÞ, but the properties
of the final-state quarks cannot be directly measured and,
instead, have to be inferred from the jets of hadrons that they
produce; for this, empirical “fragmentation functions” are
employed. Thus, even processes that are amenable to
perturbative QCD calculations involve significant long-
distance QCD effects in both the initial and final states.
This nearly total disconnect between the hadrons that we

observe in experiments and the quarks and gluons that appear

(a)

(b)

FIG. 2. (a) The lowest-order QED vacuum polarization diagram
for electron-electron scattering. (b) The lowest-order QCD
vacuum polarization diagrams for quark-quark scattering.

hadrons

hadrons

FIG. 3. The behavior of the QCD coupling strength αs as a
function of the inverse momentum transfer 1=Q or, equiva-
lently, the quark separation distance r. Descriptions of the data
points and the associated references are provided in Patrignani
et al. (2016).
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I. INTRODUCTION

The major breakthrough in our understanding of the spec-
trum of subatomic hadrons was the nearly simultaneous
realization by Gell-Mann (1964) and Zweig (1964) that hadrons
could be succinctly described as composites of fractionally
charged fermions with baryon number B ¼ 1=3, called
“quarks” by Gell-Mann and “aces” by Zweig. The original
quark model had three different flavored quarks: q ¼ uþ2=3,
d−1=3, and s−1=3 (now called the light flavors)1 and their
B ¼ −1=3 antiparticles q̄ ¼ ū−2=3, d̄þ1=3, and s̄þ1=3. The most
economical quark combinations for producing B ¼ 0 mesons
and B ¼ 1 baryons are qq̄ and qqq,2 respectively, and these
combinations reproduce the pseudoscalar and vector meson
octets and the spin-1=2 and spin-3=2 baryon octet and decuplet
that were known at that time. Nevertheless, both authors noted
in their original papers that more complex structures with
integer charges and B ¼ 0 or B ¼ 1 could exist, such as qqq̄ q̄
“tetraquark” mesons and qqqq̄q “pentaquark” baryons.
However, no candidates for these more complicated configu-
rations were known at the time.

A. Color charges, gluons, and QCD

The original quark model implied violations of the Pauli
exclusion principle. For example, the quark model identifies
the J ¼ 3=2 Ω− baryon as a state that contains three s quarks
that are all in a relative Swave and with parallel spins; i.e., the
three s quarks occupy the same quantum state, in violation of
Pauli’s principle. This inspired a suggestion by Greenberg
(1964) that quarks were not fermions but, instead,

“parafermions” of the order of 3, with an additional hidden
quantum number that made them distinct. In this picture, the
three s quarks in the Ω− have different values of this hidden
quantum number and are, therefore, nonidentical particles.
In the following year, Han and Nambu (1965) proposed

a model in which each of the quarks are SUð3Þ triplets in
flavor space (and with integer electric charges) with strong-
interaction “charges” that are a triplet in another SUð3Þ space.
They identified Greenberg’s hidden quantum numbers with
three different varieties of strong charges q → qi, i ¼ 1, 2, and
3, and associated the observable hadrons as singlets in the
space of this additional SUð3Þ symmetry group. This can be
done with three-quark combinations in which each quark
has a different strong charge (baryons ¼ ϵijkqiqjqk) or quark-
antiquark combinations, where the quark’s strong charge
and the antiquark’s strong anticharge are the same type
(mesons ¼ δijqiq̄

j). Because of the correspondence between
these prescriptions with the rules for human color perception,
where white can be produced either by triplets of three
primary colors or by color plus complementary-color pairs,
the strong-interaction charges were soon named “color”
charges: red, green, and blue, with anticharges that are the
corresponding complementary colors: cyan, magenta, and
yellow. The color neutral combinations that form baryons,
antibaryons, and mesons are illustrated in Fig. 1(a).
Measurements of the total cross section for eþe− →

hadrons were consistent with the existence of the 3 color
degrees of freedom (Litke et al., 1973). The generalization of
the Han-Nambu idea to a gauge theory with quarks of
fractional electric charge was done in 1973 (Bardeen,
Fritzsch, and Gell-Mann, 1972) and is called quantum
chromodynamics (QCD). This is now the generally accepted
theory for the strong interactions.

1. Asymptotic freedom and confinement

In QCD, the color force is mediated by eight massless
vector particles called gluons, which are the generalization of
the photon in quantum electrodynamics (QED). Unlike QED
in which the photons are electrically neutral and do not
interact with each other, the gluons of QCD have color charges
and, thus, interact with each other. Figure 1(b) shows a single
gluon exchange between two colored quarks. In QED, the
vacuum polarization diagram, shown in Fig. 2(a), results in a
modification of the QED coupling strength αQED that makes it

(a) (b)

FIG. 1. (a) The color makeup of baryons, antibaryons, and a
meson. (b) Single gluon exchange between two quarks. Gluons
have two color indices that can be viewed as two color charges
that propagate in opposite directions.

1The u and d quarks form an isospin doublet: u with I3 ¼ 1=2
and d with I3 ¼ −1=2. The s quark has a nonzero additive flavor
quantum number called strangeness; for historical reasons the s
quark has negative strangeness S ¼ −1 and the s̄ quark has positive
strangeness S ¼ þ1.

2For simplicity of notation, flavor indices are suppressed. In
combinations such as qqq and qq̄, it is implicitly assumed that each q
can have any one of the three light-quark flavors.
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I. INTRODUCTION

The major breakthrough in our understanding of the spec-
trum of subatomic hadrons was the nearly simultaneous
realization by Gell-Mann (1964) and Zweig (1964) that hadrons
could be succinctly described as composites of fractionally
charged fermions with baryon number B ¼ 1=3, called
“quarks” by Gell-Mann and “aces” by Zweig. The original
quark model had three different flavored quarks: q ¼ uþ2=3,
d−1=3, and s−1=3 (now called the light flavors)1 and their
B ¼ −1=3 antiparticles q̄ ¼ ū−2=3, d̄þ1=3, and s̄þ1=3. The most
economical quark combinations for producing B ¼ 0 mesons
and B ¼ 1 baryons are qq̄ and qqq,2 respectively, and these
combinations reproduce the pseudoscalar and vector meson
octets and the spin-1=2 and spin-3=2 baryon octet and decuplet
that were known at that time. Nevertheless, both authors noted
in their original papers that more complex structures with
integer charges and B ¼ 0 or B ¼ 1 could exist, such as qqq̄ q̄
“tetraquark” mesons and qqqq̄q “pentaquark” baryons.
However, no candidates for these more complicated configu-
rations were known at the time.

A. Color charges, gluons, and QCD

The original quark model implied violations of the Pauli
exclusion principle. For example, the quark model identifies
the J ¼ 3=2 Ω− baryon as a state that contains three s quarks
that are all in a relative Swave and with parallel spins; i.e., the
three s quarks occupy the same quantum state, in violation of
Pauli’s principle. This inspired a suggestion by Greenberg
(1964) that quarks were not fermions but, instead,

“parafermions” of the order of 3, with an additional hidden
quantum number that made them distinct. In this picture, the
three s quarks in the Ω− have different values of this hidden
quantum number and are, therefore, nonidentical particles.
In the following year, Han and Nambu (1965) proposed

a model in which each of the quarks are SUð3Þ triplets in
flavor space (and with integer electric charges) with strong-
interaction “charges” that are a triplet in another SUð3Þ space.
They identified Greenberg’s hidden quantum numbers with
three different varieties of strong charges q → qi, i ¼ 1, 2, and
3, and associated the observable hadrons as singlets in the
space of this additional SUð3Þ symmetry group. This can be
done with three-quark combinations in which each quark
has a different strong charge (baryons ¼ ϵijkqiqjqk) or quark-
antiquark combinations, where the quark’s strong charge
and the antiquark’s strong anticharge are the same type
(mesons ¼ δijqiq̄

j). Because of the correspondence between
these prescriptions with the rules for human color perception,
where white can be produced either by triplets of three
primary colors or by color plus complementary-color pairs,
the strong-interaction charges were soon named “color”
charges: red, green, and blue, with anticharges that are the
corresponding complementary colors: cyan, magenta, and
yellow. The color neutral combinations that form baryons,
antibaryons, and mesons are illustrated in Fig. 1(a).
Measurements of the total cross section for eþe− →

hadrons were consistent with the existence of the 3 color
degrees of freedom (Litke et al., 1973). The generalization of
the Han-Nambu idea to a gauge theory with quarks of
fractional electric charge was done in 1973 (Bardeen,
Fritzsch, and Gell-Mann, 1972) and is called quantum
chromodynamics (QCD). This is now the generally accepted
theory for the strong interactions.

1. Asymptotic freedom and confinement

In QCD, the color force is mediated by eight massless
vector particles called gluons, which are the generalization of
the photon in quantum electrodynamics (QED). Unlike QED
in which the photons are electrically neutral and do not
interact with each other, the gluons of QCD have color charges
and, thus, interact with each other. Figure 1(b) shows a single
gluon exchange between two colored quarks. In QED, the
vacuum polarization diagram, shown in Fig. 2(a), results in a
modification of the QED coupling strength αQED that makes it
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FIG. 1. (a) The color makeup of baryons, antibaryons, and a
meson. (b) Single gluon exchange between two quarks. Gluons
have two color indices that can be viewed as two color charges
that propagate in opposite directions.

1The u and d quarks form an isospin doublet: u with I3 ¼ 1=2
and d with I3 ¼ −1=2. The s quark has a nonzero additive flavor
quantum number called strangeness; for historical reasons the s
quark has negative strangeness S ¼ −1 and the s̄ quark has positive
strangeness S ¼ þ1.

2For simplicity of notation, flavor indices are suppressed. In
combinations such as qqq and qq̄, it is implicitly assumed that each q
can have any one of the three light-quark flavors.

Olsen, Skwarnicki, and Zieminska: Nonstandard heavy mesons and baryons: …

Rev. Mod. Phys., Vol. 90, No. 1, January–March 2018 015003-2

1. QCD (Quantum Chromodynamics) 2. Strong coupling at low energy

Z =

∫
Dψ̄DψDA ei

∫
LQCD[ψ̄,ψ,A]d4x (1)

LQCD[ψ̄,ψ, A] =
∑

f

ψ̄f (i∂/− gsAµ −mf )ψf −
1

4
FaµνF

aµν (2)

Faµν = ∂µAaν − ∂νAaµ − gsfabcAbµAcν (3)

1

3. Quarks (red, blue, green) 
are confined in hadrons, 
baryons (3 quark) and 
mesons (2 quark).

M. Gell-Mann
"Quarks"

HiggsTan.com



E. Exotic hadrons

TABLE I. Recently discovered nonstandard hadron candidates with hidden charm or beauty. The masses M and widths Γ are averages of
measurements with uncertainties added in quadrature, except for Xð4140Þ, Xð4274Þ [Zþð4200Þ], where Aaij et al. (2017a, 2017d) (Chilikin
et al., 2014) values are listed. See Sec. V.D (Sec. VI.A) for more detailed discussion. The errors on the average values include scale factors in
case of tensions between individual measurements (Patrignani et al., 2016). We do not quote a mass or width for the Yð4260Þ structure, since the
latest precision data revealed its double-peak composition (Ablikim et al., 2017c), with the main component listed under Yð4220Þ and its high-
mass shoulder under Yð4360Þ. The results from single-peak fits to the Yð4260Þ structure are not included when determining the Yð4220Þ
parameters. For Xð3872Þ, only πþπ−J=ψ decays are used in the mass average. Ellipses indicate an inclusive reaction. Question marks indicate
informed guesses at JPC values or no information. For charged states, C refers to the neutral isospin partner. See Table II for a continuation.

State M (MeV) Γ (MeV) JPC Process (decay mode) Experiment

Xð3872Þ 3871.69$ 0.17 < 1.2 1þþ B → KðJ=ψπþπ−Þ Belle (Choi et al., 2003, 2011), BABAR (Aubert et al.,
2005c),

LHCb (Aaij et al., 2013a, 2015d)
pp̄ → ðJ=ψπþπ−Þ þ % % % CDF (Acosta et al., 2004; Abulencia et al., 2006; Aaltonen

et al., 2009b),
D0 (Abazov et al., 2004)

B → KðJ=ψπþπ−π0Þ Belle (Abe et al., 2005), BABAR (del Amo Sanchez et al.,
2010a)

B → KðD0D̄0π0Þ Belle (Gokhroo et al., 2006; Aushev et al., 2010b),
BABAR (Aubert et al., 2008c)

B → KðJ=ψγÞ BABAR (del Amo Sanchez et al., 2010a), Belle (Bhardwaj
et al., 2011),

LHCb (Aaij et al., 2012a)
B → Kðψ 0γÞ BABAR (Aubert et al., 2009b), Belle (Bhardwaj et al., 2011),

LHCb (Aaij et al., 2014a)
pp → ðJ=ψπþπ−Þ þ % % % LHCb (Aaij et al., 2012a), CMS (Chatrchyan et al., 2013a),

ATLAS (Aaboud et al., 2017)
eþe− → γðJ=ψπþπ−Þ BESIII (Ablikim et al., 2014d)

Xð3915Þ 3918.4$ 1.9 20$ 5 0þþ B → KðJ=ψωÞ Belle (Choi et al., 2005),
BABAR (Aubert et al., 2008b; del Amo Sanchez et al.,

2010a)
eþe− → eþe−ðJ=ψωÞ Belle (Uehara et al., 2010), BABAR (Lees et al., 2012c)

Xð3940Þ 3942þ9
−8 37þ27

−17 0−þð?Þ eþe− → J=ψðD&D̄Þ Belle (Pakhlov et al., 2008)
eþe− → J=ψð% % %Þ Belle (Abe et al., 2007)

Xð4140Þ 4146:5þ6.4
−5.3 83þ27

−25 1þþ B → KðJ=ψϕÞ CDF (Aaltonen et al., 2009a), CMS (Chatrchyan et al.,
2014),

D0 (Abazov et al., 2014), LHCb (Aaij et al., 2017a, 2017d)
pp̄ → ðJ=ψϕÞ þ % % % D0 (Abazov et al., 2015)

Xð4160Þ 4156þ29
−25 139þ113

−65 0−þð?Þ eþe− → J=ψðD&D̄&Þ Belle (Pakhlov et al., 2008)
Yð4260Þ See Yð4220Þ entry 1−− eþe− → γðJ=ψπþπ−Þ BABAR (Aubert et al., 2005a; Lees et al., 2012b), CLEO (He

et al., 2006),
Belle (Yuan et al., 2007; Liu et al., 2013)

Yð4220Þ 4222$ 3 48$ 7 1−− eþe− → ðJ=ψπþπ−Þ BESIII (Ablikim et al., 2017c)
eþe− → ðhcπþπ−Þ BESIII (Ablikim et al., 2017a)
eþe− → ðχc0ωÞ BESIII (Ablikim et al., 2015g)
eþe− → ðJ=ψηÞ BESIII (Ablikim et al., 2015c)
eþe− → (γXð3872Þ) BESIII (Ablikim et al., 2014d)
eþe− → (π−Zþ

c ð3900Þ) BESIII (Ablikim et al., 2013a), Belle (Liu et al., 2013)
eþe− → (π−Zþ

c ð4020Þ) BESIII (Ablikim et al., 2013b)

Xð4274Þ 4273þ19
−9 56þ14

−16 1þþ B → KðJ=ψϕÞ CDF (Aaltonen et al., 2017), CMS (Chatrchyan et al., 2014),
LHCb (Aaij et al., 2017a, 2017d)

Xð4350Þ 4350:6þ4.6
−5.1 13:3þ18.4

−10.0 ð0=2Þþþ eþe− → eþe−ðJ=ψϕÞ Belle (Shen et al., 2010)
Yð4360Þ 4341$ 8 102$ 9 1−− eþe− → γðψ 0πþπ−Þ BABAR (Aubert et al., 2007; Lees et al., 2014),

Belle (Wang et al., 2007, 2015)
eþe− → ðJ=ψπþπ−Þ BESIII (Ablikim et al., 2017c)

Yð4390Þ 4392$ 6 140$ 16 1−− eþe− → ðhcπþπ−Þ BESIII (Ablikim et al., 2017a)
Xð4500Þ 4506þ16

−19 92þ30
−21 0þþ B → KðJ=ψϕÞ LHCb (Aaij et al., 2017a, 2017d)

Xð4700Þ 4704þ17
−26 120þ52

−45 0þþ B → KðJ=ψϕÞ LHCb (Aaij et al., 2017a, 2017d)
Yð4660Þ 4643$ 9 72$ 11 1−− eþe− → γðψ 0πþπ−Þ Belle (Wang et al., 2007, 2015),

BABAR (Aubert et al., 2007; Lees et al., 2014)
eþe− → γðΛþ

c Λ−
c Þ Belle (Pakhlova et al., 2008)
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Fig. 2. Four production processes in e+e− colliders. See the text for an explanation.
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Fig. 3. The distribution of mass difference between J/ψπ+π− and J/ψ in B±→ J/ψπ+π−K ± decays.
The peak at 0.59 GeV/c2 is due to the conventional charmonium, ψ(2S). The peak corresponding to the
X (3872) is indicated by a vertical arrow [10].

Immediately after this narrow state was reported, a lot of discussions arose which attempted to
give a proper interpretation. What experimentalists should do to reveal X (3872)’s nature would be to
determine its quantum number J PC . The X (3872)→ J/ψγ mode is established by both Belle [29]
and BaBar [30] measurements. The Belle result is shown in Fig. 4, and thus it is confirmed that the
charge conjugation of X (3872) is C = +1.

It is also possible to determine the spin and parity by the angular distribution of decay products of
X (3872). The studies for the J/ψπ+π− mode by CDF [31] and Belle [32] using three decay angu-
lar variables, as well as the 3π invariant mass spectrum in the J/ψπ+π−π0 mode by BaBar [33],
give a constraint on J PC to be either 1++ or 2−+, but do not reach a definitive determination. A
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E. Exotic hadrons

include charge-conjugate reactions. For example, a measure-
ment of a πDD̄! system will use a combined set of πþDD̄!,
πþD!D̄, π−DD̄!, and π−D!D̄ events. In this review for

simplicity and readability we abbreviate this to πþDD̄! with
the implicit assumption that charge-conjugate combinations
are included. For similar reasons, when we discuss meson-
antimeson moleculelike possibilities, we abbreviate combi-
nations such as ðDD̄! $ D̄D!Þ=

ffiffiffi
2

p
to simply DD̄!.

II. MODELS FOR NONSTANDARD HADRONS

In the absence of any rigorous analytical method for making
first-principle calculations of the spectrum of nonstandard
hadrons, simplified models that are motivated by the color
structure and other general features of QCD have been
developed. The current best hope for a rigorous, first-principle
treatment for some of the issues here is lattice QCD, which is
discussed later in this section.
The color structure of QCD suggests the existence of three

types of nonstandard hadronic particles. These include multi-
quark hadrons (tetraquark mesons and pentaquark baryons)
formed from tightly bound colored diquarks, hybrid mesons
and baryons comprised of color-singlet combinations of
quarks and one or more “valence” gluons, and glueball
mesons that are comprised only of gluons (with no quarks).
Other possible forms of multiquark states are meson-meson
and/or meson-baryon moleculelike systems that are bound (or
nearly bound) via Yukawa-like nuclear forces and bound
states comprised of quarkonium cores surrounded by clouds
of light quarks and gluons.

TABLE II. See the caption of Table I.

State M (MeV) Γ (MeV) JPC Process (decay mode) Experiment

Zþ;0
c ð3900Þ 3886.6$ 2.4 28.1$ 2.6 1þ− eþe− → π−;0ðJ=ψπþ;0Þ BESIII (Ablikim et al., 2013a, 2015f),

Belle (Liu et al., 2013)
eþe− → π−;0ðDD̄!Þþ;0 BESIII (Ablikim et al., 2014b, 2015e)

Zþ;0
c ð4020Þ 4024.1$ 1.9 13$ 5 1þ−ð?Þ eþe− → π−;0ðhcπþ;0Þ BESIII (Ablikim et al., 2013b, 2014c)

eþe− → π−;0ðD!D̄!Þþ;0 BESIII (Ablikim et al., 2014a, 2015d)

Zþð4050Þ 4051þ24
−43 82þ51

−55 ??þ B → Kðχc1πþÞ Belle (Mizuk et al., 2008), BABAR (Lees et al.,
2012a)

Zþð4200Þ 4196þ35
−32 370þ99

−149 1þ B → KðJ=ψπþÞ Belle (Chilikin et al., 2014)
B → Kðψ 0πþÞ LHCb (Aaij et al., 2014b)

Zþð4250Þ 4248þ185
−45 177þ321

−72 ??þ B → Kðχc1πþÞ Belle (Mizuk et al., 2008), BABAR (Lees et al.,
2012a)

Zþð4430Þ 4477$ 20 181$ 31 1þ B → Kðψ 0πþÞ Belle (Choi et al., 2008; Mizuk et al., 2009),
Belle (Chilikin et al., 2013), LHCb (Aaij et al.,

2014b, 2015b)
B → KðJψπþÞ Belle (Chilikin et al., 2014)

Pþ
c ð4380Þ 4380$ 30 205$ 88 ð32 =

5
2Þ

∓ Λ0
b → KðJ=ψpÞ LHCb (Aaij et al., 2015c)

Pþ
c ð4450Þ 4450$ 3 39$ 20 ð52 =

3
2Þ

$ Λ0
b → KðJ=ψpÞ LHCb (Aaij et al., 2015c)

Ybð10860Þ 10891:1þ3.4
−3.8 53:7þ7.2

−7.8 1−− eþe− → (ΥðnSÞπþπ−) Belle (Chen et al., 2008; Santel et al., 2016)

Zþ;0
b ð10610Þ 10607.2$ 2.0 18.4$ 2.4 1þ− Ybð10860Þ → π−;0(ΥðnSÞπþ;0) Belle (Bondar et al., 2012; Garmash et al., 2015),

Belle (Krokovny et al., 2013)
Ybð10860Þ → π−(hbðnPÞπþ) Belle (Bondar et al., 2012)
Ybð10860Þ → π−ðBB̄!Þþ Belle (Garmash et al., 2016)

Zþ
b ð10650Þ 10652.2$ 1.5 11.5$ 2.2 1þ− Ybð10860Þ → π−(ΥðnSÞπþ) Belle (Bondar et al., 2012; Garmash et al., 2015)

Ybð10860Þ → π−(hbðnPÞπþ) Belle (Bondar et al., 2012)
Ybð10860Þ → π−ðB!B̄!Þþ Belle (Garmash et al., 2016)

TABLE III. Properties of the lowest-lying open-charm and open-
bottom particles. Here I∶I3 denote the total and third components of
the isospin and S, C, and B are the strangeness, charm, and beauty
quantum numbers.

Particle
Quark
content JP I∶I3 S C B M (MeV) cτ (μm)

Dþ cd̄ 0− 1=2∶1=2 0 1 0 1869.6 312
D0 cū 0− 1=2∶ − 1=2 0 1 0 1864.8 123
D!þ cd̄ 1− 1=2∶1=2 0 1 0 2010.3 ∼0
D!0 cū 1− 1=2∶ − 1=2 0 1 0 2007.0 ∼0

Dþ
s cs̄ 0− 0∶0 1 1 0 1968.3 150

Λþ
c cud ð1=2Þþ 0∶0 0 1 0 2286.5 60

Σþþ
c cuu ð1=2Þþ 1∶1 0 1 0 2454.0 ∼0

Σþ
c cud ð1=2Þþ 1∶0 0 1 0 2452.9 ∼0

Σ0
c cdd ð1=2Þþ 1∶ − 1 0 1 0 2453.8 ∼0

B̄0 bd̄ 0− 1=2∶1=2 0 0 −1 5279.6 455
B− bū 0− 1=2∶ − 1=2 0 0 −1 5279.3 491
B̄!0 bd̄ 1− 1=2∶1=2 0 0 −1 5325.2 ∼0
B!− bū 1− 1=2∶ − 1=2 0 0 −1 5325.2 ∼0

B̄0
s bs̄ 0− 0∶0 1 0 −1 5366.8 453

Λb bud ð1=2Þþ 0∶0 0 0 −1 5619.5 435
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and background components. The signal component is described 
by the convolution of the detector resolution with a resonant shape, 
which is modelled by a relativistic P-wave two-body Breit–Wigner 
(BW) function modified by a Blatt–Weisskopf form factor with a 
meson radius parameter of 3.5 GeV−1. The use of a P-wave reso-
nance is motivated by the expected JP = 1+ quantum numbers for 
the 5+

DD

 state. A two-body decay structure 5+
DD

→ "# is assumed with 
N

"

= �N

%

�

 and N
#

= N

Ȏ

+, where N
Ȏ

+ stands for the known mass 
of the π+ meson. Several alternative prescriptions are used for the 
evaluation of the systematic uncertainties. Despite its simplicity, the 
model serves well to quantify the existence of the 5+

DD

 state and to 
measure its properties, such as the position and the width of the 
resonance. A follow-up study91 investigates the underlying nature 
of the 5+

DD

 state, expanding on the modelling of the signal shape and 
the determination of its physical properties. The detector resolution 
is modelled by the sum of two Gaussian functions with a common 
mean, where the additional parameters are taken from simulation 
(Methods) with corrections applied32,92,93. The root mean square of 
the resolution function is around 400 keV c−2. A study of the D0π+ 
mass distribution for D0D0π+ combinations in the region above the 
D*0D+ mass threshold but below 3.9 GeV c−2 shows that approxi-
mately 90% of all random D0D0π+ combinations contain a genuine 
D*+ meson. On the basis of this observation, the background com-
ponent is parameterized by the product of a two-body phase space 
function and a positive second-order polynomial. The resulting 
function is convolved with the detector resolution.

The fit results are shown in Fig. 1, and the parameters of interest, 
namely the signal yield, N, the mass parameter of the BW function rel-
ative to the D*+D0 mass threshold, ȂN

#8

≡ N

#8

− (N
%

∗+ +N

%

�), 
and the width parameter, ΓBW, are listed in Table 1. The statistical 
significance of the observed 5+

DD

%

�

%

�

Ȏ

+ signal is estimated using 
Wilks’ theorem to be 22 s.d. The fit suggests that the mass param-
eter of the BW shape is slightly below the D*+D0 mass threshold.  
The statistical significance of the hypothesis δmBW < 0 is estimated 
to be 4.3 s.d.

To validate the presence of the signal component, several addi-
tional cross-checks are performed. The data are categorized accord-
ing to data-taking periods, including the polarity of the LHCb 
dipole magnet and the charge of the 5+

DD

 candidates. Instead of 
statistically subtracting the non-D0 background, the mass of each 
D → K−π+ candidate is required to be within a narrow region around 
the known mass of the D0 meson38. The results are found to be con-
sistent among all samples and analysis techniques. Furthermore, 
dedicated studies are performed to ensure that the observed 
signal is not caused by kaon or pion misidentification, doubly 
Cabibbo-suppressed D0 → K+π− decays or %�

%

� oscillations, decays 
of charm hadrons originating from beauty hadrons or artefacts due 
to the track reconstruction creating duplicate tracks.

Systematic uncertainties for the δmBW and ΓBW parameters are 
summarized in Table 2 and described below. The largest systematic 
uncertainty is related to the fit model and is studied using pseudo-
experiments with alternative parameterizations of the D0D0π+ mass 
shape. Several variations in the fit model are considered: changes 
in the signal model due to the imperfect knowledge of the detector 
resolution, an uncertainty in the correction factor for the resolution 
taken from control channels, parameterization of the background 
component and the additional model parameters of the BW func-
tion. The model uncertainty related to the assumption of JP = 1+ 
quantum numbers of the state is estimated and listed separately. 
The results are affected by the overall detector momentum scale, 
which is known to a relative precision of δα = 3 × 10−4 (ref. 94). The 
corresponding uncertainty is estimated using simulated samples 
where the momentum scale is modified by factors of (�± ɳǿ). In 
the reconstruction, the momenta of charged tracks are corrected 
for energy loss in the detector material, the amount of which is 
known with a relative uncertainty of 10%. The resulting uncertainty 
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Fig. 1 | The distribution of the D0D0π+ mass. The distribution of the 
D0D0π+ mass after statistical subtraction of the contribution of the non-D0 
background, with the result of the fit with the two-component function 
described in the text. The horizontal bin width is indicated on the vertical 
axis legend. The inset shows a zoomed signal region with a fine binning 
scheme. Uncertainties on the data points are statistical only and represent 
one standard deviation, calculated as a sum in quadrature of the assigned 
weights from the background subtraction procedure.

Table 1 | Parameters obtained from the fit to the D0D0π+ mass 
spectrum: signal yield, N, BW mass relative to the D*+D0 
mass threshold, δmBW, and width, ΓBW. The uncertainties are 
statistical only

Parameter Value

N 117!±!16
δmBW −273!±!61!keV!c−2

ΓBW 410!±!165!keV

Table 2 | Systematic uncertainties for the δmBW and ΓBW 
parameters. The total uncertainty is calculated as the sum 
in quadrature of all components except for those related to 
the assignment of JP quantum numbers, which are handled 
separately

Source ȑ

ɳN

#8

(

LF7 D

−�

)

ȑΓ
#8

(LF7)

Fit model
Resolution model 2 7
Resolution correction factor 1 30
Background model 3 30
Model parameters <1 <1
Momentum scale 3 —
Energy loss corrections 1 —
D*+!−!D0 mass difference 2 —
Total 5 43

JP quantum numbers +��

−��

+��

−��

NATURE PHYSICS | VOL 18 | JULY 2022 | 751–754 | www.nature.com/naturephysics752

LETTERS
https://doi.org/10.1038/s41567-022-01614-y

*A list of authors and their affiliations appears online. 

Conventional, hadronic matter consists of baryons and 
mesons made of three quarks and a quark–antiquark pair, 
respectively1,2. Here, we report the observation of a hadronic 
state containing four quarks in the Large Hadron Collider 
beauty experiment. This so-called tetraquark contains two 
charm quarks, a V  and a E  quark. This exotic state has a mass 
of approximately 3,875!MeV and manifests as a narrow peak 
in the mass spectrum of D0D0π+ mesons just below the D*+D0 
mass threshold. The near-threshold mass together with the 
narrow width reveals the resonance nature of the state.

Quantum chromodynamics, the theory of the strong force, 
describes the interactions of coloured quarks and gluons and the 
formation of hadronic matter, that is, mesons and baryons. While 
quantum chromodynamics makes precise predictions at high ener-
gies, the theory has difficulties describing the interactions of quarks 
in hadrons from first principles due to the highly nonperturba-
tive regime at the corresponding energy scale. Hence, the field of 
hadron spectroscopy is driven by experimental discoveries that are 
sometimes unexpected, which could lead to changes in the research 
landscape. Along with conventional mesons and baryons, made of a 
quark–antiquark pair (R

�

R

�

) and three quarks (q1q2q3), respectively, 
particles with an alternative quark content, known as exotic states, 
have been actively discussed since the birth of the constituent quark 
model1–8. This discussion has been revived by recent observations 
of numerous tetraquark R

�

R

�

R

�

R

�

 and pentaquark R
�

R

�

R

�

R

�

R

�

 candi-
dates9–36. Due to the closeness of their masses to known particle-pair 
thresholds37,38, many of these states are likely to be hadronic mol-
ecules39–42 where colour-singlet hadrons are bound by residual 
nuclear forces similar to the electromagnetic van der Waals forces 
attracting electrically neutral atoms and molecules. An ordinary 
example of a hadronic molecule is the deuteron formed by a proton 
and a neutron. On the other hand, an interpretation of exotic states 
as compact multiquark structures is also possible43.

All exotic hadrons observed so far predominantly decay via 
the strong interaction, and their decay widths vary from a few to 
a few hundred MeV. A discovery of a long-lived exotic state, sta-
ble with respect to the strong interaction, would be intriguing.  
A hadron with two heavy quarks Q and two light antiquarks R , that 
is, 2

�

2

�

R

�

R

�

, is a prime candidate to form such a state44–49. In the 
limit of a large heavy-quark mass, the two heavy quarks Q1Q2 form 
a point-like, heavy, colour-antitriplet object that behaves similarly 
to an antiquark, and the corresponding state should be bound. It is 
expected that the b quark is heavy enough to sustain the existence 
of a stable CCVE  state with a binding energy of about 200 MeV with 
respect to the sum of the masses of the pseudoscalar, B− or #�, and 
vector, B*− or #∗�, beauty mesons, which defines the minimal mass 
for the strong decay to be allowed. In the case of the CDVE  and DDVE  
systems, there is currently no consensus regarding whether such 
states exist and are narrow enough to be detected experimentally. 

The similarity of the DDVE  tetraquark state and the ɞ++
DD

 baryon con-
taining two c quarks and a u quark leads to a relationship between 
the properties of the two states. In particular, the measured mass of 
the ɞ

++
DD

 baryon with quark content ccu50–52 implies that the mass 
of the DDVE  tetraquark is close to the sum of the masses of the D0 
and D*+ mesons with quark content of DV  and DE , respectively, as 
suggested in ref. 53. Theoretical predictions for the mass of the DDVE  
ground state with spin-parity quantum numbers JP = 1+ and isospin 
I = 0, denoted hereafter as 5+

DD

, relative to the D*+D0 mass threshold

ɳN ≡ N

5

+
DD

− (N
%

∗+ +N

%

�) 	�


lie in the range of −300 < δm < 300 MeV (refs. 53–84), where N
%

∗+ 
and N

%

� denote the known masses of the D*+ and D0 mesons38. 
Lattice quantum chromodynamics calculations also do not provide 
a definite conclusion on the existence of the 5+

DD

 state or its binding 
energy73,85–87. The observation of the Ξ++

DD

 baryon50,51 and of a new 
exotic resonance decaying to a pair of J/ψ mesons29 by the LHCb 
experiment motivates the search for the 5+

DD

 state.
In this Letter, the observation of a narrow state in the D0D0π+ 

mass spectrum near the D*+D0 mass threshold compatible with 
being a 5+

DD

 tetraquark state is reported. Throughout this Letter, 
charge conjugate decays are implied. The study is based on proton–
proton (pp) collision data collected by the LHCb detector at the 
Large Hadron Collider at the European Organization for Nuclear 
Research at centre-of-mass energies of 7, 8 and 13 TeV, correspond-
ing to integrated luminosity of 9 fb−1. The LHCb detector88,89 is a 
single-arm forward spectrometer covering the pseudorapidity range 
of 2 < η < 5, designed to study particles containing b or c quarks and 
is further described in Methods. The pseudorapidity η is defined 
as − MPH

(

UBO

Ȇ

�

)

, where θ is a polar angle of the track relative to the 
proton beam line.

The D0D0π+ final state is reconstructed by selecting events with 
two D0 mesons and a positively charged pion, all produced at the 
same pp interaction point. Both D0 mesons are reconstructed in the 
D0→K−π+ decay channel. The selection criteria are similar to those 
used in ref. 90. To subtract the background not originating from two 
D0 candidates, an extended, unbinned maximum-likelihood fit to 
the two-dimensional distribution of the masses of the two D0 can-
didates is performed. The corresponding procedure, together with 
the selection criteria, is described in detail in Methods. To improve 
the δm mass resolution and to make the determination insensitive 
to the precision of the D0 meson mass, the mass of the D0D0π+ com-
binations is calculated with the mass of each D0 meson constrained 
to the known value38. The resulting D0D0π+ mass distribution for 
selected D0D0π+ combinations is shown in Fig. 1. A narrow peak 
near the D*+D0 mass threshold is clearly visible.

An extended, unbinned, maximum-likelihood fit to the D0D0π+ 
mass distribution is performed using a model consisting of the signal 
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is assessed by varying the energy loss correction by ±10%. As the 
mass of the D0D0π+ combinations is calculated with the mass of each 
D0 meson constrained to the known value of the D0 mass, the δmBW 
parameter is insensitive to the precision of the D0 mass. However, 
the small uncertainty of 2 keV c−2 for the D*+ − D0 mass difference38 
directly affects the δmBW value. The corresponding systematic 
uncertainty is added.

In summary, using the full dataset corresponding to an inte-
grated luminosity of 9 fb−1 collected by the LHCb experiment 
at centre-of-mass energies of 7, 8 and 13 TeV, a narrow peak is 
observed in the mass spectrum of D0D0π+ candidates produced 
promptly in pp collisions. The statistical significance of the peak is 
overwhelming. Using the BW parameterization, the location of the 
peak relative to the D*+D0 mass threshold, δmBW, and the width, ΓBW, 
are determined to be

ɳN

#8

= −���± ��± �

+��

−��

LF7 D

−�




Γ
#8

= ���± ���± ��

+��

−��

LF7


where the first uncertainty is statistical, the second is systematic and 
the third is related to the assignment of the JP quantum numbers. 
The measured δmBW value corresponds to a mass of approximately 
3,875 MeV. This is the narrowest exotic state observed to date37,38. 
The minimal quark content for this state is DDVE . Two heavy quarks 
of the same flavour make it manifestly exotic, that is, beyond the 
conventional pattern of hadron formation found in mesons and 
baryons. Moreover, the combination of the near-threshold mass, 
narrow decay width and its appearance in prompt hadroproduction 
demonstrates its genuine resonance nature. The measured mass 
and width are consistent with the expected values for a 5+

DD

 isoscalar 
tetraquark ground state with quantum numbers JP = 1+. The preci-
sion of the mass measurement with respect to the corresponding 
threshold is superior to those of all other exotic states, which will 
give better understanding of the nature of exotic states. A dedi-
cated study of the reaction amplitudes for the 5+

DD

→ %

�

%

�

Ȏ

+ and 
5

+
DD

→ %

�

%

+
Ȏ

�(ȁ) decays that uses the isospin symmetry for the 
5

+
DD

→ %

∗
% transition91 yields insights into the fundamental reso-

nance properties, such as the pole position, the scattering length 
and the effective range. The observation of this DDVE  tetraquark 
candidate close to the D*+D0 threshold provides strong support for 
the theoretical approaches and models that predict the existence of 
a CCVE  tetraquark that is stable with respect to the strong and elec-
tromagnetic interactions.
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E. Exotic hadrons
- Production in relativistic heavy-ion collisions︖
✔ Quarks are abundant

- Possibility to find rare events
✔ X(3872) was already observed in HIC CMS@LHC, Phys. Rev. Lett. 128, 032001 (2020)

- Possibility to find other exotic hadrons︖

S. Cho et al. / Progress in Particle and Nuclear Physics 95 (2017) 279–322 297

R
hC

S
=

N
co

al
/N

st
at

R
hC

S
=

N
co

al
/N

st
at

0 1 2 3 4 5

10-2

10-1

100

101

1 2 3 4 5 6 7
Mass (GeV)

Mass (GeV)

10-2

10-1

100

101

102

Coal. / Stat. ratio at RHIC

RHIC (Scenario 1)

0 8

Fig. 3.2. Coalescence–statistical yield ratio from central Au + Au collisions at
p
sNN = 200 GeV at RHIC. Upper panel is taken from Ref. [15], and lower

panel shows the updated results.
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Fig. 3.3. Freeze-out temperature dependence of the coalescence–statistical yield ratio for deuteron, ⇤(1405) and X(3872) at RHIC.

to the K(K̄) and N yields. In this treatment, however, the coalescence model overestimates the deuteron yield, which is
known to follow the statistical model prediction at the chemical freeze-out temperature.

In Fig. 3.3, we show the freeze-out temperature dependence of the coalescence–statistical yield ratio RCS
h for deuteron

and ⇤(1405) at RHIC. Requiring RCS
h = 1 for the deuteron leads to a freeze-out temperature of deuteron TF = 119 MeV.

According to Eq. (3.28), the density at which a particle freezes out is inversely proportional to its scattering cross section
with other particles in themedium. Since the elastic cross section of a particle is related to its size, onewould expect that the

ExHIC collaboration: Phys. Rev. Lett. 106, 212001 (2011), Phys. Rev. C84 (2011) 064910; 
Prog. Part. Nucl. Phys. 95 (2017) 279 (review)
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Table 3.5

Summary of particle yields for other hadrons (I) (cf. Table 2.5).

Particle Scenario 1 Scenario 2 Mol. Stat.
qq̄/qqq Multiquark qq̄/qqq Multiquark

RHIC

⇥(1530) – 6.7 ⇥ 10�3 – 6.7 ⇥ 10�3 – 5.0 ⇥ 10�1

K̄KN – 5.0 ⇥ 10�3 – 5.1 ⇥ 10�3 4.2 ⇥ 10�2 1.2 ⇥ 10�1

K̄NN 7.3 ⇥ 10�4 2.7 ⇥ 10�5 7.4 ⇥ 10�4 2.9 ⇥ 10�5 3.9 ⇥ 10�3 5.8 ⇥ 10�3

⌦⌦ – 8.2 ⇥ 10�6 – 9.4 ⇥ 10�6 – 1.5 ⇥ 10�5

LHC (2.76 TeV)

⇥(1530) – 8.2 ⇥ 10�3 – 8.5 ⇥ 10�3 – 6.8 ⇥ 10�1

K̄KN – 6.0 ⇥ 10�3 – 6.6 ⇥ 10�3 5.1 ⇥ 10�2 1.5 ⇥ 10�1

K̄NN 7.9 ⇥ 10�4 2.3 ⇥ 10�5 8.6 ⇥ 10�4 3.0 ⇥ 10�5 3.9 ⇥ 10�3 6.3 ⇥ 10�3

⌦⌦ – 7.6 ⇥ 10�6 – 1.2 ⇥ 10�5 – 1.8 ⇥ 10�5

LHC (5.02 TeV)

⇥(1530) – 8.2 ⇥ 10�3 – 8.5 ⇥ 10�3 – 6.8 ⇥ 10�1

K̄KN – 6.0 ⇥ 10�3 – 6.6 ⇥ 10�3 5.2 ⇥ 10�2 1.5 ⇥ 10�1

K̄NN 7.9 ⇥ 10�4 2.3 ⇥ 10�5 8.6 ⇥ 10�4 3.0 ⇥ 10�5 3.9 ⇥ 10�3 6.3 ⇥ 10�3

⌦⌦ – 7.6 ⇥ 10�6 – 1.2 ⇥ 10�5 – 1.8 ⇥ 10�5

Table 3.6

Summary of particle yields for other hadrons (II) (cf. Table 2.5).

Particle Scenario 1 Scenario 2 Mol. Stat.
qq̄/qqq Multiquark qq̄/qqq Multiquark

RHIC

T 1
cc – 5.0 ⇥ 10�5 – 5.3 ⇥ 10�5 – 8.9 ⇥ 10�4

D̄N – 2.6 ⇥ 10�3 – 2.6 ⇥ 10�3 1.3 ⇥ 10�2 1.0 ⇥ 10�2

D̄⇤N – 9.8 ⇥ 10�4 – 9.3 ⇥ 10�4 1.1 ⇥ 10�2 9.6 ⇥ 10�3

⇥cs – 7.4 ⇥ 10�4 – 7.4 ⇥ 10�4 – 6.4 ⇥ 10�3

Hc – 2.7 ⇥ 10�4 – 2.8 ⇥ 10�4 – 5.7 ⇥ 10�4

D̄NN – 1.8 ⇥ 10�5 – 1.8 ⇥ 10�5 9.4 ⇥ 10�5 5.1 ⇥ 10�5

⇤cN – 1.5 ⇥ 10�3 – 1.5 ⇥ 10�3 5.0 ⇥ 10�3 2.9 ⇥ 10�3

⇤cNN – 6.7 ⇥ 10�6 – 6.7 ⇥ 10�6 2.9 ⇥ 10�6 9.8 ⇥ 10�6

T 0
cb – 9.3 ⇥ 10�8 – 9.9 ⇥ 10�8 – 1.6 ⇥ 10�6

LHC (2.76 TeV)

T 1
cc – 1.1 ⇥ 10�4 – 1.3 ⇥ 10�4 – 2.7 ⇥ 10�3

D̄N – 4.3 ⇥ 10�3 – 4.2 ⇥ 10�3 2.3 ⇥ 10�2 1.9 ⇥ 10�2

D̄⇤N – 1.6 ⇥ 10�3 – 1.3 ⇥ 10�3 2.0 ⇥ 10�2 1.8 ⇥ 10�2

⇥cs – 1.2 ⇥ 10�3 – 1.2 ⇥ 10�3 – 1.2 ⇥ 10�2

Hc – 3.8 ⇥ 10�4 – 4.0 ⇥ 10�4 – 8.6 ⇥ 10�4

D̄NN – 2.0 ⇥ 10�5 – 2.0 ⇥ 10�5 1.1 ⇥ 10�4 6.7 ⇥ 10�5

⇤cN – 2.2 ⇥ 10�3 – 2.2 ⇥ 10�3 7.0 ⇥ 10�3 4.3 ⇥ 10�3

⇤cNN – 6.7 ⇥ 10�6 – 6.5 ⇥ 10�6 2.7 ⇥ 10�6 9.9 ⇥ 10�6

T 0
cb – 1.1 ⇥ 10�6 – 1.3 ⇥ 10�6 – 2.7 ⇥ 10�5

LHC (5.02 TeV)

T 1
cc – 1.8 ⇥ 10�4 – 2.1 ⇥ 10�4 – 4.4 ⇥ 10�3

D̄N – 5.3 ⇥ 10�3 – 5.3 ⇥ 10�3 3.0 ⇥ 10�2 2.4 ⇥ 10�2

D̄⇤N – 2.0 ⇥ 10�3 – 1.7 ⇥ 10�3 2.6 ⇥ 10�2 2.3 ⇥ 10�2

⇥cs – 1.5 ⇥ 10�3 – 1.4 ⇥ 10�3 – 1.6 ⇥ 10�2

Hc – 4.7 ⇥ 10�4 – 4.9 ⇥ 10�4 – 1.1 ⇥ 10�3

D̄NN – 2.5 ⇥ 10�5 – 2.5 ⇥ 10�5 1.5 ⇥ 10�4 8.6 ⇥ 10�5

⇤cN – 2.7 ⇥ 10�3 – 2.7 ⇥ 10�3 9.1 ⇥ 10�3 5.5 ⇥ 10�3

⇤cNN – 8.2 ⇥ 10�6 – 8.0 ⇥ 10�6 3.5 ⇥ 10�6 1.3 ⇥ 10�5

T 0
cb – 2.3 ⇥ 10�6 – 2.7 ⇥ 10�6 – 5.6 ⇥ 10�5

that from the statistical model prediction. This is in contrast to high energy pp collisions, where molecular configurations
with small binding energies are difficult to produce at high transverse momentum pT [144]. The upper panel of Fig. 3.2,
shows the coalescence–statistical yield ratio, Rcs = Ncoal/Nstat, given in Refs. [14,15] using parameters given in Table 3.1 and
assuming that the hadron coalescence takes place at TF = 125 MeV as well as including the resonance decay contributions
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𝑁 … Nucleon (𝑢𝑢𝑑, 𝑢𝑑𝑑)

𝑄 … Heavy quark (𝑐 quark, 𝑏 quark)

𝑞 … Light quark (𝑢 quark, 𝑑 quark)

7𝐷 meson … Heavy-light meson with ̅𝑐𝑞 (𝑞 = 𝑢, 𝑑)

𝑃 … Pseudoscalar (spin 0) $𝑄𝑞 meson, such as 7𝐷 (charm) or 𝐵 (bottom)

𝑃∗ … Vector (spin 1) $𝑄𝑞 meson, such as 7𝐷∗ (charm) or 𝐵∗ (bottom)

𝐵 meson … Heavy-light meson with $𝑏𝑞 (𝑞 = 𝑢, 𝑑)

$𝑄… Heavy antiquark ( ̅𝑐 antiquark, $𝑏 antiquark)

𝜋, 𝜎, 𝜌, 𝜔 … Light mesons (carrying forces between two hadrons)

F. Glossary


