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- We focus on heavy quarks!
✔ Charm (𝑐) quark & bottom (𝑏) quark
✔ Mass hierarchy (𝑚!, 𝑚" ≫ Λ#$%)
✔ Heavy quark spin symmetry
✔ Many exotics have been found in experiments!
𝑋, 𝑌, 𝑍, 𝑃!, 𝑇!!, …

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

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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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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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.
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that are near the constituent particles’ mass threshold and to
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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,
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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
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provided by Swanson (2006), Polosa (2015), Lebed, Mitchell,
and Swanson (2017), and Guo et al. (2018).
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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
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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
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atoms into molecules. In this approach, the slow-moving
atomic nuclei are replaced by the heavy quarks and the
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If we a s s u m e  that  the s t r o n g  i n t e r a c t i o n s  of b a r y -  
ons  and m e s o n s  a r e  c o r r e c t l y  d e s c r i b e d  in t e r m s  of 
the  b r o k e n  "e igh t fo ld  way"  1 - 3 )  we a r e  t e m p t e d  to 
look fo r  s o m e  f u n d a m e n t a l  exp l ana t i on  of the s i t u a -  
t ion.  A h igh ly  p r o m i s e d  a p p r o a c h  i s  the  p u r e l y  dy-  
n a m i c a l  " b o o t s t r a p "  m o d e l  for  a l l  the s t r o n g l y  in-  
t e r a c t i n g  p a r t i c l e s  wi th in  which  one m a y  t r y  to de -  
r i v e  i so top i c  sp in  and s t r a n g e n e s s  c o n s e r v a t i o n  and 
b r o k e n  e igh t fo ld  s y m m e t r y  f r o m  s e l f - c o n s i s t e n c y  
a lone  4). Of c o u r s e ,  with only s t r o n g  i n t e r a c t i o n s ,  
the  o r i e n t a t i o n  of the a s y m m e t r y  in the u n i t a r y  
s p a c e  cannot  be s p e c i f i e d ;  one hopes  tha t  in s o m e  
way  the s e l e c t i o n  of s p e c i f i c  c o m p o n e n t s  of the  F -  
sp in  by  e l e c t r o m a g n e t i s m  and the weak  i n t e r a c t i o n s  
d e t e r m i n e s  the cho i ce  of i s o t o p i c  sp in  and h y p e r -  
c h a r g e  d i r e c t i o n s .  

Even  if  we c o n s i d e r  the  s c a t t e r i n g  a m p l i t u d e s  of 
s t r o n g l y  i n t e r a c t i n g  p a r t i c l e s  on the  m a s s  s h e l l  only  
and t r e a t  the  m a t r i x  e l e m e n t s  of the weak ,  e l e c t r o -  
m a g n e t i c ,  and g r a v i t a t i o n a l  i n t e r a c t i o n s  by m e a n s  
of d i s p e r s i o n  t h e o r y ,  t h e r e  a r e  s t i l l  mean ing fu l  and 
i m p o r t a n t  q u e s t i o n s  r e g a r d i n g  the a l g e b r a i c  p r o p e r -  
t i e s  of t h e s e  i n t e r a c t i o n s  tha t  have  so  fa r  been  d i s -  
c u s s e d  only  by  a b s t r a c t i n g  the  p r o p e r t i e s  f r o m  a 
f o r m a l  f i e ld  t h e o r y  m o d e l  b a s e d  on f u n d a m e n t a l  
e n t i t i e s  3) f r o m  which  the b a r y o n s  and m e s o n s  a r e  
bu i l t  up. 

If t h e s e  e n t i t i e s  w e r e  o c t e t s ,  we m i g h t  e x p e c t  the 
u n d e r l y i n g  s y m m e t r y  g r o u p  to be  SU(8) i n s t e a d  of 
SU(3); i t  i s  t h e r e f o r e  t e m p t i n g  to t r y  to u se  u n i t a r y  
t r i p l e t s  a s  f u n d a m e n t a l  o b j e c t s .  A u n i t a r y  t r i p l e t  t 
c o n s i s t s  of an i so top i c  s i n g l e t  s of e l e c t r i c  c h a r g e  z 
(in uni t s  of e) and an i so top i c  double t  (u, d) with 
c h a r g e s  z+l  and z r e s p e c t i v e l y .  The  a n t i - t r i p l e t  
has ,  of c o u r s e ,  the  o p p o s i t e  s i g n s  of the  c h a r g e s .  
C o m p l e t e  s y m m e t r y  among the m e m b e r s  of the  
t r i p l e t  g i v e s  the e x a c t  e igh t fo ld  way,  whi le  a m a s s  
d i f f e r e n c e ,  fo r  e x a m p l e ,  be tween  the i s o t o p i c  dou-  
b l e t  and  s i n g l e t  g i v e s  the  f i r s t - o r d e r  v io l a t i on .  

F o r  any va lue  of z and of t r i p l e t  sp in ,  we can  
c o n s t r u c t  b a r y o n  o c t e t s  f r o m  a b a s i c  n e u t r a l  b a r y o n  
s i n g l e t  b by  tak ing  c o m b i n a t i o n s  ( b t t ) ,  C o t t t t ) ,  
e tc .  **. F r o m  ( b t t ) ,  we ge t  the  r e p r e s e n t a t i o n s  1 
and 8, whi le  f r o m  ( b t t t t )  we ge t  1, 8 ,  10, 10, and 
27. In a s i m i l a r  way,  m e s o n  s i n g l e t s  and o c t e t s  can  
be  m a d e  out of ( t t ) ,  ( t t t t ) ,  e tc .  The  quan tum n u m -  
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b e r n  t - n~ would be  z e r o  f o r  a l l  known b a r y o n s  and  
m e s o n s .  The  m o s t  i n t e r e s t i n g  e x a m p l e  of such  a 

1 m o d e l  i s  one in which  the t r i p l e t  has  sp in  ~ and 
z = -1 ,  so  tha t  the  four  p a r t i c l e s  d - ,  s - ,  u ° and b ° 
exh ib i t  a p a r a l l e l  wi th  the  l ep tons .  

A s i m p l e r  and m o r e  e l e g a n t  s c h e m e  can  be  
c o n s t r u c t e d  if we a l low n o n - i n t e g r a l  v a l u e s  for  the 
c h a r g e s .  We can  d i s p e n s e  e n t i r e l y  wi th  the  b a s i c  
b a r y o n  b if  we a s s i g n  to the  t r i p l e t  t the  fo l lowing  
p r o p e r t i e s :  sp in  ½, z = -~ ,  and  b a r y o n  n u m b e r  -~. 

2 t 1 
We then r e f e r  to the  m e m b e r s  u3, d -~ ,  and s-3- of 
the  t r i p l e t  a s  " q u a r k s "  6) q and the m e m b e r s  of the 
a n t i - t r i p l e t  a s  a n t i - q u a r k s  ~1. B a r y o n s  can  now be  
c o n s t r u c t e d  f r o m  q u a r k s  by us ing  the c o m b i n a t i o n s  
(qqq ) ,  ( q q q q q ) ,  e t c . ,  whi le  m e s o n s  a r e  m a d e  out  
of (qcl), (qq~tcl), e tc .  I t  i s  a s s u m i n g  tha t  the  l o w e s t  
b a r y o n  con f ig u r a t i o n  (qqq)  g i v e s  j u s t  the r e p r e s e n -  
t a t i o n s  1, 8, and 18 that  have  been  o b s e r v e d ,  whi le  
the l o w e s t  m e s o n  c on f igu ra t i on  (q q) s i m i l a r l y  g i v e s  
j u s t  1 and 8. 

A f o r m a l  m a t h e m a t i c a l  m o d e l  b a s e d  on f i e ld  
t h e o r y  can  be bu i l t  up fo r  the  q u a r k s  e x a c t l y  a s  for  
p, n, A in the  o ld  S a k a t a  m o d e l ,  fo r  e x a m p l e  3) 
wi th  a l l  s t r o n g  i n t e r a c t i o n s  a s c r i b e d  to a n e u t r a l  
v e c t o r  m e s o n  f i e ld  i n t e r a c t i n g  s y m m e t r i c a l l y  wi th  
the t h r e e  p a r t i c l e s .  With in  such  a f r a m e w o r k ,  the 
e l e c t r o m a g n e t i c  c u r r e n t  (in un i t s  of e) i s  j u s t  

u - d - s} 

o r  ~-3~ + ~8~/J3  in the  no t a t i on  of r e f .  3). F o r  the  
weak  c u r r e n t ,  we can  t ake  o v e r  f r o m  the Saka t a  
m o d e l  the  f o r m  s u g g e s t e d  by G e l l - M a n n  and L4vyT) ,  
n a m e l y  i p 7 ~ ( l + Y 5 ) ( n  cos  0 + h s in  8), which  g i v e s  
in the  q u a r k  s c h e m e  the e x p r e s s i o n  *** 

i u ya (1  + y5)(d cos  0 + s s in  0) 

* Work supported in par t  by the U. S. Atomic Energy 
Commission. 

** This is s imi la r  to the t reatment  in ref. 1). See also 
ref.  5). 

*** The para l le l  with i ~e Ya( 1 + ¥5) e and i ~ ¥~(1 + ¥5)~ 
is obvious. Likewise, in the model with d- ,  s - ,  u °, 
and b ° discussed above, we would take the weak cu r -  
rent to be i(b ° cos e + ~o sin e) ¥~(1 + ¥5) s -  
+ i(u ° cos e - ~o sin e) ya(1 + ¥5) d- .  The par t  with 
n(nt-n~) = 0 is just i T o ¥c~(1 + 75)(d- cos e + s -  sin O). 
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If we a s s u m e  that  the s t r o n g  i n t e r a c t i o n s  of b a r y -  
ons  and m e s o n s  a r e  c o r r e c t l y  d e s c r i b e d  in t e r m s  of 
the  b r o k e n  "e igh t fo ld  way"  1 - 3 )  we a r e  t e m p t e d  to 
look fo r  s o m e  f u n d a m e n t a l  exp l ana t i on  of the s i t u a -  
t ion.  A h igh ly  p r o m i s e d  a p p r o a c h  i s  the  p u r e l y  dy-  
n a m i c a l  " b o o t s t r a p "  m o d e l  for  a l l  the s t r o n g l y  in-  
t e r a c t i n g  p a r t i c l e s  wi th in  which  one m a y  t r y  to de -  
r i v e  i so top i c  sp in  and s t r a n g e n e s s  c o n s e r v a t i o n  and 
b r o k e n  e igh t fo ld  s y m m e t r y  f r o m  s e l f - c o n s i s t e n c y  
a lone  4). Of c o u r s e ,  with only s t r o n g  i n t e r a c t i o n s ,  
the  o r i e n t a t i o n  of the a s y m m e t r y  in the u n i t a r y  
s p a c e  cannot  be s p e c i f i e d ;  one hopes  tha t  in s o m e  
way  the s e l e c t i o n  of s p e c i f i c  c o m p o n e n t s  of the  F -  
sp in  by  e l e c t r o m a g n e t i s m  and the weak  i n t e r a c t i o n s  
d e t e r m i n e s  the cho i ce  of i s o t o p i c  sp in  and h y p e r -  
c h a r g e  d i r e c t i o n s .  

Even  if  we c o n s i d e r  the  s c a t t e r i n g  a m p l i t u d e s  of 
s t r o n g l y  i n t e r a c t i n g  p a r t i c l e s  on the  m a s s  s h e l l  only  
and t r e a t  the  m a t r i x  e l e m e n t s  of the weak ,  e l e c t r o -  
m a g n e t i c ,  and g r a v i t a t i o n a l  i n t e r a c t i o n s  by m e a n s  
of d i s p e r s i o n  t h e o r y ,  t h e r e  a r e  s t i l l  mean ing fu l  and 
i m p o r t a n t  q u e s t i o n s  r e g a r d i n g  the a l g e b r a i c  p r o p e r -  
t i e s  of t h e s e  i n t e r a c t i o n s  tha t  have  so  fa r  been  d i s -  
c u s s e d  only  by  a b s t r a c t i n g  the  p r o p e r t i e s  f r o m  a 
f o r m a l  f i e ld  t h e o r y  m o d e l  b a s e d  on f u n d a m e n t a l  
e n t i t i e s  3) f r o m  which  the b a r y o n s  and m e s o n s  a r e  
bu i l t  up. 

If t h e s e  e n t i t i e s  w e r e  o c t e t s ,  we m i g h t  e x p e c t  the 
u n d e r l y i n g  s y m m e t r y  g r o u p  to be  SU(8) i n s t e a d  of 
SU(3); i t  i s  t h e r e f o r e  t e m p t i n g  to t r y  to u se  u n i t a r y  
t r i p l e t s  a s  f u n d a m e n t a l  o b j e c t s .  A u n i t a r y  t r i p l e t  t 
c o n s i s t s  of an i so top i c  s i n g l e t  s of e l e c t r i c  c h a r g e  z 
(in uni t s  of e) and an i so top i c  double t  (u, d) with 
c h a r g e s  z+l  and z r e s p e c t i v e l y .  The  a n t i - t r i p l e t  
has ,  of c o u r s e ,  the  o p p o s i t e  s i g n s  of the  c h a r g e s .  
C o m p l e t e  s y m m e t r y  among the m e m b e r s  of the  
t r i p l e t  g i v e s  the e x a c t  e igh t fo ld  way,  whi le  a m a s s  
d i f f e r e n c e ,  fo r  e x a m p l e ,  be tween  the i s o t o p i c  dou-  
b l e t  and  s i n g l e t  g i v e s  the  f i r s t - o r d e r  v io l a t i on .  

F o r  any va lue  of z and of t r i p l e t  sp in ,  we can  
c o n s t r u c t  b a r y o n  o c t e t s  f r o m  a b a s i c  n e u t r a l  b a r y o n  
s i n g l e t  b by  tak ing  c o m b i n a t i o n s  ( b t t ) ,  C o t t t t ) ,  
e tc .  **. F r o m  ( b t t ) ,  we ge t  the  r e p r e s e n t a t i o n s  1 
and 8, whi le  f r o m  ( b t t t t )  we ge t  1, 8 ,  10, 10, and 
27. In a s i m i l a r  way,  m e s o n  s i n g l e t s  and o c t e t s  can  
be  m a d e  out of ( t t ) ,  ( t t t t ) ,  e tc .  The  quan tum n u m -  
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b e r n  t - n~ would be  z e r o  f o r  a l l  known b a r y o n s  and  
m e s o n s .  The  m o s t  i n t e r e s t i n g  e x a m p l e  of such  a 

1 m o d e l  i s  one in which  the t r i p l e t  has  sp in  ~ and 
z = -1 ,  so  tha t  the  four  p a r t i c l e s  d - ,  s - ,  u ° and b ° 
exh ib i t  a p a r a l l e l  wi th  the  l ep tons .  

A s i m p l e r  and m o r e  e l e g a n t  s c h e m e  can  be  
c o n s t r u c t e d  if we a l low n o n - i n t e g r a l  v a l u e s  for  the 
c h a r g e s .  We can  d i s p e n s e  e n t i r e l y  wi th  the  b a s i c  
b a r y o n  b if  we a s s i g n  to the  t r i p l e t  t the  fo l lowing  
p r o p e r t i e s :  sp in  ½, z = -~ ,  and  b a r y o n  n u m b e r  -~. 

2 t 1 
We then r e f e r  to the  m e m b e r s  u3, d -~ ,  and s-3- of 
the  t r i p l e t  a s  " q u a r k s "  6) q and the m e m b e r s  of the 
a n t i - t r i p l e t  a s  a n t i - q u a r k s  ~1. B a r y o n s  can  now be  
c o n s t r u c t e d  f r o m  q u a r k s  by us ing  the c o m b i n a t i o n s  
(qqq ) ,  ( q q q q q ) ,  e t c . ,  whi le  m e s o n s  a r e  m a d e  out  
of (qcl), (qq~tcl), e tc .  I t  i s  a s s u m i n g  tha t  the  l o w e s t  
b a r y o n  c on f igu ra t i on  (qqq)  g i v e s  j u s t  the r e p r e s e n -  
t a t i o n s  1, 8, and 18 that  have  been  o b s e r v e d ,  whi le  
the l o w e s t  m e s o n  con f igu ra t i on  (q q) s i m i l a r l y  g i v e s  
j u s t  1 and 8. 

A f o r m a l  m a t h e m a t i c a l  m o d e l  b a s e d  on f i e ld  
t h e o r y  can  be bu i l t  up fo r  the  q u a r k s  e x a c t l y  a s  for  
p, n, A in the  o ld  S a k a t a  m o d e l ,  fo r  e x a m p l e  3) 
wi th  a l l  s t r o n g  i n t e r a c t i o n s  a s c r i b e d  to a n e u t r a l  
v e c t o r  m e s o n  f i e ld  i n t e r a c t i n g  s y m m e t r i c a l l y  wi th  
the t h r e e  p a r t i c l e s .  With in  such  a f r a m e w o r k ,  the 
e l e c t r o m a g n e t i c  c u r r e n t  (in un i t s  of e) i s  j u s t  

u - d - s} 

o r  ~-3~ + ~8~/J3  in the  no t a t i on  of r e f .  3). F o r  the  
weak  c u r r e n t ,  we can  t ake  o v e r  f r o m  the Saka t a  
m o d e l  the  f o r m  s u g g e s t e d  by G e l l - M a n n  and L4vyT) ,  
n a m e l y  i p 7 ~ ( l + Y 5 ) ( n  cos  0 + h s in  8), which  g i v e s  
in the  q u a r k  s c h e m e  the e x p r e s s i o n  *** 

i u ya (1  + y5)(d cos  0 + s s in  0) 

* Work supported in par t  by the U. S. Atomic Energy 
Commission. 

** This is s imi la r  to the t reatment  in ref. 1). See also 
ref.  5). 

*** The para l le l  with i ~e Ya( 1 + ¥5) e and i ~ ¥~(1 + ¥5)~ 
is obvious. Likewise, in the model with d- ,  s - ,  u °, 
and b ° discussed above, we would take the weak cu r -  
rent to be i(b ° cos e + ~o sin e) ¥~(1 + ¥5) s -  
+ i(u ° cos e - ~o sin e) ya(1 + ¥5) d- .  The par t  with 
n(nt-n~) = 0 is just i T o ¥c~(1 + 75)(d- cos e + s -  sin O). 
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If we a s s u m e  that  the s t r o n g  i n t e r a c t i o n s  of b a r y -  
ons  and m e s o n s  a r e  c o r r e c t l y  d e s c r i b e d  in t e r m s  of 
the  b r o k e n  "e igh t fo ld  way"  1 - 3 )  we a r e  t e m p t e d  to 
look fo r  s o m e  f u n d a m e n t a l  exp l ana t i on  of the s i t u a -  
t ion.  A h igh ly  p r o m i s e d  a p p r o a c h  i s  the  p u r e l y  dy-  
n a m i c a l  " b o o t s t r a p "  m o d e l  for  a l l  the s t r o n g l y  in-  
t e r a c t i n g  p a r t i c l e s  wi th in  which  one m a y  t r y  to de -  
r i v e  i so top i c  sp in  and s t r a n g e n e s s  c o n s e r v a t i o n  and 
b r o k e n  e igh t fo ld  s y m m e t r y  f r o m  s e l f - c o n s i s t e n c y  
a lone  4). Of c o u r s e ,  with only s t r o n g  i n t e r a c t i o n s ,  
the  o r i e n t a t i o n  of the a s y m m e t r y  in the u n i t a r y  
s p a c e  cannot  be s p e c i f i e d ;  one hopes  tha t  in s o m e  
way  the s e l e c t i o n  of s p e c i f i c  c o m p o n e n t s  of the  F -  
sp in  by  e l e c t r o m a g n e t i s m  and the weak  i n t e r a c t i o n s  
d e t e r m i n e s  the cho i ce  of i s o t o p i c  sp in  and h y p e r -  
c h a r g e  d i r e c t i o n s .  

Even  if  we c o n s i d e r  the  s c a t t e r i n g  a m p l i t u d e s  of 
s t r o n g l y  i n t e r a c t i n g  p a r t i c l e s  on the  m a s s  s h e l l  only  
and t r e a t  the  m a t r i x  e l e m e n t s  of the weak ,  e l e c t r o -  
m a g n e t i c ,  and g r a v i t a t i o n a l  i n t e r a c t i o n s  by m e a n s  
of d i s p e r s i o n  t h e o r y ,  t h e r e  a r e  s t i l l  mean ing fu l  and 
i m p o r t a n t  q u e s t i o n s  r e g a r d i n g  the a l g e b r a i c  p r o p e r -  
t i e s  of t h e s e  i n t e r a c t i o n s  tha t  have  so  fa r  been  d i s -  
c u s s e d  only  by  a b s t r a c t i n g  the  p r o p e r t i e s  f r o m  a 
f o r m a l  f i e ld  t h e o r y  m o d e l  b a s e d  on f u n d a m e n t a l  
e n t i t i e s  3) f r o m  which  the b a r y o n s  and m e s o n s  a r e  
bu i l t  up. 

If t h e s e  e n t i t i e s  w e r e  o c t e t s ,  we m i g h t  e x p e c t  the 
u n d e r l y i n g  s y m m e t r y  g r o u p  to be  SU(8) i n s t e a d  of 
SU(3); i t  i s  t h e r e f o r e  t e m p t i n g  to t r y  to u se  u n i t a r y  
t r i p l e t s  a s  f u n d a m e n t a l  o b j e c t s .  A u n i t a r y  t r i p l e t  t 
c o n s i s t s  of an i so top i c  s i n g l e t  s of e l e c t r i c  c h a r g e  z 
(in uni t s  of e) and an i so top i c  double t  (u, d) with 
c h a r g e s  z+l  and z r e s p e c t i v e l y .  The  a n t i - t r i p l e t  
has ,  of c o u r s e ,  the  o p p o s i t e  s i g n s  of the  c h a r g e s .  
C o m p l e t e  s y m m e t r y  among the m e m b e r s  of the  
t r i p l e t  g i v e s  the e x a c t  e igh t fo ld  way,  whi le  a m a s s  
d i f f e r e n c e ,  fo r  e x a m p l e ,  be tween  the i s o t o p i c  dou-  
b l e t  and  s i n g l e t  g i v e s  the  f i r s t - o r d e r  v io l a t i on .  

F o r  any va lue  of z and of t r i p l e t  sp in ,  we can  
c o n s t r u c t  b a r y o n  o c t e t s  f r o m  a b a s i c  n e u t r a l  b a r y o n  
s i n g l e t  b by  tak ing  c o m b i n a t i o n s  ( b t t ) ,  C o t t t t ) ,  
e tc .  **. F r o m  ( b t t ) ,  we ge t  the  r e p r e s e n t a t i o n s  1 
and 8, whi le  f r o m  ( b t t t t )  we ge t  1, 8 ,  10, 10, and 
27. In a s i m i l a r  way,  m e s o n  s i n g l e t s  and o c t e t s  can  
be  m a d e  out of ( t t ) ,  ( t t t t ) ,  e tc .  The  quan tum n u m -  
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b e r n  t - n~ would be  z e r o  f o r  a l l  known b a r y o n s  and  
m e s o n s .  The  m o s t  i n t e r e s t i n g  e x a m p l e  of such  a 

1 m o d e l  i s  one in which  the t r i p l e t  has  sp in  ~ and 
z = -1 ,  so  tha t  the  four  p a r t i c l e s  d - ,  s - ,  u ° and b ° 
exh ib i t  a p a r a l l e l  wi th  the  l ep tons .  

A s i m p l e r  and m o r e  e l e g a n t  s c h e m e  can  be  
c o n s t r u c t e d  if we a l low n o n - i n t e g r a l  v a l u e s  for  the 
c h a r g e s .  We can  d i s p e n s e  e n t i r e l y  wi th  the  b a s i c  
b a r y o n  b if  we a s s i g n  to the  t r i p l e t  t the  fo l lowing  
p r o p e r t i e s :  sp in  ½, z = -~ ,  and  b a r y o n  n u m b e r  -~. 

2 t 1 
We then r e f e r  to the  m e m b e r s  u3, d -~ ,  and s-3- of 
the  t r i p l e t  a s  " q u a r k s "  6) q and the m e m b e r s  of the 
a n t i - t r i p l e t  a s  a n t i - q u a r k s  ~1. B a r y o n s  can  now be  
c o n s t r u c t e d  f r o m  q u a r k s  by us ing  the c o m b i n a t i o n s  
(qqq ) ,  ( q q q q q ) ,  e t c . ,  whi le  m e s o n s  a r e  m a d e  out  
of (qcl), (qq~tcl), e tc .  I t  i s  a s s u m i n g  tha t  the  l o w e s t  
b a r y o n  c on f igu ra t i on  (qqq)  g i v e s  j u s t  the r e p r e s e n -  
t a t i o n s  1, 8, and 18 that  have  been  o b s e r v e d ,  whi le  
the l o w e s t  m e s o n  c on f igu ra t i on  (q q) s i m i l a r l y  g i v e s  
j u s t  1 and 8. 

A f o r m a l  m a t h e m a t i c a l  m o d e l  b a s e d  on f i e ld  
t h e o r y  can  be bu i l t  up fo r  the  q u a r k s  e x a c t l y  a s  for  
p, n, A in the  o ld  S a k a t a  m o d e l ,  fo r  e x a m p l e  3) 
wi th  a l l  s t r o n g  i n t e r a c t i o n s  a s c r i b e d  to a n e u t r a l  
v e c t o r  m e s o n  f i e ld  i n t e r a c t i n g  s y m m e t r i c a l l y  wi th  
the t h r e e  p a r t i c l e s .  With in  such  a f r a m e w o r k ,  the 
e l e c t r o m a g n e t i c  c u r r e n t  (in un i t s  of e) i s  j u s t  

u - d - s} 

o r  ~-3~ + ~8~/J3  in the  no t a t i on  of r e f .  3). F o r  the  
weak  c u r r e n t ,  we can  t ake  o v e r  f r o m  the Saka t a  
m o d e l  the  f o r m  s u g g e s t e d  by G e l l - M a n n  and L4vyT) ,  
n a m e l y  i p 7 ~ ( l + Y 5 ) ( n  cos  0 + h s in  8), which  g i v e s  
in the  q u a r k  s c h e m e  the e x p r e s s i o n  *** 

i u ya (1  + y5)(d cos  0 + s s in  0) 

* Work supported in par t  by the U. S. Atomic Energy 
Commission. 

** This is s imi la r  to the t reatment  in ref. 1). See also 
ref.  5). 

*** The para l le l  with i ~e Ya( 1 + ¥5) e and i ~ ¥~(1 + ¥5)~ 
is obvious. Likewise, in the model with d- ,  s - ,  u °, 
and b ° discussed above, we would take the weak cu r -  
rent to be i(b ° cos e + ~o sin e) ¥~(1 + ¥5) s -  
+ i(u ° cos e - ~o sin e) ya(1 + ¥5) d- .  The par t  with 
n(nt-n~) = 0 is just i T o ¥c~(1 + 75)(d- cos e + s -  sin O). 



0. Introduction to 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)

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

Rev. Mod. Phys., Vol. 90, No. 1, January–March 2018 015003-7

S. L. Olsen, T. Skwamicki, D. Ziemninska,
Rev. Mod. Phys. 90, 015003 (2018)

← Hybrid mesons (gluon excitation)

c

Hybrid (string excitation)
c

𝜓(4230)
aka Y(4260)

← Firstly discovered tetraquark

PTEP 2016, 062C01 A. Hosaka et al.

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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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

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

Rev. Mod. Phys., Vol. 90, No. 1, January–March 2018 015003-8

Is that all︖

S. L. Olsen, T. Skwamicki, D. Ziemninska,
Rev. Mod. Phys. 90, 015003 (2018)
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Double charm tetraquark
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J.P. Ader, J.M. Richard and P. Taxil,
Phys. Rev. D25, 2370 (1982)
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Gluon exchange force induces color-spin interaction

- Diquark
- Color confinement

c dcu +strong decay？
(fall-apart)

Tcc can be stable!

cu pair ~1/mC suppressed

~1 dominant attraction (3c, I=0, 1S0)ud pair

cc pair ~1/mC
2 more suppressed (3c, 3S1)

strong ud
attraction

Tcc
Double charm tetraquark

J.P. Ader, J.M. Richard and P. Taxil,
Phys. Rev. D25, 2370 (1982)
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c dcu +

D D*

mass

J.P. Ader, J.M. Richard and P. Taxil,
Phys. Rev. D25, 2370 (1982)
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0. Introduction to exotic hadrons



D+D* threshold 3880 MeV

Tcc
Double charm tetraquark

c dcu +

D D*Eur. Phys. J. C (2009) 64: 283–295 285

Since phenomenologically CM is about three times larger
than CB , the combinations of diquarks which make (3) neg-
ative are very limited. Only when q1 = c and q2 = b, the
binding energy becomes BT 0

cb
= −21.25 MeV, and the con-

figuration (udc̄b̄), which we call T 0
cb , will be stable against

strong decay. We note that more realistically the binding en-
ergy of a diquark with two heavy quarks could be larger as
noted previously. Therefore the binding energy we have ob-
tained will be the lower bound.

This result can be understood simply in the heavy quark
limit. The binding energy of T 0

cb is supplied mainly from
the binding energy of (ud) diquark, because the binding
energy of (cb) diquark is suppressed by 1/mcmb . On the
other hand, the binding energies of the two meson states,
uc̄ and db̄, are also suppressed by 1/mc and 1/mb , respec-
tively. Therefore, the (ud) diquark is regarded as an attrac-
tive force which stabilizes T 0

cb . Then, we may ask if T 0
cb

including (us) or (ds) diquarks can be stable, because the
s quark may be considered to belong to the light quarks.
We find that the configuration usc̄b̄ could be stable against
B+ + D−

s (BT 0
cb(us) = −1.1 MeV); however, it is unstable

against D̄0 + B0
s (BT 0

cb(us) = +24.8 MeV) because of the

relatively weaker binding in the (us) diquark. Therefore, T 0
cb

will not form 3̄f multiplet in light flavor SU(3)f symmetry.
Another tetraquark that could be stable is T 1

cc, which was
discussed before within the present model in Ref. [20]. T 1

cc

is a state with a scalar diquark (ud) and axial vector diquark
(cc); hence, the total quantum number is JP = 1+. This
state cannot decay strongly to two pseudoscalar mesons,
but it can to a pseudoscalar meson and a vector meson.
Therefore, although the charmed anti-diquark is repulsive,
the attractive (ud) diquark gives more binding than the
pseudoscalar and vector mesons. That is,

BT 1
cc

= mT 1
cc

− mD − mD∗

= −3
4

CB

m2
u

+ 1
4

CB

m2
c

+ 3
4
CM

(
1

mumc
− 1

3mumc

)

∼ −79.3 MeV. (4)

In the same way, T 1
bb can also be a stable tetraquark, whose

binding energy is given by

BT 1
bb

= mT 1
bb

− mB − mB∗

= −3
4

CB

m2
u

+ 1
4

CB

m2
b

+ 3
4
CM

(
1

mumb
− 1

3mumb

)

∼ −124.3 MeV. (5)

We note that T 1
cc(bb) containing a (us) or (ds) diquark in-

stead of (ud) diquark can also be stable as shown in Table 4.
For example, T 1

cc(us) has a binding energy of −8.7 MeV

Table 4 The binding energy BT 1
cc(bb,cb)

= mT 1
cc(bb,cb)

− mM − mM∗ of

T 1
cc(bb,cb) against decay to pseudoscalar and vector mesons, M and M∗,

as shown below. The unit is in MeV. The tetraquarks can be stable for
BT 1

cc(bb,cb)
< 0

udc̄c̄ usc̄c̄ dsc̄c̄

T 1
cc −79.3 −8.7 −8.7

D̄0 + D∗−, D̄∗0 + D− D̄0 + D∗−
s D− + D∗−

s

udb̄b̄ usb̄b̄ dsb̄b̄

T 1
bb −124.3 −62.3 −62.3

B+ + B∗0, B∗+ + B0 B+ + B∗0
s B0 + B∗0

s

udc̄b̄ usc̄b̄ dsc̄b̄

T 1
cb −59.0 +2.9 +2.9

B∗+ + D−, B∗0 + D̄0 B∗0
s + D0 B∗0

s + D−

against D̄0 + D∗−
s , and T 1

bb(us) has −62.3 MeV against
B+ + B∗0

s . Therefore, T 1
cc(bb) will form the 3̄f multiplet.

In between T 1
cc and T 1

bb , T 1
cb with the spin triplet (cb)

diquark is also interesting. The binding energy is obtained
similarly as shown in Table 4. In this case, T 1

cb with (ud)

diquark is stable, while T 1
cb with (us) and (ds) diquarks

are not. Therefore, T 1
cb would not form a 3̄f multiplet, as

only T 1
cb is bound. T 1

cb is regarded as an excited state of
T 0

cb , whose mass splitting is given by CB/mcmb . Therefore,
if both T 0

cb and T 1
cb are observed and their mass splitting

fits well to CB/mcmb , then it confirms that Tcb is really a
tetraquark, and not a bound molecular state, which would
otherwise be another possibility.

The presence of T 0
cb and T 1

cc can be observed experimen-
tally through their hadronic weak decay [20]. T 0

cb contains
the components of D̄0 + B0 or D− + B+, whose available
decay modes are listed in Ref. [27]. For example, through
the weak decay D̄0 → K+π− and B0 → K+π−, we could
observe T 0

cb → K+π− + K+π−, as far as T 0
cb is really sta-

ble against strong decay. While the expected branching ra-
tio for the particular hadronic decay mode is very small
because of the small branching ratio of B0 → K+π−, we
need to search for such modes to reconstruct the mass of
T 0

cb . Similarly, T 1
cc contains D̄0 + D∗− or D̄∗0 + D−. Then,

using D∗ → Dπ , an interesting decay mode is given as
T 1

cc → K+π− + K+π− + π− [20]. In the same way, T 1
bb

and T 1
cb contain B + B∗ and D + B∗, respectively. How-

ever, the prediction of decay modes are not easy at present
because the available decay modes of B∗ are very limited.

3.2 Heavy pentaquark

Pentaquarks are obtained by taking any two diquarks as
given in Table 3 together with an antiquark. Stability in
this case is guaranteed when the binding energy of the pen-
taquark configuration is larger than the largest sum of baryon

S.-H. Lee, S. Yasui, Eur. Phys. J. C64,283 (2009)
S.-H. Lee, S. Yasui, W. Liu, C.-M. Ko, Eur. Phys. J. C54, 259 (2008)

mass
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Table 8. Possible decay modes of Tcc. In the bottom row, we would observe the corre-
lations (K+π−)(K+π−)π− and (K+π+π+π−)(K+π−)π− in the final states. See the
text for details

Threshold Decay mode Lifetime

MTcc
>MD∗ +MD D∗−D̄0 hadronic decay

2MD +Mπ <MTcc
<MD∗ +MD D̄0D̄0π− hadronic decay

MTcc
< 2MD +Mπ D∗−K+π−, D∗−K+π+π−π− 0.41×10−12 s

Table 9. Possible decay modes of Θcs

Threshold Decay mode Lifetime

MΘcs
>MN +MDs

pD−s hadronic decay

MΛ+MD <MΘcs
<MN +MDs

ΛD̄0 hadronic decay
ΛD− hadronic decay

MΘcs
<MΛ+MD ΛK+π−, ΛK+π+π−π− 0.41×10−12 s

ΛK+π−π− 1.0×10−12 s

via a strong process.1 For the Tcc below the threshold of
D∗D and above DDπ, the decay channel to D∗−D̄0 is en-
ergetically forbidden, but the D∗− component in Tcc can
decay through a strong process, leading to the final de-
cay mode D̄0D̄0π−. On the other hand, when Tcc is be-
low the threshold of DDπ, the decay channel of D∗− is
closed and only the weak decay of the D̄0 component in
Tcc is allowed via D̄0→ K+π− or K+π+π−π−. There-
fore, Tcc would be detected by the decay modes D∗−K+π−

and D∗−K+π+π−π−. The last two decay patterns would
most likely occur since the binding energy of Tcc is esti-
mated to be about 80 MeV as shown previously, which is
sufficiently larger than the mass difference (about 6 MeV)
between D∗− and D̄0π−. Below the threshold of DDπ, it
may also be interesting to see the decay of D∗− compon-
ent in Tcc. Considering that the D∗− component contains
a quantum number of D̄0π−, and D̄0 decays into K+π−

and K+π+π−π−, we may observe the D̄0K+π+π− and
D̄0K+π+π+π−π− decays.

Among the weak decays below the threshold of DDπ,
the decay of the D̄0 component in Tcc can be distinguished
from that of theD∗− component. The former has the corre-
lations (K+π−)(K+π−)π− and (K+π+π+π−)(K+π−)π−,
and the latter has the correlations (K+π−)(K+π+π−) and
(K+π−)(K+π+π−π−π−), where brackets denote corre-
lated particles. However, the D̄0D̄0π− state, which would
appear in Tcc in the latter process, contains six quarks,
hence further analysis is needed to discuss its stability.

The pentaquark Θcs also has interesting decay pat-
terns. As can be seen in Table 7, the mass of Θcs could
be slightly above the ΛD̄0 threshold, in which case its life-
time will be shorter than that ofDs. Then the only possible
way to look for it is from the hadronic decay to Λ+ D̄0

1 The decay to the D̄∗0D− mode may not be a good signal in
experiments, since the D̄∗0 decays to D̄0π0 instead to D+π−

and D−π+, which are energetically forbidden due to the mass
difference.

final states. Since ALICE will be able to reconstruct the D̄0

through its hadronic decay, it will be an excellent oppor-
tunity to search for Θcs. Considering more general cases,
and assuming Θcs to be above the threshold of NDs, the
Θcs can decay into pD−s and ΛD̄0 or ΛD− via the strong
process. Although the ΣD channel is also a possible decay
mode, it is more difficult to detect as compared to NDs and
ΛD. When the mass of Θcs is below the NDs and above
the ΛD threshold, it decays only to ΛD̄0 or ΛD−. On the
other hand, below the threshold of ΛD, the hadronic de-
cay channels are closed and only weak decays are possible.
In this case, the lifetime of Θcs will depend on the lifetime
of the different components inside the Θcs, such as the Λ,
D̄0 and D−, whose lifetimes are respectively 2.6×10−10,
0.41×10−12 and 1.0×10−12 s. Therefore, once the Θcs is
formed as a deeply bound state, it will decay by the weak
process of D̄0 or D−. Consequently, possible final states
would be ΛK+π−, ΛK+π+π−π− and ΛK+π−π−.

Since the lifetimes of Tcc and Θcs are in the order of
10−12 s, their decays occur outside the collision region and
they are thus identifiable by vertex reconstruction. There-
fore, Tcc andΘcs would be identified clearly in experiments
if they exist. We summarize our results on possible decay
modes of Tcc and Θcs in Tables 8 and 9.

Lastly, we comment on the possibility to measure dou-
bly charmed baryons in heavy ion collisions. The doubly
charmed baryon Ξ++

cc have been observed by the SELEX
Collaboration in the Λ+

c K
−π+ and in the pD+K− de-

cay modes with a mass of (3518.7±1.7)MeV [40, 41]. The
same collaboration has also successfully measured Ξ+

cc in
the Λ+

c K
−π+π+ decay mode with a mass of 3460 MeV [42].

On the other hand, attempts by the FOCUS Collaboration
in the photoproduction experiment and by the BABAR
Collaboration in e+e− annihilation experiments [43, 44]
have so far failed to establish the existence of the doubly
charmed baryons. Hence, it is an interesting problem to
search for the doubly charmed baryons in heavy ion colli-
sions. Using the coalescence model, we find that the num-

weak decay:
D→Kπ

J.P. Ader, J.M. Richard and P. Taxil,
Phys. Rev. D25, 2370 (1982)
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Figure 41. Spectrum of the doubly charmed tetraquark states of I(JP ) = 0(1+) with
di↵erent bases of operators: (A) full basis of meson-meson and tetraquark operators,
(B) only meson-meson operators, (C) only meson-meson operators excluding one DD

⇤

operator, and (D) the operators as in C supplemented with the tetraquark operators.
Taken from Ref. [492].
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Figure 42. Theoretical predictions on the mass of the doubly charmed tetraquark
state ccūd̄ with I(JP ) = 0(1+), with uncertainties (error bars) and without
uncertainties (crosses), calculated based on the compact tetraquark picture through
various quark models [448, 494, 495, 496, 497, 498, 499, 500, 501, 502, 503, 504, 505,
506, 507, 508, 509] (blue), QCD sum rules [456, 510, 511] (brown), heavy quark
symmetry [461, 462, 463] (green), and others [455, 460] (black), as well as those
calculated through the hadronic molecular picture [468, 470, 512, 513, 514] (red), the
quark model considering the mixture of the meson-meson and diquark-antidiquark
structures [474, 477, 478] (magenta), and lattice QCD [493] (cyan). The two dashed
lines with orange crosses denote the �c1(3872) (X(3872)) first observed by Belle in
2003 [30] and the T

+
cc

recently observed by LHCb in 2021 [42, 43].

Tcc
Double charm tetraquark

Summary of theoretical studies (chronological table)

Recent review:
H.-X. Chen, W. Chen, X. Liu, Y.-R. Liu,
S.-L. Zhu, 2204.02649 [hep-ph]

not bound

bound

bound or not bound？
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Heavy-Quark Symmetry Implies Stable Heavy Tetraquark Mesons QiQjq̄kq̄l

Estia J. Eichten* and Chris Quigg†

Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, Illinois 60510, USA
(Received 8 August 2017; published 15 November 2017)

For very heavy quarks Q, relations derived from heavy-quark symmetry predict the existence of novel
narrow doubly heavy tetraquark states of the formQiQjq̄kq̄l (subscripts label flavors), where q designates a
light quark. By evaluating finite-mass corrections, we predict that double-beauty states composed of bbūd̄,
bbūs̄, and bbd̄s̄ will be stable against strong decays, whereas the double-charm states ccq̄kq̄l, mixed
beauty þ charm states bcq̄kq̄l, and heavier bbq̄kq̄l states will dissociate into pairs of heavy-light mesons.
Observation of a new double-beauty state through its weak decays would establish the existence of
tetraquarks and illuminate the role of heavy color-antitriplet diquarks as hadron constituents.

DOI: 10.1103/PhysRevLett.119.202002

Following the discovery of the charmonium-associated
state Xð3872Þ by the Belle Collaboration [1], experiments
have led a renaissance in hadron spectroscopy [2].
Many of the newly observed states invite identification

with compositions less spare than the traditional quark–
antiquark meson and three-quark baryon schemes [3].
Tetraquark states composed of a heavy quark and antiquark
plus a light quark and antiquark have attracted much
attention. The observed candidates all fit the form
cc̄qkq̄l, where the light quarks q may be u; d, or s. No
such states are observed significantly below threshold for
strong decays into two heavy-light meson states c̄ql þ cq̄k;
all have strong decays to cc̄ charmoniumþ light mesons.
In this Letter we examine the possibility of tetraquark

configurations for which all strong decays are kinemati-
cally forbidden. We show that, in the heavy-quark limit,
stable—hence, exceedingly narrow—QiQjq̄kq̄l mesons
must exist. To apply this insight, we take into account
corrections for finite heavy-quark masses to deduce which
tetraquark states containing b or c quarks should be
stable. The most promising example is a JP ¼ 1þ isoscalar
double-b meson, T fbbg−

½ū d̄& .
In the heavy-quark limit, the lowest-lying tetraquark

configurations resemble the helium atom, a factorized
system with separate dynamics for the compact heavy
color-3̄ QiQj “nucleus” and for the light quarks bound to
the stationary color charge. (We recall that the one-gluon-
exchange interaction is attractive for two quarks forming a
color antitriplet, with half the strength of the attraction
between a quark and antiquark bound in a color singlet.)
At large Qi −Qj separations, which become increasingly

important as the heavy-quarkmasses decrease, the light q̄kq̄l
cloud screens the QiQj interaction, so that the QiQjq̄kq̄l
complex may rearrange into a pair of heavy-light mesons
[4]. For heavy quarksQiQj bound in a color 3̄ by an effective
potential of the “Cornell” Coulombþ linear form at half
strength for both components [5], the rms core radii are
hr2i1=2 ¼ 0.28 fmðccÞ, 0.24 fmðbcÞ, and 0.19 fmðbbÞ, all
considerably smaller than the size of the associated tetra-
quark states. Hence the core-plus-light (anti)quarks ideali-
zation should be a reliable guide to the masses of ground-
state tetraquarks containing charms and bottoms.
The ground state of the attractive 3̄ QiQj configuration

may have total spin SQiQj
¼ 1 for identical quarks (i ¼ j)

or for quarks of different flavors (i ≠ j) in a symmetric
flavor configuration fQiQjg or total spin SQiQj

¼ 0 for
quarks of different flavors (i ≠ j) in an antisymmetric
flavor configuration ½QiQj&. To construct a color-singlet
QiQjq̄kq̄l state, the light q̄kq̄l must be in a color-3. For the
tetraquark ground state, both the heavyQiQj and light q̄kq̄l
pairs must be in (l ¼ 0) s waves. To satisfy the Pauli
principle, the flavor-symmetric fq̄kq̄lg state must have total
(light-quark) spin jl ¼ 1, whereas the flavor-antisymmetric
½q̄kq̄l& must have jl ¼ 0.
Stability in the heavy-quark limit.—For very heavy

quarks, a hadron mass receives negligible contributions
from the motion of the heavy quarks and spin interactions.
Accordingly, the following relations hold among the
masses of heavy-light mesons and heavy-heavy-light
baryons [6]:

mðfQiQjgfq̄kq̄lgÞ −mðfQiQjgqyÞ ¼ mðQxfqkqlgÞ −mðQxq̄yÞ;
mðfQiQjg½q̄kq̄l&Þ −mðfQiQjgqyÞ ¼ mðQx½qkql&Þ −mðQxq̄yÞ;
mð½QiQj&fq̄kq̄lgÞ −mð½QiQj&qyÞ ¼ mðQxfqkqlgÞ −mðQxq̄yÞ;
mð½QiQj&½q̄kq̄l&Þ −mð½QiQj&qyÞ ¼ mðQx½qkql&Þ −mðQxq̄yÞ: ð1Þ

PRL 119, 202002 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

17 NOVEMBER 2017

0031-9007=17=119(20)=202002(5) 202002-1 © 2017 American Physical Society

The kinetic energy shift due to light quarks will be different in Qq̄ mesons and Qqq baryons. By comparing the centroid
[or center-of-gravity (c.g.)] masses for the charm and bottom systems we can extract the difference of the kinetic-energy
coefficients K for states that contain one or two light quarks, viz., δK≡KðudÞ −Kd. For example,

fðm½ðcudÞ3̄$ −mðcd̄Þg − fm½ðbudÞ3̄$ −mðbd̄Þg ¼ δK
!

1

2mc
−

1

2mb

"
¼ 5.11 MeV; ð6Þ

from which we extract δK ¼ 0.0235 GeV2. The resulting
mass shifts are

m½fccgðū d̄Þ$ −mðfccgdÞ∶ δK
4mc

¼ 2.80 MeV;

m½ðbcÞðū d̄Þ$ −mðfbcgdÞ∶ δK
2ðmc þmbÞ

¼ 1.87 MeV;

m½fbbgðū d̄Þ$ −mðfbbgdÞ∶ δK
4mb

¼ 1.24 MeV:

ð7Þ

These values are small—only slightly larger than the
isospin breaking effects that we neglect as too small to
affect the question of stability [12].
Combining the heavy-quark-symmetry relations of

Eq. (1) with the leading-order corrections, we obtain the
masses of ground-state QiQjq̄kq̄l tetraquarks summarized
in Table II [13]. As inputs for the doubly heavy baryons not
yet experimentally measured, we use the model calcula-
tions of Karliner and Rosner [14].
Narrow tetraquark states.—As we explained in the

discussion surrounding Eq. (4), strong decays of
QiQjq̄kq̄l tetraquarks to a doubly heavy baryon and a
light antibaryon are kinematically forbidden for all the

ground states. Strong decay to a pair of heavy-light mesons
will occur if the tetraquark state lies above the threshold.
For JP ¼ 0þ or 2þ, a QiQjq̄kq̄l meson might decay to a
pair of heavy-light pseudoscalar mesons, while for JP ¼
1þ the allowed decay channel would be a pseudoscalar plus
a vector meson. According to our mass estimates, the only
tetraquark mesons below threshold are the axial vector
fbbg½ū d̄$meson, T fbbg−

½ū d̄$ , which is bound by 121 MeV, and

the axial vector fbbg½ū s̄$ and fbbg½d̄ s̄$ mesons bound by
48MeV. We expect all the otherQiQjq̄kq̄l tetraquarks to lie
at least 78 MeV above the corresponding thresholds for
strong decay [16]. Promising final states include T fbbg−

½ūd̄$ →

Ξ0
bcp̄, B

−Dþπ−, and B−Dþl−ν̄ (which establishes a weak
decay), T fbbg−

½ūs̄$ →Ξ0
bcΣ̄−, T fbbg0

½d̄s̄$ →Ξ0
bcðΛ̄;Σ̄0Þ, and so on.

As others have noted [8,17], unstable doubly heavy
tetraquarks might be reconstructed as resonances in the
“wrong-sign” combinations of DD, DB, and BB. The
doubly charged T fccgþþ

½d̄ s̄$ → DþDþ
s , etc., would stand out as

prima facie evidence for a non-qq̄ level.
While the production of QiQjq̄kq̄l mesons is

undoubtedly a rare event, we draw some encourage-
ment for near-term searches from the large yield of Bc
mesons recorded in the LHCb experiment [18] and the

TABLE II. Expectations for the ground-state tetraquark masses, in MeV.a The column labeled “HQS relation” is the result of our
heavy-quark symmetry relations and is explicitly given by the sum of the right-hand side of Eq. (1) and the kinetic-energy mass shifts of
Eq. (7). Here q denotes an up or down quark. For stable tetraquark states the Q value is highlighted in a box.

State JP jl mðQiQjqmÞ (c.g.) HQS relation mðQiQjq̄kq̄lÞ Decay channel Q (MeV)

fccg½ū d̄$ 1þ 0 3663b mðfccguÞ þ 315 3978 DþD'0 3876 102
fccg½q̄ks̄$ 1þ 0 3764c mðfccgsÞ þ 392 4156 DþD'−

s 3977 179
fccgfq̄kq̄lg 0þ; 1þ; 2þ 1 3663 mðfccguÞ þ 526 4146,4167,4210 DþD0; DþD'0 3734,3876 412,292,476
½bc$½ū d̄$ 0þ 0 6914 mð½bc$uÞ þ 315 7229 B−Dþ=B0D0 7146 83
½bc$½q̄ks̄$ 0þ 0 7010d mð½bc$sÞ þ 392 7406 BsD 7236 170
½bc$fq̄kq̄lg 1þ 1 6914 mð½bc$uÞ þ 526 7439 B'D=BD' 7190=7290 249
fbcg½ū d̄$ 1þ 0 6957 mðfbcguÞ þ 315 7272 B'D=BD' 7190=7290 82
fbcg½q̄ks̄$ 1þ 0 7053d mðfbcgsÞ þ 392 7445 DB'

s 7282 163
fbcgfq̄kq̄lg 0þ; 1þ; 2þ 1 6957 mðfbcguÞ þ 526 7461,7472,7493 BD=B'D 7146=7190 317,282,349
fbbg½ū d̄$ 1þ 0 10 176 mðfbbguÞ þ 306 10 482 B−B̄'0 10 603 −121
fbbg½q̄ks̄$ 1þ 0 10 252c mðfbbgsÞ þ 391 10 643 B̄B̄'

s=B̄sB̄' 10 695=10 691 −48
fbbgfq̄kq̄lg 0þ; 1þ; 2þ 1 10 176 mðfbbguÞ þ 512 10 674,10 681,10 695 B−B0; B−B'0 10 559,10 603 115,78,136
aMasses of the unobserved doubly heavy baryons are taken from Ref. [14]; for lattice evaluations of b-baryon masses, see Ref. [15].
bBased on the mass of the LHCb Ξþþ

cc candidate, 3621.40 MeV, Ref. [10].
cUsing the s=d mass differences of the corresponding heavy-light mesons.
dEvaluated as 1

2 ½mðcs̄Þ −mðcd̄Þ þmðbs̄Þ −mðbd̄Þ$ þmðbcdÞ.
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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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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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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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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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New type of exotics!

Note: Above 
D0D0π+ threshold 
3869.25 MeV:
“resonance(?)”
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Ivan Polyakov (2021)

me!

Tcc has been studied over 35 years in theories! 
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Doubly charmed tetraquark T+
cc from Lattice QCD near Physical Point
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The doubly charmed tetraquark T+
cc recently discovered by the LHCb collaboration is studied on

the basis of (2 + 1)-flavor lattice QCD simulations of D⇤D system with nearly physical pion mass
m⇡ = 146 MeV. The interaction of D⇤D in the isoscalar and S-wave channel, derived from the
hadronic spacetime correlation by the HAL QCD method, is attractive for all distances and leads
to a near-threshold virtual state with a pole position Epole ' �45 keV and a large scattering length
1/a0 ' 0.05 fm�1. The virtual state is shown to evolve into a loosely bound state as m⇡ decreases to
its physical value based on an extrapolation of the interaction to m⇡ = 135 MeV: The extrapolated
result is found to give a semi-quantitative description of the LHCb data on the D0D0⇡+ mass
spectrum.

Introduction.� The quest of exotic hadrons with multi-
quark configuration beyond the conventional constituent
quark model has been one of central subjects in the
study of nonperturbative QCD for decades [1–6]. Al-
though dozens of candidates of exotic hadrons were re-
ported [7, 8], a doubly charmed tetraquark T+

cc was dis-
covered only recently by the LHCb collaboration [9]: A
pronounced narrow peak appears in the D0D0⇡+ mass
spectrum just around 360 keV below D⇤+D0 threshold,
and its isospin I, spin J and parity P are found to be
consistent with (I, JP ) = (0, 1+) [10].

Although early theoretical predictions on the mass of
T+
cc were scattered in the range of ±300 MeV with respect

to the D⇤+D0 threshold, the constraint from the LHCb
data starts to lead a consistent description on the ba-
sic properties of T+

cc in recent phenomenological models
(see Refs. [11–22] and references therein). Nevertheless,
a solid theoretical validation on the existence of T+

cc needs
to be given from first-principles lattice QCD simulations.
So far, the lattice QCD studies on the doubly charmed
tetraquark in terms of the D⇤D scattering length [23–25]
and the finite-volume D⇤D energy [26, 27] have been
limited in the region of large pion masses (m⇡ � 280
MeV) and small lattice sizes (L  2.9 fm).

Under the above circumstances, the purpose of this
Letter is twofold. Our first purpose is to report a realis-
tic investigation of the D⇤D scattering in the I = 0 and
S-wave channel from lattice QCD simulations with nearly
physical pion massm⇡ = 146 MeV and a large lattice size
L = 8.1 fm. We employ the HAL QCD method [28–30],
which can convert the hadronic spacetime correlation to
the physical observables through an e↵ective interaction
potential. Shown in Fig. 1 is a summary of the previous
lattice QCD calculations of the inverse scattering length
of D⇤D as a function of m2

⇡. The recent result of LHCb

FIG. 1. The inverse of scattering length 1/a0 for the D⇤D
scattering in the I = 0 and S-wave channel obtained from
lattice QCD simulations by Refs. [23](blue square), [24](green
diamond), and [25](yellow triangle). The result of the present
paper and the real part of the experimental value by the LHCb
collaboration [10] are shown by the magenta circle and the red
star, respectively.

and the result of the present paper at m⇡ = 146 MeV
to be described below are also shown. Fig. 1 indicates
a clear trend that the lattice data approach to the ex-
perimental data as the pion mass decreases toward the
physical point. While it is of primary importance to ex-
amine the D⇤D scattering parameters and the pole posi-
tion of T+

cc , a direct comparison between theoretical and
experimental mass spectrum is also valuable to unveil
the properties of near-threshold tetraquark. Therefore,
our second purpose is to calculate D0D0⇡+ mass spec-
trum using our result for a direct comparison with the
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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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Tbb
Doubly bottom tetraquark

Recent lattice QCD study on Tbb
Meinel, Pflaumer, Wagner,
Phys. Rev. D106, 034507 (2022)

b b
d u

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] ].

MEINEL, PFLAUMER, and WAGNER PHYS. REV. D 106, 034507 (2022)

034507-14

Let us research Tbb in future experiments!

Binding energy ~ 100 MeV?
“deeply bound”

Compact multiquark or
extended hadronic molecule?

Recent result by HAL 
Collaboration
83 MeV (2212.00202)
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Personal view on
significance of Tcc (possibly Tbb)

When (nearly) stable exotic states exist, studies for internal 
structures will become possible at high-precision for exotic 
hadrons in experiments, lattice QCD and phenomenology!
Internal property: charge radius, form factor, magnetic moment, quadrupole 
moment, parton structure, spin decomposition, …

“Taxonomy”
分類学

Classification of exotic hadrons

Before…

“Molecular 
biology”

High-precision data of exotic hadrons

After…

c c
d u
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- 5𝐷 meson and nucleon (pentaquark)
✔ ̅𝑐𝑞𝑞𝑞𝑞 (𝑞 = 𝑢, 𝑑): no annihilation
✔ (Anti-)charm nuclei?
✔ Extension to 𝐵 meson and nucleon

chiral + HQS symmetries:
Cohen, Hohler, Lebed, PRD72, 074010 (2005)
Yasui, Sudoh, PRD80, 034008 (2009)
Yamaguchi, Ohkoda, Yasui, Hosaka, PRD84, 014032 (2011), ibid. 85, 054003 (2012)
Cf. compact quarks: Gignoux, Silvestre-Brac, Richard, PLB193, 323 (1987), Lipkin, PLB195, 484 (1987)

1. Why !𝐷 meson and nucleon?

pentaquark (5 quark)

π

πqc

q q
q

Nucleon

Cf. Review paper: Hosaka, Hyodo, Sudoh, Yamaguchi, Yasui, PPNP 96, 88 (2017)

𝑞

'𝑞

𝑞′

'𝑞′gluon

q=u,d

HiggsTan.com

!𝑫 meson
(anti D meson)

!𝑫 = (!𝑫𝟎, 𝑫=)
= ()𝒄𝒖, )𝒄𝒅)

① No !𝑞𝑞 annihilation
② No NG boson emission
→ High-precision data
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!𝑫 meson
(anti D meson)

!𝑫 = (!𝑫𝟎, 𝑫=)
= ()𝒄𝒖, )𝒄𝒅)

!𝐷 meson bound nuclei?
(example of theory prediction)

(anti-)charm and bottom nuclei

Fig. 5 Energy levels of D̄−nucleus systems with S, P , D, and F−waves for A = 16. The

solid lines are the energy levels obtained. The values are the binding energies. The dashed

line is the threshold.

Table 2 Resonance energy Ere and half-decay width Γ/2 for the D̄-nucleus systems with

P , D, and F -waves. Ere and Γ/2 are given in units of MeV.

! A Ere [MeV] Γ/2 [MeV]

P -wave 20 8.90× 10−2 3.47× 10−2

40 5.40× 10−2 2.02× 10−2

D-wave 30 4.82× 10−1 7.20× 10−2

160 1.05× 10−1 8.40× 10−3

F -wave 20 3.29 8.09× 10−1

40 1.95 4.35× 10−1

70 1.85 7.53× 10−1

120 1.23 4.13× 10−1

130 1.85× 10−1 1.42× 10−3

190 9.77× 10−1 4.46× 10−1

200 3.59× 10−1 2.71× 10−2

Interestingly, sharp resonances with small widths less than 1 MeV are found. In particular,

the F -wave states have many resonances.

For the bottom sector, the attraction of the B-nucleus potential is stronger than the

D̄-nucleus one. This is because the mass difference between B and B∗ is smaller in the

original potential and the strong mixing between BN and B∗N channels induces the stronger

12

Yamaguchi, Yasui, PTEP2017 (2017) 9, 093D02

!𝐷 nucleus (𝐴 = 16 baryon #)
NucleusNucleus

!𝐷

Accessible to high-precision data of charm exotic hadrons and nuclei, if exist.

𝑞

'𝑞

𝑞′

'𝑞′gluon

① No !𝑞𝑞 annihilation
② No NG boson emission
→ High-precision data

chiral + HQS symmetries:
Cohen, Hohler, Lebed, PRD72, 074010 (2005)
Yasui, Sudoh, PRD80, 034008 (2009)
Yamaguchi, Ohkoda, Yasui, Hosaka, PRD84, 014032 (2011), ibid. 85, 054003 (2012)
Cf. compact quarks: Gignoux, Silvestre-Brac, Richard, PLB193, 323 (1987), Lipkin, PLB195, 484 (1987)
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D̄-nucleus one. This is because the mass difference between B and B∗ is smaller in the

original potential and the strong mixing between BN and B∗N channels induces the stronger
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!𝐷 nucleus (𝐴 = 16 baryon #)
Nucleus

!𝐷

𝑞

'𝑞

𝑞′

'𝑞′gluon

① No !𝑞𝑞 annihilation
② No NG boson emission
→ High-precision data

chiral + HQS symmetries:
Cohen, Hohler, Lebed, PRD72, 074010 (2005)
Yasui, Sudoh, PRD80, 034008 (2009)
Yamaguchi, Ohkoda, Yasui, Hosaka, PRD84, 014032 (2011), ibid. 85, 054003 (2012)
Cf. compact quarks: Gignoux, Silvestre-Brac, Richard, PLB193, 323 (1987), Lipkin, PLB195, 484 (1987)



1. Why !𝐷 meson and nucleon?
- Charm (bottom) nuclei?
✔ Can charm (bottom) nuclei exist as stable states?
✔ Binding energy of 5𝐷 mesons in nuclear medium? 
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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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1. Why !𝐷 meson and nucleon?

Exotic nuclei with open heavy flavor mesons

Shigehiro Yasui1,* and Kazutaka Sudoh2,†
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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.

DOI: 10.1103/PhysRevD.80.034008 PACS numbers: 21.85.+d, 12.39.Hg, 14.40.Lb, 14.40.Nd

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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Exotic baryons from a heavy meson and a nucleon: Negative parity states
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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.
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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

* Corresponding author.
E-mail address: yasuis@post.kek.jp (S. Yasui).

1 Present address: Yukawa Institute for Theoretical Physics, Kyoto University, Ky-
oto, 606-8317, Japan.

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.

Keywords: Mesic nuclei; Heavy mesons; Heavy quark symmetry; One pion exchange potential

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

© The Author(s) 2017. Published by Oxford University Press on behalf of the Physical Society of Japan.
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D̄ and B mesons in a nuclear medium
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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.
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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
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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.
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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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!𝐷𝑁 (𝐵𝑁) potential; the latest version

I talk on this.



1. Why !𝐷 meson and nucleon?
- 2022: First experiment for 5𝐷𝑁 interaction!
✔ ALICE at LHC Phys. Rev. D106, 052010 (2022) ← analysis by Kamiya, Hyodo, Ohnishi
✔ 𝐷!𝑝 (5𝐷𝑁) correlation function from proton-proton collisions
✔ Attraction suggested? (Cf. 𝐾𝑁 is repulsive.)

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
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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
by the star symbol.
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[21] Haidenbauer, Krein, Meißner, Sibirtsev, EPJ. A33, 107 (2007)
[22] Hofmann, Lutz, NPA763, 90 (2005)
[24] Yamaguchi, Ohkoda, Yasui, Hosaka, PRD84, 014032 (2011)
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We should explore !𝐷 meson and nucleon interaction
more seriously!

HiggsTan.com

Cf. Hyperon interaction: 
Ohnishi et al., Nucl. 
Phys. A954, 294 (2016)
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2. !𝐷 meson and nucleon potential
- Structure of 5𝐷 meson: Heavy quark spin symmetry (HQS)
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✔ 𝐷 and 𝐷∗ mesons as HQS doublet
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- Structure of 5𝐷 meson: Heavy quark spin symmetry (HQS)
✔ HQS can be applied to arbitrary (exotic) heavy hadrons.
✔ Pentaquark N𝑄𝑞𝑞𝑞𝑞 (= N𝑄𝑞 + 𝑞𝑞𝑞)

2. !𝐷 meson and nucleon potential



- 5𝐷 meson and nucleon potential (𝑃 = 5𝐷, 𝑃∗ = 5𝐷∗)
✔ 𝑃𝑁 − 𝑃∗𝑁 mixing (𝑃 and 𝑃∗ are interchangeable.)
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- Generality: spin-structure (𝑞: light quark, 𝑁: nucleon)
✔ Recombination: [ N𝑄𝑞]𝑁 = N𝑄[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)
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- 5𝐷 meson and nucleon potential (𝑃 = 5𝐷, 𝑃∗ = 5𝐷∗)
✔ 𝑃𝑁 − 𝑃∗𝑁 mixing (𝑃 and 𝑃∗ are interchangeable.)
✔ Chiral (𝝌) symmetry + Heavy-quark spin (HQS) symmetry
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- Generality: spin-structure (𝑞: light quark, 𝑁: nucleon)
✔ Recombination: [ N𝑄𝑞]𝑁 = N𝑄[𝑞𝑁]
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- We need to solve QCD in order to get the potential, but it’s difficult.
✔We still rely on model calculations.
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- 𝑃(∗)𝑁 potential (𝑃 = 5𝐷, 𝐵 meson; 𝑃∗ = 5𝐷∗, 𝐵∗ meson, 𝑁 nucleon)
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- 𝑃(∗)𝑁 potential (𝑃 = 5𝐷, 𝐵 meson; 𝑃∗ = 5𝐷∗, 𝐵∗ meson, 𝑁 nucleon)
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2. !𝐷 meson and nucleon potential

HHET
(vertex)

- Heavy Hadron Effective Theory (HHET)
✔ 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
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�
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†
@
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
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with the isospin components  1 and  2 for a proton and
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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-
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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-
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(⇤) and those of ⇡ and N . For the ⇡PP
⇤

and ⇡P
⇤
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⇤ 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
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For heavy mesons P and P
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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
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(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
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(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
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=

gV g⇢NN�

2
p
2m2
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, (35)
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T! =
gV g!NN�(1 + !)
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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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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.

𝜋, 𝜎, 𝜌, 𝜔

𝑁 𝑁

𝑁 𝑁
nuclear 
force 

CD-Bonn 
potential

(vertex)

Previous works:
𝜋 only: Yasui, Sudoh, PRD80, 034008 (2009)
𝜋, 𝜌,𝜔: Yamaguchi, Ohkoda, Yasui, Hosaka, PRD84 014032 (2011),    

ibid. 054003 (2012)

Luke, Manohar, Wise, Casalbuoni, …


