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Abstract

The baryon–antibaryonSU(3) nonets are proposed as a scheme to classify the increased number of experimentally o
enhancements near the baryon antibaryon mass threshold. The scheme is similar to the Fermi–Yang–Sakata model,
put forth about fifty years ago in explaining the mesons observed at that time. According to the present scheme, m
baryon–antibaryon bound states are predicted, and their possible productions in quarkonium decays andB decays are suggeste
for experimental search.
 2005 Elsevier B.V.Open access under CC BY license.
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1. Introduction

Low mass baryon–antibayron enhancements h
recently been observed in charmonium andB decays.
In charmonium decays,pp̄ andpΛ̄ enhancements ar
observed inJ/ψ → γpp̄ [1], ψ ′ → π0pp̄, ηpp̄ [2],
and J/ψ → pΛ̄K− + c.c. [3], as well as inψ ′ →
pΛ̄K− + c.c. decays[3] by BES Collaboration. InB
decays, many baryon–antibayron-pair-contained fi
states have been measured by CLEO, Belle and B
Collaborations, such asB0 → D∗−pn̄ [4], B± →
pp̄K± [5], B̄0 → D∗0pp̄,D0pp̄ [6], B0 → pΛ̄π−
[7], B+ → pp̄π+,pp̄K∗+, B0 → pp̄K0 [8], B+ →
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ΛΛ̄K+ [9], B0 → D̄ ∗0pp̄, D̄ 0pp̄ [10], and so on,
with observed enhancements inpp̄, pΛ̄ andΛΛ̄ mass
spectra. Except for the enhancement inJ/ψ → γpp̄,
which is claimed to be very narrow and below thepp̄

mass threshold, all other states are slightly above
baryon antibaryon mass threshold and the widths a
few ten to less than 200 MeV/c2. Stimulated by recen
experimental results, a number of theoretical spe
lations and investigations are put forth[11,12], some
focus on the interpretation of a particular final st
[11], for instance,J/ψ → γpp̄, while others discus
the final states containing baryon and antibaryon
[12]. Most of these works devote to the improvem
of previous models or exploration of the producti
and decay dynamics, but it is still far from understa
ing the problem.

The discovery of increased number of baryo
antibaryon enhancements near thresholds cannot
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reminding us of the era prior to the development
the SU(3) quark model, when the so-called eleme
tary particles emerged one by one. In this Letter,
try to find a way to classify them. We suggest a no
scheme to accommodate the baryon–antibaryon
hancements observed in charmonium andB decays.
We surmise, with certain kind of interaction, for e
ample, the residual strong force between the qua
inside the baryons, some multiplets can be formed
the baryon–antibaryon bound states. Our idea is
lightened by the Fermi–Yang–Sakata (FYS) mod
in which the mesons were interpreted as bary
antibaryon bound states.

Our scheme could lead the experiments to sea
for these bound states in a systematical way, as
missing mesons and baryons had been searche
following the predictions of the quark model. Also th
scheme facilitates the theoretical development wh
describes these bound states in a unified model ins
of focusing on a particular state, since these states
bound by common forces and they decay through
same dynamics.

In the following parts of the Letter, we first revie
the FYS model briefly, then put forward a baryo
antibaryon nonet scheme, by virtue of which, ma
new baryon–antibaryon bound states are expected
nally, the search for these states are discussed.

2. Fermi–Yang–Sakata model

In 1950s, as the number of the so-called elem
tary particles increased, it became less likely that a
them were truly elementary. Under such circumstan
as a tentative scheme, Fermi and Yang proposed[13]
that theπ -meson may be a composite particle form
by the association of a nucleon and an antinucle
with strong attractive force in between which bin
them together. Since the mass of theπ -meson is sub
stantially smaller than twice the mass of a nucleon
is necessary to assume that the binding energy is
tremely large which is unappealing theoretically.

In 1955 after the discovery of the strangene
Sakata extended Fermi–Yang’s idea by includ
a strange baryonΛ and its antiparticle[14], and
intended providing a physical meaning for t
Nishijima–Gell-Mann’s rule[15]. Four years later, th
most modern-like version of the FYS model was d
r

veloped by Ikeda et al.[16]. They assumed that proto
p, neutronn andΛ are basic particles which compo
other baryons and mesons as suggested by the
model. They proposed a framework which explici
assures the equivalence of the three basic particlep,
n andΛ, in the limit of an equal mass. This leads to t
introduction of a new invariance under the exchan
of Λ andp or Λ andn in addition to the usual charg
independence and the conservation of electrical
hyperonic charge. They utilizedU(3) group to analyze
the symmetry of the FYS model and obtained exa
the same classification of the pseudoscalar meson
the quark model as long as the basic elementsp, n and
Λ are replaced byu, d and s quarks. The symmetr
analysis of Ikeda, Ogawa and Ohnuki was so succ
ful that all the pseudoscalar mesons known by 1
could be accounted for, and moreover, a new part
η was predicted which was shortly discovered[17].

However, after the theory of unitary symmetry
strong interactions was put forward[18], especially
when hyperonΩ− was predicted definitely by Gel
Mann[19] and its existence was confirmed experim
tally [20], the FYS model became a history for t
quark model. In fact, even when the FYS model w
proposed, it encountered a profound difficulty wh
was the enormous binding energy for sticking the
cleons together to form a meson. On the contrary,
the newly observed baryon–antibaryon enhancem
near thresholds, the binding energy is small compa
with the mass of a nucleon. So we turn to the F
model to classify these bound states.

3. 0− and 1− nonets

We come back to the FYS model, but from
different point of view. In our scheme, the baryo
antibaryon bound states do not refer to ordin
mesons, such asπ , K , η, but to the bound state
formed by baryon and antibaryon. The interact
between the baryon and antibaryon is probably
residual force between the strong interaction of
quarks and gluons inside the baryon or antibaryon.
one hand, the masses of the three-quark systems
baryon and the antibaryon) increase by a small amo
due to the residual forces required to form the bou
state; on the other hand, the binding energy betw
the two three-quark systems decreases the mass o
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Fig. 1. Baryon–antibaryon nonet. TheJP of this nonet is ei-
ther 0− or 1−. The three circles in the figure indicate the fo
lowing three states:(nn̄ − pp̄)/

√
2, (nn̄ + pp̄ − 2ΛΛ̄)/

√
6, and

(nn̄ + pp̄ + ΛΛ̄)/
√

3.

baryon–antibaryon system to lower than the sum of
masses of the three-quark systems, but very clos
the baryon–antibaryon mass threshold. This suppli
phenomenological surmise, the real physics awaits
the validity of the quantum chromodynamics.

Similar to theSU(3) quark–antiquark nonets, w
postulate the existence of special octets and
glets (nonets) whose elements are baryon–antiba
bound states, as shown inFig. 1. Hereafter, we limit
our study to the low-mass baryons:p, n andΛ. For a
baryon–antibaryon bound state, its quantum num
are obtained in the following way:

• Its spin(S) is 0 or 1, from the addition of the com
ponent baryons.

• The parity is(−1)L+1, whereL is the orbital an-
gular momentum between the baryon and the
tibaryon. In case ofS-wave (L = 0), the parity is
odd (−), while for P -wave, the parity is even (+).

• For pure neutral system, such asnn̄, pp̄, or ΛΛ̄,
the C-parity is (−1)L+S . For charged member
we define the generalizedC-parity [21] by the
neutral member of the nonet, but underC-parity
transformation, the particle changes into its a
tiparticle.

The property of theS-wave spin-singlet state
(J P = 0−) or the S-wave spin-triplet states(J P =
1−) nonet is summarized inTable 1, which leads
to the relation of their production rates in expe
ments. For simplicity, we assign the particles in
nonets the same names as the meson nonets fo
 d

Table 1
Quantum numbers of baryon–antibaryon nonet withJP = 0− or
1−. I is isospin,I3 is the third component ofI , S is the strange-
ness andQ is the charge of the state. The column “symbol” giv
nomenclature of the 0− and 1− states for easy reference in the Le
ter

State I (I3) S Q Symbol

(pn̄) 1(+1) 0 +1 π+
B

/ρ+
B

(np̄) 1(−1) 0 −1 π−
B

/ρ−
B

(nn̄−pp̄)√
2

1(0) 0 0 π0
B

/ρ0
B

(pΛ̄) 1
2(+ 1

2) +1 +1 K+
B

/K∗+
B

(nΛ̄) 1
2(− 1

2) +1 0 K0
B

/K∗0
B

(n̄Λ) 1
2(+ 1

2) −1 0 K̄0
B

/K̄∗0
B

(p̄Λ) 1
2(− 1

2) −1 −1 K−
B

/K̄∗−
B

(nn̄+pp̄−2ΛΛ̄)√
6

0(0) 0 0 η8
B

/ω8
B

(nn̄+pp̄+ΛΛ̄)√
3

0(0) 0 0 η1
B

/ω1
B

by quark–antiquark, but with a subscriptB for dis-
tinction. For example, the 0− isospin vector states ar
denoted asπ+

B , π0
B , and π−

B , while the 1− strange
particles are referred to asK∗0

B , K∗+
B , and their antipar

ticles. In general, there is mixing between the eig
component of theSU(3) octet and theSU(3) singlet.
Since the masses of proton and neutron differ by o
1.3 MeV/c2, but the mass ofΛ is 177 MeV/c2 greater,
one is invited to assume ideal mixing between the
thus one is pure(pp̄ + nn̄) and the other is pureΛΛ̄.
This is to be verified by experiments.

If the electromagnetic interaction is neglected,
production rates of these baryon–antibaryon bo
states inJ/ψ and ψ ′ decays can be simply re
lated by SU(3) symmetry except for a phase spa
factor [21]. For example, the production rates
baryon–antibaryon bound states withJP = 1− ac-
companying by a pseudoscalar meson are related
π0ρ0

B :π+ρ−
B :π−ρ+

B :K+K̄∗−
B :K0K̄∗0

B :K−K∗+
B :

K̄0K∗0
B :ηωB :ηφB :η′ωB :η′φB = 1 :1 :1 : 1 : 1 : 1 :

1 :X2
η :Y 2

η :X2′ :Y 2′ . HereXη, Xη′ , Yη, andYη′ are

η η
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the mixing coefficients ofη andη′ [22]:

|η〉 = Xη

1√
2
|uū + dd̄〉 + Yη|ss̄〉,

|η′〉 = Xη′
1√
2
|uū + dd̄〉 + Yη′ |ss̄〉,

with Xη = Yη′ , Xη′ = −Yη, and X2
η + Y 2

η = 1. As-
suming aforementioned states predominantly de
to baryon–antibaryon pair, and considering the f
that ρ0

B → nn̄ and ωB → nn̄ are hard to be de
tected experimentally, above relation can be re
mulated in terms of the experimentally detected
nal states: π0(pp̄) :π+(np̄) :π−(n̄p) :K+(p̄Λ) :
K0(n̄Λ) :K−(pΛ̄) :K̄0(nΛ̄) :η(pp̄) :η(ΛΛ̄) :η′(pp̄) :

η′(ΛΛ̄)∼= 1
2 : 1 : 1 : 1 : 1 : 1 : 1 :

X2
η

2 :Y 2
η :

X2
η′
2 :Y 2

η′ . The
production rates of baryon–antibaryon bound sta
with other quantum numbers are expressed simila
The phase space is proportional top3 for the produc-
tion of the JP = 1−(0−) baryon–antibaryon boun
state with an accompanying pseudoscalar (vec
meson, wherep is the momentum of the baryon
antibaryon bound state.

The pp̄ state observed inJ/ψ radiative decays is
ηB or π0

B if it is a S-wave state due to spin-parity co
servation, and thepΛ̄ states inJ/ψ decays isK∗+

B

or K+
B . In B decays, since parity is not conserved,

spin-parity of the state is to be determined by the
gular distributions of the final state particles.

4. Experimental searches

Because of the large phase space,B decays play
important roles in the study of the baryon–antibary
resonances. Many of the baryon–antibaryon-pair-c
tained final states have been analyzed experimen
as mentioned above, other interesting modes to
searched for are given inTable 2. The complexity
here is the possible existence of two or more bary
antibaryon resonances in the same final states and
very small mass region, since many differentJP states
can be produced inB decays, depending on the oth
particles accompanying the baryon–antibaryon re
nances.

Charmonium is another domain to study t
baryon–antibaryon states. UnlikeB decays, conserva
tion law holds a rein on a possible decay mode her
Table 2
Possible decay modes containing baryon–antibaryon nonetsB

decays

Decay mode Decay mode

db̄ → ds̄ ub̄ → us̄

B0 → π0(nΛ̄) B+ → π+(nΛ̄)

π−(pΛ̄) π0(pΛ̄)

K+(np̄) K+(pp̄)

K0
S
(pp̄) K+(ΛΛ̄)

K0
S
(nΛ̄) K0

S
(pn̄)

η(nΛ̄) η(pΛ̄)

η′(nΛ̄) η′(pΛ̄)

ρ0(nΛ̄) ρ+(nΛ̄)

ρ−(pΛ̄) ρ0(pΛ̄)

K∗+(np̄) K∗+(pp̄)

K∗0(pp̄) K∗+(ΛΛ̄)

K∗0(ΛΛ̄) K∗0(pn̄)

ω(nΛ̄) ω(pΛ̄)

φ(nΛ̄) φ(pΛ̄)

db̄ → d(c̄cs̄) ub̄ → u(c̄cs̄)

B0 → ηc(nΛ̄) B+ → ηc(pΛ̄)

J/ψ(nΛ̄) J/ψ(pΛ̄)

db̄ → d(c̄ud̄) ub̄ → u(c̄ud̄)

B0 → D̄0(pp̄) B+ → D̄0(pn̄)

D̄0(ΛΛ̄)

D−(pn̄)

D̄∗0(2007)(pp̄) D̄∗0(2007)(pn̄)

D̄∗0(2007)(ΛΛ̄)

D∗−(2010)(pn̄)

D−
s (pΛ̄)

By virtue of the quantum numbers listed inTable 1,
some decay modes involving the 0− and 1− baryon–
antibaryon bound states are listed inTable 3.

The production of the 0− baryon–antibaryon boun
states inJ/ψ (or ψ ′) decays can be accompani
by a vector meson. For the iso-vector bound sta
one may look for theρNN̄ (nucleon–antinucleon) fi
nal states, includingρ+np̄, ρ0pp̄ andρ−pn̄; for the
iso-scalar bound state, one may look for theωpp̄ fi-
nal state; while for the strange states, one may l
for theK∗+Λp̄ + c.c. andK∗0Λn̄ + c.c. final states
The neutron or antineutron which is not detected m
be reconstructed by kinematic fit in the event sel
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Table 3
Decay modes containing baryon–antibaryon nonets in charmonium
decays. The firstJP is for the accompanying particle while the sec-
ond for the baryon–antibaryon resonance

Decay mode Note

1− and 0− ρ0(pp̄), ρ+(np̄), ρ−(pn̄)

K∗+(p̄Λ),K∗−(pΛ̄) ∗
K∗0(n̄Λ), K̄∗0(nΛ̄) ∗
ω(pp̄)

φ(ΛΛ̄) ∗
1+ and 0− b0

1(1235)(pp̄) ∗
b+

1 (1235)(np̄), b−
1 (1235)(pn̄) ∗

h1(1170)(pp̄), h1(1170)(ΛΛ̄) ∗
K+

1 (1270)(p̄Λ), K−
1 (1270)(pΛ̄) ∗

K0
1(1270)(n̄Λ), K̄0

1(1270)(nΛ̄) ∗
K+

1 (1400)(p̄Λ),K−
1 (1400)(pΛ̄) ∗

K0
1(1400)(n̄Λ), K̄0

1(1400)(nΛ̄) ∗
0− and 1− π0(pp̄), π+(np̄), π−(pn̄)

K+(p̄Λ), K0(n̄Λ)

K−(pΛ̄), K̄0(nΛ̄)

η(pp̄), η(ΛΛ̄)

η′(pp̄), η′(ΛΛ̄) ∗
0+ and 1− a0

0(980)(pp̄)

a+
0 (980)(np̄), a−

0 (980)(pn̄)

a0
0(1450)(pp̄) ∗

a+
0 (1450)(np̄), a−

0 (1450)(pn̄) ∗
f0(980)(pp̄), f0(980)(ΛΛ̄)

f0(1370)(pp̄), f0(1370)(ΛΛ̄) ∗
K∗+

0 (1430)(p̄Λ), K∗−
0 (1430)(pΛ̄) ∗

K∗0
0 (1430)(n̄Λ), K̄0

∗0
(1430)(nΛ̄) ∗

1+ and 1− a0
1(1260)(pp̄) ∗

a+
1 (1260)(np̄), a−

1 (1260)(pn̄) ∗
f1(1285)(pp̄), f1(1420)(ΛΛ̄) ∗
K+

1 (1270)(p̄Λ), K−
1 (1270)(pΛ̄) ∗

K0
1(1270)(n̄Λ), K̄0

1(1270)(nΛ̄) ∗
K+

1 (1400)(p̄Λ), K−
1 (1400)(pΛ̄) ∗

K0
1(1400)(n̄Λ), K̄0

1(1400)(nΛ̄) ∗
2+ and 1− a0

2(1320)(pp̄) ∗
a+

2 (1320)(np̄), a−
2 (1320)(pn̄) ∗

f2(1270)(pp̄) ∗
f ′

2(1525)(ΛΛ̄) ∗∗
K∗+

2 (1430)(p̄Λ), K∗−
2 (1430)(pΛ̄) ∗

K∗0
2 (1430)(n̄Λ), K̄∗0

2 (1430)(nΛ̄) ∗
∗: not allowed inJ/ψ decays.
∗∗: not allowed inψ ′ decay.

tion. TheSU(3) singlet state can be searched for
measuringφΛΛ̄ final state. The measurement of t
0− baryon–antibaryon bound states together with
axial-vector meson is less promising since almost
the axial-vector mesons are resonances.

The production of the 1− baryon–antibaryon boun
states can be accompanied by a pseudoscalar (π , η,
η′, K), scalar, tensor or axial-vector meson. The m
promising way to look for them is in the decays with
pseudoscalar meson: analyzeπNN̄ for the iso-vector
bound states; analyzeηpp̄ for iso-scalar bound state
and analyzeK+Λp̄ + c.c. andK0Λn̄ + c.c. for the
strange bound states. TheSU(3) singlet bound state
can be searched for viaη′ΛΛ̄.

It should be noted that the neutral non-strange−
baryon–antibaryon bound states can also be prod
via radiative decays ofJ/ψ (or ψ ′), while the 1−
baryon–antibaryon bound states cannot be produ
this way due to spin-parity conservation.

Although among charmonium decaysJ/ψ pro-
vides a good source of the baryon–antibaryon bo
states because of the large data samples, there ar
advantages: the phase space is too small and ther
manyN∗’s near nucleon meson mass threshold, wh
affect the identification of the states[23]. Theψ ′ de-
cays have larger phase space, however, the data
ples are smaller, and there is a large fraction of ch
monium transition. CLEOc and BES-III will surel
help to improve the statistics, and the partial wa
analysis is desirable to take theN∗ contribution into
account correctly.

It is also possible to perform such searches in b
tomonium (Υ ) decays, with the existing data samp
at CLEO-III and possibly more ifB-factories take
data atΥ (1S). The phase space is much larger th
in charmonium, and theN∗ states are far from th
baryon–antibaryon mass threshold. In principle,
modes listed inTable 3can be searched for in bo
tomonium decays.

5. Discussion and conclusion

Although our discussion is limited toS-wave,
SU(3) baryon–antibaryon bound states, it can be ea
extended in many aspects. First, theP -wave,D-wave
and even higher angular momentum multiplets are
expected to exist. Thus we haveJP = 0+,1+,2+, . . .,
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states. Second, the scheme can be extended by in
ing more baryons, for example, the charmed bar
Λc. As has been reported by the Belle Collaborati
an enhancement was observed inΛcp̄ mass spectrum
near the threshold[24]. This can be interpreted as
member in theSU(4) multiplets. Last, the extension t
the baryon–meson, or the meson–meson bound s
is, in principle, straightforward. Nevertheless, the
istence of such kinds of resonances can merely
determined by experiment.

In summary, the observations of the enhancem
near the baryon antibaryon mass thresholds in char
nium andB decays bring us fresh ideas in the stu
of hadron spectroscopy. With the known symme
properties of strong interaction, we foresee the e
tence of the whole class of nonet baryon–antibar
bound states and their possible quantum number
a revived FYS model, even though current theory
strong interaction does not provide means to calcu
their binding energies and decay rates. Theoretic
instead of giving the dynamics for a particular sta
our scheme provides a unified foundation for furth
exploration of the binding forces and decay dyna
ics of various bound states. Experimentally, in light
our scheme, we know where to find these bound st
systematically inJ/ψ , ψ ′, Υ and B meson decays
The search can be conducted with the existing or s
available CLEOc, BES-III, andB-factory data.
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