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THE BARYON-ANTIBARYON DESCRIPTION OF BARYONIUM 

R. VINH MAU 

LPTPE, Université P. et M. Curie - Paris 75230 and 

Division de Physique làéorique, I.P.H. - Orsay 91406 

I have been asked to review the aspects of baryonium which 

involve explicit use of baryon-antibaryon forces (or potentials). In 

the quark model language, these aspects are related to what is called 

"nuclear molecules" i.e separated but interacting systems of confi

ned quarks (fig. 1), in distinction with the single multiquark sys-

3 
fig. 1 fig. 2 

terns (fig. 2). At present stage, the existing theoretical schemes 

for baryonium (new mesons near the NN threshold) such as the multi-
1) 2) -

quark bag model , the topological expansion model and the BB po-

tential model ' are based on seemingly different grounds but it is 

likely that mutual relationships will emerge from a satisfactory 

theory of strong interactions. As a trivial example, one can note 

the following common feature : when two hadrons (confined quark sys

tems) are separated by large distances (£. 1 fm) they can only ex

change colorless objects (quark-antiquark) i.e. "ordinary" mesons 

and in this case all schemes are equivalent. 

As a matter of fact, if a strict analogy with the well 

known positronium is to be retained, the name baryonium rather sug

gests the following definition : 
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baryonium s baryon-antlbaryon (NN, NA, ÂA etc..) bound states 
or resonances 

This definition implies the assumption that the subhadronic 
constituent degrees of freedom are frozen but as a counterpart, one 
ought to deal with realistic baryon- antibaryon forces and there
fore with real nuclear forces. 

At present, most of the experimental information refer to 
the nucleon-antinucleon sector. I shall therefore limit myself to 
this sector and from what I just said,a careful study of the nucleon-
antinucleon interaction and its relationship with real nucléon nu
cléon forces is to be made. 

As far as the experimental situation is concerned, we are 
now getting used to the narrow NN bound states and resonant states 
near threshold which have been abundantly discussed during the last 

4) few months . However, I wish to recall that, besides these bound 
and resonant states, there exist also more ancient experimental re
sults on the NN scattering and annihilation into ordinary mesons, 
ona proéminent result is that 

"annih/ °elast. * * • » - * 

for a rather wide energy range. This feature has been puzzling in 
the past, it could be even more puzzling in the light of the newly 
discovered narrow states and any realistic theoretical model should 
be able to cope with all those results (i.e. large annihilation cross 
section and narrow resonances ). 

General properties of the NN and NN interactions 

Defining the direct s channel a».* p.+n.+pj+n, for the NN 
interaction and as : p,+ Hj+pj+n- for the NN interaction, the unlta-
ritv condition in the crossed t channel is 

IKKSJI^IT|p 1p 2> - I <n 1n 2|T +| axo|T|p 1p 2> . 1) 
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for the NN case and 

Im<n 1n 2lT|p : Lp 2> = Z « ^ |T+1 6><9|T |p1P2> . 2) 
e 

for the NN case. 

These conditions give us the imaginary parts of the NN and 
NN amplitudes. One can then exploit the analvticltv properties to 
write dispersion relations which relate the imaginary parts to the 
amplitudes themselves. 

The unitarity relations can be expressed diagrammatically 
as : 

•1 " 2 
for the NN interaction and 

•»-••• + e t c -

l ' ) 

+ | I | + ••• + 

2 ' ) 

+etc-

annihilation interaction 
for the NN interaction. 
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One can see bhat, In addition to the "scattering graphs" 
which exist in both NN and NN cases, the NN case contains "annihi
lation graphs". Therefore, the'NN Interaction or potential can be 
expressed as : 

VNN = UNN + i WNN 

where UNjs refers to the scattering part and W„s to the annihilation 
part of a complex potential V„=. This complex potential is endowed 
with the following properties : 

« °NN " 6 UNN 
where G refers to the 6 parity of the intermediate state occuring 
in the scattering graphs. For example O - l for the pion, G=+l for 
two pions, etc... This G parity rule connects the NN scattering 
part Ujjfj to the NN potential U ^ . 

1 1 
2) Ujgjj is of the same range as UJJJ, (jjj-, •ji-, etc..) much lon

ger than the longest range of W„j= which is at most 4— = 0.10 fm. 

These two general properties can be proved quite rigo
rously but are also apparent form the unitarity relation 2'). They 
are very important theoretical guiding principles and should be 
always kept in mind. The G parity rule connects the NN forces to 
the NN forces. However, it can be applied only to the situation 
where the NN forces are due to particle exchanges and it is unappli-
cable to purely phenomenological NN interactions. We shall according
ly consider only the particle exchange NN potentials which fit well 
all relevant nuclear data. 

Particle exchange NN potentials 
1) The One Boson Exchange (QBE) Potentials » 

The simplest particle exchange model to the NN forces is 
the one boson exchange model due to the exchange of the it, p,u>, a, 
etc... mesons considered as Btable particles. This model has been 
studied extensively by various groups and the different versions co-
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5Î me from different values for the coupling constants '. One defect of 

the OBE potentials is that some of the exchanged mesons are not phy

sical, the low mass scalar and isoscalar o meson needed is rather 

fictitious since the corresponding observed resonance is broad and 

has a rather high mass. We shall consider the Bryan-Scott version ' 

which yields, via the G parity rule, the Bryan-Phillips ' NN poten

tial. 

2) Particle Exchange Potentials derived from dispersion rela

tion dynamics 

In the dispersion theoretical approach, the long range 

forces are due to the one pion exchange which is well known and well 

established, the next longest range forces are due to the two pion 

exchange. This two pion exchange contribution (2TTEC) has been care-

ox 

fully calculated ' from the nN scattering amplitude and the TTIT in

teraction via analyticity, unitarity and crossing properties of the 

S matrix. In this way, effects of the HIT S and P wave resonances 

(e and P mesons) as well as nucleonic resonances (û,,, P,,, etc..) 

are automatically and realistically taken into account without any 

adjustable parameter. Adding to this 2nEC the u exchange contribu

tion as part of the three pion exchange one gets the (w + 2ir + a) 

exchange potential - the Paris potential - which has been shown to 

give a good description of the long and medium range (LR and MR) 

part of the NN forces ' (internucleon distances r > 0.8 fm). One can 

note that if the following approximations are made, namely, effects 

of the nucleonic resonances are ignored (their contributions are 

actually significant), the ITTT S and P wave resonances are treated 

in the zero width approximation, one recovers the OBE models. 

In fig. 3, we display, for comparison, the central compo-
— P 

nent of the (IT + 2TT + u) exchange Paris NN potential denoted by U 
and the One Boson Exchange NN potential considered by Bryan and Phil-

BP 
lips denoted by U . As it can be seen, the attraction is weaker in 
the Paris potential than in the Bryan-Phij.lips potential. The reason 

is that in the NN case this OBE model neeâs a strong a exchange re-
2 

pulaion (g / 4 W = 23.7) to partly compensate for the cr exchange at
traction and that strong repulsion becomes, in the NN case, a strong 
attraction which adds to the a attraction. In the Paris UN potential, 
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Fig. 3 - The 1=1 central component of the NN potentials. The solid p curve represents the Paris potential U and the dashed cur* 
ve the Bryan-Phillips potential 0 ,BP 



-7-

the medium range (MR) attraction is provided by the 2 ¥E contribution 
2 ' 

which need not be compensated by such a strong a coupling (g /4i is 

only 9.5). We shall come back'to this point later in the discussion. 

NN Bound States and Resonances 

In the early calculations ', attempts were made to repro

duce, from the OBE potentials, the ordinary mesons like it, p, &>, a 

etc... as levels of the NN spectrum. This bootstrap scheme which 

consists in building up these mesons from forces due to the exchan

ge of themselves is appealing. However, the binding energies invol

ved are so large that the potential concept might be dubious. In the 

following we shall consider a less ambitious but perhaps sounder 

viewpoint which was introduced first by I.S. Shapiro and collabora-
3) 

tors : as the long and medium range NN forces are responsible for 

the existence of the deuteron and as the long and medium range NN 

forces are more attractive, existence of deuteron-like (quasi-nu

clear after Shapiro) NN states is expected. These bound and/or re

sonant staves should occur near threshold (2m = 1878 MeV) and in 

these states the nucléon and antinucleon are separated by distances 

•v 1 fm, large compared with the range of the annihilation interac

tion (0.1 fm). As an immediate qualitative consequence, one expects 

them not to annihilate too fast into mesons. One can also add that 

under such circumstances the use of SchrSdinger equation and poten 

tial concept is fairly justified, provided the potential under con

sideration possesses some theoretical basis. 

During the last few years numerous calculations on the NN 

spectrum based on the Bryan-Phillips potential have been performed, 

with sometimes questionable approximations such as the neglect or 

oversimplifying treatment of tensor forces etc... Since they have 

been reported several times in the literature , to avoid repetition, 

I shall limit myself to more recent and complete calculations per

formed with the Paris potential. Since this potential provides a 

good description of the nucleon-nucleon forces for internucleon dis

tances r 4 0.8 fm, the corresponding NN potential obtained via the 

G parity rule should be a reliable one for the same range. Further

more, because of the very short range nature of the annihilation po-
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tential w«rij» we also expect the masses of the bound states and re
sonances lying near threshold to be little affected by this annihi
lation potential, especially "when they have high angular momentum 
valuer. 

For illustration, we show in Table I the results obtained 
when the Schrodinger equation is solved exactly with the complete 
potential (i.e. including central, spin-spin, spin-orbit and tensor 
components) and with the simple prescription : 

VNS< r> 
IT (r) for r > r

c 

Vv(vc) for r < r 0 

with 0.6 fm < r < 0.8 fm c 

31c 

31„ 

33, 

33 s _33 n 
S l D l 

31, 

33, 

33„ 

262 

- 55 

- 116 

- 202 

165 

85 

> 200 

Table I 

1 13 p (n=0) 
P 0 (n=l) 

< - 800 
- 102 

1 3 S 1 - 1 3 D 1 (n=0) < - 800 

1 3 S 1 - 1 3 D 1 (n=l) 

1 3 P 2 - 1 3 P 2 (n=0) 

1 3 o - 1 3 r D 3 G 3 

"V""* 
1 3 G - 1 3 I 

G 5 x5 

39 

788 

457 

89 

307 

The C.M.S. energies (with respect to threshold) in MeV for 
the NN bound states and resonances calculated with r » 0.7 fm. The 
notation is ( 2 I + 1' 2 S + 1 L j ) . 
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It is amazing to notice, in passing, that for r = 0.675 
fm one gets the following states 

3 3 D 2 at m = 1933 MeV 
3 1 D 2 at m = 1993 MeV 

U
? 1 at m = 1787 MeV 

which can be compared with the experimental ones at 1932 MeV, 2000 
MeV, 1794 MeV. 

The calculations also show that 
i) tensor forces are very important, not only because of their 

diagonal matrix elements but also because of their non diagonal ones 
especially in the isospin i=0 states. This invalidates those previous 
calculations where tensor are neglected or mistreated '. 

ii) the results are quantitatively sensitive to variations cf 
the core parameter r , however these variations do not alter the 
spectroscopic order of the levels. As mentionned earlier, the Paris 
NN potential is much less attractive that the Bryan Phillips poten
tial especially at short distances. Therefore, the sensitivity of 

st the results to the core properties is much less dramatic in the 1 
case than in the 2 one. 

• Of course, the widths were not calculated since they are 
directly related to the annihilation interaction. 

The annihilation potential 
At present, there exists no theoretical model for the 

annihilation interaction. Long ago, in order to fit the cross sec
tions, Bryan and Phillips chose a phenomenological Woods-Saxon form 

WNN " " G / ( 1 + e r / r a > 

Although they chose a range parameter r such thatW - is short ranged 
a «IN 

(ra » 0.17 fm), they need values of 6 i (20-65 GeV) to fit the cross 
sections. This makes the effects of W„= important even at large dis-
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tances (several hundred MeV at 1 fm) and therefore all partial waves 
12) 

are affected. It was found recently, that such an absorption des
troys the resonances and bound spates produced by the real part of 
the potential. This result which suggests apparent difficulties for 
the optical model in accounting both large annihilation cross sec-

3) tion and narrow resonances is, according to Shapiro , due to an 
incorrect ordering in the summation processes when optical potentials 
are concerned. Another simple explanation can be proposed : the 
huge values needed for the coupling constant 6 likely arise from the 
assumed local character of WJJB. Now, for distances as small as 0.1 -
0.2 fm, there is no reason to believe the interaction to be local 
and energy independent. One would rather expect a state dependent 
(energy and angular momentum dependent) absorptive potential W Hs 
U,E ; r). It may be then possible to reconcile large annihilation 
cross sections with narrow resonances if, for example, W U , E ; r) 
is large for 4 < l m i n and small for s, > i.mi:a so that it absorbs 

mainly the low partial waves and only slight
ly the higher waves leaving still room for 
narrow, bound states and resonances, h first 
approximation towards such a model is provi
ded by annihilation graphs of the type shown 
in fig. 4 where, rememhering that annihila
tion into 4 pions is dominant, one keeps only 
as intermediate states the 4 pion states ap
proximated themselves by the p-e. e-e, p-p 
ones. Clearly, the absorptive potential ari
sing from these diagrams are energy and angu

lar momentum dependent. Work along this line is currently under pro-
13) gress '. of course, in this model, the bound states and resonances 

will have high angular momentum values (say L > 2). However, it 
should be pointed out that all existing models of baryonium (bag, 
dual, QCD or BB models) possess this common feature. This is not Sur
prising since the arguments leading to the narrow widths, even though 
they are formulated very differently in different models, are ulti
mately related to centrifugal barrier effects. 

?(6) 

p(€) 

fig. 4 



Another argument in favor of the simultaneous existence 
of narrow resonances and large annihilation cross-section was recent
ly advanced by Karlssonand Kerbikov who pointed out that a multi
channel model with a strong coupling to an annihilation channel gi
ves very different results from those of ref.12) and does not neces
sarily lead to a drastic broadening of the NN states. Similarly, a 
multichannel N/D model, taking into account both scattering and anni
hilation, has been proposed by the ITEP group in Moscow to show 
that the widths are sensitive to the annihilation parameters but 
might remain as small as 10 MeV, furthermore a new kind of resonan
ces due to annihilation appear near threshold. These nearby poles 
or combinations of these nearby poles and the quasi-nuclear poles 
can distort the Argand plots which led the authors of ref. 12) 
to conclude on the disappearance of the quasi nuclear resonances. 

Exotic states 

It is sometimes argued that in contrast with the quasi-
nuclear NN mode1, the multiqrark model can predict exotic states with 
high isospin values (I "» 2), a feature which would provide a defini
te way to decide between the two approaches. However, at higher ener
gies the NN system can be coupled to AN and A A systems, the thres
holds of which being respectively m + m& = 2200 MeV and 2m â = 270C 
Mev. Of course, such a coupling gives rise to higher spin and higher 
isospin states. 

Concluding remarks 

In this talk, I have tried to show the connections bet
ween the NN system and the NN, irN and v* systems. These connections 
are so intimate that they should be treated globally. Our knowledge 
on these latter systems is now sufficiently accurate to provide a 
good understanding for the long and Intermediate range NN forces. 
The problem still remains unsolved for the short range and annihila
tion forces. Perhaps the answer will come from the quark model of 
hadrons. In any case,an ultimate subhadronic "theory" should meet 
most of the properties described here. 
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I wish to express many thanks to M. Lacombe and J-M. Ri
chard with whom most of the work reported here was done. 
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