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I, Introduction , N

After the discovery of the marvow J/¢ resonarces and
its explanation as oc (charmonium) systen, attention has been
drawn recently that pp may alac be a rich source of narrow ‘
resonant structures., These narrow rescnances are being commonly
called baryohium (or quarkonium). If one conaiders the picture
in terms of nuclear Physics, baryonium are baryon-antibaryon (BB)
structures which are bcund by strong attractive muclear potential.
According to quark mocdel and duality, thess structures repfesent
exotic diquark (q-2 )-diantiquark (3%) system which have strong
coupling to (EB) rather than to mesons, Experimentally, these
states are expected to exist close (or above) to the mucleon-
antinucleon threshold and will have narrow widths, Many experi-
ments have been performed in the last few years to search for
these states, In this paper the present experimental situation
.0f the baryonium states is reviewed,

11, Tbeoretiéal relevence

The existence of narrow baryoxiium states has been

predicted in different theoretical approaches. A brief discussion
" is given beloi( 'H').

1, Potential model

_ The NN gystem differs from its equivalent
NN system in two ways; firstly, that NN system can '~

o

(++) Large number of theoretical papers on these topics have
appeared in the recent years. Only some prominent dnes
are given in the article,
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annihilate and secondly that KF force may be
different. It i8 commonly beleived that the force
between two mucleons is mediated by the exchange of
some light boson (one boson exchﬁnée potential)e The
NN and NN interactions are related.to each other
" through G-ponjugation(+). The resulting KN force is
expected to be very strong (its depth may ben~l GeV
at a distance 0f£~0.5fm) and thus the hard core of

NN force is changed to strong intraction. This results
in thé formmation of NN {or BB) quasi-nnclear resonant
states. These states are much more: strongly dbound .
as compared to. the ;oesely bound deuteron. It is-
expected that large annihilation cross-section of
. NN system (~120 mb for about 200 MeV/c particles,

in the c.m.) would not destroy or severely disort

the BB quasi-muclear resonant structure because;the ‘
amibhilation takes place at much shorter d}atance
than the radius of the BB etate. The annihilation is
‘expected to take place through baryon exchange and
its range should bes0.2 fm. The theoretical estimation
of annihilation widthe of these states iz 0.1-100 MeV
‘depending on the angular momentum of relative motion
of particles (widths are inversely proportional to
angular monenta). - : o RO

This concept 1s‘discussed in many papers [1-2]
" which ptedict'a rich spectrum of quasi~muclear bound _
states or resonant states. The posibility of existence :
of bound states like YY or YN is also predicted. The

‘

(+) This is in analogy tg the way that G—Parity '
’ connects @ e and 6" e’ systems.




spectrﬁm.of these quasi-nuclear states can range from
~1.7 GeV (below NN threhold) +to~.7 GeV depending on
-the mimber of baryons included in the system. The widths
of these resonant states depend on .- the ip.annihilaxion
-potentia1¢'Some of these etates can be very narrow
(T~ Lew MeV). They are expected to be populated by -
radiative or pionic transistions from atomlc Pp states [3].

_ Thus the study'of these'states would provide better
understanding of puclear force, nuclear potential and the
. exchange process. :

2e anrk‘Model

!
't) Bag version -of QCD

The quark model has suceessfully explained many
features of particle interactions in the recent years.
It is now well accepted that guark dynsmics ( or
. quark-chromo-dynamics-QCD) is described by a non-
,"Abelian guage theory where interactions are mediated

.- by an octeﬁ of coloured vector gluons. Although this
theory has not been tested directly but it is now
" -well known that many of its predictions with regard
to the ordinery mesons and baryons have come out
“to be true. The colour guage theory predicis
.elmultaneously the existence of certain extra-
ordinary states: like, 'glue-~balls' (states without
quarks); ‘exoftic states' (states with peculiar ‘
. quantum mumbers) and 'multi-quark-states' (states.
“with more then 3 quarks).

» The existence of multiquark states has been
discussed recently by Jaffe {4] and others [5-7].
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The calculations are based on the description of
‘classical ®bag-model’ considering that quarks are
- light and confined. The free hadrons are colour
singlets The interactions between ccnfined quarks
is veak and hadron spectrum is calculated using
perturbation theory im colour coupling constant

- K. =g?/4n. This explains satisfactorily the
properties o:t (qq) mesons and (qqq) baryons.

Thoe absence of exotic hadronic atates a%%

A"always been mysterious to the followers of quark

model. Nambu [8] in 1966 indicated the saturation
properties of SU(3)-colour forces, that two colour
singletsdo not exert strong force on each other.
later Iipkin [9] showed that this may be the
cause of the absence of strong attractive forqe
‘4n exotic channels. These discussions considered
only colour-electrostatic interactions and ignored .
' colour-magnetic force (i.e. spin-colour dependent
interactiad arising from one gluon exchange). The |
Justification for treafing'the problemu of gluon-
exchange through pertubation theory lies in the
Bag-model where long range (colour-confining forces
‘are replaced by bag~pressure leaving only short
range gluon~exchangs. This 1nteraction is attrac.ive
in antisymmetric flavour statea and repulsive in
symmetric flavour states. The result of such
calculations [4] is that one can get exotic
multiquark states (q i with m+n>»3) fram colour
' singlet baryons and mesons. One can alsc peke
t Crypto-exotic! states_(i.e. statgs not in exotic
i flavaur~represenfation).A The exotic states a;g"
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expected to be heavy and broad and crypto-exotic
states, lighter and narrow. Similar calculations
have also been recently done in quark gluon model
with dual unitarization by Chan Hong Mo and

Wgassen [7] .

If one considérs the old quarks (u,d,s), the
lightest (q? q 2) multiplet is a JP =0"* nonet.
Jaffe [4] has calculated their masses and SU(3)
structure. This is shown in Figel. The predicted
masses of these states lie between 650-1100 MeV/c2.
These are strongly coupled %o pp channel. It is
contemplated that the observed [ €(1300); 3%(1976);
K(1400) ](+) may be related to these predlctions.

The bag model calculations have been extended
(4,10) to explain (q? q"2) configuration which
couple to BB (baryonium) by considering the deformed
bags for high J-value. Thus one can predict the
existence of varzous baryonium states; e.g. states
with mass (J¥°, 1‘*) = 2270(3™", 1%); 2460 (47F,0%)
and 2730 (5" .l ). These calcnlations bave also

.b=eu extended to:study the. (q q) systems and qﬁ,
‘ dibaryon system, One of the predictions 1s that a
ditaryon with J¥=6* and mass~2150 MeV/c? should

‘exist as SU(3) flavour singlet.

1) 'Dualéresoggace model T T

Complementary discriﬁtion of reactions by
" Regge poles (or resonances) is commonly known as

'(+) For mass,and other properties, see particle
data Book~(1978).




III.

- duality. It provides simple and direct relationa between

Tow energy and high energy scattering mecihanism. Por inelastic
processes most t-channel trajectories hehave as if they are
'built' through direct channel rescnances Detailed discussions
of duality have appeared in many papers ( e.g. see reference 12).

-The: existent:e of meson resonances with. strcng coupling
to BB system was originaily suggested. by Rosener [11]. This
s represented by simple planar diagrams in Pig.2 where for
BN elastic scattering the meson ezchange in t-channel is
equivallent to qq exchange in quark moded and is sum of the
q? T ? resonances in the S-channel. Thus baryonium is diquark-
diantiquark system and is an exoiic meson. This has been
further discussed by Chew [13] and by Phillips and Roy [12].
It is also shown that suc‘&* exotic baryonium states will have
I=0,1,2, It is also shown/OZI—rule -will suppress the decay
of a. baryonium. to (aa)(qq) channels and decay to BB will be
allowed, This is also shown in PFig. 2(t) . chew [13] alae
predicts Reggé trajectories for baryonium.

Thus the experimental verification. of baryonium. states
will be a good check on the predictions of duality and of QCD.

EXPERIMENTAL §TATUS

The present review will cover first the: prominent
resonances reported earlier (like 5,T,U enhancements) angd
then scme further structures obeserved recently. Three

(+) This is similar to the decay of p-meson (which is ss
system, same time termed as strangenium) whexg the 0ZI
rale suppresses the decayé—p ¥ and_allowsd—+EL. Also
for the decay of the charmonium {cc system) simila-r
explanation of the decay channels. is put forward by the
OZI-rule.
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_recent reviews on the subject,by Montanet [14],
‘Miller [15] and Kilian and Pietrzyk [15],have also

given useful summary of the experimental data.

The 'experiments conducted so far can ‘be
classified into the following three categories.

a) PN formation experiments: These include
measurementsof total and elastic scattering
cross-sections in the Pp system. In these
experiments one has to differentiate between
true resonances and thréhold effects; hence,
some times the interpretation of the data is
not unique. We also include here experiments .
where BB (or Pp) atomic structures are formed
and their radiative transitions are measured.

b) Experiments in which BB states are produced
in u-channel via N or A exchange.

c) ﬂxp'eriments in which BB states are produced in
[-] -
t-channel which decay in states including (BB).

S-Meson resonance:

Focacci [16] about 10 years back observed the
presence of S-enhancement in a missing mass spectrometer
experiment bstudying the production of charged bosons
(X”) in the reactions = p—p+X . The mass of the
S-resonance was inferred.to be 192914 MeV and width
" £ 35 MeV with prominent decay into 3 charged pions
( and ’gossiblel_na'.utrals). The first positive evidence o?f
S-enhancement being a BB system came from the experiment




of Carroll et al [17], kelogeropoulos et al [18] and

_ Chaloupka et al [19]. The experiment of Carroll et al

on pp and pd total cross-sections indicated the presence

of a structure at P momentum of 475 MeV/ec corresponding

to a mass of 1932+2 MeV with Breit-Wigner width, f‘—9 3 MeV,
Chaloupka et al in an experiment with CERN 2-meter )
bubble Chamber exposed to a separated P beam of 5T145.5

‘Mev/c observed a similar structure between 1930-1940 MeV

in the elastic channel. Their results are reproduced in
Fig.3. The observed enhancement corresponds to a resonance
with mass 1935.9+1.0 MeV and I'=8.83:2 MeV. The S-entancement

‘has also been confirmed by Briickner et al [20] where Pp

elastic scattering and annihilation cross-sections have
been measured between 400-850 MeV/c using magnetic
spectrometer. The mass of the resonance has been
observed as 193943 MeV with Mg 4 MeV.

The promznent decay of S-resonance 1is through pp
channel, with & branching ratio >20 percent. As phase
‘space for the decay to Dp is much smaller as compared to

that avaiiable for the decay to pions, the decay

transistion prefers the elastic channel. There is no
1ndication of this resonance in the charge exchange
(Pp~»Dn) c¢hannel [19,21]. This may indicate strong
interference effect (i.e. interference of resonance
with background or that of two rescrances within the
structure).

-The iso-spin (I) of the S-resonance is preferably
=1 tut I=0 can not be excluded. Spir {J1)=0 and inelasticity
(2)=1 are consistant with the data. “he observed total
and charge exchange cross-ssctions huve been discussed by
Montanet [14] in the 1light of the thsoretical arguments




of Dover and Kahana [21] and Kelly and Phillips [22]..
Pinal. interpretation is that 3 is a narrow resonance
of spin I or 2 and with large elasticity. There are -
indications that J‘P c=2.++ may be preferred for: this
resonance..

Table I gives the summary of the present status. —

26 Broad resonances

(1) Two further enhancements (called T,U~-resonances-)
were also reported by Focacci et al [16] in the mass
region~2195 MeV and 2382 MeV. Abrams et al [24] in
a counter experiment measured the total cross-section
. for Dp interactions. The T-enlancement at mass ~2190
(I=1) and U~-enhascement at mass~ 2350 (I=0 and 1)
were observed. The earlier speculations that these
enhancements may be threshold effecta (Dp+pp= orgp etc)
were found to be incorrect. Further experimeata of
Bisenhandler et al [25] and Coupland [26] confirmed
the presence of T and U resonancesas Baryonium states
with mase in the same region as reported by Abrams et al.
The results of Bisenhandler et al are shown in Fig.4
and those of coupland et al in Fig.5. In. both the
figures, the T and U structures are clearly cbserved.
The summary of various experiments 1s given in Fig.6
which has been taken primarily from reference [26].

The apin values of T and U resonances are estimated
[14] to be J<1; (x> 0.74) and J< 2, (x)0.85) respectively; X
being inelasticity. These predictions are again based
on the theoreticel arguments of referancea [22,23].
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(11) Purther resonant structures representing baryonium
states have been observed by Carter et al [27] in the
differential cross-sections for §p4:+ ® reactions in
the C.M. energy range of 2020~2580 MeV/c?. The Pp
annihilations into %'X represent about 10 percent of

the total cross-section and hence are not representative
of the annihilation channels. However, their amplitude
structure is rather simple and can be analysed in detail

.for the observed rssonunt structures. The results are

summarized in Table II.

These resﬁlts are also ghown in Fig.6. One wonders
if the resonances at 2310 and 2480 are infact part of
U-resonance. '« The coupling of all these states to BB
is much stronger than for pion decays. The low cross=-
section of the decay to nn (from Ppe+nn) to Dp can be
explained by 1nvo%x%ng strong interference with other
resonant states or/the background as explained in the
case of S-meson. '

Montanet [14]) indicated that the prelinimary data
of Bari-Brown-MIT collaboration indicates strong
evidence of a resonance at2350+60 MeV/c? with
[ =190+60 MeV (J¥=4¥). The results of Peaslee et al
[28] published recently exclude this mass region.

Narrow resonances

(i) Benkheiri et al [29] studied the reactions

n p-»pfppn (pf is fast proton with P>B, /2 and

emitted in the forward direction within *. 150 mrad )

with a 7 beam at 9 and 12 GeV/c using CERNAlspectrometer.
It is a high statistics experiment using 1.§5x106 events




at 12 GeV/c (4=C f£it). The contamination of channels
(1ike % psp KK % ) i8 {10 percent. No enhancement

is observed in (pf'f;) or (pP®) invariant mass distribution.
The data indicate. the presence of A(1232) and N“(lszo)
in (P, % ) and A (1232) in P® channels. There is strong
evidence for 2 peaks in the data (mass ~2020 and

2200 MeV/c?) in association with A and one peak

(mass A.2020 MeV/c?) in association with N*._ _The data
also indicate that these resonant states are produced
in the forward direction. The results are given in
Table-III.

The decay angular distribution in the Jackson
frame of the resonances in the Pp system shows strong
forward backward asymmetry which is suggestive of meson
or pomeron-exchange in the production mechanism of
ppBi or pP states. The angular distribution is.quite
different in I resonance region.

The results are showm in Fig.7. The two peéks
are clearly observed. The peak at 1930 MeV can
perheps be interpretted with that of S-meson. The
production mechansm of these.resonances can.be best
explained by the diagram in Fig. 8=a.

(11) In another experiment Bvangelista et al [30]
again using CERN ‘- spectrometer studied the following
% p interactions at 16 GeV/c: -

%P~ PPePy :'-o

fpfps‘_"_
CPPef® R B
.Ppp Dy KA
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where subscripts f and s represent faster and slower
nucleons in the Iab. system. A narrow peak in the

(ipf % ) invariant mass was observed with mass,
M=2950410 MeV/c® and €32 MeV (I=1 or 2) with production
cross-section of~l ub. Fig. 9(a3} shows the results of

the experiment. The decay spectrum of the resonance is
shown in Fig. 9(b). It is indicated that the decay may go
through other Pp states with masses at 2200 or 2B20 MeV/c?2.

If this resonance is confimed("'), its production
will be represented by diffractive dissociation of ‘& as
shown in Fig. 8(b). c

(iii) Prelinimary data of Toronto-York-Purdue collaboration
[33] of 1672 events of w=*pspppn’ interactions at 11.5 GeV/c
indicates a narrow resonance in the pp system. The experiment
has been performed using the SIAC 40'' hybird bubble '
chamber facility. The contribution of x'p— K px* hes
been excluded from the data using appropriate trigger.

The results of Pp invariant mass are reproduced in Fig. 10.
A narrow bump ( ~4.4 s.d. above the background) is

clearly observed ad mass=1954+5 MeV, ' << 10 MeV. The
production cross-section is 0=300+60 nb. This enhancement
is not strongly associated with recoiling A'H' (1236)
production at the other vertex. The decay angular
distribution is consistant with FCa—, The - 1954 MeV/c?
enhancement is not obsevved in theé backward produced bp
pairs. No signal for a narrow resonace at 2950 MeV/c? as.
reported by Evangelista et al [30] is observed in the data.
. The diagram explaining the production of the 1954 MaV/c?

. resonance is shown in Fig. 8(c) and it is expected %o
proceed by either baryon or baryonium exchange.

(+) The prelinimary report of the results presented at
- the H.B. Physica conference, Pokyo indicatesthat the A_
2950 MeV/c? resonance has been submerged by the new
data [31,32].
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Strange Baryonium States

(1) Pirst example of a strangeness = t 1 baryonium
state comes from tue experiment of Apostolakis et al(34].
The experiment was performed using Big Buropean Bubble
Chamber (BEBC) exposed to 12 GeV/c P beam. All events
of 6-prongs and associated V topology were studied. The
effective mass distridbution ¢f (K: »ji'z"'z') is shown in

- Pig.dl. The 15ee.‘k represents a 5.5 s.d. effect and

contains 587 events including 32 events which are
ambiguous between K® andAor A . No evidence of the _
neutral state of this resonance (Kow*xiao) or (kX*stn")
has been observed but the result is invonclusive because
the mass resolution for %° events is small and the
statistics for k% events is too low. Similerly it

could also not bt established whether the enhancement

is exotic (charge opposite to strangeness) or non-exotic.

For this, events from the reaction, Pp-(K°k¥ nfatsz s o+

neutrals) were studied where by strangen%se conservation
the identified K*(K”) correspomds to K (K°).

The mass of the enhancement with S=+1 is
26004100 MeV/c?3;T< 18 MeV, 0. BR=20ub where BR is the
branching ratio for the decay of the resonance into

(Kgﬁtu*'n' o

(i1) Recently whitgmore et al [40] have reported their

. results of a eimilar experiment in pp experiment at
14 .75 GeV/c using 80}' BNL hydrogen chamber, The data

are based on 80,000 interactionsin which they find

367 events of 6 prongs tdpology corresponding to
+ + -

‘E)péK:u-'n f as compared to 587 events of reference[34].

No resonant structure atn~ 2600 Me7/c? 1is observed., With
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confidence level7about 95 percent, they quote

0.BR(21ub. It i3 also indicated that the CERN .
experinent of the Apeldoorn et al [40] fails to - o
. confimm the 2600 MeV resonance.

(1ii1) Montanet [14] has indicated that the prelinimary
results from CERN spectrometer (T.Amstrong et al)
indicate a broad resonance (mass 2200 MeV/c?) in the
A N mass spectrum in an experiment studying K+p-9(pf
amything)at 12 GeV/c. There are also indications of

other enhancements at n 2800 MeV and ~3050 MeV.: Definéte
' results are still not available [32].

Bxotic states -

Efforts have been made for the past several
years to search for doubly charged meson'resonancee
without any success. Z%wo recent iexperimenta in this
regard are of Boucrot et al [35] and Alam et al [36].

(1) Boucrot et al"using-ﬂ-apectr;)meter studied the
following reactions at 12 GeV/c.

& po P + M- (M being an I=1 mesoﬁ M—-5pp )
% p- Py 4 (M being I=2- exotic meson,
M5ppE % ).

In view of the fact that mesonic decay modes
may become daminant if a central barrier suppresses
the NN =(%) mode, 4% decay modes were studied for
the search of M~ and M . The mass resolution for
M in this experiment was 12-18 MeV.
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The results are shown in Pig. 12 where 1nvariant
mass of (pp% © ) eystem has been plotted from the
reaction % d.-»ps ec‘.‘_p:f(pp %€ ). One event of the
distribution correspomis to a cross-section of 1.7 nb.
It is clear from the figure 12 that there is no evidence
for a resonance. The upper limit for the production’
of M or M~ is 10-50 nb for mass of these resonané'ea
between 2-3 BeV with r‘<2o or ¢ 100 MeV respectively.

(11) Alam et al [36] searched for doubly charged exotic
mesons (x"' ) in baryon exchange reactions.

n"d-e(pe) + x"'+p£

The experiment was performed at 13.2 GeV/c at the
SIAC 2-meter streamer chamber with a sensitivity of
240 events per'ub per nucleon cross-section. The results
for invarient mass of (pp © ) in (Pp z’pf) events and of
(pp ° =) in (Pp u'n'pf) events is shown in Fig. 13 for '~
4-¢c fits. Again there is no evidence of any enhancement
in the mass range of 1.8-3;2 GeV. -

Production of Pp states below threshold

(1) As discussed in section II. 1, antiprotons stopped
in hydrogen can form bound states. An earlier evidence

of/ Pn bound state was presented by Gray et al [37] in

pd interactions. The experiment was performed in 30'!
deuterium bubble chamber exposed to stopping D. The
resonance was detected in the study of the decay resctions.
The mass of the resonance has been estimated as

1794 .541.4 MeV/c?,(<8 MeV and binding energy of

83.341.4 MeV at 95 percent confidence level.
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(11) 1In a recent experiment by Pavlopoulos et al [38]
Y-ray spectrum from Pp annihilations at rest hes been
measured using a large Nal (TI) spectrometer in the
energy range of 30-1100 MeV. 4 total of (7+0.5)x107p
were stopped in E,. The back ground contribution from

_no'decays and from neutrons produced from the interactions

of charged pions of annihilationwwith surrounding has been
suitably subtracted. The results are shown in Fig.l4 and
are also shown in Table 1V,

The (13246) MeV y~-ray is from (% p) radiative
capture. Thus three bound states of (Pp) are clearly
established. It can be noted that 420 MeV line has
energy which is?%um (within errors) of the otheytwo
lines at 183.and 216 MeV. These y transitions corresponds
to states with masses 1684, 1646 and 1395 MeV respectively.
The quantum numbers of these states could not be calculated
in this experiment but assuming that initial state is a
s-8tate, the observed {-transitions most probably

corresponds to populer p-states.

Six-=guark states

As qlieady discussed in section II. 2, the bag
model calculations of QCD predict the existence of a
% divaryon. The lightest state is expected [4] to be
stable except against weak interactions., It is predicted.
to have JT=0" ; SU(3) singlet, mase 2150 MeV
(i,e. 80 MeV less thanp\mass), strangeness = =2, In
formation,it couples to pAA, £S5 and ¥= in the ratio of
1:3:4., The most conven-ient method to produce these
states 18 in pp interactions. The production mechanism’
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in the reaction pp-’x*x+ X (X is dibaryon) “_. is
explained in Fig. 8(d). The production cross-section,
however, is expected to be small. : :

A.S. Carroll et al [39] searched for six-quark
states in the missing maBs spectrum of the reaction
pp~ K'k'X in the mass range of 2.0 ~2.5 GeV/c? using &
double arm spectrometer at BNL. The Beammmomentum was
5.1, 5.4 and 5.9 GeV/c. Fig. 15 shows the missing mass
specfrum. No structure is observed. .Upper limit.for the
productioh of X is put 30-130 nb depending on the mass.

-

Summary of the experimental data. - \

The experimental data presented in' the préceeding
sections haee been summarized in Fig. 16. Excluding the
resonance at mass=2950 MeV/c? which now seems to have
submerged in larger data,one can.observe the following.

1) Narrow bound Pgbtructures below the Bp
threshold are clearly established. However,
their quantum mumbers are not decided.

ii) The S-resonance can be accepted as a clear
evidence of a Baryonium. It should be regarded
as well established. It is narrow and its

" elasticity . is large. ’

iii) There are many narrow and broad (Pp) resonances
-in the mass region 1950-2600 MeV/c2. More data
are required for théir confirmation and for

" deciding their quantum mumbers, though many of
these are already on relatively firm footing.
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The resonance at mass=2600 MeV/c? which was
-supposed to be a good example of strange (S=1)
baryonium, has been placed in the doubtful
category. .
iv) No state with 1=2 has yet been found.

In addition to the states summarized in fig. 16,
there are many unconfirmed resomances. For éxample, there
are indications [15] of two resonanées, one at (mass o~
2850, I < 39 MeV) ‘and the other at (mass o= 3050, 'S 15 MeV)
observed in pp — BX with cross-sections, o~.83 pub and
andn/22 pb respectively. There is also an indication [32]
that an exotic state at mass~ 2500 MeV/ This resoance has
been observed in ‘reactions (K'p—~Rp® n) jn the
(Ap = ) system. The observed enhiancemert is~ 3-5 s.d.
effect. If it is’ ‘confirmed, it may be an example of
exotic resonance with Q=2, S-—l.v

" The experimental uncertinties do not yet allow to
establish whether states eeparated from others by small
mass dlfferences belong to one state or/different states.
It is l:l.kely -that with better experlmental precision
some stat‘eswz may submerge with others.

The question of the existence of broad and narrow
resonances is not yet clear. Jaffe [4], chan-Hong-Mo and
Hégassen [7] have discussed the problem theoretically.
It is quite possible that some of these broad resonances
ultimately may be observed to have substructures.

COxiclus ions

i) The existence of baryonium states is well established.
Such states have been reported both below and-above the
Pp (or BB) threshold. Many narrow and broad resonances




11)

ii1)

iv)

v)

vi)

vii)

with strong coupling to pp (or BB) channels have
been observed.

There are many resonances reported in references
[14,15,32] »hich need confirmation and have not
been included here.

There is no well-established example of strange
baryonium and no established evidence of any state
with exotic quantum numbers. Similarly there is
yet no evidence of q6 di-baryonium thtoﬁgh there
are some candidates [32]. - -

Better experimental precision and more experimental
data are required to establish these states and to
decide if there are any substructures in some of
these resonances. For example, if small charge
exchange (pp-nh) cross-sectionsfor S,T,U
enhancements is really an interference effect, ome
would like to know their.eubstructures.

More data are required to establish the guantum numbers
of the currently observed baryonium states. The
picture of Baryonium spectroscopy will be clear

only after their quantum numbers are decided.

One vquid like to know if baryonium with 1=2 exists
or not? ' -

Qualitatively one can say that the present
experimental evidence is sufficient to accept the
baryonium states as exotic (qqqq ) system. Similarly
the observation of bound Pp system is satisfying to
nuclear physicists. It is hoped that a better ’
understanding of the nucleon~antimicleon pdtential.
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However, this theory has still to provide a
satisfactory answer as to why the annihilation
is inhibited in DPp system. The quark model also
faces -similar problem. Thus further improvements
in the theory are also aalled for.
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TABLE-I

Sunmary of the data on S-mesoh

ref. (12 (19) - (20)
Mass (MeV) 193242 1936+1 - 193943
[ (MeV) gt 8.8ty <4
o4 (0P) 160475 ' 10.6+2.4

GEE(mb) - =l.6£°o7 -
Iso-8pin =-1(0)

J = 0,1 or 2 (JFE 2 2)

TABIR-II

Data from Carter et al [27]

Mass (MeV/c?) widtal(MeV)  J°¢ I°
2150430 200425 - b
2310430 210425 4 ot

280425 5= 1t

2480430
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TABLE-ITT

Result from Benkhieri et al [29]

Mass . [ (MeV) : Cross=-gsection {nb)
(M"v/“") ‘ ' P % p-A(1232),M | oTpo N (1520),4

s A-sp% , M>pB : M—DD, Nobr
1930 10 ' 95 -
202043 24112 1815. (9 GeV/c) 30+12 ('9 GeV/c)

' - 1044 (12 GeV/c) 26+8 (12 GeV/c)

220455 16322 1745 (9 @eV/c) -

2145 (12 GeV/c)

TABLE-IV

Resul ts from reference [38]

Bnergy of Instrumental Confidence - Yield per
- Y=-Trays line width level . 103 A
IH e% (MeV) . annihilations
. 13246 16 99.3 5.142.7
o 18347 C 19 99.0.  T.a2#1.7
21649 a 97.5 ' 6.041.9

420417 7 98.2 8.542.0
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Captions to Figures |

The lightest O monet from reference [4]
calculated in bag model. -

a) SU(3) weight diagram 3 (b) masses of the etatee.

Duality diagrams for baryonim and diagrame

" for 0ZI-allowed and OZI-euppreeeed decays.

Proton-Antiproton total inelastic (0+2+44+6 prongs),
elastic and 0,2,4,6 prong cross-sections (reproduced
from reference [19] '

a) Behaviour of Total cross-section (from Ref. [24])
(closed. circles) and the partial elastic cross-
section (open circles).

b) Partial elastic cross-section after eubetracting
the background.
(reproduced from Bisenhandler et al [25]).

a) Pp total elastic cross-section. . :
b) cross-section for pp—non (Data from D, Cutte et a1).
The lower lines are the estimated background(reproduced )

. from reference [26]).

’B-Uvresonances pa.rametere from various Pp experimente.
The masses (MeV/c?) and widths are shown.

The PP 1nvariant mass with cos @ {0( 6 =Jackson angle)

- and 1175 <YMpp 7<1300 MeV for %p pp D %

interactions at 9 and 12 GeV/c. (reproduced from
reference [29]).

A5 Aamtalt LS} X . -
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Diagrams representing the production mechaniam
of Baryonium states.

. ) Production from ¥p~(Aor NM)-p, Fp &

{ref. [29]);
b) Production of 3,‘ pE% (2950) from z‘wef.[3o];

¢) Production 1950 MeV (Pp) resonance from .
ref. [33].

d) Production of a dibaryon in pp reaction
as predicted by Jaffe [4].

Results of Evangelista et al [30] on

. (a) the production of narrow resonance in
(Ppp®”) system at 295010 MeV and (v) the decay

of the resonance.

Besults from ref. [33] for Pp invariant mass in
xt p-;ppp: in 20 MeV bins.

a) All pairs of pp 3 (b) All Pp pairs with
“* x(pF) 1.2 (GeW/¢)? vwhere t' = t-t
and ¢t is 4-momentum transfer; (c) with
condition (b) and p of pp palr not participating .

in At (M__+>1.4 GeV/c?).

pnt

Bffective mass of (K° zxx)* combima tion from .
the (6 prongs . + V ) topology events. (reproduced

from ref. [34].

Invariant mass for .(pp*x) in reactions
% d"Psp fppl P

a) 2@ fit with' Py between 7-10 GeV/c;

b) events in (a) with P alow forward in (pp o ® );

¢) events in (b) with both A'(px" ) amd ( )™ (px")
mass (reproduced from reference [35])e
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Invariant mass of (a) (pp®) from (pP*p,) events
and (b) (pPAn) fram pfﬁ:'ipf events from 13.2 GeV/c
% d interactions. The solid line is transverse
momentum damped phase space. All events are of
4-C f£it, (reproduced from ref. [36]).

y-ray spectrum (true signal) from the transitions
of pp bound system. The solid line is the computer
£it to the peaks in the spectrun (reproduced
from ref. [38]).

Missing mass spectrum (GeV/ c?) in pp-Etx*x
at different beam momentum (reproduced from
ref. [29])0

Summary of the present experi.mental data on
baryonium states.
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_ DISCUSSION - -

It should perhaps be mentioned that there

- 1s evidence from polarization experiments
. at Argomme for a P, resonance (M = 2260
" MeV, [*~ 200 MoV, d4° = 3°) in the two-

proton system; see H, Hidaka ot al., Phys. ‘
Letters J0B, 479 (1977), Evidence for
resonances in other partial waves such as

1I>2. 'G‘ also seems to. bo aecnmlating.

I agres, Simnarly l.nfmat:ton rtor Mbagnn

is also gathering. This .should be m;uﬁ”i
to update the available. information hﬂnﬂk

‘in this survey,




