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Evidence for narrow dibaryons at 2050, 2122, and 2150 MeV observed in inelasticpp scattering

B. Tatischeff,1 J. Yonnet,1 M. Boivin,2 M. P. Comets,1 P. Courtat,1 R. Gacougnolle,1 Y. Le Bornec,1 E. Loireleux,1

F. Reide,1 and N. Willis1

1Institut de Physique Nucle´aire, CNRS/IN2P3, F-91406 Orsay Cedex, France
2Laboratoire National Saturne, CNRS/IN2P3, F-91191 Gif-sur-Yvette Cedex, France

~Received 1 October 1998!

The reactionpp⇒pp1X was studied in order to look for dibaryons at invariant massesM pX . The experi-
ment was performed at three different energies (Tp51520, 1805, and 2100 MeV! and at several different
angles from 0° up to 17°~lab!. Narrow dibaryons were observed in invariant mass spectra at 2050, 2122, and
2150 MeV. The corresponding numbers of standard deviations vary between 3.2 and 12.6. The mass of these
narrow dibaryons agree with systematic studies of dibaryonic masses experimentally observed through many
experiments performed by various collaborations. Such a systematic study allows us to define the mean
dibaryonic mass spectrum, and is found to be in agreement with the spectrum calculated within a simple
phenomenological mass formula based on color magnetic interactions between two colored quark clusters.
@S0556-2813~99!03204-5#

PACS number~s!: 14.20.Pt, 13.75.2n, 12.40.Yx
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I. INTRODUCTION

The experimental search for narrow dibaryons is an es
tial task for several reasons. Such dibaryons, if their e
tence is confirmed, are a crucial argument to decide whe
or not physics at a few GeV can be entirely explained
baryonic and mesonic degrees of freedom or if additio
assumptions such as quark degrees of freedom, must als
considered. Over the past 20 years, many results have
obtained from experiments~not always carried out with the
highest precision! that have led some authors to conclu
that they have observed such structures—whereas o
reach the contrary conclusion. It is therefore highly desira
to reach a conclusion concerning the existence of these
row dibaryons, regardless of their origin.

The main reason for the unceasing debates related to
existence of narrow dibaryons is the weakness of their
natures compared to the superimposed physical backgro
of baryons and mesons in interaction for masses larger
the pion production threshold mass~2014 MeV!. For these
studies, the useful experiments needed to be as precis
possible.

Such a precise experiment was performed using a pro
beam. The reactionpp⇒pp1X was studied in order to look
for the dibaryonicM pX invariant mass simultaneously wit
the study of the missing massMX ~whose results were pre
sented elsewhere@1,2#!. Here the missing mass can be eith
one neutron~exclusive measurement!, or Np. The experi-
ment will be described in the next paragraph. The results
then be presented and discussed. A review of the results
several experiments studied previously will be presented.
nally, an attempt to interpret these results will be presen
followed by a discussion describing other possible interp
tations.

II. EXPERIMENT

The experiment was performed at the Saturne synchro
beam facility using the SPES3 system~see Fig. 1!. The beam
PRC 590556-2813/99/59~4!/1878~12!/$15.00
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energies were 1520, 1805, and 2100 MeV. The beam
varied between 108/burst and 53108/burst, depending on the
spectrometer angle~and incident energy!, in order to keep
the acquisition dead time to less than 10%. The liquid2
target of 393 mg/cm2 was held in a container with 130mm
thick Ti windows. External heat shields comprised of 24mm
thick aluminum were placed in the beam-line on either s
of the target.

The SPES3 spectrometer properties are described
where@3,4#. To summarize its main properties, it is a me
value solid angle spectrometer (650 mrd in both the hori-
zontal and vertical planes!, and secondly that it is a larg
momentum range spectrometer (600,pc,1400 MeV!.
Both particles were detected in the same setup consistin
several drift chambers. The information from these detec
was used to reconstruct the particle trajectories. The
chamber C1~MIT-type!, was situated on the spectromet
focal plane. Its spatial and angular horizontal resolutio

FIG. 1. The SPES3 spectrometer and the associated dete
system.
1878 ©1999 The American Physical Society
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weresx590 mm andsu518 mrd, respectively. Two mul
tidrift chambers, C2-C3, or CERN chambers, which we
perpendicular to the mean particle direction were designe
get information on trajectories in the horizontal and verti
planes. But, due to the small vertical magnification of t
spectrometer ('0.14), thef resolution at the target was to
poor to be useful. Nevertheless, these CERN chambers
used to determine the MIT chamber efficiency by calculat
the ratio of three to two counterhits. During the experime
the maximum value was 96% and the variation of this e
ciency was monotonous along the focal plane~without any
discontinuity!.

The trigger consisted of four planes of plastic scintilla
hodoscopes. The dimensions of each plastic detector w
12340 cm2 for the first plane~A!, and 18380 cm2 for the
last plane~B!. Each of these two planes were comprised
20 scintillators. The time of flight baseline from the fir
scintillator plane to the last scintillator plane was 3 m. P
ticles were identified by their time of flight between theAi
and Bj detectors and also by their energy loss in theAi
detectors. This latter measurement was mainly used to
criminate between one and two charged particles. Me
timers and constant fraction discriminators were used and
time resolution for each scintillator was typicallys5180 ps.
The large horizontal angular magnification of the spectro
eter produced a large horizontal angular opening~up to 30°)
of the trajectories at the output of the spectrometer. It
sulted in a large number of usefulAi•Bj combinations~125!,
between the first and last scintillation counter planes, wh
required the same number of coincidences. It is importan
note that a mean range of 200 MeV/c (25% of the focal
plane acceptance! is covered by eachAi•Bj combination.
Therefore, there is a large overlap between manyAi•Bj trig-
ger combinations for each spectrometer momentum. Mo
over, when the scattering angle or the incident energy v
this domain for a fixedAi•Bj combination shifts with invari-
ant massM pX . Careful calibrations and efficiency measur
ments of all the 125 combinations were performed usin
system of scintillator counters moving in front of th
A-hodoscope and behind theB-hodoscope. The trigger effi
ciency mean value is of the order of 95%.

Since both particles,p andp1 were analyzed by the sam
detector elements, events were lost when both their traje
ries intersected on each plane of the detection system~drift
chamber or trigger hodoscope!. A simulation code was writ-
ten in order to correct for the loss of such events. ForM pX
invariant masses (MX.Mn) the correction function was a
smooth function varying between 1.1 and 1.3. ForMX
5Mn , the correction function was also smooth except in
narrow range of invariant masses, when both trajectories
tersected on the focal plane. When such a correction cre
an oscillation, as small as it may be, the corresponding d
are removed, in order to avoid introducing a spurious p
due to this correction. The normalizations of the number
events, were performed using two telescopes that had a
of the target, and an ionization chamber located in front
the beam dump. The information from these detectors
normalized by12C activation measurements.

A second time of flight (Ai•Aj ) between both particles
was used in order to eliminate random coincidences and
sible wrong identifications coming from realpp→ppX
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events. A correction was made to take into account the
ferences in trajectory lengths, and then a common window
62 ns was used for all the 190 (19320/2) times of flight
channels gathered in Fig. 2. The resolution of this distrib
tion is s'570 ps. When the data reduction code associate
wrong assignment of the trigger and chamber informat
(0.6% of events!, the corresponding information was re
moved.

Special care was taken to ensure that no bias could
produced by particles originating from scattering on m
chanical pieces at the entrance of the spectrometer. A
tailed discussion of this part of the analysis was presente
Ref. @1#. The effect of the target windows was checked
regular empty target measurements. The correspon
counts were small, a few %, depending on the scatte
angle and the missing mass range. We therefore deduced
the target windows were not a source of noticeable conta
nation. We also deduced that although our measurem
were performed at small angles, the data were not conta
nated by any hot area of incident beam which could ha
been scattered by some mechanical piece at the entran
the spectrometer. We will quantitatively illustrate furth
~Sec. III B! the very small contribution of the empty targ
compared to the H2 data in theM pX range studied.

The raw data obtained atTp51805 MeV,u50.75° ~lab!
before any correction or normalization, are shown in Fig.
The blank line corresponds to the area where thep andp1

momenta are the same. We observe the absence of any h
inefficient wires which would result in an intense or lig
cross~horizontal and vertical lines! in the whole range of the
scatter plot. The dark area corresponds to the events o
pp→pp1n reaction covering a momentum range of 5
MeV/c ~900–1400 MeV/c). The corresponding missing
mass spectrum presented in Fig. 4 shows a continuous
tribution of the neutron peak.

A simulation code was written in order to study the co
sequences of particles scattered by the target in the ver
plane at angles 50<ufu<80 mrd. No narrow structure ap

FIG. 2. Overall time of flight~log scale! of the 190Ai-Aj com-
binations.
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1880 PRC 59B. TATISCHEFFet al.
peared inM pX invariant masses which could have been
tributed to such a bias.

The beam polarizations were 0.78, 0.74, and 0.70 for
three increasing energies. The polarities were reversed
each spill in order to avoid any bias due to slow polarizat
drift.

III. RESULTS

A. General presentation

The data shown in Fig. 3 are also presented in a sca
plot ~Fig. 5! of the missing mass,MX , versus the invarian
mass,M pX . In this figure several software cuts have be
applied toMX . In order to suppress the very intense li
corresponding to thepp1n reaction, we selected events fo
MX.960 MeV. The blank curved line corresponds to t
area where thep and p1 momenta are the same, as pre
ously mentioned. The external cuts are due to p andp1

momenta limits at 600 and 1400 MeV/c, respectively. The
three intense regions correspond to the following.

MX'960–1000 MeV andM pX' 2150 MeV. This is a
remaining tail from thepp→D11n reaction which is insuf-
ficiently cut in this figure and will be discussed later.

FIG. 3. Scatter plot of proton momenta versus pion momenta
events atTp51805 MeV,u50.75° lab.

FIG. 4. Neutron missing mass peak atTp51520 MeV,u50°
lab.
-
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MX'1200 MeV (D mass! and M pX'2270 MeV. These
events correspond to the production of two deltas:D11 and
D0. They are not genuine broad resonances in the dibary
system.

The increase in intensity along the upper limit of the sc
ter plot is due to the nonlinear transformation between
proton momenta and the missing masses.

Different corrections and normalizations were applie
with a corresponding increase of the errors depending on
precision of the following factors: detection cell efficiencie
dead time losses, normalization of the number of events
the incident proton flux, lost events due to trajectories t
intersect in one of the planes of the detection system,
normalization of the cross sections to constant momenta
ceptances:Dpp andDpp1.

The major part of these corrections was quantitatively
termined using a simulation code written for this purpo
Careful attention was paid to experimental biases wh
could have been produced by some discontinuity in the c
rection functions~last two corrections!. Software cuts were
introduced onMX at a value large enough so as to avo

r FIG. 5. Scatter plot of missing mass versus dibaryonic invari
mass events atTp51805 MeV,u50.75° lab. A cut was applied to
the missing mass in order to remove thepp1n events.

FIG. 6. Number of events for dibaryonicM pX invariant mass for
two different cuts on the missing mass value atTp51805 MeV,u
50.75° lab.
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FIG. 7. Cross sections for
1520 MeV incident protons versu
the M pn dibaryonic mass showing
a small and narrow structure
around 2050 MeV.
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introducing a bias due to then missing mass tail. The effec
of such cuts can be anticipated from Fig. 5 and is illustra
in Fig. 6. The upper part shows the horizontal projection
Fig. 5, with an important tail from residualD11n reactions.
There is a remaining peak which will be reduced after n
malization to constant momenta, but a discontinuity will r
main. This peak in dibaryonicM pX masses disappears total
when a software threshold of 1050 MeV is applied to t
missing mass spectra as shown in the lower part of Fig.

Our experimental cuts (600<p<1400 MeV/c) remain
constant, but the behavior of the range of the events stu
in the MX5 f (M pX) scatter plot~Fig. 5!, changes with inci-
dent energy. The tail of the neutron missing mass decre
with increasing energy. The intensepp→D11D0 spot seen
in Fig. 5 moves inside the range and is located totally ins
our range atTp51805 MeV. Finally the empty line from
pp5pp1 momenta is less inconvenient at higher ener
since it is located in a less central position in theMX

5 f (M pX) scatter plot.

B. Results atTp51520 MeV

In Fig. 7, we see theM pX dibaryonic spectra obtained a
Tp51520 MeV for neutron missing masses 930<MX<960
MeV and at all forward angles where the data were obtai
with a good resolution and large statistics. At all angles
narrow structure appears around 2050 MeV, straight lines
drawn at this value. Figure 8 shows the corresponding an
lar distribution of the c.m. cross section, extracted by us
low order polynomials for the background and a Gauss
peak for the structure. The number of standard deviati
~S.D.! vary from 12.6 at 0° up to 4.9 at 9°. The mean val
of the width iss'12.6 MeV. The curve is only to guide th
eye.

Statistically, this result is significant since we treated
the first angle at 0°, 126 300 events in the region of
neutron missing mass. This number reduced to 118 410 a
the time of flight selection. After cuts on theM pn invariant
mass in the range 2030–2070 MeV, there remained 26
events~with a statistical precision of 60/00). After correc-
tions and peak over background extraction, the final rela
precision~see Fig. 8! was 7.8%. Figure 9 shows the numb
of events for the same data set shown in Fig. 7 at the
smallest angles~dark points!. They are compared to th
empty target measurements~open points!. The ratio between
full and empty target data is close to 180. The empty tar
d
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data are presented for ten times more incident protons
order to make them visible.

For missing masses larger than the neutron massMX

>960 MeV! other checks were performed to make sure t
the corrections applied could not be a source of false st
tures. They are illustrated in Fig. 10 forTp51520 MeV at
2°: the correction for lost events were made over elemen
surfaces in the scatter plotMX5 f (M pX), as opposed to mea
corrections which were made on the single variableM pX ; a
limited smooth area was arbitrarily selected in order to av
all eventual structured cuts. Such an area is shown in par~a!
of Fig. 10 between the two arcs.

The corresponding consequence onM pX distribution is
shown in part~b! of Fig. 10. We see a structure around 21
MeV (↓). Then the same analysis was performed for all
events in the scatter plot. The resultingM pX distribution is
shown in part~c!, which shows again the same structure.

We conclude that the structure aroundM pX52120 MeV
and u52° is a genuine dibaryon and not an experimen
artifact. On the other hand, the broad peak observed aro
2170 MeV is a part of theD2D final state.

FIG. 8. Center of mass cross section of the dibaryonic struc
observed atM pn52050 MeV for 1520 MeV incident protons.



s
r

’’

o
.

i-
-
low
rd
122

are
tion
066

ro-
gure
ass
es,
ce
s.

ing
o
at
the

lot
n-
s to
s-
aks
s
in
all
hat
ing

t
re

u

fa

sus

1882 PRC 59B. TATISCHEFFet al.
The cross sections forM pX dibaryonic invariant masse
are shown in Fig. 11. The data were regrouped in orde
reduce the statistical errors. The limits onMX were adjusted
in order to cut all regions having experimentally ‘‘intense
or ‘‘weak’’ counting areas in theMX5 f (M pX) scatter plot.
The intense counting area was produced by the tail ofpD or
DD reactions in the final state. The weak counting area c
responds to the region wherepp andpp momenta are closed

FIG. 9. Invariant massM pn spectra for full and empty targe
data atTp51520 MeV,u50° and 2°. The empty target data we
normalized to the same number of incident protons, then were m
tiplied by ten to make them visible.

FIG. 10. For Tp51520 MeV andu52°, part ~a! shows the
scatter plot of the raw data, and two arcs used to define a sur
where only smooth corrections were applied. Part~b! shows the
resultingM pX distribution~see text!. Part~c! shows theM pX distri-
bution when all the data (MX>960 MeV! was considered.
to

r-

Therefore all regions of nonsmooth corrections were elim
nated. The range inM pX dibaryonic mass is higher than pre
viously discussed and does not explore the region be
2050 MeV. Also the statistics are smaller. At all forwa
angles, there is a structure at a mean mass value of 2
MeV. Straight lines are drawn for thisM pX mass. Although
these structures are seen at all four forward angles, they
not well defined and therefore no cross section extrac
was performed. There are also signs of structures at 2
MeV (2°), 2183 MeV ~2°! and 2170 MeV(9°).

Since the experiment was performed using polarized p
ton beams, the analyzing powers were also measured. Fi
12 shows the analyzing powers for the two missing m
data, for 1520 MeV incident protons at 5 and 9 degre
since there is no polarization for forward angles, and sin
the resolution and the counting rate spoil for larger angle

Although the error bars are smaller for neutron miss
mass data than forX5Np missing mass data, there is n
indication, in the analyzing power results, of any structure
the masses where they appear in the cross sections. In
case of larger missing massesMX.Mn , structures can be
seen~with a low confidence level!.

C. Results atTp51805 MeV

Checks similar to those described forTp51520 MeV data
were performed for 1805 MeV data. Inside the scatter p
MX5 f (M pX) several selections were carried out with co
tinuous and smooth corrections. None of them allowed u
extract a narrow and small dibaryonic structure. This is illu
trated in Fig. 13 where we see that two large, broad pe
corresponding toDn and DD reactions dominate the cros
section. TheDn tail remains in spite of the cuts introduced
order to eliminate it. Similar results were obtained at
angles between 0.75° and 13°, with the distinctive result t
the ratio ofDn over background decreases with increas

l-

ce

FIG. 11. Cross sections for 1520 MeV incident protons ver
M pX dibaryonic mass for missing massesMX>960 MeV. Straight
lines are drawn at 2122 MeV.



uc

gl
r
a

30

i
e

-
re

e
re

rre-
is

er
not
on-
ry-
ated.
lide
ince

pre-
ents
dy

al

at

ar-
t.

V

urne
with

for
ise
the
ge.
eri-

c-
he
am

ood

200
ese

r

su
t

d

PRC 59 1883EVIDENCE FOR NARROW DIBARYONS AT 2050, . . .
angle. We conclude therefore that theTp51805 MeV energy
was not suited for the observation of narrow dibaryon str
tures with our experimental conditions.

D. Results atTp52100 MeV

At this energy, no measurement was performed at an
larger than 9° lab. The consequence of the large numbe
two-delta production events observed in the missing m
MX and invariant massM pp1 was that in the case of theM pX
dibaryonic mass, a large maximum occured at around 2
MeV ~not shown!.

By using appropriate cuts defining smooth boundaries
the MX5 f (M pX) scatter plot, it was possible to extract th
cross sections, presented in Fig. 14. A dibaryon atM pX
52150 MeV (s511 MeV! was clearly extracted from poly
nomial background at forward angles 0.7° and 3°, with
spective values of 8.1 and 5.5 numbers of S.D.’s.

An extension of the cross sections at three angles betw
2170 and 2270 MeV is shown in Fig. 15. A smaller structu

FIG. 12. Analyzing power versusM pX dibaryonic masses fo
data at 5° and 9° and 1520 MeV incident protons.

FIG. 13. Cross sections for 1805 MeV incident protons ver
M pX dibaryonic mass at 3.7°. Cuts were introduced in order
remove the main part of theDn peak. However a tail remaine
which gave a peak aroundM pX52160 MeV. A largeDD peak is
observed around 2280 MeV.
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is present at all angles around 2230 MeV. Since the co
sponding S.D.’s are<2.6, the existence of a dibaryon
possible but not sure.

IV. REVIEW AND DISCUSSION OF PREVIOUS RESULTS

A large number of experiments were performed in ord
to search for narrow dibaryons. Some of the authors have
observed them, and therefore have concluded on their n
existence. We will focus on the results where narrow diba
onic structures have been observed and therefore advoc
Several results were obtained from bubble-chamber s
studies. They are of course low statistics experiments. S
they were reported on different occasions@5,6#, they will not
be mentioned here. Our discussion therefore does not
sume to be exhaustive. Some other precise experim
which will be recalled in the next paragraphs, were alrea
mentioned previously in more detail@5,6#.

The aim of the following discussion is to recall sever
results, preferably the most recent ones.

A. Previous precise results in theN-N elastic channel

1. pp elastic differential cross sections

Cross sections forpp elastic scattering were measured
COSY @7# in the range 2112,As,2866 MeV with bins
which are equal todAs;9.5 MeV aroundM pp52122 MeV.
No structure was observed. The range of that study is m
ginal as compared to the range studied in our experimen

2. p¢ p elastic scattering analyzing powers

Narrow structures were observed at KEK@8,9# in the ana-
lyzing powers at the following invariant masses: 2160 Me
(G1/2514 MeV! and 2192 MeV (G1/2513 MeV!. However
very precise measurements were performed later at Sat
@10# using the SPES3 beam line and an energy degrader
variable thicknesses~rotating wheel!. The large overlap be-
tween the results obtained from the Saturne experiment,
different extracted proton energies, allowed very prec
relative adjustments. Such a precaution is important since
gG53 depolarization resonance occurs in this energy ran
No structure was observed in the data of this Saturne exp
ment.

B. Previous precise results in inelastic channels

1. Recall of some previous precise results concerning
the dibaryon at 2122 MeV

A dibaryon was already observed at 2122 MeV from ele
tronic and bubble chamber slide experiments. T
3He(p,d)X reaction was studied at the Saturne SPES1 be
line, some years ago, using electronics, therefore with g
statistical precision@11,12#. The missing massMX had the
following quantum numbers:TX51 andBX52. The experi-
ment was performed at three energies: 750, 925, and 1
MeV and several angles. Figure 16 shows some of th
results with a number of standard deviations~S.D.! varying
from 3.0 up to 6.9. The presentation of the results atTp
5750 MeV, u540° has been changed@6# since the first
presentation@11#.
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FIG. 14. Cross sections fo
2100 MeV incident protons versu
M pX dibaryonic mass showing a
dibaryonic structure at 2150 MeV
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The same reaction was studied at Los Alamos with po
ized protons (Tp5800 MeV! @13#. The analyzing power data
showed structures for severalMX close to the dibaryonic
masses@11,12# observed previously.

The same situation occurred for a dibaryon around 2
MeV. It was observed with a good statistical precision us
the 3He(p,d)X reaction at Saturne and Los Alamos~same
references!.

2. The d8 resonance

A narrow dibaryon at 2060 MeV, has been advocated
several years. It was deduced@14# from pionic double charge
exchange~DCX! reactions on several nuclei from14C to
48Ca. This narrow dibaryon was supported by a recent re
of DCX reaction study on4He performed at TRIUMF using
the CHAOS spectrometer@15#. The existence of thed8 reso-
nance was confirmed in a two pion production reacti
namely thepp⇒ppp2p1 reaction performed at ITEP@16#
and at CELSIUS using a 750 MeV proton beam@17#. The
experiment is similar to the one presented here, except th
Celsius, the energy was lower, the invariantM ppp2 mass
was reconstructed, and a relatively narrow range ofM ppp2

mass (2055625 MeV! was studied. A narrow peak at 206
MeV ~with a statistical significance of four sigmas!, was
found. This might be the same as the one which appear
our data at 2050 MeV~see Fig. 7!. A status report concern
ing thed8 searches in DCX andpp collisions was recently
published@18#. In this paper, a table shows a list of vario
experiments with data analysis in progress. An enhancem
at 2060 MeV~with a statistical significance of two sigmas!,
r-
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was observed in the4He(p1,p2pp) invariant mass search
@19#, studied at TRIUMF with 115 MeVp1 beam.

Several theoretical calculations were performed in c
nection with this result@20–23#. The d8 isospin was antici-
pated as being even, andJP502 since a very small width
(GpNN'0.5 MeV! was observed. This leads to the concl
sion that thed8 cannot decay into two nucleons. The tw
possibilities of isospin, 0 and 2, were investigated and d
cussed within the constituent quark model calculation~six
quark system! @24# for a possibleJP502 dibaryon at 2065
MeV.

The first assignment of isospin 0, was supported by
QCD string model and three-body calculations and by n
relativistic Fadeev equations with local potentials@25# ~see
several references inside!. Using the resonating group mode
the mass and wave function of a six-quark system of

FIG. 15. Cross sections for 2100 MeV incident protons ver
M pX dibaryonic mass showing a dibaryonic structure around 2
MeV ~vertical straight lines!.
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PRC 59 1885EVIDENCE FOR NARROW DIBARYONS AT 2050, . . .
d8(JP502,T50) was recently calculated@26#. Meanwhile
isospin 2 was proposed@27#, supported by the small exper
mental width according to relativistic calculations and isob
model with first-order perturbation theory. The same isos
was proposed@28# using a nucleon-D interaction based on
quark cluster model.

Of course, isospin 0, which is presently preferred to is
pin 2 @15#, is not excluded by our reaction. However, o
observed width for the dibaryon at 2050 MeV (s'12.6
MeV! is larger than the reported width of thed8(GpNN
'0.5 MeV!. Our experimental resolution (s) for M pX or
M pn , is estimated as being equal to 3.1 MeV at 0°, a
increases with increasing angle. Unless our structure
served at 2050 MeV inM pn invariant mass corresponds
another dibaryon than thed8, then the conclusion on th
values of spin and isospin for thisd8(JP502,T50), sup-
ported by the assumption of noncoupling with the tw
nucleon channel, must be reexamined.

3. pd̃ p2ppp experiment

The invariant M ppp2 mass was studied using a 330
MeV/c deuteron beam@29#. Two narrow enhancements we
observed after quasifree processes suppression at ma
219967 and 225862 MeV. The first one compared favor
ably with the mass depicted in Fig. 17 at 2194 MeV. A
analysis based on the impulse approximation correctly re
duced the shape of the distributions below the narrow pe

4. pd̃ pnp experiment

The Mnp invariant mass spectra from thepd→pnp reac-
tion at 1000 MeV was studied@30#. Narrow dibaryons were
extracted in the direct channel at 1950, 2020, and 2120 M
The two last masses precisely fit previous assignments~see
Fig. 17!. The first mass has no counterpart on the same

FIG. 16. Missing mass spectra for3He(p,d)X reaction showing
the presence of a narrow dibaryon atMX52122 MeV @11,12#.
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ure, although it is fair to admit that the experimental situati
in this mass range is not clear.

5. pn˜p2pp reaction

The invariant mass of two protons was studied using
pn→p2pp reaction@31# at ITEP (1980 MeV/c) protons.
No narrow dibaryon was observed in this experiment in
mass region 1890,M pp,2170 MeV.

6. p1d˜pp reaction

A precisep1d→pp experiment was performed to stud
an eventual structure in the energy dependence of this r
tion @32#. Small steps in pion energy were used from 18 to
MeV, which corresponds to 2032,As,2056 MeV. This is a
very small energy range for dibaryon search~see Fig. 17!.
Only one level is predicted inside that range, and it is loca
on the upper side at 2052 MeV. No structure was observe
that experiment.

7. pp̃ ggpp experiment

The theory of this reaction was considered@33,34#, since
it offers the advantage of allowing the study of narro
dibaryons with masses below the pion emission thresh
~2014 MeV! where the probability of parasitic reactions
reduced. This two-photon process is of course experim
tally difficult due to the low counting rate. A narrow peak
1923.564.5 MeV with a statistical significance of 8s was
observed@35#. This value is close to 1916 MeV, which is
mass already reported in Fig. 17. However the same reac
was recently studied at CELSIUS@36#. Narrow dibaryons
were looked for in the mass range 1900 up to 1960 Me
The authors concluded that their data presented no indica
of a state in the 1917–1923 MeV range. However, if seve

FIG. 17. Masses of experimental narrow structures observe
previous experiments versus the corresponding reference. The
column (!) corresponds to the masses observed in this work.~See
Refs.@11–13,18,29,30,40–52#.!
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states do actually exist, separated by a few tens of MeV,
superposition of the corresponding peaks and their mi
peaks, could produce a flat distribution compatible with
results they show in Fig. 3 of their paper, implying a cro
section lower than 50 nb.

8. pp̃ pnp1 experiment

A precise kinematically completepp→pnp1 experiment
was performed near threshold@37#. The M pn invariant mass
varies between threshold~1878 MeV! and 1891 MeV for the
largest incident energy. The aim of the experiment was
the study of dibaryons, and it is clear that such a small ra
is not suitable for such a study.

9. p2d˜gX„X5p0nn,p2pn… experiment

This experiment was performed at TRIUMF@38#. Pions
were stopped inD2 in order to produce (p2d) atoms. A
transition from these atoms to neutralp0nn or p2pn could
give a peak in the case of a sufficiently narrow dibaryo
However, no peak was observed in the expectedg ray range
of 10 to 20 MeV, that is65 MeV on both sides of 2002
MeV where a possible candidate was previously indica
from thed(p7,p6)X experiment.

10. p¢ p˜p2X experiment

This experiment was performed at Saturne, in the SPE
beam line at three energies, 1450, 2100, and 2700 MeV
order to search for isospinT52 dibaryons in the missing
mass data@3,39–52#. Only one structure at 2164 MeV wa
extracted (G1/2515 MeV, S.D.52.6!. Since this mass is
close to theMD1MN mass, it is difficult to eliminate a
threshold effect.

C. Total and differential cross sections and asymmetries for
the p¢ pšppp0 reaction

Although no enhancement was observed in these obs
ables measured at Saturne@53#, a simultaneous analysis o
this data and of the results obtained previously from
np⇒NNp6 reaction lead the authors to conclude tha
strong possibility exists for a significant contribution of
1D2 partial wave in the isoscalar channel nearAs52129
MeV. This energy is the same as our peak mass of 2
MeV and is within the energy resolution of the pion produ
tion experiments. OurpW p→pp1X reaction allows isospin 0
and 1 ~even 2!. The same dibaryonic mass was observ
previously in the3He(p,d)X reaction~already mentioned in
Sec. IV B 1! in an isovector channel. The fact that the sa
dibaryonic mass was observed in isospin channels 0 an
can be related to isospin degeneracy, predicted by s
models which will be discussed further on.

V. ATTEMPT TO DEFINE AN EXPERIMENTAL SET
OF NARROW DIBARYONS

Many experiments observed narrow structures in diba
onic masses and concluded on their genuine existence. H
ever, only some amongst all these results had a statis
precision which allowed them to be conclusive. A part
those precise results was recalled in previous paragraphs
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was already noticed, the weakness of the signatures and
superposition on a large physical background, makes
work difficult. Therefore, we compared all of the results
order to try to increase the confidence we could have on t
genuine existence.

In an attempt to define which dibaryonic masses w
observed with a reasonable confidence level, we have plo
in Fig. 17 the masses of the narrow structures~vertical axis!
reported by the authors whose references are displaye
the horizontal axis. Here the experiments performed w
electronics are noted with squares and those from bub
chambers are noted with triangles. Full symbols corresp
to data with S.D..3.07 ~confidence level.99%), and open
symbols to data with S.D.,3.07. In some cases, the S.D
were not quoted by the authors but estimated from the p
lished data. The experimental masses are not spread but
centrated around some particular values. These values
listed on the vertical scale and are called ‘‘Dibaryon mas
The double line corresponds to63 MeV, which can be con-
sidered as being an approximate precision for experime
performed with electronics.

VI. ATTEMPT AT AN INTERPRETATION

More general than the study of dibaryons, the stability
exotic bound states of negative pions and neutrons was
vestigated@54#. Different theoretical papers deal with narro
dibaryons, either their existence, or their decay modes or
consequence of their hypothetical existence on some o
observables. One consequence is the possibility of a B
condensate of dibaryons occuring in nuclear matter@55#.
Some works were performed within the chiral soliton mod
@56#. The consequences of dibaryons on nuclear matter p
erties, or on the structure of neutron stars@57,58# were con-
sidered. The inelastic production cross section ofd* ~isosca-
lar Jp531 didelta dibaryon! was calculated@59# and found
to be in themb/sr range, although it was not observed@60# in
a dd→dX experiment. Its decay width into two nucleon
was found to be in MeV’s. It is not the aim of the prese
work to recall the various theoretical works which were d
voted to dibaryon studies.

A. The phenomenological mass formula

Here we will present a very simple phenomenological
lation, which nonetheless allows us to predict the obser
‘‘experimental masses’’ with a surprising accuracy.

The mass formula for two clusters of quarks at the end
a stretched bag was derived some years ago in terms of c
magnetic interactions@61#:

M5M01M1@ i 1~ i 111!1 i 2~ i 211!1~1/3!s1~s111!

1~1/3!s2~s211!#, ~1!

whereM0 andM1 are parameters deduced from mesonic a
baryonic mass spectra andi 1( i 2), s1(s2) are isospin and spin
of the first and second quark cluster, respectively. We m
the assumption that the clusters areq22q4. The spin and
isospin values for a diquark (q2) cluster are 0 or 1 and for a
4 quark cluster (q4) they are 0, 1, or 2. We consider the tw
parametersM0 and M1 as being free and therefore we wi
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also consider the formula as a phenomenological one.
first assume that the deuteron mass is obtained wheni 15 i 2
50,s150 and s251 @62#, therefore giving the deutero
quantum numbersS51,I 50. In this case Md5M0
1(2/3)M1. We chooseM051841 MeV and M1552.5
MeV, in order to get the deuteron mass and the best ag
ment for the other masses. These parameters are about
lower than the corresponding values reported in@61#. The
ratios between our values and those of@61# are 0.86 forM0
and 0.89 forM1. Couples ofi 1 andi 2 allowing total isospins
0, 1, or 2, have to be considered ifMX.Mn ~otherwise total
isospin50 or 1!. However, if we restrict ourselves to dibary
onic masses below 2200 MeV, the calculated masses
isospin 2 do not introduce new levels, and the calcula
masses for isospin 0 introduce only one additionnal leve
1911 MeV. Such results illustrate the strong degeneracy
the formula. The calculated mass spectra is shown in Fig.
All the ‘‘experimental levels’’ are reproduced except f
those at 1916 and 1902 MeV. From 2000 MeV to 2200 M
the agreement with ‘‘experimental masses’’ is very goo
with deviations<1 MeV. A similar good agreement be
tween calculated masses using the same mass formula
recently observed narrow baryons was reached@1#.

Angular distributions are needed to allow experimen
spin determinations, for further comparison with the pred
tions ~given in Fig. 18!, but the statistical precision has bee
too low up until now, to allow such studies.

B. The diquark cluster model

A diquark cluster model for any multiquark systemqkq̄h

was developed by Konnoet al. @63#. Amongst their different
assumptions, let us recall the following: ‘‘ Two quarks a
strongly bound when they are in the same diquark cluste
they are both in the 1s1/2 shell.’’ The nonstrange dibaryonq6

FIG. 18. Experimental masses of narrow dibaryons~left! and
masses calculated using the mass formula of Eq.~1!. The numbers
in parenthesis~right! indicate the two possible spin and isosp
values for the two quark clusters.
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consists simply of three such diquarks, where all quarks au
or d. This model predicts the coexistence of broad and n
row resonances. It is a semiphenomenological model s
there are eight parameters determined using baryon ma
andpd phase shifts@63#. An agreement was found with th
broad dibaryon mass spectrum@64#.

There were also other calculations based on the diqu
model@65# and on the symmetry properties. This theory w
applied mainly to exotic mesons or H dibaryons and not
nonstrange low mass dibaryons.

C. Are narrow dibaryons a consequence of narrow baryons
recently observed?

Narrow baryons were recently observed at low mas
between neutron mass andD0 mass, namely at 1004, 1044
and 1094 MeV@1#. Within the assumption that the narro
dibaryon masses are produced by all combinations of
baryonic masses~using the nucleon mass and the masses
the narrow baryons!, we get a level sequence shown in th
right part of Fig. 19. The comparison with experimen
dibaryons shows an agreement for several masses. More
the level density found is not very different from the expe
mental one.

VII. CONCLUSION

The pp→pp1X(X5n or Np) reaction was studied a
the following three energies: 1520, 1805, and 2100 MeV a
at several angles from 0 to 17° lab. In the invariantM pX
masses, several narrow dibaryons were observed at 2
2122, and 2150 MeV. These masses were compared to
perimentally observed narrow dibaryons in previous exp
ments and were also compared to some phenomenolo
mass formulas. The agreement with narrow dibaryon mas
observed in previous experiments is good.

The agreement with the phenomenological mass form

FIG. 19. Masses of narrow dibaryons. From left to right: expe
mental results, calculated results using theq22q4 clusters mass
formula ~1! and values found using the narrow baryonic masse
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is noteworthy. When narrowbaryonic masses are used t
reconstruct thedibaryonic masses, the agreement is fair
good. The importance of such agreement lies in the simp
ity of these approaches.

These results were also compared with the diquark mo
We have found that the theoretical outline here is not
convincing in view of the observations as it was in the ca
of baryons.

During the data analysis a strongly excited broad struc
was observed at 2300 MeV for 2100 MeV protons~not
shown in the figures! and at 2270 MeV for 1805 MeV pro
tons. These broad structures were associated withD11D0

dynamic resonant states and not with genuine dibaryons.
other broad structure was observed at 2170 MeV, and
associated with theD11n dynamic resonant state.

At this time when the true existence of these narrow str
tures is becoming more and more clear, in spite of exp
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mental difficulties due to the weakness of the signals,
following two questions arise .

Which conditions provoke the excitation of a speci
dibaryonic mass in comparison to other dibaryonic masse
experiments where the range studied allows the observa
of several dibaryons?

What is the common origin of narrowbaryonsand narrow
dibaryonsobserved nowadays?

Some ideas were proposed. They have to be confirm
and a complete explanation has still to be made. All res
concerning narrow dibaryons will be very useful for th
study of color confinement at large distances.
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