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Abstract : Missing mass spectra from *He(p,d)X at Tp = . 75 GV (gj5p = 22°, 32°
and 40" and T, = . 925 GaV (@)3p = 30°, 40°) have been measured. Missing
mass spectra from p(3He, d}X at T, _ = 2.7 Gev and €55 = 18° havealso
baen measured. The experiments Ilzggve) been carried out with a high
missing mass resolulion In order to detect possible narrow structures
associated wi:h B = 2, T = 1 quantum numbers Such structures have been
found, with the following masses and widthy .

M, = 2.240 ¢ 0.005 (Cgs% =~ 0.016 = . 003) GeV
M, = 2.192 ¢ 0.003 (Cyy5 ~ 0.025 * 0.006) GeV and
M, = 2.124 * 0.003 (Cyz2 72 0.025 £ 0.002) GeV.

There is also an Indicatlon for another narrow structure at My = 2.155
GeV. A broad structure with mass close to M, = 2,17 GeV, thz mass of
free N+a, and a width close to 'y, =0.1 GeV is observed. The masses
of the narrow structures are shown to agree with a rotational like mass
formula M = Mg + M, J(J + 1), J being the associated spin. The observed
peaks might be related to six quark states.

NUCLEAR REACTIONS *He(p,d)X T, = .925, . 750 GeV, p(3He, &)X T, =
2.7 GeV. Missing mass spectra measured. Oeduced
Isovector dibaryons.




1. INTRODUCTION ’

The spectroscopy of dibaryonic resonances has been strongly stimulated
over tho last ten years, by theoretical as well as experimental studles. It was
shown that six quarks confined in a bag, produce as a consequence many exotic
states [1] neither predicted before nor experimentally observed. At the same
time, nucleon-nucleon experiments from Argonne (ZGS) and deuteron
photodisintegration from Tokyo revealed unexpected features which were related

to dibaryonic resonances.

The NN studies started at Argonne (ZGS) (2] showec structures in ac,
aop, Cy| scattering in p~p mainly but also in some Indirect p-n (through p-d)
measurements. The new experiments from LAMPF (3], SIN 4], Saclay {51,
Leningrad (6] and TRIUMF (7] confirm the observed structures for energies lower
than Tp = 0.8 GeV. These were interpreted as being the signature of *D, and
3F, dibaryonic resonances from the various phase shift analyses (8). The
inelastic scattering [9) was particuiarly interesting since It was shown that
calculations based on unitary relativistic three body modeis [11] are unable to
reproduce the experimental data, especially in the case of Acr|‘_"°|- {pp - NNm),
but also for spin transfer parameters Kyn and Ky [10) and others (2417,

Several theoretical predictions [11] have been made v;vhlch generally
conclude that the structures in the data and loops in the Argand plois were
produced by non—-resonant dynamics coupiing to NA and NNw. Although generatly
belleved, this negative conclusion on the existence of the dibaryon resonances
was not supported by all calculations £12). A recent work from Jauch etal. £131in
particular showed that an admixture of dibaryon resonance L = 1, JP = 37, in
addition to calculations from the Deck model leads to a good description of such
data as Ao'tnm- and inelastic total NN cross sections otherwlse badly

described.

The plon-deuteron physles concerns mainly the pp - dr* studles and
olastic m—d scattering with measurements of differential cross sections, vector
polarisation IT; and tensor polarisation T2o. The pp - dnt experiments, which
study analyzing powers and differential cross sections have been deveioped (14)
at Saturne (Saclay), LAMPF, SIN, TRIUMF and Gatchina. A detailed discussion
can be found in Seth [(28]. These resuits have been analyzed [15) using eith...

-7 -



phasa shifts or coupled channel equations allowing a simultaneous analysis of
NN, nd, NA and NNr channels. Although the fit between measured and
calculated data Is poor, it is not possible to reach a conclusion on the exi ce
ot dibaryons from thase discrepancies. The vector analyzing power IT,; In the nd
- pp reaction has been measured at SIN {23]). The qualitative agreemant found
with theoratical predictions does not require us to invoke the existence of
dibaryons. Simllarly the lack of agreement between the measurements (24) of the

spin correlation parameter Apyy In pp - dn* and theoretical predictions prevents

us from drawing any conclusion about dibaryons.

The iTy parameter measurements in elastic n-d scattering have been
carriad out at SiN, using polarized deuterium targets. While the first data (183
showed the oscillatory behaviour often aitributed 10 dibaryons, more recent data
{19 are smooth. The analysis has been done within relativistic three body theory
and Faddeev amplitudes {20].

The tensor polarization Tzo In elastic m-d scattering has been measured at
SIN {21]) and LAMPF [22]. The experimenial resuits are stlif contradictory,
although very ciose incident energies and angles ware investigated. The data
show oscillations at some enorgies at SIN butl a smooth and negative behaviour at
LAMPF.

The polarization of the proton produced in deuteron photodisintegration
measurements In Tokyo [251 was, together with NN studies, the earilest
contribution to the dibaryon hunt. At least two resoriances, one isoscalar and one
isovector have been found. The first Japanase resuits appear howsever to be in
cantradiction (271 elthar with theoretical calculations or new photodisintegration
measurements. After analysis of new differential cross sections measurements of
vd - pn, yd -» 14 and yd - pX reactions, the authors were not abie to draw a clear

conclusion about the existence of dibaryon resonances.

The above discusslon deals with broad dibaryons with widths of the order of
Fi/2 & 100-200 MeV. But Interest has however moved gradually toward narrow
resonances. McGregor [301, analyzing the masses and quantum numbers of the
resonances of the structures from NN experiments, concluded they were
rotatlonal levels based on a virtual ppr dibaryon bound state at 2. 02 GeV. He
predicted a 3P, level at 2.06 GeV. Wainer and Lomon [311, analyzing the
constraints imposed by all the experimental informations in the energy region

through the phase shifts, found that the required width of such a postulated
-3 -



resonance should be I < 0.3 MeV. Later Mulders £32], using the P matrix
formalism to connect the short range part of the interaction described by six
quarks in a bag with the long range part of the interaction (the long range part of
the Paris potentlal) predicted some vary narrow dibaryonic states.

Experimental studles were undertaken which led to negative resuits. Total
n-p cross sections have been measured at LAMPF [33]studying invariant masses
lying between 1.93 < NS < 2.23 Gev. Although the statistics and energy
resolution were good, no evidence for narrow resocnance was reported. Other
negative studies have been reported which will be discussed more carefully fater.
They are the p—p elastic scattering cross—section at ecpy = 90° [34], using an
internal gas jet target at Saturne (Saclay) 2.12 <\[S < 2. 40 GeV, the d(n*,p)p
relative yield [35) moasured at LAMPF at ecp = 90° £ 2°, in the range 2.07 ¢\{§ «
2.28 GeV and the measurement of analyzing power in d(p, p’') pn reaction from
LAMPF [35] at €5, = 18% In the range 2.00 < NS < 2.07 GeV.

Measurements with positive signais are from four kinds of experiments :

al Preliminary reports from our experiments [361, where missing mass spectra

have been measured using transfer reactions.

b) Deuteron [37] and “He (381 break-up experiments performed at Dubna

have revealed narrow structures at different Invariant masses.

c) Some resuits from deuterium photodisintegration measurements performed
at ALS (Saclay) [26]) and at Bonn [43].

d) An Inclusive '2C(x»™,2p)X reactlon [44] performed at Dubna.

Various review articles have been published on this subject of dibaryanic

resonances (291,
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2. EXPEAIMENTAL METHOD

The experiment was performed at the Laboratoire National Saturne (LNS)
using the proton beam dellvered by the Saturne synchrotron. Some preliminary
data were taken in november 1979. Moare extensive measurements were done one
year later in november 1980. In both studies, differential cross sections for
3He(p,d) X were measured. Then, In June 1983, complementary measurements
were done by exchanging the incident and target particles : p( 3He,d} X at roughly
the same center of mass energy. in all three cases, the outgoing deuteron was
detected in the spectrometer SPES1 and identified by a 5.6 m Dbasis time of
flight added to the p/2 measurement. The missing mass M, was given by the
angle and momentum ot the deuteron. Dne magnetic field setting covered = 3%
of ap/p (=30 MeV in M,). Many different seftings with large overiaps were used
in order to get a large missing mass spectrum of saveral hundreds MeV. The
different parts of the experiment description wili be detailed in the following

paragraphs.

2.1. BEAM TRANSPORT AND SPECTROMETER

Figure 1) shows the beam line corresponding to the energy loss SPES1
spectrometer [47). Three quadrupoles located before the target allow the
adjustament of the beam line for the kinematics of the studied reaction. In our
case, due to the relatively small dimensions of the cryogenic target, we have
focussed the beam onto the target. It foliows that the currents in all quadrupoles
remain ccastant for a given energy. The sextupcles were not used, and the
collimators were not moved during the measurements at a given angle. The
current in the spectrometer SPES1 was adjusted to get the measurements for
ditferent momenta of the detected particlas which correspond to ditferent missing
masses for the undetected B = 2 system (X). The magnetic fleid in the
spectrometer and analyzer was regulated within some parts in 105, and checked
using NMA signals.

The quadrupole located between the target and the spectrometer, was
adjusted In order to keep the vertical angular aperture Ae, constant.
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The position of the beam was determined using wire chambers and
secondary emission detectors. The centering on the target was aiso checked by
measuring the counting rate as a function of the horizontal position of the beam.
The stability in position during the measurements was controled with a
localisatlon wire chamber located belore the target, and checked between every

data taking. The stabllity was better than £ 1 mm,

2.2. TARGET

The liquid 3He target was constructed by the IPN cryogenlc service (45).
The target cell was a cylinder 50 mm In diameter and 68. B mm in length kept at a
pressure of 300 torr. The corresponding temperaturg was 2°425 + 0025, and the
thickness pd = 509 + 9 mg/cm?. Three windows were crossed successively by the
protons and deuterons at smait angles : stainiess steel (20 um), atuminium (10
um) and kapton (75 um). The L H, target was constructed by the LNS cryogenic
group. Its thickness was 205 £ 20 mg/cm?. '

2.3. MONITORING

Two dilferent telescopes and a secondary electron emission chamber were
mainly used for the beam callbration. The telescope M1, located in the vertical
plane at 30° from the beam direction, was made of six scintillation counters. The
telescope M3 was made of four scintillation counters heavily shielded by lead,
and located in the harizontal plane at 90°* from the beam. A secondary emission
monitor was located before the target in the direct beam, and not viewed by the

spectrometer for the angles caonsidered here,

The ratios of the counting rates between these three monitors was checked
to be stable within = 1 %. In the few cases where this limit was exceeded they
have been corrected and 20 % of that correction Introduced in the error bar. The
absolute calibration was done at each energy by means of the activation reaction
Ctp,X)**C or C(*He, X)**C [4B1. A typical value of the beam Intensity was 15
nA at large angle decreasing to 0. 25 nA at small angle. The beam duration for
0.925 GeV protons was close to 600 ms every 1320 ms.
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2.4, DETECTORS R

Sour double drift chambers (48] were used to determine the trajectory of
each detoectad deuteron (see fig. 2). Each chamber consists of one drift cell of
50 cm long corresponding 10 aAP/P = £ 2 %. in fact due to the loss of precision at
both ends of the detection, oniy a part of the detection covering roughly 3 % of
the mean maomentum was used. The trigger consisted of § planes of scintillation
counter hodoscopes. The time-of-flight informatlon for particle identification was
measured between planes F and A on a 5.6 meters basis, Figure 3 shows two
typical time of flight spectra, corresponding to the situations without protons on
detection, and with a large amount of protons. Note the enhancement of the

scale in order to point out the base-iine of the sprctra.

2.5. DATA ACQUISITION

Since the bast kinematical conditions to look for possible narrow structures
are not known, measurements have been done at different angles and energies.
Condltions corresponding to large momentum transfers seem 1o be favorabie
because they correspond to a frontal scattering. However the producton cross
sectlon may be larger at smaller angles. It Is obviously the ratlc of the production
cross section versus the cross section of the background which is the important
tactor, ’

Data for the reactlon *He(p, d} X have been measured at two enaergies Tp =

925 and Tp = . 750 GeV and different angles, from My ~1.88 to My ~2.35
GeV. At Tp = .925 GeV, the iab. deuteron angles were 40°® and 30°, and at Tp =
. 750 GeV, eq = 40°, 32* and 22",

Measurements were also done at 6° for Tp = .75 GeV showing in particular a
peak at My = 1.9 GeV corresponding to a quasi-free scattering of the incident
proton on a deuteron substructure of *He. The data show alsc a peak far M, =
2.09 GeV corresponding 1o the quasi-free pp - dr* reaction. For this range of
missing masses the magnetic fieid In the spectrometer is larger than that
corresponding to elastically scattered protons, which occurs at My = 2. 15 GeV.
The proton flux was then so arge for this small angle, that measurements were
stopped for My = 2. 13 GeV. At this smail angle furthermore, the spactrometer
cgils were protected from direct beam by an uranium biock which produced a

large background in the detection.
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Consequently the data for Tp = . 750 GeV and e4 = 6% willl not be presented
later.

Measurements were also done at og = 14* for Tp = . 925 GeV and Tp = . 750
GeV. At this angle the data were more sparse at . 925 GeV. Moreover this angle
corresponds to the maximum laboratory angle possibie for the quasi-free pp ~
dr* reaction. The deuterons so produced contamiiiated the spectrum in a large
range of missing masses, starting at My = 2.2 GeV. This contamination
appeared unfortunately to be not negligible, especially at Tp = ,750 GeV, In
comparison with the small yield of the expected structures, so the data ior this
angle and the two energies will not be discussed later.

For the p(®He, d)X reactlon data have been measured at T’He = 2.7 GeV
and 8 = 18° lab. This energy corrasponds to total CM anergy close to the previous
one. The lower branch of the kinematical curve has been chosen so that the ecy
for {p,d) system have neighbouring values for both reactions.

2.6. DATA REDUCTION
2.6.1. Proton contamination

At all angles, the proton flux increases very quickly for the magnetic fieids
corresponding to elastic scattering on *He. The protons were cut electronically
by the time of tiight, but since their flux was larger than deuteron flux by a factor
up to 50, we have checked that no peak in the deuteron spectrum occurs due to a
very smail leak of the protons In the deuteron time of flight peak. Since a proton
peak could only occur tor elastic scattering, we have shown the corresponding
missing mass {n the figures by an arrow noted p. We can see that no peak
appears for these particular conditions. In figure 3 two typical time of flight
spectra are shown, demonstrating that the proton contamination under the
deuteron peak is equal or less than 2 % depending on the magnetic field vaiuo in

the spectrometer.
2.6.2. Angular acceptance

Silts at the entrance of the spectrometer defined the following angular
apertures : aey = 51.8 mrad, 4oy = 48.9 mrad. However due to the size of the
detection, some trajectories were not detected. Each trajectory was defined by
the eight chambers, determining its angle : 91, and its intersection y with a virtual

-0 -
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plane. Then the analyzing code hslng 8 and y caicuiated the corresponding
missing mass M, and the angle of the emitted deuteron from the target 64. All
events for each run were plotted in a bi-dimensional spectrum N = f(egq, My) . For
a heavy target, without recoli, the focal plane is located in the middle of the drift
chambers (Fig. 2) and the shape of the bi~dimensional spectrum deflning the
horlzontal acceptance, looks very close to a parallelogram. For the reaction we
have studied, the raecoli is very important, especially at large angle. As the angle
varied, the focal plane moved to infinity and came Lack from the forward
direction. The trajectories undergo strong cuts at large angles for small missing
masses and at small angla {or large missing masses - as shown In figure 4. The
computer code consequertly calculated the horlzontal opening angle —permitted
by the detection- for each bin (corresponding to 1 MeV precision in energy scale
of My) of each run. Both extremities of this paralielogram, which have smail
statlstics and badly determining a6y, were omitted by software cuts. For each bin
an error bar for the horizontal opening angie was computed (see later)

simuitaneously with the angle itsell.
2.6.3. Summation of runs

In order to avoid possible systematic errors each spectrum results from
several ditferent runs with large overlap, as seen In figure 5. The data from
adjacent spectrometer settings agree within the statistical uncertainties in the
region of overlap. A spectrum is then o™*1iined by mixing the different data using
the usual statistical relatlons. The samw analysis was done for full and empty
targets (data corresponding to different windows), and subtracted. When not
specified, the results correspond to full minus empty target measurements. At
small angles the counts from the ampty target were negligible in comparison with
the full target, and consequently were measured less systematically. The
subtraction was therefore not made. For the data shown later this is the case only
for Tp = .750 GeV, 84 = 22°.

2.6.4. Angular correction

Because of the shape of the acceptance (Fig. 4), all missing masses
within a given run are measured with slightly different average scattering anules.
However due to the large overiap of the runs, the final spectrum is insensitive to
the angular correction (see fig. 5). A small correction was nevertheless

applied to ail data.



2.6.5. Losses due o counting rate ,

Dead time can produce a loss of counting rate at different stages of the data
acquisition. This loss was measured on-line by the comparisan of the number of
events simytated on the detectars by a pulse generator ard the number of events
registered by the computer. The generatar was triggared by a signal of a
photomultiplier of a monitor telescope detector and therefore followed all beam
intensity fluctuations. This correction was checked by repeating a measuremeat
with a beam whase intensity was increasad by a factor of 7. The final resvits after
counting-loss corrections agree within a tew percent. The proton Intensity was
varied for difterent production angles and usually adjusted to keep the dead time
below 15 %.

2.6.6. Error estimation

The statistical errors are computed using different factors coming from full
and empty target countings. The uncertainty on the horizantal aperture was taken
to be (NC + 0.5)"! whare NG corresponds ta the number af channelis in the
angular axis of the bidimensionnal spectrum used to define the aperiure itsell.
Sometimas a correction had to be introduced because the time of flight spectrum
showed a non—negiigible background under the deuteron time ot flight peak. This
correcti .n was < 2 % and a term coarresponding to 20 % of this correction tactor
was introduced in the error bar. in the same way 20 % of a possible factor
correctiiig monlitors fluctuation was also introduced. All these tactors computed
statistically gave the error bars plotted on the fiqures, typically less than or equal
to £+ 3 %, allowing us to conclude that a high statistics experiment had been
undertakan. There is in addition,not introduced In the data shown,a systematic
error coming p .ncipally from the absolute calibration of the monitors, but also
from the vert.cal opening angle and the target thickness known ic £ 1.8 %. It can

be estimatad t6 ba 2 15 %.
2.6.7. Missing mass resolution

From kinematics we get the following relations :

oM oM

x X
= —= Ap_ + —— A0
AHX apa 3 593 3
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) a“x p, cose, - Eot3= aHx p,p, ®in 6
with — = = and 53- - - "
av, x 3 x

where Eq = E, + m, and the notations 1,2,3,x refer ta the projectile, target,

datected deuteran and missing mass, respectively. The contribution of BM,‘/
OE. Is smail and can be neglected.

The main contribution to AMy, comes from (belbe,)Ae, because of the

beam focusing condltions. This term increases with angle. For a given angte it

decreases for Increasing missing masses because My Increases and

simultaneously ps = pg decreases.

At two angles and energles (Tp = . 925 MeV, 84 = 40° and Tp = . 750 GeV,

o4 = 324, the counting rate corresponding to protons elastically scattered on 3He
was smail enough to allow its measurement (there were no cut applied by the
electronics) . The corresponding cross sections are plotted on tigure 6 and
compared with data from Legrand {65]. The do/dt values agree with the
Interpolated values within 6 to 8 %. The energy resolution of these elastic proton
peaks Is used to check the computed values of the energy resolution which is
strongly dependant on A8y. The resolutions agree roughly, which allows us to
conclude that our energy resolution for the *He(p, d) X reactlon varied from aMy
~3 MaV at 64 = 22°, to aAMy X7 to 8 MaV at @4 = 40°. These values are for (arga
missing masses, close to My &~ 2.24 Geg but are not very different for little
smaller missing masses where structures have also been found. The missing
mass resolution for p(>He, d) X reaction at 0q = 18" Is close to 4 MeV. These
values justify our choice of analyzing the data with a value of 1 MeV for each
enargy bin. Then, after having chacked that no structure narrower than 10 MeV
was prasent, an Integration of the spectra was done, In order to increase the
statisticat precision. The data presented have been binned into 5 MeV intervals.

2.6.8. Missing mass calibration

Thera is a direct and known correspondence between the magnetic fieid
measured by mean of NMR and the momentum of the detected deuterons. For a
given spectrum an overall smali correction constant has been applied to all data
to correct for energy ioss of protons and deuterons in the targaet. it usually ranges
bewween minu« 2 1o minus 3 MeV. A very nice agreement with the *He mass had
been found in the *He(p, p) *He elastic scattering reported before. We conclude

that our energies are correct to better than 2 MeV.
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2.6.9. Check of the camputer code

As praviously mentioned the magnetic tapes were analysed on a UNIVAC
110 computer. A large part of the Tp = .925 GeV, g = 40° apecirum was
reanalysed on the S.A.R. computer [(51] (tha LNS computer) with a different
cade and independent cuts, and the good agreement found between these two

anailysts can be seen in figure 7.

3. RESULTS

We present here the resuits from all our measurements, Whenever a
narrow structure is observed, the follow!ng procedure has been followed to get
the values quoted in tabie 1. First a polynomial fit has been carried out after
having removed the five data points corresponding to siructures. Then the
number of standard deviations (S. D.) from the background has been computed

using the relation

5.0, = E N - N} sacl E VI S
T Ti Bi i i
i i

whare Ny; corresponds to the total cross section for the data I, Ng; the
corresponding value for the background got by means of the palynomial fit
described praviously, and acf = aot? + acg = 2 asrt. 4ot corresponds to

the total error bar.

From the values of the standard deviations we deduced the conlidence level
(C.L.) of the peak. Valuss of masses, widths, cross sectlons and
corresponding precisions are determined by the introduciion into data of cross
sections measured in lhe structure regions and making gaussian fits in add/tion 1o
the previous polynomial fit. The method is not completsly rigouraus since the
data are not quite independent, However their large number (see fig. 5) justify

our analysis.



3.1. Tp = .925 GeV, 8g = 40 ,

Two sets of data (N79 and N80) have bgen taken a year apart. A bump
located close to My = 2. 243 GeV is observed In the missing mass spectrum. The
analysis of both sets ol data, shown in figure 8. Indicates a very good
agreemaeant. Indeed both have been quantitatively corrected tor the background
giving close values for My, I',,,, and dg/dt as Indicated on tabie 1.

The spectrum In figure 9 shows a broad bump corrasponding to the quasi
tree pd -» dp scattering of incident protons on a deuteron substructure ot 3He. It
" shows also an increase In background corresponding to the opening ot the Na
channel. The phase space has been calculated for X = pp and NA, but the first
one gives a smail contribution since It has to be normallsed at low invariant
masses My= 2.0 GeV where the cross section Is very small. Tne contribution of
phase space X = Na (T /, = . 115 GeV), normailsed to our data, is shown by
dashed curve. it appears clearly to be unabie to fit the measured tross sections.

Two narrow structures are clearly seen at My = 2.121 and 2.243 GeV.

3.2. Tp = .750 GeV, 84 = 40°

For this lower energy, we see again a large bump corresponding to pd -
dp, a small peak at 2.124 GeV, and another one at 2,192 Gev. The
measuremants have been stopped at a too small missing mass preventing a study
of the structure seen previously at 2. 240 GeV. The dashed curve corresponds
again to the normalized phase space for X = NA (Ty/,~. 115 GeV) (Flg. 10},
where it can be seen that there is no structure in this phase space spectrum at
the corresponding masses. The empty target spactrum is shown in figure 11,
There is no structure-no holedn this spectrum at My = 2. 124 and 2. 192 GeV. The
ratio of fult to empty target countings for the two mentioned structures is larger

than 5.1 and 4.5 respectively.

3.3. T = .925 Gev, oy = 30°

Apart from the pd -» dp bump, some sltightly gxcited structures are seen.
Above 2.265 GeV, the lack of siatistics prevents from any precise interpretation

of the data (Fig. 12).
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The arrows drawn at 2.192 and 2.240 GeV show'that the spectrum is
compatiple with structures tor these masses. it is not excluded aiso that a small
but broad structure centered around 2. 183 GeV (I'y s, =40 MeV) lias below the
weakly excited structures. Otherwise the subtraction of the two narrow structures,
from background will leave a place for another one at My=2.16 GeV with I, /,.

=18 MeV,

The phase space curve shown corresponds to Na final state (Cy/,.= . 115
GeV). A phase space prediction with faur particles in the final state (d,p,p, and
7) has also been calculated using the code FOWL ([52]. Its predictions,
normalized on tha data, are similar to the one drawn on figure 12.

3.4. Tp = .750 GeV, 8g = 32°

The bump corrasponding to pd — dp is the only dominant feature of this
spectrum (Fig. 13). Within the error bars, there is no room here for any narrow
or broad structure. The phase space for X = N + 4, again does not fit the

measured differentlal cross sections.

8.5. Tp = .750 GeV, oy = 22°

The spectrum (Fig 14) shows the pd +» dp bump, and a 'broad structure
centared around M ~ 2,14 GeV (I'yy, =,15 GeV) with do/do = 142 ub/sr.
The full lines have at this stage been drawn by hand to guide the eye. The empty
target cross~sections, which are very small for small angles, require only a few
measurements. Both sets of data are presented on figure 14. No fit has been
done on the data but arrows indicate the possibitlty of structures at 2. 1206, 2. 155
and 2.240 GeV.

3.6. p{>He,d)X reaction at T’He = 2.7 GeV

In order to check that the structures observed were not a consequance of
possible parasitic scattering on some windows, or slits, a measuremant .f the
reaction inverting the roles of beam and target seemed very useful. The energy
was chosen in order to have a total centar of mass energy as close to t:at of the
previous reactions at Tp =.925 GeV as was allowed by the dipole of the transport

- 14 -



beam line. The laboratory angle for the detected deuterons‘ed = 18°, corrasponds
to the only angular reglon free of p(p, d)r* reaction and, for the missing masses
studled, far from the maximum of the iaboratory angle (Fig. 15). The plp,d)n*
reaction quoted will be a quasi free reaction with a proton from incident 3Heg

particles having one third ci ihe energy and momentum.

The results are plotted on figure 16. They show broad bumps centered
around 2.17 GeV (Mn + M,), depending on the curve drawn to reproduce the
background (Flg. 17), and a smail structure centered around My x:2. 240 GeV.
Figure 18 shows phase space calculations for X = NN and Na normalized to our
data. The NN final state phase space increases with M,, in contradistinction 1o
the 3He(p,d)X reaction, since In p(>He,d)X the center-of~mass is moving
quickly in the laboratory due 1o the large ratio of incident particle mass to the
target particle. The full lines correspond to the background used 10 extract the
cross sections of the narrow and broad structures.

In figure 15, three curves are drawn to show the kinematlcal conditions
carresponding to p(p, ddn* ; the one without Ferml motion of a p in He, and two
others, with a p having a Fermi motion of * 100 MeV/c along the beam direction.
If we aliow the Fermi motion of the projectile nucieon to have any direction,
there is Indeed a small probabllity that deuterons coming from this eilementary
process will enter the spectrometer. Howbvertheir momentum distribution is wide
and cannot give rise to a narrow structure as the one observed here. The same
argument holds for the previous cases when the *He Is the taréet nucleus : a
contamination from the quasi free pN - dr reactlon Is possible at the lowest angle
(gg = 22%, but this cannot create narrow structures in the missing mass

spectrum.

Now let us ask the question if the observed peak was produced by a
parasitic 1arget heavier than liquid hydrogen. Of course the data from the empty
target have begen subtracted. Moreover il the target'is somewhat heavier than
hydrcgan, the momentum of the deuterons created by mean of (*He, d) reaction
at ez = 18* and T’He = 2.7 GeV, Increases immedlatly with the target mass to a
value outside the experimental range. For example for d(*He, d) 'He g.s. pg =
3.85 GeV, and in order to have pg = 1.35 GeV, we have to consider an excited
state In *He as high as 1.0 GeV ! We have therefore no expianation for the smail
shift of the missing mass with angle in the p{3He,d)X reacton, which can be

purely accidental.



4. DISCUSSION '
4.1. THE PEAK AT Mx = 2.24 GeV

it has been quantitatively determined from p(>He,d>X data a! 17°64 and
18, and with a smait confidence level at 18°36. Both sets ot data for *He(p, d) X
reactlon at T = . 925 GeV and 8y = 40° show a structure for this invarlant mass
wlith large coniidence level (> 99 %) . The masses deduced are stable if the data
at 18°36 where smail C. L. has been found, is omitted. The flnal mass value Is My
= 2.240 + 0.005 GeV, with I'y,, (FWHM) = 18 £ 3 MeV.

No structure was seen for this invariant mass in the deuteron break-up
expariment {37, but this mass corresponds to the limit of that experiment, where
the counting rate for each bin Is very small (< 10). Some other measurements
done with high energy resolution, such as d(p,p)pn (351, d(m, p)p [35) or
d(nw,n)d {211 have not been extended to an invariant mass as large as 2. 24 GeV.

A structure at a mass My = 2. 230 GeV having a width I, /5 =~ 0.030 GeVv
has been reported [26) previously from ALS, Saclay. It has been observed in the
ceuteron photodisintegration experiments D(y, pr™) . Jauch et al. {131, analyzing
difierent NN data, have shown that an introduction of a dibaryon admixture | = 1,
JP = 3= to the Deck model helps to get a good agreement with experimental data
for ao (pp » NNm) and various total cross sections a(NN - NNm) .' They predicted
a dibaryon mass of 2. 236 GeV, precisely the one measured here, but with [g =
120 MeV and rg; = 26 Mev,

4.2. THE PEAK AT My = 2.124 GeV

ts mass, wldth and production cross section do/dt for the 2He(p,d)X
reactlon, has been determined at 64 = 40° for both energles studied, and shown
in flgure 18 and table 1. There is also an Indication for that mass at e = 22°, Tp =
.75 GeV.

in deuteron break up experiments {371, tha structures observed at 2. 137 ¢
0.01 GeV (Mnp), 2. 11 ¢ 0. 02 GeV (Mnn) have masses consistant with 2. 124
GeV. So is the structure observed at 2. 137 £ 0. 015 GeV (Mpp) in the *He break-
up experiment (dppn final states), and at 2. 126 = 0. 015 GeV (Mpp) (ppppr~n
final state (381,
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No peak for such Invartant mass was observed in d(n,'p) p [35) experiment,
However we have to notlce that the large t value t =~ 0.4 GeV® seems not
favourable for the excitation of this peak. Itis close to the t value for p(*He, d) X
reaction at Ty, =2.7 GeV, 6g = 18° (1=, 32 GaV?) where that structure was also

absent.
4.3. THE PEAK AT My = 2.192 GeV

It has been analyzed quantitatively at Tp = ,750 GeV, og = 40° (see Table
1), and pointed out in the spectrum shown at Tp = ,925 GeV, 8g = 30°. The t
values for both cases are rather large (respectively ~ .627 GeV? and ~ . 422
GeV?) and the extracted Invariant cross sectlon do/dt for . 925 GeV, 30°, close to
the value at .75 GeV, 40°. A peak at this mass value has never been seen

previously.
4.4, THE PEAK AT M, = 2,155 GeoV

A peak at this mass valua was not extracted quantitatively but pointed out in
the spectrum Ty, = . 75 GeV, g = 22°, with a full width at half maximum 'y ;, 18
MeaV. A peak at this mass value has never been seen previously, but it is clear

that lts confidence leve! is not large.
4.5. THE BUMP AT My = 2.17 GeV

A large bump with a mass close to 2. 17 GeV and a width of the order of
Ty72 = 110 MeV was cbserved at Tp = .75 GaV, eq = 22° in the 2He(p,d) X
reaction and T’He =2.7 GeV, g = 18° in the p(®He, d) X reaction. In both cases
the invarlant cross sections do/dt are of the order of several hundrad pb/Gev?,
typically two orders of magnitude larger than the narrow structures discussed
before. These two reactlans for the given angles and energies, have the smaliest
momentum transfers of the different experimental conditions of the data reported
here (Fig. 20).

Since the broad bump was not observed far other angles and energies, we
conciude that its excitation cross section is a quickly decreasing function of
momentum transter. Since its mass is close to the mass of free My + M4, and
width close to the width of free a, we identify that broad bump with a classical N +

A state bound by the strong Interactions.
- 17 -



4.6. INELASTICITY OF THE NAARROW STRUCTURES '

Some NN experiments have been done with high statistical accuracy and

energy resolutlon. Among them :

a) p-p ditferentiat crass sectlon at 90°CM, with internal gas jet target from
Saturne [341, where Invariant masses from 2.12 to 2.40 GeV have been
studled with high momentum transfer (-.9 « -t < -. 5 GeV%).

b} p-p analyzing powers using the radiography experimental set-up at LNS {54],
where invariant masses from 2, 18 to 2. 33 GeV have been explored (0. 65 < Tp
< 1.0 Gev ; 16* < olab < 367,

¢) or7{n-p) from LAMPF (33] though with iess precise experimental conditions for
invariant masses close to 2.2 GeV,

Since no narrow structure appeared in these high energy resolution

experiments. we deduce that the corresponding elasticitles are small.
4.7. RESULTS OBSERVED IN OTHER EXPERIMENTS

Some structures have been observed at other masses. The deuteron
break-up experiment (371 analysis. concluded to the existence 6f structures tor
the following masses:

M, =2.02 £0.01 GeV (I'y;, # 0.045 £ 0.02 GeV) for Mnp invariant mass, M,
=22.03 £ 0.02 GeV (Fy,, = 0.075 £ 0.02 GeV) for My invariant mass and M,
=2.39 £ 0.02 GeV (r,s, ~ 0.06 + 0,02 GeV) for MyNg* Invariant mass. We

should notice that the tirst analysis of deutaeron break-up experiment from Tokyo

(401, more recent but with even poorer statistical yleid, was not in good

agreement with the data presented by the Warsaw group {373. A new analysls of

the Tokyo experiment (46] reveals some structures, but with a statistical
significance stlil too small to reach any conclusion. The *He break up experiment
analysis (38] with {dppn] final state, reported the existence of a struciure in the

invarlant mass of two protons at 2.035 + 0.015 GeV (r,;, = 0.030 £ 0.023

GeV), identified with 3.0 standard deviations, Tho *He break-up experiment

analysis (381 with (pppp7~n] final state reported a puak for a pp Invartant mass of

2.036 £ 0.15 GeV (r,,, = 0.027 £ 0.025 GeV). A pion production experiment

(pp - drr*) [42] from LNS reported a narrow structure for Tp = .35 GeV which
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corrasponds to an Invariant mass ol 2. 044 GeV. There is aiso a narrow structure
at 2.014 GeV reportad (431 from Bonn in two protons invariant mass «iudied by
mean of yd - pprn~ experiment. The two proton invariant mass observed using
Incident 5 GeV/c pions on *2C (propane bubble-chamber) at Dubna, revealed a
peak for a mass (FWHM) ot 2.024 £ ,003 GeV (.021 ¢ ,015 GeV) [44).

4.8, GENERA' DISCUSSION

All data, those coltected during the experiments >He(p,d)X and
p(3He, d) X and those recatled in the previaous cactlor have been plotted In figure
20. Itis obvious that they concentrate around some masses and are not randomiy
distributed, giving strong evidence for the existence of narrow B = 2 states.

Are these states created by strong NA coupllng ? One such state :.as been
predicted theoretically £551 in the analysis of mnucleus scattering, but no theory
can explain the existence of many of them. One argument favors such an
hypothesis : a search for Isoscalar dibaryons £561 has not been abie to find them
with a ilmit, on do/dt, of a few tenths of pblGeVz. This is two orders of
magnitude fower than the excitation cross sections found in the B =2, T =1
search described Iin this paper. The experiment was a missing mass
measurement from d+d - d+X reaction. However, singe Incident and target
deuterons are loosely bound structures, their large radil can lead to a strong
reduction of the production cross sections [411. Then, in spite of the fact that we
have not been able to observe isoscalar dibaryon resonances in an experiment
especially designed to see them, we will not consider the NA explanation for the
dibaryons observed here. The rmain reason is that we think it is difficuit to
understand how the large width r,, ~.115 GeV of the A resonance can be so
reduced when bound with only one nuclieon. The coupiing of A with nuclel
generaily leads to a smaller reduction of the width remaining as large as 55-60
MeV [57).

The dibaryon at 2. 124 GeV has a mass lowar than My + My ( 2,17 GeV) .
it will most probably desexcite into NNw. Since the N-r interaction in s state is
rather "weak”, the relatively small width of this state can be qualitatively
understood. An expianation relating the dibaryons observed to interferences
between different partial wave amplitudes has been proposed. For sexampie
Hollas (581, using the Mandelsta-m prediction (59} that singlet NN partial waves

produce pions at a lower momer:a than do triptet partial waves, concluded that
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no resonant behavior was required t::) describe the slructuréa observed in aocT and
a3 However such an expianation disagrees with the observed features in our
experiment of several narrow peaks stable In mass fc;r different kinematical
conditions and not symmetric with regard to My + My = 2. 17 GeV. A narrow quasi-
bound state was predicted some years ago by Arenhdvel [60], as formed by (Na)
system, Since it was at a mass lower than 2. 17 GeV (2.13 - 2. 16 GeV) and with
isospin T = 2, (forbidding decay into the NN channel) such an explanation is not
satisfactory In our case. it is obvious that more thacratical eftort has to be done

within such a model to be more conclusive,

Another way to explain the existence of the observed narrow dibaryons is to
describe them as states of six quarks coupled in a configuration other than q> -
q*. Many theoretical warks have been done In this frameWork, usually within the
MIT-type bag model [1]. Many states are then predicted. Few authors have
tackied the problem of the caiculation of their widths : Dorkin et al. (631, using a
coupled channel method between 6 quarks and NN channels, have found for a
simplitied assumption of a single state of six quarks in S wave, a wldth close to 20
MeV for NN scattering at Tp = .3 GeV. Matveev [64] predicted the contribution of
a single gluon exchange process to a hidden color state to ti,e width to be close to
10 MeV. We notice that the calcutated values of widths are close to the
experimental ones presented in this work. Grein et at. [2B] have calculaled the
dibaryons relative decay into n*d and n*np. We beileve that a theoretical
understanding of the widths of the states discussed here may hgve fundamental

Imptications connected to the confinement of quarks.

Although calculated from the color magnetic gtuon interaction (391 and not
from a rotating fluxtube a mass formula of a rotational like type was prodicted : M
= Mo + M, JGJ + 1). Figure 21 shows that the resuits flt nicely such mass
formula. This allows the spin attribution which is given In table 2. The state at My =
2.155 was observed though not so clearly. With the state at M, = 2. 192 GeV,
this defines a second rotational llke band which appears as baeing less flrm.
However there is ane property which is in favour of the existence of that second

rotationnaly like band :

~ the slope parameter found, M, = 18.7 MeV, is the same for the two bands.
We note that the two band heads have masses close to 2Mp + M, and 2(Mpy +

M) respectively.



The ratlo of the experimental values of My and M, to the theoreticai
quantities found by Mulders [32] is close to 0, 95. He used a bag radius of 1. 31
fm. Using the same parameter vaiues we get, for 1 =1, 4 =10,1,2,3, quantum
numbers, radii varying from 1.31 to 1.36 im. If we choose a mean value for the
bag radius »t 1. 35 tm, we get M, = 19 MeV ~very close to the experiment- instead
of 19.7 MeV found by Mulders. But then the carrespanding Mg value aquats
2.246 GeV instead of 2. 126 GeV (Mulders) or 2.014 GeV (experiment).

Using the experimental mass formuia, predictions for masses for iscspin | =
0,1 and 2 and spins J =0,1,2,3 and 4 are given In table 2. All the | = 1 states
corresponding to the first rotational like band have been experimentally observed.
Only the two flrst states with | = 1 corresponding to the second rotational like bard
have peen experimentally observed. The | = 0 and | = 2 states have not been

observed.

FRecent theoretical investigations, including pionic corrections to a six
quark bag calculation [611, predict masses and quantum numbers difierent from
those found experimenially. A prediction based on 6 quarks shell model in a jj
coupling combined with a diquark cluster model [62] found 2. 13 and 2. 24 GeV for
the position of the two first levels In very good agreement with some levels tound
in our work. Since in this theoretical work there is a partial degeneracy In spin
and total degeneracy in isospin, too few levels have been found. The NN partial
width predicted In the last theoreticai work quoted is small, ‘but there is no

prediction for iotal widths.

5. CONCLUSION

We have measured missing mass spectra from *He(p,d)X and p(3He, d)X
reactions feading to Ty = 1 and B, = 2 tinal states. The quasi-free scattering on
the deuteron substructure of >He is clearly nbserved at all angles and energies.
The good statistics and missing mass resolution for this inelastic channel with
large momentutn transfer, allows the abservation of narrow states. These narrow
states were observed although they stand on top of a relatively large background
formed by non-resonant Na und NNm finat states. Individual peaks are not

present for all kinematical cund'tions (angle and energy). The relative excitation
- 2] -



ot the peaks and background, in ad‘dman to the experimental precision, allow the
obsorvation of these narrow structures only for some t values, (see tig. 19). The
non-observation of these structures in some experiments (and some anglses in
*He(p,d)X measuremenis) Is then related !o kinematically untavorable

condliions.

We have shown that our results, togethar with others fram dliterent
expariments, it a rotationai-like mass formula. Such a mass formula is predicted
in the framework of a six quark MIT-like bag model. The states observed are
sithar in a quark conflguration differant from q3~q®, or In a q>-q> extraneaus
state (quantum numbers forbidding NN decay without quark rearangemant) . This
can be considered as being an exparimental signature of quark sffects at

intermeadiate energles.
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TABLE 1

Number of standard deviations (S.D.) from the background oi the narrow
structure and corresponding confidence levels (C.L.). The masses (M,), toial
widths at half maximum ([,/,) and cross sections (do/dl) correspond to the
structures found.

TABLE 2

Masses of | = 0,1 and 2, J = 0,1,2,3 and 4 dibaryons deduced from the
measured levels using the band head at 2. 014 GeV (first rotational band), and
the band head at 2.155 GeV (second rotational band).



do

M = 2.24 GeV
x

2 2
v -
Angle s.p. L. M_ (GeV) T, . (GeV) | dosae(iub/Gev™)| -t (GeV 4
o ‘He,d)x 17964 3.10 99.8 % | 2.245 ¢ .002 .016 £ ,003 7.3 ¢ 2.0
T, = 2.7 Gev 18° 1.40 93.8 % | 2.237 = 002 .015 ¢ ,004 2.8 ¢1,1 - .04
He 18°36 0.74 54,1 % | 2.232 = .003 .018 * .007 2.5 + 1.4
3
He(p,d)X
T = .,925 GV 200 2.73 99.4 % | 2.243 £ .003 .017 * .006 1.3+ .87 .96
3
| (N 80) .
A .925 400 5.64 [(> 99.9 %) 2.241 = .002 024 £ ,008 2.32 ¢ ,50 .96
) (N 79)

.925 40° 6.94 (> 99.9 %)| 2.121 ¢ ,001 .025 ¢ .002 l.46 £ .15 .89
. 750 40° 2.89 99.6 % | 2.128 = .00S .024 ¢+ ,011 .864 £ ,53 .59,

.750 40° 4.13 (> 99.9 %)| 2.192 = .003 .025 * ,006 4.16 = 1.34 .63

TABLE 1
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Firct Rotational Band Second Rotational Band
I=0 I=1 I=2 I=0 I=~1 I=2
Jg=a0 1.902 2.0147 2.239 2.042 2.155 2.379
J=1 1.940 2.052 2.276 2.080 2.192 2.416
J=2 2,012 2.124 2.348 2,152 2.264 2,488
J =23 2.128 2.240 2.464 2,268 2.380 2,604
I=4a 2.27% 2.388 2.612 2.416 2.528 2.752
TABLE 2
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FIGURE CAPTIONS

Beam line

Lay~out of the detection system (not to scale). A,B,C,D,F are
scintlllation counters hodoscopes. £ Is the (virtuald source point for
trajectories entering the spectrometer along its optical axis.

Typicat time of tlight spectra

Bl~dimensionat spectrum e versus My

Shows the overlap of dlfferent runs to get the missing mass spectra
for 2. 085 < My < 2. 28 GeV, and the ellect of a correction factor (1/0)
(do/de) = 3.6 1073/ mrad : ¢ (wlithout correctlon @ x).

*He(p, p) He elastic scattering cross sections

Comparlson of some results obtained with different computers,
computer codes, and cuts. .

Comparison of some resuits obtained at different datas

Missing mass spectrum for Tp = .925 GaV and 94 = 40° lat Ths full
curves correspond to polynomial and pofynomial plus Gaussian fits.
The dashed curve is the normalized phase space (X = Na, Iy, =
. 115 GeV for the aA). Data have been binned into 5 MeV Intervals.

Same caption as In figure 9 but for Tp = .75 GeV

Corresponding empty target spectrum. The arrows show the full
minus emply target cross section (see fig. 10).

Same caption as in figure 9 for dashed curve but for T, =, 925 GeV,
89 = 30" lab. The full line is drawn by hand.

Same caption as In figure 12 but fer Tp = .75 GeV, 84 = 32° lab.
Same caption as in figure 12 but for Tp = .75 GeV, 8q = 22° lab.
Kinematics for p(®He,d)X reaction

Missing mass spectra for p( >He, d) X reaction at T, = 2. 7 GeV and og
= 1764, 18* and 18°36. The full lines corresponcrto polynomiat and
polynomial + gaussian fits.

Normalised phase space calculations for p{>He, d)X reaction. The
dashed curve (dot-dashed) corresponds to X = NA (I, = . 115
GeV) (X = NN). The full curves correspond to polynomial fit and a
curve drawn by hand to get the broad bump excitation crass section.

Missing mass spectra for ’He(p, d) X reaction at Tp = .925 and . 750
MeV, 84 = 40" lab. showing the presence of the states at M, = 2. 124,
2.192 and 2.243 GeV.
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. .

Fig. 19 - Domaln of missing mass (M,) and transier (1) covered in our
measurements. Tne tull circles give the position of observed
structures, whlle the open ones refer to indications for a structure.

Fig. 20 - Dispiay of the narrow dibaryon masses found in the difterent
experiments.

Fig. 21 - Same as figure 20, but with an empirical assignment ot spin, showlng
avidence for a rotational-ilke mass formuia M = Mg + My J(J + 1),
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