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Missing mass spectra from *He(p,d)X at Tp,=0.75 GeV (6,,,=22°, 32°, and 40°) and T, =0.925
GeV (6),,=30° and 40°) have been measured. Missing mass spectra from p(*He,d)X at T3He=2.7

GeV and 6,,,=18° have also been measured. The experiments have been carried out with a high
missing mass resolution in order to detect possible narrow structures associated with B =2, T =1
quantum numbers. Such structures have been seen, with the following masses and widths:

M, =2.240+0.005, (T, ,,~0.016+0.003) GeV,

M, =2.192+0.003, (T,,,~0.025+0.006) GeV,

and

M, =2.12140.003, (T',,,~0.025+0.002) GeV.

A broad structure with mass close to M, =2.17 GeV, the mass of free N+ A, and a width close to
I'),=0.1 GeV is observed. The observed peaks might be related to six-quark states.

I. INTRODUCTION

The spectroscopy of dibaryonic resonances has been
strongly stimulated over the last ten years, by theoretical
as well as experimental studies. It was shown that six
quarks confined in a bag, produce as a consequence
many exotic states' neither predicted before nor experi-
mentally observed. At the same time, nucleon-nucleon
experiments from Argonne National Laboratory-Zero
Gradient Synchrotron (ANL-ZGS) and deuteron photo-
disintegration from Tokyo revealed unexpected features
which were related to dibaryonic resonances.

The NN studies started at ANL (ZGS) (Ref. 2)
showed structures in Ao;, Ao, and C;; scattering in
p-p mainly but also in some indirect p-n (through p-d)
measurements. The new experiments from LAMPF,}
SIN,* Saclay,” Leningrad, and TRIUMF (Ref. 7)
confirm the observed structures for energies lower than
T,=0.8 GeV. These were interpreted as being the sig-
nature of 'D, and 3F, dibaryonic resonances from the
various phase shift analysis.® The inelastic channels’® are
particularly interesting since it was shown that calcula-
tions'® based on unitary relativistic three body models'!
are unable to reproduce some experimental data, espe-
cially for spin transfer parameters Kyyn and K;; (Ref.
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12) and others.!

Several theoretical predictions!! have been made
which generally conclude that the structures in the data
and loops in the Argand plots were produced by non-
resonant dynamics coupling to N-A and NNwm. Al-
though generally believed, this negative conclusion on
the existence of the dibaryon resonances was not sup-
ported by all calculations.!* A work from Jauch et al.'®
in particular showed that an admixture of dibaryon reso-
nance L =1, JP=3", in addition to calculations from
the Deck model leads to a good description of such data
as Ao and inelastic total NN cross sections otherwise
badly described. However an alternative explanation in
terms of heavy meson exchange has been proposed.!®

The pion-deuteron physics concerns mainly the
pp—dw* studies and elastic 7-d scattering with mea-
surements of differential cross sections, vector polariza-
tion iT; and tensor polarization T,,. The pp—dnm™ ex-
periments, which study analyzing powers and differential
cross sections have been developed!’ at Saturne (Saclay),
LAMPEF, SIN, TRIUMF, and Gatchina. A detailed dis-
cussion can be found in Seth.!® These results have been
analyzed!® using either phase shifts or coupled channel
equations allowing a simultaneous analysis of NN, =d,
NA, and NN7 channels. Although the fit between mea-
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sured and calculated data is poor, it is possible to reach
a conclusion on the existence of dibaryons from these
discrepancies.’®?! The vector analyzing power iT,; in
the md—pp reaction has been measured at SIN.22 The
qualitative agreement found with theoretical predictions
does not require us to invoke the existence of dibaryons.
Similarly the lack of agreement between the measure-
ments'® of the spin correlation parameter Ayy in
pp—dw™ and theoretical predictions prevents us from
drawing any conclusion about dibaryons.

The iT,, parameter in elastic 7-d scattering has been
carried out at SIN, using polarized deuterium targets.
While the first data?® showed the oscillatory behavior
often attributed to dibaryons, more recent data’* are
smooth. The analysis has been done within relativistic
three body theory? and Faddeev amplitudes.?

The tensor polarization T, in elastic 7-d scattering
has been measured at SIN,?® LAMPF,” and TRIUMF.?®
The experimental results are contradictory, although
very close incident energies and angles were investigated.
The data show oscillations at some energies at SIN but
a smooth and negative behavior at LAMPF and
TRIUMF.

The polarization of the proton produced in deuteron
photodisintegration measurements in Tokyo® was, to-
gether with NN studies, the earliest contribution to the
dibaryon hunt. At least two resonances, one isoscalar
and one isovector have been found. The first Japanese
results appear however to be in contradiction®® either
with theoretical calculations or new photodisintegration
measurements. After analysis of new differential cross
sections measurements of yd—pn, yd—7°d, and
yd—pX reactions, the authors were not able to draw a
clear conclusion about the existence of dibaryon reso-
nances.

The above discussion deals with broad dibaryons with
widths of the order of I'|,,=100-200 MeV. But in-
terest has however moved gradually toward narrow reso-
nances. McGregor,*! analyzing the masses and quantum
numbers of the resonances of the structures from NN
experiments, concluded they were rotational levels based
on a virtual ppm dibaryon bound state at 2.02 GeV. He
predicted a P, level at 2.06 GeV. Wainer and Lomon,*?
analyzing the constraints imposed by all the experimen-
tal informations in the energy region through the phase
shifts, found that the required width of such a postulated
resonance should be I' <0.3 MeV. Later Mulders,>® us-
ing 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 potential) predicted some very
narrow dibaryonic states.

Experimental studies were undertaken which led to
negative results. Total n-p cross sections have been mea-
sured at LAMPF,** studying invariant masses lying be-
tween 1.93<V'S <2.23 GeV. Although the statistics
and energy resolution were good, no evidence in narrow
resonances was reported. Other negative studies have
been reported which will be discussed more carefully
later. They are the p-p elastic scattering cross section at
0. m. =90°,% using an internal gas jet target at Saturne

(Saclay), 2.12<V'S <2.40 GeV, the d(w*,p)p relative
yield*® measured at LAMPF at 6, =90°+2°, in the
range 2.07<V'S <2.28 GeV and the measurement of
analyzing power in d(p,p’)pn reaction from LAMPF
(Ref. 36) at 6,,=18° in the range 2.00<V'S <2.07
GeV.

Measurements with positive signals come from
different kinds of experiments. They will be discussed in
Sec. IVG. Various review articles have been published
on this subject of dibaryonic resonances.'®

II. EXPERIMENTAL METHOD

The experiment was performed at the Laboratoire Na-
tional Saturne (LNS) using the proton beam delivered by
the Saturne synchrotron. Some preliminary data were
taken in 1979. More extensive measurements were done
one year later in 1980. In both studies, differential cross
sections for 3He(p,d)X were measured. Then, in June
1983, complementary measurements were done by ex-
changing the incident and target particles: p(*He,d)X at
roughly the same center of mass energy. In all three
cases, the outgoing deuteron was detected in the spec-
trometer SPESI and identified by a 5.6 m basis time of
flight added to the p /z measurement. The missing mass
M, was given by the angle and the momentum of the
deuteron. One magnetic field setting covered =3% of
Ap/p (=30 MeV in M,). Many different settings with
large overlaps were used in order to get a large missing
mass spectrum of several hundred MeV. The different
parts of the experiment description will be detailed in
the following paragraphs. Data acquisition has been
made with the S.A.R. computer®’ specially developed for
fast acquisition.

A. Beam transport and spectrometer

Figure 1 shows the beam line corresponding to the en-
ergy loss SPESI1 spectrometer.’® Three quadrupoles lo-
cated before the target allow the adjustment of the beam
line for the kinematic of the studied reaction. In our
case, due to the relatively small dimensions of the cryo-
genic target, we have focused the beam onto the target.
It follows that the currents in all quadrupoles remain
constant for a given energy. The sextupoles were not
used, and the collimators were not moved during the
measurements at a given angle. The current in the spec-
trometer SPES1 was adjusted to get the measurements
for different momenta of the detected particles which
correspond to different missing masses for the undetect-
ed B =2 system (X). The magnetic fields in the spec-
trometer and analyzer were regulated within some parts
in 10°, and checked using NMR signals.

The quadrupole located between the target and the
spectrometer, was adjusted in order to keep the vertical
angular aperture A, constant. The position of the
beam was determined using wire chambers and secon-
dary emission detectors. The centering on the target
was also checked by measuring the counting rate as a
function of the horizontal position of the beam. The sta-
bility in position during the measurements was con-
trolled with a localization wire chamber located before
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FIG. 1. Beam line.

the target, and checked between every data taking. The
stability was better than +1 mm.

B. Target

The liquid *He target was constructed by the IPN
cryogenic service.?®> The target cell was a cylinder 50
mm in diameter and 68.8 mm in length kept at a pres-
sure of 300 Torr. The corresponding temperature was
2.42510.025 K, and the thickness pd =509+9 mg/cm?.
Three windows were crossed successively by the protons
and deuterons at small angles: stainless steel (20 um),
aluminum (10 um), and Kapton (75 pum). The L H, tar-
get was constructed by the LNS cryogenic group. Its
thickness was 205+20 mg/cm?.

C. Monitoring

Two different telescopes and a secondary electron
emission chamber were mainly used for the beam cali-
bration. The telescope M1, located in the vertical plane
at 30° to the beam direction, was made of six scintilla-
tion counters. The telescope M3 was made of four scin-
tillation counters heavily shielded by lead, and located in
the horizontal 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 considered 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 en-
ergy by means of the activation reaction C(p,X)!'C or
C(CHe,X)''C.* 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.

D. Detectors

Four double drift chambers*' were used to determine
the trajectory of each detected deuteron (see Fig. 2).
Each chamber consists of one drift cell 50 cm long cor-
responding to AP/P =%2%. In fact due to the loss of
precision at both ends of the detection, only a part of the
detection covering roughly 3% of the mean momentum
was used. The trigger consisted of five planes of scintil-
lation counter hodoscopes. The time-of-flight informa-
tion for particle identification was measured between
planes F and 4 on a 5.6 m basis. Figure 3 shows two
typical time-of-flight spectra, corresponding to the situa-
tions with few protons on detection, and with a large
amount of protons. Note the enhancement of the scale
in order to point out the base line of the spectra.

E. Choice of measurements

Since the best kinematical conditions to look for possi-
ble narrow structures are not known, measurements
have been done at different angles and energies. Condi-
tions corresponding to large momentum transfers seem
to be favorable because they correspond to a frontal
scattering. However the production cross section may
be larger at smaller angles. It is obviously the ratio of
the production cross section versus the cross section of
the background which is the important factor.

Data for the reaction *He(p,d)X have been measured
at two energies 7,=0.925 and 7,=0.750 GeV and
different angles, from M, ~1.88 to M, =2.35 GeV. At
Tp=0.925 GeV, the experimental deuteron angles were
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FIG. 2. Layout of the detection system (not to scale). A4, B, C, D, and F are scintillation counter hodoscopes. () is the (virtual)
source point for trajectories entering the spectrometer along its optical axis.

40° and 30°, and at TP:O. 750 GeV, 64=40° 32°, and
22°.

Measurements were also done at 6° for T,=0.75 GeV
showing in particular a peak at M, =1.9 GeV corre-
sponding to a quasifree scattering of the incident proton
on a deuteron substructure of *He. The data show also a
peak for M, =2.09 GeV corresponding to the quasifree
pp—dm ™ reaction. For this range of missing masses the
magnetic field in the spectrometer is larger than that
corresponding to elastically scattered protons, which
occurs at M, =2.15 GeV. The proton flux was then so
large for this small angle, that measurements were
stopped for M, =2.13 GeV. At this small angle further-
more, the spectrometer coils were protected from direct
beam by an uranium block which produced a large back-
ground in the detection. Consequently the data for
T,=0.750 GeV and 6,=6" will not be presented later.

Measurements were also done at 63=14° for
T,=0.925 and 0.750 GeV. At this angle the data were
more sparse at 0.925 GeV. Moreover this angle corre-
sponds to the maximum laboratory angle possible for the
quasifree pp—d7™* reaction. The deuterons so pro-
duced contaminated the spectrum in a large range of
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FIG. 3. Typical time-of-flight spectra.
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missing masses, starting at M, ~2.2 GeV. This contam-
ination appeared unfortunately to be not negligible, espe-
cially at T,=0.750 GeV, in comparison with the small
yield of the expected structures, so the data for this an-
gle and the two energies will not be discussed later.

For the p(SHe,d)X reaction data have been measured
at T;He:2.7 GeV and 6,=18" lab. This energy corre-

sponds to total c.m. energy close to the previous one.
The lower branch of the kinematical curve has been
chosen so that the 6_, for (p,d) system have neighbor-
ing values for both reactions.

F. Data reduction

1. Proton contamination

At all angles, the proton flux increases very quickly
for the magnetic fields corresponding to elastic scatter-
ing on 3He. The protons were cut electronically by the
time of flight, but since their flux was larger than deute-
ron flux by a factor up to 50, we have checked that no
peak in the deuteron spectrum occurs due to a very
small leak of the protons in the deuteron time-of-flight
peak. Since a proton peak could only occur for elastic
scattering, we have shown the corresponding missing
mass in the figures by an arrow noted p. We can see
that no peak appears for these particular conditions. In
Fig. 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 value in the spectrometer.

The quasifree pp—pp reaction on a proton in *He
cannot be at the origin of the narrow structures we will
present later for *He(p,d)X spectra. There are different
reasons for that: the very good separation between p
and d in time of flight, the kinematics which never cor-
responds, the width of pp—»p? which will be very broad.

A two step process like p°’He—>Hep, followed by a
stripping of *He giving final d, can be also excluded.
Indeed the kinematics do not correspond for a reaction
at angle 6 followed by stripping at 0°. Moreover the
widths here also should be very large because all angles



(in three dimensions) are allowed for the first process,
followed by the complementary angle for the second one.
Table I shows the deuteron momenta in laboratory sys-
tem for all these processes, compared with the deuteron
momenta of the structure that will be described later.
One can see that the only contamination could come
from pd—dp process on a deuteron substructure of *He.
We suspect the widths of the peaks due to this last pro-
cess to be somewhat broader than the peaks we observe.
Although the protons are cut by the time-of-flight mea-
surement, the momenta of protons from quasielastic pp
scattering are also indicated in Table I.

2. Angular acceptance

Slits at the entrance of the spectrometer defined the
following angular apertures: Af6,=51.8 mrad and
Ay =48.9 mrad. However due to the size of the detec-
tion, some trajectories were not detected. Each trajecto-
ry was defined by the eight chambers, determining its
angle: 0, and its intersection y with a virtual plane.
Then the analyzing code using 6, and y calculated the
corresponding missing mass M, and the angle of the em-
itted deuteron from the target 64 All events for each
run were plotted in a bidimensional spectrum
N =f(64,M,). For a heavy target, without recoil, the
focal plane is located in the middle of the drift chambers
(Fig. 2) and the shape of the bidimensional spectrum
defining the horizontal acceptance, looks similar to a
parallelogram. For the reaction we have studied, the
recoil is very important, especially at large angles. As
the angle varied, the focal plane moved to infinity and
came back from the forward direction. The trajectories
undergo strong cuts at large angles for small missing
masses and at small angles for large missing masses—as
shown in Fig. 4. The computer code consequently calcu-
lated the horizontal opening angle—permitted by the
detection—for each bin (corresponding to 1 MeV pre-
cision in energy scale of M) of each run. Both extremi-
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FIG. 4. Deuterons of a single measurement at 40°,
T,=0.925 GeV, displayed on a bidimensional plot 8 vs M,,
and strongly saturated (the symbol = represents seven events)
in order to show the background around the useful region.
The scales of the spectrum are indicated in the inset.
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ties of this parallelogram, which have small statistics and
poorly determined A6y, were omitted by software cuts.
For each bin an error bar for the horizontal opening an-
gle was computed (see below, Sec. II F 6) simultaneously
with the angle itself.

TABLE I. Kinematical conditions for all processes suspected to give the observed structures. Note that pp—d is impossible,
the maximum deuteron angle being much smaller than the angles considered here.

Pa (GeV/c)
p*He—>Hep
Toeam o5 Poecam pa (GeV/e) *He—dp(0°) Py (GeV/e)
Reaction (GeV) (deg) (GeV/c) P4 peak (GeV/c) pd—dp a pPP— PP
SHe(p,d)X 0.925 40 1.6098 1.1555 (M, =2.24) 1.388 1.062 1.024
1.3423 (M, =2.124)
*He(p,d)X 0.925 30 1.6098 1.3920 (M, =2.192)? 1.625 1.227 1.241
*He(p,d)X 0.750 40 1.4035 0.9989 (M, =2.192) 1.245 0.9496 0.9228
*He(p,d)X 0.750 32 1.4035 1.410 1.0658 1.070
*He(p,d)X 0.750 22 1.4035 1.2855 (M, =2.155)? 1.580 1.183 1.232
pCHe,d)X 2.7 18 47387  1.366 (M, =2.24) 2.588° 2.188 1.438¢
Pveam/3=1.5796 0.831 1.504

*Corresponds to *He(p,’He)p at 6y, followed by *He—p + d at 0° (py= Zp 3He).

®Corresponds to p(d,d)p with py = %p;H .
€

“Corresponds to T, = %TJH quasifree elastic scattering.
€
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3. Summation of runs

In order to avoid possible systematic errors each spec-
trum results from several different runs with large over-
lap, as seen in Fig. 5. The data from adjacent spectrom-
eter settings agree within the statistical uncertainties in
the region of overlap. A spectrum is then obtained by
mixing the different data using the usual statistical rela-
tions. The same analysis was done for full and empty
targets and subtracted. When not specified, the results
correspond to full-minus-empty target measurements.
At small angles the counts from the empty target were
negligible in comparison with the full target, and conse-
quently were measured less systematically. The subtrac-
tion was therefore not made. For the data shown later
this is the case only for 7, =0.750 GeV, 64=22".

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 angles. However due
to the large overlap of the runs, the final spectrum is in-
sensitive to the angular correction (see Fig. 5). A small
correction was nevertheless applied to all data.

5. Losses due to 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 comparison of the number of
events simulated on the detectors by a pulse generator
and the number of events registered by the computer.
The generator was triggered by a signal of a photomulti-
plier of a monitor telescope detector and therefore fol-
lowed all beam intensity fluctuations. This correction
was checked by repeating a measurement with a beam
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whose intensity was increased by a factor of 7. The final
results after counting loss corrections agree within a few
percent. The proton intensity was varied for different
production angles and usually adjusted to keep the dead
time below 15%.

6. Error estimation

The statistical errors are computed using different fac-
tors coming from full and empty target countings. The
uncertainty on the horizontal aperture was taken to be
(NC 4 0.5)"! where NC corresponds to the number of
channels in the angular axis of the bidimensional spec-
trum used to define the aperture itself. Sometimes a
correction had to be introduced because the time-of-
flight spectrum showed a non-negligible background un-
der the deuteron time of flight peak. This correction
was <2% and a term corresponding to 20% of this
correction factor was introduced in the error bar. In the
same way 20% of a possible factor correcting monitors
fluctuation was also introduced. All these factors com-
puted statistically gave the error bars plotted on the
figures, typically less than or equal to 3%, allowing us
to conclude that a high statistics experiment had been
undertaken. There is in addition, not introduced in the
data shown, a systematic error coming principally from
the absolute calibration of the monitors, but also from
the vertical opening angle and the target thickness
known to +1.8%. It can be estimated to be +15%.

7. Missing mass resolution

From kinematics we obtain the following relations:

AM OM, A oM, A6
*= 3, p3+ 36, 3
with
aMX p100593—E033
aP3 N Mx

and
oM, P p3sind;
0, = M,

where Eg=FE +m, and the notations 1, 2, 3, and x
refer to the projectile, target, detected deuteron, and
missing mass, respectively. The contribution of
OM, /JE, is small and can be neglected.

The main contribution to AM, comes from
(0M, /305)A0; because of the beam focusing conditions.
This term increases with angle. For a given angle it de-
creases for increasing missing masses because M, in-
creases and simultaneously p;=p, decreases. There is
also a noticeable contribution due to target thickness
which again increases with angle.

At two angles and energies (T,=0.925 GeV, 6,=40°
and Tp=0.750 GeV, 6,=32°), the counting rate corre-
sponding to protons elastically scattered on >He was
small enough to allow its measurement (there were no
cuts applied by the electronics). The corresponding
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FIG. 6. *He(p,p)*He elastic scattering cross sections.

cross sections are plotted on Fig. 6 and compared with
data from Legrand.*’ The do /dt values agree with the
interpolated values within 6-8 %. The energy resolu-
tion of these elastic proton peaks is used to check the
computed values of the energy resolution which is
strongly dependent on Af;. The resolutions agree
roughly, which allows us to conclude that our energy
resolution for the >He(p,d)X reaction varied from
AM, =3 MeV at 6,=22°, to AM,~=7-8 MeV at
64,=40°. These values are for missing masses, close to
M, =~2.24 GeV, but are not very different for slightly
smaller missing masses where structures have also been
found. The missing mass resolution for p(*He,d)X reac-
tion at 6,=18° is close to 4 MeV. These values justify
our choice of analyzing the data with a value of 1 MeV
for each energy bin. Then, after having checked that no
structure narrower than 10 MeV was present, an integra-
tion of the spectra was done, in order to increase the sta-
tistical precision. The data presented have been binned
into 5 MeV intervals.

8. Missing mass calibration

There is a direct and known correspondence between
the magnetic field measured by means of NMR and the
momentum of the detected deuterons. For a given spec-
trum an overall small correction constant has been ap-
plied to all data to correct for energy loss of protons and
deuterons in the target. It usually ranges between —2 to
—3 MeV. A very good agreement with the *He mass
had been found in the *He(p,p)’He elastic scattering re-
ported before. We conclude that our energies are
correct to better than 2 MeV.

III. RESULTS

We present here the results from all our measure-
ments. To extract cross sections for appearing struc-
tures we used the procedure usually employed in high
energy physics®’ to obtain the values quoted in Table II.
First a polynomial fit has been carried out after having
removed the five data points corresponding to clearly ap-
pearing structures. Then the number of standard devia-
tions (SD) from the background has been computed us-
ing the relation

SD=S[(N, ~Ng)/A0?] /

2 l/AO’,Z ]1/2

where Np; corresponds to the total cross section for the
data i, Np; the corresponding value for the background
got by means of the polynomial fit described previously,
and Ac’=Ac% +Ack =~2Ac%. Aoy corresponds to
the total error bar. Values of masses, widths, cross sec-
tions, and corresponding precisions are determined by
using all the data and making Gaussian fits in addition
to the previous polynomial fit.

A. T,=0.925 GeV, 6,=40° (Fig. 8)

Two sets of data (N79 and NB80) have been taken a
year apart. A bump located close to M, =2.243 GeV is
observed in the missing mass spectrum. The analysis of

TABLE II. Number of standard deviations (SD) from the background of the narrow structure. The masses (M, ), total widths at
half maximum (T ,,), and cross sections (d o /dt) correspond to the structures found.

Angle sD M, (GeV) T, GeV) do /dt (ub/GeV?) —1 (GeV?)
M, =2.24 GeV
p(SHe,d)x 17.64° 3.10 2.245+0.002 0.016+0.003 7.3£2.0
T3H =2.7 GeV 18° 1.40 2.237£0.002 0.015+0.004 2.8+1.1 —0.04
€
18.36° 0.74 2.232+0.003 0.018+0.007 2.5+1.4
*He(p,d)X
T,=0.925 GeV 40° 2.73 2.243+0.003 0.017+0.006 1.3+0.57 0.96
(N80)
T,=0.925 GeV 40° 5.64 2.241+0.002 0.024+0.004 2.321+0.50 0.96
(N79)
M,=2.12 GeV
T,=0.925 40° 6.94 2.121+0.001 0.025+0.002 1.461+0.15 0.89
, M,=2.19 GeV
T,=0.750 GeV 40° 4.13 2.192+0.003 0.025+0.006 4.16£1.34 0.63
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dates.

both sets of data, shown in Fig. 7, indicates a very good
agreement. Indeed both have been quantitatively
corrected for the background giving close values for My,
I'y ;, and do /dt as indicated in Table II.

The spectrum in Fig. 8 shows a broad bump corre-
sponding to the quasifree pd—dp scattering of incident
protons as a deuteron substructure of *He. It shows also
an increase in background corresponding to the opening
of the N-A channel. The phase space has been calculat-
ed for X=pp and NA, but the first one gives a small
contribution since it has to be normalized at low invari-
ant masses M, =2.0 GeV where the cross section is very

small. The contribution of phase space X=NA
2 I ,
b He (p,d) X |
& Tp=0.925CeV |1
2 ° Ui
2075 84 = 40"lab A
x
b 2243
o |
c M{
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S
‘ ? | | I J
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FIG. 8. Missing mass spectra for T,=0.925 GeV and

04=40° lab. The full curves correspond to polynomial and po-
lynomial plus Gaussian fits. The dashed curve is the normal-
ized phase space (X=NA, I'} ,,=0.115 GeV for the A). Data
have been binned into 5 MeV intervals.
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TABLE III. AM: shift (in MeV) between the experimental
maximum of the peak observed in 3He(p,d)X, associated with
the pd—dp reaction on d substructure, and the same for free
reaction. W: width of the peak (in MeV).

64 (lab deg) AM W

T,=0.75 GeV 6 5 44
14 4 56

22 3 69

32 9 67

40 14 88

T,=0.925 GeV 30 2 68
40 0 79

(I'y ,=0.115 GeV), normalized to our data, is shown by
dashed curve. It appears clearly to be unable to fit the
measured cross sections.

Two narrow structures are clearly seen at M, =2.121
and 2.243 GeV. Note that the X* obtained by ignoring
the 2.121 GeV narrow structure but with a shift of the
pd—dp broad bump to 2.1 GeV (AM =9 MeV instead
of 0 MeV in Table III) is worse by a factor of 4 in the
missing mass region 2.0 <My <2.2 GeV.

B. T;=0.750 GeV, 6,=40" (Fig. 9)

For this lower energy, we see again a large bump cor-
responding to pd—dp, and a structure at 2.192 GeV.
The 2.12 GeV region being in a dip it is difficult to say
something. The measurements have been stopped at an
overly 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 (', ;=115 MeV) (Fig. 9), where it can be
seen that there is no structure in this phase space spec-
trum at the corresponding masses. The empty target
spectrum is shown in Fig. 10. There is no structure in
this spectrum at M, =2.192 GeV. The ratio of full to
empty target countings for the two aforementioned
structures is larger than 4.5.
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1 22
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FIG. 9. Same as Fig. 8, but for 7,=0.75 GeV.
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FIG. 10. Corresponding empty target spectrum. The ar-
rows show the full-minus-empty target cross section.

C. T,=0.925 GeV, 6,=30° (Fig. 11)

Apart from the pd—dp bump, some very weakly ex-
cited structures are seen, but the lack of statistics
prevents any precise interpretation of the data (Fig. 11).
Nothing can be firmly deduced from this spectrum, al-
though the arrow drawn at 2.192 GeV show that the
spectrum is compatible with structure for that mass.

The phase space curve shown corresponds to NA final
state (I'; ,=115 MeV). A phase space prediction with
four particles in the final state (d, p, p, and ) has also
been calculated using the code FOWL.** Its predictions,
normalized on the data, are similar to the one drawn on
Fig. 11.
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FIG. 11. Same as Fig. 9 for dashed curve, but for T\, =0.925
GeV, 64=30°lab. The solid line is drawn by hand.
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lab.

D. T,=0.750 GeV, 64=132° (Fig. 12)

The bump corresponding to pd—dp is the only dom-
inant feature of this spectrum (Fig. 12). Within the er-
ror bars, there is no room here for any narrow or broad
structure. The phase space for X=N+A, again does
not fit the measured differential cross sections.

E. T,=0.750 GeV, 64=22° (Fig. 13)

The spectrum (Fig. 13) shows the pd—dp bump, and
a broad structure centered around M =2.14 GeV
(Ty,~115 MeV) with do/dQ~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 Fig. 13. No fit has
been done on the data but the spectrum is compatible
with a structure at 2.155 GeV as indicated by an arrow.
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FIG. 13. Same as Fig. 11, but for T,=0.75 GeV, 6,=22°
lab.
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F. p(*He, d)X reaction at T3H =2.7 GeV (Fig. 15)
€

In order to check that the structures observed were
not a consequence of possible parasitic scattering on
some windows, or slits, a measurement of the reaction
inverting the roles of beam and target seemed very use-
ful. The energy was chosen in order to have a total
center of mass energy as close to that of the previous re-
actions at 7,=0.925 GeV as was allowed by the dipole
of the transport beam line. The laboratory angle for the
detected deuterons 6,=18°, corresponds to the only an-
gular region free of p(p,d)7 " reaction and, for the miss-
ing masses studied, far from the maximum of the labora-
tory angle (Fig. 14). The p(p,d)7* reaction quoted will
be a quasifree reaction with a proton from incident *He
particles having one third of the energy and momentum.

The results already published,*® are recalled on Fig.
15. They show broad bumps centered around 2.17 GeV
(M +M,), depending on the curve drawn to reproduce
the background (Fig. 16), and a small structure centered
around M, =2.240 GeV. Figure 16 shows phase space
calculations for X=NN and NA normalized to our data.
The NN final state phase space increases with M, in
contradistinction to the 3He(p,d)X reaction, since in
p(*He,d)X the center of mass is moving quickly in the
laboratory due to the large ratio of incident particle
mass to the target particle. The full lines correspond to
the background used to extract the cross sections of the
narrow and broad structures.

In Fig. 14, three curves are drawn to show the
kinematical conditions corresponding to p(p,d)77; the
one without Fermi motion of a p in 3He, and two others,
with a p having a Fermi motion of =100 MeV/c along
the beam direction. If we allow the Fermi motion of the
projectile nucleon to have any direction, there is indeed
a small probability that deuterons coming from this ele-
mentary process will enter the spectrometer. However
their 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
3He is the target nucleus: a contamination from the
quasifree pN—dm reaction is possible at the lowest an-
gle (6,=22°), but this cannot create narrow structures in
the missing mass spectrum.
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FIG. 14. Kinematics for p(*He,d)X reaction.
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FIG. 15. Missing mass spectra for p(*He,d)X reaction at
T,=2.7 GeV and 6,=17.64°, 18°, and 18.36°. The solid lines
correspond to polynomial and polynomial + Gaussian fits.

Now let us ask the question if the observed peak was
produced by a parasitic target heavier than liquid hydro-
gen. Of course the data from the empty target have
been subtracted. Moreover if the target is somewhat
heavier than hydrogen, the momentum of the deuterons
created by means of (*He,d) reaction at 6,,=18° and
T;He=2.7 GeV, increases immediately with the target
mass to a value outside the experimental range. For ex-
ample for d(*He,d)’He (g.s.) pq=3.65 GeV/c, and in or-
der to have p;=1.35 GeV/c, we have to consider an ex-
cited state in He as high as 1.0 GeV. We have there-
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FIG. 16. Normalized phase space calculations for-p(*He,d)X
reaction. The dashed curve (dot-dashed) corresponds to
X=NA (I';,=0.115 GeV) (X=NN). The solid curves corre-
spond to polynomial fit and a curve drawn by hand to obtain
the broad bump excitation cross section.
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fore no explanation for the small shift of the missing
mass with angle in the p(*He,d)X reaction. In particular
we do not think that it can be explained by local
inefficiencies of the detection since many runs with slight
differences in magnetic field of the spectrometer are
combined as explained in Sec. II F 3 and Ref. 45. In any
case, the spectrum obtained by averaging the three angle
spectra presented in Fig. 15 still exhibit a bump close to
2.236 GeV with four standard deviations. The slight im-
provement compared to each of the three individual
standard deviations is due to the summation of statistics.

IV. DISCUSSION

A. Quasifree pd — dp process

The position of the maximum of the quasifree pd—dp
peak is strongly dependent on the background subtrac-
tion which presents an important slope. Results of
Table III show the value of the shift between the experi-
mental maximum of the peak observed in *He(p,d)X, as-
sociated with reaction on d substructure in *He, pd—dp,
and the position of the maximum predicted by kinemat-
ics for a free reaction. This determination is not very
precise because of the background subtraction. The
mean value of the shift is larger than 5 MeV, not far
from the *He binding energy (7.7 MeV). In Table III,
we indicate the total width at half maximum again not
very precise because of background. One can observe an
increase with angle, for a given energy.

B. State at M, =2.24 GeV

It has been quantitatively determined from p(*He,d)X
data at 17.64° and 18°, and practically not seen at 18.36°.
Both sets of data for *He(p,d)X reaction at T,=0.925
GeV and 6;=40° show a structure for this invariant
mass. The masses deduced are stable if the data at
18.36° is omitted. The final mass value is
M, =2.240%£0.005 GeV, with T';,, [full width at half
maximum (FWHM)]=18+3 MeV.

No structure was seen for this invariant mass in the
deuteron breakup experiment,*® but this mass corre-
sponds to the limit of that experiment, where the count-
ing rate for each bin is very small (< 10). Some other
measurements done with high energy resolution, such as
d(p,p)pn,*® d(m,p)p,*° or d(w,7)d (Ref. 26) have not been
extended to an invariant mass as large as 2.24 GeV.

Jauch e al.'® analyzing different NN data, have
shown that an introduction of a dibaryon admixture
T =1, JP=3" to the Deck model helps in obtaining
good agreement with  experimental data for
Ao (pp—NN=) and various total cross sections
0(NN—NNrw). They predicted .a dibaryon mass of
2.236 GeV, precisely the one measured here, but with
I'oe=120 MeV and I' ;=26 MeV. Let us recall howev-
er, that addition of p meson exchange in the isobar mod-
els can explain the data.!®
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C. State at M, =2.121 GeV

Its mass, width, and production cross section do /dt
for the 3He(p,d)X reaction have been determined at
04=40" for 0.925 GeV. Results are shown in Fig. 17
and Table II. In deuteron breakup experiments,*® the
structures observed at 2.137+0.01 GeV M np )»
2.11+0.02 GeV (M) have masses consistent with 2.121
GeV. So is the structure observed at 2.137+£0.015 GeV
(M) in the *He breakup experiment (dppn final states),
and at 2.126+0.015 GeV (M) (pppp7 ~n final state*’).

No peak for such invariant mass was observed in the
d(m,p)p (Ref. 36) experiment. However we notice that
the large ¢ value t=0.4 GeV? does not seem favorable
for the excitation of this peak. It is close to the ¢ value
for p(*He,d)X reaction at Ty, =27 GeV, 6,=1%°

(t =0.32 GeV?), where that structure was also absent.

D. State at M, =2.192 GeV

It has been analyzed quantitatively at T,=0.750 GeV,
0,=40° (see Table II), and it could exist in the spectrum
shown at T,=0.925 GeV, 6,=30°. The t values for
both cases are rather large (respectively, —0.627 GeV?
and —0.422 GeV?). A peak at this mass value has never
been seen previously.

E. Bump at M, =2.17 GeV

A large bump with a mass close to 2.17 GeV and a
width of the order of I'|,,~110 MeV was observed at
T,=0.75 GeV, 64=22° in the 3He(p,d)X reaction and
T;, =2.7 GeV, 63=18" in the p(*He,d)X reaction. In

both cases the invariant cross sections do /dt are of the
order of several hundred ub/GeV?, typically two orders
of magnitude larger than the narrow structures discussed
before. These two reactions for the given angles and en-
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FIG. 17. Missing mass spectra for *He(p,d)X reaction at
T, =0.925 and 0.750 GeV, 6,=40" lab showing the presence of
the states at M, =2.121, 2.192, and 2.243 GeV.
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FIG. 18. Domain of missing mass (M,) and transfer (¢)
covered in our measurements. The solid circles give the posi-
tion of observed structures, while the open circles refer to indi-
cations for a structure.

ergies, have the smallest momentum transfers of the
different experimental conditions of the data reported
here (Fig. 18).

Since the broad bump was not observed for other an-
gles and energies, we conclude that its excitation cross
section is a quickly decreasing function of momentum
transfer. Since its mass is close to the mass of free
My +M,, and width close to the width of free A, we
identify that broad bump with N+A in final state in-
teraction.

F. Inelasticity of the narrow structures

Some NN experiments have been done with high sta-
tistical accuracy and energy resolution. Among them
are the following.

(i) p-p differential cross section at 90° c.m. with inter-
nal gas jet target from Saturne,’® where invariant masses
from 2.12 to 2.40 GeV have been studied with high
momentum transfer (—0.9 < —t < —0.5 GeV?).

(ii) p-p analyzing powers using the radiography experi-
mental setup at LNS,* where invariant masses from 2.18
to 2.33 GeV have been explored to (0.65 < T, < 1.0 GeV;
16° < 6" < 36°).

(iii) o (n-p) from LAMPF,* though with less precise
experimental conditions for invariant masses close to 2.2
GeV.

Since now narrow structure appeared in these high ener-
gy resolution experiments, we deduce that the corre-
sponding elasticities are small.

G. Results observed in other experiments

Some structures have been suggested at other masses.
The deuteron breakup experiment*® analysis, concluded

the existence of structures for the following masses:
M, =2.02£0.01 GeV (I'; ,=0.045+0.02 GeV) for M,
invariant mass, M, ~=~2.03+0.02 GeV (T';,,=~0.075
+0.02 GeV) for Myy invariant mass, and M, =2.39
+0.02 GeV ('} ,,=0.06+0.02 GeV) for M+ invari-

ant mass. We should notice that the analysis of deute-
ron breakup experiment from Tokyo,* more recent but
with again very poor statistics, is not in agreement with
the data presented by the Warsaw group.*® The *He
breakup experiment analysis*’ with (dppn) final state, re-
ported the existence of a structure in the invariant mass
of two protons at 2.035£0.015 GeV ("} ,,=0.030+0.023
GeV), identified with 3.0 standard deviations. The “He
breakup experiment analysis*’ with (pppp7 ~n) final state
reported a peak for a pp invariant mass of 2.036+0.015
GeV (I'; ,=0.027%£0.025 GeV). A pion production ex-
periment (pp—dn*) (Ref. 50) from LNS reported a nar-
row structure for T,=0.35 GeV which corresponds to
an invariant mass of 2.044 GeV. There is also a narrow
structure at 2.014 GeV reported®! from Bonn in two pro-
tons invariant mass studied by means of yd—ppm~ ex-
periment. The two proton invariant mass observed us-
ing incident 5 GeV/c pions on '’C (propane bubble
chamber) at Dubna, revealed a peak for a mass (FWHM)
of 2.024+0.003 GeV (0.021+0.015 GeV).”> The same
experiment using 40.0 GeV/c 7~ observed a peak for a
mass (FWHM) of 2.026%+0.0066 GeV (0.032+0.005
GeV).>* The d breakup experiment using 3.3 GeV/c d,
revealed peaks at following masses (FWHM):
2.014%+0.01 GeV (0.0631+0.028 GeV) and 2.162+0.01
GeV) (0.018+0.026 GeV).>* There is an indication of a
peak at 2.171 GeV (Ref. 55) in n+ p—ppr o 7 7°
experiment, done with 5.1 GeV/c neutron beam in Dub-
na. Finally, in the two protons invariant mass studied
with C(p,2p)X reaction, peaks have been observed at
2.115, 2.155, and 2.235 GeV with a total width T}, of
the order of 15 to 35 MeV.’® Notice that, as quoted at
the beginning of the paper, some other experiments have
not observed any structure. A complete review of exper-
iments on this subject for masses larger than 2.00 GeV
has been made elsewhere.”’

H. General discussion

All data, those collected during the experiments
3He(p,d)X and p(3He,d)X and those recalled in the previ-
ous section have been plotted in Fig. 19. Are these
states created by strong NA coupling? One such state
has been predicted theoretically®® in the analysis of -
nucleus scattering, but no theory can explain the ex-
istence of many of them. One argument favors such an
hypothesis: a search for isoscalar dibaryons®® has not
been able to find them with a limit, on do /dt, of a few
tenths of nb/GeV2 This is two orders of magnitude
lower than the excitation cross sections found in the
B =2, T =1 search described in this paper. The experi-
ment was a missing mass measurement from
d +d—d + X reaction. However, since incident and
target deuterons are loosely bound structures, their large
radii can lead to a strong reduction of the production
cross sections.® Then, in spite of the fact that we have
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FIG. 19. Display of the narrow dibaryon masses found in
the different experiments. The data are from: B, this work; O,
Agakishiev et al. (Ref. 53); #, Andronenko et al. (Ref. 56); D,
Glagolev et al. (Ref. 54); ©, Besliu et al. (Ref. 55); /A, Glagolev
et al. (Ref. 47); X, Bairamov et al. (Ref. 52); @, Siemiarczuk
et al. (Ref. 46); B, Zelinski et al. (Ref. 47); V, Siemiarczuk
et al. (Ref. 46); ©, Bock et al. (Ref. 51); and ®, Saudinos et al.
(Ref. 50).

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 ob-
served here. The main reason is that we think it is
difficult to understand how the large width I'; ,,~0.115
GeV of the A resonance can be so reduced when bound
with only one nucleon. The coupling of A with nuclei
generally leads to a smaller reduction of the width
remaining as large as 55—60 MeV.%!

The dibaryon at 2.121 GeV has a mass lower than
My+M, (~2.17 GeV). It will most probably deexcite
into NN7. Since the N-7 interaction in s state is rather
“weak,” the relatively small width of this state can be
qualitatively understood. An explanation relating the di-
baryons observed to interferences between different par-
tial waves amplitudes has been proposed. For example,
Hollas,® using the Mandelstam prediction® that singlet
NN partial waves produce pions at a lower momenta
than do triplet partial waves, concluded that no resonant
behavior was required to describe the structures ob-
served in Ao, and Ao;. However such an explanation
disagrees with the observed features in our experiment of
several narrow peaks stable in mass for different
kinematical conditions and not symmetric with regard to
My+M,y=2.17 GeV. A narrow quasibound state was
predicted some years ago by Arenhével,% as formed by
the (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
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satisfactory in our case. It is obvious that more theoreti-
cal effort 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 q3-g°.
Many theoretical works have been done in this frame-
work, usually within the MIT-type bag model.! Many
states are then predicted. Few authors have tackled the
problem of the calculation of their widths: Dorkin
et al.,%> using a coupled channel method between six
quarks and NN channels, have found for a simplified as-
sumption of a single state of six quarks in S wave, a
width close to 20 MeV for NN scattering at 7,=0.3
GeV. Matveev®® predicted the contribution of a single
gluon exchange process to a hidden color state to the
width to be close to 10 MeV. We notice that the calcu-
lated values of widths are close to the experimental ones
presented in this work. Grein et al.®’ have calculated
the dibaryons relative decay into m+d and 7+ np. We
believe that a theoretical understanding of the widths of
the states discussed here may have fundamental implica-
tions connected to the confinement of quarks.

Recent theoretical investigations, including pionic
corrections to a six quark bag calculation,®® predict
masses different from those found experimentally. A
prediction based on 6 quarks shell model in a jj coupling
combined with a diquark cluster model® found 2.13 and
2.24 GeV for the position of the two first levels in very
good agreement with some levels found in our work.
Since in this theoretical work there is a partial degenera-
cy in spin and total degeneracy in isospin, too few levels
have been found. The NN partial width predicted in the
last theoretical work quoted is small, but there is no pre-
diction for total widths.

V. CONCLUSION

We have measured missing mass spectra from
3He(p,d)X and p(*He,d)X reactions leading to 7, =1 and
B, =2 final states. The quasifree scattering on the
deuteron substructure of 3He is clearly observed at all
angles and energies. The good statistics and missing
mass resolution for this inelastic channel with large
momentum transfer, allows the observation of narrow
states. These narrow states were observed although they
stand on top of a relatively large background formed by
nonresonant NA and NN final states. Individual peaks
are not present for all kinematical conditions (angle and
energy). The relative excitation of the peaks and back-
ground, in addition to the experimental precision, allow
the observation of these narrow structures only for some
t values (see Fig. 18). The nonobservation of these struc-
tures in some experiments [and some angles in *He(p,d)X
measurements] is then related to kinematically unfavor-
able conditions. The states observed are either in a
quark configuration different from g3-¢3, or in a g%-¢3
extraneous state (quantum numbers forbidding NN de-
cay without quark rearrangment). This can be con-
sidered as being an experimental signature of quark
effects at intermediate energies.
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