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A missing-mass experiment in pd NX, where X is the system whose mass Mz is
measured, was performed for interactions of antiprotons at rest and in flight below 500
MeV/c. The 4-standard-deviation upper limit for the production of narrow states, iu the
mass interval Mx =1660-1930 MeV/c, is 2 mb for annihilations in flight and 0.3% of the
annihilations at rest.

%e have performed a missing-mass experiment
in pd-NX using a new method at the Brookhaven
National Laboratory alternating-gradient synchro-
tron on the new low-energy separated beam,
LESB II. The missing mass recoiling against a
neutron (or a proton) was measured for antipro-
ton annihilations in flight and at rest, in a long
liquid deuterium target. The experiment permit-
ted us to investigate the formation of pp (and pn)
bound states and resonances. The direct forma-
tion of pp bound states is not possible in hydro-
gen, but can be obser ved in deuterium, the re-

coil neutron removing the excess energy. This
method has not been used before because of the
difficulty of detecting neutrons.

Considerable interest has been shown recently
in NN resonances and bound states. Potential
models predict ten to twenty states in the interval
1700 to 2000 MeV/c', with widths between 1 and
100 MeV/c'. ' Similar predictions have been ob-
tained with quark models' and from study of the
topological structure of the scattering amplitudes. '
Candidates for PP bound states at 1684, 1646, and
1395 MeV/c' have been observed in radiative tran-
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sitions from pp atoms, ' and states in pn have been
suggested at 1794,' 1897, and 1932 MeV/c' (Ref.
6) from deuterium bubble-chamber data, , but the
evidence is not conclusive. '

Figure 1 is a sketch of our apparatus. The
counter telescope S,SjS,Sj defined the beam inci-
dent on the target, which was 1 m long and 10 cm
in diameter. Bending magnet D, and multiwire
proportional chambers Sj, determined the initial
momentum and direction of individual antiprotons.
Time-of-flight and pulse-height measurements by
the beam counters reduced the II/p ratio of 100:1
by a factor of 1000. The antiproton flux was typi-
cally 2000 per pulse at 500 MeV/c with a momen-
tum bite of + 2%. The absolute value of the central
momentum was measured to 1% by reversing the
magnets and measuring the range of protons in
copper: The relative momentum resolution with
the beam chamber information was 0.7%.

The trajectories of one or more mesons pro-
duced by the annihilation were determined by the
multiwire proportional chambers W~ and W~, lo-
cated above and below the target. The antiproton
and meson tracks determined the interaction ver-
tex to an accuracy of + 2 cm along the beam direc-
tion. The momentum of the antiproton at interac-
tion was determined from the incident momentum
and the calculated energy loss in deuterium. An-

nihilations occurring beyond 50 cm of deuterium
were taken to be at rest, the mean depth at which
antiprotons stopped being 62 cm. Half of our
events were "at-rest" events, of which one-third

are estimated to be in flight, with momentum
& 300 MeV/c, giving a background of events with
incorrect missing mass to the at-rest data.

A nucleon time-of-flight spectrometer located
at a distance of 140 cm from the target axis was
made of six scintillation-counter telescopes.
Each telescope consisted of a thin counter in front
of three 5-cm-thick ones; the times of the signals
from each end of the counter which detected the
nucleon were used to find the time of flight and the
position along the counter of the detection point.
Photons from the decay of neutral pions from an-
nihilations, 9-MeV neutrons from II' p -ny, and
68-MeV neutrons from 7t d -nn were used to cali-
brate the spectrometer. The neutron energy reso-
lution was + 750 keV at 9 MeV and + 8 MeV at 68
MeV, in agreement with the timing resolution of
+ 500 ps measured with photons. The position
along the counter was found to +5 cm, leading to a
polar angular resolution of ~ 2; the range of polar
angle covered was 60' to 120'. Particles with P
& 0.8 were rejected to eliminate pions and photons
from the event sample; the lower limit on velocity
was p= 0.1. The efficiency of detection of neutrons
was computed with a Monte Carlo program' and
measured (below 35 MeV) at a Van de Graaff ac-
celerator; it varied slowly with energy, and rose
from (13+ 3)% at 5 MeV to (30+ 4)% above 10 MeV.

The main contribution to the missing-mass res-
olution was the uncertainty in the nucleon energy
but uncertainties in the beam momentum, in the
vertex position, and in the recoil angle also con-
tributed. The mass resolution I' for particular
kinematic regions is given in Tables I and II.

The missing-mass distribution for annihilations

TABLE I. Fraction, dR/dM+ of annihilations at rest
and 4-standard-deviation upper limit of the branching
ratio R, for formation of a state narrower than the ex-
perimental resolution I'.
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FIG. 1. Sketch of apparatus: (a) plan view; (b) ele-
vation. For explanation see text.

M~
(Me V/c')

pp 1850
1800
1750
1700
1650

pn 1780
1750
1700
1650

I'
(Mev/c )

2.0
11.1
25.0
42.1
62.0

16.2
25.0
42.1
62.0

dR/dM»
[&o '(Mev/c'l ']

6.0
2.2
1.5
1.2
0.9

0.5
0 4
0 4
0.8

R
(10-')

1.0
.1.6
2.8
2.2
2.4

0.5
0.6
0.7
0.8
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at rest is shown in Fig. 2(a) for pn and pp events.
The high-mass cutoff in the pn data is due to ab-
sorption in the target and in the thin counters.
The cutoff at 1870 MeV/c' in the pp data corre-
sponds to the lower limit of O.l and p. The back-
ground of 35/o in the pp data was mainly due to the
accidental coincidences with room-background
neutrons. The background in the pn data was only
3'%%uo. The solid curve is a smooth fit to the pn data.
No enhancement is observed [)(' per degree of
freedom (d.f.) =0.7 for 14 d.f.]. For Fig. 2(b), a
baseline was subtracted from the pp data by fitting
a smooth function to the mass distribution. No
significant enhancement consistent with our reso-
lution is observed Q'/d. f. =1.3 for 44 d.f.).

Figure 3 shows the missing-mass distribution
for annihilations in flight at incident momenta of
(a) 477, (b) 434, (c) 388, and (d) 344 MeV/c with
a momentum acceptance of 45 MeV/c. No narrow
enhancement is observed in the region of the high-
mass peak. In the lower-mass tail, we used bins
about one-third the size of the resolution and fit-
ted a third-degree polynomial. No significant de-
viation was seen; the goodness of fit (),'/d. f.) is
given in Table II.

The differential fraction dR/dM~ of all annihila-
tions at rest is (dN/dMx)/(f, 7)„7)A/4n), where I,

is the number of stopping antiprotons, g, the de-
tection probability for one or more annihilation
pions, '

g the nucleon detection efficiency, and
the solid angle of the spectrometer. The 4-stan-
dard-deviation upper limit R, on the fraction of
annihilations at rest associated with a state nar-
rower than our resolution I' is 41 (dR/dMx)N '~',
where N is the number of events in a bin of width
I". Results for dR/dM» and R, are presented in
Table I.

The partial cross section for in-flight events
accompanied by recoil nucleons with velocities
0.1&P & 0.8 and emitted in the solid angle covered
by our spectrometer is given by do/dMx = (dN/
dM~)/(L~7)„qp), where L~ is the path length of
antiprotons in deuterium in the momentum inter-
val centered at p, and p the nuclear density. The
4-standard-deviation upper limit o,'(Mr) on the
cross section for annihilations in flight producing
a state narrower than our resolution is 41'(do/
dMr)N '~'. Upper limits o, on the total cross sec-
tion are calculated assuming isotropic production
in the center-of-mass system. Results for cr,'
and o, are given in Table II. Limits on the forma-
tion of a state of width I', broader than our reso-
lution were given by (I",/I')'~'I7, in regions where
dN/dMX does not vary greatly within a range of I',.
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FIG. 2. (a) Missing-mass distribution for annihila-
tions at rest. The spectrum for pn has been multiplied
by a factor of 5. Resolutions are given at the top of the
figure. The solid line is a fit to pp data. The dashed
line shows the background contribution to pp data.
(b) Smooth baseline subtracted from pp data.
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FIG. B. Missing-mass distribution for annihilations
in flight for antiproton momenta of (a) 477, (b) 484,
(c) SSS, and (d) 844 Mev jc. Curves as in Fig. 2(a).
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TABLE II. 4-standard-deviation upper limit of the
cross section 0, ' for the formation of a state detected
by our apparatus at different antiproton momenta P.
The upper limit o~ assumes isotropic center-of-mass
formation; X /d. f. is the y per degree of freedom for
the fit of a smooth curve to the data.

P tacit

2 x
(MeV/c) X /d. f. (MeV) (MeV)

a s a

(ub) (&b)

P

477

434

388

344

1.3

1.0

1930 2.0
1900 4.3
1800 30.5
1700 69.3

1900 2. 7
1800 27.2
1700 65.0
1900 2.0
1800 24.0
1700 60.7

1900 2.0
1800 21.3
1?00 57.0

70.
76.

120.
141.
48.
78.
90.
64.

104.
104.
53.

110.
127.

1.8
1.2
1.9
2. 2

0.9
1.2
1.4
1.3
1.7
1.7
2.0
1.8
2. 1

Of the two states previously reported in the I=1
pn system, ' at 1897 and 1932 MeV/c', we discuss
here only the one at 1897 MeV/c'. The state at
1932 MeV/c' is too close to the end of the range
of our present data for us to make a useful esti-
mate of an upper limit, especially when we allow
for possible systematic errors in estimates of
missing mass. The state at 1897 MeV/c' would
appear in our data in the region of the broad peaks
in Fig. 3 where dN/dM» varies significantly with-
in the reported width of this state. Also, only our
pp data extend to this high mass; so we can com-
ment on the state at 1897 MeV/c' only by assum-
ing that we would expect, in this mixed I=0 and
1 channel, an enhancement at least half that re-

ported for the pure I=1 state. The four spectra
in Fig. 3 fit well, after background subtraction,
to a simple spectator model of the interaction in
the region of the broad peaks (where spectator
momentum is low). (In the lower-mass tail, mul-
tiple interactions are important. ') In this model
the shapes of the broad peaks in Fig. 3 should be
the same (except shifted in mass) in the absence
of resonances or bound states since they depend
only on the spectator momentum spectrum, and
indeed they are, within statistical errors. Since
the state at 1897 MeV/c' would appear in different
positions in each spectrum relative to the peak,
this agreement in shape allows us to quote an up-
per limit for the ratio of the formation of the
state at 1897 MeV/c' to nonresonant background
of 0.2 compared with a ratio of 1.1 found in Ref. 6.

As for the enhancement of the state at 1794
MeV/c' seen with proton recoils in at-rest an-
nihilations, ' we again can compare only our neu-
tron recoil data. A branching ratio of 4.0&10 '
is given in Ref. 5, which implies a branching ra-
tio of 2&&10 ' in our pp data. Our upper limit of
1.6 && 10 ' (Table I) contradicts this.

We conclude that we have not observed any nar-
row NN states. In the mass regions covered, the
cross section for the formation of narrow NN

states in flight is less than typical hadronic cross
sections (i.e., less than 2 mb) and for interac-
tions at rest, the fraction of annihilations proceed-
ing via a narrow NN state is less than 0.3%.
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