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Evidence for a New State Produced in Antiproton Annihilations at Rest in Liquid Deuterium
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Inclusive charge-pion spectra from pd annihilations at rest have been measured in a high-statistics
experiment in search of broad states. Analysis of these spectra reveals an enhancement of the ~
spectrum at 315 MeV/c. This may be interpreted as production of a new state of mass 1485
MeV/c and width at most 200 MeV/c recoiling against the m . This quasi two-body final state
accounts for a large fraction of the pn annihilations.

PACS numbers: 14.40.Cs, 13.25.+m, 13.75.Cs

Annihilations of antiprotons from atomic pp and pd
states have been extensively examined in search of
resonant states in a mass region where the low-lying
levels for several anticipated spectroscopies are expect-
ed to be. Spectroscopies based on NN potentials'
(quasinuclear states), four-quark composites2 (bary-
onium), and two-gluon states3 (glueballs) are some of
them. The NN annihilation which is rich in "N-N, "
quarks, and gluons is expected to couple to these spec-
troscopies. Many searches have been made in the past
and more recently at the CERN Low Energy Antipro-
ton Ring (LEAR).4 All of them have been done in

hydrogen and have been sensitive to narrow states,
and the results have been negative, or at best incon-
clusive.

The theory, on the other hand, typically predicts' 3

50-150-MeV/c2 widths and only special mechanisms
result in narrow states. Therefore, existing theories
cannot be tested unless searches are extended to
broader states. In this and the following Letter the
first attempts to look for broad states are reported with
positive results.

In the analysis reported here and in the following
Letter we look for states (X ) produced according to

p+d~ vr +X +p, .

Annihilations at rest limit the initial quantum numbers
and consequently the states to which pionic transitions
couple. s This should improve the chances of resolving
isolated broad states.

The mass of X is given by

M&2 = (2m~
—E„)2 —p„

in the approximation of zero spectator-proton momen-
tum. About 75% of the annihilations are spectator-
like. In the experiment reported here, the smearing

of M~ by the unmeasured spectator is less than that

due to measuring errors. The Doppler smearing of the
m momentum by the spectator has an rms, in

MeV/c, of [27 (GeV/c) '1p.
In deuterium, the 7r and m+ spectra produced in

pp annihilations are the same by C invariance. The pn
annihilations, on the other hand, may have different
m and it+ spectra and will certainly be different if
states produced according to (1) are present. A neces
sary condition, therefore, for the existence of broad states
is a difference between n and m

+ inclusive spectra in pd
annihilations. Additionally, the difference between the
m and the n + spectra can be attributed to the pn an-
nihilations. We report in this Letter a large difference
between the m and m+ spectra, including a feature
that may be the result of one or more broad states pro-
duced in pn annihilations.

The measurements were taken with a single-arm
magnetic spectrometer at the Brookhaven National
Laboratory Alternating Gradient Synchrotron (AGS).
The spectrometer is described elsewhere7 8 and the
detectors used in this work are shown in Fig. 1. An-
tiprotons of 600 MeV/c produced at the AGS are
brought to rest in a 50-cm-long, 20-cm-diameter
liquid-deuterium target after passing through a de-
grader. About 2000 p stop per pulse. The P/~ ratio
in the beam is —1:200. Time-of-flight (TOF) and
pulse-height measurements with beam counters pro-
vide clean antiproton triggers (P). Events with at
least one charged particle reaching the P counters have
been recorded. The trigger

P (M3+M4~1) (XP ~1)
is used with the first coincidence being 5 ns wide and
the second 80 ns. The coincidence widths accept parti-
cles from the annihilation with P ) 0.1. Ten million
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FIG. 1. Floor view of the spectrometer. The UDC-RDC
and PDC drift chambers determine entrance and exit of par-
ticle from the magnetic field region. The vertical magnet
gap is 28 in. M and P counters are in the trigger and mea-
sure TOF. Magnet polarity is reversed regularly during data
taking and thus m+ and m at any momentum were mea-
sured by identical elements of the apparatus.

triggers were recorded on tape in 200 h of running
time. During data collection, the polarity of the mag-
netic field was reversed at regular intervals. The
twelve M counters measure the charge multiplicity of
the event.

The analysis of the data was performed with im-

proveds programs which were used in Pp experiments. 7

Briefly, the RDC-UDC and PDC drift-chamber
modules, which are outside the magnetic field, give
the straight-line segments of a particle's trajectory as it

enters and leaves the magnetic field. The particle
momentum is obtained from these segments by use of
a simple dipole formula that has been checked by pass-

ing Monte Carlo-generated particles through the spec-
trometer magnetic field which has been mapped to an
accuracy of I:103. Peaks in p,

+ and n spectra from
E+(stop) p, +(i ) and pn n (mo) are in agree-
ment with expected momentum resolution and energy
scale. s The resolution is better than 10 MeV/c up to
400 MeV/c and rises to 45 MeV/c at 900 MeV/c. The
p,

+ peak has an rms of 5.4+0.5 MeV/c and the
overall momentum resolution, including spectator
smearing, has an rms in MeV/c equal to 5+1.7p
+ 50p2, where p is the pion momentum in GeV/c.

The TOF between M and P counters (2.5 m separa-
tion) is measured with an accuracy of +1.5 ns and
shows well separated pion and proton bands with negli-

gible background (Fig. 2). Contribution of kaons,
constituting —3'/0 of the pions at production of which
only a fraction survive to the P counters, is insignifi-
cant. The m+ and m were required to be within +3
ns of the expected TOF. Pion spectra were weighted

by the probability P„/(P +P~) based on TOF. These
weights have no effect in the region below 600 MeV/c.

The conclusions of this Letter depend upon having

FIG. 2. The TOF of a sample of positive particles as a
function of their momenta. The lower band is the pion band
with lines showing the location of the peak of the pion distri-
bution and the +3-ns limits. The upper band is the proton
band which is well separated from the pion band below 600
MeV/t. ". Between the proton and pion bands a line indicates
where kaons ~ould be found. The pions were selected
within the band around the m+ curve and according to the
weights discussed in text.

identical efficiencies for m+ and n . For one magnet
polarity, n trajectories are primarily through the right
side of the spectrometer, n+ trajectories through the
left side. Reversing the magnet polarity (the magni-
tude and sign of magnetic field were monitored with a
Hall probe; the magnitude was monitored to better
than one part in 103) interchanges left and right for
the pions, so that when the number of pions observed
in each polarity is normalized to the same number of
stopping p's, the overall experimental efficiencies for
m+ and m are the same even if the left and right
sides of the spectrometer are not equally efficient.
The normalizing P flux factor can be calculated from
the data and must by definition be independent of
momentum for isotropic emission of pions. This fac-
tor, as a function of momentum, is shown in Fig. 3.
The small slope in the figure is probably due to in-

flight contamination which gives rise to nonisotropic
emission of pions. The value of the factor calculated
from the data is consistent with counter information
on the number of P's. Also important is the obvious
smoothness of the dependence of the normalization
factor on the momentum and the fact that the essential
conclusions of this paper are insensitive to the exact
value of the normalizing factor.

The acceptance of the spectrometer has been calcu-
lated by passing Monte Carlo —generated pions through
its known aperture and magnetic field. It is found that
the acceptance rises from the threshold at 130 MeV/c
to a maximum at 200 MeV/c and remains essentially
constant thereafter.

Because of the smoothness of the acceptance and
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FIG. 3. The ratio of the pd annihilations of the two mag-
net polarities (A and 8) calculated from the observed
numbers of pions of each charge and polarity. The factor
normalizing the number of pions observed with polarity 8 to
the number of p's for polarity A is given by the square root
of (Nq /Nz+)/(NB /N„+). This number is in agreement
with counter information.
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FIG. 4. The sr+ and the difference spectra. The ~+ spec-
trum is fitted (continuous curve) with a polynomial. The
difference spectrum shows an eyeball (disconnected) fit.

the equalization of n+ and m efficiencies, the ob-
served differences between n + and n spectra cannot
be instrumental. We note that our observed ratio of
total n to total m+ is equal to 1.38, in good agree-
ment with the bubble-chamber measurement9 of
1.33+0.04. Moreover, the m+, n spectra in Pp an-
nihilations as measured by this spectrometer are identi-
cal."

Final spectra include corrections for loss of pions in
1.3 g/cm2 of Al, 0.6 g/cm2 of C, and 1.65 g/cm2, on
the average, of deuterium. Pion cross sections given
by ,' [o(n—+p).+o(n p)]A~3 were used for both
charges. Hydrogen, which has different n +, n

correction factors, is negligible. The maximum correc-
tion is 17'/o at 270 MeV/c. In Fig. 4 the final n + spec-
trum and the difference between the m and n+ are
presented. As explained above, this subtraction
enhances the contribution of reactions (1).

In the interpretation of the observed spectra, first,
we have considered the possibility that the observed
difference between n and m+ spectra shown in Fig. 4
might be due to n+, 7r final-state interactions with
the spectator. On the assumption that all6 (25%) non-
spectator events which involve nucleon momenta
larger than —150 MeV/c are due to pion-spectator
rescattering, then the fractions of m+ and m that re-
scatter are 0.039 and 0.035, respectively. Thus, the
amount of rescattering of each pion and more impor-
tantly the rescattering contribution to the difference
spectrum is far too small to account for the observed
effect.

Secondly, study of the spectra as a function of
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FIG. 5. The ~ minus ~+ difference spectrum after
background subtraction (see text).

charge multiplicity8 shows that the peak in the differ-
ence spectrum is independent of charge multiplicity in
spite of a dependence of the n + and n spectra on
multiplicity. The multiplicity independence of the
peak in the difference spectrum suggests the presence
of a neutral resonance produced in pn recoiling against
a n . We thus assume that the difference spectrum is
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composed of two components: (a) a background with
approximately the same shape as the n + spectrum, (b)
two-body resonances recoiling against the m . A fit to
the difference spectrum has been made with use of the
m+ spectrum as "background" and adding the two-
body channels m (p), K (K'), 7r (f), ~ (&2),
and rr (X ), where X is a new state. The result of
the fit is shown in Fig. 5 after subtraction of the back-
ground contribution.

The optimized parameters of the X are (mass,
width) = (1485, 200) MeV/c2 and B(Pn rr X )
=0.21. The Breit-Wigner functions do not include
centrifugal barriers which suppress the spectrum at low

momentum and may explain why the fit is poor in
this region. If the X has I= 1 then B(P n

m X +noX ) =0.42, a very large number. The
branching ratios for the other two-body channels are in
fair agreement with known branching ratios which
have been measured in exclusive channels. The
X(1485) width determination is sensitive to back-
ground parametrization. Fits made with Maxwellian'
and polynomial backgroundss yield widths of —100
MeV/c2. Moreover, it is possible that the X(1485) is
itself an unresolved superposition of states.

The n inclusive spectrum from Jrd annihilations is
different from the m+ spectrum. This is a necessary
condition for the existence of meson states produced
in association with a recoil pion. Their difference can
be interpreted on the assumption that a large fraction
of the pn annihilations lead to one or more new states
with mass 1485 MeV/c2 and width less than 200
MeV/c2. Such broad states have been expected on the
basis of several constituent models. ' 3
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