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Search for a Short-Lived Neutral Particle Produced in Nuclear Decay
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We report on a search for a short-lived neutral particle @ produced in the decay of the 9.17-MeV
J =2+ state in ' N. The experiment is sensitive to decays into an e+e pair with 7~ & 10 s.
For m~=1.7 MeV we place a limit on the branching ratio of I ~/I'„~4X10 at the 90/o confi-
dence level.

PACS numbers: 14.80.6t, 23.90, +w

Anomalous narrow peaks have been observed in the
spectra of positrons emitted in heavy-ion collisions in
several recent experiments at Gesellschaft fur
Schwerionenforschung Darmstadt (GSI).' 3 In addi-
tion, a new experiment4 has revealed that the posi-
trons associated with these peaks are correlated with
electrons whose energy spectrum also contains a nar-
row peak at the same energy as the positron peaks.
One explanation4~ for these peaks is the production
and subsequent decay of a previously unobserved neu-
tral particle Q of mass —1.7 MeV. Monte Carlo simu-
lations4 of such a particle decay, assuming the particle
to be produced at rest in the center-of-mass system
and then to decay isotropically into an e+ e pair, have
produced results in good agreement with the experi-
mental spectra. Less exotic explanations4 7 s have also
been considered, but none so far has succeeded in ex-
plaining all the features of the data.

Schafer et al.5 and Balantekin et aL6 have considered
the results of the GSI experiments and concluded that
a neutral particle could have gone undetected in previ-
ous experiments only if it were pseudoscalar with a
lifetime in the range 10 9 to 10 '3 s. There have
been many searches for light pseudoscalar particles
("axions") in nuclear9 and particle'o physics, at beam
dumps, " and at reactors. '2 However, none of these is
sensitive to a particle with a lifetime less than—10 "-10 '2 s. '3 If the@ hasanonzero coupling to
quarks and a mass less than the energy of a nuclear
transition then it could be produced in nuclear decay.
The spin and parity of such a particle constrain its
emission to obey the same selection rules as a magnet-
ic 7-ray transition, and @ decay is thus expected to
compete with the 7 decay of excited nuclear states if
the transition is predominantly magnetic. In this
Letter we report on a search for a neutral particle with
a mass between 1.02 and 2.2 MeV and a lifetime
between —10 "and —10 '9 s emitted in a nuclear
Ml transition. 's

The observed positron peaks in the heavy-ion exper-

iments, if attributed to this new neutral particle, indi-
cate a large branching ratio for decay to e+ e . To ob-
serve these pairs emitted from a particle produced in
nuclear decay we must separate them from the ordi-
nary internal pairs produced in the electromagnetic de-
cay of the nuclear state (a virtual photon converts
internally to e+e ). It has been suggested previous-
ly'6 that pairs produced from the decay of a pseudo-
scalar particle can be distinguished from internal pairs
by their angular correlation. Previous detailed stud-
ies'7 of the angular correlation of nuclear pairs, which
were used to extract transition multipolarities, indicate
that I'&/I „ is likely to be small, although estimates are
very sensitive to detection geometry.

For a transition energy significantly larger than m&,
the angular correlation between the electron and posi-
tron produced in the @ decay will be sharply peaked in
the laboratory frame at a nonzero angle that varies in-
versely with the transition energy. In the present mea-
surement, we use this peaked angular correlation to
separate the Q-decay pairs from the internal pairs,
which have an angular correlation peaked at zero de-
grees.

We have chosen the decay of the 9.17-MeV
J = 2+, T= 1 state in t4N for our search. This state is
known to decay with an (85+1)% branch to the
J = 1+, T= 0 ground state via an Ml y-ray transi-
tion. ts'9 The internal-pair emission from this state
has a calculated branching ratio of 2.2&&10 3 and an
angular correlation strongly peaked at zero degrees. 2o

In contrast, approximately 80% of the pairs produced
by the decay of a 1.7-MeV @ with a total energy of
9.17 MeV have an opening angle between 16' and 19'.

The present experiment was performed at the Cali-
fornia Institute of Technology 3-MV Pelletron ac-
celerator. We produce the 9.17-MeV state in '4N as a
resonance in the reaction '3C(p, 7)' N at E~=1.75
MeV. A 90%-enriched 30-p, g/cm2 '3C target on a
0.05-cm copper backing was used for the '4N measure-
ments. A 70-iM, g CaF2 target on a 0.025-cm tantalum
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backing was also used for studies of detector response
with the reaction F(p, n) O. Targets were mounted
at 45' to the beam axis and proton beam currents were
kept below —4 p, A to minimize their deterioration. A
7.6-cmx7. 6-cm NaI detector mounted at 90' to the
beam axis provided a measure of the number of 9.17-
MeV 7 rays produced in the reaction. The e+e
detector, described below, was also placed at 90' to the
beam axis and directly viewed the target face.

The pair detector consisted of a 6x2-element
plastic-scintillator hodoscope, to provide angular and
energy information, followed by two additional scintil-
lators, each 18 cm long, 15 cm wide, and 3.8 cm thick,
to give total-energy information. A schematic diagram
of the detector is shown in Fig. 1. The scintillators H
were 0.5 cm thick and ranged in width from 2 to 4 cm
(H1=3.8 cm, H2=2. 6 cm, H3=3.9 cm, H4=3.8 cm,
H5=2. 6 cm, H6=3.8 cm), while the two scintillators
DE were 0.3 cm thick, 3.8 cm wide, and 20 cm long.
A 35-cm vacuum drift region between the target and
the hodoscope allowed the pairs to have a measurable
separation upon entering the detector, which was iso-
lated from the vacuum system by an 18 x 5 &&0.025-cm3
Mylar window. This window defined the acceptance of
the detector. The angular resolution of the hodoscope
was approximately 7' and the maximum detectable an-
gle between two charged particles was 29'. The energy
resolution of the detector was measured to be 30o/o

FWHM for the pairs emitted from the 6.06-MeV state
in ' O. An energy calibration for each scintillator was
obtained by use of cosmic rays.

The trigger for recording an event was a signal above
threshold in two of the six detectors H, both of the
detectors DE, and one of the detectors E, all within a
resolving time of 20 ns. The threshold for each ele-
ment of the hodoscope array corresponded to an ener-
gy of —100 keV and the minimum energy required
for a particle to trigger the rear scintillator was approxi-
mately 1.1 MeV. Upon receipt of a trigger, all of the
detector signals were read by a twelve-channel in-
tegrating analog-to-digital converter and the digitized
signals were stored event by event on computer disks

for later analysis. NaI spectra were collected indepen-
dently in singles. Off-line analysis consisted of con-
structing the total energy for each event and then com-
piling fifteen spectra, one for each of the possible
combinations of two out of six of the H detectors. The
number of counts in the total energy peak of each
spectrum was used to generate correlation spectra of
the type displayed in Fig. 2.

To check the performance of the detector, we stud-
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FIG. 2. Pair-correlation spectra. The abscissa is the pair
of H detectors that fired (see Fig. 1). Pairs (1,2), (2,3),
(3,4), (4,5), and (5,6) have average opening angle 8 —7',
(1,3), (2,4), (3,5), and (4,6) have 8 —12', (l,4), (2,5), and
(3,6) have II —17', (l,5) and (2,6) have II —21', and (1,6)
has 8 —25'. The spectrum shape reflects a combination of
pair angular correlation and detector geometry effects. Error
bars represent statistical uncertainties only. (a) Pairs from
the decay of the 6.06-MH' 0+ state in ' 0. The solid line is
a Monte Carlo simulation of the nuclear pair decay of the
state. (b) Pairs from the decay of the 9.17-MeV 2+ state in
' N. The solid line is a Monte Carlo simulation of nuclear
pair decay according io the prescription of Rose (Ref. 20).
{c)The same as in (b), bui here the Monte Carlo simulation
includes nuclear decay both by internal pair and by pseudo-
scalar @ emission with m~=1.7 MeV, ~~& 10 " s, and
r,jr„=5 x 10-'.
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ied the well-known pair transition from the 6.06-MeV
0 state to the 0+ ground state in O. The state was
produced as the E~ =842 keV resonance in the reac-
tion 20F(p, n)'60. The pair correlation spectrum, cor-
responding to —6 mC of incident protons, is shown in
Fig. 2(a). The solid line in Fig. 2(a) is the result of a
50000-event Monte Carlo simulation of the pair de-
cay, using the known angular correlation, ' normalized
to the total number of observed events. We allowed
one free parameter in the Monte Carlo simulation: the
horizontal position of the detector relative to the exit
window. Best agreement was found when the detector
was shifted 0.3 cm from its nominal position, which is
within the alignment uncertainty of the experimental
setup. This geometry was then used in subsequent
Monte Carlo calculations.

The results of the '3C(p, y)'4N measurements, for—60 mC of protons, are shown in Fig. 2(b). A
Monte Carlo simulation of the internal pair decay, nor-
malized to the total number of observed events, is
represented by the solid line. The ratio of the ob-
served pair yield to that expected based on the y-ray
yield in the NaI detector and the calculated branching
ratio20 was 1.3 +0.5. The uncertainty in this number
is chiefly due to the estimate of the NaI photopeak ef-
ficiency. Because of the strict five-level coincidence
requirement imposed, the major yield in our detector
is expected to be from processes which generate e+ e
pairs in the vicinity of the target: internal pair decay,
pair conversion of 9.17-MeV y rays, and $ decay.
However, although the '3C target was mounted on a
thick copper backing, the estimated yield from 9.17-
MeV y-ray conversion in the backing is small com-
pared with the yield from the internal pairs, as is the
yield from pair production in the aluminum chamber
walls. Another potential source of background in the
experiment is random coincidences resulting from the
high y-ray flux, but the probability of such events sur-
viving our timing and energy cuts is insignificant. The
yield from non-beam-induced events, such as cosmic
rays, was measured with the beam off and found to be
negligible.

To determine our sensitivity to @ emission, Monte
Carlo simulations of —10000 detected events were
generated for a range of particle masses and branching
ratios. Included were corrections for the angular dis-
tributions of both the nuclear e+ e pairs22 and the qh's

as calculated from the nuclear alignment parameters
according to the, prescription of Rose and Brink. 3 The
sensitivity of our detector to e+ e pairs produced in @
decay depends upon both the mass and lifetime of the
particle, as these affect the separation of the pair mea-
sured at the detector. However, for lifetimes & 10
s the sensitivity becomes a function of only mass, as
the decays take place very close to the target. The
lower limit to our sensitivity, —10 ' s, is due to the
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FIG. 3. Sensitivity limits for the branching ratio I'QI'„as
a function of m~ for P a pseudoscalar and v~ & 10 " s. The
shaded region is excluded by the present experiment.

2.2

constraint that the $'s natural width be somewhat less
than its mass. As previous experiments with a sensi-
tivity comparable to ours have searched for pseudo-
scalar particles with lifetimes greater than 10 " s,
here we concentrate on investigating lifetimes
&10 "s

Because of their angular correlation, the pairs pro-
duced in $ decays appear in only a few channels in the
correlation spectrum. For example, Fig. 2(c) shows a
comparison with the data of a Monte Carlo simulation
for a 1.7-MeV particle with a 5 x 10 4 branching ratio.
The sensitivity of the detector to m& and the branching
ratio I'&/I'» was determined from the difference
between the observed yields in the relevant angle bins
(see Fig. 2) of the correlation spectra and the predic-
tion of the Monte Carlo simulations for those bins.
We define our sensitivity as the branching ratio I'&/I'

that produces a yield 2o above the maximum devia-
tion between the data and the Monte Carlo calculation
for I &/I'» =0. Figure 3 shows the branching ratios and
masses ruled out (at the 2o level) by this experiment
for the decay of the 9.17-MeV state in '4N to the
ground state by emission of a short-lived pseudoscalar
@. In particular, for a particle of mass 1.7 MeV decay-
ing into an e+ e pair with a lifetime less than 10 " s,
we obtain a limit24 of less than 4X10 (at 90% confi-
dence level) for I &/I „.

We can use these results to set limits on the
pseudoscalar-nucleon coupling constant by considering
an effective interaction Lagrangean'4 of the form

where Q is the nucleon field, $ is the pseudoscalar
field, and gtoi and g"1 are the isoscalar and isovector
coupling constants. For the 9.17-MeV transition in
'4N, which is isovector, we can use the estimates of
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»nneiiy et al. ' to relate the branching ratio to the
isovector coupling constant:

where k& and k are the momenta of the @ and the
photon, and p,

tt =p,~
—p, „ is the isovector nucleon

magnetic moment. Thus the present limit for I'~jl ~
of 4X10 4 yields an upper limit of —1.4X10 for
g"'. These results provide a useful constraint on
models that attempt to explain the narrow e+ e peaks
seen at GSI in terms of the production of a new neu-
tral particle.
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