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Experimentally observed sharp lines in the positron-emission spectra resulting from low-energy
heavy-ion collisions are interpreted in terms of the production and subsequent decay of a neutral,
pseudoscalar particle. This particle has a mass of about 1.6 MeV and a lifetime of about 1.3x 1013

sec.

PACS numbers: 14.80.Pb, 14.80.Gt, 25.70.Gh, 34.50.Fa

Some time ago Peccei and Quinn postulated! a glo-
bal U(1) symmetry to suppress CP-nonconserving in-
stanton effects in quantum chromodynamics. Subse-
quently, Weinberg? and Wilczek® noted that, as a
consequence of the breaking of this U(1) symmetry, a
new pseudoscalar neutral boson (axion) should exist.
However, efforts to observe such particles have
proved unsuccessful.*

Independently it has been recognized5 that
electron-positron pairs would be excited nonperturba-
tively from the vacuum in low-energy collisions of
heavy ions with a combined charge greater than
Z > 173. Also, motivated by theoretical studies of
Greiner and collaborators,® sharp lines in the positron
emission spectra were experimentally identified.’
These positrons are emitted from the center of mass of
the heavy-ion system, and it has been suggested that
the peaks originate from a long-lived superheavy nu-
clear complex.® Our present understanding of such
nuclear systems requires that the energy of the peak
and the cross section associated with the peak change
considerably from system to system. Experimentally
the systems U+U, U+Cm, Cm+Th, and U+Th
have been investigated, and the resulting peaks occur
at approximately the same positron kinetic energy of
300 keV with widths less than about 70 keV and with
integrated cross sections of about 200 ub.’

In this Letter we propose an alternative explanation
for these sharp lines in terms of the production and
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subsequent decay of a neutral pseudoscalar particle and
investigate if such a particle can be identified with the
axion. We assume a standard pseudoscalar interaction
Lagrangean for the coupling of this particle to the elec-
trons and the positrons,
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where g is a free parameter. If we assume their pro-
duction in the heavy-ion collision with a mass greater
than twice the electron mass, they would decay with
some probability into electron-positron pairs. These
positrons, together with those produced directly from
the strong electrodynamics, would give rise to the ex-
perimental yield. If the lifetime of such a particle is
much greater than the heavy-ion reaction time, about
10~2! sec, the positron differential cross section result-
ing from its decay can be given by

do/dE = o, dN/dE, ()

where F is the total positron energy and o= mR3 is
the characteristic heavy-ion cross section for positron
production. The strong electromagnetic fields princi-
pally occur for the central collisions. Thus, we use
Rp =20 fm which gives o= 12.6 b. The energy dis-
tribution of the emitted positrons is denoted by
dN/dE. Let F(k) be the normalized probability for
producing a new particle with momentum between |k|
and |k|+ d|k|. In our work we assume that they de-
cay isotropically with F(k) = F(|k|). We have

(3)
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Here, m, and E, are the mass and the total energy of the new particle, respectively. The number of these pro-
duced during the heavy-ion reaction (multiplicity) is M,. Given our lack of detailed knowledge as to the mechan-
isms producing such particles during these collisions, we take F(|k|) as

F(lk]) e |k|2expl — |k|¥/ K21.
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In Egs. (2)-(5) m, and K were adjusted to fit the ex-
perimental peak energy (300 keV) and width (70
keV), and M, was adjusted to fit the integrated experi-
mental cross section (200 wb), giving m,=3.2m,,
K =0.1m,c, and M, — 2.6x 1073 particle per reaction.
The calculated differential cross section is shown in
Fig. 1(a), and the function F(|k|) is shown in Fig.
1(b) (solid line).

In obtaining these results, we have assumed that the
coupling constant g is sufficiently small that the life-
time of the new particle is long compared to the
heavy-ion reaction time, but short compared to the
time of flight to the positron detectors. Under these
conditions, and for a wide range of values for g, most
of the particles will decay into electron-positron pairs
with a resulting energy spectrum which does not
depend on g However, we should note that such par-
ticles which interact with electrons via the Lagrangean
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FIG. 1. (a) The differential number of emitted positrons
in the center-of-mass frame during low-energy U+U,
U+Cm, and Cm+Th collisions, Eq. (3), as a function of
the kinetic energy of the outgoing positron. (b) The nor-
malized probability for production of a particle with momen-
tum between |k| and |k|+ d|k| in a heavy-ion collision.
The solid curve results from Eq. (5) with parameters adjust-
ed to fit the heavy-ion data; the dashed curve results from
calculations using Eq. (6) and the methods of Ref. 12, and is
multiplied by 250 for the purposes of plotting; m, denotes
the electron mass.
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in Eq. (1) will contribute in general to the magnetic
properties of matter, and specifically to the anomalous
magnetic moment of the electron. For a mass
m, =3.2m,, we find that their contribution to the elec-
tron g factor is approximately 5x 10~3g2. Thus, exist-
ing highly accurate g-factor measurements'® set a limit
on the value of the coupling constant. Combining
these data with recent theoretical work,!' we plot the
maximum allowed value of g2 vs my, in Fig. 2. The
shaded area denotes the allowed combinations of the
mass and the coupling constant. Consequently, we
conclude that g — 10~%, which gives us a lifetime of
7~10"13 sec.

Numerical methods have been developed to com-
pute the electron-positron pair production during slow
heavy-ion collisions.> 1?2 These methods yield reason-
able results for the inclusive production of on-shell
electrons and positrons, and can be applied to estimate
the production of these new particles in first-order per-
turbation theory. The resulting inclusive singles distri-
bution of produced particles is

dN .
dp

dN _
dq

where dN./dp and dN_/dq are the differential
numbers of positrons and electrons calculated with the
methods of Ref. 12. In our first-order calculation, the
multiplicity is related to the mean number of pairs pro-
duced during the collision by g2, and is approximately
10~ 10 particle per heavy-ion reaction. The distribution
function D (]k|) is shown in Fig. 1(b) as the dashed
curve and is significantly different from the solid curve
given by Eq. (5). However, we should note that dur-
ing the heavy-ion collisions we are considering, elec-
tromagnetic processes are strongly time dependent and
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FIG. 2. Solid curve: The coupling constant g2 vs possible
values of the mass m, in units of the electron mass m,,
assuming the maximum contribution allowed by the current
experimental limits to the electron g factor. The shaded re-
gion denotes all possible combinations of mass and coupling
constant which are consistent with the measurements.
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nonperturbative. All orders of the lepton-antilepton,
lepton-photon, and photon-photon interactions can
contribute on an equal footing to the production of
these particles. Thus, nonperturbative methods are
needed to calculate the production reliably. Such cal-
culations are of a complexity beyond the scope of the
present work and will be reported elsewhere.

One might be tempted to identify this new particle
with the standard axion. However, we should em-
phasize that the modeling of heavy-ion data deter-
mines the coupling of such new particles only to lep-
tons [cf. Eq. (1)], with no information as to the possi-
bility of hadronic coupling. If one chooses to identify
this particle with the standard axion or other particles
introduced in a similar way, its coupling to quarks is
fixed as well. Furthermore, one could argue that the
existence of a new particle with a mass and lifetime as
given above would already be ruled out from the exist-

ing negative results from axion search experiments. InJ

L i =2Y4G 4 [tann S myysyi+coth
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Comparing Eq. (7) with Eq. (1) and using gZ2=10"8,
we find cothA =49.0 and X =tanx =2.05x10"2. The
production rate of axions in radiative decays of heavy
vector mesons,>

r(V—=a+y)/T(V=pu*+u")
= (Gquz/\/fTra)yz, (8)

where V is the vector meson composed of quarks of
mass m, and y=tan\ (cot\) for charge §+ (—7)
quarks, is expected to be substantial because of the
available energy for the axions. For the J/y decay we
find this ratio to be ~ 3.2x10~%, which is consistent
with the Crystal Ball experiment,'® R(J/y— a+7y)
< 10—%. However, the values of our parameters
predict the branching ratio for the upsilon to be
R(Y— a-+vy)~17, which is inconsistent with the
present experimental limits.!® We conclude that the
particle produced in heavy-ion collisions cannot be the
standard axion.

We would like to state two experimental tests to
confirm the validity of our interpretation of the
heavy-ion reaction data. First, in the heavy-ion reac-
tion it is desirable to measure the yield versus the in-
variant mass by detection of electrons and positrons in
coincidence. In such an experiment the yield as a
function of invariant mass is expected to have a very
narrow peak whose maximum value must be con-
sistent with the multiplicity quoted earlier. Also, the
energy distribution of the electrons measured in coin-
cidence with the positrons should be similar to the
sharp positron peak. Finally, it would be possible to

particular, those experiments looking for the electron-
positron decay of axions are also sensitive to decays of
other such particles.

Two experiments have directly searched for this de-
cay mode. Calaprice et al.l® rule out axions or any
other particles interacting via the Lagrangean (1) with

me(Gp2)V?/ g > 0.3.

Similarly, Faissner er al.'* conclude that such particles
with a lifetime greater than 10~° sec are not allowed.
Both results are consistent with our analysis.

The existence of such neutral, light particles has
profound astrophysical implications,!>1¢ especially on
our understanding of stellar evolution. In particular,
their emission can cause substantial energy loss from
red-giant stars. Our parameter values are consistent
with the limits on m, and g required for the stability of
such stars.!’

The coupling of the standard axion to leptons and
quarks is given by? 317

ms 7y s+ COtA 0 S My s @)

.

leptons

observe axions directly in electron-positron collisions
in the appropriate energy range. Since such experi-
ments are presently in progress,20 a detailed investiga-
tion of this process will be published separately.

To conclude, we would like to stress that our inter-
pretation of the heavy-ion data results in the parame-
ters of new particles which are presently consistent
with all known experimental and theoretical limits.

Note added.—Since the present Letter was submit-
ted, another paper?! has appeared discussing this sub-
ject but with somewhat different conclusions.
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