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Using a monochromatic e * beam scattered on a Be foil and a high-resolution detector device, the
excitation function for elastic e "e ~ scattering was measured with a statistical accuracy of 0.25% in
1.4-keV steps in the c.m-energy range between 770 and 840 keV (1.79-1.86 MeV/c?) at c.m. scatter-
ing angles between 80° and 100° (full width at half maximum). Within the experimental sensitivity
of 0.5 beV/sr (c.m.) for the energy-integrated differential cross section no resonances were observed
(97% C.L.). From this limit we infer that a hypothetical spinless resonant state should have a width
of less than 1.9 meV corresponding to a lifetime limit of 3.5X107'* 5. This limit establishes the
most stringent bound for new particles in this mass range derived from Bhabha scattering and is in-
dependent of assumptions about the internal structure of the hypothetical particles. Less sensitive
limits were, in addition, derived around 520-keV c.m. energy (~ 1.54 MeV/c?) from an investigation

with a thorium and a Mylar foil as scatterers.

I. INTRODUCTION

Several years ago two independent groups, the Orange
and EPOS Collaboration working at GSI in Darmstadt,
discovered unexpected narrow positron lines resulting
from heavy-ion collisions near the Coulomb barrier.! ~°
Subsequent studies on this field showed pairs of correlat-
ed electrons and positrons, which are emitted with simi-
lar energies, indicating back-to-back decay.”® Further-
more, high-resolution measurements of positron spectra
revealed multiple narrow e * lines,”!° occurring in a wide
range of combined charge Z, of the two colliding nuclei
(164<Z,<184) (Ref. 10). In particular, it was found
that the energies and widths of the lines do not exhibit
any pronounced dependence with respect to the scatter-
ing system,>% 10 while their production cross sections de-
pend strongly on Z,: (dcre+/in”:m)OCZL%Zi2 (Refs. 2 and
10). These experimental facts conclusively exclude the
originally proposed mechanism of spontaneous positron
creation!! as origin of these lines. A recent ete ™ coin-
cidence experiment performed at GSI with a double-
Orange 8 spectrometer'>!3 determined the momentum
vectors of positrons and electrons, emitted in heavy-ion
collisions, and thus, their opening angle. It indicates a
series of e Te ~ sum lines with total energies between 1.5
and 2 MeV, consistent with a two-body decay.!* The
most pronounced sum line appears at a total energy of
~1.83 MeV (Refs. 8 and 14). The origin as well as the
production mechanism of the lines still remains a puzzle.
They could reflect the existence of a series of e Te ~ reso-
nant states, produced in the Coulomb field of high-Z col-
lision systems,*!® which subsequently decay into ete ™
pairs with lifetime limits of!'°

5%1070<*<107 105 . (1)
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Stimulated by these observations many theoretical
scenarios have recently been put forward,'>!® postulating
the existence of exotic extended objects X with invariant
masses in the range (1.5-2.0) MeV/c? which undergo a
two-body decay: X—e " +e . Their formation in the
inverse reaction e " +e ~ — X requires the invariance un-
der time reversal and laboratory kinetic energies of the
incident positrons of the order of ~2 MeV, assuming the
electrons to be at rest. This hypothesis, as an explanation
of the observed phenomenon, has prompted us to explore
the excitation function for elastic e e scattering
(Bhabha scattering) at c.m. energies leading to the corre-
sponding invariant masses of the hypothetical objects.
The investigation of this reaction channel is of particular
interest, since the sensitivity is basically independent of
details of a form factor of the hypothetical resonance (i.e.,
size, internal structure, etc.). The search for resonant
Bhabha scattering in this mass range is, unfortunately,
hampered by the relatively weak beams of monoenergetic
positrons presently available. In order to achieve
sufficient luminosities, the positrons must be scattered on
bound electrons. The latter, however, exhibit a momen-
tum distribution due to their localization, which in-
creases with growing atomic binding energy. Thus, the
center-of-mass energy available in the scattering process
is spread out leading to a Doppler broadening of a nar-
row resonance. This Doppler broadening becomes less
pronounced for low-Z targets (see Fig. 7 below) but is still
of the order of 20-30 keV [full width at half maximum
(FWHM)] in the laboratory, representing the main exper-
imental limitation in the search for narrow resonances in
the excitation function for Bhabha scattering. Conse-
quently, the energy spread of the incident positron beam
does not have to be much better than the corresponding
Doppler width.
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TABLE I. Synopsis of upper limits for resonances in Bhabha scattering obtained from first experi-

ments with various setups.

Experiment oRAEX, Res. width Lifetime
performed at (beV) '} (meV) TR (8) Refs.
Murray Hill <10° <2.5%X10° >2.6X10716 23
Johannesburg? <2X10° <5X%10° >1.3%x107'® 24
Stockholm® <2X10° <5%X10° >1.3X10716 20
Stuttgart <65 <20 >3.3x10" " 27
Grenoble, 28 and
Giessen <65 <20 >3.3x107 1 this work
Groningen For lifetimes
~330 ~10783 ¢ 29
20-40 107101072 ¢

2In these works the observation of a peak structure was claimed.

Because of the large Doppler broadening of high-Z tar-
gets (see Fig. 7 below) and the lack of kinematical con-
straints, first experiments using a continuous spectrum of
positrons from B sources scattered on a Th target!” 2!
were insensitive to resonance formation.?> Moreover, a
structure observed in these collisions in the positron and
electron spectra'’”?®2! cannot have its origin in a new
phenomenon,?? but it can be explained in terms of well-
established nuclear processes.!® ! Among other less sen-
sitive e)(periments,23'26 first searches for resonances in
scattering of monoenergetic positrons on electrons,
bound in Mylar?”?® and Th (Ref. 28) targets, set upper
limits for possible resonant contributions of about 3% of
the cross section for Bhabha scattering. A search for
long-lived resonances in Bhabha scattering around the in-
variant mass of 1.8 MeV/c? by means of a thick target,?
was mainly limited by the large background due to the
511-keV annihilation radiation. These first results from
Bhabha-scattering experiments, concerning the c.m.
upper limits for the energy-integrated total cross section
as well as for the intrinsic width and lifetime of a hy-
pothetical spinless resonance, are summarized in Table 1.
The incident-energy range between ~1 and ~2.5 MeV
was covered in these experiments.

Recently we reported the currently most sensitive
search for resonances in the excitation function for
Bhabha scattering around the invariant mass of 1.8
MeV/c?, using monoenergetic e ¥ beams and a beryllium
target as a scatterer.’® Within a sensitivity of 12.6 beV

(c.m.) for the energy-integrated total cross section no res-
onant scattering was observed (97% C.L.), measuring the
excitation function in beam-energy steps of 5 keV with a
statistical accuracy of 0.5% (Ref. 30). In the unitarian
limit, the extracted bound for the width and lifetime of a
hypothetical spinless resonance amounts to 3.8 meV and
1.7X10" B, respectively. In contrast with this observa-
tion the appearance of a resonance at 1.83 MeV/c? with
an energy-integrated cross section of ~63 beV (c.m.) and
a width of ~19 meV was reported by a group from
Stuttgart at the same time.?! In this experiment monoen-
ergetic positrons were scattered on a Be foil too. Maier
et al. conclude in their analysis that the observed reso-
nancelike excess over the smooth Bhabha-scattering cross
section is a genuine effect and does not result from statist-
ical or systematic uncertainties.’! Obviously, our quoted
upper limit for the resonance cross section is by a factor
of 5 lower than the corresponding cross section of the
effect claimed in the Stuttgart experiment (Table II). The
probability that both results are consistent is less than
1073, for an isotropically decaying resonance. Repeating
our measurements with improved statistics, we were able
to set a new upper limit for resonances around 1.8
MeV/c?, definitely ruling out the result from Stuttgart.*?
A subsequent search with a sensitivity comparable to that
of the Stuttgart experiment was carried out by a Munich
group,*® and in agreement with our results did not show
any resonances around 1.8 MeV/c? (Table II).

In this paper we describe in detail our high-sensitivity

TABLE II. Recent results from Bhabha-scattering experiments around 1.8 MeV/c? using monoener-

getic e ¥ beams.

Experiment oRAE%, Res. width Lifetime
performed at (beV) 'k (meV) T8 (s) Refs.
Grenoble No resonance
<12.6 <3.8 >1.7X1071 30
Stuttgart Resonance
~63 ~19 ~3.5X10" " 31
Grenoble No resonance 32 and
<6.3 <1.9 >3.5Xx1071 this work
Munich No resonance
<62 <19 >3.5X1071 33




40 HIGH-SENSITIVITY MEASUREMENTS OF THE EXCITATION . . .

measurements of the excitation function for Bhabha
scattering, with special emphasis on the experimental
methods used. The investigations were mainly concen-
trated on an invariant mass around 1.8 MeV/c?, using a
clean time-stable monoenergetic positron beam and a me-
tallic Be foil as a target. Our objective was to achieve an
experimental sensitivity of a few meV for the width of a
narrow resonance, which competes with the most
stringent upper bound, derived from a contribution of a
hypothetical pointlike particle in this mass range to the
precisely measured (g —2) factor of the electron.>*

II. EXPERIMENTAL METHODS

The Bhabha-scattering experiment was carried out at
the high-flux reactor of the Institut Laue-Langevin (ILL)
in Grenoble using a high-resolution iron-core 8 spectrom-
eter to provide monoenergetic positrons. Figure 1 shows
a general view of the spectrometer BILL and the vertical
beam-tube arrangement installed in the reactor.’® The
positron production target consists of a 2.3-mm-thick
plate of titanium with an area of 50X 130 mm? covered in
the center by a platinum foil (50 X50 mm? and 0.25 mm
thick). It was exposed to a thermal neutron flux of
3X 10" cm %7 ! at an in-pile target position (~80 cm
from the reactor core). The positrons are mainly pro-
duced via external pair creation caused by the high-
energy y rays from the **Ti (n,,y)*Ti reaction with a
cross section of o,;,~=7.8 b. The titanium plate serves
both as (n,y) source as well as a converter, while the pla-
tinum foil contributes weakly to the y-ray flux but in-
creased significantly the positron yield due to the Z2
dependence of the y—e e~ production process. The
emerging positrons were momentum analyzed in the 14-
m distant spectrometer consisting of two iron-core mag-

scattering foil

290° bending magnet ————— o, infocal plane

)

i

Source changing
beam catcher

Source-changin
tube 99

Position of converter
(Ti plate)

FIG. 1. Scheme of the entire apparatus consisting of a
double-focusing 3 spectrometer and its beam-tube arrangement
at the ILL high-flux reactor (Ref. 35). It was used to produce a
very clean time-stable monoenergetic positron beam. The
momentum-analyzed positrons were finally focused onto a Be
foil, placed in the focal plane of the spectrometer (Fig. 3).
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FIG. 2. Incident positron spectrum obtained from a 2.3-
mm-thick Ti converter, which was covered in the center with a
Pt foil (0.25 mm thick). It was measured using a multiwire pro-
portional counter, placed in the focal plane of the spectrometer.
The beam intensity corresponds to a total-momentum interval
of Ap/p=1.13X107% i.e., ~30 keV at a beam energy of 2.3
MeV.

nets. Their spectrum, shown in Fig. 2, was measured
with a multiwire proportional counter, placed on the fo-
cal plane of the spectrometer. It is flat in the energy
range of interest, i.e., between 1 and 4 MeV, yielding
~1.2X10°% e *s™ ! at 2 MeV within the total energy inter-
val of ~30 keV. This positron current follows promptly
the neutron flux at the converter site, which is directly
proportional to the reactor power. The latter is stable
within a few 1073. For the Bhabha-scattering experi-
ment a beryllium foil (10X 100 mm? and 4.6 mg/cm?
thick) was suspended as a scatterer along the focal plane
of the spectrometer.

Figure 3 illustrates our multiple detector device con-
sisting of two arrays of four high-resolution Si(Li) detec-
tors with an area of 20X 20 mm? and an effective thick-
ness of 2mm, respectively. They were placed symmetri-
cally relative to the beam direction at a distance of about
85 mm from the Be foil, covering mean scattering angles
of ~30°. Bhabha scattering was observed by requiring
kinematic coincidences between the scattered positrons
and the recoil electrons recorded by two opposite detec-
tors. For normalization purposes, the elastic scattering
of positrons at the atomic nucleus (Mott scattering) was
in addition recorded in the single spectra of each detec-
tor. In order to achieve 100% coincidence efficiency as
well as to avoid a sensitivity of the efficiency to slight
misalignments, the acceptance angle of one detector row
was reduced (about 20%) by apertures, as indicated in
Fig. 3(b). Furthermore, the two opposite detector rows
were shielded against each other by a low-Z material
[Fig. 3(c)], in order to avoid that a Mott-scattered posi-
tron, registered in one detector, reaches an opposite
detector due to back diffusion. The detectors were cooled
by alcohol to approximately —50°C, achieving an energy
and a time resolution better than 7 keV and 4 ns
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FIG. 3. A perspective [(a)] as well as two projections, perpendicular and parallel to the beam direction [(b) and (c), respectively], of
the detection system used to observe Bhabha and Mott scattering. The 3 spectrometer focuses the e * beam onto a Be foil suspended
along its focal plane. The scattered particles were detected by two arrays of four high-resolution Si(Li) detectors, placed symmetrical-
ly relative to the beam direction at mean angles of about 30°. The total incident momentum bin of Ap /p =1.13X 1072, defined by
the spectrometer slits, can be subdivided into seven smaller bins of (Ap /p);=1.88 X 1073 by a position determination of the scattering
process along the Be foil via kinematic coincidences between the opposite detector pairs [(b)]. Thus, Bhabha scattering is observed
within an incident interval of ~5 keV, while the single spectra are measured averaging over the total incident momentum bin (~ 30

keV).

(FWHM), respectively.

The total incident momentum interval, being limited
by a diaphragm in the intermediate image of the spec-
trometer, amounts to Ap /p =1.13X 1072, i.e., ~30 keV
at 2.3-MeV beam energy. This relative large incident in-
terval can be subdivided into seven smaller bins by taking
advantage of the momentum dispersion of the beam
along the focal plane of the spectrometer on the one hand
and a position determination of the scattering process in
the Be foil by means of kinetic coincidences on the other
hand. More accurately, the beam direction together with
two opposite detectors, which register a coincident event,
define a scattering point on the Be foil. The two detector
arrays allow 16 classes of kinematic coincidences which
can be related to scattering processes, originating from
seven different areas on the Be foil [Fig. 3(b)]. Because of
the momentum dispersion of the beam of
Ap/p=1.5X10"* per mm, each of these areas with a
mean width of 12.5 mm belongs to a momentum bin
(P1sP2r---»p7) of (Ap/p);=1.88X1073, corresponding
to an energy interval of ~5 keV (FWHM) at 2.3 MeV.
Thus, seven different, equidistant incident energies are
measured simultaneously for Bhabha scattering by each
setting of the magnetic field. The single spectra of Mott
scattering, however, were measured averaging over the
total incident momentum interval.

Our investigations with the Be scatterer were carried
out in two independent experiments during two reactor
cycles, taking a time of about two weeks per experiment.
The excitation function was attained by ten independent
runs. For each run the spectrometer field was scanned
between 2.13 and 2.38 MeV in steps of 5 keV, with a

measuring time of about 40 min per step. Additional
runs were also taken in the incident-energy range be-
tween 1 and 1.7 MeV using a Th and a Mylar foil as tar-
gets. Prior to each run the iron magnets of the spectrom-
eter were demagnetized by repeatedly passing through a
number of hysteresis loops with decreasing amplitudes.>
This procedure, taking a time of 2 h, was necessary for an
accurate energy calibration of the spectrometer. The
beal‘il energy is reproducible with an accuracy better than
107%

All relevant experimental parameters, such as the ener-
gies and the time difference of the coincidence events of
each opposite detector combination, the energy of the
scaled-down single events of each detector, and the set-
ting of the magnetic field of the spectrometer, were stored
on magnetic tapes event by event for later analysis. The
sum of the Bhabha-scattering events (Sgg) was investigat-
ed as a function of the magnetic-field setting j in two
different ways.

(1) Sum over all coincidence events (C) recorded from
the seven detector combinations [Fig. 3(b)] at the same
setting j; to control the stability of the device

SgeljZD)=[C{(j)+Cy(j)+ -+ +C,;(j)] . (2)

The resulting coincidence spectra are therewith aver-
aged over the total energy interval of the incident beam
(~30 keV).

(2) Sum of Bhabha-scattering events corresponding to
similar incident positron energies, i.e., taking into ac-
count the information of the mean scattering point on the
target, as discussed above. In this case the coincidence
events from the seven detector combinations were select-
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ed at seven different settings of the magnetic field, corre-
sponding to the same incident energy with an interval of
~5keV:

Spe(j Z4)=[C,(j +3)+C,(j +2)+ - - - +C,(j —3)] .
(3)

This procedure compensates efficiently long-term insta-
bilities and enables us to distinguish unambiguously be-
tween possible systematic errors and resonances, which
might occur in the measured excitation function. A sys-
tematic error, for instance, appearing for the measuring
point j would reveal itself in the excitation function ob-
tained by Eq. (2) as a deviation of a single data point rela-
tive to a smooth function. A genuine effect, however,
taking place at the incident energy E . would be regis-
tered from all seven detector combinations, which corre-
spond to the same incident energy E, but to seven
different measuring time intervals. For 5-keV measuring
steps, it would occur in the excitation function gained by
Eq. (3) as a deviation of about six data points, since the
experimental resolution for a resonance amounts to ~ 30
keV (see below). We emphasize in this context that no
systematic errors were observed from the analysis of the
excitation function obtained from Eq. (2). The sum of the
Mott-scattering events (Syg) was deduced by adding the
single events (S) for each of the seven detector combina-
tions in the same way as being done by the Bhabha-
scattering events:

Sue(jZ4)=[S,(j +3)+S,(j+2)+ -+ - +S5,(j—3)].
4)

Figure 4 illustrates the quality of the measured sum-
coincidence spectra for Bhabha scattering [(a)] and the
single spectra for Mott scattering [(b)] gained according
to Egs. (3) and (4), respectively, within the total incident-
energy range of observation. For each step the energy
(Epg) of the sum coincidence and single events was divid-
ed event by event by the actual incident energy (E,).
The latter was accurately determined by the spectrometer
calibration (see below). We note here that the measured
energies were corrected with respect to the total energy
loss in the target (11 and 7 keV for the sum coincidence
and single events, respectively). As expected from the ki-
nematics of the two scattering processes, both spectra ex-
hibit sharp peaks centered at one. Their widths of 14 and
25 keV (FWHM), respectively, directly reflect the
effective energy spread of the beam and the energy-loss
straggling in the target, folded with the detector resolu-
tion. They are consistent with the expectation that the
effective spread of the beam energy is different for
Bhabha and Mott scattering. The 2-mm-thick detectors
stop nearly fully the Bhabha-scattered particles (with
mean energies of ~1.1 MeV), but they act as semi-AE
detectors for the Mott-scattered positrons (with mean en-
ergies of ~2.2 MeV), because their range is larger than
the effective thickness of the detectors. Therefore, the
detection efficiency for a full-energy peak decreases with
growing incident energy. This, together with back
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FIG. 4. Energy spectra measured at beam energies between
2.13 and 2.38 MeV in steps of 5 keV for Bhabha as well as for
Mott scattering [(a) and (b), respectively]. In the first case, the
energies (E|,E,) of the coincidence events measured from two
opposite detectors in a time interval of about 4 ns (FWHM)
were added event by event (Ep,, =E,+E,), for all possible ki-
nematic coincidence combinations. In the second one, the sum
of all single spectra was observed for detector energies Ep,,
greater than about 1500 keV. In both cases, the measured ener-
gy Epe is divided event by event by the corresponding actual in-
cident energy E, for each energy step. The incident energy was
determined accurately from the spectrometer setting.

diffusion, causes the broad contribution in the low-energy
part of the spectra, distinctly larger for Mott scattering.
The decrease of the detection efficiency, however, is a
smooth function of the energy and cannot produce any
artificial structures. The small contribution in the spec-
tra above the sharp peaks is mainly due to “true” energy
summing of a detected positron and a Compton electron,
produced by the 511-keV annihilation radiation in the
same detector. No other significant background was ob-
served.

The energy calibration of the incident positrons in the
focal plane of the spectrometer was gained by inverting
the magnetic field and measuring internal conversion
electron lines of well-known energy, following the beta
decay of '"®"In. For each setting of the magnetic field we
define as actual incident energy that energy which corre-
sponds to the center of the focal plane, covered by the
detector combination No. 4 [see Fig. 3(b)]. The accuracy
of the absolute energy scale obtained by this calibration
procedure was estimated to be 3 keV. In addition, the
pulse height of the detectors was calibrated using the
internal-conversion lines from a 2°’Bi source.

The good energy resolution of the Si(Li) detectors al-
lows an efficient background suppression as well as an ac-
curate determination of the c.m.-scattering angle 6*, by
measuring the energies of the Bhabha-scattered particles
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relative to the incident energy. Figure 5 displays such a
spectrum which was gained by selecting the Bhabha-
scattered events from all detectors using a narrow win-
dow around the sum-coincidence peak [see Fig 4(a)].
Their energies were divided event by event by the corre-
sponding kinetic energy of the incident positrons for all
energy steps studied. From this, one can deduce the
scattering angle 6* according to the relation

——=sin"— , (5)

with T, being the kinetic energy of the incident posi-
trons, and AT =T, —T|=T} the kinetic energy transfer
of the incident positrons to the recoil electrons; T}, T
are the kinetic energies of the positrons and electrons
after the collision, respectively, undistinguishable in our
experiment. (In this work an asterisk refers to quantities
in the c.m. system.) This leads to an ambiguity in the
determination of the scattering angle 6* except for the
symmetric angle of 90°. The c.m. scattering angle 8* is
connected with the laboratory angle 6 by the expression

*
tanf= 1 tan—e—— R (6)
y*o 2
where
. E 172
yr=|= [1+— 7
2 mo

E, is the total energy of the incident positron. The angu-
lar dependence of the detection efficiency, shown in Fig.
6, was extracted from the spectrum of Fig. 5 by unfolding
the angular-dependent cross section for Bhabha scatter-
ing [see Eq. (10)]. It exhibits an approximately Gaussian

0.8
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(1075Counts)

| I T R |

04t

02} )

O.U — 1®| 1 l®l 1 1 ]

00 02 04 06 08 10
(T{/T)

FIG. 5. Sum of the clean Bhabha-scattered events selected
event by event from all detectors with a narrow window around
the sum-coincidence peak [Fig. 4(a)]. Their energies were also
divided event by event by the incident kinetic energy. The dis-
tribution obtained reflects the effective angular range of obser-
vation, folded with the cross section for Bhabha scattering and
with the energy resolution of the detectors. It is centered
around 0.5, corresponding to symmetric Bhabha scattering (90°
c.m.). By selecting parts of this spectrum, Bhabha scattering
can be studied at various scattering angles within the angular
range of observation.
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FIG. 6. The effective angular range of observation covered in
the laboratory was deduced from the measured energy spectra
of the Bhabha-scattered events (Fig. 5) by unfolding the
angular-dependent cross section for Bhabha scattering [Eq.
(10)]. It exhibits an approximately Gaussian shape, centered
around 29.5° with a FWHM of 9°.

shape with a FWHM of 9° and a mean value centered
around ~30°, which corresponds to symmetric Bhabha
scattering (90° c.m.) at ~2.2-MeV beam energy. The
tails of the curve are mainly due to the beam divergency
(80 < 5°) and small-angle scattering in the target (6~4°
for a coincident event). Note that the energy resolution
of the detectors (<7 keV) need not be unfolded because it
is negligible compared to the energy interval of ~550
keV (FWHM) covered by the spectrum of Fig. 5. The
subtended angular range 80°<6* <100° (FWHM) in the
c.m. system at 2.3 MeV can be subdivided into smaller
bins by selecting parts of the measured energy spectrum,
as indicated in Fig. 5.

The electrons in the low-Z element beryllium were
chosen as scatterers to minimize the Doppler broadening
of a possible narrow resonance. The condition for the
production of a resonance is given by its invariant mass
M, being equal to the total center-of-mass energy E *:

Mg=E*=2myy* . ®)

Here it is assumed that the electrons are at rest. Howev-
er, the motion of an electron with velocity v, leads to a
shift of the center-of-mass energy relative to the case
v, =0, which is given by the first-order Doppler effect. In
the laboratory frame it can be expressed as

AE~v,p;, )

with p; denoting the momentum of the incident particle.
This causes a spread of the center-of-mass energy, thus
limiting the peak maximum of a hypothetical narrow res-
onance relative to the smooth Bhabha-scattering back-
ground. Figure 7 demonstrates this effect assuming that
a narrow resonance (I'y <<AE) with M =1.7 MeV/c? is
formed in scattering of monoenergetic positrons on
bound electrons in Be, Mylar, and Th targets. The distri-
butions, of approximately Lorentzian shape, were gained
by a Lorentz transformation of the incident energy taking
into account the total Compton profiles of the corre-
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FIG. 7. Calculated Doppler broadening of a hypothetical
narrow resonance (I'y <<AE,,,) at a beam energy of 1.8 MeV,
due to the motion of the bound electrons in Be, Mylar
[(C10HgO,), ], and Th targets. The distributions of approximate-
ly Lorentzian shape were obtained using the total Compton
profiles calculated for free atoms (Ref. 36). Their amplitudes
are normalized to the total number of the electrons of the corre-
sponding target atom.

sponding target atoms. The electron momentum distri-
butions used here have been calculated theoretically and
are available for all free atoms.’® As can be seen, the
Doppler broadening, averaged over all atomic electrons,
becomes significantly larger for heavier atoms. For free
beryllium atoms, we obtained a Doppler width of
AE ~12 keV (FWHM) in the laboratory by an incident
kinetic energy of 1.8 MeV compared with AE = 60 keV
(FWHM) for a Th atom. Measurements of the total
Compton profile for metallic beryllium (polycrystalline)
as used in our experiment, however, exhibit a momentum
distribution twice as broad.’” Based on these measured
momentum distributions we calculate a value of AE =27
keV (FWHM) for the Doppler broadening at a beam en-
ergy of 2.3 MeV. The folding of this Doppler distribu-
tion with those obtained for the energy spread of the in-
cident particles (FWHM ~5 keV) and from their energy-
loss straggling, taken in the half target thickness
(FWHM ~4 keV), results in an experimental response
function for possible resonances having an approximately
Lorentzian shape with a FWHM of about 28 keV (~7.8
keV in the c.m. system). The latter is proportional to the
momentum of the incident positrons [Eq. (9)]. We em-
phasize in this context that the resolution of the Si(Li)
detectors as well as additional broadening after the
scattering process (about 8 keV for the sum energy of a
Bhabha-scattered event) do not enter into the experimen-
tal resolution for a resonance in the excitation function.

The differential cross section for Bhabha scattering,®
which we quote below, is expressed in terms of the total
energy € and momentum p of the incident particle in the
c.m. system as well as of the c.m.-scattering angle 6*
(Ref. 39):
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dUB rjm(%
10" ZW(BI+B2+B3+B4+B5), (10)
with
B = (62+p2)2 1
! p*  sin%6*/2)’
Bo—— 8e*t—my 1
2 p  sin¥(6*/2) ]
12¢*+m}
3= 64 ’

2,24 .2 *
B4=-——L—————4 (e’+p )sinz—Q—

€t 2’
4 *
_4p" . 40
B;=—- -
5= sin >
and
* 2
e=E =(p*+mi3)’? re=—e ~2.82fm, c=1.

2 my

In addition, the differential cross section for Mott scatter-
ing is given as a function of the reduced velocity
B=(v/c) of the incident positrons and their scattering
angle 6 in the laboratory frame:*

doy
dQ

_Z%*1-p 1
4am} B* sin*(0/2)

where Q denotes the quantum-mechanical correction, re-
placed by the following approximate formula:*°

Q(B,0), (11)

y4 . 0
137 sin— . (12)

. 0
1—sin >

., 0
—1—R2in2f
Q(B,0)=1—P%in 2j:7-rB 5

This formula is valid for B=1 if (Z /137) <0.2; the plus-
minus sign corresponds to scattering of electrons or posi-
tions, respectively. For small angles 0, or for the scatter-
ing of slow particles by heavy nuclei, it yields Q =~1 and,
therefore, Eq. (11) coincides with the classical Rutherford
cross section.

The expected Bhabha-to-Mott ratio (Ng /N, )y, can be
calculated as

N,

e

Nk

Np
Ny

AE,
AE,,

UB(AQB)

€p

th

’

€M

(13)

where (AEp /AE,,) denotes the ratio of the different ener-
gy intervals accepted for Bhabha and Mott scattering;
(N, /Ng) means the number of the electrons N, per atom
Nk, (o g /0y, is the ratio of the cross sections for Bhabha
and Mott scattering, respectively, integrated over the cor-
responding effective solid angles of observation, and
(e /€y) is the ratio of the detection efficiency at the
Bhabha and Mott energies, respectively, which increases
smoothly with the incident energy.
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III. RESULTS AND DISCUSSION

Figure 8 displays the counting rate per 5-keV step ob-
tained for Bhabha and Mott scattering [Figs. 8(a) and
8(b), respectively] as a function of the beam energy, for
all data taken with the Be target. For each energy step,
the sum of the events (~1.6X10° and ~8.0X 10° for
Bhabha and Mott scattering, respectively) were gained
from the corresponding energy spectra (see Fig. 4) by an
integration of the full-energy peaks using the uniform
window: [0.991 <(Ep,, /Ep,) <1.009]. With a statistical
accuracy of 0.25% and 0.11%, respectively, both excita-
tion functions are smooth, demonstrating the excellent
time stability of the e * beam. This implies, furthermore,
that the systematic errors occurring in our measurements
must be significantly lower than the statistical ones. The
general features of the measured excitation functions are
in agreement with the expected beam-energy dependence
of the scattering process according to Egs. (10) and (11),
respectively. The steeper falloff for Mott scattering is due
to the smooth decrease of the detection efficiency at the
higher e ™ energies, as discussed in the previous section.
In accounting for remaining fluctuations in the counting
rates, the Bhabha-scattering events were normalized to
those obtained by Mott scattering for each measuring
point. This is shown in Fig. 9(a) as a function of the
beam energy (lower scale) and of the c.m. excitation ener-
gy (upper scale). Since the corresponding rate for Mott
scattering is by a factor of 5 larger, the statistical uncer-
tainties are mainly determined by the counting rate for
Bhabha scattering.

c.m. Energy [keV]
778 792 806 820 834

T M T T T M T M T
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FIG. 8. Total counting rate per 5-keV incident-energy step
for Bhabha and Mott scattering [(a) and (b), respectively] as a
function of the beam energy. The total measuring time per step
amounts to ~400 min.
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FIG. 9. Measured ratio of Bhabha to Mott scattering ob-
tained from the sum of our data (Fig. 8) as a function of the
bombarding energy [(a)]; the corresponding c.m. energy is indi-
cated in the upper scale. The solid line represents a fit of a sim-
ple smooth function to the data. The relative as well as the
standard deviations from the fitted curve are shown in (b) and
(c), respectively.

We now compare the measured ratio with that expect-
ed by Eq. (13) at an incident energy of 2.2 MeV. By an
integration of the differential cross section for Bhabha
and Mott scattering [Egs. (10) and (11), respectively] we
obtain within the full angular range of observation (Fig.
6): (0p/0,,)=0.032. From a calibration of the detection
efficiencies as a function of the incident energy we esti-
mate: [€,,(2.2 MeV)/egz(1.1 MeV)]~14.3%; this matches
well with calculations showing that the full-energy-peak
efficiency of a 2-mm-thick Si(Li) detector only amounts to
~15% at this incident energy.*! With these values and
taking (AEg /AE, )=2=0.2, (N,/N,)=4 we get from
Eq. (13): (Np/Ny)y=(0.18£0.03). As indicated, the
calculated ratio is affected by experimental un-
certainties concerning mainly the determination of the
detection efficiency at the corresponding Bhabha and
Mott energies as well as the effective solid angle for Mott
scattering. The estimated value agrees well with the mea-
sured ratio of (0.1972+0.0005) at this beam energy.
Since our aim, however, was to search for a deviation
from a smooth excitation function we did not apply an
efficiency correction to the data. For the same reason,
the contribution of the random coincidences of about
0.05% was not subtracted from the data, since it was
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found to exhibit a smooth beam-energy dependence.
Only the incident energy is corrected with respect to the
mean energy loss in the target (3.5 keV).

The energy dependence of the measured ratio can per-
fectly be fitted (y*/f =1.0) by a second-order polynomial
[Fig. 9(a) solid line]. The relative as well as the standard
deviations from the fitted curve are displayed in Figs. 9(b)
and 9(c), respectively. As can be seen, no statistically
significant deviation from the smooth function was ob-
served on a level of statistical accuracy of 0.25%. As-
suming that a resonance is superimposed on the Bhabha-
scattering continuum, with a Lorentzian shape and a
width fixed to the experimental resolution, its variable
maximal height & relative to the Bhabha cross section can
be determined by means of a least-squares-fit procedure
applied to the data of Fig. 9(b). The extracted upper lim-
its of 8, depending slightly on the incident energy, are
given at the rather conservative 97% confidence level. It
should be noted that the choice of a Lorentzian shape, to
describe the hypothetical resonance in the laboratory, is
justified by the fact that the experimental response is
mainly governed by the Doppler effect due to the motion
of the electrons. As already mentioned in Sec. II, the re-
sulting distributions (Fig. 7) can better be approximated
by a Lorentzian. Control fits assuming a Gaussian shape
with the same width, however, yield comparable results.
After determination of 8, the following upper limit for
the energy-integrated differential cross section of a hy-
pothetical resonance can be derived:

Op
Q*

expt

AEY , . (14)
eff

The effective Bhabha cross section (do g /dQ*)4 can be
deduced by proper weighting of the differential cross sec-
tion for Bhabha scattering [Eq. (10)] with the angular-
dependent detection efficiency R(6*) (Fig. 6) within the

full angular range of observation:
*

0, d(fB
I. (6*)R (6*)sin6*d 6*
_ Jor d0*

6.
o J . R(6*)sing*do*

1

doy
do*

(15)

The c.m.-energy interval AEZ,, is related to the experi-

mental width AE,,, by the expression

* _— mo
AEZ = EAEexm . (16)
For instance, at 810-keV c.m. energy (M, =1832 keV/c 2)
the following values were obtained: 8=3.5X1073,
(dop/dQ*)g~18.5 mb/sr, and AE[,,,=7.8 keV. Set-
ting these values in (14) we get finally

dO’R(E*)
f————a’E*SO.S beV/sr. 17)

dQ*

For a resonance with a cross section o superimposed
on the Bhabha-scattering continuum which decays iso-
tropically, the experimental sensitivity to observe it,
defined as opg /NVo g» becomes more favorable for
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FIG. 10. The same as in Fig. 9, but only Bhabha events cor-
responding to the small angular window between 20° < 8 < 23.5°
and its complementary interval 36°< 6 =<40° are selected. The
Bhabha events are normalized to the total Mott events, mea-
sured in the full angular range.

scattering angles around the symmetric c.m. angle of 90°.
This does not hold, however, in the case of a hypothetical
resonance with J5-0 which can lead to an anisotropic an-
gular distribution of the scattered particles with a
minimum at *=90°, e.g.,, a resonance with
(dog /d6*)xcos’@*. According to Reinhardt, Scherdin,
Miiller, and Greiner®* the latter rather extreme anisotro-
py could only take place, if in the initial phase of the col-
lision both leptons are polarized. This requirement, how-

Eer+Ee =Einc-Ey

Mx®=1.8 MeV My =17MeV
18 MeV
Bl inelastice || elastic
8 /I
Einc E

FIG. 11. Schematic depiction of the formation of an excited
resonant state X * with a mass of 1.8 MeV, which undergoes a
transition into a state X with a mass of 1.7 MeV by an emission
of a real or virtual ¥ quantum. The state X might eventually de-
cay into an ete ™ pair whose energy would be about 100 keV
lower than that of the incident one.
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ever, is not satisfied in our experiments. In order to set a
limit even for this case, the effective angular range was
restricted to two small complementary angular intervals
by means of constraints in the energy spectrum of the
Bhabha-scattered particles (Fig. 5). With the window
shown in Fig. 5 we were able to select the parts (I) and
(IT) of this spectrum, which correspond to the scattering-
angle ranges between 20° =<0 =23.5° and 36° =<6 =40°, re-
spectively. The angular range covered in the c.m. system
amounts to 66°<0* <76° (and the corresponding comple-
mentary angles). Figure 10 displays the excitation func-
tion measured for this reduced angular range. Again, no
deviation from a smooth curve was observed with a sta-
tistical uncertainty of 0.65%. Using the same procedure
as described above an upper limit of 1.3 beV/sr (c.m.)
can be set for the energy-integrated resonance cross sec-
tion at 810-keV c.m. energy (97% confidence level).

Finally, we addressed ourselves to the question wheth-
er our data contain other scattering events apart from the
dominant elastic channel of Bhabha scattering. A posi-
tive signal would correspond to inelastic channels ac-
counted for by transitions between excited states of an in-
termediate extended particle. Figure 11 illustrates
schematically such a process in which a resonance
formed at a higher state with an energy of ~1.8 MeV un-
dergoes a transition into a state with an energy of ~1.7
MeV by an emission of a ¥ quantum. This lower state
might decay into an e e pair, the kinetic energy of
which would be of about 100 keV lower than the incident
one. Our investigation was, therefore, concentrated on
such pairs which correspond to the energy range of in-
terest, ie., on pairs satisfying the condition
(Epet /E,) <1 [see Fig. 4(a)]. Obviously, the sensitivity
in this case is much higher because only a small fraction
of the elastic events, backscattered from the detectors,
contribute to the background. However, no evidence for
such a process was found, as can be seen from the exam-
ple given in Fig. 12. In this case we searched in particu-
lar for a resonant state with an energy of ~1.72 MeV,
following the conjecture of Fig. 11. Note that this energy
is also suggested from the positron and electron lines ob-
served in the heavy-ion experiments.>!®!314 At each
incident-energy step, the scattering events corresponding
to the c.m.-energy window of 70020 keV were selected
from the measured coincidence spectra [Fig. 4(a)] and
normalized to the total Mott-scattering events. The
beam-energy dependence of this ratio does not show any
statistically significant deviation from a smooth curve
within the statistical errors of 0.9%. From this, an upper
limit of 0.15 beV/sr (c.m.) can be set for the differential
cross section of such events (97% C.L.), neglecting the
distortion of the scattering kinematics by the emission of
the low-energy y rays.

An upper limit for the intrinsic resonance width, T'%,
can be obtained from the upper bound of the energy-
integrated resonance cross section (14) using the relation

dogr(E¥) T 1
* maxyk
i T dET=JOR TR (18)

Here it is assumed that the resonance does not interfere
with the Bhabha-scattering continuum and that its
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FIG. 12. The same as in Fig. 9, but selecting those events in
the sum-coincidence spectra which correspond to a fixed excita-
tion energy of 700420 keV. For each energy step, this energy
window lies below the corresponding elastic sum energy peak
when transformed appropriately into the laboratory frame (see
Fig. 11). The events obtained are again normalized to the total
Mott-scattering events.

differential cross section can be described by a Breit-
Wigner distribution. This assumption does not substan-
tially influence the final results, since in fact the interfer-
ence contribution of a narrow resonant state to the
Bhabha cross section is found to be negligibly small.!®

The maximal resonance cross section ox** is model in-

LA R | L L L T

~
T

97%-Confidence Upper Limit .

Mies [meVl

1800 1810 1820 1830 1840 1850 1860
Mres [keV/c?]

FIG. 13. The upper limits at 97% confidence level to the in-
trinsic width of a hypothetical spinless resonance as a function
of the resonance mass. They were derived from the data of Fig.
9, as described in the text.
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FIG. 14. ‘Measured ratio of Bhabha to Mott scattering obtained from a thorium and a Mylar scatterer (left and right part, respec-
tively) as a function of the bombarding energy. In both cases, the measured excitation function can well be fitted by a simple smooth

function (solid lines).

dependent and in the unitarian limit can be expressed as*?

27 +1
+1)(2s,+1)

oB* =477} s, (19)

where Ay denotes the reduced resonance wavelength
given by

A
ri

Ag= :
K (M} —4m}3)'/?

and J the total angular momentum; s,,s, are the spins of
the two leptons. We mention, as an example, that Eq.
(19) yields 0®**~2116 b at Mz =1.832 MeV/c? and
J =0. The extracted 97%-confidence upper limit of '}
is displayed in Fig. 13 as a function of the mass of an iso-
tropically decaying resonance (J =0). At My =1.832
MeV/c?, the limit for the intrinsic width and lifetime
amounts to

5 <1.9 meV and 7*>3.5X10" B s . 21

This limit represents the currently most sensitive
bound for new particles obtained from low-energy
Bhabha-scattering experiments. It has already surpassed
the sensitivity of the most stringent constraint, deduced

from a contribution of a hypothetical pointlike scalar
particle to the precisely measured (g —2) factor of the
electron.’* The main advantage of our limit, however, is
that is is measured on mass shell and, therefore, indepen-
dent of assumptions about the internal structure of the
hypothetical particles. The bound for lifetimes set by the
heavy-ion experiments (1) is therewith improved by
several orders of magnitude. However, there is still a life-
time gap between 3.5X107!* s and of 107! s, not
covered by present experiments.
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FIG. 15. The same as in Fig. 13, but for the measurement
with the Mylar foil (right part of Fig. 14).
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In addition, we would like to present briefly the data
obtained with lower statistical accuracy using as scatter-
ers metallic thorium (2 mg/cm? thick) as well as a 6.4-
mg/cm? thick Mylar foil [(C,,HO,),]. The incident pos-
itron energy was scanned in steps of 15 keV between 1
and 1.65 MeV for the thorium and between 1.2 and 1.65
MeV for the Mylar target, respectively. The energy
range around 520 keV (~1.54 MeV/c?) covered in the
c.m. system corresponds to the lower energy of the multi-
ple positron and electron lines, found in heavy-ion experi-
ments at GSI (Refs. 9, 10, and 14). In both cases the
detectors covered mean laboratory angles of ~33° corre-
sponding to symmetric Bhabha scattering at an incident
energy of 1.4 MeV. The investigation with the Th target
was, in addition, motivated by the results reported else-
where, in which the observation of a structure in the
et,e” spectra resulting from et -+Th collisions is
claimed.!”?%2!  According to our above considerations
(see Fig. 7), however, thorium with a large Compton
profile represents one of the most unfavorable cases in the
search for narrow resonances in the excitation function
for Bhabha scattering. As can be seen in Fig. 14, both
measurements exhibit a smooth excitation function
within the statistical uncertainties of about 3%. The
97%-confidence upper limit derived for the intrinsic
width of a hypothetical spinless resonance amounts to
~80 meV and ~20 meV for the thorium and Mylar mea-
surement, respectively. Figure 15 displays the upper lim-
it of Tk as a function of the resonance mass for the more
favorable case of the Mylar measurement.

Although our experimental sensitivity is limited by sta-
tistical uncertainties and not yet by systematic errors, the
search for lifetimes above 10~ 12 s certainly requires new
methods. One such technique might be the well-known
shadow method, also proposed in Ref. 29, in which one
takes advantage of the fact that a neutral particle formed
in ete ™ scattering may decay after leaving the target,
not undergoing energy loss in it. By a conveniently
chosen geometry and thickness of the target it could in
principle be possible to separate energetically the pairs
stemming from the decay of a neutral particle, since the
events from nonresonant scattering are shifted to lower
energies. Here it is intuitively assumed that the size of
the hypothetical particles is sufficiently small so that they
would escape undestroyed from the target. This condi-
tion, however, is not satisfied for some models, in which
exotic particles with very large dimensions are intro-
duced (see Ref. 15). From an experimental point of view
the main disadvantage of this method lies in the relatively
large background due to energy summing of a positron
and a Compton electron from the subsequent 511-keV an-
nihilation radiation. These events lie energetically in the
same region in which resonances should occur, thus lim-
iting the experimental sensitivity.” Keeping this in
mind, experiments with improved setups are now under
preparation by us and others*! aiming at an elimination
of this background.

A hypothetical resonance with J1 which decays into
an ete ™ pair can also decay into two photons of equal
energy. First searches for correlated narrow two-photon
lines from U+ Th collisions near the Coulomb barrier
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have been carried out by Meyerhof and collaborators.*>#*
No structures were seen in these experiments at sum en-
ergies in the range in which the e Te ™ lines observed at
GSI appear, but a narrow sum 7 line at 1062 keV was
found.** However, the claimed attribution of this obser-
vation to the decay of a new neutral intermediate system,
which is also responsible for the e *e lines,* has not yet
been examined rigorously. Recently, other groups have
looked for narrow resonances in the two-photon spec-
trum resulting from positron-electron annihilation in
flight, also including the energy region around 1062 keV,
in low-* and high-resolution***’ measurements. Nega-
tive results are also reported in these investigations,
which are complementary to the Bhabha-scattering ex-
periments. Furthermore, new measurements on Bhabha
scattering performed most recently by the Stuttgart
group with improved statistics*® do not corroborate the
published results of this group.3! From the discussion
above we conclude that up to now no evidence for an in-
dependent signature of process has been found, which
could be related to the observed phenomenon at GSI.
These features, if also confirmed in the remaining lifetime
interval, suggest that the puzzling origin of the ete™
lines is closely connected with the domain of heavy-ion
physics, involving most probably the strong Coulomb
fields occurring in such collisions.*

IV. CONCLUSION

We have used a magnetic 3 spectrometer to produce
monoenergetic positrons and a high-resolution mul-
tidetector device for a sensitive search for possible reso-
nances in the excitation function for Bhabha scattering
around the invariant mass of 1.8 MeV/c2. With sys-
tematic and statistical uncertainties less than 0.25% our
data give no evidence for any resonance in this energy
range. At 810 keV c.m. energy (Mp=1.832 MeV/c?),
the 97%-confidence upper limit on the energy-integrated
resonance cross section is 0.5 beV/sr (c.m.), correspond-
ing to an intrinsic width and a lifetime of hypothetical
spinless resonances of 1.9 meV and 3.5X 107 B, respec-
tively. This limit establishes the most stringent bound for
new particles in this mass region derived from Bhabha
scattering and is independent of assumptions about their
internal structure. Upper limits of 'y ~80 meV and
~20 meV for a Th and Mylar target, respectively, were
also obtained around 520 keV c.m. energy (~1.54
MeV/c?) from measurements with lower statistical accu-
racy. Our results unambiguously exclude all structures
reported by other less sensitive experiments,!”-20:21:2431
clarifying the experimental situation in the search for
narrow resonances in e "e ~ scattering at MeV energies.
No evidence was also found for possible inelastic chan-
nels which would correspond to transitions between ex-
cited states of an extended particle prior to the e Te ™ de-
cay.
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