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A search was made for neutral objects which might be produced by 20-GeV electrons incident on

the SLAC beam dump, penetrate the downstream natural shielding, and decay upstream of an elec-

tromagnetic shower calorimeter. With about 30 C of electrons dumped, no candidate events were

found above an energy of -2 GeV. The 95%-confidence-level limit on the product of mass and life-

time of light axionlike bosons decaying primarily into two photons is determined to be greater than

1.4 keV sec. Limits on photino parameters are also given.

I. INTRODUCTION

In this paper, we describe an experimental search for
neutral objects which might be produced in the elec-
tromagnetic showers initiated by 20-GeV electrons in the
SLAC beam dump. The objects of search would have to
penetrate 200 m of earth shielding and decay in a 200-m
region downstream of the shield. If the decay products
contained electrons, positrons, and/or photons, they
could be detected by an electromagnetic shower counter
located downstream of the decay region.

There are several classes of conjectured low-mass, neu-
tral particles with little coupling to matter which are of
special interest as objects of such an experimental search.
Among candidate objects are neutral neutrinolike lep-
tons, the photinos of supersymmetric theories, and ax-
ions. However, it must be kept in mind that the most
relevant object in such a speculative search experiment as
this may well be "none of the above. " For example, the
predecessor' of the present experiment, SLAC experi-
ment E56 had as a primary motivation the search for v,-
like neutrinos. But it turned out to be of interest with
respect to axion searches. This experiment, SLAC exper-
iment E137, was primarily motivated as an axion search,
but also has some sensitivity as a photino search.

There are features of this beam-dump experiment quite
unique to SLAC. There is the high intensity of the pri-
mary beam, with a yield of approximately 1 C of 20-GeV
electrons delivered per (very good) day. The 1.6-@sec
pulse length (180 pulses/sec) allows good cosmic-ray re-
jection. But most importantly the electrons, positrons,
and photons which are produced in the dump (aluminum
plates immersed in a large tank of water) have transverse
momenta no larger than 20 MeV, much lower than in ha-
dronic showers. This collimation, together with produc-
tion mechanisms even more collimated, implies that
beams of the sundry hypothetical particles will be well
collimated. This in turn allows a long decay region

without significant loss of acceptance. The E137 ap-
paratus is located about 380 m downstream of the dump,
with 200 m of available decay path in front of the detec-
tor. This geometry is typical of hadron dump experi-
ments with more than an order-of-magnitude higher en-

ergy.
Typical collimated production mechanisms are shown

in Fig. 1. They include coherent photoproduction of bo-
sons which could then decay into yy or e+e, brems-
strahlung of bosons from electrons followed by decay into
e+e, or annihilation of positrons upon atomic elec-
trons, either resonantly (again followed by e+e decay)
or nonresonantly into a pair of particles such as photinos.
(The photino purportedly decays into y+gravitino. )

With such a lengthy longitudinal geometry and the
resultant reliance on collimation, the sensitivity of the ex-
periment is best for /om masses, well below 100 MeV.
The best experimental sensitivity occurs for candidates
with small production cross section and long lifetime.
For example, a 10-MeV particle with lifetime —10 sec
and production cross section —10 cm would be
detectable; longer presumed lifetimes would imply a pro-
portionately larger cross-section bound. Detailed limits
will be discussed later in the context of more specifically
defined objects of search.

II. OBJECTS OF SEARCH

A. Generic axions

Neutral spinless mesons of nearly zero mass arise in
many theories constraining spontaneously broken sym-
metry: these are the pseudo-Nambu-Goldstone bosons,
or "generic axions. " Such particles couple to the diver-
gence of the current whose charge generates the symme-
try which is spontaneously broken. Because the mass is
small, the corresponding charge must be (almost) con-
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served; in the limit of exact conservation the mass van-
ishes.

In general, there are many cases to consider, e.g.,
whether or not the conjectured charge operator contains
quark fields and/or whether it contains lepton fields.
There may be axions whose current contains only un-
known degrees of freedom.

While no model other than the original ' Peccei-
Quinn-Weinberg-Wilczek (PQWW) axion [our nomencla-
ture is that the PQWW axion is the axion, and all axions
(other than the "invisible axions") are "generic "] pro-
vides parameters relevant to this search, it is still just as
important to search for "generic axions" as to search for
unanticipated new quarks, leptons, or heavy gauge bo-
sons.

The axion species most relevant to this experiment are
those which do not couple significantly to quarks. What
is important is that the particle does couple to yy and/or
e+e . The phenomenology then depends only upon the
assumed widths I (x~yy) and I (x~e+e ), and upon
the assumed mass.

The relevant production mechanisms are shown in Fig.
1. They include Primakoff production, bremsstrahlung
from the incident electron, and resonant or radiative an-
nihilation of positrons on atomic electrons. The cross
sections and convolutions over primary flux are discussed
in the Appendix. For bremsstrahlung and Primakoff
mechanisms, and for low-mass axions, the yield per radia-
tion length is proportional to I „/M„, as might be antici-
pated from dimensional considerations. The decay prob-
ability is proportional to I „/y„-M„I „/(E„). The net
yield is therefore proportional to I „/M„, and for long
lifetimes and low mass one will find a bound on the prod-
uct M„~„. For short lifetimes, one demands the particle
penetrate the earth shield before decaying: y„c~„~I..
That limit is therefore controlled by r„/M„. For such a
limit, this experiment, with its thick shield of 200 m, is
not competitive with its predecessor, SLAC experiment
E56, or other recent short-dump experiments.

B. Photinos

FIG. 1. Collimated production mechanism for neutral bo-
sons: (a) Primakoff photoproduction, (b) bremsstrahlung from
electrons, (c) resonant annihilation of positrons on atomic elec-
trons, and (d) nonresonant production (by positrons on atomic
electrons) of photino pairs via selectron exchange.

Some phenomenological supersymmetry schemes have
posited a light photino decaying into photon and gravi-
tino. This neutral particle has spin —,; the gravitino is the
spin- —', partner of the graviton. In this experiment, pho-
tino pairs might be produced in e+e annihilation (on
atomic electrons) via scalar-electron (selectron) exchange.
The yield thus depends not only on photino mass and life-
time but also quite sensitively to the selectron mass. The
photino lifetime in turn depends upon the scale A=&d
of symmetry breaking, conjectured to perhaps be in the
range of 100 GeV to 10 TeV. The experiment is sensitive
only to a narrow range of photino masses, but within that
range the sensitivity exceeds that attained in more gen-
eral searches carried out in e+e colliders.

III. THE EXPERIMENT

A sketch of the experimental layout is shown in Fig. 2.
The SLAC primary electron beam was transported
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with a few photons) coming from decaying pion secon-
daries. These "skyshine" particles were very useful for
timing the electronics and setting the experimental gate,
as well as for checking out and monitoring detector per-
formance. During the data taking with the beam dump,
the target was, of course, removed, and the primary elec-
tron beam was transported, without changing steering, to
Beam Dump East.

In order to reduce skyshine background considerable
concrete shielding was added around the beam transport
through End Station A. A lead wall at the upstream end
of End Station A was also useful in reducing skyshine
from sources immediately upstream of End Station A.

The direction and focusing of the electron beam be-
tween End Station A and Beam Dump East was checked
with remotely controlled roller screens. The screens were
coated with ZnS material and marked with a fiducial
grid. The luminescence of the screen when bombarded
with electrons allowed fine adjustment of steering and
focusing. After adjustment and during data taking, the
screens were moved to a position with empty holes, such
that the beam transversed the hole without intercepting
any material.

8. The detector

FIG. 2. Layout of SLAC experiment E137.

through End Station A, site of the classic deep-inelastic
electron scattering experiments. Then the beam contin-
ued through a vacuum pipe to reach Beam Dump East,
located in the beam at the downstream end of the SLAC
research area, where all the beam power was absorbed in
an assembly of aluminum plates interlaced with cooling
water. After Beam Dump East, a hill of 179 m in thick-
ness served as additional absorber for all known particles
other than neutrinos. The detector, an electromagnetic
shower counter with excellent angular resolution, was lo-
cated across a valley from this hill, with 204 m of decay
path between the exit point of the beam from the hill and
the detector.

A. Beam setup

The beam transport to End Station A acted as a
double-focusing spectrometer with an energy-defining slit
located at the intermediate focus. From End Station A
to Beam Dump East, the beam was made parallel. There
were no magnetic elements in this portion of the beam
transport system. The intensity of the beam was rnea-
sured by two 33-in. -diameter toroids on a pulse-to-pulse
basis. The typical momentum spread of the beam was
4p/p =1%.

In End Station A, a remotely controllable aluminum
target of various thicknesses could be inserted into the
beam to generate beam-associated "skyshine" back-
ground. Charged pions produced in this target emerged
into the air space above the top of the hill which was
viewed by the detector. These pions could interact with
the air, producing at the detector mainly muons (along

The detector consisted of an eight-layer, 8-radiation-
length shower calorimeter. Each layer consisted of a
hodoscope of 1.5 mX0. 5 rnX1 cm plastic scintillation
counters, one radiation length of iron or aluminum con-
verter, and one multiwire proportional chamber. For the
first phase of the experiment (-10 C of 20-GeV electrons
dumped), each plane was a 2 X 3 mosaic of the 1 m X 1 m

proportiona1 chambers used in the Ferrnilab experiment
of Heisterberg et al. which measured v„e elastic scatter-
ing; aluminum radiator was used. For the final phase of
the experiment (-20 C of 20-GeV electrons dumped)
new 3 m)&3 m proportional chambers of similar design
were installed, and the aluminum radiator was replaced
by steel.

Clearly good angular resolution ( «50 mrad) was
essential, and this capability was obtained from the mul-
tiwire proportional chambers. As shown in Fig. 3, the
two cathode planes of the chambers consist of delay lines
milled from copper-clad 610, one for horizontal readout,
the other for vertical. Each delay line was tapped at
several points (five for the 1 m X 1 m chambers, and 24
for the 3 m X 3 m chambers) and each cathode signal was
fed into a charge-coupled device (CCD) operating at 50
MHz. In order to reduce the attenuation, the delay lines
on the 3 m)&3 m chambers were cut into 23 pieces; 22 of
them had readout on one end only, and one was read out
from both ends. The CCD, acting as a fast analogue shift
register, subdivided an incoming pulse into 20-nsec seg-
ments and stored the charge of each segment into con-
secutive CCD "buckets. " When a trigger from the scin-
tillation hodoscope occurred, the CCD clock rate was re-
duced to 20 MHz until the charges stored in the 36
"buckets" of each CCD could be digitized in sequence by
one analogue-to-digital (ADC) converter. This provided
essentially analogue information on the cathode pulse
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FIG. 3. Schematic of the delay-line multiwire proportional
chambers and the CCD electronics.

size and shape, with a spatial resolution of -3 mm for
the 3 m g 3 m chambers and -8 mm for the original 1 m

X 1 m chambers.
The charge coupled devices were manufactured by

Fairchild, with model number CCD321A. They had ap-
proximately eight-bit dynamic range, 320 buckets long.
As mentioned above, only the first 36 buckets were used,
operating at 50-MHz clock rate, and whenever a trigger
occurred, the clock rate had to be decreased to 20 MHz
while the stored charges were shifted to the end of the

C. Experimental trigger

Two triggering schemes were used in parallel. The first
emphasized energy and required that the total pulse
height (per scintillator plane} in three of any four adja-
cent planes be above a preassigned threshold. The
threshold shower energy for this trigger was 400 MeV.
The second trigger, which emphasized directionality, was
highly efficient even for horizontal muons, and required
at least four of eight 1.5 m&&0. 5 m~1 cm scintillation
counters in a given horizontal row (i.e., having the same
transverse location in the apparatus) to fire in coin-
cidence. Here the signals were amplified, with a gain of
10, before each discriminator, and the discriminator
thresholds were set well below the minimum ionizing lev-
el. These two triggers were linked with a logical "or" to
provide the master trigger for the experiment. The
schematics of the trigger electronics is shown in Fig. 4.

Once a trigger occurred, data from the CCD's, ADC, 's

scalars, and latches were read into the on-line computer
via a standard CAMAC dataway, and then logged onto
magnetic tape. The computer used for the experiment
was a Data General 16-bit, Eclipse Si230 which was also
used to monitor the performance of experimental ap-
paratus in standard manner.

D. Calibration of equipment

The high voltages on the 96 plastic scintillation
counters, 1.5 m X0.5 m)& 1 cm in size, were set by a pro-
cedure to be described below. Each counter was placed
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behind a -4-radiation-length aluminum plate. An elec-
tron beam was sent through the counter at exactly the
same relative geometric position. The high voltage on
the counter was adjusted until the pulse-height spectrum
became identical in both magnitude and shape as com-
pared to a standard spectrum. The SLAC test beam was
most versatile for this purpose. The beam intensity could
go as low as one electroni'pulse and the energy could be
varied from 1 GeV to 14 GeV. With this procedure, all
96 scintillation counters were set to the same gain.

Energy calibrations were performed in the SLAC test
beam on the scintillation hodoscopes. A stack of eight
counters with steel radiators, identical to those used in
the experiment, was put into the electron test beam.
Pulse height from each individual counter was recorded.
The calibrations were done at energies from 1 to 14 GeV.
Data were also collected with beam hitting different posi-
tions of the counter.

The 48 1 m X 1 rn chambers were used for several years
at Ferrnilab in doing the v„e elastic scattering experi-
ment. These chambers had been calibrated at Cornell
and Fermilab using electrons of energies from 2 to 30
GeV. Therefore, the calibrations were known and we did
not calibrate them again at SLAC. The eight 3 m)&3 m
chambers were quite bulky. To set them up in the test
beam would have been quite a job. As a result, we did
not calibrate these chambers. The high voltage was set
by their responses to high-energy horizontal muons. Be-
cause these chambers were only used for track measure-
ments in this experiment, this practice was adequate. In
all cases, the energy measurements were done by the scin-
tillation counters.

E. Experimental running

The first run consisted of 9.5 C of electrons dumped.
The second run consisted of 20.4 C of electrons dumped.
Subsequently, the scintillation hodoscopes were calibrat-
ed in the SLAC test beam.
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FIG. 6. Time distribution of beam-associated triggers when
the aluminum target was in the beam.

The running conditions turned out to be quite clean.
With a —,-in. aluminum target inserted into the beam at
End Station A, the skyshine trigger rate was approxi-
mately 3X10 /C, dominated by low-energy rnuons. The
energy spectrum of these beam-associated triggers is
shown in Fig. 5. Essentially nothing is found above an
energy of 3 GeV. Figure 6 shows the time distribution of
the triggers when the aluminum target was in the beam.
The beam-associated triggers were clearly seen above the
general cosmic-ray backgrounds. This time distribution
was used to check the beam gate for the experiment.

With the target removed, the triggers were dominated
by cosmic rays with a typical rate of —10 /C. The ener-

gy spectrum is considerably harder, as shown in Fig. 7.
Of course, the angular distribution is much broader, lead-
ing to easy rejection of almost all these triggers. Exam-
ination of the time distribution of the low-energy com-
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FIG. 5. Energy spectrum of experimental triggers as deter-
mined from total scintillator pulse height for beam-associated
skyshine with a removable aluminum target in the beam.

FIG. 7. Energy spectrum of experimental triggers as deter-
mined from total scintillator pulse height for beam dump run-

ning with target removed.
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ponent of the spectrum does reveal a beam-associated sig-
nal. !fthe energy spectrum of that beam-associated sig-
nal is the same as for "target-in" data, there should be in
the data sample less than 0.2 beam-associated triggers per
C with energy above 3 GeV.
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IV. DATA ANALYSIS

After the second run, the data were analyzed with the
aid of computer-generated visual displays. First, the data
were processed with very few cuts. The only require-
ments were that the data should be within the 2-@sec gate
around the beam time and the estimated shower energy
should be greater than 1 GeV. This simple procedure im-
mediately removed -75% of the data. For example, for
the final 20-C run, out of -23000 trigger written on
tape, only -6000 of them survived the cut. These events
were then examined in detail on a high-resolution graph-
ics terminal. There were 12 horizontal columns of scin-
tillation counters, each eight layers deep. First, the
pulse-height distributions in these 12 columns of scintilla-
tors were displayed on the graphics terminal, together
with other relevant information such as total energy, tim-
ing, etc. One could readily categorize the majority of
these events as muons or cosmic-ray showers. Another
useful display was the x and y views of all the chambers.
The pulse-height information from all the CCD's was
displayed simultaneously, so that one could immediately
see the tracks in each view as well as the shower develop-
ment along the track. A typical event as seen by the mul-
tiwire proportional chambers is shown in Fig. 8. After
this computer-aided scan, where events which were ob-
served to be grossly nondirectional were rejected, 189
events remained. These were measured, and after cuts re-
quiring vertical and horizontal angles less than 300 mrad,
only 24 events remained. Those within +140 mrad are
shown in Fig. 9. One sees that only one event lies within
a reasonable fiducial region of horizontal angle less than
+100 mrad and vertical angle less than 30 mrad (the ap-
proximate horizon of the shielding berm as seen by the
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FIG. 9. Scatter plot of the angular distribution of candidate
events. Only the boldfaced point has energy & 3 GeV; the tri-
angular point has energy & 2 GeV, but unambiguously does not
point toward the dump. The three points apparently emergent
from below the horizon are actually cosmic rays entering the
detector from the rear.

detector). Just from the multiwire proportional chamber
data this surviving event may be regarded as pointing to-
ward the beam dump. But it has too low an energy; 2
GeV was the optimistic threshold cut. Combining the
chamber and scintillator information, this event can be
understood as a muon radiating a photon in the front
portion of the detector and penetrating the entire eight
layers of detector. We thus end up with no convincing
candidate events.

For the earlier dump run with —10 C of 20-GeV elec-
trons, the detector was smaller, 2 m&(3 m, as described
above. Using the same method of analysis for 5600
triggers written on tape, also no candidate events were
found.

A second line of analysis was also used which avoided
possible subjectivity associated with the visual scanning.
(However, in a search experiment such as this, and with
the complex topology of the typical cosmic-ray triggers,
we believe there is no substitute for making the full scan. )

In this alternative analysis, we required that the observed
energy exceeded 3 GeV, that the signal be in time with
the beam, and that at least —', of the energy be within a
single row of scintillators, as would be expected for al-
most all horizontal showers. Only 36 events passed these
criteria, and the event sample overlapped the preceding
sample of 189 obtained from the visual scan, again lead-
ing to no candidate events.

FIG. 8. Typical event as seen by the 3 m)& 3 m multiwire pro-
portional chambers. On the left-hand side is the top view of the
chambers. The ticks locate the taps on the delay line. The
boldfaced region is that portion of the chamber read by the
CCD's which is shown expanded on the right-hand side, where
the observed pulse shape is exhibited. The peak values have
been plotted on the layout at the left.

V. DISCUSSION OF RESULTS

A. Axions

We assume that the candidate generic axion is pho-
toproduced via the Primakoff effect, decays predominant-
ly into two photons or an e+e pair, and is of low mass.
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"generic" coupling F„ to two photons [cf. Appendix, Eq. (A2)].

Under these circumstances, the experimental yield de-
pends only upon mass M and lifetime ~„. Figure 10
shows the experimental result on the lower limit of the
product M„v as a function of axion mass M„ for the
case of axions decaying into two photons. If the axion
has significant coupling to e+e and mass above 1 MeV,

it will preferentially decay into that mode. Figure 11
shows the experimental limit on M, ~„vs M, for the case
of axions decaying into e+e pairs, assuming "generic"
coupling strength F to yy and e+e . Figures 12 and 13
show the axion decay coupling constant F„as a function
of the axion mass. Details of the calculations and
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FIG. 14. Track-length distribution T(E) of photons, elec-
trons, and positrons, in the SLAC beam dump. The normaliza-
tion is such that, for example, the photoproduced axion yield
dN/dF. per incident is given by

dN
dE

= T(E)g cr( y+ Z ~x +Z)Pz,

where Pz is the number density of atoms {per cm ') of atomic
number Z.

mass range 100 —400 keV which was of interest a few
years ago. '

However, it still remains important to search for gener-
ic axionlike entities (i.e., pseudo-Nambu-Goldstone bo-
sons) associated with perhaps some totally unanticipated
spontaneous symmetry-breaking scheme remote from
present experience. The present result most improves
previous bounds on parameters if the axionlike entity is

theoretical assumptions are given in the Appendix.
In calculating the experimental 'limit on M„~„, a

threshold energy cut of 2 GeV was used. The expected
energy spectrum of axions is proportional to the track-
length distribution of photons in the beam dump. This
was computed using the EGS shower program, which is
shown in Fig. 14. One can see that -30% of the expect-
ed axion Aux above 1 GeV actually lies above 3 GeV.
Thus our quoted limit (which scales with the square root
of the flux) is not inordinately sensitive to the cut in ener-

There are also other axion production processes which
are equally important. They include axion bremsstrah-
lung from the electrons or positrons, and the annihilation
of positrons with atomic electrons into axion plus a pho-
ton. Their limits on M„~ and F„are shown in Figs.
15—18. Calculational details are again given in the Ap-
pendix.

The classical Peccei-Quinn-Weinberg-Wilczek
(PQWW) axion ' has by now been convincingly ruled out
experimentally. The sensitivity of this experiment to a
PQWW axion is marginal, and is shown in Fig. 19. Were
the PQWW axion to exist, experiment E137 might have
seen it. But E137 never could have ruled out the whole
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FIG. 16. Exclusion plot as in Fig. 15 for F„and m .
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FIG. 17. Exclusion plot for axion mass and lifetime parame-
ters assuming positron annihilation on atomic electrons via
e+e ~x+y and subsequent decay into e+e
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FIG. 19. Limits on axion properties assuming coupling only
to yy; the predicted properties of the PQWW axion are also
shown.

B. Photinos

As discussed in Sec. II, photino pairs might be pro-
duced in e+e annihilation on atomic electrons via
selectron exchange. "To estimate the yield, the positron
flux in the dump was computed via the EGs code. When
convoluted with the production cross section and decay

lifetime, ' the yield of decay photons in the detector was
calculated as a function of the presumed selectron mass
and symmetry-breaking scale &d. The limit from this
experiment is shown in Fig. 20. To our knowledge the re-
gion excluded by this experiment has not been fully
covered by previous measurements.
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FIG. 18. Exclusion plot as in Fig. 17 for F„and m„.

FIG. 20. Exclusion plat for photino mass as a function of
symmetry-breaking scale &d and assumed selectron mass, as
discussed in the text and the Appendix.
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APPENDIX: CALCULATIONS OF EVENT RATE

To determine the event rates in the SLAC beam-dump
experiment, we have to first calculate the spectra of pho-
tons, electrons, and positrons produced in the beam
dump by the primary electron beam from the accelerator.
This was done with the code of the SLAC EGS program.
Typical examples of these spectra are shown in Fig. 14.

Once the y, e, e+ spectra in the beam dump were
known, then the mechanisms for production of axions
were considered. They included the Primakoff produc-
tion of axions by photons, "bremsstrahlung" of axions by
electrons or positron in the scattering process, and an-
nihilations of high-energy positrons in the beam dump by
atomic electrons. The Feynman diagrams of these pro-
cesses are shown in Fig. 1. After the production calcula-
tions, the axions were followed through the decay region.
The probability of the axion decaying in flight into yy or
e+e was computed and folded with the geometric ac-
ceptance of the detector to give the final answers for the
rates measured by the detector.

The flux of photons, electrons, and positrons in the
beam dump are all functions of both energy and angle.
This is also true for the production and decay of the ax-
ion, as well as the geometric acceptance of the detector.
Therefore it is appropriate to describe in more detail how
the calculations were carried out.

The 3 m)&3 m detector, located 393 m downstream
from Beam Dump East, was considered as a mosaic of
144 small pieces. The number of photons per energy bin
(or e, e+) aimed at each one of these 144 pieces of
detector was computed using the EGS code. A low-
energy threshold cut of either 2 or 3 GeV was applied to
the spectrum in each one of these "small" detectors.
Then the energy spectrum was divided into consecutive
b,E bins of 1 GeV. The number of y's (or e, e+) in each
AE bin of this "sma11" detector was then considered as
"monoenergetic. " It was used together with the produc-
tion cross sections to compute the axion spectra aimed at
each "small" detector into hE bins. Axions in each one
of these hE bins were also considered monoenergetic.
The axions were then followed through the shielding and
into the decay space in front of the detector (204 m).
Then the acceptance along the flight path was folded in
for each of the 144 "small" detectors. The rates were ex-
pressed in terms of two unknown parameters, the axion
mass M and its decay coupling constant I' .

1. Primakoff production

The cross section for photoproduction of axions via the
Primakoff mechanism is given by

r. . . , e'
dQ M3 ~ (g2+$2)2

(A 1)

where I is the decay width assumed rather arbitrarily'
to be

r(x~yy)=
M

64m F
L

(A2)

Likewise we assume a generic coupling M„/F„ to elec-
trons, which gives

ttt 2(M2 4m 2)1/2

r(x ~e+e ) = 8' (A3)

and

M„5=—
2 Ey

(A4)

where t is the four-momentum transfer squared to the
target (t &0) and F(t) is the form factor of the target.
Since we are concerned only with low momentum
transfers, it suSces to consider only the atomic form fac-
tors and the elastic scattering form factor of the nuclei.
The atomic form factor is parametrized as

I
F(t)

I

=z "It I+1
where the parameters a and a' are given as'

&'
I
t

I
+1

122.8
for hydrogen

me

(A5)

z —1/3
=111

me
for oxygen,

(A6)
282.4a'= '

for hydrdogen

z 2/3
=773

me
for oxygen .

For protons, the dipole form factor is used'

G
GE=

pp '+
0.71

2 (A7)

where p is the anomalous magnetic moment of proton.
For the oxygen nucleus, this elastic form factor is given
b 15
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2aot a tl'4F=Z 1+ e'
8

where ao ——8.97.

(A8)

2. "Bremsstrahlung" production
of axions in electron scattering

For electron (or positron) scattering from nuclear tar-
gets, the axion can be radiated from the electron. The
cross section is given' by

8
x ( 1 x ) x

8
2xM 2M 2+, [(1—x )M„'+x 'm,'] X,

D
(A9)

where E+ is the incoming electron energy, E the outgo-
ing axion energy,

4m. F, '
E+

(A 10)

Apparently, this cross section has an infrared divergence
when the photon energy is low. A low-energy cut of 3
MeV was applied to the photon in the center-of-mass sys-
tem in the rate calculations.

4. Production of photino pairs via e+e

The cross section in the c.m. system is given by"

P„=(E M)'i —I= I iF(t)
i

dt .
min

do
dQ,

where

(1+cos 8y)P
8m4

(A13)

3. Production of axions

by the annihilation process e+e ~x Oy
m =mass of the selectron,

d tr

d(cos8')

The cross section is given by
T

g'a 1

s —M„(1—P cos8' )(1+Pcos8" )

p3
2

'3/2
4m

(p -wave factor) .

(A14)

where

g =m, IF„, s =c.m. energy squared,

8*=polar angle of axion in the

center-of-mass system,

p=speed of electron target in c.m. system .

(Al 1)

(A12)

1(y y+G)=
m'

8md
(A15)

where m is the photino mass, and the parameter d has the
dimension of (mass) and measures the scale of the super-
symmetry breaking.

The decay width of a photino into a real photon and a
gravitino is given by
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