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(ABSTRACT)

A search for axion-like particles was made at the Stanford Linear Accel-

erator Center (SLAC) by dumping 30 Coulombs of 20 GeV electrons into

a beam absorption facility. After 179 meters of earth shielding the in-flight

decay of the particle into two photons or an electron-positron pair, in a

decay volume of 204 meters in length, was searched for with a Hne-grained

electromagnetic calorimeter. No positive signals were identified. Experi-

mental limits were obtained for axions of mass up to ~ 200 McV/cz, and

photinos of mass up to ~ 65 McV/cz.
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Chapter I

Introduction

During the past decades, high energy physicists have found many elemen-

tary particles, which appear to be the smallest building blocks of the uni-

verse. Although the table of these elementary particles is well organized, it

may not be complete and it is still very important to search for new ones.

In this thesis we shall describe a beam dump experiment, E137, performedu
at the Standford Linear Accelerator Center (SLAC). This experiment was

designed to search for axion·like particles[1]; it turned out that it was also

sensitive to low mass photinos[2].

It has been realized, both experimentally and theoretically, that quan-

tum chromodynamics (QCD)[3] is a good candidate as the theory of strong

interactions. A multitude of experimental results in hadronic and leptonic

reactions can all be correctly accounted for by QCD[4]. However, there is

no natural mechanism in the theory to preserve both parity P and time-

reversal T symetries[5]. Since both P and T are experimentally known to

be conserved in strong interactions[6], this strong P and T problem in QCD

has to be resolved in some reasonable manner. One logical way out of this
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dilemma is to introduce an “axion” particle through the breaking of the

Peccei·Quinn symmetry[7,8,9], which we will describe brieüy below.

QCD is constructed from the Yang-Mills Helds[10], and it has a P and

T violation term given by

.
g’

~z0%F:„F„}“’,
(I.1)

where F;„ is the gauge Held strength, 0 is a parameter which labels the

strength of P and T violations and g is the coupling constant of the gauge

Held. It is analogous to E · Ö in electromagnetism, which violates P and

T. Peccei and Quinn have observed that a rotation of the fermion Helds

simply produces a term proportional to the strong P and T violation term

in QCD (i.e. the rotation will change the value of 0) if all the fermions are

massless. Therefore, it is hopeful to solve the strong P and T problem if

the QCD lagrangian possesses a symmetry which allows a rotation of the

fermion Helds to change the magnitude of the strong P and T violation

term without changing other physics, and if this symmetry can be broken

in such a manner that a small P and T violation term can be obtained. .
' This method is known as the Peccei-Quinn mechanism[7]. The symmetry

is introduced by coupling fermions to a pseudo-scalar particle. It is bro-

ken spontaneously by a non-zero vacuum value of the scalar Held. This

procedure is in analogy to the one employed in the standard electroweak

model[11]. After the spontaneous symmetry breaking the strong P and T

violation term is removed by redeHnition of the Helds, to give masses to

fermions. In this model the strong P and T are thus made conserved.

It was pointed out by Wilczek[8] and Weinberg[9] that there must exist
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a pseudo-scalar particle, named an axion, resulting from this Peccei-Quinn

mechanism. These authors have observed that the Peccei-Quinn symmetry

is not an exact one, because the rotation of the fermion fields also changes

the magnitude of the P and T violation term (i.e. the symmetry is also

broken explicitly). Therefore, according to Wilczek and Weinberg, the

axion must acquire a mass. Since the axion is a pseudo-scalar particle it

can decay into two photons. If its mass is heavier than twice that of leptons

it can also decay into a e+c" or ;4+p' pair.

The Peccei-Quinn·Wilczek—Weinberg (PQWW) axion has been ruled

out by a number of a.xion-search experiments[12-22]. But it is still impor-

tant to continue generic searches for this class of particle without reference

to any specific theoretical model[1,23]. The axion-like particles are as-

sumed to have the same decay channels as the classical PQWW axions.

We may consider that the axion-like particle can only couple to photons

and leptons but not to quarks. In order to answer this question, the ex-

periment E137 at SLAC was proposed. It was a 20 GeV electron beam

dump experiment. When the 20 GeV electron beam was dumped into a

beam absorption facility, it generated an electromagnetic shower consisting

of electrons, positrons and photons. These photons and electrons in the

shower would interact with beam dump material again to produce axion-

like particles through the production mechanism of either the Primakoff

eH°ect[24] or axion bremsstrahlung[25], respectively. It was also assumed

that axion-like particles are suüciently long lived in order to penetrate the

shielding and to decay into a pair of photons or a pair of electrons in the
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air space between the down stream end of the beam dump and the de-

tector. This experiment was designed to detect the decay products from

axion-like particles with a Hne-grained electromagnetic calorimeter. Owing

to the collimation of the electromagnetic shower[26] and the collimation of

axion·like particle production mechanisms, the signature of an axion—like

particle would be a pair of photons or electrons with very small angles with
respect to the primary electron beam direction.

I.1 Review of Axion Search Experiments

The axion-like particle is characterized by its mass mx and its decay cou-

. pling constant Fx. For pseudo—scalar particles, the decay coupling con-

stant is usually described by the partially conserved axial current theorem

(PCAC),
8„A" = Fx¢x, (I.2)

where A" is the axial current, and ¢x is the axion-like particle Held. Since

there is no deHnite information on the axion-like particle, both Fx and mx

are regarded as free parameters. In the situation of negative experimen-

tal results, the excluded region of the parameter space Fx — mx can be

determined.

A number of experiments have already been carried out to search for

this generic type of a.xion[27-29]. These experiments together with PQWW

axion search experiments can be categorized as follows:

1. The reactor experiments. The axions are assumed to be produced

in the decays of excited Hssion products. The Hrst result is from



5

the Savannah River reactor[12,22]. The most likely signals were the
photons from the decay process X—>2·7, or recoil electrons or photons

from the reaction X + c —+ *7 + c. The second result is from the

ILL reactor at Grenoble[17]. There a search for coincident gamma-
ray events from the decay of an axion into two photons has been

performed. This experiment covered the axion mass region up to 280

KeV/cg.

2. Radlative decay of ab and T. The particles rß and T are assumed to

A be able to decay into axions along with photons[8,9]. The 1/: radiative

decay experiment was done at SPEAR of SLAC with the Crystal Ball

detect0r[13]. The experiment was sensitive to axions of mass less

than 1 GcV/cz. There are three T radiative decay experiments: two

were performed at the Cornell Electron Storage Ring (CESR) with

the CUSB detector[14] and the CLEO detector[15], and the third at

DORIS with the LENA detector[16]. The CUSB experiment excluded

the axion with mass up to 7 GcV/cz.

3. The nuclear transition experiment. The search for axion emis-
U

sion in the decay of excited states of "C in M1 transitions was carried

out at the Princeton University cyclotron[18]. The experiment was

sensitive to the axion with mass between 1 and 15 M¢V/c’ decay-

ing into two electrons. A search for axion emission in 137Ba was

performed at the Swiss Federal Institute of Technology[19]. It was

sensitive to the two-photon decay mode of the axion, with its mass

greater than 160 K¢V/cz.
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4. Electron beam dump experiments. The ürst electron beam

dump search was carried out at the Armed Forces Radiobiology Re-

search Institute[20]. The incident electron beam energy was 45.3

MeV. The experimental signature was either a pair of photons or

a pair of electrons. In analyzing the result, the axions were assumed

to be produced by the process of electron bremsstrahlung[25]. Three

new electron beam dump experiments were performed recently to

search for axions with mass around 1.8 McV/c’[30]. They are SLAC

experiment E141[31], the Orsay experiment[32] and the KEK-Kyoto
experiment[33] with electron incident energies of 9 GeV, 1.5 GeV and

2.5 GeV, respectively.

5. The proton and the pion beam dump experiment. The Erst

proton beam dump experiment was done at the Clinton P. Anderson

Meson Physics Facility (LAMPF)[21] looking for the photons from ax-

ion decay. The incident energy of proton beam was 750 MeV. Higher

energy proton beam dump experiments were performed at the Euro-

pean Organization for Nuclear Research (CERN) by the CDHS[27]

and CHARM[28] groups. The proton incident energy for CHARM

was 400 GeV. Both experiments looked forlphotons, electrons, and

muons f1·om decays of axion—like particles. In addition a pion beam

dump experiment was performed by the NA3 collaboration[29] at the

CERN SPS. The
1l’_

incident energy was 300 GeV. The experiment

was sensitive to the two-photon decay mode of the axion-like parti-

cle. In the data analyses of the above three experiments the axion-like
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particles were assumed to couple to nucleons in the same manner as

does the pion, and to be produced through the mixing of axions with

pions. The experimental limits given by the CDHS and CHARM

are very close to the limits obtained from the SLAC E137 experi-

ment. Results of the three experiments are compared in Chapter IV.

The most recent proton beam dump experiment to search for axions

was done at Fermi National Accelerator Laboratory (Fermilab)[34].

This experiment looked for electron pairs from the decays of the 1.8

MeV axions[30]. The axion production mechanism was assumed to

be bremsstrahlung of axions by electrons in the hadronic shower ini-

tiated by the 800 GeV proton. The axion mass range covered was

from 1 to 16 MeV/cz.
V

In the gb and T radiative decay experiments, the axion was assumed to

couple to heavy quarks[8,9]. The relative rate for production of an axion

in the radiative decay of a heavy vector meson made up of either charge

2/3 or -1/3 quarks is proportional to the quark mass squared. Moreover, ·
the rate associated with charge'2/3 quarks is proportional to az', while

that of charge -1/3 quarks is proportional to z", where 1: is a symmetry

breaking parameter in the PQWW axion model. Therefore, the product of

the branching ratios of vb and T radiative decays into axions is proportional

to the c-quark mass squared and b-quark mass squared, but is independent
I

of the unknown parameter x.

In the experiments both gb and T were produced by colliding electrons

with positrons. Since the axion is a very weakly interacting particle, it has
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a relatively long lifetime and will not decay inside the detector. As a result,

the signature for either 1/: or T decaying into an axion and a photon is a

single photon in the detector. The Crystal Ball detector used in a 1/• ra-

diative decay experiment[13] was basically a spherical array of 16 radiation

lengths NaI(T1) crystals which covered 98% of 41r sr. It was used to mea-

sure the photon energy and direction. Cylindrical magnetostrictive spark

chambers and a multiwire proportional chamber placed around the beam

pipe were used to reject the charged particles. The CUSB detector[14] used

in the T radiative decay experiment consisted of 8 radiation lengths of NaI

crystals, which covered 90% of 41r sr, backed up by 7 radiation lengths of

lead glass. Drift chambers before the NaI provided tracking information for

charged particles, while cathode—readout proportional chambers interleaved

between the radial NaI layers provided tracking information for photons.

The product of the branching ratios of 1/: and T radiative decays was mea-

sured to be 0.6 x 10"° in these experiments, which is inconsistent with the

theoretical prediction of 1.6 >< 10". The PQWW axion with mass less than

1 GeV/c' is, therefore, convincingly ruled out by the two experiments.

To search for a new particle implicated in a theory, it is important to

look for it in many possible ways. The results in experiments with hadron

beams have been turned out to be negative. There might be a possibility

that an axion can only couple to photons or leptons, but not to quarks. In

that case, a search with high energy electron beams will be advantageous.

Another distinct feature of searching for axions in the electron beam dump

experiment is that the axion Hux has a very sharp angular distribution
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around the primary electron beam direction; were axions to exist, such

a peak could be seen. The SLAC E137 is the only high energy and high

luminosity electron beam dump experiment to search for this type of axion-

like particle. It was sensitive to the axion mass ranging from 50 K¢V/cz to

200 McV/cz. The details of the axion-like particle production mechanism

and the production sections are given in Appendix B.

I.2 Photino

In supersymmetry models[2] each fermion is assumed to have a spin zero

partner, and each boson a fermionic partner. For example, the electron has

a spin zero partner, the selectron, and the photon has a spin 1/2 partner,

~ the photino, etc. There can also exist a massless fermion of spin 1/2, the

goldstino. The photino will then decay into a photon plus a goldstino[35].

If the photino exists, it might be relevant in explaining the 3°K background

radiation of the universe. It has also been thought that both axions and

photinos are the important components of dark matter in the universe[35].

Electron·positron annihilations can give rise to photinos[36]. Only pho-

tons from photinos can be seen by the detectors. The lifetime of the photino

is expressed in terms of its mass and the supersymmetry breaking scale.

The expression for the photino lifetime and production cross section are

given in Appendix B. There are four c+c“ colliding beam experiments at

PETRA: CELLO[37], JADE[38], MARK J[39], and TASSO[40]. These ex-

periments also searched for photinos, and were sensitive to a photino mass

in the range of 10 MsV/cz to 20 GcV/cz.
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The SLAC E137 experiment was the first and the only electron beam

dump experiment to search for the light photinos. The photinos could be

produced by positrons in the electromagnetic shower when annihilating the

atomic electrons in the beam dump[36]. This experiment was sensitive to

the photino mass ranging from 100 KcV/cz to 65 McV/cz.



Chapter II -

The Experiment

The SLAC E137 experiment was done by a collaboration of Fermilab,

SLAC, and Virginia Polytechnic Institute and State University[4l]. It was

a search for weakly interacting objects X, which might be produced by 20

GeV electrons incident upon the SLAC beam dump. To be specific, the

neutral objects we searched for were axions and photinos which could be

produced by electrons, positrons and photons interacting with the beam

dump material.

When the 20 GeV electron beam was dumped into the Beam Dump

East of SLAC, it generated an electromagnetic shower, comprising mostly

electrons, positrons and photons, in the dump. These shower particles

could interact with material of the beam dump to produce the X particles.

Since the X particles are supposed to couple only very weakly with ordinary

matter, most of them would be able to escape the beam dump, and decay

in the air space behind the dump. A fine-grained electromagnetic shower

calorimeter was set up far behind the dump to observe the decay products.

The electrons, positrons and photons which were produced in the dump by

11
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the primary 20 GeV electron beam had transverse momenta less than 20

MeV/c[26]. Also, the X particles would be produced at very small angles

with respect to the direction of the shower particles. For example, in the

photo-production of axions through the Primakoff effect[24], axions would

be produced by photons interacting with atoms in the beam dump. Since

the value of the four momentum transfer to the nuclear target was very

small, the angular distribution of the axions wsentially followed that of the

photons. Therefore, the hypothetical X particles would be produced in a

well collimated beam. This results in a good acceptance for a long decay

volume. It also provided an easy way to reject background, since most of

the background particles were from the cosmic rays and had larger angles

with respect to the primary electron beam direction.

II.1 The Experimental Layout

Figure II.1 shows the sketch of the experimental layout. Figure H.2 shows

the elevation view of the beam dump and the detector location. The 20

GeV primary electron beam at SLAC was transported through End-Station

A, site of the classic deep-inelastic electron scattering experiment. Then it

continued through the vacuum pipe to the Beam Dump East where all the

beam power was absorbed in an aluminum tank of water, and where the

X particle would be produced. Beyond the Beam Dump East a hill served

as an additional absorber for the known particles. The total length of the

beam dump was 179 meters. The detector was located on the other side of

the hill, with 204 meters of decay path between the down stream end of the
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dump and the detector. The approximate horizon of the shielding berm as

seen by the detector was 30 mr.

H.2 The Beam and Beam Set-up

The high intensity primary beam at SLAC is quite unique. On a good day
‘ it could deliver a total of approximately 1 Coulomb of 20 GeV electrons.

The 1.6 psec pulse length and approximately 170 pulses/sec repetition rate

allowed good cosmic ray rejection. For example, during the data-taking

the accelerator gate width was set at 6 psec, therefore, the duty cycle for

detecting cosmic rays was less than 0.1%.

In the End Station A a remotely controlled aluminum target of various{
thicknesses could be inserted into the beam to generate the beam associated

“skyshine" background. It was very useful for timing the electronics, set-

ting the experimental gate, as well as for monitoring detector performance.

This background was due to scattering ofpions (produced by electron beam

interacting with the aluminum target) from air above the top of the hill.

This "skyshine" background is discussed at the end of this chapter. The

target was removed during the data-taking, and the primary electron beam

was transported, without changing steering, to the Beam Dump East lo-

cated in the berm at the down stream end of the End Station A.

The direction and focusing of the electron beam between the End Sta-

tion A and the Beam Dump East was checked with remotely controlled

roller screens. The screens were coated with ZnS material and marked

with a üducial grid. The luminescence of the screen, when it was hit by
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electrons, made the fine adjustment of the beam possible. After beam po-

sition adjustment, the screens were moved to a position where the beam

could go through the hole on the screen without intercepting any material

while taking data.

The beam transport system to End Station A acted as a double focus-

ing spectrometer with an energy-deüning slit located at the intermediate

focus[42]. It is shown in Figure H.3. The switching magnet P was used

to deüect the beam from the accelerator to the A Beam Line on a pulse-

to-pulse basis. Two chains of bending magnets B1 and B2 were used to

provide additional bending angles. B1 was also used to disperse the beam

for momentum resolution at the slit. B2 was also used to separate the elec-

tron beam from the off-energy and neutral background generated at the

slit. A quadrupole doublet Q1 was used to focus the beam. A quadrupole

magnet Q2 was added to recollimate the beam spread out by B1 in order

to bring the beam down to an acceptable diameter in the radial plane for

passage through B2. Quadrupole doublets Q3 and Q4 were used to focus

the beam down to the desired spot size at the target. Figure H.4 shows

the envelope of the beam as it passed through the system. The envelope

of the vertical plane is drawn above the center line; the horizontal plane is

shown below the center line. The typical momentum spread of the beam

was Ap/p = 1%. The intensity of the beam was measured by a 33" di-

ameter toroidal current transformer on a pulse to pulse basis[43]. When a

beam pulse went through the center of the toroid, a pulse was induced in

the coil winding on the toroid. The total charge of the induced pulse was
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integrated and measured. It is proportional to the beam pulse that went

through the center of the toroid.

H.3 The Detector

The detector was an 8-layer, one r.l. (radiation length) each, line-grained

electromagnetic shower calorimeter which was used to measure the ener-

gies and directions of the photon and electron. Each layer consisted of a

hodoscope ofplastic scintillation counters, one r.l. of steel or aluminum con-

verter and one multiwire proportional chamber. The inter-chamber spac-

- ing was 15". When an electron or a photon hit the calorimeter it would

generate an electromagnetic shower. The total energy of the shower was

measured by the scintillation counters, and its direction was measured by

the multiwire proportional chambers. For the first phase of the experiment

(approximately 10 Coulombs of 20 GeV electrons dumped) the multiwire

proportional chamber was a 2 x 3 mosaic of the 1 m x 1 m chambers used

in the Fermilab experiment of Heisterberg et al.[44], which measured 1/„e

elastic scattering. Aluminum radiator was used in this phase of the experi-

ment. For the ünal phase of the experiment (approximately 20 Coulombs of

20 GeV electrons dumped) new 3 m x 3 m proportional wire chambers of

similar design were installed and the radiator was replaced by one radiation

length steel plates. Figure H.5 shows the schematic of the detector used in

the Hnal phase of the experiment.
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H.3.1 1 m x 1 m Multiwire Proportional Chamber

Since the horizon of the shielding berm subtended an angle of only 30

mr at the detector, any particle with a vertical angle greater than 30 mr

would be a background particle. It was clear that good angular resolution

was essential to the experiment. This capability was obtained from the

multiwire proportional chambers (MWPC). The chamber consisted of an

anode wire plane and two cathode planes equipped with delay-line readouts.

The schematic of the 1 m x 1 m delay-line multiwire proportional chamber

with readout electronics is shown in Figure H.6.

For the 48 1 m x 1 xn chambers[45] the cathode plane was an aluminum

plate, 1/4" thick, with a copper·clad G-10 plate glued on top of it. The

G-10 plate was machine·milled into a zigzag conducting strip which served

as the delay-line. The transverse spacing of the delay-line was 1.5 mm. The

anode wire plane was supported by a G-10 spacer, 1/64" thick, attached to

one aluminum plate. The wires were gold-plated tungsten wires of diameter

20 pm spaced 3 mm apart. The spacing between the anode plane and the

cathode plane was 1/4". Figure H.7 shows the details of the chamber.

The delay-line behaved like a transmission line of 100 O impedance.

When a charged particle passed through a chamber, it would ionize the

gas creating pairs of electron and positive ion. The electrons had much

higher mobility than the heavy ion, and therefore drifted very fast towards

the anode wires. The electrons gained energy along the way in the electric

üeld, thus ionizing more charged·pairs to provide the desired gas amplifi-

cation. The total number of electrons reaching the anode was proportional
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to the number of primary ion pairs. Meanwhile, the delay-lines on the two

cathode planes would also receive localized positive pulses induced by ca-

pacitive coupling. The signals would then propagate along the delay-line

at a speed of about 0.2 m/nsec to the readout ports. The propagation

time was recorded and later, during the data analysis, translated into the

transverse track position on each cathode plane.

On each cathode plane ofa chamber there were live readout ports placed

equidistantly, along an edge orthogonal to the delay-line. Therefore, a

delay-line was divided into four parts and every part had readout at both

ends. This arrangement was necessary to take care of the signal attenuation

and to provide redundancy (having signal collected at both ends); but it

also introduced left-right ambiguities, which were self resolved, for the three

ports in the middle. Between two neighboring ports the propagation time

is about 600 nsec, corresponding to a transverse distance of 250 mm, and

the signal was attenuated by about a factor of two. The dispersion and

attenuation characteristics of the delay-line for a step signal are shown in

. Figure H.8.

The chambers were operated at a typical high voltage of ~ 2800 volts on

the anode planes while the cathode planes were grounded. To protect the

anode wires from sparking damage, every eight anode wires were grouped

together and connected to the high voltage power supply through a 10 M0

resistor. As shown in Figure H.9 the anode wires were soldered to the G-10

spacers which acted as the high frequency coupling capacitor for the outgo-

ing fast signal from the anode. The capacitively coupled signals collected
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Figure H.8: The dispersion and attenuation characteristics of the delay·line
for a step signal. (a) Test signal applied to the delay·line. (b) Signal after
traveling half the distance between two neighboring tape. (c) Signal at the
neighboring tap.
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on the other side of the G-10 spacer were sent to an amplifier through a.

high voltage decoupling capacitor. The total pulse from the anode wires of

a chamber was fed to an analog-to-digital converter (ADC) to measure the

energy deposition in each layer of the detector.

The chambers were filled with a gas mixture of 80% a.rgon, 19.7% CO2,

and 0.3% Freon-13-B1. This gas mixture is temperature-stable and could

be packed into ~ 2,000 psi cylinders. It has smaller amplification factor,

but it has the advantage that its strong quenching effect can prevent the

electromagnetic shower from spreading to allow the observation of only the

“hard core” of the electromagnetic shower.

H.3.2 The CCD

As shown in Figure II.6, signals on the cathode planes would travel along

the delay-lines to the tap points and be fed to the readout ports. They were

ürst ampliiied by an ampliüer located on the chambers, and then fed to a

charge-coupled-device (CCD) through coaxial cables[1]. The operation of

the CCD digitizer is shown schematically in Figure H.10. The CCD acted

as an analog shiü register. It was continuously clocked by a 50 MHz quartz-

stabilized oscillator. Upon occurrence of each clock pulse a 20 nsec wide

slice of the input signal was loaded into a CCD bucket at the front end,

and the charges stored in the CCD buckets were shifted forward in sequence

by one bucket. When a master experimental trigger from the scintillator

hodoscope occurred, the CCD clock rate was reduced to 20 MHz until

the charges in all of the CCD buckets could be read out and digitized in
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sequence by an ADC. The results were stored in the random access memory

(RAM) waiting to be read into the on-line computer.

The timing of the master experimental trigger was separately recorded

by using a. time—to-digital converter (TDC), one on each CCD module. The

TDC was started by the leading edge of each 20 risec pulse and stopped

by the trigger. The time interval between these two signals was digitized

and stored in the RAM with an accuracy of 256 steps for 20 nsec. This

information was used for fine-tuning of the position measurements.

The delay·line multiwire proportional chamber together with the CCD

offers an elegant method of measuring both the pulse heights and track po-

sitions simultaneously. It acts like a computerized multi-beam oscilloscope.

The CCD bucket number represents the track position in quantum steps of

20 nsec, and the charges in CCD buckets provide the information on pulse

height distribution.

For the 1 m x 1 m MWPC, there are 32 buckets between two adjacent

tap points; so each bucket represented 250 mm / 32 = 7.8 mm in real

transverse space. The centroid of each shower can be determined to the

accuracy of a fraction of one CCD bucket.

11.3.3 3 m x 3 m Multiwire Proportional Chamber

The eight 3 m x 3 m chambers[1] were built by the same construction

method as the 1 m x 1 m chambers. The delay·line on one cathode plane

was divided into 23 independent pieces, of which 22 had readout at one

end only and the other ends were properly terminated to eliminate refiec-
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tions. One piece of delay-line near the chamber edge had readout at both

ends. This arrangement eliminated the left·right ambiguity problem for

the readout ports in the middle. Examples of the pulse trains from eight

of the 24 readout ports are shown in Figure H.11. It illustrates the multi-

particle capability of the chamber. Thirty six CCD buckets were used for

each delay-line. Therefore, one CCD bucket represent 3.6 mm in transverse

space. Figure H.12 shows an event measured by 3 m x 3 m chambers. In

this display, the pulse trains from all 23 sections of delay-lines on one cath-

ode plane of a single chamber are combined together.

11.3.4 The Hodoscope

There were eight planes of scintillation counter hodoscopes. They were

formed by 1.5 m x 0.5 m x 1 cm NE114 plastic scintillation counters,

made by Nuclear Enterprises Inc. For the first phase of the experiment

each plane consisted of eight counters; for the final phase of the experiment

each plane of the hodoscope consisted of twelve counters. They were used to

measure the energy deposition as well as to form the experimental trigger.

II.4 Experimental 'Trigger

The schematics of the fast electronics is shown in Figure H.13. The anode

signal from each photomultiplier tube was first fanned out into three chan-

nels through a linear ampliüer of approximately unity gain. One went to a

12-bit ADC for energy measurement. The other two signals were used to

form experimental triggers.



31

•

8u
'¤

= 5t°+

ICCC C C C CanC
C E C C C C n Q2

C C C C C C C v
C C C C CC C vg
C C C C_C C C .546
C C C C C C C 6 „X
C C C CC C C 6 J-1
C C C CC C C .S.°E
C C C; C C C C VM

· C C C C C C C ag
C C C CC C. C Cm oh
C C C CC C C

~
•¤0

C C C QCC C q;
4_ C C C CCL....... Cg.C

C C CCC C -Q d,..
. C C C CCCC. C _o "Ußn

C C C CCC C C1~ (_) QQ
C C C C CCC 3 ot!
C C C C C CC Q O
C C C C C CC (-)-5

C C C C C CC ~¤ od
C C C C C CC - QV
C C C C C CC wo
C C C CC CC Qg
C C C CC CC U
C C C CC CC 6 —-g

C CC CC CC ·
°•

C CC CC CC ß
C CC CC C C' ug
C CC C C C C pg-T
C C C C C C C 0 ;•
C C C C C C C gg

_ C C C~ C C C C A0
C C C C CCCC

C C C C CC v
C C CC C.—"·L...."" C C_6 vg,

ää
hä



32

U) N *0 ID q' F') N •-

ZE ä lä ä ä ä ä ä

’V E
M

‘.‘Y‘v‘.eäl Ä? X

· E
_ M

dä

in
*6

- äI ••¤lVL'
oV2|•-•

6
YS
·¤
Q
O
O
0.c·.

dä

*6
2

E
ä
¤<!

= 6
2 ¤„

.ä¤ ä
1 ÜN E
V



33

:‘‘····-··-4 -
_ I|_°’••---_

I
3•

‘
"°

g §; I} §

5: I
I :

•• I I
,„

I

1 =
B |

_

2 = 2 2: E.; : 2

'
8 'I

“°' I
5

I 0 I I
I

E

'

‘I I
3

}
'I

I
S.

6

I

__

5 33 "
4 ’ ä

gg '
I

I

M

'
22

*32
w

}
I I

ät I E

•-I

I
I |

| n
Ü

•
}'••·• '

*3=

'5° " 5l I
8·

"
I" ... I

IE 2 Inv .§¤'
Ä

IJ
.2;}

gt:

|‘* ·¤

=
=·£— === I

=·

---
___ I I

g

.9

• -..1 L

'E
S

'--«°*·•—--_I

I

‘ .. 33
§

ä
.¤

F

o

66

E B
E

“°
IIIE "

-
0

=

E.

G

*1

•· 2
O

= ¤¤ ·
3

>~32.

Es
___ ß

..5
"g

6sg E



34

The first trigger was a. low threshold trigger, sensitive to “a1most hor-

izontal" muons. It was done as described below. The anode signal from

each photomultiplier tube was ürst ampliüed by a factor of ten. The 96-

element hodoscope was arranged six on the left and six on the right in a

plane, and eight layers deep. The left- and right- counters in each plane

at the same elevation were first combined logically together. Then they

were fed into six majority logic units to form experimental triggers. Each

one of the six majority logic units contained eight inputs along the beam

direction. In order to ensure that the trigger was eiiicient for minimum

ionizing particles, we further demanded that the trigger condition is given

by any four of eight inputs in a given row. The outputs of the six majority

logic units were "ORed” together into one output.

The second trigger employed in the experiment was an “energy thresh-

old" trigger. All twelve counters in a single hodoscope plane were first logi-

cally summed together and then discriminated against the “energy thresh-

o1d” setting of a following discriminator. The outputs from eight hodoscope

planes were fed also into majority logic units. The trigger conditions were

set such that if any three of four adjacent hodoscope planes passed the

threshold settings, the event would be accepted.

Finally, the horizontal-muon trigger and the energy-threshold trigger

were logically merged together to provide the master trigger of the experi-

ment. The beam gate (6 pscc wide) was also applied to avoid most of the

cosmic ray triggering. This arrangement not only provided selective trig-

gering by interesting events of high energies, it also avoided possible bias
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and inefiiciency in the experimental trigger. As usually done, the accidental

coincidence rates were monitored by coincidences with appropriate delays

inserted. They were latched a.nd also counted by scalers.

II.5 Data Acquisition System

The data acquisition system consisted of an Eclipse S/230 16-bit com-

puter (made by Data General). The peripheral equipment consisted of

a 96 MByte disk drive, a tape drive, two terminals, a printer, and a color

graphics station, CGC 7900, made by Chromatics. The electronics mod-

ules, power crates, and data bus were the standard nuclear instruments

and methods (NIM) computer automated measurement and control (CA-

MAC) system. The computer operating system was real-time disk operat-

ing system (RDOS). The data acquisition tasks were handled by a priority-

interrupt scheme. Once a trigger occurred, the computer operation would

be immediately interrupted to service the data acquisition routine for the

experimental apparatus. Data from the CCD’s, ADC’s, scalers, and latches

were read into the computer memory via the CAMAC interface unit, then

“hard-copied" onto magnetic tapes. After the interrupt service completed,

the interrupted task would be resumed. The performance of the experi-

mental apparatus and the experimental status were monitored via graphics

displays. _
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H.6 Calibration of Equipment

H.6.1 The Multiwire Proportional Chamber

The 49 1 m x 1 m chambers were used at Fermilab in a u„e elastic scattering

experiment[44]. These chambers had been calibrated at Cornell University

and at Fermilab using electrons of energies ranging from 2 to 30 GeV[45].

Since the calibration parameters were known the chambers were not cali·
A

brated again at SLAC. It was established that the angular resolutions of

these chambers were better than 5 mr.

The eight 3 m x 3 m chambers were quite bulky. Each one weighed

about 1,500 lbs. To set them up in the test beam would have been quite

a job. As a result, we did not calibrate these chambers. The operating

high voltage of a given chamber was set according to its response to high

energy horizontal muons. Because we used these chambers only for track

measurements in this experiment, this practice was adequate. The energy

measurements were done using only scintillation counters.

11.6.2 Sclntlllation Counters

The high voltages on all 96 plastic scintillation counters were set by a

procedure to be described below. Each counter was placed behind a ~ 4

r.l. thick aluminum plate. A positron beam was sent through the counter

at exactly the same geometric location for all counters. The high voltage on

each counter was adjusted until the pulse height spectrum became identical

in both magnitude and shape for all counters. At SLAC, the test beam was
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the most versatile for this purpose. The beam intensity could be adjusted

to a level as low as one positron per pulse and the energy could be varied

from about 1 GeV to 14 GeV. With this procedure all 96 scintillation

counters were set to exactly the same gain.

In February, 1984, the total energy calibrations were done on the scin-

tillation hodoscopes using the SLAC test beam. A stack of eight counters

with steel radiators, identical to that used in the experiment, was put into

the electron test beam. The pulse height from each individual counter was

recorded. The total energy seen by the stack was obtained by a software

summation. The calibrations were done over the energy range from 1 GeV

to 14 GeV. Data were also collected with the beam hitting different posi-

tionsof the counters.

H.7 Experimental Procedure

The A Beam Line, End Station A, and Beam Dump East at SLAC are well-

established experimental facilities. It was a pleasure to do the experiment

there. On a good day, the accelerator could deliver almost one Coulomb of

20 GeV electrons to the experiment. As a result, the experimental data-

taking was completed in a relatively shorted period. The experiment was

proposed and approved in 1980. The Hrst run, with 9.5 Coulombs of elec-

trons dumped, occurred in January of 1982. Then the experiment was

halted for the installation of 3 m x 3 m detectors. The ünal run, with 20.4

Coulombs of electrons dumped, occurred in November and December of

1982.
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At the beginning of the experiment, the experimental apparatus were

checked using the “skyshines” produced in End Station A by inserting an

1/4" aluminumtarget into the electron beam. Timing of the fast electronics

was also done with this arrangement. The beam position was checked by

two remotely controlled ZnS screens, one in End Station A and one in front

of Beam Dump East. After all these beam intercepting materials were

withdrawn, the beam intensity would be increased to full blast to start

data-taking. During a normal run, the beam intensity was typically ~
101*

electrons per second at a repetition rate of ~ 170 pulses per second. With

this beam intensity, the overall deadtime of the data acquisition system was

less than ~ 10%. Each experimental run lasted typically two to three hours.

Then it was halted. The beam intensity was reduced and the repetition rate

was dropped to ~ 10 pulses per second to check the beam positions with ZnS

roller screens. A new run would begin afterwards. During every 8·hours

shift, a "skyshine” background run would be taken by inserting aluminum

targets of various thickness (ranging from 1/16" to 1/2") into the beam at

End Station A. Because of the high data rate under this condition, both

intensity and pulse rate had to be reduced for these runs. °

II.8 Experimental Backgrounds

The main background sources were cosmic rays and “skyshine" . The cosmic

ray backgrounds were mainly due to vertical air showers and could be ac-

cepted by the “energy tlu·eshold" trigger. The "skyshine” background was

caused by pions which are produced by electrons interacting with residual



39

air in the beam pipe before the beam dump. Some of the pions thus pro-

duced would emerge into the air space above the top of the hill and interact

with air to produce secondary pions, ofwhich some would decay into muons

in front of the detector to be accepted by the "horizontal muon" trigger.

It turned out that the running condition was quite clean. Beam asso-

ciated "skyshine" background was investigated by inserting an
1/4”

alu-

minum target into the beam at the End Station A to study the energy

spectrum of the trigger from the muons. Since the hill subtended a small

angle at the target, there were more pions emerging into the air above the

hill. The trigger rate was approximately 3 x 103 per Coulomb of electron

beam; it was dominated by the low energy muons triggers. The energy

spectrum of the beam associated triggers is shown in Figure H.14. Most of

the triggers were produced by particles of energies below 1 GeV. The trig-

ger rate was less than 0.2 per Coulomb of electron beam with energy above

3 GeV. This is expected, because the muon is ~ 200 times heavier than the

electron and will radiate much less energy when traversing through mate-

rial in the shower detector. Figure H.15 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. The

width of the beam gate was set at 6 psec. It was quite clear from th; dis-

tribution that the triggers were beam associated within the 1.6 psec beam

spill time.

With the aluminum target removed triggers were dominated by cosmic -

rays with a rate of approximately 103 per Coulomb. The energy spectrum
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is considerably harder as shown in Figure H.16. The angular distribution

of the trigger is much broader, leading to easy rejection of almost all the

triggers. Beam-associated signals were seen by examining the low energy

component of the spectrum.
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Chapter HI -

Data Analysis

By examining the experimental results as indicated by Figure H.14, it be-

came evident that a minimum energy cut of 1 GeV was necessary to reject

the triggers caused by the beam associated “skyshine" background. Since

the hypothetical X particle beam was expected to be well collimated, the

cosmic rays could be easily rejected by examining the angular distribution

of the trigger and requiring the trigger to be in time with the beam. As the

X particles might decay into electron-positron pairs or photons in Hight, the

candidates of interest would have the signature of a single or double showers

pointing from the beam dump to the detector with very small angles.

After the final run the data were analyzed with the following procedure:

Firstly, the data were processed with a very mild cut, only requiring that the

data should be within the 2 psec gate of the beam spill and that the energy

should be greater than 1 GeV. This simple procedure immediately removed

~ 75% of the data. For example, for the Hnal 20.4 Coulombs run, out of

~ 23, 000 events recorded on magnetic tapes, only ~ 6, 000 of them survived

the cut. The remaining triggers were then examined in great detail on a high

44
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resolution graphics terminal (CGC 7900), together with other information

such as total energy, timing, etc. The pulse height information from all

the CCD’s on one side of a chamber were combined together, and each

display showed the x- or y- view of the combined pulse trains from all the

chambers. Figure HI.1 is a typical event display. From the display one could

immediately see the track in each view as well as the shower development

along the track. This enabled us to recognize immediately that the majority

of these events were caused by either muons (which deposited an almost

equal amount of energy in each layer of the chamber), or by cosmic ray

showers (which had very large angles relative to the beam direction). After

this computer·aided scan, where events which were observed to be grossly

nondirectional were rejected, 189 events remained. The angles of these

events were calculated by using the information from the MWPC’s and

after cuts, requiring vertical and horizontal angles less than 300 mr, 24

events remained. Only one event was found within a resonable {iducial

region of horizontal angle less than 100 mr and vertical angle less than 30

mr, which were the approximate angles subtended by the earth shielding

as seen by the detector. From the MWPC data alone, this surviving event

could be regarded as a cosmic ray pointing toward the beam dump. But

the trigger energy was less than 2 GeV which was too low for a cosmic

ray shower. Combining the information from chambers and scintillation

counter, this event could be understood as a muon radiating a photon in

the front portion of the detector and then penetrating all layers of the

detector. We thus ended up with no convincing candidate event.
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A second line of analysis was made to avoid the possible subjectivity

associated with the computer-aided scanning. In this alternative analysis

we raised the energy cut from 1 GeV to 3 GeV, requiring that the trigger

be within the 2 psec gate of the beam spill. To reject the large angle

showers, we required that at least 2/3 of the energy be within a single row

of scintillation counters. Only 36 events passed these criteria; and they

overlapped the preceeding 189 events obtained from the computer-aided

scan. Again this led to no candidate events.

For the earlier run with 9.6 Coulombs of 20 GeV electrons dumped,

the detector was smaller, 2 m x 3 m, as described above. Using the same

method of analysis for 5,586 triggers written on magnetic tapes, no candi-

date events were found.



Chapter I V

Discussion of Results

Although the axion-like particles and photinos were not found in the SLAC

E137 experiment, the experimental results are useful in astablishing limits.

We will describ-e below how these limits were obtained.

IV.1 Axion-like Particles

In the SLAC E137 experiment, it was assumed that the axion-like particles

could be produced by electrons, positrons and photons in the electromag-

netic shower initiated by a primary 20 GeV electron beam interacting with

water. They could be produced in the following four processes: the ax-

ion photo-production via the Primakoif efl'ect[24], the electron or positron

bremsstrahlung of axions[25], the axion resonance production in the anni-

hilation of a high energy positron with an atomic electron, and the anni-

hilation of a positron with an atomic electron into an-axion and a photon.

The production cross sections are given in Appendix B. The Feynman

diagrams for these four processes are shown in Figure IV.1. It was also

48
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Figure IV.1: Feynman diagrams of the production process of the axions
and photinos. (a) Photon-production of axions via the Primakoff effect. (b)
Electron or positron bremsstrahlung of axions. (c) Annihilation of an elec-
tron·positron pair into an axion and a photon. (d) Resonance production
of axions in the annihilation of an electron—positron pair. (e) Annihilation
of an electron-positron pair into two photinos via selectron exchange.
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assumed that the axion-like particle could decay into a pair of photons, or

an electron—positron pair if its mass is heavier than twice the electron mass.

Since the decay of the axion is characterized by two parameters, Fx and

mx, all the axion production cross sections and decay rates are functions of

Fx and mx only. In addition, both the production cross section and decay

rate are proportional to FAT'; hence the calculated detection rate of the

axion is a function of Fx and mx, and is proportional to F}‘. With 95%

conüdence level, the calculated rate should be less than or equal to 3 events,

given that no axion was observed in this experiment. Figure IV.2 shows

the lower limit on Fx obtained from this experiment for the axion decaying

into two photons as a function of the axion mass. Figure IV.3 shows the

lower limit on Fx for the axion decaying into an electron-positron pair as

a function of the axion mass. The axion lifetime rx is proportional to F§,

and the lower limits on mxrx are also obtained as functions of mx, which

are shown in Figures IV.4 and IV.5. Details of the calculations are given

in Appendix A.

From the fact that the axion is a weakly coupled, penetrating, and

neutral object, the interaction of the axion with material in the beam dump

is neglected in the rate calculations. Also in calculating the rate, a threshold

energy cut of 2 GeV was used. The expected energy spectrum of the axion
l

is proportional to the track-length distribution of the shower particles in

the beam dump. Figure IV.6 shows the track-length distribution of the

photons. One can see that more than 50% of the expected axion Hux with

energy above 1 GeV actually lies above 2 GeV. Thus the rate, which is
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proportional to the tracklength, is not inordinately sensitive to the cut in

energy.

A.s mentioned in the introduction, the axions we searched for are the

generic axions. Ifthe axion couples to the quarks, it could also be produced

in a proton beam dump. In fact, the recent CERN proton beam dump

experiment performed by the CHARM collaboration[28] covers the same

region in the Fx - mx space as this experiment did for the case of the

axion decaying into two photons or an electron-positron pair. The CDHS

experiment at CERN[27], in which the axion production mechanism was

similar to that of CHARM, also covers the same region. The comparison

of the three results in terms of the lower limit on the axion decay constant

Fx in the axion mass range of 50 KeV/cz to 210 McV/cz is given in Figure

IV.7. An axion with mass greater than 1 McV/cz will decay with bigger rate

into an electron-positron pair than into two photons. Therefore, the lower

limit of Fx set by the axion decaying into an electron-positron pair is much

higher than that set by the axion decaying into two photons. Although the

two CERN experiments give the similar lower limits on Fx to that of the

SLAC E137 experiment, they cannot exclude the possibility if axions can

only couple to electrons or photons. This experiment gives the first limit

on Fx, for the case of axions which only couple to photons. This limit is

shown in Figure IV.2 for the case in which the axion is produced by the

Primakoif mechanism and decays into two photons.

The PQWW axion of mass in the 100 KeV/c’ range was of interest

a few years ago. The mass of the PQWW axion can be estimated to be
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50N KcV/cz, where N is the number of quark families[7-9]. This kind of

axion can only decay into two photons. One can relate the PQWW axion

lifetime to that of the generic axion lifetime. Therefore, the limit we give

here can also be translated into a limit for the classical axion. Details are

given in Appendix B. Figure IV.8 shows the lower limit of the PQWW

axion lifetime from this experiment. It can be seen that the sensitivity of

this experiment to the light mass PQWW axion is somewhat marginal.

IV.2 Photiuo (5)

A pair of photinos could be produced in positron annihilation with an

atomic electron via exchange of a selectron [36] as shown in Figure IV.1.

The positrons were those in the electromagnetic shower initiated by 26 GeV

electron beam in water. The photino could decay into a massless goldstino

and a photon. Only the photon can be detected. Experiment E137 is the

ärst one that proposed the search for light mass photinos. Its production

cross section is lower than that for the e+c" colliders by a factor of ~ 10‘.

However, the luminosity for this Hxed target experiment is higher than that

for the e‘*°c° colliders by also a factor of ~ 10‘; therefore, this beam dump

. experiment is very competitive.

The photino production cross section and decay probability depend on

a few unknown parameters which are the photino mass, selectron mass,

and the supersymmetry breaking scale, dm. Our experimental results can

provide a lower limit on the parameter, dl/2, as a function of photino mass,

parametrized by the selectron mass, as shown in Figure IV.9. Details of
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the calculation is given in Appendix A.
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Appendix A

Calculations of Event Rates

The event rate calculations for experiment E137 were handled by a Monte-
(

Carlo program. The procedure is described in the following.

After the 20 GeV primary electron beam from the accelerator reached

. Beam Dump East, it interacted with water contained in the aluminum ves-

sel producing electromagnetic showers. The shower particles would interact

with water again, producing axions and photinos. The axions and photinos

would be detected if they decayed in the air space in front of the detector.

The program took the tracklength distribution of the shower particle as

the input to calculate the axion production spectra. Then, it followed each

axion (with given energy and direction) to the axion decay vertex position,

and then weighted the a.xion event with the production and detection effi-

ciency at that particular location. The total detection rate was obtained by

summing up the results for all the axion production energies and directions.

For simplicity, we describe here only the calculations for the second

experimental run with the 3 m x 3 m detector. The 3 m x 3 m detector

was described in the computer program as a mosaic of 144 small pieces.
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Each piece of the mosaic has a dimension of 25 cm x 25 cm, which is much

larger than the spatial resolution of the detector (~ 3.6 mm). For the case

of 2 m x m detector used in the first experimental run, the same analysis

program was used but with a different mesh.

The energy distribution of an electromagnetic shower can be described

by its tracklength. The tracklength per unit energy is deüned as

ä =
[lm

dt1r(E,t), (A.1)

where 1r(E,t) is the average number of shower particles with energy be- _

tween E and E+dE at depth t in the dump. The tracklength distributions

of photons, electrons and positrons were calculated by utilizing a Monte-

Carlo program, EGS, developed at SLAC[46]. This program is designed

to simulate electromagnetic showers in various geometries and at different

energies. In this case, the particles were produced by the 20 GeV electron

beam interacting with water in the Beam Dump East. From symmetry con-

sideration, only the distributions of those shower particles aimed at the 36

mosaics of the first quadrant of the detector were computed. It turned out

that 33% of photon tracklength, 23% of the electron tracklength, and 11%

ofpositron tracklength were aimed at the 50 cm x 50 cm area, consisting of

four "small" detectors, at the center of the detector. The minimum energy

cut was 1 GeV. The tracklength distribution for each “small" detector was

calculated separately, and was sliced into 1 GeV bins. The shower particles

within a AE bin and within a "small” 25 cm >< 25 cm detector of solid an-

gle A0 were considered as "mono-energetic” and “mono-directional” , with

energy equal to the central value of each bin (E = 1.5,2.5, ...,19.5 GeV),
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and direction aimed at the center of the “sma1l" detector. Therefore, for

each type of particle, the distribution that we calculated was the diiferential

tracklength defined by
d2L

Figures A.1, A.2 and A.3 are the histograms of the tracklength distributions

for the four central “small” detectors covering a total area of50 cm x 50 cm.

Once the photon, electron and positron spectra in the beam dump were

known, the mechanisms for production of X particles were considered. Ax-

ions can be produced by the following four processes: the Primakoff pro-

duction of axions by photons[24]; “bremsstrahlung” of axions by electrons

or positrons in the scattering process[25]; annihilation of a high energy

positron and an atomic electron in the beam dump into a photon plus an

axion; and the resonance production of the axion in the annihilation of a

high energy positron and an atomic electron. Details of the production

mechanisms are given below. Calculations for the ürst three production

mechanisms can be carried out by the same procedure, we will describe

them first. Discussion of the production of axions by resonance mechanism

will follow afterwards.

The axion fiux of the first three production processes were calculated

by the following method. Using the production cross sections for the axion

with a given mass, the energy spectrum of axions for each “small” detec-

tor was obtained for each "mono-energetic” , "mono-directional" secondary

beam (i.e. the beam of shower particles) by integrating over the total ax-

ion production solid angle AUX subtended by the “small” detector. This
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integration was carried out by using a numerical integration subroutine.

Summing over all the secondary beam directions (and energies in the case

of bremsstrahlung production) we obtained the 144 axion energy spectra,

one for each "small" detector, for each production process. The axion en-

ergy spectra were also sliced into AE, = 1 GcV bins, and for each “small”

detector the axions within each energy bin AEX were considered as “mono-

energetic” and "mono-directional”, with energy equal to the central value

of each bin and directed at the center of the "small” detector. The min-

imum energy cut was 2 GeV and the axion energy Ex took the values of

2.5, 3.5, ..., 19.5 GeV. Since all the axion production cross sections are

proportional to F}2, this quantity was factored out. In other words, the

axion energy spectra were calculated with Fx = 1.

The cross section for the Primakoffproduction mechanism is a function

of both the axion production angle with respect to the photon direction

and the photon energy. In the Primakoü mechanism, the axion energy is

approximately equal to the photon energy. Therefore, we only need to sum

over all the photon directions to get the desired axion iiux. The differential

axion Hux is given by

where Ex = E7, p is the density of the water, NA is the Avogadro number,

A is the molecula.r weight of water, df}; is the differential solid angle for

axion production, N is the total number of electrons in the primary beam,

and L is the photon tracklength.

In the cross section for the Primakoff production mechanism, the form
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factor of the target (which is a function of the four momentum transfer

squared t) is involved. The quantity t represents the scale of the interaction.

Depending upon the size of t*/3, either the atomic form factor or the

nuclear form factor has to be used (note: t is deüned as positive here).

For example, for a distance corresponding to the Bohr radius (~ 0.53 ><
10'3 cm), t is approximately equal to 1.6 ><

10*‘
(GcV/c)3; for a distance

“
corresponding to proton radius (1.2 >< 10*3 cm), t is approximately equal

to 2.56 x 10* (GcV/c)3. In the Monte-Carlo calculation, the form factor

was switched from atomic form factor to nuclear form factor at t = 3 ><

10* (GcV/c)3. This arbitrary division was just for the convenience of

calculation, it did not introduce numerical error. The expressions for the

form factor we used are given in Appendix B.

For a given secondary beam direction 0+ and energy E+, the cross sec-

tion for axion bremsstrahlung is a function of axion production angle 0X

with respect to the secondary beam direction, and axion energy EX. There-

fore, we need to sum over all the secondary beam energies and directions

to get the desired spectra. The diiferential distribution of axions is given

by ——“”Fi'}§‘,EZ.”’ä„‘;“”’
= äm//In

the above expression, L is the tracklength of either electron or positron.

In order to do the integration of the axion cross section over the axion

solid angle, 0X, we had to calculate a function X, which is related to the

form factors, in terms of E+, Ex, and 0x. The expression for X(E+, Ex, 0;;)

is deüned in Appendix B. For each E+ a.nd EX, the function X was calcu-
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lated at 240 different 0;; values, ranging from 0 to DD/d, where DD is the

diagonal dimension of the detector and d is the distance from the Beam

Dump East to the detector. They were then interpolated into a continuous

function of 0;;.

The annihilation production cross section is a function of the axion

production angle, fl', in the center of mass frame, and positron energy

E+. The axion energy E;; is determined by these two parameters. The

expression for the differential axion Hux is

—"‘—‘üFi‘Z;§Ä§nx) = §*"·^’”·/5"+(—$. (**5)
where dfl' is the differential solid angle for axion production in the center of

mass frame, dfb; is the differential solid angle of the axion in the laboratory

frame, N, is the total number of electrons 111 one water molecule, and L is

the positron tracklength distribution.

The final step was to consider the detection eiiiciencies for axions. The

axions produced in the Beam Dump East were followed through the shield-

ing (179.02 m long) and into the decay space (204.12 m long) in front of

the detector. The efficiency for detecting an axion at a distance x from

the beginning of the dump is the axion decay probability at x multiplied

by the geometrical acceptance of the axion decay products. To a good ap-

proximation :1: < A, where A is the axion decay length, and therefoer the

decay probability of an axion at distance x from the beginning of the dump

is independent of the distance, and is given by

am
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If the axion decayed inside the dump and the earth shielding, the electrons

and photons would be absorbed, resulting in zero detection efficiency. Ne-

glecting the interaction of axions with the dump material, the detection

efliciency 11 of an axion with given energy and mass becomes an integral of

the geometrical acceptance 17' (Exp;) over the axion decay vertex position

:1: along the flight path in air. The flight path, I, is determined by the

direction of the axion momentum. The efliciency is given by

7](Ex,nx) = §Äd:z:17'(EX,:1:). (A.7)
u

Because of the collimation of the axion beam and the symmetry of the

detector, it turned out that we have to calculate only the detection efficiency

for axions aimed at the first halfof the first quadrant of the detector, which

is a triangle consisting of 21 “small” detectors. For each “small” detector,

the detection eüciency for an axion aimed at the center was computed. In

order to reduce the calculation time, we calculated only the geometrical

acceptance at 75 positions along a flight path, i.e., the integration was

reduced to a summation of the 75 values For axion decaying into electrons,

1 the efficiencies were calculated at nine different axion masses, ranging from

1.1 MeV/cz to 200 G¢V/cz, and at 12 different axion energies, ranging

from 2 GeV to 19.5 GeV. Using the Lagrangian interpolation procedure,

the detection efficiency was made into a continuous function of the axion

energy. Noticing that for the axion decaying into two photons, the eüciency

is in fact a function of 7 = Ex/mx. Efficiencies were calculated at 112

diferent values of 7, ranging from 2 to 103°. The Lagrangian interpolation

method was also used to make the efliciency into a continuous function of
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7. At a later stage, when combining the axion {lux with the efliciency to

obtain the event rate, the values of 7 were translated into the axion energy

for each fixed axion mass.
For a given position on a Hight path, the geometrical acceptance of an

axion is defined as the probability of detecting at least one of the decay

products. In the center of mass frame, the electron-positron pair or two

photons from the axion decay have the momenta equal in magnitude, but in

opposite directions. When they are Lorentz transformed into the laboratory

frame, their polar angles, 0; and 02, are different from the values in the

center of mass frame, but their azimuthal anglss, ¢• and ¢ + vr, remain the

same. Therefore, two decay products of the a.xion were described by two

concentric circles in the detector plane, with their radii given by

Y1 = R01, Gfld Tg =

RHZ,whereR is the distance from the axion decay vertex position to the detector

plane. We calculated the percentages of the circumferencos of these two

circles lying outside the detector. The product of these two percentages

was taken as the probability for detecting zero axions, P„,. The geometrical

acceptance for detecting an axion is given by

P(0') = 1 — P„,(0°), (A.9)

where 0' is the polar angle of one of the decay product in the center of

mass frame. The value of 0° was generated by a random number generator

which W8.8 evenly distributed between 0 and vr. The generator was called
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75 times for each axion decay position. The Hnal value of the geometrical

acceptance was obtained by averaging the 75 different values of P(0°).

Since the elüciency is proportional to «\", (which is proportional to

Fjz), the dependance of Fx was factored out in the calculation. For an

axion with a given mass, the event rate in the “small” detector was the

summation of the products of the axion Hux and the detection efficiency at

different axion energies, Ex. The total event rate was obtained by summing

up the rates for all 144 “small” detectors. It is given by

fdtt = (A.1Ü)

The dependance of the rate on the axion decay constant Fx was reintro-

duced by multiplying the final result by a factor F}?.

For axions decaying into two photons, the event rates were calculated at

13 different mass values, ranging from 50 KcV/
c’

to 200 McV/cz. For ax-

ions decaying into an electron-positron pair, the event rates at nine different

mass values were calculated, ranging from 1.1 McV/cz to 200 McV/cz.

To calculate the total cross section for axion resonance production in

the annihilation of a. positron with an atomic electron, the Breit-Wigner

resonance formula was used. The cross section is a function of the axion

energy E° in the center ofmass frame. Since the axion decay width is much

smaller than the step size of E', the total cross section was taken as a delta

function, _

0(E°) = (Arca)o6(E' — mx), (A.11)

where (Arca)0 is the energy integral of the cross section. For a given axion

mass, we have a mono-energetic axion Hux over the entire positron energy
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range. The diH°erential axion Hux is given by

= %NAN,%(Area)o, (A.12)

where the positron energy has the value

E,.Thecross section is also proportional to the Fig, which was factored out

in the calculation.

The annihilation of high energy positrons with atomic electrons in the

beam dump may also produce photinos through the exchange of a se1ectron[36] .

Details of the photino production mechanism are given below. The photino

production cross section is a function of the positron energy, E+, and the

photino production angle, 0*, in the center of mass frame. The photino

spectrum was calculated in exactly the same way as that for the axions

production process by electron and positron annihilation, except that the

photino production cross section is proportional to
m;‘

(mg is the mass

of selectron). Since the photino decays into a goldstino and a photon[35],

and only the photon can be detected, the geometrical acceptance for the

photino is deüned as the probability of observing a photon from the decay

of a photino in Hight. The geometrical acceptance for a photon from the

photino decay is calculated by a procedure similar to that of axion. The

minimum energy cut for the photon was 2 GeV. The detection efiiciency

was calculated at 11 diH°erent values of photino mass, mq, ranging from

100 KeV/c' to 65 MeV/cz; and at 12 different values of positron energy,



84

ranging from 2.0 to 19.5 GeV. To first order the detection efüciency is

proportional to the parameter, d", and it was factored out.

Finally, the photino fiux was folded in with the detection efficiency to

arrive at the event rate. The event rates were calculated at 11 different

values of photino mass, ranging from 100 KeV/cz to 65 M¢V/cz. Also

the event rates were parametrized by two quantities unknown yet, the mg

and the supersymmetry breaking scale dl/2. The dependance on the two

parameters take the form of multiplicative factor.

The axion (photino) event rate calculated here was the average num-

ber, FE, of axions (photinos) that could be detected in the beam dump

experiment. In principle, the number of axions that can be detected in

an experiment has a Poisson distribution, if the event rate is small. The

probability of detecting n axions in one experimental run is given by

P;(n.) = ·i—'ge'E, n. = 0, 1,2, ..., (A.14)

and the average number, FE can be obtained by running the experiment

many times. From one experimental run we do not have enough information

to get the distribution of n, to determine E with certainty. However, we

can find an upper bound that the true value of E will lie in the region

(0,17) with a speciäed high probability (confidence level) 1 — a. The upper

bound W- is determined by the equation,

1 — cz = 1 —
ii Py(n), (A.15)«•=0

where ng is the number particles detected in an experiment. In this exper-

iment no candidate event was found, therefore ng = 0. This leads to the
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upper bound = 3 at 95% conlidence level. Since F)? oc E for the axion,

and d" oc TE for the photino, this limit was translated into a lower limit for

Fx and x/d at 95% conüdence level. They are shown in Figures IV.2, IV.3

and IV.9.

The formulae used for calculating various production processes are sum-
‘

marized in Appendix B.



Appendix B

Formulae Used in Event Rate Calculations

B.1 Primakoß Production

The Feynman diagram for the Primakoff production mechanism is shown

in Figure IV.1(a). The cross section for the photo-production of axions via

the Primakoifmechanism[24] is given by
do P 02—- = 8 — F t * -—-l, B.1dn

“„.;,' (ll (6=+6=)=
‘ l

where
I‘

is the axion decay width, F(t) is the form factor of the target, 0

is the axion production angle with respect to the photon direction, and t

is the four momentum transfer squared, approximately given by

e ¤ F:§(0* + 6*), (B.2)

where the parameter 6 is defined by

6 = li2 E2
Also to a first order approximation, the axion energy can be approximated

by
EX

Z86
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Because the axion is predominantly produced with the low momentum

transfer of the target, it suffices to consider only the atomic form factor

and the nuclear elastic scattering form factor. For t $ 3 >< lO‘6 (GcV/c)2,

the atomic form factor[47] was used. It is given by

2: a'2:F t 2: Z2 °· 2 Z 2 _I ()I (,1,,+1) + (,1,,,+1), (B4)

where for hydrogen,

122.8 , 282.4
G = , G —= •’

m, m,

and for oxygen,
Z—1/3 -2/3

a = 111—, a' = Wal.
m, m,

For t > 3 ><
10”‘

(GeV/c)2, the elastic nuclear form factor was used. For

protons, the electric dipole form factor was used[47]. It is given by

tF : = 1 — *2. 1-3.6( ) ( + 0,.1) ( )

For oxygen nucleus, the form factor is given by[48]

' aät —a't/4F(:) = z(1 — ?)¢ ¤ , (B.6)

where 0.0 = 8.79 (GcV/c)“‘, and t is in the unit of (GeV/c)2.

B.2 "Bremsstrah1ung” of Axion in Electron Scattering _

When an electron (or a positron) is scattered from nuclear targets the

a.xion can be “bremsstra.hlunged” from an electron (or positron)[25]. The
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Feynman diagram for this process is shown in Figure IV.1(b). The cross

section is given by

d20(E+,EX,Üx) _ a2a, E,. {$3 _ 27Tl§(I2(1 — 1:)
+:12,,110,, 1: U= X U

Zmgr 2 1 _ 2 2 3 1 _ B 7U, Imx==( z) + maß ( ¤=)I}1 ( - )

where E,. is the incoming electron or positron energy, EX is the outgoing

axion energy, 0;; is the angle between the axion and the electron (positron)

directions, X is used to calculate the photon flux in the one-photon-exchange

approximation process, and

_ 1 m, 3G. —
47|'

(Fx) 2

, - &
E+

,

2 1
_

U = EÄIÜZ +11131The
function X is related the structure functions, W1 and W2, of the target

in the deep inelastic electron scattering[47]. At low momentum transfer, the

electron scattering process can be regarded as photo-production reaction.

The “equivalent” photon Hux can be approximated by that produced by an

electron passing through a "virtual” radiator of thickness (3/4)(0z/1r)X r.l.

The expression for X is given by
‘•r

Ü — Ü ·x=Ä _ dt I F(¢) I2 (Bß)
where t„,,,, is the minimum value of the four momentum transfer squared

as given by

¢ ~ = Il-? IB ¤>”“”
2E+(1 — 1:)

’ °
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and t„, is the upper limit of the integration. In the event rate calculation,

we have used

: — U (B 10)
This simply provides a way of reducing the computation time on the com-

puter, since the nuclear form factor decreases very rapidly at large values

of t. Thelvalue of t„,, is the same as that used in reference [25] to obtain

equation [21]. The function X is divided into two parts,

x = x1 + x2, (B-11)

where X1 is related to the atomic form factor, F[t), and is given by

. lg t
_

t .

X1 =Ä
·

dt [ F(t) [2 (B.12)

Here tl is equal to either t„,, or 3 >< 10" (GcV/c)2 depending upon which

one is smaller. The function X2 is nonzero only when t„,, is greater than tl.

It is related to the nuclear form factor. For proton, X2 is defined as

_ /¢•,
fg (t — t,„;„)[1 + 1'(pä — 1)] + 2tm;„T}.Lg

(B 13)X2 tx t2 (1 + t/0.71)* °

where 1:,, = 2.793 is the anomalous magnetic moment of proton and ·r =

t/(4m;). For oxygen nucleus, X; is equal to either X" or
X"'“"‘

depending

upon which one is bigger. The quantity X" is related to elastic nuclear form

factor of oxygen, F(t), as given by

fg t ... t .
X=' = Ä

’
dt | F(:) (2 (B.14)

1
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The quantity
XQ“‘"‘

is related to the quasi elastic nuclear form factor of

oxygen,

. ¢•» C' (t) 1 + #21* 1*‘='“°"
= dtl-—-—— t—t- Z--2 A—Z 2-X Ä, (1+t/O.71)‘{( """)[ 1+r +( )""1+«·]+

2t,,,,„[2#},1* + (A — Z)#},1*]} (B.15)

where #„ = 1.91, and it is the anomalous magnetic momentum of neutron,

and C(t) is the Pauli “suppression” factor as given by

1C(t)={

111 1 2.1 h ·;Pf[ — ot erwise. ~

In the above expression,
t2Q * @2:1 + ‘·

and P; = 0.25 GcV.

B.3 Production of Axion by Electron and Positron Annihilation:

c+ +
c‘° —» X + 7

The Feynman diagram for the production of axions by electron and positron

annihilation is shown in Figure IV.1(c). The cross section is given by 1

do 1 2 1 m} °——-———— = — — —— 1 — 0° Ü' ”1
.d(c0S0_)

2g ßcos )(1+ßcos (B 16)

where g = m,/Fx, S is the center of mass energy squared and is given by

S = 2E+m, + 2M}, (B.17)

0° is the polar angle of the axion in the center of mass frame, and
mz

z 1 — 2—€.
ß S
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The axion energy in the laboratory frame can be expressed as

1Ex = + mg;) + (S — m§)ß cos
0‘].

(B.18)_ 4m,

This cross section has an infrared divergence. Therefore, a low energy cut

of 3 MeV was applied to the photon in the center of mass frame in order

to avoid this diiiiculty.

B.4 Resonance Production of Axion in Electron and Positron

Annihilation

The Feynman diagram for resonance production of axions in electron and

positron annihilation is shown in Figure IV.1(d). The Breit-Wigner res-

onance formula was used to calculate the total cross section. It is given

by
2F /4

E° = „, —-—-——i, B.l9¤( ) ¤¤·(E,_mx),+1„,/4 ( )
where E' is the axion energy in the center of mass frame; mx, the axion

mass;
I‘,

the total axion decay width is given by

I‘
= I‘x.,,+,— + 1‘x.,„,.,, (B.20)

and 0,,,,,, the peak cross section whose value depends on the particular

axion decay channel being considered. For an axion decaying into two

photons, the cross section is expressed as the following equation,

47l’G
= ————l-—-—-, B.21°"‘ ’ E·2 (26, + 1) (2.6, + 1) F2 ( )
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where J is the axion spin (which is equal to 0); sa and sb, the spins of

electron and positron, respectively. For an axion decaying to an electron

and a positron, it is defined as,

41r (2J + 1) 1*} + -ma : -—-———-————l'L-_ B_22U
°

E•2
(2.6, + 1)(2s;, + 1)

I‘2 ( )

The axion energy in the laboratory frame is given by

EX = E+ + m,, (B.23)

where E+ is the positron energy. The axion energy in the center of mass

frame is given by

E' = (/2m,E+ + mf. (B.24)

The total cross section is given by

%

(Arca)0 = dE°0(E')
*X

= %I"o„,„. (B.2s)

B.5 Production of Photino Pairs

The photino pair can be produced by a high energy positron from the elec-

tromagnetic shower inside the dump interactingwith an atomic electron[36].

The Feynman diagram is shown in Figure IV.1(e). The cross section is given

bv
do 0:25— = — 1 2 0: 2 B.2dn,

1wherem; is the selectron mass; ß, the P-wave factor, is defined by

4m2
ß = (1 —— —?”l)‘/2,

(B.27)
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and S, the center of mass energy squared given by

S = 2E+m, + mf. (B.28)

The photino energy in the laboratory frame is given by
l

S 4m2 _
ß(1 0,). (B.29)

B.6 The Decay Probability of the Axion and Photino

If the axion like particle decays into two photons, its lifetime is given by[l]

641r3 F}

where FX is the decay coupling constant; and if it is heavier than two

electron masses, then the a.xion should also decay into an electron-positron

pair with the lifetime given by[l]

87fF}
Tx-•g+g'

‘

•Ifa photino decays into an electron and a goldstino, the lifetime is given

bv[35l
81rd’

., = ——— B.32T6 a+« mas » ( )

where x/Ü is the supersymmetry breaking scale.

The decay length, «\, is defined as

P
A = ier, (B.33)

mx
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where PX is the momentum in the laboratory frame. The decay probability

of an X particle at a distance, x, from the beginning of the Beam Dump

East is given by
d

Since no event was observed in this experiment, the decay length of an

axion could be much longer than the distance between thedetector and the

beginning of the Beam Dump East, 2:/Ä << 1.0; therefore the approxima-

tion,
da:

P(1:)d:z: z T, (B.35)

is adequate, and it permits us to factor out the decay coupling constant,

FX, in the rate calculations. .

B.7 Lifetime of the PQWW Axion

For the PQWW axion, with mass in the range from 100 KeV/cz to 400

KcV/cz, the lifetime is given by[8,9,12]

T = T „ (@‘S)3·l (B 36)a—•2·1 er —•2·1
ma

zu ·

where z is the ratio of the u quark mass to that of the d quark; 1*,6.,2.,, the

neutral pion lifetime, given by

64 3 Z

and f„, the pion decay constant. The axion mass is given by

ff 1 Z1/2
= — N - — B.38
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where $ is the ratio of the vacuum expectation values of the “Higgs” scalar

fields, and N is the number of quark families. Combining equations B.36,

B.37, and B.38, we can relate the lifetime of the PQWW axion and the

lifetime of the axion·like particle by the following expression,

1 $2 (1 + z)2
.. = .. ——————————. B.39’“

*~ 'X ww (1 + xy z= ( l
In the rate calculations, the values used are N = 3, z = 0.56[49], and 2: = 1.






