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A search for new particles which might be produced by
photons of energy up to 18 GeV is described. No new particles
were found. Calculations of the Bethé-Heitler process are de-
scribed which make it possible to state that this experiment
would have detected non-strongly interacting particles whose

mass and lifetime lay in a definite range, did they exist.



I. INTRODUCTION

We have used the new Stanford Linear Electron Accelerator to search for
hitherto unknown elementary particles, particularly for particles which do not
have strong interactions. The basic idea behind this search was that through the
photoproduction of particle pairs, any charged particle can be created provided
it has an anti-particle and that there is sufficient energy in the incident photon.
The Stanford Linear Electron Accelerator provides for the first time an intense
source of high energy photons--up to 18 GeV in this experiment. The experiment
consisted of a momentum analyzed secondary beam and a pair of differential, gas,
Cerenkov counters which allowed particles of various masses in that beam to be
detected. We were particularly interested in looking for non-strongly interacting
particles, and provision was made separately to detect strongly and non-strongly
interacting particleslo

In any search for new pafticles, the method of search limits in some ways
the properties of the particles that might be found. This experimentwas sensi-
tive to chéxrged particles with lifelimes greater than 5 X 10~9 seconds, and with
a production cross section at least 10—7 times that of the muon. Within these lim-
itations, we have not found any new particles. We have made calculations, de-
scribed in this paper, of the electromagnectic pair production of particles of arbi-
trary mass and zero spin. The results of these calculations and those of Tsai
and Whitisl for spin 1/2 particles enable us to make the positive statement that
if such non-strongly interacting particles existed with a mass less than that of

the proton and a lifetime similar to that of the kaon, we would have detected them.



, II. GENERAL CONSIDERATIONS
ON THE EXISTENCE OF ELEMENTARY PARTICLES

In our mind, there are two basic problems in elementary particle physics.
One is to understand and to calculate how the particles interact. The other is to
learn what particles exist and to formulate rulés which limit the possible kinds
of particles. The two problems are related. This can be seen most clearly in
the case of the strongly interacting particles. The mesons and the numerous
short-lived particles which appear as resonances in the strong interaction seem

to he axﬂ intimate part of the interaction itself, so that one can expect that a cor-
rect théory of the interaction would also explain and predict the multitude of par-
ticles.

In the case of the particles which do not interact strongly, the situation is
very different. The only known particles are the photon, the electron, the muon,
and the two types of neutrinos. There is no understanding of why these particles
and no others should exist, although the electromagnetic and weak interactions
can be calculated. In particular, there is the puzzle of the existence of both the
electron and the muon, particles so dissimilar in mass yet alike in all other as-
pects. Because the interactions can be czilculated, it is possible to postulate the
existence of a new particle and to calculate its lifetime and its effect on known
processes as a function of its mass. Many authors have done this. 2 However,
all such calculations make the basic assumption that no radically new feature
enters into the interaction which could alter the vesult by orders of magnitude,
As an example only, congider ithe effect of strangeness on the strong interaction.
The muon-electron problem seems so little understood that some new concept as
unlikely as strangenes,cs was may be required for its solution. We therefore be-
lieve that experimental searches for new pérticles should not be inhibited by pre-
conceived ideas that short lﬁfetimevs are to be expected for masgive, weakly
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interacting particles. These ideas are based on our current understanding of
the physics involved. This is true also of estimates of the production of hypo-
thetical particles in specific processes. For example, the fact that K-mesons
are not observedv to decay into heavy muons3 means that according to present
understanding of the weak interaction, an exact analogue of the muon does not
exist with 2 mass intermediate between that of the muon and the kaon. This is
a restricted and specific statement. In the spirit of the foregoing argument, one
might then suppose that some additional selection rule or other restriction could
exist which would prevent K-meson decay to the heavy muon. It is possible, in
this spirit, to conceive of many other particles which might exist, but there is
no need to list them here. The purpose of this discussion is to point out that con-
siderations which are of great importance in predicting the effects of specific
modifications of present knowledge are limited.Experiments should go beyond the
range of such predi‘ctions, and be limited only by prerimental considerations.
The least specific production process which we can imagine is electromag-
netic paixf production: it requires ox;ly that the particles exist in charged particle-
antiparticle pairs. The production rate for this process can be calculated without
making further restrictions other than the assumption that effects arising from the
form-factor of the particle produced can be neglected, so that an experiment using
photoproduced particles has a known sensitivity for a general class of particies.
A direct search for the particle itself does not introduce any assumption about

specific decay modes.
III. OTHER PARTICLE SEARCHES

1. Experiments at proton accelerators and with cosmic rays

There have been many searches at proton accelerators, mostly unpublished,
for new, long-lived, strongly-interacting particles either in beams or in bubkle
> 5 &
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chambers. It is most unlikely that such particles exist in the mass range below

1/5 GeV. In the case of particles with no strong interaction, the most likely pro-
duction process is photoproduction by the photons from 7° decay. However, the
photon flux at such machines and in the cosmic radiation is low, and their path
length in the target (measured in radiation lengths) is small, so that one can con-
clude that such searches do not place a useful limit on the existence of non-strongly
interacting particles. The neutrino exper‘;111ents4 have placed lower limits to the
mass of the hypothetical intermediate boson, a particle of specific properties.

2. Experiments at electron machines

Coward et al, 5 have searched without success for particles with masses be-
tween 1 and 175 m . This search was basically similar to the present one in that
th‘e particles were photoproduced and detected directly. Definite limits were placed
on the mass and lifetime of any particles which could be pair-produced. A short
search has been carried out at CEA for particles of mass less than the kaon‘,6
again without success. Also at CEA, a scarch has been made for a lepton which
could be found in the process e +p —X -+ p, in which the recoil proton was n\‘o~

"
mentum analyzed and a search made for a bump in its momentum spectrum. '
Again, no new particles were found. These searches cover a limited mass range,

or rely on special processes to produce the particles, The present search was
y I

intended to cover a wider mass range in a completely general manner.
IV. PARTICLE PRODUCTION BY ELECTRONS

The principal process by which electrons produce secondary charged particles
in a thick target takes place in two steps. First, an electron radiates in the coulomb
field of nucleus. The secondary particles are then photoproduced at another nucleus
in the target by the bremsstrahlung. The direct electroproduction reaction

~ - +oe + - .
e + nucleus —e + nucleus+ X + X , where X and X are the particles produced,

i
1=
{



can be described as photoproduction by virtual photons. It has been shown by
Panofsky, Newton and Yodh8 that the spectrum of virtual photons associated with
an electron is equivalent to the real bremsstrahlung spect_rum which would be pro-
duced by the electron in a target of . 02 radiation lengths. We can therefore neglect
this process in a thick target. The photoproduction may be purely electromagnetic
pair production, or it may involve the strong interaction. In this section, we de-
scribe some calculations of the electromagnetic pair production of spin zero and
spin one-half particles at 0" in a thick target. The yields to be expected are pre-
sented as a function of the mass of the particle produced. These yields represent
lower limits for the production of possible new particles under the conditions of
our experiment. We have made a number of approximations which we estimate
will lead to an overall error of the order of 20% to 30% in the yields. However,
since the yields are a rapidly decreasing function of mass, the effect of such an
error is to change only slightly the upper mass limits of the experiment.

We will now calculate the photoproduction of a pair of spinless particles ofmass
M and unit charge. Consider first the simplest case, coherent pair production, >in
which the target nucleus remains in its ground state. The reaction is calculated
using the three Feynman diagrams shown in Fig. 1. k is the momentum of the
incident photon, E 1’ p1 and Ez,p are the energy and three-momentum of the

2
produced particles, Xland XZ' ry and r, are the initial and final values o‘f the
three-momentum of the target nucleus, which has mass M and charge Z. In this
experiment, we seavch for new particles produced at 0% 6 mr to the direction of
the incident electren beam. For particles above about 100 MeV mass, the cross

section is sufficiently flat in the forward direction that we can use the zero degree

value. The other particle has spherical angles (O ¢>2)with respect to the incident

9
photon direction. The differential cross tion in the laboratory system has the form
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The first term in the brackets is the phase space factor and the second term is

the square of the matrix element. W is the total energy of the recoil nucleus.
Eylk - py)

After averaging over the incident photon polarization, the matrix element squared

has the form

]2 72 sM> E? e® pg ' ( sin 6, )2
AlS = 2)
l 0 kz t2 E; 1 - 52 cos 62

The electric charge is defined by e2 = 47 where ¢ is the fine structure constant.
,82 is the laboratory velocity of X2 t is the square of the four-momentum trans-
ferred to the nucleus, defined by

t =(k—E1—E2)2 —-(k—pl—pz

Inserting Eq. (2) into Eq. (1) and integrating over ¢, yields

-
: 2 3
5) o[l s
ao. dp I Akl B 3.2
1" goNucleus, N. F. F. K K”E; (Ey+W)(L-Dcos 92)(

0 -
(3)

for the production at zevo degrees of a spin zero particle. The subsecript N. F. ¥.
means that no form factor is included.

Consider the production of m = 0.2 GeV particles by a 15~GeV photon, As
92 increases from 0°, the overwhelming variation in the integrand is in the last
two terms. The first term, which is mostly the phase space factor, decreases
by 4 percent as 62 goes from 0,0 to 0.2 radians. But ltl increases from 6X 10—3

2 2 . . . . a4 o
(GeV /cy” to about 1.2 (GeV/e)™, which by itself leads to & 4>10" decrease in the

integrand. The third term is 0 at 0° and reaches a maximum af cos 92 = ,82 .
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In fact, the integrand is reiativeiy large only in the region where the growth of
the last term toward its maximum is not yet cénceled by the 1/ tz term. Thusthe
cross section is due primarily to the small four-momentum transfer part of the
reaction, .01 to .2 (GeV/c)2 in this example.

In the production of much heavier particles, say m > 0.5 GeV, the major
variation in the integrand of Eq.(3) is in the last two terms, as before. However,

t

we find that we can no longer have very low values of [t|. It is easy to see this
by considering a very heavy target of mass much greater than the incident photon

energy. Then the minimum four-momentum transfer squared is:

o - _omt?
Imin 4p§(k _ p1>2

and Mmin is proportional to the fourth power of the particle mass. The second
cblumn of Table I gives ltlmm when beryllium is the target and we have used a

15-GeV incident photon to produc.e a 9-GeV/c momentum particle. As m goes

from .105 GeV to 2.0 GeV, ltimin changes by a factor of 105.

Since t2 enters in the denominator of Eg. (3) and most of the integrand comes
from small lt‘ values, we musl expect a strong mass dependence in the cross sec-
tion. This mass dependence is illustraled in the third column of Table I. The
cross section, divided by ZZ, calculated from Eq. (3)>for production of a
.105-GeV mass particle at 9 GeV/c and 0" by a 15-GeV photon on beryllium is
7.3 % 10_30 cmz/sr, GeV/c. Fora 1.0-GeV mass particle under the same
conditions, the eross section, divided by Z2, is 2.6 X 10_34 cmz/sr, GeV/ec.
Thus, even in the simplest case of the production of spin zero particles
from a point nucleus, there is strong mass dependence. The finite size of

the nucleus is taken into account by multiplying the cross section by the square
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of the nuclear form factor. For beryllium, we obtain

.__(_i_z_g._) = (__@Eg____) X (.___..___];.__*___>2 (4)
de,dp, ; d2,dp; 1+26.7|t]

% Nucleus 0° Nucleus,N.E.F.
Since Mmin increases with the mass of the particle produced, the form factor
reduces further the cross section for the 'production of massive particles. In
column 4 of Table I, the cross section of column 3 is shown, but now with the
effect of the nuclear form factor included. For a particle of 1-GeV mass and
9 GeV/c momentum, photoproduced by a 15-GeV photon, the form factor depresses
the cross section by a further factor of 10.

This reduction of the coherent pair production requires the consideration of
incoherent pair production which results from the interaction of a photon with an
individual nucleon in the nucleus. In this process the form factor of the nucleon
must be considered. But the nugleon form factor is less |t| dependent than the
nuclear form factor. Therefore, as the mass of the particle produced increases,
the incoherent production becomes more important. Equation (5) gives a slightly

‘ V.Sviﬁli)].ified fOI’;‘J.'l;LﬂElgf(r)ul‘wi:he prodﬁction cross section ofé prair-of spin zero i)ar— A
ticles on a free proton, in which some terms which are only important for
\t\ >1 (GeV/c)2 have been neglected,
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Comparison of Eq. (5) with Eq. (3) shows the following differences. Of course,
2 . . ",
7 has been dropped. The last term is now more complicated and contains the

nucleon form factors GE and GM' We replace GE and GM by the formulae

Gy
) 1 .
(1 + 1,41 [t])

E 2,793

where ‘t}is in (GeV/c)Z, With these substitutions, we have calculated the cross
section for the production of spin zero particles on a free proton. For the case
V of a 15-GeV incident photon producing a 9-GeV /c particle at 0°, we have given
the results in Table I in the last coluran. For masses less than .5 GeV, the free
proton cross section is almost the same as the nuclear cross section (divided by
Z2) without the nuclear form factor. As the mass increases, the nucleon form
factor begins to reduce the proton cross section. But its éffect is much less
drastic than the effect of the nuclear form factor on the nuclear cross section.
Therefore, for masses above .5 GeV, the incoherent cross scction gains in im-
portance over the coherent.

Incoherent pair production can take place upon neutrons as well as protons.

To calculate this, we have used Eg. (5) with GE‘ = 0 and GM given by

M = 1 )
L9131 t])?
The total production, ccherent and incoherent, is calculated by Eq. (7).
<d20 ): (z2~z>{ o > Z<i2L>
dgldpl 0° Zz - \dﬁldpl 0°, nucleus | 4190y 0°,proton
(7)

d
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The term(Zz - Z>/<Z2> which multiplies the cohérent cross section, is a rough
way of taking into account the effect of the Pauli principle on the incoherent
production.11 We have used the elastic form factors of the nucleon for GE and
GM. However, the break-up of the nucleon can also contribute to pair production.
Unfortunately, there are as yet insufficient data to allow this to be calculated,
and we have therefore neglected it.

All of the foregoing discussion applies to spin zero particle production. To

see the effect of the spins of the produced particles, we will consider the case of

the cohérent production of spin 1/2 particles at 0°, We obtain12

T

9 3
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If we compare this to Eg. (3), we see that the spin effect is given by the additional

,_,1a$,t, two terms. Table II shows the effect of these terms by giving the ratio of
(dzo/dﬂl dpl> for spin 1/2 to (dza/dﬂldpl> for spin 0, both produced coherently onberyl-
lium at 0°. The calculationincludedthe nuclearform factoras givenin Eq. (4). The ratics
giveninthetablearefor 10to 18 GeV ingident photons and a 9-GeV/c momentum secondary
pal'tiéleo Whe‘n the photon energy is greater by several GeV than the energy of the
produced particle, the factor is 2.5 or so. But as the photon energy approaches its
threshold value, the factor increases. When the bremsstrahlung spectrum is taken

into account, the spin one-half production is 3 or 4 times the spin zero production

at low masses and and about 2 times at high masses.
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To get the 0° yield of particles from a thick target, we must integrate Eq. (7)
over the bremsstrahlung spectrum and the target thickness. The bremsstrahlung
spectrum in a thick target has been discussed thoroughly by Tsai and Whitis.l
For those photons radiated directly by the incident electron (first generation photons),

they deduce the approximate expression

R [(%) + () m (1 - %Oﬂ | | X

Wl;el‘e I(;) (t,k) is the flux at depth t of first generation photons of energy k due to
an electron incident with energy EO at t = 0. This spectrum is shown in Fig. 2.
We maké the further approximation of neglecting particle production by the brems-
strahlung of electrons themselves preduced in the target by the first generation
photons (second generation photons), and all subsequent generations. Tsai and
Whitis show that these secondary photons make an appreciable contribution to the
spectrum only for large t and sma]_}; k. Their contribution to the production of high
energy secondary particles can therefore be neglected, and Eq. (9) used directly.
We have calculated the yields for spin zero particle production by the method
described above, and we have used the results of Tsai and Whitisl (which are based
on & similar method) for spin one-half particle production. In Fig. 3 .a,re presented
their results for the production at 0° of spin 1/2, pure Dirac particles from a 10-
radiation length target with an incident electron beam energy of 18 GeV. The cal-
culations are presented for both beryllium and copﬁer targets. There are three
characteristics of the production which hold equally well for the production of
spin 0 particles. First, as we expect, the production decreases rapidly as the mass

increases. Second, for larger masses, beryllium is a better target than copper,
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because the incoherent production is relatively more important in beryllium.
Third, the yield has a maximum at roughly half the incident electron momentum.
The most useful way to give the production calculation results is in terms of
the ratio of a hypothetical particle flux to the muon flux at a fixed secondary beam
momentum. The experimental data was taken at 5. 05 and 8.99 GeV/c secondary
beam momentum. Figure 4 gives the ratios for 9.0 GeV/c with a 17.5 GeV/c
incidenf electron beam, a 10-radiation length beryllium target and 0° production.
Results for both spin 1/2, pure Dirac particles, and spin zero particles are
shown, with masses from .1 to 2.0 GeV. Figure 5 gives the ratio of the new
particle flux to the muon flux for a secondary beam momentum of 5.0 GeV/c, for

masses below 0.6 GeV, under the same conditions.

V. EXPERIMENTAL METHOD

A. Outline of the Method

The experiment is shown schematically in Fig. 6. A 17.5-GeV electron beam
struck a thick target. The negative secondaries produced at 0° were formed into
a momentum analyzed beam which passed through two diffefentiél gas Ceréhkoi’ counters,
H and J, set to count particles of a specific velocity, and hence mass. Two count-
ers were used in coincidence in order to give better rejection of unwanted particles.
At the end of the beam, a scintillation counter 8 was placed behind an irvon abhsorber
five feet thick, Weakly interacting particles {vould have the signature HJS. The
experiment consisted of fixing the beam momentumn and varying the pressure of the
gas in the Cerenkov counters in order to sweep through a range of vmas ses, while
recording HJ and HJS. The known particles provide indications as to the operation

]

of the system. In particulay, the muons and pions provide a basic normalization

3 &+

of the experiment which does not depend upon the acceptance of the transport system
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or the efficiencies of the Cerenkov counters. Since the muon yield has been meas-
14
ured separately ~  and is understood theoretically, the muon normalization is par-

ticularly useful.

B. Apparatus

The target in which the secondaries were produced consisted of 3.6 radiation
lengths of beryllium followed by ten radiation lengths of water-cooled copper, a
further foot of beryllium, and ten radiation 1eﬁg’chs of lead. The production of
weakly interacﬁng particles in this target is adequately described by the calcula-
tions given in Section IV for production on berylium, since there is very little
particle production beyond the first 3.6 radiation lengths. The rest of the target
was used to absorb the power (up to 20 kilowatts) in the electron beam, and to re-
duce the number of electrons in the secondary beam to a few percent of the muon
flux. Negatively-charged secondaries from this target consist mainly of muons.
and pions. The composition of the beam at momenta of 5.0 and 9.0 GeV/c was
measured to be approximateiy 70% muons, 30% pions.

The beam transport system shown in Fig. 6 was designed and built to provide
a muon bgeaml5 for a muon scattering experiment. It produces an almost disper-
sion-free beam in the Cerenkov counters With' a diameter Qf less than 10 em, a
divergence of less than 4 mrads and a momentum bite of + 1.5%. The second
focus, ¥2, is 212 feet from the target. Counter J was 19 feet upstream from ¥2,
counter H 33 feet downstream from F2. The scintillation counter S was at the
third focus, 63 feet downstream from F2.

The diffevential Cerenkov counters were modeled closely on a counter de-
scribed by Kycia and Je nkinsg.16 The present counters are designed to operate
at pressures up to 960 psi. In this experiment, CO2 was used at pressures up

to 600 psi. TFigure 7(a) is a schematic diagram of a counter. The radiator region
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is 80 inches long and the cdunter is designed to be used with beams up to 12.5

cm in diameter. Cerenkov light from particlés of the correct velocity is focused
onto an annular ring aberture. The aperture is split in two across a diameter
and the light from each half is collected separately on to two phototubes. A co-
incidence is required for a particle to be counted. The quartz windows are ar-
ranged so that a stray track in the general direction of the beam cannot go through
both. Light which falls near, but not on, the annular aperture is reflected from a
spherical mirror in which the aperture is set and is collected onto a phototube put
in anti-coincidence. Without this, a particle of the wrong velocify at an angle to
the beam could be counted, as illustrated in Fig. 7(b). The width of the annular
aperture was chosen to give an angular acceptance of + 10 mrad about a mean
Cerenkov angle of 75 mrad. This dominated the mass resolution of the counters,

giving Am/m ~ .075 P_ 10—2, where m is the mass and p the momentum of

Sy

m
the particle. This resolution was adequate to separate out the peaks of the known

particles, but allowed a finite mass range to be covered at each pressure set’_cing
and sufficient tolerance so that we did not have difficulty in operating the two counters
toge’ch.c-}r° The pressure vessels of the two counters were comnected together by a
common feed pipe. We found that no special precautions were necessary to make
the mass peaks coincide in the two counters, although the counters were located out
of doors ﬁnd the ambient temperature varied from 5C at night to 27° during the day.
Block diagrams of the electronic circuits are shown in Fig. 8. The three tubes
| on each counter were fed through limiters ‘and discriminators to a coincidence cir-
cuit.” The discriminator thresholds were set high on the ceincidence inputs and low
on the veto, following a suggestion of Kycia. This resulted in some inefficiency, but
gained more than an order of magnitude in rejection for particles of the wrong velo-

city. The coincidences HJ and HJS were each formed twice in different ways.
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The overall efficiencybf the two counter systems at the ™ -y peak was

measured to be 80%.

C. Background and Rate Problems

In order to search with high sensitivity, it is necessary to operate at high
intensify. A reasonable time to count at one pi‘essure setting is half an hour.
This experiment used a pulse repetition rate of 180 pulses per second, éach
about 1.2 to 1.4 psec long. Thus to search through 107 muons in half an hour
meant operating with an instantaneous flux of 2.5 x 107 muons per second. For
this reason, we did not define the beam through the Cerenkov counters with
scintillators. We used two Cerenkov counters in coincidence, since these are
inherently low-rate devices and could be expected to give only those accidental
coincidences which resulted from background effects, such as 5rays, off-angle
particles, etc., in both counters. -

H We found a background associated \viﬂl the kaon aﬁd anti—ﬁroton peaks at the
level of about 10" of the muon fima.

Independently of the S scintillation counter, the maximum usable intensity
was limited by the singlés rates in the veto phototubes. The light collection sys~- -
tem for the veto operates in such a way that properly aligned beam particles
should give veto signals when the pressure is just above or just below the setting
required for them to count in the coincidence channel, or when they interact or
produce 0 rays inclined at an angle to the beam. Otherwise, veto signals should
result only from particles at an angle to the axis or with the \\7r611g momentum.
We estimated that the veto rate fro& drays should be less than one percent of the
flux of pions and muons. waever, with the discriminator levels set low on the

veto channels, we found that the veto singles rate in each counter was approximately
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10% of the beam flux, for pressures far removed from the settings required to
count the known particles. We could not raise the discriminator levels without
a serious effect on the rejection efficiency of the system. At an instantaneous
rate of 2. 5><10'7 beam particles per second, and with veto pulses stretched to
70 nsec for maximum efficiency, the randomn veto off-time was, therefore, 33%,

and rna o Andbara wrnilAd
aid 11y CLLLVCLJLL,CLEU YWuuiu

VI. EXPERIMENTAL PROCEDURE

The mass range from 0.5 to 1.8 GeV was covered using a beam momentum
of 9 GeV/c, roughly half the momentum of the incident electron beam, which the
production calculations showed would give the maximum flux of secondary par-
ticles. For the mass range below 0.5 GeV, it was of more importance to have
good separation between pions and kaons, and this part of the search was carried
out at a momentum of 5 GeV/c.

The process of taking data was relatively simple. The momentum of the sec-
ondary beam was fixed at either 9°O or 5.0 GeV/c. The 002 pressure in both
céunters was set at the muon-pion peak (76 to 80 psig, depending on the momen-
tum). The timing of all the circuits was checked out and the efficiency of the sys-
tem for strongly interacting and non-strongly interacting particles was determined.
Then the pressure was varied from 70 to 100 psig in 4-psi steps across the muon-
pion peak. The ghapes of the peaks in each counter and of the combined peaks were
examined to see that the counters were operating properly. Then the pressure was
raised in 5-psi steps. This ensured that at least three steps would be taken to
cover the mass peak of any new particle. In each 8-hour period of data-taking,
an upper mass peak (kaon or anti-proton) was reached and swept through. This

was done to make sure the system was operating properly both with respect to the
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position and shape of the mass peak. The number of particles per pulse passing
through the apparatus was 30 to 50 during the mai‘n part of the data-taking between
the mass peaks. At the mass peaks, the rate was lower, particularly at the pion-
muon peak, where about one particle per pulse was used to reduce dead-time and
resolution-time corrections. The numbef of particles in the beam at these low
rates was measured with large auxiliary scintillation counters placed in the bheam.

To determine the flux to be used for the normalization of the HJ data at high
.rates, the singles counts from J1 and H1 were used indirectly. Once off the pion-
muon peaks, the J1 or H1 counts were less than one percent of the total number of
beam pafticles , and were observed to be proportional to the beam intensity measured
at low rétes in the scintillation counters. Therefore, J1 or H1 by themselves had
negligible rate corrections. Using the auxiliary beam counters, J1 and H1 were
calibrated at very low beam rates. J1 and H1 were then used as monitors at the
high beam ratios. Of course, this normalization was pressure dependent, and a cali-
bration was performed regularly. For the HJS channel, dead-time corrections are
avoided by normalizing directly to the singles count rate in S. Noise and non-beam
contributions to S singles were observed to be negligible at low rétes. Accidental
coincidences between HJ and S were monitored by recording coincidences between
HJ and a delayed signal from S, and were subtracted.

During the early stages of the experiment, we found that a sensitivity of 10—7
relative to the muon flux could be attained, but it would be difficult to go much
lower. The limitations were in part due to the maximum allowable muons per
pulse being under 50, and in part due to a background to be discussed in Section VII.
Now, as shown in Fig. 4, the relative flux of spin zero particles to muons is 10
at .96-GeV particle mass and 10—7 at 1.32-GeV particle mass. We therefore de-
cided te make a definitive search only up to the mass of the proton, i.e., a search
in which the sensitivity is considerably better; than the flux predicted {rom purely
electromagnetic photoproduct’ion of pairs. Above 1-GeV mass, we made a search
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with a sensitivity of only 10—6 to 3 X 10—6 relative to the muon flux. This part of
the search would then depend upon some special mechanism to produce the par-
ticles. It was carried out up to 2 mass of 1.83 GeV. The kinematical mass limit
for coherent pair prociuction on beryllium by 17.5 GeV/c photons is 5.4 GeV, and

on free protons, 2.3 GeV.

VII. RESULTS AND ANALYSIS

The results presented in this paper are for negative particles. Figure 9(a)
shows the combined data for all the 5-GeV/c runs. HJ counts, normalized to
the HJ counts at the pion-muon peak, are plotted as a function of pressure. This
is called the relative flux. The HJ counts represent the sum of strongly interact-
ing plus non-strongly interacting particles. The notation in the figure has the fol-
lowing meaning. The circles show where counts were found. A vertical line
through the circle gives the statistical error, if it is big enough to be shown. The
short horizontal lines indicate that no counts were observed at that pressure. If
one count had been found, the relative flux would be that given by the short hori-
zontal line. The pion-muon and negative kaon peaks have a curve drawn between
the circles to guide the eye.

Figure 9(b) shows the relative flux of non-strongly iﬁtéracting particles (HJS
counts normalized to HJS at the muon peak) at 5 GeV/c. The corresponding results
for 9-GeV/c particles are given in Figs. 10(&1) and (b). The pion-muon, kaon and
anti-proton peaks are clearly seen in Fig.‘ 10{(a). The notation is the same as that
of Fig. 9(a): We make the following ohservations from Figs. 9 and 10.

. 1. The counts observed in Figs. 9(b) and 10(b) at pressures corresponding to the
masses of the kaon and antiproton are due to accidental coincidences between the
kaons or antiprotons in HJ, and muons in S. The large statistical ervors are due

to the subtraction of accidental counts from a purposely miss-timed parallel HJIS
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-channel. There was no practical way to reduce this accidental rate because at
a lower beam intensity it would have taken too long to acquire data. Therefore,
we have reduced sensitivity for non-strongly interacting particles with masses
close to the kaon or the antiproton.

2. In Figs. 9(a) and 10(a) there are some counts to the low mass side of both the
kaon and the antiproton peaks, which are not present in Figs. 9(b) and 10(b). Thus,
tﬁey are due to strongly interacting particles. Their occurrence in both places
makes one suspect a systematic experimental effect, One effect which could ex~
plain these counts would be the presence of some 10"4 of the kaons in the beam

(5 X 10—4 of the antiprotons) with a momentum about 18% higher than the momentum
of the beam. The presence of such a small tail of off-momentum particles can
certainly not be excluded, although we can find no obvious reasbn why it should be
present,

"3, The search in the region above 240 psig in the 9-GeV/c data involved about 108
muons passing through the countérso There were no HJS counts at all in that
region. Thus the rejection efficiency for muons is af least 108 at high pressures.

In order to compare the data quantitatively with the results of the calculations
described in Section IV, we have calculated the upper limit which we can put to the
relative flux with 90% confidence, using the experimentally observed mass resolu-
tion curvesvto take account of the fact that a particle would give counts at several
neighboring pressuves if it existed,

Figure 11 summarizes our resulis for non-strongly interacting particles. It
gives R_, , the upper limit on the relative flux with 90% confidence, as a function
of the mass of the particle sought. For 99.9% confidence, the upper limit should
increase by a factor of about 5. The curve with solid dots up to about .5 GeV mass

is from the 5-GeV/c runs. The curve with open circles above 0.5 GeV is from the
I
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9-GeV/c runs. In using these curves, one must remember that these are upper
limits and that their shape depends upon the length o.f‘the runs and the background.

The slanted solid lines on the drawing are the predicted relative fluxes using
the calculations described in Section III. These fluxes are for particles with the
following properties: (2) zero spin, (b) unit charge, (c) non-strongly interacting,
(d) no form factor of the particle itself. ~

If a particle has spin one-half or higher, or has an anomalous magnetic
moment, the production cross section and the relative flux will be greater. There-
fore, these lines are the I_n_l_rg_rgg_nl relative fluxes for non-strongly interacting
particles with no form factor for the particle itself. The numbers on the slanted
lines refer to the lifetime of the particle. The lines are broken at'a mass of 0.5
GeV because of the change in momentwn at that mass in the experimento

With Fig. 11, we can make the following conclusions:

Conclusion 1. There are no stable, unit charge, non-strongly interacting particles

without form factors in the mass ranges 0.2 to 0,92 GeV and 0.97 to 1. 03 GeV.,
By none, we mean that these particles do not exist in pairs capable of electromag-
netic pair production.
. _ i T3 fets ) -8 c

form factors and with lifetimes greater than 10 = sec in the mass range 0.2 to 0.86
GeV. There is a small hole in this range at 0.48 to 0.50 GeV. If the minjivaum

- . » . = -9 N .
lifetime is reduced to 5 X 10 ~ sec, the mass range in which we can be confident
that no new particle exists, is about 0.2 to 0.46 GeV and 0.55 to 0,70 GeV.
Conclusion 3. Above 1.03 GeV, there could still be stable non-strongly interacting
particles but there is 2 limit on their production relative to mwuons. This limit,

. . s CanT . e 1nD
shown in detail in Fig. 11, ranges from 6 X 10 " at near 1 GeV to 3 X 10 ~ at

o

1.8 GeV relative to muon preduction.
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Conclusion 4. No evidence at all was found for the production of any new non-
strongly interacting particles.

Finally, we turn our attention to Fig. 12 which gives R, ” for strongly inter-
acting plus non-strongly interacting particles. This includes all charged particles
in the beam, produced by all sorts of mechanism, and with or without the particles
themselves having form factors. It is not useful to put the predicted fluxes from
pair photoproduction on this drawing as was done in Fig. 11, because the strongly
interacting particles can have production cross sections much larger than the pair
photoproduction cross section, or they can have smaller production cross sections
because of their own form factors. We can only inquire if any new particles are
observed.

Conclusion 5. There is a slight possibility that a hitherto unknown, strongly inter-
acting particle of mass 0.42 GeV exists, but the evidence is weak and may be due
to off-momentum kaons in our beam. If the particle exists, its rels!tive flux was
about 4 X 1077 of the pion plus muon flux in our beam.

Conclusion 6. There is a very slight possibility that a hitherto unknown, strongly
interacting particle with a mass of 0,8 GeV exists in our beam. However, it is
likely that the apparent evidence for this particle is due to high momentum anti-
protons. The particle, if it exists, has a relative ﬂux of 10_7 of the pion plus
muon flux and is thus just at the edge of the sensitivity of the present experiment.
Conclusion 7. There is no other evidence for new particles.

There are no earlier, published, seai’chés for new non-strongly interacting
particles with which our results can be directly compared, because this is the
first high energy photoproduction search. The unpublished resul’cé that we have
heard of were only qualitative statements that no new particles were seen, but no

numerical statements of sensitivity were given.



From our results for strongly interacting particles, we are only able to say
that we did not see any new particles because we cannot predict the production
cross section. But for non-strongly interacting particles without form factors,
we have been able to place definite limits of mass and lifetime on particles which

could exist. These limits were contained in Conclusions 1, 2, and 3.
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The differential cross section at 0° for pair-production of a spin zero

TABLE I

particle with 9 GeV/c momentum by a 15-GeV photon incident on a berylliﬁm

nucleus, or on a free proton. Values are given for various masses of the pro-

transfer to the target.

duced particle. }tl min is the minimum value of the square of the four-momentum

Beryllium Nucleus Target

Free Proton Target

Particle Mmm 1 d20 cm cm2
Mass 5 72 \dQdp/ o 5T, GeV/e ¢ o0 ST.GeV/e
(GeV) (GeV/g l imin
No With (Gev/c)2
Form Factor| Form Factor With Form Factor
105 12.3x1078%) 7.3%x107%0 | 7.0x 10730 | 2.4x1078 6.7x107°0
.20 3.0x107° 1 4.2x107° | 3.5x1073t 3.1x107° 4.1x10731L
A S - - _29
.40 5.0x10° % 1,0x10732 | 1.1x10732 5.1x10°4 1.7x 10722
60 12.5x1070] 3,0x107%% o.5x1073% | 2.7x1073 2.2x10 723
080 18.1x107% 7.ox107%% | 1.4x107%% 8.8%107° 4.4x107%4
1.0 2.o><1o"2 2°6><10_34 2.0><10"35 2¢.3><1o’2 1.0x107°
1.5 .105 3.1x107°°  [3.0%10727 L 157 9.7x10756
2,0 .36 6.1x107°0 7.2x10"2Y 1.15 3°o><1o"39




TABLE II

The numbers in the table are the ratio of the coherent photoproduction of spin
1/2 particles to that of spin zero particles. The production is on beryllium
and the particles are produced at 0° with 9 GeV/c momentum. Values are given

for various incident photon energies and various masses for the produced par-

ticles.
{ . Incident Photon Energy (GeV)
Mass '
(GeV) 18 16 14 : 12 10
.105 2.3 2.3 2.7 3.9 5.4
020 2.2 2.3 2.7 3.8 10.7
.40 2.2 2.3 2,6 3.8 . 11.4
.60 2.2 2.3 2.6 3.7 12,9
.80 2.2 2.3 2,6 3.9 16,2
1.0 2.2 2.3 2.7 4.0
1.5 2.2 2.4 2.9 4.8
2,0 2.3 2.5 3.3 6.3
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FIGURE CAPTIONS

1. The three Feynman diagrams upon which are based the calculation of photo-
production of a pair of spin zero particles.

2. Bremsstrahlung spectrum as a function of distance along the target, t, in
radiation lengths. The spectrum is given as the product of the photon energy,
k, in GeV and the photon flux, I(;) (t,k), in number of photons per GeV. The
numbers attached té the curves are the ratio of k to the incident electron
energy.

- 3. Pho%oproduction of pairs of spin one-half particles by 18 GeV electrons
incident on a 10 radiation length target. The production angle is 0°. The mass
number attached to each curve is the mass of the produced particles.

4, Ratio of new particle flux to muon flux for various masses, taking the new par-
ticle as either spin zero or spin one-half. The flux is for 0°production and
9.0 GeV/c particle momentum from a 10 rerbdiéutionrl‘engi;hs lrorigr:beryllium taz?get
with 17.5 GeV incident electrons. -

5, Ratio of new particle flux to muon flux for various masses, taking the new par-
ticle as either spin zero or spin one-half. The flux is for 0° production and 5.0
GeV/c particle momentum from a 10 radiation length beryllium target with
17.5-GeV incident electrons. |

6. Schematic diagram of the experiment.

7(a). Scheme‘Ltic diagram of Cerenkov counter optics.

7(b). Illustration of focal plane behavior of the Cerenkov light ring images from
different particles. |

8. A schematic diagram of the circuitry used with a single Cerenkov counter is

shown in (a). In (b) a simplified diagram of all the electronics is given.



10.

11.

12.

In (a), the flux of strongly interacting plus non-strongly interacting particles

relative to the pion plus muon flux is plotted as a function of the pressure for

the 5. 05 GeV/c runs. Open circles represent counts and the vertical lines are

the statistical errors, which are shown when they are larger than the circle
diameter. Short horizontal bars are shown where no counts were found. The

relative flux indicated by the bar is the flux if one count had been seen. At the

-pion and kaon peak, lines are used to connect the circles to guide the eye. The

pressure is in psig. (b) gives the flux of non-strongly interacting particles only
relative to the muon flux at 5. 05 GeV/c. The notation is the same as in (a).

In (a), the flux of a strongly interacting plus non-strongly interacting particles
relative to the pion plus muon flux is plotted as a function of the pressure for

the 8.99 GeV/c runs. (b) gives the flux of non;strongly interacting particles only
relative to the muon flux at 8. 99 GeV/c. The notation is the same as in Fig. 9.
The upper limit on the relative flux at the apparatus with 90 percent confidence
is plotted against the particle mass in éeV for non-strongly interacting particles
only. The closed circles represent data taken from the 5.05 GeV/c runs and the
open circles data from 8.99 GeV/c runs. The change comes at 0.5 GeV mass.
The slanting lines are the predicted fluxes at the equipment for photoproduction
of pairs of spin zero, unit charged, particles which do not themselves have form
factors. As the notation on the lines indicates, the predicted fluxes are for stable
particles, particles with 10—8 sec lifetime and particles with 5 X 10—9 sec life-
time. These lines break at 0.5 GeV beca’user of the momentum change.

The upper limit on the relative flux at the apparatus with 90 percent confidence
is plotied against the particle mass in GeV for strongly intel‘aotiﬁg plus non-
strongly interacting particles. The closed circles represent data taken from

the 5. 05-GeV/c runs and the open circles represent data from the 8.99-GeV/c

runs.
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