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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 Bethe-Heitler process are described which make it possible
to state that this experiment would have detected non-strongly-interacting particles whose mass and life-

time lay in a definite range, did they exist.

I. INTRODUCTION

E have used the new Stanford linear electron
accelerator to search for hitherto unknown ele-
mentary 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 antiparticle and that there is sufficient energy in
the incident photon. The Stanford linear electron ac-
celerator 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 inter-
ested in looking for non-strongly-interacting particles,
and provision was made separately to detect strongly-
and non-strongly-interacting particles.

In any search for new particles, the method of search
limits in some ways the properties of the particles that
might be found. This experiment was sensitive to
charged particles with lifetimes greater than 5X10~°
sec, and with a production cross section at least 10~7
times that of the muon. Within these limitations, we
have not found any new particles. We have made
calculations, described in this paper, of the electro-
magnetic pair production of particles of arbitrary mass
and zero spin. The results of these calculations and those
of Tsai and Whitis! for spin-j 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 ele-
mentary-particle physics. One is to understand and to
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1Y. S. Tsai and V. Whitis, SLAC Users Handbook, Part D
(unpublished) and (private communication).
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calculate how the particles interact. The other is to learn
what particles exist and to formulate rules 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 reso-
nances in the strong interaction seem to be an intimate
part of the interaction itself, so that one can expect that
a correct theory of the interaction would also explain
and predict the multitude of particles.

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 aspects. Be-
cause the interactions can be calculated, it is possible to
postulate the existence of a new particle and to calculate
its lifetime and its effect on known processes as a func-
tion of its mass. Many authors have done this.2 How-
ever, all such calculations make the basic assumption
that no radically new feature enters into the interaction
which could alter the result by orders of magnitude. As
an example only, consider the effect of strangeness on
the strong interaction. The muon-electron problem
seems so little understood that some new concept as
unlikely as strangeness was, may be required for
its solution. We therefore believe that experimental
searches for new particles should not be inhibited by
preconceived ideas that short lifetimes are to be ex-
pected for massive, weakly-interacting particles. These
ideas are based on our current understanding of the
physics involved. This is true also of estimates of the
production of hypothetical particles in specific processes.
For example, the fact that K mesons are not observed to
decay into heavy muons® means that according to

2 F. E. Low, Phys. Rev. Letters 14, 238 (1965) ; F. J. M. Farley,
Proc. Roy. Soc. (London) A285, 248 (1965) ; T. D. Lee and C. N.
Yang, Phys. Rev. Letters 4, 307 (1960) ; J. Schwinger, Ann. Phys.
EN. Y).) 2,407 (1957) ; S. M. Berman et al., Nuovo Cimento 25, 685

1962).

3 A. M. Boyarski et al., Phys. Rev. 128, 2398 (1962) ; E. W. Beir,

Ph.D. thesis, University of Illinois, 1966 (unpublished).
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F16. 1. The three Feynman diagrams upon which are based the
calculation of photoproduction of a pair of spin-0 particles.

present understanding of the weak interaction, an exact
analog of the muon does not exist with a mass inter-
mediate 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 considerations 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 predictions, and be limited only by
experimental considerations.

The least specific production process which we can
imagine is electromagnetic pair production: It requires
only 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 particles. A
direct search for the particle itself does not introduce
any assumption about specific decay modes.

III. OTHER PARTICLE SEARCHES

A. 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 bubble
chambers. It is most unlikely that such particles exist
in the mass range below £ GeV. In the case of particles
with no strong interaction, the most likely production
process is photoproduction by the photons from =°
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 conclude that such searches do not place a
useful limit on the existence of non-strongly-interacting
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particles. The neutrino experiments? have placed lower
limits to the mass of the hypothetical intermediate
boson, a particle of specific properties.

B. Experiments at Electron Machines

Coward et al.® have searched without success for
particles with masses between m, and 175m,. This
search was basically similar to the present one in that
the 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 the Cambridge electron
accelerator (CEA) for particles of mass less than the
kaon,® again without success. Also at CEA, a search has
been made for a lepton which could be found in the
process e+p— X+, in which the recoil proton was
momentum-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 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 a nucleus. The secondary particles are then
photoproduced at another nucleus in the target by the
bremsstrahlung. The direct electroproduction reaction
¢ +nucleus — e~+nucleus+X+t+4X—, where X+ and
X— are the particles produced, can be described as
photoproduction by virtual photons. It has been shown
by Panofsky, Newton, and Yodh? that the spectrum of
virtual photons associated with an electron is equiva-
lent to the real bremsstrahlung spectrum which would
be produced by the electron in a target of 0.02 radiation
length. We can therefore neglect this process in a thick
target. The photoproduction may be purely electro-
magnetic pair production, or it may involve the strong
interaction. In this section, we describe some calcula-
tions of the electromagnetic pair production of spin-0
and spin-§ particles at 0° in a thick target. The yields to
be expected are presented 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 over-all error of the order of 20-309 in the yields.

4 G. Bernardini ef al., Nuovo Cimento 38, 608 (1965) ; R. Burns
et al., Phys. Rev. Letters 15, 42 (1965).

5D. H. Coward e al., Phys. Rev. 131, 1782 (1963).

6J. S. Greenberg (private communication).

7 C. Betourne et al., Phys. Letters 17, 70 (1965) ; H. J. Behrend

et al., Phys. Rev. Letters 15, 900 (1965) ; R. Budnitz et al., Phys.

Rev. 141, 1313 (1966).
8 W. K. H. Panofsky, C. M. Newton, and G. B. Yodh, Phys.

Rev. 98, 751 (1955).
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. TasLe I. The differential cross section at 0° for pair production of a spin-0 particle with 9 GeV/c momentum by a 15-GeV photon
incident on a beryllium nucleus, or on a free proton. Values are given for various masses of the produced particle. || min is the minimum

value of the square of the four-momentum transfer to the target.

Beryllium nucleus target

Free proton target

1 < &’ > cm? ( d% > cm?

Particle — —_— -

mass Itlmin Z2°\dQdp/ o° sr, GeV/c ‘tlmin aQdp/ oo st, GeV/c

(GeV) (GeV/e)? No form factor With form factor (GeV/c)? With form factor

0.105 2.3X10°8 7.3X10730 7.0X 1030 2.4X107¢ 6.7X107%0

0.20 3.0X 1076 4.2X10™3 3.5%X10™3 3.1X107 4.1X107%

0.40 5.0X10™* 1.9 10732 1.1X107% 5.1X10~ 1.7X107%

0.60 2.5%X107% 3.0¢1073% 9.5X 1073 2.7X1073 2.2X1073

0.80 8.1X1078 7.9 10734 1.4X1073% 8.8X107* 4.4X1073%

1.0 2.0X1072 2.6X 1073 2.0 1073 2.3X1072 1.0X1072

1.5 0.105 3.1X107% 3.0X10737 0.157 2.7X10736

2.0 0.36 6.1X10736 7.2X107% 1.15 3.0X107%

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 shall now calculate the photoproduction of a pair
of spinless particles of mass 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. % is the momentum of the
incident photon. Ej, p1 and Es, p, are the energy and
three-momentum of the produced particles, X; and Xo.
r1 and 7, are the initial and final values of the three-
momentum of the target nucleus, which has mass M
and charge Z. In this experiment, we search for new
particles produced at 046 mrad to the direction of the
incident electron beam. For particles above about 100-
MeV mass, the cross section is sufficiently flat in the
forward direction that we can use the 0° value. The
other particle has spherical angles (6s,¢2) with respect
to the incident photon direction. The differential cross
section® in the laboratory system has the form

dzo. ) 27 L
= d¢2f sin02 dez
<dﬂ1dp1 0° A 0

N < Papi®
20975\ WM (Ex+W) (1— D cosfsy)

Xl e

M

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.

D= Ey(k— p1)/p2(Eat+W).
After averaging over the incident photon polarization,

9 Equations (1) and (5) were directly derived from the Feynman
rules given in J. D. Bjorken and S. D. Drell, Relativistic Quantum
Mechanics (McGraw-Hill Book Co., New York, 1964), p. 285.
Equation (1) when partially integrated agrees with the result of
S. D. Drell, Stanford Linear Accelerator Report No. M-200-7A,
1960, p. 7 (unpublished). Equation (1) and the Drell result are
exactly equal to one quarter of the cross section given for the
coherent production of a pair of spin-0 particles by W. Pauli and
V. F. Weisskopf, Helv. Phys. Acta 7, 709 (1934).

the matrix element squared has the form
Z28M32E %5y sind, 2
( ). ©
RU2E? \1— B4 cosf

The electric charge is defined by ¢?=4ra, where « is the
fine-structure constant. B3 is the laboratory velocity of
X. tis the square of the four-momentum transferred to
the nucleus, defined by

t=(k— E1— E2)*— (k— p1—p2)*.

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

< &’ )
dQldPI 0°,nuel,nff
- A Exp2psM
T )
0 T kEL2(Ey+W)(1—D cosfs)

i) ] ©

for the production at 0° of a spin-0 particle. The sub-
script nff means that no form factor is included.

Consider the production of m=0.2 GeV particles by a
15-GeV photon. As 6, increases from 0°, the over-
whelming variation in the integrand is in the last two
terms. The first term, which is mostly the phase-space
factor, decreases by 49, as 6, goes from 0.0 to 0.2 rad.
But |¢| increases from 6X1073 (GeV/c)? to about 1.2
(GeV/c)?, which by itself leads to a 4X10* decrease in
the integrand. The third term is O at 0° and reaches a
maximum at cosfy=@;. In fact, the integrand is rela-
tively large only in the region where the growth of the
last term toward its maximum is not yet canceled by
the 1/# term. Thus the cross section is due primarily to
the small four-momentum transfer part of the reaction,
0.01 to 0.2 (GeV/c)? 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, we
find that we can no longer have very low values of |¢].

<|A0]2>&v=
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TasLE II. The numbers in the table are the ratio of the coherent
photoproduction of spin-4 particles to that of spin-0 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 particles.

Incident photon energy (GeV)

Mass

(GeV) 18 16 14 12 10
0.105 2.3 2.3 2.7 3.9 5.4
0.20 2.2 2.3 2.7 3.8 10.7
0.40 2.2 2.3 2.6 3.8 114
0.60 2.2 2.3 2.6 3.7 12,9
0.80 2.2 2.3 2.6 3.9 16.2
1.0 2.2 2.3 2.7 4.0

1.5 2.2 24 2.9 4.8

2.0 2.3 2.5 3.3 6.3

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

[t] min=M*%2/4p:* (k— p1)?

and |{|min is proportional to the fourth power of the
particle mass. Column 2 of Table I gives || mm When
beryllium is the target and we have used a 15-GeV
incident photon to produce a 9-GeV/¢ momentum
particle. As m goes from 0.105 to 2.0 GeV, |{|min
changes by a factor of 105,

Since # enters in the denominator of Eq. (3) and most
of the integrand comes from small |¢| values, we must
expect a strong mass dependence in the cross section.
This mass dependence is illustrated in column 3 of
Table I. The cross section, divided by Z2, calculated
from Eq. (3) for production of a 0.105-GeV mass
particle at 9 GeV/c and 0° by a 15-GeV photon on
beryllium is 7.3)X10~% cm?/sr (GeV/c). For a 1.0-GeV
mass particle under the same conditions, the cross
section, divided by Z2, is 2.6X107% cm?/sr (GeV/c).
Thus, even in the simplest case of the production of
spin-0 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 of the nuclear form factor.’® For beryllium, we

obtain
d20' d2g' 1 2
Gorews™ G Gzer) - @
dQIdPI 0°,nuel dﬂldpl 0°,nucl,nff 1+267 [ tl

Since |#|min increases with the mass of the particles
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 re-
quires the consideration of incoherent pair production
which results from the interaction of a photon with an

10 R, Hofstadter, Ann. Rev. Nucl. Sci. 7, 231 (1957).
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individual nucleon in the nucleus. In this process the
form factor of the nucleon must be considered. But the
nucleon form factor is less [¢|-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
simplified formula?® for the production cross section of a
pair of spin-0 particles on a free proton, in which some
terms which are only important for [{|>1 (GeV/c)?
have been neglected.

(o)
dﬂldpl 0°,proton
T 3 Ep2p3M
=/ Sin02 dﬁg{(i lpl Pz )
0 T BE2(Eo+W)(1— D cosfs)
X<1)[ Gg*+ I t/4M2[Gm2> sinf, )2
2 ( 14 |¢/4012| <1—,82 cosfy
Go2|1| BBy
+————JL )

2M2E2p,?

Comparison of Eq. (5) with Eq. (3) shows the following
differences. Of course, Z? has been dropped. The last
term is now more complicated and contains the nucleon
form factors Gg and Gy We replace Gg and Gy by the
formula

Ge=Gy/2.793= (141.41|¢])2,
where [¢] is in (GeV/c)%. With these substitutions, we
have calculated the cross section for the production of
spin-0 particles on a free proton. For the case of a 15-
GeV incident photon producing a 9-GeV/¢ particle at 0°,
we have given the results in Table I in column 6. For
masses less than 0.5 GeV, the free proton cross section
is almost the same as the nuclear cross section (divided
by Z?) without the nuclear form factor. As the mass
increases, the nucleon form factor begins to reduce the
proton cross section. But its effect is much less drastic
than the effect of the nuclear form factor on the nuclear
cross section. Therefore, for masses above 0.5 GeV, the
incoherent cross section gains in importance over the
coherent.
Incoherent pair production can take place upon
neutrons as well as protons. To calculate this, we have
used Eq. (5) with Gg=0 and G given by

Gar/1.913= (141.41]1])2. (6)

The total production, coherent and incoherent, is
calculated by Eq. (7).
d’e

d% ) Z2-Z> < >
<d91dP1 o°_—< VA ddp1/ o° nuel

d*c
i)
dQldPI 0°,proton

+m—@(

d%
) - (N
dQldPI 0°,neutron
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Fi1G. 2. Bremsstrahlung spectrum as a function of distance along
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product of the photon energy % in GeV and the photon flux
1, (t,k), in number of photons per GeV. The numbers attached
to the curves are the ratio of % to the incident electron energy.

The term (Z2—Z)/(Z?), which multiplies the coherent
cross section, is a rough way of taking into account the
effect of the Pauli principle on the incoherent produc-
tion.!t We have used the elastic form factors of the
nucleon for Gg and Gy. However, the breakup of the
nucleon can also contribute to pair production. Un-
fortunately, 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-0
particle production. To see the effect of the spins of the
produced particles, we will consider the case of the
coherent production of spin-} particles at 0°. We
obtain!?

( d%e )
dﬂldpl 0°,nucl,nff
pi2EpiM >

T a3ZZ
= / sin02 d02[<
0 7 RE2(E.+M)(1—D cosfsy)
sin2d,

A

()

If we compare this to Eq. (3), we see that the spin effect
is given by the additional last two terms. Table II
shows the effect of these terms by giving the ratio of
@a/ddp: for spin 3 to d?¢/dQdp: for spin 0, both
produced coherently on beryllium at 0°. The calculation
included the nuclear form factor as given in Eq. (4). The
ratios given in the table are for 10-18-GeV incident
photons and a 9-GeV/¢ momentum secondary particle.
When the photon energy is greater by several GeV than
the energy of the produced particle, the factor is 2.5 or

118, D. Drell and C. L. Schwartz, Phys. Rev. 112, 568 (1958).

2 Equation (8) is obtained by a reduction (setting one particle
angle to zero) of the more general equation for the coherent
production of a pair of spin-} particles. See R. P. Feynman,
Quantum Electrodynamics (W. A. Benjamin, Inc., New York,

1962), p. 113; W. Heitler, Quantum Theory of Radiation (Clarendon
Press, Oxford, England, 1954).
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F16. 3. Photoproduction of pairs of spin-} 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.

so. But as the photon energy approaches its threshold
value, the factor increases. When the bremsstrahlung
spectrum is taken into account, the spin-4 production is
three or four times the spin-0 production at low masses
and about two times at high masses.

To get the 0° yield of particles from a thick target, we
must integrate Eq. (7) over the bremsstrahlung spec-
trum and the target thickness. The bremsstrahlung
spectrum in a thick target has been discussed thoroughly
by Tsai and Whitis.®®* For those photons radiated
directly by the incident electron (first generation
photons), they deduce the approximate expression

1 (1—k/ Eq) @ txg =it
I'Y(l) (t;k) == ’ (9)
B 7/944In(1—k/Ey)

where I, (1,k) is the flux at depth 7 of first generation
photons of energy %k due to an electron incident with

1Y, S. Tsai and V. Whitis, Phys. Rev. 149, 1248 (1966).




1396 BARNA

T

L1yl

0° PRODUCTION OF
9.0 Gel/c PARTICLES

107!

Ty
ol

1072

RRRLLL

IR

T
Ll

10~

T
Ll

1075

UNLRRRLLY
ol

10-¢

T

Ll

NEW PARTICLE FLUX RELATIVE TO MUON FLUX

[um

IR

1078

T
Ll

T
Ll

|O‘lO L 1 1 I L
0] 0.4 0.8 1.2 1.6 2.0
MASS OF PRODUCED PARTICLE IN GeV

Fic. 4. Ratio of new particle flux to muon flux for various
masses, taking the new particle as either spin O or spin %. The flux
is for 0° production and 9.0-GeV /¢ particle momentum from a 10-
radiation-length-long beryllium target with 17.5-GeV incident
electrons.
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energy Fo at t=0. This spectrum is shown in Fig. 2. We
make the further approximation of neglecting particle
production by the bremsstrahlung of electrons them-
selves produced in the target by the first generation
photons (second generation photons), and all subse-
quent generations. Tsai and Whitis show that these
secondary photons make an appreciable contribution to
the spectrum only for large ¢ and small k. Their contri-
bution to the production of high-energy secondary
particles can therefore be neglected, and Eq. (9) used
directly.

We have calculated the yields for spin-0 particle
production by the method described above, and we have
used the results of Tsai and Whitis! (which are based on
a similar method) for spin-4 particle production. In
Fig. 3 are presented their results for the production at
0° of spin %, pure Dirac particles from a 10-radiation-
length target with an incident electron beam energy of
18 GeV. The calculations are presented for both beryl-
lium and copper targets. There are three characteristics
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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, because the incoherent production is rela-
tively 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 calcula-
tion 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 were 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¢ incident
electron beam, a 10-radiation-length beryllium target,
and 0° production. Results for both spin-}, pure Dirac
particles and spin-0 particles are shown, with masses
from 0.1 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/¢, for masses below 0.6 GeV,
under the same conditions.

V. EXPERIMENTAL METHOD
A. Outline of 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
differential gas Cerenkov counters, H and J, set to count
particles of a specific velocity, and hence mass. Two
counters were used in coincidence in order to give better
rejection of unwanted particles. At the end of the beam,

! 1 T 1T 3
5 : 0° PRODUCTION OF :
] 5.0 GeV/c PARTICLES
b0l - —
P4 E 3
g £ 3
2 c 3
= r ]
(] 4
o i
202 =
= E 3
<< = 3
-d - -
'E:J - SPIN 1/2 4
- - ]
g 107 E
w £ 3
- | -~
o N ]
2
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-4 —
A 3
w = B
2 E spPiNoO 3
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0 0.4 0.8 1.2 1.6 2.0

MASS OF PRODUCED PARTICLE IN GeV

Fic. 5. Ratio of new particle flux to muon flux for various
masses, taking the new particle as either spin O or spin 3. 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,
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a scintillation counter S was placed behind an iron
absorber 5 ft thick. Weakly-interacting particles would
have the signature HJS. The experiment consisted of
fixing the beam momentum and varying the pressure of
the gas in the Cerenkov counters in order to sweep
through a range of masses, while recording HJ and
H]JS. The known particles provide indications of the
operation of the system. In particular, the muons and
pions provide a basic normalization of the experiment
which does not depend upon the acceptance of the
transport system or the efficiencies of the Cerenkov
counters. Since the muon yield has been measured
separately’* and is understood theoretically, the muon
normalization is particularly 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 lengths of
lead. The production of weakly-interacting particles in
this target is adequately described by the calculations
given in Sec. IV for production on beryllium, since there
is very little particle production beyond the first 3.6
radiation length. The rest of the target was used to
absorb the power (up to 20 kW) in the electron beam,
and to reduce 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
approximately 709, muons, 309, pions.

The beam transport system shown in Fig. 6 was
designed and built to provide a muon beam! for a
muon-scattering experiment. It produces an almost
dispersion-free beam in the Cerenkov counters with a
diameter of less than 10 cm, a divergence of less than
4 mrad, and a momentum bite of 4-1.5%,. The second
focus F2 is 212 ft from the target. Counter J was 19 ft

4 A, Barna ef al., Phys. Rev. Letters 18, 360 (1967).

16 SLAC Users Handbook, Part D (unpublished); Stanford
Linear Accelerator Center Laboratory Report No. SLAC-PUB 434
(unpublished) ; see also Ref. 13.
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SCINTILLATION COUNTER S\

£2, SECOND FOCUS

—=| 10 METERS [

upstream from F2; counter H was 33 ft downstream
from F2. The scintillation counter S was at the third
focus, 63 ft downstream from F2,

The differential Cerenkov counters were modeled
closely on a counter described by Kycia and Jenkins.!6
The present counters are designed to operate at pres-
sures up to 960 psi. In this experiment, CO; was used at
pressures up to 600 psi. Figure 7(a) is a schematic
diagram of a counter. The radiator region is 80 in. long
and the counter is designed to be used with beams up to
12.5 cm in diam. Cerenkov light from particles of the
correct velocity is focused onto an annular ring aperture.
The aperture is split in two across a diameter and the
light from each half is collected separately onto two
phototubes. A coincidence is required for a particle to be
counted. The quartz windows are arranged 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 photo-
tube put in anticoincidence. Without this, a particle of
the wrong velocity 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 ac-
ceptance of =10 mrad about a mean Cerenkov angle of
75 mrad. This dominated the mass resolution of the
counters, giving Am/m~0.075(p%/m?) X 1072; where m
is the mass and p is the momentum of 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 setting and sufficient tolerance
so that we did not have difficulty in operating the two
counters together. The pressure vessels of the two
counters were connected together by a common feed
pipe. We found that no special precautions were neces-
sary to make the mass peaks coincide in the two
counters, although the counters were located out of
doors and the ambient temperature varied from 5°C at
night to 27°C during the day.

Block diagrams of the electronic circuits are shown in
Fig. 8. The three tubes on each counter were fed through

18T, F, Kycia and E. W. Jenkins, Nuclear Electronics (Inter-
national Atomic Energy Agency, Vienna, 1963).
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Fic. 7. (a) Schematic diagram of Cerenkov counter optics.
(b) Tllustration of focal-plane behavior of the Cerenkov light-ring
images from different particles.

limiters and discriminators to a coincidence circuit. The
discriminator thresholds were set high on the coinci-
dence 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 velocity. The coincidences HJ
and HJS were each formed twice in different ways.

The over-all efficiency of the two counter systems at
the 7-u 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 intensity. A reasonable time to count
at one pressure setting is  h. This experiment used a
pulse repetition rate of 180 pulses/sec, each about 1.2-
1.4 usec long. Thus to search through 107 muons in  h
meant operating with an instantaneous flux of 2.5X107
muons/sec. 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 é rays, off-angle
particles, etc., in both counters.
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We found a background associated with the kaon and
antiproton peaks at the level of about 10~7 of the muon
flux.

Independently of the S scintillation counter, the maxi-
mum usable intensity was limited by the singles rates in
the veto phototubes. The light-collection system 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 6 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 wrong momentum.
We estimated that the veto rate from & rays should be
less than 19, of the flux of pions and muons. However,
with the discriminator levels set low on the veto
channels, we found that the veto singles rate in each
counter was approximately 109, 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 re-
jection efficiency of the system. At an instantaneous rate
of 2.5X107 beam particles/sec, and with veto pulses
stretched to 70 nsec for maximum efficiency, the random
veto off-time was therefore 339, and no advantage
would be gained by increasing the rate.

VI. EXPERIMENTAL PROCEDURE

The mass range 0.5-1.8 GeV was covered using a
beam momentum of 9 GeV/c, roughly half the mo-
mentum of the incident electron beam, which the pro-
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Fig. 8. (a) Schematic diagram of the circuitry used with a single
Cerenkov counter; (b) simplified diagram of all the electronics.
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F16. 9. (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 /¢ 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 psi gauge. (b) 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).

duction calculations showed would give the maximum
flux of secondary particles. 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/ec.
The process of taking data was relatively simple. The
momentum of the secondary beam was fixed at either
9.0 or 5.0 GeV/c. The CO, pressure in both counters
was set at the muon-pion peak (76-80-psi gauge, de-
pending on the momentum). The timing of all the
circuits was checked out and the efficiency of the system
for strongly-interacting and non-strongly-interacting
particles was determined. Then the pressure was varied
from 70 to 100-psi gauge in 4-psi steps across the muon-
pion peak. The shapes 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-h period of data taking, an upper
mass peak (kaon or antiproton) was reached and swept
through. This was done to make sure the system was
operating properly both with respect to the position and
shape of the mass peak. The number of particles per
pulse passing through the apparatus was 30-50 during
the main part of the data taking between the mass
peaks. At the mass peaks, the rate was lower, particu-
larly at the pion-muon peak, where about one particle

per pulse was used to reduce dead-time and resolution-
time corrections. The number of particles in the beam at
these low rates was measured with large auxiliary
scintillation counters placed in the beam.

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 19, of the
total number of beam particles, and were observed to be
proportional to the beam intensity measured at low
rates 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 calibration
was performed regularly. For the HJS channel, dead-
time corrections are avoided by normalizing directly to
‘the singles count rate in S. Noise and nonbeam contribu-
tions to S singles were observed to be negligible at low
rates. 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
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F16. 10. (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) 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.

due to a background to be discussed in Sec. VII. Now,
as shown in Fig. 4, the relative flux of spin-0 particles to
muons is 1078 at 0.96-GeV particle mass and 107 at
1.32-GeV particle mass. We therefore decided to 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 from purely electromagnetic
photoproduction of pairs. Above 1-GeV mass, we made
a search with a sensitivity of only 10~¢ to 3XX 107 rela-
tive to the muon flux. This part of the search would then
depend upon some special mechanism to produce the
particles. It was carried out up to a mass of 1.83 GeV.

The kinematical mass limit for coherent pair production
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-interacting plus
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non-strongly-interacting particles. The notation in the
figure has the following 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 horizontal 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-
interacting 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 Fig. 10. The pion-
muon, kaon and antiproton peaks are clearly seen in
Fig. 10(a). The notation is the same as that of Fig. 9(a).
We make the following observations from Figs. 9 and 10.

(a) 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 errors are due to the subtraction of
accidental counts from a purposely miss-timed parallel
HJS 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.
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F1c. 11. The upper limit on the relative flux at the apparatus
with 909, confidence is plotted against the particle mass in GeV
for non-strongly-interacting particles only. The closed circles
represent data taken from the 5.05-GeV/c runs and the open
circles represent 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-0, unit charged,
particles which do not themselves have form factors. As the notation
on the lines indicates, the predicted fluxes are for stable particles,

articles with 10~8 sec lifetime and particles with 5X10~° sec
ifetime. These lines break at 0.5 GeV because of the momentum
change.
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F16. 12. The upper limit on the relative flux at the apparatus
with 909, confidence is plotted against the particle mass in GeV
for strongly-interacting 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 /¢ runs.

(b) 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, they are due to strongly-interacting particles.
Their occurrence in both places makes one suspect a
systematic experimental effect. One effect which could
explain these counts would be the presence of some 10~
of the kaons in the beam (5X10™* of the antiprotons)
with a momentum about 18%, higher than the mo-
mentum of the beam. The presence of such a small tail
of off-momentum particles can certainly not be ex-
cluded, although we can find no obvious reason why it
should be present.

(c) The search in the region above 240-psi gauge in the
9-GeV/c data involved about 108 muons passing through
the counters. There were no HJS counts at all in that
region. Thus the rejection efficiency for muons is at
least 10% at high pressures.

In order to compare the data quantitatively with the
results of the calculations described in Sec. IV, we have
calculated the upper limit which we can put to the
relative flux with 909, confidence, using the experi-
mentally observed mass resolution curves to take ac-
count of the fact that a particle would give counts at
several neighboring pressures if it existed.

Figure 11 summarizes our results for non-strongly-
interacting particles. It gives Ry, the upper limit on the
relative flux with 909, confidence, as a function of the
mass of the particle sought. For 99.99, confidence, the
upper limit should increase by a factor of about 5. The
curve with solid dots up to about 0.5-GeV mass is from
the 5-GeV/¢ runs. The curve with open circles above
0.5 GeV is from the 9-GeV/c runs. In using these curves.
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one must remember that these are upper limits and that
their shape depends upon the length of the runs and the
background.

The slanted solid lines on the drawing are the pre-
dicted relative fluxes using the calculations described in
Sec. ITI. These fluxes are for particles with the following
properties: (a) zero spin, (b) unit charge, (c) non-
strongly-interacting, and (d) no form factor of the
particle itself.

If a particle has spin # or higher, or has an anomalous
magnetic moment, the production cross section and the
relative flux will be greater. Therefore, these lines are
the minimum 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 momentum at that mass in the
experiment.

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

(1) There are no stable, unit-charge, non-strongly-
Interacting particles without form factors in the mass
ranges 0.2-0.92 GeV and 0.97-1.03 GeV. By none, we
mean that these particles do not exist in pairs capable
of electromagnetic pair production.

(2) There are no unit-charge, non-strongly-inter-
acting particles without form factors and with lifetimes
greater than 1078 sec in the mass range 0.2-0.86 GeV.
There is a small hole in this range at 0.48-0.50 GeV. If
the minimum lifetime is reduced to 5X10~° sec, the
mass range in which we can be confident that no new
particle exists is about 0.2-0.46 and 0.55-0.70 GeV.

(3) Above 1.03 GeV, there could still be stable non-
strongly-interacting particles but there is a limit on
their production relative to muons. This limit, shown in
detail in Fig. 11, ranges from 6X10~7 at near 1 GeV to
3X10~% at 1.8 GeV relative to muon production.

(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
Ry for strongly-interacting plus non-strongly-inter-
acting 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
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production cross sections because of their own form
factors. We can only inquire if any new particles are
observed.

(5) There is a slight possibility that a hitherto un-
known, strongly-interacting 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
relative flux was about 4X10~7 of the pion plus muon
flux in our beam.

(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 antiprotons. 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.

(7) There is no other evidence for new particles.

There are no earlier published searches 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 results
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 able to say only 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)-(3).
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