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ABSTRACT

A search for long-lived particles { 22 1076 sec) of mass in the range
of about 5-15 BeV has been carried out among cosmic rays at the summii of
Mt. Evans, Coleorado, by measuring time intervals between the arrival of

strongly interacting particles of energy =z 70 GeV and accompanying air
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shower particles, From the absence of delayed strongly interaciing particles
in the range 40-180 ns where particles of nucleonic mass are not allowed, it
is concluded that an upper limit of 160 }J_b/nuc_leon could be placed on the
cross-section for production of parficles of mags around 8 BeV at energdies
not far above threshold in nucleon-nucleon colligsions. This limit is subject
{o certain restrictive assumpiiong about the behavior of the hypothetical

massive particles, which are discussed.



. INTRODUCTION

" Possible existence of an elementary triplet of particles of mass much
higher than that of a nucleon has been suggested by higher symmeiry schemes
of strongly interacting particles. 1 Search for massive par"ticles2 at the
highest energies currently available at accelerators has indicated that if such
particles exist, their magses are unlikely to be << 5 BeV. Tt is of interest to
look for the existence of particles of mags greater than about 5 BeV among
secondaries produced by cosmic rays in the atmosphere. Accordingly a
search has been conducted at Mi, Evans (14, 260 ft.), Colorado, for strongly

interacting particles of mass ~ 10 BeV and the negative result obtained in

this experiment is reported here.
IL  THE METHOD

The method adopted ir this search is similar to the one suggested by
G. Damgsard et al, 3 It consisted of measuring time delays hetween the
incidence of "electrons" from high energy nuclear events in the atmosphere
{air showers) and the arrival of strongly interacting pariicles of energy
2 10 BeV.

If a particle of mass M and energy E is produced in a collision at
a height Z above the level of observation, it will arrive delayed with respect

to the accompanying soft component which travels egsentially with the velocity



of light ¢ by
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where Y= “?T . The magnitude of tfime delays encountered is likely to be at
least given by ingerting in (1) Z = 1.1 km which corresponds io a nuclear
colligion mean free path at an atmospheric depth of == 600 gm/cmzo This
yields 37 ns, for example, for a particle of mass 10 BeV and energy 70 BeV.
The corresponding delay for a nucleon of the same energy is 0. 33 ns but
maximum possgible delay is given by using for Z the whole effective height

of atmosphere above the level of observation. Taking Z =~ 14 km,

max
nucleons can be delayed by as much as 4. 2 ns, The likely distributionsg of
time delays are discussed in Appendix (¢). Thus, detection of particles
heavier than nucleons is possible if delays above maximum possible values
for nucleons of a given energy are obtained,

The method employed here imposes certain limitations on the properties
of particles for them to be detected. These are: {a) they have to be long-
lived, i.e. lifctime 2 1076 sec; (b they should lose energy through nuclear
interaciiong in passing through matier similar to that suffered by nucleons,
and {¢) the trangversge momenta acquired by them in nuclear collisions should
also be about the same a5 those acquired by nucleons. Condition (b) is
necessary because of the method used 1o measure energies of strongly

interacting particles by absorbing their energies in condensed material, as

will be explained in Section IiI. Condition {c) is needed in order that
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appreciable probability of detecting both the strongly interacting particle and
an accompanying air shower is realized.

An estimate of the frequency of detecting massgive particles with the
above properties is made in the Appendix and in Section IV, The advantage of
the present method compared to other methods such as that of measuring masses
of slow particles lies in the fact that large collecting areas, solid angles, and
momentum bites are relatively easgily achieved, In addition, no resiriction on

the magnitude of the charge of the particles is imposed.
i, THE EXPERIMENT

Fig. 1 is a sketch of the apparatus which was mounted inside a trailer.
This setup was used in connection with another experiment on the flux of
strongly interacting particles. It consisted of two spark chambers each of
area 1,8 m x 1.5 m, spaced one above another by a layer of iron 110 gm/cm2
thick, The strongly interacting particles were detected by three additional
layers of iron and four layers of scintillators each covering an area of 0, 55 m2.
The total amount of iron available for absorbing the energy of strongly inter-

2 below the mean heighi of colligion in the

acting particles was 400 gm/cm
layer of iron between the spark chambers, 'The spark chambers were iriggered
by coincident signals in the four scintillation counter arrays of the sbsorption
spectrometer which most often amounted to about 70 BeV for the energy of

the incident sirongly interacting particle. The energy estimates in individual

cases are likely to be accurate to betfer than + 50%,
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Two large plastic scintillation counters {each of area 1.8 m x 1.8 m)
were used {0 detect air showers accompanying the strongly interacting
particles, The pulses from the spectrometer counters and the shower
detectors were suifably delayed, displayed and photographed with a dual beam
oscilloscope at writing speeds of either 40 or 100 ns/em (Fig. 2). The
response from the air shower detectors was adjusted such that the passage
of even one particle through them exhibited a detectable pulse on the oscilloscope.

The data were gathered over a period of 130 hours of operation during
the summer of 1965, In all, about 10, 000 events were recorded but only about
a quarter of these indicaied an accompanying shower by the presence of pulse
in boeth the air shower counters. Again, only half of these were useful in the

senge that pulse locations could be read clearly.

IV, RESULTS AND DISCUSSION

The distribution of time intervals between the pulse Ty (Fig. 2) from
the botiom three layers of the specirometer and the mean position of pulses
(T4 and Ts) from the two shower counters is given in Fig, 3. Only events
with pulses from both the air shower couniers were used for the study of
delay distribution in order fo reduce acciderntal background and jitter in the
pulses from the large counters.

The significant result from Fig. 3 ig the absence of eventis in which
the accompanying shower precedes the strongly inferacting particle by more
than 40 ns. The disiribution looks asymmetric but not in a physically

significant sense. 'This asymmetry could be atiribuied fo the geometrical
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disposition of the apparatus and systematic displacements in the reading of the
start of large pulses from the spectrometer.

The width of the distribuiion in Fig, 3 is comparable to the width of the
distribution due to transit time of light in the counter through multiple reflections.
An idea of this distribution could be had from the dashed histogram in Fig. 3
which showsg the digtribuiion in arrival times of pulses due to passage of single
particles through the counters arranged as shown in the inset.

The absence of events beyond 40 ns up to 180 ns {(which is the upper limit
in the present experiment) is difficult to relate in a straight forward way to an
upper limit of production cross-section of magsive particles in collisions of
high energy nucleons with air nuclei. Many arbitrary assumptions will be
involved but a rough estimate of the frequency of heavy particles relative to
the flux of nucleons of energy = 70 BeV is deduced in Appendix (b) to serve
as a guide line to general expeciations here, 4 The upper limit to the observed
frequency of everis at 99% confidence level is arrived at from the estimate
based on the analysis of the spark chamber pictures which indicate that during
the period for which the sample for Fig. 3 has been accumulated, 4, 000 strongly
interacting particles {nuclecns) of energy =z 70 BeV have been observed, The
fact that no event with delay in the interval 40 - 180 ns has been observed is
equivalent to 4. 6 potential events which have 1% chance of not being observed.
Thus, the 99% confidence limit is 4. 6/4000 = 1.2 x 1073, In Fig, 4 is drawn

a curve connecting the upper limit to the production cross-section set by the
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observed confidence limit and the assumed mass of the heavy particles. It
is to be remarked that this method of relating the observed frequency to
production cross-section avoids the question of composition of events that go
to make the sample in Fig. 3. Analysis of spark chamber pictures shows
that about 60% of the events that exhibil association of pulses from both the
air shower counters have a single strongly interacting particle with varying
degrees of association of soft component of air showers, whereas 75% of all
triggers are single strongly interacting particles with or without associated
shower particles.

The upper limits we find here are very much higher than the cross-
sections expected near threshold for production of massive particles
which may reasonably be iaken to be given by il (_1?;[%—#> 2 . In the
accompanying table is given the values of cross-sections expected i, e.,
(M%ﬁ / 1\/.[2) G“g where MTF is the mass of the pion and M the mass
of the heavy particle and § o the inelastic nucleon-nucleon cross-seciion
at high energies (30 mb). The corresponding frequency of detectable events
in the present type of experiment at an elevation of 600 gm/cm2 is given
in the last column. Although cross-sections may be much larger at energies
far above threshold, it is likely that contribution from these higher energy

collisions to particles in the required range of time delays will be smalil,



Cross-section Expected Frequency of
Mass in ub events relative to 102 nucleons
BeV (Mﬁ' 2/1\/,[2) Tg of energy = 70 BeV
5 24 8.8
7 12 7.9
10 6 2,7
14 3 0.4

Thus, there is need to push the upper limits obtained in this experiment down by
at least two orders of magnitude. The accidental background in the present
experiment ariging from chance agsociation of an air shower, the rate of which
was found to be 80/sec, (two-fold coincidence rate of the shower counters kept
side by side ag in Fig., 1) with a strongly interacting particle in the time intervsl
40 - 180 ns s 1,1 x 107°,

Three other searches5 have been carried out for magsive particles
using similar techniques. In all these experimenis no posiitive evidence has

been found suggesting the existence of masgsive particles.



V. CONCLUSIONS

It has been feasible to explore the possibility of production of long-
lived { 2 1078 sec) particles of mass in the range 5~15 BeV in high energy
nuclear collisiong in the atmosphere., Maximum sensitivity of detection of
these heavy particles is around a mass of 8 BeV in the present experiment.
The upper limit to the cross-section for production of particles of mass
around 8 BeV is 160 ub/nucleon provided these lose energy comparable to
that of nucleons and acquire transverse mormenta of the same order of
magnitude as nucleons do in nuclear collisions. The expected cross-secction
for the production of these particles near threshold is ~ 10 pb/ nucleon,
Thus, there is need to collect more data to push the upper limits set here
by at least two orders of magnitude, Figures for the upper limiits and
expected cross-sections for the masses in the range considered are given in
Section IV of the paper. I appears not feasible to observe cross-seciion
levels much kelow 10 }Ab/ nucleon because of chance association between
strongly interacting particles and air showers.

In the method adopted in this experiment, there is no restriction on
the magnitude of charge carried hy these particles. Restriction on the
rapidity of energy loss could be removed by using a thick enough absorber
in the spectrometer. However, the restriction on the fransverse momentum
is necessary for the observation of the associated air showers and is vital

to the method.
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APPENDIX

(a} Intengity distribution of heavy particles in the atmosphere

The intensity of strongly interacting particles in the atmogphere

consist essentially of nucleons distributed as
N{E, X} = kE-(€ +1) exp (-X/ A a) e (1)

where E is the energy, X is the depth in the atmosphere, K , a constant,
€ =~ 1.7 and Na =120 gm/cmz.
The source gpectrum of heavy particles assumed to be created

in pairs in nucleon-nucleon collisions can he wriiten as
Cl,:)

S(E, X) = N(E, X) W(E, B) dE'/ M e (2)
K
where W(E!, E) is the differential production specirum of the heavy particles
and ?k i is the nuclear colligion {inelastic) mean free path of nucleons in
the atmosphere, For the purpose of developing a simple model of production
and detection of heavy particles, the differential production spectrum is

assumed to be a Cg\ - function:

W{E',E) =2 (Q g/GC) g (B - M + E'/2Mp), E>Ey = M2/M_

Here G——H is an energy independent cross-section for the production of
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heavy particles of mass M in pairs and 6_1- the inelastic collision crogs-
section corresponding to 7\ is M, denotes the mass of a nucieon.

Under the above conditions, for E > Ei,

SE,X) = (4K 0 g/ >\16Ni) (2MH/M2)'G E2€ ey (-x/Aa)

----- (4)
The intensity distribution of heavy particles can then be written as
X
NE, X) = g S(E, ) exp (-(X- D"-)/Xa‘)dx aaaaa (5)
(e}

where 9\ 'a is the absorption mean free path of the heavy particles in air,

Combining {4) and (5),
L€ _
H(E, X) = 4K/ A @Mp/M2) B2 E F Dexy (-x/ Ara)
Y_‘l - exp (-X/Na + X/A'a}] Na Nat/( :’\a' - Aa) ===== (6)

where vsge hag been made of.>\H = 11’. G\di/ GVH. For E > Fyyp, Ata =
(>\i'/(1 - 0(26 ) where )\ i is the collision mean free path in air of the
heavy particles and oL is the mesn elasticity of the collision. Since we have
little knowledge about ;\ it and 0( ., We uSe /A a'= ;\ a as a working

hypothesis, 6 The distribution given by (6) then simplifies to

H(E, X) = 4K M /MD ™ BT M %/ Aexp (-X/ N a)
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(b) Agsociation with air showers

The efficiency of detection of an air shower associated with a
strongly interacting particle depends on the area of the shower detector,
its distance from the core of the air shower and the number and lateral
distribution of particles in the shower. Before arriving at an estimate of
the frequency of association of air shower with heavy particles, first such
a frequency of association can be calculated for the case of nucleons
detected at the level of observation (600 gm/ cm?) with our apparatus and
compared with the observed frequency.

The model used for the calculation is to expand the intensity

given by (1):

N{E, X} = N{E, O) exp (QX/?\]-_)[Z X/ )" an [n' 1
8]

and 7\a = 7\?1/{1 -=”rf Y. Values of }a =120 icgzm/cm2 )\i = 85 gm/cmz

and ’Yz = 0. 5 are mutvally consistent figures, Each term in the above
expansion represents the number of colligions a high energy primary suffered
in the atmosphere before degrading to the energy E. Thus, in esch case
history, the energy transferred to the shower is known for a given E,
Assuming that the shower size at the level of ohservation is given by

7

N = Esh/2 where Esh in BeV is the energy transferred to the zir shower,

the efficiency of its detection can be computed for the apparatus used in the
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present experiment by requiring that at least one particle pass through each
shower detector (area 3, 35 rnz) located at a distance of 1 m and 3.4 m from
the shower core, This efficiency is given by [l—eXp(“S A 1)] X
Elmexp(=SA2)] where § is the area of each detector and £ and VA 9
the average densities of the air shower at the two detectors, respectively.

Using the relation A (r) = M /R? where i(r) is the lateral
distribution function for age parameter unity and Ry the so-called characteristic
scattering length, 8 the frequency of association with air showers for nucleons
of energy > 70 BeV is calculated to be = 30% which agrees with that found in
this experiment &2 25%.

In the case of heavy particle production, the production spectrum
is taken to be given by (3) and the intengity of heavy particles given by (5)

and (2) is expanded as

X =9 :
BEX) =@/ 2y (] N(E', o) & (B-M ;V% ) A" expl-x/ M)
o h

Bt = Ey
=9 ne& _ oo &
Z /AT /m] expl- (XD i) Z (=2)l”T A1) P
O O

Fach term in the above expansgion after integration over x represgents a case
history of particles leading to the production of a pair of heavy particles and

detection of one of them at a time. Using numerical values for , A ete.,
g
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it is possible to calculaie the energy transferred té the air shower and the
corresponding preobability of detection the air showers with the given apparatus,
In the present calculations the energy transferred from the heavy particles fo
the air showers is neglecied; in this case, only ’q and 9\ j are involved in the
calculation.

For the purpose of comparing the experimental results with the

calculations based on the model outlined above, the following ratio is

g By

) S"d N(E', X) dE'
Eob

evaluated:
0D

H (B, X)}L(E') dE'

The numerator is the flux of heavy particles of energy larger than Ey, and
the dencominator ihe flux of nucleons of energy larger than an observed
threshold energy, Eob’ which in the present experiment is 70 BeV, //L(E‘)
represents an officiency factor for the detection of the heavy particles i.e.,
the accompanying air shower should be detected and the time interval between
the shower front and the heavy particle should lie within the set interwval in
the expeariment (40 - 180 ns). },L(E') is taken to be a product of thesge two
eificiencies. In this section, the method of obtaining the efficiency of
detection of the accompanying air shower was discussed. In the next the

probability distribution of the time intervals is discussed.
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{c) The time delay distribution of heavy particles

The distribution of time intervals between the arrival of the air
shower front and the incidence of a heavy particle can be calculated to a
first approximation by assuming that most of the contribution to the time lag
comes from the last free path of traversal of the heavy particle in the
atmosphere before it is detected. The problem reduces to a iransformation

of the integrand in (5) to a time lag distribution by using the relation
t=timelag=(Z,/2¥ %2 LnX/x) - (11)

where Zo == 7 Km, is the 'scale height'" of the atmosphere, \6 = B/M
and c¢ the velocity of light, Assuming further that ’)\'3 = )\ 'y, the time delay

distribution is given by

%(E, Xt =8(E, L) exp (JX” L) / >\ i ). \ T
Z : 0€ L-2€ +1)
= (4KX] Agpto) @M,/M?)  E e (12)

exp (-X exp (~t/to) [/ Aa) exp (-X(1 - exp (~t/ty)) / A }) X

exp (-t/tey e {13)

2
where ty = ZO/ 2 ‘?{ C.
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A simple approximation to the above distribution follows if we
set }' i= A a; the distribution is then a pure exponential with a mean of
to and this distribution is the one used to compute the efficiency of obtaining
heavy particles within the set delay and, in turn, to calculate the ratio R to

be compared with the experiment (section IV).
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Fig, 1

Fig. 2

Fig, 3

CAPTIONS FOR FIGURES

A drawing of the experimental arrangement

Schematic drawing of the display of pulses on oscilloscope
sweeps. Ty to Ty indicate the measured starting points
of pulses numbered 1 to 5, During part of collection of
data a sweep of 1 JL sec duration was used.

Histogram of time intervals (T, + Tg) 2 - Ty (see Fig. 2)
shown by full line. The histogram drawn by broken line

is the distribution of time intervals in the arrival of pulses
from the shower detectors (1, 2) kept one sbove another
as shown in the inset and responding to passage of single
particles through them. The latter histogram is based on
472 events but has been drawn, normalized to 1302 evenis
of the previous hisiogram for comparison, Events in which
air showers precede the arrival of strongly Interacting
particles would appear on the negative side of the axis of

time as shown here.
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Fig, 4
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CAPTIONS FOR FIGURES (Cont'd.)

A curve showing the sensitivity of the present experiment for
the detection of particles of various masses. The curve relates
the upper limit set for the cross-section per nucleon above
threshold for the production of heavy particles in pairs in

high energy nuclear collisions in the atmosphere and the mass
of the particles thus creaied. The curve has been drawn by
joining the four points shown which were obtained by calculations

based on a model outlined in the Appendix,
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Duration of sweep = 400 ns on [0Ocm

T, T, Ts
‘

Sum of pulses of lower three sections
of spectrometer.

Pulse from +top layer of .spectrometer.
2 amplified.

Pulse from counter CD on top of
spectrometer.

Puise from counter AB at the side of
spectrometer.

Fig. 2
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