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Production of massive (> 10 GeV/c? strongly interacting particles in very-high-energy
interactions has been suggested by many theories. These particles, if produced in the
cores of extensive air showers in the upper atmosphere, would arrive at the observational
level delayed by tens of nanoseconds relative to all other known particles of similar ener-
gy, provided they are relatively stable (lifetime > 10~¢s). Experiments searching for such
particles have reported observing delayed (> 20 ns) energetic (>40 GeV) events. However
several anomalous features observed for these events have precluded their interpretation
in terms of massive particles with ordinary hadronic interaction characteristics in a con-
clusive manner. We report here the details of a new experiment carried out at the Ooty
laboratory during 1978 — 1981 where we have attempted to study the delayed energetic
events with a multidetector system placed inside the large Ooty multiplate cloud chamber.
Our observations show that the delayed energetic events could not be ascribed to high-
energy hadronlike interactions of a massive strongly interacting particle. We have ob-
served one delayed event showing a high-energy cascade in cloud chamber but inadequate
timing -information does not make a convincing case for this event to be due to a high-
energy delayed massive hadron. However this event combined with observation of two
similar events earlier by Tonwar et al. suggest the existence of some interesting phenom-
enon requiring observations over a long period of time. We have obtained a 99%-C.L.
upper limit of 1.7X 107! cm=2 s~! sr~! for the flux of massive particles in extensive air
showers of size ~(5X 10*)—(5X 10) particles which corresponds to an upper limit of
2.5%X 10733 cm? for the production cross section for particles of mass > 10 GeV/c? at

energies of ~10°—107 GeV.

I. INTRODUCTION

Experimental searches for massive particles’
which may be produced in high-energy particle in-
teractions occurring in the cores of extensive air
showers have given interesting but inconclusive re-
sults. The large arrival delay expected? for a mas-
sive particle in traveling through the atmosphere
relative to the shower electrons has been used by
these experiments®~® as the signature for identifi-
cation. The delay At is related to the mass (m)
and energy (E) of the particle through the simple
relation

At ~(h/Bc —h /c)
~1667(hm2/E?*) ns; B=v/c ,

where v is the velocity of the massive particle, c is
the velocity of light, and 4 is the distance traveled
by the particle in the atmosphere in kilometers.
Since the expected delays per kilometer for energet-
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ic (> 40 GeV) pions, kaons, and nucleons are less
than 0.02, 0.25, and 0.92 ns, respectively, a delay
of 20 ns or more requires these particles to travel
more than 22 km without decay or interaction
which is highly unlikely. In fact, detailed Monte
Carlo simulation® of extensive air showers initiated
by protons and iron nuclei of energy 10°—10° GeV
have shown that the probability of a hadron ob-
served at mountain altitude (800 gcm —2) to have
these delay and energy characteristics due to fluc-
tuations is much smaller than 10~%,

All five experiments®~7 to date have reported
observing events with these delay-energy charac-
teristics. However these observations could not be
regarded as conclusive evidence for the existence of
massive particles due to the absence of enough de-
tailed information about the events and due to the
unusual nature of these events. For example, ex-
periments®~° using deep multilayer calorimeters to
measure the energy of the hadrons showed that the
delayed energetic events did not penetrate thick
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layers of absorbers and most of the ionization
deposited in the calorimeter was confined to a re-
gion close to one of the sampling detectors.
Tonwar et al.® attempted to observe the cascades
for these events by placing the timing detector in-
side the large multiplate cloud chamber. They re-
ported two events showing well developed cascades
in the cloud chamber with energy larger than 30
GeV and with delay of more than 20 ns. Good-
man et al.” attempted to observe the delayed had-
rons with wide-gap spark chambers located on
both sides of the hadron timing detector inside the
calorimeter, but separated by ~ 120 gcm ™2 of iron.
They have reported observing three delayed ener-
getic events, but their cascades could not be dis-
tinguished clearly in the spark-chamber pictures.
However, in both of these experiments the timing
information was provided by only one detector.

We report here the results from a new experi-
ment carried out at the Ooty laboratory (altitude
800 gcm~2) during 1978 — 1981, where we at-
tempted to overcome some of the problems faced
by the earlier experiments. The major improve-
ment in our experiment is in the use of two well
separated timing detectors inside an absorber as-
sembly. As in the experiment of Tonwar et al.®
we placed the hadron timing detectors inside the
Ooty multiplate cloud chamber which permits a
detailed visual study of the hadron cascades going
through the timing detectors. These detectors are
placed at two depths in the multiplate assembly
and provide unambiguous measurement of the de-
lay for the hadron. Since the more numerous
prompt lower-energy hadrons can suppress the
detection of some of the delayed hadrons near the
cores of air showers, separate timing measurements
have been made for lower and higher pulse heights
for the timing detectors in the present experiment.
These and other details of the experimental system,
data collection, and data analysis are given in the
next section. The experimental results are present-
ed in Sec. III and their interpretation is discussed
in Sec. IV along with the discussion of results
from earlier experiments. Conclusions are present-
ed in Sec. V.

II. EXPERIMENTAL DETAILS
A. Experimental system
The apparatus consisted of a hadron-detection

and -timing system, a shower-front timing system,
and an air-shower array. The hadron-detection

system is composed of a pair of thin (1 cm) plastic
scintillation detectors S3 and S,, each of area
0.80.8 m? and viewed through an adiabatic light
pipe by a RCA 8575 photomultiplier. These two
detectors are placed inside the multiplate assembly
of the large (2 mX 1.5 m X 1 m) cloud chamber as
shown in Fig. 1. The absorber above S consisted
of 112 gem™2 of iron in the form of eight plates
(including the top wall of the chamber), a thin
layer of iron (5 gcm™?), and a layer of lead of
thickness 43 gcm™2. The lower detector S, was
separated by 56 gcm ™2 of iron and 60 cm of space
relative to S3 in the first part of the experiment.
In the second part of the experiment the detector
S4 was placed above S; by removing one of the
iron plates above S3. In this configuration the two
detectors were separated by only 3 gcm ™2 of
matter (plywood and aluminum) and 15 cm of
space vertically. In the first part, the absorber as-
sembly above S offered 16 radiation lengths or
about 1.2 interaction mean free paths for the
development of electron-photon cascades and nu-
cleon interaction, respectively. The lead-layer
shielding above the chamber was basically for
preventing the low-energy shower particles from
entering the chamber for near vertical (6 <25°)
showers. For larger-angle showers the lead shield-
ing was not effective, but the iron plates above S;
provided some measure of shielding. It may be
noted that the incidence of some larger-angle
shower particles on S; or S; does not cause much
difficulty since these are mostly prompt particles
and are unlikely to simulate a delayed energetic
event. However, these particles can prevent, in
some cases, the detection of the delayed event by
triggering the timing system earlier.

The shower front was timed by six detectors.
Two of these, S; and S,, were placed above the
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FIG. 1. A schematic diagram of the experimental
system for the detection and timing of the shower front
and the hadron.
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shielding of the cloud chamber (Fig. 1). These
detectors, plastic scintillators each 0.5X0.5 m? in
area and 5 cm thick, are also viewed by RCA 8575
photomultipliers. These detectors measured the
shower density above the chamber and provided
the timing reference for measurement of the delays
for the signals from S; and S4. The other four
detectors, N, E, W, and S, were liquid scintillation
detectors, each 1 m? in area, which were placed at
distances of 5—15 m from the chamber. These
provided the measurement of relative arrival times
for the shower front for computation of the shower
arrival direction. The lateral distribution of
shower particles was measured by 20 density detec-
tors (plastic scintillators) spread over an area of ra-
dius ~40 m around the cloud chamber, which en-
abled determination of the core position, age, and
the size for each shower.

B. Data selection and recording

The data selection and recording system is
shown schematically in Fig. 2. The pulses from
each of the shower detectors S and S, were fed
after passive splitting to a discriminator and after
further splitting to 2 of the 12 channels of the 10-
bit analog-to-digital-converter (ADO) (CAMAC)
module. The pulses from each of the hadron
detectors S; and S, were fed after passive splitting
to a discriminator (lower threshold, 100 mV) and
after further splitting to another discriminator
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FIG. 2. A schematic diagram of the data selection
and recording system.

(higher threshold, 250 mV) and after another split-
ting to two channels of the ADC module. One of
the two pulses going to the ADC module for each
detector was attenuated by a factor of 5 to extend
the range of measurement of the number of parti-
cles in these detectors. The pulses from each of
other shower-timing detectors were fed after pas-
sive splitting to a discriminator and the other out-
put of the splitter was used for a different experi-
ment. The pulses from each of the discriminators
mentioned above were fed to the 11-bit time-to-
digital converter TDC (CAMAC) module for
measuring their arrival times relative to the START
gate. The pulses from the density detectors (D to
D) were fed directly to the gated logarithmic am-
plifier digitizer system with capability of measur-
ing particle densities in the range of 1—5000 m™2,
The event selection was carried out through a
three-step coincidence system. First a twofold
coincidence between the signals from the discrimi-
nators for S| and S, was generated. The discrim-
ination level was changed during the experiment,
as will be discussed later. Separately, a fourfold
coincidence of the signals discriminated at the
single-particle level from the detectors N, E, W,
and S was generated. The extensive-air-shower
(EAS) selection was then completed by requiring a
coincidence between the output pulses from the
(S1-S,) and (N-E-W-S) coincidence modules.
This shower trigger served as the prompt START
gate to all the data modules. By arranging suitable
delays it was ensured that the timing of this gate
was always determined by (S;-S,). This scheme
was necessary to avoid any delay for the START
gates to the TDC and ADC modules due to the ar-
rival angle of the shower. The hadron was selected
by either requiring a signal above a preset level
(low or high) in either S5 or Sy, or by requiring a
twofold coincidence between these pulses. As dis-
cussed later these different selection conditions
were used at different times to study specific prob-
lems. Finally a master trigger was generated by re-
quiring a coincidence between the shower (EAS)
pulse and the hadron (S5-S4 or S5/S,) pulse which
transferred the data from various modules (clock,
scalers, flag generators, ADC’s, TDC’s, and loga-
rithmic ADC’s) to the magnetic tape recording sys-
tem through a 4000-byte-capacity data buffer
module. An inspection of part of the data could
be done by transferring it from either the buffer or
the magnetic to the video (cathode-ray-tube) data-
display system. The shower pulse which served as
a START gate also generated a clear gate for all the
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modules if it was not followed within 250 ns by a
master trigger. The master trigger also gave the
trigger for the cloud chamber control system.
Since the dead time for the chamber after every
trigger is rather long (~ 10 min) only triggers hav-
ing either a high-energy (> 20 GeV) or a delayed
(> 5 ns) hadron in the hadron-detection system
were allowed to proceed to the chamber control
system. All the detectors were routinely calibrated
using near-vertical atmospheric muons.

Data were collected with different selection cri-
teria to search for delayed energetic events in dif-
ferent regions of air showers and for different con-
ditions for the energy loss in the hadron detectors.
A summary of various triggers used, the run time,
and the number of events collected for each of
these triggers is given in Table I. Initially (part 1a)
the search was restricted to regions close to the
shower core by requiring a particle density > 12
m ™2 over the chamber, that is, requiring >3 parti-
cles in both S; and S,. The threshold for the
discriminators for S; and S, was kept at about
four particles and a coincidence was required be-
tween these two detectors. During this period the
signals from S; and S, were not discriminated at
the higher threshold levels and therefore only the
arrival times of the first signals in S3; and S,
which crossed the four-particle level were mea-
sured. Since some delayed particles could be
masked by lower-energy hadrons arriving earlier
the threshold for the discriminators was later
raised (part 1b) to about 20 particles (note that
during this period there were no measurements for
the arrival times at the lower particle level). It was
soon realized that due to fluctuations in the devel-
opment of cascades in the absorber assembly, the
average hadron energy required for giving >20
particle signals in both S3 and S could be consid-
erably larger than about 30—40 GeV. Therefore

during part 1c of the experiment separate discrimi-
nators with lower (5 particles) and higher (25 parti-
cles) thresholds were installed for both S5 and S,
and arrival times were measured independently at
these two levels. In this part the hadron selection
required only signals larger than about five parti-
cles in both the hadron detectors. Finally, in part
1d the requirement of a coincidence between the
signals from S; and S, was removed and the had-
ron selection required only a signal > 5 particles in
either of these two detectors. Also the search for
the delayed energetic events was extended to far-
ther distances from the shower core by reducing
the shower density requirements from 12 m~2 to
only 4 m~2 over the cloud chamber in part 1d of
the experiment. It may be noted that events select-
ed with any of the triggers in parts la, b, or ¢ were
part of the sample selected with the criteria adopt-
ed in part 1d. However this relaxation in selection
criteria also permitted a study of delayed energetic
events which, for some reason, may give a signal
only in one of the hadron detectors.

Since many events observed in the first part of
the experiment showed signals only in one of the
two detectors, the absorber thickness between S;
and S, was reduced from 56 gcm ™2 to about 3
gem™2 in the second part of the experiment. As
mentioned earlier this was achieved by placing the
detector S above S; with only thin aluminum and
plywood sheets between them. In part 2a the selec-
tion conditions were kept similar to those in part
1d. Then for a short run (part 2b) data was col-
lected with a higher shower density (12 m™2) re-
quirement. However, in the second part of the ex-
periment there was no information available from
the cloud chamber since a major fire accident in
the high-voltage flashing system for the chamber
had forced the shutdown of the operation of the
chamber.

TABLE 1. Summary of data collection.

Shower- Hadron-

detectors detectors Operational Number

threshold threshold time of
Part Trigger (particles) (particles) (h) events
la EAS-(S5-S4) 3 4 1596 26785
1b EAS-(83-S,) 3 20 1348 5338
1c EAS-(S5-S4) 3 5 2318 24419
1d EAS-(S3/84) 1 5 3595 128131
2a EAS-(S3/S,) 1 5 1920 64407
2b EAS-(S3/84) 3 5 846 17284
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C. Data analysis

The observed signals from all the detectors were
converted to equivalent numbers of particles using
the calibration values obtained for muons. The re-
lative arrival times from the shower timing detec-
tors were used to compute the arrival direction of
the shower. From the observed distribution of the
arrival times from detectors placed adjacent to
each other it was estimated that the error in the
determination of the zenith angle of a shower is
~4°. The particle densities observed in density
detectors were fitted to a lateral distribution func-
tion® to obtain the position of the shower core, the
age parameter, and the shower size. The errors in
the determination of the position of the shower
core, age, and the size have been estimated from
analysis of artifical showers’ to be 1 m, +0.1 and
+30 %,, respectively.

The arrival delay of the signal in S; and S, rela-
tive to shower particles in S; or S, can be ob-
tained, in principle, from the difference in observed
TDC counts (2 counts/ns) after subtracting the ef-
fects due to different transit times (cables, electron-
ics, etc.) in these detector systems. Since the rise
times (10—90 % ampiltude) of the pulses going to
discriminators are about 5 ns, a direct determina-
tion of transit times using near-vertical muons was
not considered to be very useful. Therefore the
transit times have been determined from the medi-
ans of the distributions for various TDC channels
for showers with very high density (>400 m~—?)
over the chamber and very-high-energy (> 100 par-
ticles) hadrons through S; and S;. As expected
from slewing due to rise time these medians shift
by as much as 4 ns for small signals in these detec-
tors. Although such a trend is also expected due
to physical processes (lower-energy electrons or
hadrons ariving a little delayed, on the average) it
is not possible to distinguish between these two ef-
fects in this experiment. Since S or S, provide
the START gate for the TDC’s the delay AT of the
signal in S5 or S, is determined from the relation

AT=[T(S3/84)—T(S3/84)]
—[T(S,/S,)—T,(S,/S,)] .

Here T(S5/S4) and T(S/S,) are the arrivial
times for signals measured by TDC’s for S; or S,
and S, or S, respectively. T,,’s are the medians
for the distributions for these detectors. Since one
of the shower detectors may be delayed sometimes
due to fluctuations, the delays are measured rela-
tive to the earlier of these two detectors.

The time resolution for these detectors has been
measured by observing the distribution of the
difference in arrival times between the detectors
placed above one another with no absorber above
or between them. It has been observed that this
distribution is nearly Gaussian with a standard de-
viation (o) of about 3 ns for single particles. The
distributions are narrower (o ~2 ns) for signals
larger than five particles. Therefore an individual
high-energy event with measured delay, e.g., 10 ns,
in one detector only cannot be considered very sig-
nificant but it acquires importance if delays mea-
sured by both detectors S; and S, relative to both
shower detectors S| and S, are larger than 10 ns.
On the other hand delays larger than 20 ns in even
one detector are difficult to account in terms of in-
strumental fluctuations. It should be noted that
fluctuations in the arrival time of the shower front
only reduce the measured delay of the hadron and
do not lead to an overestimate of the hadron delay.
These fluctuations, in fact, lead occasionally to an
apparent small negative delay for the hadrons as
would be seen from the delay distributions present-
ed in the next section.

It is rather difficult to estimate accurately the
energy of the hadrons from the amplitude of the
signals in S3 and S, except for those events which
have a cloud-chamber picture showing a well
developed cascade. Since cloud-chamber pictures
were available only for a small fraction of the
events due to various inefficiencies in the operation
of cloud chamber, the hadron detectors S5 and S,
have been treated here as burst detectors. An aver-
age conversion factor of 1 GeV per particle in S;
or S, has been used to estimate the energy of the
hadron. This conversion factor is based on obser-
vations of hadron cascades in calorimeters'® and
Monte Carlo simulations.!®!! In individual cas-
cades large fluctuations can be expected, leading to
an uncertainty in energy by about a factor of 2.
However, in most of the results presented in the
next section no conversion to energy has been
made. Since the observations in this experiment
were mostly in regions close to the shower core,
within about 20 m, it is expected'? that many
events would have contamination from the large
background due to low-energy particles (muons,
hadrons, or electron cascades from above or sides).
However, this contamination is important only for
nondelayed events where it cannot be distinguished
from the contribution due to the prompt high-
energy hadron. In case of events with delayed
hadrons this contamination, mostly time-coincident
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with shower front, causes the low-threshold timing
channel to show a prompt signal. In cases where
this contamination is large enough to trigger the
high-threshold timing channel the delayed event
cannot be identified.

The main purpose for the use of the cloud
chamber in this experiment was to obtain a better
estimate of the energy for the delayed energetic
events since cascade development and absorption
could be visually studied in detail. The energy of a
cascade seen in the multiplate cloud chamber can
be estimated with good accuracy (+30%) from the
track-length integral using the conversion factor
obtained from calculations.!! For a part of the
data cloud-chamber pictures were scanned to com-
pare the signals observed in detectors S3 or S,
with the number of particles seen visually in the
picture. It has been observed!? that for events with
a smaller (< 30 particles) signal there was good
agreement between the two methods. However, for
larger signals the number of particles given by S3
or S, were mostly larger than the numbers seen
visually. This is expected since slow particles (eva-
poration fragments) and particles traversing the
detectors at large angles give a large signal in the
scintillation detector. This has also been seen in
accelerator experiments'® and is, in fact, one of the
main reasons for the large error in the estimation
of energy from observed bursts.

III. EXPERIMENTAL RESULTS

The following information was available for
each event after the analysis of the data: (i) Ob-
served signal in detectors Sy, S,, S3, and S, in
terms of equivalent number of particles, (ii) arrival
delays of the signals in S3 and S, relative to the
shower front at two threshold levels, except in
parts 1a and b of the experiment, (iii) arrival an-
gles, core position, age, and shower size for most
of the showers except for about 10% of the events
whose shower information was not useful for vari-
ous reasons, and (iv) cloud-chamber pictures for a
small fraction of the high-energy events.

Since earlier experiments®~7 have all observed
delayed energetic events with basically a single
hadron detector it is of interest to study first the
delay distributions in the present experiment by
treating S; and S, as independent detectors. Fig-
ure 3(a) shows the diplot of the number of particles
against the arrival delay of the signal in S; for all
events collected in the first part of the experiment.
A similar plot for S, is shown in Fig. 3(b). These
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FIG. 3. Diplot of the number of particles (N) and
the arrival delay in nanoseconds of the signal in (a) S;
and (b) S, for events with N > 10 particles and shower
density >4 m~2in part 1 of the experiment (in all di-
plots A represents 10— 19 events, B represents 20—29
events, etc., and Z represents > 100 events).

diplots show a number of delayed energetic events
(delay > 20 ns, number of particle > 40) very simi-
lar to events observed in earlier experiments.

The correlation between the time delays mea-
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sured by the detectors S3 and S, is shown in Fig. 4
for the events shown in Figs. 3(a) and 3(b). As
mentioned earlier most of these events (except in
part 1b) required for selection five particles or
more in S3 and S4. It is interesting to see from
this figure that there are basically two types of de-
layed events. The first type, called type A here, is
populating the diagonal region in Fig. 4 and the
delays measured by .S; and S, for this type of
events are in good agreement with each other (+5
ns). In the other type of events, labeled type B
here, which lie along the axes in Fig. 4, the signal
from only one of the two detectors is delayed. It is
evident that while type A events are likely to be
due to cascades traversing both the hadron detec-
tors, the type B events are certainly due to passage
of different cascades through S; and S,. Apart
from these two types of events there is another
class of events, called type C here, which was stud-
ied in part 1d and parts 2a and b of the experi-
ment. These events are characterized by the pres-
ence of a signal in only one of the two hadron
detectors and only one measurement of arrival de-
lay was available for these events. Table II gives
the summary of the data for the operating time,
number of events, event rate, and relative frequen-
cies for different types of events with different
selection thresholds in both parts of the experi-
ment. Since relative rates for different types of
events were not very sensitively related to the
shower-density thresholds used here, data collected
with different triggers in part 1 have been com-
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FIG. 4. Correlation between the delay of the signal in
S3 and S, (part 1).

bined together for computation of the rates and
frequencies given in Table II. It is seen from this
table that type C events, which are mostly due to
low-energy hadrons, are the more common type of
events among those selected with lower-threshold
trigger. As expected for higher-energy events, type
A events form the majority of events selected with

TABLE II. Operational time, number of events, event rate, and relative frequencies for various types of events.

Hadron- Operational Number Event
selection Event time of rate Relative
Part threshold type (h) events (h~Y frequency
1 Low A 7509 62024 8.26 0.26
B 7509 22174 2.95 0.09
C 3595 74753 20.79 0.65
1 High A 7261 23127 3.18 0.76
B 7261 2143 0.29 0.07
C 3595 2550 0.71 0.17
2 Low A 2766 29 644 10.70 0.41
B 2766 7672 2.77 0.11
C 2766 34980 12.65 0.48
2 High A 2766 9001 3.25 0.96
B 2766 280 0.10 0.03
C 2766 114 0.04 0.01
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the higher-threshold trigger. It may be noted that
some of the type C events are, in fact, type A
events whose cascades have missed the other detec-
tor due to particular combination of position and
angle of the cascades.

With the aid of two channels for each of the
hadron detectors for measuring the arrival times at
two different threshold levels, it was possible in
this experiment to distinguish between two hadrons
arriving at different times on the same detector. A
diplot of the arrival delays measured by the lower-
threshold and the higher-threshold channels of a
detector is shown in Fig. 5. It is seen that there
are many events where a low-level signal which
was time-coincident with the shower front has been
followed by a delayed high-level signal in the
detector. This capability makes it possible to
search for delayed energetic events near cores of
showers where a large background of low-energy
hadrons is expected. However if the hadron arriv-
ing earlier has higher energy, then the delay of a
subsequent hadron is not recorded.

A. Type A events

A detailed study of events of type A in which
the delays measured by S; and S, agree to within
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FIG. 5. Correlation between the delays measured by
S3 or S, at lower (> 5 particles) and higher (> 25 parti-
cles) threshold levels (part 1).
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5 ns forms the most significant part of this experi-
ment. Figure 6(a) shows the diplot of the number
of particles and the delay for type A events collect-
ed in part 1 of the experiment. It is quite clear
from this figure that there are no large-delay (> 20
ns) high-energy (> 40 particles) events in this data.
However there are a few marginally interesting
events with delays in the 10—20 ns range which
have signals of 40 particles or more in one of the
hadron detectors. The details of these events are
given in Table IIIL

For a study of events which are more likely to
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TABLE III. Characteristics of delayed energetic events of type A.
. Shower Shower
Event Shower  core arrival Arrival delay
Serial identification 10~*X Shower density distance angle Number of particles (ns) Event
number number size (m~?) (m) (deg) S S4 S3. Ssg Sia Sin  type
1 39736 71 40 28 35 10 57 16 16 A
2 112264 26 52 6 8 47 18 14 13 15 15 A
3 176 685 14 68 4 15 151 31 16 17 16 19 A
4 220045 77 16 42 42 52 9 12 15 14 A
5 220917 28 360 1 23 346 205 14 15 14 14 A
6 245114 999 840 6 16 52 37 4 18 5 15 A
7 248967 42 80 8 31 47 12 9 15 12 A
8 251891 54 440 8 26 57 88 11 16 14 15 A
9 273421 64 640 3 35 86 27 11 15 13 A

be due to single well-defined cascades traversing
both detectors, another selection condition could be
imposed on type A events. This condition requires
a good agreement (+3 ns) between the arrival times
measured at lower and higher thresholds. The
dispersion in the measurement of delays due to
fluctuation in arrival time for the shower front was
reduced by requiring a good agreement (+2 ns) be-
tween arrival times measured by S; and S,. Fig-
ure 6(b) shows the diplot for events satisfying these
rather strict selection conditions. As seen from
this figure the time distribution has become notice-
ably narrow with hardly any event with delay
larger than 8 ns. This figure also shows that the
use of two detectors for measuring the arrival time
of a hadron cascade is very effective for identifica-
tion of a genuinely delayed hadron for delays
larger than 10 ns.

Of all events with 50 particles or more in one of
the hadron detectors cloud-chamber pictures were
available for 1350 events (~5%). A scan of these
pictures revealed that 1287 events were type A
showing at least one hadron cascade that traversed
both the detectors. The other 63 events were type
B or C events. Some of the type C events also
showed a good cascade in the chamber but the cas-
cade traversed only one detector and missed the
other due to the particular configuration of its po-
sition and angle. Interestingly 47% of the type A
events had more than one cascade traversing both
the detectors. Also the events with multiple had-
ron cascades had the shower core nearer to the
chamber compared with single-hadron-cascade
events. Examples of different types of events dis-
cussed above are shown in Fig. 7.

A study of the correlations of delayed events

with various parameters characterizing associated
showers like size, core distance, etc., would give a
better understanding of the production process for
the particles responsible for these events. However
since there are no large-delay high-energy events
observed among type A events we do not discuss
here the dependence of delay distribution on vari-
ous shower parameters.

B. Type B and type C events

As discussed earlier, events of type B are more
likely due to two hadrons with different arrival
delays. One of these hadrons is usually time-
coincident with the shower front and may have
given a signal in one or both of the hadron detec-
tors. The other particle is delayed and its signal is
observed in only one of the detectors. On the oth-
er hand, the type C event could be due to one or
two hadrons but the signal is observed in only one
detector. For type C event the lower-energy had-
ron is also usually time-coincident with the shower
front. In some cases the earlier signal in either
type B or C might have been produced by the leak-
age of energetic electron-photon component
through the absorber above the detector or through
the sides in case of showers arriving with large
zenith angle. The diplot of the number of particles
and the arrival delay for events of types B and C is
shown in Fig. 8. Events of type B with two dif-
ferent delays from the two detectors are represent-
ed by two points in this diplot. Interestingly this
diplot shows many events which have given large
signal (> 40 particles) and large delay (> 20 ns) in
one of the hadron detectors. The detailed charac-
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(a)

(b)

(c)

FIG. 7. Cloud-chamber pictures for (a) a type A
event showing a single high-energy cascade, (b) a type A
event showing two hadron cascades close to each other,
and (c) a type C event showing the cascade missing the
lower detector.

teristics for these special events are given in Table
IV. The events labeled B(R) or C(R) in this table
show clear evidence for the presence of two had-
rons through the detector which are well separated
in time. Since the hadron arriving earlier could
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FIG. 8. Diplot of the number of particles and the ar-
rival delay for types B and C events (part 1).

have given a maximum of 20-particle signal
without affecting the time measured by the high-
threshold channel, a few of these events may not
have > 40-particle signals from the delayed parti-
cle.

The events listed in Table IV show the surpris-
ing and rather unexpected feature that signals as
large as 50— 100 particles in one detector are not
acccompanied by any signal at all in the other
detector when the separation between the detectors
is only 56 gcm? of absorber. Of course, a few
events of type C could be expected due to the fact
that the cascade traversed only one detector, miss-
ing the other detector as shown by the example in
Fig. 7(c). More information about these rare
events could not be obtained because none of these
events except event No. 9 in Table IV have a
cloud-chamber picture due to the chamber being
nonoperational (recycling) at the time of these
events. Two events, not listed in Table IV due to
their somewhat lower energy but otherwise similar
to the events listed in Table IV, did have chamber
pictures. However both of these events [(i) 39 par-
ticles with 90 ns delay in S3; (ii) 20 particles with
28 ns delay in S3] showed no recognizable cascade
in the chamber. In general only about 30% of the
low-energy delayed events had recognizable cas-
cades in the chamber picture.
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TABLE IV. Characteristics of delayed energetic events of types B and C.
Shower Shower
Event Shower core  arrival Arrival delay

Serial identification 10~*X Shower density distance angle Number of particles (ns) Event
number number size (m~?) (m) (deg) S3 Ss Sis. Sig Sia. Sim type

1 87473 20 18 24 34 50 0 35 39 C

2 145195 43 40 17 31 67 0 17 22 C

3 154 604 44 20 39 8 44 0 76 82 C

4 163287 84 116 14 28 2 47 5 20 22 B

5 199927 2 20 6 22 0 41 24 25 C
6 190912 20 10 9 50 0 0 31 C(R)
7 246441 31 180 6 13 61 0 4 28 C(R)

8 295 859 999 440 21 6 14 47 0 131 135 B

9 384327 5 720 0 7 244 91 ¥ 40 * 1 B

10 141282 7 6 14 15 42 8 24 ¥ 3 ¢ B
11 195357 52 144 13 40 103 6 5 28 3 B(R)
12 280451 10 10 10 28 9 56 0 1 20 B(R)
13 284011 999 160 66 34 25 54 2 0 54 B(R)
14 338895 999 120 54 60 4 10 35 4 B(R)
15 150882 20 200 4 28 19 41 0 7 21 BMR)
16 237793 45 60 13 30 57 65 3 22 3. 3 BR)

17? 342411 na® 16 na® na® 61 0 45 46 C

182 352507 na® 12 na® na® 73 0 - 23 24 C
192 400170 na® 68 na® na® 9 83 -0 1 37 BR)
20? 463096 na® 120 na® na® 21 47 0 0 32 BR)

?Events observed in part 2 of the experiment.
"Not analyzed.
°Channels not operational.

The details for event No. 9 (Table IV) can be
seen from the chamber picture shown in Fig. 9. It
shows a good hadron cascade which probably start-
ed in the iron-lead shielding above the chamber.
Observed signals of 244 particles in S; and 91 par-

FIG. 9. Cloud-chamber picture for event No. 9
(Table IV).

ticles in .S4 seem to be consistent with the structure
of the cascade seen above the detectors. However
this event has been timed as delayed (40 ns) by S;
but prompt (1 ns) by S4. Of course the incidence
of a lower-energy prompt hadron, not seen clearly
in the picture, could have triggered the timing
channel for S, in a manner similar to that ob-
served for some events, labeled B(R) or C(R),
shown in Table IV. This possibility looks particu-
larly attractive since the shower core for this event
is very close (~2 m) to the cloud chamber. How-
ever, due to this ambiguity associated with this
event, it cannot be considered as definite evidence
for a high-energy delayed hadron.

C. Results from part 2 of the experiment

The results obtained from the data collected in
the first part of the experiment have shown that
there are no delayed energetic events which give
delayed signal in both hadron detectors (type A)
but that there are quite a few events among types
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B and C which show a large delayed signal in only
one of the detectors. Since there was a vertical
separation of 60 cm between S; and S, with 56
gcem 2 of iron absorber between them, these re-
sults suggest that the observed delayed energetic
events are probably due to some special type of in-
teraction which gives a cascade with a very short
absorption mean free path. Other possibilities are
(i) for events close to the shower core the other
detector is often triggered by other hadrons, and
(ii) the hadron cascade has missed the other detec-
tor for these events. Since chamber observations
show 47% of type A events to have more than one
cascade over the hadron detector, multihadron in-
cidence presents a definite and almost unavoidable
problem for the detection of delayed energetic
events. However, before speculating on the type of
particle and its interaction which could simulate
the observed events it is necessary to study these
events with reduced separation between the hadron
detectors. Therefore the vertical separation be-
tween S; and S4 was reduced to 15 cm in the
second part of the experiment. The absorber thick-
ness between S; and S, was about 3 gem ™2 It
was not possible to reduce the separation further
due to the necessity of making light-tight boxes for
these two scintillators and due to the dimensions of
the light guide toward the photomultipler end.

The numbers and relative frequencies-of different
type of events observed in part 2 are given in Table
II. As expected the relative frequency of type C
events among those collected with lower particle
threshold level has decreased from 65% in part 1
to 48% in part 2 due to the reduction in the spacing
and the absorber thickness between the detectors.
The change is even more dramatic for events col-
lected with higher-threshold level since the relative
frequency of type C events has decreased from
17% in part 1 to only 1% in part 2. Figure 10
shows the correlation between the delays measured
by S3 and S, for events collected in part 2. A
comparison of the distribution of events in this fig-
ure with the distribution in Fig. 4 (part 1) reveals
that the number of events lying on the diagonal
(type A) has increased significantly relative to type
B events lying along the axes. The diplots of the
number of particles and the arrival delay for type
A and for types B and C are shown in Figs. 11(a)
and 11(b), respectively. It is seen that the distribu-
tion for type A events is very similar to that ob-
served for events in part 1 except for the reduced
width. There are no high-energy (> 40 particles)
delayed (> 20 ns) events among the type A events

2831

60 I E

w
S
-
"
N
[

N
S

"
-
"
"
=

221 12211
1 1222123231
21 43 23235 4
22948344111
1228AACA651 1 1
1 1 6EHFEB54111 1
14ADZZZICA322 11 1
2157AD2Z222B82322 11 1 12
136BCF222222EA882252 1 21322 1 12111
33ACFZ2222ZEAA3321 1121 1
12AC2222221B8363 1 3 1
122ADZZZ27HA2322 1 11
16BIZZZZHB 11 1 J

-
)

Arrival Delay in Sy in ns

)
N
1

2AEZZGDBA411 1
24BIGB99A61 1
8DC42362
7AA321
1421
=20 1

=20 0 20 40 60 80 100

Arrival Delay in S, inns

FIG. 10. Correlation between the delay of the signal
in S3 and S4 (part 2).

but there are four events of this class among the
types B and C events [Fig. 11(b)]. These events
(Nos. 17—20 in Table 1IV) are very similar to those
seen in part 1. There are no cloud-chamber pic-
tures for these events.

IV. DISCUSSION

The experimental results presented in the preced-
ing section have confirmed the existence of delayed
energetic events of a kind similar to those seen in
earlier experiments.>~7 However, all the delayed
energetic events seen in the present experiment are
delayed in only one of the two hadron detectors,
independent of the thickness of the absorber be-
tween these two detectors. This new and very sig-
nificant information makes it very difficult to in-
terpret these events to be due to normal high-
energy hadronic interactions. This is due to the
fact that the fluctuations in the development!! of a
hadron-electron-photon cascade are not expected to
be so large as to give a signal of more than 40 par-
ticles in one detector and almost no signal in the
other detector when the absorber thickness between
these detectors is only 3 gcm ™2, The observation
of this special feature of the delayed energetic
events is consistent with observations reported
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FIG. 11. Diplot of the number of particles and the
arrival delay for (a) type A events and (b) types B and C
events (part 2).

from earlier experiments.>~7 For example, Jones
et al.* and Tonwar et al.® have also observed al-
most all the delayed energetic events to be of a sin-
gle detector type. The absorber thickness between
the sampling layers of the calorimeter in the exper-
iment of Jones et al.* was 60— 120 gcm 2 (iron)
and five of the six observed delayed energetic
events gave signals in only one sampling layer.
The absorber thickness between sampling layers of
the calorimeter used by Tonwar et al.’> was less (30
gcem™2) but many sampling layers (6—8) were
viewed together with a single photomultiplier.
Tonwar et al.’ observed ten delayed energetic
events and most of the ionization for these events
was recorded in one of the detector channels of the
calorimeter. The experiments of Tonwar et al.®

and Goodman et al.” were similar in that they
used a single scintillation detector inside the ab-
sorber assembly to detect and time the delayed en-
ergetic events. Tonwar et al.® observed two events
which showed well developed cascades in the cloud
chamber. Goodman et al.” observed three delayed
energetic events in their experiment. All these ob-
servations are summarized in Table V. It should
be mentioned that events labeled B(R) or C(R) in
Table IV have not been counted for the purpose of
the comparison given in Table V.

The main characteristics of all the delayed ener-
getic events observed in various experiments are
also shown in Fig. 12. As seen from this figure
and also Table V the flux and the characteristics of
observed events in these experiments are very simi-
lar. The absence of the type A events among the
observed events during the first part of the present
experiment could be interpreted by assuming that
the interactions responsible for these events pro-
duce a large number of low-energy particles which
are rapidly absorbed in the absorber assembly. For
example, such a large number of secondary parti-
cles could be expected for the interaction of a mas-
sive (>20 GeV/c?) particle of total energy > 500
GeV which loses only 10—20 % of its energy in
the interaction. However, the absence of the type
A events in the second part of the experiment rules
out this possibility.

The presence of a large flux of low-energy had-
rons in regions close to the shower core can possi-
bly lead to a suppression of the detection probabili-
ty for type A delayed energetic events. In fact, of
the 20 events given in Table IV, 14 events (types B
and C) clearly show the arrival of a low-energy
particle earlier than the delayed signal in the same
detector. However, the other 6 events show signals
in only one detector suggesting that the flux of
low-energy particles is not overwhelming. Al-
though cloud-chamber observations'? show that
nearly half of the type A events have more than
one hadron cascade over the detector area, there is
only one delayed event (No. 9 in Table IV), which
shows the presence of another high-energy hadron
(in S4). Of course, delayed energetic events which
were preceded by prompt high-energy hadrons
which could give large signal in both S3 and S,
would be recorded as prompt events in this experi-
ment.

Thus there is no firm evidence from this experi-
ment for the existence of delayed energetic events
with a signature expected if the massive hadron
had a normal interaction. Also the observed
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TABLE V. Summary of results from various experiments.

Detector Exposure Characteristics Number
area factor of observed of Rate
Experiment (m?) (m? yr) events events (m~=2 yr=Y
Jones
et al. 1.60 0.28 Energy >30 GeV 6 21
(Ref. 4) Delay >30 ns
Tonwar .
et al. 1.44 0.21 Energy >30 GeV 10 47
(Ref. 5) Delay >28 ns
Tonwar
et al. 0.36 0.12 Energy >30 GeV 2
(Ref. 6) Delay >20 ns 17
Goodman
et al. 0.56 0.61 Particles >40 3 5
(Ref. 7) Delay >20 ns
Bhat
et al. 0.64 0.85 Particles >40 0 0
(this paper) Type A Delay >20 ns
Parts 1 and 2
0.85 Particles >40 6 7
Type B Delay >20 ns
Parts 1 and 2
0.53 Particles >40 4 8
Type C Delay >20 ns
Part 1
0.41 Particles >40 2 5
Type C Delay >20 ns
Part 2

features for the delayed energetic events seen here
clearly show that such events seen also in other ex-
periments®~7 need not be interpreted as due to a
massive hadron. Since the exposure factor for the
present experiment is the largest of all the experi-
ments to date which have searched for massive
particles in air showers, the results presented here
can be used to obtain a sensitive upper limit for
the cosmic-ray flux (¢,,) of massive particles (m
GeV/c?) with normal hadronic interaction charac-
teristics associated with air showers. This upper
limit is

S <1.7%X10~ " cm~2%~!sr~! at 99% C.L.
This value is quite close to the expected flux
~1.4x10"" cm~2%s~!sr~! given by the calcula-

tion of Isgur and Wolfram'3 for a particle of mass
~10 GeV/c? Using the relation between the

cosmic-ray flux (¢,,) and the production cross sec-
tion for a particle of mass m given by Jones,?

oy =7X10"%m33g  cm?,

an upper limit for the production cross section
(0,,) for particles of mass m > 10 GeV/c? can be
obtained as

O <2.5% 10733 cm?

for interactions at energies of 10°— 10" GeV. The
accelerator experiments'# have placed an upper
limit of ~10~3% cm? for the production cross sec-
tion for particles of mass in the 4—10 GeV/c?
range for proton-proton interactions at an energy
of 400 GeV.

Notwithstanding these results for the upper lim-
its on the flux and the production cross section of
massive particles in cosmic-ray interactions in the
atmosphere, obtained from the bulk of the data in
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the present experiment, it should be emphasized
here that it is difficult to interpret the delayed en-
ergetic events which have shown well-developed .
cascades in the cloud chamber (one in the present
experiment and two in the experiment of Tonwar

et al.%). Since the sensitive time of the chamber is
|

N chance = (Observed rate of delayed events)

several tens of milliseconds it was suggested' that
the delayed events seen by Tonwar et al.® may be
due to a chance coincidence of an unrelated had-
ronic cascade in the chamber with the delayed
trigger. The number of events expected due to
chance can be calculated as

X (observed rate of hadrons of energy > 50 GeV over the detector area at the observational level)

X (coincidence time) X (observation time) .

Taking the observed rate of delayed energetic
events from the present experiment (more than 10
particles and delays larger than 30 ns) as about 30
in 6000 h, the hadron rate as 1 per h, the sensitive
time as 50 ms and the observation time as 3000 h
(Tonwar et al.%),

Nchance ~2.1X 10~3 .

Thus the events seen by Tonwar et al.® are unlikely
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FIG. 12. Diplot of the number of particles (or ener-
gy) and the arrival delay for the delayed energetic events
observed in different experiments. J, Jones et al. (Ref.
4); T, Tonwar et al. (Ref. 5); V, Tonwar et al. (Ref. 6);
G, Godman et al. (Ref. 7); B, Bhat et al. (this experi-
ment).

to be due to the chance coincidence of this type.
The number of events expected due to chance in
the present experiment is only about 10~ since
150 ns has to be used as the coincidence time.

This is due to the fact that the gate width for the
ADC module is 150 ns and the number of particles
recorded in S; and S, for the delayed event agree
well with the numbers estimated from the chamber
picture. It is unfortunate that due to various
operational problems there are no chamber pictures
for other observed events. However, it seems clear
that more observations with cloud chamber for the
delayed energetic events should help in clarifying
the situation and may provide interesting informa-
tion.

It should be remarked that the energetic events
listed in Table III, although only marginally de-
layed, are also difficult to understand in terms of
normal particles since clean cascades are seen for
some of these type A events in the chamber pic-
tures. However, since the delays are only in the
10— 15 ns range it is difficult to rule out the possi-
bility that these delays are not due to the extreme
fluctuation in the arrival time measured by the
shower detectors. For example, for the most signi-
ficant event (No. 5 in Table III), it is seen that
there is a difference in the arrival time between S,
and S, of 9 ns. The hadron delay as given in
Table II is the one measured relative to the earlier
of the two signals. However, these observations
suggest that a search for very energetic events with
small delays may also yield interesting results.

It is interesting to speculate on the nature of
particles responsible for the observed delayed ener-
getic events of type C, particularly those observed
during part 2 of the experiment. It is clear that
these events are due to either low-energy hadrons
which deposit most of their energy in 1—2 gecm =2
of absorber or due to some new process. While
low-energy (~1 GeV) neutrons emitted as nuclear
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fragmentation products in hadron-nucleus col-
lisions occurring in air showers could be considered
as a possible source for some of these events, a
qualitative comparison of the delay-energy charac-
teristics and considerations of the flux required
suggest the neutrons to be the unlikely candidate
for the particles producing these events. An exper-
imental study of events expected due to low-energy
neutrons being planned by Goodman et al.'® might
provide relevent information on the nature of the
observed delayed events.

Finally it is relevant to note here that almost all
the experiments searching for the production of
massive particles in air showers (including the
present one) which have used the large delay and
high energy as the signature for the large mass re-
quire the particles to have the following general
characteristics: (i) The lifetime should be larger
than 10~% s to allow the particle to travel a dis-
tance of about a kilometer or more in the atmo-
sphere, (ii) the interaction cross section of these
particles for various nuclei should be comparable
to that of known hadrons such as nucleons, pions,
etc., (iii) the inelasticity in interactions of these
particles should have a value larger than about 0.1
for them to be detectable as a high-energy particle,
and (iv) some of these particles or their progeny
should be found at larger distances, more than
about 3 m, from the shower core at the observa-
tional level since the presence of a large density of
high-energy hadrons close to the core makes it dif-
ficult to detect the delayed particles.

V. CONCLUSIONS

The experimental results obtained in the present
experiment have clearly shown the presence of de-
layed energetic events of a similar kind as seen in
earlier experiments.>~7 However, a study of the
details of these events made possible by better in-
strumentation has shown that these events cannot
be interpreted as due to conventional high-energy

hadronic interactions. Therefore it can be conclud-
ed that there is no evidence from the bulk of the
data for the existence of delayed high-energy had-
rons with normal interaction which could be inter-
preted in terms of production of massive particles
in high-energy interactions occurring in the cores
of extensive air showers. A 99% C.L. upper limit
of 1.7 10~ cm~2~!sr~! has been obtained for
the flux of massive particles of mass > 10 GeV/c?
which is quite comparable to the flux expected
from theoretical considerations.!> Using this upper
limit on flux, an upper limit on the production
cross section for particles of mass > 10 GeV/c? in
high-energy interactions can be obtained as
~2.5%107% cm?. It should be emphasized that
these values are applicable only for particles with
certain well defined characteristics as discussed
earlier.

Further experimental investigation is required to
understand the nature of particles responsible for
the observed delayed energetic events which are
seen to deposit most of the large amount of ioniza-
tion in or near one of the hadron detectors. Inter-
pretation of these events as due to low-energy neu-
trons, although plausible, is not free of difficulties.
In this experiment also one well developed cascade
has been seen in a cloud-chamber picture for a de-
layed energetic trigger, similar to the observation
of two delayed cascades by Tonwar et al.® Inter-
pretation of these events in terms of normal had-
ronic phenomenon seems to be very difficult and
only more observations of many such events may
provide some definitive answer as to the nature of
particles responsible for these events.
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(c)

FIG. 7. Cloud-chamber pictures for (a) a type A
event showing a single high-energy cascade, (b) a type A
event showing two hadron cascades close to each other,

and (c) a type C event showing the cascade missing the
lower detector.
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FIG. 9. Cloud-chamber picture for event No. 9

(Table IV).



