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SUMMARY

An experiment to search for fractionally charged particles of

large massg associated with high—~energy cosmic ray showers is described.

The experiment was conceived only as a test of the method and of
a8 new electronics system; it was carried out as a gide activity of the
authors, using mainly borrowed counters not specifically suited for the

required pulse height analysis. Therefore the results were of rather poor

- quality; however, we like to communicate them, since we feel that the method

can be usefully improved and extended.

At an altitude of 500 m above sea-level (Geneva), showers of total
energy of about 7°*10'% &V with cores landing within ~ 80 m from the apparatus
were selected. The delay and pulse height distribution for particles delayed
between 50 and 1000 ns with respect to the front of the shower were studied
in a telescope of plastic scintillation counters., The telescope had an over-
all efficiency of about 50% for particles of ionization as small as Vﬂo of
the normal minimum. The experiment ran for about 36 days, during which 15
accidental events were expected, and 72 events were collected. Most of these
were fbund to have a38001ated delays shorter than about 250 ns, the distribu-
tion becomlng flat, and the rate consistent with that expected for a001dentals,
at longer delays. Events w1th delays < 250 ns are interpreted as being due
to protons of moderate energy belonging to the triggering shower. It was _ _
estimated from the pulse height analysis that in the central region of the
selected highrenergy showers the surface density of particles of charge
(%) e and within the selected delay interval, camnot exceed 2°107° times the
density of all other particles (electrons, y mesons, etc). The limit for
particles of charge (Ys)e is 9+ 107%
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INTRODUGTION

Great interest has recently been aroused by the suggestion of
Gell—Manni) and of Zweigz) that a triplet of elementary particles (gquarks)
of charges * '/se and *2/5e (e = electron charge) and possibly much heavier
than the baryons might‘exist. The quarks would form the basis for the sym-
metry properties of the strongly interacting partiéle families, The flractional
‘charge of the quarks can be used to attempt to separate them from the well~
known staeble or long-lived charged particles. As a matter of fact all ex-
periments performed thus far, aiming éﬁ;détecting heavy particles of fractional

3-8

charge, either ot the biggest accelerators or in cosmic raysg"f1), failed

to detect any such particles.

v The accelerator éXperiments established that, if quarks are. .
relatively stable (lifetime longer $han about 10™7 sec) and if they.have a
mass not greater than about 2 GeV, their production total eross section in
PP gollisiops_oaﬁﬁbt be bigger than sbout 107 >° cm®. Outside this rather
iiimited_rénge of'hassés, however, the question of the possible -existénce of

‘tﬁe"quargs’Was léft complétely open.

'fPéftidIes of mass much bigger than the nucleon mass can of course
be produced in thée dinteractions of high-energy cosmic rays. However, élsb
the cosmic ray experiments performed so far at various altitudesg'11) failed
in detecting the  preésence of particles with ionization below the minimum,
These experiments ‘established that if such fractionally charged quarks exist,
their flux in the diffused cosmic radiation is smaller than a few times
10‘5/0':112 sr s. In other words, the results of these experiments established
that, at various altitudes above sea level, the density of quarks is at least
smaller by a factor of ~ 10° +than the density of all the other cosmic ray
particles with integer charge. |

A new experimental method to search for quarks has béen proposed »
by the Copenhagen group’a). If heavy quarks are produced in the inhteractions
6f high-energy cosmic rays with the huclei of the atmosphere, they should
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arrive at the surface of the earth sensibly delayed with respect to the front

of the shower. The single hypothesis which is essential in deriving this .
prediction is that in the interactions of quarks with the nuclei of the

atmosphere the invariant four-momentum tr-ansfer squared be not_bj_.gger than N

about 1 (Ge ) .

For an interaction in which a highly relatlv:LstJ_c particle of mass M
and energy B suff'ers an energy loss AE, the four-momentum transfer squared

can be ertten, prov1ded (E-AE) » M
- - 2
-t PT2 + <%E— M)

Pq being the transverse momentum., In the interacti"s.ons of high-energy protons
and pions, p, and LE . are always found to be such that the rule | +] <1 (GeV/c )?
holds. Therefore ) the above hypothesls applled to quarks appears plausible.

It 1mp11es, 1f M » 1 GeV, AE—E -
energy. showers 1n the upper atmosphere would reach the surface of the earth

1. .LhU.S, heavy quarks produced in high-~

. W:Lth stlll a blg f‘ract:.on of thelr or:.glnal energy. In add:_n.t:.on, they would
be delayed with respect o the front of the showcr. In&.eed_l, since the s_pectrum
of hlgh-onorgy primories is o fast d.ooroaelng funot:x.on' of' the onergy,heavy

~ quarks would be produced mostly at the: thereshold.: They would therefore travel -
in thé atmosphére with the velocity of the centre-~of-mass system, .and . thus, (

after. e ‘fow kilometres, have an appreciably:delay with respect to the front -

of the-shower. It can be "~ eshimated'? ) ... that such: :.quarks should ‘reach

the ground with an energy and a delay. roughly- characteristic of their. ~mas~s,~“ '

the delay ranging hetween 50 and 1000 .ns. for quark masses between ~20 and .

~ 3GV, GRS ce T , SN

'THE EXPERIMENT

We have performed a counter experiment on high-energy ‘cosmic:Yay
showers , to study a) the time distribution of penetratlng part:l.cles , in the
range between ~50 and ~ 1000 ns delay with respect to the front of the shower,
and 'b) the energy release of such particles, 1n 2 telescope of sclntlllatlon

counters. The experlmental laycut is shown in F:Lg. 1. Sclntlllatlon counters
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Ci, Cs and Cs, placed approximately at the vertices of an equilateral

triangle of side ~ 10 m, were connected in triple coincidence to signal the
arrival of the front of extensive showers. Since these counters covered an
area of ~ 3 m® and were at small relative distances with respect to the

shower dimensions, the selected showers had a total energy of about

7+ 10'? 'V13) - . and their cores fell at distances < 80 m from the counters.
Lead shleldlng above C4 , though not thick enough to prevent trlggerlng by

shower particles, reduced the Cj Blnglb counting rate due to low-energy

-radiation. A telescope coincidence CqC2Cs 51gnalled the pa331ng through
. the telescope of a particle capable of'cros51ng 25 cmof Pb, The delays of

such particles with respect to the front of the showers and their 1onlzlng

power, were analysed as follows.

A coincidence Ctr from the shower counters Cy , 4 and Cs triggefed
a gate generator whose output a) was integrated, and analysed by a pulse-
height~analyser, and b) was diépiayéd on the first sweep of a double trace
oscilloscope. When a delayed output pulse appeared from a coincidence Ct 10
operated by the telescope counters (4 , C2 and Cs, it passed a gate Whlch
was open from about 50 to about 1000 ns after the trigger c01n01dence, and

stopped the gate generator. Thus, both the gate length on the scope display,

“and the integrated arca of the gate pulse as analysed from the kicksorter,

measured the delay of the telescope event with respect to the trigger.

Pozitive pulses from the last dynodes of counters Cy , C2 and Cs passed

'through linear gates (which were open in parallel with the gate on the Ct 1

'51gnal) Wthh were sultably delayed, mixed and sent to the second sweep of

the OSClllOSOOPb. A camera continuously photographed the scope screen,
the film being advanced after each event. An external clock was also pro-

vided to advance the film once per hour, to avoid fading.




a proportlonal dlsplay up to the pulse height associated with minimum ionizing

. an area of ~ O 8 m and a solid angle of ~ 1 sr, The counters were not special-

‘nith charge ?/3 were signalled by each counter with an efficiency better than

For each event, the relevant information on the oscilloscope records
were the gate length and the helghts of the pulses of the telescope counters.
An analysls of the correlaclons between delay and pulse heights was therefore
poss1ble. Care was taken to have the photomultlpllers of the telescope counters
(58 AvP Phlllnsl WOTklhg in llnsar conditions up to the last dynods. Fulse

heights at the linear ﬁates and at the scope input were kept suoh'as to allow'

partlcles.v Accurate matohlng of the transmigsion lines before and after the
llnear gates reduced the reflectlons to below 10% . This requlrement was»
1mportant to. prevent the tall° of telescope pulses 1n tlme w1th the front of the 'v)

showers from pass1ng through the llnear gates and 31mulat1ng small delayed pulses.

The telescope counters, placed vertically one above the other, covered

ly‘bullt for thls experlment but they had an improved system of light collection*’
that allowed several hundreds of useful photons to be collected by the photo-

multlplier screen, for minimum ionizing particles. This ensured that particles

~ 807f and therefore by the telescope with efficiency hetter than ~ 50% . The
galn of the photomultlpllers was set in such a way that mlnlmum 1onlzlng partlole
coula be detected with full efficiency when the 1nput pulses at the Ct 1 co-
incidence were attenuated by a factor of ten. Therefore, the overall deteotlon
efficiency of the telescope for particles 1onlzlng about 1/10 of the mlnlmum was L'd

estimated to be greater than Q;BOQ%.

_ The large area and the relatively small thlckness of the sclntlllators
(see Fig. 1), gave rige. to a w1dth .of the pulse height distribution. ofse * 2597
for“mln;mum 1on1z;ngnpart1oles, Thls spread was. mainly due.to the variation .

of light transmission for particles passing. in different points of scintillators.

/5085/%1

*) The light was carried to the photomultiplier by perspex bars of equal
length bent in such a way as to join the scintillator side to the photo-
multiplier surface w1thout ohanglng the (rectangular) shape of the bars

section.,




RESULTS

During 36 days of running, about 218,000 shower triggers were ob-

tained. Since the rate of C was about 4, 200 001n01dences/m1nute, 15 . such

tel
coincidence signals were expected to pass a001dentally through the 250 ns _
long gate open by Ctrg’ therefore s1mulat1ng a delayed event. 72 delayed

events were found, the majority of which has therefore to be attributed to

particles associated with the triggering shower.

In Pig. 2 the delay distribution of the above 72 telescope’ ¢o-
incidence events is compared with the distribution obtained in the cali-
bration runs. During the 1af£er runsg, a random externél:trigger at a rate
of several thousands per minute was provided, with a corfesponding increase
of the rate of the Ct 1 events accidentally accepted by the gates. It is
seen that, while the distribution obtained in the calibration runs is es-
sentlally flat, as expected for accidentals, most of the events of the
production runs are grouped in the region of the small delays up to about °

250 ns, thus proving that they are associated with the triggering:cascades.

The nature ofttheee events is not determined by the pfesent experi-
ment, Fulse height enalysis'(see below) shows that they arc consistent with
single particles of unit charge.In ref.12,it is estimated that shower protons

of a few GeV enérgy (which could often give rise to charged secondaries cros-

'sing 25 cm of Fb absorber as used in the present experiment) can with an ep-

preciably probability have delays of ~ 100 ns. Therefore, the most natural

.interpretation of these events is that they are due to such protons.

From 250 ns to 1000 ns the delayed 001ncldences (14 in total) are
uniformly distributed, and thelr number is con31stent with the expected “con-

tamination of accidentals (12 events).

To ﬁerform the pulse height enalysis;pehetrating cosmic ray
particles were used to find for each counter of the telescope the amplification
factor (pulse height on the film versus energy loss in the counter). This al-
lowed to plot for each event the total energy loss in the telescope_aena
function of the delay. This plot is presented in Fig. 3, both for the .




production and for the calibration runs. In the same figure the projection

of these plets-oh the y-akisfis also given, to show the energy loss distribution.
It is séen that no indicatior'for particles ionizing ~ %> of the minimum
(charge 2/5-e) is obtained. The region of very small ionization (energy loss

~ 10 in the arbitrary scale of Fig. L4, roughly corresponding to what can be
expecféd'fer particles of charge '/s e ionizing ~ '/ th of the minimum) has
relatively more events in the production runs than in the c¢alibration runs,
waever, it is felt that such a small effect has not to be taken to seriously,
because 31m11ar events are also abundant in the calibration runs. Moreover, R
the delay dlstributlon for such events is roughly the same as for all the -
others, thus prov1d1ng an 1nd10atlon for the apparent small energy 1oss

being due to pulse height fluctuatlons in the detectors or to some other

spurlous effects. As ‘a matter of fact the geometrical- arrangement of the -

telescope eounters was such that in some cases particles could p0551b1y

trlgger the telescope by ‘passing through the perspex llght plpes.

From*a'comparison of the energy loss distribution for the 72.delayed
_nevents and for the accidental events of the calibration runs (Fig.3), the

follow1ng upper llmlts for the quark flux can be estimated.

Particles of charge 2/s e should give an energy loss between ~ 50
and 80 in the arbitrary scale of Fig. L. 3 such ecvonts are found in the _
'production rins while about 5 are expected when comparing with the calibration C\E
‘runs.’ Therefore, no evidénce at all is found for particles ionizing ~ /
of the minimum, ‘A safe limit can be cbtained by taking such events . to be
at most 3 By d1v1d1ng by the number of trlggerlng showers, the follow1ng

“Ellmlt for the den51ty can be dbtalned.

surface density of 2/ e charged quarks ‘ "2 Jo;s'l--3ﬁ
< 2.1

gurface density of all charged shower particles

the quarks being accepted within-a solid angle of =~ 1 sterad around the |
vertical direction and within a delay band of 50 to 1000 ns with respect
to the front of the .sliowers, and .the shower energy being ~ 7° 1013 eY.;
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Particles of charge /s e should give energy losses < 4O (see Fig.3).
Compared with the calibration runs, about 2 such particles are expected in
the production runs, whereas 8 are found. Because of the above arguments
this number is only used to estimate an upper limit for the flux, With a
similar procedure as used for the 3% e charged quarks, but taking also into
account the 50% telescope efficiency for '/ e charged particles, the limit

obtained for the same ratio is 9°* 10™° <for the conditions specified above.

We are very grateful to the group of B.C., Maglid who lent us the
telescope counters. We also thank C. St&klbrandt for his collaboration with

electronics.,
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Figure 1

Figure 2 :

Figure 3 :

FIGURE CAPTIONS

Schematic layout of the experiment.

Distribution of the events as a function of the delay with
respect to the front of the shower (upper section), compared
with the accidentals distribution as obtained in the cali-

bration runs (lower section).

Flot of the. energy loss as a function of the delay, and energy
loss distribution for the events (upper section)and for

accidentals (lower section).
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»—~——10cm LEAD

\mm

~ 10 m
=
Ci : 90x90x15 cm®
Cr, © 90x100x15 cm?3
C3 ¢ 90x90x15 cm3
C, : 90x130x 22 cm3
Cg : 85x125x 2 cm3

Fig. 1
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