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ABSTRACT

A search has been made for particles of fractional
electric charge, produced at small angles from an internal Be
target in the CERN Proton Synchrotron. No such particles were
found, leading to the following upper limits for the production
cross sections (90% confidence level) at 27 GeV/c incident

proton momentum

2
Electric - 1/3 e; dgdo— < 1.2 x 107%° at © = 0 mrad
Charge P
~ Y3 e; < 5.2 x 10~ 3® 6.5 mrad
+ Y5 e; < 2.6 x 1073 4y  mrad
+ Y5 e < 1.3 x 10778 Ly  mrad .

The cross section is expressed in units of cmz/sr.GeV/c per nucleon
in the laboratory system and ® is the production angle in the
laboratory system.

Submitted to Nuovo Cimento
June 1969

¢ Present address: Dept. of Cybernetics, Academy of Sciences,
Havana, Cuba.
t SRC Fellow.

t+ Supported in part by the American-Swiss Foundation for
Scientific Exchange.

1t Permanent address: Lawrence Radiation Lab., Berkeley,USA.
* Present address : RHEL, Chilton, Didcot, Berks.,England,




1. INTRODUC TION

The remarkable successes of SU(3) symmetry in both the
strong and weask interactions have led to several conjectures"3)
that the known strongly interacting particles might consist of
bound states of fundamental triplets. In particular, Gell-Mannf)
and Zweigz) pointed out that the ekistence of three particles of
fractional charge and fractional baryon number, usually called
quarks, together with their antiparticles, would form a natural
basis for SU(3) symmetry. The quantum numbers of the three quarks,
Po s Do and Ay, are given in Table 1. The proton would be built up
from the combination (pe » Po » No) and the neutron from (Po , No 5 No ).
During the past years, there have.been many searches‘) for these
particles, in the primary cosmic ray flux, in secondary particle
beams from accelerators, and as stable constituents of terrestrial
matter. None of these experiments have given a positive result
leading to upper limits on the production cross section for quarks,
which appear quite stringent until examined in the light of some
theoretical model.

The most economical way to produce quarks in nucleon-

nucleon collisions is by pair production

N + N » N+ N+ Q+ Q (1)
or by dissociation

N + N> N+ Q+ Q + @ (2)

In the absence of any detailed theory for the dissociation
process (2), it is instructive to compare the experimental limits on
quark production'with those estimated from statistical model calcula-
tionss) for quark pair production, reaction (4). When normalized to
known antiproton cross sections and assuming isotropic production in
the centre-of-mass system, predicted rates are in fact of the same
order of magnitude as the available upper limits from accelerator

experiments for quark masses up to about 3 GeV.
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The purpose of the present experiment, which used a 26~
27 GeV internal proton beam at the CERN proton synchrotron, was
to impréove the sensitivity of accelerator experiments by several
orders of magnitude. The experiment was conceived to detect fraction-
ally charged particles with the minimum restriction on the other proper-
ties of these particles, however the final design has the following

limitations:

1. The available machine energy implies an upper limif to the quark
mass accessible, At 27 GeV/c incident proton momentum the energy

.available in the proton-proton centre-of-mass system is 7.24 GeV.

. Thus quarks of mass up to about 2.7 GeV can be produced in the pair
production reaction (1), while in the dissociation reaction (2) the
average quark mass cannot exceed about_2.1bGeV. Quarks with these
maximum masses would have laboratory momenta of about 10 and 7.8 GeV/c

respectively,

2. The detection system extended to about 90 m from the target; thus the
present experiment would not detect efficiently quarks of lifetime
much less than 107 ° sec. However, Gell-Mann') has pointed out that, if
quarks exist, at least one fractionally charged paftiele must be

stable as a result of chargevand baryon number conservation,

3, About 25 gm/cm2 of detecting material was needed in the heam
channel to provide a reliable charge measurement. If quarks have
an anomalougly high interaction cross section, the senaitivity of

the experiment would be correspondingly reduced.

On general grounds it is likely that gquark production
would show the strong damping at high transverse momenta characteristic
of high energy strong interaction. This damping would reduce the
sensitivity of previous searches, using secondary beams with trans-
verse momenta from .5 to 1.0 GeV/c by an order of magnitude. In
the present experiment much emphasis was put on detecting quarks

produced near to the forward direction.
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2.

The ionization of a charged particle is proportional

to the square of its electric charge, and therefore fractionally

- charged quarks can be recognized by an anomalous ionization. In

this experiment scintillation counters placed along the beam chan-

nel measured the ionization of the particles. As it is believed

that the response of scintillation phosphors is linear in ionization
even for levels as low as one tenth of minimum ionization, it is re-
latifely easy to make a sensitive detection system using rather gimple
equipment, The experiment was sensitive to particles of ionization
between O.1 and 0,85 that of fast pions. The information from the
scintillation counters was supplemented, part of the time, by an
isotropic spark chamber°), operated in the avalanche mode, wifh

which the particle ionization could be measured also.

A SEARCH FOR NEGATIVE QUARKS USING A SUPERMOMENTUM BEAM CHANNEL

2.1 The beam channel

A quark of charge q in units of the electronic charge e
and momentum p will behave in a magnetic beam channel as if it
were a particle of integral charge and momentum p/q since the
deflection of charged pérticles by magnetic fields is proportional
to ¢/p. With this in mind, a secondary beam channel was laid out
at O mrad production angle from an internal target to accept negative

integrally charged particles having a momentum » 1.2 times the primary
the channel
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was linked to the primary proton momentum, since the first beam
transport element was the L4 m long synchrotron magnet downstream
from the target. With the accelerator running at 27.2 GeV/c, the
beam momentum was set to 32.6 GeV/c, thus accepting quarks with

q = -'/5 and of momentum 10.9 GeV/c. This momentum is near to the
maximum of the four-body phase space for the reactions (1) and (2).
Since energy-momentum conservation forbids the production of inte-
grally charged particles with 32.6 GeV/c in collisions of a single
proton on a stationary target, the beam channel acts as a “super-
momentum" filter, sufficient bending being provided to prevent the

transmission of integrally charged particles along legal trajectories.




The beam channel would also transport quarks of charge
q = -%/5 and of momentum 21,7 GeV/c; however, this did not cor-
respond to a favourable region of phase space and a search for

such particles was made at lower momenta (see section 3).

The beam layout is shown in Fig. 1, and consisted of a
double~focusing spectrometer having a dispersive focus Fy; inside
the field lens Qs and a dispersion compensated focus at Fz . The
beam was parallel in the dipole magnets My , M and Ms , My each
pair giving a bending of 60 mrad. The solid?angle acceptance of
the beam was A0 = 80 usr with a momentum bite Ap/p = 13% . The
beam left the synchrotron vacuum chamber through a thin window,

and was transported in vacuo up to the field lens Q¢ .

In order to be able to tune the beam with pions, an
auxiliary magnet M, could be positioned by remote control on the
beam axis to bend negative particles in the 20- 28 GeV/c momentum
range with a production angle of a few milliradians, down the beam
line. The trajectories of such particles deviated by only about
1 cm from the computed quark trajectory in the synchrotron magnet,
so the test particles passed through about the same magnetic field
és would quarks., The prOperties of the beam were studied in the
momentum range 20- 28 GeV/c using two small scanning counters placed
at the foci Fy and Fo. The beam was found to behave in accordance
with calculations in this momentum range, which gave full confidence
that it would also do so when operated in the supermomentum mode.
The calibration curves of all dipole magnets were checked using
floating wire techniques to allow safe extrapolation from 26 GeV/c
to 32.6 GeV/c.

Two counter telescopes monitored charged particle fluxes
proportional to the interactions of protons in the target. They
are shown in Fig. 1 as A2, which viewed the internal target at a
large angle, and My23 , which was sensitive to forward-produced
particles selected by the magnetic field of the synchrotron and
the magnet M, .
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2.2 The detection system

The detection system was confined to the region

outside the accelerator shielding and comprised the following:

i) Six trigger counters, Ty to Ts , each made of 1 cm thick

ii)

iii)

plastic scintillator having transverse dimensions larger
than the beam at the corresponding position. These coun-
ters formed a sixfold coincidence,Tyz234s6 , with a re-
solving time of *50 nsec, large enough to detect both
highly relativistic and heavy slow particles passing down
the beam channel. The photomultiplier gain was such that
the coincidence efficiency was Z_99%3for light pulses of
0.08 times the intensity of the scintillation 1light pro-
duced by fast pions.

Six pulse-height measuring counters, PH, to PH , placed .
adjacent to the T counters, being 2 cm thick in the case of
FHy to PH4y and 5 cm thick for PH and PHe . Their transverse
dimensions were slightly larger than those of fhe correspona-
ing trigger counter in order tc avoid po$Sible small pulses
due to edge effects. Tests with a light source and masks
showed that the response of all pulse-~height counters was a
linear function of light input over at least the range 1 to
1/10 minimum ionizing. Their resolution (full width at half

height) was about 25% for minimum ionizing particles.

A 10x 10x 11 cm® isotropic spark chambefi) placed at the
achromatic focus F2 . This was filled with a 70%Ne- 30% He
mixture (HEnogal) at a gas pressure of one atmosphere,

The chamber was rendered sensitive by a triangular pulse

of 250 kV peak amplitude, with a full width at half height

of 5 nsec, applied ~350 nsec after the passage of the trigger-
ing particle. FPhotographs of the chamber were taken in a
direction perpendicular to the electric field. Because of the
weakness of the light signals coming from the chamber,
amplification using an image intensifier was necessary. In this
mode of operation, the avalanche amplification was sufficiently

small to enable a measurement of the primary ionization of a
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particle to be made7’el For a charge one minimum ionizing
particle passing through the chamber, the observed number

of avalanches was ~50 (Fig. 2).

iv) Two 3 m long threshold Cerenkov counters, Cy and Cz , the
former filled with hydrogen gas at 10 kg/cm2 and sensitive
to particles with a § > 0.998, and the latter filled with
ethylene gas'at 10 kg/cm® and sensitive to particles with
a B> 0.993.

v) A time-of-flight measurement between T, and a double co-
incidence Tse¢ . The time resolution was +0.5 nsec, thus
distinguishing particles with g < 0.99 from mesons and

nucleons in the beam.

vi) A muon counter, p, placed behind a 1.5 m iron block to
provide information on the interaction properties of the

triggering particle,.

Because of the filtering characteristics of the beam
layout, the trigger rate from the coincidence Ti234s56¢ was suf-
‘ficiently low to enable this alone to be taken as a possible quark
Signatufe. ‘Such a trigger initiated the following data-recording

sequence:

a) The dynode signals from the pulse-height counters, PH to PHs,

were displayed on an oscilloscope and photographed.

b) The anode signals from counters PHy to PH¢ ', Cy , C2 and p were
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- MTy234s6 » and their areas digitized and recorded on scalers.

¢) Time-of-flight data between Ty and Ts¢ was similarly digitized.

d) Both the output of the image intensifier viewing the spark
chamber, and the oscillogram of the high voltage pulse applied
to the chamber were photographed.

The scaler data from (b) and (c) together with relevant
monitor data were recorded on punched cards, after each event

trigger, for subsequent analysis.

Figure 3 shows a logic diagram of the electronics used

in the triggering and pulse-height recording systems.




2.5 Data-taking and checking procedures

All trigger and pulse-height counters were provided with
solid state light pulsers so that the sensitivity to fractionally
charged particles could be periodically checked, Quark-like events
could be easily simulated by a suitable adjustment of the light
pulser drive-current. The light-pulser system was used to check
the photomultiplier sensitivity and the stability of the associated
electronics at least once every 12 hours. Every eight hours,

- negative pions were sent down the beam channel, using magnet Mg,

in order to check the operation of the spark chamber.

The accelerator operated with a cycling time of 2.5 sec
" ‘during the experiment, and accelerated.~a9x'101"protdns~per pulse
of which about 70% were made ‘available for the target used in
‘this experiment. Data were taken during approximately -2.5x 10°

. pulses, and a total of 3400 events were recorded during this time.

2.4 Data analysis

Three independent searches were made for possible quark
candidates by inspection of i) the digitized pulse-heights and
time-of—flight data on punched carde, ii) the oseilloscope display
photographs of the pulse helght counter dynode 31gnals and -

111) the streamer chamber photographs. Fig. 4 shows a comparlson
Gof the oscllloscope displays for a typical trigger and a simuleted
quark event, and Fig. 5 the pulse-area and fimeéof-flight'spectra
for event triggers‘and pions. It was found that even'é minimal
requirement "pulses in PH, to PHy with heights 5_0.85 times
minimum ionizing" was sufficient to rejeet 511 events. However,
for a conservative analysis, all events with at least three low

- pulse-heights in the first four PH counters were cross-checked

with the spark chamber data.

It was imporfant to recognize'and exclude cen&ifions
which might simulate reduced ionization in the spark chamber.

The following were the most likely p0331b111t1es.




i) A voltage pulse which had too small an amplitude or length
would result in lower amplification, so that not all
avalanches would be registered on film. Such events were
excluded by recording for each event the high-voltage
pulse shape. A second means of identifying such events was

by the reduced length and intensity of the avalanches.

ii)'Primary electrons may be lost before one applies the high-
voltage pulse, by attachment to electro-negative gases which
are released from the chamber walls. By flushing the chamber
regularly (every eight hours) it was possible to keep such

losses negligibly small.

iii) A few electrons might be left from an old track, suggesting
a sub-normally ionizing particle passed through. Diffusion,

however, gives such tracks a very characteristic appearance.

iv) Primary electrons of a track that is parallel to the spark
chamber wall at a distance less than 1 mm may be lost by dif-
fusion to the wall. Such events could only have been excluded

by stereo photography.

The spark chamber photographs were scanned for low
jonization tracks corresponding to possible -'/3 and -2/5 quark
candidates., Only one photograph showed a track with low ionization,

an avalanche count of 18. However, the counter data for this event

ot
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planation for this event was the close proximity of the track to
the chamber wall, as mentioned in point (iv) above. Thus using
the complete information available no event was found that allowed

a consistent interpretation as a particle of charge ~'/s or =%/5 .

Under normal running conditions, it was found that counters
u and Cy were rarely fired, suggesting that triggers were most
probably due to fast, strongly interacting particles, with £ > 0.993,
which were absorbed in the iron block., These particles were most
likely the result of cascade processes induced by a single particle,
since a large fraction of the triggers were found to come from

particles entering the beam line by some skew trajectory. This




conclusion was supported by a) the sharp decrease in singles
counting rates along the beam, Ty counting 15,000 per pulée
and T¢ only 750; b) the inbreasing frequency of misses and
saturated pulses in the PH counters going from PH: to PHe ;
c) the large number of heavily ionizing and multiple prong

~events seen in the spark chamber,

2.5 Results

Upper limits on the quark production cross sections
were derived in the following way. During a small fraction of
the running time (12 hours), an aluminium target was used and
the #*Na activity produced in the target was measured. Since
the cross section for 22Na production, o(*®Na), is known to be
~ 10.1 mb9), the monitors may be absolutely calibrated. The
double differential production cross section on aluminium for-

quarks of charge q is given by

2 n (A1) o(®Na)
40 = =4
dQdp (1) (AQAp)qn(“Na) ' (3)

where n (Al) is the number of quarks observed from the aluminium
target, n(*®Na) is the number of 22Na atoms produced during this
time, and (804p) is the beam channel acceptance for quarks of
charge q . Inserting nq(Al) < 2.3 into Eq. (1), a production -
cross section limit per aluminium nucleus was obtained with 90%

confidence.

During the main part of the data collecting runs, a
beryllium target was used and the double differential quark

production cross section was derived using the relation

o o . M(A1) qg(Be)' boy(Be)
dodp (Be) = aQdp (a1) M(Be) 'nq(Al) * bo (A1)

where M(A) and 1%§A) are, respectively, the number of M2
monitors and the number of quarks observed from target A, and

AUM(A) is the double differential cross section for particle




production by this target into the monitor Myz23. The ratio
Acm(Be),/Acm(Al) was taken as A%E/'AZ? = 0.48 since the
geometrical A2/3 law has been found to hold quite well in the
high-energy region'®). The limits on quark production per
beryllium nucleus were obtained by substituting this ratio
together with the known aluminium production cross section, and
nq(Al) = nq(Be) 2.3 into Eq. (4).

i

Table 2 shows a summary of the limits obtained for the
production of q = -'/3 and q = ~2/5 quarks; these are expressed
per nucleus with 90% confidence. No correction has been applied

f'or absorption or decay of quarks along the beam line. The maxi-

mum obtainable quark mass in the process (1) is also given.

A FURTHER SEARCH FOR QUARKS OF q = -%/5

A more significant search for q = -2/5 quarks was made
by lowering the beam momentum to 22 GeV/c. This corresponded to
a more favourable region of phase space, the maximum quark mass
now detectable by the system in process (1) being 2.41 GeV. The
beam was modified by the introduction of magnet M, which guided
negative particles produced by incident protons of 26.L4 GeV/c at

6.5 mrad down the channel,

In order to render the triggering requirement insensitive
to the large flux of integrally charged particles (mostly pions)
that entered the beam channel, the trigger system (Fig. 3) was
modified to incorporate a pulse-height selection window. Each T
counter signal was split and fed in parallel to two separate dis-
criminators through adjustable attenuators. These were set so that
the first discriminator would trigger on pulse heights larger than
~ 0,05 times those of minimum ionizing pions, and the second on
pulses larger than ~0,85 minimum ionizing. The complement output
of the second discriminator was used to veto the output of the
first discriminator (Fig. 6). Thus each trigger counter had a
pulse-height acceptance window of 0.05 to 0.85 times minimum

ionizing giving a rejection factor against pions of 6x 10~%2,




e,

- 11 -

The over-all rejection factor obtained for Tyz3sse¢, used as the
event trigger, was 8x 107%, As before, each trigger initiated
the recording of pulse-height and time-of-flight data. The iso-
tropic spark chamber was removed because owing to its long

sensitive time it could not operate in the high beam flux.

The pion counting rate in the beam channel was
~1.2x 10° per machine pulse; at this intensity dead-time losses
were found to be ~4 %. The efficiency of detection for simulated
quarks during the normal beam spill of 200 msec was checked
every 12 hours; it was typically ~90%. This was consistent with
the measured dead-time and pulse-height selection losses. A
total of 1.3x 10'° negative pions were transmitted by the system
from a beryllium target. As it is possible that quark production
may be enhanced on heavy nuclei by coherence effects"), a
tungsten target was used for 24 hours. During this time 3.2x 10°
pions were transmitted along the beam channel, the nominal
momentum of which was lowered to 20 GeV/c in order to gain

particle flux,

Both the oscilloscope display and the digitized pulse-
height data were scanned for possible quark events. As before,
events with three of the first four pulse-height signals < 0.85
times minimum ionizing were cross-checked, but no quark candidates
were found. Figure 7 shows a comparison of the Ay234 pulse-
height spectra obtained for event triggers and negative pions.

Ay 234 is defined as the distance from the origin of an event in

a four-dimensional pulse area space. Thus

/2

Ar23s =<iAi> ' (5)

o
-

where A_i are the digitized pulse areas. The position of the
predicted peak for quarks of q = -2/3, is indicated, and the

lack of candidates is clearly shown.




In order to compute the double differential cross
section for quark production from a given target A, the ob-
served number of quarks may be compared with the number of
secondaries counted in the beam channel during the same time.

Then

2 n_(4A) 2
Fr W = (5% e (6)

nq(A) and ns(A) are the nunber of quarks and secondaries
observed from the target A; (dzoyﬁﬂdp)s(A) is the double
differential cross section for the production of secondaries;
aq is the ratio of &04p for secondaries and quarks, aq: 1.5

for q = /s anda = 3.0 forq= '/5 .

Knowing the total number of pions counted from a
particular target and their production cross section‘z), one
obtains a limit on the quark production cross section, per
nucleus, by substituting these quantities and n (A) < 2.3 into
Eq. (6). Table 3 shows the results obtained atq9q% confidence level.
The quark detection efficiency was taken to be 90% which was
typically that measured for simulated quarks in normal beam

conditions,

A SEARCH FOR QUARKS WITH g = +'/3 AND g = +%/5

The method used was essentially the same as for the
q = -%/3 search. However, as the beam chanhel was not designed
to accept positively charged particles, the production angle for
the 20 GeV/c secondaries was.(from a trajectory calculation)
about 44 mrad. Any quark produced would thus have had an appre-
ciable transverse momentum. In addition, a rather
indeterminate amount of accelerator vacuum-tube material would

be traversed by the beam particles (20- 30 g/cm®).




With a secondary proton beam intensity of ~5 x 10*
per pulse, a total of 5.59x 10° protons were counted from a
beryllium target, and 3.77x 108 protons were counted from an
aluminium one., The measured detection efficiency for simulated

q = +‘/3 and q = +2/3 quarks was "‘80%-

On examining the digitized pulse-height data, it was
found that many events could be considered as possible q = +1/s
quark candidates. Figure 8 shows a comparison of the Ay234 pulse-
height spectra for event triggers and protons; Aiz23s is as defined
above-. Evidence for quarks of q = +'/s is apparent. However,
cross-checking such candidates with the pulse-height oscilloscope
display showed that all of them had to be rejected. Such events
were found to be due to normal-size pulses out of time with
respect to the linear gates, often also accompanied by additional
pulses. These events had the characteristics of being triggered
by random coincidences, their frequency of occurence being a
function of the beam intensity. That the experimental situation
was less clean than in the comparable search for g = -2/3 particles
can be explained by the fact that in the latter a proper beam was
formed of the negative pions, whereas in the present instance the
large flux df protons transported by the channel did not follow

trajectories for which the beam was designed.

From the oscilloscope pictures it was concluded that no
valid candidates for q = +°/3 and q = +°/3 quarks were observed,
and using known proton production cross section data'?) the limits
on quark production shown in Table 4 were derived. An 80%

detection efficiency for quarks was used.




a
- of magnitude for 1 GeV increase in mass.

DISCUSSION OF RESULTS

The results quoted in Tables 2, 3 and 4 are the measured
quark production limits per nucleus in the laboratory system. 1In
order to derive the more fundamental limits for quark production
in proton-nucleon interactions the most significant values,
marked with an asterisk in the previous tables, have been

2
divided by A /3 and are given in Table 5.

By making assumptions about the angular distribution

and momentum distribution of the quarks the total quark production

- cross section may be derived. The usual assumptions meade are

isotropic production in the centre of mass and four-body phase

_space for the momentum spectrum in the process (1). Using this

procedure and the values given in Table 5, one obtains the values

of total cross section, GISO’ shown in Fig., 9 and Table 6.

Also shown in Fig. 9 are the statistical model pre-
dictions of.Hagedorns) for quark pair production according to
reaction (1). The curve labelled "“1" is for partiéles which 7
are‘supposed to be ground states of a series of resonances,.curve 2
is for particles that do not have this property. Curve 1. is
normalized to the antiproton production cross section atrjo GeV/c
incident proton momentum, curve 2 is normalized to the antideuteron
cross section., The predictionsvof Maksimenko et al.s) are rather

similar to the ones shown. A noteworthy feature of the statistical
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The results of the present experiment are compared to
previous oneé"”"‘s"5"7"8"9) in Fig., 10. The curves show
the region to which a particular experiment was sensitive. Where
necessary, the curves have been calculated according to the pre-
scription of this paper (90% confidence level, cross sections ex-
pressed per nucleon), using the model of isotropic CMS angular
distribution and a four-body phase space (reaction (1)) . Figure 10
also gives the statistical model predictionss) for quark-pair
production, The results of a searchzo) for electromagnetiéally

produced quarks are not shown in Fig. 10.




It may be concluded that the upper limit for the quark
production cross section has been appreciably lowered in the
present experiment. The fact that no quarks were detected can
be interpreted in several ways: quarks might not exist as physical
entities; or the conservation of some quantum number might prohibit
their existence in free space; or they might be so massive as to be

beyond the energies available at the present accelerators.

‘Although the cross sections quoted have been specifically
calculated for charges q = +'/5 and q = #/5 , it should be remembered

that this experiment was sensitive to the continuous range 0.35_|q15_0.9.
The experiment was not relevant to the question of the existence of

" polyquarks®s 2%)  with charges |q| > 1.
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Table 1

ol
oY

-Po v‘/:! 7 s i/2 1./2 1/;; -04 ‘

ng 1/3 _1/3 ) 1/2 __1/2v *l/3 ‘0

- Baryon number B, charge q in units of e, _
isospin I, its z-component IZ’ hyper charge Y

and strangeness S of the quarks pg, no and Aq .




Table 2

Limits for the quark double differential production
cross section per nucleus with 90% confidence at
O mrad production angle and an incident proton
momentum of 27.2 GeV/c.

charge | nonentun | saseriel | mass| & O/404F
[Gev/c] (GeV] | [em®/sr. GeV/c]
- Vs 10.9 Be 2.7 < 3.1 x 1072
- Ys 10.9 Al 2.7 | <1.,9x107%
- ¥ 21.7 Be 1.4 | < 1.6 x 10778
-, 21,7 Al 1.4 | < 9.7 x 10777
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Table 5

Limits obtained for quark double differential
production cross sections, per nucleon, in the

laboratory system, with 90%confidence.

The maximum value of the quark mass is the one

applicable for the production reaction (1) given in the text.

Quark Incident Quark Quark Max,
charge proton momentum | production | quark d®c/andp
momentum angle mass
[GeV/c] [GeV/c] [mrad] [GeV/c]|[cn®/sr.GeV/c]
(LAB) (L4B).
- s 27.2 10.9 0 2.7 | <7.2x1077°
- %/ 26.4 1.7 6.5 2.4 | < 5.2x1073°
+ /s 264 - 6.7 L 2.5 | < 2.6x1073%
+ /s 26,4 13.3 NN 2.5 | <

1.3x 107 7%
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Fig. 7 :

FIGURE CAPTIONS

Layout of the beams.

: A typical isotropic spark chamber picture for a

charge-one, minimum ionizing particle,

Trigger and pulse-height recording logic. The "START-
RECORDING" signal initiates the recording of scaler data
on punched cards and the camera operation. During this

time the "BUSY" signal inhibits further event triggers.

The oscilloscope display of the pulse~height counter
dynode signals for a typical event'and for a simulated

quark event.

The digitized pulse-height and time-of-flight spectra
collected in the search for q = - '/3 quarks. The upper
spectra are for pions of 26 GeV/c, the lower spectra are
for triggers obtained during the super momentum operation,

The peaks at the top-end of the pulse-~height spectra are

‘due to saturation in the shaping amplifiers and encoders.

The scale on the abscissa of the time-of-flight spectrum

corresponds to 1 nsec = 90 digits.

Modification to each trigger counter logic in order to
reject integrally charged particles. The attenuators
are set such that Discriminator 1 gives a "YES" signal
for all particles ionizing more than 0.05 times minimum
ionizing, whereas Discriminator 2 gives a "NO" signal

for particles more than 0.85 times minimum,

The digitized pulse-height spectrum Ay234 (defined in
the text) in the search for q = -2/; quarks. The upper
spectrum is for pions of 26 GeV/c, the lower spectrum is

for triggers obtained during the search for quarks.




Pig. 8

Fig. 9

0:

The digitized pulse-height spectrum Ai2sa (defined in

the text) in the search for g = + '/5 and q = + 2 /5 quarks.
The upper spectrum is for pions of 26 GeV/c, the lower
spectrum is for triggers obtained during the search for
quarks. The few events at q = +'/3 are not due to quarks,

as evinced by the oscilloscope pictures.

Total cross section limits calculated for an isotropic .
CMS angular distribution and four—body phase space in

the reaction (1) for the results of the present experlment
The total cross sections are expressed per nucleon. Curves

1 and 2 are statistical model predictions.

A summary of machine experiments carried out to date
searching for fractionally charged particles of q = /4
and ¢ = % %5 . The total cross sections are expressed per
nucleon and have been calculated assuming isotropic CMs
gangular distribution and four-body phase space according to
reaction (1). The statistical model predictions are also

shown, as in Fig. 9.

Curve A : see Hagopian et a1.13)
: see Blum et al.14)

: see Bingham et al. >
: see Dorfan et al. ')

: see Leipuner et al.'7)

T > T~ B o B o

. see FPranzini et 31_13)

: see Antipov et al.t%)

o @

: this experiment.
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