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(1,2)

charge 1/3 and 2/3 of the electron charge. Motivated by this suggestion, we have

Recent theoretical work has suggested the existence of particles with
searched unsucceszuliy for negative particles with charge 0,2 < q/ eg 0.7, mass

. < 2;2 G'e‘K.'/' and lifetime > lO_'7 s..ec" produced in paii's by 21 GeV/ ¢ proton-copper
collisions, As is shown in Table I, our negative results indicate that such parti-
cles, if they exist, are produced considerably less frequently than the strongly -
interacting particles; for example, particles with g = -1/-3. e are produced less

than ~ 10_6 times as frequently as antiprotons of the same laboratory momentum .
(5.3 GeV/e).

(1) (2)

charged particles as the 1Ll'n&e'I'lying compohents of the more familiar particles, The

Geli;;BEann and Zweig each conéider a unitary triplet for fraétionally

properties of Zweig's aces are shown in Table II. Gell-Mann's quarks also have the
properties of the first half of the Table II,but are not specifically assigned those of the
second half of the table. The aces are much like the p, n and A except that they .

have baryon number 1/3 and are fractionally charged. Since the aces have coupling

. at least as strong as that of the strongly ixi’téfacting particles, we should have

seen po‘s and n(f) 's produced abundantly if they existed with mass £ 2.2 MeV and the

lifetimes quoted in Table II.
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In this experiment we have used the method proposed by Morrison and reported

(3)

by him in the pfevious paper ", but our experiment is roughly two orders of magni-

tude more sensitive than his. An. unsuccessful search for fractionally chargéd par- -

ticles has also been made among the ~ 300 events attributed to neutrino interac-
tions in the CERN heavy liquid bubble chamber(4). No tracks of bubble density sub-

stantially less than that of ¢ and Y ray electrons in the same photo were observed.

We have looked unsuccessfully for beam tracks with bubble density substan-

tially less thaen minimum in ~ 100,000 photos taken at the CERN PS with the Ecole

(5)

parated negative beam(6)(mainly n_'s) of 16 GeV/c which was produced (frOm a copper

Polytechnique heavy.liquid bubble chamber'”’. The chamber was placed in an unse-

target) at 77 mrad from the direction of the 21 GeV/c internal proton beam.

The 1 x 1/2 b4 1/2 m3 bubble chamber, in a maghetic field of 2.2 Wéb/mz, was
filled with CZFSCl and was operated under conditions givinglnfl5vbﬁbbles per cm
along minimum ionizing tracks, The apparent diameter of the bubbles was ~ 0,3 mm
when projected with magnification one. The number of bubbles per cm should be
roughly porportional to the number of ¢ rays with energy in the KeV range‘wﬁich
are produced per cm along the track(7), and thus to the square of the charge of

the producing particle(s), (for B ~ 1).

To obtain the flux of fractionally charged particles in the laboratory per

interacting proton, we use the formula

SN onghy (1)

v dfedp AQ Ap-
where nq = the number of fractionally charged particles per machine pulse;
AQ

+ .
Ap = momentum acceptance of the beam = - 1 o/b p; and np = the number of protons

the solid angle accepted by the beam transport system = 1.2 x 10'-5 steradians;

interacting in the target per machine pulse = 2 x 1010. To compute the last number
we have assumed a target efficiency of 12 o/o, estimated by comparing the n flux
in our beam (tuned to 8 GéV/c) with accepted fluxes(g); this estimate could be in

error by a factor of two, and is the dominant uncertainty in our results.

With 90 o/b confidence (taking into account both staﬁistical and systematic
uncertainties) the above numbers indicate a flux of q = 1/3 e particles (which
would thus have a lab momentum of 5.3 GeV/c, Ap = 0.1 GeV/c):

2

d_N
dfdp

< 1.4 x 1072 / (Ster. GeV/c) (2)
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where we have assumed a scannlng efflclency of 70 o/o and llfetlme 10--7 sec,

For q = 2/3 e particles (p = 10, 7 GeV/e, Ap = 0,2 GeV/o :

an_

aap = < 0.7 x 10 / (Ster. GeV/e) _ (3)
These fluxes are compared with the 7 and p fluxes in Teble I,
‘ USing GT(pp) = 40 mb, thgivéiué»given abo#e for gégp implies a centre of
mass differential cross section upper limit of
d2c =36 2
EE;;;;;,L 2 x 10 cn” / (Ster. GeV/c)- (4a)

for production of particles with ¢ = 1/3 e and mass M3 1.2 GeV and

a- 56 2 / .
aa—c"a;-'— .s 3 x 10 3 em” / _(S't‘e:ar;.‘ GeV/cA) (4b)

for q = 2/3 e, These limits for the crcss section are shown in Fig, 1 as a function
of M; the varlatlon with M is ca used by the dependance on M of the Jacobian
didp _'IﬁiiL - : :
adp!  p B ' (5)
For. short lifetime, the limits given above must, of course, be divided by

the decay factor

f = exp (- 2x210 'M) where T = the particle lifetime in seconds; M = its mass
T q

in GeV; and q = its charge in units of the electron charge. Thus, for example, only
about one g = */3 e part1c1e in 105 would survive durlng the 4 meter flight to the
chamber if M = 2 GeV and T = 10 = sec, in Whlch case our upper llmlt on the dlffe—

rentlal cross section would become 2x10 51 cm / ter. GeV/c .

The kinematic limit of the q = 1/3 e particle mass is ~ 2,2 GeV if they are
produced in palro from a stationary nuﬂ1eon and ~ 2,6 GeV if produced in a head -
on collision with a nuc1eon hav1ng Ferm; momentum of 0, 26 GeV/c. One mlght expect
to see strongly interactlng partlc’es produced by those few collisions with favora-
ble Fermi momentum, even for masses as nlgh as Af2 5 GeV, Maklng a crude estimate
of the fraction of the collisions with Perm* momontum of the target nucleon such
that a q = 1/3 e particle with mass 2.5 GeV could be produced and accepted by the
 beam gives | . ‘ S '
A 620 -35 | oy
“:@E',"«.3X10 on” / (Ster. aev/c)  (6)

'Néte, however, tha®t final state mnnihilation of acc—antiace pairs (into T's etc.)
should reduce their probability of coming out from the production region, especially

for small relative momentum, But if their annihilation probability depends on relative
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(10)

momentum similarly to that for proton-antiproton, the ace-antiace production
cross section would be reduced by less than an order of magnitude for acc masses

< 2.1 GeV,

The center of mass momentum and angle for particles in our beam with q/ e = l/ 3
and 2/3 are shown in Fig, 2 as a function of mass for production from stationary
target nuclei. For increasing mass the e/3 particles would be emitted more and
more backwards in the center of mass system, @' passing through 90° for Mq = 1,51 MeV.
The 2e/3 particles would be emitted somewhat forward, for all masses up to the

kinematic limit.

To obtain a rough estimate of the upper limit on the total cross section for

ace-antiace production we have made the following assumptions: .

1) isotropic angular distribution in the center of mass system; and

2) a four body phasé spaée moméntum distribution,

The result of these assumptions is shown as a function of massin Fig. 3, again for
the 90 o/o confidence limit for particles with g/e = 1/3 and 2/3. For q/c = 1/3 and
1.3< M< 2.1 the result is _ . B
op £ 4 x 10"35 cm2, o (7)
and for gq/e = 2/3, 1.0 M £ 1,9 GeV

ons T % lO—35 cm2. (8)

(3)

Alternately, following Morrison'”’, we could assume fractionally charged particles
are produced with transverse momentum distributed similarly to that of other heavy ‘

particles. Total cross sections estimated in this way are approximateiy the same as

those abéve.

We conclude that if particles of charge 0.2< q/ e £ 0,7 exist, and would be
pair produced in proton-copper collisions with cross sections similar to those of
other strongly interacting partiéles. (e.g., f)'s), then they must have mass above

~ 2,2 GeV, or lifetime less than ~ 1077 see.
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TABLE I.

Upper limits (90 o/o confidence) on the laboratory fluxes of particles with
q = 1=/3 e and 2/3 e, mass < 2.2 GeV, and lifetime 2 10--,7 sec., compared with the

n and 5 fluxes(9 of the same laboratory angle and momentum.

Charge : 1/3 2/3
Laboratory Momentum 5.3 GeV/ 10.7 GeV/ c
Laboratory Angle C 4,40 ' 4,40
(Fractionally chgd.flux) /(n- £1ux) . 5k 107 ax108
(}}‘rapr’lclpnally‘ chgd.flux)/(g flux) | <lx 10?-6 - 55 x 10‘—5

TABLE IT

Summary of the properties of the quarks(l)(first six properties only) and

(2)

aces : the isotropic spin and its z projection, ‘baryon number, -strangeness,

charge, spin, parity, mass, mass difference, lifetime, and coupling strength.

Nomemelature | ¢ 1 3 s @ J | P M AM coupling
quark ace ( MeV) ( MeV)

u p, |1/2 1/2 1/3 0 2/3 1/2| + >400) stable 1\ of the

} o order of

. strong

d n, |1/2 -1/2 1/3 0 -1/3 1/2| + >4ool sminutes )2 =

~150 _ tions or

s Ay 0 0 1/3 -1 -1/3 1/2 | + >560 ~10 ~ sec) greater
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FIGURE CAPTIONS

Fig, 1  The upper limit (90 o/o confidence) of the center of mass differential
eross section as a function of the mass of q = 1/3 e and 2/3 e particles;

the target nucleon has been assumed at rest.

Fig. 2 The center of mass momentum and angle of q = 1/3 e and 2/3 e particles,
A, which would be seen in the bubble chamber; the target nucleon has

been assumed to be at rest.

Tig. 3 The upper limit (90 o/o confidence) of total cross section for the pro-
duction of q = 1/3 e and 2/3 e particles based on assumptions discussed
in the text and including a rough estimate of the effects of Fermi motion

of the target nucleon.
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