A review of quark search experiments

Lawrence W. Jones*

Department of Physics, University of Michigan, Ann Arbor, Michigan 48109

All of the experimental evidence for and against the existence of free, physical quarks from cosmic rays,
particle accelerators, and stable matter is reviewed. There is no evidence for the existence of free quarks
of fractional charge save for one recent report of niobium pellets of third-integral residual charge. The
related searches for quarks of integral charge, for free magnetic monopoles, tachyons, dyons, and other
postulated, stable elementary objects are also reviewed. Although some puzzling observations are noted,

there is no firm evidence for any of these particles.
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I. INTRODUCTION

Physics research for almost two centuries has been
probing progressively deeper into the structure of mat-
ter in order to seek at every stage the constituents of
each previously “fundamental” entity. Thus a sequence
proceeding from crystals through molecules, atoms,
and nuclei to nucleons and mesons has been revealed.
The energies required to dissociate each entity in-
crease from thermal energies to GeV in proceeding
from crystals to mesons. It is therefore only a logical
extrapolation of past patterns to expect that hadrons—
mesons and baryons—might be dissociated into more
fundamental constituents if subjected to a sufficiently
high energy. This vague prediction may have been in-
sufficient as a basis for mounting an experimental
search for constituents, but it may be responsible in
large measure for the fertile ground on which the notion
of quarks fell.

There were at least three factors which made a quark
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model plausible in the 1960s. First, the classic elec-
tron-proton elastic scattering experiments demonstra-
ted that a proton has a finite form factor. Nonrela-
tivistically, this is equivalent to a finite radial extent
of the electric charge and magnetic moment distribu-
tions. It was plausible that the charge cloud which con-
stitutes a proton is a probability distribution of some
smaller, perhaps pointlike constituents, just as the
charge cloud of an atom was learned to be a probability
distribution of point electrons.

Second, the evolution in the late 1950s and early 1960s
of hadron spectroscopy revealed an order and sym-
metry among the states of hadronic matter that could be
interpreted in terms of representations of the SU(3)
symmetry group. This in turn was interpreted by
M. Gell-Mann, and independently by G. Zweig, as a
consequence of the grouping of elementary constituents
of fractional electric charge, christened “quarks” by
Gell-Mann, inpairs and triplets to form the observed had-
rons(Gell-Mann, 1964; Zweig, 1964). The generalfea-
tures of the quark model of hadrons have withstood the tests
of time, and many of the static properties of hadrons
are consistent with predictions of this model.

Third, the deep-inelastic scattering of electrons on
protons revealed form factors corresponding to point-
like constituents of the proton. This is altogether con-
sistent with the interpretation of the finite proton elas-
tic form factor suggested above, in analogy to atomic
electrons. J. D. Bjorken referred to these proton con-
stituents as “partons” although from the beginning it was
recognized that “partons” and “quarks” might be merely
different manifestations of the same entities. R. P.

- Feynman also invoked the parton notion of proton struc-

ture to explain the scaling of inclusive secondary par-
ticle (pion) distributions in high-energy proton—proton
collisions. The experimental search for quarks began
with Gell-Mann’s and Zweig’s quark models in 1964 as
a result of the explicit prediction of constituents of
fractional charge. While no comprehensive review of
the many theoretical quark models will be attempted
here, it is useful to record the quantum numbers of the
‘“classical” quarks. This basic quark set has been em-
bellished subsequently in two important ways.

First, because quarks may be fermions (spin 1/2) but
combine in identical states in some hadrons in violation
of Fermi=Dirac statistics, it was necessary either to
endow them with special statistical rules (“parastatis-
tics”) or to add another quantum number which may as-
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sume any one of three values to permit retention of con-
ventional Fermi statistics. This new quantum number
is the “color” quantum number, and there now may be
at least three forms of each of the fundamental quarks—
red, white, and blue varieties of u, d, and s quarks.

Second, physicists now add another quark, the
“charmed” quark, to the list. The concept of charm
was originally proposed to provide a mechanism
(through cancellations) to inhibit the K; — u* ™ decay
and other processes involving a change in strangeness
with no charge change (Bjorken and Glashow, 1964;
Glashow, Iliopoulos, and Maiani, 1970). The recent
discoveries of massive, relatively long-lived particles,
the ¥ or J particles, has greatly stimulated enthusiasm
for the concept of charm, as the most successful model
for these particles considers them as states of the
charmed quark ~antiquark system, just as the ¢ is con-
sidered as ¢, g, state (Aubert ef al., 1974; Augustin
et al., 1974). More recent experiments have identified
meson and baryon resonances having the theoretically
predicted properties of hadrons containing charm
(Goldhaber, 1976; Knapp, 1976). A postulated set of
quark properties is reproduced in Table L

While the fractional-charged quark model is appealing,
it is not unique; Han and Nambu (1965) have proposed a
scheme with integrally charged quarks which may also
providé a self-consistent constituent model for funda-
mental particles. It is perhaps less widely accepted
than the fractional-charge scheme, and quarks of inte-
gral charge would be more difficult to identify experi-
mentally if they did exist as stable particles. Further,
it is possible that, if massive, they would quickly de-
cay to lighter hadrons. Quarks of fractional charge,
on the other hand, would retain that signature by charge
conservation until a rare chance encounter with another
quark. On the other hand, if quarks of integral charge
have fractional baryon number, again they may be
stable (to the extent that baryon number is conserved).
Both the Han-Nambu model, which proposed three sets
to triplets (before the advent of the charm concept) and
the somewhat related SUB model (Cabibbo, Maiani, and
Preparata, 1967) in fact incorporated baryon number of
1 as ingredients (Pati and Woo, 1971). In a later paper,
Pati and Salam (1974) suggest that integral-charge
quarks might exist but decay through second-order weak

TABLE I. Quark model: Quantum number assignments for four
quarks of fractional charge.

Quarks symbol u d s c
Baryon number B 1/3 - 1/3 1/3 1/3
Electric charge q 2/3 -1/3 -1/3 2/3

(in units of the
proton charge)

Hypercharge Y 1/3 1/3 —2/3 0

Isotopic spin I 1/2 1/2 0 0

Third component of I, 1/2 -1/2 0 0
isotopic spin

Strangeness S 0 0 -1 0

Charm C 0 0 0 1
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processes, so that their lifetimes could be as long as
107° sec. An early appeal of the original quark model
was its essential simplicity; only three fundamental
entities were required. Now, with three colors and
four “flavors” of quarks indicated, there are 12 funda-
mental entities, and simplicity is not an a priori virtue
of the fractional-charge model over the Han-Nambu and
related models.

Early searches for quarks were based on the assump-
tions that (1) they had fractional electric charge (¢
=+1/3,+2/3, (2)they were heavier thana nucleon, and
(3) they could be produced if sufficient energy were pro-
vided either to dissociate an energetic hadron into its
quark constituents or to produce them in pairs. The
assumption that they were massive, perhaps several
times the nucleon mass, seems to have been based on
two considerations; first, that the mass splittings
among members of observed multiplets could be under-
stood as a perturbation on the very large quark-quark
binding energy, and (more relevant) that they had not
been previously detected.

It is not the purpose of this paper to review or even
discuss the multitude of quark and quark-parton mo-
dels that have flooded the literature in recent years.
Nor will the arguments for the existence or nonexis-
tence of physical quarks be discussed. Suffice it to say
that wise men differ here; some feel that if the quark
model is valid, quarks must exist as physical objects;
others just as vigorously argue that they may be per-
fectly valid mathematical objects but be unobservable
physically. As search experiments with negative re-
sults have multiplied, the latter point of view has
gained popularity, and with it, the “mass” of these
now virtual “u” and “d” quarks has been allowed to fall
below a proton mass, with about 0.3 GeV/c2? now a pop-
ular value (Drell and Johnson, 1972). Even though such
a mass is a best fit for the characteristics of quarks
bound in nucleons or mesons, it should be recalled that
free quarks could in principle be much heavier, with
the difference between free and bound masses equal to
a large binding energy. It is currently popular to pre-
sume that quarks are real and light, but are bound by
a force which increases with distance indefinitely, so
that the physical isolation of quarks is impossible.

The purpose of this paper is to review the experi-
ments and experimental data relating to the existence
of physical quarks. Previous reviews have been pub-
lished (Massam, 1968; Jones, 1970; Jones, 1971;
Adair, 1972; Jones, 1973; Kim, 1973; Snow, 1974),
and many of the experimental papers summarized pre-
vious searches in their respective domains. A brief
summary also appeérs in the annual Review of Particle
Properties by the Particle Data Group (Trippe et al.,
1976). In this paper “quark” is taken to include any
particle which may be a constituent of known hadrons
and is stable, i.e., with a lifetime greater than ~1077
seconds. Besides quarks of fractional charge, the lim-
its on massive quarks of integral charge are also dis-
cussed. To the extent that experimental data exist,
dyons and other possible constituents are also noted
(Schwinger, 1975; Yock, 1976). A particularly in-
teresting set of papers is referenced on the searches
for magnetic monopoles, but the subject is somewhat
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peripheral to the quark discussion and little space is
devoted to it here.

Quark searches have been made among cosmic rays,
with particle accelerators, and in stable matter. The
most difficult task in relating these searches to one
another and to the question of the possible existence of
physical quarks is the relationship between quark mass
and production cross section.

11. ASSUMPTIONS, KINEMATICS, AND MODELS
A. Kinematics of quark production

If quarks of fractional charge exist, they would be
produced most probably in either of two ways: diffrac-
tion dissociation or pair production. In diffraction dis-
sociation a hadron, for example a proton (the highest-
energy hadron available in quantity, either from cosmic
rays or from particle accelerators), incident on a tar-
get might be sufficiently excited to be broken into its
constituents. If the proton mass is m, and each quark
mass is m,, the binding energy of the quarks in the pro-
ton is

Ep=3m,—my,. (2.1)

(Here and throughout we will use units where ¢ =1 and
where energy, momentum, and mass are expressed in
GeV).

If, in the collision of two protons, this binding energy
is to be made available, then the total c.m. energy
must be given by

Ecm ZEg+2m,=3m, +m,. (2.2)

In colliding beams, this is just twice the total energy in
either of two protons of equal energy colliding head-on.
For a proton incident on a stationary proton target, the
required incident laboratory energy threshold is given
by )

Ep = (Ein/2m,) —my; (2.3)
2
E, > 8 rmP 2.4)

2m,

Actually, diffraction dissociation in hadronic proces-
ses is characterized by a cross section falling as exp
(Bt) where B=~10 GeV~2, for reactions on protons. De-
pending on the mass change in the diffracted object,
there is a minimum value of |# | which is required
kinematically. For this problem, in the limit where
the incident energy is far above threshold,

2 _ 02
EL~L3;_77;lr@L (2.5)
For |t |=0.1,
2 _ .2
5 o~ Bmg) —mi 2.6)

L™ 2x0.316

The kinematic approximations here are violated as
E; approaches the kinematic limit of Eq. (2.4). In any
case, close to threshold the minimum |¢| becomes rel-
atively large and cross section for such dissociation
would be expected to be quite small. However, far
above threshold where |f|min becomes quite small, this

Rev. Mod. Phys., Vol. 49, No. 4, October 1977

process could contribute.

A lower threshold energy would be relevant if quarks
were more massive than nucleons and were produced in
pairs, as are antinucleons with nucleons, electrons with
positrons, etc. The c.m. and laboratory threshold en-
ergies for quark pair production in proton-proton inter-
actions are given by

E...=>2m,+2m,, (2.7
E, > 2m, (1 +ﬂ¢—>2 ) (2.8)
Wlp

The same kinematic threshold pertains to a diffraction
dissociation process wherein a proton would be dis-
sociated into a proton and a quark pair, although the
implied dynamics are different.

When a proton collides with a complex nucleus, the
threshold energy for a given production process may be
lower than for the corresponding free-proton collision,
This may be considered either from the point of view of
the Fermi momentum of the target nucleon or of the
greater mass of the target. The dependence on energy
of some numerical value of threshold cross section is
found from the Fermi momentum distribution, while the
ultimate kinematic limit is set by the mass of the target
nucleus.

The Fermi momentum of a nucleon in a nucleus may
be approximated by a momentum wave function of the
form

@(p) =exp - (p/0.15)°.

The available center-of-mass energy between an ener-
getic proton of energy E;, momentum p, and a nucleon
with a colinear Fermi momentum p, is given by

E?m EzPL(WLp*Pa)“szﬁ s (2-9)

for p,<<m,, and where the ¥ p, refers to the relative
directions of p, and p,. Hence, a component of Fermi
momentum equaling 0.2 m, may increase E.m. by about
10% or correspond to a 20% greater E; colliding with a
stationary nucleon. The exponential tail of the Fermi
momentum distribution leads to a production cross sec-
tion which falls exponentially with energy above that
corresponding to a stationary target nucleon energy for
a particular process. The relevance of this effect was
demonstrated in experiments on the production of anti-
protons and antideuterons. versus energy by the Colum-
bia group (Dorfan ef al., 1965a; 1965c). ‘

It is useful to recall here some relationships between
the various forms of cross section expressed by differ-
ent authors. The cosmic-ray measurements which set
limits on quark flux over broad ranges of momentum
are sensitive to the total quark production cross section
g,, or more accurately the cross section integrated over
the primary cosmic-ray spectrum. Cascading within the
atmosphere may add slightly to quark production, but
due to the steeply falling primary spectrum, this is only
an increase of 20% and is ignored here. Accelerator ex-
periments on the other hand generally detect particles
in a beam of average momentum p, solid angle d@, and
momentum interval dp. They thus determine directly
limits on

d?c/dQdp .
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The most useful relativistic invariant is
Ed3c /dp®.
The momentum is generally close to the direction of the
incident particle, with p, <p so that
p&o B do _ _do_
dp® p* dpdQ ~ pdpdQ
The Feynman x variable may also be used, where x

=(p/Bpay Jem. - Then, interms of p;, x, and the c.m.
energy of the produced particle,

(2.10)

dSCI - Ecm. dZO'\
dp®  M(ppax C.m.)dxdp?

(2.11)

This latter expression is most generally useful for ex-
pressing production parametrizations.

B. Production models

As it is uncertain whether quarks can exist as free
particles, it is even less certain how they would inter-
act, and less certain yet how to calculate the production
cross sections. Consequently, all production models
must be taken very lightly. Nevertheless, it is useful
to develop a framework for discussion of experiments
in order to interrelate quark searches using very dif-
ferent techniques. In the absence of better assump-
tions, it is usually assumed that quark behavior is sim-
ilar to that of other hadrons, and that their interaction
mean free path, for example, is the same as that for
nucleons.

Adair and Price (1966) have proposed a useful, if
somewhat arbitrary, model for estimating possible
quark production. For lower-energy production of
pions, kaons, and nucleons, they observe that the pro-
duction cross section well above threshold may be ap-
proximately represented by

o =maZ, (2.12)
with
a, =Hjm, . (2.13)

Pal and Tandon (1965) independently proposed the same
cross section dependence. To provide a smooth cross
section rise between a threshold and a higher energy,
possibly asymptotic value, Adair and Price propose as
a recipe:

2
G,=0, (<§Z—t> —%) , for E;, <E<4E,, (2.14)

o,=0, for E>4E,,

where o =7(%/m,)?, and E, is the laboratory threshold
energy of an incident hadron on a stationary hadron tar-
get. For quark masses of 5 and 10 GeV, the values of
0° are about 5 x1072° and 1.25x1072° ¢m? in their flux
calculations.

When quarks or any other particles are produced
rarely in nucleon-nucleon collisions, the relevant quan-
tity is often not o, but the production probability, e.g.,
the ratio of the production cross section to the total
nucleon-nucleon inelastic cross section. At high ener-
gies, op (inelastic) ~33mb and is probably nearly con-
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stant (a logarithmic rise is not consequential in the
range of parameters and uncertainties here). Thus, de-
fining

Do =04/0yy(inel), (2.15)

the production probabilities for 5 and 10 GeV mass
quarks would be 1.5 x107% and 3.75 x107%, respectively.

Chilton, Horn, and Jabbur (1966) have made a cal-
culation based on an absorptive peripheral model and
obtain cross sections for the process N+ N-N+N+q
+g of 1 to 7x107%%cm? for quark masses from 6 to 12
GeV/c? (respectively) at high energies (500-1000 GeV).

A different model altogether results from the statisti-
cal and thermodynamic approaches to particle produc-
tion. Here the assumption is that a “fireball” of had-
ronic matter is heated to an asymptotic temperature of
160 MeV and that hadrons boil off from the fireball.
These models give, for incident energies well above
threshold, cross sections of the form

0, exp(—2m,/T,) (2.16)

for pair-produced quarks, where T, is an asymptotic
temperature of about 0.160 GeV. The exponential fall-
off of production cross sections with quark mass is
more severe than any other model, amounting to over

5 decades per GeV increase in mass. Hagedorn (1968)
and Maksimenko (Maksimenko et al., 1966) have made
statistical calculations of expected yields as functions
of mass; their predictions, normalized to an antiproton
cross section of 1 mb, have fit production data of anti-
hyperons and antideuterons satisfactorily. Hagedorn
has dealt explicitly with the quark production question
(Hagedorn, 1968) and pointed out that under some cir-
cumstances the mass dependence of the cross section
might approach exp (-m/T,) well above threshold, even
for pair-produced quarks. The energy dependence of
the production cross section near threshold was studied
by Ranft (1970), and the parameters of the model were
adjusted, including kinematic constraints, to provide
good agreement with the 19.3- and 70-GeV data on pro-
duction of pions, kaons, nucleons, and antinucleons.
The ratio of antideuteron to antiproton production from
various high-energy accelerators has remained in good
agreement with the statistical prediction.

The advent of /J particle production data (Snyder
et al., 1976) has made possible a new test of the statis-
tical model. The results are in reasonable agreement
if the ¥ is not produced in pairs (Ranft, 1975), although
the model prediction is somewhat below the experi-
mental data. The disagreement may be significantly
worse if the 3/J must be produced in association with
other charmed mesons, as suggested by Zweig’s rule.
However, recent data on direct production of two, three,
or four muons by protons imply that y/J particles are
produced neither in pairs nor in conjunction with other
charmed mesons, in apparent contradiction to direct
rigorous application of Zweig’s rule.

The statistical model predicts further that the pro-
duction of pairs of charmed mesons each of mass >2
GeV would be about three orders of magnitude below @
production, and indeed such particles have not yet been
observed. In hadron production there have been reports
of a very massive object of over 6 GeV which decays
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leptonically (as does the /J) and is produced with a
cross section times branching ratio, 0-B, greater than
10~%¢+B for the y/J (Hom et al.,1976; Eartly, Giacomelli,
and Pretzl, 1976). This particle, the T, would contra-
dict the statistical model prediction by about four or-
ders of magnitude if it exists; however, recent precise
data on u pair production have not confirmed its ex-
istence.

There are two ambiguities in the statistical model.
First, while the temperature of normal hadronic matter
is asymptotically below 170 MeV, particles which have
no or very few excited states, i.e., are not part of the
normal spectrum of hadronic matter, will be produced
with a cross section two to three orders of magnitude
above the prediction of Eq. (2.16). Such is the case with
the antideuteron, for example. Second, if the energy
is sufficiently far above threshold, pairs of particles
may be produced with one in each of two primordial
fireballs, in which case the production may go over to
exp (—-m, /T,) rather than exp(-2m,/T,). While it is not
clear how far above threshold one must be for this
more optimistic result to pertain, the authors (Ranft,
1975, 1976) do not believe that this mechanism is rele-
vant for production of 2 GeV particles by 400 GeV pro-
tons, for example. Feinberg also notes that, if par-
ticles (quarks) are produced which have rather small
cross sections in hadronic matter, they could escape a
fireball before statistical equilibrium were established,
thus also leading to a production in excess of the pre-
diction of Eq. (2.16) (Feinberg, 1967).

The statistical predictions for quark production at en-
ergies well above threshold may be summarized as
follows. The cross sections may be normalized to the
observed antiproton production of about 1 mb in the
range E; ~10'' —=10'2 ¢V. Then

0, =10"2"W, exp[ —2(m, —m,)/T,] cm? , (2.17)

where W, is a factor which includes statistical weights
(of order unity) and the quark excitation spectrum as
discussed above (up to 10%), Very far above threshold,
this may grow to

0,=10"2"W, exp[ —(m, —m,)/T,] cm?. (2.18)
Numerically, for 3 GeV quarks, Eq. (2.17) predicts o
~107%8-10"% c¢m?, and Eq. (2.18) predicts 0 ~1073°-
10"28cm?, but for 5 GeV quarks, even Eq. (2.18) predicts
0~10735-10"%3cm? and Eq. (2.16) predicts 0 <107% cm?.

If the statistical model is totally correct, the upper
limit on quark mass from all searches to date is no
more than about 5 GeV, as repeatedly emphasized by
Hagedorn and Feinberg.

A model has been developed by Gaisser and Halzen
(Gaisser and Halzen, 1975; Gaisser, Halzen, and
Kajantie, 1975; Halzen, 1976) which also fits §, A, and
K data well and is a very good fit to  production data,
including the Zweig rule. This model, which explicitly
calculates the production of a high-mass cluster at the
vertex of a double Regge exchange, provides a unified
treatment of both kinematical and dynamical threshold
behavior. The model scales in the variable @ =(E .

— E¢m)/m, (where E%,, is the threshold c.m. energy)
such that
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0, = 1.TX1072( W, /m2)F(Q) , (2.19)

where W, is a statistical weight factor of order unity as
in the statistical model, and F(®) is a numerical func-
tion evaluated by the authors. The model is as success-
ful as any for the observed heavy particle production,
and is considerably more optimistic concerning the pro-
duction of massive particles than the statistical model.
In Fig. 1 the production cross section of 10 GeV quarks
pairs versus laboratory kinetic energy is plotted, and
in Fig. 2 the production cross section is given versus
quark mass for three incident proton energies, corre-
sponding to particular particle accelerators.

C. Production spectrum

Quarks produced in nucleon—nucleon collisions may be
produced with a center-of-mass distribution of mo-
menta similar to that of antinucleons produced at the
ISR. From kinematics, the average longitudinal quark
momentum in the laboratory is given by

o= by (my +T )/ (2m + 2, m,) /2, (2.20)

where p; is the momentum of an incident proton on a
stationary proton, and 7', is the average kinetic energy
of the quark in the c.m. From our knowledge of anti-
deuterons, it is plausible that T ,<wm, for m, >m, With
these assumptions and p, >m,,

Dy my (B /2m,) "2, (2.21)

Adair and Price also note the limiting values of pos-
sible quark momenta, assuming they are produced by
diffraction-dissociation processes. For example, if
p _'p +q +a’

Do = Pp M/ (2m, +m,) (2.22)

if the fast proton is dissociated. If the target proton
were dissociated

Po=m, (Lﬂg—4——1—>zm§/m,> (2.23)

m, 2

D. Propagation and interaction

Cosmic-ray searches depend on the propagation of
quarks within the earth’s atmosphere and in the earth
(in some instances), as well as in thick detectors such
as ionization calorimeters. It is generally assumed that
the quark-nucleus inelastic interaction has the same
cross section as the nucleon—nucleus interaction. How-
ever, the suggestion is made by Adair and Price (1966)
and by Pal and Tandon (1965) that the inelasticity, or
fraction of the incident hadron energy lost in an inelas-
tic interaction, is smaller for a massive quark than for
a nucleon. These authors assume that the average frac-
tion of the quark energy lost in each interaction is
0.5/m,(GeV), so that the “inelasticity” 7 is given by

(n)=1-(0.5/m,) (2.24)

where 1 =Eq/E0,,, the fraction of the incident quark en-
ergy which is retained following a collision. In a nu-
cleus where vV interactions may occur within a single
nucleus, the relevant inelasticity may be 7. Adair and
Price use a similar argument, stating that the four-

Rev. Mod. Phys., Vol. 49, No. 4, October 1977

L. Jones: Quark search experiments

momentum transfer [¢|is generally also invariant with
the type of collision and varies as

P(t) < exp(~|t]"?/q,) ,

where g, is the order of m,, or perhaps 0.5 GeV. They
thus deduce that the inelasticity is effectively as given
in Eq. (2.24) above.

While it is commonly assumed that quarks interact
with cross sections characteristic of nucleons on nu-
cleons (or nuclei), there are at least two reasons to
suspect that o(g, N) might be substantially less than
o(N, N). First, the simple factorization of the quark
model which argues that o(m, N) is approximately % of
o(N, N) suggests that o(g, N) might be ¥ of ¢(, N) or
about 10-15 mb. Second, more massive, observed
mesons appear to exhibit a smaller nucleon cross sec-
tion than lighter mesons (deduced primarily from the
photoproduction of these mesons on nuclei). Thus the
cross section o(y, N) is perhaps only about one mb
(Knapp et al., 1975), or less than a tenth of the pion-
nucleon cross section.

(2.25)

E. lonization

The basis for the largest number of searches for
quarks of fractional electric charge has been the care-
ful determination of the ionization of relativistic char-
ged particles. In view of its importance, a brief re-
view of ionization properties is included below.

The average ionization of a charged particle is a func-
tion of energy and of the material through which it pas-

. ses. In a gas at one atmosphere pressure or less, the

ionization passes through a broad minimum for a value
of energy E ~3m and then rises logarithmically for high-
er energies (Fig. 3). Condensed media, such as plastic
or liquid scintillation counters, display a more limited
relativistic rise in ionization as a consequence of the
“density effect”; nevertheless, the average ionization
does increase by about 70% above the minimum value.
The average ionization in a sample of material is pro-
portional to charge squared, so that quarks of charge
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FIG. 3. The relativistic rise in ionization vs momentum (in
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(2/3)e or (1/3)e should produce ionization £ or % that of
a singly-charged particle of the same velocity. The en-
ergy loss of a charged particle passing through a thin
sample of material follows a distribution of the form
shown in Fig. 4, determined by Landau and modified by
Symon. This energy loss appears as ionization, Ina
given slab of material the energy loss is not a priori
identical to the ionization. The long, high-energy tail
in the energy loss curve is due to infrequent elastic col-
lisions with atomic electrons which are produced with a
probability proportional to (£)~! at high energies. The
more energetic electrbns, or delta rays, may escape
the material in which they are produced, but others -
produced upstream will generally enter the material so
that the two effects may cancel. Hereafter, the two
phenomena—energy loss and ionization—will not be dis-
tinguished. A feature of the Landau distribution is that
the fractional width of the characteristic curve is nearly
invariant with thickness, in contrast to predictions
based simply on the statistics of ionization events. In
order to make clean ionization measurements, most
experiments have employed a series of successive in-
dependent ionization detectors. The signals from the
separate detectors may be analyzed in a number of ways
to test for the validity of a small number of quark sig-
nals. For example, a correlation function C may be
evaluated for the pulses from »n counters, where

B ORI

2.26
i=1 hi 2 ’ ( )

where 7#; is the pulse height in counter ¢, (%) is the
mean height for the » counters for that event, %, is the
pulse height expected for a quark, and o; is the stand-
ard deviation of pulse height expected for quarks. The
correlation function is in effect a x? distribution for =
degrees of freedom, and a plot of numbers of events
versus C should show a peak near C =# if the data sam-
ple includes quarks.

11l. COSMIC-RAY SEARCHES

A. Cosmic-ray flux

Energetic cosmic rays are mainly protons. The inte-
gral energy flux of all cosmic-ray hadrons over the en-
ergy range 10'°~10'% eV is represented fairly well (Pal,
1967) by
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—-1.67
(>E)=2.08 £ particles (cm?srsec)™, (3.1)
@ E,

where E, is 1 GeV. The primaries are about half pro-
tons; most of the remaining primaries are He nuclei.
The corresponding differential flux of nucleons, includ-
ing nuclei, is

doy(E) _2.35 (_J_E_) -2.67 nucleons (GeVcem?2srsec)™!.
dE SINE,
(3.2)

An obvious consequence of this steeply falling spec-
trum is that the production of quarks according to mod-
els such as that of Eq. (2.12) would be peaked at proton
energies not far from threshold. General reviews of
cosmic rays, their fluxes, composition, energy spectra,
and propagation in the atmosphere may be found in the
literature (Greisen, 1960; Pal, 1967; Sitte, 1967;
Hillas, 1975). Reviews of cosmic-ray data as they re-
late to high-energy particle physics are given by Fein-
berg (1972) and McCusker (1975). A running chronicle
of the state of the art is found in the Proceedings of the
Biennial International Cosmic Ray Conferences, in par-
ticular in the rapporteur papers. These proceedings
have been reproduced by the host institutions (Munich,
1975; Denver, 1973; Hobart, 1971) or in journals of the
host country (Acta Physica Academiae Scientiarum
Hungaricae, 1970; Canadian Journal of Physics, 1968).

Due to interactions in the earth’s atmosphere, the
cosmic-ray nucleon flux falls off at angles away from
the zenith according to exp(—z,sec §/1), where z, is the
vertical depth in the atmosphere of a detector, A is the
primary proton attenuation mean free path in the at-
mosphere (about 120 g cm™), and 6 the zenith angle.
Quarks may be expected to be produced with transverse
momenta of order of one GeV so that the direction of
quarks would nearly parallel that of primary protons.
However, quark attenuation in the atmosphere may be
much less than that of nucleons; their energy may be
degraded more slowly corresponding to a smaller in-
elasticity n (Eq. 2.24), and their charge would not be
lost. Hence, the flux of energetic quarks would be
peaked vertically, but slower quarks might be more
abundant at large zenith angles.

The dominant flux of cosmic-ray particles at sea level
are muons of a few hundred MeV momentum. Any
small detector (e.g., a Geiger counter) will record
about one muon per (cm? srmin) at sea level. This flux
of relativistic muons provides both a primary back-
ground and a convenient source of calibration particles.
For example, an experiment providing a limit to the
quark flux of 107!° (cm®sr sec)™! must have rejected
about 10%® muons in the course of data collection.

B. Single-particle searches

The earliest and most numerous searches for quarks
have been conducted using a set of detectors, most fre-
quently scintillation counters, stacked vertically and
operated in coincidence, with the individual pulse
heights recorded in a manner sensitive to single cos-
mic-ray particles of anomalous ionization. One such
experiment is illustrated in Fig. 5.
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FIG. 5. A schematic drawing of a sensitive, single particle
cosmic ray quark search. Layers labeled P1-P6 are plastic
scintillation counters; those labeled L1-L6 are liquid scintilla-
tion counters (Fukushima, 1969).

The sensitivity of such a system may be expressed in
terms of the “admittance” (often referred to as the
“geometrical factor” in cosmic-ray literature) or the
integrated solid angle-area product,

N=fAdQ .

The geometrical problem is more clearly illustrated in
Fig. 6 (taken from the Arizona group) for the practical
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FIG. 6. The geometry of cosmic ray particle searches (Cox,
1972). Here N particles are detected for I incident particles
per unit solid angle per unit area.
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case where two large detectors spaced vertically de-
fine the aperture. When multiplied by the running time
of the experiment; a negative result is simply related
to the upper limit quark flux expressed in quarks
(cm®sr sec)”’. Thus, for example, an apparatus with an
admittance of 1 m?®sr operated for 10° seconds (about
12 days) with no trace of a quark signal would establish
a “limit” to the quark flux of 10”°(cm?sr sec)™!. Act-
ually, if the flux were of that value, the probability
would be only 50% that a quark would have been seen.

A more useful and more commonly employed index is
the quark flux corresponding to a 90% confidence level
of detection. For this example experiment, the upper
limit quark flux would be determined to be 2.3 x1071°
(cm®sr sec)™! to a 90% confidence level, meaning that
if the quark flux were of this value, 9 out of 10 identical
experiments run for 10® sec would have detected at
least one quark.

The experimental problems in such searches lie in
discriminating against pathological sources of anomal-
ously lightly ionizing radiation. For example, an air
shower incident on the side of the system might give
small pulses from low-energy, stopping electrons in
each of several scintillators, simulating a subnormal
ionizing particle. This type of problem is resolved by
increasing the number of independent detectors, and
the same solution likewise improves the statistical re-
jection against the low pulse height tail of the Landau
ionization profile of normal particles.

For the same reasons, many later experiments have
employed track detectors such as spark chambers or
multiwire proportional chambers to insure that the
event candidates were indeed single, well-behaved par-
ticles.

In Table II the results of many of these single-particle
cosmic-ray experiments are tabulated, and the most
relevant parameters of each experiment are listed. As
time progressed, the experiments became more ele-
gant and also were operated in more varied sites. Thus,
Bowen and his co-workers operated their apparatus on
a mountain in view of the possibility that quarks might
be attenuated in the earth’s atmosphere. Others opera-
ted their detectors deep underground on the assumption
that quarks might interact only weakly and thus be
found with muons as the only survivors of primary cos-
mic-ray events in such locations.

If these searches can be considered as independent and
equivalent, the results of Table II may be combined to
give overall flux limits for each charge assumption.
The results are: ¢ <1.1x107* (em? sr sec)™! (90% C.L.)
for e, and ¢ <2.4%x107'" (cm? sr sec)”! (90% C.L.) for
2e.

Besides seeking quarks of charge e and %¢, some
searches have sought particles of £ e, on the chance that
such a charge might result from a bound state of a
quark and an integrally charged meson (or baryon) and
might be a lower energy, more stable configuration than
a free quark. Such searches are more difficult for two
reasons. First, the Landau energy loss distribution is
asymmetric with a long tail on the high side, thus mak-
ing searches for anomalously high ionization more diffi-
cult than those for anomalously low ionization. Second,
slower particles of high rest mass but integral charge
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will have sufficient range to penetrate a thick detector,
and may haveionization comparable to (4/3)? times mini-
mum ionization. In particular, the experiment of the
Arizona Group (Beauchamp ef al., 1972) observed such
particles and identified them as cosmic-ray deuterons,
and these particles effectively set the limit to the de-
tectable upper limit flux of g =(4/3)e quarks.

Searches of this sort for quarks, while setting the
most sensitive limits to poséible quark production by
proton-nucleus collisions for incident protons in the en-
ergy range of 10'2-10'* eV, have one significant weak-
ness. The apparatus typically is “blind” to events
wherein two charged particles enter the sensitive vol-
ume simultaneously. The ionization, as measured by a
pulse height, is generally recorded for an entire de-
tector layer, and the simultaneous passage of a normal
particle renders that reading insensitive to a second,
coincident particle of subnormal ionization. As detec-
tor areas are typically of order of magnitude one square
meter, implicitly these searches really search only for
quarks among showers of particles less dense than
about one particle per square meter. One assumes that
quarks would be produced in the collision of a primary
proton with an air nucleus high in the atmosphere along
with other secondary mesons, and an air shower would
be initiated so that at sea level any quarks would proba-
bly be accompanied by shower particles, mostly elec-
trons and positrons, of the order of 100 MeV energy.
The theory and experimental study of such cascades is
well developed, so that one may in principle evaluate
the limits that such showers place on particle detection
in the class of events described above. As an inde-
pendent class of experiments has searched for quarks
among air showers (Sec. ILC, below) to comparable
sensitivity limits, the value of such a complex calcula-
tion is questionable and will be foregone here.

Some experimenters have provided for modest ac-
companying air showers in the ‘“single-particle”
searches; for example, the effective area of each ele-
ment of the detector of Kasha ef al., 1968a, 1969b)is one
sixth the total, and a few accompanying shower particles
would not reduce the stated limits. The Aachen group
(Faissner et al.,1970) quotes separate, somewhat less
sensitive upper limit quark fluxes for particles ac-
companied by one and two additional tracks in their de-
tector, where wire proportional chambers separate the
tracks. The Durham detector (Ashton, 1968) contained
a hodoscope of 1 cm diameter neon flash tubes, to
achieve the same result. As most shower particles are
electrons, a few radiation lengths of lead filter out a
large fraction, and some experiments have used such
shielding.

Searches deep underground are tabulated separately
(Table IIa), as they are quite insensitive to electron
shower accompaniment but do presume significantly
lower quark interaction cross sections.

If the question of accompanying shower particles is
ignored, the negative results of a single-particle search
may be related to the limits on the production cross
section of quarks of a given mass using the kinematical
thresholds and relationships given in Eq. (2.8). Because
of the steeply falling primary spectrum, the production
of a massive particle will be dominated by cosmic-ray
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FIG. 7. Calculated quark fluxes vs quark mass from cosmic
rays according to the model of Adair and Price (Adair, 1966)
with an assumed constant quark production cross section of
107 cm? (curve a), according to this model with o= (%/m,)?
(curve b), and according to the model of Gaisser and Halzen
(Gaisser, 1975) (curve c).

protons not far from threshold. If it is further assumed
that quarks are not attenuated in the atmosphere, then
the spectrum of Eq. (3.1) and the production cross sec-
tion model of Eq. (2.14) may be folded to give the follow-
ing relationship between quark flux ¢,, quark produc-
tion probability P, = cq/oN ~s and energy for threshold
quark production E, (for an incident primary nucleon on

a stationary laboratory nucleon)
©,=0.267 P, E7'*%" (cm? sr sec)™'. (3.3)

This simple formulation may be further elaborated by
approximating the threshold energy as

Ep~2m2/m, (3;4)
giving
©,=0.075 P, m7;%% (cm® sr sec)™? (3.5)

Adair and Price have carried out a Monte Carlo cal-
culation using this production cross section behavior
and the primary cosmic-ray spectrum, and considering
subsequent interactions of the cosmic-ray protons in the
atmosphere. Their results, for an assumed production
cross section of 107%° ¢cm?, are replotted in Fig. 7. If
it is further assumed that

o; =@ /m,)? (Eqs. 2.12, 2.13). (3.6)
then
@ 3x107%3%3% (em? sr sec)™? 3.7)

This simple, approximate expression is also presented
~on Fig, 7. It may be convenient in relating cosmic-ray
quark searches to accelerator experiments to rewrite
Eq. (3.7) in terms of quark production cross sections o,
in cm? (where m, is large compared to my):
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©e=2.3x10%0. (m,)™* (cm®sr sec)™!, (3.8)
Ogy = 4.4X107% ¢ (m,)" %% cm?® .

If alternatively the rise in o, above threshold is ignored
and the quark production cross section is assumed to

"follow the step functions

0,=0; E<E,,
0,=0,; E>E,,
then
@, = 1.3 x10%°(m,)"23% ¢ (cm?sr sec)™ ,
and (3.9)

0, = 7.5 x1072%(m, )" *-33¢, cm?®.

The more recent model of Gaisser and Halzen dis-
cussed in Sec. II above permits similar numerical cal-
culations. Here, for example, the folding of the cos-
mic-ray spectrum with the production cross section
gives a maximum contribution to quark production from
cosmic-ray primaries of about three times the thresh-
old energy. Numerically, the Gaisser and Halzen mod-
el predicts a cosmic-ray quark flux ¢, versus quark
mass given by

©q=8x1071° (m,/10)7%-* (cm?sr sec)™}, (3.10)

or

©=1.1Tx10"*m"3-**(cm®sr sec)™*. (3.11)

The flux from Eq. (3.11) is also plotted on Fig. 7.

In this model also, o0 <m7?, and the cosmic-ray quark
flux may be expressed in a manner similar to Eqs. (3.8)
and (3.9) in terms of the production cross section at the
cosmic-ray energy where the yield of quarks would be
greatest (three times the threshold energy for this par-
ticular model). Such an artifice is useful for reference
as the production cross section continues to rise with
energy. Again, in limits where the nucleon mass may
be neglected

©e=1.4x10% mP-*¥ 0, (cm?sr sec)™?,

(3.12)

0, =Tx% lo—zsm:a.ss @, cmZ.
If, further, the upper limit cosmic-ray flux of quarks
is taken to be 107! (cm?sr sec)™?, the limits on quark
production cross section versus mass are given by

0, = TX1073p? 333 (3.13)

q

From this model, using the cross section values of Eq.
(2.19) and an upper limit quark flux of 107! (cm®sr
sec)™!, the lower limit quark mass would be about 22.5
GeV. Here the cross section is for the production of
quark pairs, and the flux limit refers to detection of
single gquarks.

The statistical model predicts very much smaller
quarks fluxes for every case with m =10 GeV. If the
most optimistic set of assumptions is adopted, the
quark flux ¢, would be given by

®q=2x0.075 m3®+3 exp (- m,/0.16) (cm?sr sec)!  (3.14)
using
P, =2exp(—m,/0.16). (3.15)
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This results in flux values of 6 X10™'7 (m, =5 GeV),
6 %1073 (m, =10 GeV), or 1.5x107* (m, =15 GeV) in
units of (cm?sr sec)™!.

C. Air shower studies

The greatest excitement in the history of quark
searches was generated by the report of McCusker’s
group in Sydney, Australia that quarks had been ob-
served in air showers using cloud chamber detectors
(Cairns et al.,, 1969; McCusker, Peak, and Rathgeber,
1969). McCusker had been studying air shower pheno-
mena over a long period, and had been impressed by
departures from expectations in transverse shower dis-
tributions (McCusker and Cairns, 1969; Bakich,
McCusker, and Winn, 1970). Specifically, his data sug-
gested phenomena in energetic showers (initiated by
primary cosmic rays of over 10° GeV) which corre-
sponded to anomalously large transverse momenta. The
quark concept suggested a mechanism for generation of
such phenomena, and he thus set out to search for
quarks. He further reasoned that the high electron den-
sity near the core of a shower might have masked any
quark signals in the single-particle telescope searches
(Table I). Before describing his experiment and others
it is useful to recall some features of extensive air
showers. Useful reviews of air showers have been
given by various authors (Greisen, 1960; Pal, 1967;
Hillas, 1975).

A single proton at the top of the atmosphere in the en-
ergy range of 10° to 107 GeV will generate an electro-
magnetic cascade producing at sea level (an atmospher-
ic depth of about ~1000 g cm™2) an average number of
electrons very approximately equal to the energy in
GeV divided by 10. A primary proton will interact in
the atmosphere to produce 7°’s and hence y’s. At high
energies approximately one sixth of the primary inter-
action energy will appear as »’s so that ultimately a
majority of the energy of the primary will appear in the
electromagnetic cascade. The lateral density distri-
bution falls with distance from the core axis,. so that in
a shower of 10° electrons at sea level (about 107 GeV),
the central density may exceed 10* ¢/m? but fall to 1
e/m? at a radius of 200 m. At sea level, Greisen notes,
a good approximation to the electron number density in
the interval 1 <7 <200 m from the shower axis is given
by

p(N,7)=(aN/r)exp(—r/b) , (3.16)

where p is the density in electrons per m? N is the to-
tal number of the electrons, a=2x1073, 7 is in meters,
and b =60 m., ‘

At any height the average density at a given » in-
creases about linearly with energy. Thus, while a
primary of 10® GeV will seldom produce more than 1 el-
ectron shower particle/m? at sea level, even near the
axis, a primary of 10° GeV will on the average produce
10 to 100/m? within 1m of the axis.

The consequence of this argument for quark searches
is that a counter telescope of about one square meter
area at sea level, which is sensitive only if no more
than one particle strikes it within its time resolution
(typically about 10~7 second), would be adequately sensi-
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tive to quarks produced by 10® GeV protons, but virtually
insensitive to quarks produced by primaries of 10° GeV,
assuming that quarks generally lie in the core.

If it is assumed that quarks are produced with (p,)
~0,5 GeV/c and quarks are produced at only very high
energies, then the approximate average production angle
and distance from the shower axis at sea level may be
found as functions of assumed quark mass and energy.
The earlier equations [Eqs. (2.3), (2.8)] may be approxi-
mated by letting m, 2 $Ecm. nty =1 GeV, and y, =E,/2 for
quark production at threshold. Then

Eq=YemMq=Ey/2 (3.17)

and

0,~1/E,~sm . (3.18)

Since the first interaction takes place in the atmosphere
at an altitude of about 3x10*m, the sea level lateral
displacement of quarks from the shower axis may be
very approximately N

v, =~ 3 x10*¢, (meters) (3.19)
or
1.5 x10%
7, W (meters). (3.20)

Numerically, a quark of 10 GeV rest mass, produced
by a 200 GeV proton, would lie about 100 m from a
shower “core” (although at such low energy the core it-
self would be largely gone), while a 100 GeV-mass
quark may well lie only a meter from a core. Quarks
produced above threshold would have an appreciable
distribution of longitudinal momentum as well as a dis-
tribution in transverse momentum, so that the spatial
distributions of any quarks would vary widely about
these average values.

The central point is that, if quarks of m, = 10 GeV ex-
ist, single-particle cosmic-ray searches are a sensi-
tive, useful technique for seeking them. On the other
hand, if they are five times more massive (or if for
some reason their production threshold energy is much
higher), they would most often be found accompanied by
a dense flux of shower particles. In this sense, Mc-
Cusker introduced a new perspective on quark searches
and stimulated a line of investigation which has subse-
quently led to the most stringent limits on the existence
of very massive quarks (m, =25 GeV).

McCusker’s experiment utilized a trigger consisting
of three arrays of Geiger counters each of 110 cm? ef-
fective area arranged in a horizontal equilateral tri-
angle 2 m on a side. This should provide an efficient
trigger for air shower cores corresponding to primary
cosmic-ray energies in excess of 10° GeV. Based on
other data, the mean primary energy for showers trig-
gering this array was about 5x10° GeV. The four cloud
chambers, each with a cylindrical illuminated volume
5-cm deep by 30-cm diameter were oriented with their
cylindrical axes horizontal and positioned between and
below the trigger counters. In several months of opera-
tion, 5500 useful air shower events weré photographed

-and analyzed, resulting in five quark candidates among

about 60 000 tracks (McCusker, Peak, and Rathgeber,
1969; Cairns et al., 1969).
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In terms of the flux units employed in Table II, these
five quark candidates corresponded to a flux of 5.5
X107 (cm3sr sec)™! for quarks of (2/3)e charge. Mc-
Cusker suggested that these results were not incom-
patible with single quark limits if the production thresh-
old were quite high (>10° GeV) and if the production
cross section were so large above threshold that sev-
eral quarks were produced in each interaction.

Following discussion and publication of the Sydney
results many questions were raised. The droplet count
along the normal tracks was anomalously low, leading
some to. question technical details of the cloud chamber
operation, and the statistical basis for the conclusions
was questioned. There were also concerns expressed
about the relativistic rise in ionization and other physi-
cal effects. These questions are discussed in several
papers which closely followed McCusker’s initial publi-
cation (Rahm and Louttit, 1970; Kiraly and Wolfendale
1970; Frauenfelder, Kruse, and Sard, 1970). Adair
(Adair and Kasha, 1969) also questioned whether the
Sydney results were compatible with earlier single-
particle searches. Thus, if the Sydney results were
taken at face value, a primary of 10° GeV would pro-
duce 10 quarks, so that the threshold would be below
10° GeV. At that energy, counter telescope experi-
ments would not have missed quarks for any set of
plausible production assumptions. Given the import-
ance of the question, the most meaningful check of the
experiment appeared to be a repeat of it with a similar
but improved technique. This was done by four groups,
all with negative results.

The Sydney group continued to run their apparatus,
presumably with somewhat improved technique, for an
additional 1.3 times the original data run, and no
quarks were subsequently reported. Although the or-
iginal claims were never officially retracted, it ap-
pears significant that, in a 1975 review paper on cos-
mic-ray hadronic interactions, McCusker does not
mention his earlier quark results (McCusker, 1975).

A search was made by a British group using a 140
em? high-pressure helium-filled cloud chamber (Evans
et al., 1971). Using a counter trigger array to select
showers with local particle densities >60 m™ at sea
level (E,=z10° GeV), 1200 showers were studied for
lightly-ionizing tracks, and no candidates were found.
The authors set an upper limit of 4xX10~° (cm?srsec)™!
(95% confidence level) to the possible flux of ¢ =(1/3)e
quarks.

W.E. Hazen, first at the University of Michigan (Ha-
zen, 1971) and later in collaboration with A. L. Hodson
and others at the University of Leeds (Hazen et al.,
1975), has carried out a program of cloud chamber
studies seeking quarks in air showers. By operating
the large 3 m® Leeds cloud chamber horizontally and
using an illuminated depth of 30 cm, the group has been
able to search more sensitively for ¢ =(1/3)e (one-
ninth minimum ionization) particles. They have trig-
gered the system on about 7200 showers. Their latest
published results quote upper limits of 1.2x107!! (cm?
sr sec)”! for quarks of (1/3)e charge. About one third
of the data was taken with a 250g cm™2 absorber of lead
and concrete over two chambers. Hazen had earlier set
limits of 107!° (cm? sr sec)™! on the flux of quarks of
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(2/3)e charge using a smaller cloud chamber at the
University of Michigan.

In another cloud chamber experiment, a group at the
Lawrence Livermore Laboratory under the direction of
A. F. Clark operated a set of eleven 44-cm diameter
cylindrical cloud chambers with 10-cm deep illumi-
nated region triggered in a manner similar to the Syd-
ney experiment (Clark et al., 1971; 1974). As in the

" case of the Leeds experiment, . the Livermore group

took care to be certain that individual droplets were re-
corded on film. They also occasionally superimposed
on the film computer-generated simulated quark tracks.
This gave the scanners positive evidence to report, and
provided a quantitative check on the scanners’ ef-
ficiency in detecting any possible real quarks. (Such
artificial quarks were also planted on the film in the
later Leeds experiment.) The experiment included
200000 chamber stereo photographs containing 10° cos-
mic-ray tracks. The negative results set a limit of 2
x1071! (cm? sr sec)”! for flux of particles with ¢=(2/3)e
and somewhat poorer limits for other charge assign-
ments. These results, together with those from Leeds,
Sydney, and elsewhere are tabulated in Table IIL

In each of these experiments a lead shield was used to
screen out soft electrons for some of the data. The
lead shields permitted searches closer to the shower
core than would be possible with unshielded detectors.
The data collected in these experiments is difficult to
interpret in terms of simple flux limits from a particu-
lar primary energy, as the triggers generally respond
to a minimum local shower density and not to a particu-
lar threshold energy. Thus showers initiated by very
energetic particles with cores incident far from the de-
tector may trigger the system, but only those lower en-
ergy primaries resulting in cores close to the trigger
counters will be studied.

An experiment at the University of Durham employed
a hodoscopic array of neon flash tubes with a delayed
pulse so that the flash efficiency was a steep and known
function of specific ionization (Ashtonef al., 1968, 1969,
1973a, 1973b, 1975). Again an air shower trigger was used,
andthetechnique is sensitive to moderately high particle
densities. The apparatus was shielded with 15 cm of lead,
and triggers were operated at different times corre-
sponding to different minimum shower particle densi-
ties.

The Aachen group (Bohm et al., 1972) extended their
proportional counter array, used earlier in a single-
particle search (Faissner et al., 1970), and placed it
below a 15-cm thick lead shield with air shower trigger
counters above. In over 2000 hours of operation, over
500000 triggers were obtained; no quarks of (1/3)e or
(2/3)e charge were detected to about 1x107*° (cm? sr
sec)™! (90% confidence limit). If 3% of the shower par-
ticles penetrate the lead, the experiment is sensitive to
incident particle densities less than 600 m~2,

One other experiment which reported positive results
from a search for quarks presumably accompanying air
showers was published by an Ohio State University
group (Chu et al., 1970). They scanned film taken from
the 1-m diameter Michigan- Argonne heavy liquid bubble
chamber and studied the accidentally occurring cosmic-
ray tracks. Two tracks which they identified as
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g=(2/3)e quarks were found in their scanning. The struc-
ture of the bubble chamber magnet placed an over-
burden of 1200 grams per cm? of iron and copper over
the sensitive region of the chamber, effectively shield-
ing out almost all air shower electrons. If quarks,
these events corresponded to a flux of 1077 (cm? sr
sec)”!. However their identification depends critically
on the correlation between track age and bubble size, a
correlation the authors only calculated but did not mea-
sure for the relevant set of chamber operating condi-
tions. Their interpretation has been sharply challenged
by the Argonne bubble chamber group (Allison ef al.,
1970) and by the Michigan physicists who designed and
built the chamber (Sinclair, 1970). Their flux is in
sharp disagreement by orders of magnitude with many
convincing negative results.

The recent air shower experiments with cloud cham-
bers now appear to set the most significant upper limits
to the production cross sections for very massive
quarks. The Durham results add to the confidence in
these results by varying the triggering conditions. As
noted in Table III, these various upper limits are 90%
confidence level values. Again, as with Table II, the
negative results in this table may be combined statisti-
cally. The consequent quark flux limits are then: ¢
<0.71x10"" (cm? sr sec)™! (90% C. L.) for g=%e, and
@ <1.4x107! (cm?® sr sec)™ (90% C. L.) for ¢ =%e.

Hazen et al.(1975a) noted that as the cosmic-ray had-
rons cascade down through the atmosphere they ef-
fectively probe production possibilities over the range
of energies below the primary initiating particle. In
this way the production cross section by cosmic rays is
effectively studied over the continuous range of ener-
gies between earlier single-particle searches and the
initiating shower energy.

In view of the design of later single-particle searches
using lead shielding and sensitive to several simultan-
eous particles in the meter-square detector, there is
now convincing evidence against the existence of frac-
tionally-charged cosmic-ray quarks at flux levels above
about 107! (cm? sr sec)™%.

D. Time delay searches

An independent technique for seeking particles of large
rest mass in cosmic rays has been employed in several
experiments. Here the relative delay of a massive par-
ticle behind the relativistic component of an air shower
is studied. If a particle (e.g., quark) of rest mass m,
and Lorentz factor y=E,/m, is produced at a height y
above a detector, it will arrive at the detector delayed
by a time At behind the shower front (the particles with
v=c) given by

At=y/29%¢, v, > 1. (3.21)

Thus a quark of mass 10 GeV with an energy of 100 GeV
(7, =10) produced 10 km above a detector would arrive
160 nsec behind the shower front (see Fig. 8). A si-
multaneous measurement of time delay and total energy
of the delayed particle then sets limits on poss1b1e mas-
ses and production heights.

The method is limited, however, to values of y below 70,

. given the 30-km height of the atmosphere, as the rela-
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" masses of about 70 GeV rest mass.
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FIG. 8. The principle of cosmic ray experiments seeking
quarks or other massive particles through the study of pulses
delayed relative to air showers.

tivistic component of showers is spread (by path length
straggling) over about 6 nsec, and a reasonable time
resolution limit for large counters (including this
spread) is perhaps 10 nsec. For quarks produced near
threshold, m,=~vy, (where m, is expressed in nucleon
masses or GeV), so the method is sensitive up to quark
Although particles
produced in the backward cm hemisphere above thresh-
old may have y<70 for greater masses, the sensitivity
of the method will decrease for m, >70 my.

Early discussion of this approach ‘is contained in pa-
pers by the Copenhagen group (Damgaard ef al., 1965;
Bjgrnboe and Koba, 1966). It is characteristic of such
search methods that they are sensitive to massive par-
ticles of fractional or integral charge—or indeed zero
charge in some cases. However it is required that they
are produced in interactions of cosmic-ray primaries
with air nuclei and that they do not decay in their pas-
sage through the atmosphere. It is also assumed that
their energy loss within the atmosphere leaves them with
substantial kinetic energy (y>1) at the detector.

The Echo Lake group (Jones ef al., 1967) employed an
ionization calorimeter, a large spark chamber, propor-
tional counters, and an air shower array of about 10 m?
to explore the energy and time delay of hadron signals in
the calorimeter relative to showers. The apparatus was
located at an altitude of 3230 m, or an atmospheric
depth of 715 g cm™2, The experimental solid angle,
area, and running time corresponded to a sensitivity of
2.3%x10"1 (cm? sr sec)™!. The apparatus is represented
schemetically in Fig. 9. With a 10 GeV hadron thresh-
old, 3x10° events were studied. One anomalous event
was detected with an energy of 36 GeV and a time delay
of 45 nsec. The event could possibly have been a nu-
cleon surviving from an interaction from the top of the
atmosphere (y =30 km), and there was also a 6% proba-
bility that it was an accidental coincidence between a
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END VIEW

( ALL OIMENSIONS IN INCHES ) SIDE VIEW

FIG. 9. Schematic drawing of
the Echo Lake quark search ex-
periment (Jones, 1967).

i

hadron and an unrelated shower. No separate ionization
data on the candidate was obtained due to the density of
the shower. Taking into account a 3% instrumental un-
certainty, the authors do not regard the event by itself
as evidence of quarks. In such an experiment only a
characteristic distribution of a number of events would
be convincing evidence for a quark.

The Copenhagen group (Bjornboe et al., 1968) carried
out two experiments. In the first experiment a counter
telescope on the surface of the ground (at sea level)
signaled an arriving air shower, and delayed pulses
(>2 times minimum) were sought in a detector of 1.6
tons of liquid scintillator at a depth of 3.6 x10° g cm™2
of rock. A uniform time distribution of delayed par-
ticles was seen, numerically compatible with chance
coincidences. ‘The second experiment was a modifica-
tion of the first wherein a delayed event was required
to be accompanied by a second delayed pulse from a
m-u-e decay. In other words, events were sought cor-
responding to a massive, penetrating hadron delayed
behind a shower and interacting to produce stopping 7*
mesons. Again no signals were observed over a random
background. These two experiments set limits to the
flux of such “plutons” (as the authors referred to their
sought-for massive particles) less than 1 to 3 x 1071°
(cm? sr sec)™'.

White and Prescott reported a less sophisticated
search wherein a small air shower array was used in
conjunction with two other counters, one unshielded and
one shielded by 274 g cm™2, to study possible delayed
particles (White and Prescott, 1970). The shower ar-
ray triggered when the particle density exceeded about
535 particles m™2. The possible quark flux upper limit
was set at 4x107!° (cm?sr sec)™! (90% confidence level).

The cosmic-ray group of the Tata Institute in Bombay
has operated a detector system at Ootacamund, a
mountain laboratory at 800 g cm™ atmospheric depth
(Tonwar, Naranan, and Sreekantan, 1972). Twenty
scintillation counters arranged in an 80 m diameter
array surrounded a 1.44 m® ionization calorimeter.
The system was triggered on showers of electron num-
bers 6.7x10%< N,<1.8x10° with the shower core within
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20 m of the cloud chamber and direction within 30° of
the zenith. About 65 000 showers were studied. The
time delay between the air shower front and hadrons
detected in a calorimeter was determined. From the
initial operation a number of nucleons in excess of ex-
pectations based on results from 30 GeV accelerator
data was reported. This is now more plausible in view
of the rising antinucleon production seen at the CERN
Intersecting Storage Rings. Indeed a number of delayed
energetic particles were also detected, which corre-
spond to a flux of approximately 1 to 2x107° (cm? sr
sec)”!, However these formed the tail of a continuous
distribution of events in a pulse height-delay matrix of
hadron signals; about 42 hadrons with E >20 GeV and
delay > 28 nsec were recorded. There are two argu-
ments against these constituting a “quark” signal.
First, as part of a smooth, continuous distribution,
there is no evidence that they are a separate group
with a greater mass; the only argument of the authors
is that they are too frequent to be readily explained as
nucleons. Second, McCusker (1975) suggests that they
might be accidental coincidences between air showers
with uncorrelated hadrons.

Subsequently, a large multiplate cloud chamber was
added, and with a scintillator near its center to provide
timing information, cleaner data were obtained (Ton-
war, Sreekantan, and Vatcha, 1976). Two events have
been seen in 2800 hours of operation; one of 110 GeV
delayed 41 nsec¢, and the other of 80 GeV delayed 25
nsec behind their respective shower fronts. Although
the cloud chamber photogtaphs show clean, impressive
jets, the interpretation is not clear. First, the one
scintillator layer- in the cloud chamber, on which the
energy measurement was based, provides a very un-
certain measurement of the hadron energy; the authors
state that the energies, if interpreted as electron—pho-
ton cascades, would be 36 and 28 GeV, respectively.
Second, the noise levels were such that, in this running
time, 0.1 accidental events would have been expected.
If the energies are as low as 30 GeV, the particles
could be surviving nucleons from interactions near the
top of the atmosphere. If the results are taken serious-
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TABLE IV. Cosmic ray quark search time delay experiments.
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Showers Upper limit? quark flux ¢
Group Reference Detector Location studied Candidates x10710 (em? srsec)™!
Copenhagen Bjorneboe, 1968 1.6 ton liquid Sea level plus Background of 1-34
* scintillator 3.6x10% gem™ accidential
events
Echo Lake Jones, 1967 Ionization 715 gcm™? 3 x10° 1 0.23
calorimeter 0.90 €
Calgary White, 1970 Scintillator Sea level plus 4
: counters 274 gecm™? Pb
Tata Tonwar, 1972 Ionization 800 gcm™2 - 1.4x10¢ 42 10-20°
calorimeter
Tata Tonwar, 1976 Cloud 800 gcm™? 2 1P
chamber
Torino Dardo, 1972 Scintillator Sea level plus 300°
counters 7%x103 g cm?
Torino Briatore, 1975 Counters and Sea level plus 719 12.59

spark chambers

7x10% gecm™?

290% confidence level.

b positive result reported (see text).

¢ One event observed, not claimed as evidence for quark.
d Delayed events detected compatible with background.

ly, the two events would correspond to a quark flux of
about 1 x1071° (cm® sr sec)™!. Although no charge de-
termination of the interesting particles could be made,
the results are of interest and subsequent similar ex-
periments will warrant attention.

An experiment by a Torino-Freiburg group (Dardo
et al., 1972) studied the relative delay of pairs of par-
ticles underground under 7x10° g cm™2 of earth. An air
shower would be manifested at such a depth as a few
muons. If quarks were penetrating, they might be de-
tected following muons in underground detectors. While
early results suggested positive evidence for delayed
particles with anomalously low ionization at a flux level
of about 3x107% (cm®srsec)”!, the most recent report
of the group gave a negative result and withdrew the
earlier claim (Briatori et al., 1975). The results of
these time delay experiments are summarized in Table
v.

E. Other cosmic-ray searches

Time delay experiments are sensitive to quarks of in-
tegral (including zero) charge produced in air showers
for favorable values of quark velocity. Cloud chamber
searches for fractional ionization within dense air show-
ers are independent of time delay. However these ex-
periments might miss quarks of integral charge among
the primary cosmic-ray flux and not a priori produced
in air showers. Several experiments have studied the
spectrum of massive particles in cosmic rays, detect-
ing combinations of range, ionization, and momentum.

Kasha and Stefanski (1968) employed a magnetic,
time-of-flight mass spectrometer at sea level, inclined
75° from the vertical, to set a limit of 2.4x1078 (cm?
sr sec)”! on the intensity of hypothetical massive par-
ticles.
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Franzini and Schulman (1968) used a three-element,
nearly horizontal cosmic-ray telescope together with an
absorber to measure range and velocity of cosmic rays
incident at large zenith angles. By exploring velocities
in the range 0.5=< =< 0.9 with 195 g cm™2 of aluminum
absorber, the authors could select particles with m >m,,.
The mean zenith angle of the telescope was 84°, so that,
as with the Kasha spectrometer, air showers accom-
panying a candidate particle would have largely died out
and possible quarks slowed down. No events were seen
to a flux limit of 4.9 X107% (cm~2srsec)™! (90% confi-
dence limits). Hicks, Flint, and Standil (1973) operated
a horizontal telescope of six scintillation counters with
anticoincidence “tunnels” to veto air showers, in order
to look for unaccompanied quarks of fractional charge.
The minimum zenith angle of 75° corresponds to a min-
imum atmospheric overburden of 4 kg/cm?, so that
most accompanying air showers would be filtered, es-
sentially as in underground single-particle searches.
No evidence for particles of fractional charge was ob-
served, corresponding to a quark flux upper limit of
1.7%x1078 (cm?srsec)™! (90% C.L.) for either g=%e or
q=%e.

The Arizona group (Barber et al., 1975) have also re-
cently set up a magnetic spectrometer together with
time-of-flight counters and have set upper limits to the
flux of massive particles of 5 to 10 GeV rest mass of
<107% (cm™2srsec)™ .

A small experiment by Yock in Auckland, New Zea-
land (Yock, 1974) sought to repeat aspects of the Torino
experiment using optical spark chamber, absorbers,
and a set of six scintillation counters at a depth of
600 g cm™2 underground at sea level. The system was
triggered on signals corresponding to 8 < 0.69, while
the absorber assured that muons of 3<0.88 were stop-
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ped and the spark chambers permitted rejection of
stray tracks and accidental coincidences. The results
indicate a flux of 6x107° (cm™2srsec)™! of particles
with integral charge and mass greater than the deuter-
on, Although the apparatus was biased to select mas-
ses equal to or greater than 6 m,, the author does not
exclude the possibility that the particles observed may
be tritons. A Sydney University group has set up a
larger detector array to pursue this lead (McCusker,
1975).

The Durham group has operated a large vertical tele-
scope to look for massive particles of integral charge
through velocity and range measurements (Ashton,
Edwards, and Kelly, 1969). Two thick water Cheren-
kov counters were used to veto particles with 8>0.8,
steel slabs provided the principle absorbers, several
layers of neon flash tubes delineated the particle paths,
and six scintillation counter layers determined timing
and pulse heights. Two particles of integral charge and
mass about 2 GeV were detected and ascribed to deuter-
ons. The absence of other candidates sets a limit to the
flux of quarks of integral charge, $<0.8, and mass
greater than the deuteron to 4.9 x107° (cm~2srsec)™!
(90% confidence level). This experiment would probably
not have been sensitive to quarks within dense air show-
ers.

A rather similar system was assembled and operated
by a Soviet group (Galper ef al., 1971), using spark
chambers rather than neon flash tubes, together with
solid plastic Cherenkov counters, iron absorbers, and
scintillators in a vertical telescope to select particles
within range and velocity limits. Operating both at sea
level and at mountain elevations (3340 m), they set an
upper limit of 3x1078 (cm®srsec)™! to the flux of single
particles of m>m, and a velocity at the detector 8<0.67.

An interesting experiment directed at a different astro-
physical question, the possible existence of antimatter,
has been reported by the Berkeley cosmic-ray group
(Smoot, Buffington, and Orth, 1975). Using a balloon-
borne superconducting magnetic spectrometer, they
have looked for primary cosmic rays with Z < -2 with a
momentum-to-charge ratio in the range from 4 to 100
GeV/c. For the lower part of this range, they have set
limits on the ratio of antinuclei to nuclei of less than
8x107° (95% confidence level). This limit is relevant to
the quark discussion perhaps only in the context of pri-
mary objects such as dyons, magnetic monopoles, or
Yock’s subnucleons.

One possibly related phenomenon was observed in a
magnetic-field cloud chamber operated by the cosmic-
ray group of Yunan Institute of Atomic Energy. They re-
ported an event of anomalously low ionization (0.88+0.11
times minimum) and high momentum (>48 GeV/c)
(Yunan, 1972). There are three possibilities: it could
be a ¢=(2/3)e quark of large mass, a particle of inte-
gral charge but M>12 GeV (to be near the minimum of
ionization), or a cloud chamber anomaly. Chamber il-
lumination, vagaries of droplet formation, and other
“quirks” are sources of continued concern with cloud
chambers. Although the event merits interest, it also
cannot of itself be taken as evidence for a new pheno-
menon,

An earlier report by a Leeds, England group (Baruch,

Rev. Mod. Phys., Vol. 49, No. 4, October 1977

L. Jones: Quark search experiments

Brooke, and Kellerman, 1973) of evidence for a new
particle of mass 40-70 GeV has not been confirmed.
This suggested particle, dubbed the “Mandella,” was
sought by other groups with negative results (Dardo

et al., 1975; Gopalakrishnan and Sreekantan, 1975;
Barrows ef al., 1975). At the Munich Cosmic Ray Con-
ference, the original authors announced that they had
discovered an error in their analysis and withdrew their
original claim (Kellerman, 1975). The neutrino group
working in the Indian Kolar Gold Fields at depths of
3655 ft. and 7600 ft. have reported five unusual events
(Krishnaswamy et al., 1975). In about ten years of op-
eration they have found evidence for 20 neutrino inter-
actions. Of these five appear to show evidence for the
decay in flight of a particle between the rock wall of the
mine tunnel and the spark chamber detector. Evidence
for two or three decay particles is seen, but it is un-
certain whether the parent particle is charged or neu-
tral, as the detectors could easily have missed one or
more charged decay prongs. The authors state that the
average path length in air for decay of these particles
is 70 cm; from this and characteristics of the decay
they state that 7>107° sec, m >2 GeV, and o (produc-
tion)>10737 cm® As the mean neutrino energy is about
T GeV, the frequency of occurrence seems to preclude
a mass above 5 GeV. It is tempting to criticize the
technique and the data interpretation, although the
group has proven technically sound in the past. De-
Rujula, Georgi, and Glashow (1975) suggested that
these events could be explained by the production of a
new lepton, L~, in primary cosmic-ray interactions in
the atmosphere. If L~ decayed promptly to L° and L°
decayed only weakly (1072>7>10"° sec), it might pro-
duce the observed decays as reported. However, in
this case the same particle should be seen in experi-
ments at Fermilab, either in the 15 ft bubble chamber
or in the electronic experiments. One of the groups
working there reported negative results of a search for
such particles (Benvenuti ef al., 1975), either produced
by neutrino interactions in matter or in proton cas-

- cades as suggested by DeRujula and Georgi. With a

higher mean neutrino energy (20 GeV) they should have
detected about 600 of the decay-in-flight events in their
experiment, whereas only two candidates were ob-
served, as expected from the small amount of residual
material in their decay volume. They thus exclude par-
ticles of 2<m <5 GeV decaying in flight and produced in
either neutrino reactions or in proton cascades as re-
ported by Krishnaswamy. Thus if the cosmic-ray ob-
servations are not spurious, their source must in some
way involve phenomena not present in the 300 GeV pro-
ton interactions.

It is outside the scope of this review to discuss evi-
dence for unstable particles of very short lifetimes
(<107 gec) reported from cosmic-ray experiments.
These may have some bearing on searches for par-
ticles with charm quantum numbers or other massive
hadron states. They are not presumed to be relevant
to quark searches.

In summary then, cosmic-ray experiments have set
significant upper limits to the flux of quarks of (1/3)e
and (2/3)e charge. At the same time, there are some
continuing suggestions of unusual phenomena such as
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massive particles in cosmic rays, although there is no
evidence that they would be of fractional charge. No
one experiment is yet convincing, even to its authors
(from this author’s personal perceptions), as evidence
for Z =1 anomalous objects, and the different experi-
ments with positive suggestions do not indicate the
same phenomenon.

It does not seem profitable to group these miscellan-
eous searches in a table; they are too disparate and
unique in their parameters. They nevertheless add a
further dimension to the negative results from cosmic-
ray searches, especially with regard to possible
quarks of integral charge.

F. Magnetic monopoles

Magnetic monopoles are somewhat peripheral to a
discussion of quarks, but as postulated stable, ele-
mentary particles, they deserve some attention here.
If magnetic monopoles exist, it can be simply shown
that electric charge is quantized. The Dirac monopole
should have.a magnetic “charge” given by g,=137¢/2
(Dirac, 1931), and possible real monopoles have been
sought for various values of #, where n=g/gp. The
ionization produced by a relativistic monopole of mag-
netic charge g passing through matter would be g2
=4700 »® times that of a singly charged electric par-
ticle. This very large anomalous ionization forms the
basis for many monopole searches using emulsions,
scintillation counters, and etched plastic detectors.
The fact that a monopole passing through a solenoid
would induce a direct current signal has been used by
Alvarez and his co-workers as a basis for a detection
device (Eberhard et al., 1971). Monopoles would be ac-
celerated along magnetic field lines, and various ex-
periments have used solenoids in conjunction with ioni-
zation detectors to seek monopoles in targets of par-
ticle accelerators and in geological samples. Mono-
poles might also be expected to concentrate on magnet-
ic materials, such as iron meteorites and magnetite
iron ore.

Magnetic monopoles have been sought with particle
accelerators, in cosmic rays, and among stable mat-
ter, just as have quarks of fractional electric charge.
Among particle accelerators, searches have been car-
ried out at the CERN PS (Amaldi.et al., 1963) and the
Brookhaven AGS (Purcell et al., 1963), at Serpukhov
(Gurevich et al.,1970;Barkov et al., 1972;Gurevich ef al.,
1972), at the Fermilab 300—400 GeV synchrotron (Car-
rigan, Nezrick, and Strauss, 1973; 1974; Eberhard
et al., 1975), and at the CERN ISR (Giacomelli ef al.,
1975). The upper limit monopole masses are of course
limited by kinematics with each accelerator (as are
quark searches) assuming pair production of monopoles.
The upper limits to monopole production in proton-nu-
cleon collisions has been set at about 107 c¢m? (30
GeV), 107% cm? (70 GeV), 107% ¢cm? (300 GeV), and
1073% cm? (1500 GeV) (where the figures in parentheses
are the proton energies). Carrigan (Carrigan and Nez-
rick, 1975) also searched CERN heavy-liquid bubble
chamber film for monopole signals and set upper limits
of 1073°=10"%" em? for production by neutrinos of 1-8
GeV. The most sensitive accelerator limit (Eberhard
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et al., 1975) corresponds to monopole production in
proton-nucleon interactions of less than 1078 per inter-
action.

Monopoles moving along magnetic field lines from
cosmic-ray production, or perhaps as primordial cos-
mic rays, have been sought by Carithers using spark
chambers, scintillation counters, and emulsions (Car-
ithers, Stefanski, and Adair, 1966) and by Fleischer
(Fleischer, Price, and Woods, 1969; Fleischer et al.,
1970; 1971) seeking tracks in Lexan and in geological
samples of mica and obsidian. These experiments set
upper limits to the cosmic-ray monopole flux of about
3x1071% (cm?srsec)”l.

By “extracting” monopoles from geological samples
with a strong magnetic field and seeking an ionization
signal upper limit, monopole concentrations in stable
matter may be set. This has been done by various ex-
periments (Goto, Kolm, and Ford, 1963; Petukhov and
Yakimenko, 1963; Fleischer et al., 1969a, b; Kolm,
Villa, and Odian, 1971). The more direct search me-
thod of placing samples (rocks, lunar soils, etc.) in a
device wherein they are circulated through a coil in
which a direct current signal is sought is perhaps most
easily interpreted (Eberhard et al., 1971; Ross et al.,
1973). The lunar soil yielded negative results, corre-
sponding to an upper limit monopole concentration of
2 x1072® monopoles per nucleon (95% confidence level),
corresponding to a monopole flux upper limit of about
10-18 (cm? srsec)”!. The less direct searches have set
comparable flux and concentration limits. The terres-
trial limits of Fleischer have also been reanalyzed as-
suming cosmic-ray neutrinos would produce monopoles
(Carrigan and Nezrick, 1971). Upper limit monopole
production cross sections for v + N— magnetic monopole
are o < 107%° E%Z cm? where E, is the monopole produc-
tion threshold energy in GeV.

Considerable excitement was generated when Price
announced that a magnetic monopole had been detected
(Price et al., 1975). The detector consisted of a stack
of Lexan foils together with a layer of nuclear emulsion
and a second photographic film to serve as a Cherenkov
detector. The array was exposed in a balloon flight for
the purpose of studying the flux of primary cosmic-ray
heavy (Z>28) nuclei. The observed event would corre-
spond to a monopole flux of 3.4x10"!® (cm®srsec)™?,
based on Price’s analysis. Several other investigators
have subsequently criticized the monopole interpreta-
tion of that event, contending rather that the candidate
was probably a heavy nucleus (Z=69) which experienced
one or more nuclear interactions in the detector stack
(Alvarez, 1975; Fowler, 1975; Friedlander, 1975;
Fleischer and Walker, 1975). It was further argued
that a flux of primordial monopolés as great as 10716
(ecm?srsec)™! would lead to decay of the galactic mag-
netic fields (Parker, 1970). On the other hand, the
large mass and low velocity (8=0.5) deduced from
Price’s observation preclude the candidate from being
a product of a primary cosmic-ray interaction in the
upper atmosphere (Badhwar et al., 1976; Wilson, 1975;
Hungerford, 1975). A summary by Ross concludes that,
if the monopole flux were as great as stated by Price,
other experiments would have detected 10%-10° mono-
poles where none were seen, the exact limit dependent
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on the assumed mass, magnetic charge, and kinetic en-
‘ergy of the monopole (Ross, 1976). In a recent paper,
Price notes that indeed the monopole interpretation of
the event may not be unique, but argues (on the basis of
emulsion evidence) that the other interpretations in-
volve truly exceptional nuclear objects, such as an an-
tinucleus of Z=—82, a nucleus of Z=+116, or a nu-
cleus of Z~96 but a rest mass of thousands of atomic
mass units (Price, Shirk, and Osborne, 1976).

At least at this time, it seems that the weight of evi-
dence against the monopole interpretation of the Price
event is sufficiently convincing that it should not yet
stand as evidence for the discovery of a free Dirac
magnetic monopole.

On the other hand, there appears to be no theoretical
reason why they should not exist as physical objects.
One suggestion has been advanced (Ruderman and
Zwanziger, 1969) that monopoles might be pair-pro-
duced in high-energy interactions but that they would
reannihilate with nearly 100% probability in spite of
their intrinsic stability because of the very strong,
long-range force predicted from the Dirac theory. The
consequence of such reannihilations would be anomal-
ous y-ray events produced in cosmic rays or at high-
energy particle accelerators. Some years ago cosmic-
ray physicists indeed reported several unusual y-ray
events in nuclear emulsions (Schein, Haskin, and
Glaisser, 1954; Debenedetti ef al., 1954, Koshiba and
Kaplan, 1955; Silva ef al., 1956). Recently a search
was made for such events at the Fermi National Ac-
celerator Laboratory and none were observed to a lev-
el of 1072, the cross section required to account for the
cosmic-ray observations (Burke et al., 1975). What-
ever the explanation for these cosmic-ray observations,
there is no reason at this time to ascribe them to mag-
netic monopoles.

G. Tachyons

It has been observed that Einstein’s equations relat-
ing mass to energy, velocity, and other kinematic
variables in principle permit the existence of particles
with velocities greater than the velocity of light (Bil-
aniuk, Deshpande, and Sudarshan, 1962; Feinberg,
1967; Recami and Mignani, 1974; Feldman, 1974).
Such particles would speed up as they lose energy and
would never be observed with v <c¢. Should they exist,
they should not only be observable through their ioni-
zation in conventional particle detectors, they should
also produce Cherenkov radiation in vacuum.

A number of experiments were carried out looking
for evidence of tachyons between 1968 and 1971, all
with negative results (Alvager and Kreisler, 1968;
Davis, Kreisler,-and Alvager, 1969; Baltay et al.,
1970; Danburg et al., 1971; Ramana Murthy, 1971). In
the experiment of Ramana Murthy, a signal was sought
corresponding to a charged particle preceding the rela-
tivistic front of an air shower. )

A similar technique was employed by Clay and Crouch
(1974) and a positive result was reported. Other groups
sought to repeat this experiment and subsequently re-
ported negative results (Fegan et al., 1975; Hazen
et al., 1975; Emery et al,, 1975). Meanwhile a careful
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re~-examination of the Clay and Crouch data revealed an
artifact of the apparatus which contributed to the origi-
nal apparently significant result (Prescott, 1975). Con-
sequently, it appears safe to assume that no significant
positive evidence for tachyons exists at this time.

IV. ACCELERATOR SEARCHES

A. Searches for particles of fractional charge in hadronic
reactions

Particle accelerators have provided the strongest
negative evidence for quarks through the energies ac-
cessible to them. A series of sensitive experiments
have been carried out at every high-energy accelerator
above 20 GeV. Very soon after the suggestion of the
existence of physical quarks, bubble chamber physic-
ists rescanned earlier film to search for tracks with
anomalous ionization (Morrison, 1964; Bingham et al.,
1964; Hagopian et al., 1964). Subsequently the CERN
81 cm bubble chamber was operated with auxilliary de-
tectors in a beam optimized for the presumed produc-
tion kinematics of quarks (Blum ef al., 1964). Other
counter experiments were also instrumented to search
for quarks in various ways. Franzini used an electro-
static velocity selector in a bubble chamber beam to
search for quarks (Franzini et al., 1965), while Adair’s
group considered that quarks might be penetrating and
looked for fractional-charged particles which penetra-
ted 1.5 m of concrete at the Brookhaven Alternating
Gradient Synchrotron (AGS). Other searches used
time-of-flight and momentum analysis primarily, and
obtained limits on massive particle production inde-
pendent of charge (Dorfan et al., 1965b). These
searches are summarized separately in Sec.IV. C be-
low. Lederman’s group emphasized the fact that the
kinematic limit for quark production is extended by vir
tue of the Fermi motion of target nucleons (as dis-
cussed in Sec. II. A above), and demonstrated the point
by experiments on 7 production below 6 GeV (Dorfan
et al., 1965a) and antideuteron production at the Brook-
haven AGS (Dorfan et al., 1965¢). This point was im-
portant in the 1960s; however, at this time the CERN
Intersecting Storage Ring (ISR), a proton-proton col-
liding-beam storage ring system, provides the highest
accelerator energy and overlaps the kinematic thresh-
old extensions of fixed-target accelerators.

Most of the experiments at accelerators employed a
telescope of several scintillation counters in a second-
ary beam with pulse height analysis of each, as in-
dicated schematically in Fig. 10. As searches pressed
to lower limits, more auxilliary devices were added.
Thus the early experiments used only scintillation
counters (Leipuner et al., 1964), while later, streamer
chambers (Allaby .ef al., 1969), Cherenkov counters
(Antipov et al., 1969), time of flight, and multiwire
proportional chambers (Fabjan et al., 1975) were in-
cluded to improve the rejection of integral-charge par-
ticles and various false signal sources.

The solid angle subtended by each beam and telescope
system was small enough so that the question of ac-
companying particles from the primary interaction was
not important. A particularly clean experiment is pos-
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FIG. 10. Greatly simplified diagram of the typical quark
search experiments at high energy proton accelerators.

sible in searching for particles of charge of (1/3)e.
Here the secondary beam may be tuned to bend and fo-
cus particles of integral charge of greater than the in-
cident proton momentum (e.g., 1.2 p,), although kine-
matically allowed quarks (e.g., of 0.4 p,) would be
transmitted. The only particles transmitted are those
from slit scattering or other accidental effects, and
they are readily discriminated against by ionization.
The CERN experiment (Allaby et al., 1969), the Ser-
pukhov experiment (Antipov et al., 1969), and one of the
FNAL experiments (Nash ef al., 1974) employed this
technique in their searches. Howevér,, the other FNAL
experiment (Leipuner ef al., 1973) used no magnetic
analysis, and thus accepted a continuous momentum
range.

An elaborate experiment was done at the CERN ISR
where a set of six scintillation counter telescopes was
employed to simultaneously sample several ranges of
production angle. This experiment, reported in pre-
liminary form in 1972 (Bott—Bodenhausen ef al., 1972),
and in final form in 1975 (Fabjan ef al., 1975), used no
magnetic analysis and, as it spanned a range of pro-
duction angles (through 0°), it was less sensitive to
production model assumptions than most other search-
es. The apparatus is sketched in Fig. 11. It suffered
in sensitivity from the luminosity available from the
ISR, equivalent to a proton beam of 10°-10° per pulse
on a stationary target. However, the production cross-
section limits set are still orders of magnitude lower
than cosmic-ray searches even up to masses of about
25 GeV, corresponding to operation at an equivalent
laboratory energy of almost 1500 GeV. The quark flux
upper limits measured at the ISR are not expressed in
units of d%0/dQdp, but in terms of ratios of the frac-
tional-charge flux to the flux of integral-charge par-
ticles. '

The results of experiments at the Brookhaven 33-GeV
Alternating Gradient Synchrotron (AGS), the 28-GeV CERN
ProtonSynchrotron (PS), the 70 GeV Serpukhov Proton
Synchrotron, the Fermilab 200—-400 GeV Proton Synchro-
tron, andthe CERNISR are summarizedin Table V. The
data are first interms of an upper limit quark flux per inter-
acting protonatparticular productionangle and momentum
ranges. These fluxes, interms ofdoubledifferential cross
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sections do /dQdp[ cm2sr~1(GeV/c)~!], may then be related
to production cross sections using various assumptions
concerning the production distributions through expres-
sions such as Egs. (2.10)=(2.11). For example, the
BNL AGS, CERN PS, and the Serpukhovexperimentsas-
sumed an isotropic (cm) final state quark distribution
with momenta distributed according to the phase space
of two nucleons and two quarks. This is probably over-
ly conservative, based on production processes for
other massive particles (p, ¢, etc.). The Fermilab ex-
periments considered production models now known to
be more typical for such heavy particles. The Yale—
BNL group (Leipuner ef al., 1973) assumed

d®e/dp* =C exp (-Ax)exp(-p*/p}) ,

where x is the ratio of longitudinal momentum to its
maximum value and p, is the transverse momentum.
They found their observed flux limits could be inter-
preted in terms of production cross sections with little
sensitivity to the assumed values of A and p, over the
ranges 2< A<12 and 0.4 <p,<2.0 GeV/c. The Yale-
BNL group extended their search beyond the data pub-
lished from 300-GeV interactions by operating their
apparatus with 400 GeV protons incident on the pro-
duction target. The unpublished negative results of this
search set less significant quark flux limits than the
published 300 GeV data (Leipuner, 1976). The other
Fermilab group (Nash ef al., 1974) used a modified
four-body phase space calculation constrained by a
multiplicative factor of exp(—6p,). They also compare
predictions based on this model with those based on the
unrestricted four-body phase space model, isotropic in
the center of mass. For the mass corresponding to the
most sensitive cross-section limit, the isotropic model
limits are about two orders of magnitude greater (less
sensitive) than the limits from the model with damped
transverse momentum. Zaitsev and Landsberg (1972)
have also recalculated the cross-section limits corre-
sponding to a differential cross section parametrization
matching antiproton production at Serpukhov. Their
limits are lower (more sensitive) than the isotropic
limits for g=%e by about an order of magnitude, but
higher (less sensitive) for ¢ =%¢, in both cases con-
verging toward the isotropic limits at 4.8 GeV, the
kinematic upper limit quark mass. The CERN ISR ex-
perimenters used a model similar to that of Nash
(Nash et al., 1974), and tabulated results for both four-
body isotropic phase space and phase space restricted
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L telescope

5 telescope W telescope
/ <] lycscope /
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A \‘ \\/ AN
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BG21
0 im 2m 3m 4m Sm 6m m 8m

FIG. 11. Schematic drawing of the quark search experiment at
the CERN ISR (Fabjan, 1975).
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TABLE V. Accelerator searches for quarks of fractional charge.

Proton Quark
beam Beam beam
Detector momentum angle momentum
Accelerator Reference system (GeV/c) (mrad) GeV/c) Charge
CERN PS Morrison, 1964 30 cm hydrogen bubble 24.8 70 5.3 ~1/3
: chamber 10.7 -2/3
CERN PS Bingham, 1964 1 m freon bubble 24.8 77 5.3 ~-1/3
. chamber 10.7 -2/3
BNL AGS Hagopian, 1964 2 m hydrogen bubble 31 120 2.83 +1/3
: chamber 5.67 +2/3
CERN ‘PS Blum, 1964 81 m hydrogen bubble 27.5 77 6.7 -1/3
chamber 13.3 -2/3
BNL AGS Leipuner, 1964 7 pulse height scin- 29 ~0 ceof +1/3
tillation counters 314 1.5 ~-1/3
BNL AGS Franzini, 1965 Electrostatic mass 31 120 4.7 -2/3
separator, time-of- .
) flight
BNL AGS Dorfan, 1965b Time-of-flight, 31 76 6.0 -2/3
momentum
CERN PS Allaby, 1969 6 pulse ht. scint. ctrs. - 27.2 0 10.9 -1/3
6 triggers ctrs. 26.4 0 21.4
2 threshold Cherenkov 6.5 14.7 } -2/3
otrs. 6.5 13.3
1.1 liter isotropic . 44 6.7 +1/3
spark chm. 44 13.3 +2/3
SERPUKOV Antipov, 1969a 10 pulse ht. scint. ctrs. 70 0 13.3»} ~-1/3
Antipov, 1969b 2 threshold Cherenkov ctrs., 16.7
time-of-flight, wide gap 21.5 -2/3
spark chamber-magnetic 26.7
spectrometer 26.6
33
43
, 53.3
FNAL Leipuner, 1973 8 pulse ht. scint. ctrs. 300 6.5 oo f +1/3
‘ R +£2/3
2 threshold Cherenkov ctrs. 6.5 . 80 -4/3
FNAL Nash, 1974 8 pulse ht. scint. ctrs. 200 1 90 -1/3
2 Cherenkov ctrs., 69 -1/3
muon identifier 50 -1/3
300 ) 90 -1/3
69 -1/3
50 +1/3
200 180 -2/3
138 —2/3
100 +2/3
300 180 -2/3
138 -2/3
100 +2/3
CERN ISR . Fabjan, 1975 6 telescopes;. each with 1500 h 9241 e f +1/3
9 pulse ht. scint. ctrs., 20-62 +2/3
. 104-170
3 multiwire prop 1100 190-255 +1/3
chambers, 390-555 +2/3
1 plastic Cherenkov ctr., 2000 1040-1330 +2/3
time-of-flight +2/3

iCross section derived from flux values assuming N+ N— N+ N+ g+, isotropic phase space of four-body final state, unless otherwise stated.
®Not quoted by authors, inferred from flux data.

¢Values are 90% confidence level flux upper limits. ~

d7This measurement included 1.5m concrete in the beam path to search for quarks with 3 mb. )

evalues differ by +15% depending on assumed interactions of quarks with beam material. Figures here assume o(quark) =1/2 o (pion).
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Quark mass Quark
Upper limit quark flux Quark at maximum production
d’o cm? Quarks mass range sensitivity cross section?
dQdp \sr Gev/c per pion (GeV/c?®) (GeV/c?) (cm?)
4.8x10734 1075 ' 0.5-2.46 2.0 4x10™34
2.0 8 x 10734
1 x10738 107¢ 0.5-2.46 1.6 3x10735°
2 x 10736 1.6 6x1035¢
1078 0.5-2.5 2 8 x 1073¢
0.5-3 10733b
9.5 x 10736 6x 106 0.5-2.5 2 2 x107%5
3 x10°8 2 x 107
1x 107344
5 x10710(u)
2 x10% 2—3 2.8 2x107%°
1.5 x 10738 2.5x10-1 <3.0 10736
7.2 x1073° 2.7 3.2x10%%¢
5.2 x 10-38 ‘ 2.4 5.5 x10738¢
~-35
B s 2.5 1.8 x 10735¢
3% 10 2.5 1.0x 107%5¢
4.9% 1034 }“
1.4 x 10735 2.5 4.7 1x10™39¢
3.6x 10737 \°
7.1x1038
2.8 x 10°3¢ 2-5 4.9 2x10737¢
7.7 x 10-36
2.1x 1037
4.1 x 1038
10735 7 x 10-10 1-12 11 1x1073%8
1-12 11 1x10"35¢
10- 2-12 11 5x 107318
5.6 x 10738
~-35
b
. -39 g
51 x10°M 2-10 8.8 10
1.0 x 10734
4.8% 10733
2.8 x 10736
2.8 x 10735
: 0-35 2 x 10737
4.0x 10 1 10-39¢
9.5 x 10°H 2-12 11 3.5x 10
5.0 x 10736
2.4x10"3
7.18 x 10-10 1-24 20 4x10"%
) 8 x 10358
4.36x 107? 1-19 15 2.3 x10734P
4.6x10"34P
1.07 x 1078 1-29 25 6x10732P
1.2x 107%P

f Neutral beam channel, no magnetic deflection.

gCross sections derived from flux assuming limited transverse momentum distributions (see text).

hColliding proton beams; storage rings tuned to 26.6 GeV/c, 22.3 GeV/c, and 31 GeV/c to give s=2830 GeV?, 2080 GeV?, and
3844 GeV?, Values listed are equivalent beam momenta on a stationary target.

tEach set of six telescopes operated at all three ISR momentum 'settings.
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FIG. 12. The 90% confidence level upper limit quark produc-
tion cross sections from various accelerator experiments for
quarks of charge g=1/3e¢. The various curves are from cited
references as follows: a (Allaby, 1969), b (Antipov, 1969),

c (Nash, 1974), d (Leipuner, 1973), e (Fabjan, 1975). The two
curves c represent two production models applied to the same
flux data. The dashed line represents the corresponding pro-
duction cross section limit set by cosmic ray experiments,
assuming an upper limit quark flux of 107! (cm? sr sec)™! and
Eq. 3.13.

to follow a Gaussian transverse momentum distribution
with (»,)=0.4 GeV/c. Because of the angular coverage
of the several telescopes, the isotropic assumption
leads to less sensitive cross-section limits by only one
order of magnitude compared with the restricted trans-
verse momentum assumption.

The various groups considered thresholds and cross

sections for quark pair production
N+N—-N+N+g+7q (4.1)

and for quark triplet production by diffraction dissocia-
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FIG. 13. The 90% confidence level upper limit quark produc-

tion cross sections from various accelerator experiments for

quarks of charge q=2/3e. The curves are labeled as in Fig.

12.
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tion

N+N-N+q+q+gq. (4.2)

For a given assumed quark mass, the threshold for
pair production is lower than for triplet production. As
there is no a priori wisdom concerning the relative
cross sections for the two processes, the comparison
between various experiments and the upper limit pro-
duction cross sections in this section is based on the
pair production cross section Eq. (4.1), with energetics
as noted in Egs. (2.7), (2.8).

The production cross sections of the most sensitive
searches from each range of accelerator energies is
given in Fig. 12 for ¢=+(1/3)e quarks and in Fig. 13
for ¢ =+(2/3)e quarks. Earlier searches at the Brook-
haven AGS and the CERN PS are not represented on the
figure as the later experiments comfortably exceed the
earlier sensitivity. Isotropic limits and limits which
constrained p, arepresentedonthe graphs, according to
the form in which the datahas beenpresented by the authors,
except for the Fermilab data of Nash where both are shown.
Alsonoted onthe graph is a cosmic-ray limit correspond-
ingto a quark flux of less than 10™ " particles per (cm?sr
sec) according to the Gaisser and Halzen calculation of
Eq. (3.13).

B. Electromagnetic searches

A discrete class of experiments was carried out
searching for quarks produced electromagnetically,
i.e., through pair production, at electron accelerators.
If quarks are point particles, then electromagnetic pair
production should be calculable from the Bethe-Heitler
formula dependent only on charge and mass of the
quarks. This is rigorously true only if such particles
are also only weakly coupled to other fields. Quark
pair production could be suppressed below the Bethe-
Heitler prediction through radiation of mesons (via the
strong interaction) leading to a strong radiation damp-
ing. The Bethe-Heitler formula is nevertheless the

- basis for the calculated quark mass limits referenced

in these experiments. There have been three searches
reported: A search at the Deutsches Electron Synchro-
tron (DESY) using a 6 GeV electron beam (Bathow

et al., 1967), a search at the Cambridge Electron Ac-
celerator (CEA) using a 6 GeV bremsstrahlung beam
(Foss et al., 1967), and a search at the Stanford Linear
Accelerator Center (SLAC) using a 12 GeV electron
beam (Bellamy et al., 1968).

The 6 GeV searches were restricted to truly leptonic
quarks, as there were large quantities of absorber in
the beam (to reject e*e~ pairs). At CEA, there were
200 radiation lengths, or about 10 nuclear mean free
paths, of material ahead of their first counter, and
14 r.1. of lead between each of eight counters. The
DESY search used 90 r.1. of lead and 30 r.l. of concrete
ahead of the counter system. If quarks were non-
strongly interacting, the CEA experiments excluded the
existence of quarks of ¢=(1/3)e with: 0.5 MeV <m,
<780 MeV and of ¢ =(2/3)e with: 2.0 MeV s, <840
MeV.

The SLAC experiment used much less absorber; in-
stead, an existing muon beam was employed and tuned
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FIG. 14. Limits to the mass and charge of possible quarks
produced electromagnetically set by the SLAC experiment
(Bellamy, 1968).

to 12.5 GeV/c for particles of integral charge. The
electron target was 16 r.l. of Cu, a 2 cm filter was
placed at the first focus, and the counters used were
five large Nal(T1)crystals, four of them 12.5 cm thick.
Hence even here there was significant attenuation of
any strongly interacting particle. The mass limits on
the existence of stable quarks, assuming and not as-
suming strong interactions, are summarized in Figure
14, where the values plotted refer to 95% confidence
limits. If quarks are extended, e.g., if they have a
form factor like the nucleon, the sensitivity of the ex-
periment is reduced correspondingly. Although these
limits do not bear strongly on the existence of massive
quarks (m, >my), they represent perhaps the most con-
vincing evidence against the existence of free, point-
like quarks with masses close to 3 my, as no produc-
tion assumptions beyond well-established electromag-
netic theory are involved. There have been three clas-
ses of searches for new leptons of integral charge
using particle accelerators: neutrino beams, electron-
positron collisions, and proton beams have all been
used. Although the latter will be included under Sec.
IV. C below, the leptonic searches are summarized
here. A heavy lepton with the same quantum numbers
as the u and decaying weakly into y, +hadrons or al-
ternative leptonic decays was the subject of a search
in the CERN Gargamelle neutrino exposure film (As-
ratyan et al., 1974). No evidence for such particles
was found setting a mass lower limit of 1.8 GeV

(90% C. L.). Three experiments have looked for evi-
dence for a massive lepton with the same quantum
number but opposite charge of a muon (Eichten ef al.,
1973; Barish et al., 1973, 1974). Mass limits have
been pushed up to 8.4 GeV (90% C. L.) for such an ob-
ject.

Benvenuti et al.,(1975a) have observed muon pairs
produced in nuclear interactions by v, and Uy interac-
tions at Fermilab. They favor the interpretation that
these events are evidence for charmed hadron produc-
tion, although they state that production of a heavy
neutral lepton cannot be ruled out.

Experiments at the Frascati e*e™ colliding-beam fac-
ility have looked for evidence for production of heavy
leptons, perhaps with new quantum numbers. As in the
case of searches for leptons of fractional charge, the
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production cross sections should be accurately pre-
dictable from quantum electrodynamics. Bacci ef al.
(1973) looked for e*e™ —e* & * with €™ ~ ¢* +y. They
have excluded the existence of such heavy electrons
for 0.6<m,x <2.2 GeV to 95% confidence level. They
also looked for e*e~ — pu*e’ +neutrals, where the final
state leptons would be the weak decay products of a
new lepton with new quantum numbers; e.g., U'— u*
+y +Vy4 or U'—e*+1, + Ty (Alles-Borelli, et al., 1970,
Bernardinie? al.,1973; Orito ef al., 1974). The more re-
cent experiments set lower limits of 1.0-1.4 GeV (95% C.L.)
onthe masses of new leptons.

There has recently been a report from the Stanford
electron-positron colliding-beam facility of the dis-
covery of a massive lepton (Perl ef al., 1976). The
data indicate a mass of about 1.8 GeV for such leptons,
which are presumably produced in pairs and decay into
the observed charged leptons. The signature observed
is a muon-electron pair of opposite charge which is
noncoplanar and unaccompanied either by charged or
(less assuredly) neutral hadrons or 9’s. This result
has not been confirmed and should be regarded as tenta-
tive at this time.

C. Integral-charge experiments

Free stable quarks might exist with unit charge,
charge of (4/3)e, or perhaps even greater, as men-
tioned in the Introduction and in the discussion of cos-
mic-ray quark searches. Accelerator experiments
have been performed to search for stable particles
more massive than the proton over the range of mas-
ses scanned in the fractional-charge searches. The
basis for all of these experiments is a simultaneous
measurement of energy or momentum and velocity or
time of flight.

As noted in See. IIL D [Eq. (3.21)], the time delay At
of a massive particle relative to one with v =c¢ is given
by

At=L/2y2c,

where L is the flight path between timing counters.
For y>1,

At = Lm2/2cp?=Lm?2/2cE? .

These experiments have identified antideuterons pro-
duced at each of the accelerators with E>25 GeV, and
have established the ratio of antideuteron to antiproton
production. The first detailed experiment in this group
was carried out at Brookhaven (Dorfan et al., 1965¢)
and was discussed in Section IV. A. Other early ex-
periments, also discussed in Section IV. A and tabulated
in Table V, were as sensitive to integral charge as to
fractional charge (Franzini ef al., 1965). Antideuter-
ons were also studied at Serpukhov (Binon ef al., 1969;
Antipov et al., 19713, b) and upper limits set to the pro-
duction of other negative particles of integral charge.
At Fermilab the Yale-BNL group also set limits on the
production of more massive particles by time of flight,
although the primary emphasis was on fractional
charge (Leipuner et al., 1973). More recently, the
Columbia group made a specific search for particles of
unit charge or greater, and studied antideuteron pro-
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TABLE VI. Accelerator searches for massive, stable particles of integral charge.

Quark
Proton momentum Quark
beam per unit charge
momentum charge (in units
Accelerator Reference Detector (GeV/c) GeV/qc of e)
BNL AGS Franzini, 1965 Electrostatic separator 31 7 -1
time-of-flight
BNL AGS Dorfan, 1965b,c Momentum, t.o.f. 31 4-10 -1
Serpukov Binon, 1969 Momentum, t.o.f., 70 25 -1
6 threshold Cherenkov 31.4 -1
ctr., disc Cherenkov ctr 39
Serpukov Antipov, 1971a; Momentum, t.o.f. 70 13.3 —4/3
‘Antipov, 1971b Cherenkov ctrs.
" pulse ht.
Serpukov Antipov, 1971c Momentum, t.o.f. 70 10 -2
Cherenkov ctrs.
pulse ht.
FNAL Leipuner, 1973 Tonization 300 -0 +4/3
momentum, t.o.f. 60 1
r.f. structure
FNAL Appel, 1974 Momentum t.o.f. 300 25-35 -1
Cherenkov ctr. 75 -1
r.f. structure 150 ~1
50 +1
75 +1
150 +1
FNAL Gustafson, 1976 Ionization 300 T<yl6® 0
calorimeter
r.f. structure
CERN ISR Alper, 1973 Momentum 1500 >9 -2/3
' time-of-flight (0.2<3<0.65) -1
—4/3
CERN ISR Jovanovich, 1975 Momentum dE/dx 1500 * 2/3
energy of stopped 1000 4/3
particles, t.o.f. 2
CERN ISR Albrow, 1975 Momentum, t.o.f. 1500 4-10 +1
Cherenkov ctrs. +4/3
wire spark chms. +2

2Quark production cross section generally deduced from d production cross section or calculated as noted in Table V.
®No momentum analysis.

¢Neutral beam; time-of-flight range sensitive to the range of a=FE, /ch2 from 7 to 16.

l“Quark production cross sections derived from pion production by multiplying quarks/pion ratio by 60 x 10-27 cm?, the p-p inelas-~
tic cross section times the average multiplicity. If quarks were produced more centrally than pions this would be an underestimate.

°Quark production derived assuming quarks produced with the same p and x distributions as ¥/J particles.

duction as well (Appel ef al., 1974).
have been carried out at the CERN ISR (Alper et al.,
1973; Jovanovich et al., 1975; Albrow et al., 1975) to
search for massive particles with |g|= (2/3)e.

Three experiments with proton accelerators have
sought massive, penetrating particles, assuming they
are charged and have lifetimes of the order of 107° sec
A Serpukhov search (Golovkin et al., 1972)

or longer.
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Three experiments

the mass of such leptons.

using a 0° secondary beam tuned to 25 GeV/c with 6750
g/cm? of iron and glass in the beam path established an
upper limit of 1.6 x10737 cm® sr~! GeV ™! for d%0/dQ dp
(90% C.L.) for such particles. If production proceeds
as predicted by the Drell-Yan model (Drell and Yan,
1970) the experiment sets a lower limit of 4.25 GeV to
Two Fermilab groups (Bin-
tinger et al., 1975; Cronin et al., 1974) have reported
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Quark Upper limit _
Upper limit quark flux mass quark production d _ d Production
d’o cm? Quarks range cross section momentum da/m cross section
dQdp \srGeV/c per pion (GeV/c?) (cm?)? (GeV/c) ratio (cm?)
2 x10- 2-3 2 x 1073
1.5x 10736 101! 3-5 1035 5 5.5x 1078
5 x107? 1-1.8 3 x1034 25 6.0 x 1077 1.4 x 10734
1 x107° 2-3 6 x 1073 31.4 2.5x 1077 3.0 x 10735
39.1 5.0x 1078 3.0 x 10736
1.6 x 10738 1.4 x 10-1 1.9-2.3 ~2 x10738 10 1.4x107®
3.8 x 10736 6.2 x 10711 2.7-4.4
2.3-2.7 13.3 3.5 x107¢
1.2 x 10735 10710 2.2-3 20 (He?) 2 x10™!1! (He¥/ )
2-11 5 x 103t
3-11 10731
3.6 x 10731 3.6x 1077 1.2-3.2 2 x10-32¢
1.0 x 10731 2.7 x 10”7 3.2-7.0 1.6 x 1072 24.5 4.0x 10°¢
2.4 x 10732 2.2x 1077 5.6—-18.7 1.3 x 10732 34.2 11.0x 1078
4.4 x 10730 6.1x 106 2.5-4.6 4.0x 10731
3.5x 1073 4.7 x 1077 3.2-7.2 2.8 x 10732
1.0 x 10731 7.5x 1078 5.5-14 4.5x 103
2.8 x 10731 2 1.4 x10731°
7.7 x 10732 4 9.0x 10733
1.4 x 10732 10 1.5 x 10734
4.0x10-34m 2 2.0 x 10734
5.1x 1073m 4 6.0 x 10735
1.2 x10"34m 8 2.8 x 10736
1.4 x 1078 1.5-25 10-32¢ 5.0 1078
5-22 10-% to
=33 g
2.0x 1073 5.5x% 108(+) 2.4-20 3.0x 10
1.6x 10733 7.8 x1078(=) 10732/t0 10331 7.6x 1076
1.1x 103

f Assumes quark production isotropic in c.m. with momentum distribution do/d|p| =p?exp(—bp) with 1.2 <b <2.0 (GeV/c)™.

€Statistical model predictions; nearly isotropic for large m,.

hAssume either same x and p distribution as pions or assumes exp(—app) with values of a between 2 and 4 (GeV/c)™1,

k¥ 90% confidence level upper limits.

m980 gecm™ Fe absorber in beam. Limit for quark-nucleon ¢ ~1 mb.

negative results of searches for penetrating particles
of larger p, in secondary beams. The Bintinger ef al.
experiment established an upper limit flux, Ed30/dp?,
of 6.4%x107%% cm?GeV ™2 for m>0.6 GeV and somewhat
lower for m>1.0 and 1.4 GeV. The transverse mo-
menta corresponded to 1.0 to 2.25 GeV. There were 17
mean free paths of iron in the beam path. The Cronin
et al. experiment, sensitive over 1.0<m<6.8 GeV at

Rev. Mod. Phys., Vol. 49, No. 4, October 1977

p,=2.38 GeV, set an upper limit on Ed® /dp® of 5.4
x107%° c¢m? (90% C. L.). There were 1130 g cm™2 of
tungsten in the beam path, providing an attenuation fac-
tor of 334 for 7~. No events were detected among
1.28 x10°7~,

It is conceivable that the most stable (lowest-energy)
state of quarks with integral charge would be electric-
ally neutral (Okun and Zeldovich, 1976). Among the
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cosmic-ray experiments, only some of the time delay
studies of hadrons accompanying air showers would
have been sensitive to neutral, massive hadrons (Jones
et al., 1967; Bjgrnboe et al., 1968; Tonwar, Naranan,
and Sreekantan, 1972). There has recently been a cor-
responding search carried out at Fermilab with 300
GeV primary energy (Gustafson ef al., 1976). In this
experiment, as in the experiment of the Columbia
group (Appel et al., 1974), the fact that the extracted
proton beam at the Fermilab accelerator may be
bunched by the rf to one-nanosecond bursts spaced by
18 nsec is used to provide a time base. In the charged-
particle beam, a flight path L of 1.1 km was used, and
momentum was determined with the conventional mag-
netic deflection and focusing of a secondary beam
transport system. The neutral particle search used a
flight path L of 0.59 km and an ionization calorimeter
to measure the energy. The calorimeter enabled ident-
ification of energy-time delay contours corresponding
to neutrons and neutral kaons; however, no evidence
for more massive states was observed.
For part of this experiment an iron absorber of 960
g cm™ was inserted into the beam line, and the aper-
tures of other defining collimators in the beam were
opened. Should massive, neutral particles exist in the
beam and interact with a nuclear cross section much
less than that of a neutron, the transmitted beam would
be considerably enriched by such particles. For ex-
ample, neutrons are attenuated by a factor of about
3000, but particles with a cross section of 1 mb per
nucleon, such as the @, would be attenuated by less
than a factor of two. The results of this part of the
experiment are summarized in Fig. 15, where the 90%
confidence level upper limit invariant production cross
section, E d% /dp®, is plotted versus the assumed total
cross section of the massive neutral particle for typical
mass assumptions. The curves display a minimum

10732 LA o 22 e s e
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T T
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FIG. 15. Upper limits (90% confidence level) to the differential
production cross-section of massive, neutral, stable particles
of representative masses 2, 4, and 8 GeV vs assumed interac-
tion cross section on nucleons from the FNAL experiment of
Gustafson et al., (Gustafson, 1976).
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near 1 mb, as the detection probability in the ionization
calorimeter would be less for smaller cross section.

The limits on the existence of massive particles are
tabulated in Table VI together with antideuteron fluxes
where observed.

None of the experiments have detected massive par-
ticles other than known light nuclei and antinuclei. Be-
sides deuterons and antideuterons, one triton was de-
tected (Alper et al., 1973), and five reported anti-
helium-3 (Antipov ef al., 1971c).

While this class of experiments has not reached the
sensitivity of fractional-charge searches, particles
with production cross sections comparable to that for
the y/J particle (m=3.1 GeV/c?) would have been ob-
served. Particles with integral charge and y= 10 would
not have been detected in most of these experiments if
they had a decay lifetime much less than 1077 sec.

As with the charged-particle searches, each of these
studies has looked in different secondary momentum
ranges and at different c.m. production angles, and each
group has interpreted the flux limits obtained in terms
of quark production cross section limits with somewhat
different models. It appears difficult, however, to see
how the cross sections stated could be in error by more
than perhaps two orders of magnitude for any sensible
model. The range of production cross sections plotted
in Fig. 12 and 13 for the Fermilab data (Nash ef al.,
1974) may represent extreme limits. \

V. SEARCHES IN STABLE MATTER

There is evidence from meteorites and rocks from the
moon’s surface that the cosmic-ray flux has been rea-
sonably constant over the age of the earth, or about
4x10° years (1.2 x10'7 sec). Due to plate tectonic ac-
tivity and crustal subsidence, most crustal material
has been mixed to a depth y of perhaps 200 km or 5
%107 g em™2 over the age of the earth. If quarks were
produced by cosmic rays and stopped in matter of the
earth’s crust, there should be an accumulated density
of quarks in crustal matter simply related to the cos-
mic-ray quark flux. Again ¢ is the quark flux in cos-
mic rays in quarks (cm®srsec)”!, p is the quark den-
sity in stable matter in quarks per nucleon, and N is
Avogadro’s number. Then:

p=l;;,;5'~t; <p=—1:-3—)& (5.1)
The results are that

p=10"1* p quarks/nucleon, (5.2)
and, correspondingly,

p=6x10°¢p quarks/gm . (5.3)

The assumption of a 200 km depth may be extreme;
some rock samples may have lain closer to the surface
for an appreciable fraction of the earth’s age. A more
favorable estimate (from the standpoint of stable matter
searches) may be made by assuming that the oceans are
3x10° years old and 3 km deep (on the average), so that
y=3x10°g ecm™2, This gives

p=1.6x10"12  quarks/nucleon. (5.4)
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An extreme assumption may be made by assuming a
minimum y value from a presumed quark range and ne-
glecting all erosion, sedimentation, and other geologic

effects. This could lead to a value of p as great as

p=2x%10"'° » quarks/nucleon.

(5.5) -

Unfortunately, it does not seem possible to sharply

identify the age-depth ratio of most of the samples used

in the experiments summarized below, and the uncer-
tainty remains in relating these search upper limits to

those from cosmic rays.

Moon rock samples probably

provide limits closer to the latter (Stevens, Schiffer,

and Chupka, 1976).

There has been a recent and generally complete sum-
mary of quark searches in terrestrial matter (Kim,

1973). In view of this, the discussion here may be brief.

If a fractionally charged quark combines with atomic
matter, the resulting atom (or molecule) will not be
electrically neutral, and it should be possible to exer-

TABLE VII. Stable matter quark searches.

cise it with electric fields. This property of quarked
matter is the basis of several enrichment schemes.

For example, water may be boiled and the steam passed
between parallel-plate charged electrodes. The electric
field would presumably drive the quark-containing atoms
onto one of the electrodes. These electrodes may then
be used in the arc source of an optical spectrometer
(Rank, 1968) or the ion source of a mass spectrometer
(Chupka, Schiffer, and Stevens, 1966). Quarked atoms
may have extreme chemical properties so that they may
be concentrated in certain biological materials such as
kelp or oyster shells. Conversely, they may be re-
moved by chemical refining techniques. Had quarks
been discovered as a result of enrichment schemes,
these would have proven of obvious validity. However
the negative results might mean either that no quarks
exist or that they do not behave in stable matter in the
manner assumed by the experimenters. The entries in
Tables VII and VIII distinguish between results employ-

Oil drops, levitometer, electrometer.

Corresponding quark

Source Sample No. of Quarks per flux upper limits ¢
Reference Technique material mass (gm) samples nucleon p ¢ (em?sr sec)!
Millikan, 1910 0il drop Water 10-11 ~100 <1013
Hillas and Cranshaw, Electrometer, Argon, <10-22 108 _ 1011
1959 bulk gas nitrogen
Chupka, Schiffer, and 0il drop Sea water, ? 6 x 10-11 1000 <10-14?
Stephens, 1966 air
Gallinaro and Diamagnetic Graphite 10-° 70 <1018 10"~ 1077
Morpurgo, 1966 levitometer
Stover, Moran, and Ferromagnetic Iron 1078 2 <10-1? 1075 — 108
Trischka, 1967 levitometer
Rank, 1968 0il drop Mineral oil, 10710 46 <10720® 10-¢ 107
soy bean oil, ’ 45
cod liver oil, 17
peanut oil 20
Braginskii ef al., Diamagnetic Graphite and 108 36 <1077 "1073 1078
1968 levitometer sample mixed
Johnston, 1969 Superconducting Niobium 9 x 108 2 <1019 107~ 1078
levitometer
Morpurgo, Gallinaro, Diamagnetic Graphite 5x 1077 75 <5 x 1071? 5x 1075 -5 x 1078
and Palmieri, 1970 levitometer '
Hebard and Fairbank, Superconducting Niobium 7 x 1075 2 2 x 10720 2x10°8-2x10?
1971 levitometer
Garris and Ziock, Ferromagnetic Iron 3x 107 12 5x 10720f 5x107%_5x10"?
1974 levitometer
LaRue, Fairbank, Superconducting Niobium 9x 1070 8 2 x 107208 2x10°¢_2x10"?
and Hebard, 1977 levitometer
Gallinaro, 1977 Ferromagnetic Iron 2x 10 3 <3 x 1072t 3x10"71_3x 1010
levitometer

2Sample “rubbed” on spheres of polyethylene to transfer quarks to spheres.

PAn enrichment factor is included in this figure.

¢Values given are upper limits except last three entries.

dFlux values given assuming Eq. (5.2) (y=5x 107 gem™) as well as a smaller value of v, smaller than that corresponding to the
existing oceans (y=5x 10* gem™).

®One pellet of g=1/3 e reported, although systematic uncertainties precluded quark claim.

f Most pellets appeared’ to show residual |g| =1/3 e, although systematic uncertainties precluded quark claim.

€Two pellets of residual charge g=(+0.337 + 0.009) e and ¢ =(—0.331+ 0.070) e reported. Positive evidence for existence of frac-
tional charge on matter claimed.
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ing enrichment schemes and those which do not. ‘

The most straightforward search method has been a
repeat of the classical Millikan oil drop experiment.
[Indeed, authors are fond of noting an observation of
Millikan in 1910 of a fractional charge of 30% on one
droplet, which he later rejected as not reproducible
{(Millikan, 1910)]. Here the net charge on a droplet of
oil (or other solid or liquid) is détermined by its motion
under the influence of gravity and electric fields in the
presence of viscous drag.

The Genoa group (Becchi, Gallinaro, and Morpurgo,
1965) suggested that the oil drop technique could be im-
proved by levitating a diamagnetic particle in a suitably
shaped magnetic field, and then applying electric fields
to determine the charge (Gallinaro and Morpurgo, 1966:
Braginskii ef al., 1968; Morpurgo, Gallinaro and Pal-
mieri, 1970). It is possible to use a “perfect” dia-
magnet, a sphere of superconducting niobium (Hebard,
1972; Johnson, 1969). A variation of the technique
makes use of a ferromagnetic pellet (Stover, Moran,
and Trischka, 1967). In this case the magnétic force,
proportional to H9H /6z, is attractive, so that a magnet
(or magnets) above the pellet support it against the
force of gravity. As the equilibrium is unstable, a
feedback scheme is necessary to maintain the pellet in
a fixed horizontal plane. Garris and Ziock (1974) have
developed this approach further, working with steel
spheres 0.2 mm in diameter (33ug). Gallinaro, Mari-
nelli, and Morpurgo are also now pursuing this approach
with iron spheres of 200 ug.

Hebard and Fairbank, (1971) initially reported a posi-
tive result, a niobium sphere of net charge %e; and
Garris and Ziock noted a clumping of the residual
charges on their 12 spheres about values of +5e. How-
ever both groups noted various systematic difficulties
that damped their confidence and suppressed any loudly
proclaimed discovery of quarks.

If quarks form analogues to the hydrogen atom, it is
straightforward to calculate the spectral lines which
would result and, if candidate lines had been found, to
further determine the quark mass. Such spectroscopic
searches have been carried out with terrestrial ma-
terials (Rank, 1968), and in the solar spectrum (Ben-
nett, 1966).

A cosmological debate concerning the exact equality
of the magnitude of the electron and proton electric
charges led to experiments which sought to determine
the net electric charge in a tank of compressed gas with
an electrometer. Although the experiments predated
the quark model, in retrospect they may be classed as
quark searches (Hillas and Cranshaw, 1959).

Finally, molecular beam techniques have been used.
These experiments appear to make the strongest sets
of assumptions concerning quark properties, although
each assumption is indeed plausible. The Argonne
group (Chupka, Schiffer, and Stevens, 1966) passed a
sample in gaseous form through an electric field so
that fractional charges could collect on the electrodes.
These were then concentrated onto a small platinum
filament held at a low positive voltage in order to re-
tain the quarks. The platinum was next heated to 600°
for 10 sec to drive off impurities, and then a 15 kV
accelerating potential was applied to accelerate the
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quarks into an electron multiplier or a mass spectro-
meter. Some materials, e.g., meteorites, were evap-
orated directly in the ion source of a 254 cm mass
spectrometer. The Illinois group (Cook et al., 1969)
examined 6000 cm® of sea water and ten rock samples
using a molecular beam electrometer system. These
rock samples were known to be within a few tens of
meters of the earth’s surface for about one million
years. Charged particles were extracted from the sam-
ples through cation exchange columns and condensed out
onto LiN, pellets. The LiN, pellets were then evapora-
ted onto a Ta foil in vacuum, and finally, the Ta foil
was heated inside an electron gun. An accelerating po-
tential of 50 kV was then applied between the gun and a
solid-state detector, and the energy spectrum of ar-
riving ions was examined for 16 and 33 keV energy sig-
nals. The authors note that the electric field of the
earth may effectively reduce the integration time for
quarks in air or sea water to the order of years (Mc-
Dowell and Hasted, 1967; Axford, 1968). They conse-
quently regard their rock determinations as the most
significant. It should be noted that their rock samples
correspond to values of ¢/y used in Eq. (5.2).

The most recent experiments of this sort, not includ-
ed in Kim’s survey, have been reported by the Argonne
group (Stevens, et al., 1976a). In this experi-
ment the authors explored lunar soil samples and
ferro-manganese mineral nodules from deep ocean sed-
iments. A crossed-field Wien mass analyzer was used
for the lunar soil samples (Figure 16). Samples were
first heated in a crucible to over 1100°C and any nega-
tive particles extracted with a 15 kV potential. The
negative particles were implanted on a rhenium fila-
ment which was then used as the negative ion source
for the mass spectrometer. About 15 g of lunar soil
was studied over several different runs. The procedure
with the deep ocean sediments was slightly different:
powdered sample material was heated to 800°C and
argon flowed over it to a P; collecting filament held at
a positive potential which was subsequently used as the
source in a simpler Wien-filter mass spectrometer.

Table VIII includes data from these searches together
with those from earlier searches. Of the many indirect
searches (i.e., those involving enrichment and transfer
schemes), the limit using lunar material is the most
readily interpretable, in view of the known age of the
For the quoted limits, the authors as-
sumed a mixing depth y of 3 kg/cm? and an integration
time of 3 x10% yr. The depth is determined more from
the penetration of the cosmic rays than from stirring,
and the age { comes from the measurement of spalla-
tion induced isotopes.
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FIG. 16. Diagram of the Wien spectrometer used in the analy-
sis of lunar soil samples by the Argonne group (Stevens, 1976).
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The heterogeneous group of experimenters contribut-
ing to stable matter searches have not uniformly quoted
their limits in terms of simple absence of quarks, 90%
confidence level limits, or any other single criterion.
However, these questions are small compared to un-
certainties in the enrichment techniques and in the
age/depth ratio. .

If the enrichments are accepted as stated by the au-
thors, and if the material samples lay close to the sur-
face of the earth for the earth’s lifetime, then the stable
matter searches put more sensitive limits to quarks’
existence than cosmic-ray experiments. On the other
hand, a great mixing depth y or less efficient quark
concentration than advertised leave cosmic-ray limits
as more sensitive. It is remarkable that the latest and
most clean-cut of the enrichment measurements, that
based on lunar soil samples, gives a limit to quark flux
entirely comparable to the cosmic-ray results, ¢~1071!
(em®srsec)”.

Zeldovich and Okun (1965) have noted that quarks
might exist at small concentrations in stable matter,
not from cosmic-ray production but as primeval quarks
left over from a cosmological “Big Bang.” They have
calculated a concentration p of 107° to 107!® quarks per
nucleon depending on various assumptions. Feinberg
notes that observations of the 3°K blackbody radiation
may constrain this estimate to 1071° to 10~!® quarks
per nucleon (Feinberg, 1967).

Clearly the stable matter searches set the most strin-
gent limits on the existence of such quarks. The sin-
gle-particle cosmic-ray quark searches are also rele-
vant if it is assumed that primeval quarks would also
be components of the material which is accelerated in
the astrophysical processes which give rise to primary
cosmic rays. From Eq. (3.1), the total primary cos-
mic-ray flux above the geomagnetic cutoff (a few GeV)
is of the order of 10™'(cm?srsec)™*. If primary cos-
mic-ray quarks are not attenuated in the atmosphere,
then the cosmic-ray flux limit corresponds to an upper
limit quark concentration among primary cosmic rays
of p<107° quarks/nucleon.

Two other searches in stable matter relate to quarks
of integral charge, although neither is yet published.
The Alvarez group (Muller et al., 1977) has used the
LBL 88-inch cyclotron as a high-energy mass spectro-
meter, together with a particle identifier telescope to
seek quarks over the mass rangeupto8.2 a.m.u. down
to a sensitivity of 2X107" quarks per hydrogen atom
(for m>1 a.m.u.).

A second group from Purdue, Chicago, Fermilab,
and ANL are studying target materials exposed to the
400 GeV proton beam of the FNAL synchrotron with a
mass spectrograph. They hope to set limits of 1073%
cm? to the production cross section for integral-charg-
ed quarks of m,> 1.2 GeV (Stevens ef al., 1976b).

Following completion of this manuscript, a report
was circulated by Fairbank’s group at Stanford (LaRue,
Fairbank, and Hebard, 1977) which declares positive,
reproducible data for fractional charge on two niobium
pellets, each of 9x107° g. The technique is a refine-
ment of the previously published Hebard experiment
(Hebard, 1973), and the authors argue that all system-
atic effects are now understood. If this result is con-
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firmed and validated, there are a large number of ap-
parent contradictions, both with free quark (cosmic-
ray and accelerator experiments) and with other stable
matter experiments. These contradictions might be
resolved if (a) unpaired quarks may not exist except
within a nucleus, and (b) “quarked” matter is tightly
bound into a solid or liquid phase, and hence may not be
found in ion beams as needed in the concentration
schemes of searching in stable matter. Such conjec-
tures are awkward but not impossible.

VI. CONCLUSIONS

Save for the very recent Stanford results with niobium
pellets, there is no other experimental evidence for the
existence of free quarks of fractional electric charge.

The experiments at particle accelerators have set
impressive limits to the flux of, and production cross
sections for, quarks so that, based on a current pheno-
menological model, quarks would have been detected if
their rest masses were less than 20 GeV. The ac-
celerator experiments set upper limit production cross
sections below 1073 cm?® for masses up to 20 GeV, and
about 107%® c¢m? for masses below 10 GeV. On the other
hand, if quarks exist and are produced in accord with
some predictions of the statistical model, they may
have escaped detection if their masses exceeded about
5 GeV. Cosmic-ray experiments which had given pub-
lished positive evidence for quarks have been repeated
with greater sensitivity and negative results. The cos-
mic-ray flux upper limits correspond to about 10~
quarks per (cm?®srsec) for either unaccompanied
quarks or quarks among air showers for charge as-
signments of either § or % the electronic charge. While
it is difficult to relate cosmic-ray limits to accelerator
limits and to production models, the attempt included
here again sets a quark mass limit of somewhat over 20
GeV, unless the statistical model prediction is con-
sidered. )

Quarks or other stable hadrons of integral charge
have not been found, either with accelerators or in
cosmic rays. The limits on flux and production cross
section for quarks (or other peculiar, massive hadrons)
of integral charge is less sensitive than that for frac-
tional charge by two to four orders of magnitude.
Nevertheless, the observation of deuterons, antideu-
terons, tritons, and even antihelium-3 nuclei indicates
the sensitivity that these searches have achieved.
Three cosmic-ray experiments have unexplained events
which have interpreted by their authors in each case as
possibly a particle of large mass; however, each of the
three (Yock, Tonwar, and the Chinese group) see
something different, and the interpretation in each case
is not clear. Other experiments which had earlier re-
ported positive signals have now retracted their claims.

Searches for quarks in stable matter complement the
other searches; the recent negative result based on
lunar soil samples is interpreted in terms of a flux
quite equivalent in sensitivity to the cosmic-ray sear-
ches, corresponding to a quark flux of no greater than
107" (cmsrsec)™'. The new Stanford results which
claim positive evidence for quarks at a level of one
quark per 10%° nucleons in niobium are in contradiction
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with the cosmic-ray (and, for masses below 20 GeV,
the accelerator) results by at least two orders of mag-
nitude, and with stable matter searches using enrich-
ment techniques by two to four orders of magnitude.
These contradictions might be circumvented if quarks
behaved in matter in unusual ways, with free quarks
still precluded outside nuclei.

In spite of earlier reports, at this time it seems that
neither magnetic monopoles nor tachyons have been
detected. It was noted that there is positive evidence
from the Stanford electron-positron storage rings for a
new, heavy lepton. Should this discovery be confirmed,
it will indeed revise established concepts of leptons.
However these particles, if they exist, are not stable
(they decay through the weak interaction into leptons
with lifetimes no longer than about 1071° gsec).

Experimental searches for quarks have been tapering
off in number, although the recent Stanford result with
niobium pellets will revive interest and stimulate new
experiments, especially in stable matter.

Of course each new step upward in energy available
with particle accelerators will bring on a new series
of searches for free quarks.

Until the report of the Stanford result, it was possible
to say that there remained no serious evidence for the
existence of quarks (other than as hadronic consti-
tuents). The issue must now be regarded as still open,
and serious ambiguities and contradictions must now be
resolved between this positive result and the large body
of earlier, published negative evidence.

Note added in proof. A recent paper from the Genoa
group (Gallinaro, Marinelli, and Morpurgo, 1977) re-
ports a negative result from a fractional charge (quark)
search in stable matter using cylindrical iron samples
suspended in a magnetic levitometer. The search re-
ports no fractional charge among three samples, each
of 2x10*g, corresponding to p<3x1072! quarks per
nucleon. This upper limit lies somewhat below the re-
ported p from the recent Stanford result, albeit in a dif-
ferent sample material. Those results are included in
Table VII
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