
The continuing search for quarks
The lack of positive evidence for physical particles with
fractional charge has not halted attempts to find
them with accelerators, in cosmic rays or in stable matter.

Lawrence W.Jones

Cosmic-ray quark search. This hut and trailer are at Echo Lake, Colorado, where experi-
menters from Michigan and Wisconsin have sought quarks in high-altitude cosmic rays.



The story of quarks really begins in the
mid 1950's with the classical experi-
ments on the proton's electromagnetic
structure. This work, done by Robert
Hofstadter and his group at Stanford,
showed1 that a proton has a finite size
(a root-mean-square charge radius of
0.8 fermi), rather than being a point
particle, as is an electron. In the early
1960's, the emerging spectra of mesons
and baryons led theorists to organize
hadrons according to various symmetry
schemes. The most successful of
these, then and to the present time,
has been the so-called "SU(3)"
scheme. In an attempt to provide a
physical basis for the SU(3) symmetry,
Murray Gell-Mann and George Zweig
proposed the concept of quarks,2 which
were (are) presumed to be the physical
manifestations of the SU(3) parameters
and hence the structural constituents
of hadrons.

Since that time, and despite strenu-
ous efforts to find them, no firm posi-
tive evidence for these postulated par-
ticles has appeared. There have only
been the occasional flurries of excite-
ment, caused by particular observa-
tions. As we review the most recent
generation of experiments, we may
glimpse the excitement of the search.

The symmetry scheme

An altogether self-consistent picture
of known hadrons can be developed by
considering three fundamental quarks
with third-integral electric charge and
baryon number, half-integral spin, and
strangeness of zero or minus one. For
each quark there is an antiquark, with
exactly opposite values of all quantum
numbers. Baryons are then composed
of three quarks, antibaryons of three
antiquarks, and mesons of a quark-
antiquark pair. An embarrassing sit-
uation arises with the spin-1/2 quarks
and the Pauli exclusion principle: One
solution to this is to suggest that each
quark is in turn a triplet with a "color"
quantum number (say, red, white, or
blue), so that there might be now nine
fundamental quarks as well as their
nine antiquarks.

Although there are still open ques-
tions, the SU(3) symmetry scheme and
its attendant quark model have been
remarkably successful in organizing the
well established strongly interacting
particles and resonances, as well as in
understanding their magnetic moments
and other properties, to the extent
these are known.

A third stimulus to the notions of
hadronic constituents has come about
through deep inelastic scattering of
electrons (and more recently of muons)
on nucleons. The most attractive in-
terpretation of these experiments
suggests that the scattering is from
pointlike constituents of the nucleons,
at first called partons.3 It has been

understandably tempting to identify
these partons with the quarks of SU(3).

Well, if quarks (or partons) exist as
nucleonic or hadronic components, it
seemed reasonable that it should be
possible to find them as free particles,
especially if the hadrons were struck
hard enough. After all, physicists
have learned to extract molecules from
crystals, atoms from molecules, elec-
trons from atoms, nucleons from nuclei
and mesons from protons. In each
case more energy was needed, of
course. In the mid-1960's the quarks
were presumed to be rather massive,
with a rest mass of 5 to 10 GeV/c2

(about five to ten times the nucleon
mass). There were two reasons for this
guess: It was tempting to ascribe the
mass differences between hadronic
multiplets, typically about 100 MeV/c2,
to a perturbation on a much greater
binding energy. And (this I believe
was much more relevant), since quarks
had not shown up in experiments up to
that time, sufficient energy had not
been brought to bear on the hadrons to
reach the "ionization potential" or to
produce quarks in pairs.

In 1964 a rigorous series of experi-
ments began searching for quarks with
particle accelerators, in cosmic rays,
and in stable matter. I will recall the
most recent and most definitive of
these searches here, together with lim-
its they set to the mass and to the pro-
duction cross section for quarks.4

Briefly, to avoid needless suspense, I
do not believe that there is currently
any serious evidence for the existence
of physical quarks.

Accelerator quarks

Significant searches have been car-
ried out at four of the most energetic
accelerators in the world: the Brook-
haven 30-GeV AGS (Alternating Gra-
dient Synchrotron), the CERN 28-GeV
proton synchrotron, the Serpukhov 76-
GeV proton synchrotron, and the
CERN Intersecting Storage Rings.

The basis for most quark searches is
the ionization of charged particles
passing through matter. The ioniza-
tion of relativistic particles (u » c) is
nearly independent of energy and is
proportional to the square of electric
charge q, hence the ionization of a q =
(l/3)e quark would be 1/9 that of any
known singly charged particle. This
ionization can be measured with scin-
tillation counters, with gas detectors
such as streamer spark chambers and
gas proportional counters, or with
cloud chambers. All have been used.
A single scintillation counter cannot
distinguish between the dominant unit
charge particles and a possible 1/9 or
4/9 ionizing quark. The ambiguity re-
sults not only from the statistical fluc-
tuations of the number of ion pairs
produced, but more importantly from

the intrinsic Landau fluctuation in ion-
ization. This fluctuation, due to the
occasional large energy losses from
hard collisions with atomic electrons,
significantly broadens the distributions
of ionization.

Of course a solution to this problem
is to use a set of several counters and
to determine ionization independently
from each of them for a single through-
going particle. By combining the
pulse-height data and using a maxi-
mum-likelihood calculation, for exam-
ple, and of course by exercising suffi-
cient care in a myriad of experimental
details, one could find a possible quark
at a level down to less than 10~10 of
singly ionizing particles.

At CERN and Serpukhov, an added
gimmick aided the search: a beam
was set up (essentially a focussing
magnetic spectrometer) tuned to ac-
cept secondary negative, singly charged
particles of momentum about 20%
greater than the maximum accelerator
proton momentum. Naturally no such
particles are produced in the accelera-
tor, and only pathological (that is, slit-
scattered or decay-in-flight) particles
reach the detectors. However, as the
deflection of particles in the magnets is
proportional to the charge-momentum
ratio, a q = (l/3)e quark with a mo-
mentum 40% that of the primary proton
momentum would happily traverse the
channel.

The upper limits to the possible
cross section for quark production in
proton-proton collisions found from the
CERN and Serpukhov proton-synchro-
tron experiments are seen in figure 1.
Apparently, quarks of rest mass below
5 GeV/c2 are not produced.5 Although
some statistical models predict produc-
tion cross sections below 10~40 cm2 for
5 GeV/c2 quarks, it must be recalled
that these numbers are now well within
the range of weak interaction cross sec-
tions and are 10"10 to 10~14 of the total
p-p cross section.

Last year the first search for quarks
from the new CERN ISR was pub-
lished, corresponding to p-p interac-
tions of 52-GeV center-of-mass energy
(equivalent to a 1500-GeV proton on a
stationary target).6 Although the
cross-section limits are a few orders of
magnitude less sensitive than the pro-
ton-synchrotron limits, they extend up
to possible quark masses of 25 GeV/c2.
Two experiments, scheduled for the
300-GeV National Accelerator Labora-
tory, will extend the searches up to
about 10 GeV/c2 with a sensitivity of
less than about 10"38 cm2.

Cosmic-ray detection

Some of the earliest quark search ex-
periments were with cosmic rays, and

Lawrence W. Jones is professor of physics
at the University of Michigan, Ann Arbor.
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These upper limits are from proton-proton experiments at the CERN 28-GeV proton-syn-
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quarks with rest mass below 5 GeV/c2 are not produced. Figure 1

2 3 4

QUARK MASS (GeV/c2)

many groups in at least ten countries
have contributed to this literature.4-7

Typical cosmic-ray searches involve a
vertical stack of counters, each about a
meter square, often interspersed with
other detectors such as spark cham-
bers. The ionization of single cosmic
rays is then recorded as in accelerator
experiments. The sensitivity of such
experiments is measured as the flux of
particles per (cm2 second steradian).
This flux depends in turn on the run-
ning time of the experiment, and on
the "geometry factor" or "admittance"
of the system, expressed in cm2 sterad-
ians.

Typically experiments have areas of
about a square meter and an admit-
tance of about 103 cm2 sterad. Such
an apparatus running continuously for
four months (107 sec) and detecting no
quarks would establish an upper-limit
quark flux of 2.3 X 1 0 1 0 per (cm2 sec
sterad) to a 90% confidence level.
This means that, if the flux were 2.3
X 10 10, nine out of ten such experi-
ments would count at least one quark.

A typical experiment is seen in fig-
ure 2. Flux limits set by several of the
later experiments are noted in Table 1.

It is apparent that the flux of quarks is
no greater than about 5 X 10"11 per
(cm2 sec sterad) from the best experi-
ments. To interpret these limits in
terms of upper limits on quark mass
and production cross section in p-p
collisions, three factors are necessary:
information on the primary cosmic-
ray proton spectrum, assumptions con-
cerning the behavior of the quark pro-
duction cross section as a function of
quark mass and proton energy, and as-
sumptions about the propagation of
quarks through the atmosphere.

The primary cosmic-ray spectrum is
known reasonably well, and is given by
the expression N(>E) =s 1.4 £ * 67

where N(>E) is the number of primary
nucleons of energy greater than E per
(cm2 sterad sec) and E is in GeV. The
variation of quark production cross sec-
tion with mass and energy is of course
much more speculative, but one guess,
is that quarks are produced in a pro-
cess such asp + p—»p + p + Q + Q*,
with a cross section rising from thresh-
old to a constant value with increasing
proton energy. This energy-indepen-
dent cross section is estimated to be
reached at an energy of two to four

times that threshold energy. Robert
Adair and Nancy Price have developed
a specific, somewhat arbitrary, but al-
together sensible and self-consistent
model along these lines.8 It is also
plausible to guess that energetic quarks
produced high in the atmosphere arrive
at sea level (or indeed underground)
still with relativistic velocities and (of
course) fractional charge, in spite of
inelastic nuclear interactions and ioni-
zation in the intervening atmosphere.
Again, although this is plausible, it is
a weak point, and a factor that would
make mountain-top quark searches
more sensitive than those near sea level.

With these assumptions, calculations
and spectrum appropriately consid-
ered, then, the upper limit q - (l/3)e
cosmic-ray quark flux of 5 X 10~n per
(cm2 sec sterad) can be compared with
the results of accelerator searches for q
= (l/3)e quarks, as in figure 3. Here,
for clarity, only the three most sensi-
tive accelerator searches (in these ener-
gy ranges) are shown, together with the
best cosmic-ray value.

Some experiments have also set lim-
its to the flux of q = (4/3)e particles in
cosmic rays. The best limits here are

32 PHYSICS TODAY/MAY 1973



from the University of Arizona group.
The rationale for these searches is the
possibility that a quark-nucleon or
quark-meson compound state may be
more stable (lower mass) than a free
quark, and that this may have noninte-
gral charge greater than unity.

Delayed particles and air showers

Two other methods of seeking quarks
in cosmic rays have been pursued. One
seeks to find energetic particles de-
layed behind relativistic particles pro-
duced in the same primary interaction.
A particle known to be very energetic
but "slow" must be massive. In such
experiments little information comes
from a single event, but distributions
of energies and time delays should re-
veal massive constituents of secondary
cosmic rays. The massive-particle de-
tector may be an ionization calorime-
ter, a multiplate cloud chamber or a
range-ionization detector system. A
virtue of this method is its insensitivity
to charge; any massive, strongly inter-
acting particle could be found.

The negative searches are less sensi-
tive than the single-particle telescopes
discussed previously, but nicely sup-
plement them. Two experiments, one
by the Tata Institute group in India9

and one by the Torino group in Italy,10

seemed to give positive results. How-
ever I regard both as inconclusive; the
Indian result awaits confirmation by a
rebuilt, more elaborate detector at the
same site, and the Italian result ap-
pears sharply inconsistent with single-
particle telescope searches for quarks
underground at the same depth. In
both cases the flux values appear high-
er than upper limits set by other
searches (see Table 1).

The other cosmic-ray approach is to
look for quarks within the cores of ex-
tensive air showers. If quarks were
only produced at very high energies
(say, 1014 eV and above) they might be
too fast to find with a time-delay ex-
periment and among too dense an elec-
tron shower at sea level to be detected
through subnormal ionization in a
large counter telescope. Thus C.B.A.
McCusker and his group at the Univer-
sity of Sidney set up a group of cloud
chambers triggered on energetic air
showers and scanned the resulting
chamber photographs for lightly ioniz-
ing tracks. In 1969 this group reported
five such events, corresponding to a
flux of about 5.5 x 10"10 quarks per
(cm2 sec sterad).11 Although these
papers were greeted with healthy skep-
ticism concerning statistical questions
and details of the cloud chamber oper-
ation and photography, nevertheless it
may have been possible that this
method of searching was more or less
orthogonal to other experiments and
therefore not in direct contradiction
with any prior experiment. (Adair and

Henry Kasha have questioned even
this.12)

Now if you are faced with a startling
new result from an experiment, a re-
sult that you suspect is correct and
wish to confirm, the most convincing
confirmation would be from an experi-
ment as different as possible from the
original. However if you are skeptical,
the most convincing refutation of that
result would be a negative result from
a new experiment very similar to but
better than the original. In late 1969
Wayne Hazen at the University of
Michigan and Arnold Clark at the
Lawrence Livermore Laboratory under-
took to set up cloud chambers
triggered by air showers as were
McCusker's. However their chambers
had a greater admittance, and their
chamber operation and photography
were optimized in view of the concerns
over McCusker's techniques.13 In ad-
dition, Clark employed the extensive

computer capability of Livermore to
generate artificial 4/9 and 1/9 ionizing
tracks, which were photographically
superimposed on the real events with-
out knowledge of the film scanners.
Hence the scanners were kept "hon-
est" by occasionally discovering a
lightly ionizing track, and the physi-
cists were able to appraise quantita-
tively the efficiency of their scanning
operation. Meantime, McCusker im-
proved his own apparatus and contin-
ued to run, to a total of 2.3 times his
original (published) sensitivity. In
view of the subsequent unanimously
negative cloud-chamber results it ap-
pears that the 1969 quarks reported by
McCusker were spurious.

Clark is currently extending the
scanning of his film to set upper limits
to the flux of q = e/4, e/5 and perhaps
e/6 particles. These are of course even
harder to detect, but with properly
constructed artificial tracks, again the

Cosmic rays

Streamer chamber

Marx generator

Eight two-inch
photomultipliers
for each plastic
counter

Four five-inch
Photomultipliers
for each liquid
c o u n t e r

Uo.5 meters—|

Air-filled light collectors

Detector configuration for a recent cosmic-ray quark search. This "telescope" consists
of six plastic and six liquid scintillators (P1-P6 and L1-L6) and a streamer spark cham-
ber. Results from the best such cosmic-ray experiments indicate that the quark flux is no
greater than about 5 X 10" 11 per (cm2 sec sterad) From reference 17. Figure 2
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sensitivity of the search can be quanti-
tatively verified. Some theorists have
interpreted the deep-inelastic electron-
scattering experiments in terms of par-
tons with smaller fractional charge;
however the results of Clark's searches
are thus far negative.

Hazen, A. L. Hodson and others at
Leeds have been operating a large (3
square-meter area) horizontal cloud
chamber to observe the ionization of
air-shower particles and have recently
reported a new, low limit for e/3
quarks from this apparatus.14 The
group at Aachen has operated a pro-
portional-counter array under a lead
shield and trigger-counter array to seek ^
quarks in air showers with electronic g
detectors.15 The present upper limits to g
the quark fluxes, set by the Aachen,
Leeds, Livermore and Michigan groups,
are about 2-10 X 10"11 quarks per (cm2 o
sec sterad) for q = ±(l/3)eor ±(2/3)e. g

Stable-matter searches

Finally, it is possible to seek quarks
in stable matter: Material samples
with other than integral electric charge
would indicate their presence. If
quarks have rained down on the sur-
face of the Earth (produced by cosmic
rays) during the life of the Earth, and
if they are mixed through the top two
km of Earth's crust (the oceans, pri-
marily), it is possible to relate simply
the quark flux from cosmic rays, if par-
ticles per (cm2 sec sterad), to the
quark density in matter (p quarks per
nucleon or pN quarks per gram). Let
us take the age of the earth T as 5 x
109 years (1.5 x 1017 sec). Then p =
(irTfyN)if, (where y is the depth in gm
per cm2 corresponding to two km and
the factor ir comes from integrating
over the isotropic incident flux) and p
(quarks per nucleon) is about 4 X
10~12 ^ [cosmic-ray quarks per (cm2

sec sterad)]. Correspondingly, pN
(quarks per gram) is about 2.4 x 1012

(P.
For example, if ip is less than about

5 X 10"11 quarks per (cm2 sec sterad),
then p < 2 x 10~22 quarks per nu-
cleon, or pN < 120 quarks per gram.

Several methods of searching for
quarks have been tried; mass spectros-
copy, optical spectroscopy, refined ver-
sions of the Milliken oil drop and mag-
netic levitometers. Most spectroscopic
approaches involve in some way "con-
centrating" the quarks from the sam-
ple, by passing vapor through a strong
electric field, for example. Now if
such a concentration scheme gave evi-
dence of quarks, the concentration
would have been successful. However,
if the search were negative, either
there are no quarks or the experiment-
er was unlucky in guessing the quark
properties. For this latter reason, I
believe that it is well to treat upper-
limit quark concentrations from such
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experimental methods with a certain
skepticism.

The most impressive stable-matter
experiments to me are the magnetic
levitometers. Here, a diamagnetic
pellet is suspended in a static magnetic
field and exercised with various elec-
tric fields. The pellet may either be
graphite or (better) a superconductor
such as niobium. From its motion
under applied dc or ac fields, the net
charge may be found as in the oil-drop
experiments. The results of some
searches are noted in Table 2. The
Michigan and Genoa results have been
negative. Arthur Hebard and William
Fairbank have mounted the most ele-
gant search of this genre at Stanford,
and ultimately they will have the best
limits in terms of quarks per nucleon
as well as sensitivity to fractional
charges of e/6 and smaller.

One 70-microgram pellet appeared to
have a charge of (-0.37 ± 0.03)e, and
results of this measurement were re-
ported at a cryogenic conference in
1970 and in Hebard's doctoral thesis.
However Hebard and Fairbank em-
phasize the great difficulties in mea-
surements of this sort, due to polariza-

tion effects and so on, and do not con-
sider this first measurement as firm
evidence for a quark. If our calcula-
tions here are approximately correct,
the stable-matter searches are still
considerably less sensitive than the
cosmic-ray experiments.

We should remind ourselves that com-
parisons between search methods de-
pend strongly on model assump-
tions.

Now I have cited four experiments
with tentatively positive evidence for
quarks, and in each case I have down-
graded their importance. In some
cases (say, the Sidney experiments)
subsequent, more sensitive experi-
ments failed to confirm the earlier re-
sults; however in others (say, the Stan-
ford experiments) there is simply a
lack of subsequent confirmation. It
seems to me that if an experimenter
reports something as dramatic and im-
portant as a quark after several months
of operation of a new experiment but
then produces no subsequent, confir-
matory evidence over a period of a cou-
ple of years, the original work should
be regarded with a certain skepticism.
Therefore I would conclude at this
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Table 1.

Group

Arizona
Osaka
Aachen
Brookhaven
Case
Tokyo
Osaka
Durham
Durham

* Values are 90%

Upper-Limit Quark Fluxes

Altitude

2750 m
2770 m
Sea level
Sea level
Sea level
Sea level
Sea level
Sea level
Underground

confidence level upper limits

from Cosmic-Ray lonization

Quark flux* particles X10" 10 per

0 /3

0.83
0.57
1.0

0.5
1.3
1.15

(cm2 sec sterad)

2e/3 4e/3

0.96 4.1

1.0
1.2
2.2
7.5

0.8 19
1.4

Table 2. Searches for Particles of Fractional Charge in Stable Matter

Group

Argonne
Michigan
Michigan

Genoa
Michigan
Stanford

*Possible quark

Method

Mass spectrometer
Optical spectrometer
Oil drop

Magnetic levitometers

Graphite pellet
Superconducting niobium pellet
Superconducting niobium pellet

candidate

Upper limit
(quarks per nucleon)

1 x iO"17-3 X 10"29

10"18

1Q-20

5 X 10~19

1.1 X 10"1 9

2.4 X 10" 2 0*

time that there is no strong evidence
for the physical existence of fractional-
ly charged elementary particles. Still,
I am watching the ongoing searches
with considerable interest. Of course
it only takes one capricious experimen-
tal result to keep the field alive. As in
the case of the search for the Loch
Ness Monster, things may quiet down
for a time, but only one fuzzy photo-
graph can set everyone off again.

Well what if no quarks are found?
In the first place, it is my under-
standing that theorists now favor
quarks of rest mass of about 0.3 GeV/
c2 (about a third of a nucleon mass or
twice a pion mass), and in fact they
would be somewhat embarrassed if 10
GeV/c2 quarks were now discovered
and had to be built into their models.
It is difficult to understand why
quarks should be so light but still not
be observable as discrete particles.
Perhaps the nature of strong interac-
tions simply conspires to produce them
only in pairs (as mesons). Perhaps
they are only mathematical entities, a
theoretical convenience, and have no
physical separate existence: The

Dirac magnetic monopole may be an-
other example of this same class. Or
perhaps laws of quantum mechanics
quantize electric charge of observable,
stationary states to integral values.
One is reminded here of the conject-
ure that everything not expressly for-
bidden by the laws of physics exists.
Are quarks forbidden? Do they exist?
Or is this conjecture wrong?

In any event, the experimental
searches for quarks go on: Cosmic ray
searches are continuing at Leeds and
Durham (UK), Torino (Italy), Auck-
land (New Zealand), and in India.
The Stanford experiments are con-
tinuing with niobium pellets, and ac-
celerator searches are now being under-
taken at Batavia.

I do not expect quarks of the 1964
variety to be found experimentally.
However I strongly suspect that we
will be surprised by the nature of ha-
dronic matter as we now enter a new
energy regime. From many cosmic-ray
experiments above a few TeV there are
tantalizing hints that the qualitative
nature of strong interactions may
change with energy.

In any event, the internal structure
and constituents of the nucleon and of
other hadrons remain among the more
fascinating and most fundamental
problems in science today.

This article is adapted from a talk present-
ed at the annual meeting of The American
Physical Society in New York this pant Jan-
uary. The work was supported by the Na-
tional Science Foundation.
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