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The results of numerous experiments on the search for quarks and other fundamental
particles are reviewed. In the first section, various composite models of elementary
particles are described: the Sakata model, the quark model, and models with two or
three fundamental supermultiplets. The second section deals with the experiments on
the search for quarks, polyquarks and fundamental particles with integral charges
which have been carried out with accelerators. Special attention is given to the most
recent highest-precision results obtained at IHEP (Serpukhov) and at CERN. The re-
sults of the accelerator experiments are analyzed by means of the phase-space model
and a phenomenological model which takes into account the basic features of the dy-
namics of the strong interactions. No quarks of mass < 5 GeV have been detected in
the accelerator experiments, and the upper limits on the possible production cross
sections of these particles have been estimated to be 10™"—107% ¢m®. In the third sec-
tion, the results of searches for quarks in cosmic rays and searches by physico-chem-
ical methods are systematized. Quarks have not been detected in these experiments,
and works reporting the observation of fractionally charged particles have proved to be
in error. Various theoretical models of guark production are discussed in the fourth
section. The review of the literature goes up to September 1972,
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I. FUNDAMENTAL PARTICLES
1. Introduction

The stormy development of high-energy physics dur-
ing the past two decades, which has been associated with
the construction of large accelerators, has resulted in
the discovery of a host of new elementary particles,
which now number about 200. The majority of these par-
ticles are short-lived strongly interacting particles—the
so-called resonances. Since the number of elementary
particles now exceeds the number of chemical elements,
the very concept of an elementary particle as a certain
basic structural element of matter has lost its original
meaning. There has arisen the major problem of achiev-
ing a clear-cut systematization of this diversity of par-
ticles, which in a certain sense would be reminiscent of
the periodic system of elements.

Theoretical ideas in this direction have developed
along two paths. On one hand, there have been investi-
gations of the symmetry properties of the strong inter-
actions, which can lead to a grouping of particles into
familites with similar properties. Thus, it has been
established that the strong interaction is charge-invar-
iant, i.e., it does not depend on what charge states the
particles are in. Charge invariance implies that the
strongly interacting particles are grouped into isotopic
multiplets, i.e., families of particles which differ from
one another only in their electromagnetic characteris-
tics. The members of an isotopic multiplet are the
various charge states of one and the same particle.
Examples of isotopic families are the proton and neu-
tron, or the 7*, 7~ and 7° mesons. However, the number
of such isotopic multiplets is also very large—about 80.
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Later on, it was discovered that the isotopic multi-
plets are grouped into more complex familites—unitary
supermultiplets, whose existence is due to other sym-
metry properties of the strong interactions, namely
unjtary or SU; symmetry. The differences between the
members of a single unitary supermultiplet which in-
corporates several isotopic multiplets are essentially
greater than those between the particles which comprise
a single isotopic multiplet. However, representatives of
different unitary supermultiplets are quite clearly dis-
tinguished irom one another. An example of a unitary
supermultiplet is the octet of baryons with spin and par-
ity JP = 1/2*—the proton and neutron, the A hyperon, the
=*, £” and =° hyperons, and the =~ and X° hyperons.
Unitary supermultiplets of particles with different values
of the spin can be combined into still more complex
families—the so-called SU supermultiplets, ete. Group-
theoretic methods play a major role in the study of the
symmetry properties of the strong interactions and the
structure of the supermultiplets.

On the other hand, there have developed so-called
composite models of elementary particles, by means of
which attempts have been made to reduce all the diver-
sities of particles to bound states of a minimum number
of fundamental or truly elementary particles. The com-
posite models have made it possible to give a transpar-
ent explanation of the symmetry properties of the strong
interactions as a manifestation of a symmetry of the in-
teractions between fundamental fields. In the first com-
posite model, Fermi and Yang regarded protons, neu-
trons, antiprotons and antineutrons as fundamental par-
ticles. Subsequently, after the discovery of strange par-
ticles, there appeared a series of new composite models,
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the most successful of which was the Sakata model. In
this model, the fundamental particles (®) are protons,
neutrons and A hyperons, as well as the corresponding
antibaryons. All the mesons are bound baryon-anti-
baryon states (&), while the baryons consist of two
fundamental baryons and one fundamental antibaryon
(®9®). With the aid of this model, it was possible to
predict the existence of a number of new particles, to
give a good description of the structure of the meson
unitary supgrmultiplets, and to explain many phenomena
in the domain of weak interaction physics{'!. However,
the Sakata model encountered insurmountable difficulties
in the analysis of the baryon unitary supermultiplets,
since it led to a completely incorrect structure of the
baryon families (see Sec. 4). These difficulties are of a
fundamental character and lead to the conclusion that
one must either abandon an extremely attractive mini-
mal composite model with three fundamental baryon
fields or assign highly unusual properties to these funda-
mental particles. Gell-Mann and Zweigl?! took the sec-
ond path when in 1964 they conjectured that there exists
a fundamental triad of p, n and A quarks—particles with
fractional electric and baryon charges, from which all
the strongly interacting particles are constructed in
such a way that baryons consist of three quarks, while
mesons consist of a quark and an antiquark.

The quantum numbers of the quarks are shown in
Table I. By virtue of the laws of conservation of electric
and baryon charges, at least one quark—the lightest
one—must be stable,

It is difficult to make any definite predictions about
the masses of the quarks. In certain models, reasons
have been put forward in favor of a small value for their
mass (slightly larger than /3). However, in the non-
relativistic model, for which the greatest number of
interesting results have been obtained, the quark mass
must be quite high. In fact, the condition for the validity
of the nonrelativistic approximation for a system of
quarks bound by a deep potential well of radius R has
the form

PIMg ~1/MoR & 1.
If the range of the interaction between quarks is R ~ m7,
the quark mass is M, 2 3—5 GeV. The high accuracy
of the mass formulas for relating the masses of the par-
ticles of supermultiplets provides grounds for supposing
that the quark mass must be even larger, of the order of
10 GeV, although these considerations are naturally not
conclusive. It also follows from the mass formulas that
the mass of the A quark must be somewhat larger than
the mass of the p and n quarks.

2. The quark model

We give below a brief description of the basic features
of the quark model. All the details and references to the

TABLE I. Quantum numbers of the quarks.

Tyige Z=
q:ark B a T Ts |8 ¥o|=3 2<Y>supermult

1/3 | +2/3F 172 | +4/2] Of 1/3 0

n 1/3 | —1/3) 172 | —172] O 1/3 0

A 1/3 | —1/3 0 0 |—1|-—-2/3 0

Composite model: baryon—(QQQ), mesonA(Qa).

Notation in Table I and in Tables II and III below: B—baryon
number, q—ratio of the charge of the particle to the charge |
of the proton, S—strangeness, T—isotopic spin, Ta—its third f

projection, Y—hypercharge, Z—supercharge, C—‘“charm”. t

252 Sov. Phys.-Usp., Vol. 16, No. 2, September-October 1973 |

original papers can be found in the books and reviews[*™®J,

a) Quarks and symmetries of the strong interactions.
In the language of the quark model, isotopic invariance
(SU; symmetry) means the invariance of the strong inter-
action under transformations of the type (p quark)
= (n quark). If isotopic invariance were a strict con-
servation law, the masses of the p and n quarks would be
identical, as would also the masses of all the hadrons
belonging to one and the same isotopic multiplet. How-
ever, isotopic invariance is broken by the electromag-
netic interactions, which lead to a certain difference
between the masses of the individual constituents of iso-
topic multiplets. This difference is small—of the order
of several megaelectron volts.

In analogy with this, the unitary symmetry SU;
amounts to invariance under the transformations
(A quark) == (p, n quarks). K SU; symmetry were exact,
all kinds of quarks would have the same mass. The same
would hold for the masses of the individual constituents
of unitary supermultiplets. It turns out that SU; symme-
try is broken much more strongly than isotopic invar-
iance. The characteristic difference between the masses
within supermultiplets is several hundred megaelectron
volts. This means that there exists an SUs-symmetric
super-strong interaction, which gives the main contribu-
tion to the quark mass and to the binding energy of a sys-
tem of these heavy fundamental particles when they form
composite states—the hadrons. In addition, there exists
a medium-strong interaction, which breaks SU; symme-
try and is responsible for the difference between the
masses of the isotopic families which combine into SU;
supermultiplets.

In the nonrelativistic quark model, important results
have been obtained under the assumption that the so-
called SUs symmetry holds. According to this assump-
tion, the super-strong interaction is not only independent
of the types of quarks, but is also independent of the
orientation of their spins. Thus, the Hamiltonian of the
super-strong interaction is invariant with respect to the
unitary group of six~-dimensional transformations SUe.
The medium-strong interactions break this symmetry"
and may depend on the spin indices as well as the SU;
indices of the quark fields.

b) Supermultiplet structure., The mathematical ap-
paratus of group theory is used to establish the struc-
ture of the supermultiplets.

1) SUs supermultiplets. The mesons are bound states
of the quark~antiquark system. The structure of the
meson supermultiplets can he written symbolically as a
direct product of fundamental triplets of quarks and anti-
quarks: {3} x {3} = {8} + {1}. In other words, the me-
sons form SU; octets and singlets. The baryons, which
consist of three quarks, are grouped into SU; singlets,
octets and decuplets (the corresponding symbolic nota-
tion is {3} x {3} x {8} = {1} + {8} + {8} + {10}).

2) SUs supermultiplets. In accordance with SUs sym-
metry, the mesons and baryons are grouped into still
more complex SUs supermultiplets, In this case, the
mesons form an SUs singlet (with zero total quark spin)
and an SUs 35-plet, which includes an SU; singlet with
total quark spin 1 and SU; octets with spins 0 and 1:

[6] x [6] =[1] +[35] or, indicating separately the SU; in-
dices and the spin indices, [{3}1/2] X [{3}1£] = [{1}0]
+[{1}1+ {8}0 + {8}.:]. The baryons are represented as
[6] < [6] x [6] =[20] +[56] +[70] +[70] = [{1}s2 + {8}1/2]
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+[{8}1e + {10}s2] + 5{1}1/2 +{8}12 + {8}se + {10} 0]
+[{1}12 + {8}12 + {8}3/2 + {10}12] . The baryon SUs
supermultiplets are characterized by the following sym-
metry properties of the unitary and spin parts of the
wave function with respect to interchange of the quarks:
the 56-plet is symmetric, the 20-plet is antisymmetric,
and the 70-plet corresponds to a mixed symmetry.

¢) Classification of boson and baryon states. The
classification of the hadronic states encounters serious
difficulties, owing to the lack of definitive data on the
spin and parity of the majority of the known resonances.
For this reason, we know at the present time the full
composition of only a few supermultiplets.

1) Mesons. The (QQ) system in the state with orbital
angular momentum L = 0 gives a nonet (an SU; singlet
and an SU; octet) of pseéudoscalar mesons ('S, i.e., J
= 07) and a nonet of vector mesons (°S, i.e., J¥ = 17).
These particles form an SUs singlet and an SUg 35-plet,
the latter containing SUs octets of pseudoscalar and
vector mesons and a vector SU; singlet.

_The other mesons correspond to excited states of the
(QQ) system with orbital angular momenta L = 1
Pz, *P,, *Poand 'Py), L =2 (D3, Dz, °D, and 'D2), etc.
At the present time, only the nonet of tensor mesons with
JP = 2* (°P;) is completely filled, and also possibly the
nonet of mesons with JP = 1* ¢p,).

Thus, the simple quark model gives a good prediction
of the grouping of the mesons into nonets and the struc-
ture of the SUs; and SUs supermultiplets. It also permits
a definitive prediction of the following combination of
meson quantum numbers: parity P = (—1)L+1 G-parity
G = (—-1)L+S+T and C-parity and CP-parity of neutral
mesons C = (—1)L+8, cP = (—1)8+1 (here S and L are
the total spin and orbital angular momentum of the sys-
tem of quarks, and T is the isotopic spin of the meson).

2) Baryons. The (QQQ) system in the state with L = 0
makes it possible to describe the octet of the ordinary
baryons with JP = 1/2* and the decuplet with JP = 3/2,
provided that a 56-plet is chosen for the unitary and spin
parts of the wave function. We shall henceforth call
these baryons the fundamental 56-plet. Baryon resonan-
ces with negative parity must belong to SUs 70-plets.

3) Exotic resonances. The possible existence of
exotic resonances, which can be explained only in terms
of more complex quark structures, is of great impor-
tance. Examples of exotic resonances would be baryon
systems of the type (QQQQQ), such as baryons with

“strangeness S > 0 or isotopic spin T > 3/2, and meson
states of the type (QQQQ), which do not satisfy the con-
ditions [S| < 1, T < 1, |Q| = 1 or which are character-
ized by combinations of spin, parity and charge parity
which cannot exist for a single fermion-antifermion pair.
At the present time, there is no reliably established
exotic resonance. The experimental situation regarding
the search for exotic resonances is reviewed int%,

d) Main achievements of the quark model. Let us
, enumerate very briefly the principal successes of the
simple nonrelativistic quark model:

1) The model gives a good description of the struc-
ture of the meson supermultiplets and, what is especially
significant, the structure of the baryon supermultiplets.

2) One obtains mass formulas which are in good a
agreement with experiment and which define a relation
among the masses of the various isotopic families that
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constitute the supermultiplets. One obtains relations
among the electromagnetic mass differences of hadrons
for the isotopic families belonging to the fundamental
56-plet; these relations are also in agreement with
experiment, but they have not been verified to high ac-
curacy.

3) There are predictions for a number of electro-
magnetic properties of hadrons, many of them being in
good agreement with experiment (the magnetic moments
of the neutron and other baryons, the relations

6Pg" = Pa*Vip = 6 @)kt and IV (@?) = 0 for
the form factors of nucleons, the widths of the radiative

decays of vector mesons and, in particular, the width
I'(w — 7°) and a number of other relations).

4) In the quark model, the weak decays of hadrons are
due to the decays of one of the quarks of which they are
composed. The total hadronic weak current, being the
sum of the quark currents, transforms according to the
octet representation of the group SU; (without the quark
model, this statement is postulated). A number of pre-
dictions are obtained for the leptonic decays of baryons,
selection rules such as AQ = AS and AT = 1/2 are ex-
plained, and the relation F A(qz)/ G, = Gg )(qz) is estab-
lished between the weak axial form factor and the elec-
tric form factor of the proton. All these predictions are
in accord with experiment, although in many cases they
have not been verified to sufficient accuracy.

5) The quark model makes it possible to derive a
large number of relations among the cross sections for
strong processes (selection rules for t-channel exchange,
the relation oy(pp) = (3/2) oy (1p), the Treiman-Johnson
relations, and a number of others), which are confirmed
by experiments with a satisfactory accuracy.

Many of the successful predictions of the theory which
we have enumerated are specific consequences of the
quark model and could not be derived in a symmetry
theory. From a number of data (mass formulas, radia-
tive widths of hadrons, ete.), we can infer that the be-
havior of the quarks in hadrons is universal in character;
the A quarks are heavier than the p and n quarks by the
same amount, and their interactions and magnetic mo-
ments are renormalized in the same way in both baryons
and mesons. From the data on form factors, it evidently
follows that the radii of the quarks are much less than
the radii of the hadrons: rQ K rpag-

3. Difficulties that arise in the quark model

The quark model is sufficiently simple and transpar-
ent, and it makes it possible to give a good explanation
of a large number of existing experimental data. How-
ever, we must note that this model also encounters a
number of very great difficulties:

a) It is so far an open question whether quarks are
real particles which can exist in the free state or
whether they are some kind of "quasi-particles' which
can appear only in composite systems, i.e., in essence
are nothing but a mathematical abstraction. Numerous
experiments involving both accelerators and cosmic
rays, as well as physico-chemical investigations, have
failed to establish the existence of stable particles with
fractional charges. However, it is possible that the mass
of these particles is too large and that they will still be
found in future experiments at much higher energy.
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b) If quarks are fermions, the following difficulty is
encountered in describing the fundamental 56-plet of
baryons. The complete wave function of the (QQQ) sys-
tem must be antisymmetric. Since the unitary and spin
part of the wave function of the 56-plet is symmetric, its
spatial part must be antisymmetric and cannot corre-
spond to the two S-waves. In all reasonable models of
the forces which act between quarks, it is very difficult
to explain this for the ground state.

c) The saturation of the forces which act between
quarks is a complicated problem. It is very important
to ascertain whether, in addition to systems consisting
of three quarks or a quark and an antiquark, there can
exist other stable or quasi-stable states: exotic reson-
ances, diquarks or polyquarks with charges 4/3, 5/3,
etc.t!

d) A number of data imply that quarks preserve their
individua_lity within composite hadrons and that they are
“"point-like" (rq K rp,4). It is not yet clear how these
properties of quarks can be reconciled with the notions
that they possess an 1mmense binding energy and must

be surrounded by a meson ''cloud."

e) If fractionally charged quarks are the fundamental
components from which the entire diversity of hadrons
is constructed, there arises the question as to why the
fundamental hadrons have fractional charge, while the
leptons have integral charge. It has been suggested [12]
that perhaps the leptons are also constructed from
"leptonic quarks" with fractional charges. These
"'leptonic quarks" could be produced either directly in
electromagnetic interactions or in the decays of the
""hadronic" quarks. However, the hypothesis that
"'leptonic quarks' exist is rather arbitrary in character.

4. Fundamental particles with integral charges

a) Supercharge and "charm."” As we saw in Sec. 3,
the most natural course in explaining the SU; and SUs
symmetries of the strong interactions and especially the
correct structure of the baryon and meson supermulti-
plets is to introduce a single triplet of truly elementary
or fundamental particles—the quarks, which must then
possess fractional electric and baryon charges. The
fractional quark charges are associated with the require-
ment of a correct description of the structure of the
baryon supermultiplets within the framework of a mini-
mal model of three fundamental fields, This circum- -
stance can be best illustrated with the aid of the concept
of superchargel®®l,

Supercharge is the name given to a quantity propor-
tional to the mean value of the hypercharge in a super-
multiplet:

Z = () (Y) supermulit

Just as the hypercharge is equal to twice the mean elec-
tric charge of an isotopic multiplet (Y = 2<q)1somult)’
the supercharge is equal to three times the mean elec-
tric charge of a supermultiplet (Z = 3(q) supermult)'
Supercharge is an additive quantum number: the
supercharge of any system of particles is equal to the
sum of their supercharges. For the fundamental Sakata-
type triplet of baryons with integral charge P, N, A%, we
have Z = + 1 (for the triplet of antibaryons, Z =—1).
Composite baryons in this model are constructed from
two fundamental baryons and one fundamental antibaryon,
and the supercharges of all baryon supermultiplets must
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be Z = +1 (antibaryon supermultiplets have Z = —1). At
the same time, Z = 0 for the fundamental baryon super-
multiplets which are observed empirically (the baryon
octet with JF = 12%: P, N, A, =%, 2°, 27, E", £°; the
baryon decupiet with JP = 3/2*: a*, A%, A" A", £**, I+,
=x% 2% 07), A Sakata-type model w1th 1ntegral charges
of the fundamental baryons is therefore incompatible with
experiment®,

Thus, there are two ways in which a composite model
of elementary particles can be successfully constructed.

1) One can assume that there exists a fundamental
triplet of superneutral baryons with Z = 0, from which
all the remaining baryons are constructed. This was
done in the quark model of Gell-Mann and Zweig. In fact,
for the fundamental triplet of baryons, of which two form
an isodoublet with S = 0 and one an isosinglet with § =—1
(this requirement allows the simplest description of the
isotopic properties of the ordinary and strange baryons),
we have Z = 3(q)¢riplet = [(Z3By) — 1][1/2]. Thus, it
follows from the reqmrement 7 = 0 that B = 1/3, and we
obtain a triplet of quarks with fractional charges.

2) One can introduce a more complicated system of
fundamental particles, for example in accordance with
the "eightfold way" of Gell-Mann and Ne’eman {3,
in which the fundamental particles are the entire octet
of the "ordinary" baryons with Z = 0: P, N, A, =%, =9
z°, 2% =". The theory of SUs symmetry was first con-
structed in just this way. However, in the "eightfold
way'' one must postulate many selection rules which ap-
pear in a natural way in the minimal model with three
baryon fields; moreover, it is not clear why SUs sym-
metry should appear for the model with 8 fundamental
fields. As is well known, these difficulties subsequently
led one of the founders of the "eightfold way," Gell-Mann,
to the quark hypothesis. It is also possible to introduce
several supermultiplets of fundamental particles, which
must have non-zero supercharge. The existence of sev-
eral fundamental supermultiplets makes it possible to
construct all the superneutral particles which exist in
nature. However, there must also exist in this case
supercharged particles, both fundamental and composite,
which have not yet been observed.

It should be noted that the concept of supercharge
may have a very profound meaning. For example, it is
possible that supercharge is strictly conserved; in that
case, the lightest of the supercharged particles must be
stable. Schemes are possible in which violation of super-
charge is induced by the superweak, weak, electromag-
netic or medium-strong interactions.

In certain models in which supercharge is conserved,
at least in the strong and electromagnetic interactions,
there was proposed a somewhat different definition of
this quantum number, which is related to a generaliza-
tion of the Gell-Mann-Nishijima formula for the charge
q, hypercharge Y and isotopic spin projection Ts;. The
generalized formula for the charge is of the form

@
here C is a new quantum number which is very similar
to supercharge and known as "charm' ('], If the relation
(1) holds, the existence of fundamental partlcles with in-
tegral electric charges not exceeding unity and fractional
baryon number becomes possible. Two types of such
triplets with B = 1/3 are possible:

C=1: {g=1, T, =1/2, §=0), {g=0, T, = —1/2, § = 0},

(g=0 T, =0, §=—1}

g= Ts~+ (Y/2) + (C/3);
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C=—2 {g="0T,=1/2, § =0}, {g= —1, T, = —1/2, § = 0},
= —1, T, =0, § = —1).

Many other possibilities also exist. It is obvious that

we must have at least two "'charmed'' fundamental multi-
plets in order to construct composite models of the
ordinary elementary particles.

b) Composite models involving several supermulti-
plets of fundamental particles with integral charges.
There exists a large number of composite models in-
volving several supermultiplets of fundamental fields.
One of the simplest systems of fundamental particles
consists of a unitary triplet of baryon fields Rp, Ry, Ry
and a unitary baryon singlet M. The quantum numbers
of the fundamental particles and the schemes for con-
structing '"composite hadrons' are shown in Table II.
Many other models involving two unitary fundamental
multiplets are considered inL**J, which gives references
to earlier papers.

Of the models involving several fundamental super-
multiplets, those of greatest interest seem to be the
schemes with three unitary tripletst®®™), in which
one can avoid the difficulties associated with the sym-
metry of the wave function of the ground state of the
baryon SUs 56-plet.

One of the possible resolutions of this problem is the
assumption that there exist not one, but three unitary
triplets of quarks (p("’), n(®), A(@) where o = 1, 2, 3).
Each baryon consists of one quark of each of the triplets;
thus, all three quarks are different and the difficulties
with the Pauli principle do not arise.

In essence, this possibility is equivalent to the as-
sumption that the quarks are not fermions, but para-

fermions of the third order, so that they are not governed

by the Pauli principle.

These three families of quarks can be the ordinary
quarks with fractional charge and differ from each other
in having different values of some new quantum number.
However, the introduction of three triplets of fundamen-
tal particles makes it possible to get rid of the frac-
tional values of the electric charges. We shall consider
below a model with three triplets due to Bogolyubov
et al.[%'®}, gimilar schemes were also proposed int'?,

In this model, there exist three fundamental triplets
of particles with spin 1/2: Py, ry,8,(n=1, 2, 3isa
unitary index). Their quantum numbers are shown in
Table III.

If we denote the electric charge and hypercharge of
the quarks by qo and Y,, we have the relations dp +4qp
+qg = 3qoand Yp + Y; + Yg = 3Yo. The systems
(ParB ) are therefore characterized by the same
values of the quantum numbers as the states of three
ordinary quarks. In this model the baryons have the
structure (Parﬁs ), while the mesons have the struc-
tures (Papﬁ)’ (farB), (sasﬁ) or linear combinations of
them. In this way, all the basic results of the quark
model may be preserved. There is considerable arbi-
trariness in the choice of the quantum numbers in the
model of three fundamental triplets. Thus, the condition
Bp + By + Bg = 1 must be satisfied for the baryon num-~
bers. One can therefore choose not only Bp = By = 1,
Bg = —1, as in Table III, but also Bp=1,By=Bg=0,
etc., or Bp = B, = Bg = 1/3.

¢) Higher symmetries, The introduction of several
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TABLE II. Quantum numbers of the fundamental
particles in the model with a unitary triplet and a
unitary singlet of baryons.

Type 3

of B q T T3 ] Y 1Z =3 ¢Y> supermult
baryon| '
Rp 1 17 172 1/2 0 H 1
Ax 1 0@ 1721172 0 1 1
R, i 0 0 0 —1 0 1
M 1 1] 0 0 0 0

Composite model: ordinary _gsupem'eutral) particles—mesons
(RR), (MM) and baryons (RRM); supercharged particles—
mesons (RM), (MR)and baryons (MMR), (RRR).

|

TABLE III. Quantum numbers of the fundament-
al particles in the model with three triplets ['®]

Type
, of B q T T3 8 Y c
baryon
P, 1 1] 172 ] 12 0 1 0
P, 1 o 12 ] —12 0 1 0
Py 1 0 0 0 —1 0 0
ry 1 1 1/2 —+1/2 —1 0 3/2
ra 1 0 1/2 —1/2 —1 0 3/2
rs 1 0| o 0 2] —t 3/2
Sy —1 0 1/2 172 -1 0| =372
Ss —1 —1 1/2 —1/2 —+1 0 —3/2
S3 —1 —1 0 0 0 —1 —3/2
Composite model: ordinary particles—baryons (Parﬁsy) and
mesons (PO,P{;), (rarB), (SaSﬁ) or linear combinations of
them; “charmed” particles may exist.

families of fundamental baryon fields gives us great
freedom in constructing composite models of elemen-
tary particles. In this way, we can dispense with the
fractional electric charge of the fundamental particles
and also overcome certain difficulties of the quark
model, such as the problems connected with the sym-
metry of the wave functions of the fundamental 56-plet
of baryons. Fundamental particles with integral charge
may be stable or comparatively long-lived, but can have
an extremely short lifetime corresponding to an inter-
action which violates unitary symmetry. We must as-
sume that there exist composite particles of a new
type—"'supercharged" or "charmed" particles, for which
there are also different possibilities for the lifetime,
depending on the degree of conservation of this new
quantum number.

If there exist two or several supermultiplets of
fundamental particles, there arises the question as to
whether there are symmetries higher than the unitary
SU; symmetry. In fact, in the quark model the distinction
between the p, n and A quarks had to vanish in the limit
of SU; symmetry. If we have a model with a fundamental
triplet R and singlet M, the distinction between the com-~
ponents of R vanishes in the limit of SU; symmetry, but
the distinction between R and M remains. But perhaps
there exists a super-strong interaction for which the
distinction between the particles R and M vanishes if all
the remaining interactions are included. In that case,
SU4 symmetry must be realized in nature. An analogous
situation can occur for the other schemes with several
unitary supermultiplets.

Nevertheless, it seems to us that, if we abandon the
model with three quarks of fractional charge and go over
to more complicated models with several families of
fundamental particles, the theory will become more
artificial and less attractive. However, the question as
to whether one or another model is correct is basically

L. G. Landsberg 255



an experimental question; consequently, experimental
searches for quarks, fundamental particles with integral
charges, ""charmed' particles, ete. are of great signifi-
cance and rank among those fundamental experiments
without which it is not possible to construct a theory of
the strong interactions.

Il. QUARK SEARCHES WITH ACCELERATORS

1. The search for quarks of charge q = 1/3 and
q = 2/3 with proton accelerators

a) Quark production reactions and kinematic condi-
tions of the experiments. In experiments with modern
large accelerators, quarks and fundamental particles
could be produced when a target is bombarded by a
primary proton beam of high energy. Searches for these
new particles have been carried out in secondary beams
with a given momentum emerging at a definite angle with
respect to the direction of motion of the primary pro-
tons. In experimental searches for new long-lived parti-
cles, the following two methods have been used to
identify them:

1) For particles with fractional charge (quarks)—
measurement of the charge by repeated determination of
the ionizing power of the particles in scintillation coun-

ters or track devices (bubble chambers, streamer
chambers, etc.).

2) For particles with both integer and fractional
charge—measurement of the mass by determination of
their velocity (at fixed momentum) by means of Cerenkov
counters and by time of flight,

The simplest quark production processes in nucleon-
nucleon collisions are the following reactions:

a) quark-antiquark pair production
N+N->N+N+Q+0,
~N+N+Q+0Q+n4,
where A denotes other hadrons;

(2)
@"

b) the "dissociation' of one of the micleons into three
quarks

N+ NN+ 20+ Qu] @)
— N +20; + Q, + nd 3
(in the case in which the proton dissociates, Q; are posi-

tive p quarks with charge q = 2/3 and Q. is a negative n
quark with charge q = —1/38; in the case in which the

neutron dissociates, Q, are n quarks and @ is a p quark).

In Fig. 1 we show the thresholds for the production
of quarks in reactions (2) and (3) as a function of their
mass for collisions of protons with nucleons at rest. It
is clear from the figure that in experiments with the
proton synchrotron of the Institute of High Energy Phys-
ics at Serpukhov (proton energy 70 GeV) quarks can be
produced with masses = 4,8 GeV (reaction (2)) and
M = 3.5 GeV (reaction (3)). With the CERN accelerator
(proton energy 28 GeV), quarks can be produced with
masses less than 2.7 and 2.1 GeV, respectively.

As we mentioned above, quark searches with acceler-
ators have been carried out in beams of secondary par-
ticles with a given momentum and at a definite angle
with respect to the primary beam. It is important to
select the conditions of the measurements (i.e., the
angle and momentum of the secondary particles) so as
to maximize the expected yield of quarks. Data on the
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FIG. 1. The production thresholds
for quarks in the reactions NN - NNQQ 3
and NN - NQ,Q,Q, as functions of <l

. 2 &
their mass, for collisions of protons =
with nucleons at rest. 1

NN-~NNAD
M

W @ w W
&.,GeV

production of strongly interacting particles in nucleon-
nucleon interactions show that the yields of these parti-
cles fall off very rapidly with increasing momentum
transfer. Thus, for the production of pions, kaons and
antiprotons by protons with an energy between 19 and
70 GeV, the differential cross sections at small momen-
tum transfers are of the form (d%0/dp dQ) = exp (bt),
where b = 4—5 (GeV/c)?, —t = (4-momentum transfer)®

= (p8), p is the momentum of the secondary particle,
and 0 is its production angle. Experimental quark
searches should therefore be made in the region of very
small production angles.

The choice of the optimum secondary momentum is to
a great extent determined by kinematic considerations.
H a particle which is produced has a mass M and is at
rest in the center-of-mass system (c.m.s.), its momen-
tum in the laboratory /system (1.s.) is equal to B,yeM
(where vy, = (1— f2)™*, and g, is the velocity of the
c.m.s. with respec % to the 1. s.) This situation apphes
just at the threshold for production of the particle. In
the general case, the particles in the ¢.m.s. are charac-
terized by a certain momentum spectrum, and their
angular distribution is symmetric with respect to the
"forward" and "backward'' directions. Therefore half of
the particles have a momentum greater and half have a
momentum less than 3,y,M in the 1.s. The kinematics
of the Lorentz transformation is such that the angular
distribution of particles produced in the forward cone in
the c.m.s. is compressed into the small-angle region
when transformed to the l.s., while the angular distribu-
tion of particles produced in the backward cone in the
c.m.s. turns out to be distributed over a wide angular
range in the l.s. Therefore, for particles of mass M
produced at small angles in the l1.s., the maximum in
the momentum spectrum turns out to be displaced to the
region of momenta greater than Bov oM. The data onp
and d production by 70 GeV protons show that the shift is
small m this case, amounting to several gigaelectron
voltst?

More detailed calculations of the momentum spectra
of quarks in the l.s. can be made only under definite
model-dependent assumptions about the production
mechanism of these particles. For example, we can
make the simplest assumption that the angular distribu-
tion of quarks is isotropic in the c.m.s. and that their
momentum spectrum corresponds to the Lorentz-invar-
iant phase space., The results of calculations for a prim-
ary proton energy 70 GeV are shown in Fig. 2. They
show that the most favorable kinematic conditions for
the search for particles with high masses occur when
the momentum of these particles is 25—30 GeV/c for re-
action (2) and approximately 20 GeV/c for reaction (3).

The phase-space model, in which the particles are
distributed isotropically in the c.m.s., does not at all
reflect the dynamics of the strong interactions, which,
as experiment shows, produces a considerable narrow-
ing of the angular distribution of particles and changes
their momentum spectrum. As an example, we may com-
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pare the momentum spectra of antiprotons and anti-
deuterons calculated according to the phase-space model
and measured experimentally (Fig. 3). We see from Fig.
3 that the maximum in the momentum spectrum of
strongly interacting particles is shifted toward smaller
momenta when compared with the calculations according
to the phase-space model. Since the maximum in the
momentum distribution exceeds B,7, for particles of
mass Mg, for the primary proton energy 70 GeV the
maximum in the momentum spectrum of secondary par-
ticles must lie in the range 6.2Mg < pryax < 27 GeV/e.
Therefore the optimum conditions for the search for
heavy particles with MQ > 3 GeV correspond to a choice

75 g ,
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FIG. 2. The expected yields of quarks in the reactions (2) and (3) for
a primary proton energy 70 GeV, calculated in the phase-space model.
MQ and p = Iqlp are the quark mass and momentum. The crosshatched
areas correspond to the momentum intervals in the experiments ['°]
carried out at IHEP with p = 50 (I), 64.5 (I14) and 80 GeV/c (Ilp).

of the secondary momentum in the interval 20—27 GeV/c
and are not very crucial in relation to the assumptions
about the mechanism for their production. The optimum
experimental conditions for other primary proton ener-
gies can be chosen from the conditions for 70 GeV by
means of the "scale transformation” (Pgecond /pprim)

=~ const.

b) Experimental searches for quarks. Since it was
first hypothesized that quarks exist, numerous experi-
mental searches for them have been carried out with ac~
celerators. Since the theoretical predictions for the
cross sections for producing these particles differ among
themselves by many orders of magnitude and are very
uncertain (see Sec. IV), there have been experimental
searches that are distinguished by a very high sensitiv-
ity. However, quarks have not been seen in a single one
of these experiments. In Table IV we show the corre-
sponding estimates of upper bounds on the differential
cross sections for quark production in nucleon-nucleon
collisions. Particularly low values of these bounds have
been established by measurements carried out in
1968~69 at IHEP'*®] and at CERN(**],

The experimental arrangement for the quark search
carried out at IHEP is shown in Fig. 4. To separate
iractionally charged particles, the ionization of the par-
ticles was measured in a large number of spectrometric
scintillation counters. Moreover, use was made of a
time-of-flight spectrometer, allowing the determination
of the masses of heavy particles, and a gas Cerenkov
counter to suppress the background of light particles’
(muons, pions, kaons and antiprotons). The setup also
incorporated a magnetic spectrometer with wide-gap
optical spark chambers for further analysis of the regis-
tered events.

The conditions under which the quark search was
carried out are shown in Table IV and in Fig. 2. It should
be noted that in the main exposure the magneto-optical
channel©*®! was adjusted to the momentum p = 80 GeV/c,
corresponding to the momentum of quarks with charge
q=-1/8, PQ = lalp = 26.7 GeV/c. The use of the channel
with the momentum p = 80 GeV/c is of special interest.
Since the energy of the accelerated protons which bom-

FIG. 4. Arrangement of the IHEP quark search experiment. p—beam of accelerated protons; T—target; K,-K,—collimators;
M;-M;—bending magnets; L,-Ls—quadrupole lenses; BS—beam shutter; S,-S;o—spectrometric scintillation counters (to measure
the ionization of particles); 0,-0;, A;-A;—analyzing and guard counters to eliminate edge effects in the spectrometric counters;
V,, Va, Ss—counters to measure the time of flight; C—threshold Cerenkov counter; C,-C,—wide-gap spark chambers of the mag-
netic spectrometer; the counter Sy and lead absorber served to provide information on the interaction of quarks with matter

) Phase space for NN-NNp7 .
E, 0 FIG. 3. Experimental spectra for
E; the production of antiprotons and
E ] antideuterons by 70 GeV protons on
/07 Phase space for Al nuclei and the results of calcula-
W NN—NNNN d tions in the phase-space model for
e the reactions NN - NNpp and
z NN - NNNN (the phase-space
curves are normalized to the experi-
VA mental data at p = 10 GeV/c).
T R
P, GeV/e
h]
5p 560 by,
if they were to be detected; F,-F, and P,-P,—monitors.
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TABLE IV. Searches for quarks with charge 1/3 and 2/3 with pro-
ton accelerators
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8 is the angle of emission of the secondary particles; p is the momentum of the
secondary particles; P~ | q | p is the momentum of quarks with charge q; MQmax
is the limiting value of the mass of the quarks produced in collisions of a proton
with a nucleon at rest under the kinematic conditions of the given experiment.
Quark searches were carried out in the range of masses from O to M, exceeding
Mpax by several GeV, in order to exploit the possible broadening of the range of
masses due to the Fermi motion of the nucleons in the target nucleus. Ny, is the
flux of pions (or other particles) passing through the apparatus; dzﬂQ/dp d2ggg,
and nQy/nylg oy, are the upper limits of the differential cross sections and the ratios
of the yields of particles (at fixed momentum pQ) at the 90% confidence level (on
the nucleon).

B [252] a quark search was made in liquid hydrogen bubble chamber using the re-
action pp - QQ with 1.3 GeV/c antiprotons. The charge of the particles Q, Q is
1q 1= 1/3, 2/3 and 4/3. No quarks were found in the analysis of 60,000 photographs.
The limits on the cross sections are not quoted (they are about a microbarn).

fter submitting this paper for publication, the first results of the quark search
with the CERN colliding proton beams (ISR) with energy 26 GeV + 26 GeV were
published [25°]. In this work, no particles with charge q = 1/3 (2/3) were found
among 0.6 X 10° charged particles which passed through the apparatus. The follow-

ing upper limits ¢at the 90% confidence level) were obtained for the total cross
sections for quark production:

°Q | 90%, cm*®
Quark Range of quark l __Model with mean _
charge q masses, GeV Phase-space model transverse momentum
T <p;> = 0.4 GeV/c
1/3 - 2 Mg <22 4.10-338 3.10-34
2/3 2L My <1316 (4—10)-10-33 (3—10)-10-34
r

g

In all the exposures, the selectivity of the arrange-
ment proved to be much greater than necessary to sup-
press the background under the conditions of this experi-
ment. Therefore, in the final stages of the analysis no
use was made of the information from the spark
chambers, Cerenkov counter and some of the scintilla-

-4 tion counters. In this way, the efficiency of the set-up

was increased somewhat, and no lower limit on the quark

F mass M was introduced. Even with such a reduction in

the number of selection criteria, all of the registered
events were rejected by several criteria.

The experimental quark searches carried out with
other accelerators have been confined to the range of
masses of these particles with energy up to 2.5—2.8 GeV
(for collisions of primary protons with stationary

3 nucleons). Therefore we shall give below only a very

brief description of these works.

In the principal measurements in the experiments of
the CERN groupl?*], use was also made of a ""no-back-
ground channel,” which was adjusted to a momentum
corresponding to an energy greater than the primary

| energy of the accelerator. To identify fractionally
| charged particles, the ionization was measured in sev-

eral scintillation counters and in a streamer chamber.
The scheme of the set-up is shown in Fig. 5.

Previous quark searches'?°?*] were carried out by
means of bubble chambers in which tracks of particles
with a small ionization were sought. A fundamental
methodological difficulty which had to be faced in these

1 experiments was the background from particles passing

through the chamber (after its expansion) on the plateau
of sensitivity. These events were characterized by a re-
duced density of bubbles along the track and could simu-
late the passage of fractionally charged particles
through the chamber. In order to eliminate this back-
ground, in[?*1 the time at which the particles entered
the chamber was determined by means of scintillation
counters, together with the photographing of the bubble
chamber.

Inf*»2%] searches were made for particles with high
masses and charge |q| = 2/3, i.e., not only quarks but
also long-lived fundamental particles with integral
charge.

We shall discuss these experiments in greater detail
below (Sec. II.3 and Table VII). We shall also consider
separately quark searches in electromagnetic processes
(Sec. Iv.3).

¢) Comparison of the upper bounds on the differential
cross sections for quark production with the data on the

| yields of heavy particles. In Table V we make a com-

: e et e ] 3
*The range of the particles in this experiment was 1600 g/cm?; the beam was not

. analyzed with respect to momentum. } parison of the upper bounds on the differential cross

sections for quark production with the data on the yields

of heavy strongly interacting particles—antiprotons,
antideuterons and antihelium-3["* %] —for the same
values of the momenta and production angles at which
quark searches have been made. The effective numbers
Negie, Nige and Ni'pe® quoted in the table have the fol-

lowing significance: if quarks had the same production
cross sections as antiprotons, antideuterons or anti-
helium-3, then the number of quarks that would be de-
tected by the set-up during the search experiments would
be equal to anj.. » Nuigr or N.'H_éin . Thus, these quanti-
ties characterize the sensitivity of experiments on the
search for fractionally charged particles. We can con-
clude from Table V that, if the quark mass is less than

bard the target is equal to 70 GeV, secondary particles
are produced at the farget with a momentum less than
70 GeV/c. Thus, the experimental quark searches in this
exposure were carried out under exceptionally favorable
background conditions: The only particles which could
pass through the channel were those with a fractional
charge, as well as a small number of ordinary particles
with integral charge that have scattered on the walls of
the collimators, poles of the magnets and lenses or have
passed through the shielding (muons). The number of
background particles did not exceed several tens per
hour.

258 Sov. Phys.-Usp., Vol. 16, No. 2, September-October 1973 L. G. Landsberg 258




TABLE V. Comparison of upper bounds on the differential cross sections for quark production with the data on the

yields of heavy strongly interacting particles

v bound Antiprotons Antideuterons Antihelium-S(l-‘E‘)
pper boun Effec- Effec- Effec-
0 — S (P = - ec —— (p = =
:;\Ztron qQ Gig’lc 8% __dzuod(l’gv Q‘) ’ d2oz(p5~p0, ﬂp_oQ)‘ tive 9203 Pg=Py: ﬁd"’ﬁa) tive dzaHe”( Hes_PQ oHex_GQ) tive
BY me r: Q 90% ap a9 number dpdQ number dp dQ ' number
om?/sr(GeV/c) om?/sr-GeV/e) | Nug» | em?/sr(GeV/e) | Nuge em?/s(GeV/e) Neggats
E=70GeV | —1/3{16.7] 0 1.4-10-35 1.6.10-2 2.6.108 1,7.10-31 2.8.104 ~ 9.10-3¢ 1
(l?!EP exper-
iment [*°) 21.5| 0 3.6.10-37 7.9.10-28 5.0-109 5,0-10-32 3,2.10 ~9.10-30 57
26.7| 0 7.1.10-38 2.1.10728 6.9-109 1.1.10-32 3.4-108 ~ 210736 65
SN 5, =1:2-1010 >Nz, =6,9-108 N e, =113
—2/3/33.3| 0 7.7.10-38 6.0.10-28 1.8-107 1.8.10-33 5.3.102 — —
43,0/ 0 2.1-10-%7 6.4-10730 6.9-107 1.1.10-34 1,2-103 — -
53.3( 0 4.1.10-38 1.4.10-31 6.2-108 6-10-37 35 — —
DN 5y =9,3-107 SN g,=1,8108 SV s, ~ 0.2—0.3
E=27GeV | —1/3[10.9] 0 7.2-10-39 1.40-28 5.1010 d/p ~ 10-¢ ~5.10% _ —
(C.ERN exper-
iment {*] | _2/3114.7] 6.5 5,2.10-38 1.5.10-29 6.108 @p~10-¢ ~ 5.102 — —

FIG. 5. Arrangement of the CERN quark search experiment [?*]. M¢-M,—bending magnets; Q;-Q,,—quadrupole lenses; F,
and F,—beam foci; T,-T¢—analyzing scintillation counter; PH,-PHs—spectrometric scintillation counter to measure the ioniza-
tion of particles; SC—Streamer chamber to measure the ionization; C,, C,—Cerenkov counters; counters T,, T and T4 were also
used to measure the time of flight; the counter u, placed behind a layer of absorber (1.5 m of iron), served to provide informa-

tion on the interaction of the particles; A, A,—monitors.

4.8 GeV, then for 70 GeV protons quark production
should be suppressed by approximately 10 orders of
magnitude in comparison with antiprotons, 6 orders of
magnitude in comparison with antideuterons, and 2 orders
of magnitude in comparison with antihelium-3. The val-
ues of the total effective numbers quoted in Table V also
enable us to compare the results of the experiments on
quark searches carried out at IHEP and at CERN in the
range of masses up to 2.5 GeV, where these experiments
overlap. It is clear from the table that, if the sensitivity
of the CERN experiment is several times higher than
that of the IHEP experiment for quarks with charge
'q =—1/3 and mass Mg = Mp, the data obtained at IHEP
have a much higher sensitivity for the mass MQ = ZMP.

d) Estimates of upper bounds on the total cross sec-
tions for quark production. Upper bounds on the total
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cross sections for quark production can be determined
from the relation

d?aq (py, 091
dpdQ |90y

o (Mo) |

90%=(

J‘ § (436q/dp dQ) dp dQ .
)exp d%0q (py, B1)/dp dQ theor"

here (d" og(Py, 6.)/dp dQ lg0gy Jexp. is an estimate of the
upper bound on the differenti%l cross section (at the 909
confidence level) obtained experimentally at given values
of the production angle 6, and momentum p, of the quarks
(see Table IV). In order to determine

[ {§ (@200/dp Q) dp dg]

" &g (py, 90/dp AR dyneor”

one must make definite assumptions about the produc-
tion mechanism of quarks, which would make it possible
to perform calculations of their angular and momentum
distributions. Such calculations naturally constitute only
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estimates, since no reliable theoretical models exist.
Such estimates are nevertheless useful, since they make
it possible to compare from a unified point of view the
results of different experimental quark searches carried
out under quite diverse conditions, with both accelera-
tors and cosmic rays.

The simplest assumptions about the production mech-~
anism of quarks are made in the phase-space model,
already discussed in Sec. II.1, according to which the
angular distribution of quarks in the ¢.m.s. is isotropic
and their momentum spectrum corresponds to the
Lorentz-invariant phase space. In this way, one can ob-
tain a possible form for the momentum and angular dis-
tributions of quarks in the l.s. (see Fig. 2) and determine
upper bounds on the total cross sections for the produc-
tion of these particles in the reactions (2) and (3). The
results of these calculations are shown in Figs. 6 and 7.

We have already noted above that the phase-space
model does not reflect the dynamics of the strong inter-
actions, which can cause a significant narrowing of the
angular distribution of quarks and modify their momen-
tum distributions. Phase-space calculations have the
further defect that they have been carried out only for
the simplest reactions (2) and (3) with 4 particles in the
final states, while the experimental data refer to all
quark production processes of the type NN — NNQQ(nA)
or NN — NQ; Q1Q:(nA). One may expect that the phase-
space model is well founded only for a range of masses
near the production threshold, when the quarks move

0%
T 0% \“V"’.?
:§ : FIG. 6. Upper limits a(MQ)lsog,
£ 0w g=-§- on the total cross sections for pro-
[ ducing particles with fractional
N charge q =—1/3, —2/3 and —4/3 (see
14 , ; Sec. I1.2) by 70 GeV protons in the
=5 =77 reactions NN - NNQQ and
NN-NQaQ, NN-NNQE NN = NQ,Q,Q,, determined accord-

ing to the phase-space model (IHEP
experiments ['°]).

w*l

FIG. 7. Upper limits on the total cross sections for quark production
obtained in accelerator experiments (according to the phase-space model
for the reaction NN = NNQQ). 1—from [2°], 2—[?!], 3—[?%], 4—[?7],
5-[231, 6-[?*1, 7—first IHEP experiment ['*], 8—CERN experiment
[2*1, 9—second IHEP experiment ['%°}. The straight lines are two pre-
dictions for the total cross sections for quark production in the statistical
model of Hagedorn [3!]; the lower line in this model practically coin-
cides with the predictions of the statistical theory of E. L. Feinberg et
al. [333] (see Sec. IV).
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d2o(p*, 8*%)
dp* dQ*

slowly in the c.m.s. and have an isotropic angular dis-
tribution. Approximately this situation holds for the
production of proton-antiproton pairs, for which the
yields of the particles and their momentum distributions
near the production threshold are in agreement with
calculations according to the phase-space model[%*,
while this model proves to be inadequate at higher prim-
ary proton energies.

The defects of the phase-space model have made it
necessary to estimate upper bounds on the total ecross
sections for quark production with the aid of a simple
phenomenological model that takes into account the char-
acteristic features of the dynamics of the strong interac-
tions[®*}, This model makes use of the existing experi-
mental information on the production of antiprotons and
antideuterons. A formula has been derived which per-~
mits an adequate description of the experimental data
on the momentum and angular distributions of antipro-
tons produced in nucleon-nucleon collisions for primary
energies 190°9, 23097 anq 700%2%] Gey. It has the fol-
lowing form (in the c.m.s.):

Sl =A@ e { —[

(p*cos $%)2 | (p*sin 9%)2 . p* \22 .
Poreae e 1 [1‘(;:;,,,) I
4)
here piknax is the maximum antiproton momentum, and
p¥1—( p"</p;‘<nax)z]2 = R, is the phase space for the re-

action pp — pppp. The coefficient B(s) was chosen in the
form (P} ,.)°d, where P} _ is the maximum momentum
of the system X (including the proton-antiproton pair)
which is produced in the reaction pp — ppX (all quanti-
ties are in the c.m.s.). At energies near the antiproton
production threshold, (p*)* and B(s) < Cd’o/dp* dQ*

= A(s)Rs, by virtue of which the spectra of the particles
are described by the phase-space model. The param-
eters d and C were determined from the data oft®*, in
which a detailed study was made of the spectra of anti-
protons produced in proton-proton interactions at a
primary momentum p = 19.2 GeV/c. They were found to
have the values d = 0.21 and C = 0.27 (GeV/c)®.

A comparison of calculations carried out according
to Eq. (4) with the experimental data showed that the _
spectra of heavy strongly interacting antiparticles (p, d)
is adequately described by the proposed formula.

This phenomenclogical model has been applied to the
description of QQ pair production processes. In other
words, it was assumed that the differential cross sec-
tions for quark production have the form (in the c.m.s.)

+ 2 e - () T

The same values of the parameters d and C are used
here as in the description of the antiproton spectra®.
The function A(Mq, S) naturally cannot be predicted
within the framework of a phenomenological model.
Below we shall present certain arguments regarding the
form of the dependence A(S) for particles of mass Mq-

* cos 9*)2
- a0t 9 o ({550

In Fig. 8 we show the expected momentum spectra of
quarks (in the lL.s.) for the primary proton energy
70 GeV, calculated by means of the phenomenological
model. They show that, for quarks with heavy masses

> 2.5~3 GeV and charge q = —1/3, the conditions of

observation in the IHEP experiment were quite close to
the optimum ones. In Fig. 9 we show the upper bounds
o(MQ)lgoo/ on the total cross sections for quark produc-
tion obtained by means of the phenomenological model
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for the experiments performed at the primary proton
energy 70 GeV.

e) Possible energy dependence of the cross section
for quark production and allowance for the Fermi motion
of the nucleons in the target nucleusl®*}. The estimates
o(MQ) ]90% of bounds on the total cross sections for
quark production which have been made in the phase-
space model and in the phenomenological model and
which are shown in Figs. 6, 7 and 9 correspond to the
case of collisions of the primary protons with nucleons
at rest. The motion of the nucleons inside the nucleus
leads to a broadening of the range of collision energies
and to an increase in the accessible masses of the quarks
produced in the reactions (2) and (3). Estimates
U(MQ)Igo% which allow for the motion of the nucleons
inside the nucleus can be made on the basis of experi-
mental data of Dorfan et al.[?*] on the momentum spec-
trum of the nucleons in the copper nucleus. These esti-
mates have a qualitative character, since the interpreta-
tion of the results of Dorfan et al. is ambiguous and
since targets of various materials have been used in ex-
periments on quark searches. In Fig. 10 we show the
function R(W, Ep), the probability of realizing the total

energy sl/2 =W in the c.m,s. at the primary energy
of the bombarding protons, for the two values =3
and 70 GeV. Allowing for the Fermi motion of the n
nucleons in the nucleus,®

Wmax

Oeff (Mg, Ep)= 5 R(W, Ep) o (Mg, W)dWw,

W thr
here o(Mgp, W) is the total cross section for the produc-
tion of quarks of mass as a function of the energy in
the c.m.s. or, equivalently, as a function of the primary
energy. Since this dependence is unknown, we shall make
several possible assumptions about the form of this func-
tion:

1) The simplest, although unfounded, assumption is
that the cross section for quark production is constant,
starting from the production threshold:

M, =6 GeV/c?
2

C 10!
g
Ry
E

e
0!
1072 3 1A L I s ! L )
4 12 20 28 36 44 ! 3 5
£,GeV/e M, GeV/e
FIG.8 FIG. 9

FIG. 8. Expected momentum spectra of quark production in proton-
nucleon interactions at E = 70 GeV for the phenomenological model. The
production of particles with M = 6 GeV becomes possible as a result of
the Fermi motion of the nucleons in the nucleus; for My < 4 GeV the
motion within the nucleus has a negligibly small effect.

FIG. 9. Upper limits 6(M@)lso4 on the total cross sections for produc-
ing fractionally charged particles in the reaction NN - NNQQ with 70
GeV protons according to the phenomenological model (solid curves).
For comparison, we also show the values of a(MQ)IgO% obtained in the
phase-space model (dashed curves).
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W (M, for w>w, =2(M,+Mp),
o (Mg, W):{“a (0 Q) for WzW‘tJ}\\Ir (M- Mq) (5)
In this model
Geff (Mg, Bp)=04y (Mo, Ep)=
max Wmax
= S R(W, Ep)o® (M, W) dW =0 (My) y R(W, Ep)dW.
W thr W the

2) A more substantiated form of ¢(M, W) can be
proposed on the basis of the assumed analogy between
the production of quarks and of other heavy particles—
antiprotons and antideuterons. In Fig. 11 we show the _
energy dependence of the total cross sections for pand d
production, from which we see that the yields of these
particles first rise rapidly with increasing energy and
then vary rather slowly, perhaps even reaching a con-
stant value. This behavior apparently means that many
different channels for the production of heavy particles
open up as the energy increases and, although the contri-
bution of each individual channel falls off at high energy,
the total cross section remains unchanged. The total
cross section for producing pairs of heavy particles of
mass M as a function of the energy in the c.m.s. W can
be represented in the form

a® (Mg, W) =0 (Mq)
W —2M,—2M3y\5/2
[ ()"
where near the threshold (W — 2Mp - ZMQ < Mg) we
have

{1~exp

(6)

oM g, W bOP(M ) (W — 2M p — 2M Q)/ M g)/2. ")
In this case
Tetf (Mq, Ep)=004r (Mg, Ep)
anax
~op g | rw Ep {1_exp
W the
W—2M,—2Mg\5/2
[ —P "€ }d
x[ ( Mg ) J w
Wmax
~ 0@ (M) b S R(W, Ep)
Wihe
W—2M,—2Mq\5/2
x( —— ) aw

(since R(W, Ep) is a very rapidly decreasing function
and the integral depends on the integrand near W),
The coefficient b is determined from experiments on
antiproton production and is assumed to be fixed and
equal to b = 0.007, The choice of the value of b is not
crucial for the rest of the analysis, since it merely de-
termines the scale in which the "asymptotic" cross sec-
tion 057’ (Mg) is measured. The effect of the Fermi mo-
tion becomes important at the very end of the range of

R(wgp
0°

Ep =70 GeV

FIG. 10. Form of the function R(W, E

)
for E = 30 and 70 GeV. P

10

107

1w
5 7 § #H-.B 5w
W, GeV
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masses of particles which can be produced in interac- 2. The search for polyquarks

tions of protons with nucleons at rest and in the region . . .

of "sub-threshold" production. Thus, for 70 GeV primary The expeylments carrled‘out with accelerators have

protons, the allowance for the Fermi motion does not sh9wn that, lf free qu.arks with a charge q = 1/3 or 2/3

show up for masses up to Mg = 4—4.5 GeV, and in this ex1§t, then el!:her their masses must exceed ~ 5 GeV or

region® their production cross sectlops are unusually small.
These results refer to long-lived particles with a life-

T MQ) 909, =I5y, (MQ: EpYla09,= 5" (MQ) Igo9, = (Mqs Ep) fgqu, time greater than 10°—107° sec. It had been conjectured

. liert!t) that there may exist stable systems of two
The estimates o Mg, E ) of the upper bounds were 2T y
eff » Sp ;
ade with the aid of the phenomenological model on the or more quarks with charges 4/3, 5/3, 7/3, etc., whose

. . masses, owing to the large binding energy, may be much
b?.s1s of ?he exp er1meqta.l data on the upper bounds on the less than the ?na.sses of fgree quarxl'is. Thgeyfree Szluarks
dﬁerentml cross se.ctlons for Ej, =70 and 27”GeV. In with charges 1/3 and 2/3 may then be unstable and de-
this way, we determined upper bounds on the "asymp- cay, emitting lighter particles such as those with charge

totic" cross sections 0" (Mq) and oy )(MQ)- By means - 4 = 4/3 (diquarks or polyquarks). Thus, the negative re-
of this procedure, we can compare the results of various  gsults of quark searches do not exclude the possibility of
experimental quark searches, carried out at different observing polyquarks with the existing accelerators,
primary energies (including those with cosmic rays; see provided that free quarks have a mass >5 GeV or have
Sec. III). This comparison is made in Figs. 12 and 13. a small lifetime.

In principle, of course, there can also exist poly-
quarks with charges q = 1/3 and q = 2/3 (e.g., (nn)q=2/3,

(pnnn)q=_1 /3 (pn)q= 1/3 etc.). Consequently, the ab-

LS ) . sence of polyquarks with charges q =—1/3 and —2/3 and
= FIG. 11. Total cross sections for anti-  with masses up to 5 GeV evidently means that in this
i N t?:m‘t’.“ a"g tf’gtl’de“.tem" prog“““’" as range of masses there should also be no polyquarks with
it netions of the primary proton energy. q = 4/3, etc. However, we must not forget that the prop-
B The solid curves show the parametrization ti £ s 1 thei ist
_E:‘ of this dependence according to Eq. (6) érues o. ,qu.a'r X (as we ?’s eir very existence) are
g ; for o'2(M @ W) (Wis the energy in the speculative; direct experimental searches for qugrks
° cm.s.). with charge q = 4/3, etc. are therefore highly desirable.
0 ) i
Such experiments have been performed with both ac-
celerators and cosmic rays.
o i ey Polyquarks, which will be denoted by L, may be pro-
Tiin» GeV duced as a result of quark decays or directly in nucleon-

nucleon collisions. Some of the simplest polyquark pro-

E duction reactions are:
24 r 3 —
’ M- 37 N+N->N+N+2£+% N+N>N+ZL+0Q
- pr
r 4, * _ o (e-8- L = (PP)y=+14/3> @ =Ng=—1/3)
(RS | _
1 s | 7T pE N4+N->N+2+0
g J - —
ol g7 3 I (e-g., L = (ppun)y - ,2/3, Q =ng=,1/3) etc.
' e 1 A search for quarks with charge q = —4/3 was made
: q 3;!_\
. | it with the IHEP 70 GeV accelerator[***. The measure-
Ly ments were carried out with the beam of secondary
] 0% e negative particles extracted at an angle ¢ = 47 mrad and
. with momentum p = 13.3 GeV/c for particles with unit
0] PR ;” F; PR I charge, corresponding to a diquark momentum py = piq|
o Mg Geviet ol ..l =17.8Gev/c. The scheme of the experimental set-up is
1335749 Mf Jce jv /7c J shown in Fig. 14. Heavy particles with charge q = -4/3
7 lad s @
Vil VS 3,
EEEE S } }
MQ, GeV/¢’ MQ’ GeV/c? V '
FIG. 12 FIG. 13 Moo 55 kel Ls
) . m_
FIG. 12. Upper limits 0{7(M)leoq, On the “asymptotic” cross section
for proc?ucing fractionally charged particles. The results of the experi- FIG. 14. Scheme of the experiment on the search for diquarks with
ment with the IHEP accelerator [*°] are compared with the data obtained  charge q = —4/3 {*]. M5, My—analyzing magnets (the numbers show the
in cosmic rays, for various assumptions about the absorption coefficient angle of deflection of the beam in mrad); Ly-Ls—quadrupole lenses;
of quarks in the atmosphere (py = py, and pgy = 0; see Sec. 111.2). S,-S;,—spectrometric scintillation counters; C,, C,—gas threshold Ceren-
FIG. 13. Upper limits 02X(M }lgog, ON the “assymptotic™ cross section  kov counters, suppressing the background of pions, kaons and antipro-
for producing fractionally charged particles. The results obtained with tons to the level ~ 3 X 107%; D—gas differential Cerenkov counter to
the THEP accelerator [1°] are compared with the data of the experiment suppress the background of antideuterons, sensitive to diquarks with
with the CERN accelerator {>4] and experiments in cosmic rays, for masses 2.3-2.7 GeV; H-hodoscope of 6 scintillation counters to sup-
various assumptions about the absorption coefficient of quarks in the press the background of double particles; A—guard counter with aperture
atmosphere (pQ =Pp and Q= 0; see Sec. 111.2). (the initial part of the magneto-optical channel is not shown).

262 Sov. Phys.-Usp., Vol. 16, No. 2, September-October 1973 L. G. Landsberg 262




were identified by repeated measurement of the electric
charge of the particles according to their ionization en-
ergy loss in two groups of scintillation counters separa-
ted by an analyzing magnet, as well as measurement of
their velocity by means of gas Cerenkov counters.

During the course of the experiment 3.9 x 10'° parti-
cles passed through the apparatus, and not a single
diquark with charge q =—4/3 and momentum py,
= 17.8 GeV/c was found in the mass ranges 1.9—2.3 GeV
and 2.7—4.4 GeV. Two events which were registered in
the mass range 2.3—2.7 GeV are interpreted as back-
ground from 13.3 GeV/c antideuterons. The correspond-
ing estimates of the upper bounds on the differential
cross sections for diquark production are given in Table
VI. In Fig. 6 we show the upper bounds on the total cross
section for the production of particles with q = —4/3
which are obtained in the phase-space model, and in
Figs. 10 and 11 we show the estimates of bounds on the
asymptotic cross sections obtained from the phenomeno-
logical model.

TABLE VI. Estimates of the upper
bounds on the relative,
d3%0 4, (p g =17.8 GeV/c, #=47 mmd)/dpdQ
= T@%0, (pr—=13.3 GeVjc, =47 mrad)/dp dQ *

and the absolute, d*op/dp d<, differential
cross sections for quark production by 70
GeV protons on nucleons at an angle 47
mrad in the Ls. (at the 90% confidence

level).
Ranges of di-. a2 dpdQ K
Pt quark masses, | Rign% "z’ a2 | 909
GeV/e GeV/c? em*/sr{(GeV/c)
17.8 1.9 M g < 2.3[6.2-10-12 1.6.10-3¢
2.7 <M g < 44
2.3 <M <2.7)1.4-10710|  3.8.10-3¢

3. The Search for Fundamental and Charmed Particles
with Integral Charges

The production of fundamental or supercharged
('charmed") particles with integral charge can occur in
various reactions, depending on the nature of these par-
ticles and on the presence of specific conserved quantum
numbers for them. K supercharge is conserved (or if its
conservation is weakly violated), these particles can be
formed in the pair production reactions

N+N—>N+N+oa+a ("
Fundamental particles may also be produced in nucleon
dissociation reactions. In composite models in which
the nucleon is a system of three fundamental components
(see Sec. I), the dissociation reaction has the form

N+N>N+a+b+e
There also exist certain models involving two funda-
mental triplets « and g8, in which the nucleon has the
structure (¢f).” In that case the dissociation reaction
proceeds according to the scheme

N+N-—>N+a-+p 8)

Searches for new stable or long-lived particles with
masses differing from the known values have been made
in numerous experiments with accelerators in which the
masses of particles were determined by measuring their

z 5 Sp A S5 Az

5 55

D5

v 1
&5 5 '17, b, F A

FIG. 15. Scheme of the experiment on the search for heavy particles
[*]. D,-D,—bending magnets; the quadrupole lenses are not shown;
S-So—scintillation counters for time measurements; to reduce the back-
ground, a comparison was made of the time of flight of the particles be-
tween the three pairs of counters, $,-Ss, S3-Sg and S4-8,, each separated
by 33 m; A,-A; —guard counters; C—threshold Cerenkov counter to
suppress the background of light particles; F—differential Cerenkov
counter with a range of sensitivity 0.81 < < 0.96.

TABLE VII. Searches for particles with integral charge usihg proton accelerators.

- & . .
U Proton] S| o, - P, , Mass range in \flhy:h _dig_
& & |energy S & | mrad §> GeVic| Ny q MO(‘}Q MAX,| the apparatus isser-| Ty dg | g’ Remarks
& 9] Gev §. <] sitive, GeV cm? Jst(GeV)
28 30 | 160] 120 | W 7 [sx10% | —1to 2.8 12.5<M, <6(q By Using an analyzer and time-of-flight measure-
(allowing| —2/3 = —1), e 90%‘-: ment, Result of the experiment:
for the 1.5< M, <4(g o 80 _.
effect of =£2\/3) =5-10"0*-R Fa {10 P M,
the ana- o5 ' :
\yzer) - P 1/3 M,
=3GeV owing to the Fermi motion of
the nucleons in the nucleus
— 1108 | —tto- 2.8 =4 GeV
22 | 30 | 100} 76| Be [4.5—6] 8.10! _i 273 Antideuterons were observed:
9 |2.4-1010 2<M, <8 5.40-36 %) d/n-= (5,5 + 1.5)-10-8
Fe 10 |1.6.1010 3IKHM "] <4l Owing to the Fermi motion of the nucleons in
=—2/3), the nucleus, the mass range extends above
IKM, 5@ M, nax- But the estimates of the bounds on the
= '-l, reac- 8-10737*).R | cross sections for this region rise sharply (by
tion (7)), over 5 orders of magnitude for M, =5 GeV;
BLMLTq= -1, reaction (7)).
» reaction (8)) ‘
a | 70 | 140012} Al [2530 —t | 4B | Mz <M, My nggngge =510,
a7/ | gon=1077
36 | 70 | 125] 271 Al 10 | 2.4-1011 —1 3.8 2<M, 2.8 1.2.10-3%

—2 4.7 2KM 4.8 1.10-3¢ 5 antihelium-3 nuclei were detected, for which
dis/dp dQ =2.2 X 107%¢ for other doubly
charged particles the upper limit was
do/dp dmgo% = 10" (all in cm*/sr-{GeV/c)

. per nucleon),”
42 70 | 160 01 Al 25 —1 4.8 3LM L15 1.5-10-36.R No estimates were made of bounds on the
cross sections in the mass region depending on
| the Fermi motion.
“The notation is the same as in Table IV. M5y is the maximum mass of the particles formed in collisions with a stationary nucleon according to
'(7). Older results are not quoted. R is a factor depending on the Fermi motion of the micleons in the target nucleus.
*Results obtained from data presented in the corresponding work.
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momenta and velocities. A classical example of such ex-
periments was the discovery of the antiproton in 1955 by
Segré and his co-workers{®, The results of a number
of more recent experiments are summarized in Table
VII. New unknown elementary particles were not found
in any of these experiments, although they did lead to the
discovery of the antideuteron[?*” and antihelium-3[*%
nuclei. In Fig. 15 we show the scheme of one of the ex-
periments on the search for particles with heavy mas-
sest®™ which was carried out with the accelerator of
the Brookhaven laboratory in the U.S.A. (energy 33 GeV).
By repeated determination of the momenta and velocities
of the particles, performed in this experiment by means
of Cerenkov counters, as well as time-of-flight measure-
ments, it was possible to raise the sensitivity of the
set-up to ~ 107*° of the pion flux. Antideuterons were
observed for the first time in this experiment. The ex-
periment of the IHEP group in which antihelium-3 nuclei
were detected®™ was characterized by a still greater
sensitivity (~10™") to doubly-charged particles.

Thus, fundamental long-lived particles with integral
charges, '"charmed' particles, etc. have so far not been
observed. It would be of great interest to extend the
scope of the searches so that the experiments become
sensitive to short-lived particles. In fact, if, for exam-
ple, supercharge is conserved only in the strong or in
the strong and medium-strong interactions, then the
lifetimes of supercharged particles with integral values
of the electric and baryon charges would be quite small
(~ 107°—10%* gec). Since these particles should be pro-
duced in pairs with the greatest probability, the mass~
defect method of searching for short-lived particles is
inapplicable, and it may be very complicated or entirely
impossible to employ the effective-mass method if the
number of decay products is large, and particularly if
there are neutral 7° mesons among them. Consequently,
we see no effective means of carrying out such search
experiments at the present time. Nevertheless, individ-
ual attempts have been made to search for relatively
short-lived "charmed" particles. Thus, inf** a study
was made of the possible annihilation of antiprotons
stopped in a liquid-hydrogen bubble chamber in the chan-
nel p + p —c + ¢, where c are "charmed" particles with
masses <940 MeV. For particles ¢ having masses
> 650 MeV, the weak decay channels ¢ — 77 and ¢ — Kn
with lifetimes < 10'“_sec are possible. Owing to these
decays, the reaction p + p — ¢ + ¢ can be observed in
the chamber as a process taking place according to the
scheme p +p — K® + 7* + 7~ + 7° (with obvious violation
of strangeness, which, however, depends on the weak de-
cays). Such cases were not found among 200,000 anni-
hilation events, and the following limit was established
for them: e L

N (pp—Ki*sa®)/N (pp — K°K°n*n") < 1/700.
However, as the ratio of the partial probabilities of the
decays ¢ — 77 and ¢ — Ky is unknown, it is not possible
to obtain from this a bound on the ratio
N(pp — cc)/N(pp — KK). In any case, it is desirable to
repeat the experiments of this type for antiprotons with
a large momentum, in order to extend the mass range
for the search for such "charmed'" particles.

11l. QUARK SEARCHES IN COSMIC RAYS AND
BY PHYSICO-CHEMICAL METHODS
1. Results of experimental searches in cosmic rays.

There occur in cosmic rays particles of very high ener-
gies, which, when interacting in the atmosphere, can
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produce quarks or fundamental particles with masses
greater than what is possible with the existing accelera-
tors. However, the fluxes of high-energy cosmic parti-
cles are small, It is therefore not possible to attain
such small values of the production cross sections for
particles in experiments with cosmic rays as when
working with accelerators. Experiments with cosmic
rays have a number of specific peculiarities when com-~
pared with experiments with accelerators. First of all,
in cosmic~ray studies there is generally no selection of
the particles according to their momenta, and no prob-
lems connected with the optimum choice of the momenta
of the secondary particles arise. However, in this case
there arises the complicated problem connected with the
possibility that a quark enters the experimental appar-
atus in conjunction with other secondary charged parti-
cles formed in the same interaction event. In a number
of cases in which no special measures are taken to allow
the search for fractionally charged particles in the
presence of such showers, these secondary particles
make the apparatus insensitive to the detection of quarks.

Work on the search for quarks and fundamental parti-
cles in cosmic rays has followed three main courses:

a) The search for single fractionally charged parti-
cles. Searches for single (without shower accompani-
ment) fractionally charged particles in cosmic rays have
been made in numerous experiments, which are rather
similar in their technique. In all these experiments, re-
peated measurements of the ionization of the particles
were made in scintillation or proportional counters in
order to distinguish quarks. In addition, most of the
set-ups contained track detectors (spark, wire and
streamer chambers, and Conversi flash tubes) which
made it possible to suppress the background from
showers and select events associated with the passage
of single particles through the apparatus. In Fig. 16 we
show the scheme of one of the experiments{*] on the
search for single quarks in cosmic rays. The results of
the main studies of this type which have been carried out
in recent years are summarized in Table VIO ®. Quarks

TABLE VII. Results of experiments on the search for relativistic
quarks in cosmic rays

= )
) k-] B
g H g S AP
WE| 3 2 3 2 £ 58855
g3 8 B || ¢ Bg|38,|32
g |22 s | §|s| 3 | & SIEEMESE
g g3 g 3 r s < clgglsE6g
g 1z8| 2 % £ = . o |85 gue (28
g |25 H g ¢ & E 3|5 |BELE"
o & Z =] 3 = = O |z |9&5%
45 41| 8layers| H(48) [1.0 Om, 1000 4/3 2 1.5%) [2.3%)
Soc 1030 g/cm*
e =~ 40 | 6 Soc CFT - |0.47 Om, 1/3 | — 1.15 [1.4%)
1030 g/cm? 2/3 0.8 1.0%)
a7 ~ 50 38cC Hof PC [0.52 0m, 2224 1/3 0 0.5*}10.6%)
2Pc {16) 1030 g/cm* 2/3 3.0%) [3.9%)
a8 115 | 6ScC | WGSC [0.95] 750 m, 160 | 1/3 |0 | 1.0 [1.7%)
940 g/cm? 2/3 1 1.6 3.0%)
% |>60| 6cuC | wsc  |0.38 om, |2088| 13 [1 [2:49)]2.7%
cm?
5‘7)335"/’ 5540 1/3 0 0.57 0.8%)
2
“ 740 glom w313 | 8.2
oex+x) 120 8 ScC WGSC 10.63 2750 m, 1500 1/3 0.83 |1.4
750 g/ém’ 2/3 0.96 11.6
&3 a1 | 129,

Notation: WSC—wire spark chamber, WGSC—wide-gap spark chamber, CFT—Conversi
flash tube, ScC—scintillation counters, PC—proportional counters, H(48)—hodoscope
(48 elements).

* Obtained from data given in the corresponding work.

** Assuming interaction cross sections o(Q + C) = o(m + C)/2 = 100 mb for quarks,
o(L + C) = o(m + C) = 200 mb for diquarks.

***Added in proof.
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were not observed in any of these studies, and upper
bounds were established on the possible fluxes of these
particles in cosmic rays.

b) The search for single particles with integral
charge. In Table IX we show the results of searches for
single heavy particles based on measurements of their
mass according to their momentum and velocity, range
and ionization, etc. In Fig. 17 we show the scheme of
one of the experiments and give the corresponding ex-
perimental details. New heavy particles have also not
been observed in any of these experiments. However, it
should be noted that these experiments are sensitive only
to rather slow particles and that it is difficult to inter-
pret their results quantitatively.

¢) The search for quarks and heavy particles in ex-
tensive atmospheric showers. In recent years great
attention has been given to the search for quark produc-
tion in processes of ultra-high energies (10*°*—10% eV)
accompanied by extensive atmospheric showers. These
experiments can be divided into two categories. In the
first group, searches have been made for particles with
a small ionization among the fluxes of cosmic particles,
using track detectors (Wilson chambers, streamer
chambers, etc.)t®*, In experiments of the second
typeL® %] attempts have been made to observe heavy,
relatively slow particles that are retarded in relation to
the front of the shower.

In.the experiments of the Sydney group (McCusker
et al.[%®)), a study was made of extensive atmospheric
showers corresponding to primary energies 10% eV.
The set-up included 4 small Wilson chambers triggered
by a system of Geiger counters. The density of particles
in the showers was determined by means of scintillation
counters. In an analysis of ~5000 extensive atmospheric
showers, from among ~55,000 tracks in the chambers
5 tracks were found which had a mean ionization 0.58,
0.45, 0.46, 0.58 and 0.48 (in units of specific ionization).
Two of these events corresponded to shower energies
~1.5 x 10" eV, and the shower axes fell within the field
of the chambers. The authors conclude that they detected
5 quarks with charge q = 2/3, whose flux is equal to
5.5 x 107 em®sr™'sec”!, This means that, on the aver-
age, about 10 quarks are produced in showers with an
energy 10%° eV. :

The experiments of McCusker’s group have been
subjected to serious criticism in a number of other
paperst® 3, This criticism reduces mainly to the fol-
lowing two points: 1) allowance for the relativistic
growth of the ionization in the argon of the Wilson cham-
ber (by a factor ~1.5 in comparison with the minimum

TABLE IX. Searches for slow single quarks and fundamental parti-
cles in cosmic rays

Ref-
er- Upper limit on the flux of
ence Method particles, cm™2sr “'sec™!

51  Measurement of the range and velocity (by
time of flight); particles with unit charge
and 0.5 <8< 0.9.

52 M of the um in a mag-
netic field and the velocity (by time of
flight); particles with unit charge and
8<0.7s.

53 Measurement of the range and velocity (accord-
ing to the ionization and by Cerenkov
counters); particles with arbitary charge (i.e.,
q=1/3,2/3,1,4/3, etc.) and § < 0.9.

54  Measurement of the range and velocity (by a
Cerenkov counter); particles with unit
charge and momenta: M = Sm_, 860-1080
MeV/c; M = 10my,, 1250-2250 MeV/e.

1(87°) < 5 - 107* (90% confidence
level); no correction for absorption.

1(75°) < 2.4 - 107* (90% confidence
level); production cross section
<107% cm?.

1(0") < 4.9 - 107'°(90% confidence
level); allowance for absorption
rajses the limit by a factor 17.

1(0°) < 3.4 - 10°*; no correction for ab-
sorption.
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Scintillator

FIG. 16. Experimental arrangement to search for single relativistic
quarks with charges q = 1/3 and 2/3 in cosmic rays [*]. S;-S¢—scintilla-
tion counters for repeated measurement of the ionization and identifica-
tion of fractionally charged particles; W-W,—wire spark chambers to
distinguish single particles and suppress the background of soft showers.

Mirror
' counter n
Spark ¢ : *
?ﬁ chambex
— . 7 ‘\\\\\\ .

& N,

/]Stintillat;un // S I /
/

counter
15°
counters

Scintillation
counter

Isochronous Scale

Isochronous
counter

FIG. 17. Experimental arrangement [%?] to search for single particles
with heavy masses by determining their momenta and velocities. The
arrangement consists of a large magnet, spark chambers and two systems
of scintillation counters C;, C, and P,, P, for measuring the time of
flight. The counters C, and C, are special coungers with isochronous
collection of light to improve the time resolution, which was 7 = 1.6 nsec.

ionization when y ~ 3) shows the the results of the
Sydney group can evidently be explained by fluctuations
in the number of droplets for tracks of slow muons or
electrons which have an energy near the minimum of

the curve of ionization losses; 2) the tracks on the photo-
graphs obtained by McCusker’s group—the "'quark candi-
dates'—go at an angle = 20 mrad with respect to the
axis of the shower; such particles diverge from the
main stream of the shower and, consequently, should be
detected in experiments in which the equipment is sensi-
tive to single quarks. However, in these experiments
(see Table VIH) quarks have not been found, and an upper
bound on their fluxes has been obtained which is an order
of magnitude lower than in the experiments of the Sydney
group.

It was reported inl®%) that, in the analysis of a series
of 10,000 photographs in a 100 cm heavy-liquid bubble
chamber exposed to an accelerator, a track of a cosmic
particle accompanied by a shower was found with a re-
duced ionization. The authors interpret this event as a
photograph of the passage through the chamber of a
quark with charge q = 2/3 and mass Mg < 6.5 GeV or
q = 1/3 and My = 8.0 = 3.0 GeV. However, this conclu-
sion is not convincing. Their work has been strongly
criticized by physicists with great experience of the
operation of the same bubble chamber, who showedt™?
that the reduced ionization on the "quark' photograph
can easily be attributed to a background cosmic-ray
particle which arrived too early (in relation to the time
of expansion), when the chamber was not yet on its
plateau of sensitivity. Moreover, the event in question
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corresponds to the small part of the exposure during
which the chamber had not yet entered its correct opera~
tional mode. It was also noted that the bubble-chamber
experiment has a sensitivity lower than that of the ex-
periments of McCusker’s group by a factor 10“, since
its total effective time is ~ 75 sec.

After the appearance ofL**%%] several further experi-
ments were performedt®™ 1 in which quarks were
sought in cosmic~-ray showers and not detected. The
results of these studies are shown in Table X.

One of these studies carried out by the group of
Faissner[®*” made use of a complex system of a large
number of proportional counters and scintillation coun-
ters operating on-line with a computer. The scheme of
this experiment is shown.in Fig. 18. The set-up made it
possible to distinguish fractionally charged particles ac~
companied by showers with a small multiplicity of par-
ticles, according to the ionization in the counters. In
another study by the same group[®®, a quark search
was carried out with the aid of a large streamer cham-
ber (100 x 32 x 26 cm) triggered by showers that were
detected by a system of scintillation counters. By meas~
uring the ionization of the tracks in a streamer chamber,
it was possible to make a search for quarks with charges
q = 2/3 and 1/3 in the presence of showers of particles
with a density up to 500 particles/m®.

Hazen'®® carried out a search for quarks with
charges q = 2/3 and 1/3 by the same method as in the
experiments of McCusker—with the aid of a Wilson
chamber triggered by cosmic~-ray showers of energy
~10*—10% eV. Special measures were taken to ensure
that the measurements of the ionization and the deter-
mination of the time of passage of a particle through the
chamber (which is important to suppress the background)
could be made under the most favorable conditions. The
negative result of Hazen’s experiments is in direct con-
tradiction with the work of McCusker and his coworkers.

The Berkeley-Livermore groupt®? also carried out a
quark search in cosmic-ray showers by measuring the
ionization with a Wilson chamber. No quarks were de-
tected in the analysis of the ionization of about 100,000
shower tracks, although the expected number of such
events on the basis of the data of the McCusker experi-
ments is about 10—20.

Proportional|
counters

Scintillation:.

FIG. 18. Experimental arrangement [57] to search for quarks in low-
density showers of particles. In the first variant of the work, the arrange-
ment contained 6 layers of proportional counters (120 counters) and was
sensitive to the detection of particles with charge q = 1/3. Later [5%] 12
layers were set up instead of 6 (with 6 layers in each direction), making
it possible to search also for quarks with charge q = 2/3. The arrange-
ment was triggered by coincidences of two counters of the lower scintil-
lation hodoscope, one above the other. The trigger rate was 126 sec™.
The registration of events and their subsequent analysis was carried out
by means of a computer “on-line” with the apparatus. The number of
triggers during the period of operation was ~ 1.9 X 108,
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We see from this that 1 - BQ
particle of mass

tic

Another series of experiments on the search for
quarks and heavy, relatively slow fundamental particles
generated in extensive atmospheric showers is based on
the search for events which are retarded in time with
respect to the front of the shower due to relativistic par-
ticles. In fact, we may assume that, owing to the rapid
fall-off of the spectrum of primary protons of cosmic
radiation, quarks of mass
near their production thresho d. The energy of a quark
in the L.s. is EQ &

should be produced mainly

~ Mgy/Mp, (for Mg > Myp).
M;,/zMQ and that a heavy

lags behind the light ultra-relativis-
particles by a time At =

ZZMEZ/M;, where Z is the

altitude at which the shower is produced. For particles

of mass
7 km, we have At =

= 10 GeV produced at an altitude of about
80 nsec. To determine the mass of

such a particle, it is also necessary to measure its en-
ergy. In a number of cases, it is sufficient to convince
oneself that the energy of the detected retarded particle
is above a definite threshold in order to eliminate the
background of known slow particles.

cles are given in Table XI.

periments

In certain experiments on the search for retarded
particles, the additional assumption was made that par-
ticles with a large mass can transfer only a small frac-
tion of their energy in a single collision event, so that
they are weakly absorbed in matter, The detectors in
these experiments were placed under a heavy layer of
matter, thereby specifying an energy threshold and also
improving the experimental background conditions. The
results of experiments on the search for retarded parti-

An indication of the possible existence of heavy funda-
mental particles was obtained in only one of these ex-

[%] However, the authors themselves note

that their data do not constitute a proof of the observa-

TABLE X. Quark searches in cosmic rays

Ref-

ence

Method

Results

55

56

57

58

59

60

61

4 Wilson chambers controlled by ex-
tensive atmospheric showers of
~ 10'¢ eV; the apparatus could de-
tect quarks with charge q = 2/3.

100-cm bubble chamber used to
search for cosmicray quarks; total
sensitive time of the experiment
75 sec.

The apparatus could detect quarks
with charge q = 1/3 in showers
with a Jow density of particles;
average shower energy 10" eV,

a) The apparatus could detect quarks
with charge q = 1/3 and q = 2/3 in
low-density showers.

b) Apparatus with a large streamer
chamber (100 X 32 X 26 cm?),
triggered by showers, detects
quarks with q = 1/3 and 2/3 in high-
density showers (up to S00 parti-
cles/m?).

Wilson chamber triggered by showers
of energy 2 - 1073-10" ¢V. The ap-
paratus could detect quarks with
charge q = 1/3 and 2/3.

Apparatus with Wilson chambers
triggered by showers of energy
~ 10 eV; it could detect quarks
with charge q = 1/3 and 2/3.

Apparatus with a track detector of
neon Conversi flash tubes could de-
tect quarks with g = 1/3 in showers
of energy ~ 3 - 10**eV.

Detected 5 events which are interpreted as quarks
with charge q = 2/3; quark flux equals
5.5-107° cm 2 sec™).

A track was found which is interpreted as a
quark with charge q = 2/3 or 1/3; this corre-
sponds to a quark flux 10¢ cm™?sr'sec™.

No quarks found; upper limits on the fluxes (at
the 90% confidence level):

I (one quark)

<19-107*,

I(quark + 1
particle)
<6.5-107,

1(quark +2
particles)
<2.2-10°°

The upper limit on the flux of quarks with charge
q = 1/3 and 2/3 in showers of energy 10'4-10%*
eV equals 1.0 - 107! em~2sar~"sec™! (90% confj-
dence level).

Pretiminary results ~ 2000 showers analyzed in
the streamer ber; no quarks d

cm™*st™'sec™!

3200 showers analyzed. No quarks detected; up-
per limit on the flux of quarks I < 107'°
cm™2sec”'sr™! (90% confidence level).

No quarks detected in 100,000 analyzed showers
of particles; upper limit on the quark flux in
showers:

I(q=1/3)<3-107"%and I(g = 2/3) < 3- 107"
cm™3sr™'sec™? (90% confidence level).

Preliminary result: no quarks detected in the
analysis of 451 tracks in cosmic rays; owing to
the selection criteria of the tracks, this resuit
has a larger sensitivity than the data of
McCusker [$5].
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TABLE XI. Searches for retarded particles in extensive atmospheric
showers

Ref-
er-
ence

Apparatus Result

62 The apparatus could detect penetrating
particles with masses M > 5 GeV,
7> 107 sec and y < 40, having unit
charge or interacting in the detector.

63 The apparatus could detect particles
masses 5 K« M < 15 GeV, 7> 107¢

No heavy particles detected; upper limit
on the flux of these particles
(1-3) - 107"° cmsr"'sec™! (production
cross section < 1-100 ub).
No heavy particles detected; upper limit
on the flux of these particles
sec, the energy of such particles being
determined by a nuclear calorimeter;
altitude 3200 m.
64 Apparatus to detect heavy particles
placed underground at a depth 70 m
water equivalent.

5107 cm~3sr'sec”! (production
cross section < 0.1-20 b for M = 5
GeV and < 20-300 ub for M = 15 GeV).

Several tens of retarded events were re-
corded; flux of these particles 10~7
cm3sr™'sec™.

tion of such particles. It appears to be difficult to ex-
plain the discrepancy between their results and the
measurements of other groupsl ® % without making
unfounded assumptions.

Summing up the numerous experiments on the search
for quarks and fundamental particles in cosmic rays, we
can conclude that there has so far been no reliable ex-
perimental demonstration of the existence of such parti-
cles. Thus, quarks have not been detected in experiments
with cosmic rays.

2. Estimates of the cross sections for quark produc-
tion by the primary nucleons of cosmic radiation. We
shall consider a simple model which makes it possible
to relate the experimentally obtained upper bounds on
the fluxes of quarks in cosmic rays to upper bounds on
the production cross sections for these particles.

The differential spectrum of primary cosmic rays
has the form

n(E) = 1.356-25 em ™ sec”’ sr ! GeV™!

(where E is the proton energy in the 1.5. in GeV). The
spectrum n(E) can be written in the c.m.s.:
n(E)dE=n (W) dW—=1.35

w2 2.5 W dw P
x(m_M ) T = T8 MW aw,

i.e.,

- - - -1
n (W) = 6.9w- em™® sec” sr! GeV

Let us determine the quark flux at the angle 6 (using
the scheme of Fig. 19). To good accuracy, we may as-
sume that the quarks are produced in the l.s. along the
direction of motion of the primary nucleon:

cos ¢

5 cos [12
©)

here D is the thickness of the layer of atmosphere above
the apparatus; the factor 6 appears as a result of the
transmon from a nucleon to a nucleus (0,,0jeus

~ A*P0 . eleon; for air, A? ~ 6), and the factor 2 ap-
pears because a quark-antiquark pair is produced in one
event; Pp is the absorption coefficient for quarks; Nyis
Avogadro’s number; A = 14.4 is the average atomic
weight of air; exp (—p,x/cos 6) is the probability that a
primary proton reaches the depth x;
exp[—(D — x) pg/cos 0] is the probability that a quark
produced at the depth x reaches the depth D. The verti-
cal flux of quarks is determined by the expression

1(8)= [_(D—I) [

;

i a (Mg, W)n (W)dWJ exp( )
thx Cos

§ g wmnmaw,

D
1(0°)=(12Ny/4) {5 exp[—= (pp—pQ)] dz} exp (—egD)
Wy
thr
(10)
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S 0 (Mg, W) n (W) dW =0, (Mq) B. -
W ihs
Thus, the relation between the flux and the asymptotic
value of the cross section is of the form

1)

0, (Mg) = (A/A2No) R-1B-L T (0°) = 2.04 104R~ 1B-1I (0%). (12)
Then for ¢‘” (Mg, W) and o’ (Mg, W) (see (5) and (6)),

oo o

B~ S R AW =69 |  W-taW ~0.29 (Mq+ M),

W i 2 Q1M
D= {—exp [_b (_u_]:_ZMTQQ:ﬂ{ﬂ)S/Z-J} (6, 9W-%) dW
2OIGHM )
and
¢ (
R=exp(—py0) | exp(—z(0p—pallda= Lp:"i—){t—exp[—mp—po)nn.
[

We shall consider below two extreme cases:

a) pg! =p;! =120 gem® R a) = D exp (—ppD);

b) pg =0, Bpy= o5 (1 — exp (—ppD) = p5 !,

The absorption coefficient p takes into account not
only the absorption of fast quarks, but also the ineffi~
ciency of the apparatus in detecting fractionally charged
particles accompanied by showers. It should be noted
that the possible production of quarks by secondary par-
ticles is not taken into account in this model.

From the analysis of all the searches for quarks in
cosmic rays, we can conclude that the upper bounds on
the fluxes of quarks (at the 909, confidence level) are

lg]=1/3: 1(0% lagy, = 084071 em sr-isec™ (D = 740 glem?),
| g]=2/3: I(0°) |gq9 = 3.0-1071° cm7sr'sec™ ! (D = 940 g/em?),
lg| = 4/3: 1(0° lagy, = 2.3 0719 em-isrotsec™ (D= 1000 g/em?).

These values have been obtained in experiments in which
searches for single quarks were made (see Table VIII).
The results of individual experiments cannot be summar-
ized, since practically all the studies have arrived at
upper bounds on the fluxes of quarks which are depen-
dent on the level of background. Experiments to detect
quarks in extensive showers result in higher values of
the upper bounds on the cross sections, since the selec-
tion of showers with large energies already leads to
rather low values of the fluxes.

The upper bounds on the asymptotic cross sections
05 (Mg) and ol (Mg) obtained from (9)—(12) are shown
in Figs. 12 a.nd 13. We see from these figures that the
bounds on the total cross sections for quark production
obtained from accelerator experiments are definitive up
to masses Mg = 6—8 GeV.

3. Quark searches by physico-chemical methods.
Quarks and cosmology. K there existed stable particles
different from the currently known stable elementary
particles (e.g., the lightest of the fractionally charged
particles), they would have to be continually produced by
cosmic rays in the atmosphere, retarded to thermal

% :;»_#._ﬂ
FIG. 19. Scheme for the calculation “ N 7

of quark production in cosmic rays.
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velocities, and accumulated in the matter which sur-
rounds us during the entire period of existence of the
Earth (~3 x 10" sec). ‘

Let the entire flux of these particles produced in the
atmosphere and incident on 1 cm?® of the Earth’s surface,
271(0°), be stopped in several tens of nuclear units of
matter ((2—4) x 10° g/cm®). Then for the quark flux
1(0°) = 107*° particles - cm ®sr 'sec™", the equilibrium
concentration of these particles should be ~ 107%°
qua.rks/ nucleon. In fact, owing to mixing and a number
of other factors, the expected concentration in most sub-
stances must be appreciably lowert™™3: 102°~10%!in
sea water, 102°—10"% in dust in the air, 107—10%" in
solid rocks, and 1072° quarks/nucleon in meteorites®.
The results of some experiments in which searches were
made for small admixtures of quarks in the surrounding
matter are given in Table XII. Quarks have not been de~
tected in these experiments, and upper limits have been
set on their possible concentration in matter,

It should be noted that the results obtained in[™ ™)
as well as the data for water™3, are based on methods
of enriching matter with quarks and are valid only under
certain assumptions. Therefore, as we see from Table
XII, quark searches in the surrounding matter do not
impose new well-defined bounds on the magnitude of the
quark production cross section in comparison with the
direct data obtained with cosmic rays.

Physico-chemical methods of searching for stopped
quarks can also be applied in experiments with acceler-
ators. If for a period of a year the extracted beam of an
accelerator irradiates a large tank of water in which all
strongly interacting particles produced, including quarks,
could be stopped (a typical volume of the tank is 10°1,
i.e., 10°° nucleons, and the number of interacting protons
is 2 x 10*®) and if the sensitivity of the search for quarks
in water can actually be raised to 5 x 10%7L"] a5 3 re~
sult of the processes of enrichment, then in such an ex-
periment one can attain an upper limit of about 10™*° cm?
for the quark production cross section in nucleon-nucleon
interactions.

The cosmological model of the hot universe leads to
the conclusion that if quarks do exist they had a very
high concentration in the pre-stellar hot stage of evolu-
tion (at a temperature T ~ Mpe®/k). During the process
of expansion and cooling of the universe, quarks should
have been "burnt out" as a result of the reactions Q +Q
—~N+Q Q+Q—mp, K; Q+Q— N+ Q[*I, Estimates
show that the concentration of residual '"relic" quarks in
matter may be rather high: 107°—-107%
quarks/nucleont®J, If these estimates are correct, they
contradict the results of the studies shown in Table XII
and refute the hypothesis that quarks exist. However, at
the present time cosmological processes are still rather
poorly studied. It is possible that during its history our
Earth passed through a stage in which its matter was hot
and the quarks "burnt out" 78] Therefore cosmological
data cannot definitively refute the quark model.

Further searches for relic quarks in both the sur-
rounding matter and the composition of the primary
cosmic radiation will be of great interest.

1V. THEORETICAL MODELS FOR QUARK
PRODUCTION

At the present time, it does not seem possible to
make reliable theoretical estimates of the cross sec-
tions for producing quarks, fundamental triplets and
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TABLE XII. Searches for retarded particles in extensive atmospheric °
showers

Upper limit on
Ref- the concentration
er- of quarks (per1
ence Method Substance nucleon)

73a Enrichment of matter with quarks by vari- Meteorites
ous methods (evaporation of water, col-  Air
lection of quark-atoms by an electric Dust <3
field, etc.); mass spectrography; the ex-  Water <3-107%-5-107%
periment is characterized by high sensi-
tivity, but its results are not sufficiently
reliabie and are difficult to interpret.

75 Modified Millikan experiment: quark
search in test bodies with magnetic sus-
pension and measurement of their
chatge.

74 Modified Millikan experiment: quark
search in test bodies with magnetic sus-
pension and measurement of their
charge:

a) diamagnetic test body—graphite; a
solution of stony meteorite and salt
from evaporation of water is added to
graphite; the result for water is based

on enrichment by evaporation and hence
not sufficiently reliable;

b) ferromagnetic test body.

76 Modified Millikan experiment: quark
search in test bodies with magnetic sus-
pension and measurement of their

<1077
<107%-107%

L1077

Graphite <107

<10
<10

Graphite
Water

<107
4-10°

Iron
Iron

charge.

Negatively charged quarks (and other U
stable particles) can induce fission of
heavy nuclei (such as U) and lead to estimate is subject
very great radioactivity; the absence of to serious doubt
such a pathological activity implies an 1.
upper estimate of the concentration of
these partictes.

78 Spectroscopic search for quark atoms.

See 7 (L.
Marshall-
Libby et
al)

<2-107%; the re-
liability of the

Spectral analysis 3 -107"?
of the sun.,
Air, hydrogen,
deuterium.

<1-107-15x
107 (M, <M, <
My), < 175 X 107
ol > M)
<510 oM, <
M, < 16M})

79 Search for stable elementary particles
with integral charge by mass spectro-
metric methods (with and without en-
richment).

80 Search for stable elementary particles

with integral charge by mass spectro-

metric methods (with and without en-
richment).

a) Search for quarks with charge q =

+2/3 by sp pic methods; sampl

were first enriched by evaporation and
collection of ions by an electric field.

b) Modified Millikan oil-drop experi-

ment to search for quarks with charge

q =+1/3, +2/3; enrichment of oil with

quark-atoms {by 4-5 orders of magni-

tude) by an electric field.

72 Electro-chemical enrichment of matter
with quarks (by 5-7 orders of magni-
tude), foliowed by evaporation and ac-
celeration of quark-atoms in a strong
electric field V and measurement of
their kinetic energy T = qV and hence
charge q by means of semiconductor de-
tectors; the experimeng was sensitive
to quarks of mass up to 5~10 GeV.

81 Spectrometer for simultaneous measure-
ment of the mass and charge of ions ac-
celerated in a field 10° V; a quark
search was made for particle masses in
the range from M/3 to 60Mp.

Water, heavy
water.

73b Sea water, lake <10

water

10724

Sea water, Rocks
. 10-10

Oxygen, nitrogen, 107'4-107'¢
air, helius,

hydrogen (from

sea water)., CO?

(from limestone)

The results of all the experiments which employ methods of enriching matter with

quark-atoms are based on assumptions about their properties and are therefore not

so reliable as the direct Miltikan-type experiments. The estimates based on the cata-
lysis of uranjum fission are also unreliable.

other heavy particles. The results of various models
differ from one another by many orders of magnitude
and have an illustrative character. Nevertheless, the
models prove useful when comparing the results of dif-
ferent works; they can also stimulate higher-precision
experiments on the search for new particles.

1, Statistical theory of quark production. E. L.
Feinberg and his co-workerst®23»%%4) first employed a
statistical theory to analyze processes in which quarks
and other heavy particles are produced. Similar results
were later obtained by Hagedorn ', The data on anti-
nucleon and antideuteron production which existed at that
time played a major role in formulating the statistical
approach to the problem of quark production. Studies of
the yields of different types of particles carried out with
the IHEP accelerator using 70 GeV protons, particularly
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the data on antideuteron and antihelium-3 production,
have significantly extended this information. The experi-
mental results on the yields of these particles are in
reasonable agreement with the statistical theoryl®®%*J,

In the statistical model, the total cross section in
cm® for the production of quarks with charge q =—1/3
or —2/3 has the form

O (NN~ NNQD.. Y guu _iy3, — 273 = 5-1072 (Mog/m, ) exp (—2Mq/ T): (13)

here T, » 0°95mn is the critical temperature of the sta-
tistical system. The very rapid fall-off of the cross
section for producing heavy particles as their mass
increases is explained physically by the fact that the
production of N = 13Mpn/ Mp pions is statistically much
more probable than the production of a quark-antiquark
pair of mass 2Mp. It should be borne in mind that, owing
to the crudeness of a number of assumptions made in the
statistical model, the estimates of the cross sections are
intended to be valid only with an order-of-magnitude ac-
curacy. Nevertheless, if the statistical model of quark
production is correct, then, as we see from Fig. 20, the
mass of the quarks (if they do exist) must be M

2 2.5—3 GeV. Similar results are obtained in the sta-
tistical model for the nucleon "'dissociation'" reaction

NN — NQ:Q: Q: (in this case, Mg 2 2 GeV). Thus, from
the point of view of the statistical model, the search for
quarks more massive than 3—4 GeV seems practically
hopeless, owing to the extremely small values of the
cross sections for producing very heavy particles.

Calculations of the probabilities for producing heavy
particles have been made in the statistical theory under
the assumption that there is established an equilibrium
state that is maintained during the process of expansion
of the system. In reality, the picture can be substan-
tially different from such an idealized scheme; more-
over, one can quote many examples in which the effect
of direct peripheral processes is decisive and in which
the phenomenon cannot be described by a statistical
mechanism,

Consider, for example, the production of narrow
boson resonances in the reaction 7°p — pX’ in the exper-
iments with the CERN boson spectrometer®*. In these
experiments, observations were made of the production
of a number of heavy particles with masses up to 3.5
GeV and production cross sections 20—40 ub, which
were practically independent of their masses. All these
resonances were narrow (I < 10—30 MeV). The proces-
ses of producing the resonances and their decay must
therefore be considered independently. One can evi-
dently apply in this case a statistical model with the
same basis as in quark production, Estimates made by
means of the statistical model predict an exponential
fall-off of the cross sections as the resonance masses
increase. For X particles of mass 3.5 GeV, the dis-
crepancy between experiment and the statistical theory
is ~ 10° Thus, if narrow boson resonances actually
exist, the data on their production cross sections con-
flict sharply with the statistical estimates.

The data on the production of antinuclei, which are in
agreement with the corresponding theoretical esti-
mates[®®%) are usually cited as an argument for the
validity of the statistical theory of the production of
heavy particles. We see from Fig. 21 that, as the mass
of the antinuclei increases, their yields actually fall off
exponentially, decreasing by 4 orders of magnitude when
the mass of the antinucleus increases by one nucleon
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mass. However, this behavior of the cross section for
producing antimiclei may be due to their composite na-
ture, and can be described with reasonable accuracy by
a simple model according to which several nucleon-
antinucleon pairs are produced and subsequently
"adhere" into an antinucleus{?”®®), Therefore it appears
to us that the data on the yields of antinuclei do not con-
stitute a convincing confirmation of the statistical mech-
anism of their production.

Thus, we must be especially cautious in regard to the
quantitative predictions of the statistical theory for
processes with very small cross sections. In this con-
nection, one cannot allow for the role of the direct proc-
esses of producing heavy particles, or possible mechan-
isms by which these particles are ''lost" during the early
stages of expansion of the statistical system, when the
temperature characterizing this system may be rather
high (T > T.). It should be noted that the possible role
of these phenomena was already considered in the first
works on the statistical theory of the production of heavy
particles, In particular, it was shownl!®? that, if at dis-
tances ~1/m; — 1/ M}, quarks interact with pions more
weakly than pions with each other (o5, < 0.1—0.01 S b
then the probability that quarks are 1ost from the system
is quite large and their production cross section will not
fall off exponentially with increasing mass.

Inf?% a study was made of a specific temperature
model for the production of particles at very high ener-
gies (10°—10% eV) in which the temperature of the sys-
tem grows with the energy (and does not remain constant
and close to T,). In this case, the cross sections for
heavy particle production at sufficiently high energy will
be close to the geometric cross section (~30 mb). In

Ik A Y3
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i . . . . -
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FIG. 20. Total cross section for quark production in the statistical
theory (the solid curve 1 is for (NN —> NNQ(T‘)...)q =—1/3-2/3 according
to (13)). The solid and dashed curves show the experimental upper
limits o, Igo%,q:-—l/3 and lego%’q=__2/3 in the phase-space model (curves
3 and 4) and in the phenomenological model (2 and 5). All the results
refer to the proton energy Ep =70GeV.

FIG. 21. Ratio of the differential cross sections for production of
antiparticles and 7~ mesons at p = 20 GeV/c, § = 27 mrad [3°]. M is the
particle mass, and m , the proton mass. We see from the figure that,
when the mass of the antinucleus increases by one nucleon mass, the
production cross section falls by 4 orders of magnitude, in reasonable
agreement with the statistical theory [3%34]. Extrapolating this depend-
ence to the large-mass region, we find the expected value R(He?) ~ 10714,
Experiment gives R(He%) < 6 X 1071 (at the 90% confidence level).
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this model there must be a very high probability for
producing proton-antiproton pairs (there will be more of
them than pion pairs).

2, Direct processes of producing heavy particles.
It a model was considered for the peripheral pro-
duction of quarks in accordance with the diagrams of
Fig. 22, with allowance for absorption. The authors of
this paper noted that their results can be better substan-
tiated at sufficiently high energy, i.e., not very near the
threshold for producing the particles. The results of the
calculations are shown in Fig. 22, from which we can
conclude that for the primary proton energy 70 GeV the
cross sections for quark production lie in the range
107%°~107* ¢m?®, However, this model does not allow for
the effect of the structure function of the vertex at which
the heavy quarks are formed. If this structure function
falls off sharply as the mass increases, the cross sec-
tions will have a corresponding rapid decrease.

The case of peripheral production with quark exchange
(Fig. 23) has also been considered ®), In this case, a
quark and antiquark appear in various excited systems
and cannot annihilate, i.e., the mechanism of statistical
"extinction' of heavy masses does not operate. The
;:orresponding estimates of the cross section have the
orm

— — 2
o (pp - ppQQ...) =~ o (pp — pppp...) (Myp! M) =140-27 (Mp,/ M)~ 2 CINy

For MQ = (2—5)M,,, the quark production cross sections
lie in the range I(F'“— 107%% cm?.

One of the possible mechanisms of direct production
of heavy particles is diffraction production of a quark-
antiquark pair, or diffraction dissociation of a nucleon
into three quarks (Fig. 24). The minimum value of the
momentum transfer A® is determined by the mass M* of

2
90 354045 50 575Y 1
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a) Ty, GeV b) ’I‘p, GeV
FIG. 22. Diagrams for the peripheral production of quarks due to
single-pion exchange and the results of a calculation of the total cross
sections for quark production in the peripheral model [¥):a—w+N=—
N+Q+Q,b—N+N->N+N+Q+Q.

’ﬁé: 2
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FIG. 23 FIG. 24

FIG. 23, Diagram for the peripheral production of quarks with quark
exchange [*3].
FIG. 24. Diagram for the process of diffraction production of quarks.
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the system produced (M* = ZMQ + M, or M* = 3MQ) and
the primary momentum p: Ay ;. = (M** — M2)*/4p®. The
diffraction production cross section can be estimated
very crudely as

O diff « & Og xp (—04%,,,) R (M*);

here the factor (~b a2 ; ), where b ~ 10 (GeV/c)?, de-
termines the dependence of the diffraction production
cross section on the primary energy: the cross section
rises up to energies 5—6 times higher than the produc-
tion threshold of the M* system (in the L.s.) and then re-
mains practically constant; oo~ o (PP — PPPP...)

~ 107 cm® (at Ep, = 70 GeV); and R(M*) is some struc-
ture function of the vertex at which quarks are formed.
Depending on the various assumptions about this struc-
ture function, ogigf can have the value 10°°—107" cm®

It should be noted that, in analogy with the weak de-
pendence of the structure functions of the nucleon on the
momentum transfer in the region of deep inelastic ep
scattering, when all the inelastic channels are summed,
it is not excluded that the value of R(M*) will also not
fall off sharply with increasing M* and that the cross
sections for diffraction production of quarks may be
much larger than in the statistical theory.

3. Quark production in electromagnetic processes.
" Leptonic quarks." a) Experiments with electron accel-
erators. If quarks exist, they can also be produced in
electromagnetic processes. In this connection, if the
quarks are point-like, e.g., "leptonic quarks'L*) not
possessing the strong interaction, the cross section for
producing pairs of these particles can be calculated by
means of quantum electrodynamics (the Bethe-Heitler
formula). For "'ordinary" strongly interacting quarks,
the calculations are complicated by the effect of their
intrinsic form factor. However, as we have already noted
in Sec. I, the data on the electromagnetic structure of
hadrons favor a small value of the quark "radius":
ry K rpaq- In this case, the role of the intrinsic form
factors of the quarks becomes less important.

Three experiments on the search for quarks have
been performed with electron accelerators with energies
6 and 12 GeV. In two of these studiest® %) searches
were made for quarks which have no strong interactions
and which pass through a large thickness of matter. In
the third experiment[”j, measurements were made in a
"'no-background'' beam tuned to the momentum
12.5 GeV/c, at an accelerator electron beam energy
12 GeV. Searches were carried out in this case for both
"leptonic'' and strongly interacting quarks. Quarks were
not detected in any of the above~-mentioned experiments.
The results of the experiments are shown in Figs. 25
and 26 in the form of the upper limits on the masses of
fractionally charged particles that were established in
these studies. The estimates of the upper limits were
made on the basis of the Bethe-Heitler formula for the
production of pairs of particles without allowing for the
form factor of the quarks.

b) Electromagnetic virtual processes in nucleon-
nucleon collisions'*>°"><, The electromagnetic produc-
tion of quarks can also occur in processes with virtual y
quanta in nucleon-nucleon collisions. Owing to this
mechanism, estimates of the cross sections for produc-
ing "leptonic quarks' can be obtained with sufficient re-
liability from the results of the experiments of Leder-

man’s group[94 , in which a study was made of the pro-
duction of muon pairs with a large effective mass in
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nucleon-nucleon collisions at a primary energy E
~ 30 GeV, since both of these processes are described
by one and the same diagram (Fig. 27),

The general expression for the differential mass
spectrum of leptonic pairs has the form (for particles
with unit charge)

do _ a?
do = o

(1-22)" (1+32) Reo.
here w is the effective mass of the leptonic pair, M, is
the lepton mass, o = 1/137, and R(w, S) is a function de-
pending on the structure of the nucleon. In particular,
for the production of muon pairs with a large effective
mass 4M; < o*,

(dofdw)pip- = (@ 03) R (@, S).

If the mass spectrum of dimuon pairs at a given primary
proton energy is known, one can readily obtain from

this the expected value of the total cross section for pro-
ducing pairs of heavy "leptonic quarks"l‘” with mass MQ
and charge q:

mma,=5112-2Mp
do
oMok, = ¢ S (ﬂdg)um-, E

manZMQ ?
Since experimental data on the spectra of muon pairs
exist only for = 20—30 GeV, estimates of o(MQ) at
other primary proton energies were made by using an
extrapolation of the spectrum (do/dw) pru-Ep = 28.5 GeV.
In accordance with the parton model of Drell and Yan[®,
it was assumed here that the function R(w, S) must

(1-20) " (14228 a0 (14)

®,

= 232
’/’\/\//.5'-..
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FIG. 25. Results of the SLAC experiment [*] on the search for frac-
tionally charged particles for electromagnetic pair production by a 12
GeV electron beam. We show the limits on the mass of the particle as
functions of its charge, for stable leptonic quarks (1), leptonic quarks
with a lifetime 10719 sec (2), and stable strongly interacting quarks
that are appreciably absorbed in the target and matter of the apparatus
(3).

FIG. 26. Comparison of the results of three experiments on the
search for “leptonic” quarks with electron accelerators—[%#] (1)

(E, = 6 GeV), *#1@ (E, = 6 GeV), and [9°] (3) (Eg =12 GeV). The
intersection of the horizontal line with the limiting curves for each ex-
periment determines the limit on the quark mass that is established at
the 90% confidence level (for various values of the charges of the
particles: q = 2/3, 1/3, 1/10 and 1/25; the last two values characterize
the sensitivity of the experiments to hypothetical particles with very
small charge).

L-I-
- FIG. 27. Diagram for electro-
P 4 magnetic production of lepton pairs
in nucleon-nucleon collisions.
p
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satisfy scale invariance in the region of deep inelasticity,
i.e., that R(w, S) = R(7), where 7 = w?/S. The effective
mass spectra of the dimuon pairs produced in proton-
nucleon collisions at E_ = 28.5 GeV (the experimental
data of t**)) and at E, =70 GeV (the results of the extra-

polation procedure described above) are shown in Fig.
28,

In Fig. 29 we show the results of calculations of the
total cross sections for producing "leptonic quarks' with
charges q = 1/3, 2/3 and 4/3 in proton-nucleon interac-
tions at E_ = 70 GeV. In the same figure we indicate the

upper experimental limits on the total cross sections for
quark production at this same energy, as obtained in the
phase-space model and in the parton model (seet®*).
Thus, "leptonic quarks' with charge q = —1/3 could have
been detected in the experiments of the IHEP groupl %>
if their mass were less than 4.2 GeV, while "leptonic
quarks" with charges q = —2/3 and —4/3 could have been
detected up to a mass 3.7 GeV. I "ordinary' strongly
interacting quarks are actually point-like (rQ < rhad)’
the estimates of the electromagnetic production of quarks

dofdw, cm*/GeV; oy, cm?
3,
<

w4

1

bl 1 ! L L 1 ! 1 i
/ 3

7 w, GeV

FIG 28. Differential cross sections for dimuon pair production in
proton-nucleon collisions for a proton energy E_ = 28.5 GeV-results of
the experiments [**] (1) and Ep = 70 GeV—calculation (2). We also show
an estimate of the total cross section for production of the intermediate
boson W (for E_ = 70 GeV), based on the relation
ow ~ 0.05Miy{d0/d, (= Myl - (3).
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FIG. 29. Total cross sections for electromagnetic production of

pairs of “leptonic quarks” in proton-nucleon interactions, calculated
according to (14) (curves 1). We also show the upper experimental limits
on the total cross sections for quark production at E_ = 70 GeV, obtained
in the phase-space model (dashed curves 2) and in the parton model
[%3:95] (solid curves 3).
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which we quote also refer to the "ordinary' quarks to a
great extent. In this connection, it seems quite probable
that, owing to the strong interaction processes, the esti-
mates of the expected cross sections for producing
"ordinary" quarks will be increased by at least 4—5
orders of magnitude (i.e., by a factor ~(g*a®)™).

V. CONCLUSIONS

It is perfectly obvious that all the theoretical esti-
mates of the production cross sections for strongly
interacting quarks which we have quoted in this review
are quite arbitrary. Nevertheless, they show that these
cross sections may be rather high in comparison with
the results of the statistical model. Then it follows from
the experiments carried out with accelerators that the

masses of the quarks, if they exist in the free state, must

be greater than 5 GeV. The interpretation of experi-
ments with cosmic rays is much more ambiguous. It is
possible that their sensitivity is insufficient to detect
quarks with high masses.

Thus, nine years after the quark hypothesis was put
forward, the question as to whether quarks exist in the
free state is still open. Several tens of experimental
studies aimed at the search for these fundamental con-
stituents of matter have so far led only to negative re~
sults. Still in front of us are experiments with the new
generation of accelerators, especially with the intersect-
ing proton-proton rings at CERN (at an energy
30 + 30 GeV in the c.m.s.) and with the accelerator at
Batavia (at E, = 300—400 GeV). It is possible that the
extension of the range of masses of the particles for
which sensitive quark searches can be carried out will
play a decisive role in solving this problem. There may
also be excellent prospects for physico-chemical
searches for quarks in various substances.

However, it is quite possible that quarks are quasi-
particles of some kind, which in general cannot exist in
a free form. And last (out not least!), the successes of
the quark-model description of hadrons may be merely
outward manifestations of some hitherto unknown in-
ternal regularities in the structure of matter.

Note added in proof. In [°7] an analysis was made of the probabilities
of detecting single quarks in experiments of the type of Table VIII, The
analysis showed that, owing to the accompanying showers, this probabili-
ty (P) for heavy quarks may be quite small (M =5 GeV, P ~ 1.0-0.6;
MQ =10 GeV, P ~ 0.09-0.25; MQ =20 GeV, P~ 0.9-0.01).

DThere may exist spin-orbit and spin-spin interactions, which break SUs
symmetry, as well as forces which break SU; symmetry.

The particies P, N and A hyperon—the fundamental fields in the ongmal
form of the Sakata model,; it is significant that these particles are all
characterized by integral electric and baryon charges, the P and N having
isospins T = % (they are carriers of isospin) and the A having isospin
T = 0 and strangeness S = —1 (it is a carrier of strangeness).

The Sakata model corresponds to the following structure of the baryon
supermultiplets: {3}X {3}X {3}= {3}+ {3}+ {6}+ {15},

i.e., triplets, sextuplets and 15-plets, which are not realized in nature.

These parameters also describe the antideuteron spectra.

A 30e£f(MQ, Ep) is the production cross section for quarks of mass Mg
by primary protons of energy E, on a nucleus with atomic weight A.
Here M) may exceed [(2E M, + 2M2 )‘/ 2—2M,1/2, the limiting value
of the mass of the quark WEICE can be producedP in coliisions of protons
of energy E,, with a nucleon at rest; A3 js the effective number of
nucleons in the nucleus.

&)Let us recall the notation: o(MQ)Igo% is the upper bound on the total
cross section for the productionof quarks of mass MQ in interactions
of primary protons of energy Ep with nucleons at rest;

272 Sov. Phys.-Usp., Vol. 16, No. 2, September-October 1973

Pt(M E )190% and ¢ H{MQ, p)lgo% are the same, but allowance for
the Ferml motlon of the nucleons in the target nucleus under two
assumptions about the form of the cross section for the production of
quarks of mass M@ as a function of the energy Ep Egs. (5) and (6).
oM Q loog; and 9(1)(M Qoo are the upper bounds on the “asymptotic
total cross sections for quark production corresponding to (5) and (6)
(all estimates of the bounds correspond to the 90% confidence level).

7E.g., a baryon triplet 8 and a boson triplet &, or a triplet with double
baryon charge $ and a baryon triplet « {!°].

®The results of older work are contained in the review [$°].

91t has been noted that, owing to the Earth’s electric field, the length of
time for which quarks are stored in water and air may be reduced to
the order of magnitude of a year. If this is so, the expected concentra-
tion of quarks in these substances is further reduced by a factor ~ 10°
(see, e.g., [2]).

190f course, analogous arguments are also valid for the cross sections
for producing heavy leptons {°193].
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