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The first reports of the discovery of new heavy neutral bosons appeared in the autumn of 1974. The
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I. INTRODUCTION

In November 1974 a remarkable discovery was made
in elementary-particle physics: a new particle was dis-
covered—a narrow resonance of very large mass—3.3
times the mass of the proton (3.1 GeV). The width of
the new resonance was found to be very small—70 keV;
i.e., its lifetime is 10'20 sec—a large value by nuclear
standards. The new particle was discovered almost
simultaneously in two laboratories in the U.S.A. It was
detected at Brookhaven National Laboratory by S. Ting's
group, who analyzed the effective-mass spectrum of
electron-positron pairs produced in collisions of 30-
GeV protons with beryllium nuclei11] " . It was also
found using the colliding electron-positron beams of the
Stanford accelerator by anlyzing the cross section of
electron-positron annihilation'2].

The history of how this resonance was discovered is
of some interest. Ting's group began their experiment
in the spring of 1974. The experiment which they car-
ried out was an exceedingly difficult one: it is sufficient
to say that the probability for producing an electron-
positron pair in the appropriate effective-mass region
in collisions of protons with the Be nucleus was ~10~8

of the total probability for inelastic collisions. Similar
experiments on the reaction ρ + nucleus — μ*μ" + any-
thing had been carried out previously by Lederman's
group[3) and yielded a number of interesting results:
the cross section for muon pair production was deter-
mined as a function of the effective mass of the pair,
revealing a "shoulder" in the mass spectrum of the
muon pairs in the region 3—4 GeV. Lederman's group
did not see any resonances in the mass spectrum of the
muon pairs. However, the experimental arrangement of
Ting's group had a major advantage over that of Leder-
man: its resolution in the energy of the detected pairs
was much better, and this facilitated the search for
narrow resonances. By autumn, Ting's group accumu-
lated a sufficient number of events (about 500 by the end

of October), which fell mainly within a narrow band of
the effective-mass spectrum of the e*e" pairs in the
vicinity of 3 GeV.

In 1973-74, B. Richter, M. Perl, G. Goldhaber, M.
Chinowsky and their coworkers at Stanford (SLAC) used
the colliding electron-positron beams of the SPEAR
accelerator to measure the cross section for electron-
positron pair annihilation into strongly interacting
particles—hadrons, and these measurements yielded a
number of valuable results2'. Until June 1974, SPEAR
was operating with each of the beams at an energy 2.5
GeV; in June, it was closed down for modifications, with
an increase in the energy to 4—5 GeV; it came into op-
eration again in September. Richter's group decided to
use the recently closed-down accelerator to repeat
their experiments which were discontinued in June, but
with more closely spaced steps in energy. Starting the
measurements on November 9th, it was not long before
they observed an enhancement in the cross section for
the annihilation e*e" — hadrons in the region 3.1—3.2
GeV; then, raising the accuracy with which the energy
of the colliding beams was measured to 0.1%, on
November 10th they made the first conclusive observa-
tion of a resonance—a more than tenfold (and, in several
hours, after raising the accuracy to 0.01%, even a
hundredfold) enhancement in the cross section.

Two papers concerning the discovery of the new
particle were submitted to Physical Review Letters, one
after the other, on November 12 and 13. Ting's group
designated the new particle the J, while Richter's group
designated it the φ. When the news of the discovery of
the J-φ particle became known in Europe by telephone,
a group of Italian physicists who were working with the
colliding e*e~ beams of the ADONE accelerator at
Frascati (Italy) raised the energy of the accelerator to
2 x 1.55 = 3.1 GeV—the value required to produce the
resonance (the accelerator was previously operating at
an energy 2 χ 1.5 = 3.0 GeV)—and, within several days,

''The references to the cited literature in this paper are numbered sep-
arately in each chapter.

2)See the reviews [4'51 for a discussion of the results of these experi-
ments.
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they also observed this resonance in the same reaction,
e*e" — hadrons, in which it was seen at Stanford. The
Italian physicists dictated their paper by telephone to
the editorial office of Physical Review Letters. As a
result, the issue of Physical Review Letters dated
December 2, 1974 contained at once three papers[ 1 > 2 > e '
reporting the discovery of the new particle. Before long,
one more particle was discovered using the intersecting
electron-positron rings at Stanford, this particle being
similar to the first one, with a mass equal to 3.9 times
the mass of the proton (3.7 GeV) and a width of the
order of several hundred kiloelectron volts[ ? 1. Since
they were seen as resonances in the e V system, both
new particles must have integral spin, i.e., they are
bosons. We shall henceforth call these new particles φ
bosons (or φ mesons); we shall refer to the boson with
mass 3.1 GeV as simply the φ, and the boson with mass
3.7 GeV as the Φ'.

The properties of the new particles were surprising
mainly because of their small widths for such large
masses. The previously known particles—the heavy
mesons and baryons—with masses in the region 2—3
GeV, had widths of the order of several hundred MeV,
i.e., three orders of magnitude greater than those of
the new particles. The small widths of the new mesons
therefore indicated the discovery of some new type of
elementary particle, whose decay into the ordinary
strongly interacting particles—pions, kaons and nucle-
ons—is strongly suppressed.

The possible existence of new types of particles had
been widely discussed by physicists in recent years, and
in this sense their discovery was not surprising (more-
over, there had even been theoretical proposals'^"101 to
search for new particles in experiments on e V anni-
hilation, where they were indeed discovered, as well as
in photoproductioncll], where they were found later).
However, these particles were expected110'111 to have
larger widths than those that are actually observed or
to have completely different properties, so that the dis-
covery was, as it were, a fortuitous bonus.

The small widths for the decays of the new mesons
into ordinary hadrons might mean either that the new
mesons have no strong interaction at all with the ordi-
nary hadrons or that their decays are strongly sup-
pressed by some selection rules.

The discovery brought about an avalanche of theo-
retical papers providing interpretations of the new par-
ticles. First of all, it was necessary to establish
whether these particles are hadrons, having a strong
interaction, or whether they belong to the class of parti-
cles which have only weak and electromagnetic interac-
tions, i.e., whether they are so-called intermediate
bosons.

The possible existence of bosons which have only
weak and electromagnetic interactions—intermediate
bosons—has been discussed for many years in connec-
tion with the problem of weak interactions (see, e.g.,[12]).
In analogy with the photon, which carries electromag-
netic interactions, it was assumed that there exist
charged intermediate bosons which are carriers of weak
interactions involving the transfer of charge from had-
rons to leptons, such as the process of β decay. A num-
ber of theoretical arguments related to the construction
of a unified theory of weak and electromagnetic interac-
tions on the one hand, and the more recent discovery of
weak neutral currents in a neutrino experiment on the

other hand, indicate that there may also exist neutral
intermediate bosons Z°. One might have tried to iden-
tify such neutral intermediate bosons Z° with the new
mesons, since theoretical estimates show that the Z°
widths should be similar to those that are observed ex-
perimentally. However, on the basis of the unified
theory of weak and electromagnetic interactions, the Z°
bosons were expected to have masses of the order of
several tens of GeV, so that their discovery at 3 GeV
was unexpected. Further investigations of the proper-
ties of the φ bosons established that parity is conserved
in the interactions of the φ with leptons and that, al-
though the decays Φ — hadrons indicate a semi-weak in-
teraction of the Φ with hadrons (as in the case of inter-
mediate bosons), the interaction of the φ with hadrons
is strong in other processes, such as the decays φ'
— φ + hadrons. This shows that the φ cannot be the
neutral intermediate bosons of the weak interactions.
(Certain possible ways of describing the φ as intermedi-
ate bosons which have so far not been excluded experi-
mentally are discussed here in Chap. V.)

Thus, the only remaining plausible description of the
φ mesons is the possibility that they are hadrons but
that, because of some selection rules, such as the pres-
ence of new quantum numbers for these mesons, their
decay into ordinary hadrons is strongly suppressed (al-
though the decay φ' — φ + hadrons is allowed).

During the past few years, theoretical predictions
have been made of the possible, and in certain cases
even necessary, existence of hadrons with new, hitherto
experimentally unknown quantum numbers, which are
conserved in the strong interactions. Theoretically, on
the basis of two different arguments, two hypotheses
have been put forward regarding the existence of had-
rons with two new quantum numbers. One of these
quantum numbers has become known as "charm" and
the other as "color."

The need to introduce the new quantum number
"charm" in the theory originated from the physics of
weak interactions. By analyzing virtual processes at
high energies, the theory of weak interactions which
assumes that there exist only ordinary and strange
particles (i.e., that the symmetry of the hadrons is
SU(3)) was used to infer that there is a relatively large
probability for decays of strange particles into lepton
pairs with zero charge (such as Κ0^— μ*μ~> s e e the re-
view^3'). Experimentally, such decays were not seen
with the expected probability. To overcome this diffi-
culty, it was conjectured[14] that there exist hadrons
which possess a new quantum number—charm. The
strong interactions are approximately symmetric with
respect to all types of hadrons, including charmed
hadrons (if there exists a single type of charmed parti-
cle, i.e., a single new quantum number, then the sym-
metry of the strong interactions is SU(4); if there are
two types, then the symmetry is SU(5), etc), while the
structure of the weak interactions is such that the con-
tribution of charmed particles completely cancels the
contribution of the ordinary particles in the amplitudes
for decays of the type K L —- μ*μ~ in virtual processes
at high energies. In the hypothesis of charmed parti-
cles, the "charm" quantum number C is conserved in
the strong and electromagnetic interactions, but not in
the weak interactions.

An important difference between charmed and ordi-
nary particles is that, whereas the average charge
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within any SU(3) multiplet of ordinary particles is (Q >
= 0, an SU(3) multiplet of charmed particles has (Q >
* 0, so that each such multiplet can be characterized
by the value σ = 3(Q), which has been designated
"supercharge"[ 1 5 1 .

In several respects, the physics of charmed particles
should be analogous to that of strange particles. Like
strange particles, charmed particles should be pro-
duced in pairs. The charmed mesons and baryons of
lowest mass can decay into ordinary or strange parti-
cles only via the weak interactions and, by nuclear
standards, should have rather long lifetimes ~1CT13—
10'" sec.

In terms of the hypothesis of charmed particles, the
'!> bosons cannot be charmed themselves and must have
the quantum number C = 0. This statement follows
from the fact that the φ are produced in electron-posi-
tron collisions, which in the conjectured scheme must
proceed via a virtual photon, e*e~ — γ — φ, as well as
from the values of the widths and lifetimes of the Φ
mesons. The small widths of the -i> mesons must there-
fore be explained by invoking the additional hypothesis
that the φ and φ' are, as it were, weakly bound systems
of two charmed particles with C = ±1, which have a
very small probability of coming together at a single
point and annihilating into ordinary hadrons.

The introduction of the new quantum number "color,"
which can take three values, say red, blue and yellow,
is due to a number of theoretical advantages of models
involving this quantum number (see, e.g.,[ 1 6 ]). It is as-
sumed in such models that, in addition to the usual
SU(3) symmetry, the strong interactions are SU(3)'-
symmetric with respect to transformations in the three-
dimensional space of the three colors and that the car-
riers of the colored interactions are 8 vector mesons.

As the interaction in "color" theories is carried by
an octet of vector particles, the effective charge in this
case does not grow at small distances, as in quantum
electrodynamics or in meson theories, but decreases;
i.e., the theory does not involve the so-called "zero-
charge" problem—the vanishing of the physical charge
for any value of the bare charge. The decrease of the
effective charge at small distances means that the par-
ticles appear as free particles asymptotically, at large
momentum transfers ("asymptotic freedom"). This
conclusion is confirmed by experimental data on deep
inelastic electroproduction and neutrino scattering.

Another virtue of color theories is that they provide
a consistent description of the data on baryon spectro-
scopy in terms of model-dependent concepts (the quark
model; see Chap. IV). Theories involving color sym-
metry also have other advantages.

According to the hypothesis of color, the ordinary
hadrons are mixtures of all three colors with various
weights, i.e., they are "white." In the framework of the
color hypothesis, there may appear a large number of
new hadrons, which are distinguished by the new quan-
tum numbers. In this case, however, the method of in-
corporating electromagnetic and weak interactions in
the theory is not so well determined by the properties
of the scheme as in the case of the hypothesis of charm.
In particular, it may be assumed that the electromag-
netic interaction violates the color symmetry. It is this
variant of the color hypothesis which is preferred for
the description of the i bosons. In this case, the φ

bosons are colored particles. It is possible to explain
their small width for the decay into hadrons and their
production in the e*e~ reaction: both processes take
place because of the violation of color by the electro-
magnetic interaction. One of the main consequences
for the Φ mesons is that the principal decay mode is
•b — γ + hadrons, i.e., φ decays must involve photons in
the majority of cases.

With either hypothesis—charm or color—it is possi-
ble to make a number of predictions regarding the types
and masses of new particles and their decays and inter-
actions, which can be compared with experiment, both
in processes involving the φ mesons which have already
been studied and in possible experimental searches for
new particles. One of the major problems here is the
question of whether these hypotheses can account for
the results of experiments on e*e~ annihilation into
hadrons151, which were not incorporated in the theoreti-
cal scheme before the discovery of the φ mesons. In
comparing the two hypotheses with the existing experi-
mental data, it cannot be said that everything goes
smoothly: each of the hypotheses has its difficulties.
(This is particularly true of the color hypothesis.)

In addition to the hypotheses of intermediate bosons,
charmed particles and colored particles, other theoreti-
cal schemes for describing the φ mesons have been
proposed. However, they have not been developed in
such great detail as the foregoing schemes.

Regardless of whether any one of the theoretical
schemes which we are considering here proves to be
correct, now that the φ mesons have been discovered
we can expect a vigorous development of elementary-
particle physics in the course of the next few years—the
discovery of new particles and the study of their proper-
ties, which may be the key to a clearer understanding of
the laws of nature.

In Chapters II and III of this review we shall outline
the experimental facts about the φ mesons and give
their theoretical interpretation on the basis of the phe-
nomenological approach, as far as possible without in-
voking any theoretical hypotheses. Then, in Chap. IV,
we shall consider the basic ideas of the above-men-
tioned theoretical hypotheses—charm and color—in the
language of the quark model. A discussion of alterna-
tive interpretations of the φ mesons appears in Chap.
V. Finally, Chap. VI contains a theoretical analysis of
the production mechanisms of the new particles.

II. EXPERIMENTS ON THE PRODUCTION OF
NEW PARTICLES IN COLLIDING
ELECTRON-POSITRON BEAMS

The main physical characteristics of the φ mesons
(their widths, spins, parities, etc.) have been deter-
mined in experiments on the electron-positron pair an-
nihilation process e*V — Φ carried out with the collid-
ing-beam accelerator SPEAR (Stanford, U.S.A.);1'5).
Data on the annihilation process e*e" — ί·, in agreement
with the results of SPEAR, have also been obtained us-
ing the accelerators ADONE (Frascati, Italy) [β1 and
DORIS (DESY, Hamburg, West Germany)t7l.

The experimental arrangement of SPEAR[5>ei—a
magnetic detector (Fig. 1)—consisted of a solenoid of
diameter 3 m and length 3 m, with a uniform magnetic
field of 4 kG, whose axis was parallel to the beam axis.
The particles which appeared in the interaction region
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in wire chambers

FIG. 1. The experimental arrangement of the SPEAR magnetic
detector.

traversed in turn a vacuum chamber, an inner trigger
(3 mm), a scintillator to suppress the cosmic-ray back-
ground, a magnetostriction wire spark chamber, a
cylindrical layer of 48 plastic scintillators of thickness
2.8 cm as outer triggers, a magnetic coil (with a thick-
ness of one radiation length), a cylindrical array of 24
scintillation counters (with lead) to identify electrons,
a 20-cm iron yoke of the magnet which also served as
a hadron filter, and finally two gaps of planar spark
chambers to detect muons. The apparatus subtended a
solid angle 0.65 χ 4π sr, which was symmetric with re-
spect to 90s to the beam axis. The SPEAR data31 on the
cross sections for the processes e V — hadrons, e V
— e*e" and e*e~ — μ+μ~ in the vicinity of the resonance
φ (3.1 GeV) and the process e*e" — hadrons in the
vicinity of the resonance φ' (3.7 GeV) are shown in
Figs. 2 and 3. These data demonstrate that there is not
the slightest doubt about the existence and small widths
of the resonances φ and Φ'. The experimental resolu-
tion in the total energy of the beams was approximately
2.8 MeV in the SPEAR experiments, so that only an up-
per bound Γ < 2.8 MeV can be obtained on the widths of
the resonances from the direct experimental data.

In the course of further, more accurate measure-
ments of the energy dependence of the cross section for
e*e" annihilation into hadrons at SPEAR, a maximum
was seen in the cross section at a total e*e" c m . en-
ergy equal to 4.15 GeV, which can be interpreted as a
resonance. The experimental data on the total cross
section for the annihilation process e*e" — hadrons
are shown in Fig. 4. We shall henceforth denote this
resonance by Φ (4.15). As can be seen from Fig. 4, the
φ (4.15), unlike the φ and φ', is a broad resonance, with
a width of about 200-300 MeV.

1. Determination of the resonance widths.
Allowance for radiative effects

The values of the partial widths of the resonances
can be determined from the experimental curves of
Figs. 2 and 3 by making use of the Breit-Wigner
formula

σ, (Ε) = zrs-1 (2.1)

3)By the middle of February 1975, about 100 000 events had been
seen in the SPEAR experiments in the region of the φ resonance and
about 30 000 events in the region of φ'.

FIG. 2. The e+e" annihilation cross sec-
tion in the region of energies near the φ
(3.1) resonance. The total annihilation
cross section a(e+e" -• hadrons) (a), a(e+e"
-• e V ) (b), and o(e+e" -> μ+μ") (c). It was
not possible to distinguish muons from
pions and kaons in this experiment, but
subsequent experiments showed that the
contribution of pions and kaons to the
cross section o ( e V ·* μ+μ", 7τ+π~, Κ+Κ") is
small.
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where <rf is the cross section for the partial process
e V — φ — f (for example, f = h (hadrons), e V or
μ*μ"), * « 2/M is the wavelength of the e* or e" in the
c.m.s., Μ is the mass of the resonance, J is its spin, T e e
is the width of the decay into e V , Tf and Γ are the par-
tial and full widths, and Ε is the total e V energy in
the c.m.s. Κ the experimental resolution Δ Ε is much
greater than the width of the resonance, Δ Ε » Γ , then
the value of fff(E) within the peak is determined by an
integral of Eq. (2.1) with respect to the energy:

(2.2).

In the case of a Gaussian distribution in the energies
of the e*e~ beams, which holds in the experiments under
consideration, we have

w{E, E')dE= i

giving

AE = Y2no (2.3)

Using the experimental values within the peak (or, as is
more often more convenient, JafxP(E)dE), Eq. (2.2)
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makes it possible to determine the value of Γ Θ Γ { / Γ and,
if the ratio r e / T is known (i.e., if the ratio of the
i — e*e~ decay probability to the total decay probability
is known), to determine TQ and the full width Γ . Al-
though Eqs. (2.1) and (2.2) in principle provide a solu-
tion to the problem of determining the widths on the
basis of the experimental data on the cross sections,
they require an important correction due to radiative
effects.

The radiative effects are associated with the emis-
sion of virtual and real photons in the process e*e"
— φ. To first order in e2 = a = 1/137, the contribution
of virtual photons to the e*e" — i interaction vertex is
described by the diagram of Fig. 5, while the emission
of real photons, i :e., the process e*e" — -j- + y, corre-
sponds to the diagram of Fig. 6.

If the total energy Ε of the e* and e~ in the center-
of-mass system is somewhat greater than M, there is
a preference for the emission of a soft photon with en-
ergy Ε γ ~ Ε - Μ by the electron or positron in the
annihilation process, since the e*e" system is then at
the resonance after the emission of the photon. For this
reason, there is an appreciable enhancement in all the
partial cross sections for e*e" annihilation in the re-
gion above the resonance, i.e., there is a "radiative
tail," which is clearly seen in the curves of Figs. 2 and
3.4> The partial cross sections for e*e" annihilation
e*e" — •]> + y — f + y involving the emission of a soft

FIG. 5 FIG. 6

4 1 An analogous effect should be seen in φ production in hadronic col-
lisions (or photoproduction) followed by the decay φ -* e+e". In this
case, the photon is emitted by the final e+e~; the "radiative tail" ap-
pears to the left of the resonance, and its form is determined by
(2.4) with the substitution Ε - Μ -<• Μ - Ee

+e"·

photon (Εγ « Μ) in the region above the resonance,
Ε > M, can readily be calculated to first order in a on
the basis of the diagram of Fig. 6[ 9 ' 1 0 ] . There is obvi-
ously no need to allow here for photon emission by the
final particles, whose contribution should be small (of
order Γ/Ey with respect to the contribution of the dia-
grams of Fig. 6 when Ε γ » Γ ) . However, it is import-
ant to allow for radiative corrections of higher order,
since, in addition to a, their contribution is propor-
tional to a product of large logarithms, ln(M/me)
χ ln[M/(E - M)] (where m e is the mass of the elec-
tron). The partial cross section for e*e" annihilation
into channel f of the Φ decay, with the emission of an
undetected soft photon in the region Ε > Μ, Ε - Μ
» Γ , Ε - Μ » ΔΕ, calculated in the doubly logarithmic
approximation (i.e., with allowance for the terms
~[a In (M/me)ln (M/Ey)]n),. has the ^ " 1

where faf(E')dE' is determined in (2.2), and

M), (2.4)

(2.5)

Terms of order aln(M/m e ) are neglected in Eq.
(2.4), so that the accuracy of this expression is of order
10% in the cases in which we are interested. A more
accurate expression, which takes into account the terms
linear in α In (M/me) and which therefore has an ac-
curacy ~l°t>, is given in [ 1 2 " 1 4 ' .

In the case of a narrow resonance, when the experi-
mental resolution is such that ΔΕ » Γ , the partial
cross sections for annihilation within the peak, averaged
with respect to the experimental resolution, with allow-
ance for radiative corrections calculated in the doubly
logarithmic approximation, differ from (2.2) by the fac-
tor y(AE)[ 9-U i:

°&=°Γ*^Ό. (2-6)

where crf

p e a k is defined by Eq. (2.2), and y(AE) is de-
fined by Eq. (2.5). Substituting the numerical values
Μ = 3.1 GeV and ΔΕ = 2.8 MeV in (2.5), we find y(AE)
= 0.5, i.e., the radiative corrections are very important.

We quote another frequently used formula, which ex-
presses the integral of the experimentally measured
cross section over the region of the resonance and the
"radiative tail," with allowance for both the experi-
mental resolution and the emission of undetected soft
photons, as a function of the upper limit of integration^11':

AlE. £·,,,;„)= \ dE•' \ t!E-aiaA(E')ic(E\E') (2.7)

—M).

The same assumptions are used in deriving (2.7) as in
(2.4).

It follows from (2.4), (2.6) and (2.7) that the reso-
nance widths can be determined from the experimental
data on the cross sections by considering both the
region of the peak and the region of the radiative tail.
The best procedure seems to be to compare the experi-
mental data with the general theoretical formula which
takes the radiative effects into account and which is ap-
plicable in both the resonance region and the region of
the radiative tail. However, such a formula depends on
the specific form of the experimental resolution and can
be used only for numerical calculations.
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The values of the widths of the resonances φ and φ'
obtained by analyzing the experimental data (subtracting
the background and allowing for radiative effects) are
listed in Table I[3~51. To complete the picture, this
table also includes the data on the resonance φ (4.15).

In calculating r e e and Γ in Table I (with the excep-
tion of Γ for the φ (4.15)), the spins of the resonances
were taken as 1 (see below) and ah(E) was determined
experimentally by the number of events with hadron
tracks. In the case of the φ resonance, Bee (or BU(jt)
was determined experimentally as the ratio of the num-
ber of events involving e V (or μ*μ~) production to the
total number of events in the resonance region, where
hadronic events were detected only if the hadrons in-
cluded charged hadrons. (It is natural to assume that
decays of the φ or φ' into only neutral hadrons have a
small probability.) It was assumed in determining Bee
and Γ that there are no unobserved neutral types of φ
decays such as φ — ηγ, φ — yir° or φ — νν. The ex-
perimental bounds Γ(ψ— 2 y ) / r e e < 0.05 and Γ(!>
— η y)/Tee < 0-13 (90% confidence) have been obtained
on the relative decay probabilities^7131.

Using the data of a neutrino experiment, the estimate
L vv < (10"2-10"3)re e can be obtained for the φ — ~vv
decay probability (see Sec. 1 of Chap. V).

2. The Spin and Parity of the φ Meson

The currently available experimental data indicate
that the spin and parity of the φ meson are J p = Γ and
that parity is conserved in the decays φ —· e*e" and
φ — μ*μ" (and apparently also in the decays φ — had-
rons).

The conclusions about the spin and parity of the φ
meson follow from measurements of the angular distri-
butions of muons and electrons in the reactions e*e"
— μ*μ" and e*e~ — e*e' in the resonance region and
measurements of the total cross section for the reaction
e*e" —· μ*μ" in the region of interference between the
resonance and background.

In the resonance region, the process e*e" — μ+μ" is
described by the diagram of Fig. 7. In the case of zero
spin of the φ meson, the angular distribution of the
emitted muons is isotropic:

r A da
~ const. (2.8)

If the spin of the φ meson is 1 and if parity is conserved
in the ψβ*β" or φμ'μ' interaction, then the angular dis-
tribution has the following form:

Resonance

Ψφ (4.15)

M, MeV

3095+5
3684±5
- 4 1 5 0

J" oh (E) <JE ,

nb-MeV

.9900-1-1500
3700^-600

- 5 6 5 0

TABLE I

Tee.keV

4.8+0.6
2.2-0.3
4.2=0.6

0.069+0.009
(0.97-0.1Β)-10-=

1.7-10-5

r

69+15 keV
225-56 keV
250-50 MeV

The integral /ojj(E)dE over the resonance region (without radiative correc-
tions) is determined by Eq. (2.2) with f = h, F e e is the φ -*· e*e" decay width, and
Β ee = Tee/Γ. For the ψ meson, Γμμ/Γββ = 1.00 ± 0.05; for the ψ' meson, ΓμμΙΓ№

= 0.89 ± 0.16. The mass difference between the ψ and ψ' is determined with better
accuracy than the masses themselves: Μψ' — Μψ ~ 590 ± 1 MeV.

J = 1, Ρ is conserved, da;dQ ~ 1 -4- cos 2Θ, (2.9)

where θ is the angle between the e* and μ* momenta. If
parity is not conserved (but CP is conserved), we have,
instead of (2.9):

J = 1, Ρ is not conserved,

(2.10)

where, in the case of μ - e universality, λ = gA/gV is
the ratio of the axial-vector and vector coupling con-
stants for the interaction φνΈγν(1 + \ys)e or φν"μγν(\
+ λγ5)μ. (In the absence of μ - e universality λ2

= gA(e)gA(^)/gV(e)gv(iJ-)·) In particular, for the two-
component interaction, λ = 1 and

/=1, V-A :£--(! (2.11)

We see from (2.10) and (2.11) that nonconservation of
parity produces a forward-backward asymmetry.
Figure 8 shows the experimental data on the angular
distribution in the reaction e V — μ+μ" in the region of
the it meson. These data force us to reject spin 0 for
the φ meson (as well as spin 2, for which the angular
distribution has the form da/dii ~ 1 - 3 cos2 θ + 4 cos1 Θ,
and higher spins). It follows from Fig. 8 that the experi-
mental data are in satisfactory agreement with Eq. (2.9),
i.e., with the hypothesis that the φ has spin 1 and parity
is conserved. These same data can be used to obtain the
bound λ2 S. 0.05 on the possible magnitude of parity non-
conservation.

By studying the total cross section for the reaction
e*e" — μ*μ" in the region of interference between the
resonance and background below the resonance, it is
possible to determine not only the spin of the resonance,
but also its parity. The background annihilation process
e*e" — μ*μ" is described by the diagram of Fig. 9, which
involves the exchange of a virtual photon. The interfer-
ence between the diagrams of Figs. 7 and 9 is obviously
non-zero only in the case of a vector φ meson (or when
the state with J p = Γ contributes strongly to the inter-
actions of the φ meson with both the electron and the
muon). Consequently, the observation of an appreciable
interference between the resonance and background, in
conjunction with the above-mentioned fact that parity is
conserved in the decays φ -~ e*e~ and φ -~ μ+μ\ would
constitute a proof that the φ is a vector meson51. By
summing the diagrams of Figs. 7 and 9, taking into ac-
count both resonance and background effects and assum-
ing μ - e universality and parity conservation, but
omitting for simplicity the radiative corrections, which
are actually very important in the interference region,
the following expression is obtained for the total cross
section of the process e*e" — μ'μ"1-13':

, V
FIG. 7

s)The remaining possibility here that parity is not conserved only in
the interaction of the φ with electrons is ruled out by the experi-
mental data on the e+e' angular distribution in the reaction e+e"
-*· e+e", which are in agreement with the theoretical result for j " = 1"
in the resonance region if allowance is made for the contribution
from the diagram of Fig. 10.
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The expression (2.12) has a minimum at

4 α 2 "Ι

(2.12)

(2.13)
We note that there is no such minimum below the reso-
nance (for J^ = 0 or 1) in the case of the process e*e"
—- e*e" and that the interference term is positive here;
this is so because, in addition to the diagrams analogous
to Figs. 7 and 9, there is a contribution to this process
from the diagram of Fig. 10 involving the exchange of a
space-like photon, whose interference with the diagram
of Fig. 7 for Ε - Μ < 0 in the angular region studied in
the SPEAR experiments is positive and dominant over
the interference term in the total cross section from
the diagrams of Figs. 7 and 9.

The experimental values and theoretical curves for
the ratio of cross sections <j(e*e~ — μ*μ")/α(ε*β" — e*e~)
in the interference region, shown in Fig. 11, definitely
favor a destructive interference in the region below the
resonance and thus demonstrate that the spin and parity
of the φ meson are J p = Γ , i.e., the same as for the
photon; consequently, the charge parity of the φ meson
is negative.

We note that the foregoing conclusions about the Ρ
and C parities of the ψ meson refer to its interactions
with leptons, These conclusions might not apply to the

FIG. 8. The angular dis-
tribution of muons in the
reaction e+e" -*• μ*μ'.

-0.7 -0,5 -0J -0,1 0,1 0.3 0,5 07
cosfl

FIG. 9

1.00 Γ

0.30 -

ο,ιο-

0.03

μ/β) icoB0l*#i

(preliminary results)

11 ' '

J

3,000 3.065 3.090 3.0S5 3,100

FIG. 11. The energy dependence of the ratio o(e*e~ -* μ*μ~)/σ(ε+ε
-»-e+e"). The solid curve is the result of the theoretical calculation as-
suming that the resonance interferes with the background, and the
dashed curve is the same with no interference.

interactions of the φ with hadrons if these interactions
did not conserve the Ρ and C parities. Since the Ρ and
C parities are conserved in the interactions of the φ
with leptons, it is natural to assume that this is also the
case for the interactions of the φ with hadrons. We
shall henceforth adopt this hypothesis. (Certain addi-
tional arguments in favor of C-parity conservation in
decays of the φ into hadrons will be given in the next
section,)

3. Non-leptonic decays of the φ mesons

The study of non-leptonic decays of the φ meson is of
interest in several respects: a) by studying hadronic de-
cays of the φ meson, it is possible to determine the
isotopic spin Τ and G-parity of the produced hadronic
states, i.e., if the φ meson is a hadron and if isospin is
conserved in hadronic decays of the φ, its Τ and G can
be determined; b) searches for the decays φ —· γ
+ hadrons enable us to test various hypotheses about the
nature of the φ meson; c) if the φ meson is a hadron,
we can hope to find new hadronic states among the
products of the decay φ -~ γ + hadrons; d) it is import-
ant to study the products of the decay φ -~ hadrons (the
spectrum of states, multiplicity, etc.) in order to under-
stand the nature of the Φ meson itself, as well as other
processes at high energies (the annihilation processes
p"p, e*e~ — hadrons, etc.).

Let us consider the decays i/i— hadrons. We shall
suppose that C-parity is conserved in j> decays. We
shall assume at first that the hadrons are produced in
a state having a definite value of the isotopic spin Τ = 0
or 1, without considering larger values of T. Since the
C-parity of the φ meson is negative, for Τ = 0 or 1 the
G-parity of the produced hadrons is -1 or +1, respec-
tively. By virtue of the fact that the G-parity of the
pion is negative, this implies that the decays φ -— pions
are allowed into an odd number of pions for Τ = 0 and
into an even number of pions for Τ = 1. Let us suppose
that the φ meson is a hadron, characterized by a defi-
nite value of the isotopic spin Τ = 0 or Τ = 1, and that
the decays !/>-· hadrons occur via the strong (or medium-
strong) interaction, which conserves isotopic spin. Even
in this case, however, we cannot say that the hadrons in
the decay of the φ are produced in a pure state with
definite T. The occurrence of the decay φ — e*e~, which
in this case must proceed via a virtual photon, implies
that a certain fraction of the φ decays into hadrons must
also proceed via a virtual photon, i.e., that there may be
a mixture of states with Τ = 0 and Τ = 1. The partial
width for the decay φ• — Η via a virtual photon (where
Η is some hadronic state) is given by

I W H = IV?H, (2.14)

where RH is the ratio of the cross section for the an-
nihilation e*e~ — Η to the cross section for the annihi-
lation e*e" — μ+μ" outside the resonance:

„ σ (e+e- -» II]
• U~U j

(2.15)

Thus, in the case which we are considering here, the
fraction of hadrons having isotopic spin different from
that of the φ is uniquely determined by the value of RH,
which can be measured independently. In other words,
the ratio of the cross section for e*e" annihilation into
hadrons having isospin different from that of the φ to
the cross section for e*e" annihilation into muons must
be the same in the resonance and in the background.
The isotopic spin of the i meson can be deduced from
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the experimental data on the cross sections for e V
annihilation into 2ΙΓ*2ΤΓ", 2jr*2if/, 3π*3π" and 3jr*3jMj°.
According to these data1 5',

[σ (2π+2η-)/σ (μ+μ-)] res = 0.82 ±0.22,

-1.10 ±0.54,
[σ (3η+3π-)/σ (u-μ-)] b a c k

whereas the analogous ratios for 2-π*2π~π° and 3!τ*3π"π°
production are greater than 7. (We note that, since
R = o-(e*e" — hadrons)/a(e*e" — μ*μ~) ~ 2.5 outside the
resonance, the ratio of the probability for φ decay into
hadrons via a virtual photon to the total probability for
the decays φ — hadrons is BeeR * 0.068 χ 2.5 = 0.17.)
These facts together imply that the isotopic spin of the
Φ is zero and that its G-parity is negative6'. These
same facts also favor the conservation of C -parity in
the decay of the φ into hadrons. In fact, if C-parity
were not conserved in the decay of the φ into hadrons,
there would be no reason for all the decays φ — 2ττ*2π"
to proceed via a virtual photon.

The fact that the isotopic spin of the φ boson is zero
has a number of consequences for hadronic decays, In
particular, the decay φ —• π*π~ can proceed only via a
virtual photon, and the width of this decay satisfies the
relation

^Y^ = -^-\Fx(M-)\2zsl0-i, (2.16)

where F f f (q 2 ) i s the electr ic form factor of the pion,
with | F ^ . ^ G e V 2 ) ! 2 * 4 χ 10~3ί15>. Unlike the j r V
system, the K*K" system with J ^ = 1" can exist in a
state with Τ = 0, so that (since | F,, | « | F R | [ 1 5 ] ) Γ Κ * Κ -
must be much grea ter than T^n'· However, it must be
borne in mind that the direct decay φ —· K*K" (not via a
virtual photon) is a lso forbidden in exact SU(3) sym-
metry if the φ is an SU(3) singlet. Therefore m e a s u r e -
ments of the φ —• 77*ir" and ψ — Κ*Κ' decay probabili-
t ies may provide a test of SU(3) symmetry in the decays
of the φ mesons . At the present t i m e , t h e r e a r e only
the experimental upper l imits Γ 7 Γ * 1 7 7 Γ β θ < 2.5 χ ΙΟ"2

and Γ ΐ τ κ - / Γ ρ β < 2.5 χ ΙΟ"2 on I V - - and

Similarly, the width of the decay φ -~ pp must be
much grea ter than the width obtained under the as sump-
tion that the decay occurs via a virtual photon. The
lat ter is equal to

vp [ | GM (.1/-) j 4- *! GE (A/2) j2], (2.17)

where GE(q2) and GM(q2) a r e the electr ic and magnetic
form factors of the proton, v p i s i t s velocity, and
b * 0.2 is a kinematic factor. With | G M 1 = | G E | = 0.12
(an extrapolation according to the l / q 2 law from the
experimentally measured value | G M | = I G E | = 0.27 at
q 2 = 4.4 GeV2; s e e c i e ] ) , we have

Γίψ · •PP) = 1.5-10"2. (2.17')

6>Strictly speaking, this is true only if the φ meson is a hadron and
interacts with leptons via a virtual photon. If the φ meson were not
a hadron and had a direct decay interaction with leptons and had-
rons, the formulation given in the text would have to be replaced
by the following (see Sec. 1 of Chap. V): the main contribution to
the direct decay interaction φ -* hadrons comes from hadronic
states with Τ = 0 and G = — 1. The conclusions which we have indi-
cated for Τ = 0 remain valid here.

If the form factor of the proton falls off in the time-
like region in the same way as in the space-like region,
i.e., according to the q"* law, we obtain instead of
(2.17')

Γ (ψ — τ — PP)
• w 0.3. ΙΟ"2. (2.17")

The values (2.17') and (2.17") are to be compared with
the experimental value F p p / r e e » 3 χ 10"2.

As we have already mentioned, it would be of great
interest to search for the decays φ —• γ + hadrons. If
the it meson is a colored particle and if color is vio-
lated by the electromagnetic interaction (see Chap. IV),
these would be the principal decay modes of the φ
which involve hadron emission. The hadrons should be
produced in this case in a state with Τ = 0 and G = +1,
i.e., the number of pions in the decays φ — ηπ + γ must
be even. Experimental information on this question is
obtained by studying the missing-mass spectrum in the
decay φ — 2ir*2n~ + X. The spectrum of rax in the
region ΐηχ « nij» exhibits a large peak which is dis-
placed to the right of the point mx = 0, but the experi-
mental resolution in the mass is such that we cannot be
sure that this decay does not involve the emission of
photons in large numbers. The statement that the peak
at mx ~ 0—m,jO is due to the pion and not the photon is
also supported by the fact that the TTVIT0 mass spectrum
(with the πυ in the region of the peak) exhibits a pro-
nounced maximum at the mass of the ω meson[51.

At the present time, there exists only an experi-
mental upper bound on the probability of decays
Φ— m e followed by the decay r\c — 2y (where T\C is
a pseudoscalar meson with hidden charm; see Chap.
IV)[ 7 b ] :

Γ (η0 -«-anything ,<0.2 (90% confidence) (2.18)

4. Decays of the φ' Meson

An important experimental fact regarding the decays
of the φ' meson is the observation of the decay φ'
— !|>7rV with a probability1*·51

- anything ι = 0.31 ±0,04.

It has also been found experimentally that

= 0.54 ±0.08,Γ ( φ ' - .
(Γψ-

ψ-^anything ι

— anything)

and hence
Γ(ψ' ->• ψ 4-anything)
Γ ( φ ' — ψ.ι+π-)

(2.19)

(2.19')

(2.19")

Definite conclusions about the quantum numbers of the
φ' meson can be drawn from these data. The two-pi on
system produced in the decay φ' — φ2π can exist in
states with isotopic spin Τ = 0, 1, 2. For these three
values, the corresponding values of the ratio of the sum
of the tii' — ψπ*ττ~ and φ' — φΛ° decay probabilities to
the φ' — φπ*π~ decay probability are given by

= 1 5 .

By comparing (2.20) with (2.19"), we can infer that the
pure two-pion state with Τ = 2 is excluded by the ex-
perimental data.

Now the two-pion state with Τ = 1 is C-odd. If we
assume that the φ' is a hadron (arguments in favor of
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this hypothesis will be given later) and is therefore
produced in e*e' collisions via a virtual photon, then
J?' = 1" and the C-parity of the φ' is negative. Since
the C-parity of the φ is also negative, conservation of
C-parity in the decay φ' — φ2π implies that the decay
φ' — φ2π with pion production in the state with Τ = 1
(i.e., in a p-wave state) is forbidden. Thus, only the two-
pion state with Τ = 0 (of the pure states) is consistent
with the experimental value (2.19). It follows then from
Eqs. (2.19") and (2.20) that the decays φ' —• φ + any-
thing go predominantly into the channel φ' — φπ-π. As-
suming that isotopic spin is conserved in the decay
φ' — φππ and taking T^ = 0 in accordance with our
earlier discussion, we conclude that T^' = 0, i.e., that
all the quantum numbers J, P, C and Τ of the φ' meson
are the same as for the φ.

The absolute value of the partial width for the decay
φ' — φ-π'Ίί' can be determined from the data of Table I
and the ratio (2.19):

Γ (ψ' -»ι|;π+π-) = 70 ± 20 keV. (2.21)

We shall use (2.21) to estimate the effective strength of
the interaction in the decay φ' — φππ. Let us consider
the simplest model, in which the effective interaction
Hamiltonian governing this decay has the form

H = V 4π λι]-μΐ)-μπ*π . (2.22)

where λ is a coupling constant. In Eq. (2.22) we are
taking into account only the s-wave contribution in the
two-pion system and neglecting the nn interaction in
the final state. The d wave in the ππ system may be
expected to give a small contribution to the amplitude.
Estimates of the effect of the nv interaction will be
made later. The interaction Hamiltonian (2.22) corre-
sponds to a φ' — φπ*π~ decay width

(2.23)Δ»
MM'

where M' is the φ' mass, Δ = Μ' - Μ, and f * f3 is a
correction factor which takes into account the finite
value of the pion mass. Comparing (2.23) with (2.21),
we find

λ2 « G, (2.24)

i.e., the decay φ' — φηπ is governed by a strong inter-
action. This fact is of paramount importance for the
theoretical description of the φ mesons.

It should be noted that, although the values of λ2

were found to be rather large, their corresponding ef-
fective interaction is much weaker than the ordinary
strong interactions, i.e., it is, as it were, a medium-
strong interaction. To see this, let us use the Hamil-
tonian (2.22) to make a perturbation-theory calculation
of the cross section for the process π* + φ' — -n* + φ at
relatively low energies Ε π 5. 1 GeV in the φ' rest sys-
tem. (In this approximation, scattering of the π by the
φ' occurs in the s wave.) We find

We see from Eq. (2.25) that, with λ2 determined by
(2.24), σ(π* + φ' — η* + φ) is small in comparison with
the ordinary hadronic cross sections σ ~ l/m*, and
for Eff < 1 GeV is also small in comparison with the
unitarity limit aUnit = 4ir/E| for the s wave.

Let us now estimate the strength of the φ'φππ inter-
action in another limiting case, assuming that the decay
φ' — φιτπ occurs via a scalar σ meson with mass m a

~ 550 MeV and Τ = 0, according to the scheme
Φ' — ψσ, σ— 7Τ7Τ. (This possibility is not excluded by
the pion spectrum in the decay φ' —· φπ*π~ [ 5 ) (Fig. 12).)

On the basis of the data on the pion spectrum in this
decay, we are assuming that the η is an ordinary
strongly interacting meson with a σ — ππ decay width
of order 100—200 MeV. Writing the φ' -~ φα decay in-
teraction in the form

we find for this case

(2.26)

(2.27)

so that the width (2.21) corresponds to a coupling con-
stant

«•-3.10-.. (2.28)

The cross section for the scattering process π*φ'
—· IT*;/) is described in this model by the diagram involv-
ing exchange of the σ meson and at low pion energies

• s m 7 is given by

8π . (2.29)

where Γ σ is the width of the σ meson. For g given by
(2.28) and Γ σ / ΐη σ < %, the value (2.29) is approximately
an order of magnitude smaller than that given by Eq.
(2.25). Thus, in either model, we conclude that the de-
cay φ' — φ-πτϊ is governed by a strong interaction, but
that this interaction is much weaker (by 2—3 orders of
magnitude in the cross section) than the ordinary strong
interactions.

At the present time, there is no unique interpretation
of the relative weakness of the ηπφ'φ interaction: it may
be due to a generally medium-strong interaction of the
ii with the ordinary hadrons, a specifically weak non-
diagonal interaction φ'π — φην, or finally a weakness
of only the interaction of the π and φ at low energies.
This last possibility may, for example, be a consequence
of Adler 's PC AC condition (the hypothesis of partial
conservation of the axial-vector current). In this case,
the small value of the matrix element is determined by
the parameter (p^p^Vnichar ~ 'A, and it is possible
that it is by itself insufficient to explain the weakness
of the τιτ,φ'φ interaction. Moreover, in discussing the
applicability of the PCAC hypothesis to the decay φ'
-~ φππ, it must be borne in mind that the expression for

AOr-

FIG. 12. The spectrum in
the effective mass M(TTV") of
the two-pion system in the de-
cay φ'-* ψπ+π~ (see [s]). ,—fi

0,3 US
M(»V-),GeV

7)This weakness might, for example, be due to a suppression of the
decay ψ' -» φππ by some selection rule (conservation of isospin if
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the matrix element may contain the invariant ρψρπ,
which tends to zero as ρ π -• 0 and whose ratio to
m char i s °* order 1 in the real decay φ' — ψτπτ. The
spectrum in M^^-) in the decay φ' -» φππ,,was calcu-
lated in[ 1 7 1 on the basis of the PC AC hypothesis.

Since the decay φ' —• φ + anything occurs with 50%
probability while the probability for the decay φ — μ*μ~
or φ —• e V is about 7%, approximately 3.5% of the
events involving muons (or electrons) which are seeen
in the decays of the φ' arise from the casdade process

Ψ' ->- ψ — anything,

and 1.9% of the events arise from decays of the type

FIG. 13. The distribution in the in-

variant mass of the e+e" pair in the reac-

tion pBe -* e+e~X according t o the data

of [ ' ] . The crosshatched and non-

crosshatched events refer to somewhat

different operational regimes of the ac-

celerator.

70

I
if iff

i

ε JO

275 3,00 3.25
me»e-, GeV

which is much greater than the fraction of muons (or
electrons) from the direct decay φ' — μ*μ~ (e*e"). This
circumstance hinders the experimental determination of
the probability of the direct decays φ' —· μ*μ" (e*e~) and
hence the full width of the φ ' , since the experimental
arrangement of SPEAR does not span the entire solid
angle, ir^_mesons are not detected, and the energy of the
μ or e is determined with poor accuracy.

I I I. EXPERIMENTS ON THE PRODUCTION OF NEW
PARTICLES IN BEAMS OF HADRONS, PHOTONS
AND NEUTRINOS

1. The discovery of a narrow resonance in the
reaction pBe -*· e+ e"X

At the same time that the Φ mesons were observed
in e*e' collisions, a narrow resonance in the e*e" sys-
tem was discovered by Ting's group at Brookhaven[1].
They studied the inclusive production of electron-posi-
tron pairs in collisions of protons with beryllium
nuclei:

pBe^eVX (3.1)

(where X is an arbitrary hadronic state) at an initial
proton energy 28.5 GeV. The distribution which was
found in the effective mass m e

+

e - of the electron-posi-
tron pair is shown in Fig. 13. The experimental resolu-
tion was 25 MeV, and the observed form of the peak is
consistent with a resonance width which is negligibly
small in comparison with the experimental resolution.
We note that some of the events to the left of the reso-
nance, i.e., with smaller mass, are due to radiative
decay of the resonance into e*e" and a photon (see the
footnote in Sec. 1 of Chap. II).

The experimenters who discovered this resonance
designated it the J particle. If the decay J — e V is
due to the electromagnetic interaction, the spin and
parity of the resonance are given by J-^ = 1". We shall
henceforth identify the J with the ψ (3.1).

The total cross section for producing φ mesons was
not measured in the experiment'11, since only particles
in a very limited momentum range were detected. To
estimate it, the authors oftl] assumed that the cross
section for φ production has the same dependence on the
longitudinal and transverse momenta as the cross sec-
tion for p-meson production:

where ρχ is the transverse momentum of the φ meson
in GeV, and Ε is the energy of the resonance in the
center-of-mass system. The product of the cross sec-
tion for producing the ψ and the probability of its decay
into the e*e" channel then has the value

rxnf t (3.2)

- < 3 · 3 )

Resonances of large mass, and in particular the φ' and
φ (4.15), were not observed at the level of the yield of
e+e" pairs equal to 1% of the yield of pairs of mass nty.
Actually, the φ (4.15) resonance should not be seen in
such an experiment, since the probability of its decay
into e*e" is very small, ~10"5. For the φ ' , the rela-
tively small value of the partial width for the decay into
e*V can only partially account for the negative result of
the search for this resonance in the experiment
(Fee/rtot is smaller for the φ' than for the φ by a
factor ~10[2l). The additional suppression of the cross
section for φ' production by about an order of magni-
tude is often explained by the thermodynamic model and
the large mass of the φ' in comparison with the mass of
the φ. However, it is not clear to what extent this
model can be applied to the production of φ mesons (see
the remarks at the end of Sec. 2b of Chap. VI). It is
possible that the experiment[1] is exhibiting threshold
effects for the production of heavy particles.

2. The production of φ mesons in nucleon-nuclear and
nucleon nucleon collisions

More recently, the production of φ mesons in
hadronic collisions has also been observed at Fermilab
(Batavia, U.S.A.) and at CERN, using the colliding-beam
accelerator. The accelerator at Batavia was used to
study the reaction[S]

ηΒβ->-μ+μ-Χ (3.4)

at an initial neutron energy En = 250 ± 50 GeV. Figure
14 shows the distribution of events in the mass πΐμμ of
the muon pair in the region ηΐμμ > 1.4 GeV. The peak
in the mass region ~3 GeV includes 43 events.

The existing experimental arrangement can be used
to study the production cross section as a function of
the transverse momentum ρχ and the longitudinal mo-
mentum Pi| of the φ mesons (the scaling variable
χ = P | | / P N is frequently adopted instead of p.|). The re-
sults indicate, in particular, that the distribution in the
transverse momentum is much broader than in the case
of ρ-meson production (we note that, apart from dynami-
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cal reasons associated with the large mass of the φ
mesons, the broader distribution in p^ may be due to
the cascade process pBe — φ'Χ -~ φΧ').

If we assume, in accordance with the data which have
been obtained, that the cross section depends on pĵ  and
χ in the form

(3.5)

then

„ ( , Be
, χ > 0.24,

l.7-lO-33cm2/nucleon, *>0.32.

(3.6)

If the parameters of the distribution in χ and p^ are
varied within the range allowed by the experimental
data, the cross section varies by about a factor of two.

Using the CERN intersecting storage rings, the pro-
duction of φ mesons has been observed in pp colli-
sions1*1

""*?' _ (3.7)

the initial energy of each of the beams being ~30 GeV.

According to preliminary data obtained with statis-
tics of 8 events of the type (3.7), the cross section for
producing φ mesons has a value of order

~ 10'GeV. (3.8)

It is difficult to compare the results of the experi-
ments on ψ-meson production which have been carried
out at various initial energies and at different labora-
tories, since the experimental arrangements have dif-
ferent resolutions in the energy and emission angle of
the leptons, and the determination of the cross section
always involves a certain extrapolation procedure. How-
ever, it is clear that the value of the cross section rises
with energy.

3. Experiments on the Photoproduction of φ Mesons

The group of experimenters who carried out the ex-
periment on ψ-meson production in a neutron beam also
observed the photoproduction of φ mesons on beryllium
nuclei^5':

yBe-^JX, ^ ( 3 9 )

The initial energy of the photons was greater than 80
GeV and had an average value ~150 GeV.

The experimental yield of φ mesons was

r33 cm2/nucleus. (3.10)

The conversion of this number into a value of the cross
section for the photoproduction of φ mesons by nucleons
requires, firstly, a separation of the mechanisms of dif-
fraction production by the nucleus as a whole and by the
individual nucleons and, secondly, allowance for the
partial width of the decay.

It was assumed in [ 5 ] that the differential cross sec-
tion has the form

~ (y Be + Ae№ (3.11)

where A is the atomic number, and t is the square of
the momentum transfer (in GeV2). The first and second
terms in Eq. (3.11) correspond to scattering by the nu-
cleus as a whole and by the individual nucleons, respec-
tively. The value of the parameter b was not deter-
mined precisely, but it was found that the value b = 4
GeV"2 provides a good description of the data that were
obtained.

Adopting the assumption (3.11) and the slope b = 4
GeV"2, we find from (2.10) a cross section for ^-meson
photoproduction on nucleons having the value

a (ypf-^yx) = (13 ± 5)-10-3»cm2, £v ~ 150GeV. (3.12)

We recall in this connection that the photoproduction
cross section is 14 000 nb for ρ mesons, 2000 nb for ω
mesons, and 600 nb for φ mesons (1 nb = 10"33 cm2).

The photoproduction of φ mesons has also been ob-
served at lower energies at Stanford (SLAC, U.S.A.)161.
It amounts to approximately 10 nb at 21 GeV:

σ(γΛΓ-+ψΧ) « lO-lO-Mcm2, Ey ^21 GeV. (3.13)

It has also been found that the cross section has a
strong energy dependence: as the initial energy varies
from 14 to 21 GeV, the cross section rises by about a
factor 3. The SLAC accelerator was used to measure
not only the total cross section, but also the differential
cross section for producing φ mesons at small angles,
which was found to have the value1·6]

< 2 5 ± 5>· (3.14)

with a slope equal to

b = 2.5 - 3.0 GeV"2.

The first estimates of the cross section for φ'-meson
photoproduction were also obtained:

σ (γ,ν -* ψ'-Y) w 0.5σ (YJV (3.15)

However, this estimate was made using very poor sta-
tistics of only a few events.

4. Qualitative Effects of the Production of Charmed
Particles in Neutrino Reactions

In all recent neutrino experiments, searches have
been made for reactions involving the production of
charmed particles:

νμΛ--*μ-Λοχ, (3.16)

where h c is a hadron containing the c quark (see Chap.
IV).

In most cases, it is not feasible to make a direct
search for a resonance h c in the effective-mass distri-
bution; usually, only the momentum of the muon and/or
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the total energy of the hadrons are measured. It is
therefore more common to discuss qualitative effects:
the production of muon pairs, violation of the AQ = AS
rule (where AQ and AS are the changes of charge and
strangeness of the hadrons), and violations of scaling.
We shall describe these effects briefly.

a) Muon pair production

(3.17)

may be due either to the production of φ mesons or
pairs of charmed particles

\yY • hehcX (3.18)

by neutral currents or to the production of a charmed
particle by charged currents, which subsequently decays
into a lepton pair and hadrons:

μ*νΧ',
(3.19)

where X and X' are systems of hadrons. The produc-
tion of a με pair is also possible, but the identification
of the leptons in most experimental arrangements in-
volves transmission through a large length of iron, and
electrons are not detected. Searches for μβ pairs are
possible in bubble chambers.

Two groups of experimenters have now reported the
observation of muon pairs in the neutrino experiment at
Batavia[7'81 (see below). In addition, one event involving
the production of a μβ pair has been observed in the
"Gargamelle" chamber at CEKN. The authors esti-
mated the background of ordinary weak interactions to
be ~10"3events[ 9l.

b) An effective violation of the AQ = AS rule, such
as the observation of the reaction

νμρ-νμ-π-π+π+π+Λ (3.20)

(here AS = - 1 , AQ = +1), might also serve as circum-
stantial evidence for the production of charmed particles,
In fact, suppose that a charmed quark is produced in the
reaction

μ-c,

and undergoes non-leptonic decay

(3.21)

(3.22)

so that the reaction ^ n - » μ"ρλη effectively takes
place. It is clear that AQ = -AS in this case. At suf-
ficiently high energy, the amplitudes for such processes
are not small in comparison with the amplitudes for the
single production of strange particles in the ordinary
weak interaction, and there could be a large violation of
the AQ = AS rule (the validity of this rule in strange-
particle decays has been established with an accuracy
of order 1%).

One event of the reaction (3.20) has been identified in
the neutrino experiment at Brookhaven. The authors
estimated the background to be 3 χ 10"5 events1101.

c) Scaling in neutrino reactions may be violated as a
result of threshold effects associated with the produc-
tion of new particles. Heavy particles would be pro-
duced mainly with large energy transfers ν and small
values of Q2. We would therefore expect an abundance of
events with y = v/Ev ~ 1 and χ = Q2/2ml·- « 1.

In addition, specific effects may be expected, for ex-
ample, in the distribution with respect to the invariant
mass of the hadronic system. Experimental searches
for a characteristic violation of scaling in neutrino re-
actions have also led to positive results[ 1 1 J, which we
shall discuss later in greater detail (see Sec. 4f of
Chap. VI). We note that, since the entire discussion
concerns only the indirect effects of the new short-
living particles, we would not be able to reach a defini-
tive conclusion that charmed particles exist even if
these effects were observed.

5. Experiments on the Production of Muon Pairs in a
Neutrino Beam

As we have already mentioned, the reaction (3.17)
involving muon pair production has been observed by
two groups of experimenters at Batavia. In the experi-
ment of the HPW (Harvard-Pennsylvania-Wisconsin)
group[?1, 14 muon pairs were detected, with overall
statistics of 8 χ 10* neutrino and antineutrino events
and an initial energy Evj} > 40 GeV. If allowance is
made for the efficiency of muon detection, the probabil-
ity of muon pair production comprises about 1% of the
total cross section:

( v u (ν"μ) ΛΓ ->- μ Χ )
- = (9 ±3) . 10-3, (3.23)

where only the statistical error is given, the systematic
error having been estimated by the authors of[7] as a
factor 2.

As the distribution in the mass of the produced muons
does not have a peak at the mass of the φ meson, we
consider the reaction (3.19) involving the production of
charmed particles. The second muon can also be pro-
duced as a result of ordinary leptonic decays of pions or
kaons. The possibility of separating this mechanism
from the reaction involving the production and decay of
charmed particles is connected with the fact that
charmed particles should have a much shorter lifetime.

The background conditions have been discussed in
detail by the California Institute of Technology group[B].
Of 19 observed events which were candidates for muon
pair production, it was found that 15 could be attributed
to the background. The background for the remaining 4
events (in the neutrino exposure) was estimated as 0.4
events. The magnitude of the observed effect is consist-
ent with the ratio (3.23).

We note that the experimental papers also contain
analyses of other possible mechanisms of muon pair
production (the production of intermediate bosons or
heavy leptons) and demonstrate that the characteristics
of the observed events are evidently in agreement only
with the hypothesis of the production and leptonic decay
of short-lived hadrons.

IV. QUARK MODELS OF THE NEW PARTICLES

The discovery of the φ mesons has evoked intense
interest in quark models of hadrons. In most of the
published theoretical papers devoted to the interpreta-
tion of the φ mesons as hadrons, these particles are
considered in the framework of a model involving 12
quarks, in which there exist four types of quarks of
three different colors. In addition, the existence of par-
ticles whose properties are similar to those of the φ
mesons was predicted several years ago on the basis of
the quark model.
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The experimental situation is rather uncertain at the
present time, and it is possible that the most popular
hypotheses regarding the quark structure of the t
mesons will be ruled out experimentally. Nevertheless,
it seems appropriate to discuss these hypotheses. This
is so for a number of reasons. First, these hypotheses
may prove to be correct. Second, if they do not turn out
to be correct in themselves, their future modifications
may be correct. Third, without these hypotheses it
would be difficult to see the point of the program of ex-
periments to search for new particles which is now be-
ing carried out using all the world's greatest accelera-
tors . A fourth and final reason is that the quark model
now involves a number of beautiful physical ideas,
mechanisms and effects. The new mesons provide a
good reason for a broad section of the physics commun-
ity to become acquainted with them.

In what follows, we shall consider the status of the
quark model on the eve of the discovery of the Φ mesons.
In particular, we shall discuss the arguments for going
over from three to twelve quarks. We shall then see how
the ;i mesons are described in the framework of the
quark model. Finally, we shall discuss the properties of
the so-called charmed particles, which are predicted by
the 12-quark model and which have so far not been dis-
covered.

1. Quark Models

a) Three quarks. The three-quark model reproduces
many properties of hadrons which show up in the strong,
electromagnetic and weak interactions. With three
quarks ρ, η and λ, having electric charges 2/3, -1/3,
and -1/3, respectively, baryonic charge 1/3 and spin
1/2, it is possible to construct all known SU(3) multi-
plets of mesons and baryons. In particular, this in-
cludes the nonets of pseudoscalar and vector mesons,
as well as baryon multiplets: an octet with j " = 1/2*
and a decuplet with j P = 3/2*. These multiplets corre-
spond to the lowest orbital states of the quarks—the
states with 1 = 0 . Many SU(3) multiplets with / > 1 are
also known, such as the meson multiplets with I - 1
(jP = 2% 1*, 0*) or the baryon multiplets with negative
parity. However, these multiplets have generally been
studied much more poorly: not all of the particles con-
tained in them have been discovered experimentally, and
in certain cases the values of the spin and parity of
particles that have already been discovered have not
been established.

The three-quark model provides a good description
of the electromagnetic properties of hadrons: their mag-
netic moments, electromagnetic mass differences, the
amplitudes for electromagnetic decays of mesons, etc.
Finally, the model provides an excellent description of
a wide class of weak processes. In this model, the weak
charged hadronic current has the form

.'IF = p»e = Ρ (η cos θ -f λ sin θ).

where ρ is the creation operator of the ρ quark, η and
λ are the destruction operators of the η and λ quarks,
and θ is the Cabibbo angle. The angle is found experi-
mentally to be θ ~ 15:.

The interactions of the current png and of the
charged leptonic currents i7ee and ϊ7μμ show up in β
decay of nuclei, in numerous weak decays of mesons
and baryons, and in neutrino-induced reactions such as
υ + η — μ" + ρ.

However, the three-quark model suffers from a num-
ber of serious defects, which can be overcome only by
increasing the number of quarks. One serious difficulty
for the three-quark model is the experimental absence
of neutral strangeness-changing currents.

b) Neutral currents! First of all, the three-quark
model cannot provide a description of processes
governed by weak neutral currents. This refers to neu-
tral leptonic currents like Ί/μνμ, ueve, ee and μμ, the
strangeness-conserving hadronic currents p~p, Hn, and
λλ, and finally the strangeness-changing neutral
hadronic currents Πλ and "λη.

Theoretical arguments for the existence of neutral
currents have been discussed for several years. The
point is that, if such currents are introduced, it is pos-
sible to construct a consistent renormalizable theory of
the weak interaction and to avoid the divergences which
occur in the higher orders of the weak interaction. Two
elements which are inherent in a large class of re-
normalizable theories of the weak interaction are:
1) symmetry between the charged and neutral weak
currents, and 2) intermediate bosons—the charged W*
and neutral Z°, which interact with these currents. An
example of such a theory is the simplest variant of the
Weinberg model, in which the Ζ boson interacts with the
lepton currents iJe^e» ^μ"μ> ^ e a n c * ^^ an<^ *^e hadronic
currents pp and Hgng, where ng = η cos θ + λ sin θ,
the constant for this interaction being approximately the
same as for the interactions of charged W bosons with
the currents eVe, μ^μ and n^p. An interaction of the
neutral neutrino current ~ϋμνμ with the strangeness-
conserving hadronic currents (pp and nn) was detected
experimentally at CERN in 1973 and subsequently con-
firmed in similar experiments at other laboratories.
This refers to reactions of the type νμ + nucleon — ν μ
+ hadrons or ϊ7μ + nucleon — ~νμ + hadrons. The cross
sections for these reactions are, respectively, ~0.2
and ~0.4 of the cross sections for the analogous reac-
tions governed by the interactions of charged currents,
namely ν μ + nucleon — μ" + hadrons and νμ + nucleon
— μ μ + hadrons. Several events have also been observed
which can be interpreted as the scattering process ι/μ
+ e" — ι/μ + e", which is governed by the interaction of
the neutral currents ~νμΐ>μ and ee. Thus, the first ex-
perimental confirmations of the theory have been ob-
tained.

In addition, this theory predicts a number of proces-
ses involving neutral strangeness-changing currents:
K L — μμ, Κ — een, Κ — vv-,, etc.

Experimentally, these processes are many orders of
magnitude weaker (for example, the decay K L — μμ is
8 orders of magnitude weaker) than the corresponding
decays which proceed via charged currents, namely
Κ* — \ιν, Κ — evn and Κ—- μνα. However, the sim-
plest variant of the theory (the three-quark model)
yields similar probabilities for the "neutral" decays
(such as K L ^ μ"μ) and the "charged" decays (such as
Κ* — μν). This follows from the fact that

n n i i e = wi cos2 θ -f- /.λ sin2 θ -: (ηλ — λη) cos θ sin θ,

so that the interaction of the currents ηλ and λη is of
the same order of magnitude as that of the current n"n,
while the interaction of the latter is in turn of the same
order of magnitude as that of the charged currents np
and λρ.
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A similar difficulty occurs in connection with the
mass difference between the KL and Ks mesons. The
product (nA) (ηλ) gives an excessively rapid transition
K° — ηλ — λη — R"° and hence an inadmissibly large
mass difference between the KL and Kg mesons, which
is many orders of magnitude greater than the experi-
mental value of this quantity.

It should be stressed that these difficulties are in
general present independently of the Weinberg model
and the existence of Z° bosons and were found before
this model was proposed. The point is that effective in-
teractions of the type (μμ)(λη) or (ηλ)(ηλ) occur in
second-order perturbation theory even in a theory in-
volving only charged currents.

The simplest diagram of second order in the weak
interaction, corresponding to transitions λη — μ μ, has
the form shown in Fig. 15a.

From calculations of the KL — μ μ decay amplitude
and the mass difference between the KL and Ks
mesons, with allowance for the strong interactions,
assuming only that the latter are SU(3)-symmetric, it
has been inferred that the large virtual momenta lead
to an inadmissibly large contribution to these quantities.

Thus, in theories involving the three quarks ρ, η and
λ, it is not possible to obtain the small probability for
decays of the type K L — μμ and the small value of the
mass difference between the KL and Ks mesons which
are required experimentally.

c) A fourth quark. This difficulty is eliminated by
introducing a fourth quark having the same charge as
the ρ quark. If it is assumed that the two quark
doublets (p, ng) and (c, Xg), where \Q = -n sin 9 +λ
cos Θ, appear in a symmetric way in the weak interac-
tion, the neutral strangeness-conserving currents re-
main, while the strangeness-changing currents vanish:

= nn + λλ.

The c quark here plays a very peculiar role in the neu-
tral current itself: this quark is required "only" in
order to introduce the combinations ng and \Q in a
symmetric way in the current. However, the c quark
plays a direct role in the second and higher orders of
the weak-interaction theory, cancelling the unwanted
diagrams involving ρ quarks. For example, the dia-
gram of Fig. 15b cancels the above-mentioned diagram
of Fig. 15a.

Taking into account the fact that the charged cur-
rents have the form png and cXg, it is readily verified
that the sum of the diagrams of Figs. 15a and 15b
vanishes in the limit mc = mp and that the unwanted
interactions of the type (μμ)(Τη) do not occur, even in
second order in the weak interaction. When me * mp,
the contribution from the region of large virtual mo-
menta p2 » me, mp again vanishes in the sum of the
diagrams of Figs. 15a and 15b, so that the resulting
contribution is small—of order G*(mc - mp) sin θ cos
e//fjr2, and .

for mc>m,,.

As the limits on the decay KL — μμ are very strong,
T(KL — μμ) ~ 10" 8 Γ^» i<; follows that mc cannot be
much greater than 10 GeV.

d) SU(4) symmetry. If the foregoing cancellations
are not to be violated by the strong interaction, the
latter must be at least approximately symmetric with
respect to the two quarks c and p. In conjunction with
SU(3) symmetry of the three quarks (ρ, η, λ), this leads
to the condition of SU(4) symmetry. In nature, SU(4)
symmetry is broken much more strongly than SU(3)
symmetry. However, it cannot be violated completely,
since in that case the cancellations which we require
would disappear. The violation of SU(4) symmetry must
tend to zero at large virtual momenta much greater than
the mass difference between the ρ and c quarks. The
existence of broken SU(4) symmetry implies, for exam-
ple, that the well-known meson nonets must appear in
16-plets, while the well-known baryon octet and decup-
let must appear in appropriate 20-plets.

We note that, if the strong interactions played a
negligibly small role for large virtual momenta (p2

>, m|) and if the quarks were practically bare for such
momenta, we would not require SU(4) symmetry of the
strong interaction in order to have a cancellation be-
tween the diagrams of types a and b of Fig. 15. How-
ever, the strong-interaction models discussed below do
not possess such a "superconvergence" property.

e) Charm and supercharge. In considering the parti-
cles belonging to SU(4) multiplets, it is convenient to
introduce an additive quantum number "supercharge"
given by σ = 3(Q), where (Q) is the average charge of
an SU(3) multiplet. For the triplet of quarks ρ, η and λ,
we have σ = 0, so that all particles constructed from
the quarks ρ, η and λ are superneutral. The c quark has
(7=2, and particles which contain the c quark or any
other quarks with σ * 0 may be called supercharged.

To distinguish between the η and λ quarks, we say
that the λ quark, unlike the η quark, carries the quan-
tum number "strangeness" S (S(X) = -1). Similarly,
to distinguish between the ρ and c quarks, we say that
the c quark carries the quantum number "charm" C
(C(c) = +1). It follows from the foregoing remarks that
C = σ/2. Particles which contain the c quark are called
charmed or supercharged. This terminology seems un-
fortunate, but there are as yet no better alternatives.
In the literature, particles containing the pair 3c are
called particles with hidden charm.

f) The analogy with leptons. It is interesting to com-
pare the four quarks with the four leptons:

p, ns, c, λθ,

ν . , e, ν μ , μ.

These particles appear in an analogous way in the weak
currents. In particular, they are represented by their
left-handed components >/>L = (1/2) (1 + Υι)φ in the
charged weak current. The four left-handed isotopic
doublets, which appear in the weak current in a sym-
metric way, have the form

(PL \

FIG. 15
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exist. However, we cannot rule out the possibility that
both lepton and quark series will be required (see Sec.
3j of Chap, VI). Would lepton-quark symmetry be pre-
served in this case? What form would it take?

g) Colored quarks and white hadrons. To cope with
the difficulties which arise in connection with the weak
interactions, it seems sufficient for the present to go
over from three to four quarks. However, to overcome
the difficulties in understanding the strong and electro-
magnetic interactions of hadrons, it appears that we
must triple the number of quarks of each type: ρ, η, λ
and c.

This triplication eliminates the inconsistency be-
tween the spin and statistics of the quarks which arises
in the quark model of the baryons. For example, the Ω "
hyperon consists of three λ quarks with parallel spins
in an s-wave state, which is forbidden by the Pauli
principle. If all three λ quarks belonging to the Ω "
hyperon are different, say λ1 ; λ2 and λ3, then this in-
consistency disappears. In this case, the wave function
of the three λ quarks in the Ω " hyperon is completely

antisymmetric and has the form e λ ^ λ ^ (i, k,/ = 1,
2, 3). This is also true of the wave functions of the
quarks in the other baryons. For instance, the Δ "
baryon corresponds to a wave function e ^

The 12 quarks can be tabulated as follows:

It is conventional to say that the columns of this table
are distinguished by color. For example, 1 is yellow,
2 is blue, and 3 is red. If the strong interactions are
completely degenerate with respect to color, we are
dealing with colored SU(3) symmetry, which is usually
designated SU(3)'. In that case, the ordinary baryons,
constructed by means of the SU(3)'-invariant antisym-
metric tensor e ^ ' , belong to the singlet representation
of the group SU(3) and are, as it were, white. The ordi-
nary meaons are also white. For example,

•1* = -pjPi»' = T W PI""6* = T V fPi"1 — P>"2 + P-J>
Γ I

(The tensor 5^ is also an invariant tensor of the color
group SU(3)'.)

h) The alternatives. In introducing the concept of
color, we are faced with the following choice.

1) We may assume that color symmetry is a strict
symmetry, i.e., that not only the strong interaction, but
also the electromagnetic and weak interactions, are
SU(3)'-invariant, In this case, the charges of the quarks
do not depend on their color and must have fractional
values.

2) We may assume that the electromagnetic interac-
tion (and possibly the weak interaction) violates color
symmetry. In this case, the charges of the quarks may
have integral values.

Searches in cosmic rays, in accelerator experiments
and in the matter of our environment have not revealed
any fractionally charged quarks. (The absence of so-
called relic quarks in the matter of our environment has
been established with particularly high accuracy. The
experimental upper limt in this case is about 15 orders
of magnitude below the value obtained from calculations

based on the hot-universe model, which yield 1 quark
per 1010 protons). In the case of strict color SU(3)' sym-
metry and fractionally charged quarks, it is therefore
natural to attempt to construct a theory in which quarks
(and, in general, colored particles) cannot exist in a
free state.

If, on the other hand, quarks have integral charges,
then the electromagnetic current is not a color singlet.
In this case, it is natural to expect other color charges
as well, so that colored particles are physically ob-
servable.

We shall bear in mind both possibilities in the dis-
cussion which follows.

i) Quarks with integral charges. The electric charges
of colored quarks are equal to the charges of the ordi-
nary superneutral fractionally charged quarks only after
averaging with respect to color:

QP, = <?=, = -§- + a -

<?»,-<?>.,---? + *«

* a, = 0.

It is most common to discuss colored quarks having the
following set of integral charges:

These values of the charges correspond to al = a2

= 1/3 and a3 = -2/3. Stable quarks with integral
charges are not excluded experimentally, provided that
their masses are sufficiently high. Mass spectrometric
searches for heavy singly charged particles rule out a
concentration of such particles greater than 10"w for
masses between 6 and 16 GeV. It would be useful to ex-
tend the range of these searches.

j) Unstable quarks. Colored quarks with integral
charges may be unstable. A number of variants of un-
stable quarks have been discussed in the literature. In
one of them, it is conjectured that the baryonic charges
of the quarks are integral and are described, for exam-
ple, by the matrix

y b r
/I 1 -i\P

-l· » -1 I".
I 1 1 - 1 Ι λ
\1 1 -1/ «

In this case, the quarks, violating the color symmetry,
could decay into ordinary white mesons and nucleons
(the red quarks would decay into antinucleons).

According to another variant, the baryonic charges
of the quarks have the fractional value 1/ 3, but the
quarks decay into leptons without conserving baryonic
and leptonic charges. In this case, it is possible to
reconcile the quark lifetime <10"10 sec with the proton
lifetime s.1037 sec by assuming that the quark is about
10 times as heavy as the proton and taking into account
the fact that proton decay would take place only in
third-order perturbation theory in the interaction re-
sponsible for quark decay, since all three quarks in the
proton would have to decay simultaneously.

It should be noted, however, that nonconservation of
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baryonic charge would necessarily have led to a much
smaller baryon asymmetry of the universe, even in the
earliest stages of the hot universe, then that which is
observed at the present time.

The following scheme summarizes the variants of
quarks which we have discussed:

QUARKS
With fractional electric
charge (apparently
physically unobseivable)

With integral electric
charge (physically
observable)

Unstable Stable

With integral baryonic charge Β
(quarks decay into mesons and
nucleons, conserving B. The
proton is stable)

With fractional baryonic charge Β
(quarks decay into leptons without
conserving B. The proton is
unstable)

k) Gluons. What are the strong interactions between
the quarks like? At first sight, it is impossible to an-
swer this question, especially in view of the fact that we
are completely ignorant of whether or not quarks exist.
However, there are a number of requirements which
must be imposed on the strong interaction of the quarks
in order to give the experimentally observed regulari-
ties in the properties of hadrons. It is usually assumed
that the strong interactions between quarks are due to
the exchange of vector particles known as gluons (from
the English word "glue").

In Weinberg's theory, gluons must be SU(4) singlets,
i.e., they must not carry any quantum numbers such as
isospin, strangeness or supercharge. In general, the
symmetry group G(W) of the weak and electromagnetic
interactions on the one hand, and the symmetry group
G(S) of the strong interaction on the other hand, must be
independent. The symmetry group of the full Lagrangian
must factorize and have the form G(W)x G(S). Otherwise,
the Feynman diagrams containing both exchanges of
gluons and exchanges of intermediate bosons would give
excessively large effects of nonconservation of parity
and strangeness in hadronic processes.

1) The gluon cannot be white. It might appear to be
most natural to assume that there exists only a single
gluon, which is a singlet with respect to each of the
groups SU(4) and SU(3)'. The theory of the strong inter-
action would then be analogous to the theory of the elec-
tromagnetic interaction. However, such a gluon, which
is a singlet with respect to SU(3)', is unsatisfactory for
at least three reasons.

Firstly, although we could account for the existence
of mesons in this case (since a quark and antiquark at-
tract one another), it would be difficult to explain the
existence of baryons, since two quarks repel one another.
This conclusion is based on an analysis of a certain set
of diagrams, and it seems highly improbable that the
diagrams which are not taken into account would change
the repulsion to an attraction.

Secondly, a theory involving a single white gluon
would have too high a degree of symmetry: instead of
SU(4)x SU(3)', it would have the symmetry SU(12), since
all 12 quarks would interact identically with the gluon.
The subgroup SU(9) corresponding to the nine colored
quarks pi, ni and λί would be particularly hazardous in
this case. The known mesons, together with their
colored analogues, would have to belong to 81-plets. If

color symmetry were a strict symmetry, the mass
splitting in such 81-plets would occur only because of
the violation of ordinary SU(3) symmetry and would have
to be no greater than in the ordinary nonets, which is
excluded experimentally.

If color SU(3)' symmetry were violated much more
strongly than ordinary SU(3) symmetry, the masses of
the mesons belonging to a single SU(9) multiplet would
be strongly split. At the present time, we cannot ex-
clude the existence of a large number of relatively
heavy colored mesons. But this possibility does not
seem particularly attractive.

Finally, a third objection against a white gluon is the
fact that, if white gluons are exchanged, the effective
gluon "charges" of the quarks grow as the quarks ap-
proach one another and as the momentum transfers in-
crease. This enhancement of the interaction at small
distances is a result of the total contribution of a cer-
tain series of diagrams, and it leads to an asymptotic
ultraviolet instability of the theory. This theoretical
phenomenon was discovered in ordinary electrodynam-
ics as early as the mid-50s. The charge at distance r
is related to the charge at distance R by the equation

, 2 , B 1 «'(r)

* 1 -r [tJ (r)/3.tj In (RVr2) '

This equation implies that the physical renormalized
charge e(R) at large distances R tends not to the con-
stant ία, but to zero, like [ln(R/r)]~1'2. This difficulty
was called the "zero-charge problem" in the 1950s
Landau and Pomeranchuk). It follows from the same
formula that a finite e(R) corresponds to e(r) which in-
creases with decreasing r.

Experiments on deep inelastic interactions of elec-
trons and neutrinos with nucieons indicate that the
strong interaction between quarks does not grow, but
falls off, at large momentum transfers. Apparently, the
phenomenon known as "asymptotic freedom" occurs.
The white-gluon theory cannot reproduce the property
of asymptotic freedom, giving instead an asymptotic
growth of the strong interaction.

m) Colored gluons and the masses of white hadrons.
The foregoing difficulties are absent in a model in
which the strong interaction is governed by the exchange
of an octet of colored gluons interacting with eight
colored charges—the generators of the group SU(3)'.
The corresponding strong current has the form

iS = Ρίμ'-ίΡ — ήγμ'-f" -- Λϊμ/.j?. - cy^c.

where γμ. are the four Dirac matrices (μ = 1, 2, 3, 4),
and \i are the eight well-known matrices which gener-
ate the group SU(3)':

(0 1 0\ /0 —i 0\ /I 0 0\ /0 0 1\

1 0 01, ?-
2
= i 0 θ ] , ?.,= 0 — 1 0|, /.

4
= 0 0 0 ) ,

0 0 0/ \0 0 0/ \0 0 0/ \1 0 0/

/0 0 — i\ /0 0 0\ /0 0 0\ j /I 0

λ
5
 = (θ 0 0 , λ

β
= 0 0 1 , λ, = (0 0 - i ) , λ, = -7=- 0 1

Vi 0 0/ \0 1 0/ \0 ( 0/
 1

• " \0 0 —

It is easy to see that SU(12) degeneracy does not occur
in this case, since the strong interaction is not SU(12)-
invariant: its symmetry is SU(4)x SU(3)'. Moreover,
within the limitations of the potential approximation, it
is readily shown that the masses of white particles must
be less than those of colored particles, and there is an
attraction not only between a quark and antiquark, but
also between quarks.
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Let us consider a potential interaction between two
quarks or between a quark and an antiquark. This inter-
action is governed by the exchange of a gluon which car-
ries color charge, so that it depends on the color state
in which the interacting quarks occur. Such an exchange
potential is proportional to

where the upper index 1 (2) indicates that a matrix oper-
ates on the color degrees of freedom of the first (second)
quark. Obviously,

2λ·λ» = (λ1 -f V]'- - (λ1)2 - (λ2)2.

Adding the squares of the eight matrices λ̂ , we find
that (λ)2 = 16/3. As to the quadratic Casimir operator
(1/4)(λ1 + λ2)2, its value is determined by the dimen-
sionality of the state in which the two quarks occur. If
this state is the singlet state (in the case q + q), the
eigenvalue of (λ1 + λ2)2 is equal to zero. If it is the
triplet state, this eigenvalue is equal to 16/3. Thus, a
quark and an antiquark in the singlet state attract one
another twice as strongly as two quarks in the triplet
state. (We denote the corresponding potentials by 2U
and U, respectively.)

We now take into account the fact that a white baryon,
say a nucleon, consists of three quarks which are in a
state eiJkqiqjqk that is completely antisymmetric with
respect to color, so that each pair of quarks in the nu-
cleon is in a triplet state of the type e ^ q ^ . As there
are three such pairs in the nucleon, the total binding
energy of the quarks in the nucleon is 3U, which is 1.5
times as large as the binding of a quark and an anti-
quark in a white meson. Thus, the binding energy of the
quarks in white particles is proportional to the number
of quarks of which these particles are composed.

n) "Realistic" colored quarks. According to the hy-
pothesis of realistic quarks with integral charges, free
quarks are rather heavy (for example, mq ~ 10 GeV),
but their masses in white hadrons are almost completely
"eaten up" by their mutual binding. The above-men-
tioned saturation property of gluon forces in the case of
an exchange gluon potential suggests that such a possi-
bility might be realized if U is close to mq. In th i s_
case, the remaining effective quark mass is small: mq
= mq — U is less than or of the order of several hun-
dred MeV, (It should be emphasized that, with such a
large binding energy, discussions based on the analysis
of a potential can only be expected to serve as a guide.
It suffices to note that a small increase in the depth of
the potential may give a negative effective quark mass
mq in the naive approximation of a nonrelativistic poten-
tial, or an imaginary one in the case of an equation of
the Bethe-Salpeter type.)

If niq « mq, the masses of colored particles will be
much greater than those of the white hadrons. Thus, the
masses of the triplet diquarks will be of order mq. In
the sextet diquarks and the octet qq pairs, the particles
repel one another, the repulsion energy being equal to
U/4 in the first case and U/8 in the second.

where C(a, b) is the value of the quadratic Casimir op-

erator (l/4)(Z m X m ) z . The dimensionality of the repre-

sentation Tj.J is given by

For Ν = 1, we have a = b = 0 and C = 0; for Ν = 3,
a = 1, b = 0 and C = 3/4; for Ν = 6, a = 2, b = 0 and
C = 10/3; for Ν = 8, a = b = 1 and C = 3; for Ν = 10,
a = 3, b = 0 and C = 4.

In the case of "real ist ic" heavy quarks, their charges
must naturally be integral, and the fact that they are not
observed experimentally must be attributed to the large
mass of the quarks and/or their instability. In this case,
only two of the eight gluons are necessarily electrically
neutral, while six of them have charges ±{2ai +az),
±(2α2 +αι) and ±(αι - az) (see the expression given
earlier for the charges of colored quarks in Sec. li).

If we take the limit as mq —·« and U — » in such a
way that m q = m q - V remains of order 1/3 GeV, then
the model of "realist ic" quarks goes over into a model
of unphysical confined quarks. This is the simplest
model of confinement. Other models are more refined.

o) Confined quarks. Many theoretical papers in re-
cent years have been devoted to the problem of quark
confinement. The chief hopes here are connected with
the properties of the octet of colored gluons.

It is assumed that the eight gluons are massless and
are generated by eight conserved color currents. As the
gluons themselves carry color charges, the gluon
sources are not only the quarks, but also the gluons
themselves. To cite an analogy with photons, the gluons
represent "luminous light" (ordinary photons do not
"emit light"). It is obvious that this luminosity must
become particularly large at small gluon momenta and
that an infrared instability of the theory may then oc-
cur. The theoretical expectations are that, owing to the
infrared instability, the interaction potential between
color changes will not fall off as the distance between
them increases and that two colored charges, say a
quark and an antiquark which form a meson, cannot
therefore become free from one another, even for arbi-
trarily high excitation energy of the meson.

So far, physics has always dealt with potentials which
fall off to zero with increasing distance, either slowly,
as in the case of the Coulomb potential (Fig. 16a), or
rapidly, as in the case of the Yukawa potential (Fig.
16b). If colored gluons actually lead to potentials which
increase with distance, we are faced with the situation
shown in Fig. 16c. No matter how high the energy
transferred to a quark, it cannot escape from the peak
shown in Fig. 16c. The quark may be excited into one
of the higher levels, but it then goes down into its
original state, radiating its energy in the form of parti-
cles (photons, leptons and white quarks),

I/I

We note that for an arbitrary representation

the group SU(3) we have

C(a, b) = -^-(at-b°--^ab--3a+3b),

of
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Confinement must also be extended to other colored
particles, including gluons, so that no free colored
charges can exist and all observable particles are white.

In this approach, in contrast with the model of
realistic colored quarks, color symmetry must be a
strict symmetry, and the electric charges of the quarks
must be independent of their color and hence must have
fractional values.

p) Non-Abelian local symmetry and asymptotic
freedom. A theory of massless vector particles inter-
acting with conserved isotopic currents was first pro-
posed by Yang and Mills in 1954. Such a theory is said
to possess local SU(2) symmetry. This means that it is
invariant under isotopic rotations whose magnitude is a
function of the space-time point. Unlike the theory of
photons, which is invariant under local Abelian (mutually
commuting) gauge transformations, the Yang-Mills
theory is invariant under non-Abelian gauge transforma-
tions. Colored gluons correspond to local SU(3) sym-
metry. An important property of such non-Abelian
gauge theories is that the effective charges become
weaker in magnitude at small distances, tending to zero
as the distance tends to zero, corresponding to asymp-
totically large momentum transfers. Such theories are
called asymptotically free. In the case of non-Abelian
theories, unlike Abelian theories, an initial charge
"placed" in a vacuum experiences anti-screening. Thus,
in the case of SU(3)' symmetry, the color charges at
distances R and r are related to one another by the
equation

1 — (25/12π) g 1 (r) In (i?2/r2) '

Owing to the minus sign in the denominator, the charge
is greater at large distances than at small distances.
At sufficiently large R, the denominator vanishes and
g2(R) becomes infinite. We see that asymptotic freedom
in the ultraviolet region (at small r) is intimately re-
lated to the instability in the infrared region (at large
R). It is this infrared instability of the theory of colored
gluons on which those theorists who are trying to con-
struct a theory of absolute confinement of colored
quarks inside white hadrons are pinning their hopes.

It should be emphasized, however, that between the
infinitely rising effective charge at large distances
which follows from the expression for g2(R) and the
hump-like potential shown in Fig. 16c there is a gap
which is filled at present only with optimistic hopes and
studies of one-dimensional models or models involving
a discrete lattice-like space-time. The goal of studying
such models is to obtain something like a tube of lines
of force of the gluon field between two colored charges;
this is usually called a string. The energy of such a
string would grow in proportion to its length, so that
two color charges joined by a string could not become
free from one another.

The property of asymptotic freedom implies, in
particular, that it is possible to apply perturbation
theory in studying strongly bound quarks situated at the
lower part of the hump in Fig. 16c.

Asymptotic freedom is the theoretical basis of the
parton model, which provides a successful explanation
of the phenomenon of scaling in deep inelastic electro-
production, in neutrino reactions at high energies and
in hadron-hadron collisions. Owing to the weak interac-
tion between quarks at small distances, they may be

considered as partons—hypothetical point-like constitu-
ents of hadrons.

Now that we have examined the main arguments in
favor of color, we shall- consider briefly two other ef-
fects which are interpreted by invoking colored quarks.

q) The annihilation e V —- hadrons. According to the
parton model, e*e' annihilation into hadrons at high en-
ergies proceeds via annihilation into a quark-antiquark
pair. It is assumed here that the cross section for this
process is what it would be for point-like bare quarks
and that the subsequent transformation of the qq pair
into hadrons does not alter the value of this cross sec-
tion. In that case, the ratio of the cross section for an-
nihilation into hadrons to the cross section for annihila-
tion into a μ*μ" pair is given by

R = σ (e*r -> hadrons ) = y . ,
m σ (<+«- ->- μ+μ-) ^ f >

where Qi is the charge of the quark of type i, and the
summation is carried out over all types of quark pairs
which are produced. Below the threshold for producing
charmed particles, allowance must be made for the
production of pp, nn and λλ pairs. The quantity R
then has the value 4/9+1/9 + 1/9=2/3 in the model of
three colorless quarks, or 2 in the model of three
colored quarks. Experimentally, R w 2.5 in the range
1.5-3.5 GeV, and R « 5.5 in the range 4.5-7.5 GeV. We
note that, at energies much higher than the threshold for
producing the cc" pair, we must have R = 2 + (4/9)3
= 10/3. In the parton model, a large asymptotic value of
R would imply the existence of other types of quarks in
addition to the ρ, η, λ and c. The possibility of ρ, η and
λ quarks with large charges and supercharges (o^ * 0
and/or a 2 * 0), which would also lead to large values of
R, is apparently inconsistent with the data on deep in-
elastic interactions of electrons and neutrinos with
nucleons.

r) The decay π°-> 2γ. The calculation of the JT°
— 2γ decay width in the framework of the quark model
on the basis of the partially conserved axial-vector cur-
rent has a remarkable property: the corrections to it
due to the virtual strong interactions should be small.
This calculation yields

r_. •·* w h e r e F- v °"

α = 1/137, fjj = 0.96m,j* is the constant which determines
the v* - μ ν decay width, S = Qp - Qn = (Qp - Qn) (Qp

+ Qn) = 1/3 in the model of singly-colored quarks, and
3

V - Qha) = Σ Qpu ~

in the model of colored quarks. Experiment is incon-
sistent with the value S = 1/3, but is in good agreement
with S = 1.

Other merits of colored quarks and colored gluons
will be mentioned later, when we discuss the properties
of φ mesons and charmed hadrons.

2. Quarks and φ Mesons

A theoretical model of the φ mesons must first of all
provide answers to the following two questions: 1) What
hadronic degrees of freedom correspond to the φ
mesons? 2) What selection rule is reponsible for the
small widths of these particles?
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Within the scope of quark models, three possibilities
have been considered: 1) the φ mesons are colored
mesons (colored analogous to the φ , u> or p); 2) the φ
mesons are 3Si orthostates of the <fc system, known as
orthocharmonium (in analogy with orthopositronium);
and 3) the φ mesons are orthostates ofso me other
quarks, and not the c quark. (Situations in which one
thing was sought and another found are not so rare in
physics: it suffices to recall the history of how muons
were discovered.)

The discussion which follows is concerned mainly
with the properties of orthocharmonium. But we shall
begin with a few words about the hypothesis of colored
ill mesons.

a) Are the φ mesons colored? It is easy to see why
this possibility has atrracted attention. If the strong in-
teraction conserves color, strong hadronic decays of the
φ mesons would be forbidden and it would be possible to
account for their small widths. There is no unique an-
swer to the question of what color states of the vector
81-plet to associate with the φ and φ' mesons. If color
symmetry is broken only by the electromagnetic inter-
actions and if the quark charges have the values (1, 1, 0)
for the ρ and (0, 0, -1) for the η and λ, then the elec-
tromagnetic current transforms as follows:

/e.m.= PtPi+PtPt — n3"i — ?·3*-3 = (ί>ιί>ι τ PsPi — PsPs) — (PiP) — 13ns -τ λ"3λ3)

,1 \/l \' II WO \'
~( 0 1 - 1 0 ,

where the unprimed matrices operate in the space SU(3),
while the primed matrices operate in the color space
SU(3)'. The first term conserves color, since it is pro-
portional to the matrix (* j )', but the second term does

not. Now since the matrix (0

0 )' is diagonal, the second
1

term conserves the projection of color. (In this sense,
it is analogous to the mass term Διηλλ, which violates
ordinary SU(3) symmetry.) Moreover, this term is in-
variant with respect to the SU(2)' subgroup of transfor-
mations in the space of the yellow and blue colors, and
also with respect to the ordinary SU(3) group and its
isotopic subgroup. Therefore the transition i — γ
-~ e*e" is possible only for the mesons ωβ and φ Β ,
which are isotopic scalars with respect to both SU(2)
and SU(2)'. The index 8 indicates that the appropriate
meson states are constructed in terms of the matrix
λ8 in the space SU(3)':

Ts —7=
1/6

-7=-

(?· 1̂1 + λ,Χ - 2/.3T3:,

- -4=- (P2P2 - W -

The transition ^ — y — e*e" is not possible for the re-
maining colored mesons, such as <p3 or p 8 . It is there-
fore natural to assume that έ = ω» and φ' = φ 8 . Such
colored φ and φ' mesons must decay via the electro-
magnetic interaction (in general, this does not apply to
the decays φ' — φ + hadrons). In particular, hadronic de-
cays of the φ and φ' must be accompanied by photon emis-
sion. The isoscalar character of the photons which
carry color in this case implies that their G-parity is
negative, so that the pion system in the decay φ -~ nn
+ y must have positive G-parity, i.e., η must be even.
An experimental test of this prediction might decide the
fate of this scheme. It would also be of interest to
search for the decays φ — hadrons + e*e". We note that
the decays -j; —· hadrons + γ must have the highest prob-

ability according to this scheme; the decays φ — had-
rons + e*e" should comprise a. fraction ~a of those of
the first type, and the decay φ — e*e" should have a
still smaller probability. The fact that experimentally
the decay φ — e V accounts for about &k of the full
-width of the il meson constitute an argument against
the interpretation of the φ particles as colored mesons.

From the purely theoretical point of view, this inter-
pretation seems unattractive. It would entail the predic-
tion of enormous SU(9) multiplets: in particular, the φ
mesons would belong to an 81-plet. There is no such
approximate SU(9) degeneracy of white and colored
mesons in the colored-gluon model. We recall that, in
the approximation of an exchange potential, a quark and
an antiquark in the color octet repel one another and do
not form a bound state, while a pair of quarks in the
color triplet attract one another. A color octet of
mesons should therefore not exist in the potential ap-
proximation; but if such mesons do actually exist, there
is all the more reason for the existence and much
lighter masses of diquarks which form a color triplet.
It should be stressed that these would have to be phys-
ically observable.

There have also been discussions of more complex
color interpretations of the -φ mesons based on the idea
that color is violated by not only the electromagnetic
interaction, but also the strong interaction. In this case,
φ 8 and ωβ may decay strongly, and u>s> <p3 and p e must
be narrow, where

|— " ι " ! ' ΓΤ^-

<!:.

_J_i
V'5 1

1 1

Γ I

r

•1 -i

- 1
fs=—-=- [-77=- 'ΡΙΓΊ—'"I'M1 ~~Τ7Τ 'P-P-~"t"i>—77Τ (p-t'3~"3"s>J ·

b) Charmonium. The assumption that the φ meson
is the 3S! ground state of the quarks cc" immediately
raises a number of questions:

1) Can we account for the observed width of the de-
cays φ —• e*e"?

2) Can we account for the observed width of the de-
cays Φ — hadrons?

3) What state of the cc" system corresponds to the
φ' meson? How should this meson decay?

4) What properties should mesons corresponding to
the "So state of the ccf pair have?

5) What properties should mesons corresponding to
states of the cc" pair with non-zero orbital angular mo-
mentum (P and D states) have?

6) What state of the cc" system corresponds to the
4.15-GeV resonance if it belongs to the same family as
the φ and Φ' mesons, and why does this resonance have
such a large width?

c) The decays >/>— e*e" and d-~ β*μ~· It is reason-
able to compare the decay φ — γ — e*e~ with the decays
ρ — e*e', ω— e*e~ and φ -~ e*e". If all these mesons
had the same mass, their widths according to the quark
model would be in the same ratio as the squares of the
corresponding charges:

E x p e r i m e n t a l l y , r ; i , = 5 k e V , Γ ρ = 6 . 3 k e V , Γ ω = 0 . 7
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keV and Γ φ = 1.3 keV, which is close to the prediction.
Unfortunately, we cannot say that the theoretical and
experimental results are in agreement, since we have
not taken into account the mass difference, which is
quite substantial in the case of the ψ. If we assume that
the width is proportional to the mass, we find that the
width of the ψ is smaller than the predicted value by
about a factor of three or four. Considering the crude-
ness of the model, the agreement is not bad, even in
this form.

d) The decay φ —• 3π and Zweig's rule. Why are the
decays ψ -— hadrons suppressed? Before attempting to
answer this question, we point out that a similar sup-
pression has already been well known for a long time;
we have in mind the decay φ -~ 3ιτ. The width of this
decay is only 0.7 MeV, although this decay is not for-
bidden by SU(3) or isospin selection rules. Comparing
this value of 0.7 MeV with the "expected width" -350
MeV, we see that the decay φ — 3rr is suppressed by a
factor of about 500. (The "expected" width is obtained
by starting with an ω — 3ττ decay width equal to 10 MeV
and estimating how it would be enhanced if the mass m
of the decaying meson is increased from 780 MeV to
1020 MeV. This estimate makes use of the fact that
Γ ~ m7 if the masses of the pions are neglected; in ad-
dition, allowance for these masses and for the ρ reso-
nance in the sequence ω — π + ρ -» 3ττ further enhances
the estimated probability. The resulting "expected"
width of 350 MeV is apparently somewhat overestimated,
since such large widths are more characteristic of
heavier mesons like the p ' , whose mass is 1.6 GeV.
Thus, it would be more correct to say that the decay
φ — 3π is suppressed by a factor of not 500, but perhaps
300.)

We note that, despite its small phase space, the de-
cay φ — KK has a width ~3 MeV and its matrix ele-
ment is not suppressed. In the quark model, this means
that annihilation of the quarks λλ which form the φ
meson into the pairs of quarks pp and nn· is forbidden,
while the decay in which the initial λ and "λ quarks do
not annihilate is allowed. An example of a forbidden de-
cay is shown in Fig. 17a, and an example of an allowed
decay is shown in Fig. 17b. This regularity, according
to which annihilation diagrams such as that of Fig. 17a
are suppressed, is known as Zweig's rule.

e) Zweig's rule and the meson masses. Since the an-
nihilation λλ —· pp, nn is weak, the admixture of pp and
nn in the φ meson must be small; the same applies to
the admixture of λ"Χ in the ω meson: ω ~ (1//2") (pp
+ nn) + €λ"λ, where € ~ 5%. The small mass splitting
between the p° and ω mesons (mp = 770 ± 10 MeV,
Ηΐω = 782.7 ± 0.6 MeV) indicates that the amplitude for
the annihilation quark transition pp — nn is also small.
(If there were no annihilation, the masses would be de-
generate.) The fact that, in spite of the weakness of the
annihilation, we are still dealing with the states having
definite isospin Τ = 1, p° = (l//l)(pp - nn), and Τ = 0,
ω = (l//2")(pp + nn), and not the states pp and nn, is

due to the fact that the isotopic non-invariant mass
splitting of the ρ and η quarks is much smaller than
the amplitude for the annihilation transition pp — nn.

Zweig's rule is violated much more strongly for the
pseudoscalar mesons than for the vector mesons. This
is indicated by the strong mass splitting between the
η° and JT° mesons.

f) Zweig's rule and colored gluons. In the framework
of the quark model, one might attempt to provide a qual-
itative explanation of the nature of Zweig's rule in the
following way. The annihilation of a quark-antiquark
pair should lead to gluons. Let us consider the annihila-
tion of a pair in a white 3Si state. Such a pair cannot be
converted into a single colored gluon because of the
conservation of color. (Such a transition would be al-
lowed in the case of white gluons, which we have re-
jected.) It cannot be converted into two gluons because
of the conservation of charge parity and color. Conse-
quently, the minimum number of gluons into which such
a pair can be converted is three. By assuming that the
gluon-quark interaction constant is less than unity (as
= g2 ~ 1/2) and calculating the probability of the decay
φ — 3ys, where ys denotes a gluon, we can obtain the
observed annihilation width of the φ meson (Γ(φ
—· 3jr) ~ 0.7 MeV). In the spirit of parton calculations,
the second step of the process (in this case, the conver-
sion of three gluons into three pions) is not considered
here, with the assumption that the probability for the
process is determined mainly by the first step, i.e.,
Τ(φ — 3yg) «ί Γ(φ — 3π). The calculation is based on
the fact that the λ"λ system is similar to orthopositron-
ium, and the role of the constant a = 1/137 is played by
the quantity as . If it is assumed that the lowest level of
the λ"λ pair, corresponding to the φ meson, falls within
the narrow "Coulomb" part of the exchange potential,
the formulas for three-photon annihilation of positron-
ium can be used (for massless gluons) to calculate the
annihilation ψ — 3yg· Calculating the width of the de-
cay φ ·—· γ — e*e" in a similar way, we find the ratio

Γ ( φ -• e+e~)

Γ(φ-3π)
Γ ( φ - 18n

3vs)

FIG. 17

For as •* 1/2, this gives ~4 χ 10"3, which is to be com-
pared with the experimental ratio ~2 χ 10'3.

In the case of pseudoscalar mesons, two-gluon an-
nihilation of the qq pair in the 'So state is allowed by
the conservation of C-parity and color. The annihilation
effects are therefore larger in this case. This might
provide a partial explanation of the large mass splitting
between the η and π° mesons and the large admixture
of λ quarks in the η meson.

Similar estimates have been made for the decays of
the ti> meson. In this case, using the expression for as
which is obtained in the asymptotically free theory, it is
assumed that as(m^) « 0.2. This makes the ratio of the
leptonic and hadronic widths of the ψ meson about an
order of magnitude larger than the same ratio for the
φ meson and brings this ratio closer to the experimental
value.

It should be noted, however, that there is no basis for
using the value as(nty) » 0.2 to calculate the probability
for decay into free gluons with m\g = 0.

g) The ψ' meson. In the framework of the quark
model, it is natural to assume that the ψ' is a radially
excited 'Si state with the radial quantum number n r = 1.
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Adopting the "charmonium" model, the φ' —• e*e" de-
cay width should be proportional to | φ(0)\2, the proba-
bility of finding the quark and the antiquark at the cen-
ter of the charmonium. For a Coulomb potential, we
have | φητ(0)\ζ = l/ff(nr + I) 1 and hence

r(ψ'
Γ (φ -* cr

For an oscillator potential,

| ψ η , ( 0 ) | 2 = -

where the lowest level corresponds to nr = 0 and the
next radially excited level has n r = 1. Hence

Γ (ψ' — e-e-\ _3_
Γ (ψ -ι- e*e-) ~ 2 '

Experimentally, this ratio is of order 1/2 - 1/3, so
that, if we are discussing a potential, this potential is
apparently intermediate between the Coulomb and oscil-
lator potentials (see Fig. 16c). If all hadronic decays of
the φ' proceeded via cc annihilation at small distances,
the charmonium model would require that the hadronic
width of the φ' is £ 30 keV, which is about an order of
magnitude smaller than the experimental value.

The decay φ' —• φ + 2π, which accounts for about half
of all hadronic decays of the φ' meson, can occur even
when the c and c" quarks are far from one another, since
the c and c" quarks are conserved in this decay. This
decay is forbidden to a lesser degree than the hadronic
decays of the φ meson; it can proceed via two-gluon
exchange (Fig. 18), the gluons in this process having
relatively low energies and hence a stronger interac-
tion.

It is not yet clear what other decay channels the φ'
meson has (apart from the channel φ' — φ + 2π). As we
have already mentioned, the decays of the φ' into ordi-
nary pions and kaons must be weak in the charmonium
model It is therefore mainly the following two possibili-
ties that are discussed: 1) radiative decays, and 2) de-
cays involving the emission of charmed mesons.

h) Other levels of the charmonium. The possibility
of radiative decays is suggested by an analysis of the
levels of the charmonium corresponding to other spin
and orbital states of the cc" pair.

Let us begin by discussing the problem of parachar-
monium, i.e., the 'So state. Making a comparison of the
known vector and pseudoscalar mesons, p-n, K*-K,
o)-T7 and φ-η', the mass of the ground state of para-
charmonium (which we denote by rjc) might be expected
to be smaller than the mass of the Φ. If the mass dif-
ference m,£ - m,jc is small (a value ~100 MeV seems
natural), the decay φ —• ηογ will be suppressed by the
small value of phase space. The decay φ' —• ηογ can be
suppressed only by the orthogonality of the radial ψ-
functions for the states with nr = 1 and n r = 0. Calcu-
lations show that its expected width is of the order of

several keV. Searches for photons of energy of order
700 MeV among the decay products of the φ', which are
now in progress, are of very great interest. The ratio
of the decays η0 — 2γ and η0 — hadrons should be of
order ( a / a s ) 2 ~ 10"*. However, this estimate may be
grossly incorrect.

It is well known that the pseudoscalar η and η'
mesons correspond to quark states in which the annihi-
lation mixing λλ —- nn—— pp — λλ is not small. A
large value of the annihilation mixing nn —- pp is
suggested, in particular, by the large mass difference
between the ir° and η ° mesons. The large mixing in this
case is due to the fact that two-gluon intermediate
states are possible for the pseudoscalar mesons, un-
like the vector mesons.

In addition, the annihilation mixings cc" —— pp, cc"
—- nn and cc" — λλ must be small not only for the
vector particles, but also for the pseudoscalar particles.
This means that the η c meson must be a practically
pure state of the cc" pair and that the admixture of this
pair in the other pseudoscalar mesons η and η' must
be negligible, since otherwise strong decays such as
φ — ηω° or φ — η'ω° would have to occur with a high
probability. This great purity of the TJC state is appar-
ently due to its large mass. However, a thorough under-
standing of this problem is still lacking.

The other charmonium states correspond to orbital
excitations.

Let us recall what the nonrelativistic levels in the
Coulomb and oscillator potentials look like:

"CoulombOscillator

Here η is the principal quantum number, n r is the
radial quantum number, and / is the orbital quantum
number. The 2S and 2P levels are degenerate in the
Coulomb potential. In the oscillator potential, the level
with nr = 0 and / = 1 is half as high as the level with
n r = 1 and / = 0. We may therefore expect the Ρ levels
of the charmonium to have a mass of order 3.5 GeV.

Electric dipole transitions from the state φ' (i.e.,
23Si) to the Ρ states (and from the latter to the φ
(13SI)) might account for a significant fraction of the
decays of the φ' meson. In this case, photons should be
emitted with energy ~200 MeV in the transition φ'
—• Ρ and with energy ~400 MeV in the transition
Ρ - φ .

As to the D state (l = 2, n r = 0), this state should
occur near the φ ' . It might be produced via the transi-
tion e*e" — γ — *ΐ>ΰ however, owing to the centrifugal
repulsion, Ι ψ(0)|2 is much smaller in this state than in
the state 2 Si, so that the cross section for producing
the appropriate meson in colliding e*e" beams should
also be small.

We emphasize that the probabilities of the above-
mentioned radiative transitions between the charmon-
ium levels do not involve | >ί(0)|2 and are not forbidden
by Zweig's rule. If monochromatic photons correspond-
ing to radiative transitions between the charmonium
levels are not observed, this might be explained by the
fact that the charmonium Ρ levels lie above the 2S
level. This inversion of the levels with respect to what

777 Sov. Phys.-Usp., Vol. 18, No. 10 V. I. Zakharov et al. 777



is predicted by the oscillator model might be due to the
existence of a strong short-range attraction which
lowers the S levels or a strong spin-orbit interaction
which raises the Ρ levels. The transition φ' —- rjcr can-
not be eliminated in this way. Searches for this decay
are therefore of special interest.

i) Decays of the φ' into charmed mesons? A detailed
discussion of the expected properties of charmed
mesons will be given below; for the moment, we note
only that the lightest of them (which may be the pseudo-
scalar mesons D° = cp and D* = en) should have masses
of order 2 GeV. If these masses are somewhat less than
1.85 GeV = ( l / 2 ) n y , the decays φ' — D°D° are possi-
ble. These decays are not suppressed by Zweig's rule,
since they involve conservation of the c and c quarks.
They are analogous to the decays φ —• ΚΕΓ and are de-
scribed by the diagram of Fig. 19. Adopting the quark
model, it is easy to obtain the relation between the elec-
tromagnetic mass differences in the limit of SU(4) sym-
metry:

— mK* + 2 (mn* — 13 MeV.

This relation takes into account the fact that the charges
of the ρ, η, λ and c quarks are in the ratio 2 : - 1 : - 1 : 2
and the fact that the mesons have the structure

pk, -Lr

Therefore mo* - m0° = m + 6K, mg0 - mK* = m - 3K
and !%• - ηαπ° = (9/2)Κ, where m is the mass differ-
ence between the ρ and η quarks, and Κ is the energy
of the Coulomb attraction between the η and ή quarks.
If these relations hold even approximately, the decays
φ' — D°D° should be much more probable than the de-
cays φ' — D*D" because of the large phase space. The
D mesons should decay weakly, mainly into several
mesons (2—3 pions + 1 kaon, or 3—4 pions) and leptons.
Searches for leptons, kaons and peaks in the distribu-
tions in the invariant masses of several pions in collid-
ing electron-positron beams should, in the near future,
provide an answer to the question of whether the decay
φ' — DD takes place.

j) The 4.15-GeV resonance. These same experiments
should alsojdecide whether the 4.15-GeV resonance de-
cays into DD. The width of this resonance, ~300 MeV,
indicates that its decay is not forbidden by any selection
rules. Adopting the quark model, it is therefore natural
to assume that its mass is much higher than the thresh-
old for producing the pair cc (these quarks are, of
course, not free, but confined) and higher than the
threshold for decay into DD. It is usually assumed that
this resonance corresponds to the sSi state with n r = 2.
It is then natural to expect that its electron width, which
governs its production in e*e~ collisions and which is
proportional to | ψ(0)|ζ, is approximately the same as
for the φ and φ' mesons.

3. Quarks and Charmed Particles

The model of four colored quarks predicts the exist-
ence of a large number of new particles with non-zero
supercharge. However, as SU(4) symmetry is strongly
violated, the predicted masses of these particles are
somewhat uncertain. From the requirement that the con-
tributions of the ρ and c quarks cancel in weak proces-
ses, we can infer only that these masses should be less
than ten GeV. If the <j> mesons are actually cc bound

states, this fixes the scale of masses of the charmed
particles and enables us to predict their masses with
far greater accuracy.

a) Vector mesons. In the framework of broken SU(4)
symmetry, the φ meson should belong to a family con-
sisting of 16 vector mesons (Table II). Assuming that
the meson masses are equal to the sums of the masses
of their constituent quarks, we have

mj: = -j (m,,, + ma) = 1.94 GeV,

mF.^ — (m< + mv) = 2.0l G e V .

This estimate is obviously highly tentative. In particu-
lar, it makes no allowance for the differences between
the forces which bind the cc", cp and pp systems, for
example. Some authors favor quadratic mass formulas.
In that case,

mD. = 2.26 GeV,

mr'. = 2.3 GeV.

In either case, however, the masses of the charmed
vector mesons should be close to 2 GeV.

The φ' mesons naturally correspond to another
family, consisting of 16 heavier vector mesons. At the
present time, we have more or less reliable knowledge
of only the p ' mesons, which have J ^ = 1" and mass
1.6 GeV. It would therefore be of great interest to
search not only for the supercharged D'* and F'*
mesons, but also for the superneutral members of this
16-plet: ω', ψ', etc.

b) Pseudoscalar mesons. The splitting between the
'So and lSl levels should evidently lead to masses of the
pseudoscalar charmed D and F mesons which, as in the
case of the ordinary mesons, are less than the masses
of the corresponding vector mesons D* and F*, and the
mass of the TJC should be less than the mass of the φ
(see Table ΠΙ for the notation). If there are D mesons
among the decay products of the φ', then mo as 1.84
GeV. We can expect the magnitude of the ηο - φ splitting
to be smaller than the D-D* splitting, and the latter to
be smaller than the K-K* splitting (the heavier the
quarks, the smaller their gluon "magnetic" moments).

The charmed vector mesons should be heavier than
the pseudoscalar mesons in the limit of SU(4) symmetry.

FIG. 19
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Considering the violation of this symmetry, however,
we cannot exclude the possibility that mf* < mp, for
example. Such an anomalous sign of the "fine-struc-
t u r e " splitting would be an indication of an anomalous
sign of the gluon "magnetic" moment of the c quark.
We note that m^ > m,|C must hold even in this case.

c) If mo* - mo > i%, the strong decay D* -~ D + π
takes place. If, on the other hand, mo* - mjo < mff,
then the main decay of the D* meson is the radiative
decay D* -— D + γ. In the case of the F*, the decay F*
— F7r is forbidden by conservation of isospin, so that
the decay F* — Fy should dominate. Similar arguments
apply to the fast decays of the pseudoscalar mesons in
the case in which they are heavier than the correspond-
ing vector mesons.

d) Leptonic decays of mesons. The lightest of the
supercharged mesons having given values of charm C,
strangeness S and charge Q should be stable, decaying
only via weak interactions. The weak supercharge-
changing current has the form (-n sin θ + λ cos 0)c.
Leptonic decays of the D and F mesons should therefore
occur as a result of the interaction

in θ) (νμμ-f ) ~ h.C.

and should be similar to the leptonic decays of kaons
(Kj2, K/3, Kj ). The dominant decays should be those

whose amplitudes are proportional to cos θ : D* — Κ°μν,
D* — K°eV, D°— K>Vi F* — β vi), etc. In addition to
two- and three-body decays, there should also be decays
involving two or more mesons in the final state, such as
D* — KVeV.

Of the weak decays of the vector mesons, two-body
decays such as F* —- μν, which are not suppressed by
conservation of helicity, would be of the greatest inter-
est.

By taking into account the violation of SU(4) sym-
metry only in the phase space, we can make a crude
estimate of the widths of decays such as D/3. For ex-
ample,

Γ (D* ->- K*e*v) » (-!!2- )5 2 ctg2 ΘΓ (A'* -* n'e'v)

«2·103·20·4·10β« 1.6-10" sec"1.

There have so far not been any more precise estimates
of the absolute widths of the leptonic decays with allow-
ance for form factors. Estimates of the probabilities
for decays of the type D/4 have not yet been made.

However, a knowledge of the weak current enables us
to predict certain symmetry relations among the ampli-
tudes for leptonic decays. The lepton amplitudes ~cos θ
must satisfy the selection rules

AC = AS = — 1 , AT = 0, AU = 1/2, AV = 1/2;

here C is the charm (the value of C is equal to the num-
ber of c quarks in a particle), S is the strangeness, and
the projections of the T, U and V spins of the quarks
are specified in Table IV. The values of the T, U and V
spins of the D and F mesons are determined by their
quark structure: D° = cp, D* = en, F* = cA. The selec-
tion rule Δ Τ = 0 implies, for example, that

Γ (D° -» Κ-μ+ν) =T(D*-r Κ°μ+ν).

The lepton amplitudes
rules

AC=±l, AS = 0,

sin θ must satisfy the selection

e) Non-leptonic decays of mesons. The non-leptonic
decays of the D and F mesons are governed by products
of the currents (png) and (Age). The individual terms
of a product with AC = -1 must satisfy the selection
rules indicated in Table V. The meaning of the numbers
which are underlined will be explained later. The selec-
tion rules shown here follow directly from the quark
structure of the corresponding terms. For example, the
selection rule Δϋ = 1 for the term ~ sin θ cos θ follows
from the fact that the difference λλ - nn is a component
of a U-triplet. The minus sign in this case is due to the
fact that the ρ and c quarks are associated with the
orthogonal combinations ng and \g in the charged cur-
rent . We quote several relations which follow from the
selection rules Δ Τ = 1 and ΔΙΙ = 1:

AT = 1 : ( TuV = 0,

here ( K V ) D ° , for example, denotes the D° — Κ'Έ* decay
amplitude.

In order to gain a better understanding of the ex-
pected properties of the non-leptonic decays of charmed
particles, we shall consider the known properties of the
non-leptonic decays of strange particles.

TABLE IV
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Ρ

, 1
1 2

0

1
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η

1
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0

1
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0
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f) The ΔΤ = 1/2 rule and octet enhancement. It is
well known that the amplitudes for non-leptonic decays
of strange particles are enhanced with respect to the
values which they would have if they were products of
matrix elements of currents taken from the correspond-
ing leptonic decays. For instance, the Ks — π V decay
amplitude is more than an order of magnitude greater
than the product of the current factors taken from the
K°— i7~eV and π* — μ ν decay amplitudes. There is then
an enhancement of the amplitudes which satisfy the
selection rule ΔΤ = 1/2 and which are components of an
octet. But the amplitudes with ΔΤ = 3/2 are not weak-
ened. The product of the currents (np) and (ρλ) gives
the non-leptonic Lagrangian (ηρ)(ρλ), which involves
transitions with both Δ Τ = 1/2 and ΔΤ = 3/2. For cer-
tain decays, partial conservation of the axial-vector
current leads to a suppression of the transitions with
ΔΤ = 3/2. However, this mechanism is neither univeral
nor sufficiently strong. Several ways of achieving a
universal dynamical enhancement of the amplitudes with
ΔΤ = 1/2 can be imagined.

The first possibility is the annihilation of ρ and ρ at
small distances, which leads to an effective transition
λ — η and is described by the proton loop shown in
Fig. 20a. For -q 2 » mp, the contribution of this dia-
gram has the form

and represents a sum of monopole and anapole gluon
moments; here mw and mp are the masses of the W
boson and the proton quark, q is the 4-momentum of
the gluon, and gs is the gluon-quark interaction con-
stant, with g | = a s .

In the four-quark model, the loops involving the ρ
quark (Fig. 20a) and the c quark (Fig. 20b) must cancel
with one another in the limit of exact SU(4) symmetry.
Their total contribution is proportional to ln(m|/q2) for
mp « -q 2 « m^ and tends to zero for q2 » m2.. If as
<, 1, the effective weak constant of these monoanapole
moments is ~0.1G, and it is not yet clear whether the
amplitudes associated with them can be greater than the
amplitudes due to a simple four-fermion product of
weak quark currents.

Another possibility is an enhancement of the expres-
sion

- i | - (ϊιι) (Ηλ),

which has ΔΤ = 1/2. This expression contains the term
(ηη)(Έλ), which might appear in a more or less natural
way from the initial term (ηρ)(ρλ) if there were isovec-
tor gluons. In the case of the symmetry Gs * G\y> the
gluons are isoscalar, and the term (ηη)(ηλ) appears
only as a result of the annihilation pp — gluons — nn
and does not have the required form of a product of
V-A currents. In the framework of gauge models of the
weak interaction, the introduction of the neutral strange-

I* I*

780
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ness-changing current ηλ in the initial Lagrangian leads
to difficulties in connection with decays of the type K]_,
— μ* μ and the mass difference between the K L and Ks
mesons, which we discussed earlier, and is therefore
unsatisfactory.

A third possibility is an enhancement of the states
which are antisymmetric with respect to the interchange
of η and ρ in the expression (ηρ)(ρλ), giving the com-
bination

(np) (ρλ) — (pp) (n/.).

The fact that this expression gives ΔΤ = 1/2 can be
seen from the fact that the initial state ρλ has Τ = 1/2,
while the final state np - pn has Τ = 0. As we shall see
below, the model of colored quarks and colored gluons
involves a dynamical enhancement of the antisymmetric
amplitudes belonging to the octet representation of
SU(3) and a weakening of the symmetric amplitudes be-
longing to the 27-dimensional representation.

g) The role of colored quarks in the octet enhance-
ment. It is well known that the four-fermion V-A am-
plitude is antisymmetric with respect to interchange of
the spins and momenta of the two initial (or final) parti-
cles. By virtue of the generalized Pauli principle, this
implies that it must be symmetric with respect to the
interchange of all the internal degrees of freedom. For
white quarks, it is therefore not possible to achieve
octet enhancement by antisymmetrization in the local
limit. However, this becomes possible for colored
quarks if we assume that there is also antisymmetry in
the color indices:

I(»«Pi.) (p"K-)~(PiPi-'l ("""Ml eiki»1'"'1'.

This expression is symmetric with respect to the
simultaneous interchange of the isotopic (n — p) and
color (i ·>— k) variables. It is very significant that this
expression is a color invariant and hence gives transi-
tions between white particles. In essence, color plays
the same role here as in reconciling the spin and statis-
tics of quarks in constructing baryons from them.

h) The role of colored gluons in the octet enhance-
ment. If colored quarks enable us to enhance the anti-
symmetric amplitudes with ΔΤ = l/2, colored gluons
provide a dynamical realization of this possibility.

It can be inferred from calculations of diagrams such
as that shown in Fig. 21 and more complex diagrams,
which allow for the exchange of an arbitrary number of
gluons, that the transition amplitudes with ΔΤ = 3/2 are
weakened by a factor e, while those with ΔΤ = 1/2 are
enhanced by a factor e , where

here mw is the mass of the W boson, μ is some char-
acteristic hadron mass £ 1 GeV, and as is the gluon
analogue of α = 1/137 in electrodynamics. The value of
as depends on the magnitude of the momentum transfer,
since, as we have already mentioned, the interaction be-
comes weaker at small distances in an asymptotically
free theory. In the case of SU(3) symmetry,

FIG. 21
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as (mz)
l + (25/6n)os(mt)ln(m,/m!)·

By choosing, for example, as ~ 1 with μ ~ 1 GeV, we
can obtain e3 ~ 5. Experimentally, the amplitudes with
ΔΤ = 3/2 amount to a few percent of the amplitudes
with ΔΤ = 1/2. Thus, the relative enhancement with
e3 ~ 5 is insufficient, Perhaps the experimentally ob-
served effect has several components: that which we
have just discussed, the above-mentioned consequence
of partial conservation of the axial-vector current, and
transitions λ ——· η.

i) The enhancement in SU(4). In going over from
three to four colored quarks, we can provide an SU(4)-
symmetric generalization of the octet-enhancement
mechanism discussed above.

Consider the product of the two currents and
q y q s , where α, β,γ,δ- 1, 2, 3, 4. It is easy to see that

the antisymmetric tensor ^α> y ] obtained from the
[β, 5J

product of these currents belongs to a 20-plet. In fact,
we have 6 antisymmetric combinations both above and
below. But the tensor obtained by antisymmetrization is
reducible:

6 χ IT = 36 = 1 4· 15 + 20.

All four quarks are different in the product (pn#) (Xgc).
Therefore this product cannot belong to either the 1 or
the 15, but can be contained only in the 20. We thus ar-
rive at the conclusion that the 20-plet representation of
SU(4) should be enhanced.

Let us now see which SU(3) representations are con-

tained in the 20-plet T [ a y j . The quantity [ay] trans-

forms like 3 + 3 ; here α = 4 and y = 1, 2, 3 corresponds

to the representation 3, while α = 1, 2, 3 and γ = 1, 2,

3 corresponds to the representation 3. Hence

β X 8 >= (3 4- S) ( 3) = 1 + (1 + 8 + 3 + 3) + (8 + 6 -f β)·

Thus, 20 = 8 + 6 + 6. Here the octet does not contain the
c quark, the sectet contains the c~, and the antisextet
contains the c.

We see that enhancement of the octet amplitudes in
strange-particle decays should correspond to enhance-
ment of the sextet amplitudes in charmed-particle de-
cays .

j) T-, U- and V-spin selection rules. With sextet en-
hancement, the operators ρ and 1g in the expression
(png)(Agc) are antisymmetrized. Now [ρλ] has V = 0,
while [pn] has Τ = 0. Consequently, the term
cos2 #(pn) (Ac) must obey the selection rule AV = 0, the
term sin2e (ρλ) (nc) must obey ΔΤ = 0, and the term
cos gsin 6[(pX)("\c) - (pn)(nc)] must obey ΔΤ = 1/2
and AV = 1/2. We note that ΔΤ = 1/2 always holds for
the term (pX)(Xc), but is obtained for the term (pn)(nc)
only after antisymmetrization of [pn]. Similarly, Δν
= l/2 always holds for the term (pn)(nc), but is ob-
tained for the term (pX)("Kc) only after antisymetriza-
tion of [ρλ].

The values of ΔΤ, Δϋ and Δν which follow from sex-
tet enhancement are underlined in the table of selection
rules for the non-leptonic decays of charmed particles
which we gave earlier (see Sec. 3e).

The selection rule Δν = 0 implies that the decay D*
— K V is forbidden, In fact, the D* is a V-singlet,

while the K° and π* are components of a V-doublet. The
final state with V = 0 has the form ( K V - ιτ+Κ°). But
this state is antisymmetric with respect to the inter-
change K° —- TC and is therefore forbidden for bosons
in a state with zero orbital angular momentum. Putting
T(D+ — KV) = 0 in the relations obtained earlier from
the selection rules ΔΤ = 1 and Δϋ = 1, we get

Γ (DO -+• Κ-π+) = 2Γ (DO -

Many analogous relations can be derived for the other
decay channels of the D and F mesons and for the de-
cays of charmed baryons.

k) The transition c -— p. If the non-leptonic decays
of charmed hadrons were due to the interaction cp + pc,
these decays would obey the selection rules

AS = 0, AT = 1/2, AU = 0, AV •• 1 / 2 .

The corresponding amplitudes would be components of
an SU(3) triplet and an SU(4) 15-plet. In this case, the
D meson would decay into pions, but not into a K meson
+ pions. If it were found that there are few kaons among
the decay products of the resonance at 4.15 GeV, the in-
teraction cp +pc would attract attention. However, this
interaction has a number of serious theoretical defects.

In the Weinberg model, the transition c -— ρ is due
to the sum of the diagrams of Fig. 22. The total contri-
bution of these diagrams vanishes in the limit of exact
SU(3) symmetry. Therefore this transition should be
weaker than the analogous transition n —— λ. This
circumstance renders the mechanism involving the
transition c —> ρ implausible within the framework of
the Weinberg model.

1) The expected decay widths of the Ο and F mesons.
It is not yet possible to make reliable predictions of the
partial widths of the D and F mesons. The total width of
the semi-leptonic channels can be estimated by taking
the muon width Γμ = (1/2) χ 10*6 sec"1 and increasing it
by a factor 2(mc/ir^)s, where mc is the mass of the
charmed meson (or quark?). For m c ~ 2 GeV, we ob-
tain r s e mi lept ~ 3 χ 1012 sec Λ It is assumed in this
estimate that the c quark decays like a point particle
and that the strong interactions redistribute the decay
products but do not alter the total decay probability.

It is more difficult to predict the widths of the non-
leptonic decays. These decays should be enhanced with
respect to the semi-leptonic decays (we recall the sex-
tet enhancement and the large ratio, R = 2.5, of the
cross sections for annihilation of e*e" into hadrons and
into μ*μ~)· However, it should be noted that the sextet
enhancement should be much weaker than the octet en-
hancement, since charmed particles are much heavier
than strange particles (if allowance is made for the de-
pendence of as on the characteristic momentum trans-
fers, the sextet enhancement gives a net factor of order
two). Considering all the uncertainties, we can say that

!*

w Τ c w p

b

FIG. 22
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the fraction of semi-leptonic decays apparently lies
somewhere in the range between 1 and 50%.

The non-leptonic decays should be dominated by
multi-particle channels with n ~ 4. Such a multiplicity
On = 4, 5) is characteristic of the products of e*e~ and
pp annihilation at center-of-mass energies of order 2
GeV.

.ν, co-

The transitions D D°. Since the weak inter-

» - £ > < > ) , _l_.

where D? and Dl have positive and negative C Ρ-parity,
respectively.) Consequently, the fact that the decays
D2 — 2n are forbidden has very little effect on the total
widths:

rg-ΐΊ,

(We recall that the fact that the decay K2 — 2ιτ is for-
bidden is decisive in the case of kaons: F L / F S ~ 2
χ 10"s.) The mass difference between the D L and Ds
mesons is especially small. This follows from the fact
that the transitions cp •—• cp are forbidden in the limit
of SU(3) symmetry. It is easiest to see that this is so
from the sum of the loops shown in Fig. 23. At each of
the vertices in the figure, we have indicated the value of
the appropriate interaction constant obtained by multiply-
ing the weak currents. The total contribution of the four
diagrams clearly vanishes in the limit of SU(3) sym-
metry (mn = m\). It is reasonable to expect that

Owing to the short lifetimes of the D mesons, the ex-
perimental observation of oscillation phenomena in
their decays would be difficult. However, it would be
relatively easy to observe the effects which survive
after an integration with respect to time.

As an example, owing to the transitions D° «—• D°,
an initial D° meson would decay into the channel Κ*μ~ϊ7μ
in some small fraction of the events. It is readily shown
that

in this result, we have put cos θ ~ 1 and neglected
higher powers of the ratio (ms - mL)/(Fs + F L ) ·

n) D mesons and CP violation. The D°-D° system is
a beautiful object for exhibiting the effects of CP viola-
tion, even if this violation occurs in the super-weak in-
teraction. Allowing for CP violation, we have

action does_not_conserve charm, the transitions (D
= cp) -— (D° = c;p), which are analogous to the well-known
transitions (K° = η~λ) —-» (K° = λη), should occur in a
vacuum. Because of these transitions, there should
exist two states having definite masses and lifetimes—a
long-lived state D^ and a short-lived state Dg. In con-
trast with what happens in the case of the K L and Ks
mesons, the D L and Ds mesons are both short-lived:
TL = l / r L ~ TS = 1/rs ~ 10'13 - 10"" sec, and Fs
- T L « Ts + F L · This last statement is based on the
fact that only decays of the D° and D° into the non-
strange hadronic states 2π, 3π, 4ιτ,... can interfere
with one another. But these decays have small ampli-
tudes ~ cos θ sin θ . The amplitudes ~ cos2 θ of the
principal decay modes such as D° — Κ~η*ττ° and D°
— KVir0 do not interfere with one another and give
identical contributions to the decays of D L and Ds.
(For the moment, we are neglecting possible effects of
CP violation and assuming that

Ds =Dl

J~ DL = D} —

This leads to a number of interesting effects. For exam-
ple, in the decay of a resonance such as the ψ' into a
pair D° + D°, there should be a charge asymmetry of
the decay products of the D mesons.

Consider the decays into Κ*μ'"ΰ and Κ~μ*ι/. Denoting
the numbers of pairs (Κ*μ"ΰ, KV^) and (K>V> Κ'μ*")
by Ν** and N~", the charge asymmetry is given by

_ . i R e e D l i — \tD\-) _ , T J . _

l — Ι ε -4:Reec)s

Non-leptonic decays of pairs of D mesons (such as
K*n and Κ'ττ) should also exhibit a charge asymmetry,
which is somewhat weaker in this case because of the
direct decays of the type D — K*n~s whose probability
is proportional to sin4 θ .

The discovery of CP-noninvariant effects somewhere
other than in the decays of K° mesons, where they have
so far been observed, might provide the key to finding
the mechanism of CP violation.

o) Baryon SU(4) multiplets. It is convenient to ar-
range the four quarks at the vertices of a tetrahedron
(Fig. 24).

This emphasizes the symmetry between the quarks.
It is also convenient to arrange the baryons built up
from the quarks in the form of a tetrahedron (Fig. 25).

The four quarks can be used to construct 4s = 64
three-quark states. These 64 states are divided into
four distinct SU(4) multiplets:

64 = 4 + 20 + 20 - 20.

Here 4 states are completely antisymmetric: [ρηλ],
[pnc], [pc\] and [cnX]; 20 states are completely sym-
metric, and two 20-plets have mixed symmetry.

To determine the number of symmetric states, we
observe that they may be of three types: {aaa}, where
all the quarks are identical; {aab}, where two quarks
are identical; and {abc}, where all the quarks are dis-
tinct. There are four combinations {aaa}, twelve (4x3)

/5
-tiirS

FIG. 23

-ΑΓ+μ-νμ) 2 ( r s j _ i

In the case of non-leptonic decays of D° mesons, final
states having an anomalous sign of the strangeness ap-
pear not only because of the transitions D° —-' D°, but
also because of the small term sin2 0(nc) (ρλ) in the
non-leptonic Lagrangian. For example,
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combinations {aab}, and four combinations {abc}. There
are 20 particles in all. The well-known SU(3) decuplet
with j P = 3/2* should belong to such a 20-plet. The two
SU(4) 20-plets of mixed symmetry each contain 12 com-
binations of the type aab and 8 combinations of the type
abc. One of these 20-plets contains the well-known
SU(3) octet with J p = 1/2*.

In order to gain a better understanding of the struc-
ture of the baryons, let us enumerate once more all 64
three-quark combinations which lie on the tetrahedron.
At the four vertices of the tetrahedron, there are com-
binations of the type aaa. On the six edges of the tetra-
hedron, there are 36 combinations of the type aab.
Finally, at the four centers of the faces, there are 24
combinations of the type abc. In all, there are 4 + 3 6
+ 24 = 64 particles on the tetrahedron.

p) SU(3) multiplets of charmed baryons. The pyra-
mid of 64 baryon states can be divided in a natural way
into SU(3) multiplets having definite values of super-
charge (charm). At the base of the pyramid, there are
27 superneutral particles, of which 18 belong to the
well-known SU(3) baryon multiplets: the octet with J p

= 1/2* (Fig. 26a) and the decuplet with J p = 3/2* (Fig.
26b), corresponding to the lowest orbital state of the
quarks. (The other nine particles—a singlet and an
octet—correspond to / *• 0.) At the next level of the
pyramid, there are also 27 particles. Each of them con-
tains a single c quark. These particles include a triplet
and a sextet with J p = 1/2* and a sextet with J p = 3/2%
corresponding to the lowest orbital state of the quarks.
(The other twelve particles—a sextet and two tr iplets-
correspond to / * 0).

Still higher, there are 9 particles, each containing
two c quarks: a triplet with J p = 1/2*, a triplet with
J p = 3/2*, and a triplet with I * 0.

Finally, at the top of the pyramid, there is a single
particle ccc with J p = 3/2*.

q) Notation for the baryons. There is as yet no
generally accepted notation for the charmed baryons. We
shall follow the nomenclature used in the review of
Gaillard, Lee and Rosner. The triplet (3) and sextet (6)
of baryons containing a single c quark are shown in
Figs. 27a and 27b. The upper indices indicate the
charges of the baryons, and the lower indices (in the
case of the C baryons) indicate their isospins, We also
indicate the quark structure of each baryon, where
{...} denotes symmetrization and [...] denotes anti-
symmetrization of the appropriate quarks, All the
baryons shown in Figs. 27a and 27b can have the values
J p = 1/2*. Because of the symmetry of the quark φ-
function, only the baryons shown in Fig. 27b can have
the values J p = 3/2*. We use the same letter to denote
baryons which have the same supercharge, isospin and
charge, but different values of the spin and mass. For

example, we have the Σ* (M = 1189, J p = 1/2*) and the
Σ* (Μ = 1385, J P = 3/2*).

The baryons which contain two c quarks are shown
in Fig. 28. (Gaillard, Lee and Rosner designate them
Xu*s Χ£ and Xs, respectively, since they employ a dif-
ferent notation for the quarks: ρ — u, η — d, λ — s.)
The X baryons with I = 0 can occur with both J p = 1/2*
and J p = 3/2*. In addition, there is a triplet of X bary-
ons with / * 0, We denote the baryon containing three c
quarks by O". It has JP(O**) = 3/2*.

r) The baryon masses. The predicted masses of the
charmed baryons depend strongly on the particular mass
formulas used by various authors. According to some
estimates, M(O**) ~ 10 GeV. However, it is more
natural to expect that M(O**)~ 4.5—5 GeV. This esti-
mate is based on a comparison of the O** baryon con-
sisting of three c quarks with the φ meson, which con-
sists of the quarks c and c". The masses of these parti-
cles should be in the ratio 3 :2 if the binding energy per
quark is the same for the white baryons and mesons. We
are, of course, adopting linear mass formulas here for
both the baryons and the mesons. We note that the ratio
of the masses of the Ω hyper on (λλλ) and the φ meson
(λλ) is actually close to 3/2. The same is true of the
ratio Μ Δ / Μ ω . Taking M(O**)~ 4.7 GeV and Μ ( Δ )
= 1.24 GeV and assuming an equal-spacing rule for the
masses, we can easily estimate the expected masses of
the other baryons:

Μ (C)~ 2.4 GeV, Μ (S)~ Μ (Α)~ 2.5 GeV,
Μ (T)~ 2.7 GeV, Μ (Xp) = Μ (Xn)~ 3.5 GeV,

Μ (Χ>.)~ 3.7 GeV.

Apparently, the lightest of the charmed baryons should
be the C*> baryon with J p = 1/2*—a charmed analogue of
the A°hyperon. According to some estimates, M(Co)
* 2.1 GeV,

V. OTHER MODELS OF THE NEW PARTICLES

In this chapter, we shall consider theoretical de-
scriptions of the φ mesons other than the charmed-
particle hypothesis and the color hypothesis.

ΦΡΙ

A'c[nX] A'cftA]

FIG. 27
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1. The φ and φ' are Intermediate Bosons

The hypothesis that the φ and φ' belong to a family
of intermediate bosons, i.e., that they are neutral part-
ners of the charged intermediate bosons of the weak
interactions, is supported by the data on the widths of
the decays of the ψ and φ' into leptons and hadrons.

If the φ is an intermediate boson, i.e., if there exists
a direct interaction of the φ with muons and electrons

) (5.1)

with an interaction constant g e = gμ = Si (we are as-
suming that parity is conserved in this interaction (see
Chap. II) and, for simplicity, adopting the hypothesis of
μ-e universality), then the φ —• ee decay width is

Γ«=Γμμ = 4-ίίΛ/. (5.2)

The constant of the four-fermion interaction governed
by the exchange of the φ boson is by definition

(5.3)

Substituting in Eq. (5.3) the experimental values of the
widths from Table I, we find for the ψ and φ' bosons

„! 0.77-10-5
= 0.77GF )

0.21-10-5 (5.4)

where G F is the universal Fermi weak-interaction con-
stant G F = 10"5/m2, and m is the nucleon mass. The ef-
fective hadron-lepton interaction constants which can be
obtained from (5.3) by making the substitution r e e

— V r e e r n are also rather close to the Fermi constant:
G$ « 3 G F and G*h « 1.5 Gp.

The fact that these constants are close to Gp sug-
gests that the φ and φ' might be intermediate bosons.
In that case, the 4.15-GeV resonance, if it exists, would
of course have nothing to do with them.

In Sec. 3 of Chap. II we pointed out that, according to
the experimental data, the ratios R2ir*2ir~ a n ( ^ R3JT*3IT'
of the cross sections for the processes e V — 2-n*2i~,
3π*3π" to the cross section for the process e*e" — μ*μ"
are the same in the region of the φ meson and in the
background in its vicinity. In describing the ψ as a
hadron, this fact was explained in a natural way by ob-
serving that the isotopic spin of the φ is equal to zero
and that the decay φ — 2π*2π~ proceeds via a virtual
photon. If the intermediate-boson hypothesis is used to
account for this fact, it must be assumed that the Hamil-
tonian describing the interaction of the φ with hadrons
has the form

«•»·= VSi (fift ΪΓ1 +»'# T-°) •». (5.5)

where the electromagnetic interaction of hadrons is
written in the form

<w.i=Vsr.</j:3-1+&5-|))4.i (5.6)
h T~l

here gj is the same constant as in (5.1), j ' e l is the
component of the hadronic electromagnetic current cor-

responding to isospin Τ = 1, and j ' is the hadronic

current with Τ = 0 (not necessarily the same as

ίμ',βΓ > the component of the hadronic electromagnetic
current with Τ = 0).

It is an obvious consequence of (5.1), (5.5) and (5.6)
that RJJ T _ I is the same in the region of the φ reso-

nance and in the background region for all hadronic
states with Τ = 1. If RH,T=0 is to be much greater in
the region of the φ meson than in the background, we

require that | g ' | » | g | and/or ΣηΚ01ϊμ > Τ = 0 |η>| 2

It is known from the decay φ' — φητι that the φ'φην
interaction is characterized by a constant of order
unity, i.e., it is strong (or medium-strong; see Chap II).
A description of the φ and φ' as intermediate bosons is
therefore possible only if it is assumed that, in addition
to their semi-weak interaction with leptons and hadrons,
which is linear in φ and φ', the φ and φ' also have a strong
interaction with hadrons, which is quadratic in φ and φ'
is ruled out, or at^east restricted, by the absence of
the decays φ' — φII).

The existence of intermediate bosons having a strong
interaction with hadrons which is quadratic in the fields
of these bosons was proposed at one time as a descrip-
tion of the weak interactions^1. Their strong quadratic
interaction with hadrons was supposed to provide a cut-
off of the growth of the virtual weak interactions at
small distances and, in particular, account for the ab-
sence of the decays K L — μ*μ" and the small mass dif-
ference between the K L and Ks mesons[ ] (see also
also^1). Adopting the terminology of Appelquist and
Bjorkent l C l, we shall call this intermediate boson a stenon.

In most of its interactions with hadrons and leptons,
the stenon is no different from a hadron-like meson
which, because of some selection rules, goes weakly
into ordinary hadrons. The processes of single and pair
production of φ mesons in hadronic collisions may have
similar cross sections in the two cases and, in view of
the presence of a strong quadratic stenon-hadron inter-
action, the cross section for stenon-nucleon scattering
may be of the same order as ordinary hadronic cross
sections, i.e., tens of millibarns. As a crude estimate
of the cross section for stenon production in nucleon-
nucleon collisions at high energies, we may take

σ (Ν+Ν -*• ψ + anything) ~ gfohf (Af2), (5.7)

where ση ~ 2 χ 10~^β cm2 is a quantity of the order of
the hadronic total cross sections, gn = 3fh/M, and
f(M2) is a factor which takes into account the decrease
of the cross section for producing a particle as its mass
increases. Taking f(M2) « m|/M 2 with m o ~ 1 GeV in
analogy with electroproduction, we obtain the estimate
σ(Ν + Ν — φ + anything) ~ 1O'S1 cm2, which, bearing in
mind its crudeness, is not inconsistent with the experi-
mental data[ S ].

We note that a comparison of the estimate (5.7) with
the experimental data leads to the conclusion that the
form factor f(M2) cannot be very small; for example, it
cannot decrease exponentially like f (Μ2) ~ exp(-M/M0)
with Mo i. 300 MeV, as is assumed in the statistical
theory. This statement applies not only to the stenon
model, but generally, since it is to be expected that,
whatever approach is adopted, the small parameter
which determines the cross section for single ψ-meson
production is of the same order of magnitude as the
small parameter which determines the decay of the φ
into hadrons, i.e., of order g£ (see Chap. VI). With the
stenon hypothesis, the cross section for photoproduction
of the ψ on a nucleon, γ + Ν — φ + anything, at suffic-
iently high energies is of order

σ (ν+Ν -» ψ Η- anything) ~ aglahf ~ 1 nb.
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This value is about an order of magnitude smaller than
the experimental value[ 4 ]. Thus, the experimental data
on ii-meson photoproduction tends to oppose the stenon
hypothesis, However, considering the crudeness of the
theoretical estimates, we cannot regard this argument
as a completely convincing refutation of this hypothesis.

The stenon differs from the hadronic φ meson only
by the fact that it has a direct interaction with leptons,
whereas the interaction of the hadronic φ meson with
muons and electrons proceeds via a virtual photon.
This circumstance makes it possible to ascertain
whether the φ meson is a stenon or a hadron by studying
the process of electroproduction of the φ on nucleons[51.

The electroproduction of a hadronic φ meson on a
nucleon is described by the diagram of Fig. 29, and the
cross section for the process e + N — e + φ + hadrons
has the form

da Ε — ν

iQ-dv -2τ)σν«?2. ν); (5.8)

here ν = Ε - Ε', Q2 = 4EE'sin2(e/2), Ε and Ε' are the
energies of the initial and final electron, θ is the scat-
tering angle, and ffy(Q2, v) is the cross section for
photoproduction by a virtual photon. (We are assuming
that ι/2 » Q2 and neglecting the contribution of longitud-
inally polarized virtual photons.)

For Q2 » a(gh/g/)M2, stenon electroproduction is
determined by the diagram of Fig. 30 and, with this
hypothesis,

da

dQ"-dv
Q* (E-v

ν ) , (5.9)

where asc(Q2» v) is the cross section for scattering of
a virtual stenon by a nucleon. Comparing (5.8) and (5.9)
we see that da/dQ2 has very different dependences on
Q2 in the region aM2 « Q2 ί Μ2 for these two hypotheses.

Let us estimate the contribution to the total cross
section for stenon electroproduction from the diagram
of Fig. 30, i.e., let us calculate the integral of (5.9)
with respect to Q2 and v. We take asc(Q2. ν) = σο for
Q2< m2 and aSc(Q2, v) = ao(m2/Q2) for Q2 > m2. Then
(5.9) yields

(5.10)

where i/m = (M + 2m)M/2mJ and m is the nucleon mass.
For Ε = 20 GeV, m0 = 1 GeV and σ0 = 10 mb, we have
σ(βΝ — βφ +.. . ') = 0.5 nb. It is useful to compare Eq.
(5.10) with the total cross section for electroproduction
calculated under the assumption that the φ is a hadron.
The main contribution to the integral here comes from
the region of small Q2, and the cross section for elec-
troproduction can be expressed in terms of the cross
section for photoproduction in the form

>hadrons \ hadrons

FIG. 29 FIG. 30
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σ(εΛ'->«ψ+anything) =-2-a(v.V-M|)-f anything) in (JL-ίϊΙ.) ln-ii-,

(5.Π)
where m e is the electron mass, and it is assumed that
Ε » vm. Substituting numerical values in (5.11) with Ε
of the order of tens of GeV and σ(γΝ —• φ + anything)
~ 20 nb, we have a(eN — e^ + anything) ~ 1 nb, i.e., the
contributions of (5.8) and (5.9) are of the same order of
magnitude. In the case of stenon electroproduction, it
should be noted that the region of small Q2 i aM2 is
also described by the diagram of Fig. 29, its contribu-
tion to the total cross section for electroproduction
being given approximately by (5.11).

Experimental data on muon pair production in a neu-
trino experiment, i.e., measurements of the cross sec-
tion for the reaction ν β + Ν — μ*μ.~ + anything, enable
us, within the framework of the stenon hypothesis, to
exclude the possibility of a direct interaction of the φ
with neutrinos with a constant gv ~ g^5^. In fact, if
such an interaction occurred, the cross section for
stenon production in the neutrino experiment would be
of the same order of magnitude as the cross section for
electroproduction of the φ. In spite of possible uncer-
tainties in the values of mo and σο in (5.10), it can be
estimated that at Ε,, ~ 100 GeV we have σ(*/Ν— ι/φ
+ anything) ~ 10~34 cm2, while the cross section for
muon pair production is a(yN — β^'ν + anything) ~ 7
χ 10~3β cm2. This figure is 3—4 orders of magnitude
above the experimental upper limit for this quantity,

3 8 3 9 2 t e ]

Several papers have been devoted to attempts to de-
scribe the φ mesons on the basis of various specific
schemes for the theory of intermediate bosons[ 7 ]. The
φ and φ' were identified with the neutral components of
a triplet of intermediate bosons W*, W0', W° having a
strong quadratic interaction with hadrons, which had
been proposed earlier by Marshak et a l . [ l b l . This
model1 ! encounters the following difficulties: 1) the
charged W boson should have a relatively low mass
~4 GeV, i.e., the linear growth of the cross section for
i/N scattering as a function of energy should come to an
end when Έν is of order 10—20 GeV, and this is not ob-
served; 2) the decay φ' — φ + hadrons should take place
mainly via the channel φ' -*• ip + K°, which is appar-
ently not in accord with the experimental data; and
3) the decay φ — hadrons + γ should be much more
probable than the decay φ — e+e~. A model has been
studied[ 7 C 1 in which the φ, φ' and φ (4.15) are gauge
fields interacting with conserved electron, muon and
baryon currents, respectively, and mixing between the
φ, φ' and φ (4.15) occurs as a result of an interaction
with Higgs mesons. In this case, an appreciable viola-
tion of μ-e universality was found in the decays of the

^ 'ii', namely Γ * « 8r^ e , which is not in accordance

with the experimental data.

A model has also been proposedc ? a l in which an inter-
mediate boson can interact with leptons both directly and
via a virtual photon. None of these models appear to be
very attractive, and it seems to us that discussions of
them should be deferred until experiments provide un-
ambiguous evidence in favor of some particular model.

2. Particles with New Additive Quantum Numbers

Immediately after the discovery of the φ meson, the
hypothesis was put forward[8! that the φ mesons possess
a new quantum number (we shall designate it S') which
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is conserved in the strong interaction but which is vio-
lated by some new interaction responsible for the decays
of the φ.

A characteristic prediction of such models is the
statement that the ί· mesons are linear combinations of
fields D which are not actually neutral and which differ
from the antiparticles in the value of the quantum num-
ber S': D * D, ψ ~ D + D.

It was assumed that the same situation occurs in the
case of φ mesons as for strange particles—there is the
possibility of strong associated production of φ mesons
with conservation of S' and relatively weak decays with
violation of S'. Consequently, a strong energy depend-
ence of the cross section for φ-meson production was
predicted. It is now known that the cross section, if it
does rise with energy, does not increase very rapidly
and, in any case, constitutes a small fraction ~10"4 of
the total cross section at energies up to ~103 GeV.
However, it is hardly possible to rule out such a model
on the basis of this fact alone, since the suppression of
the cross section may be due to the large mass of the
φ mesons.

In this model, the decays into electrons and muons
are usually explained by means of a direct interaction
of the φ with leptons, and in this respect the model is
similar to the stenon hypothesis (see Sec. 1 of Chap. V).
Experiments to test the stenon model would also be
useful as tests of the hypotheses regarding the existence
of a new quantum number for the φ meson.

3. The Sen winger Model

Schwinger[eai put forward the hypothesis that the φ
mesons belong to a family of vector and axial-vector
fields which interact relatively weakly with the ordinary
hadrons. The possible existence of such mesons had
been discussed earlier by Schwinger1 ] in connection
with the problems of weak-interaction theory, and the
total number of such mesons was predicted to be 18
(nine vector and nine axial-vector fields).

Instead of the usual Cabibbo theory, according to
which the W boson interacts with quarks, it is assumed
in Schwinger's scheme that there is an interaction with
mesons (which in principle cannot be constructed from
quarks) having the form

ir*(i; | 2 + sineci-,3-;-cos9,.i4)-i- C.C., ( 5 . 1 2 )

where we have written only that part of the Lagrangian
which refers to the vector interactions of the charged
intermediate boson; the unprimed fields denote the ordi-
nary vector mesons ν 12 = ρ* and ν 13 = Κ**, and the
primed fields denote new hypothetical fields which are
weakly coupled to the ordinary hadrons. The conse-
quences of (5.12) coincide with those of Cabibbo's
theory for the charged currents. The Lagrangian can
also be chosen so that it involves no ηλ transitions.

The model of1*1 has not been developed in sufficient
detail to permit a direct comparison with experiment.
From the purely phenomenological point of view, the
proposed scheme is similar to the model in which the
φ mesons are the quanta of a new semi-strong interac-
tion.

4. Are the φ Quasi-Nuclear Mesons?

In interpreting experiments on the annihilation pro-
cess e*e~ — hadrons, allowance must be made for the
possible production of so-called quasi-nuclear mesons—
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relatively weakly bound states of a nucleon and an anti-
nucleon, two nucleons and two antinucleons, a hyperon
and an antihyperon, etc. Such mesons have been dis-
cussed previously in a number of theoretical papers (see
the review[10]) and have been the objective of experi-
mental searches1 1 1'. The hypothesis that the φ mesons
are such quasi-nuclear mesons has been discussed in
several recent papers1"1.

Since the decay into hadrons is not suppressed in this
case (it can occur without a pure gluon intermediate
state), the fraction of the e*e~ channel should be small,
l a 2 ~ 10~4. The interpretation of the φ and φ' mesons
as quasi-nuclei therefore runs into serious difficulties.
The small number of strange particles among the decay
products of the φ meson rules out the interpretation of
this meson as a bound Ω Ω system.

The situation may be more favorable for the quasi-
nuclear hypothesis in the case of broad resonances
(such as the 4.15-GeV resonance). However, the appro-
priate analysis has not yet appeared in the literature.

5. Are the φ Soli tons?

In recent years, the idea of spontaneous symmetry
breaking has aroused interest in solitons—stable classi-
cal solutions of field equationst13"20!, in particular,
studies have been made of solutions having the form of
very thin and dense surfaces, so-called "walls"1·1*1, as
well as bubbles formed by these surfaces, in analogy
with domains in solids (the walls are boundaries be-
tween regions having different values of the meson con-
densate). Studies have been made of the meson con-
densate in nuclei1·151, strings analogous to vortices in
superconductors^191, and Dirac-monopole solutions,
so-called "porcupines"1"1.

There have been lively discussions in the literature
of whether hadrons are such classical objects. In par-
ticular, a model of a hadron as a classical bubble filled
with quarks has been widely discussed^18'. Very re-
cently, it has been discovered that there are classical
quasi-stable states formed by the "walls" when they
approach each other at small distancesc l 9 ].

It has been proposed1201 to interpret the narrow φ-
meson resonances as peculiar quasi-stable bubbles of
the hadronic condensate. However, a direct realization
of this idea encounters serious difficulties. In particu-
lar, it is not clear why a quasi-stable soliton decays so
readily into an e*e" pair.

A more detailed analysis of this possibility will un-
doubtedly become unavoidable if it turns out that quark
explanations of the Ίι mesons are ruled out experi-
mentally.

The idea of describing the φ as a vibrational state of
hadronic matter similar to the giant resonance in nuclei
was put forward in [ 2 1 ] .

VI. PRODUCTION MECHANISM OF THE
NEW PARTICLES

1. Production of the New Particles in e*e~ Annihilation

Measurements of e*e~ annihilation into hadrons at
high energies ( E c # m . = 3—5 GeV) carried out in 1973—74
revealed a number of unusual properties of this process
which did not correspond to the theoretical expectations
(see, e.g., the review'1»21). The strongest discrepancies
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with the theory were as follows: 1) the total cross sec-
tion atot(e*e~ — hadrons) remained practically constant
within the studied range of energies or of s = E§ m and
the quantity

R _ σ,ηΐ v-f- — h a d r o n s )

rose linearly with s, whereas the theoretically expected
behavior was a(e*e" — hadrons) ~ l/s and R = const;
2) the inclusive spectra of the observed hadron with re-
spect to the energy E, which were expected theoretically
to have a scale-invariant behavior (l/atot)da/dx = f(x),
where χ = 2 Ε/ /s~ and f(x) is independent of s, turned
out to be strongly dependent on s. After the discovery
of the φ and φ' mesons, the question naturally arose as
to whether these mesons are responsible for the un-
usual properties of the process of e*e" annihilation into
hadrons and, in interpreting them as particles with
hidden charm, whether the behavior of the cross sec-
tion a(e+e" — hadrons) is a consequence of the produc-
tion of charmed particles. More accurate measurements
of crtot(e+e* -~ hadrons) carried out after the discovery
of the φ and φ' mesons have led to the observation of
the φ (4.15) resonance, which has made it even more
plausible that the behavior of atot(s) c a n be explained
by assuming that charmed particles are produced. We
shall consider below the theoretical predictions for the
process e+e" — hadrons on the basis of this hypothesis.
(It is, of course, possible that the behavior of atot(s)
and the production of φ mesons are related to each
other, but have nothing to do with charmed particles as
we now understand them.)

In the parton model, the quantity R introduced above
is given asymptotically as s — <*> by the expression

"e--> hadrons) _ y 0?/?=--- (6.1)

where Qj are the charges of the partons (we are assum-
ing that all the charged partons are fermions with spin
1/2). The same expression arises in theories with
asymptotic freedom, in which case it is also possible to
calculate a correction term to (6.1) proportional to
ΐ/ΐη(8/μ§):

ι -•-
In is uj,

(6.2)

(where μ0 is some mass). The coefficient a can be
evaluated in specific theories.

In the theory involving three colored quartets of
quarks c, ρ, η and λ with fractional charges, we have
R« = ZiQ[ = 10/3 and a = 12/25,[3' Although the experi-
mental data in the available energy range are much
higher than the asymptotic value of R for this theory,
we cannot say at the present time that these data ex-
clude this theoretical possibility. One reason for this
is that the asymptotic value of R is approached from
above, as is implied by (6.2). Secondly, in the region in
which the production of charmed particles sets in,
there may be some growth of the cross section for the
annihilation e*e" — hadrons as a result of threshold ef-
fects and the final-state interaction of the charmed
particles, particularly if this interaction is due to long-
range forces, as is assumed in the charmonium descrip-
tion of the φ. If the production of charmed particles
plays a major role in the total cross section for the an-
nihilation e*e~ — hadrons and if these particles have
relatively large masses i,2 GeV, we can also account
for the violation of scale invariance in the inclusive
spectra.

It should be stressed that the value Rx = 10/3
arises in the case of three colored quartets of quarks;
for a single quartet, we would have RM = 10/9, which
is grossly inconsistent with the experimental data. To
account for the experimental data, we must therefore
assume either that 2/3.of the hadrons produced in e V
annihilation at the available energies are colored (which
seems improbable) or that there exists some confine-
ment mechanism for colored states which inhibits their
real production but which does not upset the validity of
the calculation of Rx, according to the parton model.

If the growth of R(s) for /s > 3 GeV is due to the
production of pairs of charmed particles and if the
principal decay modes of the charmed particles are
those involving the emission of strange particles, kaons
must be present in about 40% of the events in the annihi-
lation process e*e" — hadrons at sufficiently high ener-
gies ( / s i 4 GeV). If the φ (4.15) resonance is a bound
state of the quarks cc, it should have a large width for
decay into DD and possibly into pions (the D mesons are
charmed particles). In that case, under the same as-
sumption regarding the decays of charmed particles, the
peak in the annihilation cross section at is = 4.15 GeV
should be much more pronounced than that in the total
cross section if a selection is made of those events that
involve kaons in the final state.

The assumption that the φ (4.15) resonance is due to
the production of pairs of charmed particles (and/or the
assumption that a(e*e" — hadrons) for Ss i. 4 GeV has
an appreciable contribution—of order 40%—from the
production of charmed particles), together with the
usual assumption (see the discussion in Chap. IV) that
the decays of charmed particles are dominated by non-
leptonic decays, lead to results which are difficult to
reconcile with the existing experimental data.

In fact, let us consider the multiplicity of the hadrons
produced in e*e~ annihilation into charmed particles and
pions, e*e" — T>D + ηπ. The D meson cannot be much
lighter than 1.8 GeV, otherwise the φ' would decay with
a large probability into a DD pair and it would not have
such a small width, On the other hand, 2m£> < 4.15 GeV.
Consequently, the main processes involving D-meson
production in the region of the φ (4.15) resonance
should be e*e" — DD and e*e~ — DD + π, and the pro-
cess e*e~ — DDir should be expected to dominate for
Ec.m,* 4,5-5 GeV.

With a D-meson mass mo ~ 1,8—2.0 GeV, the aver-
age multiplicity of charged particles in non-leptonic
decays of the D should be (see also Chap. IV) ( η ^ ) ! }
~ 2.5—3.0. (The multiplicity in this mass region in
e*e" or pp annihilation has similar or even larger
values; see, e.g., the review[1].) Taking into account the
pions produced in the annihilation process, this implies
that the average multiplicity of charged particles for
/s =4.15-5 GeV is

Since (nch> s 4 for /s < 4 GeV, we should expect, ac-
cording to the foregoing arguments, an appreciable en-
hancement of the charged-particle multiplicity at and
above /I" = 4.15 GeV, by an amount A(n c h) ~ 1. This
is not observed experimentally. This contradiction
might be resolved by assuming that a significant frac-
tion (of the order of 50% or more) of D-meson decays
are semi-leptonic decays of the type
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D -+ / 4- ν + Κ (6.3)

(Kaon emission is not required for our arguments here;
it is assumed in order to obtain agreement with the
usual theoretical schemes.) We should expect an aver-
age pion multiplicity (m) ~ 1 in the decays (6.3), so
that ( n c n ) » 2 (including leptons); if the principal decay
modes of the D are semi-leptonic decays, the multi-
plicity of charged particles at is = 4.15—5 GeV is found
to be

(nch)»;4.B.

which is perhaps consistent with the experimental data.
In this case, of course, leptons should be seen in a sig-
nificant percentage (~20—30%) of the events.

The hypothesis that semi-leptonic and perhaps lep-
tonic decays play a dominant role (if no kaon emission
occurs) becomes plausible if we assume that the lowest
boson states with | C | = 1 have spin 1, i.e., that the
charmed vector mesons are lighter than the pseudo-
scalar mesons. With a V-A interaction, there is then
no suppression of the decays D* — / + ν for these
mesons (provided, of course, that these decays are al-
lowed by the changes in the quantum numbers C and S
due to the weak interaction) and no suppression of the
decays D* —• I + υ + mesons involving the emission of
pions and kaons of low energies. This circumstance
may enhance the relative probability of semi-leptonic
decays.

The assumption that semi-leptonic meson decays
play a major role also solves the problem of the
"energy cr i s i s " in e*e" annihilation (i.e., the fact that
the fraction of the energy carried away by neutral parti-
cles increases as a function of s), since an appreciable
fraction of the energy is carried away by neutrinos in
this case. It is possible that this assumption may also
provide the means of solving the problem of the viola-
tion of scaling in e V annihilation into hadrons.

In explaining the growth of R(s) with s and the φ
(4.15) resonance as consequences of the production of
charmed particles, we are led to definite predictions
for the ratio of kaons to pions. Experimentally (see the
re\riews[1>2]), the ratio K~/Y is about 0.2 at /is = 3.0
GeV and changes comparatively little in going to is
= 4.15 and is = 4.8 GeV. (Such a value is also obtained
by integrating the experimental inclusive spectrum
Ed'N/d'p ~ e - E / T with the same value Τ » 170 MeV for
both pions and kaons. However, it must be borne in
mind that the measurements of the spectrum and of the
ratio Κ'/τΓ at each energy have a relatively poor ac-
curacy ~30— 50$.) If, as is usually assumed, the light-
est of the charmed particles are the particles with | C |
= 1 and | S | =0, then, as we have already mentioned, we
should expect theoretically that 40% of the events of
e*e" annihilation into hadrons with is = 4.15—5 GeV
involve two kaons. Taking into account the fact that the
remaining 60% of the events at these energies have
K~/V = 0.2 as before and that the average if multi-
plicity is (ηπ-) * 2, we find for the ratio K~/ir~ at is
= 4.15—5 GeV the value

£ . = 0.2-0.6 -0.5-1 '2-0.4 = 0.22,

i.e., the ratio K'/n' should grow by only 10% (or by
25% if Κ7ιΓ ~ 0.15 for is = 3-4 GeV). Such a growth
is not excluded by the current experimental data. If the
lightest of the charmed particles are the mesons with
| C | = 1 and | S | = 1, then, according to Zweig's rule,

the overwhelming majority of their decays should in-
volve the production of η or φ mesons, giving a very
specific character to the final non-leptonic states in
e*e' annihilation (a large number of photons and/or
kaons). It is to be hoped that experiments will, in the
near future, provide unambiguous answers to all the
questions which arise here.

2. The Production of New Particles in Hadron Collisions

a) The signal-to-background ratio in ψ-meson pro-
duction. We can get.a certain general idea of the pro-
duction mechanism of φ mesons in hadron collisions
from an analysis1*1 of the signal-to-background ratio,
i.e., the ratio of the number of events in the peak to the
number of events outside the peak. The background
production of e*e" (or μ*μ") pairs is a purely electro-
magnetic process and, by comparing the cross section
for ψ-meson production with the cross section for pro-
ducing a virtual photon of similar mass, we can make
crude deductions about the force of interaction responsi-
ble for ii-meson production. Moreover, this comparison
requires no knowledge of the absolute value of the cross
section.

In order to compare the intensities of (/j-meson pro-
duction in electron-positron and in nucleon-nucleon
collisions, let us form the ratio

a(XN -*1*1-Χ) res σ (e+e--* X) nonres \. ια » \
r = o<.\N^in-X)JoZi σ(«+«--*χ)°Γ Ί τ · ^ · 4 '

where Δι and Δ 2 are the experimental resolutions in
the mass of the pair in the experiments on NN and e*e"
collisions, and / = e, μ.

Graphically, we are comparing the ratios of the dia-
grams a and b of Fig. 31 and the diagrams a and b of
Fig, 32. If the Φ mesons were, for example, intermedi-
ate bosons which interact semi-weakly with quarks and
leptons (see Chap. V), it would be natural to expect
r ~ 1, since the effect of the structure of the strong in-
teractions cancels to a great extent in calculating r.

Let us form the ratio r for the two experiments in
which the φ particles were discovered. In the experi-
ment using the intersecting e*e" rings, the effect-to-
background ratio is about 200 for a resolution in the
mass of ~2.5 MeV, after introducing radiative correc-
tions. In the experiment of Ting's group, the effect-to-

hadrons hadrons

FIG. 31. ψ-meson production in nucleon-nucleon collisions (a) and
nonresonant e+e~ pair production in nucleon-nucleon collisions (b).

hadrons

FIG. 32. ψ-meson production in e+e" annihilation (a) and nonreso-
nant hadron production in e+e" annihilation (b).
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background ratio depends on whether we take the back-
ground events to the left or to the right of the resonance
(i.e., with m e e <ηΐψ or mee > nty) (see Fig. 13). From
physical considerations, it seems reasonable to com-
pare the numbers of events with m e e = m^ and m e e

> m ,̂, since the radiative decay φ —• e V y leads to the
production of pairs with mass m e e somewhat less than
πΐφ, although it has nothing to do with the strictly non-
resonant production of e*e" pairs, We have given the
formulas for the probability of radiative decay in Sec.
1 of Chap. II, and it can be seen that allowance for such
decay is actually important. Moreover, as m e e in-
creases, the background of random coincidences de-
creases. As a result, we find that the effect-to-back-
ground ratio in the experiment of Ting's group is ~80
for a resolution of 25 MeV. Thus, the value of r is
much greater than 1 in this case, namely r ~ 5.

The ratio r can also be estimated by using the data
obtained by Lee's group (see[ 3 ] in Chap, III) for initial
nucleons of high energy. Taking the estimate of the
signal-to-background ratio ~2 for a resolution of 200
MeV, as given in their work, we have r ~ 1. If the
value of r actually decreased with energy, we would
have here a very interesting effect. However, the small
value of r in this case is evidently due to the back-
ground of random coincidences. It would be of great
interest to determine r more accurately.

b) The production of φ mesons in central collisions.
Within the framework of the quark model, the ratio r
(see (6.4)) cannot be much less than unity. In fact, if
ψ-meson decay into hadrons is possible, then it is also
possible to have φ production in quark annihilation fol-
lowed by decay of the φ into e*e". The corresponding
diagram of Fig, 33a is the time-reversal of the graph
for Φ production in e+e" collisions. Similarly, the elec-
tromagnetic annihilation of a qq pair (Fig. 33b) de-
scribes the nonresonant production of lepton pairs in
nucleon-nucleon collisions, and the time-reversed pro-
cess coincides with the nonresonant production of
hadrons in e*e" annihilation. Therefore r ~ 1 if only
the quark annihilation graphs are taken into account
(certain deviations of r from 1 may be due, for exam-
ple, to the different electromagnetic charges of the η
and ρ quarks).

Clearly, the annihilation of a quark-antiquark pair
can describe only central collisions, i.e., processes in-
volving a large energy release ~αΐψ in a short period
of time τ ~ l/m^,. The fact that r is close to unity in-
dicates that central collisions play an important role.
The effect of a decrease in r with energy which we
discussed in the preceding section would imply that the
role of qq annihilation in the process of φ production
becomes even larger.

We note that the value of r may be large even for φ
production in central collisions. The point is that
charmed particles may be produced not only in quark
annihilation, but also in gluon collisions. It is usually

assumed that allowance must be made in the wave func-
tion of a nucleon at high energy not only for the quarks,
but also for the gluons which transfer the interaction
between them. It can be inferred from the analysis of
the experimental data that the gluons carry about half
of the momentum of the nucleons. If the gluon-quark
coupling constant is relatively small, the cross section
for producing charmed quarks is larger in gluon-gluon
collisions than in quark annihilation. Such estimates of
the cross section for this process can be found in [ s ' .

It should be borne in mind, however, that the c
quarks in gluon-gluon collisions are produced in a
charge-even state and can be transformed into φ mesons
only in conjunction with the emission of pions or other
particles. The probability of such a transition, which is
forbidden by Zweig's rule, is difficult to estimate theo-
retically. There is evidently a much larger cross sec-
tion for producing pseudoscalar mesons JJC, consisting
of c quarks, in gluon-gluon collisions.

Another possibility for enhancing the cross section
for ii-meson production was pointed out in t 6 ) . At high
energy, there may be an admixture of charmed quarks
in the nucleon, and the cross section for producing
charmed particles or φ mesons in cc" annihilation may
be dominant. It is usually assumed that the c quarks in
the nucleon carry a small fraction of the momentum of
the nucleon, and it is predicted in [ 6 ] that there is there-
fore a growth of the cross section for ψ-meson produc-
tion in the region of small values of the scaling variable
χ (where χ = Ρφ/pff).

To conclude this section, we mention that the cross
section for meson production is sometimes estimated[ 7 ]

by means of the thermodynamic model'-8', according to
which the cross section is small because of the large
mass ηιψ:

σ (XX -«- ψ.Υ) ~ ex ρ ( — - (6.5)

FIG. 33. ψ-meson production in quark annihilation (a) and nonreso-
nant e+e" pair production in quark annihilation (b).

where p^ is the transverse momentum, and Τ ~ 160
MeV is a characteristic temperature,

Since we know that φ mesons decay into ordinary
hadrons with a small width, there is evidently no reason
to believe that a thermodynamic equilibrium between
the charmed and ordinary quarks is established during
the collision time and that the formula (6.5) is applica-
ble. This reservation may not apply to pair production
of the φ.

c) Multiperipheral models of ώ-meson production.
As we have already mentioned, peripheral production
of φ mesons and charmed particles is also possible in
strong interactions. Peripheral production of φ mesons
is often associated1^1 with the quark diagrams that are
allowed by Zweig's rule (see Chap. IV). An example of
such a diagram is shown in Fig, 34a, It is significant
that the φ meson is produced here in conjunction with a
pair of charmed mesons DT>. Single production of the φ
(see the diagram of Fig. 34b) is forbidden by this rule.
A test of the prediction regarding the associated pro-
duction of φ mesons and charmed particles would be of
great importance in elucidating the nature of both φ
mesons and Zweig's rule,

Even if associated production of φ mesons and
charmed particles is enhanced dynamically, the produc-
tion of several heavy particles would require a suffic-
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FIG. 34. ψ-meson production in nucleon-nucleon collisions in the
quark model. An example of a diagram allowed by Zweig's rule (a) and
a diagram forbidden by Zweig's rule (b).

iently large initial energy. We may therefore expect a
strong dependence of the cross section on the initial
energy.

According to some models, there is no suppression
of the cross section at asymptotically large energy as a
result of the large ψ-meson mass. Thus, according
to [ 1 0 1 , the cross section for inclusive production of
charmed particles is determined by the cross section
for the scattering of charmed particles by nucleons:

a ID)
σ (X) σ,οι(<μΥ)

(6.6)

where a(D) and σ(Κ) are the cross sections for inclu-
sive production of D and Κ mesons, and atotO/>N) and
ctot(<PN) a r e t l l e cross sections for the interactions of
φ and φ mesons with nucleons (we are assuming the
validity of the additive quark model here, so that the
cross section atot($N) or atotOpN) is a sum of the in-
teraction cross sections of the constituent quarks of the
φ or φ meson). The prediction (6.6) refers to the so-
called central region of the inclusive spectrum, i.e., to
the production of Ο and Κ mesons with momenta equal
to a relatively small fraction of the momentum of the
incident particle.

A priori, there is no reason to expect a suppression
of the cross section for scattering of the φ by the
nucleon, and the ratio (6.6) may have a value of order
1. Below, in connection with a discussion of the vector-
dominance model, we shall give estimates of the cross
sections atoti^N) and atot(<?N) according to which the
ratio (6.6) is of order 1/5. In that case, according to
(6.6), many charmed particles should be produced.

However, the currently available energies are evi-
dently not at all asymptotic, and the cross section for
the production of charmed particles may be strongly
suppressed for kinematic reasons. The main kinematic
effect is connected with the necessity of large momen-
tum transfers in producing heavy particles. If two jets
of particles with masses /s~i and /s i are produced in
a collision of two light hadrons, the minimum value of
the square of the momentum transfer, train, i s deter-
mined by the condition

S I imin I = 4«Α,

where s is the square of the total energy of the collid-
ing particles. On the other hand, it is known that the
vertices have a pronounced t-dependence.

The value of trnin can become arbitrarily small at
very high energies and, if the suppression of the cross
section for φ production is due entirely to the value of

tmin, the cross section for φ production can become
large at high energies, as predicted, for example, by
the relation (6.6).

However, there seems to be a better basis for
another point of view, according to which there exists an
analogy between the production of heavy particles and
the production of pions with large momentum transfers.
Actually, we have already encountered this analogy in
discussing the thermodynamic model (see (6.5)). In the
multiperipheral model, there is no reason to expect the
cross section to fall off exponentially with increasing
mi = / m ' t p^ but, as before, there can be a significant
dependence only on mj_. This assumption can be justified
by analyzing multiperipheral diagrams of the "ladder"
type. In this model, the small value of the cross section
for producing particles with large transverse momentum
is due to a large deviation from the mass shell in cer-
tain rungs of the diagram. It can be seen that the devia-
tion from the mass shell in the propagators is charac-
terized by m^.

The existing data on the production of pions, kaons,
protons and antiprotons are consistent with a dependence
on n i | which is universal for all particles, within an ac-
curacy of a factor 2. By generalizing this observation to
the case of the production of ψ mesons, we can estimate
their production cross section on the basis of the data
on the production of pions with large transverse mo-
menta without introducing any unknown parameters. Ac-
cording to estimates obtained in this way by L. Kanetski,
the cross section for ψ production is consistent with the
existing data. It is significant that the coupling of φ
mesons with ordinary hadrons is not assumed to be
small in the calculation. On the other hand, we know
that the width of the φ is small. The agreement between
the calculated and experimental results evidently means
that φ mesons are produced either in pairs or together
with charmed particles. We have already mentioned
this possibility in discussing Zweig's rule.

We conclude this section by quoting some data on the
production of strange particles and antiprotons, since
we might expect the production of these particles to be
analogous to ψ-meson production. In fact, the cross
section for nucleon pair production may be small be-
cause of their masses, while the cross section for
strange-particle production may be small because of
selection rules which follow from Zweig's rule.

Experimentally, the cross sections for producing Κ
mesons and Λ hyperons rise within the studied energy
range: at 10 GeV the cross section for K°-meson pro-
duction is about 1 mb, while at 10s GeV it is of order 10
mb; the cross section for Λ-hyperon production is about
the same at this first energy, while at 100 GeV it has
reached 4 mb.

The inclusive cross section for antiproton production
in pp collisions also rises up to the energies of the
colliding beams at CERK: it has the value ~0.4 mb at
an initial proton energy 50 GeV, ~1 mb at 200 GeV, and
2-4 mb at 1700 GeV.

Finally, the cross section for producing the pair
5°, which is suppressed at relatively low energy be-

cause of both the mass of the Σ0 hyperon and the weak-
ness of the transition of ordinary quarks into strange
quarks, attains an appreciable value 0.4 mb at 103 GeV.
Thus, we see that strangeness does not inhibit strange-
particle production at high energy
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3. The Production of New Particles in Electromagnetic
I nteractions

We are interested in ^-meson production processes
at the present time mainly from the standpoint of eluci-
dating the properties of these particles. However, in
case of i^-meson production reactions in hadron-hadron
collisions, we have already seen that estimates are
strongly dependent on models of the strong interactions.

An analogous situation holds for ψ-meson photopro-
duction: the interpretation of the experimental data de-
pends on the model. The vector-dominance model is
most frequently employed. We shall also require the
parton model. We shall first give a brief description of
this model. Of course, we make no pretence of com-
pleteness in this exposition, whose aim is merely to
facilitate an understanding of the material which follows.

a) The vector-dominance model. In this model (see,
e.g., the review [ l i a i ) , it is assumed that the photon is
first transformed into a vector meson, which is then
scattered by the target. The cross section for photo-
production is thus expressed in terms of cross sections
for strong interactions of vector mesons. The coupling
constant for a vector meson (V) and a virtual photon can
be determined from the electron or muon decay width,
and it is usually assumed that this constant remains the
same when the photon mass is changed from my (in the
decay V — e*e", μ*μ") to zero (in the reaction of photo-
production of a vector meson). The coupling constant
for a photon and a vector meson is denoted by (e/gy)my,
and the V — e*V decay width can be expressed in
terms of this coupling constant as follows:

Γ (!'-•"«+£-) = my
3

(6.7)

where a = e2/4ir = 1/137, and my is the mass of the
vector meson.

The quantity gy in the vector-dominance model has
the interpretation of a coupling constant for the vector
meson and hadrons, For example, gp is the coupling
constant for a ρ meson and pions, In this case, the p-
meson exchange diagram reproduces the charge vertex
of the photon->pion interaction at q2 = 0. Similarly, the
cj meson is associated with the isoscalar current of the
η and ρ quarks, and the φ meson is associated with
strange quarks. If there are charmed quarks, it is
natural to generalize the vector-dominance model and
to assume that g^ describes the strong interaction of
Φ mesons with c quarks.

As there are several vector mesons—the -J. (3.1),
φ (3.7) and φ (4.15)—the model becomes complicated in
general and makes no pretence of great accuracy.
Moreover, as the mass of the vector meson increases,
the extrapolation of the photon-meson coupling constant
from the point q2 = my to the point q2 = 0 becomes
more and more dubious.

As we have already mentioned, the photoproduction
cross section in the vector-dominance model is ex-
pressed in terms of the cross section for the interaction
of the vector meson with the target:

ia (y.V ->- VN)
it

ia(VX — VX) (6.8)

If the interaction takes place at high energy, it is natural
to take the forward scattering amplitude to be purely
imaginary. We can then make use of the optical theorem

im A (vx -*vxt = sjt 0, (I'JV) (6.9)

and express the differential cross section for forward
photoproduction of a vector meson in terms of the total
VN interaction cross section:

(6.10)

If the forward scattering amplitude is not purely imag-
inary, then the right-hand side of (6.10) provides a
lower limit for the differential cross section, and an
upper bound on the value of atot(VN) can be obtained
experimentally.

The vector-dominance model provides a satisfactory
description of the photoproduction of ρ, ω, φ and ρ'
mesons (although it may be necessary to allow for an
additional dependence on the mass in the case of φ -
meson photoproduction). The following values of the
coupling constants and cross sections are obtained:

A

! 10,

"tot (p. -V) * 25 m b , ciei«4.5 m b ,

at o t ιω, Χ) » 25 m b , oei « 5 m b ,

oti)t if. X)«io m b , "ei « ι m b ,

olot(p', X)»30 m b , ο mb.

(6.11)

b) The generalized vector-dominance model. The
vector-dominance model can be generalized to the case
of a continuous spectrum of hadron masses^1 1"1:

Q-, v ) = ' (6.12)

where ae*e~ * s the cross section for e*e" annihilation
into hadrons with mass κ, Fy(Q2, v) is the forward
scattering amplitude for a photon with energy ν and 4-
momentum squared -Q2, and Fn(K2, ν) is the forward
scattering amplitude for a hadron system with mass κ
and energy v. The normalization of the amplitudes is

such that Im Fy>n = sayj n, where s is the square of the

total energy in the c.m.s., and Oj, n is the total cross
section for the interaction of a photon or hadron system
with the target. In the case of diffraction scattering or
of a purely imaginary forward scattering amplitude, F y

and Fh in Eq,.(6.12) can be interpreted as the total
cross section for the interaction of a photon or of the
hadron system with the target.

The usual variant involving dominance of the ρ, ω
and φ mesons corresponds to the replacement of the
e*e~ annihilation cross section in Eq. (6.12) by a sum of
several terms proportional to the 5-function:

-τηρ-Otot (ω-V) 6 ( κ 2 - " ' | ) · - ^ - σ,0{ (tf.V) δ (κ!—mj), (6.13)

where β2/4ττ = 1/137, the quantities gp, g^ and g^
have been introduced above (see (6.11)), atot(pN),
Ttot(wN) and atot(<pN) are the total cross sections for
the interaction of ρ, ω and φ mesons with the nucleon,
and we have assumed for simplicity that the amplitude
for scattering of a vector meson by a nucleon is purely
imaginary.

It is obvious that allowance can also be made for
heavier mesons, such as the p' meson with mass nip'
= 1.6 GeV, in the same way.
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c) Scaling in eN scattering and e V annihilation. It
is well known that the cross section for electron (or
muon) scattering by the nucleon has been found to have
a scaling behavior at large momentum transfers Q and
energies υ, i.e., in the so-called deep inelastic region.
It has been found that there is a significant dependence
only on the ratio

but not on each of the variables Q 2 and ν individually.
Knowing the cross section at certain values of Q 2 and
v, the cross section can be determined at other values
of Q 2 and v, provided that the scales of both variables
a r e simultaneously changed in such a way that χ r e -
mains unchanged.

It has been found that the total cross section for eN
scattering has no form factor in Q2, as though there
were point particles inside the nucleon. In other words,
the cross section for the interaction of a virtual photon
falls off like l / Q 2 (it is also possible to understand
this behavior of the cross section without the analogy
with point particles, starting instead from more general
considerations involving an analysis of the space-time
description of the scattering process 1 1 ' 2 1 ) .

It would be natural to expect theoretically that the
cross section for e*e~ annihilation into hadrons at high
energies also behaves like the cross section for point
part icles, i .e.,

«<*»>-•£-, (6.15)

where the constant c is equal to the sum of the squares
of the charges of the quarks. The behavior (6.15) can be
justified on the basis of rather general assumptions
(see, e.g., the review 1 2 ') .

The scaling behavior of the cross section has im-
portant consequences for the generalized vector-domi-
nance model (6.12). It can be seen that the amplitude
FhU2i v) and hence the cross section for the interaction
of a hadron system of mass κ with the target must fall
off with κ at least like κ'2. Otherwise, the integral with
respect to κ2 on the right-hand side of (6.12) would con-
verge too slowly and would not give Τγ ~ Q"2. (In prin-
ciple, at large Q 2 but with a very small ratio Q,2/2m$v,
i.e., in the diffraction region, we cannot at the present
time exclude the possibility that there is no scaling in
deep inelastic scattering and that the cross section, for
example, does not fall off with Q 2 . In that case, the
conclusion that Fh ~ κ"2 does not hold.)

However, the conclusion that the cross section for
the interaction of vector mesons falls off as a function
of their mass is inconsistent with the data on p'-meson
photoproduction (see (6.11)). To resolve this inconsist-
ency, we must abandon the assumption that there a r e
only diagonal transitions and consider also non-diagonal
transitions such as pN — p ' N . It is then not possible to
use the data on the photoproduction of vector mesons
for a direct determination of the total cross sections
for their interactions with the nucleon, and p'-meson
production, for example, may be due to diffraction exci-
tation of the ρ meson. By introducing a whole spectrum
of vector mesons and allowing non-diagonal transitions
between them, it is possible 1 1 3 ' to reconcile scaling in
eN scattering and e V annihilation with Eq. (6.12), but
the predictive power of the model i s then weakened.

d) The parton model. An alternative description of

the scattering of a virtual photon (or a weak intermedi-
ate W boson) by the nucleon at large energies and mo-
mentum transfers is provided by the parton model^"1.

It is assumed that if the collision time is small, i.e.,
if the momentum transfer is large in comparison with
the characteristic hadron masses Q2 » m c n a r , the pho-
ton "sees" a nucleon as consisting of point particles—
part cms. Scattering by the partons takes place elastic-
ally, like scattering by point particles. The partons are
characterized by internal quantum numbers (spin,
charge, strangeness, etc.) and momenta which at high
energies are measured relative to the momentum of the
nucleon in the center-of-mass system or in the infinite-
momentum system:

It is easy to show from the kinematics of elastic scat-
tering that the variable defined in this way coincides
with the scaling variable χ = Q?/2mt(v.

The quantum numbers of the partons are usually as-
sumed to be the same as those of the quarks, and the
distribution in the variable χ is determined experi-
mentally.

A distinction is made between the so-called valence
partons and the "sea" of parton-antiparton pairs, i.e.,
it is assumed that the proton consists of three valence
quarks ppn, which carry the proton quantum numbers,
and pp, nn and λλ pairs, which have the vacuum quan-
tum numbers.

e) Partons and quarks. To the reader who is familiar
with only the quark model, it may seem surprising that
we discuss the "sea" of quark-antiquark pairs in the
nucleon, since the nucleon consists of only three quarks
according to the quark model. However, the model of a
nucleon as a bound system of three quarks may be use-
ful only for nonrelativistic considerations.

The nucleon makes virtual transitions into states
with a large number of quarks. To be sure, the time of
these fluctuations is small:

Tfluc
1

Δ/η
(6.17)

where Am is the mass difference between the nucleon
and a multi-quark (multi-particle) s tate; in considering
static quantities (the magnetic moment of the nucleon,
the β-decay axial constant of the nucleon, etc.), fluctua-
tions which take place within a small time interval may
not show up. In deep inelastic scattering, the collision
time is small and the fluctuations of the nucleon must be
taken into account.

In order to formulate the idea of a collision time
more precisely, let us go over to the Breit coordinate
system, in which the 4-momentum of the photon (or W
boson) has only a third component: q = (0, 0, q z , 0).
Clearly, q z = / Q 5 . The dimensions of the spatial region
within which the photon is localized in this coordinate
system can be estimated from the uncertainty principle:

(6.18)

The collision time, during which the nucleon is located
within the field of the photon, is also of order

«~w (6.19)
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Moreover, the fluctuation time (6.17) in the labora-
tory coordinate system cannot be compared directly
with (6.19), and allowance must also be made for the
relativistic contraction of time of all processes in the
moving coordinate system:

T'nuc ~-kr-^> (6.20)

where p z is the nucleon momentum in the Breit coordi-
nate system. The value of pz is readily determined by
making use of the invariance of the product of the 4-
momenta of the photon and the nucleon

(6.21)

It follows from (6.20) and (6.21) that the smaller χ
at fixed Q2, the larger the masses of the virtual states
of the nucleon which show up in deep inelastic scatter-
ing, so that it is natural to expect a large contribution
from the sea of parton-antiparton pairs at small x.

Antipartons show up only at small x, and for a differ-
ent reason. As we have already mentioned, the quantity
χ is equal to the fraction of the nucleon momentum as-
sociated with a parton with which a collision has taken
place. If, during a collision, a nucleon consists of a
large number of qq pairs and three valence partons,
the fraction of the momentum associated with each par-
ton is small.

We note that the Regge model of deep inelastic scat-
tering is often used for small values of x, This is con-
nected with the fact that small χ corresponds to the
case in which the energy of the virtual photon is much
greater than its mass and the scattering of the photon
may be similar to the scattering of ordinary hadrons at
high energy. Equality of the cross sections for the in-
teractions of particles and antiparticles in diffraction
scattering of ordinary particles (the Pomeranchuk
theorem) corresponds to equality of the distribution
functions for partons and antipartons at small x.

It is known from the experimental data that the anti-
parton contribution may be neglected in a first approxi-
mation in the analysis of the total cross sections:

Ρ ί n\ Ρ f»\ ^ 0.1,

where P(p, n, p, n) are the fractions of the nucleon mo-
mentum associated with the partons having the quantum
numbers of the corresponding quarks.

It is also known that the partons have approximately
half of the nucleon momentum. It is usually assumed
that the rest of the momentum is carried by neutral
gluons, which play no role in either the weak or the
electromagnetic interaction.

f) The space-time description of the parton model.
One can also pose the problem of how to reconcile Eq.
(6.12) with the scaling behavior of the cross section in
the parton model. It turns out that a suppression of the
cross section for scattering of hadrons of large mass
(see the foregoing discussion of the generalized vector-
dominance model) arises here in a natural way[ 1 5 ) i e i .
In fact, the photon is first transformed into two ener-
getic partons, whose interaction cross section with the
target is small, since partons are point particles, and
the scattering in a single partial wave at high energy is
limited by the unitarity condition, <j(s) £ 1/s.

In order to interact with the target, an energetic

parton must undergo dissociation into slow particles,
which is described in the multiperipheral model by a
ladder-type diagram (Fig, 35). Consequently, the devel-
opment of a shower of slow particles requires a time of
order

T shower — — >
m c h « i *

(6.22)

where m c n a r is some characteristic strong-interaction
mass, and ν/κ is the Lorentz factor for transforming
from the rest system of the hadron to the laboratory
system.

On the other hand, the fluctuation time during which
the photon "exists" in the form of hadrons of mass κ
is limited by the uncertainty principle and is of order

(6.23)

If κ > n i c n a r , the total fluctuation time is not long
enough for the parton to dissociate into less energetic
particles, and the cross section is small.

The degree of suppression of the cross section can
be estimated as follows. Suppose that a photon with
energy ν is transformed into one parton having almost
the same energy and another parton with energy of
order mu>, where ω = 1/x. By comparing (6.23) with
(6.22) with Q 2 ~ *2, we see that the less energetic par-
ton in this case is able to produce a shower of slow
particles, and scattering takes place, It is easy to see
that the phase space for such configurations of partons,
where one of them is much more energetic than the
other, is of order p i/κ 2 of the total phase space, where
p^ is some characteristic transverse momentum.

Thus, the cross section for the interaction of a sys-
tem of partons of mass κ with the target is suppressed
by a factor κ'2 in relation to the ordinary hadronic cross
sections. As we have already mentioned, such a de-
crease in the cross section is required in order to
reconcile scaling in eN scattering and e*e" annihila-
tion with Eq. (6.12).

Since it is known that scaling in deep inelastic scat-
tering sets in for Q2 S, 1 GeV2, the characteristic strong-
interaction mass should not be large: m c n a r ~ m p or
less. In the language of the space-time description in
the laboratory coordinate system, the dominance of the
valence partons which we discussed in the preceding
section means that no pomeron shower develops at the
available energies, and the cross section is determined
by the low-energy amplitudes for the interaction of par-
tons. The diffraction regime should set in at higher
energy.

g) Photoproduction of φ mesons and the vector-
dominance model. After our brief discussion of the
vector-dominance model and the parton model, let us
now turn to the application of these models to φ-meson
production processes. In particular, the vector-domi-
nance model enables us to estimate the cross section
for the interaction of φ mesons with nucleons. From
the existing experimental data, it is easy to obtain the

FIG. 35. A diagram of the "ladder" type for
deep inelastic scattering of a photon by a nucleon.
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following estimates of the total cross section atot
the elastic cross section ael for ψΝ scattering:

σ,οι (t-V)~ l mb, £„.- 150 GeV, (6.24)

(6.25)

-where b is the slope of the diffraction peak, for which
we took the value b = 4 GeV"2 in making our estimate.

It can be seen that the cross section for the ψΝ in-
teraction determined in this way is much smaller than
the cross sections for scattering of other vector parti-
cles (see (6.11)). There are various possible explana-
tions of this suppression: the inapplicability of the vec-
tor-dominance model, a non-hadronic character of the
φ mesons, or a suppression of the cross section for the
interaction of charmed quarks with ordinary quarks.
We shall discuss these possibilities below.

h) Photoproduction of φ mesons and Regge schemes.
The suppression of the cross section for the interaction
of φ mesons with nucleons, which is a consequence of
the application of the vector-dominance model to the
experimental data on ψ-meson photoproduction, is also
predicted in certain Regge schemes^17"191. This refers
to models which relate the residue of the Pomeranchuk
pole to the mass of a particle.

In the model οί[ 2 ο > ζ 1 ], the residue of the Pomeranchuk
pole is expressed in terms of the masses of spin-2 par-
ticles which lie on appropriate Regge trajectories. For
example, in the case of scattering of ρ mesons, which
consist of η and ρ quarks, an important role is played
by the exchange of the A2 and f mesons (mA2 =1.31 GeV,
mf = 1.26 GeV), which are constructed from the same
quarks. This statement is based on the application of
dual models. Similarly, the residue for the φ meson
is determined by f exchange (mf' = 1.51 GeV). As the
f meson is heavier than the f meson, the cross section
for φΉ scattering is smaller than the cross section for
the pN interaction. This prediction is in agreement
with experiment (see (6.11)). There are also natural
explanations of certain other facts referring, for exam-
ple, to the interactions of kaonsc z 2 ).

Quantitatively, the residues of the Pomeranchuk pole
for φ and φ mesons are predicted to be in the ratio

r*. r T =[l-a/· (i)][l-«/c («)]•'. (6-26)

where af' and afc are the trajectories of the Regge
poles with the quantum numbers of the f and fc mesons,
which are constructed from charmed quarks, and t is
the square of the momentum transfer.

The trajectory af' is known experimentally:

ar « 0.15 + 0.8». (6.27)

The mass of the fc meson, which consists of c
quarks, has not yet been determined, but we can esti-
mate the position of the trajectory afc by assuming that
afc has a linear dependence on t and that the observed
resonances φ (3.7) and φ (4.15) lie on daughter Regge
trajectories. In that case,

a,c= -3.8 + 0.5i. (6.28)

We shall also require the trajectory af in what follows:

a, =0.5 + 0.9{. . (6.29)

The ratio of residues (6.26) determines the ratio of
the total cross sections for the <pN and φϋ interactions.

The ratio of the cross sections for trie photoproduction
of φ and φ mesons also depends on the meson-photon
coupling constants g^ and g^ and on the slopes of the
diffraction peaks, b,/, and b<p. Taking the values of g^
and %φ obtained from the decays ψ —• e V and
φ —• e*e~ and assuming that the slopes b^ and b<p are
equal, we t 1 7 1 9 ]

a(V.V ) = σ (Y.V - tpiV) -1 -if- h- 15 nb, (6.30)

which is in excellent agreement with the experimental
value of the cross section, σ = 13 ± 5 nb,

Similar conclusions are obtained from the model
of [ " 3 ] , according to which the amplitude for scattering of
a vector meson falls off as a function of its mass.

Let us consider two consequences of models involv-
ing a small value of the residue of the Pomeranchuk pole
for the φ meson[ Z 4 !. First of ail, the total cross section
for photoproduction of the -charmed particles DO should
be much greater than the cross section for ψ-meson
photoproduction:

^ - « 1 , (6.31)

where σβί = σ()Ή — φΚ), crtot = cr(yN -* ψΧ) + a(yN
— DDX), and DD is a pair of charmed particles. Allow-
ance has been made here for the fact that the transitions
of charmed quarks into ordinary quarks are weak, so
that only particles with c quarks may be produced in
the scattering of φ mesons.

For atot = 1 rob a n d b^ = 4 GeV2, we have

(6.32)

and we obtain the following value for the total cross
section for the photoproduction of charmed particles in
the experiment in which photoproduction of the φ was
studied ([ 5 ] in Chap. Ill):

σ (yN ->- DDX) w 1 (6.33)

i.e., a pair of charmed particles should be produced in
about one percent of all the events.

This prediction is not valid if the experimental cross
section for the ψ-meson photoproduction process yN
-— φΧ exceeds the cross section for the elastic photo-
production process yN — φϋ by a large factor, or if
the forward scattering amplitude at the available ener-
gies is determined not by the imaginary part but by the
real part. In this case, however, the agreement between
the theoretical value (6.30) and the experimental data
also disappears.

The second consequence of the small residue of the
Pomeranchuk pole for the φ meson which we would like
to discuss concerns the interaction with nuclei. If the
cross section for the φΝ interaction really has the
value 1 mb, nuclei should be transparent for φ mesons.
The cross sections for coherent production and for non-
coherent production are proportional to A*/3 and A,
respectively, where A is the atomic number, and the
coherent and noncoherent contributions are dominated
by inelastic processes.

Strictly speaking, these statements apply to the
region of φ- meson energies E$ for which the φ mesons
are produced inside the nucleus, i.e., energies Εψ

2), where Rnuc is the radius of the nucleus.
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Screening may set in at higher energies, even if the
cross section for the interaction of φ mesons with nu-
cleons is small. Without giving any detailed arguments,
we merely point out that the situation may be the same
as in the case of the scattering of photons: although the
cross section for the interaction of photons is small,
scattering by nuclei at high energy should exhibit screen-
ing of the nucleons.

i) Inclusive photoproduction and electroproduction of
charmed particles in the part on model. In the parton
model, it is easier to estimate the inclusive production
of particles containing charmed quarks than the cross
sections for the individual channels. We shall make an
estimate by using Eq. (6.12), assuming for simplicity
that the cross section for e*e" annihilation into hadrons
is the sum of the cross sections for annihilation into the
quarks pp, nn and λλ and the charmed quarks cc". We
shall identify the production threshold for ordinary
particles with the p-meson mass mp and the produc-
tion threshold for particles containing c quarks with
the i/j-meson mass m^. As a crude estimate of the
cross sections for photon scattering, we then obtain

σ ν « ? 2 , ν ) . 2/3 (6.34)

where ep;n,X,c are the charges of the quarks, and CTC

and aq are the cross sections for the interactions of
ordinary (q) and charmed (c) quarks with the nucleon.
The expression (6.34) is normalized to the photoproduc-
tion cross section a(Q2 = 0).

If Eq. (6.34) can be used to estimate the cross sec-
tion for producing charmed particles, this is so only at
very high energies, In fact, we have replaced the quark-
nucleon forward scattering amplitude in (6.12) by its
asymptotic value is atot m deriving (6.34). As we have
already mentioned, the so-called dominance of the
valence quarks holds at currently available energies;
this means that the regime of diffraction scattering has
not yet been reached, even for ordinary quarks. There
is every reason to believe that this regime will become
established at even higher energy for charmed particles.

In estimating the cross section within the accessible
energy range, the last term in (6.34) must therefore be
multiplied by son"5 function of the photon energy, f(x'),
with x' = (Q2 + m t Vmi/, this function being less than
unity,

To estimate the q antity f(x'), we note that Eq. (6.34)
actually predicts a vk'ation of scaling in deep inelastic
scattering. On the othe. hand, it is known experimentally
that scaling holds with ΙιΛ accuracy for Q 2 ~ mz, ~ 10
GeV2 up to energies ν ~ 5υ GeV. Under these conditions,
we might expect that the contribution of charmed-parti-
cle production is also not more than ~10%, i.e., ac/aq
< 0.1.

There are also no anomalies in the energy depend-
ence of the photoproduction cross section. The data are
well described by the contribution of several Regge
poles, starting with relatively low energies ~5 GeV.
The accuracy is better here than in the case of electro-
production, but the contribution of the second term in
(6.34) falls off with decreasing Q'' and it then becomes
more difficult to obtain a bound on its magnitude.

j) Photoproduction and electroproduction of t
mesons in the parton model, What has been measured
experimentally is not the inclusive production of parti-

cles containing charmed quarks, but the cross section
for φ-meson photoproduction. It is more difficult to
estimate the cross section for this process in the parton
model, since allowance must also be made for the prob-
ability that ccT quarks produced by the scattering are
"assembled" into a ψ meson instead of any other state.
We shall normalize the cross section for ψ-meson
photoproduction to p-meson production and assume for
the purpose of our estimates that the probability of
transitions of ordinary quarks qq into a p meson and
of the quarks ccT into a ψ meson are characterized by
the ρ — e*e~ and ψ —• e+e" decay widths (such a factor
occurs in the generalized vector-dominance model (see
(6.12)).

Thus, the photoproduction cross sections for ψ
mesons and ρ mesons are found to be in the ratio

a {yN ->- pX) σ, Γ (φ -• e+<r) m t

(6.35)

where ac and aq are the cross sections for scattering
of charmed and ordinary quarks by the nucleon.

Taking a value ~0.1 for the ratio a c / a q at an energy
Ey ~ 100 GeV, as implied by the estimates of the pre-
ceding section, we find that the cross section for ψ-
meson photoproduction is given by[ 2 4 ]

σ(γΛΓ
a(yN-*pX) 16 10 5

J_
' 8 0 0 '

(6.36)

where the individual factors correspond to the various
factors on the right-hand side of (6.35), or

20 nb. (6.37)

This result is close to the experimental value of the
cross section at the highest available energy Ε γ ~ 150
GeV (see Chap, III). Considering the crudeness of the
estimate, the agreement seems more readily fortuitous.
We note also that, strictly speaking, we have obtained
an upper estimate of the contribution of the second term
in (6,34) from the inclusive cross sections, since
neither a violation of scaling nor anomalies in the total
photoproduction cross section have been observed.
Therefore the estimate (6.37) is actually an upper limit.

The study of j/)-meson electroproduction would be of
great importance in testing the theoretical scheme. It
follows from Eq, (6.34) that the relative contribution of
charmed-particle production to the cross section be-
comes larger with increasing Q2 (at least for a fixed
value of x' = (Q2 + m|,)/2mi;). The study of i/i-meson
electroproduction would also provide a test of the
stenon hypothesis for the nature of the φ meson (see
Chap. V).

We note that, since there is no dominance of vector
mesons in the parton model, the estimates of the total
cross section for the photoproduction of charmed parti-
cles which we have given (see Sec. 3i above) do not ap-
ply . The dependence on the atomic number may also be
different from that discussed above. Unfortunately, it
is not clear whether it will be possible to distinguish
experimentally between the results for the interaction
of φ mesons with nuclei which follow from the vector-
dominance model and the parton model. The point is
that some suppression of the cross section for the in-
teraction of charmed quarks is assumed in the parton
model, at least at currently accessible energies.
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4. The Production of Charmed Particles in Weak
Interactions

a) The production of charmed particles on the valence
partons and the "sea" of parton pairs. To estimate the
cross sections for producing charmed particles in neu-
trino experiments, we can make use of the vector-
dominance model or the parton model, as in considering
ii-meson photoproduction. We shall first consider cer-
tain qualitative arguments which are common to both
models.

The only possible reaction involving the valence par-
tons in which charmed particles are produced in a neu-
trino beam is

νμ*-*μ-ί, (6.38)

and its corresponding amplitude is proportional to
sin Be, where 0C is t n e Cabibbo angle, with sin 2 0 c

~ 1/20.

With an admixture of η partons, it is possible to
have the reaction

νμί-*μ^. (6.39)

The possible processes involving λ quarks are

v^.-ou-c, νμλ-*μ*ί (6.40)

and the corresponding amplitude is proportional to
cos e c .

Finally, an admixture of c and c partons shows up
in the transitions

•νμί ->- μ " λ ,

v№c - ν μ"η, • μ*η, (6.41)

whose amplitudes are related to those of (6.38), (6.39)
and (6.40) by the crossing relations.

The c quarks can also take part in elastic neutrino
scattering induced by the neutral currents:

vuc-+vuc. (6.42)

In the Weinberg-Salam model, the corresponding ampli-
tude has the form

W (1 + V») V [ή-aC ( 1 - 4 sin* θ ( 6 · 4 3 )
where (?w i s the Weinberg angle, whose experimental
value is apparently given by sin2 θψ ~ 0.3, and γα and
y5 are the usual Oirac matrices.

Roughly speaking, the production of charmed parti-
cles on the valence quarks corresponds to fragmenta-
tion of the target, i.e., to production of charmed hadrons
with small momentum in the laboratory coordinate sys-
tem, while the interaction with partons from the " sea"
of quark-antiquark pairs corresponds to fragmentation
of the current or of the intermediate boson, i.e., to pro-
duction of mesons with large momentum in the labora-
tory coordinate system.

We have enumerated the various elementary proces-
ses involving the production of charmed particles in the
language of the parton model. Of course, a similar
analysis is possible in the vector-dominance model1 1 8'2 5 1.
According to this model, the intermediate boson is first
transformed into a vector meson containing a charmed
quark, F* ~ λδ or D* ~ nc". The amplitude fora transi-
tion into D* contains a factor sin 0c· Scattering of a
λ (λ) or η (η) quark by the target corresponds to the

processes (6.38) or (6.40), while scattering of charmed
quarks corresponds to the processes (6.41).

It is usually assumed (see, for example, the discus-
sion of i/i-meson photoproduction in the vector-domi-
nance model) that the interaction cross section of
charmed quarks is smaller than that of ρ, η and λ
quarks. In that case, the amplitudes for the processes
(6.41) can be neglected. Similarly, it is usually assumed
in the parton model that the admixture of c partons in
the nucleon is smaller than that of λ partons, and (6.41)
is again neglected. .

If the cross sections for scattering of the F* and F*
by the target are equal, diffraction production of
charmed particles is the same in a neutrino beam and
in an antineutrino beam. Similarly, it is usually as-
sumed in the parton model that the momentum distribu-
tions of the λ and "λ partons are the same.

b) Estimates of the cross sections for charmed-
particle production in the vector-dominance model. To
calculate the cross section for charmed-particle pro-
duction in the vector-dominance model1·18'25', it is
necessary to know the constant for the transition of a
W boson into an F* meson and the residue of the Pomer-
anchuk pole for the F* meson (in what follows, we shall
neglect the transition W — D*, whose amplitude is pro-
portional to sin 0C). The value of the residue rF* can be
determined in the model of tensor-meson dominance
(see Chap. IV):

where the notation is the same as in the section con-
cerning ili-meson photoproduction. In deriving the rela-
tions (6.44), use is also made of the additive quark
model: it is assumed that the total cross section for
the interaction of the F* with the target is the sum of
the cross sections for the interactions of the λ and c
quarks which form the F* meson.

The constant gp* for the transition of a W boson into
an F* meson cannot be determined experimentally at
the present time. In the limit of SU(4) symmetry, gp*
is equal to the constant gp for the transition of a W
boson into a p meson. It might be expected that this
consequence of SU(4) symmetry is not violated very
strongly. In fact, the constants for the transitions of a
photon into φ and p° mesons are related by the equation
%φ = (2 VT/3)gp> or g^ » g p , in the limit of SU(4) sym-
metry. Experimentally, 2g^ ~ gp, i.e., the increased
mass of the φ meson has led to a change in its constant
by a factor of two. The F* meson should be lighter than
the φ meson, and the violation of SU(4) symmetry might
be expected to be smaller in this case. To obtain a
crude estimate, we shall take 1.5gp* = g p .

Assuming that the trajectories af, af' and aic are
described by Eqs. (6.29), (6.27) and (6.28), respectively,
we obtain the following estimate of the cross section
for diffraction production of charmed particles:

where
tot

(6.45)

is the total cross section for diffraction
production. We stress that a^ff is not the same as the
total cross section for the interaction of the neutrino
(or antineutrino) with the nucleon. If the cross section
were dominated by p-meson exchange, the total cross
sections atotCfN) and atot(i'N) would be approximately
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equal, Experimentally, they differ by about a factor of
three, i.e., by the maximally allowed amount in the
scaling region. This difference between neutrino and
antineutrino interactions corresponds to the dominance
of valence partons (see Sec. 3e) and relatively weak dif-
fraction transitions.

The value of crd°|f can be estimated from the relation

(6.46)
t(v.Y)

Taking atot(i^N) = 0.40atotO'N) (the experimental values
are 0.37 ± 0.02 at the CERN energies and 0.36 ± 0.05 at
the Batavia energy), we obtain

Accordingly,

and

°difi (v-V) « 0.025σ,ο, (v.V)

(6.47)

(6.48)

(6.49)

Odif! (v.V) « O.O700tnt (v.V). (6.50)

Detailed estimates of the cross sections for charmed-
particle production can be found in[ ] , according to
which σ^^ϊΤΝ) = O.latot(^)·

c) The Q2-dependence of the cross section for dif-
fraction production. Strictly speaking, the estimate
(6.49) and (6.50) refers to the value Qa = 0. As Q2 in-
creases, the absolute value of the cross section for
charmed-particle production becomes smaller, but its
relative contribution to the total cross section rises:

(6.51)

where the Q2-dependence is due to the propagators of
the vector particles. At Q2 = 1 GeV2, the ratio Rdiff,
as given by (6.51), is larger than its value at Q2 = 0 by
a factor of about 7.

However, we cannot rely upon the estimate (6.51)
literally, since the vector-dominance model does not
provide a satisfactory description of the Q2-dependence
of the total cross section: according to this model, the
cross section fal.s off like Q"4, but experimentally it
falls off like Q"2,

For this reason, it is important to emphasize that
the growth with Q2 of the relative contribution to the
total cross section from charmed-particle production
is not associated with the specific model used above,
but is of a more general character. A similar conclu-
sion can be reached, for example, by considering Eq.
(6.12). As we have already explained (see Sec. 3c), the
scaling behavior of the electroproduction cross section
implies that the integral on the right-hand side of (6,12)
has good convergence at high energies and is determined
by the integrand near the lower limit. Thus, the cross
section for the interaction of a virtual photon (or W
boson) is proportional to Q"2 for ordinary particles and
proportional to (Q2 + ηΐς)"1 for charmed particles, since
the integration with respect to the mass κ begins at mc

in the second case. Then

mechanism of diffraction production is actually opera-
tive.

In connection with our discussion of the generalized
vector-dominance model, we note that the estimates of
the absolute value of the cross section at Q2 = 0 are
smaller in this case by a factor nip/m2. than in the
ordinary vector-dominance model. The reason for this
is that, according to this model, the cross section for
scattering of a vector meson falls off as a function of its
mass. There is also a factor mp/m2. according to the
part on model, but this factor is not strictly due to the
mass of the vector particle, but rather to the large
deviation from the mass shell.

In the generalized vector-dominance model, we can
give the following crude estimate of the cross section
for charmed-particle production:

"Su (6.53)

where (Q2) is the average value of the square of the
momentum transfer in the diffraction processes, and
we are retaining our previous estimates of the cross
sections for quark interactions. It is usually assumed
that diffraction scattering is characterized by values of
the scaling variable in the range χ ί. 0.1. Using the
fact that χ = Q2/2mi/ and that the average value {v) for
neutrino interactions is approximately (l/2)El/, we ob-
tain the estimate <Q2) ~ 0.025 ·2ται(Εν.

d) The cross section for charmed-particle production
in the parton model, Let us consider the production of
charmed particles within the framework of the parton
model in greater detail. If we neglect the masses of
charmed particles, the cross section can be written in
analogy with the ordinary case:

'''"λ ' - 2[λ (χ) -- (l -y)2

(6.54)

where n(x), p(x), λ(χ) and c~(x) are the distribution func-
tions of the η, ρ, λ and c~ partons in the nucleon, y

/E Q2/2 2 E d S i th
, ρ, p ,

= v/Ev, χ = Q2/2mN^, s = 2mNE,,, and SQ is the
Gabibbo angle.

Integrating the cross section (6.54) with respect to χ
and y, we find

ΡιΊ.)—ίί'3ιΡ cl — ( I 2 i t g - 9 e [ P ( n ) — Ρ (p\)

11 '2ι \P ip< -P . n) - -1 Γ 3 ι Ρ (ρ) - (1/3) Ρ ( π · ]

(6.55)

A measurement of the Q2-dependence of the ratio
Rdiff would evidently serve as a test of whether the

where P(q) is the total momentum of the partons of the
appropriate type,

As we have already mentioned, almost nothing is
known experimentally about the distribution function
λ(χ) (c(x)). The production of charmed particles would
be the first experiment that is sensitive to an admixture
of λ partons in the nucleon. We shall consider briefly
the various theoretical estimates of λ(χ).

1) It can be assumed that the fraction of the momen-
tum belonging to the λ partons is proportional to the
fraction of the momentum belonging to the kaons in in-
clusive production in the strong interactions. The nu-
cleon is viewed here as dissociating in a vacuum into a
leading nucleon, together with pions and kaons. In
hadron-hadron collisions involving small momentum
transfer, the vacuum fluctuation is transformed into
ordinary hadrons; in deep inelastic processes, the pho-
ton (or W boson) interacts with the constituent quarks of
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the hadrons. The momentum of the λ quarks is then
proportional to the momentum of the kaons:

PP.) „ ?(>•),. Ρ (Κ) . . 1 1

Ίο-
(6.56)

However, we cannot exclude the possibility that the final
hadronic state in strong interactions is depleted of
kaons in the decay of resonances or heavy clusters.
These decays occur for a relatively long time, longer
than the time of a deep inelastic collision. Other esti-
mates are therefore frequently employed.

2) The admixture of λ quarks can be estimated by
making use of relations of the type (6.6):

(6.57)
n(jr) ρ (ι) σ(ρΛ') oip-V)

1
'Tra-

in fact, in the Breit coordinate system, the cross sec-
tion for a deep inelastic process can be expressed in
terms of the parton densities p(x), n(x) or λ(χ). In the
laboratory system, the same cross section can be ex-
pressed in terms of the quark scattering amplitude. It
follows from the equivalence of these two approaches
that the content of partons of each type in the nucleon
is proportional to the cross section for the interaction
of these partons with nucleons, σ(ρ"Ν), σ(ΠΝ) or σ(λΝ).
Using also the additive quark model, the cross sections
for the interactions of quarks can be expressed in terms
of cross sections for the interactions of hadrons, such
as σ(<ρΝ) or σ(οΝ).

It is well known, however, that such relations may be
violated rather strongly at the available energies. For
example, similar arguments lead to the conclusion that
all hadronic total cross sections are equalci5].

3) Finally, the simplest possible way of estimating
the admixture of λ quarks consists in the assumption
that the "sea" of parton pairs is SU(3)-symmetric, i.e.,
that

η (χ) = ρ (χ) = 7. (χ) = λ (χ). (6.58)

Detailed model calculations of the parton distribution
functions have been made on the basis of this assumption.
These calculations made use of further assumptions, in
particular, duality. We refer to [ 2 e ) as an example and
quote the simplest analytic expressions proposed by
Farrar (cited i n t e b l ) :

n(x)-

0.2,ρ (.r) - n{x) = λ (χ) = ;.{x) = "--f (1 - * ) ' .

It follows from our previous discussion that the contri-
bution of the λ quarks is evidently overestimated in re-
lation to the contributions of the η and ρ quarks.

e) The production of charmed particles by neutral
currents. So far, we have discussed only the production
of charmed particles by charged currents. Processes
involving the production of new particles in neutrino re-
actions as a result of neutral currents are also possible.
We have already written the appropriate term in the
Hamiltonian within the framework of the Weinberg-
Salam model (see (6.43)).

The vector part of the weak current is proportional
to the electromagnetic current of the charmed particles,
and the corresponding contribution to the cross section

can be expressed in t e r m s of the cross section for elec-
troproduction of charmed part ic les . We shall assume
that the electroproduction cross section has a (^-de-
pendence of the form <j£(Q2) = [ m | / ( Q 2 + m|)]a5;(0) (see
the discussion in Sec. 3i). We assume for simplicity
that the matrix element of the axial-vector current is
equal to the matrix element of the vector current . This
hypothesis i s justified in the parton model for large
momentum transfers and energies.

Thus, it can be shown that

( - cos5 Θ,Γ + 1 sin'- ΘΗ·)2 2 = 0).

(6.59)

Unfortunately, the total cross section for photoproduc-
tion of charmed particles is also unknown experimentally
(various theoretical estimates were given in Sec. 3 of
this chapter). Taking the most optimistic estimate
(6.33),

<4 (ι?'- = 0) = 1Ο-'-σ',0' (Q- = 0),

we have

(6.60)

(6.61)

and the cross section for the production of charmed
particles by neutral currents is rather large.

However, the derivation of (6.61) is not completely
consistent. In fact, Eq. (6.60) was obtained in the frame-
work of the vector-dominance model. The parton model
evidently leads to a cross section which is somewhat
smaller, i.e., σ£ ~ 10"2σξ,°ι. On the other hand, it is in-
consistent to retain the contribution of the axial-vector
current in the framework of the vector-dominance
model[25]. If sin2fiw ~ 0·3, this reduces the estimate
(6.61) by a factor of about 6.

Thus, it seems more probable that the cross section
for producing charmed particles is no more than 1—2%
of the total cross section:

io-wot. (6.62)

We quote an estimate of the cross section for ψ-meson
production (see alsoc25]):

c m 2 (6.63)

where the energy of the neutrino (antineutrino) is meas-
ured in GeV. We see that the expected cross section for
φ-meson production in neutral currents is small. Ex-
perimentally, φ production has not been observed in
neutrino reactions.

f) Allowance for the masses of charmed particles.
To compare the numerical estimates with experiment
at the available energies, it would be important to take
threshold effects into account. The parton mass is
usually neglected. As a first approximation, let us now
retain the mass of the charmed quark, assuming as be-
fore that the ordinary partons are massless.

If a neutrino collides with a parton which carries a
fraction x' of the nucleon momentum, the law of conser-
vation of momentum takes the form

q + psx' = p t , (6.64)

where q is the momentum transferred to the hadrons,
and p c is the momentum of the charmed quark which is
produced.

Squaring (6.64), we obtain

798 Sov. Phys.-Usp., Vol. 18, No. 10 V. I.Zakharovetal. 798



(6.65)

where we have replaced the mass of the charmed quark
by the mass of the lightest charmed particle, m c (we
take m c = 2 GeV in what follows). The combination
x' = (Q2 + mc)/2mNv also arises naturally in consider-
ing the lifetime of the virtual hadron state into which the
W boson is transformed, so that the expression (6.65)
is perhaps meaningful.

Instead of (6.54), we then obtain

(6.66)

where the factor depending on m c comes from the ex-
pression for the cross section for the process ι/λ
-~ μ,ο, retaining the mass of the c quark but neglecting
the other masses (we have also neglected the admixture
of c quarks in the nucleon).

The differential cross section dac/dQ2 is frequently
measured experimentally. The following expression for
dac/dQ2 can be derived:

dac G2 .,-W = — cos-

1

+-g-sin2ec j (1-77-) [n(x')+p(x')]dx'. (6.67)

The second term here corresponds to the interaction
with the valence partons and contributes to the neutrino
cross section, but not to the antineutrino cross section.
The first term describes scattering by \\ quark pairs
(the distribution function of the λ partons appears for
the neutrino, while that of the 1 partons appears for the
antineutrino).

To conclude this section, we quote numerical esti-
mates of the cross section for charmed-particle produc-
tion in the neutrino experiment at Batavia involving
searches for specific violations of scaling associated
with the production of heavy particles. Choosing
s = 80 GeV2 and Q2 = 1.4 GeV2 as the characteristic
values of the kinematic variables, we have

_A£/ d ( J to t _ r t.O9, s = 8 0 G e V , <?2

Wl-W~ = [o.', s-80GeV2, C>2-4GeV2' (6.68)

in the neutrino beam, and

=.80 GeV2, <?==,
(6.69)

in the antineutrino beam. In obtaining this estimate, we
have made use of the model calculations of the parton
density carried out in t 2 e ' 3 3 under the assumption that
λ(χ) = ~λ(χ) = η(χ) = p(x), which evidently overestimates
the λ and "λ densities.

g) Comparison of the theoretical predictions with the
experimental data. As we have already mentioned in
Chap. Ill, certain new phenomena have been observed in
the neutrino experiments as Batavia, namely muon pair
production and a violation of scaling. Although these ef-
fects may of course have nothing to do with charmed-
particle production, it seems natural to compare the
theoretical expectations with the first experimental
observations.

If we assume that muon pair production is actually
due to the production and subsequent decay of charmed
particles, then the observed magnitude of the effect
corresponds to a rather large probability for leptonic
decay of charmed particles. If the cross section for
producing charmed particles is about 5% of the total
cross section, then the probability for leptonic decay is
-20%.

Theoretically, it is difficult to understand the ob-
served violation of scaling. The effective-mass distri-
bution of the hadrons produced in Ϊ7Ν collisions was
studied in [ 2 ' ! , and it was found that there is an abund-
ance of events with hadron masses W > 5 GeV (W2

as 2mi/). If this enhancement is attributed to charmed-
particle production, then

<up Γ
da,,

dQl
-50%. (6.70)

We see that the theoretical estimates (6.69) deviate
strongly from the data.

First, the relative contribution of the cross section
for producing heavy particles exhibits a decrease with
Q2 instead of an increase. This can be understood theo-
retically only as a threshold effect, and in that case the
effect may become stronger with increasing energy.
Second, the magnitude of the effect is much greater than
the estimate.

h) Models involving "extra" quarks. The most
natural interpretation of the results of'271 is the produc-
tion of new particles on the valence partons with a large
coupling constant, i.e., one not containing the factor
sin 9Q. It is then possible to understand the magnitude
of the effect, but it becomes necessary to abandon the
model involving the four quarks ρ, η, λ and c.

If we accept the formulas for the production cross
sections of heavy particles in the parton model which
were obtained above, the assumption that new particles
are produced on the valence partons can be tested ac-
cording to the form of da/dQ2 or of the invariant-mass
spectrum of the hadrons produced in (7N collisions. In
order to make a comparison with experiment, relations
of the type (6.67) must be integrated with respect to the
experimental energy spectrum of the antineutrino. Con-
sidering the preliminary character of the data, we
shall not make a detailed comparison of the theory with
experiment, but we shall consider certain general prop-
erties of models involving charmed quarks.

Clearly, more than four quarks can be introduced in
the theory. For example, the doublets with respect to
the weak-interaction group SU(2)w in the Weinberg-
Salam model might have the form

(p, »i), (P\ «2), (P\ n3) (6.71)

where p, p', and p" are the proton-type quark and two
new quarks with charge 2/3, and ni ) 2 )3 are field com-
binations with charge -1/3. Thus, in addition to the
usual ρ, η and λ quarks, three new quarks p', p" and
n' are introduced.

The known quarks might also belong not to doublets,
but to triplets of the group SU(2)\y:

(p, 71(1, Δ), ( ρ ' , λ 0 , A'), (6.72)

where ng = η cos 0Q + λβϊη #C> λ# = λ cos θ£
- η sin 9Q, and Δ and Δ ' are new quarks with charge
-4/3.
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By choosing the representations of the group SU(2)\y
in the form_(6.71) or (6.72), one ensures that there are
no neutral "λη currents to first order in the weak inter-
action and that these currents are suppressed in second
order, as in the four-quark model. The prescription for
constructing models which involve no λη transitions is
simple: all linearly independent combinations of quarks
having the same charge must belong to the same multi-
plet of the weak-interaction group.

As a rule, new leptons must be introduced in addition
to the new quarks. This requirement is due to the ex-
perimentally observed universality of the beta-decay
constants of the neutron and the muon. Since unique
values of the coupling constants are calculated in gauge
theories, the hadron and lepton multiplets must have the
same structure in order to account for the universality
of the weak constant. The introduction of new quarks
therefore requires the introduction of new leptons.

An exception to this rule was pointed out by
Barnettc 2 8 ), who proposed that the experiment of[i!71

reveals an interaction with right-handed quarks. The
usual two doublets (p, n#) and (p', Xg) are supple-
mented by the doublets

(i>n, «B COS φ - Γ λή sin φ ) (pi, «Ββίηφ—XRCOS<{>), ( 6 . 7 3 )

where n' and λ' are new quarks, and the index R indi-
cates that the interaction has not the usual V - A form,
but a V + A form. It is not necessary to introduce any
new leptons in this case, and universality of the weak-
interaction constant is saved here by the fact that right-
handed leptons and quarks play a significantly different
role.

The spectroscopy of φ mesons and charmed particles
in the six-quark model was studied by Harari [ Z 9 ] . Of
the general properties of models involving "extra"
quarks, we note here only that a larger asymptotic
value than in the four-quark model is predicted for the
ratio

o(e+e--*hadrons)
σ(«- μ+μ")

and that strange particles may not be produced here as
a result of the decay of charmed mesons and baryons.

The future attitude to models involving extra quarks
will evidently depend on the development of the experi-
mental data.

VII. CONCLUDING REMARKS

At the present time (March 1975), experiment has
not yet had the final say about the theoretical models
which we have discussed. What will happen if experi-
ment confirms the ideas which underlie the quark inter-
pretation of the φ mesons?

The discovery of α, β and y rays at the end of the
last century marked the beginning of the study of the
strong, weak and electromagnetic interactions of ele-
mentary particles at high energies. Since then, investi-
gations in these three areas have been interrelated,
both experimentally and theoretically. As an example,
it suffices to recall the history of how Dirac formulated
quantum electrodynamics and Fermi formulated the
theory of the weak interaction.

However, it is only in the past decade that there has
been hope of creating a unified theory of all the interac-
tions of elementary particles. If experiments actually

confirm the existence of charmed particles, this will
mean that there is a serious basis for these hopes.

The discoveries of the domain of strange particles a
quarter of a century ago and the domain of resonances
15 years ago involved an extraordinary extension of our
ideas about the world of hadrons. However, the theoreti-
cal significance of these discoveries was obscure at the
time. In contrast, the discovery of charmed particles,
if these particles are to be discovered, may mark the
beginning of a phase of elementary-particle physics
which is analogous to the phase in which a unified quan-
tum theory of atoms and molecules was formulated 50
years ago.

Even if the outlines of a future unified theory of ele-
mentary particles which we can perceive at the moment
are entirely illusory, even in this most unpretentious
variant, the discovery of supercharged particles would
greatly advance our understanding of many phenomena.
These include the weak neutral currents, the ΔΤ = 1/2
rule in non-leptonic decays, the violation of CP invari-
ance, Zweig's selection rule, and the nature of the weak
interactions at small distances.
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