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1. GAUGE INVARIANCE AND UNIFIED
RENORMALIZABLE THEORIES OF WEAK AND
ELECTROMAGNETIC INTERACTIONS

Cabibbo’s Universal Theory of Weak Intevactions.
Until the discovery at CERN"'? in neutrino interactions
with matter of events due to the interaction of weak
neutral currents, the overwhelming majority of the ex-
perimentally known facts of the physics of weak pro-
cesses could be well described in the lowest order in
the Fermi weak coupling constant with an effective
Lagrangian having the form of a product of weak
charged currents:

£ o= (61V2) J3iJ* + hec., (1)

where G=107%/m2 (m, is the proton mass), and the
weak current J* is a sum of the lepton and the hadron
terms:

JA =1L, 2)

The leptonic current I* has V — A space-time strue-
ture and can be represented in the form

Pyt A+ p vy (v e=G—1. 3)
The current I* contains the fields of the four known
leptons: the electron and muon and the two neutrinos
with muonic and electronic quantum numbers, re-

spectively. The hadronic part of the total weak cur-
rent (2) can be expressed in the form

h* = cos 0. nyt (1 - 4°) p +sin O Ay" (1 = y9) p= Rt

—hb, =hy—hnl.

(4)

Here, n, p, and A are the fields of the neutron, proton,
and strange quarks, respectively, and 6, the Cabibbo
angle, is approximately equal to 15°. The current 2"
also has V - A space-time structure.

One can rewrite the expression (4) in a more gen-
eral form without recourse to a concrete realization
of the current in a quark or some other constituent
model of the hadrons:

B = (@ + iffy — 't — i) cos B,
+ (Fhv -+ iy — Fia— iF4) sin O, (6)
where the vector weak hadronic current #}, and the
axial-vector weak hadronic current¥7%, ¢,j=1,...,8)

transform in accordance with the octet representation
of SU(3).

Substituting the expression (2) in (1), we conclude
that the effective Lagrangian of the weak interaction
(1) can be represented as a sum of three types of term,
each of which corresponds to a definite type of inter=
action, namely,
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B PP, (6)
where

L= (GIV3) 1+ (7)

"= (6/V2) Lh* L hc.; (8)

E"=(GIV2) b, )

The Lagrangian (7) describes weak interactions with
the participation of only leptons, for example, the
decays p*— € +v,(¥,) +v,(P,), and also scattering pro-
cesses induced by weak interaction: p” +y,~e” +y,,
e +V,—-e +7,, etc. Interactions of the type (8) are
semileptonic. In particular, they can be used to de-
scribe g decay of the neutron, n—p +e+9,, the decays
T e() +v,(v,), ™~ 71°+¢e*+1,(7,), and also the pro-
cess of quasielastic scattering with charge exchange:
Vg+=~e +p, Vy+n— LU~ +p, etc. The third type of
interaction (9) is of a nonleptonic nature. Interactions
of this type are responsible for nonleptonic hadron
decays, for example, K- 27, 37, A-p+7, etc.

Note that the semileptonic part of the effective Langrang-
ian 2™ ensures fulfillment of the known selection rules for
hadronic Bdecay. The strangeness-conserving hadronic
current (%) +iFy, -F2, -iF),) cosd, and the cor-
responding Hermitian conjugate current are the (1+i2) and
(1-42) components of an isotopic triplet. Therefore,.
the Lagrangian (8) ensures fulfillment of the selection
rules AI=1 (I is the hadron isospin) for the semi-
leptonic strangeness-conserving hadron decays. The
selection rule AI=1/2 for semileptonic strangeness-
changing hadron decays is also contained in the La=-
grangian (8), since the strangeness-changing hadronic
currents (F2, +iF oy — Fau £iF54) Sing, are the compo-
nents of (different) isospin doublets. The selection
rule AS =AQ is ensured by using the (4+i5) compo-
nents of the currents #* and #**. The rates of hadron
B decays predicted by means of (8) are in good agree~
ment with experiments.?

As regards the part of the Lagrangian (9) respon-
sible for the nonleptonic hadron decays, its structure
of the (current ® current) type has been less well
confirmed experimentally. The approximate selection
rule |AI|=1/2 established experimentally in the study
of weak nonleptonic hadron decays is not a direct con-
sequence of the Lagrangian (9), which contains terms
corresponding to transitions with both |AI|=1/2 and
|aI|l=3/2. However, there exist theoretical arguments,
not very strong, for dynamical enhancement* of tran-
sitions with |AI| =1/2 compared with |AI| =3/2
transitions.

Discussing the Cabibbo weak interaction scheme
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(7)—-(9), we have above all in mind Gell-Mann’s three-
quark model,® which is one of the simplest field-theory
models for studying the commutation relations between
currents. Rather than introduce fields for the observed
particles, we assume that they are all composite states
of three hypothetical objects (quarks) with fractional
charges and spin 3. The assumed quantum numbers of
these objects are given in Table I. Here, @ is the
charge of the quarks, Y is the hypercharge, B is the
baryon number, and/ is the isospin. The quarks trans-
form in accordance with the lowest representation of
SU(3).

The three-quark model describes numerous static
properties of hadrons manifested in strong, electro-
magnetic, and weak interactions. Using the three
quarks, one can construct all the known SU(3) multiplets
of mesons and baryons. The model gives a good de-

scription of electromagnetic properties of hadrons such

as the magnetic moments, the electromagnetic mass
differences, the amplitudes of electromagnetic meson
decays, etc. It describes well a large group of phe-
nomena in weak interactions. The weak charged had-
ronic current in this model is represented by Eq. (4).
The achievements of the Cabibbo theory, and also
some of its difficulties, have been excellently pre-
sented in numerous papers. Without pretending to a
complete list, we refer the interested reader to, for
example, the monographs of Refs. 6, 7, 8, and 9.

The Cabibbo theory of weak interactions has serious
shortcomings. One of them is related to the fact
that the interaction Lagrangian, which has a current-
current structure, does not ensure renormalizability
of the theory, and one therefore lacks a justification for
an important computational formalism=-perturbation
theory. On the other hand, the four-fermion point
interaction leads to a linear growth of the total cross
sections of weak interaction processes with the energy.
This circumstance leads to a contradiction with uni-
tarity at a sufficiently high energy (E*~300 GeV in
the center-of-mass system). Another shortcoming of
the Cabibbo scheme (independent of the problem of
renormalizability of the weak interactions'®) relates
to the circumstance that in the framework of this ap-
proach one cannot describe processes due to weak
neutral currents. For example, comparing the SU(3)
form of the weak charged quark current (4) with its
neutral component

k= PYu (1 +s) p—(ncos B

¥ ! (10)
1+ A sin 0;) yu (1 -+ ys) (ncos 8.+ A sin B),

we see that the strangeness-changing neutral current
An +7X has order of magnitude sinf, compared with the
charged current, which does not correspond to the ex-
perimental fact of a much stronger suppression of
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strangeness-changing neutral currents. To overcome
this difficulty, it is necessary to enlarge the symmetry
of the strong interactions.!’ This corresponds to in-
creasing the number of fundamental fields (quarks).
Simultaneously, a number of other problems of the
theory is solved,

Weinberg's Model. The Higgs Phenomenon. Re-
normalizations. One of the main methods of field theory
is the Lagrangian formalism. Proceeding from the La-
grangian of the system and using the variational prin-
ciple, one obtains the equations of motion, while the
dynamical quantities such as the energy and momentum,
charge, etc., that are conserved in time are deter-
mined by means of Noether’s theorem,'®'** which as-
serts that invariances of the Lagrangian under different
transformations of the coordinate system and the field
functions correspond to definite conservation laws,

One of the most important requirements imposed on
the Lagrangian is that of relativistic invariance or the
condition of invariance under the complete inhomogen-
eous Lorentz group, The Lorentz group does not ex-
haust the transformations that lead to important con-
servation laws. For example, to the conservation law
of electric charge there corresponds a gauge transfor-
mation of the second kind, which affects only the field
functions and not the coordinates. It is well known that
the requirement that the Lagrangian be invariant
under a gauge transformation of the first kind

W oxp (iBA) ¥ (11)

(where ¥ is any field, and B =0 for a meson field and
B =1 for a baryon field) in the Lagrangian formalism
leads to a conservation law for the total baryon (lepton)
charge (hypercharge). Invariance of the Lagrangian
under the isospin transformations ¥ - exp(iTA)¥,

where A is a constant real vector in the isospace, cor-
responds to the isospin conservation law. The above
results are rigorous consequences of Noether’s theo-
rem, which states that to every finite-parameter (de-
pending on N constant parameters) continuous trans-
formation of the field functions and coordinates that has
zero variation of the action there correspond N dy-
namical invariants, i.e., combinations of the fields and
their derivatives that are conserved in time. Note that
transformations of the type (11) differ from Lorentz
transformations in that they affect only the field func-
tions and not the coordinates.

At the present time, a tendency is developing in
theoretical physics to describe a huge range of proper-
ties and species of elementary particles on the basis
of a unified theoretical approach. It is quite possible
that many principles hitherto regarded as fundamental
will need to be reviewed. The gulf between the internal
(hypercharge, isospin, and so forth) and external
(space-time) symmetries in the world of elementary
particles is felt especially acutely. A new approach
augmenting the old principles is the requirement of in-
variance under gauge transformations that depend on
the space~time coordinates with the related idea of
universal interactions and gauge fields.

Let us consider transformations of field functions of
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the type (11), for example, isospin rotations. Con-
servation of isospin is equivalent to the requirement
that the interaction Lagrangian be invariant under ro-
tations in the isospin space. This means that in cases
when the electromagnetic interactions can be ignored
the orientation of the isospin in the isospace has no
physical significance. Then the distinction between the
proton and the neutron becomes purely formal, How-
ever, it is usually assumed that this arbitrariness is
restricted by the following circumstance: Once one
has chosen what to call a proton and what a neutron

at one point of space-time, there is no longer any
freedom of choice at other space-time points, Yang
and Mills noted that this is inconsistent with the con-
cept of a localized field, which provides the basis of
ordinary physical theories, and they put forward the
principle of invariance of interactions under indepen-
dent rotations of the isospin at all space-time points.*

An analogous situation obtains with regard to the
ordinary gauge invariance of a charged field, which is
described by a complex wave function ¥, A change
of the gauge results in a change of the phase factor,

¥ —>V¥ =exp (i0) ¥, (*)
i.e., a change that does not lead to any physical con-
sequences. Since ¥ can depend on x, ¥, z, ¢, the
relative phase factor of the function ¥ considered at
two different space-time points is completely arbitrary.
In other words, the arbitrariness in the choice of the
phase factor has a local nature.

With regard to a method for ensuring gauge invari-
ance, it should be noted that in electrodynamics, to
compensate the change of the phase a with a change in
x, ¥, 2, t, it is necessary to introduce an electro-
magnetic (and vector) field A,, which transforms under
gauge transformations in accordance with the law
(zauge transformation of the second kind)

Al = A, + (1/e) dafdz,. (12)
Indeed, the Lagrangian
£ =Ty,0,% —ieTy, ¥4, = Ty, v, 4, (13)

in which the derivative 8, with respect to the four
coordinates is replaced by the “extended” derivative

By~ V=0, —led,, (14)

is invariant under the simultaneous gauge transforma-
tions (*) and (12). It is precisely this class of sym-
metries that currently engages the interest of physi-
cists, The presence of an exact dynamical symmetry
of this kind, such as gauge symmetry, requires the
introduction of definite universal interactions, which
are realized by massless vector particles. The
universality of the interactions means that the coupling
constant characterizing of the interaction of a particular
gauge field (for example, photons and also vector and
tensor mesons) with other particles is the same for all
processes in which they participate.

The invariance of the theory under the groups of
dynamical gauge symmetry is ensured by introducing
an interaction with a particular field by the replacement
of the ordinary derivatives by the “extended” deriva-
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tives. Namely, interaction with the gravitational field
corresponds to the substitution 8, - 6,0, +I",‘,,, where
'}, is the Christoffel symbol; interaction with the elec-
tromagnetic field, to the substitution (14); interaction
with an arbitrary gauge four-vector field B,, to the
substitution 9, - 9, =ig, T, B,, where T, is the genera-
tor of the representations of the gauge group with re-
spect to which the operators of the fields interacting
with the gauge field B, transform,

The idea of gauge fields is particularly important in
the search for new schemes of weak interactions. The
problem of the search for new approaches to the de-
scription of weak interactions is related above all to
the nonrenormalizability of the old (current ® current)
Fermi scheme. Ignoring the higher perturbation orders
in the framework of the (current ® current) scheme,
we inescapably encounter a further difficulty, namely,
linear growth of the total cross sections with increasing
energy, which at high energies leads unavoidably to a
violation of unitarity, as we have already mentioned.

On the other hand, having in view the analogy between
the vector variant of the theory of weak interaction
and quantum electrodynamics, we can expect to be
able to prove renormalizability of gauge theories of
the weak interaction that employ gauge vector fields to
construct the interaction. The vector nature of the
electromagnetic and weak interactions and their uni-
fication into a single gauge scheme with a universal
coupling constant makes it possible to approach once
more the problem of a unified theory of interactions
of different type that hitherto were in no way related
to one another.

The first step in the construction of such theories
is the choice of the gauge symmetry group. As an
example, let us consider the Lagrangian that de-
seribes the electromagnetic and weak interaction of
leptons proposed by Salam and Weinberg,!5'1¢

Suppose that we have at our disposal only the four
known leptons v,, i, V¥, e. From the fields of the
leptons, we can form the four-vector of the density
of the electromagnetic current:

J;'m- = {;Yue +E‘fu!~t) (15)

and the weak V — A current

T =2 [(1+75)2) Yuve+ B 11+ ¥s)/2] Vv (16)
We consider only currents containing the electron
field (the muon term can be treated similarly). We find
the minimal group that includes these currents. We
introduce a left-handed isodoublet of leptons L and a
right-handed isosinglet R:
L:.lff?-.‘ ("“); R:l_,;"" e; 1)

e

1t {— L
.,\"€=er_; .,‘59:en; 2'\5 ve=vg. (18)

We introduce “charges” and hypercharges of the left-
and right-handed fields:

Vo= —1/2; Tp=—1; I

Y=20; Q=L-Y/2 (19)
Yi=—1; Yp==—2 |
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We require that I and Y (the leptonic isospin and the
hypercharge or charge) be conserved in weak and
electromagnetic interactions. These (I, ¥) conserva-
tion laws correspond to the gauge group SU(2)x U(1).
The weak currents can be represented in the form

I =EYuT-L; Jﬁw = IYqu-L; I

10 (
[t T]=1= (0 _1) . I (20)
where 7, and 7, are the generators of SU(2). The cur- °

rents J5y can be expressed in terms of the fields by

i = v (1 +15)/21 ves } @1)
Jiw =veyu [(1 —v5)/2] e.

We write the electromagnetic current in the form
eype = — (1/2) Tyutsl = (1/2) Iy L — Ry,R. (22)

It follows from (22) that to obtain the electromagnetic
current it is sufficient to add to the currents Ly, TL
of the group SU(2) the isoscalar current (hypercharge
current) Zy, L + Ry, R. Thus, the minimal group con-
taining the weak and electromagnetic interactions is
SU(2)x U(l), We require invariance of the weak and
electromagnetic interactions under the gauge group
SU(2) X U(1), this being characterized by the following
transformations of the fields:
L2, 1 —exp[—i(gi2) e () L; R——% Ry

Pl oo expli(g'2).\(z)]1L: R LN exp[ig"’\ (2)] R.
The original Lagrangian of the free massless leptonic
fields has the form

£ tree = Lyu3,L + Fy,0,R. (23)

If it is to be SU(2) X U(1) symmetric, it is necessary
to introduce compensating fields A, and B,, which
generate interaction of the leptonic currents with
vector fields:

L= (g/2) LyxLA, —g' (Ly,Li2-+ Ry,R) B,, (24)
where A, and B, transform as follows under SU(2):

Ay—A,—gA, Xe(T)—0d,.e (7);

By—B,; } 25)
under the group U(1):

A,—Ay; By—+B,—8,A(2). (26)

Then the total Lagrangian, invariant under SU(2) x U(1),
is

£ = —(1/4) A2y —(1.4) B3+ LyDLL + Ry»DFR; i

Ay =0,Ay—d,A, -~ gAL X Ay

3 (27)
Bsw — ava""' 6vBu; -Dn == d,.—i (g' 2) TA" +i (g'/2) B“; [
Di =4, +ig'By
or
£ = —(1/4) (3uAv— 0yAy + gA, X A,)?
— (1'4) (@, By — 94 Bu)? -~ Ly, [,
—i(g/2) TAu+i(g''2) By L+ Ry, (9. +ig'By) R. (28)

A serious shortcoming of the theory with this Lagran-
gian is that all the gauge fields A, and B, are mass-
less, whereas this has been established only for the
photon. Introduction into the Lagrangian of a mass
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term (m?/2)A A, obviously destroys the gauge invari-
ance of the Lagrangian and leads to nonrenormalizability
of the theory.

The possibility of gauge~-invariant introduction of
massive vector fields into the theory was pointed out
by Higgs.'” In his model, the compensating fields
become massive as a result of spontaneous breaking
of the gauge symmetry.

The essence of the phenomenon of spontaneous sym-
metry breaking, which is important for the construction

- of renormalizable theories, can be conveniently il-

lustrated by the example of Goldstone’s model in the
classical field theory with Lagrangian of scalar par-
ticles of the form

&L = 09" 0, — P ¢ —h (9*9): = 0u9*3u0 — V (9°9)
=5 (09 + 5 w92l =V (31, 7). (29)
where the parameter p2<0, and ¢ = (@, +i,)/V2 is the
scalar field of the charged mesons. The Lagrangian
(29) is invariant under gauge transformations of the
form ¢ - exp(i a)p, @ *~ exp(=i a)¢*, Consider the term

V (9°9) = pio*p -+ (¢*9)> (30)

This potential has a minimum at |¢|=A=v=p7720
(Fig. 1).

We respresent the field ¢ in the form ¢(x)
=p(x) exp[i 6(x)], where p and 6 are real functions of x,
The fact that V has a minimum at |@| =X in no way
fixes the phase of the field function ¢(x) with given
modulus A, Thus, to the ground state there corre-
sponds the value ¢, =X exp({ @), where the parame-
ter « is completely arbitrary. The vacuum is in-
finitely degenerate. In classical theory, the ground
state is determined, as is well known, by the condi-
tions

aV/dp =0; 82V/og? >.0.

In the example considered above, the vacuum with
¢ =0 is unstable, and with ¢, =A exp(ia) it is stable
but degenerate and does not have the symmetry in-
herent in the original Lagrangian, We make the canon-
ical transformation

e1=@1 +% Q2= (31)

and the substitution (31) in the Lagrangian (29):
& = (0u91)%/2 +(0,93)%2 — (15/2) [(91)* + 205% + %2+ ()]
— (B/4) [((91)* +(92)2)* + 491 (91> + (p2)?) x + 4 (9> *
- 242 (@) + (92)2)] — kx4 — hopin®
= (3,91)%/2 + (9u92)% 2 — (9})* (14/2 + 3hx3/2)
— (@22 (u3/2+ hx¥/2) — @ (upx +hc®)
— (R/4) (1) + (92)2] — k@ [(@1)* + (93] — p32/2 — hy¥4.  (32)

The equations of motion that follow from the Lagrangian

/ - FIG. L.
’\5/ I#l
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(32) redefined in this manner show that as a result of
the spontaneous symmetry breaking there arise a field
@{ with mass v2[., and a massless field ¢} (42 +hy®=0).

Goldstone’s theorem. In a local, translational-
ly invariant field theory with conserved current (local)
and vacuum that is not invariant under the continuous
symmetry group there must necessarily exist zero-
mass particles,

Coleman’s theorem. If the vacuum is not )
invariant under a particular transformation, then the
Lagrangian is also not invariant under this transforma-
tion. The converse is not true.

We require invariance of the Goldstone Lagrangian
under the group U(1). Then the Lagrangian (32) takes
the form

L = —(1/4) Fiuy + (8, —ieBy) ¢] [(9, +ieB,) ¢*]

— 10" e —h (9*)% Fuy=0,By —d,B,, (33)

where p3<0,

As was shown by Higgs'” and Kibble,'®'° one can in
this case redefine the fields in such a way that the
Goldstone field ¢; disappears from the theory. To see
this, we introduce the fields p(x) and n(x), make the
gauge transformation

$= (XVL';)BKP [i "1;_1)]:> (%)exp [i TH;] %ie_\(z)]‘ } (34)
By— By =B, —(1/ex) d,m (x) 5

and introduce A(x)=-n(x)/ex. Substituting (34) in the
Lagrangian (33), we obtain the expression

£ = —(1/4) Fiy+ [(0u—ieB) (x+0)/V 21 [(3s
—ieBy) (¢ +0)/V 21—V (p, %) = (0up)*/2 +€*BuByp®/2

+ e2y2B,B,/2 — e2ByBup— (1/4) Fiv—V (p, %), (35)

which does not contain the field n(x).

From this result we obtain the following conclusions:
Goldstone bosons can be eliminated by a special gauge
transformation; at the same time, the gauge field B,
acquires mass (the Euler—Lagrange equation for the
vector field is OB, +m?B, =0 with m? = ¢?x?); the
Higgs boson p also acquires mass.

We can now formulate a Higgs theorem in a general-
ized sense. Let G be a group of transformations that
leaves the original Lagrangian invariant. The set of
generators e; of the group G that annihilates the vacu-
um state forms, by definition, the little subgroup
of the vacuum. With each generator of G there is as-
sociated a gauge field. All fields corresponding to the
generators of the little group of the vacuum remain
massless, The remaining vector fields acquire mass.

It follows from this theorem that in gauge models
with spontaneous breaking of local symmetry to the re-
sultant symmetry U(1) there remains one massive
scalar Higgs boson and, accordingly, one massless
vector field (the photon). As an example, we consider
the Lagrangian

&£ = —(1/4) Fiy + (1/2) (8u0 — igAuT0)* (340 —igA,t9)
— (m2/2) g¢* —h (99*)?,

where
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- ()
q°
is an isodoublet of complex scalar fields (altogether
four vector fields), and the vacuum expectation value

18
= 0
(tp‘, i (;‘)‘

In such a model, three of the four Goldstone
bosons can be eliminated from the spectrum by an
appropriate choice of the gauge. It is readily

seen that the generators of SU(2), applied to the
vacuum state, do not form the little subgroup of the
vacuum, as a result of which all three vector bosons
in such a model acquire mass, and three new degrees
of freedom—the longitudinal components of the fields
of the vector bosons—arise as a result of the Gold-
stone bosons.

Let us consider briefly the renormalizability and
unitarity of gauge theories. In the unitary gauge, the
propagator of a vector field has the form
DS~ (guw=kuky/mE)/(k* =m}) and the renormaliz-
ability of the theory is not obvious. In the gauge in
which the propagator of the vector field is manifestly
transverse in the four-dimensional sense (Landau
gauge), DS, ~ (gu, —kuk./k?)/(k* —mE), Goldstone
bosons are absent.

The unitarity of the theory is not obvious.  However,
since the S matrix does not depend on the gauge, the
total probability of transitions to unphysical states must
vanish. In other words, by virtue of the gauge invari-
ance the S matrix is simultaneously unitary and re-
normalizable.

Returning to the Weinberg—Salam model and using the
Higgs mechanism, we introduce masses for the
compensating fields, but in such a way that the photon
field remains massless. For this, we consider the
doublet

()

For the field ¢° we require a nonzero value of the
vacuum expectation value as a consequence of the in-
variance of a self-interacting field of the type
—p2 (| PR —h (|7 P+ o[
As a result, the vector fields acquire mass through
the appearance in the Lagrangian of the interaction
[8,8* - (ig/2) $*tA, = (ig'/2) $*By] [3u¢ — (ig/2) TA, — (ig'/2) Bugl;
ST 8 —exp[— (/) ve (@] §; ¢ —i> @’
=exp [—(ig'/2) A (z)] ¢.
Since the Lagrangian has the gauge invariance

SU(2) X U(1), the Higgs transformations reduce in fact
to the substitution

0 ;
AR PEHE
= Aty | = i -
. (?x “ fds
Rewriting the total Lagrangian
£ = —AL/b—Bi b4+ Ty, [0, — (1g/2) A, — (ig'/2) B, L
-+ Ry, (0y+ig'By) R+ 0" + (1g/2) ¢*5A, + (ig'/2) ¢*By]
X (96— (ig/2) vAu$ — (ig'/2) Bup] — V2 (R$*L+L¢R).

(36)
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we find that the last terms in the Lagrangian take the
form

auxdux/A—p2 [(A+ %)V 2R —R [(A—2)/V 2)¢
+[(g*+ £"%)8] (A*+ %) ZuZy -+ (8%4) (A + X WiWy

—(f/2) (A4 x)ee,
where
Z,=(gAn—g'B) V& +e? (37) .
is a neutral vector field,
An=(§'A3u+§Bu){Vg2+glz (33)
is the electromagnetic field,
Wi =(Au £14,0)/V 2 (39)

are charged vector fields.

We write out separately the Lagrangian responsible
for the interaction of the weak leptonic currents and
electromagnetic currents with the fields of the vector
particles in the framework of the SU(2) XU(1) gauge-
symmetric Weinberg-Salam model and discuss its con-
sequences for some leptonic processes,

We consider the Lagrangian (24), rewriting it in the

form
Zine= (8/2) Lyuts LAy + (8/2) (DyymiLAys + DyytaLAyy)
—g' (Ey,L/2 + Ry,R) B,. (40)

By trivial calculations, we can reduce the second term
of (40) to

(eV22) (JiwWi + JawWi), (41)
where Jy and W, are given by (20) and (39), respec-
tively. We represent A,,; and B, in the form

Ayg= A, sinBy-+Z, cosBry; By = A, c0s By — Z,, sin By, (42)
Then, taking

gsinby =g’ cos By =e, (43)

we find

(E’z)ivuTaLAus —g (Z?uLIQ + F?uR) B,
=(V &2+ g'2/4) {(4 5in® By — 1) eype
+VeVu (L + T6) Ve —Vuvse} Z, — eépue

In the final form, the Lagrangian of the interaction of
the neutral and charged currents with the fields of the
vector particles is written as

L= —cevued, -+ (V @+ g'84) {(4 sin? O — 1) eyye
—';e‘\’u (1 =+ ¥s) Ve_e_'\'u'\"&e} Z, + (g/2 VE) {;v"r’u (1 +ys) eWy
ey (1 -+ ys) v W)

In the Lagrangian (44), the first term describes the
interaction of the electromagnetic current of the elec-
tron with the field of the massless photon, the second
term the interaction of the weak neutral current with
the field of the massive intermediate neutral boson Z,
and the last term the interaction of the weak charged
currents with the fields of the charged massive inter-
mediate bosons W3,. To obtain the Lagrangian anal-
ogous to (44) for the interaction of the muonic currents
with the fields of the vector particles it is sufficient in
(44) to make the change of field variables e—~ u, v,— v,.

(44)
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It follows from (43) that!’
(45)

We can rewrite the second term of the expression (44)
in the identical form

g0y =g'lg; e=ge'lV g

(V82+€'222) (4/2) {vevu (1 +v5) 'Vz'_e_'l’n (147ys)e
—4sin® Oy (—evue)} Zu = (V g8+ 87%/2) T2,
where

(46)

JE = (1/2) [(Jow — & sin? 0 J5™ ], (47)

As a result, we arrive at the following “prescription”
for constructing the interaction Lagrangian of the lep-
tonic currents and the fields of the vector particles:

=eli™ A+ (V EFE2) 152,
—(g/2VD) (JiwWn +TpwWh).

£

int

(48)

Comparing the theoretical and experimental values
of the electromagnetic and weak coupling constants, we
can readily estimate that

My = (g2 V 2/26)"* = (1/2 ) 2| sin Oy | ) (&2 V 26)"* = 60 GeV,  (49)
My =Myyi|cos By | = 75 GeV . (50)
Here, we have used the experimental values of the
Weinberg angle? :
sin? By = 0.25 (51)

and the Fermi coupling constant of the weak interaction
G =10"%/m2, where m, is the proton mass. As can be
seen from the structure of the Lagrangian (48), it
contains an interaction of weak neutral currents with
the neutral intermediate boson. The ordinary Fermi
theory does not contain an analog of such interactions
directly in the first order in the Fermi coupling con-
stant. The most direct verification of the theory can
be made in experiments on the processes

(52)
(53)

ve (Vo) e = v, (V) +¢;

Vu (;u) +e—>w (;u) +e.
The effective Lagrangian for these processes in the
region of four-momentum transfers |¢?| =m% and

squares s < m% of the energy in the center-of-mass
system has the form

Hegg= GV 2) [vern (1 +75) vel [e9y (Cv + Cavs) €], (54)
where
Cy=41/24 2sin20y; C,=+1/2. (55)

In the ordinary V —A theory, Cy=C, =1 for the first
process and Cy =C, =0 for the second. It follows from
the available experimental data on the processes (52)
and (53) that sin®6,~ 0,2 = 0,35. In the construction and
use of the Weinberg~Salam SU(2) x U(1) gauge scheme,
the hope was expressed that such a theory will be re-
normalizable, We emphasize, however, that some

D Translator’s note; The Russian notation for the trigonome-
tric, inverse trigonometric, hyperbolic trigonometric func-
tions, etc., is retained here and throughout the article in the
displayed equations.

? According to the latest data, sin?6 p = 0.26+0.03 in v,N and
? N interactions.
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FIG. 2.

theories can contain so-called Adler anomalies.2%2!
The simplest of these anomalies are due to triangle
diagrams of the form shown in Fig. 2. However, one
can construct gauge theories in which the sum of the
contributions of the anomalous diagrams vanishes., A
necessary and sufficient condition for the existence
of such theories is*

Sp’ Sp [y*{I", T%}I]=0 (56)

for all @, b, and ¢, where the curly brackets denote
the anticommutator. Note that the first trace is taken
over the Dirac y matrices, and the second is taken
over the matrices L{; and R{; of the operator

Tf= LY (1 +s) + R (1 —7s). . (57)

Thus, if we wish the theory to be renormalizable in all
orders, the condition (56) must be satisfied. Note also
that there can be cancellations between the leptonic
and hadronic contributions to the anomalous Adler
diagrams.

For models constructed on the basis of SU(2) x U(1)
symmetry, the condition for the absence of anomalous
contributions takes the very simple form

2 @r)Qi=0, (58)

i

where the summation is over all fermions that have
charge @; and third component T} of the “weak iso-
spin.” Note that in the Weinberg—-Salam model the
sum (58) is equal to —2. Therefore, there must exist
additional hadrons or (and) leptons, whose contribution
to the sum (58) must be +2 if the sum is to vanish.

As for the purely leptonic case, one can also realize
the Weinberg—Salam model in the hadronic sector.
Below, we shall briefly consider some of the results
of such a realization in the framework of a scheme
with four quarks.

Weak Interactions of Hadvons. The GIM Quark Model.
As was noted earlier, the weak strangeness-changing
interactions of neutral and charged currents have the
same order of magnitude in a model with three quarks
(#,m,A). This has the consequence that the decays
K;=p'u” and K* - p*v must have comparable proba-
bilities,?® which is in gross disagreement with ex-
periment. This contradiction is an argument for the
introduction of a fourth quark with unusual quantum
number (charm or something else). The discovery of
particles of the y family®**?® was a serious argument
in favor of schemes with four quarks. We shall discuss
one of the most popular models, which includes a
charmed quark alongside the three ordinary quarks.

In 1970, Glashow, Illiopoulos, and Maiani'! proposed
a model for the weak interactions (the GIM model), in
which they introduced an additional “supercharged”
quark, with a new quantum number “charm.” Even
earlier such a possibility had been considered in Ref.
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26. The GIM model can be naturally generalized by the
introduction of Yang=Mills fields; this removes the
main difficulty of the theory of weak interactions—

the problem of renormalizability.® The Lagrangian

of the weak interactions in the GIM model correctly
reflects the empirical selection rules in weak inter-
action processes and the relations between the con-
stants of the phenomenological theories of this inter-
action. The introduction of the fourth quark is also
attractive on aesthetic grounds, for example, to
achieve quark—lepton analogy. It is well known that in
nature there exist four leptons (as yet we shall not
mention the heavy leptons even if they do exist), name-
ly, ve, vu, €, u°, with charge differing from one
another by at most unity. If we introduce a fourth
quark with the same charge as the proton quark, it
completes the symmetry between the quarks and the
four leptons: Both quadruplets (leptonic and quark)
have an as yet unexplained asymmetric mass spectrum
and consist of two pairs of objects (leptons and quarks)
whose charges differ from one another by unity,

The weak charged leptonic V = A current can be rep-
resented in the form

Tu=TCrm, (1 =vs) L, (59)

where [ is the column vector

and the matrix C; has the form

0

0
c={,
0

010
0 01
000l (60)
000 '
By analogy with the expression (59), the weak charged
hadronic V —A current can be written as

Ti=aCavu (1 +75) ¢, (61)
where g is the column vector

c

> 8 ™

of quarks. Here, p, n, and A are the ordinary SU(3)
quarks, and the additional quark ¢ has the same charge
as p (i.e., +2/3), but has a new quantum number—
charm [C(c)=1]. The matrix Cy has the form

0 0 —sin®; cos0,
00 cosB, sinf,

Ca=|o o 0 o |- (62)
00 0 0

3 As we have already noted, in the framework of this model

there exists a special type of divergent diagram associated
with so-called Adler anomalies. Ways of eliminating such
anomalies were discussed above,
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Defining the matrices C§ and C as the commutators
of the matrices C, and C; and Cy and Cj, respectively,

10 0 0
0 A 10 0

Ccr=[Cy, Cn’* 00 —1 0 ﬂ[cﬂu Chl=Ch, (63)
00 o0 —1

we obtain the following expression for the zeroth
components with respect to the SU(2) algebra of weak
charges (both leptonic and hadronic):

T =;u"r’u (1 + ys)va ':”T'r’Vu (14 7ys) ve

—eyu (1 +vys) e—pyu (1 + ) i (64)

Thr=cvu(l +vs) ¢+ P (L vs) p—nvu (L +¥5) n—Fyu (1 +v5) A (65)
To construct the neutral weak current interacting

with the field of the neutral gauge vector boson Z, it is
sufficient to use Eq. (47), which also holds in the had-
ron sector. Thus, in the GIM model the weak hadronic
neutral current can be written as

U= 17 = At
S P = L p—g

Pl o
e L Yy —5 - p— A, L

n _—%'Vu 3

9 - p— -_ —
— 25in2 By (%cvuc +% PYuP —%nvun—%?\.v“l) , (66)

where 6y is the Weinberg angle and the fractional
charges of the quarks have been taken into account in
the term in the curly brackets. The interaction La-
grangian of the quark currents with the fields of the
vector particles is given by Eq. (64). The charged
quark currents interacting with the fields of the
charged gauge bosons can be expressed in terms of
(61), and the electromagnetic quark current has the
form

Ji™ = (213) (evue + Pyap) — (1'3) (yun —Eyub). (67)
As can be seen from the expression (66), the neutral
weak hadronic current does not contain nondiagonal
transitions and the problem of the strangeness-
changing neutral currents is automatically eliminated.
The first experimental indication of a possible viabil-
ity of the scheme of weak interactions with Lagrangian
of the form (48) was the discovery with the Gargamelle
chamber!'? of the neutral inclusive neutrino processes

vy-+.J" = v, -~ hadrons, (68)
Vu.}* = Vu+ hadrons. (69)

The data on the reactions (68) and (69) (Ref. 27)
agree with the Weinberg~Salam model of weak inter-
actions and GIM if the Weinberg angle has the value
(see also footnote??)

sin2 By = 0.33 = 0.03. (70)

This same value is consistent with the data on neutral
weak currents in the elastic scattering of neutrinos
on protons, v,(¥,)P-v,(¥,)+P, and in neutrino—
nucleon interactions with production of a single sec-
ondary pion.2® For a complete proof of the validity

of the Weinberg—Salam and GIM model it will be
necessary to continue the detailed experimental study
of the spatial and isotopic structures of the neutral
currents. At the least, the experimentally established
effect of P parity violation in processes of interaction
of weak neutral currents is an important criterion for
selecting many-quark schemes (r,> 4) of weak inter-
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actions. In particular, this effect indicates the need
to pay particular attention to the problem of a vector-
like neutral current (see Sec. 3).

As can be seen from Eq. (61), the weak hadronic
charged current is a linear combination of states that
transform as a product of representations of SU(4):
4*®4=15®1. The critical investigation of the GIM
scheme is based above all on study of the semileptonic
and nonleptonic hadron decays. When we speak of semi-
leptonic processes, we have in mind the program of
study of decays of charmed mesons and baryons of the
form!®

H - HL(lv), (71)

where H, is the charmed hadron, H is an ordinary
hadron, [ is a lepton (u or »), and v, is the corre-
sponding neutrino. Besides the processes (71), con-
siderable interest attaches to the production of single
charmed hadrons in interactions of neutrinos with
matter.

2. FOUR-QUARK MODEL AND GENERAL PRINCIPLES
FOR CONSTRUCTING GAUGE SCHEMES OF WEAK
AND ELECTROMAGNETIC INTERACTIONS OF
LEPTONS AND HADRONS

Gell-Mann's Hypothesis and the Universality of
Weak Interactions. The SU(2) Algebra. Lepton-—
Hadvon Analogy. The idea of lepton—hadron analogy
was preceded by the hypothesis of universality of the
weak interactions and Gell-Mann’s related current
algebra hypothesis.?® This last hypothesis supposes
that the time components of the vector and axial-
vector currents satisfy the equal-time commutation
relations

[Tk (@), T ())womyo = 18 (x —¥) FrumPh (2);

(5% (). F® (@)]wompe = 18 (x —¥) Fram T (7); } (72)

[FE° (), F° (1))aompo == 10 (X —¥) Framiim (2),
where f,;, are the structure constants of the group
SU(3) [or SU(4)]. We define operators of “weak
charges” corresponding to octets of weak vector and
axial currents:

iz = | dx (2) (73)
and

F3 (@0 = | ds3° (@) (14)

A more general formulation of Gell-Mann’s hypothesis
is the postulate that the following commutation rela-
tions hold [for the operators of the weak charges (73)
and (74)]: Y

[Fy (29, F1(29)]=ifxmF (@0); (75)

[Fr (2, Fy(@)]=ifpimFm(#); }
[F3 (2%, F}(2%)] = ifnimFm (29)-

These relations also have meaning when Schwinger
terms are taken into account on the right-hand side

of (72) (Ref. 30). The current algebra postulate (75)
fixes the scale of the weak currents and permits a new
formulation of the hypothesis of universality of the weak
interactions. In its usual formulation, this asserts that
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the weak interactions responsible for g and 1 decays
have the same magnitude (i.e., they are characterized
by the same coupling constant). This means that in the
total weak current the leptonic and hadronic parts
responsible for the strangeness-conserving transitions
occur with the same coefficients, i.e., the currents
(pn) and (7, L +7,€) have the same coefficient. In gen-
eral, allowance for strong-interaction renormalization
effects must change the vector constant of the current
pn. However, as was shown in Refs. 31 and 32, it
follows from the hypothesis of conservation of the
vector current that this constant is not changed. Such
a formulation of universality is somewhat inconvenient.
It cannot be generalized to the case of decays of
strange particles generated by the current A, since
one then obtains decay rates that are ten times greater
than the experimentally observed values. In addition,
one cannot explain the discrepancy of a few percent
between the values of G, and G, (G, and G, are the
Fermi constants of the weak interaction in the 8 decay
of the neutron and the decay of the muon).

Following Gell-Mann, one can obtain a new formula-
tion of the universality hypothesis that does not require
one to express the weak current in terms of the fields
of strongly interaction particles. We define the weak
leptonic charges by

W=7 | dxit@=7 [ dxiid+wp+vi@+res  (76)
Wes5 | @ (v vute A+pvl =W (77)
and introduce the equal-time commutators
[W1+. W[—] = 2W13; [Wra, “’Ii] = iwtt: (?3)
where
W= § e Bid vt A+ v p ‘
+ ¥ (L s ve—e' (1+ys)el. (79)

Thus, the charges W,. and W,, close the SU(2) algebra.
In the formulation of Gell-Mann universality, it is
postulated that the hadronic weak charges

W,oo=ms S dxJ0y, Wi-=Wis (80)
satisfy the same commutation relations as the leptonic
charges:

[(Whe, Wil =2Whp,, [Wp,, Wii]=%W, . (81)

If the hadronic current has the form [the case of
SU(3) symmetry]

Th= (5t + i — 1 — 151 cos e + (5L +1F —Fi" — i) sin 6, (82)
then the relations (81) are satisfied if the hadronic
weak charges have the form

W, =(1/2) (Fy = iF,— F§ T iF}) cos 0,

+(1/2) (Fy £ iF;— F3F iF}) sin 0,; (83)
Wag= (1/4) (1 082 B) (Fs — F3) 4 (1 3/4) sin2 @, (Fg—
—(1/2) sin 0, cos B, (Fy— F3). (84)

Thus, the definition of the weak current in the form

(82) and the postulation of the commutation relations
('75) are sufficient to ensure universality of the weak
interactions in the sense of the relations (81). These
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relations coincide with the commutation relations for
the generators of SU(2), Note that whereas the exis-
tence of the analogous relations (76) can be directly
verified for the leptonic weak charges, for the hadrons
they are postulated. In other words, it is assumed that,
despite the strong interaction effects, the weak had-
ronic charges form the same SU(2) algebra as the
leptonic charges. Frequently, the following generaliza-
tion of the current algebra hypothesis is helpful:

(Fa (e, i (@) = ifunn @i )

[Fl-a (9), '__‘ﬂ,’ (3)] =ifuim '!'m. “(z); l} (35)

[F} {In)l ?"' (I}] = lfk!nﬂ‘fm (-75)! | :

(F} (29, 5" @) =ifum¥n (@)
These relations can be used to obtain the commutators
of the charges F, and F;}with the effective Lagrangian
of the nonleptonic weak decay. The Lagrangian of the
nonleptonic weak decay constructed on the basis of
the GIM scheme can be represented in the form

‘Z x:lt'!f xeﬂ’ (86)

where pc and pv stand for parity conserving and parity
violating. Then, using (85), we obtain

IF} (), E5(@)]=[Fy(29), L@
[F}(2), Log(@)]=Fr(2%), Lip(2)];
[Fy (20) + F a9), x’;’f‘r(a:)]— ; ‘
These commutation relations were used to study the
nonleptonic decays of K mesons and hyperons, Note
that the inclusion of V +A currents in the weak inter-
action schemes somewhat modifies these relations and

can violate some of the connections known in current
algebra.

(87)

Consequences of the Commutation Relations for
Weak Charges in a Scheme with Four Quarks. It is
readily seen that the weak hadronic currents of the
GIM model satisfy the charge algebra SU(2). The next
step is to find all possible schemes with quark cur-
rents in the four-quark model that realize the same
algebra and in the three-quark limit go over into the
ordinary Cabibbo scheme. The existence of schemes
differing from the GIM scheme is perfectly possible,
since the relations (81) are essentially nonlinear rela-
tions. The theoretical basis for the existence of dif-
ferent physically acceptable schemes of the weak quark
currents is the very deep idea of universality of the
weak interactions reformulated in the language of the
commutation relations (81). The possible ambiguities
that arise in virtually any theoretical model based on
the least number of assumptions must be eliminated
in what follows by comparing the predictions of the
model with the experimental data.

Following Refs. 34-36, we formulate the main hy-
potheses used in the construction of the model:

1. The weak hadronic currents belong to the regular
representation of SU(4).

2. The SU(2) algebra for the weak charges.

3. Universality of the weak interactions for leptons
and hadrons.

More specifically, we shall assume that the most
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general form of the weak hadronic current for transi-
tions with AQ =+1 has the form

o 112 1202, 4t Lis
Fn==a (Fu —Fan )+ O(FS—Faw )

1Fi12 11712 13T o 13Tk
Fe(Fu T —Fsm ) +d (T — o )

(88)

To determine the coefficients a, b, ¢, and d of the
transition currents p—n, p—2A, c—n, and c—A,
respectively, we require that the weak hadronic
charges (80) satisfy the commutation relations (81).
The use of the relations (81) with allowance for the
equal-time commutation relations (72) (the explicit
form of the structure constants for the group SU(4)
is given in Ref. 120) leads to the following system of
equations for the coefficients a, b, ¢, d:

a® +ab®+ac?+bed —a=0;

b 4-ba? +4-bd? +-acd —b=0;

3 ca®+cd2-abd —c=0;

d? 4-db? 4-de 4-abe —d =0,
Solving this system, we find two classes of nontrivial
solutions:

(89)

L a2 b=t pd2=1;
I a2 b2 e Ld2=1;

(90)
(91)

ac = — bd;
ad =be.

Thus, the lepton—hadron symmetry (81) makes it
possible to elucidate the structure of the hadronic cur-
rent and, accordingly, fixes the scales of the leptonic
and hadronic parts of the weak currents.

The solution (90) can be represented in the para-
metric form a =d =cos§,, b=-c=sinf, where 6, is
the Cabibbo angle., Using the parametrization of the
solution (90) in the expression for the neutral current,
we can readily note that the strangeness-changing
neutral currents 5, and ¥%, and the charm-changing
currents 3 and ¥2, vanish, As a result, for the
charged currents (88) we obtain an expression of the
same form as for the corresponding quark currents
in the GIM model.

The second solution (91) can be conveniently rep-
resented parametrically in the form

a=co0s0;cos0,;

b=sinB,cos0,; ] (92)

¢ =0080;s8in0,; d=sin0B;sinb,,

where 6, is a new parameter that can be conveniently
called the charm angle.

Note that if this parameter vanishes, 6, =0, then,
despite the existence of the quark ¢, charm-changing
currents will be absent. It follows from data on the B
decay of the neutron that the charm angle must be fairly
small, at least 6,< 6,. The product cosé,cosé, can
be chosen in such a way that its value corresponds to
the observed difference between the constants G, and
G,. As a result, the scheme with the solution (91)
has a strong qualitative difference from the scheme
with the solution (90), since the strangeness- and
charm-changing currents 714 and #:¥'*4 are in this
case additionally suppressed by the smallness of the
charm angle 6,., The production of charmed particles
in weak interaction processes is then suppressed by a
factor sin®6,. The cross sections for the production
of charmed strange particles is suppressed even more
(by a factor sin?6, sin®8,).
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Everywhere above we have assumed that the hadronic
currents have a V —A space-time structure. However,
this restriction is not necessary and, as will be shown
in what follows, is by no means dictated by the exis-
ting experimental data. We therefore go over to in-
vestigation of the more general formula

Ju=al =P L A5 bR L Ay

' FUUFI12 | e 4115112 13i14 ¢ qldFild
eV T e Ay +dV, T d A

(93)

for the current with as yet arbitrary relations between
the vector and axial-vector parts of the currents. For

convenience in the following calculations, we introduce
half-sums and half-differences of the coefficients of the
individual terms of the current (92):

A=(a+-a')2; B=(0+0)2; C=(c+¢')2; D=(d-d)2;

Ai=(a—a' )2 By=(b—b)2 Cy=(c—¢)i2; Dy=(d—d')2.  (94)

The requirement of the lepton-hadron symmetry (81)
leads to decoupled systems of equations for the sets

of quantities {#} ={A, B, C, D} and {¢,} ={A,,B,,C,, D},
which have exactly the same form as the system of
equations (89). Choosing a solution of the type (90) for
the coefficients {4,, B,, C,, D,} and the trivial (zero) so-
lutions for the set {A, B, C, D}, we obtain the GIM
model, whereas a solution of the type (91) for the set
{A,,B,, C,,D,} and trivial solutions for the coefficients
{A, B, C, D} leads to the nontrivial result (92).

We now consider the following combination of solu-
tions: of the type (91) for the set {of} and of the type
(90) for the set {d,}. Then for the coefficients in the
expression of the current (93) we obtain the parametric

solution
a=coscacosfi—cosB;; c=cosasinf—sinf,;

a' =cosacosP-—cosB; ¢ =cosasinf 4 sindg;

(95)

b= sina cosp — sin B;
b’ = sin a cos fi —sin O;;

d =sine sinff - cos O;
d’ =sinasinf —cos f,,

where « and § are free parameters.

One of the main requirements imposed on the struc-
ture of the current (93) is conservation of the Cabibbo
form for the ordinary quark currents. Naturally,
this requirement leads to definite restrictions on the
currents of the charmed particles. The above require-
ment can be satisfied if, for example, 8= n/2. The
possibility that cosg#0 is an advantage of the above
analysis. If cosg #0, it follows from the theory, for
example, that one can reproduce the correct relation
between the vector constants G, and G, of . and B
decays.

The neutral component of the weak current [the third
projection with respect to the SU(2) algebra] in this
scheme has the form

=T [2(A2+ A - BBl 2 CY)
~ A3 2 (42— A = B2— B2 — (Y]
—2U§, B A,B,~—CD = C,D,] — 24}, [AB— A,B, — CD —C:D,)
— VBB~ B+ (23)(D*— D} — (1/3) (C* +C}))

— ' 3 AL [B2— B — (1/3) (C2—C}) - (2/3) (D*— DY)
+2V3,[AC — A€y~ BD + B,Dy] ~ 243, [AC — A,Cy + BD — B,Dy]
—2 VI3V, —C - D+ DY)

—2V 73 Al lct—Cr - D2— D). (96)
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Experimentally, it is known that the processes due to
the currents J3,(V§,,Ad,) (the transitionsn 1) are
strongly suppressed. In the model (96), the coefficient
of the current J3, is sin2a. It follows from the ex-
periments that sin2a@<<sin6,. The rigorous equality
a=0, 7/2 need not necessarily hold.

The coefficient of the current J3, is equal to sin28.
This circumstance automatically leads to a strong
suppression of interactions involving neutral currents
and a change of charm since g= /2. As a result, in
the current (93) the coefficients have the approximate
values

a=cosBe; a' '~ —cosbOy; barsinBy; b~ —sinb,;
a) cxl1—=inbg ¢' = 1-+-5inf;; dxcesB; d =—cosbe, ax0;
6) ¢ &~ —sinl;; ¢ asinfg; d =~ 1+ cos 6; (97)
d' = 1—cosb,, a=mn/2

The values of the parameters (97) do not contradict
the existing experimental data and can be regarded as
an alternative to the GIM model.

Right-Handed Currents*** (cn) and (22) and Some
Problems in the Physics of Weak Decays of Hadvons.
In the physics of the weak nonleptonic decays of hyper=-
ons and K mesons there is a well-known empirical
rule of enhancement of transition amplitudes with
AI=1/2, Arguments based on current algebra or on
asymptotic freedom in the framework of the GIM
scheme are inadequate for the quantitative explana-
tion of this enhancement, although an enhancement by
a few times of the term in the Hamiltonian that trans-
forms in accordance with the representation 8 of the
group SU(3) as compared with the term of the represen-
tation 27 can be justified. Experimentally, the am-
plitudes of transitions with AI=1/2 exceed the am-
plitudes of transitions with AI=3/2 by a factor of more
than 20, This follows from comparison of the partial
widths of the decays of K3 and K* mesons into two
pions:

T (K§— n*n”)/T (K* — *a0) ~ 500 — 600, (98)

Experimentally, it is also known that the amplitude of
transitions with AZ=3/2 in the decay K*— 7" 7° has the
same order of magnitude as the amplitudes of the
semileptonic channels of K'-meson decay.

In the framework of the scheme with four quarks
(p,n,r,c), the inclusion of a right-handed charged
weak quark current

Jh=Jy ey, (1—ys) (99)

makes it possible to explain® the enhancement of tran-
sitions with AI=1/2. In the present case, the effective
Lagrangian for nonleptonic weak decays of quarks with
|aS| =1 has this property:

L= (G cos B/ V') {ey=(1 & Vs) Anya (1 —ys) €
+sin B¢ [py* (1 4 ys) Anye (1 -=v5) P

— oy (1 -+ y5) Anya (1 +75) €]} + hec. (100)

At the same time, there is no need to consider ad-
ditionally dynamical mechanisms ensuring enhance-
ment of transitions with AT=1/2.

The introduction into the theory of V +A current of
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the type (Cn)g or (€M); also makes it possible to elimi-
nate the well-known difficulty associated with the ex-
istence of the decay K 2— 27, Let us recall the essence
of the problem. In the naive quark model, the octet
part of the effective nonleptonic Lagrangian responsible
for transitions with |AS| =1 and AQ =0 transforms as
the matrix A; (Ref, 7). It is easy to show that in exact
SU(3) symmetry the decay K - 27 can be realized only
through the 27-plet part of the Hamiltonian, and must
therefore be strongly suppressed. But experimentally
this decay is the main decay channel of the K ? meson.
It seems remarkable that the main decay channel should
be realized entirely through breaking of SU(3) symme-
try. Consideration of V +A currents (cn)z or (CA); in
the four-quark scheme removes this problem. Indeed,
the P parity violating part of the interaction Lagrangian
(100)

eyt (1 L yg) kg (1 — ;) e ~ hec. (101)

transforms as the seventh component of the regular
representation, as the matrix A,. Under these con-
ditions, the decay K 9- 27 is allowed in exact SU(3)
symmetry.

On the other hand, the appearance in the Lagrangian
of the weak nonleptonic interactions of a V +A current
of the type (Cn); without suppression due to the small-
ness of the Cabibbo angle leads to some difficulties of
the scheme. The most serious of them is the appre-
ciable increase in the K — Kg mass difference.®® In
what follows, we shall indicate a possible way of over-
coming this difficulty based on the hypothesis that there
exist virtual transitions that change the color quantum
number (see also Refs. 41 and 81).

A further difficulty of the scheme relates to the re-
strictions that can be obtained from the chiral struc-
ture of the nonleptonic weak Hamiltonian responsible
for |AS| =1 transitions in the study of the amplitudes
of kaon and hyperon decays on the basis of current
algebra and PCAC. We have already pointed out that
the introduction of new currents with V +A space-time
structure can violate the commutation relations (87).
Representing the nonleptonic Hamiltonian with [AS|=1
in the form

(102)

where the superscripts 1 and 3 refer to the components
of the Hamiltonian responsible for the transitions with
AI=1/2 and 3/2, respectively, we can, following Ref.
42, define four classes of models that differ by the form
form of the commutation relations between the Hamil-
tonian (102) and the operator F},i=1,2,3:

Hw=Hw+Hw,

[F3, Fwl=1F, &Wwl-F, vl i)
[F}, S w)l=—IF: W) +[Fi, Fwh . (II)
[FY Hwl=[Fi, Fwl—I[Fi Sivl; (1)
(F3, $twl= —I[F;, FWwl—I1F:, 5l (IV)

Note that the usual model with V = A currents be-
longs to class I. The existence of the right-handed
current (¢n); leads to a commutator of type II. To
understand the difference between these classes, we
must return to the study of the nonleptonic decays of
kaons and hyperons. Thus, a fairly successful pre-
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diction of the structure of the K 2- 37 amplitude in
terms of the experimental parameters of the K 9— 27
decay using current algebra and PCAC requires that
the Hamiltonian Hy*5'*! satisfy commutation relations
of either class I or class II. At the same time, com-
parison of the s- and p-wave amplitudes of the hyperon
decays leaves an arbitrariness in the choice between
the commutation relations of the classes I and III. As
a result, the nonleptonic Hamiltonian H}25"! must
belong to class I. Thus, the schemes of weak inter-
actions with SU(2) gauge symmetry in which one con-
siders unsuppressed right-handed currents with the
participation of the #» quark encounter an additional
difficulty. Introduction into the theory of a right-handed
current of the type (cA)z keeps the theory in the class I,
this being due to the fact that, except for the Cabibbo
angle, the (CA) current is a vector current. Such a
structure of the current (¢A) does not violate the com-
mutation relations (87).

It was shown in Ref. 81 that the introduction of an
unsuppressed right-handed transition () in a theory
in which there are color-changing transitions does not
contradict the known value of the K °— K° transition
amplitude. It is true that in this case the nonleptonic
Hamiltonian responsible for transitions with A7=1/2
contains a small coefficient, namely, sind,, As cal-
culations in theories with asymptotic freedom show,
introduction into the theory of right-handed currents
makes it possible to obtain an appreciable dynamical
enhancement of transition amplitudes with AI=1/2
by a factor of 10~20 compared with amplitudes of
transitions with AI=3/2 (depending on the number of
quarks in the considered model: n,=4, 6, 8).%

The GIM scheme, which fairly successfully de-
scribes a wide range of experimental data, may itself
be part of a more complicated scheme containing,
for example, six, eight, or more quarks. If such
schemes do not at least contradict the experiments, it
is worthwhile studying in their framework the mech=
anisms and values of the amplitudes of transitions of
the ordinary quarks (p,n,A) into the new quarks (c and
others). An interesting way of verifying the existence
of right-handed currents of the type (€n)z or (ZA)g
could be by studying radiative decays of hyperons, It
is known that the parity-violating parts of the ampli=~
tudes of the decays Z* - Py and =~ — Z°y vanish in the
SU(3)-symmetric limit if the charged weak current has
u-spin symmetry for strangeness-changing processes.
This is true in both the Cabibbo and the GIM scheme.
If the strong interactions are “asymptotically free,”
this result remains true for all weak interaction models
containing only left-handed weak currents. If exper-
imentally one were to observe significant parity viola-
tion in the decays Z'— Py and E” - Z”y, one could then
conclude that there exist right-handed charged weak
currents of the type (¢n)z or (€A);. Moreover, the
available experimental data on the sign of the param-
eter of the angular asymmetry in these decays seems
to favor the existence of the current (¢A)g; for more
definite conclusions, it is necessary to raise consid-
erably the accuracy in the measurement of the angular
asymmetry in the radiative decays of Z* and =",
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Summarizing our discussion of the possibility of
introducing unsuppressed right-handed weak currents
of the type (Cn); or (€\) into the theory, we can give
preference to the second type of current, As an ex-
ample of a scheme including right-handed currents we
can mention the six-quark model (of the type proposed
by Harari**) which will be discussed below.

On the Possibility of CP Parity Nonconservation in a
Model with Four Quarks. We discuss briefly a pos-
sible generalization of the scheme. If it is assumed that
the coefficients in the current (93) are complex, then
the following relations for the coefficients that de-
termine the weak currents can be obtained from the
commutation relations:

— BD*,
ACt= —B,D7.

|AP+|BE=|CP~|Dp=1; AC*=
| 40| By = | Cu | Dife=1;

(103)
(104)

The assumption that the coefficients are complex
makes it possible to include in the treatment the neu-
tral-current components J 7 and J'°, which have CP
parity opposite to the sign of the CP parity of the
currents J ® and J°, This example demonstrates
the possibility of introducing CP parity violating inter-
actions into the scheme., The possibility is realized
by the existence of a solution of the commutation rela-
tions that is not identical with the widely adopted GIM
model, !

Let us consider the example of the model of weak
interactions with CP nonconservation**"% in the
framework of the scheme with four quarks (p,n, X, c).
We assume that the gauge symmetry is SU(2), ® SU(2)z.
Using the complex solutions (103), we find the part of
the Lagrangian of the weak interaction of the quarks
with the W bosons that contains complex coefficients
of the strangeness-changing transition currents:

L= 8L {;,_-;,“ (r2y cos B --exp (i6.) Ay sin B;) Wiy

ey [exp (—i6g) ny, in 0, 2y cos 8] Wi} +he (L - R). (105)

The effective Hamiltonian of the nonleptonic weak
interactions between the quarks with strangeness
change AS =1 can be represented in the form*:+’

ST = [frexp (—iby) + frexp (— idg)] L™
+[frexp (—iby) —frexp (—ibg)] £ L h.c., (106)
where
j]l(‘ =(Vo-Vg+ - An-Ags) sym“ (Via-Vis -~ AH-AK+);yms } (107)
LM (VA g + An-V i) sym— (Vi-Ajer + Af-V)sym -

Here, we have introduced the following notation for the
vector and axial quark currents: Vy- =py.n; Ag-
=PYu¥st; VE=Crun; Ve =pPul; Vie=cy,); Ap
=DYu¥shi Ak =Tru¥A; (Va-Vis)gm=Va-Vi. +VgVp-,
etc. The effective coupling constants f; and f; are
determined in the static case by the relation

fr.r= g}-’h R Sin (QGQJIIG:nE‘,L i

Redefining the phase of the field of the X quarks, we
can rewrite the Hamiltonian (106) as

G =8P P (108)

where
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8" =G (L +2"™); |
Pt =GpeosE L™ + L£7P'); P =iGpsin E[L™ - L ;

Gsy=ToVT+& £ 2e0038; 6=a—by;
P

tg E=2esin 6/(1 —e%); e=fr/fr.

l (109)

The Hamiltonian (108) contains explicitly CP parity
violating terms. Note that CP parity will be conserved
in nonleptonic hadron decays if one of the constants

(fy or fz) is zero and (or) 6 =6, = 65 =0. Note also that
the CP-even and CP-odd operators P* and P~ in the
Hamiltonian (108), which violate P parity, satisfy

the relation

(T3, P7)=(i/2) (tg §) P (110)

From this there follows automatically equality for the
decay parameters of the K° mesons, |n,.|=|nyl, with
relative phase &, . approximately equal to & _
=tan"!(2Am/T's), where Am =my, —mg is the mass
difference of the K9 and K% mesons and I'g is the total
K% width.*” d

Thus, suppression of the CP violating effects can
arise through a small value of the ratio f3/fz, while
there remains the possibility of “ maximal” CP viola-
tion 6 =w/2. It is readily seen that the CP parity vio=-
lating part of the effective Hamiltonian (108) corre~
sponds to transitions in which the strangeness changes
by unity, |AS|=1. Therefore, its contribution to the
electric dipole moment d, of the neutron is small.
Under these conditions, the main contribution to the
dipole moment of the neutron must be made by pro-
cesses of interaction of quarks by the exchange of
Higgs bosons (the terms corresponding to hyper-
charge-conserving transitions, AY =0, and terms
that change sign under P and T transformations).

3. WEAK CURRENTS IN MANY-QUARK SCHEMES
WITH COLOR DEGREE OF FREEDOM AND NEW
QUANTUM NUMBERS

Color Degrees of Freedom in Gauge Theories. The
investigation of weak and electromagnetic interactions
in the framework of gauge theories appears incom-
plete if one does not use the available information about
the internal structure of hadrons obtained in high-
energy experiments. Study of the structure of hadrons
revealed in lepton—hadron and hadron—hadron deep
inelastic interactions, and also in processes of e*e”
annihilation into hadrons at high energies, shows that
the quarks behave as free point objects within the
hadrons. At distances shorter than the radii of the
hadrons, the effective coupling constant of the strong
interaction between the quarks and the gluons is
small (g2/4r~1/5). This circumstance can be used by
assuming that the weak, electromagnetic, and strong
interactions can be described in the framework of a
unified theory**~% based on some gauge group char-
acterized by a single universal coupling constant. The
large differences between these forms of interaction
established experimentally in the energy range of the
contemporary accelerators must have a natural ex-
planation in such theories. From this point of view,
it is very important to study the properties of weak
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interactions due to neutral currents; indeed, it is
important to study the conservation or nonconserva-
tion of P parity in neutrino-nucleon interactions, in
weak muon-nucleon interactions at high energies, and
in neutral transitions in atomic physics, and also to
study neutral currents that change the strangeness and
charm in lower and higher orders in the Fermi cou-
pling constant G in perturbation theory.

In gauge theories there exists a further possibility
for symmetry breaking; for example, P and CP non-
conservation can be described by asymmetry of the
vacuum,®"%® Whatever the case, elucidation of the
properties of neutral transitions could cast light on
the possible interconnection between the strong, weak,
and electromagnetic interactions.

The strong interaction can be included in a gauge-
invariant manner in the considered schemes of weak
and electromagnetic interactions by, for example,
the introduction of a new degree of freedom of the
quarks—the color quantum number,5¢" °

Note that the introduction into gauge theories of a
fourth species of quark (with charm) made it possible
to overcome serious difficulties of the old Cabibbo
scheme, but a number of questions still remain open.
Methods for overcoming them proposed in the litera-
ture differ; we have 1) the introduction into the theory
of currents with new space-time structure, for ex-
ample, V +A currents; 2) an increase in the rank of the
gauge group; 3) the introduction of new quantum num-
bers such as charm, beauty, etc.

Before we turn to the study of schemes with quarks
that have new flavors [ the groups SU(6) and SU(8)], we
must consider the possibility of eliminating these dif-
ficulties in simpler schemes with three or four quarks
but taking into account the color degree of freedom. .
Quark color was introduced in order to reconcile the
spin and statistics of quarks®®~*® when certain hadrons,
for example, A™ and 7, are constructed from quarks.
Quark color is also attractive to the theoreticians to
enable them to reconcile the theoretical predictions of
the 7%~ 2y decay width in the framework of the quark
model and the experimental data. The color degree of
freedom significantly improves the theoretical estimate
for the ratio R(s) of the total cross section of ¢'¢”
annihilation into hadrons to the cross section of the
process e¢'e” - u*u” at high energies (Vs>5 GeV),
making it approach the experimentally observed value.

One of the most popular versions of colored quarks
is the model with fractional quark charges. In this
approach, the hadron symmetry is characterized by .
the group SU @) X SU(3)°, which is the direct product
of the ordinary SU(rz) group acting on the unitary space
of flavors (p,n,A,c,...) and the color group SU(3)°.

It is assumed that the color symmetry SU(3)° is exact.
In this model, it is also assumed that all ordinary
hadrons are singlets of the color group. At the same
time, the quarks are distributed among color triplets
and are therefore assumed to be unobservable in the
free state. The quantum numbers of quarks that differ
only by their color are assumed to be the same; the
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quark charges are fractional, as in the Gell-Mann-
Zweig model:

Qp,=213; Qn,= —1/3; }

Oy, =—1/3; Q=213 i=1, 2, 3. (111)

The physical currents (electromagnetic and weak) are
regarded in the majority of investigations as singlets
of the color group. For example, the electromagnetic
current has the form

.m, & g = L 2=
Tn= 3 [% Pi¥uPi— 3 Mi¥uli — 3 7~i‘|’u1i+T“T“ci-i- (112)

i=1, 2,3

A gauge model for the strong interactions is con-
structed in the framework of the gauge group SU(3)°.
As a result, the quanta of the strong interaction are
eight colored massless Yang-Mills vector mesons
(called gluons). In non-Abelian gauge theories of this
kind, one has what is known as asymptotic freedom®+**—
logarithmic tending to zero of the renormalized cou-
pling constant ag, of the quark—gluon interaction at
short distances (» <1 F). This last circumstance makes
it possible to use perturbation theory in the coupling
constant ag, in this region of space (or at the corre-
sponding large momentum transfers). This theory is
constructed by analogy with quantum electrodynamics
and is called quantum chromodynamics. The theory
has infrared divergences in the region of small mo-
mentum transfers due to the fact that the gluons have no
mass. Thus, quantum chromodynamics become un-
stable at large distances (¥ =1 F), and perturbation the-
ory breaks down in this region. It is assumed that the
infrared instability of the theory ensures screening of
the colored states (quarks, gluons, etc.) from the real
world (quark confinement).

In the literature, a model with colored quarks that
have integral charges has also been discussed. In the
most popular version of such models—the Han~Nambu
model®®—the group of hadron symmetry is assumed
to be a diagonal subgroup of the group SU(n)’ x SU(3)",
with » =3, 4. It is assumed that the quarks belong to
the representation (z,3*) of the group SU(n)’ x SU(3)".
The possibilities of constructing unified theories of
the weak, electromagnetic, and strong interactions in
the framework of such an approach were considered in
Refs. 48-52. In this approach,®® the generators of the
color gauge group no longer commute with the gene-
rators of the gauge group SU(2) X U(1) of the weak and
electromagnetic interactions. Therefore, the color
gauge invariance of the theory is spontaneously broken
and, as a consequence, the gluons not only acquire
mass but are also mixed with the weak and electro-
magnetic gauge bosons. Despite this mixing, in such
schemes one has Bjorken scaling in deep inelastic
lepton—hadron interactions, It is also necessary to
emphasize that in this class of unified gauge theories
the property of asymptotic freedom is not satisfied in
the rigorous sense.

We mention an interesting property of models with
integrally charged quarks.%® At sufficiently high ener-
gies, above the threshold for the production of colored
states (s >»m?), quarks with integral charges can be-
have like the fractionally charged Gell-Mann-Zweig
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quarks, Indeed, let us consider the electromagnetic
current®®® (m, is the gluon mass, s>m?);

Tt = Tuo + [mg/(m +| 42 [)) Ty (113)
where J,; is determined by (112), and we have the
current

2 -
Ju=—% ¥ el
a=p, n, A, ¢

+1 3 TGty S Eneg (114)

a=p, n, i, e @=p, n, k, €

Below the threshold for the production of colored states
(S T qui <<m§)r

Juerr= Juo (115)
Above the threshold (s > m2), we obtain the same
result:

Tyerid yor (116)

The main objection to theories with integrally charged
quarks arises from the fact that hitherto quarks and
gluons have not been observed experimentally, The
reader can become more acquainted with the physics
of hadrons with color degrees of freedom in the re-
views of Refs. 64—-66.

We mention only that in models with color sym-
metry one can study some difficult problems of the
weak interactions such as the problem of octet dom-
inance in the nonleptonic decays of hadrons.®” In such
models, one constructs an effective Hamiltonian for
nonleptonic strangeness-changing hadron decays
(|aS| =1), in which a term that transforms in ac-
cordance with the octet representation of SU(3) is
dominant. Therefore, the selection rule AI=1/2 is
satisfied. In the framework of such an approach, the
problem of theoretical calculation of the rate of non-
leptonic hadron decays remains unsolved.

Physical Restrictions on the Weak Curvents in
Many-Quavk Schemes. In schemes with a large num-
ber of quarks (quarks with new quantum numbers:
color, heaviness, etc.) it is necessary, in order to
restrict the arbitrariness, to formulate basic re-
quirements that the theory must successfully satisfy,
namely:

1) the charged components of the currents J3,J;,J%
(both left- and right-handed) must form the algebra
SU(2); or SU(2)y XSU(2)g, and the truly neutral current
may be a mixture of the components J3 and J5™;

2) the charged currents containing the quarks p,n, A
must have the Cabibbo form;

3) the neutral current must be vectorlike;

4) there must be satisfied (completely or partly) the
hypothesis of diagonality of the neutral transitions in
both the lower and higher perturbation orders in the
coupling constant of the weak interaction. It should be
noted that among the neutral transitions it is helpful
to distinguish genuinely neutral transitions, which are
diagonal and take place without change of mass or
other quantum numbers of the quarks (leptons), and
nondiagonal neutral transitions, which are transitions
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between quarks (leptons) that involve a change in the
mass and some quantum number of the quark (lepton)
besides the electric charge.

We have already mentioned above that the idea of a
vectorlike neutral current is associated with attempts
at unification of the known types of interaction of the
elementary particles. In particular, it is to be ex-
pected that at high energies the differences between the
strong and weak interactions disappear. For example,
spatial parity in processes due to weak interactions
will be conserved at asymptotically high energies
(possibly in the region of the unitarity limit), This
property is automatically satisfied in gauge schemes
of the weak interactions based on left-right symmetry,
for example, the group SU(2)y X SU(2)p X U(1).58°™ 1t
is therefore of particular interest to study neutral weak
interactions already at the energies of the contemporary
accelerators with a view to elucidating the gauge sym-
metry corresponding to the weak interactions. Below,
whenever we speak of the principle of a vectorlike neu-
tral current, we have in mind the possibility of ex-
tending the gauge group to a left—right symmetric
group, for example, SU(2), - SU(2), XSU(2)g, SU(3);
- SU(3); XSU(3)z, etc. Therefore, one of the main re-
quirements on a vectorlike theory is that all the quarks
participating in the construction of the V —A currents
should also participate in the construction of the V +A
currents. Such vectorlike theories are free of
“triangle” divergences® (Adler anomalies). In them,
it is assumed that in the absence of masses of the
elementary fermions (both the quarks and the leptons)
the neutral gauge currents are vector currents’™ and
that parity must be conserved in neutral transitions.
When the interactions are switched on (fermion mass
matrix) and the fermions acquire mass, scalar and
pseudoscalar parts appear in the mass matrix. The
unitary transformations that diagonalize the fermion
mass matrix and eliminate its pseudoscalar part lead
to the appearance in the Lagrangian of terms with an
axial-vector current. This, in its turn, leads to P-odd
effects in processes due to the interaction of neutral
currents. At the present time, the situation in ex-
perimental physics™ with regard to the study of neu-
tral currents is not clear. For example, in neutrino
interactions through the neutral current the P parity
is violated in accordance with the Weinberg-Salam=—
GIM model. Study of neutral currents in atomic
physics has not yet given a clear answer, since the ex-
periments in this direction are contradictory and give
large errors.!'®

Unification of the theories of the weak, electromag-
netic, and strong interactions can be concretely real-
ized in schemes in which the leptons are regarded as
quarks with a new quantum number (fourth color)#:

P1y Pay P3i Ve
ny, na ng; e
Ay by Mgy W
€y, €y €3 Vu

(117)

In such an approach, it is necessary to distinguish two
possibilities.

In Refs. 62 and 63 it was assumed that the quarks
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and leptons belong to the (4.4) representation of

SU(4)' x SU(4)”. A unified theory of the interactions of
elementary particles was then formulated in the
language of the gauge symmetry SU(2); X SU(2)z X SU(4).
With successive spontaneous breaking of the original
symmetry the final invariant group is U(1), corre-
sponding to conservation of the electromagnetic cur-
rent.

In a different approach,™ based on Gell-Mann-Zweig
quarks, the fermion fields transform in accordance
with the following representations of the group
SU(2); X SU(2)g X SU(4°):

f=2{@. 1. &= (1. 2, 4))

__(Ph D2, D3 Ve);(cn €y €35 "n)

- Ry, Ny, Ry €] \hy, Ay Ry opo)’
The group SU(4) contains the subgroup SU(3)° x U,(Y),
where Y is the SU(4) hypercharge,

1 0

(118)

(119)
0 —3

If we denote by T and Ty the generators of the groups

SU(2); and SU(2)g, then

1 1 | 11.11—3

o 1 1
Oe-m-=T-““'?Y=?(-1 —1 —1 —1)"‘? 111 -3) (120)

where T, =T7 +Tx.

As a result of successive spontaneous breaking of
the symmetry SU(2), XSU(2)g XSU(4°), the symmetry
SU(3°) X U(1) arises. Note that in the schemes con-
sidered above there are quark-lepton transitions that
do not conserve the baryon and lepton numbers. The
fermion quantum number is conserved. If the mass
of the gauge vector meson which interacts with the
lepton and quark [£;, ~ Veq(@l)] is my = 10* to 10° GeV,
then we have the proton lifetime 7p 2 10°° years, which
does not contradict the experimental data.®® In the
theory with Gell-Mann-Zweig quarks, the leptoquark
bosons Vq carry fractional charges. In contrast to
quarks and gluons, such mesons can exist in the free
state. Note that at the distances characterized by the
masses of the leptoquark V., bosons, i.e., at r <10°!®
cm [m(Veq) = 10° GeV], all types of interaction are of
the same order of magnitude. -

As a result of the successive spontaneous symmetry
breakings, the effective current—current Hamiltonian
of the weak interaction takes the form

s e T T |1
Hw =3, — Il + g3 Turik

B o ope PREEE e
T Ty eald - apg - duviv +he.
A v
2

M
G AT WE! o wagl® g i cal
= f;— I:JMJE - % = ]plﬂfﬁ ‘V‘qu]I:l +]|l\'?%:|-
“’R

- (121)

The charged weak currents in Eq. (121) are the same
as in the Weinberg—Salam—GIM model; the right-
handed currents j,z differ from the left-handed cur-
rents j,r only by their space~time structure, which
has the form V +A. For significant suppression of the
currents (in agreement with the experimental data)
the spontaneous symmetry breaking must be realized
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in such a way that the mass of the Wy boson appre-
ciably exceeds the mass of the W  boson: m(W3)

> m(W%). In this scheme, the neutral axial-vector
and vector currents are defined in accordance with

(122)
(123)

To the currents (122)-(123), one must add terms sim-
ilar to those written out but with the substitution

p—candv”- Vy

n A e n

Jua = PVuTsP ~RYuYsR -+ VePuTsVe — EVuVsE + - - .3

Jur= (Ev,lp — RPI  V oYV —;\Jue) —2sin? 9‘-.];"“' +...

of the field operators. The masses of the vector bosons
in this scheme are determined by the relations

MZA = M“’f: Mz, = .11“,;_:,'(:05 By

4GV 2= g?’f‘lf]f‘,f = ¢2/sin® 9‘—M§Vf,
where G, is the Fermi coupling constant and

tan6, =V3g’'/g. If all the interactions are universal,
i.e., if we have the equality g[SU(2)]=g =g[sU(4)] =g,
then the mixing angle 6, and the masses of the vector
bosons are completely determined: sin®éy =3/4, Mz,
~62 GeV, Mz, ~2Mjz,~124 GeV.™ As a consequence of
the equality of the coupling constants g[SU(2),]
=g[SU(2)z] =g, P parity is conserved in neutral-current
interactions, Thus, in this scheme there need not in
principle be P-violating effects in atomic transitions!!®
due to the neutral currents and associated with weak-
interaction processes of the form [+N—1[1+... with
lepton I=p, e... . On the other hand, since only left-
handed neutrinos (right-handed antineutrinos) partici-
pate in experiments with neutrinos, the neutral-cur-
rent interaction containing the neutral current
VYu(l+y,)v has the same form in this scheme as in the
Weinberg—Salam-=GIM model under the condition
sin®6, =2sin%6,."™ Note that in neutral-current inter-
actions exchange of the axial vector boson Z, is dom-
inant, since M%, =4M%,. If exchange of only the Z,
boson were important, then the cross sections of 7,N
and v, N interactions through the neutral current would
be the same.

Another requirement used in the construction of
gauge schemes based on the symmetry group SU(2)
XU(1) is the hypothesis that the neutral weak current
is diagonal.” In accordance with this hypothesis, all
nondiagonal neutral transitions between quarks (leptons)
are suppressed. In the scheme with four quarks, this
requirement reduces to partial suppression of the
transitions n+- XA and p-— ¢. In schemes with color
symmetry of the type SU(4)’ XSU(3)” of the Han=—
Nambu model, the diagonality principle consists of
the requirement that the transitions p,~ p,, #,~— 1A,
n,—ny, etc., be suppressed. This hypothesis is justi-
fied by the experimental data, which indicate suppres-
sion of the strangeness-changing neutral currents:

The effective coupling constant of the transition n«— A
satisfies the relation G(|AS|=1)<1073G(AS =0) (at
least, at low energies). Similarly, there are restric-
tions on the existence of nondiagonal neutral currents in
the lepton world as well [the (i« e) probability of the
decay p—e+y is <107%], The hypothesis of diagonality
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of the neutral currents is used naturally in the con-
struction of the GIM model,!! We emphasize that in the
framework of the four-quark scheme the requirement
that the charged and neutral currents satisfy the alge-
bra SU(2) leads to a different interesting possibility.
Essentially, one can allow the existence of neutral tran-
sitions of the type n -\ and p— ¢.337%%'%% Moreover,

a reasonable choice of the parameters of the theory in
accordance with the existing experimental data makes it
possible to suppress such transitions as much as one
wishes. Therefore, experimental study of the nondi-
agonal neutral currents (z— A, p— ¢, etc.) at high en-
ergies is of decisive importance for the choice of the
variant of the theory.™

Note that if the charged current in any many-quark
scheme is represented in the form J% =@(g’)M0,Q(q),
where @ is a column of quarks with the same charge,
the operator O, denotes V —A or V +A space-time
structure, and the matrix M determines all possible
charged transitions between quarks, then the principle
of diagonality of the neutral current will be satisfied
if M"M=1(MM T =1), i.e., if the matrix M is unitary
(orthogonal),™

The next important step is the suppression of tran-
sitions of the type K°—K%and K}~ p*u" in the
higher orders.” ® This condition, like the diagonality
principle, can be generalized for all systems that are
neutral with respect to the charge but charged with
respect to the remaining quantum numbers (for ex-
ample, ¢,p,~T,p,; see Refs, 74 and 81). It is known
that if in the simple four-quark model one introduces
the right-handed current (c%)g, it is impossible to sup-
press the transition without additional assumptions.

Schemes using color of the Han-Nambu type take
into account all possible virtual transitions associated
with exchange of states that are not necessarily color
singlets. Therefore, in such schemes it is possible to
require suppression of these neutral transitions.

As a result, it is found that the above requirement
of suppression™® of K%« K9 D%« D° and all other
transitions between systems which are neutral with
respect to the charge but charged with respect to the
other quantum numbers leads, if all the considered
quarks have equal masses, to a simple relationship
between the right- and left-handed current matrices
carrying charge of the same kind:

Mp=MiA; Mp=MLA,, (124)

where the minors of the matrices A, and 4, are
orthogonal and symmetrie,* 8

Further particularization of the scheme entails a
choice of the left-handed current. For example, it
can be chosen by analogy with the GIM model, In this
case, one can introduce into the theory without sup-
pression only the right-handed current (¢A);. One can
ensure the necessary suppression of transitions of the
type K°—~K° K%~ u*u”. In quark schemes of the
Han=Nambu type, one can also include an unsuppressed
current (Tn) in accordance with Eq. (124), but only in
the case when the weak left- and right-handed currents

Volkov et al. 86



I I
743 By ner Sty
oF el ot Tss
-2l o_y/3 ~1ek ob g
1 1 1 1
-2/5 1wy -1 +2/3 ¥"
FIG. 3.

are not singlets of the color group.®

Construction of Six~ and Eight-Quark Gauge Schemes
and theiv Physical Consequences. The usual Wein-
berg—-Salam~GIM model of weak interactions with four
quark species p;,n;, Ay, ¢; (colored states) and four
leptons (v,, 1.7, Ve, €7), leaves a number of difficulties
unresolved, as we have already mentioned in the pre-
vious sections.,

Recently obtained experimental data indicate the
possible existence of “heavy” leptons and quarks,®"%°
This forces us to consider a scheme more complicated
than the Weinberg—Salam~GIM model, a theory con-
taining a greater number of quarks and leptons
m>4,n,>4).

One of the simplest six-quark schemes, which has
all the positive features of the GIM scheme, is the
scheme of Ref, 44, and also Refs. 121-123.

The six-quark model of Harari** contains the ordinary
SU(3) triplet of quarks (p,n,A) and an SU(3) antitriplet
of heavy quarks. The latter contains an isodoublet
(t, b) with charge content (2/3, =1/3) and an isosinglet
¥ with charge +2/3. The new quarks are ascribed an
additive quantum number “heaviness” (H =1 for heavy
quarks and H =0 for ordinary quarks). In addition, all
quarks can be ascribed three colors, it being assumed
that there are no colored composite hadrons in the free
state. The quantum numbers of the quarks are con-
veniently represented in the form of the diagram in
Fig. 3. Harari’s model gives the ratio R(s)
=0(¢'e” — hadrons)/o(e'e” - p' 7)) =2 below the pro-
duction threshold of the heavy mesons, while above it
R =5. The meson spectrum contains 36 components
for each JF value: the ordinary octet and singlet of
light (4 =0) mesons, nine heavy mesons (H =-1) con-
tained in the SU(3) multiplets & and 3, nine mesons
with H ==1 from the SU(3) multiplets 6 and 3, and also
an octet and singlet of H =0 mesons constructed from
heavy quark—antiquark pairs.

The charged currents in Harari’s model have the

fOI‘IIl‘“' a0

I*=(p; t,r)ML_g( ] ).

where

(125)

ol | =1

cos 053 —sin Og; 0
My = cos ®sinB,; cosDcosbe; —sin@ |;
sin @ sin B;; sin®cosB,; cos®@

0 0 1
Mp= (—sinq:; c0S ¢; 0),

cosq; sing; 0

i.e.,
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J (V + A) = (pb)g +[1A (@)]r -+ [T (@)]n;
T (V —A)=[pn (0c)),
+1 (—cos @ sin 0,7 +cos @ cos Bh— sin V),

1 (—sin @ sin 8,1 - cos Db --sin @ cos B1);..

It is readily noted that the condition of diagonality of the
neutral current is satisfied if the matrices M and My
are orthogonal. This ensures the absence of neutral
transition currents with change |AS| =1 of the strange-
ness and |AH| =1 of the heaviness, and the particular
form (125) leads to the selection rule AH =AQ for
heaviness-changing semileptonic decays. The angle

6, in Eq. (125) is the Cabibbo angle, If the second
parameter @ is also assumed to be small, then the
dominant weak left-handed transitions will be the tran-
sitions p~=n,t<=A, 7+ b.

The symmetry of Harari’s model is the algebra U(6).
Subalgebras are, respectively, the algebras of opera-
tors that couple the light quarks to one another and the
heavy quarks to one another. The symmetry here en-
sures conservation of the baryon number and the
heaviness. The electric charge is equal to

Q=(Yo+Yu)2+({7 +15)+H/3. (126)

The indices L and H here refer to the light and heavy
quarks.

An interesting six-quark model was proposed by
Barnett.” In the framework of this model, one intro-
duces the usual triplet of quarks p,n,A and a charmed
triplet Z,M, A. These last quarks have the same
quantum numbers as p, n, and A, but in addition each
of them has one further quantum number (charm),
which is equal to unity. In addition, it is assumed
that each quark species has three colors. As regards
hadron spectroscopy in this model, there is in ad-
dition to the ordinary meson nonet (C =0) a nonet with_
charm C=+1 (for example, Z-#=I7,...), a new nonet
with C =0 composed of charmed quark-antiquark pairs
(for example, #, M =I1}, etc.) and a nonet with C==1
(pM=7}, ete.). The weak charged current, which in
the framework of the Weinberg—Salam gauge symmetry
leads to the absence of strangeness-changing terms in
the corresponding neutral current, has in Barnett’s
model the form

Jur =P Yu (1 +7s) (1 cos 8 -+ 2 sin B;)

—+ &9, (1 +75) (A cos B, —n sin B;);

Jyr=Dpyu (1 —7s) (T cos B, + A sin 0;)

T (1 —vs) (A cos B — R sin B,).

Below the threshold for the production of charmed
particles, the current (127) leads to the standard
results of the ordinary SU(3) theory. The structure
of the second term ensures cancellation of the
strangeness-changing neutral currents. ‘

(127)

Barnett’s model in its fractionally charged variant
leads to the value R =4 for the process of ¢'¢” an-
nihilation into hadrons, while its variant with integral
charges of the quarks gives R =8.

In Refs. 71 and 74, analogous currents were con-
sidered in the framework of an eight-quark (eight-
lepton) scheme with a light quartet of quarks (p,n, 2, %)
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and a heavy quartet (¢, b,d, r) (the additional quarks
have the charges @,.=2/3 and @;=-1/3). These cur-
rents have the form

i ( ﬁ ) = (r A, b, d) OF BMLe R g (128)

XY ey

In Eq. (128), the matrices M* and M*® are orthogonal
four-dimensional matrices, each of which depends on
six parameters.

As we have already seen, the many-quark models
contain a certain arbitrariness because of the large
number of free parameters. The usual requirements
of the theory-conservation of the Cabibbo form for the
currents involving the ordinary SU(3) quarks, diagonal-
ity of the neutral current, and suppression of the
K°— K° transition in the first and higher perturbation
orders—still leave an appreciable arbitrariness in the
choice.

In the listed schemes, one can construct systems
that are neutral with respect to the electric charge but
charged with respect to the other quantum numbers.
These systems are analogs of the SU(3)-symmetric
model of hadrons. For example, in the model with six
quarks, such schemes have the following quark content:

br (b, Uh (B), tp (tp), rp(rp), fr(tr).

In what follows, we shall denote these systems by
D(DY). As in the case of the system K °(K°), the
weak interaction will result in mixing of the states
DY and DY,

To particularize the weak-interaction scheme de-
termined by the currents (125), we require that for
equality of the masses of all the quarks [in the limit
of exact SU(6) symmetry] the transitions Dy — D, be
suppressed in higher orders. Allowance for breaking
of the original exact symmetry leads to significant
transitions of some of the systems D} and D} into one
another (the probabilities of such transitions are com-
parable with the decay probabilities of the correspond-
ing states). The processes Df— DY can in particular
be a source of production of pairs of charged leptons

with the same charges in interactions of neutrinos with
' matter. As before, the transitions K °~— K° remain
suppressed,

As is shown in Refs. 71 and 74, simultaneous sup-
pression of the transitions K °— K ° and D9« D? is
possible only if

¢—D—0,=0. (129)

The requirement of simultaneous suppression of mix-
ings of the neutral K° and K° and also D{ and D? mesons
significantly restricts the values of the parameters ¢,
&, and 6, and reduces to the condition of symmetry of
the matrix A, where M; =AM,

We consider the case of broken SU(6) symmetry,
when the quark masses differ from one another if the
quarks belong to different quark triplets,™ namely,

My, &= My & MG =My,
mt &2 Mp &2 My =My, Wy > My,
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In this case, for the matrix elements of the corre~
sponding transitions in the fourth order of perturbation
theory we find

1. Ko«s K% 8, =Ty" L‘Zi RAYe : h;‘fﬁ nl, sin? 0, cos? O;
2. D}« D}: 8= '_‘1’“\"’—1;‘ b-ﬁ?v'\’u %L bl cos?0;
3. DY« D Sy=hymyy ‘!’T’ FFrapa Lo 01, sint B
4 Dy<rD§: 8= Evu-\,\'_‘l‘z’_ i, st 1, sin? @; (130)

—_ 1] -_— 5
5. Dyas Dt Si=pyMy® I rpviiu 5 1l cost g;

6. Dga—rD—g: S&= r_-v‘l% t}u\h% t[! sin2 @ cos? m‘

where we have introduced the notation
it gtm} i Va—iB ‘Va+Va—iB .

I~ 1—-—-—8”‘%(4”)3 [ln o + Ve In Va_—]/a—w-l' } (131)
a = (ky— k;)2/miy; B=mi/miy.
For (k, -k, =0 [k;(i =1, 2, 3, 4) are the quark momenta
(see Ref. 74)],

Iy =~ — i (g*m3/8miy (47)2) 2 + 1n (mE/mb)]; (132)

I, =~ —i (g*m/8miy) (4n)2. (133)

Thus, if allowance is made for the mass difference of
the quark triplets, the K %« K ° transition remains
suppressed as before, namely

(my,— ms)imgo= (g*m2/8miy (4m)2) cos? O, sin? B,f%,

(134)

where m; and mg are the masses of the K and K §
mesons. At the same time, irrespective of the choice
of the parameter @, there always exists, as can be
seen from Eqgs. (130), a system D? whose transition
into D? will take place without additional suppression.
For example, D} =(bn),

(135)

The mixing of such D? and D’l“ states may be the mech-
anism that could lead to dimuonic events in neutrino
experiments with the same sign of the charges of the
muons. Assuming that the parameter & is zero, & =0,
one can follow the interesting interconnection between
the left- and right-handed currents [the equation
@ =0 leads to correspondence of this scheme to the
GIM model (¢ = c)]:
Jp= pn (8e) + b+ i1 (Bc); (136)
Jp=pb -1 (8c) - 1A (Bc). (137)
If the theory of weak and electromagnetic interac-
tions is constructed on the basis of the gauge symmetry
SU(2), XSU(2)z XU(1) (see Refs. T1 and 72), then, con~-
sidering the mixing of the charged W3 and W3 bosons,

(mp,z.—mp,g)/mp, = il cos? B.f5,.

Wi=WFcosa+Wisina; } (138)

W= — W sina+ W5 cosa,
one can obtain the following quark Lagrangian for the

interaction of the currents with the gauge bosons
[cf. Eq. (121)):

2= 4= 3= . 1o
Z=e(5Pnp—3mnn+3 it — 5 Ind
2= 4o - =
+ 3 — 5 onb ) Au+ & Pravsp—nvarsn +...) 2o
Vere
2

s (PYup —nyun - ... —2sin? BeI5™ 27

gsina

9 “':I.RWI_

gcoso iz
h—= JuLW;

+ESE W+ EEB R W e (139)
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The restrictions on the masses of the intermediate
vector bosons in the case of the Lagrangian (139) dif-
fer somewhat from those given earlier [see Eq. (121)]:

M5 WG, LR

4G sin? Oy v

(140)

M
i Wy . =M
~ CosacosOy ' Mz, = Mz, cos B,

where G is the Fermi coupling constant of the weak
interaction, and the angle 6; is as before related to
the Weinberg angle by sin?6, =2sin®6y. Substituting in
Eq. (140) the numerical value sin®6y =3/8 of the Wein-
berg angle, we obtain the following bounds for the pos-
sible masses of the intermediate bosons, these de-
pending on the mixing angle of the left- and right-
handed worlds:

45 GeVg My, < 62GeV, Mz, ~ 62 GeV, Mz, ~ 124 GeV. (141)

Note that the lower bound for the mass of the charged
W, boson, Mw1~45 GeV, corresponds to maximal mix-
ing (a=7/4; see Ref. 72).

The given mass values of the intermediate gauge
bosons can be obtained by spontaneously breaking the
original symmetry of the Lagrangian by the Higgs
mechanism. Thus, mixing of the intermediate bosons
W* and W3 can be achieved by using the adjoint rep-
resentation (3,3) of scalar fields of the group SU(2),
X SU(2)z.™ Note that at very high energies, where it
is necessary to take into account the exchange of W5
bosons, mixing between the right- and left-handed
worlds disappears. It is of interest to write down the
Hamiltonian of the weak nonleptonic interaction due to
exchanges of charged W3 bosons that follows from the
form of the Lagrangian (139):

F = (G/V IV I L +tgal T h+Trli g alr/ ) + hoc,,

where J;, and J are determined by (136) and (137).

In the presented approach, there is a space-time

V +A coupling of the “ordinary” A quark to the heavy
t(c) quark. As was noted above, there is a number of
indications that in a theory with four quarks (p,n,2, )
one can take into account precisely this current. Of
course, it is understood that the magnitude tana of
the mixing cannot appreciably differ from unity. On
the other hand, the interpretation of the resonance re-
cently observed by Lederman in the p*p” system with
mass 9.5 GeV (Ref. 88) as a state analogous to the §
meson consisting of heavy quarks b and b (Q,=-1/3 and
m, =5 GeV) indicates that the mixing angle a is some=
what less than 7/4, since otherwise we should observe
an appreciable raising of the total cross sections for
the interactions of antineutrinos with matter.

(142)

Note that the suppression of Dj— D} transitions in
the higher perturbation orders in the case when all the
considered quarks have equal masses is valid for any
mixing angle a,™ although the effect is of interest for
not very small values of a. For example, the presence
in the theory of right-handed currents leading to tran-
sitions between the heavy and light quarks, and also
appreciable mixing a, has the consequence that weak
decays of hadronic systems formed from the heavy
quarks b, ¢, 7 occur with an appreciable effective
coupling constant, which corresponds to short life-
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times of these systems (1074 - 107'¢ sec) if the b
quarks have masses =5 GeV. On the other hand, with-
out mixing between the left- and right-handed worlds
(=0) some of these systems may be long-lived, i.e.,
they may decay in the higher perturbation orders.

It can be seen from the relations (136) and (137) that
one species of current goes over into the other if the
light quark (p) is replaced by the heavy quark (r), and
vice versa. The p and » quarks are in the isodoublets
(p,n) and (r, b), respectively, whereas the components
of the currents (136) and (137) composed of the iso-
singlets ¢ and A remain unchanged. Transition from
this scheme to the eight-quark scheme with four light
(p,m, A, c) and four heavy (# N, A, C) quarks leads in
the framework of the indicated connection to the cur-
rentg™™

T = pr (8¢) + PI (8c) + ek (8c) +CA (8c);
Tp=8n (8c) - pN (8c) +CA (8c) +cA ().

(143)
(144)

The substitutions p—# and ¢— C realize the con-
nection between the left- and right-handed currents,
Jg—dJ;. The scheme with the currents (143) and (144)
satisfies all the requirements discussed above. In
particular, K°- K° transitions are suppressed, where-
as D?+- D meson mixing occurs very strongly for

some systems Df.

In the eight-quark scheme, the ¢ quark is assumed
to be heavier than its partners in the fundamental SU(4)
representation, but it can be assumed to be lighter
than the quarks #,%, A, C. The production threshold
of heavy particles with H =1 may therefore lie far
above the threshold for the production of charmed
particles containing the ¢ quark with # =0; for ex-
ample, it may lie above the €p meson-production
threshold.

In the framework of the quark—lepton analogy, it is-
convenient to consider also the eight-lepton variant
of the scheme (143)=(144) with four heavy leptons
MP®° M=, E° E°. The leptonic currents in this case
have the form™™™

Jh = ev, (8) + vy (8) + E7E° (8;) + M~M° (6,);
Th= B, (8)) -+ M, (0;) + ¢ E° (8)) +u=M° (8))

(145)
(146)

and under the substitution e” «~ E™, u” <~ M~ we arrive
at symmetry between the left- and right-handed lep-
tonic currents: J },-——J f;. The quark—lepton analogy
can be taken further in view of the electron and muon
quantum numbers of the leptons. We shall call

p,n(e, v,) and ¢, A(k, v,) light quarks (respectively,
leptons) and Z,% (E~, E°) and C, A(M ", M°) heavy quarks
(respectively, leptons). We ascribe the quarks (re-
spectively, leptons) p,n,7,N, (e, Ve, E", E;) the electron
quantum number, and the quarks (respectively, lep-
tons) ¢, A, C, A(i, v,, M~ , M°) the muon (strange) quan-
tum number. It was noted in Ref, 92 that the angle 6,
that mixes the electron and muon quantum numbers
plays a role in the leptonic currents analogous to that
of the Cabibbo angle 6, in the hadronic current, which
leads to strangeness- and charm-changing transitions.
In the eight-quark (eight-lepton) scheme of weak inter-
actions considered here, one can assume the existence
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TABLE II.

Electron Muon
quarks | leptons quarks | leptons: 2
P e ¢ '8 0, light quarks and leptons-
n Ve A Y
5 E- ¢ M- 1, heavy quarks and leptons
N E0 A Mo )

of such an analogy between the angles 6; and 6,. The
suppression of the weak currents responsible for
transitions between quarks (leptons) from different
columns of Table II is ensured by the factors sin?6,
(sin®6;). The neutral nondiagonal transitions of the
type n— A or e— L are also suppressed naturally

in this approach.

Weak interactions of the type (143)—(146) can be con-
sidered in the framework of the gauge symmetry
SU(2), XSU(2)g X U(1). Breaking this symmetry by
means of the Higgs mechanism to the symmetry U(1),
we conclude that interactions between the neutral cur-
rents of the quarks and leptons will be realized by two
heavy bosons Z, and Z,, the masses of these bosons
being mz, =mys . and mz, =(VgZ+g?/g!ymz,, By means
of the constant g’ corresponding to the symmetry U(1),
and also by virtue of the fact that neutrino beams are
obtained from the decays 7— uv and K~ Ly, in which
the neutrino (antineutrino) has left-handed (respective-
ly, right-handed) helicity, one can satisfactorily de-
scribe™ the existing data on the v, (9,) +4/~ v, (7,) + X
reaction.’®

Thus, in the framework of SU(2), XSU(2)g x U(1)
gauge symmetry and the eight-quark (eight-lepton)
scheme one can construct a model of the weak inter-
actions that satisfies the following conditions.

1. Below the threshold for the production of heavy
particles with [H| =1 it coincides for charged currents
with the GIM mechanism.

2. It enables one to include the right-handed cur-
rents (pq,)r and (ng,)z, where g, and g, are new quarks
with charges —1/3 and 2/3, respectively, and a cur-
rent of the type (p4,); can lead to a growth with the
energy of the cross section ratio o(P + /= pu* +X)/
o(v+4~ 1~ +X). The degree of growth depends on the
extent of mixing of the charged states of the W bosons
corresponding to the symmetry groups SU(2), and
SU(2)g.

Right-handed currents involving heavy leptons can
lead to the production of “direct” leptons with un-
usual polarization in hadron-hadron collisions, %053~

3. It enables one to explain why the neutral cur-
rents in the v/ 'interactions can coincide above the
heavy-particle production threshold with the predic-
tions of the GIM mechanism, Note that in the weak
hadron-hadron transitions due to neutral currents,
parity may still be violated when allowance is made
for the quark masses. The viability of the scheme with
the two neutral Z, and Z, bosons could be tested by
investigating effects of nonconserving of P parity in
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muon-nucleon experiments with change in the polar-
ization of the primary muons from the decays

= uv due to their kinematic depolarization in the
laboratory system.®’

4. It contains the possibility of mixing of the elec-
tron and muon quantum numbers determined by the
angle 0,. For weak interactions that include the light
leptons (v, 1”7, 1, €7), the mixing angle leads to inter-
esting consequences, these concerning above all
vy — ¥, neutrino oscillations.®

Inclusion of the mixing angle 6, in the right-handed
leptonic currents containing transitions M°(6)— u and
E°(6)~ e of the heavy leptons is of interest from the
point of view of the search for p~ ey and p - 3e decays.
For example, the fraction of - ey decays relative to
the basic decay p—~ ev? is, as one can show,”

=1 (i-pey) o 5 = Mi—M}

2
il Biech (e Y e 2 4
e ", ) sin® 6, cos? B; tgh .

(147)

The mass values of the heavy leptons M? and E% re-
spectively, are equal to M, and M,. The expression
(147) contains the quantity tana, which characterizes
the mixing between the W7 and W§ bosons [see Eq.
(138)]." Other possibilities for the existence of a non-
zero mixing angle 6; can appear in decays of hadrons
with a e pair in the final state (for example, the de-
cay K9 - e or

E%" 4o

D= e*+---

[J'-"'i"" )_

But if the lepton mixing angles are different for the
left- and right-handed currents (6f # 6F), then if we
have, say, a partly or fully polarized muon beam (to
be specific with right-handed polarization) we arrive
at the possible existence of processes of the form

()4

B = [LopT +eee

e-+ono,

i.e., experimentally one can observe an “apparent”
violation of the law of conservation of the muon and
electron quantum numbers associated with the dif-
ference (67 — 6F) #0 of the mixing angles.™

In the schemes of weak interactions considered above,
the diagonality hypothesis was used in the most rig-
orous sense. However, the currently known experi-
mental confirmation of this hypothesis is insufficient.
The suppression of the neutral nondiagonal transitions
7 «= A(§ — e) may have deep physical reasons, a re-
flection of which is the existence of the hadronie
Cabibbo angle and its leptonic analog 6;.

The existence of a mixing angle of hadrons (leptons)
with different hypercharges may essentially mean that
there can exist several worlds in nature™:7487.

1) a nonstrange world (electronic) of quarks (lep-
tons):
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b, n, A RN...
€ Uiy BB

with strangeness (respectively, muon quantum number)
equal to zero;

2) a strange—charmed (muon) world of quarks (lep-
tons) with electron number equal to zero for the leptons
and nonzero values of the strangeness or charm for the
quarks:

g K Gy Ay )
(!—'-, Vis M°, M-.. .)'
3) a world characterized by a new quantun number,

a possible manifestation of which is the detection of the
T lepton:
s 2
(v“ | P ) d

Transitions between quarks (leptons) from the dif-
ferent worlds, even through charged weak currents,
are then due to the Cabibbo angle 6, and its leptonic
analog 6;. Neutral nondiagonal transitions between
quarks (leptons) from different worlds are suppressed
much more strongly. The question of the nature of this
suppression is evidently related to the currently un-
known internal structure of the quarks (leptons). On the
other hand, neutral transitions between quarks (leptons)
within the same world may be observed at a given
stage in the development of the experiments. For ex-
ample, this applies to the currents (v,M°), (7,E°),
(L"M"), (e"E"), (p#), (€C), @N), (AA). The mixing
angle of two different worlds may be appreciable pre-
cisely for the leptons. It is helpful to give an example
of weak interactions that takes into account these pos-
sibilities. We put the leptons in doublets of the group
SU(2)g XSU(2)g, in accordance with

(v, E"') (\'u M“) (v, .7")
e E )’ \p M Jur' \v 57 /)igr"

In constructing the scheme (148), we have used a
“weakened” diagonality principle, i.e., we have as-
sumed the suppression of only those nondiagonal tran-
sitions in which the lepton quantum number is not
additionally conserved.

(148)

The further development of the theoretical schemes
in the framework of six, eight, etc., quarks is to in-
crease the rank of the gauge group. For example, in
Harari’s six-quark model one can construct a scheme
of weak interactions based on the gauge group SU(3),
XSU(3)z. For this, we must place the considered
quarks (leptons) in representations of the group; for
example, the quarks in the model of Ref. 44 can be
put in triplets as follows:

Aty

A natural generalization of the weak interaction
scheme in the framework of eight quarks is to con-
sider the gauge group SU(4); XSU(4)g. In this case,
the quarks can be placed in quadruplets, for example,
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Note that the appearance of several left-handed

(right-handed) multiplets in both the six- and eight-
quark models is obviously not fortuitous. Indeed, the
discovery of the T lepton may well indicate the ex-
istence of multiplets with a new quantum number
(", v5,...). Of course, this fact calls for careful
experimental verification; it is necessary to study
decay channels of the 7 lepton suchas 77"~ ¢"y, T
- LY, T—3e, T— 3L, :

4, SOME EXPERIMENTAL CONSEQUENCES OF
GAUGE SCHEMES OF THE WEAK INTERACTION

Heavy Leptons Quarks)’’% and Interpretation of
Many-Lepton Events in Neutrino Experiments., One of
the first indications of the possible existence of par-
ticles with a new hidden quantum number (charm,
beauty, etc.) was provided by the results of neutrino
experiments on the production of pairs of charged
leptons (muons).'®"1% In the meanwhile, the following
restrictions on the cross sections for the production of
lepton pairs in neutrino and antineutrino experiments
on nucleon targets have been established:

S gge SEWD _ggn SW 505 |
o () a¥ (1) o¥ (1) ) I (149)
Sww) g0 S8 g, zr_tﬂa,,s.m-a.|

a¥ (uY) a¥ (u#) o (u)

According to the latest estimates, the cross section
for the production of charmed (beautiful) hadrons in
v, N interactions at energies of order 100 GeV of the
original neutrino beam is 15-20% of the total cross
section of the v, N interaction. Therefore, if the
semileptonic decay mode of the charmed (beautiful)
mesons (baryons) is 5-10%, this assumption agrees
with the experimental results (149). ]

The appearance of dimuonic events with muons of
one sign in the framework of the four-quark scheme
(p,m,7,c) is hard to explain through the D «= D° re=-
generation process, since this regeneration is strongly
suppressed in the GIM scheme, However, the as-
sociated production of charmed particles in the neutrino
interaction with cross section ~1% of the total cross
section can completely explain the appearance of di-
leptons with leptons of one sign. The same hypothesis
does not contradict the results of experiments in which
there has been observed the production of pairs and
triplets of muons in the final state'” in uN interaction
processes: :

N (3p)
N ()

N (2n ~ 1078,

~ 5.10-%
510 TR

(150)

Note that in many-quark schemes with right-handed
currents one can ensure the regeneration of several
neutral systems (D§ mesons) at a fairly high level
(see Sec. 3). It is also necessary to point out that the
observation of dilepton pairs with different signs of the
charges of the leptons can be interpreted as the pro-
duction and subsequent decay of heavy leptons, for
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example,

Vu + N —=y'+ ..,

nopty

(151)

poety
p‘EDc“
g'”}v .

There is also another possible mechanism for the
appearance of many-lepton events associated with de-
cays of hadrons with new quantum numbers through
channels with the production of a neutral heavy
lepton®®;

£ (152)
M’ vp + hadrons
Mop"

BT+ e0e

v N —=p- +

B+ pre v

The production of a heavy lepton in the leptonic block of
the v, N interaction with the simultaneous production of
a hadron with new quantum number in the hadronic
block may lead to many-lepton events through the above
cascade of decays. Thus, the muon triplets (u”p'pu")
and (u"pu'u") observed in the experiment of Refs, 103
and 108 can be interpreted as the production and decay
of charged and neutral heavy leptons.'®® In the case of
production of the triplet (u™p"u*),

Vu +el'—=M"+ hadrons (153)
MO - A/
Bt v,

and in the case of production of the triplet (u™u*u*),

X" 4+ hadrons

ﬂop"

v N —u o+ (154)

popt v

¥p + hadrons .

The collection of mechanisms (153) and (154) can lead
to the production of a large number of leptons (z>3) in
the final state.

Note that it is most natural to look for heavy leptons
precisely in neutrino experiments. In the gauge
schemes considered above, there have also been con-
sidered heavy charged leptons and heavy neutral
leptons with both muon and electron quantum numbers
(M", E",M°, E°). There exists one further interesting
possibility associated with the inclusion in the theory
of a larger number of leptons [six leptons with muon
(electron) quantum number], which presupposes the
existence of two species of charged lepton. The SU(2)
gauge schemes in this case contain lepton doublets of
the type

(vu(e)) . (M“(e)) _ (M"(a)) , (N:'.(G))
w /L M- w o Je\ M )y
where 6 is the angle of the mixing of the electron and
muon lepton worlds. Leptons with electron quantum
number are put in doublets similarly. One can also

have an SU(2) gauge scheme that contains nondiagonal
neutral transitions between the leptons listed above:

sin aM®) (a)) ((cos @1 L sin aN?%) (9))
L cos Pu~ + sin M-

(155)

((cos vy, -+ (156)

cos Pp~+-sin pA1-
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and similar doublets of leptons with electron quantum
numbers.

An indication of the existence of nondiagonal leptonic
transitions was obtained, as we have noted, in the
neutrino experiment with the SKAT chamber,®"%" in
which there may have been an observation of the re-
action

V4P M° 4210 + P, - (157)

—— eV
The fundamental importance of these many-lepton

schemes arises because they contain at least three
species of neutral heavy leptons M°, 7% N9,

It is quite possible that the existence of heavy neutral
leptons has been indicated by experiments on the detec-
tion of “direct” leptons in hadron-hadron collisions and
the measurement of their polarization (u*) at large
transverse momenta: p, =2-2.8 GeV /¢ %399 The
production of new particles (for example, charmed
mesons) in hadron-hadron collisions with subsequent
decays into heavy leptons:

X—Mp*r+...; E% +...; MY —wp+ ...

. i (158)
—> MOt .. Bt .. B0 ...,
where the currents (M°u"), and (E%"), are right-
handed, could explain the observed longitudinal polar-
ization of the u*.%"*"% According to the latest re-
sults'® [the preliminary result®® was p, (1')

=—(0.85+ 0,35)],

P (%) = — (0.41 £ 0.17). (159)

If the X mesons are identified with charmed mesons
whose mass does not exceed 2 GeV, then if the decays
(158) are to occur the mass of M° must not exceed

2 GeV.

Analysis of the event in the SKAT chamber made it
possible to establish restrictions on the mass of the
putative M° lepton®~%": 1.4<m(M°<2.1 GeV. An
estimate of the M° lifetime from the observed range
of its decay products gives 7~ (5-7) X 10"!2 sec. If the
M° mass is near the upper limit, the decays of the
charmed particles through the channel (158) may be
suppressed and therefore cannot make an appreciable
contribution to the yield of “direct” leptons produced
in P4 collisions. Then the situation with regard to the
p* polarization in P4 collisions could be understood
if one assumes the existence of a further heavy neutral
lepton M° as in the scheme (156), whose mass must be
appreciably less than the mass of the M° At the same
time, as follows from the scheme (156), the M°(E°)
leptons must not be produced in neutrino experiments.,
The observation of such leptons is then possible in

i(e)yinteractions. Accordingly, the lifetime of the
MP°(E®) leptons must be appreciably greater than
Tyo (Tgo)-

The production in v, ¥(¥, #°) interactions of heavy
leptons, and also the existence of nondiagonal neutral
leptonic currents, leads to a certain change in the ex-
pected values of the cross sections of v, #° (¥, #) inter-
actions in reactions with both charged and neutral
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currents. For example, the production of M? in the
reaction v, +4~ M%+... with the subsequent decays
M°=p” +... and M°=p, +..., will give formally
contributions to the total cross section of reactions
with both charged and neutral currents, and in the case
of the V = A variant the contribution to the cross sec-
tion of reactions with neutral currents at energies far
from the M° production threshold will be three times
as large as the contribution to the cross section of
reactions induced by antineutrinos. However, mea=-
surement of the total cross sections of v, #°(7, #) inter-
actions through charged currents in the energy range
100-250 GeV indicates that these contributions are
themselves slight, which then indicates either small
coupling constants of the transitions v, M~ and

Vy~— M°Ger <Gg), or an appreciable mass of the
heavy lepton M~[m(M™)=8 GeV].

Since the heavy leptons with electron quantum num-
ber may be appreciably lighter than the heavy muon
leptons, it would be interesting to make corresponding
searches in beams of high-energy electron neutrinos,
an admixture of which is always present in a v, beam.?
That this suggestion is reasonable is also indicated by
experiments in colliding €'e” beams, in which pe pair
production processes are explained by the production
of the heavy charged leptons 7 with mass =1.9 GeV.
This lepton may either be ascribed a new quantum
number or a muon or electron quantum number. In the
latter case, the 7* in the scheme with eight leptons
may occupy the position of E*, ™™

Behavior of Total Cross Sections of v, My, N) Inter-
actions and Production of Heavy Quarks. The possible
existence of new heavy quarks and heavy lep-
tons®85:66:88 (hegides the charmed quarks) poses the
experimentalists a number of problems associated
with their detection. In the considered gauge schemes,
there exist both left- and right-handed transition cur-
rents of the ordinary valence quarks (p,n) of the
nucleon into heavy quarks. It is natural to seek pro-
cesses due to these transitions, above all in neutrino
experiments. On the basis of the quark—parton pic-
ture, the differential distributions of the secondary
muons with allowance for right-handed quark tran-
sitions will be

2o CUE (g, )+ () (1 —4¥]
+% [gr (2) +¢r (2) (1 = 1)2I);

""’.ﬁ" A
O = CME (g, () (1~ ¥+ T (@)

ke

+%[gr () +r () (1 —y)4}

(160)

@l don o Wil oo s NS g
i) T RO L "“g“(u,nn)' =3

In these expressions, the functions g (x) and 7 (x)
are the densities, multiplied by x, of the distributions
of the primary quarks (or partons) and antiquarks in
the nucleon, these quarks being coupled to the secon-

OThe admixture of v,(7,) in ¥,(7,) beams is $0.5%. Therefore,
searches for E- and E* require a considerable time,
» For a=r/4, n=Mj,/M§ .
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dary quarks through the V — A current, and gz(x) and
qr(x) are the corresponding quantities for the distribu-
tions of the quarks in the nucleon coupled to the other
quarks through the V +A current.

The variable x characterizes the fraction of the
nucleon longitudinal momentum carried by the quark-
parton that interacts with the lepton in the system in
which the target nucleon moves with relativistic ve-
locity. The parameter 0<% <1 in (160) characterizes
the intensity with which the right-handed currents are
involved, and it depends on the particular model. For
example, in the scheme with six or eight quarks based
on the SU(2), XSU(2)g X U(1) gauge symmetry (see Sec.
3), the parameter » depends on the degree of mixing
of the charged W7 and W bosons.™™ The maximal
increase in the cross section in the case of the v, /"
interaction through the charged currents is by 1/3
due to right-handed transitions of the type
(n—q)z(@,=2/3)"'% in the antineutrino interaction, the
cross section can increase because of the transition
(p—b)z(@,==1/3) by four times.”™ The existence of
right-handed currents of the type (p — b)z would lead
to the appearance of a y anomaly'® in antineutrino ex-
periments and to a growth of the ratio of the cross
section of the reaction ¥, + /'~ u* +... to the cross
section of the process v, +4 = L™ +,.. with increasing
primary energy. The new data'''"!'* do not yet confirm
the existence of the previously observed y anomaly,
i.e., the behavior of do(¥, 4')/dy inconsistent withthe
quark-parton model with three quark species. On the
other hand, if mixing between the left- and right-
handed worlds does not occur (»=0), then the new
currents will not have any influence on the behavior
of the cross sections for the interaction of neutrinos
and antineutrinos with nucleons, and heavy quarks (of
the b and 7 type) will not be produced in neutrino ex-
periments. In Harari’s scheme, the left-handed cur-
rents can lead to the production of the  quark with its
subsequent decay and production of the b quark (see
Sec. 3). In the 7, #interaction, such processes can be
realized only on quarks in the sea of ¢g pairs with the
production of 7 quarks and the decay of these into &
quarks, In this case, searches for heavy quarks in
neutrino experiments may be fruitless, but they will
give a bound on ®. The masses of the heavy quarks
are expected to be in the range 2=100 GeV. Attempts
to observe unusual hadrons should be attempted either
in the process of ¢'e” annihilation or in hadron-hadron
collisions, Also, as will be shown below, the observed
polarization of the “direct” u*in B/ collisions is in
practice very hard to explain in the framework of the
standard GIM scheme. The only possibility remaining
is to assume that already at energies V5 =11.8 GeV
there occurs production of particles with the new
quantum number “heaviness,” the mass of these
particles lying in the range 2—-4 GeV. This question
requires a careful experimental investigation.

By analogy with the lepton scheme that includes non-
diagonal neutral transitions, it is helpful to consider
a quark scheme based on either the gauge symmetry
SU(2) X U(1) or SU(2)y XSU(2)g XU(1) with four quark
doublets:
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(cosap—é-sinaﬂ‘ ; cos ac +sin al . |
¢os Pn + sin ﬁm)(%’ (cos pA+sin fh’\)(e)!_’ I (161)

(cos @p -+ sin Eé]‘) . (cos ac +sin EC)
cos fin —sin B /), \cos fA+sin fA O

In this scheme, the production of new particles with
the heaviness quantum number can also occur through
V - A transitions.

Polarization Experiments and Right-Handed Lepitonic
Curvents. In connection with the possible existence of
right-handed leptonic currents discussed in Secs. 3 and
4,°*!'% jt would be interesting to make an experimental
search for leptons with right-handed polarization (and
antileptons with left-handed polarization) in neutrino,
muon, and electron interactions with nucleons. For
example, one could look for the right-handed currents
(L"MC)g or (7 E%y in the reactions p* +.4/~ M(M°)
+hadrons or é&* + /= E°(E°) + hadrons.* 5 [t then be-
comes very important to measure the polarization of
positive muons in the decays

[ F’-+;u
M=t 4o+,

u* -+ hadrons -

(162)

From the measured sign and magnitude of the 1*
polarization one could establish the structure of the
current (1" MP°),

It is someqv_hat harder to establish the structure of
the current (4™M°) in the decays

W pt vy
M‘:&-{p'fa*{»vg

u~ + hadrons

(163)

because of the depolarization of the negative muons in
the process of production of mesic atoms when p~
mesons are stopped and captured in atomic levels and
there are then cascade transitions of the atom to the
ground state, However, even in this case the muon
retains 7-15% of the original polarization, and to
establish the nature of the interaction it is sufficient
to measure the sign of the angular asymmetry of the
electrons in the decay pu™ - e” +7, +v,. In addition,

if the (L1~"M°) current has V +A form, then in a beam
of u~ with left-handed polarization the production of
M° will be impossible (and in a beam of u* with
right-handed polarization the production of 3 ° will be
impossible). It is perfectly possible to produce p*
beams with given polarization by separating different
ranges of angles of emission of the muons from the
decays of pions and kaons.?” Changing the polarization
of the muon beam, one could follow the change in the
yield of events with the production of M° and M°,

One could look for neutrinos with right-handed
polarization®»!! (or antineutrinos with left-handed
polarization), which can exist in the six- and eight-
quark gauge schemes, by the beam dump method. In
this method, one directs the proton beam directly
onto a nuclear shield in order to reduce drastically
the secondary flux of neutrinos with left-handed polar-
ization (or antineutrinos with right-handed polariza-
tion) that result from the decays of the K and 7 mesons
produced in proton—nuclear collisions. The relative
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fraction of unusual neutrinos (or antineutrinos) pro-
duced by the decay of the short-lived hypothetical
hadrons (charmed bosons or fermions) must increase,
so that the search for such processes is considerably
facilitated. Neutrinos with right-handed polarization
(or antineutrinos with left-handed polarization) will,
when they reach a detector set up directly behind the
nuclear shield, induce the reactions

(164)
(165)

Vur (Ver) + 4" = M~ (E") +hadrons ;
Vur, (Ver) + " — M* (E*) - hadrons .

The heavy leptons M* and E* produced in the reac-
tions (164) and (165) can be identified by their leptonic
decay modes:

M- —p (@) +v ()4 E e @)+ v () v (166)

M*—p* (@) 4 (W) + %5 E* 8 (1) +¥e (V) Ve (167)
The most probable value of the transverse momentum
of the u* and &* products of the decays (166) and (167)
will be p, = my/4, which will make it possible to sub-
tract the background from ordinary neutrino interac-
tions and identify the processes (164) and (165). Right-
handed polarization of the neutrinos in the processes
(164) and (165) can be established from the energy and
angular distributions of the charged leptons from the
decays (166) and (167). Detailed calculations of these
distributions are presented in Ref. 116.

CONCLUSIONS

Study of the interaction of elementary particles on the
basis of the gauge approach has made it possible not
only to eliminate a number of fundamental difficulties
of the old Cabibbo theory (its nonrenormalizability, the
difficulty associated with the unitarity limit, etc.),
but also to predict new interesting phenomena in weak-
interaction physics in a wide range of high and super-
high energies. The gauge approach first demonstrated
the possibility of constructing a unified theory of the
weak and electromagnetic interactions and indicated
how the strong interactions of quarks could be included
in this scheme, It appears very probable that the ob-
served considerable difference between the effective
coupling constants of these interactions is due to the
fact that the experimental data at present at our dis-
posal have been obtained at not very high energies.
The transition to the region of superhigh energies
(physics at distances comparable with a quantum of
length 107Y" em; see Ref. 117) must tell us whether
we are dealing with a unified interaction or whether
there exist in nature fundamentally different forms of
interaction.

The main effects expected in the different gauge
theories concern above all the production of new had-
rons and leptons and the interaction quanta—the vector
bosons—in different collisions of elementary particles
(lepton—hadron collisions, ¢"e” annihilation, hadron=—
hadron interactions).

The search for and detailed study of the new particles
and processes may lead in the not too distant future to
the solution of a number of questions relating to the
establishment of the lepton spectrum and, possibly, the
elucidation of the nature of the analogy between quarks
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and léptons and in what their difference resides.

Let us now briefly list the topical problems for
which the modern theory of elementary particles awaits
an answer: 1) the pe problem and the possibly re-
lated A/n problem (the origin of the Cabibbo angle);
2) the quark—lepton problem (the number of quarks
and leptons and the nature of their analogy); 3) the
problem of the search for quarks, gluons, and W bo-
sons; 4) the type of gauge symmetries of the weak
interactions and the number of guage bosons; 5) the
energies at which the weak interactions become com-
parable with the strong interactions; 6) the problem
of CP nonconservation in decays of the new hadrons.

The final choice of the unified gauge scheme of
interactions of the elementary particles will largely
depend on the solution of these problems.
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