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A study is made of the weak interaction between quarks for the three- and four-triplet models for integral
quark charges in the most general form. It is shown that under certain conditions the requirement that the
algebra SU(2) be satisfied for the weak charges automatically leads to diagonality of the neutral current. The
Lagrangian of nonleptonic interaction for ordinary hadrons is obtained. Some predictions are made for
nonleptonic decay of charmed hadrons. These currents are capable of describing the latest experiments on
neutrino reactions. The methods proposed for dealing with weak currents may be very helpful in the

consideration of all quark schemes.
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INTRODUCTION

Following the discovery of the isotopic symmetry
group of the strong interactions, it was found that the
group SU(3), specifically its eight-fold way,? is also
a symmetry group. The lowest representation of SU(3)
used in this approach has dimension 8 (which gave the
name to the entire direction). All the necessary rep-
resentations can be obtained by decomposition into ir-
reducible representations of the direct product of the
eight-dimensional representations, for example, 8®8
~13808®10910@ 27. But the group also has a series
of representations (3,6,15,...) such that the particle
multiplets corresponding to them in the framework of
the eight-fold way will have fractional values of the
quantum numbers. A triplet of such particles, the
quarks g, have the following charges: ¢,=p (2/3), q,
=n (-1/3), and g,=X (~1/3). Since the direct products
of triplets and antitriplets form multiplets of physical
particles, for example, 3®3=1®8, Gell-Mann and
Zweig** had the very fruitful idea of regarding the ob-
served particles as composed of quarks. Mesons are
formed by quark-antiquark pairs, M~ gq, and baryons
by three quarks, B~ gqq; for example, K*~3Xp, and A°
~prA Or 27~ AAA. It appears obvious to ascribe a quark
the spin 3, and it then follows from the theorem on the
connection between spin and statistics that the quarks
must be fermions. At this point, the entire scheme
becomes contradictory, since it is impossible to put,
for example, three identical particles in the S state to
form A**~ ppp or @™~ AAA. Similar arguments hold for
baryons with spins 3. One way out of this dilemma is
to introduce the concept of color.®® It was also sug-
gested that the quark fields should be regarded as
parafermion fields,” which also eliminated the contra-
diction; however, in this review we shall discuss only
color quarks.

The idea common to all color models is that the
quarks acquire a new degree of freedom (a new quan-
tum number), which is called color. The quark field
acquires a further index. We shall denote the indices
of the group SU(3) by 4,4,k,..., and the color indices
by a,B,y... . The quark triplet (p,n,A) was written
as q, (q,=p,q.=n,q,=1), and now q,;, 18 represented by

. Gz fia
qa1 qa2 ‘-'za) . (1)
931 9az Qa3
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The quarks with different colors are different particles
and can form S states. The observed hadrons do not
have this new degree of freedom, so that to construct
them from color quarks we must contract over the col-
or indices. The generally accepted color group is
SU(3), although other possibilities have been dis-
cussed.® In the group SU(3), the well-known symbols
b4p and €,,, are invariants, and these serve to con-
struct ordinary hadrons from color quarks. The me-
sons are constructed by means of the Kronecker delta:

M~ gitegy,, (2)
For example, K* now has the form
K+ = (1“']/ 3-) (iipl + }:1132 Su sts)- (2’)

The baryons are formed by means of the Levi-Civita
symbol:

B ~ eapydiatingny; (3)
for example,

A% (1) g) tapylutphy = (/) G) [Pitals + panci.y -+ Patyl
— Pyligha — Pallai.y — ponhal. (3%

Similar procedures for averaging over the color are
also applied for other physical quantities such as the
currents, products of currents, etc. Rather a lot of
different color models have been proposed. An exhaus-
tive list of them and a description of the differences are
given in the Reviews of Refs. 9-11. Basically, these
reviews classify the color hadrons and their strong and
electromagnetic interactions. In contrast, the studies
concerned with weak interactions are not represented
nearly so fully in the quoted reviews. In addition, since
the writing of Refs. 9-11 several investigations have
been made into the weak interactions, and the time is
now ripe for a systematic survey. These were the
reasons that prompted the writing of the present re-
view.

The experimental data can be satisfactorily described
in the framework of a model with fractionally charged
quarks. This circumstance, and also the attractions of
such a theory from a purely theoretical point of view
have led to a widespread conviction of its validity.
However, this does not rule out the possibility of con-
sidering alternative schemes with, in particular, inte-
gral quark charges. As we shall see below, these
schemes have additional possibilities associated with a
change of the color in weak interactions, which in a
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number of cases makes it possible to described phe-
nomena whose treatment in the standard model leads
to difficulties such as, for example, the problem of P-
odd nuclear transitions. In the present review, we
shall discuss different aspects of the theory of weak
interactions in the framework of a model with integral
quark charges, avoiding as far as possible a repetition
of the questions discussed in Refs. 9-11.

As the basic model, we choose the original model of
Bogolyubov, Struminskii, and Tavkhelidze® and Han
and Nambu® with integral quark charges. Many results
can be transferred with virtually no modification to
other models with integral charges.'***

1. MODEL AND GENERAL FORM OF THE WEAK
HADRON CURRENT

The first of the color models®® was constructed as
follows. The group structure is SU(3)’ ® SU(3)". With
respect to the group SU(3)’, the quarks transform in
accordance with the representation 3, and the quantum
numbers of this group are distinguished by an index as
follows:

b I3 Q'
=43 Uz U
% 43 —12 —1/3
%23 0 —1.

=

(4)

V)

In the considered variant, the quarks behave with re-
spect to the group SU(3)” as the antitriplet 3%, the in-
dex o fixing their quantum numbers with respect to this
group as follows:
oo o

gl: =13 —112 —23
q‘?: —1/3 1/2 1/3; (5)
gl 28 0 13.

It is assumed that the ordinary group SU(3) is a diag-
onal subgroup of the group SU(3)’ ® SU(3)”. This means
that the generators of SU(3) (denoted by symbols with-
out primes) are sums of the generators of SU(3)" and
SU(3)". Thus,

Y=Y'@I4+19Y" L--NIel+186; ¢=¢®1+18¢". (6)

Using the rule (6), we can readily obtain the quantum
numbers of the nine quarks in the triplet model. For
example, the quark g; =p' has the quantum numbers ¥
=0,1,=0,Q=0; the quark q3=n’has Y=1,1,=- 2 @=0;
and so forth. As a result, we obtain the table

) 1, | e=r+vi
pt 0 0 0
nt 0 —1 —1
M —1 —1/2 —1 (7)
Pt ] 1 1
n? 0 0 0
A2 —1 1/2 0
I 1 1/2 1
n 1 —1/2 0
23 0 0 0

Frequently, this quark nonet is written in the form of
the matrix

-
L I (8)
A oA
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in which the subscript indicates the charge of the quark.
We consider also the group SU(4)’ ® SU(3)” and require
that the 12 quarks in it also possess integral charges.
The generally accepted charges of the quarks in the
group SU(4)’ are

Q')
a2 l
q%: —1/3; ¢ (9)
qg: —2/3;
qf:‘: 2/3,

while with respect to SU(3)” they are as in (5). We
again form the sum Q=Q’' ®1+1®Q", and then exactly
as in the group SU(3)’ ® SU(3)” we obtain a matrix anal-
ogous to (8) (gF=c"):

1 2 3
Py Py Py
P TR
n n n
= 0 1]
1 a2 a3 |* (10)
v S V-
1 a4
ge -E5, e

Such a rule can be extended in an obvious manner to
any number of flavors. It is important to note that the
electromagnetic current in schemes with integral quark
charges is an octet with respect to both the group SuU(3)’
and SU(3)": J,=J(8,1)+J(1, 8), whereas in the scheme
with fractional charges @=Q’' ®1, and here J,,=J(8,1).
This important property makes it possible to distin-
guish experimentally these currents below the color ex-
citation threshold.

We now turn to the construction of the matrices of the
weak transitions between the obtained color quarks. In
principle, we can stay within the framework of the diag-
onal subgroup of SU(3)' ®SU(3)” and attempt to con-
struct responsible for weak transitions between the ob-
tained nonet of quarks. In the group SU(3), the weak
current has the form

Ji = con 8.7, 4 sin BT,

St (=) ("—Tzﬁ)r} (11)
R e hyf-iks

Tt = (=) (25572 ) @

Here, g=(3",3%4°) and A, are the Gell-Mann matrices.
We rewrite the current (11) in explicit form, omitting
the Lorentz structure:

0 cos 0 sin O,
) q (12)

Jr=qM*q E(e 0 0
0 Q (]
If we stay within the framework of the diagonal sub-
group, it is obvious that the currents u in the groups
SU(3)" and SU(3)" have the same form (with angles 8’
and 6”). Inthe Han-Nambu model, the generators of
the diagonal subgroup are

Ay~ (@ 1—1020/2, (6)

where A, are the Gell-Mann matrices, and the symbol
T denotes the transpose, since we use the antitriplet
3* with respect to the group SU(3)”. Using the matrix
notation, we then obtain the weak current in the form

J* =g M}, (13)

where
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0 cos B sin @

0 0 0 0 0 ‘
0 0 0 ‘
cos@" 0 0 0 cos® sin®’
Ar+=}] o0 cos@” 0 0 o 0 0
0 0 cos® 0 0 0 ;
sin 8" 0 0 0 cost sin@’
0 sin@” 0 0 0 0 0
0 0 sin 8" 4] 0 0
!
n_l
AL
b
g=|n. (13')
J\.l
!}3

Al

When M" is averaged over the color indices, we obtain
the usual Cabibbo matrix;

{ 0 3cos0 3sin®’
M+ ==_(D 0 0 )1
3 0 U 0

(137)

i.e., 0'=#6c, and the angle 6#” remains arbitrary. Such
a form of the current (or with small modifications) has
also been used most frequently to treat weak interac-
tions in the three-triplet model. In such an approach,
we effectively remain in the framework of the group
SU(3). Here, as in Cabibbo theory, we cannot deter-
mine the neutral current by means of the algebra SU(2)
of weak currents'! in such a way as to suppress transi-
tions with AS#0,

In what follows, we shall consider all possible weak
transitions'*'®* petween quarks with AQ=+1 (for the
current J;). As can be seen from (7), there are 20 such
transitions with corresponding coupling constants. The
notation for these constants is chosen as follows. The
strangeness-conserving transitions with A¥ =0 have the
constants q,,i=1,...,8; the transitions with A¥=+1
-=b,,i=1,...,8. There are also transitions with AY
= =1 and 4Y =2, whose constants we shall denote by c,,
i=1,2, and d;,i=1, 2, respectively. The matrix of
transitions then takes the form

0 a by O 00000
000000000
0000000000
a0 0 0 ay by U¢a,
Mt =10 a; b 00 0 0 0 0, (14)
0cag OO OO0 O
by 0 0 0 b dy Oay by
0 b ds O O 0 0O D O

0 ag b 00 0000
We have not considered here CP, and we therefore as-
sume that the constants in M* are real; then M ~=(M")T.
We also define the weak charge, which is important for
what follows:

Q% 3 | daavy (1 —va) M. (15)

An important part in the determination of the constants
in (14) will be played by the condition that the algebra
SU(2) is closed for the charges (15); we postulate this
in the form
Q" @), Q%= =20~ (16)
From this we obtain the following relations for M*:
LM*, M~], M*].=292M=, (167)

And from this we can obtain the matrix of neutral tran-
sitions, which is defined as
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My=[M*, M-)2. (17)
Thus, the neutral current is

Th= (U2)qv, (1—ys) LM, M) q. (17)

It should be emphasized that we are here speaking of
the part J of the total Salam-Weinberg neutral cur-
rent:

I =J5 — 2 sint 0y g ™ (18)

2. CLOSURE CONDITION ON THE ALGEBRA OF
WEAK CHARGES AND ITS CONSEQUENCES FOR M+

In the modern theory of weak interactions, it is, on
the one hand, regarded as necessary that this condition
be satisfied; on the other, it is extremely useful for
choosing a particular form of the current in different
schemes. In principle, both the Cabibbo current in
SU(3) and the GIM current'’ in SU(4) can be obtained
solely on the basis of the condition that the algebra of
the weak charges is closed for the corresponding cur-
rents. It should, however, be said that in the case of
SU(3) the neutral current determined in accordance
with (17) cannot be made diagonal, which was one of
the reasons for the introduction of the fourth quark ¢
and the construction of the GIM scheme, in which this
shortcoming is absent. In addition, in the case of SI/(4)
the equations obtained from the weak currents of the
SU(2) algebra have an additional solution which differs
from the one used in the GIM scheme and in Refs, 18
and 19 to construct a current with right-handed helicity.
This current has exactly the same form as the ones
proposed in other papers®* for quite different rea-
sons. The features of the various solutions also make
it possible in other schemes to use some of these solu-
tions for the construction of GIM -like left-helicity cur-
rents and others for right-helicity currents. For ex-
ample, the principle is used in Ref. 22 to construct
weak currents in six-quark schemes. We shall discuss
this question in more detail in the section on right-he-
licity currents, and we give here one of the solutions
obtained in Ref. 23 (see also Ref. 24) for the considered
case of the three-triplet model.

The conditions (16’) form a system of 20 equations
in the case of the matrix (14). The extremely cum-
bersome notation of these equations and the procedure
for solving them can be avoided by means of the follow-
ing device. We introduce four five-dimensional “vec-
tors,” which are composed of the elements of the ma-
trix M*:

- "
as by

Xeele |i Y=L (o |;
12y, Vela,

by

(19)
Ty by
by
Z:% '11,: ; V% & |.
| o Va a
\a; by
The relations (16) are then written as follows:
2X32X 42 (XY) Y — (XZ) Z— (XV) V== X;
2Y +2(XY) X—(YZ)Z— (YV) V=Y
2Y2Y 2 (XY) (YZ) Z— (YV) (20)

972712 (ZV) V— (XZ) X — (YZ) Y = Z;
V2V L 2(ZV) Z— (XV) X—(YV) Y - -V,
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where (XY), etc., denote the scalar products of the
vectors X and Y, etc. To solve the system (20), we
multiply each of the equations in turn by the vectors X,
Y, Z, and V. The system (20) is then transformed into
a system of 14 equations for the following ten invari-
ants:

X2, Yz, 72, V2, (XY), (XZ), (XV), (YZ), (YV), (ZV). (21)

In Ref. 23 and here we consider only the case when
there is a nonvanishing determinant

(XZ) (YV)— (XV) (YZ) == 0. (22)

We then have a unique solution of the system we have
obtained:

X2 =Y2=Z2=V2=1; (23)
(XY) = (ZV) =0; (24)
(XZ) = (YV) = % sine; (YZ)= —(XV) = £ cosa, (25)

where « is an arbitrary parameter.

We substitute the obtained values of the parameters
(23)—(25) in the original system (20) and find its gen-
eral solution in the very simple form

Z= + (sineaX+cosaY); V=-+ (cosaX—sina¥). (26)

The ten components of the vector X and Y together with
a are 11 parameters, on which the general solution of
Egs. (20) depends (or, which is the same thing, they
are the conditions of closure of the algebra of weak
charges). In addition, three further conditions are im-
posed on these parameters [see (23) and (24)]:

X2—Yi=1; (23%)
(XY) =0. (247)

It is usual and very convenient to express the constants
of weak transitions in terms of angular variables (Ca-
bibbo current, GIM scheme, and the various multi-
quark schemes). In the present case, it is also possi-
ble to parametrize the conditions (23’) and (24") by an-
gular variables. Some forms of parametrization and
methods of their construction are considered in Ref.
23; here, we give one of them:

cos 0 cos 3
cos Bsiny
X | sin@cosqcosy |}
<in 0 cos ¢ sin (27)
csin O sin g
Y =w, Y 0. Y, w0,Y a1 Yy,
where
sin0cos %, —cosbeosy
sin Bsin ¥ sinBcos o
Y;=| —cosBeosqcos§ | ¥Yu= sinOcospsing §;
—cosBeos ¢ sin § sinDsin ¥ sin g
geeRaing —sinBeosq
—sinBsin g, ;0
sinB cos b 0
Y= —cosBeos 1 sin g v Y= sin
—cosDsinp sin g —cos P
= 0
cos fcos @

Thus, the expression for the weak current in the
three-triplet model that satisfies the condition for the
weak charges to be closed and also the condition (22)
depends on nine angular variables. The appearance in
(27) of the additional parameter [the relations (26) and
(23")=(24") leave eight parameters free] is due to the
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method of construction of the parametrization given
above.®

3. EXAMPLES OF WEAK COLOR CURRENTS

A. The form of the current obtained in (23) and (24')
satisfies only the weak-current algebra SU(2), eight
parameters remaining free. They can be used to sat-
isfy other physical requirements. The most important
condition is that the while part of the color current
should be identical to the Cabibbo current. To give ex-
plicit expression to this condition, we decompose the
current defined by the matrix (14) into the singlet part
and octet part in the color space:

= GM = (13) Sp (MT) (gigy) + M3™ 1g,a8— (1/3) 88 (Gaa))].
(28)
In matrix notation, the singlet part of (28) has the form

1~ 0 ay+tayi-ag bythyt-by
I giq(o 0 0 )q, (29)
\0 0 0
from which we obtain the relations
(ay+ay+as)/3=cos0c;  (by-+by+ D)3 =sin b, (30)

We obtain one further condition on the coefficients from
the white part of the nonleptonic Lagrangian. We shall
consider its construction in detail in Sec. 7, and we
merely mention here that it contains AS= 2 transitions.
We set the coefficient that arises in the term with such
transitions equal to zero:

agds - byes = 0. (31)

To satisfy Eqs. (30) and (31), there is no need to use
all the eight free parameters. It is also clear that
there exist many ways of taking into account (30) and
(31).

Among all the possibilities, we have chosen a set
which is interesting in that the parameters are approx-
imately equal to the Cabibbo angle:

cos @ ©osing
1 —sin@ 1 cos (32)
X=V= —=| —singsin0 |; Y=Z=—r cosgsin® |
£ cos B V2 sin 0
sincos @ —cos g cos 0
for sinf.=0.235,
sin0=10.230; sinp=0.244. (33)

B. We consider one further fairly interesting exam-
ple. As defined in the matrix (14), the weak interac-
tions of color quarks permit transitions with Y= -1
and AY =2, which have not been observed in the inter-
actions of the known hadrons. If it is assumed that such
transitions are also not allowed for color states, then
we must set

¢;=d;=0. (34)
Then the weak current can be parametrized as follows:
“cos P sin
sin cos
X:Vr:.% 0 3 YTZ=~—!-:- cosq |- (35)
LA cos g V2 \ i
sin g, sin @

Equations (23’), (31), and (34) are satisfied by this set
automatically, and Eq. (24’) imposes the following con-
dition on the parameters (35):

A, Arbuzo
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sin 2 = sin? g (36)

The solution of the three equations (30) and (36) gives
a value of the Cabibbo angle close to the experimental
value;

sin 8- 0.211, (37)

4. NEUTRAL CURRENT

As we have already noted, the condition of the alge-
bra SU(2) for the weak charges gives an expression for
the ¥V — A neutral current J° (part of the total neutral
Salam-Weinberg current J #) in the form

Th=av (1 —vs) Mg, Mo __[M*, M), (38)

We shall first find the general form of the commutator
(38) for the matrices (14), this being valid for all types
of models of the weak interaction in the three-triplet
model. We recall that the relations (26), (23’), and
(24') that we have obtained between the coefficients of
the current represent only one of the possiblé models
determined by the condition (22). We take the system
of notation for the coefficients of the neutral current to
be the same as for the charged currents, except that
we replace the lower-case letters by upper-case let-
ters: A, correspond to transitions with AY = 0; B, to
transitions with |A Y|=1; and D, to transitions with AY
= 2;

4, 0 0 0 A40B, 0 B, 4

III

0 4B, 0 00 0 0 0
0B A0 009 0 0
0.0, 0y 0 0,85 00
200 = A 0 0 0 A.’s B2 0 Ba Aya (39)
B, 0 0 0 B,4, 0 D B
O Dh0 B b G 0D
B0 0 0 ByDO 4, B,
430 0 0 AL B 0 B, 4,)

In contrast to the case of the charged current (14),
there is here no need to distinguish the transitions with
AY=+1and AY= -1, since M° is symmetric, and
therefore to each transition AY=+1 there corresponds
a conjugate transition (A Y= -1) with the same coeffi-
cient. The same is true of the |AY|=2 transitions.
The coefficients of the matrix M° can be expressed in
terms of the coefficients of the charged current as fol-
lows:

A=ai+bi—ai— b A= — (@ +aibai b e
Ay=— (@} + 0+ i+ b2 +dY); Ay=aitaltai+b24c
Apal BB Ag—alt —bi—

Adr=al4+- BB+ dy; Ag=0 - d2—ai—ch
Ag=ai-+-bi—ai—bd  Ay=aa;+bbs— a,a,—b,by;

Ay = ayag -+ bibg— aya; — byby;  Ayy = asa5+ byhy — aga; — biby;
By= — ()b +ashg -+ ages + bsdy + aghg); i (397)
By = aseq+ aghy— ashy, — bydy;

By = ash;+ bgd, — aq.e, — ashy;

By = asby -+ ad + ase; -+ bad, + aqbs;

Bs=ash; - bgdy—aye,— aby; By = aghy -+ age,— @qby— bydy;
Br=ae,+aghy— auby—bidy;  By=abs+bydy— ase;— ashy;
D = agids+ bsey— agd; — boe,.

As in the case of the charged currents, it is interesting
to separate the white part from the obtained neutral
current and to consider what requirements experiment
imposes on the coefficients of the matrix (39). In the
space of color indices, we decompose the neutral cur-
rent into the singlet and octet parts:
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JO= g Mg = (4/3) Sp MY (Ghay) -+ MY (3100 —(1/3) 88 (ig))).  (40)

Explicitly, we obtain the matrix of neutral transitions
of the white current:

Ay +-4,4 A, 0 0
). (41)

(f”n).siny :( 0 Ay A+ 4, B+ B, By
0 Bl“TBL'%Bs AJ+A8+AD

In the general case, since there are no experimentally
observed transitions n <), we must require that

B, +B,+ By=0. (42)

As we shall see below, the conditions obtained in Ref,
23 [see the relations (26), (23’), and (24’)] automatic-
ally ensure fulfillment of (42). Here, this ratio is giv-
en for completeness, since by no means all models (and
according to our information there is just a unique one,
proposed in Ref. 23) have the property that fulfillment
of some other conditions [in our case, this is the con-
dition of the weakcurrent algebra SU(2) and the inequal-
ity (22)] automatically entails diagonality of the neutral
current. Inthe considered case, not only the white
current with the matrix (41) is diagonal but also the tot-
al current, which includes the octet representation in
the color space, i.e., the entire matrix (39). Indeed,
substituting (26) in (39’) and using the conditions (23)
and (24’), we can readily show that the only nonvanish-
ing elements of the matrix (39) are

—Ay=—Ay=A,=A;,=2. (43)

Thus, the weak neutral current of the model is com-
pletely diagonal and has the form

Jh= — v (1 —7s) 2y — Ty (1 — ) By Pat (1 — Y5) Do
+ PaVu (1—1v3) pa. (44)

Note also that the quark structure of the current (44) is
identical to that of the electromagnetic current. We
also write down the white part of the current (which
also, naturally, is identical to the electromagnetic
part) corresponding to the ordinary SU(3):

(J3) singt = (2/3) Py (L—75) p
— (1/3) ny (1 —y5) m— (1/8) T (1 —y5) 1. (45)

It is interesting to note the following. It is widely
known that in the “pure” SU(3) theory the neutral cur-
rent cannot be determined in the framework of the
weak=-current algebra SU(2) without its containing the
current (zA) with constant siné, cosd.. Inthe case under
discussion, the current (45) is completely diagonal and
corresponds to the usual SU(3) obtained from the sym-
metry group SU(3)’ ® SU(3)”. This is not the only case
when the conclusions of the Cabibbo SU(3) theory do not
agree with the results of the SU(3) theory obtained by
averaging over the color indices of the group SU/(3)
®SU(3)". The latter has a richer content, and in what
follows we shall illustrate this in some examples.

5. THE KATUYA-KOIDE MODEL

In Secs. 2-4, we have considered one of the variants
of the weak hadronic current in the three-triplet Han—
Nambu model. In the literature, one can find numer-
ous variants of the currents in the color scheme (a
fairly detailed list of papers on this subject can be
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found in Ref. 10), but, as a rule, these do not use the
rich possibilities of the current (14) from the point of
view of the number of parameters. To the best of our
knowledge, the papers of the Japanese authors Katuya
and Koide are an exception, Comparatively recently,
they proposed a fairly general and relatively param-
eter-rich variant of the weak interaction for color had-
rons in Ref. 25. In their earlier papers (see the refer-
ences in Ref. 25), they considered a very large number
of physical problems, using for this the matrix M* [see
(14)] directly. However, in Ref. 25 they proposed a
very elegant form of quark mixing. The mixing param-
eters serve as the coefficients of the weak current,
which describes rather economically the structure of
the weak interactions of ordinary and charmed hadrons.
We have found it necessary to present this scheme in
some detail in the present review for the following rea-
sons. Namely, it is one of the few schemes that com-
bine generality and elegance. It has many properties of
the model described in Ref. 23 but differs radically
from it; a comparison of these two models reflects
fairly well the general situation in the study of the weak
interaction of color hadrons, i.e., the many choices of
model. The Katuya-Koide model (KK model) applies
equally to the scheme SU(3)' ®SU(3)” and the scheme
SU(4)’ ®SU(3)”, and this is an advantage that the model
described in Ref. 23 (ART) does not possess. We shall
show below that the weak-interaction scheme presented
in Sec. 2 cannot be extended to the group SU(4)’ @ SU(3)”,
and its method of construction can be applied only in the
case of the groups SU(n)' ® SU(n)”. In the Appendix,
this method is illustrated for the group SU(4)’
®SU(4)".%

We now turn directly to the KK model, omitting where
possible the details, which are given very fully in the
original paper. We here describe its main features
needed for the following discussion.

One considers an SU(4)' ® SU(3)” scheme with 12
quarks whose charges are determined in the matrix
(8). All the quarks are distributed over left-handed
doublets of the gauge group SU(2), as follows:

() G (28) GR)s (id)s (35)- @)

The primed fields are combinations of unprimed fields
after the manner of the GIM scheme. The transforma-
tions are specified as follows:

(3)= (o ) ()

ngy 1 PY ny (47)
e N hy
( n;’ ) - AlAzAs ( nﬂ ) - A ( "s) ‘
s s ha
where
cospy sin, 0 0
A —sinfy cos iy 0 0 ‘
£ 0 0 cos Py siny, |’
0 0 —siny; cosy,
cos @ 0 sinee 0
0 cosp 0 sinf ),
4= ( —sina 0 cosa O ) 1 (48)
0 —sinfp 0  cosp

- 0 0

cOS ¢ Sin g
Mg = —sin @, CcOSq,
0 Q
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0 0
0 0
cosy singg |°

—singg cos ¢y

Then the weak charged current J* associated with the
W boson has the form (we omit the Lorentz structure
of the current)

J* = Py (€08 pyry - Sin @yhy) + € (— 8in @yny -+ cos @iy

+ Do (Aggy+ Agghy - Aggia -+ Ayda)

-0y (Aggmia -+ Apgha + Aggits+ Agihs)

+ Pa(Aany + Agdy + Agans+ Agds)

g (Aulta + Agghy+ Aaia + Ayha), (49)
where A, are the elements of the matrix A defined by
the relation (48). [For the decomposition of the current
(49) into SU(3)” octet and singlet parts, see Ref. 25. ]
To establish a correspondence between the notation for
the constants of the KK weak current and the constants
(14), we write out M" in this case. We denote the con-
stants of currents containing fields of charmed quarks
by primed letters, and the remaining system of nota-
tion is the same as in (14). We have

0 a b0 0000000 O B
000000000000 ny
DO0O0O0000000O00D M
0 b0 00000000 %,
a0 0 a; 0ay b 00¢; aq G Pa

o o agsg000000000f, _|n

Mr=1y 2aoo0000000o0f 75|a|" (50)
a; 0 0 a; 0ay b300¢] a3 0 ey
by O 0 b 0byd 00aby0 Py
0 bydy 000000000 ns
0 ag b 0 00 0 000 00 X
B0 0 by 0B, 0 00a) b0 o

The matrix (50) contains 36 transitions, whereas in the
current (49) there are 20. Moreover, the complete
current (49) is determined by just seven parameters:
@, B, @1, Py ©s, Uz; U5 Note that even in the more re-
stricted case SU(3)' ® SU(3)” the ART model is deter-
mined by nine parameters after the requirement of the
SU(2) algebra for the weak currents has been satisfied.
Such a structure of the current (49) is determined by
the specific feature of the doublet representations for
the quark fields in the gauge group SU(2) ® U(1). This
variant must be regarded as one of the possible vari-
ants; for example, the 12 quarks (46) can be combined
in triplets, doublets, and singlets with respect to
SU(2),, and to each choice there will correspond dif-
ferent weak currents. In what follows, we shall require
the coefficients of the matrix A explicitly. We write
down expressions for them, giving them simultaneously
in their correspondence with the elements of the ma-
trix (50):

a;=cos gy by=singy; a;= —singyg; by =cosqy;

@ = Ay = €OS 5 COS € €OS (P — Sin Py €08 P sin ¢y;

by == Ay = €OS 15 €OS 0t SiN (4~ SN P COS P cos ¢g;

== Agg = €OS 1} COS 0 COS ('3— Sin 3 cos fi sin g3

by = Ag, = c0s 1 €08 & sin @z -+ sin Pz cos f cos ¢3;

@y = Ay, = c0s \}, sin & gin @3+ sin , sin f cos ¢3;

by = Asy = — €08 3 Sin o COS @y -+ sin Yy sin P sin @y;

£y = As3 = COS Y Sin o €OS (3 — sin 1, sin P sin @g;

dy = Agy = — €081y sin o sin gy — sin iz sin f cos o (51)
a, = Ay = — sin1p, cOS 0, COS G — COS 1, COS P sin @,;

b, = Ay, = — sin 1}, cos o sin @+ €08 5 COS B cos @a;

a;,= Ay = — Sin 5 0S¢ €COS g3 — COS 3 cos P sin @g;

b= Ay = — 8in 1z 08 o sin @ -+ cos P cos i cos gy

a, = Ag, = — sin 1, sin o sin g -+ €0s p, sin f cos @a;

b= Ayq == sin 1 8in o co8 @, +- €08 Y3 8in P sin @q;
¢, = Ay = — sin 1, sin & cos gz — cos P, sin P sin @g;
d; = Ayy = sin 1y 8in ¢ sin gy — cos P sin  cos .
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The physical requirements imposed on the parameters
of the current are the same as in the case of the
scheme SU(3)' ® SU(3)". Averaging over the color in-
dices of the matrix (50), we obtain the current of weak
transitions of the SU/(4) theory:

0 ay-tayfay bytbgt+by 0
J+=%E(E 5 : S)q, (52)
0 aitajtap b4ty 0
where
P
q=(;). (52%)
c

In this case, the agreement with the Cabibbo theory is
expressed exactly as in (30):

cos B, = (ay+a, +ag)/3; sinf,= (By by -+ b3)/3. (53)

Substituting in (53) the expressions (51), we readily
show (remark of the authors in Ref. 25) that Eqgs. (53)
can be satisfied only under the conditions

sin o= sin ff = 0;

@y = Q3 = COS @1 == COS (s + Pa) = €08 (3 Y3) = cos O, } (54)

by = by =sin g, = sin (g, + ) = sin (g -+ P3) = sin 0.
But in this case there is absolutely no octet part of the
color current, i.e., nondiagonal 4 x 4 blocks of the
matrix (50), which can be readily seen by direct sub-
stitution. To avoid contradiction with the Cabibbo the-
ory and to preserve the SU(3)” octet part of the cur-
rent (49), we can proceed as follows. We replace Eqgs.
(30) by

(@g+ay+as) =3ucos Oe;  (by=-by -+ by) = 3x sin O, (55)

where »<1. It is also necessary to redefine the weak
hadronic constant G, replacing it by »G and regarding
it as an experimentally determined quantity. However,
it is well known that purely leptonic processes, for ex-
ample, u decay, take place with the same weak cou-
pling constant G, and the total weak current is the sum
of the hadronic and leptonic currents with a common
factor G (universality of the weak interaction). Thus,
having redefined the weak hadronic constant, we must
also redefine the leptonic part of the current in exactly
the same way. It is also necessary to treat the weak-
current algebra SU(2) for the leptons (the hadronic part
is chosen in such a way that it already satisfies this
condition). All the listed requirements can be recon-
ciled (see Refs. 23, 25, 27, and 28) by a mixing of or-
dinary leptons with heavy leptons, charged or neutral,
these being placed in weak SU(2) doublets; for example,

(e-cosrpfifb" sinq:) ; (,u- cos (p-\-:TM- sin cp) 4 (563')

or
(ve cos tp-{—Ngsin(p) .
2 H

(vu cos ¢4~ N, sin l;u)
P )

w (56b)
where cosp=n. (For more details about the conse-
quences of the introduction of the factor », see the pa-

pers quoted above and Ref, 29.)

We must make one further remark concerning the
terminology in the KK model. Katuya and Koide them-
selves call it a GIM=like model. If this were so, one
would expect the matrix (52) to correspond to the GIM
scheme. Then for the remaining elements of this ma-
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trix we would have the relations

(a;+a,+ay)/3= —sinf;

(b; 4+ b, +b)/3 = cos B,. (57)

Equations (57) are satisfied for the same values of the
parameters as in (54) (with replacement of the un-
primed @, and b, by the primed aj and b!) with corre-
sponding consequences, i.e., vanishing of the octet part
of the current. In practical calculations, we shall not
replace (57) by other equations in the way that (53) was
replaced by Egs. (55), and we shall not fix the relations
(57) by the value of the Cabibbo angle. We shall also
not include them in the system of equations for deter-
mination of the parameters of the model.

We write down further the electromagnetic and neu-
tral currents of the KK model and their white parts. In
the gauge group SU(2) ® U(1), the electromagnetic cur-
rent associated with the photon is

T —Ryany — kg + Pa¥uPa+ Psvubs + Eﬁucz + CaYucs (58)

Its white part is identical to the current of the SU(4)
scheme:

(VW sing =2 (Pyup)/3 — (1) /3 — (Fpuh) 3 +2 (Fp0) 3. (58%)

In the general case, the neutral current is obtained by
the commutation 2M °= [M*, M~], but in the case of the
KK model one can proceed in the following simpler
manner. The matrix A which mixes the fields n; and
A, is orthogonal, and the Salam-Weinberg Lagrangian
corresponding to the neutral transitions contains these
fields only in the combination 22i-1diq{- Then

1

i . &
Y adiAyg= N q(4"A),q= 2 qigie (59)

L, i, i=1 1, =1 i=1
Restoring the color index of the quarks, we therefore
obtain a completely diagonal neutral current

3
Ta=g 3 1(Fate (1= v5) p)— (B (1 —35) n%)
=1
= (Ln’u 1—vs) A%+ (Za\’u (1—7s) )] (60)

Its colorless part is identical to the current of the us-
ual four-quark model;

(R)sing = [(PYu (1—15) P)— (W9, (1 — ) m)
— (R (1 —75) 1) + v (1 —75) 12,

but it differs from the corresponding current of the
ART model for the SU(3) part [see (45)], which in it
coincides with the electromagnetic part. This differ-
ence can be used in the construction of color models
with right-helicity currents. We shall discuss this
question later.

(60)

6. COMPARISON OF THE TWO MODELS OF THE
WEAK INTERACTION

The two models of the weak interaction in the color
scheme considered in the previous sections demon-
strate well the richness of the color scheme with regard
to the choice of the definite form of the weak currents.
In both models, one can readily satisfy the physical re-
quirements imposed by the experiments. In the first
place, this concerns the condition that the color-singlet
part of the current be identical to the Cabibbo weak
current. However, already in this respect there are

B. A. Arbuzov and F. F. Tikhonin 429



differences between the models. As we have seen (see
Sec. 3), this requirement can be readily satisfied in the
ART model without recourse to a change in the consid-
ered conditions. In the KK case it is in principle im-
possible to satisfy these conditions unless the color-oc-
tet part of the current disappears completely [see (54)
and (55)]. In the case of the ART model, exactly the
same necessity for changing the equations arises only
when we consider the additional conditions on the coef-
ficients that arise from the requirement that the selec-
tion rule AT= & be satisfied in nonleptonic decays (see
below). In both cases, the introduction of the factor »
in (30) and (54) forces us to introduce the same factor
in the leptonic current in order to preserve universal-
ity, and this, in its turn, leads to the need to introduce
a heavy (charged or neutral) lepton into the scheme.
However, some consequences of the introduction of the
factor » are such that too small values of it are unde-
sirable. For example, in the usual gauge scheme the
mass of the W boson is related to the factor by a direct
proportionality:

My = () V 2Gp)" wisin By, (61)

and for very small » we obtain a very small value of
M,, which justifies our assertion above. We make one
further remark in connection with the expressions for
the neutral current in both models. Earlier [see (59)]
we wrote down in general form the matrix of the neutral
current in the SU(4)’ ® SU(3)” scheme not only for the
purpose of exposition but also because in this case one
can readily compare the different models of the cur-
rents. In particular, in a comparison of the models
under discussion here we can note the following. If we
attempt to go over from the KK model to the ART mod-
el by simply ignoring the coefficients which arise when
SU(3)’ ®SU(3)" is generalized to SU(4)' @ SU(3)", ie.,
a}, b}, c},dj, but for the unprimed a,, b, ¢;,d; take their
expressions in the KK model [see (51)], we cannot use
them to render the current (39) diagonal. On the other
hand, the current (39) is completely diagonal for the
values of the coefficients given by the relations (286),
(23"), and (24’). This indicates a deep difference be-
tween both the models and the methods of their con-
struction. An important part is here played by the de-
terminant (22), whose analog in the KK model vanishes.
For more details on this, see Appendix 2.

7. THE AT =% RULE IN COLOR MODELS

One of the problems that arose in the discovery of
strange particles concerned the selection rules for the
isotopic spin in their decays into nonstrange particles
without a leptonic accompaniment. It was found, for
example, that the decay K%~ m*r~ occurs approximately
500 times more often than the decay K*~n*1°% In the
first of the reactions, the isotopic spin changes by =5
and in the second by 3/2. The same phenomenon was
observed in all measured nonleptonic decays of strange
particles for both mesons and baryons, i.e., the ampli-
tudes of transitions that change the isospin by 3/2 are
suppressed by 20-25 times compared with the ampli-
tudes in which the change is 4. This phenomenon be-
came known as the AT= £ rule and later, with the dis-
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covery of SU(3) symmetry, was given the equivalent
name of “octet dominance.” This latter name is ex-
plained as follows. The weak current j, transforms in
SU(3) as an octet. The Lagrangian of the nonleptonic
decay is constructed as a product of currents, L~j7j,.
If j, is the Cabibbo current, the Lagrangian L contains
only the representations 8 and 27. In turn, from the
isotopic point of view the representation 8 does not con-
tain the spin %, which appears only in the representa-
tion 27. This was the reason for the name,

Various suggestions were made for explaining the & T
= 1 rule in terms of the structure of the weak hadronic
currents and on the basis of dynamical enhancement of
the octet part by the strong interactions. In particular,
in the framework of quantum chromodynamics it has
been noted that there is indeed an enhancement of the
octet part compared with the representation 27 by 4-5
times.?+3¢ In the subsequent papers of Ref. 37 it was
shown that allowance for the exchange of gluons in-
creases this difference to almost the experimentally
observed value under certain additional assumptions.
These arguments cannot be transferred to the model
with integral quark charges. We shall show here how
the problem of the AT= 4 rule can be solved in the
framework of the model under discussion.

Immediately after the introduction of the color degree
of freedom it was noted®®32 that at least for baryon de-
cays the AT = ; rule is satisfied automatically. This
can be shown as follows. For ease of demonstration,
we consider first the variant proposed in Refs. 33 and
34, in which it is postulated that the quark fields satisfy
Bose statistics. The Lagrangian of the nonleptonic de-
cays of the strange particles is constructed as a pro-
duct of currents. In Cabibbo theory,

L=(6/VI) 1) 1™ +he, (62)
where

70370 = (v (1 =) ) = (@ (1 — 79 9003 -

7351 = (e (L —ys) &) = (g (1 —75) 2a);

here, 1,2,3 are SU(3) indices. When ¢, are Bose
fields, the Lagrangian (62) can be replaced by the fol-
lowing equivalent Lagrangian by means of a Fierz
transformation:

E :2—;’,; (@ (1 —75) 92) @9 (1 —75) 33)
— ("% (1-~75) g5) (@' (1 —5) @21 (63)

Note that in the case of Fermi fields g, we would obtain
in this expression +, i.e., a symmetric combination.

In our case, the combination (63) is antisymmetric with
respect to the two SU(3) indices, i.e., 2 and 3. At the
same time, the representation 27 is completely sym-
metric with respect to the SU(3) indices; this means
that it is not present in the expression (63) and, hence,
the Lagrangian does not contain an amplitude of transi-
tiong with AT=3/2.

A similar procedure can be carried through with col-
or indices as well,?* %% We rewrite the Langrangian
(62), ascribing color indices to the fields g, Assuming
that the quarks are fermions, we obtain
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L=(612V'2) (g (1—v2) 4) @vu (1 —3) )
+ @ (1—72) 03) @v (1 — 1) ). (64)

The Lagrangian (64) is now symmetric with respect to
the SU(3) indices 2 and 3 and therefore contains the
representation 27. However, we recall that colorless
baryons contain quarks in completely antisymmetric
states with respect to the color indices: By o503
~ €4g,9%q"q". Therefore, denoting the Lagrangian (64)
by Lg,, (retaining in it only the two indices that are im-
portant in the present context), we obtain for the matrix
elements of the baryon decays

X I L(B\"} | B[C'-B\']) =0 (65)
as a result of contraction of the fields in the Lagrangian
and any bra. The effect is found to be exactly the same
as in the case of Bose quarks, namely, the symmetric
part of the Lagrangian of the nonleptonic decays does
not contribute to the matrix elements of the transitions
between the baryons if the latter are composed of col-
ored quarks. We see that the introduction of'the color
degree of freedom by itself can help toward understand-
ing of the AT'= 7 rule. The arguments we have just giv-
en do not apply in the case of meson decays.

In Refs. 23 and 25 use was made of one further possi-
bility of a color degree of freedom for describing the
AT=3rule. As we have already said, if one constructs
a color model of the weak interaction and then goes
over to the colorless theory, the results of such a pro-
cedure do not agree with Cabibbo theory. This applies
in the first place to the structure of the neutral cur-
rent, which is completely diagonal. A similar argu-
ment applies to the Lagrangian of the nonleptonic de-
cays, namely, the white part of the Lagrangian con-
structed from color currents differs strikingly from
the Lagrangian constructed from the Cabibbo current.
In the latter case, one must have recourse to additional
measures and principles in order to suppress the rep-
resentation 27, but in the case of the color scheme this
suppression can be achieved without going beyond the
framework of the scheme itself. The large number of
parameters of the current (14) give us such a possibil-
ity. After separation of the white part from the color
Lagrangian, which, as in the case of Cabibbo theory,
is postulated in the form of the current product L
~Jjnj., one can proceed in two basically equivalent
ways. One can decompose the obtained white Lagran-
gian into the representations 8 and 27 in accordance
with the ordinary SU(3), and set equal to zero the coef-
ficients of the representation 27 expressed in terms of
the parameters of the current (14) (Ref. 16). In this
case, one obtains a fairly cumbersome system of non-
linear algebraic equations. As is shown in Appendix 1,
this system does not have solutions even in the case of
the ART model richest in parameters. Simpler rela-
tions are obtained® if the resulting Lagrangian is de-
composed into the isotopic amplitudes with T= 2 and T
=% and the coefficients of these amplitudes are com-
pared. In Refs. 39 and 40 in the scheme SU(4)’
®SU(3)”, the white Lagrangian is decomposed into the
representations 20 and 84 in accordance with the flavor
group SU(4).

Following Ref. 38, we obtain a Lagrangian of the non-
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leptonic decays that takes into account explicitly the
AT=3 rule. Just as we separated the singlet part of
the current in the relation (28), we separate it from the
current product. Contracting the color (Greek) indices,
we obtain from the product of currents (13) the follow-
ing expression for L:

Lang = [@aM5%0)) @M sing
= (1/8) (8565, — 6265/3) Sp (M7 i)
+ (8583 — 8882/3) Sp M Sp M Gigd) (Tiad), (66)

where a summation is understood over all repeated in-
dices and the traces are taken over the color indices.
In the expression (66), to simplify the notation, we have
ignored the Lorentz structure. In this connection, we
must make the following remark. In the considered
case, we have postulated a V-4 structure of the cur—
rents, so that, for example, the product
865 (Tha?) (@hal) (67)
can be written by means of a Fierz transformation in
the form (glqf)(q%q}), since the structure v (1l =v.) is
not changed in this case. In the other variants of the
weak interaction, it is necessary to consider rigorous-
ly terms of the type (67). The white part of the nonlep-
tonic Lagrangian has a very cumbersome form. How-
ever, we shall write it out in full, since in what follows
we shall need not only the strangeness-changing part
but also the AS=0 part; this is so because we shall be
considering problems related to parity-violating nu-
clear transitions. To trace the origin of each term of
the Lagrangian, we decompose it into three parts:
L L dy 4Ly (68)
where L, corresponds to the first term in the expansion
(66), L, to the second, and L, to the sum of the third
and fourth terms in (66). After simple but lengthy
transformations, we obtain
8Ly = (aj +a2-+aj -+ b+ ¢3) (pp) (nn)
+ (B 4+ b3+ 82+ a2+ ) (pp) (B
+ (@1Dy -4 by + @by +- aze, +-bed,) (pp) (nA)
+(@3+5) (pp) (PP) -+ (a3 +b3) (nn) (n)
+ (b2 + @) (nm) (T1) + (a2 + ¢2) (an) (A)
+ (a3 + ) (2) (1) + (@25 + bibs) (pn) (up)
+(auey + ashy) (p1) (1p) + (asbs +budy) (pm) (ip)
(@30 = bibig) (D) (7p) -+ (aseq - aghs) (121.) (rn)
+(agbg + bdy) (nn) (7n) +- (asg + bsbs) (72.) (hrr)
i (aady - bees) (mA) (mA) -+ (aebs—+ beds) (1) (RA)
+ (asey +- aghs) (1) (nh) + h.c.

(68a)

It is readily seen that L, can be obtained from L, by a
Fierz transformation; precisely,

L,=—L{ ™3, (68b)

and therefore we shall not write out the second term,
though we shall always take it into account in the cal-
culations. We write out the third, fairly short term
fully, although in it too one part can be obtained from
the other by a Fierz transformation:

8Ly = (@1 +as+ay)? (o) (p) - (by + by b)) (P1) (p)
by) [(pn) (Ap) =+ (p) ()]
— (1B) {{as+a,+ aq) (pp) () + (b -+ by Do) (pp) (R)-

+ (@ +ay+as) (by -+ byt b) [(7p) () + (pp) (RA)]}.

+(ay -ty ag) (by by
(68c)
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We mention once more that the obtained Lagrangian of
the nonleptonic interaction differs significantly from
the Cabibbo Lagrangian in the richness of its structure.
We see that it contains the neutral current (70), which
in the case of the Cabibbo current must be introduced
artificially in order to construct amplitudes that trans-
form as the isospin T= 3. The second remark refers to
the term with AS=2:

BLAS? = (agdy + boe) (N) W)+ . el

Since such processes are strongly suppressed, we set
the coefficient of this current equal to zero, obtaining
an additional relation for the coefficients of the matrix
M*. This requirement was also used in Sec. 3 in the
construction of the approximately weak currents of the
ART model.

From the total Lagrangian (68), we now write down
the part corresponding to 5= 1 (taking into account
L,1):

8L5=! — A (up) (#A) + B (p) (A) + C (an) () + D (R2) (nd), (70)
where

A= a, (Dg+-€2) -+ by (@g+ dy) 4 (@y -+ a5+ a3) (by+ by +bs)
— (@shy - @yl + by -+ ey = bad ) /3 (70a)

B=ab;+ ab, + 3ba -+ agey - bady
— [ay (Dg4-22) + by (@g -+ do) - (@ + @y -+ a3) (b by +5)1/3; (T0D)
€ =2 [ag (bs + e2) +bs (ag-F do)1/3; (70c)
D = 2(ag (bs+ €2) + by (as + do)] 3. (70d)

Further, we split the Lagrangian into pure isotopic
amplitudes with 7=1/2 and 3/2, for which we first
transform it identically to the form

st =4 {14~ (B—ON [ Gip) (1) — 17 R @]
1A (B—C)1 1Gip) (1) + < P k) ]
- {[Z5E—D 1)+ (An) —2 (1 (i)
4 (B-+C D) ((pp) < (nm) + (A1) (AR} (11)

Here, the first term is the pure isospin state with T
=1/2, the second is a mixture of states with spin T'= 1/
2 and 3/2, and the last two have spin 1/2. So as not to
overburden the paper with calculations, we do not in-
clude the last two terms in the system of equations de-
termining the parameters of the current.

Decomposing the second term in a Clebsch~Gordan
series and summing all the coefficients of the ampli-
tudes with AT=1/2 and & T=3/2 with allowance for (70a)
and (70b), we obtain the following decomposition of the
strangeness-changing nonleptonic Lagrangian with re-
spect to its isotopic structure:

_— 1 /= 11 2 ELY
e 1 [{_IT A= VEA) |, 3 - 4L, 5] @2
where
Ay == (ay + s+ ag) (by +ba+-ba)
— (@yby + ol + sy -+ arey - brdy)
(g as/2) (g 62) + (bu+ 05/2) (@3 + d2)s (72a)
Ay == (a, 4 ay -+ ag) (by -+ by + Do) + ayby + by + asbs -+ asc, + bad,
+ (ay— as) (bs—+€) -+ (b —bs) (ag o). (7 2b)

In Sec. 3, we regarded the relations (239, (24", (26),
and (31) as a system of equations for finding the coef-

432 Sov. J. Part. Nucl. 11(5), Sept.-Oct. 1980

ficients of the current. To these equations, we now add
the equation that follows from the requirement that the
ratio of the coefficient of the AT=1/2 amplitude to the
coefficient of the AT =3/2 amplitude be equal to the ex-
perimentally measured ratio ~25. This gives

A/ Ay =11.56, (73)

where A, and A, are determined by Egs. (72a) and (72b).
The requirements (23'), (24'), (26), (31), and (71) con-
stitute the system for finding the values of the param-
eters of the current.

Because of the complexity of this system, its solution
was found on a computer. It was found that Eqgs. (9)
cannot be satisfied. However, the system has a solu-
tion if

(@, @y +ag) = BncosOc;  (by—+ by +by) = 3x sin Oc. (74)

The presence of the common factor in the hadronic
current destroys the universality of the leptonic cur-
rent. Therefore, to avoid contradiction with the exper-
imental data on semileptonic interactions, it is neces-
sary to carry out a mixing of the ordinary leptons and
heavy leptons (charged or neutral) with angle @=cos™n.
One can say that the AT=1/2 rule is due to the exis-
tence of heavy leptons in the framework of the three-
triplet model. None of these requirements are satis-
fied for definite values of the parameters. From the
possible sets, we have chosen one for which A, (the
main coefficient of LAT =1/2) has the largest value.
Thus, with a high degree of accuracy all the physical
requirements are satisfied for the parameter values

a, = 0.575; b, = —0.290; 1
a; = 0.795; by=0.501;
¢y=0.715; ag= — 0.999;
by = —0.577: dy— —0.815; (75)
as = 0.439; bg= 0.0285;
n = 0.740; a=0,+n/2=1.802
(a is given in radians). At the same time,
A, =2.77; A;=0.238. (16)

The contributions of the other two AT=1/2 amplitudes
(not included in the system of equations) are also not
small compared with the contributions of the AT= 3/2
amplitudes. With the same normalization of the La-
grangian as in (72), the coefficients of the last two am-
plitudes in the relation (7 1) are, respectively, equal to
0.724 and -1 for the parameter values (7 5). Thus, we
have succeeded in constructing a Lagrangian of the
weak nonleptonic interaction which contains explicitly
the necessary relationship between the magnitudes of
the AT=1/2 and AT=3/2 transitions. In addition, we
have thereby fixed the values of the coefficients of the
hadronic current, which is now completely determined
in the three-triplet model with integral quark charges.

8. DISCUSSION OF THE LAGRANGIAN
WITH AS=0

In recent years, there has been much discussion
about P-odd effects associated with weak interactions in
nuclear transitions. In principle, in such experiments
one can determine the Lorentz structure of the neutral
current and, in particular, verify the Salam-Weinberg
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model. However, the need to take into account the
strong interactions carefully must raise doubts about
the possibility of choosing between different forms of
Hamiltonians for the weak interactions,* although work
in this direction is carried on intensively.*® However,
even before the attempts to determine the structure of
the weak neutral current in such effects, the first exp-
periment* presented its own difficulty —the theoretical
estimates of the degree of circular polarization of the
photons emitted in these reactions are unguestionably
lower than the experimental observations (see, for ex-
ample, Ref, 42 and the papers quoted above). As yet,

it is difficult to determine which of the interactions in
these calculations is “underestimated”—the weak or the
strong. However, with regard to the contribution of the
weak interaction it is necessary to say the following.

In the case of nonleptonic decays of hadrons the diffi-
culty in their theoretical interpretation resides not only
in the pronounced disparity of magnitude between the
amplitudes with different isotopic structures'but also in
the phenomenon of the so-called octet enhancement,
namely, the decays take place as if in the product L

~ sinf. cosf j, 45=0)j{A51) the factor sing, cosb. “does
not work.” It is very probable that a phenomenon of
this kind occurs also in the AS=0 interactions, the
terms with coefficients of the type sinf. suppressing
the contributions of the corresponding currents to the
theoretical estimates. In the first place, this affects
the amplitudes of the AT=1 transitions, which in the
weak-interaction Lagrangian arise only from the pro-
duct of strangeness-changing currents with T=1/2,

The amplitudes of A7'= 2 transitions also cannot be en-
hanced, since they do not occur in the octet part of the
Lagrangian.

We write down the strangeness-conserving nonlepton-
ic Lagrangian in our case, using the expressions (68):

L0 =5.0n"n* +-1.08n*a + 49300

+1.32m 4- 1.48a% 4 0.89n0, (77)

This Lagrangian is written down by means of the sym-
bols of the particles, for example, 7°7* means Yaar:
+ ATV, where 1°=(pn), 1*=(fp), etc. The values of
the coefficients in (77) are obtained from the param-
eters (75). Since the expression (77) is given only to
demonstrate the Lagrangian obtained in the color
scheme, no allowance is made for the contribution of
A quarks, and also in the case of the calculation of the
fraction of the neutral current in (77) the electromag-
netic part of this current is not taken into account,

All the terms of the Lagrangian are roughly of the
same importance, and, as in the L5* case, there is
no Cabibbo suppression of the individual contributions.
This circumstance could play a certain part in increas-
ing the theoretical estimates of the effects of the weak
interactions in nuclear transitions.

9. SOME PROPERTIES OF NONLEPTONIC
INTERACTIONS OF CHARMED PARTICLES

The Lagrangian of the nonleptonic interactions in-
cluding the ¢ quark is constructed in the same way as
the Lagrangian (68) with replacement of the matrix M*
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of the SU(3)' ® SU(3)” scheme by the matrix M* of the
SU(4)’' ® SU(3)" scheme from the expression (50). As in
the case of the white SU(3) group, the parameters of the
obtained Lagrangian must be determined from a number
of well-established physical requirements. As can be
seen from the foregoing, the strongest restriction on
the parameters is imposed by the 4 7=1/2 rule:
whereas without it an acceptable weak current of the
ART model can be constructed on the basis of only two
parameters (see Sec. 3), we have seen in Sec. 7 that
even a large number of parameters is inadequate to
satisfy all the necessary requirements without a change
of the conditions (30). Thus, in a certain sense we can
say that the properties of the color current are basical-
ly determined by the properties of the nonleptonic de-
cays of the ordinary hadrons. The same remarks also
apply to the KK scheme. Of the two models we have
considered, only this last is suitable for describing
decays of charmed particles, since, as we have already
noted, the ART model is based on principles that do not
permit its extension to the group SU(4)’ ® SU(3)".
Therefore, we shall construct the Lagrangian of the
nonleptonic interaction of charmed hadrons on the basis
of the KK model. In Refs. 25 and 49, the nonleptonic
Lagrangian of the SU(4)’ ®SU(3)” scheme is used to fix
the parameters of the current, which is then used to
discuss neutrino reactions, including two-muon pro-
duction. In Ref. 44, an attempt is made to use the KK
model to describe the decay (weak) properties of
charmed hadrons.

As we have already said, in considering the AT=1/2
rule one may require either dominance of the isotopic
T=1/2 amplitude, or octet dominance in SU(3), or
dominance of the representation 20 in SU(4) over the
representation 84. In accordance with the adopted point
of view, the nonleptonic Lagrangian is also decomposed
into the necessary representations. We shall here fix
the parameters of the current on the basis of the ratio
of the amplitudes of the AT=1/2 and 3/2 transitions
for the SU(3) part of the KK model, i.e., we use the
relation (73). The white part of the KK Lagrangian has
the form

L= I8 {(Ca—Cu13) (p1) (me) + (€, — C,13) (52) (i)
+(Ci—Cy/3) (ph) (ne) + (€, — €,/3) (Pe) (7
+ (Co— Ca/3) (pn) (Re) + (€5 — Co/3) (pe) (#n)
+(Cs—C1/3) (p) (Re) + (C1— Cy/3) (Be) (R
F (Coo—Cof3) (en) (Ae) + (Co— C,0/3) (32) (i)
+ h.c. + self-adjoint terms of the form (Z1) (fic). etc},
where the coefficients C, can be expressed as follows
in terms of the parameters of the current in (50) and
(51):
C1=0.0;+0,0;+ a0+ cie] -+ biby; }
Cy= (a3 +ay+as) (a; +a}+a);
Cy==byay -+ baas+ bya; + aze, + diby;
Co=(by+by+bs) (a;+a,+a3);
C; -:a,bi—;—azb;Jra;.b;-]-cia;—]-qul; (7 3)
Co=(a,+ ay+ ag) (by -+ b, L b3);
Cq=byb; - byl + babi, -+ @y, - dyd’;
Cy= (by+by+by) (b] + b -+ By);
Co=arb+ab;+agk; - ae;+-bidy;
Cro= (a;+a;+a3) (b] + b} + bj).
In the left-hand column of (78) we have written down
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a Lagrangian like the one obtained in the GIM model,
and the right-hand column is obtained from the left by
a Fierz transformation. To obtain the actual values of
the coefficients of the Lagrangian, we use only the
three equations (55) and (73) and do not include Eqgs.
(57). Inthe KK model, these three equations are

€08 @y + Ay + Agz=3n cos O: (79a)
sin @y + Agg + Ay = 3 8in Oe; ('79b)
A A, =11.6, (79¢c)
where
Ay p=1(c08 ¢y + Agy + Asz) (50 ¢y Agg + Agy)
— () [(1/2) sin 20+ Ay Arg + ApAu+ Aydis+ Ayds). (794)

Computer calculations give a set of parameters satis-
fying (79):

o~ 1.64; p=0.0025; (nz%xqwa:ﬂn;} (80)
o 0,223,y & 0.018; %=0.301.

Note the rather small value of ». We have already
mentioned that this is undesirable, since the mass of
the W boson is proportional to =,

With the obtained values of the parameters (80), we
find the following form of the weak nonleptonic Lagran-
gian of charmed particles:

8L° —0.208 (pn) (re)— 0.245 (Fe) (an) - 0.023 (ph) (ne)
+0.015 (pe) (k) +2.31 (pn) (Re) +0.025 (pe) (Fm)
40,546 (p) (7e) — 0.005 (pe) (Rh)

- 0.409 (en) (Re) — 0.001 (ee) (kn). (81)
In the calculation, we have fixed one parameter, the
coefficient of the term (pn)(7c), which has a value
~0.2; all the remaining numbers are determined by the
system of equations (79a)—(79¢). The left-hand column
of the expression (81) reproduces the main features of
the Lagrangian obtained from the GIM current, although
it differs quantitively somewhat from it. This circum-
stance is interesting in that we have not used any condi-
tions to fix the coefficients of the currents (7c) and (Xc)
of the SU(4) scheme. Although the quantitative differ-
ences are significant, they are not yet distinguishable
at the contemporary accuracy of the experiments. A
general feature of both Lagrangians is the dominance
of the K mesons compared with the pions in D decays.

It appears interesting to consider the properties of
the obtained Lagrangian with respect to the group SU(4).
For this, we decompose the Lagrangian (81) in accord-
ance with the representations 20 and 84 of this group.
The decomposition is

L5 = L9124 L9294, (82)

where

LED 89 (¢, £ C,) [(pm) (1) F (pe) (mn)]
+ (€ TF Ca) 1) (ne) F (pe) (M)
+(Cs F C3) [(pn) (Re) T+ (pe) (An))
+(Cs F €2) [(PA) (Ke) T (pe) (n))

+(Cyo T Ca) [(en) () F (ce) (n)). (82"

Let us consider the ratios of the coefficients of the rep-

resentation 20 to the corresponding coefficients of the
representation 84, taking into account the values of the
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parameters (80):

Gy—Ci CyreiCy

2 t. ¢, ~ 10.6; 2 €T, = 0.20; (83)
9 Ca—0s 098 28=C~1.02 250=0uy0
Ca-Cs § Cy+Cr e Cio+Cy g

These ratios do not reveal dominance of any represen-
tation of SU(4) in the nonleptonic decays of charmed
hadrons.

The attempt undertaken in this section to obtain the
Lagrangian for describing decays of charmed particles
must be recognized to be rather unsuccessful. The
main reason for this is the small value of ». We have
also not determined the weak current for semileptonic
interactions of the ¢ quark as the GIM current. The at-
tempt to obtain, for example, the GIM scheme for this
interaction reduces » even more. From (80), we ob~
tain the following current of the ¢ quark: 0.16(¢n)
+2.97(z)). Hence we have the ratio »=I(D°~ ety )/
T(D° - e*yK ~)= 0.003; for the GIM scheme, r=tan®f.
=0.05. For nonleptonic decays, we have v
=1(D°-7*717)/T(D°~ K "1*)= 0.088, and in the GIM
scheme we have as before »~tan®0,, while experimen-
tally »<8%. Nevertheless, the KK scheme can be used,
for example, to construct right-helicity currents, for
which »=0 by definition. However, it must be said that
the existence of such currents is at present in doubt,
although contemporary experiments do not rule out
their existence. In Sec. 11, we shall consider this
question in more detail.

10. EXCITATION OF COLOR IN NEUTRINO
REACTIONS

The question of the manifestation of the color degree
of freedom has been considered in many papers (see
Refs. 45 and 46; references to earlier papers can be
found in Refs. 9 and 10). As a rule, the weak color
currents in the quoted papers have a very simplified
form of the type (13). However, the nature of these
currents reflects in its general features the essence of
the effects of color manifestation, and we shall there-
fore consider below such simple currents. Two main
points of view about the manifestation of color have de-
veloped. One of them, proposed ina number of papers
by Pati and Salam,' is that although color is a physical
property it is as yet not manifested in experiments for
various kinematic reasons, the essence of which will
be explained below. The other viewpoint, represented
strongly in the papers of Tsai et al.,*® consists of the
assertion that color has already been observed in con-
temporary experiments and in conjunction with, for ex-
ample, chromodynamics successfully explains the de-
parture from scaling in high-energy lepton-hadron in-
clusive processes. Let us consider first as an example
neutrino processes with physical color, following Refs.
45 and 46.

The model considered by Tsai is the SU(4)’ ® SU(3)"
scheme [in earlier papers, SU(3)’ ®SU(3)"] with quark
charges determined by Egs. (10). The weak current of
this scheme has the form

J gl a2, (84)
where
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3
= 25 1008 0c (Pavis (1 —e) %) -+ sin 8, (pae (1 —y5) 491, (84a)

o=l

3
Jlil- = qu [ —sin BB (E’a'\’u (1 S "0'-'-) n“) T COSs ec {Ea'i’yt (1 At ".’5) ;"u}] (84b)

are the color-singlet currents constructed in accord-
ance with the GIM scheme, and

Ji= X (e lcos® (g, (1—1a) 1)

+ 800 @ (1—73) g1+ ¢4 [cos 8° G2y, (1 5- Ys) 44)

+sin 0" (g (1— 75) g1} (84c)
is the SU(4)’ singlet part (summation over the flavors),
this recalling in a certain sense the SU(3)" Cabibbo
current. Inthe currents (84a) and (84b), the angle 6 is
taken equal to the Cabibbo angle, and in the color cur-
rent (84c) the four parameters 6’, 0” and c_, ¢, must
be determined experimentally, However, for c_and ¢,
theoretical restrictions follow from the universality
principle, namely, there are three possibilities:
(c-g C+)=(1, 0); (1:1)’ and (0’ 1). '

Attention should be drawn to the presence in the ex-
pression (84c) of right-helicity currents. It can be
seen from the considered example that such currents
could play a part in neutrino reactions; the general
situation with regard to right-helicity currents is con-
sidered in Sec. 11.

With regard to the model (84) itself, it is necessary
to make the following comment. The attempt to intro-
duce this scheme into the SU(2) ® U(1) gauge theory can
lead to the following conclusion (this question is dis-
cussed more fully in Ref. 45): If the combinations
(p%, n® cosf+ 2% sinb) and (¢, —n® sinf+A* cosf) are
taken as left-helicity doublets, it is then necessary to
place the combination (g, cos8” +¢,sinf”,q,) in a right-
helicity doublet in order to obtain the current (84b), the
relations ¢.=0 and c,=1 then holding. Thus, the left-
helicity currents for the color-singlet part of the cur-
rent and the octet part cannot coexist. However, the
considered example is interesting in that, as we have
already said, it reflects the general situation in color
models, and therefore in the paper we shall also dis-
cuss the case c_#0.

The inclusive cross sections for y and 7 can be con-
sidered in the framework of the usual quark—parton
model. Here it is only necessary to bear in mind that
because the target nucleons are color singlets the mo-
mentum distribution functions satisfy the equations

91 () = g (1) = g5 (2) = ¢ (2)/3;
=g, T )

In the analysis of the data one uses not only the usual

variables x = ¢%/2My and y=»/E but also the variables
z, and z, which take into account the mass m, of the

charmed quark:

2y =a+m2MEy, (86)

and the effective mass m, of the quark bound in excited
color states:

Gy =a -+ m./2M Ey.

The corresponding thresholds for the production of the
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charmed quark and the colored quark are denoted by

W, and W,. The threshold effects are manifested in the
cross sections by appropriate 8 functions with values
W,=2.25 GeV and W,~10 GeV. The masses have the
values m,; ~1,25 GeV and m,~5 GeV. Note also that in
the target nucleons the effects of the charmed quark are
not taken into account. This last remark applies to the
usual division of quarks into valence quarks and sea
quarks for targets with different numbers of protons
and neutrons, for which we have

p()+n(5)—p(z) —n(z)=Fy (z); } (&)

P (2)+n(z) =22 (2) = 20. (z) = Fis (a).
Corresponding to the three currents in (84), the differ-

ential inclusive cross section decomposes into three
parts:

d*a d
ma=. 2 (&) (88)
i=0, 1,2
where

d*a 2ME 2 =2

()= e (1+58)  Fro@+Fuo@ 1—p2y;  (88a)
d%a GEME . 2 -2 m3
(d:dg)ﬁT(l*f’T;‘,) Fia@) (1~ g5)
P () [(1—y2+ 2,{,"‘5‘;] (1—y}]}0(1¢'—1n); (88b)
a2 GME ¢, 2 | -2

(.'.'.r d_rr)ﬂj T (1“‘ J':’]".) {F12(2) (_l" 2,1,;:,E:._=

il 5 (:2)[“fy)g__ M;"Fig (1—y) ‘,} 0 (15 — 1) (88c)

The factor (1+¢*/m})™ is introduced into the cross sec-
tions to take into account the decrease in the energy
slope of the total cross sections with increasing energy:
¢¥/E at high energies®® is approximately 20% smaller
than the corresponding quantity obtained from the Gar-
gamelle data.*® Although this quantity does indicate an
effect of the W-boson propagator, m,, must for the time
being be regarded as a phenomenological parameter.
The structure functions in the formulas for the cross
sections can be expressed as follows in terms of the
quark distribution functions.

For yp seattering

Fy o (x) =22 [n(z) cos? 6, + A (z) sin20,]; (89)
Foo(x) = 22p (2); (90)
Fy i (3) =22[n(z) sin®0, L A (3) cos? 0,]; (91)
Fyo(2) = (203) 2{] e~ Lp () + 1 (2) + 2 ()]
+les PP () +0 @)+ R (@) (92)
Fy g (5) = (2/3) 2{| e 2 [p () + R (5) - 7 (3)]
FlerPIp (D +n (@) +A(@)]). (93)

The expressions for yn scattering are obtained from
(89)—(93) by the substitutions p(z) — n(z) and Pl2) —7(z).
The expressions for 7;p and Tn scattering are obtained
from those given above by the substitution ¢(z) —g(z),
with g=p,n, A.

The results of the analysis of the neutrino data by
means of the introduced color current can be summar-
ized as follows. The recent data on inclusive scatter-
ing*® of neutrinos indicate a definite departure from
scaling; for example, ¢”/E and o%/E at high energies*®
are approximately 20% smaller than the quantities ob-
tained from the Gargamelle data.*® This departure
from scaling, which Tsai calls “negative,” can be
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FIG. 1. Energy dependence of (y);. The solid curves are the
predictions of the standard model; the chain curves show the
effect of excitation of color with W,=10 GeV and m;=5 GeV for
the case my, =10 GeV. The lower curves are obtained with a
cutoff (E’= 5 GeV) and the upper curves without one.

readily explained by the introduction of the suppression
factor (1+¢%/m?2)™ in the expression for the cross sec-
tion with m2,~10~15 GeV. It should be borne in mind
that the most widely accepted method for describing
this departure from scaling is based on asymptotically
free theories.’® From the point of view of possible ex-
citation of color, greater interest attaches to “positive”
departure from scaling, for which there are some in-
dications in the BEBC and CIFR results.”® This depart-
ure from scaling can be described by a color current
withc_=1and ¢, =0andthreshold W=10GeV. Of course,
if such a departure from scaling does occur, it can also
be explained by the production of new quarks, i.e., b,f,
.., but this can correspond fully to excitation of the
color degree of freedom. With regard to the nonvanish-
ing values of c,, the analysis made by Tsal shows that
the data do not support the existence of right-helicity
currents. Some data also cannot be described by a
current with ¢_#0, as, for example, can be seen in
Fig. 1, although in Fig. 2 there is a definite agreement
between Tsai’s calculations and experiment. Tsai’s
conclusions can be augmented as follows. A certain
disagreement between the data and the theoretical
curves could be explained by the choice of the form of
the color current (84). If one considers the most gen-
eral structure of this current, i.e., (14) and (50), then,
using the abundance of parameters, one could undoubt-
edly obtain satisfactory theoretical curves. However,
the observed decrease in the energy slope of the cross
section can be explained by the appearance of the factor

My =T5TGaV|
a GEM | e
040 o BEBC .
N o CIFR /0/ 5
& » | 1 0
-~ / _'__“____.—l-_#:;:—.---_-__
£ :____':7_-:__ﬁ'.".__.—-—-' I
ook _,:.“‘:b—__.:.____ﬂz
= AT AL ]
% o
= 10
020}
] 56 100 70 200 E Gev

FIG. 2. Effect of excitation of color with W=10 GeV and
my=5 GeV for o¥ /E.
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% in front of the color current. Finally, one may as-
sume that in contemporary experiments the color
structure has not yet been manifested. Also, following
Pati and Salam,*” one can assume that color is not man-
ifested for certain “kinematic” reasons, the essence of
which is as follows. In the unified scheme of weak,
electromagnetic, and strong interactions proposed by
Pati and Salam, the mixing of the fields of the interme-
diate bosons occurs in such a way that the interaction
of the leptonic current with the color current has the
form

TP [ — 1/ (g2 —mi)] T (94)

where the first term in the square brackets is the pho-
ton propagator and the second is the propagator of a
massive gluon, this being due to the departure from
color symmetry. The matrix element acquires an ad-
ditional kinematic factor

A(g) = 2 [1/g2— 1/ (gt —mi)] = —mi-/(g>— mE), (95)

which tends asymptotically to zero for ¢°>mj. Thus,
there is a cancellation of the confributions of the pho-
ton and the gluon, Since the gluon mass U is 2-5 ac-
cording to the estimate of the authors, the factor (95)
can reconcile the low threshold for production of color
states with the fact that they are not observed.

11. ON THE POSSIBLE EXISTENCE OF RIGHT-
HANDED CURRENTS

In the previous section, right-handed color currents
were used to analyze neutrino interactions. The possi-
ble existence of such currents warrants study.

In the recent review of Ref. 51, Harari has discussed
in considerable detail right-handed couplings of the ¢
quark. On the basis of experimental facts, he con-
cludes: a) the right-handed current (¢n); does not ex-
ist; b) contemporary data are inadequate to confirm or
disprove the existence of the current (ZA).

However, other points of view have been expressed.
The papers of Refs. 52 and 53 give a number of argu-
ments to the effect that the current (), is needed to
explain the A T=1/2 rule®® and the observed decay
widths of the D mesons.™

Right-handed currents are also discussed in Refs.
18-21: In Ref. 20, they are used for the explicit intro-
duction of CP violation in the weak-interaction Hamil-
tonian; in Ref. 21, mainly in connection with the AT
=1/2 rule; and, finally, in Refs. 18 and 19, in a study
of the general conditions for the fulfillment of the alge-
bra SU(2) for weak charges. In our view, in this last
case there is a definite prescription for distinguishing
left- and right-handed currents in accordance with the
types of solutions to the equations that arise from the
requirement that the weak-current algebra SU(2) be
satisfied. Let us consider the simplest case of the
group SU(4), in which the matrix of weak AQ=+1 tran-
sitions has the form

0 a b O P
o 00 00]}]. e B
Mt= (D o b ”) iq ()) ; (96)
M) e d O ¢
B. A. Arbuzov and F. F. Tikhonin 436



I, as in the case (14), we introduce the “vectors”
x=(§) and y=(§), then the condition (M2, [M*, M "]] = 2Mm*
yields the system of equations

ax?<-c (xy) —a; bx24-d (xy)--b;

ey?+a (xy) =¢; dy*+b(xy)=d, } (97)
which is analogous to the system (21) for the case of the
group SU(3)' ® SU(3)". If the (same) determinant of the
first and second pair of equations (97) does not vanigh,

ad—bec =0, (98)
then the solution of the system is
xE=yl=1; (xy)=:0, (99)

which corresponds completely to the solution (23) and
(24) of the system (21) for the color model, The condi-
tions (99) are none other than the conditions on the co-
efficients of the weak current of the GIM scheme, and
can be readily parametrized

0 cosbe sinb, 0
. |0 4] u 0
A Fies (“ 0 a 0) i

0 —sinB; cosby 0

(100)

If ad —bc=0, the system (97) has a solution parame-
trized as follows:

0 cosacosf sinwcosf 0
M= (“ ! b 3) . (101)
0

0 0 0

0 cosasinfi sinzsinB
From this representation, we can readily obtain differ-
ent forms of right-handed currents,*®® provided two
physical requirements are satisfied: 1) sin,. = 0, cosé.
=0; 2) the neutral current is diagonal. The require-
ment 1) is satisfied for B=7/2. We now write down the
matrix of the neutral current M °= [M*,M ~1/2 for =1/
2:

(102)

0 —(1/2) sin 2z« —sin?e 0

0 0 0 0
0 —costa —(1/2)sin2a 0
\O 0 0 1

The element —(1/2) sin2a corresponds to the unob-
served transition (7A) and vanishes for two values of
the parameter «, which correspond to the two known
forms of right-handed currents in SU(4). For suppose
@=0; then as can be seen from (101) and (102),

T = (cn)g; (103)

Sh= — (An)a/2 + (ee)l2, (104)
which corresponds to the DGG scheme.® For a=7/2,

JH = () (105)

JR=—(KM)p/2 + (ce)n/2, (106)

i.e., we obtain the right-handed current AF — FM intro-
duced and studied in detail in Refs. 52 and 53.

We have made this detailed comparison of the two
solutions of the system to show that it is possible to
obtain the right-handed currents considered in the lit-
erature from the “second” solution (with determinant
ad-bc=0). In its turn, the analogous procedure for
constructing a left-handed current in the color model,

-Le., the solution (23)~(25) with determinant (XZ)(YV)
- (XV)(YZ)+#0, corresponds to the solution (99) of the
four—quark model, i.e., the GIM scheme. Inthe KK
scheme, the determinant vanishes, (XZ)(YV) - (XV)(YZ)
=0, and the expression corresponding to it for the weak
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current (49) recalls the structure of the right-handed
current in the group SU(4). An additional argument in
favor of this assertion is the extremely small value of
» [see (80)] that is obtained from consideration of the
decays of the ¢ quark. For »= 0, we have sinf,=0 and
cosf,=0 in the white part of the KK current. The pos-
sible separation of the currents considered in the pres-
ent review into left-handed currents (ART scheme) and
right-handed currents (KK scheme) may be very help-
ful for the further development of weak-interaction
schemes in color models. For example, if the condi-
tions of the AT=1/2 rule are satisfied, we necessarily
obtain %<0, although without these conditions it is per-
fectly all right to use »=1 in the ART scheme. There-
fore, if we use the KK scheme (in which we always have
n<1) for the right-handed current, i. e., with »=0, to
satisfy the conditions imposed by the AT=1/2 rule,
then in the left-handed current (for which the ART
scheme can be used) there is no need for the factor x.
In this case, the entire scheme becomes much more
flexible because of the freedom in the choice of certain
parameters.

CONCLUSIONS

The main content of the present review has been the
exposition of the most complete schemes of the weak
interaction in models with the group structures SU(3)’
®SU(3)", SU(4)' ®SU(3)", and SU(4)’ ® ST(4)” and un-
confined color. In the case of the groups SU(x)’ ® SU(x)"
we have shown that under the single assumption [Eq.
(22) for the group SU(3)’ ® STU(3)” and the analogous
equation for the group SU(4)’ ® SU(4)"] that the SU(2)
algebra is satisfied for the weak charges diagonality of
the neutral current follows. We have considered the
most general form of the hadronic current (14), i.e.,
we have allowed all possible transitions between the
nine color quarks. The method of constructing this
weak-interaction scheme of the three-tiplet model is
such that it cannot in principle be used for the case of
the four-triplet model. Therefore, physical processes
with the participation of the charmed coler quark are
described by means of the KK scheme,® in which the
octet part of the current in the color space is generated
by quark mixing [see Egs. (46)-(48)].

To describe the ordinary hadrons, we have used
physical quantities (currents and Lagrangians) averaged
over the color indices. The neutral currents and La-
grangians of the weak nonleptonic interactions obtained
as a result of such averaging differ radically from the
corresponding expressions constructed directly from
the Cabibbo currents. In particular, the neutral cur-
rent is completely diagonal and in its quark structure
is identical to the electromagnetic current for the
three-triplet model,® but differs from the KK neutral
current. One can in a natural manner construct a La-
grangian of the weak nonleptonic interaction describing
the decay processes of ordinary hadrons in which the
experimentally observed ratio between the amplitudes
of transitions with AT=1/2 and AT=3/2 is specified.
Fixing in this manner the parameters of the currents,
we then obtain the nonleptonic Lagrangian for strange-
ness-conserving interactions. In principle, such a La-
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grangian describes nuclear P-odd transitions. Its main
feature is that the coefficients of the amplitudes of
transitions with different AT (0, 1, and 2) are of the
same order. It should be noted that in Cabibbo theory
the AT =1 amplitude is suppressed by the factor sin®6..

An attempt has been made to describe the weak non-
leptonic decays of charmed particles by the Lagrangian
obtained from the requirement of fulfillment of the & T
=1/2 rule, by means of which the parameters of the KK
current can be fixed. In their general features, the re-
sults do not differ strongly from the consequences of
the GIM theory. However, some features of the KK
scheme revealed by this analysis suggest that this
scheme could give a good description of right-handed
currents if they exist. Additional theoretical arguments
in favor of this assumption follow from the analogy with
the group SU(4).

To describe high- energy neutrino reactions, we have
used a model that differs from the two main models
considered in the review. Although it does not fully ac-
cord with the principles of the gauge group SU(2) ® U(1),
this model has the basic features inherent in all color
models of the weak interaction. We have shown that in
addition to other models, for example, quantum chrom-
odynamics, weak currents with physical color are also
able to describe the contemporary neutrino experi-
ments.

All the questions considered in the paper have been
discussed under the assumption that color is observ-
able. It is possible that color quarks have fractional
charges, for which there are already indirect experi-
mental indications.?® In addition, a model with con-
fined color is at present also assumed to be preferable
from the theoretical point of view, this being sup-
ported, for example, by the considerable successes of
quantum chromodynamics. On the other hand, no ser-
ious arguments can be advanced at the present time for
either the theoretical or experimental point of view
against a model with integral charges. Moreover, as
was shown in the construction of the Lagrangian re-
sponsible for the P-odd nucleus transitions, the con-
sidered model has definite advantages over the model
with fractional charges, which contains within it the
basic features of Cabibbo theory with regard to the
weak interactions. Attention should be drawn to the fact
that in the case of three triplets the neutral current,
averaged over the color indices, is freed from the most
disagreeable feature of the Cabibbo current, ie., it
becomes completely diagonal. In almost all work with
color currents we encounter such results, namely, vir-
tually all the physical quantities obtained by averaging
over the color indices, for example, the nonleptonic
Lagrangians, differ in the most radical manner from
the corresponding quantities constructed without allow-
ance for the color degree of freedom.

An important simplification in work with a large num-
ber of quarks is achieved by means of the method de-
veloped in the paper for solving the equations obtained
from the algebra SU(2) for the weak charges. These
methods make it possible to decompose the obtained
currents into “GIM-like currents” (in which diagonality
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of the neutral current follows from the solution itself)
and “non-GIM-like currents,” The latter could be re-
sponsible for right-handed couplings of heavy quarks if
such couplings exist. The methods we have discussed
can be readily transferred to other schemes. In the
case of the various six-quark schemes, such a classi-
fication of the currents has been made, for example, in
Ref. 22. In Appendix 2 we illustrate the possibility of

a relatively compact description of schemes with an ex-
tremely large number of parameters. Thus, the devel-
oped methods of construction and subsequent study of
weak hadronic currents can be successfully used in all
other multiquark schemes.

We are grateful to V. G. Kartashevaya, A. V. Kuli-
kov, and V. E, Rochev, in collaboration with whom
many of the results discussed in the review were ob-
tained.

APPENDIX 1!

We show here that the condition of octet dominance in
the form proposed by Katuya'® is not satisfied by the
current of the ART model. The properties of the latter
are expressed by Egs. (26), (23’), and (24'). To these
equations, it is necessary to add the requirements (30).
The requirement of octet dominance is expressed by
the equations

(@ -+ ag)* - (@y -+ @y)®- (@) + ag)* — (@ — a5)* — (bg — b5)* - i+ cf =05 (A-la)
(b 0y - (g - byt — (o — g — by — B ad-+ dp =05 (A.1h)
(ay -+ ay-i-ag) (by by =bg) - arby -+ asby ;- aghyi-aey
-+ bydy - (ay — ag) (bs=+€2) -+ (by —De) (2g+dg) =0;
(a5 —ag)*-+ (o5 — bg)* —a% — bj—cF—df=0;
(a3 —ag) (bg+¢2)+ (b5 — by) (as-+ dp) =0; (A.1le)
agdy—+-byey =0, (A.1f)
The quantities on the left-hand sides of Eqs. (A.1) are
the coefficients of the parts of the Lagrangian with the
property of transforming in accordance with the rep-
resentation 27 in SU(3).

To solve the system (26), (23"), (24’), (30), and
(A.1), we represent it in a different form. We note
first that (A.1d)—(A.1f) yield

(A.lc)
(A.1d)

ag-+dy = t(a; —ag); (Aoza)
byt ¢4 — T(by—be) (A.2b)
(a3 — )2+ (bg— )* = (a5 —ag)*+- (b — bo)*- (A.2¢)
We introduce further the variables
7 (ay—ag) /2 E=(as-tag)l2
= (b —be)/2 = (bs~be)/2; } (A.3)
T lag—da)/Z T=(bg—ea)l2,

in which the system takes a simpler form. Making once

more the substitution
(A.4a)

2 o—$in 0T --COS &} Y = C0s otz — Sin &Y,

and the same substitution for the pairs (z,v) and (£,7),
we obtain finally the system of equations

a,F54+E=3C; (A.5a)

by 4-v-n=35; (A.5b)

aby 22 (M) —2y (c+-H =0 (A.5¢)

(a3 — )/ (24D 4y () =0; (A.5d)
9CS - ayby — 22z — Ly -+ 2byz =0; (A.5e)

DAppendix 1 is the outcome of work done jointly by the authors
and A. V. Kulikov.
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B(C*—SY/h—zz—yo 4 (o} — B3/t ayz+ by =0; (A.5f)
(@ b1)/2 - 222 - 2y1 a2 2L B2 L2 (A.5g)
9422 2220 — g — bt 4Bt by —0; (A.5h)

2pri=giyy?, (A.5i1)

where C=cosé, and S=sinf.. Note first that in the
variables x,y,z2,v, £,1 Eqs. (A.5) do not contain the pa-
rameter a. Thus, the number of equations is larger
than the number of variables, which suggests that the
system is not soluble. Let us show this. From (A.5c)
and (A.5d), using (A.52) and (A.5b), we find

2= —(1/2P) [(35 —b,) azb, +(af —b}) (3C —a,)/2]:
y=—(1/2P) [—(3C —a,) asby 4 (af —b}) (35 — by)/2],

(A.6a)
(A.6b)
where P=9 - 6(Ca, + Sb,) + ai+ b?. We also write down
an equation which will be useful in what follows:

22y = (af -+ B})/A6P. (A7)
To find 2z and », we use Egs. (A.5e) and (A.5f):
(=2 y?) 5=(9 (C*— SH/A+ (2§ — b}/ + ay2-| byy] 2
— [(9CS - agby )2+ byr—ayy] 3 (A.8a)
(22413 v = [9 (C2— §2)/4 -+ (a} — b})/4
T yy] (90 + ,5,)/24 gz — ayp] 2. (A.8b)

As a result, there remain at our disposal only the two
variables ¢, and b;, which occur only in the combina-
tions

a=Cay+8by; be=Cb;—Sby. (A.9)
Indeed,
P=9_Bat(a?-+b): (A.10)
gzt byo=(a?+ 4971 [2 (a2 52 9 (a* — b%) — 3a (a2-+ 1) —27a);  (A.11)
2212 = (a2 - b2)~2 {4 (a2 D2)3+ 3 [ —4ab — dab® —8a%bt - 15at
— b4 Ba®b? — 54a3 |- 18ab®-t 8102 — 2752 — 1620 243)); (A.12)

CzSv= (a4 b%)2 [2a (a® - 12)? — 3 (a®4-12) — 27 (a® — 1%) +- 903 — 27ab]. (A.13)

It is now easy to see that the obtained system of the
three equations (A.5g), (A.5h), and (A.51) is incompati-
ble. For this it is sufficient to consider the one equa-
tion 2°+v®=x2+ 92, using (A.6) and (A.13) for the values
~-V2<sabs+V2.

Thus, we have shown that the consequences that fol-
low from the requirements on the hadronic current in
the color model of Ref. 23 contradict the conditions for
the vanishing of the amplitudes of AT =3/2 transi-
tions,s

APPENDIX 2

We here consider the weak interaction between quarks
and leptons forming a fundamental multiplet in the
SU(4)' ®SU(4)" scheme, following the papers of Pati
and Salam,*” The general form of this multiplet is

b R

ny ng on% g

ok (A.14)

=
1

ARgOAg g

woaE owo#
Here, the fourth row and fourth column can stand for
charmed quarks and leptons (known ones and heavy
ones).

We now write down the matrix of weak transitions
between the constituents of the multiplet (A.14). The
notation in this matrix is the same as in the matrices
(14) and (50), and the newly introduced elements [i-e.,
the coefficients of transitions in which the quarks and
leptons of the fourth column of (A.14) participate] carry

439 Sov. J. Part. Nucl. 11(5), Sept.-Oct. 1980

two primes. Thus,

0 a, 8,0 000 000 0 00 ajr ajy 0 )
000O000O0O0C0O0O0DO0D O 0 0
0000000000000 O 0 0
0 ag 30 00 0 000 0 00 af;ajs0
a; 0 0 a; 0a, By 00 ¢ a; Daj30 0 afy
0 25630 00 0 000 0 00 af, ajy 0
0 ¢ ag0 00 0 000 0 00 ef ¢ 0
a; 0 0 a5 Oai b00¢ a; Oag 0 0 af
by 0 0 53 0b; d; 00ag by 003 0 0 b
0 b;d,0 000 000 0 00 b 00
0 agbg 0 00 0000 0 00 a o
b, 0 0 b 0Db; df 00aj b3 0aj 0 0
0 aj, 20 00 0 000 0 00 af
000000 00000 G000
000000 0000000 O
[0 2585000 0 000 0 00 a3 a

M+=

(A.15)

)
e 2

5
By

[ =2 — I — ]

S o

In the matrix (A.15), there are 64 nonvanishing ele-
ments, and therefore the system obtained from the re-
quirement of fulfillment of the weak-current algebra
SU(2), which is [M*, [M*,M"]]=2M", contains 64 equa-
tions. As in the case of the matrix (14), it is here also
convenient to group the elements of the matrix M* into
corresponding “vectors.” We recall that the vectors X
and Y in the set (19) are the second and third columns
of the matrix (14) without the zeroth elements and di-
vided by V2, while the vectors Z and V are the fourth
and seventh rows. In accordance with exactly the same
principle we construct the vectors in the present case;
namely, we denote by the vector X the second column
(without the xeroth elements) of the matrix (A.15) di-
vided by V2. The vectors Y, X,, and Y, are the third,
14th, and 15th columns, respectively. By the vectors
4, Z,, V, and V, we denote, respectively, the fifth,
eighth, ninth, and 12th rows with order of increasing
numbers of the coordinates from the left to the right
without allowance for the vanishing elements. The nec-
essary system of 64 equations for finding the coupling
between the elements of the matrix M* can then be writ-
ten in the following compact form of just eight equa-
tions:

2X2X 12 (XY) Y42 (XX,) X, +-2(XY,) ¥, —(XZ) Z

—(XV) V—(XZ) Z, —(XV)) V; =X;

2VEY 12 (XY) X4 2(YX)) X, +2 (YY) Y,

—(YZ) Z—(YV) V—(YZ)) Z;—(YV)) V, = Y;

272242 (ZV) V-2 (ZZ,) Z,+ 2 (ZV,) V,

—(ZX) X —(ZY) Y —(2X,) X, —(ZY,) Y, =Z;

2VIV -2 (ZV) Z4-2 (Z,V) Z, -2 (VV,) V,

—(VX) X—=(VY) Y, —(VY) Y— (VX)) X, = V;

2X3X, +2 (X, X) X+2(X,Y) YL 2(X,Y,) Y,

—(XZ) Z—(X,V) V—(X,Z,) Z, — (X, V1) V, = X33

2Y3Y, -2 (Y,X) X+2 (Y, Y) Y42 (Y, X)) X,

— (N2 Z— (Y, V) V— (Y, Zy) Zy — (Y, V) Vi =Y

22, 2 (L 2) B2 (Z,V) V=2(Z,V) V,

X)X —(ZY) Y —(Z,X,) Xy —(Z,Y)) Y, =Z;;

ViV, +2 (Vi) 242 (ViV) V42 (Z,V) 7,

—(ViX)X—(V,Y) Y— (X, V) X, —(V,Y;) Y; = V,.

(A.16)

The method of solving the system (A.16) is exactly
the same as that for the system (20), i.e., we multiply
each of Egs. (A.16) in turn by each of the vectors X, ¥,
%, V, X, Y, Z, and V, and we again obtain a system
of 64 equations, but now for the invariants composed of
these vectors, i.e., a system analogous to the system
(21). Because the resulting system is so cumbersome,
we shall not write it out here, but instead we draw at-
tention to an important condition under which we solve
it. This condition is the complete analog of the condi-
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tion (22) and contains it as a special case. Namely, we
require

(XZ) (XV) (XZ) (XVy)

(YZ) (YV) (YZ) (YVy)

Det N == 0.

X.Z) (KeV) (KB (%qVa)

(Y1Z) (Y,V) (YaZy) (YaVy)
As in the case of SU(3)’ ®SU(3)”, the condition (A.17)
ensures diagonality of the neutral current obtained by
commuting the charged currents: M °=[M*,M"]/2. I
the condition (A.14) is satisfied, the required invari-
ants have the values

(A.17)

K=Yi=Zi=Vi=Xi=Yi=Z1=Vi=1;

(XY) = (XX,;) =(XY,) = (Y,X;) = (YY,) = (YX,) = (ZZ;)
=(ZV)=(EV,)=(VV;)=(VZ;) = (£ V1) =0;

(XZ)=2cosacosP; (YZ)=2cosasin P (X,Z)=2sinccos
(Y;Z)=2sinasiny; (XZ)=2sinacesf; (YZ)==2sinasinf;
(X,2,)=—2cesacosy; (Y,Z,)=—2cosa siny; (XV)=2cesOsinf;
(¥YV)=—2cospecosd; (X,V)=2sinysin 8; (Y,V)= —2cosysind;
(XV;)=2sinfBsin & (YV,)=-—2cos Bsind: (X,V)=—2sinycosd
(Y, V;)=2cos ¥ cos 8,

(A.18)

where @, B, ¥, and § are arbitrary parameters.

Substituting the obtained values of the parameters
(A.18) into the original system of equations (A.16), we
obtain its general solution:

Z—=ccs ¢ cos PX-sin a ces PY +-sin f eos yX; 2-sin fsin 7Yy
Z,=cos & sin PX - sin e sin pY+cvspecs vX; —ees psinyYy;
v —sin o cos X — cos o cos §Y 4sin y sin 6X; — cos y sin 6Y5;
V,=sin « sin X — cos & sin §¥ —sin y ces 6X, - cos v cos 8,

(A.19)

In addition, ten conditions [see (A.18)] are imposed on
the 32 parameters that make up the vectors X, ¥, X,
and Y,:

(A.20)
(A.21)

Thus, together with the parameters @, 8, 7, and 5, we
obtain a current that depends on 26 parameters after

the condition of the algebra SU(2) for the weak charges
is satisfied.

X:=Y2=Xi=Y{=1;
(XY) = (XX ) =(XY,) = (YX,) = (YY) =(X,Y,) =0\

The obtained solution (A.19)~(A.21) for the matrix
M* must now be substituted in the expression for the
neutral current M °= [M*,M"]/2. By direct calcula-
tions we can readily show that the obtained current is
completely diagonal and that its quark structure is
identical to that of the electromagnetic current, Le.,

it has the form
J&E' (’P_z""u (1—7;) 5‘2)'%6"3'\’11 (1—7:) Pa)f(.";l"fu (1—1vs) 11}
— (W (=75 2y) —T”.\Tu (1 —v5) ng) — By (1—75) Ag)
+ (ot (1—75) 22)+ (v (1 —73) 73)- (A- 22)

Thus, the solution (A.19)—(A.21) is completely analo-
gous to the solution (26), (23'), and (24") of the group
SU(3)’ ®SU(3)”, and the requirement (A.17) corresponds
to the requirement (22).

The transition from the group SU(4)’ ® SU(4)” to
SU(3)' @ SU(3)” is made in the most direct manner: We
set X, Y,, Z,, and V, equal to zero and “truncate” X,
Y, Z, and V, i.e., we take X, Y, Z, and V from the
definition (19). The determinant (A.19) goes over into
the determinant (22).

It is now easy to see that such a transition to the
group SU(4)’ ®SU(3)" is not possible without violating
the condition analogous to the conditions (A.17) and (22)
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that arises in this case. For if we attempt to obtain a
solution by the method just described, it is necessary
in the case of the matrix M* of the group SU(4)’
®SU(3)” to introduce corresponding “vectors,” i.e., to
denote by X (with appropriate reservations) the second
column of the matrix (50), by Y the third column, and
take the vectors Z, Z,, V, and V, to be the fifth,
eighth, ninth, and 12th rows of the same matrix (50).
The vectors X, and Y, are then zero. If we substitute
them in the determinant (A.17), we obtain a contradic-
tion to (A.17), since this determinant then necessarily
vanishes, and we do not have a possibility of obtaining
a solution analogous to (A.19)~(A.21). Thus, the meth-
od described in the present Appendix and in the text is
not applicable in the case of the model of three quar-
tets. One of the examples of the weak current that can
be obtained in this case is the current of the KK model
considered in the review,
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