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A nonlocal quark model is described. Quarks are described by a virton field, existing as virtual states only.
Hadrons are described by standard quantized fields and have experimentally observable masses. Hadrons are
bound states of quarks. The model satisfies all axioms of relativistic quantum field theory and does not
contain ultraviolet divergences. Hadron-quark interaction Lagrangians are introduced. The strong,

electromagnetic, and weak decays of the pseudoscalar and vector mesons as well as the baryon octet and
decuplet are considered. The model contains only two free parameters, which characterize the quark field.

Good agreement with the experimental data is obtained.
PACS numbers: 12.40.Bb

INTRODUCTION

The discovery of SU(3) symmetry introduced into
elementary-particle physics the concept of quarks as
particles which constitute hadrons.! The numerous ex-
perimental attempts to detect quarks have not been
crowned with success.”> However, the success of the
phenomenological quark models in describing strong-
interaction physics indicates that quarks represent a
reality although they do not exist in the free state like
electrons, protons, pions, etc. In addition, modern
experiments convincingly demonstrate that hadrons
are complex composite systems, and experiments on
deep inelastic scattering of electrons by protons find
their most natural interpretation in terms of the parton
model, in which it is assumed that the proton consists
of a collection of elementary constituents, or pa.rtons.a
Further experiments made it possible to interpret the
partons as quarks.

However, a definitive relativistic theory of the strong
interactions does not yet exist. It is natural to assume
(though earlier there were considerable doubts about
this) that the strong interactions, like the electromag-
netic and weak interactions, must be described in the
framework of relativistic quantum field theory (QFT).
Indeed, at the conceptual level QFT alone is, on the
basis of the simplest agssumptions about the form of
the interaction, capable of describing all the observed
mutual transformations of particles, which form the
basis of hadron physics. The ideas and methods of
quantum electrodynamics (QED), which describes the
electromagnetic interactions of the elementary: par-
ticles with remarkable accuracy, provided the basis
of the modern development of QFT. The ideas and
concepts of QED such as gauge invariance, charge con-
servation, and universality of the interaction also be-

came the point of departure for the construction of quantum-

field models of the strong and weak interactions. The idea
of gauge invariance provedtobe particularly fruitful. In
conjunction with the concept of spontaneous symmetry
breaking, it formed the basis of the construction of the
unified theory of the weak and the electromagnetic in-
teractions —the Weinberg-Salam model.! All the avail-
able experimental data relating to these interactions
match the predictions of this model well?

Further development of the idea of gauge invariance
led to the creation of quantum chromodynamics (QCD),
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which describes the interaction of colored quarks with
massless gauge fields—gluons.® By analogy with QED,
the basic principle in the construction of QCD is the
requirement of gauge invariance under local transfor-
mations of the color group SU,(3). Quantum chromo-
dynamics has proved to be a fairly complicated theory
for investigation. The main problem in QCD—the ex-
planation of quark confinement, the formation of had-
rons as bound states of quarks, and the absence of
colored hadron states—is still far from its solution.
This is due primarily to the fact that, quite generally,

in all more or less realistic QFT models strong-coup-
ling methods have not been developed at all. Neverthe-

less, QCD does have the remarkable property of
asymptotic freedom, namely, the renormalized charge
decreases with increasing energy. This means that in
the limit of large momenta (or at short distances)
quarks become almost free and one can use the meth-
ods of perturbation theory. Some processes, in partic-
ular processes with large momentum transfers, have
been described in the framework of QCD."

When we come to quark confinement, QCD loses its
predictive power and becomes a philosophical point of
view rather than a mathematical formalism for inves-
tigating low-energy hadron physics. One can say that
in this energy region QCD is at the present time one of
the phenomenological approaches in strong-interaction
physics.

The absence of any description of strong interactions
in the framework of QFT, especially at low energies,
gave rise to the development of many phenomenological
approaches. The ideas of current algebra® have proved
to be the most fruitful in the description of low-energy
hadron physics.

On the basis of the quark model, it was suggested
that the vector and axial charges satisfy the algebra
SU(3)%8U(3). It is assumed that the vector currents
are conserved exactly (the CVC hypothesis) but the
axial currents only partially (the PCAC hypothesis).
Thus, ignorance of the dynamical structure of the had-
ronic currents could be compensated by the establish-
ment of certain relations between the amplitudes of
different physical processes, these amplitudes being
the matrix elements of the hadronic currents. How-
ever, in this approach too it is necessary to make some
additional hypotheses, for example, that of vector
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dominance, etc.

The development of the method of investigation in
current algebra based on the use of nonlinear realiza-
tions of chiral symmetry led to the development of a
direction associated with the description of low-energy
hadron physics by chiral-invariant nonpolynomial inter-
action Lagrangians. In the framework of this direction,
it was possible to describe virtually all the decays of
the octet of pseudoscalar mesons.® However, this ap-
proach is not concerned at all with the quark structure
of the hadrons.

The notion of a hadron as a composite system has
been developed in numerous phenomenological quark
models'® based on the ideas of nonrelativistic quantum
mechanics. In these models, quark confinement is en-
sured by the introduction of a potential which increases
at large distances. By an appropriate choice of the po-
tential, one can obtain more or less accurately the
hadron spectrum, the magnetic moments, and the other
static characteristics of the hadrons. '

The quasiclassical theory of “bags”!! is in this direc-
tion. In the corresponding models, it is assumed that
the quark fields satisfy free relativistic equations
within some restricted region of space (the bag), and
the boundary conditions on the surface of the region
are formulated to make the energy-momentum flux
into the exterior space zero. This ensures confinement
of the quarks. Inthis model, the hadron is a bag, and
its quantum numbers and other characteristics are de-
termined by the quark fields within the bag.

It should be noted that in bag theory the problem of
quark confinement is, strictly speaking, still not solv-
ed, since one quark in a bag is a bag with the quantum
numbers of the quark, i.e., a physically observable
quark, just as two quarks in a bag is a boson, three a
baryon, and so forth. Therefore, the absence of quarks

“in color states is essentially an additional requirement
of the theory.

Basically, in the bag models one attempts to explain
the static characteristics of the hadrons. In these
models, the interaction of two hadrons is an extremely
complicated problem.

Returning to QCD, which in accordance with the “of-
ficial” opinion currently accepted is the pretender for
the theory of the strong interactions, one can say with
confidence that even in the case of successful solution
of the confinement problem (which, of course, will be
one of the significant achievements of the theory) the
real mathematical language of the description of had-
ron physics in the confinement region which arises
from QCD will be much simpler than the mathematical
structures with which one currently operates in QCD.

Clearly, for hadron physics in the confinement region
there must exist, within the framework of relativistic
quantum field theory, a fairly simple scheme which
solves the following problems:

1) quarks do not exist in the free state;

2) hadrons consist of quarks;
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3) colored hadronic states are completely absent;

4) all the axioms of relativistic quantum field theory
are satisfied;

5) there exist hadron—quark interaction Lagrangians
which describe low-energy hadron physics (strong,
weak, and electromagnetic decays and low-energy had-
ron scattering);

6) there is a minimal set of free parameters charac-
terizing the quarks alone.

The nonlocal quark model of Ref. 12 makes claims to
be such a scheme.

The usual approach to the explanation of quark con-
finement'""'**'? ig based on the assumption that quarks
exist primordially as physical Dirac particles but can-
not exist as free particles outside hadrons because of
some dynamical interaction. The nonlocal quark model
is based on an entirely different hypothesis, namely,
that quarks do not exist at all as ordinary physical par-
ticles but exist only in the virtual state. This hypoth-
esis was realized as follows.!? In the framework of
QFT, one introduces “particles” called virtons, which
have the following properties. First, the field describ-
ing free virtons vanishes identically, i.e., the virtons
do not exist in the free state. Second, the causal
Green’s function, i.e., the propagator of the virton
field, is nonzero and a nontrivial function. In other
words, virtons exist only in the virtual state.

The virton field is a good candidate for describing
the quark field and does not require any additional
fields (such as a gluon field) to ensure quark confine-
ment.

Further, it is assumed that hadrons are described by
ordinary local quantized fields but that they interact
with one another not directly but by exchanging quanta
of the virton—quark field. For example, the interaction
of the meson, 7(x), and baryon, B(x), fields with the
virton field g(x) can be described by a Lagrangian of the
type

£, (z) = ign () (g (@) vsq (2) + if (B (2) g (@) (¢ (=) vs¢ (2)) + h.c.
The assumption that hadrons are bound states of quarks
is equivalent to the requirement that the renormaliza-
tion constant Z, of the hadron wave function (k=17,B)
is zero." This condition fixes the coupling constants
g and f in the interaction Lagrangian.

In this approach, a finite unitary S matrix was con-
structed by the methods developed in quantum field
theory with a nonlinear interaction.!® Thus, this model
satisfies all the requirements listed above.

The calculations showed that the nonlocal quark model
is capable of describing successfully low-energy had-
ron physics.

InSec. 1 we describe the nonlocal quark model, and
in Sec. 2 we give the description in the framework of
this model of low-energy hadron physics.

1. THE VIRTON FIELD

1. Formulation of the problem. We introduce a
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quantized field which describes particles that do not
exist in the free state in the way that electrons and
protons do, but exist only in the virtual state. We call
these nonexistent particles virtons and the field g(x)
which describes these particles the virton field.

The virton field can be constructed as follows. The
fact that ordinary elementary particles are observable
means in the quantum-field formalism that the fields
which describe free particles are solutions of the cor-
responding equations (Dirac, Klein—~Gordon, etc.) and
these solutions are nonzero. It is natural to assume
that the unobservability or the impossibility of the exis-
tence of the particles in the free state means that the
field of the free virtons is identically zero.

In the framework of the standard Lagrangian formal-
ism, this means the following. Suppose the Lagrangian
of the free virton field g(x), which is assumed to be a
fermion field, is written in the form

Zy(z)=1q(x) Z (p) q (2), (1)

where Z( ) is an operator which depends on p =i
=y, a/0x,.

Then the assumption of the impossibility of the exis-
tence of virtons in the free state means that in the
equation of motion

Z(p)g(z)=0 (2)

the operator Z( ﬁ) must be chosen in such a way that the
only solution of this equation is identically equal to
zero, i.e.,

g(z)=0. (3)
In addition, we require that the Green’s function of
the field g(x), which satisfies the equation
Z(p) G (z—y)=ib(z—y), (4)
is nontrivial:
G(z—y)=iZ" (p)B(z—y)==0. (5)

In the framework of the standard methods of local
classical or quantum field theory, it is impossible to
satisfy simultaneously Eq. (2) with the solution (3) and
Eq. (4) with the solution (5), since any Green’s function
of the free field is constructed from solutions of the
free equation. However, in the framework of the non-
local quantum theory developed in Ref. 15 this problem
can be solved.

The idea is as follows. One constructs a regularized
quantized field ¢%x), which is defined on some Fock
space &, which satisfies the conditions

lbi'“(q;a [:g0 (@) .. g®(@n): | W) =0 (6)
-0

for alln=1 and ¥,,¥%, €% i.e., in the weak sense
there exists on #’the limit
g (x) = w lim ¢% () =0, (1)
&0

lim (0| 7 () & () | 0= 6 (e— 1) — 12 (7) 6 (a— ) #0.  (B)

A field g°(x) satisfying all these conditions is a solution
to the problem.

We now find the general form of the operators Z(p)
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for which the unique solution of Eq. (2) is (3).

2. Choice of the function Z(p). The function Z(z)
must satisfy the following conditions.

1. The function Z(z) must be an entire analytic func-
tion in the complex z plane, and [Z(z)]*=Z(z*). This
follows from the requirement that the action functional
§ = [ dx4(x) must exist and be real on sufficiently
smooth functions g(x) in Minkowski space and Euclidean
space.

2. The function Z(z) must not have zeros. This fol-
lows from the requirement that the unique solution of
Eq. (2) be identically zero: g(x)=0.

3. In the limit z* ~—w, the function Z"(z)=G(z) must
decrease sufficiently rapidly: G(z)~0. This condition
means that we shall construct the virton field in the
framework of a nonlocal quantum field theory which
requires that the Green’s functions of the fields de-
crease in the Euclidean metric,

We write down the general form of a function satisfy-
ing the conditions listed above:

Z (z) =exp{W (2)}. (9

Here, W(z) is an entire real function which increases
2
AB 2 e 00

The functional arbitrariness in the definition of the
function Z(z) in (9) can be eliminated by introducing
an additional requirement.

4, This is the requirement of minimality. What is
the minimal degree of the function W(z) which ensures
that all the preceding conditions are satisfied? In this
case,

Z (z) = exp{— a— bz —c22},
where a,b,c are real, andc > 0.

Thus, the functional arbitrariness reduces to the
three independent parameters a, b, and ¢, but it turns
out that the parameter a is not independent. We write
the operator Z($) in the form

Z(@) =1 exp {—p—5 p2}, (10)

where ! and L are two independent parameters. Hence,
for the Green’s function we obtain

G (5) =21 (p) = Lexp {1p + 5 p2}. (11)

The constants [ and L are fundamental in the approach
and determine the dynamics of all the possible virton
interactions.

There is a definite shortcoming inthe use of the Green’s
function in the form (11) and, quite generally, in the
form of an entire function of finite degree, i.e.,

= 21
G(p)=exp{h§1 app*l. (12)

This shortcoming is that for any choice of the coeffi-
cients @, and the degree n in (12) integrals of, for ex-
ample, the form

F(p?) = | dksTr (26 (ig) 156 (ks — pr)} (13)

(p*=-p%), which exist in Euclidean space, determine
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" a function F(p*) which in Minkowski space increases as

F(p®)=0(exp{a(p)") (e>0).
This means that at sufficiently high energies the terms
of the perturbation series grow and, therefore, it is
not possible to make a restriction to the lowest pertur-
bation orders, i.e., we enter the strong-coupling re-
gime. '

One can pose the following problem: Do there exist
functions W(f) in (9) for which the function F(p?) in (13)
is bounded as p® -+« ? It can be shown that such func-
tions do exist. We require that W($) have no zeros;
then there exists a unique function satisfying the im-
posed condition:

W(f))-:axp{—a— bf)—cpz},

where a, b, and ¢ are real parameters, and ¢ > 0. For
the Green’s function, we have

G (p) =2 (p) = A exp {—exp {—a—bp—cp2)). (14)

Thus, the operator Z(p) and, therefore, the Green’s
function are determined up to the three real param-
eters a, b, and ¢ [the parameter A in (14) is not inde-
pendent].

In the considered quark model (see Sec. 2) we use the
Green’s function (11), since we consider low-energy
hadron physics.

3. Quantization of the virton field. The next prob-
lem is that of quantizing the system described by the
Lagrangian (1) with the operator Z($) (9) or (10).

This is an unusual problem, since the classical solution
of Eq. (2) vanishes identically. To solve this problem,
we use the methods developed in quantum field theory
with a nonlocal interaction.!® The idea of our quantiza-
tion method is to replace the operator Z($) in the La-
grangian (1) by a regularized operator Z%($) such that,
first, the function Z°(z) has an infinite number of zeros

oo

2o~ 1 (- mw)

j=
at the points
2= M (8)>0,

which in the limit when the regularization is lifted (&
—-+0) go to infinity,

M;(8) >+ o0,
and, second,
lim Z° (z) =
Hm Z7(s) = Z(3)
uniformly in any bounded domain I'CC.

There are many ways of introducing such a regulari-
zatmn For example,
Z™1(2) = Lexp {lz+— zz}

=L exp ( ) jp) \ju_ﬂ%’i ( 1: )"‘—»-[Z‘s (207"
=Lexp(—4 In) v Gtwen g hmu_ﬁtawm G2
xp 2”2_0 Al 4)[[[1 o ]]
n= j= !
(—1)i 4; (8
2 I ()B;qi( . (15)
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Here

My®) =1 (5—nt) (=1.23..),

p=21/L?%, the parameter ¢>1, A,(5)>0, and the ex-
plicit form of these coefficients can be readily deter-
mined. The parameter »n, can be chosen arbitrarily; it
determines the rate of decrease of the regularized
function [Z“(zf.)]'1 in the complex z plane:

(2@ =0(—%) (1z]—>w).

(s

It follows that

jgi(—i)"A,(ﬁ)M}‘(a):O (k=0,1,..., ng—1). (16)

We introduce the system of fields

& @ =V A0 (a)nz @

@ =12, 4%))

Then
P@= S~ VT A
i=1
and
Zo(@) =9 (@) Z (p) g (&) ~ L4 () = 7 () 2°(D) ¢ ()

) (‘“ 1)j
i=1

& () (p— M (8)) 4} (), (18)

The fields ¢ §(x) (j=1,2...) correspond to some ficti-
tious unphysical quanta with mass M,(5) and do not de-
scribe any physical particles. They play an auxiliary

part and vanish in the limit 6 - 0.

The equation of motion
2’ (p) * (@) =0
of infinite order can be expressed as an infinite sys-
tem of Dirac equations: ;
(P—M;(®) ¢§ (1) =0 (j=1,2...). (19)
The solution of these equations has the standard form!®
¢ (0) = | e Whe di exp (— ike) + i oxp (ika)],

B (@) = | (o P exp (k) + Whpexp (—ika)l,  (20)

where %, and w}, are Dirac spinors and &, =E ;(5)

=V M2(0) + k>

The Hamiltonian which describes the regularized sys-
tem (19) has the form

Hi= 3 (—1) | dkB (6) [dhd—hadiil. (21)

=1
Since the energy of the system must be positive, the
spinor fields q?,(x) must be quantized in accordance with
the canonical procedure with the indefinite metric
{di, dfwe} = {hi, Wire}=(—1)7 ;8 (k—K’),
the remaining anticommutators being zero.
The state space &, which contains all the fictitious

particles, is a vector space with 1ndef1n1te metric, It
contains:

1) the vacuum state |0}, which is unique and is deter-
mined by the conditions

dp | 0y =hs | 0)= (=1, 2 sy
0] 0)=1;
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2) single- and many-particle states constructed using
the basis vectors:

lin, im)=—e— Vi a':,,k. g L e B 1 0.

The vacuum, single-particle, and many-particle
states form a complete system of eigenstates in the
vector space #. It is important that the vacuum |0) and
the operators d;, and hy, do not depend on the regular-
ization parameter §.

We define the state space#1E) as the space of nor-
malized physical states ¥(E) with energy not exceeding
the energy E :

¥E= S

{in, im}

- “E!F) (6) }-{fﬂ. im} (kl_ p) | jny im),
where d"k =dKy, ... ,dK,, 2E ;(8)=2.]_(E, , (6), and

s d"k 5 d™p (E — SEy (6)

A O | R T

The function space is Z, :Uéz(N), where Z,(N) consists
of functions g(k,...,k,) of the 3N variables k;,...,k;

which are such that they are differentiable and for any

£ > 0 there exists C; > 0 such that

N
18 (ks o ky) [<Coexp {—+ 3 | ky |2} (22)
Then for any ¥(E) eH(E) =

¥ 2 =(¥(E), ¥(E))
-5 5 d"k S d"p8 (E — SE . (6)
{in, im)
—ZEip () (— D | T, imy (ky P) |2 < 004

The space Z,, which consists of the Fourier trans-
forms of the functions in Zz, contains entire analytic
functions g(z,,...,zy) such that for any € > 0 there
exists C; > 0 such that

N
€@ -0 ) [<Ceoxp (e 2 12y 17);

§axe.of dxy g @itive - xy+ive) | <o

for all real y;,...,¥y.

We shall regard the vector space #=U.HE) as the
inductive limit of the spaces #{E) with respect to the
embedding #E ) .

Thus, we have constructed the field operators g}(x)
and ¢°(x) (20) and the vector space & on which these
operators exist.

It should be noted that the operator ¢%(x) (17) for &
> 0 is a local operator on the space &, since for (x
-y)<o0

@@, W)=

4. Green's functions of the virton field. We now con-
sider what happens to the field ¢°(x) and the various
Green’s functions in the limit 5 =0 when the regulari-
zation is lifted. Physically, it is clear that in this
limit any physical state characterized by a definite
value of the energy cannot contain fictitious quanta,
since their masses increase in accordance with (15).
Mathematically, this can be readily proved. The con-
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vergence on the space #'is defined as convergence on
the spaces #{E) for all fixed E > 0. Then for all ¥,(E),
¥,(E)eH|E) and all n=1 Eq. (6) is satisfied, since for
any fixed E > 0 there exists 6(E)> 0 such that M,(8)>E
and for all 6 < 6(E)

(¥, (E), :¢8(xy)--..
This means that in the weak sense on 7

9(2) =wlim ¢° () = 0. (23)

0% (z,) : Wy (E)) =0.

Thus, the quant1zed free virton field ¢(x) is zero.

In the limit 6 -~ 0, the Green’s functions are general-
ized functions defined on Z,. Therefore, it is neces-
sary to consider the improper limit

lim | 426" (@)1 (2) = lim | dpG° () (p)-

We introduce the standard Green’s functions
Gln (e —1) ={2* @, FW)

Gty (z—4) =01 ¢°(2) P () | 0%

Cle—y=0IT@HE) 0
It can be shown that

tim § 26y, ()1 (1) =1lim § daG) (@) (2) =
Since the corresponding calculations are simple but
lengthy, we shall not give them here but merely refer

to Ref. 15, in which the analogous calculations are
made for the scalar case.

We now consider the causal Green’s function G(x).
We have

6" (@—y) :,-7:, A; ()0 T (g (2) &) 1 0)
= | g exp1—ip @—)) S‘ _-———i»-—ﬂ‘f—(;)"“ e (24)

i=1
In the limit § =0, we have in accordance with (15) and
(22)

)2 (=1 4 ()

A ]
tim [ d6® &) £ (@) = Lim | ey My®)—p—i0

Emri
S (z;gj& f(P)Le\p{gp_r_P }

This means that the causal function G°(x) in the limit
5 =0 is transformed into the nonlocal propagator

hmG (p)=G(p)=Lexp {Ip*ipa}. (25)

Thus, we have satisfied the conditions (3) and (5) for-
mulated above.

It should be noted that the explicit form of the regu-
larization procedure is not important for studying the
limit expressions. It is important only that the regu-
larization procedure 1) exists and defines a local regu-
larized field; 2) ensures the possibility of transition
to the Euclidean metric; and 3) admits the passage to
the limit § - 0.

In what follows, we shall use the representation
S (26)
where
A(—pH=Lchl}) pPexp (L—l‘-’i) =LchE l/@ex

P (22);
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It
— shE
B(—p2)=L31}lT¥”exp(-li—p’)=Li ‘/ 4 L’p')_

B A=
4

On the transition to the Euclidean metric, p?* —~—p%,
A(p§)=Lcos§]/-£@ex wﬁ) :

27
g )/ 5P e A
B(F’E)=L_'—l/"-—-_T-exp (——4P—§).
o
The regularized Green’s function satisfies
G“(E:)=A°(~pza+5ﬂ°(- 2)
§ 0 == 5‘ (=1 4,0 8 ()3 (28)
—1)i Aj (8) My (&
A (—pr) = Z %"_;#;’UA(—PZ);
5 oy (—1)i 45 (5)
B (=) ‘.J% W —ip—p 5% B(—P)-
Here
83 (p)= ! (29)

M;(8)—p—in

5. Interactions of the virton field withthe fields of the
physical particles. We now consider how we canuse the
constructed virton field in hadron physics. It is attrac-
tive to use the virton field to describe quarks, since
the principal dynamical property of quarks—their unob-
servability—is already contained in the virton field. It
should be emphasized that there is then no need to in-
troduce any gluon fields, which in the standard ap-
proach are needed to ensure quark confinement.

If it is assumed that the quarks are described by the
virton field, then to describe hadron physics, two ap-
proaches are possible. In the one, it is possible to
introduce a Lagrangian of the virton field of the type

= (9Zg) -+ A (gTq) (gTg) (30)

and seek bound states in the virton-quark system and
identify these bound states with the known hadrons.
This idea warrants special investigation and, techni-
cally, is not simple, since the problem of finding
bound states has not yet been solved in quantum field
theory.

In the other approach it is assumed that the hadrons
are elementary particles and are described by standard
quantized fields satisfying the ordinary Dirac, Klein-
Gordon fields, etc. However, the hadron fields [for
example, of the pseudoscalar mesons P(x), the vector
mesons V,(x), the baryons B(x), etc.] interact with one
another not directly but through the intermediate vir-
ton—quark field g(x). In this sense, the interaction
Lagrangian can be chosen, for example, in the form

ZL1(x) = igeP (z) (7 (2) vsq (2)) 4 &v Vo (2) (7 () yug (2))
+i25 (B (2) ¢ (2)) (¢ (2) 1:¢ (2)) + h.c. (31)
The S matrix which describes the strong interactions
of the hadrons with the Lagrangian (31) can be con-
structed by the methods of nonlocal quantum field the-
ory."® Instead of %(x), it is necessary to introduce in
(31) the regularized interaction Lagrangian
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£} (2) = igeP (7:0) +&vVa (@®vu2®) +ig5 (Be®) (¢%vg®) + hoc.
(32)
The regularized S° matrix is determined in the usual
manner:

§%=Texp {i 5 dzZy (z)}, (33)
since the field ¢%(x) is local. The limit
lim$°=§ (34)

6=0
exists, as is readily proved by using the methods de-
veloped in Ref. 15, and it determines a finite unitary
causal § matrix in each order of perturbation theory.
The obtained S matrix describes only the interaction
of the hadrons, since there are no quarks in the initial
or final states.

Naturally, all the calculations of the various physical
effects are made in perturbation theory. We must
therefore consider what is the effective expansion con-
stant of the perturbation series for interaction Lagran-
gians of the type (31).

We consider first the interaction of bosons with the
virtons. Since this interaction is of Yukawa type, it
is to be expected that any matrix element in the n-th
order of perturbation theory will be of the order of any
diagram of n-th order. The amplitude T corresponding
to some process can be written formally as

T= Y gg+m | H T 1-[1 Lexp{u -+ )
13 e S
— = (k+ P)g} 111 mE F (het-p)t

The integrals are already expressed in the Euclidean
metric. Here, n, depends on the investigated process,
R is the number of internal virton lines, s is the num-
ber of independent integrations, and E and @ are, re-
spectively, the numbers of external and internal meson
lines. These numbers are related by

2n+n,=R=E+20,;

s=0Q+R—2n—n,+1.

Introducing dimensionless momenta of integration q;
=Lk,/2 and separating the dimensional factors from
the virton and meson propagators we obtain

= (é;))f (Zi " [(4u)-] Ini

e L ) o o Tf’)—(m-%r}

=1 j=1

-

Q

Il 7z

Since (mL/2)* <1 for mesons and the integration over
q; is performed with a Gaussian exponential, we have
in order of magnitude in the limit n — (R ~2n,Q ~n,s
ﬂ..n)

S (—__%i-dqjexp(—qu)) H 1 ~1,

I, =

=)

I

since ¢; is a sum of the momenta of integration. There-
fore, the parameter

hp = gb/(4n)? (35)
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can be taken as the effective expansion constant of the
perturbation series.

In the case of the Lagrangian of the four-fermion
interaction (31), we readily show by making similar
estimates!? that the effective expansion constant is the
parameter

Ao = (1/2) (ga/ L2 (2/3m)s. (36)
6. Physical meaning of the parameters l and L. Let
us elucidate the physical meaning of the constants [ and
L in (11). For this, we investigate the interaction po-
tential between two point sources exchanging quanta of
the virton field, as in the derivation of the Yukawa po-
tential. Suppose that there are two fermion sources
¥4(x) and P,(x) and that the interaction between them
and the virton field ¢g(x) is described by the Lagrangian

£ (@) =g [ (z) g (@) + (2 () g (=))] +hoc. (37)

The energy of the interaction between them in the sec-
ond order of perturbation theory in g is

W =gt | { dz,do, (% (@) @ (2 —22) ¥ (z) + huc. 1.
We assume that these sources are at rest and
b (@) = (x, D=ub® (x—1) (=1, 2),

where u is the Dirac spinor describing the sources at
rest and normalized such that

un=1, upu=0.

Then, denoting »= |r, -r,|, we obtain
W (r) = g2uG (r) v

—oonst [ (1) exp[ — CFE ]+ (1= ) exp [~ LZ1]], (38)

where G(r)= [ dp exp (ipr)G(p) and

a(p):L[COSlVBEH?p%]BXP{_E}t).

The potential W(r) decreases as r -« as W(r)
~exp{ - (#/L)*} and is bounded as » - 0. In this, it dif-
fers from the Yukawa potential exp{ -mr}/r.

Note that the potential (38) does not have any relation
to an increasing, quark-confining potential. Its physi-
cal meaning is that the interaction of the sources due to
the exchange of virtons decreases with increasing dis-
tance much more rapidly than in the case of the ex-
change of particles with mass m. ;

We now calculate the mean value (rz)w determined by
the distribution W(»):
S dr (r2) W (r) 3
(Bw e (212 LY. (39)
For the Yukawa potential,

JiEwien . (40)

m

@He=-—mpp
5 dr +exp (—mr)

From the relations (39) and (40), we can define a for-
mal virton mass:

mg = i 255 S8 . (41)
4 Ow YV Iir2r L ]/H-i =
2 B
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T. The bound-state condition. Thus, we assume that
all hadrons are bound states of quarks. If the hadron
and quark fields are included independent in the origi-
nal Lagrangian, as in (31), then in S-matrix theory
the fact that the hadron consists of quarks means that
the wave-function renormalization constant of the
hadron & must vanish:

Zn(g| myL, §)=0' (42)

Indeed, the constant Z, is the probability that the phy-
sical particle is in the “bare” state:

Zy=|(h| B)|?

where |h) and |) are the “dressed’ and “bare” state
of the hadron h, respectively. Therefore, the condi-
tion (42) means that a physical particle is always
dressed and never in a state described by the free
Hamiltonian (see Ref. 14 for more details about the
conditions which determine a bound state in quantum
field theory). It should be noted that in the considered
model all the renormalization constants are finite.

Thus, the coupling constant g can be determined
from the bound-state condition (42) as a function of the
hadron mass and the quark parameters L and &,

In the present paper, we shall take into account the
condition (42) up to the second order of perturbation
theory:

Zn=1+ 8" S (0% lpps =0, (43)

where 2. p?) is the hadron mass operator in the sec-
ond order of perturbation theory.

Allowance for the higher orders of perturbation the-
ory requires complete renormalization of the theory.
We shall not do that here, since the effective expan-
sion constant is found to be less than unity, and there-
fore the matrix elements of all the considered process-
es will be calculated in the lowest orders of perturba-
tion theory.

We now calculate the mass operator in the second or-
der of perturbation theory in the case of the pion field.
We represent the term of the § matrix corresponding
to the diagram in Fig. 1 in the form

S —é— S S dz dyP (z) 525 (z—y) P (v),
where
€325 (—y) = —igh Tr {1:6° (a— 1) 1s6° (v —2)}
=g | osrexp lip a— )1 25(2)-

Going over to the Euclidean metric and lifting the regu-
larization, we obtain

535 () = lim 358 (9= —4 | S (4 GD A G- D)D)
+ kg (ke — pg) B (kE) B ((k— P)E))

-4 (3) @ (B 8

where

-O-

FIG. 1. Meson self-energy
diagram.
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Y (g 8 =16 idt‘!—‘(-%‘f_—'t)—{[jodsszcosgsexp(—sz) Jl(st)]z :

+[ jﬁ' dss* sinsexp (—s%) 7, (15) ]}

and I,(z) and J,(z) are Bessel functions.

The renormalizations of the mass of the pion and its
wave function are determined in the standard manner:

£2%,; (p?) = 6m2 + (Z—1) (p2—m?) + 5p (p2);
dm2=g23, (m?); Z =14 giZ: (m3).

Setting Z =0, we determine the effective expansion
constant A p=g%/(47)? as a function of the parameters
mL/2 and £, The corresponding family of graphs is
shown in Fig. 2.

8. Virtrons and the electromagnetic field. Since we
intend to describe quarks by the virton field, and
quarks are charged particles, we consider the electro-
magnetic interactions of the virton field. The Lagran-
gian of the classical free quark—virton field has the
form (1). The Lagrangian which describes the inter-
action of the electromagnetic field with the virtons is
obtained by the standard “minimal” substitution

LY
ey g Tegdy (z).

Then the gauge-invariant Lagrangian can be written
in the form

Lom (&) = — 2= Fy () P (2)

+0(2) Z (P + 44 (2)) g (2). (44)

When the electromagnetic interaction is introduced,

it is necessary to preserve gauge invariance at all
stages of the calculations. This means that the elec-
tromagnetic field must be introduced in such a way

that the regularized Lagrangian is also gauge invari-
ant, i.e.,

2L =P (@) 2 (p+eod (2) 9 (). (45)
We now introduce the system of fields
0 VAR ZD(IB+¢Q£) 32 STy
GE=VEE - e e =1, 2 (46)

¢ @ =3 (— VA d ).

FIG. 2. Dependence of the coupling constant A on the meson
mass and on the parameter &,
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Then under the gauge transformations
g* (z) — exp [ieqf ()] ¢* (2)

the fields ¢j(x) transform as follows:
a3 (2) — exp [iegf(2)] ¢ ().

The Lagrangian (45) can be represented in the form
2 (@) = S OB (oo ()M, O) @)= 22+ Zhom,  (47)
=

where %}, ,=e,J%(x)A,(x), in which

Ta@=Z (—1Y & (2nd (@)- (48)

Thus, in the given model there is a conserved vector
current J, and in regularized form it is represented by
(48). It should be emphasized that the vector current

T4 (2) = ¢ (2)7.0% (2) (49)

is not conserved. The existence of the two vector ex-
pressions (48) and (49), one of which is a conserved
current but the other simply a vector, is a feature of
the model.

An axial current J} can be introduced similarly. The
regularized form of this current is

0

i (@) = 3 (— 1755 (=) vuvesd (). (50)

=

The current J3, can be used in weak interactions.

The regularized S matrix is defined in the usual
manner:

Sﬁ:Texp{ieqjda:J'f.(x)Au(x)}. (51)

All physical matrix elements are obtained in the limit
8—0. Since the virton field ¢°(x) vanishes in this limit,
we consider the Feynman diagrams containing only
closed virton loops.

We analyze the interaction between photons due to
the virtons. First, we consider the vacuum-polariza-
tion diagram (Fig. 3). The term of the S matrix cor-
responding to this diagram can be represented in the
form

—i:dy (2) I}y (2—y) A, (1),
where

Mo @—y) = —i€;Sp 3} (13 (—1) o8} (s —2)).

The vacuum-polarization diagram contains ultraviolet
divergences. To eliminate them, we use the gauge-
invariant Pauli-Villars regularization with subsidiary
conditions.'®"'¥ We then obtain

M (n= deexp (—ipz) I}, (2)=(guup®— pupy) 118 (p);
© T=aifdds

0° (g = - 3 2 ]dulfi i (14 u)‘

12a% 2 el )

7

e o
4M§(6) u—i0

This series converges well, and therefore M,(5) =(5°/

=

FIG. 3. Vacuum-polarization
diagram,
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8)(1/L) (o> 1) ag 6 -0, and in this limit

I (p%) & g5z (P°L9) - e

J=1
The function II°(p%) tends to zero in the limit 5~ 0, as
8%, since the series converges.

The virton loops containing more than two photon
lines (Fig. 4) can be represented in the form

,pan)~2 jdk 2,

J=1 .y 2n)

Y53 (lc+p1)?u,~9? @} (52)

I]ioll. EERES T (pl! LR

Zn_—l
% 8% (k+ > Pi)‘\’u“_,'

=i

Tr { Vigr

Here, s (1,... 2m denotes the sum over all permutations
of the photon verticesy, ,... 1V uy The integral in
(52) does not contain ultraviolet d1vergences and the
series over j converges well. In the limit § =0, using
M,(8) -, we obtain

H-’-I:) Hﬁ" oot (Pys o eee Pan) =0

Thus, any element of the S matrix which describes the
photon-photon interaction through virton carriers is
ZEero.

However, if a virton loop contains even one hadron
vertex, then the matrix element corresponding to such
a diagram is nonzero. Below, we consider examples
of such diagrams.

It should also be noted that the virton diagrams with
electromagnetic radiative corrections of the type shown
in Fig. b contain ultraviolet divergences. This is due
to the local nature of the electromagnetic current (48).
At the same time, the theory is renormalizable, like
ordinary spinor electrodynamics.

9. The technique for calculating matrix elements.
As an example, we obtain the matrix element of the
transition V=2P. The Feynman diagram describing
this process in the lowest order of perturbation theory
is shown in Fig. 6. The invariant amplitude can be
written in the form

My -.2p = ggy & lim S {2ﬂ)‘ :
% Tr {yuG°(k — p2) vsG° (B) 7:6° ( + )},

where €,
son.,

is the polarization vector of the vector me-

In the calculation of such integrals in the case of
small (<1 GeV) particle masses, we can use an ex-
pansion in the external momenta of the particles,
which corresponds to an expansion in the parameter
pw=mL/2 <1, where m is the mass of the physical
particle.

In the given case, the first approximation is the lin-
ear approximation in p; and p,. It is readily seen that

FIG. 4. Virton loop de-
scribing the photon-photon
interaction,
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FIG. 5. Virton loops with radiative corrections containing
ultraviolet divergences.

the above integral changes sign under the transposition
P1==p,, and it is therefore sufficient to make the calcu-
lation for p, =0. Going over to the Euclidean metric
and using the relation (26), we obtain

lim § ey 7 Te(6° (B v8* () v 6° (B + 50w
=lim 5 o ((4° (— K — 82 (B® (— )
% BY (— (k+p)?) (k+pou
e (Zﬂ)‘ 5 dun [A? (u) +uB? (u)] [B (u) + SR 2 B' ()]

=Pu ,:';T,Su duuexp (—22)(B (W) + % B (w)]

I 1A v L2
= PI“W Tj duuzexp( *_'MT)B (u)

=Pi -Sd““exp( 3ot 2% (1/3)
]

Here and in what follows, the structure integrals are,
as a rule, expressed in terms of the functions

C(®) =2

=y dtt™" ! cos Bt exp (—12)3

(53)

e

St—8 ot—s3g

S (B)= degntt mg Et

exp (—2%).

The graphs of these functions for n=0,1,2 are shown in
Fig. 7.

For the matrix element My _,,, we finally obtain

My, 2p= gbgv F{ET 8y ("i‘;’g) ((py— P2)e)e
We now consider examples of processes with the
participation of hadrons and the electromagnetic field.
The integrals corresponding to the diagrams shown in
Fig. 8 can be written in the form

Tow(P+v) = | ooy 3 (14,0

Je=

% TriSE (8) vu S5 (& + ke 83 (k + T+ Fovshs

T W+ = | gy ) (=17 45(9) Tr {85 (ByveS} (bt Dk
=1

Tw (V — Py)= (2,,,.,2( 1Y 4,(9)

% Tr {83 (F) 7S} (£ + k) vva" (- By Fey) ys)-

Making the standard calculations (taking the trace,
Feyman’s o parametrization, transition to the Eucli-
dean metric, and integration over the spherical angles),
we obtain

]
I FIG. 6. Diagram de-
scribing the decay V—2P.
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FIG. 7. Dependence of the functions C, (a) and S, (b) on &.

llv (P — W)=z 8:1’1 BllpvoklpksuFP (ks k’ %) (p=ki+k);
FR (R, K, p9=2 | :5 § day daty st (1 — 0y — 0ty — 1)

x 3] (1—)i 45 (8) My () y
2 IO oo — asel—amp 0

2
.Ta“ V—y= L3 [8uvg® —quasl n® (g%),

1 © 0
B 7y (—1)7 45 (8)
(g% =6 i doo (1 —a) idugﬂgtﬁHu—a(i—al p

In the first nonvanishing approximation in the external
momenta,

Th (V — Py = nz, eupvakiphsaK s

=§ duu?} (=045 (8 {—3 [4° IV (yap
=1
+..;;[B°(u)] (M;Tu)'_l-B ) G (M1+u)’ }
Using Eqs. (27) and (28) and then lifting the regulariza-
tion, § -0, we finally obtain

i
Fp=limFp=2 { {5 doty dotg dotg 6 (1 — oty — oty — aty)

xeost )/ s () o (] s (5"
)+ (2 4o (2]
(14

+5) (et ).

el
joad
I+
Here
pe=(Lky/2)% p=(Lp/2).
I(g?) = Lim n° (g%

sin Y 22— o (l—a) Q2
_12§5dm(1_a) {du o

X oxp(= -4 & (1 —) O}
Q2= (La/2)% TL(0)=ES, (8);
K =lim K < [1+25, (V3) G, (V22)].

The calculations associated with the baryons are very
cumbersome and require a computer. For details of
the calculations, see Refs. 17 and 18.

10. Electromagnetic intevactions of hadvons and
virions and the bound-state condition. As an example,
we consider a system consisting of 7 mesons, charged

b;'f Tj‘ ) :p
¥
P ¥ ¥
< AL ,,<]
'y Er
a 2 b c »

FIG. 8. Diagrams describing the processes P—2y (a), V
-y (b), and V— Py (c).

498 Sov. J. Part. Nucl. 12(5), Sept.-Oct. 1981

b

FIG. 9. Diagrams describing the electromagnetic radius of
the meson.

quarks, virtons, and photons. We write the Lagran-
gian describing the electromagnetic and strong inter-
actions of this system in the form

£y =iga(qysM (x) )+ dm% (n*n‘ - ~;— n°2J
—ie(n*dy " —dyntn) Ay + 24, A,
2 i
+e(3h—501) A

Here

PR -
M(n)—*( V?: ﬂ, ﬁo): g= (Z:)

= 73

Am? is the counterterm responsible for the renormali-
zation of the pion mass; J% (a=1,2) is the local quark-
virton current (28); and the quarks ¢, and q, have,
respectively, the charges ¢, =2¢/3 and ¢, =—¢/3.

We consider the electromagnetic form factor of a
charged pion in the second order of perturbation theory
in the constant g,. The corresponding Feynman dia-
grams are shown in Figs. 9a and 9b. The sum of the
matrix elements corresponding to the diagrams in Fig.
9a is

—ie (nrdun —dyta) [+ g5, (m2)] =0

by virtue of the bound-state condition (42) and (43).
Therefore, the electromagnetic form factor is deter-
mined solely by the diagram in Fig. 9b. The form fac-
tor F,(g%) calculated in accordance with this diagram is
normalized, F(0)=1, and decreases as g% -,

Thus, in the case of the interaction of the electromag-
netic field with a hadron the bound-state condition has
the consequence that effectively a proton interacts only
with the quarks which form the hadron, in complete
agreement with the ideas about the composite structure
of hadrons.

2. LOW-ENERGY HADRON PHYSICS IN THE
NONLOCAL QUARK MODEL

11. The nonlocal quark model. The diagram scheme
developed above is taken as the basis for the construc-
tion of a model which permits the description of physi-
cal effects. The model is based on the following as-
sumptions.

1. Hadrons satisfy the SU(3) classification and are
described by standard quantized fields satisfying the
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ordinary Dirac, Klein—-Gordon, etc., equations. It is
assumed that the SU(3) symmetry is broken by the had-
rons having physical masses.

2. In the group SU(3)XSU,(3), quarks are described
by the fields

g (2) = (g2 (2))
7a (z) / Pa (%)
= (qﬁ (=) ) = ("’a (3:)) ] (54)
0 (z) A, (2)
where m (m=1,2,3) anda (a=1,2,3)are, respectively,
the SU(3) and color indices. The quantized quark fields
qJ(x) are virton fields, so that for the free field g;'(x)
=0, and the propagator of the quark field is
| = i L2
a2 (0) @& (P) = SusmeBuaeLim €xp {Im+—f~ P*}. (55)

Note that the sign of the parameter /,, in (55) is not
determined. .

Since the SU(3) symmetry is a broken symmetry, it
is natural to assume that the parameters in the propa-
gators of the p and n quarks are equal, L;=L, and §;
=£,, and that the parameters L, and £; in the propaga-
tor of the » quark are such that the “mass” (41) of the
» quark is greater than the “mass” of the p quark:

2 i S L
L. L =
Vesw " Viedn

However, the calculations showed that in the consider-
ed model the parameters of the nonstrange and strange
quarks differ by not more than 10-20%. Therefore, in
what follows, we shall assume that the parameters of
all three quarks are equal:

Li=L,=L;=1L; {=§=E=EL.

As a result of fitting of the experimental data, the
following parameter values were determined:

1
320 MeV * (56)

E=2L=145+0.05 L=312GeV =

3. It is assumed that the hadrons are bound states of

quarks. This assumption is equivalent to the require-
ment that the hadron wave-function renormalization

constant be zero [the bound-state condition (42) and

(43)].

Thus, the strong interactions are determined by the
two parameters L and £, and the hadron—quark coup-
ling constants are determined from the condition (43).
There is an additional breaking of the SU(3) symmetry,
since the coupling constants depend on the physical
masses of the hadrons. This dependence can be ig-
nored in the case of the mesons, but for the baryons
it must be taken into account.

4, It is assumed that the hadrons interact not direct-
ly with each other but by the exchange of quarks. We
choose the Lagrangians that couple the hadrons to the
quarks in the simplest form without derivatives. In
practice this means that in the nonrelativistic. limit the
quarks are in the states with the smallest orbital angu-
lar momentum.

The nonet of pseudoscalar mesons P(r,K,
n:ﬂ'):
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‘211: % {Cpl (Ea?!sliqg) + ]/% Ui (Eﬂ'\’SQu)} ¥ (5?)

where ); are the Gell-Mann matrices, and ¢, are the
meson fields associated with the fields 7, K, and 1y by
the well-known relations'?

Ng=mncos0p+n'sinOp; M= —nsinbp -1 coshp.

The mixing angle is 6p=-11° as follows from the quad-
ratic mass formulas.!” The effective expansion param-
eter calculated from the condition (43) is Ap=(gp/4m)?
=0.08. However, as was found in Ref. 12, better agree-
ment with the data on the various decays is obtained

for

hp=(gpl4n)*=0.13. (58)

We regard the differences between these values as in
reasonable limits. Below, we use the coupling con-
stant (58).

It should be noted that for neither the pseudoscalar
nor the vector mesons does the bound-state condition
depend on the sign of £, i.e., the sign of I, in (55).

The nonet of vector mesons V(p,K*,w,¢):

%y =]—}:,- gv {vu @wihigs) + V 3 ou @auta) } 5 (59)

gy = Wy 008 Oy -+ @ sin By
g = — 0, 5in By 4 @, cos By; tan By = -14}-5-
In this case, the bound-state condition gives for the
coupling constant

Ay = (gv/dn)? = 0,13, (60)

The octet of baryons B(p,n,A,Z,%). For the
baryon octet, three types of interactions are possible:

£=i{gns (B0) (7 5%)
+ Zpa B VTsaD @ )
+ gnp (B'™52) (a7°¢D)} eamne®™ +hoc. (61)
Here, B* is the octet matrix of the baryons.

In the nonrelativistic limit, the interactions in the
Lagrangian (61) correspond to the following quark, g7,
and diquark (gq) states in (g7 Tq}):

S variant: diquark 0*, s state,
A variant: diquark 1*, s state,
P variant: diquark 17, p state.

The renormalization constant of the baryon wave func-
tion is determined by the expression!’

Z=1+0F (5 45) (=S5, 4, Py

ML )

She—
lij(Es"“ﬁ"‘" =$ZJ(P)I§:1|:)

where )5,( p) is the baryon mass operator determined by
the Feynman diagram (Fig. 10). The dependence of the
functions F,(£) on £ for the nucleon is shown in Fig. 11.

It is important that F,(£) =-F (~£). Therefore, the
bound-state condition Z;=0 can be satisfied for the fol-
lowing cases:

The Svariant for £>0;
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FIG. 10. Baryon self-
energy diagram,

ol e

The A and P variants for £<0.

For the nucleon, we have!’

As=0.0017 £:0,003  (E— 1,4 0.1);
Aa = 0.003 £ 0.002"
he= 0,041 - 0,005 } (€=—14204). (62)

Comparing the coupling constant ) in (62) with the
constant G =10%/m? of the weak interactions, we ob-
tain g5/G ~10". Thus, the constant of the strong inter-
actions is 107 times greater than that of the weak inter-
actions. Nevertheless, in the framework of the non-
local quark model perturbation theory is valid for the
description of the strong interactions. This is due to
the circumstance that in Euclidean metric the quark
propagator decreases very rapidly.

The decuplet of baryons @(a,5*,Y*, Q)
Ly =igg {(TE™) (P vudd)
+ 7 (T ) (@ omed) e 4 e (63)
1 .
Guv=_2' ("l'u'\’v_'\’v\’u)-

%™, the decuplet matrix of the baryons, is symmetric
With respect to permutation of the indices &, m yn. For
the free fields of the decuplet, which are Rarita—
Schwinger spinors, the following conditions are satis-
fied:

QI () =0; 1, DE™ () =0.

The Lagrangian (63) is the unique Lagrangian without
derivatives invariant under C, P, and T transforma-
tions and SU(3) permutations.

In the case of the decuplet, the coupling constants
determined by the bound-state condition depend on the
masses of the decuplet particles. The calculation
gives the valueg!®

et ()" () =210
Aye=1.1:10"% Aze=0.5-10"%,
However, the interaction Lagrangians listed above
do not take into account the approximate chiral invari-
ance of low-energy physics. Therefore, processes with
the participation of four or more hadrons (for example,
7 and Ky scattering, the decay K - 37, etc.) cannot be
correctly described in the framework of the Lagrangian
chosen above. To correct the situation, we introduce
a nonet of nonproduced ¢ particles, which leads to the
appearance of an additional third parameter in the mod-
el. This question will be considered in more detail be-
low.

(64)

Thus, in the nonlocal quark model there are actually

F

s, A
-
oy it FIG. 11. Dependence of

the functions F, (j=5,4, P)

" %
| n £,
4 [0 11 20 & o8&
-20
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two free parameters £ and L, while the third param-
eter associated with the introduction of the ¢ particles
will be determined from a condition.

In the constructed model, the various physical pro-
cesses are calculated by means of the technique devel-
oped in the first section. For the sake of a more com-
pact and clearer exposition, the obtained results will
be presented as follows. In Tables I-III, we give the
Feynman diagrams corresponding to the process, the
experimental value of the calculated characteristic,
and its theoretical prediction in the nonlocal quark
model. In the text, we give expressions for the invari-
ant amplitude and, if necessary, for the decay width.
Details of the calculations can be found in the original

TABLE 1,
Measured Theery
Process, diagram Mode quantity, | Experiment* :’:::;m
units ” model)*
P> T T, MeV | 1.524[20] | 145[12]
ety K*—> Kx 49.4-41.8 43
=< o K*+K- 1.910.18 1.97
=y @ KO 1.44-£0.15 1.29
V—ppp
<[ - 3n T, MeV [8.99:-0.45[29] | 5.5[12]
A*— pnt | T, MeV [111.5+0.67 [29]| 100[18]
A*— pn® 76.1:£0.46 68
A* — nat 36.8:0.22 33
A® — pr— 38.3-00.23 34
A® > nz® 76.72:0.46 11
A~ — na- 116-£0.69 106
D—-Bp E*0 . 5050 3.26+0.2 3.3
- # pB E®0 , Z-t 5.54:+0.25 5.3
Eb= . Boq0 3,09220.2 3.4
F*- 207~ 6.56-0.4 6.6
Y > At 30.80.61 21
P 2.3:-0.046 1.5
Y4t Dot 1.9:0.04 1.2
Y*0_ Ao 30.80.61 23
Y#0 4 T-qt 1,860,037 12
0 Tt~ 2.32:0.046 1.5
Y*- - An- 35.24-0.71 23
Y+ o 30n- 2.42-0.048 1.5
af  [[0.10; 0.60] [32)] 0.18 [20]
pp—=pp AL —> AT aj [—0.10; —0.03]) —0.,9
H ab | 10,062 0.04] | 0.045
= al? | [—0.1; 0.41[38])0.147 [20]
Kn—- Kn
ad/? [—0.2; 0] | —0.074

*References to the literature are indicated by square brackets.
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TABLE IL

Measured -g::l?cal
Process, diagram Mode quantity, | Experiment* quark
g model)*
Pyy 0 yy T, eV |7.92:0.42[29]| 6.8 [12.22]
$<I:: N>y T, eV 323::54[20] | 342(22)
n —yy T, keV 5.442.1[21] | 5.3[22]
erry
E =<E n—>mtay | T, eV | 40.67.0(20) | 41[22]
ﬁ % N+ | T, ev B+14[29] | 0.45[22]
W—p% | T, keV 83-:52 (21] 106 [22]
Q‘{
v 1wy |T,keV | 5.9£2.4[34] 1
+- =
A=kt av—yete- | M3’ | 55a1.6(21] | 2.3[22.23]
GevV~?
+
e | MRS 34121 2.6
Ll Y
v
bH ; A MgE,
v v N = A GeV" 1.4
© - 1%y T, keV | 888+55(29] 920 [12]
y—py oy 312:3 135) 7.7
{V p~—ny 677 [36] 98
= PO -1y 5013 [35] 62
K% Koy 7535 [29] 216
K*— K-y 40-1536] 68
=Ny 5512 [35] 170
o'y 0.85
P> ete- | T, keV |6.44-0.89[29]| 4.7[12]
V11"
: : o —ete” 0.76-40.47 0.53
@—ete 1.3140.15 1.30
N i f
? ray F | 0.56£0.04[30]] 0.46 [24]
1By np 1.79129] 1.66 [17]
§ It —1.91 —1,88
e 3.70 3.54
A* - py “ie 1.2540.2[31] | 0.82[18]
A ny 1.2540.2 .82
BBy
Y o B4y —(1.25:0.2) | —0.99
% y#o_, zoy 0.6320.1 0:5
Y*0 > Ay 1.08::0.17 0.72
g0, Eoy 1.25::0.2 0.91

*References to the literature are indicated by square brackets.
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papers.

12. Strong intevactions. The effective constants of
the perturbation expansions (58), (60), (62), and (64)
are found to be less than unity, i.e., in the descrip-
tion of the strong interactions in the nonlocal quark
model perturbation theory can be used.

We begin by analyzing the processes V - PP,w 37,
9~ BP, and also the strong interactions in the octet of
pseudoscalar mesons, i.e., 7 and K7 scattering.
These are the basic processes in the considered energy
region, and therefore the good agreement with experi-
ment (Table I) indicates that the constructed scheme
with a2 small expansion constant is capable of describ-
ing correctly the strong-interaction dynamies.

The decay V—-PP(Ref. 12):

M (p° — n*n7) =Go°n+n-3“ (F+—P-—)nr

where ¢ is the polarization of the p meson, and

29
Goonra- =R ‘/"1 Sz( ]/3)
G2
I'(p® - ntn) = ;‘:Z ;;:1;

p is the c.m.s. momentum of the p meson.

The decay w—37 (Ref. 12):

M (0 — 37) = euvape Kk L Gy an,

where ¢ is the polarization vector of the w meson,
ky,ky,k; are the 4-momenta of the pions, and

Guan=T202A2L3 £-(S, (B) — S, (28) + 3C, (B}
196,5mL?
I' (0 — 3n) =G .3 W'

The decayZ—-BP (Ref. 18):
M= 81( ) V"'\-n}uaf\p—chs tri, ml
x B* (q) ki, RD T (p) M™ (k);

Crs, 11, mt= — BeAm'nd, [‘smt (Gntﬁm'r— Gme1Bir)
~+ 8mr (8n18met— 8766m)];

MH=—= 3, omht.

The explicit expression for R is excessively cumber-
some and is not given here.!'®

Pion—pion and kaon—pion scattering.?
The simplest Lagrangian (57) is invariant under trans-
formations of the group SU(3) and does not take into
account the approximate chiral invariance, which holds
for the considered energy region. In particular, for
such a choice of the Lagrangian 77 scattering is de-
scribed by the diagram in Fig. 12. In this case, the
ratio of the 7 scattering lengths is aj/a%=5/2, in
complete agreement with the prediction of SU(3) sym-
metry. However, this result is in strong contradiction
with the experimental value (a)/al)e,,=—(2—4). Chiral
theory® predicts aj/a =-17/2, which agrees well with
the experimental data.

In the framework of the model, we attempt to take in-
to account chiral invariance. For this, by analogy with
the linear ¢ model, we introduce a nonet of hypothetical
unobservable ¢ particles in such a way as to achieve a
correct description of the nr and K7 scattering lengths.
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TABLE III.

-Measured

Process, di . Experi * Theory (nonlocal
diagram Mode E:ja:my, xperiment Bseliiriess
P=pd T pv I, MeV | (2.528:0.002)- 1014 2.6-10-14[24]
K—pv (3-383:0.016). {0=14 3.4.40-14
A~ — nlev I, GeV (2.58::0.18)-10-28 2.8-107% [24]
T, GeV (2-56:0.03)-10-18 2,78-10-18
P=nley
E(0) —0.35:£0.14 [29] —0.2[24]
Raoemie a; 0.026::0.08 0.016
A —0.009
X5 —0.003=:0.001 0
e i I T, MeV (1.08-£0.04)- 10~ 1.42.103 17
B=Bey - > np-v (4.52:0.4)-10- 5.15-10-%
A — pev (8.0740.28).10~¢ 7.32-107%
A— ppv (1.57+0,35)-10-4 1.21-10-4
IZ=— Aev (0.6040.08).10~¢ 0.61-10-4
B> Aety (0.20:0.04)-10-% 0.2-10-4
- Aev (0.69+0.18)- 102 0.25.10-8
g S0y <0.5:10-3 0.078-10-3
B0 Stey <i.4-10- 0.25-10-
B Eley <2.3-10% 0.09-10-10
B=0C./Cy 1.252:0.01 1.19
o=F/(F+ Z) 0.66::0,07 0,68
Tty
% :E’O< < Y=Fa/Fy 0.152:0,11 [20] 1[24]
A[20] B[20]
M(K—~
K} -» n® h(rIeV’ )
Ki-p 2.8:107% | 2.4-10-2
] Kp—n 1.3.102 | 1.7.10-2
Ky —>7' —1.0-102 | 1.6-10-2
KY > 7070 T, MeV (2.32:0.02)-10712 | 2.4.10-18 | 1.8.10-12
K=2qr
" KY— wa- (5.06:£0.08)-10-2 | 4.9.10-12 | 3.5.10-13;
=<]ioo=
K* v a*a® (1.13220.01)-10-14 0 0
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TABLE IIL. (continued).

- Measured ’ Theory (nonlocal
Process, disgram Mode quantity, Experiment* quark model)*
units
T, MeV (1.57-£0.03)-10-3 | 1.1-10-15 | 0.9.40-15
K} - a*n-n®
Cip —(0.33:0.73) —0.48 —0.48
K? — aonoq0 T, MeV (2.730.11)- 40718 | 2.0.10-15 [ 1.5.10-18
K-> 3n
(see Fig. 15) T, MeV (2.97£0.02)-40-18 | 1.8.10-1 | 1.3.40-15
K*— n*ntn~
Gl 0.11:0.02 0.24 0.24
I, MeV (0.92:40.03)-10-15 | 0,6-10-15 | 0.4-10-15
K* > ntadnd
Ta00 —(0.28:0,01) —0.48 —0.48
=Oq:j " K} >y T, MeV (6.224-0.64)-10-38 | 0.72.10-18 [ 10.10-18
L ?Ooﬁq:: K3~ ooy T, MeV (7.62:£2.54)-10719 [ 3.1.10719 | 13.10-19

*References to the literature are indicated by square brackets.

The Lagrangian of the interaction of the o particles
with the quarks is written in the form

Loag=& [V T @ul1) +0' Gz ]

It is assumed that:
1) The o particles are unobservable, i.e.,
g 1 4
o' (2) 0’ () =iy xS (@ —p).
a
The field of the ¢ particles is quantized in exactly the
same way as the virton field.

2) The “mass” m, is determined by the condition that
the contributions of the diagrams in Figs. 12 and 13
cancel.

If it is assumed that the masses of all the ¢ particles
are the same, then by virtue of the obvious equation

Tr (WNSAPA) = 4 Tr (AA)
X Tr (WA -+ Tr (A2 Tr (A2

we

3. Wy _ .
Mt =t

W(§) =§[1+38, ().

For L =1/320 MeV and £{=1.45, we find that m = 446
MeV.

Thus, the main contribution to the amplitudes of 77
and K7 scattering are made by the resonance diagrams
(see Table I). The numerical values of the scattering
lengths are given in Table I. It can be seen that they
are in good agreement with experiment.

FIG. 12. Quark loop de-
scribing 77 scattering.
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It is readily seen that the o particles do not contribute
to the amplitudes of the decays V - PP and w — 37 in the
lowest orders of perturbation theory. The only decay
for which the ¢ particles have an important influence is
K - 31 (see below).

It must be emphasized that the introduction of the ¢
particles is to be regarded as merely an attempt to
take into account chiral invariance phenomenologically
and not as a final solution to the problem.

13. Electromagnetic intevactions. The minimal in-
troduction of the electromagnetic field (see Sec. 2.8)
leads to the interaction Lagrangian

ZLr=edJin.
Here, J, is the electromagnetic quark current, which
in regularized form becomes
)= T (=) GavaQale

1
75 )

The Lagrangians of the interaction of the electromag-
netic field with the hadrons has the standard form.!®

=5 (1

Below, we consider the basic radiative decays of the
hadrons (P—yy, V =Py, n—=11y, V=I'l"), the pion
mean-square radius, the magnetic moments of the bary-
ons, the magnetic moment of the &-B transition, and
also a number of rare decays of the pseudoscalar me-
sons, P—~yI*'l", n—~7"y, n" —Vy in which interest has
grown recently. In the first place, this is due to the
measurement of the characteristics of the form factors
in the decays m’—ye'e™, n=pu'puy, N =ppy, 0’ = VyH
It should be noted that the calculation of the character-

FIG. 13. Contribution of the
o particles to 77 scattering.
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istics of the decays P —yI*l” depends on the choice of
the model. There are doubts concerning the experi-
mental measurement of the width of the decay 7 - 7%y,
since the existing theoretical estimates are much low-
er than the experimental value.®

The decay P-yy(P=1"7,7") (Refs. 12 and

22):
M (P — y7) = e2gpypyeuvaghie poe?;

A
Browy=L?5=5;
= gg!,,w..%. (cos®—2 )/ Zsin 9)2;
By = E.':’ww"%’ (2 V2c0s0 +5in6)?;

I(P — yy) = nambghy.

The decay n—n*r"y (Ref. 22):
M(ﬂ_"n+ﬁ 'P)"Buvmﬂs 7°p Pcm
Cp=— W T AMELS (cos®—1 Zsin 0)R, (&)

here, R,(£) is the structure integral
R @ =17 {C (V38— (355)
32 T EAN.
S5 039-5.(5) ]}
T'(n — ntny) =my- 1603 (mL)® RE (E)
% (cos0—1/Zsin0)*J;
3/2

J=| ate@- 2#)]/23 2 052,
0

The decay n-n'yy (Ref 22):
M (m — oyy) = —e*AL2 'l/- [cos8—1/2 sin 6]
X ey (ky) & (ko) [(Fakes) guv —-kuk‘],
T'(n — a0yy) =maalh2 (m.L)*
% (cos 08— 2sin0)?,

?.7::

where I= /'™ guyu® - 1(u - M/m,)* ~0.391 and

M = (m} -+ m3)/2my.

The theoretical value (see Table II) is approximately
50 times lower than the experimental value, although
above the predictions of chiral theory.? As we said
above, here there are doubts concerning the correct-
ness of the experimental data.

The decay n'-Vy (Ref. 22):

MM —Vy= ﬂgn-wﬁumaeb'ﬁ’rp%p%-
Accordingly, the decay width is

; mi
T —Vy)—5mh [1— ,,,%J Envye

Here
ghpoy = A2L26 (cns 6 + et 9)2 [Kpv (E)]2%
l/
ghay = ‘g‘ gnrooys

Kpy ®=El1 + 25,(V28) -G, (V29)].

The decay P—yI'l'(P=x",7,7") (Refs. 22 and
23):

M (P > I+ 1) = — 30, (k2) ki; eupvoe® (k) KEETT (Iy).
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Here

k=0, p*=(ky-+ kg)? = m;
7¥ (k) =1 (q:) "1 (ga) lata=ts Gi=¢;=m};
'I’p(k“)—gpw(k )+k=2 Epw _;:-;—_kg'
For sufficiently small kz, we have the parametrization
©p (k) = gpvy (0) { 1+t

Here
. | L2

™y T E W{G(EH F(®rek;
ui:(mpl:) ; u(E)— (1+_§z).
Fe)= m.L. —a 538, (B) [1+28, (V 28) —C, (V20)];
Tn-=2

_ 10 cos8—V3Zsin0 |
3 cos0—27 Zsing’

10 ¥'2cos0+sinb
" 3 27 2cos0+}sind "

It is found that the contribution of the first diagram
relative to the second is as follows: 1) 229 for P=1°,
2) 16% for P=m, 3) 28% for P=7'. The numerical
values for M7 are given in Table II. In the case P=1",
our result is about half the experimental value and
comparable with the prediction of the vector-domi-
nance model.*! For the 7 meson, the result is in com-
plete agreement with the recent experiment.?! For the
n' meson, there is as yet no experimental prediction.

The decay V-Py (Ref. 12):
M (V= Py) =egypyeuapet kyel kb
gvey=3ALKpy () + Tr (A%, Q}A7);
:—i’]agh‘..
The decay V-I*l" (Ref. 12):
M(V—»l*l‘):iﬁ(kl)rsvu(-—-ke);

I‘(V-a-P-y):%m{,[i i

YR s, T (70
4n

TV )= S -
The pion mean-square radius?®:
M (n~ = 27y) = eay, (q) (Py + po)* F i (g2);

=620 —Zarwe);

for 2(t), see Ref. 24.
Magnetic moments of the i* baryons!?

M (B — By) =ef, (k%) Tr (B, [Q, B))
— 5 1 (&) Tr (Bt [Q, B)

5o 12 (k) Tr (Bo 6 (Q, BY),

where

Ouv = (YuVv—VvWu)/2; k=p—p’,

my is the nucleon mass, fy(k?) is the form factor of the
electric charge, which satisfies the condition fHl0)=1,
and f,(k*) and f,(k*) are the magnetic form factors,
f1(0) and f,(0) determining the anomalous magnetic mo-
ments of the baryon octet. These last quantities are
functions of the mass of the particle and the parameter
£. We denote f;(0)=f,(m,£) (j=1,2), where m is the
mass of the given particle. The anomalous magnetic
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moPlents of the_baryon octet can be expressed in terms
of fy(m, &) and fy(m, £) as follows:

J=== “'_fs(mh E)!

(mju E)_fi(mdq E)I ]—2 ' E_:

j=n, ‘ED;

?(mﬁ E)"‘:ﬂ(mh g)r i=p, &%

ml» wl

o= —sz(mm 38 Hz-=—%—ﬁ (mzs, &)

The anomalous magnetic moments can be expressed in
units of the nuclear magneton p, =e/2m,.

Magnetic moment of the 9-B transition.'

The magnetic moment p* of the Z-B transition deter-
mines the nondiagonal matrix element of the operator
of the electromagnetic current of the hadrons between
the states of the baryon B and the baryon resonance 2,
The magnetic moment p* can be found from the proba-
bility of the radiative decay &~ B +y. Since the ampli-
tude for emission in the decay £~ B +y of an electric
quadrupole y ray is appreciably less than the amplitude
for emission of a magnetic dipole y ray, it can be as-
sumed with good accuracy that the width of this decay
is determined solely by the magnetic moment p * of the
transition:

M= =B (@) v Vivy +Vats] Zu” (P) Fys (R),
where

o=

In the considered model, V, and V, are invariant inte-
grals (see Ref. 18). For p*, we have

=tV L[ V(s +22) + v (1 22)],

BuAy (2) — 0yAy ().

where p* is expressed in units of the nuclear magneton.

It is convenient to represent p* in the form
n*=cpy2 VE/B

The value of ¢ is given in Table II.

14. Semileptonic weak intevactions. The weak lep-
tonic and semileptonic interactions of the pseudoscalar
mesons and baryons are described by Cabibbo 's cur-
rent—current theory:

2y =~ T+ T4 TY bt heo),
where
Ii= —iTe(lJ, M1, .M);
I} =Tr (B, 0,17, B);

b= 2 (VY ah0Td

/0 0 0
J={cos® 0 0 ); Ou=9y,(1—15
sin® 0 0

Note that for the baryon weak current we choose only F
coupling. A & coupling appears as a result of the inter-
action of the leptons with the quarks as an effect of the
strong interactions. The following basic characteris-
tics of the semileptonic decays of the mesons and bary -
ons were calculated:

1) the widths of the decay P —pv(P =7,K), i.e., the
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decay constant f;, which is the basic parameter of non-
linear chiral theory;

2) the form factors of the K 1y decay;

3) the renormalization of the axial coupling constant
due to the strong interaction, and the intensity of the
contributions of the F and & couplings to the matrix
elements of the semileptonic decays of the baryons;

4) the ratio of the contributions of the axial and vec-
tor parts of the amplitude of the decay n” —evy.

The decay P—-pv(P=7,K) (Ref. 24):

9| M | Py=sp—7— famy (p) (1— 7 u(— '),
where p and p’ are the muon and neutrino momenta,
respectively, and

Spt 8;=c0s0; s;=sinb;

ta=fe="2Y2 ¢, @

2 2
r'P—> uv}:%mpmﬁ[i —2—;]2;

The K, decay®

M (K+ — I'a%) = —

sin 8Ty (1, Pa)

1
V2
where I is the leptonic weak current:
Tw(p1y Pa)=F4(t) (p1+ Po)u+ F-(E) (Py— Polui
t=(py—pa)%
Fo(®)=1—A(pi— 1) C (§) +8 AT (8

F.0)=(R—r)r[ —2 @+t T E®].
The explicit form of the structure integrals C(£), g(¥),
and E(&) is given in Ref. 24, Using the standard param-
etrization of the form factors of the K i decays, we ob-
tain

p:ami—. p{:m?[,

) il
Po®=FoO[1+hagr ]
Fy(0)=1—D2 (pk—pz) C (8);

p=mL/2;
F_(0)= —l(uir—u?:)i’f(’é):
Ap2 7 (B) e — E® .
I Y o -

m2
FO =R he— bt BO =0

The numerical values for x,, \,, and £(0) are given in
Table III.

A=

The parameters A, and £(0) are determined experi-
mentally in three ways: by analysis of the Dalitz plots
(study of the spectrum of the 7 mesons), by measuring
the polarization of the p mesons, and by measuring the
ratio Ty, 3/Tg5. In Table III, we give the mean values
of 1, and £(0) taken from the polarization experiments.

The decay B-Bev.!" With allowance for gauge
invariance and the bound-state condition Z, =0, we ob-
tain the following expression for the matrix element
of the semileptonic decay of the baryon:

B(p') Au(p's k) B(p)=Fi —Bl(1—a) Fy +aPy],
where
F} = Tr (B, [, B);
Fu. =Tr (B‘l’u'\’n [, £
P =Tr (Byvs{J, BY).
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The dependence of 8 and a on the parameter |£| for
the variants S, A, and P of the strong coupling in (61)
is shown in Fig. 14 As can be seen from the graphs,
in the neighborhood of the point | £| =1.450.05 only
the S variant gives correct agreement with the experi-
mental data (see Table III).

The decay 7 —evy.'2?* Inthe decay 7" ~ewy, the
most interesting quantity is the ratio of the contribu-
tions of the axial and vector parts of the amplitude.
Usually, the structure-dependent part of the amplitude
is parametrized by

M55 = euvpck”p% (t) — i (K p¥ — g (kp)) a (1),

where k and p are the photon and pion momenta. In the
considered approach, the amplitude is determined by a
set of diagrams (see Table III). It is found that

a(0)=b(0)= V% Li2x,

€., the experimentally determined quantity is
y=a(0)/b(0)=1,
as in the ordinary quark models.2®

15. Nonleptonic weak intevactions. Nonleptonic weak
interactions are of interest in the first place because
their study makes possible a deeper understanding of
the structure of the weak interactions, and also the
connection between the weak and strong interactions.
The experimental data on the nonleptonic decays of had-
rons indicate that the selection rule AT =4 holds. So
far, a convincing theoretical explanation of this fact
has not been found, although a considerable number of
studies have been devoted to this problem.?® One of the
commonly adopted ways of obtaining the selection rule
AT =3 is to assume that the Lagrangian of the nonlep-
tonic interaction transforms as the sixth component of
an octet?®é;

24T o 1/‘ Wsmnd BIT,

where JY is the octet of the weak hadronic currents
(in the quark models, J;'=g31"0,q). This corresponds
to the introduction of neutral currents.

In color quark models®” there is a different and origi-
nal way of obtaining the selection rule AT =%:

e )

;k—i-l:\.

AT=1/2
e

X (E[,O,. q:,') +h.c. ] €abcatbic »

Here, a,b,c are color indices.

In the nonlocal quark model, the local weak currents

4 F /l-,‘ |
J A 3
. B -..,__‘\ /'/ Bs i
"~ ex|
ii\‘ T Ao
E= — ~ qexp
ol ) __...:‘.*.;‘0_—_:_-—..,_._\__2‘_ a’s
b 125 1 1~ 20
Al e ——— s T ]
-7 - e
3 e ~Pe

FIG. 14. Dependences of @ and B on the interaction variant
(S, A, P) and on the parameter £.
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(50) can be used to consider these interactions, but
then ultraviolet divergences appear in perturbation
theory already in the lowest orders and special efforts
are therefore needed® to avoid them.

However, in the nonlocal quark model there exists
the possibility of using the following vectors instead
of the local quark weak currents:

Ii=q.0, A 5 la
In this case, any product of these vectors leads to a
finite result.

Thus, we consider the following two variants of inter-
action Lagrangians which ensure fulfillment of the se-
lection rule AT —é

LTt — V*
x?’l‘:lﬂ:i[(aﬁloﬂ AM—i? qﬂ')

V2 2
li iAs
 (@0u 24

2dgmn Iely  (variant A);

':!'b’) b i he. ] Eanc€aspre  (variant B) (65)

It should be noted that these two variants hardly differ
in the description of the decays K — 27 and K — 37,
whereas the matrix element for the decay K -y de-
pends strongly on the choice of the variant. In vari-
ant A, the theoretical width of the decay K} ~yy is
approximately an order of magnitude lower than the
experimental width, which agrees with the conclusions
of Ref. 28. In variant B, good agreement with the ex-
periment is obtained, but as yet it is difficult to give
a clear physical interpretation of such an interaction.

The transition K!—~P(P=q¢",n,7)2:

G 1l
MA(RY — P) = 7 T8 (135, (VIR by
Ch=1;
Ca= —l-}-g—(cOSB-{— V2 smB):
C#.:%(sinﬂ— 5]7/2 oos@) H
Gm? e
Ma (RY, ~ P) = f7 —7K 25 (1435, (VZ8))' B
Ch~1;

:]—}.—-(cosﬁ—]/_?. sin 0);
VS ——(sin B+ 2cos0).

It can be seen from Table III that the matrix elements
M, and My differ little for the transition K} - 7" but that
there is a fairly strong difference in the case of the
transitions K ~n,n’.

The decay K-27 (Ref. 20):

M (KY — o) =i - (6 (mk—mi)) (L4 2 2

X8, (75) (0 +38,0720) € {14 o (G4, (VED)),

o {7 (variant A),
~ |6 (variant B),

i.e., variants A and B differ little in this case, and

(K% — n*n")gwn—mx- '/-1 -2

(K% — nta7) |2,

.The decay K* - 7' is forbidden, since the Lagrangians

(65) ensure exact fulfillment of the selection rule AT
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The decay K -37.2" The corresponding diagrams
are given in Fig. 15, and

M (K — 37) = ag-3x [1 — Oxsay],

where y = (s, -s,)/m%,s,=(k -p,)*,k is the momentum
of the K meson, p, is the momentum of pion i, sy=m}
+m%/3, and

o= ?v"-?si—m};Ca; 040 =bla.

Here
a=0y+ag+ap+ags+ anp+ Cxrx -+ Axxp
b= by -+ bg -+ by bres -+ bap -+ Bres + Dxospl

a; and b; are the contributions of the various diagrams.

The characteristics of the other modes of the decays
K — 37 are related to a,.; and o, by means of the iso-
topic relations.® We have

7[ —0.996 (variant A),

—0.854 (variant B),
b—0.474;

mg\2 | 2R3 i
['(K — 37) = my (1_3m_;) ?;%7“5)_3
The decay K—-yy (Ref. 20):
M (K3, — 77) = egryyeapuve 0FE443,
where &, and ¢, are the polarization and momentum of
photon Z. It can be shown that the contact diagrams
make a comparatively small contribution:
L (Gm3) V T (1438, (V29))]
=0.016-10""MeV ™!, (A)
6L (Gmi) V T (1438, (1 28)
=0,096-10"1°MeV -1, (B)

) =
vy

and the main contribution is made by the resonance
diagrams:
§l.= 2
P=n, n, v
—0.12-10719 MeV ! (A).

—0,55-10"1° MeV ™! (B);
T (KL — vv) = aotmicgicyy.

M (K3, — P) = M (P~ )

mp—

Since the main contribution is made by the resonance
diagrams, the result depends strongly on the choice of
the Lagrangian of the nonleptonic interaction (variants
A and B). Inthe case of variant A, the result is about
an order of magnitude lower than the experimental re-
sult, whereas variant B leads to good agreement with
experiment,

=O<E<E==<E:
%E:{ {oﬁ
Lo I e

FIG. 15. Diagrams describing the decay K— 37.
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K s

FIG. 16. Diagrams describing the decay K} —a*717y.

The decay K% —7'1"y.*® The corresponding diagrams
are shown in Fig. 16, and

M (K} — ntny)= egmnnyﬂuvaasuq"q’fqﬁ,

where ¢ and ¢ are the polarization and momentum of
the photon, ¢. and g, are the pion momenta,

Erany = 8o+ 8o 1 Grs+ EK*K + LK¥ps

g, are the contributions of the various diagrams, and

0.13n2 ( 17 )Hl-"!

I (K} — n*n™y) =—pov (75

7 40
MEEK-»any-

CONCLUSIONS

The constructed nonlocal quark model is a quantum-
field dynamical scheme of a relativistic bag. The mod-
el has just two free parameters, which characterize
the unobservable quark field. The fact that the effec-
tive expansion constants are found to be less than unity
makes it possible to use only the lowest orders of per-
turbation theory in the calculations. The obtained re-
sults show that the model correctly describes elemen-
tary-particle physics in the energy region correspond-
ing to quark confinement.
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