


1. Introduction

The potential models of quark interactions were uged since the
veginning of the quark theory of hadrons/1"3/ up to the present time
(see, e.g.,Refs./4’5/). In particular, application of the nonrels-—
tivigtiec potential formalism to the heavy-quark bound states
{"quarkonia") turned out to be very successful . Extension of the
potential picture to the light (4, d, 8 ) -~ quark dynamics presents
an alternative to the picture of the quasifree motion of relativia=-
tic quarks in certain bounded region of space, which is known to
underlie the bag modals/7'9/. To get more insight into the dynamics
of a compogite relativistic systems, an adequate description of the
multiquark (piimarily, three - quark) systems may be crucial. Having
in mind the difficulties in dealing with the relativistic multipar-
ticle systems as well as uncertainties in our present knowledge of
quark potentials, we believe the variational spproach to be, at this
stage, the most suiteble and economic tool in investigation of the
dependence of various hadronic observables on free parameters of
theory. For this reason, we employ the variational method for &
unified approximate treatment of both the two~-particle snd mulii-~
particle bound systems, For mesons (i.8., the qf - atates), the nu-~
mericel solutions, whenever available, of the exact relativistic
two-body equations ( e.g.,the quagi«potentisl equations/10'116 may
be used ag an accuracj tegt of the approximate veriational calcula-
tions. For baryons and exotic multiquark ststes, the nonrelativistic
quark model is fruitfully used in line with ithe relativistic, "one-
particle-type" bag models. Success of nonrelativistic models in
predicting meny relations between the hadronic observables looks
rather paradoxically,because the velocities of the constituent quarks
have certainly to be relativistic. This work aims to offer, besides
simple end, hopefully, effective calculational approach, some argu-
ments underlying the phenomenological utility of nonrelativigtic
rmodels. We shall not mssume the velocities of constituent particles
to be small. Yet, the energy functional constructed in Section 3 has



apparently quaginonrelativistic form and by redefinition of appre-
Priate psremeters may be identified with the well-knovn nonrelati-
vigtic expression. This feature of the proposed scheme enables usg
also {0 attain the favourable balance between a comparatively
sinple treatment of the miltiparticle agpects of the problem,
analogoualy to nonrelativistic approach, and congideration of motion
of constituent quarks relativistically, the feature uged to be deslt
with in the framework of the independent particle nodels.

2, Quark Intersction Potentials

A) Two-body q§ .~ potentisl :

To perform calculations, it ig first necesgary to fix the
lorentz - Dirac properties and radial dependence of the qq - inter-
action potential, The potential should ensure the quark confinement
and be consistent, as far as possible ,with the known or expected pro-
perties and peculiarities of the fundamental field theory - quantum
chromodynamics (QCh). According to QCD short distences are dominated
by the one-gluon exchange, i.e.,as Q%> o0 the vector potential in
the momentum representation is

vV, () ~ [Q"an—,_]d, C(2.1)

where A is some unknown dimensional parameter. Richardson/12/
has proposed an ansatz for extrapolation of (2.1) into the region
of small Q% ( ise.,long distances) by means of the change

z 950
In a/jt = ln {1+ QYA ) + 48 & result, in the coordinate represen-
tation the potential hes the asymptotic hehaviour”(tenz)"
and ~ 7 &t ghort ('!.—b 0) and long(t-'-‘”)distances, respecti-
vely, and at the same fixed A well describes properties of
%/4’ and Y -mesons. To see at which values of ¢  the asympto-
tic regime setg in, it is convenient teo conaider the analytic
approximation

a,T , LTy
V (x) = 8-l %o Lanen, : (2.2)
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The conditions of the continuity of V(*) ana V (%) a¢ points
T=T,,2 Teduce the number of free parameters in (2.2} to




one. _Constant < i,s asgumed to be known from QCD: the one-loop
approximation to the gluon propagator gives

= 81/ (33-2n.), (243)

where: M is the number of "effeciive" quarks, Y.e., those with
mass m, << Af, .
Other constants in (2.2) can be*expressed, €48+, in terms of ﬂ—,,—

't:._ 4(

:7: (e‘ a’vc) l?-,

‘t,o-.'.B'C,'; (2.4)

where € = 2,718... 13 the base of natural logarithms. In a
region of ressonable values of @, corresponding to A in
(2.1) from the range 0,1< A € 0,5 GeV the valués of 7, and %z
vary within 1imits 0,22 » 7T, > 0,44 fm  and 4,4 > T, > 0,88 fm,
and therefore the wave functions of most hadrons should be expected
to concentrate mainly in the range of action of the logarithmic po=-
tential. Further, considering that the approximation tn Y. =

= :‘Z( Y, T"/’L) is well enmough in the range 7,% T <€ T, and

hag a qualitatively correct asymptotic behaviour for 7T > %g

and T4 Uy , we take the expression

V(%) = 4@(1 - %Y=y - 2;5 (2.5)

as an approximate representation of V,,('L) at all T . The
constant % = C is independent of @, and at By = 2 & =0.8,
In eddition to the vector potentiaml, qq ~ interaction should
involve glso terms with different Iorentz — Dirac properties.
Starting from pioneering worke 1-3/ g possible role of the scalar
interaction potentiel is repeatedly discussed in current literaturse.
It geems worth noting that the evidence for insufficiemcy of only
one vector potential comes from an old theoretical work 15 repor—
ting. the sbsence of diaecrete spectrum of eigenvalues of the Dirac
equation with pure-vector potentials of confinement. The Dirac
equation may be used for the approximate description of properties
of two-particle systems composed of one "very heavy" quark (e.ge,

b - quark with mass m,g = 5 GeV) and one light quark (Mg=0 e

The very exlistence of gsuch mesons together with assumed val:.da.ty

of the potential approach testifies to the existence of the
wniversal scalar potential of confinement. From QCD it should be
expected that the rele of the scalar potential will diminish, as



T—> 0, compared te the vector potential, For simplicity, we teke
the simple linear radial dependence of Ne(T) at a1l = -

Ny = agz. (2.6)

Analysishs/ of the spin-orbital splitting of 3P° 12 ~levels of
charmonium agrees with the approximate equality a; = A, .« Thus,
formulas (2.5) and (2.6) fix our "working" q - potential which we
congider universal,i.e.,independept of the flavour quentum numbers
like isospin, hypercharge, charm,etc.

B) BEffective interaction of gquarks in many-body systens

According to QCD and confinement hypothesis, all the hadrons
are ginglets, (anti) quarks are (anti) triplets and gluons are
octets of the colour group SU(J)C. The one-gluon exchange poten-
tia;ﬂpf a,quark two-body interaction containg the colour Ffactor
( 7&1' )\‘ } that fixes the atrength of the Coulomb interaction
" of an i-th and j-th quark in an arbitrary, colour-ginglet system
relatively the Coulomb q9q - interaction in the meson. Relation of
this kind between the phenomenological qE—potential.and quark
interaction in many-body systems is in general unknown. As & pos-
gible approach to solve this problem we resort to the zelf-conais-
tent field method. Let uas eonsider an N - gquark aystem, being
a colour singlet by definition, as a quasi~-two-body gystem composed
of a colour point-like triplet ( i.e.,quark ) and spatially distri-
buted colour antitriplet, consigting of (N - 1 ) quarks, The radial
dependence of interaction of the quark with the volume element of
the effective "antiquark" is agsuned to be known according to
the hypothesized independence of the qq - interaction of particle
flavours ( that is,the baryon charge, isospin,etc. ). The expectation
value of the potential in a glven state of the whole gystem is
expregsed via the same parameters we introduce to determine the
wave function of the N - particle system, and define, in the varia-
tional approach, through minimizing the energy of system, Congider
now this scheme as applied to the 3~-quark state ( baryon). The po-~
tential V(1,2,3) dependent on querk configuration variables is
represented by

V(4,2,3) =k-[V(1;2,3) + (4>2) + (3D, (2.7
where V{ i; j, kK )} is the interaction potential of an i-th quark

with a spatially extended "antiquark" formed of J~th and k-th querks
and factor XK is included to get rid of possible multiple couniing
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of the same terms ( for instance, K = il2 if each term V(i j, k)

is reduced to the gum of two-body potentials V(i, j ) end V(i, k)}e
Each ‘term in the sum {2.7), €.ge,V {3; 1,2) has the form

NGi42) = [ ped VL (15-21), (2.8)

where '?’ ig the radiuas - vector of the volume element of the
colour antitriplet composed of 1st and 2nd quarks, V, stands for
our "fundamental™ qg - potentisl fixed in the preceding section.

We assume that the distribution function @(Z) of the
colour charge is spherically symmetric, obeys the unit normalization
condition and has the form

plr) = —Snd‘m v 7 Tl [SE-T)+ 8-, 2.9

vhere qif(mtqusiﬂf)Ais the symmetric ground-state wave function
of the 3-quark system. -

Consider the expectation value of V{(3; 1 ,2) in the ground state
of baryon

| —t

O A S A PSS TAVE:
XY 3 a2t T T (2.10)
oV ER - EH0] WG RO dg d%, 454X,
where we introduced the Jacobi coordinates

(_'h .L'a.) 'z'ﬁ_
(2.11)
By *_(-uz -2’:)
= 1 2 3

Ay Je
and performed integration eliminating the S:—functions. .
As & first approximation we take now a test wave function in the
factorized form

Y(?z, 3 ) = ¢(-§3) j\(—is) R (2 12)

the factorization being fulfilled for ftwo other p0551ble gets of
the Jacobi coordinates ( §4 . l, Yand ( 91 , A ) resulting
from (2.11) by the change of par¥icle indices, In this case one cen
obtein

WLy = LIV (TN + V@] D> (L,



without specifying the form of functions < and Y. ip (2.12).
Allowing for the facter K = ifz in (2.7) we find that on the
clasg of tegt funetions satisfying the condition (2.12) the complete
botential can be written 4in the form

3
\/(4,2,3) 22 Vo (Z’ij) . © (2.14)
izt
Generalizetion to the N - body case ig gtraightforwvard: replacing
the normalization factor ‘Vz in the formula of type (2.9) by
t{N-4 , with the same considerations we get

N
] b
V62, Ny = == 20 V(1) (2.15)
N-4 jriz - -
under the condition of factorization of W, ... g ) in

either of the Jacobi coordinates
n -
-y -1, —
? = [n(asad] /"-[Z - T , Y&MEN-1 (a2 46)
n i

The potential (2,15) can be used at the first step of the iteration
-brocess., Next steps will give rige to the effective many-body forcesg.
Note one more importent point. The Pregence of - functions
in (2,9) is equivalent to the assumption that the colour charge in
the baryon is carried out only by point-like quarks. Assume now that
the instantaneocus distribution of the colour charge in the effeca
tive antitriplet represents g "string", i,e,, the charge is wniformly,
for simplicity, distributed along the gtraight line between points
1 end 2, In thig cage, even in the geroth approximation, that is
on the class of factoriZﬁﬁle test functions, we have

(N3 4,2)5= '-<_5°‘SV°(\P‘;X;— Is—i?:;]), (2.17)

where scalar parameter S varies in the range -1 £ 8 £ 41 gng
defines the cogrdinete of a point on the string, E?CS) =

= -‘i(?‘ +‘-L: -5 %z ). Integration in (2,17) leads in general to the
complicated 3-body potentials.

In the following we confine ourselves, while carrying out celecula-
tions, to the mimplest case of two-body potentiels (2,15} of
effective qq - and qF - interaction in many-body systems,

3« Variational Approach to the Deacription of Reletivistie
Systems

Let H be the Hamiltonian of a system of N particles with
& two-body interaction, Define operators ﬁi by the equality
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CM=TT, cDVGepsTheTIMeg T VO], O
3 i i i i
where T(V) are op;rators of the kinetic (potential) energy. Ve

consider the standard variational problem of finding the minimum
of the energy functicnel

(‘:\:’\Hl"f)="£‘.<*fi%i\\k'>—+extz (3.2)
=4

on a given class of normalizable test functions W, Let & be
a one:particle energy which corresponds to the expectation value
of ﬂi and hes the meaning of the Lagrange muliiplier. TFrom
the obvious inequality

) (hi- ) 1¥> %0 (3.3)

we have

A hawy ¢yl é‘g;(&l* ROVEY (3.4)

Yow we meke a physical assumption on the approximate stationarity
of the one-pariicle energy. If this is really the case, then the
left-hand side of inequality (3.4) is close to the right-hand gide
and instead of the initial energy functional (3.2) we can consider
the expression that is close to and majorizes it

N A
PIA 2‘—_;_(‘&?*?&?)\‘&0 — extr . (3.5)
i=t - ~
Let us mnow specify the form of ;i; allowing for the relativistic
nature of the system. For ﬂ41 the expression is postulated
which results from squaring of the Direc operator for a given
particle moving in the external field of R-1 fixzed centers with
the coordinates of particles of the syatem and subsequent transition
to the two-component formalism. To jllustrete this statement, we
srite down the one-particle Dirac equation with gealar (Vg ) and
vector (V v') potentials

(P +pm rpV +V, —eYY =0 (3.6)
Ssquaring it we get
(Br+ (maV)T= VD + 28V, — LIV, BEDV e = £,
(3'7)



the two-component formalism isg introduced via the definition of the
chiral components 4@&L) end two-component functions W ang X

\l):. q/Lq.l.l.»& = %(4*—‘(5)‘{/ + %-“((_YE)\\I (3.8)
" RS
ki'Fl=[..<,p) *L“(x) . (3.9)

As far as the Spin-orbital term in (3.7) originated by the scalar
potentianl Vs doesz not commute with Y. , thus preventing
decoupling of ° LyRand \PL v We resirict ourselves to the "zeroth»
approximation in all gpin effects and identify i with the ope-
rator in the left-hand side of the equation {3.7), where all spin
terms are omitted, This is then the operator of the Klein-Gordon-—
Fock one-particle €quation. With the formula (2.15) we obtain the
energy functional of the N-particle (quark ang antiquark) system

S Z . Te P . 2
= <Y-P-'°\E .2—5‘{ Ev.'_ +P€. + [mi+ Z(N—‘t)%i)\js(t_’é)] -

[ L . (3.10)
2(N-1) Ei)\[v(wﬂ }+ N-14 %V"(L)D IIH?=0> '

=
where Y’?-o( %r s St s {«Y 3{&}) are tost wave
funetions dependent on (¥ ~ 1) Jacobi coordinates, with total momen-—
tum of all particles p = o, {_ﬁl} is a set of the variable parg-
moters. Besides {a} , €; ere also varied  to minimize the
eNeIgY.
The conditions of extremum

2E -
ST tenes (3.11)
2E - Le4,2,... N

€, 0O R > (3.12)

compose & system of equations for defining the variational parame-
ters. In the nonrelativistic limit Vi/fe << 1, the expression
(3.10) trensforms into the lmown 8Xpression of nonrelativistic
theory

] 'E?. L.
B = <Y 'gj:(ma+ am.) + Eﬂ. VED Iy . (3.13)



Note, that if in (3.10) we merely redefine the quantity £; and
call it the"effective mass" whose value is defined by the empiri-
cel fit, then we come to an expression, formally equivalent to
{3.13) but with a more complex potential function. This observation
allows us to get & further insight into the nature of the striking
adequacy of meny relations between observables, which sgtem from

the application to hadrons of the nnnrelativiatlc quark model (see,
in this connection, also Ref. N 7‘/).

4. Celeulation of Static Characterictics of Hadrons

A) Hadron Mssses
The hadron masses sre calculated by minimizing the functional
(3.10) with
Vlij) = &y (441)
x=

'(.;j

V‘r(_i«,j) =&y

® = 0.8 and @ is a free parsmetler.
The relativistic squaring of the potentials {4.1) might suggest
the choice of iest wave functions with a singularity at ;= 0
and also & possible redifinition of the normalizetion condition.
Reserving these possibilitiea we, however, consider, as a first
approximation, the simplified version

’\yruz = Ei e,xp(-—-‘z-*('b) . (4.2)
for the qq - system and
T,-%y -y
Voo =E exp[- 5t (8,7+ ... 92 (4.3)

for systems with the total number of quarks and antiquarks N3 3,
where normalization constants EN are defined in a usual {i.e.,non-
relativistic) way.
The model results should be compared with definite combinatiens of
masses of physicel hadrons with the contributions of the spin- de-
pendent potentials eliminated. Let us introduce

)

M= M7+ LN D (4.4)

Ng (A, 2, N) = 20 g RS (808) V(53
i?) {4.5)



where M ®) is g hadron mass with the "switched-off™ spin-gpin
potential Ve » f.z,f‘ is the "colour magneton” of an i-th quark,
characterizing the spin~dependent constant at the vector intersc-
tion vertex,

According to (4.4), for the meson ground states we have

POy L VP (4.6)
4
where particle symbolg denote their nagses,
For baryons, consisting of two identical (q,= q, = q,,’) and
one unlike ( Ty = Y ) quark, we have the general expression

{Ng >B - L(_B).\(“'(B) +U(B).XL1L(B) ’ (4.7}

where (unspecified) yij(e) are defined by averaging (4.5) over
the radial wave function, and the readily calculable numerical
coefficients L(B) and U(B)~over the spin-unitary part of the
baryon wave function, corresponding to an approximate Sy (Zﬂf )
symmetry. If we further put

X _ 1'1'1, N g =$
[ A Yss , { g ' (4083)

Y{,u, = \{“15 5 (OYEw’d)’

where T‘s are no longer dependent on the baryon type in the
S56-plet of  [U(B) symmetry, then with the Tactorization

z
\K%‘Ysg = Yq,s (408b)

assuned by (4.5), we get

(4-93)
*E)-Elamnozreny

.1
T ENY) - F(E-A) (4.9b)

T T) ¢ — .(z*—i)-(_a—u—zhi)

A-N
e( ) (4.9¢}

io



@ _ g A (s (4,94)
o st ‘Z.(A—-N)( )

)\(ﬂ = Zm = A * ii (A'N) s (4.9¢)
[

[

wbhere N (44 C) is the charmed baryon with isospin T =o.
Galculated values E and "experimental” (i.e.,given by Eq,m’s
(4.9a—e)) masses ™M)  of megons and baryons are gollected in
Table 1. Masses of hadrons in (4.9a-~e) were taken from Ref. 18/
Underlined entries were used to define free parameters: & = 0.055GeV2
m, = 0.33 GeV , m_= 1.65 GeV. The magses of u- and d-quarks
were put zero. For the mass of b=qrark we, following/19/ agsumed
value mg, = M+ 3.45 = 5,1 GeV, Teble 1 presents algo values of
¥ and & characterizing the spetial extension of wave func-
tions and values of £ and E‘E{'&) . In baryons, £, vrefers
40 the like quarks and £, to the unlike quark. BExcept for the
naas of Y(gé’) the model predictions are in gocd egreement with

Table 1

Masses of the q3 - end g states and parameters ¥ » & » &2
for mesons, and ¢ , £ ., Ew for baryons. ALl values
are in units of GeV

Particle ‘((o() E4(€c) E‘z(au) E " M(::p
743, 0.703 0,325 0,325 0,605 0.611
K(q.8) ©-975 0,405 0,577 ¢,796 0.793
w3y 1109 0.624 0.624 0,953 ¢£1.02
Dlg,c) 1359 0.579 1,758 1,962 1.97
R (sE,) 1.626 0.783 1.833 2.067 2.10

Yy (e, &) 2.615 2.0 2,0 3.02 3.06
D5L“r1E1) 1.908 G.801 5.205 5.33 -
Folc. B 226 1.01 5.22 5.40 -

Y (8.8 7.02 5.87 5.87 8.98 < 9.46
N{g*) 0.298 0.319 0.319 1.1 1.088
Tiqrs)  0.344 0.356 0.511 1,28 1.27
3(s%q) 0.387 0.53 0.3%9 1.42 1.44
Q.0 0.428 0.55 0.55 1.55 1,61
Tlq'¢)  0.419 0.42 1.753 2.505 2.43

E&(°:%) 0.45 0.447 5-176 5-932 -




experiment, For the bb - system the wave function is mainly
concentrated in the region of transition of the logarithmic poten~-
tial into the modified Coulomb potential, and therefore, the
accepted approximation (2.5) fails to work. The model allows gimple
relations to be derived for the change of hadron masges with a
small change of messes of constituent quarks,

Let us estimate the average value of. u - and q - quark masseg
vith the help of the relation ( see, e.g., rer,/20/) :

2E,(m
Zanl0) = EN(mq’)-EN(o) = mg _:);‘_é':‘-_? o (4.10)
q

between & - term 'th (0) in the TN scattering amplitude
and the nucleon~mess shift due to & small change of m;v =
= -"i(_m“ M) from zero to & certain finite value. The explicit
form of the energy functional (3,10} for nucleons obtained with the
use of Eqs. {4.1) and {4.3), enables us to get

PEy L & = 4,38

= 3 11
qu/{mq,-»o T g,dy (4.11)

If we now assume’ 29/ ‘zmd(o) = 51725 MeV, then m‘} o= 40 MeV
follows from (4.10) and (4.11),
Congider now the mass splitting of particles, belonging to

the same lsotopic miltiplet, ceused by the isotopic mass-difference
of d~ and u- quarks, Denote by $P=%V « EMR) -~ E(u.a)

the meson-mass shift ( the baryon-masas shift $B ‘being analogously
defined ) due to the nonzero mass difference am, = my — my+0,
Quantities 3P and 5B depend on flavours of particles
(strangeness, charm,etc,), The ratios of 3P ana 5B for
different particles are proportial to those of the quantities {/51,3’
and 4/51’0( {(cf. Bquation (4.11))which can be found in Table 1

8(?0(!}) . SK . B.Dc : S'Dg=4 1 0.62. ¢ 0‘23 1 045 (4-12)

&N %2 SE . BE‘-_ Szg:/‘ :0.¥8:0.63 051-1 041, (4.13)

From {4.12) it follows, for ingtence, that the mass difference

of K°~ ana k*- mégons, caused by more heavy mass of the d-quark
&8 compared to that of the wu-quark, is twice that of 'D:’(Ec)
and 'Dz (Ec) caused by the same origin. The quantity B{¢"w)
in (4.12) stands for the comtribution of the internal wu - d mass
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difference to the nondiagonal mass of the 9°Q) - transition. It
ig interesting to note that despite a considerable breaking of
5U{3) symmetry (%N#- P2 #* 8T )  aifferences beiween 5B
are almost completely compensated in the Coleman - Glaghow relation

p-n*'ilu— TT-TT+EY =0 (4.14)
derived earlier within exact SU(3).

B) Magnetic Momentsg and Mi-Trensitions

External electromagnetic fields ere introduced in the same
way as in the two-component theory of Dirac particles. The vector
potential is included through the usual gauge-inveriant substitution
in the kinetic term of the enmergy operator (3.10)

| F:-E @’IR'E)(;;E) —»[ﬁ-(‘é}e;ﬁ@;ﬂ]—[&-(‘\5}»« e;i(xﬂﬁj (4.15)

In sn external, uniform msgnetic field there appears the correction
to energy linear in field sirength (;& H

SE()=- < T (ST y=-RH . (4.16)

Prom (4.16) it is seen that instead of the i-th quark mass the
effective quark magneton containsg £ Averaging the magnetic
moment operator over spin wave functions and applying the numexrical
valuea of € from Tabie 71 we obtain the magnetic moments of
beryons, Formulae for magnetic moments and the transition moments
HB'B—_‘{B(V{)I FL\ B*(3/2+)> 1c:r::i.nc:ide in form with formulae of the
nonrelativiatic quark model with the only difference: the quark
magnetons are defined not by the universel parameters (nasses of
quarks) but by the quantities Ea. which are different for a given
sort of quark residing inside different hadrons,i.e.,depend on the
quark environment., From Tsble 2, where for comperison we report alao
regults of the nonrelativistic quark model 21 , it is seen that the
relativigtic consideration makes better agreement of theory with
experiment/18’22/. Consider now relations for decay rates of the
megnetic dipole (M1) transitions V- PY . Transitions of this
kind between "1ight“ hadrons are characterized by a greal energy
release, and therefore, the calculation of matrix elemenis requires
to take into mccount the relativistic contraction of the wave func—
tions of moving particles, the retardation effects,etc. We toke a
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simplified scheme of calculation, adguming that in the ratios of
radiative widths unknown dynemical form factors dependent on the
photon energy will approximately cancel ocut and a reneining factor
will be proportional te the ratio of the trangition moments
calculated for the "unphysical® situmtion when the initiel and
finel mesons are at rest. Then we can calculate the /= Py decay
widths by the following formila

AP) ]2 [ My (my-mty 73

F=py) = Ploory) [ A2 T TS G
v w Vi

plwr?)

For (w1} = 769 % 92 ke¥/22039/ 414 values caleulated by (4.17)
are collected in Table 3, The iransition magnetic momentg ‘M(VP)
are calculated by using formulae of the nonrelativisiic theory and
values of E€; from Table 1. The inclusion of the dependence of

f& and Hs on the mass of guarks- neighbours almost eliminates
the digerepancy existing $ill now between theory (see, LYy Ref/Bol}
and experiment for the decays K*— Kk X and @—h y

Table 2

Megnetic moments of baryons in units of nuclear

magnetons

Baryon rLN/Rm / Mot ﬂulpw,ea/
P T input 2,94 2.97
n ~1.86 =-1.96 ~1.91
A input -0.61 ~0.614%0.,005
Tt 2.67 2.55 2.33%0.13
T ~1.09 -0.97 ~1.41%0,25
(ATS) 1.61 1,52 1821322
e ~1.44 ~1.32 -1.237%0.016
=" -0,49 ~0.52 -0,75%0.06
Loy -1.83 -1.71 -
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Table 3
Radiative decay widths of vector mesons in units of
teV, The angles of the WW- and W'~ mixing are
8, = 40° end @, =-=10°, regspectively

Decay Min rexp 722,30/

w—m""x | 1{;;’52 | 789192
9‘7-»1("\0' s86X10 . &1y
K= XY a7t10 75535
KKy 5216 gaf14
@y 8,6%1.0 6.5%1.9
@y 47ts 6759

Wy =¥ 1.68 -
DDl Y 14.8 -
LY 0.23 -
S b 0.011 -

For the radiative decays of heavy mesons ( Yy —"1.¥ ,D*=Dv,
e F ¥ ) the energy release is small, the retardation and
recoil effects can safely be neglected, and therefore we have cal-
culated the absolute values of widths by the formula of the long-

wave approximation

T r.3
- = . T Gl
Tly=Py)= o~ (,Hq“ K3,) s vap ’ (4.18)

where HW: ?_1,/2&,1/ » My (p) ore meson masses,

Radiastive decays of heavy mesons menifest in a clear-cut way the
specific prediction of the model - & significant change of the
effective magnetons of u, d, g = quarks depending on the mass of
the spectabor quark. A strong, compensation-type decrease of width
of the F*-"F'*( decay may produce an extremely interesting and
unexpechted situation when the wesk-decay branching ratios of the
F* —-meson will no longer be negligible.
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€} Quarks Dimensions of Hadrons

Let us first assume thet quarks are point-like ("bare" )
particles and define the charge radius (.'L”}fh by

N — -
(q}}fh = E e.'(i-)'ﬁ'h- RY >
R=ZTeh,/Se » (4.19)

where 61, (i) is the i-th quark electrie charge and averaging
Tuns over the ground-state wave function,

For charged particles the r.h.s. of (4419) should be divided by the
total charge of the system,

]
As is seen from Table 4, numerical valuesg ef ('I-.">r_h are, on
the average, smaller then experimentsl charge radii of hadrons. The

Table 4

3 Fl exp
Charge radii (‘lz?ch and <% >‘,,l in uwnits of fm >

Particle ‘ et >fh L >::P
T 0.24 0.43%0,03/31/
Kt 0,16 0.28%0.05/32/
K® -0.03 -0.054%0,026/33/
DS 0.058 -
Do ~0.085 -
b 0.44  0.74%0.02/38/
n 0 -~0.12%0,01/35/
P 0.42 -
<= 0.33 -

o 1
]
e &
N
— [+
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way out of the difficulty is rather obvious and consisgts in supplying
the hadron valence quarks with internal structure. As is known, the
guark-parion model of deep inelagtic interactions exposes the multi-~
component state vector of the hadron: the hadron consists of the
"valence" quarks-partons and of a "ses" of gluons and gqg-pairs. On
the other hand, the stetic properties of hadrons are described
under the assumption that hadrons are formed out of a minimal
number of constituent quarks. For consistenéy with the above men-
tioned multi-component pidtufe of the hadron, it is now necessary

to supply the valence quarks themselves w;th the multi-component
state vector. The dynamical degrees of freedom of "gea" quarks and
gluons are phencmenologically reflected in properties of potentials
of guark interactions and in the existence of the internal structure,
non-zero effective mass, and so on, for the valence quarks. I¥

should, furthermore, be expected that in the peripheral region of
distribution of the hadronic metter there come into effect the
clusterization of the coloured guarks and gluons into '"colourless®
virtual hedrens. In this sense, one may speak about a "pion cloud"
and mesonic degrees of freedom of hadronslz}f. Contributions of
meson (primarily, pion ) currents into the hadron characteristics
should stronger depend on hadron quantum numbers and their masses
compared to the intrinsic structure of wvalence quarks caused by
fluctuations of the accompanied gluon field.

The relation

é €
Ly + CED = LT 4 QS CES (4.20)

and’ the valuesa collected in Table 4 give for the intrinsic quark
radive <12, = 0.18 ¥ 0,02 a? ( q = u, 4).

The isovector pion current givea no contribution into the iscscalar
combination {4.20) but should be essential in forming the negative
value of the experimental neutron charge radius, If we parametrize
the meson radii by the expressions

S R R <'L‘>1f’ (4.21a)
2
- = Lot i 2 .21
4't>K+., 3<m>$+3<1*>s+4m>‘<+ (4.21b)
b
L . B Lot z {4.21¢)
LTI =z <1 >$+ 3<'t>s+ <UD,

exp %
and make use of the numericel values of &'U >y (¢y and 4"-1>“-(\<)
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in Iable 4, then we get LU, =0,17 % 6.03 fn? and <ﬂ}>§ =
= 0.07 % 0.07 fm? Within large errors, these estimates confirm
qualitative expectations.

D) Exotic Multiquark Hardons

Properties of hadrons for which the dominant configuration is
the multiquark state are extensively discussed in literature/24“27/.
Almost all works are based on the WIT bag mode1/7/. Here we apply
the developed scheme to calculate masses bﬂtr) of ( not yet
unambigously identified) hedrons with total number N of light
(u- and d-) quarks and entiquarks being 3 < N < 12 (¥ =12 is
the maximal nwaber of quarks which can be in the ground state
with the total orbitial angular momentum L = O and the gymmetric
radial wave function). iesulis of our calculation are collected in
Table 5 where, by the "triality" principle, the state with N=2
should be understood as (qaaz)’ =5 =asg (q*E ), and so forth.
Numericael values of bdsn do not take into account the gpin-de-
pendent interactions and therefore their direct comparison with
calculations including those interactions ig aifficult, Meanwhile,
in comparing all models with the real situation one should take in
view a possibly serious inaedequacy ceused bya too restrictive way
of imposing the confinement conditions. Multiquark states admit
the formation of "eolouriess" clusters out of a mmaller number of
conatituenty quarks and for their relative motion the mechanism of

Table 5
Masses of multiquark states and parameters & and £

in units of GeV.

N 4 5 & 9 12
404} 0.282 0.273  0.268 0.261 0.258
£(4) 0.323 0,326 0.328 0,330 0,332
S CH) 1.557  1.996 2,43 3.74 5.04
(5} 0.401 0.387
£E(S)  0.557  0.560

E,s) 216  2.75
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confinement should not necessarily operate. However, the tesi wave
function (4.3} we are using does not allow for that fact. Desides,

in the bound states containing antiquarks the processes of virtual
qq - annihilation may lead to a complex mixture of hadron states
with the same quantuwm numbers bui different number of constituents.
These factors meke it not a simple task to reveal s possible
existence, in the hadron-hadron scattering channelyof the mul tiquark
quasistetionary states end to identify their composite atructure,

In view of the signature, which facilitate their experimental obser-
vation and of relative isolation from ether states, permitting a
wore reliable interpretation, a search for resonances formed only

ocut of strange quarks and antiquarks and decaying inlo ¥ - wesons
locks especially promizing, @iy s°3°) —> 24 . The pousible
evidence fdr existence of such o state with mass 2.35 GeV cowes fremn
the data on the reaction TCF(ZE GeV) + p ==+ 2 /28/. In

Table 5 we present several values of Pﬂjﬂjr for hodrons congtrucs
ted only from $(§) - quarks. One can notice thatl the difference
between the mass of (szgz)—-state and the doubled mass of (S§ ) -
state smounbs to 0.32 GeV that is close to the "experimental value":
2.35 = 2 x 1.02 = 0.31 GeV, if the pousible resonunce with mass

2.35 Gev/ %/
nuclear processes with large energy-nouentun transfers { see, CaBey

-2
is indeed interpreted ag the { 53 ) - gtate. In

ref./29 ) an important role may be played by virtual many-baryon
clusters with the mean density of "quark matter". For the egtima-
tion of the probability of formation of such cluszters in real
nuclei of great inportance is the ratio of the average density
of "gquark" matter to the usual "nuclear" matter. Let Ry be the
radius of sphere with an equivalent uniform distribution of the
matter density for an N-quark state

2

R% = £y N-tL  (4e22)

Then, the wanted ratio is

9ﬂ/PA = RAEP‘ . (4-23)

Taking mp = 0.9&_’(}3‘4’, 'RA“ o A‘l'b( Lo = 1.2 fm ) and corresponding
values of ENE My and  duy from Table 5, we find that the ratio
(4.23) varies from 3.7 to 6 for the quark states with baryon number
varying from B = 2 to B = 4. This is considerably larger than
corresponding values obtained in the MIT - bag model { there the
retio is almost consiant and equals 2).
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5« Conclusion

with the universality hypothesis for the q9d - potential gives very
encouraging results, The consistent nonperturbative inclusion of
the spin~dependent quark interactions isg necessary for further de-
velopment of the scheme,

2. In the muliiquark systems the selfconsistent fieigd approxi-
mation results naturally in the iterative definition of {the state-
dependent effective qguark Interactions. In the first spproximation
the effective two-body potential is derived, which is related
through Equation (2.15) with the basic 99 - potential,

3. The pPrincipal result of the variational approach proposed,
Equation (3.10) for the energy functional and the extremun conditi-
ona (3,11} and (3.12), unifies the virtues of the nonrelativistic
modela, consiating in the comparative simplicity of dealing with the
multiparticle features of the problem, and the relativistic
description of the constituent quark motion. The quasinonrelati-
vigtic form of Equation (3,10) offera more insight into the nature
of gtiriking adequacy of meny relations between the hadron obser-
vables derived from nonrelativistic quark modele,

4. The model formulated indicates the effects of more deep
breaking of the flavour unitary symnetries. We take the mgas dif-
ference of the constituent quarks to be the only origin of the
SU(rL)flav. symietry bresking. The qualitatively new result of the
model, which reflects the multiparticle treatment of the problem
and seems not to be implied by the independent particle modéls,
is the variation of static  parameters or a given
quark due to environment, especially by nmass of the

spectator quarks, For example, the effective magnetons of the
light quarks and the ilsotopic masa splitting of hadrons due to
internal mass difference of the u~ and d- quarks are wpredicted to
change considerably while we 80 from light hadrons to heavy ones.
These results provide a better agreement of theory ang experiment
for the megnetic moments of baryons and the radiaetive widths of the
magnetic dipole transitions in light hadrons, The future memsure-
ment of the Dc(s) — Dc“) Y, F':(‘)-b Feery ¥ decey widths will
be cruciel for testing the model predictions because here the
effects are especlally strong, )

S5 The "quark" radii of hadrone, dependent on the spatial
extension of the quark wave functions, are substentielly smalier
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than the experimental charge radii of hadrons. This means that
the constituent velence quarks are ndresged" perticles with thelr
own internal structure.

6, In the model considered the magses of the multiquark states
are gomevhat larger while the density of the "quark matter" is
much larger than the values given by the LMIT bag model.

The author wishes to thaenk A.M.Baldin, A.B.Govoxkov,
V. A.Meshcheryakov, I.T.Todorov for helpful discugsions of various
aspects of this work. '
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