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1. Introduction

It 1s well known-tﬁat there are guite enough convincing arguments in fa-
vour of hadrens treated as bound states of constituent quarks. Here should
be mentioned many relations between amplitudes and cross sections of ex-
¢lusive reactions, some features of many-particle reactions and hadron- '
nuclear collisions at high energies (see, e.g., reviews [1 s 2, 3] Y. -Th"e_
nonrelativistic quark model describes well the magnetic moments of the bary-
on octet { %+ ) and in a natural way explains the relations between elec-
tromagnetic radii of nucleons [1’ 2]. In this model also many- radiative de-
cays of mesons and nucleon resgnances are weﬁ described _(see, e.g., [2, 4])

“At the same t1me'; when obtah_ﬁng the baryon resonance mass spectrum by
nonrelativistic formulae (sée e.9., [5]), ft turns out that quark mean
square momentum in nuc}eon{Q?(it is connected with the parameter ok used
in Ref. [5] by the re]ation (Q bl o\ } is not small belng comparable with
its squared mass mqr . When trying to obtain the numerical values of the
nucleon electromagnetic radii by the nonrelativistic formiiae ,<Q_a>/m;
turns out-not smaﬁ, too. The "Incorrgctness of tﬁe nonrelativistic approxi-
mation is especially evident for the radiative decays of the mesor and nu- _
cleon resonances, when the emitted photon momentum is comparable with the

quark mass,-and the quark interacting with photon tﬁrns out necessarily re;
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Tativistic. The predictions of the quark model for these decays were made
by the nonreldtivistic formulae, but with relativistic parameters. Thus to
clear up whether the quark model is really applicable to the description of
the hadron static characteristics  the correct calculations , taking

intd account the quark relativistic motion in hadrons, are necessary.

The relativistic-invartant model of mesons and baryons treated as bound
states of relativistic guarks has been formulated in Refs.[ﬁ-g] in the
Vight-front dynamics. In this model we analyzed magnetic moments of baryon
octet é%*.) as well as radiative decays of vector,meSOns[}O]. In parti-
cular, it was shown that these nuantfties can be descrébed well at suffici-
ently large quark momentum,

The similar quest{ons were investigated alsc by Leutwyller and Stern
(see Ref.{}f] , where one can find other references on this subject}. In
Ref.[}Z] it was shown on the example of the pion form¥factor that the results
of the relativistic model 6 can be derived more obviously by the conside-
ration of tne time ordered diagrams of the old-fashioned perturbation theory
in the infiuite nomentum frame (IMF).The_IMF {as well es the Tight-front
dynamics) s used in order to minimize the vacuum fiuctuations. As a result
the space-time picture of ihe interaction turns out analugous to that in the
nonrelativistic guantum mechawics. This makes it possibie to define the
hadron-quarks transitions vertex functions (VF) by analogy with the nonre-
Tativistic bound state wave functions. In the diagram anrroach we found the
oeneral method of construction of the VF for many-particle bound states. cor
responding to the variants of spins and orbital angular momenta composition
considered in Refs, [6—5]. We have also found the variant of the VF comstruc:
tion which corresponds to the experimentally observed SU(6}x0(3} classifica-
tion of hadron states.

In se¢.4 we consider the roie of the relativistic effects in the descrip-



tion of the magnetic moments, electromagnetic radii and ratic (}A /t}v
for nucieon assuming that it is pure [56, 0+] state. A simultanecus analysis
of the experimental data on these quantities is carried out and the main pa-
rameters of the model are determined: mass of the constituent u- and d-
guarks , their mean square momenta and anomalous magnetic moments. The censi-
dered experimental data are described well by the set of parameters ohtained.
In secs. 5-8 we consider the role of relativistic effects in the descrip-
tion of the radiative decays of nucleon resonances. Tﬁe predictions for these
decays are obtained which agree well with the experiment. Note , 1in parti-
cular, that in our approach: 1)A(12 32.)*Ng decay amplitude agrees with
the experiment better than in nonrelativistic guark model; 2} we have obtained
the agreement with the experiment for signs of N(‘M?OJ N‘G decay ampli-
tudes; 3) in our appreach H_,[a ( (‘1520)) > A‘f ( 4{15 35)},
which agrees well with the experiment and cannot be obtained in the nonrela-

tivistic model.

2. -Main kinematic relations

Consider the electromagnetic transition
} * (1
E) — 5 + K 1 ’
which is described by the set of Fig.l time ordered diagrams of the old-
fashioned perturbation theory. For relativistic quarks together Qith Fig.la
diagram, generaily speaking , also contribute the rest diagrams of Fig.l

wh'lch violate the space-time picture of the process (1}, corresponding to

the nonre1at1vist1c quantum mechanics. However in specially chosen IMF
e 2
(B—s o= ), in which K, K Lﬂlﬁlﬁm [12]( K is the virtual
photon momentum, M and M'  are masses of initial and final hadrons) , .

the Fig.lb, ¢, ... dfagrams give ne contribution at least for longitudinal



Components of the electromagnetic current. For transverse components of the
electromagnetic current the suppression of Fig.lb, ¢,... diagrams connected
with energy denominators can be, in principle, compensated by a large contri.
bution of the vertices. since for the current transverse components the

: = 4
vertex Xq, —"-q, is suppressed as compared with the vertex X 99 as .1
Therefore the use of transverse components of electromagnetic current re-
quires a detailed analysis of Fig.lb, ¢, ... cﬁag_rams contribution.

Let us write the main kinematic relations for the Fig.la diagram in the
IMF, In this section we consider the three-quark states only, the generati-
zation for many-quark bound states can be done in a simple way. For the ini-
tial Iquark momenta (denote them Q@ % s € } we introduce the Feynman pa-

rametrization:

- £ o -
P.‘:.:c‘.tP-; K

il !

Z-. K’.J.:Q) z‘ ‘xi.=14' @

icn,be izabc

m®. K&
= . AL LAY Y
E"*!m“P"' 2P |,

In P=oo system the main contribution to the matrix element of Fig.la
diagram gives the integration region, where

O<OC-L< 1.

In what follows we shaﬁ assume that the photon interacts with quark C

(2')

multiplying the obtained results by 3. For the final quark wmomenta we obtain:

a1 — -h.’ — ] "h’ —— Ml -
Pl'- = pi =%y P'+ K'H.') KI,L - KiL+xi K.L) L=Q,%,
- — - —b’ —g.! — ? — b, (3)
pc_zpc- Laxcp+KC1; KCL—KCL-(TFJC:)K-’-J
—, e —
where P = P - K, is the momentum of the final hadror.
The invariant masses of initial and final auark systems are equal to:
- 2 2
Ma = Z Ki_‘_ + my {a)
L x. ?

iza,be L



K2 2 co ke, K, + K (o)
VNI YA LY ¥ L 8 lim

M X
Laz,c l. <

-

It s convenient to fntroduce the variables Kia

= ‘ (5)
Klz * wi_"‘ Mexy

W VR s kL amd , M=E o
L iy iz ¢

. L
i=a.%,¢

Variables K. (R i.

: TR (.u)'t) have the mearing of the 4-momentum

quarks ir the c.m.s. of initial quarks. Recall that we consider dfagrams of
the noncovariant perturbation theory in the system P‘— o2 hence the
energy dees not conserve in the vertices &(5')‘-’-5% and consequently
the c.m.s. of the quarks does not coincidé with the hadron rest frame, and
the .jnvariant mgsses M: and M': do not coincide with hadron -masses
Ma “and M'a . Formulae (5) can be obtained by the Lorentz transformation
along the third axis {we assume that this axis coincides with T; Y from
the c.m.s. of the quarks to IMF.
‘ -,
In an analogous way we define the final quark momenta in the P = 0

frame:

+ (")i. = Mo x. (5..)

w, =&/ m? Z ©, -
t=a be
Let us give the connection of the above-introduced varfables with § 'rl

?i Q that are used in Refs.[7-9] :

=§‘1: R&1=€ +§5 (6)
x%':.“'gh’ R.G g' "'(1 E)Q-‘-)
'IC_:'!-TI. N - ?cla"a;_ ’

' |



Map &2 Moy = €at &g, EasNGeema, 5;,=‘[%;*_“‘i '

W;ﬁl o= o
{(n

Oi*’qu:Mo’l, E‘lua: ifv[:@;*.-‘(iar
JEe, M g

The corresponding variables E' L q,l
are connected with g P _Ci' . Q; by the relations
Fa
! ! e, - _’I —~ T {8)
E:g, T]:T],’ %J_zcn_1 Q.L Q TIK*

- —
T % Q, and Q.L the igvariant masses

Q,_ for the final quarks

in the veriables g
2 Ve 2 2

M I M® and M, have the form:
o al

< b o . 9:
e . .
Me:_ __.Q:\.._. & Mo.%__ mac - {9)
T omltr M -
g ) i’ﬂa Z , 2
MEL LR Ma . mE oMU
o EU-ES ' i 1 3 ab
2 2
Mla ——Q'E I ,L‘}S.
° n 1-1

The trangitinn 1) matrix element corresnoancing to Fie.ls dianren has the

forni
PP R BRI 3 f dR Bl ot {
T A "2.5-'”'6 J"G‘EoE% Ec E; (E - En.-EF, -

‘e
e
i\(“t‘c ‘
S
Y S 4 - ‘mop, 0
. K . A ' o
b, e B Ty sese 2a TR Fen
~ < . . 1 2
where & are 1wt cavticle sofn projections, (-\}c ) Ko, s T,
e
mectiye by pee o Bnvae o oanomalous maanetic meoment (a.rnm.) and mass of une A
K T ave the vertes fanctions corves onding

&

ary L

S PR

o



to 5 - 50{ transition. In the P = oo frame the enerqy dencmina-

tors in (10) are equal to

M®~ M2 (11)
E- E,,_- E&- E‘;—_e!’-"_——)
' 4 M'e-'M;a
E-Eo- Eg-El= 55
Introducing the notations
S
s {P P, P-= Eg,s.,sc.(Pa.Pa,Fi)
54,505 oy &, e/ ™ M2 - vE ’ 12)
s fase.se (Pa,Pe, ')
L 5q¢.,5¢, Se a, s,
‘\1)5"0.,5&'5;‘ (Po, Pg' Pc )_ 0. - M‘ %

we rewrite (10) for tengitudinal components of the efectromagnetic current

in P -— oo frame in the form:

%<p”5l lj“’ \ RS>s 55%58. Sdr[lki'_sg,s’c(e’“?@. <r\’:l +

Se, 3¢’ 113)

(Q +i K BBy 5o aaec )‘*’ch’i,sz;sc {Fo, Pe, Pc) ,

wheré we use the normalization eondition U U = em , d r is the phase

space which can be presented in one of the following forms

Q.(as-) dr = diay dKg, dwg dxg Mo dKa ng "

Xy Xy XLe Wy We We

_ d5,dG,dg dq__ Mat Mo (847 .
W5 (1-8)  Eafe EcFed

The normalization é_nndition of vertex functions 'lIJ follows from the nor-

malization of the elastic formfactor By ~+ By at PepPang =972



\S.Z H’s (F;_rPg,P¢)ladr= 1) (15)

So,,5¢.5e, Sa,5¢,5
For the type (1) processes {as distjnct, for example, from the quantities
of the type <:}3[ qu IC):>) ohe may not write quark color indices since
the color factors are similar in {13) and (15} and do not contribute to the
final results. Vertex functions for baryons must be completely symmetric re-
lative to quark replacements, so we write them in the form:

1};_5

u..S%,Sc

(16)

(Pn.' P%-PC) =SD{F‘),_,P% PC)“.P:Z.sinse. (Pu. 'PQ,R'.))

where 141 is the spin-orbital nart of the vertex functfons, and the radial

'

part of the vertex function Q(P,,,Pg,, Pc) describes the momentum distribu-
tion of quarks in baryons being symmetric relative to their replacements. In
the present work.we shall assume that the function P depends only on

one variable, f.e. on the invariant mass of the quark system. Uhen getting
nunierical results we use for the ground state the following form of this func-

tion;
2

M.
EP(Pu,,Ps,chscp(M:)-_-Nexp(-.%.&..é.), (17)

which in nonrelativistic approximation turns into the oscillator wave func-
tion. Parameter PV 1s determined from the normalization condition (18).

The detailed knowledge of the interaction dynamics being unknown, we cannot
construct unambiguousty the radial parts of the higher orbital excitations
vertex functicns corresponding to the groﬁnd state wave functions (17). I
this work in sec.7, 8 we construct these functions by analogy with nenrela-
tivistic oscillator model.

In the further calculations it will be convenient to use the matr1x ele-

ments (13) written in the va: fables E "'L ﬂ(‘ . QL,Q Q ""’[K_L H

10



J_<p513m Ps>=3.5 [d Hf" (&30 (13

2P Sa,5g, Saq S¢, 5%
e, 5¢

+"'LK¢)] U;.‘_—(QJLKi&-LKGKgi)U 1}}'

(E 7, %,@J

Se se, S¢ 4

3. Construction of spin-orbital parts of vertex fumctions
A. Tﬁo—body bound states

When constructing the vertex functions for two-body states we require that
they must be written in the Lorentz-covariant form, so that spin and orbital
angular momenta compositfon rule hold 1ﬁ the c.m.s. of comstituent particles.
Since the angular momenta composition Taw in the ¢.m.s. of two particles has
the same form as 1n-Fhe nonrelativistic case ? s fhe vertex functions of two-
particle states in c.m.s. coincide with the corresponding nonrelativistic
wave functions. Te write down these functfons in the relativistic-covariant

form for particles with spin 1/2 we introduce the bispinors

us(ﬁ)PJ P (Pup)us(P) ~ (P? =P (e, R)(R),

*
where P~ are projection operators which are equal teo

A
M. r P
Pe o < >
(P ) .\[e( . + m- Mo) ) .
f)" = ﬁ; E.= ,J‘Ma . 5”— -\/p *ma . Bispinors (18) sa-
Hﬁymmcwmﬁm&(p pq)usw P)oam(P Jﬁﬁt&;ako
and differ from bispinors U (P‘,) and U (-P, ) obtafned by

the Lorentz transformation from the Po = O system by spin rotation:

11



_ ‘ il (R)ugtR)
Uilg,R) g‘: ug (R)Ves (p,8), Ves(p, P.J-—:;;(—R*—ﬁ—-@ ; (20)

Uo(m, R SZ Y - P°)[Vs‘s (P-L:Po)] ' e

+

v othe P,* O system

(22)
Vors {r., P) =8y
Rﬁ;c
In the P — oo system the matrix
{23)

Vas (R, Fu) = Usss (1) o[ Tt lint enSe e
' KLL*(’"i".wL"' Kil)a
coincides\with Melosh matrix which was obtafned in the current algebra as the
transformation from the current guarks to constituent ones - . in the c.m-.s.
of constituent particles bispinor us(ﬁ , Po) has no lower compcnent and

coincides with U (P.L} in —F'): = ) frame:
=0

frame has no upper

(22)

1 1
—Up R 2 e
s(P.,. )E=o o Us{P, [

JaM i [

AnalogousTy bispinor ‘U:s (-%) - P ) in

.II

.‘Ol

component. Introduce atso four-dimensional vectors

~ P (25)
P =p - _.I.___ P
i T g M2 e[
which in the c.m.s. of constituent particles E = O  have the form
~ P (26}
P?.Q =0 R=F =K,

didd tensor



~ Fopu B -~ g (27)
= - __J\l__o_\} 0
%_‘\N %fml' MZ %',u-a oM %_,w g
for which in the .{5; = Q frame we have
~ _ ~ _ ~ - ’ P = {, al 3 {28}
%oy- KPS (T A

-~ P
In the terms of vectors F_EJ., and tensor %yq the "nonrelativistic”

kinematics takes place in 'ﬁ, = O frame,in other words , every possible
products of the f(;ur' vectors reduce to the products of their space compo-
nents. Therefore, using ﬁy s gy\? and bispinors (18) one can easily
write nonrelativistic vertex funct’ionsAof iwo-particle system fn the relati-
vistic-covariant form, As an example we write down the vertex functions of
G -meson and P -meson with L =0 and =2 ( S and D waves in
‘?. -meson) :

{(29)

B AR S o
where c" P P . In the 3,;—. ®)]

system the vertex functions

(294

q L ]
AL SRy 73 3 W,
s‘lls{'l-P::o ‘ré-' S1 6& sa'q ’
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Voo(e=o). -Lefure e, W,

S)ET Jgt

(30)

P . . ,

't}i,s..,s L= a)lpto“f? E"h&%&é&(‘y (qr‘if ‘Tra H
wheré e.f’ are polarization vectors corresponding to 8 =-il.0 for _P
meson. In the P — so system the vertex functions (29, 30, 31) written
through spinors |

W‘-‘-a = us{si (K:) (JSE )

(32)

have the same form as in c.m.s.. (23" - 31') and are equivalent to the wave
functions constructed in'Refs.[B s 9] in the Tight-front dynamics.

To obtain analogous results -for particTes with arbitrary spins one must
together with projection ecperators {19) introduce the analogous operator for

vector wave functions:

. o (o RptM, B By ary (33)
5)"“’ (Pu,’ﬁ)_%‘,w_ ﬁ:—{mJ (P")Juen\l(a-,ﬁ)'o'

From the vector wave functicn (:fﬂ (Pq_) Tet us constructed the function

Y (R )= B (R, R)YS (R o

—m

In the P, = O  system vector &9'5( Py 7 P,,) has no time composent,
and its space comporents coincide with space components of ';?;(pt) in the
system P [§] _

(35)
'"(CY P,_)l-—h "‘et’ wf e

Pu.' 4 |- =0, ¥ (P‘,P)P

Vector Q (pq . )diffe'rs from g‘m (P,) by spin rotation:

14



Glo BEVEERI (R, wjetas,
where

VJl(pu P)=-Yi(a) 5 (p) - L lIRMLE RIRT ()

P«_Po"m Mo

—

Inthe =0 system
VAR T {38)
In the P = oo system
’ ' (39}
Vlj(Pa,E) =Si.j (ku) Kcu.)_; *'Kus;ssa*(m g+ )6, ,{Hu) (J
Paoo (w,_+mq,)(w,_+ Kﬂ-!)

Formula {39) coincides with: the Melosh matrix in the vector representation.
B. Three-particle bound stétes

in Ref.[9] three-particle states are constructed in the following way!:
First, the state of tm; particles {a, b ) witha definite total angular
momentym and 1ts projection is to be constr-ucted Then, considering the
system (@, 8, ) as an elementary partfcie, -the state (a, 3) [+ with the
given value of tota] anguLar momentum s constructed according ta the two-
particle §tgtg gonstruction rute, However it turns out that- the thvee—quark
states constructed in such a way cannot reproduce fhe experimentally observed
SU(6)x0{3) hadron resonance spectrum ! . tet us {1Tustrate this on the
example of three-guark bound states with Eu%‘ L_' o eu% 15 orbita
ﬁn'gu'lar" momentum in {a, @ ) sysfem. L is orbital angular momentum of

‘ ¢ -quark relative to this system} and with proton quantum numbers ,

15



Let us write down the corresponding vertex functions making use of the
résu]ts of the previous section. In the case of S g=T,p= O { S,g and
Tal are spin and isospin of { o, B quark system) we obtajﬁ:

[, T

S ST u (40)
a,5e, s:J T 8M.LM. usiﬁ}use(&_,ﬁ,) :

~ U
[ a P@nPﬁz’)CKsusg( ) u‘Sw. (Pu.'&")ch’ u P@’ &)]

where the upper indices stand for quark flavors; Pa% =Pt Pg .. The ex~

pression in sguare brackets corresponds to the hound state of quark pair

(@, B ) with 50_@=ng= O . In the case of Sat = Tagz 1 we obtain

+

s i-
[(%Lu,sg,s}m%@ $EIY e, B) B (R, )

s L . { - 1w . !
A (R.R)Cy, Uy (P Bt)- 55 Us(R )Y U [ R) Brfret, B)

. m———

| \E'[ sa (pq,1 qb)c'ﬁ usz,(p Pt )*’usg(ﬁ,; al)cﬁ us% Pg. af, ]}

Here the projection operator F}w (P“(,, P, )

fs used for quarks {a, £
as they are in the state with S _g= {

. Let us write (40, 41) in the
system P oo . Using the relation

(42)

B (By, P)ﬁ(pm,m)cz,, e fot) -

Mol .
i Moy Bt P (R, RICY PR, P ulpy, Pat),

which can be obtaiﬁeq with the help of (1%) and (33} and the relation

i6



+ + (43)
P'(Be PP A B ) U (R (B NVgrg (ot B) Ve [, Rt §)
p":_:us" (e’)uS"s‘ (Fet) Ugs (K7 ) i<a, b
where
{43")

E.%:.(Q-'-Ed), El={7€,ﬁa)_, R%.:(-ar‘_e@))

Ugr ( g) and Ugg (Ki) are Melosh matrices defined according

to (23). In the P -+ @ system we obtain

st ' - (84)
CANIS Uy (1)U s (¥ Ke) Us, s, (ia):
—~ Md o .
‘ (J;.., (Uf;:. . ('5:'(, - w;',,éa c‘ys'g,)l |
' (45)

[(\Pa);a,&]*‘ ;]%‘u‘Se‘::'c (K] Use gy (ét )ﬁs"_ S (Ke)-

. — - ‘ 4 ,~ °
g (B Uy s (RONE o i (@0 ) -
'f + u —~ L d -~ d. @
T 5 Seee (W O Yoyt B G Ve 1.

The vertex functions (44, 45) are equivalent to the cérresponding wave
functmns constructed in Ref. [9] in the 'I1qht front dynamlcs

In order to obtain the vertex functions for the three- quark bound state
which corresponds to a proton, the vertex functions (40, 44) and (41, 45)
must be symmetrized relative to the gquark replacements. In the nenrelativis-

tic limit the obtained vertex functions cofncide with each other being equi-
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+
valent to the proton {56 , 0 ] wave function.In the relativistic case these
vertex functions differ from each other. For example, their quadratic over

o
momenta terms include in the quark c.m.s. P,= O  the following multiplets:

¢,: [5e,0'1, leoo'], (26)

b,:  [56,0'],, [70,0'], [70,27].

Thus the vertex functions \-[J1 and lia are not equivalent being not ortho-
goral. To extract the orthogonal spectrum it is necessary to have the whoie
series of states with the highest orbital anqular momenta. Therefore we do
not see the way the orthegenal basis which could be set in correspondence
witn the observed spectrum of baryen resonances can be built up on the basis

of three-quark states with the definite values of quantum numbers Sq,[,

zag and  {

2. In the present work , when constructing the three-quark states, we shall
proceed from the requirement that they could be set in correspondence wi fh
the SU(B)xU{B)_i)aryon resonance spectrum. Therefore we assume that in the
quark c.m.s. e = 0 the vertex functions written through two-component
spinors have SU(6)xN(3} nonrelativistic structure. These vertex functions can
‘be written in relativistic covariant form making use of bispinors ‘L((Pi, P,)
(18), vectors ﬁJu (25) and tensor §ﬂ\f (27). One can show that in the
P-- (-5 system these vertex functions expressed through the sninors
WSL {32) have the same form as in c.m.s, of quarks,

Let us write down, as an example, the vertex functions for proten and
AH’ (551) resonance assuming that they are respectively pure [56 . 0+]
and [70 , 17'] states:

(47)

s + 1 - u -
[(kllp)sulst"s(_] = L’\]E’M: us(&)usc(Pc ‘R)[‘L{'E-ELP“‘P"}CXQ“:% (PG' Po).'

18



‘&51(&,,&)(‘{5“:&(?2,&)] stransmytations of (a. b, ¢},
+ o 1w
(s )i e 0ed = (MT Te(RIUL (R, R
a8}

N £ .
(oo (B B) CHu ., & tae (Pe, Pa)+ transmutations of (4 o)

where
e,= B, ¢ ng"epcv' - {e9)
In the P—~ao system we obtain

71' 4 + u ~ . d ~ d u
(9, o, 0. 1% 3 68 Wa (W 8, W, Wl 600 )+ (0, ), 50

S 2 S&

[wuws] wwsc(wég;w )+(a,e.c).' (51)

It is worth noting that for such three-particie vertex functions both the
spin and orbital angular momentum of the quark pair in its rest frame have
no definite value. For example, if we write the expression in the square
brackets in {47} a.nc[ (48) in the rest frame of {Q, % ) auark pair, we
shall not get the simp-’le expression without relative momentum of these quarks
as it is the case in the vertex functions (40} and (41). Nevertheless, when
constructing and classifying the states we shall use the quantum numbers cor-
responding to the ronrelativistic wave functions. Note that in this case the
vertex funct‘ions for states with - L =0 . in particular for nucteon,

are equivalent to the wave functions of Ref.[?].
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4. Maagnetic moments, éharge and magnetic radii and ratio (;ﬂ /’G;V

for nucieons

In this section we shall consider the role of the relativistic effects n
thé description of the static characteristics of the nucleons. When consider-
ing electromagnetic characteristics we shall use the matrix element (13) and
write i1t down in two-component spinors:

(52)
o - —_
(&)‘5 )+ [, (Kf)ﬂFa(Kf)Km ) g,b]w;” .

_55‘:2;5 [ls 5¢,5¢ (& %" Mzﬁ"\]
Sc, 8¢

S . -
(O +L KLQEQ%G%)wsc%q_,Sglsc(g,ﬁbq{,s_s QJ—)

n (52) F, (I?_La) and FQ(K*JE) are nucleon Pauli formfactors, the ver-
tex functions 'lgf are determined by the relations (16, 17, 50}. The rela-
tion‘(SZ) is enuivalent to the analocous one obtained in : in the light-
front dynamics.

It one expand {52) in powers of K_L . then the terms of this expansion
containine KJ_ in the zero, first, second and third nowers determine res-
pectively the nucleen charne F1 {O) » the nucleon anomalous wagnetic mo-
ment Fa(o) as well as the radii corresponding to the formactors F*(_K:a)
and B (X)) . The quantities Fo{o) nave been calculated in Refs k. 10]

and have the followina form:

. . e . ‘:53)
Ro  oxealhon, - ) | Fe  HEXXY)2lhag-2y)
.E—M-PH G mq, ! eMn. G_mq/

20



<= (£ 32 lel) T

ar, x® [l 2ny

P:5W+U—Q)Mo.

The calculations and final formulae for the electromagretic radii are too
cumbersome and it seems impossible to present them in this work. To 1lus-
trate the role of the relativistic effects we shall give the first two terms
of the expansion of our results in powers of (_ﬁégf>a . , Hote that para-
meter oL characterizes the quark mean square momenta in nucleons:

(‘Qa> = -—%— < q!a:. = d? . In the nonrelativistic limit & = O

These expansions have the form:

P 2 " 2 {55
1 L' ol ..-_1_.... ...§_. _f\___ 3 ‘5‘)
Fl0)e g (-5 2 o) R ()3 g g )
¥ % 9
2 1 (10 2 = _i;. X oo
Ree= 22 1am:}+“‘ ’ _R T dmy ,
2 Y
R = -—{-— 15 + R n o= -—1- 16 o+
F: oh? ' '12:1\;" e Fa dd * 12m3°r T

For simplicity we have not given the contribution of the atiark anomaleus maa-
netic moments. From the expansions obtained cne can see that the relativistic
corrections do not violate essentially the nonrelativistic quark medel precic-
tions for the nucleon macnetic mement ratic and for the rolations betweer

nmucleon electromacnetic reult.
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The ratio (> G, for nucleon one can easily derive replacing the elec-
A v

tromagnetic current in (13) by charged axial current:

5 (56)
Ge/G, =5 T,
where
2
Q; 2. 1® (57)
T j——-——-_ | $(MZ)] dr
In the nonrelativistic timit the weil- known quark mode'i prediction

gﬁ = g » which exceeds the experimental value, follows from (56). The

v

relativistic effects change this value nto the needed side decreasing the

quark model prediction. the first two terms of the formulae (56) expansion
z

in powers of (-—:—) being of the form:

._Gue_=_5_(1-_?‘.i+~). e
G, 3 5m’;{ ’
The gquantitative analysis of the experimental data by our entire formulae
{(without expanding them in (%(_)a ) we have done using t.he linear square fit.

. -~ -~

The fitting parameters ol mq' » W and B where 3 and ®  are de.
. -

termined by the relation X, = Q:;}g + 3 turned out egual to

(59)
A = 379161 MeV: Mg, = 271£28 MeV; 3L = 0,07120.040,
ld
= .0.03520.015
Note that for the magretic moments and the ratio —c-""_". which are measured
Y

with high precision we took 3% errors instead of experimental ores. Thus we
have taken into account the uncertainty of our results due to the assumptions
made. in particular, due to the assumptions on the form of the functions
'ff(PmPe,. Pe_) and ¢ ( Mf ) » and also due to the assumption that
22



nuclecn is a pure [56, 0+] state without admixture of other multiplets.

The value of ii, (59) agrees with its value cbtaine¢ from the previous
data on the ratio of _P —*fj']'g and U-—-g-f-x decay widths [10’ 16]. The
new data on P —=J0y 7 indicete to a smaller value of [’ﬁ,l , but do
not exclude the value obtained by us, It is interesting that our parameters

o and "19 5(59) agree rather well with their values obtained from the
mass formulae

The results. of our analysis are presented in Table 1. The radii given in
this Table correspond to the Sachs formfactors. To demonstrate the r61e of
ralativistic effects and quark a.m.m. we give separately the following con-
tribdtions: (a) - contribution corresponding to the nonrelativisiic approxi-
mation in eqs.(55, 58), {b) - total contribution of ail relativistic correc
tions in {55, 58), (c) - coniribution of quark a.m.m. From the Table (see
als0 eq.{55)} one can see that the reletivistic effecis are not small, but

they nowhere violate the relations predicted by the nonrelativistic quark

model. For (;“ the relativistic effects lead to the agreement of the
theory witn th; experiment. Emphasize that we received the value of the neut-

2
ron electric radius RG; assuming that nucleon is pure [56 G] state,

whereas in other works the nonzero value of RG"'L had been obtained caly
E

by taking into account the admixture of other states {see. o.g. [}3])_

Thus the treatment of the nucleon as bound state of the relativistic quarks
which 15 in the basis of our mooel allows one to describe self-consistently
all static characteristies of the nucleon. The success of the nonrelativistic
model when doscrizing the ratios 26 G4

n Gv
wagnetic radii of nucleons is apparently of casual nature and is due to the

and relations between electro-

fact that for these ratios (as distinct from the quantities Sy U hpm-
n

sefves} relativistic effects are nunerically small.

Ao
(%)

1A I




. . ¥
5. AmpTitudes of N — NK and N -~ NT decays,

Selection rules for matrix elements.

Consider Tinear in K.L terms of the matrix elements (13') expansion in
powers of K . Making use of the transitfon current <N 3 ]N > explicit

form (e.q.,  from Ref [21] } one can show that these terms can be written

in the form:

. {60)
1 »* r Kq - L K?. .
"‘"<N,7\"1Ijo,blN,7\>l. = Mo.b NEY )
where A and A-1 are respectively helicitfes of resonance and nucleon.
~
The ampl1itudes M, 3 defined 1n such a way are comnected wi th the formfac-
tors G1 and G‘.,_ Introduced in Ll] by the re‘latwns

- -m* (61,
j:-é— : Mo;"Ga"_ﬁ— »

j?=%-+: M!i \;':("'—*G., M*‘;_MﬂGa),

3 *
£ M- M
Mas GG

e

where M 4 'J and P- are mass, spin and par'lty of. the resonance. For
P" - the rep‘iacement M —--M must be done in (61). For the decay
widths of N - N\g we obtafn '

(62)
*
PN, -~
(N = Ny)= 5% ‘1' ,
= ! 1 f
- ??7— » qu is the photon momentum 1n the resonance rest frame.

x fin
The amplitudes M,o' 3 are gomnected with the conventional ones A a .y for
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which the experimental data are usually given, by the relation:

P e a2 (63}
A, = dﬁﬂ-gﬂ—m"&“ 5 gt HI(N*+—2 ng )
This relation includes the sign of the amplitude of N*"'- N& since quan-
tities Ai‘n are determined from the experimental data on the reaction
xN =~ NS and the sign of N¥~=NJ transition amplitude enters
the AT definition.
In our approach in accordance wi th (13') the amplitudes Mo?fb are de-

termined by the relation:

M:er“}%f;a_'ﬁ 3%%&&{'[ 450,58, 5% (§.’2-€L,al)]+

_ Se, S

{64)

(o4

32 A
GJ;; (Qc"lKAE E;; L-é—;tK;gﬁzkék)(kE‘%,s S sc(’é;’l Y, ),

where the derivative .._@_.. acts on the nucleon vertex function.
¥
Making use of PCAC one can express the amplitude N-=NS in terms of

the charged axial current matrix element in the Pﬁ- == frame:

(65)

Ag N2 gt) = afﬂ <rAsz l('-lm“‘%blﬂ 77|

r+
the N - nﬂr_+ decay width being of the form

pmoo’

 xE 66
i f  (m*: Mif\ .ol (6)
2 FE 29+ el EMUME T

[N Zend") =

£

where Ch is the pion momentum in the resonance rest frame, Fﬁ = 135 MeV

is the § —~ juv decay constant. In our approach in accordance with (65) and

(13') we have
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}
N*l‘; Sl:s%, S¢

where 2. is operator transforming U —w d .

Consider selection rules for the matrix elements (64). In our approach
the functions ‘\If in {62) written in terms of spinors W {32) have the
well known SU(6)x0{3) structure. Let uys write them schematically in the form:

: SU(¢)xo(a) (68)
[‘I;'“] ,:u(rsm)u [ o_ ]

uw ,

where ‘U.('K ‘U.(KG‘ | u(k, ) are the Melosh matrices determiried accord-
ng to (23). When the differentiation operator . acts on the matrix _
U(Kc) the Melosh matrices for Q.~ and @- quarkstare Contracted and the
selection rules are determined by the operator:
&€ Q)0 {69)
u ‘h [‘U_(K )] + 2Q, +i6, E“[mqu {(1~n)]- id, Q.{Eke ﬁ%{‘}g
Q+mg +M(1-)]F

Keep‘!ng in mind that ‘the operator Qc acts on the same quar'k C we obtain

the following ‘selection rules corr’espondmg in success‘lon to the ter'ms of
eq, (69)

) ' AS:O, AS;=O, QL =:1; (70.1)
{@5} JaS=1, 48,514, alg= O, )
45 =1, ASzzo ALz-ti : (70.3)
83:1, A5z, alg=t2 (0.4
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where S and L are total spin and orbital angular momentum of quarks in
c.m.s. Note that the selection rules {70.2) and (70.3) hold also for that
part of quark a.m.m. operator which is broportiona] to the quark charge ope-

rator.
[22]
The selection rules {7G) coincide with those of following from the

transformation between generators of the SU(G)w,current and SU(6),, constituent

groups obtained by Melosh in the free quark model. However in our approach

the matrix element (64) contains the additional to (70) terms which arise

when the operator é'%— acts on the matrices 'U_(Ku) and ‘U_(KG). Empha-

ue
size that these terms do not belong to any representation of SU{6) group,

since in these terms the charge operator Q,_ and the differentiation ope-

rator -§- act on different quarks,
aQ_Lg
Consider the role of these additional to the selection rules {70) terms

on the example of the nucleon maghetic moments. The relation (64) for. nucle-
ons determines the nucleon anomalous magnetic moments; the calculations

‘ 3
results are given in (54). The quantities XQ' and X correspond to

acting of the differentiation operator 2 on the Melosh matrices ‘u(h‘a_)

'aQig
and ‘LL(KC) , respectively. Note that in the nonrelativistic limit

2
on UK} brings
Qe <)
to the seiection rule (70.2) and to the corresponding to it value of the
. 3 y
ratio —EEE_ == e which contradicts the experiment. The agreement with
n e
the experiment can be obtained enly by taking into account ¥ , 1.e. terms

Xo'?-Xc: { . The result of the acting of

which cannot be obtafned in the Melosh approach. Mote that the value of the

ratio -;-E-f = - -_‘?'é.. following from the selection rule (70.2) which takes

place fornthe nucleon a.m.m. was misreferred by Melosh to the nucleon total:
magnetic moments I-BJ The doubtfulness of this result of Melosh was discussed
in Ref.[23].

The setection rules obtained in ourj‘_approach'for the matrix elements {67)

?7



coincide with the anatogous ones[221f01iowfng from the Melosh transformation
between current and constituent quarks. This is due to the fact that in the
natrix elements (€7} there are no operators which act s1mu1taneou§ly on the

quarks (0., & ) and € . These selection rules are as follows:

AS=1, 45,=0, alz=0, (71.1)

' 71,2

AS =1, aS,=t{ alg=z{ (71.2)
6. P” (1252) - Ny decay

The amplitudes of this decay defined by the relation {64) and calculatea

analogously to a.m.m. of nuciegn are eaqual to

3 % * (72)
- i - L 4.2
Ms oM, am
i/
3 3
M2=y3 M2,
[.¥Y (2] ,
From {72) directly follows the suppression of the amplitude E"_ :
| ' (73)
E‘H- =0 ) ’

which coincides with the well-known result of the nonr§1at1vfstic quark mo-
del and agrees well with the experiment. Thus relativistic effects do not
violate this result, .

To obtain the signs of the amplitudes H:m' we have used the relafibns
(63, 65, 67). So we have '

- dign Ag (&P @) =- 1. (74)

The numerical values of the amplitudes ﬂi following from (63), (64)
and (74) corresponding to the parameters (59) are given in Table 2. For
comparison we have presented in the Table the predictions oflthe nonrelati-
vistic quark_model which differ considerably from_ experiingntal data. This
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discrepancy is usually treated as a serious difficulty of nonrelativistic
24

P P
quark model {sec, e.q. Y. Our amplitudes A_é_ and H% are essentially

cigser to the experimental values.
7. B, {1470) > Ny and B, (1780) = Ny decays

We have calcuiated the amplitudes of these decays assuming that Pﬂ{'ILi'IO)
and O3 (1780) resonances are the members of [56 , 0+L_and [70, 0+]
muTtiplets, respectively. The vertex funciion of ‘the P.H (1‘4?0) resonance we
have written down proceeding from the analogy with the nonrelativistic oscil-

lator model:

(75)

¥

2

=N{M. -

4 11470) ( ® P)‘h ’
where narameter 5‘) can be found out from the orthogonality condition of the
functions {17) and {75), N 45 the normalization parameter.

1
The obtained by us amplitudes Mo: far F.:,1 ('“f 70)—*N'U decays are
t

as follows:
(76)
o 2Xg + Zq (botu-2d)
Moa (P)=-V2 == 5,
- q 2 'C -4
M2 (n)e oy 23 @%e Xe )t Eal i - 2t0)
3 Gmn; '
For the amplitude HST(E: ('ILITO)—*rLﬁT+) we obtain
(rn

4 5
Ag (B¢ (1470} = nd") = 5 Ta

: <
The quantitias X:‘ . Xg o Eg and Tg ~ differ from the correspond-



I, guantities for the nucleon (54, 57) by factor PJ(P?f“ j5) in the in-
mwyrands. The fipal formulae for P” (1?80)*Na‘decay amplitudes are cumber-
amey  so we give for them only nurerical results.

The numerical results for fii‘n amplitudes at the values of parameters
{59) are given in Table 2. Note that as coﬁtrary to the predictions of non-
relativistic quark model, the obtained by us sians of fhe amplitudes

ﬂ: and ﬂ; for PH {1470} — N‘a’ decay agree with the
expeiiment. It is kno;; that the discrepancy of these amplitude signs with
the experiment is considered as a serious difficulty of the nonrelativistic
quark model {see, e.g.[qu). In our approach we have ohtained cerrect signs,
however the numericat values of our amplitudes are smailer than the experi-
mental ones. This apparently indicates to the mixing of this resonarce with
the nucleon. Note that here in order to 6btain the experimental values of the
amp1i tudes ﬂ:n(a1 (1470 )= Ny ) it is enough to introduce the
small mixing angle with the nucleon (2% 59}, '

Fn
The amplitudes A1 obtained by us for the transition % (1470)—= Ny

2 P o n .
satisfy the relation H 1T - f}l which does not coinci@e
. . P T oan 3 [#3 Lo
with the prediction Hl / H:. 2- 5 obtained fn the Melosh
: 2

approach. This is due to the f:Et that, as is shown in Sec.5, the Melosh
approach corresponds to the contribution in {76) of )(: only,

The ex?erimental data on 81 (‘178 O)'*-Nh’ transition are contra-
dictony,'%;herefqre we cannot make any definite conclusions on the obtained

by us results for this transition.
g. [70,1']*1\{3 decays .

of these decays we have found from (64):

{78)

RS
For the'amp]itudes qu 3



* 3
where tne factors Oy (N ) 7\) are given in Table 3, and quantities H'L

are equal to

A=

2

[are (M), (M0, "

{
\iNu NR
{80)

LM Mo 0240Q%d QdeosB
AT ger T YR

r

Nes (1O, Ne= 10, (Ma)1ar,

2 *
o (Mo) are the radial part of the N resenance vertex functicns,

here
The integrands E)‘L have the following form
2 (81)

80 M
1T 2 E -Gy

Q@ RZ
B ={5\f5:' g: [T’R(Eq&*az)l*% an“r 'R} /R-: )

2




whare

a2 -ty Eatd o
c1=7§0¢(aﬁoﬁ "t ) MolEgr Q%6 T
C (Be- Qz) Qs Qi]
| a:_‘_ _L-e TE; KR [R(Ea_g“' Q;) Tt Ao

oM, (B, + Q)R,

2 2

R=m +E.~Qy, R=R+Q, .
Note that the first three terms in {78) correspond to the selection rules

{70.1}. (70.2) and (70.3), respectively, and factors Q,,2,,a, coincide

with the corresponding ones of Refs.[ZB, 25] obtained in the Melosh anproach,

The remaining terms in (78) correspond to the action of the onerator ;?Dxe
on the matrices TL(f(mrg] in (64) as well as to the contribution of the
quarks a.m.m, not proportioﬁa] to their charge. As was shown in Sec.5, the
analogous terms cannot be cbtaired in the Me1osh approach.

For the matrix element of axial current fﬁ?) we find:
3 + * *
Ag (N*"=nf*l=a(N") A+ B (N) B, (42)
where factors @ and & are giveninTable 4, and guantities &4 and B

are equal te

. (83)
4 A\{%‘% B g (), (M),

The first and second terms corressond to the selection rutes (71.1) and

(71.2), respectively, the factors Q. and b coinciding with the cerrespond-
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iny ones of Ref.[26] obtained in the Melosh approach.

When getting nuerical results we assunie the anaiogous to (17) form of
. i *
trne ragial part of the N resonance vertex function. The resonances unaer
question being members of the rultipiet [70, 1'1 , the parareter :iﬂ % for
these resonances differs, generally speaking, Trom the corresponding nuclieon
P
perameter d (58}, To find olN* we use the well established wata on ,43
o , s .2
amplituce of the @13 {15 20)— Ny transition. The value of this am-

plitude can be obtained for two values of the pardoeter

1 (84)
dﬂ* = 228 MeV,

{23
Aoy = 81D MeV.

fs to the cother anplituces of [7021_]"‘“16' transitions , wé€ predict

‘ (1) (2)
thom, The results are aliost the sare for OLrJ* ang dﬂ*
Tn oiable o we present tne results carresnoncing to the paraneters {58)
) ,
in the dﬂ* crse. One can see frow the Tabile -that the obtained resuits

a ruz well wita the axperiment. Let us emphasize the foliowing features of

! Pln' =
cur resuits: aj ve rrecict the signs of the arplitudes A » of [?G. 1]+NK
Gudys weichoagres well with the exberiment, 5) our amnlitudes of

Sy 18 25} =Ny and Dy, (1520 )Ny decays obey the relation

p g ; ‘e .

Vo which anrees with the experiment.
q% (‘3,":. Aé (an)
2 2

i oy e thankful to y.¥.Anisovich. L.L.Frankfurt, E.M.Levin,

ane oL i.Strikmn for qseful discussions.
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results 2.811 -1.848 1,222
{a) 3.308  -2.308 1.867
{b) -0.604 0.706 -0.445
{c) G.107 -0.246
Exsperi- 1.264
ment 2.793 -1.913 0,007
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-0.026

0.667

. 0,013

()

34

0.039

. 0.689
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Table 1
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LF1 TF71
-0.094 0.610
0 . 0.331
-0.049 0.271
-0.045 0.008
-0.121 C.689
+0.004 10,049
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.70 -75
44 59
32 82
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44 48
-103 -85
-9 -16
162 157
-67 55
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-12  -33
“12 .14
81 50
107 35
42 34
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62 1
-0 -2

Tokyo

&
-145
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-66
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-75
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8
-32
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Table 2

Quark models

predictions
FKR KO KI
o] [1] [s2]
-108  -101  -103
187 -176  -179
27 -5 -24
-18 4 16
156 97 147
-108 <101 -119
0 0 88
30 4 -35
-34 6 -23
108 176 128
-31 -52 -5
-109  -184  -122
0 9 7
0 o 1
-0 15 15
-0 17 76
47 86 5¢
a8 90 100
24 91 105
-A -7 -47
1 2 -2

Cur

pre-
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tions

-121
-Z210
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-89

17
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