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1. Introduction,

Some interesting predictions at hich crergies and large riorentum trans-
fer()2 nave been obtained from the quark Structure of hadrons. That is.
the quark-counting rules for the exclusive ! and inclusive 2 processes
at large angles as well as asymptotic properties of form factors at large
02 33 and the properties of hadronic structure functions in the X —1
Timit in the quark-gluon model.

At the same time it is reasonable to assume in addition, that auarks
in nucleon are nonrelativistic. Indaed, the successful application (see,
for instance, Ref. 8 ) of the additive quark model apparently shows that
nucleons are wedkly bound systems. As 1s shown fn Ref. 3 , the correct va-
lues of nucleon magnetic moments can be obtained only in the nonrelativistic
approximation; for relativistic quarks there are no definite relations be-
tween magnetic moments of proton and neutron. The additive quark model aives
quite acceptable values of the magnetic and eléctric quadrupoie moments for
YN=A transitfon. that is, an evidence in favour of the nonrelativistic
description of quarks in the A -isobar as well,

In this paper the definite relations between the nucleon form factors,

as well as those between the nucleon and theyN —A transitionform factors,
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are obtained in the quark-gluon model based on the interaction of coloured
quarks with the octet of coloured vector gluons. Following Refs. 3-7 , we
suppose that in the Qz—bool'lm'it the 02 -dependence of the form factors
is given by -gluon exchanges between quarks in the lowest order of the per-
turbation seriés, nanely, by the graphs shown 4,;1 Fie. 1, the
incoming and outgoing quarks carrying the finite fracticn of the correspond-
ing hadron momenta. As far as the four-momentum squares of virtual quarks
and gluons are large (~02) , the application of the perturbation theory

is justified in accordance with the idea of asymptotic freedom. In addition
we assume that quarks in nucleons (as well as in A ) can be considered as
nonrflativifstic , SO One ccn write p,—_@_-,pz -,\\.,p3 ~ P/3 and D’la-; p2,'>«, pa;'
=P/3 for the four-momenta of quarks, where P and P ‘are initfal

and final baryon mémenta, respective]y.

2. Vertices of theN{A) transitions into three quarks and

diagrams of theyN—=N and YN -»A transitions.

Let us write the 3q—P and 3q A" vertices in the form
iV3 fN(p1’pz,p3)eiijP(P)Uk(p3)[U' (R 1CY,Ul) - Bitp oy, Ui+

ig® (1)
transmutations of (p} R, p3) ,
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f,(R, P, )E, I([uwua)u (p, NGip CyUin) +

U, (PSR (Tl ip ey Ulte, ) + Tl Iy Uitp,))] -

transmutations of (R,p,pa) ,

where i,j,K are colour indices, the bottom indices (u,d ) of spinors
denote the type of the quark, U (P) is the wave function of A -isober,
N(A)(P],Pzp)is the vertex functlon, describing the distribution of quarks
in baryon, C is the charge conjugation m_a’trix. In the case of
exact SU(6)-symmetry the functions fN and fA should be equal and
symmetric relative to the transmutations of arguments. In the nonvelativis-
tic 1imit ( ‘p' = p2 fx% ~ P/3 ) all other forms of 3q-» P and

3q -~ A vertices are reduced to (1) and (2), respectively.The coef fi«
cient i\f? in (1) 1s due to the relative phase and the normalization of
nenrelativistic wave functions of the nucleon and iscbar.

The graphs for YyP—> P and YP— At trancitions corresponding
to the vertices (1) and (2) are shown in Fiy.2. The other graphs fcr these
transitions can be obtained by the replacements ¢of the second and third
quark Tines. The dashad blocksin Fig.2 Ynclude 211 possible glusn exchanges
in the lowest order of perturbation series according to the graphs in Finll,
ard are symmetric relative to the above mentioned replacements, 50 the
matrix elements corresponding to all possible diagrams of YP—» P and

YP"" A+trans-itions are reduced to those of graphs shown in Fig.2.

When writing the n=trix elements ir accordance with the usual Feyrman

rules, the part of thos?: between CY‘_,('Y ) and YSC matrices are
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transposed. For instance, if the matrix elements Mi {i=a.b, c¢,d,e)
corresponding to the graphs of Fiqg.Z are written in the forw
Y Il dbe bl b/
" = 3 E_ fN(p"pzypj’)fophpz’%) K. 1p,pyld p,d'pd'Rd R,
' oq2n)® 32N (p?-mPeie) (pi2-m +ie) 2

£x123
)

where M 1is the guark mass, then we have for the graph of Fic.2¢

N f ] ’
y. ~ ~ ~ S A -
K2T (PUR +mi 1P +mivC{ip +mirip +m)jCyIp +mIrip +miu (P
o= UPU +mITTR +m iy C i »miCth «mICy(f +mIT (R s miU(P),
(4)
The coefficiert 8/3 in (3) is comion to all diagrams of the lowest
order in as(Qz} and arises due to h,/Zmatrices in the quark-quark-gluon
vertices. Note, that when writing matrix elements of graphs of Figs.za,2b,
there arise traces covresponding to closed loops. For instance, for the greph

of Fig.2a we have:

e

?
i

TP i TP o P A SN
KG-UFIP)(Q‘ +m)f:J(p‘ +m)UP(P) Tf(‘\{SC[(p2+m";(p2+m}]C ys(%,.m)r(pa., m)) ”

3
/

In (8) and {5) the factors ﬂ , i"z and {"3 denote the parts of
the metrix elements (inciuding propagators} corresponding to the first,
second and third quark i1ines in the dashed biccks, reSpectively.

For the yP—»—;’_‘a_':' transition one should make in {3)-(5} the replace-
ments q\I(P )-»U;M_j(P) , '\(s——» ‘Yﬁ(-—i/"f@ } (after the square bracket]
and fy by, By, Pyl = § (R Ry RY). .

We suppose that the recion P R, P> P/3 and P{z b=l P13
dominates in intagrals, therefcre, the auantities KL; may he taken out of
the integral sign at the aforementioned values of guark four-momenta. Je-

M

note the remainine intearel by A | In our assumobtiop of zevo hinding aner-
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gy { 6~ 0) it is convenient to evaluate the p , p and p , p3
integrals in the corresponding rest frames (]3 0 and ﬁl =0, respective]y)

Closing the contour in the lower hal f-plane and noting that only one pole
(p -\/pz -E p'°‘\/ '2+ = E +1=1,2) contribute to each integ-

ra\ when 60, we f1nd
(2mi) d3p2 d3p3 f15,5,) d3p'd3p f(b"p)

-'»2 +2 .-,2 »/ 4
g(2n)"° EZE§m5+§,2+p2+P3) E2E3(m6+p, +P, +p32)

A =

Thus A > (. The expressions for M"l and M"' take the form:

M= . AlZMIY 3 u;P)r“u PYTEPMIC(POMIIT, ),
Mz AMPy S TEICR MCELMITUP) )

where M = 3 m is the mass of both nucleon and A -isobar in our approxi-
mation, 1=1 for YP~P and 1=-iV3Y YoY¥g for YP"’A In the case
of ‘YF’-»A+ transition one should make the repl acement U (P ) —-U p( P )

(6)

as well.

3. Nucleon form factors.

The proton electromaanetic current corresponding to the graphs of

f1g.2, has the form:
o TN R '} _
(PIjIP) = 2qu(Mn+Mb+ Mc+ h?:)+2qd(M:+M:) , |
where q u and q d are charges of up and down quarks, respectively.

In the frame with fermion momentum directed along the third axis we

have
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U(P) ‘-[P+M)/2 ((1+cw)6 o 2V, )l @

where ¢ " is the polarization pseudovector of fermion with the helicity A.

Using this relation we find
2m¥ = 2Mi=M2 (10)
| M'c*+ M§=Mt§
and the proton electromagnetic current takes the form
(P1j IP) = l4q - qIM"+ 2(q + 29 M" T
u u d a u d b

It is worth noting, that the well known SU(6)-symmetry relations
between proton and neutron charges a: a1 magnetic moments can be easily ob-
tained using expression (11) in the 02—> 0 1imit when no gluon exchanges
are taken into account in the dashed blocks of graphs in Fig.2.

In the 02-—9- o 1imit we take into account all kinds of gluon ex-
changes in the lowest order of the perturbation series (Fig.1). Keeping
only the leading.in Qz. terms we find the following asymptotic express-

ions for the electric and magnetic form factors of proton and neutron:

G,:(Qz)-.--3A(2M)"(4nas(02))2/0" ' o 2)
GH(G) =-8ALM une_(@2) /QY (13
gh=-cidh - .

M Mo -
Gn((lz') -3/26(@ | (15)

Note, that the magnetic Pauli form factor F LMZ(G G)/(LM +02)

LS TR, S
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2 2 2 2
is suppressed relative to the electric Fi' = (404 GE+Q %)/(AM +Q)
whean ~—» o9, This is a consequence of 'Ys -invariance of the vector

10
gluon theory [ j

£qs. (12-15) have been obtained in the lowest order of the perturba-
tion series and are valid, generally speaking, only when (X.S(Qz )Pn(Qz) K1
because the contribution of higher orders ir as(Qz ) results in logarith-

mic corrections *).
1t, as is suown in Ref, 11 ,(:{S(Q2 )} is sufficiently snall (~C.3)

et alveady Q?v-u M2 , then L£qgs.{12-1%) are vc id in the intermediate re-
P ]
gion of not very largc Qz .

T+ 15 interesting to note that f[gs.(12-15) indicate to the strono de-

c . 2
viation from the scaling law for the form factors when Q€ —s- oo

*) e are indebted to V.L.Chernyak, V.G.Serbo and A.R.Zhitnitsky, whorin-
formed us that the method derived in rRef. 5 was applicalle for the sacleon
form factors as well, the anomalous dimension {Y) being zero for sperators con-
rnected with Fl s &nd ronzerc for operators connected with F'z . Thus,
(12), (14) and (15) remain valid in the Qz’-—.\-ooﬁmit when cne takes into
account the higher order correcticns, while the electric form factors (13)
are modified by the logarithmic factor (?n(Qz))Y. The asymptotic sians

of the form factors cbtafned in this paper, of course » are not changed by

higher order corrections.



The most strikina feature of our result (12-15) is, of course, the
negative sign of the proton form factors and the positive sign of the neut-
ron ones. The sians obtained are cdue to the contributions of the graphs
of Figs. 1b and 1c, which turn out numericelly Tlarger than the
contributions of qraphs of Fig. la. To demonstrate this let us
write the relative contributions of the graphs of Figs.la, 1t and 1c, res-
pectively(in the units (LTTGS(QZ))?A(ZM)4/94): (3, -v, 6} for Gz ;
(1, -6, -3) for Gg (-1, 2, 2) for GI' amd (2/3, 1673, 6) for (52.

The changing of sign of the electricform factor {s connected with
the following fact. The coefficient at qu in (11) becomes negative, and
the cuefficient atqd remaines positive when Qz—g_oo In the case of the
magretic form factor GM both of the coefficients éhanqe the signs (remind
that 2t O% 0 GP=1.q -q ).

M u 'd

It is in eresting that the changing of signs of the nucleon form fac-
tors is independe;t of the type of gluens and takes place for the scalar
and pseudoscalar gluons as well. In the case of pions theform factor turns
out pusitive for the vector aluons { in contrast to the result of Ref, & },
while for scalar and pseudosczlar gluons the pionform factor is negative
in the Qz—a—mlimit. The experimental confirmation of the changing of
signs of the nuclieon form factors when Q2—-a-oowould be a strong argument
in favour uf vactor gluons if the pion form factor remains positive in this
Timit.

le should Tike to note the following fact. The module of the ratio
of the coefficient at qu to that at qd in (11} is essentially less
( 8 tines less for GE and 4 times less for GM) when Q%-» coas com-
pared with 02 = 0. Thus, in the model under consideration the comparative

weight of the down quarks in the proten (and of the un querks in the neut-
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ron) increases 1n the Qz—r oo limit in comparison with toeir weights in
charge and magnetic moment at 02 =0,

unfortunately, the available experimental data cannot be used for find-
ing i1 *he Qz-dependence of the form factors the tendency to the fulfilment
of the abov2 obtained asymptotic relations, because the Q2>3(Gev)2data

[12
do not a'low to separate G; and GP I From trese data it is even im-

M [3]

possible to make definite conclusions on the 02 ~-dependence of Gg

The changing of signs of the nucleon form factors mmay lead to the dips
in the differential cross section. It may be alsc revealed in polarization
experiments, for instance, in experiments on neasurement of asymmetry pro-
portional to GE‘ GM , which appears when the longitudinal polarized
leptons are scattered on the target proton with pclarization orthogeonal to
the recoil proton momenta in the laboratory frane.

In the lowest order of the perturbation theory we have found also the

terms of the order

G{Q ) =~ 3A(2MI7Q" 4no P11 - 22M/G7)
6PIQ) = ~ 8A(2MI /G (ana f11 - nMY4G)
GS(Q )= 3ARMP/Q4ma 1 - 44M7 3Q7) ,

{16)

NG )= 12A(2M)/Q 4na, Flt + aM73Q7)
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The higher order contributions may distort these results; nevertheless, it
is interesting that the coefficients at MGIQ6 terms are large and dif-
fer strongly from the dipole fonnula prediction contrary to the assumption
by Bredsky and Chertok[8 . Terms of order MG/QG ard the 1ead‘ing terms are
coposite 1n signs (except for the case of Gg Y, and one can also see the
cha.ging of signs of the form factors as Q" increases.

Note, that for large Qz the vector and axial vector weak form factors
are equal i. vector-gluon theory due to’y -mvar.anceIm] Thus, we a‘lso

predict the changing of signs of g and g in the asymptotia (g -GP C }

' +
4.Form factors of the YP-> A -transition.

e, cog oo

e e + . {19)
e define the yP-a» A transition current as follows
- ! i »
(A1 1P = 10 (PG (A H 6. 1QAHY 6 @IHY) U (P) (17)
H B 1 B 2 Bu 3 Bu i
where
m
= (qy,- 68, ),
*l _(q p-lgp)6 )Y
’ 9, -{ap e Y5
(3} _ -

p=(P+P)2; q=P-P;, Q%-q’

12



As the second terms in the square brackets in (1) and (2) are opposite
in signs, the total contribution of the graphs of Fias.2a,b turns out zero
while the other graphs have opnosite siqns for the up and down quarks. Thus

we have

A TRT B
(AljIP) = 2(q ~q )M +M + M) (19)

7] u d b ¢ e

One can obtain the following relation among matrix elements
H “ “
M =h4c =hﬁe (20)
and so the Yy P— A -transition matrix element actually reduces to
(4] 1P) = 6 (q -q) M* (21)
‘Ju =01q,~q)M

In the asymptotic region we obtain for the G,(C;I2 ) -form factors:
i

6,(G") = 6VIAM(4na ()E(2m)yQ°

6,(G%) = -16V3 AM”(4ra ) (2MI7Q° (22)

6,10%) = -28vIAMIuna (IR (MY ]

The suppression of [G]2 and G3rel ative to G’ at Qz—> o0 is
10
due to the ‘YS -invariance
x .
In the terms of cammonly used magnetic dipole GM , electric

* *
quadrupole GE and Coulamb GC form factors the obtained results take

)"1‘3



the form:

" 1GP=- 6 /GP=
G,/G =- G /G= V38

r.
[+
*

P_170v2 (23)
(3(::'6E 1/G

Contrary to the nucleon form factors the magnetic form factor (5:4 does
not change the sign when Q-moe( G (0)= 3 ).

The available experimental data onyN -+ A are carried out at not
large enough values of Q2 (1.6 GeV) (see, e.g. Ref. 16 ) and do not allow
to test our predictions for G; . G; and G: .

We are grateful to Prof. S.G.Matinyan for discussions and helpful
camments, also to G.V.Grigoryan, E.M.Levin, Yu.P Malakyan and A.G.Seur %kyan

for useful discussfons.

The manuscript was received 16 November 1978,
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Fig.1

Fig.2.

FIGURE CAPTIONS

The Feynman graphs corresponding to cluon exchanges in
the lowest order of the perturbation series. The other
seven graphs may be obtained by the replacing of the

second and thé third quark Tines.

+
The graphs for the YP+~ P and yP- A transi-
tion form factors corresponding to the (1) and (2) ver-

v ces. The dashed blocks include the gluon exchanges

shown in Fig,l.
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