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УДК 539.12; 530Л 7

А. П. Кобушкин н А. И. Сямтомов

Электромагнитные формфакторы дейтрона в облас-
ти перехода между нуклон-меоонным и кварк-глю-
онным представлениями.

В работе обсуждаются иксперимептальггые наблюдаемые упругого ' !)-
рассеяния ;i области промежуточных энергий. Предлагается численный
гшалии имеющихся экспериментальных данных, воспроизводящий рооуль-
таты вычислений с исиольоовапием популярных yVjV-потепциалон при
малых энергиях {Q2 <C l(GeV/c)2), но, вместе с тем, обеспечивающий
асимптотическое поведение олсктромагниттгых формфактороп дейтрона,
следующее ио правил «паркового счёта, при пысоких онергнях {Q1 3*
l(GeVfc)2). Проведённый численный аналио пооволяет сделать оценку
характерного масигтаба опергий, при которых становится существенным
учёт кварховых степеней свободы в дейтроне.

А. Р. Kobushkin and A. I. Syamtomov

Deuteron Electromagnetic Form Factors in the Tran-
sitional Region Between Nucleon-Meson and Quark-
Gluon Pictures

Experimental observables of the elastic e£>-scattering in the region of interme-
diate energies are discussed. We offer the numerical analysis of the available
experimental data, which reproduces the results of the calculations with pop-
ular N ̂ -potentials at low energies (Q2 < l(GcV/c)2), but, at the same time,
provides the right asymptotic behavior of the deuteron e.m. form factors, fol-
lowing from the quark counting rules, at high energies (Q3 » l(GeV/e)s).
TJi« numerical analysis developed allows to make certain estimations of the
characteristic energy scale, at what the consideration of quark-gluon degrees
of freedom in the deuteron becomes essential.
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I Introduction

II wiiK already demonstrated [1-3], that, the quark substructure of the ciruteron
should manifest, ii.suIf in the elastic rc/scattering at high Q2. Nevertheless,
up t,o now the question of the energy scale .'it what quark-giuon degrees of
freedom Ьисоше defrozeo in simplest nuclear systems has been remaining a
subject, til' great interest, (sec e.g. ltd. \4\). it seems that the so railed
quark couul.iiip rules j,r>] applied to the elastic erf-scattering at high Q2 give
die most natural way for estimating of such ,-cale. While QCD predicts [6, 7]
that the individual asymptotic behavior of deuteron form factors will differ
significantly from that predicted by the conventional ./V./V-potenlial models,
the predicted asymptotic behavior of the cross section Щ- ~ -jj/(t/s) (where

.4 and I are the conventional Mandelstam variables} can be also reproduced
within the "classical" (nucleon-nieson) picture [8]. Therefore, it is a topical
matter t.o look for another obscrvab/os of the clastic erf-scattering which could
be sensitive to the quark-gluon structure of the deuteron.

The aim of the present paper is to study the behavior of the elastic ed-
-scattering in intermediate region between nucleon-meaon and quark-gluon
pictures and to estimate a Qs-scale, where QCD consideration becomes valid.
We show that the QCD asyruptotics sets in the helicity-flip transition ampli-
tudes at Q2 of order of few (GeV/c)2. The outline of the paper is as follows.
In Sec.2 we summarize the general expressions for observables of the elastic
ed-scattering as well as expressions of the deuteron e.m. form factors in terms
of helicity transition amplitudes in the infinite momentum frame. The QCD
predictions for the helicity transition amplitudes at high Q2 are discussed in
Sec.3. In Sec.4 We analyze the experimental data for the elastic ed-scattering
(A(Qa) and B(Qf) structure functions, the tensor analyzing power T2a), us-
ing phenomenological parametrization, which reproduces the results of the
nucleon-meson calculations at Q 3 < ^GeV/c)1 and reduces to the asymp-
totic behavior predicted by the perturbative QCD at Q3 » l(GeV/c)2. It
is eeeumed that the region where Q1 are of the order of few {GeV/c)2 is the
region where the nudeon-meson calculations as well as pure QCD methods
are not applicable. Prediction^ for the e.m. form factors of the deuteron and
TK at Q* of the order of few (OeV/c)3 are done. Conclusions are given in
Sec.6.
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2 Basic relations

In the !ab. frame the cross .section of the elastic, rrf-sccittering (when the
particles are uupolarized) is give» by I.ho Ro.senblutii formula

(2-1)

where ( Щ:) is the Mott cross section, H is the electron scattering angle;

A (Q'2) and В (Q2) - are the deuleroii structure functions, which, iu turn, are
expressed via the charge, C!c, magnetic, <1м, and qudrupole, GQ, deuteron
fonu factors:

-.i 2 ,2 8 2 ,2 4 .<2

where rj = Q7/4Mi and M is the deuteron mass. To separate the charge and
qudrupolo form factors one has, in addition to A and В structure functions,
to measure polarization observables of the process, e.g. the tensor analyzing
power

V)
(2.3)

The normalization of the form factors entering (2.2) aud (2.3) is chosen to

be the following: Gc(0) = 1, GM(Q) = Щ-цо, GQ{Q) = $£-QD, where
цп and QD are the deuteron magnetic and qudrupole moments, respectively.
In the infinite momentum frame, defined as in Ref. [9j, the form factors
could be expressed in terms of the heticity transition amplitudes [10] JyX =<
tl A'|j"|p A >:

Gq =
2 p + ( 2 4 + l ) ,

|(2Ц -

,2(2^-1) ] (2.4)

where j " is the e.m. current, |p A > stands for the deuteron state with the
momentum p and helicity А, У^л = J°,x + J%x and p+ 3jP+ p 8 .



3 An asymptotic behavior

Recently, Brodsky and Hilier |IOj have moi.tione-rl that in ih • analysis of the
ЫдК energy elastic tcf-oross si.-ci.ion ;it ltwt. two momentum scaii-s must be
distinguished. The first one is sivfri by the QCD нс.а!п Луг.7.1 ~ 20QMcV/c
and determines Un: perturbaiive Q(-'I) regime:. In particular, according to
the arguments of Rof. [7|, this scale controls a high Q7 s\ipprn??inn of tin-
helicity-fiip transition amplitudes

-w,/А<'г;Л 1+ in)
+ 0 ~

where a and b arc some constants.
The second scale i.4 purely kineiiialical and defined hy the dpiiteron uiass

M. It was argued [10, llj that in the region

Q2 > 2МЛ.дсп и 0.8(GcV/c)! (3.6)

the helicity-conserving transition amplitude У(̂  dominates, so the quark con-
tent of the deutcron could reveal itself already in the experimentally accessible
region.

From (2.4) and the QCD-motivated relations (3.5) it follows that the charge
form factor Gc should have the lowest leading fall-off degree, while the form
factors GM and Gq are suppressed by a factor (<?3)~'. At the s;vme time
at high Q2 the mesoD-nucleon approach (see e.g. Ref. [12]) predicts that
Gc oc GM аде! GQ is suppressed by a factor (Q2)~ l. Thus QCD and the
classical nuclear physics give the different predictions for hlgh-Q" behavior of
such quantities as the ratio B/A and T20.

It was assumed (10, 11] that in (2.4) the helicity-flip transition amplitudes
J+o and J+_ could be .omitted for the kinematical region (3.6). In this case J^o

cancels in the expressions fcr Тю and B/A. However, the calculated behavior
of the last one contradicts the experimental data.

In Ref. (13] it was mentioned that the helicity-fiip matrix element J+o can-
not be neglected in the magnetic form factor. Moreover, it was demonstrated
that J£o matrix element strongly affects the behavior of the magnetic form
factor at Q* of a few (QeVfcf and provides a neat parametrization for B/A
ratio. On the one hand, this kinematical region cannot be considered as a
region of pure nucleon-meson physics; on the second hand, it cannot be consid-
ered as a region of pure perturbative QCD as well. In the next section we shell
study the deuteroa e.m form factors in the framework of phenomenoiogical



model, which reproduces the results of calculations with realistic NN-potential

at, low Q1, and provides the behavior predicted by perturbative Q('f) at hict.li

4 Smooth connection to low-Q2 region and
numerical analysis

Following the idea of the reduced nuclear amplitudes in QCD [14, l.r>j we
define the reduced helicity transition amplitudes g+n, g+a and g+_, rewritting
(2.4) in the following way

Gc =
2

G (Q ) o _ + , ~\~ч ч „+ .,,.+ i (4 7)

2r/

- 2

somewhere G(Q5) - is a djpole form factor G(Q2) = (1 + Я-) , 6 - is s
\ b )

parameter of order of the nucleon mass. For 6'д/ and Gq to be finite at Q' —«• 0,

the reduced helicity transition amplitudes should obey: g+0 ~ O{\), д%о ~
O(Q), g£_ ~ O(QJ)t which justifies the following parametrization:

with {«,-,«,}, {6,-,/?,}, {c;,7i} being fitting parameters. Prom the quark
counting rules J7] it follows that the fall-off behavior of these amplitudes at
high Q2's is

sro
+o - < T 2 . eU - ^"3- « + - ~ <?""-

which, together with the requirement of correct static normalization (Sec. 2),
the set of restrictions on {OJ} , {6J , {c,}



TIR: "niiLs.srs" {a,} , {/У,} and {7,} define a nonporturbativc part of reduced
amplitudes. In our calculation* we used the following sequence for each group
of these paranieb'is:

nl = -2M,ita>. ft? = n? + ^ y i ( i - l ) , i = l н (4.10)

Isituiliirly, for ji, and 7,), where //•"', /i(''J) aud /<W have the dimension of
energy ami, in accordance with (3.fi), an; to be of order of \QCD- Results
of numerical calculations (u=4, parameters appear in Table I) for А. В and
7'jf. at в - 0" arc shown on Figs. 1-3. LJxpcriincntai data are taken from Refs.
[10, 17, 1Я[. Fip.s. 4 and r) di.^pliiy the behavior of G'c and GQ. Experimental
points are from 1 lie analysis of Ref. \\€\ The dashed-dot lines correspond to
tho ivsymptotic Q(' l) behavior of the reduced matrix elements:

I'lic ri'<)ucfd lu'lic.it.y transirioii rtmplitudes ^ u , g±a and gX^ appear in Figs.
fi-8.

Лн wit mentioned before, at the region (3.6) the ratios J^/J^o and J+o/J+_
should be controlled by t.lie QCD scale parameter \QCD only. Figs. 9 and 10
demonstrate that this QC1> prediction works well for ^ 0 / J + _ , while for the
ratio JQ{)/-I^Q (lie QCD asy mptot.ics starts at somewhat high Q2. Estimation of
the characteristic energy scale QQCD at which one may expect the asymptotic
behavior of the observables of the elastic ed-scattering may be determined
from

where e stands for experimental data accuracy. Using the best-fit parame-
ters (see Table 1) and taking different values of e we made estimations (see.
Table 2) of QQCD, based on all experimental data available.



Table

h I « I 1 : Ji |_ •"*_ | i _
я «, fnt^l "2.4814 ) - ) 0 . S 5 Q . ( j . l-tKi I MX'("l . ! ) j

jj b, /;H~' I -1.7ti54 j''(ri^^7<T7T9yi~s7e~i^T.9Tjl
;1 <-, i^oro^itsao [ M-Ti l l j ) ' ! » i r i \м) \ ^ ( - t ^ t j !

1 ' к1'''1 = O.I (/< Vic 3
lj

~yfJ 1.0203
Й = 0.898.72 CiY\y<-

>' - 0.17338 (/cl'/c

J

2.U2 iJtV/r i>

S% I -1.04 r/cl'/Tjl

1% I 8.8-1 (T^V/T

5 Conclusions

In the present paper we have studied the possible description of I lie existing
experimental data of the elastic eci-scattering based on the idea «if reduced
transition amplitudes, the behavior of which at high if* is fixed by the quark
counting rules. At low Q3 our pararnetrizauon reproduces the results of the
standarU nucleon-meson picture.

The above analysis shows that QCD could strongly affect the behavior of
the deuteron е.ш. form factors when Q2 is of order of lQ(C!eV/c)2. This
value of the transferred momentum scale is maiuly defined by the fact that
the QCD asymptotics of the helicity non-flip transition amplitude J*o starts
rather late. Therefore, at intermediate euergy the observables independent of
J£o should be sufficiently sensitive to the quark structure of the deuteron. The
existiug experimental data for the ratio J+o/«/+_ are close to the asymptotic
prediction (3.5) at Q* PS l(GeV/c)2. Nevertheless, all experimental points are
also in satisfactory correspondence with conventional iVA'-potential model*.
The essential discrepancy between what is predicted from QCD and and/or
nucleon-meson picture starts at Q2 « 4(GeV/e)9. QCD predicts that from
Q'1« 2(GeV/c)2 the ratio J?o/J}- will tend monotonicalJy to its asymptotic
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behavior {JX\sNi-)^ymV = 4.51 x IQ'^iQ/\QCD)- From the other hand, from
the /V/V-potential model» it follows that from Qi w 4(6VV/c)a this should be
an oscillating function.
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Figure captions

F i g u r e 1. S i r uc: til r e f u n c t i o n AiQ2) <it' i.lx' .l:i.sli( id s. ,u t . ' i i u t ! in i lie

cipprocicli of t h e r e d u c e d I r.i n~i I ir.ii a n i p l i i iiilc- T H I K I i i m i .

T h e d a s h e d Hue c o r r e s p o n d s t o i lie t a l c u i . U i o n s w i t h I'aii,-

p o t e n t i a l .

F i g u r e 2 . S t r u c t u r e f u n c t i o n U(Q'). ( F u r n o u n i o n s мч- t h e ( a p l i n n

of K i g . l ) .

f i g u r e 3 . T e n s o r a n a l y z i n g p o w e r '/^i . ( i ' o r n o t a i i o n s s e e t h f c f i p t i n i i

o f F i g . ] ) .

F i g u r e 4. C h a r g e f o r m f a c t o r of t h e d e u i c r o n C!r i n t h e a p p t o a c l i

of the reduced transitiou amplitudes (solid lino). The
dashed-dot line standtfor QC'D asymptotic* (see the text
for explanation).

Figure 5. Quadrupole form factor of the deuteroti GQ. (For nota-
tions see the caption of Fig.4).

Figure 6. The g£0 reduced transition amplitude (solid line). The
daehed-dot line stands for its pure asymptotical residue
(4.11).

Figure 7. The g^ reduced transition amplitude. (For notations see
the caption of Fig.G).
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Vi«\ita N. The yX- r<;din"«cl transition amplitude. (For notation.* see

i.tir caption of Kip..f>).

Figure 0. The ratio of helicity transition amplitudes J{tu and ,/^„
calculate! witliiu IIJC current, approximation (solid line).
Th<! d;uf))ed-(ioi. line corresponds to the- asymptotics (4.11).
('['lie full rirclw art: to distinguish t.hc negativr- valcw of
llip experimental data).

Figure 10. The ratio of l.ho hclicity-flip transition amplitudes J^,, and
J+_ correspondins to the current approach (solid line) rind
to the approach with Paris potential (dashed line). The
dashed-dot line stands for the aaymptotics (4.11).
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