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A. 1. Kosymwxyn v A, H. Casmromos

dnexrTpoMaruuTHe dopmdakToprt JedTpoHa B obinac-
TH nepexoja MeXJIY HYKIOH-ME3OHHBIM H KBapK-Iiiio-
OHELIM TPeICTABICHWIMHY.

B pafore 08cyKNaloTCs BKCHepHMEIITAILIBIC adojacMbie yiipyroro /-
paccesnsa i 0HAACTH NPOMOKYTO9HLIX oHeprui. Tpernaraercs qucieHnnii
SHANHO UMEIOLIHXCH DKCOCPHMEIITAILHLIX Al BbiX, ROCOPOHBBOAAINTI PODYIth-
TATHl BRIMHCICHME C HCUCALOOBAUMEM nonynapusix N N-norenunanon upu
manerx vueprax (@7 € 1(GeV/c)?), no, sMecTe ¢ teM, abecneunpaonsii
ACHMMITOTRYCCKOE [OBEEHNE DACKTPOMArHNCILIX hopMdiak Tepon AeiiTpoHa.
CHEYIONICe 10 HPABMA LRAPKOBOTC CYETA, NpH DLICOKAX niiepruax (@ >
1(GeV/e)?). Tposepdunrit 4McieHULI alamin 10DROATET CRENATh OfletKy
XapaKTeploro Macurraba DIEDLIE, NPH KOTOPLIX CTANOBHTCH CYIECTDEHHEIM
yuOT KBapKoBEIX cTenesell ceobojisl B fedTpoue,

A. P. 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 eD-scattering in the region of interme-
diate energies are discussed. We offer the nuruerical analysis of the available
experimnental data, which reproduces the results of the calculations with pop-
ular N N-potentials at low energies (@* & 1(GeV/c)?), but, at the same Lime,
provides the right asymptotic behavior of the deuteron e.m. form factors, fol-
lowing from the quark counting rules, at high energies (Q* > 1(GeV/c)?).
The numerical analysis developed allows to make certain estimations of the
charactaristic energy scale, at what the consideration of quark-gluon degrees
of freedom in the deuteron becomes essential.
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1 Introduction

[t was already demonstrated [1-3], that Lhe gnark substructure of the deuteron
should manilest isell in the elastie cd-scattering at high Q%. Nevertheless,
up to now the question of the energy scale at what quark-gluon degrees of
freedom become defrozen ia simplest nuclear systems has been remaining a
subject of great jnterest (see cg. Ref. [4}). it seems that the so called
quark counting rules [} applied 10 the elastic ed-scattering at high Q? give
the most ratural way for estimating of such =cale. While QCD predicts [6, 7]
that the individual asymptotic behavior of deuteron form factors will differ
siguificautly from that predicted by the conventional N N-potential models,
the predicted asymptotic behavior of the cross section %"1 ~ t—%Tf(t/s) {where

s and { are the conventional Mandelstam variables} can be also reproduced
within the "classical” (nucleon-meson) picture [8]. Therefore, it is a topical
matier to took for another observables of the elastic ed-scattering which could
be sensitive 1o the quark-gluon structure of the deuteron.

The aim of the present paper is to study the behavior of the elastic ed-
-scattering ir intermediate region between nucleon-meson and quark-gluon
piciures and to estimate a Q3-scale, where QCD consideration becomes valid.
We show that the QCD asymptotics sets in the helicity-flip transition ampli-
tudes at Q? of order of few {GeV/c)’. The outline of the paper is as follows.
In Sec.2 we summarize the general expressions for observables of the elastic
ed-acattering 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 Q? are discussed in
Sec.3. In Set.4 we analyze the experimental data for the elastic ed-scattering
(A(Q" and B(Q®) structure functions, the tensor analyzing power Ty), us-
ing phenomenological parametrization, which reproduces the results of the
nucleon-meson calculations at @ < 1(GeV/c)* and reduces to the asymp-
iotic behavior predicted by the perturbative QCD at @? 3> 1(GeV/e) It
is assumed that the region where Q7 are of the order of few (GeV/c)? is the
reglon where the nucleon-meson calculations as well as pure QCD methods
ate not applicable. Predictions for the e.m, form factors of the deuteron and
Tio 8t Q* of the order of few (GeV/c)? are done. Conclusions are given in

Bec.b.




2 Basic relations

In the Jab. frame the cross section of the elastic ed-scattering (when the
particles ure unpolarized) is given by the Rosenbluth formuia

do ﬂ‘f\ A {02 2y ian? Q) .
i (\dil} . !:.1 (Q Y+ 8 (Q } ian (2’ } , (2.1)

where Ed%)u is the Mott cross section, # is the electron scattering angle;
/ otl
A (Ql) and (QQ) - are the deuteron structure functions, which, in turn, are

expressed via the charge, Gi¢, magnetic, (7y, and qudrupole, Gg, deuteron

for factors:

2
3 N

where 17 = Q%/4M?* and M is the deuteron mass. To separate the charge and

gudrupole form factors one has, in addition to 4 and B structure functions,

to measure poiarization observables of the process, e.g. the tensor analyzing

) % 4 _
A=GhL+ TG+ 5;,2(;5, B =+ NG, (2.2)

power
Tan(@?,0) = — &1 Gt §1GeCo + Gy [5 + (1 + ) tan’ (5)]
o VZ[A(@Y) + B (Q¥)tan? (3)]
The normalization of the form factors entering (2.2) and (2.3) is chosen to
2

be the following: Go(0) = 1, Gar(0) = 28y Go(0) = Mgy, where
up and @p are the deuteron magnetic and qudripole moments, respectively.
In the infinite momentum frame, defined as in Ref. [9], the form factors
could be expressed in terms of the helicity transition amplitudes {10] J§, =<

P Xip A >
1 [, 2 . .,.8 2
= e (1= % = 2ndt + 22 - 1)L,
1 , 2(2n—1)
Gy = —oe——— (2] et Jh ~ 2T ), (24)
M 2p+(2,7 + 1) ] 00 {_"'2'7 +0 +
1 [ 2 n+1
Gy = —memee —J"'+\/:J"' --——-—J"‘_],
T R T VT Ty
where j# is the e.m. current, lp A > stands for the deuteron state with the
momentum p and helicity A, Jji, = J9, + J§, and p* = p° + .

(2.3)
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3 An asymptotic behavior

Recently, Brodsky and Hiller [10} have meutioned that in th: analysis of the
bigh energy elastic cd-cross sceuion at least two momentum scaies must be
distinguished. The first one is given by the QUD scale Apep % 200AicV /e
and determines Lhe perturbative QCD regime, In p:u(i ular, according to
the arguments of Ref. [7], this scale controls a high @? suppression of the
helicity-flip transition amplitudes

. 2
Ao [)) Agen
N AT S~ = | J& {3.5)
+0 gy i +- oy ot \ /
( \ \ \/QZ ¥i

where a and b are some constant.s.
The second scale is purely kinematical and defined hy the denteron nass

M. 1t was argued {10, 11] that in the region

Q¥ > 2M Agep ™ 0.8(GeV/c)? (3.6)

the helicity-canserving transition amplitude J}, dominates, se the quark con-
tent of the deuteron could reveai itself already in the experimentally accessible
region,

From {2.4) and the QCD-motivated relations (3.5) it follows that ihe charge
form factor G¢ should have the lowest leading fall-off degree, while the form
factors Gy and Gg are suppressed by a factor (@%)"!. Ai the same time
at high Q? the meson-nucleon approach (see e.g. Ref. [12]) predicts that
Gc o Gy and Gq s suppressed by a factor (@2)~'. Thus QCD and the
classical nuclear physics give the different predictions for high-Q? behavior of
such quantities as the ratioc B/A and Ty

It, was assumed {10, 11] that in (2.4) the hehcu.y~ﬂ1p transition amplitudes

¥» and J§_ could be omitted for tle kinematical region (3.6). In this case Jg,
ca.ncels in the expressions for T3 and B/A. However, the calculated behavior
of the last one contradicts the experimental data.

In Ref. {13] it was mentioned that the helicity-flip matrix element J}, can-
not be neglected in the magnetic form factor. Moreover, it was demonatrated
that J}, matrix element strongly aflects the behavior of the magnetic form
factor at Q? of a few {GeV/c}® and provides a neat parametrization for #/4
ratio. On the one hand, this kinematical region cannot be considered as a
region of pure nucleon-messn physics; on the second hand, it cannot be consid-
ered as a region of pure pesturbative QCD as well. In the next section we shell
study the deuteron e.m. form factors in the framework of phenomenoiogical



6
model, which reproduces the results of calculations with realistic NN-potential
at low %, and provides the behavior predicted by perturbative QCI) at high

Q%
4 Smooth connection to low-Q? region and

numerical analysis

Following the idea of the reduced nuclear amplitndes in QCD [14, 15] we
define the reduced helicity traasition amplitudes ¢, g7, and g _, rewritting
{2.4) in the following way

| SO )

GHQY) [ 2 ., 8 2
GC = Z-2—17+—1-—) (l - aﬂ)g&-’ + 5 ZT]QIU + 5(27’ - l)y:—

Q") | 22y ~ 1)
GM=—~————-2++"‘*‘—'—9+"29+- ,

(2n+1) | Joo U0 T S
GQY) [ ., 2, g+l ]

- + P —
n+1) | Yoo q9+o - 94

(1.7)

GQ =
2\ -2
where G(Q?) - is a dipole form factor G(Q?) = (l + %—) , é — is some

parameter of order of the nucleon mass. For Gy and Gg to be finite at. Q% — 0,
the reduced helicity transition amplitudes should obey: g4 ~ O(1), gf, ~
0(Q), gi_ ~ O(Q?), which justifies the following parametrization:

Z o2 Qav 9ho = QZ,,'wp 9+-*QZ Q’ (4.8)

fm] @ |-| im]

with {e;, e}, {biyBi}, {ci, %} being fitting parameters. From the quark
counting rules {7] it follows that the fall-off behavior of these amplitudes at

high Qs is
gh~Q%  gh~Q% gi.~Q

which, together with the requirement of correct static normalization (Sec. 2),
impose the set of restrictions on {a;}, {bi}, {e:}

. n
— b 2-—up
Ay h, = O, L = e (4.9)
‘L-J ! Z 7 2¢2_M



~f -
" - ¢ 1-pup—-Q
] ~itp—Qp
c; =0, eyt =0, —_ = it X
Z ! Z v 27? 4M?
b= 1=} =1
The "msses™ {ag}, {4} and {7} define a nonperiurbative part of reduced
amplitudes. In our calculations we used the following sequence for each group
of these parameters:
2 ?
. . o o, — o .
ar = 2Mpu al=al 4 —"——-1—’[1 -1), i=1,...,n (4.10)
L
(similarly, for 4, and ), where ¢ 19 and 4 have the dimension of
cnergy amd, in accordance with (3.6), are to be of order of Agep. Results
of nuinerical calculations (n=4, parameters appear in Table 1) for A, # and
Ty at § = ¢ are shown on Figs.1-3. Experimental data are taken {rom Refs.
116, 17, 18], Figs. 4 and 5 displuy the behavior of Ge and G, Experimental
points are from the analysis of Ref, (1% The dashed-dot lines correspond to
the asymptotic QU behavior of the reduced matrix elements:

{}-wm; ~ E_:.:.li‘& y+('° PO :_.A-— b‘/‘f gi‘(m) ~ z;l:l C.”)’: (4 11)
g ~ } 3 +0 ~ 3 y - ~ "‘—‘—'——4 N .
Q* Q Q

The reduced helicity transivion amplitudes gy, g}, and g} appear in Figs.
-8,

As was mentioned before, at the region (3.6) the ratios J3/J and J /7 ¢
should be controlled by the QUD scale parameter Apep only. Figs. 9 and 10
demansirate that this QCD prediction works well for J¥,/J}_, while for the
ratio Jgy /.02, she QCI) asymptotics starts at somewhat high Q2. Estimation of
the characteristic energy scale Qgcp at which one may expect the asymptotic
behavior of the observables of the elastic ed-scattering may be determined

fromn
!
I3 198 = agy) 4@ f:;;,, 9387 - o] d@
]
qucD 59&’] dQ Qch ,g:()’ dQ
faw i - gr_| d@
QQGD '94,-' dQ

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

max )

<e,
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([ -0.053830 ] see (19) Tsee (19)] see (19)
i at = 1691 fm? _'ﬁm__~ 0.5R327 (-(l/('i
L_. ;Jl = 19.586 fm~? }_,N’ =01 GcV/e
vE = 10203 fm? L = 07338 GV e
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Do 202 o Ve
‘7» v3 11(:($/c|
5‘_ |_1(n (:(\_/( |
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5 Conclusions

In the present paper we have studied the possible description of the existing
experimental data of the elastic ed-scattering based on the idea of reduced
transition amplitudes, the behavior of which at high * is fixed by the quark
counting rules. At low Q? our parametrization reproduces the results of the
standard nucleon-meson picture. '

The above analysis shows that QCUD could strongly affect the behavior of
the deuteron ean. form factors when Q? is of order of 10(GeV/c)?. This
vaiue of the transferred momentum scale is maiuly defined by the fact that
the QCD asymptotics of the helicity non-Rip transition amplitude Jj, starts
rauher late. Therefore, at intermediate energy the observables independent of

J5, should be sufficiently sensitive to the quark structure of the deuteron. The
existing experimental data for the ratio JJ/J}_ are close to the asymptotic
prediction (3.5) at Q? & 1(GeV/c) . Nevert.helass all experimental points are
also in satisfactory correspondence with conventional /¥ N-potential models.
The essential discrepancy between what is predicted from QCD and and/or

nucleon-meson picture starts at @ & 4(GeV/c)). QCD predicts that from
0? & 2(GeV/c)? the ratio Jh,/JF. will tend monotomca.lly to its asymptotie
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behavior (J7,/J7 Jusymy = 4.51 x 1074Q/Agcep). From the other hand, from
the N N-potential models it follows that from Q? & 4(GeV/c)? this shouid be
an gscillating function.
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Figure captions

Figure 1. Struciure function A{Q?*Y of the elastic ed scartering in 1he
approach of the reduced tran=ition aniphioudes otid finer,
The dashed line corresponds to the caleulations with Paris
potential.

Figure 2. Structure function B(Q?). (For notations see the caption
of 1tig.1).

Figure 3.  Tensor analyzisig power T3, (For uatations see the caption
of Fig.1).

Figure 4.  Charge form factor of the deutcron (i in the approach
of the reduced transition amplitudes (solid line}. The
dashed-dot [ine standsfor QC'D asymiptotics (see the text
for explanation).

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

Figure 8. The g reduced transition amplitude (solid line). The
dashed-dot line stands for its pure asymptotical residue

(4.11).

Figure 7.  The g}, reduced transition amplitude. (For notations see
the caption of Fig.6).



A(Q%)

Figure &

Figure 9.

Figure 10.

-11=
The gf_ reduced transition amplitude. (For natations see
the caption of Fig.6).

The ratio of helicity transition amnlitudes Jg, and J},

calculated within the current approximation (solid line).
The dashed-dot Jine corresponds to the asymplotics (4.11).
{'The full circles are 1o distingnish the negative values of

the experimental data).

The ratio of the helicity-flip transition amplitudes J}, and
J_ corresponding to the current approach (solid line) and
to the approach with Paris potential (dashed line). The
dashed-dot line stands for the asymptotics (4.11).
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