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Abstract

A now approach to a global description of tlic deuteroii electro-
magnetic (EM) structure is developed on the basis of a modiliraUon of
the weil known vector-meson-dominance (VMD) model of KM hadron
interactions by incorporating the true deuteron form factor (FF) ana-
lytic properties, non-zero vector meson widths and the correct power
asymptotic behaviour as predicted by QCD. As a, result, the experi-
mental data on elastic elcctron-deuteron scattering structure functions
A(t) and U(t) are described quite well, the deuteron EM FF's in I ho
space-like region are reproduced and their behaviour in the time- like
region is predicted. At the same time the couplings of the w-mesona
to deuteron are evaluated and the total cross section of c+c~ — dd
process is determined for the first time.
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I. INTRODUCTION

The deuteron is the simplest of all the existing nuclei and its EM struc-
ture provides a perfect illustration '*'2' of continuity between nuclear and
particle physics at the microscopic level. The latter is completely described
by three scalar functions defined 3> by the matrix element of the deuteron
electromagnetic cm-rent

(2/J02D'0)"'2 <D'\Jtl\D>= -

• 4) - O 2m\

where £ and £' are polarization vectors for incoming and outgoing deuterons
of four-momenta D and D', respectively

Z - D = e =-i

and * = — q2 is the four momentum transfer squared. However, it is conve-
nient to introduce an analogue of the Sach's FF's for nucleons

Gc(t) = G,(t)--^f

CM(t) = G2{t)

GQ(l) = GM) - Gt(t)

(2)

the names of which "charge, magnetic and quadrupole FF" are derived from
the fact that their static values correspond to the charge, magnetic moment,
and quadrupole moment of the deuteron. More specifically, we have

<?c(0) = l; GM(tt) = ^ Cj(0) = mjQ (3)

where (see Ref. 4') ^=0.857406(1) n.m. is the magnetic moment and
Q=0.2860(15) /m2 the quadrupole moment of the deuteron. Experimen-
tally the EM structure of the deuteron is practically measured in the elastic

scattering of electrons on deuterons described by the cross-section

where a is the fine structure constant, E and E' the incident and scattered
electron energies, respectively, t? the electron scattering angle and

A(l) ~ ~7^2 I ! ~ Z 36ml

'Ut) (5)

are the elastic EM structure functions of the deuteron. There are 5* 15) 62
experimental points for A(t) in the range of momenta —3.96'eV2 < t <
-0.0017lCeV* and 43 experimental points for B(l) for -2.11GcVl < t <
-0.011994Gey

2.
In principle, by analogy with mesons and baryons there is another source

of experimental information on the EM structure of the deuteron, however,
for i > \m\ in the time-like region. We have in mind the election-positron
annihilation in to deuteron-anlideuteron pair process, which can bo described
by the cross-section 16)

atot(e
+ • dd) =

3*
t

(6)

where fld = [1 — l^J]1/2 [s a velocity of produced deuterons or antidouterons.
But there is no experimental information of this kind u|> to now.

On the other hand, a lot of work has been done in theoretical approaches
to describe the deuteron EM structure. However, all existing theoretical
models, like the traditional nonrelativistic impulse approximation 17)~21),
sometimes also augmented by meson-exchange currents and isobar contri-
butions " I - 2 5 ' , as well as the relativistic impulse approximation 26)~3l)l the
hybrid quark model 32)-36) and the Skyrme model 371-3S) are restricted only to
the space-like region mainly in order to explain the experimental behaviour
of A(t) and B(t).



In this paper, we do not try to explain the behaviour of A(t) and B(t) but
we use the existing data on these elastic EM deuteron structure functions just
to fix parameters of the new model for deuteron EM FF's GC(<),GM(I.) and
GQ(() in order to predict the behaviour of the latter in the time-like region
and finally to predict the cross-section of electron-positron annihilation into
a deuteron-antideuteron pair.

In sec.II., we briefly summarize all known properties of deuteron EM
FF's and construct a new model of the deuteron EM structure. In sec.III.,
we analyse the data on A(l) and B(t) , reproduce Gc(t),Gin(t),GQ(t) for
— oo < t < +00 and predict the total cross-section of the e+e" —» (/(/process.
Conclusions and summary are given in sec.IV.

II. NEW MODEL OF ELECTROMAGNETIC FORM
FACTORS OF DEUTERON

A foundation of the proposed new approach for describing the deuteron
EM structure is the standard VMD model39) for deuteron EM FF's as follows

Gc(t) =

Gu{t) =

* ~

ml-t

in which a mechanism is assumed that the virtual photon is first converted
into a vector meson having the photon quantum numbers with a certain
probability and only then this vector meson interacts with the deuteron as
in other hadronic collisions. The sums in equations {7), due to the isoscalar
nature of the deuteron nucleus, are carried out only through isoscalar JFC =
\~~ vector meson resonances 40' , where at the same time the Okubo-Zweig-
lizuka (OZI) rule 41>~43) , according to which couplings of all isoscalar vector
mesons with Jpc = 1 " containing quarks other than up and down are
neglected, is strictly taken into account. The ratios of coupling constants in

(7) are constrained by the equations

E .) = ii E (/L1V/.) = ̂ ; E
(8)

following from the normalization conditions (3).
The vector mesons in (7) are considered to be stable particles in contra-

diction with the reality where they are unstable resonances characterized by
nonzero vector meson widths 40K

Further, there is a general belief that Gc{t), GM(() and GQ(() are analytic
functions in the whole complex t-plane besides cuts shown in Fig.l, where

in = 4mn -
{ml-ml-ml)2

(9)

is the lowest anomalous threshold 44''45) generated by the diagram shown
in Fig.2(a) and practically calculated from the dual diagram presented in
Fig.2(b).

Finally, the perturbative QCD gives 46)'47) for the deuteron EM structure
function A(t) the prediction

(10)

from which it is deduced that

(11)

and GM(t),Gq(t) are asymptotically falling at least as rapidly as ~ 'i,,
However, the best fit (see Sec.3) of the data on A(t), B(t) is achieved by

(12)

In what follows we incorporate nonzero vector meson widths T, ^ 0
into the deuteron FF standard VMD model (7) compatibly with a two-cut-
approximation (see the dashed notation in Fig.l, where t<n for every deuteron
EM FF will be left free in a position and fixed in a fitting procedure of data
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on A(t), B(t), in order to simulate contributions of other branch points in
Fig.l effectively) of the true deuteron EM FF analytic properties and, as
a result, the correct asymptotic behaviour of Gc{t),GM(t) and Gij(t) (see
(11) - (13) ) can be achieved independently of the number of vector mesons
considered in the sums of (7). This program can be realized by applying the
nonlinear transformations

t = t o - .

* = <„-
4(j"'-to) (14)

= t o - -

to the standard VMD parametrizations (7) of the deuteron EM FF's. Practi-
cally, besides the previous nonlinear transformations, we use also the relations

= to-'

m, = ta- (15)

rn2. = t 0 - T V 2

and

= to-

(16)

wK

which all together transform the standard VMD model (7) in the T, — 0
approximation into the following factorized forms

,l-V\

.l-f/\2 (17)

(t/ - l/U,0)(U

Gg(i) =

E f(Q)l

where the asymptotic behaviour of (7) is now completely determined by
the terms in front of square brackets, because sums inside the brackets for
t —* ±00 turn out to be real constants. Then, using the relations

K' = V^o! U1 = l/^*> i W' —\IW,0; (18)

following from the fact that in a fitting procedure all m\ > tm , incorporating
subsequently the nonzero values of vector meson widths Va ^ 0 in a correct
way and changing the power of the terms in front of square brackets in (17)
respectively to (11)-(13), one gets finally, for every deuteron EM FF, one



analytic function in the whole complex t-plane besides two cuts marked in
Fig.l by dashed lines of the following forms

VN - V.){VN - V;){VN + V.)[VN + Vs')(

GM(t) = (19)

fr - w,)(wN - w;)(wN w;)

defined on the four-sheeted Riemann surfaces with poles corresponding to
vector meson resonances placed on unphysical sheets.

III. ANALYSIS OF THE DATA ON DEUTERON
STRUCTURE FUNCTIONS

As we have mentioned in the introduction, there are data only on the
deuteron elastic EM structure functions A(t) and B(t) given by the deuteron
EM FF's in relations (5). Substituting the relations (19) into (5) we get
the constructed new model of the deuteron EM structure, which depends
on physical parameters tike maiY, , (fj$/f.) , ( / ^ / / . ) > (/J2//W *»•
3 = LJ,U',U>" , *;„,!;„ Now, if we fix all masses m, and widths F, of
the vector meson resonances under consideration at the world averaged values
"l0) and restrict the number (we express always (f^a/fu,) through the others)

of coupling ratios by (8), there will remain 9 free parameters numerically
evaluated in the optimal description (see Fig.3) of the data on A(t) and B(t)
deuteron elastic EM structure functions. They are

t£> = 0.1286 ±0.0001GeV2

t\^ = 0.2583 ± 0.004TGeV2

t{£] = 0.0884 ±G.0002GeV2

U^Jfa) = -1.4557E + 2±6.5700E-2
2 (20)

(ft"l/M = -2-2482E + 2 ± 6.0880E - 1

Ulfh/M = 1-9553E + 2 ± 4.5180E - 1

(/^d-//w,) = -4.2197E + 4±1.8800E + 2

if!$lj/f»") = 4.0330E + 4±1.4700E + 2

whereas the rest of three ratios of coupling constants calculated by using (8)
and (20), acquire the values as follows

/„) = 1.6020E + 1 ± 9.1000E - 2

/ J = 3.1004E + 1 ± 7.5810E - 1

/„) = 1.8928E + 3 ± 2.3865E + 2

(21)

The reproduction of the deuteron EM FF's in the space-like region is shown
in Fig.4(a) and the behaviour of \Gc(t)\,\GM(t)\ and \GQ{t)\ in the time-like
region is given in Fig.4(b), where the contributions of all vector mesons under
consideration are clearly visible. The predicted behaviour of alot(e

+e~ —> dd)
up to t = 30 GeV7 is presented in Fig.5 which, however, is too small to be
measured with luminosities (1030 - 1033em~aa~I) available at the existing
e+e~ colliders.

IV.CONCLUSIONS AND SUMMARY

We have constructed a new model for the description of the EM structure
of the deuteron based on a modification of the standard VMD mode! in the
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zero width approximation by incorporating the two-cut approximation of true
analytic properties of the deuteron EM FF's, non-zero vector meson widths
in a correct way and the power asymptotic bahaviour as predicted by QCD
for the deuteron. In a saturation of VMD parametrizations for deuteron EM
FF's the OZI rule is strictly taken into account. The model depends only on
parameters with a clear physical meaning, like effective inelastic thresholds,
masses and widtlis of correctly incorporated vector meson resonances and the
corresponding ratios of coupling constants. The number of free parameters
was reduced by fixing al! resonance masses and widths at the world averaged
values and by application of the FF normalization conditions. The remaining
9 free parameters have been determined in the analysis of the data, on the
elastic electron-dcuteron scattering structure functions A(t) and B(t), where
we do not reproduce a diffraction minimum of B(t) function indicated by
the last experiment l5K For the latter we are in need of more resonances
in the parametrization of the deuteron EM FF's and more precise data on
B(t) around the diffraction minimum as well. However, this our shortcoming
appears not to be very important, since the diffraction minimum of B(t)
function has to be manifested (see (5)) in the G«(0 deuteron FF which,
nevertheless, is suppressed (see Fig.4(b)) according to Gc(t) and Gq(t) in
the time-like region and so it gives a negligible contribution to the predicted
vu,t[c+c~ —* dd) behaviour, which is the basic result of this paper.
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Figure captions
Fig.]. The analytic properties of the deuteron EM FF's in the t-plane. The

two-cut approximation considered in our model is denoted by the dashed
lines.

Fig.2. fa) The Feynman diagram of the deuteron EM vertex generating the
lowest anomalous threshold in deuteron EM FF's.
(b) The dual diagram from which by means of methods of elementary
geotriRtry the position (9) of the lowest anomalous threshold is calcu-
lated.

Fig.3. (a) Comparison of A(t) with existing data.
(b) Comparison of B(t) as predicted by our model with existing data,
which indicate a diffraction minimum around t = — 2GeV2.

Fig.4. (a) The deuteron FF's in the space-like region as reproduced by our
model.
(b) A prediction of the absolute values of deuteron EM FF's in the
time-like region by our model.

Fig.5. The predicted behaviour of the total electron-positron annihilation into
(leuteron-antideuteron pair cross section.

t - plane

Fig.l
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U) ( b )

Fig. 2
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