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Polarization effects in the reaction e™ + e~ — d + d have been investigated for the case of longitudinally
polarized electron beam and arbitrary polarization of the produced deuteron, with the aim of a determination of
the time-like complex deuteron electromagnetic form factors. General expressions of polarization observables are
derived and numerical estimations have been carried out by means of various models of deuteron electromagnetic

form factors, for kinematical conditions near threshold.
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I. INTRODUCTION

The electromagnetic form factors (FFs) of hadrons and
nuclei provide important information about the structure
and internal dynamics of these systems. Recent progress
in electron-scattering experiments has made it possible to
measure not only the cross sections but also various polar-
ization observables in the region of the momentum transfers
where these data can help to discriminate between different
theoretical predictions.

The deuteron, the only bound two-nucleon system, is one
of the fundamental systems of nuclear physics. Accordingly,
many studies, both experimental and theoretical, have been
devoted to it. Of particular interest today is the degree to which
the deuteron can be understood as a system of two nucleons
interacting via the known nucleon-nucleon interaction.

When addressing, more specifically, to the electromagnetic
properties of the deuteron, the main question concerns the
reliability to predict the three deuteron FFs starting from the
calculated deuteron wave function and nucleon FFs known
from electron-nucleon scattering. At low momentum transfers,
predictions and data agree quite well when accounting for one-
body terms only, whereas at the higher momentum transfers,
two-body contributions are known to be important. Whether
quark degrees of freedom do need to be taken explicitly into
account, is still a matter of debate. A status of the experimental
and theoretical research of the deuteron can be found in recent
reviews [1,2].

Elastic electron-deuteron scattering has been investigated
in many experiments, and cross section data today covers a
large range of momentum transfers (see review [2]). Some of
these data obviously are not very precise, other data, mainly
of more recent origin, have reached accuracies down to the
1% level. During the last years, it has become possible to
measure not only cross sections, but also spin observables,
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due to the developments of polarized electron beams, polarized
deuteron targets and polarimeters. The knowledge of these
spin observables is unavoidable, if one wants to separate the
contributions of the different multipolarities to the A(Q?)
structure function. Large progress has been made from the
experimental side. In particular, recent polarization data for
electron-deuteron elastic scattering allowed the individual
determination of the deuteron charge and quadrupole FFs up
to a value of the momentum transfer squared —g> = Q? =
1.8 GeV2.

The deuteron charge FF G is particularly interesting for
the understanding the deuteron structure, beyond the impulse
approximation. G ¢ displays a node at 9> = 0.7 GeV?, and the
position of this node is especially sensitive to the ingredients
of the models, in particular meson-exchange currents.

The experimental investigation of deuteron FFs should
help to determine the region where it is necessary to
introduce explicitly quark and gluon degrees of freedom,
for a correct description of the deuteron. At present, as it
was shown in Ref. [3], the overall experimental results on
elastic electron-deuteron cross sections are not consistent with
pQCD predictions. The best global descriptions of the existing
deuteron data are based on impulse approximation (including
eventually relativistic corrections, meson exchange currents,
A isobars, .. .).

The interaction of electrons with deuterons is usually as-
sumed to occur through the exchange of a virtual photon (one-
photon exchange approximation) due to the smallness of the
electromagnetic fine structure constant, which suppress two-
or more-photon exchange. However, a few decades ago it was
suggested [4] that the two-photon exchange mechanism may
be significant in the region of large momentum transfer. More
recently, the possible contribution of two-photon exchange
to the elastic electron-deuteron scattering was discussed in
Ref. [3].
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As for the nucleon, the knowledge of electromagnetic FFs
in the time-like (TL) region of momentum transfer can give
additional important information about the internal composite
structure of the hadron. Deuteron FFs are real functions of
the momentum transfer squared, while they are complex in TL
region. This is the main difference between these two reactions.

The measurement of the differential cross section of unpo-
larized elastic electron-deuteron scattering allows to determine
the following combinations of FFs: G}W and G2C + (8/ 9)T2G2Q.

For this aim, one has to measure the cross section for fixed Q2,
at different electron scattering angles. Therefore it is necessary
to change the energy of the initial electron beam to keep the ¢>
variable at a fixed value. In the case of the et + e~ — d +d
one can also determine the |G y|* and |G¢|* + (8/9)72|G o |
combinations. But, in this case, it is sufficient to measure
the cross section at two different deuteron production angles
and the change of the energy of the initial beam is not
required.

The complex nature of the deuteron FFs in TL region
leads to non-zero single-spin observables (at the level of
the Born approximation) in the et + e~ — d + d reaction.
The component P, (orthogonal to the reaction plane) of the
deuteron polarization (all other particles are unpolarized) is
nonzero. The single-spin asymmetry A, (when the deuteron
target is polarized) in the elastic ed-scattering vanishes in
the Born approximation. A, can be non zero in case of the
interference between one-photon and two-photon exchange
amplitudes. The same arguments hold for the spin correla-
tion coefficient due to the longitudinal polarization of the
electron beam and to the tensor polarization of the deuteron,
R,;.

To determine three deuteron FFs, in the case of the elastic
ed-scattering, it is necessary to measure the unpolarized cross
section and one polarization observable. In TL region the
deuteron FFs are complex and one has to determine not
only the moduli of the deuteron FFs but also their relative
phases. The measurements of a single polarization observable
is not sufficient for the et + ¢~ — d + d reaction, where,
besides the measurement of the unpolarized cross section, it is
necessary to measure four polarization observables.

Measurements are certainly very difficult in the TL region,
as shown in Ref. [5], where the total cross section of the
reactione™ + et — d + d was predicted up to g> = 30 GeV?,
using a model of deuteron FFs based on an extension of the
vector-meson-dominance model (VMD) of the electromag-
netic hadron interactions. However, other mechanisms, as the
presence of a two-photon contribution, could favor a larger
cross section.

After the challenging discovery of antideuteron [6], which
established the existence of nuclear antimatter, the production
of antideuteron was recorded in different reactions. Very
recently, the production of deuterons and antideuterons in
Au+Au collisions has been reported by the PHENIX experi-
ment at the BNL Relativistic Heavy Ion Collider (RHIC) [7]
and interpreted in terms of coalescence model. It was found
that the spectra of d and d decrease less steeply than p (p)
spectra. The cross section for d photoproduction was measured
at the DESY Hadron Electron Ring Accelerator (HERA), at
W,,, = 200 GeV [8]. The production of d in e™ e~ -annihilation
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at W = 10 GeV was measured at the DORIS II storage ring
(DESY) [9].

In the present paper we calculate the polarization observ-
ables in the reaction

e~ (ki) + e"(ka) — d(p1) +d(p2), ey

where the momenta of the particles are indicated in brackets.

We consider the case of unpolarized and longitudinally-
polarized electron beam with production of vector- and
tensor-polarized deuterons. The expressions of polarization
observables are given in terms of the deuteron electromagnetic
FFs. Such expressions are general and model independent.
Therefore they can be applied to the production of all spin one
particles, as, for example e~ + e™ — p* + p~, which is in
principle already presently accessible.

Not all models of FFs, which are mainly parametrizations
in the SL region, can be consistently applied to the TL
region. They should be built in order to satisfy the analytical
properties which are required by the symmetries of the
strong and electromagnetic interactions. However, numerical
estimations for the cross section and polarization observables
are tentatively given, on the basis of the analytic continuation
of existing parametrizations of the deuteron FFs, similarly
to the case of nucleon FFs in Ref. [10]. Although the 0?
range covered by the data is (relatively) small, the results
allow to evidence the sensitivity of the observables to the
models, and the similarity of the features which are related to
the reaction mechanism. At large Q7 it is expected that FFs
behave according to the asymptotic predictions from QCD.
Models based on vector meson dominance may be constructed
in order to contain such asymptotic behavior.

II. POLARIZATION OBSERVABLES

In the one-photon approximation, the differential cross
section of the reaction (1) in terms of the leptonic L, and
hadronic W,,, tensors contraction (in the Born approximation
we can neglect the electron mass) is written as

do  o’B LWy, )

dQ  4¢>  ¢* @
where o = 1/137 is the electromagnetic constant, 8 =
V1 —4M?/q? is the deuteron velocity in the reaction center
of mass system (CMS), M is the deuteron mass and ¢ is the
four-momentum of the virtual photon, g = k| + k>, = p1 + p»
(note that the cross section is not averaged over the spins of
the initial beams).

The leptonic tensor (for the case of longitudinally polarized
electron beam) is

Lp_v = _nguv + 2(kluk2v + kZ[Lkl\)) + Zi)‘-guvopklakZp’ (3)

where A is the degree of the beam polarization (further we
assume that the electron beam is completely polarized and
consequently A = 1).

The hadronic tensor can be expressed via the nucleon
electromagnetic current J,,, describing the transition y* —
dd, as

Wy = JJ). “)
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As the deuteron is a spin-one nucleus, its electromagnetic
current is completely described by three FFs. Assuming the
P- and C-invariance of the hadron electromagnetic interaction
this current can be written as [11]

Gs(q?)
M2

Ju = (p1—p2)y |:—G1(612)U1*'U2*+ (Ul* ~qUy -q

2
q
- =Ur- Uz*ﬂ - Ga(gH(UL, U3 -q — U3, US - q),

2
&)

where Uy, (U, ) is the polarization four-vector describing the
spin one deuteron (antideuteron), and G,(¢%)(i = 1,2, 3) are
the deuteron electromagnetic FFs. The FFs G, (¢?) are complex
functions of the variable ¢ in the region of the TL momentum
transfer (g2 > 0). They are related to the standard deuteron
electromagnetic FFs: G¢ (charge monopole), G, (magnetic
dipole) and G (charge quadrupole) by

Gy = —Ga,
Go =G+ G2+ 2G;,
, 2 (6)
Gc=—351(G2—G3)+ (1- gT)Gh
_ 4
4M?°

The standard FFs have the following normalizations:
Gc(0) =1, Gu(0)=M/myuq, Go(0)=M>Qq, (7)

where m, is the nucleon mass and uy; = 0.857(Q, =
0.2859 fm?) is deuteron magnetic (quadrupole) moment.

When calculating the expression for the hadron tensor W,
in terms of the deuteron electromagnetic FFs, using the explicit
form of the electromagnetic current (5), the spin-density
matrices of the deuteron and antideuteron are

. PiuPly 3i
UINUIU = — (g/“; - ;‘}2 ) + mglj,vpasppla + 3Q[J.V’
PauD2 ®)
U U, = — (g,” - 1"‘42 ) :

if the deuteron polarization is measured and the antideuteron
polarization is not measured. Here s, and Q,,, are the deuteron
polarization four-vector and quadrupole tensor, respectively.
The four-vector of the deuteron vector polarization s, and
the deuteron quadrupole-polarization tensor Q,,, satisfy the
following conditions:

sp1 =0,
Piu Qp,u =0.

Qp.v = Qup.,
Quu = 07
Taking into account Egs. (4), (5), and (8), the hadronic

tensor in the general case can be written as the sum of three
terms

W;,w = p_u(o) + W/w(v) + W/,LV(T)v (9)
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where W,,,,(0) corresponds to the case of unpolarized deuteron
and W,,,(V)(W,,(T)) corresponds to the case of the vector
(tensor) polarized deuteron. The explicit form of these terms
is W, (0):

Walg?) . .
Tpluplw

s L P1q
> Piu=Pip— —5 49

W, (0) = Wi(g?)g +

S = &uv —
(10)
Wi(g*) = 8M?*z(1 — 1)|Gul*,

2 8
Wa(g®) = 12M° (|Gc|2 —37I1Gul’ + §TZ|GQ|2> :
The term for vector polarization W,,,(V):

i i -
Wuv(V) = Msl(qz)guvapsoq;o + WSZ(QZ)[plp.gvaapsaqt'fplp
- ﬁlvgy.aopsot%rplp]
1 .
+ Ws?a(qz)[plugvaapSQQU pl,o

+I31v8;¢adpsa(ﬂrpl,o]a (11)
Si(g*) = =3M*(x — D)|Gy I,

T *
$:(¢7) = 3M* |G —2Re (Ge = G ) Gy
Si(g?) = 6M* Im(Gc — 3G )Gy

The term for tensor polarization W,,,(T):

_ 0 .
W,(T) = Vi(g?) Q8 + v2<q2>mpmpw

+ V3@ (B1 0w + p100u) + Va(@») Oy

+iVs(@) (10w — Prv 0. (12)
where
~ q - ~
Q/»L = Q;va - C]_ZQ’ Quq;;_ =0,
~ qudv = qvqa

Qp,v = Q/w + H4 Q - B Q;ux (13)

q q

4919«

Ova> é;w%) =0, Q = Qupqdadp-

q2

The tensor structure functions V;(g?) are combinations of
deuteron FFs as follows:

Vi(g®) = =3|Gul?,

2 2 4 T *
Vag?) =3|1Gul*+ 1 TRe(Gc—gGQ—tGM)GQ :

Va(g*) = —67 [|Gul* +2Re GG}, (14)
Vi(g®) = —12M*t(1 = D)|Gy P,
Vs(g®) = — 12t Im (G o G%)).

Using the definitions of the cross-section (2), leptonic (3)
and hadronic (9) tensors, one can easily derive the expression

for the unpolarized differential cross section in terms of the
structure functions W, , (after averaging over the spins of the
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initial particles)

doi" 2,3 (I/t—l)z
e 44{ Wi + 5 Wz(q2)[f—1—4M2q2]},
(15)

where t = (k; — p1)*, u = (ki — p2)*.
In the reaction CMS this expression can be written as
do" 223
o™ _ o B D,
dQ 4q2
D = t(1 + cos? 0)|G y |

3 8
+§sin29<|Gc|2+§f2|GQ|2), (16)

where 6 is the angle between the momenta of the deuteron
(p) and the electron beam (E). Integrating the expression (16)
with respect to the deuteron angular variables one obtains the
following formula for the total cross section of the reaction (1)

2/33
3q*

oolete” — dd) = |:3|Gc| +47(|Gy|?

2 2
+371Gol )}. (17)

One can define also an angular asymmetry, R, with respect
to the differential cross section measured at 8 = /2, oy

do. un
dQ2
where R can be expressed as a function of the deuteron FFs

_ 2t(IGul* = 571Gol?) = 3IGc P
2t(1Gu 2+ 371Gol?) + 3IGc*

This observable should be sensitive to the different un-
derlying assumptions on deuteron FFs; therefore, a precise
measurement of this quantity, which does not require polarized
particles, would be very interesting.

One can see that, as in the space-like (SL) region, the
measurement of the angular distribution of the outgoing
deuteron determines the modulus of the magnetic form factor,
but the separation of the charge and quadrupole form factors
requires the measurement of polarization observables [12].
The outgoing-deuteron polarization can be measured in a
secondary analyzing scattering [12]. For vector polarization
up to a few GeV, an inclusive measurement on a carbon target
as d + C — one charged particle +X 1is sufficient, when the
charged protons from deuteron breakup are eliminated with
help of an absorber [13]. For tensor polarization, however,
only exclusive reactions as elastic d + p scattering [14] or
charge exchange [15] give sufficient efficiency and analyzing
powers.

As it was shown in Ref. [16], a nonzero phase difference
between FFs of two baryons (with 1/2 spins) leads to
the T-odd single-spin asymmetry normal to the scattering
plane in the baryon-antibaryon production ete™ — BB. It is
more convenient to derive polarization observables in CMS.
When considering the polarization of the final particle, we
choose a reference system with the z axis along the momentum
of this particle (in our case it is p). The y axis is normal to

= oy(1 + Rcos> ), (18)

(19)
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the reaction plane in the direction of k x p; x,y and z form a
right-handed coordinate system.

The cross section can be written, in the general case, as
the sum of unpolarized and polarized terms, corresponding
to the different polarization states and polarization directions
of the incident and scattered particles:

do _da””[1+P + AP, + AP, + P..R
dQ_ dQ2 Y X z 227z

+ szsz + Pxx(Rxx -

where P; (P;), i, j = x,y, z are the components of the po-
larization vector (tensor) of the outgoing deuteron, R;;, i, j =

X, y, z the components of the quadrupole polarization tensor
do.un

Ryy) + APy Ry:1, (20)

is

of the outgoing deuteron Q,,,, in its rest system and

the differential cross section for the unpolarized case.

The degree of longitudinal polarization of the electron
beam, A, is explicitly indicated, in order to stress the origin
of the specific polarization observables.

Let us consider the different polarization observables and
give their expression in terms of the deuteron FFs.

(i) The vector polarization of the outgoing deuteron, P,,
which does not require polarization in the initial state is

P, = —% T sin(29)Im[(GC - %GQ) G;] /D. @1

(i) The part of the differential cross section that depends on
the tensor polarization can be written as follows:

do do,, do do
T — a4 Rzz + Xz sz xx

dQ ~ dQ dQ

(Rxx - Ry}) (22)

do,, 2/33 31’ )
Tz 1 oG
70 ppe (1 + cos®0)|G u|

+ 8 sin 9(—|GQ| —Re(GeG* ))] 23)

doy o’
d_QZ: i ——37%%5in(20) Re (G o G3)), (24)
doy a’p’ 3t
o = 4 ey sin? 0|G |2, (25)

(iii) Let us consider now the case of a longitudinally polarized
electron beam. The other two components of the deuteron
vector polarization (P, P,) require the initial particle
polarization and are

T . T
P, = —3% sind Re (Gc - EGQ) Gy,
(26)

P. = 3% cos8|Gyl?
- — —— COS .
2D M

From angular momentum and helicity conservations it
follows that the sign of the deuteron polarization component
P in the forward direction (¢ = 0) must coincide with the sign
of the electron beam polarization. This requirement is satisfied
by Eq. (26).
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A possible nonzero phase difference between the deuteron
FFs leads to another T-odd polarization observable propor-
tional to the Ry, component of the tensor polarization of the
deuteron. The part of the differential cross section that depends
on the correlation between the longitudinal polarization of the
electron beam and the deuteron tensor polarization can be
written as follows:

243
d;g = %&3/2 sindIm (GuGHRy.. 27

The deuteron FFs in the TL region are complex functions.
In the case of unpolarized initial and final particles, the
differential cross section depends only on the squared modulus
|G y|*> and on the combination G = |G¢|*> + §t2|GQ|2. So,
the measurement of the angular distribution allows one to
determine |G| and the quantity G, as in the elastic electron-
deuteron scattering.

Let us discuss which information can be obtained by
measuring the polarization observables derived above. Three
relative phases exist for three FFs, which we note as follows:
ap =ay —og, Ay =ay —oc, and a3 = ag — ac, where
ay = ArgGy, ac = ArgGe, and ag = ArgGg. These
phases are important characteristics of FFs in the TL region
since they result from the strong interaction between final
particles.

Let us consider the ratio of the polarizations P, (let us
remind that it requires a longitudinally polarized electron
beam) and P,, (when the electron beam is unpolarized). One
finds

Py,
R = = —cosfcota;. (28)

Py,

So, the measurement of this ratio gives us information about
the relative phase «. The measurement of another ratio of
polarizations, R, = Py,/P,, gives us information about the
quantity |Gl

P, G
< :8ﬁcotecosa1| Q'.
Pxx |GM|

This allows one to obtain the modulus of the charge FF, |G|,
from the quantity G, known from the measurement of the
differential cross section. The measurement of a third ratio

__11Gl
31Gc]

allows to determine the phase difference o,. And at last, if we
measure the ratio of the polarizations P,, and Py,

Ry =

(29)

_ P sina, — r sino;

(30)

P, coSay — rcosay

R Pzz 1 1+ 29
= = ——— Cos
4 P, sinZ @
GellG
—{—SSinzeL"zQ'(r — cos a3)] 31)
M

we can obtain information about the third phase difference as.
Moreover, one can verify the relation

03 = 0) — (.

Thus, the measurement of these polarization observables
allows to fully determine the deuteron FFs in TL region.
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Note that using the ratio of two polarization components
that are simultaneously measured, greatly reduces systematic
uncertainties. It is not necessary to know neither the beam
polarization or the polarimeter analyzing power, since both of
these quantities cancel in the ratio.

This procedure can be considered as the generalization of
the polarization method proposed almost four decades ago
[17], which could be applied only recently to elastic electron
proton scattering [18].

Let us note here that, in principle, one should take into
account the problem of the two-photon-exchange contribu-
tion, which, as mentioned in the Introduction, may become
important at large momentum transfer, as it is expected
that the reactions mechanisms are similar for the crossed
channel (1). As it was shown in Ref. [19], if the detection
of the final particles does not distinguish between deuteron
and antideuteron, then the interference between one-photon
and two-photon amplitudes does not contribute to the cross
section of the reaction (1).

III. NUMERICAL ESTIMATIONS

In the previous section, the expressions of cross section
and polarization observables have been given, in terms of the
deuteron FFs. Numerical estimations require the knowledge
of such FFs, in TL region. Due to the hermiticity of the
electromagnetic current, FFs are real in the SL region, and
complex in the TL region. At our knowledge, most of the
existing parametrizations of these FFs are phenomenological
fits to SL data, and are useful for different estimations and
to plan corresponding experiments in that kinematical region.
However, their analytical expressions were not built to obey
fundamental properties of FFs. For example, their extension to
the TL region does not induce any phase (i.e., the imaginary
part of FFs is equal to zero).

Recent work in this direction [21] describes three different
parametrizations of deuteron FFs describing the world data.
The first one (parametrization I) is a sum of inverse polynomial
terms, where the first node of the corresponding FFs is
introduced as a global multiplicative term. The number of
free parameters, necessary to obtain x2/ndf = 1.5, was 18.

The second parametrization is based on a previous work
[22]. Tt is an attempt to find a global description based on the
vector dominance model, satisfying the asymptotic conditions
predicted by QCD at large momentum transfer, and leads to a
12 parameters fit.

The third parametrization is a sum of gaussians, with some
physical constraints on the parameters, which are the width
and the position of the maximum of the gaussians. In total the
parametrization contains 33 parameters for x2/ndf = 1.5.

In Ref. [23] a generalization of the nucleon model from
Ref. [24] has been successfully applied to the deuteron
case. Besides the fact that the VMD model [24] satisfies by
construction some of the basic properties of FFs, its extension
to the TL region is straightforward [25].

The basic idea of this parametrization is the presence of two
components in the hadron structure: an intrinsic structure, very
compact, characterized by a dipole (monopole) ¢> dependence
and a meson cloud, which contains only the p,¢ and w
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(not the p) contributions, in the nucleon (deuteron) case.
A very good description of all known data on deuteron
electromagnetic FFs has been obtained, with as few as six
free parameters and few evident physical constraints.

In principle, all these parametrizations are not predictive
outside the kinematical domain where the experimental data
have been fitted. Therefore, the extrapolation to TL region is
just given for illustrative purposes. We give the predictions
from one of the parametrizations from Ref. [21] (Parametriza-
tion I), and of the model from Ref. [23]. Note that the analytical
form of all three parametrizations in Ref. [21] is such that only
real terms are present in TL region. An imaginary part arises

10°
10°
10

o 107

IG |

1073

10°
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naturally from the analytical continuation of model [23], (for
g> — —q?) due to the noninteger nature of the exponent of the
intrinsic part. Finite widths for the ¢ and @ meson contributions
would also give rise to complexity, but it was not necessary to
introduce them, for obtaining a good description of data in SL
region.

We also consider an updated version of the model [5], based
on unitarity and analyticity [26].

The ¢? dependence of these models is illustrated in Fig. 1
for the moduli and in Fig. 2 for the real an imaginary parts of
the model from Ref. [23]. FFs show a slower decrease with O
in comparison with the SL region. One can see that the three

107———"t—

IG, |

IG |

9? [Gev?]

FIG. 1. (Color online) g>-dependence of the G, Gu, G¢ from top to bottom (moduli): from Ref. [26] (solid line), from Ref. [23] (dashed
line), and from parametrization I from Ref. [21] (dotted line). The kinematical threshold is indicated by the vertical line. The dashed area

emphasizes the SL region where data exist.
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10
10
o 107 |
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10°— ’ s @
) 5

9 [Gev?]

FIG. 2. (Color online) g*-dependence of the G, Gu, G¢ from top to bottom: from Ref. [23]: real part (solid line), imaginary part (dashed

line).

models coincide in the SL region, where they are constrained
by the experimental data (shaded area), but, outside this
kinematical region, they show very different behavior. In
particular, Parametrization I differs by few order of magnitude.
Parametrization I does not show any singularity in TL region.
Two poles coincide in TL region, for the models in Refs. [26]
and [23], as they correspond to the w and ¢ contributions.
More resonances are built, by construction, in the model [26],
and occur in the unphysical region. These two models show
a similar trend, near the threshold, for the moduli of FFs,
however the sign, which is reflected in the relevant polarization
observables, may differ. Threshold, which corresponds to
g% ~ 14 GeV?, is indicated by a vertical line.

From Fig. 2 one can see that in TL region, FFs from
Ref. [23] display an imaginary part which is an order of
magnitude smaller than the real part, as a consequence of the
exponent of the term corresponding to the intrinsic part. As
the model [26] fulfills by construction the unitary condition,
its imaginary part starts at the deuteron anomalous threshold,
q2 = 1.73m72, ~ 0.02 GeV?2. Concerning the model [23], the
imaginary part is different from zero for g > 0.08 GeV>.

The predictions for the different observables are shown
in Fig. 3, for E = 1.9 GeV, not far above threshold. The
three parametrizations, as expected, give very different results,
especially concerning the predictions for the cross section
[Fig. 3(a)], which just reflects the differences in the moduli of
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FIG. 3. (Color online) Predictions of the different observables, for the considered parametrizations of deuteron FFs, extrapolated to the TL

region. Notations as in Fig. 1.

FFs. In spite of this, the angular distributions are very similar
[Fig. 1(a)], as they are driven by the underlying assumption of
the one-photon exchange mechanism.

Evidently, the observables such as P, [Fig. 3(d)] and Py,
[Fig. 3(i)] vanish, for parametrization I, as they depend only
on the imaginary part, see Egs. (21) and (27), respectively.

In the physical region, the angular asymmetry, Eq. (19),
is very large in absolute value (over 90%) and negative, for
all the considered models, due to the fact that one FF, G, is
dominant.

It should be noted that the CMS threshold energy of
the reaction et + e~ — d +d is quite large, Ey = 2M =~
3.75 GeV. There are no data in this momentum range in SL
region, which could better constrain models and parametriza-
tions.

IV. CONCLUSIONS

Polarization observables have been derived for the pro-
duction of a deuteron antideuteron pair in electron-positron
annihilation. Although the cross section of this process is
expected to be very small, the search for the corresponding
events it is not excluded in future at high luminosity ete™
rings.

In TL region, the electromagnetic structure of the deuteron
is characterized by three complex FFs. Generalizing the polar-
ization method, successfully applied to ep elastic scattering,
we derive the expressions for the relevant observables in
terms of the deuteron FFs and indicate the measurements
which are necessary for the full determination of the deuteron
structure.

Quantitative estimations require the knowledge of the
deuteron FFs, in the corresponding kinematical region. Data
are absent in the whole TL region, and also in SL region,
at large momentum transfer squared. Therefore, we used the
analytical continuations from the SL region of few existing
parametrizations and models, keeping in mind that they
are poorly constrained in the corresponding SL kinematical
region. The results show that polarization effects either vanish
or are large and measurable.

The formalism developed here is model independent and
based on symmetry properties of electromagnetic and strong
interactions. It allows to establish properties of observables
that should be satisfied by any model calculation. Moreover,
it applies as well to the annihilation reactions involving
the production of spin one particles in the final state, such
aset +e” — pT+p et +e — w' + ™. The study of
these reactions will be the object of a future work.
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APPENDIX

In this appendix we give useful formulas describing the
polarization state of the deuteron for different cases. For
the case of arbitrary polarization,the deuteron is described by
the spin-density matrix (defined, in the general case, by eight
parameters) which, in the coordinate representation, has the
form

1 Pubv i
Puv = ~3 (glw — ;:/12 ) + ﬁguu)»pskpp + O,
(AD)

Q/w = Qvus Quu = 07 Pu pr = Os

where p,, is the deuteron four momentum, s,, and Q,,, are the
deuteron polarization four-vector and the deuteron quadrupole
polarization tensor.

In the deuteron rest frame the above formula is written as

1 i ..
351'_/' - Eb‘ijksk + Qij, ij=x,y,2.

This spin-density matrix can be written in the helicity
representation using the following relation:

pi; = (A2)

(% 00

P = Pijé€; e] ’ A, A= +, —, Ov (A3)

where el@ are the deuteron spin functions which have the

deuteron spin projection A on to the quantization axis (z axis).
They are

1
e =F—(1,+i,0), 9=0,0,1). (Ad)
5
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The elements of the spin-density matrix in the helicity
representation are related to the ones in the coordinate
representation by such a way

11 1 1

piizgﬂ:isz_Eszy :OOO=§+QZZ’

1 .
Py— = _E(Qxx - ny) +1Qxyv

L s —is) = (0w —iQ,).  (AS)
Pro0 = —=(5y —i8y) — —=(Qy; — 1 )

WG Yoo

1 ) 1 .
P_o = ﬁ(sx +isy) + E(sz +i0)2),
P = (pan)".

To obtain these relations we use Q. + Qyy + Q. = 0.

When the deuteron is used as a target, the spin matrix
is diagonal, and the polarization state is described by the
population numbers n, n_ and ng. Here n,, n_ and ny are
the fractions of the atoms with the nuclear spin projection
on to the quantization axis m = +1, m = —1 and m =0,
respectively. If the spin-density matrix is normalized to 1, i.e.,
Trp = 1, then we have n. + n_ + ng = 1. Thus, the polariza-
tion state of the deuteron target is defined in this case by two
parameters, called V (vector) and T (tensor) polarizations

V=ny—n_, T=1-73n, (A6)
Using the definitions for the quantities n4 o
) (+ 0% (0
ni = pjjel )*ei» g = pije! )*65- ), (A7)

we have the following relation between V and T parameters and
parameters of the spin-density matrix in the coordinate repre-
sentation (with the quantization axis directed along the z axis)

‘ 10, (AB)

1 1
n0=§+sza niziizsz_
or
T = _3szr

V =s,. (A9)
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