
SELECTED ASPECTS OF SCATTERING AND ANNIHILATIONREACTIONSE. TOMASI-GUSTAFSSON, G.I GAKH � and C. ADAMU�S�C�IN yCEA, IRFU, Servi
e de Physique Nu
l�eaire, F-91191 Gif-sur-Yvette, Fran
eE-mail: etomasi�
ea.frModel independent properties of the spin density matrix and of polarization observ-ables for ele
tron hadron s
attering and ele
tron positron annihilation in spe
i�

hannels are presented. Parti
ular attention is devoted to the extra
tion and theproperties of hadron form fa
tors, as well as to the rea
tion me
hanism.1 Introdu
tionS
attering and annihilation rea
tions involving leptons and light hadrons 
onstituteunique probes to learn about hadron stru
ture and hadron spe
tros
opy. We developeda model independent formalism whi
h 
an be applied to elasti
 ele
tron s
attering onhadrons and to the 
rossed 
hannels. This formalism allows to express the spin stru
tureof the matrix element in terms of the relevant amplitudes (in general 
omplex fun
tionsof kinemati
al variables) and then, to 
al
ulate the di�erential 
ross se
tion and the po-larization observables. The number and the stru
ture of the amplitudes depend on therea
tion me
hanism, with evident simpli�
ation if one assumes that the rea
tion o

ursthrough one photon ex
hange. The amplitudes are expressed as fun
tions of hadron ele
-tromagneti
 form fa
tors (FFs). De�nite pres
riptions for their analyti
al extension fromspa
e-like (SL) to time-like (TL) regions allow to �nd 
oherent results and/or predi
tionsfor the experimental observables in the full kinemati
al region. A review of the generalformalism, fo
used on the threshold region 
an be found in Ref. [1℄. The rea
tions involv-ing ele
tron and protons have been derived in Refs. [2℄. Here we give spe
i�
 examplesof appli
ation of su
h formalism to rea
tions involving deuteron and spin one parti
les:e� + d! e� + d, e+ + e� ! d+ �d [3, 4℄ (�+ �) [5℄ assuming one photon ex
hange.�National S
ien
e Centre "Kharkov Institute of Physi
s and Te
hnology", Kharkov, UkraineyInstitute of Physi
s, Slovak A
ademy of S
ien
es, Bratislava, Slovakia1
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ess of e+e� annihilation into four (or more) pions was �rstly dete
ted inFras
ati, later on in Novosibirsk, and re
ently in Babar ([6℄ and Refs. herein). Thea
hievable luminosity and the modern dete
tors allow to 
hara
terize the intermediatestates. The present formalism 
onstitutes a useful tool for a global understanding of thehadron dynami
s, providing a uni�ed des
ription in SL and TL regions.2 Ele
tron-deuteron systemThe deuteron, the only bound two{nu
leon system, has been extensively studied theoret-i
ally and experimentally. In parti
ular, models based on impulse approximation wherethe deuteron 
an be understood as a system of two nu
leons intera
ting via nu
leon{nu
leon intera
tion, 
ompete with QCD inspired models where quark degrees of freedomshould be expli
itly taken into a

ount. Assuming P and C parities 
onservation, a spinone parti
le is fully des
ribed in terms of three FFs. Their experimental determina-tion and the 
omparison to the theory is an important test of our understanding of thedynami
al stru
ture of the hadrons.During the last years, it has be
ome possible to measure not only 
ross se
tions, butalso spin observables, due to the developments of polarized ele
tron beams, polarizeddeuteron targets and polarimeters. Large progress has been made from the experimentalside. The outgoing{deuteron polarization has been measured in a se
ondary analyzings
attering. For ve
tor polarization up to a few GeV, an in
lusive measurement on a
arbon target as d+C ! one 
harged parti
le+X is suÆ
ient, when the 
harged protonsfrom deuteron break up are eliminated with help of an absorber. For tensor polarization,however, only ex
lusive rea
tions as elasti
 d + p s
attering or 
harge ex
hange [7℄ givesuÆ
ient eÆ
ien
y and analyzing powers. In parti
ular, re
ent polarization data forele
tron{deuteron elasti
 s
attering allowed the individual determination of the deuteron
harge and quadrupole FFs up to a value of the momentum transfer squared �q2 = Q2=1.8 GeV2 (for a review see, for instan
e, [8℄).The intera
tion of ele
trons with deuterons is usually assumed to o

ur through theex
hange of a virtual photon (one{photon ex
hange approximation) due to the small-ness of the ele
tromagneti
 �ne stru
ture 
onstant, whi
h suppress two -or more- photonex
hange. However, a few de
ades ago it was suggested [9℄ that the two{photon ex-
hange me
hanism may be signi�
ant in the region of large momentum transfer. Morere
ently, the 
ontribution of two{photon ex
hange to elasti
 ele
tron{deuteron s
atteringwas dis
ussed in Refs. [4℄.
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tromagneti
 FFs in the TL region of momentum transfer givesadditional important information about the internal 
omposite stru
ture of the hadron.Deuteron FFs are real fun
tions of the momentum transfer squared, while they are 
om-plex in TL region. This is the main di�eren
e between e�+d! e�+d and e++e� ! d+�d,whi
h are related by 
rossing symmetry and therefore des
ribed by the same amplitudesa
ting in di�erent kinemati
al regions. The 
omplex nature of the deuteron FFs in TLregion leads to non{zero single{spin observables (at the level of the Born approximation)in the e+ + e� ! d + �d rea
tion. The 
omponent Py (orthogonal to the rea
tion plane)of the deuteron polarization (all other parti
les are unpolarized) is non zero. The single{spin asymmetry Ay (when the deuteron target is polarized) in the elasti
 ed{s
atteringvanishes in the Born approximation. Ay 
an be non zero in 
ase of the interferen
e be-tween one{ photon and two{photon ex
hange amplitudes. The same arguments hold forthe spin 
orrelation 
oeÆ
ient due to the longitudinal polarization of the ele
tron beamand to the tensor polarization of the deuteron. To determine three deuteron FFs, in the
ase of the elasti
 ed{ s
attering, it is ne
essary to measure the unpolarized 
ross se
tionand one polarization observable. In TL region the deuteron FFs are 
omplex and one hasto determine not only the moduli of the deuteron FFs but also their relative phases. Themeasurements of a single polarization observable is not suÆ
ient for the e++ e� ! d+ �drea
tion, where, besides the measurement of the unpolarized 
ross se
tion, it is ne
essaryto measure four polarization observables.Measurements are 
ertainly very diÆ
ult in the TL region, due to the steep de
reas-ing of the 
ross se
tion, however, other me
hanisms, as the presen
e of a two{photon
ontribution, 
ould favor a larger 
ross se
tion.Let us re
all general and model independent expressions for the rea
tion e�(k1) +e+(k2)! d(p1) + �d(p2) where the momenta of the parti
les are indi
ated in bra
kets. Inthe rea
tion CMS the unpolarized di�erential 
ross se
tion 
an be written asd�und
 = �2�34q2 D; D = �(1 + 
os2 �)jGM j2 + 32 sin2 ��jGC j2 + 89�2jGQj2� ; (1)where � is the angle between the momenta of the deuteron (~p) and the ele
tron beam (~k),� = 1=137 is the ele
tromagneti
 
onstant, � =p1� 4M2=q2 is the deuteron velo
ity inthe rea
tion 
enter of mass system (CMS), � = q2=(4M2) where M is the deuteron massand q is the four momentum of the virtual photon, q = k1 + k2 = p1 + p2. The standarddeuteron ele
tromagneti
 FFs are GC (
harge monopole), GM (magneti
 dipole) and GQ(
harge quadrupole).



4E. TOMASI-GUSTAFSSON, G.I GAKH, C. ADAM�S�C�IN HSQCD 2008Integrating (1) over the angle, one obtains for the total 
ross se
tion:�tot(e+e� ! �dd) = ��2�33q2 �3jGC j2 + 4�(jGM j2 + 23� jGQj2)�: (2)The angular asymmetry, R, with respe
t to the di�erential 
ross se
tion measured at� = �=2; �0 is:d�und
 = �0(1 +R 
os2 �); with R = 2�(jGM j2 � 43� jGQj2)� 3jGC j22�(jGM j2 + 43� jGQj2) + 3jGC j2 : (3)This observable whi
h does not require polarized parti
les, is very sensitive to the di�erentassumptions on deuteron FFs.The 
ross se
tion 
an be written, in the general 
ase, as the sum of unpolarizedand polarized terms, 
orresponding to the di�erent polarization states and polarizationdire
tions of the in
ident and s
attered parti
les:d�d
 = d�und
 [1 + Py + �Px + �Pz + PzzRzz + PxzRxz + Pxx(Rxx �Ryy) + �PyzRyz℄ ;where Pi (Pij ), i; j = x; y; z are the 
omponents of the polarization ve
tor (tensor) of theoutgoing deuteron, and Rij , i; j = x; y; z the 
omponents of the quadrupole polarizationtensor of the outgoing deuteron in its rest system.As in SL region, the measurement of the angular distribution of the outgoing deuterondetermines the modulus of the magneti
 FF, but the separation of the 
harge andquadrupole FFs requires the measurement of polarization observables.3 Hadron form fa
torsExpli
it expressions for all experimental observables are given in Ref. [3℄ for e+e� an-nihilation in d �d and in Ref. [5℄ for �+�� produ
tion, respe
tively. Their 
al
ulationrequires a model for the hadron FFs.In Ref. [10℄ a generalization of the nu
leon model from Ref. [11℄ has been su

essfullyapplied to the deuteron 
ase. Its extension to TL region is straightforward.The basi
 idea of this parametrization is the presen
e of two 
omponents in the hadronstru
ture: an intrinsi
 stru
ture, very 
ompa
t, 
hara
terized by a dipole (monopole) q2dependen
e and a meson 
loud. A very good des
ription of all known data on deuteronele
tromagneti
 FFs has been obtained, with as few as six free parameters applyingevident physi
al 
onstraints. As an example, we show in Fig. 1 the results obtained for
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Figure 1: Fit to deuteron form fa
tor data. The solid and dashed lines 
orrespond totwo di�erent �ts for the data (solid and empty 
ir
les).the deuteron FFs. This parametrization has a better �2, fewer number of parametersand more evident physi
al 
ontent, with respe
t to the other available parameterizations.Moreover, it has the ne
essary analyti
al properties that allow its appli
ation to the TLregion (see Ref. [10℄ and Refs. herein).In 
ase of �-meson FFs in TL region, their experimental determination is in prin
iplepossible at e+e� rings, su
h as Babar, Fras
ati, Novosibirsk and Beijing. In Ref. [5℄ weintrodu
ed a simple VMD parametrization for �{meson FFs, where the parameters wereadjusted in order to reprodu
e the existing theoreti
al predi
tions in SL region from amodel based on light{front formalism with 
onstituent quarks [12℄. The parametrizationwas then analyti
ally extended to the TL region.4 Con
lusions and perspe
tivesQuantitative estimations require the knowledge of the hadron FFs, in the 
orrespondingkinemati
al region. Data for deuteron are absent in the whole TL region, and also in SLregion, at large momentum transfer squared. Therefore, we used simple parametrizationsin SL region, with analyti
al 
ontinuations to TL region, keeping in mind that they arepoorly 
onstrained. Polarization e�e
ts either vanish or are large and measurable.The obtained expressions hold for any value of the in
ident energy, they are model in-dependent, assuming C and P 
onservation, and that the intera
tion pro
eed through onephoton ex
hange. One 
an therefore apply the formalism to the re
ent results obtainedby the Babar 
ollaboration on e+ + e� ! �+ + �� [6℄. These data 
ould, in parti
ular,
onstrain the parametrization of FFs, at ps=10.58 GeV, whi
h has been adjusted on a
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