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I. INTRODUCTIONThe ele
tromagneti
 form fa
tors (FFs) of hadrons and nu
lei provide important infor-mation about the stru
ture and internal dynami
s of these systems. Although su
h mea-surements are 
arried out sin
e many de
ades [1℄, the hadron FFs are presently obje
t ofextended experimental studies, due, in parti
ular, to the availability of high intensity (po-larized) beams, polarized targets and hadron polarimeters whi
h allow to rea
h very highpre
ision and to a

ess new kinemati
al regions. Polarization te
hniques have been appliedand methods suggested long ago [2℄ be
ame feasible in the region of the momentum trans-fers where data help to dis
riminate between di�erent theoreti
al predi
tions. The mostsurprising result re
ently obtained, 
on
erns the ele
tri
 FF of the proton, whi
h turns outto be smaller than previously assumed, and shows a behavior with the momentum transfersquared, Q2 = �q2, whi
h di�ers from the magneti
 FF [3℄.In 
ase of deuteron, elasti
 FFs have been determined up to Q2=1.9 GeV2 in spa
e-like(SL) region, (for a review, see for instan
e [4℄). The individual determination of the threedeuteron FFs requires the measurement of the di�erential 
ross se
tion and at least onepolarization observable, usually the tensor polarization, t20, of the s
attered deuteron inunpolarized ed s
attering. The data on the three deuteron FFs, 
harge GC , quadrupoleGQ and magneti
 GM are better des
ribed by impulse approximation (in
luding eventually
orre
tions due to relativisti
 e�e
ts, meson ex
hange 
urrents, � isobars..) and 
ontradi
tQCD predi
tions, even at the largest Q2 value experimentally rea
hed, whi
h 
orrespondsto internal distan
es of the order of the nu
leon dimension. The measurement of deuteronFFs in time-like (TL) region is beyond the present experimental limitations. Estimation ofthe 
ross se
tion and various polarization observables for the rea
tion e+ + e� ! d �d wasgiven in Ref. [5℄, extending the model [6℄ to the deuteron. This model has proved to be verysu

essful for the nu
leon, both in SL and in TL regions. Ve
tor meson dominan
e (VMD)models, in general, are very su

essful in des
ribing the hadron stru
ture: they 
ontain asmall number of parameters, with 
lear physi
al meaning, and they 
an be extended to TLregion, indu
ing the ne
essary imaginary 
omponent, through the resonan
e widths [7℄.Hadron ele
troweak properties have also been investigated in the framework of the 
on-stituent quark models based on the Hamiltonian light{front formalism [8℄.The determination of the pseudos
alar{meson FFs (for example, for pions and kaons)2



requires only 
ross se
tion measurements. They have been extensively studied both in SLand TL regions (see, for example, [9℄).The light ve
tor mesons are less known, be
ause their experimental determination ismore diÆ
ult, due to their short lifetimes. However, the t dependen
e of the 
ross se
tionfor di�ra
tive ve
tor{meson ele
troprodu
tion gives (model{dependent) information on the
harge radius, and radiative de
ays su
h as �+ ! �+�0
 allow to obtain their magneti
moment. The models based on the light{front formalism have been applied to the 
al
ulationof the ele
tromagneti
 properties of various hadrons, namely: the pion 
harge FF [10℄, the�{meson ele
tromagneti
 FFs [11{14℄, the ve
tor and axial FFs of the nu
leon [15, 16℄, andthe radiative, leptoni
 and semileptoni
 de
ays of both pseudos
alar and ve
tor mesons [17℄.For a spin{one hadron, these models have a fundamental inadequa
y: the rotationalinvarian
e of the ele
tromagneti
 
urrent operator is not ensured by its one{body 
omponentalone (violation of the angular 
ondition). This violation is quanti�ed by the deviation ofa quantity �(Q2) from zero [13℄. The most studied spin{one hadron is the deuteron. The
al
ulations of the ele
tromagneti
 FFs for spin{one hadron (deuteron and �{meson [11{13℄)showed that the quantity �(Q2) is not zero and it in
reases with Q2. But for the deuteron,whi
h is a nonrelativisti
 system, it was found [18℄ that the e�e
ts of the violation of theangular 
ondition are small on FFs at the a

essible values of Q2. On the 
ontrary, the�{meson is a relativisti
 bound system (the momentum of the 
onstituent quark is not small
ompared to the �{meson mass) and the violation of the angular 
ondition has large e�e
tson the �{meson FFs [12℄. It is therefore interesting to measure the ele
tromagneti
 FFs ofrelativisti
 spin{one hadrons, as the �{meson. For this aim, the most simple rea
tion is theannihilation of an ele
tron{positron pair into a �+�� pair. The experimental investigationof the ele
tron{positron annihilation into hadrons (at low energies it is multipion �nal state)
an also provide important information about the internal stru
ture of the mesons whi
h
onsisted of the light quarks, their intera
tions and the spe
tros
opy of their bound states.In the low{energy region, these rea
tions are sour
e of important information on otherproblems: the pre
ise 
al
ulation of the strong intera
tion 
ontribution to the anomalousmagneti
 moment of the muon, the 
he
k of predi
tions for the hadroni
 tau{lepton de
ay,et
.In the past, the experimental study of the rea
tion e+e� ! hadrons was limited to themeasurement of the total 
ross se
tions only. But re
ently, the 
onstru
tion of large solid3



angle dete
tors whi
h 
an operate at high luminosity 
olliders opened new possibilities forthe investigation of the rea
tions e+e� ! multihadrons [19℄. In the energy region 1 � W �2:5 GeV (W is the total energy of the 
olliding beams) the pro
ess of four pion produ
tion isone of the dominant pro
esses of the rea
tion e+e� ! hadrons. For the �rst time the pro
essof four pion produ
tion in e+e� annihilation was dete
ted in Fras
ati [20℄ and somewhatlater in Novosibirsk [21℄. The energy dependen
e of the pro
esses e+e� ! �+���0�0 ande+e� ! �+���+�� were studied at the VEPP{2M 
ollider (Novosibirsk) with the CMD{2dete
tor [19℄ in the energy range 1.05{1.38 GeV. The pro
ess of multihadron produ
tion atlarge energies was also investigated with the help of the BABAR dete
tor at the PEP{IIasymmetri
 ele
tron{positron storage ring using the initial{state radiation [22℄. A summaryof the hadroni
 
ross se
tion measurements performed with BABAR via radiative return isgiven in Ref. [23℄. The analysis of the di�erential distributions showed that the a1(1260)�and !� intermediate states dominate and that the relative fra
tion of the a1(1260)� statein
reases with the beam energy.From the theoreti
al point of view, the pro
esses of meson produ
tion in the ele
tron{positron annihilation were 
onsidered in a number of papers. Using the ve
tor{dominan
emodel, the authors of Ref. [24℄ investigated the rea
tion e+e� ! mesons assuming two{body (or quasi{two{body) �nal states. In parti
ular, they 
onsidered the a1(1260)� and�+�� two{body �nal states. The estimation of the hadroni
 
ross se
tion was made underthe assumption of unit FFs. It was emphasized that the 
omparison of the VMD model withexperiment at low energies would not be 
on
lusive on the basis of the magnitude and energydependen
e of the 
ross se
tion only. The observation of ��meson pairs with 
ross se
tionsappre
iably larger than those predi
ted in the paper would probably signify, a

ording to theauthors, the presen
e of appre
iable magneti
 and/or quadrupole 
ouplings. Estimations ofthe 
ross se
tions of the pro
esses e+e� ! 3�; 4� were obtained using a VMD model, in Ref.[25℄. Due to the 
onservation of ve
tor 
urrent the 
ross se
tion of the e+e� ! 4� pro
ess
an be related to the probability of the � ! 4��� de
ay. Therefore, all realisti
 modelsdes
ribing the �rst pro
ess, should also be appli
able to the des
ription of the latter one.The free{parameter investigation of the bran
hing ratios and distribution fun
tions of thefour de
ay modes of � ! ����, in terms of the e�e
tive 
hiral theory of mesons, agreed withthe data [26℄ assuming that a1 dominates in these four de
ay modes of the tau{lepton. Wewill 
onsider the a1 produ
tion in e+e� annihilation in a forth
oming work. In this paper4



we 
onsider the rea
tion e+ + e� ! �+ + ��: (1)Following a model independent formalism developed for spin 1 parti
les in [5℄, we 
al
ulatethe di�erential (and total) 
ross se
tions and various polarization observables in terms of theele
tromagneti
 FFs of the 
orresponding 
��� 
urrent. The elements of the spin{densitymatrix of the ��meson are also 
al
ulated.The estimation of various observables is done on the basis of a simple VMD parametriza-tion for �{meson FFs. As no data exist, the parameters were adjusted in order to reprodu
ethe existing theoreti
al predi
tions in SL region [14℄ where the ��meson ele
tromagneti
FFs were 
al
ulated, both in 
ovariant and light{front formalisms with 
onstituent quarks.The parametrization was then analyti
ally extended to the TL region. The experimentaldetermination of �-meson FFs in TL region, although 
hallenging due to the small 
ountingrate, is in prin
iple possible at ele
tron positron rings, su
h as Fras
ati, Novosibirsk andBejing.II. FORMALISMIn the one-photon approximation, the di�erential 
ross se
tion of the rea
tion (1) in termsof the leptoni
 L�� and hadroni
 W�� tensors 
ontra
tion (in the Born approximation we
an negle
t the ele
tron mass) is written asd�d
 = �2�4q6 L��W��; (2)where � = 1=137 is the ele
tromagneti
 
onstant, � =p1� 4M2=q2 is the �{meson velo
ity,M is the mass of the �-meson and q is the four momentum of the virtual photon, q = k1+k2 =p1 + p2, (note that the 
ross se
tion is not averaged over the spins of the initial beams).The leptoni
 tensor (for the 
ase of longitudinally polarized ele
tron beam) isL�� = �q2g�� + 2(k1�k2� + k2�k1�) + 2i�"����k1�k2� ; (3)where � is the degree of the ele
tron beam polarization (further we assume that the ele
tronbeam is 
ompletely polarized and 
onsequently � = 1).The hadroni
 tensor 
an be expressed via the ele
tromagneti
 
urrent J�, des
ribing thetransition 
� ! ���+ W�� = J�J�� : (4)5



The expression for the hadron tensorW�� , in terms of the �� meson ele
tromagneti
 FFs,is 
al
ulated using the expli
it form of the ele
tromagneti
 
urrent J�. The spin{densitymatrix of a �� meson is 
omposed of three terms, 
orresponding to unpolarized, ve
tor andtensor polarized �� meson:U1�U�1� = ��g�� � p1�p1�M2 � + 3i2M"����s�p1� + 3Q��: (5)Here s� and Q�� are the �� meson polarization four ve
tor and quadrupole tensor, re-spe
tively. The four ve
tor of the �� meson ve
tor polarization s� and the �� mesonquadrupole{polarization tensor Q�� satisfy the following 
onditions:s2 = �1; sp1 = 0; Q�� = Q��; Q�� = 0; p1�Q�� = 0 :We 
onsider the 
ase when the polarization of the se
ond ��meson in the rea
tion (1) isnot measured.Taking into a

ount Eqs. (4) and (5), the hadroni
 tensor in the general 
ase 
an bewritten as the sum of three termsW�� =W��(0) +W��(V ) +W��(T ); (6)where W��(0) 
orresponds to the 
ase of unpolarized parti
les in the �nal state and W��(V )(W��(T )) 
orresponds to the 
ase of the ve
tor (tensor) polarized �� meson.As the �{meson is a spin{one parti
le, its ele
tromagneti
 
urrent is 
ompletely des
ribedby three FFs. Assuming the P{ and C{invarian
e of the hadron ele
tromagneti
 intera
tion,this 
urrent 
an be written as [27℄J� = (p1 � p2)� ��G1(q2)U�1 � U�2 + G3(q2)M2 (U�1 � qU�2 � q � q22 U�1 � U�2 )��G2(q2)(U�1�U�2 � q � U�2�U�1 � q); (7)where U1� (U2�) is the polarization four-ve
tor des
ribing the spin one �� (�+), and Gi(q2)(i = 1; 2; 3) are the �{meson ele
tromagneti
 FFs. The FFs Gi(q2) are 
omplex fun
tionsof the variable q2 in the region of the TL momentum transfer (q2 > 0). They are related tothe standard �{meson ele
tromagneti
 FFs: GC (
harge monopole), GM (magneti
 dipole)and GQ (
harge quadrupole) byGM = �G2; GQ = G1 +G2 + 2G3; GC = �23�(G2 �G3) + (1� 23�)G1; � = q24M2 : (8)6



The standard FFs have the following normalizations:GC(0) = 1 ; GM(0) = �� ; GQ(0) = �M2Q� ; (9)where ��(Q�) is the �{meson magneti
 (quadrupole) moment.The expli
it form of various 
ontributions to the hadroni
 tensor has been derived in [5℄for the deuteron 
ase and 
an be applied here, repla
ing the deuteron mass and FFs by the
orresponding quantities for � meson.The resulting expression for the unpolarized di�erential 
ross se
tion in the rea
tion CMSis d�und
 = �2�34q2 D; D = �(1 + 
os2 �)jGM j2 + 32 sin2 ��jGCj2 + 89� 2jGQj2� ; (10)where � is the angle between the momenta of the ��{meson(~p) and the ele
tron beam (~k).Integrating this expression with respe
t to the �{meson angular variables one obtains thefollowing formula for the total 
ross se
tion of the rea
tion (1)�tot(e+e� ! ���+) = ��2�33q2 �3jGC j2 + 4�(jGM j2 + 23� jGQj2)� : (11)As for the deuteron 
ase, let us de�ne an angular asymmetry, R�, with respe
t to thedi�erential 
ross se
tion, ��=2, measured at � = �=2,d�und
 = ��=2(1 +R�
os2�); (12)where R� 
an be expressed as a fun
tion of the �{meson FFsR� = 2�(jGM j2 � 43� jGQj2)� 3jGC j22�(jGM j2 + 43� jGQj2) + 3jGCj2 : (13)This observable enhan
es the di�eren
e between the terms 
ontaining the FFs, whi
h havea sine squared and 
osine squared dependen
e (10), therefore it is more sensitive to thedi�erent underlying assumptions on the �{meson FFs than the angular distribution itself.A pre
ise measurement of this quantity, whi
h does not require polarized parti
les, wouldbe very interesting.As in the SL region, the measurement of the angular distribution of the outgoing �{mesondetermines the modulus of the magneti
 form fa
tor, but the separation of the 
harge andquadrupole form fa
tors requires the measurement of polarization observables [28℄. The7



outgoing �{meson polarization 
an be determined by measuring the angular distribution ofthe ��{meson de
ay produ
ts.As it was shown in Ref. [29℄, a nonzero phase di�eren
e between FFs of two baryons(with 1/2 spins) leads to a non vanishing T{odd single{spin asymmetry normal to thes
attering plane in the baryon{antibaryon produ
tion e+e� ! B �B. This is also valid forspin 1 hadrons.To derive polarization observable it is ne
essary to de�ne a parti
ular referen
e frame.When 
onsidering the polarization of the �nal parti
le, we 
hoose a referen
e system withthe z axis along the momentum of this parti
le (in our 
ase it is ~p). The y axis is normalto the rea
tion plane in the dire
tion of ~k � ~p; x, y and z form a right{handed 
oordinatesystem.The 
ross se
tion 
an be written, in the general 
ase, as the sum of unpolarized andpolarized terms, 
orresponding to the di�erent polarization states and polarization dire
tionsof the in
ident and s
attered parti
les:d�d
 = d�und
 [1 + Py + �Px + �Pz + PzzRzz + PxzRxz + Pxx(Rxx �Ryy) + �PyzRyz℄ ; (14)where Pi, Pij, and Rij, i; j = x; y; z are, respe
tively, the 
omponents of the polarizationve
tor, tensor, and of the quadrupole polarization tensor of the outgoing ��{meson Q�� , inits rest system and d�un=d
 is the unpolarized di�erential 
ross se
tion. � is the degree oflongitudinal polarization of the ele
tron beam. It is expli
itly indi
ated, in order to stressthat these spe
i�
 polarization observables are indu
ed by the beam polarization.Let us re
all the expressions of the di�erent polarization observables in terms of the�{meson FFs:� The ve
tor polarization of the outgoing �{meson:Py = �32p� sin(2�)Im h�GC � �3GQ�G�Mi =D:Px = �3p�D sin �Re�GC � �3GQ�G�M ; Pz = 3�2D 
os �jGM j2: (15)� The part of the di�erential 
ross se
tion that depends on the tensor polarization 
an
8



be written as followsd�Td
 = d�zzd
 Rzz + d�xzd
 Rxz + d�xxd
 (Rxx � Ryy); (16)d�zzd
 = �2�34q2 3�4 h(1 + 
os2 �)jGM j2 + 8 sin2 � ��3 jGQj2 � Re(GCG�Q)�i ; (17)d�xzd
 = ��2�34q2 3� 3=2 sin(2�)Re(GQG�M); (18)d�xxd
 = ��2�34q2 3�4 sin2 �jGM j2; (19)The part of the di�erential 
ross se
tion that depends on the 
orrelation between thelongitudinal polarization of the ele
tron beam and the �{meson tensor polarization 
an bewritten as follows d��Td
 = �2�34q2 6� 3=2 sin �Im(GMG�Q)Ryz: (20)In the experimental study of rea
tion (1), one does not measure the polarization of theoutgoing parti
le as in the 
ase of stable parti
les. Their polarization is obtained throughthe measurement of the angular distribution of the de
ay produ
ts, whi
h allows to determinethe individual elements of the spin density matrix. Therefore, the dis
ussion of the ne
essaryobservables and of the strategy of measurements is done in the following 
hapter where theexpli
it expressions of the spin density matrix elements are given in terms of FFs.Let us note here that, in prin
iple, one should take into a

ount the problem of the two{photon{ex
hange 
ontribution, whi
h, may be
ome important at large momentum transfersquared, as it is suggested a few de
ades ago [30℄. Model independent properties of the two{photon{ex
hange 
ontribution in elasti
 ele
tron{deuteron s
attering have been derived inRef. [31℄. As it was shown in Ref. [32℄, if the dete
tion of the �nal parti
les does notdistinguish between �� and �+{mesons, then the interferen
e between one{photon and two{photon amplitudes does not 
ontribute to the 
ross se
tion of the rea
tion (1).III. SPIN DENSITY MATRIX OF �{MESONLet us 
al
ulate the elements of the spin density matrix of the �{meson produ
ed in therea
tion (1). 9



The 
onvolution of the lepton L�� and hadron W�� tensors 
an be written as (for the
ase of unpolarized initial lepton beams)Sun = S��U�U�� ; (21)where U� is the polarization four{ve
tor of the dete
ted �� meson and the S�� tensor 
anbe represented in the following general formS�� = S1g�� + S2q�q� + S3k1�k1� + S4(k1�q� + q�k1�) + iS5(k1�q� � q�k1�); (22)where the stru
ture fun
tions Si (i = 1�5) 
an be written in terms of three ele
tromagneti
FFs of the �� meson. Their expli
it form isS1 = 4M2(1� �)q2�� jGM j2 + sin2 �jGC + 23�GQj2�;S2 = q2�2�� 
os � + (1� �)(1 + 
os2 �)�jGM j2 + 4q2��(� � 
os �) 
os �ReGMG�Q ++sin2 �(�3 jGQj2 �ReGCG�Q)�;S3 = 4(1� �)q2jGM j2; x4 = �2q2�(1� � + �� 
os �)jGM j2 + 2�� 
os �ReGMG�Q�;S5 = �4q2� 
os �ImGM (GC � �3GQ)�: (23)The T{odd stru
ture fun
tion S5 is not zero here sin
e the ele
tromagneti
 FFs of the ��meson are 
omplex fun
tions in this 
ase (TL region).Then the elements of the spin density matrix of the �� meson are de�ned asS�mm0 = S��U (m)� U (m0)�� ; S = S��(�g�� + p1�p1�M2 ); (24)where S = 8M2(� � 1)q2D, and U (m)� is the polarization four{ve
tor of the �� meson withde�nite (m = 0;�1) proje
tion on z axis. In our 
ase it is dire
ted along the �� mesonmomentum and thus U (m)� are the polarization ve
tors with de�nite heli
ity.So, the elements of the spin density matrix of the �� meson are�++ = ��� = 14D��(1 + 
os2 �)jGM j2 + 2 sin2 �jGC + 23�GQj2�;�00 = 12D ��(1 + 
os2 �)jGM j2 + sin2 �jGC � 43�GQj2�;�+� = ��+ = �4D sin2 �jGM j2;�+0 = 1Dr�2 sin � 
os ��ReGM(GC + 23�GQ)� � (GC � �3GQ)G�M�;��0 = ��+0; �0+ = ��+0; �0� = ���0:10



The spin density matrix is normalized as Tr� = 1 or �++ + ��� + �00 = 1: The element �+0is 
omplex and we haveRe�+0 = 1D (�2)3=2 sin 2�ReGMG�Q; Im�+0 = 12Dr�2 sin 2�ImGM(GC � �3GQ)�:Let us 
onsider the 
ase when the ele
tron beam is longitudinally polarized. Then the
onvolution of the spin{dependent part of the lepton tensor and hadron one 
an be writtenas S(�) = S��(�)U�U�� ; (25)where the S��(�) tensor 
an be written asS��(�) = Q1�����k1�k2� +Q2(q�a� � q�a�) +Q3(q�a� + q�a�); (26)where a� = ����
p�k1�k2
, p = p1 � p2 and the stru
ture fun
tions Qi(i = 1 � 3) 
an bewritten in terms of the �� meson FFs as:Q1 = 2i�(1� �)q2jGM j2;Q2 = �2i��� jGM j2 � 2ReGM(GC � �3GQ)��;Q3 = 4��ImGMG�Q: (27)The T{odd stru
ture fun
tion Q3 is not zero sin
e FFs are 
omplex fun
tions in the TLregion.The elements of the spin density matrix of the �� meson that depend on the longitudinalpolarization of the ele
tron beam 
an be de�ned asS�mm0(�) = S��(�)U (m)� U (m0)�� : (28)After some 
al
ulations we obtain�++(�) = ����(�) = �2D� 
os �jGM j2;�00(�) = �+�(�) = ��+(�) = 0;�+0(�) = � �Dr�2 sin ��ReGM(GC + 23�GQ)� � �GQG�M�; (29)�0+(�) = ��+0(�); ��0(�) = �+0(�); �0�(�) = ���0(�):11



The element �+0(�) is 
omplex quantity and its real and imaginary parts areRe�+0(�) = � �Dr�2sin�ReGM (GC � �3GQ)�:Im�+0(�) = � �Dr�2� sin �ImGMG�Q:The �� meson FFs in the TL region are 
omplex fun
tions. In the 
ase of unpolarizedinitial and �nal parti
les the di�erential 
ross se
tion depends only on the squared modulijGM j2 and on the 
ombination G = jGCj2 + 89� 2jGQj2: So, the measurement of the angulardistribution of the 
ross se
tion allows to determine jGM j and the quantity G.Let us dis
uss what information 
an be obtained by measuring the elements of the spindensity matrix of the produ
ed �� meson. There are three phase di�eren
es for three FFs,whi
h we note as follows: �1 = �M � �Q; �2 = �M � �C ; and �3 = �Q � �C ; where�M = ArgGM ; �C = ArgGC ; and �Q = ArgGQ. They are related by the 
ondition:�3 = �2 � �1. These quantities 
hara
terize the strong intera
tion between �nal parti
les.Consider the ratio of the following elements of the spin density matrix Re�+0 (whenthe ele
tron beam is unpolarized) and Im�+0(�) (let us remind that measurement of thiselement requires a longitudinally polarized ele
tron beam). As a result we have for this ratioR1 = Re�+0Im�+0(�) = �
os �� 
ot�1: (30)So, the measurement of this ratio gives us information about the phase di�eren
e �1: Themeasurement of the ratio of another spin{density matrix elements (Re�+0 and �+�)R2 = Re�+0�+� = 2p2� 
ot � 
os�1 jGQjjGM j (31)gives us information about the quantity jGQj: This allows to obtain the modulus of the
harge form fa
tor, jGCj, from the quantity G known by measuring the angular distributionof the di�erential 
ross se
tion. The measurement of the next ratioR3 = Im�+0Re�+0(�) = �
os �� sin�2 � r sin�1
os�2 � r 
os�1 ; r = �3 jGQjjGC j (32)allows to determine the phase di�eren
e �2: And at last, if we measure the ratio of thespin{density matrix elements �++ and �+�R4 = �++�+� = � 1� sin2 � [�(1 + 
os2 �) + 2 sin2 � jGC j2jGM j2 (1 + 4r2 + 4r 
os�3)℄ (33)12



we 
an obtain information about the third phase di�eren
e �3:The 
orre
tness of the determination of the phase di�eren
es 
an be veri�ed by 
he
kingthe relation: �3 = �2 � �1Thus, the measurement of the spin{density matrix elements 
onsidered above allows toobtain all information about the �� meson FFs in the TL region. Remind that for the
omplete determination of FFs we need the longitudinally polarized ele
tron beam.IV. MODEL OF �{MESON FORM FACTORSIn order to predi
t the polarization observables for the rea
tion (1) one needs to knowthe behavior of the real and imaginary parts of all three �{meson FFs in the TL region.Unfortunately, up to now there are no data on the �{meson FFs, or any model for them,whi
h works in the TL region. Therefore, we 
onstru
ted very simple model of the �{mesonFFs, whi
h ful�lls basi
 known properties of these FFs (e.g., pQCD asymptoti
 behaviorrelative to the q2 variable [11℄, normalizations (see, for example, Ref. [14℄), and 
an beextended to the TL region with non{zero imaginary part. This model is in a good agreementwith existing model of �{meson ele
tromagneti
 FFs in the SL region [14℄.As it was shown in Ref. [11℄, the dominan
e of heli
ity{
onserving amplitudes in gaugetheory implies universal ratios for the 
harge, magneti
, and quadrupole FFs of spin{onebound states: GC(Q2) : GM(Q2) : GQ(Q2) = �1� 23�� : 2 : �1 (34)where � = Q2=4m2 (m is the mass of the spin{one parti
le). These ratios hold at large SL orTL momentum transfer in the 
ase of 
omposite systems su
h as the �{meson or deuteronin QCD with 
orre
tions of order �QCD=Q and �QCD=M�;d, where �QCD is the QCD s
ale.The dimensional 
ounting rules [33℄ of pQCD for ex
lusive two{body s
attering pro
essesat large s, with t=s �xed, predi
t the following asymptoti
 behavior of the di�erential 
rossse
tion d�dt ���t!1 � 1tn�2f(t=s); (35)where n is the total number of in
oming and outgoing �elds (n = 6 in the 
ase of e+e� !�+�� or e��! e�� rea
tions). 13



These asymptoti
 
onditions imply following asymptoti
 behavior of the �{meson FFsGC(t); GM(t); GQ(t) (in our 
ase t = q2)jGC(t)j���t!1 � t�1 ; jGM(t)j���t!1 � t�3=2 ; jGQ(t)j���t!1 � t�2: (36)Normalization of FFs GC(t); GM(t); GQ(t) at the point t = 0 was taken from 
al
ulation [14℄GC(0) = 1 ; GM(0) = �� = 2:14 ; GQ(0) = �m2�Q� = �0:79: (37)The most simple parametrization of �{meson ele
tromagneti
 FFs, whi
h ful�lls asymp-toti
 behavior (36) is a monopole parametrization for GC(t) and dipole parametrizations forGM(t); GQ(t). However, it is not possible to obtain the behavior with node using a simplemonopole/dipole parametrization (monopole/dipole fun
tion is always di�erent from zero),whi
h was predi
ted for GC(t) by impulse approximation models [14℄. Therefore, we 
om-posed 
harge FF from two monopole terms in order to reprodu
e predi
ted node. We usedfollowing parametrization GC(t) = A1� tm2C1 + B1� tm2C2GM(t) = GM(0)(1� tm2M )2GQ(t) = GQ(0)(1� tm2Q )2 ; (38)where A, B, mC1, mC2, mM andmQ are free parameters, whi
h were �tted in order to obtaingood reprodu
tion of � meson FFs in SL region given by [14℄. The values of parameters Aand B were �xed by the normalization and the position of the node t0 asGC(0) = A+B = 1 ; 0 = A1� t0m2C1 + B1� t0m2C2B = 1� A ; A = 1m2C1 � 1t01m2C1 � 1m2C2The results are presented in Table I. 14



A B mC1 [GeV℄ mC2 [GeV℄ mM [GeV℄ mQ [GeV℄1:41 �0:41 0:88 2:70 1:42 1:51TABLE I: Parameters of the simple monopole/dipole model of SL �{meson ele
tromagneti
 FFs.The extension of the model to TL region was made by introdu
ing of the widths ofparti
les 
arrying intera
tionmC1 ! mC1 � i�C12 ; mC2 ! mC2 � i�C22mM ! mM � i�M2 ; mQ ! mQ � i�Q2 ; (39)whi
h lead to following parametrization in TL regionGC(t) = A1� t(mC1 � i�C1=2)2 + B1� t(mC2 � i�C2=2)2GM(t) = GM(0)�1� t(mM � i�M=2)2�2GQ(t) = GQ(0)�1� t(mQ � i�Q=2)2�2 :V. RESULTSThe � meson FFs have been 
al
ulated in both SL and TL regions for two di�erent valuesof the widths �C1, �C2, �M , �Q, respe
tively, as 1% and 10% of the 
orresponding masses. InTL region, FFs are 
omplex, and present, in 
orrespondan
e of the value of the parameters,a resonant-like behavior whi
h enhan
es the three FFs. Therefore, the absolute value of the
ross se
tion is extremely sensitive to a small variation of the parameters, in this region.The numeri
al results are shown for q2 =3 GeV2. The di�erential 
ross se
tion is shownin Fig. 1a and the angular asymmetry in Fig. 1b. The shape of these distributions isa signature of the one photon me
hanism. The absolute value 
hange by 30% in 
ase of10% width (dashed line), 
ompared to 1% width (solid line). But the 
omparison at slightlydi�erent q2 values 
an di�er by order of magnitudes, due to the presen
e of the resonan
es inthe FFs parametrization. The di�erent polarization observables are shown in Fig. 1
-i. The15



behavior of Px, Pz, Pxx, and Pxz is almost independent on the width, as these observablesare determined either by the real part or by the modulus of FFs.The elements of the (polarized) spin density matrix of the � meson are plotted in Fig.2, at q2 =3 GeV2: �++(�) is shown in Fig. 2a, the real and imaginary parts of �+0(�) inFigs. 2b and 2
 , respe
tively. The magnitude of these last two terms is quite sensitive tothe value of the width, whereas �++(�) is not, be
ause it depends on jGM j2.All these observables are very sensitive to di�erent 
ombinations of FFs, therefore theirmeasurement will be espe
ially dis
riminative toward FFs models.VI. CONCLUSIONUsing the parametrization of the ele
tromagneti
 
urrent for 
��� vertex in terms of three
omplex FFs, we investigated the polarization phenomena in the rea
tion (1). We 
al
u-lated for these rea
tions the di�erential (and total) 
ross se
tions and various polarizationobservables as fun
tions of the 
orresponding set of FFs. The spin{density matrix elementsof the produ
ed � meson for the rea
tion (1) have been also 
al
ulated.We 
onstru
ted a simple model for the � meson FFs and �tted free parameters of thismodel to the predi
ted values of these FFs whi
h were 
al
ulated (for the SL region) both in
ovariant and light{front frameworks with 
onstituent quarks [14℄. Then FFs of our modelwere analyti
ally 
ontinued to the TL region. Using this model we estimated the di�erential
ross se
tion and various polarization observables whi
h were found to be sizeable.The rea
tion (1) has not yet been dete
ted in the existing experiments on 
ollidingele
tron{positron beams in the q2 region between 1 and 4 GeV2. We showed that, in frame ofVMD models, the absolute value is very sensitive to the presen
e, the position and the widthof resonan
es in this momentum range. So, the experimental investigation of this rea
tionwill give very useful information for the understanding of the ele
tromagneti
 properties ofthe � meson and 
onstitute a good testing for models of the � meson FFs.
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FIG. 1: Angular dependen
e of the di�erential 
ross se
tion (a); of the angular asymmetry R� Eq.(13) (b); of the spin polarization observables: Px (
), Py (d), Pz (e), Pxx:(f), Pyy (g), Pzz (h). Thefull line 
orresponds to a 10% width , the dashed line to 1% width.
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FIG. 2: Angular dependen
e of the elements of the � density matrix: �++(�) (a), Re�+0(�) (b),Im�+0(�) (
). The full line 
orresponds to a 10% width , the dashed line to 1% width.
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