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I. INTRODUCTIONThe ele
tron positron annihilation into hadrons 
onstitutes an important sour
e of infor-mation on the internal stru
ture of the mesons: the light quarks and their intera
tions aswell as the spe
tros
opy of their bound states. The experimental data about these rea
tionsin the low{energy region are also relevant to the determination of the strong intera
tion
ontribution to the anomalous magneti
 moment of the muon, to the test of standard modelpredi
tions for the hadroni
 tau{lepton de
ay, whi
h is related by the 
onservation of ve
tor
urrents.Re
ently, the 
onstru
tion of the new dete
tors with a large solid angle, whi
h 
an operateat new 
olliders with high luminosity, opened new possibilities for the investigation of therea
tions e+ + e� ! multihadrons [1℄. Not only the statisti
 is highly in
reased, but alsothe possibility to dete
t 
harged as well as neutral pions allows to draw 
on
lusions on thenature of the intermediate states.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 is one of the dominant pro
esses of the rea
tion e+ +e� !hadrons. Its 
ross se
tion is larger than 2� produ
tion and 
omparable to e+ + e� !�+ + ��.The pro
ess of e+e� annihilation into four pions was �rstly dete
ted in Fras
ati [2℄ andlater on in Novosibirsk [3℄. Through a simultaneous analysis of the di�erential distributionsin two �nal 
hannels: 2�+2�� and �+��2�0, it was shown in [1℄ that the rea
tion pre-dominantly o

urs through the a1(1260)� and !�0 intermediate states in the energy range1.05{1.38 GeV. It was also found that the relative fra
tion of the a1(1260)� state in
reaseswith the beam energy. The measurement of the e+e� ! �+���+�� 
ross se
tion was ex-tended to lower energies. Data obtained with larger statisti
al and systemati
 pre
ision[4℄ 
on�rmed that the dominant produ
tion me
hanism is 
onsistent with the a1(1260)�intermediate state.The pro
ess of the multihadron produ
tion at large energies was also investigated with theBABAR dete
tor at the PEP{II asymmetri
 ele
tron{positron storage ring using the initial{state radiation [5℄. In parti
ular, the 
ross se
tion for the pro
ess e+e� ! �+���+�� wasmeasured for 
enter{of{mass (CMS) energies from 0.6 to 4.5 GeV, providing eviden
e ofa resonant stru
ture, with preferred quasi{two{body produ
tion of a1(1260)�. A detailed2



understanding of the four{pion �nal state requires also information from �nal states su
h as�+���0�0, to whi
h the �+�� intermediate state 
an 
ontribute. A summary of the hadroni

ross se
tion measurements performed with BABAR via radiative return is given in Ref. [6℄.In this paper we 
onsider the rea
tione�(k1) + e+(k2)! a1(p1) + �(p2); (1)where a1 is the axial{ve
tor meson a1(1260) with the following quantum numbers IG(JPC) =1�(1++). The notation for the parti
le four-momenta is given in bra
kets.The determination of the pseudos
alar{meson FFs as pions and kaons requires only 
rossse
tion measurements. They have been extensively studied both in the spa
e{like and time{like regions (see, for example, [7℄). Light ve
tor mesons are less known, be
ause theirexperimental determination is more diÆ
ult, due to their short lifetimes. However, the tdependen
e of the 
ross se
tion for 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.From the theoreti
al point of view, the pro
esses of the ve
tor{ and axial{mesons pro-du
tion in the ele
tron{positron annihilation were 
onsidered in a number of papers. Thepredi
tions for the di�erential and total 
ross se
tions of the rea
tion e+e� ! a�1 + �� wasgiven in Ref. [8℄ in the framework of the hard{pion 
urrent algebra models.It was shown that the rea
tion 
ross se
tion alone 
ould be, in prin
iple, dis
riminativetoward models. Using VMD model, the authors of Ref. [9℄ investigated the rea
tion e+e� !mesons assuming two{body (or quasi{two{body) �nal states, as a1(1260)� and �+��. AllFFs were taken equal to unity. Estimations of the 
ross se
tions of the pro
esses e+e� ! 3�,4� were also obtained, using the VMD model, in Ref. [10℄.It appears that the magnitude and energy dependen
e of the 
ross se
tion alone 
an not
onstitute a de
isive test on the validity of VMD models. A re
ent dis
ussion 
an be found inRef. [11℄, where existing models [12{14℄ have been phenomenologi
ally modi�ed, in
ludingparameters to be �tted on the data. A good des
ription of the 
ross se
tion is obtainedassuming a1� intermediate state, in addition to � and �, and in
luding higher � resonan
esfor energies over 1 GeV.Due to the 
onservation of ve
tor 
urrent the 
ross se
tion of the e+e� ! 4� pro
ess 
anbe related to the probability of the � ! 4��� de
ay. Therefore, all realisti
 models des
ribing3



the �rst pro
ess, should also be appli
able to the des
ription of the latter one. It was found[15℄ that the assumption of the a1(1260)� dominan
e is in qualitative agreement with allavailable data. The free{parameter investigation of the bran
hing ratios and distributionfun
tions of the four parti
le de
ay of � ! ����, in terms of the e�e
tive 
hiral theory ofmesons, is 
onsistent with the data [16℄. The theory predi
ted the a1 dominan
e in thesefour parti
le de
ay of the tau{lepton.The purpose of this paper is to 
al
ulate the di�erential (and total) 
ross se
tions and theelements of the spin{density matrix of the a1-meson in terms of the ele
tromagneti
 formfa
tors (FFs) of the 
orresponding 
�a1� 
urrent. A model independent formalism, derivedin [17℄ for spin one parti
les, and applied to the pro
ess e+ + e� ! �+ + �� in [18℄, allowsto express the experimental observables (di�erential 
ross se
tion, polarization observables,elements of the density matrix..) in terms of hadron FFs. In annihilation rea
tions, theseFFs should be known, or extrapolated from the spa
e-like region into the time-like (TL)region, on the basis of analyti
al arguments.II. FORMALISMThe following derivation is based on the one-photon ex
hange me
hanism. In prin
iple,at large q2, one should take into a

ount the two{photon{ex
hange 
ontribution, as it wassuggested a few de
ades ago [19℄. In 
ase of spin one parti
les, model independent propertiesof the two{photon{ex
hange 
ontribution in elasti
 ele
tron{deuteron s
attering have beendis
ussed in Refs. [20, 21℄. However no experimental eviden
e has been found, up to now,on the presen
e of two{photon{ex
hange in the s
attering [22℄ as well as in the annihilation
hannels [23℄, and we do not in
lude su
h 
ontribution whi
h makes the formalism very
ompli
ated.A. The spin stru
ture of the matrix elementIn the one-photon approximation, the di�erential 
ross se
tion of the rea
tion (1) in termsof the hadroni
, W�� , and leptoni
, L�� , tensors, negle
ting the ele
tron mass, is written asd�d
 = �2q6 p2W L��W��; (2)4



where � = 1=137 is the ele
tromagneti
 
onstant, p = q(q2 +m2 �M2)2 � 4m2q2=2W isthe �nal{parti
le momentum in the rea
tion CMS, m and M are the masses of the pion and ofthe a1 meson, respe
tively. The four momentum of the virtual photon is q = k1+k2 = p1+p2,with q2 =W 2, and W is the total energy of the initial beams (note that the 
ross se
tion isnot 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 thetransitions 
� ! �a1, as follows W�� = J�J�� : (4)The hadron tensor W�� 
an be expressed in terms of FFs of the 
� ! �a1 transition,using the expli
it form of the ele
tromagneti
 
urrent J�. The spin{density matrix of thea1� meson is 
omposed of three terms, 
orresponding to unpolarized, ve
tor and tensorpolarized meson: ��� = ��g�� � p1�p1�M2 � + i2M"����s�p1� + 3Q�� : (5)Here s� and Q�� are the a1� meson polarization four ve
tor and quadrupole tensor, re-spe
tively. The four ve
tor of the a1� meson ve
tor polarization s� and the a1� mesonquadrupole{polarization tensor Q�� satisfy the following 
onditions:s2 = �1; sp1 = 0; Q�� = Q��; Q�� = 0; p1�Q�� = 0 :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 andW��(V )(W��(T )) 
orresponds to the 
ase of the ve
tor (tensor) polarized a1� meson.These expressions are general, for any spin one parti
le in the �nal state. Let us 
onsidermore parti
ularly, the rea
tion e+ + e� ! � + a1 whi
h has been shown to be the main
ontribution to the 4� �nal state. 5



The ele
tromagneti
 
urrent of the 
� ! �a1 transition is des
ribed by two FFs. Assum-ing the P{ and C{invarian
e of the hadron ele
tromagneti
 intera
tion this 
urrent 
an bewritten as [10℄ J� = f1(q2)(q2U�� � q � U�q�) + f2(q2)(q � p2U�� � q � U�p2�); (7)where U� is the polarization four-ve
tor des
ribing the spin one a1{meson, and fi(q2); (i =1; 2) are the ele
tromagneti
 FFs des
ribing the 
� ! �a1 transition (note that we singledout expli
itly the ele
tron 
harge e from the expression for the ele
tromagneti
 
urrent).The FFs fi(q2) are 
omplex fun
tions of the variable q2 in the region of the TL momentumtransfer (q2 > 0).In 
ase of real photon, f1 does not 
ontribute, and the value f2(0) 
an be obtained fromthe experimental data on the de
ay width �(a1 ! �
): The expression of the radiative de
aywidth � in the axial{ve
tor meson rest frame is� = 1� !24M2 jMj2; (8)where ! is the photon momentum in the axial{ve
tor meson rest frame, ! = (M2�m2)=2M;and the matrix element of the radiative de
ay is written as: M = ee�J�, where e� is thephoton polarization four{ve
tor. So, the value of FF f2 at point q2 = 0 
an be obtainedfrom the following expression f 22 (0) = 12 �M3�(M2 �m2)3 : (9)Another estimation of these FFs was obtained in Ref. [10℄ where the pro
esses e+e� ! 3�,4� were studied. The spin stru
ture of the matrix element of the a1�� transition is similarto the 
�a1� transition. The two 
oupling 
onstants des
ribing the a1�� transition wereestimated by using the method of hard pions and knowing the width of the a1{meson (takenabout 130 MeV) [10℄. The 
orresponding values: g2=4� � 1:3 and � = 1:6 were obtained.The following relations hold:ef1(q2 = m2�) = gm� ; ef2(q2 = m2�) = gm� (� � 1):The expli
it expressions for the 
ontributions to the hadroni
 tensor are:- Unpolarized term W��(0): 6



W��(0) = W1(q2)~g�� + W2(q2)M2 ~p1�~p1� ; ~g�� = g�� � q�q�q2 ; ~p1� = p1� � p1qq2 q� ;whereW1(q2) = �jq2f1 + 12(q2 �M2 +m2)f2j2; W2(q2) = q2 �q2jf1 + f2j2 �M2jf2j2� ; (10)- Term for ve
tor polarization W��(V ):W��(V ) = iM V1(q2)"����s�q� + iM3V2(q2)[~p1�"����s�q�p1� � ~p1�"����s�q�p1�℄ ++ 1M3V3(q2)[~p1�"����s�q�p1� + ~p1�"����s�q�p1�℄;V1(q2) = �M2(q2 +M2 �m2)�1jq2f1 + 12(q2 �M2 +m2)f2j2;V2(q2) = �M2q2(q2 +M2 �m2)�1 �q2jf1j2 + 12(q2 �M2 +m2)jf2j2+12(3q2 �M2 +m2)Ref1f �2 � ;V3(q2) = �12M2q2Imf1f �2 ; (11)- Term for tensor polarization W��(T ):W��(T ) = T1(q2) �Q~g�� + T2(q2) �QM2 ~p1�~p1� + T3(q2)(~p1� eQ� + ~p1� eQ�) +T4(q2) eQ�� + iT5(q2)(~p1� eQ� � ~p1� eQ�); (12)where eQ� = Q��q� � q�q2 �Q; eQ�q� = 0; eQ�� = Q�� + q�q�q4 �Q� q�q�q2 Q�� � q�q�q2 Q��;eQ��q� = 0; �Q = Q��q�q�;T1(q2) = 0; T2(q2) = 3M2jf2j2; T3(q2) = 32(q2 �M2 +m2)jf2j2 + 3q2Ref1f �2 ;T4(q2) = 3jq2f1 + 12(q2 �M2 +m2)f2j2; T5(q2) = �3q2Imf1f �2 : (13)B. Expressions for the observablesUsing the de�nitions of the 
ross se
tion (2), of the leptoni
 (3) and hadroni
 (6) tensors,one 
an derive the expression for the unpolarized di�erential 
ross se
tion in terms of the7



stru
ture fun
tions W1;2 (after averaging over the spins of the initial parti
les)d�und
 = �22q4 pW (�W1(q2) + 12W2(q2) "� � 1� (u� t)24M2q2 + M2 �m24M2q2 (2q2 +M2 �m2)#) ;(14)where � = q2=(4M2), t = (k1� p1)2 and u = (k1� p2)2. In the rea
tion CMS this expression
an be written as d�und
 = �22q4 pW (A +B sin2 �);A = jq2f1 + 12(q2 �M2 +m2)f2j2; B = 2�p2[q2jf1 + f2j2 �M2jf2j2℄; (15)where � is the angle between the momenta of the axial{meson (~p) and of the ele
tron beam(~k). Integrating this expression with respe
t to the axial{meson angular variables one obtainsthe following formula for the total 
ross se
tion:�tot(e+e� ! �a1) = 2��23q4 pW �3jq2f1 + 12(q2 �M2 +m2)f2j2++4�p2[q2jf1 + f2j2 �M2jf2j2℄i : (16)Let us de�ne an angular asymmetry, R, with respe
t to the di�erential 
ross se
tion, ��=2,measured at � = �=2, d�und
 = ��=2(1 +R 
os2 �); R = �B=(A+B): (17)As it was previously shown in the 
ase of e+ + e� ! d + �d [17℄, this observable is verysensitive to the di�erent underlying assumptions on the axial{meson FFs and does notrequire polarization measurements.The di�erential 
ross se
tion in terms of FFs fi(q2) 
ontains not only the moduli of theseFFs but also their interferen
e (15). One 
an 
hoose a linear 
ombinations of these FFs, insu
h a way that the unpolarized di�erential 
ross se
tion will 
ontain only moduli. Let usintrodu
e new FFs gi(q2) whi
h related to the old ones as followsf1 = g1 + g2; f2 = 
g1 + dg2; (18)where 
 = �2q2=(q2 �M2 +m2); d = (q2 +M2 �m2)=(M2 � q2 +m2): Then the stru
turefun
tions Wi des
ribing the unpolarized part of the hadroni
 tensor 
an be written asW1(q2) = � 4p4q4(q2 �M2 �m2)2 jg2j2; (19)8



W2(q2) = 4p2q4 " q2(q2 �M2 +m2)2 jg1j2 � M2(q2 �M2 �m2)2 jg2j2# : (20)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℄ ; (21)where Pi, Pij, and Rij, i; j = x; y; z are, respe
tively, the 
omponents of the ve
tor, tensorpolarization and of the quadrupole polarization tensor of the outgoing a1{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 
onsider the di�erent polarization observables and give their expression in termsof the 
� ! a1� transition FFs.� The ve
tor polarization of the outgoing axial{meson, Py, whi
h does not require po-larization in the initial state isPy = 18p��0 h(q2 +M2 �m2)2 � 4M2q2i sin(2�)Imf1f �2 ; (22)where �0 = A+B sin2 �: One 
an see that this polarization is determined by non{zerophase di�eren
e of the 
omplex FFs f1 and f2.� The axial{ve
tor meson 
an be tensor polarized also in 
ase of unpolarized initialbeams.The 
omponents of the tensor polarization arePxx = �34 1�0 sin2 � ����q2f1 + 12(q2 �M2 +m2)f2����2 ;Pxz = 34p��0 sin(2�)q2 (2(q2 +M2 �m2) ����q2f1 + 12(q2 �M2 +m2)f2����2++ h(q2 +M2 �m2)2 � 4M2q2i �12(q2 �M2 +m2)jf2j2 + q2Ref1f �2 �� ;Pzz = 38 1�0 1M2q2 h(q2 +M2 �m2)2 � 4M2q2i (����q2f1 + 12(q2 �M2 +m2)f2����2++12 sin2 � h�q4jf1j2 + q2(q2 + 3M2 � 3m2)Ref1f �2++�2q2(q2 �M2)� 34(q2 �M2 +m2)2� jf2j2�� : (23)9



A possible non{zero phase di�eren
e between the axial{meson FFs leads to anotherT{odd polarization observable proportional to the Ryz 
omponent of the axial{mesontensor polarization. It takes the formPyz = �32p��0 h(q2 +M2 �m2)2 � 4M2q2i sin �Imf1f �2 : (24)� Let us 
onsider now the 
ase of a longitudinally polarized ele
tron beam. The othertwo 
omponents of the axial{meson ve
tor polarization (Px, Pz) require the initialparti
le polarization and arePx = �14p��0 sin � n2q2(q2 +M2 �m2)jf1j2 + h(q2 �M2)2 �m4i jf2j2++ hq2(3q2 � 2M2 � 2m2)� (M2 �m2)2iRef1f �2o ;Pz = 12 1�0 
os � ����q2f1 + 12(q2 �M2 +m2)f2����2 : (25)III. SPIN{DENSITY MATRIX OF AXIAL{MESONFor unstable parti
les, the ve
tor and tensor polarizations are dire
tly related to theangular distribution of their de
ay produ
ts; one 
an show that the angular distribution
an be expressed in terms of the spin{density matrix. Let us 
al
ulate the elements of thespin{density matrix of the axial{meson whi
h is produ
ed in the rea
tion e++ e� ! �+ a1.The 
al
ulation is done in CMS of this rea
tion.In 
ase of unpolarized initial lepton beams, the 
onvolution of the lepton L�� and hadronW�� tensors 
an be written as Sun = S��U�U�� ; (26)where U� is the polarization four{ve
tor of the dete
ted axial{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�): (27)The fun
tions Si(i = 1� 5) 
an be written in terms of the two transition FFs of the axial{meson. Their expli
it form isS1 = �q2 ����q2f1 + 12(q2 �M2 +m2)f2����2 ;10



S2 = �q2(q2 �M2)� 14(q2 �M2 +m2 + 2Wp 
os �)2� jf2j2 ++q2(q2 +M2 �m2 � 2Wp 
os �)Ref1f �2 ;S3 = �4 ����q2f1 + 12(q2 �M2 +m2)f2����2 ;S4 = 2q4jf1j2 + 2q2(q2 �M2 +m2 +Wp 
os �)2Ref1f �2 ++12(q2 �M2 +m2)(q2 �M2 +m2 + 2Wp 
os �)jf2j2;S5 = �2q2Wp 
os �Imf1f �2 : (28)The T{odd stru
ture fun
tion S5 is not zero here sin
e the transition FFs of the axial{mesonare 
omplex fun
tions.The elements of the spin{density matrix of the axial{meson are de�ned asS�mm0 = S��U (m)� U (m0)�� ; S = S�� ��g�� + p1�p1�M2 � ; (29)where S = 2q2(A + B sin2 �), and U (m)� is the polarization four{ve
tor of the axial{mesonwith de�nite (m = 0;�1) proje
tion on the z axis. In our 
ase it is dire
ted along theaxial{meson momentum and thus U (m)� are the polarization ve
tors with de�nite heli
ity.The elements of the spin{density matrix of the axial{meson are�++ = ��� = q22S (1 + 
os2 �) ����q2f1 + 12(q2 �M2 +m2)f2����2 ;�00 = q4M2S sin2 � �14(q2 +M2 �m2)2jf1j2 + h2p2q2 +M2(q2 �M2 +m2)iRef1f �2++(m2M2 + p2q2)jf2j2o ;�+� = ��+ = q22S sin2 � ����q2f1 + 12(q2 �M2 +m2)f2����2 ;�+0 = �q4S r�2 sin � 
os �((q2 +M2 �m2)jf1j2 + (1� M2 �m2q2 ) h(q2 +M2 �m2)Ref1f �2++12(q2 �M2 �m2)jf2j2�+ 2p2f2f �1� ;��0 = ��+0; �0+ = ��+0; �0� = ���0: (30)The spin{density matrix is normalized as Tr� = 1 or �+++ ���+ �00 = 1: The element �+0is 
omplex and the real and imaginary parts are written as:Re�+0 = �q4S r�2 sin � 
os �(�q2 +M2 �m2� jf1j2 + 12  1� M2 �m2q2 !�q2 �M2 �m2� jf2j2 + 12 "3q2 � 2M2 � 2m2 � (M2 �m2)2q2 #Ref1f �2) ;Im�+0 = p2q4S r�2 sin 2�Imf1f �2 : (31)11



Let us 
onsider the 
ase when the ele
tron beam is longitudinally polarized. Then the
onvolution of the spin{dependent part of the lepton and hadron tensors 
an be written asS(�) = S��(�)U�U�� ; (32)where � is the degree of the ele
tron beam polarization and the S��(�) tensor 
an be writtenas S��(�) = Q1�����k1�k2� +Q2(q�a� � q�a�) +Q3(q�a� + q�a�); (33)where a� = ����
p�k1�k2
, p = p1�p2. The stru
ture fun
tions Qi(i = 1�3) 
an be writtenin terms of the two transition FFs of the axial{meson asQ1 = �2i� ����q2f1 + 12(q2 �M2 +m2)f2����2 ;Q2 = �2i�Re �q2f1 + 12(q2 �M2 +m2)f2� f �2 ;Q3 = 2�q2Imf1f �2 : (34)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 a1-meson that depend on the longitudinalpolarization of the ele
tron beam 
an be de�ned asS�mm0(�) = S��(�)U (m)� U (m0)�� ; (35)and they are expressed in terms of FFs as�++(�) = ����(�) = �S q2 
os � ����q2f1 + 12(q2 �M2 +m2)f2����2 ;�00(�) = �+�(�) = ��+(�) = 0;�+0(�) = ��Sr�2q4 sin � n(q2 +M2 �m2)jf1j2++  1� M2 �m2q2 !�(q2 +M2 �m2)Ref1f �2 + 12(q2 �M2 �m2)jf2j2�+ 2p2f2f �1) ;�0+(�) = ��+0(�); ��0(�) = �+0(�); �0�(�) = ���0(�): (36)The spin{density matrix element �+0(�) is a 
omplex quantity and its real and imaginaryparts areRe�+0(�) = ��Sr�2q4 sin �((q2 +M2 �m2)jf1j2 + 12  1� M2 �m2q2 ! (q2 �M2 �m2)jf2j2++12 "(3q2 � 2M2 � 2m2 � (M2 �m2)2q2 #Ref1f �2) ;Im�+0(�) = �Sp2�p2q4 sin �Imf1f �2 : (37)12



The axial{meson FFs are 
omplex fun
tions in the TL region. So, for the 
omplete deter-mination of FFs it is ne
essary to measure three quantities: two moduli of FFs and theirphase di�eren
e. Therefore, the measurement of the unpolarized di�erential 
ross se
tiondoes not allow to determine 
ompletely FFs. It is ne
essary to determine the spin{densitymatrix elements of the produ
ed axial meson measuring the angular distribution of its de
ayprodu
ts.The measurement of the angular dependen
e of the unpolarized di�erential 
ross se
tionallows to determine the stru
ture fun
tions A and B. So, one 
an determine the followingratio R1 = BA = p22M2 "1 + 2r 
os� +  1� M2q2 ! r2#241 +  1 + m2 �M2q2 ! r 
os� + 14  1 + m2 �M2q2 !2 r235�1 ; (38)where r = jf2j=jf1j and � is the relative phase of two 
omplex FFs f1 and f2 de�ned asfollows: � = �1 � �2, where �1 = Argf1 and �2 = Argf2. Thus, Eq. 38 
ontains twounknown quantities: � and r. Another equation for the determination of these quantities
an be obtained, for example, from the following ratio of the spin{density matrix elementsof the produ
ed axial mesonR2 = �00�+� = 8� �14(q2 +M2 �m2)2 + h2p2q2 +M2(q2 �M2 +m2)i r 
os�+ (39)+(m2M2 + p2q2)r2o �q4 + q2(q2 �M2 +m2)r 
os� + 14(q2 �M2 +m2)2r2��1 :And, �nally, the phase di�eren
e � 
an be determined by �xing the sign of sin� from themeasured spin{density matrix element Im�0+. Note that the 
omplete determination oftwo 
omplex FFs f1 and f2 does not require the polarization of the initial beams. Themeasurement of the angular distribution of the unpolarized di�erential 
ross se
tion allowsto determine the stru
ture fun
tions A an B separately. Knowing the ratio r, one 
andetermine the moduli jf1j and jf2j.IV. NUMERICAL RESULTSVMD inspired models have proved to be very su

essful in des
ribing the stru
ture ofhadrons. Su
h models 
ontain a small number of parameters, with transparent physi
al13



meaning, and 
an be analyti
ally extended to the full region of momentum transfer squared.A monopole-like behavior reprodu
e quite well the existing experimental data on pion FFs,and satis�es pQCD asymptoti
 [24℄. In order to predi
t the behavior of polarization observ-ables, we suggest a simple model for the a1 transition FFs, in TL region.We used a simple VMD-based parametrization saturated by ve
tor mesons. The 
ontri-bution of one ve
tor meson is given by the Breit-Wigner form�fi = Cv;iMvM2v � q2 + iMv�v ; i = 1; 2; (40)where Mv and �v are the mass and the width of a ve
tor meson 
arrying the intera
tion.In general one should introdu
e all allowed ve
tor mesons, but, as shown in Refs. [11, 25℄,the largest 
ontribution to the 
ross se
tion is given by the �(770), �0(1450), and, at higherenergies, �"(1700). We 
onsider only data for the total 
ross se
tion at energies above the a1�kinemati
al threshold, whi
h have been 
ompiled from Refs. [5, 26{28℄. The experimentaldata [5℄ show a 
lear 
ontribution from J= around ps = 3:01 GeV. We ex
luded the
orresponding (four) data points from the �t. The �nal form of our parametrization of thetwo 
��a1 transition form fa
torsfi = C�;iM�M2� � q2 + iM��� + C�0;iM�0M2�0 � q2 + iM�0��0 + C�";iM�"M2�" � q2 + iM�"��" ; i = 1; 2: (41)Su
h parametrization has, therefore, in total six parameters: three normalization 
onstants,C�;i, C�0;i, C�00;i for ea
h FF.The result of the �t for the available data on the total 
ross se
tion of the e+e� !�+���+�� pro
ess from [5, 26{28℄ is shown in Fig. 1, and 
orresponds to �2=ndf =455=154 = 2:9. The di�erent sets of data points are quite dispersed, espe
ially in theregion of the maximum. The resulting normalization 
onstants are given in Table I. The
��a1 transition form fa
tors (moduli) are presented in the Fig.2. Peaks 
an be seen in
orresponden
e with the masses of the 
hosen ve
tor mesons. For jf2j, one 
an see a bumparound q2 = 4 GeV2, whi
h results from the interferen
e of the di�erent terms.Figs. 3, 4 show the ve
tor and tensor polarization observables. One should note here thatthe ve
tor polarization of ve
tor mesons 
an not be measured through their de
ays whi
hare driven by strong and ele
tromagneti
 intera
tion with 
onservation of P-parity [29℄. Fig.5 shows the predi
tions for the density matrix elements. These quantities 
an be quite largeand show a parti
ular behavior, whi
h 
an be experimentally veri�ed. Finally, Fig. 6 showsthe predi
tions for the ratios R1, R2 Eqs. (38,39).14



i C�;i C�0;i C�";i1 2:35 � 0:01 �0:089 � 0:008 �0:131 � 0:0092 �4:45 � 0:11 0:56 � 0:05 0:38 � 0:03TABLE I: Optimal values of the normalization 
onstants C�;i; C�0;i; C�";i obtained by the �ttingpro
edure.
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� ! a1(1260)� in terms oftwo 
omplex FFs, we investigated the polarization phenomena in the annihilation rea
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(1). We 
al
ulated the di�erential (and total) 
ross se
tion and various polarization ob-servables as fun
tions of the FFs. The spin{density matrix elements of the produ
ed axialmeson have been also 
al
ulated.The q2 dependen
e of the FFs shows, as expe
ted, peaks in 
orresponden
e of the massesof the 
onsidered ve
tor meson. An interesting feature appears for f2 at Q2 � 4 GeV2,whi
h is due to an interferen
e of the di�erent terms. Note that none of the 
onsideredve
tor mesons 
orresponds to a mass of su
h value. An interferen
e of su
h origin 
an bethe reason for the plateau seen in the 
ross se
tion data, whi
h, however does not appearwith large intensity in our �t.The rea
tion (1) has been 
learly dete
ted in the experiments. The present results 
anbe useful for the analysis of the experimental data and for the determination of the 
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