
POLARIZATION PHENOMENA IN ANNIHILATION AND SCATTERINGE. Tomasi-Gustafsson, G.I Gakh,1 and C. Adamu�s���n2CEA, IRFU, SPhN, 91191 Gif-sur-Yvette, FraneE-mail: etomasi�ea.frAbstratModel independent properties of the matrix element and polarization observablesare derived for eletron positron annihilation in di�erent hannels involving spinone partiles. The general spin struture depends on the reation mehanism, hereassumed one photon exhange. The expression of the observables are derived asfuntions of the hadron eletromagneti form fators, and are given here, as anexample, for the reation e++e� ! a1+�. Hadron form fators should obey spei�analytial properties, in spae and time-like regions. Possible parametrizations andexperimental onstraints are illustrated.1 IntrodutionThe eletron positron annihilation into hadrons onstitutes an important soure of informationon the internal struture of the mesons: the light quarks and their interations as well as thespetrosopy of their bound states. The experimental data about these reations in the low{energy region are also relevant to the determination of the strong interation ontribution tothe anomalous magneti moment of the muon and to the test of standard model preditionsfor the hadroni tau{lepton deay, whih is related by the onservation of vetor urrents.Reently, the onstrution of the new detetors with a large solid angle, whih an operateat new olliders with high luminosity, opened new possibilities for the investigation of thereations e+ + e� ! multihadrons [1℄. Not only the statisti is highly inreased, but also thepossibility to detet harged as well as neutral pions allows to draw onlusions on the natureof the intermediate states. In the energy region 1 � W � 2:5 GeV (W is the total energy ofthe olliding beams) the proess of four pion prodution is one of the dominant proesses ofthe reation e++e� !hadrons. Its ross setion is larger than 2� prodution and omparableto e+ + e� ! �+ + ��.The proess of e+e� annihilation into four pions was �rstly deteted in Frasati [2℄ andlater on in Novosibirsk [3℄. Through a simultaneous analysis of the di�erential distributions intwo �nal hannels: 2�+2�� and �+��2�0, it was shown in [1℄ that the reation predominantlyours through the a1(1260)� and !�0 intermediate states in the energy range 1.05{1.38 GeV.It was also found that the relative fration of the a1(1260)� state inreases with the beamenergy. The measurement of the e+e� ! �+���+�� ross setion was extended to lowerenergies. Data obtained with larger statistial and systemati preision [4℄ on�rmed that thedominant prodution mehanism is onsistent with the a1(1260)� intermediate state. Theproess of multihadron prodution at large energies was also investigated with the BABARdetetor at the PEP{II asymmetri eletron{positron storage ring using the initial{state ra-diation [5℄. In partiular, the ross setion for the proess e+e� ! �+���+�� was measuredfor enter{of{mass (CMS) energies from 0.6 to 4.5 GeV, providing evidene of a resonant1National Siene Centre "Kharkov Institute of Physis and Tehnology", Kharkov, Ukraine2Institute of Physis, Slovak Aademy of Sienes, Bratislava, Slovakia1



struture, with preferred quasi{two{body prodution of a1(1260)�. A detailed understandingof the four{pion �nal state requires also information from �nal states suh as �+���0�0, towhih the �+�� intermediate state an ontribute.The high degree of preision of the urrent experiments require to devote speial attentionto radiative orretions. The lepton struture funtion method [6℄ provides a very onve-nient formalism, at thousandth preision, whih an be onveniently inluded in Monte Carlogenerators [7℄.2 The e� + e+ annihilation into spin one partilesThe di�erential (and total) ross setion and the elements of the spin{density matrix of the a1-meson are alulated in terms of the eletromagneti form fators (FFs) of the orresponding�a1� urrent. A model independent formalism, derived in [8℄ for spin one partiles, andapplied to the proess e++e� ! �++�� in [9℄, allows to express the experimental observables(di�erential ross setion, polarization observables, elements of the density matrix..) in termsof hadron FFs. In annihilation reations, these FFs should be known, or extrapolated fromthe spae-like region into the time-like (TL) region, on the basis of analytial arguments.The expression of the experimental observables in terms of (omplex) amplitude is modelindependent, but these amplitudes or form fators are built in frame of hadron models.We illustrate here the appliation of this formalism to the reation e+ + e� ! a1 + �. Inthe one-photon approximation, the di�erential ross setion in terms of the hadroni, W�� ,and leptoni, L�� , tensors, negleting the eletron mass, is written asd�d
 = �2q6 p2WL��W�� ; (1)where � = 1=137 is the eletromagneti onstant, p = q(q2 +m2 �M2)2 � 4m2q2=2W is the�nal{partile momentum in the reation CMS, m and M are the masses of the pion and of thea1 meson, respetively. 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 setion isnot averaged over the spins of the initial beams).The leptoni tensor (for the ase of longitudinally polarized eletron beam) isL�� = �q2g�� + 2(k1�k2� + k2�k1�) + 2i�"����k1�k2� ; (2)where � is the degree of the eletron beam polarization (further we assume that the eletronbeam is ompletely polarized and onsequently � = 1).The hadroni tensor W�� is de�ned as bilinear ombination of the eletromagneti urrentJ�, desribing the transition � ! �a1, as follows:W�� = J�J�� : (3)J� depends on two FFs, fi(q2) i = 1; 2, whih are omplex funtions of q2 (the mass of thevirtual exhanged photon) in the region of the TL momentum transfer (q2 > 0). Assumingthe P{ and C{invariane of the hadron eletromagneti interation this urrent an be writtenas [10℄ J� = f1(q2)(q2U�� � q � U�q�) + f2(q2)(q � p2U�� � q � U�p2�); (4)where U� is the polarization four-vetor desribing the spin one a1{meson.2



In ase of real photon, f1 does not ontribute, and the value f2(0) an be obtained fromthe experimental data on the deay width �(a1 ! �): For unstable partiles, the vetor andtensor polarizations are diretly related to the angular distribution of their deay produts;the angular distribution an be expressed in terms of the spin{density matrix. The ompletederivation of the observables an be found in Ref. [11℄. Here we give the expressions for thedi�erential ross setion and for the single spin polarization observables.In the reation CMS the unpolarized di�erential ross setion, assuming one photon ex-hange, an be written as d�und
 = �22q4 pW (A+B sin2 �);A = jq2f1 + 12(q2 �M2 +m2)f2j2; B = 2�p2[q2jf1 + f2j2 �M2jf2j2℄; (5)where � is the angle between the momenta of the axial{meson (~p) and of the eletron beam (~k),� = q2=4M2. Integrating this expression with respet to the axial{meson angular variablesone obtains the following formula for the total ross setion:�tot(e+e� ! �a1) = 2��23q4 pW �3jq2f1 + 12(q2 �M2 +m2)f2j2++4�p2[q2jf1 + f2j2 �M2jf2j2℄i : (6)Let us de�ne an angular asymmetry, R, with respet to the di�erential ross setion, ��=2,measured at � = �=2, d�und
 = ��=2(1 +R os2 �); R = �B=(A +B): (7)As it was previously shown in the ase of e++e� ! d+ �d [8℄, this observable is very sensitive tothe di�erent underlying assumptions on the axial{meson FFs and does not require polarizationmeasurements.The vetor polarization of the outgoing axial{meson, Py, whih does not require polariza-tion in the initial state isPy = 18p��0 h(q2 +M2 �m2)2 � 4M2q2i sin(2�)Imf1f �2 ; (8)where �0 = A+B sin2 �: One an see that this polarization is determined by non{zero phasedi�erene of the omplex FFs f1 and f2.Let us onsider now the ase of a longitudinally polarized eletron beam. The othertwo omponents of the axial{meson vetor polarization (Px, Pz) require the initial partilepolarization 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 : (9)The axial{meson FFs are omplex funtions in the TL region. So, for the ompletedetermination of FFs it is neessary to measure three quantities: two moduli of FFs and their3
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Figure 1: Angular dependene of the vetor polarization observables Px, Py, Pz at q2 = 2GeV2, Eqs. (8,9).phase di�erene. Therefore, the measurement of the unpolarized di�erential ross setion doesnot allow to determine ompletely FFs. For this aim, it is also neessary to determine thespin{density matrix elements of the produed axial meson measuring the angular distributionof its deay produts.3 Parametrizations for a1 form fatorsVetor Meson Dominane (VMD) inspired models have proved to be very suessful in de-sribing the struture of hadrons. Suh models ontain a small number of parameters, withtransparent physial meaning, and an be analytially extended to the full region of momen-tum transfer squared. The proton eletromagneti FFs in spae-like region were suessfullyreprodued by a parametrization based on two omponents in the hadron struture: an in-trinsi struture, very ompat, haraterized by a dipole q2 dependene and a meson loud[12℄. A generalization of this piture to the deuteron [8℄ gives a very good desription of allknown data on the three deuteron eletromagneti FFs, with as few as six free parameters,inluding evident physial onstraints [8℄.In order to predit the behavior of the experimental observables, we suggest a simplemodel for the a1 transition FFs, in TL region. We used a simple VMD-based parametrizationsaturated by vetor mesons. The ontribution of one vetor meson is given by the Breit-Wigner form �fi = Cv;iMvM2v � q2 + iMv�v ; i = 1; 2; (10)where Mv and �v are the mass and the width of a vetor meson arrying the interation.In general one should introdue all allowed vetor mesons, but, as shown in Refs. [13, 14℄,the largest ontribution to the ross setion is given by the �(770), �0(1450), and, at higherenergies, �"(1700). We onsider only data for the total ross setion at energies above the a1�kinematial threshold, whih have been ompiled from Refs. [15, 5℄. The experimental data [5℄show a lear ontribution from J= around ps = 3:01 GeV. We exluded the orresponding(four) data points from the �t. The �nal form of our parametrization has, therefore, in totalsix parameters: three normalization onstants, C�;i, C�0;i, C�00;i for eah of the two FFs. The��a1 transition form fators (moduli) are presented in the Fig.2. Peaks an be seen inorrespondene with the masses of the hosen vetor mesons. For jf2j, one an see a bumparound q2 = 4 GeV2, whih results from the interferene of the di�erent terms.4
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Figure 2: q2 dependene of the ��a1 transition form fators f1, f2.Suh �t assumes that the intermediate state a1� saturates the ross setion [4℄. If otherintermediate hannels ontribute to this yield, and only a fration of the ross setion isdue to the a1� intermediate state, then (assuming no dependene on q2) the normalizationparameters should be resaled by the square root of that fration.Fig. 1 shows the vetor polarization observables. One should note here that the vetorpolarization of vetor mesons an not be measured through their deays whih are drivenby strong and eletromagneti interation with onservation of P-parity [16℄. In generalpolarization observables an be quite large and show a partiular behavior, whih an beexperimentally veri�ed.4 ConlusionsA model independent formalism, developed for sattering and annihilation involving spin 1/2partiles, has been extended to spin one partiles. In partiular it has been reently appliedto e+ + e� annihilation into d+ �d and �� in �nal state.Here we have shown results onerning the reation e++e� ! a1+�. Substantial progresshas been reently done, in the detetion of multipion prodution in e+e� annihilation, andin the identi�ation of the intermediate states. The expression of the ross setion andof polarization observables is given in a general form in terms of transition FFs. FFs areomplex in the time-like region and have been parametrized aording to a VMD inspired q2dependene, saturated by vetor mesons. The parameters have been �tted to the availabledata. Polarization e�ets either vanish or are large and measurable. Through the omparisonwith the existing data, this formalism gives onstraints for the � ! a1(1260)� transitionFFs.This work was inspired by enlightening disussions with Prof. M. P. Rekalo. C.A. waspartly supported by the Slovak Grant Ageny for Sienes VEGA under Grant N. 2/7116/28and G.I.G. by grant INTAS Ref. Nr 05-1000008-8328. The frenh Groupement de ReherheNuleon, is aknowledged for useful meetings and ontinuous support.
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