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I. INTRODUCTIONBesides the ele
tromagneti
 form fa
tors (FFs), whi
h des
ribe the distribution of 
hargeand magnetization in the hadrons, the nu
leon is 
hara
terized by the axial form fa
tor,Ga(Q2), whi
h is related to weak neutral 
urrents. FFs are fun
tion of one kinemati
alvariable, the momentum transfer squared Q2 = �t, and are real in the spa
e-like (SL) regionof momentum transfer. The axial FF has been measured dire
tly by neutrino s
attering,�� + p ! �+ + n, or indire
tly, by near threshold 
harged pion ele
troprodu
tion in SLregion. Parity violating terms in ele
tron hadron intera
tion 
ontain also information onweak neutral 
urrents.The interest in parity-odd (P-odd) terms in ele
tron-hadron intera
tion, suggested byZeldovi
h in 1959 [1℄, has been re
ently renewed due to the possibility of very pre
ise polar-ization measurements in ele
tron proton s
attering. The asymmetry in ep elasti
 s
attering,generated by a longitudinally polarized beam on an unpolarized target, whi
h should vanishin Born one photon approximation, has been measured to be di�erent from zero at 10�6level [2℄. The origin of su
h asymmetry has been attributed to the interferen
e of 1
�N 1Zboson ex
hanges. This asymmetry 
an be related to the axial, pseudos
alar, strange nu
leonFFs, when the ele
tromagneti
 FFs are known. [3℄Following Lorentz, parity and time invarian
e, the ve
tor ele
tromagneti
 (EM) hadroni

urrent (whi
h des
ribes the vertex of a virtual photon with a hadron), the ve
tor neutraland axial hadroni
 
urrents, (whi
h des
ribe the vertex of a virtual Z-boson with a hadron)
an be written in a general form as:
N(p0)��JEM� ��N(p)� = �u(p0) �F1(Q2)
� + iF2(Q2)2mN ���q��u(p)
N(p0)��JNC;V� ��N(p)� = �u(p0)" ~F1(Q2)
� + i ~F2(Q2)2mN ���q�# u(p)
N(p0)��JNC;A�5 ��N(p)� = �u(p0)" ~GA(Q2)
� + ~GP (Q2)mN q�# 
5u(p); (1)where p, p0 are the four momenta of in
oming and outgoing nu
leon, q = p0 � p is the fourmomentum transfer, F1, F2 are the usual nu
leon EM Dira
 and Pauli form fa
tors, ~F1,~F2 are the 
orresponding neutral weak (ve
tor) FFs and ~GA, ~GP are the nu
leon axial andpseudos
alar form fa
tors. Similarly to the de�nition of EM Sa
hs form fa
tors, the neutral2



weak ve
tor FFs 
an be de�ned as:~GE(Q2) = ~F1(Q2)� � ~F2(Q2) ; ~GM(Q2) = ~F1(Q2) + ~F2(Q2): (2)Let us dis
uss the measurement of asymmetry in parity violating ele
tron-proton (ep)elasti
 s
attering. It is assumed that the underlying me
hanism is the ex
hange of a virtualphoton and a virtual Z0 boson. In prin
iple ep s
attering experiments probe both the ele
-tromagneti
 and weak neutral 
urrents. However the ele
tromagneti
 intera
tion is severalorder of magnitudes stronger than the weak intera
tion for Q2 � M2Z . In order to dete
tthe very small weak neutral 
urrent 
ontribution to ep s
attering one has to use an experi-mental observable whi
h is due to parity violating weak intera
tion. The di�eren
e betweenthe di�erential 
ross se
tions for the s
attering of longitudinally polarized ele
trons withspin parallel (+) and antiparallel (�) to their momenta, vanishes in Born approximation. Anonzero value signs the interferen
e term between one photon and one boson ex
hange andis implies parity violation.For elasti
 s
attering on a spin 1/2 target, the PV asymmetry depends, in prin
iple, onall FFs appearing in Eq. (1). However, if one assumes SU(3) symmetry, i.e., the dominan
eof light quarks u, d, s in the nu
leon, FFs 
an be expressed in terms of the quark 
ontent.Furthermore, extra
ting the 
harges of the quarks, the ve
tor 
urrent is the same for EM andweak intera
tion and the weak FFs 
an be expressed as a linear 
ombination of EM isos
alar,isove
tor and strange FFs. If one further assumes 
harge symmetry (i.e., 
orresponden
eof the u and d quarks wave fun
tions in the proton and in the neutron, respe
tively) PVasymmetry in elasti
 ep s
attering depends on three form fa
tors G(s)E , G(s)M , GA.Together with experimental data on other observables measured in pro
esses mentionedat the beginning of this se
tion, PV asymmetry 
an be used to separate data on these formfa
tors. In the present asymmetry measurements information on the strange form fa
tors isextra
ted assuming that the axial form fa
tor does not 
ontribute in the 
onditions wheremost of the experiments are performed. G0 plans dedi
ated runs at ba
kward angles in orderto extra
t information on the axial 
oupling of the photon with the nu
leon. SAMPLE gavevalues for the axial form fa
tor, 
ombining the results on the proton and deuteron targets.Nu
leon pseudos
alar form fa
tor 
an be extra
ted from ordinary muon 
apture on liquidhydrogen target and on light nu
lei at Q2 = 0:88M2�. We will not dis
uss this further, as itis usually negle
ted in the analysis of the data we 
onsider below.3



The existing experimental information on axial form fa
tor is available dire
tly throughthe rea
tion ��+ p! �++n, or indire
tly, through near threshold 
harged pion ele
tropro-du
tion, in SL region. In our analysis we 
onsider data from pion ele
troprodu
tion only.The axial form fa
tor is related to the slope of di�erential 
ross se
tion as a fun
tion of" near threshold. Low energy theorems 
al
ulate ele
tri
 dipole amplitude at threshold in
ase of soft pions. In order to 
ompare with real data, model dependent 
orre
tions mustbe introdu
ed to take into a

ount �nite pion mass. The data and their 
orre
tions will bedis
ussed below. A good parametrization is 
onsidered a dipole �t [17℄:GDA(Q2) = ga(0)(1 +Q2=M2A)2 (3)where MA = 1:069� 0:018 and gA(0) is the axial-ve
tor 
oupling 
onstant gA(0) = 1:2673�0:0035.In neutrino s
attering experiments the dipole approximation is assumed a priori and theaxial meson mass is extra
ted from the data. The 
orresponding value, MA = 1:026� 0:021GeV is somehow in
onsistent with the best �t value from ele
troprodu
tion experiments. Ithas been shown in [17℄ that an agreement 
an be found between these two values, if onetakes into a

ount 
orre
tions due to �nite pion mass, in baryon 
hiral perturbation theory.The dipole parametrization for form fa
tors had been 
onsidered a very reasonable ap-proximation for long time not only for axial FF, but also for magneti
 FF of proton andneutron (in all kinemati
al range of Q2 in SL region) and for the ele
tri
 proton FF. Theele
tri
 neutron form fa
tor was assumed to be zero or very small following the Galster ap-proximation [4℄. But re
ently it has been shown that the ele
tri
 distribution in the protonis di�erent from the magneti
 one and that the ration �GpE=GpM linearly deviates from fromunity with in
reasing Q2 down to a value 0:24 at Q2 = 5:5 GeV2 [5℄. This result wasobtained in a series of polarization measurements at Je�erson Laboratory based on an idea�rstly suggested by A.I. Akhiezer and M.P. Rekalo [6℄.The model Ia
hello, Ja
kson, Land�e (IJL) [7℄ predi
ted su
h behavior for the ele
tri
proton form fa
tor long before the data appeared. Su
h model is based on a two 
omponentpi
ture of the nu
leon, where a hard 
ore of radius r = 0:34 fm is surrounded by a meson
loud. It has shown to be very su

essful in the des
ription of the four nu
leon ele
tromag-neti
 FFs in SL and TL regions [7℄, of the strange nu
leon FF [10℄ and re
ently applied todeuteron [11℄. 4



The purpose of this paper is to extend IJL model to axial form fa
tors. An interestingproperty of this model is that it 
an be analyti
ally extended to time-like (TL) region. Theaxial FF has not yet been measured in TL region. Suggestions for its determination 
an befound in [12{14℄, through the rea
tion N �p! 
�N� and the 
rossed 
hannels.II. FORMALISMFollowing the IJL model [7℄, the axial FF 
an be parametrized as:GA(Q2) = g(Q2) �1� � + � m2Am2A +Q2� gA(0); g(Q2) = �1 + 
Q2��2 ; (4)where Q2 > 0 in the SL region, � is a �tting parameter whi
h 
orresponds to the 
ouplingof the photon with an axial meson, mA = 1:170 GeV is the mass of the lightest axialmeson h1(1170), with quantum numbers IG(JPC) = 1+(1+�). The fun
tion g(Q2) des
ribesthe internal 
ore of the nu
leon, with 
 '0.25 GeV�2, as derived from the �t of nu
leonele
tromagneti
 form fa
tors. We will keep 
 as a �xed parameter. Let us note however thatthis value is not good from a t 
hannel point of view, be
ause it gives a pole in the physi
alregion, t0 = 1
=4 GeV�2 > 4m2 = 3:52 GeV�2, the 
orresponding threshold.This parametrization 
an give a zero in the SL region, for Q2 = Q20 = m2A=(� � 1), if� > 1. In prin
iple the mass mA 
an be 
onsidered a �tted parameter, also.The asymptoti
 behavior of this parametrization is driven by:GA(Q2) = (1� �)gA(0)(
Q2)2 (5)with a negative value for � > 1.The extension to TL region of presented model 
an be done by analyti
al 
ontinuation,similarly to the models of nu
leon EM FFs. It 
an be summarized in following steps:� The sign of kinemati
al variable should be 
hanged: Q2 ! �t;� A 
omplex phase Æ, similarly as for IJL model [10℄, is introdu
ed in the internal 
oreterm (4);� VMD term 
orresponding to ex
hange of axial meson should be substituted by a Breit-Wigner formula due to the 
onsiderable width of the axial meson.5



These modi�
ations lead to the following parametrization of the axial FF in TL region:GA(t) = g(t)"1� � + �m2A (m2A � t+ imA�A)(m2A � t)2 + (mA�A)2 # gA(0); (6)where g(t) = �1� eiÆ
t��2 :III. ANALYSIS OF THE DATAThe 
onsidered set of data in
ludes all points measured from pion ele
troprodu
tion onthe nu
leon. A 
ompilation 
an be found in Ref. [17℄.The Q2-dependen
e of the nu
leon axial form fa
tor GA(Q2), was measured in severalpion ele
troprodu
tion experiments at threshold sin
e a few de
ades. The slope of thetotal unpolarized di�erential 
ross se
tion at threshold, 
ontains information on GA(Q2),but the numeri
al value of this FF is highly model dependent. In general, four di�erentapproa
hes were used to extra
t the values of the axial form fa
tor of the nu
leon. Softpion approximation (SP) [18℄, partially 
onserved axial 
urrent approximation (PCAC) [19℄,Fulran approximation (FPV) [20℄ (enhan
ed soft pion produ
tion) and Dombey and Readapproximation (DR) [21℄. As a 
onsequen
e of these 
ompeting approa
hes, up to fourexperimental values may be extra
ted from a single measurement (at �xed Q2). All together77 experimental points are available, 
orresponding to 32 measurements. Data from Ref.[16℄ were 
onsidered separately, as they 
orrespond to � ex
itation in �nal state. In orderto evaluate the systemati
 error, the data were therefore separated in 4(5) groups a

ordingto used approa
h (measured pro
esses). The data from [22℄ were not 
onsidered in the �t,following Ref. [17℄ as they are systemati
ally larger, as well as data from [18℄.The data, normalized to one, are plotted in Fig. 1. Di�erent symbols 
orrespond todi�erent models used for the extra
tion of the data but may 
orrespond to the same exper-iment.Individual �ts to the 4(5) data sets, a

ording to Eq. 4, were performed, as well as ageneral one parameter �t. The results are shown in Table I and in Fig. 1. The global �tgives � = 1:46 � 0:04, with �2=n:d:f: = 81:47=48 = 1:70. Su
h �t does not 
orrespond tothe smaller �2, due to the dispersion of the data, but the error asso
iated to the parameteris smaller, due to the larger number of points. This value of �, whi
h 
an be 
onsidered as6



an average to the di�erent 
orre
tions, will be used in the following analysis. The asso
iatedsystemati
 error, whi
h takes into a

ount the dispersion of the model analysis, 
an beevaluated from the results of the individual �ts to be < j0:33j.The parametrization provides a reasonable des
ription of data, in the limit of the fa
tthat the error asso
iated to the data itself should be 
onsidered a '
orridor' whi
h in
ludesnot only statisti
al error of the data, but espe
ially the systemati
 errors related to themodel dependen
e of the data extra
tion.Model DR FPV SP PCAC LAMBDA all� 1:29� 0:08 1:74 � 0:13 1:08 � 0:06 1:66 � 0:05 1:13 � 0:07 1:46 � 0:04�2=n:d:f: 1:38 0:80 3:75 0:76 0:45 1:70TABLE I: Fitted � parameter for di�erent assumed models of extra
ting data on axial FF.On
e the parameter � has been �xed on SL data, the TL behavior of nu
leon axial FF
an be 
al
ulated, a

ording to Eq. (6) and it is shown in Fig. 2. The magnitude of theaxial FF is signi�
antly higher than in SL region. The position and the shape of the peakis determined by the values of 
 and Æ in the internal 
ore term. The validity of su
h TLbehavior is based on the analyti
al 
ontinuation from the SL region, but 
an not be testedon experiment as no data on the nu
leon axial FF are available in TL region.IV. LOW Q2 LIMITThe slope of the axial form fa
tor at t! 0 is related to the axial radius by:GA(t) = gA(0)�1 + 16 < r2A > t+O(t2)� : (7)Let us 
ompare the low t limits of the present parametrization for GA(t) :GA(t) ��!t!0 gA(0)(1 + (2
 + �m2A )t);and of the dipole parametrization GDA(t) :GDA(t) ��!t!0 gA(0)(1 + 2M2A t);where mA is mass of lightest axial meson and MA is mass of an 'e�e
tive' axial meson �ttedin dipole approximation. 7



Equalizing the above expressions, one 
an extra
t a value of the 
oupling 
onstant �� = 2m2A� 1M2A � 
� = 1:71:This value, if inserted in parametrization (4) brings 
ompatibility for the two models at lowQ2.One 
an, alternatively �nd express the axial radius in terms of � and of the masses:< r2A >= 6gA(O) dGA(t)dt ����t=0 = 12M2A (8)In 
ase of dipole parametrization one �nds p< r2A > = 0:638 fm to be 
ompared, in 
ase ofthe present parametrization, withq< r2A > = � 6gA(O) �2
 + �m2A )��1=2 = 0:6039 fm: (9)As mentioned in the Introdu
tion, the axial radius extra
ted from neutrino s
attering islarger, p< r2A > = 0:67 � 0:01 fm and 
orre
tions in frame of 
hiral perturbation theorymay bring this and the dipole radius in agreement [17℄.-V. CONCLUSIONSA parametrization of the axial nu
leon FF has been proposed, following a model where a
ompa
t 
ore is surrounded by an axial meson 
loud. This parametrization satis�es the ana-lyti
al properties of FFs, and 
an be extended to the whole kinemati
al region of momentumtransfer squared. It satis�es asymptoti
 properties and has similar behavior as the dipoleparametrization at small q2, but the present parameters suggest a smaller axial radius.Experimental data are model dependent in SL region and inexistent in TL region. Apossible way to a

ess the axial FF in time-like region and in the unphysi
al region (belowthe rea
tion threshold) has been suggested through the rea
tions N �p ! 
�N� and the
rossed 
hannels [12{14℄. The 
ross se
tion related to these pro
esses is large and su
hexperiments may be planned in future 
olliders.Possible improvements of the present parametrization, whi
h will be required in 
ase ofnew, more pre
ise data, 
an be foreseen in two dire
tions. Firstly, as the width of anyaxial meson is large, even in 
omparison with the � meson, in prin
iple one 
an modify the8




orresponding propagator in a 
ompli
ated form, similarly to what was done for the � meson[7℄. Moreover, one 
an in
lude the 
ontribution of two axial mesons, with di�erent masses.VI. ACKNOWLEDGEMENTSProf. M. P. Rekalo is a
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FIG. 1: Normalized axial form fa
tors as a fun
tion of Q2. The solid thi
k line 
orrespond tothe global �t. Di�erent symbols and �ts 
orrespond to data extra
ted a

ording di�erent models:partially 
onserved axial 
urrent approximation (PCAC) [19℄ (pink) : solid 
ir
les; dashed-tripledotted line; Fulran approximation (FPV) (red) [20℄: solid squares and dotted line; soft pion approx-imation (SP) (green)[18℄ :solid triangles and dashed line; Dombey and Read approximation (DR)(blue ) [21℄: trianglesdown and dash-dotted line; data 
orresponding to delta ex
itation (Delta)(yellow) [16℄: open 
ir
les and dash-short dotted line. The solid thin (bla
k) line 
orresponds tothe dipole parametrization, Eq. (3).
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leon axial form fa
tors TL behavior.
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