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I. INTRODUCTIONThe ele
tromagneti
 stru
ture of the nu
leon is traditionally des
ribed in terms of formfa
tors (FFs), whi
h are related to the 
urrent and magneti
 distributions. In a P and Tinvariant theory, a parti
le of spin S has 2S + 1 form fa
tors: a nu
leon, proton or neutron,is des
ribed by two FFs, whi
h are di�erent. FFs are measurable quantities, experimentallyrelated to the di�erential 
ross se
tion and polarization observables, and 
al
ulable by thenu
leon models.Elasti
 ele
tron hadron s
attering is 
onsidered the most dire
t way to a

ess to FFs,whi
h 
ontain the information on the ground state of the hadron. The intera
tion is assumedto o

ur through one photon ex
hange. In this 
ase, FFs are real fun
tions of one variable,the four momentum squared of the virtual photon, t = �Q2 < 0. Annihilation pro
esses, ase+ + e� $ N + �N , also give a

ess to the nu
leon FFs, but in another kinemati
al region,where FFs are 
omplex fun
tions of the momentum transfer squared, q2 = �Q2 > 0. Thisis 
alled the time-like (TL) region, as the time 
omponent of the four ve
tor q is larger thanthe spa
e 
omponent, in 
ontrast to the s
attering region, 
alled the spa
e-like (SL) region.The �rst measurements on the proton in the SL region [1℄ were rewarded by the Nobelprize to R. Hofstadter in 1964. The formalism of FFs, i.e. the expression of the unpolarized
ross se
tion as a fun
tion of FFs, was �rstly derived in Ref. [2℄:d�d
 = (�(1 + �) �1 + 2Em sin2(�e=2)� 4E2 sin4(�e=2)�2 
os2(�e=2) )�1 �red(�e; Q2);�red(�e; Q2) = �G2M (Q2) + �G2E(Q2); � = [1 + 2(1 + �) tan2(�e=2)℄�1; (1)where � = 1=137, � = Q2=(4m2), Q2 is the momentum transfer squared, m is the protonmass, E and �e are the in
ident ele
tron energy and the s
attering angle of the outgoingele
tron, respe
tively, and GM(Q2) and GE(Q2) are the magneti
 and the ele
tri
 protonFFs and are fun
tions of Q2, only. Measurements of the elasti
 di�erential 
ross se
tionat di�erent angles for a �xed value of Q2 allow GE(Q2) and GM(Q2) to be determined asthe slope and the inter
ept, respe
tively, from the linear � dependen
e (1). Many data were
olle
ted, improving in pre
ision and/or in the range of momentum transfer squared, the lastof unpolarized measurements being re
ently performed at Je�erson Laboratory [3℄. They allsuggest the following behavior:GE(Q2) = GM(Q2)=�p ' GD; GD(Q2) = (1 +Q2[GeV2℄=0:71)�2; (2)2



where �p = 2:79 is the magneti
 moment of the proton and GD is the dipole fun
tion.Su
h behavior is, on one side, in agreement with the s
aling laws from QCD [4℄ (whi
h,however, 
an not predi
t yet ex
lusive 
ross se
tions), and, on the other side, with a nonrelativisti
 pi
ture of the nu
leon, where the 
harge (magneti
) distribution would have anexponential form (in the Breit system or in a non relativisti
 approximation, FFs are theFourier transform of the 
harge or the magneti
 distribution). As Q2 in
reases, the pre
isionon the ele
tri
 FFs gets worse, as the kinemati
al fa
tor, � , strongly enhan
es the magneti

ontribution to the unpolarized 
ross se
tion, and GMp has been extra
ted up to a value ofthe four momentum transfer squared, Q2 ' 31 GeV2 [5℄, while the individual determinationof the two FFs, for the proton 
ould be done up to 8.9 GeV2 [6℄.Re
ently, the polarization method �rstly suggested in [7℄, 
ould be applied [8℄ due tothe availability of high intensity, highly polarized ele
tron beams and polarized targets, andto the optimization of hadron polarimeters in the GeV range. It was shown in [7℄ that thepolarization of the elasti
ally s
attered proton with a longitudinally polarized ele
tron beam,
ontains an interferen
e term proportional to the produ
t GEGM . In the experiment [8℄ itwas proposed to measure the ratio of the longitudinal to transverse proton polarization, in thes
attering plane (the normal 
omponent vanishes due to parity 
onservation, if one assumesone photon ex
hange). These two 
omponents PL and PT 
an be measured simultaneously,and their ratio is dire
tly related to GE=GM , therefore redu
ing systemati
 errors. The data,not only showed a very large pre
ision, but also a large deviation of the ratio GE=GM fromone, expe
ted from Eq. (2). This surprising result triggered a large number of theoreti
aland experimental a
tivity, the two methods being based on the same physi
s, and no evidentproblem being found in the experiments.Although nu
leon models predi
ted su
h behavior even before the data appeared [9, 10℄,these data gave rise to a very large debate. Let us enumerate some of the questions:� are there models whi
h 
an reprodu
e now all FFs for proton and neutron, in SL andTL regions?� what are the 
onsequen
es of these data for the light nu
lei, like deuteron or 3He,whi
h are often des
ribed with the help of nu
leon FFs?� when the asymptoti
 region is rea
hed?3



� is the 2
 ex
hange the reason of the dis
repan
y between the FFs measured with thetwo di�erent methods?� whi
h are the experiments or the observables whi
h sign the rea
tion me
hanism?In the next future, measurements are expe
ted in SL region at large momentum transferfor the proton ele
tri
 FF, and for both the neutron FFs. In the TL region, a program isforeseen at Fras
ati and Bejing, for e+e� annihilation to a

ess proton and neutron FFs, andat FAIR, with �pp rea
tions involving, hopefully, polarization measurements. Spe
ial studiesare also planned to study the possible presen
e of the 2
 ex
hange me
hanism and itsinterferen
e with the main me
hanism, i.e. the one photon ex
hange, traditionally assumed,at Novosibirsk and JLab.The purpose of this work is to fo
us on some of these issues, looking to a uni�ed des
riptionof FFs in TL and SL regions. Model independent statements based on symmetry propertiesof the strong intera
tion will ba also re
alled.II. OVERVIEW OF THE EXISTING RESULTSIn Ref. [11℄ a global analysis of the existing data was done with phenomenologi
al modelsproposed in the literature for the SL region analyti
ally 
ontinued to the TL region. Afterdetermining the parameters through a �t on the available data, predi
tions for the observ-ables whi
h will be experimentally a

essible with large statisti
s, polarized annihilationrea
tions were given.Not all the existing models of nu
leon FFs 
an be extrapolated to TL region. We 
onsiderpredi
tions of pQCD, in a form generally used as simple �t to experimental data, a modelbased on ve
tor meson dominan
e (VMD) [9℄, and a third model based on an extension ofVMD, with additional terms in order to satisfy the asymptoti
 predi
tions of QCD [12℄, inthe form 
alled GKex(02L).In Fig. 1 the world data on the form fa
tors for proton and neutron (top and bottom,respe
tively) ele
tri
 (left) and magneti
 (right) are reported. For the ele
tri
 proton FF,the dis
repan
y among the data measured with the Rosenbluth methods (stars) and thepolarization method (solid squares) appears 
learly in Fig. 1a. This problem has widelybeen dis
ussed in the literature and rises fundamental issues. If the trend indi
ated by4



polarization measurements is 
on�rmed at higher Q2 [13℄, not only the ele
tri
 and magneti

harge distribution in the nu
leus are di�erent and deviate, 
lassi
ally, from an exponential
harge distribution, but also the ele
tri
 FF has a zero and be
omes eventually negative.This s
enario will 
hange our view on the nu
leon stru
ture and will favor VMD inspiredmodels like [14, 15℄, whi
h 
an reprodu
e su
h behavior.The data in the TL region are drawn in Fig. 2a, b for the proton and in Fig. 2
, dfor the neutron. As no separation has been done for ele
tri
 and magneti
 FFs, the dataare extra
ted under the hypothesis that jGEN j = jGMN j. Con
erning the neutron, the �rstand still unique measurement was done at Fras
ati, by the 
ollaboration FENICE [16℄. Themodels are �tted to the data, assuming that they 
orrespond to jGM j, and the 
urves in thejGEj plots should be 
onsidered predi
tions.Figs. 1 and 2 show that it is possible to �nd a satisfa
tory general representation of allnu
leon FFs. The parametrization from Ref. [9℄ (dotted line) is based on a view of thenu
leon as 
omposed by an inner 
ore with a small radius (des
ribed by a dipole term)surrounded by a meson 
loud. In framework of this model a good global �t in SL region hasbeen obtained with a modi�
ation in
luding a phase in the 
ommon dipole term. However,the TL region is less well reprodu
ed [15℄. The 
urves drawn in all the �gures 
orrespond tothe original parameters. The result from [12℄ (solid line) gives a good overall parametrization,with parameters not far from those found in the original paper for the SL region only.Phenomenologi
al parametrization, 
ommonly used in the SL region are also shown (fromRef. [17℄ (dash-dotted line) and from [18℄ (dashed line)), but their extrapolation to the TLregion gives rise to large dis
ontinuities.A possible explanation of the fa
t that FFs are systemati
ally larger in TL region thanin SL region (whi
h is true also in the proton 
ase) is the presen
e of a narrow resonan
e inthe NN system, just below the NN threshold [19℄.Several pQCD inspired parametrizations exist for the form fa
tor ratio F2=F1, whi
hin
lude logarithmi
 
orre
tions, and have been re
ently dis
ussed in Ref. [20℄. However,some of these analyti
al forms have problems related to the asymptoti
 behavior [21℄. ThePhr�agmen-Lindel�of theorem [22℄ gives a rigorous pres
ription for the asymptoti
 behaviorof analyti
al fun
tions: limq2!�1 F (SL)(q2) = limq2!1 F (TL)(q2). This means that, asymp-toti
ally, FFs, have the following 
onstraints: 1) the TL phase vanishes and 2) the real partof FFs, ReF (TL)(q2), 
oin
ides with the 
orresponding value, F (SL)(q2). These asymptoti
5



properties based on analiti
ity, are di�erent from the asymptoti
s properties of FFs, pre-di
ted in QCD, whi
h derive from s
aling rules and heli
ity 
onservation. Therefore, thestudy of FFs at large Q2 represents a unique tool to understanding these properties of thenu
leon ele
trodynami
s.III. POLARIZATION OBSERVABLESThe importan
e of polarization observables has been quoted above, in 
onne
tion withthe proton ele
tromagneti
 FFs. The polarization method [7℄ has been also su

essfullyapplied for a pre
ise determination of the neutron FFs, and shows that GEn is de�nitelydi�erent from zero ([23℄ and refs therein).No polarization experiment has been done in TL region. The interest of su
h measure-ments is evident from Fig. 3, where predi
tions for di�erent observables are shown, for thethree models detailed above, whi
h all reprodu
e satisfa
torily the existing unpolarized data.All observables manifest a di�erent behavior, a

ording to the di�erent models. Even thesign 
an be di�erent for VMD inspired models and pQCD.The single spin asymmetry for the pro
ess p+ p! e+ + e�, the angular asymmetry andthe double spin observables Aab are shown in Fig. 3. Here a and b = x; y; z refer to thea(b) 
omponent of the proje
tile (target) polarization in the CMS system, where the z axisis taken along the dire
tion of the in
oming antiproton, the y axis normal to the s
atteringplane, and the x axis to form a left-handed 
oordinate system. As shown in Fig. 3, all theseobservables are, generally, quite large. The model [9℄ predi
ts the largest (absolute) valueat q2 ' 15 GeV 2 for all observables, ex
ept Axz, whi
h has two pronoun
ed extrema. Thefa
t that single spin observables in annihilation rea
tions are dis
riminative towards models,espe
ially at threshold, was already pointed out in Ref. [24℄, for the pro
ess e++e� ! p+pon the basis of two versions of a unitary VDM model, and, more re
ently in [20℄. The presentresults, (Fig. 3), for the inverse rea
tion p+ p! e+ + e� 
on�rm this trend and show thatexperimental data will be extremely useful, parti
ularly in the kinemati
al region aroundq2 ' 15 GeV 2.In TL region, polarization data allow to a

ess the phase of FFs. In order to determinethe relative phase of FFs, in TL region, the interesting observables are Ay, and Axz whi
h
ontain, respe
tively, the imaginary and the real part of the produ
t GEG�M .6



In Fig. 3d the angular asymmetry is also shown. The ele
tri
 and the magneti
 FFs areweighted by di�erent angular terms, in the expression of the di�erential 
ross se
tion. One
an de�ne an angular asymmetry, R, with respe
t to the di�erential 
ross se
tion measuredat � = �=2, �0 [25℄:  d�d
!0 = �0 h1 +R 
os2 �i ; (3)where R 
an be expressed as a fun
tion of FFs:R = � jGM j2 � jGEj2� jGM j2 + jGEj2 : (4)This observable is also very sensitive to the di�erent underlying assumptions on FFs, there-fore, a pre
ise measurement of this quantity, whi
h does not require polarized parti
les,would be very interesting.IV. RADIATIVE CORRECTIONSAt large Q2 the Rosenbluth method is not very e�e
tive for the extra
tion of GE, es-sentially for two reasons: the 
ontribution of the ele
tri
 term to the 
ross se
tion be
omesvery small, as the magneti
 part is ampli�ed by the kinemati
al fa
tor � , and radiative
orre
tions, whi
h should be applied to the data, 
an rea
h 30-40%. In Fig. 4, the ratio ofthe ele
tri
 part, FE = �G2E(Q2), to the redu
ed 
ross se
tion is shown as a fun
tion of Q2.The di�erent 
urves 
orrespond to di�erent values of �, assuming FFs s
aling (thin lines) orin the hypothesis of the dependen
e suggested by the polarization method (thi
k lines). Inthe se
ond 
ase, one 
an see that, for example, for � = 0:2 the ele
tri
 
ontribution be
omeslower than 3% starting from 2 GeV2. This number should be 
ompared with the absoluteun
ertainty of the 
ross se
tion measurement. When this 
ontribution is larger or is of thesame order, the sensitivity of the measurement to the ele
tri
 term is lost and the extra
tionof GE(Q2) be
omes meaningless. The measured elasti
 
ross se
tion is usually 
orre
ted bya global fa
tor CR, a

ording to the pres
ription [26℄:�red = CR�measred : (5)The fa
tor CR 
ontains a large � dependen
e and a smooth Q2 dependen
e, and it is 
ommonto the ele
tri
 and magneti
 parts. At the largest Q2 
onsidered here this fa
tor gettinglarger when the resolution is higher. Note that radiative 
orre
tions are not applied to the7



polarization results, as they are assumed to 
an
el in the polarization ratio [27℄, although a
omplete 
al
ulation of all 
ontributions and their interferen
e does not exist. If one makes alinear approximation for the un
orre
ted data, one even �nds that the slope of the measuredredu
ed 
ross se
tion as a fun
tion of �, (whi
h is related to the ele
tri
 FF squared), 
anvanish and may even be
ome negative [28℄. This is shown in Fig. 5 for the data of Ref. [29℄.A similar study has been done from all available sets of data and leads to similar results.The extra
tion of GE from the unpolarized data requires a large pre
ision in the 
al
ula-tion of radiative 
orre
tions, and in the pro
edure used to apply to the data. In parti
ularat large �, an overestimate of the radiative 
orre
tions, 
an be sour
e of a large 
hange in theslope. Moreover, the pro
edure applied to 
orre
t the data, indu
es large systemati
 errorsin the parameters of the Rosenbluth �t, as 
orrelations approa
h 100% at large Q2 [30℄.A di�erent 
al
ulation of radiative 
orre
tions, based on the stru
ture fun
tions method[31℄, has been applied to the unpolarized 
ross se
tion and 
ompared to the unpolarized 
rossse
tion, 
al
ulated in the Born approximation, using in both 
ases dipole FFs. The resultsare shown in Fig. 6a, b, 
 for di�erent Q2 values, Q2=1, 3, and 5 GeV2 (solid lines). For
omparison, the Born redu
ed 
ross se
tion assuming dipole FFs is also shown (dashed line),and a

ording to polarization measurements (dotted line). The relative di�eren
e betweenthe two 
al
ulations is shown in Fig. 6d. It is � dependent and rea
hes 7% at the largest �values. The method from [31℄ gives a di�erent, un
orrelated 
ontribution to the ele
tri
 andmagneti
 terms and 
onsequently a di�erent slope, whi
h is smaller and 
ompatible withthe result from polarization measurements. Evidently, this result depends quantitatively onthe inelasti
ity 
ut in the s
attered ele
tron energy spe
trum, whi
h has been �xed at 3%of the elasti
 peak, a

ording to the resolution of the present experiments [32℄.V. TWO-PHOTON EXCHANGEAll the 
onsiderations and results presented above are based on the assumption thatthe main rea
tion me
hanism is one-photon ex
hange, the two-photon 
ontribution beingsuppressed by the order of �. However, long ago, [33℄ it was shown that, due to the steepde
reasing of FFs with Q2, a me
hanism where the momentum transfer is equally sharedbetween the two photons 
ould 
ompensate the simple rule of � 
ounting. However the exa
t
al
ulation of the 2
-
ontribution to the amplitude of the e�p ! e�p-pro
ess requires the8



knowledge of the matrix element for the double virtual Compton s
attering, 
�+N ! 
�+N ,in a large kinemati
al region of 
olliding energy and virtuality of both photons, and 
an notbe done in a model independent form.The rea
tions e�+ p! e�+ p and e++ e� $ p+ �p are 
onne
ted by 
rossing symmetryand T-reversal, therefore general properties of the hadron ele
tromagneti
 intera
tion, as C-invarian
e and 
rossing symmetry 
an be applied and give rigorous and model independentpres
riptions for di�erent observables in parti
ular for the di�erential 
ross se
tion and forthe proton polarization, indu
ed by polarized ele
trons [34℄. These 
on
rete pres
riptionshelp in identifying a possible manifestation of the two-photon ex
hange me
hanism.Let us 
onsider here the 
ase of e� + p ! e� + p s
attering. First of all, assumingele
tron heli
ity 
onservation, the spin stru
ture of the matrix element 
ontains three 
om-plex amplitudes, whi
h are fun
tions of two kinemati
al variables, the total energy s andthe momentum transfer Q2, instead of two real fun
tions of Q2, as in 
ase of one photonex
hange. Moreover, the amplitudes for ele
tron and positron s
attering will be di�erentand their 
onne
tion with the nu
leon FFs not trivial. But these amplitudes have spe
i�
symmetry properties with respe
t to the 
hange x! �x  x = s1 + �1� �!.Crossing symmetry requires that the two 
hannels e� +N ! e� +N , in s{
hannel, ande+ + e� ! N +N , in t{
hannel are des
ribed by the same amplitudes. The transformationfrom s- to t-
hannel 
an be realized by the following substitution: k2 ! �k2; p1 ! �p1, andfor the invariant variables: s = (k1+p1)2 ! (k1�p1)2; Q2 = �(k1�k2)2 ! �(k1+k2)2 = �t:Let us 
onsider �rstly the one-photon me
hanism for e+ + e� ! p+ p. The 
onservationof the total angular momentum J allows one value, J = 1 , and the quantum numbers ofthe photon: J P = 1�, C = �1. The sele
tion rules with respe
t to the C and P-invarian
esallow two states for e+e� (and pp):S = 1; ` = 0 and S = 1; ` = 2 with J P = 1�; (6)where S is the total spin and ` is the orbital angular momentum. As a result the �-dependen
e of the 
ross se
tion for e++ e� ! p+ p, in the one-photon ex
hange me
hanismis: d�d
(e+ + e� ! p+ p) ' a(t) + b(t) 
os2 �; (7)where a(t) and b(t) are de�nite quadrati
 
ontributions of GEp(t) and GMp(t), a(t); b(t) � 0at t � 4m2. 9



Using the kinemati
al relations:
os2 � = 1 + �1� � ! 
ot2 �e=21 + � + 1 (8)between the proton emission s
attering angle �, (in the CMS of e+ + e� ! p + p) and theangle of the s
attered ele
tron �e, (in the LAB system for e� + p ! e� + p), it appears
learly that the one-photon me
hanism generates a linear �-dependen
e (or 
ot2 �e=2) of theRosenbluth di�erential 
ross se
tion for elasti
 eN -s
attering in Lab system.Let us 
onsider now the 
os �-dependen
e of the 1
N 2
-interferen
e 
ontribution to thedi�erential 
ross se
tion of e+ + e� ! p + p. The spin and parity of the 2
-states is not�xed, in general, but only a positive value of C-parity, C(2
) = +1, is allowed. An in�nitenumber of states with di�erent quantum numbers 
an 
ontribute, and their relative role isdetermined by the dynami
s of the pro
ess 
� + 
� ! p+ p, with both virtual photons.But the 
os �-dependen
e of the 
ontribution to the di�erential 
ross se
tion for the1
N 2
-interferen
e 
an be predi
ted on the basis of its C-odd nature:d�(int)d
 (e+ + e� ! p+ p) = 
os �[
0(t) + 
1(t) 
os2 � + 
2(t) 
os4 � + :::℄; (9)where 
i(t), i = 0; 1:: are real 
oeÆ
ients, whi
h are fun
tions of t, only. This odd 
os �-dependen
e is essentially di�erent from the even 
os �-dependen
e of the 
ross se
tion forthe one-photon approximation. One 
an 
on
lude that the linearity of the Rosenbluth �t isdestroyed by the presen
e of the two photon me
hanism.In spite of the 
omplexity indu
ed by the presen
e of two photon ex
hange in the spinstru
ture of the matrix element, it has been shown in Ref. [34℄ that it is still possibleto extra
t FFs, in ep elasti
 s
attering, through the measurement of 5 T-odd or 3 T-evenpolarization observables, in
luding triple-spin observables. Due to the diÆ
ulties of su
hmeaserements, and to the impli
ations in all data issued from ele
troprodu
tion experiments,the experimental observation of this me
hanism is ne
essary. The experiment, planned atNovosibirk, is a pre
ise measurement of the di�eren
e of ele
tron positron elasti
 s
atteringon the proton, whi
h is due only to the 2
 
ontribution, while the sum 
ontains only 1
terms (negle
ting 2
 terms squared [35℄.Other observables sign the presen
e of 2
 ex
hange:- In ep elasti
 s
attering, the normal 
omponent of the proton polarization should vanishin the 1
 approximation. 10



- In the annihilation 
hannel it has been shown that the single spin asymmetry in ~p+p!e+ + e� [36℄, or the polarization of the proton in e+ + e� ! p + p [37℄, would give also asignature of the 2
 presen
e, in parti
ular kinemati
al 
onditions. For 1
 ex
hange, theseobservables do not vanish in the annihilation region, due to the 
omplexity of FFs, ex
eptat 90Æ or in the threshold region, where GE = GM .VI. CONCLUSIONS AND PERSPECTIVESThe �eld of hadron EM FFs is presently the obje
t of huge experimental and theoreti-
al investigations, due essentially to the large a
hievements on the experimental side, thatrea
hed a high degree of pre
ision, at large momentum transfer, with the help of polarizationte
hniques.The main new results based on the polarization method, 
on
ern the ratio of the 
hargeand magneti
 FFs of the proton, dis
ussed here, and the ele
tri
 neutron form fa
tor whi
his small, but does not vanish.In future, the possibility to extend these measurements at high Q2 and/or with largerpre
ision, in TL as well as in SL region, has given rise to a number of proposals at di�erenta

elerators in the world. The extension of the proton FFs ratio measurement up to Q2 =9GeV2 will show, if the present trend is extrapolated, the presen
e of a zero in the ele
tri
FF. The pre
ise study of the e�p 
ross se
tion at Novosibirsk will sign the presen
e ofthe 2
 
ontribution, if any. But even larger progress is expe
ted in the TL region, wheredata are s
ar
e and no individual determination of the two nu
leon FFs has been doneyet. In parti
ular new data on the neutron are expe
ted in Fras
ati, as well as polarizationexperiments whi
h will allow to determine �rstly the relative phase between the 
omplexele
tri
 and magneti
 FFs. More pre
ise measurements in the threshold region are expe
tedalso from Bejing. New te
hniques using radiative return seem also promising [38℄. Theregion of large Q2 should be investigated, in parti
ular, at FAIR, with the future beams of(polarized) protons and antiprotons [39℄.
11
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