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tThe presen
e of two photon ex
hange in ep elasti
 s
attering and in the 
rossed pro-
esses (�p+p$ `++`�, ` = e or �) is dis
ussed in terms of three 
omplex amplitudeswhi
h are fun
tions of two kinemati
al variables, the momentum transfer squaredq2 and the polarization of the virtual photon, �. Model independent expressions ofthe di�erential 
ross se
tion and of polarization observables are derived. Parti
ularattention is devoted to the extra
tion of hadron ele
tromagneti
 form fa
tors whi
hbe
omes mu
h more diÆ
ult in presen
e of two photon ex
hange, and to the relevantexperimental observables whi
h 
ould give eviden
e for su
h me
hanism.1 Introdu
tionEle
tron hadron s
attering is 
onsidered to be the best way to study the hadron stru
ture.The underlying me
hanism in elasti
 (and inelasti
) s
attering is one photon ex
hangewhi
h 
an be exa
tly 
al
ulated in quantum ele
trodynami
s (QED), at least for thelepton vertex. In this respe
t the ele
tromagneti
 probes are traditionally preferred to thehadroni
 beams for the investigation of nu
leons and light nu
lei [1℄. Radiative 
orre
tions,�rstly 
al
ulated by S
hwinger [2℄, should be taken pre
isely into a

ount, and are veryimportant, in parti
ular for the experimental determination of the di�erential 
ross se
tionof ep s
attering.Due to the steep de
reasing of the ele
tromagneti
 form fa
tors (FFs) when the mo-mentum transfer squared, Q2, in
reases, another me
hanism, the two photon (TPE) ex-
hange me
hanism, where Q2 is equally shared between the two photons, 
an be
omeimportant. This fa
t was already indi
ated in the seventies [3℄, but it was never experi-mentally observed. Numerous tests of the validity of the one photon me
hanism have beendone in the past, using di�erent methods: test of the linearity of the Rosenbluth formulafor the di�erential 
ross se
tion, 
omparison of the e+p and e�p-
ross se
tions, attemptsto measure various T-odd polarization observables, but no e�e
t was visible beyond thepre
ision of the experimental data. Only re
ently, measurements of the asymmetry in thes
attering of transversely polarized ele
trons on unpolarized protons found values di�erentfrom zero, 
ontrary to what is expe
ted in the Born approximation [5℄,Note that the TPE ex
hange should appear at smaller Q2 for heavier targets: d,3He, 4He, be
ause the 
orresponding FFs de
rease faster with Q2 in 
omparison withprotons. In [4℄ the possible e�e
ts of TPE have been estimated from the pre
ise data onthe stru
ture fun
tion A(Q2), obtained at JLab in ele
tron deuteron elasti
 s
attering,up to Q2 = 6 GeV2 [6℄. The possibility of a 2
 
ontribution has not been ex
luded bythis analysis, starting from Q2 = 1 GeV2, and the ne
essity of dedi
ated experiments1



was pointed out. From this kind of 
onsiderations, one would expe
t to observe the TPE
ontribution in eN -s
attering at larger momentum transfer, for Q2 ' 10 GeV2. In Refs.[12℄, on the line of the ed-analysis [4℄, we proved that general properties of the hadronele
tromagneti
 intera
tion, su
h as the C-invarian
e and the 
rossing symmetry, giverigorous pres
riptions for di�erent observables for the elasti
 s
attering of ele
trons andpositrons by nu
leons. Model independent pres
riptions are very helpful in identifyingpossible manifestations of the TPE ex
hange me
hanism.Re
ent developments in the �eld of hadron ele
tromagneti
 FFs are due to the verypre
ise and surprising data obtained at the Je�erson Laboratory (JLab), in ~e+ p! e+ ~pelasti
 s
attering [7℄, based on the polarization transfer method [8℄, whi
h show thatthe ele
tri
 and magneti
 distributions in the proton are di�erent, 
ontrary to what waspreviously assumed.The present data show a dis
repan
y between the Q2-dependen
e of the ratio R =�pGEp/GMp of the ele
tri
 to the magneti
 proton FFs (�p=2.79 is the proton magneti
moment), whether derived with the standard Rosenbluth separation [9℄ or with the po-larization method.An important point is the 
al
ulation of radiative 
orre
tions. These 
orre
tions arelarge (in absolute value) for the di�erential 
ross se
tion [10℄, in parti
ular for high res-olution experiments, whereas they are negligible for the ratio PL=PT of longitudinal totransverse polarization of the proton emitted in the elasti
 
ollision of polarized ele
tronswith an unpolarized proton target.A 
areful experimental and theoreti
al analysis of this problem is ne
essary, in
ludingthe investigation of the TPE 
ontribution. We present a model independent strategy toextra
t ele
tromagneti
 nu
leon FFs and to determine the TPE 
ontribution, on the basisof a general analysis of polarization phenomena in elasti
 eN -s
attering [12℄ and in the
rossed 
hannels [13, 14℄. We dis
uss also the possibility to solve this problem, havinga positron beam. We show that the measurement of the di�erential 
ross se
tion and ofthe 
omponents of the proton polarization in e�p and e+p elasti
 s
attering (in identi
alkinemati
al 
onditions) is the most dire
t way to a

ess the nu
leon FFs and the TPE
ontribution. In absen
e of positron beam, an alternative way is the measurements of alarger set of polarization observables in e�p-s
attering.In the time{like (TL) region of momentum transfer, investigated with annihilationpro
esses, FFs are 
omplex fun
tions of Q2. They 
an be determined through an angulardistribution measurement, at �xed energy. This is, in prin
iple, easier than the Rosenbluthseparation, where ea
h measurement 
orresponds to a �xed Q2, and requires 
hanging theinitial energy and the s
attering angle. Due to the available beam intensity, the statisti
shas not been suÆ
ient up to now, for the individual extra
tion of both FFs, and the dataare presented under the assumption jGEj = jGM j or jGEj = 0.The rea
tion �p + p ! `+ + `�, ` = e or � was �rstly 
onsidered in Ref. [15℄ in the
ase of unpolarized parti
les. As in the spa
e{like (SL) region, the TPE 
an also be
omeimportant in TL region if the nu
leon FFs de
rease rapidly with q2. Moreover, as the2
 amplitude is expe
ted to be mostly imaginary, it will 
ontribute in TL region, whereFFs are 
omplex. The general 
ase of polarized initial parti
les (antiproton beam or/andproton target) in �p+p! e++e� has been �rstly investigated in Ref. [16℄, with parti
ularattention to the determination of the phases of FFs, and more re
ently in Ref. [17℄.In this talk we present general expressions for polarization observables and indi
ate2



model independent methods to extra
t nu
leon ele
tromagneti
 FFs in presen
e of TPE.The parametrization of the 2
 term 
an be done in tensor or axial forms. It is possible toshow that the expressions for the observables are exa
tly the same, whether for generalizedFFs, for example, they depend on the parametrization used.2 S
attering 
hannelThe starting point of our analysis is the following general parametrization of the spinstru
ture of the matrix element for elasti
 e�N -s
attering, a

ording to the formalism of[18℄:M = e2Q2u(k2)
�u(k1)u(p2) �A1(s;Q2)
� �A2(s;Q2)���q�2m +A3(s;Q2)K̂P��u(p1); (1)where K = (k1 + k2)=2, P = (p1 + p2)=2, A1 � A3 are the 
orresponding invariantamplitudes, k1 (p1) and k2 (p2) are the four-momenta of the initial and �nal ele
tron(nu
leon), m is the nu
leon mass, q = k1 � k2, Q2 = �q2 > 0. In 
ase of one-photonex
hange A1(s;Q2)! F1(Q2); A2(s;Q2)! F2(Q2); A3 ! 0:F1 and F2 are the Dira
 and Pauli nu
leon ele
tromagneti
 FFs, whi
h are real fun
tionsof the variable Q2 - in the SL region of momentum transfer.Taking into a

ount the identity of the initial and �nal states and the T-invarian
eof the ele
tromagneti
 intera
tion, the pro
esses e�N ! e�N , in whi
h four parti-
les with spin 1/2 parti
ipate, are 
hara
terized by six independent produ
ts of four-spinors, des
ribing the initial and �nal fermions. The 
orresponding (model independent)parametrization of the matrix element 
an be done in many di�erent but equivalent forms,in terms of six invariant 
omplex amplitudes, Ai(s;Q2), i = 1 � 6, whi
h are fun
tionsof two independent variables, and s = (k1 + p1)2 is the square of the total energy of the
olliding parti
les.In prin
iple, another set of variables 
an be 
onsidered: � and Q2, whi
h is equivalentto s and Q2: ��1 = 1+2(1+ �) tan2(�e=2); where �e is the ele
tron s
attering angle in thelaboratory (Lab) system, � = Q2=(4m2). The variables � and Q2 are well adapted to thedes
ription of the properties of one photon ex
hange for elasti
 eN -s
attering, be
ause,in this 
ase, only the Q2-dependen
e of FFs has a dynami
al origin, whereas the linear�-dependen
e of the di�erential 
ross se
tion is a trivial 
onsequen
e of the one photonme
hanism. On the other hand, the variables s and Q2 are better suited to the analysisof the impli
ations from 
rossing symmetry.The 
onservation of the lepton heli
ity, whi
h is a general property of QED at highenergies, redu
es the number of invariant amplitudes for elasti
 eN -s
attering, from sixto three.In the general 
ase (with multiphoton ex
hanges) the situation is more 
ompli
ated,be
ause the amplitudes Ai(s;Q2), i = 1 � 3, are 
omplex fun
tions of two independentvariables, s and Q2; moreover, their 
onne
tion with the nu
leon ele
tromagneti
 FFs,Fi(Q2), is non-trivial, be
ause these amplitudes depend on many quantities, as, for ex-ample, the FFs of the �-ex
itation - through the amplitudes of the virtual Compton3



s
attering. Ele
tron and positron s
attering are no more des
ribed by the same set ofamplitudes.In this framework, the simple and transparent phenomenology of ele
tron-hadronphysi
s does not hold anymore, and in parti
ular, it would be very diÆ
ult to extra
tinformation on the internal stru
ture of a hadron in terms of ele
tromagneti
 FFs, whi
hare real fun
tions of one variable, from ele
tron s
attering experiments.We use the following notations (the sign �(+) indi
ates ele
tron(positron) s
tattering:eG(�)E (Q2; �) = A(�)1 � �A(�)2 (Q2; �);eG(�)M (Q2; �) = A(�)1 +A(�)2 (Q2; �);
onsidering eG(�)E;M(Q2; �) as generalized FFs, so thateG(�)E;M(Q2; �) = �GE;M(Q2) + �GE;M(Q2; �): (2)with GE(Q2) = F1(Q2)� �F2(Q2), GM(Q2) = F1(Q2) + F2(Q2).Both rea
tions e�+N ! e�+N are fully des
ribed by eight di�erent real quantities:two real FFs GE;M(Q2), whi
h are fun
tions of one variable only, and three fun
tions:�GE(Q2; �),�GM (Q2; �),A3(Q2; �), whi
h are, generally, 
omplex fun
tions of two vari-ables, Q2 and �. Therefore, these eight real fun
tions 
ompletely determine six 
omplexamplitudes A(�)i (Q2; �) for e�+N ! e�+N , therefore there are very spe
ial 
onne
tionsof 12 real fun
tions ReA(�)i (Q2; �) and ImA(�)i (Q2; �), with 8 real fun
tions:A(+)i (Q2; �)�A(�)i (Q2; �) = 2Fi(Q2); i = 1; 2 (3)so: Im[A(+)i (Q2; �)�A(�)i (Q2; �)℄ = 0; i = 1; 2 (4)in the whole region of SL momentum transfer.Note that the C-invarian
e and the 
rossing symmetry require that the �-dependen
eof the six above quoted fun
tions o

urs through the argument: x = q(1 + �)=(1� �),with the following symmetry properties, with respe
t to the 
hange x! �x:�GE;M(Q2;�x) = ��GE;M(Q2; x); A3(Q2;�x) = A3(Q2; x): (5)These expressions 
ontain the physi
s of the nu
leon ele
tromagneti
 stru
ture, takinginto a

ount the 1
N 2
-interferen
e 
ontribution. In this 
ase, the 
omplete experimentfor eN -elasti
 s
attering requires six additional fun
tions, depending on two kinemati
alvariables, instead of two real fun
tions of a single variable Q2. So, if previously themeasurement of the di�erential 
ross se
tion, with unpolarized parti
les in initial and�nal states, was in prin
iple suÆ
ient (through the Rosenbluth �t, linear in the variable�), now measurements with ele
trons and positrons in the same kinemati
al 
onditionsare ne
essary.The FFs GEN(Q2) and GMN(Q2) and the 2
-amplitudes, �GE;M(Q2; �) are the samefor e+p and e�p elasti
 s
attering. This allows to 
onne
t the di�eren
e of the di�erential
ross se
tions for e�p-intera
tion with the deviations from the �-linearity of the Rosenbluthplot. 4



The �-dependen
e of the interferen
e 
ontribution to the di�erential 
ross se
tion ofe�p elasti
 s
attering is very parti
ular. Any approximation of this term by a linearfun
tion in the variable � is in 
ontradi
tion with C-invarian
e and 
rossing symmetry ofthe ele
tromagneti
 intera
tion.In absen
e of positron beam two other possibilities to measure GE;M(Q2) 
an be sug-gested, using only an ele
tron beam.One possibility is the measurement of T-odd polarization observables, su
h as Py,Dzy(�e), and Dyz(�e) (i.e., the 
omponents of the depolarization tensor, in the s
atteringof longitudinally polarized ele
trons by a polarized target, with the measurement of the�nal proton polarization). All these observables, whi
h vanish in the Born approximationfor eN -s
attering, are of the order of � and should be measured with 
orrespondinga

ura
y.Another possible way requires the measurement of �ve T-even polarization observables(�ve quadrati
 
ombinations of three 
omplex amplitudes), as d�=d
e, Px (or Ax), andthe Dxx, Dyy and Dxz 
omponents of the depolarization tensor (for unpolarized ele
trons
attering).3 Annihilation 
hannelThe analysis of annihilation 
hannel follow the same steps as for elasti
 s
attering. There-fore we fo
us here on some interesting polarization observables. Complete formulasand derivation 
an be found in [13, 14℄. The di�erential 
ross se
tion of the rea
tione+ + e� ! N + �N , for the 
ase of unpolarized parti
les, has the formd�und
 = �2�4q2 D; (6)with D = (1 + 
os2 �)(jGMN j2 + 2ReGMN�G�MN) + 1� sin2 �(jGEN j2++2ReGEN�G�EN)� 4�q�(� � 1) 
os �ReGMNA�N ; (7)where � is the angle between the momenta of the ele
tron and the dete
ted antinu
leonand � is the nu
leon velo
ity in CMS. Note that Eq. (6) was obtained negle
ting theterms of the order of �2 
ompared to the dominant (Born approximation) terms. In theone photon ex
hange limit the expression (6) 
oin
ides with the result obtained for thedi�erential 
ross se
tion in Ref. [19℄. The TPE 
ontribution brings three new terms ofthe order of � 
ompared to the Born 
ontribution.At the threshold of the rea
tion, q2 = 4m2; the equality GMN = GEN = GN holds andEq. (7) redu
es toD = Dth = jGN j2 +ReGN(�G�MN +�G�EN) + 
os2 �ReGN (�G�MN ��G�EN):Symmetry properties of the amplitudes with respe
t to the 
os � ! � 
os � transfor-mation 
an be derived from C invarian
e :�GMN;EN(
os �) = ��GMN;EN(� 
os �); AN(
os �) = AN(� 
os �): (8)5



If the experiment does not distinguish the nu
leon from the antinu
leon, then the followingsum of the di�erential 
ross se
tions is measured:d�+d
 = d�d
(
os �) + d�d
(� 
os �);whi
h does not depend on the TPE terms. Moreover, the total 
ross se
tion is alsoindependent of the TPE terms:�t(q2) = 4�3 �2�q2 �jGM(q2)j2 + 12� jGE(q2)j2� : (9)On the other hand, the relative 
ontribution of TPE me
hanism is enhan
ed in the fol-lowing angular asymmetryA(q2; �0) = �(q2; �0)� �(q2; � � �0)�(q2; �0) + �(q2; � � �0) ; (10)with �(q2; �0) = R �00 d�d
(q2; �)d
; �(q2; � � �0) = R ����0 d�d
(q2; �)d
: Using the symmetryrelations (8) one obtains the following expressionA(q2; �0) = 2d Z �00 d
os�"(1 + 
os2�)ReGMN(q2)�G�MN(q2; 
os�)+sin2�� ReGEN(q2)�G�EN(q2; 
os�)� 2�q�(� � 1)
os�ReGMN(q2)A�N(q2; 
os�)#; (11)withd = 1�x03 "(4 + x0 + x20)jGMN j2 + 1� (2� x0 � x20)jGEN j2#; x0 = 
os�0:The TPE 
ontributions 
an be removed 
onsidering the sum of the quantities �(q2; �0)and �(q2; � � �0): �(q2; �0) = �(q2; �0) + �(q2; � � �0) = ��2q2 �d: (12)always negle
ting the terms of the order of �2 with respe
t to the leading ones.Note that, unlike elasti
 ele
tron{nu
leon s
attering in the Born approximation, thehadroni
 tensor in the TL region 
ontains a symmetri
 part even in the Born approxima-tion due to the 
omplexity of the nu
leon FFs. Taking into a

ount the TPE 
ontributionleads to antisymmetri
 terms in this tensor, whi
h indu
e non{zero polarization of theoutgoing antinu
leon Py (the initial state is unpolarized):Py = 2sin�p�D(
os� [ImGMNG�EN + Im(GMN�G�EN �GEN�G�MN )℄��s(� � 1)� ImGENA�N): (13)In the one{photon{ex
hange (Born) approximation this expression 
oin
ides with theresult of Ref. [19℄. Py is determined by the polarization 
omponent whi
h is perpendi
ular6



to the rea
tion plane and, being T{odd quantity, does not vanish even in the one{photon{ex
hange approximation due to the 
omplexity of the nu
leon FFs in the TL region.This is prin
ipal di�eren
e with the elasti
 ele
tron{nu
leon s
attering. In the Bornapproximation this polarization be
omes equal to zero at the s
attering angle � = 900(as well at � = 00 and 1800). The presen
e of TPE leads to a non{zero value of thepolarization at this angle, whi
h is expe
ted to be of the order of �. The measurementof this polarization at � = 900 
ontains information about TPE and its behavior as afun
tion of q2:In the threshold region this polarization vanishes, in the Born approximation due tothe relation GEN = GMN . TPE indu
es a non zero polarization. The e�e
t of TPE forthe polarization at an arbitrary s
attering angle is expe
ted to in
rease as q2 in
reases,as the 2
 amplitudes de
rease more slowly with q2 in 
omparison with the nu
leon FFs.4 Con
lusionsThe general symmetry properties of ele
tromagneti
 intera
tion, su
h as the C-invarian
e,the 
rossing symmetry and the lepton heli
ity 
onservation in QED, allow to obtainrigorous results 
on
erning two-photon ex
hange 
ontributions for elasti
 eN -s
atteringand to analyze the e�e
ts of this me
hanism in eN -phenomenology [12℄. We analyzedabove di�erent possible strategies in the determination of the nu
leon ele
tromagneti
FFs, GE(Q2) and GM(Q2), through the measurement of di�erent polarization observablesin elasti
 e�N s
attering, of T-even and T-odd nature, in presen
e of TPE.There are in prin
iple three di�erent ways , to determine the physi
al nu
leon FFs,GE;M(Q2). The proposed methods are, all, relatively 
ompli
ated but allow to go beyondthe des
ription in terms of 'generalized' FFs, whi
h are fun
tions of two kinemati
alvariables, Q2 and � and are not dire
tly related to the nu
leon ele
tromagneti
 stru
ture.The formally simplest way needs the parallel study of positron and ele
tron s
attering,in the same kinemati
al 
onditions. We showed that the two-photon 
ontribution 
an
elsin the sum of the di�erential 
ross se
tions, d�(�)=d
e + d�(+)=d
e. A linear �-�t of thisquantity allows to extra
t GE(Q2) and GM(Q2), through a generalized Rosenbluth sepa-ration. At higher Q2, due to the small 
ontribution of GE(Q2), the polarization transfermethod should be used, whi
h requires the measurement of the Px and Pz-
omponents ofthe �nal nu
leon polarization -with longitudinally polarized ele
tron and positron beams.This 
an be in prin
iple realized at the HERA e� ring, with a polarized jet proton target.In absen
e of a positron beam one has to measure 3 T-odd polarization observables,su
h as Py, Dzy(�e), and Dyz(�e) whi
h are of the order of � or �ve T-even polarizationobservables, as d�=d
e, Px (or Ax), and Dxx, Dyy and Dxz.Complete expressions and properties 
an be found in Refs. [12℄ for the s
attering
hannel and in Refs. [13, 14℄ for the annihilation 
hannels.Therefore, in presen
e of TPE, the extra
tion of the nu
leon ele
tromagneti
 FFsis still possible, but requires more 
ompli
ated experiments, with a very high level ofpre
ision. Only in this way it will be possible to investigate the nu
leon stru
ture, atlarge momentum transfer, keeping the elegant formalism of QED, traditionally used forthis aim.This work was initiated in 
ollaboration with Prof. M. P. Rekalo. Thanks are due toG.I. Gakh for 
areful reading of the manus
ript and valuable dis
ussions.7
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