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Resonan
e estimates for single spin asymmetries in elasti
ele
tron-nu
leon s
atteringB. PasquiniDipartimento di Fisi
a Nu
leare e Teori
a,Università degli Studi di Pavia and INFN, Sezione di Pavia, Pavia, Italy andECT∗, Villazzano (Trento), ItalyM. VanderhaeghenThomas Je�erson National A

elerator Fa
ility, Newport News, VA 23606, USA andDepartment of Physi
s, College of William and Mary, Williamsburg, VA 23187, USA(Dated: 7th April 2006)We dis
uss the target and beam normal spin asymmetries in elasti
 ele
tron-nu
leons
attering whi
h depend on the imaginary part of two-photon ex
hange pro
esses be-tween ele
tron and nu
leon. We express this imaginary part as a phase spa
e integralover the doubly virtual Compton s
attering tensor on the nu
leon. We use unitarityto model the doubly virtual Compton s
attering tensor in the resonan
e region interms of γ∗N → πN ele
troabsorption amplitudes. Taking those amplitudes froma phenomenologi
al analysis of pion ele
troprodu
tion observables, we present re-sults for beam and target normal single spin asymmetries for elasti
 ele
tron-nu
leons
attering for beam energies below 1 GeV and in the 1-3 GeV region, where severalexperiments are performed or are in progress.PACS numbers: 25.30.Bf, 25.30.Rw, 13.60.FzI. INTRODUCTIONElasti
 ele
tron-nu
leon s
attering in the one-photon ex
hange approximation is a time-honoured tool to a

ess information on the stru
ture of hadrons. Experiments with in
reas-ing pre
ision have be
ome possible in re
ent years, mainly triggered by new te
hniques toperform polarization experiments at the ele
tron s
attering fa
ilities. This has allowed torea
h a new frontier in the measurement of hadron stru
ture quantities, su
h as its ele
-



2troweak form fa
tors, parity violating e�e
ts, nu
leon polarizabilities, N → ∆ transitionform fa
tors, or the measurement of spin dependent stru
ture fun
tions, to name a few. Forexample, experiments using polarized ele
tron beams and measuring the ratio of the re
oilnu
leon in-plane polarization 
omponents have profoundly extended our understanding ofthe nu
leon ele
tromagneti
 form fa
tors. For the proton, su
h polarization experimentswhi
h a

ess the ratio GEp/GMp of the proton's ele
tri
 ( GEp ) to magneti
 ( GMp ) formfa
tors have been performed out to a momentum transfer Q2 of 5.6 GeV2 [1, 2℄ . It 
ame asa surprise that these experiments extra
ted a ratio of GEp/GMp whi
h is 
learly at varian
ewith unpolarized measurements [3, 4, 5℄ using the Rosenbluth separation te
hnique.The understanding of this puzzle has generated a lot of a
tivity re
ently, and is a prereq-uisite to use ele
tron s
attering as a pre
ision tool. It has been suggested on general groundsin Ref. [6℄ that this puzzle may be explained by a two-photon ex
hange amplitude of thelevel of a few per
ent. The resulting failure of the one-photon ex
hange approximation tounpolarized elasti
 ele
tron-nu
leon s
attering 
an be understood from the observation that
GMp and GEp enter quadrati
ally in the unpolarized 
ross se
tion. It turns out that G2

Epmay be
ome a small quantity 
ompared with G2
Mp, and is further suppressed by a kine-mati
al fa
tor ∼ 1/Q2. Therefore, it be
omes in
reasingly di�
ult to extra
t this term atlarger momentum transfer. Already at moderate momentum transfers, the weight of theterm proportional to G2

E drops at the 1 % level and one may expe
t that 
orre
tion termsdue to two-photon ex
hange be
ome 
ompetitive and eventually dominate over the G2
E term.The polarization transfer method on the other hand is mu
h less a�e
ted be
ause it dire
tlymeasures the ratio of GEp/GMp , i.e. depends linearly on GE.Re
ently, several model 
al
ulations of the 2γ ex
hange amplitude have been performed.In Ref. [7℄, a 
al
ulation of the 2γ ex
hange when the hadroni
 intermediate state is a nu-
leon was performed. It found that the 2γ ex
hange 
orre
tion with intermediate nu
leon
an partially resolve the dis
repan
y between the two experimental te
hniques. Re
ently,the 2γ ex
hange 
ontribution to elasti
 ele
tron-nu
leon s
attering has been estimated atlarge momentum transfer [8℄, through the s
attering o� a parton in a proton by relating thepro
ess on the nu
leon to the generalized parton distributions. This 
al
ulation found thatthe 2γ ex
hange 
ontribution is indeed able to quantitatively resolve the existing dis
repan
ybetween Rosenbluth and polarization transfer experiments.To push the pre
ision frontier further in ele
tron s
attering, one needs a good 
ontrol of



3
2γ ex
hange me
hanisms and needs to understand how they may or may not a�e
t di�erentobservables. This justi�es a systemati
 study of su
h 2γ ex
hange e�e
ts, both theoreti
allyand experimentally. The real (dispersive) part of the 2γ ex
hange amplitude 
an be a

essedthrough the di�eren
e between elasti
 ele
tron and positron s
attering o� a nu
leon. Theimaginary (absorptive) part of the 2γ ex
hange amplitude on the other hand 
an be a

essedthrough a single spin asymmetry (SSA) in elasti
 ele
tron-nu
leon s
attering, when either thetarget or beam spin are polarized normal to the s
attering plane, as has been dis
ussed sometime ago in Ref. [9℄. As time reversal invarian
e for
es this SSA to vanish for one-photonex
hange, it is of order α = e2/(4π) ≃ 1/137. Furthermore, to polarize an ultra-relativisti
parti
le in the dire
tion normal to its momentum involves a suppression fa
tor m/E (with
m the mass and E the energy of the parti
le), whi
h typi
ally is of order 10−4 − 10−3 whenthe ele
tron beam energy is in the 1 GeV range. Therefore, the resulting target normal SSA
an be expe
ted to be of order 10−2, whereas the beam normal SSA is of order 10−6 − 10−5.A measurement of su
h small asymmetries is quite demanding experimentally. However,in the 
ase of a polarized lepton beam, asymmetries of the order ppm are 
urrently a

es-sible in parity violation (PV) elasti
 ele
tron-nu
leon s
attering experiments. The parityviolating asymmetry involves a beam spin polarized along its momentum. However the SSAfor an ele
tron beam spin normal to the s
attering plane 
an also be measured using thesame experimental set-ups. First measurements of this beam normal SSA at beam energiesbelow 1 GeV have yielded values around 10 ppm [13, 14℄. At higher beam energies, thebeam normal SSA 
an also be measured in up
oming PV elasti
 ele
tron-nu
leon s
atteringexperiments [15, 16, 17℄.First estimates of the target normal SSA in elasti
 ele
tron-nu
leon s
attering have beenperformed in Refs. [9, 10℄. In those works, the 2γ ex
hange with nu
leon intermediate state(so-
alled elasti
 or nu
leon pole 
ontribution) has been 
al
ulated, and the inelasti
 
on-tribution has been estimated in a very forward angle approximation. Estimates within thisapproximation have also been reported for the beam normal SSA in Ref. [11℄. Re
ently, thegeneral formalism for elasti
 ele
tron-nu
leon s
attering with lepton heli
ity �ip, whi
h isneeded to des
ribe the beam normal SSA, has been developed in Ref. [12℄. Furthermore,the beam normal SSA has also been estimated at large momentum transfers Q2 in Ref. [12℄using a parton model, whi
h was found 
ru
ial [8℄ to interpret the results from unpolarizedele
tron-nu
leon elasti
 s
attering, as dis
ussed before. In the handbag model of Refs. [8, 12℄,



4the 
orresponding 2γ ex
hange amplitude has been expressed in terms of generalized partondistributions, and the real and imaginary part of the 2γ ex
hange amplitude are relatedthrough a dispersion relation. Hen
e in the partoni
 regime, a dire
t 
omparison of theimaginary part with experiment 
an provide a very valuable 
ross-
he
k on the 
al
ulatedresult for the real part.To use the elasti
 ele
tron-nu
leon s
attering at low momentum transfer as a high pre-
ision tool, su
h as in present day PV experiments, one may also want to quantify the 2γex
hange amplitude. To this aim, one may envisage a dispersion formalism for the elasti
ele
tron-nu
leon s
attering amplitudes, as has been dis
ussed some time ago in the liter-ature [18℄. To develop this formalism, the ne
essary �rst step is a pre
ise knowledge ofthe imaginary part of the two-photon ex
hange amplitude, whi
h enters in both the beamand target normal SSA. The study of this imaginary part of the 2γ ex
hange is the subje
tof this paper. Using unitarity, one 
an relate the imaginary part of the 2γ amplitude tothe ele
troabsorption amplitudes on a nu
leon. When measuring the imaginary part of theelasti
 ele
tron-nu
leon amplitude through a normal SSA at su�
iently low energies, belowor around two-pion produ
tion threshold, one is in a regime where these ele
troprodu
tionamplitudes are relatively well known using pion ele
troprodu
tion experiments as input.One strategy is therefore to investigate this new tool of beam and target normal SSA �rst inthe region where one has a good �rst knowledge of the imaginary part of the 2γ ex
hange.As both photons in the 2γ ex
hange pro
ess are virtual and integrated over, an observablesu
h as the beam or target normal SSA is sensitive to the ele
troprodu
tion amplitudes onthe nu
leon for a range of photon virtualities. This may provide information on resonan
etransition form fa
tors 
omplementary to the information obtained from 
urrent pion ele
-troprodu
tion experiments.Finally, by understanding the 2γ ex
hange 
ontributions for the 
ase of ele
tromagneti
ele
tron-nu
leon s
attering, one may extend this 
al
ulation to ele
troweak pro
esses, wherethe γZ and W+W− box diagrams are in several 
ases the leading unknown 
ontributionsentering in ele
troweak pre
ision experiments.We start by brie�y reviewing the elasti
 ele
tron-nu
leon s
attering formalism beyond theone-photon ex
hange approximation in Se
tion II, and dis
uss the target and beam normalspin asymmetries in Se
tion III. Subsequently, we study the imaginary part of the two-photon ex
hange amplitudes in Se
tion IV. We express this imaginary part as a phase spa
e



5integral over the doubly virtual Compton s
attering tensor on the nu
leon. In Se
tion V,we use unitarity to model the doubly virtual Compton s
attering tensor in the resonan
eregion in terms of γ∗N → πN ele
troabsorption amplitudes. We take those amplitudes froma state-of-the-art phenomenologi
al analysis (MAID [19℄) of pion ele
troprodu
tion observ-ables. In Se
tion VI, we show our results for beam and target normal SSA for beam energiesbelow 1 GeV and in the 1-3 GeV region, where several experiments at MIT-Bates, MAMIand Je�erson Lab (JLab) are performed or in progress. Our 
on
lusions and an outlook aregiven in Se
tion VII.II. ELASTIC ELECTRON-NUCLEON SCATTERING BEYOND THEONE-PHOTON EXCHANGE APPROXIMATIONIn this se
tion, we brie�y review the elasti
 ele
tron-nu
leon s
attering formalism beyondthe one-photon ex
hange approximation, as has been developed re
ently in Refs. [6, 12℄. Forthe kinemati
s of elasti
 ele
tron-nu
leon s
attering :
e−(k) + N(p) → e−(k′) + N(p′), (1)we adopt the usual de�nitions :

P =
p + p′

2
, K =

k + k′

2
, q = k − k′ = p′ − p, (2)and 
hoose

Q2 = −q2, ν = K.P, (3)as the independent invariants of the s
attering. The invariant ν is related to the polarizationparameter ε of the virtual photon, whi
h 
an be expressed as (negle
ting the ele
tron mass) :
ε =

ν2 − M4τ(1 + τ)

ν2 + M4τ(1 + τ)
, (4)where M is the nu
leon mass.For a theory whi
h respe
ts Lorentz, parity and 
harge 
onjugation invarian
e, the generalamplitude for elasti
 s
attering of two spin 1/2 parti
les 
an be expressed by 6 independent



6heli
ity amplitudes or equivalently by six invariant amplitudes. The total amplitude 
an bede
omposed in general in terms of a lepton spin non-�ip and spin �ip part :
T = Tnon−flip + Tflip. (5)The non-�ip amplitude whi
h 
onserves the heli
ity of the ele
tron (in the limit me = 0)depends upon 3 invariant amplitudes, and has been parametrized in Ref. [6℄ as :

Tnon−flip =
e2

Q2
ū(k′)γµu(k) · ū(p′)

(

G̃M γµ − F̃2
P µ

M
+ F̃3

γ.KP µ

M2

)

u(p). (6)The amplitude whi
h �ips the ele
tron heli
ity (i.e. is of the order of the mass of the ele
tron,
me), depends on 3 additional invariants whi
h have been introdu
ed in Ref. [12℄ as :
Tflip =

me

M

e2

Q2

[

ū(k′)u(k) · ū(p′)
(

F̃4 + F̃5
γ.K

M

)

u(p) + F̃6 ū(k′)γ5u(k) · ū(p′)γ5u(p)
]

.(7)In Eqs. (6,7), G̃M , F̃2, F̃3, F̃4, F̃5, F̃6 are 
omplex fun
tions of ν and Q2, and the fa
tor
e2/Q2 has been introdu
ed for 
onvenien
e. Furthermore in Eq. (7), we extra
ted an expli
itfa
tor me/M out of the amplitudes, whi
h re�e
ts the fa
t that for a ve
tor intera
tion(su
h as in QED), the ele
tron heli
ity �ip amplitude vanishes when me → 0. In the Bornapproximation, one obtains :

G̃Born
M (ν, Q2) = GM(Q2),

F̃ Born
2 (ν, Q2) = F2(Q

2),

F̃ Born
3, 4, 5, 6(ν, Q

2) = 0, (8)where GM(F2) are the proton magneti
 (Pauli) form fa
tors respe
tively. The invariantamplitude F̃2 
an be traded for G̃E , de�ned as :
G̃E ≡ G̃M − (1 + τ)F̃2, (9)whi
h has the property that in the Born approximation it redu
es to the ele
tri
 form fa
tor,i.e.
G̃Born

E (ν, Q2) = GE(Q2). (10)



7To separate the one- and two-photon ex
hange 
ontributions, it is then useful to introdu
ethe de
ompositions :
G̃M = GM + δG̃M , (11)
G̃E = GE + δG̃E . (12)Sin
e the amplitudes δG̃M , δG̃E , F̃3, F̃4, F̃5, and F̃6 vanish in Born approximation, theymust originate from pro
esses involving at least the ex
hange of two photons. Relative tothe fa
tor e2 introdu
ed in Eqs. (6, 7), we see that they are of order e2.III. SINGLE SPIN ASYMMETRIES IN ELASTIC ELECTRON-NUCLEONSCATTERINGAn observable whi
h is dire
tly proportional to the two- (or multi-) photon ex
hange isgiven by the elasti
 s
attering of an unpolarized ele
tron on a proton target polarized normalto the s
attering plane (or the re
oil polarization normal to the s
attering plane, whi
h isexa
tly the same assuming time-reversal invarian
e). For a target polarized perpendi
ularto the s
attering plane, the 
orresponding single spin asymmetry, whi
h we refer to as thetarget normal spin asymmetry (An), is de�ned by :
An =

σ↑ − σ↓
σ↑ + σ↓

, (13)where σ↑ (σ↓) denotes the 
ross se
tion for an unpolarized beam and for a nu
leon spinparallel (anti-parallel) to the normal polarization ve
tor, de�ned as :
Sµ

n = ( 0 , ~Sn ), ~Sn ≡ (~k × ~k′) / |~k × ~k′|. (14)As has been shown by de Rujula et al. [9℄, the target (or re
oil) normal spin asymmetry isrelated to the absorptive part of the elasti
 eN s
attering amplitude (see Se
tion IV). Sin
ethe one-photon ex
hange amplitude is purely real, the leading 
ontribution to An is of order
O(e2), and is due to an interferen
e between one- and two-photon ex
hange amplitudes.When negle
ting terms whi
h 
orrespond with ele
tron heli
ity �ip (i.e. setting me = 0),
An 
an be expressed in terms of the invariants for ele
tron-nu
leon elasti
 s
attering, de�ned



8in Eqs. (6, 7), as [8℄ :
An =

√

2 ε (1 + ε)

τ

(

G2
M +

ε

τ
G2

E

)−1

×
{

−GM I
(

δG̃E +
ν

M2
F̃3

)

+ GE I
(

δG̃M +
(

2ε

1 + ε

)

ν

M2
F̃3

)}

+ O(e4), (15)where I denotes the imaginary part.For a beam polarized perpendi
ular to the s
attering plane, we 
an also de�ne a singlespin asymmetry, analogously as in Eq. (13), where now σ↑ (σ↓) denotes the 
ross se
tion foran unpolarized target and for an ele
tron beam spin parallel (anti-parallel) to the normalpolarization ve
tor, given by Eq. (14). We refer to this asymmetry as the beam normal spinasymmetry (Bn). It expli
itly vanishes when me = 0 as it involves an ele
tron heli
ity �ip.Using the general ele
tron-nu
leon s
attering amplitude of Eqs. (6,7), Bn is given by [12℄ :
Bn =

2 me

Q

√

2 ε (1− ε)

√

1 +
1

τ

(

G2
M +

ε

τ
G2

E

)−1

×
{

−τ GM I
(

F̃3 +
1

1 + τ

ν

M2
F̃5

)

− GE I
(

F̃4 +
1

1 + τ

ν

M2
F̃5

)}

+ O(e4), (16)As for An, we immediately see that Bn vanishes in the Born approximation, and is thereforeof order e2.IV. IMAGINARY (ABSORPTIVE) PART OF THE TWO-PHOTON EXCHANGEAMPLITUDEIn this se
tion we relate the imaginary part of the two-photon ex
hange amplitude to theabsorptive part of the doubly virtual Compton s
attering tensor on the nu
leon, as shown inFig. 1. In the following we 
onsider the heli
ity amplitudes for the elasti
 ele
tron-nu
leons
attering, de�ned in the e−N c.m. frame, whi
h are denoted by T (h′, λ′
N ; h, λN). Here

h(h′) denote the heli
ities of the initial (�nal) ele
trons and λN (λ′
N) denote the heli
itiesof the initial (�nal) nu
leons. These heli
ity amplitudes 
an be expressed in terms of theinvariant amplitudes introdu
ed in Eqs. (6,7), and the 
orresponding relations 
an be found



9in Appendix A. These relations allow us to 
al
ulate the invariant amplitudes, on
e we have
onstru
ted a model for the heli
ity amplitudes.

Figure 1: The two-photon ex
hange diagram. The �lled blob represents the response of the nu
leonto the s
attering of the virtual photon.We start by 
al
ulating the dis
ontinuity of the two-photon ex
hange amplitude, shownin Fig. 1, whi
h is given by
Abs T2γ = e4

∫

d3~k1

(2π)32Ek1

ū(k′, h′)γµ(γ · k1 + me)γνu(k, h)
1

Q2
1Q

2
2

·W µν(p′, λ′
N ; p, λN) , (17)where the momenta are de�ned as indi
ated on Fig. 1, with q1 ≡ k − k1, q2 ≡ k′ − k1,and q1 − q2 = q. Denoting the 
.m. angle between initial and �nal ele
trons as θc.m., themomentum transfer Q2 ≡ −q2 in the elasti
 s
attering pro
ess 
an be expressed as :

Q2 =
(s − M2)2

2 s
(1 − cos θc.m.) + O(m2

e), (18)with s = (k + p)2. Furthermore, Q2
1 ≡ −q2

1 = −(k − k1)
2 and Q2

2 ≡ −q2
2 = −(k′ − k1)

2
orrespond with the virtualities of the two spa
elike photons.In Eq. (17), the hadroni
 tensor W µν(p′, λ′
N ; p, λN) 
orresponds with the absorptive partof the doubly virtual Compton s
attering tensor with two spa
e-like photons :

W µν(p′, λ′
N ; p, λN) =

∑

X

(2π)4 δ4(p+q1−pX) < p′ λ′
N |J†µ(0)|X > < X|Jν(0)|p λN > , (19)where the sum goes over all possible on-shell intermediate hadroni
 states X. Note thatin the limit p′ = p, Eq. (19) redu
es to the forward tensor for in
lusive ele
tron-nu
leons
attering and 
an be parametrized by the usual 4 nu
leon forward stru
ture fun
tions. In



10the non-forward 
ase however, the absorptive part of the doubly virtual Compton s
atteringtensor of Eq. (19) whi
h enters in the evaluation of target and beam normal spin asymmetries,depends upon 18 invariant amplitudes [20℄. Though this may seem as a forbiddingly largenumber of new fun
tions, we may use the unitarity relation to express the full non-forwardtensor in terms of ele
troprodu
tion amplitudes γ∗N → X. The number of intermediatestates X whi
h one 
onsiders in the 
al
ulation will then put a limit on how high in energyone 
an reliably 
al
ulate the hadroni
 tensor Eq. (19). In the following se
tion, we willmodel the tensor W µν for the elasti
 
ontribution (X = N), and in the resonan
e region asa sum over all πN intermediate states (i.e. X = πN), using a phenomenologi
al state-of-the-art 
al
ulation for the γ∗N → πN amplitudes.The phase spa
e integral in Eq. (17) runs over the 3-momentum of the intermediate (on-shell) ele
tron. Evaluating the pro
ess in the e−N 
.m. system, we 
an express the 
.m.momentum of the intermediate ele
tron as :
|~k1|2 =

(s − W 2 + m2
e)

2 − 4sm2
e

4s

≃ (s − W 2)2

4s

{

1 − 2 m2
e

(s + W 2)

(s − W 2)2

}

+ O(m4
e), (20)where W 2 ≡ p2

X is the squared invariant mass of the intermediate state X. The 
.m.momentum |~k| of the initial (and �nal) ele
trons is given by the analogous expression asEq. (20) by repla
ing W 2 → M2. The three-dimensional phase spa
e integral in Eq. (17)depends, besides the magnitude |~k1|, upon the solid angle of the intermediate ele
tron. Wede�ne the polar 
.m. angle θ1 of the intermediate ele
tron w.r.t. to the dire
tion of the initialele
tron. The azimuthal angle φ1 is 
hosen su
h that φ1 = 0 
orresponds with the s
atteringplane of the eN → eN pro
ess. Having de�ned the kinemati
s of the intermediate ele
tron,we 
an express the virtuality of both ex
hanged photons. The virtuality of the photon withfour-momentum q1 is given by :
Q2

1 ≃ 1

2 s

{

(s − M2) (s − W 2) (1 − cos θ1) (21)
−m2

e(s + W 2)

(

1 − (s − M2)

(s − W 2)
cos θ1

)

− m2
e(s + M2)

(

1 − (s − W 2)

(s − M2)
cos θ1

)}

+ O(m4
e).The virtuality Q2

2 of the se
ond photon has an analogous expression as Eq. (21) by repla
ing
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cos θ1 by cos θ2, where θ2 is the angle between the intermediate and �nal ele
trons. In termsof the polar and azimuthal angles θ1 and φ1 of the intermediate ele
tron, one 
an express :

cos θ2 = sin θc.m. sin θ1 cos φ1 + cos θc.m. cos θ1. (22)In 
ase the intermediate ele
tron is 
ollinear with the initial ele
tron (i.e. for θ1 → 0,
φ1 → 0), one obtains from Eq. (21) that both photon virtualities are given by :

Q2
1, V CS ≡ Q2

1(θ1 = 0, φ1 = 0) ≃ m2
e

(W 2 − M2)2

(s − W 2) (s − M2)
,

Q2
2, V CS ≡ Q2

2(θ1 = 0, φ1 = 0) ≃ (s − W 2)

(s − M2)
Q2 + O(m2

e). (23)Note that when the intermediate and initial ele
trons are 
ollinear, then also the photonwith momentum ~q1 = ~k − ~k1 is 
ollinear with this dire
tion. For the elasti
 
ase (W = M)this pre
isely 
orresponds with the situation where the �rst photon is soft (i.e. q1 → 0) andwhere the se
ond photon 
arries the full momentum transfer Q2
2 ≃ Q2. For the inelasti

ase (W > M) the �rst photon is hard but be
omes quasi-real (i.e. Q2

1 ∼ m2
e). In this 
ase,the virtuality of the se
ond photon is smaller than Q2. An analogous situation o

urs whenthe intermediate ele
tron is 
ollinear with the �nal ele
tron (i.e. θ2 → 0, φ1 → 0, whi
his equivalent with θ1 → θc.m.). These kinemati
al situations with one quasi-real photonand one virtual photon 
orrespond with quasi virtual Compton s
attering (quasi-VCS), and
orrespond at the lepton side with the Bethe-Heitler pro
ess, see e.g. Ref. [21℄ for details.Besides the near singularities 
orresponding with quasi-VCS, where the intermediate ele
-tron is 
ollinear with either the in
oming or outgoing ele
trons, the two photon ex
hangepro
ess also has a near singularity when the intermediate ele
tron momentum goes to zero

|~k1| → 0 (i.e. the intermediate ele
tron is soft). In this 
ase the �rst photon takes on the fullmomentum of the initial ele
tron, i.e. ~q1 → ~k, whereas the se
ond photon takes on the fullmomentum of the �nal ele
tron, i.e. ~q2 → ~k′. One immediately sees from Eq. (20) that thissituation o

urs when the invariant mass of the hadroni
 state takes on its maximal value
Wmax =

√
s − me. In this 
ase, both photon virtualities are given by :

Q2
1, RCS = Q2

2, RCS ≃ me

(s − M2)√
s

(1 − cos θ1) . (24)



12This kinemati
al situation with two quasi-real photons 
orresponds with quasi-real Comptons
attering (quasi-RCS).Due to the near singularities in the phase spa
e integral of Eq. (17) 
orresponding withthe quasi-VCS and quasi-RCS pro
esses, spe
ial 
are was taken when integrating over theseregions, as the integrand varies strongly over regions governed by the ele
tron mass. Belowwe will show that these near singularities may give important 
ontributions (logarithmi
enhan
ements) under some kinemati
al 
onditions. In Fig. 2, we show the full kinemati
ala

essible region for the virtualities Q2
1, Q

2
2 in the phase spa
e integral of Eq. (17).
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Figure 2: Kinemati
al a

essible region for the virtualities Q2
1, Q

2
2 in the phase spa
e integralof Eqs. (17) and (26), for MAMI (left panels) and JLab (right panels) kinemati
s for di�erent
.m. angles θc.m. as indi
ated on the ellipses. The a

essible regions 
orrespond with the insideof the ellipses and are shown both for the elasti
 (upper panels) and for inelasti
 (lower panels)intermediate hadroni
 states. The interse
tion with the axes 
orrespond with quasi-VCS, whereasthe situation at W =

√
s−me where all ellipses shrink to the point Q2

1 = Q2
2 ≃ 0 
orresponds withquasi-RCS.The normal spin asymmetries An and Bn, dis
ussed in Se
tions III, are a dire
t measure



13of the absorptive part of the two-photon ex
hange amplitude and 
an be expressed as [9℄ :
An =

2 Im(
∑

spins T ∗
1γ · Abs T2γ)

∑

spins |T1γ |2
, (25)where T1γ denotes the one-photon ex
hange amplitude. Using Eq. (17), we 
an expressEq. (25) in terms of a 3-dimensional phase-spa
e integral :

An = − 1

(2π)3

e2Q2

D(s, Q2)

∫ (
√

s−me)2

M2

dW 2 |~k1|
4
√

s

∫

dΩk1

1

Q2
1 Q2

2

Im {Lαµν Hαµν} . (26)The denominator fa
tor D(s, Q2) in Eq. (26) is given through the one-photon ex
hange 
rossse
tion as :
D(s, Q2) ≡ Q4

e4
·
∑

spins

|T1γ|2 = 8
(4M2τ)2

1 − ε

{

G2
M +

ε

τ
G2

E

}

. (27)Furthermore in Eq. (26), the leptoni
 (Lαµν) and hadroni
 (Hαµν) tensors are given by :
Lαµν = ū(k′, h′)γµ(γ · k1 + me)γνu(k, h) · [ū(k′, h′)γαu(k, h)]

∗
, (28)

Hαµν = W µν · [ū(p′, λ′
N)Γα(p′, p)u(p, λN)]

∗
, (29)where

Γα(p′, p) ≡ GMγα − F2 P α/M. (30)In Eqs. (28, 29) a sum is understood over the heli
ities of the unpolarized parti
les. Toevaluate the target normal spin asymmetry An, we need the unpolarized lepton tensor,whi
h is given by (negle
ting the terms proportional to the ele
tron mass me) :
Lunpol

αµν = Tr {/k′γµ/k1γν/kγα} . (31)The beam normal spin asymmetry Bn involves the polarized lepton tensor, whi
h is givenby :
Lpol

αµν = Tr {(/k′ + me)γµ(/k1 + me)γνγ5/ξ(/k + me)γα} , (32)



14where ξβ is the polarization ve
tor, for an ele
tron polarized normal to the s
attering plane.We see from Eq. (32) that the polarized lepton tensor vanishes for massless ele
trons. Keep-ing only the leading term in me, it is given by :
Lpol

αµν = me {−Tr {γ5γµ/k1γν/ξ/kγα} + Tr {γ5/k
′γµ/k1γν/ξγα} − Tr {γ5/k

′γµγν/ξ/kγα} }

+ O(m2
e). (33)V. MODELS FOR THE HADRONIC TENSORIn this se
tion, we dis
uss several models for the non-forward hadroni
 tensor W µν ofEq. (19) whi
h enters in the imaginary part of the two-photon ex
hange amplitude. Thesemodels will be used further on to evaluate the target and beam normal spin asymmetries.An initial guess, is to approximate the non-forward tensor by the 
orresponding forwardtensor in terms of 4 nu
leon stru
ture fun
tions, as was done in the 
al
ulations of Ref. [9℄,and adapted in Ref. [11℄ by 
omplementing the nu
leon stru
ture fun
tions by a form fa
tordependen
e. This may be a reliable �rst estimate when one is interested in the kinemati
allimit of high energy and very small momentum transfer (Q2 ≪ s), 
orresponding with theRegge regime. The SLAC E158 experiment [17℄, whi
h 
orresponds with Eγ ≃ 50 GeV and

Q2 ≤ 0.05 GeV2, a

esses this di�ra
tive region and may be a good testing ground for su
hmodels.To go beyond the very forward angle approximation for the hadroni
 tensor, and in orderto 
ompare quantitatively with beam normal spin asymmetry measurements performed orin progress at MIT-Bates [13℄, MAMI [14℄, and JLab [15, 16℄ at intermediate beam energiesin the 1 GeV region, one immediately fa
es the full 
omplexity of the non-forward doublyvirtual Compton s
attering tensor. This non-forward tensor 
an be parametrized in generalin terms of 18 invariant amplitudes [20℄. As we are interested in this work in the absorptivepart of the non-forward doubly virtual Compton s
attering tensor, we may use the unitarityrelation to express the full non-forward tensor in terms of ele
troabsorption amplitudes
γ∗N → X at di�erent photon virtualities. This same strategy has been used before in thedes
ription of real and virtual Compton s
attering in the resonan
e region, and 
he
kedagainst data in Ref. [22℄. We will subsequently model the non-forward tensor W µν for theelasti
 
ontribution (X = N), and in the resonan
e region as a sum over all πN intermediate



15states (i.e. X = πN). A. Elasti
 
ontributionThe elasti
 
ontribution to W µν , 
orresponding with the nu
leon intermediate state inthe blob of Fig. 1, is exa
tly 
al
ulable in terms of on-shell nu
leon ele
tromagneti
 formfa
tors as :
W µν

el (p′, λ′
N ; p, λN) = 2π δ(W 2 − M2)

× ū(p′, λ′
N) Γµ(p′, pX) (γ · pX + M) Γν(pX , p) u(p, λN) , (34)where Γµ is given as in Eq. (30).B. Inelasti
 
ontribution : sum over πN intermediate states using the MAID model(resonan
e region)The inelasti
 
ontribution to W µν 
orresponding with the πN intermediate states in theblob of Fig. 1, is given by

W µν(p′, λ′
N ; p, λN) =

1

4π2

|~pπ|2

[|~pπ|(Eπ + En) + Eπ|~k1|k̂1 · p̂π]

×
∑

λn

∫

dΩπ ū(p′, λ′
N)J†µ

πNu(pn, λn) ū(pn, λn)Jν
πNu(p, λN), (35)where pπ = (Eπ, ~pπ) and pn = (En, ~p n) are the four-momenta of the intermediate pionand nu
leon states respe
tively, and ~k1 = −~pπ − ~pn. In Eq. (35) the integration runs overthe polar and azimuthal angles of the intermediate pion, and Jν

πN and J†µ
πN are the pionele
troprodu
tion 
urrents, des
ribing the ex
itation and de-ex
itation of the πN interme-diate state, respe
tively. Following Ref. [23℄, we parametrize the matrix element of the pionele
troprodu
tion 
urrent in terms of six invariant amplitudes Ai as :

ū(pn, λn) Jν
πN u(p, λN) = 8πW ū(pn, λn)

6
∑

i=1

Ai(W
2, tπ, Q2

1) Mν
i u(p, λN), (36)



16where W 2 = (p + q1)
2 = (pπ + pn)2 is the squared 
.m. energy of the πN system, tπ =

(p − pn)2 = (pπ − q1)
2 is the squared four-momentum transfer in the γN → πN pro
ess. InEq. (36), the 
ovariants Mν

i are given by
Mν

1 = −1

2
iγ5 (γν/q1 − /q1γ

ν) ,

Mν
2 = 2iγ5

(

P ν
in q1 · (pπ − 1

2
q1) − (pπ − 1

2
q1)

νq1 · Pin

)

,

Mν
3 = −iγ5 (γν q1 · pπ − /q1p

ν
π) ,

Mν
4 = −2iγ5 (γν q1 · Pin − /q1P

ν
in) − 2M Mν

1 ,

Mν
5 = iγ5

(

qν
1 q1 · pπ + Q2

1p
ν
π

)

,

Mν
6 = −iγ5

(

/q1q
ν
1 + Q2

1γ
ν
)

, (37)where P ν
in = (p + pn)ν/2, and /a = aνγ

ν . Analogous expressions hold for the pion ele
tropro-du
tion 
urrent for the se
ond virtual photon.For the 
al
ulation of the invariant amplitudes Ai, we use the phenomenologi
al MAIDanalysis (version 2000) [24℄, whi
h 
ontains both resonant and non-resonant pion produ
tionme
hanisms. VI. RESULTS AND DISCUSSIONIn this se
tion we show our results for both beam and target normal spin asymmetriesfor elasti
 ele
tron-proton and ele
tron-neutron s
attering. We estimate the non-forwardhadroni
 tensor entering the two-photon ex
hange amplitude through nu
leon (elasti
 
on-tribution) and πN intermediate states (inelasti
 
ontribution) as des
ribed above. Our
al
ulation 
overs the whole resonan
e region, using phenomenologi
al πN ele
troprodu
-tion amplitudes as input, and addresses measurements performed or in progress at MIT-Bates [13℄, MAMI [14℄ and JLab [15, 16℄, where the beam energies are below 1 GeV or inthe 1-3 GeV range.In Fig. 3, we show the beam normal spin asymmetry Bn for elasti
 e−↑p → e−p s
atteringat a low beam energy of Ee = 0.2 GeV. At this energy, the elasti
 
ontribution (where thehadroni
 intermediate state is a nu
leon) is sizeable. The inelasti
 
ontribution is domi-nated by the region of threshold pion produ
tion, as is shown in Fig. 4, where we display
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Figure 3: Beam normal spin asymmetry Bn for e−↑p → e−p at a beam energy Ee = 0.2 GeV asfun
tion of the c.m. s
attering angle, for di�erent hadroni
 intermediate states (X) in the blob ofFig. 1 : N (dashed 
urve), πN (dashed-dotted 
urve), sum of the N and πN (solid 
urve). Thedata point is from the SAMPLE Collaboration (MIT-Bates) [13℄.the integrand of the W -integration for Bn. When integrating the full 
urve in Fig. 4 over
W , one obtains the total inelasti
 
ontribution to Bn (i.e. dashed-dotted 
urve in Fig. 3).One sees from Fig. 4 that at ba
kward 
.m. angles (i.e. with in
reasing Q2) the π+n and
π0p intermediate states 
ontribute with opposite sign. Su
h a behavior is be
ause the non-forward hadroni
 tensor involves ele
troprodu
tion amplitudes at di�erent virtualities. Itwould be absent when approa
hing the non-forward tensor by a forward tensor in terms ofunpolarized stru
ture fun
tions, be
ause the positivity of the unpolarized stru
ture fun
tionsrequires all 
hannels to 
ontribute with the same sign. Furthermore, one noti
es in Fig. 4that the peaked stru
ture at the maximum possible value of the integration range in W , i.e.
Wmax =

√
s − me, is due to the near singularity (in the ele
tron mass) 
orresponding withquasi-RCS as dis
ussed in Se
tion IV.We investigate the 
ontribution of this quasi-real Compton s
attering to the total asym-
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W (GeV)Figure 4: Integrand in W of the beam normal spin asymmetry Bn for e−↑p → e−p at a beam energyof Ee = 0.2 GeV and at di�erent c.m. s
attering angles as indi
ated on the �gure. The dashed 
urvesare the 
ontribution from the π0p 
hannel, the dashed-dotted 
urves show the 
ontribution from the
π+n 
hannel, and the solid 
urves are the sum of the 
ontributions from the π+n and π0p 
hannels.The verti
al dashed line indi
ates the upper limit of the W integration, i.e. Wmax =

√
s − me.metry Bn as fun
tion of the beam energy at a ba
kward angle θcm = 120o in Fig. 5. Inthis �gure, we 
ompare the full 
al
ulation (solid 
urve) with an approximate 
al
ulation(dotted 
urve) where the hadroni
 tensor W µν in Eq. (26, 29) is evaluated at the end-point

Wmax, and 
an subsequently be taken out of the W -integration. This 
al
ulation 
orre-sponds with the quasi-RCS 
ontribution to Bn. It is seen from Fig. 5 that for energies upto about Ee ≃ 0.4 GeV, the quasi-real Compton s
attering is dominating the total result. Itis also seen that when approa
hing the πN threshold there is a sign 
hange in Bn whi
h isdriven by the non-resonant π+n produ
tion pro
ess whi
h yields a positive integrand aroundthreshold. The threshold region in the present 
al
ulation (MAID) is 
onsistent with 
hiral
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Figure 5: Beam energy dependen
e of the beam normal spin asymmetry Bn for e−↑p → e−p at�xed s
attering angle θc.m. = 120
o. The solid 
urve is the total inelasti
 
al
ulation for both π+nand π0p 
hannels. The other three 
urves are obtained by approximating the hadroni
 tensor W µνin Eqs. (26,29) by its value at W = Wmax =

√
s− me, 
orresponding with the quasi-real Comptons
attering 
ontribution for the π0p 
hannel (dashed 
urve), for the π+n 
hannel (dashed-dotted
urve), and for the sum of π0p and π+n 
hannels (dotted 
urve).symmetry predi
tions, and is therefore largely model independent. It is seen from Fig. 3that the inelasti
 and elasti
 
ontributions at a low energy of 0.2 GeV have opposite sign,resulting in quite a small asymmetry around this parti
ular energy. It is somewhat puzzlingthat the only experimental data point at this energy indi
ates a larger negative value atba
kward angles, although with quite large error bar.In Fig. 6, we show Bn at di�erent beam energies below Ee = 1 GeV. It is 
learly seenthat at energies Ee = 0.3 GeV and higher the elasti
 
ontribution yields only a very smallrelative 
ontribution. Therefore Bn is a dire
t measure of the inelasti
 part whi
h gives riseto sizeable large asymmetries, of the order of several tens of ppm in the ba
kward angularrange, mainly driven by the quasi-RCS near singularity. At forward angles, the size of the
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Figure 6: Beam normal spin asymmetry Bn for e−↑p → e−p as fun
tion of the c.m. s
attering angleat di�erent beam energies, as indi
ated on the �gure. The 
al
ulations are for di�erent hadroni
intermediate states (X) in the blob of Fig. 1 : N (dashed 
urve), πN (dashed-dotted 
urves), sumof the N and πN (solid 
urves). The data points are from the A4 Collaboration (MAMI) [14℄.predi
ted asymmetries is 
ompatible with the �rst high pre
ision measurements performedat MAMI. It will be worthwhile to investigate if the slight overpredi
tion (in absolute value)of Bn, in parti
ular at Ee = 0.57 GeV, is also seen in a ba
kward angle measurement, whi
his planned in the near future at MAMI.To gain a better understanding of how the inelasti
 
ontribution to Bn arises, we showin Fig. 7 the integrand of Bn at Ee = 0.855 GeV and at di�erent s
attering angles. Theresonan
e stru
ture is 
learly re�e
ted in the integrands for both π+n and π0p 
hannels. Atforward angles, the quasi-real Compton s
attering at the endpoint W = Wmax only yields a
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W (GeV)Figure 7: Integrand in W of the beam normal spin asymmetry Bn for e−↑p → e−p at a beam energyof Ee = 0.855 GeV and at di�erent c.m. s
attering angles as indi
ated on the �gure. The dashed
urves are the 
ontribution from the π0p 
hannel, the dashed-dotted 
urves show the 
ontributionfrom the π+n 
hannel, and the solid 
urves are the sum of the 
ontributions from the π+n and
π0p 
hannels. The verti
al dashed line indi
ates the upper limit of the W integration, i.e. Wmax =√

s − me.very small 
ontribution, whi
h grows larger when going to ba
kward angles. This quasi-RCS
ontribution is of opposite sign as the remainder of the integrand, and therefore determinesthe position of the maximum (absolute) value of Bn when going to ba
kward angles.In Fig. 8, we 
ompare the beam normal spin asymmetries at Ee = 0.570 GeV for bothproton and neutron. It is seen that the proton and neutron values of Bn are of oppositesign and similar in magnitude. This 
an be understood from Eq. (16) and noting that theterm proportional to GM dominates Bn. As the magneti
 form fa
tor GM 
hanges signbetween proton and neutron, and be
ause the two-photon ex
hange amplitudes in the ∆ re-
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θc.m. (deg)Figure 8: Comparison of the beam normal spin asymmetry Bn for the pro
esses e−↑p → e−p (leftpanel), and e−↑n → e−n (right panel) at beam energy Ee = 0.570 GeV as fun
tion of the c.m.s
attering angle, for di�erent hadroni
 intermediate states (X) in the blob of Fig. 1 : N (dashed
urve), πN (dashed-dotted 
urve), sum of N and πN (solid 
urve).gion (isove
tor transition) have the same sign and magnitude between proton and neutron,one obtains a beam normal spin asymmetry of similar magnitude and opposite sign betweenboth 
ases.In Fig. 9, we show our results for the beam normal spin asymmetry at Ee = 3 GeV whereparity violation programs are underway at JLab (G0 [16℄ and Happex-2 [15℄ experiments).One noti
es from Fig. 9 that the elasti
 
ontribution at Ee = 3 GeV is negligibly small at for-ward angles, and rea
hes its largest value (in magnitude) of around -1 ppm in the ba
kwardangular range. The inelasti
 part is 
al
ulated using πN intermediate states for W < 2 GeV.The inelasti
 
ontribution to Bn displays an interesting stru
ture as it is negative (around-3 ppm) in the forward angular range and 
hanges sign around θc.m. ≃ 90o. This 
an beunderstood by 
omparing the W -dependen
e of the integrands of Bn between forward and
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Figure 9: Beam normal spin asymmetry Bn for e−↑p → e−p at a beam energy Ee = 3 GeV asfun
tion of the c.m. s
attering angle, for di�erent hadroni
 intermediate states (X) in the blob ofFig. 1 : N (dashed 
urve), πN (dashed-dotted 
urve), sum of N and πN (solid 
urve). For the
πN intermediate states, we estimates the total 
ontribution for W ≤ 2 GeV.ba
kward angular situations, as is shown on Fig. 10. The integrand of Bn displays threeprominent resonan
e stru
tures 
orresponding with the ∆(1232) and dominantly with the
D13(1520) and F15(1680) resonan
es. At a forward angle, all three resonan
e regions enterwith the same sign in Bn. At a ba
kward angle (see panel for θc.m. = 120o) however, one seesthat the �rst two resonan
e regions are largely damped whereas the third resonan
e regionshows up prominently and yields a 
ontribution to Bn with opposite sign. This 
an in turnbe understood be
ause at more ba
kward angles at �xed W , the integration range for Bn isdominated by the quasi-VCS regions, where one of the photons has a larger virtuality thanat forward angle, as is seen on Fig. 2. At larger photon virtuality, the �rst two resonan
eregions drop faster with Q2 than the third region as follows from phenomenologi
al pionele
troprodu
tion analyses and as is built into the MAID amplitudes. Furthermore, the sign
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hange of the third resonan
e region at ba
kward angles again stresses the importan
e tomodel the full non-forward Compton tensor. This sign 
hange, as follows from the MAIDmodel, is similar as the 
orresponding sign 
hange with in
reasing Q2 for the generalized (i.e.
Q2 dependent) Gerasimov-Drell-Hearn (GDH) integral, as obtained in this model [25℄. In-deed, at small Q2, the GDH integral is largely dominated by the ∆(1232) resonan
e, whereaswith in
reasing Q2, the ∆(1232) 
ontribution drops rapidly and the higher resonan
e regionturns over the sign of the GDH integral, approa
hing its value as measured in deep inelasti
s
attering. It will be interesting to 
on�rm this behavior by 
omparing the values of Bn at
Ee = 3 GeV from forth
oming data at forward and ba
kward angles [15, 16℄.
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W (GeV)Figure 10: Integrand in W of the beam normal spin asymmetry Bn for e−↑p → e−p at a beamenergy of Ee = 3 GeV and at di�erent c.m. s
attering angles as indi
ated on the �gure. The dashed
urves are the 
ontribution from the π0p 
hannel, the dashed-dotted 
urves show the 
ontributionfrom the π+n 
hannel, and the full 
urves are the sum of the 
ontributions from the π+n and π0p
hannels. Note that for Ee = 3 GeV, the upper integration range in W is given by Wmax ≃ 2.55 GeV.



25We also note from Fig. 10, that at Ee = 3 GeV, the πN 
ontribution is only known for
W < 2 GeV, whereas the upper integration range in W is given by Wmax ≃ 2.55 GeV. One
an dedu
e from Fig. 10 that there might be an additional negative 
ontribution to Bn inparti
ular in the forward angular range. This may render the beam normal spin asymmetrysomewhat more negative in the forward angular range than shown on Fig. 9.
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Figure 11: Target normal spin asymmetry An for e−p↑ → e−p for the nu
leon intermediate state(i.e. elasti
 
ontribution X = N) in the blob of Fig. 1, as fun
tion of the 
.m. s
attering angle fordi�erent beam energies as indi
ated on the 
urves.In the following �gures, we dis
uss the 
orresponding target normal spin asymmetry An.We �rstly show in Fig. 11 the elasti
 
ontribution to the target normal spin asymmetry Anat di�erent beam energies. The elasti
 
ontribution to An depends only on the on-shell nu-
leon ele
tromagneti
 form fa
tors and has been 
al
ulated long time ago (see e.g. Ref. [9℄).Using dipole form fa
tor parametrizations for both GM p and GE p as adopted in Ref. [9℄, weare able to exa
tly reprodu
e the results of Ref. [9℄. One sees from Fig. 11 that the elasti

ontribution to An is around or below 1 %.
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Figure 12: Dependen
e on the proton form fa
tors of the elasti
 
ontribution to the target normalspin asymmetry An for e−p↑ → e−p at two beam energies : Ee = 11 GeV (dashed 
urves), and
Ee = 4 GeV (solid 
urves). The thin upper 
urves are obtained using dipole form fa
tors. The thi
klower 
urves are obtained using the GMp parametrization of Ref. [26℄, and taking the GEp/GMpratio from Ref. [2℄.In Fig. 12 we test the dependen
e of the elasti
 
ontribution on the on-shell proton ele
tri
and magneti
 form fa
tors. We 
ompare the result for An obtained using dipole form fa
tors,with the elasti
 
ontribution 
al
ulated using the re
ent experimental analyses of GMp fromRef. [26℄ and taking the GEp/GMp ratio from Ref. [2℄. One noti
es that the realisti
 formfa
tors redu
e An by around 0.1 % at its maximum. At lower beam energies (
orrespondingwith lower values of Q2), the deviations from the dipole parametrization of the form fa
torsare mu
h smaller. Unless otherwise stated, our results for the elasti
 
ontributions to thebeam and target normal SSA are therefore 
al
ulated using dipole form fa
tors for the pro-ton.In Fig. 13, we show the results for both elasti
 and inelasti
 
ontributions to An at dif-
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e- + p↑  → e- + p
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Figure 13: Target normal spin asymmetry An for e−p↑ → e−p as fun
tion of the c.m. s
atteringangle at di�erent beam energies, as indi
ated on the �gure. The 
al
ulations are for di�erenthadroni
 intermediate states (X) in the blob of Fig. 1 : N (dashed 
urve), πN (dashed-dotted
urve), sum of N and πN (solid 
urve).ferent beam energies. At a low beam energy of Ee = 0.2 GeV, An is 
ompletely dominatedby the elasti
 
ontribution. Going to higher beam energies, the inelasti
 
ontribution be-
omes of 
omparable magnitude as the elasti
 one. This is in 
ontrast with the situationfor Bn where the elasti
 
ontribution already be
omes negligible for beam energies around
Ee = 0.3 GeV. We also noti
e from Fig. 13 that for beam energies below 1 GeV the elasti
 andinelasti
 
ontributions to An have opposite sign. The integrand of the inelasti
 
ontributionat a beam energy of Ee = 0.855 GeV is shown in Fig. 14. The total inelasti
 result displaysa π+n threshold region 
ontribution and a peak at the ∆(1232) resonan
e. Noti
e that the



28higher resonan
e region is suppressed in 
omparison with the 
orresponding integrand for
Bn. Also the quasi-real Compton s
attering peak around the maximum W value is absent.This di�erent behavior in 
omparison with the beam normal spin asymmetry 
an be easilyunderstood by 
omparing the lepton tensors in both 
ases. One sees from Eq. (31) thatthe unpolarized lepton tensor, whi
h enters in An, vanishes linearly when the intermediatelepton momentum k1 → 0. This is in 
ontrast with the polarized lepton tensor of Eq. (33)whi
h be
omes 
onstant when k1 → 0. Hen
e the region around W = Wmax (
orrespondingwith k1 → 0) in the integrand of An is suppressed 
ompared with the 
orresponding regionin the integrand of Bn. As a result, the elasti
 
ontribution to An 
an be of 
omparablemagnitude as the inelasti
 
ontribution. Furthermore, one sees from Fig. 13 that, due to thepartial 
an
ellation between elasti
 and inelasti
 
ontributions, An for the proton is signi�-
antly redu
ed, taking on values around or below 0.1 % for beam energies below 1 GeV.At higher beam energies, the inelasti
 
ontribution to An 
hanges sign. This 
an be un-derstood by 
omparing the integrands of An at Ee = 0.855 GeV (Fig. 14) with its value at
Ee = 2 GeV (Fig. 15). One sees that at Ee = 2 GeV and ba
kward angles, the ∆(1232) 
on-tribution 
hanges sign and dominates the inelasti
 
ontribution. Be
ause at higher energiesalso the elasti
 
ontribution grows larger, as was seen in Fig. 11, one obtains larger targetnormal spin asymmetries around 1 %.In Fig. 16, we 
ompare the target normal spin asymmetries for elasti
 ele
tron s
atteringo� protons and neutrons. For the elasti
 
ontribution to An for the neutron, we use theparametrizations of GMn from Ref. [27℄, and GEn from Ref. [28℄. The inelasti
 
ontributionto An for the neutron is enhan
ed in 
omparison with the proton. This 
an be understoodfrom Eq. (15) for An. For the proton, both GM and GE terms are sizeable and tend to
an
el ea
h other. For the neutron on the other hand, the GM term 
hanges sign whereasthe GE term is very small so that su
h 
an
ellation does not o

ur. Therefore, the targetnormal spin asymmetry is quite sizeable for the neutron (around 0.65 %) in the resonan
eregion, providing an interesting opportunity for a measurement.VII. CONCLUSIONSIn this paper, we have studied the target and beam normal single spin asymmetries forelasti
 ele
tron-nu
leon s
attering. These asymmetries depend on the imaginary part of 2γ
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W (GeV)Figure 14: Integrand in W of the target normal spin asymmetry An for e−p↑ → e−p for abeam energy of Ee = 0.855 GeV and at di�erent c.m. s
attering angles as indi
ated on the �gure.The dashed 
urves are the 
ontribution from the π0p 
hannel, the dashed-dotted 
urves show the
ontribution from the π+n 
hannel, and the solid 
urves are the sum of the π+n and π0p 
hannels.ex
hange amplitudes. We have 
onstru
ted the imaginary part of these 2γ ex
hange ampli-tudes as a phase spa
e integral over the doubly virtual Compton s
attering tensor on thenu
leon. Using unitarity, we have expressed the imaginary (absorptive) part of the non-forward doubly virtual Compton tensor on the nu
leon in the resonan
e region in terms ofphenomenologi
al γ∗N → πN ele
troprodu
tion amplitudes.Using this model for the non-forward doubly virtual Compton tensor, we presented 
al
u-lations for beam and target normal SSAs for several experiments performed or in progress.The resonan
e region, where the model input is relatively well understood, is a useful testingground to study these asymmetries as a new tool to extra
t nu
leon stru
ture information.At a low beam energy, around pion threshold, the inelasti
 (πN intermediate state) 
on-
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urves are the 
ontribution from the π0p 
hannel, the dashed-dotted 
urves show the 
ontributionfrom the π+n 
hannel, and the solid 
urves are the sum of the π+n and π0p 
hannels.tribution is largely 
onstrained from 
hiral symmetry predi
tions. Around pion threshold,the beam normal SSA Bn is at the few ppm level. Going up in beam energy, the elasti

ontribution to Bn be
omes very soon negligible (at the 1 ppm level) whereas the resonan
e
ontributions yield large values of Bn of the order of several tens of ppm in the ba
kwardangular range. This is mainly driven by the quasi-VCS and quasi-RCS near singularities, inwhi
h one or both photons in the two-photon ex
hange pro
ess be
ome quasi-real. It wasfound that at forward angles, the size of the predi
ted asymmetries is 
ompatible with the�rst high pre
ision measurements performed at MAMI. It will be interesting to 
he
k thatfor ba
kward angles the beam normal SSA indeed grows to the level of tens of ppm in theresonan
e region.
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θc.m. (deg)Figure 16: Comparison of the target normal spin asymmetry An for the pro
esses e−p↑ → e−p (leftpanel), and e−n↑ → e−n (right panel) at beam energy Ee = 0.570 GeV as fun
tion of the c.m.s
attering angle, for di�erent hadroni
 intermediate states (X) in the blob of Fig. 1 : N (dashed
urve), πN (dashed-dotted 
urve), sum of N and πN (solid 
urve).For higher beam energies, around 3 GeV energy range, the inelasti
 
ontribution to Bnwas found to display an interesting stru
ture : it is negative (around - 3 ppm) in the forwardangular range, and 
hanges sign around θc.m. ≃ 90o. This behavior 
an be understood fromthe observation that at forward angles the three main resonan
e regions enter with the samesign in Bn. At ba
kward angles however, the �rst two resonan
e regions are largely dampedand the third resonan
e region drives the 
hange of sign in Bn.We have also shown our results for the target normal SSA An. In 
ontrast to the beamnormal SSA, the quasi-RCS near singularity is absent in the target normal SSA, yieldingmu
h smaller inelasti
 
ontributions relative to elasti
 ones. At beam energies around 1 GeV,elasti
 and inelasti
 
ontributions to An tend to 
an
el ea
h other for the proton, yieldingvalues for An around 0.1 %. For the neutron, su
h a 
an
ellation is absent and one mayexpe
t values of An approa
hing 1 %.Besides providing estimates for ongoing experiments, this work 
an be 
onsidered as a�rst step in the 
onstru
tion of a dispersion formalism for elasti
 ele
tron-nu
leon s
atteringamplitudes. In su
h a formalism, one needs a pre
ise knowledge of the imaginary part as in-put in order to 
onstru
t the real part as a dispersion integral over this imaginary part. Thereal part of the two-photon ex
hange amplitudes may yield 
orre
tions to elasti
 ele
tron-



32nu
leon s
attering observables, su
h as the unpolarized 
ross se
tions or double polarizationobservables. It is of importan
e to quantify this pie
e of information, in order to in
reasethe pre
ision in the extra
tion of nu
leon form fa
tors.Besides, this work may also be extended to the 
al
ulation of γZ and W+W− box dia-grams, whi
h enter as 
orre
tions in ele
troweak pre
ision experiments.A
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ussions.Appendix A: RELATIONS BETWEEN HELICITY AMPLITUDES ANDINVARIANT AMPLITUDES FOR ELASTIC ELECTRON-NUCLEONSCATTERINGThe heli
ity amplitudes for elasti
 ele
tron-nu
leon s
attering are de�ned in the eN c.m.frame, and are denoted by T (h′, λ′
N ; h, λN), where h(h′) denote the heli
ities of the initial(�nal) ele
trons and where λN(λ′

N) denote the heli
ities of the initial (�nal) nu
leons. Itis also 
onvenient to introdu
e the Mandelstam invariants s = (p + k)2 and u = (p − k′)2whi
h, negle
ting the ele
tron mass, are related to the invariants Q2 and ν, introdu
ed inEq. (3), as :
s + u = Q2 + 2 M2, s − u = 4 ν. (A1)Furthermore, the c.m. s
attering angle θc.m. is related to s, u, and Q2 as :

sin2 θc.m.

2
=

Q2 s

(s − M2)2
, cos2 θc.m.

2
=

(M4 − su)

(s − M2)2
. (A2)



33The heli
ity spinors for the ele
trons are given by :
u(k(k′), h(h′)) =

√

|~k|







χh(h′)

2h(2h′) χh(h′)





 , (A3)where |~k| = (s−M2)/(2
√

s), and where the Pauli spinors for the in
oming ele
tron are givenby :
χ 1

2

=







1

0





 χ− 1

2

=







0

1





 , (A4)whereas the Pauli spinors for the outgoing ele
tron are given by :
χ′

1

2

=







cos θc.m.

2

sin θc.m.

2





 , χ′
− 1

2

=







− sin θc.m.

2

cos θc.m.

2





 . (A5)The heli
ity spinors for the nu
leon are given by :
u(p(p′), λN(λ′

N)) =
√

EN + M







χλN (λ′

N
)

2λN(2λ′
N) |~k|

EN+M
χλN (λ′

N
)





 , (A6)where EN =
√

|~k|2 + M2. The Pauli spinors for the initial proton are given by :
χ 1

2

=







0

−1





 χ− 1

2

=







1

0





 , (A7)and the Pauli spinors for the �nal proton are given by :
χ′

1

2

=







sin θc.m.

2

− cos θc.m.

2





 χ′
− 1

2

=







cos θc.m.

2

sin θc.m.

2





 . (A8)Using the 
onstraints of parity invarian
e and time reversal invarian
e, one obtains 3independent heli
ity amplitudes whi
h 
onserve the ele
tron heli
ity (i.e. h′ = h), and 3independent heli
ity amplitudes whi
h �ip the ele
tron heli
ity (i.e. h′ = −h), in agreementwith the invariants found in Eqs. (6,7).



34In terms of the invariants G̃M , F̃2, and F̃3, the 3 independent heli
ity amplitudes whi
h
onserve the ele
tron heli
ity 
an be expressed as :
T1 ≡ T (h′ = +

1

2
, λ′

N = +
1

2
; h = +

1

2
, λN = +

1

2
)

= − e2

Q2
(s − M2)

{

−2 G̃M

[

M2

s
cos2 θc.m.

2
+

(s − M2)

s

]

+ 2 F̃2 cos2 θc.m.

2
− F̃3

(s − M2)

M2
cos2 θc.m.

2

}

, (A9)
T2 ≡ T (h′ = +

1

2
, λ′

N = −1

2
; h = +

1

2
, λN = +

1

2
)

= − e2

Q2

(s − M2)

M
√

s
sin

θc.m.

2
cos

θc.m.

2

{

G̃M (2 M2) − F̃2 (s + M2) + F̃3 (s − M2)
}

,(A10)
T3 ≡ T (h′ = +

1

2
, λ′

N = −1

2
; h = +

1

2
, λN = −1

2
)

= − e2

Q2
(s − M2) cos2 θc.m.

2

{

−2 G̃M + 2 F̃2 − F̃3
(s − M2)

M2

}

. (A11)Inverting the relations in Eqs. (A9 - A11), yield the invariant amplitudes G̃M , F̃2, and F̃3as :
e2 G̃M =

1

2
{ T1 − T3 } , (A12)

e2 F̃2 =
M√

s
tan

θc.m.

2

{

T2 +
M√

s
tan

θc.m.

2
T3

}

, (A13)
e2 F̃3 =

M2

(s − M2)

{

−T1 +
2M√

s
tan

θc.m.

2
T2 +

(

1 +
s + M2

s
tan2 θc.m.

2

)

T3

}

.(A14)The three amplitudes whi
h �ip the ele
tron heli
ity 
an be expressed as :
T4 ≡ T (h′ = −1

2
, λ′

N =
1

2
; h =

1

2
, λN =

1

2
)

= −me e2

2 k

1

tan θc.m.

2

[

2(s + M2)

(s − M2)
(G̃M − F̃2) +

s + M2

M2
F̃3 + 2F̃4 +

s − M2

M2
F̃5

]

,(A15)
T5 ≡ T (h′ = −1

2
, λ′

N = −1

2
; h =

1

2
, λN =

1

2
)

=
me e2

M

[

4 s M2

(s − M2)2
G̃M − (s + M2)2

(s − M2)2
F̃2 +

(s + M2)

(s − M2)
(F̃3 + F̃4) + F̃5 + F̃6

]

, (A16)
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T6 ≡ T (h′ = −1

2
, λ′

N =
1

2
; h =

1

2
, λN = −1

2
)

= −me e2

M

[

4 s M2

(s − M2)2
G̃M − (s + M2)2

(s − M2)2
F̃2 +

(s + M2)

(s − M2)
(F̃3 + F̃4) + F̃5 − F̃6

]

.(A17)The inversion of these relations reads :
e2F̃4 = − M2

2
√

sk

[

T1 − (s + M2)√
sM

tan
θc.m.

2
T2 −

(

1 +
(s + M2)

s
tan2 θc.m.

2

)

T3

]

− M

2me

(T6 − T5) +
M2

√
s me

tan
θc.m.

2
T4 (A18)

e2F̃5 = − M4

2sk2

[

−T1 +
(s + M2)√

s M
tan

θc.m.

2
T2 +

(

1 +
(s + M2)2

2 s M2
tan2 θc.m.

2

)

T3

]

+
M3

2me

√
sk

(T6 − T5) − M2(s + M2)

me 2 s k
tan

θc.m.

2
T4 (A19)

e2F̃6 =
M

2me

(T5 + T6) . (A20)
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