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Abstract

We analyze polarization phenomena for elastic lepton-nucleon scattering, parametrizing the 2-
exchange contribution, as the product of lepton and nucleon axial vector currents, that correspond
to C = +1 exchange in the annihilation channel. We found two combinations of polarization
observables (one for three T-odd observables and another one - for five T-even observables), which
allow to measure the ratio Gg(Q?)/Gy(Q?) of nucleon electromagnetic form factors in model
independent way, without any specific assumption about the 2vy-exchange mechanism. Both these
combinations have a general character and do not depend on the choice of the spin structure for the

2v-exchange. We show the inconsistency of other approximations recently used in the literature.

PACS numbers: 25.30.Bf, 13.40.-f, 13.60.-Hb, 13.88.+e¢



I. INTRODUCTION

The presence of 2y-exchange in elastic e N scattering, can essentially change the tradi-
tional procedure of extracting information about the nucleon electromagnetic structure [1].
The necessity to introduce an additional amplitude to describe this exchange, leads to a
complicated analysis of polarization effects in elastic and inelastic e N-scattering (as well as
in other processes of elastic and inelastic electron scattering by different hadronic targets)
in order to determine the corresponding electromagnetic form factors [2, 3]. This is not only
due to the presence of an additional amplitude, but mainly to the fact that all amplitudes
for elastic eN-scattering must be complex functions of both kinematical variables, in the
presence of 2vy-contributions.

We proved earlier [3], that, in any case, the realization of the complete experiment for
elastic eN-scattering, (which can be done in at least two possible ways) allows to measure
the ratio Gr(Q?)/Gn(Q?) of physical nucleon electromagnetic FFs. Both methods differ
essentially from the standard procedure for the determination of the FFs [4-6]. In particular,
the 2 contribution destroys the linearity in the variable € (the degree of polarization of the
virtual photon) of the differential cross section for elastic eV scattering, and the relatively
simple dependence of the ratio P,/P, (the components of the final nucleon polarization in
the scattering of longitudinally polarized electrons by an unpolarized nucleon target) on the
ratio G(Q?)/Gun(Q?), which can be predicted for the one-photon mechanism [5, 6].

However, both the above mentioned methods involve the measurement of very small
effects (~ a = 1/137) of T-odd nature, or the measurement of relatively large T-even
observables, but with very large accuracy, i.e. better than 1%. Note that, in any case, such
complementary procedure seems unavoidable, in presence of the 2 contribution.

In framework of the formalism, necessary to describe the 2vy-contribution, ’generalized’
FFs have been introduced, G g,m, Which are complex functions of both kinematical variables
Q? and ¢ [7]. Such functions do not have a straightforward physical interpretation, as they
can not be uniquely defined. Therefore, the experimental procedure to determine these
‘generalized’” FFs depends on the parametrization of the additional 2 spin structure, for
the matrix element in e/N-scattering. Therefore, different parametrizations lead to differ-
ent sets of polarization experiments for the determination of G 1 (Q?, €). This means that

the ’generalized” FF's are not physical observables, and instead of the simple coherent and



unique formalism to determine the real FFs, G (Q?), one has to deal with non-physical
quantities. As a result, any procedure to simplify the general analysis of processes in pres-
ence of 27 exchange, through additional and unjustified assumptions, will give different
answers, depending on the parametrization of the general matrix element. This explains the
disagreement of recent analysis of existing experimental data about elastic e N-scattering
8].

The aim of this paper is to continue our previous analysis of polarization phenomena for
elastic e N scattering, in presence of the 2y-contribution, using a special parametrization of
the spin structure of the matrix element. Such parametrization has been suggested long ago,
[9], and describes the 27 exchange as an axial meson exchange, with positive C-parity. This
is a simplified picture, because this model generates a 27y-real amplitudes, proportional to
the axial nucleon form factor.

But the corresponding spin structure, as a product of electron and nucleon axial cur-
rents, has a more general character, and can therefore be used for the description of the
2v-contribution. This means that a new, additional invariant amplitude has to be intro-
duced here, which in general, is complex function of both independent kinematical vari-
ables, A = A(Q?, ¢). Such parametrization, henceforth called the axial parametrization, has
to be completely equivalent to the parametrization from [3], henceforth called the tensor
parametrization.

We derive here polarization phenomena for elastic e/N-scattering, using the axial
parametrization of the 2y contribution. The expressions for the polarization observables
will differ from the ones derived in [3], but the final strategy for the measurement of the
physical FFs Gg »/(Q?) must be the same.

The paper is organized as follows. After a discussion of the general parametrization of
the matrix element for elastic e N scattering, using the axial form (section IT), we present, in
Section I1I, the corresponding formulas for the differential cross section and for the P, and P,
components of the final nucleon polarization, in terms of three invariant amplitudes. These
formulas allow us to prove that the measurement of these three observables in electron and
positron scattering can be considered the simplest way for the determination of G 1 (Q?).
T-odd polarization effects, analyzed in Section IV, give a specific combination of observables,
which is proportional to Gr(Q?)/G(Q?). An equivalent combination of T-even observables

is derived in Section V.



II. THE MATRIX ELEMENT FOR eN ELASTIC SCATTERING: AXIAL
PARAMETRIZATION

The general structure of the matrix element for eN elastic scattering, which can be
written for the one-photon + two-photon exchange mechanism is [9]:
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e {U(kZ)%U(kﬂﬂ(pz) [%FF)(QZ, €)+ Ug—;sny)(Qz, e)] u(py)

10 (k2) yvsu (k)T (p2) vvsu(p) AT (Q ) (1)

M(¥)

where k1 (p1) and ko (po) are the four-momenta of the initial and final electron (nucleon),
m is the nucleon mass, ¢ = k; — ko, Q> = —¢? > 0, and the upper index (F) corresponds to
e (e™) scattering. The variable e characterizes the virtual photon polarization (in the case
of the one-photon mechanism):

1
1— 2% tan® %
where 6, is the electron scattering angle in Lab system, ¢ is the three momentum transfer.

Therefore 0(f, = m) < e < 1(h, = 0).

) (2)

€ =

The three complex amplitudes,Fg)(QQ, ¢) and A (Q?, €), which, generally are functions
of two independent kinematical variables, Q? and e, fully describe the spin structure of the
matrix elements for e™ N elastic scattering - for any number of exchanged photons.

This expression holds under assumption of P-invariant electromagnetic interaction and
conservation of hadron helicity, which is correct for standard QED at high energy, i.e. in
the limit of zero electron mass. Note, however, that Eq. (1) is one of the many equivalent
representations of the matrix element for e™/V elastic scattering.

The C-invariance and the crossing symmetry of the e N-interaction allows to write (in the

1y + 27 approximation):

FP(Q%e) = FFLQY) + AFD(Q%e),

AFF(Q%6) = AP (Q% ) = AF1(Q% o), (3)
A(Q%6) = AD(Q?¢) = A(Q% ),

where Fj »(Q?) are the Dirac and Pauli nucleon electromagnetic FFs, which are real function

of one variable, %, only (in the space-like region of momentum transfer square). It follows
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from (3), that both elastic processes, e¥ + N — eT + N, with six complex amplitudes,
FI(E)(QZ, €), AT (Q? ¢) can be described by eight different real functions:

F12(Q%), ReAF15(Q% €), ReA(Q? €), ImMAF;5(Q% €), and ImA(Q?, ).
The order of magnitude of these quantities is

1
~ , and Fy5(Q%) ~ a®,

2 2 ~ S
AF;5(Q% €) and A(Q% €) ~ « 3

o2
Y
It is important to stress that the main contributions, F}»(Q?), are functions of Q* only.

Note that, due to C-invariance and crossing symmetry, the ¢ dependence of the other six

functions occurs through a specific argument,

xZ\/E, (4)

with the following symmetry properties, with respect to the change v — —ux:

AF Q% —x) = —AF»(Q% ), (5)
A3(Q* —2) =+ A(Q* ). (6)

The functions, AF;5(Q% €) and A(Q? €) describe the 27y contribution to the matrix
element. Having the axial-vector, i.e. v,ys-structure, the corresponding contribution to the
matrix element, characterized by the complex amplitude A(Q?, €) can not be identified with
the nucleon axial FF, f4(Q?), which is a real function of Q?, only. In principle, it can be
defined again as a ’generalized’ axial FF, but this will be source of confusion. The amplitude
A(Q? €) describes only the part of the 27 contribution, the spin structure of which, v,7vs,
corresponds to C' = +1 exchange in the ¢ channel, with definite symmetry properties with
respect to & — —ux transformation, Eq. (6). The functions AF; 5(Q?, ¢€) also characterize
the 27 contribution, but with other symmetry properties, see Eq. (5), due to the vector-like
(C = —1) nucleonic currents, v, and 0,,q,. The choice of these vector structures looks
unique, as they appear also for one-photon exchange, whereas the third (2) spin structure
can be chosen in different but equivalent ways.

The resulting expressions for the differential cross section and different polarization ob-
servables will depend on this choice. But the procedure to extract the physical FFs, Fj 5(Q?)

from polarization experiments, can not depend on this choice. The proof is given in this



paper, where the expressions for the polarization observables will be derived using the ax-
ial parametrization, and compared with the (more complicated) expressions found in the
analysis of the complete experiment based on the tensor parametrization [3]. A rigorous
analysis of polarization effects has to give the same physical result, concerning the physi-
cal quantities, such as the nucleon form factors, independently of the parametrization used
(tensor or axial). It has been suggested [7, 11], that the presence of 2y exchange could solve
the discrepancy between experimental data on the proton electromagnetic FF's, extracted
by different procedures, through the Rosenbluth fit [10], or from the polarization transfer
method [5, 6]. Quantitative estimations depend on the choice of the third spin structure.
More precisely, additional assumptions have to be done, which translate differently in the
axial or tensor polarization. In both cases these assumptions can not be justified on the
basis of general principles, but such considerations can solve the contradiction between dif-
ferent sets of data. Unfortunately, it is not a rigorous and unique solution, as some of these
simplifying assumptions contradict C-invariance and crossing symmetry. This is true using

both parametrizations of the 2y term.

ITI. DIFFERENTIAL CROSS SECTION AND P,, COMPONENTS OF THE NU-
CLEON POLARIZATION

We discuss here the three observables, the differential cross section do/dS2., and the P,
and P, components of the nucleon polarization, in the scattering of longitudinally polarized
electrons by unpolarized target, &€ + N — e + ]\7, which are the relevant observables for
the extraction of the nucleon FFs.

Using the general parametrization of the spin structure of the matrix element, Eq. (1),
one can find the following expressions for these observables, taking into account the main

(%) and the 17 + 2v contribution, (a?):

b = oo [rlei @ 9P + G @ P
VI= [+ 1) ReGE (@, AT (@, 0] = o) (7)
NEPP) = —dey/2e(1 = 7 [ReGiP (@7, GIT" (@7 )+
RGE(Q7 AT (@ e>] , (8)



NP = A rVT= ||GP(@7 O + 2, 1RGP, DA (@, | (9)

where ). is the degree of the initial lepton longitudinal polarization, and

G (@%e) = FT(@Q% e) + BT (Q% o),
GT(Q% 6) = FF(Q% &) + TET(Q% o). (10)

A quick inspection of Egs. (7,8,9) shows that even the complete measurement of the Q? and

¢ dependencies of these three observables, (do/dS2,)™), P{") and P{~) do not allow to find

x

five quadratic combinations of the corresponding amplitudes:
Gon(@ 0P, ReGE(@%€) G (Q%e),

RE(Q% €) = ReG(Q% ) AT (2, ¢), R (Q%€) = ReG (@2, 6) A (%), (11)

which determine these observables. So, additional assumptions have to be done, to reduce
the number of five amplitudes to three, which imply different speculative approaches. This
can be done in different ways and the results will be correspondingly different. We will use
another procedure, which allows to avoid this simplification. Using Eq. (3), we rewrite Egs.

(7,8,9) in the following form, keeping the 1y ® 2+ interference contribution:
N = €]|Ga(@) F 2GE(Q*)ReAGEH(Q?, ¢)] +
7 [1GM (@) F 2G1(Q*) ReAG M (Q%, 6)] T (12)
V1 =71+ 7)Gy(Q)ReAQ, ),
NFPPF) = —2/2¢(1 - )7 {Gr(Q*)Gu(Q) F Re [Gr(Q)AGM(Q%€) +

Gu(Q*)AGE(Q% €) +

NIPF) = AaVT =€ [|Gar(Q*) F 2G1(Q*) ReA(Q%, €)

1+7

L u@ReAQ ).

where GSB)M(QQ, €) = FGpm(Q*) + AGpm(Q%€). In (12) and (13) we used the fact that
the FFs Gg v (Q?) are real functions of ?. The determination of the FFs is given by

the measurement of these observables in e~ N and et N-scattering, in identical kinematical



conditions:

o g = 200 [(GHQY) + 7GR (@),
NP 4 POY = A /261 — 07 Ga(@)Gar(Q?), (14)

2
%/\/’( )+ P = A /(1 - )G

Such experiment can not be presently realized, due to the absence of high quality polarized

positron beams.

IV. T-ODD POLARIZATION OBSERVABLES

We discuss here another possible strategy for the determination of the nucleon FFs, in
absence of positron beam, i.e. using the measurement of different polarization observables
in electron scattering, only. For this aim, the following set of T-odd observables must be

measured:

e P, or A,: the transversal component of the final nucleon polarization, in the collision of
unpolarized leptons with unpolarized nucleon target, e +N — e +N or the analyzing
power, induced by the collision of unpolarized leptons (electrons or positrons) with a

transversally polarized nucleon target e~ + N-—e +N ;

e the following components of the depolarization tensor, Dy, a,b = x,y, 2z, which char-
acterize the dependence of the b-component of the final nucleon polarization on the a-
component of the nucleon target, (in the scattering of longitudinally polarized leptons

e+ N = e +N):
D:L‘y()\e)a Dyw()\e)a Dyz()\e)a and Dzy()\e)a

The expressions for these polarization observables in terms of the nucleon electromagnetic
FFs G (Q?) and for the 2y amplitudes, A(Q?, €) and AG g (Q?, €) can be written in the

following form:

NP, =NA, = \2er(1 + T5(Q% ) + /2¢(1 — €)(1 + 7)1 (@, ),

ND,y(A\) = NDy(Ne) = 2Xee/T(1 + 7)T2(Q% €), (15)
NDy.(Ae) = =NDoy(Ae) = Aer/2e(1+7)(1 + €)T1 (Q% ¢)
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with the following notations:
Il (Q27 6) = GE(QQ)ImA(Q27 6)7 I? (Q27 6) = GM(Q2)ImA(Q27 6)7

T3(Q% €) = ImGp(Q%, €)Gh, (Q% €) (16)

These quadratic combinations are uniquely determined solving Eqs. (15) as a set of
three linear equations with respect to the quantities Z;(Q?, ¢), i=1-3, at any values of both

variables, Q? and e. The ratio

L@ Gol@Y)
Real@) = 070 = Gu(@)

has the most interesting physical meaning, as it is related to the true FFs, real functions of

Q?, not to the 'generalized’ FFs, function of two variables.

The three T-odd polarization observables enter in the determination of Rz 1 (Q?):

l+eD,,(A)| [1—¢€
P, + 4 £ 1
vt 1—¢ Ao ] 2¢ T (17)

This formula does not depend on the choice of the spin structure for the 2y amplitude,

A
Dy (Xe)

Rem(Q?) = —

it is correct for the tensor structure discussed in [3], and for the axial structure as well.

Therefore, this relation indicates a possible way to extract the nucleon FFs with electron
beams only, in presence of a 2v-contribution, without arbitrary assumptions.

We stress once more, that the formulas for all these observables are different for tensor
and axial parametrizations, but Eq. (17), connecting directly the ratio Gg(Q?)/G(Q?) to
the observables has to be the same.

This method, without positron beam, looks more difficult, as all the T-odd polarization
observables are small in absolute value, being of the order of a. There are no experimental
data, only upper limits for P, [13] and A, [14]. No experimental attempt has been done to
measure the components of the depolarization tensor. If the 2 contribution is present and
its contribution is sizeable, in absence of positron beams, polarization experiments will have
to reach another level of precision.

The number of independent T-odd observables is the same as the number of quadratic
combinations I;(Q?%¢€), i =1— 3, Eq. (16).

Such polarization observable as A, induced by the scattering of a transversally polarized

electron beam ( by unpolarized nucleon target), being T-odd also, is not interesting at large



momentum transfer, due to its proportionality to the small ratio m./E, where E is the
initial electron energy.
Note that the observables P, and D,, allow us to determine Z3(Q?, €) through the follow-
ing relation:
N

Dzy(Ae)
I;(Q%¢) = P/1 1 — e
3(Q7€) 26\/5 y\/ +6+\/ € )\e

but there is no direct relation between this quantity and physical observables.

(18)

V. T-EVEN POLARIZATION OBSERVABLES

We discuss in this section, other polarization observables, T" — even, which can also lead
to the determination of the (real) nucleon FFs.

Writing the components of the depolarization tensor, Dy, a,b = x,y, z, for the scattering
of unpolarized leptons, as:

Dy =Dy + Dy,

a

(where D((;,))) describes the main contributions to D,;, which are independent from the axial

amplitude A(Q?¢), Dg})) describes the corresponding corrections, which are linear with

respect to the amplitude A(Q?, ¢)) one can find for D(})) the following expressions:

a

ND{) = ND§) =0,

NDY = /r(1 +7)(1 - )Ru(Q%e), (19)
NDY) = —NDY) = —\/2¢(1 — )(1 + 7)RR(Q% €), (20)

where
Rem(Q% €) = Geu(Q*)ReA(Q? ¢) (21)

We stress here once more that the formulas for D,(L}))

(in terms of the corresponding ampli-
tudes) are different for axial and tensor parametrizations, but again, the physical answer for
the ratio of electromagnetic FFs:
Gp(Q?) _ Rp(@%¢)
Gu(Q?)  Ru(Q%¢)

in terms of T-even polarization observables has to be independent on the choice of the

(22)

additional non-vector amplitude, either it is axial or tensor.
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In the case of T-even observables, there is more freedom for the determination of five
combinations of amplitudes, having seven possible observables:

do

dﬁa Px()\e)a Pz()‘e)aDaxva Dyya D227 and DxZa (23)

The seven observables (23) are not independent, and are related by two model independent
relations:
Dy + Dyy — D, =1,
(1+€)?Dyy — (1 — €)2Dy, — 4€D,, = 2eV/1 — 62% (24)

e

at the level of the (1y + 2vy)-approximation.
The diagonal elements of the depolarization tensor D,, allow us to find the following

combinations of amplitudes for e/N scattering:

2¢|GE(Q% €)° = [Dye + Dy, IN,

267G (Q%€)|* = [~Dyy + Dy JN, (25)

1— 1—
V(1= @)1+ 1)Gu(@)ReAQ% 6) = 1+ Q—GEDM - 2—6€Dyy.

Other two combinations, ReGg(Q? ¢)G3;(Q%¢) and Gp(Q?)ReA(Q? ¢) can be found
through the observables P,(\.) and D,,:

Gr(Q*)ReA(Q% ¢) =

[PIA(je) Vite— Dm\/l——G] )

N
- 2¢1/2¢(1 +7)

N P.(Xe)

2 * 2 _ A -x\e)

ReGE(Q )GM(Q 76) - 26\/% [ 1 € )\e szv 1 +€] (26)
Comparing Eqgs. (25) and (26), one can find:
2 2 \/l—Hpm()\e) - D:vz\/:
R . (27)
Gu(Q?) 2e e 1+1—6Dm_1+6Dyy )
2e 2e

which involves five independent T-even polarization observables, in the same form as found
for the tensor parametrization.
The key formulas, Eqs. (17) and (27) are the same for axial and tensor parametrizations,

because both formulas describe the physical ratio G(EQQ)/GM(QQ). It is not the case for the
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generalized FFs. For example, in the tensor parametrization one finds:

IGV(Q? o) = N {1 +D,, - 2119 [\/1 + FalAe) +V1-— eDzz] } )

2€ (1 —€) Ae
eGU(Q?, )GV (2 6) = — N P() — T(l—¢€
ReG(@ 06 (@70 =~ (B0 w1 D) ey

where the upper index (¢) indicates that these formulas are correct for the tensor
parametrization.

These expressions differ essentially from the corresponding ones for axial parametrization,
Eq. (25). Of course, these formulas are equivalent at the level of the one-photon mechanism,

as they depend on the choice of the parametrization of the 2+-contribution.

VI. CONCLUSIONS

We analyzed the polarization effects in elastic lepton-nucleon scattering, using the axial
parametrization of the two-photon contribution. The corresponding formulas are in general
different from the case of tensor parametrization, which has been analyzed earlier [3]. How-
ever, the combinations of T-odd and T-even observables, which allow to determine the ratio
Gr(Q%) /Gy (Q?), without any assumption concerning the 2y amplitudes, are the same for
the two parametrizations. These formulas indicate a model independent way to measure the
Gr(Q?) /Gy (Q?) ratio, using an electron beam, only. Tt is, however, necessary to measure
very small (of the order of a)) T-odd polarization observables, or to measure five T-even
observables, with large accuracy.

The experimental evidence of the presence of 2y contribution is mandatory, with a quan-
titative estimation of this effect as a function of %, before involving such a complicated
procedure for the measurement of nucleon electromagnetic FFs. If this effect appears in
elastic ep scattering already in the range of momentum transfer investigated at JLab, all
findings based on the one-photon assumption will have to be reanalyzed at the light of new
and complicated formalism. In this case, most of the advantages related to the electromag-

netic probe would be lost, as it was indicated already long ago [15].
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