
NUCLEAR THEORY, Vol. 30 (2011)
eds. A. Georgieva, N. Minkov, Heron Press, Sofia

Electroweak Nucleon Structure with Parity
Violating Electron Scattering
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Abstract. The existence of the quark-antiquark sea in the nucleon, and in par-
ticular, the role played by the heavier strange pairs, has been firmly established.
However, how the nucleon strangeness enters in the electromagnetic nucleon
properties remains as an open question. Parity violation in elastic electron-
nucleon scattering is studied with the basic goal of improving the understand-
ing of electroweak hadronic structure with special emphasis on the strangeness
content in the nucleon. Results for the parity-violating (PV) asymmetry are
provided and compared with a large variety of data measured at very different
kinematics.

1 Introduction

Over the years electron scattering has provided the most precise information
on hadron and nuclear structure. Most of these studies have considered only the
purely electromagnetic (EM) interaction, that is, parity-conserving (PC) electron
scattering processes. The analysis of inclusive and semi-inclusive reactions, as
well as the measurement of polarization observables in very different kinemat-
ical regimes, has allowed us to deepen very significantly our knowledge of the
inner structure of hadrons and nuclei [1–5].

The weak interaction, although orders of magnitude weaker than the EM one,
also plays a role in electron scattering processes. The interest in parity-violating
(PV) observables through the description of electron scattering, denoted sim-
ply as PV electron scattering to contrast it with PC scattering where only the
EM interaction enters, has had three basic motivations: i) to serve in testing the
Standard Model of electroweak interactions, ii) to provide a tool for determining
the electroweak form factors of the nucleon, and iii) to employ the semi-leptonic
electroweak interaction as a probe of nucleon structure. In this work, our interest
is restricted to the second point. It is important to point out that the smallness
of the weak coupling, compared with the EM one, forces one to analyze ob-
servables strictly linked to parity-violating effects, requiring at the same time,
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excellent control of the EM ingredients entering the description of the scatter-
ing reaction. Furthermore, from the combined study of electron scattering from
the proton and from nuclei, involving elastic, inelastic and quasielastic regimes,
useful constraints on the form factors should emerge. In this work we restrict
ourselves to elastic PV electron-proton scattering.

The existence of the quark sea and its influence on some basic properties
of the nucleon (mass, spin, magnetic moment) has been firmly established in
several experimental studies [6–12]. However, the specific role of ss pairs in
the static EM properties of the nucleon still remains elusive. In this work our
interest is focused on the contribution of the strange quarks connected to the
electroweak current of the nucleon.

Figure 1. One-boson-exchange diagrams for electron-proton scattering: (a) EM interac-
tion and (b) WNC interaction.

A complete description of the scattering process between electrons and hadrons
and/or nuclei requires not only the dominant EM interaction but also the residual
weak interaction, the latter being responsible for parity violation. Assuming the
Born Approximation (BA), i.e., only one virtual boson exchanged in the process
(photon γ for the EM interaction and neutral Z boson for the weak process),
the corresponding Feynman diagrams are depicted in Figure 1. Because of the
smallness of the weak coupling constant compared with the EM one, the leading
order PV contribution arises from the interference between the two processes
shown diagrammatically in Figure 1. The contribution of the purely weak term
|MZ |2 is typically negligible. It is important to stress that the PV interference
contribution,Re(M∗

γMZ) is about ∼4–5 orders of magnitude smaller than the
purely EM one, |Mγ |2. Hence, the determination of parity violation through
electron scattering requires very precise measurements of observables that only
exist if the weak interaction comes into play.

Parity violation in electron scattering emerges from the measurement of the
helicity asymmetry, also denoted as PV asymmetry, that is given as the ratio
between the difference and the sum of the cross sections corresponding to right
and left-handed incident polarized electrons,

APV =
dσ+ − dσ−

dσ+ + dσ− =
dσPV

dσPC
, (1)
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where the index ± indicates the helicity of the incident electron beam. It is im-
portant to point out that the above cross sections refer to single-arm (inclusive)
scattering of longitudinally polarized electrons with no hadronic/nuclear polar-
izations. Otherwise, parity-conserving effects that are generally much larger
than the effects coming solely from PV, may also contribute to the asymmetry.

The purely EM cross section does not depend on the electron helicity, thus
the difference in the numerator in Eq. (1) only enters because of the weak in-
teraction, and therefore, a value of APV �= 0 is a clear signature of PV effects
(exchange of the Z-boson).

In this work we compare our theoretical predictions evaluated with several
recent descriptions of the hadronic structure with all available �ep data. Elec-
troweak radiative corrections as well as effects from higher-order terms in the
description of the EM interaction have been incorporated in the analysis. The
electroweak nucleon form factors that enter in the general expressions for the
EM and WNC operators are analyzed in detail. Various kinematical regimes are
considered and we analyze the sensitivity of APV to the specific choices made
for the nucleon’s EM form factors. The influence of the ss sea quark is also
investigated in detail. Finally, we summarize our basic results and present our
conclusions.

2 General Formalism for PV Elastic (�e, N) Scattering

The processes we consider are represented in Figure 1. Here, an electron with
four-momentum Kμ = (ε,k) and helicity h is scattered through an angle θe

to four-momentum K ′μ = (ε′,k′), exchanging a photon (EM interaction) or a
neutral boson Z (weak interaction). The hadronic variables are Pμ

i = (Ei,pi)
the incident nucleon four-momentum and Pμ

f = (Ef ,pf ) the final one. The
transferred four-momentum in the process is given by Qμ = (K − K ′)μ =
(Pf −Pi)μ = (ω,q). We use the convention and metric of [13] and accordingly,
using the notation employed in previous work, Q2 = ω2 − q2 ≤ 0.

Given the restriction to the Born Approximation, the helicity dependent (h)
differential cross section for the scattering process can be written as

dσ(h)

dΩf
= σM

( εf
εi

)[
vLR

L + vTR
T

− A0

2
(
(aV − haA)(vLR̃

L + vT R̃
T ) + (haV − aA)vT ′R̃T ′)]

, (2)

where σM is the Mott cross section and A0 is the scale of parity-violating
effects [14–16]. The factors vK are the lepton kinematical coefficients and
RK (R̃K) are the hadronic EM (weak) responses [4,5]. The labelsK = L, T, T ′

indicate contributions along q and transverse to q, respectively.
Finally, after some algebra [16], the PV asymmetry can be written as

APV = AE + AM + AA (3)
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with

AE =
A0

2
aAε G

p
EG̃

p
E

F 2
, AM =

A0

2
aAτ G

p
M G̃p

M

F 2
, (4)

AA = −A0

2
aV

√
1 − ε2

√
τ(1 + τ)Gp

M G̃p
A

F 2
. (5)

We have introduced τ ≡ |Q2|/4M2, ε =
[
1 + 2(1 + τ) tan2 θe/2

]−1
and have

assumed the vector and axial-vector electron couplings at tree level [14,15], i.e.,
aV = −1 + 4 sin2 θW and aA = −1. The EM form factors of the proton,
Gp

E,M , and the WNC ones, G̃p
E,M,A, have been also considered. Finally, we

define F 2 ≡ ε(Gp
E)2 + τ(Gp

M )2.
The analysis of the PV asymmetry in different kinematical regions has been

simplified by isolating the contributions linked to the electric, magnetic and
axial-vector distributions.

3 Hadronic Structure

3.1 Electroweak Structure of the Nucleon: Gp
E,M,A

In the Standard Model, including higher order corrections, the WNC form fac-
tors are given in terms of the EM ones (Gp,n

E,M ), the electroweak coupling con-

stants (involving sin2 θW ), the radiative corrections (RV ) and the strange form
factors (G(s)

E,M ):

G̃p
E,M = −aV (1 + Rp

V )Gp
E,M − (1 +Rn

V )Gn
E,M − (1 +R

(0)
V )G(s)

E,M . (6)

Likewise, the WNC axial-vector form factors can be decomposed into isovec-
tor (G(3)

A ) and isoscalar (G(8)
A ) contributions that can be determined from Gamow-

Teller β-decay rates and hyperonβ-decay measurements, respectively. Radiative
corrections and coupling constants have been incorporated too. An additional
strange axial-vector form factor also emerges (from ss̄ pair) and its value has
been extracted from the analysis of νp/ν̄p experiments [16]:

G̃p
A =

(
−2(1 +RT=1

A )G(3)
A +

√
3RT=0

A G
(8)
A + (1 +R

(0)
A )G(s)

A

)
GA

D . (7)

It is important to point out that the WNC proton form factors depend on both the
proton and neutron EM form factors.

To conclude, we assume the radiative corrections to be constant [17] and
the Q2-dependence of the strange and axial-vector form factors is described by
using a dipole function:

G
(s)
E (Q2)=ρsτ(1+|Q2|/M2

V )−2, G
(s)
M (Q2)=μs(1+|Q2|/M2

V )−2 , (8)

GA
D(Q2) = (1 + |Q2|/M2

A)−2 . (9)
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In the above expressions,MA is the axial mass parameter and μs (ρs) define the
strangeness content in the magnetic (electric) channels. The vector mass is fixed
to MV = 0.84 GeV.

3.2 Electromagnetic Structure of the Nucleon: Gp,n
E,M

As known, in the case of free (on-shell) nucleons and the purely EM interaction,
the hadron structure is fully characterized by two functions: the electric (GN

E )
and magnetic (GN

M ) nucleon form factors.
In Figure 2 we present the EM nucleon form factors against |Q2| for differ-

ent models and compare them with data. The results have been normalized by
the usual dipole function, GD = (1 + λV

Dτ)
−2 with λV

D = 4.97. These models
are: Arrington and Sick (A-S) [18], Kelly [19], GKex [20–22] and Beluskin,
Hammer and Meißner (BHM-qQCD and BHM-SC) [23]. As shown, all pre-
scriptions provide reasonable descriptions of data at low |Q2|, with a relatively

Figure 2. EM nucleon form factors obtained with different descriptions compared with
data. The proton electric form factor (top-left panel) corresponding to Gayou2002,
Gayou2001, Punjabi, Puckett, Zhan, Ron, Paolone and Crawford have been obtained
from Rp data by dividing by the GKex model values of Gp

M/μp. The same applies to
Geis in the case of the electric neutron form factor (left-bottom), but using the GKex
model Gn

M/μn. See Ref. [24] for a complete list of references concerning data, that we
omit here for loss of space.
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small dispersion between the different curves. On the contrary, for increasing
values of the transferred momentum the differences between the models go up
significantly. It is important to point out the discrepancy in the top-left panel
between data from Rosenbluth separation (Andivahis, Qattan, Christy) and po-
larization measurements (Gayou2002, Punjabi, Puckett, Crawford) at high |Q2|.

4 Results

The various ingredients entering the description of the process, i.e., the EM and
WNC structure of the proton, and their effects on APV are analyzed. We com-
pare the results obtained with all data available that span a range in |Q2| up to 1
(GeV/c)2.

4.1 Dependence with the EM Nucleon Structure

In Figure 3 we study the sensitivity shown by the PV asymmetry to the EM
nucleon form factors. Only results based on the AS model clearly depart from
the others for |Q2|-values above 1.5 (GeV/c)2. For |Q2| above 2 (GeV/c)2 this
discrepancy gets much larger, i.e., consistent with the behavior shown by Gp,n

E,M

in Figure 2.
Concerning the four remaining prescriptions: Kelly, GKex, BHM-SC and

BHM-pQCD, they provide very close results for all transferred momentum val-
ues. The discrepancy is at most of the order of ∼3–4% at the limit |Q2| = 2
(GeV/c)2 and is very similar for all scattering angles. At |Q2| = 1 (GeV/c)2

(limit in the experimental data for the asymmetry) the dispersion between the
four prescriptions is about ∼3% in the very forward case (θe = 5o), and gets
much smaller, ∼0.7%, for larger angles (θe = 170o).

In order to get insight into the sensitivity of APV with the EM nucleon struc-
ture at forward and backward scattering reactions, we isolate the contribution
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Figure 3. Absolute value of the PV asymmetry as a function of |Q2|. Results are pre-
sented for six scattering angles and the five prescriptions considered in the previous sec-
tion for the EM nucleon form factors. Radiative corrections have been included, but
neglecting nucleon strangeness.
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Figure 4. Separate contribution in the PV asymmetry coming from the electric (black
dashed-dotted line), magnetic (red dashed line) and axial-vector (green dotted line) dis-
tributions (see Eq. (3)). The symbol +(−) indicates the positive (negative) character of
the corresponding response in the |Q2| region selected. The full asymmetry (blue solid
line) is also shown for reference. Results correspond to the GKex prescription. As in the
previous figure, radiative corrections are included, but without strangeness in the nucleon.

given by the electric, magnetic and axial-vector distributions. This is shown
in Figure 4. Note the absolute dominance of the magnetic contribution AM in
all the kinematical situations. Concerning the electric and axial-vector terms,
typically orders of magnitude smaller than AM , the relative predominance of
one over the other depends on the specific kinematics. These results can be
easily explained from the general expressions given in Eqs. (4,5). In the limit
of very forward-angle scattering, θe → 0o, we have ε → 1. Thus, the axial-
vector contribution AA approaches zero. In the backward-angle limiting case,
i.e., θe → 180o, the factor ε → 0. Hence, the electric term AE does not enter.
Therefore, the PV asymmetry for backward-angle kinematics is entirely deter-
mined by the magnetic and axial-vector distributions.

4.2 Nucleon Strangeness

In Figure 5 we present the asymmetry for two backward angles. The three colors
represent the asymmetry for three values of μs. Each color band shows the
uncertainty associated to the axial contribution, i.e., the extreme lines of each
color bands have been computed by using MA = 1.032 and MA = 1.35 GeV.
The slopes of the theoretical calculation are smaller than the behavior shown by
data and it is difficult to describe both data setting the μs parameter. However,
the data error bands allow one to conclude that μs = 0 seems to be the case
where theory and data agree better. As discussed previously, backward-angle
measurement ofAPV should be considered as a means to isolate the contribution
of G(s)

M . Results in Figure 5 show the significant sensitivity of the asymmetry to
variations of the magnetic strangeness, in fact, much more important than effects
introduced by other ingredients.
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Figure 5. PV asymmetry for backward scattering angles: θe = 110o (left panels) and
145o (right panels). The GKex prescription for the EM form factors has been used. The
width of the various curves incorporates the total uncertainty linked to the WNC axial-
vector form factor description. In the left panel model is compared with data from G0 [25]
experiment, in the right one, with data from SAMPLE [26] and PVA4 [27] experiments.

The analysis of forward-angle scattering kinematics is presented in Figure 6.
In order to make the discussion that follows easier, the data have been separated
in two basic categories: i) very forward-angle scattering, i.e., θe < 130 (panel
on the left) and ii) larger scattering angles, θe ∼ 350 (right panel). In both
cases theoretical results are compared with data taken at different kinematics.
The width of the curves takes into account the uncertainty introduced by the
description of the axial-vector form factor as discussed previously. Notice that
the relative contribution of the WNC axial-vector form factor tends to cancel as
θe approaches zero and vice versa (see Figure 4).
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Figure 6. PV asymmetry evaluated at forward scattering angles compared with exper-
imental data. The GKex prescription for the EM nucleon form factors has been used.
The value of the static magnetic strange parameter is fixed to μs = 0.0 and results are
presented for three values of the electric strange content given through ρs. The data are
taken from [28–33]
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The dependence of the PV asymmetry with the electric strangeness content
ρs is clearly observable in all cases. The clear separation between the different
curves for increasing |Q2| may help us in disentangling which specific choice of
electric strangeness is best suited to describe the data. This analysis should be
coherent with the study applied to backward-angle kinematics where the focus is
on the magnetic strange content. However, as already discussed in that situation,
the analysis of data at forward-angle scattering and its comparison with theory
introduces also some ambiguities that need to be clarified. As shown, given a
specific μs, the electric strangeness that provides the best accordance with data at
θe < 130 overestimates, on the contrary, the behavior of data at larger θe ∼ 350.

5 Conclusion

The basic goal of the present study is to deepen our knowledge on the hadronic
structure with a special focus on the analysis of strangeness content in the elec-
troweak nucleon form factors. To do this, we have studied parity-violation
electron-proton scattering. In recent years a great effort from the experimen-
tal and theoretical points of view has been devoted to this problem. New ex-
periments have been devised and performed for a large variety of kinematical
situations. Data reported at backward and forward scattering angles are com-
pared in this work with theoretical calculations showing the role played by the
different ingredients entering the description of the reaction mechanism.

Summarizing, the general discussion presented in previous sections clearly
indicates that further studies and investigations are needed before definite con-
clusions on the strangeness content in the nucleon can be drawn. Not only the
specific values of the strangeness content given through the parameters μs and
ρs should be reviewed, but also the specific functional dependence with Q2 has
to be explored in depth. Moreover, the role played by the WNC axial-vector
form factor is also crucial in understanding the results for the PV asymmetry
and its comparison with data. Contrary to some previous works [10, 34–36]
where the focus was placed on the analysis of specific data taken at fixed |Q2|,
here our interest has been to provide a general and coherent description of all
data measured at different transferred momenta.
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