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Summary. — A review of the experiments that measured the Parity Violating
asymmetry in electron scattering is given. A description of the experimental ap-
paratus and of the employed techniques as well as of the goals achieved is given
for each experiment. The most important experiments that in the near future will
perform Parity Violating asymmetry measurements and the physics fields interested
by them (above all the search for physics Beyond the Standard Model) are provided.

PACS 11.30.Er – Charge conjugation, parity, time reversal, and other discrete
symmetries.
PACS 12.15.Mm – Neutral currents.
PACS 24.80.+y – Nuclear tests of fundamental interactions and symmetries.
PACS 25.30.Bf – Elastic electron scattering.
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1. – Introduction

In physics, a symmetry is defined as a feature of a system that is preserved or re-
mains unchanged under some transformation. An important example of symmetry is the
invariance of the form of physical laws under arbitrary differentiable coordinate trans-
formations. There exist continuous symmetries, that are characterized by invariance
following a continuous change in the geometry of the system. Spatial translational and
rotational invariances and time translational invariance are, for instance, three of them.
There exist discrete symmetries too, that describe non-continuous changes in a system,
like, for example, time reversal and space inversion. Several invariances are fulfilled in
physics: Parity conservation, that is the invariance of physics laws under spatial coor-
dinate reversal (x → −x; y → −y; z → −z), that was considered axiomatically true
up to the second half of 1950s, is not. When this fact was discovered scholars were as-
tonished: coordinate reversal is equivalent to a mirror reflection along an axis followed
by a 180◦ rotation around that axis. Because rotational invariance holds true, parity
violation means that mirror symmetry is not a feature of nature. In fact, this is just the
case for the weak interaction. Parity violation in weak interactions was for the first time
supposed by T. D. Lee and C. N. Yang in 1956 [1]. They also indicated how significant
experimental tests should be performed. Two systems initially symmetric are allowed to
evolve under the interaction to be tested. If there exists a left-right (L-R) asymmetry
in the final state, there is Parity Violation (PV). One of the experiments they suggested
was performed the following year (1957) by Chien Shiung Wu [2], who reported a nearly
maximum asymmetry in the β-disintegration of polarized 60Co nuclei, observing that
most of the electrons emitted in the β decay favored a very specific direction of decay,
opposite to that of the nuclear spin. It could be surprising that after more than fifty
years scholars are still studying parity violation. This is because parity is violated only in
the weak interaction. Despite its discovery several years ago, several features of the weak
interaction remain elusive. For example, the Standard Model predicts the values of weak
couplings and of the weak charge of several fundamental particles but the measurements
of these quantities are so far very unsatisfactory. This is caused by the fact that the weak
interaction is part of the more general electroweak interaction. In most experiments, the
study of the weak interaction is hence very difficult because of the presence of the elec-
tromagnetic part of the electroweak interaction whose strength is overwhelmingly much
bigger than that of the weak interaction and hides consequently the contribution of the
weak part of the electroweak interaction. When, however, one measures Parity Violat-
ing asymmetries, that is, observes a reaction in one frame and then measures the same
reaction in the mirror symmetric frame and at last calculates the fractional difference
of the measurements performed this way, the pure contribution of the electromagnetic
part of the electroweak interaction vanishes (electromagnetic forces are parity conserv-
ing) and one can observe the contribution of the weak part of the electroweak interaction
thanks to its interference with the electromagnetic part. Because the weak interaction is
a fundamental one, it does not surprise that several fields are involved in these studies:
electron scattering, atomic physics, hadronic physics, search for electric dipole momen-
tum, etc. The experimental techniques vary very much with the physics field involved.
Nevertheless all of them have in common the search of a Parity Violating asymmetry.
These asymmetries are usually very small (their range usually is 10−4–10−7) and this
fact makes Parity Violation experiments extremely difficult to be performed from sev-
eral points of view: they need high sensitivity and efficiency and they have to collect
high statistics while keeping the systematic errors so small that the asymmetry can be



PARITY VIOLATION IN ELECTRON SCATTERING 3

Fig. 1. – An electron e− scatters from a nucleon N exchanging a virtual photon γ, left, and a
neutral weak boson Z0, right.

observable. This last requirement is particularly challenging, because one has to be
sure that the experimental conditions do not change when switching from left-handed
to right-handed systems. A complete overview of Parity Violation experiments carried
out in physics would probably require an entire volume. We limit ourselves here to the
description of Parity Violation in Electron Scattering (PVES). The common features of
the PVES experiments, and the techniques employed and the experimental challenges
one has to face when performing them are presented in sect. 2. There will follow sections
dedicated to the different physical goals achievable when dealing with Parity Violation
in Electron Scattering.

2. – Parity Violation in Electron Scattering (PVES): Overview

Electrons interact with matter through the electroweak force. Consequently, as a rule,
electrons of different helicity have different cross-sections when interacting with nuclei
and nucleons and a Parity Violation can be observed in electron scattering. Elastic
scattering of an electron, e− from a nucleon (or a nucleus) is described to the first order
by the Feynman diagrams shown in fig. 1. The invariant amplitude associated with
these diagrams is given by the quantum interference between the invariant amplitudes
associated with each individual diagram

M = Mγ + MZ ,(1)

where Mγ and MZ are the invariant amplitudes associated with a single photon and
Z-boson exchange, respectively.

Far from the Z0 pole, the electromagnetic interaction dominates by several orders of
magnitude over the neutral weak interaction. A direct cross-section measurement of the
reaction in fig. 1 will completely obscure the effects of the neutral weak interaction in the
measured observable. However, since the weak interaction violates parity, a pseudoscalar
observable can be formed whose measurement sheds light on the neutral weak interaction.
This pseudoscalar observable is the Parity Violating asymmetry defined as

APV =
σR − σL

σR + σL
,(2)

where σR (σL) is the cross-section for scattering longitudinally polarized electrons that
are in the right-handed (left-handed) helicity state (that is whose spins are parallel (an-
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tiparallel) to their momenta). In fact, because the cross-sections are proportional to
|Mγ +MZ |2 and because M2

γ is equal for left- and right-handed electrons (electromag-
netic forces are parity conserving), considering that M2

γ � M2
Z , APV is proportional to

the ratio of the weak and electromagnetic amplitudes and MZ can be hence measured
with satisfactory precision.

The PVES experiments employ common (although improved constantly with time)
techniques that are shortly described in this section as separate subsections. To avoid
too technical details only the essential of these techniques will be given. The techniques
and the peculiarities proper to each experiment will be described with the experiments
themselves in the following sections.

2.1. Electron source and electron beam. – The experimental technique in PVES ex-
periments can be conceptually described as follows: the helicity of the primary electron
beam is rapidly and randomly flipped in order to create a pseudorandom time sequence
of helicity “window pairs” in which the electron beam helicity is opposite. The rapid and
random flips of the helicity ensures that the influences of the drifts of the experimental
set-up is minimized when calculating the fractional difference in the detector response
over window pairs. The helicity of the electron beam is usually controlled by the polarity
of the voltage applied to a Pockels cell which is essentially a voltage-controlled retarda-
tion plate. The Pockels cell is configured to convert a laser linearly polarized light to
right- or left-circularly polarized light. The polarity of the potential difference across the
Pockels cell face determines the handedness of the laser beam at the exit of the cell. The
circularly polarized laser exiting the Pockels cell illuminates a GaAs photocathode to
produce polarized electrons whose helicity state depends on the handedness of the laser
beam.

2.2. Asymmetry measurement . – In PVES experiments, in order to accumulate the
required statistics at a high rate, the relative scattered flux is often (but not always)
measured by integrating the response of the detector rather than by counting individual
particles (in the following sections, unless otherwise specified, in the description of the
experiments, it will be implicitly assumed that integrating techniques will be used to
determine the detector response). The fractional difference in the detector response over
window pairs is then calculated. For each windows pair the expression

A =
NR − NL

NR + NL
(3)

is hence calculated, where NR (NL) is the detector response for right-handed (left-
handed) incident electrons. For each run the mean of the asymmetry values given by (3)
weighted by the beam current is then calculated:

〈A〉 =
∑

wk · Ak∑
wk

,(4)

where wk is the total beam current in the kth window pair. Usually the whole data are
divided in n samples where (4) is performed in order to obtain n independent measure-
ments of the asymmetry 〈A〉, each with its own error δ〈A〉 estimated from the width of
the distribution. The final value of the asymmetry (that we call “raw asymmetry” for
reasons that will be clear later) is then calculated by performing the mean of the n 〈A〉
values given by (4) weighted by their errors δ〈A〉.
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2.3. Corrections for beam position and energy correlations. – Extreme care should
be taken in PVES experiments in order to keep under control systematic effects that
depend on beam helicity: the dependence on beam helicity of beam parameters like
energy, position, direction, and intensity has to be kept as low as possible in order to
avoid the so-called “false asymmetries”. Because a certain degree of helicity-correlated
systematic effects are unavoidable, to correct the value of the measured asymmetry for the
false asymmeteries, a modulation on beam parameters like position, angle, and energy is
usually performed periodically during the experiment. In this way one can determine the
variations in the detector response caused by changes, with respect to the mean values,
of the beam parameters and correct the measured raw asymmetry through the formula

〈A〉corr = 〈A〉 − 〈ΔA〉,(5)

with

Δ〈A〉 =
∑

〈aj〉 · 〈Bj〉,(6)

where the index j points out one of the beam parameters (position, angle, energy), 〈Bj〉
is the average difference of the j-th parameter between positive and negative helicity
electrons and aj is defined as

aj =
∂d

∂Bj

2〈d〉 ,(7)

where 〈d〉 is the averaged normalized signal for the detector.
From the point of view of beam charge changes with the electron helicity, special

effort has to be employed to minimize the so-called PITA (Polarization-Induced Trans-
port Asymmetry) effect [3], due to a combination of imperfect alignment of the Pockels
cell and small amounts of birefringence in other elements of the optical system. This
effect makes small amount of linear polarization be retained by the circular polarized
laser light that produces the electron beam by illuminating the photocatode. The linear
component has different orientations for the two helicities. Any optical element which
the beam passes through at non-normal incidence transmits in-plane and out-of-plane
linear polarization with different efficiencies. Since the two helicities have their linear
components oriented differently, they are transmitted differently, resulting in an inten-
sity asymmetry. The PITA effect can be reduced changing the voltage applied to the
Pockels cell after calculating the intensity asymmetry at fixed time intervals [4].

2.4. Corrections for background . – Processes different from the one under study con-
tribute generally to the value of 〈A〉corr of eq. (5) too. These processes, that will be
described with the experiments in the corresponding sections, constitute a background
that has to be eliminated. The physics asymmetry is hence given by the formula

Aphys =
1
Pb

〈A〉corr − Pb

∑
i Aifi

1 −
∑

i fi
,(8)

with Pb the beam polarization, fi the fraction of the i-th source of background and Ai

the asymmetry of that source.
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2.5. Correction for electronic crosstalk . – Special care is taken, in PVES experiments,
to ensure a very good ground isolation, from the rest of the experiment, of the circuit
which controls the helicity sequence and timing structure of the polarization of the elec-
tron beam providing the Pockels cell with positive or negative high voltages. Very useful
to cancel out some helicity-correlated systematic effects, like possible electronic crosstalk
of the high voltage signals fed to the Pockels cells to the data taking system, is the inser-
tion of devices like half-wave plates (along the optical path of the laser light) and Wien
filters (along the electron beam path) which revert the electron beam helicity leaving the
experimental apparatus untouched.

2.6. Correction for detector nonlinearities. – Among the other issues PVES experi-
ments have to deal with we can mention the nonlinearity of the detector response. If
the detector response S is not perfectly linear, that is the ratio between it and the beam
intensity I is given by the formula

S±

I±
= b± + cI±,(9)

where the coefficient c is a measure of the nonlinearity and the indices + and − refer to
the quantities relative to positive and negative beam electron helicity, respectively, the
measured asymmetry will be

S+

I+ − S−

I−

S+

I+ + S−

I−
= APV + Af

n ≈ b+ − b−

b+ + b−
+

c

b
IAI ,(10)

where Af
n is the false asymmetry generated by the nonlinearity of the detector and AI is

the beam intensity asymmetry (that is the fractional difference of the beam intensty over
window pairs). Extreme care should be taken hence to minimize the ratio c

b and AI .

2.7. Polarimetry . – Polarimetry is another non-trivial issue of PVES experiments,
whose importance was crucial especially in the most recent experiments that required
measurements of the Parity Violating asymmetry with very high precision, as underlined
by the fact that the polarimetry error is still the largest contribution to the systematic
error budget. Several kinds of polarimeters were used in PVES. Mott polarimeters and
transmission polarimeters are two examples. We limit ourselves here to the description
of two kinds of polarimeters that have been used since (nearly) the beginning and that
have emerged as the most effective, being continuously improved over the years: Møller
polarimeters and Compton polarimeters.

A Møller polarimeter measures the beam polarization by measuring the asymmetry
in e− + e− → e− + e− scattering, which depends on the beam and target polarizations
P beam and P target. The Møller cross-section is proportional to

σMøller ∝

⎡
⎣ ∑

i=X,Y,Z

1 + Aii · P beam
i · P target

i

⎤
⎦ ,(11)

where i = X;Y ;Z defines the projections of the polarizations (Z is parallel to the beam,
while Z-X is the scattering plane). The analyzing powers Aii depend on the scattering
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angle in the center of mass frame (θCM ) and are calculable in QED:

AZZ =
sin2 θCM (7 + cos2 θCM )

(3 + cos2 θCM )2
; AXX =

sin4 θCM

(3 + cos2 θCM )2
; AY Y = −AXX .(12)

The absolute values of AZZ reach the maximum of 7
9 at θCM = 90◦. At this angle

the transverse analyzing powers are AXX = −AY Y = AZZ

7 .
A Møller polarimeter detects, through a magnetic spectrometer, the electrons Møller-

scattered in a ferromagnetic foil magnetized in a magnetic field. At a given target angle,
the helicity-driven fractional difference (asymmetry) of the counting rate will be equal to

AMøller =
∑

i=X,Y,Z

Aii · P beam
i · P target

i .(13)

The asymmetry can be measured at two opposite target angles and the average taken,
which cancels transverse contributions and reduces the uncertainties of target angle mea-
surements. At a given target angle two sets of measurements with oppositely signed tar-
get polarization can be made which cancel some false asymmetries such as beam current
asymmetries. If the electron detector is split into two arms the two scattered electrons
can be detected in coincidence, reducing the background. Up to recent times the prin-
cipal limitation to a very high precision polarimetry with a Møller polarimeter was the
poor knowledge of the target polarization. In fact, because of the use of Fe alloys as
targets, the target had to be saturated at a low magnetic field (of order of 100 Gauss).
Then a precise measurement of the target magnetization was needed as well as a compar-
ison between the value of the magnetization at the edges and at the center of the target.
Above all, because both spin and orbital movements of the electrons contribute to the
magnetization, the spin polarization of the target electrons was not known better than
3%. This problem is being solved with the use, as targets, of pure iron saturated foils in
very high magnetic fields (of the order of 4 T). In this case, the spin polarization is known
at the level of 0.25% and the systematic error in the beam polarization measurement is
consequently reduced.

Compton polarimeters use the spin dependence of the electron-photon scattering
cross-section by colliding polarized (usually optical) photons with the electron beam and
detecting the final-state photon and/or electron. In the case of a polarization-insensitive
detector, the photon scattering cross-section is given by

dσ(ϑ, ϕ)
dΩ

=
dσ0(ϑ)

dΩ
+ Q

dσ1(ϑ)
dΩ

− V P long
e

dσlong
2 (ϑ)
dΩ

− V P trans
e cos ϕ

dσtrans
2 (ϑ)
dΩ

,(14)

where ϑ, ϕ are the polar and azimuthal photon scattering angles, respectively, Pe is
the electron polarization, and Q, V are the “Stokes Parameters” describing the incident
photon polarization (Q being the linear, V the circular component). The second term
is a nuisance contribution usually eliminated by the use of purely circular light (i.e.
Q = 0). The third and fourth term are those allowing the measurement of the electron
polarization; however, since the cross-section is strongly peaked around the beam direc-
tion, the last term vanishes as the cos ϕ dependence is averaged out by photon detectors
of commonly used sizes. Thus, switching the photon polarization between right- and
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left-circular (V = ±Pγ , where Pγ > 0) gives rise to a cross-section asymmetry

Along
Compton = −PγP long

e

(
dσlong

2

dΩ

) /(
dσ0

dΩ

)
= PγP long

e Along,(15)

from which the longitudinal electron polarization can be extracted if Pγ is known. Deter-
mination of P trans

e is possible if a position-sensitive detector is used. Compton polarime-
ters are installed in magnetic chicanes in order to separate the outgoing electrons from
the backscattered photons. The photon source is implemented by a laser that provides
an intense, focused beam with a highly pure polarization. The output of a commercial
laser is fed into a Fabry-Pérot cavity, wherein constructive interference between incident
and recirculating light leads to a reasonant build-up of intensity, that increases the oth-
erwise too small luminosity. The backscattered photon, which is boosted to gamma-ray
energies, and, in modern polarimeters, the final-state electron are detected. Finally, a
polarization measurement device for the laser beam is required in order to determine the
photon Pγ and ensure the correct polarization state. With respect to Møller polarime-
ters, Compton polarimeters have the advantage to be non-invasive and to perform hence
polarization measurements immediately in front of and at the same beam conditions as
the experiment. On the other hand, a Compton polarimeter has a low analyzing power.

In the last experiments performed at JLab, the (sometimes combined) use of Comp-
ton polarimeters using a thresholdless integration of the photon signal, and of Møller
polarimeters improved through the use of targets consisting of a pure Fe foil, brute-force
polarized out of plane with a 3-4 T superconducting magnet accomplished a measurement
of the electron beam polarization at the level of 1%. Even more precise polarization
measurements, < 0.5%, will be needed in future experiments and an effort is in progress
to achieve this very challenging goal by improving Møller and Compton polarimeters
techniques.

2.8. A PVES short history . – When dealing with Parity Violating asymmetry mea-
surements the first thing one has to consider is that the asymmetries concerned are very
small. In fact, the scale of the Parity Violating asymmetry in electron scattering is (see
eq. (1)) |MZ |

|Mγ | ∼ Q2

M2
Z

, with Q2 the square of the four-vector momentum transfer and

MZ the Z0 boson mass. The experiment that for the first time measured the Parity
Violation in electron scattering was the experiment SLAC E122 [5,6], that observed Par-
ity Violation in electron-deuterium scattering with a statistical significance bigger than
10σ. This result unequivocally confirmed the parity-violating predictions of electroweak
unification. For their work on electroweak unification and its implications, Sheldon Lee
Glashow, Abdus Salam and Steven Weinberg received the physics Nobel prize in 1979.
Because the experiment SLAC E122 aimed essentially to prove the Parity Violation in
electron scattering, it performed a measurement at a relatively high value of Q2, where
the expected asymmetry was relatively big. To have a glance at the following history,
one can look at table I and table II, that show the main features of PVES experiments
performed so far. From table I it can be observed that the measured asymmetries as
well as the percentage statistical and systematic errors decrease constantly with time.
This is due to the use of electron beams of better and better quality and the use of
more and more sophisticated technologies as can be guessed from table II. This table
shows both the increase with time of the intensity of the beams used, that implied a
decrease of the statistical error of the measurements, and the increase with time of the
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Table I. – Synoptic table of the measured asymmetries, in part per milion, of the experiments
described in this paper. The first and the second error quoted beside the measured asymmetries
are always the statistical and the systematic error, respectively. The E122 result quoted is the
A/Q2 value measured in the experiment with the deuterium target times the Q2 average value this
measurement was performed at. The G0 Backward systematic errors are the sum in quadrature
of the point-to-point and global systematic errors reported in the relative paper. Qweak result
is obtained from an analysis of just 4% of the total data taken by the experiment. A4 has not
published results relative to data collected after 2006 yet. The experiment MOLLER will run
in the future. The asymmetry and the errors quoted in the corresponding row are the expected
values. Q2 values in (GeV/c)2.

Experiment Laboratory Year Measured Asymmetry (ppm)

E122 SLAC 1978-1979 −275 ± 25 ± 22

Mainz Mainz Linac 1986 −9.4 ± 1.8 ± 0.5

MIT 12C MIT-BATES 1988 0.60 ± 0.14 ± 0.02

SAMPLE MIT-BATES 1998 −5.61 ± 0.67 ± 0.88

SAMPLE-II MIT-BATES 1999 −7.77 ± 0.73 ± 0.62

HAPPEX JLAB 1998-1999 −15.05 ± 0.98 ± 0.56

SAMPLE-III MIT-BATES 2000-2001 −3.51 ± 0.57 ± 0.58

A4 Forward MAMI 2000-2003 −5.44 ± 0.54 ± 0.26 (Q2 = 0.230)

−1.36 ± 0.29 ± 0.13 (Q2 = 0.108)

E158 SLAC 2000-2003 −0.131 ± 0.014 ± 0.010

G0 Forward JLAB 2002 and 2004 see fig. 12

HAPPEX-II 4He JLAB 2004-2005 6.72 ± 0.84 ± 0.21 (2004)

6.40 ± 0.23 ± 0.12 (2005)

HAPPEX-II H JLAB 2004-2005 −1.14 ± 0.24 ± 0.06 (2004)

−1.58 ± 0.12 ± 0.04 (2005)

A4 Backward MAMI 2006 −17.23 ± 0.82 ± 0.89

G0 Backward H JLAB 2006-2007 −11.25 ± 0.86 ± 0.51 (Q2 = 0.221)

−45.9 ± 2.4 ± 1.3 (Q2 = 0.628)

G0 Backward 2H JLAB 2006-2007 −16.93 ± 0.81 ± 0.46 (Q2 = 0.221)

−55.5 ± 3.3 ± 2.1 (Q2 = 0.628)

HAPPEX-III JLAB 2009 −23.80 ± 0.78 ± 0.36

PVDIS JLAB 2009 −160.8 ± 6.4 ± 3.1 (Q2 = 1.901)

−91.1 ± 3.1 ± 3.0 (Q2 = 1.085)

PREX JLAB 2010 0.656 ± 0.060 ± 0.014

Qweak JLAB 2010-2012 −0.279 ± 0.035 ± 0.031

MOLLER JLAB upcoming 0.033 ± 0.0007 ± 0.0003
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Table II. – Synoptic table of beam parameters and targets employed in the experiments described
in this paper. Q2 values in (GeV/c)2.

Experiment Beam Beam Beam Target

energy polarization intensity

(GeV) (%) (μA)

SLAC E122 16.2-22.2 (37 ± 0.9)% 2-8 Deuterium

19.4 ” ” Hydrogen

Mainz 0.300 (44.9 ± 1.8)% 6.9 Beryllium

” (43.8 ± 1.8)% 7.5 ”

MIT 12C 0.250 (37 ± 2)% 30-60 Carbon

SAMPLE 0.200 (34.8 ± 1.5)% 40 Hydrogen

SAMPLE-II 0.200 (35.7 ± 1.4)% 40 Deuterium

HAPPEX (1998) 3.356 (38.8 ± 2.7)% 100 Hydrogen

HAPPEX (1999) 3.3 ≈ (70 ± 2.2)% 35 Hydrogen

SAMPLE-III 0.125 (38.9 ± 1.6)% 40 Deuterium

A4 forward (Q2 = 0.230) 0.8543 ≈ (80 ± 4.0)% 20 Hydrogen

A4 forward (Q2 = 0.108) 0.5704 ≈ (80 ± 4.0)% 20 Hydrogen

SLAC E158 (2002) 45.0 (85 ± 5)% 8-12 Hydrogen

and

48.3 8-12

SLAC E158 (2003) 45.0 (89 ± 4)% 8-12 Hydrogen

and

48.3 8-12

G0 forward 3.031 (73.7 ± 1.0)% 40 Hydrogen

HAPPEX-II Hydrogen (2004) 3.03 (81.3 ± 1.6)% 35 Hydrogen

HAPPEX-II Helium (2004) 3.03 (86.9 ± 1.7)% 35 4He

HAPPEX-II Hydrogen (2005) 3.18 (87.1 ± 0.9)% 35-55 Hydrogen

HAPPEX-II Helium (2005) 2.75 (84.4 ± 0.8)% 35-55 4He

A4 backward 0.3151 (68.3 ± 4.0)% 20 Hydrogen

G0 backward 0.359 (85.8 ± 2.1)% (1.4)% 60 Hydrogen

and and

0.684 Deuterium

HAPPEX-III 3.481 (89.36 ± 0.75)% 100 Hydrogen

PVDIS (Q2 = 1.085) 6.067 (88.18 ± 1.76)% 100 Deuterium

PVDIS (Q2 = 1.901) 6.067 (89.29 ± 1.19)% 100 Deuterium

PREX 1.06 (89.2 ± 1.0)% 50-70 Lead

Qweak 1.155 (89.0 ± 1.8)% 145 Hydrogen
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polarization of the beams used, associated with a decrease of the percentage statistical
and systematic errors of the polarization measurements due to the improved polarimetry
technologies. The history of polarimetry is just an example of the improvements that
several technologies employed in PVES experiments underwent over the years. These
improvements and the associated ability to measure ever smaller asymmetries made the
experimentalists dealing with Parity Violating asymmetry more and more ambitious with
respect to their goals. In fact, depending on the kinematics and targets employed, several
different physical quantities can be measured through (2). The first PVES experiments
measured tree-level parameters of the Standard Model. Taking them for granted, PVES
experiments investigated then nucleon and nuclear physics questions, like strange form
factors and neutron radius in heavy nuclei. These experiments required the ability to
measure asymmetries of the order of 10−6. The ability to measure even smaller asym-
metries with very high precision is starting new series of experiments that go back to
the original question. This time, however, PVES experiments are not aiming to test
tree level, but rather to improve our understanding of the Standard Model. In fact, any
measured deviation from Standard Model predictions can have two sources: electroweak
radiative corrections or new physics beyond the Standard Model. In this respect a new
effort is expected from theoreticians to decrease substantially the theoretical uncertain-
ties. All the parity experiments performed so far (beside the early ones) relied heavily
on the Standard Model by comparing the Parity Violating asymmetries measured with
the corresponding values calculated by the Standard Model. Equations (20) and (28),
for example, are calculated in the framework of the Standard Model. To derive from
them the contribution of strange form factors to the ground-state charge and magnetiza-
tion distributions of the nucleon, the values predicted by the Standard Model assuming
the contributions of these strange form factors equal to zero were compared with the
experimental results. In this comparison, the value of the weak mixing angle was as-
sumed for granted as well as the values derived from Standard Model calculations of
the axial form factors (especially of their small isoscalar component), of the electroweak
radiative corrections, etc. In fact, the theoretical uncertainties on these values, as well
as the experimental uncertainties on electromagnetic form factors, were small enough
to not affect the measurements significantly more than the experimental statistical and
systematic uncertainties and were included in the overall error. However, in the new
series of PVES experiments, aimed at the extraction of the weak mixing angle value,
the size and q-dependence of higher-order electroweak radiative corrections, etc., the ex-
pected experimental statistical and systematic errors will be so small to make the present
theoretical uncertainties much more significant. Theoretical efforts are hence needed to
improve our knowledge on the size of nuclear and nucleon structure effects involved, like,
for example, when dealing with Parity Violation asymmetry in electron scattering from
nuclei, the distortion of the electron wave function due to the Coulomb field created by
the nuclear charge distribution, the isospin mixing in the nucleus due to the Coulomb in-
teraction acting differently on protons and neutrons, the meson exchange currents among
the nucleons that affect differently the isoscalar and the isovector nuclear responses, the
strangeness content of the nucleons that modifies the isoscalar (but not the isovector)
nuclear responses and possible nuclear inelastic transitions in the scattering process [7].
PVES experiments are not the only ones that will search for evidence of physics beyond
the Standard Model. Atomic Parity Violation experiments, neutrino scattering exper-
iments, experiments at colliders like LHC will pursue this goal as well. Nevertheless,
rather than in competition among each other these different kinds of experiments will be
complementary, employing completely different techniques. For example, while LHC will
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perform a direct search for physics beyond the Standard Model, PVES experiments will
seek signals of new dynamics in violations of symmetry at lower center-of-mass energies,
focusing on processes where the Standard Model expectations are known to high accuracy
or are predicted to be zero. Just to quote a specific case, LHC has discovered a scalar
resonance with a mass of 126 GeV, consistent with precision electroweak measurements,
and with branching ratios consistent (within available statistics) with that predicted for
a Standard Model Higgs boson. Under the assumption of a Standard Model Higgs boson
mass of 126 GeV, the theoretical prediction for the Parity Violation asymmetry in Møller
scattering is known to better than 0.2 part per billion accuracy. The MOLLER exper-
iment (see sect. 5.3) aims to measure this Parity Violation asymmetry with an error of
0.6 part per billion; any deviation at this level is a signature of new dynamics beyond the
Standard Model. The importance of the goals pursued by the new generation of PVES
experiments surely justifies the enormous financial budget allocated for them with the
construction of very sophisticated apparatuses like SOLID (see sect. 5.1) and the one
designed for the experiment MOLLER.

This paper will describe in the order: strange form factor measurements (sect. 3),
the measurement of the neutron radius in heavy nuclei (sect. 4), the measurement of the
weak couplings between the electrons and the up/down quarks and of the weak mixing
angle (sect. 5.1), the measurement of the weak charge of the proton (sect. 5.2) and of
the weak charge of the electron (sect. 5.3), and the measurement of the Parity Violating
asymmetry in the nucleon resonance region (sect. 6). In the following sections, the elec-
tron polarization referred to will always be implicitly the longitudinal polarization, unless
otherwise specified. This review will not include the measurements of the asymmetry in
the scattering of electrons with a polarization perpendicular with respect to the scatter-
ing plane (measurements of the transverse beam asymmetry). These measurements are
a byproduct of the experiments measuring Parity Violating asymmetries because they
are needed to understand the contribution to Acorr coming from a not 100% longitu-
dinally polarized electron beam and from geometrical asymmetries of the experimental
apparatus. The measurement of the transverse beam asymmetry has its own importance
because time-reversal symmetry dictates that it is zero at the first Born approximation
and it is hence a direct probe of the need of including higher-order photon exchange for
the interpretation of precision data in electron scattering. Nevertheless, the measurement
of the transverse beam asymmetry belongs to a physics field different from that of the
Parity Violating asymmetry measurement and will not be treated here.

3. – Strange form factors

In the nucleon, in addition to valence quarks, i.e. uud for the proton and udd for the
neutron, there is a sea of gluons and qq̄ pairs that plays an important role at distance
scales similar to that of the bound state ∼ 1 fm and that contributes to the ground-
state charge and magnetization distributions (e.g., magnetic moment) of the nucleon.
It is possible to extract the contributions of strange quarks to the ground-state charge
and magnetization distributions of the nucleon measuring the neutral weak scattering
of electrons from protons and neutrons. In fact, since the Z0 boson couples to various
quarks with different relative strengths compared to the photon, a combined analysis of
proton and neutron electromagnetic form factor and proton neutral weak form factor
measurements, along with the assumption of charge symmetry, allows the determination
of the strange electric and magnetic form factors [8,9]. The strange quark contributions
to the charge and magnetization of the nucleon are encoded in the strange electric and
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magnetic form factors, Gs
E and Gs

M analogs of the usual Sachs form factors GE and GM .
Purely electromagnetic scattering at a given kinematics can measure only two linear
combinations of the Sachs form factors:

Gγp
E,M =

2
3
Gu

E,M − 1
3
Gd

E,M − 1
3
Gs

E,M ,(16)

Gγn
E,M =

2
3
Gd

E,M − 1
3
Gu

E,M − 1
3
Gs

E,M ,(17)

where Gf
E,M is the electric (E) or magnetic (M) form factor for quark flavor f . Charge

symmetry between proton p and neutron n is assumed, so that for the quark form factors:

Gu
p = Gd

n; Gd
p = Gu

n; Gs
p = Gs

n.(18)

Additional information is needed to determine whether or not there is a contribution
from the strangeness form factors, Gs

E,M . This is provided by Parity Violation in the
scattering from protons, measuring a new pair of linear combinations:

GZp
E,M =

(
1 − 4 sin2 θW

)
(1 + Rp

V ) Gγp
E,M − (1 + Rn

V ) Gγn
E,M −

(
1 + R

(0)
V

)
Gs

E,M ,(19)

where Z stands for the Z0 boson of the neutral weak interaction, θW is the Weinberg
angle and Rp

V , Rn
V , and R

(0)
V are the weak radiative corrections for the vector form

factors. Thus by measuring these neutral weak form factors, in conjunction with the
electromagnetic form factors, the strange quark contribution can be extracted. The
explicit dependence of the Parity Violating asymmetry (2) on the strangeness content,
in the elastic electron scattering on the unpolarized proton, is written as follows in terms
of the form factors introduced above:

Ap
PV = − GF Q2

4πα
√

2
×

[
εGγp

E GZp
E + τGγp

M GZp
M − ε′

(
1 − 4 sin2 θW

)
Gγp

M GZp
A

ε (Gγp
E )2 + τ (Gγp

M )2

]
,(20)

where GF is the Fermi constant, α is the fine structure constant, Q2 is the square of
the four-vector momentum transfer (Q2 > 0), τ = Q2

4M2 where M is the proton mass,
ε = [1+2(1+τ) tan2(θ/2)]−1 where θ is the scattering angle, e′ =

√
τ(1 + τ)(1 − ε2), and

GZp
A is the proton axial form factor. The asymmetry (20) contains a term with the neutral

weak axial form factor GZp
A that, as explained in [10], can be estimated by combining

information from neutron beta decay [11], polarized deep inelastic scattering [12], and
calculations of the axial radiative correction [13,14].

It is interesting derive the equivalents of eqs. (19) and (20) for the neutron

GZn
E,M =

(
1 − 4 sin2 θW

)
(1 + Rn

V ) Gγn
E,M − (1 + Rp

V ) Gγp
E,M −

(
1 + R

(0)
V

)
Gs

E,M ,(21)

An
PV = − GF Q2

4πα
√

2
×

[
εGγn

E GZn
E + τGγn

M GZn
M − ε′

(
1 − 4 sin2 θW

)
Gγn

M GZn
A

ε (Gγn
E )2 + τ (Gγn

M )2

]
(22)
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and the expressions for GZp
A and GZn

A as well

GZp
A = −

(
1 + RT=1

A

)
GA +

√
3RT=0

A G
(8)
A + (1 + R

(0)
A )Gs

A,(23)

GZn
A =

(
1 + RT=1

A

)
GA +

√
3RT=0

A G
(8)
A + (1 + R

(0)
A )Gs

A.(24)

Equations (23) and (24) can be expressed in compact way

Ge
A = −

(
1 + RT=1

A

)
GAτ3 +

√
3RT=0

A G
(8)
A + (1 + R

(0)
A )Gs

A,(25)

with Ge
A the nucleon axial form factor, τ3 = +1(−1) for the proton(neutron), GA ≡ Gu

A−
Gd

A, Gu
A ≡ Gu,p

A = Gd,n
A , Gd

A ≡ Gd,p
A = Gu,n

A , Gs
A ≡ Gs,p

A = Gs,n
A (Gq,p(n)

A the contribution
of the q quark to the proton (neutron) neutral weak axial form factor), T the total isospin
quantum number, RT=1

A the isovector part of the nucleon axial radiative correction, G
(8)
A

the SU(3) isoscalar octet form factor (usually neglected), and R
(0)
A the SU(3) singlet

axial radiative corrections. The notation Ge
A for the nucleon axial form factor in electron

scattering is used to distinguish the form factor as seen by electron scattering from
that seen by neutrino scattering where the higher-order diagrams involving a photon are
absent. The very poorly known corrections R

(0)
V,A in eq. (19) and eq. (25) are usually

absorbed in the corresponding strange form factors.
In case of an unpolarized deuterium target, the Parity Violating asymmetry is dom-

inated by the Quasi-Elastic scattering (QE), and can be written, in the static approxi-
mation, as an incoherent sum of contributions from the proton and neutron weighted by
the unpolarized cross-sections

Ad
PV ≈ AQE ≈ σpA

p
PV + σnAn

PV

σd
,(26)

where σp = ε(Gγp
E )2 + τ(Gγp

M )2 and σn = ε(Gγn
E )2 + τ(Gγn

M )2 are terms proportional to
the unpolarized elastic proton and neutron cross-sections respectively, Ap

PV and An
PV are

the contributions to the asymmetry from the proton and neutron respectively, and σd =
σp + σn.

This approximation must be corrected for Final-State Interactions between the nucle-
ons and in addition there is a small contribution from the elastic scattering cross-section
from the deuteron to be taken into account. A more exact expression for the Parity
Violating asymmetry in case of an unpolarized deuterium target is hence

Ad
PV =

AQEσQE + AEσE

σQE + σE
,(27)

where AQE and σQE are the asymmetry and the cross-section for QE scattering of the
electron from the deuteron and AE and σE are the asymmetry and the cross-section
for elastic scattering of the electron from the deuteron. The correction for Final-State
Interactions is small and can be made with little uncertainty.

In case of an unpolarized 4He target, the elastic electron scattering is an isoscalar
0+ → 0+ transition and therefore allows no contributions from magnetic or axial-vector
currents. The Parity Violating asymmetry at tree level is given in this case by [13]

AHe
PV =

GF Q2

4πα
√

2
×

(
4 sin2 θW +

Gs
E

GγT=0
E

)
.(28)
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Table III. – Synoptic table of the kinematic parameters and main results of the experiments
described in sect. 3. For the sake of homogeneity, the errors of the results reported are the sums
in quadrature of all the errors quoted by the relative papers. The results of A4 at Q2 = 0.23
(GeV/c)2 are those determined without considering the G0 result at the same Q2 value.

Experiment Average Average Result

scattering Q2

angle (GeV/c2)

SAMPLE 146.1◦ 0.100 Gs
M = 0.37 ± 0.34

SAMPLE-II 146.1◦ 0.091 Gs
M = 0.23 ± 0.54;

G
e(T=1)
A = −0.53 ± 0.76

SAMPLE-III 146.1◦ 0.038 see fig. 3

HAPPEX 12.3◦ 0.477 Gs
E + 0.392Gs

M = 0.014 ± 0.022

HAPPEX-II Hydrogen 6◦ 0.099 Gs
E + 0.080Gs

M = 0.030 ± 0.028

(2004)

HAPPEX-II Hydrogen 6◦ 0.109 Gs
E + 0.09Gs

M = 0.007 ± 0.013

(2005)

HAPPEX-II Helium 6◦ 0.091 Gs
E = −0.038 ± 0.043

(2004)

HAPPEX-II Helium 6◦ 0.077 Gs
E = 0.002 ± 0.016

(2005)

HAPPEX-III 13.7◦ 0.624 Gs
E + 0.517Gs

M = 0.003 ± 0.014

A4 Forward 35◦ 0.230 Gs
E + 0.224Gs

M = 0.020 ± 0.033

35◦ 0.108 Gs
E + 0.106Gs

M = 0.071 ± 0.036

A4 backward 145◦ 0.220 Gs
E = 0.050 ± 0.042

Gs
M = −0.14 ± 0.16

G0 forward ≈ 60◦–≈ 75◦ 0.12–1 see fig. 12

G0 backward 108◦ 0.221 see fig. 15

and

0.628

with GγT=0
E = (Gγp

E +Gγn
E )

2 is the isospin-zero electric form factor. Knowing GγT=0
E from

other experiments eq. (28), that is valid at the Q2 values where meson-exchange current
contributions are negligible [15], allows the measurement of Gs

E not in combination with
Gs

M as in eq. (20).
Several experiments, at different Q2 values, different electron beam parameters and

different experimental apparatuses were performed in the past to measure the contribu-
tions of strange quarks to the ground-state charge and magnetization distributions of the
proton. Table III summarizes their kinematic settings and their results.

The experiments of the SAMPLE series (SAMPLE, SAMPLE-II and SAMPLE-III)
were performed at the MIT-Bates Linear Accelerator Center. They measured the Parity
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Fig. 2. – Left (from ref. [16]): the experimental principle of the experiments of the SAMPLE

series: the electrons, scattered by the target, were detected in a large solid angle air C̆erenkov
detector covering angles between 130◦ and 170◦. All backward-scattered electrons with energies
above 20 MeV traveled faster than the speed of light in air and generated C̆erenkov light that
was focused onto a photomultiplier tube by an ellipsoidal mirror. The integrated photomultiplier
current was proportional to the scattered electron rate. Right (from ref. [17]): schematic of the
SAMPLE apparatus. Portions of the scattering chamber and lead shielding have been cut away
for clarity.

Violating asymmetry in the elastic e-p (SAMPLE) and quasielastic e-d (SAMPLE-II
and SAMPLE-III) scattering through the detection of the C̆erenkov light produced in a
large solid angle (∼ 1.5 sr) air C̆erenkov detector by backward-scattered electrons. The
detector (see fig. 2) covered the angular region 130◦ < θ < 170◦ and the average electron
scattering angle was θ = 146.1◦. The C̆erenkov light was detected by an array of ten
photomultiplier tubes after reflection from ellipsoidal mirrors.

The beam current was 40 μA and the beam polarization was 34.8 ± 1.5% (SAM-
PLE) 35.7 ± 1.4% (SAMPLE-II) and 38.9 ± 1.6% (SAMPLE-III). Four lucite C̆erenkov
counters (luminosity monitors) downstream of the target at the forward angles (∼ 12◦)
detected low-Q2 scattering which has negligible Parity Violating asymmetry, thus serving
as monitors for false asymmetries. A remotely controlled light shutter could cover each
photomultiplier tube for background measurements. In the experiment SAMPLE-III an
additional measurement of the shutter closed asymmetry was made with a plate of plas-
tic scintillator placed in front of each PMT to enhance the statistics. The main source
of background in the experiment was soft electromagnetic (bremsstrahlung) radiation
(a thin Pb shield eliminated it) and arose from showering in the target plus additional
scattering from downstream of the apparatus. Another source of background was the
scintillation light due to the interaction of the residual flux of X-rays and low-energy
gamma rays from the target with the air in the detector. This background, that gen-
erates events with only one photoelectron, was determined at low beam intensity with
conventional pulse counting (instead of integrating) techniques and in runs performed
covering the mirrors. Electromagnetic background generated by soft bremsstrahlung
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and background from scintillation had negligible helicity dependence (the Parity Vio-
lating asymmetry is proportional to the squared momentum transfer to the proton). A
third source of background was due to pions generated close to the production threshold.
The pion production has a negligible Parity Violating asymmetry but contributed to the
detector yield through decay products. The π0 and π+ yields and generated background
were calculated through Monte Carlo simulations, that in the case of π+ yield, where
consistent with the measurement of the rate of delayed signals from muon decays. Monte
Carlo simulations were performed also in order to take in account the electron energy
loss due to ionization and collisions in the aluminum entrance window to the target, and
in the thickness of liquid hydrogen upstream of the interaction point. The experiment
SAMPLE [18-20] used a 40 cm liquid-hydrogen target and an electron beam of 200 MeV.
The average Q2 value was 0.1 (GeV/c)2. At the backward-angle kinematics of the SAM-
PLE experiment, the e-p asymmetry (20) is dominated by the contribution from the
magnetic neutral weak form factor, GZ

M . For the SAMPLE experiment, as established
by Monte Carlo simulations performed to determine the appropriate theoretical asym-
metry to which the data should be compared and by averaging over detector and target
length acceptance effects, eq. (20) is expressed by the formula

A(Q2 = 0.1) = −5.56 + 3.37Gs
M + 1.54G

e(T=1)
A ppm,(29)

where G
e(T=1)
A is the isovector nucleon axial form factor (see the term −(1+RT=1

A )GAτ3 in
eq. (25)). To obtain (29), the small isoscalar component of Ge

A has been absorbed into the
first term, and dipole form factors for Gp

E,M and Gn
M and the Galster parametrization [21]

for Gn
E were used.

The measured asymmetry was equal to

A(Q2 = 0.1) = −5.61 ± 0.67 (stat) ± 0.88 (syst) ppm,(30)

where the first error is statistical and the second error is systematic.
To determine Gs

M from (29) and (30) the theoretical expectation of

G
e(T=1)
A = −0.83 ± 0.26(31)

[22] was used. This because the computation of G
e(T=1)
A in [22] predicted values of

Parity Violating asymmetries in electron scattering on deuterium that agreed with the
measurements performed by the SAMPLE-II and SAMPLE-III experiments with a D2

target (see below, the electron scattering on deuterium is relatively insensitive to the
strange vector matrix elements, but provides information about the nucleons neutral
weak axial form factor as seen by an electron probe).

From (29), (30) and (31) a value

Gs
M (Q2 = 0.1) = 0.37 ± 0.20 (stat) ± 0.26 (syst) ± 0.07 (Elec. Rad. Corr.)(32)

(where the third error is the uncertainty due to electroweak radiative corrections) was
obtained.

The experiment SAMPLE-II [16] was identical to the experiment SAMPLE with the
exception of the use of a 40 cm long deuterium target instead of the hydrogen target
used in SAMPLE, and of the installation of a borated polyethylene shielding around the
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target to reduce background from low-energy neutrons knocked out of the deuterium,
that were an additional source of background with respect to the experiment SAMPLE.
The electron beam energy was 200 MeV. The average Q2 value was 0.091 (GeV/c)2.
SAMPLE-II measured the asymmetry (26) in quasielastic scattering from deuterium
at the same SAMPLE kinematics, where the axial term contributes approximately the
same amount to the asymmetry as in the proton, but the contribution from the term
proportional to Gs

M is greatly reduced because the proton and neutron contributions add
incoherently and nearly cancel. The measured asymmetry was [23]

A(Q2 = 0.091) = −7.77 ± 0.73 (stat) ± 0.62 (syst) ppm,(33)

where the first error is statistical and the second error is systematic.
Because of the lack of energy resolution of the SAMPLE detector for the scattered

electrons, this measured asymmetry contained contributions not only from quasielastic
scattering but also from elastic scattering and threshold breakup. In order to construct
the theoretical expression of the asymmetry as a function of Gs

M and Ge
A, a full nuclear

calculation according to ref. [24] to obtain the parity-conserving and parity-violating re-
sponse functions for the total inelastic processes (quasielastic scattering and threshold
breakup) for selected kinematics was performed, explicitly keeping track of the depen-
dence on Gs

M and Ge
A and including electroweak radiative corrections. In particular, the

isoscalar axial radiative correction was taken to be R0
A =

√
3RT=0

A G8
A = 0.03±0.05. The

Parity Violating asymmetry was computed on an event-by-event basis through simula-
tions performed with the Monte Carlo GEANT, separately for the elastic (from ref. [25])
and inelastic (using the above obtained response functions) processes. The resulting
asymmetry distributions represented an average over the detector acceptance and inci-
dent electron energies. The physics asymmetry was then computed as a combined average
of the elastic and inelastic distributions weighted by the appropriate cross-sections. The
resulting theoretical asymmetry (in ppm) was [23]

A(Q2 = 0.091) = −7.06 + 0.77Gs
M + 1.66G

e(T=1)
A ppm,(34)

where the small isoscalar component of Ge
A is absorbed into the first term. The depen-

dence on the nuclear model of this result is small. From the experiments SAMPLE and
SAMPLE-II the following values of Gs

M and G
e(T=1)
A were derived:

Gs
M = 0.23 ± 0.36 ± 0.40; G

e(T=1)
A = −0.53 ± 0.57 ± 0.50.(35)

The experiment SAMPLE-III [23] was identical to SAMPLE-II with the exception of
the electron beam energy (125 MeV) and the average Q2 value (0.038 (GeV/c)2). The
measured asymmetry was

A = −3.51 ± 0.57 (stat) ± 0.58 (syst) ppm.(36)

With the same procedure described above for the experiment SAMPLE-II, the result-
ing theoretical asymmetry was

A(Q2 = 0.038) = −2.14 + 0.27Gs
M + 0.76G

e(T=1)
A ppm.(37)
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Fig. 3. – From ref. [23]. The physics asymmetries measured in SAMPLE-II and SAMPLE-III
plotted as a function of Q2 (solid circles). Also plotted (with offset Q2 for visibility) are the
theoretical predictions with the value of Ge

A taken from ref. [22], and Gs
M = 0.15 (open circles).

The height of the gray rectangles represents the change in the physics asymmetry corresponding
to a 0.6 change in Gs

M .

The asymmetries (33) and (36) are shown in fig. 3 together with the theoretical
predictions with the values of Ge

A(Q2 = 0.038) = −0.91 ± 0.28 and Ge
A(Q2 = 0.091) =

−0.84 ± 0.26 from ref. [22] and Gs
M = 0.15. Theoretical predictions and measured

asymmetries agree within the uncertainties.
The series of experiments HAPPEX (see fig. 4) measured the contributions of strange

form factors in the nucleon using the beam of the CEBAF accelerator at Jefferson Lab
(JLab). The first HAPPEX experiment [27,28] measured the Parity Violating asymmetry
in two runs performed in 1998 and 1999, respectively. 3.2 GeV electrons were scattered
from a 15 cm long unpolarized liquid-hydrogen target at a scattering angle θlab = 12.3◦.
The average Q2 value was 0.477 (GeV/c)2. The elastically scattered electrons were
focused by two High Resolution Spectrometers (HRS) onto detectors consisting of lead-
lucite sandwich calorimeters. The HRS pair had sufficient resolution to spatially separate
the elastic electrons from inelastic electrons at the π0 threshold. In the 1998 run, where
a bulk GaAs photocathode was used, the electron beam intensity was 100 μA and the
beam polarization was equal to ∼ 38%. In 1999 run, a strained GaAs photocathode was
used that produced a 35μA electron beam with a polarization of ∼ 70%.

The measured asymmetry, multiplied by a factor that converted the measured accep-
tance (Q2) averaged asymmetry to the asymmetry from point scattering at the effective
kinematics (Q2 = 0.477 (GeV/c)2 was

A = −15.05 ± 0.98 (stat) ± 0.56 (syst) ppm.(38)

From (38) and (20), assuming for GZp
A the value derived by [22] that produces an

asymmetry equal to 0.56 ± 0.23 ppm, for Gγp
M /(μpGD) the value 0.9934 (GD being the

dipole form factor = [1 + Q2/0.71 (GeV/c)2]−2), for Gγp
E the value 0.98 × Gγp

M /μp, for
Gγn

E the value 0.161 × Gγp
M /μp and for Gγn

M the value 1.004 × Gγp
M μn/μp (μp and μn the

proton and neutron magnetic moments) the value

Gs
E + βGs

M = 0.014 ± 0.020 (exp) ± 0.010 (FF)(39)
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Fig. 4. – a) (from ref. [4]). Schematic Overview of the HAPPEX Experiment. b) The experimen-
tal principle of the experiments of the HAPPEX series: the electrons, scattered by the target,
were detected in the two nearly identical focusing High Resolution Spectrometers (HRS). The
HRS pair had sufficient resolution to spatially separate the elastic electrons from inelastic elec-
trons at the π0 threshold. c) During the experiment HAPPEX-II, two septum magnets were
added to HRS spectrometers, which were not able to detect particle scattered at angles less than
12.5◦, in order to make them able to accept very forward scattered electrons with 〈θlab〉 = 6◦.
d) (from ref. [26]) Single-particle spectra obtained in dedicated low-current runs during the ex-
periment HAPPEX-II. The insets show the same spectra on a logarithmic scale. The vertical
lines delineate the extent of the detectors. Inelastic scattering from 4He is entirely contained in
the hatched area. The shaded regions, visible only in the log plots, show the contribution from
target windows.

with β = τGγp
M

εGγp
E

= 0.392, was obtained. In (39) the first error is the total experimental
error (statistical and systematic errors added in quadrature) and the second error is the
error due to the ordinary electromagnetic form factors and is dominated by Gγn

M

The experiment HAPPEX-II was very similar to the 1999 first HAPPEX experiment
with the exception of a higher beam polarization (75-85%) and the addition of septum
magnets to HRS spectrometers to make them able to accept very forward scattered
electrons with 〈θlab〉 = 6◦. Radiation-hard focal plane detectors which could survive the
increased scattered electron rate were introduced.

Two targets were used in the HAPPEX-II experiment: a 20 cm long liquid-hydrogen
target [29] and a 20 cm long cryogenic high-pressure 4He gas target [30]. Two runs were
performed. With the hydrogen target, the asymmetry, after correction for beam polariza-
tion, backgrounds (mainly due to quasielastic scattering from the aluminum windows of
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the target), and finite acceptance was equal for the first run (Q2 = 0.099 (GeV/c)2) [29] to

A = −1.14 ± 0.24 (stat) ± 0.06 (syst) ppm.(40)

Assuming at Q2 ∼ 0.1 (GeV/c)2 the following values for the electromagnetic form
factors: Gγp

E = 0.754 (±2.5%), Gγp
M = 2.144 (±1.5%), Gγn

E = 0.035 (±30%), and Gγn
M =

−1.447 (±1.5%) (all values derived by a phenomenological fit to world data at low Q2 [31])
and evaluating the contribution to the asymmetry from axial form factor (assumed to be
a dipole form) at HAPPEX-II first run kinematics to be equal to −0.026 ± 0.008 ppm,
the following value was obtained:

Gs
E + 0.080Gs

M = 0.030 ± 0.025 (stat) ± 0.006 (syst) ± 0.012 (FF),(41)

where the third error is due to the uncertainties on form factors, mainly Gγn
E .

For HAPPEX-II second run (Q2 = 0.109 (GeV/c)2) the asymmetry mesasured
was [26]

A = −1.58 ± 0.12 (stat) ± 0.04 (syst) ppm.(42)

Assuming now a value for the neutron electric form factor Gγn
E = 0.037 (±10%)

derived from data from the BLAST experiment [32,33]), and evaluating the contribution
to the asymmetry from axial form factor at HAPPEX-II second run kinematics be equal
to −0.037± 0.018 ppm [22], the following value was obtained (at Q2 = 0.109 (GeV/c)2):

Gs
E + 0.09Gs

M = 0.007 ± 0.011 (stat) ± 0.004 (syst) ± 0.005 (FF).(43)

With the helium target, the asymmetry, after the usual corrections for beam po-
larization, background, and finite acceptance, was equal for the first run (Q2 = 0.091
(GeV/c)2) [30] to

A = 6.72 ± 0.84 (stat) ± 0.21 (syst) ppm,(44)

with a consequent value for Gs
E , derived from (28), of

Gs
E = −0.038 ± 0.042 (stat) ± 0.010 (syst),(45)

while for the second run (Q2 = 0.077 (GeV/c)2) [26] a value

A = 6.40 ± 0.23 (stat) ± 0.12 (syst) ppm(46)

for the asymmetry was obtained with a consequent value for Gs
E of

Gs
E = 0.002 ± 0.014 (stat) ± 0.007 (syst).(47)

In deriving (45) and (47), the value of GγT=0
E was derived by the phenomenological

fit to the world data at low Q2 already used for deriving (41) and (43) [31].
Assuming in the range 0.077 ≤ Q2 ≤ 0.109 (GeV/c)2 Gs

E ∝ Q2 and Gs
M constant,

extrapolating the results (41), (43), (45) and (47) to Q2 = 0.1 (GeV/c)2, the results shown
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Fig. 5. – Adapted from ref. [26]. 68 and 95% C.L. constraints in the Gs
E and Gs

M plane from
HAPPEX-II data. Various theoretical predictions are plotted with published uncertainty esti-
mates: ref. [34] (empty square), ref. [35] (empty triangle), ref. [36] (empty circle), ref. [37](filled
triangle), ref. [38] (filled square) and ref. [39] (filled circle).

in fig. 5 were obtained that correspond to the following values at Q2 = 0.1 (GeV/c)2 for
the strange form factors

Gs
E = −0.005 ± 0.019; Gs

M = 0.18 ± 0.27(48)

(correlation coefficient = −0.87).
The result of (48), consistent with null strange form factors, is quite insensitive to

variations in the axial form factor.
The HAPPEX-III experiment [40] was very similar to the other HAPPEX exper-

iments: a 100 μA continuous electron beam of longitudinally polarized electrons at
3.481 GeV was incident on a 25 cm long liquid-hydrogen target. The experimental appa-
ratus and techniques did not change substantially with respect to the other HAPPEX
experiments. The elastically scattered electrons were detected at 〈θlab〉 = 13.7◦ and the
average Q2 was 0.624 (GeV/c)2.

The asymmetry measured was

A = −23.80 ± 0.78 (stat) ± 0.36 (syst) ppm(49)

that, after parametrizations of the electromagnetic form factors which incorporate two
photon exchange corrections to published form factor data [41] and standard electroweak
corrections [42], gave the result

Gs
E + 0.517Gs

M = 0.003 ± 0.010 (stat) ± 0.004 (syst) ± 0.009 (theor),(50)

where the last error comes from the theoretical uncertainties on the value of the asymme-
try for zero contribution of the strange form factors due to uncertainties in the electro-
magnetic form factors and in radiative corrections in the axial term of the asymmetry (20)
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Fig. 6. – a) (from ref. [43]). Drawing of the PbF2 calorimeter of the experiment A4. The system
is mounted on a rotatable platform. b) and c) The principle of the experiment A4. The beam
electrons were scattered by the target and detected by the total absorption calorimeter of lead
fluoride crystals. With respect to the forward mode (b), in backward mode (c) scintillators
were placed between the scattering chamber and the lead fluoride crystals. The coincidence be-
tween the scintillators and the calorimeter allowed the separation between charged from neutral
particles and hence to distinguish between scattered electrons and photons from π0 decay.

involving Parity Violating multiquark interactions. The importance of the latter are,
however, reduced for forward-angle kinematics as in HAPPEX-III.

The experiment A4 (see fig. 6) took place at the Mainzer Mikrotron accelerator fa-
cility (MAMI). It measured the asymmetry (20) at Q2 = 0.108 [44] and at Q2 = 0.230
(GeV/c)2 [45] at forward electron scattering angles (30◦ < θe < 40◦), and at Q2 = 0.22
(GeV/c)2 at backward electron scattering angles (140◦ < θe < 150◦) [43].

Its systematic uncertainties were of a different nature with respect to the ones of
the experiments of the series SAMPLE and HAPPEX because, differently from these
experiments, it used counting and not analogue integrating measuring techniques. When
detecting scattered electrons at forward angles, the primary electron beam had an inten-
sity of 20 μA, a polarization of about 80%, and an energy of 570.4 MeV (for the measure-
ment at Q2 = 0.108 (GeV/c)2), and of 854.3 MeV (for the measurement at Q2 = 0.230
(GeV/c)2). For the measurement with electrons scattered at backward angles the energy
of the primary beam was 315.1 MeV, its intensity was 20 μA and its polarization was
about 70%. The helicity of the beam was selected with a frequency of 20 ms. 10 and
23.4 cm liquid-hydrogen targets were used for the measurements at forward and back-
ward electron scattering angles, respectively. The target density for each beam helicity
state was determined measuring, for each 20 ms time window in which the beam helicity
was fixed, the response of eight water C̆erenkov detectors that detected scattered par-
ticles symmetrically around the electron beam for small scattering angles in the range
of 4◦–10◦, where the Parity Violating asymmetry is negligible. The scattered electrons
were detected, in the scattering angle range, by a total absorption calorimeter consisting
of 1022 individual lead fluoride (PbF2) crystals, arranged in 146 rows and 7 rings. In the
measurement at Q2 = 0.230 (GeV/c)2 at forward electron scattering angles, only half
of the crystal were operational and the detector modules were located in two sectors,
covering an azimuthal angle interval ΔΦ of ∼ 90◦ symmetrically around the beam axis.
The signals from each cluster of nine crystals were summed and integrated for 20 ns.
The number of elastically scattered electrons for each helicity state was determined by
summing over the inner 345 detector channels, which were the centers of a full 3 × 3



24 G. M. URCIUOLI

Fig. 7. – From ref. [45]. Raw energy spectrum of accepted particles from the hydrogen tar-
get as read directly from the hardware memory of the readout electronics of the lead fluoride
calorimeter used in the A4 experiment when detecting forward-angle scattered particles (dashed
histogram). The solid black curve shows the raw spectrum corrected for the differential nonlin-
earity of the ADC. The lower and the upper cut positions for the extraction of the number of
elastically scattered electrons are shown.

crystal matrix. In the other measurements all the crystals were operational and the de-
tector covered the full azimuthal range. The number of elastically scattered electrons for
each helicity state was in these cases determined summing up over all 730 channels of
the inner five rings of the calorimeter. The detected particle energy resolution was 3.9%√

E
with E the particle energy. A typical energy spectrum for forward electron scattering
angle measurements is shown in fig. 7, which shows that the elastic scattering peak is
clearly isolated at the high end of the spectrum. The number of elastic scattered elec-
trons was determined for each detector channel by integrating the number of events in
the interval corresponding to the elastic peak in each helicity histogram. At forward
electron scattering angles the background from produced π0 was estimated negligible
through Monte Carlo simulations. The largest background source were electrons from
quasielastic scattering at the thin aluminum entrance and exit windows of the target
cell. In the measurement at backward electron scattering angles 72 plastic scintillators
in front of the PbF2 crystals were added to the apparatus to be used in coincidence with
the calorimeter in order to separate charged from neutral particles and hence distinguish
between scattered electrons and photons from π0 decay. For this measurement a not
negligible background was caused by high-energy photons converting into e+e− pairs in
the aluminum wall of the vacuum chamber and in the scintillator. The contribution to
the asymmetry of this background was measured through non-coincidence detector spec-
tra and was eliminated scaling these spectra with the conversion probability of a γ to
convert and trigger the scintillator and shifting them by the energy loss of the generated
e+e− pairs as evaluated through Monte Carlo simulations. The same procedure was used
to eliminate the contribution to the background arising from aluminum events from the
target entrance and exit windows, that was determined by a measurement with an empty
target and was about 4.5%. Figure 8 shows the measured energy spectra at backward
electron scattering angles and the contributions from the different processes.

The measured asymmetries were the following: at Q2 = 0.108 (GeV/c)2 the measured
asymmetry was

A = −1.36 ± 0.29 (stat) ± 0.13 (syst) ppm,(51)
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Fig. 8. – From ref. [43]. Detector response in the A4 experiment when detecting backward scat-
tered electrons. Left panel: the measured energy spectrum of coincidence events (dashed line).
The peak of the elastic scattered electrons is clearly identified. The contributions of the different
processes are shown from bright to dark: i) the elastically scattered electrons, ii) the inelastically
scattered electrons, iii) the converted photons from π0 decay, and iv) empty target background.
Upper right panel: a measured energy spectrum of non-coincidence events. Lower right panel:
the dotted line shows the background contribution to the coincidence spectrum estimated from
the non-coincidence events by applying the shifting and scaling method in comparison with the
photon background obtained from the simulation (gray) together with the shifted and scaled
non-coincidence events from an empty target measurement (dark).

which corresponded, after calculating the difference between this value and the theoretical
prediction in the framework of the Standard Model with the form factors Gp,n

E,M given by
the parameterization of ref. [31], assuming an experimental error of 3% to Gp

E and Gp
M ,

5% to Gn
M and 10% to Gn

E , to a value of

Gs
E + 0.106Gs

M = 0.071 ± 0.036.(52)

At Q2 = 0.230 (GeV/c)2 (forward electron scattering angles) the measured asymmetry
was

A = −5.44 ± 0.54 (stat) ± 0.26 (syst) ppm(53)

that, after calculating the difference between this value and the theoretical prediction
in the framework of the Standard Model, taking the electromagnetic form factors Gp,n

E,M

from a Monte Carlo based analysis of the world data [46], corresponded to a value of

Gs
E + 0.224Gs

M = 0.020 ± 0.029 (exp) ± 0.016 (FF),(54)

where the first error comes from the measurement and the second from the uncertainty
in the axial and electromagnetic form factors of the nucleon.

At Q2 = 0.220 (GeV/c)2 (backward electron scattering angles), the measured asym-
metry was

A = −17.23 ± 0.82 (stat) ± 0.89 (syst) ppm(55)



26 G. M. URCIUOLI

Fig. 9. – From ref. [47]. A view of G0 experimental set up in the forward configuration. The
electron beam travels from lower right to upper left. The superconducting magnet is seen just
to the left of the center of the frame; the target is centered inside the magnet.

from which, following the same procedure utilized to derive eq. (54) from eq. (53), the
following expression was derived:

Gs
M + 0.26Gs

E = −0.12 ± 0.11 (exp) ± 0.11 (FF).(56)

Combining forward and backward electron scattering measurements at Q2 ∼ 0.23
(GeV/c)2, the following values were obtained:

Gs
E = 0.050 ± 0.038 (exp) ± 0.019 (FF);(57)

Gs
M = −0.14 ± 0.11 (exp) ± 0.11 (FF).(58)

Data from the experiment A4 are waited for measurements at Q2 = 0.23 (GeV/c)2,
performed at backward electron scattering angles with a deuterium target, at Q2 = 0.62
(GeV/c)2, performed at forward electron scattering angles with an hydrogen target and
at Q2 = 0.1 (GeV/c)2, performed at backward electron scattering angles both with an
hydrogen target and a deuterium target.

The experiment G0 [47] took place in Hall C of JLAB. It used a superconducting
toroidal magnet that focused scattered particles through collimators onto a focal plane
array of scintillators. The magnet contained eight superconducting coils splitting the
magnet and detector system into octants. Each octant, as defined by collimators near
the cryogenic target, accepted 20◦ in azimuthal angle. Combined with the polar angle
acceptance, defined by the momentum defining collimators, the device had a total solid
angle of about 0.9 sr. The experiment operated in two running modes: “forward mode”
and “backward mode”. In its forward mode (see fig. 9 and fig. 10), the apparatus detected
and counted recoiling protons from forward-angle electron scattering. The protons were
ejected at angles between ∼ 60◦ and ∼ 75◦ and a simultaneous measurement for all Q2

values (0.12–1.0 (GeV/c)2) was made. For a given Q2 the magnet focused protons from
any point along the target length, at least at the center of each octant. The Focal Plane
Detectors (FPD) for each octant consisted of 16 pairs of scintillation detectors, placed
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Fig. 10. – The principle of the experiment G0 in forward mode. Top: from ref. [47]. Protons of
the same Q2 originating from any location in the target were focused to a common detector. The
highest Q2 protons appeared in FPD14 (see text for details). A superconducting coil outline
and one octant of collimators, line-of-sight shielding, and focal plane detectors are pictured.
Bottom: from ref. [17]. Schematic of the G0 apparatus used in the forward configuration. Each
detector color corresponds to a different value of momentum transfer Q2, ranging from 0.12 to
1 (GeV/c)2.

at, or near, the focal plane of the magnet and shaped and segmented to detect protons
corresponding to a limited band of Q2 and to limit the e-p elastic count rate to less
than approximately 750 kHz. FPD 1-14 (smallest detector number corresponding to the
lowest momentum transfer) accepted relatively narrow bands of Q2, whereas FPD 15
accepted a broad band of Q2 at the end of the range of acceptance (0.44 ≤ Q2 ≤ 0.88
(GeV/c)2). No elastic scattering events were recorded by FPD 16, and it was used as a
monitor of background and magnet current. The use of pairs of scintillators suppressed
the background from neutral particles. To separate elastic protons from inelastic protons
and pions the flight time of the particles detected was measured using a signal associated
with the beam arrival on target. A typical Time-Of-Flight spectrum is shown in fig. 11.
Elastic protons arrived about 20 ns after the passage of the electron bunch through the
target. The large range of momentum transfers accepted by FPD 15 was divided into
three Time-Of-Flight bins with average momentum transfers of 0.51, 0.63, and 0.79
(GeV/c)2. FPD 14 had two elastic peaks separated in TOF with momentum transfers
of 0.41 and 1.0 (GeV/c)2.

In “forward mode” an electron beam of 40μA and 3.031 ± 0.001 GeV and a 20 cm
liquid-hydrogen target were employed. The beam polarization was 73.7 ± 1.0%. Beside
the “usual” corrections for helicity-correlated beam current, position, angle, and energy, a
further correction was needed because a small (∼ 10−3) fraction of the beam current with
a 2 ns structure existed due to tails of beams from the other operating halls at JLab (the
beam requested by G0 had a 32 ns structure to allow Time-Of-Flight measurements). The
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Fig. 11. – From ref. [48]. Example of the raw asymmetry, Ameas (data points), and yield
(histogram) as a function of TOF for detector 8 of the experiment G0 in “forward mode”.

fraction of the beam current with a 2 ns structure was measured in otherwise forbidden
regions of the Time-Of-Flight spectra and the correction applied to take into account it
was of the order of 0.71±0.14 ppm on average to the asymmetries in all detectors (∼ 5%
variation from detector to detector). Great care was employed to take into account the
background generated by quasielastic protons from the aluminum target windows and
inelastic protons from both the hydrogen and the aluminum. This background extended
on both sides of the elastic proton peak in the Time-Of-Flight spectrum. To determine
the contribution to the measured asymmetry of this background Time-Of-Flight fits to
the yield and asymmetry in the region of the elastic peak were used. The yield was
typically modeled with a Gaussian elastic peak and a polynomial background. The
asymmetry model comprised a quadratic background and a constant for the elastic (see
fig. 11). The uncertainties from the background correction dominated the systematic
uncertainties. Figure 12 shows, as function of Q2, the quantity

Gs
E + ηGs

M =
4
√

2πα

GF Q2
× ε (Gγp

E )2 + τ (Gγp
M )2

εGγp
E

× (APhys − ANS) ,(59)

with η(Q2) = τGγp
M

εGγp
E

and ANS the value calculated from eq. (20) with Gs
E = Gs

M = 0

for all values of Q2, and using the electromagnetic form factors of Kelly [49]. The error
bars include the statistical uncertainty (inner) and statistical plus point-to-point sys-
tematic uncertainties added in quadrature (outer). The error bands represent, for the
G0 experiment, the global systematic uncertainties: from the measurement (upper) and
from the uncertainties in the quantities entering ANS (lower). These quantities are the
calculated value of the axial-vector form factor normalization [22] (differing from gA

gV
,

the ratio of the axial-vector to vector weak coupling, by electroweak radiative correc-
tions), the same dipole momentum transfer dependence for Ge

A(Q2) as is deduced for
GA(Q2) [50], the axial-vector strangeness contribution Δs [51], and the electroweak ra-
diative corrections [13]. The sensitivity of the result to electromagnetic form factors
is shown separately in the lower panel, where the effective ANS is shown for the alter-
native form factor parameterizations of Friedrich and Walcher (FW) [31] (dashed line)
and the combination Arrington Rosenbluth [52] proton, and Kelly [49] neutron (dotted
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Fig. 12. – From ref. [48]. The combination Gs
E + ηGs

M measured by the G0 experiment in
“forward mode”. The gray bands indicate systematic uncertainties (to be added in quadrature);
the lines in the lower panel correspond to different electromagnetic nucleon form factor models.
See text for details.

line). E.g., for the FW parameterization, the value of Gs
E +ηGs

M at Q2 = 0.63 (GeV/c)2

increases from 0.059 to 0.072. Alternately, the uncertainties in the Kelly form factor
fits would increase the width of the uncertainty band (lower) for ANS at each Q2 by
about 25% if included there. The agreement with the HAPPEX measurements made at
nearly the same kinematic points (with small corrections to the asymmetries, less than
0.2 ppm, to adjust them to the G0 beam energy) was excellent. Combining the G0 result
at Q2 = 0.23 (GeV/c)2 with the two measurements at Q2 ∼ 0.23 (GeV/c)2 performed in
the A4 experiment when detecting forward and backward scattered electrons respectively
(see eq. (54), eq. (56), and eq. (57) above), the following value for Gs

E was obtained:

Gs
E = 0.035 ± 0.030 (exp) ± 0.019 (FF).(60)

In backward mode [53] (see figs. 13 and 14) G0 operated with the magnet detector
system rotated by 180◦. In this mode the experiment detected scattered electrons and
not recoil protons. The optics of the magnet were such that the scattered electrons were
at an average angle of 108◦ ± 10◦, corresponding to a single value of Q2 for each beam
energy. Therefore, measurements were performed with two different incident energies:
359 and 684 MeV corresponding to two different Q2 values: 0.221 and 0.628 (GeV/c)2. In
backward mode each focal plane detector (FPD) collected both elastically and inelasti-
cally scattered electrons. To separate elastic and inelastic electrons, a second scintillator
array (labeled the Cryostat Exit Detectors or CEDs) was mounted near the magnet cryo-
stat exit window for each octant. The CED array consisted of 9 arch-shaped scintillators,
similar in shape to the FPDs but smaller, since they lied closer to the target. By record-
ing all possible combinations of coincidences between the 9 CEDs and 14 FPDs, elastic
and inelastic events were separated (see fig. 14). The particle identification needed to
distinguish electrons from pions was performed by an aerogel C̆erenkov detector with a
pion threshold of 570 MeV, used in coincidence with the scintillators.

The beam maximum intensity was 60 μA and the beam polarization was 85.8 ±
2.1(1.4)% at the lower (higher) incident energy. Two targets for two different goals were
used: one 20 cm liquid-hydrogen target and one 20 cm deuterium target. Comparing
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Fig. 13. – From ref. [47]. A view of G0 experimental set up in the backward configuration.
The beam enters from the left. The superconducting magnet is on the right of the frame; the
target is centered within it. The detector system is shown retracted from its normal position
by about 1 m. The photomultiplier tubes for Octant 3 are closest to the camera on the left.
Detector supports added for the backward measurement, holding the C̆erenkov and cryostat
exit detectors (CEDs) are visible just to the right of center.

the G0 results in “forward mode” with those of the G0 in “backward mode” with the
liquid-hydrogen target, the measurements of the asymmetry (20) at two different angles
were obtained. From these measurements it was possible to extract GZp

E and GZp
M and

hence to determine separately the values of Gs
E and Gs

M . The measurement of the Par-
ity Violating asymmetry in quasielastic scattering from the deuterium target provided

Fig. 14. – The principle of the experiment G0 in backward mode. Left (from ref. [54]): to
separate elastic and inelastic electrons, a second array of scintillators, labeled CED, was added
to FPD scintillators and mounted near the magnet cryostat exit window for each octant. By
recording all possible combinations of coincidences between the CEDs and FPDs, elastic and
inelastic events were separated. This is shown in the right part of the figure (from ref. [47]),
which reports coincidence rates for the various combinations of CEDs and FPDs for backward
angle measurement of scattered electrons from the LH2 target at 684 MeV incident energy. The
elastically scattered electrons appear in a band toward the upper right, the inelastically scattered
electrons in a band toward lower left. An aerogel C̆erenkov detector with a pion threshold of
570 MeV, used in coincidence with the scintillators, provided the particle identification needed.
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the third measurement needed to determine the effective axial form factor, Ge
A, using a

complete model of the electroweak deuteron response [55]. Ge
A can be expressed as the

sum of an isovector part (Ge,T=1
A ) and an isoscalar part (Ge,T=0

A )

Ge
A = Ge,T=1

A + Ge,T=0
A = G

(0)
A,cc + Rana + Ge,T=0

A ,(61)

with G
(0)
A,cc the axial form factor measured in charged current neutrino scattering [50,

56, 57] and Rana the radiative correction. The experiment G0 focused above all in the
determination of Ge,T=1

A .
In “backward mode” the background corrections were small because the background

asymmetries generally have values close to those of the elastic asymmetry. With the
exception of the run with the deuterium target at 684 MeV, the background was mainly
generated in the aluminum target windows and its yield was measured in runs with
gaseous hydrogen in the target. The aluminum asymmetry was assumed to be the same
as that of the deuteron (both effectively quasielastic scattering only) with an additional
uncertainty of 5% for nuclear effects. In the run with the deuterium target at 684 MeV,
the main source of background were misidentified π−. The measured asymmetries were
corrected for the dead time, for the accidentals from pion signals in the scintillators in
coincidence with random signals from the C̆erenkov (especially high in the run with the
deuterium target at 684 MeV), for electromagnetic radiative corrections [58], and for two
boson exchange effects [59].

Figures 15a and b show the values of Gs
E and Gs

M obtained combining the results of
the G0 experiment in “backward mode” with the corresponding values as determined by
a linear fit of Aphys − ANS measurements of the G0 experiment in “forward mode” in
the range 0.177 < Q2 < 0.997 (GeV/c)2. In the fit the uncertainty of the interpolated
values was assumed to be 70% of the statistical uncertainty at the nearest measured
point. In extracting Gs

E and Gs
M from the measured asymmetries, the nucleon form

factors of ref. [49] were used. For the determination of Ge,T=1
A (fig. 15c) the isoscalar

contributions to Ge
A were taken from refs. [22, 63]. The systematic uncertainties in the

measurements of Gs
E , Gs

M and Ge,T=1
A are due to uncertanties on incident energies,

four-momentum transfers, electromagnetic form factors, deuteron model and electroweak
radiative corrections.

Combining the results of HAPPEX-III and G0-forward and G0-backward experi-
ments, the constraints on the 2D space spanned by Gs

E and Gs
M at Q2 near 0.62 (GeV/c)2

shown in fig. 16 are obtained. The experimental constraints at 1σ are represented by
the shaded bands indicating the combined statistical and experimental systematic error
bars. The contours, representing the 68% and 95% uncertainty boundaries as indicated,
combine all three measurements and also account for the uncertainties in the value of
the asymmetry for zero contribution of the strange form factors. The independently
separated values resulting from this fit are

Gs
E = 0.047 ± 0.034; Gs

M = −0.070 ± 0.067,(62)

with a correlation coefficient of −0.93. This result is consistent with Gs
E = 0 and Gs

M = 0.
Figure 17 shows all published data on the net strangeness contribution Gs

E + η Gs
M

in forward-angle scattering measurements from the proton versus Q2. η(Q2) = τGγp
M

εGγp
E

is
approximately numerically equal to Q2 (in (GeV/c)2) over the range of the plot. On
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Fig. 15. – Adapted from ref. [53]. The form factors (a) Gs
E , (b) Gs

M and (c) Ge,T=1
A determined

by the G0 experiment forward- and backward-angle measurements. Error bars show statistical
and statistical plus point-to-point systematic uncertainties (added in quadrature); shaded bars
below the corresponding points show global systematic uncertainties (for G0 points). For Gs

E

and Gs
M the extraction from ref. [60] as well as the results of the PVA4 experiment are shown.

Calculations from Adelaide [61] and Kentucky [62] groups are also shown; for the former the

uncertainties are smaller than the symbols. For Ge,T=1
A results from the SAMPLE experiment

together with the calculation of Zhu et al. [22] are shown.

each data point, the error bars indicate both the statistical error and the quadrature
sum of statistical and uncorrelated systematic error. For the G0 data, some systematic
uncertainties are correlated between points with a magnitude indicated by the shaded
region at the bottom of the plot. A shaded region around the zero net strangeness line
represents the uncertainties in ANS at 1σ; this uncertainty is not also included in the
individual data points.

Fig. 16. – From ref. [40]. Constraints on Gs
E and Gs

M at Q2 ∼ 0.62 (GeV/c)2 as derived from
the results of the HAPPEX-III and G0-forward and G0-backward experiments.
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Fig. 17. – From ref. [40]. Results of strange-quark vector form factors for all measurements of
forward-angle scattering from the proton. The solid curve represents a 3% contribution to the
comparable linear combination of proton form factors.

All the results of the experiments described in this section (see table III) as well
as a systematic study of the relevant radiative corrections [64-67] and a careful global
analysis [68] show that the strange magnetic form factor is at most a few percent of the
proton magnetic form factor at low Q2 and the strange electric radius is also at most a
few percent of the proton charge radius. This result substantially disagrees with the first
calculations of nucleon vector form factors in lattice QCD that instead predicted a large
contribution of the strange quarks to the charge and magnetization distributions of the
proton. As pointed out by ref. [69], the disagreement between theoretical predictions and
experimental results disappears if one takes into account in the calculations the finite
size of the hadron, which suppresses meson loops when the corresponding Compton
wavelength is smaller than the size of the hadron emitting or absorbing the meson.
For this reason, because typically a hadron size is 1 fm and the Compton wavelength
of a meson of mass of 0.4 GeV is 0.5 fm, the contribution of strange quarks to nucleon
properties are suppressed because the mass of the kaon is 0.5 GeV.

4. – Neutron radius in heavy nuclei

The measurement of the Parity Violating asymmetry in electron scattering is a pow-
erful tool to determine neutron densities in nuclei. In fact, when measuring the Parity
Violating asymmetry in electron scattering on nuclei, the contribution of the electromag-
netic part of the potential electron-nucleus, mostly sensitive to the proton distribution in
the nucleus, disappears because it is parity conserving. The Parity Violating asymmetry
is hence proportional to the interference between the axial and the electromagnetic part
of the potential and the contribution of the axial part of the potential electron-nucleus
can be detect despite the fact that it is negligible with respect to the electromagnetic
part. Because the axial part of the potential electron-nucleus is sensitive to the weak
charge in the nucleus and because the weak charge of the neutron is much larger than
that of the proton, the measurement of the the Parity Violating asymmetry in electron
scattering on nuclei is a method to determine the neutron densities. This method is
conceptually equivalent to the measurement of nuclear charge densities through electron
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scattering performed in the past. When measuring the nuclear weak charge density (and
hence the neutron density) through electron scattering all the properties which made
so successful the measurements of nuclear charge densities through electron scattering
apply. In other words the measurement is performed with a clean, non-strong interact-
ing, probe and we can use the Perturbation Theory in the interpretation of the data.
Despite this, although the possibility to measure neutron densities through Parity Vio-
lating asymmetry was outlined several years ago [70], only in 2010 the first measurement
of a neutron radius in a nucleus was performed with this technique [71]. The reason of
that is that the asymmetries involved are so small (of the order of half part of a mil-
lion) that a whole series of other experiments measuring bigger asymmetries, like the
ones concerning the contribution of strange quarks to the properties of the nucleon de-
scribed in sect. 3, had to be performed in order to ensure that the technical difficulties
involved had been overcome. Up to few years ago, neutron densities were hence measured
through hadron scattering experiments involving, for example, pions [72], protons [73-75]
or antiprotons [76,77], whose interpretation required model-dependent descriptions of the
non-perturbative strong interaction.

In the Born approximation APV, the Parity Violating cross-section asymmetry for
longitudinally polarized electrons elastically scattered from an unpolarized nucleus, is
expressed as

APV ≈ GF Q2

4πα
√

2
FW (Q2)
Fch(Q2)

,(63)

where GF is the Fermi constant, α is the fine structure constant, and FW (Q2) and
Fch(Q2) are the Fourier transforms of the weak charge density and of the known charge
density respectively. The Fourier transform of the weak charge density is closely related
to the neutron density, and therefore, the neutron density and the related value of the
neutron radius can be extracted from an electroweak measurement. For heavy nuclei the
Born approximation is not valid and Coulomb distortion effects must be included. These
have been accurately calculated [78] because the charge density is well known.

The experiment PREX [71] measured for the first time a neutron radius of a nucleus
through electron scattering. The nucleus chosen was 208Pb because it is a doubly-magic
nucleus with 44 more neutrons than protons. Some of these extra neutrons are expected
to be found in the surface, where they form a neutron-rich skin. The difference between
the neutron radius Rn and proton radius Rp, which is the thickness of this neutron skin, is
hence expected to be enhanced in lead with respect to other nuclei. The thickness of the
neutron skin is sensitive to nuclear dynamics and its measurement provides fundamental
nuclear structure information, is an important check of fundamental neutron matter
calculations and constrains three-neutron forces [79, 80]. Besides, the measurement of
the neutron radius of 208Pb has important implications in astrophysics. Measuring Rn

constrains the equation of state (EOS), the pressure as a function of density, of neutron
matter. A larger pressure P will push neutrons out against surface tension increasing
Rn. There is a correlation between Rn and the neutron star radius rNS [81]. In general
we can say that a larger value of Rn implies a stiffer EOS, with a larger pressure. A large
value of Rn would suggest that rNS is large too. A precise measurement of Rn would
hence solve the disagreement between contradictory measurements of rNS which have
produced consequently contradictory prediction of the EOS at high densities [82, 83].
The EOS of neutron-rich matter is closely related to the symmetry energy S, which is
the energy cost paid for having different numbers of neutrons an protons. There is a
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strong correlation between Rn and the density dependence of the symmetry energy dS
dρ ,

with ρ the baryon density. The symmetry energy S helps determine the composition of a
neutron star. A large S at high density would imply a large proton fraction, which would
allow the direct Urca process of rapid neutrino cooling [84] through the two reactions:
n → p + νe; p + e− → n + νe. If Rn − Rp in 208Pb were large, it is likely that massive
neutron stars would cool quickly by direct Urca. In addition, the transition density from
a solid neutron star crust to the liquid interior is strongly correlated with Rn − Rp [85].
A large value of Rn −Rp would imply that the EOS is stiff. This would not favor phase
transitions and would imply that the neutron star crust is thin. The measurement of
the neutron radius of 208Pb has connections also with the heavy-ion physics, because
the symmetry energy can be probed in heavy-ion collisions [86], and in atomic physics
because of the sensitiveness to Rn of the Atomic Parity Violation (APV) experiments
aiming to test the Standard Model at low energies [87,88].

The experiment PREX took place in the experimental HALL A at JLab. The ex-
perimental apparatus was very similar to the ones of the experiments of the HAPPEX
series (see sect. 3). The experiment employed a 1.06 GeV electron beam of 50–70 μA.
The beam polarization, as measured by a Compton and by a Moller polarimeter, was
equal to 89.2 ± 1.0%. The Q2 value was 0.00880 ± 0.00011 (GeV/c)2. The target con-
sisted in a 0.55 mm thick isotopically pure 208Pb target foil. The use of a 4 × 4 mm
square beam raster prevented the target from melting. The lead foil was sandwiched
between two 150 μm diamond foils to improve its thermal conductance to a copper frame
cooled to 20 K with cryogenic helium. The elastically scattered electrons were focused
by two equal High Resolution Spectrometers (HRS) onto thin quartz detectors. Figure
Of Merits required the detection of the scattered electrons at very forward angles. A
pair of dipole septum magnets between the target and the HRSs were hence added in
order to detect electrons scattered at a scattering angle θlab ∼ 5◦ (minimum scattering
angle of the particles detectable by the HRSs without the septa: 12.5◦). The HRS high
momentum resolution ensured that only elastic events (and a negligible fraction of in-
elastic events from the 2.6 MeV first excited state) were accepted by the quartz detectors
(see fig. 18). C̆erenkov light from each quartz bar traversed air light guides and were
detected by 2-inch quartz-window photomultipliers (PMT). One source of noise expe-
rienced by the experiment was the presence of non-uniformities in the target thickness
due to thermal damage and was eliminated by locking the raster pattern frequency to a
multiple of the helicity frequency. Low-current calibration data, triggered on individual
scattered electrons, were regularly collected to evaluate the thickness of lead relative to
diamond. Sensitivity of the measured asymmetry to a transverse component of the beam
polarization, coupled to the vector analyzing powers (AT ) for 208Pb and 12C, was studied
using special runs with fully transverse beam polarization. The only non-negligible back-
ground was the fraction of electrons from 12C and was on average equal to 6.3 ± 0.6%.
The asymmetry of this background was determined using the e-N weak neutral isoscalar
coupling with standard electroweak corrections [42] and the measured kinematics.

After all the corrections the measured asymmetry was

A = 656 ± 60 (stat) ± 14 (syst) ppb.(64)

To determine Rn from this result, the Parity Violating asymmetries from seven non-
relativistic and relativistic mean-field models were calculated. For each model the cal-
culation was performed solving the Dirac equation [78] for an electron scattering from
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Fig. 18. – From ref. [89]. Top: the High Resolution Spectrometer pair used to discriminate
between elastically and inelastically scattered electrons in the experiment PREX. Bottom: the
HRS high momentum resolution ensured that only elastic events (and a negligible fraction of
inelastic events from the 2.6 MeV first excited state) were accepted by the quartz detectors.

the model weak charge density ρw and from the experimental charge density ρch. ρw

was calculated from the model point proton and neutron densities. The resulting Par-
ity Violating asymmetry, that was dependent on the electron scattering angle, was then
integrated over the acceptance of the experiment. The results of these calculations are
shown in fig. 19 and can be fitted with the fuction

Rn ≈ 6.156 + 1.675〈A〉 − 3.420〈A〉2 fm,(65)

with 〈A〉 in ppm.
Figure 19 show also the results from plane-wave calculations, which are not valid for

heavy nuclei and are not all contained within the vertical axis range of the figure.
From eq. (64) and eq. (65), the following value Rn for 208Pb was obtained:

Rn = 5.78+0.16
−0.18 fm.(66)

Assuming a point-proton radius of 5.45 fm [96], corresponding to the measured charge
radius of 5.50 fm [97], this result implies that the neutron distribution is 1.8σ larger than
that of the protons

Rn − Rp = 0.33+0.16
−0.18 fm.(67)

This was the first time, although only at 1.8σ confidence level, that the neutron skin
in 208Pb was detected in a model-independent way.
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Fig. 19. – From ref. [71]. Result of the PREX experiment (red square) vs. neutron point radius
Rn in 208Pb. The circles show Parity Violating asymmetry (APV) values for electron scattering
on 208Pb as predicted by distorted-wave calculations for seven mean-field neutron densities. The
line passing through the circles is a least squares fit of Rn as a function of APV (eq. (65)). The
APV value expected for Rn = Rp is also shown (diamond) [90]. References: NL3m05, NL3, and
NL3p06 from [91], FSU from [92], SIII from [93], SLY4 from [94], SI from [95]. The blue squares
show plane-wave impulse approximation results.

From eq. (64) the following value of the weak form factor FW (q) defined as the Fourier
transform of the weak charge density ρw(r) was obtained [98]:

FW (q) = 0.204 ± 0.028 (exp) ± 0.001 (mod),(68)

with q = 〈Q2〉 1
2 = 0.475 ± 0.003 fm−1.

In eq. (68) the first error is the experimental error obtained by adding the statistical
and systematic errors in eq. (64) in quadrature. The second error is the error due to
the model dependence of ρw(r). The fact that this second error is so small shows that
the result reported in eq. (68) is all but independent of the assumed shape of the weak
charge density.

From eq. (68), in a slightly more model-dependent way, the value of the weak radius
RW , that is the root-mean-square (rms) radius of the weak charge density, can be derived

RW = 5.826 ± 0.181 (exp) ± 0.027 (mod) fm.(69)

As shown by the second error, the value of RW is a little model-dependent because
depends on (modest) assumptions about the nucleus surface thickness.

From eq. (69), neglecting, for the weak charge density, meson exchange and spin-orbit
currents (being 208Pb a spin-zero nucleus) we obtain for the 208Pb neutron radius the
value

Rn = 5.751 ± 0.175 (exp) ± 0.026 (mod) ± 0.005 (str) fm,(70)

with the third (str) error coming from possible strange quark contributions, and for the
208Pb neutron skin the value

Rn − Rp = 0.302 ± 0.175 (exp) ± 0.026 (mod) ± 0.005 (str) fm.(71)
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Table IV. – Synoptic table of the kinematic parameters and main result of the experiment
PREX.

Experiment Average Average Results
scattering Q2

angle (GeV/c2)

PREX 5◦ 0.00880 Rn − Rp = 0.33+0.16
−0.18 fm

The value of eq. (70) and consequently the value of eq. (71) are smaller than the
corresponding values of eq. (66) and eq. (67) because of the dependent model assumptions
about the surface thickness used to derive eq. (70) and eq. (71). However eq. (70) agrees
with eq. (66) (and consequently eq. (71) with eq. (67)) within the model error.

A future run (called PREX-II) is planned at JLab which will reduce the PREX un-
certainties by a factor of 3 [99]. This will discriminate between models that still agree
within the errors with PREX result and allow predictions relevant for the description of
neutron stars and Parity Violation in atomic systems. The reduction of PREX (mainly
statistical) uncertainties will be accomplished by PREX-II by eliminating the sources
of downtime that plagued PREX. The main downtime source was the failure of a soft
O-Ring that was part of the vacuum coupling of the scattering chamber to the exit beam
pipe. This section will be redesigned so that the seals are all-metal. Collimators and
shields will reduce in PREX-II the radiation load in Hall A to an acceptable level to
avoid the failure of electronic equipment that was another important source of downtime
during PREX. Table IV reports the kinematic parameters and the main result of the
experiment PREX.

After PREX-II a new experiment called CREX will take place in the experimental Hall
A at JLab. CREX [100] aims to measure the neutron skin of the nucleus 48Ca through
the measurement of the Parity Violating asymmetry in the elastic scattering of electrons
of 2.2 GeV scattered at 4◦ (Q2 = 0.022 (GeV/c)2). The 48Ca neutron radius will be
measured with an accuracy of ±0.02 fm. The experimental apparatus will be essentially
the same of the experiment PREX-II with the exception of new septum magnets that
will make the HRS spectrometers able to detect electrons scattered at 4◦. Combined
with the measurement of the 208Pb neutron radius performed by the experiments of
the PREX series, the measurement of the 48Ca neutron radius will have a significant
impact on nuclear theory, providing a new and unique input into the isovector sector
of nuclear theories. In fact, 48Ca is a nucleus that is enough light to be described
by the chiral effective field theory, that, coupled with improved ab initio many-body
calculations, describes the structure of light to medium-mass nuclei in terms of Nucleon-
Nucleon (NN) and three-Nucleon (3N) forces [101], and enough heavy to be described
by the nuclear density functional theory (DFT) that works best in medium and heavy
nuclei where the concept of a nuclear mean field is more appropriate [102]. DFT is based
on energy density functionals (EFD) whose minimization yields the exact ground-state
energy and density of a nucleus. While the isoscalar contribution to EFD is relatively
well established, thanks to the measurements of basic observables of stable nuclei, such as
binding energies and charge radii, that constrain the dependence of the functional on the
isoscalar density ρ0(r) = ρp(r) + ρn(r) (ρp(r) and ρp(r) the proton and neutron density
respectively) and its gradient Δρ0(r), there are up to now not many well-measured
isovector observables to accurately constrain how the functional depends on the isovector
density ρ1(r) = ρn(r)−ρp(r) and its gradient Δρ1(r). Isovector fields predicted by various
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functionals hence differ and the predicted values for the neutron skin vary significantly.
The functional dependence on the isovector density and its gradient cannot be determined
by the experiments of the PREX series alone because the measurement of the 208Pb
neutron radius is sensitive, in a model independent way, to the density dependence
of the symmetry energy, particularly the slope of the symmetry energy at saturation
density, and will be hence on its own not able to provide stringent constraints on nuclear
structure models. However, once the slope of the symmetry energy at saturation density
has been determined by the experiments of the PREX series, DFT predicts a correlation
between the 208Pb and the 48Ca neutron radii. Measuring the neutron radius of 48Ca and
comparing it with the 208Pb neutron radius, CREX will be able hence to check how good
density functionals model isovector contributions. This will be enhanced by the fact that
in 48Ca the role of electromagnetic effects due to the Coulomb interaction is much reduced
with respect to 208Pb, thus allowing a cleaner study of nuclear isovector properties.
Above all CREX will be sensitive to isovector contributions to the nuclear surface energy
because 48Ca has a larger ratio of surface to volume than 208Pb. Being 48Ca a medium
mass nucleus, its features, like proton, neutron, charge and weak densities, can also
be described by ab initio coupled cluster calculations (preliminary results in [103]), that
used recently optimized chiral N2LO NN interactions [104] augmented by 3N forces. The
effects of 3N forces on the neutron density is significant [105-107]. The measurement of
the 48Ca neutron radius performed by CREX will provide hence a useful test of ab initio
theory and relate DFT results to underlying NN and 3N interactions.

5. – Parity Violating Electron Scattering and Standard Model tests

Because Parity Violating asymmetry measurements in electron scattering enhances
the contribution of the weak part of the electroweak potential to the measurement and
because Standard Model provides precise predictions on the values of the effective weak
couplings as well as on the weak charges of the proton and of the electron that are
sensitive to the weak part of the electroweak potential, and because all these physics
quantities can be expressed in term of sin2 θW , with θW the weak mixing angle, Parity
Violation in electron scattering can be employed to test the Standard Model and to search
for physics Beyond the Standard Model. A measurement of the values of the physics
quantities quoted above in agreement with the Standard Model predicted values will
confirm the Standard Model. On the contrary, new interactions will manifest themselves
in a disagreement between Standard Model and measured values.

This section will be split in three subsections, dealing respectively with the the mea-
surement of the weak couplings between the electron and the quarks, with the proton
weak charge measurement, and with the electron weak charge measurement. Table V
reports the kinematic parameters and main results of the experiments described in this
section.

5.1. Weak couplings between the electron and the quarks. – The effective weak cou-
plings are known as C1q and C2q. The subscripts 1 and 2 refer to whether the coupling to
the electron or quark is vector or axial-vector in nature: C1u(d) is the (AV) combination
of the electron axial-vector weak charge and the quark vector weak charge, that is, it
probes Parity Violation caused by the difference in the Z0 coupling between left- and
right-handed electron chiral states; C2u(d) is the (VA) combination of the electron vector
weak charge and the quark axial-vector weak charge that is sensitive to Parity Violation
due to the different quark chiral states. According to the Standard Model the values of
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Table V. – Synoptic table of the kinematic parameters and main results of the experiments
described in sect. 5. For sake of homogeneity, the errors of the results reported are the sums in
quadrature of all the errors quoted by the relative papers.

Experiment Average Average Results
scattering Q2

angle (GeV/c2)

MIT C12 ≈ 35◦ 0.0225 C1u + C1d = 0.136 ± 0.033

SAMPLE-II 146.1◦ 0.091 C2u − C2d = −0.042 ± 0.057

SAMPLE-III 146.1◦ 0.038 C2u − C2d = −0.12 ± 0.074

Mainz 130◦ 0.20 2.68C1u − 0.64C1d+

2.16C2u − 2.00C2d = −0.94 ± 0.21

SLAC E122 4◦ 1.39 2C1u − C1d = −0.90 ± 0.17;

2C2u − C2d = 0.62 ± 0.81;

sin2 θW = 0.224 ± 0.020

PVDIS 12.9 1.085 (2C2u − C2d)|Q2=0 = −0.145 ± 0.068;

and and sin2 θW (Q2 = M2
Z)MS = 0.2299 ± 0.0043

20.0 1.901

Qweak 7.9◦ 0.025 C1u = −0.1835 ± 0.0054

C1d = 0.3355 ± 0.0050

Qp
W = 0.063 ± 0.012

Qn
W = −0.975 ± 0.010

SLAC E158 0.34◦ 0.026 sin2 θW (Q2 = M2
Z)MS = 0.2330 ± 0.0015

the effective weak couplings are

C1u = −1
2

+
4
3

sin2 θW ,

C1d = +
1
2
− 2

3
sin2 θW ,

C2u = −1
2

+ 2 sin2 θW ,

C2d = +
1
2
− 2 sin2 θW .(72)

In testing the Standard Model it is important to determine all four C1u,1d,2u,2d as
accurately as possible.

We can divide the experiments that determine the weak couplings between the elec-
tron and the quarks through the measurement of the Parity Violating asymmetry in
electron scattering into three categories: the experiments that measure these asymme-
tries in elastic electron scatterings, the experiments that perform these measurements in
quasielastic electron scatterings, and the experiments that perform these measurements
in Deep Inelastic Scattering regime. We describe first the experiments that determined
the weak couplings through elastic electron scatterings.

At the MIT-Bates Linear Accelerator Center, the Parity Violating asymmetry in the
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Fig. 20. – From ref. [108]. Schematic diagram of the apparatus utilized to measure the Parity
Violating asymmetry in elastic electron scattering from a 12C target at MIT. The beam electrons,
whose energy was measured in the chicane, were scattered by the target and detected, at a
scattering angle of about 35◦, by focusing them by a pair of single-quadrupole spectrometers
onto lucite C̆erenkov detectors.

elastic scattering of electrons on 12C nuclei [108] was measured. The use of a target of 12C
has the advantage that the relevant nuclear physics may be described by a single form
factor which cancels in the asymmetry, since 12C is spinless and isoscalar. At energies
where a phenomenological four-fermion interaction is appropriate, the Parity Violating
asymmetry may be expressed at the tree level as [109,110]

APV =
GF Q2

√
2πα

3
2
γ,(73)

where GF and α are, as usual, the Fermi coupling constant and the fine structure con-
stant, and γ is the Parity Violating coupling constant for an axial-vector coupling to the
electron and an isoscalar coupling to the hadronic constituents. In the Standard Model γ
is given by C1u +C1d = 2

3 sin2 θW . The experiment used electrons of 250 MeV and a car-
bon target 5 g/cm2 long. The beam current was 30–60 μA, the beam polarization 37%.
The Q2 value was 0.0225 (GeV/c)2. The scattered electrons were detected at a scattering
angle of about 35◦ by focusing them by a pair of single-quadrupole spectrometers onto
lucite C̆erenkov detectors (see fig. 20).

The measured asymmetry was equal to

A = 0.60 ± 0.14 (stat) ± 0.02 (syst) ppm,(74)

where the first error is statistical and the second is systematic. From eq. (74), apply-
ing various scale factors, including the backgrounds due to inelastic nuclear levels and
neutrons, the following value of γ = C1u + C1d. was obtained:

γ = 0.136 ± 0.032 ± 0.009,(75)

in agreement with the Standard Model expected value γ = 0.155.
Other experiments that measured, always at the MIT-Bates Laboratory and through

elastic electron scattering, some of the weak couplings between the electron and the
quarks, were the experiments SAMPLE-II and SAMPLE-III already described in sect. 3.
The asymmetry measurements performed by these experiments were sensitive to the
isovector nucleon axial form factor G

e(T=1)
A (see eq. (34) and eq. (37)). Assuming that

a determination of nucleon form factors can ultimately be related to electron quark
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couplings, the axial form factor can be recast in terms of the parameters C2u and C2d [17]

C2u − C2d = −G
e(T=1)
A (1 − 4 sin2 θW )

GA(Q2)
(76)

(about GA(Q2) see eq. (25)). Equation (76) is modified by the one-quark radiative cor-
rections. These corrections, in which the electron interacts only with a single quark in the
nucleon, can be calculated in the Standard Model. The one-quark radiatively corrected
values of the couplings within the context of the Standard Model are C2u = −0.0360 and
C2d = 0.0265 with a consequent expected value C2u − C2d = −0.0624. Equation (76)
is modified, in the case of elastic electron-nucleon scattering, by multi-quark correc-
tions too [22]. These corrections are more uncertain, and although their contribution is
small, they dominates the uncertainty in the radiative corrections. Because they con-
cern electron-nucleon elastic scattering, they have to be removed from the data of the
experiments SAMPLE-II and SAMPLE-III, in order to compare them with those of the
experiments measuring the weak couplings through Deep Inelastic Scattering (see below).
After this removal, extrapolating in eq. (76) GA(Q2) by using a dipole parameterization,
the following values were obtained for C2u and C2d:

in the experiment SAMPLE-II (beam energy equal to 200 MeV, Q2 = 0.091 (GeV/c)2)

C2u − C2d = −0.042 ± 0.040 (stat) ± 0.035 (syst) ± 0.02 (Rad. Corr.),(77)

where the third uncertainty is that due to the multi-quark radiative corrections. In the
experiment SAMPLE-III (beam energy equal to 125 MeV, Q2 = 0.038 (GeV/c)2)

C2u − C2d = −0.12 ± 0.05 (stat) ± 0.05 (syst) ± 0.02 (Rad. Corr.) ± 0.01(Gs
M ),(78)

where the last uncertainty corresponds to variation of Gs
M by ±0.6, because it was

undetermined at the momentum transfer of the SAMPLE-III experiment. It should be
noted, however, that the determination of C2u and C2d from the nucleon axial form factor
is model-dependent.

The analysis of the experiment Qweak [111] provided another measurement of the
weak couplings between the electron and the quarks through elastic electron scattering.
The main goal of the Qweak experiment is the measurement of the weak charge of the
proton and for this reason the experiment is described in detail in sect. 5.2. We mention
here that the experiment is providing (the analysis of the data is still in progress) the
value of the weak charge of the proton through a fit of the data from the experiment
Qweak itself and from the experiments of the series SAMPLE, HAPPEX, A4, and G0
(see sect. 3). Among the free parameters to be determined by the fit there are C1u and
C1d. A preliminary analysis performed on 4% of the Qweak data provided values for these
two variables that combined in a fit with the most recent correction to the 133Cs Atomic
Parity Violation results [112], determined the following values for C1u and C1d:

C1u = −0.1835 ± 0.0054,(79)
C1d = 0.3355 ± 0.0050,(80)

with a correlation coefficient equal to −0.980. Figure 21 shows the results of this fit.
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Fig. 21. – From ref. [111]. The constraints on the neutral-weak quark coupling constants C1u −
C1d (isovector) and C1u + C1d (isoscalar). The more horizontal (green) APV band (shown at
Δχ2 2.3) provides a tight constraint on the isoscalar combination from 133Cs data. The more
vertical (blue) ellipse represents the global fit of the existing Q2 < 0.63 Parity Violating Electron
Scattering data including the new result from the Qweak experiment at Q2 = 0.025 (GeV/c)2.
The smaller (red) ellipse near the center of the figure shows the result obtained by combining the
Atomic Parity Violation and Parity Violating Electron Scattering information. The Standard
Model (SM) prediction [113] as a function of sin2 θW in the modified minimal subtraction scheme
MS is plotted (diagonal black line) with the SM best fit value indicated by the (black) point at
sin2 θW = 0.23116.

An experiment was performed, in 1986, at the Linac of Mainz, that measured the
Parity Violating asymmetry in electron quasielastic scattering from a 9Be target [114].
It was the first experiment that measured asymmetries of the order of 10−6 in electron
scattering. Consequently, with respect to the previous experiments, the need to contain
both the statistical and the systematic error at the level of 10−7 called for special care
in the design of the electron source in order to fulfill precise requirements concerning
its life time, the pulse shape, and the emission asymmetry. Similarly, the procedures to
control false asymmetries generated by helicity-correlated changes in beam parameters,
nonlinearities of the detector signals, electronic crosstalk, etc. (see sect. 2) had to be
developed at an unprecedented level if not, in some cases, applied for the first time.
The experiment utilized electrons of 300 MeV. The beam average current was 7μA, the
beam polarization was 44.9 (first run) and 43.8 (second run). The 9Be target length was
2.4 g cm−2. Four forward lucite C̆erenov detectors mounted symmetrically at a scattering
angle of 15◦, where the Parity Violating asymmetry is very small, were used to control
the beam and to normalize the scattered intensity. The experiment detected electrons,
scattered by a 9Be target at angles between 115◦ and 145◦, at a Q2 average value of
0.20 (GeV/c)2, through a system of 12 ellipsoidal gas C̆erenkov counters positioned with
axial symmetry around the beam axis and covering the full azimuth (see fig. 22). Each of
the twelve ellipsoidal mirrors focused the C̆erenkov light onto a separate 2 inch photomul-
tiplier cathode with the target placed in the other focus. Because the C̆erenkov photons
emitted in air by relativistic electrons are nearly parallel to their momenta, the C̆erenkov
light detected could be employed for imaging particle vertexes too, allowing background
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Fig. 22. – From ref. [114]. The parity experiment performed at the Linac of Mainz. Left: the
general arrangement of the experiment. Right: the principle of the experiment. The scattered
electrons were detected by a system of 12 ellipsoidal gas C̆erenkov counters positioned with axial
symmetry around the beam axis and covering the full azimuth. Each of the twelve ellipsoidal
mirrors focused the C̆erenkov light onto a separate 2 inch photomultiplier cathode with the
target placed in the other focus. EM = elliptical mirrors. PM = photomultipliers. BC =
background counters. VC = forward-angle lucite C̆erenkov detectors. T = target.

rejection and subtraction. The effective radiator length varied from 74 cm at a scattering
angle of 145◦ to 116 cm at a scattering angle of 115◦. Large parts of the intense radiation
tail at low electron scattering energies, as well as the background from any other, heavier
particle, were cut off by the threshold of 25 MeV for C̆erenkov light production in air by
electrons. The electron detection efficiency T (E′, θ, φ) (E′, θ, and φ the energy and the
scattering angles of the detected electron) and the analog signal height Λ(E′, θ, φ) of the
C̆erenkov counters were measured and in the analysis the mirrors were divided up into
5 zones of scattering angle θ, where the average values of T (E′, θ, φ) and Λ(E′, θ, φ) were
evaluated. The Λ-values and the knowledge of the electron double differential scattering
cross-section enabled a detailed analysis of the composition of the integral analog signal
measured. The photomultipliers were shielded against direct background radiation from
the target and the beam dump region by 5 cm of lead. However, they were exposed to
the halo background produced upstream. The signal-to-background ratio was measured
for each detector unit tilting, between subruns, its mirror by remote control so that the
target image was scanned over the photocathode. It was found that, in focus, the signal
reached a level five times higher than the background. During runs, the background
was measured simultaneously by 4 additional photomultipliers units out of the focus,
distributed symmetrically over the focus. Further studies on the origin and nature of
the background were performed between subruns by removing the target from the beam
and by shutters mounted in front of the 12 pohotocathodes of the gas C̆erenkov counters
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and of the 4 pohotocathodes for background detection. It was found that about 1% of
the total signal originated from the halo background. Fake asymmetries generated by
Moller scatterings of halo electrons from the poles of the magnets for the beam transport
were evaluated to be very small by comparing the signal measured with and without the
9Be target. Fake asymmetries generated by Mott scatterings, expected to be in any case
strongly suppressed by the axially symmetric arrangement of the 12 C̆erenkov detectors,
were evaluated to be very small too.

Taking into account the beam polarization and the background to signal ratio the
following value of Parity Violating asymmetry was measured:

A = −9.4 ± 1.8 (stat) ± 0.5 (syst) ppm.(81)

Several processes contribute to this result. The dominant one at the energies and the
kinematics of the experiment was the quasielastic scattering that had a maximum at an
energy of the scattered electron of about 200 MeV. Contributed to the result quoted in
eq. (81) also electrons from radiative tail, electrons produced in scatterings in the dip
region and pions from electroproduction. Expressing the cross-sections of these processes
in terms of the weak couplings, eq. (81) transforms into

2.68C1u − 0.64C1d + 2.16C2u − 2.00C2d = −0.94 ± 0.21,(82)

where the coefficient of C1u, C1d, C2u, and C2d come from the integration of the cross-
sections of the processes concerned over the kinematic variables of the experiment. The
result quoted in eq. (82) has to be compared with the expected Standard Model value of
−0.8544.

In Deep Inelastic Scattering (DIS) from nuclear targets the electron interacts with
a single quark, almost independent of the surrounding quarks and gluons. Parity Vio-
lating asymmetry measurement in DIS is hence a powerful method to perform precise
measurements of the effective weak couplings between the electron and the up (down)
quarks. The Parity Violating asymmetry of electron Deep Inelastic Scattering (DIS) off
a nuclear target is

ADIS
PV ≡ σR − σL

σR + σL
=

GF Q2

4
√

2πα

[
2ge

AY1(y)
F γZ

1

F γ
1

+ ge
V Y3(y)

F γZ
3

F γ
1

]
(83a)

=
GF Q2

4
√

2πα
[a1(x)Y1(y) + a3(x)Y3(y)],(83b)

where GF is the Fermi constant, α is the fine structure constant, x is the Bjorken scaling
variable, (x ≡ Q2

2Mν ), F γ,γZ
1,3 are structure functions, y = 1−E′/E is the fractional energy

loss with E(E′) the incident (outgoing) electron energy, and ge
A(V ) is the electron axial

(vector) neutral weak coupling [42]. The kinematic factors Y are given by

Y1 =
[
1 + RγZ

1 + Rγ

] 1 + (1 − y)2 − y2
[
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]
− xy M

E
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[
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]
− xy M

E

,(84b)
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where ν = E − E′, M is the nucleon mass, r2 = 1 + Q2

ν2 and Rγ,(γZ) is the ratio of the
longitudinal to transverse virtual photon electromagnetic absorption( γ−Z0 interference)
cross-sections.

In the quark parton model,

a1(x) = 2ge
A

F γZ
1

FZ
1

= 2
∑

C1iQiq
+
i (x)∑

Q2
i q

+
i (x)

; a3(x) = ge
V

F γZ
3

FZ
1

= 2
∑

C2iQiq
−
i (x)∑

Q2
i q

+
i (x)

,(85)

where the sum is over the quark flavor i = u, d, s . . ., Qi is the corresponding quark
electric charge, q±i (x) are defined from the Parton Distribution Functions (PDF) qi(x)
and q̄i(x) as q+

i (x) ≡ qi(x) + q̄i(x), q−i (x) ≡ qi,V (x) ≡ qi(x) − q̄i(x), and C1i ≡ 2ge
Agi

V ,
C2i ≡ 2ge

V gi
A with gi

A(V ) the quark axial (vector) neutral weak coupling [42].
For an isoscalar target such as the deuteron

a1(x) =
6[2C1u(1 + Rc) − C1d(1 + Rs)]

5 + Rs + 4Rc
; a3(x) =

6(2C2u − C2d)Rv

5 + Rs + 4Rc
.(86)

Neglecting effects from heavier quark flavors and assuming that up = dn, dp = un

(u, dp(n) are the up and down quark PDF in the proton (neutron)), s = s̄, and c = c̄, one
has

Rc ≡ 2(c + c̄)
u + ū + d + d̄

; Rs ≡ 2(s + s̄)
u + ū + d + d̄

; Rv ≡ u − ū + d − d̄

u + ū + d + d̄
.(87)

With good approximation at high x it can be assumed that

a1 =
6
5
(2C1u − C1d); a3 =

6
5
(2C2u − C2d).(88)

Thanks to eq. (83) and eq. (88) Parity Violating asymmetry of electron Deep Inelastic
Scattering (DIS) off a deuterium target is a powerful method to precisely determine the
values of 2C1u−C1d and 2C2u−C2d. Experimentally, one could extract both 2C1u−C1d

and 2C2u − C2d by measuring asymmetries at different Y1,3 values in the DIS regime.
However, a precise determination of 2C2u − C2d is usually difficult because of its small
value in the Standard Model.

The first measurements of Parity Violating asymmetry in Deep Inelastic Scattering
of electrons were performed in the historical experiment E122 at SLAC [5,6] (see fig. 23).
The experiment utilized electrons of four energies in the range 16.2–22.2 GeV. The beam
polarizations was 37%. The targets used were a 30 cm liquid-deuterium and a 30 cm
liquid-hydrogen. The experiment detected the scattered electrons utilizing spectrometers
at 4◦ and gas C̆erenkov and lead glass detectors that detected electrons with independent
integrating methods. The Q2 value ranged between 1 and 1.9 (GeV/c)2.

A check of the result was performed measuring the asymmetry for a series of runs
using the unpolarized beam from the regular SLAC gun. This asymmetry, divided by
0.37, the average value of the polarization of the beam from the GaAs source used to
generate polarized electrons, was equal to (−2.5±2.2)×10−5, showing that the apparatus
was able to measure asymmetries to a level of about 10−5.
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Fig. 23. – From ref. [5]. Schematic layout of the experiment E122 at SLAC. Electrons from the
GaAs source or the SLAC regular gun were accelerated by the linac. After momentum analysis
in the beam transport system the beam passed through a liquid-deuterium target. Particle
scattered at 4◦ were analyzed in the spectrometer (dipole-quadrupole-dipole) and detected in

two separate counters (a gas C̆erenkov counter, and a lead-glass shower counter).

The asymmetry measured in the scattering of electrons of 19.4 GeV on proton was

A

Q2
= (−9.7 ± 2.7) × 10−5 (GeV/c)−2.(89)

For the measurement of the Parity Violating asymmetry in the electron scattering on
deuteron, the data obtained with a beam energy of 16.2 GeV, containing fairly strong
elastic and resonance contributions, were not employed in the analysis. The same ap-
plied for the data obtained with a beam energy of 17.8 GeV, because for that energy
the asymmetry was, as expected, negligible due to the fact that the electron spin was
transverse because of the electron g - 2 spin precession, relative to the momentum di-
rection, in the transport magnets which deflected the beam before reaching the target
(this precession made the beam helicity dependent on beam energy). The Parity Violat-
ing asymmetry measurement was performed hence with the data obtained with a beam
energy of 19.4 GeV and 22.2 GeV.

The asymmetry measured in the electron scattering on deuteron was

A

Q2
= (−9.5 ± 1.6) × 10−5 (GeV/c)−2.(90)

This result unequivocally confirmed the parity-violating predictions of electroweak
unification, allowing Glashow, Salam and Weinberg to receive the physics Nobel prize.
The error ±1.6× 10−5 in eq. (90) originates from statistics (±0.86× 10−5), beam polar-
ization (±5%), beam (±3.3%), π contamination (±2%), and radiative corrections (±3%).

SLAC E122 was the first experiment that established the value of the Standard Model
weak mixing angle too, that was determined using the y-dependence of the asymmetry.
The following value of this physics quantity was measured:

sin2 θW = 0.224 ± 0.020.(91)

From the electron-deuteron data, SLAC E122 determined the following values for the
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Fig. 24. – From ref. [116] and ref. [117]. Left: schematic diagram of the PVDIS experiment.
The electrons (entering from the left) scattered from a liquid-deuterium target in the middle of
the hall and were detected in the HRS pair in inclusive mode. Bottom Right: HRS schematic
diagram. Top right: zoom-in view of the detector package in the HRS.

weak couplings at Q2 = 1.39 (GeV/c)2:

2C1u − C1d = −0.90 ± 0.17(92)

(expected Standard Model value: −0.7185) and

2C2u − C2d = 0.62 ± 0.81(93)

(expected Standard Model value: −0.0983).
After about thirty years the experiment PVDIS [115] (see fig. 24) in the experimental

Hall A at JLab made a new measurement of the Parity Violating asymmetry of �e − 2H
Deep Inelastic Scattering. The beam current was 100 μA and the beam polarization
nearly 90%. The liquid-deuterium target was 20 cm long. The experiment used the same
High Resolution Spectrometers (HRS) utilized by the experiments of the HAPPEX series
(see sect. 3) and by the experiment PREX (see sect. 4). With respect to these exper-
iments, PVDIS measured asymmetries larger by 1-2 orders of magnitude. The control
of beam-related systematic uncertainties, which was the major challenge to the experi-
ments of the HAPPEX series and to the experiment PREX, was hence less of a concern
for PVDIS. In contrast, because of the high pion background typical to Deep Inelastic
Scattering measurements, the traditional integration method to measure the scattered
electron flux could not be used and a specially designed trigger and fast counting Data
Acquisition system (DAQ) were used, in order to distinguish pions from electrons and to
cope with the high electron event rate. In each HRS, the CO2 gas C̆erenkov detector and
the double-layered lead-glass shower counter were used for particle identification at the
hardware level and both electron and pion triggers were formed and counted by scalers.
The deadtime correction from the DAQ was challenging. The deadtime of the DAQ
consisted of three parts: the path deadtime caused by summing and discriminating the
preshower and shower signals to form preliminary electron and pion triggers; the veto
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deadtime caused by combining the preshower/shower triggers with the HRS trigger and
C̆erenkov signals; and the “final OR” deadtime caused by taking the logical OR of the
paths to form the final electron and pion triggers for the HRSs. A full scale simulation
package was developed to study specifically the timing performance of the DAQ and the
results of the simulations were checked against data from the pre-installed tagger system,
data from flash-ADCs and first-order calculations.

The data were taken at two kinematical settings. At a scattering angle of 12.9◦,
E = 6.067 GeV, x = 0.241, Y1 = 1, Y3 = 0.44 and Q2 = 1.085 (GeV/c)2 the measured
Parity Violating asymmetry was equal to

A = −91.1 ± 3.1 (stat) ± 3.0 (syst) ppm(94)

to be compared with the Standard Model expectation of

ASM = −87.7 ± 0.7 ppm,(95)

with the uncertainty dominated by the uncertainty in the Parton Distribution Func-
tions (PDFs). Using the MSTW2008 leading-order PDF parametrization [118], ASM is
expressed as function of C1u, C1d, C2u, and C2d as

ASM = 1.156 × 10−4[(2C1u − C1d) + 0.348(2C2u − C2d)],(96)

with relative uncertainties of the coefficients for the 2C1u − C1d and 2C2u − C2d terms
equal to 0.5% and 5%, respectively.

At a scattering angle of 20.0◦, E = 6.067 GeV, x = 0.295, Y1 = 1, Y3 = 0.69 and
Q2 = 1.901 (GeV/c)2 the measured Parity Violating asymmetry was equal to

A = −160.8 ± 6.4 (stat) ± 3.1 (syst) ppm,(97)

with the Standard Model expected value equal to

ASM = −158.9 ± 1.0 ppm(98)

and the asymmetry expressed as function of C1u, C1d, C2u, and C2d through the use of
the MSTW2008 leading-order PDF parametrization equal to

ASM = 2.022 × 10−4[(2C1u − C1d) + 0.594(2C2u − C2d)],(99)

with relative uncertainties of the coefficients for the 2C1u − C1d and 2C2u − C2d terms
equal to 0.5% and 5%, respectively.

Using the data for the couplings C1u and C1d obtained by the Qweak experiment
analysis fit to determine the weak charge of the proton (see above), and from caesium
Atomic Parity Violation experiments [112,119-121], a simultaneous fit of 2C1u −C1d and
2C2u − C2d to the measured Parity Violating asymmetries of the experiments PVDIS
and SLAC E122 yielded for 2C2u − C2d the value

(2C2u − C2d)|Q2=0 = −0.145 ± 0.066 (exp) ± 0.011 (PDF) ± 0.012 (HT),(100)
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Fig. 25. – From ref. [115]. Values of (2C1u −C1d)|Q2=0 and (2C2u −C2d)|Q2=0 from the PVDIS
experiment (ellipse with blue horizontal hatching) compared with those of SLAC E122 (yellow
ellipse) [5,6]. The data on C1q from the Qweak experiment analysis to determine the weak charge
of the proton [111] and from atomic Cs [112,119-121] are shown as the band with magenta vertical
hatching. The ellipse with diagonal green hatching shows the combined result of SLAC E122
and the C1q from the Qweak experiment analysis and from atomic Cs, while the ellipse with
red cross-hatching shows the combined result of SLAC E122, the experiment PVDIS, and the
C1q from the Qweak experiment analysis and from atomic Cs. The Standard Model value (with
negligible uncertainty) is shown as the black dot, where the size of the dot is for visibility.

where the first error is the total experimental uncertainty, given by the statistical and
the systematic uncertainties of the asymmetry results added in quadrature, the second
error is the uncertainty in the Parton Distribution Functions (PDF) and the third error
is due to the higher-twist (HT) effects. Equation (100) is the first direct measurement of
the coupling combination 2C2u − C2d that deviates from zero and is in good agreement
with the Standard Model prediction

(2C2u − C2d)|Q2=0 = −0.0950 ± 0.0004.(101)

Figure 25 compares the PVDIS results with those of earlier experiments and predic-
tions of the Standard Model.

From eq. (94) and (97) the value of the weak mixing angle θW could be determineed.
The result, evolved to the mass of the Z boson in the modified minimal subtraction
(MS) scheme, was ŝ2

Z ≡ sin2 θW (Q2=M2
Z ,MS) = 0.2299 ± 0.0043, in agreement with the

latest Standard Model fit to world data, ŝ2
Z = 0.23126 ± 0.00005. About the search for

new physics, a comparison of the PVDIS results with the Standard Model predictions
set mass limits Λ below which new interactions are unlikely to occur. For the cases
of electron and quark compositeness and contact interactions, using the convention of
ref. [122] and the procedure of ref. [123], the limit for the constructive (destructive)
interference contribution to the Standard Model is

Λ± = v

[
8
√

5π∣∣(2C2u − C2d)Q2=0

∣∣±
] 1

2

,(102)

with |(2C2u − C2d)Q2=0|± the difference between the Standard Model value and the
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Table VI. – The dependence of “New Physics”, CSV and higher-twist on the kinematic variables.

x Y Q2

New Physics No Yes No

CSV Yes No No

Higher twist Yes No Yes

upper (lower) confidence bound of the data, v =
√ √

2
2GF

= 246.22 GeV the Higgs vacuum

expectation value setting the electroweak scale, and
√

5 a normalization factor that takes
into account the coefficients of the C2u,2d in the denominator. For a 95% confidence
level, from eq. (102) the following values for the limits for constructive and destructive
interference from Beyond-the-Standard Model physics were extracted:

Λ+ = 5.8TeV; Λ− = 4.6TeV.(103)

Taking advantage of the fact that the JLab maximum electron beam energy was
upgraded from 6 to 12 GeV, a new experiment PVDIS [124] will be performed in the
experimental Hall A at JLab. With respect to the old PVDIS experiment, in the new
PVDIS experiment, thanks to the higher beam energies available, a significantly increased
phase space for Deep Inelastic Scattering measurements will become available. The first
goal of the new PVDIS experiment is, as in the case of the previous PVDIS experiment,
the search for new interactions Beyond the Standard Model. This will be performed
enhancing the precision of the measurement of C2u,2d achieved by the old experiment
PVDIS, thus increasing the sensitiveness to new physics contributions to the C2u,2d and
providing a precision measurement of sin2 θW at an intermediate value of Q2. Other
important goals of the new PVDIS experiment, achievable thanks to the increased phase
space available with the higher maximum energy, are the search for higher-twist (HT)
effects in the Parity Violating asymmetry and the search for Charge Symmetry Violation
(CSV) at the quark level. In fact, the interpretation of the Parity Violating asymmetry in
terms of the C1u,1d,2u,2d couplings given by eq. (83) with a1 and a3 coefficients given, for
an isoscalar target such as the deuteron, by eq. (86) is based on an assumption of electron-
quark scattering. With high Q2 and W 2, and moderate x this assumption is valid.
Outside of these kinematics, additional terms in the higher-twist expansion may also
contribute. Significant higher-twist effects are observed in Deep Inelastic Scattering cross-
sections, but in PVDIS large higher-twist contributions can only be due to quark-quark
correlations [125]. There is currently no experimental information on the contribution of
higher-twist to PVDIS. Theoretical works have shown that the effects of higher-twist on
the Parity Violating asymmetry are small, but possibly not negligible [126,127]. Current
extractions of Parton Distributions assume no Charge Symmetry Violation, but non-zero
CSV effects have been allowed in some Parton Distribution fits. These fits tend to favor
a small amount of CSV [128]. In addition, recent models of CSV also tend to favor
a similar, small CSV [129]. Based on these, the size of the effect on Parity Violating
asymmetry should be between 0.25% and 0.5%. Any CSV would change the Parity
Violating asymmetry and would likely be seen as an x-dependent but Q2-independent
difference in the Parity Violating asymmetry from the predictions of eq. (83) with a1 and
a3 coefficients given by eq. (86) and eq. (87). The dependence of the Parity Violating
asymmetry changes due to New Physics, CSV and higher-twist on kinematics is shown
in table VI.
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Fig. 26. – From ref. [130]. The SOLID present design. See text for details.

With the kinematic coverage provided by the SOLID spectrometer (see below), the
differences between CSV, higher-twist and electroweak physics can be separated by fitting
to the functional form:

ADIS
PV = AEW

PV

[
1 + βHT

1
(1 − x)3Q2

+ βCSVx2

]
,(104)

where AEW
DIS is the Parity Violating asymmetry due to electroweak physics.

All the goals of the new PVDIS experiment described above will be achieved using a
deuterium target. With the use of a proton target, that is not isoscalar, and for which
the structure functions do not cancel in the expression for a1,3(x), the new PVDIS will
provide a clean measurement of the d-quark over u-quark ratio in the high-x region
without nuclear effects.

To address the need for a wide acceptance in both x and Q2, required by the new
PVDIS experiment as well as other experiments scheduled in the experimental Hall A
at Jlab, a new, solenoidal spectrometer, named SOLID (Solenoidal Large Intensity De-
vice) [130], (see fig. 26) is being constructed. The kinematic acceptance of this spec-
trometer will be 0.2 < x < 0.8 and 2 < Q2 < 12 (GeV/c)2. The spectrometer design
is based on a large solenoid, that, for the PVDIS experiment, will be equipped with a
series of “baffles”. These baffles select the scattered electrons with the appropriate mo-
menta to spiral through them. Tracks are detected in a series of GEM chambers with
particle identification given by a threshold gas C̆erenkov counter and an electromagnetic
calorimeter. The GEM chambers will be divided into two groups, with one group placed
in front of the gas C̆erenkov counter and the other group behind it. Such configuration
will maximize the detector resolution, leading to about 2% momentum and 1 mr polar
angle resolutions. In the azimuthal angle, the entire detector system will be divided into
30 independent sectors. The new PVDIS experiment will run with a deuterium target
and an hydrogen target and with a 50μA beam.

The measurements will be performed at two beam energies: 6.6 GeV and 11 GeV.
The expected statistical sensitivity of the SOLID spectrometer as a function of x and Q2

is shown in fig. 27.
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Fig. 27. – From ref. [130]. The expected statistical precision in ADIS
PV achieved with the SOLID

spectrometer for bins in x and Q2 for two runs of 120 days at 11 GeV and 60 days at 6.6 GeV
with a 50 μA beam and 85% polarization. The dots indicate the bin centers with the statistical
precision in percent (%).

5.2. The weak charge of the proton. – The weak charge of the proton Qp
W is the neutral

current analog to the proton electric charge. It is precisely predicted in the Standard
Model as

Qp
W = −2(2C1u + C1d),(105)

with C1u,1d given by eq. (72). The measurement of Qp
W is hence a good candidate for an

indirect search or new Parity Violating physics between electrons and light quarks and
can be performed through the measurement of Parity Violating asymmetries in elastic
electron scattering. In fact, eq. (20) can be recast as [131]

APV

A0
= Qp

W + Q2B(Q2, θ),(106)

with A0 = − GF Q2

4πα
√

2
.

Equation (106) can be used to determine Qp
W .

The experiments of the series SAMPLE, HAPPEX, A4, and G0 (see sect. 3) provided
a set of measurements of APV at different Q2 values on hydrogen, deuterium, and 4He
targets from which Qp

W can be determined through eq. (106). However, for a precise
measurement of Qp

W , a measurement of APV at a very small Q2 value was still lacking.
This is being provided by the experiment Qweak [111], that took place in Hall C at JLab.
The experiment (see fig. 28) used a 34.4 cm long liquid-hydrogen target and a 145μA,
89% polarized electron beam whose energy was 1.155 GeV. The averaged Q2 value was
0.025 (GeV/c)2. The effective scattering angle was θ = 7.9◦. The azimuthal angle φ
covered 49% of 2π. The solid angle was 43 msr. The elastically scattered electrons were
focused by a toroidal magnet onto eight quartz C̆erenkov detectors, made up by two
rectangular bars glued together into 2 m long bars each. The C̆erenkov detectors were
arrayed symmetrically about the beam axis, 5.7 m downstream of the magnet center and
3.3 m from the beam axis. Azimuthal symmetry was a crucial aspect of the experiment
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Fig. 28. – From ref. [111]. Qweak basic experimental design. The elastically scattered electrons

(red tracks) were focused by a toroidal magnet onto eight quartz C̆erenkov detectors while
inelastically scattered electrons (not shown), were swept away from the detectors (to larger
radii). The acceptance of the experiment was defined by three Pb collimators, each with eight
sculpted openings (each opening corresponding to one detector). The distance along the beam
line from the target center to the center of the quartz bar detector array was 12.2 m.

design, minimizing systematic errors from helicity-correlated changes in the beam tra-
jectory and contamination from residual transverse asymmetries. The detectors were
equipped with 2 cm thick Pb preradiators that amplified the electron signal and sup-
pressed soft backgrounds. The acceptance of the experiment was defined by three Pb
collimators, each with eight sculpted openings (each opening corresponding to one de-
tector). A symmetric array of four luminosity monitors was placed on the upstream face
of the middle collimator. The detector region was heavily shielded. The beam line inside
the detector hut was surrounded with 10 cm of Pb. The response of the detectors was
measured in integrating mode except during calibration runs performed at lower beam
currents (0.1–200 nA). During these runs, the response of each detector was measured,
in a counting mode, using a system of drift chambers and trigger scintillators positioned
in front of two detectors at a time and removed during the main measurement. The
results of Qweak commissioning run, constituting approximately 4% of the data collected
in the experiment, have been already reported [111]. The raw asymmetry, that is the
asymmetry measured without applying any corrections, was Araw = −169±31 ppb. This
asymmetry was corrected for potential nonlinearity in the response of the photomultiplier
tubes reading the C̆erenkov light from the detector bars, and for transverse polarization
in the nominally longitudinally polarized beam, whose contribution to the asymmetry
was determined from dedicated measurements with the beam fully polarized vertically
and horizontally. To the value of the asymmetry determined after these corrections, the
contributions of the backgrounds were subtracted. The main source of background was
the background from the aluminum windows of the target cell, whose asymmetry was
measured in dedicated runs with dummy targets and whose fraction with respect to the
total signal was determined from radiatively corrected measurements with the target
cell evacuated. Another source of background was due to scatterings in the beam line.
The asymmetry and the fraction with respect to the total signal of this background was
measured by blocking two of the eight openings in the first of the three Pb collimators
with 5.1 cm of tungsten. The asymmetry measured in the detectors associated with the
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blocked octants was correlated to that of several background detectors located outside
the acceptance of the main detectors for scaling during the primary measurement. A
third source of background was generated by soft neutral backgrounds not accounted
for in the blocked octant studies and arising from secondary interactions of scattered
electrons in the collimators and magnet. The fraction of this background with respect
to the total signal was obtained by subtracting the blocked octant background from the
total neutral background measured by the main detector after vetoing charged particles
using thin scintillators. The asymmetry of the soft neutral backgrounds was considered
equal to zero but with an uncertainty of 100% of the e-p elastic asymmetry. A fourth and
final source of background arose from the N → Δ(1232) transition. Its asymmetry was
explicitly measured at low spectrometer magnetic fields and its fraction with respect to
the total signal was estimated from simulations. The asymmetry value derived from the
background subtraction was corrected for radiative correction deduced from simulations
with and without bremsstrahlung, for the measured light variation and non-uniform Q2

distribution across the detector bars, for the precision in calibrating the central Q2 value
and for the transition, in the determination of the asymmetry, from the average of the
measured asymmetries in the Q2 range covered by the experiment to the asymmetry at
the average Q2 value of the experiment. The fully corrected asymmetry measured by
Qweak was

A(Q2 = 0.025) = −279 ± 35 (stat) ± 31 (syst) ppb.(107)

Following the procedure outlined in [132, 68], a global fit of asymmetries measured
by Qweak and by the experiments of the series SAMPLE, HAPPEX, A4, and G0 on
hydrogen, deuterium, and 4He targets was used to extract Qp

W from eq. (106). Prior
to the fitting procedure, the data used in the extraction of Qp

W were corrected for the
γ − Z box diagram arising from the axial-vector coupling at the electron vertex, that is
the dominant energy-dependent radiative correction [14] to eq. (106) that contributes to
Parity Violating Electron Scattering in the forward limit. This correction included the
energy dependence of the γ−Z box diagram, as calculated in ref. [133], and (for the points
above Q2 = 0.025 (GeV/c)2), the smaller additional correction for the Q2 dependence
of the the γ − Z box diagram, calculated using the prescription in ref. [67] with EM
form factors from [49]. The fit, that used EM form factors from [49], had effectively
five free parameters: C1u and C1d, the strange charge radius ρs, the strange magnetic
moment μs, and the isovector axial form factor G

e(T=1)
A . The value and uncertainty of

the isoscalar axial form factor, G
e(T=0)
A (which vanishes at tree level), was constrained

by the calculation of [22]. In order to make use of data up to Q2 = 0.63 (GeV/c)2, a
conventional dipole form [62] GD = 1

(1+ Q2

λ2 )2
, with λ = 1 (GeV/c)2, was used for the

strange quark form factors Gs
E = ρsQ

2GD and Gs
M = μsGD as well as for G

e(T=1)
A .

The values of ρs and μs obtained in the fit were consistent with an earlier determi-
nation [68] but with uncertainties about 4 times smaller (for C1u and C1d see sect. 5.1).
The fit determined the unknown parameters Qp

W and B of the function Qp
W +Q2B(Q2, θ)

of eq. (106) and the measured weak charge of the proton, given by the intercept of this
function at Q2 = 0, was

Qp
W = 0.064 ± 0.012.(108)

This result agrees with the Standard Model value Qp
W = 0.0710 ± 0.0007 [113]. The
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Fig. 29. – From ref. [111]. Global fit result of eq. (106) (solid line) presented in the forward-
angle limit as reduced asymmetries derived from the Qweak experiment as well as other Parity
Violating Electron Scattering experiments up to Q2 = 0.63 (GeV/c)2 (see text for details). The
additional uncertainty arising from this rotation is indicated by outer error bars on each point.
The yellow shaded region indicates the uncertainty in the fit. Qp

W is the intercept of the fit.
The Standard Model prediction [113] is also shown (arrow).

result of eq. (108) is not affected significantly by varying the maximum Q2 or θ of
the data included in the fit as long as the data set is truncated at Q2 above ∼ 0.25
(GeV/c)2. Truncating the data set at lower Q2 values tends to destabilize the fit, and
enhances the sensitivity to the underlying statistical fluctuations in the data set, as
reported in [68]. The effect of varying the dipole mass in the strange and axial form
factors is small, with variation in Qp

W less than ±0.001, for 0.7 (GeV/c)2 < λ2 < 2
(GeV/c)2. Smaller values of λ are disfavored by lattice QCD calculations of strange
form factors [62], and the results quickly plateau for larger values. Figure 29 shows
the fit result. In order to illustrate the two-dimensional global fit (Q2, θ) in a single
dimension (Q2), instead of the measured experimental asymmetries, fig. 29 shows the
reduced asymmetries obtained from a forward-angle rotation of all the data used in
the global fit. This rotation removed the angle dependence of the strange and axial
form-factor contributions and was performed by subtracting Acalc(θ,Q2)−Acalc(0◦, Q2)
from the measured asymmetries, with the calculated asymmetries Acalc determined from
eq. (20) using the results of the fit.

As seen in sect. 5.1, the values of C1u and C1d derived from the fit of eq. (106) were
used, together with the most recent correction to the 133Cs Atomic Parity Violation
results, to derive the values of eq. (79) and eq. (80) for C1u and C1d. With these results,
from eq. (105) the following value for the weak charge of the proton was derived:

Qp
W = 0.063 ± 0.012(109)

The result of eq. (109), that takes into account both Parity Violating Electron Scat-
tering and Atomic Parity Violation data, pretty agrees with the result of eq. (108), that
was derived from Parity Violating Electron Scattering data only. From the same set of
C1u and C1d values used to derive eq. (109), the weak charge of the neutron Qn

W that,
according to the Standard Model, is equal to

Qn
W = −2(C1u + 2C1d),(110)
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was derived. The following value for the weak charge of the neutron was obtained:

Qn
W = −0.975 ± 0.010(111)

that agrees pretty well with the Standard Model value of Qn
W = −0.9890± 0.0007 [113].

The analysis of all the data of the experiment Qweak has not ended yet. The final
result will provide an asymmetry value with an uncertainty about 5 times smaller than
that of eq. (107).

In the future, taking advantage of the construction of the Mainz Energy recovering
Superconducting Accelerator (MESA) at Mainz, the experiment P2 [134] will measure
the weak charge of the proton with even a smaller uncertainty than Qweak. Equation (20)
can be recast as (see eq. (19))

Ap
PV = − GF Q2

4
√

2πα
ρ′(1 − 4k′ sin2 θW − F (Q2)) = aρ′(Qp

W − F (Q2)),(112)

with ρ′ and k′ arising from electroweak radiative corrections, a = − GF Q2

4
√

2πα
, and

F (Q2) = FEM(Q2) + FAxial(Q2) + FStrange(Q2),(113)

FEM(Q2) =
εGγp

E Gγn
E + τGγp

M Gγn
M

ε(Gγp
E )2 + τ(Gγp

M )2
,

FAxial(Q2) = − (1 − 4 sin2 θW )
√

(1 − ε2)τ(1 + τ)Gγp
M GZp

A

ε(Gγp
E )2 + τ(Gγp

M )2
,

FStrange(Q2) =
εGγp

E Gs
E + τGγp

M Gs
M

ε(Gγp
E )2 + τ(Gγp

M )2
.

The contribution to Ap
PV of F (Q2) with respect to that of Qp

W decreases when θ → 0.
P2 will run at a beam energy of 200 MeV, where the total uncertainty has its minimum
value. In fact, the total uncertainty includes uncertainties due to statistic and beam
systematic that decrease with the beam energy, and uncertainties on electromagnetic
form factors (and hence on FEM(Q2)), and on axial form factors (FAxial(Q2)) that vice
versa increase with the beam energy. The beam polarization will be 85% and the beam
intensity 150 μA. The experiment will make use of a 60 cm long liquid-hydrogen target.
The Q2 value will be 0.0029 (GeV/c)2, the average scattering angle of the detected elas-
tically scattered electrons 20◦. The elastically scattered electrons will be separated from
the background and focused on a detector plane by a magnet. The detector plane will
be segmented and will have a full azimuthal coverage. The polarization of the beam will
be measured with a precision smaller than 0.5% by a Hydro Møller polarimeter. The
expected Parity Violating asymmetry measured by P2 will be −20.55 ppb with a total
uncertainty (statistic + systematic) of 0.34 ppb. With this result and thanks to a theo-
retical effort in progress to calculate two-loop-contribution, box-graphs, electromagnetic
radiative corrections, hadronic contributions, sin2 θW running etc., the total uncertainty
on sin2 θW (Δ sin2 θW ) will be 3.6×10−4. The design of the experiment is still in progress.
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Fig. 30. – Feynman diagrams for Møller scattering at tree level (reproduced from ref. [136]).

5.3. The weak charge of the electron. – In polarized electron scattering from atomic
electrons (Møller scattering), at four-momentum transfers much smaller than the mass
of the Z0 boson, Q2 � M2

Z , the Parity Violating asymmetry APV is dominated by the
interference between photon and Z0 boson exchange [135]. The leading order Feynman
diagrams relevant for Møller scattering involve both direct and exchange diagrams that
interfere with each other (see fig. 30).

The resulting asymmetry is given by [137]

AMoll
PV = mE

GF√
2πα

4 sin2 θ

(3 + cos2 θ)2
Qe

W = mE
GF√
2πα

2y(1 − y)
1 + y4 + (1 − y)4

Qe
W ,(114)

where α is the fine structure constant, GF the Fermi constant, E the incident beam
energy, m the electron mass, θ the scattering angle in the center of mass frame, y ≡
1 − E′/E, where E′ is the energy of one of the scattered electrons, and Qe

W is the weak
charge of the electron.

Within the Standard Model the weak charge of the electron, Qe
W , is proportional

to the product of the electron’s vector and axial-vector couplings to the Z0 boson, and
the weak neutral current amplitudes are functions of the weak mixing angle sin2 θW .
As a consequence, a measurement of Qe

W determines the value of sin2 θW too. The
electroweak theory prediction at tree level in terms of the weak mixing angle is Qe

W =
−(1−4 sin2 θW ); this is modified at the 1-loop level [136,138,139] and becomes dependent
on the energy scale at which the measurement is carried out (sin2 θW “runs”). It increases
by approximately 3% compared to its value at the scale of the Z0 boson mass, MZ ; this
and other radiative corrections reduce Qe

W to −0.0469±0.0006, with about a 40% change
with respect to its tree-level value of about −0.075 (when evaluated at MZ).

Equation (114) can be recast in terms of the analyzing power A(Q2, y)

AMoll
PV = A(Q2, y)Qe

W ,(115)

where

A(Q2, y) =
GF Q2

√
2πα(Q)

1 − y

1 + y4 + (1 − y)4
FQED,(116)

with FQED a QED radiative correction factor that includes kinematically weighted hard
initial and final-state radiation effects and y-dependent contributions from γγ and γZ
and vertex diagrams.
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Fig. 31. – From ref. [140]. Schematic plan view of the experimental configuration in SLAC end
station A when the experiment E158 took place.

Equation (114) and (115) can be cast as [138]

AMoll
PV = −A(Q2, y)ρ(e;e)[1 − 4 sin2 θeff

W (Q) + Δ],(117)

with ρ(e;e) the low-energy ratio of the weak neutral and charge current couplings and Δ
a term that contains residual O(α) electroweak corrections.

The measurement of the Parity Violating asymmetry in the Møller scattering, pro-
viding a measurement of sin2 θeff

W , whose value is predicted by the Standard Model, is a
powerful test of the Standard Model itself. As a consequence, it is a powerful tool to
search for physics Beyond the Standard Model too. New neutral current interactions
are best parameterized model-independently at low energies by effective four-fermion in-
teractions. Focusing on vector and axial-vector interactions between electrons and/or
positrons, such an interaction Lagrangian takes the form [122]

Le1e2 =
∑

i,j=L,R

g2
ij

2Λ2
ēiγμeiējγ

μej ,(118)

where eL/R = 1
2 (1∓ γ5)ψe are the usual chirality projections of the electron spinor, Λ is

the mass scale of the new contact interaction and gij = g∗ij are coupling constants, with
gRL = gLR. Then the Parity Violation asymmetry measurement in Møller scattering has
a sensitivity to new four-electron contact interaction amplitudes g2

RR − g2
LL equal to

Λ√
|g2

RR − g2
LL|

=
1√√

2GF |ΔQe
W |

,(119)

with ΔQe
W the uncertainty on the measurement of Qe

W .
The experiment E158, that took place in 2002 and in 2003 in the End Station A (ESA)

at SLAC (see fig. 31), first measured the electron weak charge and sin2 θeff
W through the

measurement of the Parity Violating asymmetry in Møller Scattering and eq. (115) and
eq. (117) [140,141].

It used a beam with up to 6 × 1011 electrons ∼ 270 ns pulses at 120 Hz and a 1.57 m
liquid-hydrogen target. The Q2 and y values were 0.026 (GeV/c)2 and 0.6, respectively.
The beam polarization was 85% for the first 40% of the data, increased then to 90% by
the use of a novel “superlattice” photocathode. No helicity-dependent cuts were applied
on the data, other than the demand that the beam intensity asymmetry measured by two
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Fig. 32. – From ref. [140]. The charged particle radial profile at the calorimeter of the experiment
SLACE158. The points are the data scan, and the open histogram is the Monte Carlo simulation.
Møller (shaded) and e-p (hatched) contributions are also shown. Region I and III PMTs were
used to measure Møller and e-p asymmetries, respectively.

independent monitors agreed to within 10−3 for each right-left pulse pair. The experiment
run at two beam energies: 45.0 and 48.3 GeV. Because of g - 2 precession as the beam
traversed a 24.5◦ bend after acceleration, the two beam energies corresponded to opposite
orientations of longitudinal beam polarization in ESA. The use of two different energies
was hence an additional method to suppress systematic effects with respect to those
described in sect. 2. Scattered particles with a laboratory scattering angle between 4.4
and 7.5 mr over the full range of the azimuth were selected by a magnetic spectrometer
and transported to a calorimeter. The calorimeter was a 25 cm long cylindrical structure
with a 15 (35) cm inner (outer) radius. It was assembled by layering planes of flexible
fused-silica fibers between elliptical copper. The fibers directed C̆erenkov light to air
light guides, each of which terminated into a shielded photomultiplier tube (PMT). At
the detector position, the charged particle flux was approximately azimuthally symmetric
about the beam axis. The radial and azimuthal segmentation of the detector made
it possible to distinguish between Møller electrons and electrons scattered from target
protons (e-p scattering), with the three inner rings predominantly sensitive to Møller
scattered electrons and the outermost ring sensitive to the bulk of the e-p scattering
flux. This is evident in fig. 32, that shows Monte Carlo simulations of Møller and e-p
scattered electrons compared with the measured radial profile at one azimuthal angle
provided by the scanning detector system used in the experiment to obtain a complete
radial and azimuthal map of the charged particle flux. In fig. 32 the spatial separation
between the ring formed by Møller electrons in the range 13–24 GeV and the region hit
by the electrons scattered from target protons is evident.

The small contribution of neutral particles, such as photons and neutrons, to the
calorimeter response was measured in calibration runs. The asymmetry from pions was
measured by using ten quartz bars arranged in azimuthal symmetry behind the Møller
detector and lead shielding. Eight gas ionization chambers arranged in 45◦ azimuthal
sections intercepted charged particles with θlab ∼ 1 mr. This “luminosity” detector mon-
itored target density fluctuations and provided a check of the null asymmetry expected
at such small scattering angles. An azimuthal modulation of the raw asymmetry caused
by a small non-zero transverse beam polarization component was found and corrected.
An additional bias to the measured asymmetry was generated by asymmetries in higher-
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order moments of beam distributions, such as temporal variations of the beam position
or energy within a 270 ns beam pulse, coupled to the intrapulse variation of position
or energy asymmetries. This bias was found to be small for the two innermost of the
three detector rings sensitive to the Møller electrons, but to be significant for the third
one. This bias was corrected in 2003 data by equipping Beam Position Monitors (BPMs)
with additional readout channels, in order to digitize BPM signals for charge, energy,
positions and angles. Corrections due to intrapulse variation of beam asymmetries were
computed by linearly regressing Møller asymmetries against the beam asymmetries. For
the 2002 run this was not accomplished and to avoid biases the data from the outermost
of the three detector rings sensitive to Møller electrons were not included in the compu-
tation of the Parity Violating asimmetry. The bias due to beam spot-size fluctuations
was limited using data from a retractable wire array that was inserted into the beam
during some of the data collection. The major source of background was due to electrons
from inelastic electron- and photon-proton interactions. The correction for this source of
background was accomplished measuring the asymmetry in detector regions not sensitive
to Møller electrons and with reasonable assumptions for the kinematic extrapolation to
the detector regions sensitive to the Møller electrons.

The resulting AMoll
PV asymmetry was

A = −131 ± 14 (stat) ± 10 (syst) ppb.(120)

From this result and from eq. (117), with FQED = 1.01 ± 0.01 and the analyzing
power A = 3.25 ± 0.05 ppm, determined from Monte Carlo simulations that accounted
for energy losses in the target and systematic uncertainties in the spectrometer setup, a
value for sin2 θeff

W was derived. A number of definitions of the low-energy weak mixing
angle exist and differ in the way various corrections of order O(α) are distributed between
the terms sin2 θeff

W , ρ(e;e) and Δ [142-144, 136]. Defining sin2 θeff
W in order it reproduces

the effective leptonic coupling sin2 θeff
W (Q2 = M2

Z) ≡ s2
l = 0.23149 ± 0.00015 [145], that

implies ρ(e;e) = 1.0012 ± 0.0005 and Δ = −0.0007 ± 0.0009, the following measurement
of sin2 θeff

W was obtained

sin2 θeff
W (Q2 = 0.026) = 0.2397 ± 0.0010 (stat) ± 0.0008 (syst).(121)

This value agrees with the Standard Model expectations: sin2 θeff
W (Q2 = 0.026) =

0.2381± 0.0006. Interpreting the result of eq. (121) as a measurement of the electroweak
coupling parameter, the following value is obtained:

sin2 θW (Q2 = M2
Z)MS = 0.2330 ± 0.0011 (stat) ± 0.0009 (syst) ± 0.0006 (theor),(122)

where the last uncertainty is from evolution to MZ . This result sets a limit on the
scale ΛLL of a new left-handed contact interaction characterized by a term in the La-
grangian [122] (see eq. (118) with g2

LL = 4π)

L = ±
(

4π

2(Λ±
LL)2

)
(eLγμeL),(123)

At 95% Confidence Level a tree-level calculation yields L+
LL ≥ 7 TeV and L−

LL ≥
16 TeV for potential positive and negative deviations, respectively.
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Fig. 33. – From ref. [146]. Conceptual layout of the MOLLER experiment, looking upstream.
The target chamber is located on the lower right, then the upstream and hybrid toroids, Roman
pots for the tracking detectors, and the main detector stand, with background detectors at the
far downstream end on the upper left.

The MOLLER experiment [146], that will take place in the experimental Hall A of
JLab, will test the Standard Model prediction of the weak mixing angle, sin2 θW , with
a sensitivity of δ(sin2 θW ) = ±0.00029 by measuring the Parity Violating asymmetry
AMoll

PV with 2.3% total uncertainty. MOLLER will also be the most sensitive probe of
new flavor and CP-conserving neutral current interactions in the leptonic sector, sensitive
to interaction amplitudes as small as 1.5 × 10−3 times the Fermi constant. In fact, for
the MOLLER proposed measurement with 2.3% total uncertainty (and no additional
theoretical uncertainty), the resulting sensitivity to new four-electron contact interaction
amplitudes g2

RR − g2
LL as calculated from eq. (119) is ∼ 246.22 GeV√

0.023Qe
W

= 7.5 TeV. For

g2
RR − g2

LL = 2π this will set a limit on the scale Λ equal to about 47 TeV. Thus
the MOLLER proposed measurement will greatly extend the current sensitivity of four-
electron contact interactions, both qualitatively and quantitatively, and is complementary
to direct searches.

The MOLLER experiment (see fig. 33) will use a beam of energy of 11 GeV with
∼ 85% polarization, and a 1.5 m liquid-hydrogen target. Møller electrons in the full
range of the azimuth (achieved by using an odd number of coils and identical particle
scattering) and polar angles 5mrad < θlab < 19 mrad will be separated from background
and focused ∼ 30 m downstream of the target by a spectrometer system consisting of a
pair of toroidal magnet assemblies and precision collimators (see fig. 34). The upstream
magnet is a traditional toroidal magnet, while the downstream magnet has a novel shape
designed to focus the large range of scattered electron angles and energies. In the az-
imuthal dimension, the lower energy electrons are strongly defocussed by radial fields
in the downstream magnet. The full range of azimuthal angles is populated hence on
the detector plane and the energy distribution of the detected Møller electrons changes
with the azimuth. The Møller electrons will be incident on a system of quartz detectors
in which the resulting C̆erenkov light will provide a relative measure of the scattered
flux. The detector plane is segmented (6 radial bins with five of them divided into 28
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Fig. 34. – From ref. [146]. The principle of the MOLLER experiment. Top: the envelope
of the scattered electron trajectories inside the spectrometer system consisting of a pair of
toroidal magnets. The high-energy, low-angle Møller electrons are not greatly affected by the
upstream magnet, whose total field integral is small. The lowest energy, highest angle Møller
electrons are instead bent even further away from the beam line, allowing these particles to
skirt the strongest field in the downstream magnet. The downstream magnet is designed so
that particles at different radial distances from the beam feel very different field integral. This
allows the hard, low-angle Møller electrons to be bent strongly to the radial focal position
while the soft, high-angle particles are merely tickled into place. The Møller electrons will be
incident on a system of quartz detectors. Bottom left: ΘCOM vs. E′

Lab for Ebeam = 11 GeV, and
E′

Lab vs. θlab. Because of the Møller scattering features there is a one-to-one correspondence
between ΘCOM (the scattering angle in the Center of Mass system) and the laboratory frame
scattered electron energy E′

Lab. The energy-angle correlation also implies that there is a one-to-
one correspondence between E′

Lab and θlab (the laboratory scattering angle). Bottom right: the
concept for the primary acceptance collimator, which is able to achieve 100% acceptance with
judiciously chosen φ-sectors. Since in the Møller scattering one deals with identical particles,
those that are accepted in one φ bite also represent all the statistics available in the φ bite that
is diametrically opposed (180◦ + φ). In the figure, each clear φ sector is diametrically opposed
by a shaded region, which would be shielded from the target and can be used to house magnet
coils without any loss of acceptance.

azimuthal channels each and the radial bin corresponding to the Møller peak divided
into 84 azimuthal channels) in order to achieve a complete understanding of the signal,
background fraction and spectrometer optics. In fact (see fig. 35), high-momenta low-
angle electrons produced by elastic electron-proton scattering will focus on the detector
plane at smaller radii than the Møller electrons and their azimuthal distribution will be
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Fig. 35. – From ref. [146]. Top: layout of the main integrating and tracking detectors. Elastically
scattered electrons off target protons (green) and electrons (blue) are also shown. Bottom left:
transverse distribution of Møller (black) and ep (red) electrons 28.5 m downstream of target.
Bottom right: radial segmentation of the scattered electron flux. The vertical lines correspond
to the radial segmentation of the quartz detectors. The black, red and green curves are for
electrons from Møller, elastic e-p and inelastic e-p scattering.

irregular, with gaps interspersed with areas of high density, while the azimuth angle of
the Møller electrons will be function of their energy as quoted above. Moreover, the
background generated by electrons produced by inelastic electron-proton scattering will
produce a variation of the radial detector response as a function of the azimuth. An addi-
tional shower-max quartz/tungsten sandwich detector will provide a second independent
measurement of the flux in the main Møller peak. This detector will be less sensitive
to soft photon and charged hadron backgrounds. Lead-glass detectors placed behind
the main Møller ring detectors and shielding, combined with two planes of gas electron
multipliers (GEMs) will measure hadronic background dilutions and asymmetries during
runs at very low current. A movable small single C̆erenkov detector made of fused silica
mounted on an x, y motion stage covering one sector of the acceptance, and located just
upstream of the main detectors, will act as focal plane scanner. Three planes of GEM
tracking detectors will be inserted periodically at very low current to track individual
particles during calibration runs to measure the detailed shapes of all the charged particle
trajectories. A luminosity monitor, consisting of quartz detectors, will detect the charged
particle flux at extreme forward angles. A “two-bounce” collimation system will suppress
neutral background from soft photons and neutrons. The predicted value of AMoll

PV for the
experiment MOLLER is 35 ppb and the goal is to measure this quantity with a precision
of 0.73 ppb. The construction of the MOLLER apparatus will start in the near future
and work is also being done to improve beam transport and instrumentation.
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6. – Parity Violating asymmetry in the nucleon resonance region

In the former sections we have reported about Parity Violating measurements in the
elastic, quasielastic and Deep Inelastic electron scattering. Parity Violating asymmetry
measurements in the nucleon resonance region were performed mainly to provide impor-
tant constraints to nucleon resonance models relevant for calculating background correc-
tions to elastic Parity Violating Electron Scattering measurements. However, recently
their importance has increased because they are a powerful tool to check if quark-hadron
duality, verified in electromagnetic interactions, is a universal feature of the quark-hadron
transition and is hence also valid in charged lepton scattering via the weak interaction as
speculated in [147]. In addition, in the resonance region, the Parity Violating structure
functions can be described in terms of longitudinal, transverse, and axial Parity Violating
response functions to specific resonance states, together with a non-resonant background,
and can be decomposed in terms of their isospin content. Their measurement is hence
sensitive to combinations of quark currents weighted by their electroweak couplings to
the incident electrons.

The experiment PVDIS, already described in sect. 5.1, performed measurements of
the Parity Violating asymmetry in electron scattering on deuteron at four kinematics
in the nucleon resonance region. For three of these kinematics the beam energy was
4.867 GeV and the Q2 values and the W values were 0.950, 0.831, and 0.757 (GeV/c)2

and 1.263, 1.591, and 1.857 GeV respectively. For the fourth kinematics, the beam en-
ergy was 6.067 GeV, the Q2 value was 1.472 (GeV/c)2, and the W value was 1.981 GeV.
For each kinematics the asymmetry was corrected for the beam depolarization caused by
the passage of the beam through material before scattering, for target impurity due to
the presence of a small amount of hydrogen deuteride, for the beam polarization com-
ponents in the direction perpendicular to the scattering plane and for the background
from π0, the aluminum target windows, and events rescattering off the inner walls of
the High Resolution Spectrometers. Background from the aluminum target windows
was estimated using eq. (83), with structure functions F γZ

1,3 for aluminum constructed
from the MSTW DIS PDF [118] extrapolated to the measured 〈Q2〉 and 〈W 〉 values
and the latest world fit on the ratio of longitudinal to transverse virtual photon electro-
magnetic absorption cross-sections R ≡ σL

σT
[148]. Radiative corrections were performed

for both internal and external bremsstrahlung as well as ionization loss. External ra-
diative corrections were performed based on the procedure first described by Mo and
Tsai [149], and taking into account, in the simulation, the effect of the acceptance and
particle identification efficiency variation across the acceptance. As inputs to the ra-
diative corrections, Parity Violating asymmetries of elastic scattering from the deuteron
were estimated using refs. [25, 17, 150, 151] and those from quasielastic scattering were
based on ref. [4]. The box-diagram corrections were estimated and applied. The corrected
asymmetries [152] were in agreement with calculations from Matsui, Sato, and Lee [153]
(for Δ(1232) only), Gorchtein, Horowitz, and Ramsey-Musolf [67], and the Adelaide-
JLab-Manitoba model [133]. The corrected asymmetries were in agreement also with
an estimation made using Parton Distribution Functions (PDF) fits obtained from Deep
Inelastic Scattering (DIS) data, extrapolated to the resonance region, along with the
quark-Z0 vector and axial couplings gq

V,A based on Standard Model values [113], with
electroweak radiative corrections applied directly to gq

V,A. For this estimation three PDF
fits: MSTW [118], CTEQ-Jefferson Lab (CJ) [154], and CT10 [155], extrapolated to the
measured 〈Q2〉 and 〈W 〉 were used along with world data on R [148]. The differences
among all three fits were below 1.5 ppm for all kinematics. The agreement between the
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corrected asymmetries and the estimation made using (PDF) fits from (DIS) data shows
that for the Q2 range covered by the four kinematics, duality holds throughout the whole
resonance region at the 10–15% level. PVDIS therefore provided the first experimental
support for the hypothesis that quark-hadron duality is a universal property of nucleons
in both their weak and their electromagnetic interactions.

The G0 experiment, already described in sect. 3, measured, in “backward mode”,
the Parity Violating asymmetry in inelastic electron-proton scattering near the Δ(1232)
resonance and found excellent agreement between its result and theoretical expectations
based on the formalisms of ref. [13] and ref. [153]. The measurement determined in
addition the axial transition form factor, GA

NΔ, that was consistent with the theoretical
formalism of ref. [13]. These results are not yet published on a refereed journal [156].

Always in “backward mode”, the G0 experiment measured the Parity Violating asym-
metry in the inclusive electroproduction of π− near the Δ0 resonance [157]. This mea-
surement can be expressed as a function of the asymmetries in the pion production due
directly to the beam electrons and to the photons generated trough bremsstrahlung by
the beam electrons

Aπ−

PV = fbremsD(y)A−
γ + fvirtA

−
e (Q2),(124)

with fbrems and fvirt the fractional fluxes of pions initiated by bremsstrahlung photons
and virtual photons (i.e., electroproduction), respectively (fbrems + fvirt = 1), y the
fractional energy carried by the photon, D(y) the degree of circular polarization carried
by the bremsstrahlung beam, relative to the electron beam, A−

e (Q2) the asymmetry for
electroproduction of pions and A−

γ defined as

A−
γ =

dσR − dσL

dσR + dσL
,(125)

with dσR(L) the differential cross-sections for right(left)-circular-polarized incident pho-
tons. A−

γ is an important quantity. Expected to be zero in the absence of radiative
corrections, could be not null in case of electron scattering from nucleons, because
Parity Violation also occurs in weak interactions among quarks, and this form of an
electroweak radiative correction can lead to non-zero asymmetries in the photoproduc-
tion limit. According to ref. [158], using Heavy Baryon chiral Perturbation Theory
(HBχPT), neglecting non-resonant, higher-order chiral, and 1

MN
corrections, A−

γ , for the
�γ + d → Δ0 + p → π− + p + p process is equal to

A−
γ = −2d−Δ

CV
3

MN

Λχ
,(126)

with CV
3 the dominant N −Δ vector transition form factor, MN the mass of the nucleon,

Λχ the scale of chiral symmetry breaking, and d−Δ a new low-energy constant in the
effective weak Lagrangian characterizing the Parity Violation γNΔ coupling. According
to ref. [158] the value of A−

γ could be in module potentially as large as 5.2 ppm.
The measurement was performed at 360 MeV, the lowest of the two beam energies em-

ployed by the experiment in “backward mode”. The main source of background was due
to misidentified electrons which did not create a signal above threshold in the C̆erenkov
detector (see sect. 3), and was characterized in special data-taking runs where Time-Of-
Flight (TOF) spectra for particles (their flight path being from the target to the FPDs)
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were used as an alternate method to determine the particles’ identities. By defining hard
cuts on TOF, pure samples of pions and electrons could be defined, which would then
be used to characterize C̆erenkov performance. Particle fluxes could be estimated from
two-Gaussian fits to the TOF spectrum. The CED-FPD pairs inside the kinematic accep-
tance corresponding to inclusive pion production (pion locus) were selected by requiring
the electron contamination of the pion sample, in a given pair, before background correc-
tion, to be below 10%. The beam possessed a slight degree of polarization transverse to
the direction of propagation, in the bend plane of the accelerator. This in turn resulted
in a parity conserving azimuthal dependence to the asymmetries measured by the exper-
iment, because of the azimuthal segmentation of the detectors into octants. Dedicated
runs were conducted with the degree of transverse polarization arranged to be as large as
possible, so that the sensitivity of the detector to this azimuthal asymmetry could be de-
duced. This rather strong azimuthal dependence, possibly resulting from a sensitivity to
the LT interference term seen in parity conserving pion electroproduction, was corrected
using the azimuthal pion asymmetries determined for transversely polarized beam, and
the degree of transverse polarization measured using the luminosity monitors that, being
segmented azimuthally, were sensitive to the degree of the beam transverse polarization.
After all the corrections the measured Asymetry was

A = −0.55 ± 1.03 (stat) ± 0.37 (syst) ppm.(127)

Because the experiment G0 did not detect scattered electrons in coincidence with the
scattered pions, to derive A−

γ from eq. (127) and eq. (124), Monte Carlo simulations were
performed to evaluate fvirt, 〈D(y)〉, and 〈Q2〉. Besides, the theoretical expectation that
A−

e (Q2) is approximately linear in Q2 for the range of Q2 of the experiment, with the
intercept at Q2 = 0 being equal to A−

γ was assumed. Theoretical input was used to
constrain the slope of the electroproduction asymmetry with Q2. The simulation of the
pion rate was found to agree with the data to within 15%. The resulting A−

γ value was

A−
γ = −0.36 ± 1.06 (stat) ± 0.37 (syst) ± 0.03 (theor) ppm,(128)

with the last error the theoretical uncertainty on the slope of A−
e (Q2) with Q2. From

eq. (128) and eq. (126), with the values CV
3 = 1.6 and Λχ = 1 GeV derived from ref. [159].

the following value of d−Δ was obtained:

d−Δ = gπ(8.1 ± 23.7 (stat) ± 8.3 (syst) ± 0.7 (theor)),(129)

with gπ = 3.8 × 10−8. This result limits possible large Parity Violating asymmetry in
pion photoproduction on the Δ resonance to the ppm level.

7. – Conclusion

Although the existence of weak neutral currents predicted by Abdus Salam’s, Sheldon
Glashow’s and Steven Weinberg’s unified theory of electroweak interactions was proved
in 1973, in a neutrino experiment (the Gargamelle experiment at CERN), it was only
with the experiment E122 at SLAC that the Parity Violating effects predicted by this
theory were observed. This experiment proved beyond any doubt that parity is violated
in scattering of electrons on protons and deuterons. The experiment SLACE122 was a
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historical success. After it, many experiments that measured Parity Violating asymme-
try in electron scattering followed and measured smaller and smaller asymmetries thanks
to the use of high-intensity beams that decreased the statistical errors, to the availability
of increasing high-quality beam whose features were more and more independent of the
helicity of the beam, and to improved technologies that made it possible to reduce the sys-
tematic errors. This reduction in the minimum measurable Parity Violating asymmetry
value and in its uncertainty had important consequences, making measurements at small
Q2 values possible, and consequently making possible the determination of strange quark
contributions to the charge and magnetization of the nucleon (asymmetries of the order
of 10−6), of the neutron radius in heavy nuclei (asymmetries of the order of 5× 10−7), of
the weak couplings between the electron and the quarks through Parity Violating Deep
Inelastic Scattering (asymmetries of the order of 10−5 but with significant improvements
in the reduction of the systematic error with respect of the experiment SLACE122), the
determination of the weak charge of the proton (asymmetries of the order of 3 × 10−7)
and the measurement of the Parity Violating asymmetry in the Møller scattering (asym-
metries of the order of 10−7). The latter three kinds of experiments were of fundamental
importance for testing the Standard Model and for the search of new physics. This topic
will be the main goal of the physics studies in the future and will be the main goal of the
next generation of experiments measuring Parity Violating asymmetry in electron scat-
tering too, that are planning to measure asymmetries as low as 20–30 ppb (experiment
P2 at Mainz and experiment MOLLER at JLab) with an uncertainty at the level of 2%.
As quoted above, these so small asymmetries will be measurable thanks to the adoption
of techniques and technologies on the frontier. With the decreasing of the measured
asymmetries and of their uncertainties, some of the theoretical uncertainties that were
once just added in the total errors on the physics quantities to be determined through
measurements of the Parity Violating asymmetries in electron scattering have now to be
reduced in order to get physical information from the measurements. To underline the
importance that Parity Violating asymmetry measurements in electron scattering will
have in the future we can just mention the importance of the P2 experiment at Mainz
and the MOLLER experiment at Jlab that, as quoted above, will measure the smallest
asymmetries ever reached, aiming to determine, respectively, the weak charge of the pro-
ton and the weak charge of the electron with very high precision. Comparing these two
weak charges can be a diagnostic tool to determine whether or not the early Universe
was supersymmetric and wether or not there is supersymmetric dark matter. The high-
precision measurements of sin2 θW performed by the P2 and the MOLLER experiments
will possibly be able to detect the modifications on the effective Lagrangian of Weak
Neutral Current scattering produced by the dark photon Z, the supposed counterpart of
the photon in the visible universe, that interacts with the components of dark matter.
Thus, in the future, the measurements of the Parity Violating asymmetry will explore
the very exciting field of the searches on dark matter.
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[157] Androić D.et al., Phys. Rev. Lett., 108 (2012) 122002.
[158] Zhu S.-L., Maekawa C. M., Holstein B. R. and Ramsey-Musolf M. J., Phys. Rev.

Lett., 87 (2001) 201802.
[159] Zhu S.-L., Maekawa C. M., Sacco G., Holstein B. R. and Ramsey-Musolf M. J.,

Phys. Rev. D, 65 (2001) 033001.


