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2 Determining the Weak Mixing Angle from
Parity Violating Electron Scattering

In this chapter, the experimental method for measuring
the proton’s weak charge QW(p) is presented and the
achievable precision in the determination of the electroweak
mixing angle sin2 ✓W is discussed.

2.1 Experimental method

For the P2 experiment, MESA will provide a beam of lon-
gitudinally polarized electrons. The beam energy will be

Ebeam = 155MeV (1)

and the beam current is scheduled to be

Ibeam = 150µA. (2)

The helicity of the beam electrons will be switched with
a frequency f ⇠ 1 kHz. The beam electrons impinge on
an unpolarized `H2-target with a length of L = 600mm
oriented along the beam direction. The electrons, which
are scattered elastically o↵ the protons, are detected in an
azimuthally symmetric Cherenkov detector. Figure 3 il-
lustrates the measurement principle. Since the luminosity
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Longitudinally
polarized 
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Fig. 3. Experimental method to be used in the P2 experiment:
A longitudinally polarized beam of electrons is impinged on a
long proton target. For each helicity state of the beam electrons
the elastically scattered electrons are detected.

L of the P2 experiment is projected to be

L = Ibeam/e · ⇢part · L = 2.38 ⇥ 1039 cm�2s�1, (3)

where e is the elementary charge and ⇢part is the proton
density in `H2, the total rate of the electrons scattered
elastically o↵ protons which needs to be detected is in the
order of 0.1 THz. This makes an integrating measurement
of the event rates necessary.

2.1.1 Parity-violating asymmetry in elastic electron-proton

scattering

The main observable in the P2 experiment is the parity-
violating asymmetry APV in elastic electron-proton scat-
tering. It is an asymmetry in the cross section which may

be defined by

APV
⌘

d�+
ep � d��

ep

d�+
ep + d��

ep
. (4)

In this equation, d�±
ep is the di↵erential cross section for

the elastic scattering of electrons with helicity ±1/2 o↵
unpolarized protons.

e e ee
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Fig. 4. Feynman diagrams showing the exchange of a virtual
photon and Z-boson in the process of electron-nucleon scatter-
ing.

APV is due to the interference between the exchange of
a virtual photon and a Z-boson in the scattering process,
both of which are illustrated in Fig. 4. The di↵erential
cross section of the scattering process can be written
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where ↵em is the electromagnetic coupling, mp is the pro-
ton mass, and

Q2
⇡ 4EiEf sin

2 (✓f/2) (6)

is the negative square of the 4-momentum transfer be-
tween electron and proton. Here, the electron mass can be
neglected. Ei is the electron’s initial state energy, Ef the
energy of the scattered electron and ✓f the scattering angle
with respect to the beam direction. M

±
ep is the transition

matrix element, at leading order given by the Feynman
diagrams shown in Fig. 4.

The resulting parity-violating helicity asymmetry is
written as

APV =
�GFQ2

4⇡↵em

p
2

⇥
QW(p) � F (Ei, Q

2)
⇤
, (7)

where GF is the Fermi coupling constant. Here, the weak
charge of the proton, QW(p), is defined as the limit of the
asymmetry at zero-momentum transfer, normalized such
that Eq. (7) holds, i.e., F (Ei, Q2 = 0) = 0. At non-zero
momentum transfer, the hadronic structure of the proton
has to be taken into account, parametrized by the Q2- and
energy-dependent function F (Ei, Q2). The function F is
often written as F (Ei, Q2) = Q2B(Q2) and the energy-
dependence not shown explicitly.

Based on a flavour decomposition of the matrix ele-
ments of the electromagnetic and weak neutral currents,
the form factor contribution F (Q2) is usually written as
a sum of three terms

F (Ei, Q
2) ⌘ FEM(Ei, Q

2)+FA(Ei, Q
2)+F S(Ei, Q

2), (8)
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1 Introduction and physics motivation

In the Standard Model of Elementary Particle Physics
(SM) the weak interaction is the only force that violates
parity. Over the past 30 years, the measurement of parity
violation in weak interactions has been a well established
experimental technique in atomic as well as particle and
nuclear physics. The violation of parity had been postu-
lated by the theoreticians Lee & Yang in 1956 [1]. It was
proven to be an experimental fact in nuclear physics in
1957 in the course of the Wu experiment [2] by a care-
ful analysis of the beta-decay of 60Co. In addition Gar-
win, Lederman and Weinrich had shown that the µ-decay
violates parity [3]. As first pointed out by Zeldovich in
1959 [4], the existence of a neutral partner of the charged
weak interaction responsible for �-decay, should lead to
observable parity violation in atomic physics and in elec-
tron scattering. These ideas preceded the development of
the electroweak theory, and were confirmed experimen-
tally by Prescott in electron scattering at SLAC [5] and
in cesium atoms by Bouchiat [6]. In the rest of this article
we concentrate on parity violation in electron scattering.

Since then, many parity-violating electron scattering
experiments have been performed, all summarized in Fig. 1.
Prescott’s experiment was followed by an experiment of
the Mainz group of Otten and Heil [8] and another one at
MIT-Bates on a 12C target [7]. Their experimental tech-
niques were pioneering and are used still today. They were
also ground-breaking in establishing parity-violation and
making the first measurements of SM parameters from
electron scattering (see the green points in Fig. 1 labeled
“Pioneering”).

It was first pointed out by Kaplan and Manohar in
1988 [9] that one can get access to a possible contribution
of strange quarks to the electromagnetic form factors of
the nucleon by measuring its weak electric and magnetic
form factors in parity-violating electron scattering. This
triggered a whole series of parity-violation electron scat-
tering experiments at the MIT-Bates accelerator, at the
MAMI accelerator in Mainz as well as at JLab’s CEBAF
in Newport News (see [10,11,12,13,14] for review articles,
blue points in Fig. 1 labeled “Strange Quark Studies”).
An accurate measurement of the neutron distribution in
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Fig. 1. Overview over past and future electron scattering
experiments. From the very early measurements at SLAC,
at Bates and in Mainz up to today, parity-violating electron
scattering has become a well established technique to explore
hadron physics, nuclear physics and particle physics, depend-
ing on kinematics and target. The point labelled MESA-P2
is the P2 experiment at the MESA accelerator employing a
`H2-Target. The point labeled MESA-12C denotes the P2 ex-
perimental facility with a 12C target.

heavier nuclei and especially the so called “neutron skin”
can be obtained from parity-violating electron scattering
on heavy nuclei like lead. The associated parity-violation
experiments are labeled “Neutron Radius” in Fig. 1. In
recent years, proposals have been worked out, to measure
the weak charge of the proton, the electron or the ra-
tio of quark charges. Those are labeled “Standard Model
Tests” in Fig. 1. The parity-violating electron scattering
experiments at the new Mainz MESA accelerator, are the
subject of this manuscript.

In the P2 experiment, parity-violation in elastic elec-
tron-proton scattering at low momentum transfer, Q2, will
provide experimental access to the proton’s weak charge
QW(p), the analog of the electric charge which determines
the strength of the neutral-current weak interaction. In
the SM, QW(p) is related to the electroweak mixing an-
gle, sin2 ✓W. The weak charge of the proton is particularly
interesting, compared to that of other nuclei, since it is
suppressed in the SM and therefore sensitive to hypothet-
ical new physics e↵ects. The SM also provides a firm pre-
diction for the energy-scale dependence of the running of
sin2 ✓W. This scale dependence, defined in the MS scheme,
is shown in Fig. 2 together with the anticipated sensitivity
of the measurement of the weak mixing angle at P2 com-
pared to other forthcoming determinations (blue points)
and existing measurements (red points).

A precise measurement of the weak charge provides,
therefore, a precision test of the SM and its predictions.
The envisaged measurement of the P2 experiment at low
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     Fig. 3. a) Isotopic variation of ζ/β. Error bars represent the statistical and systematic error combined in 

quadrature. Uncertainties in the parameters of the weighted fit to the data refer to the 1σ errors. The weight assigned 

to each data point is the inverse square of the corresponding error bar shown in the plot. The intercept of the fitted 

line that depends on the contribution of the protons is small; it is consistent with the expected ≈−1.2 mV/cm proton 

contribution to −ζ/β, which provides additional confirmation that the effect measured in this experiment is indeed 

due to neutrons (i.e. due to the weak charge). This expected proton contribution is estimated as follows: the weak 

charge carried by protons is Qp≈5 (see text) which, for the mean neutron number N=103 in these measurements, 

corresponds to a fraction of the total weak charge of equation (3) of Qp/QW  ≈−0.0515 or to a contribution to −ζ/β of 

(−ζ/β)p=(Qp/QW)·(−ζ/β)N=103 ≈−1.2 mV/cm.  b) Bounds on light Z´-mediated PV electron-proton interactions.  

The black line represents the 1σ limit on the particular coupling, shown for a large range of the boson mass mZ´. The 

colored region in the plot corresponds to the parameter space excluded by the Yb experiment. The low-mass        

(mZ´ <100 eV/c2) limit for the coupling  𝑔𝑒
𝐴𝑔𝑝

𝑉 = 1.6 ∙ 10−12 , and the corresponding large-mass asymptotic limit 

(mZ´ >100 MeV/c2) is  𝑔𝑒
𝐴𝑔𝑝

𝑉 /𝑚Z´
2 = 1.3 ∙ 10−6 (GeV)−2. c) Bounds on light Z´-mediated PV electron-neutron 

interactions. This result comes from combining existing limits on the effective electron-nucleon coupling, derived 

from the Cs PV experiment [4], with the Yb experiment limits shown in b).  The low-mass limit for the interaction is 

 𝑔𝑒
𝐴𝑔𝑛

𝑉 = 1.2 ∙ 10−12 , and the corresponding large-mass asymptotic limit  is  𝑔𝑒
𝐴𝑔𝑛

𝑉 /𝑚Z´
2 = 9.3 ∙ 10−7 (GeV)−2. 
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594 51. Plots of cross sections and related quantities
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Figure 51.3: R in the light-flavor, charm, and beauty threshold regions. Data errors are total below 2 GeV and statistical above 2 GeV.
The curves are the same as in Fig. 51.2. Note: CLEO data above Υ(4S) were not fully corrected for radiative effects, and we retain
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