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tuning in on the Z resonance

leptonic and heavy quark FB asymmetries in e+e– annihilation near s = MZ2

leptonic FB asymmetries in pp (pp̅) Drell-Yan in a window around mll = MZ

LR asymmetry (SLC) and final state τ polarization (LEP) and their FB asymmetries
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Weak mixing angle approaches

ν scattering parity violating e– scattering (PVES)

leptonic vμ – e– e– – e–

DIS heavy nuclei (NuTeV) deuteron (E–122, PVDIS, SoLID)

elastic CEvNS (COHERENT) proton, 12C (Qweak, P2)

APV heavy alkali atoms and ions isotope ratios (Mainz)
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Weak mixing angle approaches

ν scattering parity violating e– scattering (PVES)

leptonic vμ – e– e– – e–

DIS heavy nuclei (NuTeV) deuteron (E–122, PVDIS, SoLID)

elastic CEvNS (COHERENT) proton, 12C (Qweak, P2)

APV heavy alkali atoms and ions isotope ratios (Mainz)

 recent first measurements 
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COHERENT @ SNS
CsI

Eν ≈ 16 – 53 MeV

σ ~ QW2

134 ± 22 events

constraints on NSI

neutron skin?

arXiv:1708.01294

Coherent Elastic ν Nucleus Scattering (CEνNS)
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QW(N,Z) = Z (1 – 4 sin2θW) – N
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AG Budker @ JGU Mainz
Ytterbium
170Yb – 176Yb

± 0.5% per isotope

± 100% error in sin2θW

constraints on Z´ with M < 100 keV

∆sin2θW = ± 0.2

neutron skin?

arXiv:1804.05747

Atomic parity violation in an isotope chain
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4 Dominik Becker et al.: The P2 Experiment

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

Detector

Scattered electrons

Proton target Beam dump

Longitudinally
polarized 
beam electrons

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

N NNN

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

✓
d�±

ep

d⌦

◆
=

✓
↵em

4mpQ2

Ef

Ei

◆2 ��M±
ep

��2, (5)

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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Parity Violating e– Scattering (PVES) — Elastic
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Qweak @ CEBAF (JLab)
hydrogen (completed)

Ee = 1165 MeV       

|Q| = 158 MeV

APV = 2.3 × 10–7       

∆APV = ± 4.1%

∆QW(p) = ± 6.25%

∆sin2θW = ± 0.0011

FFs from fit to ep asymmetries

arXiv:1905.08283
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arXiv:1905.08283

LETTERRESEARCH

backgrounds and corrections associated with each of the two halves of 
the experiment, are provided in Methods.

The asymmetry measurement results are Aep = −223.5 ± 15.0 
(statistical) ± 10.1 (systematic) p.p.b. in the first half of the experi-
ment, and Aep = −227.2 ± 8.3 (statistical) ± 5.6 (systematic) p.p.b. in 
the second half. These values are in excellent agreement with each 
other and consistent with our previously published commissioning 
result3. Accounting for correlations in some systematic uncertainties  
between the two measurement periods, the combined result is 
Aep = −226.5 ± 7.3 (statistical) ± 5.8 (systematic) p.p.b. The total 
uncertainty achieved (9.3 p.p.b.) sets a new level of precision for  
parity-violating electron scattering (PVES) from a nucleus.

The relationship between the measured asymmetries Aep and the 
proton’s weak charge Qw

p  is expressed by equation (3), where the  
hadronic-structure-dependent term B(Q2, θ) grows with the momen-
tum transfer Q2. Higher-Q2 data from previous PVES experiments (see 
online references, Methods) were included in a global fit3,7,8 to con-
strain the proton-structure contributions for the short extrapolation 
from our datum to Q2 = 0 in order to determine Qw

p, the intercept of 
equation (3). The average Q2 of this experiment (0.0248 GeV2 c−2) is 
much smaller than that of any other PVES experiments used in this fit, 
with correspondingly smaller contributions from the proton structure. 
The superior precision of the Qweak measurement tightly constrains the 
fit near Q2 = 0, where the connection to Qw

p can be made.
The parameters of the global fit3,7,8 to the PVES data are the  

axial-electron–vector-quark weak-coupling constants C1u and C1d, the 
strange charge radius ρs and strange magnetic moment µs (which char-
acterize the strength of the proton’s electric and magnetic strange-quark 
form factors) and the strength of the neutral weak (Z0 exchange) isovector  
(T = 1) axial form factor =G Z T

A
( 1). The EM form factors GE and GM used 

in the fit were taken from ref. 9; uncertainties in this input were 
accounted for in the result for Qw

p and in its uncertainty.
The ep asymmetries shown in Fig. 2 were corrected1,3 for the energy- 

dependent part of the γZ-box weak radiative correction10–13 and its 
uncertainty. No other electroweak radiative corrections need to be 
applied to determine Qw

p. However, ordinary electromagnetic radiative 
corrections (bremsstrahlung) were accounted for in the asymmetries 
used in the fit, including our datum. Details of the fitting procedure, as 

well as a description of the corrections applied to the asymmetry for 
this experiment, are described in Methods.

The global fit is shown in Fig. 2 together with the ep data, expressed 
as Aep(Q2, θ = 0)/Α0. To isolate the Q2 dependence for this figure,  
the θ dimension was projected to 0° by subtracting [Acalc(Q2, θ) −  
Acalc(Q2, θ = 0)] from the measured asymmetries Aep(Q2, θ), as 
described in refs 3,8. Here Acalc refers to the asymmetries determined 
from the global fit. The fit includes all relevant PVES data for the 
scattering of polarized electrons on protons (ep), deuterons (e2H) and 
4He (e4He); see Methods. The PVES database provides a data-driven 
(as opposed to a more theoretical) constraint on the nucleon structure 
uncertainties in the extrapolation to Q2 = 0. We consider this to be 
the best method to provide our main result (denoted in Table 1 as 

e

e

J

J

p
Z0

Z0

Fig. 1 | Parity-violating electron scattering from the proton. An 
incoming electron, e, with helicity +1 scatters away from the plane of  
the ‘parity-violating mirror’. The image in the parity-violating mirror 
shows the incoming electron with the opposite helicity, −1; instead of 
scattering into the plane of the parity-violating mirror (as it would in a  
real mirror), it scatters out of the plane of the parity-violating mirror.  
The dominant electromagnetic interaction, mediated by the photon  
(γ, blue wavy line), conserves parity. The weak interaction, mediated 
by the neutral Z0 boson (dashed red line), violates parity. The weak 
interaction is studied experimentally by exploiting parity violation through 
reversals of the incident-beam helicity, which mimic the parity-violating 
mirror ‘reflection’.
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Fig. 2 | The reduced asymmetry θ= / = +A A Q Q B Q 0( , )ep 0 w
p 2 2  versus Q2.  

The global fit is illustrated using ep asymmetries from this experiment 
(Qweak 2018), from the commissioning phase of this experiment3 (Qweak 
2013), as well as from the earlier experiments HAPPEX, SAMPLE, PVA4 
and G0 (see Methods), projected to θ = 0° and reduced by a factor A0(Q2) 
appropriate for each datum. The data shown here include the γZ-box 
radiative correction and uncertainty. Inner error bars correspond to one 
standard deviation (s.d.) and include statistical and systematic uncertainties. 
Outer error bars on the data indicate the additional uncertainty estimated 
from the forward-angle projection (for some data points, inner and outer 
error bars coincide). The solid line represents the global fit to the complete 
PVES database (see Methods), and the yellow band indicates the fit 
uncertainty (1 s.d.). The arrowhead at Q2 = 0 indicates the standard-model 
prediction2, = .Q 0 0708(3)w

p , which agrees well with the intercept of the fit 
( = . ± .Q 0 0719 0 0045w

p ). The inset shows a magnification of the region 
around this experiment’s result, at 〈 〉 = . −Q c0 0248 GeV2 2 2.

Table 1 | Results extracted from the asymmetry measured in the 
Qweak experiment

Method Quantity Value Error

PVES fit Qw
p 0.0719 0.0045

ρs 0.20 0.11
µs −0.19 0.14

=GZ T
A

( 1) −0.64 0.30
PVES fit + APV Qw

p 0.0718 0.0044
Qw

n −0.9808 0.0063
C1u −0.1874 0.0022
C1d 0.3389 0.0025
C1 correlation −0.9318

PVES fit + LQCD Qw
p 0.0685 0.0038

Qweak datum only Qw
p 0.0706 0.0047

Standard model Qw
p 0.0708 0.0003

‘PVES fit’ refers to a global fit incorporating the Qweak result and the PVES database, as described 
in Methods. When combined with APV14,15 (to improve the C1d precision), this method is denoted 
as ‘PVES fit + APV’. If the strange form factors in the global fit (without APV) are constrained to 
match LQCD calculations16, we label the result as ‘PVES fit + LQCD’. The method labelled ‘Qweak 
datum only’ uses the Qweak datum, together with electromagnetic9, strange16 and axial18 form 
factors from the literature in lieu of the global fit. Uncertainties are 1 s.d.

N A T U R E | www.nature.com/nature
© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



need full 1-loop QED under 
experiment-specific conditions

box diagrams (γZ-box)

enhanced 2-loop electroweak 
(γWW-double box)

running weak mixing angle

unknown neutron distribution 
(neutron skin for heavier nuclei)
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Theory issues in PVES

Blunden et al., arXiv:1102.5334
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Parity Violating e– Scattering (PVES) — Elastic
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P2 @ MESA (JGU Mainz)
hydrogen (CDR)

Ee = 155 MeV       

|Q| = 67 MeV

APV = 4 × 10–8       

∆APV = ± 1.4%

∆QW(p) = ± 1.83%

∆sin2θW = ± 0.00033

FFs from backward angle data

arXiv:1802.04759
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Effective couplings (Wilson coefficients)
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Parity Violating e– Scattering (PVES) — Elastic
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Qweak @ CEBAF
H (completed)

Ee = 1165 MeV       

|Q| = 158 MeV

APV = 2.3 × 10–7       

∆APV = ± 4.1%

∆QW(p) = ± 6.25%

∆sin2θW = ± 0.0011

FFs from fit

arXiv:1905.08283

P2 @ MESA
H (CDR)

Ee = 155 MeV       

|Q| = 67 MeV

APV = 4 × 10–8       

∆APV = ± 1.4%

∆QW(p) = ± 1.83%

∆sin2θW = ± 0.00033

FFs from backward angles

arXiv:1802.04759

P2 @ MESA
12C (CDR)

Ee = 150 MeV       

APV = 6 × 10–7       

∆APV = ± 0.3%

∆QW(12C) = ± 0.3%

∆sin2θW = ± 0.0007

neutron skin?

only one FF

arXiv:1802.04759
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Scale exclusions post Qweak
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Parity Violating e– Scattering (PVES) — Møller

 15

E158 @ SLC (SLAC)
hydrogen (completed)

Ee = 45 & 48 GeV       

|Q| = 161 MeV

APV = 1.31 × 10–7       

∆APV = ± 13%

∆QW(e) = ± 13%

∆sin2θW = ± 0.0013

hep-ex/0504049

MOLLER @ CEBAF (JLab)
hydrogen (proposal)

Ee = 11.0 GeV       

|Q| = 76 MeV

APV = 3.3 × 10–8       

∆APV = ± 2.4%

∆QW(e) = ± 2.4%

∆sin2θW = ± 0.00027

arXiv:1411.4088
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Weak mixing angle measurements
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Weak mixing angle measurements
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2-loop QCD correction
with mb ≠ 0

new measured 
transition vector polarizability

Tho et al.
arXiv:1905.02768

Bernreuther et al.
arXiv:1611.07942



Electroweak fits



Various groups, programs, approaches, renormalization schemes: 

GAPP (M̅S ̅scheme, FORTRAN, options for BSM fits, used for PDG)  
JE, hep-ph/0005084

Gfitter (on-shell scheme, C++)  
Flächer et al., arXiv:0811.0009

HEPfit (on-shell scheme, allows fit to Wilson coefficients)  
de Blas et al., arXiv:1608.01509

ZFITTER (on-shell scheme, FORTRAN, used for LEPEWWG)  
Bardin et al., hep-ph/9412201

Global electroweak fits
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Weak mixing angle measurements
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0.23149 ± 0.00013

0.23153 ± 0.00004
global fit

Tevatron:
0.23148 ± 0.00033

LHC:
0.23131 ± 0.00033

LEP & SLC:
0.23153 ± 0.00016

average direct
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W boson mass measurements
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80.2 80.3 80.4 80.5 80.6

MW [GeV]

ATLAS

D0 Run II

D0 Run I

CDF Run II

CDF Run I

OPAL

L3

DELPHI

ALEPH

LEP
Tevatron
LHC
world average
SM

average direct

indirect

80.379 ± 0.012 GeV

80.357 ± 0.006 GeV

including
correlated theory errors 



loop factors including enhancement factors NC = NF = 3 or sin–2θW ≈ mt2∕MW2 ≈ 4:

                          8 α(MW)∕π = 0.020 (QED)

                         3 αs(MW)∕π = 0.116 (QCD)

        3 α(MW)∕π sin2θW(MW) = 0.032 (CC)

(3 – 6 s2W + 8 s4W)/π s2W c2W = 0.029 (NC) 

∆SZ = ± 0.0034 (may be combined with ∆αhad),  

∆T = ± 0.0073 (t-b doublet) 

∆U = SW – SZ = ± 0.0051

assuming ∆SZ, ∆T and ∆U to be sufficiently different (uncorrelated) induces theory 
correlations between different observables        Schott & JE, arXiv:1902.05142

Theoretical uncertainties and correlations

�21

}



Dispersive approach: integral over σ(e+e– → hadrons) and τ-decay data

α–1(MZ) = 128.958 ± 0.016                           Jegerlehner, arXiv:1711.06089

α–1(MZ) = 128.946 ± 0.015                  Keshavarzi et al., arXiv:1802.02995
α–1(MZ) = 128.946 ± 0.013                          Davier et al., arXiv:1908.00921

α–1(MZ) = 128.949 ± 0.010     Ferro-Hernández & JE, arXiv:1712.09146
converted from the M̅S ̅scheme and uses e+e– annihilation and τ spectral functions      

PQCD for √s > 2 GeV (using m̅c & m̅b)

(anti)correlation with gµ – 2 at two (three) loop order and with sin2θW(0)

α(MZ)

�22
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MH – mt

 23

160 165 170 175 180 185

mt [GeV]

10

20
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50

100
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1000

M
H
 [G

eV
]

ΓZ, σhad, Rl, Rq (1σ)
Z pole asymmetries (1σ)
MW (1σ)
direct mt (1σ)
direct MH
all except direct MH (90%)

indirect mt  

176.4 ± 1.8 GeV (2.0 σ high)

indirect MH 

90+17–15 GeV (1.9 σ low)

including theory error

91+18–16 GeV (1.8 σ low)
using mtpole = 170.5 ± 0.8 GeV 
from CMS arXiv:1905.08283 
instead (see Davide Melini on 
Wednesday morning)

74+16–14 GeV (2.7 σ low)
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MH at the FCC–ee
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parameter current value FCC-ee unc.- parameter current value FCC-ee unc-
target target

MH 125.09± 0.15 GeV ±0.1 GeV MZ 91.1875± 0.0021 GeV < 0.1 MeV
MW 80.380± 0.013 GeV ±0.6 MeV �Z 2.4952± 0.0023 GeV < 0.1 MeV
�W 2.085± 0.042 GeV ±1.0 MeV �0

had 41.540± 0.037 nb 0.004 nb
mt 172.90± 0.47 GeV ±15 MeV Rb 0.21629± 0.00066 < 0.00006

�↵had ⇥ 105 2758± 10 ±2 AFB

LR (b) 0.0992± 0.0016 ±0.0001

Table 1. Overview of selected observables, their values und current uncertainties which are used
or determined within the global electroweak fit [1]. The future expected FCC-ee uncertainties are
also shown [4].
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Figure 1. Comparisons of �2 distributions for different observables using Gfitter and GAPP and
the current experimental values and uncertainties. The theoretical uncertainties are indicated by
the filled blue and yellow areas, respectively.

80 90 100 110 120 130 140 150 160
 [GeV]Hm

1
2
3
4

5
6
7

8
9

102 χ Δ

 with FCC UncertantiesHIndirect Determination of m
Measurement

EWK Fit (GAPP)

155 160 165 170 175 180 185
 [GeV]tm

1
2
3
4

5
6
7

8
9

102 χ Δ

 with FCC UncertaintiestIndirect Determination of m
Measurement

EWK Fit (GAPP)

80.33 80.34 80.35 80.36 80.37 80.38 80.39
 [GeV]Wm

1
2
3
4

5
6
7

8
9

102 χ Δ

 with FCC UncertaintiesWIndirect Determination of m
Measurement

EWK Fit (GAPP)

Figure 2. Comparisons of �2 distributions for different observables using GAPP with the current
experimental values and but the expected uncertainties from FCC.

Thus, the indirect test of the internal consistency of the electroweak sector would be brought
to a new level. Likewise, the number of active neutrinos N⌫ can be constrained within
±0.0006 compared to the current result N⌫ = 2.992± 0.007.
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(theory errors ignored)

∆MW = ± 0.2 MeV
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new developments: 

coherent ν-scattering

high precision PVES

APV isotope ratios

change in AFB(b) from LEP

change QW(Cs) from APV

future developments:

ultra-high precision PVES (MOLLER and P2)

a leap in precision can be expected from future lepton colliders 

Summary
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