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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 
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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 !t 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 !t + 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 !t + 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 !t’ refers to a global !t 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 !t + APV’. If the strange form factors in the global !t (without APV) are constrained to 
match LQCD calculations16, we label the result as ‘PVES !t + 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 !t. Uncertainties are 1 s.d.
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The final result



Weak charge of the proton 
• The “charge” of the proton as seen by the neutral current

electron

proton

Z boson

Measurement of the proton’s weak charge

Qp
W = 0.0719± 0.0045
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Qp
W (Standard Model) = 0.0708± 0.0003
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~6% precision



Proton weak charge
Qp

W = 0.0719± 0.0045
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Qp
W (Standard Model) = 0.0708± 0.0003
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Theory
Qp

W = 1� 4 sin2 ✓W
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Weak mixing angle

Qp
W = 1� 4 sin2 ✓W + radiative corrections
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What does that mean for new physics?



(Running of the) Weak mixing angle 
• Deviations from Standard Model curve indicate possible new 
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‘PVES fit’), which is = . ± .Q 0 0719 0 0045w
p . Below we discuss the sensi-

tivity of this result to variations in the experimental and theoretical 
input used to determine it.

Just as the proton’s weak charge depends on its u and d quark content 
(see equation (1)), the weak charge of other nuclear systems depends 
on their (different) u and d quark content. Because ep, e2H and e4He 
data are included in the global fit, C1u and C1d are reasonably well deter-
mined. However, if the very precise atomic-parity violation (APV) 
result14,15 on 133Cs is also included in the global fit, C1u and C1d can be 
determined with greater precision and then used to extract the neu-
tron’s weak charge = − +Q C C2( 2 )w

n
1u 1d . We note that inclusion or 

exclusion of the APV result has negligible impact on our result for Qw
p, 

which is derived from the intercept of the global fit. The results for C1u, 
C1d, Qw

p  and Qw
n obtained by including APV in the PVES global fit, 

which are listed in Table 1 as ‘PVES fit + APV’, are in agreement with 
the standard-model values2.

While our preferred result is based on the data-driven analysis of 
PVES fit, the final determination of the weak charge of the proton 
does not change appreciably with additional theoretical constraints. 
One of the dominant uncertainties in the term B(Q2, θ) of equation 
(3) arises from the knowledge of the strange-quark contributions. 
These have been determined very precisely in recent theoretical  
calculations16,17 employing lattice quantum chromodynamics 
(LQCD). Using these theoretical results to constrain the extrapolation 
to Q2 = 0 results in a slightly lower weak charge and a reduction in 
the uncertainty, as shown in Table 1 (‘PVES fit + LQCD’). The APV 
result was not included in this determination of Qw

p ; its inclusion 
makes negligible difference.
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Qweak result overwhelmingly dominate the fits described above, it is 
possible to go one step further and use the Qweak datum by itself to 
determine Qw

p. The fact that the strange and axial form factors contri-
bute so little at the kinematics of the Qweak experiment (0.1% and 2.5%, 
respectively) also helps motivate this consistency check. Using the same 
electromagnetic form factors9 as in the fits above, the same lattice  
calculation16 for the strange form factors, and following the extraction 
method of ref. 18 for the axial form factor, the Qw

p  result obtained by 
using just the Qweak datum falls in-between the consistent results of the 

other determinations described above, which employ the entire PVES 
database (see Table 1, ‘Qweak datum only’). The uncertainty of the Qw
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result in this case includes an additional uncertainty (4.6 p.p.b.) due to 
the calculated form factors, but is only 4% larger than the uncertainty 
of the global fit result, which uses the entire PVES database. The dom-
inant correction, from the electromagnetic form factors (23.7%), is well 
known in the low-Q2 regime of the Qweak experiment.

The Qw
p  determinations described above can be used to test the  
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include statistical and systematic uncertainties.
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tivity of this result to variations in the experimental and theoretical 
input used to determine it.
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(see equation (1)), the weak charge of other nuclear systems depends 
on their (different) u and d quark content. Because ep, e2H and e4He 
data are included in the global fit, C1u and C1d are reasonably well deter-
mined. However, if the very precise atomic-parity violation (APV) 
result14,15 on 133Cs is also included in the global fit, C1u and C1d can be 
determined with greater precision and then used to extract the neu-
tron’s weak charge = − +Q C C2( 2 )w
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1u 1d . We note that inclusion or 

exclusion of the APV result has negligible impact on our result for Qw
p, 

which is derived from the intercept of the global fit. The results for C1u, 
C1d, Qw

p  and Qw
n obtained by including APV in the PVES global fit, 

which are listed in Table 1 as ‘PVES fit + APV’, are in agreement with 
the standard-model values2.

While our preferred result is based on the data-driven analysis of 
PVES fit, the final determination of the weak charge of the proton 
does not change appreciably with additional theoretical constraints. 
One of the dominant uncertainties in the term B(Q2, θ) of equation 
(3) arises from the knowledge of the strange-quark contributions. 
These have been determined very precisely in recent theoretical  
calculations16,17 employing lattice quantum chromodynamics 
(LQCD). Using these theoretical results to constrain the extrapolation 
to Q2 = 0 results in a slightly lower weak charge and a reduction in 
the uncertainty, as shown in Table 1 (‘PVES fit + LQCD’). The APV 
result was not included in this determination of Qw

p ; its inclusion 
makes negligible difference.

Because the proximity to threshold (Q2 → 0) and precision of our 
Qweak result overwhelmingly dominate the fits described above, it is 
possible to go one step further and use the Qweak datum by itself to 
determine Qw

p. The fact that the strange and axial form factors contri-
bute so little at the kinematics of the Qweak experiment (0.1% and 2.5%, 
respectively) also helps motivate this consistency check. Using the same 
electromagnetic form factors9 as in the fits above, the same lattice  
calculation16 for the strange form factors, and following the extraction 
method of ref. 18 for the axial form factor, the Qw

p  result obtained by 
using just the Qweak datum falls in-between the consistent results of the 

other determinations described above, which employ the entire PVES 
database (see Table 1, ‘Qweak datum only’). The uncertainty of the Qw
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result in this case includes an additional uncertainty (4.6 p.p.b.) due to 
the calculated form factors, but is only 4% larger than the uncertainty 
of the global fit result, which uses the entire PVES database. The dom-
inant correction, from the electromagnetic form factors (23.7%), is well 
known in the low-Q2 regime of the Qweak experiment.
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effects, such as neutron-excess corrections to the quark momenta, charge-
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tivity of this result to variations in the experimental and theoretical 
input used to determine it.

Just as the proton’s weak charge depends on its u and d quark content 
(see equation (1)), the weak charge of other nuclear systems depends 
on their (different) u and d quark content. Because ep, e2H and e4He 
data are included in the global fit, C1u and C1d are reasonably well deter-
mined. However, if the very precise atomic-parity violation (APV) 
result14,15 on 133Cs is also included in the global fit, C1u and C1d can be 
determined with greater precision and then used to extract the neu-
tron’s weak charge = − +Q C C2( 2 )w

n
1u 1d . We note that inclusion or 

exclusion of the APV result has negligible impact on our result for Qw
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which is derived from the intercept of the global fit. The results for C1u, 
C1d, Qw

p  and Qw
n obtained by including APV in the PVES global fit, 

which are listed in Table 1 as ‘PVES fit + APV’, are in agreement with 
the standard-model values2.

While our preferred result is based on the data-driven analysis of 
PVES fit, the final determination of the weak charge of the proton 
does not change appreciably with additional theoretical constraints. 
One of the dominant uncertainties in the term B(Q2, θ) of equation 
(3) arises from the knowledge of the strange-quark contributions. 
These have been determined very precisely in recent theoretical  
calculations16,17 employing lattice quantum chromodynamics 
(LQCD). Using these theoretical results to constrain the extrapolation 
to Q2 = 0 results in a slightly lower weak charge and a reduction in 
the uncertainty, as shown in Table 1 (‘PVES fit + LQCD’). The APV 
result was not included in this determination of Qw

p ; its inclusion 
makes negligible difference.

Because the proximity to threshold (Q2 → 0) and precision of our 
Qweak result overwhelmingly dominate the fits described above, it is 
possible to go one step further and use the Qweak datum by itself to 
determine Qw

p. The fact that the strange and axial form factors contri-
bute so little at the kinematics of the Qweak experiment (0.1% and 2.5%, 
respectively) also helps motivate this consistency check. Using the same 
electromagnetic form factors9 as in the fits above, the same lattice  
calculation16 for the strange form factors, and following the extraction 
method of ref. 18 for the axial form factor, the Qw

p  result obtained by 
using just the Qweak datum falls in-between the consistent results of the 

other determinations described above, which employ the entire PVES 
database (see Table 1, ‘Qweak datum only’). The uncertainty of the Qw

p 
result in this case includes an additional uncertainty (4.6 p.p.b.) due to 
the calculated form factors, but is only 4% larger than the uncertainty 
of the global fit result, which uses the entire PVES database. The dom-
inant correction, from the electromagnetic form factors (23.7%), is well 
known in the low-Q2 regime of the Qweak experiment.

The Qw
p  determinations described above can be used to test the  

prediction of the standard model for sin2θW, the fundamental  
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from APV on caesium14,15, Møller scattering (E158)22, deep inelastic 
scattering of polarized electrons on deuterons (e2H; PVDIS)23 and from 
neutrino–nucleus scattering (NuTeV)24. It has been argued25, however, 
that the latter result contains substantial unaccounted-for nuclear physics 
effects, such as neutron-excess corrections to the quark momenta, charge-
symmetry breaking and strange-quark momentum asymmetries. Our new 
result is plotted in red at the energy scale of the Qweak experiment, 
Q = 0.158 GeV (slightly offset horizontally for clarity). Error bars (1 s.d.) 
include statistical and systematic uncertainties.
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p . Below we discuss the sensi-

tivity of this result to variations in the experimental and theoretical 
input used to determine it.

Just as the proton’s weak charge depends on its u and d quark content 
(see equation (1)), the weak charge of other nuclear systems depends 
on their (different) u and d quark content. Because ep, e2H and e4He 
data are included in the global fit, C1u and C1d are reasonably well deter-
mined. However, if the very precise atomic-parity violation (APV) 
result14,15 on 133Cs is also included in the global fit, C1u and C1d can be 
determined with greater precision and then used to extract the neu-
tron’s weak charge = − +Q C C2( 2 )w

n
1u 1d . We note that inclusion or 

exclusion of the APV result has negligible impact on our result for Qw
p, 

which is derived from the intercept of the global fit. The results for C1u, 
C1d, Qw

p  and Qw
n obtained by including APV in the PVES global fit, 

which are listed in Table 1 as ‘PVES fit + APV’, are in agreement with 
the standard-model values2.

While our preferred result is based on the data-driven analysis of 
PVES fit, the final determination of the weak charge of the proton 
does not change appreciably with additional theoretical constraints. 
One of the dominant uncertainties in the term B(Q2, θ) of equation 
(3) arises from the knowledge of the strange-quark contributions. 
These have been determined very precisely in recent theoretical  
calculations16,17 employing lattice quantum chromodynamics 
(LQCD). Using these theoretical results to constrain the extrapolation 
to Q2 = 0 results in a slightly lower weak charge and a reduction in 
the uncertainty, as shown in Table 1 (‘PVES fit + LQCD’). The APV 
result was not included in this determination of Qw

p ; its inclusion 
makes negligible difference.

Because the proximity to threshold (Q2 → 0) and precision of our 
Qweak result overwhelmingly dominate the fits described above, it is 
possible to go one step further and use the Qweak datum by itself to 
determine Qw

p. The fact that the strange and axial form factors contri-
bute so little at the kinematics of the Qweak experiment (0.1% and 2.5%, 
respectively) also helps motivate this consistency check. Using the same 
electromagnetic form factors9 as in the fits above, the same lattice  
calculation16 for the strange form factors, and following the extraction 
method of ref. 18 for the axial form factor, the Qw

p  result obtained by 
using just the Qweak datum falls in-between the consistent results of the 

other determinations described above, which employ the entire PVES 
database (see Table 1, ‘Qweak datum only’). The uncertainty of the Qw

p 
result in this case includes an additional uncertainty (4.6 p.p.b.) due to 
the calculated form factors, but is only 4% larger than the uncertainty 
of the global fit result, which uses the entire PVES database. The dom-
inant correction, from the electromagnetic form factors (23.7%), is well 
known in the low-Q2 regime of the Qweak experiment.

The Qw
p  determinations described above can be used to test the  
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scattering of polarized electrons on deuterons (e2H; PVDIS)23 and from 
neutrino–nucleus scattering (NuTeV)24. It has been argued25, however, 
that the latter result contains substantial unaccounted-for nuclear physics 
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symmetry breaking and strange-quark momentum asymmetries. Our new 
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tivity of this result to variations in the experimental and theoretical 
input used to determine it.

Just as the proton’s weak charge depends on its u and d quark content 
(see equation (1)), the weak charge of other nuclear systems depends 
on their (different) u and d quark content. Because ep, e2H and e4He 
data are included in the global fit, C1u and C1d are reasonably well deter-
mined. However, if the very precise atomic-parity violation (APV) 
result14,15 on 133Cs is also included in the global fit, C1u and C1d can be 
determined with greater precision and then used to extract the neu-
tron’s weak charge = − +Q C C2( 2 )w
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1u 1d . We note that inclusion or 

exclusion of the APV result has negligible impact on our result for Qw
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which is derived from the intercept of the global fit. The results for C1u, 
C1d, Qw

p  and Qw
n obtained by including APV in the PVES global fit, 

which are listed in Table 1 as ‘PVES fit + APV’, are in agreement with 
the standard-model values2.

While our preferred result is based on the data-driven analysis of 
PVES fit, the final determination of the weak charge of the proton 
does not change appreciably with additional theoretical constraints. 
One of the dominant uncertainties in the term B(Q2, θ) of equation 
(3) arises from the knowledge of the strange-quark contributions. 
These have been determined very precisely in recent theoretical  
calculations16,17 employing lattice quantum chromodynamics 
(LQCD). Using these theoretical results to constrain the extrapolation 
to Q2 = 0 results in a slightly lower weak charge and a reduction in 
the uncertainty, as shown in Table 1 (‘PVES fit + LQCD’). The APV 
result was not included in this determination of Qw

p ; its inclusion 
makes negligible difference.

Because the proximity to threshold (Q2 → 0) and precision of our 
Qweak result overwhelmingly dominate the fits described above, it is 
possible to go one step further and use the Qweak datum by itself to 
determine Qw

p. The fact that the strange and axial form factors contri-
bute so little at the kinematics of the Qweak experiment (0.1% and 2.5%, 
respectively) also helps motivate this consistency check. Using the same 
electromagnetic form factors9 as in the fits above, the same lattice  
calculation16 for the strange form factors, and following the extraction 
method of ref. 18 for the axial form factor, the Qw

p  result obtained by 
using just the Qweak datum falls in-between the consistent results of the 

other determinations described above, which employ the entire PVES 
database (see Table 1, ‘Qweak datum only’). The uncertainty of the Qw

p 
result in this case includes an additional uncertainty (4.6 p.p.b.) due to 
the calculated form factors, but is only 4% larger than the uncertainty 
of the global fit result, which uses the entire PVES database. The dom-
inant correction, from the electromagnetic form factors (23.7%), is well 
known in the low-Q2 regime of the Qweak experiment.
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p  determinations described above can be used to test the  

prediction of the standard model for sin2θW, the fundamental  

Q (GeV)

APV
(133Cs)

Qweak
(ep)

E158
(ee) NuTeV

(Q-nucleus)

Tevatron
LHC

LEP1
SLC

PVDIS
(e2H)

0.243

0.241

0.239

0.237

0.235

0.233

0.231

0.229
10–4 10–2 100 102 104

si
n2  
T W

 (Q
) M

S

Fig. 3 | Variation of sin2θW with energy scale Q. The modified-minimal-
subtraction (MS) scheme is shown as the solid curve2,19, together with 
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scattering of polarized electrons on deuterons (e2H; PVDIS)23 and from 
neutrino–nucleus scattering (NuTeV)24. It has been argued25, however, 
that the latter result contains substantial unaccounted-for nuclear physics 
effects, such as neutron-excess corrections to the quark momenta, charge-
symmetry breaking and strange-quark momentum asymmetries. Our new 
result is plotted in red at the energy scale of the Qweak experiment, 
Q = 0.158 GeV (slightly offset horizontally for clarity). Error bars (1 s.d.) 
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‘PVES fit’), which is = . ± .Q 0 0719 0 0045w
p . Below we discuss the sensi-

tivity of this result to variations in the experimental and theoretical 
input used to determine it.

Just as the proton’s weak charge depends on its u and d quark content 
(see equation (1)), the weak charge of other nuclear systems depends 
on their (different) u and d quark content. Because ep, e2H and e4He 
data are included in the global fit, C1u and C1d are reasonably well deter-
mined. However, if the very precise atomic-parity violation (APV) 
result14,15 on 133Cs is also included in the global fit, C1u and C1d can be 
determined with greater precision and then used to extract the neu-
tron’s weak charge = − +Q C C2( 2 )w

n
1u 1d . We note that inclusion or 

exclusion of the APV result has negligible impact on our result for Qw
p, 

which is derived from the intercept of the global fit. The results for C1u, 
C1d, Qw

p  and Qw
n obtained by including APV in the PVES global fit, 

which are listed in Table 1 as ‘PVES fit + APV’, are in agreement with 
the standard-model values2.

While our preferred result is based on the data-driven analysis of 
PVES fit, the final determination of the weak charge of the proton 
does not change appreciably with additional theoretical constraints. 
One of the dominant uncertainties in the term B(Q2, θ) of equation 
(3) arises from the knowledge of the strange-quark contributions. 
These have been determined very precisely in recent theoretical  
calculations16,17 employing lattice quantum chromodynamics 
(LQCD). Using these theoretical results to constrain the extrapolation 
to Q2 = 0 results in a slightly lower weak charge and a reduction in 
the uncertainty, as shown in Table 1 (‘PVES fit + LQCD’). The APV 
result was not included in this determination of Qw

p ; its inclusion 
makes negligible difference.

Because the proximity to threshold (Q2 → 0) and precision of our 
Qweak result overwhelmingly dominate the fits described above, it is 
possible to go one step further and use the Qweak datum by itself to 
determine Qw

p. The fact that the strange and axial form factors contri-
bute so little at the kinematics of the Qweak experiment (0.1% and 2.5%, 
respectively) also helps motivate this consistency check. Using the same 
electromagnetic form factors9 as in the fits above, the same lattice  
calculation16 for the strange form factors, and following the extraction 
method of ref. 18 for the axial form factor, the Qw

p  result obtained by 
using just the Qweak datum falls in-between the consistent results of the 

other determinations described above, which employ the entire PVES 
database (see Table 1, ‘Qweak datum only’). The uncertainty of the Qw

p 
result in this case includes an additional uncertainty (4.6 p.p.b.) due to 
the calculated form factors, but is only 4% larger than the uncertainty 
of the global fit result, which uses the entire PVES database. The dom-
inant correction, from the electromagnetic form factors (23.7%), is well 
known in the low-Q2 regime of the Qweak experiment.

The Qw
p  determinations described above can be used to test the  

prediction of the standard model for sin2θW, the fundamental  
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Fig. 3 | Variation of sin2θW with energy scale Q. The modified-minimal-
subtraction (MS) scheme is shown as the solid curve2,19, together with 
experimental determinations at the Z0 pole2 (Tevatron, LEP1, SLC, LHC), 
from APV on caesium14,15, Møller scattering (E158)22, deep inelastic 
scattering of polarized electrons on deuterons (e2H; PVDIS)23 and from 
neutrino–nucleus scattering (NuTeV)24. It has been argued25, however, 
that the latter result contains substantial unaccounted-for nuclear physics 
effects, such as neutron-excess corrections to the quark momenta, charge-
symmetry breaking and strange-quark momentum asymmetries. Our new 
result is plotted in red at the energy scale of the Qweak experiment, 
Q = 0.158 GeV (slightly offset horizontally for clarity). Error bars (1 s.d.) 
include statistical and systematic uncertainties.
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level) constraint is shown by the black ellipse. Contours of the mass reach 
Λ/g for new physics with coupling g to arbitrary quark-flavour ratios are 
indicated by dashed circles centred about the standard-model values2 
of C1u and C1d, which are denoted by the red square. b, Mass reach Λ/g 
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θh for the Qweak ‘PVES fit’ result (blue curve), for the 133Cs APV14,15 
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maxima in the blue curve at θh = tan−1(nd/nu) = tan−1(1/2) = 26.6° and 
206.6° correspond to Λ−/g = 8.4 TeV and Λ+/g = 7.4 TeV in equation (4), 
respectively.
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‘PVES fit’), which is = . ± .Q 0 0719 0 0045w
p . Below we discuss the sensi-

tivity of this result to variations in the experimental and theoretical 
input used to determine it.

Just as the proton’s weak charge depends on its u and d quark content 
(see equation (1)), the weak charge of other nuclear systems depends 
on their (different) u and d quark content. Because ep, e2H and e4He 
data are included in the global fit, C1u and C1d are reasonably well deter-
mined. However, if the very precise atomic-parity violation (APV) 
result14,15 on 133Cs is also included in the global fit, C1u and C1d can be 
determined with greater precision and then used to extract the neu-
tron’s weak charge = − +Q C C2( 2 )w

n
1u 1d . We note that inclusion or 

exclusion of the APV result has negligible impact on our result for Qw
p, 

which is derived from the intercept of the global fit. The results for C1u, 
C1d, Qw

p  and Qw
n obtained by including APV in the PVES global fit, 

which are listed in Table 1 as ‘PVES fit + APV’, are in agreement with 
the standard-model values2.

While our preferred result is based on the data-driven analysis of 
PVES fit, the final determination of the weak charge of the proton 
does not change appreciably with additional theoretical constraints. 
One of the dominant uncertainties in the term B(Q2, θ) of equation 
(3) arises from the knowledge of the strange-quark contributions. 
These have been determined very precisely in recent theoretical  
calculations16,17 employing lattice quantum chromodynamics 
(LQCD). Using these theoretical results to constrain the extrapolation 
to Q2 = 0 results in a slightly lower weak charge and a reduction in 
the uncertainty, as shown in Table 1 (‘PVES fit + LQCD’). The APV 
result was not included in this determination of Qw

p ; its inclusion 
makes negligible difference.

Because the proximity to threshold (Q2 → 0) and precision of our 
Qweak result overwhelmingly dominate the fits described above, it is 
possible to go one step further and use the Qweak datum by itself to 
determine Qw

p. The fact that the strange and axial form factors contri-
bute so little at the kinematics of the Qweak experiment (0.1% and 2.5%, 
respectively) also helps motivate this consistency check. Using the same 
electromagnetic form factors9 as in the fits above, the same lattice  
calculation16 for the strange form factors, and following the extraction 
method of ref. 18 for the axial form factor, the Qw

p  result obtained by 
using just the Qweak datum falls in-between the consistent results of the 

other determinations described above, which employ the entire PVES 
database (see Table 1, ‘Qweak datum only’). The uncertainty of the Qw

p 
result in this case includes an additional uncertainty (4.6 p.p.b.) due to 
the calculated form factors, but is only 4% larger than the uncertainty 
of the global fit result, which uses the entire PVES database. The dom-
inant correction, from the electromagnetic form factors (23.7%), is well 
known in the low-Q2 regime of the Qweak experiment.

The Qw
p  determinations described above can be used to test the  

prediction of the standard model for sin2θW, the fundamental  

Q (GeV)

APV
(133Cs)

Qweak
(ep)

E158
(ee) NuTeV

(Q-nucleus)

Tevatron
LHC

LEP1
SLC

PVDIS
(e2H)

0.243

0.241

0.239

0.237

0.235

0.233

0.231

0.229
10–4 10–2 100 102 104

si
n2  
T W

 (Q
) M

S

Fig. 3 | Variation of sin2θW with energy scale Q. The modified-minimal-
subtraction (MS) scheme is shown as the solid curve2,19, together with 
experimental determinations at the Z0 pole2 (Tevatron, LEP1, SLC, LHC), 
from APV on caesium14,15, Møller scattering (E158)22, deep inelastic 
scattering of polarized electrons on deuterons (e2H; PVDIS)23 and from 
neutrino–nucleus scattering (NuTeV)24. It has been argued25, however, 
that the latter result contains substantial unaccounted-for nuclear physics 
effects, such as neutron-excess corrections to the quark momenta, charge-
symmetry breaking and strange-quark momentum asymmetries. Our new 
result is plotted in red at the energy scale of the Qweak experiment, 
Q = 0.158 GeV (slightly offset horizontally for clarity). Error bars (1 s.d.) 
include statistical and systematic uncertainties.
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the APV result2,14,15 on 133Cs (gold band). The combined (95% confidence 
level) constraint is shown by the black ellipse. Contours of the mass reach 
Λ/g for new physics with coupling g to arbitrary quark-flavour ratios are 
indicated by dashed circles centred about the standard-model values2 
of C1u and C1d, which are denoted by the red square. b, Mass reach Λ/g 
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θh for the Qweak ‘PVES fit’ result (blue curve), for the 133Cs APV14,15 
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206.6° correspond to Λ−/g = 8.4 TeV and Λ+/g = 7.4 TeV in equation (4), 
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‘PVES fit’), which is = . ± .Q 0 0719 0 0045w
p . Below we discuss the sensi-

tivity of this result to variations in the experimental and theoretical 
input used to determine it.

Just as the proton’s weak charge depends on its u and d quark content 
(see equation (1)), the weak charge of other nuclear systems depends 
on their (different) u and d quark content. Because ep, e2H and e4He 
data are included in the global fit, C1u and C1d are reasonably well deter-
mined. However, if the very precise atomic-parity violation (APV) 
result14,15 on 133Cs is also included in the global fit, C1u and C1d can be 
determined with greater precision and then used to extract the neu-
tron’s weak charge = − +Q C C2( 2 )w

n
1u 1d . We note that inclusion or 

exclusion of the APV result has negligible impact on our result for Qw
p, 

which is derived from the intercept of the global fit. The results for C1u, 
C1d, Qw

p  and Qw
n obtained by including APV in the PVES global fit, 

which are listed in Table 1 as ‘PVES fit + APV’, are in agreement with 
the standard-model values2.

While our preferred result is based on the data-driven analysis of 
PVES fit, the final determination of the weak charge of the proton 
does not change appreciably with additional theoretical constraints. 
One of the dominant uncertainties in the term B(Q2, θ) of equation 
(3) arises from the knowledge of the strange-quark contributions. 
These have been determined very precisely in recent theoretical  
calculations16,17 employing lattice quantum chromodynamics 
(LQCD). Using these theoretical results to constrain the extrapolation 
to Q2 = 0 results in a slightly lower weak charge and a reduction in 
the uncertainty, as shown in Table 1 (‘PVES fit + LQCD’). The APV 
result was not included in this determination of Qw

p ; its inclusion 
makes negligible difference.

Because the proximity to threshold (Q2 → 0) and precision of our 
Qweak result overwhelmingly dominate the fits described above, it is 
possible to go one step further and use the Qweak datum by itself to 
determine Qw

p. The fact that the strange and axial form factors contri-
bute so little at the kinematics of the Qweak experiment (0.1% and 2.5%, 
respectively) also helps motivate this consistency check. Using the same 
electromagnetic form factors9 as in the fits above, the same lattice  
calculation16 for the strange form factors, and following the extraction 
method of ref. 18 for the axial form factor, the Qw

p  result obtained by 
using just the Qweak datum falls in-between the consistent results of the 

other determinations described above, which employ the entire PVES 
database (see Table 1, ‘Qweak datum only’). The uncertainty of the Qw

p 
result in this case includes an additional uncertainty (4.6 p.p.b.) due to 
the calculated form factors, but is only 4% larger than the uncertainty 
of the global fit result, which uses the entire PVES database. The dom-
inant correction, from the electromagnetic form factors (23.7%), is well 
known in the low-Q2 regime of the Qweak experiment.

The Qw
p  determinations described above can be used to test the  

prediction of the standard model for sin2θW, the fundamental  
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subtraction (MS) scheme is shown as the solid curve2,19, together with 
experimental determinations at the Z0 pole2 (Tevatron, LEP1, SLC, LHC), 
from APV on caesium14,15, Møller scattering (E158)22, deep inelastic 
scattering of polarized electrons on deuterons (e2H; PVDIS)23 and from 
neutrino–nucleus scattering (NuTeV)24. It has been argued25, however, 
that the latter result contains substantial unaccounted-for nuclear physics 
effects, such as neutron-excess corrections to the quark momenta, charge-
symmetry breaking and strange-quark momentum asymmetries. Our new 
result is plotted in red at the energy scale of the Qweak experiment, 
Q = 0.158 GeV (slightly offset horizontally for clarity). Error bars (1 s.d.) 
include statistical and systematic uncertainties.
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206.6° correspond to Λ−/g = 8.4 TeV and Λ+/g = 7.4 TeV in equation (4), 
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‘PVES fit’), which is = . ± .Q 0 0719 0 0045w
p . Below we discuss the sensi-

tivity of this result to variations in the experimental and theoretical 
input used to determine it.

Just as the proton’s weak charge depends on its u and d quark content 
(see equation (1)), the weak charge of other nuclear systems depends 
on their (different) u and d quark content. Because ep, e2H and e4He 
data are included in the global fit, C1u and C1d are reasonably well deter-
mined. However, if the very precise atomic-parity violation (APV) 
result14,15 on 133Cs is also included in the global fit, C1u and C1d can be 
determined with greater precision and then used to extract the neu-
tron’s weak charge = − +Q C C2( 2 )w

n
1u 1d . We note that inclusion or 

exclusion of the APV result has negligible impact on our result for Qw
p, 

which is derived from the intercept of the global fit. The results for C1u, 
C1d, Qw

p  and Qw
n obtained by including APV in the PVES global fit, 

which are listed in Table 1 as ‘PVES fit + APV’, are in agreement with 
the standard-model values2.

While our preferred result is based on the data-driven analysis of 
PVES fit, the final determination of the weak charge of the proton 
does not change appreciably with additional theoretical constraints. 
One of the dominant uncertainties in the term B(Q2, θ) of equation 
(3) arises from the knowledge of the strange-quark contributions. 
These have been determined very precisely in recent theoretical  
calculations16,17 employing lattice quantum chromodynamics 
(LQCD). Using these theoretical results to constrain the extrapolation 
to Q2 = 0 results in a slightly lower weak charge and a reduction in 
the uncertainty, as shown in Table 1 (‘PVES fit + LQCD’). The APV 
result was not included in this determination of Qw

p ; its inclusion 
makes negligible difference.

Because the proximity to threshold (Q2 → 0) and precision of our 
Qweak result overwhelmingly dominate the fits described above, it is 
possible to go one step further and use the Qweak datum by itself to 
determine Qw

p. The fact that the strange and axial form factors contri-
bute so little at the kinematics of the Qweak experiment (0.1% and 2.5%, 
respectively) also helps motivate this consistency check. Using the same 
electromagnetic form factors9 as in the fits above, the same lattice  
calculation16 for the strange form factors, and following the extraction 
method of ref. 18 for the axial form factor, the Qw

p  result obtained by 
using just the Qweak datum falls in-between the consistent results of the 

other determinations described above, which employ the entire PVES 
database (see Table 1, ‘Qweak datum only’). The uncertainty of the Qw

p 
result in this case includes an additional uncertainty (4.6 p.p.b.) due to 
the calculated form factors, but is only 4% larger than the uncertainty 
of the global fit result, which uses the entire PVES database. The dom-
inant correction, from the electromagnetic form factors (23.7%), is well 
known in the low-Q2 regime of the Qweak experiment.

The Qw
p  determinations described above can be used to test the  

prediction of the standard model for sin2θW, the fundamental  
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from APV on caesium14,15, Møller scattering (E158)22, deep inelastic 
scattering of polarized electrons on deuterons (e2H; PVDIS)23 and from 
neutrino–nucleus scattering (NuTeV)24. It has been argued25, however, 
that the latter result contains substantial unaccounted-for nuclear physics 
effects, such as neutron-excess corrections to the quark momenta, charge-
symmetry breaking and strange-quark momentum asymmetries. Our new 
result is plotted in red at the energy scale of the Qweak experiment, 
Q = 0.158 GeV (slightly offset horizontally for clarity). Error bars (1 s.d.) 
include statistical and systematic uncertainties.
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coupling constants C1u and C1d, derived from the weak charge determined 
in this experiment using the global fit method ‘PVES fit’ (blue band) and 
the APV result2,14,15 on 133Cs (gold band). The combined (95% confidence 
level) constraint is shown by the black ellipse. Contours of the mass reach 
Λ/g for new physics with coupling g to arbitrary quark-flavour ratios are 
indicated by dashed circles centred about the standard-model values2 
of C1u and C1d, which are denoted by the red square. b, Mass reach Λ/g 
(95% confidence level) as a function of the quark-flavour mixing angle 
θh for the Qweak ‘PVES fit’ result (blue curve), for the 133Cs APV14,15 
result2 (gold curve) and for both results combined (black curve). The two 
maxima in the blue curve at θh = tan−1(nd/nu) = tan−1(1/2) = 26.6° and 
206.6° correspond to Λ−/g = 8.4 TeV and Λ+/g = 7.4 TeV in equation (4), 
respectively.
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‘PVES fit’), which is = . ± .Q 0 0719 0 0045w
p . Below we discuss the sensi-

tivity of this result to variations in the experimental and theoretical 
input used to determine it.

Just as the proton’s weak charge depends on its u and d quark content 
(see equation (1)), the weak charge of other nuclear systems depends 
on their (different) u and d quark content. Because ep, e2H and e4He 
data are included in the global fit, C1u and C1d are reasonably well deter-
mined. However, if the very precise atomic-parity violation (APV) 
result14,15 on 133Cs is also included in the global fit, C1u and C1d can be 
determined with greater precision and then used to extract the neu-
tron’s weak charge = − +Q C C2( 2 )w

n
1u 1d . We note that inclusion or 

exclusion of the APV result has negligible impact on our result for Qw
p, 

which is derived from the intercept of the global fit. The results for C1u, 
C1d, Qw

p  and Qw
n obtained by including APV in the PVES global fit, 

which are listed in Table 1 as ‘PVES fit + APV’, are in agreement with 
the standard-model values2.

While our preferred result is based on the data-driven analysis of 
PVES fit, the final determination of the weak charge of the proton 
does not change appreciably with additional theoretical constraints. 
One of the dominant uncertainties in the term B(Q2, θ) of equation 
(3) arises from the knowledge of the strange-quark contributions. 
These have been determined very precisely in recent theoretical  
calculations16,17 employing lattice quantum chromodynamics 
(LQCD). Using these theoretical results to constrain the extrapolation 
to Q2 = 0 results in a slightly lower weak charge and a reduction in 
the uncertainty, as shown in Table 1 (‘PVES fit + LQCD’). The APV 
result was not included in this determination of Qw

p ; its inclusion 
makes negligible difference.

Because the proximity to threshold (Q2 → 0) and precision of our 
Qweak result overwhelmingly dominate the fits described above, it is 
possible to go one step further and use the Qweak datum by itself to 
determine Qw

p. The fact that the strange and axial form factors contri-
bute so little at the kinematics of the Qweak experiment (0.1% and 2.5%, 
respectively) also helps motivate this consistency check. Using the same 
electromagnetic form factors9 as in the fits above, the same lattice  
calculation16 for the strange form factors, and following the extraction 
method of ref. 18 for the axial form factor, the Qw

p  result obtained by 
using just the Qweak datum falls in-between the consistent results of the 

other determinations described above, which employ the entire PVES 
database (see Table 1, ‘Qweak datum only’). The uncertainty of the Qw

p 
result in this case includes an additional uncertainty (4.6 p.p.b.) due to 
the calculated form factors, but is only 4% larger than the uncertainty 
of the global fit result, which uses the entire PVES database. The dom-
inant correction, from the electromagnetic form factors (23.7%), is well 
known in the low-Q2 regime of the Qweak experiment.

The Qw
p  determinations described above can be used to test the  

prediction of the standard model for sin2θW, the fundamental  
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Fig. 3 | Variation of sin2θW with energy scale Q. The modified-minimal-
subtraction (MS) scheme is shown as the solid curve2,19, together with 
experimental determinations at the Z0 pole2 (Tevatron, LEP1, SLC, LHC), 
from APV on caesium14,15, Møller scattering (E158)22, deep inelastic 
scattering of polarized electrons on deuterons (e2H; PVDIS)23 and from 
neutrino–nucleus scattering (NuTeV)24. It has been argued25, however, 
that the latter result contains substantial unaccounted-for nuclear physics 
effects, such as neutron-excess corrections to the quark momenta, charge-
symmetry breaking and strange-quark momentum asymmetries. Our new 
result is plotted in red at the energy scale of the Qweak experiment, 
Q = 0.158 GeV (slightly offset horizontally for clarity). Error bars (1 s.d.) 
include statistical and systematic uncertainties.
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Fig. 4 | Mass and coupling constraints on new physics. a, Constraints, 
at the 95% confidence level, on the axial-electron–vector-quark weak-
coupling constants C1u and C1d, derived from the weak charge determined 
in this experiment using the global fit method ‘PVES fit’ (blue band) and 
the APV result2,14,15 on 133Cs (gold band). The combined (95% confidence 
level) constraint is shown by the black ellipse. Contours of the mass reach 
Λ/g for new physics with coupling g to arbitrary quark-flavour ratios are 
indicated by dashed circles centred about the standard-model values2 
of C1u and C1d, which are denoted by the red square. b, Mass reach Λ/g 
(95% confidence level) as a function of the quark-flavour mixing angle 
θh for the Qweak ‘PVES fit’ result (blue curve), for the 133Cs APV14,15 
result2 (gold curve) and for both results combined (black curve). The two 
maxima in the blue curve at θh = tan−1(nd/nu) = tan−1(1/2) = 26.6° and 
206.6° correspond to Λ−/g = 8.4 TeV and Λ+/g = 7.4 TeV in equation (4), 
respectively.
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‘PVES fit’), which is = . ± .Q 0 0719 0 0045w
p . Below we discuss the sensi-

tivity of this result to variations in the experimental and theoretical 
input used to determine it.

Just as the proton’s weak charge depends on its u and d quark content 
(see equation (1)), the weak charge of other nuclear systems depends 
on their (different) u and d quark content. Because ep, e2H and e4He 
data are included in the global fit, C1u and C1d are reasonably well deter-
mined. However, if the very precise atomic-parity violation (APV) 
result14,15 on 133Cs is also included in the global fit, C1u and C1d can be 
determined with greater precision and then used to extract the neu-
tron’s weak charge = − +Q C C2( 2 )w

n
1u 1d . We note that inclusion or 

exclusion of the APV result has negligible impact on our result for Qw
p, 

which is derived from the intercept of the global fit. The results for C1u, 
C1d, Qw

p  and Qw
n obtained by including APV in the PVES global fit, 

which are listed in Table 1 as ‘PVES fit + APV’, are in agreement with 
the standard-model values2.

While our preferred result is based on the data-driven analysis of 
PVES fit, the final determination of the weak charge of the proton 
does not change appreciably with additional theoretical constraints. 
One of the dominant uncertainties in the term B(Q2, θ) of equation 
(3) arises from the knowledge of the strange-quark contributions. 
These have been determined very precisely in recent theoretical  
calculations16,17 employing lattice quantum chromodynamics 
(LQCD). Using these theoretical results to constrain the extrapolation 
to Q2 = 0 results in a slightly lower weak charge and a reduction in 
the uncertainty, as shown in Table 1 (‘PVES fit + LQCD’). The APV 
result was not included in this determination of Qw

p ; its inclusion 
makes negligible difference.

Because the proximity to threshold (Q2 → 0) and precision of our 
Qweak result overwhelmingly dominate the fits described above, it is 
possible to go one step further and use the Qweak datum by itself to 
determine Qw

p. The fact that the strange and axial form factors contri-
bute so little at the kinematics of the Qweak experiment (0.1% and 2.5%, 
respectively) also helps motivate this consistency check. Using the same 
electromagnetic form factors9 as in the fits above, the same lattice  
calculation16 for the strange form factors, and following the extraction 
method of ref. 18 for the axial form factor, the Qw

p  result obtained by 
using just the Qweak datum falls in-between the consistent results of the 

other determinations described above, which employ the entire PVES 
database (see Table 1, ‘Qweak datum only’). The uncertainty of the Qw

p 
result in this case includes an additional uncertainty (4.6 p.p.b.) due to 
the calculated form factors, but is only 4% larger than the uncertainty 
of the global fit result, which uses the entire PVES database. The dom-
inant correction, from the electromagnetic form factors (23.7%), is well 
known in the low-Q2 regime of the Qweak experiment.

The Qw
p  determinations described above can be used to test the  

prediction of the standard model for sin2θW, the fundamental  

Q (GeV)

APV
(133Cs)

Qweak
(ep)

E158
(ee) NuTeV

(Q-nucleus)

Tevatron
LHC

LEP1
SLC

PVDIS
(e2H)

0.243

0.241

0.239

0.237

0.235

0.233

0.231

0.229
10–4 10–2 100 102 104

si
n2  
T W

 (Q
) M

S

Fig. 3 | Variation of sin2θW with energy scale Q. The modified-minimal-
subtraction (MS) scheme is shown as the solid curve2,19, together with 
experimental determinations at the Z0 pole2 (Tevatron, LEP1, SLC, LHC), 
from APV on caesium14,15, Møller scattering (E158)22, deep inelastic 
scattering of polarized electrons on deuterons (e2H; PVDIS)23 and from 
neutrino–nucleus scattering (NuTeV)24. It has been argued25, however, 
that the latter result contains substantial unaccounted-for nuclear physics 
effects, such as neutron-excess corrections to the quark momenta, charge-
symmetry breaking and strange-quark momentum asymmetries. Our new 
result is plotted in red at the energy scale of the Qweak experiment, 
Q = 0.158 GeV (slightly offset horizontally for clarity). Error bars (1 s.d.) 
include statistical and systematic uncertainties.
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Fig. 4 | Mass and coupling constraints on new physics. a, Constraints, 
at the 95% confidence level, on the axial-electron–vector-quark weak-
coupling constants C1u and C1d, derived from the weak charge determined 
in this experiment using the global fit method ‘PVES fit’ (blue band) and 
the APV result2,14,15 on 133Cs (gold band). The combined (95% confidence 
level) constraint is shown by the black ellipse. Contours of the mass reach 
Λ/g for new physics with coupling g to arbitrary quark-flavour ratios are 
indicated by dashed circles centred about the standard-model values2 
of C1u and C1d, which are denoted by the red square. b, Mass reach Λ/g 
(95% confidence level) as a function of the quark-flavour mixing angle 
θh for the Qweak ‘PVES fit’ result (blue curve), for the 133Cs APV14,15 
result2 (gold curve) and for both results combined (black curve). The two 
maxima in the blue curve at θh = tan−1(nd/nu) = tan−1(1/2) = 26.6° and 
206.6° correspond to Λ−/g = 8.4 TeV and Λ+/g = 7.4 TeV in equation (4), 
respectively.
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‘PVES fit’), which is = . ± .Q 0 0719 0 0045w
p . Below we discuss the sensi-

tivity of this result to variations in the experimental and theoretical 
input used to determine it.

Just as the proton’s weak charge depends on its u and d quark content 
(see equation (1)), the weak charge of other nuclear systems depends 
on their (different) u and d quark content. Because ep, e2H and e4He 
data are included in the global fit, C1u and C1d are reasonably well deter-
mined. However, if the very precise atomic-parity violation (APV) 
result14,15 on 133Cs is also included in the global fit, C1u and C1d can be 
determined with greater precision and then used to extract the neu-
tron’s weak charge = − +Q C C2( 2 )w

n
1u 1d . We note that inclusion or 

exclusion of the APV result has negligible impact on our result for Qw
p, 

which is derived from the intercept of the global fit. The results for C1u, 
C1d, Qw

p  and Qw
n obtained by including APV in the PVES global fit, 

which are listed in Table 1 as ‘PVES fit + APV’, are in agreement with 
the standard-model values2.

While our preferred result is based on the data-driven analysis of 
PVES fit, the final determination of the weak charge of the proton 
does not change appreciably with additional theoretical constraints. 
One of the dominant uncertainties in the term B(Q2, θ) of equation 
(3) arises from the knowledge of the strange-quark contributions. 
These have been determined very precisely in recent theoretical  
calculations16,17 employing lattice quantum chromodynamics 
(LQCD). Using these theoretical results to constrain the extrapolation 
to Q2 = 0 results in a slightly lower weak charge and a reduction in 
the uncertainty, as shown in Table 1 (‘PVES fit + LQCD’). The APV 
result was not included in this determination of Qw

p ; its inclusion 
makes negligible difference.

Because the proximity to threshold (Q2 → 0) and precision of our 
Qweak result overwhelmingly dominate the fits described above, it is 
possible to go one step further and use the Qweak datum by itself to 
determine Qw

p. The fact that the strange and axial form factors contri-
bute so little at the kinematics of the Qweak experiment (0.1% and 2.5%, 
respectively) also helps motivate this consistency check. Using the same 
electromagnetic form factors9 as in the fits above, the same lattice  
calculation16 for the strange form factors, and following the extraction 
method of ref. 18 for the axial form factor, the Qw

p  result obtained by 
using just the Qweak datum falls in-between the consistent results of the 

other determinations described above, which employ the entire PVES 
database (see Table 1, ‘Qweak datum only’). The uncertainty of the Qw

p 
result in this case includes an additional uncertainty (4.6 p.p.b.) due to 
the calculated form factors, but is only 4% larger than the uncertainty 
of the global fit result, which uses the entire PVES database. The dom-
inant correction, from the electromagnetic form factors (23.7%), is well 
known in the low-Q2 regime of the Qweak experiment.

The Qw
p  determinations described above can be used to test the  

prediction of the standard model for sin2θW, the fundamental  
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Fig. 3 | Variation of sin2θW with energy scale Q. The modified-minimal-
subtraction (MS) scheme is shown as the solid curve2,19, together with 
experimental determinations at the Z0 pole2 (Tevatron, LEP1, SLC, LHC), 
from APV on caesium14,15, Møller scattering (E158)22, deep inelastic 
scattering of polarized electrons on deuterons (e2H; PVDIS)23 and from 
neutrino–nucleus scattering (NuTeV)24. It has been argued25, however, 
that the latter result contains substantial unaccounted-for nuclear physics 
effects, such as neutron-excess corrections to the quark momenta, charge-
symmetry breaking and strange-quark momentum asymmetries. Our new 
result is plotted in red at the energy scale of the Qweak experiment, 
Q = 0.158 GeV (slightly offset horizontally for clarity). Error bars (1 s.d.) 
include statistical and systematic uncertainties.
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Fig. 4 | Mass and coupling constraints on new physics. a, Constraints, 
at the 95% confidence level, on the axial-electron–vector-quark weak-
coupling constants C1u and C1d, derived from the weak charge determined 
in this experiment using the global fit method ‘PVES fit’ (blue band) and 
the APV result2,14,15 on 133Cs (gold band). The combined (95% confidence 
level) constraint is shown by the black ellipse. Contours of the mass reach 
Λ/g for new physics with coupling g to arbitrary quark-flavour ratios are 
indicated by dashed circles centred about the standard-model values2 
of C1u and C1d, which are denoted by the red square. b, Mass reach Λ/g 
(95% confidence level) as a function of the quark-flavour mixing angle 
θh for the Qweak ‘PVES fit’ result (blue curve), for the 133Cs APV14,15 
result2 (gold curve) and for both results combined (black curve). The two 
maxima in the blue curve at θh = tan−1(nd/nu) = tan−1(1/2) = 26.6° and 
206.6° correspond to Λ−/g = 8.4 TeV and Λ+/g = 7.4 TeV in equation (4), 
respectively.
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models are possible
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‘PVES fit’), which is = . ± .Q 0 0719 0 0045w
p . Below we discuss the sensi-

tivity of this result to variations in the experimental and theoretical 
input used to determine it.

Just as the proton’s weak charge depends on its u and d quark content 
(see equation (1)), the weak charge of other nuclear systems depends 
on their (different) u and d quark content. Because ep, e2H and e4He 
data are included in the global fit, C1u and C1d are reasonably well deter-
mined. However, if the very precise atomic-parity violation (APV) 
result14,15 on 133Cs is also included in the global fit, C1u and C1d can be 
determined with greater precision and then used to extract the neu-
tron’s weak charge = − +Q C C2( 2 )w

n
1u 1d . We note that inclusion or 

exclusion of the APV result has negligible impact on our result for Qw
p, 

which is derived from the intercept of the global fit. The results for C1u, 
C1d, Qw

p  and Qw
n obtained by including APV in the PVES global fit, 

which are listed in Table 1 as ‘PVES fit + APV’, are in agreement with 
the standard-model values2.

While our preferred result is based on the data-driven analysis of 
PVES fit, the final determination of the weak charge of the proton 
does not change appreciably with additional theoretical constraints. 
One of the dominant uncertainties in the term B(Q2, θ) of equation 
(3) arises from the knowledge of the strange-quark contributions. 
These have been determined very precisely in recent theoretical  
calculations16,17 employing lattice quantum chromodynamics 
(LQCD). Using these theoretical results to constrain the extrapolation 
to Q2 = 0 results in a slightly lower weak charge and a reduction in 
the uncertainty, as shown in Table 1 (‘PVES fit + LQCD’). The APV 
result was not included in this determination of Qw

p ; its inclusion 
makes negligible difference.

Because the proximity to threshold (Q2 → 0) and precision of our 
Qweak result overwhelmingly dominate the fits described above, it is 
possible to go one step further and use the Qweak datum by itself to 
determine Qw

p. The fact that the strange and axial form factors contri-
bute so little at the kinematics of the Qweak experiment (0.1% and 2.5%, 
respectively) also helps motivate this consistency check. Using the same 
electromagnetic form factors9 as in the fits above, the same lattice  
calculation16 for the strange form factors, and following the extraction 
method of ref. 18 for the axial form factor, the Qw

p  result obtained by 
using just the Qweak datum falls in-between the consistent results of the 

other determinations described above, which employ the entire PVES 
database (see Table 1, ‘Qweak datum only’). The uncertainty of the Qw

p 
result in this case includes an additional uncertainty (4.6 p.p.b.) due to 
the calculated form factors, but is only 4% larger than the uncertainty 
of the global fit result, which uses the entire PVES database. The dom-
inant correction, from the electromagnetic form factors (23.7%), is well 
known in the low-Q2 regime of the Qweak experiment.

The Qw
p  determinations described above can be used to test the  

prediction of the standard model for sin2θW, the fundamental  
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Fig. 3 | Variation of sin2θW with energy scale Q. The modified-minimal-
subtraction (MS) scheme is shown as the solid curve2,19, together with 
experimental determinations at the Z0 pole2 (Tevatron, LEP1, SLC, LHC), 
from APV on caesium14,15, Møller scattering (E158)22, deep inelastic 
scattering of polarized electrons on deuterons (e2H; PVDIS)23 and from 
neutrino–nucleus scattering (NuTeV)24. It has been argued25, however, 
that the latter result contains substantial unaccounted-for nuclear physics 
effects, such as neutron-excess corrections to the quark momenta, charge-
symmetry breaking and strange-quark momentum asymmetries. Our new 
result is plotted in red at the energy scale of the Qweak experiment, 
Q = 0.158 GeV (slightly offset horizontally for clarity). Error bars (1 s.d.) 
include statistical and systematic uncertainties.
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Fig. 4 | Mass and coupling constraints on new physics. a, Constraints, 
at the 95% confidence level, on the axial-electron–vector-quark weak-
coupling constants C1u and C1d, derived from the weak charge determined 
in this experiment using the global fit method ‘PVES fit’ (blue band) and 
the APV result2,14,15 on 133Cs (gold band). The combined (95% confidence 
level) constraint is shown by the black ellipse. Contours of the mass reach 
Λ/g for new physics with coupling g to arbitrary quark-flavour ratios are 
indicated by dashed circles centred about the standard-model values2 
of C1u and C1d, which are denoted by the red square. b, Mass reach Λ/g 
(95% confidence level) as a function of the quark-flavour mixing angle 
θh for the Qweak ‘PVES fit’ result (blue curve), for the 133Cs APV14,15 
result2 (gold curve) and for both results combined (black curve). The two 
maxima in the blue curve at θh = tan−1(nd/nu) = tan−1(1/2) = 26.6° and 
206.6° correspond to Λ−/g = 8.4 TeV and Λ+/g = 7.4 TeV in equation (4), 
respectively.
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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 
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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 !t 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 !t + 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 !t + 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 !t’ refers to a global !t 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 !t + APV’. If the strange form factors in the global !t (without APV) are constrained to 
match LQCD calculations16, we label the result as ‘PVES !t + 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 !t. Uncertainties are 1 s.d.

N A T U R E | www.nature.com/nature
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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 
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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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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 !t 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 !t + 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 !t + 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 !t’ refers to a global !t 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 !t + APV’. If the strange form factors in the global !t (without APV) are constrained to 
match LQCD calculations16, we label the result as ‘PVES !t + 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 !t. Uncertainties are 1 s.d.
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Q-weak: A precision test of the Standard Model and 
determination of the weak charges of the quarks 

through parity-violating electron scattering
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= �227.2± 8.3(stat.)± 5.6(syst.) ppb
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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 
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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 !t 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 !t + 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 !t + 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 !t’ refers to a global !t 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 !t + APV’. If the strange form factors in the global !t (without APV) are constrained to 
match LQCD calculations16, we label the result as ‘PVES !t + 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 !t. Uncertainties are 1 s.d.
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Q-weak: A precision test of the Standard Model and 
determination of the weak charges of the quarks 

through parity-violating electron scattering

Aep =
�R � �L

�R + �R
= �227.2± 8.3(stat.)± 5.6(syst.) ppb
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Extended Data Fig. 1 | Apparatus. a, Schematic of critical accelerator 
components and the Qweak apparatus4. The electron beam is generated 
at the photocathode, accelerated by the Continuous Electron Beam 
Accelerator Facility (CEBAF) and sent to experimental Hall C, where it is 
monitored by beam position monitors and beam current monitors. The 
insertable half-wave plate (IHWP) provides slow reversal of the electron 

beam helicity. The data acquisition system records the data. b, Computer-
aided design drawing of the experimental apparatus. c, The Qweak 
apparatus, before the final shielding configuration was installed. d, Interior 
of the hut shielding the detectors, showing two of the Cherenkov detectors 
(right) and a pair of tracking chambers (left).

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

• Highly-polarised intense beam (180#A) 
• Fast beam-helicity flip (960 Hz) 
• Precision polarimetry (±0.6%) 
• High-power target refrigeration (3kW)
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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 
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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 !t 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 !t + 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 !t + 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 !t’ refers to a global !t 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 !t + APV’. If the strange form factors in the global !t (without APV) are constrained to 
match LQCD calculations16, we label the result as ‘PVES !t + 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 !t. Uncertainties are 1 s.d.
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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 
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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 !t 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 !t + 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 !t + 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 !t’ refers to a global !t 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 !t + APV’. If the strange form factors in the global !t (without APV) are constrained to 
match LQCD calculations16, we label the result as ‘PVES !t + 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 !t. Uncertainties are 1 s.d.
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FIG. 4. Linear combination of form factors, Gs
E + ⌘Gs

M ,
probed by forward-angle parity-violating elastic ep scatter-
ing experiments [5–7, 9–11, 13, 14]. The coe�cient ⌘ depends
on the scattering angle and Q2; for the lattice data we use the
approximation ⌘ = AQ2, A = 0.94 GeV�2 [10]. In the low
Q2 region we also show the linear dependence on Q2 resulting
from the estimated charge radius and magnetic moment at
the physical point.

we observe, suggesting that the quark masses are too
large for ChPT at this order. Therefore, we resort to a
simple linear interpolation in m

2
loop. We also adjust to

the physical nuclear magneton, and obtain at the physi-
cal point:

(r2E)s = �0.0067(10)(17)(15) fm2
,

(r2M )s = �0.018(6)(5)(5) fm2
,

µ
s = �0.022(4)(4)(6) µN ,

(7)

FIG. 5. Determinations of the strange magnetic moment:
from direct lattice QCD calculations (this work and Ref. [17];
red circles), models and phenomenology [16, 29–31] (green
squares), and from a recent global analysis of parity-violating
elastic scattering data [32] (blue diamond).

where the first two uncertainties are statistical and sys-
tematic (as estimated above). The third error is the dif-
ference between the value at the physical point and on
our lattice ensemble (using the physical nuclear magne-
ton), and serves as an estimate of the uncertainty due to
extrapolation to the physical point.

The experiments run at forward scattering angles were
sensitive to a particular linear combination of form fac-
tors, G

s
E + ⌘G

s
M , which we show in Fig. 4. Our results

and the experimental data are both broadly consistent
with zero, although the lattice data have much smaller
uncertainties. This suggests that it will be quite chal-
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FIG. 6. Comparison of some of the many determinations
of the strange magnetic moment. Results in red are from
the global analysis of world data, results in green are from
indirect calculations, and results in blue are from lattice QCD
calculations.

method and the summed-ratio method to control excited-
state contamination. The statistical error is greatly re-
duced by improving the nucleon propagator with LMS
and quark loop with LMA. To explore the strange vec-
tor form factors at di↵erent momentum transfers, we im-
plemented model-independent z�expansion fits. Given
our precise lattice prediction for the strange quark mag-
netic moment of Gs

M (0) = �0.064(17)µN and strange
charge radius hr2siE = �0.0043(21) fm2 at the physical
point with systematic errors included, we anticipate these
results to be verified by experiments in the future and,
together with experimental inputs, to lead to a more pre-
cise determination of various weak form factors.
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FIG. 4. Strange magnetic moment at 24 quark masses on 24I,
32I, 48I, and 32ID ensembles as a function of the pion mass.
The curved blue line in the figure shows the behavior in the
infinite volume and continuum limit. The cyan band shows
the combined statistical and systematic uncertainties added
in quadrature.

Here, the uncertainties in the parentheses are from the
statistics, interpolation to the physical s-quark mass [40],
introducing a3 coe�cients in the z-expansion fit, and
the global fit formula for the continuum extrapolation of
Gs

M (0), respectively. To calculate the uncertainty asso-
ciated with the global fit formula, we consider the higher

order volume correction terms (m3/2
⇡ /

p
L)e�m⇡L [46],

mNmK [44], logm2
⇡, and m⇡,vs. We obtain the fit coef-

ficients: A1 = 0.61(16), A2 = �2.26(49), A3 = 0.31(12),
A4 = 0.015(16), and A5 = �4.0(2.4) with the sign of
A5 consistent with that in Ref. [46]. We note that the
O(a2) e↵ect is small, whereas the partial quenching ef-
fect and the volume correction along with the quark mass
dependence play roles in our global fit. While Gs

M (0)
values for di↵erent ensembles are consistent within un-
certainty near m⇡ = 250MeV, from the fit coe�cients it
can be seen that, near m⇡ = 400MeV, Gs

M (0) calculated
from the 48I ensemble is more negative due to the partial
quenching e↵ect.

For a given valence quark mass we fit Gs
E(Q

2) using
the z�expansion method described above and calculate
the charge radius from the fitted slope of the data using
the definition hr2siE ⌘ �6dGs

E
dQ2 |Q2=0. The net strangeness

in the nucleon is zero, and thus Gs
E(0) = 0, which we con-

firm in our simulation. Chiral extrapolation to the hr2siE
data is obtained from Ref. [44]. Because the method of
finite volume correction of nucleon charge radius is less
clear and hard to obtain [48, 49], we employ an empirical
formula for the volume correction to describe our lattice
data. The empirical fit formula we use to obtain hr2siE
at the physical point is

hr2siE(m⇡,m⇡,vs,mK , a, L) = A0+A1 log (mK)

+A2m
2
⇡ +A3m

2
⇡,vs +A4a

2 +A5

p

Le�m⇡L. (8)

We find that the volume correction term similar to the
pion charge radius term derived in Ref. [49] describes
our lattice data well. From the fitted values of the coef-
ficients in Eq. (8), namely, A1 = 0.03(2), A2 = �0.04(8),

FIG. 5. Strange charge radius at 24 quark masses on 24I,
32I, 48I, and 32ID ensembles as a function of the pion mass.
The curved blue line in the figure shows the behavior in the
infinite volume and continuum limit. The cyan band shows
the combined statistical and systematic uncertainties added
in quadrature.

A3 = 0.03(2), A4 = �0.0004(27), and A5 = 0.001(7), it is
seen that among di↵erent contributions the quark mass
dependence and partial quenching e↵ect are more im-
portant in determining hr2siE from our lattice data. We
also consider e�m⇡L, mK instead of logmK , 1/m2

N [44],
m⇡,vs and calculate a systematic error derived from dif-
ferent terms in the global fit formula. We present the
value of hr2siE at the physical point in Fig. 5 which gives

hr2siE |physical = �0.0043(16)(02)(08)(07) fm2. (9)

The uncertainties in the second and third parentheses
of Eq. (9) are obtained using similar methods described
in the case of Gs

M (0). The lowest Q2 values for 48I and
32ID ensembles are 0.051 and 0.073 GeV2 respectively,
which are almost 3�4 times smaller than the lowest Q2 =
0.22GeV2 of the 24I and 32I ensemble. As extracting the
charge radius from the FF data can be sensitive to the
lowest available Q2, this can a↵ect our determination of
hr2siE . A 20% uncertainty in introducing the a3 term in
the z�expansion has been included as a systematic in
the final result of hr2siE .
Finally, we present Fig. 6 to compare our result of

Gs
M (0) and Gs

M (Q2 = 0.1GeV2) = �0.037(10)(05) with
some other measurements of Gs

M (0) and global analy-
ses of Gs

M at Q2 = 0.1GeV2. We strongly believe that
controlling excited-state contamination, performing the
simulation near the physical pion mass, and considering
the finite size e↵ect altogether play an important role in
determining the strange magnetic moment as observed in
our lattice simulation.
In conclusion, we have performed a robust first-

principles lattice QCD calculation using four di↵erent
2 + 1 flavor dynamical fermion lattice ensembles includ-
ing, for the first time, the physical pion mass to explore
the quark mass dependence and with finite lattice spacing
and volume corrections to determine the strange quark
matrix elements in the vector channel. We have per-
formed a two-state fit where we combined both the ratio

Sufian et al. PRL(2017)
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FIG. 4. Linear combination of form factors, Gs
E + ⌘Gs

M ,
probed by forward-angle parity-violating elastic ep scatter-
ing experiments [5–7, 9–11, 13, 14]. The coe�cient ⌘ depends
on the scattering angle and Q2; for the lattice data we use the
approximation ⌘ = AQ2, A = 0.94 GeV�2 [10]. In the low
Q2 region we also show the linear dependence on Q2 resulting
from the estimated charge radius and magnetic moment at
the physical point.

we observe, suggesting that the quark masses are too
large for ChPT at this order. Therefore, we resort to a
simple linear interpolation in m

2
loop. We also adjust to

the physical nuclear magneton, and obtain at the physi-
cal point:

(r2E)s = �0.0067(10)(17)(15) fm2
,

(r2M )s = �0.018(6)(5)(5) fm2
,

µ
s = �0.022(4)(4)(6) µN ,

(7)

FIG. 5. Determinations of the strange magnetic moment:
from direct lattice QCD calculations (this work and Ref. [17];
red circles), models and phenomenology [16, 29–31] (green
squares), and from a recent global analysis of parity-violating
elastic scattering data [32] (blue diamond).

where the first two uncertainties are statistical and sys-
tematic (as estimated above). The third error is the dif-
ference between the value at the physical point and on
our lattice ensemble (using the physical nuclear magne-
ton), and serves as an estimate of the uncertainty due to
extrapolation to the physical point.

The experiments run at forward scattering angles were
sensitive to a particular linear combination of form fac-
tors, G

s
E + ⌘G

s
M , which we show in Fig. 4. Our results

and the experimental data are both broadly consistent
with zero, although the lattice data have much smaller
uncertainties. This suggests that it will be quite chal-
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FIG. 6. Comparison of some of the many determinations
of the strange magnetic moment. Results in red are from
the global analysis of world data, results in green are from
indirect calculations, and results in blue are from lattice QCD
calculations.

method and the summed-ratio method to control excited-
state contamination. The statistical error is greatly re-
duced by improving the nucleon propagator with LMS
and quark loop with LMA. To explore the strange vec-
tor form factors at di↵erent momentum transfers, we im-
plemented model-independent z�expansion fits. Given
our precise lattice prediction for the strange quark mag-
netic moment of Gs

M (0) = �0.064(17)µN and strange
charge radius hr2siE = �0.0043(21) fm2 at the physical
point with systematic errors included, we anticipate these
results to be verified by experiments in the future and,
together with experimental inputs, to lead to a more pre-
cise determination of various weak form factors.
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FIG. 4. Strange magnetic moment at 24 quark masses on 24I,
32I, 48I, and 32ID ensembles as a function of the pion mass.
The curved blue line in the figure shows the behavior in the
infinite volume and continuum limit. The cyan band shows
the combined statistical and systematic uncertainties added
in quadrature.

Here, the uncertainties in the parentheses are from the
statistics, interpolation to the physical s-quark mass [40],
introducing a3 coe�cients in the z-expansion fit, and
the global fit formula for the continuum extrapolation of
Gs

M (0), respectively. To calculate the uncertainty asso-
ciated with the global fit formula, we consider the higher

order volume correction terms (m3/2
⇡ /

p
L)e�m⇡L [46],

mNmK [44], logm2
⇡, and m⇡,vs. We obtain the fit coef-

ficients: A1 = 0.61(16), A2 = �2.26(49), A3 = 0.31(12),
A4 = 0.015(16), and A5 = �4.0(2.4) with the sign of
A5 consistent with that in Ref. [46]. We note that the
O(a2) e↵ect is small, whereas the partial quenching ef-
fect and the volume correction along with the quark mass
dependence play roles in our global fit. While Gs

M (0)
values for di↵erent ensembles are consistent within un-
certainty near m⇡ = 250MeV, from the fit coe�cients it
can be seen that, near m⇡ = 400MeV, Gs

M (0) calculated
from the 48I ensemble is more negative due to the partial
quenching e↵ect.

For a given valence quark mass we fit Gs
E(Q

2) using
the z�expansion method described above and calculate
the charge radius from the fitted slope of the data using
the definition hr2siE ⌘ �6dGs

E
dQ2 |Q2=0. The net strangeness

in the nucleon is zero, and thus Gs
E(0) = 0, which we con-

firm in our simulation. Chiral extrapolation to the hr2siE
data is obtained from Ref. [44]. Because the method of
finite volume correction of nucleon charge radius is less
clear and hard to obtain [48, 49], we employ an empirical
formula for the volume correction to describe our lattice
data. The empirical fit formula we use to obtain hr2siE
at the physical point is

hr2siE(m⇡,m⇡,vs,mK , a, L) = A0+A1 log (mK)

+A2m
2
⇡ +A3m

2
⇡,vs +A4a

2 +A5

p

Le�m⇡L. (8)

We find that the volume correction term similar to the
pion charge radius term derived in Ref. [49] describes
our lattice data well. From the fitted values of the coef-
ficients in Eq. (8), namely, A1 = 0.03(2), A2 = �0.04(8),

FIG. 5. Strange charge radius at 24 quark masses on 24I,
32I, 48I, and 32ID ensembles as a function of the pion mass.
The curved blue line in the figure shows the behavior in the
infinite volume and continuum limit. The cyan band shows
the combined statistical and systematic uncertainties added
in quadrature.

A3 = 0.03(2), A4 = �0.0004(27), and A5 = 0.001(7), it is
seen that among di↵erent contributions the quark mass
dependence and partial quenching e↵ect are more im-
portant in determining hr2siE from our lattice data. We
also consider e�m⇡L, mK instead of logmK , 1/m2

N [44],
m⇡,vs and calculate a systematic error derived from dif-
ferent terms in the global fit formula. We present the
value of hr2siE at the physical point in Fig. 5 which gives

hr2siE |physical = �0.0043(16)(02)(08)(07) fm2. (9)

The uncertainties in the second and third parentheses
of Eq. (9) are obtained using similar methods described
in the case of Gs

M (0). The lowest Q2 values for 48I and
32ID ensembles are 0.051 and 0.073 GeV2 respectively,
which are almost 3�4 times smaller than the lowest Q2 =
0.22GeV2 of the 24I and 32I ensemble. As extracting the
charge radius from the FF data can be sensitive to the
lowest available Q2, this can a↵ect our determination of
hr2siE . A 20% uncertainty in introducing the a3 term in
the z�expansion has been included as a systematic in
the final result of hr2siE .
Finally, we present Fig. 6 to compare our result of

Gs
M (0) and Gs

M (Q2 = 0.1GeV2) = �0.037(10)(05) with
some other measurements of Gs

M (0) and global analy-
ses of Gs

M at Q2 = 0.1GeV2. We strongly believe that
controlling excited-state contamination, performing the
simulation near the physical pion mass, and considering
the finite size e↵ect altogether play an important role in
determining the strange magnetic moment as observed in
our lattice simulation.
In conclusion, we have performed a robust first-

principles lattice QCD calculation using four di↵erent
2 + 1 flavor dynamical fermion lattice ensembles includ-
ing, for the first time, the physical pion mass to explore
the quark mass dependence and with finite lattice spacing
and volume corrections to determine the strange quark
matrix elements in the vector channel. We have per-
formed a two-state fit where we combined both the ratio

Sufian et al. PRL(2017)



A revision to radiative corrections



Radiative corrections:

fit the real Compton data (for the parameters, see [11]).
Reference [6] gives full W2 and Q2 dependence of the
longitudinal and transverse virtual photon cross sections

!Regge
L;T ðW2; Q2Þ, and we refer the reader to that reference

for further details. For the resonances, to depart from the
real photon point, transition form factors are used. The
latter are to some extent known for a number of reso-
nances, and we assume a dipole form FTðQ2Þ ¼

1
ð1þQ2=!2Þ2 and FLðQ2Þ ¼ Q=!

ð1þQ2=!2Þ2:5 , with ! % 1 GeV.

It is important to note that the model described above is
necessary only because the experimental data on total cross
sections for absorption of real and virtual photons only
exist in limited intervals of the variables W2 and Q2, and
the described model interpolates the data points to inter-
mediate values. The model is predominantly designed to
describe low energies (resonance part) and very high en-
ergies, where the parameters of the two components are
known from a direct comparison to data. However, the
presence of the Regge " exchange (q "q exchange in the t
channel may mimic the parton model’s handbag diagram)
along with the pure CDP Pomeron (two gluon exchange)
allows one to access the intermediate range of x, as well.
We will address the extent to which the model of Eq. (8)
works in this intermediate range of x and relate the uncer-
tainty induced by using electromagnetic DIS data in place
of PVDIS data in upcoming work.

We present results of the dispersion calculation in Fig. 3.
It can be seen that, starting from Elab % 1 GeV, the high
energy (Regge) contribution dominates the contribution
from the resonances. This is the consequence of a relatively
slow convergence of the dispersion integral for the Regge
part, while the resonances drop very fast. In the presented
calculation, the upper limit of the integration over #0 was
chosen to be 500 GeV, although the 1=#02 weighting en-
sures the convergence already at lower values. While at
very low energies the correction is indeed very small, at the

1.16 GeVenergy of the QWEAK experiment the correction
is 5.7%. More specifically, QWEAK aims at comparing the
measured weak charge of the proton ð4$%

ffiffiffi
2

p
=GFtÞAPV to

its value as given in the SM, Qp
W½1þ &RC þ Re&'Z', and

from this comparison draw conclusions about the new
physics contributions. The current estimate of the uncer-
tainty due to the corrections in the square brackets is 2.2%,
and this estimate relies on the assumption that &'Z is highly
suppressed ((0:65%). As explained above, this estimate is
taken over from low energy estimates for parity violation in
atoms and is not based on any microscopic calculation.
Although the numbers presented here are themselves
model-dependent, our calculation shows that the 'Z-box
diagrams can be almost an order of magnitude larger than it
was believed to date, and this result suggests larger pos-
sible theoretical errors for the QWEAK experiment. If the
uncertainty in the dispersion correction is to be comparable
to the proposed 2% experimental error in APV, one may
need to calculate the dispersion 'Z correction (that we
think is near 6%) to a fractional accuracy of order 30%.
Alternatively, uncertainties in these dispersion corrections
could provide a limit on the precision of a standard model
test. Since the calculation uses the PVDIS structure func-
tions as input, it would be extremely helpful to have ex-
perimental data on PVDIS to check the model adopted
here.
This work was supported in part by the U.S. NSF Grant

No. PHY 0555232 (M.G.) and by DOE Grant No. DE-
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FIG. 3 (color online). Results for Re&'ZA
as a function of

energy. The contributions of nucleon resonances (dashed line),
the Regge part (dashed-dotted line), and the sum of the two
(solid line) are shown.
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<latexit sha1_base64="PMnaOb7hZMDCt34r9jFW317hI3A=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjPiCh4CXjwmYBZMhtDTqUlae3qG7h4hDPkCLx4U8eonefNv7CxCFH1Q8Hiviqp6QSK4Nq776eQWFpeWV/KrhbX1jc2t4vZOQ8epYlhnsYhVK6AaBZdYN9wIbCUKaRQIbAb3V2O/+YBK81jemGGCfkT7koecUWOl2m23WHLL7gRkjpy43sWpR7yZUoIZqt3iR6cXszRCaZigWrc9NzF+RpXhTOCo0Ek1JpTd0z62LZU0Qu1nk0NH5MAqPRLGypY0ZKLOT2Q00noYBbYzomagf3tj8S+vnZrw3M+4TFKDkk0XhakgJibjr0mPK2RGDC2hTHF7K2EDqigzNpuCDeH7U/I/aRyVPbfs1Y5LlctZHHnYg304BA/OoALXUIU6MEB4hGd4ce6cJ+fVeZu25pzZzC78gPP+BdYBjO4=</latexit><latexit sha1_base64="PMnaOb7hZMDCt34r9jFW317hI3A=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjPiCh4CXjwmYBZMhtDTqUlae3qG7h4hDPkCLx4U8eonefNv7CxCFH1Q8Hiviqp6QSK4Nq776eQWFpeWV/KrhbX1jc2t4vZOQ8epYlhnsYhVK6AaBZdYN9wIbCUKaRQIbAb3V2O/+YBK81jemGGCfkT7koecUWOl2m23WHLL7gRkjpy43sWpR7yZUoIZqt3iR6cXszRCaZigWrc9NzF+RpXhTOCo0Ek1JpTd0z62LZU0Qu1nk0NH5MAqPRLGypY0ZKLOT2Q00noYBbYzomagf3tj8S+vnZrw3M+4TFKDkk0XhakgJibjr0mPK2RGDC2hTHF7K2EDqigzNpuCDeH7U/I/aRyVPbfs1Y5LlctZHHnYg304BA/OoALXUIU6MEB4hGd4ce6cJ+fVeZu25pzZzC78gPP+BdYBjO4=</latexit><latexit sha1_base64="PMnaOb7hZMDCt34r9jFW317hI3A=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjPiCh4CXjwmYBZMhtDTqUlae3qG7h4hDPkCLx4U8eonefNv7CxCFH1Q8Hiviqp6QSK4Nq776eQWFpeWV/KrhbX1jc2t4vZOQ8epYlhnsYhVK6AaBZdYN9wIbCUKaRQIbAb3V2O/+YBK81jemGGCfkT7koecUWOl2m23WHLL7gRkjpy43sWpR7yZUoIZqt3iR6cXszRCaZigWrc9NzF+RpXhTOCo0Ek1JpTd0z62LZU0Qu1nk0NH5MAqPRLGypY0ZKLOT2Q00noYBbYzomagf3tj8S+vnZrw3M+4TFKDkk0XhakgJibjr0mPK2RGDC2hTHF7K2EDqigzNpuCDeH7U/I/aRyVPbfs1Y5LlctZHHnYg304BA/OoALXUIU6MEB4hGd4ce6cJ+fVeZu25pzZzC78gPP+BdYBjO4=</latexit><latexit sha1_base64="PMnaOb7hZMDCt34r9jFW317hI3A=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjPiCh4CXjwmYBZMhtDTqUlae3qG7h4hDPkCLx4U8eonefNv7CxCFH1Q8Hiviqp6QSK4Nq776eQWFpeWV/KrhbX1jc2t4vZOQ8epYlhnsYhVK6AaBZdYN9wIbCUKaRQIbAb3V2O/+YBK81jemGGCfkT7koecUWOl2m23WHLL7gRkjpy43sWpR7yZUoIZqt3iR6cXszRCaZigWrc9NzF+RpXhTOCo0Ek1JpTd0z62LZU0Qu1nk0NH5MAqPRLGypY0ZKLOT2Q00noYBbYzomagf3tj8S+vnZrw3M+4TFKDkk0XhakgJibjr0mPK2RGDC2hTHF7K2EDqigzNpuCDeH7U/I/aRyVPbfs1Y5LlctZHHnYg304BA/OoALXUIU6MEB4hGd4ce6cJ+fVeZu25pzZzC78gPP+BdYBjO4=</latexit>

e
<latexit sha1_base64="tvbhbPoodEzHElXyGtWQkKxWIC4=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8hd2gMd4CXjwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOElWUNGChqKqm+6uIBFcG9f9cFZW19Y3NnNb+e2d3b39wsFhS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj67nfvkeleSxvzSRBP6JDyUPOqLFSA/uFoltyFyBL4pUtuXC9q0qFeJlVhAz1fuG9N4hZGqE0TFCtu56bGH9KleFM4CzfSzUmlI3pELuWShqh9qeLQ2fk1CoDEsbKljRkoX6fmNJI60kU2M6ImpH+7c3Fv7xuasKqP+UySQ1KtlwUpoKYmMy/JgOukBkxsYQyxe2thI2ooszYbPI2hK9Pyf+kVS55bslrnBdr1SyOHBzDCZyBB5dQgxuoQxMYIDzAEzw7d86j8+K8LltXnGzmCH7AefsE8M2M/Q==</latexit><latexit sha1_base64="tvbhbPoodEzHElXyGtWQkKxWIC4=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8hd2gMd4CXjwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOElWUNGChqKqm+6uIBFcG9f9cFZW19Y3NnNb+e2d3b39wsFhS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj67nfvkeleSxvzSRBP6JDyUPOqLFSA/uFoltyFyBL4pUtuXC9q0qFeJlVhAz1fuG9N4hZGqE0TFCtu56bGH9KleFM4CzfSzUmlI3pELuWShqh9qeLQ2fk1CoDEsbKljRkoX6fmNJI60kU2M6ImpH+7c3Fv7xuasKqP+UySQ1KtlwUpoKYmMy/JgOukBkxsYQyxe2thI2ooszYbPI2hK9Pyf+kVS55bslrnBdr1SyOHBzDCZyBB5dQgxuoQxMYIDzAEzw7d86j8+K8LltXnGzmCH7AefsE8M2M/Q==</latexit><latexit sha1_base64="tvbhbPoodEzHElXyGtWQkKxWIC4=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8hd2gMd4CXjwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOElWUNGChqKqm+6uIBFcG9f9cFZW19Y3NnNb+e2d3b39wsFhS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj67nfvkeleSxvzSRBP6JDyUPOqLFSA/uFoltyFyBL4pUtuXC9q0qFeJlVhAz1fuG9N4hZGqE0TFCtu56bGH9KleFM4CzfSzUmlI3pELuWShqh9qeLQ2fk1CoDEsbKljRkoX6fmNJI60kU2M6ImpH+7c3Fv7xuasKqP+UySQ1KtlwUpoKYmMy/JgOukBkxsYQyxe2thI2ooszYbPI2hK9Pyf+kVS55bslrnBdr1SyOHBzDCZyBB5dQgxuoQxMYIDzAEzw7d86j8+K8LltXnGzmCH7AefsE8M2M/Q==</latexit><latexit sha1_base64="tvbhbPoodEzHElXyGtWQkKxWIC4=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8hd2gMd4CXjwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOElWUNGChqKqm+6uIBFcG9f9cFZW19Y3NnNb+e2d3b39wsFhS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj67nfvkeleSxvzSRBP6JDyUPOqLFSA/uFoltyFyBL4pUtuXC9q0qFeJlVhAz1fuG9N4hZGqE0TFCtu56bGH9KleFM4CzfSzUmlI3pELuWShqh9qeLQ2fk1CoDEsbKljRkoX6fmNJI60kU2M6ImpH+7c3Fv7xuasKqP+UySQ1KtlwUpoKYmMy/JgOukBkxsYQyxe2thI2ooszYbPI2hK9Pyf+kVS55bslrnBdr1SyOHBzDCZyBB5dQgxuoQxMYIDzAEzw7d86j8+K8LltXnGzmCH7AefsE8M2M/Q==</latexit>



Why is the gamma-Z box so big? 
• It isn’t, but the weak charge is small

Qp
W = 1� 4 sin2 ✓W ' 0.07

<latexit sha1_base64="Qix1n90j2M/oKakfzRx5SbPP7cY=">AAACCnicdVBNSwMxEM36WevXqkcv0SJ4seyWahUUCl48VrBWaOuSTac2NJtdk1mhlJ69+Fe8eFDEq7/Am//GtFZQ0QchL+/NMJkXJlIY9Lx3Z2JyanpmNjOXnV9YXFp2V1bPTZxqDlUey1hfhMyAFAqqKFDCRaKBRaGEWtg9Hvq1G9BGxOoMewk0I3alRFtwhlYK3I3ToHaZHPk7xYYR6rLQwA4gC2r2FcG1l/dKgZuz1wj0G9n1/IM9n/pjJUfGqATuW6MV8zQChVwyY+q+l2CzzzQKLmGQbaQGEsa77ArqlioWgWn2R6sM6JZVWrQda3sU0pH6vaPPImN6UWgrI4Yd89sbin959RTb+82+UEmKoPjnoHYqKcZ0mAttCQ0cZc8SxrWwf6W8wzTjaNPL2hC+NqX/k/NC3vfy/mkxVz4cx5Eh62STbBOflEiZnJAKqRJObsk9eSRPzp3z4Dw7L5+lE864Z438gPP6AS58mUc=</latexit><latexit sha1_base64="Qix1n90j2M/oKakfzRx5SbPP7cY=">AAACCnicdVBNSwMxEM36WevXqkcv0SJ4seyWahUUCl48VrBWaOuSTac2NJtdk1mhlJ69+Fe8eFDEq7/Am//GtFZQ0QchL+/NMJkXJlIY9Lx3Z2JyanpmNjOXnV9YXFp2V1bPTZxqDlUey1hfhMyAFAqqKFDCRaKBRaGEWtg9Hvq1G9BGxOoMewk0I3alRFtwhlYK3I3ToHaZHPk7xYYR6rLQwA4gC2r2FcG1l/dKgZuz1wj0G9n1/IM9n/pjJUfGqATuW6MV8zQChVwyY+q+l2CzzzQKLmGQbaQGEsa77ArqlioWgWn2R6sM6JZVWrQda3sU0pH6vaPPImN6UWgrI4Yd89sbin959RTb+82+UEmKoPjnoHYqKcZ0mAttCQ0cZc8SxrWwf6W8wzTjaNPL2hC+NqX/k/NC3vfy/mkxVz4cx5Eh62STbBOflEiZnJAKqRJObsk9eSRPzp3z4Dw7L5+lE864Z438gPP6AS58mUc=</latexit><latexit sha1_base64="Qix1n90j2M/oKakfzRx5SbPP7cY=">AAACCnicdVBNSwMxEM36WevXqkcv0SJ4seyWahUUCl48VrBWaOuSTac2NJtdk1mhlJ69+Fe8eFDEq7/Am//GtFZQ0QchL+/NMJkXJlIY9Lx3Z2JyanpmNjOXnV9YXFp2V1bPTZxqDlUey1hfhMyAFAqqKFDCRaKBRaGEWtg9Hvq1G9BGxOoMewk0I3alRFtwhlYK3I3ToHaZHPk7xYYR6rLQwA4gC2r2FcG1l/dKgZuz1wj0G9n1/IM9n/pjJUfGqATuW6MV8zQChVwyY+q+l2CzzzQKLmGQbaQGEsa77ArqlioWgWn2R6sM6JZVWrQda3sU0pH6vaPPImN6UWgrI4Yd89sbin959RTb+82+UEmKoPjnoHYqKcZ0mAttCQ0cZc8SxrWwf6W8wzTjaNPL2hC+NqX/k/NC3vfy/mkxVz4cx5Eh62STbBOflEiZnJAKqRJObsk9eSRPzp3z4Dw7L5+lE864Z438gPP6AS58mUc=</latexit><latexit sha1_base64="Qix1n90j2M/oKakfzRx5SbPP7cY=">AAACCnicdVBNSwMxEM36WevXqkcv0SJ4seyWahUUCl48VrBWaOuSTac2NJtdk1mhlJ69+Fe8eFDEq7/Am//GtFZQ0QchL+/NMJkXJlIY9Lx3Z2JyanpmNjOXnV9YXFp2V1bPTZxqDlUey1hfhMyAFAqqKFDCRaKBRaGEWtg9Hvq1G9BGxOoMewk0I3alRFtwhlYK3I3ToHaZHPk7xYYR6rLQwA4gC2r2FcG1l/dKgZuz1wj0G9n1/IM9n/pjJUfGqATuW6MV8zQChVwyY+q+l2CzzzQKLmGQbaQGEsa77ArqlioWgWn2R6sM6JZVWrQda3sU0pH6vaPPImN6UWgrI4Yd89sbin959RTb+82+UEmKoPjnoHYqKcZ0mAttCQ0cZc8SxrWwf6W8wzTjaNPL2hC+NqX/k/NC3vfy/mkxVz4cx5Eh62STbBOflEiZnJAKqRJObsk9eSRPzp3z4Dw7L5+lE864Z438gPP6AS58mUc=</latexit>

How to evaluate? 
• Require knowledge of the interference structure 

function

p
<latexit sha1_base64="s2sUw1I/B8btHeAjGKJCJTQ5O2I=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKeyKT/AQ8OIxAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyQhQtaCiquunuCmLBtXHdTye3tLyyupZfL2xsbm3vFHf3GjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3Uz95gMqzSN5Z8Yx+iEdSN7njBor1eJuseSW3RnIAjlzvatzj3iZUoIM1W7xo9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObJKj/QjZUsaMlMXJ1Iaaj0OA9sZUjPUv72p+JfXTkz/0k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG8L3p+R/0jgpe27Zq52WKtdZHHk4gEM4Bg8uoAK3UIU6MEB4hGd4ce6dJ+fVeZu35pxsZh9+wHn/AvdZjQQ=</latexit><latexit sha1_base64="s2sUw1I/B8btHeAjGKJCJTQ5O2I=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKeyKT/AQ8OIxAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyQhQtaCiquunuCmLBtXHdTye3tLyyupZfL2xsbm3vFHf3GjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3Uz95gMqzSN5Z8Yx+iEdSN7njBor1eJuseSW3RnIAjlzvatzj3iZUoIM1W7xo9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObJKj/QjZUsaMlMXJ1Iaaj0OA9sZUjPUv72p+JfXTkz/0k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG8L3p+R/0jgpe27Zq52WKtdZHHk4gEM4Bg8uoAK3UIU6MEB4hGd4ce6dJ+fVeZu35pxsZh9+wHn/AvdZjQQ=</latexit><latexit sha1_base64="s2sUw1I/B8btHeAjGKJCJTQ5O2I=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKeyKT/AQ8OIxAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyQhQtaCiquunuCmLBtXHdTye3tLyyupZfL2xsbm3vFHf3GjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3Uz95gMqzSN5Z8Yx+iEdSN7njBor1eJuseSW3RnIAjlzvatzj3iZUoIM1W7xo9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObJKj/QjZUsaMlMXJ1Iaaj0OA9sZUjPUv72p+JfXTkz/0k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG8L3p+R/0jgpe27Zq52WKtdZHHk4gEM4Bg8uoAK3UIU6MEB4hGd4ce6dJ+fVeZu35pxsZh9+wHn/AvdZjQQ=</latexit><latexit sha1_base64="s2sUw1I/B8btHeAjGKJCJTQ5O2I=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKeyKT/AQ8OIxAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyQhQtaCiquunuCmLBtXHdTye3tLyyupZfL2xsbm3vFHf3GjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3Uz95gMqzSN5Z8Yx+iEdSN7njBor1eJuseSW3RnIAjlzvatzj3iZUoIM1W7xo9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObJKj/QjZUsaMlMXJ1Iaaj0OA9sZUjPUv72p+JfXTkz/0k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG8L3p+R/0jgpe27Zq52WKtdZHHk4gEM4Bg8uoAK3UIU6MEB4hGd4ce6dJ+fVeZu35pxsZh9+wHn/AvdZjQQ=</latexit>

�
<latexit sha1_base64="b/sQgqiXA+wJ+8yb+t9I8GHjx64=">AAAB7XicdVDJSgNBEO1xjXGLevTSGARPYUZcwUPAi8cIZoFkCDWdnqRNL0N3jxCG/IMXD4p49X+8+Td2khGi6IOCx3tVVNWLEs6M9f1Pb2FxaXlltbBWXN/Y3Nou7ew2jEo1oXWiuNKtCAzlTNK6ZZbTVqIpiIjTZjS8nvjNB6oNU/LOjhIaCuhLFjMC1kmNTh+EgG6p7Ff8KfAcOfWDy7MAB7lSRjlq3dJHp6dIKqi0hIMx7cBPbJiBtoxwOi52UkMTIEPo07ajEgQ1YTa9dowPndLDsdKupMVTdX4iA2HMSESuU4AdmN/eRPzLa6c2vggzJpPUUklmi+KUY6vw5HXcY5oSy0eOANHM3YrJADQQ6wIquhC+P8X/k8ZxJfArwe1JuXqVx1FA++gAHaEAnaMqukE1VEcE3aNH9IxePOU9ea/e26x1wctn9tAPeO9fpCuPJQ==</latexit><latexit sha1_base64="b/sQgqiXA+wJ+8yb+t9I8GHjx64=">AAAB7XicdVDJSgNBEO1xjXGLevTSGARPYUZcwUPAi8cIZoFkCDWdnqRNL0N3jxCG/IMXD4p49X+8+Td2khGi6IOCx3tVVNWLEs6M9f1Pb2FxaXlltbBWXN/Y3Nou7ew2jEo1oXWiuNKtCAzlTNK6ZZbTVqIpiIjTZjS8nvjNB6oNU/LOjhIaCuhLFjMC1kmNTh+EgG6p7Ff8KfAcOfWDy7MAB7lSRjlq3dJHp6dIKqi0hIMx7cBPbJiBtoxwOi52UkMTIEPo07ajEgQ1YTa9dowPndLDsdKupMVTdX4iA2HMSESuU4AdmN/eRPzLa6c2vggzJpPUUklmi+KUY6vw5HXcY5oSy0eOANHM3YrJADQQ6wIquhC+P8X/k8ZxJfArwe1JuXqVx1FA++gAHaEAnaMqukE1VEcE3aNH9IxePOU9ea/e26x1wctn9tAPeO9fpCuPJQ==</latexit><latexit sha1_base64="b/sQgqiXA+wJ+8yb+t9I8GHjx64=">AAAB7XicdVDJSgNBEO1xjXGLevTSGARPYUZcwUPAi8cIZoFkCDWdnqRNL0N3jxCG/IMXD4p49X+8+Td2khGi6IOCx3tVVNWLEs6M9f1Pb2FxaXlltbBWXN/Y3Nou7ew2jEo1oXWiuNKtCAzlTNK6ZZbTVqIpiIjTZjS8nvjNB6oNU/LOjhIaCuhLFjMC1kmNTh+EgG6p7Ff8KfAcOfWDy7MAB7lSRjlq3dJHp6dIKqi0hIMx7cBPbJiBtoxwOi52UkMTIEPo07ajEgQ1YTa9dowPndLDsdKupMVTdX4iA2HMSESuU4AdmN/eRPzLa6c2vggzJpPUUklmi+KUY6vw5HXcY5oSy0eOANHM3YrJADQQ6wIquhC+P8X/k8ZxJfArwe1JuXqVx1FA++gAHaEAnaMqukE1VEcE3aNH9IxePOU9ea/e26x1wctn9tAPeO9fpCuPJQ==</latexit><latexit sha1_base64="b/sQgqiXA+wJ+8yb+t9I8GHjx64=">AAAB7XicdVDJSgNBEO1xjXGLevTSGARPYUZcwUPAi8cIZoFkCDWdnqRNL0N3jxCG/IMXD4p49X+8+Td2khGi6IOCx3tVVNWLEs6M9f1Pb2FxaXlltbBWXN/Y3Nou7ew2jEo1oXWiuNKtCAzlTNK6ZZbTVqIpiIjTZjS8nvjNB6oNU/LOjhIaCuhLFjMC1kmNTh+EgG6p7Ff8KfAcOfWDy7MAB7lSRjlq3dJHp6dIKqi0hIMx7cBPbJiBtoxwOi52UkMTIEPo07ajEgQ1YTa9dowPndLDsdKupMVTdX4iA2HMSESuU4AdmN/eRPzLa6c2vggzJpPUUklmi+KUY6vw5HXcY5oSy0eOANHM3YrJADQQ6wIquhC+P8X/k8ZxJfArwe1JuXqVx1FA++gAHaEAnaMqukE1VEcE3aNH9IxePOU9ea/e26x1wctn9tAPeO9fpCuPJQ==</latexit> Z
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gamma-Z box

• Forward dispersion relation:


• Imaginary part given by:
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Integration region Partition integration domain

dispersion integral in Eq. (12), which will be contami-
nated by the background contribution. This model also
forms the basis for Model II of GHRM [14]. The match-
ing of the CB and VMDþ Regge parametrizations at the

boundary between the low-W and high-W regions is
illustrated in Fig. 3 for the F!!

2 structure function as a
function of W2, at several fixed values of Q2, from Q2 ¼
0:05 to 2 GeV2. The agreement between the two models
in the region of overlap is clearly excellent. For the
structure function in the VMDþ Regge model, we
have assumed a conservative 5% uncertainty, similar to
that for the CB parametrization.
In the DIS region at high W and high Q2 (green

shaded area in Fig. 2), the structure functions can be
computed in terms of global PDFs, for which we use the
next-to-next-to-leading order (NNLO) fit by Alekhin
et al. (ABM11) [40]. This fit includes both leading twist
and higher twist contributions, allowing for descriptions
of data for Q2 > 2:5 GeV2 and W > 1:8 GeV, which
overlaps partially with the CB [24] and VMDþ Regge
[29] parametrizations. (Other similar global fits, such as
those in Refs. [41–45], give very similar results, and
differences between the parametrization generally lie
within the PDF uncertainties.) The transition between
DIS kinematics (Region III) and the models describing
the lower-W and Q2 regions is illustrated in Fig. 4
for F!!

2 at Q2 ¼ 2:5 GeV2 (where the transitions
between all three parametrizations are shown at W2 ¼
9 GeV2) and at higher Q2 values, up to Q2 ¼ 10 GeV2,
for the transition between Regions I and III. Again, the
models generally match very well across these kinematic
boundaries.
The boundaries between the three regions can also be

displayed for fixedW2 as a function of Q2, as illustrated in
Fig. 5. The matching of Regions I and II forW2 ¼ 4 GeV2
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Q
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G
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2 III

I II

FIG. 2 (color online). Kinematic regions contributing to the
hV

!Z integrals in the AJM model: Region I (blue shaded) at low

W and low Q2 is described by the CB F!!
1;2 fit [24], transformed to

the !Z case; Region II (red shaded) represents the high-W, low-Q2

domain as in Ref. [29] (or the GHRM Model II [14]), transformed
to !Z; and Region III (green shaded) at high W and high Q2 is
described by global PDF fits to high-energy scattering data [40].
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FIG. 3 (color online). Proton F!!
2 structure function versus W2 at fixed Q2 ¼ 0:05, 0.5, 1.5 and 2 GeV2 for the CB fit [24] at low W

(blue solid) and VMDþ Regge parametrization [29] at high W (red dashed). The boundary between these (corresponding to
Regions I and II in Fig. 2) is indicated by the vertical dashed line at W2 ¼ 9 GeV2.
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Region III: Partonic
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Region II: Regge

Background

Gorchtein et al. background fits

20

• Background estimated from VMD models 

p p
=

p p

Z Z

V V

• Got γZ from γγ by changing one coupling,

V
Z� coupling
�� coupling

= (2� 4 sin2 �W) = 1 + Qp
W

Z� coupling
�� coupling

= �1 + Qp
W

Z� coupling
�� coupling

= 2 + Qp
W

�T,L(bg)

V = ρ, ω, φ + continuum

• GHRM use Vector Meson Dominance (VMD) models fit 
to high energy data, plus isospin rotations

• Assign 100% uncertainty on continuum contribution 
(dominates errors)

• AJM model: constrain continuum (higher Q²) contribution 
by matching with PDF ratios (γZ to γγ) across 
boundaries of Regions I, II and III.

11

V = ⇢,!,�+ continuum
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Region I: Resonances
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Hall et al. (2013)
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Boundary matching: !Z structure functions



Our result AJM: Adelaide-JLab-Manitoba

Hall et al., PRD(2013)



“Independent” theoretical determinations

• 3 groups doing independent analyses

• At Qweak energy E = 1.165 GeV:

• Mainly different treatments of low Q², low W region 
background contributions

• Agree on overall magnitude, but disagree on errors

GH (2009)

SBMT (2010) (4.7+1.1
�0.4)� 10

�3

GHRM (2011) (5.4± 2.0)� 10
�3

RC (2011) (5.7± 0.9)� 10
�3

AJM (2013) (5.6± 0.4)� 10
�3

6

Gorchtein et al.

Rislow & Carlson
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A little debate over 
uncertainty



Improved constraint from lattice QCD?

E = E0 + �hN |V |Ni+ �2
X

X 6=N

hN |V |XihX|V |Ni
E0 � EX

+ . . .

Chambers, RDY et al., PRL(2017) 
Can, RDY et al., PRD(2020)

Immerse nucleon in weak external (magnetic) field

p
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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 [7] and another one at
MIT-Bates on a 12C target [8]. 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 [10,11,
12,13,14,15], at the MAMI accelerator in Mainz [16,17,
18,19,20,21,22,23,24,25,26] as well as at JLab’s CEBAF
in Newport News [27,28,29,30,31,32,33,34,35,36,37,38,
39,40] (see in addition [41,42,43,44,45] for review articles,
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Fig. 1. Overview over past (full points) and future (open
circles) 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 estab-
lished technique to explore hadron physics, nuclear physics
and particle physics, depending 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 experimental facility with a 12C target.

blue points in Fig. 1 labeled “Strange Quark Studies”).
An accurate measurement of the neutron distribution in
heavier nuclei and especially the so called “neutron skin”
can be obtained from parity-violating electron scattering
on heavy nuclei like lead [46,47]. The associated parity-
violation experiments are labeled “Neutron Radius” in
Fig. 1. In recent years, experiments have been performed
and new proposals have been worked out to measure the
weak charge of the proton or of the electron, or the ratio of
quark charges. Those are labeled “Standard Model Tests”
in Fig. 1 [48,49,50,51,52]. The parity-violating electron
scattering experiments at the new Mainz MESA acceler-
ator [53] 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).
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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 [7] and another one at
MIT-Bates on a 12C target [8]. 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 [10,11,
12,13,14,15], at the MAMI accelerator in Mainz [16,17,
18,19,20,21,22,23,24,25,26] as well as at JLab’s CEBAF
in Newport News [27,28,29,30,31,32,33,34,35,36,37,38,
39,40] (see in addition [41,42,43,44,45] for review articles,

a Corresponding author, maas@uni-mainz.de

8−10 7−10 6−10 5−10 4−10 3−10
10−10

9−10

8−10

7−10

6−10

5−10

4−10 100
% 10%

1%

G0

G0

E122

Mainz-Be

MIT-12C

SAMPLE
H-I

A4
A4

A4

H-II
H-He

E158

H-III

PVDIS-6

PREX-I

PREX-II

CREX

Qweak

SOLID

MOLLER

MESA-P2

MESA-12C

MESA-Lead

Pioneering
Strange Quark Studies
Standard Model Tests
Neutron Radius

PVA

)
PV

(Aδ

Fig. 1. Overview over past (full points) and future (open
circles) 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 estab-
lished technique to explore hadron physics, nuclear physics
and particle physics, depending 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 experimental facility with a 12C target.

blue points in Fig. 1 labeled “Strange Quark Studies”).
An accurate measurement of the neutron distribution in
heavier nuclei and especially the so called “neutron skin”
can be obtained from parity-violating electron scattering
on heavy nuclei like lead [46,47]. The associated parity-
violation experiments are labeled “Neutron Radius” in
Fig. 1. In recent years, experiments have been performed
and new proposals have been worked out to measure the
weak charge of the proton or of the electron, or the ratio of
quark charges. Those are labeled “Standard Model Tests”
in Fig. 1 [48,49,50,51,52]. The parity-violating electron
scattering experiments at the new Mainz MESA acceler-
ator [53] 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).
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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 [7] and another one at
MIT-Bates on a 12C target [8]. 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 [10,11,
12,13,14,15], at the MAMI accelerator in Mainz [16,17,
18,19,20,21,22,23,24,25,26] as well as at JLab’s CEBAF
in Newport News [27,28,29,30,31,32,33,34,35,36,37,38,
39,40] (see in addition [41,42,43,44,45] for review articles,
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Fig. 1. Overview over past (full points) and future (open
circles) 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 estab-
lished technique to explore hadron physics, nuclear physics
and particle physics, depending 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 experimental facility with a 12C target.

blue points in Fig. 1 labeled “Strange Quark Studies”).
An accurate measurement of the neutron distribution in
heavier nuclei and especially the so called “neutron skin”
can be obtained from parity-violating electron scattering
on heavy nuclei like lead [46,47]. The associated parity-
violation experiments are labeled “Neutron Radius” in
Fig. 1. In recent years, experiments have been performed
and new proposals have been worked out to measure the
weak charge of the proton or of the electron, or the ratio of
quark charges. Those are labeled “Standard Model Tests”
in Fig. 1 [48,49,50,51,52]. The parity-violating electron
scattering experiments at the new Mainz MESA acceler-
ator [53] 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).
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FIG. 6. Comparison of some of the many determinations
of the strange magnetic moment. Results in red are from
the global analysis of world data, results in green are from
indirect calculations, and results in blue are from lattice QCD
calculations.

method and the summed-ratio method to control excited-
state contamination. The statistical error is greatly re-
duced by improving the nucleon propagator with LMS
and quark loop with LMA. To explore the strange vec-
tor form factors at di↵erent momentum transfers, we im-
plemented model-independent z�expansion fits. Given
our precise lattice prediction for the strange quark mag-
netic moment of Gs

M (0) = �0.064(17)µN and strange
charge radius hr2siE = �0.0043(21) fm2 at the physical
point with systematic errors included, we anticipate these
results to be verified by experiments in the future and,
together with experimental inputs, to lead to a more pre-
cise determination of various weak form factors.

Acknowledgments: We thank the RBC and UKQCD
Collaborations for providing their DWF gauge configu-
rations. This work is supported in part by the U.S. DOE
Grant No. DE-SC0013065. This research used resources
of the Oak Ridge Leadership Computing Facility at the
Oak Ridge National Laboratory, which is supported by
the O�ce of Science of the U.S. Department of Energy
under Contract No. DE-AC05-00OR22725. A.A. is sup-
ported by the NSF CAREER Grant No. PHY-1151648
and in part by the DOE Grant No. DE-FG02-95ER-
40907.

[1] D. B. Kaplan and A. Manohar, “Strange Matrix
Elements in the Proton from Neutral Current
Experiments,” Nucl.Phys. B310 (1988) 527.

[2] R. McKeown, “Sensitivity of Polarized Elastic Electron
Proton Scattering to the Anomalous Baryon Number
Magnetic Moment,” Phys.Lett. B219 (1989) 140–142.

[3] D. H. Beck, “Strange Quark Vector Currents and Parity
Violating Electron Scattering From the Nucleon and
From Nuclei,” Phys.Rev. D39 (1989) 3248–3256

[4] SAMPLE Collaboration, D. Spayde et al., “The
strange quark contribution to the proton’s magnetic
moment,” Phys.Lett. B583 (2004) 79–86,
arXiv:nucl-ex/0312016 [nucl-ex].

[5] E. Beise, M. Pitt, and D. Spayde, “The SAMPLE
experiment and weak nucleon structure,”
Prog.Part.Nucl.Phys. 54 (2005) 289–350,
arXiv:nucl-ex/0412054 [nucl-ex].

[6] HAPPEX Collaboration, K. Aniol et al., “Parity
violating electroweak asymmetry in polarized ~ep
scattering,” Phys.Rev. C69 (2004) 065501,
arXiv:nucl-ex/0402004 [nucl-ex].

[7] A4 Collaboration, F. Maas et al., “Measurement of
strange quark contributions to the nucleon’s
form-factors at Q2 = 0.230 (GeV/c)2,” Phys.Rev.Lett.
93 (2004) 022002, arXiv:nucl-ex/0401019 [nucl-ex].

[8] F. Maas, K. Aulenbacher, S. Baunack, L. Capozza,
J. Diefenbach, et al., “Evidence for strange quark
contributions to the nucleon’s form-factors at
Q2 = 0.108 (GeV/c)2,” Phys.Rev.Lett. 94 (2005)
152001, arXiv:nucl-ex/0412030 [nucl-ex].

[9] HAPPEX Collaboration, K. Aniol et al.,
“Parity-violating electron scattering from He-4 and the
strange electric form-factor of the nucleon,”
Phys.Rev.Lett. 96 (2006) 022003,
arXiv:nucl-ex/0506010 [nucl-ex].

[10] HAPPEX Collaboration, K. Aniol et al., “Constraints
on the nucleon strange form-factors at Q2 ⇠ 0.1 GeV2,”
Phys.Lett. B635 (2006) 275–279,
arXiv:nucl-ex/0506011 [nucl-ex].

[11] G0 Collaboration, D. Armstrong et al., “Strange quark
contributions to parity-violating asymmetries in the
forward G0 electron-proton scattering experiment,”
Phys.Rev.Lett. 95 (2005) 092001,
arXiv:nucl-ex/0506021 [nucl-ex].

[12] HAPPEX Collaboration, A. Acha et al., “Precision
Measurements of the Nucleon Strange Form Factors at
Q2 ⇠ 0.1 GeV2,” Phys.Rev.Lett. 98 (2007) 032301,
arXiv:nucl-ex/0609002 [nucl-ex].

[13] G0 Collaboration, D. Androic et al., “Strange Quark
Contributions to Parity-Violating Asymmetries in the
Backward Angle G0 Electron Scattering Experiment,”
Phys.Rev.Lett. 104 (2010) 012001, arXiv:0909.5107
[nucl-ex].

[14] S. Baunack, K. Aulenbacher, D. Balaguer Rios,
L. Capozza, J. Diefenbach, et al., “Measurement of
Strange Quark Contributions to the Vector Form
Factors of the Proton at Q2 = 0.22 (GeV/c)2,”
Phys.Rev.Lett. 102 (2009) 151803, arXiv:0903.2733
[nucl-ex].

[15] HAPPEX Collaboration, Z. Ahmed et al., “New
Precision Limit on the Strange Vector Form Factors of
the Proton,” Phys.Rev.Lett. 108 (2012) 102001,
arXiv:1107.0913 [nucl-ex].

[16] D. S. Armstrong, R. D. McKeown, “Parity-Violating
Electron Scattering and the Electric and Magnetic
Strange Form Factors of the Nucleon,”
Ann.Rev.Nucl.Part.Sci. 62 (2012) 337-359.

[17] Jianglai Liu, Robert D. McKeown, M. Musolf, “Global
Analysis of Nucleon Strange Form Factors at Low Q2,”
Phys.Rev. C76 (2007) 025202.

[18] R. González-Jiménez, J. Caballero, and T.W. Donnelly,
“Global analysis of parity-violating asymmetry data for
elastic electron scattering,” Phys.Rev. D90 (2014)

Strangeness theory precision 
exceeds experiment 

[Data-driven analysis for final Q-weak]



Qp
W = 0.0719± 0.0045

Qp
W (SM) = 0.0708± 0.0003
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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 
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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 !t 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 !t + 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 !t + 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 !t’ refers to a global !t 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 !t + APV’. If the strange form factors in the global !t (without APV) are constrained to 
match LQCD calculations16, we label the result as ‘PVES !t + 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 !t. Uncertainties are 1 s.d.
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‘PVES fit’), which is = . ± .Q 0 0719 0 0045w
p . Below we discuss the sensi-

tivity of this result to variations in the experimental and theoretical 
input used to determine it.

Just as the proton’s weak charge depends on its u and d quark content 
(see equation (1)), the weak charge of other nuclear systems depends 
on their (different) u and d quark content. Because ep, e2H and e4He 
data are included in the global fit, C1u and C1d are reasonably well deter-
mined. However, if the very precise atomic-parity violation (APV) 
result14,15 on 133Cs is also included in the global fit, C1u and C1d can be 
determined with greater precision and then used to extract the neu-
tron’s weak charge = − +Q C C2( 2 )w

n
1u 1d . We note that inclusion or 

exclusion of the APV result has negligible impact on our result for Qw
p, 

which is derived from the intercept of the global fit. The results for C1u, 
C1d, Qw

p  and Qw
n obtained by including APV in the PVES global fit, 

which are listed in Table 1 as ‘PVES fit + APV’, are in agreement with 
the standard-model values2.

While our preferred result is based on the data-driven analysis of 
PVES fit, the final determination of the weak charge of the proton 
does not change appreciably with additional theoretical constraints. 
One of the dominant uncertainties in the term B(Q2, θ) of equation 
(3) arises from the knowledge of the strange-quark contributions. 
These have been determined very precisely in recent theoretical  
calculations16,17 employing lattice quantum chromodynamics 
(LQCD). Using these theoretical results to constrain the extrapolation 
to Q2 = 0 results in a slightly lower weak charge and a reduction in 
the uncertainty, as shown in Table 1 (‘PVES fit + LQCD’). The APV 
result was not included in this determination of Qw

p ; its inclusion 
makes negligible difference.

Because the proximity to threshold (Q2 → 0) and precision of our 
Qweak result overwhelmingly dominate the fits described above, it is 
possible to go one step further and use the Qweak datum by itself to 
determine Qw

p. The fact that the strange and axial form factors contri-
bute so little at the kinematics of the Qweak experiment (0.1% and 2.5%, 
respectively) also helps motivate this consistency check. Using the same 
electromagnetic form factors9 as in the fits above, the same lattice  
calculation16 for the strange form factors, and following the extraction 
method of ref. 18 for the axial form factor, the Qw

p  result obtained by 
using just the Qweak datum falls in-between the consistent results of the 

other determinations described above, which employ the entire PVES 
database (see Table 1, ‘Qweak datum only’). The uncertainty of the Qw

p 
result in this case includes an additional uncertainty (4.6 p.p.b.) due to 
the calculated form factors, but is only 4% larger than the uncertainty 
of the global fit result, which uses the entire PVES database. The dom-
inant correction, from the electromagnetic form factors (23.7%), is well 
known in the low-Q2 regime of the Qweak experiment.

The Qw
p  determinations described above can be used to test the  

prediction of the standard model for sin2θW, the fundamental  
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Fig. 3 | Variation of sin2θW with energy scale Q. The modified-minimal-
subtraction (MS) scheme is shown as the solid curve2,19, together with 
experimental determinations at the Z0 pole2 (Tevatron, LEP1, SLC, LHC), 
from APV on caesium14,15, Møller scattering (E158)22, deep inelastic 
scattering of polarized electrons on deuterons (e2H; PVDIS)23 and from 
neutrino–nucleus scattering (NuTeV)24. It has been argued25, however, 
that the latter result contains substantial unaccounted-for nuclear physics 
effects, such as neutron-excess corrections to the quark momenta, charge-
symmetry breaking and strange-quark momentum asymmetries. Our new 
result is plotted in red at the energy scale of the Qweak experiment, 
Q = 0.158 GeV (slightly offset horizontally for clarity). Error bars (1 s.d.) 
include statistical and systematic uncertainties.
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Fig. 4 | Mass and coupling constraints on new physics. a, Constraints, 
at the 95% confidence level, on the axial-electron–vector-quark weak-
coupling constants C1u and C1d, derived from the weak charge determined 
in this experiment using the global fit method ‘PVES fit’ (blue band) and 
the APV result2,14,15 on 133Cs (gold band). The combined (95% confidence 
level) constraint is shown by the black ellipse. Contours of the mass reach 
Λ/g for new physics with coupling g to arbitrary quark-flavour ratios are 
indicated by dashed circles centred about the standard-model values2 
of C1u and C1d, which are denoted by the red square. b, Mass reach Λ/g 
(95% confidence level) as a function of the quark-flavour mixing angle 
θh for the Qweak ‘PVES fit’ result (blue curve), for the 133Cs APV14,15 
result2 (gold curve) and for both results combined (black curve). The two 
maxima in the blue curve at θh = tan−1(nd/nu) = tan−1(1/2) = 26.6° and 
206.6° correspond to Λ−/g = 8.4 TeV and Λ+/g = 7.4 TeV in equation (4), 
respectively.
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