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2.1.3 Additional Corrections

A detailed study of the above phenomenology [1] reveals additional corrections that will
be important at our level of precision. First, the approximation that r2 in Equation A.2
is unity. That and similar terms in Appendix A.1 make about a 0.5% correction for
Q2=5 GeV2.

A more interesting observation is that the Y1 term depends on y. We have

lim
y!0

Y1 =

 
1 + R�Z

1 + R�

!

; lim
y!1

Y1 ⇡ 1

where the second limit neglects the 2xyM/E term in Equation A.4.
Another important e↵ect is target mass corrections. We anticipate that there will

be substantial cancellation in the ratio APV as is the case for spin-dependent structure
functions [13].

2.2 Electroweak Physics
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Figure 2.1: Plot of sin2 ✓W versus Q for various precision experiments that are either
completed or proposed.

One goal of PVDIS is to search for new physics beyond the Standard Model. With
that in mind, we have designed the experiment so that we can obtain a precision of
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One goal of PVDIS is to search for new physics beyond the Standard Model. With
that in mind, we have designed the experiment so that we can obtain a precision of
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not a significant issue because of recent advances in the monitoring
and feedback control of the beam, a direct outcome of some of the earlier
PVES studies9–12.

The high intensity of the Jefferson Lab beam allowed the completion
of the experiment in just under two months. A total of about 170,000
million scattered electrons were counted at two DIS settings. The asym-
metry measured at E 5 6.067 GeV, Æxæ 5 0.241, Y1 5 1.0, Y3 5 0.44 and
ÆQ2æ 5 1.085 (GeV c21)2 was

Aexp~ {91:1+3:1 stat:ð Þ+3:0 syst:ð Þ½ $|10{6 ð4Þ
where Æxæ and ÆQ2æ are averaged over the spectrometer acceptance, and
stat. and syst. indicate statistical and systematic errors, respectively. This
result is to be compared with the standard model (SM) expectation of
ASM 5 287.7 3 1026, with an uncertainty of 0.7 3 1026 dominated by
the uncertainty in the parton distribution functions (PDFs), parame-
terizations of how partons (quarks and gluons) that form the nucleon
carry the nucleon’s energy. To allow an extraction of C1u,1d and C2u,2d,
it is necessary to express the asymmetry in terms of these couplings.
This relation was calculated using the MSTW2008 leading-order PDF
parametrization15. For the kinematics above, it gives ASM 5 (1.1563 1024)
[(2C1u 2 C1d) 1 0.348(2C2u 2 C2d)], where the relative uncertainties
of the coefficients for the (2C1u 2 C1d) and the (2C2u 2 C2d) terms are
0.5% and 5%, respectively. The second DIS setting was at E 5 6.067 GeV,
Æxæ 5 0.295, Y1 5 1.0, Y3 5 0.69, ÆQ2æ 5 1.901 (GeV c21)2, and the result
was:

Aexp~ {160:8+6:4 stat:ð Þ+3:1 syst:ð Þ½ $|10{6 ð5Þ
The standard model expectation is ASM 5 (2158.9 6 1.0) 3 1026. The
coupling sensitivity is ASM 5 (2.022 3 1024)[(2C1u 2 C1d) 1 0.594(2C2u
2 C2d)], with the same relative uncertainties as the first DIS setting.
Details of the standard model calculation and the uncertainty due to
PDF fits are given in Supplementary Methods.

Using the most recent world data for the coupling C1u,1d (ref. 16),
obtained from PVES and caesium atomic parity violation experiments17–20,
a simultaneous fit of 2C1u 2 C1d and 2C2u 2 C2d to our results and to
the asymmetries from SLAC E122 was performed, yielding:

2C2u{C2dð ÞjQ2~0~{0:145+0:066 exp:ð Þ

+0:011 PDFð Þ+0:012 HTð Þ

~{0:145+0:068 totalð Þ

ð6Þ

Here, exp. refers to the total experimental uncertainty, given by the sta-
tistical and the systematic uncertainties of the asymmetry results added
in quadrature. The third uncertainty is due to the so-called higher-twist
(HT) effects, caused by interactions among quarks inside the target.
Further theoretical uncertainties, including QED vacuum polarization
and the cZ box diagram, are negligible compared to the uncertainty due
to the PDF fits. Electroweak and process-specific radiative corrections
have been applied to calculate the values at zero-Q2, C2u,2djQ2~0 called

geu,ed
VA with e referring to electrons (and similarly C1u,1djQ2~0 called geu,ed

AV )
in ref. 21, so that the values in equation (6) can be compared directly to
results from other precision experiments using different kinds of pro-
cesses. The values for C2u,2djQ2~0 differ from those at both Q2 accessed
in this experiment by 0.002–0.003 for both the up and the down quarks.

The asymmetry results in equations (4) and (5) can also be inter-
preted as a determination of the weak mixing angle hW, an important
ingredient of the electroweak unification of the standard model. The
result, evolved to the mass of the Z boson in the modified minimal
subtraction (MS) scheme, is ŝ2

Z: sin2 hW Q2~M2
Z ,MSð Þ~0:2299+0:0043,

in agreement with the latest standard-model fit to world data,
ŝ2

Z~0:23126+0:00005.
The result in equation (6) is compared with the standard-model

prediction 2C2u{C2djQ2~0~{0:0950+0:0004 in Fig. 1. Our results
have greatly improved the uncertainty on the effective electron–quark VA
weak couplings C2u,2d and are in good agreement with the standard-model

prediction. This is also the first direct measurement of the coupling
combination 2C2u 2 C2d that deviates from zero. We note that evid-
ence for non-zero values of the C2u,2d, possibly in a different combina-
tion from what we measured, may have been observed in experiments
measuring the nucleon axial form factors22. However, extraction of
C2u,2d from the nucleon axial form factor is model-dependent, whereas
in DIS the electron probes quarks unambiguously. The directness of
our approach is essential to reach a significantly higher accuracy in the
future, such as through the PVDIS programme planned for the 12 GeV
upgrade of Jefferson Lab.

A comparison of the present result with the standard-model pre-
dictions can be used to set mass limits L below which new interactions
are unlikely to occur. For the cases of electron and quark composite-
ness and contact interactions, we used the convention of ref. 23 and the
procedure in ref. 24. The limit for the constructive (destructive) inter-
ference contribution to the standard model is:

L+~v
8
ffiffiffi
5
p

p

2C2u{C2dð ÞQ2~0

"""
"""
+

2

64

3

75

1=2

ð7Þ

where 2C2u{C2dð ÞQ2~0

"""
"""
+

is the difference between the standard-

model value and the upper (lower) confidence bound of the data,

v~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
p #

2GFð Þ
q

~246:22 GeV is the Higgs vacuum expectation value

setting the electroweak scale, and the
ffiffiffi
5
p

is a normalization factor
taking into account the coefficients of the C2u,2d in the denominator.
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Figure 1 | Comparison of the present results with those of earlier
experiments and predictions of the standard model. Values of
2C1u{C1dð Þ Q2~0

"" and 2C2u{C2dð Þ Q2~0

"" from this experiment (ellipse with
blue horizontal hatching) are compared with those of SLAC E122 (yellow
ellipse)3,4. The latest data on C1q (from PVES16 and atomic Cs17–20) are shown as
the band with magenta vertical hatching. The ellipse with diagonal green
hatching shows the combined result of SLAC E122 and the latest C1q, while the
ellipse with red cross-hatching shows the combined result of SLAC E122, this
experiment, and the latest C1q. The standard model value (with negligible
uncertainty) is shown as the black dot, where the size of the dot is for visibility.

RESEARCH LETTER

6 8 | N A T U R E | V O L 5 0 6 | 6 F E B R U A R Y 2 0 1 4

Macmillan Publishers Limited. All rights reserved©2014

Quark vector charges

Q
ua

rk
 a

xia
l-v

ec
to

r c
ha

rg
es

JLab PVDIS

Standard Model prediction

~Q-weak [4%]

ellipse constrains potential 
new physics: e.g. Z’



not a significant issue because of recent advances in the monitoring
and feedback control of the beam, a direct outcome of some of the earlier
PVES studies9–12.

The high intensity of the Jefferson Lab beam allowed the completion
of the experiment in just under two months. A total of about 170,000
million scattered electrons were counted at two DIS settings. The asym-
metry measured at E 5 6.067 GeV, Æxæ 5 0.241, Y1 5 1.0, Y3 5 0.44 and
ÆQ2æ 5 1.085 (GeV c21)2 was

Aexp~ {91:1+3:1 stat:ð Þ+3:0 syst:ð Þ½ $|10{6 ð4Þ
where Æxæ and ÆQ2æ are averaged over the spectrometer acceptance, and
stat. and syst. indicate statistical and systematic errors, respectively. This
result is to be compared with the standard model (SM) expectation of
ASM 5 287.7 3 1026, with an uncertainty of 0.7 3 1026 dominated by
the uncertainty in the parton distribution functions (PDFs), parame-
terizations of how partons (quarks and gluons) that form the nucleon
carry the nucleon’s energy. To allow an extraction of C1u,1d and C2u,2d,
it is necessary to express the asymmetry in terms of these couplings.
This relation was calculated using the MSTW2008 leading-order PDF
parametrization15. For the kinematics above, it gives ASM 5 (1.1563 1024)
[(2C1u 2 C1d) 1 0.348(2C2u 2 C2d)], where the relative uncertainties
of the coefficients for the (2C1u 2 C1d) and the (2C2u 2 C2d) terms are
0.5% and 5%, respectively. The second DIS setting was at E 5 6.067 GeV,
Æxæ 5 0.295, Y1 5 1.0, Y3 5 0.69, ÆQ2æ 5 1.901 (GeV c21)2, and the result
was:

Aexp~ {160:8+6:4 stat:ð Þ+3:1 syst:ð Þ½ $|10{6 ð5Þ
The standard model expectation is ASM 5 (2158.9 6 1.0) 3 1026. The
coupling sensitivity is ASM 5 (2.022 3 1024)[(2C1u 2 C1d) 1 0.594(2C2u
2 C2d)], with the same relative uncertainties as the first DIS setting.
Details of the standard model calculation and the uncertainty due to
PDF fits are given in Supplementary Methods.

Using the most recent world data for the coupling C1u,1d (ref. 16),
obtained from PVES and caesium atomic parity violation experiments17–20,
a simultaneous fit of 2C1u 2 C1d and 2C2u 2 C2d to our results and to
the asymmetries from SLAC E122 was performed, yielding:

2C2u{C2dð ÞjQ2~0~{0:145+0:066 exp:ð Þ

+0:011 PDFð Þ+0:012 HTð Þ

~{0:145+0:068 totalð Þ

ð6Þ

Here, exp. refers to the total experimental uncertainty, given by the sta-
tistical and the systematic uncertainties of the asymmetry results added
in quadrature. The third uncertainty is due to the so-called higher-twist
(HT) effects, caused by interactions among quarks inside the target.
Further theoretical uncertainties, including QED vacuum polarization
and the cZ box diagram, are negligible compared to the uncertainty due
to the PDF fits. Electroweak and process-specific radiative corrections
have been applied to calculate the values at zero-Q2, C2u,2djQ2~0 called

geu,ed
VA with e referring to electrons (and similarly C1u,1djQ2~0 called geu,ed

AV )
in ref. 21, so that the values in equation (6) can be compared directly to
results from other precision experiments using different kinds of pro-
cesses. The values for C2u,2djQ2~0 differ from those at both Q2 accessed
in this experiment by 0.002–0.003 for both the up and the down quarks.

The asymmetry results in equations (4) and (5) can also be inter-
preted as a determination of the weak mixing angle hW, an important
ingredient of the electroweak unification of the standard model. The
result, evolved to the mass of the Z boson in the modified minimal
subtraction (MS) scheme, is ŝ2
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Charge symmetry in partons

• Partonic charge symmetry relations 

• Define CSV terms: 

• Two dominant sources of CSV:
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mu 6= md Qu 6= Qd

Quark masses → Lattice QED → photon radiation



Hyperon PDF moments

• Start from exact SU(3) symmetric point 

• Determine small perturbations
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Consider hyperon moments about SU(3) symmetric point



Partonic charge symmetry violation

• Lattice results for quark-mass dependence of hyperon 
momentum fractions
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Chiral extrapolation of CSV

• SU(3) chiral EFT formalism to extrapolate to physical 
quark masses

Shanahan, Thomas & RDY, PRD(2013)094515



Chiral extrapolation of CSV

• SU(3) chiral EFT formalism to extrapolate to physical 
quark masses

Shanahan, Thomas & RDY, PRD(2013)094515

Our result

hxi�u = �0.0023(7)

hxi�d = 0.0017(4)



CSV Distributions

• We only have one moment from the lattice 

• Simple parameterisation: MRST2004
hxi�q = q x

�1/2(1� x)4(x� 1/11)

Constrained with lattice CSV moments

RY, Shanahan & Thomas, 1312.4990[nucl-th]

http://inspirehep.net/record/1272734


PVDIS Asymmetry

APV = �91.1± 3.1± 3.0 ppm, [Q2 = 1.085GeV2
, x = 0.241];

APV = �160.8± 6.4± 3.1 ppm, [Q2 = 1.901GeV2
, x = 0.295].

±4–5%



Lattice result

MRST2004 [90% CL]

CSV is small compared to present experimental precision
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0.6% on the combination of electroweak parameters in AD
PV , as described in Section 2.4.3

below. One signature for the new physics is a deviation of the value of sin2 ✓W obtained
from comparing the data with Equation 2.9. The resulting sensitivity for our projected
error is plotted in Figure 2.1, together with the results of other precise measurements,
both published and proposed.
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Figure 2.2: Constraints on the Standard Model from parity-violation experiments. The
magenta/yellow hatched bands present the SLAC-DIS/Bates results. The cyan/black
hatched band presents the Tl/Cs APV result. The narrow black band in the left plot
shows the expected results from Qweak. The red band in the right plot shows the PDG
constraint, and the blue band shows the expected precision from the approved 6 GeV
PVDIS experiment (E08-011) [14] which will run in 2009. The green bands show the
expected results from the experiment proposed. All limits are 1 standard deviation.

From a more phenomenological perspective, a measurement of AD
PV provides a limit

on deviations of the couplings Cij from the predictions of the Standard Model. The
resulting sensitivity on plots of the Cij’s is given in Figures 2.2 and 2.3. There is a
tremendous decrease in the allowed region of the C2 plot. Both the high statistical
sensitivity and the large values of Y3 due to the large scattering angles are important for
this improvement. The unique feature of PVDIS is that it provides a precise constraint
in the plot of the C2’s.

As discussed in a recent review by Ramsey-Musolf and Su [15], combining vari-
ous precision measurements at low energies can have an important impact on physics
beyond the Standard Model. In this spirit, these data will be complementary to the
anticipated high-energy data from the LHC. PVDIS is one example of these low-energy
experiments [16].

PVDIS @6GeV

Proposed order-of-
magnitude improvement 

using SoLID @12GeV

Control of CSV will be 
essential for robust test 
of the Standard Model

Contact interactions



QED contribution & photon radiation?





How bright is the proton?



Manohar et al. arXiv:1607.04266
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Manohar et al. arXiv:1607.04266

Elastic Inelastic Partonic

Martin & Ryskin, EPJC(2014)

Elastic Partonic



598 X.G. Wang et al. / Physics Letters B 753 (2016) 595–599

Table 2
The pure QED contributions to the second moments of δuv and δdv at Q 2 = 4 GeV2, 10 GeV2 and 20 GeV2. The photon and valence quark distribution functions at the 
initial scale are given by Eqs. (4), (8) and (10), respectively.

Q 2
0

(GeV2)

Q 2 = 4 GeV2 Q 2 = 10 GeV2 Q 2 = 20 GeV2

δU v δD v δU v δD v δU v δD v

0.26 −0.00099 −0.00009 −0.00107 −0.00003 −0.00113 0.00001
0.40 −0.00089 −0.00013 −0.00095 −0.00007 −0.00099 −0.00003

Fig. 2. (Colour online.) The isospin-violating majority xδuv and minority xδdv va-
lence parton distributions at Q 2 = 4 GeV2 and 10 GeV2. Dash-dotted, dashed and 
solid curves represent pure QED, pure QCD and the total contributions, respectively.

using the very convenient functional, F [s2
W , δq; x], provided by the 

collaboration [25]

"s2
W =

1!

0

F [s2
W , δq; x]xδq(x, Q 2)dx (16)

at the central value Q 2 = 10 GeV2. The individual contributions to 
"s2

W are listed in Table 3. Therefore, the total correction arising 
from valence quark charge symmetry violation becomes

"s2
W |total = "s2

W |QED + "s2
W |QCD = −0.0022 ± 0.0004 , (17)

where the error is calculated by combining the errors on the in-
dividual contributions in quadrature. For the electromagnetic con-
tribution the errors are taken as the differences between matching 
at µ2

LO and µ2
NLO, while for the quark mass contribution the errors 

arise from Eq. (15). This value is consistent with that reported by 
Bentz et al. [17], namely "s2

W = −0.0026 ±0.0011, but now with a

Table 3
The QED and QCD corrections to "s2

W arising from valence quark charge symmetry 
violation.

"s2
W δuv δdv Total

QED −0.00043(6) 0.00004(2) −0.00039(6)

QCD −0.00102(31) −0.00074(17) −0.00176(35)

significantly improved estimate of the uncertainty associated with 
the QED contribution.

5. Conclusion

In summary, we have revisited the electromagnetic contribu-
tion to charge symmetry violation (CSV) in the parton distribu-
tion functions of the nucleon, which contributes the largest uncer-
tainty associated with the CSV correction to the NuTeV anomaly. At 
very low Q 2 we treat the radiation of photons from the nucleon 
coherently, following the suggestion of Martin and Ryskin [20], 
while above the scale typically associated with valence dominated 
quark models the photon emission is associated with the individ-
ual quarks, through QED evolution [22]. The resulting electromag-
netic contribution to the combination of second moments relevant 
to the NuTeV anomaly, namely δD v − δU v is of order 0.0010 (at 
10 GeV2). When used with the NuTeV functional this yields a 
correction of less than 10% of the NuTeV anomaly. Adding the lat-
est lattice QCD estimate of this moment [24], which is consistent 
with the older model dependent calculations [4–6], results in a 
total CSV correction to "s2

W of −0.0022 ± 0.0004, which consti-
tutes a reduction in the anomaly of more than 40%. If one were to 
add the isovector EMC from Ref. [26], the total correction would 
be −0.0041 ± 0.0007 and comparing with the quoted anomaly, 
−0.0050 ± 0.0016, the discrepancy with the Standard Model ap-
pears to be resolved. The major remaining issue is the potential 
asymmetry between the s and s̄ distributions [27–30] and resolv-
ing that issue is now of even greater importance.
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