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Weak Charge of the Proton

• QwP extracted from parity-violating, ep scattering:  
 
 

• Lowest order diagrams and result:  
 
 

• Lowest order definition of QwP : 
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One-loop result
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Running Weinberg Angle (Czarnecki and Marciano)
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Running Weinberg Angle (Czarnecki and Marciano) 
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Only  “Pinched”  Part 
Degrassi and Sirlin, PRD 46, 

3104 (1992) 
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Running Weinberg Angle
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Czarnecki and Marciano Running 
 Int. J. Mod. Phys. A15, 2365 (2000) 
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Erler and Langacker 
 Particle Data Group (2012) 

Running Weinberg Angle 



Weak Charge Extrapolation
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5

Q2 dependent uncertainties associated with the predicted
corrections were folded into the systematic error of each
point.
The effects of varying the maximum Q2 or θ of the

data included in the fit, or varying the dipole mass in the
strange form-factors, were studied and found to be small
relative to the fit uncertainty above Q2∼0.25 (GeV/c)2.
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FIG. 2. Global fit result (solid line) presented in the forward
angle limit as reduced asymmetries derived from this mea-
surement as well as other PVES experiments up to Q2 = 0.63
(GeV/c)2, including proton, helium and deuterium data. The
additional uncertainty arising from this rotation is indicated
by outer error bars on each point. The yellow shaded region
indicates the uncertainty in the fit. Qp

W is the intercept of
the fit. The SM prediction [33] is also shown (arrow).

In order to illustrate the 2-dimensional global fit
(θ, Q2) in a single dimension (Q2), the angle dependence
of the strange and axial form-factor contributions was re-
moved by subtracting

[

Acalc(θ, Q2)−Acalc(0◦, Q2)
]

from
the measured asymmetries Aep(θ, Q2), where the calcu-
lated asymmetries Acalc are determined from Eq. 2 using
the results of the fit. The reduced asymmetries from
this forward angle rotation of all the e⃗p PVES data used
in the global fit are shown in Fig. 2 along with the re-
sult of the fit. The intercept of the fit at Q2 = 0 is
Qp

W (PVES)=0.064± 0.012.
The present measurement also constrains the neutral-

weak quark couplings. The result of a fit combining the
most recent correction [51] to the 133Cs APV result [8],
with the world PVES data (including the present mea-
surement) is shown in Fig. 3.
The neutral weak couplings determined from this com-

bined fit are C1u=−0.1835 ± 0.0054 and C1d=0.3355 ±
0.0050, with a correlation coefficient -0.980. The cou-
plings can be used in turn to obtain a value for Qp

W ,
Qp

W (PVES+APV) = −2(2C1u+C1d)=0.063±0.012, vir-
tually identical with the result obtained from the
PVES results alone. In addition the C1’s can
be combined to extract the neutron’s weak charge
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FIG. 3. The constraints on the neutral-weak quark coupling
constants C1u − C1d (isovector) and C1u + C1d (isoscalar).
The more horizontal (green) APV band provides a tight con-
straint on the isoscalar combination from 133Cs data. The
more vertical (blue) ellipse represents the global fit of the ex-
isting Q2 < 0.63 PVES data including the new result reported
here at Q2=0.025 (GeV/c)2. The smaller (red) ellipse near
the center of the figure shows the result obtained by combin-
ing the APV and PVES information. The SM prediction [33]
as a function of sin2 θW in the MS scheme is plotted (diag-
onal black line) with the SM best fit value indicated by the
(black) point at sin2 θW=0.23116.

Qn
W (PVES+APV)=−2(C1u + 2C1d)=−0.975 ± 0.010.

Both Qp
W and Qn

W are in agreement with the SM val-
ues [33] Qp

W (SM) = 0.0710 ± 0.0007 and Qn
W (SM) =

−0.9890± 0.0007.
The corresponding model independent mass reach

(95% CL) for new parity-violating physics of the result
reported here is

Λ/g =
1

2

(√
2GF∆Qp

W

)−1/2
≈ 1.1 TeV, (8)

where ∆Qp
W is the uncertainty of this result, and g is the

coupling constant of new physics within the mass scale
Λ. The commissioning data reported here comprise 4% of
the total data acquired during the experiment. The final
result when published will benefit from an asymmetry
anticipated to have an uncertainty about 5 times smaller.
This work was supported by DOE contract No. DE-

AC05-06OR23177, under which Jefferson Science Asso-
ciates, LLC operates Thomas Jefferson National Accel-
erator Facility. Construction and operating funding for
the experiment was provided through the US Depart-
ment of Energy (DOE), the Natural Sciences and En-
gineering Research Council of Canada (NSERC), and
the National Science Foundation (NSF) with university

Weak Charge Extrapolation (PRL 99,122003 (2007)) 
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𝜸Z Box

• Definition:

���8

γZ Box 

• Definition: 

 

 

 

• Unlike WW and ZZ boxes, the γZ box cannot be analyzed using 
pQCD. 
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γZ Box 

• Definition: 

 

 

 

• Unlike WW and ZZ boxes, the γZ box cannot be analyzed using 
pQCD. 
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• For WW or ZZ boxes, two heavy propagators enough to 
ensure contributing momenta are big.  Calculate w/pQCD.  
Here, one heavy propagator not enough.  Low momenta in 
loop, perturbative calculation unreliable.:

γZ Box 

• Definition: 

 

 

 

• Unlike WW and ZZ boxes, the γZ box cannot be analyzed using 
pQCD. 
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γZ Box 

• Definition: 

 

 

 

• Unlike WW and ZZ boxes, the γZ box cannot be analyzed using 
pQCD. 
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𝜸Z Box

• Gorchtein and Horowitz (PRL 102, 091806 (2009)) had 
insight to calculate the amplitude dispersively 
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γZ Box 

• Gorchtein and Horowitz (PRL 102, 091806 (2009)) had insight 
to calculate the amplitude dispersively 

 

 

 

 

 

 

• Optical Theorem 
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• Optical theorem,

γZ Box 

• Gorchtein and Horowitz (PRL 102, 091806 (2009)) had insight 
to calculate the amplitude dispersively 

 

 

 

 

 

 

• Optical Theorem 
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𝜸Z Box equations

• Imaginary part
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γZ Box Equations 

• Imaginary Part: 

 

 

 

 

 
• Dispersion Relations: 
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• Dispersion relations,

γZ Box Equations 
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𝜸Z Box equations

• Imaginary part
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• Dispersion relations,

γZ Box Equations 

• Imaginary Part: 

 

 

 

 

 
• Dispersion Relations: 
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γZ Box Equations 

• Imaginary Part: 

 

 

 

 

 
• Dispersion Relations: 

Structure Functions 
must be modeled. 
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Labels proton current. 
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• Imaginary Part: 
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Labels proton current. 



Vector Boxes



Vector box plots

• Differences come from the treatment of the structure functions
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The Vector Box Plots 

 

 

 

 

 

 

 

 

 

 

Hall et al. 
PRD 88, 013011 (2013) 

Carlson and Rislow 
PRD 83, 113007 (2011) 

Gorchtein et al. 
PRC 84, 015502 (2011) 
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• Differences come from the treatment of the 

structure functions. 

 



Us

• We divided up the energy regions and modified the 
structure functions.
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Carlson and Rislow Analysis 

• We split the energy regions and modified the structure 
functions. 

W (GeV) 

Q2 (GeV)2 

2.5 

8 

Christy and Bosted 
(PRC 81, 055213 (2010)) 

(modified) 

Capella et al. 
(Phys. Lett. B 337, 

358 (1994)) 

(modified) 

CTEQ  
(PRD 82, 074024 (2010)) 
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Evaluation in scaling region

• Calculated directly using PDFs 
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• We use CTEQ	


• Alternative	


• Hall et al. use ABM11 (PRD 86, 054009 (2012))

Evaluation of Scaling Region 

• Calculated directly using PDFs 

 

 

• We use CTEQ 

 

• Alternative 
– Hall et al. use ABM11 (PRD 86, 054009 (2012)) 
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Evaluation in resonance region
• All later calculations modify Christy-Bosted 

electromagnetic fits.   (May also use MAID.)	


• CB fit have 7 resonances and a smooth background 
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Evaluation of Resonance Region 

• All later calculations modify Christy Bosted electromagnetic fits. 

• CB fit has 7 resonances and a smooth background 

 

 

 

 

 

 

 

• Resonances modified by corrective ratio: 
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• Resonances modified by corrective ratio: 

Evaluation of Resonance Region 

• All later calculations modify Christy Bosted electromagnetic fits. 

• CB fit has 7 resonances and a smooth background 
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Vector Cres

• Definition of structure functions:
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• Cres in terms of helicity amplitudes:

• Definition of structure functions: 

 

 

 

 

 

 

• Cres in terms of helicity amplitudes: 

 

Rislow and Carlson Vector Cres 
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• Definition of structure functions: 

 

 

 

 

 

 

• Cres in terms of helicity amplitudes: 

 

Rislow and Carlson Vector Cres 
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Vector Cres

• We constructed helicity amplitudes using SU(6) wave functions: 
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• Phenomenological constraints used to fit A and B: 

• We constructed helicity amplitudes using SU(6) wave 
functions: 

 

 

 

 

 

 

 

• Phenomenological constraints  used to fit A and B: 
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Rislow and Carlson Vector Cres 

 -1 for Q2 = 0 
 +1 for high Q2 = 
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• We constructed helicity amplitudes using SU(6) wave 
functions: 

 

 

 

 

 

 

 

• Phenomenological constraints  used to fit A and B: 

 

= 

Rislow and Carlson Vector Cres 

 -1 for Q2 = 0 
 +1 for high Q2 = 

25 



Cres for D13(1520)

• SU(6) wave function for proton:
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• Helicity amplitudes

• SU(6) wave function for D13(1520): 

 

 

 

 

 

• Helicity Amplitudes: 

 

Cres for D13(1520) 
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Spatial Flavor Spin 

• SU(6) wave function for D13(1520): 

 

 

 

 

 

• Helicity Amplitudes: 

 

Cres for D13(1520) 
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Spatial Flavor Spin 



Cres for D13(1520)

• A and B relations for D13(1520):
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• Λ found by comparing amplitudes to MAID:

• A and B relations for D13(1520): 

 

 

 

 

 

• Λ found by comparing amplitudes to MAID: 

 

Cres for D13(1520) 
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• A and B relations for D13(1520): 

 

 

 

 

 

• Λ found by comparing amplitudes to MAID: 

 

Cres for D13(1520) 
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Our vector Cres
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Rislow and Carlson Vector Cres 
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R & C Background Correction

• In limit where all light quarks (u, d, s) are equally likely: 
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• In limit where all light quarks (u, d, s) are equally likely: 

 

 

 

• In valence quark limit (d and 2 u’s): 

 

 

 

 

• We took their average as the correction: 

 

Rislow and Carlson Background Correction 
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Rislow and Carlson Background Correction 
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• In limit where all light quarks (u, d, s) are equally likely: 

 

 

 

• In valence quark limit (d and 2 u’s): 

 

 

 

 

• We took their average as the correction: 

 

Rislow and Carlson Background Correction 
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• In valence quark limit (d and 2 u’s): 

• We took their average as the correction: 



Alternative resonance analysis

• Isospin rotate neutron amplitudes:
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• Rewrite neutral current

Christy and Bosted Modification 

• Isospin rotate neutron amplitudes: 

 

 

 

 

 

• Rewrite neutral current: 

 

 

 

 

 
 

Christy and Bosted Modification 

• Isospin rotate neutron amplitudes: 

 

 

 

 

 

• Rewrite neutral current: 
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• Cres calculated using PDG photoproduction data	


• GHRM used PDG data at Q2 = 0, dropped relative Q
2
 

dependence.	


• Can also use MAID to obtain neutron amplitudes, at all Q
2
.

 

 

 

 

 

 

 

• Cres calculated using PDG photoproduction data 

 

 

 

 

 

 



Cres Effect on γZ Box

• Solid: Constituent Quark Model of Carlson and Rislow 	


• Blue: PDG (used by Gorchtein et al. and Hall et al.) 	


• Red: MAID (Eur.Phys.J.ST 198, 141 (2011))  
– Green: MAID without Roper Resonance 
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Cres Effect on γZ Box 

• Solid: Constituent Quark Model of Carlson and Rislow 

• Blue: PDG (used by Gorchtein et al. and Hall et al.) 

• Red: MAID (Eur.Phys.J.ST 198, 141 (2011)) 
– Green: MAID without Roper Resonance 
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Axial	  Box	  Analyses



Axial Box Calculations
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Axial Box Calculations 
Blunden et al. 

PRL 107, 081801 (2011) 

46 

Carlson and Rislow 
PRD 88, 013018 (2013) 



Comments on ☐𝜸ZA

• The ☐𝜸ZV ≈ 0.005 just discussed compares to ☐𝜸Z ≈ 

0.0051 quoted on “old days”.  Pure coincidence. This was 
just for ☐𝜸ZA. 	


• ☐𝜸ZA can be calculated anew.  With the DR treatment there 

are no logs to guess arguments of.  
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• Notes	


• Not zero at threshold	


• The E’ makes high energies important	


• Most of result comes from scaling region for F3
𝜸Z

, where 
it can be obtained reliably

�A
�Z(E) =

2
�

�

E�>0

E� dE�

E�2 � E2
Im �A

�Z(E�)



Current Axial Box Results
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Axial Box Calculations 
Blunden et al. 

PRL 107, 081801 (2011) 

46 

Carlson and Rislow 
PRD 88, 013018 (2013) 



Same split of regions

���30

Carlson and Rislow Analysis 

• We split the energy regions and modified the structure 
functions. 

W (GeV) 

Q2 (GeV)2 

2 

8 

Christy and Bosted 
(PRC 81, 055213 (2010)) 

(modified) 

CTEQ 
(modified) 

CTEQ  
(PRD 82, 074024 (2010)) 
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Evaluation of Axial Structure Function

• Scaling region

���31

Evaluation of Axial Structure Function 

• Scaling Region: 

 

 

 

• High W, Low Q2: 
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CTEQ 

• High W, low Q2,

Evaluation of Axial Structure Function 

• Scaling Region: 

 

 

 

• High W, Low Q2: 
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CTEQ 
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• Resonance Region:	


• Blunden et al. use Lalakulich et al. (PRD74,014009) for F3	


• Fewer resonances than the Christy Bosted fit:  
fits for D13(1520), P11(1440), P33(1232), and S11(1535)	


• We continue modifying the Christy Bosted fit.

• Resonance Region: 
– Blunden et al. use Lalakulich et al. (PRD 74, 014009)  

– We continue modifying the Christy Bosted fit. 
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Rislow & Carlson Axial Cres
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Rislow and Carlson Axial Cres 
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R & C Background Correction

• Smooth background
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Rislow and Carlson Background Correction 
 

• Smooth Background. 

 

 

 

 

 

 

 

 

• Average 5/3. 
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• Average 5/3



Axial Box Contributions
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Axial Box Contributions 
Blunden et al. 

PRL 107, 081801 (2011) 

53 

Carlson and Rislow 
PRD 88, 013018 (2013) 

(Overall results already given)



Summary

• The world is saved (almost), regarding the 𝜸Z corr. to QWeak.	


• I.e.,  ☐𝜸Z
V now calculated.	


• About (8.1±1.4)% of QW
p at Eelec=1.165 GeV.  Proportional to Eelec. 	


• ☐𝜸Z
A also now calculated w/o guesswork on logs	


• About (6.3±0.6%) of QW
p at Eelec threshold. Small dependence on 

Eelec.	


• For goal of 1% or better measurement of QWeak (P2 at Mesa), 
energy is about 1/6 of JLab experiment, and corrections and error 
in ☐𝜸Z

V scale with energy.  	


• Would like to improve ☐𝜸Z
A but believe this is very manageable
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Post summary:  APV

• With one-photon exchange,

���37

addition to the parity-conserving correction to the unpo-
larized cross section from two-photon exchange. For
purely leptonic processes, the contribution of the box dia-
grams is calculable exactly as a part of the leading-order
electroweak radiative correction [11]. However, additional
knowledge of hadronic structure is needed to calculate a
similar correction for semileptonic weak processes. A
partial solution of this problem was introduced by Mo
and Tsai in the classic paper [12] on radiative corrections
to electron-proton scattering, in which the photon in dia-
gram Fig. 1(c) was treated in an infrared approximation,
thereby reducing the hadronic-structure dependence to
Born-approximation form factors. We should note that if
the infrared approximation is used, then the combined
contribution of the boxes [Figs. 1(c) and 1(d)] would factor
out and exactly cancel in the polarization asymmetries. To
obtain the correction to polarization asymmetries, one
needs to go beyond the infrared approximation for two-
photon exchange, and this is the goal of the present Letter.

Let us first present general formulas for the electromag-
netic and weak currents and the parity-violating asymme-
try. The Born matrix element of Fig. 1(a) is described in a
standard way in terms of proton electromagnetic form
factors F!

1;2p. The exchange of the Z boson [Fig. 1(b)] is
parametrized at tree level as [13]

M Z ! "GF
!!!

2
p j"Z J

Z
"; (1)

j"Z ! !u#k0$!"#geV " geA!
5$u#k$; (2)

JZ" ! !u#p0$
"

!"FZ
1 % i#"$q$

FZ
2

2M
% !"!5GZ

A

#

u#p$; (3)

where GF is Fermi constant, FZ
1;2p are the form factors of

the proton neutral weak current, M is the proton mass, and
q ! k" k0. In the standard model of electroweak interac-
tions, the weak form factors FZ

1;2p are related to the proton
and neutron electromagnetic form factors by the expres-
sion

FZ
1;2p#Q2$ ! #1" 4sin2%W$F!

1;2p " F!
1;2n " Fs

1;2; (4)

where %W is the weak mixing (Weinberg) angle and the
quantities Fs

1;2 denote contributions to the neutral weak
current from strange (and heavier) quarks. Other combina-
tions of form factors are also used, namely, GE ! F1 "
&F2 and GM ! F1 % F2, where & ! Q2=#4M2$.

The axial form factor is

GZ
A#Q2$ ! "&3GA#Q2$ % "s; (5)

where &3 ! %1#"1$ for protons (neutrons) and "s stands
for the strange-quark contribution. The isovector axial
form factor is normalized at Q2 ! 0 to the neutron

'-decay constant as GA#0$ ! "gA=gV ! %1:2670&
0:0035. Note that all the above expressions are valid at
tree level, when higher-order radiative corrections are
neglected.

Interference between photon and Z-boson exchange
produces an experimentally observable parity-violating
asymmetry APV in the scattering of longitudinally polar-
ized electrons on an unpolarized target [14]. It can be
expressed in terms of the above quantities as

ABorn
PV !#R"#L

#R%#L
!" GFQ2

4()
!!!

2
p ABorn

E %ABorn
M %ABorn

A

'*#G!
Ep$2%&#G!

Mp$2(
; (6)

where

ABorn
E ! "2geA*G

Z
EpG

!
Ep; ABorn

M ! "2geA&G
Z
MpG

!
Mp

ABorn
A ! 2geV

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

&#1% &$#1" *2$
q

GZ
AG

!
Mp

* !
$

1% 2#1% &$tan2 %e
2

%"1
; (7)

and where geV ! "#1" 4sin2%W$=2, geA ! "1=2 are the
electron coupling constants from Eq. (1).

Let us now consider the case when electron-proton
scattering is caused by the exchange of more than one
photon. Neglecting the electron mass, the electron-nucleon
scattering amplitude can be presented in the form de-
scribed by three complex scalar invariants; see also [1,3]:

M!! e2

Q2

"

!u#k0$!"u#k$) !u#p0$
$

!"F0
1% i#"$q$

F0
2

2M

%

u#p$

% !u#k0$!"!5u#k$) !u#p0$!"!5G0
Au#p$

#

: (8)

The invariants, or generalized form factors, may be sepa-
rated into parts coming from one-photon exchange
[Fig. 1(a)] and parts from two- or more-photon exchange
[Fig. 1(c)],

G0
M#*; Q2$ ! G!

M#Q2$ % +G0
M#*; Q2$

G0
E#*; Q2$ ! G!

E#Q2$ % +G0
E#*; Q2$

G0
A#*; Q2$ ! +G0

A#*; Q2$;
(9)

where G!
M#Q2$ and G!

E#Q2$ are the usual magnetic and
electric form factors that parametrize matrix elements of
nucleon electromagnetic current, and the corrections of
order O#)$ from multiphoton exchange are represented
by the quantities +G0

M, +G0
E, and G0

A.
Equipped with the corrected expression for the proton

electromagnetic amplitudes, it is straightforward to update
the formula for the parity-violating asymmetry APV which
properly includes the two-photon box contributions. The
asymmetry takes the form

APV ! " GFQ2

4()
!!!

2
p AE % AM % AA % A0

M % A0
A

*jG0
Epj2 % &jG0

Mpj2 % 2
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

&#1% &$#1" *2$
p

G!
Mp Re#G0

Ap$
; (10)

where the formulas for AE;M;A are obtained from the corresponding formulas for ABorn
E;M;A of Eq. (7) by replacing
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the infrared approximation is used, then the combined
contribution of the boxes [Figs. 1(c) and 1(d)] would factor
out and exactly cancel in the polarization asymmetries. To
obtain the correction to polarization asymmetries, one
needs to go beyond the infrared approximation for two-
photon exchange, and this is the goal of the present Letter.

Let us first present general formulas for the electromag-
netic and weak currents and the parity-violating asymme-
try. The Born matrix element of Fig. 1(a) is described in a
standard way in terms of proton electromagnetic form
factors F!

1;2p. The exchange of the Z boson [Fig. 1(b)] is
parametrized at tree level as [13]
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where GF is Fermi constant, FZ
1;2p are the form factors of

the proton neutral weak current, M is the proton mass, and
q ! k" k0. In the standard model of electroweak interac-
tions, the weak form factors FZ

1;2p are related to the proton
and neutron electromagnetic form factors by the expres-
sion

FZ
1;2p#Q2$ ! #1" 4sin2%W$F!

1;2p " F!
1;2n " Fs

1;2; (4)

where %W is the weak mixing (Weinberg) angle and the
quantities Fs

1;2 denote contributions to the neutral weak
current from strange (and heavier) quarks. Other combina-
tions of form factors are also used, namely, GE ! F1 "
&F2 and GM ! F1 % F2, where & ! Q2=#4M2$.

The axial form factor is

GZ
A#Q2$ ! "&3GA#Q2$ % "s; (5)

where &3 ! %1#"1$ for protons (neutrons) and "s stands
for the strange-quark contribution. The isovector axial
form factor is normalized at Q2 ! 0 to the neutron

'-decay constant as GA#0$ ! "gA=gV ! %1:2670&
0:0035. Note that all the above expressions are valid at
tree level, when higher-order radiative corrections are
neglected.

Interference between photon and Z-boson exchange
produces an experimentally observable parity-violating
asymmetry APV in the scattering of longitudinally polar-
ized electrons on an unpolarized target [14]. It can be
expressed in terms of the above quantities as
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and where geV ! "#1" 4sin2%W$=2, geA ! "1=2 are the
electron coupling constants from Eq. (1).

Let us now consider the case when electron-proton
scattering is caused by the exchange of more than one
photon. Neglecting the electron mass, the electron-nucleon
scattering amplitude can be presented in the form de-
scribed by three complex scalar invariants; see also [1,3]:
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The invariants, or generalized form factors, may be sepa-
rated into parts coming from one-photon exchange
[Fig. 1(a)] and parts from two- or more-photon exchange
[Fig. 1(c)],
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(9)

where G!
M#Q2$ and G!

E#Q2$ are the usual magnetic and
electric form factors that parametrize matrix elements of
nucleon electromagnetic current, and the corrections of
order O#)$ from multiphoton exchange are represented
by the quantities +G0

M, +G0
E, and G0

A.
Equipped with the corrected expression for the proton

electromagnetic amplitudes, it is straightforward to update
the formula for the parity-violating asymmetry APV which
properly includes the two-photon box contributions. The
asymmetry takes the form

APV ! " GFQ2
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where the formulas for AE;M;A are obtained from the corresponding formulas for ABorn
E;M;A of Eq. (7) by replacing
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Higher-order QED effects play an important role in precision measurements of nucleon elastic form
factors in electron scattering. Here we introduce a two-photon-exchange QED correction to the parity-
violating polarization asymmetry of elastic electron-proton scattering. We calculate this correction in the
parton model using the formalism of generalized parton distributions, and demonstrate that it can reach
several percent in certain kinematics, becoming comparable in size with existing experimental measure-
ments of strange-quark effects in the proton neutral weak current.
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Introduction.—Recently, the two-photon-exchange
mechanism in elastic electron-proton scattering has at-
tracted a lot of attention. The reason is that this mechanism
arguably accounts for the difference between the high-Q2

values of the electric to magnetic proton form factor ratio
GEp=GMp [1,2] as measured in unpolarized (Rosenbluth)
and polarized electron scattering. Calculations of Ref. [3]
using a formalism of generalized parton distributions
(GPDs) [4] confirm the possibility, and decisive experi-
mental tests are under development [5]. See also Ref. [6]
for a review of the problem.

The Rosenbluth-polarization controversy is resolved
(putatively) by including nonsoft photon exchange into
the box and cross-box diagrams of electron-proton scatter-
ing. Since the additional exchanged photon is not soft, it
alters the spin structure of the electron-proton elastic scat-
tering amplitude and contributes to polarization observ-
ables [7]. These effects exceed spin-dependent corrections
due to bremsstrahlung [8], because bremsstrahlung pho-
tons can be constrained to be soft by experimental cuts.
The magnitude of the additional correction at fixed Q2

depends on the electron scattering angle, reaching a few
percent. This result motivated us to take a closer look at
other electron scattering measurements that require high
precision.

In this Letter, we discuss the implications of two-photon
exchange for parity-violating electron scattering. The pos-
sibility of a radiative correction of this type has been
mentioned in the literature (see, e.g., Ref. [9]), but neither
a general nor a model-based analysis has been done so far.
In our study, we derive expressions for parity-violating
observables in terms of generalized form factors, and
then present numerical results using the formalism of
GPDs [3]. We conclude that the two-photon-exchange
mechanism introduces a systematic correction to parity-
violating electron-proton scattering asymmetry at a level of
one or more percent in certain kinematics, which is com-
parable in size with existing experimental constraints of the
strange-quark contribution to this asymmetry.

Currents and observables.—At tree level, parity viola-
tion in electron scattering is caused by interference of the

diagrams with the single photon and single Z0-boson ex-
change shown in Figs. 1(a) and 1(b). Leading-order radia-
tive corrections include, but are not limited to, the box
diagrams of Figs. 1(c) and 1(d), where the blobs between
photon and Z-boson coupling to the nucleon denote ex-
citations of all possible intermediate states by the electro-
magnetic and weak neutral currents. Therefore a calcu-
lation of such corrections depends on nucleon structure and
requires modeling of the nucleon radiative weak amplitude
and Compton amplitude under the loop integral. The
mechanism of Fig. 1(d), the !Z box, contributes to parity-
violating electron-nucleon interaction through interference
with one-photon exchange [Fig. 1(a)]. It was calculated by
Marciano and Sirlin [10] for the case of atomic parity
violation corresponding to the limit of zero momentum
transfer.

Let us consider one more possibility, namely, the radia-
tive correction due to interference between the diagrams
with Z-boson exchange [Fig. 1(b)] and two-photon ex-
change [Fig. 1(c)]. This mechanism of 2!! Z interference
contributes to the observed asymmetry at the same order
O""# as the !Z box discussed in Ref. [10]; it comes in

FIG. 1. (a),(b) Diagrams of the Born approximation, (c) two-
photon exchange, and (d) the !Z box for elastic e-p scattering in
a standard model of electroweak interactions. Corresponding
cross-box diagrams are implied.
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addition to the parity-conserving correction to the unpo-
larized cross section from two-photon exchange. For
purely leptonic processes, the contribution of the box dia-
grams is calculable exactly as a part of the leading-order
electroweak radiative correction [11]. However, additional
knowledge of hadronic structure is needed to calculate a
similar correction for semileptonic weak processes. A
partial solution of this problem was introduced by Mo
and Tsai in the classic paper [12] on radiative corrections
to electron-proton scattering, in which the photon in dia-
gram Fig. 1(c) was treated in an infrared approximation,
thereby reducing the hadronic-structure dependence to
Born-approximation form factors. We should note that if
the infrared approximation is used, then the combined
contribution of the boxes [Figs. 1(c) and 1(d)] would factor
out and exactly cancel in the polarization asymmetries. To
obtain the correction to polarization asymmetries, one
needs to go beyond the infrared approximation for two-
photon exchange, and this is the goal of the present Letter.

Let us first present general formulas for the electromag-
netic and weak currents and the parity-violating asymme-
try. The Born matrix element of Fig. 1(a) is described in a
standard way in terms of proton electromagnetic form
factors F!

1;2p. The exchange of the Z boson [Fig. 1(b)] is
parametrized at tree level as [13]
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where GF is Fermi constant, FZ
1;2p are the form factors of

the proton neutral weak current, M is the proton mass, and
q ! k" k0. In the standard model of electroweak interac-
tions, the weak form factors FZ

1;2p are related to the proton
and neutron electromagnetic form factors by the expres-
sion

FZ
1;2p#Q2$ ! #1" 4sin2%W$F!

1;2p " F!
1;2n " Fs

1;2; (4)

where %W is the weak mixing (Weinberg) angle and the
quantities Fs

1;2 denote contributions to the neutral weak
current from strange (and heavier) quarks. Other combina-
tions of form factors are also used, namely, GE ! F1 "
&F2 and GM ! F1 % F2, where & ! Q2=#4M2$.

The axial form factor is

GZ
A#Q2$ ! "&3GA#Q2$ % "s; (5)

where &3 ! %1#"1$ for protons (neutrons) and "s stands
for the strange-quark contribution. The isovector axial
form factor is normalized at Q2 ! 0 to the neutron

'-decay constant as GA#0$ ! "gA=gV ! %1:2670&
0:0035. Note that all the above expressions are valid at
tree level, when higher-order radiative corrections are
neglected.

Interference between photon and Z-boson exchange
produces an experimentally observable parity-violating
asymmetry APV in the scattering of longitudinally polar-
ized electrons on an unpolarized target [14]. It can be
expressed in terms of the above quantities as
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and where geV ! "#1" 4sin2%W$=2, geA ! "1=2 are the
electron coupling constants from Eq. (1).

Let us now consider the case when electron-proton
scattering is caused by the exchange of more than one
photon. Neglecting the electron mass, the electron-nucleon
scattering amplitude can be presented in the form de-
scribed by three complex scalar invariants; see also [1,3]:
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The invariants, or generalized form factors, may be sepa-
rated into parts coming from one-photon exchange
[Fig. 1(a)] and parts from two- or more-photon exchange
[Fig. 1(c)],
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where G!
M#Q2$ and G!

E#Q2$ are the usual magnetic and
electric form factors that parametrize matrix elements of
nucleon electromagnetic current, and the corrections of
order O#)$ from multiphoton exchange are represented
by the quantities +G0

M, +G0
E, and G0

A.
Equipped with the corrected expression for the proton

electromagnetic amplitudes, it is straightforward to update
the formula for the parity-violating asymmetry APV which
properly includes the two-photon box contributions. The
asymmetry takes the form

APV ! " GFQ2
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where the formulas for AE;M;A are obtained from the corresponding formulas for ABorn
E;M;A of Eq. (7) by replacing

PRL 94, 212301 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
3 JUNE 2005

212301-2

electromagnetic form factors G!
E;M with real parts of their

generalized versions Re!G0
E;M". Two additional terms, A0

M
and A0

A, arise from interference between the axial-like
terms in the two-photon-exchange amplitude and
Z-boson exchange,
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One can see from Eq. (11) that the parity-violating
asymmetry acquires new terms from the modified spin
structure of electron-proton scattering amplitude coming
from two-photon exchange. Because of these terms, the
updated expressions for APV cannot be obtained by just
updating the nucleon electromagnetic form factors, but
also require including this new O!$" correction to the
observed asymmetry.

Thus the two-photon-exchange correction to APV is a
combined effect from the correction to the unpolarized
cross section in the denominator of Eq. (10) and the
correction to the polarization-dependent numerator. To
the leading order in (electromagnetic) $, the former is
due to interference between one- and two-photon-
exchange diagrams [Figs. 1(a) and 1(c)], whereas the latter
arises due to interference of the Z boson and two-photon
exchange [Figs. 1(b) and 1(c)].

GPD calculation of two-photon-exchange correction to
APV.—We evaluate the contribution of two-photon ex-
change to the parity-violating asymmetry using a partonic
formalism. The calculation of the generalized form factors
given in Eq. (9) is described in detail in Refs. [3,7], and
here we will only briefly remind the reader of the main
steps.

For the two-photon-exchange mechanism of Fig. 1(c), a
‘‘handbag’’ approximation is used, in which the two pho-
tons are coupled directly to a pointlike quark. The photon
phase space in the four-dimensional loop integral is sepa-
rated into ‘‘soft’’ and ‘‘hard’’ regions using the gauge-
invariant procedure of [15]. The soft part is treated sepa-
rately in accordance with a low-energy theorem, while the
hard part calculation is performed using GPDs to describe
the emission and reabsorption of a quark by a nucleon. The
same parametrization is used for the GPDs as in Ref. [3],
with constraints on x (quark momentum fraction) and Q2

dependence coming from available data on elastic nucleon
form factors and parton distribution functions of inclusive
deep-inelastic scattering. The calculation is not extended to
small values of # because the model [3] in its present form
has limited applicability in this region, which corresponds
to small values of Mandelstam variable %u <M2. The
parton model approach used here also restricts four-
momentum transfers to the region Q2 >M2.

The results of the calculation are shown in Figs. 2 and 3
for the ratio

R # APV!1!$ 2!"
APV!1!"

; (12)

where APV!1!" is the Born asymmetry of Eq. (6) and
APV!1!$ 2!" is the calculation with two-photon-
exchange correction included. It is instructive to compare
contributions to the above ratio from the polarization-
dependent numerator and the polarization-independent
cross section in the denominator of Eq. (10), because
they come from interference of different pairs of diagrams.
The two-photon-exchange correction reduces the magni-
tude of both the denominator and the numerator of Eq. (10)
by several percent, leading to partial cancellation of the
effect for the asymmetry and increasing the magnitude of
APV compared to its Born value.

The correction is both Q2 and # dependent. It is increas-
ing toward backward electron scattering angles (small #),
reaching above 1%. Quantitatively, a 1% increase in the
magnitude of APV due to two-photon exchange results in
about the same percentage decrease in the magnitude of the
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One can see from Eq. (11) that the parity-violating
asymmetry acquires new terms from the modified spin
structure of electron-proton scattering amplitude coming
from two-photon exchange. Because of these terms, the
updated expressions for APV cannot be obtained by just
updating the nucleon electromagnetic form factors, but
also require including this new O!$" correction to the
observed asymmetry.

Thus the two-photon-exchange correction to APV is a
combined effect from the correction to the unpolarized
cross section in the denominator of Eq. (10) and the
correction to the polarization-dependent numerator. To
the leading order in (electromagnetic) $, the former is
due to interference between one- and two-photon-
exchange diagrams [Figs. 1(a) and 1(c)], whereas the latter
arises due to interference of the Z boson and two-photon
exchange [Figs. 1(b) and 1(c)].

GPD calculation of two-photon-exchange correction to
APV.—We evaluate the contribution of two-photon ex-
change to the parity-violating asymmetry using a partonic
formalism. The calculation of the generalized form factors
given in Eq. (9) is described in detail in Refs. [3,7], and
here we will only briefly remind the reader of the main
steps.

For the two-photon-exchange mechanism of Fig. 1(c), a
‘‘handbag’’ approximation is used, in which the two pho-
tons are coupled directly to a pointlike quark. The photon
phase space in the four-dimensional loop integral is sepa-
rated into ‘‘soft’’ and ‘‘hard’’ regions using the gauge-
invariant procedure of [15]. The soft part is treated sepa-
rately in accordance with a low-energy theorem, while the
hard part calculation is performed using GPDs to describe
the emission and reabsorption of a quark by a nucleon. The
same parametrization is used for the GPDs as in Ref. [3],
with constraints on x (quark momentum fraction) and Q2

dependence coming from available data on elastic nucleon
form factors and parton distribution functions of inclusive
deep-inelastic scattering. The calculation is not extended to
small values of # because the model [3] in its present form
has limited applicability in this region, which corresponds
to small values of Mandelstam variable %u <M2. The
parton model approach used here also restricts four-
momentum transfers to the region Q2 >M2.

The results of the calculation are shown in Figs. 2 and 3
for the ratio
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where APV!1!" is the Born asymmetry of Eq. (6) and
APV!1!$ 2!" is the calculation with two-photon-
exchange correction included. It is instructive to compare
contributions to the above ratio from the polarization-
dependent numerator and the polarization-independent
cross section in the denominator of Eq. (10), because
they come from interference of different pairs of diagrams.
The two-photon-exchange correction reduces the magni-
tude of both the denominator and the numerator of Eq. (10)
by several percent, leading to partial cancellation of the
effect for the asymmetry and increasing the magnitude of
APV compared to its Born value.

The correction is both Q2 and # dependent. It is increas-
ing toward backward electron scattering angles (small #),
reaching above 1%. Quantitatively, a 1% increase in the
magnitude of APV due to two-photon exchange results in
about the same percentage decrease in the magnitude of the
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