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Outline
• Update AJM model predic0ons for inelas0c PVES in SOLID kinema0cs 
• Discuss what improvements could be made 
• Discuss improvements to models of                         structure func0ons and 

their role in precision electroweak physics       
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Gorchtein, Horowitz, PRL 102 (2009) 091806
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on-shell states

• GH formulated box correc0ons in 
terms of forward angle dispersion 
rela0ons using γZ structure func0ons 

• Data-driven theore0cal analysis

“Modern” approach to box diagrams

vector h
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axial h

Forward scattering limit:  | f 〉 ≈ | i 〉
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Vector h correc0on

Use forward limit dispersion rela0on

vector h correc0on            vanishes at E = 0 (atomic PV limit), 
but PVES is at finite energy (e.g. Qweak E ~ 1 GeV)        
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Leading twist PDFs

VMD + Regge model
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Main issues

Rela0vely licle known about           interference structure 
func0ons below HERA measurements, with 

F �Z
i

Q2 � 1500 GeV2
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Fit           over all kinema0cs in Q2 and W, then “rotate” to 
using available theore0cal/phenomenological constraints 

F ��
i F �Z

i

e.g. isospin symmetry

hN⇤|Jµ
Z |pi = (1� 4 sin2 ✓W )hN⇤|Jµ

� |pi � hN⇤|Jµ
� |ni

AJM model (approach): require structure func0ons to match 
across different kinema0c regions (constrain free parameters)



Contribu0on from different regions to O V
�Z

(rela0ve to weak charge of 0.0713)
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Parity-viola0ng Deep Inelas0c Scacering (PVDIS) asymmetry 
allows a direct measurement of the γZ structure func0ons
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Androic et al. (G0 collaboration),  arXiv:1212.1637
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From PDFs
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Inelas0c asymmetry data from Qweak
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Androić et al., PRC 101, 055503 (2020)
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AJM model APV(d) for selected SOLID kinema0cs 
(E=11 GeV)
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“To do” list

• Use other PDF datasets (e.g. JAM) 
• All analyses (Gorchtein et al., Rislow-Carlson, AJM collabora0on) use 

Christy-Bosted parametriza0on of resonance region (pre 2010). 
• This is a parametriza0on of N* states to fit inclusive cross sec0on data 
• It is not based on transi0on form factors and branching ra0os of 

produced resonant states, for which exclusive meson produc0on is 
suited. 

• Suggests that other more recent parametriza0ons should be explored 
(e.g. CLAS) 

• Incorporate recent improvements to                          structure func0on into 
the predic0ons
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Axial h correc0on

in DIS region                      integrand can be expressed in terms of 
moments of structure func0ons by lenng 
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Blunden et al. PRL 107, 181861 (2011)
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xmax ! 1

Allows for systema0c small correc0ons to a model-independent leading term
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F3 structure func0on landscape
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F3 structure functions PDF (DIS region) Observable/Experiment
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R

No background term in resonance region

Rewrite in terms of isoscalar + isovector currents

and use experimental constraints from 
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|Vud|2 =
0.97148(20)

1 +�V
R

,

Superallowed 0⁺ to 0⁺ β decays

Inner radia0ve correc0on term (nucleus-independent)
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A ,

γW box is largest source of hadronic uncertainty
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Isospin symmetry implies

Analogous to the contribu0on to the weak axial charge. At zero energy
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Seng et al. (2018, 2019) found the correct dispersion representa0on of 
<latexit sha1_base64="G5O1Ioi9wWcsAnq6GGU1nF8RJGA=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYCu4KkkRdSVVNy4r2Ac0MUym03bozCTMTMQQ6q+4caGIWz/EnX/jtM1CWw9cOJxzL/feE8aMKu0439bS8srq2npho7i5tb2za+/tt1SUSEyaOGKR7IRIEUYFaWqqGenEkiAeMtIOR9cTv/1ApKKRuNNpTHyOBoL2KUbaSIFdqnhX0WNweZ95A8Q5gu1xJbDLTtWZAi4SNydlkKMR2F9eL8IJJ0JjhpTquk6s/QxJTTEj46KXKBIjPEID0jVUIE6Un02PH8Mjo/RgP5KmhIZT9fdEhrhSKQ9NJ0d6qOa9ifif1010/9zPqIgTTQSeLeonDOoITpKAPSoJ1iw1BGFJza0QD5FEWJu8iiYEd/7lRdKqVd3T6sltrVy/yOMogANwCI6BC85AHdyABmgCDFLwDF7Bm/VkvVjv1sesdcnKZ0rgD6zPH37qlAU=</latexit>

⇤�W
A

<latexit sha1_base64="FxUSG7KjSMVDs6AqTHY/uTgH0+I=">AAACGnicbZDLSgMxFIYz9VbrrerSTbAV6sIy04q6UQpCcVnBXrCXIZOmbWiSGZKMUIZ5Dje+ihsXirgTN76N6WVRqz8Efr5zDifn9wJGlbbtbyuxtLyyupZcT21sbm3vpHf3asoPJSZV7DNfNjykCKOCVDXVjDQCSRD3GKl7w+txvf5ApKK+uNOjgLQ56gvaoxhpg9y0ky27xU6Us4/jy7IbFYO4E7X6iHME72N4AsdMzLOsm87YeXsi+Nc4M5MBM1Xc9Ger6+OQE6ExQ0o1HTvQ7QhJTTEjcaoVKhIgPER90jRWIE5UO5qcFsMjQ7qw50vzhIYTOj8RIa7UiHumkyM9UIu1Mfyv1gx176IdURGEmgg8XdQLGdQ+HOcEu1QSrNnIGIQlNX+FeIAkwtqkmTIhOIsn/zW1Qt45y5/eFjKlq1kcSXAADkEOOOAclMANqIAqwOARPINX8GY9WS/Wu/UxbU1Ys5l98EvW1w8f1p8V</latexit>

F (0)
3 = F �Z

3p � F �Z
3n

In DIS region: 
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Found a shift in ⇤�W
A from 3.52(11)⇥ 10�3 to 3.79(10)⇥ 10�3.

Shiells et al. (2021): calcula0on based on construc0ng 
and imposing con0nuity across kinema0c boundaries (AJM approach)
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Elas0c contribu0on

•Isoscalar magne0c form factor from recent fits (including TPE) 
•Axial form factors from νN scacering (major source of uncertainty)
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mA = 1.05(5) GeV
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Resonance contribu0ons (isoscalar, so very small)

•Electromagne0c e+p and e+n helicity amplitudes from MAID2009 
(can also use CLAS for e+p with similar results) 

•Axial transi0on form factors from Leitner (νN scacering)

DIS contribu0on
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•Convolu0on at NLO



Matching CB resonant background to Regge and DIS
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Match to Regge

Match to DIS
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The true Q² dependence of this structure func0on is not well-determined by theory.

At low Q² and high W², the strong interac0on becomes nonperturba0ve. 
 
Model of Capella et al. from ν-N scacering fits:

Match this func0on to the well-known value in the DIS region around  
                       AND constrain it from available data on Q2 = 2 GeV2
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Regge contribu0on

<latexit sha1_base64="Vk+BUUiulFndUedQ/D/Jf3SP4iE="></latexit>

F (0)
3 (Reg)(x,Q

2) = Ap�n x�↵R(1� x)c
✓

Q2

Q2 + ⇤2
R

◆↵R

<latexit sha1_base64="8VAbGQsex6SqFsKywJ6OY1RR6qo="></latexit>

Ap�n = Ap+n
F (0)
3 (Reg)

FW
3 (Reg)

�����
Q2=Q2

0

<latexit sha1_base64="sRRFgcEQhMmKxKj3wfFW16u4Yfs=">AAACB3icbZDLSsNAFIZP6q3WW9WlIINFEMSSiHhZCFU3LivYCzS1TKaTduhkEmYmQgnZufFV3LhQxK2v4M63cdpmodUfBj7+cw5nzu9FnClt219WbmZ2bn4hv1hYWl5ZXSuub9RVGEtCayTkoWx6WFHOBK1ppjltRpLiwOO04Q2uRvXGPZWKheJWDyPaDnBPMJ8RrI3VKW5f3CXRgUjRORrRvkhd5PoSk8RJk7O0UyzZZXss9BecDEqQqdopfrrdkMQBFZpwrFTLsSPdTrDUjHCaFtxY0QiTAe7RlkGBA6rayfiOFO0ap4v8UJonNBq7PycSHCg1DDzTGWDdV9O1kflfrRVr/7SdMBHFmgoyWeTHHOkQjUJBXSYp0XxoABPJzF8R6WOTgjbRFUwIzvTJf6F+WHaOy/bNUalymcWRhy3YgT1w4AQqcA1VqAGBB3iCF3i1Hq1n6816n7TmrGxmE37J+vgGbleYaQ==</latexit>

Ap�n = Ap+n 1

9
OR

Sum-rule constrained PDF constrained

21

<latexit sha1_base64="kOISBfCIyAbdlvx4r6jEvif+aXw="></latexit>

FW
3 from ⌫p+ ⌫̄p



Is the ra0o 9 as a func0on of x?

No, but the observable correc0on is 
propor0onal to 
so taking a ra0o of 9 is s0ll meaningful. 

R 1
0 dxF3(x,Q2)
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Matching Regge to DIS at low Q2

Regge contribu0on
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suggests a relatively smooth transition from the resonance
region at low W to the higher-W regions described by the
Regge and DIS parametrizations at low and highQ2 values,
respectively. Note that the kink at Q2 ¼ 2 GeV2 is an
artifact of matching the DIS and Regge models in an
averaged manner over a range of W2 values. As a result,
FγW
3 ðDISÞ and FγW

3 ðRegÞ do not agree exactly at W2
0 ¼ 4 GeV2,

although the discontinuity is very small.
Integrating the Fð0Þ

3 ðbgdÞ structure function (29) into
Eq. (13), we find the total nonresonant background
contribution the γW box correction is □γW

A ðbgdÞ ¼
0.15ð1Þ × 10−3, of which ≈95% comes from the region
Q2 > 2 GeV2. For the combined resonance and back-
ground contributions, where the former is dominated by
the D13 state, integrating over the sum Fð0Þ

3 ðresÞ þ Fð0Þ
3 ðbgdÞ in

(13) yields the total W2
π ≤ W2 ≤ 4 GeV2 region contribu-

tion to the γW box correction of 0.19ð2Þ × 10−3.

IV. IMPACT OF THE γW BOX ON Vud
DETERMINATION

Putting together the contributions from the various
regions in Fig. 2, the total □γW

A correction from the elastic,
resonance, DIS, and Regge regions is summarized in
Table I. For our nominal boundary between the DIS and
Regge regions of Q2

0 ¼ 2 GeV2, we find the total box
correction to be □γW

A ¼ 3.90ð9Þ × 10−3, of which ≈59%
comes fromDIS and≈27% from elastic intermediate states.
The effect of lowering the DIS-Regge boundary to Q2

0 ¼
1 GeV2 is to increase the DIS contribution by ≈3%–4% of
the total □γW

A , with an almost identical compensating
decrease in the Regge component, rendering the sum
almost unchanged. This provides confidence in the robust-
ness of our calculation of the total □γW

A correction, which

FIG. 9. (a) Matching of the Fð0Þ
3 structure function in the

resonanceþ background region (blue lines and bands) versusW2

with the Regge region structure function Fð0Þ
3 ðRegÞ at fixed Q2 ¼

0.05 GeV2 (dotted lines), 0.75 GeV2 (solid lines), and 2 GeV2

(dashed lines). (b) Matching to the DIS region structure function
Fð0Þ
3 ðDISÞ at fixed Q2 ¼ 2 GeV2 (dashed lines), 3 GeV2 (solid

lines), and 4 GeV2 (dotted lines).

TABLE I. Summary of corrections to □γW
A (in units of 10−3) from the various kinematic regions in Fig. 2. To

compare the results of the present analysis (SBM) with previous results from SGRM [7] and CMS [5], the Q2 > Q2
0

part of the nonresonant background is combined with the DIS contribution, and theQ2 < Q2
0 part of the background

is combined with the Regge contribution. The DIS contributions marked with an asterisk (*) have been calculated
with α ¼ αð0Þ. The elastic contribution marked with (†) has been calculated over Q2 ≤ Q2

0. The final two rows give
results for ΔV

R and jVudj2, and our central results are highlighted in boldface.

□γW
A ð×10−3Þ SBM SGRM [7] CMS [5]

Q2
0 [GeV2] 2.0 1.0 2.0 1.1

Elastic 1.05(4) 1.05(4) 1.06(6) † 0.99(10)
Resonance 0.04(1) 0.04(1) % % % % % %
DISþ ðQ2 > Q2

0Þ bgd 2.29(3) 2.43(5) *2.17(0) *2.29(2)
Reggeþ ðQ2 < Q2

0Þ bgd 0.52(7) 0.39(5) 0.56(8) 0.25(2)
Total 3.90ð9Þ 3.91(9) 3.79(10) 3.52(11)
ΔV

R 0.02472ð18Þ 0.02474(18) 0.02467(22) 0.02426(32)
jVudj2 0.94805ð26Þ 0.94803(26) 0.94809(28) 0.94847(35)

SHIELLS, BLUNDEN, and MELNITCHOUK PHYS. REV. D 104, 033003 (2021)

033003-10
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�W
Shiells et al. (2021)Erler et al. (2019)
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Summary
• Dispersion approach significant improvement over old methods 
• PDF region provides constraints on model-dependence of isospin rota0on 
• Direct comparison with PV inelas0c data in resonance and DIS regions 
• e-d PVDIS asymmetry strongly constrains the uncertainty in  

• checking Δ region at Mainz or JLab would be useful 
• Regge and background contribu0ons show largest uncertain0es in 
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