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Nucleon Correlators and Matrix Elements

Hadron correlators

Matrix elements : C3pt/C2pt ratio or multi-exp. fits
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Lattice QCD: numerical path integral on a 4D Euclidean grid

�O� =
�

DUDψDψ̄ O
�
U,ψ, ψ̄

�
e−S[U,ψ,ψ̄] → 1

N

N�

i

Õ
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Systematic & Stochastic Error in M.E.
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Stochastic noise grows rapidly with T, especially with light pions [Lepage’89]:
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Other Sources of  Systematic Errors

Calculations currently in progress

QCD at the physical point

chiral-symmetric quarks (some groups)

excited states are subtracted/removed

isospin symmetry limit (Nflav=2+1)

no electromagnetic interactions

a ≈ 0.113 fm = (1.75 GeV)−1,

V4 = 483 × 96 = (5.4 fm)3 × 10.8 fm,

mπLx ≈ 3.84

Physical chiral-symmetric quarks :

unphysically heavy pion (quark) mass

broken chiral symmetry of quarks

finite volume

discretization effects
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Nucleon Electromagnetic Form Factors

 JLab@12GeV : explore form factors at Q2>=10 GeV2

• (F1 / F2) scaling at Q2 -> ∞
• (GE/GM) dependence up to Q2=18 GeV2 
• u-, d-flavor dependence of form factors

 Proton radius puzzle: 7σ difference
• JLab E12-11-106 (Hall B)
• MUSE@PSI : e± / µ±-scattering off the proton

Research Management Plan March 3, 2014 p. 5

2.2 Proton Form-Factor Ratio Measurements up to Q2= 12 GeV2 using Recoil Polarization

Introduction The experiment GEp (E12-07-109) was approved by PAC32 in August of 2007 and was
the experiment that provided the original motivation for the Super Bigbite Spectrometer. It will measure
the Sachs Form Factors ratio Gp

E/Gp
M of the proton using the polarization-transfer method in the reaction

p(�e, e��p). The polarization of the recoil proton will be measured using a large-acceptance spectrometer,
based on the Super Bigbite magnet, that will incorporate a double polarimeter instrumented with GEM
trackers and a highly-segmented hadron calorimeter.

The electron will be detected in coincidence by a electromagnetic calorimeter that is sometimes referred
to as “BigCal”. PAC35 allocated 45 days of beam time for the proposed measurement and recommended a
maximum value of Q2 = 12 GeV2.

These parameters were used to readjust the original plan of measurements which will be made at three
values of Q2 : 5, 8, and 12 GeV2 , while achieving an error in the ratio Gp

E/Gp
M of 0.07. The projected results

are shown in Fig 3, in which we show results from earlier Gp
Emeasurements, and the anticipated errors for the

present GEp experiment. The excellent precision that GEp will obtain even at 12 GeV2 is clearly evident.
Additional measurements at even higher values of Q2 will be evaluated after SBS commissioning.

Figure 3: Gp
E/Gp

M existing measurements and expected statistical accuracy for the GEp experiment. The
projected errors for the measurements made with the Super Bigbite Spectrometer are indicated by the filled
blue squares, corresponding to 45-day run with the recommended highest value of momentum transfer 12
GeV2.

Equipment A schematic representation of the experiment is shown in Fig. 4.

[Research Mgmt. Plan for SBS(JLab Hall A)]

�P + q| q̄γµq |P � = ŪP+q

�
F1(Q
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Nucleon Isovector (p-n) Form Factors 

Nf=2+1 clover-imp.Wilson, mπ=149 MeV [J.R.Green, SNS et al (LHPC)]

�P + q| q̄γµq |P � = ŪP+q

�
F1(Q

2) γµ + F2 (Q
2)
iσµνqν
2MN

�
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Lattice Q2 usually limited to L-2 < Q2 << a-2 
(and high momenta are noisy)
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Dirac Radius vs. mπ  and Proton Size Puzzle
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ChPT predicts divergence ∼ logm2
π

(usually extracted from 
dipole fits in Q2<0.5 GeV2)

Fu−d
1 (Q2) ≈ F (0)

�
1− 1

6
Q2�r21�u−d +O(Q4)

�
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Dirac Radius vs. mπ  and Proton Size Puzzle
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[J.R.Green et al (LHPC), 1209.1687]

+extrapolation
ChPT predicts divergence ∼ logm2

π

Excited states problem:
Worse for mπ<200 MeV?

(usually extracted from 
dipole fits in Q2<0.5 GeV2)

Fu−d
1 (Q2) ≈ F (0)
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Isovector Magnetic Moment vs. mπ
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[J.R.Green, SNS et al (LHPC)]

Larger       ,  smaller         are  desirableLs Q2
min
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Nucleon Axial Charge and Form Factors

Axial form factor GA(Q2)
• Interaction with neutrinos: MiniBooNE

Induced pseudoscalar form factor GP(Q2)
• Charged pion electroproduction
• Muon capture (MuCAP@UW): gP ~ GP(Q2  = 0.88 mµ2)

Strange axial form factor GAs(Q2) : studied at MiniBooNE

�P + q| q̄γµγ5q |P � = ŪP+q

�
GA(Q

2) γµγ5 + GP (Q
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γ5qµ

2MN

�
UP
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FIG. 2: Extracted values for gP as a function of the poorly
known molecular transition rate λop [12, 13, 31]. In con-
trast to earlier experiments (OMC [11], RMC [14]), MuCap
is rather insensitive to this parameter.

asymmetry [29, 30], the gP extracted from MuCap would
have increased to 8.34.

Figure 2 illustrates the excellent agreement with the
theoretical prediction, Eq. (2), and highlights MuCap’s
reduced sensitivity to the molecular parameter λop. This
answers the long-standing challenge of an unambiguous
measurement of gP , generated by the mutual inconsis-
tency of earlier experiments (OMC, RMC) and their
strong sensitivity to λop. Corroborating values for gP
are obtained in recent analyses [32, 33] of an earlier 0.3%
measurement of muon capture on 3He [34], with uncer-
tainties limited by theory. MuCap provides the most
precise determination of gP in the theoretically clean µp
atom and verifies a fundamental prediction of low-energy
QCD.
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Levchenko, and C.S. Özben for their contributions. This
work was supported in part by the U.S. NSF, the U.S.
DOE and CRDF, PSI, the Russian Academy of Sciences
and the Grants of the President of the Russian Federa-
tion. NCSA provided essential computing resources.

[1] V. A. Andreev et al. (MuCap Collaboration), Phys. Rev.
Lett. 99, 032002 (2007), arXiv:0704.2072.

[2] V. Bernard, L. Elouadrhiri, and U.-G. Meissner, J. Phys.
G28, R1 (2002).

[3] T. Gorringe and H. W. Fearing, Rev. Mod. Phys. 76, 31
(2004).

[4] P. Kammel and K. Kubodera, Annual Review of Nuclear
and Particle Science 60, 327 (2010).

[5] J. Beringer et al. (Particle Data Group), Phys. Rev.D86,
010001 (2012).

[6] Y. Nambu, Phys. Rev. Lett. 4, 380 (1960).
[7] V. Bernard, N. Kaiser, and U.-G. Meissner, Phys. Rev.

D50, 6899 (1994).
[8] N. Kaiser, Phys. Rev. C67, 027002 (2003).
[9] T. Yamazaki et al. (RBC and UKQCD Collaborations),

Phys. Rev. D79, 114505 (2009).
[10] C. Alexandrou et al., Phys. Rev. D 83, 045010 (2011).
[11] G. Bardin et al., Nucl. Phys. A352, 365 (1981).
[12] G. Bardin et al., Phys. Lett. B104, 320 (1981).
[13] J. H. D. Clark et al., Phys. Rev. Lett. 96, 073401 (2006).
[14] D. H. Wright et al., Phys. Rev. C57, 373 (1998).
[15] J. Egger, M. Hildebrandt, and C. Petitjean (MuCap Col-

laboration), Nucl. Instrum. Meth. A628, 199 (2011).
[16] D. Webber et al. (MuLan Collaboration), Phys. Rev.

Lett. 106, 041803 (2011).
[17] M. Barnes and G. Wait, IEEE Trans. Plasma Sci. 32,

1932 (2004).
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[22] H. Überall, Phys. Rev. 119, 365 (1960).
[23] H. Von Baeyer and D. Leiter, Phys. Rev. A19, 1371

(1979).
[24] S. Knaack, Ph.D. thesis, UIUC (2012).
[25] V. Bernard, T. R. Hemmert, and U.-G. Meissner, Nucl.

Phys. A686, 290 (2001).
[26] S. Ando, F. Myhrer, and K. Kubodera, Phys. Rev. C63,

015203 (2000).
[27] A. Czarnecki, W. J. Marciano, and A. Sirlin, Phys. Rev.

Lett. 99, 032003 (2007).
[28] E. Blucher and W. Marciano, Vud, Vus, The Cabibbo An-

gle and CKM Unitarity, in J. Beringer et. al (Particle
Data Group), Phys. Rev. D86, 010001 (2012), 852.

[29] D. Mund et al. (2012), arXiv:1204.0013.
[30] M. Mendenhall et al. (UCNA Collaboration) (2012),

arXiv:1210.7048.
[31] D. D. Bakalov, M. P. Faifman, L. I. Ponomarev, and S. I.

Vinitsky, Nucl. Phys. A384, 302 (1982).
[32] L. E. Marcucci, A. Kievsky, S. Rosati, R. Schiavilla, and

M. Viviani, Phys. Rev. Lett. 108, 052502 (2012).
[33] D. Gazit, Nucl. Phys. A827, 408c (2009).
[34] P. Ackerbauer et al., Phys. Lett. B417, 224 (1998).

R4 Topical review
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Figure 1. Axial mass MA extractions. Left panel: from (quasi)elastic neutrino and antineutrino
scattering experiments. The weighted average is MA = 1.026 ± 0.021 GeV. Right panel: from
charged pion electroproduction experiments. The weighted average is MA = 1.069 ± 0.016 GeV.
Note that value for the MAMI experiment contains both the statistical and systematical uncertainty;
for other values the systematical errors were not explicitly given. The labels SP, DR, FPV and
BNR refer to different methods evaluating the corrections beyond the soft pion limit as explained
in the text.

0 0.2 0.4 0.6 0.8 1
Q2 [GeV2]

0

0.2

0.4

0.6

0.8

1

G
A
 (

Q
2 ) 

/ G
A
 (

0)

Figure 2. Experimental data for the normalized axial form factor extracted from pion
electroproduction experiments in the threshold region. Note that all results are shown for the
experiments where various theoretical models were used in the analysis to extract GA. For
orientation, the dashed curve shows a dipole fit with an axial mass MA = 1.1 GeV.

mass were determined from the slopes of the angle-integrated differential electroproduction
cross sections at threshold. The results of various measurements and theoretical approaches
are shown in the right panel of figure 1. We recall that [27, 38] were omitted from the fit
for lack of reasonable compatibility with the other results. In figure 2 we have collected the
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Nucleon Axial Charge
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Lattice QCD underestimates gA by 10-15%

�N(p)|q̄γµγ5q|N(p)� = gA ūpγ
µγ5up ,

(beta-decay matrix element)
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Nucleon Axial Form Factor

�P + q| q̄γµγ5q |P � = ŪP+q

�
GA(Q

2) γµγ5 + GP (Q
2)

γ5qµ

2MN

�
UP

[C.Alexandrou (ETMC), 1303.5979]
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Nucleon Axial Radius

• 5% discrepancy in exp. values of rA  
(from GA(Q2) dipole fits)

�
�r2A�ν−scatt. = (0.666± 0.014) fm

�
�r2A�el−prod = (0.639± 0.010) fm

• Weak dependence on mπ and disagreement at mπphys : same problem as gA ?
• Study required for volume dependence and exc.states.
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Nucleon Pseudoscalar Form Factor GP(Q2)
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“Pole” fit : 

• Is GP dominated by the pion pole ?
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�P + q| q̄γµγ5q |P � = ŪP+q
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GA(Q

2) γµγ5 + GP (Q
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γ5qµ

2MN
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• GP at the physical point :
large excited states contrib.
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Quark Momentum, Angular Momentum and Spin

1989 EMC experiment found ∆Σ =
�

q

(∆q +∆q̄) = 0.2 . . . 0.3

Proton spin puzzle:

Jglue +
�

q

Jq =
1

2
,

Jq =
1

2
∆Σq + Lq

�N(p)|q̄γµγ5q|N(p)� = (∆Σq)
�
ūpγ

µγ5up

�
Quark Spin: 

Quark Momentum fraction (<x>q) and Angular momentum (Jq)   [X.Ji’96]: 

Spin sum rule:

where A20 , B20 are E.-M. tensor form factors:

Jq,glue =
1

2

�
Aq,glue

20 (0) +Bq,glue
20 (0)

�

T q
µν = q̄ γ{µ

↔
Dν} q

T glue
µν = Ga

µλG
a
νλ − 1

4
δµν(Gµν)

2
�N(p+ q)|T q,glue

µν |N(p)� →
�
A20, B20, C20

�
(Q2)

�x�q = Aq
20(0)
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Quark Momentum Fraction (Isovector)
�x�u−d =

�
dx x

�
u(x) + ū(x)− d(x)− d̄(x)

�
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�N(p)|q̄γ{µ
↔
Dν}q|p� = �x�q ūpγ{µpν}up

�x�MS(2 GeV)
u−d = 0.155(5)Phenomenology:

• disconnected diagrams cancel
• Lattice QCD “benchmark” quantity
• Significant excited states contributions
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Quark Contributions to the Nucleon Spin 

Sergey N. Syritsyn
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PRELIM Nf = 2 + 1 Wilson (LHP&RBC)

Light Quark Angular Momentum (u+d)

J3
q = �N |

�
d3xM012|N� Mαµν

q = xµTαν
q − xνTαµ

q[X. Ji PRL’96]

Jq =
1

2

�
A20q(0) +B20q(0)

�

Glue must account for ~50% of the nucleon spin
[Balitsky, Ji PRL’97]: 2JgMSbar(1 GeV) = 0.5 - 0.7

(*) disconnected contributions 
are not included
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Quark Contributions to the Nucleon Spin 

Sergey N. Syritsyn
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Light Quark Angular Momentum: Decomposition

MS(2 GeV)
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|Lu+d| �
1

2
∆Σu+d

Ju ≈ 40− 50%

|Jd| � 10%

(*) not including disconnected diagrams!

Light quark 
ang.momentum

Light quark spin

Light quark spin 
and “orbiltal” a.m.First in [Ph.Hagler et al, PRD77:094502 ’08 (LHPC);

D.Brommel et at, arXiv:0710.1534(QCDSF) ]
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Quark Contributions to the Nucleon Spin 

Sergey N. Syritsyn

Quark Angular Momentum

Phenomenological bands from HERMES & JLab 
[Airapetian et al, JHEP 06, 006 (2008)]

−0.4 −0.2 0.0 0.2 0.4
Jd

−0.4

−0.2

0.0

0.2

0.4

J
u

HERMES DD
HERMES Dual
JLab DD
LHP’07 [0705.4295]
QCDSF’07 [0710.1534]
LHP’10 [1001.3620]
ETMC Nf = [1012.0857]
χQCD’13 [1312.4816]
LHP&RBC mphys

π PRELIMINARY

The most precise LQCD values : from 
ChPT extrapolations of mπ≳300 MeV data (*) disconnected contributions 

are not included
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Summary

Realistic calculations of nucleon structure on a lattice
multiple lattice groups pursue calculations with physical light quarks

Nucleon electromagnetic form factors agree with experiment
lattice QCD results may be important for the “proton radius puzzle”

Nucleon axial charge and radius : persistent disagreement
axial charge : 10-15% ; axial radius : x(1/2)

Lattice QCD predicts peculiar structure of light quark angular momentum
full angular momentum |Ju| >> |Jd|, total orbital angular momentum |Lu+d|<<|Lu,d|
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Generalized Form Factors

Sergey N. Syritsyn

Quark GPDs

Generalized Parton Distributions probe quarks with

O
[γ5](x) =

�
dλ

2π
eix(2λn·P ) q̄(−λn)

�
/n [γ5]W(−λn,λn)

�
q(λn)

Helicity-independent and dependent operator matrix elements -> GPDs :

�P + q/2|O(x)|P − q/2� = ūP+q/2

�
H(x, ξ, q2) /n+ E(x, ξ, q2) iσ

µνnµqν
2m

�
uP−q/2

�P + q/2|Oγ5(x)|P − q/2� = ūP+q/2

�
H̃(x, ξ, q2) /nγ5 + Ẽ(x, ξ, q2) (n · q)γ5

2m

�
uP−q/2

• forward case (ξ=0, q=0) : regular PDFs
• no gauge link (λ=0) : vector & axial-vector current

General non-forward kinematics (q≠0) :
Distribution of partons in the transverse plane (b⊥)

(1 + ξ)P+ (1− ξ)P+

(x+ ξ)P+ (x− ξ)P+

H̃(x, ξ, q2), Ẽ(x, ξ, q2)
H(x, ξ, q2), E(x, ξ, q2)

Reviewed in detail [Diehl, Phys.Rept.388:41 ’03]
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Generalized Form Factors

Sergey N. Syritsyn

Generalized Form Factors (quarks)

Mellin moments of the LC operator produce local operators :

and may be computed on a lattice

On =

�
xn−1 dxO(x) −→ q̄

�
/n(i

↔
D · n)n

�
q = O{µ1···µn} nµ1 · · ·nµn

O{µ1···µn} = q̄
�
γ{µ1

↔
Dµ2 · · ·

↔
Dµn} − �traces�

�
q

GPDs                                      are reduced to Generalized Form FactorsH(x, ξ, q2), E(x, ξ, q2)
�

xn−1 dxH(x, ξ, q2) −→
[n/2]�

i=0

(2ξ)2iAn,2i(q
2)

�
+ (2ξ)nCn(q

2) , even n
�
,

�
xn−1 dx E(x, ξ, q2) −→

[n/2]�

i=0

(2ξ)2iBn,2i(q
2)

�
− (2ξ)nCn(q

2) , even n
�
,

�
xn−1 dx H̃(x, ξ, q2) −→

[n/2]�

i=0

(2ξ)2iÃn,2i(q
2) ,

�
xn−1 dx Ẽ(x, ξ, q2) −→

[n/2]�

i=0

(2ξ)2iB̃n,2i(q
2) ,

n=1: vector & axial form factors
n=2: A20, B20, C20 : energy-mom.

    (quark momentum and Jq) 
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Generalized Form Factors

Sergey N. Syritsyn

Generalized Form Factors (quarks)

Mellin moments of the LC operator produce local operators :

and may be computed on a lattice

On =

�
xn−1 dxO(x) −→ q̄

�
/n(i

↔
D · n)n

�
q = O{µ1···µn} nµ1 · · ·nµn

O{µ1···µn} = q̄
�
γ{µ1

↔
Dµ2 · · ·

↔
Dµn} − �traces�

�
q

GPDs                                      are reduced to Generalized Form FactorsH(x, ξ, q2), E(x, ξ, q2)
�

xn−1 dxH(x, ξ, q2) −→
[n/2]�

i=0

(2ξ)2iAn,2i(q
2)

�
+ (2ξ)nCn(q

2) , even n
�
,

�
xn−1 dx E(x, ξ, q2) −→

[n/2]�

i=0

(2ξ)2iBn,2i(q
2)

�
− (2ξ)nCn(q

2) , even n
�
,

�
xn−1 dx H̃(x, ξ, q2) −→

[n/2]�

i=0

(2ξ)2iÃn,2i(q
2) ,

�
xn−1 dx Ẽ(x, ξ, q2) −→

[n/2]�

i=0

(2ξ)2iB̃n,2i(q
2) ,Experiments do not have direct access to n>1 GFFs:

• not full region of x is measured
• DVCS access GPDs only at x = ξ

n=1: vector & axial form factors
n=2: A20, B20, C20 : energy-mom.

    (quark momentum and Jq) 
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Generalized Form Factors

Sergey N. Syritsyn

Twist-2 Operators on a Hypercubic Lattice

Mellin moments of GPDs : symmetric, trace=0 quark-bilinear operators :
• In continuum: Lorentz symmetry preserves ops. from mixing
• On a lattice: Hypercubic group has only 20 irreps

n = 1 q̄γµq → 4−
1

n = 2 q̄
�
γ{µi

↔
Dν} − �Tr�

�
q → 3+

1 ⊕ 6+
3

n = 3 q̄
�
γ{µi

↔
Dνi

↔
Dρ} − �Tr�

�
q → 8−

1 ⊕ 4−
1 ⊕ 4−

2

n = 4 q̄
�
γ{µi

↔
Dνi

↔
Dρi

↔
Dσ} − �Tr�

�
q → 1+

1 ⊕ 3+
1 ⊕ 6+

3 ⊕ 2+
1 ⊕ 1+

2 ⊕ 6+
1 ⊕ 6+

2

. . .

Mixing coefficients  ∼ Λd1−d2
UV =

�1
a

�d1−d2

For n=2 : O
lat = O

phys +O(a2)

For higher n>4, need subtraction with non-perturbative mixing coefficients
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Generalized Form Factors
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Unpolarized n = 2 GFFs
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0.4

0.5
A20

B20

C2

isoscalar (u+d)

• mπ=350 MeV ; 
• |C2u-d|≈0 : little ξ-dependence in the isovector-channel
• large-Nc counting hierarchy:

|Au+d
20 | � |Au−d

20 | (∼ N2
c , Nc),

|Bu−d
20 | � |Bu+d

20 | (∼ N3
c , N

2
c ),

|Cu+d
2 | � |Cu−d

2 | (∼ N2
c , Nc)

p p′

γ{µDν}

A20(Q2), B20(Q2), C2(Q2)
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Generalized Form Factors

Sergey N. Syritsyn

Unpolarized n = 2 GFFs

isovector (u-d) isoscalar (u+d)

• mπ=350 MeV ; open symbols : mπ=149 MeV
• |C2u-d|≈0 : little ξ-dependence in the isovector-channel
• large-Nc counting hierarchy:
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c , Nc),

|Bu−d
20 | � |Bu+d
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2
c ),
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2 | (∼ N2
c , Nc)

p p′

γ{µDν}

A20(Q2), B20(Q2), C2(Q2)
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Generalized Form Factors

Sergey N. Syritsyn

Polarized n = 2 GFFs

isovector (u-d) isoscalar (u+d)
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• mπ=350 MeV [LHP collaboration]
• noisy signal for  B̃20(Q

2)

p p′

γ{µγ5Dν}

Ã20(Q2), B̃20(Q2)
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Generalized Form Factors
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Unpolarized n = 3 GFFs

isovector (u-d) isoscalar (u+d)

• mπ=350 MeV [LHP collaboration] 
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• Observable ξ-dependence ∼O(1) in n=3,�
x2 dxH(x, ξ, Q2) = A30(Q

2) + (2ξ)2A32(Q
2),

�
x2 dx E(x, ξ, Q2) = B30(Q

2) + (2ξ)2B32(Q
2) p p′

γ{µDνDρ}

A30(Q2), B30(Q2)

A32(Q2), B32(Q2)
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Generalized Form Factors

Sergey N. Syritsyn

Comparison of  unpolarized n = 1, 2, 3 GFFs

isovector (u-d) isoscalar (u+d)

• Slope of An0(Q2) form factors gives transverse radii 
(in the b⊥-plane):
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• mπ=350 MeV [LHP collaboration] 

�r2⊥,1� > �r2⊥,2� � �r2⊥,3�

�r2⊥,n� =
�
d2�b⊥(�b⊥)2

�
dx xn−1H(x,�b⊥)�

d2�b⊥
�
dx xn−1H(x,�b⊥)

An0(Q
2) = An0(0)

�
1− 1

4
�r2⊥,n�Q2 +O(Q4)

�

xn-moments of GPDs 
shrink with n 

H(x,�b2⊥)
x→1−→ δ(�b2⊥)

First in [Ph.Hagler et al, PRL 93:112001 ’04]
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Generalized Form Factors
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Comparison of  unpolarized n = 1, 2, 3 GFFs

isovector (u-d) isoscalar (u+d)
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• mπ=350 MeV [LHP collaboration] 
• Slope of An0(Q2) form factors gives transverse radii 

(in the b⊥-plane):

�r2⊥,1� > �r2⊥,2� � �r2⊥,3�

�r2⊥,n� =
�
d2�b⊥(�b⊥)2

�
dx xn−1H(x,�b⊥)�

d2�b⊥
�
dx xn−1H(x,�b⊥)

An0(Q
2) = An0(0)

�
1− 1

4
�r2⊥,n�Q2 +O(Q4)

�

xn-moments of GPDs 
shrink with n 

H(x,�b2⊥)
x→1−→ δ(�b2⊥)

First in [Ph.Hagler et al, PRL 93:112001 ’04]
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“Disconnected” EM Form Factors

Electric form factor
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Disconnected contributions with hierarchical probing ~ 0.5%    
[S.Meinel, Lattice 2014]

GEp(Q
2) GMp(Q

2)

mπ = 317 MeV

N̄ N

mπ = 317 MeV

mπ = 317 MeV

mπ = 317 MeV
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Nucleon Axial Radius

• 5% discrepancy in exp. values of rA  
(from GA(Q2) dipole fits)

�
�r2A�ν−scatt. = (0.666± 0.014) fm

�
�r2A�el−prod = (0.639± 0.010) fm

• Weak dependence on mπ and disagreement at mπphys : same problem as gA ?
• Study required for volume dependence and exc.states.
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mπ  [GeV]

0

0.1

0.2

0.3

0.4

0.5

(r
A

2 )u-
d   [

fm
2 ]

ν  scattering
Mixed-action, a=0.124 fm
Domain wall, a=0.082 fm
Clover, a=0.116 fm (summ.)

GA(Q
2) ∼ A

(1 + 1
6 (rA)

2Q2)2
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Nucleon Pseudoscalar Form Factor GP(Q2)
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GP (Q
2) ∼ A

(mpole)2 +Q2
+ C

“Pole” fit : 

• Is GP dominated by the pion pole ?
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G
P

pheno
T = 8a
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summ

physical mπ, dynamical 
Moebius DW quarks

�P + q| q̄γµγ5q |P � = ŪP+q

�
GA(Q

2) γµγ5 + GP (Q
2)

γ5qµ

2MN

�
UP

• GP at the physical point :
substantial excited states
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Nucleon Tensor Charge (u-d)

�N(P )|ūσµνu− d̄σµνd|N(P )� = gT ūPσµνuP
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gT

m2
π [GeV2]

Mixed 203 × 64
Mixed 283 × 64

Fine DW 323 × 64
Coarse DW 243 × 64
Fine Wilson 323 × 64

Coarse Wilson 483 × 48
Coarse Wilson 323 × 48
Coarse Wilson 243 × 48
Coarse Wilson 323 × 96

gT = 1.049(23)
[LHP collab., PRD86:114509 ’12]

sensitivity of BSM searches in ultracold neutron decays
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Quark Contributions to the Nucleon Spin 
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Light Quark Momentum Fraction (u+d)
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<
x
>
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 =

 A
2
0

u
+
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(0

)

Phenomenology  [CTEQ6]
N

f
=2+1 DWF (LHP)

N
f
=2+1 Hybrid (LHP)

N
f
=2 Wilson-Clover (QCDSF)

N
f
=2+1 Wilson (LHP)

�x�u+d =

�
dx

�
u(x) + ū(x) + d(x) + d̄(x)

�

�N(p)|q̄γ{µ
↔
Dν}q|p� = �x�q ūpγ{µpν}up

(*)  disconnected contributions 
are not included


