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This talk gives an overview of the calculation of many properties of 

the nucleon that probe physics of the standard model and beyond 

using lattice QCD. The include the axial vector form factors for the 

international flagship experiment DUNE; the electric dipole moment 

of the nucleons and charge-conjugation violating pion-nucleon 

couplings, ҧ𝑔0, ҧ𝑔1; radiative corrections to neutron 𝛽 −decay; and first 

moments of parton distribution functions.
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Outline

• High Statistics: MILC Ensembles

• Controlling excited states to get ground-state nucleon ME

• Status of results for AVFF for the nucleon

• The pion-nucleon CP violating coupling ҧ𝑔0

• Radiative corrections to neutron decay

• Second Mellin moments of the nucleon

Sungwoo Park: EM form factors: Th@2.40

Jun-sik Yoo: Isovector charges: Wed@10.20



MILC: High statistics HISQ ensembles

→ new Clover-on-HISQ Calculation

a 𝑴𝝅 𝑴𝑲 𝑴𝝅𝑳 𝑳𝟑𝑻 # Conf

a09m135 0.0873 135 494 3.80 64396 6060

8,000+

a06m135 0.0564 135 497 3.78 963192 8500

10,000 

a04m135 0.0426 136 495 4.21 1443288 0

2,000 



𝚪𝒏 → 𝑴𝑬 → Axial Form Factors, 𝑮𝑨, ෩𝑮𝑷, 𝑮𝑷  
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Aµ

γµγ5
GA(Q2)

On each [iso-symmetric] ensemble characterized by 𝑎, 𝑀𝜋 , 𝑀𝜋𝐿
the ground state matrix element can be decomposed into FF as

𝑁(𝑝𝑓) 𝑃(𝑞) 𝑁(𝑝𝑖)  = ത𝑢 𝑝𝑓 𝐺𝑃 𝑞2 𝛾5 𝑢(𝑝𝑖)

PCAC [ 𝜕𝜇𝐴𝜇 = 2𝑚𝑃 ] relates 𝐺𝐴, ෨𝐺𝑃 , 𝐺𝑃

∝ 1/𝑄4

Aµ

√
2gπN N γ5

√
2qµFπ

∼ 1
Q2+ M 2

π



𝝌𝑷𝑻: coupling to 𝑵𝝅 state is large in the axial channel

Enhanced coupling to 𝑁𝜋 state: Since the pion is light, 

the vertex     can be anywhere in the lattice 3-volume

n n

𝛕

𝐴𝜇(𝜏)

𝜋

𝐴𝑖
∗ 𝑖 𝐴4 𝑗

∼ 𝑉−1 ∼ 𝑉

𝛕

𝜒PT: Oliver Bär: Phys. Rev. D 99, 054506 (2019), Phys. Rev. D 100, 054507 (2019)



𝑁𝜋 state in the axial channel

n p
×

𝜋( Ԧ𝑞)

Ԧ𝑝 = 0- Ԧ𝑞

𝑁 − Ԧ𝑞 𝜋( Ԧ𝑞)𝑁 0 𝜋(− Ԧ𝑞)

𝑁 − Ԧ𝑞 𝑁(0)

𝑁(0) 𝑁 − Ԧ𝑞

𝐴𝜇(𝜏, Ԧ𝑞)

n n

𝛕

𝐴𝜇(𝜏)

𝜋

n n

𝛕

𝐴𝜇(𝜏)

𝜋



Data Driven Method: Simultaneous fit to all 4 correlators

9

𝑁(𝑝𝑓) 𝐴1,2(𝑞) 𝑁(𝑝𝑖) → −
𝑞1,2𝑞3

2𝑀
 ෨𝐺𝑃  

𝑁(𝑝𝑓)  𝐴3 𝑞  𝑁(𝑝𝑖) → − [
𝑞3

2

2𝑀
෨𝐺𝑃 − 𝑀 + 𝐸 𝐺𝐴] Gives both  

𝐺𝐴,  ෨𝐺𝑃

With “3” the direction of spin projection 

𝑁(𝑝𝑓)  𝐴4 𝑞  𝑁(𝑝𝑖) → −𝑞3 [
𝐸−𝑀

2𝑀
෨𝐺𝑃 − 𝐺𝐴] 

Redundant. 

Dominated by 

excited states

𝑁(𝑝𝑓) 𝑃(𝑞) 𝑁(𝑝𝑖)  = ത𝑢 𝑝𝑓 𝐺𝑃 𝑞2 𝛾5 𝑢(𝑝𝑖)

𝑀1 fixed by 𝐴4: Resulting FF satisfy (𝜕𝜇𝐴𝜇 = 2 ෝ𝑚P)

PRL 124, 072002 (2020)

Gives ෨𝐺𝑃



Satisfying PCAC relation
Standard Analysis With 𝑁𝜋

Data Driven Method: Y-C Jang et al, 

(PNDME)  PRL 124, 072002 (2020)

2019 

2026 
preliminary 



Comparing axial form factor from LQCD

Status @ lattice2023

𝑔𝐴 = 1.281 53

𝑟𝐴
2 = 0.498(56)fm2



Comparing prediction of x-section using AFF 

from 𝜈 − 𝐷 and PNDME with MINERvA data

Oleksandr Tomalak, Rajan Gupta, Tanmoy Bhattacharya, PRD 108 (2023) 074514 

𝑄2 < 0.2 GeV2  0.2 < 𝑄2 < 1 𝑄2 > 1 GeV2

T. Cai, et al., (MINERvA) Nature volume 614, pages 48–53 (2023); Phys. Rev. Lett. 130, 161801 (2023)
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IMPROVEMENT IN AVFF

2019, 2024 2026



Data are 

almost 

linear in z

O(𝑍3) fits 

the data

Z-expansion fit to the form factor



The 2 extractions of 𝑔𝐴 must agree



EDMs as probes of BSM Physics

Fangcheng He, Tanmoy Bhattacharya, Rajan Gupta, Emanuele Mereghetti



Each contributes to:

EDMs of neutrons and protons, {𝑑𝑛, 𝑑𝑝}

CPV pion-nucleon couplings ҧ𝑔0, ҧ𝑔1, ҧ𝑔2



Constraining CPV in BSM models and Baryogenesis

At lowest order in chiral EFT, the CPV 𝜋𝑁𝑁 Lagrangian is

𝐿 = −
ҧ𝑔0

2𝐹𝜋
 ഥ𝑁 𝜋 ⋅ 𝜏𝑁 −

ҧ𝑔1

2𝐹𝜋
 𝜋0

ഥ𝑁 𝑁 −
ҧ𝑔2

2𝐹𝜋
 𝜋0

ഥ𝑁 𝜏3𝑁

{ ҧ𝑔0, ҧ𝑔1, ҧ𝑔2} contribute to EDMs of diamagnetic atoms (e.g. Hg)

Need to measure EDMs of at least 4 complementary systems

which can be analyzed in terms of 4 couplings {𝑑𝑛, 𝑑𝑝, ҧ𝑔0, ҧ𝑔1}

{𝑑𝑛, 𝑑𝑝, ҧ𝑔0, ҧ𝑔1} get contributions from each of the EFT operators



Contributions of Effective CPV Lagrangian to {𝑑𝑛, 𝑑𝑝} 

• Quark EDM: 

• The EM current acquires a CPV piece

• 𝑑𝑛, 𝑑𝑝 = σ𝑞 𝑑𝑞𝑔𝑇
𝑞

 

• Θ-term:

• Calculate 4-point function of correlation of Θ-term with 𝐽𝐸𝑀
𝜇

• 𝑑𝑛, 𝑑𝑝 = ഥΘ lim
𝑞2→0

𝐹3(𝑞2)

2𝑀𝑁 ഥΘ

• Quark chromo EDM: 

• Calculate 4-point function of correlation of qcEDM with 𝐽𝐸𝑀
𝜇

• 𝑑𝑛, 𝑑𝑝 = ሚ𝑑𝑞 lim
𝑞2→0

𝐹3(𝑞2)

2𝑀𝑁 ෨𝑑𝑞

PhysRevD.108.074507

PHYSICAL REVIEW D 103, 114507 (2021)

PHYSICAL REVIEW D 108, 074507 (2023)

PHYSICAL REVIEW D 98, 091501 (2018)



Contributions of Effective CPV operators to { ҧ𝑔0, ҧ𝑔1} 

• Operator =    Θ-term or   Quark chromo EDM:

• Form factor method

• Calculate 4-point function correlating Operator with 𝑃 or 𝜕4𝐴4

• [-
𝑄2

2𝑀𝑁

෨𝐺𝑆,𝐴
0,1 + 2𝑚𝑞

෨𝐺𝑆
0,1] = തg0,1

• Problem with the form-factor method:

 

• ⟨𝑁 𝜕𝜇𝐴𝜇  𝑂 ഥ𝑁⟩ and ⟨𝑁 𝑃 𝑂 ഥ𝑁⟩ dominated by 𝑁𝜋 excited state 

• The 𝑁𝜋 cancel in the combination 2𝑚𝑞𝑃 − 𝜕𝜇𝐴𝜇 (we show this in 𝜒PT)

• Numerical data becomes consistent with 𝜒PT

• But the resulting statistical signal using 2𝑚𝑞𝑃 − 𝜕𝜇𝐴𝜇 is POOR

Paper to appear in a few weeks



AWI (PCAC) to the rescue 

• Θ-term (rotated to the imaginary quark mass basis):

• 𝐿 → 𝐿𝑄𝐶𝐷  − 𝑖 𝑚∗ ഥΘ ∫ 𝑑4𝑥 ത𝜓 𝛾5 𝜓

• Isovector AWI: (𝜕𝜇𝐴𝜇
𝑢−𝑑 −  2𝑚𝑃𝑢−𝑑)ȁ𝐶𝑃𝑉 = 2 𝑖 𝑚∗ ഥΘ 𝑆𝑢−𝑑

• The right-hand side is the isovector scalar charge 𝑔𝑆
𝑢−𝑑 (No enhanced 𝑁𝜋)

• ҧ𝑔0 =  ഥ𝑚 1 − 𝜖2  ഥΘ 𝑔𝑆
𝑢−𝑑

•
ത𝑔0

2𝐹𝜋
= 17.4 ± 1.9 10−3 ഥΘ

• Quark chromo EDM (beware complications of renormalization):

• 𝐿 → 𝐿𝑄𝐶𝐷  −
𝑖

2
σ𝑞∈{𝑢,𝑑,𝑠,𝑐,𝑏}  ሚ𝑑𝑞 ത𝑞 𝜎𝜇𝜈  𝐺𝜇𝜈  𝛾5 𝑞 

• (𝜕𝜇𝐴𝜇
𝑢−𝑑  −  2𝑚𝑃𝑢−𝑑)ȁ𝐶𝑃𝑉 =  𝑖

෨𝑑𝑢+ ෨𝑑𝑑

2
ത𝑞 𝜎𝜇𝜈  𝐺𝜇𝜈  𝑞 

𝑢−𝑑
 

    +𝑖
෨𝑑𝑢− ෨𝑑𝑑

2
ത𝑞 𝜎𝜇𝜈  𝐺𝜇𝜈  𝑞 

𝑢+𝑑



Test SM unitarity of CKM matrix

Radiative Corrections to Neutron 𝜷 −Decay

Standard Model 3-family unitary condition

22

kaon semileptonic decays

nuclear (0+ → 0+)  beta decay

leptonic decays

Fangcheng He, Tanmoy Bhattacharya, Rajan Gupta, Jun-Sik Yoo

Is negligible



𝑽𝒖𝒅  from neutron 𝜷 −Decay

Neutron lifetime (sec) Radiative Correction)Axial charge

A. Sirlin, Rev. Mod. Phys. 50, 573 (1978)

A. Czarnecki, W. Marciano, and A. Sirlin PRD 70(2004)

𝛾𝑊 box contribution

(Dominates the uncertainty of RC)

Not affected by 

strong interaction.

Small uncertainty

23

𝑉𝑢𝑑
2 =

5099.3 4  sec

𝜏𝑛(1 + 3𝑔𝐴
2)(1 + 𝑅𝐶)

𝑅𝐶 =
𝛼

2 𝜋
𝑔 𝐸 + 4 𝑙𝑛

𝑚𝑍

𝑚𝑝

+ Δ𝑛𝑝

First results from P. Ma, el.al, Phys.Rev.Lett. 132 (2024) 19, 191901



𝜸𝑾-Box diagram

Hadronic Form Factor

Weighting function

Hadronic tensor

Preliminary 



Moments of distributions

𝑥 𝑞 = න
0

1

 𝑥 𝑞 𝑥 + 𝑞 𝑥 𝑑𝑥

𝑥 Δ𝑞 = න
0

1

 𝑥 Δ𝑞 𝑥 + Δ𝑞 𝑥 𝑑𝑥

𝑥 𝛿𝑞 = න
0

1

 𝑥 𝛿𝑞 𝑥 + 𝛿𝑞 𝑥 𝑑𝑥

JHEP 21, 004 (2020); 

arXiv:

Santanu Mondal, Tanmoy Bhattacharya, Rajan Gupta, Sungwoo Park, Jun-Sik Yoo



Status of results:

Momentum 

Fraction

Helicity 

Moment

Transversity 

Moment

𝑥 𝑞 = 0.154(10)(9) 𝑥 𝛿𝑞 = 0.197(12)(18)𝑥 Δ𝑞 = 0.177(10)(15)



Summary 
• High precision calculations of nucleon matrix elements probe 

many aspects of the standard model and physics beyond it

• Charges 𝑔𝐴,𝑆,𝑇
𝑢,𝑑,𝑠,𝑐

– 𝜎𝜋𝑁 ≡ 𝑚𝑢𝑑𝑔𝑆
𝑢+𝑑  is a fundamental parameter in nuclear physics

– 𝑔𝐴,𝑃,𝑆,𝑇
𝑢,𝑑,𝑠,𝑐

: coupling of dark matter with nucleon in various channels

– Contribution of quark spin [EDM] to nucleon spin [EDM] 𝑔𝐴
𝑢,𝑑,𝑠,𝑐  [𝑔𝑇

𝑢,𝑑,𝑠,𝑐]

• Moments: 𝑥 𝑞; 𝑥 Δ𝑞; 𝑥 𝛿𝑞 provide constraints on PDFs

• Axial, Electric, Magnetic form factors (DUNE, EIC)

• Radiative corrections to pion, kaon, nucleon 𝛽-decay: 𝑽𝒖𝒅, 𝑽𝒖𝒔

• {𝑑𝑛, 𝑑𝑝, ҧ𝑔0, ҧ𝑔1} :  Connect EDMs to CPV in the SM and BSM 



EXTRA



X

X

X

Interaction with a 

nucleon is given by 

the axial vector 

form factor 𝐺𝐴 𝑄2

𝜈𝜇

𝜇−

𝑊+(𝑄2)

Evolution of struck 

nucleon within the 

nucleus governed by 

the nuclear force

Displaced nucleon 

once outside the 

nucleus produces 

signals picked up 

by detectors

time

X

Determine the  

wavefunction 

of a nucleon 

within the 

target nucleus

Nuclear theory Lattice QCD AFDMC Calibration of signal

Event generators provide a statistical description of various outcomes 

involving complex physics of quasi-elastic, resonant, …,  DIS regions 

⊗

Neutrino-nucleus interaction involves convolution of 4 stages assuming factorization

⊗ ⊗



𝑁𝜋 state in the axial channel

n p
×

𝜋( Ԧ𝑞)

Ԧ𝑝 = 0- Ԧ𝑞

𝑁 − Ԧ𝑞 𝜋( Ԧ𝑞)
𝑁 0 𝜋(− Ԧ𝑞)

𝑁 − Ԧ𝑞 𝑁(0)

𝑁(0)

𝑁 − Ԧ𝑞

𝐴𝜇(𝜏, Ԧ𝑞)

Extracted mass gaps 

match  above picture



Sigma terms

Enhanced contribution?

No enhancement expected 

as KΣ is the lowest state



The pion-nucleon sigma term: 

Resolving tension between Lattice QCD and Phenomenology

FLAG Reports 2019, 2021, 2024:

• Lattice results                 ~40 MeV

• Phenomenology favors  ~60 MeV

BMW (arXiv:2007.03319)  𝜎𝜋𝑁 = 37.4(5.1) MeV (FH)

RQCD (JHEP 05 (2023) 035) 𝜎𝜋𝑁 = 43.9(4.7) MeV (FH)

Mainz (PRL 131 (2023) 261902) 𝜎𝜋𝑁 = 43.7(3.6) MeV (FH)

ETM (PRD 111, 054505)   𝜎𝜋𝑁 = 41.9(8.1)  MeV (Direct)

LANL Results: PRL 127 (2021) 242002; e-Print: 2503.07100

• Without including 𝑵 𝒌 𝝅 −𝒌  and 𝑵 𝟎 𝝅 𝒌 𝝅 −𝒌  states: = 42 (6) MeV

• Including 𝑵 𝒌 𝝅 −𝒌  and 𝑵 𝟎 𝝅 𝒌 𝝅 −𝒌  states:               = 61 (6) MeV

𝜎𝜋𝑁 ≡ 𝑚𝑢𝑑𝑔𝑆
𝑢+𝑑 ≡ 𝑚𝑢𝑑 𝑁 ത𝑢𝑢 + ҧ𝑑𝑑 𝑁

https://arxiv.org/abs/2105.12095
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