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Background

➢ Nucleon structure: nucleon matrix elements

➢ Time-dependence 
indicates contamination
from excited states

➢ Lowest excited state
is a Nucleon-Pion state
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Simulation details

➢ Physical-point twisted-mass ensemble
An ensemble with 𝑚𝜋 = 346 was also studied (see preprint)

➢ Interpolating fields used:

𝐽𝑝; 𝐽𝑁𝜋
1/2

= 2/3 𝐽𝑛𝜋+ − 1/3 𝐽𝑝𝜋0

➢ Generalized eigenvalue problem (GEVP)
➢ Do GEVP on 2pt functions
➢ Use the results to improve 3pt functions
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2pt functions and GEVP

➢ 2pt functions:

➢ GEVP returns eigenvalues and eigenvectors:

➢ We determine the optimal interpolating field:

➢ We can use it to improve matrix elements:
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𝒕𝟎 dependence of GEVP

➢ 𝐸𝑒𝑓𝑓 are not sensitive to 𝑡0
➢ Eigenvectors are sensitive to 𝑡0
➢ With small t0, it converges to a wrong value
➢ In this work, we fix 𝑡 − 𝑡0, and do plateau fits to 

determine eigenvectors

ALPHA Collaboration JHEP04(2009)094
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GEVP results
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3pt functions and GEVP improvement

➢ We compute everything except

➢ RQCD: Last term is subleading by ChPT

➢ This work: 
We found a new method that doesn’t require such term

Barca, Bali, Collins PRD 107, L051505 (2023)
Bar PRD 99, 054506 (2018) and 100, 054507 (2019)
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New method
➢ 3pt function without GEVP:
➢ Fully GEVP improved 3pt function:

➢ New method:
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New method
➢ 3pt function without GEVP:
➢ Fully GEVP improved 3pt function:

➢ New method:

• Coefficients 𝑑 can be determined by GEVP, do not 
depend on the insertion operator 

• 𝐼𝑑 can remove the leading contamination terms
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New method vs. others ➢ Before GEVP: Open
➢ After GEVP: Filled
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Overview of results

➢ We have investigated on 52 cases
{u+d & u-d} × {𝑆, 𝑉𝜇 , 𝑃, 𝐴𝜇 , 𝜎𝜇𝜈 } × {various kinematics}

➢ We include both connected and disconnected 
contributions for both isoscalar & isovector

➢ 46 cases
➢ No significant changes observed
➢ Including the sigma term 𝜎𝜋𝑁

➢ 6 cases: (u-d) × {𝑷, 𝑨𝝁 }

➢ Isovector pseudoscalar (2) and axial (4) currents
➢ Significant changes observed
➢ Insertion operator has same quantum number 

with the pion

Ԧ𝑝𝑠𝑖𝑛𝑘 , Ԧ𝑝𝑠𝑟𝑐 = (0, 0), (0, 1), (1, 1)

(disc u-d is nonzero for tmlQCD)
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Pseudoscalar at 0 momentum transfer

➢ Converges to 0 (Parity symmetry)
➢ Before GEVP: Open
➢ After GEVP: Filled
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Axial charge 𝒈𝑨
𝒖−𝒅

➢ Four cases for 𝒈𝑨
𝒖−𝒅

Ratio (left) and  two-state fits (right) =>

➢ ETMC23: Band
(Excited state analysis & continuum limit)
PRD 109 (2024) 3, 034503

Small lattice artefact for 𝒈𝑨
𝒖−𝒅

➢ No changes for 3 cases
➢ GEVP brings 2nd case 

agreement with the other 3

This work: 1.258(18)
Exp: 1.27641(56)

Open: no GEVP Filled: GEVP
Grey: ETMC23, PRD 109 (2024) 3, 034503 

Dashed black: experiment

Rest N, 𝑨𝒑𝒂𝒓𝒂𝒍𝒍𝒆𝒍

Moving N, 𝑨𝒕𝒊𝒎𝒆

Moving N, 𝑨𝒑𝒂𝒓𝒂𝒍𝒍𝒆𝒍

Moving N, 𝑨𝒑𝒆𝒓𝒑𝒆𝒏𝒅𝒊𝒄𝒖𝒍𝒂𝒓

𝒈𝑨
𝒖−𝒅

𝒈𝑨
𝒖−𝒅

𝒈𝑨
𝒖−𝒅

𝒈𝑨
𝒖−𝒅
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PCAC related quantities
@ 1-unit transfer
𝑮𝟓
𝒖−𝒅, 𝑮𝑨

𝒖−𝒅, 𝑮𝑷
𝒖−𝒅

Open: no GEVP Filled: GEVP

Grey: ETMC23, PRD 109 (2024) 3, 034503 

➢ Significant improvement 
observed for 𝑮𝟓

𝒖−𝒅, 𝑮𝑷
𝒖−𝒅

➢ Large lattice artefact 
expected for 𝑮𝟓

𝒖−𝒅

➢ Small lattice artefact for 
𝑮𝑷
𝒖−𝒅 after including the 

isovector insertion loop 
(nonzero for tmlQCD)
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Conclusions
➢ Strong 𝑡0 dependence for GEVP eigenvectors
➢ New method without requiring 
➢ We investigate on 52 cases = 46 (no) + 6 (yes)

➢ 46 includes 𝜎𝜋𝑁
➢ 6 are with isovector pseudoscalar & axial currents

➢ Reduced lattice artefacts with isovector insertion loop

Support is acknowledged from the project 
EXCELLENCE/0421/0043 “3D-Nucleon,” co-
financed by the European Regional Development 
Fund and the Republic of Cyprus through the 
Research and Innovation Foundation 
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The other case for 𝑮𝑷
𝒖−𝒅

Open: no GEVP Filled: GEVP

Grey: ETMC23, PRD 109 (2024) 3, 034503 

𝒕𝒆𝒎𝒑𝒐𝒓𝒂𝒍

𝒔𝒑𝒂𝒄𝒊𝒂𝒍
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Sigma term

Rest

Moving
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𝝅𝟎-loop is necessary for isospin symmetry
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