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Neutron lifetime and the axial coupling

The neutron lifetime and gA (neutron decay) are used to probe the limits of  the Standard Model 

We should have a (meaningful) Standard Model prediction for gA - LQCD (lattice QCD) 

To gain confidence in the application of  LQCD to nuclear physics, we must benchmark (calibrate) our 
calculations against well known quantities of  interest, such as gA - done - see previous talk 

In order for the theoretical uncertainty on gA to match the larger uncertainty in the neutron lifetime 
measurements, we must determine gA with < 0.2% uncertainty - is this crazy?
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I learned recently in Steven Clayton’s (LANL) 
talk at MENU on their measurement of the 
neutron lifetime, that the PDG no longer 
considers this to be a discrepancy - they’ve 
dropped the beam measurements 😱
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Nucleon Axial FormFactor

DUNE is a future neutrino oscillation experiment that will fire a beam of  neutrinos from FNAL into an 
Argonne target in South Dakota.   

A determination of  the CP-violating phase in the neutrino-mixing (PMNS) matrix is one of  the goals 
enough CP violation could explain the matter/anti-matter asymmetry of  the universe through 
Leptogenesis 

The T2K and NOVA experiments are also conducting oscillation experiments 
“A determination of  the nucleon axial form factor at the 5% level would be very helpful, possibly 
allowing for the isolation of  nuclear effects” [private communications with T2K members, Y. Hayato 
and K. Mcfarland] 

Ultimately, we need to understand neutrino-NUCLEUS cross sections which begins with neutrino-
nucleon cross sections 

The experimental data on gA(Q2) is sufficiently limited that a simple dipole-formfactor is assumed 
The dipole model is too simplistic and overly constraining (the quoted uncertainties do not reflect the 
true uncertainty of  our understanding)
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Nucleon Axial FormFactor
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All lattice QCD results determine an axial form factor with a significantly different slope (30%) than 
that determined from the phenomenological determination - two recent examples here 
Examining the LQCD results, it is difficult to understand/guess where this discrepancy is coming from 
A few years ago - this was the same situation with gA (no one understood why gA results were 
consistently low compared to the experimental value) 
For gA, we made progress by pushing to the extreme the LQCD calculations - a similar strategy here 
seems warranted

Ishikawa et al. PRD98 (2018) [1807.03974]Gupta et al. PRD96 (2017) [1705.06834]Alexandrou et al. PRD96 (2017) [1705.03399]
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improving the determination of  gA

gQCD
A = 1.2711(103)s(39)�(15)a(19)V (04)I(55)M
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chiral extrapolation 0.31%
a ! 0 0.12%
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isospin 0.03%
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More  precise results at the physical pion mass will improve the three largest uncertainties: 
statistical (s),   extrapolation (χ) and model selection (M) 

Following our existing strategy, we anticipate getting to 0.5% by the end of  this year 
Getting below (or maybe to 0.5%) will require a 4th lattice spacing as well (~0.06fm) 
Adding a FV study on additional pion mass points will improve the FV uncertainty 
The isospin uncertainty seems unnecessary…

Bart van Lith 
E. Berkowitz Nature 558 (2018) no.7708, 91-94  

Chang et al. 
[arXiv:1805.12130]

https://arxiv.org/abs/1805.12130
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improving the determination of  gA

Isospin corrections (my understanding prior to May 18 this year - see ACFI workshop) 
The leading radiative corrections are subtracted from the experimental measurement leaving 
corrections of   
There are (md-mu)2 corrections  
There are mixed corrections of   
The largest isospin correction comes from the extrapolation to  
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improving the determination of  gA

Isospin corrections  
There is a radiative correction - not previously computed - the gamma-W box diagrams for an axial 
matrix element (instead of  vector) - that leads to a 0.4% correction  - See talk of  Leendert Hayen 
To push the LQCD calculation below this precision, we should incorporate isospin breaking corrections 
to validate our results and provide a nice cross check of  our understanding of  these effects  
 

gQCD
A = 1.2711(103)s(39)�(15)a(19)V (04)I(55)M

<latexit sha1_base64="yV0rSGxRKGvkOqXrSkJEf3Kvk1M="></latexit><latexit sha1_base64="yV0rSGxRKGvkOqXrSkJEf3Kvk1M="></latexit><latexit sha1_base64="yV0rSGxRKGvkOqXrSkJEf3Kvk1M="></latexit><latexit sha1_base64="yV0rSGxRKGvkOqXrSkJEf3Kvk1M="></latexit>

statistical 0.81%
chiral extrapolation 0.31%
a ! 0 0.12%
L ! 1 0.15%
isospin 0.03%
model selection 0.43%
total 0.99%

<latexit sha1_base64="4MYAu6U3kepX9k0fGBKHh/CcWcE="></latexit><latexit sha1_base64="4MYAu6U3kepX9k0fGBKHh/CcWcE="></latexit><latexit sha1_base64="4MYAu6U3kepX9k0fGBKHh/CcWcE="></latexit><latexit sha1_base64="4MYAu6U3kepX9k0fGBKHh/CcWcE="></latexit>

Final result

0.00 0.05 0.10 0.15 0.20 0.25 0.30
✏⇡ = m⇡/(4⇡F⇡)

1.10

1.15

1.20

1.25

1.30

1.35

g A

model average gLQCD
A (✏⇡ , a = 0)

gPDG
A = 1.2723(23)

gA(✏⇡ , a ' 0.15 fm)
gA(✏⇡ , a ' 0.12 fm)
gA(✏⇡ , a ' 0.09 fm)

a ' 0.15 fm
a ' 0.12 fm
a ' 0.09 fm



Comparison with other LQCD results

Only one other group with three lattice spacings and 
physical pion mass results:  
Gupta et al. Phys.Rev. D98 (2018) [arXiv:1806.09006] 

The difference in the chiral fit is a consequence of  the “jump” in the 
CalLat data between M𝜋 = {400, 350, 310} and the 220 MeV 
data 

The CalLat data at M𝜋 ≈ 130 MeV do not contribute much to the 
fit because of  the larger errors 

The difference in the continuum extrapolation is driven by the smaller 
estimates on all three fine a ≈ 0.06fm ensembles



https://github.com/callat-qcd/project_gA
raw correlation functions, correlation function analysis results, extrapolation analysis
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Comparison with other LQCD results

“jump” → smooth transition

The difference in the chiral fit is a consequence of  the “jump” in the CalLat data between M𝜋 = {400, 350, 310} 
and the 220 MeV data
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Comparison with other LQCD results

The CalLat data at M𝜋 ≈ 130 MeV do not contribute much to the fit because of  the larger errors 

True - but - we’ll come back to this



0 50 100 150 200 250 300

M⇡[MeV]

1.10

1.15

1.20

1.25

1.30

1.35

g A

a12

a09

a06

PDG

Comparison with other LQCD results
The difference in the continuum extrapolation is driven by the smaller estimates on all three fine a ≈ 0.06fm ensembles

gA = 1.195(33)(22)arXiv:1606.07049
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gA = 1.195(33)(22) 

gA = 1.218(25)(30) 

gA[no a06] = 1.245(42)(xx)

A change in quark smearing caused a ~2 sigma shift in the a06m220 point  

The correlated difference will be ~5-sigma 

suggests an underestimate of  systematic uncertainties on this ensemble 

In conferences - it has been stated it is only the physical pion mass a06m135 point that causes the 
discrepancy - note - this is the very endpoint result in an extrapolation

arXiv:1606.07049 

arXiv:1806.09006



Comparison with other LQCD results
The difference in the continuum extrapolation is driven by the smaller estimates on all three fine a ≈ 0.06fm ensembles

“Surely, You’re Joking, Mr. Feynman!”
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Comparison with other LQCD results
Suppose the results in arXiv:1806.09006  are correct (not biased by a systematic uncertainty)  
What are the implications?
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Either 

There is significant new physics in gA 

The continuum extrapolation would follow a dramatic curve
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True - but - we’ll come back to this



The a12m130 (483 x 64 x 20) with 3 sources cost as much as all other ensembles combined
2.5 weekends on Sierra → 16 srcs
Now, 32 srcs (un-constrained, 3-state fit)

We generated a new a15m135XL (483 x 64) ensemble (old a15m130 is 323 x 48)
M𝜋L = 4.93  (old M𝜋L = 3.2)
L5 = 24, Nsrc = 16

We are running gA(Q2) on Summit this year (DOE INCITE)
We anticipate improving gA to ~0.5%

PRELIMINARY
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Nature 558 (2018) no. 7708, 91-94 
Chang et al. [arXiv:1805.12130] Sierra Early Science

1 year on Titan (ORNL) + 2 years 
on GPU machines at LLNL

gA = 1.2711(125) → 1.2641(93)  [0.74%]
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Nucleon Axial FormFactor
Inherent to our gA calculation was the “Feynman-Hellmann” Propagator 

= SFH(y, x) =
X

z

S(y, z)�(z)S(z, x)

For each choice of  current and momentum, a new FH propagator is required 
We have tried several variants of  stochastic methods to relax this constraint, but the noise is too large 
We have resorted to the standard fixed source-sink separation method (with our tail between our legs a 
little) 
                                                       repeat for multiple values of  tsep 

However, if  there was a lesson to be learned from our gA calculation when applying the fixed source-sink 
separation method - it is imperative to use many values of  tsep and also small values 

See also S. Meinel, Chiral Dynamics 2012 and Hasan et al. (LHPC) 1903.06487

O(tO)
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Nucleon Axial FormFactor PRELIMINARY
a09m310

gA

gV

2pt

tsep = [3,4,5,6,7,8,9,10,11,12,13,14] 
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Nucleon Axial FormFactor PRELIMINARY
a09m310 - 8 sources - 1 coherent sink

gA gA

gVgV

2pt

tsep = [3,4,5,6,7,8,9,10,11,12,13,14] 

Add summed and then subtracted 
3pt data to analysis

Csum
� (tsep) =

tsep�1X

⌧=t0+1

C3(tsep, ⌧�)
<latexit sha1_base64="Ch7XgbYsA99AhfHiYkefaKUrDpQ="></latexit>

C“FH”
� (tsep) =

Csum

� (tsep + 1)

C2(tsep + 1)
� Csum

� (tsep)

C2(tsep)
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Nucleon Axial FormFactor PRELIMINARY
a09m310 - 8 sources - 1 coherent sink

gA gA

gVgV

2pt

tsep = [3,4,5,6,7,8,9,10,11,12,13,14] 

from our 
publication

Add summed and then subtracted 
3pt data to analysis

Csum
� (tsep) =

tsep�1X

⌧=t0+1

C3(tsep, ⌧�)
<latexit sha1_base64="Ch7XgbYsA99AhfHiYkefaKUrDpQ="></latexit>

C“FH”
� (tsep) =

Csum

� (tsep + 1)

C2(tsep + 1)
� Csum

� (tsep)

C2(tsep)
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a09m310
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Nucleon Axial FormFactor PRELIMINARY
a09m310 non-zero momentum, tsep = 11
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Nucleon Axial FormFactor PRELIMINARYSpin averaging

Notes: comparing FH to standard method

André Walker-Loud
(Dated: June 20, 2019 - 7:42)

Notes three point charges

tsep t0 + ⌧�
3 1.23 1.23
4 1.19 1.20 1.18
5 1.14 1.15 1.15 1.12
6 1.09 1.11 1.12 1.10 1.06
7 1.07 1.08 1.10 1.09 1.06 1.03
8 1.06 1.07 1.09 1.09 1.06 1.03 1.01
9 1.05 1.06 1.08 1.08 1.07 1.05 1.03 1.02
10 1.04 1.05 1.06 1.07 1.07 1.06 1.05 1.05 1.04
11 1.03 1.03 1.04 1.05 1.05 1.06 1.07 1.07 1.07 1.07
12 1.02 1.02 1.02 1.03 1.04 1.06 1.08 1.10 1.10 1.10 1.09
13 1.02 1.02 1.01 1.01 1.03 1.06 1.08 1.10 1.12 1.12 1.13 1.12
14 1.01 1.01 1.01 1.01 1.03 1.05 1.08 1.10 1.12 1.13 1.14 1.14 1.13

TABLE I. Spin average uncertainty normalized by doubling statistics for spin up: �spin avg/(�spin up/
p
2).

P3pt / 1 + i�5�3
<latexit sha1_base64="Uewwr0JuNgbGLwrAQig2cYgPxDQ="></latexit>

P3pt / i�5�3
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In the literature - we see both
spin up only
spin up - spin dn

�spin avg

�spin up/
p
2
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The success of  this (and future) result(s) was enabled through several key features: 
an unconventional strategy that can exploit exponentially more precise data at 
early time and has demonstrable control of  excited state contributions  
access to a set of  ensembles (HISQ 2+1+1 from MILC) that allowed for control over 
all standard lattice systematics, 
ludicrously fast GPU code - QUDA 
an action with improved stochastic behavior and a mild continuum 
extrapolation 
access to Leadership Computing 

Making progress in understanding gA(Q2) - it seems essential to have enough tsep  
values to control the infinite separation extrapolation - more than is common 

See also  
Detmold, Lin, Meinel 
PRL 108 (2012) [arXiv:1109.2480] 
N. Hasan et al (LHPC)  
arXiv:1903.06487

m⇡ ! mphys
⇡ , a ! 0, L ! 1
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A per-cent-level determination of the nucleon axial 
coupling from quantum chromodynamics
C. C. Chang1,2, A. N. Nicholson1,3,4, E. Rinaldi1,5,6, E. Berkowitz6,7, N. Garron8, D. A. Brantley1,6,9, H. Monge-Camacho1,9,  
C. J. Monahan10,11, C. Bouchard9,12, M. A. Clark13, B. Joó14, T. Kurth1,15, K. Orginos9,16, P. Vranas1,6 & A. Walker-Loud1,6*

The axial coupling of the nucleon, gA, is the strength of its coupling 
to the weak axial current of the standard model of particle physics, 
in much the same way as the electric charge is the strength of the 
coupling to the electromagnetic current. This axial coupling dictates 
the rate at which neutrons decay to protons, the strength of the 
attractive long-range force between nucleons and other features of 
nuclear physics. Precision tests of the standard model in nuclear 
environments require a quantitative understanding of  nuclear 
physics that is rooted in quantum chromodynamics, a pillar of 
the standard model. The importance of gA makes it a benchmark 
quantity to determine theoretically—a difficult task because 
quantum chromodynamics is non-perturbative, precluding known 
analytical methods. Lattice quantum chromodynamics provides a 
rigorous, non-perturbative definition of quantum chromodynamics 
that can be implemented numerically. It has been estimated that a 
precision of two per cent would be possible by 2020 if two challenges 
are overcome1,2: contamination of gA from excited states must be 
controlled in the calculations and statistical precision must be 
improved markedly2–10. Here we use an unconventional method11 
inspired by the Feynman–Hellmann theorem that overcomes these 
challenges. We calculate a gA value of 1.271 ± 0.013, which has a 
precision of about one per cent.

To demonstrate the efficacy of lattice quantum chromodynamics 
(LQCD) for nuclear physics research, one must begin by demonstrating 
control over the simplest quantities, such as gA. In addition to those 
mentioned above, there are a number of challenges in using LQCD to 
compute properties of nucleons and nuclei. The first challenge arises 
from the non-perturbative features of quantum chromodynamics 

(QCD) itself. QCD describes the interactions between quarks  
and gluons, the basic constituents of nucleons, through the Lagrangian 
density Ψ̄ Ψ= − / + ∑ +L G g D m(4 ) ( )q q q qQCD

2    , where the quark fields, 
Ψq, come in flavours q = {u, d, s, ...} with masses mq = {mu, md, ms, …}. 
G2 describes the nonlinear gluon self-interactions and D includes the 
quark–gluon interactions, both with a strength determined by the  
coupling, g. Most of nuclear physics depends on only three or four input 
parameters from QCD: g, the light-quark masses, mu and md, and in 
some cases the strange-quark mass, ms. Once these parameters are 
fixed, and electroweak corrections are added, all of nuclear physics—
from the kiloelectronvolt energy levels in nuclei to the energy densities 
of the neutron star equation of state (a few hundred megaelectronvolts 
per cubic fermi (fm), where 1 fm = 10−15 m)—can in principle be 
predicted from QCD.

At short distances (high energies), such as those explored by the 
Large Hadron Collider at CERN, QCD has been rigorously tested, 
because in this energy regime g ≪ 1 and perturbative methods are 
applicable. At long distances of approximately 1 fm (low energies), 
which are characteristic of nuclear physics, g is large and perturbation 
theory fails to converge. Consequently, quarks and gluons are confined 
in protons, neutrons and other hadrons observed experimentally. 
Fortunately, non-perturbative calculations can be carried out in the 
strong-coupling regime using LQCD, the only first-principles approach 
known to control all sources of systematic uncertainty.

LQCD is the formulation of QCD on a finite four-dimensional space-
time lattice, following the Feynman path-integral description. Monte 
Carlo methods are used to sample the resulting high-dimensional inte-
grals stochastically. The values of the lattice spacing, a, and finite size, 

1Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA. 2Interdisciplinary Theoretical and Mathematical Sciences (iTHEMS) Program, RIKEN, Saitama, Japan. 
3Department of Physics, University of California, Berkeley, CA, USA. 4Department of Physics and Astronomy, University of North Carolina, Chapel Hill, NC, USA. 5RIKEN-BNL Research Center, 
Brookhaven National Laboratory, Upton, NY, USA. 6Physics Division, Lawrence Livermore National Laboratory, Livermore, CA, USA. 7Institut für Kernphysik and Institute for Advanced Simulation, 
Forschungszentrum Jülich, Jülich, Germany. 8Theoretical Physics Division, Department of Mathematical Sciences, University of Liverpool, Liverpool, UK. 9Department of Physics, The College 
of William and Mary, Williamsburg, VA, USA. 10Physics Department and Astronomy, Rutgers, The State University of New Jersey, Piscataway, NJ, USA. 11Institute for Nuclear Theory, University 
of Washington, Seattle, WA, USA. 12School of Physics and Astronomy, University of Glasgow, Glasgow, UK. 13NVIDIA Corporation, Santa Clara, CA, USA. 14Scientific Computing Group, Thomas 
Jefferson National Accelerator Facility, Newport News, VA, USA. 15NERSC, Lawrence Berkeley National Laboratory, Berkeley, CA, USA. 16Theory Center, Thomas Jefferson National Accelerator 
Facility, Newport News, VA, USA. *e-mail: awalker-loud@lbl.gov

Fig. 1 | Feynman diagrams of gA. The decay of a neutron to a proton 
occurs when one of the down quarks (d) in the neutron is converted to 
an up quark (u) via the vector and axial components of the weak current. 
Not depicted in these figures are the infinite set of diagrams describing 
the coupling of gluons to the quarks and of gluons to gluons and the 
dynamical production and annihilation of quark–anti-quark pairs. 
Because of this infinite set of graphs, the use of a computational approach 

to QCD is required. The time, t, refers to calculational details discussed in 
the text. a, The standard method of computing gA relies on three different 
times, the creation time, t = 0, the current insertion time, tins, and the 
separation time, tsep. Controlling the excited state systematics requires 
varying both tins and tsep. b, Our Feynman–Hellmann method11 sums 
over all possible interaction times (tins) of the external weak axial current, 
leading to an exponential enhancement of the signal.
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A per-cent-level determination of the nucleon axial 
coupling from quantum chromodynamics
C. C. Chang1,2, A. N. Nicholson1,3,4, E. Rinaldi1,5,6, E. Berkowitz6,7, N. Garron8, D. A. Brantley1,6,9, H. Monge-Camacho1,9,  
C. J. Monahan10,11, C. Bouchard9,12, M. A. Clark13, B. Joó14, T. Kurth1,15, K. Orginos9,16, P. Vranas1,6 & A. Walker-Loud1,6*

The axial coupling of the nucleon, gA, is the strength of its coupling 
to the weak axial current of the standard model of particle physics, 
in much the same way as the electric charge is the strength of the 
coupling to the electromagnetic current. This axial coupling dictates 
the rate at which neutrons decay to protons, the strength of the 
attractive long-range force between nucleons and other features of 
nuclear physics. Precision tests of the standard model in nuclear 
environments require a quantitative understanding of  nuclear 
physics that is rooted in quantum chromodynamics, a pillar of 
the standard model. The importance of gA makes it a benchmark 
quantity to determine theoretically—a difficult task because 
quantum chromodynamics is non-perturbative, precluding known 
analytical methods. Lattice quantum chromodynamics provides a 
rigorous, non-perturbative definition of quantum chromodynamics 
that can be implemented numerically. It has been estimated that a 
precision of two per cent would be possible by 2020 if two challenges 
are overcome1,2: contamination of gA from excited states must be 
controlled in the calculations and statistical precision must be 
improved markedly2–10. Here we use an unconventional method11 
inspired by the Feynman–Hellmann theorem that overcomes these 
challenges. We calculate a gA value of 1.271 ± 0.013, which has a 
precision of about one per cent.

To demonstrate the efficacy of lattice quantum chromodynamics 
(LQCD) for nuclear physics research, one must begin by demonstrating 
control over the simplest quantities, such as gA. In addition to those 
mentioned above, there are a number of challenges in using LQCD to 
compute properties of nucleons and nuclei. The first challenge arises 
from the non-perturbative features of quantum chromodynamics 

(QCD) itself. QCD describes the interactions between quarks  
and gluons, the basic constituents of nucleons, through the Lagrangian 
density Ψ̄ Ψ= − / + ∑ +L G g D m(4 ) ( )q q q qQCD

2    , where the quark fields, 
Ψq, come in flavours q = {u, d, s, ...} with masses mq = {mu, md, ms, …}. 
G2 describes the nonlinear gluon self-interactions and D includes the 
quark–gluon interactions, both with a strength determined by the  
coupling, g. Most of nuclear physics depends on only three or four input 
parameters from QCD: g, the light-quark masses, mu and md, and in 
some cases the strange-quark mass, ms. Once these parameters are 
fixed, and electroweak corrections are added, all of nuclear physics—
from the kiloelectronvolt energy levels in nuclei to the energy densities 
of the neutron star equation of state (a few hundred megaelectronvolts 
per cubic fermi (fm), where 1 fm = 10−15 m)—can in principle be 
predicted from QCD.

At short distances (high energies), such as those explored by the 
Large Hadron Collider at CERN, QCD has been rigorously tested, 
because in this energy regime g ≪ 1 and perturbative methods are 
applicable. At long distances of approximately 1 fm (low energies), 
which are characteristic of nuclear physics, g is large and perturbation 
theory fails to converge. Consequently, quarks and gluons are confined 
in protons, neutrons and other hadrons observed experimentally. 
Fortunately, non-perturbative calculations can be carried out in the 
strong-coupling regime using LQCD, the only first-principles approach 
known to control all sources of systematic uncertainty.

LQCD is the formulation of QCD on a finite four-dimensional space-
time lattice, following the Feynman path-integral description. Monte 
Carlo methods are used to sample the resulting high-dimensional inte-
grals stochastically. The values of the lattice spacing, a, and finite size, 
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Facility, Newport News, VA, USA. *e-mail: awalker-loud@lbl.gov

Fig. 1 | Feynman diagrams of gA. The decay of a neutron to a proton 
occurs when one of the down quarks (d) in the neutron is converted to 
an up quark (u) via the vector and axial components of the weak current. 
Not depicted in these figures are the infinite set of diagrams describing 
the coupling of gluons to the quarks and of gluons to gluons and the 
dynamical production and annihilation of quark–anti-quark pairs. 
Because of this infinite set of graphs, the use of a computational approach 

to QCD is required. The time, t, refers to calculational details discussed in 
the text. a, The standard method of computing gA relies on three different 
times, the creation time, t = 0, the current insertion time, tins, and the 
separation time, tsep. Controlling the excited state systematics requires 
varying both tins and tsep. b, Our Feynman–Hellmann method11 sums 
over all possible interaction times (tins) of the external weak axial current, 
leading to an exponential enhancement of the signal.
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can we trust extrapolation of  quantities  
with chiraly-enhanced behavior? 
if  the single nucleon is not converging, would you 
trust chiral extrapolations of  two or more nucleons?

m⇡ ⇠ 130 MeV
<latexit sha1_base64="0e0ZflBhb6VYB5I2F4CPMvNe9yE=">AAACDnicbZC7SgNBFIZnvcZ4i1qmGQyChYRdFdQuaGMjRDAXyC5hdnKigzO7y8zZYFhS+Ag+ha1WVmLrK1j4Lk6SLbz9MPBx/nM4c/4wkcKg6344M7Nz8wuLhaXi8srq2nppY7Np4lRzaPBYxrodMgNSRNBAgRLaiQamQgmt8PZs7LcGoI2IoyscJhAodh2JvuAMbalbKquunwjqG6G8A5f6CHeoVUYvoDnqlipu1Z2I/gUvhwrJVe+WPv1ezFMFEXLJjOl4boJBxjQKLmFU9FMDCeO37Bo6FiOmwOz1BiIxEwyyyT0jumPNHu3H2r4I6aT6fThjypihCm2nYnhjfnvj4n9eJ8X+cZCJKEkRIj5d1E8lxZiOw6E9oYGjHFpgXAv7bcpvmGYcbYRFm4f3+/q/0NivnlS9y8NK7TQPpkDKZJvsEo8ckRo5J3XSIJzck0fyRJ6dB+fFeXXepq0zTj6zRX7Ief8CCxibzw==</latexit><latexit sha1_base64="0e0ZflBhb6VYB5I2F4CPMvNe9yE=">AAACDnicbZC7SgNBFIZnvcZ4i1qmGQyChYRdFdQuaGMjRDAXyC5hdnKigzO7y8zZYFhS+Ag+ha1WVmLrK1j4Lk6SLbz9MPBx/nM4c/4wkcKg6344M7Nz8wuLhaXi8srq2nppY7Np4lRzaPBYxrodMgNSRNBAgRLaiQamQgmt8PZs7LcGoI2IoyscJhAodh2JvuAMbalbKquunwjqG6G8A5f6CHeoVUYvoDnqlipu1Z2I/gUvhwrJVe+WPv1ezFMFEXLJjOl4boJBxjQKLmFU9FMDCeO37Bo6FiOmwOz1BiIxEwyyyT0jumPNHu3H2r4I6aT6fThjypihCm2nYnhjfnvj4n9eJ8X+cZCJKEkRIj5d1E8lxZiOw6E9oYGjHFpgXAv7bcpvmGYcbYRFm4f3+/q/0NivnlS9y8NK7TQPpkDKZJvsEo8ckRo5J3XSIJzck0fyRJ6dB+fFeXXepq0zTj6zRX7Ief8CCxibzw==</latexit><latexit sha1_base64="0e0ZflBhb6VYB5I2F4CPMvNe9yE=">AAACDnicbZC7SgNBFIZnvcZ4i1qmGQyChYRdFdQuaGMjRDAXyC5hdnKigzO7y8zZYFhS+Ag+ha1WVmLrK1j4Lk6SLbz9MPBx/nM4c/4wkcKg6344M7Nz8wuLhaXi8srq2nppY7Np4lRzaPBYxrodMgNSRNBAgRLaiQamQgmt8PZs7LcGoI2IoyscJhAodh2JvuAMbalbKquunwjqG6G8A5f6CHeoVUYvoDnqlipu1Z2I/gUvhwrJVe+WPv1ezFMFEXLJjOl4boJBxjQKLmFU9FMDCeO37Bo6FiOmwOz1BiIxEwyyyT0jumPNHu3H2r4I6aT6fThjypihCm2nYnhjfnvj4n9eJ8X+cZCJKEkRIj5d1E8lxZiOw6E9oYGjHFpgXAv7bcpvmGYcbYRFm4f3+/q/0NivnlS9y8NK7TQPpkDKZJvsEo8ckRo5J3XSIJzck0fyRJ6dB+fFeXXepq0zTj6zRX7Ief8CCxibzw==</latexit><latexit sha1_base64="0e0ZflBhb6VYB5I2F4CPMvNe9yE=">AAACDnicbZC7SgNBFIZnvcZ4i1qmGQyChYRdFdQuaGMjRDAXyC5hdnKigzO7y8zZYFhS+Ag+ha1WVmLrK1j4Lk6SLbz9MPBx/nM4c/4wkcKg6344M7Nz8wuLhaXi8srq2nppY7Np4lRzaPBYxrodMgNSRNBAgRLaiQamQgmt8PZs7LcGoI2IoyscJhAodh2JvuAMbalbKquunwjqG6G8A5f6CHeoVUYvoDnqlipu1Z2I/gUvhwrJVe+WPv1ezFMFEXLJjOl4boJBxjQKLmFU9FMDCeO37Bo6FiOmwOz1BiIxEwyyyT0jumPNHu3H2r4I6aT6fThjypihCm2nYnhjfnvj4n9eJ8X+cZCJKEkRIj5d1E8lxZiOw6E9oYGjHFpgXAv7bcpvmGYcbYRFm4f3+/q/0NivnlS9y8NK7TQPpkDKZJvsEo8ckRo5J3XSIJzck0fyRJ6dB+fFeXXepq0zTj6zRX7Ief8CCxibzw==</latexit>

220 310 400



0.00 0.05 0.10 0.15 0.20 0.25 0.30
✏⇡ = m⇡/(4⇡F⇡)

1.10

1.15

1.20

1.25

1.30

1.35

g A

model average gLQCD
A (✏⇡ , a = 0)

gPDG
A = 1.2723(23)

gA(✏⇡ , a ' 0.15 fm)
gA(✏⇡ , a ' 0.12 fm)
gA(✏⇡ , a ' 0.09 fm)

a ' 0.15 fm
a ' 0.12 fm
a ' 0.09 fm

Understanding the quark mass dependence



We are generating new ensembles at M𝜋 ~ 180, 260 MeV

m180
m260

0.00 0.05 0.10 0.15 0.20 0.25 0.30
✏⇡ = m⇡/(4⇡F⇡)

1.10

1.15

1.20

1.25

1.30

1.35

g A

model average gLQCD
A (✏⇡ , a = 0)

gPDG
A = 1.2723(23)

gA(✏⇡ , a ' 0.15 fm)
gA(✏⇡ , a ' 0.12 fm)
gA(✏⇡ , a ' 0.09 fm)

a ' 0.15 fm
a ' 0.12 fm
a ' 0.09 fm

Understanding the quark mass dependence



13

1.10

1.15

1.20

1.25

1.30

-4 -2  0  2  4

g Au
-d

τ - tsep/2

a12m310 AMA

Extrap
tsep=8

tsep=10
tsep=12 1.10

1.15

1.20

1.25

1.30

-6 -4 -2  0  2  4  6

g Au
-d

τ - tsep/2

Extrap
tsep=10

tsep=12
tsep=14

a09m310

1.10

1.15

1.20

1.25

1.30

-8 -6 -4 -2  0  2  4  6  8

g Au
-d

τ - tsep/2

Extrap
tsep=16
tsep=20

tsep=22
tsep=24

a06m310 AMA

1.10

1.15

1.20

1.25

1.30

-4 -2  0  2  4

g Au
-d

τ - tsep/2

Extrap
tsep=8

tsep=10

tsep=12
tsep=14

a12m220L AMA

1.10

1.15

1.20

1.25

1.30

-6 -4 -2  0  2  4  6
g Au

-d

τ - tsep/2

Extrap
tsep=10

tsep=12
tsep=14

a09m220

1.10

1.15

1.20

1.25

1.30

-8 -6 -4 -2  0  2  4  6  8

g Au
-d

τ - tsep/2

Extrap
tsep=16
tsep=20

tsep=22
tsep=24

a06m220 AMA

1.10

1.15

1.20

1.25

1.30

-6 -4 -2  0  2  4  6

g Au
-d

τ - tsep/2

a09m130 AMA

Extrap
tsep=10

tsep=12
tsep=14

FIG. 8. The 2-state fit to the unrenormalized axial charge gu�d
A data for the seven ensembles at di↵erent values of the lattice

spacing and pion mass. The grey error band and the solid line within it is the tsep ! 1 estimate obtained using the 2-state
fit. The result of the fit for each individual tsep is shown by a solid line with the same color as the data points. Note that the
data with tsep = 16 in the two a06 ensembles are not used in the fit.

up to n excited states are included in the fit Ansatz). Our
additional tests on the a06 ensembles discussed in Sec. VI
show that increasing the smearing size � over the range
simulated reduces A1/A0 and the excited-state contami-
nation, most notably in the axial and scalar charges. On
the other hand, beyond a certain size �, the statistical
errors based on a given number of gauge configurations
start to increase. Also, when calculating the form fac-
tors, one expects the optimal � to decrease with increas-
ing momentum. Thus, one has to compromise between
obtaining a good statistical signal and reducing excited-
state contamination in both the charges and the form
factors, when all these quantities are being calculated
with a single choice of the smearing parameters.

The data in Tables III and IV show an increase in the
ratio A1/A0 as the lattice spacing is decreased. This
suggests that the smearing parameter � (see Table II)

should have been scaled with the lattice spacing a. The
dependence of the ratio on the two choices of tmin used
in the fits (estimates in Table III versus Table IV) and
between the HP and AMA estimates for each choice is
much smaller. Based on these trends and additional tests
discussed in Sec. VI, a better choice for the smearing pa-
rameters when calculating the matrix elements at zero-
momentum transfer is estimated to be {5, 70}, {7, 120}
and {9, 200} for the a = 0.12, 0.09 and 0.06 fm ensem-
bles, respectively. In physical units, a rule-of-thumb es-
timate for tuning the smearing size is �a ⇡ 0.55 fm.

To extract the three matrix elements h0|O�|0i,
h1|O�|0i and h1|O�|1i, for each operator O� = OA,S,T,V ,
from the 3-point functions, we make one overall fit using
the data at all values of the operator insertion time ⌧ and
the various source-sink separations tsep using Eq (10).
From such fits we extract the tsep ! 1 estimates un-

standard method

fixed source-sink separation time, tsep 
repeat for a few different tsep

tsep 0

O(tO)
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