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A precise calculation of  gA is important to benchmark lattice QCD calculations 
do we have all of  our systematic uncertainties under control? 

A precise calculation of  gA, combined with 
    experimental measurements 
    radiative QED corrections 
can be used to constrain BSM right-handed currents 

A precise calculation of  gA is a stepping stone to 
Calculating gA in QCD+QED 
A full lattice QCD+QED calculation of  n→pe𝜈̅
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A precise determination of gA with lattice QCD - why?



Strictly speaking, gA is not uniquely determined when QED is included 

Similar to pion decay: 
UV divergences mix weak and EM 
 
 

In the case of  the nucleon, these issues 
are 1/MN suppressed in the matrix-element 

They are still important for the renormalization
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A precise determination of gA with lattice QCD - why?
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Now many groups obtaining values of  
gA fully extrapolated to the physical 
point (green) 

physical pion mass 
continuum 
infinite volume 

The CalLat results are noticeably more 
precise than others 

I’ll describe these results in some 
detail
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Status of lattice QCD results for gA – 2021



I grew up doing chiral perturbation theory (XPT) for lattice QCD (LQCD) 
It was my “bible” for how to understand low-energy QCD 

In my first postdoc, I began doing numerical LQCD calculations 
I had to confront my XPT expectations real LQCD results 
             Never the twain shall meet 

I am not motivated to “bash” XPT 

I am motivated to carefully scrutinize what we learn from LQCD about XPT and carefully 
check that XPT is healthy 

it is our foundation for understanding low-energy nuclear physics 

I’ve come to view XPT is a great qualitative guide, but not a reliable tool for precision & 
accuracy — at least not without input from LQCD
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Background on my perspective: LQCD + EFT



I’ve come to view XPT is a great qualitative guide, but not a reliable tool for precision & 
accuracy — at least not without input from LQCD 
2 examples where strong cancellation between different orders are required to explain 
results
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Background on my perspective: LQCD + EFT
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→ exascale era, LQCD calculations are becoming quite expensive 
human resources (many people) 
computing resources (expensive computers, Frontier @ ORNL ~ $600M US) 
Critical to maximize science output per flop 
Critical to obtain robust results 

We should be critical of  our own work (more than anyone else) as well as others work 
“Hold our feet to the fire” 
Make sure we do not over-promise and under-deliver 

Given the significant cost of  LQCD calculations - we need to balance two goals 
Be aggressive and obtain the smallest uncertainty possible from a given data set 
Obtain robust results that are stable under all possible variations of  analysis choices
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Background on my perspective: LQCD must be justified



A.S. Meyer, A. Walker-Loud, C. Wilkinson 
Ann.Rev.Nucl.Part.Sci. 72 (2022)
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Background on my perspective: example of importance
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To support these goals - we make publicly available 
our production LQCD code 
our LQCD results (raw correlators) 
our correlator analysis code 
our extrapolation analysis code 

To the best of  my knowledge, we are the only group to make all four of  these publicly open 

This fully open-science model enables any interested party or person to scrutinize our results
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Background on my perspective: Open Science



Physical pion mass 
continuum limit 
infinite volume
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Why are the LQCD calculations so difficult?
(and why might there be discrepancies?)

Systematic Uncertainties

Standard LQCD systematics extra systematics with nucleons
Signal-to-Noise (S/N) 
Excited state contamination
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What does it mean to have a LQCD result?
continuum limit 
need 3 or more  
lattice spacings

infinite volume limit

physical pion masses 
exponentially bad  

signal-to-noise problem

tcomp / V 5/4
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LQCD allows us to compute Euclidean space, 
finite volume,  correlation functions 
 
Non-trivial numerical analysis (and sometimes 
formalism) to extract spectrum, matrix 
elements, form factors, …

NOTE:
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LQCD: 2 point functions
0tsep

<latexit sha1_base64="tPVYBEtLb824aAbl21MWaoCeCYs="></latexit>

C(t,p) =
X

x

e
�ip·xh⌦|O(t,x)O†(0,0)|⌦i

<latexit sha1_base64="dynFHx62JyicErOmqslfyNMzg9k="></latexit>

C(t) =
X

x

h⌦|O(t,x)O†(0,0)|⌦i

=
X

x

h⌦|eĤt
O(0,x)e�Ĥt

O
†(0,0)|⌦i

=
X

n

X

x

h⌦|eĤt
O(0,x)e�Ĥt|nihn|O†(0,0)|⌦i

=
X

n

e
�Ent

X

x

h⌦|O(0,x)|nihn|O†(0,0)|⌦i

=
X

n

e
�En(p=0)th⌦|O(0)|n,p = 0ihn,p = 0|O†(0)|⌦i

=
X

n

e
�Entznz

†
n

<latexit sha1_base64="OlKRzGVdbm9i16gT33B1HrdRT3g=">AAACEnicbZBNS8MwGMdTX+d8q3oUJDgEDzJaGepFGHrxOMG9wFpKmqZbWJqWJB2Mbjc/gp/Cq568iVe/gAe/i1nXg24+EPLj/38ekufvJ4xKZVlfxtLyyuraemmjvLm1vbNr7u23ZJwKTJo4ZrHo+EgSRjlpKqoY6SSCoMhnpO0Pbqd+e0iEpDF/UKOEuBHqcRpSjJSWPPPIhtfQkWnkcTjmjkC8x4jD8gvysWdWrKqVF1wEu4AKKKrhmd9OEOM0IlxhhqTs2lai3AwJRTEjk7KTSpIgPEA90tXIUUTkWTCkiczRzfKVJvBEmwEMY6EPVzBXfw9nKJJyFPm6M0KqL+e9qfif101VeOVmlCepIhzPHgpTBlUMp/nAgAqCFRtpQFhQ/W2I+0ggrHSKZZ2HPb/9IrTOq/ZFtXZfq9RvimRK4BAcg1Ngg0tQB3egAZoAg0fwDF7Aq/FkvBnvxsesdckoZg7AnzI+fwA4BJ1s</latexit>

1 =
X

n

|nihn|

time-evolve operator

multiply by 1,

focus on 0-momentum

define vacuum to have 0-energy

sum of  exponentials
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LQCD: 2 point functions 0tsep

<latexit sha1_base64="yzprx8ez5kzTuUGpS2HTuLE+Js0="></latexit>

C(t,p = 0) =
X

x

h⌦|N(t,x)N†(0,0)|⌦i

= A0e
�E0t

 
1 +

X

n>0

rne
��n0t

!

<latexit sha1_base64="6HdRbRXEUFeDJUaZUePd8U2iALQ=">AAACC3icbZDLSsNAFIYn9VbrLerChZvBIrjQkkhRN0LxAi4r2Au0IUwmk3boZBJmJoUS8gg+hVtduRO3PoQL38VpmoVWD8zw8f/nMHN+L2ZUKsv6NEoLi0vLK+XVytr6xuaWub3TllEiMGnhiEWi6yFJGOWkpahipBsLgkKPkY43up76nTERkkb8QU1i4oRowGlAMVJacs29/g1hCrkptzJ4CW9dDk/0bblm1apZecG/YBdQBUU1XfOr70c4CQlXmCEpe7YVKydFQlHMSFbpJ5LECI/QgPQ0chQSeeyPaSxzdNJ8lwweatOHQST04Qrm6s/hFIVSTkJPd4ZIDeW8NxX/83qJCi6clPI4UYTj2UNBwqCK4DQY6FNBsGITDQgLqr8N8RAJhJWOr6LzsOe3/wvt05p9Vqvf16uNqyKZMtgHB+AI2OAcNMAdaIIWwCADT+AZvBiPxqvxZrzPWktGMbMLfpXx8Q32jplN</latexit>

�n0 = En � E0

<latexit sha1_base64="q4WJLBwzCm3pqpQqKscZVGXOGBw="></latexit>

me↵(t) = ln

✓
C(t)

C(t+ 1)

◆

= E0 + ln

 
1 +

P
n>0 rne

��n0t

1 +
P

n>0 rne
��n0(t+1)

!
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but… signal-to-noise - can not simply “wait till long time” to get ground state (g.s.)

LQCD: 2 point functions 0tsep

<latexit sha1_base64="yzprx8ez5kzTuUGpS2HTuLE+Js0="></latexit>

C(t,p = 0) =
X

x

h⌦|N(t,x)N†(0,0)|⌦i

= A0e
�E0t

 
1 +

X

n>0

rne
��n0t

!

<latexit sha1_base64="6HdRbRXEUFeDJUaZUePd8U2iALQ=">AAACC3icbZDLSsNAFIYn9VbrLerChZvBIrjQkkhRN0LxAi4r2Au0IUwmk3boZBJmJoUS8gg+hVtduRO3PoQL38VpmoVWD8zw8f/nMHN+L2ZUKsv6NEoLi0vLK+XVytr6xuaWub3TllEiMGnhiEWi6yFJGOWkpahipBsLgkKPkY43up76nTERkkb8QU1i4oRowGlAMVJacs29/g1hCrkptzJ4CW9dDk/0bblm1apZecG/YBdQBUU1XfOr70c4CQlXmCEpe7YVKydFQlHMSFbpJ5LECI/QgPQ0chQSeeyPaSxzdNJ8lwweatOHQST04Qrm6s/hFIVSTkJPd4ZIDeW8NxX/83qJCi6clPI4UYTj2UNBwqCK4DQY6FNBsGITDQgLqr8N8RAJhJWOr6LzsOe3/wvt05p9Vqvf16uNqyKZMtgHB+AI2OAcNMAdaIIWwCADT+AZvBiPxqvxZrzPWktGMbMLfpXx8Q32jplN</latexit>

�n0 = En � E0
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E
0

a09m135

ns = 1 2 3 4 5
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tmin

0

1
w

n
s
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t
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m
eÆ

(t
)

a09m135

SS

PS

<latexit sha1_base64="q4WJLBwzCm3pqpQqKscZVGXOGBw="></latexit>

me↵(t) = ln

✓
C(t)

C(t+ 1)

◆

= E0 + ln

 
1 +

P
n>0 rne

��n0t

1 +
P

n>0 rne
��n0(t+1)

!



The most common method (sub-optimal) to compute nucleon matrix elements 
For a few values of  t, compute the 3-point function for all 𝜏 
 
 

Each choice of  t is a new, expensive computation 

Ideally, t ~ 2 t2pt-gs, but, S/N prevents that 

The g.s. matrix-element/form-factor must be determined through an extrapolation in 
t and 𝜏 after numerical analysis
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LQCD: 3 point functions
0tsep

<latexit sha1_base64="+m9XoB7GkZUwfuessQsyodTgtXA=">AAACHnicbZDLSgMxFIYz9VbrrerSTbAI9UKZkXpZFt24rGAv0CnDmTStocnMNMkUytB38BF8Cre6cidudeG7mF4Ebf0h8HH+czg5vx9xprRtf1qphcWl5ZX0amZtfWNzK7u9U1VhLAmtkJCHsu6DopwFtKKZ5rQeSQrC57Tmd69Hfq1PpWJhcKcHEW0K6ASszQhoU/KyR64PMukNsdsBIcBzRfyDZ9jVEHvHuJcfwaGXzdkFeyw8D84Ucmiqspf9clshiQUNNOGgVMOxI91MQGpGOB1m3FjRCEgXOrRhMABB1UmrzyI1xmYyPm+ID4zZwu1QmhdoPK7+Hk5AKDUQvukUoO/VrDcq/uc1Yt2+bCYsiGJNAzJZ1I451iEeZYVbTFKi+cAAEMnMtzG5BwlEm0QzJg9n9vp5qJ4WnPNC8baYK11Nk0mjPbSP8shBF6iEblAZVRBBD+gJPaMX69F6td6s90lryprO7KI/sj6+AQ/rogE=</latexit>

q̄�µ�5⌧+q(⌧)

<latexit sha1_base64="cBeJSy5W8nUk4gmIu/dvftYk7SQ="></latexit>

C�(t, ⌧,p,q) =
X

y,x

e�ip·yeiq·xh⌦|N(t,y)j�(⌧,x)N
†(0,0)|⌦i



Consider zero-momentum (p=0) and zero momentum transfer (q=0)
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LQCD: 3 point functions 0tsep

<latexit sha1_base64="+m9XoB7GkZUwfuessQsyodTgtXA=">AAACHnicbZDLSgMxFIYz9VbrrerSTbAI9UKZkXpZFt24rGAv0CnDmTStocnMNMkUytB38BF8Cre6cidudeG7mF4Ebf0h8HH+czg5vx9xprRtf1qphcWl5ZX0amZtfWNzK7u9U1VhLAmtkJCHsu6DopwFtKKZ5rQeSQrC57Tmd69Hfq1PpWJhcKcHEW0K6ASszQhoU/KyR64PMukNsdsBIcBzRfyDZ9jVEHvHuJcfwaGXzdkFeyw8D84Ucmiqspf9clshiQUNNOGgVMOxI91MQGpGOB1m3FjRCEgXOrRhMABB1UmrzyI1xmYyPm+ID4zZwu1QmhdoPK7+Hk5AKDUQvukUoO/VrDcq/uc1Yt2+bCYsiGJNAzJZ1I451iEeZYVbTFKi+cAAEMnMtzG5BwlEm0QzJg9n9vp5qJ4WnPNC8baYK11Nk0mjPbSP8shBF6iEblAZVRBBD+gJPaMX69F6td6s90lryprO7KI/sj6+AQ/rogE=</latexit>

q̄�µ�5⌧+q(⌧)

<latexit sha1_base64="OlKRzGVdbm9i16gT33B1HrdRT3g=">AAACEnicbZBNS8MwGMdTX+d8q3oUJDgEDzJaGepFGHrxOMG9wFpKmqZbWJqWJB2Mbjc/gp/Cq568iVe/gAe/i1nXg24+EPLj/38ekufvJ4xKZVlfxtLyyuraemmjvLm1vbNr7u23ZJwKTJo4ZrHo+EgSRjlpKqoY6SSCoMhnpO0Pbqd+e0iEpDF/UKOEuBHqcRpSjJSWPPPIhtfQkWnkcTjmjkC8x4jD8gvysWdWrKqVF1wEu4AKKKrhmd9OEOM0IlxhhqTs2lai3AwJRTEjk7KTSpIgPEA90tXIUUTkWTCkiczRzfKVJvBEmwEMY6EPVzBXfw9nKJJyFPm6M0KqL+e9qfif101VeOVmlCepIhzPHgpTBlUMp/nAgAqCFRtpQFhQ/W2I+0ggrHSKZZ2HPb/9IrTOq/ZFtXZfq9RvimRK4BAcg1Ngg0tQB3egAZoAg0fwDF7Aq/FkvBnvxsesdckoZg7AnzI+fwA4BJ1s</latexit>

1 =
X

n

|nihn|

use “multiply by 1” trick
<latexit sha1_base64="fGNrTCxg8xtoLETagSePPQWCGFY="></latexit>

C�(t, ⌧) =
X

y,x

h⌦|N(t,y)j�(⌧,x)N
†(0,0)|⌦i

= |z0|2g�00e�E0t +
X

n>0

|zn|2g�nne�Ent + 2
X

n<m

znz
†
mg�nme�(En+

�mn
2 t)cosh


�mn

✓
⌧ � t

2

◆�

<latexit sha1_base64="yC5K3zVPsJVjjPCfo9oe1MSgJE0="></latexit>

R�(tsep, ⌧) =
C�(tsep, ⌧)

C2(tsep)



Consider zero-momentum (p=0) and zero momentum transfer (q=0)
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LQCD: 3 point functions 0tsep

<latexit sha1_base64="+m9XoB7GkZUwfuessQsyodTgtXA=">AAACHnicbZDLSgMxFIYz9VbrrerSTbAI9UKZkXpZFt24rGAv0CnDmTStocnMNMkUytB38BF8Cre6cidudeG7mF4Ebf0h8HH+czg5vx9xprRtf1qphcWl5ZX0amZtfWNzK7u9U1VhLAmtkJCHsu6DopwFtKKZ5rQeSQrC57Tmd69Hfq1PpWJhcKcHEW0K6ASszQhoU/KyR64PMukNsdsBIcBzRfyDZ9jVEHvHuJcfwaGXzdkFeyw8D84Ucmiqspf9clshiQUNNOGgVMOxI91MQGpGOB1m3FjRCEgXOrRhMABB1UmrzyI1xmYyPm+ID4zZwu1QmhdoPK7+Hk5AKDUQvukUoO/VrDcq/uc1Yt2+bCYsiGJNAzJZ1I451iEeZYVbTFKi+cAAEMnMtzG5BwlEm0QzJg9n9vp5qJ4WnPNC8baYK11Nk0mjPbSP8shBF6iEblAZVRBBD+gJPaMX69F6td6s90lryprO7KI/sj6+AQ/rogE=</latexit>

q̄�µ�5⌧+q(⌧)

<latexit sha1_base64="OlKRzGVdbm9i16gT33B1HrdRT3g=">AAACEnicbZBNS8MwGMdTX+d8q3oUJDgEDzJaGepFGHrxOMG9wFpKmqZbWJqWJB2Mbjc/gp/Cq568iVe/gAe/i1nXg24+EPLj/38ekufvJ4xKZVlfxtLyyuraemmjvLm1vbNr7u23ZJwKTJo4ZrHo+EgSRjlpKqoY6SSCoMhnpO0Pbqd+e0iEpDF/UKOEuBHqcRpSjJSWPPPIhtfQkWnkcTjmjkC8x4jD8gvysWdWrKqVF1wEu4AKKKrhmd9OEOM0IlxhhqTs2lai3AwJRTEjk7KTSpIgPEA90tXIUUTkWTCkiczRzfKVJvBEmwEMY6EPVzBXfw9nKJJyFPm6M0KqL+e9qfif101VeOVmlCepIhzPHgpTBlUMp/nAgAqCFRtpQFhQ/W2I+0ggrHSKZZ2HPb/9IrTOq/ZFtXZfq9RvimRK4BAcg1Ngg0tQB3egAZoAg0fwDF7Aq/FkvBnvxsesdckoZg7AnzI+fwA4BJ1s</latexit>

1 =
X

n

|nihn|

use “multiply by 1” trick
<latexit sha1_base64="fGNrTCxg8xtoLETagSePPQWCGFY="></latexit>

C�(t, ⌧) =
X

y,x

h⌦|N(t,y)j�(⌧,x)N
†(0,0)|⌦i

= |z0|2g�00e�E0t +
X

n>0

|zn|2g�nne�Ent + 2
X

n<m

znz
†
mg�nme�(En+

�mn
2 t)cosh


�mn

✓
⌧ � t

2

◆�

“scattering” (sc) 
excited states

“transition” (tr) excited states

<latexit sha1_base64="yC5K3zVPsJVjjPCfo9oe1MSgJE0="></latexit>

R�(tsep, ⌧) =
C�(tsep, ⌧)

C2(tsep)



Consider zero-momentum (p=0) and zero momentum transfer (q=0)
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LQCD: 3 point functions 0tsep

<latexit sha1_base64="+m9XoB7GkZUwfuessQsyodTgtXA=">AAACHnicbZDLSgMxFIYz9VbrrerSTbAI9UKZkXpZFt24rGAv0CnDmTStocnMNMkUytB38BF8Cre6cidudeG7mF4Ebf0h8HH+czg5vx9xprRtf1qphcWl5ZX0amZtfWNzK7u9U1VhLAmtkJCHsu6DopwFtKKZ5rQeSQrC57Tmd69Hfq1PpWJhcKcHEW0K6ASszQhoU/KyR64PMukNsdsBIcBzRfyDZ9jVEHvHuJcfwaGXzdkFeyw8D84Ucmiqspf9clshiQUNNOGgVMOxI91MQGpGOB1m3FjRCEgXOrRhMABB1UmrzyI1xmYyPm+ID4zZwu1QmhdoPK7+Hk5AKDUQvukUoO/VrDcq/uc1Yt2+bCYsiGJNAzJZ1I451iEeZYVbTFKi+cAAEMnMtzG5BwlEm0QzJg9n9vp5qJ4WnPNC8baYK11Nk0mjPbSP8shBF6iEblAZVRBBD+gJPaMX69F6td6s90lryprO7KI/sj6+AQ/rogE=</latexit>

q̄�µ�5⌧+q(⌧)

<latexit sha1_base64="OlKRzGVdbm9i16gT33B1HrdRT3g=">AAACEnicbZBNS8MwGMdTX+d8q3oUJDgEDzJaGepFGHrxOMG9wFpKmqZbWJqWJB2Mbjc/gp/Cq568iVe/gAe/i1nXg24+EPLj/38ekufvJ4xKZVlfxtLyyuraemmjvLm1vbNr7u23ZJwKTJo4ZrHo+EgSRjlpKqoY6SSCoMhnpO0Pbqd+e0iEpDF/UKOEuBHqcRpSjJSWPPPIhtfQkWnkcTjmjkC8x4jD8gvysWdWrKqVF1wEu4AKKKrhmd9OEOM0IlxhhqTs2lai3AwJRTEjk7KTSpIgPEA90tXIUUTkWTCkiczRzfKVJvBEmwEMY6EPVzBXfw9nKJJyFPm6M0KqL+e9qfif101VeOVmlCepIhzPHgpTBlUMp/nAgAqCFRtpQFhQ/W2I+0ggrHSKZZ2HPb/9IrTOq/ZFtXZfq9RvimRK4BAcg1Ngg0tQB3egAZoAg0fwDF7Aq/FkvBnvxsesdckoZg7AnzI+fwA4BJ1s</latexit>

1 =
X

n

|nihn|

use “multiply by 1” trick
<latexit sha1_base64="fGNrTCxg8xtoLETagSePPQWCGFY="></latexit>

C�(t, ⌧) =
X

y,x

h⌦|N(t,y)j�(⌧,x)N
†(0,0)|⌦i

= |z0|2g�00e�E0t +
X

n>0

|zn|2g�nne�Ent + 2
X

n<m

znz
†
mg�nme�(En+

�mn
2 t)cosh


�mn

✓
⌧ � t

2

◆�
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excited states

“transition” (tr) excited states
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R
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scattering excited states only depend on t 
transition excited states depend on t and 𝜏 
 
 

NOTE: for intermediate t, there is a cons- 
piracy of  excited states that give the appea- 
rance of  no excited state contamination

<latexit sha1_base64="yC5K3zVPsJVjjPCfo9oe1MSgJE0="></latexit>

R�(tsep, ⌧) =
C�(tsep, ⌧)

C2(tsep)



Consider zero-momentum (p=0) and zero momentum transfer (q=0) 

NOTE: 2pt at t=6 (similar to 3pt with t=12, 𝜏=6) has significant excited state 
contamination
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LQCD: 3 point functions 0tsep

<latexit sha1_base64="+m9XoB7GkZUwfuessQsyodTgtXA=">AAACHnicbZDLSgMxFIYz9VbrrerSTbAI9UKZkXpZFt24rGAv0CnDmTStocnMNMkUytB38BF8Cre6cidudeG7mF4Ebf0h8HH+czg5vx9xprRtf1qphcWl5ZX0amZtfWNzK7u9U1VhLAmtkJCHsu6DopwFtKKZ5rQeSQrC57Tmd69Hfq1PpWJhcKcHEW0K6ASszQhoU/KyR64PMukNsdsBIcBzRfyDZ9jVEHvHuJcfwaGXzdkFeyw8D84Ucmiqspf9clshiQUNNOGgVMOxI91MQGpGOB1m3FjRCEgXOrRhMABB1UmrzyI1xmYyPm+ID4zZwu1QmhdoPK7+Hk5AKDUQvukUoO/VrDcq/uc1Yt2+bCYsiGJNAzJZ1I451iEeZYVbTFKi+cAAEMnMtzG5BwlEm0QzJg9n9vp5qJ4WnPNC8baYK11Nk0mjPbSP8shBF6iEblAZVRBBD+gJPaMX69F6td6s90lryprO7KI/sj6+AQ/rogE=</latexit>

q̄�µ�5⌧+q(⌧)

°0.4 °0.2 0.0 0.2 0.4
(ø ° tsep/2)/fm

1.1

1.2

1.3

R
A

3
(t

se
p
,ø

)

°6 °4 °2 0 2 4 6
(ø ° tsep/2)/a09

0.5 1.0 1.5 2.0
tsep/fm

0.45

0.50

0.55

0.60

m
eÆ

5 10 15 20 25
tsep/a09



18

Computational & Analysis Strategies
Disentangle excited states

1 2 3
tsep/fm
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Lessons learned: 
Excited state (e.s.) contamination was the main cause of  the gA deficiency 

It is not practical to pull source/sink far enough apart to eliminate e.s. contamination 

Need at least 3 values of  t (tsep) to control extrapolation 
most groups advocate high statistics, O(5e5), at large tsep values 
some groups advocate medium statistics, O(2e4), with O(10) tsep values 

Numerical analysis is critical: 
large, highly correlated data sets with under-sampled covariance 
insufficient to get spectrum from 2pt and use that in 3pt analysis - need global analysis 

The operators we use are sub-optimal to eliminate e.s. contamination 
Some analysis tricks can suppress e.s. for forward matrix elements
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Feynman-Hellmann Method 
follows from an application of  the Feynman-Hellmann Theorem of  the effective mass 
Bouchard, Chang, Kurth, Orginos, Walker-Loud, PRD 96 (2017) [arXiv:1612.06963] 
see also Maiani, Martinelli, Paciello, Taglienti, Nucl.Phys.B293 (1987) 
             Capitani, Della Morte, von Hippel, Jäger, Jüttner, Knippschild, Meyer, Wittig, PRD86 (2012) [1205.0180] 
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                                Chang et al, A per-cent-level determination of gA from QCD,  Nature 558 (2018) [1805.12130] 
                                          https://github.com/callat-qcd/project_gA — raw correlators and data analysis
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gQCD
A = 1.2711(103)s(39)�(15)a(19)V (04)I(55)M
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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
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We have 2 additional pion masses (180, 260) and a 4th finer lattice spacing, a≈0.06fm @ M𝜋 ≈ 220, 310 MeV
We anticipate improving gA to ~0.5%  — we need to address the radiative QED correction to make this useful
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Previous determinations of  radiative corrections utilize current algebra, dispersive methods, … 
 
they identify vertex corrections and the 𝛾W box corrections 
 

The vertex correction is proportional to the 3-point correlation function 
 
 

At large momentum - the Operator Product Expansion can be used and 

For more general momenta, the integral is saturated (and approximated) by on-shell nucleons with 
elastic form factors, finding   

We used low-energy Effective Field Theory (EFT) - 𝝌PT - to determine the nucleon structure corrections

4

necting the weak scale to the hadronic scale [18, 44–46]
and finite terms that have been calculated via dispersive
methods [1–4].

A similar analysis applies to the NLO amplitude, for
which we report a few representative diagrams in the
lower panel of Fig. 1. At q = 0, all diagrams contribut-
ing to the vector operator are cancelled by the WFR,

resulting in �(1)

V,em = 0. The correction to gA is

�(1)

A,em = Z⇡ 4⇡m⇡


c4 � c3 +

3

8mN
+

9

16mN
g
(0)2

A

�
, (7)

dominated by the NLO ⇡N LECs c3,4 via topology (a2).
Matching at O(↵✏/⇡) — Through our final matching

step, we identify additional isospin breaking terms to
the LECs of the pion-less Lagrangian. Specifically, the
pion loops with the vector current coupling to two pions
(topology (f1)) induce an isospin-breaking correction to
the weak magnetism term. In terms of the physical nu-
cleon magnetic moments, µn/p, we find

�µweak = µweak � (µp � µn) = �
↵Z⇡

2⇡

g
2

AmN⇡

m⇡
. (8)

Finally, the pion-� box (b1) induces the tensor coupling

cT =
↵

2⇡

gAmN⇡

3m⇡
. (9)

Connection to previous literature — Recent ap-
proaches using current algebra and dispersion techniques
[15, 16] evaluated axial contributions as originating from
vertex corrections, in which the virtual photon is emit-
ted and absorbed by the hadronic line, and �W box,
in which the virtual photon is exchanged between the
hadronic and electron lines. The latter was found to be
largely consistent with the vector contribution using ex-
perimental data of the polarized Bjorken sum rule [15]
and additional nucleon scattering data [16]. The vertex
corrections, on the other hand, have only been calculated
in limiting scenarios. Following the notation of Ref. [15],
the contribution depends on a three-point function

D� =

Z
d
4
k

k2

Z
d
4
ye

iq̄y

Z
d
4
xe

ikx

⇥ hpf |T
�
@µJ

µ
W (y)J�

� (x)J
�
� (0)

 
|pii , (10)

where �(W ) denotes electromagnetic (weak) currents,
and T{. . .} the time-ordered product. At large momen-
tum, this expression was evaluated with the Operator
Product Expansion, finding D

OPE
� = 0 in the isospin

limit. For more general momentum scales, the inte-
gral was approximated by retaining only the on-shell nu-
cleon states with their elastic form factors, concluding
D� ⇡ 0 [15]. Our work goes beyond this elastic approxi-
mation by capturing through EFT, the leading pion con-
tributions to D� .

Numerical impact — We now estimate the numerical
impact of the various corrections starting with our main
new finding, i.e., the electromagnetic shift to � = gA/gV .
Including BSM contributions, the relation between the
experimentally extracted � and the (isosymmetric) QCD
axial charge is given by [9]

� = g
QCD

A

⇣
1 + �

(�)
RC

� 2Re(✏R)
⌘
, (11)

where ✏R ⇠ (246GeV/⇤BSM)2 is a BSM right-handed
current contribution appearing at an energy scale ⇤BSM

[9, 10]. To the order we are working the radiative correc-
tion is

�
(�)
RC

=
↵

2⇡

⇣
�(0)

A,em +�(1)

A,em ��(0)

V em

⌘
. (12)

For the numerical evaluation of the loop contributions to

�(0),(1)
A,em we use Z⇡ = 0.81 (obtained from the physical

pion mass di↵erence and F⇡ = 92.4 MeV) and the av-
erage nucleon mass mN = 938.9 MeV. In the loops we

set g
(0)

A = gA ⇡ 1.27 [6], as the di↵erence formally con-
tributes to higher chiral order. Existing lattice data in-
deed indicate that gA has a mild m⇡ dependence [11, 47].
The NLO LECs c3 and c4 have been extracted from pion-
nucleon scattering [48, 49]. They show a sizable depen-
dence on the chiral order at which the fit to ⇡-N data is
carried out, with a big change between NLO and N2LO,
stabilizing between N2LO and N3LO. We find

�(0)

A�V,em 2 {2.4, 5.7} , �(1)

A,em = {10.0, 14.5, 15.9}, (13)

where the range in �(0)

A�V,em is obtained by setting

ĈA(µ)� ĈV = 0 and varying µ between 0.5 and 1 GeV,

while the three values of �(1)

A,em are obtained by using

c3,4 extracted to NLO, N2LO, and N3LO [49]. While the
NLO correction is somewhat larger than the LO one, we
stress that we do not know the full LO correction because
we have set the counter term contribution ĈA � ĈV to
zero. In addition, in an EFT without explicit � degrees
of freedom, c3 and c4 are dominated by � contributions
and thus anomalously large. Combining the corrections,
we estimate a correction to � at the percent level,

�
(�)
RC

2 {1.4, 2.6} · 10�2
. (14)

This large shift has no impact on the current first-row
CKM discrepancy because the most accurate determi-
nation of � is at present obtained from experiments,
where these corrections are automatically included. On
the other hand, the correction does have a big impact
when comparing lattice QCD calculations of �, currently
performed in the isospin limit without QED, with the
state-of-the-art experimental determinations of �. We il-

lustrate the significance of �(�)
RC

in Fig. 2. Compared to
the most precise individual lattice calculation [22], our
radiative corrections corresponds to a 2.7� shift and a

<latexit sha1_base64="iuWfUedlvlLq4PaBO5n3fRCeWMc=">AAACFHicbVC7SgNBFJ2NrxhfUUubwSBYSNiVoDZC8AF2RjAPyK7h7mSSDJnZXWZmA2FJ6yf4FbZa2YmtvYX/4iTZQhMPDBzOuZc75/gRZ0rb9peVWVhcWl7JrubW1jc2t/LbOzUVxpLQKgl5KBs+KMpZQKuaaU4bkaQgfE7rfv9y7NcHVCoWBvd6GFFPQDdgHUZAG6mVx64A3SPAk6tRy+2CEPCQuFLg28r1CJ9ju5Uv2EV7AjxPnJQUUIpKK//ttkMSCxpowkGppmNH2ktAakY4HeXcWNEISB+6tGloAIKqo/aARWpCvWQSaoQPjNnGnVCaF2g8UX8vJyCUGgrfTI4jqFlvLP7nNWPdOfMSFkSxpgGZHurEHOsQjxvCbSYp0XxoCBDJzLcx6YEEok2POdOHM5t+ntSOi85JsXRXKpQv0mayaA/to0PkoFNURjeogqqIoEf0jF7Qq/VkvVnv1sd0NGOlO7voD6zPH46Nng4=</latexit>
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Systematic, EFT treatment of  neutron β-decay 
 
The parameters can be measured 
 
If  we want to connect them to Standard Model (SM) parameters 
we need to start from a Lagrangian with parameters related to SM parameters 
 
 
pion-less low-energy EFT 
 
 
 
 
 
Perform the calculation with SU(2) heavy-baryon 𝝌PT and match the results to this pion-less EFT 
whose parameters can be matched to experimentally measured quantities
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We compute the electromagnetic corrections to neutron beta decay using a low-energy hadronic
e↵ective field theory. We identify new radiative corrections arising from virtual pions that were
missed in previous studies. The largest correction is a percent-level shift in the axial charge of the
nucleon proportional to the electromagnetic part of the pion-mass splitting. Smaller corrections,
comparable to anticipated experimental precision, impact the �-⌫ angular correlations and the �-
asymmetry. We comment on implications of our results for the comparison of the experimentally
measured nucleon axial charge with first-principles computations using lattice QCD and on the
potential of �-decay experiments to constrain beyond-the-Standard-Model interactions.
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Keywords:

Introduction — High-precision measurements of low-
energy processes, such as � decays of mesons, neutron,
and nuclei, probe the existence of new physics at very
high energy scales through quantum fluctuations. Re-
cent developments in the study of � decay rates at the
sub-% level [1–5] have led to a 3-5� tension with the
Standard Model (SM) interpretation in terms of the uni-
tary Cabibbo-Kobayashi-Maskawa (CKM) quark mixing
matrix [5, 6]. Further, global analyses of � decay ob-
servables [7, 8] have highlighted additional avenues for
� decays to probe physics beyond the Standard Model
(BSM) at the multi-TeV scale, such as the comparison
of the experimentally extracted weak axial charge, gA,
with precise lattice Quantum ChromoDynamics (QCD)
calculations [9–11]. This test is a unique and sensitive
probe of BSM right-handed charged currents.

Given the expected improvements in experimental pre-
cision in the next few years [12–14], a necessary condition
to use neutron decay as probe of BSM physics is to have
high-precision calculations within the SM, including sub-
% level recoil and radiative corrections with controlled
uncertainties. These prospects have spurred new theo-
retical activity, which has focused first on radiative cor-
rections to the strength of the Fermi transition (vector
coupling) [1–4], and more recently on the corrections to
the Gamow-Teller (axial) coupling [15, 16]. These recent
studies are all rooted in the current algebra approach de-
veloped in the sixties and seventies [17, 18], combined
with the novel use of dispersive techniques.

In principle, lattice QCD can be used to compute the
full Standard Model n ! pe⌫̄ decay amplitude includ-
ing radiative QED corrections, similar to the determina-
tion of the leptonic pion decay rate [19, 20]. However, it

will be some years before these calculations reach su�-
cient precision. Currently, lattice QCD calculations are
carried out in the isospin limit. The global average de-
termination of gA carries a 2.2% uncertainty [21] with
one result achieving a 0.74% uncertainty [11, 22]. The
PDG average value, on the other hand, has an 0.1% un-
certainty [6] with the most precise experiment having an
0.035% uncertainty [23].
In this Letter, we present a systematic e↵ective field

theory (EFT) study of radiative corrections to the neu-
tron decay di↵erential decay rate given by [9, 24–26]

d�

dEed⌦ed⌦⌫
=

(GFVud)2

(2⇡)5
(1 + 3�2)w(Ee)

⇥


1 + ā(�)

~pe · ~p⌫

EeE⌫
+ Ā(�)

~�n · ~pe

Ee
+ ...

�
, (1)

whereGF is the Fermi constant, Vud is the up-down CKM
matrix element, w(Ee) describes the electron spectrum,
~�n denotes the neutron polarization, and � ⌘ gA/gV is
the ratio of the weak vector (axial) couplings defined in
Eq. (2) below, which in absence of radiative corrections
reduce to the nucleon isovector vector (axial) charges.
Correlation coe�cients such as ā(�) and Ā(�) can be
precisely measured and allow for an experimental deter-
mination of �. In Eq. (1) we kept terms of relevance
for the present discussion and refer to the supplementary
material for the full expressions.

In the EFT framework we compute new structure-
dependent electromagnetic corrections originating at
the pion mass scale, including e↵ects up to O(↵),
O(↵m⇡/mN ), andO(↵me/m⇡), with ↵ = e

2
/4⇡ the fine-

structure constant, me the electron mass, and m⇡(mN )

2

the pion (nucleon) mass. By doing so we uncover new
percent-level electromagnetic corrections to the axial cou-
pling gA, which were missed both in the only other neu-
tron � decay EFT analysis [25] and recent dispersive
treatments [15, 16]. These corrections a↵ect the com-
parison between the present lattice-QCD results for the
nucleon axial charge gQCD

A and the experimentally deter-
mined � (see Eq. (11) and subsequent discussion). In
addition, our new corrections imply measurable changes
in the decay correlations in Eq. (1) (see Eq. (15)).

Neutron decay from the Standard Model — The energy
release in neutron decay is roughly the mass splitting of
the neutron and proton, i.e. qext ⇠ mn �mp ⇠ 1 MeV,
which is significantly smaller than the nucleon mass. The
energy scale of nucleon structure corrections, on the other
hand, is related to the pion mass, so that mN � m⇡ �

mn � mp. As a consequence, corrections to neutron �

decay can be parametrized in terms of two small param-
eters: (i) ✏recoil = qext/mN ⇠ 0.1% which characterizes
small kinetic corrections; (ii) ✏/⇡ = qext/m⇡ ⇠ 1%, which
characterizes nucleon structure corrections dominated by
pion contributions. At these relatively low energies, the
decay amplitude can be described by a non-relativistic
Lagrangian density (see also Refs. [25, 27])

L/⇡ = �
p
2GFVud


ē�µPL⌫e

✓
N̄ (gV vµ � 2gASµ) ⌧

+
N

+
i

2mN
N̄(vµv⌫ � g

µ⌫
� 2gAv

µ
S
⌫)(
 �
@ �

�!
@ )⌫⌧

+
N

◆

+
icTme

mN
N̄ (Sµ

v
⌫
� S

⌫
v
µ) ⌧+N (ē�µ⌫PL⌫)

+
iµweak

mN
N̄ [Sµ

, S
⌫ ]⌧+N @⌫ (ē�µPL⌫)

�
+ . . . (2)

where pions have been integrated out (hence subscript /⇡),
and the ellipsis denote terms not a↵ected by our anal-
ysis. In this expression, N

T = (p, n) is an isodoublet
of nucleons, while vµ and Sµ represent the velocity and
spin of the nucleon, respectively. The e↵ective vector and
axial-vector couplings, gV and gA, reduce to the isovector
nucleon vector and axial charges if one ignores radiative
corrections, while µweak and cT are the weak magnetic
moment and an e↵ective tensor coupling, respectively.
Eq. (2) can be used to compute the di↵erential neutron
decay rate and the parameters can then be fitted to data.

There are a number of short-comings to this approach.
First, by utilizing measured values of Vud gV , gA/gV ,
µweak, and cT , we cannot extract fundamental SM pa-
rameters nor distinguish SM from BSM contributions to
these low-energy constants (LECs). Second, it is not pos-
sible to disentangle, for example, how much of gA arises
from isospin symmetric QCD versus electromagnetic con-
tributions. Therefore, it is desirable to utilize an EFT
which encodes the corrections as functions of the SM
parameters, such as the quark masses and the electro-
magnetic couplings. This is known as chiral perturba-

tion theory (�PT) [28, 29], or specifically for baryons,
heavy baryon �PT (HB�PT) [30]. The cost of such a
description is the introduction of new scales, m⇡ and
⇤� = 4⇡F⇡ ⇠ 1 GeV with F⇡ ' 92.4 MeV, which form
another expansion parameter, ✏� = m⇡/⇤�, and new op-
erators with potentially undetermined LECs.
In light of the above discussion, radiative corrections to

neutron decay can be organized in a double expansion in
↵✏

n
�✏

m
/⇡ . First, we integrate out the pions and match the

�PT amplitude to the /⇡EFT amplitude, thus determin-
ing the quark mass and electromagnetic corrections to
e↵ective couplings such as gA. Then, the neutron decay
amplitude can be computed with /⇡EFT (with dynamical
photons and leptons) while retaining explicit sensitivity
to the parameters of the Standard Model. In our analysis
of the decay amplitude we retain terms of O(GF ✏recoil),
known in the literature, O(GF↵), where we uncover pre-
viously overlooked e↵ects, and terms of O(GF↵✏�) and
O(GF↵✏/⇡), never before considered in the literature.

�PT setup for neutron decay — To study radiative
corrections to weak semi-leptonic transitions, we adopt
the HB�PT framework [30] with dynamical photons [31–
33] and leptons, in analogy with the meson sector [34].
This EFT provides a necessary intermediate step in the
analysis of neutron decay, before integrating out pions,
and is the starting point for the study of related processes
such as muon capture, low-energy neutrino-nucleus scat-
tering, and nuclear � decays, which of course require a
non-trivial generalization to multi-nucleon e↵ects.

In �PT with dynamical photons and leptons, semilep-
tonic amplitudes are expanded in the Fermi constant GF

(to first order), the electromagnetic fine structure con-
stant ↵, and ✏�, while keeping all orders in qext/m⇡,
according to Weinberg’s power counting [35–37]. Fol-
lowing standard practice, derivatives (@ ⇠ p) and the
electroweak couplings e, GF are assigned chiral dimen-
sion one, while the light quark mass is assigned chiral
dimension two (m2

⇡ ⇠ p
2).

The leading amplitude AGF p0

arises from one insertion
of the lowest order Lagrangian L

p
⇡N

L
p
⇡N � �

p
2GFVud N̄

⇣
vµ � 2g(0)A Sµ

⌘
⌧
+
N ē�µPL⌫e ,(3)

where g
(0)

A denotes the nucleon axial charge in the chiral
limit and in absence of electromagnetic e↵ects.
To capture electromagnetic corrections to O(GF↵),

O(GF↵✏�), and O(GF↵✏/⇡), we need to compute the neu-

tron decay amplitude to chiral dimension three (Ae2GF p0

)

and four (Ae2GF p). The former arises from one-loop di-
agrams involving virtual nucleons, pions, photons, and
charged leptons, with vertices from L

p
⇡N and from the

leading order electromagnetic mesonic Lagrangian L
e2p0

⇡

(see Fig. 1, upper panel). Here, an important role is
played by insertions of

L
e2p0

⇡ = 2e2F 2

⇡Z⇡⇡
+
⇡
� +O(⇡4), (4)
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Sub-set of  O(50) diagrams

3

a1) b1) c1) d1)

f1) g1) h1) i1)

e1)

j1)

c2)a2) b2)

LO

NLO

FIG. 1: Diagrams contributing to the matching between �PT and /⇡EFT at O(GF↵) (upper panel) and O(GF↵✏�) (lower
panel). Single, double, wavy, and dashed lines denote, respectively, leptons, nucleons, photons, and pions. Dots refer to

interactions from the lowest-order chiral Lagrangians, while diamonds represent insertions of L
e2p0
⇡ . Circled dots denote

interactions from the NLO pion-nucleon Lagrangian.

with the LEC Z⇡ fixed by the relation m
2

⇡± � m
2

⇡0 =
2e2F 2

⇡Z⇡, up to higher-order corrections. Additional
contributions arise from tree-level graphs with one
insertion of higher order Lagrangians. Finally, the
A

e2GF p amplitude is a combination of one-loop diagrams

with one vertex from higher order Lagrangians L
p2

⇡N or

L
e2p0

⇡N (see Fig. 1, lower panel). All relevant e↵ective
Lagrangians are presented in the Supplemental Material,
including a new one needed to absorb divergences from
loops involving virtual baryons, photons, and leptons.

Matching at O(↵) and O(↵✏�) – The diagrams con-
tributing to the matching between �PT and /⇡EFT at
O(✏0�) and O(✏�) are shown in Fig. 1. They imply for
the leading vector and axial operators

gV/A = g
(0)

V/A

"
1 +

1X

n=2

�(n)
V/A,� +

↵

2⇡

1X

n=0

�(n)
V/A,em

+

✓
mu �md

⇤�

◆nV/A 1X

n=0

�(n)
V/A,�m

#
, (5)

where g
(0)

V = 1, �(n)
�,em,�m ⇠ O(✏n�), and nA = 1, nV =

2 [38, 39]. Explicit calculation gives �(0),(1)
A,�m = 0 and

�(0)

V,�m = 0 to the order we work. A non-zero �(0)

V,�m,
such as estimated in Ref. [40], arises to higher order in
the EFT framework. Concerning the chiral corrections

in the isospin limit, �(n)
V,� vanish due to conservation of

the vector current, while �(n)
A,� have been calculated up

to n = 4 in Refs. [41–43], and can for our purposes be
absorbed into a definition of gA in the isospin limit, which
we denote by g

QCD

A .
To O(↵✏0�) we consider the diagrams in Fig. 1, up-

per panel. Diagram (a1) appears in the same form in
both EFTs, and thus does not contribute to the match-
ing. An explicit calculation shows that the O(✏0/⇡) term of

diagrams (b1) and (d1) and (c1) and (e1) cancels, leav-
ing O(✏/⇡) corrections discussed below. Diagrams (g1)
and (j1) vanish exactly at O(✏0�), while (f1), (h1), (i1)
contribute to the vector operator only to be cancelled
by corrections to the nucleon wavefunction renormaliza-
tion (WFR) at zero momentum transfer (q = 0). As a
consequence, gV does not receive loop corrections in the
matching between �PT and /⇡EFT, instead picking up
contributions only from local operators of O(e2p) so that

�(0)

V,em = ĈV . By contrast, the axial operator is modified
through diagram (i1), the WFR, and local operators of
O(e2p), leading to

�(0)

A,em = Z⇡

"
1 + 3g(0)2A

2

✓
log

µ
2

m2
⇡

� 1

◆
� g

(0)2

A

#
+ĈA(µ) .

(6)
Here µ denotes the renormalization scale that appears
in the dimensionally regularized chiral loops. We pro-
vide in the Supplemental Material the explicit depen-
dence of ĈV,A on the LECs of O(e2p). Here we note

that as written, ĈV,A contain information about short-
distance physics and in particular large logarithms con-
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with the LEC Z⇡ fixed by the relation m
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⇡0 =
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⇡Z⇡, up to higher-order corrections. Additional
contributions arise from tree-level graphs with one
insertion of higher order Lagrangians. Finally, the
A

e2GF p amplitude is a combination of one-loop diagrams

with one vertex from higher order Lagrangians L
p2

⇡N or

L
e2p0

⇡N (see Fig. 1, lower panel). All relevant e↵ective
Lagrangians are presented in the Supplemental Material,
including a new one needed to absorb divergences from
loops involving virtual baryons, photons, and leptons.

Matching at O(↵) and O(↵✏�) – The diagrams con-
tributing to the matching between �PT and /⇡EFT at
O(✏0�) and O(✏�) are shown in Fig. 1. They imply for
the leading vector and axial operators

gV/A = g
(0)

V/A

"
1 +

1X

n=2

�(n)
V/A,� +

↵

2⇡

1X

n=0

�(n)
V/A,em

+

✓
mu �md

⇤�

◆nV/A 1X

n=0

�(n)
V/A,�m

#
, (5)

where g
(0)

V = 1, �(n)
�,em,�m ⇠ O(✏n�), and nA = 1, nV =

2 [38, 39]. Explicit calculation gives �(0),(1)
A,�m = 0 and

�(0)

V,�m = 0 to the order we work. A non-zero �(0)

V,�m,
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we denote by g

QCD

A .
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per panel. Diagram (a1) appears in the same form in
both EFTs, and thus does not contribute to the match-
ing. An explicit calculation shows that the O(✏0/⇡) term of
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ing O(✏/⇡) corrections discussed below. Diagrams (g1)
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contribute to the vector operator only to be cancelled
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consequence, gV does not receive loop corrections in the
matching between �PT and /⇡EFT, instead picking up
contributions only from local operators of O(e2p) so that
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through diagram (i1), the WFR, and local operators of
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Here µ denotes the renormalization scale that appears
in the dimensionally regularized chiral loops. We pro-
vide in the Supplemental Material the explicit depen-
dence of ĈV,A on the LECs of O(e2p). Here we note

that as written, ĈV,A contain information about short-
distance physics and in particular large logarithms con-
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Here µ denotes the renormalization scale that appears
in the dimensionally regularized chiral loops. We pro-
vide in the Supplemental Material the explicit depen-
dence of ĈV,A on the LECs of O(e2p). Here we note

that as written, ĈV,A contain information about short-
distance physics and in particular large logarithms con-
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⇡N or
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⇡N (see Fig. 1, lower panel). All relevant e↵ective
Lagrangians are presented in the Supplemental Material,
including a new one needed to absorb divergences from
loops involving virtual baryons, photons, and leptons.
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in the dimensionally regularized chiral loops. We pro-
vide in the Supplemental Material the explicit depen-
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necting the weak scale to the hadronic scale [18, 44–46]
and finite terms that have been calculated via dispersive
methods [1–4].

A similar analysis applies to the NLO amplitude, for
which we report a few representative diagrams in the
lower panel of Fig. 1. At q = 0, all diagrams contribut-
ing to the vector operator are cancelled by the WFR,

resulting in �(1)

V,em = 0. The correction to gA is

�(1)

A,em = Z⇡ 4⇡m⇡


c4 � c3 +

3

8mN
+

9

16mN
g
(0)2

A

�
, (7)

dominated by the NLO ⇡N LECs c3,4 via topology (a2).
Matching at O(↵✏/⇡) — Through our final matching

step, we identify additional isospin breaking terms to
the LECs of the pion-less Lagrangian. Specifically, the
pion loops with the vector current coupling to two pions
(topology (f1)) induce an isospin-breaking correction to
the weak magnetism term. In terms of the physical nu-
cleon magnetic moments, µn/p, we find

�µweak = µweak � (µp � µn) = �
↵Z⇡

2⇡

g
2

AmN⇡

m⇡
. (8)

Finally, the pion-� box (b1) induces the tensor coupling

cT =
↵

2⇡

gAmN⇡

3m⇡
. (9)

Connection to previous literature — Recent ap-
proaches using current algebra and dispersion techniques
[15, 16] evaluated axial contributions as originating from
vertex corrections, in which the virtual photon is emit-
ted and absorbed by the hadronic line, and �W box,
in which the virtual photon is exchanged between the
hadronic and electron lines. The latter was found to be
largely consistent with the vector contribution using ex-
perimental data of the polarized Bjorken sum rule [15]
and additional nucleon scattering data [16]. The vertex
corrections, on the other hand, have only been calculated
in limiting scenarios. Following the notation of Ref. [15],
the contribution depends on a three-point function

D� =

Z
d
4
k
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Z
d
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4
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ikx
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where �(W ) denotes electromagnetic (weak) currents,
and T{. . .} the time-ordered product. At large momen-
tum, this expression was evaluated with the Operator
Product Expansion, finding D

OPE
� = 0 in the isospin

limit. For more general momentum scales, the inte-
gral was approximated by retaining only the on-shell nu-
cleon states with their elastic form factors, concluding
D� ⇡ 0 [15]. Our work goes beyond this elastic approxi-
mation by capturing through EFT, the leading pion con-
tributions to D� .

Numerical impact — We now estimate the numerical
impact of the various corrections starting with our main
new finding, i.e., the electromagnetic shift to � = gA/gV .
Including BSM contributions, the relation between the
experimentally extracted � and the (isosymmetric) QCD
axial charge is given by [9]

� = g
QCD

A

⇣
1 + �

(�)
RC

� 2Re(✏R)
⌘
, (11)

where ✏R ⇠ (246GeV/⇤BSM)2 is a BSM right-handed
current contribution appearing at an energy scale ⇤BSM

[9, 10]. To the order we are working the radiative correc-
tion is

�
(�)
RC

=
↵

2⇡

⇣
�(0)

A,em +�(1)

A,em ��(0)

V em

⌘
. (12)

For the numerical evaluation of the loop contributions to

�(0),(1)
A,em we use Z⇡ = 0.81 (obtained from the physical

pion mass di↵erence and F⇡ = 92.4 MeV) and the av-
erage nucleon mass mN = 938.9 MeV. In the loops we

set g
(0)

A = gA ⇡ 1.27 [6], as the di↵erence formally con-
tributes to higher chiral order. Existing lattice data in-
deed indicate that gA has a mild m⇡ dependence [11, 47].
The NLO LECs c3 and c4 have been extracted from pion-
nucleon scattering [48, 49]. They show a sizable depen-
dence on the chiral order at which the fit to ⇡-N data is
carried out, with a big change between NLO and N2LO,
stabilizing between N2LO and N3LO. We find

�(0)

A�V,em 2 {2.4, 5.7} , �(1)

A,em = {10.0, 14.5, 15.9}, (13)

where the range in �(0)

A�V,em is obtained by setting

ĈA(µ)� ĈV = 0 and varying µ between 0.5 and 1 GeV,

while the three values of �(1)

A,em are obtained by using

c3,4 extracted to NLO, N2LO, and N3LO [49]. While the
NLO correction is somewhat larger than the LO one, we
stress that we do not know the full LO correction because
we have set the counter term contribution ĈA � ĈV to
zero. In addition, in an EFT without explicit � degrees
of freedom, c3 and c4 are dominated by � contributions
and thus anomalously large. Combining the corrections,
we estimate a correction to � at the percent level,

�
(�)
RC

2 {1.4, 2.6} · 10�2
. (14)

This large shift has no impact on the current first-row
CKM discrepancy because the most accurate determi-
nation of � is at present obtained from experiments,
where these corrections are automatically included. On
the other hand, the correction does have a big impact
when comparing lattice QCD calculations of �, currently
performed in the isospin limit without QED, with the
state-of-the-art experimental determinations of �. We il-

lustrate the significance of �(�)
RC

in Fig. 2. Compared to
the most precise individual lattice calculation [22], our
radiative corrections corresponds to a 2.7� shift and a

Low-Energy-Constants (LECs)
CA(µ) - completely unknown 
c3 & c4 are estimated from literature
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ĈA(µ)� ĈV = 0 and varying µ between 0.5 and 1 GeV,

while the three values of �(1)

A,em are obtained by using

c3,4 extracted to NLO, N2LO, and N3LO [49]. While the
NLO correction is somewhat larger than the LO one, we
stress that we do not know the full LO correction because
we have set the counter term contribution ĈA � ĈV to
zero. In addition, in an EFT without explicit � degrees
of freedom, c3 and c4 are dominated by � contributions
and thus anomalously large. Combining the corrections,
we estimate a correction to � at the percent level,
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This large shift has no impact on the current first-row
CKM discrepancy because the most accurate determi-
nation of � is at present obtained from experiments,
where these corrections are automatically included. On
the other hand, the correction does have a big impact
when comparing lattice QCD calculations of �, currently
performed in the isospin limit without QED, with the
state-of-the-art experimental determinations of �. We il-

lustrate the significance of �(�)
RC

in Fig. 2. Compared to
the most precise individual lattice calculation [22], our
radiative corrections corresponds to a 2.7� shift and a
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dominated by the NLO ⇡N LECs c3,4 via topology (a2).
Matching at O(↵✏/⇡) — Through our final matching

step, we identify additional isospin breaking terms to
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Connection to previous literature — Recent ap-
proaches using current algebra and dispersion techniques
[15, 16] evaluated axial contributions as originating from
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where �(W ) denotes electromagnetic (weak) currents,
and T{. . .} the time-ordered product. At large momen-
tum, this expression was evaluated with the Operator
Product Expansion, finding D

OPE
� = 0 in the isospin

limit. For more general momentum scales, the inte-
gral was approximated by retaining only the on-shell nu-
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For the numerical evaluation of the loop contributions to
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Pion-induced radiative corrections to neutron beta-decay 
Cirigliano, de Vries, Hayen, Mereghetti & Walker-Loud, PRL 129 (2022) [2202.10439]
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Comments: 

This does not affect neutron lifetime/gA measurements - it enters both experiments in the same way 

It impacts our ability to compare lattice QCD results 
to measured values of  gA and constrain BSM RH currents 

We need lattice QCD + QED to determine the unknown 
LECs and compare with estimate 
 
(work in progress) 

This has led us to wonder if  there are similarly sized  
corrections in other matrix elements 

Is the full  n → pe𝜈 ̅ under control? 
(is computing 𝛾-W box sufficient?) 

two-nucleon matrix elements, such as pp-fusion

Pion-induced radiative corrections to neutron beta-decay 
Cirigliano, de Vries, Hayen, Mereghetti & Walker-Loud, PRL 129 (2022) [2202.10439]



Lattice QCD is capable of  delivering precise (sub-percent) values of  isospin symmetric gA 

We are waiting for other groups to achieve the same level of  precision as us - next best is 3% 
In the meantime, we have 0.74% 
We anticipate publishing at O(0.5%) next year 
I believe LQCD can reach 0.1 - 0.2% for isospin symmetric gA in the ~5-year time-scale 

To make use of  this precision, we must determine the QED corrections to gA 
We believe this is possible by isolating the hadronic contributions 
Requires an understanding of  the renormalization — and a choice of  gauge in XPT/LQCD 
If  the QED corrections are controllable - we can add/subtract them from LQCD/experiment to 
make use of  the higher precision iso-symmetric result 

If  the first-row CKM unitarity tension is at 4+ sigma 
We will want a full lattice QCD+QED calculation of  n→pe𝜈 ̅
Feng, Gorchtein, Jin, Seng, et al are making very exciting progress in their 𝛾-W box calculations
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Conclusions and Future Directions



Thank You
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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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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) 

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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Also, the a06 results, from time-slice to time-slice, are 
more correlated than the other ensembles, and therefore 
more susceptible to correlated fluctuations that will fool 
the eye (analysis)

R3 = g� + z1e
�tsep�10 + z10e

�(⌧�tsep/2)�10 + · · ·
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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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LQCD challenges for NP
Most difficult challenge: an exponentially bad signal-to-noise problem 

Each quark propagator carries 
information about pions and nucleons 

(conversations with David Kaplan)
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Large pion eigenvalues must cancel to expose small nucleon eigenvalues

exponential noise 
power-law statistics⇠
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<latexit sha1_base64="whasVvJJGRMTl7mAQp0dEPXcmA4=">AAACEHicbVDLSgMxFM3UV62vUZe6CBahgpYZEXRZFMFlBfuAtg6ZTFpDk5khuVMoQzd+gl/hVlfuxK1/4MJ/MZ12oa0HAodzzuXmHj8WXIPjfFm5hcWl5ZX8amFtfWNzy97eqesoUZTVaCQi1fSJZoKHrAYcBGvGihHpC9bw+1djvzFgSvMovINhzDqS9ELe5ZSAkTx7vy1MOCAeL8ERbmsuMbtPT649jmHk2UWn7GTA88SdkiKaourZ3+0goolkIVBBtG65TgydlCjgVLBRoZ1oFhPaJz3WMjQkkunjYMBjndFOmh00wofGDHA3UuaFgDP193BKpNZD6ZukJPCgZ72x+J/XSqB70Ul5GCfAQjpZ1E0EhgiP28EBV4yCGBpCqOLm25g+EEUomA4Lpg939vp5Uj8tu07ZvT0rVi6nzeTRHjpAJeSic1RBN6iKaoiiR/SMXtCr9WS9We/WxySas6Yzu+gPrM8fCNacIw==</latexit><latexit sha1_base64="whasVvJJGRMTl7mAQp0dEPXcmA4=">AAACEHicbVDLSgMxFM3UV62vUZe6CBahgpYZEXRZFMFlBfuAtg6ZTFpDk5khuVMoQzd+gl/hVlfuxK1/4MJ/MZ12oa0HAodzzuXmHj8WXIPjfFm5hcWl5ZX8amFtfWNzy97eqesoUZTVaCQi1fSJZoKHrAYcBGvGihHpC9bw+1djvzFgSvMovINhzDqS9ELe5ZSAkTx7vy1MOCAeL8ERbmsuMbtPT649jmHk2UWn7GTA88SdkiKaourZ3+0goolkIVBBtG65TgydlCjgVLBRoZ1oFhPaJz3WMjQkkunjYMBjndFOmh00wofGDHA3UuaFgDP193BKpNZD6ZukJPCgZ72x+J/XSqB70Ul5GCfAQjpZ1E0EhgiP28EBV4yCGBpCqOLm25g+EEUomA4Lpg939vp5Uj8tu07ZvT0rVi6nzeTRHjpAJeSic1RBN6iKaoiiR/SMXtCr9WS9We/WxySas6Yzu+gPrM8fCNacIw==</latexit><latexit sha1_base64="whasVvJJGRMTl7mAQp0dEPXcmA4=">AAACEHicbVDLSgMxFM3UV62vUZe6CBahgpYZEXRZFMFlBfuAtg6ZTFpDk5khuVMoQzd+gl/hVlfuxK1/4MJ/MZ12oa0HAodzzuXmHj8WXIPjfFm5hcWl5ZX8amFtfWNzy97eqesoUZTVaCQi1fSJZoKHrAYcBGvGihHpC9bw+1djvzFgSvMovINhzDqS9ELe5ZSAkTx7vy1MOCAeL8ERbmsuMbtPT649jmHk2UWn7GTA88SdkiKaourZ3+0goolkIVBBtG65TgydlCjgVLBRoZ1oFhPaJz3WMjQkkunjYMBjndFOmh00wofGDHA3UuaFgDP193BKpNZD6ZukJPCgZ72x+J/XSqB70Ul5GCfAQjpZ1E0EhgiP28EBV4yCGBpCqOLm25g+EEUomA4Lpg939vp5Uj8tu07ZvT0rVi6nzeTRHjpAJeSic1RBN6iKaoiiR/SMXtCr9WS9We/WxySas6Yzu+gPrM8fCNacIw==</latexit><latexit sha1_base64="whasVvJJGRMTl7mAQp0dEPXcmA4=">AAACEHicbVDLSgMxFM3UV62vUZe6CBahgpYZEXRZFMFlBfuAtg6ZTFpDk5khuVMoQzd+gl/hVlfuxK1/4MJ/MZ12oa0HAodzzuXmHj8WXIPjfFm5hcWl5ZX8amFtfWNzy97eqesoUZTVaCQi1fSJZoKHrAYcBGvGihHpC9bw+1djvzFgSvMovINhzDqS9ELe5ZSAkTx7vy1MOCAeL8ERbmsuMbtPT649jmHk2UWn7GTA88SdkiKaourZ3+0goolkIVBBtG65TgydlCjgVLBRoZ1oFhPaJz3WMjQkkunjYMBjndFOmh00wofGDHA3UuaFgDP193BKpNZD6ZukJPCgZ72x+J/XSqB70Ul5GCfAQjpZ1E0EhgiP28EBV4yCGBpCqOLm25g+EEUomA4Lpg939vp5Uj8tu07ZvT0rVi6nzeTRHjpAJeSic1RBN6iKaoiiR/SMXtCr9WS9We/WxySas6Yzu+gPrM8fCNacIw==</latexit>
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<latexit sha1_base64="D1J+1lfGJMv+rtAUWvHinwQqzs8=">AAACD3icbZC7TsMwFIYdrqXcAoxdLCokBqgSVAFjBQsTKhK9SE2IHMdprTqJZTuVqqgDj8BTsMLEhlh5BAbeBTfNAC1HsvT5/8+RfX6fMyqVZX0ZS8srq2vrpY3y5tb2zq65t9+WSSowaeGEJaLrI0kYjUlLUcVIlwuCIp+Rjj+8nvqdERGSJvG9GnPiRqgf05BipLTkmRXykJ1G3i1UE+gwBmdXh1MteGbVqll5wUWwC6iCopqe+e0ECU4jEivMkJQ92+LKzZBQFDMyKTupJBzhIeqTnsYYRUSeBCPKZY5ulu8zgUfaDGCYCH1iBXP193CGIinHka87I6QGct6biv95vVSFl25GY54qEuPZQ2HKoErgNBwYUEGwYmMNCAuqvw3xAAmElY6wrPOw57dfhPZZzT6v1e/q1cZVkUwJVMAhOAY2uAANcAOaoAUweATP4AW8Gk/Gm/FufMxal4xi5gD8KePzB46am/E=</latexit>

e�mN t ⌧ e�m⇡t


