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• The transition matrix element for Neutron Beta Decay can be expressed as: 

•  and  can be experimentally measured through Neutron beta decay 

• Can be theoretically determined nonperturbatively with Lattice Quantum 
Chromodynamics.

gA gV

2
Image credit: Universe 2023, 9(10), 449 

Wμ = Vμ − Aμ

Low-Energy Precision Physics

M(n → pe−νe) ∼ Vud ⟨p(p′￼) |Wμ |n(p)⟩ Lμ

Vμ = uγμd
Aμ = uγμγ5d

In the zero-momentum 
limit

gA ∼ ⟨p |uγμγ5d |n⟩

gV ∼ ⟨p |uγμd |n⟩



• Neutron Decay Rate  : 

• Neutron beta decay gives . 

• UCN beta-asymmetry gives , which has QED radiative 
corrections from . 

→ Vud

τn

λ
δRC
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λ = gA/gV

Low-Energy Precision Physics

Phys. Rev. Lett. 120, 202002 [1802.01804]

|Vud |2 =
5099.3(2.7)s

τn(1 + 3λ2)(1 + δRC)

Vn,PDG
ud = 0.97441(3)f(13)ΔR

V
(82)λ(28)τn

[88]total

V0+→0+

ud = 0.97367(11)exp(13)ΔR
V
(27)NS[32]total
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Low-Energy Precision Physics

Phys. Rev. Lett. 120, 202002 [1802.01804]

• Neutron Decay Rate  : 

• Neutron beta decay gives . 

• UCN beta-asymmetry gives , which has                            
QED radiative corrections from .  

• Neutron lifetime puzzle could be resolved soon              
with updated Beam-type measurements.
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Phys. Rev. C 111, 045501 (2025) [2409.05560]
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• Neutron beta decay gives . 
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• Neutron lifetime puzzle could be resolved soon              
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λ = gA/gV

Low-Energy Precision Physics

EPJ Web of Conferences 303, 05001 (2024)
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• We can calculate the purely strong contribution of  neutron 
decay through : 

• Began as a benchmark quantity… However, challenged by 
systematic effects: 

• Excited State Contamination 

• Difficulty controlling the chiral-continuum-IV extrapolations

gA
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Image credit: Universe 2023, 9(10), 449 

FLAG2024: 2411.04268

Low-Energy Precision Physics

giso
A ∼ ⟨p |uγ3γ5d |n⟩ = ⟨p |uγ3γ5u − dγ3γ5d |n⟩



• We can calculate the purely strong contribution of  neutron 
decay through : 

• Began as a benchmark quantity -> precision observable. 

• As the statistical precision increases, we as a community must 
continue to scrutinize our methods for characterizing systematic 
effects.

gA
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Low-Energy Precision Physics

giso
A ∼ ⟨p |uγ3γ5d |n⟩ = ⟨p |uγ3γ5u − dγ3γ5d |n⟩



CalLat and friends 
Update to gA

IMAGE CREDIT: E. BERKOWITZ, A. NICHOLSON

9This work: arXiv: 2503.09891 [hep-lat] 



• Sum over  vs multiple insertion timesτ
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IMAGE CREDIT: E. BERKOWITZ, A. NICHOLSON

−∂λCλ(t) |λ=0 =
N

∑
n=0

(t − 1)[ |An |2 gΓ
nn − dn] e−Ent + 2 ∑

n<m

AnA†
m gΓ

nm e(−En+Δmn/2)t
sinh[Δmn(t + 1)/2]

sinh(Δmn/2)
C3pt(t, τ) = ∑

n

|An |2 gΓ
nn e−Ent + 2 ∑

n<m

AnA†
m gΓ

nm e(−En+Δnm/2)t cosh[Δmn(τ −
t
2 )]

Image credit: Nature 558, 91–94 (2018)

Correlation Functions



• Sum over  vs multiple insertion times 

• Build FH correlator vs Ratio 

• Isolate ground state matrix element 

• See Bouchard et.al PRD 96, 014504 -> FHT and LQCD 
• See He et.al PRC 105, 065203 -> 3pt vs FH Excited-State Systematics

τ
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• FH shows improved control over excited state 
contamination and cheaper to generate 

−∂λCλ(t) |λ=0 =
N

∑
n=0

(t − 1)[ |An |2 gΓ
nn − dn] e−Ent + 2 ∑

n<m

AnA†
m gΓ

nm e(−En+Δmn/2)t
sinh[Δmn(t + 1)/2]

sinh(Δmn/2)

lim
t→∞

∂λmeff
λ λ=0

= gΓ
00

∂λmeff
λ |λ=0 = [∂λCλ(t)

C(t)
−

∂λCλ(t + 1)
C(t + 1) ]

λ=0

RΓ(t, τ) =
C3pt(t, τ)
C2pt(t)

lim
t→∞

RΓ(t, τ ≈ t/2) = gΓ
00

C3pt(t, τ) = ∑
n

|An |2 gΓ
nn e−Ent + 2 ∑

n<m

AnA†
m gΓ

nm e(−En+Δnm/2)t cosh[Δmn(τ −
t
2 )]

Image credit: Nature 558, 91–94 (2018)

Correlation Functions



  

• Example of  the Ratio method for many values of  . 

• Each color represents a different  and separate  
computation. 

tsep

tsep C3pt(tsep, τ)
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• Feynman-Hellmann accesses more data at the same 
computational cost. 

• Asymptotes to the ground state matrix element,  
(gray band) at faster than Ratio method.

g00

Correlation Functions

See Bouchard et.al PRD 96, 014504 -> FHT and LQCD 
See He et.al PRC 105, 065203 -> 3pt vs FH Excited-State Systematics



Ensembles and Data

13*Mixed-Action: Möbius Domain-wall fermions solved 
on 2+1+1 gradient flowed HISQ ensembles. A subset 
of HISQ configurations are provided by the MILC 
collaboration. **New a15m310L,XL

ϵπ =
mπ

4πFπ
mπL ϵa =

a
2w0

Need a simultaneous chiral, infinite 
volume, continuum extrapolation
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This work: arXiv: 2503.09891 [hep-lat] 
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• We use a Bayesian framework to perform a nonlinear 
fitting strategy which extensively utilizes gvar and lsqfit 
python libraries. 

• Agnostic, data-driven approach to determine the model 
that best represents the data. 

• Pion (Quark) mass dependence parameterized through 
Chiral Perturbation Theory ( PT) up to : 

•  is the nucleon axial coupling in the chiral limit.

χ O(ϵ3
π)

g0

ϵπ =
mπ

4πFπ
mπL

• Polynomial models: 

•       

•     

•     

• We add the finite-volume and lattice spacing effects to 
each of  these models. 

g(1)
A,pol = c0 + c1ϵπ + c2ϵ2

π

g(2)
A,pol = c0 + c2ϵ2

π + c3ϵ3
π

g(3)
A,pol = c0 + c2ϵ2

π + c4ϵ4
π

JHEP 04, 031 (1999), arXiv:hep-ph/9901235 [hep-ph] 

15https://github.com/gplepage/lsqfit

gA,χ = g0 + δ(2)
χ + δ(3)

χ

δ(2)
χ = ϵ2

π[ − (g0 + 2g3
0)lnϵ2

π + d̃16 − g3
0]

δ(3)
χ = ϵ3

πg0
2π
3 [3(1 + g2

0)
4πFπ

MN
+ 4(2c̃4 − c̃3)]NNLO:

NLO:

Extrapolation Analysis

ϵa =
a

2w0



• We use a Bayesian framework to perform a nonlinear 
fitting strategy which extensively utilizes gvar and lsqfit 
python libraries. 

• Agnostic, data-driven approach to determine the model 
that best represents the data. 

• Pion (Quark) mass dependence parameterized through 
Chiral Perturbation Theory ( PT) up to : 

•  is the nucleon axial coupling in the chiral limit.

χ O(ϵ3
π)

g0

ϵπ =
mπ

4πFπ
mπL

• Polynomial models: 

•       Linear 

•     “log-less” HB PT 

•      Quadratic 

• We add the finite-volume and lattice spacing effects to 
each of  these models. 

g(1)
A,pol = c0 + c1ϵπ + c2ϵ2

π

g(2)
A,pol = c0 + c2ϵ2

π + c3ϵ3
π χ

g(3)
A,pol = c0 + c2ϵ2

π + c4ϵ4
π

JHEP 04, 031 (1999), arXiv:hep-ph/9901235 [hep-ph] 

16https://github.com/gplepage/lsqfit

gA,χ = g0 + δ(2)
χ + δ(3)

χ

δ(2)
χ = ϵ2

π[ − (g0 + 2g3
0)lnϵ2

π + d̃16 − g3
0]

δ(3)
χ = ϵ3

πg0
2π
3 [3(1 + g2

0)
4πFπ

MN
+ 4(2c̃4 − c̃3)]NNLO:

NLO:

ϵa =
a

2w0

Extrapolation Analysis



• We use a Bayesian framework to perform a nonlinear 
fitting strategy which extensively utilizes gvar and lsqfit 
python libraries. 

• Agnostic, data-driven approach to determine the model 
that best represents the data. 

• Pion (Quark) mass dependence parameterized through 
Chiral Perturbation Theory ( PT) up to : 

•  is the nucleon axial coupling in the chiral limit.

χ O(ϵ3
π)

g0

ϵπ =
mπ

4πFπ
mπL

• Polynomial models: 

•       Linear 

•     “log-less” HB PT 

•      Quadratic 

• We add the finite-volume and lattice spacing effects to 
each of  these models. 

g(1)
A,pol = c0 + c1ϵπ + c2ϵ2

π

g(2)
A,pol = c0 + c2ϵ2

π + c3ϵ3
π χ

g(3)
A,pol = c0 + c2ϵ2

π + c4ϵ4
π

JHEP 04, 031 (1999), arXiv:hep-ph/9901235 [hep-ph] 

17https://github.com/gplepage/lsqfit

gA,χ = g0 + δ(2)
χ + δ(3)

χ

δ(2)
χ = ϵ2

π[ − (g0 + 2g3
0)lnϵ2

π + d̃16 − g3
0]

δ(3)
χ = ϵ3

πg0
2π
3 [3(1 + g2

0)
4πFπ

MN
+ 4(2c̃4 − c̃3)]NNLO:

NLO:

ϵa =
a

2w0

Extrapolation Analysis



• Chiral-continuum-IV fits for 64 models over all 18 
ensembles.
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Extrapolation Results
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gPDG
A = 1.2754(13)
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gA = 1.2674(79)s(28)χ(05)FV(38)a(26)M

= 1.2674(96)

<latexit sha1_base64="hpKMkZCz++DNAAp13zOaGJjT8es="></latexit>

statistical 0.62%
chiral 0.22%
finite volume 0.06%
continuum 0.30%
model 0.20%
total 0.76%
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• First LQCD determination of   at the sub-percent 
level in the isospin limit, fully accounting for 
systematics. 

• Performed detailed FV study. 

• In the BMA, Polynomial models are highly preferred 
over all PT. 

• See paper for discussion on the impact of  -baryon 
on interpretation of  FV and on the convergence of  

.

gA

χ

Δ

gA
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Outlook and 
Summary for gA

IMAGE CREDIT: E. BERKOWITZ, A. NICHOLSON
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• We can precisely calculate  with LQCD: 

• We have  at sub-percent level with pure QCD -> EFT 
estimates QED effects at O(2%) 

• LQCD+QED -> isolate these two SM contributions 
(strong + radiative corrections) 

• Uncertainty in  is inhibited by , on the theory side, 
currently  lacks QED corrections. 

• This research is part of  a larger program for building the 
theoretical and computational framework for . 

• LQCD+QED underway for simple observables.

gA

gA

Vud λ
gA

gQCD+QED
A
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EFT: PRL 129, 121801 [2202.10439]

gA ∼ ⟨p |uγ3γ5d |n⟩

RE: Low-Energy Precision Physics
n

e
−

ν̄e

p

γ

This work: arXiv: 2503.09891 [hep-lat] Image credit: Vincenzo Cirigliano

LQCD + QED: arXiv:2201.03251v1



• Already,  at 1% sets constraints on BSM right-handed charge 
currents (RHCC). 

• A recent study considers high-energy collider observables, low-
energy charged current processes, and electroweak precision 
observables within a SMEFT framework. 

• This global analysis shows that BSM models including RHCC are 
strongly favored and could alleviate the tension in CKM unitarity.

gA

Outlook -  BSM Physics  

24

gA = gQCD
A (1 + δgA

RC − 2Re(ϵR))
gA = 1.2754(13)

gQCD
A = 1.2674(96)

 from PRL 129, 121801 [2202.10439]δgA
RC

δgA
RC ∈ {0.014, 0.026}

→} Re(ϵR)

• The Cabibbo Angle Anomaly could be explained by these 
RHCC but need both  and  at the sub-percent 
level -> motivating the need for  from the lattice. 

gQCD
A δgA

RC
gQCD+QED

A

Can be estimated

ΔCKM = |Vud |2 + |Vus |2 + |Vub |2 − 1
= − 0.00176(56)

JHEP 03 (2024) [2311.00021]
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• The top-row Cabbibo-Kabayashi-Maskawa (CKM) matrix unitarity 
test is one of  the most sensitive probes of  BSM physics in the low-
energy regime. 

• , can be calculated from exp and theory 

• , determined from exp, full theory underway 

• , most precise but inhibited by NS corrections 

• , becoming a competitive approach

Kℓ2/πℓ2 ∼ Vus/Vud

Kℓ3 ∼ Vus

0+ → 0+ ∼ Vud

n → peν ∼ Vud

Low-Energy Precision Physics

27

d
s
b

Weak

=
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

CKM

d
s
b

QCD

ΔCKM = |Vud |2 + |Vus |2 + |Vub |2 − 1

• 3  deficit away from unitarityσ

Phys. Lett. B 838 (2023) 137748, arXiv:2208.11707

K → ℓν/π → ℓνK → πℓν

U
nitarity (

)
Δ

CK
M

=
0

0+ → 0+

n → peν̄

= − 0.00176(56)

V0+→0+

ud = 0.97367(11)exp(13)ΔR
V
(27)NS[32]total

Vus = 0.22330(35)exp(39)f+(8)IB[53]total

Vn,PDG
ud = 0.97441(3)f(13)ΔR

V
(82)λ(28)τn

[88]total

Vus/Vud = 0.23108(23)exp(42)FK /Fπ
(16)IB[51]total

|Vub |2 ∼ O(10−5)



• Matrix Elements 

• Inserting a complete set of  states 

• Isolate ground state matrix element

Correlation Functions

C3pt(t, τ) = ∑
x,y

⟨O(t, y) JΓ(τ, x) O†(0,0)⟩

28
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• Challenges: computationally expensive to reduce 
excited state contamination and difficult to 
characterize 

1 = ∑
n

|n⟩⟨n | 1 = ∑
m

|m⟩⟨m |

C3pt(t, τ) = ∑
n

|An |2 gΓ
nn e−Ent + 2 ∑

n<m

AnA†
m gΓ

nm e(−En+Δnm/2)t cosh[Δmn(τ −
t
2 )]

An = ⟨n |O† |Ω⟩ gΓ
mn = ⟨m |JΓ |n⟩

RΓ(t, τ) =
C3pt(t, τ)
C2pt(t)

lim
t→∞

RΓ(t, τ ≈ t/2) = gΓ
00

Image credit: Nature 558, 91–94 (2018)



• Feynman-Hellmann Inspired Approach 

• 2pt in the presence of  external source 

• Apply FHT to effective mass 

• Isolate ground state matrix element

29
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−∂λCλ(t) =
N

∑
n=0

(t − 1)[ |An |2 gΓ
nn − dn] e−Ent

+ 2 ∑
n<m

AnA†
m gΓ

nm e(−En+Δmn/2)t

×
sinh[Δmn(t + 1)/2]

sinh(Δmn/2)lim
t→∞

∂λmeff
λ λ=0

= gΓ
00

Cλ(t) = ⟨λ |O(t) O†(0) |λ⟩ =
1
Zλ ∫ D[Φ] e−S−Sλ O(t) O†(0)

∂En

∂λ
= ⟨n |Hλ |n⟩

−∂λCλ(t) |λ=0 = ∫ dτ ⟨Ω |T{O(t) J(τ) O†(0)} |Ω⟩ =
t

∑
τ

C3pt(t, τ)

H = H0 + λHλ

meff = ln( C(t)
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λ |λ=0 = [∂λCλ(t)
C(t)

−
∂λCλ(t + 1)

C(t + 1) ]
λ=0

Image credit: Nature 558, 91–94 (2018)

Correlation Functions



Lattice QCD Ensembles

30*Mixed-Action: Möbius Domain-wall fermions solved 
on 2+1+1 gradient flowed HISQ ensembles. A subset 
of HISQ configurations are provided by the MILC 
collaboration. **New a15m310L,XL

Parameter Space**

Lattice observables are 
calculated at several 

, FV, and finite amπ

ϵπ =
mπ

4πFπ
mπL ϵa =

a
2w0

 calculated on 18 ensemblesgA

Need a simultaneous chiral, infinite 
volume, continuum extrapolation
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A
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• For nucleon matrix element calculations NLO FV 
contributions used to describe the entire range of  pion 
masses: 

• In the  asymptotically large  limit:mπL

31

Numerical Observations from LQCD

0.005 0.010 0.015 0.020

e°mºL/(mºL)1/2

1.23

1.24

1.25

1.26

1.27

1.28

1.29

1.30

g A

CalLat mº ' 220 MeV

δ(2)
FV = 4ϵ2

πg0 ∑⃗
n≠0 [2g2

0

3
K0(mπL | ⃗n | ) − (1 +

2g2
0

3 ) K1(mπL | ⃗n | )
mπL | ⃗n | ]

δ(2)
FV ≃

e−mπL

mπL

Beane and Savage PRD 70, 074029 (2004)



• For nucleon matrix element calculations NLO FV 
contributions used to describe the entire range of  pion 
masses: 

• Most groups only use the  asymptotically large  limit:mπL
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Numerical Observations from LQCD
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• For nucleon matrix element calculations NLO FV 
contributions used to describe the entire range of  pion 
masses: 

• Most groups only use the  asymptotically large  limit: 

• CalLat results are consistent SU(2) HB PT  at  
MeV but the opposite sign at  MeV. 

• Do other groups see this behavior?

mπL

χ (Δ) mπ ≈ 220
mπ ≈ 310
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Numerical Observations from LQCD
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• For nucleon matrix element calculations NLO FV 
contributions used to describe the entire range of  pion 
masses: 

• Most groups only use the  asymptotically large  limit: 

• At  MeV the RQCD group shows a statistically 
significant downward trend. 

• Are the NLO FV corrections sufficient to characterize these 
effects over all ? Should one include a model that can 
change signs at different  or ? 

mπL

mπ ≈ 285

mπ
mπ mπL
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Numerical Observations from LQCD
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• Taking an agnostic, data-driven approach to determine the 
model that best represents the data. 

• Non-monotonic Pion (Quark) mass and volume dependence 
parameterized through Chiral Perturbation Theory ( PT) up 
to : 

•  is the nucleon axial coupling in the chiral limit.

χ
O(ϵ3

π)

g0

ϵπ =
mπ

4πFπ
mπL

• Monotonic FV models: 

•      

•      

gmono−1
A,FV = f2ϵ2

πF(2)
1 gmono−2

A,FV = f2ϵ2
πF(2)

3

gmono−3
A,FV = f2ϵ2

πF(3)
1 gmono−3

A,FV = f2ϵ2
πF(3)

3
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gA,χ = δ(2)
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FV
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8
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1 (mπL) + g0F(2)
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πg0

2π
3 {g2

0
4πFπ

MN
F(3)

1 (mπL) − [ 4πFπ
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2w0
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Extrapolation Analysis
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model that best represents the data. 
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•  and  have been determined from pheno N LO analysis of   
scattering data -> large combination. 

• Yet our determination from this  analysis gives a result 20 times 
smaller. -> Insensitive to large prior widths. 

• While this is extreme, the literature shows these values are hard to 
pin down from  scattering.

c3 c4
3 πN

gA

πN

LECs and Convergence
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• For ,  and  have opposite signs and seem 
relatively comparable in size. 

• Near cancellation between terms at  
• Very large refactor for , but improved with LQCD.

ϵπ ≥ ϵphys
π δ(2)

χ δ(3)
χ

δ(2)
χ

δ(3)
χ

gA,χ = g0 + δ(2)
χ + δ(3)

χ
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π[ − (g0 + 2g3
0)lnϵ2

π + d̃16 − g3
0]

δ(3)
χ = ϵ3

πg0
2π
3 [3(1 + g2

0)
4πFπ

MN
+ 4(2c̃4 − c̃3)]NNLO:

NLO:

<latexit sha1_base64="i0ez2TZK/kQ6OwoiXVjWgsUadXw="></latexit>

c3 = �5.61(6) GeV�1

c4 = 4.26(4) GeV�1

2c4 � c3 = 14.1(1) GeV�1
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Phenomenology LQCD
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• The chiral expansion for nucleons is a series in 
, while for pions, it is in . 

• Higher-order contributions are relatively more 
important. 

• The nucleon has a richer spectrum of  excited states ( ,
,…) 

• For both IV and FV, there is already a discrepancy that 
arises at NLO when comparing  constraints from large-  
on  and . 

ϵπ =
mπ

4πFπ
ϵ2

π

Nπ
Δπ

Nc
gΔ

A g(Δ)
A
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Expectations from PT and Large-χ Nc
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• The chiral expansion for nucleons is a series in 
, while for pions, it is in . 

• Higher-order contributions are relatively more 
important. 

• The nucleon has a richer spectrum of  excited states ( ,
,…) 

• For both IV and FV, there is already a discrepancy that 
arises at NLO when comparing  constraints from large-  
on  and . 

• Ultimately, there is an ambiguity of  the sign of  NLO FV 
corrections depending on the parameters and 
constraints.

ϵπ =
mπ

4πFπ
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Δπ

Nc
gΔ

A g(Δ)
A
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Expectations from PT and Large-χ Nc
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• If  one wishes to include the possibility of  non-
monotonic FV corrections,  up to NLO is need or 

 up to NNLO. 
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