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Lattice QCD determination of  FA(Q2) is inconsistent with older 
phenomenological extraction


results in 30% increase in 𝜈-N cross section 

New MINER A measurement of   with hydrocarbon lies between 
LQCD and  — Nature 614 (2023)

ν νN
νD

Some of  this uncertainty comes from 
nucleon electromagnetic form factors

This discrepancy impacts the ability to 
interpret neutrino oscillation parameters
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𝜈-N cross section
Meyer, Walker-Loud, Wilkinson
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Lattice QCD determination of  
FA(Q2) is inconsistent with older 
phenomenological extraction


results in 30% increase in 𝜈-N 
cross section 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What is required to finalize the lattice QCD results?

All lattice calculations are performed with the same strategy


use different  separation to understand and model 
excited state contamination 
              

No calculations are/can be performed with large enough 
 to ignore excited state contamination 

 

We need a new strategy that has a different dependence 
on excited states

We are developing such a technique: it that will enable 
momentum-space creation operators 
                      


This technique will also allow 
,  ,  

tsink − tsource

⟨N(tsink, pf = 0) | jA
μ (τ, q) |N(tsource, pi = − q)⟩

tsink − tsource

⟨N(tsink, pf ) | jA
μ (τ, q = pf − pi) |N(tsource, pi)⟩

⟨Δ | jμ |N⟩ ⟨Nπ | jμ |N⟩ ⟨NN | jμ |NN⟩

· ≠ t/2g̊ A
(Q

2 )
q2

=
13

·(
2fi

/L
)2

CalLat analysis in progress
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State of  the Field
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Δ++(1232)

Δ0(1232)

W2 = (ΣE)2 - |Σp|2

νµp→ µ-pπ+
νµp→ µ+pπ-

Indeed not!


Our pion production model uses 
a description of resonance 
production that is “naive and 
obviously wrong in its simplicity” 
[Feynman, Kislinger, Ravndal PRD3 (1971)]


“I trust some bright motivated 
physicists will fix this soon”

Current models are unsatisfactory:


Simplistic description of neutrino-nucleon interaction


Unsophisticated description of the nucleus


Heavy reliance on old data (experiments shut down)


~10% uncertainties on effective parameters at best


insufficient for precision goals of DUNE  
(C. Wilkinson, private communication)

𝜈-N cross section — Future directions



7

We realize that some of  the analysis needed 
for Quantum-Monte-Carlo is very similar to 
lattice QCD 

I have been developing sophisticated data 
analysis package for lattice QCD 
BANDIT 

Saori and I are collaborating to see if  the 
lattice QCD analysis code can be helpful for 
analyzing the QMC results

𝜈-N cross section — Synergy
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Precision  decaysβ
Cirigliano, Crivellin, Hoferichter, Moulson 
PLB 838 (2023) [2208.117707]



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

= − 0.00176(56)

K → πℓν

K → ℓν/π → ℓν

U
nitarity (

)
Δ

CK
M

=
0

0+ → 0+

n → peν̄

UNCLASSIFIED

EFT for neutron decay

�n =
G

2
F |Vud |

2
m

5
e

2⇡3 (1 + 3�2) · f0 · (1 +�f ) · (1 +�R), � = gA/gV

• new prescription for the phase space corrections
captures O((↵⇡)n) corrections and accurate up to O(↵2)

�f = 3.573(5)%

• radiative corrections with NLL resummation of all large logs

�R = 4.044(27)%

error dominated by nonperturbative ⇤V

Had(µ0)

• using the most precise experimental input on neutron lifetime and gA

(⌧n from UCN⌧ and � from PERKEO-III)

V
n, best
ud

= 0.97402(2)�f
(13)�R

(35)�(20)⌧n
[42]total,

approching superallowed precision

LA-UR-24-xxxxx UNCLASSIFIED 5/2/2024 | 5

phase space corrections 
radiative QED corrections

LQCD can help determine radiative QED corrections, 

nucleon: 

NN: nuclear structure corrections,  

Comparing LQCD calculations of   to experimentally measured 
 

constrains BSM right-handed currents (corrections to V-A)

ΔV
R

δNS

gLQCD
A

λexp = gexp
A /gexp

V



Now many groups obtaining values of  
gA fully extrapolated to the physical 
point (green)


physical pion mass

continuum

infinite volume 

CalLat results

CalLat 18:      1%

CalLat 19:    0.74%

CalLat 24?:                        ~0.5%  

Experiment:

           = 1.2754(13)


  =1.27641(46)

gA = 1.271(13)
gA = 1.2642(93)

|gPDG
A |

|gPERKEO−III
A |

9

Status of lattice QCD results for – 2021gA
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Sub-set of  O(50) diagrams

3

a1) b1) c1) d1)

f1) g1) h1) i1)
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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-

Pion-induced radiative corrections to neutron beta-decay

Cirigliano, de Vries, Hayen, Mereghetti & Walker-Loud, PRL 129 (2022) [2202.10439]

Low-Energy-Constants (LECs)

 - completely unknown        
other LECs ( )                        
ĈA(μ)

c3, c4

+
ĈA(μ)

estimate by varying  (NDA)

estimate from literature

μ

 = gSM
A gQCD

A + δ(λ)
RC(αfs, ĈA(μ), . . . )
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where g
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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
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O(e2p), leading to
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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-

photons
pions

pion electromagnetic mass splitting
<latexit sha1_base64="YEhwUo7g59kIoZy4Vclh8J/59+o=">AAACJXicbVDLSgMxFM3UV62vqks3wSK40DJTiroRioK4rGAf2MeQSdM2NJkJSaZQhn6Hn+BXuNWVOxFciL9iZjoLbb0Q7rnn3MvNPZ5gVGnb/rQyS8srq2vZ9dzG5tb2Tn53r66CUGJSwwELZNNDijDqk5qmmpGmkARxj5GGN7qO9caYSEUD/15PBOlwNPBpn2KkDeXmHe5GbUG7bcGn3RI8hWltx9UlLEFi8o0bUyX4EGc3X7CLdhJwETgpKIA0qm7+q90LcMiJrzFDSrUcW+hOhKSmmJFprh0qIhAeoQFpGegjTtRJb0yFSmAnSq6cwiMj9mA/kOb5Gibs7+EIcaUm3DOdHOmhmtdi8j+tFer+RSeivgg18fFsUT9kUAcwtgz2qCRYs4kBCEtqvg3xEEmEtTE2Z/xw5q9fBPVS0Tkrlu/KhcpV6kwWHIBDcAwccA4q4BZUQQ1g8AiewQt4tZ6sN+vd+pi1Zqx0Zh/8Cev7B/Jro0Y=</latexit>

m2
⇡± �m2

⇡0 = 2e2F 2
⇡Z⇡

Pion-induced radiative corrections to neutron beta-decay
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estimate by varying  (NDA)
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+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-
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m2
⇡± �m2

⇡0 = 2e2F 2
⇡Z⇡

Pion-induced radiative corrections to neutron beta-decay

Cirigliano, de Vries, Hayen, Mereghetti & Walker-Loud, PRL 129 (2022) [2202.10439]

Low-Energy-Constants (LECs)

 - completely unknown        
other LECs ( )                        
ĈA(μ)

c3, c4

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

+
ĈA(μ)

estimate by varying  (NDA)

estimate from literature

μ

 = gSM
A gQCD

A + δ(λ)
RC(αfs, ĈA(μ), . . . )
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Precision  decays: Electroweak Boxβ
UNCLASSIFIED

EFT for neutron decay

V. Cirigliano, W. Dekens, EM, O. Tomalak, PRD 108 (2023) 5, 053003

cPT Fermi theory + QED +QCD

J(x) J(0)

1. From mW to ⇤�

• correct anomalous dimension at O(↵2) X
2. From quarks to nucleons
• representation of �PT O(↵) LEC in terms of hadronic objects

with full tracking of the scale and scheme dependence X

gV (µ�) = C
r

� (µ)

"
1 + ⇤V

Had(µ0)�
↵ (µ�)

2⇡

 
5
8
+

3
4
ln

µ2
�

µ2
0
+
⇣

1 �
↵s

4⇡

⌘
ln

µ2
0

µ2

!#

⇤V

Had(µ0) = �e
2
Z

id4q

(2⇡)4
⌫2 + Q2

Q4

"
T3(⌫,Q2)

2mN⌫
�

2
3

1
Q2 + µ2

0

 
1 �

↵s(µ2
0)

⇡

!#
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from Emanuele’s slides

Feng, Gorchtein, Jin, Ma, Seng, PRL 124 (2020) 
Seng, Feng, Gorchtein, Jin, PRD 101 (2020)


                

Yoo, Bhattacharya, Gupta, Mondal, Yoon, PRD 108 (2023) 
Ma, Feng, Gorchtein, Jin, Liu, Seng, Wang, Zhang [2308.16755],  
          

ΔR
V = 0.02477(24) [0.02467(22) − previous dispersion result]

ΔR
V = 0.02439(19)

UNCLASSIFIED

EFT for neutron decay

�n =
G

2
F |Vud |

2
m

5
e

2⇡3 (1 + 3�2) · f0 · (1 +�f ) · (1 +�R), � = gA/gV

• new prescription for the phase space corrections
captures O((↵⇡)n) corrections and accurate up to O(↵2)

�f = 3.573(5)%

• radiative corrections with NLL resummation of all large logs

�R = 4.044(27)%

error dominated by nonperturbative ⇤V

Had(µ0)

• using the most precise experimental input on neutron lifetime and gA

(⌧n from UCN⌧ and � from PERKEO-III)

V
n, best
ud

= 0.97402(2)�f
(13)�R

(35)�(20)⌧n
[42]total,

approching superallowed precision

LA-UR-24-xxxxx UNCLASSIFIED 5/2/2024 | 5
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Precision  decaysβ

Given the  tension in first-row CKM unitarity constraints,  
and the prospect to improve the precision in the relevant -decays,  
it is important to have alternative and complimentary strategies to determine the QED corrections 

We are incorporating QED corrections to LQCD

QEDM: use a photon mass to regulate IR behavior 
(thanks for ERCAP 2024!  and previous ALCC) 
 

We are investigating how to build up QED corrections 
to full  amplitude


QED corrections to spectrum

QED corrections to 

Precise calculation of  

neutron decay amplitude?

≈ 3σ
β

n → peν̄

gA
gQCD

A
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Precision  decaysβ
Non-monotonic finite-volume (FV) corrections to 


led by Zack Hall (grad student at UNC) 
 
 
 

All groups (except CalLat) only use leading FV correction (  term) 
and leave  a free parameter (instead of  PT prediction) 

This gives the “wrong” sign for FV correction at lighter pion mass 

At what level of  precision will this strategy make a 
statistically significant error? 

This project is also synergistic — Emanuele Mereghetti derived the 
full NNLO FV corrections in PT


EFT colleagues are deriving formula for QED corrections to 

Two-nucleon matrix elements that are needed

…

gA

c2
c2 χ

χ
gA

gA(L) = gA + c2
m2

π

(4πFπ)2

e−mπL

mπL
+ c3

m3
π

(4πFπ)3

e−mπL

mπL
+ ⋯

0.000 0.005 0.010 0.015 0.020 0.025

e°mºL/(mºL)1/2

1.23

1.25

1.27

1.29

g A

NNLO+ct ¬PT

NLO ¬PT predictionNLO ¬PT prediction

CalLat Nature 558 (2018)

mπ ≈ 220 MeV

RQCD PRD 108 (2023)

L



NTNP Topical Collaboration is creating a synergistic effort between sub-disciplines in Nuclear Theory 
to help search for new physics in low-energy precision tests of  the Standard Model


Lattice QCD provides essential input for each area (and receives guidance from EFT/Pheno)


Precision -decay


LQCD+QED: compute key matrix elements to determine structure functions and/or unknown LECs


LQCD+QED: perform non-perturbative calculation of  radiative QED corrections 

Permanent Electric Dipole Moments


LQCD: compute CP-odd pion-nucleon couplings  many-body calculations of  nuclear EDMs 

Neutrino-Nucleus scattering


Determine  cross section from QCD: , 


Determine  transition amplitudes as well as  matrix elements

β

⟶

ν − N FA(Q2) F1(Q2), F2(Q2)

N → Δ, N → Nπ ⟨NN |Jμ |NN⟩
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Summary



Topographic map of the continental US.  
Credit: Epic Maps
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