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The neutron is a clean but challenging system

Vud

Decays weakly ⇒ a stable bound state of QCD

Properties: 
• Charges 𝑔!	, 𝑔", 𝑔#	, 𝑔$, 𝑔%
• Spin content
• Quark contribution
• Gluon contribution

• nEDM
• Form factors
• Electric, Magnetic
• Axial

• Distribution functions, moments
• PDF
• GPD

• Radiative corrections to decay
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Clover-on-HISQ calculations

• HYP smeared 𝑁! = 2 + 1 + 1 MILC HISQ lattices

• 8 ensembles including one with physical 𝑀"
#$%&

• Correlation functions with Clover fermions with a tree-level tadpole improved 𝑐'(
• Truncated solver method with bias correction and multigrid for high statistics
• Wuppertal smearing with 𝑟 ≈ 0.7	 − 0.75 fermi

Ensemble ID a [fm] 𝑴𝝅 
[MeV]

𝑴𝝅𝑳 𝑵𝒄𝒇𝒈
𝒄𝒐𝒏𝒏 𝑵𝒄𝒇𝒈

𝒅𝒊𝒔𝒄,𝒍 𝑵𝒄𝒇𝒈
𝒅𝒊𝒔𝒄,𝒔

a15m310 ~0.15 320 3.93 1917 1917 1917

a12m310 ~0.12 310 4.55 1013 1013 1013

a12m220 ~0.12 228 4.38 744 958   870

a09m310 ~0.09 313 4.51 2263 1017 1024

a09m220 ~0.09 226 4.79 964 712   847

a09m130 ~0.09 138 3.90 1290 1270 994

a06m310 ~0.06 320 4.52 500 808  976

a06m220 ~0.06 235 4.41 649 1001 1002



Lattice Methodology well established for
“connected” and “disconnected” 3-point correlation functions

𝒈𝑨,𝑺,𝑻𝒖+𝒅  = 𝒈𝑨,𝑺,𝑻
𝒖+𝒅,𝐜𝐨𝐧𝐧	+	𝟐𝒈𝑨,𝑺,𝑻

𝒍,𝒅𝒊𝒔𝒄

Connected Disconnected

𝜏

disconnected contributions (got via stochastic methods) are 
noisier for the same computational cost and smaller in value

𝒈𝑨,𝑺,𝑻𝒖4𝒅  = 𝒈𝑨,𝑺,𝑻
𝒖4𝒅,𝐜𝐨𝐧𝐧 In the isospin symmetric limit

Isoscalar

Isovector



Spectral decomposition of Γ! and Γ"

Ω 𝑁 𝜏 	𝒜!(t)𝑁(0)|Ω⟩

Three-point function for matrix elements of axial current 𝒜!

Ω 𝑁 𝜏 ⋯𝑒"#$%.
&

𝑛& 𝑛& 𝒜!𝑒"#$%.
'

𝑛' 𝑛' ⋯N(0)|Ω⟩

.
',&

Ω 𝑁 𝑛& 	𝑒")! *"% 𝑛& 𝐴! 𝑛' 	𝑒")"% 	⟨𝑛'|N|Ω⟩

Insert 𝑇 = 𝑒"+$% ∑' |𝑛'⟩⟨𝑛'| at each Δ𝑡 with 𝑇 𝑛' = 𝑒"+$% 𝑛' = 𝑒",$%|𝑛'⟩

Matrix Elements𝐴&∗ 𝐴'



Calculating Nucleon Charges

(!

("
= 

n n
𝜏

n n×
𝑂% =	 9𝜓𝛾.𝛾/𝜓

𝝉→%
𝒈𝑨 

#0

#1
= $ %	'2	(|$⟩

$ %	(|$⟩
  → 𝑁(𝑝0) 𝐴! 	(𝑄1) 𝑁(𝑝') → 𝒈𝑨 

 

Γ. =-
',&

𝐴'∗𝐴& 𝑁' 𝑂 𝑁& 𝑒",)% 𝑒",*(*"%)	

𝑡
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𝐴'∗𝐴' 𝑒",)*	

𝑁𝜋: Amplitudes 𝐴2 for local N fall as 1/V for each particle 



Excited states in correlation functions
Challenge: To get the matrix elements within ground state of hadrons 
(nucleons), the contributions of all excited states must be removed. 

𝑢𝛾$𝛾%𝑑

All intermediate states with 
nucleon quantum numbers are 
suppressed only by 𝐴$%𝑒& '!&'" (

• Which excited states make significant
contributions to a given matrix element? 

• What are their energies in a finite box?

Towers of multihadron states
𝑁 �⃗� 𝜋 −�⃗�

𝑁 0 𝜋 �⃗� 𝜋(−�⃗�)	
𝑁 �⃗� 2𝜋 −�⃗�

⋯
+ radial excitations

Typical interpolating operators create 
(annihilate) all states with the same 
quantum numbers aa the Nucleon

𝑁𝜋: Amplitudes 𝐴2 for local N fall as 1/V for each particle 



But excited-state matrix elements are enhanced

• Axial Form Factors must satisfy PCAC relation between them
– Need to include 𝑁 �⃗� 𝜋 −�⃗� 	states to satisfy PCAC 

– Ω 𝑁 𝜏 	𝒜#(t)𝑁(0)|Ω⟩ has very large ESC

– Used Ω 𝑁	𝐴#𝑁|Ω⟩ to include 𝑁𝜋 state. Data-driven method

• 𝜒 PT predicts large contributions from 𝑁𝜋 state in  
– nEDM from Θ-term
– The pion-nucleon sigma term 𝜎$% = m&'	𝑔()*+

n n
t

𝐴>(𝜏)
𝜋

N N
!

p0

N
-k0
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PCAC & 2 ways of extracting isovector 𝑔'()*

1.22(5) 1.28(5)

1.32(6)1.19(5)

Spectrum from ΓI N𝜋 included in fits
(via 𝐴J	or priors)

𝐺!, -𝐺", 𝐺" do not satisfy 
PCAC

𝐺!, -𝐺", 𝐺" satisfy PCAC

𝑔8 = 	𝐺8(𝑄1 → 0)

𝑔8 (Forward ME)

t − τ/2

τ :∞ 19 17 15 13
1.2

1.3

1.4

1.5

1.6
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ΔM1 = 0.18(5)
χ2/31 = 1.26, p = 0.15

gA = 1.414(34)
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Operator mixing calculation in RI-sMOM

𝑍345
66, =#

6,

1
𝑍7
6 Tr 	 ×𝛿66, −	 ℙ 𝑝8, 𝑝

13

Landau gauge fixed quark 
propagators using momentum 
source with 𝑝 ∝ (1,1,1,1)

Using Vector Ward Identity 
(VWI): 𝑔9𝑍9 = 1
with 𝑔9 from separate 
nucleon matrix element 
calculation

Projected amputated 
Green’s function
Tr (. . )ℙ ≡ Λ:;<

𝐙𝟏 method: 𝑍L 𝑝 ≡ M
NIO$ Tr 𝑆

4N 𝑝 𝑝 ⋅ 𝛾
𝐙𝟐 method: 𝑍LQRS 𝑝 ≡ Λ%TU 𝑝 /𝑔%

Calculated the 3×3 flavor (𝑢, 𝑑, 𝑠) mixing matrices for 
2+1-flavor theory in RI-sMOM:  𝑔V

W = ∑W% 𝑍V
WW%𝑔V

W%|XYZ[



𝒁𝑽 from methods 𝐙𝟏, 𝐙𝟐 
• 𝑍%|\&  and 𝑍%|]$(= 1/𝑔%) have 

different 𝑀^
_Y` and 𝑎 dependence

• 𝑔%×𝑍%|\&  deviates from VWI 
(=1) at large quark mass, but VWI 
restored in the continuum limit

• To study the systematic effect in 
two different methods, {𝐙𝟏, 𝐙𝟐}
we chiral-continuum extrapolate 
𝑔V|\&  and 𝑔V|]$ , separately, and 
compare the results.

spread from 𝑎 
dependence 

𝒈𝑽×𝒁𝑽|𝐙𝟏 at 𝒎𝒔



Intrinsic quark’s spin contribution to proton spin

𝑔8
> = 𝑁(𝑝') 𝑍8𝐴!

>(0) 𝑁(𝑝')  𝑆?
> =	-

>

𝑆> ≡-
>

Δ𝑞
2
≡ 0.5-

>

𝑔8
>

gauge invariant decomposition of the proton spin is given by

1
2
= -

@,A,B,C

1
2
Δ𝑞 + 𝐿> 	 + 𝐽D

[X. Ji, PRL 78 (1997) 610]

LANL (PNDME) result (PRD 98 (2018) 094512): 

0.5-
>

𝑔8
> = (0.777 39 − 0.438 35 − 0.053(8))/2 = 0.143(31)(36)

Compass result 0.13 ≤ ∑> 𝑆> ≡ 0.5∑>𝑔8
> ≤ 0.18



FD axial charges

Compass result 0.13 ≤ ∑> 𝑆> ≡ 0.5∑>𝑔8
> ≤ 0.18

LANL (PNDME) result (PRD 98 (2018) 094512): 

0.5-
>

𝑔8
> = (0.777 39 − 0.438 35 − 0.053(8))/2 = 0.143(31)(36)

New result

0.5-
>

𝑔8
> = (0.784 22 − 0.41 − 0.46 − 0.054 − 0.069 )/2



𝒈𝑻
𝒖,𝒅,𝒔,𝒄: Contribution of the quark EDM to neutron EDM

LANL (PNDME) results: 

– 𝑔/) = 0.784(28)(10)

– 𝑔/+ = -0.204(11)(10)

– 𝑔/0 = -0.0027(16) dn/
de 
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Constrains using 
nEDM on the 
parameter space 
of split SUSY 
model 

PRD 98 (2018) 091501

𝑔𝑇𝑢 = 0.781(27)(04)

𝑔𝑇𝑑 = -0.194(10)(20)

𝑔𝑇𝑠 = -0.0016(12)



Scalar charges 𝒈𝑺
𝒖,𝒅,𝒔,𝒄

gS

𝑔WXYZ:  novel scalar interaction measured in neutron decay 
𝑔W
X,Z,\,]:  flavor independent interactions (dark matter) 
𝑔WX^Z   :  rate of change of nucleon mass with u,d quark mass

Effective operator: 𝑋𝑞𝑞 → 𝑌𝑁𝑁



with 𝑁𝜋 / 𝑁𝜋𝜋	 (𝑀+ ≈ 1.2	𝐺𝑒𝑉)Fits without 𝑁𝜋/𝑁𝜋𝜋	 (𝑀+ ≈ 1.6	𝐺𝑒𝑉)

𝒈𝑺𝒖.𝒅 = 𝒈𝑺
𝒖.𝒅,𝒄𝒐𝒏𝒏 + 𝟐𝒈𝑺

𝒍,𝒅𝒊𝒔𝒄

𝑔G
H,IJKL

𝜎/0 = 𝑚1𝑔23.4 ~ 60 MeV𝜎/0 = 𝑚1𝑔23.4 ~ 40 MeV

𝑔G
@,A: Excited-state effects are large and results very sensitive to 𝑁𝜋 / 𝑁𝜋𝜋 states

PRL 127 (2021) 242002



Sigma terms

N N
!



The pion-nucleon sigma term: 
Resolving tension between Lattice QCD and Phenomenology

FLAG Reports 2019, 2021:
• Lattice results                 ~40 MeV
• Phenomenology favors  ~60 MeV

Post FLAG 2021 results
BMW (arXiv:2007.03319)  𝜎",	= 37.4(5.1) MeV (FH)
RQCD (JHEP 05 (2023) 035) 𝜎",	= 43.9(4.7) MeV (FH)
Mainz (PRL 131 (2023) 261902) 𝜎",	= 43.7(3.6) MeV (FH)
ETM (PRD 102, 054517)   𝜎",	= 41.6(3.8)  MeV (Direct)

LANL Results: PRL 127 (2021) 242002; e-Print: 2105.12095
• Without including 𝑵 𝒌 𝝅 −𝒌  and 𝑵 𝟎 𝝅 𝒌 𝝅 −𝒌  states: = 41.9 (4.9) MeV
• Including 𝑵 𝒌 𝝅 −𝒌  and 𝑵 𝟎 𝝅 𝒌 𝝅 −𝒌 	states:               = 59.6 (7.4) MeV

𝜎!" ≡ 𝑚#$𝑔%#&$ ≡ 𝑚#$ 𝑁 /𝑢𝑢 + �̅�𝑑 𝑁

https://arxiv.org/abs/2105.12095


Future
• Brute force: increase statistics to get to larger 𝜏
• Two 𝑀! = 135 HISQ ensembles

• Variational basis of states including 𝑁𝜋 to get 
results from smaller 𝜏

1.1

1.2

1.3

1.4

−10 −5 0 5 10

τ :∞ 12 14 16

a09m130W
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