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Outline
• What is Lattice QCD good for?

– Properties of QCD: spectrum, EoS, …

– Matrix elements within hadronic states

• Nucleon charges

– Isovector axial, scalar, tensor 

– Flavor diagonal axial

– Flavor diagonal tensor

– Θ-Term

– Flavor diagonal scalar



This talk is will emphasize issues in the Lattice 
QCD calculations and connections to BSM 

Lattice QCD results for nucleon charges are 
being reviewed by FLAG: 2019, 2021, 2024

To quote numbers, please use original articles
or numbers in the FLAG report 



Nucleon charges

• Standard Model specifies the coupling 

𝑔! of electroweak currents with quarks

• Similarly, EFT of BSM at few GeV 

is in terms of quark and gluon operators 

• Experiments measure these interactions on hadrons 

• QCD gives significant corrections: gquark → ghadron

• Calculation is intrinsically non-perturbative

Example: axial charge of nucleons goes from 1 → 1.276

gq

gN



Nucleon charges: 𝑵 𝒒	𝚪	𝐪 𝐍 ∝ 𝒈𝚪
𝒒	𝚪

• Standard Model
• Vector charge (CVC) 𝑔!"#$	 1 → 1
• Axial charge 𝑔%"#$	  1 → 1.276
• Transversity	𝑔&

",$,(,),*

• Contribution of quark’s spin to nucleon spin 𝑔%
",$,(,),*

• BSM
• Novel scalar and tensor interactions via 𝑔+"#$, 𝑔&"#$ and 

precision measurements of neutron decay
• Coupling to dark matter: 𝑔%,,,+,&,!

",$,(,),*

• Contribution of quark’s EDM to nucleon EDM 𝑔&
",$,(,),*

• Contributions of the Θ-Term to nEDM
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Lattice Methodology well established for
“connected” and “disconnected” 3-point correlation functions

𝒈𝑨,𝑺,𝑻𝒖1𝒅  = 𝒈𝑨,𝑺,𝑻
𝒖1𝒅,𝐜𝐨𝐧𝐧	+	𝟐𝒈𝑨,𝑺,𝑻

𝒍,𝒅𝒊𝒔𝒄

Connected Disconnected

𝜏

stochastic estimates of disconnected contributions are noisier 
for the same computational cost and smaller in value

𝒈𝑨,𝑺,𝑻𝒖#𝒅  = 𝒈𝑨,𝑺,𝑻
𝒖#𝒅,𝐜𝐨𝐧𝐧 In the isospin symmetric limit

Isoscalar

Isovector



Analysis: 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(



Extracting Nucleon Charges
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In the limit (𝜏 → ∞) only the ground state contributes. Then 

Otherwise, need to make fits to Γ;. This requires 
knowing the spectrum (energies Ei ) and amplitudes (A0 )
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Spectral decomposition of 3-point function

Γ8<& =

t=0                    t                     𝜏
+ ⋯

To isolate 0 𝑂 0 , the key 
quantities needed are 𝐴1, 𝑀2

Ground-state matrix element → 𝑔-

All states with the same quantum numbers as the nucleon are created by N



Which excited states make significant contributions 
to a given correlation function?

𝜒PT suggests that the contribution of 
a pion loop could be ~5% in all NME

𝑢𝛾$𝛾%𝑑

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

Towers of multihadron states
𝑁 𝑝⃗ 𝜋 −𝑝⃗

𝑁 0 𝜋 𝑝⃗ 𝜋(−𝑝⃗)	
𝑁 𝑝⃗ 2𝜋 −𝑝⃗

⋯
Starting at ~1220 MeV

Interpolating operators create 
or annihilate all states with the 
same quantum numbers as N

Radial excitations N(1440)
…

n p

π

𝐴3(q)

𝛾#𝛾$𝐺%(𝑄&)



𝜒PT: In all cases, there is excited-state 
contribution to nucleon charges from 
when the pion in pion loop is on shell

n p

π

𝐴3(q)

𝛾#𝛾$𝐺%(𝑄&)

This, possibly 5%, contribution from 𝑁𝜋	excited-state
needs to be understood/resolved for each NME



• Mass gaps, Δ𝑀(, of 𝑁𝜋,𝑁𝜋𝜋,…	states are smaller than N(1440)

• Their spectrum gets dense as 𝑝⃗ → 0

• We approximately know their energies in a finite box

• Creating each extra state (𝜋) is suppressed by a normalization factor 1/V

• In some cases, the transition ME are large and compensate for the 1/V factor

Need 𝐴#, 𝑀$: but which 𝑀$ are significant?

Issue: With current statistics, fits with MA = MBC versus 
MA = MB(ADDE) are not distinguished by the 𝜒F!

Using priors is not the desired solution

What size statistics are needed to achieve data-driven (𝜒F) selection?



Examples of enhanced excited-state matrix elements

• Axial Form Factors must satisfy PCAC relation between them
– Need to include 𝑁 𝑝⃗ 𝜋 −𝑝⃗ 	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
– Enhanced ME: Manifestation of pion-pole dominance hypothesis

• 𝜒PT 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

 
,-k-q p0

N’
-k0

 
,-k

p0

N 
,-q k0

 
,k p0

N’ 
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Isovector charges from forward 
matrix elements

Vµ,Aµ

τ

t

All (A,P,S,T,V) done at the same time



Isovector axial charge 𝑔)*+, 

• Benchmark quantity as it is very well 
measured 𝑔#$%& = 1.276 1

• A fundamental parameter in nuclear physics



2 ways of extracting isovector 𝑔!"#$

1.22(5) 1.28(5)

1.32(6)1.19(5)

Spectrum from ΓF N𝜋 included in fits
(via 𝐴D	or priors)

𝐺%, ;𝐺,, 𝐺, do not satisfy PCAC 𝐺%, ;𝐺,, 𝐺, satisfy PCAC

𝑔C = 	𝐺C(𝑄; → 0)

𝑔C (Forward ME)

t − τ/2

τ :∞ 19 17 15 13
1.2

1.3

1.4

1.5

1.6

-10 -5 0 5 10

ΔM1 = 0.18(5)
χ2/31 = 1.26, p = 0.15

gA = 1.414(34)

071m170

{4,3∗}

t − τ/2

τ :∞ 19 17 15 13
1.2

1.3

1.4

1.5

1.6

-10 -5 0 5 10

ΔM1 = 0.12(1)
χ2/31 = 1.32, p = 0.11

gA = 1.479(38)

071m170

{4Nπ,3∗}

Check control over removing excited-state contributions 



Status

• Current lattice estimates are mostly in the range
 𝑔#$%& =[1.25 – 1.31] 

• Precision is improving steadily
• Resolve the possible ~5% excited-state 

contributions from 𝑁𝜋… states
• Isospin breaking and electromagnetic 

corrections (talk by Walker-loud)



Implication for BSM

• Constraints on right-handed currents once 
Lattice QCD can provide 𝑔#$%& with few parts 
per mil precision (see talk by Walker-Loud)

• Neutron decay is a very promising opportunity 
for extracting 𝑉$& and testing the unitarity of 
the first row of the CKM matrix. 
Need 𝜏' and 𝑔#$%& from experiments and lattice 
QCD input in calculating radiative corrections 
(see talks by Walker-Loud, Xu Feng)



Isovector scalar and tensor charges 
𝑔9*+, and 𝑔:*+, 

• Combined with high precision measurements 
of neutron decay, they provide a low energy 
probe of novel scalar and tensor interactions

Bhattacharya et al, PRD 85, 054512 (2012)



Effective Theory @ ~2 GeV
Characterized by  GF  New S, T Interactions (εS , εT )

Probing New Interactions: MBSM >> MW >> 1 GeV

Weak @100 GeV
V-A: eL with a νL

Novel S,T Interactions 
@ TeV: eR with a νL

d

u

V, A, S, T, P

du

du

n

p

du

e ν

W
,H

B
SM

LHC

Many BSM possibilities for novel Scalar & Tensor interactions: Higgs-like, leptoquark, loop effects, …

d

u
W

e ν

d

u
HBSM

e ν

d

u e

ν
GF



Neutron decay can be parameterized as ↑σn

e-

ν 

p n 

b:   Deviations from the leading order electron spectrum:
       Fierz interference term

B1:  Energy dependent part of the correlation of antineutrino 
       momentum with the neutron spin



Relating b, B1 to gS,T & BSM couplings εS,T

€ 

bBSM ≈ 0.34gSεS − 5.22gTεT

€ 

bν
BSM ≡ B1

BSM = Ee
∂BBSM (Ee )

∂me

≈ 0.44gSεS − 4.85gTεT

Analysis of n → p e ν decay at leading order 
in εS,T gives the linear relations 

gT = ZT gS = ZS 

€ 

p u d n

€ 

p u σµν d n Lattice 
QCD

Heff ⊃GF εS ud e (1−γ5 )νe + εT uσ µνd eσ µν (1−γ5 )νe
#$ %&

Bhattacharya et al, PRD 85, 054512 (2012)



Impact of reducing errors in gS and gT from 50→10% 

|B1-b| < 10-3
|b| < 10-3
b0+ = 2.6 (4.3)∗10-3

Allowed region in [εS , εT ] (90% contours)
Experimental input

Impact limited by precision 
of ME from Lattice QCD

gS = ZS 

⇥0.0004 ⇥0.0002 0.0000 0.0002 0.0004 0.0006
⇥0.005

0.000

0.005

0.010

0.015

�T

� S
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⌅gS�gS ⇤ 50�

⌅g�g ⇤ Herczeg 2001

Goal: 10% accuracy in gS and gT 

gT = ZT 

PRD 85, 054512 (2012)



Constraints on [εS ,εT]: β-decay versus LHC
• LHC: (u+d → e+ν) look for events with an electron 

and missing energy at high transverse mass

• low-energy experiments + lattice with δgS/gS ~10% 

LHC:  
√s = 8 TeV                   
L = 20, fb-1 

Low-energy: 
gS,T from quark model 

Low-energy: 
gS,T from lattice

CURRENT CONSTRAINTS PROSPECTIVE CONSTRAINTS

Low-energy: 
gS,T from quark model 

Low-energy: 
gS,T from lattice

LHC:  
√s = 14 TeV     

L = 10, 300 fb-1

du

e ν

W
,H

B
SM

LHC

Current β decays
Current LHC

Future β decays
Future LHC

PRD 98, 034503 (2018)PRD 85, 054512 (2012)



Implication for BSM

• For next generation low energy search for 
novel scalar and tensor interactions, the main 
improvement needed is in neutron decay 
experiments to get b and B1 to 10%( precision.

• Need 𝑔)$%& and 𝑔*$%& to within a few percent, 
which is on track  

• LHC constraints are currently stronger 



Flavor diagonal charges

• All (A,P,S,T,V) done at the same time
• Calculation of disconnected contributions is 

more costly and noisy

Connected Disconnected

𝜏

+



FD axial charges 𝒈𝑨
𝒖,𝒅,𝒔,𝒄

Issues
• Disconnected contribution is small, ~5%
• Need much higher statistics to reduce 

uncertainty to ~1%



FD axial charges
Intrinsic quark spin contribution to proton spin

𝑔C
D = 𝑁(𝑝() 𝑍C𝐴"

D(0) 𝑁(𝑝()  𝑆E
D =	)

D

𝑆D ≡)
D

Δ𝑞
2
≡ 0.5)

D

𝑔C
D

gauge invariant decomposition of the proton spin is given by

1
2
= )

F,G,H,I

1
2
Δ𝑞 + 𝐿D 	 + 𝐽J

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

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

0.5)
D

𝑔C
D = (0.777 39 − 0.438 35 − 0.053(8))/2 = 0.143(31)(36)

COMPASS result:  0.13 ≤ ∑D 𝑆D ≡ 0.5∑D𝑔C
D ≤ 0.18



𝒈𝑻
𝒖,𝒅,𝒔,𝒄 

Contribution of the quark EDM to 
neutron EDM



Novel CP violation in BSM → EDMs

eV MeV GeV TeV?



EDMs violate P and T invariance



CP(T)-violation and EDMs



Each CP violating interaction gives 
a contribution to neutron EDM

𝑑Y = Θ	⟨𝑁	| 𝐽Z[ 	∫ 𝑑>𝑥
\!" ]\!"

^_`#
N |abc

+	𝑑d𝑔ed + 𝑑f𝑔ef + 𝑑g𝑔eg +	𝑑h𝑔eh 	
+⋯

• Θ-term
• Quark EDM → Flavor diagonal tensor charges 𝒈𝑻

𝒖,𝒅,𝒔,𝒄 



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

LANL (PNDME) results: 

– 𝑔0- = 0.784(28)(10)

– 𝑔0/ = -0.204(11)(10)

– 𝑔01 = -0.0027(16) dn/
de 

= 1.7

dn/
de 

= 3dn/
de 

= 3.5
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Constrains using 
nEDM on the 
parameter space 
of split SUSY 
model 

PRD 98 (2018) 091501

𝑑K = 	 𝑑F𝑔LF + 𝑑G𝑔LG + 𝑑H𝑔LH +	𝑑I𝑔LI 	



Θ-term

γµ

Q
γµ

Q

• Weight Γ; with the topological charge
• Remove excited-state contributions
• Expand ME in terms of form factors
• Extract the contribution to the CP violating FF 𝐹;
• Status

• Large error in the extraction of 𝐹; (statistics)
• Resolving and controlling 𝑁𝜋 contributions

p0

N
-k0

 
,-k-q p0

N’
-k0

 
,-k

p0

N 
,-q k0

 
,k p0

N’ 
,0



Implication for BSM
• Knowing the bound [value] on nucleon EDM 𝑑Y and 
𝒈𝑻
𝒖,𝒅,𝒔,𝒄, we can constrain BSM models in which quark 

EDM is the dominant CP violating operator.

• The coupling Θ is the sum of the SM and BSM. LQCD 
provides the contribution of the CP violating 𝐺3o ;𝐺3o 
operator to the nucleon EDM. 
– To disentangle sources of  Θ , need to measure EDMs of 

many systems



Flavor diagonal scalar charges 
𝒈𝑺
𝒖,𝒅,𝒔,𝒄 



Scalar charges 𝒈𝑺
𝒖,𝒅,𝒔,𝒄

gS

𝑔pdqf:  novel scalar interaction measured in neutron decay 
𝑔p
d,f,g,h:  flavor independent interactions (dark matter) 
𝑔pdrf   :  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

𝑔!
M,NOPQ

𝜎,- = 𝑚.𝑔/0#1 ~ 60 MeV𝜎,- = 𝑚.𝑔/0#1 ~ 40 MeV

𝑔!
F,G: Excited-state effects are large and results very sensitive to 𝑁𝜋 / 𝑁𝜋𝜋 states

PRL 127 (2021) 242002



Sigma terms

N N
!

Enhanced contribution

No enhancement expected 
as KΣ is the lowest state



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/0	= 37.4(5.1) MeV (FH)
RQCD (JHEP 05 (2023) 035) 𝜎/0	= 43.9(4.7) MeV (FH)
Mainz (PRL 131 (2023) 261902) 𝜎/0	= 43.7(3.6) MeV (FH)
ETM (PRD 102, 054517)   𝜎/0	= 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 F𝑢𝑢 + 𝑑̅𝑑 𝑁

See talk by M.  Hoferichter

https://arxiv.org/abs/2105.12095


Implication for BSM
• Whether 𝜎𝜋𝑁 ≡ 𝑚𝑢𝑑𝑔𝑆𝑢+𝑑 is ≈ 40 MeV or 60 MeV 

comes from whether 𝑔𝑆𝑢+𝑑 is 12 or 18

• This factor of 1.5 in coupling translates to 2.25 in 
cross-section for the favored scalar channel, and thus 
the reach of the dark matter direct detection 
experiments

• Enters in the analysis of 𝜇 → 𝑒 conversion

• 𝜎𝜋𝑁 	is a fundamental parameter in nuclear physics



Future
• Brute force: increase statistics to get to larger 𝜏
• Will 5X in statistics yield data-driven fits

that resolve excited state contributions?
• Variational basis of interpolating operators 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



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

• Contributions to nEDM
• Form factors

• Electric, Magnetic
• Axial

• Distribution functions, moments
• PDF
• GPD

• Radiative corrections to n-decay → 𝑉"$
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