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If observed, could help explain matter/anti-matter 
asymmetry in the universe!
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Neutrinoless mode can be isolated using spectroscopic methods

Experiment
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Why?

• Need extremely large 
lattices

• Large range of scales

• Tiny energy splittings

• Wick contractions:       
(A+Z)!x(2A-Z)!                 

• Nucleon noise/sign problem             
signal/noise          

LQCD will never directly calculate 
your favorite experimental isotope

He4 : 518400

Nucleon:

Deuteron:

S/N ⇠ e�A(Mn�3/2m⇡)t
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1. Nucleon axial charge, gA
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Finalist

Final uncertainty is statistics 
dominated - can we push this to 
resolve the discrepancy between 
neutron lifetime experiments? 
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Our uncertainty is statistics 
dominated: can we 

distinguish between beam 
and bottle experiments?
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Can already place stronger constraints 
on right-handed BSM currents than 

collider experiments
Alioli, S., Cirigliano, V., 

Dekens, W.,
de Vries, J., and 

Mereghetti, E. 
JHEP 05, 086 (2017) 
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Get all time separations with a single 
calculation - found benefit in using earlier 

times where signal is more precise

Chris Bouchard, Chia Cheng Chang, Thorsten Kurth, 
Kostas Orginos, Andre Walker-Loud arXiv:1612.06963

similar techniques used in:
A.J. Chambers et al. (2014,2015), M.J. Savage et al. (2016)
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Precision requires action with a well-behaved 
approach to the physical limit

CalLat, Phys.Rev. D96 
(2017) no.5, 054513 



Precision requires action with a well-behaved 
approach to the physical limit

valence
sea

m⇡L ⇠ 3.78

m⇡L ⇠ 4.54

m⇡L ⇠ 4.50

m⇡L ⇠ 3.99

m⇡L ⇠ 3.22

m⇡L ⇠ 4.29

m⇡L ⇠ 5.36

m⇡L ⇠ 4.73

m⇡L ⇠ 3.25

m⇡L ⇠ 3.91

a[fm] : m⇡[MeV] 400 350 310 220 130

 MILC Collaboration 
Phys. Rev. D87 (2013) 

054505

0.15

0.12

0.09

m⇡L ⇠ 4.8 m⇡L ⇠ 4.2

m⇡L ⇠ 5.8 m⇡L ⇠ 5.1

m⇡L ⇠ 5.8 m⇡L ⇠ 5.1

CalLat, Phys.Rev. D96 
(2017) no.5, 054513 



0.0 0.2 0.4 0.6 0.8

(a/w0)2
9.5

10.0

10.5

11.0

11.5

12.0

12.5

m
N
/F

⇡

m⇡ ⇠ 310 MeV

tgf = 1.0

tgf = 0.8

tgf = 0.6

tgf = 0.4

tgf = 0.2

• DWF:

• Chiral symmetry breaking exponentially suppressed

• gA/gV is a quantitative measure of chiral symmetry breaking

• Discretization effects come in at O(a2)

• Gradient flow method for smearing configs

• mres < 0.1 ml  for                                                                          
moderate L5 

• improved statistics

Precision requires action with a well-behaved 
approach to the physical limit

Narayanan, Neuberger 
(2006), Luscher (2010)
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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)
M!L = 4.93  (old M!L = 3.2)
L5 = 24, Nsrc = 16

We are running gA(Q2) on Summit this year (DOE INCITE)
We anticipate improving gA to ~0.5%

PRELIMINARY
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Nature 558 (2018) no. 7708, 91-94 
Chang et al. [arXiv:1805.12130] Sierra Early Science

1 year on Titan (ORNL) + 2 years 
on GPU machines at LLNL

gA = 1.2711(125) → 1.2641(93)  [0.74%]
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• Easy to compute pion physics on the 
lattice!
• Clean signals 
• Single particle  

• No 4-quark FH (yet!), so we’ll use 
standard 3-pt

Long-range pion calculation
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• Can perform exact momentum 

projection at source and sink

• 𝛥I = 2 no disconnected pieces from 

operators

x=0, t=0
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Long-range pion calculation
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Left-right symmetric models

Prezeau, Ramsey-Musolf, Vogel (2003), Savage (1999)
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• Why calculate it?

• Higher contributions formally NNLO 
(Weinberg counting)

• Nuclear matrix elements currently 
have ~100% uncertainties

• The spin singlet channel is finely-tuned, 
leading to issues with Weinberg counting

• LO contribution vanishes for some BSM 
models

• Contact operator for standard double 
beta decay found to be important at 
heavy pion mass (NPLQCD ‘17)

Full   transitionnn → pp

Cirigliano, V., Dekens, W.,
de Vries, J., Mereghetti, E., Graesser,

M., Pastore, S., van Kolck, U
arXiv:1802.10097
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near-threshold virtual bound state



Full   transitionnn → pp
• Isospin limit: 576 contractions  

Doi & Endres, Originos et. al., Günther et. al.

• Baryon signal-to-noise problem, 
small excited state energy 
splittings, ....

• Cannot fix all momenta

• otherwise all-to-all propagators 
connect to 4-quark operator               

• stochastically project onto zero total 
momentum

• Need phase shifts to connect to 
infinite volume  
R. Briceño, M. Hansen Phys.Rev. D94 (2016) no.1, 013008
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Full   transitionnn → pp
• Isospin limit: 576 contractions  

Doi & Endres, Originos et. al., Günther et. al.

• Baryon signal-to-noise problem, 
small excited state energy 
splittings, ....

• Cannot fix all momenta

• otherwise all-to-all propagators 
connect to 4-quark operator               

• stochastically project onto zero total 
momentum

• Need phase shifts to connect to 
infinite volume  
R. Briceño, M. Hansen Phys.Rev. D94 (2016) no.1, 013008

Difficult, but not 
impossible!
4-quark FH? 

(Monge-Camacho Lattice 2018)

Preliminary!

Hadronic parity 
violation: NPDGamma



Full   transitionnn → pp
Cirigliano, V., Dekens, W., de Vries, J., Mereghetti, 

E., Graesser, M., Pastore, S., van Kolck, U 
arXiv:1802.10097
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Full   transitionnn → pp
• Work has begun to calculate full transition for light 

neutrino mechanism

• Why? Just as in short-range operator case, EFT may 
not be reliable

Cirigliano, V., Dekens, W., de Vries, J., Mereghetti, 
E., Graesser, M., Pastore, S., van Kolck, U 

arXiv:1802.10097
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Full   transitionnn → pp
• Work has begun to calculate full transition for light 

neutrino mechanism

• Why? Just as in short-range operator case, EFT may 
not be reliable

• Very difficult! both computationally and theoretically

• Start with  as a test  
(see also Detmold & Murphy, Lattice 2018)

π− → π+

Cirigliano, V., Dekens, W., de Vries, J., Mereghetti, 
E., Graesser, M., Pastore, S., van Kolck, U 

arXiv:1802.10097
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Xu Feng, Lu-Chang Jin, Xin-
Yu Tuo, Shi-Cheng Xia, 

Phys. Rev. Lett. 122, 
022001 (2019)
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Final step: match 
onto many-body 

models/EFT
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E HOBET: W. Haxton, K. 
McElvain (T. Luu)

Bigstick: C. Johnson



e+

𝜈

Proton radius

np
np

Dark Matter 
Detection

Muon g-2

n npp

Nuclear 
EDMs

nn

GA(p2)
p

gA quenchingp



e+

𝜈

Proton radius

np
np

Dark Matter 
Detection

Muon g-2

n npp

Nuclear 
EDMs

nn

GA(p2)
p

gA quenching

Stay Tuned!
p
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• Jülich: E. Berkowitz    

• LLNL: P. Vranas, A. Gambhir,  
D. Brantley



m𝜋 ~ 450 MeV
Phys.Rev. D92 

(2015) no.11, 114512 

S-wave scattering

m𝜋 ~ 800 MeV

Parity violating NN

Preliminary

Lattice 2015

Axial Polarizability

Phys.Rev.Lett. 119 
(2017) no.6, 062003 

NN: status



m𝜋 ~ 450 MeV
Phys.Rev. D92 

(2015) no.11, 114512 

S-wave scattering

m𝜋 ~ 800 MeV

Parity violating NN

Preliminary

Lattice 2015

Axial Polarizability

Phys.Rev.Lett. 119 
(2017) no.6, 062003 

NN: status

All at heavy pion mass. 
How do we get to the 

physical point?



Lower pion mass?
Difficulty lies in 
spectroscopy
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Lower pion mass?
Difficulty lies in 
spectroscopy

O :  n :

hO(t)O†(0)i = hO(0)e�Ht
O(0)i =

X

n

|h0|O|ni|2e�Ent

Effective mass 
plot:

Me� ⌘ ln
C(t)

C(t + 1)
�!
t!1

E0
excited states g.s. energy
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How far out in time you 
have to go depends on 

choice of operators
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Nucleons: limited by signal-to-noise

Need good analysis/operators!
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n p n2=1

n p n2=2

n p n2=0

E
Elastic 2-body

ΔE ~ 50 MeV

Excited state contamination

Inelastic single bodyn p
ΔE ~ m𝜋



Long time behavior 
of NN correlator 

dominated by 
inelastic single 

nucleon excited state

   Need to improve 
single nucleon 
interpolating 

operator for earlier 
plateaus
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(NN elastic, N inelastic, NN inelastic,....)

(N inelastic)

Improved NN



CalLat (2017)
Matrix Prony:
NPLQCD (2009)

Remove 
elastic E.S.

np

Remove 
inelastic 
E.S.

pn



1S0

3S1

Preliminary

Energy levels:
m𝜋 ~ 350 MeV 

(DWF on MILC 
HISQ ensembles)

Lattice 2019

Lattice 2019
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3.
Two-nucleon 

contact

• Some new developments:

• Exponentially improved NN operators will 
allow us to lower the pion mass

• HOBET in a periodic box

• more direct path from finite volume lattice 
results to nuclear many-body techniques 
(with W. Haxton and K. McElvain)         

• Results to come!



• LQCD can be used as a step toward connecting experimental signals to 
BSM models
• Nucleon axial charge

• LQCD calculations are becoming reliably accurate and precise
• Can be extended to calculate gA quenching effects

• 𝜋- →  𝜋+  0𝜈ββ matrix element
• Complete LQCD calculation at the physical point of leading short-
range contribution
• To do: Plug the results into your favorite many-body calculation!

• Two-nucleon contact
• Testing new method for two nucleon operators
• Machinery in place for calculating 3-point function
• Advances in calculating light neutrino contributions may lead to 
calculation of non-perturbative NN ampitudes

Summary

W. Detmold, D.J. Murphy, Lattice 2019
X. Feng, et al, Phys. Rev. Lett. 122, 022001 (2019) 
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