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Lattice QCD for Hadronic Parity Nonconservation

Introduction to Lattice QCD (LQCD) 

Lattice QCD Challenges for Nuclear Physics 

Lattice QCD Challenges for Parity Nonconservation (PNC) 

gA - a success story 

convergence of SU(2) baryon chiral perturbation theory 

Inspiration for Lattice QCD Calculations of I=2 PNC 

New method for 4-quark operators 

New method for two-nucleon calculations
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LQCD Systematics
continuum limit

infinite volume limit 

physical 
pion masses 

exponentially bad signal-
to-noise problem
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Durr et al., Science 322 
(2008) [arXiv:0906.3599]

Pion mass is used to fix the physical light quark mass M2
⇡ = 2B0m̂l + · · ·
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Kaon mass is used to fix the physical strange quark mass M2
K = B0(ms + m̂l) + · · ·
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Hadronic quantity is used to set the scale in MeV M⌃[MeV] $ a[fm]
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Everything else is a prediction! 
(need 1 new quantity for each new input)



LQCD Results

Most precise determination 
of quark masses now 
comes from LQCD

FNAL/MILC/TUMQCD Collaborations 
arXiv:1802.04248



LQCD Challenges for NP

The most difficult challenge in applying LQCD to NP is an 
exponentially bad signal-to-noise problem for nucleons

each quark carries information 
about pions and nucleons
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3mN t + · · ·
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For the nucleon - the large pion eigenvalues must 
cancel to expose the small nucleon eigenvalues
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The most difficult challenge in applying LQCD to NP is an 
exponentially bad signal-to-noise problem for nucleons
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exponentially bad signal-to-noise problem for nucleons



Lepage Argument

• signal-to-noise ratio of 
correlation functions

• numerator 
 
 
 

• denominator  
 
 

• time-dependence of SNR
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h(NN̄)(NN̄)†i � hNN̄i2
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The most difficult challenge in applying LQCD to NP is an 
exponentially bad signal-to-noise problem for nucleons



Consider a 2-point correlation function

LQCD Challenges for NP

C(t) =
X

x

h⌦|O(t,x)O†(0,0)|⌦i
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all we do with LQCD is 
compute 2, 3, 4 point 
functions

1 =
X

n

|nihn|
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multiply by 1
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The ground state spectrum is what we can compute with 
better control than any other quantity
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A useful quantity is the 
effective mass



Consider a 2-point correlation function
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red and black “data” are from different choices of overlap operators 
 
Noise is constant in time - can determine very clean ground state (blue band)
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Consider a 2-point correlation function

Two examples of nucleon effective mass  
 
Noise is growing in time - can not simply go 
to the long-time limit without exponentially 
increasing the amount of statistics needed
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Correlated late-time fluctuations… what is the 
ground state? 
 
Need sophisticated analysis to ensure you are 
not susceptible to correlated fluctuations  
 
This problem is exacerbated with 2+ nucleons 
and form-factor calculations (gA)

LQCD Challenges for NP



Nucleon axial charge - S. Collins - Lattice 2016 Plenary

gA is an important benchmark 
quantity - very challenging for 
LQCD to get under control
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FIG. 8. The 2-state fit to the unrenormalized axial charge gu�d
A data for the seven ensembles at di↵erent values of the lattice

spacing and pion mass. The grey error band and the solid line within it is the tsep ! 1 estimate obtained using the 2-state
fit. The result of the fit for each individual tsep is shown by a solid line with the same color as the data points. Note that the
data with tsep = 16 in the two a06 ensembles are not used in the fit.

up to n excited states are included in the fit Ansatz). Our
additional tests on the a06 ensembles discussed in Sec. VI
show that increasing the smearing size � over the range
simulated reduces A1/A0 and the excited-state contami-
nation, most notably in the axial and scalar charges. On
the other hand, beyond a certain size �, the statistical
errors based on a given number of gauge configurations
start to increase. Also, when calculating the form fac-
tors, one expects the optimal � to decrease with increas-
ing momentum. Thus, one has to compromise between
obtaining a good statistical signal and reducing excited-
state contamination in both the charges and the form
factors, when all these quantities are being calculated
with a single choice of the smearing parameters.

The data in Tables III and IV show an increase in the
ratio A1/A0 as the lattice spacing is decreased. This
suggests that the smearing parameter � (see Table II)

should have been scaled with the lattice spacing a. The
dependence of the ratio on the two choices of tmin used
in the fits (estimates in Table III versus Table IV) and
between the HP and AMA estimates for each choice is
much smaller. Based on these trends and additional tests
discussed in Sec. VI, a better choice for the smearing pa-
rameters when calculating the matrix elements at zero-
momentum transfer is estimated to be {5, 70}, {7, 120}
and {9, 200} for the a = 0.12, 0.09 and 0.06 fm ensem-
bles, respectively. In physical units, a rule-of-thumb es-
timate for tuning the smearing size is �a ⇡ 0.55 fm.

To extract the three matrix elements h0|O�|0i,
h1|O�|0i and h1|O�|1i, for each operator O� = OA,S,T,V ,
from the 3-point functions, we make one overall fit using
the data at all values of the operator insertion time ⌧ and
the various source-sink separations tsep using Eq (10).
From such fits we extract the tsep ! 1 estimates un-

typical calculation

in long-time limit - should be flat

LQCD Challenges for NP
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h(ΔI=1)

h(
ΔI

=
0)

hpp = f(h�I=0, h�I=2, h�I=1)

LQCD Challenges for Parity Nonconservation
first LQCD calculation of       for 
L=2.5 f a=0.123f mπ= 389 MeV
J. Wasem  Phys. Rev. C85 (2012) 022501  

Several unquantified approximations
assumption about coupling of “wave 
function” used to N𝜋 state in LQCD 
calculations

“disconnected” quark loops 
neglected

single lattice spacing

single pion mass

single volume

no renormalization

This was a tour-de-force calculation 
carried out single handedly by Joe 
Wasem



Signal-to-noise is exponentially worse than single nucleon  
 
 

Either need all-to-all quark propagators (1 or more orders of 
magnitude more expensive) or  

can not do I=0 and I=1 PNC amplitudes 
lose a Volume factor in statistics in I=2 

Wick contraction cost of connecting all quark lines is ~100 
times more than for two-nucleons

LQCD Challenges for Parity Nonconservation
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LQCD Challenges for Parity Nonconservation

ΔI=0,1,2

The “disconnected” quark loops are numerically more 
expensive, and stochastically noisier 
LQCD calculations can project onto definite ΔI



LQCD Challenges for Parity Nonconservation

ΔI=2

To project the operator, O, onto definite momentum, and to 
project the final NN state onto definite momentum, we need all-
to-all propagators (expensive):  

For now - fix source-sink separation (t) and do NOT sum over x, 
loss of spatial volume in statistics

O(tO, z)
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• EW vertices ⇒ 4-quark operator insertion
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• In total there are 4896 contractions
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• 2 Baryon „s-wave“ source

• EW vertices ⇒ 4-quark operator insertion

• 2 Baryon „p-wave“ sink

• In total there are 4896 contractions

• isospin limit reduces this number to 2208

• Extension of UCM, automatic code generation 
using Mathematica
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• 2 Baryon „s-wave“ source

• EW vertices ⇒ 4-quark operator insertion

• 2 Baryon „p-wave“ sink

• In total there are 4896 contractions

• isospin limit reduces this number to 2208

• Extension of UCM, automatic code generation 
using Mathematica

• Partial wave scattering needed as well
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Normalized Ratio
RS!P (tf , t, ti) ⌘

CS!P (tf , t, ti)p
CS(tf � ti)CP (tf � ti)

s
CS(tf � t)CP (t� ti)

CP (tf � t)CS(t� ti)

Preliminary! 
mπ=800 MeV 

only 200 samples

Hadronic Parity Violation

The most challenging aspect of this calculation 
is the NN interaction



Normalized Ratio
RS!P (tf , t, ti) ⌘

CS!P (tf , t, ti)p
CS(tf � ti)CP (tf � ti)

s
CS(tf � t)CP (t� ti)

CP (tf � t)CS(t� ti)

note: EW operator energy injection  
still has to be removed

RP!S(tf , t, ti)

Preliminary! 
mπ=800 MeV 

only 200 samples

Hadronic Parity Violation

The most challenging aspect of this calculation 
is the NN interaction



Our success required a few key components: 
Access to publicly available lattice QCD gauge configurations (MILC 
Collaboration) with multiple lattice spacings, multiple volumes, near 
physical pion masses 
ludicrously fast GPU code (Quda library) 
access to leadership class computing (Titan via INCITE) 
a new strategy motivated by the Feynman-Hellmann Theorem

gA - a success story

tsep 0

standard method

fixed source-sink separation time

O(tO)
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FIG. 8. The 2-state fit to the unrenormalized axial charge gu�d
A data for the seven ensembles at di↵erent values of the lattice

spacing and pion mass. The grey error band and the solid line within it is the tsep ! 1 estimate obtained using the 2-state
fit. The result of the fit for each individual tsep is shown by a solid line with the same color as the data points. Note that the
data with tsep = 16 in the two a06 ensembles are not used in the fit.

up to n excited states are included in the fit Ansatz). Our
additional tests on the a06 ensembles discussed in Sec. VI
show that increasing the smearing size � over the range
simulated reduces A1/A0 and the excited-state contami-
nation, most notably in the axial and scalar charges. On
the other hand, beyond a certain size �, the statistical
errors based on a given number of gauge configurations
start to increase. Also, when calculating the form fac-
tors, one expects the optimal � to decrease with increas-
ing momentum. Thus, one has to compromise between
obtaining a good statistical signal and reducing excited-
state contamination in both the charges and the form
factors, when all these quantities are being calculated
with a single choice of the smearing parameters.

The data in Tables III and IV show an increase in the
ratio A1/A0 as the lattice spacing is decreased. This
suggests that the smearing parameter � (see Table II)

should have been scaled with the lattice spacing a. The
dependence of the ratio on the two choices of tmin used
in the fits (estimates in Table III versus Table IV) and
between the HP and AMA estimates for each choice is
much smaller. Based on these trends and additional tests
discussed in Sec. VI, a better choice for the smearing pa-
rameters when calculating the matrix elements at zero-
momentum transfer is estimated to be {5, 70}, {7, 120}
and {9, 200} for the a = 0.12, 0.09 and 0.06 fm ensem-
bles, respectively. In physical units, a rule-of-thumb es-
timate for tuning the smearing size is �a ⇡ 0.55 fm.

To extract the three matrix elements h0|O�|0i,
h1|O�|0i and h1|O�|1i, for each operator O� = OA,S,T,V ,
from the 3-point functions, we make one overall fit using
the data at all values of the operator insertion time ⌧ and
the various source-sink separations tsep using Eq (10).
From such fits we extract the tsep ! 1 estimates un-
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Our success required a few key components: 
Access to publicly available lattice QCD gauge configurations (MILC 
Collaboration) with multiple lattice spacings, multiple volumes, near 
physical pion masses 
ludicrously fast GPU code (Quda library) 
access to leadership class computing (Titan via INCITE) 
a new strategy motivated by the Feynman-Hellmann Theorem

gA - a success story

0
O(tO)
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FIG.8.The2-statefittotheunrenormalizedaxialchargegu�d
Adataforthesevenensemblesatdi↵erentvaluesofthelattice

spacingandpionmass.Thegreyerrorbandandthesolidlinewithinitisthetsep!1estimateobtainedusingthe2-state
fit.Theresultofthefitforeachindividualtsepisshownbyasolidlinewiththesamecolorasthedatapoints.Notethatthe
datawithtsep=16inthetwoa06ensemblesarenotusedinthefit.

uptonexcitedstatesareincludedinthefitAnsatz).Our
additionaltestsonthea06ensemblesdiscussedinSec.VI
showthatincreasingthesmearingsize�overtherange
simulatedreducesA1/A0andtheexcited-statecontami-
nation,mostnotablyintheaxialandscalarcharges.On
theotherhand,beyondacertainsize�,thestatistical
errorsbasedonagivennumberofgaugeconfigurations
starttoincrease.Also,whencalculatingtheformfac-
tors,oneexpectstheoptimal�todecreasewithincreas-
ingmomentum.Thus,onehastocompromisebetween
obtainingagoodstatisticalsignalandreducingexcited-
statecontaminationinboththechargesandtheform
factors,whenallthesequantitiesarebeingcalculated
withasinglechoiceofthesmearingparameters.

ThedatainTablesIIIandIVshowanincreaseinthe
ratioA1/A0asthelatticespacingisdecreased.This
suggeststhatthesmearingparameter�(seeTableII)

shouldhavebeenscaledwiththelatticespacinga.The
dependenceoftheratioonthetwochoicesoftminused
inthefits(estimatesinTableIIIversusTableIV)and
betweentheHPandAMAestimatesforeachchoiceis
muchsmaller.Basedonthesetrendsandadditionaltests
discussedinSec.VI,abetterchoiceforthesmearingpa-
rameterswhencalculatingthematrixelementsatzero-
momentumtransferisestimatedtobe{5,70},{7,120}
and{9,200}forthea=0.12,0.09and0.06fmensem-
bles,respectively.Inphysicalunits,arule-of-thumbes-
timatefortuningthesmearingsizeis�a⇡0.55fm.

Toextractthethreematrixelementsh0|O�|0i,
h1|O�|0iandh1|O�|1i,foreachoperatorO�=OA,S,T,V,
fromthe3-pointfunctions,wemakeoneoverallfitusing
thedataatallvaluesoftheoperatorinsertiontime⌧and
thevarioussource-sinkseparationstsepusingEq(10).
Fromsuchfitsweextractthetsep!1estimatesun-

Extrap
t = 10

t = 12
t = 14

t/2� ⌧
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A percent-level determination of  the nucleon axial coupling from QCD 

experiment factor of 6 more precise
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convergence of  the chiral expansion…
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convergence of  the chiral expansion…
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if  the single nucleon is not converging, 
would you trust chiral extrapolations 

of  two or more nucleons?

m⇡ ⇠ 130 MeV
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Inspiration for LQCD calculations of  ΔI=2 PNC
The method we developed to compute gA is only applicable 
to quark bi-linear currents 
This has inspired us - we believe we know how to generalize 
this method to 4-quark operators - if successful, it will 
substantially simplify the calculations

q̄ � q
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We will hopefully know soon if this new idea works



Inspiration for LQCD calculations of  ΔI=2 PNC
Two-nucleon LQCD calculations are the most substantial 
challenge to making progress in two-nucleon matrix element 
calculations 
We have cooked up a simple idea that offers the promise of 
exponentially improving the calculations

Calm Multi-Baryon Operators  
E.Berkowitz, A. Nicholson, C.C. Chang, E. Rinaldi, M.A. Clark, B. Joo, T. Kurth, P. Vranas, AWL  
arXiv:1710.05642
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Matrix Prony

In this work, we applied for the first time, the Matrix Prony method for 
analyzing two-point correlation functions. 
Idea: construct linear combination of correlation functions to remove 
excited state contamination

NPLQCD arXiv:0905.0466CA(t) = A0e
�E0t +A1e

�E1t + · · ·
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C0 = ↵0CA + �0CB
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↵0A1 + �0B1 = 0
<latexit sha1_base64="SwUHQwQ1hozg6+Eci25FWbg7ZA4=">AAACEXicbVDLSsNAFJ3UV62vqEtBBosgKCURQV0ItW5cVjC20IQwmUzaoZMHM5NCCd35CX6FW125Erd+gQv/xUmahbYeGDj3nHu5c4+XMCqkYXxplYXFpeWV6mptbX1jc0vf3nkQccoxsXDMYt71kCCMRsSSVDLSTThBocdIxxve5H5nRLigcXQvxwlxQtSPaEAxkkpy9X0bsWSAXANeuyY8hrZHZF61VHUFDVevGw2jAJwnZknqoETb1b9tP8ZpSCKJGRKiZxqJdDLEJcWMTGp2KkiC8BD1SU/RCIVEnPgjmoiCOllx0gQeKtOHQczViyQs1N/DGQqFGIee6gyRHIhZLxf/83qpDC6cjEZJKkmEp4uClEEZwzwf6FNOsGRjRRDmVH0b4gHiCEuVYk3lYc5eP0+s08Zlw7w7qzdbZTBVsAcOwBEwwTloglvQBhbA4BE8gxfwqj1pb9q79jFtrWjlzC74A+3zB7wVmsY=</latexit><latexit sha1_base64="SwUHQwQ1hozg6+Eci25FWbg7ZA4=">AAACEXicbVDLSsNAFJ3UV62vqEtBBosgKCURQV0ItW5cVjC20IQwmUzaoZMHM5NCCd35CX6FW125Erd+gQv/xUmahbYeGDj3nHu5c4+XMCqkYXxplYXFpeWV6mptbX1jc0vf3nkQccoxsXDMYt71kCCMRsSSVDLSTThBocdIxxve5H5nRLigcXQvxwlxQtSPaEAxkkpy9X0bsWSAXANeuyY8hrZHZF61VHUFDVevGw2jAJwnZknqoETb1b9tP8ZpSCKJGRKiZxqJdDLEJcWMTGp2KkiC8BD1SU/RCIVEnPgjmoiCOllx0gQeKtOHQczViyQs1N/DGQqFGIee6gyRHIhZLxf/83qpDC6cjEZJKkmEp4uClEEZwzwf6FNOsGRjRRDmVH0b4gHiCEuVYk3lYc5eP0+s08Zlw7w7qzdbZTBVsAcOwBEwwTloglvQBhbA4BE8gxfwqj1pb9q79jFtrWjlzC74A+3zB7wVmsY=</latexit><latexit sha1_base64="SwUHQwQ1hozg6+Eci25FWbg7ZA4=">AAACEXicbVDLSsNAFJ3UV62vqEtBBosgKCURQV0ItW5cVjC20IQwmUzaoZMHM5NCCd35CX6FW125Erd+gQv/xUmahbYeGDj3nHu5c4+XMCqkYXxplYXFpeWV6mptbX1jc0vf3nkQccoxsXDMYt71kCCMRsSSVDLSTThBocdIxxve5H5nRLigcXQvxwlxQtSPaEAxkkpy9X0bsWSAXANeuyY8hrZHZF61VHUFDVevGw2jAJwnZknqoETb1b9tP8ZpSCKJGRKiZxqJdDLEJcWMTGp2KkiC8BD1SU/RCIVEnPgjmoiCOllx0gQeKtOHQczViyQs1N/DGQqFGIee6gyRHIhZLxf/83qpDC6cjEZJKkmEp4uClEEZwzwf6FNOsGRjRRDmVH0b4gHiCEuVYk3lYc5eP0+s08Zlw7w7qzdbZTBVsAcOwBEwwTloglvQBhbA4BE8gxfwqj1pb9q79jFtrWjlzC74A+3zB7wVmsY=</latexit><latexit sha1_base64="SwUHQwQ1hozg6+Eci25FWbg7ZA4=">AAACEXicbVDLSsNAFJ3UV62vqEtBBosgKCURQV0ItW5cVjC20IQwmUzaoZMHM5NCCd35CX6FW125Erd+gQv/xUmahbYeGDj3nHu5c4+XMCqkYXxplYXFpeWV6mptbX1jc0vf3nkQccoxsXDMYt71kCCMRsSSVDLSTThBocdIxxve5H5nRLigcXQvxwlxQtSPaEAxkkpy9X0bsWSAXANeuyY8hrZHZF61VHUFDVevGw2jAJwnZknqoETb1b9tP8ZpSCKJGRKiZxqJdDLEJcWMTGp2KkiC8BD1SU/RCIVEnPgjmoiCOllx0gQeKtOHQczViyQs1N/DGQqFGIee6gyRHIhZLxf/83qpDC6cjEZJKkmEp4uClEEZwzwf6FNOsGRjRRDmVH0b4gHiCEuVYk3lYc5eP0+s08Zlw7w7qzdbZTBVsAcOwBEwwTloglvQBhbA4BE8gxfwqj1pb9q79jFtrWjlzC74A+3zB7wVmsY=</latexit>

Find α0 and β0 with black-box method 
(Matrix Prony)



Matrix Prony: Improved NN
What is the new idea? 

Previously, Matrix Prony has been used to analyze linear combinations 
of correlation functions in B, BB, BBB, BBBB systems after they were 
generated 
We realized we could instead use Matrix Prony to form an optimal 
linear combination of single-nucleon correlation sinks, that could then 
be inserted into the two(multi)-nucleon contraction code

Bµ = ↵0B
µ
SS + �0B

µ
PS

This is a “poor man’s” version of the more 
sophisticated variational methods used by 
Hadspec, Bulava et. al., etc. 
The numerical cost is less than the standard 
method in which both SS and PS two-
nucleon correlation functions are generated 

only single set of contractions/FFT 
required
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Matrix Prony: Improved NN
How well does it work? 

Test the idea out on m𝜋~800 MeV data - iso-clover WM/JLab cfgs
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we observe a reduction 
in the excited state 
contamination
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Matrix Prony: Improved NN
How well does it work? 

Test the idea out on m𝜋~800 MeV data - iso-clover WM/JLab cfgs

single nucleon pulled in 
6 time slices

used with non-local NN 
interpolating fields

we observe a more 
significant reduction in 
the excited state 
contamination

N

†(0, xi)N
†(0, xi +�)



Matrix Prony: Improved NN

amN = 0.68417(58) ~ 0.085%, g.s. pulled in 8 time slices ~ 0.96 fm

chi^2 = 3.7910, dof = 8, Q = 0.875
E_0 = 6.841483e-01 +- 5.791395e-04

NOTE: this is one of the ensembles used for our gA calculation - this 
demonstrates from the numerical data (no fits) that there are only 2 
states meaningfully contributing to the correlation function all the way 
down to t = 3 (0.36 fm)

How well does it work with an interesting pion mass? 
Application with MDWF on gradient-flowed HISQ  
m𝜋~350 MeV, Nsrc = 20,000 (2 srcs/cfg, 10K cfgs)



Matrix Prony: Improved NN

amN = 0.68417(58) ~ 0.085%, g.s. pulled in 8 time slices ~ 0.96 fm

to achieve 0.16% precision with 
aniso-clover, needed 300K srcs

NPLQCD [arXiv:0903.2990] m𝜋~400 MeV
atmN = 0.20693(33)

chi^2 = 3.7910, dof = 8, Q = 0.875
E_0 = 6.841483e-01 +- 5.791395e-04

How well does it work with an interesting pion mass? 
Application with MDWF on gradient-flowed HISQ  
m𝜋~350 MeV, Nsrc = 20,000 (2 srcs/cfg, 10K cfgs)



Matrix Prony: Improved NN

amN = 0.68417(58) ~ 0.085%, g.s. pulled in 8 time slices ~ 0.96 fm

to achieve 0.16% precision with 
aniso-clover, needed 300K srcs

NPLQCD [arXiv:0903.2990] m𝜋~400 MeV
atmN = 0.20693(33)

We are very optimistic this idea will allow for a good
LQCD calculations of NN at this interesting pion mass!

chi^2 = 3.7910, dof = 8, Q = 0.875
E_0 = 6.841483e-01 +- 5.791395e-04

How well does it work with an interesting pion mass? 
Application with MDWF on gradient-flowed HISQ  
m𝜋~350 MeV, Nsrc = 20,000 (2 srcs/cfg, 10K cfgs)



Matrix Prony: Improved NN
How well does it work with an interesting pion mass? 

Application with MDWF on gradient-flowed HISQ  
m𝜋~350 MeV, Nsrc = 20,000 (2 srcs/cfg, 10K cfgs)

amN = 0.68417(58) ~ 0.085%, g.s. pulled in 8 time slices ~ 0.96 fm

chi^2 = 3.7910, dof = 8, Q = 0.875
E_0 = 6.841483e-01 +- 5.791395e-04

These calculations are so expensive - it is imperative to extract as much 
information from them as possible, which is optimally achieved early in 
Euclidean time where we have a clear theoretical understanding of the 
correlation functions and they are clean - before the noise sets in



Summary
Applications of Lattice QCD to Nuclear Physics is Difficult 

With current generation of computers - we have finally made our 
first “nuclear physics” post diction of a benchmark quantity gA - 
with a clear path to sub-percent precision 

The next generation of computers (appearing now at ORNL and 
LLNL) - plus new ideas - will enable us to begin computing real 
nuclear physics quantities (A=2 (3? 4?)), including ΔI=2 Hadronic 
Parity Nonconservation 

What do we need? 

people!  (students, postdocs, …) we are personnel-power 
limited 

more computing time!  tell your friends to review our proposals 
positively and support computational NP



Thank You
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updated figure from 
Right-handed charged currents in 
the era of the Large Hadron Collider  
Alioli, Cirigliano, Dekens, de Vries  
and Mereghetti  
JHEP 1705 (2017) [arXiv:1703.04751]
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there is a 4-sigma discrepancy: beam                             and 
bottle                            measurements of  the neutron 
lifetime, new physics (dark matter) or unknown systematic?

Neutron Lifetime…

⌧bottlen = 879.4(0.6)s
<latexit sha1_base64="bG6JNo/M0KuPtAwlXJv+bdUxZjk=">AAACFHicbVBNSwJBGJ61L7OvrY5dpiQwiGU3JPUQCF06GrQpqMnsOOrg7uwy864gi+d+Qr+ia506RdfuHfovjauH0h4YeHie92Pex4t8rsC2v4zMyura+kZ2M7e1vbO7Z+4f3KswlpS5NPRD2fCIYj4XzAUOPmtEkpHA81ndG15P/fqIScVDcQfjiLUD0he8xykBLXXM4xaQuCMekpYMsBeCHjDBV7hcqljFgm1dnqmOmbctOwVeJs6c5NEctY753eqGNA6YAOoTpZqOHUE7IRI41dNzrVixiNAh6bOmpoIETJ13RzxSKW0n6VUTfKrNLu6FUj8BOFV/NyckUGoceLoyIDBQi95U/M9rxtArtxMuohiYoLNFvdjHEOJpRLjLJaPgjzUhVHL9bUwHRBIKOsiczsNZvH6ZuBdWxXJui/lqeR5MFh2hE1RADiqhKrpBNeQiih7RM3pBr8aT8Wa8Gx+z0owx7zlEf2B8/gCnWJz0</latexit><latexit sha1_base64="bG6JNo/M0KuPtAwlXJv+bdUxZjk=">AAACFHicbVBNSwJBGJ61L7OvrY5dpiQwiGU3JPUQCF06GrQpqMnsOOrg7uwy864gi+d+Qr+ia506RdfuHfovjauH0h4YeHie92Pex4t8rsC2v4zMyura+kZ2M7e1vbO7Z+4f3KswlpS5NPRD2fCIYj4XzAUOPmtEkpHA81ndG15P/fqIScVDcQfjiLUD0he8xykBLXXM4xaQuCMekpYMsBeCHjDBV7hcqljFgm1dnqmOmbctOwVeJs6c5NEctY753eqGNA6YAOoTpZqOHUE7IRI41dNzrVixiNAh6bOmpoIETJ13RzxSKW0n6VUTfKrNLu6FUj8BOFV/NyckUGoceLoyIDBQi95U/M9rxtArtxMuohiYoLNFvdjHEOJpRLjLJaPgjzUhVHL9bUwHRBIKOsiczsNZvH6ZuBdWxXJui/lqeR5MFh2hE1RADiqhKrpBNeQiih7RM3pBr8aT8Wa8Gx+z0owx7zlEf2B8/gCnWJz0</latexit><latexit sha1_base64="bG6JNo/M0KuPtAwlXJv+bdUxZjk=">AAACFHicbVBNSwJBGJ61L7OvrY5dpiQwiGU3JPUQCF06GrQpqMnsOOrg7uwy864gi+d+Qr+ia506RdfuHfovjauH0h4YeHie92Pex4t8rsC2v4zMyura+kZ2M7e1vbO7Z+4f3KswlpS5NPRD2fCIYj4XzAUOPmtEkpHA81ndG15P/fqIScVDcQfjiLUD0he8xykBLXXM4xaQuCMekpYMsBeCHjDBV7hcqljFgm1dnqmOmbctOwVeJs6c5NEctY753eqGNA6YAOoTpZqOHUE7IRI41dNzrVixiNAh6bOmpoIETJ13RzxSKW0n6VUTfKrNLu6FUj8BOFV/NyckUGoceLoyIDBQi95U/M9rxtArtxMuohiYoLNFvdjHEOJpRLjLJaPgjzUhVHL9bUwHRBIKOsiczsNZvH6ZuBdWxXJui/lqeR5MFh2hE1RADiqhKrpBNeQiih7RM3pBr8aT8Wa8Gx+z0owx7zlEf2B8/gCnWJz0</latexit><latexit sha1_base64="bG6JNo/M0KuPtAwlXJv+bdUxZjk=">AAACFHicbVBNSwJBGJ61L7OvrY5dpiQwiGU3JPUQCF06GrQpqMnsOOrg7uwy864gi+d+Qr+ia506RdfuHfovjauH0h4YeHie92Pex4t8rsC2v4zMyura+kZ2M7e1vbO7Z+4f3KswlpS5NPRD2fCIYj4XzAUOPmtEkpHA81ndG15P/fqIScVDcQfjiLUD0he8xykBLXXM4xaQuCMekpYMsBeCHjDBV7hcqljFgm1dnqmOmbctOwVeJs6c5NEctY753eqGNA6YAOoTpZqOHUE7IRI41dNzrVixiNAh6bOmpoIETJ13RzxSKW0n6VUTfKrNLu6FUj8BOFV/NyckUGoceLoyIDBQi95U/M9rxtArtxMuohiYoLNFvdjHEOJpRLjLJaPgjzUhVHL9bUwHRBIKOsiczsNZvH6ZuBdWxXJui/lqeR5MFh2hE1RADiqhKrpBNeQiih7RM3pBr8aT8Wa8Gx+z0owx7zlEf2B8/gCnWJz0</latexit>

⌧beamn = 888.0(2.0)s
<latexit sha1_base64="0vOZQKfpb3BokOILaZRLtzWzHTA=">AAACEnicbVDNSsNAGNzUv1r/oh49uFiEChKSIhgPQsGLxwrGFppaNptNu3SzCbubQgk9+gg+hVc9eRKvvoAH38Vt2oNWBxaGmW/49psgZVQq2/40SkvLK6tr5fXKxubW9o65u3cnk0xg4uGEJaIdIEkY5cRTVDHSTgVBccBIKxheTf3WiAhJE36rxinpxqjPaUQxUlrqmYe+QlmP3+e+iGGggxN4CV3Xtexa3bJPZM+s2pZdAP4lzpxUwRzNnvnlhwnOYsIVZkjKjmOnqpsjoShmZFLxM0lShIeoTzqachQTeRqOaCoL2s2LmybwWJshjBKhH1ewUH+GcxRLOY4DPRkjNZCL3lT8z+tkKnK7OeVppgjHs0VRxqBK4LQgGFJBsGJjTRAWVH8b4gESCCtdY0X34Sxe/5d4devCcm7Oqg13XkwZHIAjUAMOOAcNcA2awAMYPIAn8AxejEfj1Xgz3mejJWOe2Qe/YHx8A7eHm+M=</latexit><latexit sha1_base64="0vOZQKfpb3BokOILaZRLtzWzHTA=">AAACEnicbVDNSsNAGNzUv1r/oh49uFiEChKSIhgPQsGLxwrGFppaNptNu3SzCbubQgk9+gg+hVc9eRKvvoAH38Vt2oNWBxaGmW/49psgZVQq2/40SkvLK6tr5fXKxubW9o65u3cnk0xg4uGEJaIdIEkY5cRTVDHSTgVBccBIKxheTf3WiAhJE36rxinpxqjPaUQxUlrqmYe+QlmP3+e+iGGggxN4CV3Xtexa3bJPZM+s2pZdAP4lzpxUwRzNnvnlhwnOYsIVZkjKjmOnqpsjoShmZFLxM0lShIeoTzqachQTeRqOaCoL2s2LmybwWJshjBKhH1ewUH+GcxRLOY4DPRkjNZCL3lT8z+tkKnK7OeVppgjHs0VRxqBK4LQgGFJBsGJjTRAWVH8b4gESCCtdY0X34Sxe/5d4devCcm7Oqg13XkwZHIAjUAMOOAcNcA2awAMYPIAn8AxejEfj1Xgz3mejJWOe2Qe/YHx8A7eHm+M=</latexit><latexit sha1_base64="0vOZQKfpb3BokOILaZRLtzWzHTA=">AAACEnicbVDNSsNAGNzUv1r/oh49uFiEChKSIhgPQsGLxwrGFppaNptNu3SzCbubQgk9+gg+hVc9eRKvvoAH38Vt2oNWBxaGmW/49psgZVQq2/40SkvLK6tr5fXKxubW9o65u3cnk0xg4uGEJaIdIEkY5cRTVDHSTgVBccBIKxheTf3WiAhJE36rxinpxqjPaUQxUlrqmYe+QlmP3+e+iGGggxN4CV3Xtexa3bJPZM+s2pZdAP4lzpxUwRzNnvnlhwnOYsIVZkjKjmOnqpsjoShmZFLxM0lShIeoTzqachQTeRqOaCoL2s2LmybwWJshjBKhH1ewUH+GcxRLOY4DPRkjNZCL3lT8z+tkKnK7OeVppgjHs0VRxqBK4LQgGFJBsGJjTRAWVH8b4gESCCtdY0X34Sxe/5d4devCcm7Oqg13XkwZHIAjUAMOOAcNcA2awAMYPIAn8AxejEfj1Xgz3mejJWOe2Qe/YHx8A7eHm+M=</latexit><latexit sha1_base64="0vOZQKfpb3BokOILaZRLtzWzHTA=">AAACEnicbVDNSsNAGNzUv1r/oh49uFiEChKSIhgPQsGLxwrGFppaNptNu3SzCbubQgk9+gg+hVc9eRKvvoAH38Vt2oNWBxaGmW/49psgZVQq2/40SkvLK6tr5fXKxubW9o65u3cnk0xg4uGEJaIdIEkY5cRTVDHSTgVBccBIKxheTf3WiAhJE36rxinpxqjPaUQxUlrqmYe+QlmP3+e+iGGggxN4CV3Xtexa3bJPZM+s2pZdAP4lzpxUwRzNnvnlhwnOYsIVZkjKjmOnqpsjoShmZFLxM0lShIeoTzqachQTeRqOaCoL2s2LmybwWJshjBKhH1ewUH+GcxRLOY4DPRkjNZCL3lT8z+tkKnK7OeVppgjHs0VRxqBK4LQgGFJBsGJjTRAWVH8b4gESCCtdY0X34Sxe/5d4devCcm7Oqg13XkwZHIAjUAMOOAcNcA2awAMYPIAn8AxejEfj1Xgz3mejJWOe2Qe/YHx8A7eHm+M=</latexit>
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