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What are the driving science questions we are trying to understand? 

Why is it challenging to apply LQCD to nucleons and nuclei? 

Why is this an exciting time to use LQCD for basic physics?

This Talk
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Science Drivers
Understanding the emergence of  nuclear physics from QCD and the electroweak 
interactions of  the Standard Model (SM) 

How finally tuned is the universe we live in? 
Mn-Mp, Bd, triple alpha process, … 

What is the pp fusion rate in the sun? 
What is the strength of  the three-neutron force? 
… 

Testing the SM and its Fundamental Symmetries at low energies in nuclear environments 
(nuclei) 

Why is the universe composed of  matter? 
neutrinoless double beta decay (0νββ), permanent electric dipole moments (EDMs) 

Does Dark Matter interact with matter other than gravitationally? 
…





Standard Model
of particle physics
Everything we know… 



To the best of  our knowledge, the Standard Model matter in the 
Universe is comprised entirely of  matter and not anti-matter

We observe there are more protons than anti-protons in the universe by 
an amount of  roughly

matter 
(electron)

anti-matter 
(positron)

radiation  
(photon)

Nproton �Nanti�proton

Nphoton
' 10�9
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While tiny, this is still 10,000 times or more greater than we would predict with the 
Standard Model - why is there so much matter in the universe?





Standard Model of Particle Physics



Formation of Matter 
T ≃ 1 trillion K (1012 K)

t ≃ 30 micro seconds (3x10-5 s)



T t



Formation of light nuclei

Nuclear physics to the rescue!

T ≃ 1 billion K (109 K)
t ≃ 3 minutes



Formation of Hydrogen (electrons captured by protons)

Photons are liberated and run free!

T ≃ 4,000 K
t ≃ 380,000 years



Formation of first stars

Formation of our solar system

T ≃ 20 K
t ≃ 200 Million years



Death of stars, creation of heavy nuclei and life, 
creation of new, ultradense states of nuclear matter



From Quarks to Protons and Neutrons



Confinement of Quarks

cooler

computed by Budapest-Wuppertal and hot-QCD Lattice 
Collaborations with previous generation supercomputers

Tc ' 145� 170 MeV

' 1012K

See lectures by 
Peter Petreczky



Formation of light nuclei

Nuclear physics to the rescue!

T ≃ 1 billion K (109 K)
t ≃ 3 minutes



Big Bang Nucleosynthesis



Our initial condition is a soup of  radiation plus a small excess amount of  matter, in 
the form of  protons, neutrons, electrons and photons

⌘B/� ⇠ 10�9



when systems cool, they settle into the lowest energy state

n p
mass/energy

Mn �Mp = 1.29333217(42) MeV
<latexit sha1_base64="dw/EZ6t3ppCIg1t3OV0qdJBD4TM="></latexit><latexit sha1_base64="dw/EZ6t3ppCIg1t3OV0qdJBD4TM="></latexit><latexit sha1_base64="dw/EZ6t3ppCIg1t3OV0qdJBD4TM="></latexit><latexit sha1_base64="dw/EZ6t3ppCIg1t3OV0qdJBD4TM="></latexit>

Mn +Mp

2
= 938.9187473(58) MeV
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EHydrogen = 13.6 eV
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what prevented this from destroying all the neutrons?

if nothing else were to happen in the next few minutes, 
our universe would be full of only Hydrogen

when systems cool, they settle into the lowest energy state

n p
mass/energy

⌧n ⇠ 15 min



a system with protons and neutrons can collapse to a compact
bound state, the deuteron:  the attractive binding of a neutron
and proton allows neutrons to survive when embedded in nuclei

Answer: formation of nuclei

➥

deuteron: 2.2 MeV binding

mass/energy

➥

when systems cool, they settle into the lowest energy state



The deuterium “bottleneck”

p

n
until T ≃ 100 keV (1 billion K), 

t ≃ 3 min 
⌘B/� ⇠ 10�9

➥

deuteron: 2.2 MeV binding

mass/energy

➥



helium:  -28.3 MeV

The deuterium “bottleneck” is broken, neutrons flow into He 

➥ deuteron:  -2.2 MeV

tritium:  -8.5 MeV

➥

➥

He stability:  ↑,↓ protons and ↑,↓ neutrons can be packed together

mass/energy



{

The early universe contains 75% H and 25% 4He by mass fraction
(“all” deuterium converted to 4He)

Helium

Hydrogen



Our understanding of  Big Bang Nucleosynthesis is very sensitive to a few ingredients  
The abundance of  matter over antimatter 
A. Nicholson 
The neutron-proton mass splitting 
A. Portelli, G. Martinelli 
The neutron lifetime 

The deuteron binding energy  
S. Aoki 

The matter/antimatter asymmetry is an input ingredient while the other three 
quantities, to some degree, emerge from the Standard Model.  

How sensitive are these quantities to variations of  the input parameters of  the SM? 
With Lattice QCD and Effective Field Theory, we can answer these questions

⌘B/� ⇠ 10�9

Mn �Mp = 1.29333217(42) MeV
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1

⌧n
=

G2
µ|Vud|2

2⇡3
m5

e(1 + 3g2A)(1 +RC)fV,A
<latexit sha1_base64="FeSniX4QnfzOeQg9iLgZWJGGWdw="></latexit>

Bd ' 2.2 MeV
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⌧n =
(5172.0± 1.1) seconds
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Czarnecki, Marciano, Sirlin

This picture is also very sensitive to the lifetime of the neutron
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Predicted primordial 4He mass 
fraction of the universe as a function 
of the neutron lifetime

Observed primordial 4He 
mass fraction of the 
universe

Two different methods of measuring the neutron 
lifetime disagree at the 99% level
bottle and beam

Is one of the experiments 
wrong?  Or is there new 
physics hiding here?



⌧n =
(5172.0± 1.1) seconds
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This picture is also very sensitive to the lifetime of the neutron
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Two different methods of measuring the neutron 
lifetime disagree at the 99% level
bottle and beam

Is one of the experiments 
wrong?  Or is there new 
physics hiding here?

with LQCD, we can provide this number
need 0.2% uncertainty to match 
precision of discrepancy 😱



the binding energy of deuterium which is finely tuned (most nuclei 
have ~8 MeV binding per nucleon)!

more finely tuned
all neutrons decay - no helium
mostly hydrogen stars?

natural scenario
all neutrons captured in deuterium and 
helium - no hydrogen
no stars like ours!

What if

Bd � 2.22 MeV

Bd ⌧ 2.22 MeV

No Sun!

Too many 
suns?



0

a �V0

0

a�V0

proton-neutron scattering at low energies
1S0 : a ' �24 fm 3S1 : a ' 5.5 fm

Fine tuning gives small deuteron binding energy

RNN ⇠ 1.4 fm

deuteron

Solving QCD can help us determine the nature of this fine tuning

low-energy 
wave-function

scattering
length, “a”



Finely tuned interactions
(like in AMO systems)



Finely tuned interactions
(like in AMO systems)



Finely tuned interactions
(like in AMO systems)

How sensitive is low-
energy NN scattering 
to small changes in 
quark masses?



Solar Fusion



One needs neutrons and protons to make new nuclei.

Small stars burn protons only, manufacturing the needed neutrons

mass/energy
➥ deuteron:  -1.2 MeV

helium:  -28.3 MeV➥

➥

p+ p ! d+ ⌫e

2 deuterons:  -2.4 MeV

2 3He:  -12.4 MeV➥

pp chain

another bottleneck

thermal energy 
to support star



This is how our Sun generates its energy

80% of all stars generate their energy by hydrogen burning

At its very center the Sun generates 275 watts/m3 - similar to 
the energy generated by a  compost (garbage) heap (of the 
same size)!  

And this is why the Sun has burned for 4.6 b.y., and will burn for 
5 b.y. more, fortunately -- a very big, very slow reactor



This fundamental reaction can not be measured!
(Coulomb Repulsion)

We believe we know the rate, but we have not been able to 
predict it directly from the fundamental theory,

can we?



This fundamental reaction can not be measured!
(Coulomb Repulsion)

We believe we know the rate, but we have not been able to 
predict it directly from the fundamental theory,

can we?

Yes!  
With            !

(or equivalent pre-exascale 
super computer)



Large stars use He and neutrons to build new nuclei.

Higher temperatures and higher densities are needed.

The Big Bang could not do this because the density was too low.

mass/energy
3 4He:  0 MeV

when matter is cold



mass/energy
 4He + “8Be”:  +0.09 MeV3 4He:  0 MeV

but when matter is 
hot, T > 108 K

even more finely tuned



mass/energy
 4He + “8Be”:  +0.09 MeV3 4He:  0 MeV

and then the 3rd 4He can be captured

➥

➥

➥
 12C:  -7.3 MeV

the triple-α process

can we understand this process 
from the fundamental theory?

even more finely tuned - source of complex life

Hoyle State

 12C*



mass/energy
 4He + “8Be”:  +0.09 MeV3 4He:  0 MeV

and then the 3rd 4He can be captured

➥

➥

➥
 12C:  -7.3 MeV

the triple-α process

can we understand this process 
from the fundamental theory?

even more finely tuned - source of complex life

Hoyle State

 12C*

Yes!  
maybe with            !



mass/energy
 4He + “8Be”:  +0.09 MeV3 4He:  0 MeV

and then the 3rd 4He can be captured

➥

➥

➥
 12C:  -7.3 MeV

the triple-α process

can we understand this process 
from the fundamental theory?

even more finely tuned - source of complex life

Hoyle State

 12C*

Yes!  
maybe with            !

Also - see lectures 
by Ulf Meissner



He, C, O, ... Si burning produces energy until Iron (Fe) 



core collapse supernova, shock-wave-aided ejection of 
mantel



Supernova

neutron star

black hole



“We are all made of star stuff”

much coming from the ejecta of supernova



mass/energy

Nuclear Matter



mass/energy

Nuclear Matter Strange Matter



mass/energy

➥

Nuclear Matter Strange Matter

location depends upon hyperon-nucleon 
interactions and hyperon-neutron-neutron

Energy level spacing depends 
on 3-neutron interactions

Also - see lectures by 
Sinya Aoki, Steve Sharpe



Can we understand properties of neutron stars 
directly from the fundamental theory?



Can we understand properties of neutron stars 
directly from the fundamental theory?

Yes!  With
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Why is the application of LQCD to NP so challenging?
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continuum limit 
need 3 or more  
lattice spacings

infinite volume limit

physical pion masses 
exponentially bad  

signal-to-noise problem

tcomp / V 5/4
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tcomp / 1

a6
<latexit sha1_base64="HUn/5SqfgUXXRUQTSUPHKb6D6Bo=">AAACEXicdVDLSsNAFJ34rPUVdSnIYBFcSElEfOyKblxWMLbQ1DCZTNqhk8wwMymUkJ2f4Fe41ZUrcesXuPBfnD6E+jpw4XDOvdx7TygYVdpx3q2Z2bn5hcXSUnl5ZXVt3d7YvFE8k5h4mDMumyFShNGUeJpqRppCEpSEjDTC3sXQb/SJVJSn13ogSDtBnZTGFCNtpMDe0UGOeSIK6AvJhebQjyXCuVvk6Pa4COyKW3VGgM4v8mVVwAT1wP7wI46zhKQaM6RUy3WEbudIaooZKcp+pohAuIc6pGVoihKiDqI+FWpE2/nopQLuGTOCMZemUg1H6vRwjhKlBkloOhOku+qnNxT/8lqZjk/bOU1FpkmKx4vijEHz+TAfGFFJsGYDQxCW1JwNcReZSLRJsTydx//EO6yeVd2ro0rtfBJMCWyDXbAPXHACauAS1IEHMLgDD+ARPFn31rP1Yr2OW2esycwW+Abr7RMTMJ4c</latexit><latexit sha1_base64="HUn/5SqfgUXXRUQTSUPHKb6D6Bo=">AAACEXicdVDLSsNAFJ34rPUVdSnIYBFcSElEfOyKblxWMLbQ1DCZTNqhk8wwMymUkJ2f4Fe41ZUrcesXuPBfnD6E+jpw4XDOvdx7TygYVdpx3q2Z2bn5hcXSUnl5ZXVt3d7YvFE8k5h4mDMumyFShNGUeJpqRppCEpSEjDTC3sXQb/SJVJSn13ogSDtBnZTGFCNtpMDe0UGOeSIK6AvJhebQjyXCuVvk6Pa4COyKW3VGgM4v8mVVwAT1wP7wI46zhKQaM6RUy3WEbudIaooZKcp+pohAuIc6pGVoihKiDqI+FWpE2/nopQLuGTOCMZemUg1H6vRwjhKlBkloOhOku+qnNxT/8lqZjk/bOU1FpkmKx4vijEHz+TAfGFFJsGYDQxCW1JwNcReZSLRJsTydx//EO6yeVd2ro0rtfBJMCWyDXbAPXHACauAS1IEHMLgDD+ARPFn31rP1Yr2OW2esycwW+Abr7RMTMJ4c</latexit><latexit sha1_base64="HUn/5SqfgUXXRUQTSUPHKb6D6Bo=">AAACEXicdVDLSsNAFJ34rPUVdSnIYBFcSElEfOyKblxWMLbQ1DCZTNqhk8wwMymUkJ2f4Fe41ZUrcesXuPBfnD6E+jpw4XDOvdx7TygYVdpx3q2Z2bn5hcXSUnl5ZXVt3d7YvFE8k5h4mDMumyFShNGUeJpqRppCEpSEjDTC3sXQb/SJVJSn13ogSDtBnZTGFCNtpMDe0UGOeSIK6AvJhebQjyXCuVvk6Pa4COyKW3VGgM4v8mVVwAT1wP7wI46zhKQaM6RUy3WEbudIaooZKcp+pohAuIc6pGVoihKiDqI+FWpE2/nopQLuGTOCMZemUg1H6vRwjhKlBkloOhOku+qnNxT/8lqZjk/bOU1FpkmKx4vijEHz+TAfGFFJsGYDQxCW1JwNcReZSLRJsTydx//EO6yeVd2ro0rtfBJMCWyDXbAPXHACauAS1IEHMLgDD+ARPFn31rP1Yr2OW2esycwW+Abr7RMTMJ4c</latexit><latexit sha1_base64="HUn/5SqfgUXXRUQTSUPHKb6D6Bo=">AAACEXicdVDLSsNAFJ34rPUVdSnIYBFcSElEfOyKblxWMLbQ1DCZTNqhk8wwMymUkJ2f4Fe41ZUrcesXuPBfnD6E+jpw4XDOvdx7TygYVdpx3q2Z2bn5hcXSUnl5ZXVt3d7YvFE8k5h4mDMumyFShNGUeJpqRppCEpSEjDTC3sXQb/SJVJSn13ogSDtBnZTGFCNtpMDe0UGOeSIK6AvJhebQjyXCuVvk6Pa4COyKW3VGgM4v8mVVwAT1wP7wI46zhKQaM6RUy3WEbudIaooZKcp+pohAuIc6pGVoihKiDqI+FWpE2/nopQLuGTOCMZemUg1H6vRwjhKlBkloOhOku+qnNxT/8lqZjk/bOU1FpkmKx4vijEHz+TAfGFFJsGYDQxCW1JwNcReZSLRJsTydx//EO6yeVd2ro0rtfBJMCWyDXbAPXHACauAS1IEHMLgDD+ARPFn31rP1Yr2OW2esycwW+Abr7RMTMJ4c</latexit>

V = N3
L ⇥NT

<latexit sha1_base64="x8mfGtXy1NinVZFKLkyCJKkB0AE=">AAACB3icbVDLSsNAFJ34rPUVHzs3g0VwISVRQV0IRTcuRCo0baGNYTKZtkMnkzAzKdTQH/Ar3OrKlbj1M1z4L07TLLT1wMC559zLnXv8mFGpLOvLmJtfWFxaLqwUV9fWNzbNre26jBKBiYMjFommjyRhlBNHUcVIMxYEhT4jDb9/PfYbAyIkjXhNDWPihqjLaYdipLTkmbt1eAnvvNuHE9hWNCRSFzXPLFllKwOcJXZOSiBH1TO/20GEk5BwhRmSsmVbsXJTJBTFjIyK7USSGOE+6pKWphzpRUfBgMYyo26aHTKCB9oMYCcS+nEFM/X3cIpCKYehrztDpHpy2huL/3mtRHXO3ZTyOFGE48miTsKgiuA4FRhQQbBiQ00QFlR/G+IeEggrnV1R52FPXz9LnOPyRdm+Py1VrvJgCmAP7INDYIMzUAE3oAocgMEjeAYv4NV4Mt6Md+Nj0jpn5DM74A+Mzx9SyZgL</latexit><latexit sha1_base64="x8mfGtXy1NinVZFKLkyCJKkB0AE=">AAACB3icbVDLSsNAFJ34rPUVHzs3g0VwISVRQV0IRTcuRCo0baGNYTKZtkMnkzAzKdTQH/Ar3OrKlbj1M1z4L07TLLT1wMC559zLnXv8mFGpLOvLmJtfWFxaLqwUV9fWNzbNre26jBKBiYMjFommjyRhlBNHUcVIMxYEhT4jDb9/PfYbAyIkjXhNDWPihqjLaYdipLTkmbt1eAnvvNuHE9hWNCRSFzXPLFllKwOcJXZOSiBH1TO/20GEk5BwhRmSsmVbsXJTJBTFjIyK7USSGOE+6pKWphzpRUfBgMYyo26aHTKCB9oMYCcS+nEFM/X3cIpCKYehrztDpHpy2huL/3mtRHXO3ZTyOFGE48miTsKgiuA4FRhQQbBiQ00QFlR/G+IeEggrnV1R52FPXz9LnOPyRdm+Py1VrvJgCmAP7INDYIMzUAE3oAocgMEjeAYv4NV4Mt6Md+Nj0jpn5DM74A+Mzx9SyZgL</latexit><latexit sha1_base64="x8mfGtXy1NinVZFKLkyCJKkB0AE=">AAACB3icbVDLSsNAFJ34rPUVHzs3g0VwISVRQV0IRTcuRCo0baGNYTKZtkMnkzAzKdTQH/Ar3OrKlbj1M1z4L07TLLT1wMC559zLnXv8mFGpLOvLmJtfWFxaLqwUV9fWNzbNre26jBKBiYMjFommjyRhlBNHUcVIMxYEhT4jDb9/PfYbAyIkjXhNDWPihqjLaYdipLTkmbt1eAnvvNuHE9hWNCRSFzXPLFllKwOcJXZOSiBH1TO/20GEk5BwhRmSsmVbsXJTJBTFjIyK7USSGOE+6pKWphzpRUfBgMYyo26aHTKCB9oMYCcS+nEFM/X3cIpCKYehrztDpHpy2huL/3mtRHXO3ZTyOFGE48miTsKgiuA4FRhQQbBiQ00QFlR/G+IeEggrnV1R52FPXz9LnOPyRdm+Py1VrvJgCmAP7INDYIMzUAE3oAocgMEjeAYv4NV4Mt6Md+Nj0jpn5DM74A+Mzx9SyZgL</latexit><latexit sha1_base64="x8mfGtXy1NinVZFKLkyCJKkB0AE=">AAACB3icbVDLSsNAFJ34rPUVHzs3g0VwISVRQV0IRTcuRCo0baGNYTKZtkMnkzAzKdTQH/Ar3OrKlbj1M1z4L07TLLT1wMC559zLnXv8mFGpLOvLmJtfWFxaLqwUV9fWNzbNre26jBKBiYMjFommjyRhlBNHUcVIMxYEhT4jDb9/PfYbAyIkjXhNDWPihqjLaYdipLTkmbt1eAnvvNuHE9hWNCRSFzXPLFllKwOcJXZOSiBH1TO/20GEk5BwhRmSsmVbsXJTJBTFjIyK7USSGOE+6pKWphzpRUfBgMYyo26aHTKCB9oMYCcS+nEFM/X3cIpCKYehrztDpHpy2huL/3mtRHXO3ZTyOFGE48miTsKgiuA4FRhQQbBiQ00QFlR/G+IeEggrnV1R52FPXz9LnOPyRdm+Py1VrvJgCmAP7INDYIMzUAE3oAocgMEjeAYv4NV4Mt6Md+Nj0jpn5DM74A+Mzx9SyZgL</latexit>

Why is the application of LQCD to NP so challenging?
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Most difficult challenge: an exponentially bad signal-to-noise problem 

Each quark propagator carries 
information about pions and nucleons 

(conversations with David Kaplan)

⇠ e�
1
2m⇡t + e�

1
3mN t + · · ·

<latexit sha1_base64="VDkGzATXuN5I7Iun55ix1iLs7/k="></latexit><latexit sha1_base64="VDkGzATXuN5I7Iun55ix1iLs7/k="></latexit><latexit sha1_base64="VDkGzATXuN5I7Iun55ix1iLs7/k="></latexit><latexit sha1_base64="VDkGzATXuN5I7Iun55ix1iLs7/k="></latexit>

�⇡(t)
<latexit sha1_base64="jtOBwlEP6dP3AwOI0FYNOwSwERM=">AAAB/3icbVBNS8NAFHzxs9avqkcvwSJUkJKIoN6KXjxWMLbQxLLZbNqlm82yuymU0ou/wquePIlXf4oH/4vbNAdtHVgYZubx9k0oGFXacb6speWV1bX10kZ5c2t7Z7eyt/+g0kxi4uGUpbIdIkUY5cTTVDPSFpKgJGSkFQ5upn5rSKSiKb/XI0GCBPU4jSlG2kiPPjPRCHV9QWv6pFupOnUnh71I3IJUoUCzW/n2oxRnCeEaM6RUx3WEDsZIaooZmZT9TBGB8AD1SMdQjhKiTqMhFSqnwTg/YGIfGzOy41Sax7Wdq7+HxyhRapSEJpkg3Vfz3lT8z+tkOr4MxpSLTBOOZ4vijNk6tadt2BGVBGs2MgRhSc23bdxHEmFtOiubPtz56xeJd1a/qrt359XGdVFMCQ7hCGrgwgU04Baa4AEGCc/wAq/Wk/VmvVsfs+iSVcwcwB9Ynz9RCpaY</latexit><latexit sha1_base64="jtOBwlEP6dP3AwOI0FYNOwSwERM=">AAAB/3icbVBNS8NAFHzxs9avqkcvwSJUkJKIoN6KXjxWMLbQxLLZbNqlm82yuymU0ou/wquePIlXf4oH/4vbNAdtHVgYZubx9k0oGFXacb6speWV1bX10kZ5c2t7Z7eyt/+g0kxi4uGUpbIdIkUY5cTTVDPSFpKgJGSkFQ5upn5rSKSiKb/XI0GCBPU4jSlG2kiPPjPRCHV9QWv6pFupOnUnh71I3IJUoUCzW/n2oxRnCeEaM6RUx3WEDsZIaooZmZT9TBGB8AD1SMdQjhKiTqMhFSqnwTg/YGIfGzOy41Sax7Wdq7+HxyhRapSEJpkg3Vfz3lT8z+tkOr4MxpSLTBOOZ4vijNk6tadt2BGVBGs2MgRhSc23bdxHEmFtOiubPtz56xeJd1a/qrt359XGdVFMCQ7hCGrgwgU04Baa4AEGCc/wAq/Wk/VmvVsfs+iSVcwcwB9Ynz9RCpaY</latexit><latexit sha1_base64="jtOBwlEP6dP3AwOI0FYNOwSwERM=">AAAB/3icbVBNS8NAFHzxs9avqkcvwSJUkJKIoN6KXjxWMLbQxLLZbNqlm82yuymU0ou/wquePIlXf4oH/4vbNAdtHVgYZubx9k0oGFXacb6speWV1bX10kZ5c2t7Z7eyt/+g0kxi4uGUpbIdIkUY5cTTVDPSFpKgJGSkFQ5upn5rSKSiKb/XI0GCBPU4jSlG2kiPPjPRCHV9QWv6pFupOnUnh71I3IJUoUCzW/n2oxRnCeEaM6RUx3WEDsZIaooZmZT9TBGB8AD1SMdQjhKiTqMhFSqnwTg/YGIfGzOy41Sax7Wdq7+HxyhRapSEJpkg3Vfz3lT8z+tkOr4MxpSLTBOOZ4vijNk6tadt2BGVBGs2MgRhSc23bdxHEmFtOiubPtz56xeJd1a/qrt359XGdVFMCQ7hCGrgwgU04Baa4AEGCc/wAq/Wk/VmvVsfs+iSVcwcwB9Ynz9RCpaY</latexit><latexit sha1_base64="jtOBwlEP6dP3AwOI0FYNOwSwERM=">AAAB/3icbVBNS8NAFHzxs9avqkcvwSJUkJKIoN6KXjxWMLbQxLLZbNqlm82yuymU0ou/wquePIlXf4oH/4vbNAdtHVgYZubx9k0oGFXacb6speWV1bX10kZ5c2t7Z7eyt/+g0kxi4uGUpbIdIkUY5cTTVDPSFpKgJGSkFQ5upn5rSKSiKb/XI0GCBPU4jSlG2kiPPjPRCHV9QWv6pFupOnUnh71I3IJUoUCzW/n2oxRnCeEaM6RUx3WEDsZIaooZmZT9TBGB8AD1SMdQjhKiTqMhFSqnwTg/YGIfGzOy41Sax7Wdq7+HxyhRapSEJpkg3Vfz3lT8z+tkOr4MxpSLTBOOZ4vijNk6tadt2BGVBGs2MgRhSc23bdxHEmFtOiubPtz56xeJd1a/qrt359XGdVFMCQ7hCGrgwgU04Baa4AEGCc/wAq/Wk/VmvVsfs+iSVcwcwB9Ynz9RCpaY</latexit>

�
<latexit sha1_base64="TUwgnFTq91JAaHs/kRDAu1marpQ=">AAAB9HicbZDNSsNAFIVv/K31r+rSzWARXEhJRFB3RTcuKxpbaEOZTCbp0MkkzEwqJfQR3OrKlbj1fVz4Lk7TLLT1wsDHOfdy7xw/5Uxp2/6ylpZXVtfWKxvVza3tnd3a3v6jSjJJqEsSnsiOjxXlTFBXM81pJ5UUxz6nbX94M/XbIyoVS8SDHqfUi3EkWMgI1ka670VRv1a3G3ZRaBGcEupQVqtf++4FCcliKjThWKmuY6fay7HUjHA6qfYyRVNMhjiiXYMCx1SdBiOWqgK9vLh6go6NGaAwkeYJjQr193COY6XGsW86Y6wHat6biv953UyHl17ORJppKshsUZhxpBM0jQAFTFKi+dgAJpKZsxEZYImJNkFVTR7O/O8XwT1rXDWcu/N687oMpgKHcAQn4MAFNOEWWuACgQie4QVerSfrzXq3PmatS1Y5cwB/yvr8AX7Okj4=</latexit><latexit sha1_base64="TUwgnFTq91JAaHs/kRDAu1marpQ=">AAAB9HicbZDNSsNAFIVv/K31r+rSzWARXEhJRFB3RTcuKxpbaEOZTCbp0MkkzEwqJfQR3OrKlbj1fVz4Lk7TLLT1wsDHOfdy7xw/5Uxp2/6ylpZXVtfWKxvVza3tnd3a3v6jSjJJqEsSnsiOjxXlTFBXM81pJ5UUxz6nbX94M/XbIyoVS8SDHqfUi3EkWMgI1ka670VRv1a3G3ZRaBGcEupQVqtf++4FCcliKjThWKmuY6fay7HUjHA6qfYyRVNMhjiiXYMCx1SdBiOWqgK9vLh6go6NGaAwkeYJjQr193COY6XGsW86Y6wHat6biv953UyHl17ORJppKshsUZhxpBM0jQAFTFKi+dgAJpKZsxEZYImJNkFVTR7O/O8XwT1rXDWcu/N687oMpgKHcAQn4MAFNOEWWuACgQie4QVerSfrzXq3PmatS1Y5cwB/yvr8AX7Okj4=</latexit><latexit sha1_base64="TUwgnFTq91JAaHs/kRDAu1marpQ=">AAAB9HicbZDNSsNAFIVv/K31r+rSzWARXEhJRFB3RTcuKxpbaEOZTCbp0MkkzEwqJfQR3OrKlbj1fVz4Lk7TLLT1wsDHOfdy7xw/5Uxp2/6ylpZXVtfWKxvVza3tnd3a3v6jSjJJqEsSnsiOjxXlTFBXM81pJ5UUxz6nbX94M/XbIyoVS8SDHqfUi3EkWMgI1ka670VRv1a3G3ZRaBGcEupQVqtf++4FCcliKjThWKmuY6fay7HUjHA6qfYyRVNMhjiiXYMCx1SdBiOWqgK9vLh6go6NGaAwkeYJjQr193COY6XGsW86Y6wHat6biv953UyHl17ORJppKshsUZhxpBM0jQAFTFKi+dgAJpKZsxEZYImJNkFVTR7O/O8XwT1rXDWcu/N687oMpgKHcAQn4MAFNOEWWuACgQie4QVerSfrzXq3PmatS1Y5cwB/yvr8AX7Okj4=</latexit><latexit sha1_base64="TUwgnFTq91JAaHs/kRDAu1marpQ=">AAAB9HicbZDNSsNAFIVv/K31r+rSzWARXEhJRFB3RTcuKxpbaEOZTCbp0MkkzEwqJfQR3OrKlbj1fVz4Lk7TLLT1wsDHOfdy7xw/5Uxp2/6ylpZXVtfWKxvVza3tnd3a3v6jSjJJqEsSnsiOjxXlTFBXM81pJ5UUxz6nbX94M/XbIyoVS8SDHqfUi3EkWMgI1ka670VRv1a3G3ZRaBGcEupQVqtf++4FCcliKjThWKmuY6fay7HUjHA6qfYyRVNMhjiiXYMCx1SdBiOWqgK9vLh6go6NGaAwkeYJjQr193COY6XGsW86Y6wHat6biv953UyHl17ORJppKshsUZhxpBM0jQAFTFKi+dgAJpKZsxEZYImJNkFVTR7O/O8XwT1rXDWcu/N687oMpgKHcAQn4MAFNOEWWuACgQie4QVerSfrzXq3PmatS1Y5cwB/yvr8AX7Okj4=</latexit>

�N (t)
<latexit sha1_base64="ffQNe+FaWim4sYml5+lZH1gPVrk=">AAAB/XicbVBNS8NAFNz4WetX1aOXxSJUkJKIoN6KXjxJBWMLTSibzaZdukmW3ZdCKQV/hVc9eRKv/hYP/he3aQ7aOrAwzMzjvZ1ACq7Btr+speWV1bX10kZ5c2t7Z7eyt/+o00xR5tJUpKodEM0ET5gLHARrS8VIHAjWCgY3U781ZErzNHmAkWR+THoJjzglYCTPEyYaku5dDU66lapdt3PgReIUpIoKNLuVby9MaRazBKggWnccW4I/Jgo4FWxS9jLNJKED0mMdQxMSM30aDrnUOfXH+fkTfGzMEEepMi8BnKu/h8ck1noUByYZE+jreW8q/ud1Mogu/TFPZAYsobNFUSYwpHjaBQ65YhTEyBBCFTdnY9onilAwjZVNH8787xeJe1a/qjv359XGdVFMCR2iI1RDDrpADXSLmshFFEn0jF7Qq/VkvVnv1scsumQVMwfoD6zPH5WrlZ0=</latexit><latexit sha1_base64="ffQNe+FaWim4sYml5+lZH1gPVrk=">AAAB/XicbVBNS8NAFNz4WetX1aOXxSJUkJKIoN6KXjxJBWMLTSibzaZdukmW3ZdCKQV/hVc9eRKv/hYP/he3aQ7aOrAwzMzjvZ1ACq7Btr+speWV1bX10kZ5c2t7Z7eyt/+o00xR5tJUpKodEM0ET5gLHARrS8VIHAjWCgY3U781ZErzNHmAkWR+THoJjzglYCTPEyYaku5dDU66lapdt3PgReIUpIoKNLuVby9MaRazBKggWnccW4I/Jgo4FWxS9jLNJKED0mMdQxMSM30aDrnUOfXH+fkTfGzMEEepMi8BnKu/h8ck1noUByYZE+jreW8q/ud1Mogu/TFPZAYsobNFUSYwpHjaBQ65YhTEyBBCFTdnY9onilAwjZVNH8787xeJe1a/qjv359XGdVFMCR2iI1RDDrpADXSLmshFFEn0jF7Qq/VkvVnv1scsumQVMwfoD6zPH5WrlZ0=</latexit><latexit sha1_base64="ffQNe+FaWim4sYml5+lZH1gPVrk=">AAAB/XicbVBNS8NAFNz4WetX1aOXxSJUkJKIoN6KXjxJBWMLTSibzaZdukmW3ZdCKQV/hVc9eRKv/hYP/he3aQ7aOrAwzMzjvZ1ACq7Btr+speWV1bX10kZ5c2t7Z7eyt/+o00xR5tJUpKodEM0ET5gLHARrS8VIHAjWCgY3U781ZErzNHmAkWR+THoJjzglYCTPEyYaku5dDU66lapdt3PgReIUpIoKNLuVby9MaRazBKggWnccW4I/Jgo4FWxS9jLNJKED0mMdQxMSM30aDrnUOfXH+fkTfGzMEEepMi8BnKu/h8ck1noUByYZE+jreW8q/ud1Mogu/TFPZAYsobNFUSYwpHjaBQ65YhTEyBBCFTdnY9onilAwjZVNH8787xeJe1a/qjv359XGdVFMCR2iI1RDDrpADXSLmshFFEn0jF7Qq/VkvVnv1scsumQVMwfoD6zPH5WrlZ0=</latexit><latexit sha1_base64="ffQNe+FaWim4sYml5+lZH1gPVrk=">AAAB/XicbVBNS8NAFNz4WetX1aOXxSJUkJKIoN6KXjxJBWMLTSibzaZdukmW3ZdCKQV/hVc9eRKv/hYP/he3aQ7aOrAwzMzjvZ1ACq7Btr+speWV1bX10kZ5c2t7Z7eyt/+o00xR5tJUpKodEM0ET5gLHARrS8VIHAjWCgY3U781ZErzNHmAkWR+THoJjzglYCTPEyYaku5dDU66lapdt3PgReIUpIoKNLuVby9MaRazBKggWnccW4I/Jgo4FWxS9jLNJKED0mMdQxMSM30aDrnUOfXH+fkTfGzMEEepMi8BnKu/h8ck1noUByYZE+jreW8q/ud1Mogu/TFPZAYsobNFUSYwpHjaBQ65YhTEyBBCFTdnY9onilAwjZVNH8787xeJe1a/qjv359XGdVFMCR2iI1RDDrpADXSLmshFFEn0jF7Qq/VkvVnv1scsumQVMwfoD6zPH5WrlZ0=</latexit>

d̄�5u : C(t) = A⇡e
�m⇡t + · · ·

<latexit sha1_base64="W/UcuvEXbPuk23xRhOt3t0Yy930="></latexit><latexit sha1_base64="W/UcuvEXbPuk23xRhOt3t0Yy930="></latexit><latexit sha1_base64="W/UcuvEXbPuk23xRhOt3t0Yy930="></latexit><latexit sha1_base64="W/UcuvEXbPuk23xRhOt3t0Yy930="></latexit>

(uTC�5d)u : C(t) = ANe�mN t + · · ·
<latexit sha1_base64="yRTzB/FdSsxQ1+WahDbq+wccD1s="></latexit><latexit sha1_base64="yRTzB/FdSsxQ1+WahDbq+wccD1s="></latexit><latexit sha1_base64="yRTzB/FdSsxQ1+WahDbq+wccD1s="></latexit><latexit sha1_base64="yRTzB/FdSsxQ1+WahDbq+wccD1s="></latexit>

Large pion eigenvalues must cancel to expose small nucleon eigenvalues

exponential noise 
power-law statistics⇠
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2-point correlation function
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Effective mass of Pion 2-point correlation function 
red and black “data” are from different choices of interpolating operators 
 
Noise is constant in time - can determine very clean ground state (blue band)
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For pions, need to consider leading finite 
temperature effects
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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 form-factor calculations (gA) and 
2+ nucleons 
- quark contraction cost becomes dominant 
- density of excited states grows significantly and gap becomes 

small (nuclear interaction energies instead of pion mass gap)

2-point correlation function
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uu

d

proton

xixf - xixf contractions
2!⇥ 1! = 2

uu

d

proton

u d

d

neutron xixf xixf- +... contractions
3!⇥ 3! = 36
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quark-exchange diagrams are source of  fermion sign problem 
expensive AND noisy :(

uu

d

proton

u d

d

neutron

u d

d

neutron

uu

d

proton
+...xixf contractions 

numerical cost exceeds 
HMC + props

6!⇥ 6! = 518400

There are clever solutions that reduce this cost significantly  
Yamazaki, Kuramashi, Ukawa arXiv:0912.1383,  
Doi, Endres arXiv:1205.0585, Detmold, Orginos arXiv:1207.1452 
Günther, Toth, Varnhorst arXiv:1301.4895 
But unfortunately, they only work with unrealistically simplistic interpolating operators in 
which all quarks originate from the same spacetime point, or are otherwise, identical
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LQCD and EFT

operators  
(Long- and pion-range) 

operators  
(short-range) 
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dim� 3

m�� : ⌫ ! ⌫c

⌫ ! ⌫c

0⌫�� 0⌫��

MF , M
AA,AP,PP,MM
GT,T MF,sd, M

AA,AP,PP
GT,sd , MAP,PP

T,sd

T 0⌫
1/2(0

+ ! 0+)

Electroweak symmetry 
breaking

Match to ChiPT  
(LECs in Table 1)

Construct             
operators (Eq. 24)

NMEs (Table 2)

Phase space integrals  
(Table 4)

0⌫��

n ! pe⌫ ⇡ ! e⌫ n ! p⇡eenn ! ppee ⇡⇡ ! ee

dim� 9

dd ! uuee

dim� 7

(d ! ue⌫)⌦ @µ

dim� 6

d ! ue⌫

Master formula 
(Eq. 38)

Example from 0νββ 
Cirigliano, Dekens, de Vries, Graesser, 
Mereghetti, arXiv:1806.02780

LQCD is used at the interface 
between QCD-level operators 
and Chiral Perturbation 
Theory 
Combining LQCD + EFT 
greatly extends the reach of  
application and prediction
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Lattice QCD

Determine 2, 3, 4 body forces directly from QCD
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Lattice QCD

Determine 2, 3, 4 body forces directly from QCD

Many Body EFT

match onto many body effective field theory
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HBχPT for MN up to NNLO

Chiral Perturbation Theory Overview Jenkins & Manohar Phys. Lett. B 255 (1991)

�MN =

NNLONLOLO

The pion mass dependence of the nucleon, and the nucleon sigma term
Notes

André Walker-Loud∗
(Dated: June 19, 2017 - 9:14)

LLO+NLO = F 2
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We want to understand the pion mass dependence of the nucleon and also to determine the pion-nucleon sigma
term

�⇡N ≡ �
q=u,d

mq
@

@mq
mN , (5)

which is relevant for direct dark matter detection. To a very good approximation, we can exchange the quark mass
dependence with pion mass dependence,

�⇡N � m⇡

2

@

@m⇡
mN(m⇡) , (6)

by using the LO relation between the pion mass and the quark mass. We can make this relationship robust to higher
orders by using the NLO or even NNLO relationship between the pion and quark mass
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to determine
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Is this a lattice artifact?  Or a conspiracy of QCD? 

All lattice calculations in 2008 with 2+1 dynamical fermion showed this linear 
pion mass dependence



What is the status now (2012)?

MN = �0 + �1m�

= 938± 9 MeV

Physical point NOT included in fit

MN Chiral Dynamics 2012: arXiv:1304.6341

MN ' 800 +m⇡ MeV

(MN = 802(13) + 0.991(27)m⇡)



MN Chiral Dynamics 2012: arXiv:1304.6341

What is the status now (2012)?

Taking this seriously yields 

MN = �0 + �1m�

= 938± 9 MeV

��N = 67± 4 MeV

m⇡ ' 174 MeV

m⇡ ' 758 MeV

MN ' 800 +m⇡ MeV
(MN = 802(13) + 0.991(27)m⇡)



NNLO fit
gA taken from our calculation
continuum, infinite volume extrapolated mass is consistent with 
RULER

MN work in progress

��� = 800 +m⇡ MeV
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Ruler applied to our new MDWF on HISQ results

MN work in progress

��� = 800 +m⇡ MeV
= 806(14) + 0.984(49) m𝜋

MN = c0 + c1 m⇡ + a2 a2 + cam,2 a2m⇡
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gA example 
Chang et al. arXiv:1805.12130
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convergence of  the chiral expansion…
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can we trust extrapolation of  quantities  
with chiraly-enhanced behavior? 
if  the single nucleon is not converging, would you 
trust chiral extrapolations of  two or more nucleons?
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Assignment

What is causing all the trouble for SU(2) baryon chiral perturbation theory? 
Large Nc arguments show a cancellation between nucleon and delta loops for gA, 
BUT, they add “coherently” for MN 

What is the range of  convergence of  SU(2) baryon chiral perturbation theory?
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Why is this an exciting time for LQCD and NP?



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)
M𝜋L = 4.93  (old M𝜋L = 3.2)
L5 = 24, Nsrc = 16

We are running gA(Q2) on Summit this year (DOE INCITE)
We anticipate improving gA to ~0.5%
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Simulating the weak death of  the neutron in a femtoscale universe 
with near-Exascale computing 
Berkowitz, Clark, Gambhir, McElvain, Nicholson, Rinaldi, Vranas,  
Walker-Loud, Chang, Joó, Kurth, Orginos  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Why is understanding the neutron lifetime interesting?
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Yes!  
With            !



Standard Model of Particle Physics

This is a very exciting time for basic science 
research with high-performance-computing 

The application of  LQCD to NP is very 
challenging 

Progress is very rewarding 

Necessary for a coordinated effort with 
Effective Theories of  NP - great 
opportunity to interface and learn other 
computational methods 

Summit is disruptively faster than Titan 
we are still learning to expand our vision of  
what can be accomplished 

Very exciting time to get involved: 
applications to NP which connect to 
experiment are just beginning


