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As some of  you may know, Wick 
does not work on the lattice, but 
rather lives in a harmonic oscillator

How has Wick impacted lattice QCD?
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As some of  you may know, Wick 
does not work on the lattice, but 
rather lives in a harmonic oscillator

How has Wick impacted lattice QCD?

But he is very welcoming and is 
encouraging us to fit the lattice in a 
harmonic oscillator as well
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In 2010 - Wick spent more or less all of  his LBNL start up funds to hire 
two lattice QCD postdocs - Sergey Syritsyn and myself  

my “unbiassed” opinion is this is fantastic! 
The goal was(is) to build a quantitative bridge between QCD and our 
understanding of  low-energy nuclear physics of  nucleons and nuclei 

I never asked, but I am certain my opportunity to come to LBNL then 
was at the strong recommendation of  Tom Luu (my first physics TA) 
and Martin Savage (my PhD advisor) [I spent 11 years @ UW as a 
student, u-grad then grad - during which, I never interacted with Wick] 

I also would bet none of  them (Martin, Tom, Wick) anticipated 
exactly how exciting the times would become from this move

How has Wick impacted lattice QCD?
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How has Wick impacted lattice QCD?
What I learned from Wick from 2010-2013 
Building on the experience I had in effective field theory and lattice QCD 
Over cups of  coffee, discussions of  harmonic oscillators and the fractional 
quantum hall effect, I developed a keen vision of  applying lattice QCD and 
EFT for problems in  

“fundamental symmetry tests” of  the Standard Model in low-energy 
nuclear environments (which I was mostly ignorant of) 
connections to nuclear astrophysics (for which I had a somewhat vague 
vision previously) 

Not to say that others did not already have this vision, just that it finally 
became my own vision (up to this point, I was very focussed on NN and YN 
interactions from LQCD and XPT and I was missing this bigger picture)
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LQCD and Forefront Questions in Nuclear Physics
nucleon structure origin of  matter

dark matter/matter interactions

hadronic parity violation

properties of  dense 
nuclear matter
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LQCD and Forefront Questions in Nuclear Physics
nucleon structure origin of  matter

dark matter/matter interactions

hadronic parity violation

properties of  dense 
nuclear matter

Of  course, we will not use LQCD to directly compute most of  these processes 

In each case, there are key pieces of  information that are challenging or impossible to determine 
from experimental information alone - and which we can address with LQCD 

Success will require a coordinated effort between LQCD, Effective Field Theory (EFT) and theories 
of  many body nuclear physics - allowing for the propagation of  a quantitative theoretical 
uncertainty, rooted in the Standard Model, into theories of  nuclear physics 
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Of  course, we will not use LQCD to directly compute most of  these processes 
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of  many body nuclear physics - allowing for the propagation of  a quantitative theoretical 
uncertainty, rooted in the Standard Model, into theories of  nuclear physics 
 
 
 
 
 
 
 

In fact - we have two new efforts precisely to develop and strengthen this coupling between LQCD 
and theories of  nuclear physics: 

DOE Nuclear Physics Topical Collaboration for ββ-decay and Fundamental Symmetries (and 
friends) https://a51.lbl.gov/~0nubb/webhome 

We are now working with ExaStar (D. Kasen and many others), an ECP project, to develop the 
software necessary to constrain the nuclear Equation of  State directly from QCD

https://a51.lbl.gov/~0nubb/webhome
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properties of  dense 
nuclear matter

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Our grandiose vision
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Initial conditions

neutron lifetimeWhat is the sensitivity of 
BBN to isospin breaking?

Heffernan, Banerjee and 
AWL - arXiv:1706.04991

Bd deuterium binding energy
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we can use this to determine the 
electromagnetic contribution
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Comparing the 
variation of 4He to 
the observed 
abundance 
4He tracks almost 
perfectly the nucleon 
mass splitting



Big Bang Nucleosynthesis and mn �mp

�Mn�p = �M �
n�p + �M�

n�p = 2.39
�

�phys
� 1.10

↵f.s.

↵phys
f.s.

MeV

Comparing the 
variation of 
Deuterium to the 
observed abundance 

electromagnetic 
effects in fusion 
cross sections are 
important, such that 
lines on constant D 
do not line up with 
Mn-Mp

Heffernan, Banerjee and 
AWL - arXiv:1706.04991
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The combined 
variation of D, 3He 
and 4He restrict 
possible primordial 
variations of isospin 
breaking to less than 
2% at the 95% 
confidence level 

This places tight 
constraints on 
possible extensions 
of the Standard 
Model

Heffernan, Banerjee and 
AWL - arXiv:1706.04991
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For fun - we can see what the 4He density would be for larger variations

Heffernan, Banerjee and 
AWL - arXiv:1706.04991
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How has Wick impacted lattice QCD?

Wick’s guidance, this new vision, and a growing independence 
pushed me over the edge to getting a faculty job 
wrote a successful Early Career Proposal 

With Wick’s support and encouragement 
I ultimately ended up back at LBNL to help cement a new lattice QCD effort here 
It is no longer true that all US LQCD people are members of  USQCD 

Increased competition leads to improved science! 
All of  the exciting results we have been generating (gA, 0νBB, …) would not have 
been possible had I and others remained in USQCD  

access to INCITE resources were essential for the results  
USQCD prohibits its members from writing independent INCITE proposals 

BUT - we still maintain a close working relationship with members of  USQCD - 
the partnership is also very valuable!
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Lattice QCD for Nuclear Physics
Lattice QCD offers us the promise of  quantitatively connecting our understanding of  
nuclear physics to QCD 

not just academically interesting - but essential for quantities difficult/impossible to 
measure 

hadronic parity violation! 
hyperon-nucleon interactions 
three-nucleon (YNN) interactions 
matrix elements of  BSM currents (0νββ) 
…
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Lattice QCD for Nuclear Physics
Lattice QCD offers us the promise of  quantitatively connecting our understanding of  nuclear 
physics to QCD 

The first dynamical LQCD calculation of  NN interactions was performed in 2006 
Beane, Bedaque, Orginos, Savage, PRL 97 (2006) [hep-lat/0602010] (NPLQCD) 
Mpi ~ {350, 450, 580} MeV 
Shortly after - the first approach to a new method for computing the NN potential 
Ishii, Aoki, Hatsuda PRL 99 (2007) [nucl-th/0611096] (HAL QCD) 
quenched-QCD: Mpi ~ {360, 530} MeV 

These papers set off  many years of  fiery debate (still going) about the validity of  the second 
method and systematic control in the first method culminating in the present situation 

In many important ways, we still have no reliable calculation of  NN interactions from LQCD 
near the physical pion mass (near = Mpi ≲ 200 MeV) or even lighter than the original work 
(Mpi~350 MeV) 
It is not even clear/certain whether two nucleons are bound at Mpi~800 MeV where the 
numerical challenges are exponentially easier
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Lattice QCD for Nuclear Physics
You have probably been hearing since 2006, that “in 5 years, we’ll have NN results at the physical 
pion mass…” 
Here we are, 14 years later, pretty much in the same position 

Why is this problem so challenging? 

What did the gurus miss for their estimates to be so off ?
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Lattice QCD for Nuclear Physics
You have probably been hearing since 2006, that “in 5 years, we’ll have NN results at the physical 
pion mass…” 
Here we are, 14 years later, pretty much in the same position 

Why is this problem so challenging? 

What did the gurus miss for their estimates to be so off ? 

Why should you believe me when I tell you “Within 5 years, we’ll have reliable NN results at the 
physical pion mass”?
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What does it mean to have a LQCD result?
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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Slide adapted from E. Berkowitz



LQCD challenges for NP
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)

C(t) =
X

n

znz
†
ne

�Ent

<latexit sha1_base64="ircctJaoXOuZpMJR+p13Yu2Vo4w=">AAACHHicbZDPSsNAEMY3/q3xX9Wjl8UiKGhJRFAPgiiCRwVrhbaGzWZal242YXdSqKHP4CP4FF715Em8Ch58F7e1B60ODPz4vhl25wtTKQx63oczNj4xOTVdmHFn5+YXFotLy1cmyTSHCk9koq9DZkAKBRUUKOE61cDiUEI1bJ/0/WoHtBGJusRuCo2YtZRoCs7QSkFx82QDN+khdesmiwPl3gWK2r6pR6zVAu3CTb59ajXsBcWSV/YGRf+CP4QSGdZ5UPysRwnPYlDIJTOm5nspNnKmUXAJPbeeGUgZb7MW1CwqFoPZijoiNQNs5IPrenTdmhFtJtq2QjpQfy7nLDamG4d2MmZ4a0a9vvifV8uwud/IhUozBMW/H2pmkmJC+1HRSGjgKLsWGNfCfpvyW6YZRxuoa/PwR6//C5Wd8kHZv9gtHR0PgymQVbJGNohP9sgROSPnpEI4uSeP5Ik8Ow/Oi/PqvH2PjjnDnRXyq5z3L6jXoEI=</latexit><latexit sha1_base64="ircctJaoXOuZpMJR+p13Yu2Vo4w=">AAACHHicbZDPSsNAEMY3/q3xX9Wjl8UiKGhJRFAPgiiCRwVrhbaGzWZal242YXdSqKHP4CP4FF715Em8Ch58F7e1B60ODPz4vhl25wtTKQx63oczNj4xOTVdmHFn5+YXFotLy1cmyTSHCk9koq9DZkAKBRUUKOE61cDiUEI1bJ/0/WoHtBGJusRuCo2YtZRoCs7QSkFx82QDN+khdesmiwPl3gWK2r6pR6zVAu3CTb59ajXsBcWSV/YGRf+CP4QSGdZ5UPysRwnPYlDIJTOm5nspNnKmUXAJPbeeGUgZb7MW1CwqFoPZijoiNQNs5IPrenTdmhFtJtq2QjpQfy7nLDamG4d2MmZ4a0a9vvifV8uwud/IhUozBMW/H2pmkmJC+1HRSGjgKLsWGNfCfpvyW6YZRxuoa/PwR6//C5Wd8kHZv9gtHR0PgymQVbJGNohP9sgROSPnpEI4uSeP5Ik8Ow/Oi/PqvH2PjjnDnRXyq5z3L6jXoEI=</latexit><latexit sha1_base64="ircctJaoXOuZpMJR+p13Yu2Vo4w=">AAACHHicbZDPSsNAEMY3/q3xX9Wjl8UiKGhJRFAPgiiCRwVrhbaGzWZal242YXdSqKHP4CP4FF715Em8Ch58F7e1B60ODPz4vhl25wtTKQx63oczNj4xOTVdmHFn5+YXFotLy1cmyTSHCk9koq9DZkAKBRUUKOE61cDiUEI1bJ/0/WoHtBGJusRuCo2YtZRoCs7QSkFx82QDN+khdesmiwPl3gWK2r6pR6zVAu3CTb59ajXsBcWSV/YGRf+CP4QSGdZ5UPysRwnPYlDIJTOm5nspNnKmUXAJPbeeGUgZb7MW1CwqFoPZijoiNQNs5IPrenTdmhFtJtq2QjpQfy7nLDamG4d2MmZ4a0a9vvifV8uwud/IhUozBMW/H2pmkmJC+1HRSGjgKLsWGNfCfpvyW6YZRxuoa/PwR6//C5Wd8kHZv9gtHR0PgymQVbJGNohP9sgROSPnpEI4uSeP5Ik8Ow/Oi/PqvH2PjjnDnRXyq5z3L6jXoEI=</latexit><latexit sha1_base64="ircctJaoXOuZpMJR+p13Yu2Vo4w=">AAACHHicbZDPSsNAEMY3/q3xX9Wjl8UiKGhJRFAPgiiCRwVrhbaGzWZal242YXdSqKHP4CP4FF715Em8Ch58F7e1B60ODPz4vhl25wtTKQx63oczNj4xOTVdmHFn5+YXFotLy1cmyTSHCk9koq9DZkAKBRUUKOE61cDiUEI1bJ/0/WoHtBGJusRuCo2YtZRoCs7QSkFx82QDN+khdesmiwPl3gWK2r6pR6zVAu3CTb59ajXsBcWSV/YGRf+CP4QSGdZ5UPysRwnPYlDIJTOm5nspNnKmUXAJPbeeGUgZb7MW1CwqFoPZijoiNQNs5IPrenTdmhFtJtq2QjpQfy7nLDamG4d2MmZ4a0a9vvifV8uwud/IhUozBMW/H2pmkmJC+1HRSGjgKLsWGNfCfpvyW6YZRxuoa/PwR6//C5Wd8kHZv9gtHR0PgymQVbJGNohP9sgROSPnpEI4uSeP5Ik8Ow/Oi/PqvH2PjjnDnRXyq5z3L6jXoEI=</latexit>

meff (t) =
1

⌧
ln

✓
C(t)

C(t+ ⌧)

◆

<latexit sha1_base64="ER1vuI1mOeDLt9mvlONrhuvcQl0="></latexit><latexit sha1_base64="ER1vuI1mOeDLt9mvlONrhuvcQl0="></latexit><latexit sha1_base64="ER1vuI1mOeDLt9mvlONrhuvcQl0="></latexit><latexit sha1_base64="ER1vuI1mOeDLt9mvlONrhuvcQl0="></latexit>

mcosh
eff (t, ⌧) =

1

⌧
cosh�1

✓
C(t+ ⌧) + C(t� ⌧)

2C(t)

◆

<latexit sha1_base64="kBhzkHrYQvizI0PkAeNIuI7p5kg="></latexit><latexit sha1_base64="kBhzkHrYQvizI0PkAeNIuI7p5kg="></latexit><latexit sha1_base64="kBhzkHrYQvizI0PkAeNIuI7p5kg="></latexit><latexit sha1_base64="kBhzkHrYQvizI0PkAeNIuI7p5kg="></latexit>

C(t) =
X

n

znz
†
n

⇣
e�Ent + e�En(T�t)

⌘

<latexit sha1_base64="GV6rtFS5QL6+Yp/cq6UStprfu8Y="></latexit><latexit sha1_base64="GV6rtFS5QL6+Yp/cq6UStprfu8Y="></latexit><latexit sha1_base64="GV6rtFS5QL6+Yp/cq6UStprfu8Y="></latexit><latexit sha1_base64="GV6rtFS5QL6+Yp/cq6UStprfu8Y="></latexit>

For pions, need to consider leading finite 
temperature effects
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Challenges in applying LQCD to NN
There are a few substantial challenges which make this problem particularly difficult 

The signal of  interest decays exponentially faster than the noise 
 
 

There is a much higher density of  low-lying excitations (need to filter out e.s. to get isolated state) 
 
 

The physics of  interest lies in the interactions, which are relatively very small 
 

The numerical expense to Wick contract all the quarks is exponentially high 
(the nice tricks you’ve likely heard of  to exploit symmetry to reduce this cost only work for 
unrealistically simple “wave functions”)

Signal

Noise
/

p
Nsamplese

A(mN� 3
2m⇡)t

<latexit sha1_base64="WdctYXuFHh0SkrpJ0taqmtaAB/c="></latexit>

E0 = 2mN +�0
<latexit sha1_base64="uCFl6/XSbzBjSF2ybxZJZhAt5oc=">AAACCXicbZDLSsNAFIYn9VbrLSqu3AwWQVBKUgXdCMULuJIK9gJtCJPJpB06mYSZSaGEPoFP4VZX7sStT+HCd3GaZqGtPwx8nP8czpzfixmVyrK+jMLC4tLySnG1tLa+sbllbu80ZZQITBo4YpFoe0gSRjlpKKoYaceCoNBjpOUNrid+a0iEpBF/VKOYOCHqcRpQjJQuueberWvBS1gN3Xt4DLs3hCnkWq5ZtipWJjgPdg5lkKvumt9dP8JJSLjCDEnZsa1YOSkSimJGxqVuIkmM8AD1SEcjRyGRJ/6QxjJDJ80uGcNDbfowiIR+XMGs+ns4RaGUo9DTnSFSfTnrTYr/eZ1EBRdOSnmcKMLxdFGQMKgiOIkF+lQQrNhIA8KC6m9D3EcCYaXDK+k87Nnr56FZrdinlerDWbl2lSdTBPvgABwBG5yDGrgDddAAGKTgGbyAV+PJeDPejY9pa8HIZ3bBHxmfP7MjmAY=</latexit>

En = 2

✓
mN +

1

2

|~n|(2⇡/L)2

mN
+ · · ·

◆
+�n

<latexit sha1_base64="rUyoXu5kaZg8LPIvIewn9KphGDU="></latexit>

~n = (1, 0, 0) for example
<latexit sha1_base64="karuqxGgg4XC2yz1rwF4Y16kyQk=">AAACG3icbZC7SgNBFIZnvRtvUUubwSAqhLCrgjaCaGMZwSRCEsLs5KwOzswuM2eDYckj+Ag+ha1WdmJrYeG7ONmk8PZXH+c/Z+acP0yksOj7H97E5NT0zOzcfGFhcWl5pbi6VrdxajjUeCxjcxUyC1JoqKFACVeJAaZCCY3w9mzoN3pgrIj1JfYTaCt2rUUkOENX6hS3Wz3gmR7QY7oTlP2yv0tbCHdoVEaj2FC4YyqRMOgUS37Fz0X/QjCGEhmr2il+troxTxVo5JJZ2wz8BNsZMyi4e6/QSi0kjN+ya2g61EyBLXd7IrE5trP8tgHdcmY3XyWKNdK8+n04Y8ravgpdp2J4Y397w+J/XjPF6KidCZ2kCJqPPopSSTGmw6BoVxjgKPsOGDfCrU35DTOMo4uz4PIIfl//F+p7lWC/sndxUDo5HSczRzbIJtkhATkkJ+ScVEmNcHJPHskTefYevBfv1XsbtU5445l18kPe+xeQLqAf</latexit>

�0,n ⌧ 2mN
<latexit sha1_base64="swyRoFwqZrMt7W3P57aNWAREqAg=">AAACCXicbZDLSsNAFIYn9VbrLSqu3AwWwUUpSRV0WdSFK6lgL9CEMJlM2qGTSZiZFEroE/gUbnXlTtz6FC58F6dpFtr6w8DH+c/hzPn9hFGpLOvLKK2srq1vlDcrW9s7u3vm/kFHxqnApI1jFouejyRhlJO2ooqRXiIIinxGuv7oZuZ3x0RIGvNHNUmIG6EBpyHFSOmSZx45t4Qp5GVWjU+hwxhsRN69Z1atupULLoNdQBUUannmtxPEOI0IV5ghKfu2lSg3Q0JRzMi04qSSJAiP0ID0NXIUEVkLxjSRObpZfskUnmozgGEs9OMK5tXfwxmKpJxEvu6MkBrKRW9W/M/rpyq8cjPKk1QRjueLwpRBFcNZLDCggmDFJhoQFlR/G+IhEggrHV5F52EvXr8MnUbdPq83Hi6qzesimTI4BifgDNjgEjTBHWiBNsAgA8/gBbwaT8ab8W58zFtLRjFzCP7I+PwBygyZUA==</latexit>

�deuteron
0 = Bd = 2.2 MeV ' 0.001⇥ 2mN

<latexit sha1_base64="CeyOSBD6ARSB0iuTLaIW9RMK9PI="></latexit>

cost / Nu!⇥Nd!
<latexit sha1_base64="uqM1eRL32GRbn46xGmpGyHpm0CQ=">AAACGnicbVDLSgMxFM34rPVVdekmtSgupMxUQZdFN65KBdsKbRkymYwGM5OQ3CmWoX/gJ/gVbnXlTty6ceG/mLaz8HUgcDjnXk7uCZTgBlz3w5mZnZtfWCwsFZdXVtfWSxubbSNTTVmLSiH1VUAMEzxhLeAg2JXSjMSBYJ3g9mzsdwZMGy6TSxgq1o/JdcIjTglYyS/t9YDdgY4zKg2Mij2lpQJZbPhpGfeAx8zghh+W/VLFrboT4L/Ey0kF5Wj6pc9eKGkaswSoIMZ0PVdBPyMaOBXMBqWGKUJvyTXrWpoQm3QQDrgyE9rPJqeN8K41QxxJbV8CeKJ+X85IbMwwDuxkTODG/PbG4n9eN4XopJ/xRKXAEjoNilKBQeJxTzjkmlEQQ0sI1dx+G9MbogkF22bR9uH9vv4vadeq3mG1dnFUqZ/mzRTQNtpB+8hDx6iOzlETtRBF9+gRPaFn58F5cV6dt+nojJPvbKEfcN6/AK7EoMs=</latexit>

deut: 36, nn: 48, npp: 2880, nnpp: 518400
<latexit sha1_base64="EmiqidiRyuu5ncS6dijcUy9LgVs="></latexit>



 23

Challenges in applying LQCD to NN
We have to 

Precisely determine a quantity which is at the per-mill level 

of  a signal that is decaying exponentially 

in a system with a pile up of  low-lying excited states 
(requiring either long time to resolve 

and the numerical cost of  Wick contractions exceeds the 
rest of  the computation

Signal
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p
Nsamplese

A(mN� 3
2m⇡)t

<latexit sha1_base64="WdctYXuFHh0SkrpJ0taqmtaAB/c="></latexit>

En = 2

✓
mN +

1

2

|~n|(2⇡/L)2

mN
+ · · ·

◆
+�n

<latexit sha1_base64="rUyoXu5kaZg8LPIvIewn9KphGDU="></latexit>

�0,n ⌧ 2mN
<latexit sha1_base64="swyRoFwqZrMt7W3P57aNWAREqAg=">AAACCXicbZDLSsNAFIYn9VbrLSqu3AwWwUUpSRV0WdSFK6lgL9CEMJlM2qGTSZiZFEroE/gUbnXlTtz6FC58F6dpFtr6w8DH+c/hzPn9hFGpLOvLKK2srq1vlDcrW9s7u3vm/kFHxqnApI1jFouejyRhlJO2ooqRXiIIinxGuv7oZuZ3x0RIGvNHNUmIG6EBpyHFSOmSZx45t4Qp5GVWjU+hwxhsRN69Z1atupULLoNdQBUUannmtxPEOI0IV5ghKfu2lSg3Q0JRzMi04qSSJAiP0ID0NXIUEVkLxjSRObpZfskUnmozgGEs9OMK5tXfwxmKpJxEvu6MkBrKRW9W/M/rpyq8cjPKk1QRjueLwpRBFcNZLDCggmDFJhoQFlR/G+IhEggrHV5F52EvXr8MnUbdPq83Hi6qzesimTI4BifgDNjgEjTBHWiBNsAgA8/gBbwaT8ab8W58zFtLRjFzCP7I+PwBygyZUA==</latexit>

cost / Nu!⇥Nd!
<latexit sha1_base64="uqM1eRL32GRbn46xGmpGyHpm0CQ=">AAACGnicbVDLSgMxFM34rPVVdekmtSgupMxUQZdFN65KBdsKbRkymYwGM5OQ3CmWoX/gJ/gVbnXlTty6ceG/mLaz8HUgcDjnXk7uCZTgBlz3w5mZnZtfWCwsFZdXVtfWSxubbSNTTVmLSiH1VUAMEzxhLeAg2JXSjMSBYJ3g9mzsdwZMGy6TSxgq1o/JdcIjTglYyS/t9YDdgY4zKg2Mij2lpQJZbPhpGfeAx8zghh+W/VLFrboT4L/Ey0kF5Wj6pc9eKGkaswSoIMZ0PVdBPyMaOBXMBqWGKUJvyTXrWpoQm3QQDrgyE9rPJqeN8K41QxxJbV8CeKJ+X85IbMwwDuxkTODG/PbG4n9eN4XopJ/xRKXAEjoNilKBQeJxTzjkmlEQQ0sI1dx+G9MbogkF22bR9uH9vv4vadeq3mG1dnFUqZ/mzRTQNtpB+8hDx6iOzlETtRBF9+gRPaFn58F5cV6dt+nojJPvbKEfcN6/AK7EoMs=</latexit>

deut: 36, nn: 48, npp: 2880, nnpp: 518400
<latexit sha1_base64="EmiqidiRyuu5ncS6dijcUy9LgVs="></latexit>

t / 1/(E1 � E0)
<latexit sha1_base64="qYZ/5zOfTsf7YWaXHXhbRMYaVeo=">AAACDHicbVDLSsNAFJ3UV62vqBvBzWARKmhNqqDLohRcVrAPaEOYTKbt0EkyzEwKJdRP8Cvc6sqduPUfXPgvTtMstPXAwOGce7lzjscZlcqyvozc0vLK6lp+vbCxubW9Y+7uNWUUC0waOGKRaHtIEkZD0lBUMdLmgqDAY6TlDW+nfmtEhKRR+KDGnDgB6oe0RzFSWnLNA9XlIuIqgjY8h6Waa8MzWHOtE9csWmUrBVwkdkaKIEPdNb+7foTjgIQKMyRlx7a4chIkFMWMTArdWBKO8BD1SUfTEAVEnvojymVKnSQNM4HH2vRhLxL6hQqm6u/lBAVSjgNPTwZIDeS8NxX/8zqx6l07CQ15rEiIZ4d6MYM6+7QZ6FNBsGJjTRAWVH8b4gESCCvdX0H3Yc+nXyTNStm+KFfuL4vVm6yZPDgER6AEbHAFquAO1EEDYPAInsELeDWejDfj3fiYjeaMbGcf/IHx+QNua5ji</latexit>
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A = 1
<latexit sha1_base64="Ek8gi5nl+SBcK0pDIHDqES5N/9I=">AAAB9XicbZDLSsNAFIZPvNZ6q7p0M1gEF1KSKuhGqLpxWdFeoA1lMpm0QyeTMDOplNBHcKsrd+LW53HhuzhNs9DWAwMf/38O58zvxZwpbdtf1tLyyuraemGjuLm1vbNb2ttvqiiRhDZIxCPZ9rCinAna0Exz2o4lxaHHacsb3k791ohKxSLxqMcxdUPcFyxgBGsjPVxfOb1S2a7YWaFFcHIoQ171Xum760ckCanQhGOlOo4dazfFUjPC6aTYTRSNMRniPu0YFDik6tQfsVhl6KbZ1RN0bEwfBZE0T2iUqb+HUxwqNQ490xliPVDz3lT8z+skOrh0UybiRFNBZouChCMdoWkEyGeSEs3HBjCRzJyNyABLTLQJqmjycOZ/vwjNasU5q1Tvz8u1mzyZAhzCEZyAAxdQgzuoQwMI9OEZXuDVerLerHfrY9a6ZOUzB/CnrM8fVsaR8w==</latexit>

single nucleon
<latexit sha1_base64="MqAjuhCUTSE/8is5jR4HNTx0mFY=">AAACC3icbZDLTgIxFIY7eEO8oS5cuGkkJi4MmUETXRLduMRELgkQ0ikHaOh0Ju0ZIpnwCD6FW125M259CBe+iwVmoeBJmnz5/3Pant+PpDDoul9OZmV1bX0ju5nb2t7Z3cvvH9RMGGsOVR7KUDd8ZkAKBVUUKKERaWCBL6HuD2+nfn0E2ohQPeA4gnbA+kr0BGdopU7+qIXwiDpIjFB9CVTFXEKoJp18wS26s6LL4KVQIGlVOvnvVjfkcQAKuWTGND03wnbCNAp74yTXig1EjA9ZH5oWFQvAnHdHIjIzbCezXSb01Jpd2gu1PQrpTP09nLDAmHHg286A4cAselPxP68ZY++6nQgVxQiKzx/qxZJiSKfB0K7QwFGOLTCuhf025QOmGUcbX87m4S1uvwy1UtG7KJbuLwvlmzSZLDkmJ+SMeOSKlMkdqZAq4WRCnskLeXWenDfn3fmYt2acdOaQ/Cnn8wfy25vL</latexit>
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NN LQCD Controversy
NPLQCD 
Yamazaki+Ishikawa+Kuramashi+Ukawa 
CalLat 
 
observe that for 

Bd > Bphys
d

<latexit sha1_base64="uWUSBTwSeDYq+P9qgUlMfzaQY0U=">AAACCHicbZC7TsMwFIYdrqXcwmVjsaiQGFCVFCSYUFUWxiLRi9SGyHGc1qqTWLZTKUR9AZ6CFSY2xMpbMPAuuGkGaDmSrU//f47s83ucUaks68tYWl5ZXVsvbZQ3t7Z3ds29/baME4FJC8csFl0PScJoRFqKKka6XBAUeox0vNHN1O+MiZA0ju5VyokTokFEA4qR0pJrHjZcH15DfT9kfRFCPkzlxDUrVtXKCy6CXUAFFNV0ze++H+MkJJHCDEnZsy2unAwJRTEjk3I/kYQjPEID0tMYoZDIM39MuczRyfJFJvBEmz4MYqFPpGCu/h7OUChlGnq6M0RqKOe9qfif10tUcOVkNOKJIhGePRQkDKoYTlOBPhUEK5ZqQFhQ/W2Ih0ggrHR2ZZ2HPb/9IrRrVfu8Wru7qNQbRTIlcASOwSmwwSWog1vQBC2AwSN4Bi/g1Xgy3ox342PWumQUMwfgTxmfP1RwmRw=</latexit>

300 . m⇡ . 800 MeV
<latexit sha1_base64="xyDvwr0WBbLxSTSWC/kJU9weoKY=">AAACIHicbZDNSgMxFIUz/tb6V3XpJlgEF6VkqmCXRTduhAq2Cp1SMumthiYzQ3JHLENfwkfwKdzqyp24VPBdTGsRrV4IfDnnXpJ7wkRJi4y9eTOzc/MLi7ml/PLK6tp6YWOzaePUCGiIWMXmMuQWlIyggRIVXCYGuA4VXIT945F/cQPGyjg6x0ECbc2vItmTgqOTOoXSPmOBAmut1FR3gkTS72uVMRog3KLRGT2F5rBTKLIyGxf9C/4EimRS9U7hI+jGItUQoVDc2pbPEmxn3KAUCob5ILWQcNHnV9ByGHENttS9kYkdYzsbLziku87s0l5s3ImQjtWfwxnX1g506Do1x2s77Y3E/7xWir1qO5NRkiJE4uuhXqooxnSUFu1KAwLVwAEXRrpvU3HNDRfoMs27PPzp7f9Cs1L298uVs4Ni7WiSTI5skx2yR3xySGrkhNRJgwhyRx7II3ny7r1n78V7/Wqd8SYzW+RXee+fK86ikw==</latexit>

Bnn > 0
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HAL QCD  
using a different method based on a 
Nambu-Bethe-Salpeter Kernel (potential) 
 
observe that for similar pion masses 
no bound deuteron or di-neutron

(Tetsuo Hatsuda originally thought he could be here, and I guess might have discussed some of  their results)

At first, most of  us dismissed this controversy as the HAL QCD method requires additional 
assumptions that are more difficult to quantify 

However, HAL QCD has more thoroughly studied the systematics in their method, as well as the 
standard method, than any other group, and they have presented criticism of  all of  our results that 
at present, are not definitively refuted
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NN LQCD Controversy
The heart of  the issues lies in the Signal-to-Noise and density of  states problem 

Signal-to-Noise → need early time 
Density of  states → need late time (or sophisticated “wave functions” to couple to single states much better)
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→1fm 2fm

These arguments are only qualitative - we need quantitative information 
Further evidence: all results with deep binding come from “wave functions” in which all 6 quarks originate 
from the same space-time point 
If  we pull the nucleons apart - the binding energy reduces or vanishes 

Deep binding is fake?  (HAL QCD suggestion) 
overlap of  deep binding state on diffuse operator is too small to detect state? (CalLat hypothesis) 

The resolution requires the use of  sophisticated “wave functions” that do a much better job of  coupling to 
single states → can extract the signal early in time before the noise swamps the signal
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NN LQCD Controversy
I returned to LBNL to work on building this bridge between QCD and nuclear physics
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NN LQCD Controversy
I returned to LBNL to work on building this bridge between QCD and nuclear physics 
and promptly focussed on properties of  the single nucleon… (it is relatively so much easier!) 

Our results are evidence that you should be excited about the prospect of  understanding nuclear physics 
(two or more nucleons) from QCD 

They show that precision properties involving nucleons with the full continuum, infinite volume, 
physical pion mass limits are possible 
The new supercomputers are disruptively fast (and the exascale machine is already commissioned) 
These results were made possible through new ideas in both physics and algorithms 

Ben Hörz (a postdoc I am working with) re-organized the Wick contraction code for two-nucleons 
(the sophisticated way) and achieved a 400 (500) x speed up for deuteron (nn)! 

Combining the 400x algorithmic speed up for contractions, with the computing speed up (15x for 
Summit vs Titan), we can now afford to implement sophisticated “wave functions” (physics 
optimization) and prepare the two-nucleon states at the source and sink to strongly overlap onto the 
states of  interest and extract the physics early in time where the signal is exponentially more precise



Peta scale computing era

Vulcan (BG/Q) 
5 PetaFlops

Surface

RZHasGPU

O(100 PFlops) O(ExaFlops)



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%

PRELIMINARY
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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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Neutrinoless Double Beta-Decay
long-range contribution 

(standard picture)
gA

gA

Long Range: lattice QCD can help understand “quenching” of gA in a nucleus - 
although - see Gysbers et al. Nature Phys (2019) [1903.00047] 

Short Range: lattice QCD is the ONLY theoretical tool we have to understand 
these contributions with quantified uncertainties 

Lattice QCD: compute 2-nucleon matrix elements to determine unknown 
couplings/transition rates 
Many Body Nuclear Effective Theory: take lattice QCD results as input and 
compute transition rate in nucleus (Haxton, others)

gA~

short-range contribution 
possibly equally/more important

~1/MR
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Neutrinoless Double Beta-Decay
long-range contribution 

(standard picture)
gA

gA

gA~

short-range contribution 
possibly equally/more important

~1/MR

gA~
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Neutrinoless Double Beta-Decay
long-range contribution 

(standard picture)
gA

gA

gA~

short-range contribution 
possibly equally/more important

~1/MR

d u

d u

e−

e−

gA~

Short Range Contribution
Need to know value of 4-quark matrix element in 
two-nucleon systems: LQCD is the only tool we 
have as we are not able to measure 0νββ in few-
nucleon systems - so need fundamental theory 
calculation
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Neutrinoless Double Beta-Decay
Short-range contribution: probe for heavy physics
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and the left-right symmetric model and compare them to each other. We summarize our

conclusions in Section V.

II. EFFECTIVE 0νββ-DECAY OPERATORS

The classification of the operators in L0νββ
EFF relies on two elements:

1. The use of symmetry to relate effective lepton-hadron 0νββ-decay operators to those

involving quarks and leptons. The relevant symmetries are parity and chiral SU(2).

Indeed, because the lepton-hadron effective operators are generated from the quark-

lepton operators through strong interactions, they should retain the same parity and

chiral structure.

2. The organization of these effective lepton-hadron operators in an expansion in powers

of a small momentum p.

To organize the non-standard model (NSM) operators in powers of p, consider first the

long range π-exchange contributions to 0νββ-decay of Figs. 2a,b, and c. The fact that pions

are Goldstone bosons allows us to use chiral perturbation theory [26, 27] to classify the NSM

hadronic operators in terms of a p/ΛH expansion, with ΛH = 4πfπ ∼ 1 GeV and p ∼ mπ

where fπ " 92.4 MeV is the pion decay constant. The leading order (LO) quark operators

should therefore induce effective hadronic operators that do not involve derivatives of the

pion fields or pion mass insertions2, the next-to-leading order (NLO) operators would involve

a single derivative of the pion field, the next-to-next-to-leading order (NNLO) would involve

FIG. 2: Diagrams that contribute to 0νββ at tree level. The exchange diagrams are not included.
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2 At tree level, the pion mass insertions always have the form m2
π and therefore do not contribute at LO or

NLO.
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Ken, Wick and colleagues can 
take this potential and compute 
the nuclear decay rate
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Yesterday 
Neutron Lifetime 
gA with 1% uncertainty 

Today (≤5years) 
gA to <0.5% 
proton charge radius 
Deuteron 
Hyperon-Nucleon interactions 

Tomorrow 
three-neutron force

Yesterday, Today and Tomorrow

0νββ 
𝜋- → 𝜋+ 
 

gA(Q2) 
two-nucleon axial response 
short distance NN matrix 
elements (4quark operators) 
 
 
hyperon-nucleon-nucleon forces
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𝜋- → 𝜋+ 
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hyperon-nucleon-nucleon forces

figure out how to formulate lattice QCD in a harmonic oscillator!
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I have not worked with harmonic oscillators 

Wick has not worked with lattice QCD 

Despite this lack of  obvious overlap, Wick has been very generous with 
his time, advice and resources 

I am very grateful for your mentorship and support as I have developed 
my research vision and career 

especially since I seem to have chosen to butt heads with more 
traditional sources of  support for young lattice/nuclear theorists

Happy Birthday Wick!


