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What we know

Strong Force
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What we know
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What we don’t know

CMB power spectrum

Best-fit    CDM
Ordinary matter only

Astrophysical and cosmological observations show that most of 
the universe is not ordinary Standard Model matter

Black Points - WMAP data

https://lambda.gsfc.nasa.gov/education/cmb_plotter/

⇤
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What we don’t know
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Dark matter direct detection

LUX

Theory 
assumptions

Experiments look for nuclei recoiling from scattering with 
something invisible

Heavy nuclei are often used to maximize sensitivity

Standard Model theory needed to relate nucleus - dark matter 
interactions with proton (or quark) - dark matter interactions

Akerib et al (LUX), PRL 118 (2017) !6
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Naive nuclei
Nuclei = naive shell model + QCD effects

Axial / tensor currents couple to nuclear spin

Scalar currents couple to total quark number of nucleus,  
— Dominate spin-independent dark matter scattering
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Solving the Standard Model

G2pt
n (t) = ∑

n

Bijk ⟨0 |uidjdk |n⟩
2

e−En t

Quantum observables can be represented by path integrals

Z =

Z
DUDqDq e�SQCD(U,q,q)

<latexit sha1_base64="df1uLnFd2V0u8mc8NwmD3puxAyA="></latexit>

=

Z
DU e�SG(U) det( /D(U) +mq)

<latexit sha1_base64="eH08Z73CtB0yKx/SY2/W/RreOqU="></latexit>

Quark path integral in QCD 
analytically calculable

Gluon path integral performed 
numerically with Monte Carlo sampling

If continuous spacetime is replaced with a finite-size discrete lattice of points, 
path integrals become well-defined multidimensional integrals

< O >=

Z

paths
d(path) O(path)

<latexit sha1_base64="TIDdrqdfYP8oVoyVj57Km6+t+ig="></latexit>
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Quark propagators

G2pt
n (t) = ∑

n

Bijk ⟨0 |uidjdk |n⟩
2

e−En t

For a fixed gluon field configuration, quark propagators calculable with 
linear algebra

( /D +m

q

)
xy

q(y) = s(x)
<latexit sha1_base64="CH3LchZ4WEbMkjaf8GCdZRI3u6Y=">AAACInicbVDLSsNAFJ34rPUVdelmsAopQklU0I1Q1IXLCvYBbQiTybQdOnl0ZiINIT/gd/gBbvUT3Ikrwb2/4bTNQlsPDBzOuXcu57gRo0Ka5qe2sLi0vLJaWCuub2xubes7uw0RxhyTOg5ZyFsuEoTRgNQllYy0Ik6Q7zLSdAfXY7/5QLigYXAvk4jYPuoFtEsxkkpy9EOjIxgSfeKlNxk8hr4zLDvpKMng0EjK8BIKY1R29JJZMSeA88TKSQnkqDn6d8cLceyTQGL1u2hbZiTtFHFJMSNZsRMLEiE8QD3SVjRAPhF2OkmTwSOleLAbcvUCCSfq740U+UIkvqsmfST7YtYbi/96edCZ87J7Yac0iGJJAjy93o0ZlCEc9wU9ygmWLFEEYU5VAIj7iCMsVatF1Yw128M8aZxUrNOKeXdWql7lHRXAPjgABrDAOaiCW1ADdYDBI3gGL+BVe9LetHftYzq6oOU7e+APtK8fXNeivw==</latexit>

< q(x)q(y) >= ( /D +m

q

)�1
xy

<latexit sha1_base64="bezqF+x8KQ4XhjfX7ErCbByLLro="></latexit>

Usually more efficient to solve linear equations with a given source, 
“point-to-all” propagator

More complex observables built from tensor products quark propagators

Repeatedly solving this linear system for a                  sparse matrix often 
dominant computational cost

109 ⇥ 109
<latexit sha1_base64="wfnoZT576BoHQdzyxAcvB0EYUCI=">AAACDXicbVDLSsNAFJ3UV62PRl26GSyCq5KoYN0V3LisYB/QxjKZ3LRDJ5MwMxFK6Df4AW71E9yJW7/BL/A3nLRZaOuBgcM593LuHD/hTGnH+bJKa+sbm1vl7crO7t5+1T447Kg4lRTaNOax7PlEAWcC2pppDr1EAol8Dl1/cpP73UeQisXiXk8T8CIyEixklGgjDe2q6zxcDzSLQOGcDu2aU3fmwKvELUgNFWgN7e9BENM0AqEpJ0r1XSfRXkakZpTDrDJIFSSETsgI+oYKYpK8bH74DJ8aJcBhLM0TGs/V3xsZiZSaRr6ZjIgeq2UvF//1lDllDMFSvA4bXsZEkmoQdJEephzrGOfV4IBJoJpPDSFUMvMBTMdEEqpNgRXTjLvcwyrpnNfdi7pzd1lrNoqOyugYnaAz5KIr1ES3qIXaiKIUPaMX9Go9WW/Wu/WxGC1Zxc4R+gPr8wf1A5qg</latexit>
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From quarks to nuclei

W. Detmold

Nuclei can be constructed from lattice QCD path integrals by contracting 
quark propagators with appropriately symmetrized nuclear wavefunctions

Calculations performed at unphysically heavy quark masses so far

Naive shell model describes the magnetic moments of light nuclei in nature 
and at heavier quark masses with surprisingly good accuracy

NPLQCD, 
PRL 87 (2013)

Doi and Endres, Comput. Phys. 
Commun. 184 (2013)

Detmold and Orginos, 
PRD 87 (2013)

Yamazaki et al, 
PRD 86 (2012) …



!11

Nuclear interactions

Deuteron Dineutron Triton
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<latexit sha1_base64="xCjjifCZUglIN9Q57vNWHNYXbdc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUsMeKF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ6iPo3/XLFrbpzkFXi5aQCORr98ldvkLAsRmmYoFp3PTc1/oQqw5nAaamXaUwpG9EIu5ZKGqP2J/NTp+TMKgMSJsqWNGSu/p6Y0FjrcRzYzpiaoV72ZuJ/XjczYc2fcJlmBiVbLAozQUxCZn+TAVfIjBhbQpni9lbChlRRZmw6JRuCt/zyKmldVL3Lqnt/VanX8jiKcAKncA4eXEMd7qABTWAQwTO8wpsjnBfn3flYtBacfOYY/sD5/AEHso2X</latexit>

Axial

�g(u+d+s)
A

2S3g
(u+d+s)
A

<latexit sha1_base64="RH0AI2LjGfP2VAzCx+DsKqwNMw4=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoFGrSCnZZ0YXLivYBTQyTyaQOnTyYmQgl5DPc+CtuXCjitjv/xmmbhbYeuHA4517uvceNGRXSML61wsrq2vpGcbO0tb2zu6fvH3RFlHBMOjhiEe+7SBBGQ9KRVDLSjzlBgctIzx1dTf3eE+GCRuG9HMfEDtAwpD7FSCrJ0c8snyOcWteESQSHzuVDWkmqXlWcZllav3MaC5qjl42aMQNcJmZOyiBH29EnlhfhJCChxAwJMTCNWNop4pJiRrKSlQgSIzxCQzJQNEQBEXY6eyyDJ0rxoB9xVaGEM/X3RIoCIcaBqzoDJB/FojcV//MGifSbdkrDOJEkxPNFfsKgjOA0JehRTrBkY0UQ5lTdCvEjUklJlWVJhWAuvrxMuvWa2agZt+flVjOPowiOwDGoABNcgBa4AW3QARg8g1fwDj60F+1N+9S+5q0FLZ85BH+gTX4ASl+eng==</latexit>

�g(u+d�2s)
A

2S3g
(u+d�2s)
A

<latexit sha1_base64="GxaBMQzZM2uuBETPYW3pDR7aOC8=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0WoiCVpBbus6MJlRfuAJobJZNIOnTyYmQgl5Dvc+CtuXCjiTtz4N07bLLT1wIXDOfdy7z1uzKiQhvGtFZaWV1bXiuuljc2t7R19d68jooRj0sYRi3jPRYIwGpK2pJKRXswJClxGuu7ocuJ3HwgXNArv5DgmdoAGIfUpRlJJjm5aPkc4ta4IkwgOnIv7tJKceKc1cZxlae3Wqc+Ljl42qsYUcJGYOSmDHC1H/7S8CCcBCSVmSIi+acTSThGXFDOSlaxEkBjhERqQvqIhCoiw0+lrGTxSigf9iKsKJZyqvydSFAgxDlzVGSA5FPPeRPzP6yfSb9gpDeNEkhDPFvkJgzKCk5ygRznBko0VQZhTdSvEQ6SykirNkgrBnH95kXRqVbNeNW7Oys1GHkcRHIBDUAEmOAdNcA1aoA0weATP4BW8aU/ai/aufcxaC1o+sw/+QPv6AU9Vnxo=</latexit>

�g(u�d)
A

4S3T3g
(u�d)
A

<latexit sha1_base64="llD7fTJ7T22eX8QznKXlNZtWiR0=">AAACF3icbVDLSsNAFJ34rPUVdelmsAh1YUlswS4runBZsS9oYphMJu3QyYOZiVBC/sKNv+LGhSJudeffOG2zsK0HLhzOuZd773FjRoU0jB9tZXVtfWOzsFXc3tnd29cPDjsiSjgmbRyxiPdcJAijIWlLKhnpxZygwGWk646uJ373kXBBo7AlxzGxAzQIqU8xkkpy9Irlc4RT64YwieDAuXpIy8m5d5Zlae3eqbac6pzo6CWjYkwBl4mZkxLI0XT0b8uLcBKQUGKGhOibRiztFHFJMSNZ0UoEiREeoQHpKxqigAg7nf6VwVOleNCPuKpQwqn6dyJFgRDjwFWdAZJDsehNxP+8fiL9up3SME4kCfFskZ8wKCM4CQl6lBMs2VgRhDlVt0I8RCooqaIsqhDMxZeXSeeiYlYrxl2t1KjncRTAMTgBZWCCS9AAt6AJ2gCDJ/AC3sC79qy9ah/a56x1RctnjsActK9fnN6eRA==</latexit>

⌫e

⌫e

⌫e

Coupling of nucleus to external probe (photon, W-boson, …) obtained from 
response to background field

Useful for computing experimentally 
inaccessible observables, e.g. 
proton-proton fusion rate

NPLQCD, PRL 120 (2018)

L1A = 3.9(0.2)(1.0)(0.4)(0.9) fm3
<latexit sha1_base64="xF0ylDfA50C9XjxON60EfhxgYJc=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqeyqYI8FLx4r2A9o15JNs21okl2T2WJZ9nd48aCIV3+MN/+NabsHbX0w8Hhvhpl5QSy4Adf9dgpr6xubW8Xt0s7u3v5B+fCoZaJEU9akkYh0JyCGCa5YEzgI1ok1IzIQrB2Mb2Z+e8K04ZG6h2nMfEmGioecErCS3wP2BGkos4f0MuuXK27VnQOvEi8nFZSj0S9/9QYRTSRTQAUxpuu5Mfgp0cCpYFmplxgWEzomQ9a1VBHJjJ/Oj87wmVUGOIy0LQV4rv6eSIk0ZioD2ykJjMyyNxP/87oJhDU/5SpOgCm6WBQmAkOEZwngAdeMgphaQqjm9lZMR0QTCjankg3BW355lbQuqt5l1b27qtRreRxFdIJO0Tny0DWqo1vUQE1E0SN6Rq/ozZk4L86787FoLTj5zDH6A+fzB1BOkmk=</latexit>

NPLQCD, PRL 119 (2017)

W-boson (axial) couplings of light 
nuclei differ from naive shell 
model productions by O(1%)

m⇡ ⇠ 800 MeV
<latexit sha1_base64="UgFtpMOKk/9uT2jFyZf4smoIeLE=">AAACGHicbVDLSgNBEJz1GeNr1ZteBoPgKeyqYI4BL16ECOYB2RBmJ51kyMzuMtMrhiXgd/gBXvUTvIlXb36Bv+HkcdDEgoaiqpvurjCRwqDnfTlLyyura+u5jfzm1vbOrru3XzNxqjlUeSxj3QiZASkiqKJACY1EA1OhhHo4uBr79XvQRsTRHQ4TaCnWi0RXcIZWaruHqh0kggZGKFryvIAGCA+Y3UBt1HYLXtGbgC4Sf0YKZIZK2/0OOjFPFUTIJTOm6XsJtjKmUXAJo3yQGkgYH7AeNC2NmALTyiY/jOiJVTq0G2tbEdKJ+nsiY8qYoQptp2LYN/PeWPzXM/aUPnTm1mO31MpElKQIEZ9u76aSYkzHKdGO0MBRDi1hXAv7AOV9phlHm2XeJuPP57BIamdF/7zo3V4UyqVZRjlyRI7JKfHJJSmTa1IhVcLJI3kmL+TVeXLenHfnY9q65MxmDsgfOJ8/Iu2fmw==</latexit>
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Dark matter and nuclei

Scalar coupling to strange quarks reduced by 10(4)% in   H 3

QCD effects reduce scalar couplings to light quarks by 1(1)% with nucleon 
number A=2 and 4(1)% with A=3

Hoferichter, Klos, Menéndez, Schwenk, PRD 94 (2016)

Fieguth et al, PRD 97 (2018)

Physical quark mass QCD results will 
test / inform models of experimentally 
relevant large nuclei

�R(u�d)
S

2T3
<latexit sha1_base64="8/6G0+tFTi4U54v2Fhyrt0aM6D4=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahLixJK+jCRUEXLqv2BU0Mk8mkHTp5MDMRSsjSjb/ixoUibv0Ed/6N0zYLrR64cDjnXu69x40ZFdIwvrTCwuLS8kpxtbS2vrG5pW/vdESUcEzaOGIR77lIEEZD0pZUMtKLOUGBy0jXHV1M/O494YJGYUuOY2IHaBBSn2IkleTo+5bPEU6tS8IkgjfO7V1aSY69oyxLay2nnjl62agaU8C/xMxJGeRoOvqn5UU4CUgoMUNC9E0jlnaKuKSYkaxkJYLECI/QgPQVDVFAhJ1OH8ngoVI86EdcVSjhVP05kaJAiHHgqs4AyaGY9ybif14/kf6ZndIwTiQJ8WyRnzAoIzhJBXqUEyzZWBGEOVW3QjxEKhmpsiupEMz5l/+STq1q1qvG9Um5cZ7HUQR74ABUgAlOQQNcgSZoAwwewBN4Aa/ao/asvWnvs9aCls/sgl/QPr4BeY2Y9A==</latexit>

gS
<latexit sha1_base64="Sh4XOkrnIsiMWNWKr1Nzz6csXpc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUsMeCF4+V2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipORo0B+WKW3UXIOvEy0kFcjQG5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5easOZnXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68TtpXVe+66j7cVOq1PI4inME5XIIHt1CHe2hACxiM4Ble4c0Rzovz7nwsWwtOPnMKf+B8/gAi+o2p</latexit>

�R(u+d�2s)
S

B
<latexit sha1_base64="XrJWTQvyyb8ASGUQdiUc0NNLTSc=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahIpakCrpwUdSFy/roA5oYJpNJO3TyYGYilJClG3/FjQtF3PoJ7vwbp20Waj1w4XDOvdx7jxszKqRhfGmFmdm5+YXiYmlpeWV1TV/faIko4Zg0ccQi3nGRIIyGpCmpZKQTc4ICl5G2Ozgf+e17wgWNwls5jIkdoF5IfYqRVJKjb1s+Rzi1LgiTCF47N3dpJdn3DmpiL8vSs8zRy0bVGANOEzMnZZCj4eiflhfhJCChxAwJ0TWNWNop4pJiRrKSlQgSIzxAPdJVNEQBEXY6fiSDu0rxoB9xVaGEY/XnRIoCIYaBqzoDJPvirzcS//O6ifRP7JSGcSJJiCeL/IRBGcFRKtCjnGDJhoogzKm6FeI+UslIlV1JhWD+fXmatGpV87BqXB2V66d5HEWwBXZABZjgGNTBJWiAJsDgATyBF/CqPWrP2pv2PmktaPnMJvgF7eMbboyY7g==</latexit>

�R(u+d+s)
S

B
<latexit sha1_base64="n4Gv9UR5oJg7EtDB2t0GEZ0kpKw=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQKZREBV24KOrCZX30AU0Mk8mkHTp5MDMRSsjOjb/ixoUibv0Fd/6N0zYLbT1w4XDOvdx7jxszKqRhfGuFufmFxaXicmlldW19Q9/caoko4Zg0ccQi3nGRIIyGpCmpZKQTc4ICl5G2O7gY+e0HwgWNwjs5jIkdoF5IfYqRVJKj71o+Rzi1LgmTCN44t/dpJal6VXGQZel55uhlo2aMAWeJmZMyyNFw9C/Li3ASkFBihoTomkYs7RRxSTEjWclKBIkRHqAe6SoaooAIOx3/kcF9pXjQj7iqUMKx+nsiRYEQw8BVnQGSfTHtjcT/vG4i/VM7pWGcSBLiySI/YVBGcBQK9CgnWLKhIghzqm6FuI9UMFJFV1IhmNMvz5LWYc08qhnXx+X6WR5HEeyAPVABJjgBdXAFGqAJMHgEz+AVvGlP2ov2rn1MWgtaPrMN/kD7/AHw9Ziw</latexit>

�R(s)
S

B
<latexit sha1_base64="SeN6djQ0i48BzD8s/hM5PW3i2mY=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahbkqigi5cFHXhsj76gCaGyXTSDp1MwsxEKCHgxl9x40IRt/6EO//GaZuFth64cDjnXu69x48Zlcqyvo3C3PzC4lJxubSyura+YW5uNWWUCEwaOGKRaPtIEkY5aSiqGGnHgqDQZ6TlDy5GfuuBCEkjfqeGMXFD1OM0oBgpLXnmjhMIhFPnkjCF4I13e59W5EGWpeeZZ5atqjUGnCV2TsogR90zv5xuhJOQcIUZkrJjW7FyUyQUxYxkJSeRJEZ4gHqkoylHIZFuOv4hg/ta6cIgErq4gmP190SKQimHoa87Q6T6ctobif95nUQFp25KeZwowvFkUZAwqCI4CgR2qSBYsaEmCAuqb4W4j3QoSsdW0iHY0y/PkuZh1T6qWtfH5dpZHkcR7II9UAE2OAE1cAXqoAEweATP4BW8GU/Gi/FufExaC0Y+sw3+wPj8AWrhl1k=</latexit>

Deuteron Dineutron Triton
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Isoscalar u+d-2s StrangeIsovector

NPLQCD, PRL 120 (2018)

— Dominant coupling in some BSM models

Are QCD effects on scalar couplings 
generically larger than axial couplings?

m⇡ ⇠ 800 MeV
<latexit sha1_base64="UgFtpMOKk/9uT2jFyZf4smoIeLE=">AAACGHicbVDLSgNBEJz1GeNr1ZteBoPgKeyqYI4BL16ECOYB2RBmJ51kyMzuMtMrhiXgd/gBXvUTvIlXb36Bv+HkcdDEgoaiqpvurjCRwqDnfTlLyyura+u5jfzm1vbOrru3XzNxqjlUeSxj3QiZASkiqKJACY1EA1OhhHo4uBr79XvQRsTRHQ4TaCnWi0RXcIZWaruHqh0kggZGKFryvIAGCA+Y3UBt1HYLXtGbgC4Sf0YKZIZK2/0OOjFPFUTIJTOm6XsJtjKmUXAJo3yQGkgYH7AeNC2NmALTyiY/jOiJVTq0G2tbEdKJ+nsiY8qYoQptp2LYN/PeWPzXM/aUPnTm1mO31MpElKQIEZ9u76aSYkzHKdGO0MBRDi1hXAv7AOV9phlHm2XeJuPP57BIamdF/7zo3V4UyqVZRjlyRI7JKfHJJSmTa1IhVcLJI3kmL+TVeXLenHfnY9q65MxmDsgfOJ8/Iu2fmw==</latexit>

If yes, QCD effects important for 
interpreting dark matter direct 
detection experiments
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Challenges ahead

Large lattice volumes require large amounts of memory

Most computational steps are “just” linear algebra, GPUs efficient

— ideally suited for parallel computation on many Blue Waters GPU nodes

Simple algorithms for light quark propagators 
inefficient at lighter quark masses

Monte Carlo noise grows exponentially as 
quark masses are reduced

— multigrid algorithms

signal

noise

/ e�A
(

MN� 3
2m⇡)t

<latexit sha1_base64="y4B7bJAqTZ2W7XTFwZmeARYqI+8="></latexit>

1H
2H
3He
4He

t

E

— high-statistics studies targeting 
important observables
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Software for solving QCD

Cuda code for 
e.g. optimized 
multigrid linear 
solvers on 
GPUs

QDP-JIT uses JIT compilation with LLVM or PTX to port QDP to GPUs 

Application 
layer

Libraries for 
parallel linear 
algebra (split 
lattice into 
subvolumes)

— effectively ports Chroma to GPUs and avoids Amdahl’s law issues   

Winter, Clark, Edwards, Joó, arXiv:1408.5925
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Gluon field generation

Momentum 
refreshed

Molecular 
dynamics

Molecular 
dynamics

Surfaces of 
constant S

Problem 1: gluon field configuration space is big         

dimensional for 643 ⇥ 128
<latexit sha1_base64="e06pS2nCX9KJQaHYzXMZdD+l354=">AAACCnicbVDLTgIxFO3gC/GFunTTSExckRkgypLoxiUm8khgIJ1OBxo6nUl7x4RM+AM/wK1+gjvj1p/wC/wNC8xCwZM0OTn3npzb48WCa7DtLyu3sbm1vZPfLeztHxweFY9P2jpKFGUtGolIdT2imeCStYCDYN1YMRJ6gnW8ye183nlkSvNIPsA0Zm5IRpIHnBIw0uCqNqj2gYdMY6dSHxZLdtleAK8TJyMllKE5LH73/YgmIZNABdG659gxuClRwKlgs0I/0SwmdEJGrGeoJCbITRdXz/CFUXwcRMo8CXih/nakJNR6GnpmMyQw1n9m2sSNmT9bNcw3/zP0EgjqbsplnACTdJkeJAJDhOe9YJ8rRkFMDSFUcfMBTMdEEQqmvYJpxlntYZ20K2WnWrbva6XGTdZRHp2hc3SJHHSNGugONVELUaTQM3pBr9aT9Wa9Wx/L1ZyVeU7RH1ifP8ybmhU=</latexit>

lattice

Problem 2: gluon effective action is non-local

Solution: hybrid Monte Carlo

1) Refresh momenta to random values 
2) Evolve fields along surface of constant S 

with classical molecular dynamics 
3) Accept/reject new field configuration

molecular dynamics with energy -> action

Prob(U) = e�SG(U)+ln det( /D(U)+mq)
<latexit sha1_base64="QQRrq1/x8hDBX++tpN+4x12N0IQ="></latexit>

109
<latexit sha1_base64="r7fipdHnUV9VW6nzGI2cx+c9TWs=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRIV1F3RjcsK9gFtLJPJTTN0MgkzE6GUbvwAt/oJ7sStf+IX+BtO2iy0euDC4Zx7ufceP+VMacf5tEpLyyura+X1ysbm1vZOdXevrZJMUmzRhCey6xOFnAlsaaY5dlOJJPY5dvzRde53HlAqlog7PU7Ri8lQsJBRonPJde4vB9WaU3dmsP8StyA1KNAcVL/6QUKzGIWmnCjVc51UexMiNaMcp5V+pjAldESG2DNUkBiVN5ndOrWPjBLYYSJNCW3P1J8TExIrNY590xkTHalFLxf/9ZQ5JcJgYb0OL7wJE2mmUdD59jDjtk7sPA07YBKp5mNDCJXMPGDTiEhCtcmsYpJxF3P4S9ondfe07tye1RpXRUZlOIBDOAYXzqEBN9CEFlCI4Ame4cV6tF6tN+t93lqyipl9+AXr4xsMTpZ1</latexit>
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Dealing with determinants

— linear solves become expensive

HMC performed in gluon and pseudofermion configuration space

Calculating full determinant of Dirac operator impractical 

det( /D +ms) ⇡
q
det( /D +ms)2

<latexit sha1_base64="Nc8AaSpAD5PwyuBft24a2MLsNY0="></latexit>

det( /D +ml)
2

<latexit sha1_base64="Uu022au5MIfCTOwdam0zCN63rPI=">AAACFXicbVDLSsNAFJ3UV62vqAsXboJFqAglqYIui7pwWcE+oIlhMrlph04ezEyEEvIdfoBb/QR34ta1X+BvOG2zsNUDA4dzz5mZe7yEUSFN80srLS2vrK6V1ysbm1vbO/ruXkfEKSfQJjGLec/DAhiNoC2pZNBLOODQY9D1RteTefcRuKBxdC/HCTghHkQ0oARLJbn6ge2DrNmCYTEEP7vJT0OXnTw0XL1q1s0pjL/EKkgVFWi5+rftxyQNIZJEXSb6lplIJ8NcUsIgr9ipgASTER5AX9EIhyCcbLpAbhwrxTeCmKsTSWOq/k5kOBRiHHrKGWI5FHOz4u/5YmDi/C/QT2Vw6WQ0SlIJEZm9HqTMkLExqcjwKQci2VgRTDhVCxhkiDkmUhVZUc1Yiz38JZ1G3Tqrm3fn1eZV0VEZHaIjVEMWukBNdItaqI0IytEzekGv2pP2pr1rHzNrSSsy+2gO2ucPePOexQ==</latexit>

=

Z
D'†D'e�'†( /D+ml)

�1'

<latexit sha1_base64="am8rO5wqa3UXdt7vWUd1QtHFU9U="></latexit>

Pseudofermions:

Light quarks

Hasenbusch preconditioning: det( /D +ml) =
det( /D +ml)

det( /D +m0)
det( /D +m0)

<latexit sha1_base64="cp1bUoQuBiGFDUc97VXRPC2/xXk=">AAACZnicdVHLSgMxFE3HV61aqyIu3ASL0CKUGRV0IxR14bKCfUCnlEzmThuaeZBkhDLML7r3C/QD3Cqm7SysbS8EDueRx4kTcSaVab7njLX1jc2t/HZhZ3evuF86OGzJMBYUmjTkoeg4RAJnATQVUxw6kQDiOxzazuhhordfQUgWBi9qHEHPJ4OAeYwSpal+aWi7oCq25EQOwU0eU3yB/T6v4jtse4LQZIWeLhfMarqC75fKZs2cDl4EVgbKKJtGv/RhuyGNfQgU1ZvJrmVGqpcQoRjlkBbsWEJE6IgMoKthQHyQvWTaSIrPNeNiLxR6BQpP2b+JhPhSjn1HO32ihnJOy+6e/g9MnMsC3Vh5t72EBVGsIKCz072YYxXiSefYZQKo4mMNCBVMPwDTIdHtKv0zBd2M9b+HRdC6rFlXNfP5uly/zzrKo1N0hirIQjeojp5QAzURRW/oC32jn9ynUTSOjZOZ1chlmSM0Nwb+BTxRuas=</latexit>

p
x ⇡ ↵0 +

X

i

↵i

x+ �i
<latexit sha1_base64="bA6SDhOeouLH0p8CLU2BIXOx0OY="></latexit>

Strange quarks — pseudofermions only work for squared determinants

Rational HMC: use an approximate square root

Contributions from all poles efficiently calculated using multi-shift solvers

Clark and Kennedy, Nucl. Phys. Proc. Suppl. 129 (2004)

Frommer et al, Int. J. Mod. Phys. C 6 (1995)

Multigrid! Hasenbusch, Phys. Lett. B 519 (2001)
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Multigrid
Low modes of the Dirac operator are responsible for “critical slowing down”

Babich et al, PRL 105 (2010)

Low modes less low on coarser grid

Practical speedups of 10x or more for light quark solvers

Restrict Prolongate

Clark et al, SC 16 Article 68 (2016)

Coarse-grid solution smoothed and 
prolongated, provides initial guess 
(preconditioner) for fine-grid solve
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HMC performance on BW

Strange quark solver: 167 s

Light quark solver:

HMC force assembly: 492 s

822 s

Total: 1481 s

lattice, 192 nodes  483 ⇥ 96
<latexit sha1_base64="2ANK5SoHmygmy62hNsXMtfjrNEY=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHxRHaFKN6IXjxiIo8EFjI7zMKE2UdmejWE8B9ePGiMV//Fm3/jAHtQsJJOKlXd6e7yYik02va3lVlb39jcym7ndnb39g/yh0cNHSWK8TqLZKRaHtVcipDXUaDkrVhxGniSN73R7cxvPnKlRRQ+4DjmbkAHofAFo2ikbrnSLZEOioBrcn3Zyxfsoj0HWSVOSgqQotbLf3X6EUsCHiKTVOu2Y8foTqhCwSSf5jqJ5jFlIzrgbUNDava4k/nVU3JmlD7xI2UqRDJXf09MaKD1OPBMZ0BxqJe9mfif107Qr7gTEcYJ8pAtFvmJJBiRWQSkLxRnKMeGUKaEuZWwIVWUoQkqZ0Jwll9eJY2LolMq2vflQvUmjSMLJ3AK5+DAFVThDmpQBwYKnuEV3qwn68V6tz4WrRkrnTmGP7A+fwB7yJEy</latexit>

Strange quark solver: 182 s

Light quark solver:

HMC force assembly: 568 s

418 s

Total: 1168 s

643 ⇥ 128
<latexit sha1_base64="qfZRtLp81dT1jLb+AM6C04vPQ0o=">AAAB+HicbVBNT8JAEJ3iF+IHVY9eNhITT6QFohyJXjxiIh8JVLJdtrBhu212tybY8Eu8eNAYr/4Ub/4bF+hBwZdM8vLeTGbm+TFnSjvOt5Xb2Nza3snvFvb2Dw6L9tFxW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+5Gbudx6pVCwS93oaUy/EI8ECRrA20sAuXtYeqqivWUgVciv1gV1yys4CaJ24GSlBhubA/uoPI5KEVGjCsVI914m1l2KpGeF0VugnisaYTPCI9gwV2Czy0sXhM3RulCEKImlKaLRQf0+kOFRqGvqmM8R6rFa9ufif10t0UPdSJuJEU0GWi4KEIx2heQpoyCQlmk8NwUQycysiYywx0SarggnBXX15nbQrZbdadu5qpcZ1FkceTuEMLsCFK2jALTShBQQSeIZXeLOerBfr3fpYtuasbOYE/sD6/AFcMJGX</latexit>

lattice, 512 nodes

Light quark 
solver pieces:

25%                          multigrid null space 
(7+8+11+18+25)%   Hasenbusch ratios 
7%                            other QUDA operations483 ⇥ 96

<latexit sha1_base64="2ANK5SoHmygmy62hNsXMtfjrNEY=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHxRHaFKN6IXjxiIo8EFjI7zMKE2UdmejWE8B9ePGiMV//Fm3/jAHtQsJJOKlXd6e7yYik02va3lVlb39jcym7ndnb39g/yh0cNHSWK8TqLZKRaHtVcipDXUaDkrVhxGniSN73R7cxvPnKlRRQ+4DjmbkAHofAFo2ikbrnSLZEOioBrcn3Zyxfsoj0HWSVOSgqQotbLf3X6EUsCHiKTVOu2Y8foTqhCwSSf5jqJ5jFlIzrgbUNDava4k/nVU3JmlD7xI2UqRDJXf09MaKD1OPBMZ0BxqJe9mfif107Qr7gTEcYJ8pAtFvmJJBiRWQSkLxRnKMeGUKaEuZWwIVWUoQkqZ0Jwll9eJY2LolMq2vflQvUmjSMLJ3AK5+DAFVThDmpQBwYKnuEV3qwn68V6tz4WrRkrnTmGP7A+fwB7yJEy</latexit>

(               )

Large memory needs for multigrid and QDP-JIT many node jobs
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Building nuclei from quarks on BW

Multigrid nullspace: 579 s

Quark wave functions:

Baryon blocks: 33 s

14 s

Total: 632 s

Light quark solver: 6 s

lattice, 128 nodes  483 ⇥ 96
<latexit sha1_base64="2ANK5SoHmygmy62hNsXMtfjrNEY=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHxRHaFKN6IXjxiIo8EFjI7zMKE2UdmejWE8B9ePGiMV//Fm3/jAHtQsJJOKlXd6e7yYik02va3lVlb39jcym7ndnb39g/yh0cNHSWK8TqLZKRaHtVcipDXUaDkrVhxGniSN73R7cxvPnKlRRQ+4DjmbkAHofAFo2ikbrnSLZEOioBrcn3Zyxfsoj0HWSVOSgqQotbLf3X6EUsCHiKTVOu2Y8foTqhCwSSf5jqJ5jFlIzrgbUNDava4k/nVU3JmlD7xI2UqRDJXf09MaKD1OPBMZ0BxqJe9mfif107Qr7gTEcYJ8pAtFvmJJBiRWQSkLxRnKMeGUKaEuZWwIVWUoQkqZ0Jwll9eJY2LolMq2vflQvUmjSMLJ3AK5+DAFVThDmpQBwYKnuEV3qwn68V6tz4WrRkrnTmGP7A+fwB7yJEy</latexit>

Multigrid nullspace: 579 s

Quark wave functions:

Sparse baryon blocks: 169 s

7,168 s

Total: 10,988 s

Light quark solver: 3,072 s

lattice, 128 nodes  483 ⇥ 96
<latexit sha1_base64="2ANK5SoHmygmy62hNsXMtfjrNEY=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHxRHaFKN6IXjxiIo8EFjI7zMKE2UdmejWE8B9ePGiMV//Fm3/jAHtQsJJOKlXd6e7yYik02va3lVlb39jcym7ndnb39g/yh0cNHSWK8TqLZKRaHtVcipDXUaDkrVhxGniSN73R7cxvPnKlRRQ+4DjmbkAHofAFo2ikbrnSLZEOioBrcn3Zyxfsoj0HWSVOSgqQotbLf3X6EUsCHiKTVOu2Y8foTqhCwSSf5jqJ5jFlIzrgbUNDava4k/nVU3JmlD7xI2UqRDJXf09MaKD1OPBMZ0BxqJe9mfif107Qr7gTEcYJ8pAtFvmJJBiRWQSkLxRnKMeGUKaEuZWwIVWUoQkqZ0Jwll9eJY2LolMq2vflQvUmjSMLJ3AK5+DAFVThDmpQBwYKnuEV3qwn68V6tz4WrRkrnTmGP7A+fwB7yJEy</latexit>

One quark propagator 
per gluon field

512 quark propagators 
per gluon field
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Impact
Our Blue Waters running began April, 2019

Calculations of nuclei with physical quark 
masses possible thanks to efficient algorithms 
and 100+ node Blue Waters GPU jobs

— results will provide insight into QCD effects on 
scalar currents needed to reliably interpret dark 
matter direct detection experiments

Same lattices useful for other calculations 
(fusion rates, double beta-decay, …)

— lattices will be made publicly available to broaden 
impact of Blue Waters production


