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The origin of matter 
Mechanism of asymmetric matter vs. antimatter production

Recent status: Tokai 2 Kamioka (T2K)

Current effort: T2HK with Hyper-Kamiokade


     DUNE @ Fermilab to Sanford


Searches for dark matter 
Only 5% is regular matter


Many ongoing efforts

Recent result Xenon1T


@ Grand Sasso

Stronger bound on 

WIMP dark matter


Properties of the neutrino 
What is the mass of the neutrino?

What is the origin of the neutrino mass?

Searches for neutrino-less double beta decay

e.g. CANDLES @ Kamioka with Ca-48


Additionally, there are specific “puzzles”

Super-Kamiokande

PRL 116, 112502

Bullet cluster nasa.gov

PRL 119, 181301

Some outstanding questions



Experimental measurements 
Bottle-type experiment 

Traps neutrons in bottle and measures how 
many are left.


Beam-type experiment 
Count protons emerging from a beam of 
neutrons.


If neutrons decay to dark matter, bottle 
lifetime will be shorter than beam lifetime!


Precision LQCD can be use to discriminate 
between beam and bottle measurements.


Big Bang Nucleosynthesis 
Prediction of the Helium-4 mass fraction is 
sensitive to the neutron lifetime.


Current observed values of Yp have >1% 
uncertainty, but improvement in both 
quantities may shed light on BSM physics.

1712.05663

Rev. Mod. Phys. 88, 015004

The neutron lifetime puzzle

http://nasa.gov


What is it? 
Axial coupling as function of momentum transfer

Fourier Transform of axial-charge density

Dictates quasi-elastic scattering of T2HK, DUNE


T2K: CP conservation excluded at 90% CI 
Hint of mechanism for leptogenesis?

Need more precise determination at T2HK, DUNE
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T2K PRL 118, 151801 (April 2017)

http://www.dunescience.org/

Precision axial form factor from LQCD
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J.Phys.G28:R1-R35,2002

MA set to 1.1 GeV

eN -> eπN: 1.069(16)

νN -> νN: 1.026(21)

Dipole is over-constraining

Experimental result noisy at Q2 != 0


Use LQCD to calculate GA(Q2)

Nucleon axial form factor



Lepton universality is also challenged in 
recent B-meson semileptonic decays 
experimental data @ ~4σ

In 2010 the size of the proton was measured in muonic Hydrogen

Radius shrank by 4% with 5σ tension with atomic Hydrogen

Result published in Nature 466, 213-216 (08 July 2010)

New York Times ran an article four days later gaining popularity


Result challenges lepton universality
New York Times Jul 12, 2010
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Proton radius and multiple independent B 
decay discrepancy -> new physics?


Lattice QCD can directly calculate the radius.

Proton charge radius puzzle



Experiments require fundamental understanding of nuclear physics  
DUNE uses Argon target

Dark matter detectors use Xenon

0νbb use nuclear spectroscopy


Quantum chromodynamics (QCD) 
Modern fundamental description of the strong interaction

Much of nuclear physics is in principle described by approximately 1 parameter

Goal: Understand how nuclei 
interact from first principle theory

Problem: elegant theory but hard to evaluate

Nuclear physics emerges from non-
perturbative dynamics of QCD

Solution:

Discretize theory: Lattice QCD non-
perturbatively regulates the theory

Discretization allows for numerical 
evaluation


LQCD can determine nuclear properties 
difficult or impossible to measure from 
experiment

Lattice QCD with many-body effective field 
theory is the only way to understand 
nuclear physics from first-principles OSU physics

Connecting QCD to nuclear physics



Fundamental parameter to much of nuclear physics 
Benchmark calculation for Lattice QCD 

Today I will present the first percent-level determination of gA from QCD 

(experiment is still 6 times more precise, but we are catching up!)

gQCD
A =1.2711(126)

gUNCA
A =1.2772(020)
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Phys. Rev. C 97, 035505
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The nucleon axial coupling

http://nasa.gov




Lattice QCD is QCD with non-perturbative (lattice) regularization 
Allows for first-principles approach to calculating hadronic observables

quarks (ψ)

gluons (U)

lattice spacing (a) 
(UV regulator)

finite volume (L3 x T) 
(IR regulator)

Evaluate Feynman path integral on the lattice
Wick rotate so domain of integration is finite

hAi = 1

Z

Z
[d ][d ̄][dU ]Ae�S[ ̄, ,U ]

=
1

Z

Z
[dU ]det

�
/D +m

�
e�S[U ]A
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Importance sample gauge field ~ e�S[U ]�ln det /D
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Observables from simple average hAi ⇡ 1

N

NX

i=1

A[Ui]
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Major lattice uncertainties and related issues

• continuum limit

• infinite volume

• light pion mass

tcomp. / 1/a6
<latexit sha1_base64="+ylqIokye7CvLP8hCHxT6EQzBWQ=">AAACHXicbVDNTgIxGOziH+LfqkcPbiQmnnDXGOVI4sUjJoImgKRbPqCh3Tbtt0ay4ehz+ABe9RG8Ga/GJ/A1LMgFcZImk5lpm5lYC24xDL+83MLi0vJKfrWwtr6xueVv79StSg2DGlNCmduYWhA8gRpyFHCrDVAZC7iJBxdj/+YejOUqucahhpakvYR3OaPopLa/j+2sifCARmZMSV0ajZraKI0qiI7p3VnbL4alcIJgnkRTUiRTVNv+d7OjWCohQSaotY0o1NjKqEHOBIwKzdSCpmxAe5BZF+hDZ0ZsOJpQCbaVTdqNgkOndIKuMu4kGEzUmWeotHYoY5eUFPv2rzcW//MaKXbLrYwnOkVI2O9H3VQErvt4qqDDDTAUQ0coM9wVCFifGsrQDVpwy0R/d5gn9ZNSFJaiq9NipTzdKE/2yAE5IhE5JxVySaqkRhh5JM/khbx6T96b9+59/EZz3vTOLpmB9/kDEG2ixQ==</latexit><latexit sha1_base64="+ylqIokye7CvLP8hCHxT6EQzBWQ=">AAACHXicbVDNTgIxGOziH+LfqkcPbiQmnnDXGOVI4sUjJoImgKRbPqCh3Tbtt0ay4ehz+ABe9RG8Ga/GJ/A1LMgFcZImk5lpm5lYC24xDL+83MLi0vJKfrWwtr6xueVv79StSg2DGlNCmduYWhA8gRpyFHCrDVAZC7iJBxdj/+YejOUqucahhpakvYR3OaPopLa/j+2sifCARmZMSV0ajZraKI0qiI7p3VnbL4alcIJgnkRTUiRTVNv+d7OjWCohQSaotY0o1NjKqEHOBIwKzdSCpmxAe5BZF+hDZ0ZsOJpQCbaVTdqNgkOndIKuMu4kGEzUmWeotHYoY5eUFPv2rzcW//MaKXbLrYwnOkVI2O9H3VQErvt4qqDDDTAUQ0coM9wVCFifGsrQDVpwy0R/d5gn9ZNSFJaiq9NipTzdKE/2yAE5IhE5JxVySaqkRhh5JM/khbx6T96b9+59/EZz3vTOLpmB9/kDEG2ixQ==</latexit><latexit sha1_base64="+ylqIokye7CvLP8hCHxT6EQzBWQ=">AAACHXicbVDNTgIxGOziH+LfqkcPbiQmnnDXGOVI4sUjJoImgKRbPqCh3Tbtt0ay4ehz+ABe9RG8Ga/GJ/A1LMgFcZImk5lpm5lYC24xDL+83MLi0vJKfrWwtr6xueVv79StSg2DGlNCmduYWhA8gRpyFHCrDVAZC7iJBxdj/+YejOUqucahhpakvYR3OaPopLa/j+2sifCARmZMSV0ajZraKI0qiI7p3VnbL4alcIJgnkRTUiRTVNv+d7OjWCohQSaotY0o1NjKqEHOBIwKzdSCpmxAe5BZF+hDZ0ZsOJpQCbaVTdqNgkOndIKuMu4kGEzUmWeotHYoY5eUFPv2rzcW//MaKXbLrYwnOkVI2O9H3VQErvt4qqDDDTAUQ0coM9wVCFifGsrQDVpwy0R/d5gn9ZNSFJaiq9NipTzdKE/2yAE5IhE5JxVySaqkRhh5JM/khbx6T96b9+59/EZz3vTOLpmB9/kDEG2ixQ==</latexit><latexit sha1_base64="+ylqIokye7CvLP8hCHxT6EQzBWQ=">AAACHXicbVDNTgIxGOziH+LfqkcPbiQmnnDXGOVI4sUjJoImgKRbPqCh3Tbtt0ay4ehz+ABe9RG8Ga/GJ/A1LMgFcZImk5lpm5lYC24xDL+83MLi0vJKfrWwtr6xueVv79StSg2DGlNCmduYWhA8gRpyFHCrDVAZC7iJBxdj/+YejOUqucahhpakvYR3OaPopLa/j+2sifCARmZMSV0ajZraKI0qiI7p3VnbL4alcIJgnkRTUiRTVNv+d7OjWCohQSaotY0o1NjKqEHOBIwKzdSCpmxAe5BZF+hDZ0ZsOJpQCbaVTdqNgkOndIKuMu4kGEzUmWeotHYoY5eUFPv2rzcW//MaKXbLrYwnOkVI2O9H3VQErvt4qqDDDTAUQ0coM9wVCFifGsrQDVpwy0R/d5gn9ZNSFJaiq9NipTzdKE/2yAE5IhE5JxVySaqkRhh5JM/khbx6T96b9+59/EZz3vTOLpmB9/kDEG2ixQ==</latexit>

tcomp. / V 5/4
<latexit sha1_base64="tHcMT4inyIVfCn0XA4jdgJkD9Mo=">AAACH3icbVDNSgMxGMz6W+tf1aOX1SJ4WnelokfBi8cKtgptLdn0WxtMNiH5VizLnn0OH8CrPoI38don8DVMfy5VBwLDzCRhJtaCWwzDoTc3v7C4tFxaKa+urW9sVra2m1ZlhkGDKaHMbUwtCJ5CAzkKuNUGqIwF3MQPFyP/5hGM5Sq9xoGGjqT3KU84o+ikbmUPu3kb4QmNzJmSOiiKtjZKo/Kbd/nJUa3oVqphEI7h/yXRlFTJFPVu5bvdUyyTkCIT1NpWFGrs5NQgZwKKcjuzoCl7oPeQWxfoQ29GbDmaUgm2k4/7Ff6BU3p+oow7KfpjdeYZKq0dyNglJcW+/e2NxP+8VobJWSfnqc4QUjb5KMmE79qPxvJ73ABDMXCEMsNdAZ/1qaEM3aRlt0z0e4e/pHkcRGEQXdWq52fTjUpkl+yTQxKRU3JOLkmdNAgjz+SVvJF378X78D69r0l0zpve2SEz8IY/8wOjyA==</latexit><latexit sha1_base64="tHcMT4inyIVfCn0XA4jdgJkD9Mo=">AAACH3icbVDNSgMxGMz6W+tf1aOX1SJ4WnelokfBi8cKtgptLdn0WxtMNiH5VizLnn0OH8CrPoI38don8DVMfy5VBwLDzCRhJtaCWwzDoTc3v7C4tFxaKa+urW9sVra2m1ZlhkGDKaHMbUwtCJ5CAzkKuNUGqIwF3MQPFyP/5hGM5Sq9xoGGjqT3KU84o+ikbmUPu3kb4QmNzJmSOiiKtjZKo/Kbd/nJUa3oVqphEI7h/yXRlFTJFPVu5bvdUyyTkCIT1NpWFGrs5NQgZwKKcjuzoCl7oPeQWxfoQ29GbDmaUgm2k4/7Ff6BU3p+oow7KfpjdeYZKq0dyNglJcW+/e2NxP+8VobJWSfnqc4QUjb5KMmE79qPxvJ73ABDMXCEMsNdAZ/1qaEM3aRlt0z0e4e/pHkcRGEQXdWq52fTjUpkl+yTQxKRU3JOLkmdNAgjz+SVvJF378X78D69r0l0zpve2SEz8IY/8wOjyA==</latexit><latexit sha1_base64="tHcMT4inyIVfCn0XA4jdgJkD9Mo=">AAACH3icbVDNSgMxGMz6W+tf1aOX1SJ4WnelokfBi8cKtgptLdn0WxtMNiH5VizLnn0OH8CrPoI38don8DVMfy5VBwLDzCRhJtaCWwzDoTc3v7C4tFxaKa+urW9sVra2m1ZlhkGDKaHMbUwtCJ5CAzkKuNUGqIwF3MQPFyP/5hGM5Sq9xoGGjqT3KU84o+ikbmUPu3kb4QmNzJmSOiiKtjZKo/Kbd/nJUa3oVqphEI7h/yXRlFTJFPVu5bvdUyyTkCIT1NpWFGrs5NQgZwKKcjuzoCl7oPeQWxfoQ29GbDmaUgm2k4/7Ff6BU3p+oow7KfpjdeYZKq0dyNglJcW+/e2NxP+8VobJWSfnqc4QUjb5KMmE79qPxvJ73ABDMXCEMsNdAZ/1qaEM3aRlt0z0e4e/pHkcRGEQXdWq52fTjUpkl+yTQxKRU3JOLkmdNAgjz+SVvJF378X78D69r0l0zpve2SEz8IY/8wOjyA==</latexit><latexit sha1_base64="tHcMT4inyIVfCn0XA4jdgJkD9Mo=">AAACH3icbVDNSgMxGMz6W+tf1aOX1SJ4WnelokfBi8cKtgptLdn0WxtMNiH5VizLnn0OH8CrPoI38don8DVMfy5VBwLDzCRhJtaCWwzDoTc3v7C4tFxaKa+urW9sVra2m1ZlhkGDKaHMbUwtCJ5CAzkKuNUGqIwF3MQPFyP/5hGM5Sq9xoGGjqT3KU84o+ikbmUPu3kb4QmNzJmSOiiKtjZKo/Kbd/nJUa3oVqphEI7h/yXRlFTJFPVu5bvdUyyTkCIT1NpWFGrs5NQgZwKKcjuzoCl7oPeQWxfoQ29GbDmaUgm2k4/7Ff6BU3p+oow7KfpjdeYZKq0dyNglJcW+/e2NxP+8VobJWSfnqc4QUjb5KMmE79qPxvJ73ABDMXCEMsNdAZ/1qaEM3aRlt0z0e4e/pHkcRGEQXdWq52fTjUpkl+yTQxKRU3JOLkmdNAgjz+SVvJF378X78D69r0l0zpve2SEz8IY/8wOjyA==</latexit>

exponentially bad
- condition number
- signal-to-noise

Introduction to Lattice QCD

http://nasa.gov


Very successful history in hadron spectroscopy
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B mesons offset by −4000 MeV

updated of plot in [hep-lat/1203.1204] 

Hadron spectroscopy on the lattice
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Over-constrain CKM unitarity with great success 

and many other examples in meson physics… 
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Phys. Rev. D 93, 113016

S. Collins Lattice16 Plenary

Why is gA different? 
• Large statistical uncertainty

• Large systematic uncertainty

• gA vs. pion mass show no clear trend

Flavor physics from Lattice QCD



Exponentially larger signal-to-noise compared to mesonic systems 

For an nucleon annihilation operator N, the time evolution of correlator (signal) is


(Euclidean spacetime, long time limit)


The variance of the correlator (noise) is


(long time limit only the lightest mode survives)


Signal-to-noise between mesonic and baryonic systems

light (pion/kaon) s/n/ e�[MeV]t/e�[MeV]t

heavy-light (B/D) s/n/ e�[GeV]t/e�[GeV]t

nucleon s/n/ e�[GeV]t/e�[MeV]t

hNN̄i =
X

i

hN |iihi|N̄ie�Eit / e�MN t
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VarhNN̄i =h|NN̄ |2i � |hNN̄i|2

=h|⇡⇡|3i � |hNN̄i|2 / e�3M⇡t
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Nucleon signal-to-noise problem

http://nasa.gov
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Rel. uncertainty grows but controlled.
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Rel. uncertainty may have correlated 
fluctuations before overwhelmed by noise.


(Light) baryons are most susceptible to 
systematic errors
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Phys. Rev. D 93, 113016

me↵ = ln
C(t)

C(t+ 1)

C(t) / e�Mnt
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Signal-to-noise in data
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Get more statistics 
Precision determination of gA is believed to be an exascale problem.


2016 DOE OSTI Nuclear Physics Exascale Requirements Review, Fig. 3-40


Use a different computational strategy 
Signal-to-noise is exponentially better at small time separations.


However, signal is polluted with systematics that needs to be fully controlled.
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Standard computational strategy 
typically yields data > 1fm to 

suppress systematics

Overcoming noise

http://nasa.gov


The Feynman-Hellmann theorem


can be evaluated on the lattice


from the definition of meff


Putting everything together


Good: Access small t where s/n is exp. improved.

Challenge: Control very large systematic effects.

FH method : Phys. Rev. D 96, 014504 (2017)
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@Ĥ�

@�

����� �

+

@me↵

@�
= hn|J |ni

6 8 10 12 14 16 18
t

0.48

0.50

0.52

0.54

0.56

0.58

0.60

M
ef

f

a09m350 me↵ = ln
C(t)

C(t+ 1)

C(t) / e�Mnt
<latexit sha1_base64="K/l0DcZbKHck51hE9PqGZV1JwI8="></latexit><latexit sha1_base64="K/l0DcZbKHck51hE9PqGZV1JwI8="></latexit><latexit sha1_base64="K/l0DcZbKHck51hE9PqGZV1JwI8="></latexit><latexit sha1_base64="K/l0DcZbKHck51hE9PqGZV1JwI8="></latexit>

@me↵

@�

����
�=0

=


@�C(t)

C(t)
� @�C(t+ 1)

C(t+ 1)

�����
�=0

<latexit sha1_base64="bp7wFWFcJmxfY72GwxHX+InviR8="></latexit><latexit sha1_base64="bp7wFWFcJmxfY72GwxHX+InviR8="></latexit><latexit sha1_base64="bp7wFWFcJmxfY72GwxHX+InviR8="></latexit><latexit sha1_base64="bp7wFWFcJmxfY72GwxHX+InviR8="></latexit>

@�C(t)|�=0
<latexit sha1_base64="0zjL3Ih1XfnclJlZ61ma4wGSh48=">AAACLXicbVDLSsNAFJ34tr6qLt0MFqFuYiKC3QgFNy4rWBWaECaTm3bo5MHMjVBiP8Pv8APc6ie4EMRtf8NpzabqgYHDOefO5Z4wl0Kj43xYC4tLyyura+u1jc2t7Z367t6tzgrFocszman7kGmQIoUuCpRwnytgSSjhLhxeTv27B1BaZOkNjnLwE9ZPRSw4QyMF9RNPQow29XKmUDAZeNIMR4xeNvHYU6I/wMegrMQLZxzUG47tzED/ErciDVKhE9QnXpTxIoEUuWRa91wnR7+cbuMSxjWv0JAzPmR9KLUJDCCaE3uGpiwB7Zeza8f0yCgRjTNlXop0ps59wxKtR0lokgnDgf7tTcX/vF6BccsvRZoXCCn/WRQXkmJGp9XRSCjgKEeGMK6EOYDyAVOMoym4Zppxf/fwl9ye2q5ju9dnjXar6miNHJBD0iQuOSdtckU6pEs4eSIv5JW8Wc/Wu/Vpff1EF6xqZp/MwZp8A5wBqKk=</latexit><latexit sha1_base64="0zjL3Ih1XfnclJlZ61ma4wGSh48=">AAACLXicbVDLSsNAFJ34tr6qLt0MFqFuYiKC3QgFNy4rWBWaECaTm3bo5MHMjVBiP8Pv8APc6ie4EMRtf8NpzabqgYHDOefO5Z4wl0Kj43xYC4tLyyura+u1jc2t7Z367t6tzgrFocszman7kGmQIoUuCpRwnytgSSjhLhxeTv27B1BaZOkNjnLwE9ZPRSw4QyMF9RNPQow29XKmUDAZeNIMR4xeNvHYU6I/wMegrMQLZxzUG47tzED/ErciDVKhE9QnXpTxIoEUuWRa91wnR7+cbuMSxjWv0JAzPmR9KLUJDCCaE3uGpiwB7Zeza8f0yCgRjTNlXop0ps59wxKtR0lokgnDgf7tTcX/vF6BccsvRZoXCCn/WRQXkmJGp9XRSCjgKEeGMK6EOYDyAVOMoym4Zppxf/fwl9ye2q5ju9dnjXar6miNHJBD0iQuOSdtckU6pEs4eSIv5JW8Wc/Wu/Vpff1EF6xqZp/MwZp8A5wBqKk=</latexit><latexit sha1_base64="0zjL3Ih1XfnclJlZ61ma4wGSh48=">AAACLXicbVDLSsNAFJ34tr6qLt0MFqFuYiKC3QgFNy4rWBWaECaTm3bo5MHMjVBiP8Pv8APc6ie4EMRtf8NpzabqgYHDOefO5Z4wl0Kj43xYC4tLyyura+u1jc2t7Z367t6tzgrFocszman7kGmQIoUuCpRwnytgSSjhLhxeTv27B1BaZOkNjnLwE9ZPRSw4QyMF9RNPQow29XKmUDAZeNIMR4xeNvHYU6I/wMegrMQLZxzUG47tzED/ErciDVKhE9QnXpTxIoEUuWRa91wnR7+cbuMSxjWv0JAzPmR9KLUJDCCaE3uGpiwB7Zeza8f0yCgRjTNlXop0ps59wxKtR0lokgnDgf7tTcX/vF6BccsvRZoXCCn/WRQXkmJGp9XRSCjgKEeGMK6EOYDyAVOMoym4Zppxf/fwl9ye2q5ju9dnjXar6miNHJBD0iQuOSdtckU6pEs4eSIv5JW8Wc/Wu/Vpff1EF6xqZp/MwZp8A5wBqKk=</latexit><latexit sha1_base64="0zjL3Ih1XfnclJlZ61ma4wGSh48=">AAACLXicbVDLSsNAFJ34tr6qLt0MFqFuYiKC3QgFNy4rWBWaECaTm3bo5MHMjVBiP8Pv8APc6ie4EMRtf8NpzabqgYHDOefO5Z4wl0Kj43xYC4tLyyura+u1jc2t7Z367t6tzgrFocszman7kGmQIoUuCpRwnytgSSjhLhxeTv27B1BaZOkNjnLwE9ZPRSw4QyMF9RNPQow29XKmUDAZeNIMR4xeNvHYU6I/wMegrMQLZxzUG47tzED/ErciDVKhE9QnXpTxIoEUuWRa91wnR7+cbuMSxjWv0JAzPmR9KLUJDCCaE3uGpiwB7Zeza8f0yCgRjTNlXop0ps59wxKtR0lokgnDgf7tTcX/vF6BccsvRZoXCCn/WRQXkmJGp9XRSCjgKEeGMK6EOYDyAVOMoym4Zppxf/fwl9ye2q5ju9dnjXar6miNHJBD0iQuOSdtckU6pEs4eSIv5JW8Wc/Wu/Vpff1EF6xqZp/MwZp8A5wBqKk=</latexit>

the derivative can be 
directly calculated 

(no finite differences)0 5 10 15
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Feynman-Hellmann on the lattice
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Excited-states present at small t

Correlated fluctuations at larger t 

Additionally:

- p-value > 0.05 

- Gaussian bootstrap dist.

- e.s. subtract data is const. inside fit region
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ZA / ZV = 1
@ one part in 10,000

Conclusion
the ratio gA/gV is continuum-like
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a15m310 : SMOMγµ

a12m310 : SMOMγµ

a09m310 : SMOMγµ

a15m310 : SMOM/q

a12m310 : SMOM/q

a09m310 : SMOM/q

Purpose
• the axial and vector currents have 

discretization errors
• correct for differences by matching lattice to 

continuum vertex functions

Details
• non-perturbative Rome-Southampton 

renormalization procedure
• non-exceptional kinematics (RI-SMOM)
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(ZA/ZV � 1)[10�6]

a15m310 Stochastic
Gribovcalculate ratio

by definition 
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ZV g̊V = 1

Renormalization



HISQ action
Errors starting at
Lüscher-Weisz action
Errors starting at                    

Möbius domain-wall
tune 
Errors effectively start at 

O(↵sa
2, a4)

O(↵2
sa

2, a4)

mres < 0.1ml

O(a2,↵sa
2
)

physical point

subset of MILC ensembles additional

volume study

MILC configurations are the 
only publicly available 
dataset capable of
• chiral extrapolation to 

physical pion mass
• continuum extrapolation
• infinite volume extrapolation

• all ensembles have add. 4D 
gradient-flow smearing

unofficial MILC cow 
MILC = MIMD Lattice Computation 
(the acronym has an acronym in the acronym) MILC HISQ : Phys. Rev. D 87, 054505 (2013)


130 220 310 350 400
m⇡ [MeV]

0.00

0.092

0.122

0.152

a2
[f
m

2 ]
HISQ gauge configurations and mixed action



Strategy
• the final result is insensitive to a wide array of variations
• stability of the result is enhanced though a weighted average of different models

The final result for the nucleon axial coupling is gA = 1.271(13)

What goes in here?
• 5 pion masses
• 3 lattice spacing
• 3 to 7 fm box (3.2 < mπL < 5.8)
• weighted average of different 

models
0.00 0.05 0.10 0.15 0.20 0.25 0.30

✏⇡ = m⇡/(4⇡F⇡)

1.10

1.15

1.20

1.25

1.30

1.35

g A

model average
gLQCD
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gPDG
A = 1.2723(23)
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Extrapolation to the physical point



Model averaging accounts for uncertainty from different physical-point extrapolations
• in general provides better out-of-sample forecast
• naturally expressed under the Bayesian framework

Marginalize over set of models

Bayes’ Theorem gives

where P(D|Mk) is marginalized over params

Model averaged posterior distribution is

P (gA|D) =
X

k

P (gA|Mk, D)P (Mk|D)

P (Mk|D) =
P (D|Mk)P (Mk)P
l P (D|Ml)P (Ml)

P (D|Mk) =

Z
P (D|✓k,Mk)P (✓k|Mk)d✓k

E[gA] =
X

k

E[gA|Mk]P (Mk|D) Var[gA] =
X

k

Var[gA|Mk]P (Mk|D)

+

(
X

k

E2[gA|Mk]P (Mk|D)

)
� E2[gA|D]

Kass and Raftery Bayes Factors (1995)

1.24 1.26 1.28 1.30 1.32
gA

NLO Taylor ✏2
⇡

NNLO Taylor ✏2
⇡

NNLO+ct �PT
NNLO �PT
NLO Taylor ✏⇡

NNLO Taylor ✏⇡

model average

Bayesian model averaging



Taylor expansions around mπ = 0                

Infinite volume extrapolation
leading order

approximate NLO

Baryon chiral perturbation theory

Continuum extrapolation

Dimensionless parameters

Model set

NLO Taylor ✏⇡ : c0 + c1✏⇡ + �a + �L
NNLO Taylor ✏⇡ : c0 + c1✏⇡ + c2✏2⇡ + �a + �L

NLO Taylor ✏2⇡ : c0 + c2✏2⇡ + �a + �L
NNLO Taylor ✏2⇡ : c0 + c2✏2⇡ + c4✏4⇡ + �a + �L

NNLO �PT: g�PT
A + �a + �L

NNLO+ct �PT: g�PT
A + c4✏4⇡ + �a + �L

g�PT
A =g0 + c2✏

2
⇡ � ✏2⇡(g0 + 2g30) ln(✏

2
⇡)

+ g0c3✏
3
⇡

Summary of results
Fit �2/dof L(D|Mk) P (Mk|D) P (gA|Mk)

NNLO �PT 0.727 22.734 0.033 1.273(19)

NNLO+ct �PT 0.726 22.729 0.033 1.273(19)

NLO Taylor ✏2⇡ 0.792 24.887 0.287 1.266(09)

NNLO Taylor ✏2⇡ 0.787 24.897 0.284 1.267(10)

NLO Taylor ✏⇡ 0.700 24.855 0.191 1.276(10)

NNLO Taylor ✏⇡ 0.674 24.848 0.172 1.280(14)

average 1.271(11)(06)
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Double log : Phys. Lett. B639, 278 (2006)Convergence of chiral expansion
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final result

fits that enter the 
average

discretization

finite volume

prior widths

pion mass cuts

lattice spacing cuts

additional results
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Chiral-continuum sensitivity analysis



Sources of uncertainty
statistical
gA, gV, mπ, PDG mπ & Fπ

chiral extrapolation
weighted επ coefficient uncertainties

continuum extrapolation
weighted εa coefficient uncertainties

finite volume
weighted f3 coefficient uncertainties

isospin breaking
Largest uncertainty comes from 

Final result
gA = 1.271(13) 

Recap summary

1.10 1.15 1.20 1.25 1.30 1.35

PDG17
this work

CLS17
ETMC17

PNDME16
ETMC15

†RQCD14

QCDSF13

†QCDSF13

CLS12
LHPC05

Summary of uncertainties
statistical 0.81%
chiral extrapolation 0.15%
continuum extrapolation 0.12%
infinite volume extrap. 0.15%
isospin breaking 0.03%
model selection 0.43%
total (in quadrature) 0.99%
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Systematic error budget



⌧n =
4908.7(1.9)sec

|Vud|2(1 + 3g2A)

Neutron lifetime : Phys. Rev. Lett 96 032002 (2006)

FNAL/MILC Vud  : Phys. Rev. D90 074509 (2014)

Numerator from one-loop 
electroweak contributions

Vud from FNAL/MILC 14
Vud = 0.97438(12)

free neutron lifetime
880(14) seconds

~ 14 minutes 40 seconds

PDG lifetime
880.2(1.0) seconds

consistent at 1.6%

The lifetime of a free neutron from LQCD



This work
First 1% determination of gA from Lattice QCD.

Neutron lifetime puzzle
The current determination of the axial coupling is statistics limited.
Neutron lifetime differ by 1% between beam vs. bottle.
A 0.3% determination of gA can discriminate two results at 1σ (τ ~ 0.5%).
New 100+ PFLOP supercomputers will help achieve this goal.

Applications to other single nucleon observables (in no particular order)
Proton radius puzzle
Atomic and muonic Hydrogen radii differ by 4%.
Goal to directly determine the radius at 1%.
Development of new methods may let us achieve this goal.

Nucleon axial form factor
Long baseline neutrino experiments may uncover large sources of leptonic CP-violation.
Precise experiments with precise prediction of the entire axial form factor is needed.
The Feynman-Hellmann method may be applied to non-zero momentum (and other ideas).

Charm content of the nucleon
WIMP-N cross section is particularly sensitive to the charm content.
Need ~10% precision to motivate detector size. [PRL 112, 211602]

Outlook
https://www.nature.com/articles/s41586-018-0161-8


www.github.com/callat-qcd/project_gA

https://www.nature.com/articles/s41586-018-0161-8
http://www.github.com/callat-qcd/project_gA
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