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New physics and nuclei
Nuclei are abundant and useful 

experimental targets

Xenon1T constraint on dark matter-nucleus

Converting between nuclear- and 
nucleon-level cross-sections requires

• Nuclear models (uncertainty quantification?)  

• Direct LQCD calculations (impractical) 

• LQCD informed EFT + modeling

New physics searches such as dark matter direct detection and             require 
nuclear matrix elements to relate experimental observables and theory parameters 

DUNE

Standard Model predictions with controlled uncertainties essential for next-generation 
accelerator neutrino experiments aiming for few-percent systematic uncertainties
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Many-quark bound-state structure
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The partonic structure of nuclei is 
noticeably different from the nucleon

Malace et al, Int. J. Mod. Phys. E 23 (2014)

Gysbers et al, Nature Phys. 15 (2019)

The emergence of the EMC effect and it’s 
analogs from QCD is not yet understood

Aubert et al (EMC), Phys. Lett. 123B (1983)

Chen and Detmold, Phys. Lett. B 625 (2005)

LQCD results for light nuclei can constrain 
EFT and test models of EMC effect

Review: Hen et al, Rev. Mod. Phys. 89 (2017)

Electroweak reaction rates can be 
reproduced without “quenching”        in 
chiral EFT and nuclear model 
calculations including multi-nucleon 
correlations and currents

gA
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Do nuclear effects on axial currents 
emerge from the Standard Model?

Pastore et al, PRC 97 (2018)

Gysbers et al, Nature Phys. 15 (2019)
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Nuclear matrix elements

Nuclear matrix elements determined from 3-point correlation functions including a 
local operator insertion

LQCD spectrum determined from 2-point correlation functions

=
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Magnetic moments of light 
nuclei computed with 
heavier-than-physical 
quark masses

hadron masses

�(np ! d�)
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two-body currents

Electromagnetic structure of nuclei
First nuclear matrix elements computed from linear response to applied 

background magnetic fields, e.g.                  energy splitting 3S1 � 1S0
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Results show simple mass 
dependence, 
consistency with shell 
model expectations

Beane et al [NPLQCD], PRL 115 (2015)

Beane et al [NPLQCD], PRL 113 (2014)
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Fixed-order background fields
Basic input: linear combinations of quark propagators with propagators that contain a 

current inserted everywhere (“background field”)

= +� +�2 +...

Correlation functions encode linear (quadratic, …) response to background field in linear 
(quadratic, …) terms of polynomial

+�= +...

Nuclear correlation functions with current insertions can be formed as straightforwardly 
as two-point functions, and desired responses extracted using linear algebra 

Tiburzi, MW et al [NPLQCD], PRD 96 (2017)Savage, MW et al [NPLQCD], PRL 119 (2017)



Electroweak reactions
Axial current transition matrix element between spin-

singlet and spin-triplet          systems computed 
using fixed-order background fields 

Savage, MW et al [NPLQCD], PRL 119 (2017)

LQCD results matched to pionless EFT by computing 
same background-field correlation function using 
dibaryon-field formalism

Results used to constrain LEC for two-body axial 
current operator in pionless EFT 

Same operator relevant for proton-proton fusion and other reactions, future LQCD 
calculations could improve phenomenological predictions

gA
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L1A
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np
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Axial matrix elements     

Nf = 3, m⇡ = 806(9) MeV, a = 0.145(2) fm

Flavor decomposition of 
axial matrix elements 
of up to three nucleon 
systems computed 
with                            
(1 lattice spacing / 
volume)

m⇡ = 806 MeV

<latexit sha1_base64="Sh/+vWOjQSEBdvrSD030q9i+cMM=">AAAB/3icbVDLSgNBEJz1GeMrKnjxMhgET2FXouYiBL14ESKYByQhzE56kyGzD2Z6xbDm4K948aCIV3/Dm3/jJNmDJhY0FFXddHe5kRQabfvbWlhcWl5Zzaxl1zc2t7ZzO7s1HcaKQ5WHMlQNl2mQIoAqCpTQiBQw35VQdwdXY79+D0qLMLjDYQRtn/UC4QnO0Eid3L7faUWCXtCSfdZCeMCE3kBt1Mnl7YI9AZ0nTkryJEWlk/tqdUMe+xAgl0zrpmNH2E6YQsEljLKtWEPE+ID1oGlowHzQ7WRy/4geGaVLvVCZCpBO1N8TCfO1Hvqu6fQZ9vWsNxb/85oxeqV2IoIoRgj4dJEXS4ohHYdBu0IBRzk0hHElzK2U95liHE1kWROCM/vyPKmdFJxi4fS2mC9fpnFkyAE5JMfEIeekTK5JhVQJJ4/kmbySN+vJerHerY9p64KVzuyRP7A+fwAoNZTs</latexit>
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<latexit sha1_base64="5RjdHp18SlGVST+HGGyonWllb2I=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQEUvSCnZZ0IXL+ugDmhgmk0k7dPJgZiKUkL0bf8WNC0Xc+gPu/BunbRZaPXDhcM693HuPGzMqpGF8aYWl5ZXVteJ6aWNza3tH393riijhmHRwxCLed5EgjIakI6lkpB9zggKXkZ47Pp/6vXvCBY3CWzmJiR2gYUh9ipFUkqOXLZ8jnFoXhEkEr53+XVpNjr2TujjKsrR+4zQyR68YNWMG+JeYOamAHG1H/7S8CCcBCSVmSIiBacTSThGXFDOSlaxEkBjhMRqSgaIhCoiw09kvGTxUigf9iKsKJZypPydSFAgxCVzVGSA5EoveVPzPGyTSb9opDeNEkhDPF/kJgzKC02CgRznBkk0UQZhTdSvEI6TCkSq+kgrBXHz5L+nWa2ajZlydVlrNPI4iOABlUAUmOAMtcAnaoAMweABP4AW8ao/as/amvc9bC1o+sw9+Qfv4BklhmeI=</latexit>

Deuteron Dineutron Triton

-0.02

-0.01

0.00

0.01

0.02
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X

4S3T3
<latexit sha1_base64="KGB5CjklKZcI87QIzwHDNvgTMu0=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqwpLYgl0WdOGyal/QxDCZTNqhkwczE6GE7N34K25cKOLWH3Dn3zhts9DWAxcO59zLvfe4MaNCGsa3trK6tr6xWdgqbu/s7u3rB4ddESUckw6OWMT7LhKE0ZB0JJWM9GNOUOAy0nPHl1O/90C4oFHYlpOY2AEahtSnGEklOXrJ8jnCqXVFmETw1unfp5XkzDvNsrR+59TaTi1z9LJRNWaAy8TMSRnkaDn6l+VFOAlIKDFDQgxMI5Z2irikmJGsaCWCxAiP0ZAMFA1RQISdzn7J4IlSPOhHXFUo4Uz9PZGiQIhJ4KrOAMmRWPSm4n/eIJF+w05pGCeShHi+yE8YlBGcBgM9ygmWbKIIwpyqWyEeIRWOVPEVVQjm4svLpHteNWtV46ZebjbyOArgGJRABZjgAjTBNWiBDsDgETyDV/CmPWkv2rv2MW9d0fKZI/AH2ucPcAeZ+g==</latexit>

Fractional differences from naive shell 
model expectations show that 
multi-nucleon correlations lead to 
percent-level effects on axial 
charges of light nuclei for these 
quark masses

Chang, MW et al [NPLQCD], PRL 120 (2018)
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Triton    decayβ

⌫
<latexit sha1_base64="6wLGnCIKaHaBvdzOV+2L+VvEUAk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh55K++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1busuve1Sv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1+Njdk=</latexit>

e�
<latexit sha1_base64="9CYQjP3HhK2fGrrANqYA/ZPH9+I=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSQq6LHoxWNF+wFtLJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztLyyuraemGjuLm1vbNb2ttv6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4M/GbT6g0j+WDGSXoR7QvecgZNVa6x8fTbqnsVtwpyCLxclKGHLVu6avTi1kaoTRMUK3bnpsYP6PKcCZwXOykGhPKhrSPbUsljVD72fTUMTm2So+EsbIlDZmqvycyGmk9igLbGVEz0PPeRPzPa6cmvPIzLpPUoGSzRWEqiInJ5G/S4wqZESNLKFPc3krYgCrKjE2naEPw5l9eJI2zindece8uytXrPI4CHMIRnIAHl1CFW6hBHRj04Rle4c0Rzovz7nzMWpecfOYA/sD5/AHnxI2K</latexit>

Computed in ChEFT Baroni et al, PRC 98 (2018)

NLO calculations in pionless EFT relate nuclear effects to the two-body axial current 
coupling        appearing in proton-proton fusion 

De-Leon, Platter, Gazit (2016)

L1A

Triton      - decay rate governed by Gamow-Teller 
matrix element

|
⌦
3
He|A+

3 |3H
↵
|

gA
= 0.951(13)
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|

<latexit sha1_base64="s+ExIEdMhgMMIlQS+KTDD/xRkHE="></latexit>

After fitting LECs to experimental triton     -decay rate predictsβ

Deviations from 1 arise from two-body currents and multi-nucleon interactions

�
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Triton      decay from LQCDβ

Several systematic uncertainties remain, 
but encouraging agreement with 
experiment seen 

Parreño, MW et al [NPLQCD] PRD 103 (2021)

LQCD calculations of triton recently 
performed using m⇡ = 450 MeV
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Signal-to-noise problem makes 
calculations exponentially noisier at 
lighter quark masses

Axial current matrix element 
calculations with                       
permit preliminary extrapolation to 
physical point

m⇡ = 450 MeV

<latexit sha1_base64="O9OpK4/6JiFqjN0j3RDGqxc9o40=">AAAB/3icbVDJSgNBEO2JW4xbVPDipTEInsKMJOhFCHrxIkQwC2SG0NOpJE16FrprxDDm4K948aCIV3/Dm39jZzlo4oOCx3tVVNXzYyk02va3lVlaXlldy67nNja3tnfyu3t1HSWKQ41HMlJNn2mQIoQaCpTQjBWwwJfQ8AdXY79xD0qLKLzDYQxewHqh6ArO0Ejt/EHQdmNBL2ipbLsID5jSG6iP2vmCXbQnoIvEmZECmaHazn+5nYgnAYTIJdO65dgxeilTKLiEUc5NNMSMD1gPWoaGLADtpZP7R/TYKB3ajZSpEOlE/T2RskDrYeCbzoBhX897Y/E/r5Vg99xLRRgnCCGfLuomkmJEx2HQjlDAUQ4NYVwJcyvlfaYYRxNZzoTgzL+8SOqnRadULN+WCpXLWRxZckiOyAlxyBmpkGtSJTXCySN5Jq/kzXqyXqx362PamrFmM/vkD6zPHyBnlOc=</latexit>

Parreño, MW et al [NPLQCD] PRD 103 (2021)

Results consistent with bound triton 
obtained on 3 volumes

Matching to finite-volume pionless EFT 
used to constrain L1A

<latexit sha1_base64="7JTOXww6OxQg6mPprkmtEsz3QuA=">AAAB7XicbVA9SwNBEJ2LXzF+nVraLAbBKtxJRMuojYVFBPMByRH2NnvJmr3dY3dPCEf+g42FIrb+Hzv/jZvkCk18MPB4b4aZeWHCmTae9+0UVlbX1jeKm6Wt7Z3dPXf/oKllqghtEMmlaodYU84EbRhmOG0niuI45LQVjm6mfuuJKs2keDDjhAYxHggWMYKNlZp3vcy/mvTcslfxZkDLxM9JGXLUe+5Xty9JGlNhCMdad3wvMUGGlWGE00mpm2qaYDLCA9qxVOCY6iCbXTtBJ1bpo0gqW8Kgmfp7IsOx1uM4tJ0xNkO96E3F/7xOaqLLIGMiSQ0VZL4oSjkyEk1fR32mKDF8bAkmitlbERlihYmxAZVsCP7iy8ukeVbxq5Xz+2q5dp3HUYQjOIZT8OECanALdWgAgUd4hld4c6Tz4rw7H/PWgpPPHMIfOJ8/GJWO0w==</latexit>

Detmold and Shanahan, PRD 103 (2021)
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Double     decayβ
Doubly-weak reactions important but less well-understood phenomenologically

Double-beta decay reactions include additional two-body currents not present in 
single-beta decay

Two-body currents needed at leading 
order in ChEFT

Shanahan, MW et al [NPLQCD], PRL 119 (2017)

Isotensor axial polarizability:

LQCD studies of light nuclei can be used 
to fix unknown LEC

Theory input needed

Cirigliano et al, PRL 120 (2018) 



13

       in LQCD0νββ

Long-distance Majorana neutrino exchange matrix elements computed 
for                                and 

Although kinematically 
disallowed, can be matched 
to ChPT and used to 
constrain poorly known LEC

Matrix elements for                       
arising from short-distance new 
physics mechanisms computed

⇡� ! ⇡+e�e�

<latexit sha1_base64="UwchwCD123P7hkVB7PghqmJZ1hY=">AAACCHicbZDLSgMxFIYz9VbrbdSlC4NFEMQyIxVdFty4kgr2Ap2xZNJMG5pJhiSjlKFLN76KGxeKuPUR3Pk2ZtpZaOsPB36+cw7J+YOYUaUd59sqLCwuLa8UV0tr6xubW/b2TlOJRGLSwIIJ2Q6QIoxy0tBUM9KOJUFRwEgrGF5m/dY9kYoKfqtHMfEj1Oc0pBhpg7r2vhfTuxPoSdofaCSleIAZOYbEUFNdu+xUnIngvHFzUwa56l37y+sJnESEa8yQUh3XibWfIqkpZmRc8hJFYoSHqE86xnIUEeWnk0PG8NCQHgyFNMU1nNDfGymKlBpFgZmMkB6o2V4G/+t1Eh1e+CnlcaIJx9OHwoRBLWCWCuxRSbBmI2MQltT8FeIBkghrk13JhODOnjxvmqcVt1o5u6mWa9d5HEWwBw7AEXDBOaiBK1AHDYDBI3gGr+DNerJerHfrYzpasPKdXfBH1ucPnRGYeA==</latexit>

Same matrix elements enter nuclear 
processes in EFT

⇡� ! ⇡+e�e�

<latexit sha1_base64="UwchwCD123P7hkVB7PghqmJZ1hY=">AAACCHicbZDLSgMxFIYz9VbrbdSlC4NFEMQyIxVdFty4kgr2Ap2xZNJMG5pJhiSjlKFLN76KGxeKuPUR3Pk2ZtpZaOsPB36+cw7J+YOYUaUd59sqLCwuLa8UV0tr6xubW/b2TlOJRGLSwIIJ2Q6QIoxy0tBUM9KOJUFRwEgrGF5m/dY9kYoKfqtHMfEj1Oc0pBhpg7r2vhfTuxPoSdofaCSleIAZOYbEUFNdu+xUnIngvHFzUwa56l37y+sJnESEa8yQUh3XibWfIqkpZmRc8hJFYoSHqE86xnIUEeWnk0PG8NCQHgyFNMU1nNDfGymKlBpFgZmMkB6o2V4G/+t1Eh1e+CnlcaIJx9OHwoRBLWCWCuxRSbBmI2MQltT8FeIBkghrk13JhODOnjxvmqcVt1o5u6mWa9d5HEWwBw7AEXDBOaiBK1AHDYDBI3gGr+DNerJerHfrYzpasPKdXfBH1ucPnRGYeA==</latexit>

⇡�⇡� ! e�e�

<latexit sha1_base64="ZzeLBIA3KVmiPeLwMBxroWJP8yg=">AAACCXicbVBNSwMxEJ2tX7V+rXr0EiyCF8uuVPRY8OJJKthWaGvJptk2NJssSVYpS69e/CtePCji1X/gzX9j2q6grQ8mPN6bYTIviDnTxvO+nNzC4tLySn61sLa+sbnlbu/UtUwUoTUiuVQ3AdaUM0FrhhlOb2JFcRRw2ggG52O/cUeVZlJcm2FM2xHuCRYygo2VOi5qxez26OdVrNc3WCl5jxC1gq2OW/RK3gRonvgZKUKGasf9bHUlSSIqDOFY66bvxaadYmUY4XRUaCWaxpgMcI82LRU4orqdTi4ZoQOrdFEolS1h0ET9PZHiSOthFNjOCJu+nvXG4n9eMzHhWTtlIk4MFWS6KEw4MhKNY0FdpigxfGgJJorZvyLSxwoTY8Mr2BD82ZPnSf245JdLJ1flYuUyiyMPe7APh+DDKVTgAqpQAwIP8AQv8Oo8Os/Om/M+bc052cwu/IHz8Q35L5ik</latexit>

Nicholson et al, PRL 121 (2018)
Cirigliano et al, arXiv:2003.08493

Feng et al, PRL 122 (2019) Tuo, Feng, and Jin, PRD 100 (2019) Detmold and Murphy, arXiv:2004.07404 
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Shanahan, Tibuzri, MW, Winter, PRL 120 (2018)

Dark Matter Direct Detection

LUX

Impulse 
approximation

Experiments look for nuclei recoiling from scattering with 
something invisible

Heavy nuclei used to maximize sensitivity

QCD needed to relate DM-nucleus and DM-nucleon cross-sections 
and enable comparison between different experiments

Impulse approximation:

QCD

+    ?

Akerib et al (LUX), PRL 118 (2017) 14

d�2(DM �A)

dQ2dE
= A2 d�2(DM �N)

dQ2dE
<latexit sha1_base64="EU4bofWZ4q3/0GeamxNpnuSY17Y="></latexit>



NPLQCD, PRD 89 (2014)
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— Consistent with quark mass dependence of nuclear binding energies

Scalar Currents

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

— Dominant coupling in some 
BSM models

3

QCD effects reduce scalar isoscalar couplings (  - terms) of A=2 by 1(1)% and  
H by 4(1)% with 3

Isovector QCD effects similar

�
<latexit sha1_base64="C4wJKhiGbDgbqQI5n7c9oEsbNnk=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexqwBwDXjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSDnSY0FHgkWcwItk5q9w0bCTwoV/yqvwBaJ0FOKpCjOSh/9YeKpIJKSzg2phf4iQ0zrC0jnM5K/dTQBJMJHtGeoxILasJsce0MXThliGKlXUmLFurviQwLY6Yicp0C27FZ9ebif14vtXE9zJhMUkslWS6KU46sQvPX0ZBpSiyfOoKJZu5WRMZYY2JdQCUXQrD68jppX1WD66p/X6s06nkcRTiDc7iEAG6gAXfQhBYQeIRneIU3T3kv3rv3sWwtePnMKfyB9/kDmgePGw==</latexit>

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

Fieguth et al, PRD 97 (2018)

�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

-0.15

-0.10

-0.05

0.00

0.05

Scalar

Isoscalar u+d-2s StrangeQCD results can test EFT power 
counting / nuclear models used 
to describe larger nuclei

Isovector

m⇡ = 806 MeV

<latexit sha1_base64="bKm4IMu7Cq21aO3N4mkHmTmqU08=">AAACAHicbVA9SwNBEN2LXzF+RS0sbBaDYBXuJGoaIWBjo0QwH5ALYW8zSZbsfbA7J4YjjX/FxkIRW3+Gnf/GTXKFJj4YeLw3w8w8L5JCo21/W5ml5ZXVtex6bmNza3snv7tX12GsONR4KEPV9JgGKQKooUAJzUgB8z0JDW94NfEbD6C0CIN7HEXQ9lk/ED3BGRqpkz/wO24k6CUt2+fURXjEhN5AfdzJF+yiPQVdJE5KCiRFtZP/crshj30IkEumdcuxI2wnTKHgEsY5N9YQMT5kfWgZGjAfdDuZPjCmx0bp0l6oTAVIp+rviYT5Wo98z3T6DAd63puI/3mtGHvldiKCKEYI+GxRL5YUQzpJg3aFAo5yZAjjSphbKR8wxTiazHImBGf+5UVSPy06peLZXalQuU3jyJJDckROiEMuSIVckyqpEU7G5Jm8kjfryXqx3q2PWWvGSmf2yR9Ynz+F+pUi</latexit>

Chang, MW et al [NPLQCD], PRL 120 (2018)
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τnn ≳ 1.8 × 108

τnn

         cross-sections must be known precisely (few-
percent-level?) to achieve design sensitivity to CP 
violation at DUNE

✐ J.A. Formaggio and G.P. Zeller, RMP 84 (2012) 

DUNE

νA

Acciarri et al (DUNE) arXiv 1512.06148

Accelerator neutrino flux covers a wide 
range of energies with different 
dominant physics processes:

• Quasi-elastic 

• Resonance production 

• Transition region 

• Deep inelastic scattering

Formaggio, Zeller, Rev. Mod. Phys. 84 (2012)

Neutrino nucleus scattering at scales ~ 1 GeV is a 
nonperturbative QCD process

⌫A

<latexit sha1_base64="lvIYZZmqiVwmGr+Q3KA3OwEPaVI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseqF48VTFtoQ9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0N/NbT6g0T+SjGacYxHQgecQZNVbyuzIjN71yxa26c5BV4uWkAjkavfJXt5+wLEZpmKBadzw3NcGEKsOZwGmpm2lMKRvRAXYslTRGHUzmx07JmVX6JEqULWnIXP09MaGx1uM4tJ0xNUO97M3E/7xOZqLrYMJlmhmUbLEoygQxCZl9TvpcITNibAllittbCRtSRZmx+ZRsCN7yy6ukeVH1atXLh1qlfpvHUYQTOIVz8OAK6nAPDfCBAYdneIU3RzovzrvzsWgtOPnMMfyB8/kDQP6OVA==</latexit>

Neutrino-nucleus scattering

Poorly known isovector EMC effect may 
be relevant for neutrino experiments 
including NuTeV anomaly 

Cloët, Bentz, Thomas, PRL 102 (2009)



             and                calculated in LQCD by 
several groups

hxiqproton
<latexit sha1_base64="VvrlwFBmVzKPqluvs7pU179FzFY=">AAACCXicbVA9SwNBEN3z2/gVtbRZDIJVuFNBCxHRxlLBmEAuhr3NXLK4t3vuzonhSGvjX7GxUMTWf2Dnv3ETU2jig4HHezPMzItSKSz6/pc3MTk1PTM7N19YWFxaXimurl1ZnRkOFa6lNrWIWZBCQQUFSqilBlgSSahGN6d9v3oHxgqtLrGbQiNhbSViwRk6qVmkoYQYD+9DI9odPLq+beYhwj3mqdGoVa/XLJb8sj8AHSfBkJTIEOfN4mfY0jxLQCGXzNp64KfYyJlBwSX0CmFmIWX8hrWh7qhiCdhGPvikR7ec0qKxNq4U0oH6eyJnibXdJHKdCcOOHfX64n9ePcP4oJELlWYIiv8sijNJUdN+LLQlDHCUXUcYN8LdSnmHGcbRhVdwIQSjL4+Tq51ysFv2L/ZKxyfDOObIBtkk2yQg++SYnJFzUiGcPJAn8kJevUfv2Xvz3n9aJ7zhzDr5A+/jGyHAm0E=</latexit>

hxigproton
<latexit sha1_base64="G3l/4z2ljQO6MueITQNJz3aUgsk=">AAACCXicbVA9SwNBEN3z2/gVtbRZDIJVuFNBCxHRxlLBmEAuhr3NXLK4t3vszknCkdbGv2JjoYit/8DOf+Pmo1Djg4HHezPMzItSKSz6/pc3NT0zOze/sFhYWl5ZXSuub9xYnRkOFa6lNrWIWZBCQQUFSqilBlgSSahGd+cDv3oPxgqtrrGXQiNhbSViwRk6qVmkoYQYj7uhEe0Onty2m3mI0MU8NRq16vebxZJf9oegkyQYkxIZ47JZ/AxbmmcJKOSSWVsP/BQbOTMouIR+IcwspIzfsTbUHVUsAdvIh5/06Y5TWjTWxpVCOlR/TuQssbaXRK4zYdixf72B+J9XzzA+auRCpRmC4qNFcSYpajqIhbaEAY6y5wjjRrhbKe8wwzi68AouhODvy5PkZq8c7Jf9q4PS6dk4jgWyRbbJLgnIITklF+SSVAgnD+SJvJBX79F79t6891HrlDee2SS/4H18AxH4mzc=</latexit>

T q
µ⌫ = S


1

2
q(i
 !
D µ)�⌫q

�

<latexit sha1_base64="3B3qqOk3p6kKgkGV5QvJOgPzuXw="></latexit>

T g
µ⌫ = S[G ↵

µ G↵⌫ ]
<latexit sha1_base64="7p0nsVAdLvVPQoASB8GVSSoVEEo=">AAACG3icbVDLSsNAFJ34rPUVdelmsAiuSlIF3QhFF7qs2Bc0aZhMp+3QySTMTIQS8h9u/BU3LhRxJbjwb5ykWWjrgYHDOedy5x4/YlQqy/o2lpZXVtfWSxvlza3tnV1zb78tw1hg0sIhC0XXR5IwyklLUcVINxIEBT4jHX9ynfmdByIkDXlTTSPiBmjE6ZBipLTkmbWmlzhB7PA47Y/gJbzv3eRC2k8c6CAWjVEKMymnWcz1zIpVtXLARWIXpAIKNDzz0xmEOA4IV5ghKXu2FSk3QUJRzEhadmJJIoQnaER6mnIUEOkm+W0pPNbKAA5DoR9XMFd/TyQokHIa+DoZIDWW814m/uf1YjW8cBPKo1gRjmeLhjGDKoRZUXBABcGKTTVBWFD9V4jHSCCsdJ1lXYI9f/Iiadeq9mnVujur1K+KOkrgEByBE2CDc1AHt6ABWgCDR/AMXsGb8WS8GO/Gxyy6ZBQzB+APjK8fMcOhhQ==</latexit>

symmetrize and 
subtract trace traceless part of stress-

energy tensor

PDF4LHC15

ETMC, PRL 119 (2017)
χQCD, PRL 121 (2018)
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<latexit sha1_base64="2xwKwSTCp/qwnXPShJKod2wvf74="></latexit>

Hadron PDF moments from LQCD
Moments of PDFs calculable from matrix elements of local operators, e.g. 

momentum fraction of parton     in hadroni
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Stress-energy tensor

m⇡
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LQCD calculations with physical        are in 
reasonable agreement with momentum 
fractions predicted by 
phenomenological PDFs

Review: Lin et al, Prog. Part. Nucl. Phys. 100 (2018)



Nuclear matrix elements of         and        probe   -integrated EMC effect. 
Phenomenological expectations?

x
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Fig. 13 Ratios of structure functions for various nuclei as measured
by the NMC [73,74] and EMC [78] collaborations, compared with the
EPPS16 fit. In the rightmost panel the labels “addendum” and “chariot”

refer to the two different experimental setups in Ref. [78]. For a better
visibility, some data sets have been offset by a factor of 0.92 as indicated

ing to Eq. (53). The error bars shown on the experimental
data correspond to the statistical and systematic errors added
in quadrature. The charged-lepton DIS data are shown in
Figs. 12, 13, 14 and 15. We note that, for undoing the isoscalar
corrections as explained in Sect. 3.1, the data appear some-
what different from those e.g. in the EPS09 paper. On aver-
age, the data are well reproduced by the fit. In some cases the
uncertainty bands are rather asymmetric (see e.g. the NMC
data panel in Fig. 15) which was the case in the EPS09 fit as
well. This is likely to come from the fact that the A depen-
dence is parametrized only at few values of x (small-x limit,
xa , xe) and in between these points the A dependence appears
to be somewhat lopsided in some cases. The Q2 dependence
of the data visible in Figs. 12 and 14 is also nicely consistent
with EPPS16.

The pA vs. pD Drell–Yan data are shown in Figs. 16 and
17. In the calculation of the corresponding differential NLO
cross sections dσDY/dxdM we define x1,2 ≡ (M/

√
s)e±y

where M is the invariant mass and y the rapidity of the dilep-
ton. The scale choice in the PDFs is Q = M . While these data
are well reproduced, the scatter of the data from one nucleus
to another is the main reason we are unable to pin down any
systematic A dependence for the sea quarks at xa (some A
dependence develops via DGLAP evolution, however). For
example, as is well visible in Fig. 17, it is not clear from the
data whether there is a suppression or an enhancement for
x ! 0.1.

The pion–A DY data are presented in Fig. 18. As is evi-
dent from the figure, these data set into the EPPS16 fit without
causing a significant tension. Overall, however, the statisti-
cal weight of these data is not enough to set stringent addi-
tional constraints to nuclear PDFs. Similarly to the findings
of Ref. [67], the optimal data normalization of the lower-

energy NA10 data (the lower right panel) is rather large
( fN = 1.121), but the x2 dependence of the data is well
in line with the fit.

The collider data, i.e. new LHC pPb data as well as the
PHENIX DAu data, are shown in Fig. 19. To ease the inter-
pretation of the LHC data (forward-to-backward ratios), the
baseline with no nuclear effects in PDFs is always indicated
as well. The baseline deviates from unity for isospin effects
(unequal amount of protons and neutrons in Pb) as well as
for experimental acceptances. For the electroweak observ-
ables, the nuclear effects cause suppression in the computed
forward-to-backward ratios (with respect to the baseline with
no nuclear effects) as one is predominantly probing the region
below x ∼ 0.1 where the net nuclear effect of sea quarks has
a downward slope toward small x . Very roughly, the probed
nuclear x-regions can be estimated by x ≈ (MW,Z/

√
s)e−y

and thus, toward more forward rapidities (y > 0) one probes
smaller x than in the backward direction (y < 0). The sup-
pression comes about as smaller-x quark distributions are
divided by larger-x (less-shadowed or antishadowed) quarks.
In the case of dijets, the nuclear PDFs are sampled at higher
x and, in contrast to the electroweak bosons, an enhancement
is observed. In our calculations, this follows essentially from
antishadowed gluons becoming divided by EMC-suppressed
gluon distributions; see Ref. [70] for more detailed discus-
sions. The PHENIX pion data [31] is also well consistent
with EPPS16, though, for the more precise CMS dijet data,
its role is no longer as essential as in the EPS09 analysis.

Finally, comparisons with the CHORUS neutrino and
antineutrino data are shown in Figs. 20 and 21. The data
exhibit a rather typical pattern of antishadowing followed by
an EMC effect at large x . The incident beam energies are not
high enough to reach the small-x region where a shadowing
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ing to Eq. (53). The error bars shown on the experimental
data correspond to the statistical and systematic errors added
in quadrature. The charged-lepton DIS data are shown in
Figs. 12, 13, 14 and 15. We note that, for undoing the isoscalar
corrections as explained in Sect. 3.1, the data appear some-
what different from those e.g. in the EPS09 paper. On aver-
age, the data are well reproduced by the fit. In some cases the
uncertainty bands are rather asymmetric (see e.g. the NMC
data panel in Fig. 15) which was the case in the EPS09 fit as
well. This is likely to come from the fact that the A depen-
dence is parametrized only at few values of x (small-x limit,
xa , xe) and in between these points the A dependence appears
to be somewhat lopsided in some cases. The Q2 dependence
of the data visible in Figs. 12 and 14 is also nicely consistent
with EPPS16.

The pA vs. pD Drell–Yan data are shown in Figs. 16 and
17. In the calculation of the corresponding differential NLO
cross sections dσDY/dxdM we define x1,2 ≡ (M/
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where M is the invariant mass and y the rapidity of the dilep-
ton. The scale choice in the PDFs is Q = M . While these data
are well reproduced, the scatter of the data from one nucleus
to another is the main reason we are unable to pin down any
systematic A dependence for the sea quarks at xa (some A
dependence develops via DGLAP evolution, however). For
example, as is well visible in Fig. 17, it is not clear from the
data whether there is a suppression or an enhancement for
x ! 0.1.

The pion–A DY data are presented in Fig. 18. As is evi-
dent from the figure, these data set into the EPPS16 fit without
causing a significant tension. Overall, however, the statisti-
cal weight of these data is not enough to set stringent addi-
tional constraints to nuclear PDFs. Similarly to the findings
of Ref. [67], the optimal data normalization of the lower-

energy NA10 data (the lower right panel) is rather large
( fN = 1.121), but the x2 dependence of the data is well
in line with the fit.

The collider data, i.e. new LHC pPb data as well as the
PHENIX DAu data, are shown in Fig. 19. To ease the inter-
pretation of the LHC data (forward-to-backward ratios), the
baseline with no nuclear effects in PDFs is always indicated
as well. The baseline deviates from unity for isospin effects
(unequal amount of protons and neutrons in Pb) as well as
for experimental acceptances. For the electroweak observ-
ables, the nuclear effects cause suppression in the computed
forward-to-backward ratios (with respect to the baseline with
no nuclear effects) as one is predominantly probing the region
below x ∼ 0.1 where the net nuclear effect of sea quarks has
a downward slope toward small x . Very roughly, the probed
nuclear x-regions can be estimated by x ≈ (MW,Z/

√
s)e−y

and thus, toward more forward rapidities (y > 0) one probes
smaller x than in the backward direction (y < 0). The sup-
pression comes about as smaller-x quark distributions are
divided by larger-x (less-shadowed or antishadowed) quarks.
In the case of dijets, the nuclear PDFs are sampled at higher
x and, in contrast to the electroweak bosons, an enhancement
is observed. In our calculations, this follows essentially from
antishadowed gluons becoming divided by EMC-suppressed
gluon distributions; see Ref. [70] for more detailed discus-
sions. The PHENIX pion data [31] is also well consistent
with EPPS16, though, for the more precise CMS dijet data,
its role is no longer as essential as in the EPS09 analysis.

Finally, comparisons with the CHORUS neutrino and
antineutrino data are shown in Figs. 20 and 21. The data
exhibit a rather typical pattern of antishadowing followed by
an EMC effect at large x . The incident beam energies are not
high enough to reach the small-x region where a shadowing
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ing to Eq. (53). The error bars shown on the experimental
data correspond to the statistical and systematic errors added
in quadrature. The charged-lepton DIS data are shown in
Figs. 12, 13, 14 and 15. We note that, for undoing the isoscalar
corrections as explained in Sect. 3.1, the data appear some-
what different from those e.g. in the EPS09 paper. On aver-
age, the data are well reproduced by the fit. In some cases the
uncertainty bands are rather asymmetric (see e.g. the NMC
data panel in Fig. 15) which was the case in the EPS09 fit as
well. This is likely to come from the fact that the A depen-
dence is parametrized only at few values of x (small-x limit,
xa , xe) and in between these points the A dependence appears
to be somewhat lopsided in some cases. The Q2 dependence
of the data visible in Figs. 12 and 14 is also nicely consistent
with EPPS16.

The pA vs. pD Drell–Yan data are shown in Figs. 16 and
17. In the calculation of the corresponding differential NLO
cross sections dσDY/dxdM we define x1,2 ≡ (M/

√
s)e±y

where M is the invariant mass and y the rapidity of the dilep-
ton. The scale choice in the PDFs is Q = M . While these data
are well reproduced, the scatter of the data from one nucleus
to another is the main reason we are unable to pin down any
systematic A dependence for the sea quarks at xa (some A
dependence develops via DGLAP evolution, however). For
example, as is well visible in Fig. 17, it is not clear from the
data whether there is a suppression or an enhancement for
x ! 0.1.

The pion–A DY data are presented in Fig. 18. As is evi-
dent from the figure, these data set into the EPPS16 fit without
causing a significant tension. Overall, however, the statisti-
cal weight of these data is not enough to set stringent addi-
tional constraints to nuclear PDFs. Similarly to the findings
of Ref. [67], the optimal data normalization of the lower-

energy NA10 data (the lower right panel) is rather large
( fN = 1.121), but the x2 dependence of the data is well
in line with the fit.

The collider data, i.e. new LHC pPb data as well as the
PHENIX DAu data, are shown in Fig. 19. To ease the inter-
pretation of the LHC data (forward-to-backward ratios), the
baseline with no nuclear effects in PDFs is always indicated
as well. The baseline deviates from unity for isospin effects
(unequal amount of protons and neutrons in Pb) as well as
for experimental acceptances. For the electroweak observ-
ables, the nuclear effects cause suppression in the computed
forward-to-backward ratios (with respect to the baseline with
no nuclear effects) as one is predominantly probing the region
below x ∼ 0.1 where the net nuclear effect of sea quarks has
a downward slope toward small x . Very roughly, the probed
nuclear x-regions can be estimated by x ≈ (MW,Z/

√
s)e−y

and thus, toward more forward rapidities (y > 0) one probes
smaller x than in the backward direction (y < 0). The sup-
pression comes about as smaller-x quark distributions are
divided by larger-x (less-shadowed or antishadowed) quarks.
In the case of dijets, the nuclear PDFs are sampled at higher
x and, in contrast to the electroweak bosons, an enhancement
is observed. In our calculations, this follows essentially from
antishadowed gluons becoming divided by EMC-suppressed
gluon distributions; see Ref. [70] for more detailed discus-
sions. The PHENIX pion data [31] is also well consistent
with EPPS16, though, for the more precise CMS dijet data,
its role is no longer as essential as in the EPS09 analysis.

Finally, comparisons with the CHORUS neutrino and
antineutrino data are shown in Figs. 20 and 21. The data
exhibit a rather typical pattern of antishadowing followed by
an EMC effect at large x . The incident beam energies are not
high enough to reach the small-x region where a shadowing
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Integrate nuclear 
and nucleon 
PDFs

Eskola, Paakkinen,  Paukkunen, 
Salgado, Eur. Phys. J. C 163 (2017)
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Nuclear momentum fractions

Global fits to available data constraining nuclear PDFs (charged lepton DIS, neutrino 
DIS, Drell-Yan, …) performed by multiple groups: EPPS, nCTEQ, DSSZ, …

Scarcity of data for large      
dominates uncertainties on 
moments of nuclear PDFs



Nf = 3, m⇡ = 806(9) MeV, a = 0.145(2) fm

Jaffe  and Manohar, Phys. Lett. B 223 (1989)
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Gluon momentum fractions

Gluon stress-energy tensor discretized, 
projected onto irreps of cubic group. 
Multiple irreps with same continuum 
limit used

Gluon operators purely disconnected, 
contractions trivial but noise 
problematic

Gradient flowed gluon operators used 
to reduce noise, high statistics still 
necessary

Operator mixing between gluon and flavor-
singlet quark momentum fraction neglected

Gluon transversity operators probe gluon structure 
in spin 1+ systems not present in nucleon

Deuteron has small but non-zero gluon transversity, magnitude consistent with 
large Nc expectations

Gµ⌫ / Im
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Winter, MW et al [NPLQCD], PRD 96 (2017)

Winter et al [NPLQCD], PRD 96 (2017)
Winter, MW et al [NPLQCD], PRD 96 (2017)

Detmold and Shanahan, PRD 94 (2016)



Quark momentum fractions
First calculation of isovector quark momentum fractions of light nuclei performed using 

fixed-order background field method

Although systematic uncertainties are not fully controlled (one lattice spacing, volume, 
quark mass, …) demonstrates potential for LQCD to usefully constrain nuclear PDFs

Detmold, MW et al [NPLQCD] PRL 126 (2021)
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Discretized operator:



Systematic uncertainties
Several systematic uncertainties remain to be quantified in detail

• Heavier than physical quark masses only 

• One lattice spacing 

• Excited-state effects



• Heavier than physical quark masses only 

• One lattice spacing 

• Excited-state effects

Systematic uncertainties
Several systematic uncertainties remain to be quantified in detail

Gap between ground and two-nucleon finite-volume “scattering” states becomes 
small for large volumes, ground-state dominance relies on overlap factors
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For non-positive-definite correlation functions, cancellations between the ground and 
excited-state could in principle conspire to form a “false plateau”

First studies using positive-definite correlation functions (enabled by distillation / 
stochastic LapH) give results that suggest tensions with previous studies

Hörz et al, PRC 103 (2021)Francis et al, PRD 99 (2019) Green et al, arXiv:2103.01054

See e.g. Iritani et al, JHEP 10 (2016)



The variational method
Correlation-function matrices for an interpolator set including both local “hexaquark” 

and bilocal “dibaryon” operators can generalize calculations performed to date

Although application of variational methods to multi-nucleon systems has long been 
advocated, it has only recently become computationally feasible through methods 
such as distillation and propagator sparsening

Li et al, PRD 103 (2021)

Peardon et al PRD 80 (2009)

Morningstar et al PRD 83 (2011)

Detmold, MW et al, arXiv:1908.07050

Variational bounds on energy spectrum obtained by diagonalizing these matrices



Hexaquark operators
Known from          scattering studies near the      resonance that local and nonlocal 

operators can be nearly orthogonal

Analog of                     operators - local (up to Gaussian smearing) “hexaquark”

Quark exchange symmetries very useful for reducing the number of weights

⇡(~p1)⇡(~p2)
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Calculations with         few fm neglecting one type of operator show plateau-like behavior 
but energy spectra with “missing levels” (compared to more complete calculations) 

t ⇠
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Dudek et al, PRD 87 (2013)

Wilson et al, PRD 92 (2015)
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Detmold and Orginos, PRD 87 (2013)



Dibaryon operators
Non-interacting two-baryon FV energy eigenstates involve color singlet baryons

 [D]
m (~x1, ~x2) = ei

~km·(~x1�~x2)
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With plane-wave product wave functions

Quark propagator sparsening leads to incomplete Fourier projection and mixing with 
higher modes, but these are negligible compared to other excited states 



Quasi-local operators
What about loosely bound systems like the deuteron?

Finite-volume EFT wavefunction:

Doesn’t factorize into product of single-baryon wavefunctions, no baryon blocks…

Factorizable approximation:

See e.g. Koning, Lee, and Hammer, Annals Phys. 327, 1450 (2012)  
 Briceño, Davoudi, Lee and Savage, PRD 88 (2013)
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Towards variational studies of nuclei
Diagonalization of correlation-function 

matrices can be used to remove 
excited-state contamination from 
states strongly overlapping with other 
operators 

Each energy level dominantly overlaps 
with one operator structure, sub-
dominant operators collectively 30%

PRELIMINARY



Interpolating-operator dependence
Removing the operator structure with 

maximum overlap on to a given 
energy level leads to “missing energy 
levels” 

Even with 10s of interpolating operators, 
possible to “miss” ground-state 

— valid lower bound on ground-state 
energy, but best-fit results can differ 
by 5+ �
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Consistent with various dibaryon and 
hexaquark operators being 
approximately orthogonal 

Much larger (                              )   
source/sink separations would be 
needed to resolve spectrum using 
interpolating-operator set missing 
dominant operators

t & 1/� ⇠ 5 fm
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Variational energy spectrum
For a given interpolating-operator set, two-nucleon finite-volume energy spectrum can 

be extracted in various cubic irreps associated S-wave, D-wave, and higher-
partial-wave interactions

PRELIMINARY



Towards variational studies of nuclei
Finite-volume spectrum can be mapped to S-wave, P-wave and higher-partial-wave 

scattering phase shifts using generalizations of Lüscher’s quantization condition

Recent calculations using dibaryon-dibaryon correlation functions give results 
consistent with variational methods, but there is tension with previous results 
using fits to dibaryon-hexaquark correlation functions only

Further studies are needed to conclusively determine the structure of two-nucleon 
ground states with heavier-than-physical quark masses
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Outlook
LQCD calculations of nuclear matrix elements can constrain EFTs and nuclear 

models relevant for precise predictions of  

— electroweak reaction rates,  

— double-beta decay,  

— dark matter direct detection 

— neutrino-nucleus scattering 

…

Exploratory LQCD calculations of nuclear matrix elements pave the way for 
controlled predictions but still face hard-to-quantify systematic uncertainties 
arising from excited-state effects, discretization effects, finite-volume effects, …

Interpolating-operator dependence leads to significant effects on the two-nucleon 

Further studies with additional interpolating-operator structures and lattice spacings / 
volumes needed to conclusively resolve structure of two-nucleon spectrum at 
heavier-than-physical quark masses


