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Lattice CD

® Numerical solution to QCD:

down

® Non-perturbative formulation of
QCD in discretized, finite
spacetime
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® Currently our only reliable
technique for solving QCD at
low energies

W boson

® All uncertainties are quantifiable and
may be systematically removed

® Extrapolations to
continuum, infinite volume,
physical pion mass




Lattice CD

o Why LQCD for nuclear physics?

Test the SM

Match experimental signals to
new physics models

Extract experimentally difficult
quantities

® Hadron interactions with
non-zero strangeness

Three-neutron interactions

Understand quark mass
dependence (fine-tuning?)
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LQCD won't be used to

directly calculate heavy nuclei
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Wh)” LQCD won't be used to

directly calculate heavy nuclei

* Need extremely large
lattices

* Large range of scales

Nucleon: ) )
* Tiny energy splittings

Deuteron:

* Wick contractions:

(A+Z)!x(2A-Z)

@H ”/e

*Doi & Endres, Originos et. al., Guinther et. al., Detmold, et. al. : @?Ak 7\



Wh , LQCD won't be used to
Y‘ directly calculate heavy nuclei

* Need extremely large
lattices

* Large range of scales

Nucleon:

* Tiny energy splittings

Deuteron:

* Wick contractions:

(A+Z)!x(2A-Z)!

o Nucleon noise/sign proplem
signal/noise

N e—A(Mn—S/QmW)t
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Precision era for (single nucleon) LQCD|

Axial charge of the nucleon:
ga = 1.271(13) (CalLat 2018)

Neutron-proton mass difference:
accurate to 300 KeV (BMW 2015)
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Axial charge of the nucleon:
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10 Nucleon matrix elements
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A large number of experiments testing the Standard Model (SM) and searching for physics
Beyond the Standard Model (BSM) involve either free nucleons (proton and neutron beams) or
the scattering of electrons, protons, neutrinos and dark matter off nuclear targets. Necessary



Nucleon axial charge

PHYSICAL REVIEW LETTERS

Highlights Recent Accepted Collections Authors REEICEES Search Press About

Nucleon Axial Charge in Full Lattice QCD

R. G. Edwards, G. T. Fleming, Ph. Hagler, J. W. Negele, K. Orginos, A. V. Pochinsky, D. B. Renner, D. G. Richards,
and W. Schroers (LHPC Collaboration)
Phys. Rev. Lett. 96, 052001 — Published 7 February 2006

The axial charge is the ideal starting point in the quest
for precision lattice calculation of hadron structure for
several reasons. It is accurately measured experimentally
and the isovector combination (1), — (1), has no con-

d tributions from disconnected diagrams, which are much
more computationally demanding than the connected dia-
grams considered in this work. The functional dependence
on both m2 and volume is known at small masses from b theory B
chiral perturbation theory (yPT) [5,6] and renormalization CALLAT, Nature 558 (2018) 7708 —@—i
of the lattice axial vector current can be performed accu- 0.95 I PNDME, PRD9S (2018) 034503 +——i
rately nonperturbatively using the five-dimensional con- 0.9 | FLAGI9 avg (Ny =2+1+1)
served current for domain wall fermions. Thus, ETMC, 1909.00485 (2019) ——
semeE iy, 465 & “zaltel i (B o et daliiy] (o %5998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
calculate hadron observables from first principles on the
lattice. In addition, since it is known to be particularly year
sensitive to finite lattice volume effects that reduce the
contributions of the pion cloud [7,8], it is also a stringent
test of our control of finite volume artifacts.




FLAG Review 2019

FTAG2019

FLAG average for Ns=2+1+1
MILC 12C

FLAG average for Ns=2+1

FLAG average for Ne=2+1+1

PNDME 18
PNDME 16
PNDME 15 J%)CCDD115§“
PNDME 13 ¢ éMW 15
MILC 12C
. yQCD 13A
Mainz 18 Jsuhnnarlr:ar 11%
anahan
JLQCD 18 Shanahan 12
LHPC 12 : JLQCD 12A
RBC/UKQCD 10D 1

h Engelhardt 12
ETM 17 ?4 '1(1:A lich 10
ETM 15D artin Camalic
RQCD 14 MILC 09D

RB H ETM 16A
co08 RQCD 16

¢ Radici 15 A Iﬁutz 1123
en
Kang 15 *~— Lutz 14
i Goldstel FTAG 2019 : —— { Ren 12
Pitschm Young 09

) 60 80 100120140160180 MeV

FLAG average for Ny =2+1+1

PNDME 18A

FLAG average for Ny =2+1

xQCD 18

JLQCD 18 FTAG2019
FLAG average xQCD 15
Engelhardt 12

FLAG average for Ny=2+1+1
ETM 14A

FLAG average for Ngy=2+1

PNDME 18 Jél?n%allsi

PNDME 16 Shanahan 12
. Shanahan 12
PNDME 13 - ETM 17C C

Ne=2+1+1

DSF 11

[11A
Martin Camalich 10
PACS-CS 09

—006 —OI.03 ObO FLAG average for Ny=2

Mainz 18 RQCD 16

16A
JLQCD 18 262 0B
LHPC 12

Ne=2+1

Ne=2

ETM 17
RQCD 14

Alvarez-Ruso 13
Alvarez-Ruso 13
Ren 12

Young 09
Procura 06

Ruiz de Elvira 17
Hoferichter 15
Chen 12

Chen 12
Alarcon 11

10 20 30 40 50 60 70 MeV

FH+mixed latt.

—o— Gonzalez-Alonso 13

04 08 12 16 20 24

7N scatt.




Two methods for calculating few-
nucleon mteractions from LQCD:

‘Spectroscopy + Luscher Method

‘ Potential Met

hod

(

Hadrons to Atomic nuclei
T

4 \
e £

" Vv oy v .
AV X LB e o o A - y
'S ,“' eSS E e
- 7 »r.‘;{,_,- >
e ——
7 S

e, =

from Latt

ice QCD




l.uscher

* Direct scattering “experiments” not possible

1 finite volume/Euchidean time

* |.uscher: measure discrete spectra of
interacting particles in a box, and infer the

interaction (scattering phase shitt)

Q-0




“l.uscher” in 1-d

Slide stolen unabashedly from R. Briceno
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“l.uscher” in 1-d

(L) = (0)
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“l.uscher” in 1-d

Quantization condition:

Lp: +25(pk) = 2mn

(L) = (0)



Slide stolen unabashedly from R. Briceno

“l.uscher” in 1-d

Quantization condition:

Lp: +25(pk) = 2mn

: \ n=3 \
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Slide stolen unabashedly from R. Briceno

“l.uscher” in 1-d

Quantization condition:

Lp: +25(pk) = 2mn

Lattice: measure
energies at a given L

10 11 12 13




Slide stolen unabashedly from R. Briceno

“l.uscher” in 1-d

Quantization condition:

Lp: +25(pk) = 2mn
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Slide stolen unabashedly from R. Briceno

“l.uscher” in 1-d

Quantization condition:

Lp: +25(pk) = 2mn
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D.J. Wilson, R. A. Briceno, J. J. Dudek, R. G. Edwards and C. E.

CCL e h 99 1 d Thomas, Phys. Rev. D 92, 094502 (2015)
uscrner 11 -

Quantization condition:

rwr-scattering
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Calculating Observables |
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Calculating Observables \

Effective mass plot:
C()
C(t+ 1)

Mg = In

: 3 1 — E()
/ ] t— 00

excited states

g.S. energy




Mes: (t/a)

Calculating Observables \

How far out in time you |
have to go depends on

choice of operators

Effective mass plot:

_ C(t)
Mer = In C(t+1)

— E()
{— 00




Potential method
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Potential method

2. Plug NBS

-
-
=
S
-
<
>
<
=

into Schrodinger

Kq. to determine

the potential:



Potential method

2. Plug NBS

wave-function
into Schrodinger
Kq. to determine

the potential:

Ho | vp0) = [ @rU0r )bl — i)




Potential method

3. Use derivative

O =~
S
== 2
Dera
S e 9k
n = ap S
- £ = 8
= 2= 3
T2 3 &
v = =




Potential method

3. Use derivative

Xpansion ;. ,
expansion to BLndlng energles

DO
Phase shifts

o 0
:g,u HO_ Up(r) = /dgr'U(r,r’)wp(r’)—@

determine the

leading order
potential:

Ur,r’) = Vo(r)d(r — ') + O(V2/A?)
p2 1 V%CNN(I‘,t)
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Some comparisons
between methods

0 |degrees|

_40 )
0 40 80 120 160 200 240 280

Q-0

-

\_

Luscher

* discrete phase shifts

* need single state saturation

* no volume extrapolation

* no uncontrolled approximations

J

(

Potential

* nearly continuous phase shifts
* only need elastic state saturation
* need volume extrapolation

¢ cutoff in gradient expansion




NN scattering: Luscher

m, ~ 450 MeV
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NN Binding energies
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NN Binding energies
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Few-body systems
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Three Neutrons In A Box

Jan-Lukas Wynen, EB, Tom Luu, Andrea Schindler, John Bulava

FGW' b()dy SySt i ~ 370 MeV
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Three Neutrons In A Box

Jan-Lukas Wynen, EB, Tom Luu, Andrea Schindler, John Bulava

)]

FGW' b()dy SySt - i ~ 370 MeV

| REALLY PRELIMINARY % T
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[ T
|. Potential method has a set of

- systematics that need to be studied
2o} |.  Finite volume
I 2. Elastic state saturation +1-

0.‘ o . . IO
o 3. Cutoff in gradient expansion 111
sl (uncontrolled theoretically)
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Three Neutrons In A Box

Jan-Lukas Wynen, EB, Tom Luu, Andrea Schindler, John Bulava

FGW' b()dy SySt - i ~ 370 MeV
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Three Neutrons In A Box

Jan-Lukas Wynen, EB, Tom Luu, Andrea Schindler, John Bulava

FGW' b()dy SySt | M ~ 370 MeV
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Nucleons: Spectroscopy |
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Nucleons: Spectroscopy \

 pAMy—3/2m)t
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Physics of interest lies here




Nucleons: Spectroscopy \

N 6A(Mn—3/2m,7r)t

Physics of interest lies here




Excited state contamimation |

Elastic scattering
(2-body)

AE ~ 50 MeV

Inelastic single body
AE ~m_




NN : T %Sy p7, 20(2%)2

oSS high stat. Eyy

@ SS: local

?  calm: local

2.55 -

Remove
inelastic
E.S.

10 12

oSS high stat. By

@ SS: non-local

#  calm: non-local

L

14

T
10

Remove
elastic E.S.

CallLat (2017)
Matrix Prony:
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The future:
GEVP approaches

rr-scattering

D.J. Wilson, R. A. Briceno,
J.J. Dudek, R. G. Edwards
and C. E. Thomas, Phys.
Rev. D 92, 094502 (2015)

1000 £ /MeV




The future:
GEVP approaches

W =0 H [P =1g
- [PP=3F P =3 F,
- BrP=4.q,

4 —

mm ~ 280,460 MeV | =™

WP =0H [P =1g
Br=3F lP°=3F,

UL l UL I 1 T | 1 T |lﬂ

Andersen, Bulava, Horz, Morningstar (2018)

rr-scattering

D.J. Wilson, R. A. Briceno,
J.J. Dudek, R. G. Edwards
and C. E. Thomas, Phys.
Rev. D 92, 094502 (2015)




The fUture . rr-scattering

GEVP approaches

D.J. Wilson, R. A. Briceno,
J.J. Dudek, R. G. Edwards
and C. E. Thomas, Phys.
Rev. D 92, 094502 (2015)
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Matrix elements: Neutrinoless Double Beta Decay \

* Short-ranged
contributions
unconstrained from
experiment

r

0.00 001 002 003 004 o O, mO. b
2 = (m, /(47 F,))2 242




Matrix elements: Neutrinoless Double Beta Decay \

* Short-ranged
contributions
unconstrained from
experiment

* Long-range
contributions may

require non-perturbative
treatment even for two

nucleons

r

0.00 001 002 003 004 d O, mO..b
2 = (m, /(47 F,))2 242

= 140 MeV

Xu Feng, Lu-Chang Jin, Xin-
Yu Tuo, Shi-Cheng Xia,
Phys. Rev. Lett. 122,
022001 (2019)

see also D. Murphy,W.
Detmold Lattice 2018
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Matrix elements: Background Field I

Scalar, Axial, Tensor
charges
Magnetic o p d pp *He

. e g 3.65(7) 7.20(15)  7.22(15) 10.4(2)
polarizabilities || ,& 0.78(2) i 155(4)  0.77(2)
g 2.94(6) 5.84(12)  5.86(12)  8.55(18)

g% 0.234(8) 0.45(2) 0.45(2) 0.63(3)

g\ 0.634(9) 1.26(2) - 0.63(1)

g 1.14(2) - 1.13(2)

g% 0.633(9) 1.25(2) . 0.625(9)

g 0.0002(6) 0.001(1) . 0.003(2)

PIC 0.684(12) 1.36(2) - 0.678(12)

g\ 1.12(2) - 1.12(3)

gs¥) 0.684(12) 1.36(2) - 0.676(12)

()1 0.00007(13)  0.0002(2) 0.0004(4)

M =~ 800 MeV




Matrix elements: Background Field I
Scalar, Axial, Tensor

charges
Magnetic o p d pp *He

. e g 3.65(7) 7.20(15)  7.22(15) 10.4(2)
polarizabilities || ,& 0.78(2) i 155(4)  0.77(2)
g 2.94(6) 5.84(12)  5.86(12)  8.55(18)

g% 0.234(8) 0.45(2) 0.45(2) 0.63(3)

g\ 0.634(9) 1.26(2) - 0.63(1)

g 1.14(2) - - 1.13(2)

g% 0.633(9) 1.25(2) ; 0.625(9)

g 0.0002(6) 0.001(1) . 0.003(2)

PIC 0.684(12) 1.36(2) - 0.678(12)

g\ 1.12(2) - - 1.12(3)

gs¥) 0.684(12) 1.36(2) - 0.676(12)

¢\ | 0.00007(13)  0.0002(2) - 0.0004(4)

M =~ 800 MeV




Summary

e LQCD has entered a precision era for single nucleon
observables
e Systematics are important and must be carefully
controlled
e Convergence for single baryon HBChiPT (without Deltas)
may be poor
® Multi-nucleon calculations
e Results from several groups at heavier than physical pion
mass
e Physical pion mass will require excellent operators
e Variational methods?
e Francis et al. 1805.03966 (H-dibaryon)
* Andersen, Bulava, HOrz, Morningstar, CalLat
e Several relevant ME’s now being calculated, but physical
pion mass still currently only available for single hadron
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