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LATTICE QCD CALCULATIONS FOR NUCLEAR PHYSICS.
MOTIVATION

Connection to QCD

Systematically improve the calculation
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Nuclear physics, the non-perturbative regime of
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Nuclear physics, the non-perturbative regime of
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Nuclear physics, the non-perturbative regime of
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Baryon-Baryon LQCD calculations landscape

LyXLyXL,XT

extrapolations to infinite volume,
continous (b — 0)

and physical quark mass values
must be done to connect with Nature
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FV Energy levels from two-point correlation functions
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LQCD DIRECT METHOD:

FV Energy levels from two-point correlation functions
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Challenges with LQCD studies of nuclear systems
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Challenges with LQCD studies of nuclear systems
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Increase the statistics / Increase the pion mass

Construct operators with a better overlap with the ground state
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LQCD DIRECT METHOD: FV Energy levels
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Baryon-Baryon FV Energy levels. Bound states
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Baryon-Baryon FV Energy levels. Bound states
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Baryon-Baryon FV Energy levels. Bound states
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Scattering information in Euclidean space-time and FV
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--- Scattering information in Euclidean space-time and FV
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LQCD - Binding energies - SU(3),
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LQCD - Binding energies - SU(3),
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away from the SU(3)s limit
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BB systems @ my ~ 450 MeV

Marc Illa et al (NPLQCD) PRD 103 (2021) 5, 054508
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away from the SU(3)s limit
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BB systems @ my ~ 450 MeV
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BB systems, quark mass extrapolations

Marc Illa et al (NPLQCD) PRD 103 (2021) 5, 054508
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Binding energies - Direct method

Davoudi, Detmold, Shanahan, Orginos, Parrefio, Savage, Wagman, Physics Reports 900 (2021) 1-74
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Binding energies - Direct method
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Deep bound states

Misidentification of the plateau?
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T. Yamazaki et al. [PACS], EP] Web Conf. 175 (2018)
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—200
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First variational calculation A. Francis et al., Phys.Rev.D 99 (2019)
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Nuclear physics with LQCD - Variational calculation

— —
R n=
—
NPLQCD 2013, 2017
BOUND NN I=1 e
m, ~ 800 MeV
b ~ 0.1453 fm

L~34,45,67 fm (- o)

1
2-body



--- Nuclear physics with LQCD - Variational calculation

Callat B. Horz et al., Phys.Rev.C 103 (2021) m, ~ 714 MeV NPLQCD 2013, 2017
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Nuclear physics with LQCD - Variational calculation

S. Amarasinghe et al (NPLQCD), arXiv:2108.10835
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Six Gaussian
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with relative momenta EFT motivated structure
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Largest set of operators to date
(ongoing work)

b=0.145 fm , L/b=32 (4.7 fm aprox)



Nuclear physics with LQCD - Variational calculation

NN (I=1)
S. Amarasinghe et al (NPLQCD), arXiv:2108.10835
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Nuclear physics with LQCD - Variational calculation

S. Amarasinghe et al (NPLQCD), arXiv:2108.10835

Similarly with what happens in the meson sector, removing the operator structure
with maximum overlap on to a given energy level leads to missing energy levels

Importance of using an interpolating-operator set with significant overlap onto
all energy levels of interest.

Having a large interpolating-operator set is not sufficient to guarantee that a set
will have good overlap onto the ground state or a particular excited state

NEEDS MORE WORK
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--- Nuclear physics with LQCD - Variational calculation

S. Amarasinghe et al (NPLQCD), arXiv:2108.10835

I=1 (left) and I = 0 (right) 2N S-wave phase shifts
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Consistent results when using similar interpolating operators
Discrepancies between asymmetric correlation functions (local hexaquark source, plane-wave dibaryon sink) and recent variational studies.



Nuclear physics with LQCD - Variational calculation

S. Amarasinghe et al (NPLQCD), arXiv:2108.10835
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Nuclear physics with LQCD - Variational calculation

S. Amarasinghe et al (NPLQCD), arXiv:2108.10835
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--- Are we really missing a deep bound state?
Successful reproduction of properties of light nuclei direcly from QCD

. Octet baryon magnetic moments
Nuclear magnetic moments NPLQCD, PRD95, 114513 (2017)
NPLQCD, Phys. Rev .Lett. 113 (2014)

Triton axial charge, g4 = (h|Grsysq|h)

NPLQCD, PRD 103 (2021)
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® During the last 2 decades we have witnessed great advances in the calculation of nuclear interactions with
Lattice QCD, partly thanks to the technological development but also thanks to the development of algorithms
and communication between different communities (computing science, theoretical physics, nuclear).

® Calculations near the physical pion mass using the direct method are under way
(coarse extrapolations at the moment)

* Investigation on lattice artefacts, excited state contamination, ...

® Operator dependence: Variational studies have revealed significant interpolating-operator dependence in
LQCD calculations of NN energy spectrum with unphysical quark masses

- Variational bounds don’t provide conclusive evidence for (or against) bound states.

- Ongoing and future work: include a larger operator set (complete basis of local 6 quark operators),
additional volumes, multi-exponential fits vs GEVP

- The analysis of analogous calculations in the strange sector are underway (AA)
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Back slides

The presence of a magnetic field induces mixing of the |,=I,=0 components
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Nuclear physics with LQCD - Methods

. Potential method
Direct method
Only applicable at the energy .
. e T
Misidentification of the plateau of the calculation/system est convergence expansion
E. Berkowitz et al. [Callat], Phys.lLett.B 765 (2017) Ground-state saturation requirement  Short-distance operator dependence

S.R. Beane et al. [NPLQCD], arXiv:1705.09239 [hep-lat]
T. Yamazaki et al. [PACS], EPJ Web Conf. 175 (2018)

_ CB,By(T,DP)
R(T7 p) B CB1 (T7 p) CBQ (7-7 p)

v
AFE,

Luscher’s
method

v
k* cot
B

pre-variational — bound
variational — not clear

T. Iritani et al. [HAL QCD], Phys.Rev.D 99 (2019)

Rr) = G i)
l
<4ij — 0y — HO) R(r,7r) = /d3r'U(r,r')R(T, r’)
l

Ulr,v") =V (r)s(r —r") + O(V2/A?)

!
k* cot d
B

NN systemé at unphysiéal m_ not bound




Issues with different methods

Direct method Potential method

Prof. Aoki’s talk this morning
Misidentification of the plateau
E. Berkowitz et al. [Callat], Phys.Lett.B 765 (2017) Only applicable at the energy of the system
S.R. Beane et al. [NPLQCD], arXiv:1705.09239 [hep-lat]

Ground-state saturation requirement
T. Yamazaki et al. [PACS], EPJ Web Conf. 175 (2018)

Test of the convesgence expansion

Short-distance operator dependence

T. Iritani et al. [HAL QCD], Phys.Rev.D 99 (2019)
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myx ~ 715 — 800 MeV
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2 / 2 Plot from A Nicholson @ Lattice 2022
Two-nucieon higher partial-wave scattering from lattice QCD q m
T

Evan Berkowinz Thorsten Kurth ™', Amy Nucholson ' *, Bilnt jod *, Ennco Rinald
Mark Strother . Pavios M. Vranas *, André Walker-Loud

from UNRESOLVING THE NN CONTROVERSY, W. Detmold. Bethe Forum: Multihadron Dynamics in a Box, MIT



--- Nuclear physics with LQCD - Variational calculation

NN, I=1 S. Amarasinghe et al (NPLQCD), arXiv:2108.10835
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H-dibaryon

A. Francis, PRD 99, 074505 (2019)

[ maqen ; - . . Paons
& NPLQCD Hermitian 2x2 matrix with hexaquark and dibaryon-like operators
60 r § This work, distillation 1 g ...
* This work, FV-analysis
E 40T % l% 4 % ] Non-hermitian 2x2 matrix with dibaryon-like operators
5 i
< 90 L CP* 3l( ] .‘. G
0 ]L
_20 1 1 1 1 1 1
0 200 400 600 800 1000 1200 Note:
my [MeV] We should use adimensional variables to compare results
obtained using different configurations to minimize the effect
FIG. 11. Comparison of our results in Egs. (23)—(25) to the of different scale settings and other systematics

estimates quoted by NPLQCD [14,18,20] and HAL QCD
[22,23]. Green and blue symbols refer to the SU(3)-symmetric
and broken cases, respectively. The data point marked by a star
denotes the result in infinite volume.



BB systems @ my ~ 450 MeV

away from the SU(3)s limit

nf=2+1 ——————————————————————————————————— |

m, = 450(5)MeV

v model selection (AIC)
b =0.117(2) fm

Z Zne—EnT
L=238,3.7,5.6 fm n=0

T=75,112,11.2 fm

NPLQCD + QCDSF, Phys. Rev. D 103, 054504 (2021)
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Extracting scattering information

11 1 |
NPLQCD, PRD 96, 114510 (2017)
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1 J ! 7 1 |
Scattering parameters _ EFT matching
27 10 10 84

Extracting scattering information
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Lattice artifacts?

® Expect artefacts: AE = AEy(1 + (aA)dE; + ...) with By < 1

Green, Hanlon, Junnarkar, Wittig, PRL 127 (2021)
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Potentially important

m_ ~ myg ~ 420 MeV
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Potentially important

4
Green et al., R IS ‘
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from SU(3)-flavor-symmetric QCD”  £1204 * i by Ul <«—— Single Baryon
Phys.Rev.Lett. 127 (2021) 24, 242003 £ i
§1.18- b
1.16 -
$7500 ¢ B450
1.14 4 +N300 * A653 TWO Baryon

0.5 1.0

—-209 (0,0,0)

S —40 7 DT

Q . Ay

2 .::<°<o ° e
5604 °= '

g e

—804 o $J500 ¢B450 « 1J500 ¢B450
#N300 | A653 ! ‘ ] 4 N300 | A653
-1204 ¢

T T T T T

0 1.5 0.0 0.5 1.0
t (fm)

Detmold @ Bethe Forum 2022, Bonn, Aug 18th, 2022

1.5




