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LQCD calculations for nuclear physics

HADNUCMAT
Exploring the quantum chromodynamics phase diagram:

from hadrons and nuclei to matter under extreme conditions

Diagram

C. Hadron B. Nuclear
Physics Physics

WP C. Hadron Physics

. .y . . Fig 1: schematic representation of the three work packages
« WP C.3. Lattice QCD descrlptlon of baryon—baryon Interactions that encompass our common interests and our subproject- |

specific research goals. |

A. NN, YY close to physical light quark masses

B. AN-2N: implications of hypertriton, femtoscopy and neutron
star composition



LQCD calculations for nuclear physics

Low-energy description of nuclear processes:

nonperturbative QCD information (LQCD) .« » nuclear EFTs

+ many-body methods

predictions for properties of heavy nuclei

(beyond present-era LQCD calculations)



LQCD calculations for nuclear physics

Low-energy description of nuclear processes:

nonperturbative QCD information (LQCD) .« » nuclear EFTs
NPLQCD, Phys.Rev. D87 (2013) no.3, 034506, + many-body methods
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LQCD correlation function

LQCD calculations: Non-perturbative implementation of Field Theory using the Feynman Path Integral Formalism

Calculation of expectation values of operators:
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LQCD correlation function
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Challenges with LQCD studies of nuclear systems

The signal-to-noise problem
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--- Challenges with LQCD studies of nuclear systems
The signal-to-noise problem
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Challenges with LQCD studies of nuclear systems

Small energy gaps
I I I A
Small excited-state gaps may lead to incorrect identification of ground-state energy
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--- Scattering information in Euclidean space-time and FV

M. Lischer, Comm. Math. Phys. 105 (1986), Nuc. Phys. B 354 (1991)

Infinite volume

wi(r; k) = cu(k)ju(kr) + Bi(k)n(kr)

p2i61(k) _ (k) +iBi(k)
Ozl(l{?) — Zﬁl(k})




--- Scattering information in Euclidean space-time and FV

M. Lischer, Comm. Math. Phys. 105 (1986), Nuc. Phys. B 354 (1991)

Finite volume
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--- Scattering information in Euclidean space-time and FV

5 ! 7 | |
M. Lischer, Comm. Math. Phys. 105 (1986), Nuc. Phys. B 354 (1991)
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(LQCD output) 9
k* cotd = —ZOO(]-; (k*L)2)

. 00000060003
§§{} E3

v ogg
. DDDDDDDDU§§$ E2

Vow
fo) V ¥ VVVVVV!Y
1

C(t)

Zoo(l; .’E)

o
o
ooooooooooﬁﬁ§ EO




--- Scattering information in Euclidean space-time and FV

5 ! 7 | |
M. Lischer, Comm. Math. Phys. 105 (1986), Nuc. Phys. B 354 (1991)

1.- Determine finite-volume energies
2.- Solve a (multi-hadron) quantization condition
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Scattering information in Euclidean space-time and FV

M. Lischer, Comm. Math. Phys. 105 (1986), Nuc. Phys. B 354 (1991)

2.- Solve a (multi-hadron) quantization condition
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a parameterized scattering amplitude
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LQCD studies of nuclear systems

@ unphysical quark masses

The use of heavier than physical pion masses reduces the exponentially bad StN problem (at a reduced computational cost) of multi-

nucleon LQCD calculations R benchmark for nuclear spectrum calculations using LQCD
0 ny | —
d nn r— H-dib
— _ )
- nz / X

— 3He ?\H 3H %He —

—50r | SN 1

[ 4 4 4
| ] He AHe AAHe
m SU@3),
EEER
m, ~ 800 MeV

MeV)

~—

-B

_150 F . 5_H

—200

—300 [

2-body 3-body 4-body 5-body

NPLQCD, Phys.Rev. D87 (2013) no.3, 034506; Phys.Rev. D96 (2017) no.11, 114510
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Different quark smearings
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LQCD studies of nuclear systems

unphysical quark masses

Marc Illa et al (NPLQCD) PRD 103 (2021) 5, 054508
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LQCD studies of nuclear systems

unphysical quark masses

Marc Illa et al (NPLQCD) PRD 103 (2021) 5, 054508

my ~ 450 MeV 84
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Marc Illa et al (NPLQCD) PRD 103 (2021) 5, 054508
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LQCD studies of nuclear systems

unphysical quark masses

¥+ NPLQCD ns =3
HH NPLQCD nj =2+1

~—+ NSC97

<« ESC

+ xEFT LO
~—+ Ehime ** xEFT NLO

Linear extrapolation in m,

Quadratic extrapolation in m,

X Experimental



Proof-of-principles calculations

@ unphysical quark masses
I I I N physicatq
Magnetic Moments
3 —
Nuclear magnetic moments Shell-model HOH)=H,
NPLQCD, Phys. Rev .Lett. 113 (2014) predictions UCHe)=p,
4 » H A "l'd = "Ln + up

PRD 95, 114513 (2017)
PRL 116, 112301 (2016)
2+ d 8 PRD 92, 114502 (2015)

PRL 113, 252001 (2014)

Octet baryon magnetic moments
NPLQCD, PRD95, 114513 (2017)
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BUT ...

NPLQCD
PACS-CS

CallLat

* B> O

EXP

Is the fitting interval correctly
identified?

Are we missing excited state
contributions?

Is there an operator dependence

on the energy levels extracted?

|

variational calculation

Ba/Mn

BBHe/MN

Nuclear physics with LQCD - Controversy

Davoudi, Detmold, Shanahan, Orginos, Parrefio, Savage, Wagman, Physics Reports 900 (2021) 1-74
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NPLQCD, BRD 107, 094308 (2023); PRD 110, 119904(E) (2024) . :
NN spectr V - Variational calculation
- N y 2025) 11, 114501 pectroscopy @ 800 Me ariational calculatio

4 1 1 1 1 " |
i Dibaryon Hexaqgark Combi.ned Large set Of Operators
] studies studies studies b=0.145 fm (M
L : 8®
o EEE R My ~ 806 MeV C(t) = .
i L~4.5fmand 3.4 fm :
................ 7] AR | R — 5
s T EE i
_ 7 Solve Generalized Eigenvalue Problem (GEVP):
S c 8
S | R R
T I DI E B C(t) Un(t,to) = )\n(t,to) C(to) Un(t,to)
1 % %
B GEVP Eigenvalues provide rigorous (stochastic)
0.05F = o = % L variational upper bounds on energy levels
0.00
| T T o ? T T D o
22335585588
R
2 Q
NN (I=1) SR
L~34fm

Interpolating operator set



0.20 7
0.15 7
.
S
<@] 0.10
0.05 7
0.00 7
NN (I=1)
L~34fm

Dibaryon Hexaquark Combined

] studies studies studies
b 38 b b 2@
................ ... W ....... 8
oI O m O 3 & @
| I @ & i O @ @ T
| @ WM m % I I I U
m m om ? I m m m
L | | | L | | L L | L L
QAR o T DD om TR
R R

+ +

A Q + +

b s R Q

o B

Interpolating operator set

NPLQCD, PRD 107, 094508 (2023);, PRD 110, 1719904(E) (2024)
A QL) Roa )

2025) 11, 114501
I I I B e

nglm)vsﬂ

nn)ysP_
D§1 )Y

D(nn)]l

sl

nn
H i

O =N W Ut N
T S B

01234 01234 01234

S

S

S

relative overlap factors

12345678 910111213141516

2
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NN spectroscopy @ 800 MeV - Variational calculation

Results consistent if viewed as variational bounds

NN (I=1)

taking out a dibaryon op

0.03F
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matrices are significantly closer to
threshold than those obtained using
hexaquark sources and dibaryon sinks
(in all previous studies using the same
gauge-field ensemble)

calculations made on the same set of configurations

S. Amarasinghe et al (NPLQCD) PRD 107 (2023) 9, 094508



L3x Ly =323 x 48 and 24% x 48

Comparison of two-nucleon variational
bounds with other calculations at similar
quark masses employing variational
methods or asymmetric correlators in the

total momentum |I3| = () sector

AE™) /My

B. Horz et al., Phys. Rev. C 103, 014003 (2021)

A. Francis et al., Phys. Rev. D 99, 074505 (2019)

CalLat 17: E. Berkowitz et al., Phys. Lett. B 765, 285 (2017)
NPLQCD 17: M.L. Wagman et al., Phys. Rev. D 96, 114510 (2017)
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Excited-stat tainties in lattice-QCD calculati f multi-had t -
xcited-state uncertainties in lattice calculations of multi-hadron systems LQCD fOI' Nuclear PhYS1CS

William Detmold,! Anthony Grebe,?3 Daniel C. Hackett,® Marc Illa,%®
Robert J. Perry,! Phiala E. Shanahan,! and Michael L. Wagman?®
(NPLQCD Collaboration)

New Method in Hadron Spectroscopy: Lanczos Method

coming out of the oven...

Courtesy of Robert |. Perry
Two-point correlator

~

1
Cop(t) = ETr[T(L“t)C)aTtOZ],

Transfer matrix:
T |n) = A, |n),

Eigenvalues related to finite-volume energy eigenvalues
E, = —1n\,.

Lanczos allows for access to transfer-matrix eigenvalues. Importantly: two-sided
bounds, B computable from correlator data

E, € [— In (/\gw + \/B,f/“m)) ,

—In ()\fcm) — Bf’/L(m)>] )

Valid for all Euclidean separations (independent of size of energy gaps)

Residual bounds



Excited-state uncertainties in lattice-QCD calculations of multi-hadron systems

William Detmold,* Antl}ony Grebe,>? Daniel C. IL.Iackett,3 Marc Illa,%® LQCD for NUCIear PhYSICS
Robert J. Perry," Phiala B. Shanahan,” and Michacl L. Wagman New Method in Hadron Spectroscopy: Lanczos Method

(NPLQCD Collaboration)

Two sided bounds are phenomenologically I S B
1ok Block Lanczos

| )=( Gap Bounds

useful!
Two versions of bounds:

1. Residual bounds: assume
Hermiticity of Transfer matrix

2. Gap bounds: Assume
spectrum is qualitatively known

kcot b1, /mx
cn
1

0.0

4 | 1
0.0

Gap + variational bounds lead to
phenomenologically interesting 1.0
constraints on scattering phase-
shift.

No need to assume N-state
saturation in correlation function

kcot dsg, /ma

Residual & Gap bounds provide 0.0

two-sided bounds which constitute AT
a paradigmatic improvement. 0.0 0.1 0.2
Courtesy of Robert |. Perry k2/m2

0.4 0.5 0.6



--- LQCD for Nuclear Physics
Ongoing studies: Lattice artifacts?

In 2023 we started a study of all SU(3) irreps at two different lattice spacings

Previous calculations by other groups:
Green, Hanlon, Junnarkar, Wittig, PRL 127 (2021)

L/a T/a L (fm) T (fm)r a (fm) l

48 64 4.13 5.50 0.086 flavor singlet channel
32 48 4.64 6.96 0.145 (H-dibaryon)
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200 7—5 — : 200
D o “BBam o i i b @
88 m 10 :
1504 =5 L2 e g ° 3 ji’ % ‘M 1 150 @
. o " s 2B = #
© 3 5 0 g 2T a° %qj % H P
10} 58 g ¢ ! 100 1 |
% H o 8 B g - ;\
2 5] b o-S9p=-B-ug" ?m @ f S 50 H ?
g B 88 g : i a \_:
= ) = m: E = { . - . 4 Lq 8 feo)
S oEe - . 1] - a4 0
<] 8 8 B g 8 g o o . o
T 5 o Assuming variational bounds
~50 1 —50 1 ) have saturated
¢ a=0.145 Large lattice artifacts!
100 @ a=0.09 fm 1001

000 025 050 075 100 125 150 175 2.00 0.000 0.005 0.010 0.015 0.020 0.025 0.030
t (fm) a® (fm?)



Marti Rovira’s presentation

Other theoretical techniques to obtain the energy eigenvalues of the QCD Hamiltonian

Neural-network-based variational methods

Marti has been applying the variational method to study simple quantum mechanical
systems and interacting scalar field theories.

His thesis goal is to compute the energy eigenvalues of the lattice-regularized Hamiltonian for QCD, using a trial wave

function based on a neural network —> to explore the spectrum of single- and few-hadron systems in QCD

with Robert J. Perry (MIT) and Assumpta Parrefio (UB)



