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LATTICE QCD CALCULATIONS FOR NUCLEAR PHYSICS.
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LATTICE QCD CALCULATIONS FOR NUCLEAR PHYSICS.
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--- Some physical implications

@ Marc llla thesis,
e-Print: 2109.10068 [hep-lat]
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!--- Solving QCD at low-energies. LQCD + EFT

Nuclear physics, the non-perturbative regime of QCD
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The quantum propagation is expressed as a weighted sum over paths
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B N FV Energy levels from two-point correlation functions
Energy levels Cope(1,p) = ) € P Lo {Xa(x, 7)X5(0,0))
U e—>—8 u
U —>—o u
d @ > ® (

(0,0) (x,7)



i

FV Energy levels from two-point correlation functions

Energy levels Cth (7-7 p) - Z e P Fﬁa <XO‘ (33, T)Xﬁ (O’ O)> Tower of energy eigenstates
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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

Expectation is that for A nucleons:
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Challenges with LQCD studies of nuclear systems

4 1 1 ] | |
Increase the statistics / Increase the pion mass
Expectation is that for A nucleons:
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Challenges with LQCD studies of nuclear systems
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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
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p2i01(k) _ (k) +iBi(k)
al(k) — Zﬂl(k)
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--- Scattering information in Euclidean space-time and FV

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

finite volume det [(M>)"1 +6GY] =0

(L> R)
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finite volume

(L> R)

M. Lischer, Comm. Math. Phys. 105 (1986), Nuc. Phys. B 354 (1991)
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--- Scattering information in Euclidean space-time and FV

M. Lischer, Comm. Math. Phys. 105 (1986), Nuc. Phys. B 354 (1991)
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Scattering information in Euclidean space-time and FV

M. Lischer, Comm. Math. Phys. 105 (1986), Nuc. Phys. B 354 (1991)
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--- LQCD DIRECT METHOD: FV Energy levels
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LQCD DIRECT METHOD: FV Energy levels
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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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i . 55 sy @ m, ~ 450 Me

away from the SU(3)s limit

Marc Illa et al (NPLQCD) PRD 103 (2021) 5, 054508
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BB systems, quark mass extrapolations

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

NPLQCD, PRD 96, 114510 (2017)
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Extracting scattering information
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Scattering parameters _ EFT matching

Extracting scattering information
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Scattering parameters _ EFT matching
27 10 10 84

Extracting scattering information
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extension to larger systems in SU(3),

EFT (7)) at LO
VLo — Co + C15102 2B(attractive)
B +Do 3B(repulsive)

Barnea, Contessi, Gazit, Pederiva, van Kolck, PRL 114 (2015) 052501
Contessi, Lovato, Pederiva, Roggero, Kirscher, van Kolck, PLB 772 (2017) 839

nuclear structure accounted for with effective-interaction hyperspherical
harmonics and auxiliary-field diffusion Monte Carlo



--- EFT. Extension to larger systems in SU(3),

NPLQCD, Phys.Rev. D87 (2013) no.3, 034506
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--- extension to larger systems (SU(3)y)

NPLQCD, Phys.Rev. D87 (2013) no.3, 034506;
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Pion-less effective field theory for atomic nuclei and lattice nuclei
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We compute the medium-mass nuclei '°0 and “°Ca using pion-less effective field theory (EFT) at next-to-
leading order (NLO). The low-energy coefficients of the EFT Hamiltonian are adjusted to experimental data for
nuclei with mass numbers A = 2 and 3, or alternatively to results from lattice quantum chromodynamics at an
unphysical pion mass of 806 MeV. The EFT is implemented through a discrete variable representation in the
harmonic oscillator basis. This approach ensures rapid convergence with respect to the size of the model space
and facilitates the computation of medium-mass nuclei. At NLO the nuclei 1°0 and “°Ca are bound with respect
to decay into alpha particles. Binding energies per nucleon are 9-10 MeV and 21-40 MeV at pion masses of 140
and 806 MeV, respectively.

DOI: 10.1103/PhysRevC.98.054301

| VES(So) =Ly, = Cs =3Cr,  VARO(Sy) = Cig, (9% + p'),

}i V;;g 3S1) = C3S1 = CS + CT, VI\I?II\‘[O(:SSI) = C3Sl(p2 -|— plz).

extension to larger systems (SU(3)s)

Extension to 1°0 and *°Ca

Our results also suggest that medium-mass nuclei can
be connected to lattice QCD input. Further progress in this
direction, however, requires a resolution of the controversy
between the different lattice QCD approaches to light nuclei,
increasing the precision of the lattice QCD results that are
input to EFTs, and finally, moving towards the physical pion
mass.



Nuclear physics with LQCD - Controversy

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

Misidentification of the plateau?

®
o //
E. Berkowitz et al. [CalLat], Phys.Lett.B 765 (2017) Q ?>‘ o

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

Small excited-state gaps may lead to incorrect identification
of the ground-state energy

* Is the fitting interval correctly identified?
* Are we missing excited state contributions?

® Is there an operator dependence on the energy levels extracted?

Reduce uncertainty at small time: GPoF, matrix Prony, variational
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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

Callat B. Horz et al., Phys.Rev.C 103 (2021) m, ~ 714 MeV NPLQCD 2013, 2017
. BOUND NN I=1 _—
T m A —0) @ AIPL —1) ¢ AP —2) @ ALPL =3) & ALRL 4 100
] | i'| |UNBOUND NN I=1 . ~ 800 MeV
0.8 ! . z
! >
i ~ 0. m M
S o4 ! | L~34,45,67fm (- o)
8 1| L=48b ~ 4.1 fm
S 0.2 H o0k
0.0 E
—0.2 i
i —250 b
—0.4 : : : : : : }
—0.10 —0.05 0.00 0.05 0.10 0.15 0.20 0.25
Qo /102 ~
°
. —300 F
Hermitian 2x2 matrix with dibaryon-like operators 2_blody
°



Nuclear physics with LQCD - Variational calculation

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

@ Hexaquark: Quasi-local:

| o
(™
Kq_l .

® +

T o® s
Six Gaussian
plane-wave baryons smeared quarks

with relative momenta EFT motivated structure

(deuteron-like)
exponentially decaying wf

Largest set of operators to date
(ongoing work)

b=0.145 fm , L/b=32 (4.7 fm aprox)
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NN (I=1)
S. Amarasinghe et al (NPLQCD), arXiv:2108.10835
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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

So contains all operators except the quasi-locals

__— (hexaquark and dibaryons ops with different relative momentum)
Set without a particular dibaryon operator
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(taking out a dibaryon op with a given value of the relative momentum)

Interpolating-operator set
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NN, I=1 S. Amarasinghe et al (NPLQCD), arXiv:2108.10835
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S. Amarasinghe et al (NPLQCD), arXiv:2108.10835
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S. Amarasinghe et al (NPLQCD), arXiv:2108.10835
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Potentially important

m_ ~ myg ~ 420 MeV
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Potentially important
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Are we really missing a deep bound state?
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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 (coarse extrapolations at the moment) —— are under way

* Are lattice artefacts important? Probably more statistics is needed to answer this question

e 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)



