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More experimental effort 



Some physical implications 

D. Logoteta, I. Vidaña, I. Bombaci, 

Eur. Phys. J.A 55 (2019)

@ Marc Illa thesis,

	 e-Print: 2109.10068 [hep-lat]



Nuclear physics, the non-perturbative regime of QCD 

The quantum propagation is expressed as a weighted sum over paths 

go to Euclidean space
(numerical methods/important sampling)

Solving QCD at low-energies. LQCD + EFT



LQCD calculations

b < < Λ−1
QCDL > > m−1
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LQCD DIRECT METHOD:  
FV Energy levels from two-point correlation functions
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signal-to-noise degradation
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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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Small excited-state 
gaps may lead to 

incorrect 
identification of 

ground-state energy

Challenges with LQCD studies of nuclear systems
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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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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)f
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Hypertriton (J=1/2, I=0) 

Λnn (J=1/2, I=1) 

Hypertriton* (J=3/2, I=0) 

Ongoing calculations at mπ ~450 MeV using 
the two larger volumes

not observed  
experimentally

observed by HypHI (GSI) ? 
Phys. Rev. C 88 (2013)

LQCD - Binding energies - SU(3)f



BB systems @ mπ ~ 450 MeV

away from the SU(3)f limit

nf = 2 + 1

mπ = 450(5)MeV

b = 0.117(2) fm

L = 2.8, 3.7, 5.6 fm

T = 7.5, 11.2, 11.2 fm

Boosted 

and back-to-back


momenta

mπ ~ 450 MeV

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



BB systems @ mπ ~ 450 MeV

away from the SU(3)f limit

nf = 2 + 1

mπ = 450(5)MeV

b = 0.117(2) fm

L = 2.8, 3.7, 5.6 fm

T = 7.5, 11.2, 11.2 fm

Boosted 

and back-to-back


momenta

mπ ~ 450 MeV

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



BB systems, quark mass extrapolations

Marc Illa et al (NPLQCD) PRD 103 (2021) 5, 054508
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d = (0, 0, 0)

d = (0, 0, 2)

243 ⇥ 48 : stat.+syst. 68% C.I.

323 ⇥ 48 : stat.+syst. 68% C.I.

483 ⇥ 64 : stat.+syst. 68% C.I.

Two-parameter ERE: stat.

Two-parameter ERE: stat.+syst.

Three-parameter ERE: stat.+syst.

Three-parameter ERE: stat.

243 ⇥ 48 : stat. 68% C.I.

323 ⇥ 48 : stat. 68% C.I.

483 ⇥ 64 : stat. 68% C.I.

27 irrep

�
p
�k⇤2m⇡ = 806 MeV

k⇤2t�cut ⇠ 0.088 l.u.m⇡ = 450 MeV

k⇤2t�cut ⇠ 0.018 l.u.

Extracting scattering information

(nn)
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Extracting scattering information

m⇡ = 450 MeV

k⇤2t�cut ⇠ 0.018 l.u.

most constrained values show unnaturalness (r/a ~0.2 - 0.3)



Extracting scattering information

L(0), SU(3)
BB =� c1Tr(B

†
iBiB

†
jBj)� c2Tr(B

†
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†
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†
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†
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†
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†
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†
iBj)Tr(B

†
jBi)
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Assuming SU(3)f, at leading order we have

M.J. Savage, M. Wise, Phys.Rev.D 53 (1996)
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Assuming SU(3)f, at leading order we have
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Agreement with 

the large-Nc prediction 

of an SU(6) symmetry

D. Kaplan, M.J. Savage,  
Phys.Lett.B 365 (1996)



extension to larger systems in SU(3)f

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



EFT. Extension to larger systems in SU(3)f

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



extension to larger systems (SU(3)f)

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

(16O@LO)



extension to larger systems (SU(3)f)

Extension to  and 16O 40Ca



NPLQCD

*

PACS-CS

CalLat

EXP

Nuclear physics with LQCD - Controversy

Davoudi, Detmold, Shanahan, Orginos, Parreño, Savage, Wagman, Physics Reports 900 (2021) 1–74 




Nuclear physics with LQCD - Controversy

Misidentification of the plateau?

E. Berkowitz et al. [CalLat], Phys.Lett.B 765 (2017) 
S.R. Beane et al. [NPLQCD], arXiv:1705.09239 [hep-lat] 
T. Yamazaki et al. [PACS], EPJ Web Conf. 175 (2018)

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

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

Deep bound states
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• Is the fitting interval correctly identified? 
• Are we missing excited state contributions? 
• Is there an operator dependence on the energy levels extracted?

mπ ∼ 800 MeV

b ∼ 0.1453 fm

L ∼ 3.4, 4.5, 6.7 fm ( → ∞)

BOUND NN I=1
NPLQCD 2013, 2017 



A. Francis et al., Phys.Rev.D 99 (2019)
m⇡ ⇠ 960 MeV
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Ground-state energy close to threshold
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Nuclear physics with LQCD - Variational calculation

NPLQCD 2013, 2017 

First variational calculation

UNBOUND NN I=1

Hermitian 2x2 matrix with hexaquark and dibaryon-like operators

Non-hermitian 2x2 matrix with dibaryon-like operators

mπ ∼ 800 MeV

b ∼ 0.1453 fm

L ∼ 3.4, 4.5, 6.7 fm ( → ∞)

BOUND NN I=1
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NPLQCD 2013, 2017 mπ ∼ 714 MeV

Hermitian 2x2 matrix with dibaryon-like operators

b ∼ 0.086 fm
L = 48 b ∼ 4.1 fm

mπ ∼ 800 MeV

b ∼ 0.1453 fm

L ∼ 3.4, 4.5, 6.7 fm ( → ∞)

UNBOUND NN I=1

BOUND NN I=1
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Largest set of operators to date 
(ongoing work)

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

Six Gaussian 

smeared quarks

+ + κ−1
q

Quasi-local: 

plane-wave baryons

with relative momenta EFT motivated structure 


(deuteron-like)

exponentially decaying wf

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



S0 contains all operators except the quasi-locals  
(hexaquark and dibaryons ops with different relative momentum)

Set without a particular dibaryon operator  
(taking out a dibaryon op with a given value of the relative momentum)

Set with only the whole set of dibaryon operators (NO hexaquark)
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S. Amarasinghe et al (NPLQCD), arXiv:2108.10835 

Six Gaussian 

smeared quarks

+ + κ−1
q

Quasi-local: 

plane-wave baryons

with relative momenta EFT motivated structure 


(deuteron-like)

exponentially decaying wf



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

S0 contains all operators except the quasi-locals  
(hexaquark and dibaryons ops with different relative momentum)

Set without a particular dibaryon operator  
(taking out a dibaryon op with a given value of the relative momentum)

Set with only the whole set of dibaryon operators
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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



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

strong overlap with a particular operator

NN, I=1
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S. Amarasinghe et al (NPLQCD), arXiv:2108.10835
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variational method provides (stochastic) 
 upper bounds on energy levels



Lattice artifacts?

mπ ∼ mK ∼ 420 MeV

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

Marc Illa @ HYP22

Potentially important

b ∼ 0.123 fm

b

b

b



Lattice artifacts?

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

Potentially important



Are we really missing a deep bound state?



Summary 

• 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 

• 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 ( ) ΛΛ


