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Motivation

Results for m⇡ ⇠ 450 MeV
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Results for m⇡ ⇠ 800 MeV
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EFT for two-baryon systems

Nuclear physics with Lattice QCD



To constrain the low-energy coefficients from EFTs, we need 
data
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Do we have experimental data for baryonic systems that 
contain strange quarks ( )?Λ/Σ/Ξ

☞

Motivation

LQCD[q, q, A;mq,↵s]
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Before 1990s / After 1990s

Motivation

Figure updated from
Dover and Feshback, Ann. Phys. 198 (1990)

E40 at J-PARC

https://www.sciencedirect.com/science/article/abs/pii/000349169090254L?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/000349169090254L?via=ihub
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S=-1 hypernuclei ~40  (p+n+ )Λ/Σ

S=-2 hypernuclei  3   (p+n+ )Ξ/ΛΛ

“Normal” nuclei >103   (p+n)

Motivation

J-PARC

JLab PANDA

+ new constraints from momentum correlation functions (femtoscopy) 
at STAR (RHIC), ALICE (LHC) and HADES (GSI).
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Implications in several fields, like in nuclear astrophysics, 
with the hyperon puzzle

☞
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Vidaña, 
Proc. Roy. Soc. Lond. A 474 (2018)
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Phys. Rev. Lett. 114 (2015)
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Nuclear physics with Lattice QCD

To complement experimental data, we can use lattice QCD☞
But why most of the results are obtained with heavier-than-
physical quark masses?
(NPLQCD, PACS-CS, CalLat, Mainz, HAL QCD)
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nuclear physics

Parisi, Phys. Rept. 103 (1984) 
Lepage, Boulder TASI (1989) 
Wagman and Savage, Phys. Rev. D 96 (2017)

e�A(MN� 3
2m⇡)⌧

<latexit sha1_base64="ZFw/iG9mko3DsZ+rWwTfrKYnHzA="></latexit>

Signal

Noise
⇠ e�(MN� 3

2m⇡)⌧

<latexit sha1_base64="xxWcNHLOZYUi5gpaQHPcFHOb48s="></latexit>

https://doi.org/10.1016/0370-1573(84)90081-4
https://inspirehep.net/literature/287173
https://doi.org/10.1103/PhysRevD.96.114508
https://doi.org/10.1016/0370-1573(84)90081-4
https://inspirehep.net/literature/287173
https://doi.org/10.1103/PhysRevD.96.114508


Increase statistics

Contract propagators to form correlation functions

Compute more propagators: M = ⌘

<latexit sha1_base64="TXk8BQADBL5je1w2XVVF3DSigXY=">AAACBXicbVDLSsNAFJ3UV62vqks3wSK4KokouhGKbtwIFewDm1Bupjft0MkkzEyEErr2B9zqH7gTt36HP+B3OG2z0NYDFw7n3Mu5nCDhTGnH+bIKS8srq2vF9dLG5tb2Tnl3r6niVFJs0JjHsh2AQs4ENjTTHNuJRIgCjq1geD3xW48oFYvFvR4l6EfQFyxkFLSRHm69RLFLDzV0yxWn6kxhLxI3JxWSo94tf3u9mKYRCk05KNVxnUT7GUjNKMdxyUsVJkCH0MeOoQIiVH42/XhsHxmlZ4exNCO0PVV/X2QQKTWKArMZgR6oeW8i/utREBT5XLoOL/yMiSTVKOgsPEy5rWN7UondYxKp5iNDgEpm/rfpACRQbYormWLc+RoWSfOk6p5Wz+5OK7WrvKIiOSCH5Ji45JzUyA2pkwahRJBn8kJerSfrzXq3PmarBSu/2Sd/YH3+AKlgmQM=</latexit>

/ 1

mq

<latexit sha1_base64="xaeAnIZY1wI1husN6r3QXGtEqrs=">AAACEnicbZDLSgMxFIYz9VbrbVRcuQkWwVWZkYoui25cVrAX6AxDJs20oZkkJhmhDPMWvoBbfQN34tYX8AV8DtPLQlt/OPDzn3M4hy+WjGrjeV9OaWV1bX2jvFnZ2t7Z3XP3D9paZAqTFhZMqG6MNGGUk5ahhpGuVASlMSOdeHQz6XceidJU8HszliRM0YDThGJkbBS5R4FUQhoBg0QhnPtFnkYPReRWvZo3FVw2/txUwVzNyP0O+gJnKeEGM6R1z/ekCXOkDMWMFJUg00QiPEID0rOWo5ToMJ++X8BTm/RhIpQtbuA0/b2Ro1TrcRrbyRSZoV7sTcJ/exhxTNjCdZNchTnlMjOE49nxJGPQIpjwgX2qCDZsbA3Citr/IR4iy8ZYihULxl/EsGza5zW/Xru4q1cb13NEZXAMTsAZ8MElaIBb0AQtgEEOnsELeHWenDfn3fmYjZac+c4h+CPn8wd0sZ5Q</latexit>

cost

nu!nd!ns!

<latexit sha1_base64="X/+Cemm+W5CsoHb53Fkean050Ng=">AAACB3icbVDLSsNAFL2pr1pfVZduUovgqiRS0WXRjcsK9gFtCJPJbTt0MgkzE6GEfoA/4Fb/wJ249TP8Ab/DaZuFth64cDjnXs7lBAlnSjvOl1VYW9/Y3Cpul3Z29/YPyodHbRWnkmKLxjyW3YAo5ExgSzPNsZtIJFHAsROMb2d+5xGlYrF40JMEvYgMBRswSrSR+sJPK8IPzaiKX646NWcOe5W4OalCjqZf/u6HMU0jFJpyolTPdRLtZURqRjlOS/1UYULomAyxZ6ggESovm/88tc+MEtqDWJoR2p6rvy8yEik1iQKzGRE9UsveTPzXo0RQ5EvpenDtZUwkqUZBF+GDlNs6tmel2CGTSDWfGEKoZOZ/m46IJFSb6kqmGHe5hlXSvqi59drlfb3auMkrKsIJnMI5uHAFDbiDJrSAQgLP8AKv1pP1Zr1bH4vVgpXfHMMfWJ8/du+ZZQ==</latexit>

naïve: Detmold and Orginos, 
Phys. Rev. D 87 (2013) 
Doi and Endres, 
Comput. Phys. Commun. 184 (2013) 

NPLQCD, 
arXiv:1908.07050 [hep-lat]

8

Nuclear physics with Lattice QCD

Unphysical quark masses

MN � 3

2
m⇡ ⇠ 400 MeV

<latexit sha1_base64="2qDSxnnRa1L55C8tpZB6pAiXIJA="></latexit>

MN � 3

2
m⇡ ⇠ 700 MeV

<latexit sha1_base64="TzN4FfrAwFeb3ALVeEauCrc2x5E="></latexit>

@ phys

@ m⇡ ⇠ 800 MeV

<latexit sha1_base64="WkDpyhTzisxPR4FbQZFagdCPx2E=">AAACGXicbVDLSgNBEJz1GeMr6lEPg0HwFHYlYsBL0IsXIYKJghvC7KSjgzOzy0yvGJZc/A1/wKv+gTfx6skf8DucJHvQaEFDUdVNd1eUSGHR9z+9qemZ2bn5wkJxcWl5ZbW0tt6ycWo4NHksY3MZMQtSaGiiQAmXiQGmIgkX0e3x0L+4A2NFrM+xn0BbsWsteoIzdFKntKU6WZiIQWiFojXfDw9piHCP2Sm0Bp1S2a/4I9C/JMhJmeRodEpfYTfmqQKNXDJrrwI/wXbGDAouYVAMUwsJ47fsGq4c1UyBbWejLwZ0xyld2ouNK410pP6cyJiytq8i16kY3thJbyj+63GmOciJ7dirtTOhkxRB8/HyXiopxnQYE+0KAxxl3xHGjXD3U37DDOPowiy6YILJGP6S1l4lqFb2z6rl+lEeUYFskm2ySwJyQOrkhDRIk3DyQJ7IM3nxHr1X7817H7dOefnMBvkF7+MbbkCgTg==</latexit>

Signal-to-noise problem

https://arxiv.org/abs/1908.07050
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.114512
https://arxiv.org/ct?url=https://dx.doi.org/10.1016/j.cpc.2012.09.004&v=cac473b8
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.114512
https://arxiv.org/ct?url=https://dx.doi.org/10.1016/j.cpc.2012.09.004&v=cac473b8
https://arxiv.org/abs/1908.07050


9

Nuclear physics with Lattice QCD

�200

�180

�160

�140

�120

�100

�80

�60

�40

�20

0

�
B

[M
eV

]

1+ 0+

1+

0+

1+

0+

1
2

+ 1
2

+

3
2

+

1
2

+

3
2

+

0+ 0+

0+

0+

d nn n⌃ H-dib n⌅3He 3
⇤H 3

⇤He 3
⌃He4He 4

⇤He 4
⇤⇤ He

s = 0 s = �1 s = �2

2-body
3-body
4-body

A world with                             and exact SU(3)f  symmetry:☞ m⇡ ⇠ 800 MeV

<latexit sha1_base64="WkDpyhTzisxPR4FbQZFagdCPx2E=">AAACGXicbVDLSgNBEJz1GeMr6lEPg0HwFHYlYsBL0IsXIYKJghvC7KSjgzOzy0yvGJZc/A1/wKv+gTfx6skf8DucJHvQaEFDUdVNd1eUSGHR9z+9qemZ2bn5wkJxcWl5ZbW0tt6ycWo4NHksY3MZMQtSaGiiQAmXiQGmIgkX0e3x0L+4A2NFrM+xn0BbsWsteoIzdFKntKU6WZiIQWiFojXfDw9piHCP2Sm0Bp1S2a/4I9C/JMhJmeRodEpfYTfmqQKNXDJrrwI/wXbGDAouYVAMUwsJ47fsGq4c1UyBbWejLwZ0xyld2ouNK410pP6cyJiytq8i16kY3thJbyj+63GmOciJ7dirtTOhkxRB8/HyXiopxnQYE+0KAxxl3xHGjXD3U37DDOPowiy6YILJGP6S1l4lqFb2z6rl+lEeUYFskm2ySwJyQOrkhDRIk3DyQJ7IM3nxHr1X7817H7dOefnMBvkF7+MbbkCgTg==</latexit>

(no e.m.)NPLQCD, Phys. Rev. D 87 (2012)

https://doi.org/10.1103/PhysRevD.87.034506
https://doi.org/10.1103/PhysRevD.87.034506


10

Nuclear physics with Lattice QCD

NPLQCD, Phys. Rev. D 87 (2012)

What if we want to go beyond 4-body systems?☞

Match Verify Predict

EFT

LQCD

-200

-150

-100

-50

0

V LO = C0
2�body

+ C1
2�body

~�1 ~�2 +D3�body

Barnea, Contessi, Gazit, Pederiva, van Kolck, Phys. Rev. Lett. 114 (2015)

Figure from
Davoudi, Detmold, Shanahan, Orginos, Parreño, Savage, Wagman, Phys. Rept. 900 (2021)

https://doi.org/10.1103/PhysRevD.87.034506
https://doi.org/10.1103/PhysRevD.87.034506
https://doi.org/10.1103/PhysRevLett.114.052501
https://doi.org/10.1103/PhysRevLett.114.052501
https://doi.org/10.1016/j.physrep.2020.10.004
https://doi.org/10.1016/j.physrep.2020.10.004


11

Phys. Rev. D 96 (2017)

arXiv:2009.12357 [hep-lat]

INT-PUB-17-017, MIT-CTP-4912, NSF-ITP-17-076

Baryon-Baryon Interactions and Spin-Flavor Symmetry
from Lattice Quantum Chromodynamics

Michael L. Wagman,1, 2 Frank Winter,3 Emmanuel Chang, Zohreh Davoudi,4

William Detmold,4 Kostas Orginos,5, 3 Martin J. Savage,1, 2 and Phiala E. Shanahan4

(NPLQCD Collaboration)
1
Department of Physics, University of Washington, Box 351560, Seattle, WA 98195, USA
2
Institute for Nuclear Theory, University of Washington, Seattle, WA 98195-1550, USA

3
Jefferson Laboratory, 12000 Jefferson Avenue, Newport News, VA 23606, USA

4
Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

5
Department of Physics, College of William and Mary, Williamsburg, VA 23187-8795, USA

(Dated: June 21, 2017)

Lattice quantum chromodynamics is used to constrain the interactions of two octet baryons
at the SU(3) flavor-symmetric point, with quark masses that are heavier than those in na-
ture (equal to that of the physical strange quark mass and corresponding to a pion mass of
⇡ 806 MeV). Specifically, the S-wave scattering phase shifts of two-baryon systems at low
energies are obtained with the application of Lüscher’s formalism, mapping the energy eigen-
values of two interacting baryons in a finite volume to the two-particle scattering amplitudes
below the relevant inelastic thresholds. The values of the leading-order low-energy scattering
parameters in the irreducible representations of SU(3) are consistent with an approximate
SU(6) spin-flavor symmetry in the nuclear and hypernuclear forces that is predicted in the
large-Nc limit of QCD. The two distinct SU(6)-invariant interactions between two baryons
are constrained at this value of the quark masses, and their values indicate an approxi-
mate accidental SU(16) symmetry. The SU(3) irreducible representations containing the
NN (1S0), NN (3S1) and 1p

2
(⌅0n + ⌅�p) (3S1) channels unambiguously exhibit a single

bound state, while the irreducible representation containing the ⌃+p (3S1) channel exhibits
a state that is consistent with either a bound state or a scattering state close to threshold.
These results are in agreement with the previous conclusions of the NPLQCD collaboration
regarding the existence of two-nucleon bound states at this value of the quark masses.

PACS numbers: 11.15.Ha, 12.38.Gc, 12.38.-t, 21.30.Fe, 13.75.Cs, 13.85.-t.

I. INTRODUCTION

It is speculated that hyperons, the counterparts of nucleons in which some of the valence quarks
in the nucleon are replaced by strange quarks, play an important role in the composition of dense
matter, such as that in the interior of neutron stars (for a comprehensive review, see Ref. [1]).
The interactions between two nucleons are precisely constrained by experiment over a wide range
of energies. However, those between a nucleon and a hyperon, or between two hyperons, are not
well known [2–19], and are challenging to probe experimentally because of the short lifetime of
hyperons and hypernuclei. Precise information on how hyperons interact, in particular in a nuclear
medium, is essential to establish their effects on the equation of state of dense matter and other
observables. On the theoretical side, the only reliable method with which to determine these
interactions is to calculate them from the underlying strong interactions among quarks and gluons
described by quantum chromodynamics (QCD). This can be achieved using the non-perturbative
method of lattice QCD (LQCD), which involves numerically evaluating path integrals representing
Euclidean correlation functions using Monte Carlo sampling methods. This approach is taken
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The interactions between two octet baryons are studied at low energies using lattice Quan-
tum Chromodynamics (LQCD) with larger-than-physical quark masses corresponding to a
pion mass of m⇡ ⇠ 450 MeV and a kaon mass of m⇡ ⇠ 596 MeV. The two-baryon systems
that are analyzed range from strangeness S = 0 to S = �4 and include the spin-singlet and
triplet NN , ⌃N (I = 3/2), and ⌅⌅ states, the spin-singlet ⌃⌃ (I = 2) and ⌅⌃ (I = 3/2)
states, and the spin-triplet ⌅N (I = 0) state. The corresponding s-wave scattering phase
shifts, low-energy scattering parameters, and binding energies when applicable, are extracted
using Lüscher’s formalism. While the results are consistent with most of the systems being
bound at this pion mass, the interactions in the spin-triplet ⌃N and ⌅⌅ channels are found
to be repulsive and do not support bound states. Using results from previous studies of
these systems at a larger pion mass, an extrapolation of the binding energies to the physical
point is performed and is compared with available experimental values and phenomenologi-
cal predictions. The low-energy coefficients in pionless effective field theory (EFT) relevant
for two-baryon interactions, including those responsible for SU(3) flavor-symmetry breaking,
are constrained. The SU(3) flavor symmetry is observed to hold approximately at the chosen
values of the quark masses, as well as the SU(6) spin-flavor symmetry, predicted at large Nc.
The remnant of an accidental SU(16) symmetry found previously at a larger pion mass has
further been observed. The SU(6)-symmetric EFT constrained by these LQCD calculations
is used to make predictions for two-baryon systems for which the low-energy scattering pa-
rameters could not be determined with LQCD directly, and for constraining the coefficients
of all leading SU(3) flavor-symmetric interactions, demonstrating the predictive power of
two-baryon EFTs matched to LQCD.

PACS numbers: 11.15.Ha, 12.38.Gc, 12.38.-t, 21.30.Fe, 13.75.Cs, 13.75.Ev.

I. INTRODUCTION

Hyperons (Y ) are expected to appear in the interior of neutron stars [1], and unless the strong inter-
actions between hyperons and nucleons (N) are sufficiently repulsive, the equation of state (EoS) of
dense nuclear matter will be softer than for purely non-strange matter, leading to correspondingly
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It is speculated that hyperons, the counterparts of nucleons in which some of the valence quarks
in the nucleon are replaced by strange quarks, play an important role in the composition of dense
matter, such as that in the interior of neutron stars (for a comprehensive review, see Ref. [1]).
The interactions between two nucleons are precisely constrained by experiment over a wide range
of energies. However, those between a nucleon and a hyperon, or between two hyperons, are not
well known [2–19], and are challenging to probe experimentally because of the short lifetime of
hyperons and hypernuclei. Precise information on how hyperons interact, in particular in a nuclear
medium, is essential to establish their effects on the equation of state of dense matter and other
observables. On the theoretical side, the only reliable method with which to determine these
interactions is to calculate them from the underlying strong interactions among quarks and gluons
described by quantum chromodynamics (QCD). This can be achieved using the non-perturbative
method of lattice QCD (LQCD), which involves numerically evaluating path integrals representing
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triplet NN , ⌃N (I = 3/2), and ⌅⌅ states, the spin-singlet ⌃⌃ (I = 2) and ⌅⌃ (I = 3/2)
states, and the spin-triplet ⌅N (I = 0) state. The corresponding s-wave scattering phase
shifts, low-energy scattering parameters, and binding energies when applicable, are extracted
using Lüscher’s formalism. While the results are consistent with most of the systems being
bound at this pion mass, the interactions in the spin-triplet ⌃N and ⌅⌅ channels are found
to be repulsive and do not support bound states. Using results from previous studies of
these systems at a larger pion mass, an extrapolation of the binding energies to the physical
point is performed and is compared with available experimental values and phenomenologi-
cal predictions. The low-energy coefficients in pionless effective field theory (EFT) relevant
for two-baryon interactions, including those responsible for SU(3) flavor-symmetry breaking,
are constrained. The SU(3) flavor symmetry is observed to hold approximately at the chosen
values of the quark masses, as well as the SU(6) spin-flavor symmetry, predicted at large Nc.
The remnant of an accidental SU(16) symmetry found previously at a larger pion mass has
further been observed. The SU(6)-symmetric EFT constrained by these LQCD calculations
is used to make predictions for two-baryon systems for which the low-energy scattering pa-
rameters could not be determined with LQCD directly, and for constraining the coefficients
of all leading SU(3) flavor-symmetric interactions, demonstrating the predictive power of
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<latexit sha1_base64="wgTSRznJ4AFECtp6yy6SdF6ms3Y=">AAACHXicbVDLSgNBEJz1GeMr6tHLYBA8hV1RDIgQ9CKIoGCi4IZldtIxQ2Zml5leMSy5+hv+gFf9A2/iVfwBv8NJzEGjBQ1FVTfdXXEqhUXf//AmJqemZ2YLc8X5hcWl5dLKasMmmeFQ54lMzFXMLEihoY4CJVylBpiKJVzG3aOBf3kLxopEX2AvhaZiN1q0BWfopKhEVZSHqegfqOgktELRqu+H+zREuMP8FBr9qFT2K/4Q9C8JRqRMRjiLSp9hK+GZAo1cMmuvAz/FZs4MCi6hXwwzCynjXXYD145qpsA28+EnfbrplBZtJ8aVRjpUf07kTFnbU7HrVAw7dtwbiP96nGkOcmw7tqvNXOg0Q9D8e3k7kxQTOoiKtoQBjrLnCONGuPsp7zDDOLpAiy6YYDyGv6SxXQl2K/75Trl2OIqoQNbJBtkiAdkjNXJMzkidcHJPHskTefYevBfv1Xv7bp3wRjNr5Be89y9J/6HG</latexit>

m⇡ = mK ⇠ 800 MeV

mu = md 6= ms
<latexit sha1_base64="yWoBvHgapTxV9d8PF9M13qUSevE=">AAACDHicbVBLSgNBFOzxG+MnUZduGoPgKsxEQTdC0I3LCOYDyTD09LxJmnT3jN09QhhyBS/gVm/gTtx6By/gOex8FppY8KCoeo96VJhypo3rfjkrq2vrG5uFreL2zu5eqbx/0NJJpig0acIT1QmJBs4kNA0zHDqpAiJCDu1weDPx24+gNEvkvRml4AvSlyxmlBgrBeWSCLIrEUQ9CQ9YBDooV9yqOwVeJt6cVNAcjaD83YsSmgmQhnKidddzU+PnRBlGOYyLvUxDSuiQ9KFrqSQCtJ9PHx/jE6tEOE6UHWnwVP19kROh9UiEdlMQM9CL3kT816NEUuAL6Sa+9HMm08yApLPwOOPYJHjSDI6YAmr4yBJCFbP/YzogilBj+yvaYrzFGpZJq1b1zqq1u/NK/XpeUQEdoWN0ijx0geroFjVQE1GUoWf0gl6dJ+fNeXc+ZqsrzvzmEP2B8/kD+BKbRw==</latexit>

<latexit sha1_base64="rZjOFBexS/cuEJ3B7TRu5aGzk8E=">AAACNnicbVDLSgMxFM34rPVVdekmWAQXUmbEJ26KbgQRFGwVnDJk0lsNTTJDckcsQ7/F3/AH3OrajTt16yeY1i60euDCyTn3cnNPnEph0fdfvJHRsfGJycJUcXpmdm6+tLBYt0lmONR4IhNzGTMLUmiooUAJl6kBpmIJF3H7sOdf3IKxItHn2Emhodi1Fi3BGTopKu2pKA9T0Q2tUHRzyw/3aYhwh/kJ1Lvr1D1VdNw3t/3fZlQq+xW/D/qXBANSJgOcRqX3sJnwTIFGLpm1V4GfYiNnBgWX0C2GmYWU8Ta7hitHNVNgG3n/xC5ddUqTthLjSiPtqz8ncqas7ajYdSqGN3bY64n/epxpDnJoO7Z2G7nQaYag+ffyViYpJrSXIW0KAxxlxxHGjXD/p/yGGcbRJV10wQTDMfwl9Y1KsFXxzzbL1YNBRAWyTFbIGgnIDqmSI3JKaoSTe/JInsiz9+C9em/ex3friDeYWSK/4H1+ARx/qro=</latexit>

m⇡ ⇠ 450 MeV, mK ⇠ 600 MeV

(Re-analysis and extension of Phys. Rev. D 87 (2013), Phys. Rev. C 88 (2013))

(Re-analysis and extension to the 3-flavor sector of Phys. Rev. D 92 (2015))

https://doi.org/10.1103/PhysRevD.96.114510
https://doi.org/10.1103/PhysRevD.96.114510
https://arxiv.org/abs/2009.12357
https://arxiv.org/abs/2009.12357
https://doi.org/10.1103/PhysRevD.87.034506
https://doi.org/10.1103/PhysRevC.88.024003
https://doi.org/10.1103/PhysRevD.87.034506
https://doi.org/10.1103/PhysRevC.88.024003
https://doi.org/10.1103/PhysRevD.92.114512
https://doi.org/10.1103/PhysRevD.92.114512
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<latexit sha1_base64="E+dbqVeGQiOAE/S1vpL2xBbetBI=">AAACEXicbZDLSsNAFIZP6q3WW7zs3ASLUBFKUhTdCEU34qqCvUCblsl00g6dTMLMRKghT+ELuNU3cCdufQJfwOdw2mah1R8O/PznHM7h8yJGpbLtTyO3sLi0vJJfLaytb2xumds7DRnGApM6DlkoWh6ShFFO6ooqRlqRICjwGGl6o6tJv3lPhKQhv1PjiLgBGnDqU4yUjnrmXummW7voKF8gnDhpUkm7x0c9s2iX7amsv8bJTBEy1XrmV6cf4jggXGGGpGw7dqTcBAlFMSNpoRNLEiE8QgPS1pajgEg3mX6fWoc66Vt+KHRxZU3TnxsJCqQcB56eDJAayvneJPy3hxHHhM1dV/65m1AexYpwPDvux8xSoTXBY/WpIFixsTYIC6r/t/AQaThKQyxoMM48hr+mUSk7p2X79qRYvcwQ5WEfDqAEDpxBFa6hBnXA8ABP8AwvxqPxarwZ77PRnJHt7MIvGR/fl2mcmg==</latexit>

(JP = 1
2

+
)Baryon-baryon systems

m⇡ ⇠ 800 MeV
<latexit sha1_base64="6TppDTCQ1BwnMnMT9R6t4NEMTzM=">AAACF3icbVDLSgNBEJyN7/iKetPLYBA8hd0omGPQixdBwcRANoTZSccMmZldZnrFsET8DX/Aq/6BN/Hq0R/wO5zEHDRa0FBUddPdFSVSWPT9Dy83Mzs3v7C4lF9eWV1bL2xs1m2cGg41HsvYNCJmQQoNNRQooZEYYCqScBX1T0b+1Q0YK2J9iYMEWopda9EVnKGT2oVt1c7CRAxDKxSt+P5diHCL2RnUh+1C0S/5Y9C/JJiQIpngvF34DDsxTxVo5JJZ2wz8BFsZMyi4hGE+TC0kjPfZNTQd1UyBbWXjH4Z0zykd2o2NK410rP6cyJiydqAi16kY9uy0NxL/9TjTHOTUduxWWpnQSYqg+ffybiopxnQUEu0IAxzlwBHGjXD3U95jhnF0UeZdMMF0DH9JvVwKDkrli8Ni9XgS0SLZIbtknwTkiFTJKTknNcLJPXkkT+TZe/BevFfv7bs1501mtsgveO9fuaKf/Q==</latexit>

<latexit sha1_base64="ATCxKl3+Iza4njfjGOanA0Tbqqo=">AAACBnicbVDLSgNBEOz1GeMr6tHLYBA8hd2gxGPQi8cI5gFJCLOT3mTI7OwyMyuEJXd/wKv+gTfx6m/4A36Hs8keNLGgoajqpovyY8G1cd0vZ219Y3Nru7BT3N3bPzgsHR23dJQohk0WiUh1fKpRcIlNw43ATqyQhr7Atj+5zfz2IyrNI/lgpjH2QzqSPOCMGit1eyE1Yz9Iq7XZoFR2K+4cZJV4OSlDjsag9N0bRiwJURomqNZdz41NP6XKcCZwVuwlGmPKJnSEXUslDVH303nkGTm3ypAEkbIjDZmrvy9SGmo9DX27mUXUy14m/usxKhmKpe8muO6nXMaJQckWz4NEEBORrBMy5AqZEVNLKFPc5idsTBVlxjZXtMV4yzWskla14l1V3PvLcv0mr6gAp3AGF+BBDepwBw1oAoMInuEFXp0n5815dz4Wq2tOfnMCf+B8/gB2UJlw</latexit>

27

<latexit sha1_base64="IBcqesq/v1t3In3UcLGzbFuHWB4=">AAACE3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJKLosunFZwdZCE8pkOmmHTiZhZiKUmM/wB9zqH7gTt36AP+B3OGmz0NYDFw7n3Ms9nCDhTGnH+bIqS8srq2vV9drG5tb2jr2711FxKgltk5jHshtgRTkTtK2Z5rSbSIqjgNP7YHxd+PcPVCoWizs9Sagf4aFgISNYG6lvH3ixsYvrzIuwHgVh5jp53rfrTsOZAi0StyR1KNHq29/eICZpRIUmHCvVc51E+xmWmhFO85qXKppgMsZD2jNU4IgqP5vmz9GxUQYojKUZodFU/X2R4UipSRSYzSKjmvcK8V+PYEEon/uuw0s/YyJJNRVk9jxMOdIxKgpCAyYp0XxiCCaSmfyIjLDERJsaa6YYd76GRdI5bbjnDef2rN68KiuqwiEcwQm4cAFNuIEWtIHAIzzDC7xaT9ab9W59zFYrVnmzD39gff4AS+aevw==</latexit>

10

<latexit sha1_base64="f9+E7arZZ9fPONiOp0fIeHMrFGM=">AAACBnicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUFWwttKJPpTTt0MgkzE6GE7v0Bt/oH7sStv+EP+B1O2iy09cCFwzn3cg8nSATXxnW/nNLK6tr6RnmzsrW9s7tX3T9o6zhVDFssFrHqBFSj4BJbhhuBnUQhjQKBD8H4JvcfHlFpHst7M0nQj+hQ8pAzaqzU7UXUjIIw89xpv1pz6+4MZJl4BalBgWa/+t0bxCyNUBomqNZdz02Mn1FlOBM4rfRSjQllYzrErqWSRqj9bBZ5Sk6sMiBhrOxIQ2bq74uMRlpPosBu5hH1opeL/3qMSoZi4bsJr/yMyyQ1KNn8eZgKYmKSd0IGXCEzYmIJZYrb/ISNqKLM2OYqthhvsYZl0j6rexd19+681rguKirDERzDKXhwCQ24hSa0gEEMz/ACr86T8+a8Ox/z1ZJT3BzCHzifP2mHmWg=</latexit>

10

<latexit sha1_base64="aPS/7m0V/4paqGtqFeBIMx1mQyk=">AAACB3icbVDLSsNAFJ3UV62vqks3wSK4Kokodll047KCfUATys30ph06mYSZiVBCP8AfcKt/4E7c+hn+gN/hpM1CWw9cOJxzL/dwgoQzpR3nyyqtrW9sbpW3Kzu7e/sH1cOjjopTSbFNYx7LXgAKORPY1kxz7CUSIQo4doPJbe53H1EqFosHPU3Qj2AkWMgoaCN5XgR6HIRZYzaAQbXm1J057FXiFqRGCrQG1W9vGNM0QqEpB6X6rpNoPwOpGeU4q3ipwgToBEbYN1RAhMrP5pln9plRhnYYSzNC23P190UGkVLTKDCbeUa17OXivx4FQZEvfddhw8+YSFKNgi6ehym3dWznpdhDJpFqPjUEqGQmv03HIIFqU13FFOMu17BKOhd196ru3F/WmjdFRWVyQk7JOXHJNWmSO9IibUJJQp7JC3m1nqw36936WKyWrOLmmPyB9fkDhAKaCQ==</latexit>

8a

⌅⌅ (3S1, I = 0)
<latexit sha1_base64="WbU2PhjUOxg4EDVCs/8BHUhglLY="></latexit>

⌅N (3S1, I = 0)
<latexit sha1_base64="65NumPV1j+lVqhch8veO9cjYoWU="></latexit>

NN (3S1, I = 0)
<latexit sha1_base64="csbtHxjn/DzbRGlvWJwStOHCYw8="></latexit>

⌃N (3S1, I = 3
2 )

<latexit sha1_base64="2BavnbKd6nhgpWmEMyJWNdrYUX8="></latexit>

m⇡ ⇠ 450 MeV
<latexit sha1_base64="wXiRI0xVE+Ji6LJbKvt7LEPr59c=">AAACF3icbVDLSgNBEJz1bXxFvellMAiewq5G9Ch68SJEMFFwQ5iddJIhM7PLTK8Yloi/4Q941T/wJl49+gN+h5PHQRMLGoqqbrq7okQKi77/5U1Nz8zOzS8s5paWV1bX8usbVRunhkOFxzI2NxGzIIWGCgqUcJMYYCqScB11zvr+9R0YK2J9hd0Eaoq1tGgKztBJ9fyWqmdhInqhFYqWDv2HEOEeswuo9ur5gl/0B6CTJBiRAhmhXM9/h42Ypwo0csmsvQ38BGsZMyi4hF4uTC0kjHdYC24d1UyBrWWDH3p01ykN2oyNK410oP6eyJiytqsi16kYtu241xf/9TjTHOTYdmwe1zKhkxRB8+HyZiopxrQfEm0IAxxl1xHGjXD3U95mhnF0UeZcMMF4DJOkul8MDor7l6XCyekoogWyTXbIHgnIETkh56RMKoSTR/JMXsir9+S9ee/ex7B1yhvNbJI/8D5/ALtCn/4=</latexit>

⌃N (1S0, I = 3
2 )

<latexit sha1_base64="PPZG3x/zdfj+kor8taql8ApdlOw="></latexit>

NN (1S0, I = 1)
<latexit sha1_base64="8y6I/AkVGI7JQzMdRyHtWJVPWFI="></latexit>

⌃⌃ (1S0, I = 2)
<latexit sha1_base64="gvncWBxYx/rtsYnA/ZzopGOPJ1k="></latexit>

⌅⌃ (1S0, I = 3
2 )

<latexit sha1_base64="gjoPxE+mcQfTsBs+jRStHo36x0k="></latexit>

⌅⌅ (1S0, I = 1)
<latexit sha1_base64="9tSny5RVNCA/kiaS6ursLcb0A14="></latexit>

8⌦ 8 = 27� 8s � 1� 10� 10� 8a
<latexit sha1_base64="HUtcuTo2oRnh3oVeNxrq2R/3sw8="></latexit>
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EFT for two-baryon systems

At very low energies, we can use pionless EFT to study the 
baryon-baryon interaction

☞

L(0), SU(3)
BB =� c1Tr(B

†
iBiB

†
jBj)� c2Tr(B

†
iBjB

†
jBi)� c3Tr(B

†
iB

†
jBiBj)

� c4Tr(B
†
iB

†
jBjBi)� c5Tr(B

†
iBi)Tr(B

†
jBj)� c6Tr(B

†
iBj)Tr(B

†
jBi)

<latexit sha1_base64="3AOuKRp/j0QwFgk/sqsYi7Ub+HI="></latexit>

Savage and Wise, Phys. Rev. D 53 (1996)

c1, . . . , c6
<latexit sha1_base64="oDNUDsLFhN30QuA1QT1Uib5tG9o="></latexit>

c(27), . . . , c(8a)
<latexit sha1_base64="xxs+EKEO8OEZ/msTQprteOrXhNg="></latexit>

At leading order:

B =

0

BB@

⌃0
p
2
+ ⇤p

6
⌃+ p

⌃� �⌃0
p
2
+ ⇤p

6
n

⌅� ⌅0 �
q

2
3⇤

1

CCA

<latexit sha1_base64="o3h7gKrUgENnbzpnsR8ZSTWSuzg="></latexit>

i, j 2 {", #}

<latexit sha1_base64="QTlZN9lUyGe5QNdthFb4JpEA0YQ=">AAACGnicbVDLSgMxFM3UV62vUZciBIvgopQZqeiy6MZlBfuAzlAyaaaNZpIhyVjK0JW/4Q+41T9wJ27d+AN+h+l0Ftp6IHA45x7uzQliRpV2nC+rsLS8srpWXC9tbG5t79i7ey0lEolJEwsmZCdAijDKSVNTzUgnlgRFASPt4P5q6rcfiFRU8Fs9jokfoQGnIcVIG6lnH9LKnUe5l3pJjKQUo4rXFyOeUW/Ss8tO1ckAF4mbkzLI0ejZ3yaOk4hwjRlSqus6sfZTJDXFjExKXqJIjPA9GpCuoRxFRPlp9o0JPDZKH4ZCmsc1zNTfiRRFSo2jwExGSA/VvDcV//Uw4piwue06vPBTyuNEE45ny8OEQS3gtCfYp5JgzcaGICypuR/iIZIIa9NmyRTjztewSFqnVbdWPbupleuXeUVFcACOwAlwwTmog2vQAE2AwSN4Bi/g1Xqy3qx362M2WrDyzD74A+vzBx3UoeM=</latexit>

https://doi.org/10.1103/PhysRevD.53.349
https://doi.org/10.1103/PhysRevD.53.349
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EFT for two-baryon systems

At very low energies, we can use pionless EFT to study the 
baryon-baryon interaction

☞

At next-to-leading order:

L(2), SU(3)
BB =� c̃1Tr(B

†
ir

2BiB
†
jBj + h.c.)� c̃2Tr(B

†
ir

2BjB
†
jBi + h.c.)

� c̃3Tr(B
†
iB

†
jr

2BiBj + h.c.)� c̃4Tr(B
†
iB

†
jr

2BjBi + h.c.)

� c̃5[Tr(B
†
ir

2Bi)Tr(B
†
jBj) + h.c.]� c̃6[Tr(B

†
ir

2Bj)Tr(B
†
jBi) + h.c.]

<latexit sha1_base64="vNtJeB/dzxGtidkClgo97DT5Rwc="></latexit>

Petschauer and Kaiser, Nuc. Phys. A 916 (2013)

c̃(27), . . . , c̃(8a)
<latexit sha1_base64="v7H3CyVjUOQJE1xafAvOjkneEq0="></latexit>

c̃1, . . . , c̃6
<latexit sha1_base64="BAbHzbYP9cj9mwejfVX7iCL1S6w="></latexit>

https://doi.org/10.1016/j.nuclphysa.2013.07.010
https://doi.org/10.1016/j.nuclphysa.2013.07.010
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EFT for two-baryon systems

At very low energies, we can use pionless EFT to study the 
baryon-baryon interaction

☞

At next-to-leading order:

L(2), SU(3)
BB =� c̃1Tr(B

†
ir

2BiB
†
jBj + h.c.)� c̃2Tr(B

†
ir

2BjB
†
jBi + h.c.)

� c̃3Tr(B
†
iB

†
jr

2BiBj + h.c.)� c̃4Tr(B
†
iB

†
jr

2BjBi + h.c.)

� c̃5[Tr(B
†
ir

2Bi)Tr(B
†
jBj) + h.c.]� c̃6[Tr(B

†
ir

2Bj)Tr(B
†
jBi) + h.c.]

<latexit sha1_base64="vNtJeB/dzxGtidkClgo97DT5Rwc="></latexit>

Petschauer and Kaiser, Nuc. Phys. A 916 (2013)

L(2),⇠⇠⇠SU(3)
BB =� c�1Tr(B

†
i�BiB

†
jBj)� c�2Tr(B

†
i�BjB

†
jBi)� c�3Tr(B

†
iBi�B

†
jBj)

� c�4Tr(B
†
iBj�B

†
jBi)� c�5Tr(B

†
i�B

†
jBiBj + h.c.)� c�6Tr(B

†
i�B

†
jBjBi + h.c.)

� c�7Tr(B
†
iB

†
j�BiBj)� c�8Tr(B

†
iB

†
j�BjBi)� c�9Tr(B

†
iB

†
jBiBj�)

� c�10Tr(B
†
iB

†
jBjBi�)� c�11Tr(B

†
i�Bi)Tr(B

†
jBj)� c�12Tr(B

†
i�Bj)Tr(B

†
jBi)

<latexit sha1_base64="/cj1HOgRIVHEvscfPfTtIuTJjZg="></latexit>

https://doi.org/10.1016/j.nuclphysa.2013.07.010
https://doi.org/10.1016/j.nuclphysa.2013.07.010
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EFT for two-baryon systems

At very low energies, we can use pionless EFT to study the 
baryon-baryon interaction

☞

At next-to-leading order:

L(2), SU(3)
BB =� c̃1Tr(B

†
ir

2BiB
†
jBj + h.c.)� c̃2Tr(B

†
ir

2BjB
†
jBi + h.c.)

� c̃3Tr(B
†
iB

†
jr

2BiBj + h.c.)� c̃4Tr(B
†
iB

†
jr

2BjBi + h.c.)

� c̃5[Tr(B
†
ir

2Bi)Tr(B
†
jBj) + h.c.]� c̃6[Tr(B

†
ir

2Bj)Tr(B
†
jBi) + h.c.]

<latexit sha1_base64="vNtJeB/dzxGtidkClgo97DT5Rwc="></latexit>

Petschauer and Kaiser, Nuc. Phys. A 916 (2013)

L(2),⇠⇠⇠SU(3)
BB =� c�1Tr(B

†
i�BiB

†
jBj)� c�2Tr(B

†
i�BjB

†
jBi)� c�3Tr(B

†
iBi�B

†
jBj)

� c�4Tr(B
†
iBj�B

†
jBi)� c�5Tr(B

†
i�B

†
jBiBj + h.c.)� c�6Tr(B

†
i�B

†
jBjBi + h.c.)

� c�7Tr(B
†
iB

†
j�BiBj)� c�8Tr(B

†
iB

†
j�BjBi)� c�9Tr(B

†
iB

†
jBiBj�)

� c�10Tr(B
†
iB

†
jBjBi�)� c�11Tr(B

†
i�Bi)Tr(B

†
jBj)� c�12Tr(B

†
i�Bj)Tr(B

†
jBi)

<latexit sha1_base64="/cj1HOgRIVHEvscfPfTtIuTJjZg="></latexit>

� =

0

@
m2

⇡ 0 0
0 m2

⇡ 0
0 0 2m2

K �m2
⇡

1

A

<latexit sha1_base64="pim+C2rVc9KdhfLwjWhjf0OL1Ro="></latexit>

https://doi.org/10.1016/j.nuclphysa.2013.07.010
https://doi.org/10.1016/j.nuclphysa.2013.07.010
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EFT for two-baryon systems

At very low energies, we can use pionless EFT to study the 
baryon-baryon interaction

☞

Kaplan and Savage, Phys. Lett. B 365 (1996)

In the limit of large number of colors, there is an SU(6) spin-
flavor symmetry

L(0),SU(6)
BB = �a( †

µ⌫⇢ 
µ⌫⇢)2 � b †

µ⌫� 
µ⌫⌧ †

⇢�⌧ 
⇢��

<latexit sha1_base64="OTblie9hdKOlki5cTrnqrLvNtzc="></latexit>

 µ⌫⇢ =  (i↵)(j�)(k�) =
1p
18

⇣
B↵

!,i✏
!��✏jk +B�

!,j✏
!�↵✏ik +B�

!,k✏
!↵�✏ij

⌘

<latexit sha1_base64="5C8B3O7ighGHvvtUqTZZh8ZdCD4="></latexit>

(in the 2-flavor sector, the SU(4) Wigner symmetry is observed)
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NN (3S1) : r/a ⇠ 0.32
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Are the baryon-baryon channels natural?☞
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Different smearings: SP and SS

Boosted systems (d) and back-to-back momenta

L 2 {3.4, 4.5, 6.7} fm
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Boosted systems (d) and back-to-back momenta

to account for the small variations between the five
analyses.
The correlation function of a single or two-baryon system,

projected to the total momentum 2πd=L, can be written as

CÔ;Ô0ðτ;dÞ ¼
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where Z (Z0) denotes the overlap of the interpolating
operator Ô (Ô0) onto the corresponding eigenstates of the
system, with subscripts “0” and “1” referring to the ground
state and the first excited state, respectively. Eð0Þ and Eð1Þ

denote the ground and excited-state energies, respectively,
and the ellipsis denotes contributions from additional
higher-energy states. In principle, these correlation

functions can be used to obtain the tower of energy
eigenvalues of the system in a finite volume. In practice,
a reliable determination of even the few lowest-lying
energies is challenging. Since only a single source operator
and two different sink operators were used for any given
momentum configuration, it is not possible to use a
Hermitian variational approach here. Nonetheless, given
the exponential form in Eq. (15), it is clear that a linear
combination of the two correlation functions can be used to
remove the excited-state contamination of the lowest lying
state at earlier times. Various realizations of this approach
are the Matrix Prony [90,91] and the GPoF [92–94]
methods. Alternatively, a correlated χ-squared function
can be formed to fit directly to single or two-exponential
forms, with the correlations both in time and between the
different source and sink structures accounted for. As
another alternative, the effective energy function defined as

FIG. 1. The single-baryon EMPs for the SP (blue) and SS (pink) source-sink combinations. The center and right panels present the
same EMPs as in the left panel, rescaled to focus on the plateau region. The bands correspond to a correlated single-exponential fit to the
SP and SS correlation functions, and obtain the mass of the baryon,MB. The inner bands represent the statistical uncertainty of the fits,
while the outer bands correspond to the statistical and systematic uncertainties combined in quadrature. The systematic uncertainty
encompasses the variation of the fit window, as described in the text, with the longest time interval considered shown in the plots. The
additional systematic resulting from multiple analyses is included in the bands. All quantities are expressed in lattice units (l.u.).
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operator Ô (Ô0) onto the corresponding eigenstates of the
system, with subscripts “0” and “1” referring to the ground
state and the first excited state, respectively. Eð0Þ and Eð1Þ

denote the ground and excited-state energies, respectively,
and the ellipsis denotes contributions from additional
higher-energy states. In principle, these correlation

functions can be used to obtain the tower of energy
eigenvalues of the system in a finite volume. In practice,
a reliable determination of even the few lowest-lying
energies is challenging. Since only a single source operator
and two different sink operators were used for any given
momentum configuration, it is not possible to use a
Hermitian variational approach here. Nonetheless, given
the exponential form in Eq. (15), it is clear that a linear
combination of the two correlation functions can be used to
remove the excited-state contamination of the lowest lying
state at earlier times. Various realizations of this approach
are the Matrix Prony [90,91] and the GPoF [92–94]
methods. Alternatively, a correlated χ-squared function
can be formed to fit directly to single or two-exponential
forms, with the correlations both in time and between the
different source and sink structures accounted for. As
another alternative, the effective energy function defined as

FIG. 1. The single-baryon EMPs for the SP (blue) and SS (pink) source-sink combinations. The center and right panels present the
same EMPs as in the left panel, rescaled to focus on the plateau region. The bands correspond to a correlated single-exponential fit to the
SP and SS correlation functions, and obtain the mass of the baryon,MB. The inner bands represent the statistical uncertainty of the fits,
while the outer bands correspond to the statistical and systematic uncertainties combined in quadrature. The systematic uncertainty
encompasses the variation of the fit window, as described in the text, with the longest time interval considered shown in the plots. The
additional systematic resulting from multiple analyses is included in the bands. All quantities are expressed in lattice units (l.u.).

MICHAEL L. WAGMAN et al. PHYSICAL REVIEW D 96, 114510 (2017)

114510-8

to account for the small variations between the five
analyses.
The correlation function of a single or two-baryon system,

projected to the total momentum 2πd=L, can be written as
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CÔ;Ô0ðτ;dÞ ¼
X

x
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Different smearings: SP and SS

Boosted systems (d) and back-to-back momenta
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Eð0Þ; ð16Þ

can be fit to a constant at late times to obtain the ground-state
energy, Eð0Þ. τJ in Eq. (16) is a nonzero integer. A detailed
account of various analysis techniques employed herein has
been presented in Ref. [90]. While the results and the plots
corresponding to a single analysis are presented below, a
systematic uncertainty accounting for the small variation
among the energies from different analyses is incorporated
in the numbers that are reported.

Statistical uncertainties were obtained for each analysis
technique using bootstrap or jackknife procedures. The
systematic uncertainty in each analysis includes a fitting
uncertainty obtained by allowing the fit region to vary
within an acceptable window. Representative fits obtained
from the primary analysis are shown in the EMPs in
Figs. 1–5. These correspond to the largest fit intervals
with a χ2=d:o:f ∼1 in each case.
The central values and uncertainties in the masses of the

octet baryon obtained in this manner for all ensembles are
overlaid with the SP (SS) EMPs in the center (right) panels

FIG. 2. The EMPs of two baryons at rest (upper panel) and with d ¼ ð0; 0; 2Þ (lower panel) in the 27 irrep for the SP (blue) and SS
(pink) source-sink combinations (the upper panel of each segment), as well as the EMP (the lower panel of each segment) corresponding
to the ratio of the SS two-baryon correlation function and the square of the SS single-baryon correlation function. The bands correspond
to one-exponential fits to the SS/SS correlation function ratios and obtain the energy shift ΔE ¼ EBB −2MB. The inner bands represent
the statistical uncertainty of the fits, while the outer bands correspond to the statistical and systematic uncertainties combined in
quadrature. The systematic uncertainty encompasses the variation of the fit window, as described in the text, with the longest time
interval considered shown in the plots. The additional systematic resulting from multiple analyses is included in the bands. All quantities
are expressed in lattice units (l.u.).
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A total of 10 kinematic 
points per system

All show negative 
ground-state energies

How can we compute 
scattering parameters 
and binding energies?

Phys. Rev. D 96 (2017)

https://doi.org/10.1103/PhysRevD.96.114510
https://doi.org/10.1103/PhysRevD.96.114510
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Use Lüscher’s formalism
Lüscher, Commun. Math. Phys. 105 (1986), Nucl. Phys. B 354 (1991) + many more
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Phys. Rev. D 96 (2017)

In the negative k*2 region, it can be expanded to find the binding 
momenta         :(1)
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B27 = 20.6(+1.8)(+2.8)
(�2.4)(�1.6) MeV
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B10 = 27.9(+3.1)(+2.2)
(�2.3)(�1.4) MeV
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B10 = 6.7(+3.3)(+1.8)
(�1.9)(�6.2) MeV
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B8a = 40.7(+2.1)(+2.4)
(�3.2)(�1.4) MeV
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All systems are bound☞

Davoudi and Savage, Phys. Rev. D 84 (2011)

B = m1 +m2 �
q

m2
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Beane, Bedaque, Parreño, Savage, Phys. Lett. B 585 (2004)
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Lüscher, Commun. Math. Phys. 105 (1986), Nucl. Phys. B 354 (1991) + many more

FIG. 8. k! cot δ values in the two-baryon channels belonging to the four irreps 27, 10, 10 and 8A, obtained by solving Eq. (2) at the
corresponding values of the square of the CMmomentum of the two baryons, k!2. The functions on the left-hand side of this equation for
l ¼ m ¼ 0, i.e., 2ffiffi

π
p

LZ
d
00½1; ðk!L=2πÞ2&, are also shown at the corresponding volumes and CM boost momenta. The thick points cover the

statistical uncertainty in the results, while the thin points cover the statistical and systematic uncertainties combined in quadrature.
Quantities are expressed in lattice units (l.u.).

FIG. 9. k! cot δ versus the square of the CMmomentum of the two baryons, k!2, in the 27 irrep. The bands represent fits to the two and
three-parameter EREs. Quantities are expressed in lattice units (l.u.).

MICHAEL L. WAGMAN et al. PHYSICAL REVIEW D 96, 114510 (2017)
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Since all points are below the t-channel cut                 , we can use the 
effective range expansion (ERE) to extract the scattering parameters

(k⇤ = m⇡
2 )
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☞ Use Lüscher’s formalism

Phys. Rev. D 96 (2017)

https://doi.org/10.1007/BF01211097
https://doi.org/10.1016/0550-3213(91)90366-6
https://doi.org/10.1007/BF01211097
https://doi.org/10.1016/0550-3213(91)90366-6
https://doi.org/10.1103/PhysRevD.96.114510
https://doi.org/10.1103/PhysRevD.96.114510


22

Results for m⇡ ⇠ 800 MeV

<latexit sha1_base64="WkDpyhTzisxPR4FbQZFagdCPx2E=">AAACGXicbVDLSgNBEJz1GeMr6lEPg0HwFHYlYsBL0IsXIYKJghvC7KSjgzOzy0yvGJZc/A1/wKv+gTfx6skf8DucJHvQaEFDUdVNd1eUSGHR9z+9qemZ2bn5wkJxcWl5ZbW0tt6ycWo4NHksY3MZMQtSaGiiQAmXiQGmIgkX0e3x0L+4A2NFrM+xn0BbsWsteoIzdFKntKU6WZiIQWiFojXfDw9piHCP2Sm0Bp1S2a/4I9C/JMhJmeRodEpfYTfmqQKNXDJrrwI/wXbGDAouYVAMUwsJ47fsGq4c1UyBbWejLwZ0xyld2ouNK410pP6cyJiytq8i16kY3thJbyj+63GmOciJ7dirtTOhkxRB8/HyXiopxnQYE+0KAxxl3xHGjXD3U37DDOPowiy6YILJGP6S1l4lqFb2z6rl+lEeUYFskm2ySwJyQOrkhDRIk3DyQJ7IM3nxHr1X7817H7dOefnMBvkF7+MbbkCgTg==</latexit>

N
E
R
E
=

2
N

E
R
E
=

3

N
E
R
E
=

2
N

E
R
E
=

3

N
E
R
E
=

2
N

E
R
E
=

3

N
E
R
E
=

2
N

E
R
E
=

3

N
E
R
E
=

2
N

E
R
E
=

3

N
E
R
E
=

2
N

E
R
E
=

3

N
E
R
E
=

2
N

E
R
E
=

3

N
E
R
E
=

2
N

E
R
E
=

3

27 10 8A10

a�
1
[l
.u
.]

r
[l
.u
.] ���� ���� ���� ����

����
���� ����

����

-���

���

���

���

���

���

r/
a

27 10 8A10

���� ����
���� ����

����
����

����
����

-����

����

����

����

����

����

���� ����
���� ����

����
����

����
����

�

�

��

��

��

���� ����
����

����

-���
-���
-��
�
��
���
���
���

P
[l
.u
.]

NERE 2 3 2 3 2 3 2 3 NERE 2 3 2 3 2 3 2 3

All systems show unnaturalness
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Results for m⇡ ⇠ 800 MeV
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With the SU(6) coefficients, we can compute all LO SU(3) LECs:☞
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Beane, Kaplan, Klco, Savage,  
Phys. Rev. Lett. 122 (2019)

New conjecture: entanglement suppression 
is a dynamical property of QCD

But where does SU(16) come from?☞

(A similar idea was previously used to constrain QED and weak interactions, but by imposing maximal entanglement)
Cervera-Lierta, Latorre, Rojo, Rottoli, SciPost Phys. 3 (2017)

Phys. Rev. D 96 (2017)
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With SU(3) flavor symmetry being explicitly broken, the 
baryons will have different mass

☞
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tests passed?

yes

no

accept fit

reject fit
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A total of 12 kinematic 
points per system

☞

Not all systems show 
negative ground-state 
energies

☞

arXiv:2009.12357 [hep-lat]

https://arxiv.org/abs/2009.12357
https://arxiv.org/abs/2009.12357


Again, we use Lüscher’s formalism to compute binding energies 
and scattering parameters.

☞
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Bquad(m⇡) = B(0)
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quadm
2
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Now not all the kinematic points fall inside the t-channel cut…
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Again, we use Lüscher’s formalism to compute binding energies 
and scattering parameters.
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Compared to m$ ~ 800 MeV, we have now less points to fit 
with larger uncertainties

☞

Systems with resolved r/a show unnaturalness

Can also compute the scattering length as: a�1 = (1)
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SU(3)

☞ Similarities between the binding energies and scattering 
parameters of the systems within the same irrep

☞ The violation of the Gell-Mann-Okubo mass relation is an 
order of magnitude smaller compared to the experimental 
value
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Summary

LQCD can be used to help constrain EFTs when there are no experimental data☞
Although calculations are not @ physical point, they are useful to reveal the 
symmetries more clearly 
At 800 MeV, there is an accidental SU(16) symmetry, and at 450 MeV, despite 
the quarks having different masses, SU(3) and SU(6) are still approximate

☞

Discrepancies between different methods (variational, HAL QCD) need to be 
understood

☞

Other projects:

Interaction of hadrons with external currents: momentum fraction, axial charge…☞
Spectrum of 3-body hypernuclei☞

Calculations near the physical pion mass are being performed☞
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