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The Standard Model
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The Standard Model
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Emergent complexity
Can baryon-baryon interactions be understood from the Standard Model?
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Approximating spacetime as a discrete lattice with 
a finite size makes QCD path integrals finite

Lattice action defines an EFT for QCD 
valid at lengths larger than lattice scale

QCD properties of hadrons reproduced by 
LQCD up to lattice cutoff artifacts 
removed by continuum extrapolation

S = ∑
x

q(x)[D + mq] q(x) +
1
g2 ∑

x,μ<ν

Tr (1 − Pμν(x))

W. Detmold

Lattice QCD

hOi = Z�1

Z
DUDqDq e�SQCD(U,q,q)O(U, q, q)

<latexit sha1_base64="Kmxhqp8lLre6wOsj3BimU6/Oulo="></latexit>

= Z�1

Z
DU e�Sg(U) det( /D(U) +mq) O(U, [ /D(U) +mq]

�1)
<latexit sha1_base64="qUpehFyrK1yoehD+IDUnGOwWEHU="></latexit>
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Building baryons

G2pt
n (t) = ∑

n

Bijk ⟨0 |uidjdk |n⟩
2

e−En t

Generic products of quark and gluon fields act as interpolating operators with 
some overlap onto all QCD eigenstates with right quantum numbers

O(q, q, U) |0i =
N

maxX

n=0

Zn |ni
<latexit sha1_base64="xcGwUxIAJ+8pKuEwoQtUZx/+No0="></latexit>

q

±
i (x) =

✓
1 + �4

2

◆
(1± i�3�5)q(x)

<latexit sha1_base64="8xv14L34U1gM1MEZdmsGTWDkw5A="></latexit>

* spacetime symmetry 
broken to hypercubic 
subgroup

e�HQCD |ni = e�En |ni
<latexit sha1_base64="abVlCfwVJPWEdMk/gzDmwJed/7g=">AAACIXicbZDLSsNAFIYnXmu9VV26GSyCG0uigm4UsQouFawKbQ2T6Uk7dDIJMydCiXkVN76KGxeKuBNfxukFvB4Y+Pm/czhz/iCRwqDrvjtj4xOTU9OFmeLs3PzCYmlp+dLEqeZQ47GM9XXADEihoIYCJVwnGlgUSLgKutU+v7oFbUSsLrCXQDNibSVCwRlayy/twU22eepn59XjPKcNCSHeUUUbWrQ7eED3aZ+f+Cofoi/il8puxR0U/Su8kSiTUZ35pbdGK+ZpBAq5ZMbUPTfBZsY0Ci4hLzZSAwnjXdaGupWKRWCa2eDCnK5bp0XDWNunkA7c7xMZi4zpRYHtjBh2zG/WN/9j9RTDvWYmVJIiKD5cFKaSYkz7cdGW0MBR9qxgXAv7V8o7TDOONtSiDcH7ffJfcblV8bYr7vlO+fBoFEeBrJI1skE8sksOySk5IzXCyT15JM/kxXlwnpxX523YOuaMZlbIj3I+PgHCZaKl</latexit>

Better ground-state overlap: build baryons from quark fields “smeared” over 
spatial region over radius ⇠ 1 fm

<latexit sha1_base64="uCmw0/UimKRjwZOXkjbyGCSXQrY=">AAAB+nicbVBNSwMxEM3Wr1q/tnr0EiyCp7Krgh6LXjxWsB/QLiWbZtvQJLsks2pZ+1O8eFDEq7/Em//GtN2Dtj4YeLw3w8y8MBHcgOd9O4WV1bX1jeJmaWt7Z3fPLe83TZxqyho0FrFuh8QwwRVrAAfB2olmRIaCtcLR9dRv3TNteKzuYJywQJKB4hGnBKzUc8tdwyX2cRfYI2Q4kpOeW/Gq3gx4mfg5qaAc9Z771e3HNJVMARXEmI7vJRBkRAOngk1K3dSwhNARGbCOpYpIZoJsdvoEH1ulj6NY21KAZ+rviYxIY8YytJ2SwNAselPxP6+TQnQZZFwlKTBF54uiVGCI8TQH3OeaURBjSwjV3N6K6ZBoQsGmVbIh+IsvL5PmadU/q3q355XaVR5HER2iI3SCfHSBaugG1VEDUfSAntErenOenBfn3fmYtxacfOYA/YHz+QNzOZN5</latexit>

S[q±i (x, t)] =

Z
d3y Sij(x,y)q

±
j (y, t)

<latexit sha1_base64="aeGXETTfo7LjSUEi7ikI23VTENU="></latexit>

Simple choice: point-like product of quark fields projected to color-singlet, 
positive-parity, definite spin*

B

±
P (x) = "ijk

⇥
q

+
i (x)q

�
j (x)� q

�
i (x)q

+
j (x)

⇤
q

±
k (x)

<latexit sha1_base64="3Ezkkk52Ec0WcIyVKfLUtAt47Ic="></latexit>

B

±
S (x) : q(x) ! S[q(x)]

<latexit sha1_base64="clAz1tF4svvFsHPMHyBkMiL9Mqo=">AAACEHicbVC7TsMwFHV4lvIKMLJYVIiyVAkggZiqsjAWlT6kJESO67RWnQe2A1RRP4GFX2FhACFWRjb+BqfNAC1HurpH59wr+x4vZlRIw/jW5uYXFpeWCyvF1bX1jU19a7slooRj0sQRi3jHQ4IwGpKmpJKRTswJCjxG2t7gIvPbd4QLGoXXchgTJ0C9kPoUI6kkVz+ouY2b1I6DUfnh8NyGt6pBm9NeXyLOo3vYsDLJcfWSUTHGgLPEzEkJ5Ki7+pfdjXASkFBihoSwTCOWToq4pJiRUdFOBIkRHqAesRQNUUCEk44PGsF9pXShH3FVoYRj9fdGigIhhoGnJgMk+2Lay8T/PCuR/pmT0jBOJAnx5CE/YVBGMEsHdiknWLKhIghzqv4KcR9xhKXKsKhCMKdPniWto4p5XDGuTkrVWh5HAeyCPVAGJjgFVXAJ6qAJMHgEz+AVvGlP2ov2rn1MRue0fGcH/IH2+QN5w5uZ</latexit>

Operators classified by hypercubic 
irreps,                  B± ⇠ G1g

<latexit sha1_base64="apHAc3Z3sUdDzjFRySA8mI1Y68w=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KooMdSD3qsYD+gjWGz3bRLd5Owu1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqsrK6tbxQ3S1vbO7t7dnm/peJUEtokMY9lJ8CKchbRpmaa004iKRYBp+1gdDX12w9UKhZHd3qcUE/gQcRCRrA2km+X6/e9RKCeYgJd+5k7mPh2xak6M6Bl4uakAjkavv3V68ckFTTShGOluq6TaC/DUjPC6aTUSxVNMBnhAe0aGmFBlZfNTp+gY6P0URhLU5FGM/X3RIaFUmMRmE6B9VAtelPxP6+b6vDSy1iUpJpGZL4oTDnSMZrmgPpMUqL52BBMJDO3IjLEEhNt0iqZENzFl5dJ67TqnlWd2/NKrZ7HUYRDOIITcOECanADDWgCgUd4hld4s56sF+vd+pi3Fqx85gD+wPr8AS0/k0s=</latexit>

See e.g. Basak et al [LHPC] PRD 72 (2005)
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Baryon correlation functions

G2pt
n (t) = ∑

n

Bijk ⟨0 |uidjdk |n⟩
2

e−En t

Energy spectrum of QCD extracted from baryon correlation functions 

— products of creation/annihilation operators separated in Euclidean time

G±
SS(t,p) =

<latexit sha1_base64="Yk+XzzQrH3RlmmzH5d5Xpm1Bw6s=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQQUqigm6EogtdVmof0MQymU7aoZNkmJkIJWTlxl9x40IRt36DO//GSZuFVg9cOJxzL/fe43FGpbKsL6MwN7+wuFRcLq2srq1vmJtbLRnFApMmjlgkOh6ShNGQNBVVjHS4ICjwGGl7o8vMb98TIWkU3qoxJ26ABiH1KUZKSz1z96qXNBrpXeLwIK2oQydAauj5CU8P4DnsmWWrak0A/xI7J2WQo94zP51+hOOAhAozJGXXtrhyEyQUxYykJSeWhCM8QgPS1TREAZFuMnkjhfta6UM/ErpCBSfqz4kEBVKOA093ZlfKWS8T//O6sfLP3ISGPFYkxNNFfsygimCWCexTQbBiY00QFlTfCvEQCYSVTq6kQ7BnX/5LWkdV+7hq3ZyUaxd5HEWwA/ZABdjgFNTANaiDJsDgATyBF/BqPBrPxpvxPm0tGPnMNvgF4+MbLpuYRg==</latexit>

     has spectral representationG
<latexit sha1_base64="nn64gIbYk8Z7KJg9YsqalU4IFfI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix60GML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqxUv+uVym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJrP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94FxW3flmu3uRxFOAYTuAMPLiCKtxDDRrAAOEZXuHNeXRenHfnY9664uQzR/AHzucPnJ+MzQ==</latexit>

h0|B±
S (p, t)B±

S (0)† |0i
<latexit sha1_base64="M3SarfTbBXKkIwVIMDMXpcbxWPE="></latexit>

=
X

n

h0| eHQCDtB±
S (p, 0)e�HQCDt |ni hn|B±

S (0)† |0i
<latexit sha1_base64="IrpiP9OZzB798eJdNRzmXD1/vrM="></latexit>

=
X

n

e�Ent
��h0|B±

S (0) |n,pi
��2

<latexit sha1_base64="CsOHZwPr6OrDjYdpsQvhZZujn6M="></latexit>

⌘
X

n

��ZS
n

��2 e�Ent

<latexit sha1_base64="5rXCVDE9XMYiBI2i74YHT4rZpdQ=">AAACGXicbVBNS8NAEN34bf2qevSyWAQvlkQFPYoieKxoq9i0YbOdtEs3m7g7EUrs3/DiX/HiQRGPevLfuK09+PVg4PHeDDPzwlQKg6774YyNT0xOTc/MFubmFxaXissrNZNkmkOVJzLRlyEzIIWCKgqUcJlqYHEo4SLsHg38ixvQRiTqHHspNGLWViISnKGVgqLrw3UmbqhvsjhQ1JcQ4e1VoJr5Wd/Xot3B2+Y2hWa+dWxt7NOgWHLL7hD0L/FGpERGqATFN7+V8CwGhVwyY+qem2IjZxoFl9Av+JmBlPEua0PdUsViMI18+FmfblilRaNE21JIh+r3iZzFxvTi0HbGDDvmtzcQ//PqGUb7jVyoNENQ/GtRlEmKCR3ERFtCA0fZs4RxLeytlHeYZhxtmAUbgvf75b+ktl32dsru6W7p4HAUxwxZI+tkk3hkjxyQE1IhVcLJHXkgT+TZuXcenRfn9at1zBnNrJIfcN4/AVk0oHg=</latexit>

G±
SS(t,p) ⇡

<latexit sha1_base64="sbYwSDkklcLrAsHWJsvH4aVMryg=">AAACC3icbVDLSsNAFJ34rPUVdelmaBEqSElU0GXRhS4rtQ9oYphMJ+3QSTLMTMQSsnfjr7hxoYhbf8Cdf+Ok7UJbD1w4nHMv997jc0alsqxvY2FxaXlltbBWXN/Y3No2d3ZbMk4EJk0cs1h0fCQJoxFpKqoY6XBBUOgz0vaHl7nfvidC0ji6VSNO3BD1IxpQjJSWPLN05aWNRnaXOjzMKurICZEa+EHKs0PoIM5F/OCZZatqjQHniT0lZTBF3TO/nF6Mk5BECjMkZde2uHJTJBTFjGRFJ5GEIzxEfdLVNEIhkW46/iWDB1rpwSAWuiIFx+rviRSFUo5CX3fmp8pZLxf/87qJCs7dlEY8USTCk0VBwqCKYR4M7FFBsGIjTRAWVN8K8QAJhJWOr6hDsGdfniet46p9UrVuTsu1i2kcBbAPSqACbHAGauAa1EETYPAInsEreDOejBfj3fiYtC4Y05k98AfG5w8TupsR</latexit>

Baryon mass determined by fitting     at large    to sum of few exponentialsG
<latexit sha1_base64="nn64gIbYk8Z7KJg9YsqalU4IFfI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix60GML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqxUv+uVym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJrP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94FxW3flmu3uRxFOAYTuAMPLiCKtxDDRrAAOEZXuHNeXRenHfnY9664uQzR/AHzucPnJ+MzQ==</latexit>

t
<latexit sha1_base64="OwLk/B1T3aU8XDY5JmghNzgXSas=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2J0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzfz2E2gjYvWAkwT8iA2VCAVnaKUG9ssVt+rOQVeJl5MKyVHvl796g5inESjkkhnT9dwE/YxpFFzCtNRLDSSMj9kQupYqFoHxs/mhU3pmlQENY21LIZ2rvycyFhkziQLbGTEcmWVvJv7ndVMMb/xMqCRFUHyxKEwlxZjOvqYDoYGjnFjCuBb2VspHTDOONpuSDcFbfnmVtC6q3mXVbVxVard5HEVyQk7JOfHINamRe1InTcIJkGfySt6cR+fFeXc+Fq0FJ585Jn/gfP4A4NOM+g==</latexit>
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Two baryons

G2pt
n (t) = ∑

n

Bijk ⟨0 |uidjdk |n⟩
2

e−En t

Expect high overlap with ground-state of loosely bound nucleusk = 0
<latexit sha1_base64="6BBFoyTlEpCsHJZKTV0RRgXXjbE=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkVdCMU3bisYB/Q1pJJM21oJjMkd5Qy9D/cuFDErf/izr8x085CWw8EDufcyz05fiyFQdf9dpaWV1bX1gsbxc2t7Z3d0t5+w0SJZrzOIhnplk8Nl0LxOgqUvBVrTkNf8qY/usn85iPXRkTqHscx74Z0oEQgGEUrPXRCikM/SEcTckXcXqnsVtwpyCLxclKGHLVe6avTj1gScoVMUmPanhtjN6UaBZN8UuwkhseUjeiAty1VNOSmm05TT8ixVfokiLR9CslU/b2R0tCYcejbySylmfcy8T+vnWBw2U2FihPkis0OBYkkGJGsAtIXmjOUY0so08JmJWxINWVoiyraErz5Ly+SxmnFO6u4d+fl6nVeRwEO4QhOwIMLqMIt1KAODDQ8wyu8OU/Oi/PufMxGl5x85wD+wPn8AZYWkeY=</latexit>

k 6= 0
<latexit sha1_base64="uAohUEcyTWBT5uQrgYweak+qAoQ=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQq6LLoxmUF+4AmlMn0ph06mcSZiVJiP8WNC0Xc+iXu/BsnbRbaemDgcM693DMnSDhT2nG+rdLK6tr6RnmzsrW9s7tnV/fbKk4lhRaNeSy7AVHAmYCWZppDN5FAooBDJxhf537nAaRisbjTkwT8iAwFCxkl2kh9u+pFRI+CMBtPsSfgHjt9u+bUnRnwMnELUkMFmn37yxvENI1AaMqJUj3XSbSfEakZ5TCteKmChNAxGULPUEEiUH42iz7Fx0YZ4DCW5gmNZ+rvjYxESk2iwEzmQdWil4v/eb1Uh5d+xkSSahB0fihMOdYxznvAAyaBaj4xhFDJTFZMR0QSqk1bFVOCu/jlZdI+rbtndef2vNa4Kuooo0N0hE6Qiy5QA92gJmohih7RM3pFb9aT9WK9Wx/z0ZJV7BygP7A+fwCpUJOY</latexit>

Expect high overlap with baryon-baryon scattering states

Assumption: states with different      are orthogonalk
<latexit sha1_base64="XbkblB4UggPQISt2vICNbqVt8I0=">AAAB8XicbVBNS8NAFHypX7V+VT16WSyCp5KooMeiF48VbC22oWy2L+3SzSbsboQS+i+8eFDEq//Gm//GTZuDtg4sDDPvsfMmSATXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6zhVDFssFrHqBFSj4BJbhhuBnUQhjQKBD8H4JvcfnlBpHst7M0nQj+hQ8pAzaqz02IuoGQVhNp72qzW37s5AlolXkBoUaParX71BzNIIpWGCat313MT4GVWGM4HTSi/VmFA2pkPsWipphNrPZomn5MQqAxLGyj5pyEz9vZHRSOtJFNjJPKFe9HLxP6+bmvDKz7hMUoOSzT8KU0FMTPLzyYArZEZMLKFMcZuVsBFVlBlbUsWW4C2evEzaZ3XvvO7eXdQa10UdZTiCYzgFDy6hAbfQhBYwkPAMr/DmaOfFeXc+5qMlp9g5hD9wPn8A6iKREQ==</latexit>

Relaxing this requires variational operator basis, work in progress

Correlation functions give finite-volume energies of bound/“scattering” states

Baryon-baryon correlation functions can be built from momentum-projected baryons

Wick contractions can be performed efficiently in terms of baryon blocks, see
Detmold, Orginos, PRD 87 (2013) Doi, Endres, Comput. Phys. Commun. 184 (2013)

G3S1,+
SS (t,d,k) =

X

x,y

ei(
2⇡
L )d·(x+y)ei

k
2 ·(x�y)

⌦
B+

S (x, t)B+
S (y, t)B+

S (0)†B+
S (0)†

↵

<latexit sha1_base64="BH1wLOMvY3wGiKh/M90tIi//JAI="></latexit>



Infinite-volume 
bound state

Lüscher, Commun. Math. 
Phys. 105 (1986)

Huang, Yang, Phys. Rev. 105 (1957) Beane et al, Phys. Lett. B 585 (2004)

Finite-volume hadron interactions

Infinite-volume 
scattering state

Volume scaling of energy levels allows bound and scattering states to be 
distinguished using finite-volume Euclidean information 

Quantitative information 
about interactions 
encoded in volume 
dependence 

[E(L)� E(1)] / e��L

L
<latexit sha1_base64="oONEOilRc+El/a6CnXxJ2haUnto="></latexit>

[E(L)� E(1)] / a

ML3
<latexit sha1_base64="wjIZ2hu2OQhKPcJWew8593MVzHQ=">AAACE3icbVDLSgMxFM3UV62vqks3wSK0gmXGCrosSsFFhQr2ATNjyaSZNjSTGZKMMAz9Bzf+ihsXirh1486/MX0stPVA4HDOvdyc40WMSmWa30ZmaXlldS27ntvY3Nreye/utWQYC0yaOGSh6HhIEkY5aSqqGOlEgqDAY6TtDa/GfvuBCElDfqeSiLgB6nPqU4yUlrr5Y7tWrJfgCawVHcp9lZRc6EQijFQIHV8gnKJRegPr95VRN18wy+YEcJFYM1IAMzS6+S+nF+I4IFxhhqS0LTNSboqEopiRUc6JJYkQHqI+sTXlKCDSTSeZRvBIKz3oh0I/ruBE/b2RokDKJPD0ZIDUQM57Y/E/z46Vf+GmlEexIhxPD/kxgzrwuCDYo4JgxRJNEBZU/xXiAdJNKF1jTpdgzUdeJK3TslUpm7dnherlrI4sOACHoAgscA6q4Bo0QBNg8AiewSt4M56MF+Pd+JiOZozZzj74A+PzB828nEc=</latexit>



Recent review: Briceño, Dudek, Young, Rev. Mod. Phys. 90 (2018)

Lüscher methods

k⇤ cot �(k⇤) =
1

⇡L�

X

n2Z3

1

�
�̂�1

(n� 1
2d)

�2 �
�
k⇤L
2⇡

�2
<latexit sha1_base64="0TjUACrUB1mMHKa6Biq2BSi0yRg="></latexit>

det
⇥
F�1 +M

⇤
= 0

<latexit sha1_base64="ibJZUoOliQUzxlbDNfgIgNlSH9A="></latexit>

Quantization condition for energy levels of 2-particle system in a box generically 

Fixed by geometry of box, mixes infinite 
tower of partial waves Desired scattering amplitude

Interested only in s-wave scattering (physical d-wave component of deuteron 
higher order in EFT), neglect mixing between           and          , equal masses

With center-of-mass energy and momentum and usual relativistic        factor,�
<latexit sha1_base64="/7M+CXzslh55xNlqYuqC1ZNY0Hc=">AAACAnicbVDLSgMxFL3js9ZX1aWbwSK4KjMq6LLoxmUF+4B2KJnMnTY2yQxJRiilOz/ArX6CO3Hrj/gF/oZpOwvbeiBwOPcc7s0JU8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2dJIpinWa8ES1QqKRM4l1wwzHVqqQiJBjMxzcTubNJ1SaJfLBDFMMBOlJFjNKjJUanR4RgnRLZa/iTeEuEz8nZchR65Z+OlFCM4HSUE60bvteaoIRUYZRjuNiJ9OYEjogPWxbKolAHYym147dU6tEbpwo+6Rxp+rfxIgIrYcitE5BTF/PzbRd18dovBiYOP8LtDMTXwcjJtPMoKSz7XHGXZO4kz7ciCmkhg8tIVQx+wGX9oki1NjWirYZf7GHZdI4r/gXFe/+sly9yTsqwDGcwBn4cAVVuIMa1IHCI7zAK7w5z8678+F8zqwrTp45gjk4X7+gXJfw</latexit>

` = 0
<latexit sha1_base64="GFnPBMfAxPe4aekKC9vv9AogZYI=">AAACBHicbVDLSgMxFL1TX7W+qi7dBIvgqsyooBuh6MZlBVsL7VAymds2NJMZkoxQhm79ALf6Ce7Erf/hF/gbpu0sbOuBwOHcc7g3J0gE18Z1v53Cyura+kZxs7S1vbO7V94/aOo4VQwbLBaxagVUo+ASG4Ybga1EIY0CgY/B8HYyf3xCpXksH8woQT+ifcl7nFFjpVYHhSDXxO2WK27VnYIsEy8nFchR75Z/OmHM0gilYYJq3fbcxPgZVYYzgeNSJ9WYUDakfWxbKmmE2s+m947JiVVC0ouVfdKQqfo3kdFI61EUWGdEzUDPzbRdN8BwvBiYOP8LtFPTu/IzLpPUoGSz7b1UEBOTSSMk5AqZESNLKFPcfoCwAVWUGdtbyTbjLfawTJpnVe+86t5fVGo3eUdFOIJjOAUPLqEGd1CHBjAQ8AKv8OY8O+/Oh/M5sxacPHMIc3C+fgHGSZfr</latexit>

` = 4
<latexit sha1_base64="31xWPfcADoio55J+0p3c20p+P7w=">AAACBHicbVBLSgNBFHwTfzH+oi7dNAbBVZjRgG6EoBuXEcwHkiH09LxJmvR86O4RwpCtB3CrR3Anbr2HJ/AadpJZmMSChqJeFe91eYngStv2t1VYW9/Y3Cpul3Z29/YPyodHLRWnkmGTxSKWHY8qFDzCpuZaYCeRSENPYNsb3U3n7SeUisfRox4n6IZ0EPGAM6qN1OmhEOSG1Prlil21ZyCrxMlJBXI0+uWfnh+zNMRIM0GV6jp2ot2MSs2ZwEmplypMKBvRAXYNjWiIys1m907ImVF8EsTSvEiTmfo3kdFQqXHoGWdI9VAtzJRZN0R/shyYOv8LdFMdXLsZj5JUY8Tm24NUEB2TaSPE5xKZFmNDKJPcfICwIZWUadNbyTTjLPewSloXVeeyaj/UKvXbvKMinMApnIMDV1CHe2hAExgIeIFXeLOerXfrw/qcWwtWnjmGBVhfv8ytl+8=</latexit>

Simplified QC:

Each finite-volume energy level gives us one constraint on     at a particular�
<latexit sha1_base64="Im4IGRDe3L9tktTNXcp8ZIzJZjE=">AAACAnicbVDLSgMxFM34rPVVdekmWARXZUYFXRbduKxgH9AOJZO5bWMzmSG5I5ShOz/ArX6CO3Hrj/gF/oZpOwvbeiBwOPcc7s0JEikMuu63s7K6tr6xWdgqbu/s7u2XDg4bJk41hzqPZaxbATMghYI6CpTQSjSwKJDQDIa3k3nzCbQRsXrAUQJ+xPpK9ARnaKVGJwSJrFsquxV3CrpMvJyUSY5at/TTCWOeRqCQS2ZM23MT9DOmUXAJ42InNZAwPmR9aFuqWATGz6bXjumpVULai7V9CulU/ZvIWGTMKAqsM2I4MHMzY9cNIBwvBibO/wLtFHvXfiZUkiIoPtveSyXFmE76oKHQwFGOLGFcC/sBygdMM462taJtxlvsYZk0ziveRcW9vyxXb/KOCuSYnJAz4pErUiV3pEbqhJNH8kJeyZvz7Lw7H87nzLri5JkjMgfn6xerkJf3</latexit>

k⇤
<latexit sha1_base64="d3YfnEKtNDXUroZ5m5bgIZIBW/o=">AAAB/3icbVBLSgNBFHzjN8Zf1KWbxiCIizCjgi6DblxGNB9IxtDT8yZp0vOhu0cIQxYewK0ewZ249SiewGvYSWZhEgsainpVvNflJYIrbdvf1tLyyuraemGjuLm1vbNb2ttvqDiVDOssFrFseVSh4BHWNdcCW4lEGnoCm97gZjxvPqFUPI4e9DBBN6S9iAecUW2k+8HjabdUtiv2BGSRODkpQ45at/TT8WOWhhhpJqhSbcdOtJtRqTkTOCp2UoUJZQPaw7ahEQ1Rudnk1BE5NopPgliaF2kyUf8mMhoqNQw94wyp7quZmTLr+uiP5gNj53+BdqqDKzfjUZJqjNh0e5AKomMyLoP4XCLTYmgIZZKbDxDWp5IybSormmac+R4WSeOs4pxX7LuLcvU676gAh3AEJ+DAJVThFmpQBwY9eIFXeLOerXfrw/qcWpesPHMAM7C+fgHnCJZm</latexit>

k⇤ =
1

2

q
E⇤2 � 4M2

B
<latexit sha1_base64="jC18hfgKvoatBs5ybMRAFPQvqmY="></latexit>

E⇤2 = E2 �
✓
2⇡

L
d

◆2

<latexit sha1_base64="bxDirseWr0T4oGA30ipY7F6Vrt0="></latexit>

� =
E

E⇤
<latexit sha1_base64="1bg3/vDOWoWOwyHaP0fU3NYuOHc=">AAACFHicbVDLSgMxFM34rPU1KrhxEyyCuCgzKuhGKErBZQX7gM5YMmmmDU0yQ5IRyji/4Qe41U9wJ27d+wX+hmk7C9t6IHA49xzuzQliRpV2nG9rYXFpeWW1sFZc39jc2rZ3dhsqSiQmdRyxSLYCpAijgtQ11Yy0YkkQDxhpBoOb0bz5SKSikbjXw5j4HPUEDSlG2kgde9/rIc4RvIJeKBFOq1lafTjJOnbJKTtjwHni5qQEctQ69o/XjXDCidCYIaXarhNrP0VSU8xIVvQSRWKEB6hH2oYKxIny0/H9GTwySheGkTRPaDhW/yZSxJUa8sA4OdJ9NTVTZl2fdLPZwMj5X6Cd6PDST6mIE00EnmwPEwZ1BEcNwS6VBGs2NARhSc0HIO4jU442PRZNM+5sD/OkcVp2z8rO3Xmpcp13VAAH4BAcAxdcgAq4BTVQBxg8gRfwCt6sZ+vd+rA+J9YFK8/sgSlYX79z4p44</latexit>
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Monte Carlo noise in (multi-)baryon correlation functions grows exponentially with 
Euclidean time separation 

⇡

⇡

⇡

The signal-to-noise problem

GNp
Var(GN )

⇠ e�(MN� 3
2m⇡)t

<latexit sha1_base64="FvtpzAI7b1B1O/qhRrYNKHdYLvo="></latexit>

Var(GN ) ⇠
⌦��N(t)N(0)†

��↵
<latexit sha1_base64="8Ag4AOIXwQtMPDE8OWnufNmGEP4="></latexit>

⇠ e�3m⇡t
<latexit sha1_base64="+b1GHSmsyssqjaLLrgetz7I3+r4=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEN5bECrosunFZwT6giWEynbRDZ5IwMxFqKP6KGxeKuPU/3Pk3Th8LbT1w4XDOvdx7T5hyprTjfFuFpeWV1bXiemljc2t7x97da6okk4Q2SMIT2Q6xopzFtKGZ5rSdSopFyGkrHFyP/dYDlYol8Z0eptQXuBeziBGsjRTYB55iAtH7/LSKROClDCE9CuyyU3EmQIvEnZEyzFAP7C+vm5BM0FgTjpXquE6q/RxLzQino5KXKZpiMsA92jE0xoIqP59cP0LHRumiKJGmYo0m6u+JHAulhiI0nQLrvpr3xuJ/XifT0aWfszjNNI3JdFGUcaQTNI4CdZmkRPOhIZhIZm5FpI8lJtoEVjIhuPMvL5LmWcWtVpzb83LtahZHEQ7hCE7AhQuowQ3UoQEEHuEZXuHNerJerHfrY9pasGYz+/AH1ucP022UKg==</latexit>

N
<latexit sha1_base64="wSc44W5ATsYVfLIWUQNEcgEHJZ4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVTc+mW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/pzuM1A==</latexit>

N
<latexit sha1_base64="wSc44W5ATsYVfLIWUQNEcgEHJZ4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVTc+mW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/pzuM1A==</latexit>

N
<latexit sha1_base64="iY4VwWHz0ik5k47ZDLFnrCr9SV4=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxoQZdFN66kgn1AZyiZNNOGZpIhyQhl6G+4caGIW3/GnX9jpp2Fth4IHM65h3tzwoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjpapIrRNJJeqF2JNORO0bZjhtJcoiuOQ0244uc397hNVmknxaKYJDWI8EixiBBsr+b60Zp7N7meDas2tu3OgVeIVpAYFWoPqlz+UJI2pMIRjrfuem5ggw8owwums4qeaJphM8Ij2LRU4pjrI5jfP0JlVhiiSyj5h0Fz9nchwrPU0Du1kjM1YL3u5+J/XT010HWRMJKmhgiwWRSlHRqK8ADRkihLDp5Zgopi9FZExVpgYW1PFluAtf3mVdC7q3mXdfWjUmjdFHWU4gVM4Bw+uoAl30II2EEjgGV7hzUmdF+fd+ViMlpwicwx/4Hz+AIBSkfo=</latexit>

GN ⇠ e�MN t
<latexit sha1_base64="VMXi1WHaXVfhWodRZFH9FeVyq8M=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHcWBIVdFl0oRulgn1AG8NkOmmHTiZh5kYoof6KGxeKuPVD3Pk3TtsstPXAhTPn3Mvce4JEcA2O820tLC4tr6wW1orrG5tb2/bObkPHqaKsTmMRq1ZANBNcsjpwEKyVKEaiQLBmMLgc+81HpjSP5T0ME+ZFpCd5yCkBI/l26cq/xR3NI8wesqMb84CRb5edijMBniduTsooR823vzrdmKYRk0AF0brtOgl4GVHAqWCjYifVLCF0QHqsbagkEdNeNll+hA+M0sVhrExJwBP190RGIq2HUWA6IwJ9PeuNxf+8dgrhuZdxmaTAJJ1+FKYCQ4zHSeAuV4yCGBpCqOJmV0z7RBEKJq+iCcGdPXmeNI4r7knFuTstVy/yOApoD+2jQ+SiM1RF16iG6oiiIXpGr+jNerJerHfrY9q6YOUzJfQH1ucPCjeTug==</latexit>

Correlation function variance can be analyzed as a correlation function 

Multi-nucleon: ⇠ e�A(MN� 3
2m⇡)t

<latexit sha1_base64="vUV/YXprHhuyPDTooUhx+i7q95Q=">AAACHHicbVDJSgNBEO1xN25Rj14ag6AHw4wR9Ohy8aJEMCpk4tDTqUkau2eG7hohDPMhXvwVLx4U8eJB8G/sLAe3BwWP96qoqhemUhh03U9nbHxicmp6ZrY0N7+wuFReXrk0SaY5NHgiE30dMgNSxNBAgRKuUw1MhRKuwtvjvn91B9qIJL7AXgotxTqxiARnaKWgXPONUBRu8u1D6kuIcPM0OKPb1I8043mtyHcKqgI/FdTXotPFLYpFUK64VXcA+pd4I1IhI9SD8rvfTnimIEYumTFNz02xlTONgksoSn5mIGX8lnWgaWnMFJhWPniuoBtWadMo0bZipAP1+0TOlDE9FdpOxbBrfnt98T+vmWG038pFnGYIMR8uijJJMaH9pGhbaOAoe5YwroW9lfIus7GgzbNkQ/B+v/yXXO5UvVrVPd+tHByN4pgha2SdbBKP7JEDckLqpEE4uSeP5Jm8OA/Ok/PqvA1bx5zRzCr5AefjC/vxoBQ=</latexit>

Noise equivalently arises from phase fluctuations of operators charged under           , 
solving noise problem requires solving “sign problem”

U1(B)
<latexit sha1_base64="/YhU1PXG8jpPorxvNW1h7V2KAYM=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmKCF7KrJnokePGIiQsksCHd0oVKt920XROy4T948aAxXv0/3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357SeqNJPiwUwSGsR4KFjECDZWavl9r9o475crbs2dA60SLycVyNHsl796A0nSmApDONa667mJCTKsDCOcTku9VNMEkzEe0q6lAsdUB9n82ik6s8oARVLZEgbN1d8TGY61nsSh7YyxGellbyb+53VTE90EGRNJaqggi0VRypGRaPY6GjBFieETSzBRzN6KyAgrTIwNqGRD8JZfXiWti5p3WXPvryr1Rh5HEU7gFKrgwTXU4Q6a4AOBR3iGV3hzpPPivDsfi9aCk88cwx84nz8n4o4w</latexit>

Parisi, Phys. Rept. 103 (1984) Lepage, Boulder TASI (1989)

MW, Savage, PRD 96 (2017)
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Changing the quark masses
m⇡ ⇠ 800 MeV

<latexit sha1_base64="c4FJoW3BAq09Z/piGh4PJf9B1f8=">AAACA3icbVDLSgNBEJyNrxhfUW96GQyCp7CrgjkGvXgRIpgHZEOYnXSSITO7y0yvGJaAF3/FiwdFvPoT3vwbJ4+DJhY0FFXddHcFsRQGXffbySwtr6yuZddzG5tb2zv53b2aiRLNocojGelGwAxIEUIVBUpoxBqYCiTUg8HV2K/fgzYiCu9wGENLsV4ouoIztFI7f6Dafiyob4SiJdf1qY/wgOkN1EbtfMEtuhPQReLNSIHMUGnnv/xOxBMFIXLJjGl6boytlGkUXMIo5ycGYsYHrAdNS0OmwLTSyQ8jemyVDu1G2laIdKL+nkiZMmaoAtupGPbNvDcW//OaCXZLrVSEcYIQ8umibiIpRnQcCO0IDRzl0BLGtbC3Ut5nmnG0seVsCN78y4ukdlr0zoru7XmhfDmLI0sOyRE5IR65IGVyTSqkSjh5JM/klbw5T86L8+58TFszzmxmn/yB8/kDg16WzA==</latexit>

m⇡ ⇠ 140 MeV
<latexit sha1_base64="01SjqMCKZSfJNX68/3vCHPpsAxM=">AAACA3icbVDLSgNBEJyNrxhfUW96GQyCp7CrAT0GvXgRIpgHZEOYnXSSITO7y0yvGJaAF3/FiwdFvPoT3vwbJ4+DJhY0FFXddHcFsRQGXffbySwtr6yuZddzG5tb2zv53b2aiRLNocojGelGwAxIEUIVBUpoxBqYCiTUg8HV2K/fgzYiCu9wGENLsV4ouoIztFI7f6Dafiyob4SiXsn1qY/wgOkN1EbtfMEtuhPQReLNSIHMUGnnv/xOxBMFIXLJjGl6boytlGkUXMIo5ycGYsYHrAdNS0OmwLTSyQ8jemyVDu1G2laIdKL+nkiZMmaoAtupGPbNvDcW//OaCXYvWqkI4wQh5NNF3URSjOg4ENoRGjjKoSWMa2FvpbzPNONoY8vZELz5lxdJ7bTonRXd21KhfDmLI0sOyRE5IR45J2VyTSqkSjh5JM/klbw5T86L8+58TFszzmxmn/yB8/kDfqSWyQ==</latexit>

MN ⇠ 1200 MeV + 400 MeV
<latexit sha1_base64="bKHerv0PWYlwYJFMYZ4GIO16c4g=">AAACFHicbVDJSgNBEO1xjXGLevTSGAQhEGZiQI9BL14iEcwCmRB6OpWkSc9Cd40YhnyEF3/FiwdFvHrw5t/YWQ4m8UHB470qqup5kRQabfvHWlldW9/YTG2lt3d29/YzB4c1HcaKQ5WHMlQNj2mQIoAqCpTQiBQw35NQ9wbXY7/+AEqLMLjHYQQtn/UC0RWcoZHamVy5fUtdLXzqFGzbpS7CIyZlqI1ojhbnlXYma+ftCegycWYkS2aotDPfbifksQ8Bcsm0bjp2hK2EKRRcwijtxhoixgesB01DA+aDbiWTp0b01Cgd2g2VqQDpRP07kTBf66HvmU6fYV8vemPxP68ZY/eylYggihECPl3UjSXFkI4Toh2hgKMcGsK4EuZWyvtMMY4mx7QJwVl8eZnUCnnnPG/fFbOlq1kcKXJMTsgZccgFKZEbUiFVwskTeSFv5N16tl6tD+tz2rpizWaOyBysr1/X4Jw2</latexit>

MN ⇠ 210 MeV + 730 MeV
<latexit sha1_base64="zh0eQyFivgnihLngPPXJmHTWVrM=">AAACE3icbVDLSgNBEJyNrxhfUY9eBoMgCmE3EeIx6MVLJIJJhGwIs5NOMmT2wUyvGJb8gxd/xYsHRbx68ebfOHkcNLGgoajqprvLi6TQaNvfVmppeWV1Lb2e2djc2t7J7u7VdRgrDjUeylDdeUyDFAHUUKCEu0gB8z0JDW9wOfYb96C0CINbHEbQ8lkvEF3BGRqpnT2ptK+pq4VPC47tUhfhAZMK1Ef0lJaKf5R2Nmfn7QnoInFmJEdmqLazX24n5LEPAXLJtG46doSthCkUXMIo48YaIsYHrAdNQwPmg24lk59G9MgoHdoNlakA6UT9PZEwX+uh75lOn2Ffz3tj8T+vGWP3vJWIIIoRAj5d1I0lxZCOA6IdoYCjHBrCuBLmVsr7TDGOJsaMCcGZf3mR1At5p5i3b85y5YtZHGlyQA7JMXFIiZTJFamSGuHkkTyTV/JmPVkv1rv1MW1NWbOZffIH1ucPaiOcAg==</latexit>

Nucleon effective mass: MN (t) = �@t lnGN (t) = MN +O
⇣
e�(E1�MN )t

⌘

<latexit sha1_base64="0v00GUTl+22sWHvYheKVBF7GZPA="></latexit>

Rinaldi, Syritsyn, MW et al, PRL 122 (2019)

Point-Point
Point-Smeared
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Var[GBB(t = 1 fm)]

Var[GBB(t = 0)]
⇠ 2, 600, 000

Nmeas
<latexit sha1_base64="UXoU+29VDGuGJQIaJIt3NkK/Oyg="></latexit>

Var[GBB(t = 1 fm)]

Var[GBB(t = 0)]
⇠ 3, 300

Nmeas
<latexit sha1_base64="Z8t2OC+gDDSI/kkTnfb0YeDJqFw="></latexit>

MN ⇠ 3

2
m⇡ +

✓
MN � 3

2
m⇡

◆

<latexit sha1_base64="KjaGXxPDKUagtqGikst72VtjcNY=">AAACKXicbVDLSgMxFM3UV62vqks3wSJUxDLTCrosunGjVLAP6JQhk2ba0GRmSO4IZejvuPFX3Cgo6tYfMX0stPVA4HDOudzc48eCa7DtTyuztLyyupZdz21sbm3v5Hf3GjpKFGV1GolItXyimeAhqwMHwVqxYkT6gjX9wdXYbz4wpXkU3sMwZh1JeiEPOCVgJC9fvfFusau5xG6gCE0ro7Q8kp4bc3yCXcECKOJx5HTBdxXv9eHYyxfskj0BXiTOjBTQDDUv/+p2I5pIFgIVROu2Y8fQSYkCTgUb5dxEs5jQAemxtqEhkUx30smlI3xklC4OImVeCHii/p5IidR6KH2TlAT6et4bi/957QSCi07KwzgBFtLpoiARGCI8rg13uWIUxNAQQhU3f8W0T0wjYMrNmRKc+ZMXSaNcciol++6sUL2c1ZFFB+gQFZGDzlEVXaMaqiOKHtEzekPv1pP1Yn1YX9NoxprN7KM/sL5/AD07pWw=</latexit>

1 fm
<latexit sha1_base64="n+ceeSFADwSpzk8VQ4lL3kFJF+I=">AAACCHicbVBLSgNBFOyJvxh/UZduGoPgKsyooMugG5cRTCJkhtDT8yZp0vOh+40YhlzAA7jVI7gTt97CE3gNO8ksTGJBQ1Gvive6/FQKjbb9bZVWVtfWN8qbla3tnd296v5BWyeZ4tDiiUzUg880SBFDCwVKeEgVsMiX0PGHN5N55xGUFkl8j6MUvIj1YxEKztBIruNSF+EJ8zAa96o1u25PQZeJU5AaKdDsVX/cIOFZBDFyybTuOnaKXs4UCi5hXHEzDSnjQ9aHrqExi0B7+fTmMT0xSkDDRJkXI52qfxM5i7QeRb5xRgwHem6mzboBBOPFwMT5X6CbYXjl5SJOM4SYz7aHmaSY0EkrNBAKOMqRIYwrYT5A+YApxtF0VzHNOIs9LJP2Wd05r9t3F7XGddFRmRyRY3JKHHJJGuSWNEmLcJKSF/JK3qxn6936sD5n1pJVZA7JHKyvXx2+mmY=</latexit>

2 fm
<latexit sha1_base64="ZBacPdTFCIHOvgfNJLLGRJR9KFA=">AAACCHicbVBLSgNBFOyJvxh/UZduGoPgKsxEQZdBNy4jmA9khtDTeZM06fnQ/UYMQy7gAdzqEdyJW2/hCbyGnWQWJrGgoahXxXtdfiKFRtv+tgpr6xubW8Xt0s7u3v5B+fCopeNUcWjyWMaq4zMNUkTQRIESOokCFvoS2v7odjpvP4LSIo4ecJyAF7JBJALBGRrJrbnURXjCLAgnvXLFrtoz0FXi5KRCcjR65R+3H/M0hAi5ZFp3HTtBL2MKBZcwKbmphoTxERtA19CIhaC9bHbzhJ4ZpU+DWJkXIZ2pfxMZC7Ueh75xhgyHemGmzboh9CfLganzv0A3xeDay0SUpAgRn28PUkkxptNWaF8o4CjHhjCuhPkA5UOmGEfTXck04yz3sEpatapzUbXvLyv1m7yjIjkhp+ScOOSK1MkdaZAm4SQhL+SVvFnP1rv1YX3OrQUrzxyTBVhfvx9immc=</latexit>

NPLQCD, PRD 96 (2017)
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Two baryons in a box

Nf = 3, m⇡ = 806(9) MeV, a = 0.145(2) fm

NPLQCD, PRD 96 (2017)

NPLQCD, PRC 88 (2013)

          flavor symmetric world with u and d degenerate with physical s quark 
explored by NPLQCD

SU(3)
<latexit sha1_base64="O9z5I/b0Rryrn9vVh8XX2jWM0ns=">AAAB7HicbVBNTwIxEJ3iF+IX6tFLIzHBC9kVEz0SvXjE6AIJbEi3dKGh2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxLBtXGcb1RYW9/Y3Cpul3Z29/YPyodHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+Hbmt5+Y0jyWj2aSMD8iQ8lDTomxkvfgVevn/XLFqTlz4FXi5qQCOZr98ldvENM0YtJQQbTuuk5i/Iwow6lg01Iv1SwhdEyGrGupJBHTfjY/dorPrDLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCa/9jMskNUzSxaIwFdjEePY5HnDFqBETSwhV3N6K6YgoQo3Np2RDcJdfXiWti5pbrzn3l5XGTR5HEU7gFKrgwhU04A6a4AEFDs/wCm9Iohf0jj4WrQWUzxzDH6DPH447jdo=</latexit>

8⌦ 8 = 27� 10� 10� 8S � 8A � 1
<latexit sha1_base64="ryQObQkCVUQ7TOFADCZYkC+Tt4s="></latexit>

Baryon-baryon scattering channels can be classified into           irrepsSU(3)
<latexit sha1_base64="O9z5I/b0Rryrn9vVh8XX2jWM0ns=">AAAB7HicbVBNTwIxEJ3iF+IX6tFLIzHBC9kVEz0SvXjE6AIJbEi3dKGh2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxLBtXGcb1RYW9/Y3Cpul3Z29/YPyodHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+Hbmt5+Y0jyWj2aSMD8iQ8lDTomxkvfgVevn/XLFqTlz4FXi5qQCOZr98ldvENM0YtJQQbTuuk5i/Iwow6lg01Iv1SwhdEyGrGupJBHTfjY/dorPrDLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCa/9jMskNUzSxaIwFdjEePY5HnDFqBETSwhV3N6K6YgoQo3Np2RDcJdfXiWti5pbrzn3l5XGTR5HEU7gFKrgwhU04A6a4AEFDs/wCm9Iohf0jj4WrQWUzxzDH6DPH447jdo=</latexit>

NPLQCD, PRD 87 (2013)

…
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Nf = 3, m⇡ = 806(9) MeV, a = 0.145(2) fm

L3 ⇥ T = 243 ⇥ 48
<latexit sha1_base64="BOaSDiL3pHVu8ZAT1/paDMfk44I=">AAACBnicbVC7SgNBFL0bXzG+Vi1FGAyCVdhNAqYRgjYWFhHygmQNs5PZZMjsg5lZISypbPwVGwtFbP0GO//GSbKgJh4YOPece7lzjxtxJpVlfRmZldW19Y3sZm5re2d3z9w/aMowFoQ2SMhD0XaxpJwFtKGY4rQdCYp9l9OWO7qa+q17KiQLg7oaR9Tx8SBgHiNYaalnHt/clVBXMZ9KVEcXqFj+qcuVnpm3CtYMaJnYKclDilrP/Oz2QxL7NFCEYyk7thUpJ8FCMcLpJNeNJY0wGeEB7WgaYL3HSWZnTNCpVvrIC4V+gUIz9fdEgn0px76rO32shnLRm4r/eZ1YeRUnYUEUKxqQ+SIv5kiFaJoJ6jNBieJjTTARTP8VkSEWmCidXE6HYC+evEyaxYJdKli35Xz1Mo0jC0dwAmdgwzlU4Rpq0AACD/AEL/BqPBrPxpvxPm/NGOnMIfyB8fENJlWWXA==</latexit>

L3 ⇥ T = 323 ⇥ 48
<latexit sha1_base64="bXVRmY1dzRv6AltAqyv7PfTon5E=">AAACBnicbVC7SgNBFL0bXzG+Vi1FGAyCVdhNAqYRgjYWFhHygmQNs5PZZMjsg5lZISypbPwVGwtFbP0GO//GSbKgJh4YOPece7lzjxtxJpVlfRmZldW19Y3sZm5re2d3z9w/aMowFoQ2SMhD0XaxpJwFtKGY4rQdCYp9l9OWO7qa+q17KiQLg7oaR9Tx8SBgHiNYaalnHt/clVBXMZ9KVEcXqFT8qcuVnpm3CtYMaJnYKclDilrP/Oz2QxL7NFCEYyk7thUpJ8FCMcLpJNeNJY0wGeEB7WgaYL3HSWZnTNCpVvrIC4V+gUIz9fdEgn0px76rO32shnLRm4r/eZ1YeRUnYUEUKxqQ+SIv5kiFaJoJ6jNBieJjTTARTP8VkSEWmCidXE6HYC+evEyaxYJdKli35Xz1Mo0jC0dwAmdgwzlU4Rpq0AACD/AEL/BqPBrPxpvxPm/NGOnMIfyB8fENJMaWWw==</latexit>

L3 ⇥ T = 483 ⇥ 64
<latexit sha1_base64="udo77Sr4ua8EX+Ab6mHDrif28vE=">AAACBnicbVC7SgNBFJ2Nrxhfq5YiDAbBKuyaoGmEoI2FRYS8IFnD7GQ2GTL7YOauEJZUNv6KjYUitn6DnX/jJFlQEw8MnHvOvdy5x40EV2BZX0ZmaXlldS27ntvY3NreMXf3GiqMJWV1GopQtlyimOABqwMHwVqRZMR3BWu6w6uJ37xnUvEwqMEoYo5P+gH3OCWgpa55eHNXxB3gPlO4hi9wqfxTn5W6Zt4qWFPgRWKnJI9SVLvmZ6cX0thnAVBBlGrbVgROQiRwKtg414kViwgdkj5raxoQvcdJpmeM8bFWetgLpX4B4Kn6eyIhvlIj39WdPoGBmvcm4n9eOwav7CQ8iGJgAZ0t8mKBIcSTTHCPS0ZBjDQhVHL9V0wHRBIKOrmcDsGeP3mRNE4LdrFg3Zbylcs0jiw6QEfoBNnoHFXQNaqiOqLoAT2hF/RqPBrPxpvxPmvNGOnMPvoD4+MbLLGWYA==</latexit>

Nmeas = 366, 912
<latexit sha1_base64="3pnOVYtwoRMJGZrHBGdUvTknTvU=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgQspMK1UXQtGNK6lgH9AOQyZN29AkMyQZsQzzK25cKOLWH3Hn35i2s9DWAxcO59zLvfcEEaNKO863lVtZXVvfyG8WtrZ3dvfs/WJLhbHEpIlDFspOgBRhVJCmppqRTiQJ4gEj7WB8M/Xbj0QqGooHPYmIx9FQ0AHFSBvJt4t3fsIJUim8gtVa7fTSrfh2ySk7M8Bl4makBDI0fPur1w9xzInQmCGluq4TaS9BUlPMSFroxYpECI/RkHQNFYgT5SWz21N4bJQ+HITSlNBwpv6eSBBXasID08mRHqlFbyr+53VjPbjwEiqiWBOB54sGMYM6hNMgYJ9KgjWbGIKwpOZWiEdIIqxNXAUTgrv48jJpVcputezcn5Xq11kceXAIjsAJcME5qINb0ABNgMETeAav4M1KrRfr3fqYt+asbOYA/IH1+QMtGpKQ</latexit>

Nmeas = 219, 600
<latexit sha1_base64="CjI0aztFAb9ZD9e6VRSja1HKW3g=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkpSxcdCKLpxJRXsA9oQJtNJO3RmEmYmYgn5FTcuFHHrj7jzb5y2WWjrgQuHc+7l3nuCmFGlHefbKiwtr6yuFddLG5tb2zv2brmlokRi0sQRi2QnQIowKkhTU81IJ5YE8YCRdjC6mfjtRyIVjcSDHsfE42ggaEgx0kby7fKdn3KCVAavYM29PD5zHN+uOFVnCrhI3JxUQI6Gb3/1+hFOOBEaM6RU13Vi7aVIaooZyUq9RJEY4REakK6hAnGivHR6ewYPjdKHYSRNCQ2n6u+JFHGlxjwwnRzpoZr3JuJ/XjfR4YWXUhEnmgg8WxQmDOoIToKAfSoJ1mxsCMKSmlshHiKJsDZxlUwI7vzLi6RVq7onVef+tFK/zuMogn1wAI6AC85BHdyCBmgCDJ7AM3gFb1ZmvVjv1sestWDlM3vgD6zPHx9ckoc=</latexit>

Nmeas = 102, 870
<latexit sha1_base64="z66safDQV/TE/JChV929Vc4j67g=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQsqkCu1GKLpxJRXsA9oQJtNJO3QyCTMTsYT8ihsXirj1R9z5N07bLLT1wIXDOfdy7z1+zJnSCH1bhbX1jc2t4nZpZ3dv/8A+LHdUlEhC2yTikez5WFHOBG1rpjntxZLi0Oe0609uZn73kUrFIvGgpzF1QzwSLGAEayN5dvnOS0OKVQavoINq54068uwKqqI54CpxclIBOVqe/TUYRiQJqdCEY6X6Doq1m2KpGeE0Kw0SRWNMJnhE+4YKHFLlpvPbM3hqlCEMImlKaDhXf0+kOFRqGvqmM8R6rJa9mfif10900HBTJuJEU0EWi4KEQx3BWRBwyCQlmk8NwUQycyskYywx0SaukgnBWX55lXRqVeeiiu4vK83rPI4iOAYn4Aw4oA6a4Ba0QBsQ8ASewSt4szLrxXq3PhatBSufOQJ/YH3+AB9Akoc=</latexit>

NN 3S1

k = 2
<latexit sha1_base64="1KGdxUUJpDkeudBrN+njX40Qt2k=">AAAB9XicbVDLSgMxFL2pr1pfVZdugkVwVWaqoBuh6MZlBfuAdiyZNNOGZjJDklHK0P9w40IRt/6LO//GTDsLbT0QOJxzL/fk+LHg2jjONyqsrK6tbxQ3S1vbO7t75f2Dlo4SRVmTRiJSHZ9oJrhkTcONYJ1YMRL6grX98U3mtx+Z0jyS92YSMy8kQ8kDTomx0kMvJGbkB+l4iq9wrV+uOFVnBrxM3JxUIEejX/7qDSKahEwaKojWXdeJjZcSZTgVbFrqJZrFhI7JkHUtlSRk2ktnqaf4xCoDHETKPmnwTP29kZJQ60no28kspV70MvE/r5uY4NJLuYwTwySdHwoSgU2EswrwgCtGjZhYQqjiNiumI6IINbaoki3BXfzyMmnVqu5Z1bk7r9Sv8zqKcATHcAouXEAdbqEBTaCg4Ble4Q09oRf0jj7mowWU7xzCH6DPH5kekeg=</latexit> k = 2

<latexit sha1_base64="1KGdxUUJpDkeudBrN+njX40Qt2k=">AAAB9XicbVDLSgMxFL2pr1pfVZdugkVwVWaqoBuh6MZlBfuAdiyZNNOGZjJDklHK0P9w40IRt/6LO//GTDsLbT0QOJxzL/fk+LHg2jjONyqsrK6tbxQ3S1vbO7t75f2Dlo4SRVmTRiJSHZ9oJrhkTcONYJ1YMRL6grX98U3mtx+Z0jyS92YSMy8kQ8kDTomx0kMvJGbkB+l4iq9wrV+uOFVnBrxM3JxUIEejX/7qDSKahEwaKojWXdeJjZcSZTgVbFrqJZrFhI7JkHUtlSRk2ktnqaf4xCoDHETKPmnwTP29kZJQ60no28kspV70MvE/r5uY4NJLuYwTwySdHwoSgU2EswrwgCtGjZhYQqjiNiumI6IINbaoki3BXfzyMmnVqu5Z1bk7r9Sv8zqKcATHcAouXEAdbqEBTaCg4Ble4Q09oRf0jj7mowWU7xzCH6DPH5kekeg=</latexit>

k = 2
<latexit sha1_base64="1KGdxUUJpDkeudBrN+njX40Qt2k=">AAAB9XicbVDLSgMxFL2pr1pfVZdugkVwVWaqoBuh6MZlBfuAdiyZNNOGZjJDklHK0P9w40IRt/6LO//GTDsLbT0QOJxzL/fk+LHg2jjONyqsrK6tbxQ3S1vbO7t75f2Dlo4SRVmTRiJSHZ9oJrhkTcONYJ1YMRL6grX98U3mtx+Z0jyS92YSMy8kQ8kDTomx0kMvJGbkB+l4iq9wrV+uOFVnBrxM3JxUIEejX/7qDSKahEwaKojWXdeJjZcSZTgVbFrqJZrFhI7JkHUtlSRk2ktnqaf4xCoDHETKPmnwTP29kZJQ60no28kspV70MvE/r5uY4NJLuYwTwySdHwoSgU2EswrwgCtGjZhYQqjiNiumI6IINbaoki3BXfzyMmnVqu5Z1bk7r9Sv8zqKcATHcAouXEAdbqEBTaCg4Ble4Q09oRf0jj7mowWU7xzCH6DPH5kekeg=</latexit>

k = 2
<latexit sha1_base64="1KGdxUUJpDkeudBrN+njX40Qt2k=">AAAB9XicbVDLSgMxFL2pr1pfVZdugkVwVWaqoBuh6MZlBfuAdiyZNNOGZjJDklHK0P9w40IRt/6LO//GTDsLbT0QOJxzL/fk+LHg2jjONyqsrK6tbxQ3S1vbO7t75f2Dlo4SRVmTRiJSHZ9oJrhkTcONYJ1YMRL6grX98U3mtx+Z0jyS92YSMy8kQ8kDTomx0kMvJGbkB+l4iq9wrV+uOFVnBrxM3JxUIEejX/7qDSKahEwaKojWXdeJjZcSZTgVbFrqJZrFhI7JkHUtlSRk2ktnqaf4xCoDHETKPmnwTP29kZJQ60no28kspV70MvE/r5uY4NJLuYwTwySdHwoSgU2EswrwgCtGjZhYQqjiNiumI6IINbaoki3BXfzyMmnVqu5Z1bk7r9Sv8zqKcATHcAouXEAdbqEBTaCg4Ble4Q09oRf0jj7mowWU7xzCH6DPH5kekeg=</latexit>

k = 0
<latexit sha1_base64="6BBFoyTlEpCsHJZKTV0RRgXXjbE=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkVdCMU3bisYB/Q1pJJM21oJjMkd5Qy9D/cuFDErf/izr8x085CWw8EDufcyz05fiyFQdf9dpaWV1bX1gsbxc2t7Z3d0t5+w0SJZrzOIhnplk8Nl0LxOgqUvBVrTkNf8qY/usn85iPXRkTqHscx74Z0oEQgGEUrPXRCikM/SEcTckXcXqnsVtwpyCLxclKGHLVe6avTj1gScoVMUmPanhtjN6UaBZN8UuwkhseUjeiAty1VNOSmm05TT8ixVfokiLR9CslU/b2R0tCYcejbySylmfcy8T+vnWBw2U2FihPkis0OBYkkGJGsAtIXmjOUY0so08JmJWxINWVoiyraErz5Ly+SxmnFO6u4d+fl6nVeRwEO4QhOwIMLqMIt1KAODDQ8wyu8OU/Oi/PufMxGl5x85wD+wPn8AZYWkeY=</latexit> k = 0

<latexit sha1_base64="6BBFoyTlEpCsHJZKTV0RRgXXjbE=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkVdCMU3bisYB/Q1pJJM21oJjMkd5Qy9D/cuFDErf/izr8x085CWw8EDufcyz05fiyFQdf9dpaWV1bX1gsbxc2t7Z3d0t5+w0SJZrzOIhnplk8Nl0LxOgqUvBVrTkNf8qY/usn85iPXRkTqHscx74Z0oEQgGEUrPXRCikM/SEcTckXcXqnsVtwpyCLxclKGHLVe6avTj1gScoVMUmPanhtjN6UaBZN8UuwkhseUjeiAty1VNOSmm05TT8ixVfokiLR9CslU/b2R0tCYcejbySylmfcy8T+vnWBw2U2FihPkis0OBYkkGJGsAtIXmjOUY0so08JmJWxINWVoiyraErz5Ly+SxmnFO6u4d+fl6nVeRwEO4QhOwIMLqMIt1KAODDQ8wyu8OU/Oi/PufMxGl5x85wD+wPn8AZYWkeY=</latexit>

k = 0
<latexit sha1_base64="6BBFoyTlEpCsHJZKTV0RRgXXjbE=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkVdCMU3bisYB/Q1pJJM21oJjMkd5Qy9D/cuFDErf/izr8x085CWw8EDufcyz05fiyFQdf9dpaWV1bX1gsbxc2t7Z3d0t5+w0SJZrzOIhnplk8Nl0LxOgqUvBVrTkNf8qY/usn85iPXRkTqHscx74Z0oEQgGEUrPXRCikM/SEcTckXcXqnsVtwpyCLxclKGHLVe6avTj1gScoVMUmPanhtjN6UaBZN8UuwkhseUjeiAty1VNOSmm05TT8ixVfokiLR9CslU/b2R0tCYcejbySylmfcy8T+vnWBw2U2FihPkis0OBYkkGJGsAtIXmjOUY0so08JmJWxINWVoiyraErz5Ly+SxmnFO6u4d+fl6nVeRwEO4QhOwIMLqMIt1KAODDQ8wyu8OU/Oi/PufMxGl5x85wD+wPn8AZYWkeY=</latexit>

k = 0
<latexit sha1_base64="6BBFoyTlEpCsHJZKTV0RRgXXjbE=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkVdCMU3bisYB/Q1pJJM21oJjMkd5Qy9D/cuFDErf/izr8x085CWw8EDufcyz05fiyFQdf9dpaWV1bX1gsbxc2t7Z3d0t5+w0SJZrzOIhnplk8Nl0LxOgqUvBVrTkNf8qY/usn85iPXRkTqHscx74Z0oEQgGEUrPXRCikM/SEcTckXcXqnsVtwpyCLxclKGHLVe6avTj1gScoVMUmPanhtjN6UaBZN8UuwkhseUjeiAty1VNOSmm05TT8ixVfokiLR9CslU/b2R0tCYcejbySylmfcy8T+vnWBw2U2FihPkis0OBYkkGJGsAtIXmjOUY0so08JmJWxINWVoiyraErz5Ly+SxmnFO6u4d+fl6nVeRwEO4QhOwIMLqMIt1KAODDQ8wyu8OU/Oi/PufMxGl5x85wD+wPn8AZYWkeY=</latexit>

M
1
0
(t
)
�
2M

B
(t
)

<latexit sha1_base64="YU67n+Fb7lTiYD0YC8y+457RdE4=">AAACCHicbVDNS8MwHE3n15xfVY8eDA5hHhztFPTgYejFy2CC+4CtlDRLt7C0KUkqjNKjF/8VLx4U8eqf4M3/xnTrQTcfBB7vvV+S3/MiRqWyrG+jsLS8srpWXC9tbG5t75i7e23JY4FJC3PGRddDkjAakpaiipFuJAgKPEY63vgm8zsPREjKw3s1iYgToGFIfYqR0pJrHjbcpM91Irsgsa00ragTeAprsOFea+qaZatqTQEXiZ2TMsjRdM2v/oDjOCChwgxJ2bOtSDkJEopiRtJSP5YkQniMhqSnaYgCIp1kukgKj7UygD4X+oQKTtXfEwkKpJwEnk4GSI3kvJeJ/3m9WPmXTkLDKFYkxLOH/JhBxWHWChxQQbBiE00QFlT/FeIREggr3V1Jl2DPr7xI2rWqfVa17s7L9au8jiI4AEegAmxwAergFjRBC2DwCJ7BK3gznowX4934mEULRj6zD/7A+PwBviiX0Q==</latexit>

M
1
0
(t
)
�
2M

B
(t
)

<latexit sha1_base64="YU67n+Fb7lTiYD0YC8y+457RdE4=">AAACCHicbVDNS8MwHE3n15xfVY8eDA5hHhztFPTgYejFy2CC+4CtlDRLt7C0KUkqjNKjF/8VLx4U8eqf4M3/xnTrQTcfBB7vvV+S3/MiRqWyrG+jsLS8srpWXC9tbG5t75i7e23JY4FJC3PGRddDkjAakpaiipFuJAgKPEY63vgm8zsPREjKw3s1iYgToGFIfYqR0pJrHjbcpM91Irsgsa00ragTeAprsOFea+qaZatqTQEXiZ2TMsjRdM2v/oDjOCChwgxJ2bOtSDkJEopiRtJSP5YkQniMhqSnaYgCIp1kukgKj7UygD4X+oQKTtXfEwkKpJwEnk4GSI3kvJeJ/3m9WPmXTkLDKFYkxLOH/JhBxWHWChxQQbBiE00QFlT/FeIREggr3V1Jl2DPr7xI2rWqfVa17s7L9au8jiI4AEegAmxwAergFjRBC2DwCJ7BK3gznowX4934mEULRj6zD/7A+PwBviiX0Q==</latexit>

NPLQCD, PRD 96 (2017)

d = 0
<latexit sha1_base64="ZB1l1hdBiRsKb4oNEcyfed9wBDQ=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyXRgm6EohuXFewD2lAmk0k7dDIJMxOhhn6JGxeKuPVT3Pk3TtostPXAwOGce7lnjp9wprTjfFultfWNza3ydmVnd2+/ah8cdlScSkLbJOax7PlYUc4EbWumOe0lkuLI57TrT25zv/tIpWKxeNDThHoRHgkWMoK1kYZ2dRBhPfbDLJiha+SgoV1z6s4caJW4BalBgdbQ/hoEMUkjKjThWKm+6yTay7DUjHA6qwxSRRNMJnhE+4YKHFHlZfPgM3RqlACFsTRPaDRXf29kOFJqGvlmMo+plr1c/M/rpzq88jImklRTQRaHwpQjHaO8BRQwSYnmU0MwkcxkRWSMJSbadFUxJbjLX14lnfO6e1F37hu15k1RRxmO4QTOwIVLaMIdtKANBFJ4hld4s56sF+vd+liMlqxi5wj+wPr8AV1wkjo=</latexit>

d = 2
<latexit sha1_base64="jregdy0358f9SO8CPl4DCEC16AM=">AAAB9XicbVDLSsNAFL2pr1pfVZduBovgqiRV0I1QdOOygn1AG8tkMmmHTiZhZqKU0P9w40IRt/6LO//GSZqFth4YOJxzL/fM8WLOlLbtb6u0srq2vlHerGxt7+zuVfcPOipKJKFtEvFI9jysKGeCtjXTnPZiSXHocdr1JjeZ332kUrFI3OtpTN0QjwQLGMHaSA+DEOuxF6T+DF2hxrBas+t2DrRMnILUoEBrWP0a+BFJQio04VipvmPH2k2x1IxwOqsMEkVjTCZ4RPuGChxS5aZ56hk6MYqPgkiaJzTK1d8bKQ6VmoaemcxSqkUvE//z+okOLt2UiTjRVJD5oSDhSEcoqwD5TFKi+dQQTCQzWREZY4mJNkVVTAnO4peXSadRd87q9t15rXld1FGGIziGU3DgAppwCy1oAwEJz/AKb9aT9WK9Wx/z0ZJV7BzCH1ifP45fkeE=</latexit>
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The deuteron

G2pt
n (t) = ∑

n

Bijk ⟨0 |uidjdk |n⟩
2

e−En t

             correlation functions nearly 
independent of volume, consistent with 
infinite-volume bound state 

k = 0
<latexit sha1_base64="l8e0uXLRKpyFfJbgHhi0wgw7abk=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkVdKFQcOOygn1AO5RMeqcNzWTGJFMoQ7/DjQtF3Pox7vwbM20X2nogcDjnXu7JCRLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvMv95giV5rF8NOME/Yj2JQ85o8ZKfieiZhCE2XByS9xuqexW3CnIMvHmpAxz1Lqlr04vZmmE0jBBtW57bmL8jCrDmcBJsZNqTCgb0j62LZU0Qu1n09ATcmqVHgljZZ80ZKr+3shopPU4CuxkHlIvern4n9dOTXjtZ1wmqUHJZofCVBATk7wB0uMKmRFjSyhT3GYlbEAVZcb2VLQleItfXiaN84p3UXEfLsvVm3kdBTiGEzgDD66gCvdQgzoweIJneIU3Z+S8OO/Ox2x0xZnvHMEfOJ8/OjuRtg==</latexit>

k 6= 0
<latexit sha1_base64="RlqS9FZscjp+ShrgionwXV4A9cw=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQq6MJFwY3LCvYBTSiT6U07dDKJMxOlxH6KGxeKuPVL3Pk3TtostPXAwOGce7lnTpBwprTjfFulldW19Y3yZmVre2d3z67ut1WcSgotGvNYdgOigDMBLc00h24igUQBh04wvs79zgNIxWJxpycJ+BEZChYySrSR+nbVi4geBWE2nmJPwD12+nbNqTsz4GXiFqSGCjT79pc3iGkagdCUE6V6rpNoPyNSM8phWvFSBQmhYzKEnqGCRKD8bBZ9io+NMsBhLM0TGs/U3xsZiZSaRIGZzIOqRS8X//N6qQ4v/YyJJNUg6PxQmHKsY5z3gAdMAtV8YgihkpmsmI6IJFSbtiqmBHfxy8ukfVp3z+rO7XmtcVXUUUaH6AidIBddoAa6QU3UQhQ9omf0it6sJ+vFerc+5qMlq9g5QH9gff4Ap4KTkg==</latexit>

            correlation functions show strong 
volume dependence consistent with 
infinite-volume scattering state

Volume-independence of              
excited state contamination also 
suggests            and              
dominantly overlap on to different 
states

k = 0
<latexit sha1_base64="l8e0uXLRKpyFfJbgHhi0wgw7abk=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkVdKFQcOOygn1AO5RMeqcNzWTGJFMoQ7/DjQtF3Pox7vwbM20X2nogcDjnXu7JCRLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvMv95giV5rF8NOME/Yj2JQ85o8ZKfieiZhCE2XByS9xuqexW3CnIMvHmpAxz1Lqlr04vZmmE0jBBtW57bmL8jCrDmcBJsZNqTCgb0j62LZU0Qu1n09ATcmqVHgljZZ80ZKr+3shopPU4CuxkHlIvern4n9dOTXjtZ1wmqUHJZofCVBATk7wB0uMKmRFjSyhT3GYlbEAVZcb2VLQleItfXiaN84p3UXEfLsvVm3kdBTiGEzgDD66gCvdQgzoweIJneIU3Z+S8OO/Ox2x0xZnvHMEfOJ8/OjuRtg==</latexit>

k 6= 0
<latexit sha1_base64="RlqS9FZscjp+ShrgionwXV4A9cw=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQq6MJFwY3LCvYBTSiT6U07dDKJMxOlxH6KGxeKuPVL3Pk3TtostPXAwOGce7lnTpBwprTjfFulldW19Y3yZmVre2d3z67ut1WcSgotGvNYdgOigDMBLc00h24igUQBh04wvs79zgNIxWJxpycJ+BEZChYySrSR+nbVi4geBWE2nmJPwD12+nbNqTsz4GXiFqSGCjT79pc3iGkagdCUE6V6rpNoPyNSM8phWvFSBQmhYzKEnqGCRKD8bBZ9io+NMsBhLM0TGs/U3xsZiZSaRIGZzIOqRS8X//N6qQ4v/YyJJNUg6PxQmHKsY5z3gAdMAtV8YgihkpmsmI6IJFSbtiqmBHfxy8ukfVp3z+rO7XmtcVXUUUaH6AidIBddoAa6QU3UQhQ9omf0it6sJ+vFerc+5qMlq9g5QH9gff4Ap4KTkg==</latexit>

k = 0
<latexit sha1_base64="l8e0uXLRKpyFfJbgHhi0wgw7abk=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkVdKFQcOOygn1AO5RMeqcNzWTGJFMoQ7/DjQtF3Pox7vwbM20X2nogcDjnXu7JCRLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvMv95giV5rF8NOME/Yj2JQ85o8ZKfieiZhCE2XByS9xuqexW3CnIMvHmpAxz1Lqlr04vZmmE0jBBtW57bmL8jCrDmcBJsZNqTCgb0j62LZU0Qu1n09ATcmqVHgljZZ80ZKr+3shopPU4CuxkHlIvern4n9dOTXjtZ1wmqUHJZofCVBATk7wB0uMKmRFjSyhT3GYlbEAVZcb2VLQleItfXiaN84p3UXEfLsvVm3kdBTiGEzgDD66gCvdQgzoweIJneIU3Z+S8OO/Ox2x0xZnvHMEfOJ8/OjuRtg==</latexit>

M
1
0
(t
)

<latexit sha1_base64="fa7evsLcwZl5nwD1ITPqX2dfFdE=">AAAB/XicbVBLSwMxGMzWV62v9XHzEixCvZRdFfTgoeDFi1DBPqBdlmyabUOzyZJkhbos/hUvHhTx6v/w5r8x2+5BWwcCw8x8yZcJYkaVdpxvq7S0vLK6Vl6vbGxube/Yu3ttJRKJSQsLJmQ3QIowyklLU81IN5YERQEjnWB8nfudByIVFfxeT2LiRWjIaUgx0kby7YNbP+0Lk8gvSF0ny2r6xLerTt2ZAi4StyBVUKDp21/9gcBJRLjGDCnVc51YeymSmmJGsko/USRGeIyGpGcoRxFRXjrdPoPHRhnAUEhzuIZT9fdEiiKlJlFgkhHSIzXv5eJ/Xi/R4aWXUh4nmnA8eyhMGNQC5lXAAZUEazYxBGFJza4Qj5BEWJvCKqYEd/7Li6R9WnfP6s7debVxVdRRBofgCNSACy5AA9yAJmgBDB7BM3gFb9aT9WK9Wx+zaMkqZvbBH1ifPxLUlPE=</latexit>

M
1
0
(t
)

<latexit sha1_base64="fa7evsLcwZl5nwD1ITPqX2dfFdE=">AAAB/XicbVBLSwMxGMzWV62v9XHzEixCvZRdFfTgoeDFi1DBPqBdlmyabUOzyZJkhbos/hUvHhTx6v/w5r8x2+5BWwcCw8x8yZcJYkaVdpxvq7S0vLK6Vl6vbGxube/Yu3ttJRKJSQsLJmQ3QIowyklLU81IN5YERQEjnWB8nfudByIVFfxeT2LiRWjIaUgx0kby7YNbP+0Lk8gvSF0ny2r6xLerTt2ZAi4StyBVUKDp21/9gcBJRLjGDCnVc51YeymSmmJGsko/USRGeIyGpGcoRxFRXjrdPoPHRhnAUEhzuIZT9fdEiiKlJlFgkhHSIzXv5eJ/Xi/R4aWXUh4nmnA8eyhMGNQC5lXAAZUEazYxBGFJza4Qj5BEWJvCKqYEd/7Li6R9WnfP6s7debVxVdRRBofgCNSACy5AA9yAJmgBDB7BM3gFb9aT9WK9Wx+zaMkqZvbBH1ifPxLUlPE=</latexit>

t
<latexit sha1_base64="uWLvFUHyaHdT6bhYAzCmEMaVzXM=">AAAB6HicbVA9SwNBEN2LXzF+RS1tFoNgFe5U0MIiYGOZgPmA5Ah7m7lkzd7esTsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqjk0eSxj3QmYASkUNFGghE6igUWBhHYwvpv57SfQRsTqAScJ+BEbKhEKztBKDeyXK27VnYOuEi8nFZKj3i9/9QYxTyNQyCUzpuu5CfoZ0yi4hGmplxpIGB+zIXQtVSwC42fzQ6f0zCoDGsbalkI6V39PZCwyZhIFtjNiODLL3kz8z+umGN74mVBJiqD4YlGYSooxnX1NB0IDRzmxhHEt7K2Uj5hmHG02JRuCt/zyKmldVL3Lqtu4qtRu8ziK5IScknPikWtSI/ekTpqEEyDP5JW8OY/Oi/PufCxaC04+c0z+wPn8Ad8FjPQ=</latexit>

t
<latexit sha1_base64="uWLvFUHyaHdT6bhYAzCmEMaVzXM=">AAAB6HicbVA9SwNBEN2LXzF+RS1tFoNgFe5U0MIiYGOZgPmA5Ah7m7lkzd7esTsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqjk0eSxj3QmYASkUNFGghE6igUWBhHYwvpv57SfQRsTqAScJ+BEbKhEKztBKDeyXK27VnYOuEi8nFZKj3i9/9QYxTyNQyCUzpuu5CfoZ0yi4hGmplxpIGB+zIXQtVSwC42fzQ6f0zCoDGsbalkI6V39PZCwyZhIFtjNiODLL3kz8z+umGN74mVBJiqD4YlGYSooxnX1NB0IDRzmxhHEt7K2Uj5hmHG02JRuCt/zyKmldVL3Lqtu4qtRu8ziK5IScknPikWtSI/ekTpqEEyDP5JW8OY/Oi/PufCxaC04+c0z+wPn8Ad8FjPQ=</latexit>

En
<latexit sha1_base64="CPnf/LP86772LgCtafTQdMFDQ04=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0IOHgggeK9oPaEPZbDft0s0m7E6EEvoTvHhQxKu/yJv/xm2bg7Y+GHi8N8PMvCCRwqDrfjuFldW19Y3iZmlre2d3r7x/0DRxqhlvsFjGuh1Qw6VQvIECJW8nmtMokLwVjG6mfuuJayNi9YjjhPsRHSgRCkbRSg+3PdUrV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6reedW9v6jUrvM4inAEx3AKHlxCDe6gDg1gMIBneIU3RzovzrvzMW8tOPnMIfyB8/kDGU6Npg==</latexit>
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                   :  the dineutron

G2pt
n (t) = ∑

n

Bijk ⟨0 |uidjdk |n⟩
2

e−En t

t
<latexit sha1_base64="uWLvFUHyaHdT6bhYAzCmEMaVzXM=">AAAB6HicbVA9SwNBEN2LXzF+RS1tFoNgFe5U0MIiYGOZgPmA5Ah7m7lkzd7esTsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqjk0eSxj3QmYASkUNFGghE6igUWBhHYwvpv57SfQRsTqAScJ+BEbKhEKztBKDeyXK27VnYOuEi8nFZKj3i9/9QYxTyNQyCUzpuu5CfoZ0yi4hGmplxpIGB+zIXQtVSwC42fzQ6f0zCoDGsbalkI6V39PZCwyZhIFtjNiODLL3kz8z+umGN74mVBJiqD4YlGYSooxnX1NB0IDRzmxhHEt7K2Uj5hmHG02JRuCt/zyKmldVL3Lqtu4qtRu8ziK5IScknPikWtSI/ekTpqEEyDP5JW8OY/Oi/PufCxaC04+c0z+wPn8Ad8FjPQ=</latexit>

t
<latexit sha1_base64="uWLvFUHyaHdT6bhYAzCmEMaVzXM=">AAAB6HicbVA9SwNBEN2LXzF+RS1tFoNgFe5U0MIiYGOZgPmA5Ah7m7lkzd7esTsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqjk0eSxj3QmYASkUNFGghE6igUWBhHYwvpv57SfQRsTqAScJ+BEbKhEKztBKDeyXK27VnYOuEi8nFZKj3i9/9QYxTyNQyCUzpuu5CfoZ0yi4hGmplxpIGB+zIXQtVSwC42fzQ6f0zCoDGsbalkI6V39PZCwyZhIFtjNiODLL3kz8z+umGN74mVBJiqD4YlGYSooxnX1NB0IDRzmxhHEt7K2Uj5hmHG02JRuCt/zyKmldVL3Lqtu4qtRu8ziK5IScknPikWtSI/ekTpqEEyDP5JW8OY/Oi/PufCxaC04+c0z+wPn8Ad8FjPQ=</latexit>

NN 1S0

En
<latexit sha1_base64="CPnf/LP86772LgCtafTQdMFDQ04=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0IOHgggeK9oPaEPZbDft0s0m7E6EEvoTvHhQxKu/yJv/xm2bg7Y+GHi8N8PMvCCRwqDrfjuFldW19Y3iZmlre2d3r7x/0DRxqhlvsFjGuh1Qw6VQvIECJW8nmtMokLwVjG6mfuuJayNi9YjjhPsRHSgRCkbRSg+3PdUrV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6reedW9v6jUrvM4inAEx3AKHlxCDe6gDg1gMIBneIU3RzovzrvzMW8tOPnMIfyB8/kDGU6Npg==</latexit>

M
2
7
(t
)

<latexit sha1_base64="RWXPR/8kWCicforCalqJZC8z7Y4=">AAAB8HicbVA9SwNBEN2LXzF+RS1tFoMQm3AXhVhYBGxshAjmQ5Ij7G32kiW7e8funBCO/AobC0Vs/Tl2/hs3yRWa+GDg8d4MM/OCWHADrvvt5NbWNza38tuFnd29/YPi4VHLRImmrEkjEelOQAwTXLEmcBCsE2tGZCBYOxjfzPz2E9OGR+oBJjHzJRkqHnJKwEqPd/20WpuW4bxfLLkVdw68SryMlFCGRr/41RtENJFMARXEmK7nxuCnRAOngk0LvcSwmNAxGbKupYpIZvx0fvAUn1llgMNI21KA5+rviZRIYyYysJ2SwMgsezPxP6+bQHjlp1zFCTBFF4vCRGCI8Ox7POCaURATSwjV3N6K6YhoQsFmVLAheMsvr5JWteJdVNz7y1L9Oosjj07QKSojD9VQHd2iBmoiiiR6Rq/ozdHOi/PufCxac042c4z+wPn8AakUj6I=</latexit>

M
2
7
(t
)

<latexit sha1_base64="RWXPR/8kWCicforCalqJZC8z7Y4=">AAAB8HicbVA9SwNBEN2LXzF+RS1tFoMQm3AXhVhYBGxshAjmQ5Ij7G32kiW7e8funBCO/AobC0Vs/Tl2/hs3yRWa+GDg8d4MM/OCWHADrvvt5NbWNza38tuFnd29/YPi4VHLRImmrEkjEelOQAwTXLEmcBCsE2tGZCBYOxjfzPz2E9OGR+oBJjHzJRkqHnJKwEqPd/20WpuW4bxfLLkVdw68SryMlFCGRr/41RtENJFMARXEmK7nxuCnRAOngk0LvcSwmNAxGbKupYpIZvx0fvAUn1llgMNI21KA5+rviZRIYyYysJ2SwMgsezPxP6+bQHjlp1zFCTBFF4vCRGCI8Ox7POCaURATSwjV3N6K6YhoQsFmVLAheMsvr5JWteJdVNz7y1L9Oosjj07QKSojD9VQHd2iBmoiiiR6Rq/ozdHOi/PufCxac042c4z+wPn8AakUj6I=</latexit>

Volume-independence of              
excited state contamination also 
suggests            and              
dominantly overlap on to different 
states

k = 0
<latexit sha1_base64="l8e0uXLRKpyFfJbgHhi0wgw7abk=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkVdKFQcOOygn1AO5RMeqcNzWTGJFMoQ7/DjQtF3Pox7vwbM20X2nogcDjnXu7JCRLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvMv95giV5rF8NOME/Yj2JQ85o8ZKfieiZhCE2XByS9xuqexW3CnIMvHmpAxz1Lqlr04vZmmE0jBBtW57bmL8jCrDmcBJsZNqTCgb0j62LZU0Qu1n09ATcmqVHgljZZ80ZKr+3shopPU4CuxkHlIvern4n9dOTXjtZ1wmqUHJZofCVBATk7wB0uMKmRFjSyhT3GYlbEAVZcb2VLQleItfXiaN84p3UXEfLsvVm3kdBTiGEzgDD66gCvdQgzoweIJneIU3Z+S8OO/Ox2x0xZnvHMEfOJ8/OjuRtg==</latexit>

k 6= 0
<latexit sha1_base64="RlqS9FZscjp+ShrgionwXV4A9cw=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQq6MJFwY3LCvYBTSiT6U07dDKJMxOlxH6KGxeKuPVL3Pk3TtostPXAwOGce7lnTpBwprTjfFulldW19Y3yZmVre2d3z67ut1WcSgotGvNYdgOigDMBLc00h24igUQBh04wvs79zgNIxWJxpycJ+BEZChYySrSR+nbVi4geBWE2nmJPwD12+nbNqTsz4GXiFqSGCjT79pc3iGkagdCUE6V6rpNoPyNSM8phWvFSBQmhYzKEnqGCRKD8bBZ9io+NMsBhLM0TGs/U3xsZiZSaRIGZzIOqRS8X//N6qQ4v/YyJJNUg6PxQmHKsY5z3gAdMAtV8YgihkpmsmI6IJFSbtiqmBHfxy8ukfVp3z+rO7XmtcVXUUUaH6AidIBddoAa6QU3UQhQ9omf0it6sJ+vFerc+5qMlq9g5QH9gff4Ap4KTkg==</latexit>

k = 0
<latexit sha1_base64="l8e0uXLRKpyFfJbgHhi0wgw7abk=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkVdKFQcOOygn1AO5RMeqcNzWTGJFMoQ7/DjQtF3Pox7vwbM20X2nogcDjnXu7JCRLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvMv95giV5rF8NOME/Yj2JQ85o8ZKfieiZhCE2XByS9xuqexW3CnIMvHmpAxz1Lqlr04vZmmE0jBBtW57bmL8jCrDmcBJsZNqTCgb0j62LZU0Qu1n09ATcmqVHgljZZ80ZKr+3shopPU4CuxkHlIvern4n9dOTXjtZ1wmqUHJZofCVBATk7wB0uMKmRFjSyhT3GYlbEAVZcb2VLQleItfXiaN84p3UXEfLsvVm3kdBTiGEzgDD66gCvdQgzoweIJneIU3Z+S8OO/Ox2x0xZnvHMEfOJ8/OjuRtg==</latexit>

             correlation functions nearly 
independent of volume, consistent with 
infinite-volume bound state 

k = 0
<latexit sha1_base64="l8e0uXLRKpyFfJbgHhi0wgw7abk=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkVdKFQcOOygn1AO5RMeqcNzWTGJFMoQ7/DjQtF3Pox7vwbM20X2nogcDjnXu7JCRLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvMv95giV5rF8NOME/Yj2JQ85o8ZKfieiZhCE2XByS9xuqexW3CnIMvHmpAxz1Lqlr04vZmmE0jBBtW57bmL8jCrDmcBJsZNqTCgb0j62LZU0Qu1n09ATcmqVHgljZZ80ZKr+3shopPU4CuxkHlIvern4n9dOTXjtZ1wmqUHJZofCVBATk7wB0uMKmRFjSyhT3GYlbEAVZcb2VLQleItfXiaN84p3UXEfLsvVm3kdBTiGEzgDD66gCvdQgzoweIJneIU3Z+S8OO/Ox2x0xZnvHMEfOJ8/OjuRtg==</latexit>

k 6= 0
<latexit sha1_base64="RlqS9FZscjp+ShrgionwXV4A9cw=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQq6MJFwY3LCvYBTSiT6U07dDKJMxOlxH6KGxeKuPVL3Pk3TtostPXAwOGce7lnTpBwprTjfFulldW19Y3yZmVre2d3z67ut1WcSgotGvNYdgOigDMBLc00h24igUQBh04wvs79zgNIxWJxpycJ+BEZChYySrSR+nbVi4geBWE2nmJPwD12+nbNqTsz4GXiFqSGCjT79pc3iGkagdCUE6V6rpNoPyNSM8phWvFSBQmhYzKEnqGCRKD8bBZ9io+NMsBhLM0TGs/U3xsZiZSaRIGZzIOqRS8X//N6qQ4v/YyJJNUg6PxQmHKsY5z3gAdMAtV8YgihkpmsmI6IJFSbtiqmBHfxy8ukfVp3z+rO7XmtcVXUUUaH6AidIBddoAa6QU3UQhQ9omf0it6sJ+vFerc+5qMlq9g5QH9gff4Ap4KTkg==</latexit>

            correlation functions show strong 
volume dependence consistent with 
infinite-volume scattering state
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t
<latexit sha1_base64="uWLvFUHyaHdT6bhYAzCmEMaVzXM=">AAAB6HicbVA9SwNBEN2LXzF+RS1tFoNgFe5U0MIiYGOZgPmA5Ah7m7lkzd7esTsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqjk0eSxj3QmYASkUNFGghE6igUWBhHYwvpv57SfQRsTqAScJ+BEbKhEKztBKDeyXK27VnYOuEi8nFZKj3i9/9QYxTyNQyCUzpuu5CfoZ0yi4hGmplxpIGB+zIXQtVSwC42fzQ6f0zCoDGsbalkI6V39PZCwyZhIFtjNiODLL3kz8z+umGN74mVBJiqD4YlGYSooxnX1NB0IDRzmxhHEt7K2Uj5hmHG02JRuCt/zyKmldVL3Lqtu4qtRu8ziK5IScknPikWtSI/ekTpqEEyDP5JW8OY/Oi/PufCxaC04+c0z+wPn8Ad8FjPQ=</latexit>

t
<latexit sha1_base64="uWLvFUHyaHdT6bhYAzCmEMaVzXM=">AAAB6HicbVA9SwNBEN2LXzF+RS1tFoNgFe5U0MIiYGOZgPmA5Ah7m7lkzd7esTsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqjk0eSxj3QmYASkUNFGghE6igUWBhHYwvpv57SfQRsTqAScJ+BEbKhEKztBKDeyXK27VnYOuEi8nFZKj3i9/9QYxTyNQyCUzpuu5CfoZ0yi4hGmplxpIGB+zIXQtVSwC42fzQ6f0zCoDGsbalkI6V39PZCwyZhIFtjNiODLL3kz8z+umGN74mVBJiqD4YlGYSooxnX1NB0IDRzmxhHEt7K2Uj5hmHG02JRuCt/zyKmldVL3Lqtu4qtRu8ziK5IScknPikWtSI/ekTpqEEyDP5JW8OY/Oi/PufCxaC04+c0z+wPn8Ad8FjPQ=</latexit>

En
<latexit sha1_base64="CPnf/LP86772LgCtafTQdMFDQ04=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0IOHgggeK9oPaEPZbDft0s0m7E6EEvoTvHhQxKu/yJv/xm2bg7Y+GHi8N8PMvCCRwqDrfjuFldW19Y3iZmlre2d3r7x/0DRxqhlvsFjGuh1Qw6VQvIECJW8nmtMokLwVjG6mfuuJayNi9YjjhPsRHSgRCkbRSg+3PdUrV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6reedW9v6jUrvM4inAEx3AKHlxCDe6gDg1gMIBneIU3RzovzrvzMW8tOPnMIfyB8/kDGU6Npg==</latexit>

M
8
A
(t
)

<latexit sha1_base64="7axEXjM7h8WTmcCEadToSq0LxUQ=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BItQLyVRwR48VLx4ESrYD2xD2Gy37dLNJuxOhBL6L7x4UMSr/8ab/8Ztm4O2Phh4vDfDzLwgFlyj43xbuZXVtfWN/GZha3tnd6+4f9DUUaIoa9BIRKodEM0El6yBHAVrx4qRMBCsFYxupn7riSnNI/mA45h5IRlI3ueUoJEe7/y06l9PynjqF0tOxZnBXiZuRkqQoe4Xv7q9iCYhk0gF0brjOjF6KVHIqWCTQjfRLCZ0RAasY6gkIdNeOrt4Yp8YpWf3I2VKoj1Tf0+kJNR6HAamMyQ41IveVPzP6yTYr3opl3GCTNL5on4ibIzs6ft2jytGUYwNIVRxc6tNh0QRiiakggnBXXx5mTTPKu55xbm/KNWusjjycATHUAYXLqEGt1CHBlCQ8Ayv8GZp68V6tz7mrTkrmzmEP7A+fwB505Ab</latexit>

M
8
A
(t
)

<latexit sha1_base64="7axEXjM7h8WTmcCEadToSq0LxUQ=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BItQLyVRwR48VLx4ESrYD2xD2Gy37dLNJuxOhBL6L7x4UMSr/8ab/8Ztm4O2Phh4vDfDzLwgFlyj43xbuZXVtfWN/GZha3tnd6+4f9DUUaIoa9BIRKodEM0El6yBHAVrx4qRMBCsFYxupn7riSnNI/mA45h5IRlI3ueUoJEe7/y06l9PynjqF0tOxZnBXiZuRkqQoe4Xv7q9iCYhk0gF0brjOjF6KVHIqWCTQjfRLCZ0RAasY6gkIdNeOrt4Yp8YpWf3I2VKoj1Tf0+kJNR6HAamMyQ41IveVPzP6yTYr3opl3GCTNL5on4ibIzs6ft2jytGUYwNIVRxc6tNh0QRiiakggnBXXx5mTTPKu55xbm/KNWusjjycATHUAYXLqEGt1CHBlCQ8Ayv8GZp68V6tz7mrTkrmzmEP7A+fwB505Ab</latexit>

Ξ0n + Ξ−p (3S1)

Volume-independence of              
excited state contamination also 
suggests            and              
dominantly overlap on to different 
states

k = 0
<latexit sha1_base64="l8e0uXLRKpyFfJbgHhi0wgw7abk=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkVdKFQcOOygn1AO5RMeqcNzWTGJFMoQ7/DjQtF3Pox7vwbM20X2nogcDjnXu7JCRLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvMv95giV5rF8NOME/Yj2JQ85o8ZKfieiZhCE2XByS9xuqexW3CnIMvHmpAxz1Lqlr04vZmmE0jBBtW57bmL8jCrDmcBJsZNqTCgb0j62LZU0Qu1n09ATcmqVHgljZZ80ZKr+3shopPU4CuxkHlIvern4n9dOTXjtZ1wmqUHJZofCVBATk7wB0uMKmRFjSyhT3GYlbEAVZcb2VLQleItfXiaN84p3UXEfLsvVm3kdBTiGEzgDD66gCvdQgzoweIJneIU3Z+S8OO/Ox2x0xZnvHMEfOJ8/OjuRtg==</latexit>

k 6= 0
<latexit sha1_base64="RlqS9FZscjp+ShrgionwXV4A9cw=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQq6MJFwY3LCvYBTSiT6U07dDKJMxOlxH6KGxeKuPVL3Pk3TtostPXAwOGce7lnTpBwprTjfFulldW19Y3yZmVre2d3z67ut1WcSgotGvNYdgOigDMBLc00h24igUQBh04wvs79zgNIxWJxpycJ+BEZChYySrSR+nbVi4geBWE2nmJPwD12+nbNqTsz4GXiFqSGCjT79pc3iGkagdCUE6V6rpNoPyNSM8phWvFSBQmhYzKEnqGCRKD8bBZ9io+NMsBhLM0TGs/U3xsZiZSaRIGZzIOqRS8X//N6qQ4v/YyJJNUg6PxQmHKsY5z3gAdMAtV8YgihkpmsmI6IJFSbtiqmBHfxy8ukfVp3z+rO7XmtcVXUUUaH6AidIBddoAa6QU3UQhQ9omf0it6sJ+vFerc+5qMlq9g5QH9gff4Ap4KTkg==</latexit>

k = 0
<latexit sha1_base64="l8e0uXLRKpyFfJbgHhi0wgw7abk=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkVdKFQcOOygn1AO5RMeqcNzWTGJFMoQ7/DjQtF3Pox7vwbM20X2nogcDjnXu7JCRLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvMv95giV5rF8NOME/Yj2JQ85o8ZKfieiZhCE2XByS9xuqexW3CnIMvHmpAxz1Lqlr04vZmmE0jBBtW57bmL8jCrDmcBJsZNqTCgb0j62LZU0Qu1n09ATcmqVHgljZZ80ZKr+3shopPU4CuxkHlIvern4n9dOTXjtZ1wmqUHJZofCVBATk7wB0uMKmRFjSyhT3GYlbEAVZcb2VLQleItfXiaN84p3UXEfLsvVm3kdBTiGEzgDD66gCvdQgzoweIJneIU3Z+S8OO/Ox2x0xZnvHMEfOJ8/OjuRtg==</latexit>

             correlation functions nearly 
independent of volume, consistent with 
infinite-volume bound state 

k = 0
<latexit sha1_base64="l8e0uXLRKpyFfJbgHhi0wgw7abk=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkVdKFQcOOygn1AO5RMeqcNzWTGJFMoQ7/DjQtF3Pox7vwbM20X2nogcDjnXu7JCRLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvMv95giV5rF8NOME/Yj2JQ85o8ZKfieiZhCE2XByS9xuqexW3CnIMvHmpAxz1Lqlr04vZmmE0jBBtW57bmL8jCrDmcBJsZNqTCgb0j62LZU0Qu1n09ATcmqVHgljZZ80ZKr+3shopPU4CuxkHlIvern4n9dOTXjtZ1wmqUHJZofCVBATk7wB0uMKmRFjSyhT3GYlbEAVZcb2VLQleItfXiaN84p3UXEfLsvVm3kdBTiGEzgDD66gCvdQgzoweIJneIU3Z+S8OO/Ox2x0xZnvHMEfOJ8/OjuRtg==</latexit>

k 6= 0
<latexit sha1_base64="RlqS9FZscjp+ShrgionwXV4A9cw=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQq6MJFwY3LCvYBTSiT6U07dDKJMxOlxH6KGxeKuPVL3Pk3TtostPXAwOGce7lnTpBwprTjfFulldW19Y3yZmVre2d3z67ut1WcSgotGvNYdgOigDMBLc00h24igUQBh04wvs79zgNIxWJxpycJ+BEZChYySrSR+nbVi4geBWE2nmJPwD12+nbNqTsz4GXiFqSGCjT79pc3iGkagdCUE6V6rpNoPyNSM8phWvFSBQmhYzKEnqGCRKD8bBZ9io+NMsBhLM0TGs/U3xsZiZSaRIGZzIOqRS8X//N6qQ4v/YyJJNUg6PxQmHKsY5z3gAdMAtV8YgihkpmsmI6IJFSbtiqmBHfxy8ukfVp3z+rO7XmtcVXUUUaH6AidIBddoAa6QU3UQhQ9omf0it6sJ+vFerc+5qMlq9g5QH9gff4Ap4KTkg==</latexit>

            correlation functions show strong 
volume dependence consistent with 
infinite-volume scattering state



!18

G2pt
n (t) = ∑

n

Bijk ⟨0 |uidjdk |n⟩
2

e−En t

t
<latexit sha1_base64="uWLvFUHyaHdT6bhYAzCmEMaVzXM=">AAAB6HicbVA9SwNBEN2LXzF+RS1tFoNgFe5U0MIiYGOZgPmA5Ah7m7lkzd7esTsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqjk0eSxj3QmYASkUNFGghE6igUWBhHYwvpv57SfQRsTqAScJ+BEbKhEKztBKDeyXK27VnYOuEi8nFZKj3i9/9QYxTyNQyCUzpuu5CfoZ0yi4hGmplxpIGB+zIXQtVSwC42fzQ6f0zCoDGsbalkI6V39PZCwyZhIFtjNiODLL3kz8z+umGN74mVBJiqD4YlGYSooxnX1NB0IDRzmxhHEt7K2Uj5hmHG02JRuCt/zyKmldVL3Lqtu4qtRu8ziK5IScknPikWtSI/ekTpqEEyDP5JW8OY/Oi/PufCxaC04+c0z+wPn8Ad8FjPQ=</latexit>

t
<latexit sha1_base64="uWLvFUHyaHdT6bhYAzCmEMaVzXM=">AAAB6HicbVA9SwNBEN2LXzF+RS1tFoNgFe5U0MIiYGOZgPmA5Ah7m7lkzd7esTsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqjk0eSxj3QmYASkUNFGghE6igUWBhHYwvpv57SfQRsTqAScJ+BEbKhEKztBKDeyXK27VnYOuEi8nFZKj3i9/9QYxTyNQyCUzpuu5CfoZ0yi4hGmplxpIGB+zIXQtVSwC42fzQ6f0zCoDGsbalkI6V39PZCwyZhIFtjNiODLL3kz8z+umGN74mVBJiqD4YlGYSooxnX1NB0IDRzmxhHEt7K2Uj5hmHG02JRuCt/zyKmldVL3Lqtu4qtRu8ziK5IScknPikWtSI/ekTpqEEyDP5JW8OY/Oi/PufCxaC04+c0z+wPn8Ad8FjPQ=</latexit>

En
<latexit sha1_base64="CPnf/LP86772LgCtafTQdMFDQ04=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0IOHgggeK9oPaEPZbDft0s0m7E6EEvoTvHhQxKu/yJv/xm2bg7Y+GHi8N8PMvCCRwqDrfjuFldW19Y3iZmlre2d3r7x/0DRxqhlvsFjGuh1Qw6VQvIECJW8nmtMokLwVjG6mfuuJayNi9YjjhPsRHSgRCkbRSg+3PdUrV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6reedW9v6jUrvM4inAEx3AKHlxCDe6gDg1gMIBneIU3RzovzrvzMW8tOPnMIfyB8/kDGU6Npg==</latexit>

M
1
0
(t
)

<latexit sha1_base64="4I7wQuDTd2Oo2Wu8RZAdgxV/Y7w=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoMQm3CnghYWARsbIYL5kOQIe5tNsmT37tidE8KRX2FjoYitP8fOf+MmuUITHww83pthZl4QS2HQdb+d3Mrq2vpGfrOwtb2zu1fcP2iYKNGM11kkI90KqOFShLyOAiVvxZpTFUjeDEY3U7/5xLURUfiA45j7ig5C0ReMopUe77qp507KeNotltyKOwNZJl5GSpCh1i1+dXoRSxQPkUlqTNtzY/RTqlEwySeFTmJ4TNmIDnjb0pAqbvx0dvCEnFilR/qRthUimam/J1KqjBmrwHYqikOz6E3F/7x2gv0rPxVhnCAP2XxRP5EEIzL9nvSE5gzl2BLKtLC3EjakmjK0GRVsCN7iy8ukcVbxzivu/UWpep3FkYcjOIYyeHAJVbiFGtSBgYJneIU3RzsvzrvzMW/NOdnMIfyB8/kDnNOPmg==</latexit>

M
1
0
(t
)

<latexit sha1_base64="4I7wQuDTd2Oo2Wu8RZAdgxV/Y7w=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoMQm3CnghYWARsbIYL5kOQIe5tNsmT37tidE8KRX2FjoYitP8fOf+MmuUITHww83pthZl4QS2HQdb+d3Mrq2vpGfrOwtb2zu1fcP2iYKNGM11kkI90KqOFShLyOAiVvxZpTFUjeDEY3U7/5xLURUfiA45j7ig5C0ReMopUe77qp507KeNotltyKOwNZJl5GSpCh1i1+dXoRSxQPkUlqTNtzY/RTqlEwySeFTmJ4TNmIDnjb0pAqbvx0dvCEnFilR/qRthUimam/J1KqjBmrwHYqikOz6E3F/7x2gv0rPxVhnCAP2XxRP5EEIzL9nvSE5gzl2BLKtLC3EjakmjK0GRVsCN7iy8ukcVbxzivu/UWpep3FkYcjOIYyeHAJVbiFGtSBgYJneIU3RzsvzrvzMW/NOdnMIfyB8/kDnNOPmg==</latexit>

Σ+p (3S1)

Volume-independence of              
excited state contamination also 
suggests            and              
dominantly overlap on to different 
states

k = 0
<latexit sha1_base64="l8e0uXLRKpyFfJbgHhi0wgw7abk=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkVdKFQcOOygn1AO5RMeqcNzWTGJFMoQ7/DjQtF3Pox7vwbM20X2nogcDjnXu7JCRLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvMv95giV5rF8NOME/Yj2JQ85o8ZKfieiZhCE2XByS9xuqexW3CnIMvHmpAxz1Lqlr04vZmmE0jBBtW57bmL8jCrDmcBJsZNqTCgb0j62LZU0Qu1n09ATcmqVHgljZZ80ZKr+3shopPU4CuxkHlIvern4n9dOTXjtZ1wmqUHJZofCVBATk7wB0uMKmRFjSyhT3GYlbEAVZcb2VLQleItfXiaN84p3UXEfLsvVm3kdBTiGEzgDD66gCvdQgzoweIJneIU3Z+S8OO/Ox2x0xZnvHMEfOJ8/OjuRtg==</latexit>

k 6= 0
<latexit sha1_base64="RlqS9FZscjp+ShrgionwXV4A9cw=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQq6MJFwY3LCvYBTSiT6U07dDKJMxOlxH6KGxeKuPVL3Pk3TtostPXAwOGce7lnTpBwprTjfFulldW19Y3yZmVre2d3z67ut1WcSgotGvNYdgOigDMBLc00h24igUQBh04wvs79zgNIxWJxpycJ+BEZChYySrSR+nbVi4geBWE2nmJPwD12+nbNqTsz4GXiFqSGCjT79pc3iGkagdCUE6V6rpNoPyNSM8phWvFSBQmhYzKEnqGCRKD8bBZ9io+NMsBhLM0TGs/U3xsZiZSaRIGZzIOqRS8X//N6qQ4v/YyJJNUg6PxQmHKsY5z3gAdMAtV8YgihkpmsmI6IJFSbtiqmBHfxy8ukfVp3z+rO7XmtcVXUUUaH6AidIBddoAa6QU3UQhQ9omf0it6sJ+vFerc+5qMlq9g5QH9gff4Ap4KTkg==</latexit>

k = 0
<latexit sha1_base64="l8e0uXLRKpyFfJbgHhi0wgw7abk=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkVdKFQcOOygn1AO5RMeqcNzWTGJFMoQ7/DjQtF3Pox7vwbM20X2nogcDjnXu7JCRLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvMv95giV5rF8NOME/Yj2JQ85o8ZKfieiZhCE2XByS9xuqexW3CnIMvHmpAxz1Lqlr04vZmmE0jBBtW57bmL8jCrDmcBJsZNqTCgb0j62LZU0Qu1n09ATcmqVHgljZZ80ZKr+3shopPU4CuxkHlIvern4n9dOTXjtZ1wmqUHJZofCVBATk7wB0uMKmRFjSyhT3GYlbEAVZcb2VLQleItfXiaN84p3UXEfLsvVm3kdBTiGEzgDD66gCvdQgzoweIJneIU3Z+S8OO/Ox2x0xZnvHMEfOJ8/OjuRtg==</latexit>

             correlation functions consistent with 
either infinite-volume bound or scattering 
state 

k = 0
<latexit sha1_base64="l8e0uXLRKpyFfJbgHhi0wgw7abk=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkVdKFQcOOygn1AO5RMeqcNzWTGJFMoQ7/DjQtF3Pox7vwbM20X2nogcDjnXu7JCRLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvMv95giV5rF8NOME/Yj2JQ85o8ZKfieiZhCE2XByS9xuqexW3CnIMvHmpAxz1Lqlr04vZmmE0jBBtW57bmL8jCrDmcBJsZNqTCgb0j62LZU0Qu1n09ATcmqVHgljZZ80ZKr+3shopPU4CuxkHlIvern4n9dOTXjtZ1wmqUHJZofCVBATk7wB0uMKmRFjSyhT3GYlbEAVZcb2VLQleItfXiaN84p3UXEfLsvVm3kdBTiGEzgDD66gCvdQgzoweIJneIU3Z+S8OO/Ox2x0xZnvHMEfOJ8/OjuRtg==</latexit>

k 6= 0
<latexit sha1_base64="RlqS9FZscjp+ShrgionwXV4A9cw=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQq6MJFwY3LCvYBTSiT6U07dDKJMxOlxH6KGxeKuPVL3Pk3TtostPXAwOGce7lnTpBwprTjfFulldW19Y3yZmVre2d3z67ut1WcSgotGvNYdgOigDMBLc00h24igUQBh04wvs79zgNIxWJxpycJ+BEZChYySrSR+nbVi4geBWE2nmJPwD12+nbNqTsz4GXiFqSGCjT79pc3iGkagdCUE6V6rpNoPyNSM8phWvFSBQmhYzKEnqGCRKD8bBZ9io+NMsBhLM0TGs/U3xsZiZSaRIGZzIOqRS8X//N6qQ4v/YyJJNUg6PxQmHKsY5z3gAdMAtV8YgihkpmsmI6IJFSbtiqmBHfxy8ukfVp3z+rO7XmtcVXUUUaH6AidIBddoAa6QU3UQhQ9omf0it6sJ+vFerc+5qMlq9g5QH9gff4Ap4KTkg==</latexit>

            correlation functions show strong 
volume dependence consistent with 
infinite-volume scattering state
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Baryon-baryon phase shifts
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10 energy levels for each channel each constrain phase shift at one center-of-mass 
relative momentum       according to Lüscher quantization conditionk⇤

<latexit sha1_base64="y/a1NG56ycJs1uQYpK2KHR/7tQM=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhDEItypoIVFwMYyovmA5Ax7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XaWlldW19YLG8XNre2d3dLefkPHqWJYZ7GIVSugGgWXWDfcCGwlCmkUCGwGw5uJ33xCpXksH8woQT+ifclDzqix0v3w8bRbKrsVdwqySLyclCFHrVv66vRilkYoDRNU67bnJsbPqDKcCRwXO6nGhLIh7WPbUkkj1H42PXVMjq3SI2GsbElDpurviYxGWo+iwHZG1Az0vDcR//PaqQmv/IzLJDUo2WxRmApiYjL5m/S4QmbEyBLKFLe3EjagijJj0ynaELz5lxdJ46zinVfcu4ty9TqPowCHcAQn4MElVOEWalAHBn14hld4c4Tz4rw7H7PWJSefOYA/cD5/AOqOjYc=</latexit>
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Effective range expansion
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k⇤ cot �(k⇤) = �1

a
+

1

2

rk⇤2 + Pk⇤4 + ...
<latexit sha1_base64="eIRMKVvTuuDge1/NzYNezwjy5bI="></latexit>

All kinematic points where phase shift constrained are below t channel cut k⇤ =
m⇡

2
<latexit sha1_base64="XxKJxCxfamr13g0MnQeJrcBou8A=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEcVGSKuhCoeDGZQX7gCaGyXTSDp2ZhJmJUELAX3HjQhG3foc7/8Zpm4W2HrhwOOde7r0nTBhV2nG+rdLS8srqWnm9srG5tb1j7+61VZxKTFo4ZrHshkgRRgVpaaoZ6SaSIB4y0glHNxO/80ikorG41+OE+BwNBI0oRtpIgX0wejiF19CLJMIZD7yE5lk9D+yqU3OmgIvELUgVFGgG9pfXj3HKidCYIaV6rpNoP0NSU8xIXvFSRRKER2hAeoYKxInys+n5OTw2Sh9GsTQlNJyqvycyxJUa89B0cqSHat6biP95vVRHl35GRZJqIvBsUZQyqGM4yQL2qSRYs7EhCEtqboV4iEwS2iRWMSG48y8vkna95p7VnLvzauOqiKMMDsEROAEuuAANcAuaoAUwyMAzeAVv1pP1Yr1bH7PWklXM7IM/sD5/AD8dlQQ=</latexit>

Phase shift should be described by effective range expansion (ERE)
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ERE fits
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ERE results
Scattering lengths in all channels are unnaturally large compared to effective range, 

although less so than nucleon-nucleon systems in nature

Note uncertainties on 
scattering length 
and effective range 
highly correlated

m⇡ ⇠ 800 MeV
<latexit sha1_base64="c4FJoW3BAq09Z/piGh4PJf9B1f8=">AAACA3icbVDLSgNBEJyNrxhfUW96GQyCp7CrgjkGvXgRIpgHZEOYnXSSITO7y0yvGJaAF3/FiwdFvPoT3vwbJ4+DJhY0FFXddHcFsRQGXffbySwtr6yuZddzG5tb2zv53b2aiRLNocojGelGwAxIEUIVBUpoxBqYCiTUg8HV2K/fgzYiCu9wGENLsV4ouoIztFI7f6Dafiyob4SiJdf1qY/wgOkN1EbtfMEtuhPQReLNSIHMUGnnv/xOxBMFIXLJjGl6boytlGkUXMIo5ycGYsYHrAdNS0OmwLTSyQ8jemyVDu1G2laIdKL+nkiZMmaoAtupGPbNvDcW//OaCXZLrVSEcYIQ8umibiIpRnQcCO0IDRzl0BLGtbC3Ut5nmnG0seVsCN78y4ukdlr0zoru7XmhfDmLI0sOyRE5IR65IGVyTSqkSjh5JM/klbw5T86L8+58TFszzmxmn/yB8/kDg16WzA==</latexit>

(r/a)NN(1S0) ⇡ 0.32
<latexit sha1_base64="vGt8a4mdjAocJELbw6Jos16HWYw=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEjtEpIWCQaGSixMVRH0IbUhclynteoklu0gqigrC7/CwgBCrPwBG3+D+xig5UhXOjrnXt17j88Zlcq2v42l5ZXVtfXcRn5za3tn19zbb8o4EZg0cMxi0faRJIxGpKGoYqTNBUGhz0jLH16O/dY9EZLG0a0aceKGqB/RgGKktOSZsChOUMlLa7Vimt05N55dymAXcS7iB2hblbJnFmzLngAuEmdGCmCGumd+dXsxTkISKcyQlB3H5spNkVAUM5Llu4kkHOEh6pOOphEKiXTTyScZPNZKDwax0BUpOFF/T6QolHIU+rozRGog572x+J/XSVRw7qY04okiEZ4uChIGVQzHscAeFQQrNtIEYUH1rRAPkEBY6fDyOgRn/uVF0ixbTsWyr08L1YtZHDlwCI5AETjgDFTBFaiDBsDgETyDV/BmPBkvxrvxMW1dMmYzB+APjM8f4CaX4A==</latexit>

(r/a)NN(3S1) ⇡ �0.14
<latexit sha1_base64="XLtbgneylBpt5KBr4WafguR3VZM=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vQLoyJLejCRcGNq1LRPqCNYTKdtEMnD2YmYgnZu/FX3LhQxK0/4M6/cdpmodUDFw7n3Mu997gRo0Ka5peWW1peWV3Lrxc2Nre2d/TdvbYIY45JC4cs5F0XCcJoQFqSSka6ESfIdxnpuOOLqd+5I1zQMLiRk4jYPhoG1KMYSSU5erHMj1HFSRqNcpLeVq8dq5LCPooiHt7DI2gaVs3RS6ZhzgD/EisjJZCh6eif/UGIY58EEjMkRM8yI2kniEuKGUkL/ViQCOExGpKeogHyibCT2S8pPFTKAHohVxVIOFN/TiTIF2Liu6rTR3IkFr2p+J/Xi6V3Zic0iGJJAjxf5MUMyhBOg4EDygmWbKIIwpyqWyEeIY6wVPEVVAjW4st/SfvEsKqGeVUr1c+zOPLgABRBGVjgFNTBJWiCFsDgATyBF/CqPWrP2pv2Pm/NadnMPvgF7eMbt/2YRA==</latexit>

m⇡ ⇠ 140 MeV
<latexit sha1_base64="01SjqMCKZSfJNX68/3vCHPpsAxM=">AAACA3icbVDLSgNBEJyNrxhfUW96GQyCp7CrAT0GvXgRIpgHZEOYnXSSITO7y0yvGJaAF3/FiwdFvPoT3vwbJ4+DJhY0FFXddHcFsRQGXffbySwtr6yuZddzG5tb2zv53b2aiRLNocojGelGwAxIEUIVBUpoxBqYCiTUg8HV2K/fgzYiCu9wGENLsV4ouoIztFI7f6Dafiyob4SiXsn1qY/wgOkN1EbtfMEtuhPQReLNSIHMUGnnv/xOxBMFIXLJjGl6boytlGkUXMIo5ycGYsYHrAdNS0OmwLTSyQ8jemyVDu1G2laIdKL+nkiZMmaoAtupGPbNvDcW//OaCXYvWqkI4wQh5NNF3URSjOg4ENoRGjjKoSWMa2FvpbzPNONoY8vZELz5lxdJ7bTonRXd21KhfDmLI0sOyRE5IR45J2VyTSqkSjh5JM/klbw5T86L8+58TFszzmxmn/yB8/kDfqSWyQ==</latexit>

(r/a)27 = 0.459(75)
<latexit sha1_base64="X+7qoA9/xN35fXk4gxP/xiGw63I=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAR2k1MaksVFApuXFawD2hDmEyn7dDJJMxMhBK78FfcuFDErb/hzr9x2mahrQcuHM65l3vv8SNGpbLtbyOzsrq2vpHdzG1t7+zumfsHTRnGApMGDlko2j6ShFFOGooqRtqRICjwGWn5o5up33ogQtKQ36txRNwADTjtU4yUljzzqCDOUNFLStUJvIa2Va5cFqqVomfmbcueAS4TJyV5kKLumV/dXojjgHCFGZKy49iRchMkFMWMTHLdWJII4REakI6mHAVEusns/gk81UoP9kOhiys4U39PJCiQchz4ujNAaigXvan4n9eJVf/CTSiPYkU4ni/qxwyqEE7DgD0qCFZsrAnCgupbIR4igbDSkeV0CM7iy8ukWbKcc8u+K+drV2kcWXAMTkABOKAKauAW1EEDYPAInsEreDOejBfj3fiYt2aMdOYQ/IHx+QP3GJLQ</latexit>

(r/a)10 = 0.28(25)
<latexit sha1_base64="hCZUO7CEINY2yMOT3KVE6xEuydY=">AAAB/nicbVDLSgMxFM3UV62vUXHlJliEdjNmqmIXCgU3LivYB7TDkEnTNjSTGZKMUIaCv+LGhSJu/Q53/o1pOwttPXDhcM693HtPEHOmNELfVm5ldW19I79Z2Nre2d2z9w+aKkokoQ0S8Ui2A6woZ4I2NNOctmNJcRhw2gpGt1O/9UilYpF40OOYeiEeCNZnBGsj+fZRSZ7hsp+6aAJvIHIq1VLlsuzbReSgGeAycTNSBBnqvv3V7UUkCanQhGOlOi6KtZdiqRnhdFLoJorGmIzwgHYMFTikyktn50/gqVF6sB9JU0LDmfp7IsWhUuMwMJ0h1kO16E3F/7xOovtVL2UiTjQVZL6on3CoIzjNAvaYpETzsSGYSGZuhWSIJSbaJFYwIbiLLy+TZsVxzx10f1GsXWdx5MExOAEl4IIrUAN3oA4agIAUPINX8GY9WS/Wu/Uxb81Z2cwh+APr8wdjtZKB</latexit>

(r/a)10 = 0.452(71)
<latexit sha1_base64="TGhXGGPHS7WG+fcRamjKi5F1J+Y=">AAACCnicbVA7T8MwGHTKq5RXgJHFUCG1S0hKURlAqsTCWCT6kNooclynteo8ZDtIVZSZhb/CwgBCrPwCNv4NTpsBWk6ydLq7z/Z3bsSokKb5rRVWVtfWN4qbpa3tnd09ff+gI8KYY9LGIQt5z0WCMBqQtqSSkV7ECfJdRrru5Cbzuw+ECxoG93IaEdtHo4B6FCOpJEc/rvAzVHWSQahS2SWJZaYpvIamUb+oVRpW1dHLpmHOAJeJlZMyyNFy9K/BMMSxTwKJGRKib5mRtBPEJcWMpKVBLEiE8ASNSF/RAPlE2MlslRSeKmUIvZCrE0g4U39PJMgXYuq7KukjORaLXib+5/Vj6V3aCQ2iWJIAzx/yYgZlCLNe4JBygiWbKoIwp+qvEI8RR1iq9kqqBGtx5WXSqRnWuWHe1cvNq7yOIjgCJ6ACLNAATXALWqANMHgEz+AVvGlP2ov2rn3MowUtnzkEf6B9/gAPoZfj</latexit>

(r/a)8A = 0.439(90)
<latexit sha1_base64="z9GGOZV5myj0pe1INazZSJJBXtA=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNoNBSJp11gRMQCFiYxnBPCBZltnJJA6ZfTAzK4RlG3/FxkIRWz/Dzr9xkmyhiQcuHM65l3vv8SLOpELo28itrK6tb+Q3C1vbO7t75v5BW4axILRFQh6Krocl5SygLcUUp91IUOx7nHa88c3U7zxSIVkY3KtJRB0fjwI2ZAQrLbnmUUmc4bKb1NzrFF5BZFUr9VIdlV2ziCw0A1wmdkaKIEPTNb/6g5DEPg0U4VjKno0i5SRYKEY4TQv9WNIIkzEe0Z6mAfapdJLZAyk81coADkOhK1Bwpv6eSLAv5cT3dKeP1YNc9Kbif14vVsOak7AgihUNyHzRMOZQhXCaBhwwQYniE00wEUzfCskDFpgonVlBh2AvvrxM2ueWXbHQXbXYuMziyINjcAJKwAYXoAFuQRO0AAEpeAav4M14Ml6Md+Nj3pozsplD8AfG5w/FXpNE</latexit>
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Binding energies
ERE parameterization can be used to look for poles in scattering amplitude 

corresponding to baryon-baryon bound states,

[k⇤ cot �(k⇤)|k⇤=i +  = 0

<latexit sha1_base64="PCglQd1DSU79wGAHPjFsDr5+l20="></latexit>

More precise constraints found by directly fitting finite-volume energy levels to 
(truncated expansion of) Lüscher quantization condition 

|k⇤(L)| = +
Z2

L


6e�L +

12p
2
e�

p
2L +

8p
3
e�

p
3L + ...

�

<latexit sha1_base64="9t3Hey4eE75q2DnYzxmf3YdmW7U="></latexit>

. 10�3
<latexit sha1_base64="AU6SJcMNGthUqJIeyK85+S2ZDg4=">AAAB+XicbVA9SwNBEJ2LXzF+nVraLAbBxnBnBC0sAjaWEcwHJGfY2+wlS3b3jt29QDjyT2wsFLH1n9j5b9wkV2jig4HHezPMzAsTzrTxvG+nsLa+sblV3C7t7O7tH7iHR00dp4rQBol5rNoh1pQzSRuGGU7biaJYhJy2wtHdzG+NqdIslo9mktBA4IFkESPYWKnnul1OtdZMIN97yi6q055b9ireHGiV+DkpQ456z/3q9mOSCioN4Vjrju8lJsiwMoxwOi11U00TTEZ4QDuWSiyoDrL55VN0ZpU+imJlSxo0V39PZFhoPRGh7RTYDPWyNxP/8zqpiW6CjMkkNVSSxaIo5cjEaBYD6jNFieETSzBRzN6KyBArTIwNq2RD8JdfXiXNy4pfrXgPV+XabR5HEU7gFM7Bh2uowT3UoQEExvAMr/DmZM6L8+58LFoLTj5zDH/gfP4AcW2S2g==</latexit>

B27 = 20.6(3.3) MeV
<latexit sha1_base64="2l8ayCFysRx/ASUJ1pwVEhPRoSg=">AAACB3icbVA9SwNBEN3z2/h1ainIYhC0Oe4SUQuFoI2NEMHEQHIce5uJLtn7YHdODEc6G/+KjYUitv4FO/+Nm5hCow8GHu/NMDMvTKXQ6Lqf1sTk1PTM7Nx8YWFxaXnFXl2r6yRTHGo8kYlqhEyDFDHUUKCERqqARaGEq7B7OvCvbkFpkcSX2EvBj9h1LDqCMzRSYG+eBHnpoE+Pacl19nfKTnm3RVsId5ifQ70f2EXXcYegf4k3IkUyQjWwP1rthGcRxMgl07rpuSn6OVMouIR+oZVpSBnvsmtoGhqzCLSfD//o022jtGknUaZipEP150TOIq17UWg6I4Y3etwbiP95zQw7h34u4jRDiPn3ok4mKSZ0EAptCwUcZc8QxpUwt1J+wxTjaKIrmBC88Zf/knrJ8cqOe7FXrByN4pgjG2SL7BCPHJAKOSNVUiOc3JNH8kxerAfryXq13r5bJ6zRzDr5Bev9C5rNlpo=</latexit>

B10 = 27.9(3.8) MeV
<latexit sha1_base64="XiT2trEvpIwA+Fos7I4wRjVYAdI=">AAACEnicbVDLSgMxFM34rPVVdekmWAS7GWZUaAWFohs3QgXbCp1SMultDWYeJHfEMsw3uPFX3LhQxK0rd/6N6WOh1QOBwznnJrnHj6XQ6Dhf1szs3PzCYm4pv7yyurZe2Nhs6ChRHOo8kpG69pkGKUKoo0AJ17ECFvgSmv7t2dBv3oHSIgqvcBBDO2D9UPQEZ2ikTqF02km9yCSGF6Suk2X0hO6X7aO9A7tS8qiHcI/pBTSyTqHo2M4I9C9xJ6RIJqh1Cp9eN+JJACFyybRuuU6M7ZQpFFxClvcSDTHjt6wPLUNDFoBup6OVMrprlC7tRcqcEOlI/TmRskDrQeCbZMDwRk97Q/E/r5Vgr9JORRgnCCEfP9RLJMWIDvuhXaGAoxwYwrgS5q+U3zDFOJoW86YEd3rlv6Sxb7sHtnN5WKweT+rIkW2yQ/aIS8qkSs5JjdQJJw/kibyQV+vRerberPdxdMaazGyRX7A+vgEJDJvH</latexit>

B10 = 6.7(6.5) MeV
<latexit sha1_base64="Tp5DSGP2tSdUmfuXkrBxlVwLd6E=">AAACBnicbVDJSgNBEO1xjXGLehShMQjxMsy4JB4Ugl68CBFMIiQh9HQqsbFnobtGDMOcvPgrXjwo4tVv8Obf2FkOanxQ8Hiviqp6XiSFRsf5sqamZ2bn5jML2cWl5ZXV3Np6TYex4lDloQzVtcc0SBFAFQVKuI4UMN+TUPduzwZ+/Q6UFmFwhf0IWj7rBaIrOEMjtXNbp+3EdVJ6Qot2qVC0D3ebtIlwj8kF1NJ2Lu/YzhB0krhjkidjVNq5z2Yn5LEPAXLJtG64ToSthCkUXEKabcYaIsZvWQ8ahgbMB91Khm+kdMcoHdoNlakA6VD9OZEwX+u+75lOn+GN/usNxP+8Rozdo1YigihGCPhoUTeWFEM6yIR2hAKOsm8I40qYWym/YYpxNMllTQju35cnSW3Pdvdt5/IgXz4ex5Ehm2SbFIhLSqRMzkmFVAknD+SJvJBX69F6tt6s91HrlDWe2SC/YH18Ayl8lmI=</latexit>

B8A = 40.7(3.5) MeV
<latexit sha1_base64="ajcZvjWG0f63rO5tIDvb5kP4g0U=">AAACCHicbVDJSgNBEO1xjXGLevRgYxDiZZhxITkoRL14ESKYREjC0NOpxMaehe4aMQw5evFXvHhQxKuf4M2/sbMc1Pig4PFeFVX1/FgKjY7zZU1Nz8zOzWcWsotLyyurubX1mo4SxaHKIxmpa59pkCKEKgqUcB0rYIEvoe7fng38+h0oLaLwCnsxtALWDUVHcIZG8nJbp15a8k769JgeOHaxsG8f7jZpE+Ee0wuo9b1c3rGdIegkccckT8aoeLnPZjviSQAhcsm0brhOjK2UKRRcQj/bTDTEjN+yLjQMDVkAupUOH+nTHaO0aSdSpkKkQ/XnRMoCrXuBbzoDhjf6rzcQ//MaCXZKrVSEcYIQ8tGiTiIpRnSQCm0LBRxlzxDGlTC3Un7DFONossuaENy/L0+S2p7t7tvO5UG+fDSOI0M2yTYpEJcUSZmckwqpEk4eyBN5Ia/Wo/VsvVnvo9YpazyzQX7B+vgGfMyXGA==</latexit>

Binding energy results:

Consistent with bound or unbound



NPLQCD, PRD 87 (2013)

NPLQCD results (Lüscher methods) prefer bound deuteron and dineutron
NPLQCD, PRD 96 (2017)

PACS results (Lüscher methods) prefer bound deuteron and dineutron
PACS-CS, PRD 81 (2010) PACS, Lattice 2017

Berkowitz et al, Phys. Lett. B 285 (2017)

CalLatt results (Lüscher methods) prefer bound deuteron and dineturon

Mainz results (Lüscher methods) prefer unbound dineutron
Francis et al, PRD 99 (2019)

More work needed to understand discrepancies

HAL QCD results (HAL QCD method) prefer unbound deuteron and dineutron

Iritani et al, PRD 96 (2017)Iritani et al, JHEP 1610 (2016)
HAL QCD, Nucl. Phys. A881 (2012)

HAL QCD, PRD 99 (2019) HAL QCD, JHEP 1903 (2019)

Aoki et al, Comput. Sci. Dis. 1 (2008)

Survey of LQCD studies
m⇡ ⇠ 800 MeV

<latexit sha1_base64="c4FJoW3BAq09Z/piGh4PJf9B1f8=">AAACA3icbVDLSgNBEJyNrxhfUW96GQyCp7CrgjkGvXgRIpgHZEOYnXSSITO7y0yvGJaAF3/FiwdFvPoT3vwbJ4+DJhY0FFXddHcFsRQGXffbySwtr6yuZddzG5tb2zv53b2aiRLNocojGelGwAxIEUIVBUpoxBqYCiTUg8HV2K/fgzYiCu9wGENLsV4ouoIztFI7f6Dafiyob4SiJdf1qY/wgOkN1EbtfMEtuhPQReLNSIHMUGnnv/xOxBMFIXLJjGl6boytlGkUXMIo5ycGYsYHrAdNS0OmwLTSyQ8jemyVDu1G2laIdKL+nkiZMmaoAtupGPbNvDcW//OaCXZLrVSEcYIQ8umibiIpRnQcCO0IDRzl0BLGtbC3Ut5nmnG0seVsCN78y4ukdlr0zoru7XmhfDmLI0sOyRE5IR65IGVyTSqkSjh5JM/klbw5T86L8+58TFszzmxmn/yB8/kDg16WzA==</latexit>

Several groups have studied NN interactions with
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p ⌧ m⇡
<latexit sha1_base64="uS+EV2SDNJW36cMyONiYdvrQmOM=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyqoAcPBS8eK9gP2F1KNs22oUk2JLNCKf0ZXjwo4tVf481/Y9ruQVsfDDzem2FmXqIFt+D7315pbX1jc6u8XdnZ3ds/qB4etW2WG8paNBOZ6SbEMsEVawEHwbraMCITwTrJ6G7md56YsTxTjzDWLJZkoHjKKQEnhRpHQmDZizTvVWt+3Z8Dr5KgIDVUoNmrfkX9jOaSKaCCWBsGvoZ4QgxwKti0EuWWaUJHZMBCRxWRzMaT+clTfOaUPk4z40oBnqu/JyZEWjuWieuUBIZ22ZuJ/3lhDulNPOFK58AUXSxKc4Ehw7P/cZ8bRkGMHSHUcHcrpkNiCAWXUsWFECy/vEraF/Xgsu4/XNUat0UcZXSCTtE5CtA1aqB71EQtRFGGntErevPAe/HevY9Fa8krZo7RH3ifP5ppkMk=</latexit>

With            flavor symmetry, 
baryon octet organized as

SU(3)
<latexit sha1_base64="VQ6ziXQ6wXV5uN3yPfi2H0hbfBM=">AAAB7HicbVA9SwNBEJ2NXzF+RS1tFoMQm3BnBC0sAjaWEb0kkBxhb7OXLNnbO3b3hHDkN9hYKGLrD7Lz37hJrtDEBwOP92aYmRckgmvjON+osLa+sblV3C7t7O7tH5QPj1o6ThVlHo1FrDoB0UxwyTzDjWCdRDESBYK1g/HtzG8/MaV5LB/NJGF+RIaSh5wSYyXvwavWz/vlilNz5sCrxM1JBXI0++Wv3iCmacSkoYJo3XWdxPgZUYZTwaalXqpZQuiYDFnXUkkipv1sfuwUn1llgMNY2ZIGz9XfExmJtJ5Ege2MiBnpZW8m/ud1UxNe+xmXSWqYpItFYSqwifHsczzgilEjJpYQqri9FdMRUYQam0/JhuAuv7xKWhc1t15z7i8rjZs8jiKcwClUwYUraMAdNMEDChye4RXekEQv6B19LFoLKJ85hj9Anz+MbY3U</latexit>

In large       limit, effective Lagrangian further simplifies due to           analog of 
Wigner symmetry arising from large       quark spin-flavor symmetry

Nc
<latexit sha1_base64="xAv77m7aqB3WNuoZWXwL7WayPQk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0MIiYGMlEc0HJEfY2+wlS/b2jt05IRz5CTYWitj6i+z8N26SKzTxwcDjvRlm5gWJFAZd99sprKyurW8UN0tb2zu7e+X9g6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQz9VtPXBsRq0ccJ9yP6ECJUDCKVnq467FeueJW3RnIMvFyUoEc9V75q9uPWRpxhUxSYzqem6CfUY2CST4pdVPDE8pGdMA7lioaceNns1Mn5MQqfRLG2pZCMlN/T2Q0MmYcBbYzojg0i95U/M/rpBhe+ZlQSYpcsfmiMJUEYzL9m/SF5gzl2BLKtLC3EjakmjK06ZRsCN7iy8ukeVb1zqvu/UWldp3HUYQjOIZT8OASanALdWgAgwE8wyu8OdJ5cd6dj3lrwclnDuEPnM8fFliNpA==</latexit>

Nc
<latexit sha1_base64="xAv77m7aqB3WNuoZWXwL7WayPQk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0MIiYGMlEc0HJEfY2+wlS/b2jt05IRz5CTYWitj6i+z8N26SKzTxwcDjvRlm5gWJFAZd99sprKyurW8UN0tb2zu7e+X9g6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQz9VtPXBsRq0ccJ9yP6ECJUDCKVnq467FeueJW3RnIMvFyUoEc9V75q9uPWRpxhUxSYzqem6CfUY2CST4pdVPDE8pGdMA7lioaceNns1Mn5MQqfRLG2pZCMlN/T2Q0MmYcBbYzojg0i95U/M/rpBhe+ZlQSYpcsfmiMJUEYzL9m/SF5gzl2BLKtLC3EjakmjK06ZRsCN7iy8ukeVb1zqvu/UWldp3HUYQjOIZT8OASanALdWgAgwE8wyu8OdJ5cd6dj3lrwclnDuEPnM8fFliNpA==</latexit>

SU(6)
<latexit sha1_base64="jxiES8A+P1mj077fK1Fv4ZtZGtE=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoMQm3CnohYWARvLiF4SSI6wt9lLluzuHbt7QjjyG2wsFLH1B9n5b9wkV2jig4HHezPMzAsTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D5o6ThWhPol5rNoh1pQzSX3DDKftRFEsQk5b4eh26reeqNIslo9mnNBA4IFkESPYWMl/8KuXp71yxa25M6Bl4uWkAjkavfJXtx+TVFBpCMdadzw3MUGGlWGE00mpm2qaYDLCA9qxVGJBdZDNjp2gE6v0URQrW9Kgmfp7IsNC67EIbafAZqgXvan4n9dJTXQdZEwmqaGSzBdFKUcmRtPPUZ8pSgwfW4KJYvZWRIZYYWJsPiUbgrf48jJpntW885p7f1Gp3+RxFOEIjqEKHlxBHe6gAT4QYPAMr/DmSOfFeXc+5q0FJ585hD9wPn8AkPyN1w==</latexit>

Low-energy effective Lagrangian for non-relativistic baryons with              :
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CCA = Biti

<latexit sha1_base64="mY+xgQzCbqo/pc146qdtgnSyrXo="></latexit>

Savage, Wise, PRD 53 (1993)

Kaplan, Savage, Phys. Lett. B365 (1996)
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<latexit sha1_base64="oklpqPFloq0D4wj59m+vWay0J60="></latexit>

L(6)
BB = �c1Tr(B
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iBiB

†
jBj)� c2Tr(B
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†
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<latexit sha1_base64="mf1cIBYKHfCkqv9E6s1N6haAub4="></latexit>

L(6)
BB = �a( †

µ⌫⇢ 
µ⌫⇢)2 � b †

µ⌫� 
µ⌫⌧ †

⇢�⌧ 
⇢��

<latexit sha1_base64="tz1HJJ8hcfOP8t8IxwcgCYy4BEI="></latexit>

spin-flavor indexSU(6)
<latexit sha1_base64="jxiES8A+P1mj077fK1Fv4ZtZGtE=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoMQm3CnohYWARvLiF4SSI6wt9lLluzuHbt7QjjyG2wsFLH1B9n5b9wkV2jig4HHezPMzAsTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D5o6ThWhPol5rNoh1pQzSX3DDKftRFEsQk5b4eh26reeqNIslo9mnNBA4IFkESPYWMl/8KuXp71yxa25M6Bl4uWkAjkavfJXtx+TVFBpCMdadzw3MUGGlWGE00mpm2qaYDLCA9qxVGJBdZDNjp2gE6v0URQrW9Kgmfp7IsNC67EIbafAZqgXvan4n9dJTXQdZEwmqaGSzBdFKUcmRtPPUZ8pSgwfW4KJYvZWRIZYYWJsPiUbgrf48jJpntW885p7f1Gp3+RxFOEIjqEKHlxBHe6gAT4QYPAMr/DmSOfFeXc+5q0FJ585hD9wPn8AkPyN1w==</latexit>
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<latexit sha1_base64="Yn95fqjVljBhhunpfKLT+dch5YI="></latexit>
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Pionless effective field theory

G2pt
n (t) = ∑

n

Bijk ⟨0 |uidjdk |n⟩
2

e−En t

EFT specified by            and choice of power counting  

Two renormalization group fixed points to call LO: free-field and unitary Fermi gas

a�1 = 1
<latexit sha1_base64="vkx4oIN5Tt6U+5HYVlVYqRHdCVM=">AAAB+HicbVDLSgNBEOz1GeMjqx69DAbBi2FXBT0oBLx4jGAekMQwO5lNhszOLjO9QlzyJV48KOLVT/Hm3zh5HDSxoKGo6qa7K0ikMOh5387S8srq2npuI7+5tb1TcHf3aiZONeNVFstYNwJquBSKV1Gg5I1EcxoFkteDwc3Yrz9ybUSs7nGY8HZEe0qEglG0Usct0IfsxB+Ra9ISKsRhxy16JW8Cskj8GSnCDJWO+9XqxiyNuEImqTFN30uwnVGNgkk+yrdSwxPKBrTHm5YqGnHTziaHj8iRVbokjLUthWSi/p7IaGTMMApsZ0Sxb+a9sfif10wxvGxnQiUpcsWmi8JUEozJOAXSFZozlENLKNPC3kpYn2rK0GaVtyH48y8vktppyT8reXfnxfLVLI4cHMAhHIMPF1CGW6hAFRik8Ayv8OY8OS/Ou/MxbV1yZjP78AfO5w+GiZJV</latexit>

a�1 = 0
<latexit sha1_base64="wXkRcTgc/F3Nq+tbRjw65/0YhuU=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgxbCrgh4UAl48RjAPTNYwO5kkQ2Znl5leISz5Cy8eFPHq33jzb5wke9DEgoaiqpvuriCWwqDrfju5peWV1bX8emFjc2t7p7i7VzdRohmvsUhGuhlQw6VQvIYCJW/GmtMwkLwRDG8mfuOJayMidY+jmPsh7SvRE4yilR7oY3rijck1cTvFklt2pyCLxMtICTJUO8WvdjdiScgVMkmNaXlujH5KNQom+bjQTgyPKRvSPm9ZqmjIjZ9OLx6TI6t0SS/SthSSqfp7IqWhMaMwsJ0hxYGZ9ybif14rwd6lnwoVJ8gVmy3qJZJgRCbvk67QnKEcWUKZFvZWwgZUU4Y2pIINwZt/eZHUT8veWdm9Oy9VrrI48nAAh3AMHlxABW6hCjVgoOAZXuHNMc6L8+58zFpzTjazD3/gfP4AuHuPnA==</latexit>

Scattering lengths prefer unitary Fermi gas, both in nature at with m⇡ ⇠ 800 MeV
<latexit sha1_base64="c4FJoW3BAq09Z/piGh4PJf9B1f8=">AAACA3icbVDLSgNBEJyNrxhfUW96GQyCp7CrgjkGvXgRIpgHZEOYnXSSITO7y0yvGJaAF3/FiwdFvPoT3vwbJ4+DJhY0FFXddHcFsRQGXffbySwtr6yuZddzG5tb2zv53b2aiRLNocojGelGwAxIEUIVBUpoxBqYCiTUg8HV2K/fgzYiCu9wGENLsV4ouoIztFI7f6Dafiyob4SiJdf1qY/wgOkN1EbtfMEtuhPQReLNSIHMUGnnv/xOxBMFIXLJjGl6boytlGkUXMIo5ycGYsYHrAdNS0OmwLTSyQ8jemyVDu1G2laIdKL+nkiZMmaoAtupGPbNvDcW//OaCXZLrVSEcYIQ8umibiIpRnQcCO0IDRzl0BLGtbC3Ut5nmnG0seVsCN78y4ukdlr0zoru7XmhfDmLI0sOyRE5IR65IGVyTSqkSjh5JM/klbw5T86L8+58TFszzmxmn/yB8/kDg16WzA==</latexit>

KSW power counting — operators in          nonperturbative L(6)
BB<latexit sha1_base64="d6o0rTdT5F+CljiNIqLPQIFE8oU=">AAAB/3icbVC7TsMwFHXKq5RXAImFxaJCKkuVAAIGhqosDAxFog+pDZHjOq1Vx4lsB6kKGfgVFgYQYuU32PgbnDYDtBzJ0tE59+oeHy9iVCrL+jYKC4tLyyvF1dLa+sbmlrm905JhLDBp4pCFouMhSRjlpKmoYqQTCYICj5G2N7rK/PYDEZKG/E6NI+IEaMCpTzFSWnLNvV6A1BAjltykblKvp/dJ5ewodc2yVbUmgPPEzkkZ5Gi45levH+I4IFxhhqTs2laknAQJRTEjaakXSxIhPEID0tWUo4BIJ5nkT+GhVvrQD4V+XMGJ+nsjQYGU48DTk1laOetl4n9eN1b+hZNQHsWKcDw95McMqhBmZcA+FQQrNtYEYUF1VoiHSCCsdGUlXYI9++V50jqu2idV6/a0XLvM6yiCfXAAKsAG56AGrkEDNAEGj+AZvII348l4Md6Nj+lowch3dsEfGJ8/d7+VtQ==</latexit>

+ += +…

L(6)
BB<latexit sha1_base64="d6o0rTdT5F+CljiNIqLPQIFE8oU=">AAAB/3icbVC7TsMwFHXKq5RXAImFxaJCKkuVAAIGhqosDAxFog+pDZHjOq1Vx4lsB6kKGfgVFgYQYuU32PgbnDYDtBzJ0tE59+oeHy9iVCrL+jYKC4tLyyvF1dLa+sbmlrm905JhLDBp4pCFouMhSRjlpKmoYqQTCYICj5G2N7rK/PYDEZKG/E6NI+IEaMCpTzFSWnLNvV6A1BAjltykblKvp/dJ5ewodc2yVbUmgPPEzkkZ5Gi45levH+I4IFxhhqTs2laknAQJRTEjaakXSxIhPEID0tWUo4BIJ5nkT+GhVvrQD4V+XMGJ+nsjQYGU48DTk1laOetl4n9eN1b+hZNQHsWKcDw95McMqhBmZcA+FQQrNtYEYUF1VoiHSCCsdGUlXYI9++V50jqu2idV6/a0XLvM6yiCfXAAKsAG56AGrkEDNAEGj+AZvII348l4Md6Nj+lowch3dsEfGJ8/d7+VtQ==</latexit>

Kaplan, Savage, Wise, Phys. Lett. B424 (1998) van Kolck, Nucl. Phys. A645 (1999)

Summing geometric series of bubble diagrams gives

ALO
<latexit sha1_base64="jGHOSS+LbXjfetaYDQzF4jlt8Do=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQq6MJFxY0LwQr2AW0Ik+m0HTqZhJlJoYT8iRsXirj1T9z5N07aLLT1wMDhnHu5Z04Qc6a043xbpZXVtfWN8mZla3tnd8/eP2ipKJGENknEI9kJsKKcCdrUTHPaiSXFYcBpOxjf5n57QqVikXjS05h6IR4KNmAEayP5tt0LsR4RzNObzE/vHzLfrjo1Zwa0TNyCVKFAw7e/ev2IJCEVmnCsVNd1Yu2lWGpGOM0qvUTRGJMxHtKuoQKHVHnpLHmGTozSR4NImic0mqm/N1IcKjUNAzOZ51SLXi7+53UTPbjyUibiRFNB5ocGCUc6QnkNqM8kJZpPDcFEMpMVkRGWmGhTVsWU4C5+eZm0zmruec15vKjWr4s6ynAEx3AKLlxCHe6gAU0gMIFneIU3K7VerHfrYz5asoqdQ/gD6/MHrO2TqA==</latexit>
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Emergent            symmetry

G2pt
n (t) = ∑

n

Bijk ⟨0 |uidjdk |n⟩
2

e−En t

          - symmetric couplings can be fit from LQCD 
results to any two channels (or all 4, pink band)

SU(6)
<latexit sha1_base64="jxiES8A+P1mj077fK1Fv4ZtZGtE=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoMQm3CnohYWARvLiF4SSI6wt9lLluzuHbt7QjjyG2wsFLH1B9n5b9wkV2jig4HHezPMzAsTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D5o6ThWhPol5rNoh1pQzSX3DDKftRFEsQk5b4eh26reeqNIslo9mnNBA4IFkESPYWMl/8KuXp71yxa25M6Bl4uWkAjkavfJXtx+TVFBpCMdadzw3MUGGlWGE00mpm2qaYDLCA9qxVGJBdZDNjp2gE6v0URQrW9Kgmfp7IsNC67EIbafAZqgXvan4n9dJTXQdZEwmqaGSzBdFKUcmRtPPUZ8pSgwfW4KJYvZWRIZYYWJsPiUbgrf48jJpntW885p7f1Gp3+RxFOEIjqEKHlxBHe6gAT4QYPAMr/DmSOfFeXc+5q0FJ585hD9wPn8AkPyN1w==</latexit>

Consistency: 4 channels described by 2 couplings

SU(6)
<latexit sha1_base64="jxiES8A+P1mj077fK1Fv4ZtZGtE=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoMQm3CnohYWARvLiF4SSI6wt9lLluzuHbt7QjjyG2wsFLH1B9n5b9wkV2jig4HHezPMzAsTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D5o6ThWhPol5rNoh1pQzSX3DDKftRFEsQk5b4eh26reeqNIslo9mnNBA4IFkESPYWMl/8KuXp71yxa25M6Bl4uWkAjkavfJXtx+TVFBpCMdadzw3MUGGlWGE00mpm2qaYDLCA9qxVGJBdZDNjp2gE6v0URQrW9Kgmfp7IsNC67EIbafAZqgXvan4n9dJTXQdZEwmqaGSzBdFKUcmRtPPUZ8pSgwfW4KJYvZWRIZYYWJsPiUbgrf48jJpntW885p7f1Gp3+RxFOEIjqEKHlxBHe6gAT4QYPAMr/DmSOfFeXc+5q0FJ585hD9wPn8AkPyN1w==</latexit>

          predicted by large       emerges!Nc
<latexit sha1_base64="xAv77m7aqB3WNuoZWXwL7WayPQk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0MIiYGMlEc0HJEfY2+wlS/b2jt05IRz5CTYWitj6i+z8N26SKzTxwcDjvRlm5gWJFAZd99sprKyurW8UN0tb2zu7e+X9g6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQz9VtPXBsRq0ccJ9yP6ECJUDCKVnq467FeueJW3RnIMvFyUoEc9V75q9uPWRpxhUxSYzqem6CfUY2CST4pdVPDE8pGdMA7lioaceNns1Mn5MQqfRLG2pZCMlN/T2Q0MmYcBbYzojg0i95U/M/rpBhe+ZlQSYpcsfmiMJUEYzL9m/SF5gzl2BLKtLC3EjakmjK06ZRsCN7iy8ukeVb1zqvu/UWldp3HUYQjOIZT8OASanALdWgAgwE8wyu8OdJ5cd6dj3lrwclnDuEPnM8fFliNpA==</latexit>

Assuming         , scattering lengths 
predicted for      and  , all 6            
couplings can be extracted

SU(6)
<latexit sha1_base64="jxiES8A+P1mj077fK1Fv4ZtZGtE=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoMQm3CnohYWARvLiF4SSI6wt9lLluzuHbt7QjjyG2wsFLH1B9n5b9wkV2jig4HHezPMzAsTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D5o6ThWhPol5rNoh1pQzSX3DDKftRFEsQk5b4eh26reeqNIslo9mnNBA4IFkESPYWMl/8KuXp71yxa25M6Bl4uWkAjkavfJXtx+TVFBpCMdadzw3MUGGlWGE00mpm2qaYDLCA9qxVGJBdZDNjp2gE6v0URQrW9Kgmfp7IsNC67EIbafAZqgXvan4n9dJTXQdZEwmqaGSzBdFKUcmRtPPUZ8pSgwfW4KJYvZWRIZYYWJsPiUbgrf48jJpntW885p7f1Gp3+RxFOEIjqEKHlxBHe6gAT4QYPAMr/DmSOfFeXc+5q0FJ585hD9wPn8AkPyN1w==</latexit>

1
<latexit sha1_base64="qxy6odCbbqOcpZnYNda6+s6Yj7Y=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0MIiYGOZgPmA5Ah7m7lkzd7esbsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8d3Mbz+h0jyWD2aSoB/RoeQhZ9RYqeH1yxW36s5BVomXkwrkqPfLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhjZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqaV1Uvcuq27iq1G7zOIpwAqdwDh5cQw3uoQ5NYIDwDK/w5jw6L86787FoLTj5zDH8gfP5A3l5jLE=</latexit>

8S
<latexit sha1_base64="FXbaSV/7geHUHQRo7MFQv5+pBbw=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5UMIVFwMYyEmMCyRH2NnPJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/Lh0aOOU8WwxWIRq05ANQousWW4EdhJFNIoENgOxrczv/2ESvNYPphJgn5Eh5KHnFFjpWat3+yXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasKan3GZpAYlWywKU0FMTGZ/kwFXyIyYWEKZ4vZWwkZUUWZsOiUbgrf88ip5vKh6l1X3/qpSv8njKMIJnMI5eHANdbiDBrSAwRCe4RXeHOG8OO/Ox6K14OQzx/AHzucP3IWNfg==</latexit>

Only      (only    ) resolved from 0 c5
<latexit sha1_base64="yp87LD69yeRt0UYlF8xi1vyEpxA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QA8eAl48RjQPSJYwO5lNhszOLjO9QljyCV48KOLVL/Lm3zhJ9qCJBQ1FVTfdXUEihUHX/XYKK6tr6xvFzdLW9s7uXnn/oGniVDPeYLGMdTughkuheAMFSt5ONKdRIHkrGN1O/dYT10bE6hHHCfcjOlAiFIyilR5Y77JXrrhVdwayTLycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9K3dTwhLIRHfCOpYpG3PjZ7NQJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYbXfiZUkiJXbL4oTCXBmEz/Jn2hOUM5toQyLeythA2ppgxtOiUbgrf48jJpnlW986p7f1Gp3eRxFOEIjuEUPLiCGtxBHRrAYADP8ApvjnRenHfnY95acPKZQ/gD5/MH8I+Niw==</latexit>

a
<latexit sha1_base64="2+ECj43pCTlGuiB4J6G1yrOrx5c=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0MIiYGOZgPmA5Ah7m7lkzd7esbsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8d3Mbz+h0jyWD2aSoB/RoeQhZ9RYqUH75Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwxs+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6q3mXVbVxVard5HEU4gVM4Bw+uoQb3UIcmMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AcI5jOE=</latexit>

SU(3)
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LQCD results for all 4 channels described by one-parameter EFT with baryons in 
fundamental representation of             spin-flavor symmetry
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Who ordered that?

New conjectured principle — 
“dynamical entanglement 
suppression”

EFT parameters values with enhanced 
symmetry also minimize entanglement 
produced when time-evolving two-
baryon systems

Beane, Kaplan, Klco, Savage, PRL 122 (2019)
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Beane, Kaplan, Klco, Savage, PRL 122 (2019)
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Calculations at lighter quark masses performed by NPLQCD, noisier data 
requires careful multi-state analysis. Results coming soon to arXiv near you 

— with Assumpta Parreño  and graduate student Marc Illa

Exploratory calculation at nearly physical quark masses underway — stay tuned!

Does approximate            symmetry exist in nature? Is entanglement suppression 
the principle behind its emergence?
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Electroweak reactions and quark/gluon structure of nuclei at        m⇡ ⇠ 800 MeV
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