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Dispersive determination of the  resonance 
from lattice QCD
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“hadron spectroscopy explores the 
possible bound combinations of quarks and gluons 

allowed by the interactions of QCD”
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12 fermions

(+12 anti-fermions)

increasing mass !

5 bosons

(+1 opposite charge W )

standard matter unstable matter force carriers

Goldstone

bosons
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standard model

1st 2nd 3rd generation
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Understanding QCD spectrum

Determine the spectrum

How do quark and gluons combine inside unstable hadrons?
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Understanding QCD spectrum

Determine the spectrum
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How do quark and gluons combine inside unstable hadrons?

How do we extract this particle?
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hOi = lim
N!1

1

N

NX

n=1

O [Un]

dP (U) =
e�S[U ]D[U ]R
D[U ]e�S[U ]

Numerical, Montecarlo 
sampling of our gluon fields

Discretized, euclidean spacetime
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D'(x) =
Y

x

Z
d'x

Regulator

a
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�iS = �i

Z
d3xdtL ! �

Z
d3xdtLE = �SE

States Time evolution

<latexit sha1_base64="WKeQ9Qh/sVwMVYRlWmkxB7Vp+q8="></latexit>X

n

e
�Ent h0 |Of(0)| ni hn|O†

i (0)|0i

<latexit sha1_base64="i80sYaxk1wRRAha+Uz4P0YHUVaw=">AAACEHicbZA9SwNBEIb3/DZ+nVraLAZRC8OdSLQRRJuUEYwGcjHsbSZxyd7esTsnhDM/wca/YmOhiK2lnf/GzYeg0RcWXp6ZYXbeMJHCoOd9OhOTU9Mzs3PzuYXFpeUVd3Xt0sSp5lDhsYx1NWQGpFBQQYESqokGFoUSrsLOWb9+dQvaiFhdYDeBesTaSrQEZ2hRw92+CxIjdnA30Ey1JRzDdbZXotgbcu+bN9y8V/AGon+NPzJ5MlK54X4EzZinESjkkhlT870E6xnTKLiEXi5IDSSMd1gbatYqFoGpZ4ODenTLkiZtxdo+hXRAf05kLDKmG4W2M2J4Y8ZrffhfrZZi66ieCZWkCIoPF7VSSTGm/XRoU2jgKLvWMK6F/SvlN0wzjjbDnA3BHz/5r7ncL/jFQvH8IH9yOopjjmyQTbJDfHJITkiJlEmFcHJPHskzeXEenCfn1Xkbtk44o5l18kvO+xfOy5x1</latexit>

| (t)i = e�Ht| (0)i
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hOf (t)O
†
i (0)i ⇠

Lattice QCD
Dudek, Jackura, Ortega-Gama’s (and others) talks for more/better details
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m⇡ ⇠ 239 MeV

Phys.Rev.D 92 (2015)

6

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

 24  32  40
0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

 24  32  40
0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

 24  32  40
0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

 24  32  40
0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

 24  32  40

<latexit sha1_base64="uB8KSR4ClqBbpbRpnqzCgAZgekw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0dxN2N0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviAU31nW/ndLa+sbmVnm7srO7t39QPTxqmyjRDFssEpHuBtSg4ApblluB3VgjlYHATjC5y/3OE2rDI/VopzH6ko4UDzmjNpf6Ma8MqjW37s5BVolXkBoUaA6qX/1hxBKJyjJBjel5bmz9lGrLmcBZpZ8YjCmb0BH2MqqoROOn81tn5CxThiSMdFbKkrn6eyKl0pipDLJOSe3YLHu5+J/XS2x446dcxYlFxRaLwkQQG5H8cTLkGpkV04xQpnl2K2FjqimzWTx5CN7yy6ukfVH3ruqXD5e1xm0RRxlO4BTOwYNraMA9NKEFDMbwDK/w5kjnxXl3PhatJaeYOYY/cD5/AIfwjeo=</latexit>⇡
<latexit sha1_base64="uB8KSR4ClqBbpbRpnqzCgAZgekw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0dxN2N0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviAU31nW/ndLa+sbmVnm7srO7t39QPTxqmyjRDFssEpHuBtSg4ApblluB3VgjlYHATjC5y/3OE2rDI/VopzH6ko4UDzmjNpf6Ma8MqjW37s5BVolXkBoUaA6qX/1hxBKJyjJBjel5bmz9lGrLmcBZpZ8YjCmb0BH2MqqoROOn81tn5CxThiSMdFbKkrn6eyKl0pipDLJOSe3YLHu5+J/XS2x446dcxYlFxRaLwkQQG5H8cTLkGpkV04xQpnl2K2FjqimzWTx5CN7yy6ukfVH3ruqXD5e1xm0RRxlO4BTOwYNraMA9NKEFDMbwDK/w5kjnxXl3PhatJaeYOYY/cD5/AIfwjeo=</latexit>⇡

Lüscher, Nucl. Phys. B 354 (1991) 
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R << L

Non-interacting
Repulsive

Attractive

Attractive(Repulsive) interactions reduce(increase) the energy of the system

Lattice QCD

Every level corresponds to one “data” point

1706.06223
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Lattice QCD
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<latexit sha1_base64="HzO1gE8YjqZdgOOCdqdkH8shi4o=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1CJFwEbBIor5gOQIe5u9ZMnu3rG7J4Qjf8HGQhFb/5Cd/8a95ApNfDDweG+GmXlBzJk2rvvtFFZW19Y3ipulre2d3b3y/kFLR4kitEkiHqlOgDXlTNKmYYbTTqwoFgGn7WB8nfntJ6o0i+SjmcTUF3goWcgINpn0UKvd9csVt+rOgJaJl5MK5Gj0y1+9QUQSQaUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSiQXVfjq7dYpOrDJAYaRsSYNm6u+JFAutJyKwnQKbkV70MvE/r5uY8MpPmYwTQyWZLwoTjkyEssfRgClKDJ9Ygoli9lZERlhhYmw8JRuCt/jyMmmdVb2L6vn9eaV+m8dRhCM4hlPw4BLqcAMNaAKBETzDK7w5wnlx3p2PeWvByWcO4Q+czx9LNI3I</latexit>

R << L

<latexit sha1_base64="c0ECK5Yi4Vf1MFFCZ6SUh++0uyA=">AAAB+HicbVBNS8NAEJ34WetHox69LBahXkoiUr0IRS96q2A/oA1hs920SzebsLsRaugv8eJBEa/+FG/+G7dtDtr6YODx3gwz84KEM6Ud59taWV1b39gsbBW3d3b3Svb+QUvFqSS0SWIey06AFeVM0KZmmtNOIimOAk7bwehm6rcfqVQsFg96nFAvwgPBQkawNpJvlyq9hCFTp352d+VOfLvsVJ0Z0DJxc1KGHA3f/ur1Y5JGVGjCsVJd10m0l2GpGeF0UuyliiaYjPCAdg0VOKLKy2aHT9CJUfoojKUpodFM/T2R4UipcRSYzgjroVr0puJ/XjfV4aWXMZGkmgoyXxSmHOkYTVNAfSYp0XxsCCaSmVsRGWKJiTZZFU0I7uLLy6R1VnVr1dr9ebl+ncdRgCM4hgq4cAF1uIUGNIFACs/wCm/Wk/VivVsf89YVK585hD+wPn8AREWSNQ==</latexit>

(⇡⇡)I=1
<latexit sha1_base64="xZQUWU6uD0FEshMy6N2/Xjtt/yc=">AAACBHicbVA9SwNBEN2L3/Hr1NJmMQgWEu78tgva2AgKJgZyR9jbTOKS3btjd04MRwob/4qNhSK2/gg7/42bmEKNbxh4vDfD7rwolcKg5306hYnJqemZ2bni/MLi0rK7slozSaY5VHkiE12PmAEpYqiiQAn1VANTkYTrqHs68K9vQRuRxFfYSyFUrBOLtuAMrdR011UzSEVghKI7u8fBti2EO8zPodZvuiWv7A1Bx4k/IiUywkXT/QhaCc8UxMglM6bheymGOdMouIR+McgMpIx3WQcalsZMgQnz4RF9ummVFm0n2naMdKj+3MiZMqanIjupGN6Yv95A/M9rZNg+CnMRpxlCzL8fameSYkIHidCW0MBR9ixhXAv7V8pvmGYcbW5FG4L/9+RxUtsp+wfl/cu9UuVkFMcsWScbZIv45JBUyBm5IFXCyT15JM/kxXlwnpxX5+17tOCMdtbILzjvX2/al1g=</latexit>

m⇡ ⇠ 239 MeV

Phys.Rev.D 92 (2015)

Non-interacting
Repulsive

Attractive

Attractive(Repulsive) interactions reduce(increase) the energy of the system

Every level corresponds to one “data” point
Lüscher, Nucl. Phys. B 354 (1991) 

1706.06223
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<latexit sha1_base64="xZQUWU6uD0FEshMy6N2/Xjtt/yc=">AAACBHicbVA9SwNBEN2L3/Hr1NJmMQgWEu78tgva2AgKJgZyR9jbTOKS3btjd04MRwob/4qNhSK2/gg7/42bmEKNbxh4vDfD7rwolcKg5306hYnJqemZ2bni/MLi0rK7slozSaY5VHkiE12PmAEpYqiiQAn1VANTkYTrqHs68K9vQRuRxFfYSyFUrBOLtuAMrdR011UzSEVghKI7u8fBti2EO8zPodZvuiWv7A1Bx4k/IiUywkXT/QhaCc8UxMglM6bheymGOdMouIR+McgMpIx3WQcalsZMgQnz4RF9ummVFm0n2naMdKj+3MiZMqanIjupGN6Yv95A/M9rZNg+CnMRpxlCzL8fameSYkIHidCW0MBR9ixhXAv7V8pvmGYcbW5FG4L/9+RxUtsp+wfl/cu9UuVkFMcsWScbZIv45JBUyBm5IFXCyT15JM/kxXlwnpxX5+17tOCMdtbILzjvX2/al1g=</latexit>

m⇡ ⇠ 239 MeV

Phys.Rev.D 92 (2015)
<latexit sha1_base64="c0ECK5Yi4Vf1MFFCZ6SUh++0uyA=">AAAB+HicbVBNS8NAEJ34WetHox69LBahXkoiUr0IRS96q2A/oA1hs920SzebsLsRaugv8eJBEa/+FG/+G7dtDtr6YODx3gwz84KEM6Ud59taWV1b39gsbBW3d3b3Svb+QUvFqSS0SWIey06AFeVM0KZmmtNOIimOAk7bwehm6rcfqVQsFg96nFAvwgPBQkawNpJvlyq9hCFTp352d+VOfLvsVJ0Z0DJxc1KGHA3f/ur1Y5JGVGjCsVJd10m0l2GpGeF0UuyliiaYjPCAdg0VOKLKy2aHT9CJUfoojKUpodFM/T2R4UipcRSYzgjroVr0puJ/XjfV4aWXMZGkmgoyXxSmHOkYTVNAfSYp0XxsCCaSmVsRGWKJiTZZFU0I7uLLy6R1VnVr1dr9ebl+ncdRgCM4hgq4cAF1uIUGNIFACs/wCm/Wk/VivVsf89YVK585hD+wPn8AREWSNQ==</latexit>

(⇡⇡)I=1

Lattice QCD

-0.04

-0.03

-0.02

-0.01

0.08 0.10 0.12 0.14 0.16

-0.018

-0.017

-0.016

-0.015

-0.014

-0.013

-0.012

0.128 0.129 0.130 0.131 0.132 0.133

<latexit sha1_base64="Iy+j08mfqFRW+YWPOzpKaU2wukg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiFy9CBdMW2lA22027dLMJuxOhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0ylMOi6305hbX1jc6u4XdrZ3ds/KB8eNU2SacZ9lshEt0NquBSK+yhQ8naqOY1DyVvh6Hbmt564NiJRjzhOeRDTgRKRYBSt5NMekvteueJW3TnIKvFyUoEcjV75q9tPWBZzhUxSYzqem2IwoRoFk3xa6maGp5SN6IB3LFU05iaYzI+dkjOr9EmUaFsKyVz9PTGhsTHjOLSdMcWhWfZm4n9eJ8PoOpgIlWbIFVssijJJMCGzz0lfaM5Qji2hTAt7K2FDqilDm0/JhuAtv7xKmhdVr1atPVxW6jd5HEU4gVM4Bw+uoA530AAfGAh4hld4c5Tz4rw7H4vWgpPPHMMfOJ8/Q2GOWA==</latexit>

atM

<latexit sha1_base64="x+4DOS40YAUF+owlRIHJnqq8Ov0=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4sSQi1WPRgx4r2A9IQ5lsN+3S3STsToRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MJXCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaZJMM95giUx0OwTDpYh5AwVK3k41BxVK3gqHt1O/9cS1EUn8iKOUBwr6sYgEA7SSfw5dpJ07UAq6pbJbcWegy8TLSZnkqHdLX51ewjLFY2QSjPE9N8VgDBoFk3xS7GSGp8CG0Oe+pTEoboLx7OQJPbVKj0aJthUjnam/J8agjBmp0HYqwIFZ9Kbif56fYXQdjEWcZshjNl8UZZJiQqf/057QnKEcWQJMC3srZQPQwNCmVLQheIsvL5PmRcWrVqoPl+XaTR5HgRyTE3JGPHJFauSe1EmDMJKQZ/JK3hx0Xpx352PeuuLkM0fkD5zPH2X3kLM=</latexit>�at�

<latexit sha1_base64="k11aXVxtue3ceF+8Q+UD3RSospI=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZrND5rHMzAoh5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFKWfG+v63V1pZXVvfKG9WtrZ3dveq+wePRmWa0BZRXOlOhA3lTNKWZZbTTqopFhGn7Wh0m/vtJ6oNU/LBjlMaCjyULGYE21zq6UT1qzW/7s+AlklQkBoUaParX72BIpmg0hKOjekGfmrDCdaWEU6nlV5maIrJCA9p11GJBTXhZHbrFJ04ZYBipV1Ji2bq74kJFsaMReQ6BbaJWfRy8T+vm9n4OpwwmWaWSjJfFGccWYXyx9GAaUosHzuCiWbuVkQSrDGxLp6KCyFYfHmZPJ7Vg8v6xf15rXFTxFGGIziGUwjgChpwB01oAYEEnuEV3jzhvXjv3se8teQVM4fwB97nDyLsjlE=</latexit>⇢
<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡
<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

This amplitude can be easily modeled
<latexit sha1_base64="0iBNum5jhhsJVz8+RMb5v/+Ci+0="></latexit>

tI` (s) '
p
s�

M2 � s� i
p
s�

Pole at sp ∼ (M − iΓ/2)

We can use many more models
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This amplitude can be easily modeled

<latexit sha1_base64="xZQUWU6uD0FEshMy6N2/Xjtt/yc=">AAACBHicbVA9SwNBEN2L3/Hr1NJmMQgWEu78tgva2AgKJgZyR9jbTOKS3btjd04MRwob/4qNhSK2/gg7/42bmEKNbxh4vDfD7rwolcKg5306hYnJqemZ2bni/MLi0rK7slozSaY5VHkiE12PmAEpYqiiQAn1VANTkYTrqHs68K9vQRuRxFfYSyFUrBOLtuAMrdR011UzSEVghKI7u8fBti2EO8zPodZvuiWv7A1Bx4k/IiUywkXT/QhaCc8UxMglM6bheymGOdMouIR+McgMpIx3WQcalsZMgQnz4RF9ummVFm0n2naMdKj+3MiZMqanIjupGN6Yv95A/M9rZNg+CnMRpxlCzL8fameSYkIHidCW0MBR9ixhXAv7V8pvmGYcbW5FG4L/9+RxUtsp+wfl/cu9UuVkFMcsWScbZIv45JBUyBm5IFXCyT15JM/kxXlwnpxX5+17tOCMdtbILzjvX2/al1g=</latexit>

m⇡ ⇠ 239 MeV

<latexit sha1_base64="0iBNum5jhhsJVz8+RMb5v/+Ci+0="></latexit>

tI` (s) '
p
s�

M2 � s� i
p
s�

a0(980)

f0(500) f0(980)

K∗
0 (700)

a0(1450)

f0(1500)f0(1370)

K∗
0 (1430)K∗

0 (700)

K∗
0 (700) K∗

0 (700)

a0(980)

a0(980) a0(1450)

a0(1450)

K∗
0 (1430)

K∗
0 (1430) K∗

0 (1430)
<latexit sha1_base64="3jO4IeXMhDAFSP1n6pILKi1jG5U=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQPYTd4CPegl4ELxHMA5I1zE5mkyGzs+vMrBCW/IQXD4p49Xe8+TdOkj1oYkFDUdVNd5cXcaa0bX9bmaXlldW17HpuY3Nreye/u9dQYSwJrZOQh7LlYUU5E7Sumea0FUmKA4/Tpje8nvjNJyoVC8W9HkXUDXBfMJ8RrI3Uun04KVYuy8fdfMEu2VOgReKkpAApat38V6cXkjigQhOOlWo7dqTdBEvNCKfjXCdWNMJkiPu0bajAAVVuMr13jI6M0kN+KE0Jjabq74kEB0qNAs90BlgP1Lw3Ef/z2rH2K27CRBRrKshskR9zpEM0eR71mKRE85EhmEhmbkVkgCUm2kSUMyE48y8vkka55JyXzu5OC9WrNI4sHMAhFMGBC6jCDdSgDgQ4PMMrvFmP1ov1bn3MWjNWOrMPf2B9/gDux46b</latexit>

K⇤(892)

<latexit sha1_base64="wZ0mQvRza5KvDSvxnPUp8y7yFcE=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDiJeyKGo9BLx4jmIckS5idzCZD5rHMzAoh5Cu8eFDEq5/jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YzG3lt3d29/YLB4cNo1JNaJ0ornQrwoZyJmndMstpK9EUi4jTZjS8nfrNJ6oNU/LBjhIaCtyXLGYEWyc9dvRAlSoV/6xbKPplfwa0TIKMFCFDrVv46vQUSQWVlnBsTDvwExuOsbaMcDrJd1JDE0yGuE/bjkosqAnHs4Mn6NQpPRQr7UpaNFN/T4yxMGYkItcpsB2YRW8q/ue1Uxtfh2Mmk9RSSeaL4pQjq9D0e9RjmhLLR45gopm7FZEB1phYl1HehRAsvrxMGufl4Kp8eX9RrN5kceTgGE6gBAFUoAp3UIM6EBDwDK/w5mnvxXv3PuatK142cwR/4H3+AFAIj3I=</latexit>

⇢(770)
<latexit sha1_base64="w9vRycjz8Ld7R4w6IZRI53Q2OJ4=">AAAB8nicbVDLSgNBEOyNrxhfUY9eFoMQL2E3qMkx6MVjBPOAzRJmJ7PJkHksM7NCCPkMLx4U8erXePNvnCR70MSChqKqm+6uKGFUG8/7dnIbm1vbO/ndwt7+weFR8fikrWWqMGlhyaTqRkgTRgVpGWoY6SaKIB4x0onGd3O/80SUplI8mklCQo6GgsYUI2OloCc5GaJyrV697BdLXsVbwF0nfkZKkKHZL371BhKnnAiDGdI68L3EhFOkDMWMzAq9VJME4TEaksBSgTjR4XRx8sy9sMrAjaWyJYy7UH9PTBHXesIj28mRGelVby7+5wWpievhlIokNUTg5aI4Za6R7vx/d0AVwYZNLEFYUXuri0dIIWxsSgUbgr/68jppVyv+TeX64arUuM3iyMMZnEMZfKhBA+6hCS3AIOEZXuHNMc6L8+58LFtzTjZzCn/gfP4AyPGQSQ==</latexit>

!(782)
<latexit sha1_base64="2IUm5f9DXVpp994lk1FuFIEB7aw=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBDiJewGX8egF48RzAOTJcxOepMhs7PLzKwQQv7CiwdFvPo33vwbJ8keNLGgoajqprsrSATXxnW/nZXVtfWNzdxWfntnd2+/cHDY0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8Hwduo3n1BpHssHM0rQj2hf8pAzaqz02EkGvOS5FfesWyi6ZXcGsky8jBQhQ61b+Or0YpZGKA0TVOu25ybGH1NlOBM4yXdSjQllQ9rHtqWSRqj98eziCTm1So+EsbIlDZmpvyfGNNJ6FAW2M6JmoBe9qfif105NeO2PuUxSg5LNF4WpICYm0/dJjytkRowsoUxxeythA6ooMzakvA3BW3x5mTQqZe+yfHF/XqzeZHHk4BhOoAQeXEEV7qAGdWAg4Rle4c3Rzovz7nzMW1ecbOYI/sD5/AGjLo+Z</latexit>

�(1020)

<latexit sha1_base64="wZ0mQvRza5KvDSvxnPUp8y7yFcE=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDiJeyKGo9BLx4jmIckS5idzCZD5rHMzAoh5Cu8eFDEq5/jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YzG3lt3d29/YLB4cNo1JNaJ0ornQrwoZyJmndMstpK9EUi4jTZjS8nfrNJ6oNU/LBjhIaCtyXLGYEWyc9dvRAlSoV/6xbKPplfwa0TIKMFCFDrVv46vQUSQWVlnBsTDvwExuOsbaMcDrJd1JDE0yGuE/bjkosqAnHs4Mn6NQpPRQr7UpaNFN/T4yxMGYkItcpsB2YRW8q/ue1Uxtfh2Mmk9RSSeaL4pQjq9D0e9RjmhLLR45gopm7FZEB1phYl1HehRAsvrxMGufl4Kp8eX9RrN5kceTgGE6gBAFUoAp3UIM6EBDwDK/w5mnvxXv3PuatK142cwR/4H3+AFAIj3I=</latexit>

⇢(770)

<latexit sha1_base64="3jO4IeXMhDAFSP1n6pILKi1jG5U=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQPYTd4CPegl4ELxHMA5I1zE5mkyGzs+vMrBCW/IQXD4p49Xe8+TdOkj1oYkFDUdVNd5cXcaa0bX9bmaXlldW17HpuY3Nreye/u9dQYSwJrZOQh7LlYUU5E7Sumea0FUmKA4/Tpje8nvjNJyoVC8W9HkXUDXBfMJ8RrI3Uun04KVYuy8fdfMEu2VOgReKkpAApat38V6cXkjigQhOOlWo7dqTdBEvNCKfjXCdWNMJkiPu0bajAAVVuMr13jI6M0kN+KE0Jjabq74kEB0qNAs90BlgP1Lw3Ef/z2rH2K27CRBRrKshskR9zpEM0eR71mKRE85EhmEhmbkVkgCUm2kSUMyE48y8vkka55JyXzu5OC9WrNI4sHMAhFMGBC6jCDdSgDgQ4PMMrvFmP1ov1bn3MWjNWOrMPf2B9/gDux46b</latexit>

K⇤(892)

<latexit sha1_base64="3jO4IeXMhDAFSP1n6pILKi1jG5U=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQPYTd4CPegl4ELxHMA5I1zE5mkyGzs+vMrBCW/IQXD4p49Xe8+TdOkj1oYkFDUdVNd5cXcaa0bX9bmaXlldW17HpuY3Nreye/u9dQYSwJrZOQh7LlYUU5E7Sumea0FUmKA4/Tpje8nvjNJyoVC8W9HkXUDXBfMJ8RrI3Uun04KVYuy8fdfMEu2VOgReKkpAApat38V6cXkjigQhOOlWo7dqTdBEvNCKfjXCdWNMJkiPu0bajAAVVuMr13jI6M0kN+KE0Jjabq74kEB0qNAs90BlgP1Lw3Ef/z2rH2K27CRBRrKshskR9zpEM0eR71mKRE85EhmEhmbkVkgCUm2kSUMyE48y8vkka55JyXzu5OC9WrNI4sHMAhFMGBC6jCDdSgDgQ4PMMrvFmP1ov1bn3MWjNWOrMPf2B9/gDux46b</latexit>

K⇤(892)
<latexit sha1_base64="3jO4IeXMhDAFSP1n6pILKi1jG5U=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQPYTd4CPegl4ELxHMA5I1zE5mkyGzs+vMrBCW/IQXD4p49Xe8+TdOkj1oYkFDUdVNd5cXcaa0bX9bmaXlldW17HpuY3Nreye/u9dQYSwJrZOQh7LlYUU5E7Sumea0FUmKA4/Tpje8nvjNJyoVC8W9HkXUDXBfMJ8RrI3Uun04KVYuy8fdfMEu2VOgReKkpAApat38V6cXkjigQhOOlWo7dqTdBEvNCKfjXCdWNMJkiPu0bajAAVVuMr13jI6M0kN+KE0Jjabq74kEB0qNAs90BlgP1Lw3Ef/z2rH2K27CRBRrKshskR9zpEM0eR71mKRE85EhmEhmbkVkgCUm2kSUMyE48y8vkka55JyXzu5OC9WrNI4sHMAhFMGBC6jCDdSgDgQ4PMMrvFmP1ov1bn3MWjNWOrMPf2B9/gDux46b</latexit>

K⇤(892)

<latexit sha1_base64="wZ0mQvRza5KvDSvxnPUp8y7yFcE=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDiJeyKGo9BLx4jmIckS5idzCZD5rHMzAoh5Cu8eFDEq5/jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YzG3lt3d29/YLB4cNo1JNaJ0ornQrwoZyJmndMstpK9EUi4jTZjS8nfrNJ6oNU/LBjhIaCtyXLGYEWyc9dvRAlSoV/6xbKPplfwa0TIKMFCFDrVv46vQUSQWVlnBsTDvwExuOsbaMcDrJd1JDE0yGuE/bjkosqAnHs4Mn6NQpPRQr7UpaNFN/T4yxMGYkItcpsB2YRW8q/ue1Uxtfh2Mmk9RSSeaL4pQjq9D0e9RjmhLLR45gopm7FZEB1phYl1HehRAsvrxMGufl4Kp8eX9RrN5kceTgGE6gBAFUoAp3UIM6EBDwDK/w5mnvxXv3PuatK142cwR/4H3+AFAIj3I=</latexit>

⇢(770)

The  is an ordinary, narrow, isolated resonanceρ

Phys.Rev.D 92 (2015)
<latexit sha1_base64="c0ECK5Yi4Vf1MFFCZ6SUh++0uyA=">AAAB+HicbVBNS8NAEJ34WetHox69LBahXkoiUr0IRS96q2A/oA1hs920SzebsLsRaugv8eJBEa/+FG/+G7dtDtr6YODx3gwz84KEM6Ud59taWV1b39gsbBW3d3b3Svb+QUvFqSS0SWIey06AFeVM0KZmmtNOIimOAk7bwehm6rcfqVQsFg96nFAvwgPBQkawNpJvlyq9hCFTp352d+VOfLvsVJ0Z0DJxc1KGHA3f/ur1Y5JGVGjCsVJd10m0l2GpGeF0UuyliiaYjPCAdg0VOKLKy2aHT9CJUfoojKUpodFM/T2R4UipcRSYzgjroVr0puJ/XjfV4aWXMZGkmgoyXxSmHOkYTVNAfSYp0XxsCCaSmVsRGWKJiTZZFU0I7uLLy6R1VnVr1dr9ebl+ncdRgCM4hgq4cAF1uIUGNIFACs/wCm/Wk/VivVsf89YVK585hD+wPn8AREWSNQ==</latexit>

(⇡⇡)I=1

Pole at sp ∼ (M − iΓ/2)

-0.04

-0.03

-0.02

-0.01

0.08 0.10 0.12 0.14 0.16

-0.018

-0.017

-0.016

-0.015

-0.014

-0.013

-0.012

0.128 0.129 0.130 0.131 0.132 0.133

<latexit sha1_base64="Iy+j08mfqFRW+YWPOzpKaU2wukg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiFy9CBdMW2lA22027dLMJuxOhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0ylMOi6305hbX1jc6u4XdrZ3ds/KB8eNU2SacZ9lshEt0NquBSK+yhQ8naqOY1DyVvh6Hbmt564NiJRjzhOeRDTgRKRYBSt5NMekvteueJW3TnIKvFyUoEcjV75q9tPWBZzhUxSYzqem2IwoRoFk3xa6maGp5SN6IB3LFU05iaYzI+dkjOr9EmUaFsKyVz9PTGhsTHjOLSdMcWhWfZm4n9eJ8PoOpgIlWbIFVssijJJMCGzz0lfaM5Qji2hTAt7K2FDqilDm0/JhuAtv7xKmhdVr1atPVxW6jd5HEU4gVM4Bw+uoA530AAfGAh4hld4c5Tz4rw7H4vWgpPPHMMfOJ8/Q2GOWA==</latexit>

atM

<latexit sha1_base64="x+4DOS40YAUF+owlRIHJnqq8Ov0=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4sSQi1WPRgx4r2A9IQ5lsN+3S3STsToRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MJXCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaZJMM95giUx0OwTDpYh5AwVK3k41BxVK3gqHt1O/9cS1EUn8iKOUBwr6sYgEA7SSfw5dpJ07UAq6pbJbcWegy8TLSZnkqHdLX51ewjLFY2QSjPE9N8VgDBoFk3xS7GSGp8CG0Oe+pTEoboLx7OQJPbVKj0aJthUjnam/J8agjBmp0HYqwIFZ9Kbif56fYXQdjEWcZshjNl8UZZJiQqf/057QnKEcWQJMC3srZQPQwNCmVLQheIsvL5PmRcWrVqoPl+XaTR5HgRyTE3JGPHJFauSe1EmDMJKQZ/JK3hx0Xpx352PeuuLkM0fkD5zPH2X3kLM=</latexit>�at�

Lattice QCD

<latexit sha1_base64="k11aXVxtue3ceF+8Q+UD3RSospI=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZrND5rHMzAoh5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFKWfG+v63V1pZXVvfKG9WtrZ3dveq+wePRmWa0BZRXOlOhA3lTNKWZZbTTqopFhGn7Wh0m/vtJ6oNU/LBjlMaCjyULGYE21zq6UT1qzW/7s+AlklQkBoUaParX72BIpmg0hKOjekGfmrDCdaWEU6nlV5maIrJCA9p11GJBTXhZHbrFJ04ZYBipV1Ji2bq74kJFsaMReQ6BbaJWfRy8T+vm9n4OpwwmWaWSjJfFGccWYXyx9GAaUosHzuCiWbuVkQSrDGxLp6KCyFYfHmZPJ7Vg8v6xf15rXFTxFGGIziGUwjgChpwB01oAYEEnuEV3jzhvXjv3se8teQVM4fwB97nDyLsjlE=</latexit>⇢
<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡
<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

We can use many more models
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Determine the spectrum

How do quark and gluons combine inside unstable hadrons?

<latexit sha1_base64="k11aXVxtue3ceF+8Q+UD3RSospI=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZrND5rHMzAoh5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFKWfG+v63V1pZXVvfKG9WtrZ3dveq+wePRmWa0BZRXOlOhA3lTNKWZZbTTqopFhGn7Wh0m/vtJ6oNU/LBjlMaCjyULGYE21zq6UT1qzW/7s+AlklQkBoUaParX72BIpmg0hKOjekGfmrDCdaWEU6nlV5maIrJCA9p11GJBTXhZHbrFJ04ZYBipV1Ji2bq74kJFsaMReQ6BbaJWfRy8T+vm9n4OpwwmWaWSjJfFGccWYXyx9GAaUosHzuCiWbuVkQSrDGxLp6KCyFYfHmZPJ7Vg8v6xf15rXFTxFGGIziGUwjgChpwB01oAYEEnuEV3jzhvXjv3se8teQVM4fwB97nDyLsjlE=</latexit>⇢
<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡
<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="ne8ZOkN9NRQHJmnfmFKPnBbCOyE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Jv2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5pdOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmb5MBV8iMmFhCmeL2VsJGVFFmbDglG4K3/PIqaV1UvVq1dn9Zqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6IejXI=</latexit>

} <latexit sha1_base64="y6wAKO5aLbcKpNFX6Sz1NmS/DJ0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IveIpoHJEuYnUySIbOzy0yvEJZ8ghcPinj1i7z5N06SPWhiQUNR1U13VxBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nEtRGResRxzP2QDpToC0bRSg93V163WHLL7gxkmXgZKUGGWrf41elFLAm5QiapMW3PjdFPqUbBJJ8UOonhMWUjOuBtSxUNufHT2akTcmKVHulH2pZCMlN/T6Q0NGYcBrYzpDg0i95U/M9rJ9i/9FOh4gS5YvNF/UQSjMj0b9ITmjOUY0so08LeStiQasrQplOwIXiLLy+TxlnZq5Qr9+el6nUWRx6O4BhOwYMLqMIt1KAODAbwDK/w5kjnxXl3PuatOSebOYQ/cD5/AJPvjVo=</latexit>

I = 1

Understanding QCD spectrum

Varying pion masses!!
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Determine the spectrum
<latexit sha1_base64="k11aXVxtue3ceF+8Q+UD3RSospI=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZrND5rHMzAoh5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFKWfG+v63V1pZXVvfKG9WtrZ3dveq+wePRmWa0BZRXOlOhA3lTNKWZZbTTqopFhGn7Wh0m/vtJ6oNU/LBjlMaCjyULGYE21zq6UT1qzW/7s+AlklQkBoUaParX72BIpmg0hKOjekGfmrDCdaWEU6nlV5maIrJCA9p11GJBTXhZHbrFJ04ZYBipV1Ji2bq74kJFsaMReQ6BbaJWfRy8T+vm9n4OpwwmWaWSjJfFGccWYXyx9GAaUosHzuCiWbuVkQSrDGxLp6KCyFYfHmZPJ7Vg8v6xf15rXFTxFGGIziGUwjgChpwB01oAYEEnuEV3jzhvXjv3se8teQVM4fwB97nDyLsjlE=</latexit>⇢

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡
<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

How do quark and gluons combine inside unstable hadrons?

“Understand” the spectrum

“Photoproduction”

Resonance “form factors”

“Photon” fusion

1502.04314

2210.08051

1509.08507

<latexit sha1_base64="ne8ZOkN9NRQHJmnfmFKPnBbCOyE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Jv2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5pdOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmb5MBV8iMmFhCmeL2VsJGVFFmbDglG4K3/PIqaV1UvVq1dn9Zqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6IejXI=</latexit>

} <latexit sha1_base64="y6wAKO5aLbcKpNFX6Sz1NmS/DJ0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IveIpoHJEuYnUySIbOzy0yvEJZ8ghcPinj1i7z5N06SPWhiQUNR1U13VxBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nEtRGResRxzP2QDpToC0bRSg93V163WHLL7gxkmXgZKUGGWrf41elFLAm5QiapMW3PjdFPqUbBJJ8UOonhMWUjOuBtSxUNufHT2akTcmKVHulH2pZCMlN/T6Q0NGYcBrYzpDg0i95U/M9rJ9i/9FOh4gS5YvNF/UQSjMj0b9ITmjOUY0so08LeStiQasrQplOwIXiLLy+TxlnZq5Qr9+el6nUWRx6O4BhOwYMLqMIt1KAODAbwDK/w5kjnxXl3PuatOSebOYQ/cD5/AJPvjVo=</latexit>

I = 1

Understanding QCD spectrum

Varying pion masses!!



“Understand” the spectrum
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Determine the spectrum

How do quark and gluons combine inside unstable hadrons?
<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡
<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

???

“Photoproduction”

Resonance “form factors”

“Photon” fusion

1502.04314

2210.08051

1509.08507

<latexit sha1_base64="ne8ZOkN9NRQHJmnfmFKPnBbCOyE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Jv2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5pdOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmb5MBV8iMmFhCmeL2VsJGVFFmbDglG4K3/PIqaV1UvVq1dn9Zqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6IejXI=</latexit>

} <latexit sha1_base64="8z/C42XXet1QiUhuRq7BE6Gdz2Q=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IveIpoHJEuYnUySIbOzy0yvEJZ8ghcPinj1i7z5N06SPWhiQUNR1U13VxBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nEtRGResRxzP2QDpToC0bRSg93V263WHLL7gxkmXgZKUGGWrf41elFLAm5QiapMW3PjdFPqUbBJJ8UOonhMWUjOuBtSxUNufHT2akTcmKVHulH2pZCMlN/T6Q0NGYcBrYzpDg0i95U/M9rJ9i/9FOh4gS5YvNF/UQSjMj0b9ITmjOUY0so08LeStiQasrQplOwIXiLLy+TxlnZq5Qr9+el6nUWRx6O4BhOwYMLqMIt1KAODAbwDK/w5kjnxXl3PuatOSebOYQ/cD5/AJJrjVk=</latexit>

I = 0

Understanding QCD spectrum

Varying pion masses!!
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Light Scalars: the σ
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Data is precise !!

 pole positions

<latexit sha1_base64="or7cFHkfr4cYzMvQFMhvSo3DkaU=">AAAB+HicbVDJSgNBEO1xjXHJqEcvjUFIQEKPuB2DXjxGNAsk49DT6SRNeha6a4Q45Eu8eFDEq5/izb+xk8xBEx8UPN6roqqeH0uhgZBva2l5ZXVtPbeR39za3inYu3sNHSWK8TqLZKRaPtVcipDXQYDkrVhxGviSN/3h9cRvPnKlRRTewyjmbkD7oegJRsFInl2AB+KRki7jznHpjpQ9u0gqZAq8SJyMFFGGmmd/dboRSwIeApNU67ZDYnBTqkAwycf5TqJ5TNmQ9nnb0JAGXLvp9PAxPjJKF/ciZSoEPFV/T6Q00HoU+KYzoDDQ895E/M9rJ9C7dFMRxgnwkM0W9RKJIcKTFHBXKM5AjgyhTAlzK2YDqigDk1XehODMv7xIGicV57xydntarF5lceTQATpEJeSgC1RFN6iG6oihBD2jV/RmPVkv1rv1MWtdsrKZffQH1ucPl7SRHA==</latexit>

t00(s) (S0)

<latexit sha1_base64="IClZY+F36sF4MBuwn069I/8/+os=">AAACMHicbZBNSwMxEIazflu/qh69BItQL2VX/LoIogf1pmBroduWbDrbBrPZJZkVytKf5MWfohcFRbz6K0xrQW0dCDy87wyTeYNECoOu++JMTE5Nz8zOzecWFpeWV/KraxUTp5pDmccy1tWAGZBCQRkFSqgmGlgUSLgJbk/7/s0daCNidY3dBOoRaysRCs7QSs38GTYumj5IWTTbR36oGc+gkQnqt0Ai+/F6vhFqXM183Yn70MwX3JI7KDoO3hAKZFiXzfyj34p5GoFCLpkxNc9NsJ4xjYJL6OX81EDC+C1rQ82iYhGYejY4uEe3rNKiYaztU0gH6u+JjEXGdKPAdkYMO2bU64v/ebUUw8N6JlSSIij+vShMJcWY9tOjLaGBo+xaYFwL+1fKO8ymhjbjnA3BGz15HCo7JW+/tHe1Wzg+GcYxRzbIJikSjxyQY3JOLkmZcHJPnsgreXMenGfn3fn4bp1whjPr5E85n1/Upql8</latexit>

tI` (s) =
ei�

I
` (s) sin �I` (s)

⇢(s)
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<latexit sha1_base64="YMJWUcgKt4y9ffnx3IpDWP8m6Ws=">AAAB+HicbVBNS8NAEJ34WetHox69LBahXkoiUr0IRS96q2A/oA1hs920SzebsLsRaugv8eJBEa/+FG/+G7dtDtr6YODx3gwz84KEM6Ud59taWV1b39gsbBW3d3b3Svb+QUvFqSS0SWIey06AFeVM0KZmmtNOIimOAk7bwehm6rcfqVQsFg96nFAvwgPBQkawNpJvlyq9hCFTp352d+VMfLvsVJ0Z0DJxc1KGHA3f/ur1Y5JGVGjCsVJd10m0l2GpGeF0UuyliiaYjPCAdg0VOKLKy2aHT9CJUfoojKUpodFM/T2R4UipcRSYzgjroVr0puJ/XjfV4aWXMZGkmgoyXxSmHOkYTVNAfSYp0XxsCCaSmVsRGWKJiTZZFU0I7uLLy6R1VnVr1dr9ebl+ncdRgCM4hgq4cAF1uIUGNIFACs/wCm/Wk/VivVsf89YVK585hD+wPn8AQsCSNA==</latexit>

(⇡⇡)I=0
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Data is precise !!

 pole positions
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VERY large model (systematic) spread!!

<latexit sha1_base64="or7cFHkfr4cYzMvQFMhvSo3DkaU=">AAAB+HicbVDJSgNBEO1xjXHJqEcvjUFIQEKPuB2DXjxGNAsk49DT6SRNeha6a4Q45Eu8eFDEq5/izb+xk8xBEx8UPN6roqqeH0uhgZBva2l5ZXVtPbeR39za3inYu3sNHSWK8TqLZKRaPtVcipDXQYDkrVhxGviSN/3h9cRvPnKlRRTewyjmbkD7oegJRsFInl2AB+KRki7jznHpjpQ9u0gqZAq8SJyMFFGGmmd/dboRSwIeApNU67ZDYnBTqkAwycf5TqJ5TNmQ9nnb0JAGXLvp9PAxPjJKF/ciZSoEPFV/T6Q00HoU+KYzoDDQ895E/M9rJ9C7dFMRxgnwkM0W9RKJIcKTFHBXKM5AjgyhTAlzK2YDqigDk1XehODMv7xIGicV57xydntarF5lceTQATpEJeSgC1RFN6iG6oihBD2jV/RmPVkv1rv1MWtdsrKZffQH1ucPl7SRHA==</latexit>

t00(s) (S0)

<latexit sha1_base64="IClZY+F36sF4MBuwn069I/8/+os=">AAACMHicbZBNSwMxEIazflu/qh69BItQL2VX/LoIogf1pmBroduWbDrbBrPZJZkVytKf5MWfohcFRbz6K0xrQW0dCDy87wyTeYNECoOu++JMTE5Nz8zOzecWFpeWV/KraxUTp5pDmccy1tWAGZBCQRkFSqgmGlgUSLgJbk/7/s0daCNidY3dBOoRaysRCs7QSs38GTYumj5IWTTbR36oGc+gkQnqt0Ai+/F6vhFqXM183Yn70MwX3JI7KDoO3hAKZFiXzfyj34p5GoFCLpkxNc9NsJ4xjYJL6OX81EDC+C1rQ82iYhGYejY4uEe3rNKiYaztU0gH6u+JjEXGdKPAdkYMO2bU64v/ebUUw8N6JlSSIij+vShMJcWY9tOjLaGBo+xaYFwL+1fKO8ymhjbjnA3BGz15HCo7JW+/tHe1Wzg+GcYxRzbIJikSjxyQY3JOLkmZcHJPnsgreXMenGfn3fn4bp1whjPr5E85n1/Upql8</latexit>

tI` (s) =
ei�

I
` (s) sin �I` (s)

⇢(s)
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m⇡ ⇠ 239 MeV

�0 0

atEcm

<latexit sha1_base64="YMJWUcgKt4y9ffnx3IpDWP8m6Ws=">AAAB+HicbVBNS8NAEJ34WetHox69LBahXkoiUr0IRS96q2A/oA1hs920SzebsLsRaugv8eJBEa/+FG/+G7dtDtr6YODx3gwz84KEM6Ud59taWV1b39gsbBW3d3b3Svb+QUvFqSS0SWIey06AFeVM0KZmmtNOIimOAk7bwehm6rcfqVQsFg96nFAvwgPBQkawNpJvlyq9hCFTp352d+VMfLvsVJ0Z0DJxc1KGHA3f/ur1Y5JGVGjCsVJd10m0l2GpGeF0UuyliiaYjPCAdg0VOKLKy2aHT9CJUfoojKUpodFM/T2R4UipcRSYzgjroVr0puJ/XjfV4aWXMZGkmgoyXxSmHOkYTVNAfSYp0XxsCCaSmVsRGWKJiTZZFU0I7uLLy6R1VnVr1dr9ebl+ncdRgCM4hgq4cAF1uIUGNIFACs/wCm/Wk/VivVsf89YVK585hD+wPn8AQsCSNA==</latexit>

(⇡⇡)I=0

Light Scalars: the σ
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Total error becomes really large when the state is a resonance
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<latexit sha1_base64="/zIfACjS/uD4sVpzg9b5j3o7xJA=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwFRLxtRGKblxWsA9oQphMp+3QmSTM3EhDyK+4caGIW3/EnX/jtM1CqwcuHM65l3vvCRPOFDjOl1FZWV1b36hu1ra2d3b3zP16R8WpJLRNYh7LXogV5SyibWDAaS+RFIuQ0244uZ353UcqFYujB8gS6gs8itiQEQxaCsy6CLyEXXtAp5An40zZRWA2HNuZw/pL3JI0UIlWYH56g5ikgkZAOFaq7zoJ+DmWwAinRc1LFU0wmeAR7WsaYUGVn89vL6xjrQysYSx1RWDN1Z8TORZKZSLUnQLDWC17M/E/r5/C8MrPWZSkQCOyWDRMuQWxNQvCGjBJCfBME0wk07daZIwlJqDjqukQ3OWX/5LOqe1e2Of3Z43mTRlHFR2iI3SCXHSJmugOtVAbETRFT+gFvRqF8Wy8Ge+L1opRzhygXzA+vgFoXZSy</latexit>

m⇡ = phys.

Light Scalars: the σ



Out[ ]=
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Th
<latexit sha1_base64="ewDXALEmqnRDMxlpjdYfO2t7Sq8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDy2rtvlap3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPn02PLA==</latexit>�

<latexit sha1_base64="uB8KSR4ClqBbpbRpnqzCgAZgekw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0dxN2N0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviAU31nW/ndLa+sbmVnm7srO7t39QPTxqmyjRDFssEpHuBtSg4ApblluB3VgjlYHATjC5y/3OE2rDI/VopzH6ko4UDzmjNpf6Ma8MqjW37s5BVolXkBoUaA6qX/1hxBKJyjJBjel5bmz9lGrLmcBZpZ8YjCmb0BH2MqqoROOn81tn5CxThiSMdFbKkrn6eyKl0pipDLJOSe3YLHu5+J/XS2x446dcxYlFxRaLwkQQG5H8cTLkGpkV04xQpnl2K2FjqimzWTx5CN7yy6ukfVH3ruqXD5e1xm0RRxlO4BTOwYNraMA9NKEFDMbwDK/w5kjnxXl3PhatJaeYOYY/cD5/AIfwjeo=</latexit>⇡
<latexit sha1_base64="uB8KSR4ClqBbpbRpnqzCgAZgekw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0dxN2N0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviAU31nW/ndLa+sbmVnm7srO7t39QPTxqmyjRDFssEpHuBtSg4ApblluB3VgjlYHATjC5y/3OE2rDI/VopzH6ko4UDzmjNpf6Ma8MqjW37s5BVolXkBoUaA6qX/1hxBKJyjJBjel5bmz9lGrLmcBZpZ8YjCmb0BH2MqqoROOn81tn5CxThiSMdFbKkrn6eyKl0pipDLJOSe3YLHu5+J/XS2x446dcxYlFxRaLwkQQG5H8cTLkGpkV04xQpnl2K2FjqimzWTx5CN7yy6ukfVH3ruqXD5e1xm0RRxlO4BTOwYNraMA9NKEFDMbwDK/w5kjnxXl3PhatJaeYOYY/cD5/AIfwjeo=</latexit>⇡

Lightest resonance in QCD

Correlated with chiral symmetry-breaking phenomena (Adler zero)

Extremely broad  extremely short-lived→

Not well-understood  new observables ??→

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

Light Scalars: the σ
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<latexit sha1_base64="ewDXALEmqnRDMxlpjdYfO2t7Sq8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDy2rtvlap3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPn02PLA==</latexit>�

<latexit sha1_base64="uB8KSR4ClqBbpbRpnqzCgAZgekw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0dxN2N0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviAU31nW/ndLa+sbmVnm7srO7t39QPTxqmyjRDFssEpHuBtSg4ApblluB3VgjlYHATjC5y/3OE2rDI/VopzH6ko4UDzmjNpf6Ma8MqjW37s5BVolXkBoUaA6qX/1hxBKJyjJBjel5bmz9lGrLmcBZpZ8YjCmb0BH2MqqoROOn81tn5CxThiSMdFbKkrn6eyKl0pipDLJOSe3YLHu5+J/XS2x446dcxYlFxRaLwkQQG5H8cTLkGpkV04xQpnl2K2FjqimzWTx5CN7yy6ukfVH3ruqXD5e1xm0RRxlO4BTOwYNraMA9NKEFDMbwDK/w5kjnxXl3PhatJaeYOYY/cD5/AIfwjeo=</latexit>⇡
<latexit sha1_base64="uB8KSR4ClqBbpbRpnqzCgAZgekw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0dxN2N0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviAU31nW/ndLa+sbmVnm7srO7t39QPTxqmyjRDFssEpHuBtSg4ApblluB3VgjlYHATjC5y/3OE2rDI/VopzH6ko4UDzmjNpf6Ma8MqjW37s5BVolXkBoUaA6qX/1hxBKJyjJBjel5bmz9lGrLmcBZpZ8YjCmb0BH2MqqoROOn81tn5CxThiSMdFbKkrn6eyKl0pipDLJOSe3YLHu5+J/XS2x446dcxYlFxRaLwkQQG5H8cTLkGpkV04xQpnl2K2FjqimzWTx5CN7yy6ukfVH3ruqXD5e1xm0RRxlO4BTOwYNraMA9NKEFDMbwDK/w5kjnxXl3PhatJaeYOYY/cD5/AIfwjeo=</latexit>⇡
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What happens for Lattice QCD ??

Lightest resonance in QCD

Very challenging 
experimental extraction

Correlated with chiral symmetry-breaking phenomena (Adler zero)

Extremely broad  extremely short-lived→

Not well-understood  new observables ??→

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

Light Scalars: the σ
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ThS-matrix

Probability is conserved Unitarity→
<latexit sha1_base64="Gv0xMHCtap4XABtS4rj+h9f4xMI=">AAACFXicbVDJSgNBEO2JW4xb1KOXxiBEkDAjbhch6MXcIpgoZGLo6VSSxp6F7hoxTPITXvwVLx4U8Sp482/sLIcYfVDU470quut5kRQabfvbSs3Mzs0vpBczS8srq2vZ9Y2qDmPFocJDGaobj2mQIoAKCpRwEylgvifh2rs7H/jX96C0CIMr7EZQ91k7EC3BGRqpkd1zER4wKfl9irelhgtS5vXuqas6oem9Ca13u9/I5uyCPQT9S5wxyZExyo3sl9sMeexDgFwyrWuOHWE9YQoFl9DPuLGGiPE71oaaoQHzQdeT4VV9umOUJm2FylSAdKhObiTM17rre2bSZ9jR095A/M+rxdg6qSciiGKEgI8easWSYkgHEdGmUMBRdg1hXAnzV8o7TDGOJsiMCcGZPvkvqe4XnKPC4eVBrng2jiNNtsg2yROHHJMiuSBlUiGcPJJn8krerCfrxXq3PkajKWu8s0l+wfr8ATjPnjg=</latexit>

ImtI` (s) = ⇢(s)|tI` (s)|2

Causality  analyticity→

Particle-antiparticle relation  crossing symmetry→

Basic principles that scattering amplitudes must preserve (more general than QCD)!
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Probability is conserved Unitarity→

Basic principles that scattering amplitudes must preserve (more general than QCD)!

<latexit sha1_base64="Gv0xMHCtap4XABtS4rj+h9f4xMI=">AAACFXicbVDJSgNBEO2JW4xb1KOXxiBEkDAjbhch6MXcIpgoZGLo6VSSxp6F7hoxTPITXvwVLx4U8Sp482/sLIcYfVDU470quut5kRQabfvbSs3Mzs0vpBczS8srq2vZ9Y2qDmPFocJDGaobj2mQIoAKCpRwEylgvifh2rs7H/jX96C0CIMr7EZQ91k7EC3BGRqpkd1zER4wKfl9irelhgtS5vXuqas6oem9Ca13u9/I5uyCPQT9S5wxyZExyo3sl9sMeexDgFwyrWuOHWE9YQoFl9DPuLGGiPE71oaaoQHzQdeT4VV9umOUJm2FylSAdKhObiTM17rre2bSZ9jR095A/M+rxdg6qSciiGKEgI8easWSYkgHEdGmUMBRdg1hXAnzV8o7TDGOJsiMCcGZPvkvqe4XnKPC4eVBrng2jiNNtsg2yROHHJMiuSBlUiGcPJJn8krerCfrxXq3PkajKWu8s0l+wfr8ATjPnjg=</latexit>

ImtI` (s) = ⇢(s)|tI` (s)|2

Causality  analyticity→

Particle-antiparticle relation  crossing symmetry→

In practice, most analyses only apply the first one

S-matrix
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More cumbersome for partial waves

Crossing
Particles and anti-particles are related

s-channel
t-channel
u-channel

Example, for , we can relate all amplitudes through a single functionππ

<latexit sha1_base64="Vrn69EhO2fNq6pp+5l54KGP9mT8=">AAACGHicbZDLSsNAFIYn9VbjrerSzWARKmJNar1shKIblxXsBZoYJtNpO3SSDDMToYQ+hhtfxY0LRdx259s4bSNo6w8DP985hzPn9zmjUlnWl5FZWFxaXsmummvrG5tbue2duoxigUkNRywSTR9JwmhIaooqRppcEBT4jDT8/s243ngkQtIovFcDTtwAdUPaoRgpjbzcibwqcM8+4l7p8KEEHcdUE3DMvdMUxD+grIGXy1tFayI4b+zU5EGqqpcbOe0IxwEJFWZIypZtceUmSCiKGRmaTiwJR7iPuqSlbYgCIt1kctgQHmjShp1I6BcqOKG/JxIUSDkIfN0ZINWTs7Ux/K/WilXn0k1oyGNFQjxd1IkZVBEcpwTbVBCs2EAbhAXVf4W4hwTCSmdp6hDs2ZPnTb1UtM+LZ3flfOU6jSML9sA+KAAbXIAKuAVVUAMYPIEX8AbejWfj1fgwPqetGSOd2QV/ZIy+AUTUm5A=</latexit>

s = (p1 + p2)
2

t = (p1 � p3)
2

u = (p1 � p4)
2

<latexit sha1_base64="MR0dpUOMB6sEC/dfP27GLsozET0="></latexit>

T I(s, t, u) = 32⇡
X

`

(2`+ 1)tI` (s)P` (cos ✓s)

<latexit sha1_base64="NSGBJLs4DEkJ6r2714qWClvDSTQ=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyUpUt0IRTe6q2Af0IQwmU7boZOZMDMRS8ivuHGhiFt/xJ1/47TNQlsPXDiccy/33hPGjCrtON9WYW19Y3OruF3a2d3bP7APyx0lEolJGwsmZC9EijDKSVtTzUgvlgRFISPdcHIz87uPRCoq+IOexsSP0IjTIcVIGymwy1UvptDUWZDeXdUzT4vArjg1Zw64StycVECOVmB/eQOBk4hwjRlSqu86sfZTJDXFjGQlL1EkRniCRqRvKEcRUX46vz2Dp0YZwKGQpriGc/X3RIoipaZRaDojpMdq2ZuJ/3n9RA8v/ZTyONGE48WiYcKgFnAWBBxQSbBmU0MQltTcCvEYSYS1iatkQnCXX14lnXrNbdQa9+eV5nUeRxEcgxNQBS64AE1wC1qgDTB4As/gFbxZmfVivVsfi9aClc8cgT+wPn8AqLGTkw==</latexit>

(⇡⇡)I=2 !

<latexit sha1_base64="jwj7WSrQiGxifsDqnzwnsk3pVlw=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiQi1Y1QdKO7CvYBTQiT6aQdOpkJMxOxhPyKGxeKuPVH3Pk3TtsstPXAhcM593LvPWHCqNKO822trK6tb2yWtsrbO7t7+/ZBpaNEKjFpY8GE7IVIEUY5aWuqGeklkqA4ZKQbjm+mfveRSEUFf9CThPgxGnIaUYy0kQK7UvMSCk2dBtndlZt7WgR21ak7M8Bl4hakCgq0AvvLGwicxoRrzJBSfddJtJ8hqSlmJC97qSIJwmM0JH1DOYqJ8rPZ7Tk8McoARkKa4hrO1N8TGYqVmsSh6YyRHqlFbyr+5/VTHV36GeVJqgnH80VRyqAWcBoEHFBJsGYTQxCW1NwK8QhJhLWJq2xCcBdfXiads7rbqDfuz6vN6yKOEjgCx6AGXHABmuAWtEAbYPAEnsEreLNy68V6tz7mrStWMXMI/sD6/AGnKZOS</latexit>

(⇡⇡)I=1 !

<latexit sha1_base64="KdYTgCURv6gjGq/VJCodEhiHie0=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiQi1Y1QdKO7CvYBTQiT6aQdOpkJMxOxhPyKGxeKuPVH3Pk3TtsstPXAhcM593LvPWHCqNKO822trK6tb2yWtsrbO7t7+/ZBpaNEKjFpY8GE7IVIEUY5aWuqGeklkqA4ZKQbjm+mfveRSEUFf9CThPgxGnIaUYy0kQK7UvMSCk2dBtndlZN7WgR21ak7M8Bl4hakCgq0AvvLGwicxoRrzJBSfddJtJ8hqSlmJC97qSIJwmM0JH1DOYqJ8rPZ7Tk8McoARkKa4hrO1N8TGYqVmsSh6YyRHqlFbyr+5/VTHV36GeVJqgnH80VRyqAWcBoEHFBJsGYTQxCW1NwK8QhJhLWJq2xCcBdfXiads7rbqDfuz6vN6yKOEjgCx6AGXHABmuAWtEAbYPAEnsEreLNy68V6tz7mrStWMXMI/sD6/AGloZOR</latexit>

(⇡⇡)I=0 !

<latexit sha1_base64="WfXJcvCnaRzn+wqweCICKJqpfrY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPS9frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa2Lqler1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gADEo2j</latexit>p1

<latexit sha1_base64="v1v3RfjFmDc5DcTmKAaXMEqzA/8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZ6SPrVfqnsVtw5yCrxclKGHI1+6as3iFkaoTRMUK27npsYP6PKcCZwWuylGhPKxnSIXUsljVD72fzUKTm3yoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2naEPwll9eJa1qxatVaveX5fpNHkcBTuEMLsCDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gAElo2k</latexit>p2

<latexit sha1_base64="cWRvAQgjDYZxgdvzvrZiaW0lBqg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTSfdI/75crbtWdg/wlXk4qkKPRL3/2BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWGVAwljbUkjm6s+JjEbGTKLAdkYUR2bZm4n/ed0Uwys/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW375L2mdVb1atXZ3Ualf53EU4QiO4RQ8uIQ63EIDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xsGGo2l</latexit>p3

<latexit sha1_base64="VgfOJYydcI34KPrJFNxtL0KKgoA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPQv++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMHno2m</latexit>p4

<latexit sha1_base64="WfXJcvCnaRzn+wqweCICKJqpfrY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPS9frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa2Lqler1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gADEo2j</latexit>p1

<latexit sha1_base64="v1v3RfjFmDc5DcTmKAaXMEqzA/8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZ6SPrVfqnsVtw5yCrxclKGHI1+6as3iFkaoTRMUK27npsYP6PKcCZwWuylGhPKxnSIXUsljVD72fzUKTm3yoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2naEPwll9eJa1qxatVaveX5fpNHkcBTuEMLsCDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gAElo2k</latexit>p2

<latexit sha1_base64="cWRvAQgjDYZxgdvzvrZiaW0lBqg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTSfdI/75crbtWdg/wlXk4qkKPRL3/2BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWGVAwljbUkjm6s+JjEbGTKLAdkYUR2bZm4n/ed0Uwys/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW375L2mdVb1atXZ3Ualf53EU4QiO4RQ8uIQ63EIDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xsGGo2l</latexit>p3

<latexit sha1_base64="VgfOJYydcI34KPrJFNxtL0KKgoA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPQv++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMHno2m</latexit>p4

<latexit sha1_base64="WfXJcvCnaRzn+wqweCICKJqpfrY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPS9frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa2Lqler1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gADEo2j</latexit>p1

<latexit sha1_base64="v1v3RfjFmDc5DcTmKAaXMEqzA/8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZ6SPrVfqnsVtw5yCrxclKGHI1+6as3iFkaoTRMUK27npsYP6PKcCZwWuylGhPKxnSIXUsljVD72fzUKTm3yoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2naEPwll9eJa1qxatVaveX5fpNHkcBTuEMLsCDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gAElo2k</latexit>p2

<latexit sha1_base64="cWRvAQgjDYZxgdvzvrZiaW0lBqg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTSfdI/75crbtWdg/wlXk4qkKPRL3/2BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWGVAwljbUkjm6s+JjEbGTKLAdkYUR2bZm4n/ed0Uwys/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW375L2mdVb1atXZ3Ualf53EU4QiO4RQ8uIQ63EIDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xsGGo2l</latexit>p3

<latexit sha1_base64="VgfOJYydcI34KPrJFNxtL0KKgoA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPQv++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMHno2m</latexit>p4
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Example, for , we can relate all amplitudes through a single functionππ

Lattice QCD gives us information on well-defined isospin. We can combine it to build 
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<latexit sha1_base64="NSGBJLs4DEkJ6r2714qWClvDSTQ=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyUpUt0IRTe6q2Af0IQwmU7boZOZMDMRS8ivuHGhiFt/xJ1/47TNQlsPXDiccy/33hPGjCrtON9WYW19Y3OruF3a2d3bP7APyx0lEolJGwsmZC9EijDKSVtTzUgvlgRFISPdcHIz87uPRCoq+IOexsSP0IjTIcVIGymwy1UvptDUWZDeXdUzT4vArjg1Zw64StycVECOVmB/eQOBk4hwjRlSqu86sfZTJDXFjGQlL1EkRniCRqRvKEcRUX46vz2Dp0YZwKGQpriGc/X3RIoipaZRaDojpMdq2ZuJ/3n9RA8v/ZTyONGE48WiYcKgFnAWBBxQSbBmU0MQltTcCvEYSYS1iatkQnCXX14lnXrNbdQa9+eV5nUeRxEcgxNQBS64AE1wC1qgDTB4As/gFbxZmfVivVsfi9aClc8cgT+wPn8AqLGTkw==</latexit>

(⇡⇡)I=2 !

<latexit sha1_base64="jwj7WSrQiGxifsDqnzwnsk3pVlw=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiQi1Y1QdKO7CvYBTQiT6aQdOpkJMxOxhPyKGxeKuPVH3Pk3TtsstPXAhcM593LvPWHCqNKO822trK6tb2yWtsrbO7t7+/ZBpaNEKjFpY8GE7IVIEUY5aWuqGeklkqA4ZKQbjm+mfveRSEUFf9CThPgxGnIaUYy0kQK7UvMSCk2dBtndlZt7WgR21ak7M8Bl4hakCgq0AvvLGwicxoRrzJBSfddJtJ8hqSlmJC97qSIJwmM0JH1DOYqJ8rPZ7Tk8McoARkKa4hrO1N8TGYqVmsSh6YyRHqlFbyr+5/VTHV36GeVJqgnH80VRyqAWcBoEHFBJsGYTQxCW1NwK8QhJhLWJq2xCcBdfXiads7rbqDfuz6vN6yKOEjgCx6AGXHABmuAWtEAbYPAEnsEreLNy68V6tz7mrStWMXMI/sD6/AGnKZOS</latexit>

(⇡⇡)I=1 !

<latexit sha1_base64="KdYTgCURv6gjGq/VJCodEhiHie0=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiQi1Y1QdKO7CvYBTQiT6aQdOpkJMxOxhPyKGxeKuPVH3Pk3TtsstPXAhcM593LvPWHCqNKO822trK6tb2yWtsrbO7t7+/ZBpaNEKjFpY8GE7IVIEUY5aWuqGeklkqA4ZKQbjm+mfveRSEUFf9CThPgxGnIaUYy0kQK7UvMSCk2dBtndlZN7WgR21ak7M8Bl4hakCgq0AvvLGwicxoRrzJBSfddJtJ8hqSlmJC97qSIJwmM0JH1DOYqJ8rPZ7Tk8McoARkKa4hrO1N8TGYqVmsSh6YyRHqlFbyr+5/VTHV36GeVJqgnH80VRyqAWcBoEHFBJsGYTQxCW1NwK8QhJhLWJq2xCcBdfXiads7rbqDfuz6vN6yKOEjgCx6AGXHABmuAWtEAbYPAEnsEreLNy68V6tz7mrStWMXMI/sD6/AGloZOR</latexit>

(⇡⇡)I=0 !

<latexit sha1_base64="YMJWUcgKt4y9ffnx3IpDWP8m6Ws=">AAAB+HicbVBNS8NAEJ34WetHox69LBahXkoiUr0IRS96q2A/oA1hs920SzebsLsRaugv8eJBEa/+FG/+G7dtDtr6YODx3gwz84KEM6Ud59taWV1b39gsbBW3d3b3Svb+QUvFqSS0SWIey06AFeVM0KZmmtNOIimOAk7bwehm6rcfqVQsFg96nFAvwgPBQkawNpJvlyq9hCFTp352d+VMfLvsVJ0Z0DJxc1KGHA3f/ur1Y5JGVGjCsVJd10m0l2GpGeF0UuyliiaYjPCAdg0VOKLKy2aHT9CJUfoojKUpodFM/T2R4UipcRSYzgjroVr0puJ/XjfV4aWXMZGkmgoyXxSmHOkYTVNAfSYp0XxsCCaSmVsRGWKJiTZZFU0I7uLLy6R1VnVr1dr9ebl+ncdRgCM4hgq4cAF1uIUGNIFACs/wCm/Wk/VivVsf89YVK585hD+wPn8AQsCSNA==</latexit>

(⇡⇡)I=0
<latexit sha1_base64="c0ECK5Yi4Vf1MFFCZ6SUh++0uyA=">AAAB+HicbVBNS8NAEJ34WetHox69LBahXkoiUr0IRS96q2A/oA1hs920SzebsLsRaugv8eJBEa/+FG/+G7dtDtr6YODx3gwz84KEM6Ud59taWV1b39gsbBW3d3b3Svb+QUvFqSS0SWIey06AFeVM0KZmmtNOIimOAk7bwehm6rcfqVQsFg96nFAvwgPBQkawNpJvlyq9hCFTp352d+VOfLvsVJ0Z0DJxc1KGHA3f/ur1Y5JGVGjCsVJd10m0l2GpGeF0UuyliiaYjPCAdg0VOKLKy2aHT9CJUfoojKUpodFM/T2R4UipcRSYzgjroVr0puJ/XjfV4aWXMZGkmgoyXxSmHOkYTVNAfSYp0XxsCCaSmVsRGWKJiTZZFU0I7uLLy6R1VnVr1dr9ebl+ncdRgCM4hgq4cAF1uIUGNIFACs/wCm/Wk/VivVsf89YVK585hD+wPn8AREWSNQ==</latexit>

(⇡⇡)I=1
<latexit sha1_base64="Mly6SYtmfmmAyuCnxYoDAFNf/XE=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VKSItWLUPSitwr2A9oQNtttu3SzCbsboYb+Ei8eFPHqT/Hmv3Hb5qCtDwYe780wMy+IOVPacb6t3Nr6xuZWfruws7u3X7QPDlsqSiShTRLxSHYCrChngjY105x2YklxGHDaDsY3M7/9SKVikXjQk5h6IR4KNmAEayP5drHcixkydeand1fVqW+XnIozB1olbkZKkKHh21+9fkSSkApNOFaq6zqx9lIsNSOcTgu9RNEYkzEe0q6hAodUeen88Ck6NUofDSJpSmg0V39PpDhUahIGpjPEeqSWvZn4n9dN9ODSS5mIE00FWSwaJBzpCM1SQH0mKdF8YggmkplbERlhiYk2WRVMCO7yy6ukVa24tUrt/rxUv87iyMMxnEAZXLiAOtxCA5pAIIFneIU368l6sd6tj0VrzspmjuAPrM8fRcqSNg==</latexit>

(⇡⇡)I=2
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Cauchy theorem over contour C

Project the integral to get your dispersion relations (ex. Roy eqs.):

<latexit sha1_base64="rJ3okQUzcetfZeFI2/c5q0i9Jeg="></latexit>

tI` (s) ! t̃I` (s) = ⌧ I` (s) +
X

I0,`0

Z 1

4m2
⇡

ds0KII0

``0 (s0, s) Im tI
0

`0 (s
0)

Roy Phys.Lett.B 36 (1971)

<latexit sha1_base64="SGEQaEwff6+jAiF89Dxp5WDfjsA=">AAAB73icbVDJSgNBEK1xjXGLevTSGIQIIcyI2zHoxWOEbJAMoafTkzTpWeyuEcKQn/DiQRGv/o43/8ZOMgdNfFDweK+KqnpeLIVG2/62VlbX1jc2c1v57Z3dvf3CwWFTR4livMEiGam2RzWXIuQNFCh5O1acBp7kLW90N/VbT1xpEYV1HMfcDeggFL5gFI3Urpd0GcvJWa9QtCv2DGSZOBkpQoZar/DV7UcsCXiITFKtO44do5tShYJJPsl3E81jykZ0wDuGhjTg2k1n907IqVH6xI+UqRDJTP09kdJA63Hgmc6A4lAvelPxP6+ToH/jpiKME+Qhmy/yE0kwItPnSV8ozlCODaFMCXMrYUOqKEMTUd6E4Cy+vEya5xXnqnL5cFGs3mZx5OAYTqAEDlxDFe6hBg1gIOEZXuHNerRerHfrY966YmUzR/AH1ucPzXOPLQ==</latexit>

T (s, t, u)

s−plane

• Avoid spurious singularities

𝑚𝑚−
2 − 𝑡𝑡 𝑚𝑚+

2

R→∞

C

<latexit sha1_base64="CR2CM2lmDcSFOIySYKuuEgp6Ljg=">AAACDHicbVDLSsNAFJ34rPVVdekmWIQKtSQi1WXRjcsKVoUmlMnkph2cTMLMjbSEfoAbf8WNC0Xc+gHu/Bunj4VaDwwczjmXO/cEqeAaHefLmptfWFxaLqwUV9fWNzZLW9vXOskUgxZLRKJuA6pBcAkt5CjgNlVA40DATXB3PvJv7kFpnsgrHKTgx7QrecQZRSN1SmV96CH0MU8FlTD0ql61MhEi3ofQCHhgUk7NGcOeJe6UlMkUzU7p0wsTlsUgkQmqddt1UvRzqpAzAcOil2lIKbujXWgbKmkM2s/HxwztfaOEdpQo8yTaY/XnRE5jrQdxYJIxxZ7+643E/7x2htGpn3OZZgiSTRZFmbAxsUfN2CFXwFAMDKFMcfNXm/WoogxNf0VTgvv35FlyfVRz67X65XG5cTato0B2yR6pEJeckAa5IE3SIow8kCfyQl6tR+vZerPeJ9E5azqzQ37B+vgGrG6bYw==</latexit>

s� plane (fixed t)

How is this useful??  “hooks” are given by →
<latexit sha1_base64="HGB3dXlHim8AbiEz+1OJiUtOZ78=">AAACBXicbVBNS8NAEN3Ur1q/oh71ECxChVISkeqx6EVvFfoFTSib7bZdusmG3YlQQi9e/CtePCji1f/gzX/jps1BWx8MPN6bYWaeH3GmwLa/jdzK6tr6Rn6zsLW9s7tn7h+0lIgloU0iuJAdHyvKWUibwIDTTiQpDnxO2/74JvXbD1QqJsIGTCLqBXgYsgEjGLTUM49dEVGJQcgQBzS5C6aNkipDOT5zQfTMol2xZ7CWiZORIspQ75lfbl+QOKAhEI6V6jp2BF6CJTDC6bTgxopGmIzxkHY1TVcqL5l9MbVOtdK3BkLqCsGaqb8nEhwoNQl83RlgGKlFLxX/87oxDK68hIVRDDQk80WDmFsgrDQSq88kJcAnmmAimb7VIiMsMQEdXEGH4Cy+vExa5xWnWqneXxRr11kceXSETlAJOegS1dAtqqMmIugRPaNX9GY8GS/Gu/Exb80Z2cwh+gPj8wddbZh9</latexit>

ImT (s, t, u) ! data

<latexit sha1_base64="h+mDGEl4bgG5qcDxnsoEPik8zRM="></latexit>

T (s, t, u) =
1

2⇡i

Z

C

T (s0, t, u0(s0, t))

s0 � s
ds0

Dispersion relations

Sum over all isospins and partial waves (only a few  contribute)ℓ

Hoferichter’s talk

+ maybe subtractions
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Model 1
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Select best combinations

<latexit sha1_base64="Y+O5XMV6zGd5Xf1RUMKVmTNDNJ8=">AAAB9XicbVBNSwMxEM36WetX1aOXYBE81V2R6rHoxWMF+wHdtWTTbBuaZNdkVilL/4cXD4p49b9489+YtnvQ1gcDj/dmmJkXJoIbcN1vZ2l5ZXVtvbBR3Nza3tkt7e03TZxqyho0FrFuh8QwwRVrAAfB2olmRIaCtcLh9cRvPTJteKzuYJSwQJK+4hGnBKx075sHDZkZn8qun/BuqexW3CnwIvFyUkY56t3Sl9+LaSqZAiqIMR3PTSDIiAZOBRsX/dSwhNAh6bOOpYpIZoJsevUYH1ulh6NY21KAp+rviYxIY0YytJ2SwMDMexPxP6+TQnQZZFwlKTBFZ4uiVGCI8SQC3OOaURAjSwjV3N6K6YBoQsEGVbQhePMvL5LmWcWrVqq35+XaVR5HAR2iI3SCPHSBaugG1VEDUaTRM3pFb86T8+K8Ox+z1iUnnzlAf+B8/gDzd5LS</latexit>p
s/m⇡
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Model 2

Select best combinations
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0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15

m⇡ ⇠ 239 MeV

�0 0

atEcm <latexit sha1_base64="Y+O5XMV6zGd5Xf1RUMKVmTNDNJ8=">AAAB9XicbVBNSwMxEM36WetX1aOXYBE81V2R6rHoxWMF+wHdtWTTbBuaZNdkVilL/4cXD4p49b9489+YtnvQ1gcDj/dmmJkXJoIbcN1vZ2l5ZXVtvbBR3Nza3tkt7e03TZxqyho0FrFuh8QwwRVrAAfB2olmRIaCtcLh9cRvPTJteKzuYJSwQJK+4hGnBKx075sHDZkZn8qun/BuqexW3CnwIvFyUkY56t3Sl9+LaSqZAiqIMR3PTSDIiAZOBRsX/dSwhNAh6bOOpYpIZoJsevUYH1ulh6NY21KAp+rviYxIY0YytJ2SwMDMexPxP6+TQnQZZFwlKTBFZ4uiVGCI8SQC3OOaURAjSwjV3N6K6YBoQsEGVbQhePMvL5LmWcWrVqq35+XaVR5HAR2iI3SCPHSBaugG1VEDUaTRM3pFb86T8+K8Ox+z1iUnnzlAf+B8/gDzd5LS</latexit>p
s/m⇡
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Systematic tension is drastically reduced!!

<latexit sha1_base64="Yhpd8NOk0Z7Ng2LyI83xDkmXIaM=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEnqe1d040aoYB/QhDCZTtuhM5MwMxFK6MqNv+LGhSJu/QZ3/o2TNgttPXDhcM693HtPGDOqtON8W3PzC4tLy4WV4ura+samvbXdUFEiManjiEWyFSJFGBWkrqlmpBVLgnjISDMcXGd+84FIRSNxr4cx8TnqCdqlGGkjBfYeD7yYQk9RDivHl94R9DjSfcnTW9IYBXbJKTtjwFni5qQEctQC+8vrRDjhRGjMkFJt14m1nyKpKWZkVPQSRWKEB6hH2oYKxIny0/EbI3hglA7sRtKU0HCs/p5IEVdqyEPTmd2opr1M/M9rJ7p74adUxIkmAk8WdRMGdQSzTGCHSoI1GxqCsKTmVoj7SCKsTXJFE4I7/fIsaVTK7ln59O6kVL3K4yiAXbAPDoELzkEV3IAaqAMMHsEzeAVv1pP1Yr1bH5PWOSuf2QF/YH3+AIQbl+g=</latexit>

m⇡ ⇠ 239MeV

<latexit sha1_base64="c1YMo5in+eDtRUhRP+LnMDl7bJU=">AAACA3icbVA9SwNBEN3zM8avUzttFoNgIeEufpaijY0QwcRA7gh7m4ku2b07dufEcARs/Cs2ForY+ifs/DduYgo1Phh4vDfDzLwolcKg5306E5NT0zOzhbni/MLi0rK7slo3SaY51HgiE92ImAEpYqihQAmNVANTkYSrqHs68K9uQRuRxJfYSyFU7DoWHcEZWqnlrqtWkIrACEUrR7vBDg0Q7jA/h3q/5Za8sjcEHSf+iJTICNWW+xG0E54piJFLZkzT91IMc6ZRcAn9YpAZSBnvsmtoWhozBSbMhz/06ZZV2rSTaFsx0qH6cyJnypieimynYnhj/noD8T+vmWHnKMxFnGYIMf9e1MkkxYQOAqFtoYGj7FnCuBb2VspvmGYcbWxFG4L/9+VxUq+U/YPy/sVe6fhkFEeBbJBNsk18ckiOyRmpkhrh5J48kmfy4jw4T86r8/bdOuGMZtbILzjvX6ISluU=</latexit>

m⇡ ⇠ 283MeV

Dispersive analysis
Ordinary analysis

2304.03762
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Outside the physical region

2304.03762

Probability is conserved Unitarity→

Causality  analyticity→

Particle-antiparticle relation  crossing symmetry→
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Dispersive

2304.03762

2303.02596

Another dispersive approach

Various recent, dispersive determinations 

Outside the physical region

<latexit sha1_base64="4KybSYDchOD9b2FpK2XQ5r8nI2Y=">AAACBnicdVDLSgNBEJz1GeMr6lGEwSB4kLCbqNGb6MWLoGASIRvC7KSjQ2Z2l5leMSw5efFXvHhQxKvf4M2/cfIQfBY0FFXddHcFsRQGXffdGRufmJyazsxkZ+fmFxZzS8tVEyWaQ4VHMtIXATMgRQgVFCjhItbAVCChFnSO+n7tGrQRUXiO3Rgail2Goi04Qys1c2uq6cfCN0JRr7Rf2ClTf8tHuMH0BKq9Zi7vWq1Y2i7S38QruAPkyQinzdyb34p4oiBELpkxdc+NsZEyjYJL6GX9xEDMeIddQt3SkCkwjXTwRo9uWKVF25G2FSIdqF8nUqaM6arAdiqGV+an1xf/8uoJtvcaqQjjBCHkw0XtRFKMaD8T2hIaOMquJYxrYW+l/IppxtEml7UhfH5K/yfVYsHbLeyebecPDkdxZMgqWSebxCNlckCOySmpEE5uyT15JE/OnfPgPDsvw9YxZzSzQr7Bef0AdMuX4w==</latexit>

m⇡ ⇠ 139.57MeV

Exp+DRs, not lattice QCD
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Summary and outlook 

First-principles extraction of a broad resonance directly from QCD

(Much) Better constraints over scattering lengths

The lighter the , the more relevant this approach isπ

Future

Extract the  ??f0(980)

Study new observables ??
<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="ewDXALEmqnRDMxlpjdYfO2t7Sq8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDy2rtvlap3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPn02PLA==</latexit>�

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="ewDXALEmqnRDMxlpjdYfO2t7Sq8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDy2rtvlap3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPn02PLA==</latexit>�

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡

<latexit sha1_base64="XM1ZXlFPGevujRCU6MTBriwKUhk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYnvcmQ2dllZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ6CHtur1xxq+4MZJl4OalAjnqv/NXtxyyNUBomqNYdz02Mn1FlOBM4KXVTjQllIzrAjqWSRqj9bHbqhJxYpU/CWNmShszU3xMZjbQeR4HtjKgZ6kVvKv7ndVITXvsZl0lqULL5ojAVxMRk+jfpc4XMiLEllClubyVsSBVlxqZTsiF4iy8vk+ZZ1busXtyfV2o3eRxFOIJjOAUPrqAGd1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHx8Y2X</latexit>

f0

Study low-energy observables in more detail (Adler zeroes move away from real axis, for large )mπ
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Spare slides
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We can fix most

-waveI = 1 P

-waveI = 2 D

For  partial wavesℓmax
<latexit sha1_base64="LqMfjbswpfkHlftnOGTqBNy4/l0=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJiqhLEa6xggaUqEn1ITYgc12mt2k5kO4gqygew8CssDCDEygew8Te4bQZoOZKlo3POle89Qcyo0rb9bRUWFpeWV4qrpbX1jc2t8vZOS0WJxKSJIxbJToAUYVSQpqaakU4sCeIBI+1geDn22/dEKhqJWz2KicdRX9CQYqSN5Jcrdf8auoQxP+XoIYN1P42RRFxlrqIcOvbdCTQpu2pPAOeJk5MKyNHwy19uL8IJJ0JjhpTqOnasvRRJTTEjWclNFIkRHqI+6RoqECfKSyfHZPDAKD0YRtI8oeFE/T2RmuXUiAcmyZEeqFlvLP7ndRMdnnspFXGiicDTj8KEQR3BcTOwRyXBmo0MQVhSsyvEA9MF1qa/kinBmT15nrSOqs5p9fjmuFK7yOsogj2wDw6BA85ADVyBBmgCDB7BM3gFb9aT9WK9Wx/TaMHKZ3bBH1ifP0uCmoA=</latexit>

NI`maxNparams ⇠ 105

<latexit sha1_base64="lGd+P8uD+sGPQthpDDmUBWUEExY="></latexit>
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Cauchy theorem over contour C

Determines the analytic structure of the amplitudes

Project the integral to get your dispersion relations (ex. Roy eqs.):

<latexit sha1_base64="SGEQaEwff6+jAiF89Dxp5WDfjsA=">AAAB73icbVDJSgNBEK1xjXGLevTSGIQIIcyI2zHoxWOEbJAMoafTkzTpWeyuEcKQn/DiQRGv/o43/8ZOMgdNfFDweK+KqnpeLIVG2/62VlbX1jc2c1v57Z3dvf3CwWFTR4livMEiGam2RzWXIuQNFCh5O1acBp7kLW90N/VbT1xpEYV1HMfcDeggFL5gFI3Urpd0GcvJWa9QtCv2DGSZOBkpQoZar/DV7UcsCXiITFKtO44do5tShYJJPsl3E81jykZ0wDuGhjTg2k1n907IqVH6xI+UqRDJTP09kdJA63Hgmc6A4lAvelPxP6+ToH/jpiKME+Qhmy/yE0kwItPnSV8ozlCODaFMCXMrYUOqKEMTUd6E4Cy+vEya5xXnqnL5cFGs3mZx5OAYTqAEDlxDFe6hBg1gIOEZXuHNerRerHfrY966YmUzR/AH1ucPzXOPLQ==</latexit>

T (s, t, u) has a unitarity cut for 
<latexit sha1_base64="3dVO6+8Xz9yZctTK6prlvKnBPJk=">AAAB9HicbVDLTgJBEJzFF+IL9ehlIjHxRHYJPo5ELx4xkUfCrmR26IUJM7PrzCwJIXyHFw8a49WP8ebfOMAeFKykk0pVd7q7woQzbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TRaFBYx6rdkg0cCahYZjh0E4UEBFyaIXD25nfGoHSLJYPZpxAIEhfsohRYqwUaL8PVSy6fsIeK91iyS27c+BV4mWkhDLUu8UvvxfTVIA0lBOtO56bmGBClGGUw7TgpxoSQoekDx1LJRGgg8n86Ck+s0oPR7GyJQ2eq78nJkRoPRah7RTEDPSyNxP/8zqpia6DCZNJakDSxaIo5djEeJYA7jEF1PCxJYQqZm/FdEAUocbmVLAheMsvr5Jmpexdli/uq6XaTRZHHp2gU3SOPHSFaugO1VEDUfSEntErenNGzovz7nwsWnNONnOM/sD5/AHdCZGG</latexit>

s � 4m2
⇡

<latexit sha1_base64="rJ3okQUzcetfZeFI2/c5q0i9Jeg="></latexit>

tI` (s) ! t̃I` (s) = ⌧ I` (s) +
X

I0,`0

Z 1

4m2
⇡

ds0KII0

``0 (s0, s) Im tI
0

`0 (s
0)

Roy Phys.Lett.B 36 (1971)

s−plane

• Avoid spurious singularities

𝑚𝑚−
2 − 𝑡𝑡 𝑚𝑚+

2

R→∞

C

<latexit sha1_base64="CR2CM2lmDcSFOIySYKuuEgp6Ljg=">AAACDHicbVDLSsNAFJ34rPVVdekmWIQKtSQi1WXRjcsKVoUmlMnkph2cTMLMjbSEfoAbf8WNC0Xc+gHu/Bunj4VaDwwczjmXO/cEqeAaHefLmptfWFxaLqwUV9fWNzZLW9vXOskUgxZLRKJuA6pBcAkt5CjgNlVA40DATXB3PvJv7kFpnsgrHKTgx7QrecQZRSN1SmV96CH0MU8FlTD0ql61MhEi3ofQCHhgUk7NGcOeJe6UlMkUzU7p0wsTlsUgkQmqddt1UvRzqpAzAcOil2lIKbujXWgbKmkM2s/HxwztfaOEdpQo8yTaY/XnRE5jrQdxYJIxxZ7+643E/7x2htGpn3OZZgiSTRZFmbAxsUfN2CFXwFAMDKFMcfNXm/WoogxNf0VTgvv35FlyfVRz67X65XG5cTato0B2yR6pEJeckAa5IE3SIow8kCfyQl6tR+vZerPeJ9E5azqzQ37B+vgGrG6bYw==</latexit>

s� plane (fixed t)

How is this useful??  “hooks” are given by →
<latexit sha1_base64="HGB3dXlHim8AbiEz+1OJiUtOZ78=">AAACBXicbVBNS8NAEN3Ur1q/oh71ECxChVISkeqx6EVvFfoFTSib7bZdusmG3YlQQi9e/CtePCji1f/gzX/jps1BWx8MPN6bYWaeH3GmwLa/jdzK6tr6Rn6zsLW9s7tn7h+0lIgloU0iuJAdHyvKWUibwIDTTiQpDnxO2/74JvXbD1QqJsIGTCLqBXgYsgEjGLTUM49dEVGJQcgQBzS5C6aNkipDOT5zQfTMol2xZ7CWiZORIspQ75lfbl+QOKAhEI6V6jp2BF6CJTDC6bTgxopGmIzxkHY1TVcqL5l9MbVOtdK3BkLqCsGaqb8nEhwoNQl83RlgGKlFLxX/87oxDK68hIVRDDQk80WDmFsgrDQSq88kJcAnmmAimb7VIiMsMQEdXEGH4Cy+vExa5xWnWqneXxRr11kceXSETlAJOegS1dAtqqMmIugRPaNX9GY8GS/Gu/Exb80Z2cwh+gPj8wddbZh9</latexit>

ImT (s, t, u) ! direct+crossing data

<latexit sha1_base64="h+mDGEl4bgG5qcDxnsoEPik8zRM="></latexit>

T (s, t, u) =
1

2⇡i

Z

C

T (s0, t, u0(s0, t))

s0 � s
ds0

Crossing
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Outside the physical region
Both sides are good now, we can now apply Cauchy’s theorem+crossing

Now, what happens here??

s−plane

• Avoid spurious singularities

𝑚𝑚−
2 − 𝑡𝑡 𝑚𝑚+

2

R→∞

C

<latexit sha1_base64="Yhpd8NOk0Z7Ng2LyI83xDkmXIaM=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEnqe1d040aoYB/QhDCZTtuhM5MwMxFK6MqNv+LGhSJu/QZ3/o2TNgttPXDhcM693HtPGDOqtON8W3PzC4tLy4WV4ura+samvbXdUFEiManjiEWyFSJFGBWkrqlmpBVLgnjISDMcXGd+84FIRSNxr4cx8TnqCdqlGGkjBfYeD7yYQk9RDivHl94R9DjSfcnTW9IYBXbJKTtjwFni5qQEctQC+8vrRDjhRGjMkFJt14m1nyKpKWZkVPQSRWKEB6hH2oYKxIny0/EbI3hglA7sRtKU0HCs/p5IEVdqyEPTmd2opr1M/M9rJ7p74adUxIkmAk8WdRMGdQSzTGCHSoI1GxqCsKTmVoj7SCKsTXJFE4I7/fIsaVTK7ln59O6kVL3K4yiAXbAPDoELzkEV3IAaqAMMHsEzeAVv1pP1Yr1bH5PWOSuf2QF/YH3+AIQbl+g=</latexit>

m⇡ ⇠ 239MeV

<latexit sha1_base64="h+mDGEl4bgG5qcDxnsoEPik8zRM="></latexit>

T (s, t, u) =
1

2⇡i

Z

C

T (s0, t, u0(s0, t))

s0 � s
ds0

<latexit sha1_base64="ewDXALEmqnRDMxlpjdYfO2t7Sq8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDy2rtvlap3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPn02PLA==</latexit>�

<latexit sha1_base64="ewDXALEmqnRDMxlpjdYfO2t7Sq8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDy2rtvlap3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPn02PLA==</latexit>�
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Tests: good vs bad

Fit combination 1

Fit combination 2

<latexit sha1_base64="Yhpd8NOk0Z7Ng2LyI83xDkmXIaM=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEnqe1d040aoYB/QhDCZTtuhM5MwMxFK6MqNv+LGhSJu/QZ3/o2TNgttPXDhcM693HtPGDOqtON8W3PzC4tLy4WV4ura+samvbXdUFEiManjiEWyFSJFGBWkrqlmpBVLgnjISDMcXGd+84FIRSNxr4cx8TnqCdqlGGkjBfYeD7yYQk9RDivHl94R9DjSfcnTW9IYBXbJKTtjwFni5qQEctQC+8vrRDjhRGjMkFJt14m1nyKpKWZkVPQSRWKEB6hH2oYKxIny0/EbI3hglA7sRtKU0HCs/p5IEVdqyEPTmd2opr1M/M9rJ7p74adUxIkmAk8WdRMGdQSzTGCHSoI1GxqCsKTmVoj7SCKsTXJFE4I7/fIsaVTK7ln59O6kVL3K4yiAXbAPDoELzkEV3IAaqAMMHsEzeAVv1pP1Yr1bH5PWOSuf2QF/YH3+AIQbl+g=</latexit>

m⇡ ⇠ 239MeV

Dispersive output

We select those models that respect the DRs
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Scattering plane

S0
S2

<latexit sha1_base64="Yhpd8NOk0Z7Ng2LyI83xDkmXIaM=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEnqe1d040aoYB/QhDCZTtuhM5MwMxFK6MqNv+LGhSJu/QZ3/o2TNgttPXDhcM693HtPGDOqtON8W3PzC4tLy4WV4ura+samvbXdUFEiManjiEWyFSJFGBWkrqlmpBVLgnjISDMcXGd+84FIRSNxr4cx8TnqCdqlGGkjBfYeD7yYQk9RDivHl94R9DjSfcnTW9IYBXbJKTtjwFni5qQEctQC+8vrRDjhRGjMkFJt14m1nyKpKWZkVPQSRWKEB6hH2oYKxIny0/EbI3hglA7sRtKU0HCs/p5IEVdqyEPTmd2opr1M/M9rJ7p74adUxIkmAk8WdRMGdQSzTGCHSoI1GxqCsKTmVoj7SCKsTXJFE4I7/fIsaVTK7ln59O6kVL3K4yiAXbAPDoELzkEV3IAaqAMMHsEzeAVv1pP1Yr1bH5PWOSuf2QF/YH3+AIQbl+g=</latexit>

m⇡ ⇠ 239MeV

<latexit sha1_base64="hDyuvuqvfB1j5dQ+a39uAl8HIsM=">AAACJHicbVDLSgMxFM34rPVVdekmWARXdUZ8gZuiG1eiYFuhU0smvW1DM5khuaOWYT7Gjb/ixoUPXLjxW0xrBV8HAodzzuXmniCWwqDrvjlj4xOTU9O5mfzs3PzCYmFpuWqiRHOo8EhG+iJgBqRQUEGBEi5iDSwMJNSC3tHAr12BNiJS59iPoRGyjhJtwRlaqVk48CVTHQnURyFbkPq8K7LLLbpJT5qpj3CDqWSYZdTXw9yXGF9nWbNQdEvuEPQv8UakSEY4bRae/VbEkxAUcsmMqXtujI2UaRRcQpb3EwMx4z3WgbqlioVgGunwyIyuW6VF25G2TyEdqt8nUhYa0w8DmwwZds1vbyD+59UTbO83UqHiBEHxz0XtRFKM6KAx2hIaOMq+JYxrYf9KeZdpxtH2mrcleL9P/kuqWyVvt7Rztl0sH47qyJFVskY2iEf2SJkck1NSIZzcknvySJ6cO+fBeXFeP6NjzmhmhfyA8/4BxqSmMg==</latexit>

h�̃2/Nlatipw
<latexit sha1_base64="8PS1+nw8VmeebJnW9+SNXcpGHvg=">AAACGnicbVDJSgNBEO2Je9yiHr00BsFTnAlux6AXT6JgopCJoadTSZr09AzdNWoY5ju8+CtePCjiTbz4N3YWwe1BweO9KqrqBbEUBl33w8lNTE5Nz8zO5ecXFpeWCyurNRMlmkOVRzLSlwEzIIWCKgqUcBlrYGEg4SLoHQ38i2vQRkTqHPsxNELWUaItOEMrNQueL5nqSKCtqzLdpifN1Ee4xdSEscwy6uuh+6XGN1nWLBTdkjsE/Uu8MSmSMU6bhTe/FfEkBIVcMmPqnhtjI2UaBZeQ5f3EQMx4j3WgbqliIZhGOnwto5tWadF2pG0ppEP1+0TKQmP6YWA7Q4Zd89sbiP959QTbB41UqDhBUHy0qJ1IihEd5ERbQgNH2beEcS3srZR3mWYcbZp5G4L3++W/pFYueXul3bOdYuVwHMcsWScbZIt4ZJ9UyDE5JVXCyR15IE/k2bl3Hp0X53XUmnPGM2vkB5z3T0PHobc=</latexit>

hd2/Nsmplipw
<latexit sha1_base64="ZZ6ZRojcGJ9pvTXD5NR2bOPf5F8=">AAACJHicbVDJSgNBFOxxN25Rj14ag+BB4kxwAz0EvXiSCEYDmRh6el6Sxp7F7jdiGOZjvPgrXjy44MGL32JnOcSloKGoqsfrV14shUbb/rTGxicmp6ZnZnNz8wuLS/nllUsdJYpDlUcyUjWPaZAihCoKlFCLFbDAk3Dl3Zz0/Ks7UFpE4QV2Y2gErB2KluAMjdTMH/rXpe2zZuoi3GOqg1hm2ZGz5d4mzHdRSB9Sl3dENpqSDE 2Ilpr5gl20+6B/iTMkBTJEpZl/c/2IJwGEyCXTuu7YMTZSplBwCVnOTTTEjN+wNtQNDVkAupH2j8zohlF82oqUeSHSvjo6kbJA627gmWTAsKN/ez3xP6+eYOugkYowThBCPljUSiTFiPYao75QwFF2DWFcCfNXyjtMMY6m15wpwfl98l9yWSo6e8Xd851C+XhYxwxZI+tkkzhkn5TJKamQKuHkgTyRF/JqPVrP1rv1MYiOWcOZVfID1tc3wnClgg==</latexit>

d2/Nsmpl < 1, �̃2/Nlat < 2

<latexit sha1_base64="Bdf2tXaG9Y88H6IBiESTnaX+1vY=">AAACGnicbZDLSgMxFIYzXmu9VV26CRbBjSXjfVl0oxtRsCp0ypBJTzU0mRmSM2IZ5jnc+CpuXCjiTtz4Nqa1C28/BD7+cw45549SJS0y9uGNjI6NT0yWpsrTM7Nz85WFxXObZEZAQyQqMZcRt6BkDA2UqOAyNcB1pOAi6h706xc3YKxM4jPspdDS/CqWHSk4Oius+MfhEQ1AqTAPNL+lBT12hHCLNE+54drSoqCBlZpuMra+xVhYqbIaG4j+BX8IVTLUSVh5C9qJyDTEKBS3tumzFFs5NyiFgqIcZBZSLrr8CpoOY67BtvLBaQVddU6bdhLjXox04H6fyN2Gtqcj16k5Xtvftb75X62ZYWevlcs4zRBi8fVRJ1MUE9rPibalAYGq54ALI92uVFy7QAS6NMsuBP/3yX/hfKPm79S2T7eq9f1hHCWyTFbIGvHJLqmTQ3JCGkSQO/JAnsizd+89ei/e61friDecWSI/5L1/AoKWn0I=</latexit>

NI`maxNparams ⇠ 300� 400

ROYBlack
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Both sides are good now, we can now apply Cauchy’s theorem+crossing

Now, what happens here??

s−plane

• Avoid spurious singularities

𝑚𝑚−
2 − 𝑡𝑡 𝑚𝑚+

2

R→∞

C

<latexit sha1_base64="Yhpd8NOk0Z7Ng2LyI83xDkmXIaM=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEnqe1d040aoYB/QhDCZTtuhM5MwMxFK6MqNv+LGhSJu/QZ3/o2TNgttPXDhcM693HtPGDOqtON8W3PzC4tLy4WV4ura+samvbXdUFEiManjiEWyFSJFGBWkrqlmpBVLgnjISDMcXGd+84FIRSNxr4cx8TnqCdqlGGkjBfYeD7yYQk9RDivHl94R9DjSfcnTW9IYBXbJKTtjwFni5qQEctQC+8vrRDjhRGjMkFJt14m1nyKpKWZkVPQSRWKEB6hH2oYKxIny0/EbI3hglA7sRtKU0HCs/p5IEVdqyEPTmd2opr1M/M9rJ7p74adUxIkmAk8WdRMGdQSzTGCHSoI1GxqCsKTmVoj7SCKsTXJFE4I7/fIsaVTK7ln59O6kVL3K4yiAXbAPDoELzkEV3IAaqAMMHsEzeAVv1pP1Yr1bH5PWOSuf2QF/YH3+AIQbl+g=</latexit>

m⇡ ⇠ 239MeV

<latexit sha1_base64="h+mDGEl4bgG5qcDxnsoEPik8zRM="></latexit>

T (s, t, u) =
1

2⇡i

Z

C

T (s0, t, u0(s0, t))

s0 � s
ds0

Outside the physical region
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s−plane

• Avoid spurious singularities

𝑚𝑚−
2 − 𝑡𝑡 𝑚𝑚+

2

R→∞

C
Adler Zeroes

If  then mπ ≃ 0 T(s, t, u) → 0
s ∼ 0

These zeroes appear on the S-waves and are considered directly linked to ChPT

In lattice QCD our , but we still use ChPT in most analysesmπ ≁ 0

What can our DRs say about that?

ChPT predicts Adler zeroes for all pseudo-scalar scattering amplitudes at LO

Adler, Phys.Rev. 137 (1965)

<latexit sha1_base64="H0AkBfLSsU+bPxYZCmV+z1I2aOY=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFcSJ0pUt0Uqm50V8E+oB2HTJq2oUlmSDLCMNRfceNCEbd+iDv/xrSdhbYeuHA4517uvSeIGFXacb6tpeWV1bX13EZ+c2t7Z9fe22+qMJaYNHDIQtkOkCKMCtLQVDPSjiRBPGCkFYyuJ37rkUhFQ3Gvk4h4HA0E7VOMtJF8u6D89PLktuqMq9zvRvShfFr27aJTcqaAi8TNSBFkqPv2V7cX4pgToTFDSnVcJ9JeiqSmmJFxvhsrEiE8QgPSMVQgTpSXTo8fwyOj9GA/lKaEhlP190SKuFIJD0wnR3qo5r2J+J/XiXX/wkupiGJNBJ4t6scM6hBOkoA9KgnWLDEEYUnNrRAPkURYm7zyJgR3/uVF0iyX3EqpcndWrF1lceTAATgEx8AF56AGbkAdNAAGCXgGr+DNerJerHfrY9a6ZGUzBfAH1ucPwhiTkA==</latexit>

sA,I=0 = m2
⇡/2

<latexit sha1_base64="1mndsDGS7peaYGTV2/x4GxT2UEM=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwISUJUt0Uqm50V8E+oI1hMp20Q2cmYWYilpBfceNCEbf+iDv/xmmbhbYeuHA4517uvSeIKZHKtr+Nwsrq2vpGcbO0tb2zu2ful9sySgTCLRTRSHQDKDElHLcUURR3Y4EhCyjuBOPrqd95xEKSiN+rSYw9BoechARBpSXfLEs/vTy9rbtZ3WV+PyYPrm9W7Ko9g7VMnJxUQI6mb371BxFKGOYKUShlz7Fj5aVQKIIozkr9ROIYojEc4p6mHDIsvXR2e2Yda2VghZHQxZU1U39PpJBJOWGB7mRQjeSiNxX/83qJCi+8lPA4UZij+aIwoZaKrGkQ1oAIjBSdaAKRIPpWC42ggEjpuEo6BGfx5WXSdqtOrVq7O6s0rvI4iuAQHIET4IBz0AA3oAlaAIEn8AxewZuRGS/Gu/Exby0Y+cwB+APj8wdRtpNZ</latexit>

sA,I=2 = 2m2
⇡



36

Adler zero

Adler zero

Very “stable” for I = 2 ππ

Even “bad” DRs produce Adler zeroes for I=2, close to the LO prediction

<latexit sha1_base64="Yhpd8NOk0Z7Ng2LyI83xDkmXIaM=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEnqe1d040aoYB/QhDCZTtuhM5MwMxFK6MqNv+LGhSJu/QZ3/o2TNgttPXDhcM693HtPGDOqtON8W3PzC4tLy4WV4ura+samvbXdUFEiManjiEWyFSJFGBWkrqlmpBVLgnjISDMcXGd+84FIRSNxr4cx8TnqCdqlGGkjBfYeD7yYQk9RDivHl94R9DjSfcnTW9IYBXbJKTtjwFni5qQEctQC+8vrRDjhRGjMkFJt14m1nyKpKWZkVPQSRWKEB6hH2oYKxIny0/EbI3hglA7sRtKU0HCs/p5IEVdqyEPTmd2opr1M/M9rJ7p74adUxIkmAk8WdRMGdQSzTGCHSoI1GxqCsKTmVoj7SCKsTXJFE4I7/fIsaVTK7ln59O6kVL3K4yiAXbAPDoELzkEV3IAaqAMMHsEzeAVv1pP1Yr1bH5PWOSuf2QF/YH3+AIQbl+g=</latexit>

m⇡ ⇠ 239MeV
<latexit sha1_base64="c1YMo5in+eDtRUhRP+LnMDl7bJU=">AAACA3icbVA9SwNBEN3zM8avUzttFoNgIeEufpaijY0QwcRA7gh7m4ku2b07dufEcARs/Cs2ForY+ifs/DduYgo1Phh4vDfDzLwolcKg5306E5NT0zOzhbni/MLi0rK7slo3SaY51HgiE92ImAEpYqihQAmNVANTkYSrqHs68K9uQRuRxJfYSyFU7DoWHcEZWqnlrqtWkIrACEUrR7vBDg0Q7jA/h3q/5Za8sjcEHSf+iJTICNWW+xG0E54piJFLZkzT91IMc6ZRcAn9YpAZSBnvsmtoWhozBSbMhz/06ZZV2rSTaFsx0qH6cyJnypieimynYnhj/noD8T+vmWHnKMxFnGYIMf9e1MkkxYQOAqFtoYGj7FnCuBb2VspvmGYcbWxFG4L/9+VxUq+U/YPy/sVe6fhkFEeBbJBNsk18ckiOyRmpkhrh5J48kmfy4jw4T86r8/bdOuGMZtbILzjvX6ISluU=</latexit>

m⇡ ⇠ 283MeV

Re t20 p
s/m⇡
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<latexit sha1_base64="1mndsDGS7peaYGTV2/x4GxT2UEM=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwISUJUt0Uqm50V8E+oI1hMp20Q2cmYWYilpBfceNCEbf+iDv/xmmbhbYeuHA4517uvSeIKZHKtr+Nwsrq2vpGcbO0tb2zu2ful9sySgTCLRTRSHQDKDElHLcUURR3Y4EhCyjuBOPrqd95xEKSiN+rSYw9BoechARBpSXfLEs/vTy9rbtZ3WV+PyYPrm9W7Ko9g7VMnJxUQI6mb371BxFKGOYKUShlz7Fj5aVQKIIozkr9ROIYojEc4p6mHDIsvXR2e2Yda2VghZHQxZU1U39PpJBJOWGB7mRQjeSiNxX/83qJCi+8lPA4UZij+aIwoZaKrGkQ1oAIjBSdaAKRIPpWC42ggEjpuEo6BGfx5WXSdqtOrVq7O6s0rvI4iuAQHIET4IBz0AA3oAlaAIEn8AxewZuRGS/Gu/Exby0Y+cwB+APj8wdRtpNZ</latexit>

sA,I=2 = 2m2
⇡

Adler Zeroes
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All good DRs produce an  Adler zero for the lighter massI = 0 ππ

Adler zero

<latexit sha1_base64="Yhpd8NOk0Z7Ng2LyI83xDkmXIaM=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEnqe1d040aoYB/QhDCZTtuhM5MwMxFK6MqNv+LGhSJu/QZ3/o2TNgttPXDhcM693HtPGDOqtON8W3PzC4tLy4WV4ura+samvbXdUFEiManjiEWyFSJFGBWkrqlmpBVLgnjISDMcXGd+84FIRSNxr4cx8TnqCdqlGGkjBfYeD7yYQk9RDivHl94R9DjSfcnTW9IYBXbJKTtjwFni5qQEctQC+8vrRDjhRGjMkFJt14m1nyKpKWZkVPQSRWKEB6hH2oYKxIny0/EbI3hglA7sRtKU0HCs/p5IEVdqyEPTmd2opr1M/M9rJ7p74adUxIkmAk8WdRMGdQSzTGCHSoI1GxqCsKTmVoj7SCKsTXJFE4I7/fIsaVTK7ln59O6kVL3K4yiAXbAPDoELzkEV3IAaqAMMHsEzeAVv1pP1Yr1bH5PWOSuf2QF/YH3+AIQbl+g=</latexit>

m⇡ ⇠ 239MeV
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NO Adler zero

No good DR produces an  Adler zero for the heavier massI = 0 ππ

<latexit sha1_base64="c1YMo5in+eDtRUhRP+LnMDl7bJU=">AAACA3icbVA9SwNBEN3zM8avUzttFoNgIeEufpaijY0QwcRA7gh7m4ku2b07dufEcARs/Cs2ForY+ifs/DduYgo1Phh4vDfDzLwolcKg5306E5NT0zOzhbni/MLi0rK7slo3SaY51HgiE92ImAEpYqihQAmNVANTkYSrqHs68K9uQRuRxJfYSyFU7DoWHcEZWqnlrqtWkIrACEUrR7vBDg0Q7jA/h3q/5Za8sjcEHSf+iJTICNWW+xG0E54piJFLZkzT91IMc6ZRcAn9YpAZSBnvsmtoWhozBSbMhz/06ZZV2rSTaFsx0qH6cyJnypieimynYnhj/noD8T+vmWHnKMxFnGYIMf9e1MkkxYQOAqFtoYGj7FnCuBb2VspvmGYcbWxFG4L/9+VxUq+U/YPy/sVe6fhkFEeBbJBNsk18ckiOyRmpkhrh5J48kmfy4jw4T86r8/bdOuGMZtbILzjvX6ISluU=</latexit>

m⇡ ⇠ 283MeV

All good DRs produce an  Adler zero for the lighter massI = 0 ππ
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Adler zero

<latexit sha1_base64="Yhpd8NOk0Z7Ng2LyI83xDkmXIaM=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEnqe1d040aoYB/QhDCZTtuhM5MwMxFK6MqNv+LGhSJu/QZ3/o2TNgttPXDhcM693HtPGDOqtON8W3PzC4tLy4WV4ura+samvbXdUFEiManjiEWyFSJFGBWkrqlmpBVLgnjISDMcXGd+84FIRSNxr4cx8TnqCdqlGGkjBfYeD7yYQk9RDivHl94R9DjSfcnTW9IYBXbJKTtjwFni5qQEctQC+8vrRDjhRGjMkFJt14m1nyKpKWZkVPQSRWKEB6hH2oYKxIny0/EbI3hglA7sRtKU0HCs/p5IEVdqyEPTmd2opr1M/M9rJ7p74adUxIkmAk8WdRMGdQSzTGCHSoI1GxqCsKTmVoj7SCKsTXJFE4I7/fIsaVTK7ln59O6kVL3K4yiAXbAPDoELzkEV3IAaqAMMHsEzeAVv1pP1Yr1bH5PWOSuf2QF/YH3+AIQbl+g=</latexit>

m⇡ ⇠ 239MeV
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Recent “confirmation”

Adler Zeroes
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Couplings
Models: Large systematic dependence

DRs: No systematics

<latexit sha1_base64="Yhpd8NOk0Z7Ng2LyI83xDkmXIaM=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEnqe1d040aoYB/QhDCZTtuhM5MwMxFK6MqNv+LGhSJu/QZ3/o2TNgttPXDhcM693HtPGDOqtON8W3PzC4tLy4WV4ura+samvbXdUFEiManjiEWyFSJFGBWkrqlmpBVLgnjISDMcXGd+84FIRSNxr4cx8TnqCdqlGGkjBfYeD7yYQk9RDivHl94R9DjSfcnTW9IYBXbJKTtjwFni5qQEctQC+8vrRDjhRGjMkFJt14m1nyKpKWZkVPQSRWKEB6hH2oYKxIny0/EbI3hglA7sRtKU0HCs/p5IEVdqyEPTmd2opr1M/M9rJ7p74adUxIkmAk8WdRMGdQSzTGCHSoI1GxqCsKTmVoj7SCKsTXJFE4I7/fIsaVTK7ln59O6kVL3K4yiAXbAPDoELzkEV3IAaqAMMHsEzeAVv1pP1Yr1bH5PWOSuf2QF/YH3+AIQbl+g=</latexit>

m⇡ ⇠ 239MeV

<latexit sha1_base64="iFNORobMwKJkotzx3d/pPZTjlv8="></latexit>

m⇡ ⇠ 239MeV
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DR → Out and data compatibleMake Lattice QCD data description

DR → OutFit → In compatibleMake Unitarity

<latexit sha1_base64="tAloM/PTOo3IbWT0MwsPxL7Bw6s="></latexit>

⇥
d2
⇤I
`
⌘

NsmplX

i=1

 
Re t̃I` (si)� Re tI` (si)

�
⇥
Re t̃I` (si)� Re tI` (si)

⇤
!2
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<latexit sha1_base64="E13uLtcEmcQuiJBEsH+m+B6wI4k=">AAAB7XicbVDLSgNBEOyNrxhfqx69DAbBi2FXfF2EoBePEcwDkiXMTmaTMbMzy8ysEJb8gxcPinj1f7z5N06SPWhiQUNR1U13V5hwpo3nfTuFpeWV1bXiemljc2t7x93da2iZKkLrRHKpWiHWlDNB64YZTluJojgOOW2Gw9uJ33yiSjMpHswooUGM+4JFjGBjpQbpsusTv+uWvYo3BVokfk7KkKPWdb86PUnSmApDONa67XuJCTKsDCOcjkudVNMEkyHu07alAsdUB9n02jE6skoPRVLZEgZN1d8TGY61HsWh7YyxGeh5byL+57VTE10FGRNJaqggs0VRypGRaPI66jFFieEjSzBRzN6KyAArTIwNqGRD8OdfXiSN04p/UTm/PytXb/I4inAAh3AMPlxCFe6gBnUg8AjP8ApvjnRenHfnY9ZacPKZffgD5/MHobOOhg==</latexit>

ci = �1
<latexit sha1_base64="fqfpu77NXP9WWjrn47E4V2Ng0K4="></latexit>

�2
i =

 
�fi

df̃ I
` (si)

dEi
�Ei

!✓
1 �ci

�ci 1

◆ 
�f̃i

df̃I
` (si)
dEi

�Ei

!

DR → Out and data compatibleMake Lattice QCD data description



42

<latexit sha1_base64="Yhpd8NOk0Z7Ng2LyI83xDkmXIaM=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEnqe1d040aoYB/QhDCZTtuhM5MwMxFK6MqNv+LGhSJu/QZ3/o2TNgttPXDhcM693HtPGDOqtON8W3PzC4tLy4WV4ura+samvbXdUFEiManjiEWyFSJFGBWkrqlmpBVLgnjISDMcXGd+84FIRSNxr4cx8TnqCdqlGGkjBfYeD7yYQk9RDivHl94R9DjSfcnTW9IYBXbJKTtjwFni5qQEctQC+8vrRDjhRGjMkFJt14m1nyKpKWZkVPQSRWKEB6hH2oYKxIny0/EbI3hglA7sRtKU0HCs/p5IEVdqyEPTmd2opr1M/M9rJ7p74adUxIkmAk8WdRMGdQSzTGCHSoI1GxqCsKTmVoj7SCKsTXJFE4I7/fIsaVTK7ln59O6kVL3K4yiAXbAPDoELzkEV3IAaqAMMHsEzeAVv1pP1Yr1bH5PWOSuf2QF/YH3+AIQbl+g=</latexit>

m⇡ ⇠ 239MeV
Visually, they describe the data and fit, but they are not perfect

Ok but not great

<latexit sha1_base64="tAloM/PTOo3IbWT0MwsPxL7Bw6s="></latexit>

⇥
d2
⇤I
`
⌘

NsmplX

i=1

 
Re t̃I` (si)� Re tI` (si)

�
⇥
Re t̃I` (si)� Re tI` (si)

⇤
!2

<latexit sha1_base64="s/de0CkCeya0LPC+JIphhEhOA4g="></latexit>

⇥
�̃2

⇤I
`
⌘

NlatX

i,j=1

✓
fi � Re t̃I` (si)

�i

◆
corr (fi, fj)

✓
fj � Re t̃I` (sj)

�j

◆
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<latexit sha1_base64="Yhpd8NOk0Z7Ng2LyI83xDkmXIaM=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEnqe1d040aoYB/QhDCZTtuhM5MwMxFK6MqNv+LGhSJu/QZ3/o2TNgttPXDhcM693HtPGDOqtON8W3PzC4tLy4WV4ura+samvbXdUFEiManjiEWyFSJFGBWkrqlmpBVLgnjISDMcXGd+84FIRSNxr4cx8TnqCdqlGGkjBfYeD7yYQk9RDivHl94R9DjSfcnTW9IYBXbJKTtjwFni5qQEctQC+8vrRDjhRGjMkFJt14m1nyKpKWZkVPQSRWKEB6hH2oYKxIny0/EbI3hglA7sRtKU0HCs/p5IEVdqyEPTmd2opr1M/M9rJ7p74adUxIkmAk8WdRMGdQSzTGCHSoI1GxqCsKTmVoj7SCKsTXJFE4I7/fIsaVTK7ln59O6kVL3K4yiAXbAPDoELzkEV3IAaqAMMHsEzeAVv1pP1Yr1bH5PWOSuf2QF/YH3+AIQbl+g=</latexit>

m⇡ ⇠ 239MeV

Visually, they describe the data and fit, but they are not perfect
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<latexit sha1_base64="Yhpd8NOk0Z7Ng2LyI83xDkmXIaM=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEnqe1d040aoYB/QhDCZTtuhM5MwMxFK6MqNv+LGhSJu/QZ3/o2TNgttPXDhcM693HtPGDOqtON8W3PzC4tLy4WV4ura+samvbXdUFEiManjiEWyFSJFGBWkrqlmpBVLgnjISDMcXGd+84FIRSNxr4cx8TnqCdqlGGkjBfYeD7yYQk9RDivHl94R9DjSfcnTW9IYBXbJKTtjwFni5qQEctQC+8vrRDjhRGjMkFJt14m1nyKpKWZkVPQSRWKEB6hH2oYKxIny0/EbI3hglA7sRtKU0HCs/p5IEVdqyEPTmd2opr1M/M9rJ7p74adUxIkmAk8WdRMGdQSzTGCHSoI1GxqCsKTmVoj7SCKsTXJFE4I7/fIsaVTK7ln59O6kVL3K4yiAXbAPDoELzkEV3IAaqAMMHsEzeAVv1pP1Yr1bH5PWOSuf2QF/YH3+AIQbl+g=</latexit>

m⇡ ⇠ 239MeV

GKPY: Minimally subtracted  one less subtraction than ROY→

For our analysis, Regge contribution too large for d2
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However, pole extraction is more accurate in most cases, particularly for the 
coupling

GKPY produces less than half the uncertainty 
in most cases
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Scattering plane

S0
S2

<latexit sha1_base64="Yhpd8NOk0Z7Ng2LyI83xDkmXIaM=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEnqe1d040aoYB/QhDCZTtuhM5MwMxFK6MqNv+LGhSJu/QZ3/o2TNgttPXDhcM693HtPGDOqtON8W3PzC4tLy4WV4ura+samvbXdUFEiManjiEWyFSJFGBWkrqlmpBVLgnjISDMcXGd+84FIRSNxr4cx8TnqCdqlGGkjBfYeD7yYQk9RDivHl94R9DjSfcnTW9IYBXbJKTtjwFni5qQEctQC+8vrRDjhRGjMkFJt14m1nyKpKWZkVPQSRWKEB6hH2oYKxIny0/EbI3hglA7sRtKU0HCs/p5IEVdqyEPTmd2opr1M/M9rJ7p74adUxIkmAk8WdRMGdQSzTGCHSoI1GxqCsKTmVoj7SCKsTXJFE4I7/fIsaVTK7ln59O6kVL3K4yiAXbAPDoELzkEV3IAaqAMMHsEzeAVv1pP1Yr1bH5PWOSuf2QF/YH3+AIQbl+g=</latexit>

m⇡ ⇠ 239MeV

<latexit sha1_base64="hDyuvuqvfB1j5dQ+a39uAl8HIsM=">AAACJHicbVDLSgMxFM34rPVVdekmWARXdUZ8gZuiG1eiYFuhU0smvW1DM5khuaOWYT7Gjb/ixoUPXLjxW0xrBV8HAodzzuXmniCWwqDrvjlj4xOTU9O5mfzs3PzCYmFpuWqiRHOo8EhG+iJgBqRQUEGBEi5iDSwMJNSC3tHAr12BNiJS59iPoRGyjhJtwRlaqVk48CVTHQnURyFbkPq8K7LLLbpJT5qpj3CDqWSYZdTXw9yXGF9nWbNQdEvuEPQv8UakSEY4bRae/VbEkxAUcsmMqXtujI2UaRRcQpb3EwMx4z3WgbqlioVgGunwyIyuW6VF25G2TyEdqt8nUhYa0w8DmwwZds1vbyD+59UTbO83UqHiBEHxz0XtRFKM6KAx2hIaOMq+JYxrYf9KeZdpxtH2mrcleL9P/kuqWyVvt7Rztl0sH47qyJFVskY2iEf2SJkck1NSIZzcknvySJ6cO+fBeXFeP6NjzmhmhfyA8/4BxqSmMg==</latexit>

h�̃2/Nlatipw
<latexit sha1_base64="8PS1+nw8VmeebJnW9+SNXcpGHvg=">AAACGnicbVDJSgNBEO2Je9yiHr00BsFTnAlux6AXT6JgopCJoadTSZr09AzdNWoY5ju8+CtePCjiTbz4N3YWwe1BweO9KqrqBbEUBl33w8lNTE5Nz8zO5ecXFpeWCyurNRMlmkOVRzLSlwEzIIWCKgqUcBlrYGEg4SLoHQ38i2vQRkTqHPsxNELWUaItOEMrNQueL5nqSKCtqzLdpifN1Ee4xdSEscwy6uuh+6XGN1nWLBTdkjsE/Uu8MSmSMU6bhTe/FfEkBIVcMmPqnhtjI2UaBZeQ5f3EQMx4j3WgbqliIZhGOnwto5tWadF2pG0ppEP1+0TKQmP6YWA7Q4Zd89sbiP959QTbB41UqDhBUHy0qJ1IihEd5ERbQgNH2beEcS3srZR3mWYcbZp5G4L3++W/pFYueXul3bOdYuVwHMcsWScbZIt4ZJ9UyDE5JVXCyR15IE/k2bl3Hp0X53XUmnPGM2vkB5z3T0PHobc=</latexit>

hd2/Nsmplipw
<latexit sha1_base64="ZZ6ZRojcGJ9pvTXD5NR2bOPf5F8=">AAACJHicbVDJSgNBFOxxN25Rj14ag+BB4kxwAz0EvXiSCEYDmRh6el6Sxp7F7jdiGOZjvPgrXjy44MGL32JnOcSloKGoqsfrV14shUbb/rTGxicmp6ZnZnNz8wuLS/nllUsdJYpDlUcyUjWPaZAihCoKlFCLFbDAk3Dl3Zz0/Ks7UFpE4QV2Y2gErB2KluAMjdTMH/rXpe2zZuoi3GOqg1hm2ZGz5d4mzHdRSB9Sl3dENpqSDE 2Ilpr5gl20+6B/iTMkBTJEpZl/c/2IJwGEyCXTuu7YMTZSplBwCVnOTTTEjN+wNtQNDVkAupH2j8zohlF82oqUeSHSvjo6kbJA627gmWTAsKN/ez3xP6+eYOugkYowThBCPljUSiTFiPYao75QwFF2DWFcCfNXyjtMMY6m15wpwfl98l9yWSo6e8Xd851C+XhYxwxZI+tkkzhkn5TJKamQKuHkgTyRF/JqPVrP1rv1MYiOWcOZVfID1tc3wnClgg==</latexit>

d2/Nsmpl < 1, �̃2/Nlat < 2

<latexit sha1_base64="Bdf2tXaG9Y88H6IBiESTnaX+1vY=">AAACGnicbZDLSgMxFIYzXmu9VV26CRbBjSXjfVl0oxtRsCp0ypBJTzU0mRmSM2IZ5jnc+CpuXCjiTtz4Nqa1C28/BD7+cw45549SJS0y9uGNjI6NT0yWpsrTM7Nz85WFxXObZEZAQyQqMZcRt6BkDA2UqOAyNcB1pOAi6h706xc3YKxM4jPspdDS/CqWHSk4Oius+MfhEQ1AqTAPNL+lBT12hHCLNE+54drSoqCBlZpuMra+xVhYqbIaG4j+BX8IVTLUSVh5C9qJyDTEKBS3tumzFFs5NyiFgqIcZBZSLrr8CpoOY67BtvLBaQVddU6bdhLjXox04H6fyN2Gtqcj16k5Xtvftb75X62ZYWevlcs4zRBi8fVRJ1MUE9rPibalAYGq54ALI92uVFy7QAS6NMsuBP/3yX/hfKPm79S2T7eq9f1hHCWyTFbIGvHJLqmTQ3JCGkSQO/JAnsizd+89ei/e61friDecWSI/5L1/AoKWn0I=</latexit>

NI`maxNparams ⇠ 300� 400
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S0
S2

<latexit sha1_base64="Yhpd8NOk0Z7Ng2LyI83xDkmXIaM=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEnqe1d040aoYB/QhDCZTtuhM5MwMxFK6MqNv+LGhSJu/QZ3/o2TNgttPXDhcM693HtPGDOqtON8W3PzC4tLy4WV4ura+samvbXdUFEiManjiEWyFSJFGBWkrqlmpBVLgnjISDMcXGd+84FIRSNxr4cx8TnqCdqlGGkjBfYeD7yYQk9RDivHl94R9DjSfcnTW9IYBXbJKTtjwFni5qQEctQC+8vrRDjhRGjMkFJt14m1nyKpKWZkVPQSRWKEB6hH2oYKxIny0/EbI3hglA7sRtKU0HCs/p5IEVdqyEPTmd2opr1M/M9rJ7p74adUxIkmAk8WdRMGdQSzTGCHSoI1GxqCsKTmVoj7SCKsTXJFE4I7/fIsaVTK7ln59O6kVL3K4yiAXbAPDoELzkEV3IAaqAMMHsEzeAVv1pP1Yr1bH5PWOSuf2QF/YH3+AIQbl+g=</latexit>

m⇡ ⇠ 239MeV

<latexit sha1_base64="hDyuvuqvfB1j5dQ+a39uAl8HIsM=">AAACJHicbVDLSgMxFM34rPVVdekmWARXdUZ8gZuiG1eiYFuhU0smvW1DM5khuaOWYT7Gjb/ixoUPXLjxW0xrBV8HAodzzuXmniCWwqDrvjlj4xOTU9O5mfzs3PzCYmFpuWqiRHOo8EhG+iJgBqRQUEGBEi5iDSwMJNSC3tHAr12BNiJS59iPoRGyjhJtwRlaqVk48CVTHQnURyFbkPq8K7LLLbpJT5qpj3CDqWSYZdTXw9yXGF9nWbNQdEvuEPQv8UakSEY4bRae/VbEkxAUcsmMqXtujI2UaRRcQpb3EwMx4z3WgbqlioVgGunwyIyuW6VF25G2TyEdqt8nUhYa0w8DmwwZds1vbyD+59UTbO83UqHiBEHxz0XtRFKM6KAx2hIaOMq+JYxrYf9KeZdpxtH2mrcleL9P/kuqWyVvt7Rztl0sH47qyJFVskY2iEf2SJkck1NSIZzcknvySJ6cO+fBeXFeP6NjzmhmhfyA8/4BxqSmMg==</latexit>

h�̃2/Nlatipw
<latexit sha1_base64="8PS1+nw8VmeebJnW9+SNXcpGHvg=">AAACGnicbVDJSgNBEO2Je9yiHr00BsFTnAlux6AXT6JgopCJoadTSZr09AzdNWoY5ju8+CtePCjiTbz4N3YWwe1BweO9KqrqBbEUBl33w8lNTE5Nz8zO5ecXFpeWCyurNRMlmkOVRzLSlwEzIIWCKgqUcBlrYGEg4SLoHQ38i2vQRkTqHPsxNELWUaItOEMrNQueL5nqSKCtqzLdpifN1Ee4xdSEscwy6uuh+6XGN1nWLBTdkjsE/Uu8MSmSMU6bhTe/FfEkBIVcMmPqnhtjI2UaBZeQ5f3EQMx4j3WgbqliIZhGOnwto5tWadF2pG0ppEP1+0TKQmP6YWA7Q4Zd89sbiP959QTbB41UqDhBUHy0qJ1IihEd5ERbQgNH2beEcS3srZR3mWYcbZp5G4L3++W/pFYueXul3bOdYuVwHMcsWScbZIt4ZJ9UyDE5JVXCyR15IE/k2bl3Hp0X53XUmnPGM2vkB5z3T0PHobc=</latexit>

hd2/Nsmplipw
<latexit sha1_base64="ZZ6ZRojcGJ9pvTXD5NR2bOPf5F8=">AAACJHicbVDJSgNBFOxxN25Rj14ag+BB4kxwAz0EvXiSCEYDmRh6el6Sxp7F7jdiGOZjvPgrXjy44MGL32JnOcSloKGoqsfrV14shUbb/rTGxicmp6ZnZnNz8wuLS/nllUsdJYpDlUcyUjWPaZAihCoKlFCLFbDAk3Dl3Zz0/Ks7UFpE4QV2Y2gErB2KluAMjdTMH/rXpe2zZuoi3GOqg1hm2ZGz5d4mzHdRSB9Sl3dENpqSDE 2Ilpr5gl20+6B/iTMkBTJEpZl/c/2IJwGEyCXTuu7YMTZSplBwCVnOTTTEjN+wNtQNDVkAupH2j8zohlF82oqUeSHSvjo6kbJA627gmWTAsKN/ez3xP6+eYOugkYowThBCPljUSiTFiPYao75QwFF2DWFcCfNXyjtMMY6m15wpwfl98l9yWSo6e8Xd851C+XhYxwxZI+tkkzhkn5TJKamQKuHkgTyRF/JqPVrP1rv1MYiOWcOZVfID1tc3wnClgg==</latexit>

d2/Nsmpl < 1, �̃2/Nlat < 2

<latexit sha1_base64="Bdf2tXaG9Y88H6IBiESTnaX+1vY=">AAACGnicbZDLSgMxFIYzXmu9VV26CRbBjSXjfVl0oxtRsCp0ypBJTzU0mRmSM2IZ5jnc+CpuXCjiTtz4Nqa1C28/BD7+cw45549SJS0y9uGNjI6NT0yWpsrTM7Nz85WFxXObZEZAQyQqMZcRt6BkDA2UqOAyNcB1pOAi6h706xc3YKxM4jPspdDS/CqWHSk4Oius+MfhEQ1AqTAPNL+lBT12hHCLNE+54drSoqCBlZpuMra+xVhYqbIaG4j+BX8IVTLUSVh5C9qJyDTEKBS3tumzFFs5NyiFgqIcZBZSLrr8CpoOY67BtvLBaQVddU6bdhLjXox04H6fyN2Gtqcj16k5Xtvftb75X62ZYWevlcs4zRBi8fVRJ1MUE9rPibalAYGq54ALI92uVFy7QAS6NMsuBP/3yX/hfKPm79S2T7eq9f1hHCWyTFbIGvHJLqmTQ3JCGkSQO/JAnsizd+89ei/e61friDecWSI/5L1/AoKWn0I=</latexit>

NI`maxNparams ⇠ 300� 400

GKPYBlack
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S0
S2

<latexit sha1_base64="Yhpd8NOk0Z7Ng2LyI83xDkmXIaM=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEnqe1d040aoYB/QhDCZTtuhM5MwMxFK6MqNv+LGhSJu/QZ3/o2TNgttPXDhcM693HtPGDOqtON8W3PzC4tLy4WV4ura+samvbXdUFEiManjiEWyFSJFGBWkrqlmpBVLgnjISDMcXGd+84FIRSNxr4cx8TnqCdqlGGkjBfYeD7yYQk9RDivHl94R9DjSfcnTW9IYBXbJKTtjwFni5qQEctQC+8vrRDjhRGjMkFJt14m1nyKpKWZkVPQSRWKEB6hH2oYKxIny0/EbI3hglA7sRtKU0HCs/p5IEVdqyEPTmd2opr1M/M9rJ7p74adUxIkmAk8WdRMGdQSzTGCHSoI1GxqCsKTmVoj7SCKsTXJFE4I7/fIsaVTK7ln59O6kVL3K4yiAXbAPDoELzkEV3IAaqAMMHsEzeAVv1pP1Yr1bH5PWOSuf2QF/YH3+AIQbl+g=</latexit>

m⇡ ⇠ 239MeV

<latexit sha1_base64="hDyuvuqvfB1j5dQ+a39uAl8HIsM=">AAACJHicbVDLSgMxFM34rPVVdekmWARXdUZ8gZuiG1eiYFuhU0smvW1DM5khuaOWYT7Gjb/ixoUPXLjxW0xrBV8HAodzzuXmniCWwqDrvjlj4xOTU9O5mfzs3PzCYmFpuWqiRHOo8EhG+iJgBqRQUEGBEi5iDSwMJNSC3tHAr12BNiJS59iPoRGyjhJtwRlaqVk48CVTHQnURyFbkPq8K7LLLbpJT5qpj3CDqWSYZdTXw9yXGF9nWbNQdEvuEPQv8UakSEY4bRae/VbEkxAUcsmMqXtujI2UaRRcQpb3EwMx4z3WgbqlioVgGunwyIyuW6VF25G2TyEdqt8nUhYa0w8DmwwZds1vbyD+59UTbO83UqHiBEHxz0XtRFKM6KAx2hIaOMq+JYxrYf9KeZdpxtH2mrcleL9P/kuqWyVvt7Rztl0sH47qyJFVskY2iEf2SJkck1NSIZzcknvySJ6cO+fBeXFeP6NjzmhmhfyA8/4BxqSmMg==</latexit>

h�̃2/Nlatipw
<latexit sha1_base64="8PS1+nw8VmeebJnW9+SNXcpGHvg=">AAACGnicbVDJSgNBEO2Je9yiHr00BsFTnAlux6AXT6JgopCJoadTSZr09AzdNWoY5ju8+CtePCjiTbz4N3YWwe1BweO9KqrqBbEUBl33w8lNTE5Nz8zO5ecXFpeWCyurNRMlmkOVRzLSlwEzIIWCKgqUcBlrYGEg4SLoHQ38i2vQRkTqHPsxNELWUaItOEMrNQueL5nqSKCtqzLdpifN1Ee4xdSEscwy6uuh+6XGN1nWLBTdkjsE/Uu8MSmSMU6bhTe/FfEkBIVcMmPqnhtjI2UaBZeQ5f3EQMx4j3WgbqliIZhGOnwto5tWadF2pG0ppEP1+0TKQmP6YWA7Q4Zd89sbiP959QTbB41UqDhBUHy0qJ1IihEd5ERbQgNH2beEcS3srZR3mWYcbZp5G4L3++W/pFYueXul3bOdYuVwHMcsWScbZIt4ZJ9UyDE5JVXCyR15IE/k2bl3Hp0X53XUmnPGM2vkB5z3T0PHobc=</latexit>

hd2/Nsmplipw
<latexit sha1_base64="ZZ6ZRojcGJ9pvTXD5NR2bOPf5F8=">AAACJHicbVDJSgNBFOxxN25Rj14ag+BB4kxwAz0EvXiSCEYDmRh6el6Sxp7F7jdiGOZjvPgrXjy44MGL32JnOcSloKGoqsfrV14shUbb/rTGxicmp6ZnZnNz8wuLS/nllUsdJYpDlUcyUjWPaZAihCoKlFCLFbDAk3Dl3Zz0/Ks7UFpE4QV2Y2gErB2KluAMjdTMH/rXpe2zZuoi3GOqg1hm2ZGz5d4mzHdRSB9Sl3dENpqSDE 2Ilpr5gl20+6B/iTMkBTJEpZl/c/2IJwGEyCXTuu7YMTZSplBwCVnOTTTEjN+wNtQNDVkAupH2j8zohlF82oqUeSHSvjo6kbJA627gmWTAsKN/ez3xP6+eYOugkYowThBCPljUSiTFiPYao75QwFF2DWFcCfNXyjtMMY6m15wpwfl98l9yWSo6e8Xd851C+XhYxwxZI+tkkzhkn5TJKamQKuHkgTyRF/JqPVrP1rv1MYiOWcOZVfID1tc3wnClgg==</latexit>

d2/Nsmpl < 1, �̃2/Nlat < 2

<latexit sha1_base64="Bdf2tXaG9Y88H6IBiESTnaX+1vY=">AAACGnicbZDLSgMxFIYzXmu9VV26CRbBjSXjfVl0oxtRsCp0ypBJTzU0mRmSM2IZ5jnc+CpuXCjiTtz4Nqa1C28/BD7+cw45549SJS0y9uGNjI6NT0yWpsrTM7Nz85WFxXObZEZAQyQqMZcRt6BkDA2UqOAyNcB1pOAi6h706xc3YKxM4jPspdDS/CqWHSk4Oius+MfhEQ1AqTAPNL+lBT12hHCLNE+54drSoqCBlZpuMra+xVhYqbIaG4j+BX8IVTLUSVh5C9qJyDTEKBS3tumzFFs5NyiFgqIcZBZSLrr8CpoOY67BtvLBaQVddU6bdhLjXox04H6fyN2Gtqcj16k5Xtvftb75X62ZYWevlcs4zRBi8fVRJ1MUE9rPibalAYGq54ALI92uVFy7QAS6NMsuBP/3yX/hfKPm79S2T7eq9f1hHCWyTFbIGvHJLqmTQ3JCGkSQO/JAnsizd+89ei/e61friDecWSI/5L1/AoKWn0I=</latexit>

NI`maxNparams ⇠ 300� 400

OlssonBlack
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Scattering plane
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S0
S2

<latexit sha1_base64="c1YMo5in+eDtRUhRP+LnMDl7bJU=">AAACA3icbVA9SwNBEN3zM8avUzttFoNgIeEufpaijY0QwcRA7gh7m4ku2b07dufEcARs/Cs2ForY+ifs/DduYgo1Phh4vDfDzLwolcKg5306E5NT0zOzhbni/MLi0rK7slo3SaY51HgiE92ImAEpYqihQAmNVANTkYSrqHs68K9uQRuRxJfYSyFU7DoWHcEZWqnlrqtWkIrACEUrR7vBDg0Q7jA/h3q/5Za8sjcEHSf+iJTICNWW+xG0E54piJFLZkzT91IMc6ZRcAn9YpAZSBnvsmtoWhozBSbMhz/06ZZV2rSTaFsx0qH6cyJnypieimynYnhj/noD8T+vmWHnKMxFnGYIMf9e1MkkxYQOAqFtoYGj7FnCuBb2VspvmGYcbWxFG4L/9+VxUq+U/YPy/sVe6fhkFEeBbJBNsk18ckiOyRmpkhrh5J48kmfy4jw4T86r8/bdOuGMZtbILzjvX6ISluU=</latexit>

m⇡ ⇠ 283MeV

<latexit sha1_base64="hDyuvuqvfB1j5dQ+a39uAl8HIsM=">AAACJHicbVDLSgMxFM34rPVVdekmWARXdUZ8gZuiG1eiYFuhU0smvW1DM5khuaOWYT7Gjb/ixoUPXLjxW0xrBV8HAodzzuXmniCWwqDrvjlj4xOTU9O5mfzs3PzCYmFpuWqiRHOo8EhG+iJgBqRQUEGBEi5iDSwMJNSC3tHAr12BNiJS59iPoRGyjhJtwRlaqVk48CVTHQnURyFbkPq8K7LLLbpJT5qpj3CDqWSYZdTXw9yXGF9nWbNQdEvuEPQv8UakSEY4bRae/VbEkxAUcsmMqXtujI2UaRRcQpb3EwMx4z3WgbqlioVgGunwyIyuW6VF25G2TyEdqt8nUhYa0w8DmwwZds1vbyD+59UTbO83UqHiBEHxz0XtRFKM6KAx2hIaOMq+JYxrYf9KeZdpxtH2mrcleL9P/kuqWyVvt7Rztl0sH47qyJFVskY2iEf2SJkck1NSIZzcknvySJ6cO+fBeXFeP6NjzmhmhfyA8/4BxqSmMg==</latexit>

h�̃2/Nlatipw
<latexit sha1_base64="8PS1+nw8VmeebJnW9+SNXcpGHvg=">AAACGnicbVDJSgNBEO2Je9yiHr00BsFTnAlux6AXT6JgopCJoadTSZr09AzdNWoY5ju8+CtePCjiTbz4N3YWwe1BweO9KqrqBbEUBl33w8lNTE5Nz8zO5ecXFpeWCyurNRMlmkOVRzLSlwEzIIWCKgqUcBlrYGEg4SLoHQ38i2vQRkTqHPsxNELWUaItOEMrNQueL5nqSKCtqzLdpifN1Ee4xdSEscwy6uuh+6XGN1nWLBTdkjsE/Uu8MSmSMU6bhTe/FfEkBIVcMmPqnhtjI2UaBZeQ5f3EQMx4j3WgbqliIZhGOnwto5tWadF2pG0ppEP1+0TKQmP6YWA7Q4Zd89sbiP959QTbB41UqDhBUHy0qJ1IihEd5ERbQgNH2beEcS3srZR3mWYcbZp5G4L3++W/pFYueXul3bOdYuVwHMcsWScbZIt4ZJ9UyDE5JVXCyR15IE/k2bl3Hp0X53XUmnPGM2vkB5z3T0PHobc=</latexit>

hd2/Nsmplipw
<latexit sha1_base64="ZZ6ZRojcGJ9pvTXD5NR2bOPf5F8=">AAACJHicbVDJSgNBFOxxN25Rj14ag+BB4kxwAz0EvXiSCEYDmRh6el6Sxp7F7jdiGOZjvPgrXjy44MGL32JnOcSloKGoqsfrV14shUbb/rTGxicmp6ZnZnNz8wuLS/nllUsdJYpDlUcyUjWPaZAihCoKlFCLFbDAk3Dl3Zz0/Ks7UFpE4QV2Y2gErB2KluAMjdTMH/rXpe2zZuoi3GOqg1hm2ZGz5d4mzHdRSB9Sl3dENpqSDE 2Ilpr5gl20+6B/iTMkBTJEpZl/c/2IJwGEyCXTuu7YMTZSplBwCVnOTTTEjN+wNtQNDVkAupH2j8zohlF82oqUeSHSvjo6kbJA627gmWTAsKN/ez3xP6+eYOugkYowThBCPljUSiTFiPYao75QwFF2DWFcCfNXyjtMMY6m15wpwfl98l9yWSo6e8Xd851C+XhYxwxZI+tkkzhkn5TJKamQKuHkgTyRF/JqPVrP1rv1MYiOWcOZVfID1tc3wnClgg==</latexit>

d2/Nsmpl < 1, �̃2/Nlat < 2

<latexit sha1_base64="Bdf2tXaG9Y88H6IBiESTnaX+1vY=">AAACGnicbZDLSgMxFIYzXmu9VV26CRbBjSXjfVl0oxtRsCp0ypBJTzU0mRmSM2IZ5jnc+CpuXCjiTtz4Nqa1C28/BD7+cw45549SJS0y9uGNjI6NT0yWpsrTM7Nz85WFxXObZEZAQyQqMZcRt6BkDA2UqOAyNcB1pOAi6h706xc3YKxM4jPspdDS/CqWHSk4Oius+MfhEQ1AqTAPNL+lBT12hHCLNE+54drSoqCBlZpuMra+xVhYqbIaG4j+BX8IVTLUSVh5C9qJyDTEKBS3tumzFFs5NyiFgqIcZBZSLrr8CpoOY67BtvLBaQVddU6bdhLjXox04H6fyN2Gtqcj16k5Xtvftb75X62ZYWevlcs4zRBi8fVRJ1MUE9rPibalAYGq54ALI92uVFy7QAS6NMsuBP/3yX/hfKPm79S2T7eq9f1hHCWyTFbIGvHJLqmTQ3JCGkSQO/JAnsizd+89ei/e61friDecWSI/5L1/AoKWn0I=</latexit>

NI`maxNparams ⇠ 300� 400

ROYBlack
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Scattering plane
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S0
S2

<latexit sha1_base64="c1YMo5in+eDtRUhRP+LnMDl7bJU=">AAACA3icbVA9SwNBEN3zM8avUzttFoNgIeEufpaijY0QwcRA7gh7m4ku2b07dufEcARs/Cs2ForY+ifs/DduYgo1Phh4vDfDzLwolcKg5306E5NT0zOzhbni/MLi0rK7slo3SaY51HgiE92ImAEpYqihQAmNVANTkYSrqHs68K9uQRuRxJfYSyFU7DoWHcEZWqnlrqtWkIrACEUrR7vBDg0Q7jA/h3q/5Za8sjcEHSf+iJTICNWW+xG0E54piJFLZkzT91IMc6ZRcAn9YpAZSBnvsmtoWhozBSbMhz/06ZZV2rSTaFsx0qH6cyJnypieimynYnhj/noD8T+vmWHnKMxFnGYIMf9e1MkkxYQOAqFtoYGj7FnCuBb2VspvmGYcbWxFG4L/9+VxUq+U/YPy/sVe6fhkFEeBbJBNsk18ckiOyRmpkhrh5J48kmfy4jw4T86r8/bdOuGMZtbILzjvX6ISluU=</latexit>

m⇡ ⇠ 283MeV

<latexit sha1_base64="hDyuvuqvfB1j5dQ+a39uAl8HIsM=">AAACJHicbVDLSgMxFM34rPVVdekmWARXdUZ8gZuiG1eiYFuhU0smvW1DM5khuaOWYT7Gjb/ixoUPXLjxW0xrBV8HAodzzuXmniCWwqDrvjlj4xOTU9O5mfzs3PzCYmFpuWqiRHOo8EhG+iJgBqRQUEGBEi5iDSwMJNSC3tHAr12BNiJS59iPoRGyjhJtwRlaqVk48CVTHQnURyFbkPq8K7LLLbpJT5qpj3CDqWSYZdTXw9yXGF9nWbNQdEvuEPQv8UakSEY4bRae/VbEkxAUcsmMqXtujI2UaRRcQpb3EwMx4z3WgbqlioVgGunwyIyuW6VF25G2TyEdqt8nUhYa0w8DmwwZds1vbyD+59UTbO83UqHiBEHxz0XtRFKM6KAx2hIaOMq+JYxrYf9KeZdpxtH2mrcleL9P/kuqWyVvt7Rztl0sH47qyJFVskY2iEf2SJkck1NSIZzcknvySJ6cO+fBeXFeP6NjzmhmhfyA8/4BxqSmMg==</latexit>

h�̃2/Nlatipw
<latexit sha1_base64="8PS1+nw8VmeebJnW9+SNXcpGHvg=">AAACGnicbVDJSgNBEO2Je9yiHr00BsFTnAlux6AXT6JgopCJoadTSZr09AzdNWoY5ju8+CtePCjiTbz4N3YWwe1BweO9KqrqBbEUBl33w8lNTE5Nz8zO5ecXFpeWCyurNRMlmkOVRzLSlwEzIIWCKgqUcBlrYGEg4SLoHQ38i2vQRkTqHPsxNELWUaItOEMrNQueL5nqSKCtqzLdpifN1Ee4xdSEscwy6uuh+6XGN1nWLBTdkjsE/Uu8MSmSMU6bhTe/FfEkBIVcMmPqnhtjI2UaBZeQ5f3EQMx4j3WgbqliIZhGOnwto5tWadF2pG0ppEP1+0TKQmP6YWA7Q4Zd89sbiP959QTbB41UqDhBUHy0qJ1IihEd5ERbQgNH2beEcS3srZR3mWYcbZp5G4L3++W/pFYueXul3bOdYuVwHMcsWScbZIt4ZJ9UyDE5JVXCyR15IE/k2bl3Hp0X53XUmnPGM2vkB5z3T0PHobc=</latexit>

hd2/Nsmplipw
<latexit sha1_base64="ZZ6ZRojcGJ9pvTXD5NR2bOPf5F8=">AAACJHicbVDJSgNBFOxxN25Rj14ag+BB4kxwAz0EvXiSCEYDmRh6el6Sxp7F7jdiGOZjvPgrXjy44MGL32JnOcSloKGoqsfrV14shUbb/rTGxicmp6ZnZnNz8wuLS/nllUsdJYpDlUcyUjWPaZAihCoKlFCLFbDAk3Dl3Zz0/Ks7UFpE4QV2Y2gErB2KluAMjdTMH/rXpe2zZuoi3GOqg1hm2ZGz5d4mzHdRSB9Sl3dENpqSDE 2Ilpr5gl20+6B/iTMkBTJEpZl/c/2IJwGEyCXTuu7YMTZSplBwCVnOTTTEjN+wNtQNDVkAupH2j8zohlF82oqUeSHSvjo6kbJA627gmWTAsKN/ez3xP6+eYOugkYowThBCPljUSiTFiPYao75QwFF2DWFcCfNXyjtMMY6m15wpwfl98l9yWSo6e8Xd851C+XhYxwxZI+tkkzhkn5TJKamQKuHkgTyRF/JqPVrP1rv1MYiOWcOZVfID1tc3wnClgg==</latexit>

d2/Nsmpl < 1, �̃2/Nlat < 2

<latexit sha1_base64="Bdf2tXaG9Y88H6IBiESTnaX+1vY=">AAACGnicbZDLSgMxFIYzXmu9VV26CRbBjSXjfVl0oxtRsCp0ypBJTzU0mRmSM2IZ5jnc+CpuXCjiTtz4Nqa1C28/BD7+cw45549SJS0y9uGNjI6NT0yWpsrTM7Nz85WFxXObZEZAQyQqMZcRt6BkDA2UqOAyNcB1pOAi6h706xc3YKxM4jPspdDS/CqWHSk4Oius+MfhEQ1AqTAPNL+lBT12hHCLNE+54drSoqCBlZpuMra+xVhYqbIaG4j+BX8IVTLUSVh5C9qJyDTEKBS3tumzFFs5NyiFgqIcZBZSLrr8CpoOY67BtvLBaQVddU6bdhLjXox04H6fyN2Gtqcj16k5Xtvftb75X62ZYWevlcs4zRBi8fVRJ1MUE9rPibalAYGq54ALI92uVFy7QAS6NMsuBP/3yX/hfKPm79S2T7eq9f1hHCWyTFbIGvHJLqmTQ3JCGkSQO/JAnsizd+89ei/e61friDecWSI/5L1/AoKWn0I=</latexit>

NI`maxNparams ⇠ 300� 400
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Scattering plane
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S0
S2

<latexit sha1_base64="c1YMo5in+eDtRUhRP+LnMDl7bJU=">AAACA3icbVA9SwNBEN3zM8avUzttFoNgIeEufpaijY0QwcRA7gh7m4ku2b07dufEcARs/Cs2ForY+ifs/DduYgo1Phh4vDfDzLwolcKg5306E5NT0zOzhbni/MLi0rK7slo3SaY51HgiE92ImAEpYqihQAmNVANTkYSrqHs68K9uQRuRxJfYSyFU7DoWHcEZWqnlrqtWkIrACEUrR7vBDg0Q7jA/h3q/5Za8sjcEHSf+iJTICNWW+xG0E54piJFLZkzT91IMc6ZRcAn9YpAZSBnvsmtoWhozBSbMhz/06ZZV2rSTaFsx0qH6cyJnypieimynYnhj/noD8T+vmWHnKMxFnGYIMf9e1MkkxYQOAqFtoYGj7FnCuBb2VspvmGYcbWxFG4L/9+VxUq+U/YPy/sVe6fhkFEeBbJBNsk18ckiOyRmpkhrh5J48kmfy4jw4T86r8/bdOuGMZtbILzjvX6ISluU=</latexit>

m⇡ ⇠ 283MeV

<latexit sha1_base64="hDyuvuqvfB1j5dQ+a39uAl8HIsM=">AAACJHicbVDLSgMxFM34rPVVdekmWARXdUZ8gZuiG1eiYFuhU0smvW1DM5khuaOWYT7Gjb/ixoUPXLjxW0xrBV8HAodzzuXmniCWwqDrvjlj4xOTU9O5mfzs3PzCYmFpuWqiRHOo8EhG+iJgBqRQUEGBEi5iDSwMJNSC3tHAr12BNiJS59iPoRGyjhJtwRlaqVk48CVTHQnURyFbkPq8K7LLLbpJT5qpj3CDqWSYZdTXw9yXGF9nWbNQdEvuEPQv8UakSEY4bRae/VbEkxAUcsmMqXtujI2UaRRcQpb3EwMx4z3WgbqlioVgGunwyIyuW6VF25G2TyEdqt8nUhYa0w8DmwwZds1vbyD+59UTbO83UqHiBEHxz0XtRFKM6KAx2hIaOMq+JYxrYf9KeZdpxtH2mrcleL9P/kuqWyVvt7Rztl0sH47qyJFVskY2iEf2SJkck1NSIZzcknvySJ6cO+fBeXFeP6NjzmhmhfyA8/4BxqSmMg==</latexit>

h�̃2/Nlatipw
<latexit sha1_base64="8PS1+nw8VmeebJnW9+SNXcpGHvg=">AAACGnicbVDJSgNBEO2Je9yiHr00BsFTnAlux6AXT6JgopCJoadTSZr09AzdNWoY5ju8+CtePCjiTbz4N3YWwe1BweO9KqrqBbEUBl33w8lNTE5Nz8zO5ecXFpeWCyurNRMlmkOVRzLSlwEzIIWCKgqUcBlrYGEg4SLoHQ38i2vQRkTqHPsxNELWUaItOEMrNQueL5nqSKCtqzLdpifN1Ee4xdSEscwy6uuh+6XGN1nWLBTdkjsE/Uu8MSmSMU6bhTe/FfEkBIVcMmPqnhtjI2UaBZeQ5f3EQMx4j3WgbqliIZhGOnwto5tWadF2pG0ppEP1+0TKQmP6YWA7Q4Zd89sbiP959QTbB41UqDhBUHy0qJ1IihEd5ERbQgNH2beEcS3srZR3mWYcbZp5G4L3++W/pFYueXul3bOdYuVwHMcsWScbZIt4ZJ9UyDE5JVXCyR15IE/k2bl3Hp0X53XUmnPGM2vkB5z3T0PHobc=</latexit>

hd2/Nsmplipw
<latexit sha1_base64="ZZ6ZRojcGJ9pvTXD5NR2bOPf5F8=">AAACJHicbVDJSgNBFOxxN25Rj14ag+BB4kxwAz0EvXiSCEYDmRh6el6Sxp7F7jdiGOZjvPgrXjy44MGL32JnOcSloKGoqsfrV14shUbb/rTGxicmp6ZnZnNz8wuLS/nllUsdJYpDlUcyUjWPaZAihCoKlFCLFbDAk3Dl3Zz0/Ks7UFpE4QV2Y2gErB2KluAMjdTMH/rXpe2zZuoi3GOqg1hm2ZGz5d4mzHdRSB9Sl3dENpqSDE 2Ilpr5gl20+6B/iTMkBTJEpZl/c/2IJwGEyCXTuu7YMTZSplBwCVnOTTTEjN+wNtQNDVkAupH2j8zohlF82oqUeSHSvjo6kbJA627gmWTAsKN/ez3xP6+eYOugkYowThBCPljUSiTFiPYao75QwFF2DWFcCfNXyjtMMY6m15wpwfl98l9yWSo6e8Xd851C+XhYxwxZI+tkkzhkn5TJKamQKuHkgTyRF/JqPVrP1rv1MYiOWcOZVfID1tc3wnClgg==</latexit>

d2/Nsmpl < 1, �̃2/Nlat < 2

<latexit sha1_base64="Bdf2tXaG9Y88H6IBiESTnaX+1vY=">AAACGnicbZDLSgMxFIYzXmu9VV26CRbBjSXjfVl0oxtRsCp0ypBJTzU0mRmSM2IZ5jnc+CpuXCjiTtz4Nqa1C28/BD7+cw45549SJS0y9uGNjI6NT0yWpsrTM7Nz85WFxXObZEZAQyQqMZcRt6BkDA2UqOAyNcB1pOAi6h706xc3YKxM4jPspdDS/CqWHSk4Oius+MfhEQ1AqTAPNL+lBT12hHCLNE+54drSoqCBlZpuMra+xVhYqbIaG4j+BX8IVTLUSVh5C9qJyDTEKBS3tumzFFs5NyiFgqIcZBZSLrr8CpoOY67BtvLBaQVddU6bdhLjXox04H6fyN2Gtqcj16k5Xtvftb75X62ZYWevlcs4zRBi8fVRJ1MUE9rPibalAYGq54ALI92uVFy7QAS6NMsuBP/3yX/hfKPm79S2T7eq9f1hHCWyTFbIGvHJLqmTQ3JCGkSQO/JAnsizd+89ei/e61friDecWSI/5L1/AoKWn0I=</latexit>

NI`maxNparams ⇠ 300� 400

OlssonBlack

Scattering plane



52

DR → Out

Fit → In

The good

Smeared over a large energy region

Complex s

Real s

An  on the real axis  in the 
complex plane

ϵ → ϵ′ 

-15
-10
-5
0
5
10
15

2.5 3.0 3.5 4.0 4.5 5.0 5.5

-15
-10
-5
0
5
10
15

2.5 3.0 3.5 4.0 4.5 5.0 5.5

-15
-10
-5
0
5
10
15

2.5 3.0 3.5 4.0 4.5 5.0 5.5

0
8 12 16

-5

0

5

2.5 3.0 3.5 4.0 4.5 5.0 5.5

-5

0

5

2.5 3.0 3.5 4.0 4.5 5.0 5.5

-1

0

1

2.5 3.0 3.5 4.0 4.5 5.0 5.5

-0.2

0

0.2

2.5 3.0 3.5 4.0 4.5 5.0 5.5

0
8 12 16

-15
-10
-5
0
5
10
15

2.5 3.0 3.5 4.0 4.5 5.0 5.5

-15
-10
-5
0
5
10
15

2.5 3.0 3.5 4.0 4.5 5.0 5.5

-15
-10
-5
0
5
10
15

2.5 3.0 3.5 4.0 4.5 5.0 5.5

0
8 12 16

-5

0

5

2.5 3.0 3.5 4.0 4.5 5.0 5.5

-5

0

5

2.5 3.0 3.5 4.0 4.5 5.0 5.5

-1

0

1

2.5 3.0 3.5 4.0 4.5 5.0 5.5

-0.2

0

0.2

2.5 3.0 3.5 4.0 4.5 5.0 5.5

0
8 12 16

<latexit sha1_base64="lGd+P8uD+sGPQthpDDmUBWUEExY="></latexit>

t̃I` (s) = ⌧ I` (s) +
X

I0,`0

Z 1

4m2
⇡

ds0 KII0

``0 (s
0, s) Im tI

0

`0 (s
0)
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The bad
Not happening

Partial waves

<latexit sha1_base64="f2Ry9JatvROhqTRqiuYwd8g2yqo="></latexit>Z 1

4m2
⇡

=

Z smax

4m2
⇡

+

Z 1

smax

=

Z sfit

4m2
⇡

+

Z smax

sfit

+

Z 1

smax

Extrapolated

Regge

Regge must be extrapolated from phys. mπ

Regge is wrong below atmπ ∼ 0.22 − 0.25

<latexit sha1_base64="lGd+P8uD+sGPQthpDDmUBWUEExY="></latexit>

t̃I` (s) = ⌧ I` (s) +
X

I0,`0

Z 1

4m2
⇡

ds0 KII0

``0 (s
0, s) Im tI

0

`0 (s
0)
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The Regge Regge must be extrapolated from phys. mπ

gluon exchanges  constant over ℙ → → mq

resonances, not constant  ρ, f2 → → λ ∼ Γ/M

1 2 3 4 5 6 8 10
√ s  (GeV)

0

10

20

30

40

50

mb

Biswas et al. 1967
Robertson et al. 1973
Hanlon et al. 1976
ACGL 2001
Garcia-Martin et al. 2011 CFD
PDG 2011
Halzen et al. 2011
net result of this work
partial waves
Regge

σ
π
−
π
+

Our FRegge =
FRegge1 + FRegge2

2

Big uncertainty ΔFRegge = 0.3 FRegge

1102.2183 

1111.7160 
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Regge must be extrapolated from phys. mπ

Our FRegge =
FRegge1 + FRegge2

2

Big uncertainty ΔFRegge = 0.3 FRegge

<latexit sha1_base64="Yhpd8NOk0Z7Ng2LyI83xDkmXIaM=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEnqe1d040aoYB/QhDCZTtuhM5MwMxFK6MqNv+LGhSJu/QZ3/o2TNgttPXDhcM693HtPGDOqtON8W3PzC4tLy4WV4ura+samvbXdUFEiManjiEWyFSJFGBWkrqlmpBVLgnjISDMcXGd+84FIRSNxr4cx8TnqCdqlGGkjBfYeD7yYQk9RDivHl94R9DjSfcnTW9IYBXbJKTtjwFni5qQEctQC+8vrRDjhRGjMkFJt14m1nyKpKWZkVPQSRWKEB6hH2oYKxIny0/EbI3hglA7sRtKU0HCs/p5IEVdqyEPTmd2opr1M/M9rJ7p74adUxIkmAk8WdRMGdQSzTGCHSoI1GxqCsKTmVoj7SCKsTXJFE4I7/fIsaVTK7ln59O6kVL3K4yiAXbAPDoELzkEV3IAaqAMMHsEzeAVv1pP1Yr1bH5PWOSuf2QF/YH3+AIQbl+g=</latexit>

m⇡ ⇠ 239MeV

�Is=0 (mb)
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The Regge
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Pions on the lattice

<latexit sha1_base64="b3JFTXsUz7VRauFJn3N5HvYmCd0="></latexit>D
0
���
�
 ̄�5 

�
x,t

�
 ̄�5 

�
0,0

��� 0
E
= � tr

⇣⇥
D�1[U ]

⇤
00,xt

�5
⇥
D�1[U ]

⇤
xt,00

�5
⌘

Connected diagrams

<latexit sha1_base64="hqVrKYwgHWEdZGkbzzAGbjhuTRE=">AAAB8XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidhGCevAYwSyYDKGn05M06ekZumuEMOQvvHhQxKt/482/sbMcNPFBweO9KqrqBYkUBl3328ktLa+sruXXCxubW9s7xd29uolTzXiNxTLWzYAaLoXiNRQoeTPRnEaB5I1gcDP2G09cGxGrBxwm3I9oT4lQMIpWemzfcomU4BV2iiW37E5AFok3IyWYodopfrW7MUsjrpBJakzLcxP0M6pRMMlHhXZqeELZgPZ4y1JFI278bHLxiBxZpUvCWNtSSCbq74mMRsYMo8B2RhT7Zt4bi/95rRTDSz8TKkmRKzZdFKaSYEzG75Ou0JyhHFpCmRb2VsL6VFOGNqSCDcGbf3mR1E/K3nn57P60VLmexZGHAziEY/DgAipwB1WoAQMFz/AKb45xXpx352PamnNmM/vwB87nD+7fkHM=</latexit>

�t = t

Disconnected diagrams

Actual lattices ( )323 × 256

Around 10 GB per flavor

Around 80 PB per flavor

We use clever techniques to “solve” this

<latexit sha1_base64="zKurVX+haRGN/J9qumXJwEg3PwA=">AAACEnicbZDJSgNBEIZ74hbjFvXopTEIChpmxO0Y1IPHCGaByTj0dHqSJj0L3TWSMMwzePFVvHhQxKsnb76NneWgiT80fPxVRXX9Xiy4AtP8NnJz8wuLS/nlwsrq2vpGcXOrrqJEUlajkYhk0yOKCR6yGnAQrBlLRgJPsIbXuxrWGw9MKh6FdzCImROQTsh9Tgloyy0etATzwb6+T4+szK45Lck7XXDctO9yDC4/xH3X1+BnbrFkls2R8CxYEyihiapu8avVjmgSsBCoIErZlhmDkxIJnAqWFVqJYjGhPdJhtsaQBEw56eikDO9pp439SOoXAh65vydSEig1CDzdGRDoquna0PyvZifgXzgpD+MEWEjHi/xEYIjwMB/c5pJREAMNhEqu/4ppl0hCQadY0CFY0yfPQv24bJ2VT29PSpXLSRx5tIN20T6y0DmqoBtURTVE0SN6Rq/ozXgyXox342PcmjMmM9voj4zPH4KvnWI=</latexit>⇥
D�1[U ]

⇤
xiti,xf tf

<latexit sha1_base64="hqVrKYwgHWEdZGkbzzAGbjhuTRE=">AAAB8XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidhGCevAYwSyYDKGn05M06ekZumuEMOQvvHhQxKt/482/sbMcNPFBweO9KqrqBYkUBl3328ktLa+sruXXCxubW9s7xd29uolTzXiNxTLWzYAaLoXiNRQoeTPRnEaB5I1gcDP2G09cGxGrBxwm3I9oT4lQMIpWemzfcomU4BV2iiW37E5AFok3IyWYodopfrW7MUsjrpBJakzLcxP0M6pRMMlHhXZqeELZgPZ4y1JFI278bHLxiBxZpUvCWNtSSCbq74mMRsYMo8B2RhT7Zt4bi/95rRTDSz8TKkmRKzZdFKaSYEzG75Ou0JyhHFpCmRb2VsL6VFOGNqSCDcGbf3mR1E/K3nn57P60VLmexZGHAziEY/DgAipwB1WoAQMFz/AKb45xXpx352PamnNmM/vwB87nD+7fkHM=</latexit>

�t = t

Size
<latexit sha1_base64="3jGBx/TgEs5qfvjBhhL5Bl2U7ho=">AAACF3icbZA7SwNBEMf3fMb4OrW0WQyC1XGn8VEGbSwsIuQFyRn2NnvJkr0Hu3NCOPItbPwqNhaK2Grnt3GTXFATB5b98Z8ZZubvxYIrsO0vY2FxaXllNbeWX9/Y3No2d3ZrKkokZVUaiUg2PKKY4CGrAgfBGrFkJPAEq3v9q1G+fs+k4lFYgUHM3IB0Q+5zSkBLbdMq4hbwgCl8MoUfJftv7qZUaZsF27LHgefByaCAsii3zc9WJ6JJwEKggijVdOwY3JRI4FSwYb6VKBYT2idd1tQYEj3GTcd3DfGhVjrYj6R+IeCx+rsjJYFSg8DTlQGBnprNjcT/cs0E/As35WGcAAvpZJCfCAwRHpmEO1wyCmKggVDJ9a6Y9ogkFLSVeW2CM3vyPNSOLefMOr0tFkqXmR05tI8O0BFy0DkqoWtURlVE0QN6Qi/o1Xg0no03431SumBkPXvoTxgf3/aInfY=</latexit>

4⇥ 3⇥ 4⇥ 3⇥ L3 ⇥ T

<latexit sha1_base64="NDrie6GMsObyNuiQyf82luAVf6Q=">AAACCXicbVC7SgNBFL3rM8bXqqXNYBBiE3ZjfJRBGwuLCHlBsgmzk9lkyOyDmVkhLGlt/BUbC0Vs/QM7/8ZJsoImHhjmcM693HuPG3EmlWV9GUvLK6tr65mN7ObW9s6uubdfl2EsCK2RkIei6WJJOQtoTTHFaTMSFPsupw13eD3xG/dUSBYGVTWKqOPjfsA8RrDSUtdE+RJqK+ZTiU7T/7bzw6onnWLXzFkFawq0SOyU5CBFpWt+tnshiX0aKMKxlC3bipSTYKEY4XScbceSRpgMcZ+2NA2wnuQk00vG6FgrPeSFQr9Aoan6uyPBvpQj39WVPlYDOe9NxP+8Vqy8SydhQRQrGpDZIC/mSIVoEgvqMUGJ4iNNMBFM74rIAAtMlA4vq0Ow509eJPViwT4vnN2VcuWrNI4MHMIR5MGGCyjDDVSgBgQe4Ale4NV4NJ6NN+N9VrpkpD0H8AfGxzehbpho</latexit>

(4⇥ 3⇥ L3 ⇥ T )2
Size
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Pions on the lattice <latexit sha1_base64="hqVrKYwgHWEdZGkbzzAGbjhuTRE=">AAAB8XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidhGCevAYwSyYDKGn05M06ekZumuEMOQvvHhQxKt/482/sbMcNPFBweO9KqrqBYkUBl3328ktLa+sruXXCxubW9s7xd29uolTzXiNxTLWzYAaLoXiNRQoeTPRnEaB5I1gcDP2G09cGxGrBxwm3I9oT4lQMIpWemzfcomU4BV2iiW37E5AFok3IyWYodopfrW7MUsjrpBJakzLcxP0M6pRMMlHhXZqeELZgPZ4y1JFI278bHLxiBxZpUvCWNtSSCbq74mMRsYMo8B2RhT7Zt4bi/95rRTDSz8TKkmRKzZdFKaSYEzG75Ou0JyhHFpCmRb2VsL6VFOGNqSCDcGbf3mR1E/K3nn57P60VLmexZGHAziEY/DgAipwB1WoAQMFz/AKb45xXpx352PamnNmM/vwB87nD+7fkHM=</latexit>

�t = t

<latexit sha1_base64="hRAYcPUClPWvLkicJHbnUy8OlVc=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQkmkqMeiF48VTFtoY9lsp+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhQ8epYuizWMSqFVKNgkv0DTcCW4lCGoUCm+Hoduo3n1BpHssHM04wiOhA8j5n1FjJ7yT88bxbKrsVdwayTLyclCFHvVv66vRilkYoDRNU67bnJibIqDKcCZwUO6nGhLIRHWDbUkkj1EE2O3ZCTq3SI/1Y2ZKGzNTfExmNtB5Hoe2MqBnqRW8q/ue1U9O/DjIuk9SgZPNF/VQQE5Pp56THFTIjxpZQpri9lbAhVZQZm0/RhuAtvrxMGhcV77JSva+Wazd5HAU4hhM4Aw+uoAZ3UAcfGHB4hld4c6Tz4rw7H/PWFSefOYI/cD5/AG74jnM=</latexit>

⇡+
<latexit sha1_base64="Dj96JhijXyqQ1LF4s6VoJbVKYLw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP5JuNAg==</latexit>u

<latexit sha1_base64="u5VpqmKHJ0Qv5rZSi1TQaAgWZxg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWw2m3btZjfsboQS+h+8eFDEq//Hm//GbZqDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqBVhTzgRtG2Y47SWK4jjgtBtMbud+94kqzaR4MNOE+jEeCRYxgo2VOoMAKxQOqzW37uZAq8QrSA0KtIbVr0EoSRpTYQjHWvc9NzF+hpVhhNNZZZBqmmAywSPat1TgmGo/y6+doTOrhCiSypYwKFd/T2Q41noaB7Yzxmasl725+J/XT0107WdMJKmhgiwWRSlHRqL56yhkihLDp5Zgopi9FZExVpgYG1DFhuAtv7xKOhd177LeuG/UmjdFHGU4gVM4Bw+uoAl30II2EHiEZ3iFN0c6L86787FoLTnFzDH8gfP5AxlajtQ=</latexit>

d̄

Easiest pion construction in terms of quarks

<latexit sha1_base64="4HRLVFe+aecZmc+gQNBFhKZFGIc=">AAACEHicbVA9SwNBEN2LXzF+RS1tFoMoCOFOjNoIQRvLCOYDcjHMbTbJkt29Y3dPCEl+go1/xcZCEVtLO/+Nm+QKTXww8Hhvhpl5QcSZNq777aQWFpeWV9KrmbX1jc2t7PZORYexIrRMQh6qWgCaciZp2TDDaS1SFETAaTXoXY/96gNVmoXyzvQj2hDQkazNCBgrNbOHQz9i98e+Atnh9HLoB6BwC/sdEAKaBRwnTjObc/PuBHieeAnJoQSlZvbLb4UkFlQawkHruudGpjEAZRjhdJTxY00jID3o0LqlEgTVjcHkoRE+sEoLt0NlSxo8UX9PDEBo3ReB7RRgunrWG4v/efXYtC8aAyaj2FBJpovaMccmxON0cIspSgzvWwJEMXsrJl1QQIzNMGND8GZfnieVk7x3li/cnuaKV0kcabSH9tER8tA5KqIbVEJlRNAjekav6M15cl6cd+dj2ppykpld9AfO5w8CSpyV</latexit>

|⇡+i = |d̄�5ui



58

Pions on the lattice

<latexit sha1_base64="b3JFTXsUz7VRauFJn3N5HvYmCd0="></latexit>D
0
���
�
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�
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⇤
xt,00

�5
⌘

<latexit sha1_base64="hRAYcPUClPWvLkicJHbnUy8OlVc=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQkmkqMeiF48VTFtoY9lsp+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhQ8epYuizWMSqFVKNgkv0DTcCW4lCGoUCm+Hoduo3n1BpHssHM04wiOhA8j5n1FjJ7yT88bxbKrsVdwayTLyclCFHvVv66vRilkYoDRNU67bnJibIqDKcCZwUO6nGhLIRHWDbUkkj1EE2O3ZCTq3SI/1Y2ZKGzNTfExmNtB5Hoe2MqBnqRW8q/ue1U9O/DjIuk9SgZPNF/VQQE5Pp56THFTIjxpZQpri9lbAhVZQZm0/RhuAtvrxMGhcV77JSva+Wazd5HAU4hhM4Aw+uoAZ3UAcfGHB4hld4c6Tz4rw7H/PWFSefOYI/cD5/AG74jnM=</latexit>

⇡+
<latexit sha1_base64="Dj96JhijXyqQ1LF4s6VoJbVKYLw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP5JuNAg==</latexit>u

<latexit sha1_base64="u5VpqmKHJ0Qv5rZSi1TQaAgWZxg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWw2m3btZjfsboQS+h+8eFDEq//Hm//GbZqDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqBVhTzgRtG2Y47SWK4jjgtBtMbud+94kqzaR4MNOE+jEeCRYxgo2VOoMAKxQOqzW37uZAq8QrSA0KtIbVr0EoSRpTYQjHWvc9NzF+hpVhhNNZZZBqmmAywSPat1TgmGo/y6+doTOrhCiSypYwKFd/T2Q41noaB7Yzxmasl725+J/XT0107WdMJKmhgiwWRSlHRqL56yhkihLDp5Zgopi9FZExVpgYG1DFhuAtv7xKOhd177LeuG/UmjdFHGU4gVM4Bw+uoAl30II2EHiEZ3iFN0c6L86787FoLTnFzDH8gfP5AxlajtQ=</latexit>

d̄

Easiest pion construction in terms of quarks

<latexit sha1_base64="4HRLVFe+aecZmc+gQNBFhKZFGIc=">AAACEHicbVA9SwNBEN2LXzF+RS1tFoMoCOFOjNoIQRvLCOYDcjHMbTbJkt29Y3dPCEl+go1/xcZCEVtLO/+Nm+QKTXww8Hhvhpl5QcSZNq777aQWFpeWV9KrmbX1jc2t7PZORYexIrRMQh6qWgCaciZp2TDDaS1SFETAaTXoXY/96gNVmoXyzvQj2hDQkazNCBgrNbOHQz9i98e+Atnh9HLoB6BwC/sdEAKaBRwnTjObc/PuBHieeAnJoQSlZvbLb4UkFlQawkHruudGpjEAZRjhdJTxY00jID3o0LqlEgTVjcHkoRE+sEoLt0NlSxo8UX9PDEBo3ReB7RRgunrWG4v/efXYtC8aAyaj2FBJpovaMccmxON0cIspSgzvWwJEMXsrJl1QQIzNMGND8GZfnieVk7x3li/cnuaKV0kcabSH9tER8tA5KqIbVEJlRNAjekav6M15cl6cd+dj2ppykpld9AfO5w8CSpyV</latexit>

|⇡+i = |d̄�5ui

What is the evolution?   contractions→

Point to all propagators

<latexit sha1_base64="nLvB+hsef10gSUgiUaOSigpE4vk=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4ccjUTm13RV24rGAf0I4lk2ba2ExmSDJCGfoPblwo4tb/ceffmD4EFT1w4XDOvdx7jx9zpjRCH1ZmaXlldS27ntvY3Nreye/uNVWUSEIbJOKRbPtYUc4EbWimOW3HkuLQ57Tljy6mfuueSsUicaPHMfVCPBAsYARrIzUvb9MTZ9LLF5CNyuVT14HIdl3kFkuGVKsVF1WgY6MZCmCBei//3u1HJAmp0IRjpToOirWXYqkZ4XSS6yaKxpiM8IB2DBU4pMpLZ9dO4JFR+jCIpCmh4Uz9PpHiUKlx6JvOEOuh+u1Nxb+8TqKDipcyESeaCjJfFCQc6ghOX4d9JinRfGwIJpKZWyEZYomJNgHlTAhfn8L/SbNoO2XbvS4VaueLOLLgAByCY+CAM1ADV6AOGoCAO/AAnsCzFVmP1ov1Om/NWIuZffAD1tsnYbSPCQ==</latexit>

D�1

<latexit sha1_base64="CrUusP9yaDWEG0bS+ZiFTTXKYN4=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwY0hq2ia7oi5cVrCt0MYymU7asZNMmJkIJfQf3LhQxK3/486/cfoQVPTAhcM593LvPUHCqFSW9WHklpZXVtfy64WNza3tneLuXkvyVGDSxJxxcRMgSRiNSVNRxchNIgiKAkbaweh86rfviZCUx9dqnBA/QoOYhhQjpaXWxW12Yk96xZJl1hzH9TxomdWq69muJuVTx3Mr0DatGUpggUav+N7tc5xGJFaYISk7tpUoP0NCUczIpNBNJUkQHqEB6Wgao4hIP5tdO4FHWunDkAtdsYIz9ftEhiIpx1GgOyOkhvK3NxX/8jqpCl0/o3GSKhLj+aIwZVBxOH0d9qkgWLGxJggLqm+FeIgEwkoHVNAhfH0K/yetsmlXzcqVU6qfLeLIgwNwCI6BDWqgDi5BAzQBBnfgATyBZ4Mbj8aL8TpvzRmLmX3wA8bbJ4x0jyY=</latexit>

D�1

<latexit sha1_base64="hqVrKYwgHWEdZGkbzzAGbjhuTRE=">AAAB8XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidhGCevAYwSyYDKGn05M06ekZumuEMOQvvHhQxKt/482/sbMcNPFBweO9KqrqBYkUBl3328ktLa+sruXXCxubW9s7xd29uolTzXiNxTLWzYAaLoXiNRQoeTPRnEaB5I1gcDP2G09cGxGrBxwm3I9oT4lQMIpWemzfcomU4BV2iiW37E5AFok3IyWYodopfrW7MUsjrpBJakzLcxP0M6pRMMlHhXZqeELZgPZ4y1JFI278bHLxiBxZpUvCWNtSSCbq74mMRsYMo8B2RhT7Zt4bi/95rRTDSz8TKkmRKzZdFKaSYEzG75Ou0JyhHFpCmRb2VsL6VFOGNqSCDcGbf3mR1E/K3nn57P60VLmexZGHAziEY/DgAipwB1WoAQMFz/AKb45xXpx352PamnNmM/vwB87nD+7fkHM=</latexit>

�t = t
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Pions on the lattice

Lets study the temporal evolution of a pair of particles

<latexit sha1_base64="tlZtjFE5CJMZj9TgfeFfFZ5DJ6o="></latexit>

C (t) ⌘
⌦
0
��O (t)O†(0)

�� 0
↵

<latexit sha1_base64="8gmtqRIobkGv/eXCar4Q+ep/i8A="></latexit>

=
X

n

⌦
0
��O (t) |nihn|O†(0)

�� 0
↵Basis

<latexit sha1_base64="hqVrKYwgHWEdZGkbzzAGbjhuTRE=">AAAB8XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidhGCevAYwSyYDKGn05M06ekZumuEMOQvvHhQxKt/482/sbMcNPFBweO9KqrqBYkUBl3328ktLa+sruXXCxubW9s7xd29uolTzXiNxTLWzYAaLoXiNRQoeTPRnEaB5I1gcDP2G09cGxGrBxwm3I9oT4lQMIpWemzfcomU4BV2iiW37E5AFok3IyWYodopfrW7MUsjrpBJakzLcxP0M6pRMMlHhXZqeELZgPZ4y1JFI278bHLxiBxZpUvCWNtSSCbq74mMRsYMo8B2RhT7Zt4bi/95rRTDSz8TKkmRKzZdFKaSYEzG75Ou0JyhHFpCmRb2VsL6VFOGNqSCDcGbf3mR1E/K3nn57P60VLmexZGHAziEY/DgAipwB1WoAQMFz/AKb45xXpx352PamnNmM/vwB87nD+7fkHM=</latexit>

�t = t
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Pions on the lattice

<latexit sha1_base64="tlZtjFE5CJMZj9TgfeFfFZ5DJ6o="></latexit>

C (t) ⌘
⌦
0
��O (t)O†(0)

�� 0
↵

<latexit sha1_base64="8gmtqRIobkGv/eXCar4Q+ep/i8A="></latexit>

=
X

n

⌦
0
��O (t) |nihn|O†(0)

�� 0
↵Basis

Lets study the temporal evolution of a pair of particles

<latexit sha1_base64="hqVrKYwgHWEdZGkbzzAGbjhuTRE=">AAAB8XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidhGCevAYwSyYDKGn05M06ekZumuEMOQvvHhQxKt/482/sbMcNPFBweO9KqrqBYkUBl3328ktLa+sruXXCxubW9s7xd29uolTzXiNxTLWzYAaLoXiNRQoeTPRnEaB5I1gcDP2G09cGxGrBxwm3I9oT4lQMIpWemzfcomU4BV2iiW37E5AFok3IyWYodopfrW7MUsjrpBJakzLcxP0M6pRMMlHhXZqeELZgPZ4y1JFI278bHLxiBxZpUvCWNtSSCbq74mMRsYMo8B2RhT7Zt4bi/95rRTDSz8TKkmRKzZdFKaSYEzG75Ou0JyhHFpCmRb2VsL6VFOGNqSCDcGbf3mR1E/K3nn57P60VLmexZGHAziEY/DgAipwB1WoAQMFz/AKb45xXpx352PamnNmM/vwB87nD+7fkHM=</latexit>

�t = t

<latexit sha1_base64="GA2aGFdwceFG0/AjEBsy4UxhYO0=">AAAB8XicbVDLSgNBEJz1GeMr6tHLYBC8GHZFoseglxwjmAcmMcxOepMhs7PLTK8QlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXeXH0th0HW/nZXVtfWNzdxWfntnd2+/cHDYMFGiOdR5JCPd8pkBKRTUUaCEVqyBhb6Epj+6nfrNJ9BGROoexzF0QzZQIhCcoZUe4DE9F7RKcdIrFN2SOwNdJl5GiiRDrVf46vQjnoSgkEtmTNtzY+ymTKPgEib5TmIgZnzEBtC2VLEQTDedXTyhp1bp0yDSthTSmfp7ImWhMePQt50hw6FZ9Kbif147weC6mwoVJwiKzxcFiaQY0en7tC80cJRjSxjXwt5K+ZBpxtGGlLcheIsvL5PGRckrl8p3l8XKTRZHjhyTE3JGPHJFKqRKaqROOFHkmbySN8c4L8678zFvXXGymSPyB87nD5BGkDY=</latexit>

e�iHt
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Pions on the lattice

<latexit sha1_base64="tlZtjFE5CJMZj9TgfeFfFZ5DJ6o="></latexit>

C (t) ⌘
⌦
0
��O (t)O†(0)

�� 0
↵

<latexit sha1_base64="8gmtqRIobkGv/eXCar4Q+ep/i8A="></latexit>

=
X

n

⌦
0
��O (t) |nihn|O†(0)

�� 0
↵Basis

<latexit sha1_base64="VikyEHsYIVtg+K4Hpog+vseSrvg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR3FhmxNdGKIrgsoJ9QDsOmTRtQzOZIbkjlLELf8WNC0Xc+hvu/BvTdhbaeuCSwzn3cm9OEAuuwXG+rdzc/MLiUn65sLK6tr5hb27VdJQoyqo0EpFqBEQzwSWrAgfBGrFiJAwEqwf9q5Fff2BK80jewSBmXki6knc4JWAk3965aOkk9CWmpth9enhtXhj6dtEpOWPgWeJmpIgyVHz7q9WOaBIyCVQQrZuuE4OXEgWcCjYstBLNYkL7pMuahkoSMu2l4/uHeN8obdyJlCkJeKz+nkhJqPUgDExnSKCnp72R+J/XTKBz7qVcxgkwSSeLOonAEOFRGLjNFaMgBoYQqri5FdMeUYSCiaxgQnCnvzxLakcl97R0cntcLF9mceTRLtpDB8hFZ6iMblAFVRFFj+gZvaI368l6sd6tj0lrzspmttEfWJ8/u0eVSg==</latexit>

=
X

n

cne
�Ent

Euclidean time

Lets study the temporal evolution of a pair of particles

<latexit sha1_base64="hqVrKYwgHWEdZGkbzzAGbjhuTRE=">AAAB8XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidhGCevAYwSyYDKGn05M06ekZumuEMOQvvHhQxKt/482/sbMcNPFBweO9KqrqBYkUBl3328ktLa+sruXXCxubW9s7xd29uolTzXiNxTLWzYAaLoXiNRQoeTPRnEaB5I1gcDP2G09cGxGrBxwm3I9oT4lQMIpWemzfcomU4BV2iiW37E5AFok3IyWYodopfrW7MUsjrpBJakzLcxP0M6pRMMlHhXZqeELZgPZ4y1JFI278bHLxiBxZpUvCWNtSSCbq74mMRsYMo8B2RhT7Zt4bi/95rRTDSz8TKkmRKzZdFKaSYEzG75Ou0JyhHFpCmRb2VsL6VFOGNqSCDcGbf3mR1E/K3nn57P60VLmexZGHAziEY/DgAipwB1WoAQMFz/AKb45xXpx352PamnNmM/vwB87nD+7fkHM=</latexit>

�t = t

<latexit sha1_base64="GA2aGFdwceFG0/AjEBsy4UxhYO0=">AAAB8XicbVDLSgNBEJz1GeMr6tHLYBC8GHZFoseglxwjmAcmMcxOepMhs7PLTK8QlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXeXH0th0HW/nZXVtfWNzdxWfntnd2+/cHDYMFGiOdR5JCPd8pkBKRTUUaCEVqyBhb6Epj+6nfrNJ9BGROoexzF0QzZQIhCcoZUe4DE9F7RKcdIrFN2SOwNdJl5GiiRDrVf46vQjnoSgkEtmTNtzY+ymTKPgEib5TmIgZnzEBtC2VLEQTDedXTyhp1bp0yDSthTSmfp7ImWhMePQt50hw6FZ9Kbif147weC6mwoVJwiKzxcFiaQY0en7tC80cJRjSxjXwt5K+ZBpxtGGlLcheIsvL5PGRckrl8p3l8XKTRZHjhyTE3JGPHJFKqRKaqROOFHkmbySN8c4L8678zFvXXGymSPyB87nD5BGkDY=</latexit>

e�iHt
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Pions on the lattice

<latexit sha1_base64="tlZtjFE5CJMZj9TgfeFfFZ5DJ6o="></latexit>

C (t) ⌘
⌦
0
��O (t)O†(0)

�� 0
↵

<latexit sha1_base64="VikyEHsYIVtg+K4Hpog+vseSrvg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR3FhmxNdGKIrgsoJ9QDsOmTRtQzOZIbkjlLELf8WNC0Xc+hvu/BvTdhbaeuCSwzn3cm9OEAuuwXG+rdzc/MLiUn65sLK6tr5hb27VdJQoyqo0EpFqBEQzwSWrAgfBGrFiJAwEqwf9q5Fff2BK80jewSBmXki6knc4JWAk3965aOkk9CWmpth9enhtXhj6dtEpOWPgWeJmpIgyVHz7q9WOaBIyCVQQrZuuE4OXEgWcCjYstBLNYkL7pMuahkoSMu2l4/uHeN8obdyJlCkJeKz+nkhJqPUgDExnSKCnp72R+J/XTKBz7qVcxgkwSSeLOonAEOFRGLjNFaMgBoYQqri5FdMeUYSCiaxgQnCnvzxLakcl97R0cntcLF9mceTRLtpDB8hFZ6iMblAFVRFFj+gZvaI368l6sd6tj0lrzspmttEfWJ8/u0eVSg==</latexit>

=
X

n

cne
�Ent

<latexit sha1_base64="8gmtqRIobkGv/eXCar4Q+ep/i8A="></latexit>

=
X

n

⌦
0
��O (t) |nihn|O†(0)

�� 0
↵Basis

Euclidean time

We determine these energies from fitting the 
temporal evolution of the system
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C(t)

<latexit sha1_base64="mYQm7IbfWkFJdmhECk1BXzTRxGU=">AAACIHicbVDJSgNBEO1xjXGLevTSGIQEIcyIGi9CMBePEYwKmSH0dGqSxp6F7hoxDPMpXvwVLx4U0Zt+jZ3l4Pagisd7VXTX8xMpNNr2hzUzOze/sFhYKi6vrK6tlzY2L3WcKg5tHstYXftMgxQRtFGghOtEAQt9CVf+TXPkX92C0iKOLnCYgBeyfiQCwRkaqVuqh93MRbjDDIIgz+kJlXGfuhIC7FA3UIxnzQpW81Hfc6o5dZXoD9Drlsp2zR6D/iXOlJTJFK1u6d3txTwNIUIumdYdx07Qy5hCwSXkRTfVkDB+w/rQMTRiIWgvGx+Y012j9GgQK1MR0rH6fSNjodbD0DeTIcOB/u2NxP+8TorBsZeJKEkRIj55KEglxZiO0qI9oYCjHBrCuBLmr5QPmEkFTaZFE4Lz++S/5HK/5hzVDs8Pyo3TaRwFsk12SIU4pE4a5Iy0SJtwck8eyTN5sR6sJ+vVepuMzljTnS3yA9bnF5QaopU=</latexit>

me↵ = log


C(t)

C(t+ 1)

�
Ground state

Lets study the temporal evolution of a pair of particles

<latexit sha1_base64="hqVrKYwgHWEdZGkbzzAGbjhuTRE=">AAAB8XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidhGCevAYwSyYDKGn05M06ekZumuEMOQvvHhQxKt/482/sbMcNPFBweO9KqrqBYkUBl3328ktLa+sruXXCxubW9s7xd29uolTzXiNxTLWzYAaLoXiNRQoeTPRnEaB5I1gcDP2G09cGxGrBxwm3I9oT4lQMIpWemzfcomU4BV2iiW37E5AFok3IyWYodopfrW7MUsjrpBJakzLcxP0M6pRMMlHhXZqeELZgPZ4y1JFI278bHLxiBxZpUvCWNtSSCbq74mMRsYMo8B2RhT7Zt4bi/95rRTDSz8TKkmRKzZdFKaSYEzG75Ou0JyhHFpCmRb2VsL6VFOGNqSCDcGbf3mR1E/K3nn57P60VLmexZGHAziEY/DgAipwB1WoAQMFz/AKb45xXpx352PamnNmM/vwB87nD+7fkHM=</latexit>

�t = t

Single exponential

Multiple exponentials
<latexit sha1_base64="GA2aGFdwceFG0/AjEBsy4UxhYO0=">AAAB8XicbVDLSgNBEJz1GeMr6tHLYBC8GHZFoseglxwjmAcmMcxOepMhs7PLTK8QlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXeXH0th0HW/nZXVtfWNzdxWfntnd2+/cHDYMFGiOdR5JCPd8pkBKRTUUaCEVqyBhb6Epj+6nfrNJ9BGROoexzF0QzZQIhCcoZUe4DE9F7RKcdIrFN2SOwNdJl5GiiRDrVf46vQjnoSgkEtmTNtzY+ymTKPgEib5TmIgZnzEBtC2VLEQTDedXTyhp1bp0yDSthTSmfp7ImWhMePQt50hw6FZ9Kbif147weC6mwoVJwiKzxcFiaQY0en7tC80cJRjSxjXwt5K+ZBpxtGGlLcheIsvL5PGRckrl8p3l8XKTRZHjhyTE3JGPHJFKqRKaqROOFHkmbySN8c4L8678zFvXXGymSPyB87nD5BGkDY=</latexit>

e�iHt


