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GOAL: 
Get insights to the governing patterns and rules of 
QCD from emergent phenomena

Observables to test our understanding:
•Purely hadronic scattering,
•Production and decay,
•Exotic states,
• …

Possible outcomes:
•Source of masses,
•Role of glue,
• Structure of excited states, 
• …
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|niQCD = c0 + c1 + c2 + c3 + c4 + · · ·

… perhaps there is a  hierarchy [.e.g. c0>c1>c2>c3>c4]
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Wilson, RB, Dudek, Edwards, & Thomas (2015)
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Two “musts” for few-body systems:
Generalized eigenvalue problem (GEVP), 

large basis of ops,

diagonalization, 

Finite-volume formalisms.
C2pt.

ab (t,P) ⌘ h0|Ob(t,P)O†
a(0,P)|0i =

X

n

Zb,nZ
⇤
a,ne

�Ent

Ob ⇠ q̄ �b q,⇡⇡,KK, . . . , 3⇡, . . .
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2+1 minimum requirements

One powerful tool to make GEVP practical:
 Distillation [Peardon, et al. (HadSpec, 2009)].

GEVP with large basic is necessary

but not sufficient to trust spectrum!



finite-volume 
spectroscopy 

infinite-volume  
scattering amplitudes

Lüscher (1986, 1991)

Rummukainen & Gottlieb (1995)

Kim, Sachrajda, & Sharpe (2005)

Christ, Kim & Yamazaki (2005)

Feng,  Li, &  Liu (2004)

Hansen & Sharpe (2021) 

RB & Davoudi (2012) 

RB (2014) 

Two-hadron systems

bound state and
resonance poles
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ππ scattering  
(I=1 channel)

Dudek, Edwards, & Thomas (2012)

Wilson, RB, Dudek, Edwards, & Thomas (2015)
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<latexit sha1_base64="vNbprrv9Fvl65dVNpVrxWSa63oE=">AAACAHicbVC7SgNBFJ31GeNr1cLCZjAIsTDuBkEbIWihZQzmAcm6zE5mkyEzs8vMrBCWNP6KjYUitn6GnX/jJNlCEw9cOJxzL/feE8SMKu0439bC4tLyympuLb++sbm1be/sNlSUSEzqOGKRbAVIEUYFqWuqGWnFkiAeMNIMBtdjv/lIpKKRuNfDmHgc9QQNKUbaSL69r3znssj92gnt3CDOkV87LR8/lH274JScCeA8cTNSABmqvv3V6UY44URozJBSbdeJtZciqSlmZJTvJIrECA9Qj7QNFYgT5aWTB0bwyChdGEbSlNBwov6eSBFXasgD08mR7qtZbyz+57UTHV54KRVxoonA00VhwqCO4DgN2KWSYM2GhiAsqbkV4j6SCGuTWd6E4M6+PE8a5ZLrlNy7s0LlKosjBw7AISgCF5yDCrgFVVAHGIzAM3gFb9aT9WK9Wx/T1gUrm9kDf2B9/gD8vZS2</latexit><latexit sha1_base64="vNbprrv9Fvl65dVNpVrxWSa63oE=">AAACAHicbVC7SgNBFJ31GeNr1cLCZjAIsTDuBkEbIWihZQzmAcm6zE5mkyEzs8vMrBCWNP6KjYUitn6GnX/jJNlCEw9cOJxzL/feE8SMKu0439bC4tLyympuLb++sbm1be/sNlSUSEzqOGKRbAVIEUYFqWuqGWnFkiAeMNIMBtdjv/lIpKKRuNfDmHgc9QQNKUbaSL69r3znssj92gnt3CDOkV87LR8/lH274JScCeA8cTNSABmqvv3V6UY44URozJBSbdeJtZciqSlmZJTvJIrECA9Qj7QNFYgT5aWTB0bwyChdGEbSlNBwov6eSBFXasgD08mR7qtZbyz+57UTHV54KRVxoonA00VhwqCO4DgN2KWSYM2GhiAsqbkV4j6SCGuTWd6E4M6+PE8a5ZLrlNy7s0LlKosjBw7AISgCF5yDCrgFVVAHGIzAM3gFb9aT9WK9Wx/T1gUrm9kDf2B9/gD8vZS2</latexit><latexit sha1_base64="vNbprrv9Fvl65dVNpVrxWSa63oE=">AAACAHicbVC7SgNBFJ31GeNr1cLCZjAIsTDuBkEbIWihZQzmAcm6zE5mkyEzs8vMrBCWNP6KjYUitn6GnX/jJNlCEw9cOJxzL/feE8SMKu0439bC4tLyympuLb++sbm1be/sNlSUSEzqOGKRbAVIEUYFqWuqGWnFkiAeMNIMBtdjv/lIpKKRuNfDmHgc9QQNKUbaSL69r3znssj92gnt3CDOkV87LR8/lH274JScCeA8cTNSABmqvv3V6UY44URozJBSbdeJtZciqSlmZJTvJIrECA9Qj7QNFYgT5aWTB0bwyChdGEbSlNBwov6eSBFXasgD08mR7qtZbyz+57UTHV54KRVxoonA00VhwqCO4DgN2KWSYM2GhiAsqbkV4j6SCGuTWd6E4M6+PE8a5ZLrlNy7s0LlKosjBw7AISgCF5yDCrgFVVAHGIzAM3gFb9aT9WK9Wx/T1gUrm9kDf2B9/gD8vZS2</latexit><latexit sha1_base64="vNbprrv9Fvl65dVNpVrxWSa63oE=">AAACAHicbVC7SgNBFJ31GeNr1cLCZjAIsTDuBkEbIWihZQzmAcm6zE5mkyEzs8vMrBCWNP6KjYUitn6GnX/jJNlCEw9cOJxzL/feE8SMKu0439bC4tLyympuLb++sbm1be/sNlSUSEzqOGKRbAVIEUYFqWuqGWnFkiAeMNIMBtdjv/lIpKKRuNfDmHgc9QQNKUbaSL69r3znssj92gnt3CDOkV87LR8/lH274JScCeA8cTNSABmqvv3V6UY44URozJBSbdeJtZciqSlmZJTvJIrECA9Qj7QNFYgT5aWTB0bwyChdGEbSlNBwov6eSBFXasgD08mR7qtZbyz+57UTHV54KRVxoonA00VhwqCO4DgN2KWSYM2GhiAsqbkV4j6SCGuTWd6E4M6+PE8a5ZLrlNy7s0LlKosjBw7AISgCF5yDCrgFVVAHGIzAM3gFb9aT9WK9Wx/T1gUrm9kDf2B9/gD8vZS2</latexit>

ππ scattering  
(I=1 channel)

Dudek, Edwards, & Thomas (2012)

Wilson, RB, Dudek, Edwards, & Thomas (2015)
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M ⇠ 1

p cot � � ip
<latexit sha1_base64="TFMMpow2XC3Y9GRTm/BOYheup4c=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoxpKIoMuiGzdCBfuAJpTJZNIOnTyYuRFKyC+48VfcuFDErTt3/o2TNgttPXDhcM693HuPlwiuwLK+jcrK6tr6RnWztrW9s7tn7h90VZxKyjo0FrHse0QxwSPWAQ6C9RPJSOgJ1vMm14Xfe2BS8Ti6h2nC3JCMIh5wSkBLQ7PhhATGlIjsNncUD51AEprZeZY4NAbHZwLIKU9wPjTrVtOaAS8TuyR1VKI9NL8cP6ZpyCKggig1sK0E3IxI4FSwvOakiiWETsiIDTSNSMiUm80+yvGJVnwcxFJXBHim/p7ISKjUNPR0Z3G/WvQK8T9vkEJw6WY8SlJgEZ0vClKBIcZFPNjnklEQU00IlVzfiumY6ExAh1jTIdiLLy+T7lnTtpr23Xm9dVXGUUVH6Bg1kI0uUAvdoDbqIIoe0TN6RW/Gk/FivBsf89aKUc4coj8wPn8AjiyeEg==</latexit><latexit sha1_base64="TFMMpow2XC3Y9GRTm/BOYheup4c=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoxpKIoMuiGzdCBfuAJpTJZNIOnTyYuRFKyC+48VfcuFDErTt3/o2TNgttPXDhcM693HuPlwiuwLK+jcrK6tr6RnWztrW9s7tn7h90VZxKyjo0FrHse0QxwSPWAQ6C9RPJSOgJ1vMm14Xfe2BS8Ti6h2nC3JCMIh5wSkBLQ7PhhATGlIjsNncUD51AEprZeZY4NAbHZwLIKU9wPjTrVtOaAS8TuyR1VKI9NL8cP6ZpyCKggig1sK0E3IxI4FSwvOakiiWETsiIDTSNSMiUm80+yvGJVnwcxFJXBHim/p7ISKjUNPR0Z3G/WvQK8T9vkEJw6WY8SlJgEZ0vClKBIcZFPNjnklEQU00IlVzfiumY6ExAh1jTIdiLLy+T7lnTtpr23Xm9dVXGUUVH6Bg1kI0uUAvdoDbqIIoe0TN6RW/Gk/FivBsf89aKUc4coj8wPn8AjiyeEg==</latexit><latexit sha1_base64="TFMMpow2XC3Y9GRTm/BOYheup4c=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoxpKIoMuiGzdCBfuAJpTJZNIOnTyYuRFKyC+48VfcuFDErTt3/o2TNgttPXDhcM693HuPlwiuwLK+jcrK6tr6RnWztrW9s7tn7h90VZxKyjo0FrHse0QxwSPWAQ6C9RPJSOgJ1vMm14Xfe2BS8Ti6h2nC3JCMIh5wSkBLQ7PhhATGlIjsNncUD51AEprZeZY4NAbHZwLIKU9wPjTrVtOaAS8TuyR1VKI9NL8cP6ZpyCKggig1sK0E3IxI4FSwvOakiiWETsiIDTSNSMiUm80+yvGJVnwcxFJXBHim/p7ISKjUNPR0Z3G/WvQK8T9vkEJw6WY8SlJgEZ0vClKBIcZFPNjnklEQU00IlVzfiumY6ExAh1jTIdiLLy+T7lnTtpr23Xm9dVXGUUVH6Bg1kI0uUAvdoDbqIIoe0TN6RW/Gk/FivBsf89aKUc4coj8wPn8AjiyeEg==</latexit><latexit sha1_base64="TFMMpow2XC3Y9GRTm/BOYheup4c=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoxpKIoMuiGzdCBfuAJpTJZNIOnTyYuRFKyC+48VfcuFDErTt3/o2TNgttPXDhcM693HuPlwiuwLK+jcrK6tr6RnWztrW9s7tn7h90VZxKyjo0FrHse0QxwSPWAQ6C9RPJSOgJ1vMm14Xfe2BS8Ti6h2nC3JCMIh5wSkBLQ7PhhATGlIjsNncUD51AEprZeZY4NAbHZwLIKU9wPjTrVtOaAS8TuyR1VKI9NL8cP6ZpyCKggig1sK0E3IxI4FSwvOakiiWETsiIDTSNSMiUm80+yvGJVnwcxFJXBHim/p7ISKjUNPR0Z3G/WvQK8T9vkEJw6WY8SlJgEZ0vClKBIcZFPNjnklEQU00IlVzfiumY6ExAh1jTIdiLLy+T7lnTtpr23Xm9dVXGUUVH6Bg1kI0uUAvdoDbqIIoe0TN6RW/Gk/FivBsf89aKUc4coj8wPn8AjiyeEg==</latexit>

πK scattering  
(I=1/2 channel)

Dudek, Edwards, Thomas, & Wilson (2014)

Wilson, RB, Dudek, Edwards, & Thomas (2019)

mπ=391mπ=327mπ=284mπ=239
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πK scattering  
(I=1/2 channel)

M ⇠ 1

p cot � � ip
<latexit sha1_base64="TFMMpow2XC3Y9GRTm/BOYheup4c=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoxpKIoMuiGzdCBfuAJpTJZNIOnTyYuRFKyC+48VfcuFDErTt3/o2TNgttPXDhcM693HuPlwiuwLK+jcrK6tr6RnWztrW9s7tn7h90VZxKyjo0FrHse0QxwSPWAQ6C9RPJSOgJ1vMm14Xfe2BS8Ti6h2nC3JCMIh5wSkBLQ7PhhATGlIjsNncUD51AEprZeZY4NAbHZwLIKU9wPjTrVtOaAS8TuyR1VKI9NL8cP6ZpyCKggig1sK0E3IxI4FSwvOakiiWETsiIDTSNSMiUm80+yvGJVnwcxFJXBHim/p7ISKjUNPR0Z3G/WvQK8T9vkEJw6WY8SlJgEZ0vClKBIcZFPNjnklEQU00IlVzfiumY6ExAh1jTIdiLLy+T7lnTtpr23Xm9dVXGUUVH6Bg1kI0uUAvdoDbqIIoe0TN6RW/Gk/FivBsf89aKUc4coj8wPn8AjiyeEg==</latexit><latexit sha1_base64="TFMMpow2XC3Y9GRTm/BOYheup4c=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoxpKIoMuiGzdCBfuAJpTJZNIOnTyYuRFKyC+48VfcuFDErTt3/o2TNgttPXDhcM693HuPlwiuwLK+jcrK6tr6RnWztrW9s7tn7h90VZxKyjo0FrHse0QxwSPWAQ6C9RPJSOgJ1vMm14Xfe2BS8Ti6h2nC3JCMIh5wSkBLQ7PhhATGlIjsNncUD51AEprZeZY4NAbHZwLIKU9wPjTrVtOaAS8TuyR1VKI9NL8cP6ZpyCKggig1sK0E3IxI4FSwvOakiiWETsiIDTSNSMiUm80+yvGJVnwcxFJXBHim/p7ISKjUNPR0Z3G/WvQK8T9vkEJw6WY8SlJgEZ0vClKBIcZFPNjnklEQU00IlVzfiumY6ExAh1jTIdiLLy+T7lnTtpr23Xm9dVXGUUVH6Bg1kI0uUAvdoDbqIIoe0TN6RW/Gk/FivBsf89aKUc4coj8wPn8AjiyeEg==</latexit><latexit sha1_base64="TFMMpow2XC3Y9GRTm/BOYheup4c=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoxpKIoMuiGzdCBfuAJpTJZNIOnTyYuRFKyC+48VfcuFDErTt3/o2TNgttPXDhcM693HuPlwiuwLK+jcrK6tr6RnWztrW9s7tn7h90VZxKyjo0FrHse0QxwSPWAQ6C9RPJSOgJ1vMm14Xfe2BS8Ti6h2nC3JCMIh5wSkBLQ7PhhATGlIjsNncUD51AEprZeZY4NAbHZwLIKU9wPjTrVtOaAS8TuyR1VKI9NL8cP6ZpyCKggig1sK0E3IxI4FSwvOakiiWETsiIDTSNSMiUm80+yvGJVnwcxFJXBHim/p7ISKjUNPR0Z3G/WvQK8T9vkEJw6WY8SlJgEZ0vClKBIcZFPNjnklEQU00IlVzfiumY6ExAh1jTIdiLLy+T7lnTtpr23Xm9dVXGUUVH6Bg1kI0uUAvdoDbqIIoe0TN6RW/Gk/FivBsf89aKUc4coj8wPn8AjiyeEg==</latexit><latexit sha1_base64="TFMMpow2XC3Y9GRTm/BOYheup4c=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoxpKIoMuiGzdCBfuAJpTJZNIOnTyYuRFKyC+48VfcuFDErTt3/o2TNgttPXDhcM693HuPlwiuwLK+jcrK6tr6RnWztrW9s7tn7h90VZxKyjo0FrHse0QxwSPWAQ6C9RPJSOgJ1vMm14Xfe2BS8Ti6h2nC3JCMIh5wSkBLQ7PhhATGlIjsNncUD51AEprZeZY4NAbHZwLIKU9wPjTrVtOaAS8TuyR1VKI9NL8cP6ZpyCKggig1sK0E3IxI4FSwvOakiiWETsiIDTSNSMiUm80+yvGJVnwcxFJXBHim/p7ISKjUNPR0Z3G/WvQK8T9vkEJw6WY8SlJgEZ0vClKBIcZFPNjnklEQU00IlVzfiumY6ExAh1jTIdiLLy+T7lnTtpr23Xm9dVXGUUVH6Bg1kI0uUAvdoDbqIIoe0TN6RW/Gk/FivBsf89aKUc4coj8wPn8AjiyeEg==</latexit>

Dudek, Edwards, Thomas, & Wilson (2014)

Wilson, RB, Dudek, Edwards, & Thomas (2019)

700 900 1100

30

60

90

120

150

180

resonance pole

⇠<latexit sha1_base64="kc5c6gsEtZKPcNR7LcXBcFcl9w8=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOpZ7jsV2t+3Z+DrJKgIDUo0OxXv3qDmKUSlWWCGtMN/MSGGdWWM4GzSi81mFA2oSPsOqqoRBNm81tn5MwpAzKMtStlyVz9PZFRacxURq5TUjs2y14u/ud1Uzu8DjOuktSiYotFw1QQG5P8cTLgGpkVU0co09zdStiYasqsi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld486T34r17H4vWklfMHMMfeJ8/H6+ORw==</latexit><latexit sha1_base64="kc5c6gsEtZKPcNR7LcXBcFcl9w8=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOpZ7jsV2t+3Z+DrJKgIDUo0OxXv3qDmKUSlWWCGtMN/MSGGdWWM4GzSi81mFA2oSPsOqqoRBNm81tn5MwpAzKMtStlyVz9PZFRacxURq5TUjs2y14u/ud1Uzu8DjOuktSiYotFw1QQG5P8cTLgGpkVU0co09zdStiYasqsi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld486T34r17H4vWklfMHMMfeJ8/H6+ORw==</latexit><latexit sha1_base64="kc5c6gsEtZKPcNR7LcXBcFcl9w8=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOpZ7jsV2t+3Z+DrJKgIDUo0OxXv3qDmKUSlWWCGtMN/MSGGdWWM4GzSi81mFA2oSPsOqqoRBNm81tn5MwpAzKMtStlyVz9PZFRacxURq5TUjs2y14u/ud1Uzu8DjOuktSiYotFw1QQG5P8cTLgGpkVU0co09zdStiYasqsi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld486T34r17H4vWklfMHMMfeJ8/H6+ORw==</latexit><latexit sha1_base64="kc5c6gsEtZKPcNR7LcXBcFcl9w8=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOpZ7jsV2t+3Z+DrJKgIDUo0OxXv3qDmKUSlWWCGtMN/MSGGdWWM4GzSi81mFA2oSPsOqqoRBNm81tn5MwpAzKMtStlyVz9PZFRacxURq5TUjs2y14u/ud1Uzu8DjOuktSiYotFw1QQG5P8cTLgGpkVU0co09zdStiYasqsi6fiQgiWX14l7Yt64NeD+8ta46aIowwncArnEMAVNOAOmtACBmN4hld486T34r17H4vWklfMHMMfeJ8/H6+ORw==</latexit> ⇠ 1

s� s0
<latexit sha1_base64="1RHIIvMgpWVtvTP7jOrPmVdBEIw=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRvFgSEfRY9OKxgq2FJoTNdtMu3U3C7kaoIfhXvHhQxKv/w5v/xm2bg7Y+GHi8N8PMvDDlTGnH+bYqS8srq2vV9drG5tb2jr2711FJJgltk4QnshtiRTmLaVszzWk3lRSLkNP7cHQ98e8fqFQsie/0OKW+wIOYRYxgbaTAPvAUE8iLJCa5W+TqVAVOEdh1p+FMgRaJW5I6lGgF9pfXT0gmaKwJx0r1XCfVfo6lZoTTouZliqaYjPCA9gyNsaDKz6fXF+jYKH0UJdJUrNFU/T2RY6HUWISmU2A9VPPeRPzP62U6uvRzFqeZpjGZLYoyjnSCJlGgPpOUaD42BBPJzK2IDLFJQpvAaiYEd/7lRdI5a7hOw709rzevyjiqcAhHcAIuXEATbqAFbSDwCM/wCm/Wk/VivVsfs9aKVc7swx9Ynz8NWJTz</latexit><latexit sha1_base64="1RHIIvMgpWVtvTP7jOrPmVdBEIw=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRvFgSEfRY9OKxgq2FJoTNdtMu3U3C7kaoIfhXvHhQxKv/w5v/xm2bg7Y+GHi8N8PMvDDlTGnH+bYqS8srq2vV9drG5tb2jr2711FJJgltk4QnshtiRTmLaVszzWk3lRSLkNP7cHQ98e8fqFQsie/0OKW+wIOYRYxgbaTAPvAUE8iLJCa5W+TqVAVOEdh1p+FMgRaJW5I6lGgF9pfXT0gmaKwJx0r1XCfVfo6lZoTTouZliqaYjPCA9gyNsaDKz6fXF+jYKH0UJdJUrNFU/T2RY6HUWISmU2A9VPPeRPzP62U6uvRzFqeZpjGZLYoyjnSCJlGgPpOUaD42BBPJzK2IDLFJQpvAaiYEd/7lRdI5a7hOw709rzevyjiqcAhHcAIuXEATbqAFbSDwCM/wCm/Wk/VivVsfs9aKVc7swx9Ynz8NWJTz</latexit><latexit sha1_base64="1RHIIvMgpWVtvTP7jOrPmVdBEIw=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRvFgSEfRY9OKxgq2FJoTNdtMu3U3C7kaoIfhXvHhQxKv/w5v/xm2bg7Y+GHi8N8PMvDDlTGnH+bYqS8srq2vV9drG5tb2jr2711FJJgltk4QnshtiRTmLaVszzWk3lRSLkNP7cHQ98e8fqFQsie/0OKW+wIOYRYxgbaTAPvAUE8iLJCa5W+TqVAVOEdh1p+FMgRaJW5I6lGgF9pfXT0gmaKwJx0r1XCfVfo6lZoTTouZliqaYjPCA9gyNsaDKz6fXF+jYKH0UJdJUrNFU/T2RY6HUWISmU2A9VPPeRPzP62U6uvRzFqeZpjGZLYoyjnSCJlGgPpOUaD42BBPJzK2IDLFJQpvAaiYEd/7lRdI5a7hOw709rzevyjiqcAhHcAIuXEATbqAFbSDwCM/wCm/Wk/VivVsfs9aKVc7swx9Ynz8NWJTz</latexit><latexit sha1_base64="1RHIIvMgpWVtvTP7jOrPmVdBEIw=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRvFgSEfRY9OKxgq2FJoTNdtMu3U3C7kaoIfhXvHhQxKv/w5v/xm2bg7Y+GHi8N8PMvDDlTGnH+bYqS8srq2vV9drG5tb2jr2711FJJgltk4QnshtiRTmLaVszzWk3lRSLkNP7cHQ98e8fqFQsie/0OKW+wIOYRYxgbaTAPvAUE8iLJCa5W+TqVAVOEdh1p+FMgRaJW5I6lGgF9pfXT0gmaKwJx0r1XCfVfo6lZoTTouZliqaYjPCA9gyNsaDKz6fXF+jYKH0UJdJUrNFU/T2RY6HUWISmU2A9VPPeRPzP62U6uvRzFqeZpjGZLYoyjnSCJlGgPpOUaD42BBPJzK2IDLFJQpvAaiYEd/7lRdI5a7hOw709rzevyjiqcAhHcAIuXEATbqAFbSDwCM/wCm/Wk/VivVsfs9aKVc7swx9Ynz8NWJTz</latexit>

s0 = (mR � i�R/2)
2
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RB, Dudek, Edwards, & Wilson (2017)

mπ ∼ 390 MeV



πω, πϕ, …⇔b1 
( ,   )IG = 1+ JPC = 1+−
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Woss, Dudek, Edwards, Thomas, & Wilson (2020)

mπ ∼ 390 MeV



πρ, KK* , ηω, …⇔ω*,ρ* 
( )JPC = 1−−,2−−,3−−

Johnson & Dudek (2020)
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Woss, Dudek, Edwards, Thomas, & Wilson (2020)

mπ ∼ 700 MeV
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Hansen, RB, Edwards, Thomas, & Wilson (2020)

mπ ∼ 390 MeV

πππ 
(I=3 channel, first three-body scattering amplitude)
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RB, Dudek, Edwards, Shultz, & Thomas (2015)

mπ ∼ 390 MeV
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Light mesons without multi-particle ops
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Charmonium without multi-particle ops

Cheung, O'Hara, Moir, Peardon, Ryan, Thomas, Tims (2016)



Bottomonium without multi-particle ops

Ryan and Wilson (2020)
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Bottomonium without multi-particle ops
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three-body scattering 
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mπ ∼ 390 MeV
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experimental situation 5

a recent JPAC analysis of COMPASS data on πp→πη p , πp→πη′ p
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a rather broad resonance

Pheno π1 
Slide by Jozef Dudek
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crude extrapolation to physical point 17

core assumption: couplings scale only with the relevant barrier factor kℓ

use PDG masses & COMPASS/JPAC π1 mass

generates for a π1 at 1564 MeV:

ΓTOT ~ 140-600 MeV 

Γ(πη) ≲ 1 MeV 

Γ(πη′) ≲ 20 MeV 

Γ(πρ) ≲ 12 MeV 

Γ(πb1) ~ 140-530 MeV

JPAC/COMPASS candidate:

ΓTOT ~ 492(115) MeV

Kopf et al analysis:

ΓTOT ~ 388(10) MeV

Γ(πη′) / Γ(πη) ~ 6.5(1)

if correct, suggests prior observations in πη, πη′, πρ  
are in heavily suppressed decay channels  

πb1 →ππω→πππππ

?
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