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Hadrons
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Today we know (from exp and theory) that hadrons with the following minimal quark and gluon contents. 

There may be more categories, but these are not reliably confirmed yet. 

<latexit sha1_base64="c5xShW50z9ol4aj5rjeooQ2X0AE=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVUj0WvXisYD+kXUo2zbahSXabZIWy1D/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0c3Mbz1SpVkk780kpr7AA8lCRrCx0gPqBlih8dO4Vyy5ZXcOtEq8jJQgQ71X/Or2I5IIKg3hWOuO58bGT7EyjHA6LXQTTWNMRnhAO5ZKLKj20/nBU3RmlT4KI2VLGjRXf0+kWGg9EYHtFNgM9bI3E//zOokJr/yUyTgxVJLFojDhyERo9j3qM0WJ4RNLMFHM3orIECtMjM2oYEPwll9eJc2LslctV+4qpdp1FkceTuAUzsGDS6jBLdShAQQEPMMrvDnKeXHenY9Fa87JZo7hD5zPHzx6kA4=</latexit>

q̄ q

<latexit sha1_base64="awnyLISF/ekTN/WYULgirLkNDis=">AAAB7XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae0Q8mkmTY2k4xJRihD/QY3LhRx6/+482/MtLPQ1hMCh3Pu5d57gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvs789iNVmklxZyYx9SM8FCxkBBsrtdDDk339csWtujOgZeLlpAI5Gv3yV28gSRJRYQjHWnc9NzZ+ipVhhNNpqZdoGmMyxkPatVTgiGo/nW07RSdWGaBQKvuFQTP1d0eKI60nUWArI2xGetHLxP+8bmLCSz9lIk4MFWQ+KEw4MhJlp6MBU5QYPrEEE8XsroiMsMLE2IBKNgRv8eRl0jqreufV2m2tUr/K4yjCERzDKXhwAXW4gQY0gcA9PMMrvDnSeXHenY95acHJew7hD5zPH6GFjy4=</latexit>q q q

<latexit sha1_base64="nNXsZCCefRvuST10yWm4+E3wq2M=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkVI9FD3qsYD+gDWWz3bRLN5t0d1Moof0lXjwo4tV/4s1/47bNQVsfDDzem2Fmnh9zprTjfFu5jc2t7Z38bmFv/+DwyD4+aagokYTWScQj2fKxopwJWtdMc9qKJcWhz2nTH97N/eaYSsUi8aQnMfVC3BcsYARrI3VtG3V8LNFodo9maIQQ6tpFp+QsgNaJm5EiZKh17a9OLyJJSIUmHCvVdp1YeymWmhFOp4VOomiMyRD3adtQgUOqvHRx+RRdGKWHgkiaEhot1N8TKQ6VmoS+6QyxHqhVby7+57UTHdx4KRNxoqkgy0VBwpGO0DwG1GOSEs0nhmAimbkVkQGWmGgTVsGE4K6+vE4aVyW3Uio/lovV2yyOPJzBOVyCC9dQhQeoQR0IjOEZXuHNSq0X6936WLbmrGzmFP7A+vwB7v+R6g==</latexit>

q̄ G q

conventional hadrons exotic hadrons

G=gluon, q=quark=u,d,s,c,b

c c

uud

uGd = 𝜋1

<latexit sha1_base64="x9RpFglvpBrVb5pw6plnxTnLFrs=">AAAB/XicbVC7TsMwFL3hWcIrPDYWi4qKqUpQBYwVLIxFog+piSrHdVqrzgPbQSpRy6+wMIAQK//Bxt/gthmg5ViWjs+5V/f6+AlnUtn2t7G0vLK6tl7YMDe3tnd2rb39hoxTQWidxDwWLR9LyllE64opTluJoDj0OW36g+uJ33ygQrI4ulPDhHoh7kUsYAQrLXWsw9L9WB/XNUvjsetjgfSrYxXtsj0FWiROToqQo9axvtxuTNKQRopwLGXbsRPlZVgoRjgdmW4qaYLJAPdoW9MIh1R62XT7ETrRShcFsdA3Umiq/u7IcCjlMPR1ZYhVX857E/E/r52q4NLLWJSkikZkNihIOVIxmkSBukxQovhQE0wE07si0scCE6UDM3UIzvyXF0njrOyclyu3lWL1Ko+jAEdwDKfgwAVU4QZqUAcCj/AMr/BmPBkvxrvxMStdMvKeA/gD4/MH7JaU5g==</latexit>q q q

q̄ q = Pc [LHCb 2015]
c c

<latexit sha1_base64="inExJ6zqbZ+MMGAWXxlJ9NjPTZA=">AAAB/nicbVDLSsNAFL3xWeMrKq7cDBaLq5JIUZdFNy4r2Ac0oUymk3bo5NGZiVBCi7/ixoUibv0Od/6N0zYLbT1wuYdz7mXuHD/hTCrb/jZWVtfWNzYLW+b2zu7evnVw2JBxKgitk5jHouVjSTmLaF0xxWkrERSHPqdNf3A79ZuPVEgWRw9qlFAvxL2IBYxgpaWOdVwaToaua5ZcHws0nMxbxyraZXsGtEycnBQhR61jfbndmKQhjRThWMq2YyfKy7BQjHA6Nt1U0gSTAe7RtqYRDqn0stn5Y3SmlS4KYqErUmim/t7IcCjlKPT1ZIhVXy56U/E/r52q4NrLWJSkikZk/lCQcqRiNM0CdZmgRPGRJpgIpm9FpI8FJkonZuoQnMUvL5PGRdm5LFfuK8XqTR5HAU7gFM7BgSuowh3UoA4EMniGV3gznowX4934mI+uGPnOEfyB8fkDusKUtg==</latexit>q q

q̄ q̄
= Tcc [LHCb 2021]

u d

image: 
https://physicstoday.scitation.org/do/10.1063/PT.5.7167/full/

minimal quark (q) and gluon (G)  contents

tetraquark

pentaquark

hybrid

meson

baryon

JPC = 1 - +

[several exp.]

experimentaly discoveded example



Lattice QCD: nonperturbative approach to QCD
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C =  DG Dq Dq C e
−SQCD /!

∫   
<latexit sha1_base64="kt7dv0SNtTKJXAWsNHxpau2O2pM="></latexit>

SE
QCD =

Z
d4xE LE

QCD(mq, gs)
E

<latexit sha1_base64="dRUwwZgfvizRyVb4ut/DBhxUuGk="></latexit>

LQCD = 1
4G

µ⌫
a Gµ⌫

a + q̄i�µ(@
µ + igsG

µ
aT

a)q �mq q̄qQCD:
<latexit sha1_base64="+zkUEAJmlg6PO/OIsVgrY1X3ZVs=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2A9pl5JNs21okl2SrFCW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6sJOEBZIMFY84JdZJj3jYNz0hsN8vV7yqNwdeJX5OKpCj0S9/9QYxTSVTlgpiTNf3EhtkRFtOBZuWeqlhCaFjMmRdRxWRzATZ/OApPnPKAEexdqUsnqu/JzIijZnI0HVKYkdm2ZuJ/3nd1EbXQcZVklqm6GJRlApsYzz7Hg+4ZtSKiSOEau5uxXRENKHWZVRyIfjLL6+S1kXVv6zW7muV+k0eRxFO4BTOwYcrqMMdNKAJFCQ8wyu8IY1e0Dv6WLQWUD5zDH+APn8Av1iPuw==</latexit>

gs ⌧ 1 at hadronic energy scale

Main quantity extracted: eigen-energy En

t=0, JP, It, JP, I

<latexit sha1_base64="rzEjgRrabiA8Wx3TeOx/aeloqvk=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgxbAroh6DIngRIpgHJGuYnUySIbOz60xvICz5Di8eFPHqx3jzb5w8DppY0FBUddPdFcRSGHTdbyeztLyyupZdz21sbm3v5Hf3qiZKNOMVFslI1wNquBSKV1Cg5PVYcxoGkteC/vXYrw24NiJSDziMuR/SrhIdwShayeeP6Ym4aSmCrbtRK19wi+4EZJF4M1KAGcqt/FezHbEk5AqZpMY0PDdGP6UaBZN8lGsmhseU9WmXNyxVNOTGTydHj8iRVdqkE2lbCslE/T2R0tCYYRjYzpBiz8x7Y/E/r5Fg59JPhYoT5IpNF3USSTAi4wRIW2jOUA4toUwLeythPaopQ5tTzobgzb+8SKqnRe+86N2fFUpXsziycACHcAweXEAJbqEMFWDwBM/wCm/OwHlx3p2PaWvGmc3swx84nz8Qs5Gl</latexit>

e�iEntM

Eucledian time
<latexit sha1_base64="zMKPtq+LmeCp/EFPmrl5079EIBY=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwVRIRdVl047KCfUATwmQ6aYdOJmFmIpS04MZfceNCEbf+hDv/xmnahbYeuNzDOfcyc0+Ycqa043xbS8srq2vrpY3y5tb2zq69t99USSYJbZCEJ7IdYkU5E7Shmea0nUqK45DTVji4mfitByoVS8S9HqbUj3FPsIgRrI0U2IeeyuJAoJHwJBY9Tj1eNCRGgV1xqk4BtEjcGanADPXA/vK6CcliKjThWKmO66Taz7HUjHA6LnuZoikmA9yjHUMFjqny8+KGMToxShdFiTQlNCrU3xs5jpUaxqGZjLHuq3lvIv7ndTIdXfk5E2mmqSDTh6KMI52gSSCoyyQlmg8NwUQy81dE+lhiok1sZROCO3/yImmeVd2Lqnt3Xqldz+IowREcwym4cAk1uIU6NIDAIzzDK7xZT9aL9W59TEeXrNnOAfyB9fkDQ4yX6w==</latexit>X

n

|nihn|

<latexit sha1_base64="ALsMksMVfOJbmh91iW5+qL+5pj0="></latexit>

mu/d > mphy
u/d , m⇡>140 MeVoften “non-precision” studies:   single a, 

strongly stable hadron well below threshold: straightforward
<latexit sha1_base64="LH8dHCvYQbVLZr3BHqhd3DXo3x4=">AAAB+3icbVDLSgMxFM34rPU11qWb1CLUTZkRUTeFogguK9gHdIaSSTNtaJIZkkyxDPVT3LhQxK0/4s6/MW1noa0HLhzOuZd77wliRpV2nG9rZXVtfWMzt5Xf3tnd27cPCk0VJRKTBo5YJNsBUoRRQRqaakbasSSIB4y0guHN1G+NiFQ0Eg96HBOfo76gIcVIG6lrF3j19qnsjQiGsVesekXntGuXnIozA1wmbkZKIEO9a395vQgnnAiNGVKq4zqx9lMkNcWMTPJeokiM8BD1ScdQgThRfjq7fQJPjNKDYSRNCQ1n6u+JFHGlxjwwnRzpgVr0puJ/XifR4ZWfUhEnmgg8XxQmDOoIToOAPSoJ1mxsCMKSmlshHiCJsDZx5U0I7uLLy6R5VnEvKu79eal2ncWRA0fgGJSBCy5BDdyBOmgADB7BM3gFb9bEerHerY9564qVzRyCP7A+fwBdIpK0</latexit>

m = E (~p=0)
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BMW collaboration
Science 322, 2008

Proton and neutron mass  constitute more than 99% of the bright universe mass

exp

lattice QCD
mu=md

lattice QCD+QED
mu ≠md

exp

<latexit sha1_base64="lM5XDFbgCzJESihK0+4AN4L9Ewg=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4sexKUY9FL14KFeyHtMuSTbNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL0w408Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NJxqghtkpjHqhNiTTmTtGmY4bSTKIpFyGk7HN1O/fYTVZrF8sGME+oLPJAsYgQbKz3WA4nOUT1IglLZrbgzoGXi5aQMORpB6avXj0kqqDSEY627npsYP8PKMMLppNhLNU0wGeEB7VoqsaDaz2YHT9CpVfooipUtadBM/T2RYaH1WIS2U2Az1IveVPzP66YmuvYzJpPUUEnmi6KUIxOj6feozxQlho8twUQxeysiQ6wwMTajog3BW3x5mbQuKt5lpXpfLddu8jgKcAwncAYeXEEN7qABTSAg4Ble4c1Rzovz7nzMW1ecfOYI/sD5/AFkOI+A</latexit> M
n
�

M
p

BMW collaboration
Science 347,2015

image: 
https://physicstoday.scitation.org/do/10.1063/PT.5.7167/full/

Contribution of the Higgs mechanism 

to the valence quark masses

2mu+md ≅ 10 MeV [PDG]

u

u
d

proton



Bottomonia and bottomonium hybrids
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b b

Lattice QCD 
relativistic b quarks
Ryan & Wilson (HadSpec)  
2008.02656, JHEP

strongly stable below BB if 
bb annihilation is omitted 

mhybrid ≥ 10.9 GeV

<latexit sha1_base64="BWTsTObL8Nt1qWZp5H0fNgDFPZE=">AAACCnicbVBNS8NAEN3Ur1q/oh69RIvgxZJIUY9FL16ECvYDmhI220m7dDcJuxuhhJy9+Fe8eFDEq7/Am//GTZuDtj4YeLw3w8w8P2ZUKtv+NkpLyyura+X1ysbm1vaOubvXllEiCLRIxCLR9bEERkNoKaoYdGMBmPsMOv74Ovc7DyAkjcJ7NYmhz/EwpAElWGnJMw/dQGCS8lPupS4o7PlZlrocq5Hg6S20s8wzq3bNnsJaJE5BqqhA0zO/3EFEEg6hIgxL2XPsWPVTLBQlDLKKm0iIMRnjIfQ0DTEH2U+nr2TWsVYGVhAJXaGypurviRRzKSfc1535kXLey8X/vF6igst+SsM4URCS2aIgYZaKrDwXa0AFEMUmmmAiqL7VIiOss1E6vYoOwZl/eZG0z2rOea1+V682roo4yugAHaET5KAL1EA3qIlaiKBH9Ixe0ZvxZLwY78bHrLVkFDP76A+Mzx+cU5uA</latexit>m�m⌘b

MeV

other predictions of hybrids: 

from quenched lattice static 
potentials / EFT 

Brambilla et al,  1805.07713, 
1908.11699, PRD

Schlosser & Wagner, 
2111.00741

JPC

<latexit sha1_base64="VTQiNwbbeI4SD3MqLFd7oU499Vo=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FD3qsYD+wXUqSZtvQbLIkWaEs/RdePCji1X/jzX9j2u5BWx8MPN6bYWYeSQQ31ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqyhpUCaXbBBsmuGQNy61g7UQzHBPBWmR0M/VbT0wbruSDHScsjPFA8ohTbJ302CVYI4JuEemVK37VnwEtkyAnFchR75W/un1F05hJSwU2phP4iQ0zrC2ngk1K3dSwBNMRHrCOoxLHzITZ7OIJOnFKH0VKu5IWzdTfExmOjRnHxHXG2A7NojcV//M6qY2uwozLJLVM0vmiKBXIKjR9H/W5ZtSKsSOYau5uRXSINabWhVRyIQSLLy+T5lk1uKie359Xatd5HEU4gmM4hQAuoQZ3UIcGUJDwDK/w5hnvxXv3PuatBS+fOYQ/8D5/ABSyj+M=</latexit>

b̄Gb



Strongly decaying hadronic resonances

Brief life 
of a resonance

hotemoji.com



Resonances R→ H1 H2 , bound states near threshold
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Scattering matrix T(E)  from lattice QCD

En

analytic relation: 
Luscher 1991

generalizations by many authors 

<latexit sha1_base64="Y3byoQSLRiKo76Hv9s+biCQZJi4=">AAACCHicbVDLSgMxFL1TX7W+Rl26MFiEdlNmpKjLohRcVugLOmPJpGkbmnmQZIQydOnGX3HjQhG3foI7/8a0HURbL4ScnHMvN+d4EWdSWdaXkVlZXVvfyG7mtrZ3dvfM/YOmDGNBaIOEPBRtD0vKWUAbiilO25Gg2Pc4bXmj66neuqdCsjCoq3FEXR8PAtZnBCtNdc1jhKoOQo4KkYPqhWpRXz+PO1LsmnmrZM0KLQM7BXlIq9Y1P51eSGKfBopwLGXHtiLlJlgoRjid5JxY0giTER7QjoYB9ql0k5mRCTrVTA/1Q6FPoNCM/T2RYF/Kse/pTh+roVzUpuR/WidW/Us3YUEUKxqQ+aJ+zJF2Ok0F9ZigRPGxBpgIpv+KyBALTJTOLqdDsBctL4PmWck+L5Vvy/nKVRpHFo7gBApgwwVU4AZq0AACD/AEL/BqPBrPxpvxPm/NGOnMIfwp4+Mbo/uV8g==</latexit>

E ! T (E) ! T (Ec)
for real Ereal E for complex E

analytic contin.
to complex E

scattering matrix T(E)

many resonances and 
bound states extracted 
in this way by now 
(appologies for not covering all)

<latexit sha1_base64="qSHanakOI6zOXcbOsIB+l7QhYNA=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoEctMKeqyKEWXFfqCzrRk0kwbmswMSUYoQ7/Bjb/ixoUibl2582/MtF1o9UDgcM693JzjRYxKZVlfRmZldW19I7uZ29re2d0z9w9aMowFJk0cslB0PCQJowFpKqoY6USCIO4x0vbG16nfvidC0jBoqElEXI6GAfUpRkpLfbMIG4Va0YlEGKkQQscXCCf2NKn1yme8Vz6lNecGcY6mub6Zt0rWDPAvsRckDxao981PZxDimJNAYYak7NpWpNwECUUxI9OcE0sSITxGQ9LVNECcSDeZRZrCE60MoB8K/QIFZ+rPjQRxKSfc05McqZFc9lLxP68bK//STWgQxYoEeH7IjxnU6dN+4IAKghWbaIKwoPqvEI+QbkXpFtMS7OXIf0mrXLLPS5W7Sr56tagjC47AMSgAG1yAKrgFddAEGDyAJ/ACXo1H49l4M97noxljsXMIfsH4+AYAe5vS</latexit>

T (E) / 1

E2 �m2 + iE�

Bound st.          Resonance

p = i |p|

Virtual bound st.

p = - i |p|

<latexit sha1_base64="tmP022e6H/PUEqxHRRe/rEbHy/4=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0WoC0tSirosSsFlhb6gSctkOmmHTjJhZiKU0K0bf8WNC0Xc+gfu/BsnbRbaemDgcM693DnHixiVyrK+jdza+sbmVn67sLO7t39gHh61JY8FJi3MGRddD0nCaEhaiipGupEgKPAY6XiT29TvPBAhKQ+bahoRN0CjkPoUI6WlgQlhs1Q/dyLBI8UhdHyBcGLPknq/chH0K7PCwCxaZWsOuErsjBRBhsbA/HKGHMcBCRVmSMqebUXKTZBQFDMyKzixJBHCEzQiPU1DFBDpJvMkM3imlSH0udAvVHCu/t5IUCDlNPD0ZIDUWC57qfif14uVf+0mNIxiRUK8OOTHDOrQaS1wSAXBik01QVhQ/VeIx0iXoXR5aQn2cuRV0q6U7cty9b5arN1kdeTBCTgFJWCDK1ADd6ABWgCDR/AMXsGb8WS8GO/Gx2I0Z2Q7x+APjM8flb2YYA==</latexit>

T (E) / 1

E2 �m2

(p)

(-p)

<latexit sha1_base64="gg+Bkn7RnYX4BoCQllMUcLQ+tYg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btbhJ2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4bua3n1BpHkcPZpKgL+kw4iFn1FipIfvlilt15yCrxMtJBXLU++Wv3iBmqcTIMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtjahE7WfzQ6fkzCoDEsbKVmTIXP09kVGp9UQGtlNSM9LL3kz8z+umJrzxMx4lqcGILRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB14WM9w==</latexit>m
<latexit sha1_base64="eLDBI1MxttFlOQ6PPkrnSwGJy7M=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5IUUY9FD3qsYD+gCWWy3bRLd5OwuxFLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqtrW9sbpW3Kzu7e/sH9mG1o+JUEtomMY9lLwBFOYtoWzPNaS+RFETAaTeY3Mz87iOVisXRg54m1BcwiljICGgjDeyqp0MJJHPzrJF7tyAEDOyaU3fmwKvELUgNFWgN7C9vGJNU0EgTDkr1XSfRfgZSM8JpXvFSRRMgExjRvqERCKr8bH57jk+NMsRhLE1FGs/V3xMZCKWmIjCdAvRYLXsz8T+vn+rwys9YlKSaRmSxKEw51jGeBYGHTFKi+dQQIJKZWzEZg8lCm7gqJgR3+eVV0mnU3Yu6e39ea14XcZTRMTpBZ8hFl6iJ7lALtRFBT+gZvaI3K7derHfrY9FasoqZI/QH1ucP9IOUYw==</latexit>

1
2�

R

bound st.
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Resonances R→ H1 H2  

<latexit sha1_base64="1z3MYNyFi2FmDeC5MqW4P3Bj0Qk=">AAACGXicbVDLSgMxFM3UV62vqks3qUVwIWWmVutGKLpxI1SwD+iMJZOmbWgyMyQZYRjGz3Djr7hxoYhLXfk3pu0stPVA4HDOveSe4waMSmWa30ZmYXFpeSW7mltb39jcym/vNKUfCkwa2Ge+aLtIEkY90lBUMdIOBEHcZaTlji7HfuueCEl971ZFAXE4Gni0TzFSWurmTci7dkDtwrldgOVy9ejYOnmwOVJDweNr0kygrfzpzF0cDKOkmy+aJXMCOE+slBRBino3/2n3fBxy4inMkJQdywyUEyOhKGYkydmhJAHCIzQgHU09xIl04kmyBB5opQf7vtDPU3Ci/t6IEZcy4q6eHN8sZ72x+J/XCVX/zImpF4SKeHj6UT9kUIcd1wR7VBCsWKQJwoLqWyEeIoGw0mXmdAnWbOR50iyXrNNS5aZSrF2kdWTBHtgHh8ACVVADV6AOGgCDR/AMXsGb8WS8GO/Gx3Q0Y6Q7u+APjK8fsoWe9g==</latexit>
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� = g2
p2l+1

E2

coupling g that parametrizes the width agrees with exp. 
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FIG. 17. Top: The scattering amplitudes-squared,
⇢a⇢b|t`Ja,`0Jb|

2, transcribed from Figure 10 with the energy
axis converted to physical units. Below the amplitudes are
the energy levels used to constrain the amplitudes (black
points). Bottom: The best estimate of the resonant pole
position, where uncertainties combine statistical and system-
atic uncertainties with variations across parameterizations.
The histograms show the best estimate of the magnitude of
each coupling with the lightly-shaded region reflecting the
combined uncertainties. The ⇡�{3S1} coupling is an estimate
of the upper bound.

of the ⇢ [38, 59–61] and K⇤ [62–65] couplings at various
values of m⇡. Considering

�����
cphys.⇡!{3`J}�
kphys.⇡!

�`

����� =

�����
c⇡!{3`J}�
k⇡!

�`

����� , (31)

where the cm-frame momentum is evaluated at the reso-
nance pole position, and where we use the values pre-
sented above on the right-hand side, and the experi-
mental b1 mass to compute kphys.⇡! , gives a prediction
of
��cphys.⇡!{3D1}

�� = 146(101) MeV. Subsequently, we obtain
an estimate for the ratio of couplings at the physical pion
mass of,

������

cphys.⇡!{3D1}

cphys.⇡!{3S1}

������
= 0.27(20). (32)
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FIG. 18. The b1 pole position for various pion masses. Blue
shows the ground-state mass of the axial-vector octet from
a lattice calculation with m⇡ ⇡ 700 MeV [38], red shows
the estimate from this work with m⇡ ⇡ 391 MeV and black
is the experimentally determined mass and width of the b1
resonance [15].

The PDG [15] reports a ratio of D-wave to S-wave ampli-
tudes for the b1 resonance of magnitude 0.277(27), which
is not computed at the complex pole position and there-
fore not precisely the same quantity as we quote.

X. SUMMARY

This paper has reported on the first lattice QCD cal-
culation of coupled ⇡!, ⇡� scattering, the first time cou-
pled pseudoscalar-vector scattering amplitudes have been
computed. This large-scale calculation made use of a
significant number of operators resembling single, two
and three-meson constructions to extract finite-volume
spectra which were used to constrain the coupled-channel
scattering amplitudes.

Analysis of the obtained finite-volume spectra required
consideration of coupled 3S1 �

3D1 partial-waves in ⇡!
scattering. A clear b1 resonance was observed, visible as
a rapid increase in the ⇡!

�
3S1

 
phase-shift through 90�

or correspondingly as a bump in the magnitude of the
⇡!

�
3S1

 
! ⇡!

�
3S1

 
t-matrix element. More rigorously,

we found pole singularities on unphysical Riemann sheets
relatively close to the real energy axis with couplings
that are large for the ⇡!

�
3S1

 
final state, significantly

smaller for ⇡!
�
3D1

 
and compatible with zero for ⇡�.

The mass and width of the b1 resonance found in this
calculation, with light-quark masses such that m⇡ ⇡ 391
MeV, appear to be compatible with a smooth interpola-
tion between a stable state for much larger quark mass,
and the experimental resonance at lower quark mass.
We explored the role of three-body channels by

including operators in our bases whose construc-
tion resembles a meson coupled to a two-body
resonance, utilizing earlier calculations of meson-
meson scattering channels [13, 42, 43]. There is no
su�ciently-mature finite-volume formalism capable
of rigorously incorporating three-body scattering
channels here. However, as a systematic test, the
finite-volume formalism, which in principle can handle

exp

lat (m 𝜋=391 MeV)

Woss et al, HadSpec,

1904.04136, PRD 
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E [MeV]

q=u,d
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χc2(1P)

Exp

χc0(1P)

χc2(3930)

X(3860)

X(3915)/
χc0(3930)

ψ(3770)

ψ(2S)

X(3842)

1- - 1- - 3- -3- -

predicted in models [Oset et al,  
0612179 PRD, Hildago Duque et al 
1305.4487, Baru et al 1605.09649 PLB] 

seen in dispersive analysis of exp. 
data [Deineka, Danilkin et al 2111.15033]

S.P. , Collins,  Padmanath, Mohler, Piemonte

2011.02542 JHEP, 1905.03506 PRD, 2111.02934

<latexit sha1_base64="Tbd46OB/QHJJdN6fbkSyJMGGs4M=">AAAB8HicbVBNSwMxEJ2tX7V+rXr0EiyCp7IrRT0W7cFjBfsh7VKyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YP3MOjlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+Hbmt5+o0iyWD2aS0EDgoWQRI9hY6RGhXogVqtf7btmreHOgVeLnpAw5Gn33qzeISSqoNIRjrbu+l5ggw8owwum01Es1TTAZ4yHtWiqxoDrI5gdP0ZlVBiiKlS1p0Fz9PZFhofVEhLZTYDPSy95M/M/rpia6DjImk9RQSRaLopQjE6PZ92jAFCWGTyzBRDF7KyIjrDAxNqOSDcFffnmVtC4q/mWlel8t127yOIpwAqdwDj5cQQ3uoAFNICDgGV7hzVHOi/PufCxaC04+cwx/4Hz+ACOej1Y=</latexit>

D̄D JP=0+  state

<latexit sha1_base64="Pwn86D4cCpwdSJwmv/BEcT2LTkc=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LevBYwX5Au5RsOtuGZrNrki2U0t/hxYMiXv0x3vw3pu0etPUxA4/3ZsjkBYng2rjut5NbW9/Y3MpvF3Z29/YPiodHDR2nimGdxSJWrYBqFFxi3XAjsJUopFEgsBkMb2d+c4RK81g+mnGCfkT7koecUWMln5BOQBW562pb3WLJLbtzkFXiZaQEGWrd4lenF7M0QmmYoFq3PTcx/oQqw5nAaaGTakwoG9I+ti2VNELtT+ZHT8mZVXokjJVtachc/b0xoZHW4yiwkxE1A73szcT/vHZqwmt/wmWSGpRs8VCYCmJiMkuA9LhCZsTYEsoUt7cSNqCKMmNzKtgQvOUvr5LGRdm7LFceKqXqTRZHHk7gFM7Bgyuowj3UoA4MnuAZXuHNGTkvzrvzsRjNOdnOMfyB8/kDQMeRIg==</latexit>

D̄sDs JP=0+  state 

likely related to X(3915) / 𝜒𝑐0 (3930)
[BaBar,  LHCb 2009.00026]; explaining why 
it has narrow width to DD. Predicted
by Lebed, Polosa  1602.08421 

+ expected conventional charmonia

<latexit sha1_base64="ykqhlYWgs1xXhFrhiL8g2G+q3K8=">AAACC3icbVC7SgNBFJ31GeMramkzSRCswm4IGrAJ2tgIEcwDsmGZndxNhszsrjOzQljS2/grNhaK2PoDdv6Nk0ehiQcuHM65l3vv8WPOlLbtb2tldW19YzOzld3e2d3bzx0cNlWUSAoNGvFItn2igLMQGpppDu1YAhE+h5Y/vJr4rQeQikXhnR7F0BWkH7KAUaKN5OUKwnNj5uZdxQTcu3lcrtruBXYF0QMp0htojr1c0S7ZU+Bl4sxJEc1R93Jfbi+iiYBQU06U6jh2rLspkZpRDuOsmyiICR2SPnQMDYkA1U2nv4zxiVF6OIikqVDjqfp7IiVCqZHwTefkRrXoTcT/vE6ig2o3ZWGcaAjpbFGQcKwjPAkG95gEqvnIEEIlM7diOiCSUG3iy5oQnMWXl0mzXHLOSpXbSrF2OY8jg45RAZ0iB52jGrpGddRAFD2iZ/SK3qwn68V6tz5mrSvWfOYI/YH1+QMVEpnU</latexit>

m⇡'280 MeV

<latexit sha1_base64="4KIiOYySCud60v91Q2yek+LLjq4=">AAAB7nicbVBNSwMxEJ31s9avqkcvqUXwVHalqBeh6EVvFewHdJeSTbNtaDZZkqxQlv4ILx4U8erv8ea/MW33oK0PBh7vzTAzL0w408Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NIyVYQ2ieRSdUKsKWeCNg0znHYSRXEcctoOR7dTv/1ElWZSPJpxQoMYDwSLGMHGSu17v3ztl91eqeJW3RnQMvFyUoEcjV7py+9LksZUGMKx1l3PTUyQYWUY4XRS9FNNE0xGeEC7lgocUx1ks3Mn6NQqfRRJZUsYNFN/T2Q41noch7YzxmaoF72p+J/XTU10FWRMJKmhgswXRSlHRqLp76jPFCWGjy3BRDF7KyJDrDAxNqGiDcFbfHmZtM6r3kW19lCr1G/yOApwDCdwBh5cQh3uoAFNIDCCZ3iFNydxXpx352PeuuLkM0fwB87nD6VAjnk=</latexit>

I=0
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Conventional 

quark model

New paradigm 

<latexit sha1_base64="1JEt3MYbGWe5JbgRl1XjG3sTdV4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69pBZBEEoiRb0IRS/iqYL9gCQtm+22XbrZDbsToYT+DC8eFPHqr/Hmv3Hb5qCtDwYe780wMy+MOdPgON9WbmV1bX0jv1nY2t7Z3SvuHzS1TBShDSK5VO0Qa8qZoA1gwGk7VhRHIaetcHQ79VtPVGkmxSOMYxpEeCBYnxEMRvLuO3W/dO2XnM5Zt1h2Ks4M9jJxM1JGGerd4pffkySJqADCsdae68QQpFgBI5xOCn6iaYzJCA+oZ6jAEdVBOjt5Yp8YpWf3pTIlwJ6pvydSHGk9jkLTGWEY6kVvKv7neQn0r4KUiTgBKsh8UT/hNkh7+r/dY4oS4GNDMFHM3GqTIVaYgEmpYEJwF19eJs3zintRqT5Uy7WbLI48OkLH6BS56BLV0B2qowYiSKJn9IreLLBerHfrY96as7KZQ/QH1ucPHEGP2Q==</latexit>

JP =0+

<latexit sha1_base64="k3t5EaVln7KRVU2O3Tq4/SXF5ww=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyUpoi6LblxWsA9oQ5lMJ+3QySSdmQg11B9x40IRt36KO//GaZqFth643MM59zJ3jh9zprTjfFuFtfWNza3idmlnd2+/bB8ctlSUSEKbJOKR7PhYUc4EbWqmOe3EkuLQ57Ttj2/mfvuBSsUica+nMfVCPBQsYARrI/XtMun5WKLJ02TR+3bFqToZ0Cpxc1KBHI2+/dUbRCQJqdCEY6W6rhNrL8VSM8LprNRLFI0xGeMh7RoqcEiVl2aHz9CpUQYoiKQpoVGm/t5IcajUNPTNZIj1SC17c/E/r5vo4MpLmYgTTQVZPBQkHOkIzVNAAyYp0XxqCCaSmVsRGWGJiTZZlUwI7vKXV0mrVnUvqrW780r9Oo+jCMdwAmfgwiXU4RYa0AQCCTzDK7xZj9aL9W59LEYLVr5zBH9gff4ATwuS3g==</latexit>

cq̄ qq̄ q=u,d,s        n=u,d
<latexit sha1_base64="EEAKSvxPAe56TD+LyL7w6/VDkFo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKbdoLUJHHfrniVt05yCrxclKBHI1++as3iGkaMWmoQK27npsYP0NlOBVsWuqlmiVIxzhkXUslRkz72fzcKTmzyoCEsbIlDZmrvycyjLSeRIHtjNCM9LI3E//zuqkJr/2MyyQ1TNLFojAVxMRk9jsZcMWoERNLkCpubyV0hAqpsQmVbAje8surpFWrepfV2v1FpX6Tx1GEEziFc/DgCupwBw1oAoUxPMMrvDmJ8+K8Ox+L1oKTzxzDHzifP+m2j0w=</latexit>

cq̄ +
Du et al, 1712.07957, PRD
Albaladejo et al,  1610.06727, PLB 

Lutz et al (2003), 0307133, PLB 

Beveren, Rupp;  Dmitrasinovic

3 ⨂ 8  = 3 ⨁6 ⨁15 SU(3)F

3
6

Scattering on the lattice
S=1  Mohler et al, 1308.3175, PRL

Lang et al, 1403.8103, PRD
RQCD, 1706.01247, PRD
HadSpec 2008.06432, JHEP

S=0   Mohler et al. 1208.4059, PRD
(see backup)
HadSpec, 1607.07093, JHEP
HadSpec 2102.04973, JHEP 

S=-1  HadSpec, 2008.06432, JHEP

Ds0
*

D0
*

lat: 2.1-2.2 GeV (pole)

PDG: 2.3 GeV     (BW)

(see backup)

2.3 GeV

no state (mix with 
repulsive 15)

2.4-2.5 GeV      
reanalysis of lat 
1607.07093 by 
Albaladejo 1610.06727

virtual bound state 
HadSpec 2008.06432
partner of X(2900)  
[LHCb 2009.00025] ? 

<latexit sha1_base64="EEAKSvxPAe56TD+LyL7w6/VDkFo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKbdoLUJHHfrniVt05yCrxclKBHI1++as3iGkaMWmoQK27npsYP0NlOBVsWuqlmiVIxzhkXUslRkz72fzcKTmzyoCEsbIlDZmrvycyjLSeRIHtjNCM9LI3E//zuqkJr/2MyyQ1TNLFojAVxMRk9jsZcMWoERNLkCpubyV0hAqpsQmVbAje8surpFWrepfV2v1FpX6Tx1GEEziFc/DgCupwBw1oAoUxPMMrvDmJ8+K8Ox+L1oKTzxzDHzifP+m2j0w=</latexit>

cq̄
new paradigm supported by:

• lattice

• effective models ChPT+HQET

• reanalysis of exp data

• states circled by blue seem 

to feature in the spectrum

mix

q=u,d,s



Doubly heavy tetraquarks
<latexit sha1_base64="7lltJ+1Cb9bQ9wALxOVfP2sEnAU=">AAACFHicbVDLSgMxFM34rPU16tJNsAiCUGakqMuiG5ct2Ad0xpLJ3GlDMw+TjFCGfoQbf8WNC0XcunDn35hOZ6GtBxIO59x7c3O8hDOpLOvbWFpeWV1bL22UN7e2d3bNvf22jFNBoUVjHouuRyRwFkFLMcWhmwggoceh442up37nAYRkcXSrxgm4IRlELGCUKC31zdPMyYdkAvwJbjbvnESwELDjEYHvZ3ehTfpmxapaOfAisQtSQQUaffPL8WOahhApyomUPdtKlJsRoRjlMCk7qYSE0BEZQE/TiIQg3SzfZ4KPteLjIBb6RArn6u+OjIRSjkNPV4ZEDeW8NxX/83qpCi7djEVJqiCis4eClGMV42lC2GcCqOJjTQgVTO+K6ZAIQpXOsaxDsOe/vEjaZ1X7vFpr1ir1qyKOEjpER+gE2egC1dENaqAWougRPaNX9GY8GS/Gu/ExK10yip4D9AfG5w8aq57c</latexit>

QQ0q̄q̄0

Q=c,b   q=u,d,s
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<latexit sha1_base64="EL1HCgYPH4e80+T5fJpEPBvPrZU=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasSSZTBuayQxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9wckgiujet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqKGvRWMSqS7BmgkvWMtwI1k0UwxERrEPGNzO/88iU5rG8N5OE+REeSh5yio2VHgjpE6xQkPd0UK25dTcHWiZeQWpQoDmofvWDmKYRk4YKrHXPcxPjZ1gZTgWbVvqpZgmmYzxkPUsljpj2s/zqKTqxSoDCWNmSBuXq740MR1pPImInI2xGetGbif95vdSEV37GZZIaJun8oTAVyMRoFgEKuGLUiIklmCpub0V0hBWmxgZVsSF4i19eJu2zundRP787rzWuizjKcATHcAoeXEIDbqEJLaCg4Ble4c15cl6cd+djPlpyip1D+APn8wfHgJIO</latexit>

bbd̄ū
<latexit sha1_base64="LgVvbA8y7lmBhpZXGELunj7w258=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIqS6LblxWsA9ox5KkmTY0kxmSjFKG/ocbF4q49V/c+Tem01lo64F7OZxzL7k5JBZcG9f9dgpr6xubW8Xt0s7u3v5B+fCoraNEUdaikYhUl2DNBJesZbgRrBsrhkMiWIdMbuZ+55EpzSN5b6Yx80M8kjzgFBsrPRDSJ1ghnfVkUK64VTcDWiVeTiqQozkof/WHEU1CJg0VWOue58bGT7EynAo2K/UTzWJMJ3jEepZKHDLtp9nVM3RmlSEKImVLGpSpvzdSHGo9DYmdDLEZ62VvLv7n9RITXPkpl3FimKSLh4JEIBOheQRoyBWjRkwtwVRxeyuiY6wwNTaokg3BW/7yKmlfVL16tXZXqzSu8ziKcAKncA4eXEIDbqEJLaCg4Ble4c15cl6cd+djMVpw8p1j+APn8wfelpId</latexit>

bbs̄ū

<latexit sha1_base64="LgVvbA8y7lmBhpZXGELunj7w258=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIqS6LblxWsA9ox5KkmTY0kxmSjFKG/ocbF4q49V/c+Tem01lo64F7OZxzL7k5JBZcG9f9dgpr6xubW8Xt0s7u3v5B+fCoraNEUdaikYhUl2DNBJesZbgRrBsrhkMiWIdMbuZ+55EpzSN5b6Yx80M8kjzgFBsrPRDSJ1ghnfVkUK64VTcDWiVeTiqQozkof/WHEU1CJg0VWOue58bGT7EynAo2K/UTzWJMJ3jEepZKHDLtp9nVM3RmlSEKImVLGpSpvzdSHGo9DYmdDLEZ62VvLv7n9RITXPkpl3FimKSLh4JEIBOheQRoyBWjRkwtwVRxeyuiY6wwNTaokg3BW/7yKmlfVL16tXZXqzSu8ziKcAKncA4eXEIDbqEJLaCg4Ble4c15cl6cd+djMVpw8p1j+APn8wfelpId</latexit>

bbs̄ū
<latexit sha1_base64="EL1HCgYPH4e80+T5fJpEPBvPrZU=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasSSZTBuayQxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9wckgiujet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqKGvRWMSqS7BmgkvWMtwI1k0UwxERrEPGNzO/88iU5rG8N5OE+REeSh5yio2VHgjpE6xQkPd0UK25dTcHWiZeQWpQoDmofvWDmKYRk4YKrHXPcxPjZ1gZTgWbVvqpZgmmYzxkPUsljpj2s/zqKTqxSoDCWNmSBuXq740MR1pPImInI2xGetGbif95vdSEV37GZZIaJun8oTAVyMRoFgEKuGLUiIklmCpub0V0hBWmxgZVsSF4i19eJu2zundRP787rzWuizjKcATHcAoeXEIDbqEJLaCg4Ble4c15cl6cd+djPlpyip1D+APn8wfHgJIO</latexit>

bbd̄ū

models lattice models lattice

references from left to right 
models (many more references):
Eichten and Quigg (2017) 1707.09575 PRL
Karliner and Rosner (2017) 1707.07666 PRL
Ebert et al. (2007) 0706.3853
Silvestre-Brac and Semay (1993) 
Janc and Rosina (2004) hep-ph/0405208

lattice: most updated results
Leskovec, Meinel, Pflaumer, Wagner (2019) 1904.04197 
Junnarkar, Mathur, Padmanth (2018) 1810.12285  
Frances, Colquhoun, Hudspith, Maltman (2021) preliminary 
Bicudo, Wagner et al. 1612.02758 static potentials

models (many more references)
Eichten and Quigg (2017) 1707.09575 PRL
Parket al. (2018) 1809.05257
Ebert et al. (2007) 0706.3853
Silvestre-Brac and Semay (1993) 

lattice: most updated results
Pflaumer, Leskovec,Meinel,Wagner (2021) 2108.10704
Junnarkar, Mathur, Padmanth (2018) 1810.12285  
Frances, Colquhoun, Hudspith, Maltman  (2021) preliminary

m
 –

E t
h 

[M
eV

]

threshold: BB*                                     BBs*

earlier results of Frances et al in 1810.10550, 1607.05214 PRL

lattice mu/d a [fm]

Leskovec , Pflaumer et al mu/d  -> mu/d
phy 0.08-0.11

Junnarkar et al. mu/d  -> mu/d
phy a -> 0

Francis et al mu/d  -> mu/d
phy 0.09 

Bicudo et al. mu/d  -> mu/d
phy 0.08 

<latexit sha1_base64="93VS4W/6ezJugkIGkXkJZl3Nf3Q=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTO1CIJSEinqRii6UVcV7AWatEym03boZBJmJkKJFXwVNy4UcetruPNtnKZZaOsPAx//OYdz5vdCRqWyrG8jMze/sLiUXc6trK6tb5ibWzUZRAKTKg5YIBoekoRRTqqKKkYaoSDI9xipe4PLcb1+T4SkAb9Tw5C4Pupx2qUYKW21zR147eTPnbx1BB9vWpWE7dZh2yxYRSsRnAU7hQJIVWmbX04nwJFPuMIMSdm0rVC5MRKKYkZGOSeSJER4gHqkqZEjn0g3Tu4fwX3tdGA3EPpxBRP390SMfCmHvqc7faT6cro2Nv+rNSPVPXNjysNIEY4ni7oRgyqA4zBghwqCFRtqQFhQfSvEfSQQVjqynA7Bnv7yLNSOi/ZJsXRbKpQv0jiyYBfsgQNgg1NQBlegAqoAgwfwDF7Bm/FkvBjvxsekNWOkM9vgj4zPH0gpkxM=</latexit>

I=0, JP =1+

not found in exp, difficult to find
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<latexit sha1_base64="EL1HCgYPH4e80+T5fJpEPBvPrZU=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasSSZTBuayQxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9wckgiujet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqKGvRWMSqS7BmgkvWMtwI1k0UwxERrEPGNzO/88iU5rG8N5OE+REeSh5yio2VHgjpE6xQkPd0UK25dTcHWiZeQWpQoDmofvWDmKYRk4YKrHXPcxPjZ1gZTgWbVvqpZgmmYzxkPUsljpj2s/zqKTqxSoDCWNmSBuXq740MR1pPImInI2xGetGbif95vdSEV37GZZIaJun8oTAVyMRoFgEKuGLUiIklmCpub0V0hBWmxgZVsSF4i19eJu2zundRP787rzWuizjKcATHcAoeXEIDbqEJLaCg4Ble4c15cl6cd+djPlpyip1D+APn8wfHgJIO</latexit>

bbd̄ū
preliminary lattice results of Frances, 
Colquhoun, Hudspith, Maltman  (2021) 
@Lattice2021, Hadron2021
supports  internal structure below
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<latexit sha1_base64="LgVvbA8y7lmBhpZXGELunj7w258=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIqS6LblxWsA9ox5KkmTY0kxmSjFKG/ocbF4q49V/c+Tem01lo64F7OZxzL7k5JBZcG9f9dgpr6xubW8Xt0s7u3v5B+fCoraNEUdaikYhUl2DNBJesZbgRrBsrhkMiWIdMbuZ+55EpzSN5b6Yx80M8kjzgFBsrPRDSJ1ghnfVkUK64VTcDWiVeTiqQozkof/WHEU1CJg0VWOue58bGT7EynAo2K/UTzWJMJ3jEepZKHDLtp9nVM3RmlSEKImVLGpSpvzdSHGo9DYmdDLEZ62VvLv7n9RITXPkpl3FimKSLh4JEIBOheQRoyBWjRkwtwVRxeyuiY6wwNTaokg3BW/7yKmlfVL16tXZXqzSu8ziKcAKncA4eXEIDbqEJLaCg4Ble4c15cl6cd+djMVpw8p1j+APn8wfelpId</latexit>

bbs̄ū

color Coulomb

strongly binds bb

<latexit sha1_base64="97FMMoP3S54Q0TnUkFXsXro+tjw=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0m0qMeiF48VrC2kIexut+3SzSbsbgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5JBVcG8/7dkpr6xubW+Xtys7u3v6Be3j0pJNMUdaiiUhUh2DNBJesZbgRrJMqhmMiWJuM7mZ+e8yU5ol8NJOUhTEeSN7nFBsrRa6LAkLCKO8SrNBlRKeRW/Vq3hxolfgFqUKBZuR+dXsJzWImDRVY68D3UhPmWBlOBZtWuplmKaYjPGCBpRLHTIf5/PIpOrNKD/UTZUsaNFd/T+Q41noSE9sZYzPUy95M/M8LMtO/CXMu08wwSReL+plAJkGzGFCPK0aNmFiCqeL2VkSHWGFqbFgVG4K//PIqebqo+Ve1+kO92rgt4ijDCZzCOfhwDQ24hya0gMIYnuEV3pzceXHenY9Fa8kpZo7hD5zPH3qOku0=</latexit>

[bb]3̄c

<latexit sha1_base64="AyQPTUwZKhTBETz7Jtcc6vwqm50=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkqiRV0W3bisYB+QhjCZTNqhkwczE6GEgr/ixoUibv0Od/6N0zQLbT1wL4dz7mXuHD/lTCrL+jYqK6tr6xvVzdrW9s7unrl/0JVJJgjtkIQnou9jSTmLaUcxxWk/FRRHPqc9f3w783uPVEiWxA9qklI3wsOYhYxgpSXPPELOwMcCZUUPXC+/8MjUM+tWwyqAloldkjqUaHvm1yBISBbRWBGOpXRsK1VujoVihNNpbZBJmmIyxkPqaBrjiEo3L86folOtBChMhK5YoUL9vZHjSMpJ5OvJCKuRXPRm4n+ek6nw2s1ZnGaKxmT+UJhxpBI0ywIFTFCi+EQTTATTtyIywgITpROr6RDsxS8vk+55w75sNO+b9dZNGUcVjuEEzsCGK2jBHbShAwRyeIZXeDOejBfj3fiYj1aMcucQ/sD4/AECRpTl</latexit>

[ūd̄]3c
SP = 0+

good diquark

SP = 1+

lattice: dependence on mb and  mu,d

supported also by almost all model studes
Karliner and Rosner (2017), Janc and Rosina (2004), ... 

<latexit sha1_base64="93VS4W/6ezJugkIGkXkJZl3Nf3Q=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTO1CIJSEinqRii6UVcV7AWatEym03boZBJmJkKJFXwVNy4UcetruPNtnKZZaOsPAx//OYdz5vdCRqWyrG8jMze/sLiUXc6trK6tb5ibWzUZRAKTKg5YIBoekoRRTqqKKkYaoSDI9xipe4PLcb1+T4SkAb9Tw5C4Pupx2qUYKW21zR147eTPnbx1BB9vWpWE7dZh2yxYRSsRnAU7hQJIVWmbX04nwJFPuMIMSdm0rVC5MRKKYkZGOSeSJER4gHqkqZEjn0g3Tu4fwX3tdGA3EPpxBRP390SMfCmHvqc7faT6cro2Nv+rNSPVPXNjysNIEY4ni7oRgyqA4zBghwqCFRtqQFhQfSvEfSQQVjqynA7Bnv7yLNSOi/ZJsXRbKpQv0jiyYBfsgQNgg1NQBlegAqoAgwfwDF7Bm/FkvBjvxsekNWOkM9vgj4zPH0gpkxM=</latexit>

I=0, JP =1+

mb’ increases

mu,d decreases

(m
bph

y
)

(m
u,

dph
y
)
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Other                     and  JP

Sasa Prelovsek                                 Hadron spectroscopy from lattice 13

<latexit sha1_base64="7lltJ+1Cb9bQ9wALxOVfP2sEnAU=">AAACFHicbVDLSgMxFM34rPU16tJNsAiCUGakqMuiG5ct2Ad0xpLJ3GlDMw+TjFCGfoQbf8WNC0XcunDn35hOZ6GtBxIO59x7c3O8hDOpLOvbWFpeWV1bL22UN7e2d3bNvf22jFNBoUVjHouuRyRwFkFLMcWhmwggoceh442up37nAYRkcXSrxgm4IRlELGCUKC31zdPMyYdkAvwJbjbvnESwELDjEYHvZ3ehTfpmxapaOfAisQtSQQUaffPL8WOahhApyomUPdtKlJsRoRjlMCk7qYSE0BEZQE/TiIQg3SzfZ4KPteLjIBb6RArn6u+OjIRSjkNPV4ZEDeW8NxX/83qpCi7djEVJqiCis4eClGMV42lC2GcCqOJjTQgVTO+K6ZAIQpXOsaxDsOe/vEjaZ1X7vFpr1ir1qyKOEjpER+gE2egC1dENaqAWougRPaNX9GY8GS/Gu/ExK10yip4D9AfG5w8aq57c</latexit>

QQ0q̄q̄0

Theoretically expected near or above threshold

States near or above threshold have to be identified as poles in scattering T(E)

<latexit sha1_base64="vMMxKNOr8Z717yEN/M/RCjNmFnM=">AAACCnicbVC7TsMwFHXKq4RXgJHFUCExVQmqgLGChbFI9CE1UeU4TmvVcSI/kKqoMwu/wsIAQqx8ARt/g5tmgJYj2To6597r6xNmjErlut9WZWV1bX2jumlvbe/s7jn7Bx2ZaoFJG6csFb0QScIoJ21FFSO9TBCUhIx0w/HNzO8+ECFpyu/VJCNBgoacxhQjZaSBcwxzv5iSh0yTKQwx9EMkYFTcemrDgVNz624BuEy8ktRAidbA+fKjFOuEcIUZkrLvuZkKciQUxYxMbV9LkiE8RkPSN5SjhMggL5aYwlOjRDBOhTlcwUL93ZGjRMpJEprKBKmRXPRm4n9eX6v4Ksgpz7QiHM8fijWDKoWzXGBEBcGKTQxBWFCzK8QjJBBWJj3bhOAtfnmZdM7r3kW9cdeoNa/LOKrgCJyAM+CBS9AEt6AF2gCDR/AMXsGb9WS9WO/Wx7y0YpU9h+APrM8frgiZmw==</latexit>

bcd̄ū
<latexit sha1_base64="VPmtCcaBgNT3mv9Y0VjTogePY6M=">AAACCnicbVC7TsMwFHXKq4RXgJHFUCExVQmqgLGChbFI9CE1UeU4TmvVcSI/kKqoMwu/wsIAQqx8ARt/g5tmgJYj2To6597r6xNmjErlut9WZWV1bX2jumlvbe/s7jn7Bx2ZaoFJG6csFb0QScIoJ21FFSO9TBCUhIx0w/HNzO8+ECFpyu/VJCNBgoacxhQjZaSBcwxzv5iSh0yTKcQY+iESMCpuPbXhwKm5dbcAXCZeSWqgRGvgfPlRinVCuMIMSdn33EwFORKKYkamtq8lyRAeoyHpG8pRQmSQF0tM4alRIhinwhyuYKH+7shRIuUkCU1lgtRILnoz8T+vr1V8FeSUZ1oRjucPxZpBlcJZLjCigmDFJoYgLKjZFeIREggrk55tQvAWv7xMOud176LeuGvUmtdlHFVwBE7AGfDAJWiCW9ACbYDBI3gGr+DNerJerHfrY15ascqeQ/AH1ucPr52ZnA==</latexit>

ccd̄ū

Doubly charm tetraquark Tcc
<latexit sha1_base64="eRuFUwuxdmX6X98IyRVgbii+/To=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9ycIOFMG9f9dkorq2vrG+XNytb2zu5edf+grWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb2Z+55EqzaS4N5OE+jEeChYxgo2VHgjpB1ihMO/poFpz624OtEy8gtSgQHNQ/eqHkqQxFYZwrHXPcxPjZ1gZRjidVvqppgkmYzykPUsFjqn2s/zqKTqxSogiqWwJg3L190aGY60ncWAnY2xGetGbif95vdREV37GRJIaKsj8oSjlyEg0iwCFTFFi+MQSTBSztyIywgoTY4Oq2BC8xS8vk/ZZ3buon9+d1xrXRRxlOIJjOAUPLqEBt9CEFhBQ8Ayv8OY8OS/Ou/MxHy05xc4h/IHz+QPKoZIQ</latexit>

ccd̄ū

LHCb 2109.01038, 2109.01056, Nature Physics

<latexit sha1_base64="t5I/qc0R2RKmEeHAjqbPNX5bZRA=">AAACFHicbVDLSgNBEJyNrxhfUY9eBoMgiGFXQ/QiBL14ESKYB2SXZXbSSYbM7C4zs0JY4j948Ve8eFDEqwdv/o2Tx0ETCxqKqm66u4KYM6Vt+9vKLCwuLa9kV3Nr6xubW/ntnbqKEkmhRiMeyWZAFHAWQk0zzaEZSyAi4NAI+lcjv3EPUrEovNODGDxBuiHrMEq0kfz8kdsGrgkWfhpHHIYX+NgunpbdWGC7aJceXEF0T4r0BupDP18w2hh4njhTUkBTVP38l9uOaCIg1JQTpVqOHWsvJVIzanbl3ERBTGifdKFlaEgEKC8dPzXEB0Zp404kTYUaj9XfEykRSg1EYDpHN6pZbyT+57US3Tn3UhbGiYaQThZ1Eo51hEcJ4TaTQDUfGEKoZOZWTHtEEqpNjjkTgjP78jypnxSdcrF0WypULqdxZNEe2keHyEFnqIKuURXVEEWP6Bm9ojfryXqx3q2PSWvGms7soj+wPn8AYRidKw==</latexit>

�mpole = �0.36± 0.04 MeV

<latexit sha1_base64="j7tZL4+loHwool7LvHdsfPHdzlk=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFqBZLIkXdCEVduKxgL9DWMplM2qEzSZiZCCVk6cZXceNCEbc+gjvfxmmahVp/GPj4zzmcOb8TMiqVZX0Zubn5hcWl/HJhZXVtfcPc3GrKIBKYNHDAAtF2kCSM+qShqGKkHQqCuMNIyxldTuqteyIkDfxbNQ5Jj6OBTz2KkdJW39ztuoQpBPk5Pyrxfnx1Fx+Wk6ScopUc9M2iVbFSwVmwMyiCTPW++dl1Axxx4ivMkJQd2wpVL0ZCUcxIUuhGkoQIj9CAdDT6iBPZi9NDErivHRd6gdDPVzB1f07EiEs55o7u5EgN5d/axPyv1omUd9aLqR9Givh4usiLGFQBnKQCXSoIVmysAWFB9V8hHiKBsNLZFXQI9t+TZ6F5XLFPKtWbarF2kcWRBztgD5SADU5BDVyDOmgADB7AE3gBr8aj8Wy8Ge/T1pyRzWyDXzI+vgGmX5h5</latexit>

�m = m� (mD⇤+ +mD0)
D*+D0 D*0D+

<latexit sha1_base64="L/LTANhmX+XEQZFyjWOhObz+dPw=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQEUoiRV0WFXRZwT6gSctkOmmHziRhZiKUUDdu/BU3LhRx6ze482+ctFlo62EGDufcy733eBGjUlnWt5FbWFxaXsmvFtbWNza3zO2dhgxjgUkdhywULQ9JwmhA6ooqRlqRIIh7jDS94WXqN++JkDQM7tQoIi5H/YD6FCOlpa65DyEvXXUs/ZyIdo6PHhyO1EDw5Jo0xl2zaJWtCeA8sTNSBBlqXfPL6YU45iRQmCEp27YVKTdBQlHMyLjgxJJECA9Rn7Q1DRAn0k0mZ4zhoVZ60A+F/oGCE/V3R4K4lCPu6cp0RznrpeJ/XjtW/rmb0CCKFQnwdJAfM6hCmGYCe1QQrNhIE4QF1btCPEACYaWTK+gQ7NmT50njpGyfliu3lWL1IosjD/bAASgBG5yBKrgBNVAHGDyCZ/AK3own48V4Nz6mpTkj69kFf2B8/gD0gZeT</latexit>

m(D0D0⇡+) GeV

+

likely dominant

Theoretical predictions for Tcc mass (I=0, JP=1+)

<latexit sha1_base64="3s4x+WoMn0nFb9Jf1bFhHUiUxiE=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8FQSKeqx6MWLUMF+QBLKZjttl+4mYXcjlFAP/hUvHhTx6s/w5r9x0+agrQ8GHu/NMDMvTDhT2nG+raXlldW19dJGeXNre2fX3ttvqTiVFJo05rHshEQBZxE0NdMcOokEIkIO7XB0nfvtB5CKxdG9HicQCDKIWJ9Roo3UtQ/9HnBNsHj0BdFDKTLvFlrBpGtXnKozBV4kbkEqqECja3/5vZimAiJNOVHKc51EBxmRmlEOk7KfKkgIHZEBeIZGRIAKsukDE3xilB7ux9JUpPFU/T2REaHUWISmM79SzXu5+J/npbp/GWQsSlINEZ0t6qcc6xjnaeAek0A1HxtCqGTmVkyHRBKqTWZlE4I7//IiaZ1V3fNq7a5WqV8VcZTQETpGp8hFF6iOblADNRFFE/SMXtGb9WS9WO/Wx6x1ySpmDtAfWJ8/9jiWqA==</latexit>

�m [MeV] references at the back

D*0D+
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Pole of T(E)

increasing mu/d 

Sketch of expected binding energy

v The only lat. study that extracts T(E):

[Padmanath, SP: 2202.10110] m𝜋 ≈ 280MeV

v Evidence for pole related to Tcc 

v For mu,d > mu,d
phy one expects decreased attraction 

Tcc : bound state becomes virtual bound state 

indeed this is what is found on the lattice

Doubly charm tetraquark Tcc   
from lattice QCD

<latexit sha1_base64="WOwZXa3XvTt5pWQouLWBnDeFv7g=">AAACAXicbZDLSsNAFIYnXmu9Rd0IbqYWQVBKIqJuhKIbdVXBXqBJy2Q6aYdOJmFmIpTQbnwVNy4UcetbuPNtnKZZaOsPAx//OYcz5/ciRqWyrG9jbn5hcWk5t5JfXVvf2DS3tmsyjAUmVRyyUDQ8JAmjnFQVVYw0IkFQ4DFS9/rX43r9kQhJQ/6gBhFxA9Tl1KcYKW21zV0I4V2r4hQunQK0W0fHo9uUrbZZtEpWKjgLdgZFkKnSNr+cTojjgHCFGZKyaVuRchMkFMWMDPNOLEmEcB91SVMjRwGRbpJeMIQH2ulAPxT6cQVT9/dEggIpB4GnOwOkenK6Njb/qzVj5V+4CeVRrAjHk0V+zKAK4TgO2KGCYMUGGhAWVP8V4h4SCCsdWl6HYE+fPAu1k5J9VrLvT4vlqyyOHNgD++AQ2OAclMENqIAqwGAEnsEreDOejBfj3fiYtM4Z2cwO+CPj8wf6G5Nk</latexit>

JP =1+, I=0

prevoious simulations extracted only eigen-energies:  [Junnarkar, Mathur, Padmanath,  1810.12285 PRD ; HadSpec 1709.01417 JHEP]

virtual bound state pole p = -i|p|

What is virtual bound state? See supplemental of 2202.10110



Bound  and virtual bound state: simplest example 
scattering in square-well potential in QM

<latexit sha1_base64="OdcLJqntF/YGuQhYNEB/oRSF3V4=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI7aUkIupFqHrxWMF+QBvKZrtpl242cXcj1NBf4sWDIl79Kd78N27bHLT1wcDjvRlm5vkxZ0o7zreVW1ldW9/Ibxa2tnd2i/beflNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/uhm6rceqVQsEvd6HFMvxAPBAkawNlLPLqKkLCuXV13FRPlBVnp2yak6M6Bl4makBBnqPfur249IElKhCcdKdVwn1l6KpWaE00mhmygaYzLCA9oxVOCQKi+dHT5Bx0bpoyCSpoRGM/X3RIpDpcahbzpDrIdq0ZuK/3mdRAcXXspEnGgqyHxRkHCkIzRNAfWZpETzsSGYSGZuRWSIJSbaZFUwIbiLLy+T5knVPau6d6el2nUWRx4O4QjK4MI51OAW6tAAAgk8wyu8WU/Wi/Vufcxbc1Y2cwB/YH3+AOmAkfc=</latexit>

u(r) = A sin(qr)
<latexit sha1_base64="h1b8i4ln24UOA5v/VUPitXgzy8E=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxCi1ASEXUjlLpxWcE+oAllMr1ph04mYWYilNiFv+LGhSJu/Q13/o3Tx0JbD1w4nHMv994TJJwp7Tjf1tLyyuraem4jv7m1vbNr7+03VJxKCnUa81i2AqKAMwF1zTSHViKBRAGHZjC4GfvNB5CKxeJeDxPwI9ITLGSUaCN17EOcFmXpuuopJoqJPPW6wDUpdeyCU3YmwIvEnZECmqHWsb+8bkzTCISmnCjVdp1E+xmRmlEOo7yXKkgIHZAetA0VJALlZ5P7R/jEKF0cxtKU0Hii/p7ISKTUMApMZ0R0X817Y/E/r53q8MrPmEhSDYJOF4UpxzrG4zBwl0mgmg8NIVQycyumfSIJ1SayvAnBnX95kTTOyu5F2b07L1Sqszhy6AgdoyJy0SWqoFtUQ3VE0SN6Rq/ozXqyXqx362PaumTNZg7QH1ifP/qzlM4=</latexit>

u(r) = B sin(pr + �)

r
R

increasing mu/d , decreasing attraction

<latexit sha1_base64="Wyhfv28Qed/x0X6ZHG3sGJADIW0=">AAACAHicbZC7TsMwFIadcivlFmBgYHGpkFioEoSABamChbFI9CI1oXJcp7XqOJbtIFVpFl6FhQGEWHkMNt4Gt80AhV+y9Ok/5+j4/IFgVGnH+bIKC4tLyyvF1dLa+sbmlr2901RxIjFp4JjFsh0gRRjlpKGpZqQtJEFRwEgrGF5P6q0HIhWN+Z0eCeJHqM9pSDHSxuraexCS+5QKmXnlS69s+HgsxjLr2hWn6kwF/4KbQwXkqnftT68X4yQiXGOGlOq4jtB+iqSmmJGs5CWKCISHqE86BjmKiPLT6QEZPDROD4axNI9rOHV/TqQoUmoUBaYzQnqg5msT879aJ9HhhZ9SLhJNOJ4tChMGdQwnacAelQRrNjKAsKTmrxAPkERYm8xKJgR3/uS/0DypumdV9/a0UrvK4yiCfXAAjoALzkEN3IA6aAAMMvAEXsCr9Wg9W2/W+6y1YOUzu+CXrI9vrPCV1g==</latexit>

eipr=e�|p|r

p=i|p| p=-i|p|
<latexit sha1_base64="rvlHt4RTzPomlqyyBlRLpGJ6AFc=">AAAB/3icbZDLSgMxFIYz9VbrbVRw4ya1CK7KjIi6EYpuXFawF+iMJZNm2tBMJiQZoUxn4au4caGIW1/DnW9j2s5CW38IfPznHM7JHwhGlXacb6uwtLyyulZcL21sbm3v2Lt7TRUnEpMGjlks2wFShFFOGppqRtpCEhQFjLSC4c2k3nokUtGY3+uRIH6E+pyGFCNtrK59ACF5SKmQmVe+8sqGx2Iss65dcarOVHAR3BwqIFe9a395vRgnEeEaM6RUx3WE9lMkNcWMZCUvUUQgPER90jHIUUSUn07vz+CxcXowjKV5XMOp+3siRZFSoygwnRHSAzVfm5j/1TqJDi/9lHKRaMLxbFGYMKhjOAkD9qgkWLORAYQlNbdCPEASYW0iK5kQ3PkvL0LztOqeV927s0rtOo+jCA7BETgBLrgANXAL6qABMBiDZ/AK3qwn68V6tz5mrQUrn9kHf2R9/gA885Wf</latexit>

eipr=e|p|r

DD* rate ∝ p|T|2

ra
te

 ∝
p|

T|
2

for Tcc extracted on lattice 2202.101101

partial wave l=0

supplemental of 2202.101101



Exotic hadrons with Q and Q
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Q=u,b
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Q=c,b    q=u,d,s

[Belle 2011]                                                           [LHCb 2015]

[BessII, Belle, 2013]

challenging for ab-initio study 

due to many decay channels: 

lp22-figs
Wednesday,	29	December	2021 14:26hadronic molecule                             vs.                    diquark antidiquark

<latexit sha1_base64="DQToPYBhgpxDM7SmnudX7IFJUcI="></latexit>

Q̄Qq̄q ! Q̄q + q̄Q, Q̄Q+ q̄q

Q̄Qqqq ! Q̄q +Qqq, Q̄Q+ qqq

quark spins correlated within         mesons                                                  diquarks    

Q q

Q q

Only partial conclusions are available 
from ab-initio approaches
[reviewed e.g. in S.P. 2001.01767]
I’ll discuss other approaches 
(also due to lack of time). 

GRRR!

<latexit sha1_base64="JhsxHHxYl6nIrgt4sps3NEE9vdw=">AAACLnicbVDLSgMxFM34tr6qLt0Ei+KqzIioG6EogssKthU7w5DcydjQzKN5CKX4RW78FV0IKuLWzzBtR/B1IbmHc+4huYfmgivtus/OxOTU9Mzs3HxpYXFpeaW8utZUmZHAGpCJTF5SopjgKWtorgW7zCUjCRWsRbsnQ711w6TiWXqh+zkLEnKd8pgD0ZYKy6dXId0+8imRmNJRi4zf6xkSjW9cD2EsAxgTYd8vXYWw/UUVjrBccavuqPBf4BWggoqqh+VHP8rAJCzVIIhSbc/NdTAgUnMQ7LbkG8VyAl1yzdoWpiRhKhiM1r3FW5aJcJxJe1KNR+x3x4AkSvUTaicTojvqtzYk/9PaRseHwYCnudEshfFDsRFYZ3iYHY64ZKBF3wICktu/YugQSUDbhEs2BO/3yn9Bc7fq7Ve9871K7biIYw5toE20gzx0gGroDNVRAwG6Qw/oBb06986T8+a8j0cnnMKzjn6U8/EJLiOnZg==</latexit>

Zb = b̄bd̄u Pc = c̄cuud

Zc = c̄cd̄u

<latexit sha1_base64="pVVMnBhG5DhGk8dv1n2brE0KtB4=">AAACGXicbVBNS8MwGE79nPOr6tFLcAgeZLQi6nHoxeMG7gPWMtI03cLStE1SYZT+DS/+FS8eFPGoJ/+NWVdBNx8IeXie933z5vFiRqWyrC9jaXlldW29slHd3Nre2TX39jsySgUmbRyxSPQ8JAmjnLQVVYz0YkFQ6DHS9cY3U797T4SkEb9Tk5i4IRpyGlCMlJYGpgUzp5iSCeLn0PGQgK1WcSXJqZOkyP8RtZDAfGDWrLpVAC4SuyQ1UKI5MD8cP8JpSLjCDEnZt61YuRkSimJG8qqTShIjPEZD0teUo5BINyt2yuGxVnwYREIfrmCh/u7IUCjlJPR0ZYjUSM57U/E/r5+q4MrNKI9TRTiePRSkDKoITmOCPhUEKzbRBGFB9a4Qj5BAWOkwqzoEe/7Li6RzVrcv6nbrvNa4LuOogENwBE6ADS5BA9yCJmgDDB7AE3gBr8aj8Wy8Ge+z0iWj7DkAf2B8fgPlf5+W</latexit>

Q̄Qq̄q, Q̄Qqqq
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<latexit sha1_base64="ALKdrArKXSivojWXGzHEtviJHF8=">AAACDnicbVC7TsMwFHV4lvIqMLJYVJWYqgQhYEGqYGEsEn2IJopsx2mtOk5kO0hVlC9g4VdYGECIlZmNv8FNM0DLsSwdnXPv9fXBCWdK2/a3tbS8srq2Xtmobm5t7+zW9va7Kk4loR0S81j2MVKUM0E7mmlO+4mkKMKc9vD4eur3HqhULBZ3epJQL0JDwUJGkDaSX2tkbjEkkzTI4b2PL6GLkYTYnIIEMIW5X6vbTbsAXCROSeqgRNuvfblBTNKICk04Umrg2In2MiQ1I5zmVTdVNEFkjIZ0YKhAEVVeVmySw4ZRAhjG0lyhYaH+7shQpNQkwqYyQnqk5r2p+J83SHV44WVMJKmmgsweClMOdQyn2cCASUo0nxiCiGRmV0hGSCKiTYJVE4Iz/+VF0j1pOmdN5/a03roq46iAQ3AEjoEDzkEL3IA26AACHsEzeAVv1pP1Yr1bH7PSJavsOQB/YH3+ACfCmuA=</latexit>

Zb = b̄bd̄u

Examples of conclusons from lattice QCD: still many  studies left to do ...  

<latexit sha1_base64="eZy9ulFgKxUCjT3hdh/cMQ8C/5k=">AAACGHicbVBNS8MwGE7n15xfVY9egkMQkdmKqMcxLx4n2G2w1pGm6RaWpiFJhTH2M7z4V7x4UMTrbv4bs64Hnb4h8OR53pc3zxMKRpV2nC+rtLS8srpWXq9sbG5t79i7ey2VZhITD6cslZ0QKcIoJ56mmpGOkAQlISPtcHgz09uPRCqa8ns9EiRIUJ/TmGKkDdWzz6AfIglDc3IQwQz6OoWN/NV4ODn1oe8JRVnKoS9oz646NScv+Be4BaiCopo9e+pHKc4SwjVmSKmu6wgdjJHUFDMyqfiZIgLhIeqTroEcJUQF49zYBB4ZJoJxKs3lGubsz4kxSpQaJaHpTJAeqEVtRv6ndTMdXwdjykWmCcfzRXHGoHE+SwlGVBKs2cgAhCU1f4V4gCTC2mRZMSG4i5b/gtZ5zb2suXcX1XqjiKMMDsAhOAYuuAJ1cAuawAMYPIEX8AberWfr1fqwPuetJauY2Qe/ypp+A1zsnYU=</latexit>

b̄bd̄u ! BB̄⇤, ⌥⇡
Peter, Wagner, Bicudo

SP, Bahtiyar, Petkovic, Sadl 2019, 2020,

attraction between B and B* likely responsible for Zb

<latexit sha1_base64="rtk6yxPsjzegR9FeZo8u5sDvq3w=">AAACDXicbVC7TsMwFHV4lvIKMLJYFCSmKkEIWJAqWBiLRB+iiSLnxmmtOg/ZDlIV5QdY+BUWBhBiZWfjb3DTDtByJMtH59x7fX38lDOpLOvbWFhcWl5ZraxV1zc2t7bNnd22TDIBtAUJT0TXJ5JyFtOWYorTbiooiXxOO/7weux3HqiQLInv1CilbkT6MQsZEKUlzzzMnXJILmhQ4HsPLrHjE4EBJneAM1x4Zs2qWyXwPLGnpIamaHrmlxMkkEU0VsCJlD3bSpWbE6EYcFpUnUzSlMCQ9GlP05hEVLp5uUiBj7QS4DAR+sQKl+rvjpxEUo4iX1dGRA3krDcW//N6mQov3JzFaaZoDJOHwoxjleBxNDhggoLiI00ICKZ3xTAggoDSAVZ1CPbsl+dJ+6Run9Xt29Na42oaRwXtowN0jGx0jhroBjVRCwF6RM/oFb0ZT8aL8W58TEoXjGnPHvoD4/MHzE2auQ==</latexit>

Zc = c̄cd̄u

several lattice studies found very small interactions 

in this system

[Leskovec Mohler Lang SP:  1308.2097,1405.7623 
HadSpec 1709.01417
Liuming Liu et al. 1907.03371, 1911.08560] 

<latexit sha1_base64="mlg0z53GcWrXtrAScu4LoBM6H/U=">AAACFnicbVBNS8MwGE7n15xfVY9egkMQ0dmKqMehO4inCe4D1jrSNN3C0jYkqTDKfoUX/4oXD4p4FW/+G7OuB918Q+DJ87wvb57H44xKZVnfRmFufmFxqbhcWlldW98wN7eaMk4EJg0cs1i0PSQJoxFpKKoYaXNBUOgx0vIGV2O99UCEpHF0p4acuCHqRTSgGClNdc0j6HhIQKxPBnyYQEfFsJa9avcHhw68OXa4pNDhtGuWrYqVFZwFdg7KIK961/xy/BgnIYkUZkjKjm1x5aZIKIoZGZWcRBKO8AD1SEfDCIVEumlmawT3NOPDIBb6Rgpm7O+JFIVSDkNPd4ZI9eW0Nib/0zqJCi7clEY8USTCk0VBwqD2Pc4I+lQQrNhQA4QF1X+FuI8EwkonWdIh2NOWZ0HzpGKfVezb03L1Mo+jCHbALtgHNjgHVXAN6qABMHgEz+AVvBlPxovxbnxMWgtGPrMN/pTx+QM/55xS</latexit>

c̄cd̄u ! DD̄⇤, J/ ⇡

[Hughes, Eichten, Davies, HPQCD, 1710.03236 PRD] 

<latexit sha1_base64="b7MSot3Qwoz7UDaZd35k/wEMy+A=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsyIqMuiG5cVbC10hpJk7rShmQdJRihDV278FTcuFHHrN7jzb0yns9DWAyGHc+69uTk0FVxpx/m2KkvLK6tr1fXaxubW9o69u9dRSSYZtFkiEtmlRIHgMbQ11wK6qQQSUQH3dHQ99e8fQCqexHd6nIIfkUHMQ86INlLfPsy9YkguIZhgjxKJMS0uSumkb9edhlMALxK3JHVUotW3v7wgYVkEsWaCKNVznVT7OZGaMwGTmpcpSAkbkQH0DI1JBMrPiw0m+NgoAQ4TaU6scaH+7shJpNQ4oqYyInqo5r2p+J/Xy3R46ec8TjMNMZs9FGYC6wRPM8EBl8C0GBtCmORmV8yGRBKmTXI1E4I7/+VF0jltuOcN9/as3rwq46iiA3SETpCLLlAT3aAWaiOGHtEzekVv1pP1Yr1bH7PSilX27KM/sD5/ALnNmKM=</latexit>

b̄b̄bb
no indication for strongly stable state

lesson: incorporate all (connected) Wick contractions

otherwise false conclusions might be reached 

<latexit sha1_base64="gWxuBzwkmlJyAUFKMgw8XWGXBSw=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUlE1I1QdOOygn1AE8JkMm2HTiZhHkIJWbrxV9y4UMStn+DOv3GaZqGtBy4czrl35t4TpoxK5TjfVmVpeWV1rbpe29jc2t6xd/c6MtECkzZOWCJ6IZKEUU7aiipGeqkgKA4Z6Ybjm6nffSBC0oTfq0lK/BgNOR1QjJSRAvsw84pHMkGiHLYCfAW9EAmIMdQ6gnlg152GUwAuErckdVCiFdhfXpRgHROuMENS9l0nVX6GhKKYkbzmaUlShMdoSPqGchQT6WfFDjk8NkoEB4kwxRUs1N8TGYqlnMSh6YyRGsl5byr+5/W1Glz6GeWpVoTj2UcDzaBK4DQVGFFBsGITQxAW1OwK8QgJhJXJrmZCcOdPXiSd04Z73nDvzurN6zKOKjgAR+AEuOACNMEtaIE2wOARPINX8GY9WS/Wu/Uxa61Y5cw++APr8we4tJkh</latexit>

Pc = c̄cuud

One-channel scattering                    does not lead to observed Pc

-> the channels must be crucial                          
[Skerbis SP  PRD 2019]           

<latexit sha1_base64="1e+18/HYYk2rf4Pe+jlf3j1yN5U=">AAAB8XicbVBNSwMxEJ2tX7V+rXr0EiyCp7oroh6LXsRTBfuB7VKyabYNzWZDkhXKUn+FFw+KePXfePPfmLZ70NYHA4/3ZpiZF0rOtPG8b6ewtLyyulZcL21sbm3vuLt7DZ2kitA6SXiiWiHWlDNB64YZTltSURyHnDbD4fXEbz5SpVki7s1I0iDGfcEiRrCx0gO6PelIzZ4k6rplr+JNgRaJn5My5Kh13a9OLyFpTIUhHGvd9j1pggwrwwin41In1VRiMsR92rZU4JjqIJtePEZHVumhKFG2hEFT9fdEhmOtR3FoO2NsBnrem4j/ee3URJdBxoRMDRVktihKOTIJmryPekxRYvjIEkwUs7ciMsAKE2NDKtkQ/PmXF0njtOKfV/y7s3L1Ko+jCAdwCMfgwwVU4QZqUAcCAp7hFd4c7bw4787HrLXg5DP78AfO5w+QN5Az</latexit>

J/ p

[Belle 2011] [BessIII, Belle 2013]

[LHCb 2015, 2019]

static b quarks &
Born-Oppenheimer approach non-static c quarks  

<latexit sha1_base64="HHWhI0zmv1s7s7TMARrFez0QiY8=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI7aUkIuqx6MVjBVsLbSibzaZdutmE/RBq6S/x4kERr/4Ub/4bt20O2vpg4PHeDDPzwowzpT3v2ymsrW9sbhW3Szu7e/tl9+CwrVIjCW2RlKeyE2JFORO0pZnmtJNJipOQ04dwdDPzHx6pVCwV93qc0SDBA8FiRrC2Ut8tV3shloiYGqqaiNT6bsWre3OgVeLnpAI5mn33qxelxCRUaMKxUl3fy3QwwVIzwum01DOKZpiM8IB2LRU4oSqYzA+folOrRChOpS2h0Vz9PTHBiVLjJLSdCdZDtezNxP+8rtHxVTBhIjOaCrJYFBuOdIpmKaCISUo0H1uCiWT2VkSGWGKibVYlG4K//PIqaZ/V/Yu6f3deaVzncRThGE6gCj5cQgNuoQktIGDgGV7hzXlyXpx352PRWnDymSP4A+fzB6yVkc4=</latexit>

(c̄u)(udc)



Di-baryons
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[Junnarkar Mathur 1906.06054 PRL 2019] [Mathur,  Padmanath, Chakraborty 
2205.02862]

<latexit sha1_base64="XAjsRbDX72c7HgWgk9AmSzRF8EE=">AAAB8HicbVDJSgNBEO2JW4xb1KOXxiB4CjMi6kUILuAxglkkGUJPpyZp0j0zdNcIYchXePGgiFc/x5t/Y2c5aOKDgsd7VVTVCxIpDLrut5NbWl5ZXcuvFzY2t7Z3irt7dROnmkONxzLWzYAZkCKCGgqU0Ew0MBVIaASD67HfeAJtRBw94DABX7FeJELBGVrpsX0DEhm9vewUS27ZnYAuEm9GSmSGaqf41e7GPFUQIZfMmJbnJuhnTKPgEkaFdmogYXzAetCyNGIKjJ9NDh7RI6t0aRhrWxHSifp7ImPKmKEKbKdi2Dfz3lj8z2ulGF74mYiSFCHi00VhKinGdPw97QoNHOXQEsa1sLdS3meacbQZFWwI3vzLi6R+UvbOyt79aalyNYsjTw7IITkmHjknFXJHqqRGOFHkmbySN0c7L8678zFtzTmzmX3yB87nD85Cj8I=</latexit>

�E =

H-dibaryon

dibaryons with heavy quarks

<latexit sha1_base64="oQsyFBqT05/cgNCeBUfltEZCmdE=">AAAB+XicbVDLSgMxFL3js9bXqEs3wSK4KjMi6rLoxoWLCvYB7VAymUwbmkmGJFMoQ/0SNy4UceufuPNvTNtZaOuBkMM555KbE6acaeN5387K6tr6xmZpq7y9s7u37x4cNrXMFKENIrlU7RBrypmgDcMMp+1UUZyEnLbC4e3Ub42o0kyKRzNOaZDgvmAxI9hYqee6qHtv0xF+Ku6eW/Gq3gxomfgFqUCBes/96kaSZAkVhnCsdcf3UhPkWBlGOJ2Uu5mmKSZD3KcdSwVOqA7y2eYTdGqVCMVS2SMMmqm/J3KcaD1OQptMsBnoRW8q/ud1MhNfBzkTaWaoIPOH4owjI9G0BhQxRYnhY0swUczuisgAK0yMLatsS/AXv7xMmudV/7LqP1xUajdFHSU4hhM4Ax+uoAZ3UIcGEBjBM7zCm5M7L8678zGPrjjFzBH8gfP5A9nAkyk=</latexit>

⇤ ⇤

<latexit sha1_base64="GDmhW/4BnRFCAhrHOVMSoJ9CdCA=">AAACAnicbVDLSgMxFM34rPU16krcBIvgxjJTRN0IpSq4rGAf0A5DJs20oUlmSDJCGQY3/oobF4q49Svc+Tem0y609cDlHs65l+SeIGZUacf5thYWl5ZXVgtrxfWNza1te2e3qaJEYtLAEYtkO0CKMCpIQ1PNSDuWBPGAkVYwvBr7rQciFY3EvR7FxOOoL2hIMdJG8u192L0mTCN4c8lPuJ/W3Cxvlcy3S07ZyQHniTslJTBF3be/ur0IJ5wIjRlSquM6sfZSJDXFjGTFbqJIjPAQ9UnHUIE4UV6an5DBI6P0YBhJU0LDXP29kSKu1IgHZpIjPVCz3lj8z+skOrzwUiriRBOBJw+FCYM6guM8YI9KgjUbGYKwpOavEA+QRFib1IomBHf25HnSrJTds7J7d1qq1qZxFMABOATHwAXnoApuQR00AAaP4Bm8gjfryXqx3q2PyeiCNd3ZA39gff4AAVaV6Q==</latexit>

�E = m�mB1 �mB2binding energy

many lattice studies: 

NPLQCD, CalLAT, Mainz, ...

mostly at mu=md=ms 

[Mainz group, 2103.01054 PRL]

physical mq :  ??
experimentally not confirmed (yet)

<latexit sha1_base64="y+bTSTIpk/2sXcHKnsO7c3/GlWE=">AAACDnicbVDLSgMxFM34rPVVdekmWAquykwp6kYouhFEqGAf0BmGTHrbhiYzY5IRytAvcOOvuHGhiFvX7vwbM20X2nog5HDOvdx7TxBzprRtf1tLyyura+u5jfzm1vbObmFvv6miRFJo0IhHsh0QBZyF0NBMc2jHEogIOLSC4WXmtx5AKhaFd3oUgydIP2Q9Rok2kl8oYSx8N2bn5rt2FRNwj6sV28WuIHogRYpvoDn2C0W7bE+AF4kzI0U0Q90vfLndiCYCQk05Uarj2LH2UiI1oxzGeTdREBM6JH3oGBoSAcpLJ+eMcckoXdyLpHmhxhP1d0dKhFIjEZjKbEk172Xif14n0b0zL2VhnGgI6XRQL+FYRzjLBneZBKr5yBBCJTO7YjogklBtEsybEJz5kxdJs1J2TsrObbVYu5jFkUOH6AgdIwedohq6QnXUQBQ9omf0it6sJ+vFerc+pqVL1qznAP2B9fkDhU2aig==</latexit>

m⇡ = mK ' 420 MeV
<latexit sha1_base64="mufF2SbAmRW3FLHK/gqaijTws34=">AAAB83icbVDJSgNBEK2JW4xb1KOXxiB4McyIqBchuIDHCGaBzBB6Oj1Jk56F7hohDPkNLx4U8erPePNv7CRz0MQHBY/3qqiq5ydSaLTtb6uwtLyyulZcL21sbm3vlHf3mjpOFeMNFstYtX2quRQRb6BAyduJ4jT0JW/5w5uJ33riSos4esRRwr2Q9iMRCEbRSC4h7i2XSMnd1Um3XLGr9hRkkTg5qUCOerf85fZiloY8Qiap1h3HTtDLqELBJB+X3FTzhLIh7fOOoRENufay6c1jcmSUHgliZSpCMlV/T2Q01HoU+qYzpDjQ895E/M/rpBhcepmIkhR5xGaLglQSjMkkANITijOUI0MoU8LcStiAKsrQxFQyITjzLy+S5mnVOa86D2eV2nUeRxEO4BCOwYELqME91KEBDBJ4hld4s1LrxXq3PmatBSuf2Yc/sD5/AOfvkE0=</latexit>

�E = �
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Scattering of three hadrons H1 H2 H3 ,     R → H1 H2 H3 

<latexit sha1_base64="qDv6TGN+UFacwZPgEWLgz+pruW8="></latexit>

a1 ! ⇡⇡⇡, N(1440) ! N⇡⇡, X(3872) ! J/ ⇡⇡, ....Nature

Formalism

Status 
with actual simulations

impressive progres!!

<latexit sha1_base64="hD4jPSjFAk8nymP+u3+3R/26UTI=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkoioh6LUvBYoV/QhLLZbtqlm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzgoQzpR3n2ypsbG5t7xR3S3v7B4dH9vFJW8WpJLRFYh7LboAV5UzQlmaa024iKY4CTjvB+GHudyZUKhaLpp4m1I/wULCQEayN1LdthOoeQp6OkYealfpl3y47VWcBtE7cnJQhR6Nvf3mDmKQRFZpwrFTPdRLtZ1hqRjidlbxU0QSTMR7SnqECR1T52eLyGbowygCFsTQlNFqovycyHCk1jQLTGWE9UqveXPzP66U6vPMzJpJUU0GWi8KUI/PnPAY0YJISzaeGYCKZuRWREZaYaBNWyYTgrr68TtpXVfem6j5dl2v3eRxFOINzqIALt1CDR2hACwhM4Ble4c3KrBfr3fpYthasfOYU/sD6/AHZ9pE3</latexit>

E ! T (E)
formalism by 3 groups: agreement 
Sharpe, Hansen, Briceno, Lopez,...
Doring, Mai,...
Rusetsky, Hammer,...

<latexit sha1_base64="nLJ2f8UHRmkzkcIgwTl1FexAiEI=">AAACDHicbVDLSgMxFL1TX7W+qi7dBIsgtAwzIuqy6EZwU8E+oJ2WTJppQzMPkoxQhnbvxl9x40IRt36AO//GtB1QWw/J5XDuuST3uBFnUlnWl5FZWl5ZXcuu5zY2t7Z38rt7NRnGgtAqCXkoGi6WlLOAVhVTnDYiQbHvclp3B1eTfv2eCsnC4E4NI+r4uBcwjxGstNTJFxBCrYi1iz+lNL5pF2enNDZNE2mXZVpToEVip6QAKSqd/GerG5LYp4EiHEvZtK1IOQkWihFOR7lWLGmEyQD3aFPTAPtUOsl0mRE60koXeaHQN1Boqv6eSLAv5dB3tdPHqi/nexPxv14zVt6Fk7AgihUNyOwhL+ZIhWiSDOoyQYniQ00wEUz/FZE+FpgonV9Oh2DPr7xIaiemfWbat6eF8mUaRxYO4BCOwYZzKMM1VKAKBB7gCV7g1Xg0no03431mzRjpzD78gfHxDZEVmCM=</latexit>

⇡+⇡+⇡+, K+K+K+, ... GWU,HadSpec, Hanlon, Horz, NPLQCD, ETMC, . . ∶ 2020 − 2022

3-body force 

a1 → 𝜋𝜋𝜋 [GWU, 2107.03973, PRL] 



Conclusions
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Compliments to experiments for GREAT results !!

Status on hadron spectrum from Lattice QCD  :

• strongly stable :  “straighforward, done”

• strongly decaying to  1    channel    “mostly done”

• 2-3  channels “challenging, some of  them studied”

• > 3  channels “very challenging, mostly unexplored” 

• Pc , Zc , Zb , X(6900),...  decay via many channels: reason why lattice has only partial conclusions on those

• R → H1 H2 H3 ”very difficult”

• why mu,d >mu,d
phy ? Smaller number of decay channels, smaller statistical errors on E and T(E)

Exotic hadrons: one picture can not explain all exotic hadron states; for each exotic hadron there is at least one viable picture

Theory and lattice QCD predict many conventional and exotic hadrons yet to be discovered 



backup
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A puzzle comparing   Tcc and    X(3872)

Sasa Prelovsek                                 Hadron spectroscopy from lattice

<latexit sha1_base64="7PZk8eeiycjwXBWoCjZLHdlvVuw=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSKIh7IrRT0W7cFjBfsB7bZk02wbmmSXJKuUpf/DiwdFvPpfvPlvTNs9aOuDgcd7M8zMC2LOtHHdb2dldW19YzO3ld/e2d3bLxwcNnSUKELrJOKRagVYU84krRtmOG3FimIRcNoMRrdTv/lIlWaRfDDjmPoCDyQLGcHGSt1q1+0EWKFqNz13J71C0S25M6Bl4mWkCBlqvcJXpx+RRFBpCMdatz03Nn6KlWGE00m+k2gaYzLCA9q2VGJBtZ/Orp6gU6v0URgpW9Kgmfp7IsVC67EIbKfAZqgXvan4n9dOTHjtp0zGiaGSzBeFCUcmQtMIUJ8pSgwfW4KJYvZWRIZYYWJsUHkbgrf48jJpXJS8y1L5vlys3GRx5OAYTuAMPLiCCtxBDepAQMEzvMKb8+S8OO/Ox7x1xclmjuAPnM8f9OiRhg==</latexit>

D0D̄⇤0
<latexit sha1_base64="Ipc4PBfpEA/nl5dRaoAcPevYVfw=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCmFXgnoMmoPHCOYhySbMTmaTITOzy8ysEJZ8hRcPinj1c7z5N04eB00saCiquunuCmLOtHHdbyezsrq2vpHdzG1t7+zu5fcP6jpKFKE1EvFINQOsKWeS1gwznDZjRbEIOG0Ew9uJ33iiSrNIPphRTH2B+5KFjGBjpcdKx6100rPzcTdfcIvuFGiZeHNSgDmq3fxXuxeRRFBpCMdatzw3Nn6KlWGE03GunWgaYzLEfdqyVGJBtZ9ODx6jE6v0UBgpW9Kgqfp7IsVC65EIbKfAZqAXvYn4n9dKTHjtp0zGiaGSzBaFCUcmQpPvUY8pSgwfWYKJYvZWRAZYYWJsRjkbgrf48jKpXxS9y2LpvlQo38zjyMIRHMMpeHAFZbiDKtSAgIBneIU3RzkvzrvzMWvNOPOZQ/gD5/MHkfyPng==</latexit>

D0D⇤+
<latexit sha1_base64="eRuFUwuxdmX6X98IyRVgbii+/To=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9ycIOFMG9f9dkorq2vrG+XNytb2zu5edf+grWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb2Z+55EqzaS4N5OE+jEeChYxgo2VHgjpB1ihMO/poFpz624OtEy8gtSgQHNQ/eqHkqQxFYZwrHXPcxPjZ1gZRjidVvqppgkmYzykPUsFjqn2s/zqKTqxSogiqWwJg3L190aGY60ncWAnY2xGetGbif95vdREV37GRJIaKsj8oSjlyEg0iwCFTFFi+MQSTBSztyIywgoTY4Oq2BC8xS8vk/ZZ3buon9+d1xrXRRxlOIJjOAUPLqEBt9CEFhBQ8Ayv8OY8OS/Ou/MxHy05xc4h/IHz+QPKoZIQ</latexit>

ccd̄ū
<latexit sha1_base64="dj7S3BMevs3hJteWm6kxqt7RqUY=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYkBVgipgrGBhLBJ9SG1UObdOa9VxUttBqqIu/AoLAwix8hls/A1umgFajmT5+Jx7dX2PH3OmtON8W4WV1bX1jeJmaWt7Z3fP3j9oqiiRQBsQ8Ui2faIoZ4I2NNOctmNJSehz2vJHtzO/9UilYpF40JOYeiEZCBYwINpIPfuo6xOJYZxdYzjH8zf07LJTcTLgZeLmpIxy1Hv2V7cfQRJSoYETpTquE2svJVIz4HRa6iaKxgRGZEA7hgoSUuWl2QJTfGqUPg4iaY7QOFN/d6QkVGoS+qYyJHqoFr2Z+J/XSXRw7aVMxImmAuaDgoRjHeFZGrjPJAXNJ4YQkMz8FcOQSALaZFYyIbiLKy+T5kXFvaxU76vl2k0eRxEdoxN0hlx0hWroDtVRAwGaomf0it6sJ+vFerc+5qUFK+85RH9gff4ABPaVZw==</latexit>

c̄qq̄c, c̄c

Why both reside within 1 MeV of threshold in exp ? There are many differences ... 

Similarities:

• JP=1+ , I=0
• in molecular picture: attraction via light vector exchange [e.g.  Guo et al. 2101.01021, 2108.02673] 

Differences: 

• in molecular picture:  attraction from one-pion exchange for X(3872) [Tornquist 1994]

slight attraction from one-pion exchange for Tcc [eg. Du, Guo, Hanhart, 2110.13765]

• presence of Fock component  cc for X(3872) [e.g. Padmanath, Lang, SP 1503.03257, PRD]

• presence of Fock component [cc][ud] for Tcc
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Th"ory pr"dictions

Tcc theory predictions (taken from Ivan Polyakov, EPS meeting)
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S.P. , Collins,  Padmanath, Mohler, Piemonte

2011.02541 JHEP, 1905.03506 PRD, 2111.02934

Charmonium resonances from lattice



Definitions: bound state, virtual bound state & resonance             
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Poles of T(E),  E=E cm
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T (E) / 1

E2 �m2
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T (E) / 1

E2 �m2 + iE�

Bound st.          Resonance

p = i |p|
Virtual bound st.

p = - i |p|
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E =
q
m2

1 + p2 +
q

m2
2 + (�p)2 < m1 +m2



Bound  and virtual bound state: simplest example 
scattering in square-well potential in QM
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u(r) = A sin(qr)
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u(r) = B sin(pr + �)

r
R

increasing mu/d , decreasing attraction
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eipr=e�|p|r

p=i|p| p=-i|p|
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eipr=e|p|r

DD* rate ∝ p|T|2

ra
te

 ∝
p|

T|
2

for Tcc extracted on lattice

partial wave l=0



light hybrid meson 𝜋1 from lattice
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JPC = 1�+
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d̄Gu

Woss et al. (HadSpec) 

2009.10034

mu= md= ms, m𝜋 ≈ 700 𝑀𝑒𝑉

physical worldb1 𝜋f1 𝜋𝜌 𝜋 𝜂′ 𝜋
dominant coupling 

resemblence to experimental 𝜋1(1564): COMPASS+JPAC Rodas 1810.04171 [PRL]

𝜋1(1564) in COMPASS+JPAC replaces two older resonances 𝜋1(1400) and 𝜋1(1600) 

pheno 

analysis
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m a = Re(E a)
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Tij ⇠
ci cj

E2
p � E2

Couplings of the resonance to various channels



This  indicates that coupling of p J/ψ channel with other 
two-hadron channels  is  likely responsible for Pc in 
experiment  (in line with LHCb result)

Pc pentaquarks

33

Pc =  uudcc →  (uud) (cc): p J/Ψ,...

                     → (udc) (cu): Σc
+ D0,...

Indications that Σc
+ D(*)  molecular component is important:

• experiment finds them slightly below  those thresholds 

• supported by phenomenological models with ρ/ω exchange  

predicted 2010-2012 [Wu, Molina, Oset, Zou, 1007.0573, PRL; Wu 
et al., 1202.1036. PRC, Yang et al, 1105.2901, Wang et al, 1101.0453, PRC] 

• Lattice QCD addressed simplified question:

Do Pc resonances appear  in one-channel 

scattering  if it is decoupled from other channels ? 

Answer: No   [Skerbis, S. P., 1811.02285, PRD 2019] 

T(E)≈0 within large errors, small interaction, no resonance 

p J /ψ→ Pc → p J /ψ

Sasa Prelovsek                Lattice results on exotics with hidden bottom and charm

c cuud

[LHCb 2019, 
1904.03947,
PRL]

Σc ( 12
+ )D(0− )→ J P = 1

2
− Σc ( 12

+ )D*(1− )→ J P = 1
2
− , 32

−

JP not determined from exp.

Expected JP for molecule in s-wave:


