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Lattice QCD 
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gs ⌧ 1 at hadronic energy scale

Main quantity extracted for spectroscopy: eigen-energies En 

t=0, JP, It, JP, I
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n

|nihn|

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

mu/d > mphy
u/d , m⇡>140 MeV

often “non-precision” studies:   

single a, 

En allow to extract masses stable hadrons and decaying resonances (as I’ll explain later)

recent reviews: 
N. Brambilla et al.  1907.07583,  Phys. Rept

M. Mai, U. Meissner, C. Urbach, 2206.01477 

N. Brambilla, 2111.10788

P. Bicudo, 2212.07793

zero 
temperature  

(in this talk)

Hadron structure

contributions of excited states supressed

2pt

studied mostly for strongly stable hadrons H

<latexit sha1_base64="MbhRXN3zQI/fCauO3NYEb0MECls=">AAACJXicbVDLSgMxFM34rPVVdekmWAQXUmZE1IWLYjfFVQX7gM5QMultG5rJDElGKH18jBt/xY0Liwiu/BXTdkDbeuDCyTn3knuPH3GmtG1/WSura+sbm6mt9PbO7t5+5uCwosJYUijTkIey5hMFnAkoa6Y51CIJJPA5VP1uYeJXn0AqFopH3YvAC0hbsBajRBupkbktYFeH2MUuJ6LNAePiAN8PcNGVs/fofDT6Ne05s5HJ2jl7CrxMnIRkUYJSIzN2myGNAxCacqJU3bEj7fWJ1IxyGKbdWEFEaJe0oW6oIAEorz+9cohPjdLErVCaEhpP1b8TfRIo1Qt80xkQ3VGL3kT8z6vHunXj9ZmIYg2Czj5qxRybXCaR4SaTQDXvGUKoZGZXTDtEEqpNsGkTgrN48jKpXOScq5zzcJnN3yVxpNAxOkFnyEHXKI+KqITKiKJn9Ire0dh6sd6sD+tz1rpiJTNHaA7W9w/C7qMB</latexit>

C ! hH|J |Hi , h0|J |Hi
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Strongly-stable conventional hadrons : masses, structure     

2

agree with well exp 

<latexit sha1_base64="nwUTVyfuykNtgmYTmvwohr8sur4=">AAACG3icbVDLSgMxFM34rPVVdekmWATdlBkRdSm6EVct2Ad06pBJb9tgkhmSjFDG+Q83/oobF4q4Elz4N6btgI96IHA451xu7gljzrRx3U9nZnZufmGxsFRcXlldWy9tbDZ0lCgKdRrxSLVCooEzCXXDDIdWrICIkEMzvDkf+c1bUJpF8soMY+gI0pesxygxVgpKBz4nss8B+3TAgpS62d3ltS+SIAWR7dX27/C346txNCiV3Yo7Bp4mXk7KKEc1KL373YgmAqShnGjd9tzYdFKiDKMcsqKfaIgJvSF9aFsqiQDdSce3ZXjXKl3ci5R90uCx+nMiJULroQhtUhAz0H+9kfif105M76STMhknBiSdLOolHJsIj4rCXaaAGj60hFDF7F8xHRBFqLF1Fm0J3t+Tp0njoOIdVbzaYfn0LK+jgLbRDtpDHjpGp+gCVVEdUXSPHtEzenEenCfn1XmbRGecfGYL/YLz8QXOTaFG</latexit>
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Delaney et al, HadSpec: 2301.08213 

<latexit sha1_base64="FtrYEwqjqOkTVdzUWEzwU6XnM64="></latexit>

⇢el(~r) = F.T. F ( ~Q)

hr2i = �6 dF
dQ2

Q2=0

<latexit sha1_base64="eeA3Seb5xoErbZYn7uu33LxxlNI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHstHM0nQj+hA8pAzaqzU7gZUEUZYr1xxq+4cZJV4OalAjnqv/NXtxyyNUBomqNYdz02Mn1FlOBM4LXVTjQllIzrAjqWSRqj9bH7vlJxZpU/CWNmShszV3xMZjbSeRIHtjKgZ6mVvJv7ndVIT3vgZl0lqULLFojAVxMRk9jzpc4XMiIkllClubyVsSBVlxkZUsiF4yy+vkuZF1buqeg+XldptHkcRTuAUzsGDa6jBPdShAQwEPMMrvDlj58V5dz4WrQUnnzmGP3A+fwAroY9n</latexit>

c̄c

quarkonium spatial profiles: 

Knechtli, Peardon et al 2205.11564

in agreement with expectation from quark model

<latexit sha1_base64="M47yFGWWmUZIdGJhqyk65sGmTDU=">AAACGHicbVDLTgIxFO3gC/GFunTTSExcwYwx6pLoxrjCRB4JM5I7pUBD25m0HRMCfIYbf8WNC41xy86/scAsFDxJk9Nzzk17Txhzpo3rfjuZldW19Y3sZm5re2d3L79/UNNRogitkohHqhGCppxJWjXMcNqIFQURcloP+zdTv/5ElWaRfDCDmAYCupJ1GAFjpVa+5HOQXU4xdkd+CAoT7HdBCHj0RWIvI3xX8mPNfDWPtfIFt+jOgJeJl5ICSlFp5Sd+OyKJoNIQDlo3PTc2wRCUYYTTcc5PNI2B9KFLm5ZKEFQHw9liY3xilTbuRMoeafBM/T0xBKH1QIQ2KcD09KI3Ff/zmonpXAVDJuPEUEnmD3USjk2Epy3hNlOUGD6wBIhi9q+Y9EABMbbLnC3BW1x5mdTOit5F0bs/L5Sv0zqy6Agdo1PkoUtURreogqqIoGf0it7Rh/PivDmfztc8mnHSmUP0B87kB2xXnsY=</latexit>

h0|c̄�µc|J/ i

info on wave function at the origincharge distribution

<latexit sha1_base64="eeA3Seb5xoErbZYn7uu33LxxlNI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHstHM0nQj+hA8pAzaqzU7gZUEUZYr1xxq+4cZJV4OalAjnqv/NXtxyyNUBomqNYdz02Mn1FlOBM4LXVTjQllIzrAjqWSRqj9bH7vlJxZpU/CWNmShszV3xMZjbSeRIHtjKgZ6mVvJv7ndVIT3vgZl0lqULLFojAVxMRk9jzpc4XMiIkllClubyVsSBVlxkZUsiF4yy+vkuZF1buqeg+XldptHkcRTuAUzsGDa6jBPdShAQwEPMMrvDlj58V5dz4WrQUnnzmGP3A+fwAroY9n</latexit>

c̄c

HPQCD: 2204.02137, 2005.01845, 2101.08103

QCD+QED 

<latexit sha1_base64="q0yCQQ+wtvU9tAs13bfBBGpu5/U=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbTTbt0swm7G6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVyFoYi1h1A6qZ4JK1DDeCdRPFaBQI1gkmd7nfeWJK81g+mmnC/IiOJA85UpNLBBEH1Zpbd+cgq8QrSA0KNAfVr/4wxjRi0qCgWvc8NzF+RpXhKNis0k81SyhO6Ij1LJU0YtrP5rfOyJlVhiSMlS1pyFz9PZHRSOtpFNjOiJqxXvZy8T+vl5rwxs+4TFLDJC4WhakgJib542TIFUMjppZQVNzeSnBMFUVj46nYELzll1dJ+6LuXdW9h8ta47aIowwncArn4ME1NOAemtAChDE8wyu8OZHz4rw7H4vWklPMHMMfOJ8/lU6N8Q==</latexit>ccc
mass decomposition

<latexit sha1_base64="g0TISX2EHfQDTh/J2Z5Kmr+d4LQ=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VwVRIp6rLopssK9gFNCZPppB06mYSZiRDS9kPc+CtuXCjiwo34N07SLLT1wMDhnHOZe48XMSqVZX0bpbX1jc2t8nZlZ3dv/8A8POrIMBaYtHHIQtHzkCSMctJWVDHSiwRBgcdI15vcZn73gQhJQ36vkogMAjTi1KcYKS25Zt1hiI8YgU6A1FgEqYdEEvLZfNp06XS+pDoiD7tm1apZOeAqsQtSBQVarvnpDEMcB4QrzJCUfduK1CBFQlHMyKzixJJECE/QiPQ15SggcpDm183gmVaG0A+FflzBXP09kaJAyiTwdDLbVi57mfif14+Vfz1IKY9iRThefOTHDKoQZlXBIRUEK5ZogrCgeleIx0ggrHShFV2CvXzyKulc1OzLmn1XrzZuijrK4AScgnNggyvQAE3QAm2AwSN4Bq/gzXgyXox342MRLRnFzDH4A+PrB+x1pFE=</latexit>

hbaryon |Hi| baryoni

J=3/2+

Yin-Bo Li et al, 2211.04713

+ many other properties of cc and bb

Lat

Q2 [GeV2]

low-lying quarkonia are storngly stable when QQ annihilation is omitted



Resonances R→ H1 H2 , bound states near threshold 
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Scattering amplitude 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 amplitude T(E)

many resonances and 
bound states extracted 
in this way by now

<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.

rediscovery via neutral networks: 

Y. Lu et al 2210.02184
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Example:  Charmed  mesons in D*𝜋  scattering 

D*

𝝅

D*

𝝅

pole positions

physics interpretation: 

later in the slides

<latexit sha1_base64="OEu1vMMMvOHbgjc8E3d3EeQKsEg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBPJRdEfVY1IPHCvYD2rVk02wbm02WJCuUpf/BiwdFvPp/vPlvTLd70NYHA4/3ZpiZF8ScaeO6305haXllda24XtrY3NreKe/uNbVMFKENIrlU7QBrypmgDcMMp+1YURwFnLaC0fXUbz1RpZkU92YcUz/CA8FCRrCxUvPm4aQbs1654lbdDGiReDmpQI56r/zV7UuSRFQYwrHWHc+NjZ9iZRjhdFLqJprGmIzwgHYsFTii2k+zayfoyCp9FEplSxiUqb8nUhxpPY4C2xlhM9Tz3lT8z+skJrz0UybixFBBZovChCMj0fR11GeKEsPHlmCimL0VkSFWmBgbUMmG4M2/vEiap1XvvOrdnVVqV3kcRTiAQzgGDy6gBrdQhwYQeIRneIU3RzovzrvzMWstOPnMPvyB8/kD+PyOvQ==</latexit>

D⇤⇡

+ 

other 

irreps

E c
m

 [M
eV

]

N. Lang & D. Wilson, HadSpec, 2205.05026, PRL : m𝜋 ≈ 391MeV 

c                      c

JP=1+

    partial waves: S, D

<latexit sha1_base64="vDw+zFlJwaMxUpasD8KUTdGmrxE=">AAAB/HicbVDLTgIxFO34RHyNsnTTSExckRli1CXRjUtMeCUwkE4p0NBpm7ZjMhngV9y40Bi3fog7/8YCs1DwJDc5Oefe3HtPKBnVxvO+nY3Nre2d3dxefv/g8OjYPTltaBErTOpYMKFaIdKEUU7qhhpGWlIRFIWMNMPx/dxvPhGlqeA1k0gSRGjI6YBiZKzUcwuwI5WQRkDZLcPZpDbplntu0St5C8B14mekCDJUe+5Xpy9wHBFuMENat31PmiBFylDMyDTfiTWRCI/RkLQt5SgiOkgXx0/hhVX6cCCULW7gQv09kaJI6yQKbWeEzEivenPxP68dm8FtkFIuY0M4Xi4axAzaX+dJwD5VBBuWWIKwovZWiEdIIWxsXnkbgr/68jpplEv+dcl/vCpW7rI4cuAMnINL4IMbUAEPoArqAIMEPINX8ObMnBfn3flYtm442UwB/IHz+QOzXpQp</latexit>

/ p2 |T |2
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<latexit sha1_base64="jbRWZW00sSb0QrGq8BasrXBG9aA=">AAACEnicbZDLSsNAFIYn9VbrLerSzWARFEpIgqjLopsuq9gLNDFMppN26EwSZiZCKfUV3Pgqblwo4taVO9/GaZuFtv4w8PGfczhz/jBlVCrb/jYKS8srq2vF9dLG5tb2jrm715RJJjBp4IQloh0iSRiNSUNRxUg7FQTxkJFWOLia1Fv3REiaxLdqmBKfo15MI4qR0lZgntx4KoG1wKkFbgU+aLjzUkE50Z6bYwValgUDs2xb9lRwEZwcyiBXPTC/vG6CM05ihRmSsuPYqfJHSCiKGRmXvEySFOEB6pGOxhhxIv3R9KQxPNJOF0aJ0C9WcOr+nhghLuWQh7qTI9WX87WJ+V+tk6nowh/ROM0UifFsUZQxqFOY5AO7VBCs2FADwoLqv0LcRwJhpVMs6RCc+ZMXoelazpnlXp+Wq5d5HEVwAA7BMXDAOaiCGqiDBsDgETyDV/BmPBkvxrvxMWstGPnMPvgj4/MHoc+a7Q==</latexit>

R ! H1H2, H
0
1H

0
2, ...

channel a : H1H2

channel b : H1 'H2 '

Resonances from coupled-channel scattering

Current challenges and endeavours

Status: 

many studies in light sector (mosly HadSpec): reviewed by D. Wilson @ Hadron 2021

heavy sector:  charmed mesons:  HadSpec 2016, 607.07093

                          charmonium-like mesons: SP et al, 2011.02541

                           Zc: HALQCD method,  1602.03465, PRL  

𝐻!𝐻"𝐻#  scattering ,      R→ 𝐻!𝐻" 𝐻#
𝜋𝜋𝜋, 𝐾𝐾𝜋, …

all in light sector

𝑎1 → 𝜋𝜋𝜋
no other resonace for now

reviewed by Fernando Ramirez Lopez @ Hadron 2021



journey to various hadron sectors 
(with heavy quarks)

6

most of discovered exotic hadrons contain heavy quarks:
(these are more likely to be quasi-bound due to small kinetic energy of Q)

<latexit sha1_base64="Tvuob8M7Bkgb6EPQM7ATaUc71hI="></latexit>

c̄c , c̄c q̄q

b̄b , b̄b q̄q

QQ q̄q̄

Q̄q , Q̄q q̄q

dibaryons

Q=c,b    q=u,d,s

“molecule”

possible 
binding mechanisms

How challenging is a given state for ab-initio study? General rule:

more strong decay channels -> more challenging 

exciting experimental discoveries by:

LHCb, Belle, BesIII, Babar, ...



charmonium(like) sector
<latexit sha1_base64="HSO/8+cTFJXZAk9i3Gv7nLLYei8=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBg5RdEfVY9OKxgv2A7lKyabYNzSbbJCuUpf4MLx4U8eqf8ea/MW33oK0PBh7vzTAzL0w408Z1v53Cyura+kZxs7S1vbO7V94/aGqZKkIbRHKp2iHWlDNBG4YZTtuJojgOOW2Fw9up33qkSjMpHsw4oUGM+4JFjGBjJf/syQ+xQoSMRqNuueJW3RnQMvFyUoEc9W75y+9JksZUGMKx1h3PTUyQYWUY4XRS8lNNE0yGuE87lgocUx1ks5sn6MQqPRRJZUsYNFN/T2Q41noch7YzxmagF72p+J/XSU10HWRMJKmhgswXRSlHRqJpAKjHFCWGjy3BRDF7KyIDrDAxNqaSDcFbfHmZNM+r3mXVu7+o1G7yOIpwBMdwCh5cQQ3uoA4NIJDAM7zCm5M6L8678zFvLTj5zCH8gfP5A5/qkWw=</latexit>

, c̄cqqq



Charmonium(like) resonances and bound states 
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<latexit sha1_base64="cny7ABc+7OMfVqy/HOctj0c+/iY=">AAACBHicbZDLSgMxFIYz9VbrbdRlN8EiuJAyI0VdFt24rGAv0BlK5jTThmYuTTJCGSq48VXcuFDErQ/hzrcxnc5CWw+EfPz/OSTn92LOpLKsb6Owsrq2vlHcLG1t7+zumfsHLRklAmgTIh6Jjkck5SykTcUUp51YUBJ4nLa90fXMb99TIVkU3qlJTN2ADELmMyBKSz2zjLHjEYEBHk6dHMfZNYaeWbGqVlZ4GewcKiivRs/8cvoRJAENFXAiZde2YuWmRCgGnE5LTiJpTGBEBrSrMSQBlW6aLTHFx1rpYz8S+oQKZ+rviZQEUk4CT3cGRA3lojcT//O6ifIv3ZSFcaJoCPOH/IRjFeFZIrjPBAXFJxoICKb/imFIBAGlcyvpEOzFlZehdVa1z6u121qlfpXHUURldIROkI0uUB3doAZqIkCP6Bm9ojfjyXgx3o2PeWvByGcO0Z8yPn8AWqqWqQ==</latexit>

c̄c , c̄qq̄c q=u,d,s

0++ 2++

3.4

3.5

3.6

3.7

3.8

3.9

4

m
 [G

eV
]

0++ 2++

3.4

3.5

3.6

3.7

3.8

3.9

4.0

JPC

2mD

2mDs

Lat : m

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, Guo et al 2101.01021] 

seen in re-analysis of exp.        
[Danilkin et al 2111.15033,                             
Ji, F.K. Guo et al., 2212.00613]

<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 

+ 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

X(3960)/

X(3960)

DsDs th.

CLS ensembles

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

2011.02541 JHEP, 
1905.03506 PRD

LHCb, 2210.15153

<latexit sha1_base64="QCmHaQb/uo78eWKLYn+N55BAZUA=">AAACGnicbVDLSsNAFJ34rPUVdelmsAh1YUmKqMuiCC4r9AVNGibTSTvtTBJmJkIJ8Tfc+CtuXCjiTtz4N04fC209cOFwzr3ce48fMyqVZX0bS8srq2vruY385tb2zq65t9+QUSIwqeOIRaLlI0kYDUldUcVIKxYEcZ+Rpj+8HvvNeyIkjcKaGsXE5agX0oBipLTkmTaseSkdZMUbL8U8O3Ek5dAJBMIp9ih8wN4gS6dep3zKO+XMMwtWyZoALhJ7RgpghqpnfjrdCCechAozJGXbtmLlpkgoihnJ8k4iSYzwEPVIW9MQcSLddPJaBo+10oVBJHSFCk7U3xMp4lKOuK87OVJ9Oe+Nxf+8dqKCSzelYZwoEuLpoiBhUEVwnBPsUkGwYiNNEBZU3wpxH+lclE4zr0Ow519eJI1yyT4v2XdnhcrVLI4cOARHoAhscAEq4BZUQR1g8AiewSt4M56MF+Pd+Ji2LhmzmQPwB8bXD9EIoL4=</latexit>

Tij(Ecm) ⇠ ci cj
E2

cm �m2

<latexit sha1_base64="F5h+YlAbq/6aSSyY/ti3cfAJL9M="></latexit>

|c2
DD̄

|
|c2

DsD̄s
| = 0.02 +0.02

�0.01

<latexit sha1_base64="SVCUrKfjhib4cHT5umrUfANMxRc=">AAAB/HicbVC7TsMwFL3hWcor0JHFokJioUoQAsYKOjAWiT6kNooc12mtOk5kO0hRVH6FhQGEWPkQNv4Gt80ALUe27tE598rXJ0g4U9pxvq2V1bX1jc3SVnl7Z3dv3z44bKs4lYS2SMxj2Q2wopwJ2tJMc9pNJMVRwGknGN9O/c4jlYrF4kFnCfUiPBQsZARrI/l2pR9giRqNs3n1lTm+XXVqzgxombgFqUKBpm9/9QcxSSMqNOFYqZ7rJNrLsdSMcDop91NFE0zGeEh7hgocUeXls+Un6MQoAxTG0lyh0Uz9PZHjSKksCkxnhPVILXpT8T+vl+rw2suZSFJNBZk/FKYc6RhNk0ADJinRPDMEE8nMroiMsMREm7zKJgR38cvLpH1ecy9r7v1FtX5TxFGCIziGU3DhCupwB01oAYEMnuEV3qwn68V6tz7mrStWMVOBP7A+fwD5B5Oy</latexit>

D̄D � D̄sDs

https://arxiv.org/abs/2210.15153
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<latexit sha1_base64="Pwn86D4cCpwdSJwmv/BEcT2LTkc=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LevBYwX5Au5RsOtuGZrNrki2U0t/hxYMiXv0x3vw3pu0etPUxA4/3ZsjkBYng2rjut5NbW9/Y3MpvF3Z29/YPiodHDR2nimGdxSJWrYBqFFxi3XAjsJUopFEgsBkMb2d+c4RK81g+mnGCfkT7koecUWMln5BOQBW562pb3WLJLbtzkFXiZaQEGWrd4lenF7M0QmmYoFq3PTcx/oQqw5nAaaGTakwoG9I+ti2VNELtT+ZHT8mZVXokjJVtachc/b0xoZHW4yiwkxE1A73szcT/vHZqwmt/wmWSGpRs8VCYCmJiMkuA9LhCZsTYEsoUt7cSNqCKMmNzKtgQvOUvr5LGRdm7LFceKqXqTRZHHk7gFM7Bgyuowj3UoA4MnuAZXuHNGTkvzrvzsRjNOdnOMfyB8/kDQMeRIg==</latexit>

D̄sDs

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

D̄D

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

I=0
JP=0+

D=cu D

D D

<latexit sha1_base64="B6Ip2zTQ9A6DQluwhBc8PdIsfIg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Et4v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVvfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP1G1jdM=</latexit>⇡
D                       D

D                       D

<latexit sha1_base64="DJn1g4YqnvIomGhTcyeVgkK+HlU=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgQcKuiHoMevEYwZjA7hJmJ7PJkHksM7NCCPkMLx4U8erXePNvnCR70MSChqKqm+6uJOPMWN//9korq2vrG+XNytb2zu5edf/g0ahcE9oiiivdSbChnEnassxy2sk0xSLhtJ0Mb6d++4lqw5R8sKOMxgL3JUsZwdZJYaQH6ixSgvZxt1rz6/4MaJkEBalBgWa3+hX1FMkFlZZwbEwY+JmNx1hbRjidVKLc0AyTIe7T0FGJBTXxeHbyBJ04pYdSpV1Ji2bq74kxFsaMROI6BbYDs+hNxf+8MLfpdTxmMsstlWS+KM05sgpN/0c9pimxfOQIJpq5WxEZYI2JdSlVXAjB4svL5PG8HlzWg/uLWuOmiKMMR3AMpxDAFTTgDprQAgIKnuEV3jzrvXjv3se8teQVM4fwB97nDxrOkSQ=</latexit>⇢,!

Ds=cs                   Ds

Ds                       Ds

<latexit sha1_base64="f5NrmU0LCNgBXKtmZNV78UH5SLc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDZOIjeoNt+kWQKvEK0kDSrRH9a/hOCapoNIQjrUeeG5i/Awrwwin89ow1TTBZIondGCpxIJqPytunaMzq4xRGCtb0qBC/T2RYaH1TAS2U2AT6WUvF//zBqkJb/yMySQ1VJLFojDlyMQofxyNmaLE8JklmChmb0UkwgoTY+Op2RC85ZdXSfei6V01vYfLRuu2jKMKJ3AK5+DBNbTgHtrQAQIRPMMrvDnCeXHenY9Fa8UpZ47hD5zPHxWAjkU=</latexit>

�

DsDs th.

X(3960)

2022

a number of pheno studies
Oset et al,  0612179 PRD, 
Wu, Molina, Oset, Zou, 1007.0573, PRL
Guo et al, 2101.01021,...

<latexit sha1_base64="4aHTT4BcpSgVvWuq+lG2ruQ1RIE=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahbmoioi6LbkQQKtgHJKFMppN26EwSZiZCCe3Cjb/ixoUibv0Hd/6NkzYLbT1w4XDOvdx7jx8zKpVlfRuFhcWl5ZXiamltfWNzy9zeacooEZg0cMQi0faRJIyGpKGoYqQdC4K4z0jLH1xlfuuBCEmj8F4NY+Jx1AtpQDFSWuqY+7xyc+zGko7jIziGLkeqL3jq3JKmN+qYZatqTQDniZ2TMshR75hfbjfCCSehwgxJ6dhWrLwUCUUxI6OSm0gSIzxAPeJoGiJOpJdOvhjBQ610YRAJXaGCE/X3RIq4lEPu687sSjnrZeJ/npOo4MJLaRgnioR4uihIGFQRzCKBXSoIVmyoCcKC6lsh7iOBsNLBlXQI9uzL86R5UrXPqvbdabl2mcdRBHvgAFSADc5BDVyDOmgADB7BM3gFb8aT8WK8Gx/T1oKRz+yCPzA+fwB6v5fx</latexit>

m(J/ p) [MeV]

LHCb 2019

D=cu               D
<latexit sha1_base64="B6Ip2zTQ9A6DQluwhBc8PdIsfIg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Et4v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVvfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP1G1jdM=</latexit>⇡

Σ! = udc Σ!

<latexit sha1_base64="RTu/I9eGgTZx3tzIEJr2Rdvbwac=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSJczOziZDZmeWeQhhyWd48aCIV7/Gm3/jJNmDJhY0FFXddHdFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtLa0itEUkl6obYU05E7RlmOG0mymK04jTTjS+m/mdJ6o0k+LRTDIapngoWMIINk7qIdKPsELE2nhQrfl1fw60SoKC1KBAc1D96seS2JQKQzjWuhf4mQlzrAwjnE4rfatphskYD2nPUYFTqsN8fvIUnTklRolUroRBc/X3RI5TrSdp5DpT bEZ62ZuJ/3k9a5KbMGcis4YKsliUWI6MRLP/UcwUJYZPHMFEMXcrIiOsMDEupYoLIVh+eZW0L+rBVT14uKw1bos4ynACp3AOAVxDA+6hCS0gIOEZXuHNM96L9+59LFpLXjFzDH/gff4AnOGQ0w==</latexit>

cc̄uud

Likely interpretation of some near-threshold states: “molecules” attracted by V exchange  

<latexit sha1_base64="DJn1g4YqnvIomGhTcyeVgkK+HlU=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgQcKuiHoMevEYwZjA7hJmJ7PJkHksM7NCCPkMLx4U8erXePNvnCR70MSChqKqm+6uJOPMWN//9korq2vrG+XNytb2zu5edf/g0ahcE9oiiivdSbChnEnassxy2sk0xSLhtJ0Mb6d++4lqw5R8sKOMxgL3JUsZwdZJYaQH6ixSgvZxt1rz6/4MaJkEBalBgWa3+hX1FMkFlZZwbEwY+JmNx1hbRjidVKLc0AyTIe7T0FGJBTXxeHbyBJ04pYdSpV1Ji2bq74kxFsaMROI6BbYDs+hNxf+8MLfpdTxmMsstlWS+KM05sgpN/0c9pimxfOQIJpq5WxEZYI2JdSlVXAjB4svL5PG8HlzWg/uLWuOmiKMMR3AMpxDAFTTgDprQAgIKnuEV3jzrvXjv3se8teQVM4fwB97nDxrOkSQ=</latexit>⇢,!

D=cu           D

Σ! = udc Σ!

<latexit sha1_base64="g3Q+gFRoMs+pCVTkoUby4jV2LZk=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FPXisaD+gu5Zsmm1Dk+ySZJWy9H948aCIV/+LN/+NabsHbX0w8Hhvhpl5YcKZNq777RSWlldW14rrpY3Nre2d8u5eU8epIrRBYh6rdog15UzShmGG03aiKBYhp61weDXxW49UaRbLezNKaCBwX7KIEWys9OCHWKFr/471Be6SbrniVt0p0CLxclKBHPVu+cvvxSQVVBrCsdYdz01MkGFlGOF0XPJTTRNMhrhPO5ZKLKgOsunVY3RklR6KYmVLGjRVf09kWGg9EqHtFNgM9Lw3Ef/zOqmJLoKMySQ1VJLZoijlyMRoEgHqMUWJ4SNLMFHM3orIACtMjA2qZEPw5l9eJM2TqndW9W5PK7XLPI4iHMAhHIMH51CDG6hDAwgoeIZXeHOenBfn3fmYtRacfGYf/sD5/AHMwpIQ</latexit>

D̄⌃c

now support also from lattice 

H. Xiang et al.,  2210.08555  m𝜋 ≈ 294MeV 

D Σ𝑐   :   mPc-(mD+mΣ𝑐) =  - 6 (3) MeV

<latexit sha1_base64="g3Q+gFRoMs+pCVTkoUby4jV2LZk=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FPXisaD+gu5Zsmm1Dk+ySZJWy9H948aCIV/+LN/+NabsHbX0w8Hhvhpl5YcKZNq777RSWlldW14rrpY3Nre2d8u5eU8epIrRBYh6rdog15UzShmGG03aiKBYhp61weDXxW49UaRbLezNKaCBwX7KIEWys9OCHWKFr/471Be6SbrniVt0p0CLxclKBHPVu+cvvxSQVVBrCsdYdz01MkGFlGOF0XPJTTRNMhrhPO5ZKLKgOsunVY3RklR6KYmVLGjRVf09kWGg9EqHtFNgM9Lw3Ef/zOqmJLoKMySQ1VJLZoijlyMRoEgHqMUWJ4SNLMFHM3orIACtMjA2qZEPw5l9eJM2TqndW9W5PK7XLPI4iHMAhHIMH51CDG6hDAwgoeIZXeHOenBfn3fmYtRacfGYf/sD5/AHMwpIQ</latexit>

D̄⌃c
<latexit sha1_base64="9Haf82ViWI7KFWqVyaK7r0IOzOI=">AAACCXicbVA9SwNBEN3zM8avqKXNYhCswp2IWgYttIxgPiB3HHubSbJk74PdOSEcSWnjX7GxUMTWf2Dnv3GTXKGJDwYe780wMy9IpNBo29/W0vLK6tp6YaO4ubW9s1va22/oOFUc6jyWsWoFTIMUEdRRoIRWooCFgYRmMLie+M0HUFrE0T0OE/BC1otEV3CGRvJLlCZjl8fodkAi8206pm7IsK/CrH0DDW/kl8p2xZ6CLhInJ2WSo+aXvtxOzNMQIuSSad127AS9jCkUXMKo6KYaEsYHrAdtQyMWgvay6ScjemyUDu3GylSEdKr+nshYqPUwDEzn5Eo9703E/7x2it1LLxNRkiJEfLaom0qKMZ3EQjtCAUc5NIRxJcytlPeZYhxNeEUTgjP/8iJpnFac84pzd1auXuVxFMghOSInxCEXpEpuSY3UCSeP5Jm8kjfryXqx3q2PWeuSlc8ckD+wPn8ABxiZ6w==</latexit>

p
co
t
� 0

[G
eV

]

<latexit sha1_base64="+CgARYwTBNbCmLuW5BCugpKBJ1w=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXJWkiLosutBlBfuANC2T6aQdOjMJMxOhhLjwV9y4UMStn+HOv3HSZqGtBy4czrmXe+8JYkaVdpxva2l5ZXVtvbRR3tza3tm19/ZbKkokJk0csUh2AqQIo4I0NdWMdGJJEA8YaQfj69xvPxCpaCTu9SQmPkdDQUOKkTZS3z6Eca/2CGGXIz2SPPVuSKtX87O+XXGqzhRwkbgFqYACjb791R1EOOFEaMyQUp7rxNpPkdQUM5KVu4kiMcJjNCSeoQJxovx0+kAGT4wygGEkTQkNp+rviRRxpSY8MJ35nWrey8X/PC/R4aWfUhEnmgg8WxQmDOoI5mnAAZUEazYxBGFJza0Qj5BEWJvMyiYEd/7lRdKqVd3zqnt3VqlfFXGUwBE4BqfABRegDm5BAzQBBhl4Bq/gzXqyXqx362PWumQVMwfgD6zPH1SFlZw=</latexit>

p2 [GeV2]

caution: coupling to charmonium+proton neglected  

D∗ Σ𝑐   : m’Pc-(mD*+mΣ𝑐) = - 7 (3) MeV
JP=1/2-

DΣ𝑐   , D*Σ𝑐   s-wave scattering from lat.



Doubly heavy tetraquarks

Q=c,b   q=u,d,s
<latexit sha1_base64="hZg4Yllv0qnL0lb92/FH/iyrnIY=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUoQAsYKFsZWog+pCZXj3rRWHSfYDlIVdWHhV1gYQIiVf2Djb3DbDNBypHt1dM69su8JEs6Udpxvq7C0vLK6VlwvbWxube/Yu3tNFaeSQoPGPJbtgCjgTEBDM82hnUggUcChFQyvJ37rAaRisbjVowT8iPQFCxkl2khd+7Bev/MSySLwAiLx/aznUtcuOxVnCrxI3JyUUY5a1/7yejFNIxCacqJUx3US7WdEakY5jEteqiAhdEj60DFUkAiUn02vGONjo/RwGEtTQuOp+nsjI5FSoygwkxHRAzXvTcT/vE6qw0s/YyJJNQg6eyhMOdYxnkSCe0wC1XxkCKGSmb9iOiCSUG2CK5kQ3PmTF0nztOKeV9z6Wbl6lcdRRAfoCJ0gF12gKrpBNdRAFD2iZ/SK3qwn68V6tz5mowUr39lHf2B9/gAo8Jhd</latexit>

QQ0q̄q̄0



Doubly bottom tetraquarks
<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

lattice QCD studies
from left to right (lattice QCD)

Hudspith, Mohler, 2303.17295
HALQCD, 2306.03565 (cosidering coupling with B*B*)
Leskovec, Meinel, Pflaumer, Wagner, 1904.04197 
Junnarkar, Mathur, Padmanth, 1810.12285  
Frances, Colquhoun, Hudspith, Maltman (2021 PosLat) 
Bicudo, Wagner et al. 1612.02758, static potentials
Brown, Orginost, 1210.1953, static potentials

Hudspith, Mohler, 2303.17295
Meinel, Pflaumer, Wagner, 2205.13982
Junnarkar, Mathur, Padmanth 1810.12285  
Frances, Colquhoun, Hudspith, Maltman  (2021, PosLat) 

m
 –

 E
th

 [M
eV

]

threshold: BB*                                 BBs*

<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

likely dominant 

(B and B* to close  

in BB* molecule

with binding ~0.1 GeV)

9

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

these are the only tetraquarks where lattice 

finds support for significant [qq][qq] 

good and bad diquark properties:  

Francis et al, 2201.03332



Doubly bottom tetraquarks

10

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

bbd̄ū
Colquhoun, Francis, Hudspith, Maltman, Lewis
1810.10550 , PoS LATTICE2021 (2022) 144
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Preliminary
udb̄0b̄0

lsb̄0b̄0

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

bbs̄ū
lattice: dependence on mb and  mu,d

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

I=0, JP =1+

mb’ decreasesmu,d increases

(m
bph

y  )

(m
u,

dph
y  )

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

QQ0q̄q̄0
<latexit sha1_base64="MNgF9QqN7/m9CMM8vPd6P7TLx3I=">AAACJ3icbVDLSgMxFM3UV62vqks3wSK4kDIjoq6k6MZlBfuATi2Z9E4bmsmMSUYoQ/0aN/6KG0FFdOmfmE5noW0PJBzOuffm5ngRZ0rb9reVW1hcWl7JrxbW1jc2t4rbO3UVxpJCjYY8lE2PKOBMQE0zzaEZSSCBx6HhDa7GfuMBpGKhuNXDCNoB6QnmM0q0kTrFi8RNhyQSuiPsUex6ROL7yX3nRpIFcIQfMaVzjBHuFEt22U6BZ4mTkRLKUO0U39xuSOMAhKacKNVy7Ei3EyI1oxxGBTdWEBE6ID1oGSpIAKqdpCuO8IFRutgPpTlC41T925GQQKlh4JnKgOi+mvbG4jyvFWv/vJ0wEcUaBJ085Mcc6xCPQ8NdJoFqPjSEUMnMrpj2iSRUm2gLJgRn+suzpH5cdk7Lzs1JqXKZxZFHe2gfHSIHnaEKukZVVEMUPaEX9I4+rGfr1fq0vialOSvr2UX/YP38Aq8jpc4=</latexit>

bcq̄q̄0, ccq̄q̄0

Theoretically expected near or above threshold

 States near or above threshold have to be identified as poles in scattering T(E): more challenging
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<latexit sha1_base64="kAjrcMVBQOXlKfx7+WrSxQ7WmMs=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQF5akiLosSsFlhb6gSctkOmmHTjJhZiKUkJUbf8WNC0Xc+g3u/BunbRbaemDgcM693DnHixiVyrK+jdzK6tr6Rn6zsLW9s7tn7h+0JI8FJk3MGRcdD0nCaEiaiipGOpEgKPAYaXvj26nffiBCUh421CQiboCGIfUpRkpLffO4UaqdOZHgkeLQ8QXCiZ0mtV7lPOhV0r5ZtMrWDHCZ2Bkpggz1vvnlDDiOAxIqzJCUXduKlJsgoShmJC04sSQRwmM0JF1NQxQQ6SazGCk81coA+lzoFyo4U39vJCiQchJ4ejJAaiQXvan4n9eNlX/tJjSMYkVCPD/kxwzqyNNO4IAKghWbaIKwoPqvEI+Q7kLp5gq6BHsx8jJpVcr2Zdm+vyhWb7I68uAInIASsMEVqII7UAdNgMEjeAav4M14Ml6Md+NjPpozsp1D8AfG5w+gjZf1</latexit>

T (E) / 1

E2 �m2

Doubly charm tetraquark I=0, JP=1+

dependence on mu/d

HALQCD, 2302.04505, m𝜋 ≈146 MeV CLQCD 2206.06185, PLB, m𝜋 ≈ 348 MeVPadmanath, SP: 2202.10110, PRL,  m𝜋 ≈ 280 MeV  

<latexit sha1_base64="PD1uyPlDdH3O7PdN8wTcf+Bz8gc=">AAACC3icbVDLSgMxFM34rPVVdekmtAhuLDMi6rLoxmWFvqAzlEwm04ZmJiG5I5Shezf+ihsXirj1B9z5N6aPhbYeCBzOuZebc0IluAHX/XZWVtfWNzYLW8Xtnd29/dLBYcvITFPWpFJI3QmJYYKnrAkcBOsozUgSCtYOh7cTv/3AtOEybcBIsSAh/ZTHnBKwUq9UbvhKSwUS+7EmNPfGufKpBD9iAgg+42rcK1XcqjsFXibenFTQHPVe6cuPJM0SlgIVxJiu5yoIcqKBU8HGRT8zTBE6JH3WtTQlCTNBPs0yxidWiXAstX0p4Kn6eyMniTGjJLSTCYGBWfQm4n9eN4P4Osh5qjJgKZ0dijOBbfRJMTjimlEQI0sI1dz+FdMBsZ2Ara9oS/AWIy+T1nnVu6x69xeV2s28jgI6RmV0ijx0hWroDtVRE1H0iJ7RK3pznpwX5935mI2uOPOdI/QHzucPRAKbMA==</latexit>

T / 1

p cot � � ip

D* is stable 
at these m𝜋

for E~m

LHCb

- 0.36(4) MeV    - 0.045(77) MeV                                 −9.9("#.%&'.() MeV     :    binding energy  𝛿m                                                           

<latexit sha1_base64="7vwfkt3aGx5WdBKMCUqLVLtSvDA=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiYi6qZQdOOygn1AE8JkMmmHTh7M3AgldOXGX3HjQhG3foM7/8Zpm4W2Hhg4nHMud+7xU8EVWNa3UVpaXlldK69XNja3tnfM3b22SjJJWYsmIpFdnygmeMxawEGwbioZiXzBOv7wZuJ3HphUPInvYZQyNyL9mIecEtCSZx7ap8Sz6il2aAJOwAQQR+fBy9O6NfbMqlWzpsCLxC5IFRVoeuaXEyQ0i1gMVBCleraVgpsTCZwKNq44mWIpoUPSZz1NYxIx5ebTM8b4WCsBDhOpXwx4qv6eyEmk1CjydTIiMFDz3kT8z+tlEF65OY/TDFhMZ4vCTGBI8KQTHHDJKIiRJoRKrv+K6YBIQkE3V9El2PMnL5L2Wc2+qNl359XGdVFHGR2gI3SCbHSJGugWNVELUfSIntErejOejBfj3fiYRUtGMbOP/sD4/AEcHZhJ</latexit>

1/a0 = p cot �|p=0

summary from 2302.04505

virtual bound st. polebound st.

• consistent with molecular picture

• no claim it is inconsistent with other interpretations

Disclaimer:

• the extaction of pole omits possible 
effect from the left hand cut  

• investigated by Du, F.K. Guo, Nefediev 
et al. 2303.09441

• under ongoing investigation, keep tuned

<latexit sha1_base64="nxN35OB73n7vcckZgGFO4jWDgw0=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBDiJe4GUY9BLx4jmAds1jA7mU2GzIuZWSEs+QwvHhTx6td482+cJHvQxIKGoqqb7q5YMWqs7397K6tr6xubha3i9s7u3n7p4LBlZKoxaWLJpO7EyBBGBWlaahnpKE0Qjxlpx6Pbqd9+ItpQKR7sWJGIo4GgCcXIOimsqHPe6yp69ljrlcp+1Z8BLpMgJ2WQo9ErfXX7EqecCIsZMiYMfGWjDGlLMSOTYjc1RCE8QgMSOioQJybKZidP4KlT+jCR2pWwcKb+nsgQN2bMY9fJkR2aRW8q/ueFqU2uo4wKlVoi8HxRkjJoJZz+D/tUE2zZ2BGENXW3QjxEGmHrUiq6EILFl5dJq1YNLqvB/UW5fpPHUQDH4ARUQACuQB3cgQZoAgwkeAav4M2z3ov37n3MW1e8fOYI/IH3+QMFJJBv</latexit>

(p/m⇡)
2

<latexit sha1_base64="ikKDxZjUDhxv/qr0bbXY5MGwbNc=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPNVERD0WvXisYG2hCWGz2bRLd5OwOxFKKPhXvHhQxKu/w5v/xm2bg7Y+GHi8N8PMvDATXIPjfFuVpeWV1bXqem1jc2t7x97de9Bprihr01SkqhsSzQRPWBs4CNbNFCMyFKwTDm8mfueRKc3T5B5GGfMl6Sc85pSAkQL7IPNoCl7EBJDAwadYBl7GA7vuNJwp8CJxS1JHJVqB/eVFKc0lS4AKonXPdTLwC6KAU8HGNS/XLCN0SPqsZ2hCJNN+MT1/jI+NEuE4VaYSwFP190RBpNYjGZpOSWCg572J+J/XyyG+8gueZDmwhM4WxbnAkOJJFjjiilEQI0MIVdzciumAKELBJFYzIbjzLy+Sh7OGe9Fw787rzesyjio6REfoBLnoEjXRLWqhNqKoQM/oFb1ZT9aL9W59zForVjmzj/7A+vwBLa+U+g==</latexit>

p
co
t
� 0
/m

⇡
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Doubly charm tetraquark I=0, JP=1+

dependence on mu/d D* is stable 
at these m𝜋

Exchange of which particles drives the attraction within molecular picture?

<latexit sha1_base64="kuzx48aGwFRN9Uvx/DnwEpoPKp4=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrAILkpJRNSdRTcuK9gLNKFMppN26GQSZiZiCX0VNy4UceuLuPNtnLRZaOthBj7+/xzmzB8knCntON/Wyura+sZmaau8vbO7t28fVNoqTiWhLRLzWHYDrChngrY005x2E0lxFHDaCca3ud95pFKxWDzoSUL9CA8FCxnB2kh9u+IlrObJUVwzkB903berTt2ZFVoGt4AqFNXs21/eICZpRIUmHCvVc51E+xmWmhFOp2UvVTTBZIyHtGdQ4IgqP5vtPkUnRhmgMJbmCo1m6u+JDEdKTaLAdEZYj9Sil4v/eb1Uh1d+xkSSairI/KEw5UjHKA8CDZikRPOJAUwkM7siMsISE23iKpsQ3MUvL0P7rO5e1N3782rjpoijBEdwDKfgwiU04A6a0AICT/AMr/BmTa0X6936mLeuWMXMIfwp6/MH8zWTvA==</latexit>

⇡, ⇢,⇡⇡ ?

HALQCD, 2302.04505, m𝜋 ≈146 MeV
<latexit sha1_base64="kuzx48aGwFRN9Uvx/DnwEpoPKp4=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrAILkpJRNSdRTcuK9gLNKFMppN26GQSZiZiCX0VNy4UceuLuPNtnLRZaOthBj7+/xzmzB8knCntON/Wyura+sZmaau8vbO7t28fVNoqTiWhLRLzWHYDrChngrY005x2E0lxFHDaCca3ud95pFKxWDzoSUL9CA8FCxnB2kh9u+IlrObJUVwzkB903berTt2ZFVoGt4AqFNXs21/eICZpRIUmHCvVc51E+xmWmhFOp2UvVTTBZIyHtGdQ4IgqP5vtPkUnRhmgMJbmCo1m6u+JDEdKTaLAdEZYj9Sil4v/eb1Uh1d+xkSSairI/KEw5UjHKA8CDZikRPOJAUwkM7siMsISE23iKpsQ3MUvL0P7rO5e1N3782rjpoijBEdwDKfgwiU04A6a0AICT/AMr/BmTa0X6936mLeuWMXMIfwp6/MH8zWTvA==</latexit>

⇡, ⇢,⇡⇡ ?
CLQCD 2206.06185, PLB, m𝜋 ≈ 348 MeV

<latexit sha1_base64="kuzx48aGwFRN9Uvx/DnwEpoPKp4=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrAILkpJRNSdRTcuK9gLNKFMppN26GQSZiZiCX0VNy4UceuLuPNtnLRZaOthBj7+/xzmzB8knCntON/Wyura+sZmaau8vbO7t28fVNoqTiWhLRLzWHYDrChngrY005x2E0lxFHDaCca3ud95pFKxWDzoSUL9CA8FCxnB2kh9u+IlrObJUVwzkB903berTt2ZFVoGt4AqFNXs21/eICZpRIUmHCvVc51E+xmWmhFOp2UvVTTBZIyHtGdQ4IgqP5vtPkUnRhmgMJbmCo1m6u+JDEdKTaLAdEZYj9Sil4v/eb1Uh1d+xkSSairI/KEw5UjHKA8CDZikRPOJAUwkM7siMsISE23iKpsQ3MUvL0P7rO5e1N3782rjpoijBEdwDKfgwiU04A6a0AICT/AMr/BmTa0X6936mLeuWMXMIfwp6/MH8zWTvA==</latexit>

⇡, ⇢,⇡⇡ ?

not 
excluded

dependence on mc

Padmanath, SP: 2202.10110, PRL,  m𝜋 ≈ 280 MeV  

• trend verified for two charm quark masses

<latexit sha1_base64="dGzgettIuxeZEF+8/JIiR1Ql1DI=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4sSQi6rHoxWMF+wFtKJvtpF26m6S7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY0HGqGNZZLGLVCqhGwSOsG24EthKFVAYCm8Hwbuo3n1BpHkePZpygL2k/4iFn1Fip1dFc4oicd0tlt+LOQJaJl5My5Kh1S1+dXsxSiZFhgmrd9tzE+BlVhjOBk2In1ZhQNqR9bFsaUYnaz2b3TsipVXokjJWtyJCZ+nsio1LrsQxsp6RmoBe9qfif105NeONnPEpSgxGbLwpTQUxMps+THlfIjBhbQpni9lbCBlRRZmxERRuCt/jyMmlcVLyrivdwWa7e5nEU4BhO4Aw8uIYq3EMN6sBAwDO8wpszcl6cd+dj3rri5DNH8AfO5w93So+Y</latexit>' �



Heavy-light  mesons

<latexit sha1_base64="4ovw1vKQgHXv2AxHaEQSq6ECJOA=">AAACAnicbZDLSgMxFIbP1Futt1FX4iZYBBdSZkTUZdGNyxbsBdqhZNJMG5rJTJOMUErrxldx40IRtz6FO9/GtB1BWw+EfPz/OSTn92POlHacLyuztLyyupZdz21sbm3v2Lt7VRUlktAKiXgk6z5WlDNBK5ppTuuxpDj0Oa35vZuJX7unUrFI3OlBTL0QdwQLGMHaSC37oNz0sUT98en4h/qzu2XnnYIzLbQIbgp5SKvUsj+b7YgkIRWacKxUw3Vi7Q2x1IxwOso1E0VjTHq4QxsGBQ6p8obTFUbo2ChtFETSHKHRVP09McShUoPQN50h1l01703E/7xGooMrb8hEnGgqyOyhIOFIR2iSB2ozSYnmAwOYSGb+ikgXS0y0SS1nQnDnV16E6lnBvSi45fN88TqNIwuHcAQn4MIlFOEWSlABAg/wBC/waj1az9ab9T5rzVjpzD78KevjG2NRlso=</latexit>

Qq̄ , Qq̄ qq̄



Scalar heavy-light mesons
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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 +
Lutz et al, 2003 PLB,  2209.10601
Du et al, 1712.07957, PRD
Albaladejo et al,  1610.06727, 
Hanhart, Guo et al, 2212.07856,......
Beveren, Rupp;  Dmitrasinovic

3  ⨂  8  = 3 ⨁ 6 ⨁ 15 SU(3)F 

3
6

Scattering on the lattice
SU(3)F

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
          HadSpec, 1607.07093, JHEP
          HadSpec 2102.04973, JHEP
S=-1  HadSpec, 2008.06432, JHEP

SU(3)F : Gregory et al, 2106.15391
              attraction in 6, repulsion in 15 

Ds0
*

D0
*

lat: 2.1-2.2 GeV (pole)

PDG: 2.3 GeV     (BW)

2.3 GeV

mixes with 15

2.4-2.5 GeV      
reanalysis of lat 1607.07093 
by Albaladejo 1610.06727; 
Hanhart et al. 2212.07856

virtual bound state 
predicted UChPT 1610.06727
lat 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

• ChPT+HQET, UChPT

• reanalysis of exp data

• states circled by  blue 
feature in the spectrum

mix

q=u,d,s

SU(3)F

most 
attractive

attractive repulsive

Ds0(2317):  70-100% 
DK molecule  
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Lat 2015: Lang, Mohler, SP, Woloshyn, 1501.01646

Lat 2023: Hudspith, Mohler, 2303.17295

UChPT 2017: Du et al, 1712.07957

quark model (bs + BK): Yang et al, 2207.07320

quark model (bs): Bs0 and Bs1 at or above threshod

Bottom-strange: JP=0+, 1+

predictions for missing  states

Charm-light: JP=1+

<latexit sha1_base64="QCmHaQb/uo78eWKLYn+N55BAZUA=">AAACGnicbVDLSsNAFJ34rPUVdelmsAh1YUmKqMuiCC4r9AVNGibTSTvtTBJmJkIJ8Tfc+CtuXCjiTtz4N04fC209cOFwzr3ce48fMyqVZX0bS8srq2vruY385tb2zq65t9+QUSIwqeOIRaLlI0kYDUldUcVIKxYEcZ+Rpj+8HvvNeyIkjcKaGsXE5agX0oBipLTkmTaseSkdZMUbL8U8O3Ek5dAJBMIp9ih8wN4gS6dep3zKO+XMMwtWyZoALhJ7RgpghqpnfjrdCCechAozJGXbtmLlpkgoihnJ8k4iSYzwEPVIW9MQcSLddPJaBo+10oVBJHSFCk7U3xMp4lKOuK87OVJ9Oe+Nxf+8dqKCSzelYZwoEuLpoiBhUEVwnBPsUkGwYiNNEBZU3wpxH+lclE4zr0Ow519eJI1yyT4v2XdnhcrVLI4cOARHoAhscAEq4BZUQR1g8AiewSt4M56MF+Pd+Ji2LhmzmQPwB8bXD9EIoL4=</latexit>

Tij(Ecm) ⇠ ci cj
E2

cm �m2

HQET expectations confirmed

HQET: Isgur & Wise, PRL 1991, .......

Lat: N. Lang & D. Wilson, HadSpec, 2205.05026, PRL

<latexit sha1_base64="5KK9IdOELvWvUCTbOPpQVPRiXJo=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSKIh5KIqMeiPXisYD+giWGz3bRLN5uwuymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmhSlnSjvOt7Wyura+sVnaKm/v7O7t2weHLZVkktAmSXgiOyFWlDNBm5ppTjuppDgOOW2Hw7up3x5RqVgiHvU4pX6M+4JFjGBtpMC2UT1wPZ2g+tM58lKGArviVJ0Z0DJxC1KBAo3A/vJ6CcliKjThWKmu66Taz7HUjHA6KXuZoikmQ9ynXUMFjqny89nlE3RqlB6KEmlKaDRTf0/kOFZqHIemM8Z6oBa9qfif1810dOPnTKSZpoLMF0UZR+bTaQyoxyQlmo8NwUQycysiAywx0SassgnBXXx5mbQuqu5V1X24rNRuizhKcAwncAYuXEMN7qEBTSAwgmd4hTcrt16sd+tj3rpiFTNH8AfW5w/nA5Hl</latexit>

D1 ! D⇤⇡
<latexit sha1_base64="5KK9IdOELvWvUCTbOPpQVPRiXJo=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSKIh5KIqMeiPXisYD+giWGz3bRLN5uwuymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmhSlnSjvOt7Wyura+sVnaKm/v7O7t2weHLZVkktAmSXgiOyFWlDNBm5ppTjuppDgOOW2Hw7up3x5RqVgiHvU4pX6M+4JFjGBtpMC2UT1wPZ2g+tM58lKGArviVJ0Z0DJxC1KBAo3A/vJ6CcliKjThWKmu66Taz7HUjHA6KXuZoikmQ9ynXUMFjqny89nlE3RqlB6KEmlKaDRTf0/kOFZqHIemM8Z6oBa9qfif1810dOPnTKSZpoLMF0UZR+bTaQyoxyQlmo8NwUQycysiAywx0SassgnBXXx5mbQuqu5V1X24rNRuizhKcAwncAYuXEMN7qEBTSAwgmd4hTcrt16sd+tj3rpiFTNH8AfW5w/nA5Hl</latexit>

D1 ! D⇤⇡

D1(2420)

Γ ≈ 30 MeV
D1(2430)

m ≈ 2412 MeV

Γ ≈ 315 MeV

S-wave D-wave

PDG:

Lat:

<latexit sha1_base64="gM9YtSqonJjgdV9Z4lo86n0QhdA=">AAACA3icbZDLSsNAFIZP6q3WW9SdbgaL4EJKIqIui25cVrAXaEOZTCft0MkknZkIJbS48VXcuFDErS/hzrdx2mahrT8MfPznHM6c3485U9pxvq3c0vLK6lp+vbCxubW9Y+/u1VSUSEKrJOKRbPhYUc4ErWqmOW3EkuLQ57Tu928m9foDlYpF4l4PY+qFuCtYwAjWxmrbB4i0fCxRMj4dZzgYzJy2XXRKzlRoEdwMipCp0ra/Wp2IJCEVmnCsVNN1Yu2lWGpGOB0VWomiMSZ93KVNgwKHVHnp9IYROjZOBwWRNE9oNHV/T6Q4VGoY+qYzxLqn5msT879aM9HBlZcyESeaCjJbFCQc6QhNAkEdJinRfGgAE8nMXxHpYYmJNrEVTAju/MmLUDsruRcl9+68WL7O4sjDIRzBCbhwCWW4hQpUgcAjPMMrvFlP1ov1bn3MWnNWNrMPf2R9/gBvGZbC</latexit>

cū , cq̄qū
<latexit sha1_base64="WQMOLBNr1MV1nOx2eAFjIhGpY7k=">AAACA3icbZDLSsNAFIZP6q3WW9SdbgaL4EJKIqIui25cVrAXaEOZTCft0MkknZkIJbS48VXcuFDErS/hzrdx2mahrT8MfPznHM6c3485U9pxvq3c0vLK6lp+vbCxubW9Y+/u1VSUSEKrJOKRbPhYUc4ErWqmOW3EkuLQ57Tu928m9foDlYpF4l4PY+qFuCtYwAjWxmrbB8hv+VgiNT4dZzgYzJy2XXRKzlRoEdwMipCp0ra/Wp2IJCEVmnCsVNN1Yu2lWGpGOB0VWomiMSZ93KVNgwKHVHnp9IYROjZOBwWRNE9oNHV/T6Q4VGoY+qYzxLqn5msT879aM9HBlZcyESeaCjJbFCQc6QhNAkEdJinRfGgAE8nMXxHpYYmJNrEVTAju/MmLUDsruRcl9+68WL7O4sjDIRzBCbhwCWW4hQpUgcAjPMMrvFlP1ov1bn3MWnNWNrMPf2R9/gBluJa8</latexit>

bs̄ , bq̄qs̄



bottomonium(like) sector

<latexit sha1_base64="lkSLF9woSbc47UiDU5SLmhkfUFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSJfRMZpMhs7PLzKwQQj7CiwdFvPo93vwbJ8keNLGgoajqpruLplIY6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJpxhsskYluUzRcCsUbVljJ26nmGFPJW3R0N/NbT1wbkahHO055GONAiUgwtE5qdSlqQmmvXPGr/hxklQQ5qUCOeq/81e0nLIu5skyiMZ3AT204QW0Fk3xa6maGp8hGOOAdRxXG3IST+blTcuaUPokS7UpZMld/T0wwNmYcU9cZox2aZW8m/ud1MhvdhBOh0sxyxRaLokwSm5DZ76QvNGdWjh1BpoW7lbAhamTWJVRyIQTLL6+S5kU1uKoGD5eV2m0eRxFO4BTOIYBrqME91KEBDEbwDK/w5qXei/fufSxaC14+cwx/4H3+ANDljzs=</latexit>

b̄b
<latexit sha1_base64="vglFSblMUEbKzK1ssvveqma6rtA=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasSRppg3NZKZJRilD/8ONC0Xc+i/u/BvT6Sy09cDlHs65l9wcEguujet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKGvQSESqTbBmgkvWMNwI1o4VwyERrEVGNzO/9ciU5pG8N5OY+SEeSB5wio2VHroEK0RI1sbjXrniVt0MaJl4OalAjnqv/NXtRzQJmTRUYK07nhsbP8XKcCrYtNRNNIsxHeEB61gqcci0n2ZXT9GJVfooiJQtaVCm/t5Icaj1JCR2MsRmqBe9mfif10lMcOWnXMaJYZLOHwoSgUyEZhGgPleMGjGxBFPF7a2IDrHC1NigSjYEb/HLy6R5VvUuqt7deaV2ncdRhCM4hlPw4BJqcAt1aAAFBc/wCm/Ok/PivDsf89GCk+8cwh84nz/ThpIU</latexit>

b̄bq̄q
<latexit sha1_base64="gpTQSVQKoD9/z0OP7hTDPIt3p+o=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMeiBz1WsB/QLiVJs21oNrsmWaEs/RNePCji1b/jzX9j2u5BWx8MPN6bYWYeTaQw1vO+UWFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuU2K4FIo3rLCStxPNSUQlb9HRzdRvPXFtRKwe7DjhQUQGSoSCEeukdpcSjekt7ZUrXtWbAS8TPycVyFHvlb+6/ZilEVeWSWJMx/cSG2REW8Ekn5S6qeEJYSMy4B1HFYm4CbLZvRN84pQ+DmPtSlk8U39PZCQyZhxR1xkROzSL3lT8z+ukNrwKMqGS1HLF5ovCVGIb4+nzuC80Z1aOHSFMC3crZkOiCbMuopILwV98eZk0z6r+RdW/P6/UrvM4inAEx3AKPlxCDe6gDg1gIOEZXuENPaIX9I4+5q0FlM8cwh+gzx9j2o+M</latexit>

b̄Gb
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string breaking

SESAM, Bali et al, 2005, 0505012

Bulava et al, 1902.04006, PLB

q=u,d,s

B B

Bs Bs

Bicudo, Cardoso, Mueller, Wagner, 2205.11475, 
 J=0: here; J=1,2,3 in the paper; 

J=total ang. mom. without heavy quark spins

~
~

~

exotic st 
[Belle 
2019. 
talk by 
Zukhova]

poles

m
 [G

eV
]

see also: Castella, 2207.09365, 2207.09365r/a

a 
[ V

(r
) -

 2
 m

B ]

r [fm]

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

static potentials

non-static b quarks

omitting effects from

strong decays and thresholds

<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

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

b̄Gb

B B

Re(E) [GeV]

Im
(E

) [
Ge

V]
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<latexit sha1_base64="C6UzRRetIDYgHQoYCktl/McpfxA=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasSSZTBuayQxJRilD/8ONC0Xc+i/u/BvT6Sy09cDlHs65l9wckgiujet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqKGvRWMSqS7BmgkvWMtwI1k0UwxERrEPGNzO/88iU5rG8N5OE+REeSh5yio2VHvoEK0RI3oJ0UK25dTcHWiZeQWpQoDmofvWDmKYRk4YKrHXPcxPjZ1gZTgWbVvqpZgmmYzxkPUsljpj2s/zqKTqxSoDCWNmSBuXq740MR1pPImInI2xGetGbif95vdSEV37GZZIaJun8oTAVyMRoFgEKuGLUiIklmCpub0V0hBWmxgZVsSF4i19eJu2zundR9+7Oa43rIo4yHMExnIIHl9CAW2hCCygoeIZXeHOenBfn3fmYj5acYucQ/sD5/AHF1ZIL</latexit>

b̄bd̄u

<latexit sha1_base64="kO02zs/bW437QocMubXA48R8CQU=">AAACA3icbVDLSsNAFJ34rPUVdaebqUUQlJKIqBuh6EZdVbAPaNIymU7aoZNJmJkIJUTc+CtuXCji1p9w5984bbPQ1gMXzpxzL3Pv8SJGpbKsb2Nmdm5+YTG3lF9eWV1bNzc2azKMBSZVHLJQNDwkCaOcVBVVjDQiQVDgMVL3+pdDv35PhKQhv1ODiLgB6nLqU4yUltrmNrx2CudOwT58gDetpJKOX63kIG2bRatkjQCniZ2RIshQaZtfTifEcUC4wgxJ2bStSLkJEopiRtK8E0sSIdxHXdLUlKOASDcZ3ZDCPa10oB8KXVzBkfp7IkGBlIPA050BUj056Q3F/7xmrPwzN6E8ihXhePyRHzOoQjgMBHaoIFixgSYIC6p3hbiHBMJKx5bXIdiTJ0+T2lHJPinZt8fF8kUWRw7sgF2wD2xwCsrgClRAFWDwCJ7BK3gznowX4934GLfOGNnMFvgD4/MH6x+VKQ==</latexit>

I=1, JP =1+

bound state just below BB* th.

likely related to

Zb  [Belle, 2011, 2016]

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

b̄bd̄u ! BB̄⇤, ⌥⇡

Peters, Wagner, Bicudo
 SP, Bahtiyar, Petkovic, Sadl 2019, 2020

Bottomonium-like states  

omit strong decays 

quenched

Juge, Kuti, Morningstar, 1997, 1998

Schlosser & Wagner, 2111.00741I=0, varius JP

V(
r) 

[G
eV

]

r [fm]

Brambilla, 2111.10788; 

Soto & Castella, 2005.00552 

Segovia, Tarrus; Brambilla @ MITP 2022
(with 1/mb spin effects)

Ryan & Willson
2020

see also: Brambilla et al, 1805.07713, 1908.11699, 2212.09187

static potentials

static potentials
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Junnarkar Mathur 
1906.06054, PRL 

Mathur,  Padmanath, Chakraborty 
2205.02862

Junnarkar, Mathur, 2206.02942, PRL 

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

�E =

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

�E = m�mB1 �mB2

<latexit sha1_base64="/ti/j2lZuJGz5rm5EeXDosdnhzs=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rGoB48V7Ae0oWy2m3btZjfsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MBHcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1kKNg7UQzEoeCtcLRzdRvPTFtuJIPOE5YEJOB5BGnBK3U7N4ygaRXrnhVbwZ3mfg5qUCOeq/81e0rmsZMIhXEmI7vJRhkRCOngk1K3dSwhNARGbCOpZLEzATZ7NqJe2KVvhspbUuiO1N/T2QkNmYch7YzJjg0i95U/M/rpBhdBRmXSYpM0vmiKBUuKnf6utvnmlEUY0sI1dze6tIh0YSiDahkQ/AXX14mzbOqf1H1788rtes8jiIcwTGcgg+XUIM7qEMDKDzCM7zCm6OcF+fd+Zi3Fpx85hD+wPn8AWKEjwI=</latexit> �

binding energy
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quantum computers: evolution in real Minkowski time  

now: Evolution in Eucledian time

Looking ahead
<latexit sha1_base64="umIxK1OmxfCshpL1W1Orc5T+UXU=">AAACCXicbVDLSgMxFM34rPU16tJNsAh1YZkRUTdCtRRcVrAPaMchk6ZtaJIZkoxQhnbpxl9x40IRt/6BO//GtJ2Fth64cHLOveTeE0SMKu0439bC4tLyympmLbu+sbm1be/s1lQYS0yqOGShbARIEUYFqWqqGWlEkiAeMFIP+qWxX38gUtFQ3OlBRDyOuoJ2KEbaSL4NS3ntl48uWyrmvoCjK1+MILlPjsvmZZyhb+ecgjMBnCduSnIgRcW3v1rtEMecCI0ZUqrpOpH2EiQ1xYwMs61YkQjhPuqSpqECcaK8ZHLJEB4apQ07oTQlNJyovycSxJUa8MB0cqR7atYbi/95zVh3LryEiijWRODpR52YQR3CcSywTSXBmg0MQVhSsyvEPSQR1ia8rAnBnT15ntROCu5Zwb09zRWv0zgyYB8cgDxwwTkoghtQAVWAwSN4Bq/gzXqyXqx362PaumClM3vgD6zPH0z3mNQ=</latexit>

C(tE) =
X

n

An e�EntE

<latexit sha1_base64="Q5ZEOudvJ7521NB9k6CUOl8Wi+8=">AAACCnicbVDLSgMxFM3UV62vUZduokWoC8uMiLoRSovgRqhgH9COQyZN29AkMyQZoQx168ZfceNCEbd+gTv/xrSdhVYPXDg5515y7wkiRpV2nC8rMze/sLiUXc6trK6tb9ibW3UVxhKTGg5ZKJsBUoRRQWqaakaakSSIB4w0gkFl7DfuiFQ0FDd6GBGPo56gXYqRNpJv71YK2r86OG+rmPsCln1xD8ltckjhhXkaa+TbeafoTAD/EjcleZCi6tuf7U6IY06Exgwp1XKdSHsJkppiRka5dqxIhPAA9UjLUIE4UV4yOWUE943Sgd1QmhIaTtSfEwniSg15YDo50n01643F/7xWrLtnXkJFFGsi8PSjbsygDuE4F9ihkmDNhoYgLKnZFeI+kghrk17OhODOnvyX1I+K7knRvT7Ol8ppHFmwA/ZAAbjgFJTAJaiCGsDgATyBF/BqPVrP1pv1Pm3NWOnMNvgF6+MbpKqY+g==</latexit>

C(tM ) =
X

n

Bn e�iEntM

drawbacks:

- contribution of excited En supressed

- all En below the energy of interest must be extractedtE = - i t M

Y. Atas et al, 2207.03473

• 1D: one discretized spatial dimension, only one spatial site

• time not discretized 

• SU(3)c Hamiltonian

• computed on quantum IBM computer, up to  4 qubits  
Example: mixing of states with one flavor q (with rather heavy mass)  

<latexit sha1_base64="3++YOIPEp3LSYJ6IJY9uO92kcnE=">AAACAXicbVDLSgMxFL1TX7W+Rt0IboJFcFVmRNSNUHTjsoJ9QDuUTJppQzOZaZIRytBu/BU3LhRx61+4829M21nU1gP3cjjnXpJ7/JgzpR3nx8qtrK6tb+Q3C1vbO7t79v5BTUWJJLRKIh7Jho8V5UzQqmaa00YsKQ59Tut+/27i15+oVCwSj3oYUy/EXcECRrA2Uts+Qi0fSzSY7+PBYHDTtotOyZkCLRM3I0XIUGnb361ORJKQCk04VqrpOrH2Uiw1I5yOCq1E0RiTPu7SpqECh1R56fSCETo1SgcFkTQlNJqq8xspDpUahr6ZDLHuqUVvIv7nNRMdXHspE3GiqSCzh4KEIx2hSRyowyQlmg8NwUQy81dEelhiok1oBROCu3jyMqmdl9zLkvtwUSzfZnHk4RhO4AxcuIIy3EMFqkBgDC/wBu/Ws/VqfVifs9Gcle0cwh9YX79dM5Y1</latexit>

q̄q̄q̄ qqq =

<latexit sha1_base64="bEK7kzCgI/8XXkA664MteaZ+3NQ=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUS9C0YvHCvZD2qVk02wbmmS3SVYoS3+FFw+KePXnePPfmG73oK0PBh7vzTAzL4g508Z1v53Cyura+kZxs7S1vbO7V94/aOooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjG5nfuuJKs0i+WAmMfUFHkgWMoKNlR5RN8AKjcfXvXLFrboZ0DLxclKBHPVe+avbj0giqDSEY607nhsbP8XKMMLptNRNNI0xGeEB7VgqsaDaT7ODp+jEKn0URsqWNChTf0+kWGg9EYHtFNgM9aI3E//zOokJr/yUyTgxVJL5ojDhyERo9j3qM0WJ4RNLMFHM3orIECtMjM2oZEPwFl9eJs2zqndR9e7PK7WbPI4iHMExnIIHl1CDO6hDAwgIeIZXeHOU8+K8Ox/z1oKTzxzCHzifP9jkj8o=</latexit>

q̄q =

real-time evolution of the particle number

<latexit sha1_base64="Wd5XprSXeR2in+EsXhwA5Rkw80c=">AAACGHicbVDLTgIxFO34RHyhLt00EhNXOGOMuiS4cYkJr4QhpFM60NB2Ju0dlUz4DDf+ihsXGuOWnX9jB1goeJomJ+fcm3vvCWLBDbjut7Oyura+sZnbym/v7O7tFw4OGyZKNGV1GolItwJimOCK1YGDYK1YMyIDwZrB8Dbzmw9MGx6pGoxi1pGkr3jIKQErdQvnfkA0rlSwL1gImvcHQLSOHnEN+/ZhXxIYaJlK/sRVf4y7haJbcqfAy8SbkyKao9otTPxeRBPJFFBBjGl7bgydlGjgVLBx3k8Miwkdkj5rW6qIZKaTTg8b41Or9HAYafsV4Kn6uyMl0piRDGxltqdZ9DLxP6+dQHjTSbmKE2CKzgaFicAQ4Swl3OOaURAjSwjV3O6K6YBoQsFmmbcheIsnL5PGRcm7Knn3l8VyZR5HDh2jE3SGPHSNyugOVVEdUfSMXtE7+nBenDfn0/mala44854j9AfO5AddyJ9h</latexit>

B̄B $ T mixing

<latexit sha1_base64="wFp3ZBTgSo2lZm6heCKt7wnJ3rc=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkoiom6EohuXFewD0lAm00k7dDJJZyZCCRV/xY0LRdz6He78G6dtFtp64F4O59zL3DlBwpnSjvNtFZaWV1bXiuuljc2t7R17d6+h4lQSWicxj2UrwIpyJmhdM81pK5EURwGnzWBwM/GbD1QqFot7PUqoH+GeYCEjWBupYx8grx1giYaz7j96w6F/1bHLTsWZAi0SNydlyFHr2F/tbkzSiApNOFbKc51E+xmWmhFOx6V2qmiCyQD3qGeowBFVfjY9f4yOjdJFYSxNCY2m6u+NDEdKjaLATEZY99W8NxH/87xUh5d+xkSSairI7KEw5UjHaJIF6jJJieYjQzCRzNyKSB9LTLRJrGRCcOe/vEgapxX3vOLenZWr13kcRTiEIzgBFy6gCrdQgzoQyOAZXuHNerJerHfrYzZasPKdffgD6/MHHbKU9A==</latexit>

[q̄q̄] [qq] =

<latexit sha1_base64="fkNbSW94eBvbwvdDwYB175vEZM0=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4vgqiQi6kYodeOygn1AE8JketMOnUzCzEQoafdu/BU3LhRx6w+482+cPgRtPXDhcM693HtPkHCmtG1/WbmV1bX1jfxmYWt7Z3evuH/QVHEqKTRozGPZDogCzgQ0NNMc2okEEgUcWsHgeuK37kEqFos7PUzAi0hPsJBRoo3kF0sjt66Yb7uSiB4HfIVHbkAkruHaj+QXy3bFngIvE2dOymiOul/8dLsxTSMQmnKiVMexE+1lRGpGOYwLbqogIXRAetAxVJAIlJdNfxnjY6N0cRhLU0Ljqfp7IiORUsMoMJ0R0X216E3E/7xOqsNLL2MiSTUIOlsUphzrGE+CwV0mgWo+NIRQycytmPaJJFSb+AomBGfx5WXSPK045xXn9qxcrc3jyKMjVEInyEEXqIpuUB01EEUP6Am9oFfr0Xq23qz3WWvOms8coj+wPr4B6VuZsA==</latexit>

| 0i = |B̄Bi

<latexit sha1_base64="pafbjZUODsafjtMtsHx+g+N0Q3A=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqeyKqMeiFy9CBfsB7VKy2WwbmmTXZLZQlvo3vHhQxKs/xpv/xrTdg7Y+GHi8N8PMvCAR3IDrfjuFldW19Y3iZmlre2d3r7x/0DRxqilr0FjEuh0QwwRXrAEcBGsnmhEZCNYKhjdTvzVi2vBYPcA4Yb4kfcUjTglYycdd4CJkWD5B765XrrhVdwa8TLycVFCOeq/81Q1jmkqmgApiTMdzE/AzooFTwSalbmpYQuiQ9FnHUkUkM342O3qCT6wS4ijWthTgmfp7IiPSmLEMbKckMDCL3lT8z+ukEF35GVdJCkzR+aIoFRhiPE0Ah1wzCmJsCaGa21sxHRBNKNicSjYEb/HlZdI8q3oXVe/+vFK7zuMooiN0jE6Rhy5RDd2iOmogih7RM3pFb87IeXHenY95a8HJZw7RHzifPzGskbs=</latexit>

m̃ tM

<latexit sha1_base64="y/Xik/GnHk3sxuH4tWeiFUmY1LM=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KomIehGKXrwIFewHtKFstpt27WYTdidCCf0PXjwo4tX/481/47bNQVsfDDzem2FmXpBIYdB1v52l5ZXVtfXCRnFza3tnt7S33zBxqhmvs1jGuhVQw6VQvI4CJW8lmtMokLwZDG8mfvOJayNi9YCjhPsR7SsRCkbRSg2CV9i965bKbsWdgiwSLydlyFHrlr46vZilEVfIJDWm7bkJ+hnVKJjk42InNTyhbEj7vG2pohE3fja9dkyOrdIjYaxtKSRT9fdERiNjRlFgOyOKAzPvTcT/vHaK4aWfCZWkyBWbLQpTSTAmk9dJT2jOUI4soUwLeythA6opQxtQ0Ybgzb+8SBqnFe+84t2flavXeRwFOIQjOAEPLqAKt1CDOjB4hGd4hTcndl6cd+dj1rrk5DMH8AfO5w/guI6t</latexit>

t = tM

<latexit sha1_base64="6SrgpNDX8hftdCyZ4FP6HZbOD6E=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cq9gPaUDbbSbt0s4m7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/VbT6g0j+WDGSfoR3QgecgZNVa6J4+9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU145WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV76Lq3Z1Xatd5HEU4gmM4BQ8uoQa3UIcGMAjhGV7hzRk5L8678zFvLTj5zCH8gfP5AzMojSU=</latexit>q
<latexit sha1_base64="aWydwOyfhW6hqN1IOlkl8KM0o3Y=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUCbbTbt0s0l3N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWM7mZ+64kpzWP5aCYJ8yMcSB5yisZKLdINUJFxr1xxq+4cZJV4OalAjnqv/NXtxzSNmDRUoNYdz02Mn6EynAo2LXVTzRKkIxywjqUSI6b9bH7ulJxZpU/CWNmShszV3xMZRlpPosB2RmiGetmbif95ndSEN37GZZIaJuliUZgKYmIy+530uWLUiIklSBW3txI6RIXU2IRKNgRv+eVV0ryoeldV7+GyUrvN4yjCCZzCOXhwDTW4hzo0gMIInuEV3pzEeXHenY9Fa8HJZ47hD5zPH4JGjwg=</latexit>

q̄

not ready to render conclusions concerning QCD yet, hopefuly it will some day 
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Compliments to experimental colleagues for great  results 

Status on hadrons from Lattice :

• hadrons that are not resolved (yet)

strongly decay via many decay channels: Zc(4430) , X(6900),...  

• available: valuable results on conventional and exotic hadrons 

strongly stable ;  strongly decaying to 1,2,3  channels 

support for specific binding mechanisms 

       one picture can not explain all exotic hadrons

       for each exotic hadron there is at least one viable picture

A direction that might lead to a valuable insight into dynamics of hadrons:
identify and inspect states that can be rigorously studied by theory and well explored by experiments 

quark-mass dependence of these states in theory ... could lead to further clues about their nature 

V ...

certain charmonium-like states



backup



Exotic hadrons

tetraquark             pentaquark

hybrid meson           glueball

slike FK Guo

date

m
 [M

eV
/c

2 ]

Belle, BaBar

LHCb, CMS, ATLAS

minimal quark content 

X(3872)

Conventional hadrons



Definitions: bound state, virtual bound state & resonance             

Poles of T(E),  E=E cm

<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

<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="keR9HTzfvdti0JV4422Q5ogQ6t0=">AAACG3icbZDLSgMxFIYz9VbrrerSTbAIlWKZGYq6UCiK4LKCvUBvZNJMG5rJjElGKEP7HG58FTcuFHEluPBtTNsRtPWHwM93zuHk/E7AqFSm+WUkFhaXlleSq6m19Y3NrfT2TkX6ocCkjH3mi5qDJGGUk7KiipFaIAjyHEaqTv9yXK/ eEyGpz2/VICBND3U5dSlGSqN22oZX5w15J1Tkta2WnQta9jD3A2wNskfBoWajs5FuyGmWaqczZt6cCM4bKzYZEKvUTn80Oj4OPcIVZkjKumUGqhkhoShmZJhqhJIECPdRl9S15cgjshlNbhvCA0060PWFflzBCf09ESFPyoHn6E4PqZ6crY3hf7V6qNzTZkR5ECrC8XSRGzKofDgOCnaoIFixgTYIC6r/CnEPCYSVjnMcgjV78ryp2HnrOF+4KWSKF3EcSbAH9kEWWOAEFME1KIEywOABPIEX8Go8Gs/Gm/E+bU0Y8cwu+CPj8xs60Z8I</latexit>

E =
q
m2

1 + p2 +
q

m2
2 + (�p)2 < m1 +m2


