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

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. 

minimal quark (q) and gluon (G)  contents

This talk: how well QCD confronts (heavy flavor and exotic) hadrons

• intro on theory approaches with few examples

• journey to various hadron sectors   

• T=0 throught

LHCb discoveries: 

talk by Mikhasenko 



Non-perturbative theory approaches to QCD

Lattice QCD 
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gs ⌧ 1 at hadronic energy scale

Main quantity extracted: eigen-energy En

t=0, JP, It, JP, I
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Eucledian time
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mu/d > mphy
u/d , m⇡>140 MeVoften “non-precision” studies:   single a, 

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

Effective Field Theory (EFT) • Lagrangian for effective d.o.f. based on symmetries of QCD

• Taylor expansion in a small quantity (1/mQ ,p,E,...)   

• drawback: dependence on (unknown) parameters 

Functional methods (Dyson-Schwinger & Bethe-Salpeter equations): paralell talk by C. Fischer 

...

This talk: mostly

lattice, lattice + EFT

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

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

N. Brambilla, 2111.10788

T=0



Strongly stable hadrons  (well below threshold)

3

Example: bottomonia : reachest spectrum of (almost) strongly stable hadrons  

<latexit sha1_base64="LH8dHCvYQbVLZr3BHqhd3DXo3x4=">AAAB+3icbVDLSgMxFM34rPU11qWb1CLUTZkRUTeFogguK9gHdIaSSTNtaJIZkkyxDPVT3LhQxK0/4s6/MW1noa0HLhzOuZd77wliRpV2nG9rZXVtfWMzt5Xf3tnd27cPCk0VJRKTBo5YJNsBUoRRQRqaakbasSSIB4y0guHN1G+NiFQ0Eg96HBOfo76gIcVIG6lrF3j19qnsjQiGsVesekXntGuXnIozA1wmbkZKIEO9a395vQgnnAiNGVKq4zqx9lMkNcWMTPJeokiM8BD1ScdQgThRfjq7fQJPjNKDYSRNCQ1n6u+JFHGlxjwwnRzpgVr0puJ/XifR4ZWfUhEnmgg8XxQmDOoIToOAPSoJ1mxsCMKSmlshHiCJsDZx5U0I7uLLy6R5VnEvKu79eal2ncWRA0fgGJSBCy5BDdyBOmgADB7BM3gFb9bEerHerY9564qVzRyCP7A+fwBdIpK0</latexit>

m = E (~p=0)

exp

lat

Ryan & Wilson (HadSpec)  
2008.02656, JHEP
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m⇡ ' 391 MeV

lowest lying bb and cc with  𝑚!phy and a->0, QCD+QED  

HPQCD, 2101.08103, JHEP, 2204.02137: also other observables

lat exp

m(Υ)-m(𝜂") [MeV] 57.5 (2.3) (1.0) 62.3 (3.2)

systematic error from omitted bb annihilation

General conclusion on 

strongly stable hadrons:

• many precision lattice studies 

• QCD confronts exp data well !

no a->0 extrapolation



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 
(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

E 2 " 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 !

!

bound st.

see also: plenay by Pelaez
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m! =227, 315 MeV ! mphy
!
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GWU, 1803.02897

lat

UChPT

HadSpec, 2102.04973 JHEP
<latexit sha1_base64="mngfto/euBf5BOougY+z1W5p/IY=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEcVESEXVZtAuXFewDmhgm00k7dDIJMxOhhn6JGxeKuPVT3Pk3Th8LbT1w4XDOvdx7T5hyprTjfFuFldW19Y3iZmlre2e3bO/tt1SSSUKbJOGJ7IRYUc4EbWqmOe2kkuI45LQdDm8mfvuRSsUSca9HKfVj3BcsYgRrIwV2GaF64DycejpBdS9lgV1xqs4UaJm4c1KBORqB/eX1EpLFVGjCsVJd10m1n2OpGeF0XPIyRVNMhrhPu4YKHFPl59PDx+jYKD0UJdKU0Giq/p7IcazUKA5NZ4z1QC16E/E/r5vp6MrPmUgzTQWZLYoyjsyXkxRQj0lKNB8Zgolk5lZEBlhiok1WJROCu/jyMmmdVd2Lqnt3Xqldz+MowiEcwQm4cAk1uIUGNIFABs/wCm/Wk/VivVsfs9aCNZ85gD+wPn8AiQWRug==</latexit>

D !
0 ! D !

<latexit sha1_base64="N+PbW7OAfetIGs8AIht7j9vGXm4=">AAACBXicbZC7TsMwFIadcivlFmCEwaJCKh2qpCDKwFABA2OR6EVK08hxndaqc5HtIFVRFxZehYUBhFh5BzbeBqfNAC2/ZOnTf87R8fndiFEhDeNbyy0tr6yu5dcLG5tb2zv67l5LhDHHpIlDFvKOiwRhNCBNSSUjnYgT5LuMtN3RdVpvPxAuaBjcy3FEbB8NAupRjKSyHP0QQt+6cYxe2b5MIRHGpFcuVU/N2ont6EWjYkwFF8HMoAgyNRz9q9sPceyTQGKGhLBMI5J2grikmJFJoRsLEiE8QgNiKQyQT4SdTK+YwGPl9KEXcvUCCafu74kE+UKMfVd1+kgOxXwtNf+rWbH0LuyEBlEsSYBni7yYQRnCNBLYp5xgycYKEOZU/RXiIeIISxVcQYVgzp+8CK1qxTyvmHdnxfpVFkceHIAjUAImqIE6uAUN0AQYPIJn8AretCftRXvXPmatOS2b2Qd/pH3+ACmVlc4=</latexit>

m[D !
0] < m [D !

s0(2317)]

<latexit sha1_base64="IbiCQMHYcfUMuphOjkvI044rCPs=">AAACC3icbVC7TsMwFHXKq5RXgZHFaoVUOlRJQZSxAgbGItGHlKaR4zqtVTsJtoNURd1Z+BUWBhBi5QfY+BvctAO0HOlKx+fcK997vIhRqUzz28isrK6tb2Q3c1vbO7t7+f2DlgxjgUkThywUHQ9JwmhAmooqRjqRIIh7jLS90dXUbz8QIWkY3KlxRByOBgH1KUZKS26+ACG3r12zV3a6knJynz4TaU565VL11KqdOG6+aFbMFHCZWHNSBHM03PxXtx/imJNAYYaktC0zUk6ChKKYkUmuG0sSITxCA2JrGiBOpJOkt0zgsVb60A+FrkDBVP09kSAu5Zh7upMjNZSL3lT8z7Nj5V84CQ2iWJEAzz7yYwZVCKfBwD4VBCs21gRhQfWuEA+RQFjp+HI6BGvx5GXSqlas84p1e1asX87jyIIjUAAlYIEaqIMb0ABNgMEjeAav4M14Ml6Md+Nj1pox5jOH4A+Mzx/inZhp</latexit>

m[D !
0] ! m[D !

s0(2317)]

PDG: puzzle

lat: OK

<latexit sha1_base64="uOhCA8fBRjqJRena3RQPA2k2WSE=">AAAB9HicbVBNSwMxEJ2tX7V+VT16WSyCp7Iroh6LXjxWsB/QXUo2zbah2WRNZgul9Hd48aCIV3+MN/+NabsHbX3MwOO9GTJ5USq4Qc/7dgpr6xubW8Xt0s7u3v5B+fCoaVSmKWtQJZRuR8QwwSVrIEfB2qlmJIkEa0XDu5nfGjFtuJKPOE5ZmJC+5DGnBK0UBnqgAlRBym11yxWv6s3hrhI/JxXIUe+Wv4KeolnCJFJBjOn4XorhhGjkVLBpKcgMSwkdkj7rWCpJwkw4mR89dc+s0nNjpW1LdOfq740JSYwZJ5GdTAgOzLI3E//zOhnGN+GEyzRDJunioTgTLip3loDb45pRFGNLCNXc3urSAdGEos2pZEPwl7+8SpoXVf+q6j9cVmq3eRxFOIFTOAcfrqEG91CHBlB4gmd4hTdn5Lw4787HYrTg5DvH8AfO5w8YFZJQ</latexit>! ! "" from review
Mai, Meissner, Urbach 2206.01477 

examples

see also: plenay by Pelaez
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J P =0 +

[plenay by Pelaez]



Resonances from coupled-channel scattering 
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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 !
1H !

2, ...

! !

"

! "

! !

"

! "

! ! #

$

! "%

! !

"

! "

! ! #

$

! "%

! ! #

$

! "%

channel a : H1H2

channel b : H1 'H2 '

T(E) =
Taa(E) Tab(E)

Tab(E) Tbb(E)

!

"
!
!

#

$
#
#

a -> a              a -> b  

b->a b -> b

generalized. 
Luscher’s rel.• lattice QCD studies extracted T(E) 

for several resonances  

En

R

VectorStock
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Resonances from coupled-channel scattering 
! most results by HadSpec. coll.: mostly light meson sector 

! example in heavy-quark sector

two coupled channels
<latexit sha1_base64="0NBPMAtpg/gF0Gfy77RHZiAVheQ=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpZrAIbiyJiLos2oXLCvYCbQiT6aQdOpmEmYkQQn0VNy4UceuDuPNtnLZZaOsPAx//OYdz5g8SzpR2nG9rZXVtfWOztFXe3tnd27cPDtsqTiWhLRLzWHYDrChngrY005x2E0lxFHDaCca303rnkUrFYvGgs4R6ER4KFjKCtbF8u9LoB1iixlnDV3PylW9XnZozE1oGt4AqFGr69ld/EJM0okITjpXquU6ivRxLzQink3I/VTTBZIyHtGdQ4IgqL58dP0EnxhmgMJbmCY1m7u+JHEdKZVFgOiOsR2qxNjX/q/VSHV57ORNJqqkg80VhypGO0TQJNGCSEs0zA5hIZm5FZIQlJtrkVTYhuItfXob2ec29rLn3F9X6TRFHCY7gGE7BhSuowx00oQUEMniGV3iznqwX6936mLeuWMVMBf7I+vwB+QWTsg==</latexit>

D øD ! Ds øDs

S.P. , Collins,  Padmanath, Mohler, Piemonte
2011.02542 JHEP

physics interpretation:  two slides later



!"#$%&'()"(*+$,"#-(.+/$"%(-&0)"$-(
(with heavy quarks)
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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>

øcc , øcc øqq
øbb , øbb øqq

QQ øqøq

øQq , øQq øqq

dibaryons

!"#$%&&&&'"($)$*
“molecule”possible 

binding 
mechanisms

...

analogous

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
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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>

øcc , øcqøqc !"#$%$&

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

J
PC

2mD

2mDs

Lat : m

! c2(1P)

Exp

! c0(1P)

! c2(3930)

X(3860)

X(3915)/
! c0(3930)

"(3770)

" (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 re-analysis of exp. 
[Deineka, Danilkin et al 2111.15033, poster]

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>

øDD JP=0+  state

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

øDsDs JP=0+  state 

likely related to  X(3915) / ! !" (3930) / X(3960) 
[BaBar,  LHCb 2009.00026, LHCb 2022 indico..../1176505/]
explaining why it has narrow width to DD. 
Supported by some pheno studies:           
Lebed, Polosa  1602.08421, Oset et al . 2207.08490, 
Guo et al, 2101.01021, .... 

+ 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)/
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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>

øDsDs

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

øDD

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

I =0
JP=0+

! &'( !

! !

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

! !

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

! !&') ! !

! ! ! !

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

!

DsDs th.
indico.cern.ch/event/1176505/, july 2022

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,...

th

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

m(J/ ! p) [MeV]

LHCb 

2019

! #$%"""""""""""""""!
<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/X3RI5TrSdp5DpTbEZ62ZuJ/3k9a5KbMGcis4YKsliUWI6MRLP/UcwUJYZPHMFEMXcrIiOsMDEupYoLIVh+eZW0L+rBVT14uKw1bos4ynACp3AOAVxDA+6hCS0gIOEZXuHNM96L9+59LFpLXjFzDH/gff4AnOGQ0w==</latexit>

cøcuud

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>! , "
! #$%"""""""""""""""!

Σ# = udc Σ#

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

øD ! c

now support also from lattice 

currently to challenging for  lattice

LHCb discoveries: 
talk by Mikhasenko 

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

øccødu ! D øD ! , J/ !"

[BessIII & Belle 2013]Charmonium(like) resonances  
<latexit sha1_base64="Y0TSLwmxjZpNy885Rk8kgXYEAzk=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURUZdFNy4r2Ae0oUwmk3boZBLmIdTQL3HjQhG3foo7/8Zpm4W2Hrjcwzn3MndOmHGmtOd9O6W19Y3NrfJ2ZWd3b7/qHhy2VWokoS2S8lR2Q6woZ4K2NNOcdjNJcRJy2gnHtzO/80ilYql40JOMBgkeChYzgrWVBm61H2KJCJm3CJmBW/Pq3hxolfgFqUGB5sD96kcpMQkVmnCsVM/3Mh3kWGpGOJ1W+kbRDJMxHtKepQInVAX5/PApOrVKhOJU2hIazdXfGzlOlJokoZ1MsB6pZW8m/uf1jI6vg5yJzGgqyOKh2HCkUzRLAUVMUqL5xBJMJLO3IjLCEhNts6rYEPzlL6+S9nndv6z79xe1xk0RRxmO4QTOwIcraMAdNKEFBAw8wyu8OU/Oi/PufCxGS06xcwR/4Hz+AJrakmg=</latexit>

øccødu Zc(3900)

status from lattice QCD: still challenging, giving perhaps puzzling results 

• En close to the non-interacting En
ni

• very small interaction between mesons observed

• this should already constrain some models and interpretations

• perhaps consistent with virtual bound st. found by some approaches? 
[talk by Rodriguez Entem]

• indication of large coupling between  both channels 

that could be responsible for Zc(3900) peak in exp

consistent conclusions from studies via Luscher’s method
[Leskovec Mohler Lang SP: 1308.2097, 1405.7623 
HadSpec 1709.01417
Liuming Liu et al. 1907.03371, 1911.08560, 
M. Sadl, SP, Padmanath, Collins @ lattice 2022] 

HALQCD method
Ikeda et al., HALQCD, 1602.03465, PRL

DD* th.

<latexit sha1_base64="B1481EJBg/XJwdMb3Qx5DYu+FCc="></latexit>

E n.i. (H1H2) =
!

!p2
1 + m2

1 +
!

!p2
2 + m2

2 !pi = !ni
2!
L

p1

p2
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<latexit sha1_base64="lkSLF9woSbc47UiDU5SLmhkfUFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSJfRMZpMhs7PLzKwQQj7CiwdFvPo93vwbJ8keNLGgoajqpruLplIY6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJpxhsskYluUzRcCsUbVljJ26nmGFPJW3R0N/NbT1wbkahHO055GONAiUgwtE5qdSlqQmmvXPGr/hxklQQ5qUCOeq/81e0nLIu5skyiMZ3AT204QW0Fk3xa6maGp8hGOOAdRxXG3IST+blTcuaUPokS7UpZMld/T0wwNmYcU9cZox2aZW8m/ud1MhvdhBOh0sxyxRaLokwSm5DZ76QvNGdWjh1BpoW7lbAhamTWJVRyIQTLL6+S5kU1uKoGD5eV2m0eRxFO4BTOIYBrqME91KEBDEbwDK/w5qXei/fufSxaC14+cwx/4H3+ANDljzs=</latexit>

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

øbbøqq
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b b

Lattice QCD 
relativistic b quarks
Ryan & Wilson (HadSpec)  
2008.02656, JHEP
(same result as shown earlier)

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

JPC

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

øbGb omitting effects from

strong decays and thresholds

m = En(p=0)
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b b

V(
r)

 [G
eV

]
r [fm]

TUMQCD, Brambilla et al., 2206.03156 
many other determinations, e.g. Wagner et al

masses of low-lying

confinement

determination of  𝛼$ e.g. works of TUMQCD, 
Leino et a. [2020-2022]

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]

poles

m
 [G

eV
]

see also: Castella, 2207.09365r/a

a 
[ V

(r
) -

2 
m

B
]

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

øbbødu

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

I =1 , J P =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>

øbbødu ! B øB ! , ! !

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

*$++$,$%-0,9:-;"(#+&+"#((from static potentials & Born Oppenheimer approximation & EFTs

omit strong decays 

quenched

Juge, Kuti, Morningstar, 1997, 1998

Schlosser & Wagner, 2111.00741
I !" , various #!

V(
r) 

[G
eV

]

r [fm]

Brambilla, 2111.10788; 

Soto & Castella, 2005.00552

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

Ryan & Willson
2020

see also: Brambilla et al,  1805.07713, 1908.11699, PRD
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Charmonium hybrids analogous comparison
<latexit sha1_base64="M7gLF+u9E8IIdsDCTTBfvMkB5xw=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4rWFtIQ9lsN+3SzSbsToQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MJXCoOt+O6WV1bX1jfJmZWt7Z3evun/waJJMM95iiUx0J6SGS6F4CwVK3kk1p3EoeTsc3Uz99hPXRiTqAccpD2I6UCISjKKVfNINqSaM3BLWq9bcujsDWSZeQWpQoNmrfnX7CctirpBJaozvuSkGOdUomOSTSjczPKVsRAfct1TRmJsgn508ISdW6ZMo0bYUkpn6eyKnsTHjOLSdMcWhWfSm4n+en2F0FeRCpRlyxeaLokwSTMj0f9IXmjOUY0so08LeStiQasrQplSxIXiLLy+Tx7O6d1H37s9rjesijjIcwTGcggeX0IA7aEILGCTwDK/w5qDz4rw7H/PWklPMHMIfOJ8/bX6QDA==</latexit>

øcGc
m

 [G
eV

]

Cheung et al, HadSpec, 2016
TUMQCD, Brambilla et al.



Doubly heavy tetraquarks

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

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

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

bbøsøu

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

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

bbødøu

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
Meinel, Pflaumer, Wagner (2022) 2205.13982
Junnarkar, Mathur, Padmanth (2018) 1810.12285  
Frances, Colquhoun, Hudspith, Maltman  (2021) preliminary
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$ !
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]

threshold: %%&"""""""""""""""""""""""""""""""""""""%%$&

earlier results of Frances et al in 1810.10550, 1607.05214 PRL

!"##$%& ' !"# "()*'+

Leskovec , Pflaumer, 
Wagner, Meinel

m!"#$$-> m!"#
%&' 0.08-0.11

Junnarkar et al. m!"#$$-> m!"#
%&' a -> 0

Francis et al m!"#$$-> m!"#
%&' 0.09 

Bicudo et al. m!"#$$-> m!"#
%&' 0.08 

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

I =0 , J P =1 +

not found in exp, difficult to find

extracted also 

BB(s)* scattering amplitudes
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<latexit sha1_base64="EL1HCgYPH4e80+T5fJpEPBvPrZU=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasSSZTBuayQxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9wckgiujet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqKGvRWMSqS7BmgkvWMtwI1k0UwxERrEPGNzO/88iU5rG8N5OE+REeSh5yio2VHgjpE6xQkPd0UK25dTcHWiZeQWpQoDmofvWDmKYRk4YKrHXPcxPjZ1gZTgWbVvqpZgmmYzxkPUsljpj2s/zqKTqxSoDCWNmSBuXq740MR1pPImInI2xGetGbif95vdSEV37GZZIaJun8oTAVyMRoFgEKuGLUiIklmCpub0V0hBWmxgZVsSF4i19eJu2zundRP787rzWuizjKcATHcAoeXEIDbqEJLaCg4Ble4c15cl6cd+djPlpyip1D+APn8wfHgJIO</latexit>

bbødøu
Colquhoun, Francis, Hudspith, Maltman, Lewis
1810.10550 , $%&LATTICE2021 (2022) 144
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>

bbøsøu

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]ø3c

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

[øu ød]3c
SP = 0+

good anti-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 , J P =1 +

mb’ increases

mu,d decreases

(m
bph

y
)

(m
u,

dph
y
)

good and bad diquark properties:  

Francis et al, 2201.03332

these are the only tetraquarks where lattice 

finds support for significant [qq][qq] 
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<latexit sha1_base64="7lltJ+1Cb9bQ9wALxOVfP2sEnAU=">AAACFHicbVDLSgMxFM34rPU16tJNsAiCUGakqMuiG5ct2Ad0xpLJ3GlDMw+TjFCGfoQbf8WNC0XcunDn35hOZ6GtBxIO59x7c3O8hDOpLOvbWFpeWV1bL22UN7e2d3bNvf22jFNBoUVjHouuRyRwFkFLMcWhmwggoceh442up37nAYRkcXSrxgm4IRlELGCUKC31zdPMyYdkAvwJbjbvnESwELDjEYHvZ3ehTfpmxapaOfAisQtSQQUaffPL8WOahhApyomUPdtKlJsRoRjlMCk7qYSE0BEZQE/TiIQg3SzfZ4KPteLjIBb6RArn6u+OjIRSjkNPV4ZEDeW8NxX/83qpCi7djEVJqiCis4eClGMV42lC2GcCqOJjTQgVTO+K6ZAIQpXOsaxDsOe/vEjaZ1X7vFpr1ir1qyKOEjpER+gE2egC1dENaqAWougRPaNX9GY8GS/Gu/ExK10yip4D9AfG5w8aq57c</latexit>

QQ! øqøq!

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>

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

ccødøu

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]

D*0D+

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

QQ! øqøq!

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>

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

ccødøu

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>

ccødøu

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 ! + + mD 0 )
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(D 0D 0! + ) 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]

D*0D+

[compilation  by Polyakov]
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Pole of T(E)

increasing mu/d 

Sketch of expected binding energy

! The first lat. study that extracts T(E):

[Padmanath, SP: 2202.10110, PRL] m# " #$%&'(

! Evidence for pole related to Tcc 

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

Tcc : bound state becomes virtual bound state 

this is indeed 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>

J P =1 + , I =0

another recent lattice study: CLQCD,  Chen et al. 2206.06185  

comparison of I=0,1 : attraction in I=0 channel arises mainly from

prevoious simulations extracted only eigen-energies:  

[Junnarkar, Mathur, Padmanath,  1810.12285 PRD ; HadSpec 1709.01417 JHEP]

Dyson Schwinger: Fischer et al. 2111.15310: I=0 state  near threshold found

virtual bound state pole p = -i|p|

What is virtual bound state? See supplemental of 2202.10110, PRL

!""""""""""""""""""""!

!&"""""""""""""""""""!&

<latexit sha1_base64="9qpXXHIXdfiotI/oR/DMAeMge4A=">AAAB73icbVBNSwMxEJ34WetX1aOXYBEEoeyKqMeiF48V7Ae0a8mm2TY0m6xJVihL/4QXD4p49e9489+YtnvQ1gcDj/dmmJkXJoIb63nfaGl5ZXVtvbBR3Nza3tkt7e03jEo1ZXWqhNKtkBgmuGR1y61grUQzEoeCNcPhzcRvPjFtuJL3dpSwICZ9ySNOiXVSq6MH6iE7HXdLZa/iTYEXiZ+TMuSodUtfnZ6iacykpYIY0/a9xAYZ0ZZTwcbFTmpYQuiQ9FnbUUliZoJseu8YHzulhyOlXUmLp+rviYzExozi0HXGxA7MvDcR//PaqY2ugozLJLVM0tmiKBXYKjx5Hve4ZtSKkSOEau5uxXRANKHWRVR0IfjzLy+SxlnFv6j4d+fl6nUeRwEO4QhOwIdLqMIt1KAOFAQ8wyu8oUf0gt7Rx6x1CeUzB/AH6PMHBdiP9g==</latexit>

! +
<latexit sha1_base64="WVNmeGPQT0tyvdY808xbq1rDINY=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiS+l0U3boQK9gFNKJPpbTt0JokzE6GEunHjr7hxoYhbv8Gdf+Ok7UJbD1w4nHMv994TxJwp7TjfVm5ufmFxKb9cWFldW9+wN7dqKkokhSqNeCQbAVHAWQhVzTSHRiyBiIBDPehfZn79HqRiUXirBzH4gnRD1mGUaCO17F3R8mLmKSbgDh+dOPjBE0T3pEivoTZs2UWn5IyAZ4k7IUU0QaVlf3ntiCYCQk05UarpOrH2UyI1oxyGBS9REBPaJ11oGhoSAcpPR28M8b5R2rgTSVOhxiP190RKhFIDEZjO7EY17WXif14z0Z1zP2VhnGgI6XhRJ+FYRzjLBLeZBKr5wBBCJTO3YtojklBtkiuYENzpl2dJ7bDknpbcm+Ni+WISRx7toD10gFx0hsroClVQFVH0iJ7RK3qznqwX6936GLfmrMnMNvoD6/MHimaYig==</latexit>

m! ! 350 MeV
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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>

J P =0 +

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

cøq qøq !"#$%$&(((((((()"#$%
<latexit sha1_base64="EEAKSvxPAe56TD+LyL7w6/VDkFo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKbdoLUJHHfrniVt05yCrxclKBHI1++as3iGkaMWmoQK27npsYP0NlOBVsWuqlmiVIxzhkXUslRkz72fzcKTmzyoCEsbIlDZmrvycyjLSeRIHtjNCM9LI3E//zuqkJr/2MyyQ1TNLFojAVxMRk9jsZcMWoERNLkCpubyV0hAqpsQmVbAje8surpFWrepfV2v1FpX6Tx1GEEziFc/DgCupwBw1oAoUxPMMrvDmJ8+K8Ox+L1oKTzxzDHzifP+m2j0w=</latexit>

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

Lutz et al (2003), 0307133, PLB 

Beveren, Rupp;  Dmitrasinovic

3 ! 8  = 3 " # " $% 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
HadSpec, 1607.07093, JHEP
HadSpec 2102.04973, JHEP
HadSpec 2205.05026

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

mixes 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>

cøq
new paradigm supported by:

• lattice

• effective models ChPT+HQET

• reanalysis of exp data

• states circled by blue seem 

to feature in the spectrum

mix

!"#$%$&

SU(3)F

attractive                                                          attractive



7,:1+$'"%-

Sasa Prelovsek                             QCD confronts heavy flavor and exotic hadrons 20

Junnarkar Mathur 
1906.06054, PRL 2019

Mathur,  Padmanath, Chakraborty 
2205.02862

Junnarkar, Mathur, 2206.02942 

<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 ! mB 1 ! mB 2binding energy

many lattice studies: 

NPLQCD, CalLAT, Mainz, ...

mostly at mu=md=ms 

[Mainz group, 2103.01054 PRL]

significant discretization effects on ) E found 

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 = !

<latexit sha1_base64="/ti/j2lZuJGz5rm5EeXDosdnhzs=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rGoB48V7Ae0oWy2m3btZjfsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MBHcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1kKNg7UQzEoeCtcLRzdRvPTFtuJIPOE5YEJOB5BGnBK3U7N4ygaRXrnhVbwZ3mfg5qUCOeq/81e0rmsZMIhXEmI7vJRhkRCOngk1K3dSwhNARGbCOpZLEzATZ7NqJe2KVvhspbUuiO1N/T2QkNmYch7YzJjg0i95U/M/rpBhdBRmXSYpM0vmiKBUuKnf6utvnmlEUY0sI1dze6tIh0YSiDahkQ/AXX14mzbOqf1H1788rtes8jiIcwTGcgg+XUIM7qEMDKDzCM7zCm6OcF+fd+Zi3Fpx85hD+wPn8AWKEjwI=</latexit> !
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Compliments to experiments for GREAT results !!

Status on hadrons from Lattice ,  Lattice + EFTs:

! hadrons that are not resolved (yet)

strongly decay via many decay channels: Pc , 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 

' """



backup
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Hadrons
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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: 

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

øQQøqq! øQq + øqQ, øQQ + øqq

øQQqqq! øQq + Qqq, øQQ + qqq

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). 

!"""#

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

Zb = øbbødu Pc = øccuud

Zc = øccødu

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

øQQøqq, øQQqqq



Definitions: bound state, virtual bound state & resonance             
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Poles of T(E),  +"+!"

<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

E 2 " 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+4KWSKF3EcSbA H9kEWWOAEFME1KIEywOABPIEX8Go8Gs/Gm/E+bU0Y8cwu+CPj8xs60Z8I</latexit>

E =
!

m2
1 + p2 +

!
m2

2 + ( ! p)2 < m 1 + m2



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

partial wave l=0
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4,;.)(.'1$,/(2&-"%( 𝜋! from lattice
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<latexit sha1_base64="k7DKbJsEYE5y7JhSfAzXL32rpSA=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBZBEEtSRL0IxV7EUwX7AW1aNtttu3SzibubQgn5HV48KOLVH+PNf+O2zUFbHww83pthZp4Xcqa0bX9bmZXVtfWN7GZua3tndy+/f1BXQSQJrZGAB7LpYUU5E7Smmea0GUqKfY/ThjeqTP3GmErFAvGoJyF1fTwQrM8I1kZy7ztxtZLcOJ34/Czp5gt20Z4BLRMnJQVIUe3mv9q9gEQ+FZpwrFTLsUPtxlhqRjhNcu1I0RCTER7QlqEC+1S58ezoBJ0YpYf6gTQlNJqpvydi7Cs18T3T6WM9VIveVPzPa0W6f+3GTISRpoLMF/UjjnSApgmgHpOUaD4xBBPJzK2IDLHERJucciYEZ/HlZVIvFZ3LYunholC+TePIwhEcwyk4cAVluIMq1IDAEzzDK7xZY+vFerc+5q0ZK505hD+wPn8AkH+RUg==</latexit>

J P C = 1 ! +
<latexit sha1_base64="uXFx6JkLWxzHQaSQkIyr6TUb82c=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj0oMcK9gPbUDabSbt0swm7G6GU/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSAXXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1EmmGDZYIhLVDqhGwSU2DDcC26lCGgcCW8HwZuq3nlBpnsgHM0rRj2lf8ogzaqz02A2oIiG5JVmvVHYr7gxkmXg5KUOOeq/01Q0TlsUoDRNU647npsYfU2U4EzgpdjONKWVD2seOpZLGqP3x7OIJObVKSKJE2ZKGzNTfE2Maaz2KA9sZUzPQi95U/M/rZCa68sdcpplByeaLokwQk5Dp+yTkCpkRI0soU9zeStiAKsqMDaloQ/AWX14mzWrFu6hU78/Ltes8jgIcwwmcgQeXUIM7qEMDGEh4hld4c7Tz4rw7H/PWFSefOYI/cD5/ADPqj/Y=</latexit>

ødGu

Woss et al. (HadSpec) 

2009.10034

mu= md= ms, m𝜋 " #$$ %&'

physical worldb1 !f1 !" ! #$!
dominant coupling 

resemblence to experimental &1(1564): COMPASS+JPAC Rodas 1810.04171 [PRL]

𝜋1(1564) in COMPASS+JPAC replaces two older resonances &1(1400) '() &1(1600) 

pheno 

analysis

<latexit sha1_base64="TbHhNDzjMaW5z1c5Rx8PUhoxT0E=">AAACDXicbVDLSgMxFM34rPU16tJNsAp1U2ZKUaEIRRF1V8E+oFPKnTRtQ5OZIckIZegPuPFX3LhQxK17d/6N6WOhrQcCJ+fcy733+BFnSjvOt7WwuLS8sppaS69vbG5t2zu7VRXGktAKCXko6z4oyllAK5ppTuuRpCB8Tmt+/3Lk1x6oVCwM7vUgok0B3YB1GAFtpJZ9iL1rEAK8IpzjPPaK2BOge1Ikt2KYvTJ/OMYtO+PknDHwPHGnJIOmKLfsL68dkljQQBMOSjVcJ9LNBKRmhNNh2osVjYD0oUsbhgYgqGom42uG+MgobdwJpXmBxmP1d0cCQqmB8E3laFU1643E/7xGrDtnzYQFUaxpQCaDOjHHOsSjaHCbSUo0HxgCRDKzKyY9kEC0CTBtQnBnT54n1XzOPckV7gqZ0sU0jhTaRwcoi1x0ikroBpVRBRH0iJ7RK3qznqwX6936mJQuWNOePfQH1ucPXZ2ZOg==</latexit> !
a

=
2

Im
(

E
a

)
<latexit sha1_base64="CaGQg+Uh1aQJ9EFWgetD3lELv28=">AAACA3icbVDLSgMxFM34rPU16k43wSLUTZmRokIRiiK4rGIf0BlKJk3b0CQzJBmhDAU3/oobF4q49Sfc+Tdm2llo64ELh3Pu5d57gohRpR3n21pYXFpeWc2t5dc3Nre27Z3dhgpjiUkdhyyUrQApwqggdU01I61IEsQDRprB8Cr1mw9EKhqKez2KiM9RX9AexUgbqWPvc6+CLiD0ONIDyZM7Mi5eexWIjmHHLjglZwI4T9yMFECGWsf+8rohjjkRGjOkVNt1Iu0nSGqKGRnnvViRCOEh6pO2oQJxovxk8sMYHhmlC3uhNCU0nKi/JxLElRrxwHSmp6pZLxX/89qx7p37CRVRrInA00W9mEEdwjQQ2KWSYM1GhiAsqbkV4gGSCGsTW96E4M6+PE8aJyX3tFS+LReql1kcOXAADkERuOAMVMENqIE6wOARPINX8GY9WS/Wu/UxbV2wspk98AfW5w89l5X8</latexit>

m a = Re( E a)

<latexit sha1_base64="LcOOCF0SqSC9zkCGbyVvzYBmGQg=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxY0lKUZdFKbis0Bc0aZhMJ+20kwczE6GE+AVu/BU3LhRx69adf+O0zUJbD1w4nHMv997jRowKaRjfWm5ldW19I79Z2Nre2d3T9w9aIow5Jk0cspB3XCQIowFpSioZ6UScIN9lpO2Ob6Z++55wQcOgIScRsX00CKhHMZJKcvTThpPQUWoJ6kPL4wgn2KHwAWJnlCY1J+qVz2u9curoRaNkzACXiZmRIshQd/Qvqx/i2CeBxAwJ0TWNSNoJ4pJiRtKCFQsSITxGA9JVNEA+EXYy+yeFJ0rpQy/kqgIJZ+rviQT5Qkx8V3X6SA7FojcV//O6sfSu7IQGUSxJgOeLvJhBGcJpOLBPOcGSTRRBmFN1K8RDpFKRKsKCCsFcfHmZtMol86JUuasUq9dZHHlwBI7BGTDBJaiCW1AHTYDBI3gGr+BNe9JetHftY96a07KZQ/AH2ucPJlScFg==</latexit>

Tij !
ci cj

E 2
p " E 2

Couplings of the resonance to various channels

32
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paralell talk by by Mikhasenko [LHCb]


