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easier to explore E

relatively near thr.

femtoscopy invariant mass distribution

focus on exotic hadrons
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My limited knowledge on femtoscopy
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C(k⇤)

S: source function

r*: relative distance of particles at production

Ψ:  two-particle wave function
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k⇤ = 1
2 |~p

⇤
1 � ~p⇤2|

attractive

repulsive

I expect that femtoscopy is most valuable to explore 

interactions near threshold. That is where lattice QCD 

is most efficient and provides most of the results.  

source beam

beam

Disclaimer: I have not done the homework to know what femtoscopy can and has measured already,  

but I am keen to learn. All followup thoughts concerning femtoscopy are very naive



One of aims to study of hadron-hadron interactions: 
intermediate exotic hadrons that form 
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Questions for a lattice theorist: 

Does it exist ?

Mass ? 

Width?

    Binding mechanism ?  
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JP
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q̄1q̄2q3q4

explore dependence on mq
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Aim: study of interactions/scattering of two hadrons 

Initial particles are most often decaying electro-weakly in Nature 

theory: with only QCD

               electro-weak
experiment: production via weak int.experiment: femtoscopy

Different production mechanisms :

Ds
+

𝝅!

Observables depend on the same scattering amplitude



How difficult is it to study a given hadron in lattice QCD?
Depends whether it is strongly decaying or not 

q  strongly stable 
states

eigenstate of HQCD

q strongly decaying 
resonances

not eigenstate of HQCD

€ 
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s u
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c u
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⇡� ! µ�⌫µ
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⇢ ! ⇡⇡
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spectroscopic studies

throught this lecture:

•  strong int (QCD)

• electro-weak int
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c̄cc̄c
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c̄cud̄
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m(J/ p) [GeV ]

LHCb 2021

BES, Belle, 2013 

LHCb 2019
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ccd̄ū LHCb, 29th Jul 2021

DD*

All experimentally discovered exotic hadrons strongly decay



Exotic hadrons
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https://www.nikhef.nl/~pkoppenb/particles.html

https://qwg.ph.nat.tum.de/exoticshub/

<latexit sha1_base64="mQXy/NGBUgheNuvg5PHGhb8HSnQ=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBEEoSTF10Youumygn1AE8NkOmmHziRhZiKUkJ0bf8WNC0Xc+gvu/BunaRbaeuDCmXPuZe49fsyoVJb1bSwsLi2vrJbWyusbm1vb5s5uW0aJwKSFIxaJro8kYTQkLUUVI91YEMR9Rjr+6Gbidx6IkDQK79Q4Ji5Hg5AGFCOlJc88cIZIwcaVEwiE0/wR39eytMY9kZ20PbNiVa0ccJ7YBamAAk3P/HL6EU44CRVmSMqebcXKTZFQFDOSlZ1EkhjhERqQnqYh4kS6aX5HBo+00odBJHSFCubq74kUcSnH3NedHKmhnPUm4n9eL1HBpZvSME4UCfH0oyBhUEVwEgrsU0GwYmNNEBZU7wrxEOlElI6urEOwZ0+eJ+1a1T6vnt2eVurXRRwlsA8OwTGwwQWogwZoghbA4BE8g1fwZjwZL8a78TFtXTCKmT3wB8bnD96XmLE=</latexit>

Ĥ =
p̂
2

2mr
+ V

Simplistic  argument: for a given V 

(that does not significantly depend on mQ) 

heavier particles are easier to bind

Belle

BesIII

All experimentally discovered exotic hadrons strongly decay



Strongly decaying hadrons (resonance)  
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E(ππ )

Γ

mR
E(ππ )
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Task for lattice QCD: 
determine scattering amplitude T



Outline
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resonances above one th.

R → H1 H2 , H1
'
 H2

'
 

R → H1 H2  

Ø  hadrons well below threshold 

Ø  hadrons from one-channel scattering

Ø  hadrons from coupled-channel scat.

• all from lattice eigen-energies En 

• examples presented
• this is NOT a review of all existing results !

strong, EW

How difficult it is to study a given hadron with lattice QCD? 
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ĤQCD|ni = En|ni



Quantum ChromoDynamics on lattice 
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• numerical evaluation of path integral 

       in discretized finite Eucledian space-time

• typical : 𝑎 ≈ 0.05	fm	,	 L = 40-100 a  

                     a → 0	 , 𝐿 → ∞

• input: gs , mq

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

LQCD = 1
4G

µ⌫
a Gµ⌫

a + q̄i�µ(@
µ + igsG

µ
aT

a)q �mq q̄q
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SQCD = s d4x LQCD
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tM =�it
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Main quantity extracted: En
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n

|nihn|

<latexit sha1_base64="lM7FNGLzC9C8FvCEO2Pz4uOLvhs=">AAAB8nicbVDLSgNBEJz1GeMr6tHLxCB4MeyKqBch6MWLEME8YHcJs5PZZMjszDLTK4Qln+HFgyJe/Rpv/o2Tx0ETCxqKqm66u6JUcAOu++0sLa+srq0XNoqbW9s7u6W9/aZRmaasQZVQuh0RwwSXrAEcBGunmpEkEqwVDW7HfuuJacOVfIRhysKE9CSPOSVgJR8690H5OiifcuiUKm7VnQAvEm9GKmiGeqf0FXQVzRImgQpijO+5KYQ50cCpYKNikBmWEjogPeZbKknCTJhPTh7hY6t0cay0LQl4ov6eyElizDCJbGdCoG/mvbH4n+dnEF+FOZdpBkzS6aI4ExgUHv+Pu1wzCmJoCaGa21sx7RNNKNiUijYEb/7lRdI8q3oXVe/hvFK7mcVRQIfoCJ0gD12iGrpDddRAFCn0jF7RmwPOi/PufExbl5zZzAH6A+fzB9RJkE8=</latexit>

tM =�it

<latexit sha1_base64="8pyaYTcHFR8Zo0MEBVCS6IvO53I=">AAACDXicbVA9SwNBEN3zM8avqKXNYhSswp0o2ghBGzsjmA/MncfcZpMs2ds7dveEcMkfsPGv2FgoYmtv579xk1yhiQ8GHu/NMDMviDlT2ra/rbn5hcWl5dxKfnVtfWOzsLVdU1EiCa2SiEeyEYCinAla1Uxz2oglhTDgtB70Lkd+/YFKxSJxq/sx9ULoCNZmBLSR/ML+nc/uxbnLQXQ4xfYgdQlwfD30GR4IV45lv1C0S/YYeJY4GSmiDBW/8OW2IpKEVGjCQammY8faS0FqRjgd5t1E0RhIDzq0aaiAkCovHX8zxAdGaeF2JE0Jjcfq74kUQqX6YWA6Q9BdNe2NxP+8ZqLbZ17KRJxoKshkUTvhWEd4FA1uMUmJ5n1DgEhmbsWkCxKINgHmTQjO9MuzpHZUck5K9s1xsXyRxZFDu2gPHSIHnaIyukIVVEUEPaJn9IrerCfrxXq3Piatc1Y2s4P+wPr8Ael/m3c=</latexit>

Zn
i = h0|Oi|ni overlap

<latexit sha1_base64="eR6avsihSMzvfsJqxdCqekT8zo0=">AAACFXicbZDLSsNAFIYn9VbrLerSzWARWtCSiKgboeimG7GCvUAbw2Q6aYdOJmFmIpSQl3Djq7hxoYhbwZ1v47QNotUfBn6+cw5nzu9FjEplWZ9Gbm5+YXEpv1xYWV1b3zA3t5oyjAUmDRyyULQ9JAmjnDQUVYy0I0FQ4DHS8oYX43rrjghJQ36jRhFxAtTn1KcYKY1ccz/pYsTgVVpS7mX5jNwmtKZd+o2tsmYHU+iaRatiTQT/GjszRZCp7pof3V6I44BwhRmSsmNbkXISJBTFjKSFbixJhPAQ9UlHW44CIp1kclUK9zTpQT8U+nEFJ/TnRIICKUeBpzsDpAZytjaG/9U6sfJPnYTyKFaE4+kiP2ZQhXAcEexRQbBiI20QFlT/FeIBEggrHWRBh2DPnvzXNA8r9nHFvj4qVs+zOPJgB+yCErDBCaiCGqiDBsDgHjyCZ/BiPBhPxqvxNm3NGdnMNvgl4/0LeMOdww==</latexit>

O(tM ) = eiHtMO(0)e�iHtM

<latexit sha1_base64="6sBgMnoW+yDAxTbDr0Jpm2gzBPY="></latexit>

=
X

n

h0| eiHtMOi(0)e
�iHtM |nihn|O†

j
(0)|0i

<latexit sha1_base64="vU7BufpqYwojPFLotW21+t2bdH0="></latexit>

=
X

n

h0| eHt
Oi(0)e

�Ht
|nihn|O†

j
(0)|0i

<latexit sha1_base64="q1zMP/4XtKzByasGd5ki0tB/fDg=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0VRKR6kYoVqHLFuwDmhAm00k7dDIJMxOhxH6CG3/FjQtF3Lp05984bbOorQcunDnnXube48eMSmVZP0ZuZXVtfSO/Wdja3tndM/cPWjJKBCZNHLFIdHwkCaOcNBVVjHRiQVDoM9L2h9WJ334gQtKI36tRTNwQ9TkNKEZKS5556gyQgjUvbVRvx/CROwLxPiPwGt55fO7tmUWrZE0Bl4mdkSLIUPfMb6cX4SQkXGGGpOzaVqzcFAlFMSPjgpNIEiM8RH3S1ZSjkEg3nR40hida6cEgErq4glN1fiJFoZSj0NedIVIDuehNxP+8bqKCKzelPE4U4Xj2UZAwqCI4SQf2qCBYsZEmCAuqd4V4gATCSmdY0CHYiycvk9Z5yS6Xyo2LYuUmiyMPjsAxOAM2uAQVUAN10AQYPIEX8AbejWfj1fgwPmetOSObOQR/YHz9AtQgm9k=</latexit>

ĤQCD|ni = En|ni

C: different correlation than in case of femtoscopy     ;)
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t=0, JP, It, JP, I

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

mu/d > mphy
u/d , m⇡>140 MeV

often “non-precision” studies:   

single a, 

All results in this talk will be based on En

• for strongly stable state well below threshold :

• resonances (Luscher’s relation)

• static potentials:

<latexit sha1_base64="lOunyWs3wssA8y3qFjrXNpF+J9Y=">AAACCXicbVDLSgNBEJz1GeNr1aOXwSDES9gVUY9BETxGyAuSdZmdTJIh81hmZpWw5OrFX/HiQRGv/oE3/8ZJsoImFjQUVd10d0Uxo9p43pezsLi0vLKaW8uvb2xubbs7u3UtE4VJDUsmVTNCmjAqSM1Qw0gzVgTxiJFGNLgc+407ojSVomqGMQk46gnapRgZK4UuvArFbYr5CLYV7fUNUkrew2rxRz4K3YJX8iaA88TPSAFkqITuZ7sjccKJMJghrVu+F5sgRcpQzMgo3040iREeoB5pWSoQJzpIJ5+M4KFVOrArlS1h4ET9PZEirvWQR7aTI9PXs95Y/M9rJaZ7HqRUxIkhAk8XdRMGjYTjWGCHKoING1qCsKL2Voj7SCFsbHh5G4I/+/I8qR+X/NOSf3NSKF9kceTAPjgAReCDM1AG16ACagCDB/AEXsCr8+g8O2/O+7R1wclm9sAfOB/fDBmZ6w==</latexit>

Ecm
n ! T (Ecm

n )

Sasa Prelovsek                              Exotic spectroscopy from lattice

<latexit sha1_base64="bmAcoJHB9JQsck0lzKJ8Ev6mLVA=">AAAB/3icbZDLSgMxFIbP1Futt1HBjZtgESpImRFRN0LRhe6sYC/QDiWTZtrQTGZMMkIZu/BV3LhQxK2v4c63Mb0IWv0h8PGfczgnvx9zprTjfFqZmdm5+YXsYm5peWV1zV7fqKookYRWSMQjWfexopwJWtFMc1qPJcWhz2nN750P67U7KhWLxI3ux9QLcUewgBGsjdWyt9ImwRxdDU6/oXC7f7HXsvNO0RkJ/QV3AnmYqNyyP5rtiCQhFZpwrFTDdWLtpVhqRjgd5JqJojEmPdyhDYMCh1R56ej+Ado1ThsFkTRPaDRyf06kOFSqH/qmM8S6q6ZrQ/O/WiPRwYmXMhEnmgoyXhQkHOkIDcNAbSYp0bxvABPJzK2IdLHERJvIciYEd/rLf6F6UHSPiu71Yb50NokjC9uwAwVw4RhKcAllqACBe3iEZ3ixHqwn69V6G7dmrMnMJvyS9f4FKMKU5Q==</latexit>

O = O(q,G)

<latexit sha1_base64="mVATXqzPZwvyHUCzehTg9td5mJE=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQL2FXfB2DIniMYB6QXcLsZDYZMjuzzMwKYclvePGgiFd/xpt/4yTZgyYWNBRV3XR3hQln2rjut1NYWV1b3yhulra2d3b3yvsHLS1TRWiTSC5VJ8SaciZo0zDDaSdRFMchp+1wdDv1209UaSbFoxknNIjxQLCIEWys5N/1BPKNRK2qOu2VK27NnQEtEy8nFcjR6JW//L4kaUyFIRxr3fXcxAQZVoYRTiclP9U0wWSEB7RrqcAx1UE2u3mCTqzSR5FUtoRBM/X3RIZjrcdxaDtjbIZ60ZuK/3nd1ETXQcZEkhoqyHxRlHJkv5wGgPpMUWL42BJMFLO3IjLEChNjYyrZELzFl5dJ66zmXdYuHs4r9Zs8jiIcwTFUwYMrqMM9NKAJBBJ4hld4c1LnxXl3PuatBSefOYQ/cD5/AG0akKY=</latexit>

En ! V (r)

En(P=0)  =  m

All En with given quantum numbers must be extracted:
<latexit sha1_base64="MO2i3W9t/kiBmcH3MoLNU/rATKk="></latexit>

sū K⇤(890) : E > mK +m⇡ ' 640 MeV

cc̄ud̄ Zc(4430) : E > mJ/ +m⇡ ' 3240 MeV

OK



Hadrons well below threshold

(or studied as if located well below threshold)

Sasa Prelovsek                              Exotic spectroscopy from lattice 12

ag0,  Lg∞, mqgmq
phy

<latexit sha1_base64="oowuaUJLNQtp7mMf/jE4glv+MDg=">AAAB+nicbVDLSgMxFM34rPU11aWbYBEEocwMpboRiiK4rGAf0E5LJs20oUlmSDJKqf0UNy4UceuXuPNvzLSz0NYDl3s4515yc4KYUaUd59taWV1b39jMbeW3d3b39u3CQUNFicSkjiMWyVaAFGFUkLqmmpFWLAniASPNYHSd+s0HIhWNxL0ex8TnaCBoSDHSRurZhZuud8m7Hu6Wz2pp83p20Sk5M8Bl4makCDLUevZXpx/hhBOhMUNKtV0n1v4ESU0xI9N8J1EkRniEBqRtqECcKH8yO30KT4zSh2EkTQkNZ+rvjQniSo15YCY50kO16KXif1470eGFP6EiTjQReP5QmDCoI5jmAPtUEqzZ2BCEJTW3QjxEEmFt0sqbENzFLy+ThldyK6XKXblYvcriyIEjcAxOgQvOQRXcghqoAwwewTN4BW/Wk/VivVsf89EVK9s5BH9gff4AuwiSYg==</latexit>

E2 = m2c4 + P 2c2

<latexit sha1_base64="Rlrx9hdo55hR/uiRrlsr0OJgCVo=">AAAB/3icbVDLSsNAFJ3UV62vqODGzdQi1E1JilQ3QlEElxXsA5oYJtNpO3QmCTMTocQu/BU3LhRx62+482+cpllo64HLPZxzL3Pn+BGjUlnWt5FbWl5ZXcuvFzY2t7Z3zN29lgxjgUkThywUHR9JwmhAmooqRjqRIIj7jLT90dXUbz8QIWkY3KlxRFyOBgHtU4yUljzz4NpLyg2neOEUrZNJ2jm+r3pmyapYKeAisTNSAhkanvnl9EIccxIozJCUXduKlJsgoShmZFJwYkkihEdoQLqaBogT6Sbp/RN4rJUe7IdCV6Bgqv7eSBCXcsx9PcmRGsp5byr+53Vj1T93ExpEsSIBnj3UjxlUIZyGAXtUEKzYWBOEBdW3QjxEAmGlIyvoEOz5Ly+SVrVi1yq129NS/TKLIw8OwREoAxucgTq4AQ3QBBg8gmfwCt6MJ+PFeDc+ZqM5I9vZB39gfP4AaJKTzQ==</latexit>

E(P=0)=mc2
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Proton   and    neutron    mass

<latexit sha1_base64="8QbiE++ixoEU/FKDunyrPOzmPIk="></latexit>

Op = ✏ijk[u
T
i C�5dj ]uk ' uud

<latexit sha1_base64="JfWsbvdAgvw/6kjXU1YYgnkyn8w=">AAACFHicbZBNS8NAEIY39avWr6hHL8EiVMSSiFQvQrUIHivYD2hi2Wy37dLNJuxOhBL6I7z4V7x4UMSrB2/+G7dtDto6MOzLMzPMzutHnCmw7W8js7C4tLySXc2trW9sbpnbO3UVxpLQGgl5KJs+VpQzQWvAgNNmJCkOfE4b/qAyrjceqFQsFHcwjKgX4J5gXUYwaNQ2jyoFOLxwVRy0hXWpk94nx9f6hZELoSbOFDgatM28XbQnYc0LJxV5lEa1bX65nZDEARVAOFaq5dgReAmWwAino5wbKxphMsA92tJS4IAqL5kcNbIONOlY3VDqFGBN6O+JBAdKDQNfdwYY+mq2Nob/1VoxdM+9hIkoBirIdFE35pY+d+yQ1WGSEuBDLTCRTP/VIn0sMQHtY06b4MyePC/qJ0WnVCzdnubLV6kdWbSH9lEBOegMldENqqIaIugRPaNX9GY8GS/Gu/Exbc0Y6cwu+hPG5w9UO5yE</latexit>

C(t) =
X

n

Ane
�Ent ! A1e

�E1t

<latexit sha1_base64="UCD4bZiFnlk135AfFA3cyByv6fc=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJ4KrtFqhehKILHCvYD2nXJptk2NNkNSVYoS/+GFw+KePXPePPfmLZ70NYHA4/3ZpiZF0rOtHHdb2dldW19Y7OwVdze2d3bLx0ctnSSKkKbJOGJ6oRYU85i2jTMcNqRimIRctoORzdTv/1ElWZJ/GDGkvoCD2IWMYKNlXroNvCuRCAReawGpbJbcWdAy8TLSRlyNILSV6+fkFTQ2BCOte56rjR+hpVhhNNJsZdqKjEZ4QHtWhpjQbWfzW6eoFOr9FGUKFuxQTP190SGhdZjEdpOgc1QL3pT8T+vm5ro0s9YLFNDYzJfFKUcmQRNA0B9pigxfGwJJorZWxEZYoWJsTEVbQje4svLpFWteLVK7f68XL/O4yjAMZzAGXhwAXW4gwY0gYCEZ3iFNyd1Xpx352PeuuLkM0fwB87nDyxbkH4=</latexit>

E1 = mpc
2
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HPQCD,
update of 
1207.5149
(thanks to 
Christine 
Davies)

Strongly stable hadrons (HPQCD coll)



Doubly bottom tetraquarks

17

<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
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+
(m

bph
y  ) Colquhoun et al.,  2407.08816

Theoretically expected near or above threshold

 States near or above threshold have to be identified from scattering T(E): next Section

Sasa Prelovsek                              Exotic spectroscopy from lattice

(m
u,

dph
y  )

Other doubly heavy tetraquarks:  
<latexit sha1_base64="1y4r9Pxq2yKGHSKtvIzehnvRHGk=">AAACB3icbVDLSgMxFL1TX7W+Rl0KEiyCqzIjUl0W3bhswT6gU0smzbShmcyYZIQydOfGX3HjQhG3/oI7/8a0HUFbD9zL4Zx7Se7xY86UdpwvK7e0vLK6ll8vbGxube/Yu3sNFSWS0DqJeCRbPlaUM0HrmmlOW7GkOPQ5bfrDq4nfvKdSsUjc6FFMOyHuCxYwgrWRuvZhrXbrxZKFFHk+luhu1n+0rl10Ss4UaJG4GSlChmrX/vR6EUlCKjThWKm268S6k2KpGeF0XPASRWNMhrhP24YKHFLVSad3jNGxUXooiKQpodFU/b2R4lCpUeibyRDrgZr3JuJ/XjvRwUUnZSJONBVk9lCQcKQjNAkF9ZikRPORIZhIZv6KyABLTLSJrmBCcOdPXiSN05JbLpVrZ8XKZRZHHg7gCE7AhXOowDVUoQ4EHuAJXuDVerSerTfrfTaas7KdffgD6+Mb5ouYtg==</latexit>

QQ0q̄q̄0

<latexit sha1_base64="HOk0o5hFUuTz4ZOqh4kXvLRPnIU=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJWkSHVZdOOmUME+IIlhMp20QyeTMDMRSqgbf8WNC0Xc+hfu/BsnbRbaeuDC4Zx7ufeeIGFUKsv6Nkorq2vrG+XNytb2zu6euX/QlXEqMOngmMWiHyBJGOWko6hipJ8IgqKAkV4wvs793gMRksb8Tk0S4kVoyGlIMVJa8s0j2PLdhN7XXehGSI1ElDkt0vWmvlm1atYMcJnYBamCAm3f/HIHMU4jwhVmSErHthLlZUgoihmZVtxUkgThMRoSR1OOIiK9bPbBFJ5qZQDDWOjiCs7U3xMZiqScRIHuzK+Ui14u/uc5qQovvYzyJFWE4/miMGVQxTCPAw6oIFixiSYIC6pvhXiEBMJKh1bRIdiLLy+Tbr1mN2qN2/Nq86qIowyOwQk4Aza4AE1wA9qgAzB4BM/gFbwZT8aL8W58zFtLRjFzCP7A+PwBf0SWUA==</latexit>

M2
⇡ [MeV]



Di-baryons with heavy quarks

7

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

<latexit sha1_base64="RMUaFyXoaoeq0eFB9vV74ivwY2M=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqBeh6MWbFewHtkvJptk2NJvdJlmhLPVXePGgiFf/jTf/jWm7B219MPB4b4aZeX4suDaO841yS8srq2v59cLG5tb2TnF3r66jRFFWo5GIVNMnmgkuWc1wI1gzVoyEvmANf3A98RuPTGkeyXszipkXkp7kAafEWOkB314Oh8MnW51iySk7U+BF4makBBmqneJXuxvRJGTSUEG0brlObLyUKMOpYONCO9EsJnRAeqxlqSQh0146vXiMj6zSxUGkbEmDp+rviZSEWo9C33aGxPT1vDcR//NaiQkuvJTLODFM0tmiIBHYRHjyPu5yxagRI0sIVdzeimmfKEKNDalgQ3DnX14k9ZOye1Z2705LlassjjwcwCEcgwvnUIEbqEINKEh4hld4Qxq9oHf0MWvNoWxmH/4Aff4AVPWQtA==</latexit>

O = qqq qqq

Sasa Prelovsek                              Exotic spectroscopy from lattice

... being aware those are not best suited for exp
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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) for given partial wave l

<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|, sheet I            sheet II

Virtual bound st.

p = - i |p|, sheet II

<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.

Sasa Prelovsek                              Exotic spectroscopy from lattice

p2<0

E.= 𝑚!
" + 𝑝" + 𝑚"

" + 𝑝"	

<latexit sha1_base64="V+EazvchjCVur2xbvi2fa7n7HYU=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqJsyU7wtiyK4rNAbdMaSSdM2NDMJSUYo04IbX8WNC0Xc+hLufBvTdhba+kPg4z/ncHL+QDCqtON8W5ml5ZXVtex6bmNza3vH3t2rKx5LTGqYMy6bAVKE0YjUNNWMNIUkKAwYaQSD60m98UCkojyq6qEgfoh6Ee1SjLSx2vYBhJ6ivRAVbk48IbnQfFQ1PLovte28U3SmgovgppAHqSpt+8vrcByHJNKYIaVariO0nyCpKWZknPNiRQTCA9QjLYMRConyk+kNY3hsnA7scmlepOHU/T2RoFCpYRiYzhDpvpqvTcz/aq1Ydy/9hEYi1iTCs0XdmEHN4SQQ2KGSYM2GBhCW1PwV4j6SCGsTW86E4M6fvAj1UtE9L57dnebLV2kcWXAIjkABuOAClMEtqIAawOARPINX8GY9WS/Wu/Uxa81Y6cw++CPr8wfnk5Zu</latexit>

�(E) / |T (E)|2

<latexit sha1_base64="uwn2IpbKccwdh7F2gpfBPWuf9+M=">AAACGnicbVDLSgNBEJz1GeMr6tHLYBAUIexKiF4EUQSPikkMZGOYnfTq4OyDmV4hLJvf8OKvePGgiDfx4t84eRw0saChpqqb6S4vlkKjbX9bU9Mzs3PzuYX84tLyymphbb2uo0RxqPFIRqrhMQ1ShFBDgRIasQIWeBKuvfvTvn/9AEqLKKxiN4ZWwG5D4QvO0EjtgnO1c7Z7BDfpvnA7IJGZZ3bk7IkeddFXjKdxlpbdWNCzjPaqxm0XinbJHoBOEmdEimSEi3bh0+1EPAkgRC6Z1k3HjrGVMoWCS8jybqIhZvye3ULT0JAFoFvp4LSMbhulQ/1ImQqRDtTfEykLtO4GnukMGN7pca8v/uc1E/QPW6kI4wQh5MOP/ERSjGg/J9oRCjjKriGMK2F2pfyOmUDQpJk3ITjjJ0+S+n7JqZQql+Xi8ckojhzZJFtkhzjkgByTc3JBaoSTR/JMXsmb9WS9WO/Wx7B1yhrNbJA/sL5+AL+Bnto=</latexit>

S(E) = e2i�(E) = 1 + i p
4⇡E T (E)

<latexit sha1_base64="HOh5uFomalGNgh7IL5FO9sB9Aeg=">AAACEnicbZDLSgMxFIYz9VbrrerSTbAI7cIyI1K7EYpScFmhN+iUkkkzbWhmJiRnhDL0Gdz4Km5cKOLWlTvfxvSy0NYfAj//OYeT83lScA22/W2l1tY3NrfS25md3b39g+zhUVNHsaKsQSMRqbZHNBM8ZA3gIFhbKkYCT7CWN7qd1lsPTGkehXUYS9YNyCDkPqcETNTLFlyIsIvr+WrhGru+IjQpu5Lj6iSRLo3A7TMB5JzLSS+bs4v2THjVOAuTQwvVetkvtx/ROGAhUEG07ji2hG5CFHAq2CTjxppJQkdkwDrGhiRgupvMTprgM5P0sR8p80LAs/T3REICrceBZzoDAkO9XJuG/9U6MfjlbsJDGQML6XyRHwtsMEz54D5XjIIYG0Oo4uavmA6J4QKGYsZAcJZPXjXNi6JTKpbuL3OVmwWONDpBpyiPHHSFKugO1VADUfSIntErerOerBfr3fqYt6asxcwx+iPr8wdEppyq</latexit>

! T (E) =
8⇡E

p cot � � ip
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Relation between E and δ(E) , T(E):   1D quantum mechanics

periodic boundary condition

relation between δ, L and p or E

𝜓

𝜓

x=R

E=p2/2m

Sasa Prelovsek                              Exotic spectroscopy from lattice

derivation of relation

x=-R

<latexit sha1_base64="ZQszegvXackhlWcS5Fzdv/YAGqU=">AAAB/3icbVDLSsNAFJ34rPUVFdy4mVoEVyUpUt0IRTcuXFSwD2hCmUwn7dDJZJiZCCVm4a+4caGIW3/DnX/jtM1CWw9cOJxzL/feEwhGlXacb2tpeWV1bb2wUdzc2t7Ztff2WypOJCZNHLNYdgKkCKOcNDXVjHSEJCgKGGkHo+uJ334gUtGY3+uxIH6EBpyGFCNtpJ59KLzSpVfing4lwmnVEzRLb7OeXXYqzhRwkbg5KYMcjZ795fVjnESEa8yQUl3XEdpPkdQUM5IVvUQRgfAIDUjXUI4iovx0en8GT4zSh2EsTXENp+rviRRFSo2jwHRGSA/VvDcR//O6iQ4v/JRykWjC8WxRmDCoYzgJA/apJFizsSEIS2puhXiITBDaRFY0IbjzLy+SVrXi1iq1u7Ny/SqPowCOwDE4BS44B3VwAxqgCTB4BM/gFbxZT9aL9W59zFqXrHzmAPyB9fkDW9aVtg==</latexit>

p=n 2⇡
L

<latexit sha1_base64="dbq1K4jbDeihJ2SJm2gCXxUxLyo=">AAACFnicbZDNSsNAFIUn9a/Wv6pLN6lFcNOSFKluhKIbFy4q2FZoQplMJu3QySTM3Agl9Cnc+CpuXCjiVtz5Nk7aItp6YODw3Xu5c48Xc6bAsr6M3NLyyupafr2wsbm1vVPc3WurKJGEtkjEI3nnYUU5E7QFDDi9iyXFocdpxxteZvXOPZWKReIWRjF1Q9wXLGAEg0a9YiV2SudOSTgQSEzSmhOzcXo9dkoVp/TDfMoBZ7hXLFtVayJz0dgzU0YzNXvFT8ePSBJSAYRjpbq2FYObYgmMcDouOImiMSZD3KddbQUOqXLTyVlj80gT3wwiqZ8Ac0J/T6Q4VGoUerozxDBQ87UM/lfrJhCcuSkTcQJUkOmiIOEmRGaWkekzSQnwkTaYSKb/apIB1lmATrKgQ7DnT1407VrVrlfrNyflxsUsjjw6QIfoGNnoFDXQFWqiFiLoAT2hF/RqPBrPxpvxPm3NGbOZffRHxsc3gQGfAw==</latexit>

p=n 2⇡
L � 2�

L
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Relation between E and δ(E), T(E)

δ(E), T(E)                                     E(L) energies from lattice

with spatial extent L
at infinite volume

<latexit sha1_base64="tj7GD3GLXfuTH2Fgh8tDZ+Zj+lo=">AAACEXicbVDLSgMxFM3UV62vqks30SLUhWVGpLosiuCyQl/QKSWTZtrQzCQkd4Qy9Bfc+CtuXCji1p07/8b0sdDqgcDhnHu5OSdQghtw3S8ns7S8srqWXc9tbG5t7+R39xpGJpqyOpVC6lZADBM8ZnXgIFhLaUaiQLBmMLye+M17pg2XcQ1GinUi0o95yCkBK3XzxVrx5sQ/9JWWCiT2Q01o6o1T5VMJfo8JIKdcjTHu5gtuyZ0C/yXenBTQHNVu/tPvSZpELAYqiDFtz1XQSYkGTgUb5/zEMEXokPRZ29KYRMx00mmiMT62Sg+HUtsXA56qPzdSEhkzigI7GREYmEVvIv7ntRMILzspj1UCLKazQ2EisM0+qQf3uGYUxMgSQjW3f8V0QGwpYEvM2RK8xch/SeOs5JVL5bvzQuVqXkcWHaAjVEQeukAVdIuqqI4oekBP6AW9Oo/Os/PmvM9GM858Zx/9gvPxDS1GnKQ=</latexit>

T (E)/ 1

p cot � � ip

Sasa Prelovsek                              Exotic spectroscopy from lattice

Luscher 1991
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ρ-resonance in 𝜋 𝜋 scattering  

Alexandrou et al, 1704.05439
mπ=320 MeV, Nf=2+1, L~3.6 fm

P=(0,0,1), A2 

<latexit sha1_base64="vVRKomNolR3gqCjdThVrTysu3V0=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR6qbMiNQuiyK4rNAXdIaSSTNtaCYTkoxQhnbjr7hxoYhb/8Kdf2PazkJbD1w4nHMv994TCEaVdpxvK7e2vrG5ld8u7Ozu7R/Yh0ctFScSkyaOWSw7AVKEUU6ammpGOkISFAWMtIPR7cxvPxKpaMwbeiyIH6EBpyHFSBupZ59AT4cS4VRM0qonKLybTGGjpC56dtEpO3PAVeJmpAgy1Hv2l9ePcRIRrjFDSnVdR2g/RVJTzMik4CWKCIRHaEC6hnIUEeWn8w8m8NwofRjG0hTXcK7+nkhRpNQ4CkxnhPRQLXsz8T+vm+iw6qeUi0QTjheLwoRBHcNZHLBPJcGajQ1BWFJzK8RDZALRJrSCCcFdfnmVtC7LbqVcebgq1m6yOPLgFJyBEnDBNaiBe1AHTYDBFDyDV/BmPVkv1rv1sWjNWdnMMfgD6/MHNpuWGg==</latexit> p
8⇡E T (s)

<latexit sha1_base64="H4UGLP46lV7cd7MInXBK88LfdHk=">AAACE3icbVDLSsNAFJ34rPEVdelmsFhaFyUpttVFoejGjVDBPqAJZTKdtkNnkjAzEUroP7jxV9y4UMStG3f+jdPHQlsPXDiccy/33uNHjEpl29/Gyura+sZmasvc3tnd27cODhsyjAUmdRyyULR8JAmjAakrqhhpRYIg7jPS9IfXE7/5QISkYXCvRhHxOOoHtEcxUlrqWGcQ8o4b0UylfFnOFnMudDlSA8FhcksaY9c1+5lKMV/OFnIdK23n7SngMnHmJA3mqHWsL7cb4piTQGGGpGw7dqS8BAlFMSNj040liRAeoj5paxogTqSXTH8aw1OtdGEvFLoCBafq74kEcSlH3Nedk4PlojcR//PasepdeAkNoliRAM8W9WIGVQgnAcEuFQQrNtIEYUH1rRAPkEBY6RhNHYKz+PIyaRTyTilfujtPV6/mcaTAMTgBWeCAMqiCG1ADdYDBI3gGr+DNeDJejHfjY9a6YsxnjsAfGJ8/w0eaVQ==</latexit>

m⇡ = 797(5) MeV

g = 5.7(2)

<latexit sha1_base64="uL7XmTVKVDAu335kIW97tcjON4I=">AAACCXicbVC7SgNBFJ31GeNr1dJmMAixCbtRoo0QtNAygnlAdhNmJ7PJkJnZZWZWCEtaG3/FxkIRW//Azr9xkmyhiQcuHM65l3vvCWJGlXacb2tpeWV1bT23kd/c2t7Ztff2GypKJCZ1HLFItgKkCKOC1DXVjLRiSRAPGGkGw+uJ33wgUtFI3OtRTHyO+oKGFCNtpK4NoXeDOEdFdXLZ75S9UCKcxp3TcVrxYgrVuGsXnJIzBVwkbkYKIEOta395vQgnnAiNGVKq7Tqx9lMkNcWMjPNeokiM8BD1SdtQgThRfjr9ZAyPjdKDYSRNCQ2n6u+JFHGlRjwwnRzpgZr3JuJ/XjvR4YWfUhEnmgg8WxQmDOoITmKBPSoJ1mxkCMKSmlshHiAThjbh5U0I7vzLi6RRLrmVUuXurFC9yuLIgUNwBIrABeegCm5BDdQBBo/gGbyCN+vJerHerY9Z65KVzRyAP7A+fwDaO5k0</latexit>

�(s) = g2
p3

6⇡s

Luscher’s relation: E-> δ(E), T(E)

Sasa Prelovsek                              Exotic spectroscopy from lattice

Verifying formalism on conventional mesons



𝜋 𝜋 and K 𝜋 scattering  at almost physical quark masses

Sasa Prelovsek                              Exotic spectroscopy from lattice 22

Boyle et al. 2406.19194

RBC/UKQCD ensemble 

<latexit sha1_base64="BOM9FJZLRIGTpK6ebOLMkCeJ23o=">AAACAnicbVDLSgMxFM34rPU16krcBIvgapiIqMuiG5cV7APaoWTSTBuaZMYkI5ShuvFX3LhQxK1f4c6/MdPOQlsPXDiccy/33hMmnGnj+9/OwuLS8spqaa28vrG5te3u7DZ0nCpC6yTmsWqFWFPOJK0bZjhtJYpiEXLaDIdXud+8p0qzWN6aUUIDgfuSRYxgY6Wuu487mgl6B30PIfjQEdgMlMgiMe66Fd/zJ4DzBBWkAgrUuu5XpxeTVFBpCMdat5GfmCDDyjDC6bjcSTVNMBniPm1bKrGgOsgmL4zhkVV6MIqVLWngRP09kWGh9UiEtjM/Uc96ufif105NdBFkTCapoZJMF0UphyaGeR6wxxQlho8swUQxeyskA6wwMTa1sg0Bzb48TxonHjrz0M1ppXpZxFECB+AQHAMEzkEVXIMaqAMCHsEzeAVvzpPz4rw7H9PWBaeY2QN/4Hz+AD1alrU=</latexit>

a ' 0.11 fm
<latexit sha1_base64="5ShU6qsxNs9o4lO5qDls4jO99RU=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqBch6MVjBPOAZA2zk95kyOyDmdlIWPIfXjwo4tV/8ebfONnsQRMLmi6qupme8mLBlbbtb6uwsrq2vlHcLG1t7+zulfcPmipKJMMGi0Qk2x5VKHiIDc21wHYskQaewJY3up35rTFKxaPwQU9idAM6CLnPGdVGeiTdMTJSv86a3StX7KqdgSwTJycVyFHvlb+6/YglAYaaCapUx7Fj7aZUas4ETkvdRGFM2YgOsGNoSANUbppdPSUnRukTP5KmQk0y9fdGSgOlJoFnJgOqh2rRm4n/eZ1E+1duysM40Riy+UN+IoiOyCwC0ucSmRYTQyiT3NxK2JBKyrQJqmRCcBa/vEyaZ1Xnourcn1dqN3kcRTiCYzgFBy6hBndQhwYwkPAMr/BmPVkv1rv1MR8tWPnOIfyB9fkDuoORXQ==</latexit>

~P = ~0

Verifying formalism on conventional mesons



Tbc 
<latexit sha1_base64="xE6t0GStZSoXLewVWqBHfxMZZOw=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0yQxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9ycIOFMG9f9dkorq2vrG+XNytb2zu5edf+greNUEdoiMY9VN8CaciZpyzDDaTdRFIuA004wvpn5nUeqNIvlvZkk1Bd4KFnECDZWeghIP8AKpXkPB9WaW3dzoGXiFaQGBZqD6lc/jEkqqDSEY617npsYP8PKMMLptNJPNU0wGeMh7VkqsaDaz/Krp+jEKiGKYmVLGpSrvzcyLLSeiMBOCmxGetGbif95vdREV37GZJIaKsn8oSjlyMRoFgEKmaLE8IklmChmb0VkhBUmxgZVsSF4i19eJu2zundR9+7Oa43rIo4yHMExnIIHl9CAW2hCCwgoeIZXeHOenBfn3fmYj5acYucQ/sD5/AHIgJIM</latexit>

bcūd̄
Alexandrou et al, 2312.02925 PRL

𝑚! ≈ 220𝑀𝑒𝑉

<latexit sha1_base64="7W0BLq2VDpqunuyH4LOncWZFAy0=">AAACD3icbVDLSgMxFM34rPU16tJNsChuLDMi6rLoxmWFvqBThkyaaUMzk5DcEcrQP3Djr7hxoYhbt+78G9PHQlsPBA7n3MvNOZES3IDnfTtLyyura+uFjeLm1vbOrru33zAy05TVqRRStyJimOApqwMHwVpKM5JEgjWjwe3Ybz4wbbhMazBUrJOQXspjTglYKXRPcC30AqWlAomDWBOa+6NcBVRC0GUCSOidcTUK3ZJX9ibAi8SfkRKaoRq6X0FX0ixhKVBBjGn7noJOTjRwKtioGGSGKUIHpMfalqYkYaaTT/KM8LFVujiW2r4U8ET9vZGTxJhhEtnJhEDfzHtj8T+vnUF83cl5qjJgKZ0eijOBbfZxObjLNaMghpYQqrn9K6Z9YksBW2HRluDPR14kjfOyf1n27y9KlZtZHQV0iI7QKfLRFaqgO1RFdUTRI3pGr+jNeXJenHfnYzq65Mx2DtAfOJ8/sQCcdg==</latexit>

T0 / 1

p cot �0 � ip

ip

<latexit sha1_base64="HGnRS06EAKUJh5OmRZ/NSbvCYLo=">AAACHXicbZDLSsNAFIYnXmu8RV26GSyCUChJKepGKLpxWaE36CVMppN26EwSZyZCCXkRN76KGxeKuHAjvo3TNoq2/jDw851zOHN+L2JUKtv+NJaWV1bX1nMb5ubW9s6utbffkGEsMKnjkIWi5SFJGA1IXVHFSCsSBHGPkaY3uprUm3dESBoGNTWOSJejQUB9ipHSyLXKkLtJzU08nKYXHXkrVMJdp1cqRK7XK6WFb1T6QaYJXStvF+2p4KJxMpMHmaqu9d7phzjmJFCYISnbjh2pboKEopiR1OzEkkQIj9CAtLUNECeym0yvS+GxJn3oh0K/QMEp/T2RIC7lmHu6kyM1lPO1Cfyv1o6Vf95NaBDFigR4tsiPGVQhnEQF+1QQrNhYG4QF1X+FeIgEwkoHauoQnPmTF02jVHROi85NOV+5zOLIgUNwBE6AA85ABVyDKqgDDO7BI3gGL8aD8WS8Gm+z1iUjmzkAf2R8fAF4AqDY</latexit>

mTbc =
q

m2
1 + p2b +

q
m2

2 + p2b

<latexit sha1_base64="UGptBQlN4fWAWC3za0n3ZrQK9+c=">AAAB+HicbZDLSsNAFIZPvNZ6adSlm6lFcFUSEXUjFN24rGAv0IQwmU7aoZNJmJkIte2TuHGhiFsfxZ1v47TNQlt/GPj4zzmcM3+Ycqa043xbK6tr6xubha3i9s7uXsneP2iqJJOENkjCE9kOsaKcCdrQTHPaTiXFcchpKxzcTuutRyoVS8SDHqbUj3FPsIgRrI0V2KU0CL3ytVdGbGxwHNgVp+rMhJbBzaECueqB/eV1E5LFVGjCsVId10m1P8JSM8LppOhliqaYDHCPdgwKHFPlj2aHT9CJcbooSqR5QqOZ+3tihGOlhnFoOmOs+2qxNjX/q3UyHV35IybSTFNB5ouijCOdoGkKqMskJZoPDWAimbkVkT6WmGiTVdGE4C5+eRmaZ1X3ouren1dqN3kcBTiCYzgFFy6hBndQhwYQyOAZXuHNerJerHfrY966YuUzh/BH1ucPjRSSYQ==</latexit>

pb= i|pb|

bound state

resonance

<latexit sha1_base64="zTbnZZtn/JTJjl/JzNq4u9Dil3s=">AAAB73icbVBNSwMxEJ31s9avqkcvqUXwVHZF1ItQ9KK3CvYDukvJptk2NMmuSVYoS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZFyacaeO6387S8srq2npho7i5tb2zW9rbb+o4VYQ2SMxj1Q6xppxJ2jDMcNpOFMUi5LQVDm8mfuuJKs1i+WBGCQ0E7ksWMYKNldrozi9f+WW3W6q4VXcKtEi8nFQgR71b+vJ7MUkFlYZwrHXHcxMTZFgZRjgdF/1U0wSTIe7TjqUSC6qDbHrvGB1bpYeiWNmSBk3V3xMZFlqPRGg7BTYDPe9NxP+8TmqiyyBjMkkNlWS2KEo5MjGaPI96TFFi+MgSTBSztyIywAoTYyMq2hC8+ZcXSfO06p1XvfuzSu06j6MAh3AEJ+DBBdTgFurQAAIcnuEV3pxH58V5dz5mrUtOPnMAf+B8/gD6mo6g</latexit>

I=0 thanks to S. Meinel for figures!

B*D    JP=1+

<latexit sha1_base64="XXEaUtMJ1v67MzmHCkagEWD1fY8="></latexit>

mTbc�mB⇤�mD = �2.4+2.0
�0.7 MeV

mR�mB⇤�mD = 67± 24 MeV �R = 132± 32 MeV

see also Padmanath, Padmanath, Mathur, 2307.14128, PRL 23

https://arxiv.org/abs/2307.14128


Tbc 
<latexit sha1_base64="xE6t0GStZSoXLewVWqBHfxMZZOw=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0yQxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9ycIOFMG9f9dkorq2vrG+XNytb2zu5edf+greNUEdoiMY9VN8CaciZpyzDDaTdRFIuA004wvpn5nUeqNIvlvZkk1Bd4KFnECDZWeghIP8AKpXkPB9WaW3dzoGXiFaQGBZqD6lc/jEkqqDSEY617npsYP8PKMMLptNJPNU0wGeMh7VkqsaDaz/Krp+jEKiGKYmVLGpSrvzcyLLSeiMBOCmxGetGbif95vdREV37GZJIaKsn8oSjlyMRoFgEKmaLE8IklmChmb0VkhBUmxgZVsSF4i19eJu2zundR9+7Oa43rIo4yHMExnIIHl9CAW2hCCwgoeIZXeHOenBfn3fmYj5acYucQ/sD5/AHIgJIM</latexit>

bcūd̄
Alexandrou et al, 2312.02925 PRL

𝑚! ≈ 220𝑀𝑒𝑉

bound state

resonance

<latexit sha1_base64="zTbnZZtn/JTJjl/JzNq4u9Dil3s=">AAAB73icbVBNSwMxEJ31s9avqkcvqUXwVHZF1ItQ9KK3CvYDukvJptk2NMmuSVYoS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZFyacaeO6387S8srq2npho7i5tb2zW9rbb+o4VYQ2SMxj1Q6xppxJ2jDMcNpOFMUi5LQVDm8mfuuJKs1i+WBGCQ0E7ksWMYKNldrozi9f+WW3W6q4VXcKtEi8nFQgR71b+vJ7MUkFlYZwrHXHcxMTZFgZRjgdF/1U0wSTIe7TjqUSC6qDbHrvGB1bpYeiWNmSBk3V3xMZFlqPRGg7BTYDPe9NxP+8TmqiyyBjMkkNlWS2KEo5MjGaPI96TFFi+MgSTBSztyIywAoTYyMq2hC8+ZcXSfO06p1XvfuzSu06j6MAh3AEJ+DBBdTgFurQAAIcnuEV3pxH58V5dz5mrUtOPnMAf+B8/gD6mo6g</latexit>

I=0 thanks to S. Meinel for figures!

BD    JP=0+

<latexit sha1_base64="qMm8WUFo4IxCkgzzrcJMy2g2pU8="></latexit>

mTbc�mB�mD = �0.5+0.4
�1.5 MeV

mR�mB⇤�mD = 138± 13 MeV �R = 229± 35 MeV

see also Radhakrishanan, Padmanath, Mathur, 2404.08109, PRD 24

https://arxiv.org/abs/2404.08109
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<latexit sha1_base64="4aHTT4BcpSgVvWuq+lG2ruQ1RIE=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahbmoioi6LbkQQKtgHJKFMppN26EwSZiZCCe3Cjb/ixoUibv0Hd/6NkzYLbT1w4XDOvdx7jx8zKpVlfRuFhcWl5ZXiamltfWNzy9zeacooEZg0cMQi0faRJIyGpKGoYqQdC4K4z0jLH1xlfuuBCEmj8F4NY+Jx1AtpQDFSWuqY+7xyc+zGko7jIziGLkeqL3jq3JKmN+qYZatqTQDniZ2TMshR75hfbjfCCSehwgxJ6dhWrLwUCUUxI6OSm0gSIzxAPeJoGiJOpJdOvhjBQ610YRAJXaGCE/X3RIq4lEPu687sSjnrZeJ/npOo4MJLaRgnioR4uihIGFQRzCKBXSoIVmyoCcKC6lsh7iOBsNLBlXQI9uzL86R5UrXPqvbdabl2mcdRBHvgAFSADc5BDVyDOmgADB7BM3gFb8aT8WK8Gx/T1oKRz+yCPzA+fwB6v5fx</latexit>

m(J/ p) [MeV]

LHCb 2019

H. Xiang et al.,  2210.08555  m𝜋 ≈ 294	MeV 
caution: coupling to charmonium+proton omitted 

Pc 

DΣ𝑐   in s-wave  

Sasa Prelovsek                              Exotic spectroscopy from lattice

<latexit sha1_base64="8A7xarkTNkDO8A3NF+6bIhHMGMU=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiTia1l047KCfWAbymQyaYdOJmEeQgn9CzcuFHHr37jzb5ymWWjrgQuHc+7l3nuClDOlXffbKa2srq1vlDcrW9s7u3vV/YO2SowktEUSnshugBXlTNCWZprTbiopjgNOO8H4duZ3nqhULBEPepJSP8ZDwSJGsLbSYz/AEhFiTDio1ty6mwMtE68gNSjQHFS/+mFCTEyFJhwr1fPcVPsZlpoRTqeVvlE0xWSMh7RnqcAxVX6WXzxFJ1YJUZRIW0KjXP09keFYqUkc2M4Y65Fa9Gbif17P6Ojaz5hIjaaCzBdFhiOdoNn7KGSSEs0nlmAimb0VkRGWmGgbUsWG4C2+vEzaZ3Xvsn5xf15r3BRxlOEIjuEUPLiCBtxBE1pAQMAzvMKbo5wX5935mLeWnGLmEP7A+fwBRzWQrQ==</latexit>

c̄cuud
<latexit sha1_base64="4YwmaQKyCZ/ONswi078thDHpcD8=">AAACGHicbVDLSsNAFJ3UV42vqEs3g8XSgsREfC2LblxWsA9oQplMJ+3QyYN5CCX0M9z4K25cKOK2O//GaZtFrR4YOJxzL3fOCVJGhXScb6Owsrq2vlHcNLe2d3b3rP2DpkgUx6SBE5bwdoAEYTQmDUklI+2UExQFjLSC4d3Ubz0RLmgSP8pRSvwI9WMaUoyklrrWWRl6MoEVL0AcYqiqFax61VPbtj3PLC9YuFpR2ulaJcd2ZoB/iZuTEshR71oTr5dgFZFYYoaE6LhOKv0McUkxI2PTU4KkCA9Rn3Q0jVFEhJ/Ngo3hiVZ6MEy4frGEM3VxI0OREKMo0JMRkgOx7E3F/7yOkuGNn9E4VZLEeH4oVAzqvNOWYI9ygiUbaYIwp/qvEA8QR1jqLk1dgrsc+S9pntvulX35cFGq3eZ1FMEROAYV4IJrUAP3oA4aAINn8ArewYfxYrwZn8bXfLRg5DuH4BeMyQ8ZuJwb</latexit>

! (c̄u)(cud), ...

! (c̄c)(uud)

Wu, Molina, Oset, Zou, PRL 2010

JP=1/2-

i p = i ( i |p|)=-|p|

i p

<latexit sha1_base64="iqW1UUm0B4XhVgTy2GgdfS9EMRE=">AAACGnicbZDLSsNAFIYnXmu8RV26GSyCUChJEHUjFN24rGAv0KZhMp20Q2eSODMRSuhzuPFV3LhQxJ248W2ctlG09YeBn++cw5nzBwmjUtn2p7GwuLS8slpYM9c3Nre2rZ3duoxTgUkNxywWzQBJwmhEaooqRpqJIIgHjDSCweW43rgjQtI4ulHDhHgc9SIaUoyURr7lQO5nVR+PztvyVqiM+07HLSV+0HFHpW/k/iDThL5VtMv2RHDeOLkpglxV33pvd2OcchIpzJCULcdOlJchoShmZGS2U0kShAeoR1raRogT6WWT00bwUJMuDGOhX6TghP6eyBCXcsgD3cmR6svZ2hj+V2ulKjzzMholqSIRni4KUwZVDMc5wS4VBCs21AZhQfVfIe4jgbDSaZo6BGf25HlTd8vOSdm5Pi5WLvI4CmAfHIAj4IBTUAFXoApqAIN78AiewYvxYDwZr8bbtHXByGf2wB8ZH1+y1J9c</latexit>

mPc =
q

m2
1 + p2b +

q
m2

2 + p2b

<latexit sha1_base64="UGptBQlN4fWAWC3za0n3ZrQK9+c=">AAAB+HicbZDLSsNAFIZPvNZ6adSlm6lFcFUSEXUjFN24rGAv0IQwmU7aoZNJmJkIte2TuHGhiFsfxZ1v47TNQlt/GPj4zzmcM3+Ycqa043xbK6tr6xubha3i9s7uXsneP2iqJJOENkjCE9kOsaKcCdrQTHPaTiXFcchpKxzcTuutRyoVS8SDHqbUj3FPsIgRrI0V2KU0CL3ytVdGbGxwHNgVp+rMhJbBzaECueqB/eV1E5LFVGjCsVId10m1P8JSM8LppOhliqaYDHCPdgwKHFPlj2aHT9CJcbooSqR5QqOZ+3tihGOlhnFoOmOs+2qxNjX/q3UyHV35IybSTFNB5ouijCOdoGkKqMskJZoPDWAimbkVkT6WmGiTVdGE4C5+eRmaZ1X3ouren1dqN3kcBTiCYzgFFy6hBndQhwYQyOAZXuHNerJerHfrY966YuUzh/BH1ucPjRSSYQ==</latexit>

pb= i|pb|

bound state 

The only previous study did not find significant p-J/𝜓 interaction at Pc energies 

assuming one-channel p-J/𝜓  scattering, Skerbis, SP [1811.02285, PRD]  



Sasa Prelovsek                              Exotic spectroscopy from lattice

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

ccd̄ū

LHCb 2021 Nature Physics

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

�mpole = �0.36± 0.04 MeV

D*+D0 D*0D+

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

m(D0D0⇡+) GeV

I=0, JP=1+
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Tcc 

<latexit sha1_base64="9KYyPdxMPssSl23IvpIEOIucDV4=">AAAB8nicbVDLSgMxFM34rPVVdekmWARxUWZEqsuiXbisYB8wM5ZMmmlDM8mQ3BFK6We4caGIW7/GnX9j2s5CWw8EDufcS+45USq4Adf9dlZW19Y3Ngtbxe2d3b390sFhy6hMU9akSijdiYhhgkvWBA6CdVLNSBIJ1o6Gt1O//cS04Uo+wChlYUL6ksecErCSX388D0DhepDybqnsVtwZ8DLxclJGORrd0lfQUzRLmAQqiDG+56YQjokGTgWbFIPMsJTQIekz31JJEmbC8ezkCT61Sg/HStsnAc/U3xtjkhgzSiI7mRAYmEVvKv7n+RnE1+GYyzQDJun8ozgT2Kac5sc9rhkFMbKEUM3trZgOiCYUbEtFW4K3GHmZtC4qXrVSvb8s127yOgroGJ2gM+ShK1RDd6iBmogihZ7RK3pzwHlx3p2P+eiKk+8coT9wPn8AO0eQlw==</latexit>

D⇤ ! D⇡
<latexit sha1_base64="OZeb98RP9XdUx/lDhBDZypdiz54="></latexit>

m⇡0 ' 135 MeV

mD⇤+�mD+ ' 140 MeV

lattice experiment

<latexit sha1_base64="QdqQIq7jCBhigT76wP1U1piINxU=">AAACBHicbVC7TsMwFHV4lvIKMHZxqZAYUJUgBCygChbGItGH1ITIcZzWqp1EtoNURRlY+BUWBhBi5SPY+BvcNgO0HOleHZ1zr+x7/IRRqSzr21hYXFpeWS2tldc3Nre2zZ3dtoxTgUkLxywWXR9JwmhEWooqRrqJIIj7jHT84fXY7zwQIWkc3alRQlyO+hENKUZKS55Z4V7qVC+cKuReAC91z9KjIL/PkkHumTWrbk0A54ldkBoo0PTMLyeIccpJpDBDUvZsK1FuhoSimJG87KSSJAgPUZ/0NI0QJ9LNJkfk8EArAQxjoStScKL+3sgQl3LEfT3JkRrIWW8s/uf1UhWeuxmNklSRCE8fClMGVQzHicCACoIVG2mCsKD6rxAPkEBY6dzKOgR79uR50j6u26d1+/ak1rgq4iiBCtgHh8AGZ6ABbkATtAAGj+AZvII348l4Md6Nj+noglHs7IE/MD5/AN36lvw=</latexit>

mu=md > mph
u,d
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Tcc : scattering amplitude and pole trajectory

<latexit sha1_base64="dzUTruxfSaH6LWw1+f7st800PpM=">AAACCXicbVA9SwNBEN2LXzF+RS1tNgbBKtwFiSmDNjZCBPMBuSPsbSbJkt27c3dPCEcsbfwrNhaK2PoP7Pw3bpIrNPHBwOO9GWbm+RFnStv2t5VZWV1b38hu5ra2d3b38vsHTRXGkkKDhjyUbZ8o4CyAhmaaQzuSQITPoeWPLqd+6x6kYmFwq8cReIIMAtZnlGgjdfNYdN2IuQVXMQF3bgGXq/aDK4geSpFcQ3PSzRftkj0DXiZOSoooRb2b/3J7IY0FBJpyolTHsSPtJURqRjlMcm6sICJ0RAbQMTQgApSXzD6Z4BOj9HA/lKYCjWfq74mECKXGwjed0xvVojcV//M6se5XvYQFUawhoPNF/ZhjHeJpLLjHJFDNx4YQKpm5FdMhkYRqE17OhOAsvrxMmuWSUylVbs6KtYs0jiw6QsfoFDnoHNXQFaqjBqLoET2jV/RmPVkv1rv1MW/NWOnMIfoD6/MHZMCZiQ==</latexit>

m⇡'280 MeV

resonance pole
virtual state pole
left hand cut

Collins, Nefediev, Padmanath , SP, 2402.14715, PRD
analysis incorporates analytic properties related to  

arrow: increasing mc

<latexit sha1_base64="oYVdApD8P+3uC3jKSlqQL3XFoiM=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FLx4r2A9p15JNs21okg1JVihLf4UXD4p49ed489+YtnvQ1gcDj/dmmJkXKc6M9f1vr7Cyura+UdwsbW3v7O6V9w+aJkk1oQ2S8ES3I2woZ5I2LLOctpWmWESctqLRzdRvPVFtWCLv7VjRUOCBZDEj2DrpAYkeeczUcNIrV/yqPwNaJkFOKpCj3it/dfsJSQWVlnBsTCfwlQ0zrC0jnE5K3dRQhckID2jHUYkFNWE2O3iCTpzSR3GiXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfFVmDGpUkslmS+KU45sgqbfoz7TlFg+dgQTzdytiAyxxsS6jEouhGDx5WXSPKsGF9Xg7rxSu87jKMIRHMMpBHAJNbiFOjSAgIBneIU3T3sv3rv3MW8tePnMIfyB9/kDr8yQVw==</latexit>

mph
c

1: mD ≈ 1.7	GeV 5: mD ≈ 2.4	GeV CLQCD

HAL QCD
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Tcc  : interpretation

reg.

V almost independent on mc

attraction increases with decreasing mu/d

<latexit sha1_base64="MJPkMhwWDyJ9NdXp3SrBdoJcu6g=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgxpIUqS6LblxWsA9o0jKZTtqhM5MwMxFKyN6Nv+LGhSJu/QF3/o3TNgttPXDhcM693HtPEDOqtON8W4W19Y3NreJ2aWd3b//APjxqqyiRmLRwxCLZDZAijArS0lQz0o0lQTxgpBNMbmZ+54FIRSNxr6cx8TkaCRpSjLSRBnbZ06FEOPV4MvBi2q9lqcxIPz3PBSizgV1xqs4ccJW4OamAHM2B/eUNI5xwIjRmSKme68TaT5HUFDOSlbxEkRjhCRqRnqECcaL8dP5LBk+NMoRhJE0JDefq74kUcaWmPDCdHOmxWvZm4n9eL9HhlZ9SESeaCLxYFCYM6gjOgoFDKgnWbGoIwpKaWyEeI5ONNvGVTAju8surpF2ruvVq/e6i0rjO4yiCE1AGZ8AFl6ABbkETtAAGj+AZvII368l6sd6tj0VrwcpnjsEfWJ8/xqqbhg==</latexit>

µ2
⇡
r e�µ⇡r

> 0

<latexit sha1_base64="dAgvLMzx/TeK4/edmNtqcmIllC4=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0UQhJIUqW6EopsuK9gHtDFMppN26MwkzEyEGoK/4saFIm79D3f+jdM2C209cOFwzr3ce08QM6q043xbS8srq2vrhY3i5tb2zq69t99SUSIxaeKIRbITIEUYFaSpqWakE0uCeMBIOxjdTPz2A5GKRuJOj2PicTQQNKQYaSP59mH9qnXWCyXCaXxfydIK92Xm2yWn7EwBF4mbkxLI0fDtr14/wgknQmOGlOq6Tqy9FElNMSNZsZcoEiM8QgPSNVQgTpSXTq/P4IlR+jCMpCmh4VT9PZEirtSYB6aTIz1U895E/M/rJjq89FIq4kQTgWeLwoRBHcFJFLBPJcGajQ1BWFJzK8RDZKLQJrCiCcGdf3mRtCplt1qu3p6Xatd5HAVwBI7BKXDBBaiBOmiAJsDgETyDV/BmPVkv1rv1MWtdsvKZA/AH1ucP1v6U3A==</latexit>

H = V +
p
2

2mr

Potential for five different mc

Collins, Nefediev, Padmanath , SP, 2402.14715, PRD 

Sasa Prelovsek                              Exotic spectroscopy from lattice



Tcc:        I=0       vs.   I=1

Sasa Prelovsek                              Exotic spectroscopy from lattice 29

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

ccd̄ū
<latexit sha1_base64="QnUkKAW7vq8+qOuv70WaIiQcTDg=">AAACB3icbZDLSsNAFIZP6q3WW9SlIFOL4MaSiFSXRTcuK9gLNKFMJpN26OTCzEQooTs3voobF4q49RXc+TZO0yy0emCGj/8/h5nzewlnUlnWl1FaWl5ZXSuvVzY2t7Z3zN29joxTQWibxDwWPQ9LyllE24opTnuJoDj0OO164+uZ372nQrI4ulOThLohHkYsYAQrLQ3MQ+R4WKA0v32neupUC8zlgVmz6lZe6C/YBdSgqNbA/HT8mKQhjRThWMq+bSXKzbBQjHA6rTippAkmYzykfY0RDql0s3yPKTrWio+CWOgTKZSrPycyHEo5CT3dGWI1koveTPzP66cquHQzFiWpohGZPxSkHKkYzUJBPhOUKD7RgIlg+q+IjLDAROnoKjoEe3Hlv9A5q9uNeuP2vNa8KuIowwEcwQnYcAFNuIEWtIHAAzzBC7waj8az8Wa8z1tLRjGzD7/K+PgGLUeXnw==</latexit>

ūd̄�d̄ū
<latexit sha1_base64="RHwmyoR5zOrMsTXEaF34ognWQWM=">AAACB3icbZDLSsNAFIZP6q3WW9SlIFOLIAglEakui25cVrAXaEKZTCbt0MmFmYlQQndufBU3LhRx6yu4822cpllo9cAMH/9/DjPn9xLOpLKsL6O0tLyyulZer2xsbm3vmLt7HRmngtA2iXkseh6WlLOIthVTnPYSQXHocdr1xtczv3tPhWRxdKcmCXVDPIxYwAhWWhqYh8jxsEBpfvtO9dSpFpjLA7Nm1a280F+wC6hBUa2B+en4MUlDGinCsZR920qUm2GhGOF0WnFSSRNMxnhI+xojHFLpZvkeU3SsFR8FsdAnUihXf05kOJRyEnq6M8RqJBe9mfif109VcOlmLEpSRSMyfyhIOVIxmoWCfCYoUXyiARPB9F8RGWGBidLRVXQI9uLKf6FzVrcb9cbtea15VcRRhgM4ghOw4QKacAMtaAOBB3iCF3g1Ho1n4814n7eWjGJmH36V8fENKiOXnQ==</latexit>

ūd̄+d̄ū

a0>0                      a0<0  and small

attractive                    repulsive (on average)

virtual state or            no pole

   resonance

dominantly responsible for 

 difference between  I=0,1:

Meng, Pacheco, Baru, Epelbaum, Padmanath, SP, 2411.06266

CLQCD, 2206.06185

<latexit sha1_base64="FuY4bLS5lRtZY+L5VNSadu9yYJ0=">AAACB3icbVDJSgNBEO2JW4xb1KMgjUHwFGZEohch6MVjBLNAJgw9nUrSpGexuyYQxty8+CtePCji1V/w5t/YWQ6a+KDg8V4VVfX8WAqNtv1tZZaWV1bXsuu5jc2t7Z387l5NR4niUOWRjFTDZxqkCKGKAiU0YgUs8CXU/f712K8PQGkRhXc4jKEVsG4oOoIzNJKXP2Se7cJ9IgY0pi6PkLptkMgevDS+tEdevmAX7QnoInFmpEBmqHj5L7cd8SSAELlkWjcdO8ZWyhQKLmGUcxMNMeN91oWmoSELQLfSyR8jemyUNu1EylSIdKL+nkhZoPUw8E1nwLCn572x+J/XTLBz0UpFGCcIIZ8u6iSSYkTHodC2UMBRDg1hXAlzK+U9phhHE13OhODMv7xIaqdFp1Qs3Z4VylezOLLkgByRE+KQc1ImN6RCqoSTR/JMXsmb9WS9WO/Wx7Q1Y81m9skfWJ8/JUeY4A==</latexit>

a0 ⌘ p cot �|p=0

(JP=1+)



Hadrons from coupled-channel scattering
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Coupled-channel scattering

Sasa Prelovsek                              Exotic spectroscopy from lattice 31

most of hadronic resonances decay strongly to several final states

almost all exotic hadrons decay stronly to several final states

R → H1 H2 , H1
'
 H2

'
 



Coupled-channel scattering matrix

32

one-channel scattering two-channel scattering

1x11x1 1x1 2x2        2x2                         2x2
<latexit sha1_base64="RO5bCLG3OpUQxpdmHSw9CZT7WmU=">AAACBHicbVDLSgMxFM3UV62vUZfdBIsgCGVGiroRiiLormJf0BlKJs20oZlMSDJCGWbhxl9x40IRt36EO//G9LHQ1gMXDufcy733BIJRpR3n28otLa+sruXXCxubW9s79u5eU8WJxKSBYxbLdoAUYZSThqaakbaQBEUBI61geDX2Ww9EKhrzuh4J4keoz2lIMdJG6tpFeH9xe0yhp0OJcCqytOIJCq8zCOtdu+SUnQngInFnpARmqHXtL68X4yQiXGOGlOq4jtB+iqSmmJGs4CWKCISHqE86hnIUEeWnkycyeGiUHgxjaYprOFF/T6QoUmoUBaYzQnqg5r2x+J/XSXR47qeUi0QTjqeLwoRBHcNxIrBHJcGajQxBWFJzK8QDZNLQJreCCcGdf3mRNE/K7mnZvauUqpezOPKgCA7AEXDBGaiCG1ADDYDBI3gGr+DNerJerHfrY9qas2Yz++APrM8fTAOWmg==</latexit>

S = I + i p
4⇡ET

<latexit sha1_base64="RO5bCLG3OpUQxpdmHSw9CZT7WmU=">AAACBHicbVDLSgMxFM3UV62vUZfdBIsgCGVGiroRiiLormJf0BlKJs20oZlMSDJCGWbhxl9x40IRt36EO//G9LHQ1gMXDufcy733BIJRpR3n28otLa+sruXXCxubW9s79u5eU8WJxKSBYxbLdoAUYZSThqaakbaQBEUBI61geDX2Ww9EKhrzuh4J4keoz2lIMdJG6tpFeH9xe0yhp0OJcCqytOIJCq8zCOtdu+SUnQngInFnpARmqHXtL68X4yQiXGOGlOq4jtB+iqSmmJGs4CWKCISHqE86hnIUEeWnkycyeGiUHgxjaYprOFF/T6QoUmoUBaYzQnqg5r2x+J/XSXR47qeUi0QTjqeLwoRBHcNxIrBHJcGajQxBWFJzK8QDZNLQJreCCcGdf3mRNE/K7mnZvauUqpezOPKgCA7AEXDBGaiCG1ADDYDBI3gGr+DNerJerHfrY9qas2Yz++APrM8fTAOWmg==</latexit>

S = I + i p
4⇡ET

<latexit sha1_base64="AuNiZ0tUTFo8useEAjna2qIOBwc="></latexit>

T (E) =

✓
Taa(E) Tab(E)
Tab(E) Tbb(E)

◆

<latexit sha1_base64="RPfTvjFVmqplrwCJ8THTORkSgyw=">AAACF3icbZDLSsNAFIYnXmu9RV26GSxCCxISEXUjFEVwWaE3aEOYTCft0MkkzEyEEvoWbnwVNy4Ucas738ZJmoW2/jDw8Z9zOHN+P2ZUKtv+NpaWV1bX1ksb5c2t7Z1dc2+/LaNEYNLCEYtE10eSMMpJS1HFSDcWBIU+Ix1/fJPVOw9ESBrxpprExA3RkNOAYqS05ZkWDPo+HbJq00sRmlZvayeafD8nmJk55j21K9szK7Zl54KL4BRQAYUanvnVH0Q4CQlXmCEpe44dKzdFQlHMyLTcTySJER6jIelp5Cgk0k3zu6bwWDsDGERCP65g7v6eSFEo5ST0dWeI1EjO1zLzv1ovUcGlm1IeJ4pwPFsUJAyqCGYhwQEVBCs20YCwoPqvEI+QQFjpKMs6BGf+5EVon1rOueXcn1Xq10UcJXAIjkAVOOAC1MEdaIAWwOARPINX8GY8GS/Gu/Exa10yipkD8EfG5w/cLZ05</latexit>

f
�
Taa(E), Tbb(E), Tab(E)

�
= 0

<latexit sha1_base64="UuA4QtWKuFQo2+7J1Zz2ES1RSz4=">AAAB8nicbVDLSgMxFM34rPVVdekmWIS6KTMi6rIoBZcV+oLpUDJppg3NJENyRyhDP8ONC0Xc+jXu/BvTdhbaeiBwOOdecs8JE8ENuO63s7a+sbm1Xdgp7u7tHxyWjo7bRqWashZVQuluSAwTXLIWcBCsm2hG4lCwTji+n/mdJ6YNV7IJk4QFMRlKHnFKwEo+xvUeKNys1C/6pbJbdefAq8TLSRnlaPRLX72BomnMJFBBjPE9N4EgIxo4FWxa7KWGJYSOyZD5lkoSMxNk85On+NwqAxwpbZ8EPFd/b2QkNmYSh3YyJjAyy95M/M/zU4hug4zLJAUm6eKjKBXYppzlxwOuGQUxsYRQze2tmI6IJhRsS0VbgrcceZW0L6veddV7vCrX7vI6CugUnaEK8tANqqEH1EAtRJFCz+gVvTngvDjvzsdidM3Jd07QHzifP/IWj7w=</latexit>

E ! T (E) <latexit sha1_base64="g8rqQ7qGBwPLHahgnsqF74aAX94=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkoioh6LUvBYoV/QhrDZbtq1m03Y3RRK6D/x4kERr/4Tb/4bt20OWn0w8Hhvhpl5QcKZ0o7zZRXW1jc2t4rbpZ3dvf0D+/CoreJUEtoiMY9lN8CKciZoSzPNaTeRFEcBp51gfDf3OxMqFYtFU08T6kV4KFjICNZG8m0boXpfx6jpZ+xxVqmf+3bZqToLoL/EzUkZcjR8+7M/iEkaUaEJx0r1XCfRXoalZoTTWamfKppgMsZD2jNU4IgqL1tcPkNnRhmgMJamhEYL9edEhiOlplFgOiOsR2rVm4v/eb1UhzdexkSSairIclGYcmRenceABkxSovnUEEwkM7ciMsISE23CKpkQ3NWX/5L2RdW9qroPl+XabR5HEU7gFCrgwjXU4B4a0AICE3iCF3i1MuvZerPel60FK585hl+wPr4BgIiSSQ==</latexit>

E ! Tij(E)

strategy:

• parametrize energy dependence of K matrix

• perform global fit to all eigen-energies

• applied for many meson resonances by HadSpec,

          mostly those composed of u,d,s

<latexit sha1_base64="a7KISBc056RkbQeWTI7PC7DGYWc=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARKkiZEVGXRRFcVugLOsOQSdM2NpMJSaZQxi78FTcuFHHrb7jzb0zbWWjrgQuHc+7l3ntCwajSjvNt5ZaWV1bX8uuFjc2t7R17d6+h4kRiUscxi2UrRIowykldU81IS0iCopCRZji4mfjNIZGKxrymR4L4Eepx2qUYaSMF9gGsBSl9GJduT70hwdAbICHQSWAXnbIzBVwkbkaKIEM1sL+8ToyTiHCNGVKq7TpC+ymSmmJGxgUvUUQgPEA90jaUo4goP53eP4bHRunAbixNcQ2n6u+JFEVKjaLQdEZI99W8NxH/89qJ7l75KeUi0YTj2aJuwqCO4SQM2KGSYM1GhiAsqbkV4j6SCGsTWcGE4M6/vEgaZ2X3ouzenxcr11kceXAIjkAJuOASVMAdqII6wOARPINX8GY9WS/Wu/Uxa81Z2cw++APr8wdknZUQ</latexit>

Tij(E,~)

<latexit sha1_base64="7EKem3me8yslprg5S1ptPbFB22o=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahvZRdkepFKIrgsUK/pF1KNs22oUl2SbJCKf0VXjwo4tWf481/Y9ruQVsfDDzem2FmXhBzpo3rfjuZtfWNza3sdm5nd2//IH941NRRoghtkIhHqh1gTTmTtGGY4bQdK4pFwGkrGN3O/NYTVZpFsm7GMfUFHkgWMoKNlR7DYr14Vypdu718wS27c6BV4qWkAClqvfxXtx+RRFBpCMdadzw3Nv4EK8MIp9NcN9E0xmSEB7RjqcSCan8yP3iKzqzSR2GkbEmD5urviQkWWo9FYDsFNkO97M3E/7xOYsIrf8JknBgqyWJRmHBkIjT7HvWZosTwsSWYKGZvRWSIFSbGZpSzIXjLL6+S5nnZq5QrDxeF6k0aRxZO4BSK4MElVOEeatAAAgKe4RXeHOW8OO/Ox6I146Qzx/AHzucPgd2O7Q==</latexit>

f(T (E)) = 0

=
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Bulava et al, 2307.10413, PRL  
<latexit sha1_base64="L6ws7V/mVuhpV09WC5qpylsyNmQ=">AAACBnicbVBNS8NAEN3Ur1q/qh5FWCyCp5IUqR6LXrwIFewHNCFsttN26W4SdzdCCfXixb/ixYMiXv0N3vw3btoetPXBwOO9GWbmBTFnStv2t5VbWl5ZXcuvFzY2t7Z3irt7TRUlkkKDRjyS7YAo4CyEhmaaQzuWQETAoRUMLzO/dQ9SsSi81aMYPEH6IesxSrSR/OKh8N2YuYoJuMMV235IXUH0QAp8Dc2xXyzZZXsCvEicGSmhGep+8cvtRjQREGrKiVIdx461lxKpGeUwLriJgpjQIelDx9CQCFBeOnljjI+N0sW9SJoKNZ6ovydSIpQaicB0ZjeqeS8T//M6ie6deykL40RDSKeLegnHOsJZJrjLJFDNR4YQKpm5FdMBkYRqk1zBhODMv7xImpWyUy1Xb05LtYtZHHl0gI7QCXLQGaqhK1RHDUTRI3pGr+jNerJerHfrY9qas2Yz++gPrM8fhcOYiQ==</latexit>

m⇡ ' 200 MeV

Two-pole structure of  baryon Λ(1405)

ALICE (2205.15176) 
also finds two poles

S= -1



Coupled-channel DD*-D*D* scattering 
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Hadspec 2405.15741

<latexit sha1_base64="n26u5GSECuKTI0/lGP14JEb9LpY=">AAACBXicbVA9SwNBEN3zM8avU0stFoNgFe5UonZBGxshgvmA3BH2NpNkye7dubsnhCMWNv4VGwtFbP0Pdv4b95IUmvhg4PHeDDPzgpgzpR3n25qbX1hcWs6t5FfX1jc27a3tmooSSaFKIx7JRkAUcBZCVTPNoRFLICLgUA/6l5lfvwepWBTe6kEMviDdkHUYJdpILXtPtLyYeYoJuMPH5+6DJ4juSZFeQ23YsgtO0RkBzxJ3QgpogkrL/vLaEU0EhJpyolTTdWLtp0RqRjkM816iICa0T7rQNDQkApSfjr4Y4gOjtHEnkqZCjUfq74mUCKUGIjCd2Y1q2svE/7xmojtnfsrCONEQ0vGiTsKxjnAWCW4zCVTzgSGESmZuxbRHJKHaBJc3IbjTL8+S2lHRLRVLNyeF8sUkjhzaRfvoELnoFJXRFaqgKqLoET2jV/RmPVkv1rv1MW6dsyYzO+gPrM8fN0yYag==</latexit>

m⇡ ' 391 MeV

Tcc virtual state below DD* threshold (effects from left-hand cut not incorporated)

Tcc’ resonance below D*D* threshold : look for it in experiment !

LHCb, 2109.01056

is there a particular reason to 

stop at D*D* threshold?

2mD*[GeV]



Scalar heavy-light mesons

14

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
earlier lattice work: Mohler, SP, Lang, Leskovec, Woloshyn (several papers)
recent D-pi study: CLQCD 2404.13479
Lattice results below: HadSpec (several papers)

3  ⨂  8  = 3  ⨁ 	6	 ⨁ 	15	 SU(3)F 

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

cq̄
q=u,d,s

most 
attractive

attractive repulsive
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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- -

<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

LHCb, 2210.15153, PRL
<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

<latexit sha1_base64="ioQSjQC3ZYUrK63lQuMpr4St9rE=">AAACBnicbVBNS8NAEN3Ur1q/qh5FWCyCp5IUsXor6sGLUMG2QhPCZjttl+4mcXcjlNCTF/+KFw+KePU3ePPfuG1z0NYHA4/3ZpiZF8ScKW3b31ZuYXFpeSW/Wlhb39jcKm7vNFWUSAoNGvFI3gVEAWchNDTTHO5iCUQEHFrB4GLstx5AKhaFt3oYgydIL2RdRok2kl/cF/6lq5iAe+ycVaoudgXRfSlSfA3NkV8s2WV7AjxPnIyUUIa6X/xyOxFNBISacqJU27Fj7aVEakY5jApuoiAmdEB60DY0JAKUl07eGOFDo3RwN5KmQo0n6u+JlAilhiIwneMj1aw3Fv/z2onunnopC+NEQ0ini7oJxzrC40xwh0mgmg8NIVQycyumfSIJ1Sa5ggnBmX15njQrZeek7Nwcl2rnWRx5tIcO0BFyUBXV0BWqowai6BE9o1f0Zj1ZL9a79TFtzVnZzC76A+vzB2kel9I=</latexit>

mD ' 1927 MeV

Charmonium(like)  states from 

<latexit sha1_base64="2daXF1T8OyeXJj6SC8ToF2RWjbc=">AAACFnicbVDLSsNAFJ34rPUVdelmsAjtwpCoqMtSu3BZwT6gCWEynbRDJw9nJkIJ+Qo3/oobF4q4FXf+jdM0C209MHDuOfdy5x4vZlRI0/zWlpZXVtfWSxvlza3tnV19b78jooRj0sYRi3jPQ4IwGpK2pJKRXswJCjxGut74eup3HwgXNArv5CQmToCGIfUpRlJJrn5i+xzhtMGrTdtDHDZrWV64Yla6opbZggbkHprGmatXTMPMAReJVZAKKNBy9S97EOEkIKHEDAnRt8xYOinikmJGsrKdCBIjPEZD0lc0RAERTpqflcFjpQygH3H1Qglz9fdEigIhJoGnOgMkR2Lem4r/ef1E+ldOSsM4kSTEs0V+wqCM4DQjOKCcYMkmiiDMqforxCOkcpIqybIKwZo/eZF0Tg3rwrBuzyv1RhFHCRyCI1AFFrgEdXADWqANMHgEz+AVvGlP2ov2rn3MWpe0YuYA/IH2+QNx2p2n</latexit>

Br(DD̄)

Br(DsD̄s)
' 0.3

S.P. , Collins,  Padmanath, Mohler, Piemonte
2011.02541 JHEP,  1905.03506 PRD

lat
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<latexit sha1_base64="5cfB+W/LngFo5GEjj9an+WAqQzs=">AAAB/HicbZDLSsNAFIZP6q3WW7RLN4NFcGNJRKrLol24rGAv0IYwmU7aoZNJmJkIJdRXceNCEbc+iDvfxmmbhbb+MPDxn3M4Z/4g4Uxpx/m2CmvrG5tbxe3Szu7e/oF9eNRWcSoJbZGYx7IbYEU5E7Slmea0m0iKo4DTTjC+ndU7j1QqFosHPUmoF+GhYCEjWBvLt8uNfoAlapw3fLUgX/l2xak6c6FVcHOoQK6mb3/1BzFJIyo04Vipnusk2suw1IxwOi31U0UTTMZ4SHsGBY6o8rL58VN0apwBCmNpntBo7v6eyHCk1CQKTGeE9Ugt12bmf7VeqsNrL2MiSTUVZLEoTDnSMZolgQZMUqL5xAAmkplbERlhiYk2eZVMCO7yl1ehfVF1a9Xa/WWlfpPHUYRjOIEzcOEK6nAHTWgBgQk8wyu8WU/Wi/VufSxaC1Y+U4Y/sj5/APqfk7c=</latexit>

DD̄ �DsD̄s

https://arxiv.org/abs/2210.15153


Exotic hadrons from static potentials 
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Static potentials from Born-Oppenheimer approximation  
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System with

• two heavy partices QQ or QQ or ...

• light degrees of freedom q=u,d, G

V(
r)

  [
kJ

/m
ol

]

<latexit sha1_base64="Cu5ff0iKPmdYXX345rnVnxIG1v8=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KkkRdVl002UF+4A2hMlk0g6dPJiZKCXmU9y4UMStX+LOv3GaZqGtBy4czrl37tzjJZxJZVnfxtr6xubWdmWnuru3f3Bo1o56Mk4FoV0S81gMPCwpZxHtKqY4HSSC4tDjtO9Nb+d+/4EKyeLoXs0S6oR4HLGAEay05Jq1bFQ8kgnq56jtNnPXrFsNqwBaJXZJ6lCi45pfIz8maUgjRTiWcmhbiXIyLBQjnObVUSppgskUj+lQ0wiHVDpZsTVHZ1rxURALXZFChfp7IsOhlLPQ050hVhO57M3F/7xhqoJrJ2NRkioakcWiIOVIxWieA/KZoETxmSaYCKb/isgEC0yUTquqQ7CXT14lvWbDvmzYdxf11k0ZRwVO4BTOwYYraEEbOtAFAo/wDK/wZjwZL8a78bFoXTPKmWP4A+PzBztUk/o=</latexit>

H2

<latexit sha1_base64="ID8mPiaX0IcYZVeFbxWp5s27Kis=">AAACDHicbVDLSgMxFM34rPVVdekmWIRKpcyIqBuhKKLLDtgHtHXIpGkbmmTGJCOUYT7Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3+CGjStv2tzU3v7C4tJxZya6urW9s5ra2ayqIJCZVHLBANnykCKOCVDXVjDRCSRD3Gan7g8uRX38gUtFA3OphSNoc9QTtUoy0kbxcHsKrc+65Re7FLR9J6CbFuhcPqEju3GK9cH94fWBSdskeA84SJyV5kKLi5b5anQBHnAiNGVKq6dihbsdIaooZSbKtSJEQ4QHqkaahAnGi2vH4mATuG6UDu4E0T2g4Vn9PxIgrNeS+SXKk+2raG4n/ec1Id8/aMRVhpInAk0XdiEEdwFEzsEMlwZoNDUFYUvNXiPtIIqxNf1lTgjN98iypHZWck5LjHufLF2kdGbAL9kABOOAUlMENqIAqwOARPINX8GY9WS/Wu/Uxic5Z6cwO+APr8wd+N5lg</latexit>

E = mQ +mQ̄ +WQ
kin +W (q,G)

<latexit sha1_base64="Vf8wX/B7faf9rlNximki8RVRQy8=">AAACC3icbVDLSgMxFM34rPVVdekmtAiVQpkRUTdCUQSXHbAPaMchk2ba0CQzJBmhDLN346+4caGIW3/AnX9j+lho64ELh3Pu5d57gphRpW3721paXlldW89t5De3tnd2C3v7TRUlEpMGjlgk2wFShFFBGppqRtqxJIgHjLSC4fXYbz0QqWgk7vQoJh5HfUFDipE2kl8oQnhzyX23wv20GyAJ3azS8tMhFdm9W4HNsjz2CyW7ak8AF4kzIyUwQ90vfHV7EU44ERozpFTHsWPtpUhqihnJ8t1EkRjhIeqTjqECcaK8dPJLBo+M0oNhJE0JDSfq74kUcaVGPDCdHOmBmvfG4n9eJ9HhhZdSESeaCDxdFCYM6giOg4E9KgnWbGQIwpKaWyEeIImwNvHlTQjO/MuLpHlSdc6qjntaql3N4siBQ1AEZeCAc1ADt6AOGgCDR/AMXsGb9WS9WO/Wx7R1yZrNHIA/sD5/AM9RmQM=</latexit>

E = mQ +mQ̄ +WQ
kin + V (r)

seminal recent work aimed at exotica:

Brambilla et al (TUM): 2408.04719



Potential and confinement
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<latexit sha1_base64="RdYfyUVftgXwF56U73Mji1oevRU="></latexit>

V (r) ' �4

3

g2s
4⇡ r

+ �r

strong interactions EM interactions 

<latexit sha1_base64="Y1hJizHldN0mHgwN50bchS+3n+E=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivV671S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHrl2M3w==</latexit>

Q
<latexit sha1_base64="VqzQHWzqwfIWbyuz1H9+dXG2Fz0=">AAAB7XicbVDLSgMxFL3xWeur6tJNsAiuyoz4WhbduGzBPqAdSibNtLGZZEgyQhn6D25cKOLW/3Hn35i2s9DWAxcO59zLvfeEieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0N/VbT0wbruSDHScsiMlA8ohTYp3U7IZE43qvVPYq3gx4mfg5KUOOWq/01e0rmsZMWiqIMR3fS2yQEW05FWxS7KaGJYSOyIB1HJUkZibIZtdO8KlT+jhS2pW0eKb+nshIbMw4Dl1nTOzQLHpT8T+vk9roJsi4TFLLJJ0vilKBrcLT13Gfa0atGDtCqObuVkyHRBNqXUBFF4K/+PIyaZ5X/KvKZf2iXL3N4yjAMZzAGfhwDVW4hxo0gMIjPMMrvCGFXtA7+pi3rqB85gj+AH3+APzRjsI=</latexit>

Q̄

<latexit sha1_base64="4Ww9bMic9yjhbOyWQMeqY48Whwc=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoMQL2FX4uMY9OIxgnlAsoTZyWwyZGZ2mZkVwpJf8OJBEa/+kDf/xtlkD5pY0FBUddPdFcScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJneZ33miSrNIPpppTH2BR5KFjGCTSe2qOh+UK27NnQOtEi8nFcjRHJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeGNnzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSvqh5V7XLh3qlcZvHUYQTOIUqeHANDbiHJrSAwBie4RXeHOG8OO/Ox6K14OQzx/AHzucPThGNxQ==</latexit> V
(r
)

<latexit sha1_base64="SoIi+tikGdI+W5/sBdimPmJGRH4=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVVa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB4GGNAA==</latexit>r

<latexit sha1_base64="jikSn2lcvWYQo8JuXxfhp37o1pQ=">AAACDHicbVDLSsNAFJ3UV62vqks3g0WoC0tS6mMjFN24rGAf0MQymd60QycPZiZCCfkAN/6KGxeKuPUD3Pk3TtsstPXAwOGcc7lzjxtxJpVpfhu5peWV1bX8emFjc2t7p7i715JhLCg0achD0XGJBM4CaCqmOHQiAcR3ObTd0fXEbz+AkCwM7tQ4Ascng4B5jBKlpV6x1CqL48sT2xOEJnBfTZOaHTFsQyQZ1wETi1SnzIo5BV4kVkZKKEOjV/yy+yGNfQgU5UTKrmVGykmIUIxySAt2LCEidEQG0NU0ID5IJ5kek+IjrfSxFwr9AoWn6u+JhPhSjn1XJ32ihnLem4j/ed1YeRdOwoIoVhDQ2SIv5liFeNIM7jMBVPGxJoQKpv+K6ZDoXpTur6BLsOZPXiStasU6q5ze1kr1q6yOPDpAh6iMLHSO6ugGNVATUfSIntErejOejBfj3fiYRXNGNrOP/sD4/AElwJpz</latexit>

V (r) = � e2

4⇡✏0r

(QCD without dynamical quarks)

0

TUMQCD, 2206.03156, PRD 
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Bicudo, Wagner, Peters, Cichy 

(1209.6274)

V(
r)

 a

Enr = m-mB-mB* = - 38 (18) MeV

<latexit sha1_base64="R57Z6Oqb3hmFjCQHgEJLvZNe9Zw=">AAACCXicbVDLSgMxFL1TX7W+qi7dBItQN2VGRF0WRXBZwT6gMwyZNNOGZjJDkhHK0K0bf8WNC0Xc+gfu/BvTdkBtPZBwcu693JwTJJwpbdtfVmFpeWV1rbhe2tjc2t4p7+61VJxKQpsk5rHsBFhRzgRtaqY57SSS4ijgtB0Mryb19j2VisXiTo8S6kW4L1jICNZG8svo2hdVeYxc5OrY3K2fh4GLIr9csWv2FGiRODmpQI6GX/50ezFJIyo04ViprmMn2suw1IxwOi65qaIJJkPcp11DBY6o8rKpkzE6MkoPhbE0R2g0VX9PZDhSahQFpjPCeqDmaxPxv1o31eGFlzGRpJoKMlsUphwZn5NYUI9JSjQfGYKJZOaviAywxESb8EomBGfe8iJpndScs5pze1qpX+ZxFOEADqEKDpxDHW6gAU0g8ABP8AKv1qP1bL1Z77PWgpXP7MMfWB/f1HKWmg==</latexit>

En(r) ! V (r) ! m

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

I=0, JP =1+Deeply bound doubly bottom tetraquark

<latexit sha1_base64="BJ50U5QExHw7e0uFWUWGg6KG1zc=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQIkjYFYlehKAIHiOYB2TXMDuZJENmZ5eZ3kBYAv6KFw+KePU7vPk3Th4HTSxoKKq66e4KYsE1OM63lVlaXlldy67nNja3tnfs3b2ajhJFWZVGIlKNgGgmuGRV4CBYI1aMhIFg9aB/M/brA6Y0j+QDDGPmh6QreYdTAkZq2QdXt4+pVCOvonnBGzCK1SmctOy8U3QmwIvEnZE8mqHSsr+8dkSTkEmggmjddJ0Y/JQo4FSwUc5LNIsJ7ZMuaxoqSci0n07OH+Fjo7RxJ1KmJOCJ+nsiJaHWwzAwnSGBnp73xuJ/XjOBzqWfchknwCSdLuokAkOEx1ngNleMghgaQqji5lZMe0QRCiaxnAnBnX95kdTOim6pWLo/z5evZ3Fk0SE6QgXkogtURneogqqIohQ9o1f0Zj1ZL9a79TFtzVizmX30B9bnDwZxlOU=</latexit>

= Enr (~r, t)
r

Sasa Prelovsek                              Exotic spectroscopy from lattice

<latexit sha1_base64="PoBG9Jn3kMBoHMQg0HButVWZoW4=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7APaUCaTSTt0MgkzEyXEfoobF4q49Uvc+TdO2yy09cC9HM65l7lz/IQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lz8eKciZoWzPNaS+RFEc+p11/cjPzuw9UKhaLe50l1IvwSLCQEayNNLSrAx9L5C86ShEKhnbNqTtzoFXiFqQGBVpD+2sQxCSNqNCEY6X6rpNoL8dSM8LptDJIFU0wmeAR7RsqcESVl89Pn6JTowQojKUpodFc/b2R40ipLPLNZIT1WC17M/E/r5/q8MrLmUhSTQVZPBSmHOkYzXJAAZOUaJ4Zgolk5lZExlhiok1aFROCu/zlVdI5r7uNeuPuota8LuIowzGcwBm4cAlNuIUWtIHAIzzDK7xZT9aL9W59LEZLVrFzBH9gff4AThSSvw==</latexit>

b̄b̄ud



More doubly-bottom tetraquark potentials
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can be related to

 various JP channels

quantum numbers 

in the static limit

B0B0     

B B0     

 B B         (also BB*, B*B)    

Bicudo, Marinkovic, Muller, Wagner,

2409.10796

𝑚- → ∞:𝐵 = 𝐵∗, 	𝐵/= 𝐵!	

<latexit sha1_base64="PoBG9Jn3kMBoHMQg0HButVWZoW4=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7APaUCaTSTt0MgkzEyXEfoobF4q49Uvc+TdO2yy09cC9HM65l7lz/IQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lz8eKciZoWzPNaS+RFEc+p11/cjPzuw9UKhaLe50l1IvwSLCQEayNNLSrAx9L5C86ShEKhnbNqTtzoFXiFqQGBVpD+2sQxCSNqNCEY6X6rpNoL8dSM8LptDJIFU0wmeAR7RsqcESVl89Pn6JTowQojKUpodFc/b2R40ipLPLNZIT1WC17M/E/r5/q8MrLmUhSTQVZPBSmHOkYzXJAAZOUaJ4Zgolk5lZExlhiok1aFROCu/zlVdI5r7uNeuPuota8LuIowzGcwBm4cAlNuIUWtIHAIzzDK7xZT9aL9W59LEZLVrFzBH9gff4AThSSvw==</latexit>

b̄b̄ud



Zb tetraquark
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<latexit sha1_base64="Qg6Z/TFt+PdGCd8O3Voxas7SlGE=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRqS6LblxWsA9oh5Jk0jY0kxmSTKEM/RM3LhRx65+4829Mp7PQ1gOXezjnXnJzSCK4Np737ZQ2Nre2d8q7lb39g8Mj9/ikreNUUdaisYhVl2DNBJesZbgRrJsohiMiWIdM7hd+Z8qU5rF8MrOEBREeST7kFBsrDVy3T7BChKC8hygduFWv5uVA68QvSBUKNAfuVz+MaRoxaajAWvd8LzFBhpXhVLB5pZ9qlmA6wSPWs1TiiOkgyy+fowurhGgYK1vSoFz9vZHhSOtZROxkhM1Yr3oL8T+vl5rhbZBxmaSGSbp8aJgKZGK0iAGFXDFqxMwSTBW3tyI6xgpTY8Oq2BD81S+vk/ZVza/X6o/X1cZdEUcZzuAcLsGHG2jAAzShBRSm8Ayv8OZkzovz7nwsR0tOsXMKf+B8/gDyb5KV</latexit>

b̄bd̄u
<latexit sha1_base64="FDcFUKxccrzP4tbgNt3b4oX3Yqw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69bC2CIJREpHoRil7EUwX7AU1aNttNu3SzCbsboYT+DS8eFPHqn/Hmv3Hb5qCtDwYe780wM8+POVPatr+t3Mrq2vpGfrOwtb2zu1fcP2iqKJGENkjEI9n2saKcCdrQTHPajiXFoc9pyx/dTv3WE5WKReJRj2PqhXggWMAI1kZy77t1t3TtlpDTPesVy3bFngEtEycjZchQ7xW/3H5EkpAKTThWquPYsfZSLDUjnE4KbqJojMkID2jHUIFDqrx0dvMEnRilj4JImhIazdTfEykOlRqHvukMsR6qRW8q/ud1Eh1ceSkTcaKpIPNFQcKRjtA0ANRnkhLNx4ZgIpm5FZEhlphoE1PBhOAsvrxMmucVp1qpPlyUazdZHHk4gmM4BQcuoQZ3UIcGEIjhGV7hzUqsF+vd+pi35qxs5hD+wPr8AXZykAY=</latexit>

JP =1+

Y(nS) π , Y(2S) π, Y(3S) π 
 hb(1S) π, hb(2S) π

B B* , B* B*

S.P., Bahtiyar, Petkovic, PLB 2019

Sadl, S.P., PRD 2021

Belle 2011  PRL 2011

challenge



All presented results are extracted from En 
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C =  DG Dq Dq C e
−SQCD /!

∫   

t=0, JP, It, JP, I

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

mu/d > mphy
u/d , m⇡>140 MeV

often “non-precision” studies:   

single a, 

1

• for strongly stable state well below threshold :   En(P=0)  =  m

• resonances (Luscher’s relation)

• static potentials:

<latexit sha1_base64="lOunyWs3wssA8y3qFjrXNpF+J9Y=">AAACCXicbVDLSgNBEJz1GeNr1aOXwSDES9gVUY9BETxGyAuSdZmdTJIh81hmZpWw5OrFX/HiQRGv/oE3/8ZJsoImFjQUVd10d0Uxo9p43pezsLi0vLKaW8uvb2xubbs7u3UtE4VJDUsmVTNCmjAqSM1Qw0gzVgTxiJFGNLgc+407ojSVomqGMQk46gnapRgZK4UuvArFbYr5CLYV7fUNUkrew2rxRz4K3YJX8iaA88TPSAFkqITuZ7sjccKJMJghrVu+F5sgRcpQzMgo3040iREeoB5pWSoQJzpIJ5+M4KFVOrArlS1h4ET9PZEirvWQR7aTI9PXs95Y/M9rJaZ7HqRUxIkhAk8XdRMGjYTjWGCHKoING1qCsKL2Voj7SCFsbHh5G4I/+/I8qR+X/NOSf3NSKF9kceTAPjgAReCDM1AG16ACagCDB/AEXsCr8+g8O2/O+7R1wclm9sAfOB/fDBmZ6w==</latexit>

Ecm
n ! T (Ecm

n )

Sasa Prelovsek                              Exotic spectroscopy from lattice

<latexit sha1_base64="bmAcoJHB9JQsck0lzKJ8Ev6mLVA=">AAAB/3icbZDLSgMxFIbP1Futt1HBjZtgESpImRFRN0LRhe6sYC/QDiWTZtrQTGZMMkIZu/BV3LhQxK2v4c63Mb0IWv0h8PGfczgnvx9zprTjfFqZmdm5+YXsYm5peWV1zV7fqKookYRWSMQjWfexopwJWtFMc1qPJcWhz2nN750P67U7KhWLxI3ux9QLcUewgBGsjdWyt9ImwRxdDU6/oXC7f7HXsvNO0RkJ/QV3AnmYqNyyP5rtiCQhFZpwrFTDdWLtpVhqRjgd5JqJojEmPdyhDYMCh1R56ej+Ado1ThsFkTRPaDRyf06kOFSqH/qmM8S6q6ZrQ/O/WiPRwYmXMhEnmgoyXhQkHOkIDcNAbSYp0bxvABPJzK2IdLHERJvIciYEd/rLf6F6UHSPiu71Yb50NokjC9uwAwVw4RhKcAllqACBe3iEZ3ixHqwn69V6G7dmrMnMJvyS9f4FKMKU5Q==</latexit>

O = O(q,G)

<latexit sha1_base64="mVATXqzPZwvyHUCzehTg9td5mJE=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQL2FXfB2DIniMYB6QXcLsZDYZMjuzzMwKYclvePGgiFd/xpt/4yTZgyYWNBRV3XR3hQln2rjut1NYWV1b3yhulra2d3b3yvsHLS1TRWiTSC5VJ8SaciZo0zDDaSdRFMchp+1wdDv1209UaSbFoxknNIjxQLCIEWys5N/1BPKNRK2qOu2VK27NnQEtEy8nFcjR6JW//L4kaUyFIRxr3fXcxAQZVoYRTiclP9U0wWSEB7RrqcAx1UE2u3mCTqzSR5FUtoRBM/X3RIZjrcdxaDtjbIZ60ZuK/3nd1ETXQcZEkhoqyHxRlHJkv5wGgPpMUWL42BJMFLO3IjLEChNjYyrZELzFl5dJ66zmXdYuHs4r9Zs8jiIcwTFUwYMrqMM9NKAJBBJ4hld4c1LnxXl3PuatBSefOYQ/cD5/AG0akKY=</latexit>

En ! V (r)



Conclusions
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Status on exotic hadrons from Lattice :

• exotic hadrons that are not resolved (yet)

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

• available: valuable results on exotic (and conventional) hadrons 

       strongly stable ;  strongly decaying to 1,2,3    channels H1 H2

•  significant progress on  three-hadron scattering and R-> H1 H2 H3 (not discussed here)

• HALQCD method to extract scattering amplitude (not discussed here)

• looking forward to learn what femtoscopy can do or has accomplished 

Sasa Prelovsek                              Exotic spectroscopy from lattice

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
...
S. Prelovsek, Lattice QCD calculations of hadron spectroscopy, Encyclopedia of Particle Physics, Elsevier (on the way)
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<latexit sha1_base64="Vyp6U9eKkru5VhE1tA3sU8vecUE="></latexit>

En.i. =
q

m2
1 + ~p2 +

q
m2

2 + (�~p)2
<latexit sha1_base64="pfeJD8yi4XakvrZLB6j59UJY/DI=">AAACCnicbVC7TsMwFHXKq4RXgJHFUCExVUlBwIJUwcLAUCT6kJqoclynteo4ke1UqqLMLPwKCwMIsfIFbPwNbpoBWo50dY/OuVf2PX7MqFS2/W2UlpZXVtfK6+bG5tb2jrW715JRIjBp4ohFouMjSRjlpKmoYqQTC4JCn5G2P7qZ+u0xEZJG/EFNYuKFaMBpQDFSWupZhxC6Y4JhfJU37qpAIJzW3Jhm6V1mmrBnVeyqnQMuEqcgFVCg0bO+3H6Ek5BwhRmSsuvYsfJSJBTFjGSmm0gSIzxCA9LVlKOQSC/NT8ngsVb6MIiELq5grv7eSFEo5ST09WSI1FDOe1PxP6+bqODSSymPE0U4nj0UJAyqCE5zgX0qCFZsognCguq/QjxEOgul0zN1CM78yYukVas659XT+7NK/bqIowwOwBE4AQ64AHVwCxqgCTB4BM/gFbwZT8aL8W58zEZLRrGzD/7A+PwBx9OZDw==</latexit>

~p = ~n 2⇡
L

<latexit sha1_base64="sJBhwxUxGaOGZN1FdiWRcVR8p6E=">AAAB9HicbVDLSgNBEOyNr7i+oh69DAbBi2FXRT0GvXiMYB6QLGF20psMmX04MxsIS77DiwdFvPox3vwbJ8keNLGgoajqprvLTwRX2nG+rcLK6tr6RnHT3tre2d0r7R80VJxKhnUWi1i2fKpQ8AjrmmuBrUQiDX2BTX94N/WbI5SKx9GjHifohbQf8YAzqo3kkTPSGSEjCbFt0i2VnYozA1kmbk7KkKPWLX11ejFLQ4w0E1Sptusk2suo1JwJnNidVGFC2ZD2sW1oRENUXjY7ekJOjNIjQSxNRZrM1N8TGQ2VGoe+6QypHqhFbyr+57VTHdx4GY+SVGPE5ouCVBAdk2kCpMclMi3GhlAmubmVsAGVlGmTk21CcBdfXiaN84p7Vbl4uCxXb/M4inAEx3AKLlxDFe6hBnVg8ATP8Apv1sh6sd6tj3lrwcpnDuEPrM8fbj2P7w==</latexit>

�~p
H1

H2

Towards relation between E and T(E) in finite-volume QCD

E for non-interacting H1 H2 (P=0)

<latexit sha1_base64="aRky4rxbtGPIhrPHfRxDNEjOhZY=">AAACJXicbVDLSsNAFJ34rPEVdekmWJQKpUyKqAuFohsXLirYBzSlTKaTduhkEmYmQgn5GTf+ihsXFhFc+StO2yDa9sCFwzn3cu89XsSoVBB+GUvLK6tr67kNc3Nre2fX2tuvyzAWmNRwyELR9JAkjHJSU1Qx0owEQYHHSMMb3I79xhMRkob8UQ0j0g5Qj1OfYqS01LGuopNrV/kC4aTsRjRN7tOCU3SK8NR1zYUe/PVgx8rDEpzAnidORvIgQ7VjjdxuiOOAcIUZkrLlwEi1EyQUxYykphtLEiE8QD3S0pSjgMh2MvkytY+10rX9UOjiyp6ofycSFEg5DDzdGSDVl7PeWFzktWLlX7YTyqNYEY6ni/yY2Sq0x5HZXSoIVmyoCcKC6ltt3Ec6FqWDNXUIzuzL86ReLjnnJefhLF+5yeLIgUNwBArAARegAu5AFdQABs/gFbyDkfFivBkfxue0dcnIZg7APxjfP/TDock=</latexit>

p = 2⇡
L (1, 1, 0)

p = 2⇡
L (1, 0, 0)

p = 0

example: m=0.5, L=3.6 fm



Tcc : scattering amplitude
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δ(E)            E  

lhc


