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outline: 

doubly heavy tetraquarks 

Padmanath, S.P.: 2202.10110, Phys.Rev.Lett. 129 (2022) 032002  (also work with S. Collins)
+ some related lattice QCD studies (not intended as a review talk)
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Doubly heavy tetraquarks <latexit sha1_base64="7lltJ+1Cb9bQ9wALxOVfP2sEnAU=">AAACFHicbVDLSgMxFM34rPU16tJNsAiCUGakqMuiG5ct2Ad0xpLJ3GlDMw+TjFCGfoQbf8WNC0XcunDn35hOZ6GtBxIO59x7c3O8hDOpLOvbWFpeWV1bL22UN7e2d3bNvf22jFNBoUVjHouuRyRwFkFLMcWhmwggoceh442up37nAYRkcXSrxgm4IRlELGCUKC31zdPMyYdkAvwJbjbvnESwELDjEYHvZ3ehTfpmxapaOfAisQtSQQUaffPL8WOahhApyomUPdtKlJsRoRjlMCk7qYSE0BEZQE/TiIQg3SzfZ4KPteLjIBb6RArn6u+OjIRSjkNPV4ZEDeW8NxX/83qpCi7djEVJqiCis4eClGMV42lC2GcCqOJjTQgVTO+K6ZAIQpXOsaxDsOe/vEjaZ1X7vFpr1ir1qyKOEjpER+gE2egC1dENaqAWougRPaNX9GY8GS/Gu/ExK10yip4D9AfG5w8aq57c</latexit>

QQ0q̄q̄0

Q=c,b   q=u,d,s
• Exotic hadrons

• Which states exist?  flavor, JP

• Mass ? Strongly stable ?

• Binding mechanism ?

“molecular”

exchange of 

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

⇡, ⇢,⇡⇡ ?

p

n

deuterium
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Eb = − 2.2 MeV
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Doubly bottom tetraquarks

Sasa Prelovsek                   Doubly heavy tetraquarks from lattice
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bbd̄ū
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bbs̄ū
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bbs̄ū
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bbd̄ū

models lattice models lattice

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

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

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

lattice: most updated results
Pflaumer, Leskovec,Meinel,Wagner (2021) 2108.10704
Junnarkar, Mathur, Padmanth (2018) 1810.12285  
Frances, Colquhoun, Hudspith, Maltman  (2021) preliminary
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threshold: BB*                                     BBs*
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I=0, JP =1+

not found in exp, difficult to find

deep binding of bbud also from HALQCD approach: 2212.00202 

likely dominant 

(B and B* to close  

in BB* molecule

with binding ~0.1 GeV)
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Doubly bottom tetraquarks
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bbd̄ū

Frances, Colquhoun, Lewis, Maltman (2021) 
PoS LATTICE2021 (2022) 144
supports  internal structure below
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Preliminary
udb̄0b̄0

lsb̄0b̄0
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bbs̄ū
lattice: dependence on mb and  mu,d

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

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

I=0, JP =1+

mb’ decreases

mu,d increases
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Other                     and  JP
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QQ0q̄q̄0
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bcd̄ū
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ccd̄ū

Experimental discovery of  Tcc
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ccd̄ū

LHCb 2109.01038, 2109.01056, Nature Physics
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�mpole = �0.36± 0.04 MeV
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�m = m� (mD⇤+ +mD0)
D*+D0 D*0D+
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m(D0D0⇡+) GeV

The longest lived exotic hadron ever discovered  I=0, JP=1+  (most likely)

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

bcq̄q̄0, ccq̄q̄0

Omitting 

Tcc would-be a bound state

<latexit sha1_base64="qIO9LtQ9+94oLlDpqlpTCu5YrZI=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4siIiURUZdFu3BZoS9oYphMp+3QySTMTIQSunfjr7hxoYhbf8Cdf+MkzUJbDwwczrmXO+f4EaNSWda3UVhaXlldK66XNja3tnfM3b22DGOBSQuHLBRdH0nCKCctRRUj3UgQFPiMdPzxTep3HoiQNORNNYmIG6AhpwOKkdKSZ5br9ydHjgph3YnoqQNh00swnmZKKjlOyTMrVtXKABeJnZMKyNHwzC+nH+I4IFxhhqTs2Vak3AQJRTEj05ITSxIhPEZD0tOUo4BIN8myTOGhVvpwEAr9uIKZ+nsjQYGUk8DXkwFSIznvpeJ/Xi9Wgys3oTyKFeF4dmgQM6iTpsXAPhUEKzbRBGFB9V8hHiGBsNL1pSXY85EXSfusal9U7bvzSu06r6MIDkAZHAMbXIIauAUN0AIYPIJn8ArejCfjxXg3PmajBSPf2Qd/YHz+AJ/CmOY=</latexit>

D⇤ ! D⇡, Tcc ! DD⇡

Theoretically expected near or above threshold

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

q=u,d,s
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Tcc from lattice 

Sasa Prelovsek                   Doubly heavy tetraquarks from lattice

• pre-2020 simulations extracted En , not T(E):  Junnarkar et al 1810.12285, HadSpec 1709.01417

• near-threshold states require extraction of scattering amplitude T(E)

• states correspond to poles in T(E)

Our lattice study of Tcc channel

<latexit sha1_base64="+KhXwkscsfA/g/gyjNQKBwTnnYk=">AAAB/3icbVDLSgMxFL1TX7W+qoIbN8Ei1E2ZEVGXRSm4rNAXdIYhk2ba0ExmSDJCGbvwV9y4UMStv+HOvzF9LLT1QMLhnHu5954g4Uxp2/62ciura+sb+c3C1vbO7l5x/6Cl4lQS2iQxj2UnwIpyJmhTM81pJ5EURwGn7WB4O/HbD1QqFouGHiXUi3BfsJARrI3kF49cHSMX1XzhImS4+Rvl2plfLNkVewq0TJw5KcEcdb/45fZikkZUaMKxUl3HTrSXYakZ4XRccFNFE0yGuE+7hgocUeVl0/3H6NQoPRTG0jyh0VT93ZHhSKlRFJjKCOuBWvQm4n9eN9XhtZcxkaSaCjIbFKYcmZsnYaAek5RoPjIEE8nMrogMsMREm8gKJgRn8eRl0jqvOJcV5/6iVL2Zx5GHYziBMjhwBVW4gzo0gcAjPMMrvFlP1ov1bn3MSnPWvOcQ/sD6/AGJ6JPb</latexit>

! En ! T (E)

Luscher’s eq.

CLS 2+1 ensembles,  a≃0.086 fm, L = 2.1 fm, 2.7 fm

I=0, JP=1+

m𝝅=280(3) MeV 

P=p1+p2

(0,0,0)

(0,0,1)

(1,1,0)

(0,0,2)

Padmanath, S.P.: 2202.10110, PRL 2022
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Eigen-energies on the lattice  

L = 2.1 fm, 2.7 fm

at m𝜋 ≈ 280 𝑀𝑒𝑉

lines
non-interacting energies

<latexit sha1_base64="wkuW+oSsNo5AUAjymftIB+FrtlA=">AAACDHicbVDLSsNAFJ3UV62vqks3E4sgCiWRoi6LVnBZwT6giWEynbRDZ5I4MymU0A9w46+4caGIWz/AnX/jtM1CqwcGDuecy517/JhRqSzry8gtLC4tr+RXC2vrG5tbxe2dpowSgUkDRywSbR9JwmhIGooqRtqxIIj7jLT8weXEbw2JkDQKb9UoJi5HvZAGFCOlJa9YgldeWqvdHY0d0yH3CR06JuRezTGPHZNrSzs6ZZWtKeBfYmekBDLUveKn041wwkmoMENSdmwrVm6KhKKYkXHBSSSJER6gHuloGiJOpJtOjxnDA610YRAJ/UIFp+rPiRRxKUfc10mOVF/OexPxP6+TqODcTWkYJ4qEeLYoSBhUEZw0A7tUEKzYSBOEBdV/hbiPBMJK91fQJdjzJ/8lzZOyfVqu3FRK1YusjjzYA/vgENjgDFTBNaiDBsDgATyBF/BqPBrPxpvxPovmjGxmF/yC8fENTMeZQw==</latexit>

EDD⇤ ⌘mD+mD⇤

<latexit sha1_base64="5Rcu078CNe1goMCl29YYxqYrTrE=">AAACAXicbZDLSgMxFIYzXmu9jboR3ASLIAhlpoi6EYpuXFawF2iHIZOeaUMzmSHJFEqpG1/FjQtF3PoW7nwb0+kstPVAyMf/n0Ny/iDhTGnH+baWlldW19YLG8XNre2dXXtvv6HiVFKo05jHshUQBZwJqGumObQSCSQKODSDwe3Ubw5BKhaLBz1KwItIT7CQUaKN5NuHnSFQXLvOrsR3z3Ko+HbJKTtZ4UVwcyihvGq+/dXpxjSNQGjKiVJt10m0NyZSM8phUuykChJCB6QHbYOCRKC8cbbBBJ8YpYvDWJojNM7U3xNjEik1igLTGRHdV/PeVPzPa6c6vPLGTCSpBkFnD4UpxzrG0zhwl0mgmo8MECqZ+SumfSIJ1Sa0ognBnV95ERqVsntRdu/PS9WbPI4COkLH6BS56BJV0R2qoTqi6BE9o1f0Zj1ZL9a79TFrXbLymQP0p6zPH1XTlYg=</latexit>

~P = ~p1 + ~p2
<latexit sha1_base64="IWcfok+yHiD9ynWRTq5BLdBBk74=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4Krsi6kUoevFYwX5Au5RsOtuGZrNrki2U0t/hxYMiXv0x3vw3pts9aOuDYR7vzZDJCxLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvJv5zREqzWP5aMYJ+hHtSx5yRo2V/M4IGandZM3tlspuxc1AlomXkzLkqHVLX51ezNIIpWGCat323MT4E6oMZwKnxU6qMaFsSPvYtlTSCLU/yY6eklOr9EgYK1vSkEz9vTGhkdbjKLCTETUDvejNxP+8dmrCa3/CZZIalGz+UJgKYmIyS4D0uEJmxNgSyhS3txI2oIoyY3Mq2hC8xS8vk8Z5xbuseA8X5eptHkcBjuEEzsCDK6jCPdSgDgye4Ble4c0ZOS/Ou/MxH11x8p0j+APn8wdjZ5Ez</latexit>

~P = ~0
<latexit sha1_base64="Cbkw4V9xU348CirKfxGAxlZ+gig=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQoZSkiLoRim5cuKhgH9CEMplO2qGTSZiZFEqIKzf+ihsXirj1F9z5N07bLLT1wIXDOfdy7z1exKhUlvVt5JaWV1bX8uuFjc2t7R1zd68pw1hg0sAhC0XbQ5IwyklDUcVIOxIEBR4jLW94PfFbIyIkDfm9GkfEDVCfU59ipLTUNQ+dEcGwfukoXyCcVJ2Ipslt+lCyylbZPumaRatiTQEXiZ2RIshQ75pfTi/EcUC4wgxJ2bGtSLkJEopiRtKCE0sSITxEfdLRlKOASDeZ/pHCY630oB8KXVzBqfp7IkGBlOPA050BUgM5703E/7xOrPwLN6E8ihXheLbIjxlUIZyEAntUEKzYWBOEBdW3QjxAOhCloyvoEOz5lxdJs1qxzyr23WmxdpXFkQcH4AiUgA3OQQ3cgDpoAAwewTN4BW/Gk/FivBsfs9ackc3sgz8wPn8AuLyX6w==</latexit>

~P = 2⇡
L (0, 0, 1)

<latexit sha1_base64="5xufGvckSJOCvnk07DfQF5gAZHE="></latexit>

En.i. =
q

m2
D + ~p 2

1 +
q
m2

D⇤ + ~p 2
2

~pi = ~ni
2⇡
L

Sasa Prelovsek                   Doubly heavy tetraquarks from lattice

most informative irreps
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Eigen-energies and scattering amplitude  
at m𝜋 ≈ 280 𝑀𝑒𝑉

Luscher’s relation

E -> T(E), 𝛿(𝐸)

<latexit sha1_base64="wkuW+oSsNo5AUAjymftIB+FrtlA=">AAACDHicbVDLSsNAFJ3UV62vqks3E4sgCiWRoi6LVnBZwT6giWEynbRDZ5I4MymU0A9w46+4caGIWz/AnX/jtM1CqwcGDuecy517/JhRqSzry8gtLC4tr+RXC2vrG5tbxe2dpowSgUkDRywSbR9JwmhIGooqRtqxIIj7jLT8weXEbw2JkDQKb9UoJi5HvZAGFCOlJa9YgldeWqvdHY0d0yH3CR06JuRezTGPHZNrSzs6ZZWtKeBfYmekBDLUveKn041wwkmoMENSdmwrVm6KhKKYkXHBSSSJER6gHuloGiJOpJtOjxnDA610YRAJ/UIFp+rPiRRxKUfc10mOVF/OexPxP6+TqODcTWkYJ4qEeLYoSBhUEZw0A7tUEKzYSBOEBdV/hbiPBMJK91fQJdjzJ/8lzZOyfVqu3FRK1YusjjzYA/vgENjgDFTBNaiDBsDgATyBF/BqPBrPxpvxPovmjGxmF/yC8fENTMeZQw==</latexit>

EDD⇤ ⌘mD+mD⇤

<latexit sha1_base64="ttXtpubnF82ZjV5Mpw6WKc/yoKA=">AAACEXicbZDLSsNAFIYnXmu9RV26GSxCN5akFHUjFEVwWaE3aEKZTCft0MmFmROhhLyCG1/FjQtF3Lpz59s4bbPQ1h8GPv5zDmfO78WCK7Csb2NldW19Y7OwVdze2d3bNw8O2ypKJGUtGolIdj2imOAhawEHwbqxZCTwBOt445tpvfPApOJR2IRJzNyADEPuc0pAW32zjHHzyvEloeltllazOdpZGjs0AmfABBB8xuOsb5asijUTXgY7hxLK1eibX84goknAQqCCKNWzrRjclEjgVLCs6CSKxYSOyZD1NIYkYMpNZxdl+FQ7A+xHUr8Q8Mz9PZGSQKlJ4OnOgMBILdam5n+1XgL+pZvyME6AhXS+yE8EhghP48EDLhkFMdFAqOT6r5iOiM4EdIhFHYK9ePIytKsV+7xSu6+V6td5HAV0jE5QGdnoAtXRHWqgFqLoET2jV/RmPBkvxrvxMW9dMfKZI/RHxucPApudKw==</latexit>

T =
E

2

1

p cot � � ip

effects of left-hand cut (pion exchange in t-channel) omitted, 

effective range approx. employed 

see discussion at the end of the talk and Du et al. 2303.09441

partial wave l=0 

Sasa Prelovsek                   Doubly heavy tetraquarks from lattice 7

Padmanath, S.P.: 2202.10110, PRL 2022



Sasa Prelovsek                   Doubly heavy tetraquarks from lattice

HALQCD, 2302.04505, m𝜋 ≈146 MeV

CLQCD 2206.06185, m𝜋 ≈ 348 MeV, PLB

Padmanath, S.P.: 2202.10110, m𝜋 ≈ 280 MeV PRL

Intermezzo: p cot 𝛿0 in Tcc chanel from available lattice simulations (other two simulations will be detailed later in the talk)

8

<latexit sha1_base64="2tPDmdLDVGlkN1LKYWonTpuD66w=">AAACHXicbVDLSgMxFM3UV62vqks3wSIIQpkpRd0IRTcuK9gHdOqQSTNtaOZBckcow/RD3Pgrblwo4sKN+Dem7YDaeiBw7jn3cnOPGwmuwDS/jNzS8srqWn69sLG5tb1T3N1rqjCWlDVoKELZdoliggesARwEa0eSEd8VrOUOryZ+655JxcPgFkYR6/qkH3CPUwJacorVCNs0BLvHBBDHvLDBk4QmVproKj35KSvpGEvHHOPoruIUS2bZnAIvEisjJZSh7hQ/7F5IY58FQAVRqmOZEXQTIoFTwdKCHSsWETokfdbRNCA+U91kel2Kj7TSw14o9QsAT9XfEwnxlRr5ru70CQzUvDcR//M6MXjn3YQHUQwsoLNFXiwwhHgSFe5xySiIkSaESq7/iumA6DxAB1rQIVjzJy+SZqVsnZatm2qpdpnFkUcH6BAdIwudoRq6RnXUQBQ9oCf0gl6NR+PZeDPeZ605I5vZR39gfH4D2duhwQ==</latexit>

p cot �0 = 1
a0

+ 1
2 r0 p2eff. range approx.:



at m𝜋 ≈ 280 𝑀𝑒𝑉

<latexit sha1_base64="2tPDmdLDVGlkN1LKYWonTpuD66w=">AAACHXicbVDLSgMxFM3UV62vqks3wSIIQpkpRd0IRTcuK9gHdOqQSTNtaOZBckcow/RD3Pgrblwo4sKN+Dem7YDaeiBw7jn3cnOPGwmuwDS/jNzS8srqWn69sLG5tb1T3N1rqjCWlDVoKELZdoliggesARwEa0eSEd8VrOUOryZ+655JxcPgFkYR6/qkH3CPUwJacorVCNs0BLvHBBDHvLDBk4QmVproKj35KSvpGEvHHOPoruIUS2bZnAIvEisjJZSh7hQ/7F5IY58FQAVRqmOZEXQTIoFTwdKCHSsWETokfdbRNCA+U91kel2Kj7TSw14o9QsAT9XfEwnxlRr5ru70CQzUvDcR//M6MXjn3YQHUQwsoLNFXiwwhHgSFe5xySiIkSaESq7/iumA6DxAB1rQIVjzJy+SZqVsnZatm2qpdpnFkUcH6BAdIwudoRq6RnXUQBQ9oCf0gl6NR+PZeDPeZ605I5vZR39gfH4D2duhwQ==</latexit>

p cot �0 = 1
a0

+ 1
2 r0 p2

<latexit sha1_base64="ttXtpubnF82ZjV5Mpw6WKc/yoKA=">AAACEXicbZDLSsNAFIYnXmu9RV26GSxCN5akFHUjFEVwWaE3aEKZTCft0MmFmROhhLyCG1/FjQtF3Lpz59s4bbPQ1h8GPv5zDmfO78WCK7Csb2NldW19Y7OwVdze2d3bNw8O2ypKJGUtGolIdj2imOAhawEHwbqxZCTwBOt445tpvfPApOJR2IRJzNyADEPuc0pAW32zjHHzyvEloeltllazOdpZGjs0AmfABBB8xuOsb5asijUTXgY7hxLK1eibX84goknAQqCCKNWzrRjclEjgVLCs6CSKxYSOyZD1NIYkYMpNZxdl+FQ7A+xHUr8Q8Mz9PZGSQKlJ4OnOgMBILdam5n+1XgL+pZvyME6AhXS+yE8EhghP48EDLhkFMdFAqOT6r5iOiM4EdIhFHYK9ePIytKsV+7xSu6+V6td5HAV0jE5QGdnoAtXRHWqgFqLoET2jV/RmPBkvxrvxMW9dMfKZI/RHxucPApudKw==</latexit>

T =
E

2

1

p cot � � ip

parametrizing l=0,1 with eff. range reconstructed spectra

En not used in the fit

partial wave l=0 

virtual bound st. pole 

Padmanath, S.P.: 2202.10110, PRL
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<latexit sha1_base64="CUeiex3nSuwT6F5jfI4KccKUSxc=">AAACIHicbVDLSgMxFM3UV62vqks3wSIIhTJTxLoRim5cVrAP6LRDJs20oZkHyR2hDNM/ceOvuHGhiO70a0wfiLYeuHByzr3k3uNGgiswzU8js7K6tr6R3cxtbe/s7uX3DxoqjCVldRqKULZcopjgAasDB8FakWTEdwVrusPrid+8Z1LxMLiDUcQ6PukH3OOUgJacfCXqJmVRtFKbhoDtHhNALm1PEppYaUIckRZ/XuUUj6Ujxjjqlp18wSyZU+BlYs1JAc1Rc/Ifdi+ksc8CoIIo1bbMCDoJkcCpYGnOjhWLCB2SPmtrGhCfqU4yPTDFJ1rpYS+UugLAU/X3REJ8pUa+qzt9AgO16E3E/7x2DN5FJ+FBFAML6OwjLxYYQjxJC/e4ZBTESBNCJde7YjogOg/QmeZ0CNbiycukUS5Z5yXr9qxQvZrHkUVH6BidIgtVUBXdoBqqI4oe0BN6Qa/Go/FsvBnvs9aMMZ85RH9gfH0DgASjMA==</latexit>

p2l+1 cot � =
1

al
+

1

2
rl p

2

Eigen-energies and scattering amplitude  

Luscher’s relation

E -> T(E), 𝛿(𝐸)



Sasa Prelovsek                   Doubly heavy tetraquarks from lattice

Scattering amplitude and pole  

<latexit sha1_base64="ttXtpubnF82ZjV5Mpw6WKc/yoKA=">AAACEXicbZDLSsNAFIYnXmu9RV26GSxCN5akFHUjFEVwWaE3aEKZTCft0MmFmROhhLyCG1/FjQtF3Lpz59s4bbPQ1h8GPv5zDmfO78WCK7Csb2NldW19Y7OwVdze2d3bNw8O2ypKJGUtGolIdj2imOAhawEHwbqxZCTwBOt445tpvfPApOJR2IRJzNyADEPuc0pAW32zjHHzyvEloeltllazOdpZGjs0AmfABBB8xuOsb5asijUTXgY7hxLK1eibX84goknAQqCCKNWzrRjclEjgVLCs6CSKxYSOyZD1NIYkYMpNZxdl+FQ7A+xHUr8Q8Mz9PZGSQKlJ4OnOgMBILdam5n+1XgL+pZvyME6AhXS+yE8EhghP48EDLhkFMdFAqOT6r5iOiM4EdIhFHYK9ePIytKsV+7xSu6+V6td5HAV0jE5QGdnoAtXRHWqgFqLoET2jV/RmPBkvxrvxMW9dMfKZI/RHxucPApudKw==</latexit>

T =
E

2

1

p cot � � ip

Lattice: virtual bound st. pole  

Nature (LHCb): (would-be) bound st. pole  
<latexit sha1_base64="qIO9LtQ9+94oLlDpqlpTCu5YrZI=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4siIiURUZdFu3BZoS9oYphMp+3QySTMTIQSunfjr7hxoYhbf8Cdf+MkzUJbDwwczrmXO+f4EaNSWda3UVhaXlldK66XNja3tnfM3b22DGOBSQuHLBRdH0nCKCctRRUj3UgQFPiMdPzxTep3HoiQNORNNYmIG6AhpwOKkdKSZ5br9ydHjgph3YnoqQNh00swnmZKKjlOyTMrVtXKABeJnZMKyNHwzC+nH+I4IFxhhqTs2Vak3AQJRTEj05ITSxIhPEZD0tOUo4BIN8myTOGhVvpwEAr9uIKZ+nsjQYGUk8DXkwFSIznvpeJ/Xi9Wgys3oTyKFeF4dmgQM6iTpsXAPhUEKzbRBGFB9V8hHiGBsNL1pSXY85EXSfusal9U7bvzSu06r6MIDkAZHAMbXIIauAUN0AIYPIJn8ArejCfjxXg3PmajBSPf2Qd/YHz+AJ/CmOY=</latexit>

D⇤ ! D⇡, Tcc ! DD⇡omitting

m𝜋 ≈ 280 MeV

possible effect from left-hand cuts omitted

(see forthcoming paper of Nefediev et al) 

Padmanath, S.P.: 2202.10110, PRL
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Simple arguments in QM :

Hypothesis partly already  verified and 

to be furthertested by future simulations 

sketch of expected binding energy

<latexit sha1_base64="mPQJN41I4aRaHyO4lal5AD4CgnY=">AAACDnicbVC7SgNBFJ31GeNr1dJmMARikbAropZBG8sI5gHJusxO7iZDZh/MzIph2S+w8VdsLBSxtbbzb5wkW2jigYHDOfdy5xwv5kwqy/o2lpZXVtfWCxvFza3tnV1zb78lo0RQaNKIR6LjEQmchdBUTHHoxAJI4HFoe6Orid++ByFZFN6qcQxOQAYh8xklSkuuWW5VxHEvFlGsIlzFPV8QmsJdWg3cFB4yLLIsFZlrlqyaNQVeJHZOSihHwzW/ev2IJgGEinIiZde2YuWkRChGOWTFXiIhJnREBtDVNCQBSCedxslwWSt97EdCv1Dhqfp7IyWBlOPA05MBUUM5703E/7xuovwLJ2VhnCgI6eyQn3Cso0+6wX0mgCo+1oRQwfRfMR0S3YjSDRZ1CfZ85EXSOqnZZzX75rRUv8zrKKBDdIQqyEbnqI6uUQM1EUWP6Bm9ojfjyXgx3o2P2eiSke8coD8wPn8A/36cHg==</latexit>

V (r) / �e�mexr

r

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

⇡, ⇢,⇡⇡ ?

Dependence on mu/d  and  mc

<latexit sha1_base64="Yc6QadoezBDn9TbAQ4FGre0oVew=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiRF1I1QdNNlBfuANobJZNIOnUzCzEQoIX6CG3/FjQtF3Lpz5984TbPQ1gMXDufcy733eDGjUlnWt1FaWV1b3yhvVra2d3b3zP2DrowSgUkHRywSfQ9JwignHUUVI/1YEBR6jPS8yfXM790TIWnEb9U0Jk6IRpwGFCOlJdesDcdIwZabTijPLoeBQDjNpfiukaUN+BC6qSB+lrlm1apbOeAysQtSBQXarvk19COchIQrzJCUA9uKlZMioShmJKsME0lihCdoRAaachQS6aT5Rxk80YoPg0jo4grm6u+JFIVSTkNPd4ZIjeWiNxP/8waJCi6clPI4UYTj+aIgYVBFcBYP9KkgWLGpJggLqm+FeIx0KkqHWNEh2IsvL5Nuo26f1e2b02rzqoijDI7AMagBG5yDJmiBNugADB7BM3gFb8aT8WK8Gx/z1pJRzByCPzA+fwCfGJ2I</latexit>

Ĥkin =
p̂
2

2 mred

mu/d

mc

sketch of expected scattering lenght a0

Padmanath, S.P.: 2202.10110, PRL
Supplemental material

<latexit sha1_base64="2tPDmdLDVGlkN1LKYWonTpuD66w=">AAACHXicbVDLSgMxFM3UV62vqks3wSIIQpkpRd0IRTcuK9gHdOqQSTNtaOZBckcow/RD3Pgrblwo4sKN+Dem7YDaeiBw7jn3cnOPGwmuwDS/jNzS8srqWn69sLG5tb1T3N1rqjCWlDVoKELZdoliggesARwEa0eSEd8VrOUOryZ+655JxcPgFkYR6/qkH3CPUwJacorVCNs0BLvHBBDHvLDBk4QmVproKj35KSvpGEvHHOPoruIUS2bZnAIvEisjJZSh7hQ/7F5IY58FQAVRqmOZEXQTIoFTwdKCHSsWETokfdbRNCA+U91kel2Kj7TSw14o9QsAT9XfEwnxlRr5ru70CQzUvDcR//M6MXjn3YQHUQwsoLNFXiwwhHgSFe5xySiIkSaESq7/iumA6DxAB1rQIVjzJy+SZqVsnZatm2qpdpnFkUcH6BAdIwudoRq6RnXUQBQ9oCf0gl6NR+PZeDPeZ605I5vZR39gfH4D2duhwQ==</latexit>

p cot �0 = 1
a0

+ 1
2 r0 p2

in case of molecular binding mechanism

11



Dependence on mc

decreasing mc and mr

p cot𝛿

p2

V(r)
1                                                               1                                                            1                                                                 1

Square well potential (analogous conclusion for other fully attractive shapes)

Padmanath, S.P.: 2202.10110, PRL

𝛿m

1/a0

bound st. vir. bound st.

Sasa Prelovsek                   Doubly heavy tetraquarks from lattice 12



Dependence on mu/d

r
R

increasing mu/d , decreasing attraction

p cot𝛿

p2

i p, p=-i|p| 

i p, p=i|p| 

Square well potential (analogous conclusion for other shapes)

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

⇡, ⇢,⇡⇡ ?

Sasa Prelovsek                   Doubly heavy tetraquarks from lattice 13



Tcc from lattice: 
dependence of 1/a0 on mu/d

summary from 2302.04505

HALQCD, 2302.04505, m𝜋 ≈146 MeV

CLQCD 2206.06185, m𝜋 ≈ 348 MeV, PLB

Padmanath, S.P.: 2202.10110, m𝜋 ≈ 280 MeV PRL

Sasa Prelovsek                   Doubly heavy tetraquarks from lattice 14



Sasa Prelovsek                   Doubly heavy tetraquarks from lattice

Tcc from lattice: dependence on mu/d

subsequent lattice sim.

HALQCD coll, 2302.04505

HALQCD method

summary from 2302.04505

𝛿m :    - 0.36(4) MeV    - 0.045(77) MeV                                                          

our lattice sim.

Luscher’s method

subsequent lat. sim.
CLQCD 2206.06185
Luscher’s method

LHCb

virtual bound st.bound st.

<latexit sha1_base64="2tPDmdLDVGlkN1LKYWonTpuD66w=">AAACHXicbVDLSgMxFM3UV62vqks3wSIIQpkpRd0IRTcuK9gHdOqQSTNtaOZBckcow/RD3Pgrblwo4sKN+Dem7YDaeiBw7jn3cnOPGwmuwDS/jNzS8srqWn69sLG5tb1T3N1rqjCWlDVoKELZdoliggesARwEa0eSEd8VrOUOryZ+655JxcPgFkYR6/qkH3CPUwJacorVCNs0BLvHBBDHvLDBk4QmVproKj35KSvpGEvHHOPoruIUS2bZnAIvEisjJZSh7hQ/7F5IY58FQAVRqmOZEXQTIoFTwdKCHSsWETokfdbRNCA+U91kel2Kj7TSw14o9QsAT9XfEwnxlRr5ru70CQzUvDcR//M6MXjn3YQHUQwsoLNFXiwwhHgSFe5xySiIkSaESq7/iumA6DxAB1rQIVjzJy+SZqVsnZatm2qpdpnFkUcH6BAdIwudoRq6RnXUQBQ9oCf0gl6NR+PZeDPeZ605I5vZR39gfH4D2duhwQ==</latexit>

p cot �0 = 1
a0

+ 1
2 r0 p2

15



Sasa Prelovsek                   Doubly heavy tetraquarks from lattice

subsequent lattice study via Luscher’s method
CLQCD,  Chen et al. 2206.06185, PLB

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

mainly from 𝜚 exchange

Dominant exchanged particles at  m𝜋 ≈ 348 MeV

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

⇡, ⇢,⇡⇡ ?

16



Sasa Prelovsek                   Doubly heavy tetraquarks from lattice

Dominant exchanged particles at  m𝜋 ≈ 146 MeV, L ≈ 8.1 fm !!

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

⇡, ⇢,⇡⇡ ?

subsequent lattice sim.

HALQCD coll, 2302.04505

HALQCD method

17
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Pion exchange and left-hand cut

Sasa Prelovsek                   Doubly heavy tetraquarks from lattice

• possible effects from left-hand cut : requires further work

• pion exchange: suppressed near threshold due to derivative coupling

• pheno studies: one-pion exchange not dominant

• CLQCD, HALQCD lattice studes: one-pion exchanges not dominant

• generalization of Luscher’s relation on left-hand cut: 2301.03981, Raposo& Hansen @ lat22

• reanalysis our Tcc data incorporating left-hand cut

Du et al. 2303.09441  @ talk by Christof Hanhart

two virtual bound states two narrow resonances 

“.. The appearance of a pair of 
virtual states is indeed natural near 
the point where they are about to 
turn to a narrow resonance ... “ Padmanath, S.P.: 2202.10110, PRL

one virtual bound state 

pion exchange 

in t-channel

both conclusions support the presence of significant attraction and poles, likely due to Tcc   

18



Sasa Prelovsek                   Doubly heavy tetraquarks from lattice

Dependence on mu/d  and  mc

in case of diquark antidiquark binding mechanism

• [QQ] binding increases with increasing mQ

• [ud] binding decreases with decreasing mu/d

• [QQ][ud] binding  with respect to DD* threshold, 

dependence on mQ , mu/d : ??

generic/robust predictions for 𝛿m and 1/a0  needed:

looking forwatd to test those from lattice

19



Conclusions

Sasa Prelovsek                   Doubly heavy tetraquarks from lattice

• Tcc=ccud is the longest-lived exotic hadron ever discovered

• doubly heavy tetraquarks are good probes for binding mechanisms

• valuable theoretical probe: explore states as a function of quark masses

• theory: states near or above threshold have to be extracted from T(E)

• progress on lattice, many challenges left

• excited to see whether more states get discovered in exp or theory

likely dominant

20



Backup

Sasa Prelovsek                   Doubly heavy tetraquarks from lattice 21



Interpolators for Tcc

Sasa Prelovsek                   Doubly heavy tetraquarks from lattice

Example: P=0

JP=1+ -> cubic irrep T1
+

P=D, V=D*

22
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Sasa Prelovsek                   Doubly heavy tetraquarks from lattice

Details on Tcc

DD𝜋

24



Previous lattice QCD study of Tcc channel

Sasa Prelovsek                   Doubly heavy tetraquarks from lattice

Junnarkar, Mathur, Padmanath, PRD 99, 034507 (2019), 1810.12285 

lowest finite-volume

eigen-energy for

P=0, JP=1+, I=0

25



Sasa Prelovsek                   Doubly heavy tetraquarks from lattice

Previous lattice QCD study of Tcc channel

finite-volume

eigen-energies for

P=0, JP=1+, I=0

Hadron Spectrum, JHEP 11, 033 (2017), 1709.01417

26



HALQCD study of Tcc

Sasa Prelovsek                   Doubly heavy tetraquarks from lattice

Lyu, Aoki et al, 2302.04505

V(r)                            r > 1 fm

27
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Extract resonances and (virtual) bound states from H1 H2 scattering 

Scattering matrix T(E)  from lattice QCD

En

analytic relation: 
Luscher 1991 

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

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

analytic contin.
to complex E

scattering matrix T(E)

periodic b.c.

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

T (E) / 1

E2 �m2 + iE�

Bound st.          Resonance

p = i |p|

Virtual bound st.

p = - i |p|

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

T (E) / 1

E2 �m2

(p)

(-p)

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

1
2�

Resonance 
or 

Bound state

bound st.

simple argument: next slide
Sasa Prelovsek                   Doubly heavy tetraquarks from lattice 28



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 V0     (or decreasing R)

<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

partial wave l=0

p cot𝛿

p2

i p, p=-i|p| 

i p, p=i|p| 

<latexit sha1_base64="qPD37+HKxxME2TNb9Fghf/2Av/s=">AAACCHicbVA9SwNBEN2LXzF+RS0tXAxCLBLuRNQyaGMZwXxALoa9zSZZsne77M4J4Uhp41+xsVDE1p9g579xk1yhiQ8GHu/NMDMvUIIbcN1vJ7O0vLK6ll3PbWxube/kd/fqRsaashqVQupmQAwTPGI14CBYU2lGwkCwRjC8nviNB6YNl9EdjBRrh6Qf8R6nBKzUyR9iDL7SUoEsKp9K8LtMAClxdXKflLxxJ19wy+4UeJF4KSmgFNVO/svvShqHLAIqiDEtz1XQTogGTgUb5/zYMEXokPRZy9KIhMy0k+kjY3xslS7uSW0rAjxVf08kJDRmFAa2MyQwMPPeRPzPa8XQu2wnPFIxsIjOFvVigUHiSSq4yzWjIEaWEKq5vRXTAdGEgs0uZ0Pw5l9eJPXTsnde9m7PCpWrNI4sOkBHqIg8dIEq6AZVUQ1R9Iie0St6c56cF+fd+Zi1Zpx0Zh/9gfP5A6tXmR4=</latexit>
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Generalization of Luscher’s relation on left-hand cut

Sasa Prelovsek                   Doubly heavy tetraquarks from lattice

2301.03981, Raposo& Hansen @ lat22 (ongoing...)

Du et al. 2303.09441  @ talk by Christof Hanhart

<latexit sha1_base64="NWJL+nNGZQiB02StnQ9qCE0WcGg=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRhEJJiqgXoSiCNyvYWGhj2Gw37dLNB7sboYSCf8WLB0W8+ju8+W/ctjlo64OBx3szzMzzE86ksqxvo7CwuLS8Ulwtra1vbG6Z2zuOjFNBaJPEPBYtH0vKWUSbiilOW4mgOPQ5vfcHl2P//pEKyeLoTg0T6oa4F7GAEay05Jl7zjnxLFQhnp081CqOl900rkaeWbaq1gRontg5KUOOhmd+dboxSUMaKcKxlG3bSpSbYaEY4XRU6qSSJpgMcI+2NY1wSKWbTc4foUOtdFEQC12RQhP190SGQymHoa87Q6z6ctYbi/957VQFZ27GoiRVNCLTRUHKkYrROAvUZYISxYeaYCKYvhWRPhaYKJ1YSYdgz748T5xa1T6p2rfH5fpFHkcR9uEAjsCGU6jDNTSgCQQyeIZXeDOejBfj3fiYthaMfGYX/sD4/AGkp5QC</latexit>

V = c0 + c1p
2 + VOPE

<latexit sha1_base64="BaYkCk8aAi6G/RBoZKJ4SWNNvEw=">AAACDXicbVDLSsNAFJ34rPUVdelmsAqVQkmCqBuhKII7K9i00KZhMp20QyYPZiZCCfkBN/6KGxeKuHXvzr9x+lho64ELh3Pu5d57vIRRIQ3jW1tYXFpeWS2sFdc3Nre29Z1dW8Qpx6SBYxbzlocEYTQiDUklI62EExR6jDS94GrkNx8IFzSO7uUwIU6I+hH1KUZSSa5+aF9g14AV7FrloGtVgm7WSTgNCbTy44rtZrf169zVS0bVGAPOE3NKSmCKuqt/dXoxTkMSScyQEG3TSKSTIS4pZiQvdlJBEoQD1CdtRSMUEuFk429yeKSUHvRjriqScKz+nshQKMQw9FRniORAzHoj8T+vnUr/3MlolKSSRHiyyE8ZlDEcRQN7lBMs2VARhDlVt0I8QBxhqQIsqhDM2ZfniW1VzdOqeXdSql1O4yiAfXAAysAEZ6AGbkAdNAAGj+AZvII37Ul70d61j0nrgjad2QN/oH3+APDsmZw=</latexit>

V = c0 + c2(k
2 + k02) + VOPE
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