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ccd̄ū

•  Tcc needs to be established from DD* scattering amplitude T(E)

•  T(E) from lattice input: 

        - using effective range expansion

         - using Effective Field Theory that  incorporates “left-hand cut”

•   consider dependence of pole positons on  mc , mu,d              

 to probe the nature of  Tcc

• effect of interpolators [cc][ud]

• comparing isospin I=0,1

• cotribution of various Wick contractions

Tcc

such cut appears near th. in Tcc, Tbb,... channels (at 𝑚!
"#$)



Lattice QCD 

C =  DG Dq Dq C e
−SQCD /!

∫   

Main quantity extracted: finite-volume eigen-energies En 

t=0, JP, It, JP, I
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mu/d > mphy
u/d , m⇡>140 MeV

often “non-precision” studies:   

single a, 2pt
E

• for strongly stable state well below threshold :

• resonances, near-threshold states (Luscher’s relation)

• static potentials:
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Ĥ|ni = En|ni

En(P=0)  =  m

...

Brambilla, Wagner,.. 

results on Tbb,... 
(Hudspith ..)

this and a number of other talks 
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Doubly bottom tetraquarks
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bbd̄ū

Frances, Colquhoun, Lewis, Maltman, Hudspith 
PoS LATTICE2021 (2022) 144
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I=0, JP =1+

mb’ decreases

mu,d increases
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Other                     and  JP
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ccd̄ū

LHCb 2109.01038, 2109.01056, Nature Physics
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The longest lived exotic hadron ever discovered  I=0, JP=1+  (most likely)
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bcq̄q̄0, ccq̄q̄0

Omitting 

Tcc would-be a bound state
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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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I=0, JP =1+ The only ones expected significantly below strong-decay thresholds BB*
(s) 
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Why m(Tcc) can not be extracted as m=E1 ?

Sasa Prelovsek                     Towards Tcc from lattice

D  D*

• eigenstate with E1 < mD + mD* could correspond to a essentially free pair of D(0) and D*(0)

       whose energy is slightly shifted down  due to feeble attraction on a finite lattice

• E1 < mD + mD* by itself does not imply there is a (virtual) bound state or resonance 

• Scattering amplitude T(E) has to be extracted

• pole in T(E) indicates a presence of Tcc  

  

E1(L) 
mD + mD* 

L

applies for states 

near or above 

threshold

E
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Extracting scattering amplitude : general strategy

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

Bound st.          Resonances

p = i |p|, sheet I            sheet II

Virtual bound st.

p = - i |p|, sheet II

<latexit sha1_base64="mEIbKOt9zeyu4gU2NQ51tkcikxU=">AAACGHicbVDLSgNBEJz1GeMr6tHLYBAiQtwNol6EoAQ8KiYaSGKYnfQmg7MPZnqFsGz+wou/4sWDIl69+TdOHgc1FjTUVHUz3eVGUmi07S9rZnZufmExs5RdXlldW89tbN7oMFYcajyUoaq7TIMUAdRQoIR6pID5roRb9/586N8+gNIiDKrYj6Dls24gPMEZGqmdO7guVPZO4S4piWYHJDLzTE+d/RIVA9pETzGelKI0qaR0UDVeO5e3i/YIdJo4E5InE1y2c5/NTshjHwLkkmndcOwIWwlTKLiENNuMNUSM37MuNAwNmA+6lYwOS+muUTrUC5WpAOlI/TmRMF/rvu+aTp9hT//1huJ/XiNG76SViCCKEQI+/siLJcWQDlOiHaGAo+wbwrgSZlfKe8yEgSbLrAnB+XvyNLkpFZ2jonN1mC+fTeLIkG2yQwrEIcekTC7IJakRTh7JM3klb9aT9WK9Wx/j1hlrMrNFfsH6/Aa8gp28</latexit>

S(E) = e2i�(E) = 1 + 2i 2p
E T (E)

<latexit sha1_base64="UFPDctFivBO77bAjOgH8RbbG/5c=">AAACEHicbVDLSgMxFM34rPU16tJNsIhuLDMi6rLoxmWFvqBTSibNtKGZSUjuCGXoJ7jxV9y4UMStS3f+jZm2C209EDiccy8354RKcAOe9+0sLa+srq0XNoqbW9s7u+7efsPIVFNWp1JI3QqJYYInrA4cBGspzUgcCtYMh7e533xg2nCZ1GCkWCcm/YRHnBKwUtc9CUDiANcCpaXKaaQJzfxxpgIqIegxAeSMq3HXLXllbwK8SPwZKaEZql33K+hJmsYsASqIMW3fU9DJiAZOBRsXg9QwReiQ9Fnb0oTEzHSySaAxPrZKD0dS25cAnqi/NzISGzOKQzsZExiYeS8X//PaKUTXnYwnKgWW0OmhKBXYJs/bwT2uGQUxsoRQze1fMR0QWwnYDou2BH8+8iJpnJf9y7J/f1Gq3MzqKKBDdIROkY+uUAXdoSqqI4oe0TN6RW/Ok/PivDsf09ElZ7ZzgP7A+fwB1MCdHQ==</latexit>

! T / 1

p cot � � ip

Sasa Prelovsek                     Towards Tcc from lattice

p2<0

E.= 𝑚!
" + 𝑝" + 𝑚"

" + 𝑝"	

D  D*

<latexit sha1_base64="XoPM0e4bIv1wPp2w9iWGxFCkQ1A=">AAACB3icbVDLSsNAFJ34rPFVdSnIYLG4Kon42ihFNy4r2Ac0MUwmk3boTBJmJkII3bnxV9y4UMStv+DOv3HaZqGtBy73cM69zNzjJ4xKZVnfxtz8wuLScmnFXF1b39gsb223ZJwKTJo4ZrHo+EgSRiPSVFQx0kkEQdxnpO0Prkd++4EISePoTmUJcTnqRTSkGCkteeU97qXVC+4FjmNyz0korF6O+32e9LOhV65YNWsMOEvsglRAgYZX/nKCGKecRAozJGXXthLl5kgoihkZmk4qSYLwAPVIV9MIcSLdfHzHEB5oJYBhLHRFCo7V3xs54lJm3NeTHKm+nPZG4n9eN1XhuZvTKEkVifDkoTBlUMVwFAoMqCBYsUwThAXVf4W4jwTCSkdn6hDs6ZNnSeuoZp/WTm6PK/WrIo4S2AX74BDY4AzUwQ1ogCbA4BE8g1fwZjwZL8a78TEZnTOKnR3wB8bnD8MRmKQ=</latexit>mu = md

m⇡ > mphy
⇡

all available lattice studies of Tcc:

6

th.

sheet I: Im(p)>0

sheet II: Im(p)<0



Sasa Prelovsek                     Towards Tcc from lattice

L = 2.1 fm, 2.7 fm m𝜋 ≈ 280	MeV

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

~P = 2⇡
L (0, 0, 1)

Tcc  

E < Enon.int. (lines)  :

  

attractive interaction between D and D*

<latexit sha1_base64="aERPBpTgU6prZ5TBe5ov4UN+acs=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KomIehGKXjxWsB/QhrLZTtqlm03c3RRK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHDR2nimGdxSJWrYBqFFxi3XAjsJUopFEgsBkM76Z+c4RK81g+mnGCfkT7koecUWOlVmeEjNRu3G6p7FbcGcgy8XJShhy1bumr04tZGqE0TFCt256bGD+jynAmcFLspBoTyoa0j21LJY1Q+9ns3gk5tUqPhLGyJQ2Zqb8nMhppPY4C2xlRM9CL3lT8z2unJrz2My6T1KBk80VhKoiJyfR50uMKmRFjSyhT3N5K2IAqyoyNqGhD8BZfXiaN84p3WfEeLsrV2zyOAhzDCZyBB1dQhXuoQR0YCHiGV3hznpwX5935mLeuOPnMEfyB8/kD+1mPRw==</latexit>

~P = 0

<latexit sha1_base64="LD3aYAyO3UfIxJ8xbaAObL8dky8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0yQxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9ycIOFMG9f9dkorq2vrG+XNytb2zu5edf+greNUEdoiMY9VN8CaciZpyzDDaTdRFIuA004wvpn5nUeqNIvlvZkk1Bd4KFnECDZWeiCkH2CF0ryHg2rNrbs50DLxClKDAs1B9asfxiQVVBrCsdY9z02Mn2FlGOF0WumnmiaYjPGQ9iyVWFDtZ/nVU3RilRBFsbIlDcrV3xsZFlpPRGAnBTYjvejNxP+8XmqiKz9jMkkNlWT+UJRyZGI0iwCFTFFi+MQSTBSztyIywgoTY4Oq2BC8xS8vk/ZZ3buoe3fntcZ1EUcZjuAYTsGDS2jALTShBQQUPMMrvDlPzovz7nzMR0tOsXMIf+B8/gDKEZIN</latexit>

ccūd̄
<latexit sha1_base64="wLV4GHoOWwDGBkvwv1Bs/OVrPt0=">AAAB/3icbZDLSsNAFIYnXmu9RQU3bqYWQVBKIqJuhKIbdVXBXqBJy2Q6aYdOJmFmIpRYwVdx40IRt76GO9/GaZqFtv4w8PGfczhnfi9iVCrL+jZmZufmFxZzS/nlldW1dXNjsybDWGBSxSELRcNDkjDKSVVRxUgjEgQFHiN1r385qtfviZA05HdqEBE3QF1OfYqR0lbb3IbXTuHcKViH8PGmVUnZbh20zaJVslLBabAzKIJMlbb55XRCHAeEK8yQlE3bipSbIKEoZmSYd2JJIoT7qEuaGjkKiHST9P4h3NNOB/qh0I8rmLq/JxIUSDkIPN0ZINWTk7WR+V+tGSv/zE0oj2JFOB4v8mMGVQhHYcAOFQQrNtCAsKD6Voh7SCCsdGR5HYI9+eVpqB2V7JOSfXtcLF9kceTADtgF+8AGp6AMrkAFVAEGD+AZvII348l4Md6Nj3HrjJHNbIE/Mj5/AEczkxA=</latexit>

I=0, JP =1+

these applies to all available 

lattice studies of Tcc

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

En.i. =
q

m2
D + ~p 2

1 +
q
m2

D⇤ + ~p 2
2

~pi = ~ni
2⇡
L

7

C evaluated using disillation method

O=[cc][ud] : effect discussed at the end of the talk

Padmanath & SP, 2202.10110, PRL 2022 

CLS ensembles a~0.086 fm



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

partial wave l=0 

Sasa Prelovsek                     Towards Tcc from lattice

Padmanath, S.P.: 2202.10110, PRL 2022Tcc  

8



Analysis of Tcc lattice results assuming effective range expansion

Sasa Prelovsek                     Towards Tcc from lattice 9

<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 + ...

(may not be valid assumption due to nearby left-hand cut,  

  taken into account in the second analysis discussed later)



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

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

(p/m⇡)
2

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

p
co
t
� 0
/m

⇡

Tcc: dependence on mu/d

ip = |p|

ip = -|p|

adapted from 2302.04505

10

<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

mu,d

several a

Sasa Prelovsek                     Towards Tcc from lattice



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

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

T / 1

p cot � � ip

LHCb

virtual st. pole“bound” st. 

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

(p/m⇡)
2

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

p
co
t
� 0
/m

⇡

Tcc: dependence on mu/d

<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

(p)

(-p)

at  p = - i |p|

ip = |p|

ip = -|p|

11

<latexit sha1_base64="Enqdw3LqbZ5yk0/yHQ3tFu8Vm1g=">AAACA3icbVDJSgNBEO1xjXGLetNLYxCSQ8KMuB2DXjxGMAsk49DTqUmadM8M3T1iGAJe/BUvHhTx6k9482/sLAdNfFDweK+Kqnp+zJnStv1tLSwuLa+sZtay6xubW9u5nd26ihJJoUYjHsmmTxRwFkJNM82hGUsgwufQ8PtXI79xD1KxKLzVgxhcQbohCxgl2khebr9ekMW2YgKXcFCAu7QkvBQehnJY9HJ5u2yPgeeJMyV5NEXVy321OxFNBISacqJUy7Fj7aZEakY5DLPtREFMaJ90oWVoSAQoNx3/MMRHRungIJKmQo3H6u+JlAilBsI3nYLonpr1RuJ/XivRwYWbsjBONIR0sihIONYRHgWCO0wC1XxgCKGSmVsx7RFJqDaxZU0IzuzL86R+XHbOyqc3J/nK5TSODDpAh6iAHHSOKugaVVENUfSIntErerOerBfr3fqYtC5Y05k99AfW5w8gUZaW</latexit>

V (r) ⇠ �f(e�mexr)

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

⇡, ⇢,⇡⇡ ?
ex:

fully attractive pot.

mu,d

sheet I

sheet II

arrow: increasing mu,d

Possible interpretation

at  p = i |p|

<latexit sha1_base64="8uywCC1lW+VCJYm6/gzWcED3oLI=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWaKr2XRjSup0Be0Y8mkmTY0k4QkUyjT/okbF4q49U/c+Tem7Sy09cCFwzn3cu89oWRUG8/7dnJr6xubW/ntws7u3v6Be3jU0CJRmNSxYEK1QqQJo5zUDTWMtKQiKA4ZaYbDu5nfHBGlqeA1M5YkiFGf04hiZKzUdd2HjlRCGgElnNQmT+WuW/RK3hxwlfgZKYIM1a771ekJnMSEG8yQ1m3fkyZIkTIUMzItdBJNJMJD1CdtSzmKiQ7S+eVTeGaVHoyEssUNnKu/J1IUaz2OQ9sZIzPQy95M/M9rJya6CVLKZWIIx4tFUcKgfXQWA+xRRbBhY0sQVtTeCvEAKYSNDatgQ/CXX14ljXLJvypdPl4UK7dZHHlwAk7BOfDBNaiAe1AFdYDBCDyDV/DmpM6L8+58LFpzTjZzDP7A+fwB4l2TLw==</latexit>

N / p|T |2

- 0.4 MeV                      - 0.04 MeV                                                                    -10 MeV     :    binding energy



Tcc: dependence on mc
increasing mc and mr

Tcc: Padmanath, S.P.: 2202.10110, PRLCollins, Nefediev, Padmanath, S.P.: 

 2401.xxxxx: 

additional three values of mc>mc
phy 
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<latexit sha1_base64="Yc6QadoezBDn9TbAQ4FGre0oVew=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiRF1I1QdNNlBfuANobJZNIOnUzCzEQoIX6CG3/FjQtF3Lpz5984TbPQ1gMXDufcy733eDGjUlnWt1FaWV1b3yhvVra2d3b3zP2DrowSgUkHRywSfQ9JwignHUUVI/1YEBR6jPS8yfXM790TIWnEb9U0Jk6IRpwGFCOlJdesDcdIwZabTijPLoeBQDjNpfiukaUN+BC6qSB+lrlm1apbOeAysQtSBQXarvk19COchIQrzJCUA9uKlZMioShmJKsME0lihCdoRAaachQS6aT5Rxk80YoPg0jo4grm6u+JFIVSTkNPd4ZIjeWiNxP/8waJCi6clPI4UYTj+aIgYVBFcBYP9KkgWLGpJggLqm+FeIx0KkqHWNEh2IsvL5Nuo26f1e2b02rzqoijDI7AMagBG5yDJmiBNugADB7BM3gFb8aT8WK8Gx/z1pJRzByCPzA+fwCfGJ2I</latexit>

Ĥkin =
p̂
2

2 mred

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

⇡, ⇢,⇡⇡ ?
ex:

fully attractive V(r) 

mostly independent on mc

Possible interpretation

at fixed m𝜋 ≈ 280	MeV

arrow: increasing mc

sheet I

sheet II

-10 MeV

mc
ph

mc
ph

Sasa Prelovsek                     Towards Tcc from lattice



Sasa Prelovsek                     Towards Tcc from lattice 13

Towards the nature of Tcc from lattice   assuming effective range expansion 



Analysis of Tcc lattice results  based on Effective Field Theory

Sasa Prelovsek                     Towards Tcc from lattice 14

taking into account effect from left-hand cut



Tcc analysis based on Effective Field Theory

Sasa Prelovsek                     Towards Tcc from lattice 15

Du, Hanhart, Guo, Nefediev, Filin, et al, PRL 2023, 2303.09441

Collins, Nefediev, Padmanath, S.P.: 2401.xxxxx

Meng, Baru, Epelbaum et al., 2312.01930 (Luscher -> plane-wave approach)



Tcc analysis based on Effective Field Theory

Sasa Prelovsek                     Towards Tcc from lattice 16

Du, Hanhart, Guo, Nefediev, Filin, et al, PRL 2023, 2303.09441

Collins, Nefediev, Padmanath, S.P.: 2401.xxxxx

Meng, Baru, Epelbaum et al., 2312.01930 (Luscher -> plane-wave approach)

thanks to Alexey Nefediev for plesant collaboration  ...  

<latexit sha1_base64="tipL5nKh3OTqdGERu2S+AUU9ANE=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4KknxtSy6cVnBPqAJYTKdtEMnD2cmhRKycOOvuHGhiFs/wp1/47TNQlsPXDiccy/33uMnnEllWd/Gyura+sZmaau8vbO7t28eHLZlnApCWyTmsej6WFLOItpSTHHaTQTFoc9pxx/dTP3OmArJ4uheTRLqhngQsYARrLTkmRXkqEBgkg08kmf1wHMSliNnTAl68MyqVbNmQMvELkgVCjQ988vpxyQNaaQIx1L2bCtRboaFYoTTvOykkiaYjPCA9jSNcEilm82eyNGJVvooiIWuSKGZ+nsiw6GUk9DXnSFWQ7noTcX/vF6qgis3Y1GSKhqR+aIg5UjFaJoI6jNBieITTTARTN+KyBDrTJTOraxDsBdfXibtes2+qJ3fnVUb10UcJajAMZyCDZfQgFtoQgsIPMIzvMKb8WS8GO/Gx7x1xShmjuAPjM8fRtmX3w==</latexit> gc
2f⇡

~q<latexit sha1_base64="z8KZrfnl18TKzdHK8L3rh6xr0/8=">AAACEHicbVDLSgMxFM3UV62vUZduUotYKZSZwddGKHbjskJf0GmHTJq2oZmZkGSEMvQT3Pgrblwo4talO//G9LHQ1gP3cjjnXpJ7fM6oVJb1baRWVtfWN9Kbma3tnd09c/+gLqNYYFLDEYtE00eSMBqSmqKKkSYXBAU+Iw1/WJ74jQciJI3Cqhpx0g5QP6Q9ipHSkmeewrqXlKvjGwd7VkE3J887jpstuFneSVwuaECgMz7zzJxVtKaAy8SekxyYo+KZX243wnFAQoUZkrJlW1y1EyQUxYyMM24sCUd4iPqkpWmIAiLbyfSgMTzRShf2IqErVHCq/t5IUCDlKPD1ZIDUQC56E/E/rxWr3nU7oSGPFQnx7KFezKCK4CQd2KWCYMVGmiAsqP4rxAMkEFY6w4wOwV48eZnUnaJ9Wby4P8+VbudxpMEROAZ5YIMrUAJ3oAJqAINH8AxewZvxZLwY78bHbDRlzHcOwR8Ynz9sPZpY</latexit>

VCT = 2c0 + 2c2(p
2+p02)

c0,2 fitted from lat. data

significant short-distance attraction

<latexit sha1_base64="u3Fblr72U5emSnmnZro9zhbLKV8=">AAACCnicbZDLSsNAFIYn9VbjLerSzWhRBGlJRKoboeiiLiu0aaGJZTKdtEMnF2YmQglZu/FV3LhQxK1P4M63cdpmodUfBj7+cw5nzu/FjAppml9aYWFxaXmluKqvrW9sbhnbO7aIEo5JC0cs4h0PCcJoSFqSSkY6MSco8Bhpe6PrSb19T7igUdiU45i4ARqE1KcYSWX1jH3YPLq0y3a96Ti6QsfnCKdWltp3adnKTupZzyiZFXMq+BesHEogV6NnfDr9CCcBCSVmSIiuZcbSTRGXFDOS6U4iSIzwCA1IV2GIAiLcdHpKBg+V04d+xNULJZy6PydSFAgxDjzVGSA5FPO1iflfrZtI/8JNaRgnkoR4tshPGJQRnOQC+5QTLNlYAcKcqr9CPEQqDKnS01UI1vzJf8E+rVjVSvX2rFS7yuMogj1wAI6BBc5BDdyABmgBDB7AE3gBr9qj9qy9ae+z1oKWz+yCX9I+vgGWophZ</latexit>

T = V � V GT

T =
1

V �1 +G
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Pion exchange, left-hand cut etc

<latexit sha1_base64="2cueEWxbruoflVlvbpWw2sKeK9E=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjBPCBZwuxkkgyZnR1meoWw5CO8eFDEq9/jzb9xkuxBEwsaiqpuursiLYVF3//2VlbX1jc2C1vF7Z3dvf3SwWHDJqlhvM4SmZhWRC2XQvE6CpS8pQ2ncSR5MxrdTf3mEzdWJOoRx5qHMR0o0ReMopOahDS6HS26pbJf8WcgyyTISRly1Lqlr04vYWnMFTJJrW0HvsYwowYFk3xS7KSWa8pGdMDbjioacxtms3Mn5NQpPdJPjCuFZKb+nshobO04jlxnTHFoF72p+J/XTrF/E2ZC6RS5YvNF/VQSTMj0d9IThjOUY0coM8LdStiQGsrQJVR0IQSLLy+TxnkluKpcPlyUq7d5HAU4hhM4gwCuoQr3UIM6MBjBM7zCm6e9F+/d+5i3rnj5zBH8gff5A13wjvQ=</latexit>

V⇡

<latexit sha1_base64="IgaxaCYVWsqr5AZonFytGbWBMKk=">AAACI3icbVDLSgMxFM3UV62vUZdugkVxVWaKL4pI0Y3LCvYBzVgyadqGJjNDkhHKMP/ixl9x40Ipblz4L6YPobYeuHA4517uvcePOFPacb6szNLyyupadj23sbm1vWPv7tVUGEtCqyTkoWz4WFHOAlrVTHPaiCTFwue07vdvR379iUrFwuBBDyLqCdwNWIcRrI3UsktIYN2TIuFYpyUEj5GIWyhij8VrB6Hcrxv10hJEcMa+clp23ik4Y8BF4k5JHkxRadlD1A5JLGigCcdKNV0n0l6CpWaE0zSHYkUjTPq4S5uGBlhQ5SXjH1N4ZJQ27ITSVKDhWJ2dSLBQaiB80zm6Wc17I/E/rxnrzqWXsCCKNQ3IZFEn5lCHcBQYbDNJieYDQzCRzNwKSQ9LTLSJNWdCcOdfXiS1YsE9L5zdn+bLN9M4suAAHIIT4IILUAZ3oAKqgIBn8ArewYf1Yr1ZQ+tz0pqxpjP74A+s7x/g66Mk</latexit>

lat : µ2
⇡ > 0

ph : µ2
⇡ < 0

attraction at

short distance 

slight repulsion 

at long distance 

<latexit sha1_base64="6iGb6P/VF291Z+johIcYHXitrBg="></latexit>

V S
⇡ (p, p) /

Z
V⇡(q) d cos ✓, q2 = 2p2(1� cos ✓)

<latexit sha1_base64="390TymB+bmVRsX7utuXO9kXNpOo="></latexit>

q2 = q20 � q2 ' (mD⇤�mD)2 � q2

Re(z)

Im(z)

Re(p2)

Im(p2)

branch cut

branch 
point 
z=0

branch 
point

left-hand cut 
(lhc)

<latexit sha1_base64="dODPFztuB06hK8xdPZphJX+GMPs=">AAACCHicbVDLSsNAFJ3UV62vqEsXTi2CG0tS6mMjFN24rGAf0KRlMp20QyfJMDMRSsjSjb/ixoUibv0Ed/6N0zYLbT1w4XDOvdx7j8cZlcqyvo3c0vLK6lp+vbCxubW9Y+7uNWUUC0waOGKRaHtIEkZD0lBUMdLmgqDAY6TljW4mfuuBCEmj8F6NOXEDNAipTzFSWuqZhxDybsUpXjnFU0f5AuHECeKew2m3kibVtGeWrLI1BVwkdkZKIEO9Z345/QjHAQkVZkjKjm1x5SZIKIoZSQtOLAlHeIQGpKNpiAIi3WT6SAqPtdKHfiR0hQpO1d8TCQqkHAee7gyQGsp5byL+53Vi5V+6CQ15rEiIZ4v8mEEVwUkqsE8FwYqNNUFYUH0rxEOk01A6u4IOwZ5/eZE0K2X7vHx2Vy3VrrM48uAAHIETYIMLUAO3oA4aAINH8AxewZvxZLwY78bHrDVnZDP74A+Mzx+fBJiB</latexit>

p2=�µ2
⇡
4

<latexit sha1_base64="Igku7uolNWIZwbOIGNBjDY5VWc4=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PQi8cI5gFJCLOT3mTI7Ow6MyvEJT/hxYMiXv0db/6Nk2QPmljQUFR1093lx4Jr47rfztLyyuraem4jv7m1vbNb2Nuv6yhRDGssEpFq+lSj4BJrhhuBzVghDX2BDX94M/Ebj6g0j+S9GcXYCWlf8oAzaqzUJKQtZOnppFsoumV3CrJIvIwUIUO1W/hq9yKWhCgNE1TrlufGppNSZTgTOM63E40xZUPax5alkoaoO+n03jE5tkqPBJGyJQ2Zqr8nUhpqPQp92xlSM9Dz3kT8z2slJrjqpFzGiUHJZouCRBATkcnzpMcVMiNGllCmuL2VsAFVlBkbUd6G4M2/vEjqp2Xvonx+d1asXGdx5OAQjqAEHlxCBW6hCjVgIOAZXuHNeXBenHfnY9a65GQzB/AHzucPp++PFQ==</latexit>

ln(z)
<latexit sha1_base64="GYQDJ4RLDPLWaDQDJCY428mUkuM=">AAACA3icbVDLSgMxFM3UV62vUXe6CRahgpSZ4mtZdOOyQl/QGYdMmmlDM5mQZIQyFNz4K25cKOLWn3Dn35g+EK0euHByzr3k3hMKRpV2nE8rt7C4tLySXy2srW9sbtnbO02VpBKTBk5YItshUoRRThqaakbaQhIUh4y0wsHV2G/dEalowut6KIgfox6nEcVIGymw9yBsBp6gJXFbOTqGHqx/vwK76JSdCeBf4s5IEcxQC+wPr5vgNCZcY4aU6riO0H6GpKaYkVHBSxURCA9Qj3QM5Sgmys8mN4zgoVG6MEqkKa7hRP05kaFYqWEcms4Y6b6a98bif14n1dGFn1EuUk04nn4UpQzqBI4DgV0qCdZsaAjCkppdIe4jibA2sRVMCO78yX9Js1J2z8qnNyfF6uUsjjzYBwegBFxwDqrgGtRAA2BwDx7BM3ixHqwn69V6m7bmrNnMLvgF6/0L/mKVNQ==</latexit>

V⇡(p
2), T⇡(p

2)

<latexit sha1_base64="Ash3qFdD4n+4uaiCZtfsuRD7HMs="></latexit>

V S
⇡ (p, p) / ln

✓
1 +

4p2

µ2
⇡

◆

u =

<latexit sha1_base64="0pz6CNYy8VJYp4eeoQoJEDrHeOU=">AAAB/HicbVC7TsMwFHV4lvIKdGSxqJDKUiUIFcYKFsaC6ENqospxndaq7US2gxSi8issDCDEyoew8Tc4bQZoOZKlo3Pu1T0+Qcyo0o7zba2srq1vbJa2yts7u3v79sFhR0WJxKSNIxbJXoAUYVSQtqaakV4sCeIBI91gcp373QciFY3EvU5j4nM0EjSkGGkjDewK9DjSY8mzOzKteUzAx9OBXXXqzgxwmbgFqYICrYH95Q0jnHAiNGZIqb7rxNrPkNQUMzIte4kiMcITNCJ9QwXiRPnZLPwUnhhlCMNImic0nKm/NzLElUp5YCbzpGrRy8X/vH6iw0s/oyJONBF4fihMGNQRzJuAQyoJ1iw1BGFJTVaIx0girE1fZVOCu/jlZdI5q7uNeuP2vNq8KuoogSNwDGrABRegCW5AC7QBBil4Bq/gzXqyXqx362M+umIVOxXwB9bnD+AilEk=</latexit>

Re(ln z)
<latexit sha1_base64="pf8XI5Xp+7DmKrRK9pLI4MXQ49c=">AAAB/HicbVDLSgMxFM34rPU12qWbYBHqpsyIVJdFN7qrYB/QGUomzbShSWZIMsI41F9x40IRt36IO//GTDsLbT0QOJxzL/fkBDGjSjvOt7Wyura+sVnaKm/v7O7t2weHHRUlEpM2jlgkewFShFFB2ppqRnqxJIgHjHSDyXXudx+IVDQS9zqNic/RSNCQYqSNNLAr0ONIjyXPbvm05jEBH08HdtWpOzPAZeIWpAoKtAb2lzeMcMKJ0JghpfquE2s/Q1JTzMi07CWKxAhP0Ij0DRWIE+Vns/BTeGKUIQwjaZ7QcKb+3sgQVyrlgZnMk6pFLxf/8/qJDi/9jIo40UTg+aEwYVBHMG8CDqkkWLPUEIQlNVkhHiOJsDZ9lU0J7uKXl0nnrO426o2782rzqqijBI7AMagBF1yAJrgBLdAGGKTgGbyCN+vJerHerY/56IpV7FTAH1ifP96NlEg=</latexit>

Im(ln z)

<latexit sha1_base64="Ysh4Xk5V38TKEuE3zKD6hkSPxCY=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEClJmRKrLohuXFewD2mHIpJk2NMkMSUYoQ3Xjr7hxoYhbv8Kdf2OmnYW2Hgg5Oedebu4JYkaVdpxvq7C0vLK6VlwvbWxube/Yu3stFSUSkyaOWCQ7AVKEUUGammpGOrEkiAeMtIPRdea374lUNBJ3ehwTj6OBoCHFSBvJtw/gwMcV7vdienL6EGZ3/vLtslN1poCLxM1JGeRo+PZXrx/hhBOhMUNKdV0n1l6KpKaYkUmplygSIzxCA9I1VCBOlJdOV5jAY6P0YRhJc4SGU/V3R4q4UmMemEqO9FDNe5n4n9dNdHjppVTEiSYCzwaFCYM6glkesE8lwZqNDUFYUvNXiIdIIqxNaiUTgju/8iJpnVXdWrV2e16uX+VxFMEhOAIV4IILUAc3oAGaAINH8AxewZv1ZL1Y79bHrLRg5T374A+szx+F0pZB</latexit>

gc(m⇡), f⇡(m⇡)

Heavy meson ChPT

lhc slightly below 
DD*, BB*,... th.

on-shell:
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Du, Hanhart, Guo, Nefediev, Filin, et al, PRL 2023, 2303.09441

Collins, Nefediev, Padmanath, S.P.: 2401.xxxxx

Tcc analysis based on Effective Field Theory

lhc

levels omitted 
from the fit

T(E): pair of 

resonance poles 

below th.

m𝜋 ≈ 280	MeV

<latexit sha1_base64="FC+6YDl28CBmBWWUFwoc93BPx6Y=">AAACAnicbVDLSsNAFJ34rPUVdSVuBotQNyURX8uiCC4r9AVtCJPppB06mYSZG6WE4sZfceNCEbd+hTv/xuljoa0HLhzOuZd77wkSwTU4zre1sLi0vLKaW8uvb2xubds7u3Udp4qyGo1FrJoB0UxwyWrAQbBmohiJAsEaQf965DfumdI8llUYJMyLSFfykFMCRvLt/RtftgULQfFuD4hS8QOuFo147NsFp+SMgeeJOyUFNEXFt7/anZimEZNABdG65ToJeBlRwKlgw3w71SwhtE+6rGWoJBHTXjZ+YYiPjNLBYaxMScBj9fdERiKtB1FgOiMCPT3rjcT/vFYK4aWXcZmkwCSdLApTgSHGozxwhytGQQwMIVRxcyumPaIIBZNa3oTgzr48T+onJfe8dHZ3WihfTePIoQN0iIrIRReojG5RBdUQRY/oGb2iN+vJerHerY9J64I1ndlDf2B9/gCUSJbo</latexit>

En $ T (En)
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Collins, Nefediev, Padmanath, S.P.:  2401.xxxxxTcc : dependence on mc

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

Ĥkin =
p̂
2

2 mred

mc

lhc

Im(E)

Re(E-Eth) sheet II

sheet I

at fixed m𝜋 ≈ 280	MeV

arrow: increasing mc

five values of mc
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to audience: 

Interpretation of resonance below threshold ? 

Examples in Nature?  (	𝜅 and D0* at 𝑚! > 𝑚!
"# )

Features of  V(r) that render resonance below threshold ?  

bound state                                               resonance above th.                                        resonance below th.  ?

Fully attractive potential in s-wave renders bound or virtual state, not a resonance. 

Barrier is needed for resonance above threshold. 

.. resonance below threshold ... 🤔
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Collins, Nefediev, Padmanath, S.P.: 2401.xxxxx

Towards the nature of Tcc from lattice   based on EFT analysis



Effect of [cc][ud] interpolators grows from c to b

<latexit sha1_base64="rvT5w9epy1VQDDeB3UFxFmgXBM0="></latexit>

O = (ū�5c)~p(d̄�ic)�~p � (u $ d)

O =
X

x

[c(x)C�ic(x)][ū(x)C�5d̄(x)]e
iPx |P=0

Emmanuel Ortiz Pacheco, Collins, Leskovec, Padmanath, SP. (Latt23, 2312.13441)

DD*

[cc][ud]

22

distillation

rank-2 tensors

rank-4 tensors

(costly)

m𝜋 ≈ 280	MeVHadSpec, JHEP 11, 033 (2017), 
1709.01417 m𝜋 ≈ 400	MeV

ground 

state

MM    MM  [cc][ud] 
[cc][ud] 
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DD* scattering with JP=1+ and isospins I = 0, 1
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Emmanuel Ortiz Pacheco, Collins, Leskovec, Padmanath, SP

(Lat23, 2312.13441) m𝜋 ≈ 280	MeV

attraction                               repulsion

LHCb, Nature Commun. 13 (2022) 1, 3351

agreement on conclusions with 
CLQCD 2206.06185, PLB, 
m𝜋 ≈	348 MeV



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

⇡, ⇢,⇡⇡ ?

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

⇡, ⇢,⇡⇡ ?

CLQCD 2206.06185, PLB, 
m𝜋 ≈	348 MeV

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

⇡, ⇢,⇡⇡ ?

not 
excluded

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

24

Is two-pion dominance
understood in covariant 
chiral EFT  [Li-Shen Geng et al. 
2311.06569] ?

r=1-2 fm

Tcc : Exchange of which particles drives the attraction?

considering contributions of 

various Wick contractions to 

I=0 and I=1 scattering

(next slide)
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E. Pacheco, Collins, Leskovec, Padmanath, SP

(Lat23, 2312.13441) , m𝜋 ≈ 280 MeV

Tcc : Exchange of which particles drives the attraction?

CLQCD 2206.06185, PLB, 
m𝜋 ≈	348 MeV

I=0 attractive, I=1: repulsive

C2 drives attraction in I=0 channel



Scattering info from En below the left-hand cut
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• two-body formalism
  - Luscher’s approach with partial-wave basis -> plane-wave basis Meng, Baru, Epelbaum et al., 2312.01930;   

formalism: Meng, Epelbaum, 2108.02709;     
lattice data: Padmanath, SP. 2202.10110, PRL 

DD* 

• three-body formalism

   - Romero-Lopez, Sharpe, Hansen, Draper, [2401.06609] this meeting, Lat23

   - Islam, Dawid, Briceno, Lattice 2023 

- generalization of Luscher’s formalism [Raposo, Hansen, 2311.18793]  

<latexit sha1_base64="FC+6YDl28CBmBWWUFwoc93BPx6Y=">AAACAnicbVDLSsNAFJ34rPUVdSVuBotQNyURX8uiCC4r9AVtCJPppB06mYSZG6WE4sZfceNCEbd+hTv/xuljoa0HLhzOuZd77wkSwTU4zre1sLi0vLKaW8uvb2xubds7u3Udp4qyGo1FrJoB0UxwyWrAQbBmohiJAsEaQf965DfumdI8llUYJMyLSFfykFMCRvLt/RtftgULQfFuD4hS8QOuFo147NsFp+SMgeeJOyUFNEXFt7/anZimEZNABdG65ToJeBlRwKlgw3w71SwhtE+6rGWoJBHTXjZ+YYiPjNLBYaxMScBj9fdERiKtB1FgOiMCPT3rjcT/vFYK4aWXcZmkwCSdLApTgSHGozxwhytGQQwMIVRxcyumPaIIBZNa3oTgzr48T+onJfe8dHZ3WihfTePIoQN0iIrIRReojG5RBdUQRY/oGb2iN+vJerHerY9J64I1ndlDf2B9/gCUSJbo</latexit>

En $ T (En)



Conclusions
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• Tcc is the longest-lived exotic hadron discovered in experiment

• lies near threshold  -> has to be extracted from DD* scattering amplitude 

• lattice studies find attraction

• attraction increases with decreasing pion mass

• attraction increases with increasing heavy quark mass 

        this would (naively) imply that Tbc is more strongly bound than Tcc

• can quark-mass dependence be used to dissentangle which binding mechanism is dominant ?

27



Backup
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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 fully attractive shapes)

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

⇡, ⇢,⇡⇡ ?
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Dependence on mQ

increasing mc and mr

p cot𝛿

p2

V(r)
1                                                               1                                                            1                                                                 1

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

Tcc: Padmanath, S.P.: 2202.10110, PRL

𝛿m

1/a0

bound st. vir. bound st.

Collins, Nefediev, Padmanath, S.P.: 23xx.xxxxx:

further mc>mc
phy:

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

Ĥkin =
p̂
2

2 mred

light 
mesons



Previous lattice QCD study of Tcc channel
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Junnarkar, Mathur, Padmanath, PRD 99, 034507 (2019), 1810.12285 

lowest finite-volume

eigen-energy for

P=0, JP=1+, I=0
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HALQCD study of Tcc
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Lyu, Aoki et al, 2302.04505

V(r)                            r > 1 fm-

32


