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 Discovery of   and the prospects for other  statesT+
cc QQ′ qq′ 

• Doubly-heavy channels are promising places to look for long-lived exotic tetraquarks 
•   observed in 2021 by LHCb ccd̄ū

• Where should experiments look to find more such states? 
• What does theory tell us?

Other possible   states:  and  QQ′ qq′ bbūd̄ bcūd̄

Nat. Phys. 18, 751–754 (2022)
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Lattice Methodology

The time dependence of two point 
correlation functions gives discrete 
energy levels that depend on the 

volume of the lattice
Map the discrete energy levels to 

the scattering amplitudes
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Motivation from  and Tbb Tcc

    bbūd̄ 0(1+)

States well below threshold

Surely bound and numerous 
calculations have been 
performed using LQCD - 
assuming not substantial finite 
volume effects - a reliable 
claim for deeply bound 
states with heavy quarks

These states may be discovered in future, but the energies might be too 
high for current experiments to reliably explore  
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States near threshold

   ccūd̄ 0(1+)

Lattice had seen indications of a bound state 
- later discovered by LHCb! 

Junnarkar, et. al.

Junnarkar et al. (2019)

Need to find the poles in the scattering amplitude to extract 
(virtual) bound poles:

Padmanath et al. PRL. 129 (2022) 

Other recent lattice studies confirm 
the presence the bound state

D* D*

D D

Paper Results

Padmanath et al. [PRL 129,032002 (2022)] °9.9+3.6
°7.1 MeV

Chen et al. [PLB 833,137391 (2022)] I = 0, 1 (attractive,repulsive) no info about the pole

Lyu et al. [PRL 131,161901 (2023)] °45
°
+41
°78

¢
keV

Collins et al. [arXiv:2402.14715 (2024)] quark mass dependence checked

Whyte et al. [arXiv:2405.15741 (2024)] °62 ± 31 MeV

 
 
Exploring tetraquarks with 
bottom and  
charm may be accessible to 
experiments  
Motivates the study of  
but significant volume effects 
possible - close to threshold

bcūd̄

Motivation from  and Tbb Tcc



Bottom-charm tetraquarks from QCD  | August 2024 | Lattice, Liverpool                                            8

States near threshold

   bcūd̄ 0(1+)

B* B*

D D

Infinite volume scattering 
amplitude was not 
extracted

No conclusive 
evidence of bound 

states

Hudspith et al. Phys. Rev. D 102, 114506

Meinel et al. Phys. Rev. D 106, 034507 
 
 

 
Need more such studies  
of   bcūd̄

Tetraquarks with charm and 
bottom can be currently 
accessible to experiments - 
theoretical predictions can 
help in such searches!

What does LQCD tell us?
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States near threshold

   bcūd̄ 0(0+)

B B

D D

What does LQCD tell us?

Infinite volume scattering 
amplitude was not 
extracted

 
 

 
Need more such studies  
of   bcūd̄

Tetraquarks with charm and 
bottom can be currently 
accessible to experiments - 
theoretical predictions can 
help in such searches!

Hudspith et al. Phys. Rev. D 102, 114506

Meinel et al. Phys. Rev. D 106, 034507 

No conclusive 
evidence of bound 

states
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• MILC ensembles NF=2+1+1 HISQ action. 
• valence quarks were implemented using an 

overlap action ( ). 
• the evolution of the bottom quark was studied 

within a non-relativistic QCD framework. 
•  at the physical point and light quark 

mass is varied.

u, d, s, c

b, c, s

Lattice details

Exact isospin symmetry 
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n
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V olume = L3 = 243 � 483
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a = 0.058� 0.12 fm
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 overlapstime-evolution

<latexit sha1_base64="kQXxaKPykCs/4rUZzHaQC8IWQ7U="></latexit>

C(t) =
X

n

e�EntZf
nZ

i
n

at large times they are dominated by 
the ground state

11

The time dependence of Euclidean two point correlation function gives the energy,

Adding a complete set of states,

<latexit sha1_base64="+nLe2H/4d/Jbumv8UBh4VmI2n6s="></latexit>

C(t) = h0|⌦f (t)⌦
†
i (0)|0i

Optimized 
Operators
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⌦↵
K⇡ =

X

i

vi↵Oi

 best linear 
combination of the 

basis to 
interpolate a 
specific state
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Extraction of the energy spectrum
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A state below threshold is seen 
consistently for all volumes in the five 
different pion masses — indicates an 

attractive interaction
Extract the scattering amplitudes

Finite Volume Spectra -  b̄c̄ud 0(1+)
M. Padmanath, AR, Nilmani Mathur [PRL.132.201902]

https://inspirehep.net/authors/1211411
https://inspirehep.net/authors/998394
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Extracted infinite volume amplitude with Lüscher-  b̄c̄ud 0(1+)

•Non-trivial quark mass dependence and lattice spacing dependence is seen. 
• Perform a continuum extrapolation and chiral extrapolation to get the physical 

amplitudes - then find poles in the amplitude to look for bound states or 
resonances. 

M. Padmanath, AR, Nilmani Mathur [PRL.132.201902]
<latexit sha1_base64="URVmRX+XL+5q915BjyTDzoj+yGw=">AAACDHicbVDLSsNAFJ34rPVVdelmsAhurIn4WhbduKxgH9CEMplM26EzSZi5EUrIB7jxV9y4UMStH+DOv3HSZqGtBwYO55zL3Hv8WHANtv1tLSwuLa+sltbK6xubW9uVnd2WjhJFWZNGIlIdn2gmeMiawEGwTqwYkb5gbX90k/vtB6Y0j8J7GMfMk2QQ8j6nBIzUq1RHqSsJDJVMaQRZ5gZMAOnZ2NVc4mPnxHCTsmv2BHieOAWpogKNXuXLDSKaSBYCFUTrrmPH4KVEAaeCZWU30SwmdEQGrGtoSCTTXjo5JsOHRglwP1LmhYAn6u+JlEitx9I3yXxxPevl4n9eN4H+lZfyME6AhXT6UT8RGCKcN4MDrhgFMTaEUMXNrpgOiSIUTH9lU4Ize/I8aZ3WnIva+d1ZtX5d1FFC++gAHSEHXaI6ukUN1EQUPaJn9IrerCfrxXq3PqbRBauY2UN/YH3+AAm0mvA=</latexit>

kcot�0 ⇠ �1/a0Amplitude: 

https://inspirehep.net/authors/1211411
https://inspirehep.net/authors/998394
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 b̄c̄ud 0(1+)
M. Padmanath, AR, Nilmani Mathur [PRL.132.201902]

https://inspirehep.net/authors/1211411
https://inspirehep.net/authors/998394
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 b̄c̄ud 0(1+)

• The binding energy decreases with the increasing light quark 
mass. 

• Indicates the presence of a real bound state at physical quark 
mass.

δmTbc
= − 43(+6

−7)(
+14
−24) MeVao = 57(+4

−5)(17) fm

M. Padmanath, AR, Nilmani Mathur [PRL.132.201902]

https://inspirehep.net/authors/1211411
https://inspirehep.net/authors/998394
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A state below threshold is seen 
consistently for all volumes in the five 
different pion masses — indicates an 

attractive interaction
Extract the scattering amplitudes

Finite Volume Spectra -  b̄c̄ud 0(0+)
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AR, M. Padmanath, Nilmani Mathur [arXiv:2307.14128]

https://inspirehep.net/authors/1211411
https://inspirehep.net/authors/998394
https://arxiv.org/abs/2307.14128
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 b̄c̄ud 0(0+)

• The binding energy decreases with the increasing light quark 
mass. 

• Indicates the presence of a real bound state at physics quark 
mass.

<latexit sha1_base64="BqmtAMFw2iyQLIPvxXFgK1ddEsc="></latexit>

�mTbc = �42(+4
�6)(

+24
�12) MeV

<latexit sha1_base64="WVSEg40MkjUNi51hxSp+RM9nzTk=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0VsEUuirXYjFN24rGAf0NYwmU7aoTNJmJkIJcQ/cOOvuHGhiFuX7vwbp4+Fth64cDjnXu69xw0Zlcqyvo3UwuLS8kp6NbO2vrG5ZW7v1GUQCUxqOGCBaLpIEkZ9UlNUMdIMBUHcZaThDq5GfuOeCEkD/1YNQ9LhqOdTj2KktOSYh8ix4AW0CqVy7i4+Ok2c+LiY5HN2OQ/bHKm+4PGDxxPHzFoFaww4T+wpyYIpqo751e4GOOLEV5ghKVu2FapOjISimJEk044kCREeoB5paeojTmQnHj+UwAOtdKEXCF2+gmP190SMuJRD7urO0Y1y1huJ/3mtSHnlTkz9MFLEx5NFXsSgCuAoHdilgmDFhpogLKi+FeI+EggrnWFGh2DPvjxP6icF+6xQuilmK5fTONJgD+yDHLDBOaiAa1AFNYDBI3gGr+DNeDJejHfjY9KaMqYzu+APjM8fIbuaOA==</latexit>

a0 = 0.58(+3
�4)(18) fm

AR, M. Padmanath, Nilmani Mathur [arXiv:2307.14128]
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Comparison of  binding energy results Tbc
AR, M. Padmanath, Nilmani Mathur [arXiv:2307.14128]
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• Lattice QCD can play an important role in understanding these states from 
QCD and guide such efforts. 

•Our preliminary findings suggest the possibility of an attractive 
interaction between a  and  meson (and  and  meson). 

•Hope this will motivate experimental searches and complementary LQCD 
efforts. 
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BACKUP

Backup
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Checking the “robustness of the ground state” 
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