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• Jaffe first proposed tetraquarks in 1977  
• First experimental observation only in 2003 of X(3872) by Belle 1 MeV 

below  threshold 
 

DD*

Tetraquarks

•  seen by LHCb in 2021 
• 273 keV below  threshold 
• Proposals by experiments to look for other 

candidates 

Tcc
DD*
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• Tetraquark candidates and their plausible valence quark content - 
most of them are hidden flavor candidates 

 
 
 
 
 
 
 
 
 
 
 
 
 

• Heavy-light tetraquarks ( ) are prime candidates to be 
bound and therefore long-lived 

QQ′ ̄qq̄′ 

Tetraquarks

Phys. Rev. D 25, 2370

Phys. Lett., B123:449–451, 1983

<latexit sha1_base64="wXLMzT0Zlfb5FhBRjUmutl1rSpM="></latexit>

States Quark Content
X0(2900), X1(2900) c̄dūs
Xc1(3872) cc̄qq̄
Zc(3900), Zc(4020), Zc(4050), X(4100), Zc(4200), Zc(4430), Rc0(4240) cc̄ud̄
Zcs(3985), Zcs(4000), Zcs(4220) cc̄us̄
Xc1(4140), Xc1(4274), Xc0(4500), Xc0(4700), X(4630), X(4685), X(4740) cc̄ss̄
X(6900) cc̄cc̄
Zb(10610), Zb(10650) bb̄ud̄
Pc(4312), Pc(4380), Pc(4440), Pc(4457) cc̄uud
Pcs(4459) cc̄uds
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Lattice MethodologyLattice 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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Continuum and chiral 
extrapolation to get the binding 
energies at physical point
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This Work [53][52][51][50][49][48][47][46][45][44][40][39][38][37][36][35][34][33][32][31][30][29][28][27][26][25][24][23][22][21][20][10][19][18][17][16][15][14][13][12] [8]
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FIG. 15. Summary of binding energy predictions for the bbūd̄ system as made in various calculations. Our estimate is shown
on the extreme left with a red marker in the left-most pane. A darker vertical line separates lattice determinations from
phenomenological predictions. The first vertical panel from the left contains results from previous lattice determinations treating
bottom quark dynamics with the NRQCD formalism (represented with blue markers). Two markers associated with Ref. [51]
correspond to the estimates from an elastic analysis (blue) and a coupled BB

→-B→
B

→ analysis (violet). The second left panel
contains lattice estimates assuming a static bottom quark (green markers). Phenomenological predictions are categorized as
Chromomagnetic Interaction Models (CIM), E!ective Field Theory (EFT), QCD Sum Rules (QCDSR), and Quark-Level Models,
represented by brown, orange, yellow, and magenta markers, respectively. The x-axis tick labels indicate the references and can
be identified with the vertical grids.

cant evidence for a bound state with either axialvector or
scalar quantum numbers.

In Tables VI and V and Figure 15, we present a compi-
lation of various estimates for the binding energy of Tbb

tetraquarks following lattice as well as nonlattice method-
ologies, together with the estimate we arrive from this
investigation. We observe our new estimate, that involved
a conservative determination of the ground state energies
followed by a finite-volume scattering analysis, is con-
sistent with all the predictions from other lattice QCD
determinations, except two outliers with deeper binding.
Owing to the presence of heavy quarks, the finite-volume
binding energy estimates in this heavy tetraquark system
could be a!ected by discretization e!ects. Ours is the only
calculation that has utilized finite-volume data at three
lattice spacings that go as fine as ↑ 0.06 fm, and also
attempt a finite-volume analysis in the Tbb system. Our
work utilizes a chiral quark action for the light, strange
and charm quark fields in contrast to most other existing
studies, which commonly uses a Wilson-clover action, of-
fers a complementary perspective. Moreover, using the
same fermion action across a range of systems provides
a valuable consistency check on the binding energies in
these tetraquark systems.

Despite the relatively heavy pseudoscalar meson masses
Mps used and the lack of meson-meson operators with
separately momentum-projected mesons in this study, our

estimate seem to agree very well with existing lattice
determinations that include them. Although this is en-
couraging, future investigations with Mps values closer to
the physical point, incorporating local as well as bilocal
meson-meson interpolators, accompanied by a rigorous
finite-volume analysis, are essential to reach at rigorous
and conservative estimates on the bindings also accommo-
dating for various unaccounted systematics in the systems
addressed here.

No lattice determination, including this work, unam-
biguously suggests the existence of bsūd̄ bound state,
whereas a few phenomenological approaches argue pos-
sible binding. We collect existing predictions for this
system in Figure 16 and Table VII. We remark that there
is only one other lattice investigation of the bsūd̄ system
[58], where the author claims no evidence for any bound
bsūd̄ state. Since there is no estimate for the ground
state energy provided in Ref. [58] for the bsūd̄ system,
and hence is missing in Figure 16. For similar reasons,
as stated in the above paragraph, future lattice simula-
tions closer to the physical point and with interpolating
operators that mimic bilocal meson-meson structures are
crucial in assessing the interactions towards the chiral
limit and to rea”rm or to rule out our findings.

In summary, our lattice setup suggests a deeply bound
tetraquark in the axialvector bbūd̄ system with binding
energy O(100 MeV), whereas an unbound bsūd̄ system in

    bbūd̄ 0(1+)

B* B*

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

• Tripathy et al (2025) 
• Colquhoun et al (2024) 
• Alexandrou et al (2024) 
• Aoki et al (2023) 
• Hudspith et al (2023) 
• Mohanta et al (2020) 
• Leskovec et al (2019) 
• Junnarkar et al (2018) 
• Francis et al (2016) 
• Bicudo et al (2015) 
• Bicudo et al (2012)

Tripathy et al. (2025)

[ ]I (JP) states on the latticeQQ′ ̄qq̄′ 

   ccūd̄ 0(1+)

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
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States near threshold

   ccūd̄ 0(1+)

Padmanath et al. PRL. 129 (2022)  
 
Exploring tetraquarks with 
bottom and  
charm may be accessible to 
experiments  
Motivates the study of  
but significant volume effects 
possible - close to threshold

bcūd̄

The Tcc [ ]I (JP)
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 states on the latticeQQ′ ̄qq̄′ 

<latexit sha1_base64="z5eWjcma9mQ9XvEwenr2Yls6Vqc=">AAAB8nicbVDLSsNAFJ34rPVVdelmsAiuSiK+lkU3Liv0BW0sk8mkHTqZCTM3Qgn5DDcuFHHr17jzb5y2WWjrgQuHc+7l3nuCRHADrvvtrKyurW9slrbK2zu7e/uVg8O2UammrEWVULobEMMEl6wFHATrJpqROBCsE4zvpn7niWnDlWzCJGF+TIaSR5wSsFKvOciCIH/M0jAfVKpuzZ0BLxOvIFVUoDGofPVDRdOYSaCCGNPz3AT8jGjgVLC83E8NSwgdkyHrWSpJzIyfzU7O8alVQhwpbUsCnqm/JzISGzOJA9sZExiZRW8q/uf1Uohu/IzLJAUm6XxRlAoMCk//xyHXjIKYWEKo5vZWTEdEEwo2pbINwVt8eZm0z2veVe3y4aJavy3iKKFjdILOkIeuUR3dowZqIYoUekav6M0B58V5dz7mrStOMXOE/sD5/AG65JGQ</latexit>

Tud
bb
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Tud
bb

A.Francis (2025) arXiv: 2502.04701
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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 

<latexit sha1_base64="bWP4Qz4uyIzRMy79Ik4kXSYUEWo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9nVoh5LvXisYD+gu5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tUEdoikkvVDbGmnAnaMsxw2k0UxXHIaScc3878zhNVmknxYCYJDWI8FCxiBBsrtf0GG/pZv1xxq+4caJV4OalAjma//OUPJEljKgzhWOue5yYmyLAyjHA6LfmppgkmYzykPUsFjqkOsvm1U3RmlQGKpLIlDJqrvycyHGs9iUPbGWMz0sveTPzP66UmugkyJpLUUEEWi6KUIyPR7HU0YIoSwyeWYKKYvRWREVaYGBtQyYbgLb+8StoXVe+qenlfq9QbeRxFOIFTOAcPrqEOd9CEFhB4hGd4hTdHOi/Ou/OxaC04+cwx/IHz+QNhho8D</latexit>

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

9

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

Adding a complete set of states,

Optimized 
Operators

 best linear 
combination of the 
basis to 
interpolate a 
specific state

<latexit sha1_base64="YSmCyYO5eu3Xt7arWOMc2YaSCKU="></latexit>2
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�↵(t, t0) ⇠ e�E↵(t�t0)

Extraction of the energy spectrum
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time-evolution
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C(t) =
X

n

e�EntZf
nZ

i
n

at large times they are dominated by 
the ground state

10

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

Extraction of the energy spectrum
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a�meff = ln
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C(t+ 1)
� ln
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Cthr.(t+ 1)
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Adding a complete set of states,
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Checking the “robustness of the ground state” 
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 operator has consistently 
large overlap to ground state 

Diquark-antidiquark overlap to 
ground state increases as light 
quark masses decrease

DB*

12

Extraction of the energy spectrum

Normalized overlaps:

<latexit sha1_base64="ZdzPNm+PzBPuRic181qDWTwpBsQ="></latexit>
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Finite Volume Spectra -  b̄c̄ud

3 4
0.994

0.996

0.998

1.000
Ẽ0
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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. 

<latexit sha1_base64="URVmRX+XL+5q915BjyTDzoj+yGw=">AAACDHicbVDLSsNAFJ34rPVVdelmsAhurIn4WhbduKxgH9CEMplM26EzSZi5EUrIB7jxV9y4UMStH+DOv3HSZqGtBwYO55zL3Hv8WHANtv1tLSwuLa+sltbK6xubW9uVnd2WjhJFWZNGIlIdn2gmeMiawEGwTqwYkb5gbX90k/vtB6Y0j8J7GMfMk2QQ8j6nBIzUq1RHqSsJDJVMaQRZ5gZMAOnZ2NVc4mPnxHCTsmv2BHieOAWpogKNXuXLDSKaSBYCFUTrrmPH4KVEAaeCZWU30SwmdEQGrGtoSCTTXjo5JsOHRglwP1LmhYAn6u+JlEitx9I3yXxxPevl4n9eN4H+lZfyME6AhXT6UT8RGCKcN4MDrhgFMTaEUMXNrpgOiSIUTH9lU4Ize/I8aZ3WnIva+d1ZtX5d1FFC++gAHSEHXaI6ukUN1EQUPaJn9IrerCfrxXq3PqbRBauY2UN/YH3+AAm0mvA=</latexit>

kcot�0 ⇠ �1/a0Amplitude: 
M. Padmanath, AR, Nilmani Mathur [PRL.132.201902]

https://inspirehep.net/authors/1211411
https://inspirehep.net/authors/998394


Exotic  tetraquarks from QCD  | July 2025 | Multi-Particle Reactions Workshop                                     Tbc 15

 b̄c̄ud 0(1+)
M. Padmanath, AR, Nilmani Mathur [PRL.132.201902]
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 b̄c̄ud 0(1+)
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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
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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.
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Comparison of  binding energy results Tbc
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•Multiple channel analysis, more volumes, moving frames and multiple 
operators to better understand these tetraquarks from the lattice perspective. 

• Relativistic bottom quarks? 
 

• Since the  tetraquark is a bound state, will decay through the weak 
interaction only and could become the first tetraquark to be observed at the 
LHC with this feature. 

• The  is expected to decay electromagnetically to  

• The study of radiative transition 
 
 
                 
 
can map the structure!

0(0+) Tbc

0(1+) Tbc BDγ

B*D → 0(1+) Tbc → BDγ

Conclusion


