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𝑇4𝑐 : The All-Charm Tetraquark 

𝑉.  𝑅.  𝐷𝑒𝑏𝑎𝑠𝑡𝑖𝑎𝑛𝑖 𝑎𝑛𝑑 𝐹.  𝑆.  𝑁𝑎𝑣𝑎𝑟𝑟𝑎,   
𝐴 𝑛𝑜𝑛-𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑖𝑠𝑡𝑖𝑐 𝑚𝑜𝑑𝑒𝑙 𝑓𝑜𝑟 𝑡ℎ𝑒 $[𝑐𝑐][\𝑏𝑎𝑟{𝑐}\𝑏𝑎𝑟{𝑐}]$ 𝑡𝑒𝑡𝑟𝑎𝑞𝑢𝑎𝑟𝑘, 

  𝑎𝑟𝑋𝑖𝑣:1706.07553 [ℎ𝑒𝑝-𝑝ℎ]. 
 



𝑇4𝑐 : The choice 

• Few works on literature 
  None using diquark-antidiquark potential model including P-

wave systematic treatment of spin-dependent interactions 
 

• Mass ~ 6 GeV 
  Energy Gap between 𝑐𝑐  and X Y Z (~3-4.5 GeV) 
 

• Could be detected with current technology 
  Might decay mainly in 𝑐𝑐  pairs or leptons 
 

• Restrictions due to Pauli Exclusion Principle 
  Less possibilities on quantum numbers 
 

• Equal masses in 2-body systems 
  Simplifies spin-dependent interactions 

 



𝑇4𝑐 : History 
• First proposed by Y. Iwasaki in 1975 

– Y. Iwasaki, “A Possible Model for New Resonances-Exotics and Hidden Charm,” Prog. Theor. Phys. 54, 492 (1975). 

– Y. Iwasaki, “How to Find 𝜂𝑐and a Possible State cc  cc ,”  Phys.  Rev.  D 16, 220 (1977). 

 

• First study with diquark-antidiquark by K. T. Chao in 1981 
– K. T. Chao, “The (cc)-(c c ) (Diquark - anti-Diquark) States in 𝑒+𝑒− Annihilation,” Z. Phys. C 7, 317 (1981). 

 

• Four-body model in 1982 
– J. P. Ader, J. M. Richard and P. Taxil,  “Do Narrow Heavy Multi-Quark States Exist?,” Phys. Rev. D 25, 2370 (1982). 

– J. l. Ballot and J. M. Richard, “Four Quark States In Additive Potentials,” Phys. Lett. B 123, 449 (1983). 

 

• Potential model and MIT bag in 1985 
– L. Heller and J. A. Tjon, “On Bound States of Heavy 𝑄2𝑄 2 Systems,” Phys. Rev. D 32, 755 (1985). 

 

• Chromomagnetic interaction in 1992 
– B. Silvestre-Brac, “Systematics of 𝑄2𝑄 2 systems with a chromomagnetic interaction,” Phys. Rev. D 46, 2179 (1992). 

– B. Silvestre-Brac and C. Semay, “Systematics of L = 0 𝑞2𝑞 2systems,” Z. Phys. C 57, 273 (1993). 
 



𝑇4𝑐 : Recent Works 

• Four-body harmonic oscilator Hamiltonian: 
– R. J. Lloyd and J. P. Vary, “All charm tetraquarks,” Phys. Rev. D 70, 014009 (2004). 

 

• Hyperspherical harmonic formalism: 
– N. Barnea, J. Vijande and A. Valcarce, “Four-quark spectroscopy within the hyperspherical formalism,” Phys. 

Rev. D 73, 054004 (2006). 

 

• Lattice: tetraquark and meson molecule with 𝐽𝑃𝐶 = 1−− around 6.4 GeV 
– T. W. Chiu et al. [TWQCD Collaboration], “Y(4260) on the lattice,” Phys. Rev. D 73, 094510 (2006). 

 

• Production (Single Parton Scattering): 
– A. V. Berezhnoy, A. K. Likhoded, A. V. Luchinsky, A. A. Novoselov, “Double J/psi-meson Production at LHC and 

4c-tetraquark state”, Phys. Rev. D 84, 094023 (2011), 

– A. V. Berezhnoy, A. V. Luchinsky, A. A. Novoselov, “Heavy tetraquarks production at the LHC”, Phys. Rev. D 86, 
034004 (2012). 

 

• Bethe-Salpeter formalism 
– W. Heupel, G. Eichmann, C. S. Fischer, “Tetraquark Bound States in a Bethe-Salpeter Approach”, Phys. Lett. B 

718, 545 (2012). 



𝑇4𝑐 : 2016 and 2017 
• Production: (Double Parton Scattering): 

– F. Carvalho, E. R. Cazaroto, V. P. Gonçalves, F. S. Navarra, “Tetraquark Production in 
Double Parton Scattering”, Phys. Rev. D 93, no. 3, 034004 (2016). 

• QCD SUM RULES: 
– W. Chen, H. X. Chen, X. Liu, T. G. Steele, S. L. Zhu, “Hunting for exotic doubly hidden-charm/bottom 

tetraquark states”, Phys. Lett. B 773, 247 (2017). 

– Z. G. Wang, ``Analysis of the 𝑄𝑄𝑄 𝑄   tetraquark states with QCD sum rules,''  Eur. Phys. J. C 77, no. 
7, 432 (2017). 

• Color-Magnetic model (S-wave): 
– J. Wu, Y. R. Liu, K. Chen, X. Liu and S. L. Zhu, “Heavy-flavored tetraquark states with the 𝑄𝑄𝑄 𝑄  

configuration”,  arXiv:1605.01134 [hep-ph]. 

• Estimates from meson and baryon masses, production and decays 
– M. Karliner, S. Nussinov and J. L. Rosner 𝑄𝑄𝑄 𝑄  states: masses, production, and decays,  Phys.  Rev.  

D 95, no. 3, 034011 (2017). 

• Stability check 
 J. M. Richard, A. Valcarce and J. Vijande, ``String dynamics and metastability of all-heavy tetraquarks,''  
Phys. Rev. D 95, no. 5, 054019 (2017). 

 



Diquarks 

• Internal clusters, color state: 
 

– SU(3) color symmetry of QCD 

 
• Factorization of many-body problem: 

 

– Baryons: diquark-quark 
 Explain missing resonances 
 

– Tetraquarks: diquark-antidiquark 
 Heavy-light systems for X Y Z exotics: 
 

𝑄𝑞 − 𝑄 𝑞 ,   𝑄 ϵ 𝑐, 𝑏 ,  𝑞 ϵ 𝑢, 𝑑, 𝑠  



The Model 

• Nonrelativistic:  

– Cornell-like Potential 

– Schrödinger equation 
 

• Allows clear manipulation of: 

– Wavefunctions 

– Quantum numbers 

– Spin-dependent interactions 

– Radial and orbital excitations 
 

• Successfull reproduction of 

      Charmonium spectrum 
 

• First step to  guide: 

– Experimental searches  

– More precise models 



A good description of charmonium spectrum can be obtained  with 

Spin-spin as zeroth-order smeared by a Gaussian (new parameter σ ). 

Spin-orbit and Tensor as first-order pertubative corrections. 

T. Barnes, S. Godfrey and E. S. Swanson, “Higher charmonia,”  Phys. Rev. D 72, 054026 (2005).  

We have made a FIT in all charmonium well-stablished states, including 
ℎ𝑐 1𝑃  and χ𝑐2 2𝑃 , obtaining: 



Nice agreement! 



Diquark 
• We use the same parameters, but color factor -2/3 instead of      

-4/3, and also half of the string tension: 𝑏𝑐𝑐= 𝑏𝑐𝑐 /2 

• Identical fermions 𝑐𝑐 → anti-symmetric wavefuncion 

• S-wave :    𝟑
 → 𝐒 = 𝟏
𝟔 → 𝐒 = 𝟎

 

• Ground state Antitriplet Color diquark  Spin 1 (13𝑆1), like J/ψ 

 

 

 

 

 

 

 

 



Tetraquark 
• Same parameters of charmonium, with diquark mass 

• Two-body problem 

• Only diquark 𝟏𝟑𝑺𝟏 are used to build the tetraquark 

• Spin 1 x Spin 1 New quantum numbers! 

• We also include between diquark-antidiquark: 

Orbital excitation 

     (negative Parity!) 

Radial excitation 

 

• We can get one EXOTIC quantum number 

1−+ 



• Spin 1 x Spin 1  Spin-Spin   and   Spin-Orbit    easy! 
 
 

 What about  the Tensor?      Spherical Representation of the Tensor 



The Tetraquark Wavefunction 



The tensor acting in the diquark-antidiquark system with relative orbital angular momentum 

• Within the 2-body approximation of point-like diquarks, it is equivalent: 

- One tensor acting between two spin 1 constituents: 𝑐𝑐 − [𝑐 𝑐 ]  

- Four tensors acting between two spin ½ constituents: each 𝑐𝑐  pair 

- The four 𝑐𝑐  pairs yield the same result due to the symmetry of the angular wavefunctions 



For consistence, 𝑐𝑐  pair thresholds are calculated with model predictions for 𝑐𝑐  mass. 
 
• 𝟎++ might be just a few MeV under the              threshold. 
• 𝟏+−  is below the                threshold, and can’t decay in  
• 𝟐++  is below the                   threshold, but can decay to               in D-wave. 

 



 

Radial 
Excitations 

P-wave 

P-wave 

S-wave 

S-wave 



Comparison with Thresholds 

Phys. Rev. D 73, 054004 (2006). 
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Errors 

• We can roughly estimate the error in charmonium fit by  taking 
χ2

𝑁
 where N=13 states (input). This yields 6.1 MeV, too little. 

• If we take χ2/𝑁 we get 22 MeV, maybe too much. 

 

• If instead of fitting 13 states, we fit only the 8 states below the 
𝐷𝐷  threshold, the accuracy improves, and the parameters 
change just a little. 

 

• With this other set of parameters, the tetraquark results are 
different by about 10 MeV, but still qualitatively the same. 



𝑇4𝑐 wavefunctions properties 



Is the linear confinement  
faking a bound state? 

• NO. If we turn off the linear confinement and repeat the 
calculation with the same parameters, we get: 
 

• Diquark 𝟏𝟑𝑺𝟏 = 2881.36 MeV  
(lower since we don’t the positive contribution of the linear term) 

• 𝟎++  5328.4 MeV 
• 𝟏+−  5374.9 MeV 
• 𝟐++  5452.3 MeV 
• All S-wave below η𝑐 η𝑐 ! 

 
• Close to the results using the Bethe-Salpeter formalism 

– W. Heupel, G. Eichmann, C. S. Fischer, “Tetraquark Bound States in a Bethe-
Salpeter Approach”, Phys. Lett. B 718, 545 (2012). 

 



𝑇4𝑐  : Comparisons 

• Ref. [1] : A. V. Berezhnoy, A. V. Luchinsky, A. A. Novoselov, “Heavy tetraquarks production at the LHC”, Phys. Rev. D 
86, 034004 (2012). 

• Ref. [2] : J. Wu, Y. R. Liu, K. Chen, X. Liu and S. L. Zhu, “Heavy-flavored tetraquark states with the 𝑄𝑄𝑄 𝑄  
configuration,”  arXiv:1605.01134 [hep-ph] (2016). 

• Ref. [3] : W. Chen, H. X. Chen, X. Liu, T. G. Steele, S. L. Zhu, “Hunting for exotic doubly hidden-charm/bottom 
tetraquark states”, arXiv:1605.01647 [hep-ph] (2016). 

• Ref [4] : K. T. Chao, “The (cc)-(c c ) (Diquark - anti-Diquark) States in 𝑒+𝑒− Annihilation,” Z. Phys. C 7, 317 (1981). 

• Ref [5] : T. W. Chiu et al. [TWQCD Collaboration], “Y(4260) on the lattice,” Phys. Rev. D 73, 094510 (2006). 

 

S-wave 

P-wave 



Conclusions for 𝑇4𝑐  
• Nonrelativistic  treatment + diquark-antidiquark 2-body factorization: 

– Wavefunctions, Orbital and Radial excitations. 

– Contribution of each term of the Potential and Spin-dependent interactions 

 

• Most of the excited states are above the thresholds for dissociation into cc   pairs 

• The lowest states (1S) might be stable against decay into cc   pairs  Decay into Leptons 

 

• Tetraquarks cc − [c c ]  are very compact and ~Nonrelativistic (< 𝑣2/𝑐2 > ~ ≤ 0.2) 

  ~0.3 fm for 1S, ~0.5 fm for 1P and 2S and ~0.8 fm for 2P  

  Smaller than the diquarks ~0.6 fm  2-body factorization OK? 

 

• The P-wave states might be better approximations, since the centrifugal barrier 
contributes to the separation between diquark and antidiquark 

• In S-wave tetraquarks: 

– The One Gluon Exchange is very strong and dominates over confinement. 

–  The Spin-Spin interaction is also very strong even though it has a factor 1/𝑚𝑐𝑐
2 

• Tetraquarks also bind without the linear confinement! Only OGE  Lower masses! 



• We have some preliminary results for the 𝑇4𝑏 

 

• Now we fit the bottomonium spectrum to get 
the parameters 

 

• And repeat the same procedure to get the 
diquark and tetraquark 

 

 

𝑇4𝑏 : The All-Bottom Tetraquark 



• Here we fit only Υ 1𝑆  and Υ 2𝑆 . Notice that Υ 3𝑆  comes for free! 

• To fine-tune the spin-spin splitting and orbital excitations more states need to be included. 

Υ 1𝑆  

Υ 2𝑆  



We find the 𝟏𝟑𝑺𝟏 diquark mass to be 𝒎𝒃𝒃 = 𝟗. 𝟔𝟔𝟒𝟔 GeV 

Since our 𝑏𝑏  estimates aren’t very accurate, we show thresholds with experimental 
𝑏𝑏  mass. 
All S-wave 𝑇4𝑏 tetraquarks could be below the η𝑏 η𝑏 threshold! 

 

η𝑏 η𝑏 

ΥΥ 
 η𝑏Υ 

 



Final remarks: Tcc and Tbb 
• The 𝑐𝑐𝑢 𝑑  and 𝑏 𝑏 𝑢𝑑 seem to be great candidates for manifestely 

exotic tetraquarks. 

• Even tough the diquark-antidiquark assumption can be used, one 
cannot solve the Schödinger equation to get the light diquark. 

• Also, in a two-body problem with different masses one should be 
carefull with the spin-dependent terms. 

• Adjusting the parameters is also a delicate task since it involves 
three different energy scales: heavy-heavy, light-light and heavy-
light. 

 

• The light and heavy diquarks might behave differently. If so, 
maybe the tetraquark could also rearrenge as: antidiquark-quark-
quark, like a baryon 3 body-problem. 

• A different strategy is necessary. 



Tcc 

204.3 

4.7 

2924.4 

Our cc diquark = 3133.4 MeV Their cc diquark = 3306.2 MeV 

3709.4 

Below the D0 D*+ threshold at 3875 MeV and also below D0D+gamma at 3734 MeV ! 

M. Karliner and J. Rosner arXiv:1707.07666 



Tbb 

Our bb diquark = 𝟗𝟔𝟔𝟒.𝟔  MeV Their bb diquark = 10087.0MeV 

10240,6 

Still Below the BB* threshold at 10604 MeV and B- B0bar gamma at 10559 MeV. 

Preliminary!! 
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M. Karliner and J. Rosner arXiv:1707.07666 
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Comparison with Thresholds 



Spin-dependent interactions  → first-order perturbative corrections 
 Splitting of states with different quantum numbers 

Spin-Spin 

Spin-Orbit 

Tensor 

Radial-dependent coefficients calculated with the wavefunction 
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Diquarks: Comparisons 




