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But is it strong enough to bind    
into a stable-state below the       threshold??



  

 

Does a            bound-state exist below       threshold?

● N.B.: Only interested in asking if there exists a stable (in QCD) state below-
threshold: Not interested in quantifying finite-volume interactions at/above 
threshold. 

The one question:
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The One Question: 



  

● We use the Highly-Improved Non-Relativistic QCD (NRQCD) methodology for  -quarks

● Four MILC                ensembles (one with physical pions) and                                fm

● Disconnected diagrams are OZI suppressed for heavy-quarks: Not Included
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Our Lattice Calculation



  

● Two-meson (infinite-volume continuum) eigenstates look like: 
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● Two-meson (infinite-volume continuum) eigenstates look like: 

● =>               as relative orbital angular momentum would increase internal 
energy. Similarly  

● => 
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● Two-meson (infinite-volume continuum) eigenstates look like: 

● =>               as relative orbital angular momentum would increase internal 
energy. Similarly  

● => 

● N.B., even though we create states with total momentum are rest,          
states with back to back momenta,                     still contribute to correlator. 
We will come back to this!
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A Quick Glance: Interpolating Operators



  

● S-wave tetraquark building blocks: 
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● S-wave tetraquark building blocks: 

N.B., Due to fermions being identical, the Pauli exclusion principal =>                   
         S-wave          diquark can only be spin-triplet (spin-singlet). We study all      
        systems of S-wave        at rest that can be made from diquarks
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● S-wave tetraquark building blocks: 

● We can look for                                  tetraquarks
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● S-wave tetraquark building blocks: 

● We can look for                                  tetraquarks

● Interpolating Operators

C. Hughes Fermilab

Tetraquark S-wave Colour/Spin Operators

Two-mesons correlators have four 
connected Wick-contractions (come back 

to this).

Diquark-AntiDiquark has one connected 
Wick-contraction (backup-slides). 



  

● S-wave tetraquark building blocks: 

● We can look for                                  tetraquarks

● Interpolating Operators

● We include all possible local colour/spin 
operators and ensure Fierz relations are 
satisfied:
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Tetraquark S-wave Colour/Spin Operators



  

● Effective masses are a way to see what is in the data. Any drop of the 
effective mass below        would be a clear indication of a new bound-state. 
However, we fit the correlator data to extract fitted energies. 
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Finally: The              fm data



  

● What does the single-meson data look like?
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● What about the         two-meson data?
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● And the        Diquark-Antidiquark?

● Slow decay might make situation look unclear. Where does this slow decay 
come from?
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● Operators overlap with the states with relative momenta back-to-back but 
overall momentum at rest. E.g.,: 
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● Two-Meson part of infinite-volume continuum 2-pt correlator looks like 

● The leading order non-rel. expansion of free two-meson energy:
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● Operators overlap with the states with relative momenta back-to-back but 
overall momentum at rest. E.g.,: 

● Two-Meson part of infinite-volume continuum 2-pt correlator looks like 

● The leading order non-rel. expansion of free two-meson energy:

● Within our statistical precision (and          fm):

                                                                                               Will come back to

                                                                                               FV interactions
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Where does this slow decay come from?



  

● How about removing the            dependence from the two-meson data?
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Shown by red curve
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● And the        Diquark-Antidiquark?
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Finally: The              fm Data



  

Does a            bound-state exist below       threshold?

● Based on mock-data (back-up slides) of free two-mesons (with no FV-
interactions):

The one question:
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The One Question: 

If all correlators with 
different spin/colour/space 
configurations end up here, 
then the tetraquark: 
i. Has amplitudes all 

suppressed (fine tuning)
ii.Energy close to threshold
iii.Does not exist



  

● Is the long distance part of operators dominant? 

● Another way to remove slow decaying back-to-back states?
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● Is the long distance part of operators dominant? 

● Another way to remove slow decaying back-to-back states?

● Force quarks to be confined to a volume of our choice by introducing a harmonic 
oscillator potential into NRQCD Hamiltonian 

that pulls the quarks to      with a coupling 
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What About The Spatial Part??

A Cute Trick
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What Strengths (multiple) to use?
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Dip due to dynamics. Fit function with 
H.O. looks like: 
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Dip due to dynamics. Fit function with 
H.O. looks like: 
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With Harmonic Oscillator: The                  fm Data,               GeV

Where's this noise coming 
from?



  

● Two mesons with identical flavour have four connected Wick contractions: 
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● Two mesons with identical flavour have four connected Wick contractions: 
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Why studying a single Wick contraction is a bad idea!
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The reason models find binding: Bound state 
can appear below threshold when including only 
a subset of interactions (right figure). When 
include all (top figure), there is no bound state.

Why studying a single Wick contraction is a bad idea!
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The reason models find binding: Bound state 
can appear below threshold when including only 
a subset of interactions (right figure). When 
include all (top figure), there is no bound state.
N.B. DOESN'T HAPPEN IN PURE QCD 
(BACKUP SLIDES). 

Why studying a single Wick contraction is a bad idea!
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                                                                  yields One Answer!

“Does a           bound-state exist below       threshold?”
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Summary

● One Question:  

                                                                  yields One Answer!

● No

● More appropriately: We find no bound-state below the  
threshold within stat. errors and explain where pheno. models 
go wrong! 
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Summary

● One Question:  

                                                                  yields One Answer!

● No

● More appropriately: We find no bound-state below the  
threshold within stat. errors and explain where pheno. models 
go wrong! 

●  Questions!?! (chughes@fnal.gov)
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Does a            bound-state exist below       threshold?

● Based on mock-data of free two-mesons (with no FV-interactions), what 
would we expect to see if: 

     1) There was no new bound-state below threshold?

The one question:
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Does a            bound-state exist below       threshold?

● Based on mock-data of free two-mesons (with no FV-interactions), what 
would we expect to see if: 

     1) There was no new bound-state below threshold?

The one question:

C. Hughes Fermilab

The One Question: 

N.B.:Slow decay to 
ground state will be 

explained later!
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Does a            bound-state exist below       threshold?

● Based on mock-data of free two-mesons (with no FV-interactions), what 
would we expect to see if: 

     3) Or the tetraquark and free       had amplitudes of the same size?

The one question:

C. Hughes Fermilab

The One Question: 

N.B.:This would be 
a clear signal for a 
new bound-state!!



  

Does a            bound-state exist below       threshold?

● Based on mock-data of free two-mesons (with no FV-interactions), what 
would we expect to see if: 

     4) Or the tetraquark and free two-mesons had amplitudes Gaussianly              
          distributed according to 
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Does a            bound-state exist below       threshold?

● Based on mock-data of free two-mesons (with no FV-interactions), what 
would we expect to see if: 

     4) Or the tetraquark and free two-mesons had amplitudes Gaussianly              
          distributed according to 

The one question:
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The One Question: 

If all correlators with 
different spin/colour/space 
configurations end up here, 
then the tetraquark: 
i. Has amplitudes all 

suppressed (fine tuning)
ii.Energy close to threshold
iii.Does not exist



  

● The non-zero diquark-antidiquark correlators have four connected Wick 
contractions, which reduce to one:

                                                    ==
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Diquark-Antidiquark Wick-Contractions



  

● What are all the possible spin-colour combinations of two-identical quarks 
and two identical antiquarks in S-wave, e.g., 

     Type                                                        

● =>                                    => Make singlet or octet mesons. 

● => We can have        singlets which are           or 

● Building block for these types of S-wave four-quark operators in irrep R:

● To get all spin/colour         combos use the Clebsch-Gordan coefficients with 
circular basis of   -matrices: 
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● What are all the possible spin-colour combinations of two-identical quarks 
and two identical antiquarks in S-wave, e.g., 

     Type                                                        

●                                    

●

● => Can have a Diquark-AntiDiquark               system in           or 

● N.B., Due to fermions being identical, the Pauli exclusion principal =>             
S-wave        Diquark can only be spin-triplet (spin-singlet).
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● What are all the possible spin-colour combinations of two-identical quarks 
and two identical antiquarks in S-wave, e.g., 

     Type                                                        

●                                    

●

● => Can have a Diquark-AntiDiquark               system in           or 

● Building block for these types of S-wave four-quark operators in irrep R:

● To get all spin/colour         combos use the Clebsch-Gordan coefficients with 
circular basis of gamma matrices: 
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A Quick Glance: Interpolating Operators



  

● With building blocks 

we can look for                                   tetraquarks

●           breaks into lattice irreps:

● Build operators which lie in lattice irreps:             
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Tetraquark S-wave Quantum Numbers



  

● Two mesons with identical flavour have four connected Wick contractions: 
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Why studying a single Wick contraction is a bad idea: Pure QCD



  

● Two mesons with identical flavour have four connected Wick contractions: 
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Spin-flip interactions have negative sign and 
cause decay to threshold from below. 
Models: Bound state can appear below 
threshold when including only a subset of 
interactions. 

Why studying a single Wick contraction is a bad idea: Pure QCD
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