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Not from first-principles
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 But you want to see the actual data! What can we easily show? 



The Lattice Effective Mass

aEe↵
= log

✓
C(t)

C(t+ 1)

◆



The Lattice Effective Mass

aEe↵
= log

✓
C(t)

C(t+ 1)

◆

= aE0 +
Z2
1

Z2
0

e�(E1�E0)t(1� e�(E1�E0)) + . . .



The Lattice Effective Mass

aEe↵
= log

✓
C(t)

C(t+ 1)

◆

= aE0 +
Z2
1

Z2
0

e�(E1�E0)t(1� e�(E1�E0)) + . . .

Excited State Contributions 
Exponentially decay away with 

time



The Lattice Effective Mass

aEe↵
= log

✓
C(t)

C(t+ 1)

◆

= aE0 +
Z2
1

Z2
0

e�(E1�E0)t(1� e�(E1�E0)) + . . .

Excited State Contributions 
Exponentially decay away with 

time

t!1���! aE0



The Lattice Effective Mass

aEe↵
= log

✓
C(t)

C(t+ 1)

◆

= aE0 +
Z2
1

Z2
0

e�(E1�E0)t(1� e�(E1�E0)) + . . .

Excited State Contributions 
Exponentially decay away with 

time

t!1���! aE0

0 20 40 60 80 100 120 140

t/a

0.35

0.40

0.45

0.50

0.55

0.60

a
E

e
ff
(t
)

1 2 3 4 5 6 7 8

t (fm)

a0.06fm

Ns48ϒ

ηb

Efit
ϒ

Efit
ηb

⌥

⌘b



Fake        data on the               fm ensemble 
“What might you expect to see?”

0++ a ⇡ 0.06



Fake        data on the               fm ensemble 
“What might you expect to see?”

0++ a ⇡ 0.06

20 40 60 80 100 120 140

t/a

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

aE
ef

f
=

lo
g(

C
(t

)/
C

(t
+

1)
)

a0.06fm
Ns48

Mock Data With Free Mesonshhhh

2Mlat
°

2Mlat
hb

E0++

    The non-interacting        
and 

thresholds for reference
2⌘b 2⌥



Fake        data on the               fm ensemble 
“What might you expect to see?”

0++ a ⇡ 0.06

20 40 60 80 100 120 140

t/a

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

aE
ef

f
=

lo
g(

C
(t

)/
C

(t
+

1)
)

a0.06fm
Ns48

Mock Data With Free Mesonshhhh

2Mlat
°

2Mlat
hb

E0++

If there was no new stable 
tetraquark 



Fake        data on the               fm ensemble 
“What might you expect to see?”

0++ a ⇡ 0.06

20 40 60 80 100 120 140

t/a

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

aE
ef

f
=

lo
g(

C
(t

)/
C

(t
+

1)
)

a0.06fm
Ns48

Mock Data With Free Mesonshhhh

2Mlat
°

2Mlat
hb

E0++

If there was ONLY a new 
state 100 MeV below 

threshold



Fake        data on the               fm ensemble 
“What might you expect to see?”

0++ a ⇡ 0.06

20 40 60 80 100 120 140

t/a

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

aE
ef

f
=

lo
g(

C
(t

)/
C

(t
+

1)
)

a0.06fm
Ns48

Mock Data With Free Mesonshhhh

2Mlat
°

2Mlat
hb

E0++

If the new state was 100 MeV 
below threshold and had

Z0 = Z1



Fake        data on the               fm ensemble 
“What might you expect to see?”

0++ a ⇡ 0.06

20 40 60 80 100 120 140

t/a

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

a
E

ef
f
=

lo
g
(C

(t
)/

C
(t
+

1
))

a0.06fm

Ns48

Mock Data With Free Mesonshhhh

2Mlat
ϒ

2Mlat
ηb

E0++

If the new state was 100 MeV 
below threshold and had

         different        Z0, Z1



Fake        data on the               fm ensemble 
“What might you expect to see?”

0++ a ⇡ 0.06

20 40 60 80 100 120 140

t/a

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

a
E

ef
f
=

lo
g
(C

(t
)/

C
(t
+

1
))

a0.06fm

Ns48

Mock Data With Free Mesonshhhh

2Mlat
ϒ

2Mlat
ηb

E0++

If the new state was 100 MeV 
below threshold and had

         different        Z0, Z1

If tetraquark exists we 
should see a fall below 
threshold and a clean 

signal as in blue curve!



The         data on the               fm ensemble 0++ a ⇡ 0.06

0 20 40 60 80 100 120 140

t/a

0.8

0.9

1.0

1.1

1.2

a
E

e
ff

2
η

b
→

2
η

b
(t
)

1 2 3 4 5 6 7 8

t (fm)

a0.06fm

Ns48E
eff,t
0++(t) : rx = 0

Eeff

0++(t) : rx = 0

E
eff,t
0++(t) : rx = 1

Eeff

0++(t) : rx = 1

E
eff,t
0++(t) : rx = 2

Eeff

0++(t) : rx = 2

2Mlat
ϒ

2Mlat
ηb

Efit

0++

2⌘b ! 2⌘b

 For this talk, focus on red data points

 Then compare to       non-interacting
    threshold to determine binding 

2⌘b



The         data on the               fm ensemble 0++ a ⇡ 0.06

0 20 40 60 80 100 120 140

t/a

0.8

0.9

1.0

1.1

1.2

a
E

e
ff

2
η

b
→

2
η

b
(t
)

1 2 3 4 5 6 7 8

t (fm)

a0.06fm

Ns48E
eff,t
0++(t) : rx = 0

Eeff

0++(t) : rx = 0

E
eff,t
0++(t) : rx = 1

Eeff

0++(t) : rx = 1

E
eff,t
0++(t) : rx = 2

Eeff

0++(t) : rx = 2

2Mlat
ϒ

2Mlat
ηb

Efit

0++

2⌘b ! 2⌘b



The         data on the               fm ensemble 0++ a ⇡ 0.06

0 20 40 60 80 100 120 140

t/a

0.8

0.9

1.0

1.1

1.2

a
E

e
ff

2
η

b
→

2
η

b
(t
)

1 2 3 4 5 6 7 8

t (fm)

a0.06fm

Ns48E
eff,t
0++(t) : rx = 0

Eeff

0++(t) : rx = 0

E
eff,t
0++(t) : rx = 1

Eeff

0++(t) : rx = 1

E
eff,t
0++(t) : rx = 2

Eeff

0++(t) : rx = 2

2Mlat
ϒ

2Mlat
ηb

Efit

0++

2⌘b ! 2⌘b

0 20 40 60 80 100 120 140

t/a

0.8

0.9

1.0

1.1

1.2

a
E

e
ff

2
η

b
→

2
ϒ
(t
)

1 2 3 4 5 6 7 8

t (fm)

a0.06fm

Ns48E
eff,t
0++(t) : rx = 0

Eeff

0++(t) : rx = 0

E
eff,t
0++(t) : rx = 1

Eeff

0++(t) : rx = 1

E
eff,t
0++(t) : rx = 2

Eeff

0++(t) : rx = 2

2Mlat
ϒ

2Mlat
ηb

Efit

0++

2⌘b ! 2⌥

0 20 40 60 80 100 120 140

t/a

0.8

0.9

1.0

1.1

1.2

a
E

e
ff

2
ϒ
→

2
η

b
(t
)

1 2 3 4 5 6 7 8

t (fm)

a0.06fm

Ns48E
eff,t
0++(t) : rx = 0

Eeff

0++(t) : rx = 0

E
eff,t
0++(t) : rx = 1

Eeff

0++(t) : rx = 1

E
eff,t
0++(t) : rx = 2

Eeff

0++(t) : rx = 2

2Mlat
ϒ

2Mlat
ηb

Efit

0++

2⌥ ! 2⌘b



The         data on the               fm ensemble 0++ a ⇡ 0.06

0 20 40 60 80 100 120 140

t/a

0.8

0.9

1.0

1.1

1.2

a
E

e
ff

2
η

b
→

2
η

b
(t
)

1 2 3 4 5 6 7 8

t (fm)

a0.06fm

Ns48E
eff,t
0++(t) : rx = 0

Eeff

0++(t) : rx = 0

E
eff,t
0++(t) : rx = 1

Eeff

0++(t) : rx = 1

E
eff,t
0++(t) : rx = 2

Eeff

0++(t) : rx = 2

2Mlat
ϒ

2Mlat
ηb

Efit

0++

2⌘b ! 2⌘b

0 20 40 60 80 100 120 140

t/a

0.8

0.9

1.0

1.1

1.2

a
E

e
ff

2
η

b
→

2
ϒ
(t
)

1 2 3 4 5 6 7 8

t (fm)

a0.06fm

Ns48E
eff,t
0++(t) : rx = 0

Eeff

0++(t) : rx = 0

E
eff,t
0++(t) : rx = 1

Eeff

0++(t) : rx = 1

E
eff,t
0++(t) : rx = 2

Eeff

0++(t) : rx = 2

2Mlat
ϒ

2Mlat
ηb

Efit

0++

2⌘b ! 2⌥

0 20 40 60 80 100 120 140

t/a

0.8

0.9

1.0

1.1

1.2

a
E

e
ff

2
ϒ
→

2
η

b
(t
)

1 2 3 4 5 6 7 8

t (fm)

a0.06fm

Ns48E
eff,t
0++(t) : rx = 0

Eeff

0++(t) : rx = 0

E
eff,t
0++(t) : rx = 1

Eeff

0++(t) : rx = 1

E
eff,t
0++(t) : rx = 2

Eeff

0++(t) : rx = 2

2Mlat
ϒ

2Mlat
ηb

Efit

0++

2⌥ ! 2⌘b

0 20 40 60 80 100 120 140

t/a

0.8

0.9

1.0

1.1

1.2

a
E

e
ff

2
ϒ
→

2
ϒ
(t
)

1 2 3 4 5 6 7 8

t (fm)

a0.06fm

Ns48E
eff,t
0++(t) : rx = 0

Eeff

0++(t) : rx = 0

E
eff,t
0++(t) : rx = 1

Eeff

0++(t) : rx = 1

E
eff,t
0++(t) : rx = 2

Eeff

0++(t) : rx = 2

2Mlat
ϒ

2Mlat
ηb

Efit

0++

2⌥ ! 2⌥



The         data on the               fm ensemble 0++ a ⇡ 0.06

0 20 40 60 80 100 120 140

t/a

0.8

0.9

1.0

1.1

1.2

a
E

e
ff

D
3
×

3̄
→

3
×

3̄
(t
)

1 2 3 4 5 6 7 8

t (fm)

a0.06fm

Ns48E
eff,t
0++(t) : rx = 0

Eeff

0++(t) : rx = 0

E
eff,t
0++(t) : rx = 1

Eeff

0++(t) : rx = 1

E
eff,t
0++(t) : rx = 2

Eeff

0++(t) : rx = 2

2Mlat
ϒ

2Mlat
ηb

Efit

0++

0 20 40 60 80 100 120 140

t/a

0.8

0.9

1.0

1.1

1.2

a
E

e
ff

D
6
×

6̄
→

6
×

6̄
(t
)

1 2 3 4 5 6 7 8

t (fm)

a0.06fm

Ns48E
eff,t
0++(t) : rx = 0

Eeff

0++(t) : rx = 0

E
eff,t
0++(t) : rx = 1

Eeff

0++(t) : rx = 1

E
eff,t
0++(t) : rx = 2

Eeff

0++(t) : rx = 2

2Mlat
ϒ

2Mlat
ηb

Efit

0++

3̄⇥ 3 ! 3̄⇥ 3

6⇥ 6̄ ! 6⇥ 6̄



Summary of Energies from Lattice

�60 �40 �20 0 20 40 60
EGS �Eth (MeV)

a0.12fm
Ns24

a0.12fm
Ns48

a0.09fm
Ns32

a0.06fm
Ns48

2++
E

2++
T2

1+�

0++



�60 �40 �20 0 20 40 60
EGS �Eth (MeV)

a0.12fm
Ns24

a0.12fm
Ns48

a0.09fm
Ns32

a0.06fm
Ns48

2++
E

2++
T2

1+�

0++

No evidence of          below 
threshold

0++

2⌘b

Summary of Energies from Lattice



�60 �40 �20 0 20 40 60
EGS �Eth (MeV)

a0.12fm
Ns24

a0.12fm
Ns48

a0.09fm
Ns32

a0.06fm
Ns48

2++
E

2++
T2

1+�

0++

No evidence of          below 
threshold

0++

2⌘b

If you don’t observe a process, 
need to determine a bound, e.g, 

proton decay.

Summary of Energies from Lattice



Bound on                    state to be stable
“How would it have missed?”

0++ 2b2b̄

 If stable tetraquark exists, at a particular time    ,t⇤

C(t⇤) = |h0|O|4bi|2e�aE4bt
⇤
+ |h0|O|2⌘bi|2e�aE2⌘b

t⇤

= Z2
4b Z̃2

2⌘b
+e�aE4bt

⇤
e�aE2⌘b

t⇤



Bound on                    state to be stable
“How would it have missed?”

0++ 2b2b̄

 If stable tetraquark exists, at a particular time    ,t⇤

C(t⇤) = |h0|O|4bi|2e�aE4bt
⇤
+ |h0|O|2⌘bi|2e�aE2⌘b

t⇤

= Z2
4b Z̃2

2⌘b
+e�aE4bt

⇤
e�aE2⌘b

t⇤

Input Data



Bound on                    state to be stable
“How would it have missed?”

0++ 2b2b̄

 If stable tetraquark exists, at a particular time    ,t⇤

C(t⇤) = |h0|O|4bi|2e�aE4bt
⇤
+ |h0|O|2⌘bi|2e�aE2⌘b

t⇤

= Z2
4b Z̃2

2⌘b
+e�aE4bt

⇤
e�aE2⌘b

t⇤

Input Data

Output Constraint



Bound on                    state to be stable
“How would it have missed?”

0++ 2b2b̄

 If stable tetraquark exists, at a particular time    ,t⇤

C(t⇤) = |h0|O|4bi|2e�aE4bt
⇤
+ |h0|O|2⌘bi|2e�aE2⌘b

t⇤

= Z2
4b Z̃2

2⌘b
+e�aE4bt

⇤
e�aE2⌘b

t⇤

Input Data

Output Constraint

�400 �300 �200 �100 0
E4b �E2hb (MeV)

10�15

10�13

10�11

10�9

10�7

10�5

10�3

10�1

Z2 4b
/Z

2 2h
b

a0.06fm
Ns48

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
3s �5s
1s �3s



�600 �400 �200 0 200
E4b �E2hb (MeV)

This Calc.

Lattice QCD
Pheno.
Models

CLSZ17

BLO16

AFGSZ17

KNR17

W17

WLCZ16†

BLN11

AFGSZ17

VVR13x

Summary

�600 �400 �200 0 200
E4b �E2hb (MeV)

This Calc.

Lattice QCD
Pheno.
Models

CLSZ17

BLO16

AFGSZ17

KNR17

W17

WLCZ16†

BLN11

AFGSZ17

VVR13x

 In Summary, lattice QCD finds no evidence of a    
stable            tetraquark 2b2b̄
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Thank you! 

Thank You to Raul Briceno for slide template 
and pretty graphics!
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Diquark-Antidiquark Wick Contractions



Individual Wick Contraction Correlator Data
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Correlator Data With Harmonic Oscillator
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