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Overview

1 .  Heavy -L ight  Tetraquarks  and  Born -Oppenheimer  EFT

2 .  D iquarks  in  Baryons  and  Tetraquarks

3 .  Relevant  color  and  flavor  Structures

4 .  -  and  -dependence  of  D iquarks

5 .  Towards  Ca lculations  on  the  Lattice

N ​f N ​c
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Heavy-Light Tetraquarks

P lethora  of  experimenta l ly  seen  tetraquarks  with  heavy   and

light   quarks :

 (hidden  heavy  flavor) ,  e .g .  ,   (aka  )

 (open  hidden  flavor) ,  e .g .  

The  presence  of  heavy   and   quarks  provides  a  separation  of

sca les   opportunity  for  effective  descriptions
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Born-Oppenheimer Effective Field Theory

(BOEFT)

Separate  l ight  degrees  of  freedom  LDF

(glue ,  ,  )  from  heavy  degrees  of

freedom .

At  1st  order :  Heavy  quarks  are  static  &

provide  a  potentia l  at  separation  

Lattice  input :  static  potentia ls  

for  Born -Oppenheimer  quantum

number  of  cylindrica l  symmetry

 solve  Schrödinger  equation

u d

r

V (r)

⇒
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Born-Oppenheimer EFT (BOEFT)

Interested  in  potentia ls  

obta ined  from  2 -point  correlators

constant  in  l imit   from  LDF

E (r) = V ​(r) + Λ + O(r )2

energy   from  l ight  dof

gluonic   gluelump  

colored   adjoint  meson  

colored   diquark  

 

V (r)

r → 0

Λ

⇒ [ 1 ]

q ​q̄ ⇒ [ 2 ]
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Application:  in BOEFT without experimental input

Adjoint  meson/diquark  energies  are  input  parameters  in  

Adjoint  meson   (hidden  flavor)

D iquark   (open  flavor)

treated as a free parameter in  and fixed by experiment!
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Light Degrees of Freedom: A Unified Approach

L ight  degrees  of  freedom  can  carry  spin ,  isospin ,  color

We  want  an  approach  which  can  inc lude  everything

Schematic  BOEFT  tetraquark  operator  for   pa ir  in  color

representation  :

O ​ =R ​ ​ ​ ​ϕ ​ 0, R − ​ Q t; − ​
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Operator  can  incorporate  a l l  desired  quantum  numbers  and  is

constructed  to  have  vanishing  overlap  with  quarkonium  +

hadron  states  in  the  EFT  

QQ

R̄
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Diquarks from BOEFT operators

D iquarks  are  not  physica l  ob jects !  They  are  not  observab le .

We  want  to  determine  assoc iated  properties  required  for  a

BOEFT  approach

Start  with  BOEFT-operators   matching  notion  of  a  diquark .

D iquark  energy  arises  in  the  zero -separation  l imit  of  these

operators

⇒
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Gauge Invariant Approach for Tetraquarks

Extension  of  approach  with  static- l ight  baryon  operators  

Consider  BOEFT  Operator  with  static  quarks   with  spatia l

separation  ,  for  l ight  dof 's  :

Two -point  correlation  functions  of  these  operators  are  gauge-

invariant  on  the  lattice .

Parameter   from  exponentia l  decay  in  Euc l idean  time

​

​⟨O(t)O (t )⟩ → exp −(t − t )Λ ,
∣r ∣→0
lim † ′ ( ′ )

[ 1 ]
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Structure for Varying and  and Light 

ensemb les  at   ava i lab le

adjoint  Meson  in  ,  diquarks  in  

​ ​ ​

N ​ × ​c N̄ c

N ​ × N ​c c

= ​ + ​

adjo int

​(N ​ − 1)c
2

s ing let

​1)

= ​ + ​

symmetr ic

​(N ​ + N ​)/2c
2

c

ant i - symmetr ic

​(N ​ − N ​)/2c
2

c

QCD :  3 × = 8 + 13̄

QCD :  3 × 3 = + 63̄

Same  reasoning  applies  to  flavor :

F lavour  symmetric ,  and  antisymmetric  diquarks

F lavour  nonsinglet  and  singlet  adjoint  mesons

N ​c N ​f

N ​ =f 2, 3

N ​ ×c ​N̄c N ​ ×c N ​c
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Diagrams to be Evaluated

Only  singlet  (adjoint)  mesons  have  explic it   dependence

D iquarks  diagrams  have  the  same  form  for  a l l   and  

F lavor  symmetric  and  antisymmetric  channel  selected  by  

Some  correlators  vanish  due  to  Pauli  exc lusion

Tempora l  W i lson  l ine  comes  from  static  quark  propagation

N ​f

N ​f N ​c

±
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W ilson Lines in Higher Representations

can  be  expressed  in  fundamenta l  l ink  variab les :

​ ​

ϕ ​(t, t )adj
ab ′

ϕ ​(t, t )3̄
ℓ ℓ ′ ′

ϕ ​(t, t )6
σσ ′ ′

= Tr U (t, t )T U (t, t ) T[ ′ a ′ † b ]

= Tr U (t, t ) ​ U (t, t ) ​[ T ′ T ℓ ′ T ℓ †′

]

= Tr U (t, t ) ​ U (t, t ) ​[ T ′ Σσ ′ Σσ †′
]

Where   are  in  the  adjoint  representation ,   are  in  the  anti -

symmetric ,  and   are  in  the  symmetric  representation

 are  the  usua l  fundamenta l  l ink  variab les

 stra ightforward  to  implement  on  the  lattice !

T ​a ​T ℓ

​Σσ

U (t, t )′

⇒
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Towards Lattice Calculations

Tests  on  one  ensemb le  with  ,   MeV  and

open  BC  on  a   lattice ,  in  tota l   conf igurations

Measured  with  disti l lation  with   for  l ight  flavours ,

HYP  smearing  for  gauge  f ields

Initia l  study  of  non -singlet  adjoint  mesons  in   performed  on

same  ensemb le

N ​ =f 3 + 1 m ​ ≈π 400

96 × 323 4000

N ​ =ν 100

[1]
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PRELIMINARY

A First Look at the

Signal

On  a  sma l l  subset  of

conf igurations

S igna l  for  both  diquarks

seen

Noticeab ly  noisier  than

adjoint  mesons  with

matching  statistics
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Summary

Multi -quark  operators  a l low  gauge - invariant  construction  of

diquarks  in  higher  colour  representations

Derived  the  structure  of  W ick  diagrams  for  a l l   and  

Lattice  determination  is  feasib le  and  will  be  carried  out

Next steps

Use  full  statistics  ava i lab le  and  perform  robust  ana lysis

Improve  performance  with  genera l ized  F ierz  identities

Consider  a l l   channels  and  inc lude  flavour-singlet

adjoint  mesons  Thank  you

N ​f N ​c
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