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๏  found just below  thr. (LHCb)Tcc = ccūd̄, I(JP) = 0(??) DD*



๏   

๏ yet-experimentally-undiscovered: one of the most promising candidates for an 

exotic QCD bound state 
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๏  found just below  thr. (LHCb)Tcc = ccūd̄, I(JP) = 0(??) DD*

๏ large operator basis 

๏ local, bilocal meson-meson ops.:  

๏ local diquark-antidiquark ops.: 

(bū)(bd̄)

[bb][ūd̄]

๏ infinite-volume ( ) + continuum ( )  

+ physical pion mass ( ) limit 

L → ∞ a → 0

mlat
π → mphys

π

๏ bound state  below  threshold𝒪(100 MeV) BB*

๏ quark models + lattice QCD (LQCD)

๏ state-of-the-art LQCD spectroscopy:

static quarkb−
NRQCDb−
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๏  found just below  thr. (LHCb)Tcc = ccūd̄, I(JP) = 0(??) DD*

๏ large operator basis 

๏ local, bilocal meson-meson ops.:  

๏ local diquark-antidiquark ops.: 

(bū)(bd̄)

[bb][ūd̄]

๏ quark models + lattice QCD (LQCD)

๏ well-motivated ideas about its structure exist

๏ was never before studied using fully ab-initio approach

๏ first glimpse of the  internal structure via its 
electromagnetic (EM) form factors

Tbb

๏ in this talk:

๏ state-of-the-art LQCD spectroscopy:

๏ molecular binding: (bū)1(bd̄)1, (bū)8(bd̄)8

๏ diquark-antidiquark binding: [bb]3̄[ūd̄]3, [bb]6[ūd̄]6̄
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mº = 289.53(97) MeV๏ numerical evaulation of QCD path integrals in a box

ĤQCD |n⟩ = En |n⟩

 ⟨Ω |𝒪 |Ω⟩ =
1
𝒵 ∫ 𝒟q 𝒟q̄ 𝒟G 𝒪[q, q̄, G]e−SE(q,q̄,G)

t → tE ≡ it

๏ point correlation functionsn−

๏ two-point correlators  energy spectrum of the system→

 C2(t, t0) = ⟨Ω |𝒪(t)𝒪†(t0) |Ω⟩ =

๏  create/annihilate a tower of states with desired quantum numbers𝒪†, 𝒪

๏ in practice: compute  Hermitian matrix   N × N ⟨Ω |𝒪i(t)𝒪†
j (t0) |Ω⟩ → En, n = 1,...N

 = ∑
n

⟨Ω |𝒪(t) |n⟩⟨n |𝒪†(t0) |Ω⟩ = ∑
n

|𝒵n |2 e−En(t−t0)

Detour: intro to Lattice QCD

5



๏ matrix elements: ℳμ
EM ≡ ⟨h(p2, λ2) | ̂𝚥μ

EM |h(p1, λ1)⟩ = ∑
j

Kj(p1,2, λ1,2) ⋅ Fj(Q2)

Q2 ≡ − (p2 − p1)2 > 0

๏ constrained by hadron spin ( ), current parity and conservation0 ≤ j ≤ 2s

๏ form factors of electromagnetic multipolesFj ≡ h

h

γ
ℳEM

Elastic EM form factors

6

̂𝚥μ
EM = ∑

q

eqq̄γμq = ∑
q

̂𝚥μ
q

๏ additive form factors  flavor decomposition: → Fj = ∑
q

Fq
j (Q2)

๏ can probe distributions of individual quarks



ℳμ
EM ∼ FC(Q2) ๏  reveals charge monopole distributionγ

๏  reveals charge monopole, magnetic 

dipole and electric quadrupole distributions

γ

๏ relevant states : h ๏ Tbb

๏ B, B*

๏ π

ℳμ
EM ∼ FC(Q2), FM(Q2), F𝒬(Q2)

set the scale of the problem

measured experimentally, can be compared to

h

h

γ
ℳEM

 :JP = 0−

 :JP = 1±

๏ infinite-volume, continuum normalizations:

FC(0) = − 1 FM(0) = 2m ⋅ μ F𝒬(0) = m2 ⋅ 𝒬
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Elastic EM form factors
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mº = 289.53(97) MeV

๏ single  gauge ensemble, generated by CLSNf = 2 + 1

๏ V = N3
L × NT = 403 × 128

๏ lattice spacing a ≈ 0.064 fm

๏  quarks: isospin symmetry; isotropic,  improved Wilson action 

 pion mass 

u/d O(a)

→ mπ ≈ 290 MeV

๏  quarks: anisotropic relativistic heavy quark action 

 tuning observables:  and energy-

momentum disp. relations

b

→ mB, mB*

Lattice setup

8



5 10 15 20 25 30 35
t/a

250

260

270

280

290

300

310

320

330

E
(M

eV
)

mº = 289.53(97) MeV

๏ single  gauge ensemble, generated by CLSNf = 2 + 1

๏ V = N3
L × NT = 403 × 128

๏ lattice spacing a ≈ 0.064 fm

๏  quarks: isospin symmetry; isotropic,  improved Wilson action 

 pion mass 

u/d O(a)

→ mπ ≈ 290 MeV

๏  quarks: anisotropic relativistic heavy quark action 

 tuning observables:  and energy-

momentum disp. relations

b

→ mB, mB*

Lattice setup

9

0.0 0.5 1.0 1.5 2.0
p2 (GeV2)

5.30

5.35

5.40

5.45

5.50

5.55

5.60

E
(G

eV
)

B§

B

0.0 0.5 1.0 1.5 2.0
p2 (GeV2)

10.56

10.58

10.60

10.62

10.64

10.66

10.68

10.70

10.72

E
(G

eV
)

Tbb

E = m2 + (c ⃗p)2
 lattice masses well 

within 1% of PDG values
B, B*

mTbb
− (mB + mB*) = − 64(10) MeV
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C3( ⃗p2, ⃗q, T, t) = ⟨Ω |𝒪h( ⃗p2, T ) ̂𝚥EM( ⃗q, t)𝒪†
h(0) |Ω⟩ =

= ∑
n,m

𝒵f*
n 𝒵i

m

(2Ef
n)(2Ei

m)
⋅ ℳnm ⋅ e−Ef

n(T−t)e−Ei
mt

Lattice observables
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๏ three-pt. correlators:

𝒪Tbb
( ⃗p, T)𝒪†

Tbb
(0⃗,0)

̂𝚥EM( ⃗q, t)

1 = ∑
n

|n⟩⟨n |

๏ what is sought: , ⟨h( ⃗p2) | ̂𝚥μ
q |h( ⃗p1)⟩ h = Tbb, B, B*, π

q = u, d, b



๏  accessible directly from the lattice⟨h | ̂𝚥 |h⟩

๏ ⟨h | ̂𝚥 |h⟩L − ⟨h | ̂𝚥 |h⟩∞ ∼ 𝒪(e−mπL)

๏ all stable against the strong decay on the latticeh = Tbb, B, B*, π →

๏ exponentially suppressed finite-volume corrections

Finite-volume effects
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γ

h h

∞𝒪Tbb
( ⃗p, T)𝒪†

Tbb
(0⃗,0)

̂𝚥EM( ⃗q, t) γ
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๏ general parametrisation: expansionz−

๏ captures the effect of the closest 

branch cut  and resonance pole t+ mr

F(Q2) =
1

1 + Q2

m2
r

∞

∑
n=0

anzn(Q2, t+, t0) z(Q2, t+, t0) =
t+ + Q2 − t+ − t0

t+ + Q2 + t+ − t0

Results: charge distributions of Tbb, B(*), π
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๏ charge form factors in momentum-space

๏ primary observable:

Results: charge distributions of Tbb, B(*), π
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๏ disfavors  structureB − B*
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ρ(r) = ∫
d3q

(2π)3
ei ⃗q⋅ ⃗rFC( | ⃗q |2 )

๏ position-space charge densities

๏ non-relativistic approximation

๏ justified for hadrons with heavy quarks

Results: charge distributions of Tbb, B(*), π
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C ≪ rūd̄

C

rC ≡ ⟨r2
C⟩ = 6

dFC
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(0)

๏{[bb]lbb,sbb
c̄ [ūd̄]I=0,lūd̄,sūd̄

c }JP=1+

l12

Results:  form factorsTbb
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๏ strongly favors diquark-antidiquark structure

[bb]
[ūd̄]
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๏ all three components components consistent with zero at Q2 = 0

๏ can only happen with lowest config. of orbital angular momenta: lbb = lūd̄ = l12 = 0

๏{[bb]lbb=0,sbb
c̄ [ūd̄]I=0,lūd̄=0,sūd̄

c }JP=1+

l12=0

Results:  form factorsTbb
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๏ heavy- and light-quark pair spin correlation

๏ total magnetic dipole moment saturated 

by quarksb−

๏{[bb]lbb=0,sbb=1
c̄ [ūd̄]I=0,lūd̄=0,sūd̄=0

c }JP=1+

l12=0

Results:  form factorsTbb
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๏ sbb = 1, sūd̄ = 0

๏ μTbb
= ⟨Tbb | ∑

q=u,d,b

eq

2mq
( ̂lq + gq ̂sq) |Tbb⟩ =

FM(0)
2mTbb
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c ? 3,6̄

Results:  form factorsTbb
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๏ color config. constrained by Pauli principle

๏ (−1)sbb+lbb+c = 1, (−1)sūd̄+lūd̄+c = − 1 c = 3→

Results:  form factorsTbb
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๏ color config. constrained by Pauli principle

๏ (−1)sbb+lbb+c = 1, (−1)sūd̄+lūd̄+c = 1 c = 3→
๏{[bb]lbb=0,sbb=1

3̄
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Results:  form factorsTbb
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๏{[bb]lbb=0,sbb=1
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๏ extracted ground-state electromagnetic matrix elements 

๏ four states:  Tbb, B, B*, π

๏ five values of  Q2 = − (p2 − p1)2

๏ obtained all available EM form factors for each state

๏ lattice three-pt data + Pauli sufficiently constrain structure

Summary
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๏ first glimpse of  structure via its EM form factorsTbb

[bb]↑↑
3̄

[ūd̄]↑↓−↓↑
3
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๏ renormalization conditions:

๏ Fb,Tbb
C ≡ −

2
3

๏ Fū,Tbb
C ≡ −

2
3

๏ ZV
b = 3.97(11), ZV

u/d = 0.725(16)

Backup: vector current renormalization
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Backup:  quadrupole contribution to charge density Tbb ρ( ⃗r)
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