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1. Introduction

During the past two-and-a-half decades we have witnessed an ever-growing number of discover-
ies of hadronic resonances in experiment [1–9], whose properties are inconsistent with conventional
meson (𝑞1𝑞2) or baryon (𝑞1𝑞2𝑞3) valence quark content. These exotic states, part of the QCD spec-
trum, naturally fall into the categories of tetraquarks (𝑞1𝑞2𝑞3𝑞4), pentaquarks (𝑞1𝑞2𝑞3𝑞4𝑞5), hybrid
mesons (𝑞1𝑔𝑞2) or glueball-like mesons.

Currently there are several yet-undiscovered exotic tetraquark candidates from model calcula-
tions and lattice studies that are widely considered to be strongly stable. The most promising among
those is the doubly-bottom tetraquark 𝑇𝑏𝑏, in the 𝐼 (𝐽𝑃) = 0(1+) channel [10–18]. The majority
of studies find its mass to be O(100 MeV) below the 𝐵𝐵∗ threshold. However, its detection in
exclusive decays seems unlikely, while there may be a possibility of observing 𝑇𝑏𝑏 in inclusive
decays [19].

The 𝑇𝑏𝑏 tetraquark naturally lends itself to lattice QCD investigation of its structure. Since it is
stable with respect to strong decay, volume effects in matrix elements are exponentially suppressed.
It also presents an attractive opportunity to discern how the diquark-antidiquark and molecular
meson-meson binding mechanisms manifest themselves in observables related to structure. The
diquark-antidiquark structure of the 𝑇𝑏𝑏 would be characterized by a compact diquark [𝑏𝑏] 𝑐̄ and
a light antidiquark [𝑢̄𝑑]𝑐, where 𝑐 = 3, 6̄ are available color configurations. A possible definition
of a meson-meson structure implies a pair of spatially separated interacting quark-antiquark pairs
(𝑢̄𝑏)𝑐 (𝑑𝑏)𝑐 with 𝑐 = 1, 8, and spin correlations among quarks in each meson. Most quark model
calculations (see e.g. [20, 21]) combined with the large binding energy of the 𝑇𝑏𝑏 observed in
lattice studies favor the compact diquark-antidiquark [𝑏𝑏] 3̄ [𝑢̄𝑑]3 configuration. In our main work
[22] and here we present the first lattice QCD calculation of electromagnetic form factors of the
𝑇𝑏𝑏. In addition to this, we extract the charge form factors of 𝐵 and 𝐵∗ mesons to assess the
relative compactness of the exotic tetraquark in comparison to the combined size of 𝐵 and 𝐵∗,
which represent the closest decay threshold.

2. ⟨ℎ(𝑝2, 𝜆2) | 𝚥𝜇𝐸𝑀 |ℎ(𝑝1, 𝜆1)⟩ form factor decomposition

Studying the composition of hadrons in terms of their elastic electromagnetic (EM) form factors
offers the advantage of having a clear physical interpretation. These form factors are encoded in
EM matrix elements, defined in the infinite-volume spacetime continuum as

M𝜇

𝐸𝑀
= ⟨ℎ(𝑝2, 𝜆2) | 𝚥𝜇𝐸𝑀,𝑐𝑜𝑛𝑡

(𝑥 = 0) |ℎ(𝑝1, 𝜆1)⟩, 𝚥
𝜇

𝐸𝑀,𝑐𝑜𝑛𝑡
≡
∑︁
𝑞

𝑒𝑞𝑞𝛾
𝜇𝑞, (1)

where 𝑒𝑞 is the electric charge of quark 𝑞 and ℎ(𝑝1(2) , 𝜆1(2) ) is the ingoing(outgoing) state ℎ with
momentum 𝑝1(2) and helicity 𝜆1(2) . The vector current and consequently the matrix element (1)
is additive with respect to quark flavors, allowing one to meaningfully decompose form factors
into sums 𝐹 (𝑄2) = ∑

𝑞 𝐹𝑞 (𝑄2) and probe the distributions of individual quarks inside a hadron.
Lorentz-covariant parametrization of eq. (1) for (pseudo)scalars gives a single charge form factor
𝐹𝐶

M𝜇

𝐸𝑀
= (𝑝1 + 𝑝2)𝜇𝐹𝐶 (𝑄2), (2)
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while for 𝐽𝑃 = 1± hadrons we get

M𝜇

𝐸𝑀
= −(𝑝1 + 𝑝2)𝜇 (𝜀∗2 · 𝜀1)𝐹1(𝑄2) − [(𝜀∗2 · 𝑞)𝜀

𝜇

1 − (𝜀1 · 𝑞)𝜀∗𝜇2 ]𝐹2(𝑄2)+

+
(𝜀∗2 · 𝑞) (𝜀1 · 𝑞)

2𝑚2 (𝑝1 + 𝑝2)𝜇𝐹3(𝑄2), (3)

with 𝑄2 ≡ −(𝑝2 − 𝑝1)2 > 0 and 𝜀 (∗)1(2) being momentum transfer and polarization four-vectors, re-
spectively. The form factors in eq. (3) are related to charge, magnetic dipole and electric quadrupole
form factors via a linear transformation

©­­«
𝐹𝐶 (𝑄2)
𝐹𝑀 (𝑄2)
𝐹Q (𝑄2)

ª®®¬ =
©­­«
1 + 2

3𝜂 −2
3𝜂

2
3𝜂(1 + 𝜂)

0 1 0
1 −1 (1 + 𝜂)

ª®®¬
©­­«
𝐹1(𝑄2)
𝐹2(𝑄2)
𝐹3(𝑄2)

ª®®¬ , (4)

with 𝜂 =
𝑄2

4𝑚2 . In the infinite-volume spacetime continuum the elastic charge form factors are
normalized to the total electric charge 𝑍 of the state in units of elementary charge 𝑒0 at 𝑄2 = 0:
𝐹𝐶 (0) ≡ 𝑍 , while the electric quadrupole and magnetic dipole form factors yield the corresponding
values of multipole moments: Q = 1

𝑚2 𝐹Q (0) and 𝜇 = 1
2𝑚𝐹𝑀 (0), respectively.

3. Lattice setup

We employed a single ensemble of gauge configurations (denoted X253) with a hypervolume
𝑁3
𝐿
× 𝑁𝑇 = 403 × 128 and lattice spacing 𝑎 = 0.06379(37) fm, generated by the Coordinated

Lattice Simulations (CLS) consortium [23]. The ensemble features 𝑁 𝑓 = 2 + 1 dynamical quarks,
with degenerate 𝑢/𝑑 quarks. They are described by a non-perturbatively 𝑂 (𝑎) improved Wilson
action, resulting in a pion mass 𝑚𝜋 ≈ 290 MeV. The 𝑏 quarks are implemented with an anisotropic
relativistic heavy quark action [24, 25], tuned to yield the physical masses and the correct continuum
energy-momentum dispersion relations of 𝐵 and 𝐵∗ mesons. More details on the heavy quark action
tuning are given in the main work and its accompanying Supplemental Material [22].

The light and heavy EM currents on the lattice are renormalized with factors 𝑍𝑉
𝑢/𝑑 and 𝑍𝑉

𝑏
and

added to give the total current 𝚥𝜇
𝐸𝑀

𝚥
𝜇

𝑢/𝑑 = 𝑍𝑉
𝑢/𝑑 ·

(
2
3 𝑢̄𝛾

𝜇𝑢 − 1
3𝑑𝛾

𝜇𝑑

)
, 𝚥

𝜇

𝑏
= 𝑍𝑉

𝑏 ·
(
−1

3 𝑏̄𝛾
𝜇𝑏

)
=⇒ 𝚥

𝜇

𝐸𝑀
= 𝚥

𝜇

𝑢/𝑑 + 𝚥𝜇
𝑏
. (5)

The renormalization conditions, fixing the values of 𝑍𝑉
𝑢/𝑑 and 𝑍𝑉

𝑏
are given by

⟨𝑇𝑏𝑏 ( ®𝑝 = ®0) | 𝚥0
𝑢/𝑑 |𝑇𝑏𝑏 ( ®𝑝 = ®0)⟩ ≡ −1

3
, ⟨𝑇𝑏𝑏 ( ®𝑝 = ®0) | 𝚥0𝑏 |𝑇𝑏𝑏 ( ®𝑝 = ®0)⟩ ≡ −2

3
. (6)

In this study 𝑠− and 𝑐−quark currents are omitted, since they result in disconnected contributions
to the total three-point correlation functions, which were not calculated in this study.

To extract the desired EM matrix elements of hadrons ℎ = 𝑇𝑏𝑏, 𝐵, 𝐵
∗, 𝜋, we computed the

3
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Figure 1: Generic connected diagram generated by the Wick contractions in the 𝑇𝑏𝑏 three-point correlator
(8).

corresponding two- and three-point correlation functions

C2( ®𝑝, 𝑡) = ⟨Ω|Oℎ ( ®𝑝, 𝑡)O†
ℎ
(𝑥 = 0) |Ω⟩, (7)

C𝜇

3 ( ®𝑝2 = ®0, ®𝑞, 𝑇 ; 𝑡) = ⟨Ω|Oℎ ( ®𝑝2 = ®0, 𝑇) 𝚥𝜇
𝐸𝑀

( ®𝑞, 𝑡)O†
ℎ
(𝑥 = 0) |Ω⟩ =

=

∞∑︁
𝑛,𝑚=0

Z 𝑓 ∗
𝑛 Z𝑖

𝑚

(2𝐸 𝑓
𝑛 ) (2𝐸 𝑖

𝑚)
M𝜇

𝑛𝑚 𝑒
−𝐸 𝑓

𝑛 (𝑇−𝑡 )𝑒−𝐸
𝑖
𝑚𝑡 , (8)

where Oℎ are interpolators that couple to hadrons ℎ with definite momenta as indicated in the
brackets, inserted at times 0 at the source and 𝑇

𝑎
= 12, 15, 18, 22 at the sink in three-point correlators.

The EM current is inserted at all intermediate times 𝑡 ∈ [0, 𝑇]. The interpolators generate nonzero
overlap Z𝑖 ( 𝑓 ∗)

𝑛(𝑚) to an infinite tower of states with energies 𝐸 𝑖 ( 𝑓 )
𝑛(𝑚) at the source (𝑖) and the sink ( 𝑓 ),

and are summed over by indices 𝑛, 𝑚 in eq. (8). Isolating the matrix element M𝜇

00 requires knowing
the source(sink) ground-state overlap factors Z𝑖 ( 𝑓 ∗)

0 and energies 𝐸 𝑖 ( 𝑓 )
0 , obtained from fits to the

two-point correlators (7). A single interpolator was used for each hadron ℎ with more details
provided in [22]. Furthermore, the interpolators in eqs. (7) and (8) are projected to definite irreps
of the cubic (sub)groups; we omit labels indicating the irreps for brevity.

The ratio 𝑅𝜇

3 , defined as

𝑅
𝜇

3 ( ®𝑝2 = ®0, ®𝑞, 𝑇 ; 𝑡) =
(2𝐸 𝑓

0 ) (2𝐸
𝑖
0)

Z 𝑓 ∗
0 Z𝑖

0

𝑒𝐸
𝑓

0 (𝑇−𝑡 )𝑒𝐸
𝑖
0𝑡 C𝜇

3 ( ®𝑝2 = ®0, ®𝑞, 𝑇 ; 𝑡), (9)

was employed in extracting matrix elements. In the limit of large Euclidean time separations,
only M𝜇

00 appears in eq. (9) with subleading contributions from excited states. Two models were
used in fitting 𝑅𝜇

3 : a constant model M, assuming zero excited state contamination and a model
incorporating the first excited state, M + 𝛼𝑒−Δ𝐸1𝑡 + 𝛽𝑒−Δ𝐸2 (𝑇−𝑡 ) . Prior to fitting, we averaged the
ratio (9) over multiple equivalent directions 𝑞 that yield the same value of 𝑄2.

4. Results

The masses of 𝑇𝑏𝑏, 𝐵 and 𝐵∗ are shown in Table 1, indicating a significant binding energy of
the tetraquark

𝑚𝑇𝑏𝑏 − (𝑚𝐵 + 𝑚𝐵∗) = −64(10) MeV, (10)

4
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Figure 2: a) Charge form factors of 𝑇𝑏𝑏, 𝐵 = 𝑏𝑢̄, 𝐵∗ = 𝑏𝑢̄, 𝜋 = 𝑑𝑢̄, shown as a function of 𝑄2. Discrete
points represent lattice data, while the continuous bands show 𝑧−expansion fits. Second order expansion
(up to and including 𝑛 = 2 in eq. (11)) was used to parametrize 𝑇𝑏𝑏, 𝐵, 𝐵∗ electric form factors, while a
first order expansion sufficed for an adequate parametrization of the pion form factor. b) Position-space
charge densities 𝜌(𝑟), represented in the form of − d𝑒

d𝑟 = −4𝜋𝑟2𝜌, are related to the form factors via a Fourier
transform. Negative values of charge form factors and distributions are shown, given that considered hadrons
are negatively charged.

consistent with other studies.
The main results of this work are shown in Figures 2 and 3. Lattice data is represented by

discrete markers, while the continuous 𝑄2 dependence of form factors 𝐹 is parametrized with the
𝑧−expansion featuring a pole term

𝐹 (𝑄2) = 1

1 + 𝑄2

𝑚2
𝑟

𝑁𝑚𝑎𝑥∑︁
𝑛=0

𝑎𝑛𝑧
𝑛 (𝑄2), 𝑧(𝑄2) =

√︁
𝑡+ +𝑄2 − √

𝑡+ − 𝑡0√︁
𝑡+ +𝑄2 + √

𝑡+ − 𝑡0
, (11)

where the definition of the variable 𝑧 is given by the right equation. In eq. (11), 𝑎𝑛 are expansion
coefficients serving as fit parameters and 𝑚𝑟 is the resonance mass. Parameter 𝑡+ is the value of the
lowest multi-particle threshold in a given channel, while 𝑡0 is a tunable parameter. Resonances 𝑟 and
thresholds 𝑡+ appearing in eq. (11) depend on the quantum numbers of the hadron that is analyzed
and are summarized in Table 1. Throughout all fits we employ the lattice pion mass 𝑚𝜋 ≈ 290
MeV and PDG values of 𝜌/𝜔 masses since they are not known for our ensemble. Nonetheless, we
have verified that fits remain robust when varying the masses within a reasonable range.

Figure 2a shows the charge form factors of all four hadrons of interest. The charge radius√︃
⟨𝑟2

𝐶
⟩ ≡

√︃
6 · d𝐹𝐶

d𝑄2 (0) of the 𝑇𝑏𝑏 is found to be significantly smaller than the sum of radii of 𝐵
and 𝐵∗ mesons. This result favors diquark-antidiquark structure, as opposed to a molecular meson-
meson binding; if the latter were the case, one would expect the𝑇𝑏𝑏 radius to be commensurate with
the combined value of that for 𝐵 and 𝐵∗, as discussed in Section 1. The compactness of the 𝑇𝑏𝑏
in comparison to the sizes of 𝐵 and 𝐵∗ mesons can also be established by calculating the Fourier
transforms of their charge form factors with respect to momentum ®𝑞, giving the charge distributions
in position-space, as shown in Fig. 2b. Fourier transform involves the integral over three-momenta
| ®𝑞 |2 ≈ 𝑄2; these are approximately non-relativistic in the energy range available for all hadrons

5
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ūd̄

b)

0.0 0.5 1.0 1.5 2.0
Q2 (GeV2)

−15

−10

−5

0

5

10

15

F
Q(
Q

2 )

Tbb
bb
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Figure 3: Form factors of the 𝑇𝑏𝑏. Each subfigure shows the total value of the form factors with separate
contributions yielded by the light current 𝚥𝜇

𝑢/𝑑 and the heavy current 𝚥𝜇
𝑏

. The crosses in a) mark values to
which each of the charge form factors have been normalized at 𝑄2 = 0, while the shaded vertical bands in b)
and c) indicate the values of magnetic dipole moments 2𝑚𝑇𝑏𝑏 · 𝜇 and electric quadrupole moments 𝑚2

𝑇𝑏𝑏
· Q,

respectively, also found in Table 2. The points on the rightmost plot are slightly horizontally displaced for
improved visibility.

considered except the pion, which is therefore omitted.
Figure 3 shows the three form factors of 𝑇𝑏𝑏. As discussed in Section 2, total values, as

well as the individual contributions from the 𝑢/𝑑 and 𝑏 quark currents to each of the form factors
are determined. These are extracted from the matrix elements ⟨𝑇𝑏𝑏 | 𝚥𝜇𝑢/𝑑 |𝑇𝑏𝑏⟩ and ⟨𝑇𝑏𝑏 | 𝚥𝜇𝑏 |𝑇𝑏𝑏⟩,
respectively. The charge radius of the [𝑏𝑏] diquark is significantly smaller than the charge radius
of the light antidiquark [𝑢̄𝑑], further favoring the diquark-antidiquark component over the meson-
meson structure, consistent with the previous argument establishing the compactness of the 𝑇𝑏𝑏
compared to the sizes of the 𝐵 and 𝐵∗ mesons. Motivated by this, we introduce the set of all
diquark-antidiquark states in QCD Hilbert space as

{[𝑏𝑏]𝑙𝑏𝑏 ,𝑠𝑏𝑏
𝑐̄

[𝑢̄𝑑] 𝐼=0,𝑙𝑢̄𝑑̄ ,𝑠𝑢̄𝑑̄
𝑐 }𝐽𝑃=1+

𝑙12
. (12)

The (anti)diquarks in eq. (12) have definite quantum numbers: the spins 𝑠𝑏𝑏, 𝑠𝑢̄𝑑 , orbital angular
momenta 𝑙𝑏𝑏, 𝑙𝑢̄𝑑 and 𝑆𝑈 (3) color configurations 𝑐 (where 𝑐 = 3, 6̄ are possible). The relative
orbital angular momentum between the diquark-antidiquark is denoted by 𝑙12. The total 𝑇𝑏𝑏 state is
in principle a linear combination of all vectors (12) that are consistent with the quantum numbers
𝐼 (𝐽𝑃) = 0(1+) and satisfy the Pauli principle. The Pauli principle is applicable to both the heavy
quark and the light quark pair (in the isospin limit) [21]

(𝑎) (−1)𝑠𝑏𝑏+𝑙𝑏𝑏+𝑐 = 1, (𝑏) (−1)𝑠𝑢̄𝑑̄+𝑙𝑢̄𝑑̄+𝑐 = −1

(−1)𝑙𝑏𝑏+𝑙𝑢̄𝑑̄+𝑙12 = 1
(𝑎) , (𝑏)
−−−−−−→ (−1)𝑠𝑏𝑏+𝑠𝑢̄𝑑̄+𝑙12 = −1. (13)

The antisymmetry of both pairs of quarks and antiquarks yields the first line, while the positive
parity of 𝑇𝑏𝑏 implies the second line.
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ℎ 𝑚ℎ (GeV)
√︃
⟨𝑟2

𝐶
⟩ (fm) 𝑟 𝑡+

𝑇𝑏𝑏 10.5765(98) 0.499(31) 𝜔 (3𝑚𝜋)2

𝐵 5.3020(17) 0.692(21) 𝜌 (2𝑚𝜋)2

𝐵∗ 5.3387(20) 0.698(23) 𝜌 (2𝑚𝜋)2

𝜋 0.28953(97) 0.652(20) 𝜌 (2𝑚𝜋)2

Table 1: Hadron masses 𝑚ℎ and charge radii
√︃
⟨𝑟2

𝐶
⟩.

Columns 𝑟 and 𝑡+ show the resonances and multi-
particle thresholds, respectively, that appear in the
𝑧−expansions.

√︃
⟨𝑟2

𝐶
⟩ (fm) 2𝑚𝑇𝑏𝑏 · 𝜇 𝑚2

𝑇𝑏𝑏
· Q

𝑇𝑏𝑏 0.499(31) 1.912(57) 1.9(8.7)
[𝑏𝑏] 0.174(59) 1.887(29) 0.6(8.8)
[𝑢̄𝑑] 0.511(14) 0.02(18) −0.18(86)

Table 2: Charge radii, magnetic dipole 𝜇 and electric
quadrupole moments Q of 𝑇𝑏𝑏 and the constituent
(anti)diquarks. The same values are also shown with
shaded bands at 𝑄2 = 0 in Figs. 3b and 3c.

In the following analysis we turn to the remaining form factors in Figs. 3b and 3c to further
narrow down the degrees of freedom introduced in eq. (12). From them, one can extract the total
magnetic dipole and electric quadrupole momenta as well as the contributions of individual quarks.
These quantities are obtained by taking the limiting values at 𝑄2 = 0 of the 𝑧−expansions (11) and
can be found in Table 2. Specifically, the electric quadrupole momenta of 𝑇𝑏𝑏 and its constituent
(anti)diquarks are all found to be consistent with zero. This is possible only if all orbital angular
momenta in (12) are zero and the orbital wave function is in the 𝑆−wave (𝑙𝑏𝑏 = 𝑙𝑢̄𝑑 = 𝑙12 = 0). The
magnetic dipole distribution within the 𝑇𝑏𝑏, shown in Fig. 3b, unambiguously signals that the vast
majority of the magnetic dipole moment is generated by the heavy diquark [𝑏𝑏], while the [𝑢̄𝑑]
contribution is consistent with zero. Given that the magnetic dipole moment operator couples both
to the orbital and spin components of the 𝑇𝑏𝑏

𝜇 = ⟨𝑇𝑏𝑏 |
∑︁

𝑞=𝑢,𝑑,𝑏

𝑒𝑞

2𝑚𝑞

(𝑙𝑞 + 𝑔𝑞𝑠𝑞) |𝑇𝑏𝑏⟩ ≡
𝐹𝑀 (0)
2𝑚𝑇𝑏𝑏

, (14)

and the former is found to be zero, we conclude that the [𝑏𝑏] diquark is in spin one, while the [𝑢̄𝑑]
antidiquark is in the spin zero configuration

𝑠𝑢̄𝑑 = 0, 𝑠𝑏𝑏 = 1. (15)

Finally, combining eq. (13) with the deduced values of spin and orbital quantum numbers
uniquely determines the color configuration of the diquark-antidiquark to be 𝑐 = 3. Therefore,
the information obtained from the electromagnetic form factors of the 𝑇𝑏𝑏 suffices to completely
constrain its wave function as

|𝑇𝑏𝑏⟩ = {[𝑏𝑏]𝑙𝑏𝑏=0,𝑠𝑏𝑏=1
3̄ [𝑢̄𝑑] 𝐼=0,𝑙𝑢̄𝑑̄=0,𝑠𝑢̄𝑑̄=0

3 }𝐽𝑃=1+
𝑙12=0 , (16)

wherein any other combination would be in tension with our lattice data at the current level of
precision.

5. Summary and conclusions

In this study, the first lattice QCD calculation and analysis of electromagnetic form factors of
the 𝑇𝑏𝑏 tetraquark was presented. The simulations were performed on a single CLS ensemble with
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Figure 4: Pictorial representation of the spatial, spin and color composition of the 𝑇𝑏𝑏, as determined by
from its EM form factors.

an unphysical pion mass 𝑚𝜋 ≈ 290 MeV using 𝑏−quarks implemented with a relativistic heavy
quark action tuned to reproduce the physical 𝐵 and 𝐵∗ masses and dispersion relations. Following
this, we measured the binding energy of the 𝑇𝑏𝑏 to be 𝑚𝑇𝑏𝑏 − (𝑚𝐵 + 𝑚𝐵∗) = −64(10) MeV.

Having established the existence of a 𝑇𝑏𝑏 bound state in our lattice setup, we computed its
matrix elements containing local heavy and light vector currents, enabling us to determine the sep-
arate contributions to the electromagnetic form factors from the light and heavy (anti)quarks. This
approach allowed us to extract the charge distributions within the tetraquark, the magnetic dipole
moment and the electric quadrupole moment, as well as their flavor decompositions. We found that
the available lattice data, combined with the Pauli principle applied to heavy and light (anti)quark
pairs is sufficient to completely describe the internal structure of the 𝑇𝑏𝑏. Rather uniquely, it is
composed as a bound state consisting of a compact heavy diquark [𝑏𝑏] in a color-antitriplet with
spin one, and a light antidiquark [𝑢̄𝑑] in a color-triplet in spin zero.
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