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1. Background

Theoretical explorations
In the early 1980s, the states QQq̄q̄ were pioneered

Subsequently, various theoretical frameworks
T−

bb(bbūd̄) with 01+: the promising state.
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1. Background

Discoveries in experiments
In 2017, the doubly charmed baryon Ξ++

cc Phys. Rev. Lett. 119, 112001 (2017)

In 2021. the doubly charmed state T+
cc , Nature Commun. 13, 3351 (2022)

The derivation of the FU profile relies on the assumed isospin
symmetry for the Tþ

cc ! D�D decays and the coupled-channel
interaction of the D*+D0 and D*0D0 system as required by
unitarity and causality following Ref. 91. The resulting energy-
dependent width of the Tþ

cc state accounts explicitly for the
Tþ
cc ! D0D0πþ, Tþ

cc ! D0Dþπ0 and Tþ
cc ! D0Dþγ decays. The

modification of the D* meson lineshape92 due to contributions
from triangle diagrams93 to the final-state interactions is neglected.
Similarly to the FBW profile, the FU function has two parameters:
the peak locationmU, defined as the mass value where the real part
of the complex amplitude vanishes, and the absolute value of the
coupling constant g for the Tþ

cc ! D�D decay.
The detector mass resolution, R, is modelled with the sum of

two Gaussian functions with a common mean, and parameters
taken from simulation, see Methods. The widths of the Gaussian
functions are corrected by a factor of 1.05, which accounts for a
small residual difference between simulation and data94–96. The
root mean square (RMS) of the resolution function is around
400 keV/c2.

A study of the D0π+ mass distribution for selected D0D0π+

combinations in the region above the D*0D+ mass threshold and
below 3.9 GeV/c2 shows that approximately 90% of all D0D0π+

combinations contain a true D*+ meson. Therefore, the back-
ground component is parameterised with a product of the two-
body phase-space function ΦD�þD0

97 and a positive polynomial
function Pn, convolved with the detector resolution function R

Bn ¼ ΦD�þD0 ´ Pn

� � �R; ð2Þ
where n denotes the order of the polynomial function, n= 2 is
used in the default fit.

The D0D0π+ mass spectrum with non-D0 background
subtracted is shown in Fig. 1 with the result of the fit using a
model based on the FU signal profile overlaid. The fit gives
a signal yield of 186 ± 24 and a mass parameter relative to the
D*+D0 mass threshold, δmU of −359 ± 40 keV/c2. The statistical
significances of the observed Tþ

cc ! D0D0πþ signal and for the
δmU < 0 hypothesis are determined using Wilks’ theorem to be 22
and 9 standard deviations, respectively.

The width of the resonance is determined by the coupling
constant g for small values of g

�� ��. With increasing g
�� ��, the width

increases to an asymptotic value determined by the width of the
D*+ meson, see Methods and Supplementary Fig. 7. In this
regime of large g

�� ��, the FU signal profile exhibits a scaling

property similar to the Flatté function94,98,99. The parameter g
�� ��

effectively decouples from the fit model, and the model resembles
the scattering-length approximation81. The likelihood profile for
the parameter g

�� �� is shown in Fig. 2, where one can see a plateau
at large values. At small values of the g

�� �� parameter, g
�� ��< 1GeV,

the likelihood function is independent of g
�� �� because the

resonance is too narrow for the details of the FU signal profile
to be resolved by the detector. The lower limits on the g

�� ��
parameter of g

�� ��> 7:7 ð6:2ÞGeV at 90% (95%) confidence level
(CL) are obtained as the values where the difference in the
negative log-likelihood �Δ logL is equal to 1.35 and 1.92,
respectively. Smaller values for g

�� �� are further used for systematic
uncertainty evaluation.

The mode relative to the D*+D0 mass threshold, δm, and the full
width at half maximum (FWHM), w, for the FU profile are found
to be δm ¼ �361± 40 keV=c2 and w ¼ 47:8 ± 1:9 keV=c2, to be
compared with those quantities determined for the FBW signal
profile of δm ¼ �279± 59 keV=c2 and w ¼ 409 ± 163 keV=c2.
They appear to be rather different. Nonetheless, both functions
properly describe the data given the limited sample size, and
accounting for the detector resolution, and residual background.
To quantify the impact of these experimental effects, two ensembles
of pseudoexperiments are performed. Firstly, pseudodata samples
are generated with a model based on the FU profile. The
parameters used here are obtained from the default fit, and the
size of the sample corresponds to the size of data sample. Each
pseudodata sample is then analysed with a model based on theFBW

function. The obtained mean and RMS values for the parameters
δmBW and ΓBW over the ensemble are shown in Table 2. The mass
parameter δmBW agrees well with the value determined from
data71. The difference for the parameter ΓBW does not exceed one
standard deviation. Secondly, an ensemble of pseudodata samples
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Fig. 1 Distribution of D0D0π+ mass. Distribution of D0D0π+ mass where
the contribution of the non-D0 background has been statistically
subtracted. The result of the fit described in the text is overlaid.
Uncertainties on the data points are statistical only and represent one
standard deviation, calculated as a sum in quadrature of the assigned
weights from the background-subtraction procedure.
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Fig. 2 Likelihood profile for the gj j parameter. Likelihood profile for the
absolute value of the coupling constant g from the fit to the background-
subtracted D0D0π+ mass spectrum with a model based on the FU signal
profile.

Table 2 Mean and root mean square (RMS) values for the
δmBW, ΓBW and δmU parameters obtained from
pseudoexperiments produced as a consistency check.

Pseudoexperiments

Parameter Mean RMS Data

δmBW keV=c2
� �

−301 50 −273 ± 6171

ΓBW keV½ � 222 121 410 ± 16571

δmU keV=c2
� �

−378 46 −359 ± 40

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30206-w ARTICLE

NATURE COMMUNICATIONS |         (2022) 13:3351 | https://doi.org/10.1038/s41467-022-30206-w |www.nature.com/naturecommunications 3

Its binding energy and decay width are

Eb = −361± 40 keV, Γ = 47.8± 1.9 keV.

May be deuteronlike structure.
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2. Quark model

Model Hamiltonian

Hn =
n∑

i=1

(
mi +

p2
i

2mi

)
− Tc +

n∑
i>j

(
V oge
ij + V con

ij + V obe
ij + V σij

)
One-gluon-exchange and quark confinement

V oge
ij =

αs

4
λc
i · λ

c
j

(
1

rij
−

2πδ(rij )σi · σj

3mimj

)
, V con

ij = −acλ
c
i · λ

c
j r

2
ij

One Goldstone boson exchange

V obe
ij = Vπij

3∑
k=1

Fk
i F

k
j + VK

ij

7∑
k=4

Fk
i F

k
j + V ηij (F8

i F
8
j cos θP − sin θP)

Vχij =
g2
ch

4π

m3
χ

12mimj

Λ2
χ

Λ2
χ −m2

χ

σi · σj

(
Y (mχrij ) −

Λ3
χ

m3
χ

Y (Λχrij )

)
, χ = π, K , η

σ-meson exchange

V σij = −
g2
ch

4π

Λ2
σmσ

Λ2
σ −m2

σ

(
Y (mσrij ) −

Λσ

mσ
Y (Λσrij )

)
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2. Quark model

Meson spectrum and adjustable parameters Phys. Rev. D 90, 054009 (2014)

Mass unit in MeV and root-mean-square unit in fm.

State D D∗ Ds D∗s B̄ B̄∗ B̄s B̄∗s

Model prediction 1867 2002 1972 2140 5259 5301 5377 5430

PDG 1869 2007 1968 2112 5280 5325 5366 5416

〈r2〉
1
2 0.68 0.82 0.52 0.69 0.73 0.77 0.57 0.62

Quark mass and Λ0 unit in MeV, ac unit in MeV·fm−2, r0 unit in MeV·fm
and α0 is dimensionless.

Parameter mu,d ms mc mb ac α0 Λ0 r0

Value 280 512 1602 4936 40.78 4.55 9.17 35.06

Applied to the T+
cc , the model can match the experimental data well.

C.R. Deng and S.L. Zhu, T+
cc and its partners, Phys. Rev. D 105, 054015 (2022);

C.R. Deng and S.L. Zhu, Decoding the double heavy tetraquark state T+
cc , Science Bulletin 67, 1522
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3. Diquark configuration of T−bb

Orbit of T−bb
ത𝑢3

𝑏1

𝑏2
ҧ𝑑4

𝝀
𝝆

r

ρ = rb1 − rb2 , r = rū3 − rd̄4
, λ =

rb1 + rb2

2
−

rū3 + rd̄4

2

Gaussian expansion method

φlxmx (x) =
nxmax∑
nx=1

cnxNnx lx x
lx e−νnx x

2

Ylxmx (x̂), x = ρ, r and λ

Three P-wave excited modes

A ρ-mode, lρ = 1, lr = lλ = 0; B r -mode, lr = 1, lρ = lλ = 0;

C λ-mode, lλ = 1, lr = lρ = 0.
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3. Diquark configuration of T−bb

Color of T−bb

(3̄bb ⊕ 6bb) ⊗ (3ūd̄ ⊕ 6̄ūd̄ ) = (3̄bb ⊗ 3ūd̄ )︸ ︷︷ ︸
1⊕8

⊕ (3̄bb ⊗ 6̄ūd̄ )︸ ︷︷ ︸
8⊕10

⊕ (6bb ⊗ 3ūd̄ )︸ ︷︷ ︸
8⊕10

⊕ (6bb ⊗ 6̄ūd̄ )︸ ︷︷ ︸
1⊕8⊕27

Only 3̄⊗ 3→ 1 and 6⊗ 6̄→ 1 are permitted. Color 3̄ or 3: cbb = cūd̄ = 0;
Color 6 or 6̄: cbb = cūd̄ = 1.

Spin of T−bb
sbb = 0 or 1, sūd̄ = 0 or 1;

Total spin s = sbb ⊕ sūd̄ ;

s =


0, 1⊕ 1 or 0⊕ 0

1, 1⊕ 1, 1⊕ 0 or 0⊕ 1

2, 1⊕ 1

Isospin of T−bb
ibb = 0, iūd̄ = 0 or 1
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3. Diquark configuration of T−bb

Constraints due to the Pauli principle

[bb] : sbb + cbb + ibb + lρ = odd

[ūd̄ ] : sūd̄ + cūd̄ + iūd̄ + lr = even

Total wavefunction

Φ
T−bb
IJ =

∑
α

cα
[
Ψ

[bb]
i1j1c1lρ

Ψ
[ūd̄ ]
i2j2c2lr

φlλmλ(λ)
]T−bb
IJ

Solving the four-body Schrödinger equation

(H4 − E4)Φ
T−bb
IJ = 0

in the orbit-color-spin-isospin space composed of 1280 bases.
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4. Natures of diquarks and correlations

Average values of each interaction in the s-wave T−bb

〈Vij〉 = 〈ΦT−bb
IJ |Vij |Φ

T−bb
IJ 〉

n2S+1LJ Parts T Vcon Vcm Vcoul Vη Vπ Vσ Parts T Vcon Vcm Vcoul Vη Vπ Vσ

13S1

[bb]1
3̄

124 16 1 −199 0 0 0 [bb]06 51 −19 1 59 0 0 0

[ūd̄ ]03 789 55 −289 −257 57 −335 −40 [ūd̄ ]1
6̄

249 −70 −10 68 −2 20 −14

[bb]1
3̄

-[ūd̄ ]03 210 124 −2 −340 0 0 0 [bb]06-[ūd̄ ]1
6̄

303 372 0 −764 0 0 0

Natures of diquarks in s-wave

Good diquark [bb]: sbb = 1, cbb = 0 (3̄c), lρ = 0;
Coulomb interaction
Good antidiquark (ūd̄): sūd̄ = 0, cūd̄ = 0(3c), lr = 0, and iūd̄ = 0;
Color magnetic, Coulomb, π-meson exchange
Stronger correlation in the configuration [bb]0

6-[ūd̄ ]1
6̄.
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4. Natures of diquarks and correlations

Average values of each interaction in the P-wave T−bb with λ-mode

n2S+1LJ Parts T Vcon Vcm Vcoul Vη Vπ Vσ Parts T Vcon Vcm Vcoul Vη Vπ Vσ

13S1

[bb]1
3̄

124 16 1 −199 0 0 0 [bb]06 51 −19 1 59 0 0 0

[ūd̄ ]03 789 55 −289 −257 57 −335 −40 [ūd̄ ]1
6̄

249 −70 −10 68 −2 20 −14

[bb]1
3̄

-[ūd̄ ]03 210 124 −2 −340 0 0 0 [bb]06-[ūd̄ ]1
6̄

303 372 0 −764 0 0 0

13Pλ0,1,2

[bb]1
3̄

115 18 1 −193 0 0 0 [bb]06 41 −24 1 52 0 0 0

[ūd̄ ]03 739 59 −273 −250 53 −316 −38 [ūd̄ ]1
6̄

203 −85 −7 60 −1 14 −11

[bb]1
3̄

-[ūd̄ ]03 282 216 −1 −232 0 0 0 [bb]06-[ūd̄ ]1
6̄

449 552 0 −604 0 0 0

Natures of [bb] and [ūd̄ ] are unchanged.

Strong correlation becomes weak in the configuration [bb]0
6-[ūd̄ ]1

6̄
.
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4. Natures of diquarks and correlations

Average values of each interaction in the P-wave T−bb with ρ-mode

n2S+1LJ Parts T Vcon Vcm Vcoul Vη Vπ Vσ Parts T Vcon Vcm Vcoul Vη Vπ Vσ

13S1

[bb]1
3̄

124 16 1 −199 0 0 0 [bb]06 51 −19 1 59 0 0 0

[ūd̄ ]03 789 55 −289 −257 57 −335 −40 [ūd̄ ]1
6̄

249 −70 −10 68 −2 20 −14

[bb]1
3̄

-[ūd̄ ]03 210 124 −2 −340 0 0 0 [bb]06-[ūd̄ ]1
6̄

303 372 0 −764 0 0 0

11P
ρ
1

[bb]0
3̄

138 39 0 −107 0 0 0 [bb]16 97 −28 −7 44 0 0 0

[ūd̄ ]03 775 55 −283 −253 56 −328 −40 [ūd̄ ]1
6̄

248 −70 −10 68 −2 20 −14

[bb]0
3̄

-[ūd̄ ]03 200 140 −4 −320 0 0 0 [bb]16-[ūd̄ ]1
6̄

302 396 −24 −740 0 0 0

P-wave [bb]0
3̄

is a good diquark, Coulomb interaction.

[ūd̄ ] and the correlation between [bb] and [ūd̄ ] just change a little bit.
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4. Natures of diquarks and correlations

Average values of each interaction in the P-wave T−bb with r -mode

n2S+1LJ Parts T Vcon Vcm Vcoul Vη Vπ Vσ Parts T Vcon Vcm Vcoul Vη Vπ Vσ

13S1

[bb]1
3̄

124 16 1 −199 0 0 0 [bb]06 51 −19 1 59 0 0 0

[ūd̄ ]03 789 55 −289 −257 57 −335 −40 [ūd̄ ]1
6̄

249 −70 −10 68 −2 20 −14

[bb]1
3̄

-[ūd̄ ]03 210 124 −2 −340 0 0 0 [bb]06-[ūd̄ ]1
6̄

303 372 0 −764 0 0 0

11Pr
1

[bb]1
3̄

116 17 1 −195 0 0 0 [bb]06 41 −24 0 50 0 0 0

[ūd̄ ]13 435 218 4 −93 1 2 −5 [ūd̄ ]0
6̄

375 −125 4 42 −1 −5 −4

[bb]1
3̄

-[ūd̄ ]13 165 228 −6 −240 0 0 0 [bb]06-[ūd̄ ]0
6̄

257 552 −2 −596 0 0 0

P-wave [ūd̄ ]0
6̄

is a good diquark, good ⇒ bad, bad ⇒ good.

P-wave excitation in [ūd̄ ] dramatically changes the correlation between [bb]
and [ūd̄ ] .
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5. Bound states and binding mechanism

Binding energy
∆E = E4 −MB̄(∗) −MB̄(∗)

Contribution from each interaction

∆〈Vij〉 = 〈ΦT−bb
IJ |Vij |Φ

T−bb
IJ 〉 − 〈Φ(B̄(∗)B̄(∗))|Vij |Φ(B̄(∗)B̄(∗))〉

S-wave state T−bb, threshold B̄B̄∗

n2S+1LJ Color-spin, ratio ∆E ∆T ∆Vcon ∆Vcm ∆Vcoul ∆Vη ∆Vπ ∆Vσ 〈ρ2〉
1
2 〈r2〉

1
2 〈λ2〉

1
2

13S1

[bb]1
3̄

[ūd̄ ]03 , >99% −215 479 −50 −259 −67 57 −335 −40 0.39 0.71 0.64

[bb]06 [ūd̄ ]1
6̄

, <1% 119 −38 40 94 19 −2 20 −14 0.60 1.13 0.53

Mixing −216 481 −51 −260 −68 57 −335 −40 0.39 0.71 0.64

Compact bound state, ∆E = −216 MeV.
Binding mechanism
chromomagnetic and π-meson-exchange in the [ūd̄ ]0

3.
Dominant configuration [bb]1

3̄[ūd̄ ]0
3.
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5. Bound states and binding mechanism

P-wave T−bb with 13Pλ0,1,2, no spin-orbit coupling, thresholds B̄B̄∗

n2S+1LJ Color-spin, ratio ∆E ∆T ∆Vcon ∆Vcm ∆Vcoul ∆Vη ∆Vπ ∆Vσ 〈ρ2〉
1
2 〈r2〉

1
2 〈λ2〉

1
2

13Pλ0,1,2

[bb]1
3̄

[ūd̄ ]03 , > 99% 55 494 49 −243 56 53 −316 −38 0.40 0.74 0.91

[bb]06 [ūd̄ ]1
6̄

, < 1% 511 51 199 22 237 −1 14 −11 0.67 1.25 0.72

Mixing 55 494 49 −243 56 53 −316 −38 0.40 0.74 0.90

No bound state, P-wave excitation between [bb] and [ūd̄ ]
Dominant configuration [bb]1

3̄[ūd̄ ]0
3

Introduce spin-orbit interaction
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5. Bound states and binding mechanism

P-wave T−bb with 13Pρ1 , threshold B̄B̄

n2S+1LJ Color-spin, ratio ∆E ∆T ∆Vcon ∆Vcm ∆Vcoul ∆Vη ∆Vπ ∆Vσ 〈ρ2〉
1
2 〈r2〉

1
2 〈λ2〉

1
2

11P
ρ
1

[bb]0
3̄

[ūd̄ ]03 , >99% −18 409 7 −210 91 56 −331 −40 0.60 0.72 0.65

[bb]16 [ūd̄ ]1
6̄

, <1% 203 −53 69 39 144 −2 20 −14 0.72 1.13 0.53

Mixing −18 412 6 −213 89 56 −328 −40 0.60 0.72 0.65

Compact bound state, ∆E = −18 MeV.
Binding mechanism
chromomagnetic and π-meson-exchange interaction in the [ūd̄ ]0

3.
Dominant configuration [bb]0

3̄[ūd̄ ]0
3.
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5. Bound states and binding mechanism

P-wave T−bb with 11P r
1 , threshold B̄B̄

n2S+1LJ Color-spin, ratio ∆E ∆T ∆Vcon ∆Vcm ∆Vcoul ∆Vη ∆Vπ ∆Vσ 〈ρ2〉
1
2 〈r2〉

1
2 〈λ2〉

1
2

11Pr
1

[bb]1
3̄

[ūd̄ ]13 , < 1% 562 15 233 74 243 1 2 −5 0.40 1.42 0.71

[bb]06 [ūd̄ ]0
6̄

, > 99% 480 −30 176 80 265 −1 −5 −4 0.67 1.53 0.57

Mixing 480 −28 176 78 265 −1 −5 −4 0.67 1.53 0.57

No bound state.
Strong chromomagnetic and π-meson-exchange interactions disappear in [ūd̄ ].
Dominant configuration [bb]0

6[ūd̄ ]0
6̄.

Cheng-Rong Deng (SWU) crdeng@swu.edu.cn Apr 29, 2024 17 / 19



6. Summary

Summary

Good diquark [bb] and good andiquark [ūd̄ ]

S-wave: [bb]1
3̄, [ūd̄ ]0

3; P-wave: [bb]0
3̄, [ūd̄ ]1

6̄

Diquark correlation in [bb]6[ūd̄ ]6̄ is stronger than [bb]3̄[ūd̄ ]3

Sometimes, the color configuration [bb]6[ūd̄ ]6̄ is dominant.

Compact P-wave bound state T−
bb with 00−

Binding energy is about 18 MeV, orbit excitation occurs in the diquark [bb].

Anti-diquark [ūd̄ ]0
6̄ is responsible for its binding mechanism.
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Thank you for your attention!
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