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Experimentally,

e The first doubly charmed tetraquark
T.(3875)" discovered in the D°D%7+
channel [LHCb:2021vvq]

mch — (mD*+ + mDO) ~ —300keV

® X(3872) — XYZ states
T.(3875)" — doubly heavy exotic states?

Theoretically,
e T1(3875): natural interpretation as the
D**+D° molecular state

e Other doubly heavy tetraquarks: compact
tetraquark / hadronic molecule

Quark Model + Effective Few-Body Methods:

A possible framework for unified descriptions
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Constituent Quark Model

e Success in conventional hadrons — nontrivial extension to
multiquark

® Richer color structure
34 ® 3¢ ® 33 ® 33 — Ligglazls D Ligglslanls
® Complicated few-body calculations

¢ Do not make a priori assumptions about clustering of quarks —
various types of multiquark states in a unified framework

e AL1 model: one-gluon-exchange + linear confinement
[Silvestre-Brac:1996myf]
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e Theoretical uncertainties ~ tens of MeV
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Complex Scaling Method

® Resonant states: poles at E=m — ig, not
square-integrable

e Previous works: states above thresholds
with real energies — possible false states

Imag. (E) scattering states (6=0)

> Real (E)
29 ©®-—resonance

e Complex scaling method: transform the
asymptotic behavior of wave functions by botind
analytical continuation states
[Aguilar:1971ve, Balslev:1971vb]

continuum
states
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Solve bound, resonant and continuum states simultaneously!
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Wave Function

e Color-spin wave functions: complete set

$1,52,S S1 /= = \S2 s $1,52,S S1 (= = \S2 §
Xy = [(QlQZ)EC (q192)5, L Xewe = [(Qle)sc (CI1612)5C]1C

e Spatial wave functions: Gaussian expansion method
[Hiyama:2003cu]

®9i31)2,n3 = ¢n1 (rjac)¢n2(>\jac)¢n3 (Pjac) ¢ni (T‘) = Nnie_ynir2

® dimeson (a,b) and diquark-antidiquark (c) configurations
® consistently describe molecular, compact states and their couplings

e ~ 10* bases to solve four-body Schrodinger equation with strong
correlations in color, spin and spatial d.o.f.
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Spatial Structures

e Meson molecules & compact ® ®
tetraquarks: different internal ®
structures and binding meson molecule
mechanisms ®
¢ 3 typical types of compact 0 ® o PP
tetraquarks expected in QQqq @@ e
¢ Identification by rms radius compact compact compact
diquark-antidiquark tetraquark  even tetraquark diquark-centered tetraquark
(QCD hydrogen molecule) (QCD helium atom)

s _ g | | (Ena(O)lrge?? [ Vna(6))
b (Wna(0)[¥na())

A novel definition to avoid ambiguities from antisymmertrization

Wei-Lin Wu (R157% Doubly heavy tetraquark



Doubly heavy tetraquark states

0000000

® Doubly heavy tetraquark states
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Bound states

System  I(J¥) M AE X303, Xewb. TOw o, Tow, o TO.0, T, Configuration
ccqq O(1f) 3864 14 58% 42% 071 0.64 113 1.16 1.02 1.22 M. (D*D)
bbgg 0(1%) 10642 -1 33% 67% 0.66 063 206 207 198 215 M. (B*B)
bigg 0(2%) 7363 -3 27% 73% 066 070 1.95 197 1.86 205 M.(B*D%)
bcgg O(0%) 7129 26 48% 52% 0.64 0.64 091 095 0.76 1.03 C.E.

0(1*) 7185 27 60% 40% 0.67 066 0.88 093 0.71 1.00 C.E.
bbgg 0(17) 10491 -153 97% 3% 0.68 0.67 0.70 071 033 0.78 C.DC.
bbsg  1(1*) 10647 -64 91% 9% 0.56 0.67 0.71 061 036 0.76 C.DC.

® D*D molecule with AE = —14 MeV as candidate for T..(3875)"
¢ Bound states with various configurations

® Molecular (M.) shallow bound state

® Compact even tetraquark (C.E.)

® Compact diquark-centered tetraquark (C.DC.) deeply bound state
® No isovector bound state — importance of “good” antidiquark

—__5=0,I=0
(q9)s,
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Resonant states: isoscalar QQqq

cegqg 1(J7)=0(1") bbgg 1(JT) =0(1%)
oLl D*D* B'B BB
S
(0]
=)
m)
5-40
) ) ) ) ) ) To6s0_ 1068010710
3900 4100 4300 4500 10500 10700 10900 11100 11300
Re(E) [MeV] Re(E) [MeV]
® Jowest resonant states near M_11/2 \ros Xeon "o 'on Tan T Taq Tow  Config.
* Ty * D Dk 10491 97% 3% 0.68 0.67 070 071 033 0.78 C.DC.
theD D andB B threShOIdS 10642 33% 67% 0.66 0.63 2.06 207 1.98 215 M.(B*B)
: R* R* 10700 — 1i  44%  56% 0.67 0.67 1.96 1.96 1.88 202 M.(B*B")
® First Tbb resonance as B*B 11025 -1i  98% 2% 108 107 108 1.08 033 083 CDC.

molecule
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Resonant states: isoscalar QQqq

ccqq 1(J7) = 0(1%) bhgq 1(JT) = 0(17)

B*B*

DD D*D*

Im(E) [MeV]

-40
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3900 4100 4300 4500 10500 10700 10900 11100 11300
Re(E) [MeV] Re(E) [MeV]

e Second Ty, resonance as

: P M—il/2  Xses Xews TQa "G Tow o oo, T COnfig.
radial excitation of the deeply 10491 97% 3% 068 067 070 071 033 078  CDC.
10642 33% 67% 066 063 206 207 198 215 M.(B'B)

bound T}, state 10700 - 1i  44% 56% 067 067 196 196 188 202 M.(B*B")

e More resonant states in higher 11025 — 1 98% 2% 1.08 107 1.08 1.08 0.33 0.83 C.DC.
energy region and bcqq system
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Resonant states: QQsq

bbsq JE=1F
BB
B,B* B:B* B:(28)B

0—# »—@
%
h M_T/2  Xses Xeeos ' "Gy gy o g, g Config
w0 10647  91% 9% 0.6 0.67 071 0.61 036 076 C.DC.
“0r 10766 —16i  92% 8% 058 071 074 063 036 085 C.DC.

-80
10

Im(E) [MeV]

600 10800 11000 11200 11400
Re(E) [MeV]

® Lowest Ty resonant state near B;B* threshold

e Similar to bbgq system: the resonant state is the radial excitation
in the light d.o.f of the deeply bound state

Doubly heavy tetraquark
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Resonant states: isovector QQqq and QQss
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® A series of compact tetraquark resonant states

¢ Resemblance between energy spectra of isovector QQgq and QQss
systems — same internal symmetries

e Mass differences between QQqq resonances and their strange
partners ~ 150 MeV
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Other systems

e Successfully describe T, (2870)° [Chen:2023syh] , X(6900) and
X(7200) [Wu:2024euj,Wu:2024hrv]

® Both 07" and 2% candidates for X(6900) and X(7200) are found

® All ccce resonances are compact tetraquark states

7200 [@ Xirn) = [6) — — — —
X (20, T —
7000 | b o &= _ = — Foan
ool T T b
5 Vi m e ;
= 6600 - — B e .
o I
6400 - = 3 b
Ao
52007‘/\ [ dni Jfudfy [ I Jjed;
6000 | L nedfy L Jiom
LHCb CMS ATLAS [ R A 0t 1t 2t [ B S S | 2 3
BW, BW, BW,
o =
Interference  m (MeV) 6393715 £25 6847 015 7173 T, £13 J 07" 07T 27T 27
(Run2+Run3) T(Mev) 446'%¢£87 1356414 73418410 Quark Model m ((]1\\/[’13\‘/’)) 6%8 7;7 7%7 7§g4
Interference m(MeV) 6638 it 687 A 7134 “33HL < =
(Run 2 [12]) I(MeV) 440 H3000 191 75542 97 +9+29

Open questions for cccc:

e If experimental states are determined to be 27", where are 0™ states?
® Where is X(6600)? It’s too wide to be calculated.
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Framework: QM + CSM + GEM
e Various types of tetraquark states in a unfied framework

® @ ® op

meson molecule compact compact compact
even tetraquark diquark-antidiquark tetraquark  diquark-centered tetraquark

A series of doubly heavy tetraquark bound and resonant states
® D*D molecular shallow bound state as candidate for T;f (3875)
® Bound states in bbgq, bcqq, bbsq systems

® Resonant states near D*D* and B*B* thresholds, - - -

The capability and limit of QM are to be explored with
comprehensive theoretical calculations.
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Backup: RMS Radii

® Molecular or compact states: rms radii
® Ambiguities from antisymmertrization:

U =AU = A > (i1} (Qef2) 215, ® [4712)

5189

= > (@) Q@R @ [412) + [(Quan)F Q=) @ 5™

51>859

HQE)(QE)IE @ [U3) +[(Q3)2(Qa)i) @ 1)

The quarks belong to both constituent mesons, (¥ |réq|\11 ) cannot
reflect the size of the constituent meson.

® Define rms radii using WUpa

\/ (W (6)[7262 | U (6))
(Una(0)[¥na(0))

rms
rij = Re
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