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e Theoretical explorations
e In the early 1980s, the states QQgg were pioneered

o Subsequently, various theoretical frameworks
T,,(bbud) with 01" the promising state.

Diquark configuration Meson-meson configuration
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1. Background

e Discoveries in experiments
o In 2017, the doubly charmed baryon =1 ehys. Rev. Lett. 110, 112001 (2017)

o In 2021. the doubly charmed state T:E , Nature Commun. 13, 3351 (2022)
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Its binding energy and decay width are
Ep = —3614+40 keV,  =47.8 1.9 keV.

May be deuteronlike structure.
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2. Quark model

@ Model Hamiltonian

n
Ho=_ <m;+_> - TC+Z( °ge+v°°"+v°be+v0)
i=1 i>j
@ One-gluon-exchange and quark confinement
Vs = 25 ne xe 1 2nd(ry)oi-o; L VEM = 5 S ASr2
y 4 J I’,'j 3m,~mj y S
@ One Goldstone boson exchange
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2. Quark model

e Meson spectrum and adjustable parameters eus rev. b %, 054000 (2014)

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

State D D* Ds D} B B* B, B

s

Model prediction 1867 2002 1972 2140 5259 5301 5377 5430

PDG 1869 2007 1968 2112 5280 5325 5366 5416
1
(r)2 068 082 052 069 073 077 057 062

Quark mass and Ag unit in MeV, ac unit in MeV-fm ™2, ry unit in MeV-fm
and «p is dimensionless.

Parameter my,d ms me mp

ac a@Q /\0 n
Value 280 512 1602 4936

40.78 4.55 9.17 35.06

o Applied to the TZ, the model can match the experimental data well.

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

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

@ Orbit of T,,

by

b, dy

rp, +rp Yo, +1g,

pP="p —Flp, F=rg—1rg, A=

2 2
@ Gaussian expansion method
Nxmax )
Prom, (X) = § CannxlxX/Xe_V"XX Yim (X), x=p, r and A
ny=1

@ Three P-wave excited modes
A p-mode, |, =1,/ =/,=0;B r-mode, , =1, 1,=1,=0;
CMmode, L =1,/ =1,=0.
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3. Diquark configuration o

@ Color of T,,
(366 © 665) @ (355 ®653) = (306 ©3;53)  (3p ® 63) © (66 ® 355) B (665 © 657)
—_——— — — ) ~——
108 810 8610 108@27

o Only 3® 3_% 1and 6 ® 6 — 1 are permitted. Color 3 or 3: cpp = ;7 =0;
Color 6 or 6: cp, =553 = 1.

@ Spin of T,
@ spp=00r1, s, =0o0r1;

o Total spin s = spp B s53;

0, 1®lor0p0
s= 1, 141, 1400r06p1
2, 1o1

@ lIsospin of T,,

o ibeO,iDE,ZOOI’l
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3. Diquark configuration of T,

o Constraints due to the Pauli principle

[bb] © Spp + Cpp +ipp + |p = odd
[Gd] : s;z +cy3 + iz +1, = even

@ Total wavefunction

b bb ud
cl>IJbb = Z Car [wglh]cﬂ E2.12]C2/ ¢I*m* (A)}

[e3

@ Solving the four-body Schrodinger equation

(Hs — Eo[p =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,

T T,
<Vij> = <¢/Jbb ‘ Vij|¢ubb>

St Parts T ycon yem Vi1 VT VO Parts T veen yem ycoul ym o ym o yo
[bb]% 124 16 1 0 0 0 16613 51 —19 1 59 0 0o o0
3 _ _
%51 [ad)3 789 55 —289 57  —335 —40 [ad]% 249 —70 —10 68 —2 20 -14
[bb]%—[aa]g 210 124 -2 0 0 0 [bb]g—[ﬁa]é 303 372 0 —764 0 0o o

@ Natures of diquarks in s-wave

o Good diquark [bb]: spp =1, o =0 (3c), 1, = 0;

Coulomb interaction

o Good antidiquark (@d): s;3 =0, c;3 = 0(3c), I, =0, and iz = 0;
Color magnetic, Coulomb, m-meson exchange
o Stronger correlation in the configuration [bb]g-[d];.
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4. Natures of diquarks and correlations

@ Average values of each interaction in the P-wave T, with A-mode

2L, pans + yeon yem ycoul ym T yo pans T+ yeon yem ycoul yn  ym o
[bb]% 124 16 1 —199 0 0 0 16613 51 —19 1 59 0 )
3 _ _

1°5) (@13 780 55 —280 —257 57 —335 —40 [Dd]% 249 —70 —10 68 —2 20 —14

[bb]%-[m?]g 210 124 -2 —340 0 0 0 [bb]g-[na]é 303 372 0 —764 0 )

[bb]% 115 18 1 -13 0 0 0 16613 a —24 1 52 0 )

183p a0 at

612  [ad)§ 730 50 —2713 —250 53 —316 —38 [@a]l 203 —8 -7 60 -1 14 -1

[bb]%-[EEl]g 282 216 —1 —232 0 0 0 [bb]g-[ru_i]é 449 552 0 —604 O 0o 0

o Natures of [bb] and [ad] are unchanged.

@ Strong correlation becomes weak in the configuration [bb]g—[Dc_l]%.

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



4. Natures of diquarks and correlations

@ Average values of each interaction in the P-wave T, with p-mode

n2STL, Parts T ycon yem ycoul m  yw  yo Parts T yeon yem ycoul ymo ym o o
Boll 124 16 1 199 0 o o [b5)2 51 —10 1 50 o 0o o
3 , _
175 [@d13 57 —335 —40  [ad]}
(bb1}-[ad1 o o o [yEal
0 1
651 0 o o [bl}
1pp _ _
Py (a3 56 —328 —40 (sl
(bb13-[1 o 0 o [l

o P-wave [bb]] is a good diquark, Coulomb interaction.

o [ud] and the correlation between [bb] and [fid] 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, with r-mode

n25+1 Ly Parts T ycon ycm ycoul yn VT Yo Parts T ycon ycm coul ym VT o
[bb]% 124 16 1 —199 0 0 0 16613 51 —19 1 59 0 )
3 _ _
175y (a3 780 55 —289 —257 57 —335 —40 [ad]% 249 —70 —10 68 -2 20 —14
[bb]%[ua]g 210 124 -2 —340 0 0 0 [bb]g,[aa]é 303 372 0 —764 0 )
[bb]% 116 17 1 —15 0 0 0 16613 41 —24 0 50 0 )
pr ool Zan0
1 [adl} 435 218 4 —93 1 S 375 —125 4 2 -1 -5 —4
[bb]%»[ua]é 165 228 —6 —240 0 0 0 [bb]g-[ua]% 257 552 —2 —506 0 )

o P-wave [Dc_l]g is a good diquark, good = bad, bad = good.

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

@ Binding energy
AE = Ey — Mgy — Mg

@ Contribution from each interaction
A(Vy) = (07 |Vl p) — (9(BHBW)|v;|0(BHBM))

@ S-wave state T,,, threshold BB*

1 1 1
m5tLL, Colorspin, ratio  AE AT AVEOR avem aycoul Aym AyT AVT (p2)2 (12)2 (A2)2
s (bb}[add, >99% —215 479 —50 259  —67 57 —335 —40 039 071 064

13s; _
beg[Ealg, <1% 119 —38 40 94 19 -2 20 —14 060 113 053
Mixing —216 481 —51  —260  —68 57 335 —40 039 071  0.64

e Compact bound state, AE = —216 MeV.
e Binding mechanism

chromomagnetic and m-meson-exchange in the [Gd]3.
o Dominant configuration [bb]3[ud]3.
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5. Bound states and binding mechanism

e P-wave T, with 13Pg; ,, no spin-orbit coupling, thresholds BB*

25+1 1 23 2.3 2,3
n25+ Ly  Color-spin, ratic ~ AE AT AVSOR AVE™m AVCeOUL AV AVT AV (p%)2 (rf)2 (X%)2
N [bb]%[ﬂa]g, > 99% 55 494 49 —243 56 53 —316 —38 040 074 091
P
0,1,2 [bb]g[m’i]é‘ < 1% 511 51 199 22 237 -1 14 —11 067 1.25 0.72
Mixing 55 494 49 —243 56 53 —316 —38 040 074 090

o No bound state, P-wave excitation between [bb] and [ad]
o Dominant configuration [bb]}[ud]3
o Introduce spin-orbit interaction
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5. Bound states and binding mechanism

e P-wave T,, with 13P?, threshold BB

2541 1 25 2y h 2,3
n?>FtLL, Colorspin, ratic  AE AT AVEOR AVEem Aveoul Ay AVT AV (p2)2 (2)2 (A2)2
- belg[adlg, >99% —18 409 7 —210 91 56 —331 —40 060 072 065

1lp
! [bb]%[ﬁa]é, <1% 203 —53 69 39 144 —2 20 -—14 072 113 053
Mixing —18 412 6 —213 89 56 —328 —40 060 072 065

e Compact bound state, AE = —18 MeV.
e Binding mechanism

chromomagnetic and m-meson-exchange interaction in the [ad]3.
o Dominant configuration [bb]3[ud]3.
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5. Bound states and binding mechanism

e P-wave T,, with 1'PJ, threshold BB

1 1 1
nSt1L;  Colorspin, ratic  AE AT AVEOR AVem Ayeoul Aym AVT AVT (p2)2 (2)2 (A2)2

L [bb]%[n&]é. < 1% 562 15 233 74 243 1 2 —5 040 142 071

pr
! [bb]g[na]g, > 09% 480 —30 176 80 265 —1 -5 —4 067 153 057
Mixing 480 —28 176 78 265 -1 -5 —4 067 153 057

e No bound state.
Strong chromomagnetic and m-meson-exchange interactions disappear in [Gd].

o Dominant configuration [bb]g[ud]3.
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e Summary

o Good diquark [bb] and good andiquark [@d]
S-wave: [bbl3, [ad]3; P-wave: [bb]3, [ud]3
o Diquark correlation in [bb]s[Gd]g is stronger than [bb]3[Td]3
Sometimes, the color configuration [bb]g[td]z is dominant.
o Compact P-wave bound state T,, with 00~
Binding energy is about 18 MeV, orbit excitation occurs in the diquark [bb].

Anti-diquark [d]{ is responsible for its binding mechanism.
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Thank you for your attention!
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