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A. Martines, etc. Few-Body Syst (2020) 61:35

Components States generated Method used References
i ) F
KNN K bound states A% [76-88]
FCA
1/2% . A excited F
2PN 172+ N* states XF [53,55]
(N*(1920)) X
aa N N*(1710) xF [54]
_ V.
KKN N*(1920) FCA [56,70,89]
_ xF
KKK K (1460) CS [90-92]
F
n'K]_E,rnm w(1300), fo(1790) xF [93]
¢KK,prnm $(2170) xF [50]
TpA As 2+ (2000) FCA [94]
TKK* 71(1600) FCA [95]
= 0(17) state around
nkk* 1700 MeV FCA [96]
pKK p(1700) FCA [97]
. f2(1270), p3(1690), f3(2050),
Multi-p 2350y, 12510) FCA [65]
. K3(1430), K3i(1780
K* multi-p K} 52045; KE‘EBS{);. K; FCA [74]
PVV m2(1670), 12(1645), K3(1770) FC [75]
K multi-p several K* states FCA [98]
DNN D bound state E,CA [99,100]
NDK, NDK, bound states of
NDD 3050, 3150, 4400 MeV FC (100]
DDK, DDy, I =1/2 state
DD around 4140 MeV xF [101.102]
DDK Bound state, B =~ 70 MeV GE [103]
DDDK Bound state, B =~ 90 — 110 MeV GE [103]
J/YKK Y (4260) xF [104]
K DD* K* Bound states FCA [105]
DKEK D-like state at 2900 MeV QSFR(*:X F [71,72]
pl)D 1 =0, | states 42004300 MeV FCA [106]
pB*B* B J = 3 state at 10950 MeV FCA [107]
D(*'é’(*’b'(*) Several bound states FCA [108]
BDD,BDD B DD bound state ~ 8950 MeV FCA [109]
* [k
pEA Bound C = 3 meson F (110]
. s Bound states
Dbk, BE"K 4318 MeV, 11014 MeV BO (i
K*BB, K*B*B* Several bound states FCA [112]
BB B* Probable bound state BO [113]
D multi-p Seven D* states FCA [114]

P Pseudoscalar, F Faddeev, FCA Fixed center approximation, x F' Chiral Faddeev, V Variational, GE Gaussian expansion, QSR
QCD sum rules, BO Born—-Oppenheimer, CS Complex scaling

Methods:

Faddeev equation

Fixed Center Approximation

x Faddeev

Variational method

Gaussian Expansion Method

QCD Sum Rules
Born-Oppenheimer Approximation

Complex Scaling
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deuteron triton

np, Nnnp, Nnpp...

NK, NNK, NNNK...
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IUPAC Periodic Table of the Elements

PURE AND APPUED CHEMISTRY
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(1,0)
apg [fm]

Mp:, 23177[MeV]

DK pole position@ChPT DK &5t E@LQCD

Pole position: 2315%18 MeV

TABLE V. Pole positions \/s = M — i (in units of MeV) of
charm mesons dynamically generated in the HQS UChPT.

[(D%(2317) — D,m) = (133 = 22) keV.
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LO Weinberg-Tomozawa (WT) DK interaction

Cyw (1)
“/ &'— = — -
DK (q) TE
C’TI'V(D) =2 and (Yn’(l) = ().
c o Cwld) ey
"’DKU‘) = _W O(S)U‘) ,

CTI,V (I) 6?7(?)/1?6)2

Vor(ri Re) = =3 73

T3/2R3

' R=0.5 fm, R =2 fm 0T =0.5 fm, R =3 fm
H | s ot s B \ H Rs . » e
: i —C/<0  MeV 1500 V! ——C=0  Mev
P - — C/=500 MeV ol Yil - — ;=500 MeV
' | L - -~ C,’=1000 MeV '|‘. \ - - - - C,'=1000 MeV
\\‘. | - - —C,'=3000 MeV o 50k \". \ — - = C,'=3000 MeV
i & 1
\ = 0 v
> sof ;
-100 F
150 F
L -200 :
2 4 5 0 1 2 3 4 5
r [fm] r [fm]

LO attractive main part+NLO repulsive core

g_(r/RS)Z e_(r/Rc‘)z

i e T
PR, PR

— Cge_(r/RS)z _|_ C;Ee_(r/Rc)z’

Vpk(FR,) =C + C(R¢)

> HIEDsORYRZEgEASMeV :
B E e 22 HE /RN, Rs(0.5 fm), Cs’(0-3000 MeV);
B[ fcutoff Re(1-3fm), ReRIEBWANIE.

10




gﬂ' IEFIRERARYE

DDAH G.AF A

DDEIF & T A EEH

Vop(riA) =V, (rA) + Vi, (ri A) + Vi (r: A)

A
Vo(riA) = —g5 me We(mgr. —).
My
— =g 2 17 *'/X
V}J (?“ f\) — JFTl - T9 gp m p H ! ('ﬂ?: p’?“: _) 3
m,,
, - A
Vw (r A/X) — +gw my, II C (ﬂ?’wr’ ) ’
My,
Hp
e e (2—1)eH

Woxd) =S5 _ .
) = A T T T an

11



—1

Iy,

AT

COFEI T T T

\

\ \

/

SR ER—FiE
F 5%

== oo

TS

D RIEKRB VAR R EESHTENER

> BESHTEMERIT

(H—-—E)U =0

Vi =Y CY®jarm.
n=1
> B AKRAEE B KR

Timaz

(1)

Z (H, ) _EN “,)Cn, =0,
= {CI)JJH,H|H|@'JJH1“;)1
N‘J‘E-;II.E = {(I)JM,71|1|'1I’JJHM:)_

> SEE
@fﬂm {T) = (.DEI (J") ffm {"F)"
(;I)EE (T) HITIE Vnrg'.'
gx+2(gyn}£+§ B |
Npr = m ('-'1 =1- Hmuz}-
> SHESRZTHSE)
1
Uy _?’,_,21 \
r, =71 U (n=1- Nmaz )-

/E._\_

=

TNMERTESSHREIT

AR BEHEES MR R

12




B UNAD

=T RERR > BIKEE

Win = ‘I’J M Y(ry, Ry) + ‘I’{fu (r2,Ra) + ‘I’{fug (rs,Ra)

N3 N3 N3
0 b i AR R 2K
R1 " 2 Rz RB
7 (e, R) = ) Alf: oL [Pt (e )i 1 (Re)] sm
nd. N.L_.
N, N, N, N, N, SN,

':biim{ }_ "C}n!{ Jmm{ ) ﬂi(r} — \?EITEF_U r?

e .
U5 (R) = 9§ L(R)Ya(R), 65 L(R) = Ny REe AN E

v

c=1 c=2 c=3

P A PR 4 O R U 15 PR = (4R IR R X

13



U1k &5t

(2+2 )binding three types

Ny N, Ny N, N, Ny
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Figure 1: Jacobian coordinates for the 18 rearrangement channels of four-body system

3+1) binding four tyes

KEFHE 12 /4
HER & 6 1

2-body: 1 Jacobian channel
3-body: 3 Jacobian channels
4-body:. 18 Jacobian channels
5-body: 100+ Jacobian channels

Straightly but not easy!
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T Mz 4 /5 M , A
DDK 73 T AW TR A2 5 AR ISR RTRAKE
Cs CL r2(DK) r3(DK) r3(DD) (T) (Vok) {(Vbp)
Rg=0.5 fm R.=1fm
0 —-320.1 1.28 1.32 1.36 124.37 —-189.61 —-5.98
500 —4554 1.39 1.44 1.47 99.51 —164.83 -5.03
1000 —562.6 1.46 1.53 1.54 91.43 —156.67 —4.51
3000 —838.7 1.61 1.69 1.68 93.24 —157.80 —3.82
Rg=0.5fm R.=2fm
0 —149.1 1.74 1.80 1.80 60.20 —-125.74 —-3.23
500 —178.4 1.91 1.98 1.96 51.00 —-116.59 -2.64
1000 —195.0 1.99 2.07 2.04 50.63 —-116.12 243
3000 -2259 2.13 2.22 2.15 53.61 —-118.59 -2.24
Rg=0.5fm R.=31fm
0 —-107.0 2.13 2.19 2.17 39.49 —105.35 -2.13
500 —-1194 2.31 2.38 2.34 34.80 —100.73 -1.77
1000 —125.6 2.37 2.47 2.42 34.90 —100.77 -1.65
3000 —136.2 2.53 2.61 2.53 36.66 —-102.24 —1.54
r3(DK) = r3(DD)
c A P4 NP N
DKIJTTIRFAZKIRT B NN FERCAIEUE . DDIYIYTTIRF 2 AR T DK iz,
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BE AN
(Heavy quark spin symmetry, HQSS)

= SEPSP YN
(Heavy quark flavor symmetry, HQFS)

BERER-NE TR
(Heavy antiquark-diquark symmetry, HADS)

JRN_E R EDDKFAE, HESRMNMMERFSHEFE.
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T.W. WU, etc. Eur.Phys.J. C80 (2020) 901

C(RC) Rc BQ(ECCK) BS(ECCECCK)
—862.4 05 63.6707  1IR4TIT
—320.1 1.0 5377 gz.sjg»;
—1491 20 49.1757  79. b+3~11, 55 r+gg

Cs =1000 Rs=0.1

—884.7 0.5 63.27 1) 117.51720°
—3240 1.0 53.6737 92,5752
—200.2 1.5 50.6737 83.973, 54.273)
—149.9 2.0 49.133 79.6731, 55, f%ﬁ
WE A+ T
Cs=0 R.=0.1
—925.9 0.5 29.4 35.2
—3164 1.0 29.4 39.3
—132.6 2.0 29.4 41.8
—89.2 3.0 29.4 42.5
Cs = 1000 R, = 0.1
—946.6 0.5 29.4 35.4
—3198 1.0 29.4 39.4
—133.2 2.0 29.4 41.8
—89.4 3.0 29.4 42.5
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Thomas Collapse in AAB system

COFE T TEEL;

L. Thomas, Phys. Rev. 47, 903 (1935)

ZRLGIAAB, ZfMass(A)>>Mass(B)RT, HV_{ABHESABH EEHIREREB_2,
AR RAREB_3REEV_{ABIN B UEMSEEaiE Tom & Hl .

B*KR#fE1MeVEf, B*B*KRZAfEfBamT 1L

0- —T—T _| —T l_--l_-—.l-‘. T ; T - VB*[_{(F) — CGe_F"’/((_
404 B*B*I(/'
20- " ] Cc[MeV] alfm] B, Bs
' 450 20%-1 -479
> 30+ §
N - 745 15| -1 -5.86
= ] 1557 1 |-1-822
505 -_ 5773 05 | -1 =173
PN ] ~3443 02| -1 -625}
7o a /v B 3K

—rTr T 1T r 111 11T
00 02 04 06 08 10 12 14 16 18 20 22
al/fm

A E B ERALFERB*B*KbarfgThomas Collapse.
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Thomas Collapse in EqcZccK and BBK systems
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T.W. Wu, M.Z. Liu and L.S. Geng, Phys.Rev. D103 (2021) L031501
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DDKMIDD*Kn] UITFE R =R R E 7S

B3(DDK) ~ 48.973% MeV.

B3(DD*K) ~77.3%55 MeV.

wy 9tV

1.36 fm

£977MeV Z470MeV 22
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