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Introduction

+ Since 2003, large amount of new hadronic states beyond the
conventional quark model are discovered in experiments.

+ Nearly all of the exotic candidates are close to the thresholds of

two hadrons.
+ Study of the hadron scattering 1s a main approach to probe the

structure of the exotic hadrons.

* Scattering on lattice.
* Preliminary results on the hidden-charm pentaquarks.

. Preliminary results on Dr scattering.
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. Diagonal matrix of
| phase-space factors |

e Scattering on lattice @~

+ General Liischer’s formula for two-body scattering:
det[1 ip -t (1 + i ]=0

' Finite volume

- Infinite-volume ‘S formation

| scattering matrix

+ Resonances/bound states are formally defined as poles in scattering
amplitudes.
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Finite volume spectrum:

~ Scattering o
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+ build large basis of operators {O, ©,, ---} with desired quantum numbers,

construct the matrix of correlation function:

— T — nyn* —FE 1t
C;=<0]0,6110>= ) Z'ZI"e

+ Solve the generalized eigenvalue problem(GEVP):  C,v/'(t) = 4,(0C V(1)

+Eigenvalues: 4,(1) ~ e %/(1 + ¢

+ Optimal linear combinations of the operators to overlap on the n’th state:

Q = Z V'O,

l

+ Computational technique: distillation quark smearing.

* Improve precision Disconneted diagrams
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Lattice QCD conﬁguratlons i
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wr Lattice QCD configurations
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' Theory interpretations:
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* Compact pentaquark states
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' Theory interpretations:

e Molecule bound states

* Compact pentaquark states

| =D molecules:

> D,J" 4 — \.(4312)
] |3-
> D* J* ; 5 ), P (4440)/P (4457)

37 5
Z*D*,Jpz( >~ 9 ~ )9
2 2

2



]

mem CLQCD

_ _ , 1
>.D and X _D* scattering(J* = — ):
2 4.65

4+ Five operators:
0, =Z.(p)D(-p) (Ip| = 0)
0, =Z(p)D(—p) (|p| =1
0; =2 (P)D(-p) (Ipl =V2)
Oy =X.(p)D*(—-p) (|p| = 0) 40
Os = X.(p)D*(—-p) (|p| = 1) 4.35-

4.30

o > ' > ]
l

X

2.0 2.5 3.0 3.5 4.0 4.5
L(fm)

* The finite-volume energies lie below the free energies, indicating rather strong |

| attractive interactions. ;;



CimMp> Results
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Scattering amplitude: Bound state pole: > D

1

T ~ = i
pcoto — ip P P

pcot 54(GeV)

Effective range expansion: > D:P(4312) ?

1 1 —_— ~0.31— . . .
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Luscher’s formula:

>, D* :P (4440)/P (4457) 1
2Z40(1; (2%

pcot6o(GeV)

ap = — 2.3(5)(1)tm
Ly/7 E. = 73)(1)MeV

pcoto(p) =

<4 L32
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Coupled channels: 7N, J/yN, A .D,A\.D*, ¥ D,¥ D*
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Non-interacting energy levels:

Efree — \/m12+p12 +\/m12+p22

1.80 -

ak

1.75 A

SRLLTTION s N
1 . 70 7 _-___;'4'4'.1.-...-....-..--.--.?..—..-..-._—- r’C
eel. Nj/qj

N e AD
1.65 - AD”

SN EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE| ZCD

— 3ID”

1-60 | I I I I | | |
32.5 35.0 37.5 40.0 42.5 45.0 47.5 50.0

alL



wmsmemsm. CLQCD

Coupled channels: 5 .N,J/wN, A.D, A .D*,% D, X D*

4 15 operators for the L = 32 ensemble: 423 operators for the L = 48 ensemble:
0,,5 = Npn(-p) (p>=0,1,2) 0,345 = NPn(—p) (p*=0,1,2,3.4)
0,5 = N(p)Jlw(-p) (p> = 0,1) 018910 = NP /y(=p) (p* = 0,1,2,3)
O¢5 = A (P)D(—p) (p* = 0,1,2) 01011121314 = A P)D(—=p) (p* =0,1,2,3,4)
Oy 1o = A (P)D*(—p) (p* =0,1) O\s 161718 = A (P)D*(—p) (p* = 0,1,2,3)
011 1213 = ZP)D(—p) (p* = 0,1,2) 0192021 = ZP)D(—p) (p* = 0,1,2)

014,15 = Z.(P)D*(—p) (p* = 0,1) Oy 03 = ZP)D*(—p) (p° = 0,1)
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4 L = 32 ensemble:
0123 =NPm(—p) (p” =0,1,2)
045 = NP)J/w(—p) (p> = 0,1)
0615 = A(P)D(=p) (p° = 0)

4L = 48 ensemble:
014345 =NPm(—p) (p* =0,1,2,3,4)
075910 = NP /w(—p) (p* = 0,1,2,3)
O10.11.12.13.14 = A(P)D(=p) (p* = 0)
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4+ L = 32 ensemble:
045 = NP)J/w(—p) (p> = 0,1)
0111213 = ZP)D(—p) (p* = 0,1,2)
01415 = Z.(p)D*(—p) (p°=0,1)

4 L = 48 ensemble:
075910 = N(P)Jw(—p) (p” = 0,1,2,3)
0195021 = ZP)D(—p) (p* =0,1,2)
0223 = Z.(p)D*(—p) (p°=0,1)

ak

EREERE ||| |
i
amm
o E
mE mm B
CLQCD
1.90 -
2D
2D *
NJ/y
1.85 - ¢
. —
=S ®
1.80 - °
o
o o
1.75 - .
o
1.70 -
o
@
30 35 40 45 50 55
alL

13



* A narrow exotic hadronic state with /¢ = 07~ was predicted in
T. J1, X.-K. Dong, F.-K, Guo and B.-S. Zou, PRL. 129, 102002 (2022)

e Scalar and axial vector charmed mesons:

0" 1T
D* :2317.8 + 0.5MeV D (2460), D,(2536)
Dj : 2343 £ 10MeV D,(2420), D,;(2430)

e DUz, DYK scattering. Hao-bo Yan(PKU)
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* Many interpolating operators are used, including both rest frame and moving frames
2
P = Tﬂ{(O’O’O)’ (0.0.1), (0.1,1). (1,1,1). (0,0,2)}.

* The finite volume spectra:
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S Summar

+ Single channel analysis indicates bound states in £_.D and X _D*

channel at m_~ 300MeV.
+ Coupled channels:

* Need robust determination of the spectrum with a complete set

of interpolating operators.
* Coupled channel scattering analysis.
. . . 1

+ At m_~ 300MeV, a virtual bound state 1s found 1n I = > S-wave Drx

scattering.
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