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CLQCD

4 Spectroscopy:

 Most of the hadrons observed in
experiments are unstable. _

e Understand how hadrons are built from T Themee
quarks and gluons.

Quark model and beyond

4+ New experimental discoveries
provide opportunities and challenges for
lattice studies.




+ Hadron scattering on Lattice

+ Results
+ Meson-meson scattering: p, K*, D¥(2300)

+ Meson-baryon scattering: pentaquarks
+ Baryon-baryon scattering: NN
+ Three-body scattering: arr [ = 0,1

+ Summary and discussions




| Finite volume |

| spectrum |

Infinite volume

Iscattering parameters|
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> Scattering on lattice

Excited states:

+ build large basis of operators {0, ©,, ---} with desired quantum numbers,
construct the matrix of correlation function:

— T _ nyn* —E t
C;=<0[0,0710>= ) ZIZ"e

+ Solve the generalized eigenvalue problen;l(GEVP):

n _ 0,,n
(1) = 2, (DCWI(1)

¢ Eigenvalues:  4,(t) ~ e™5/(1 + e7257)

4+ Optimal linear combinations of the operators to overlap on the n’th state:
52n=:28ﬂ4%2
j

4
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> Scattering on lattice

" Diagonal matrix of
phase-space tactors |

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

Finite volume |

Inﬁnlte-volume iIl formati()n

| scattering matrix | M(E. .L)

+ Resonances/bound states are formally defined as poles in scattering
amplitudes.

« CLQCD



IMP,

R— mememe CLQCD
Volume(3 x T)

Lattice spacing M (MeV) # of confs
24§ X 72 1000
327 % 64 1000
487 x 96 292 800
643 % 128 70
0.105 fm 323 x 64 oy 450
48§ X 96 700
48° X 96 700
64% X 128 135 200
0.090 fm 323 x 64 350 900
243 x 72 250
322; X 96 300 480
48° X 96 200
0.077 1m 323 x 64 10 460
483 x 96 200
643 x 128 135 180
0.069 fm 362’ x 108 300 700
483 x 144 1000
0.052 fm PYEIVELY: 317 100

7.-C.Hu el al., (CLQCD), PRD109(2024)5,054507
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* Unphysical ight quark mass

* Finite lattice spacing

Finite volume



Meson-meson scattering

* 71 P-wave scattering and the p resonance

* Krn P-wave scattering and the K* resonnace

e Dr scattering and D5‘<(2300)



Interpolating operators:

PO0O,T1u POO1,Al

AT P—Wave Scatterlng and the p resonance

CLQCD
Zhengli Wang et al. JHEP08(2025)O64

» | , 7 =
O,i(Z,t) = E(u%u (Z,t) — dvy;d (Z,t))
k1,k 3 O
(ww)EDlAzi > ¢ (P, A, i krskz) x (7 (R)m (k2) — 7 (Ka)w* (k2))
k1€{k1}*
kQE{kQ}*
k1+k2—P
~230MeV, a = 0.11fm, N, = 32/48)
POO1,E2 PO11, Al P 11 Bl PO11,B2 P111,A1 P002,Al1

30 40 50 30 40 50 30
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L/a L/a L/a L/a L/a L/a
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Pion mass and continuum extrapolation

2
m, = Co + c1m; + C20a

2

2
m; dependence

P res
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Ref.[23], Dudek, et al., (HSC), M, = 391MeV
Ref.[7], Aoki, et al., (CP-PACS), M, =352
Ref.[35], Alexandrou, et al., M, = 320MeV
Ref.[22], Pelissier, et al., M; = 304MeV
Ref.[18], Aoki, et al., (PACS-CS), M, = 300MeV
Ref.[17], Lang, et al., M, = 266MeV

Ref.[29], Wilson, et al., (HSC), M, = 236MeV
Ref.[34], Bulava, et al., M; = 233MeV
Ref.[33], Guo, et al., M, =226MeV

Ref.[36], Andersen, et al., M; = 200MeV
Ref.[27], Bali, et al., (RQCD), M, = 150MeV
Ref.[39], Boyle, et al., M, = 138.5MeV
Ref.[16], Feng, et al., (ETMC), M, extrapolation
Ref.[32], Fu, et al., M,; extrapolation

Ref.[38], Werner, et al., (ETMC), M, extrapolation & ©®(a)

This work, HEFT, scheme B & ©®(a?)
This work, M, extrapolation & ©(a?)

onance

CLQCD
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K]Z P -wave Scatterlng and the p resonance
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Qu-Zh1 L1 et al., arXiv:2603.16266

Pion mass and continuum extrapolation:

1.05™

/)7 J ,L‘::,::::_--
. 2 1 e 1.10m%<'r

1.20

T 920

| 880

Re (v/30) = b + bjm2 + bym3 + b
Im (v/30

pole position (MeV)

This work

883.0(3.4) — 120.1(1.4)

PDG [77]

890(14) — i26(6)

Boyle et al. [30]

893(2)stat (94)sys — 126(1)stat (6)sys

12

) = by + bim2 + bym3, + b

> K P-wave Scattering and the P resonance

25
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c%’é Scalar Charmed mesons D*(2300) & Dso g (2317)

Charm-strange

Charm-light

1
DF(2300) 10") = (0" D*(2317)  10") = 0(0")
Mass m =2343 + 10 MeV Mass m =2317.8+0.5 MeV
Width T'=229+ 16 MeV Width T < 3.8 MeV

* Mass ordering puzzle° cl 1s heavier than c¢§

. D>X< (2317) 1s much hghter than quark model predlctlons
* Very ditterent widths of D6’<(2300) and D ;‘6(2317)

13



D#(2300)

D. Mohler, S. Prelovsek and R. Woloshyn, Phys. Rev. D 87, 034501(2013)

Drx(I = 1/2) scattering at m_ = 266MeV, resonance pole.

G. Moir et. al., JHEP10(2016)011

Dr, Dy, DK coupled channel scattering at m_ = 391MeV, bound state pole.

L. Gayer et. al., JHEP 07 (2021) 123

Dz(I = 1/2) single channel scattering at m, = 239MeV, resonance pole .

The pole positions do not agree with the experimental values, and
do not show a monotonic movement with the change of m_ .

14
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D ~ D(2300)

H Yan C L1u L L1u Y Meng andH Xmg, PRD111(2025)1 014503

e Pion mass depencence of the pole Lattice spacing Volume(L> X T)| M # of confs
position ot D#(2300) ~0.105fm 48° x 96 259

* Six ensembles with four different 393 5« 06 566
pion.masses and three lattice 187 % 06 200
spacings. :

* Large number of interpolating 327X 64 460
operators are constructed to 48° x 96 250
relhiably extract the full spectrum. 0 052fm 493 x 144 570

0/=2(P) = \/2D(p)a*(py) — D*(p)n’(py). (P = py + pp. P> =0,1.2.3.4)
0,(P) = dTc(P)

15



Pole position

Rey/s — (D + 3D*)/MeV

IMP. D(;k (23 OO)

wemem. CLQCD

my = 317/305 MeV

] I ] ] ] ]
1(0 150 200 'dl>'250 300 300 400
. = 138 MeV Exp

.

o Atm_~ 300MeV, there is a virtual state pole. When pion mass decreases, it becomes a

resonance and the pole position gets closer to the experimental value.

16



P> D6‘<(23 00) e

wemem. CLQCD

Pole position

Rey/s — X(D + 3D*)/MeV
my = 317/305 MeV
| [ |

100 150 200 250 300 350 400 450

o Atm_~ 300MeV, there is a virtual state pole. When pion mass decreases, it becomes a
resonance and the pole position gets closer to the experimental value.

16



Meson-baryon scattering

* Double-charm pentaquarks: (.., Q. ) — (r, K) scattering

cc?

17



J>___ Doubly

« CLQCD

Heavy diquark-antiquark symmetrK

33— 3

[=1/2 Q. K

I= =, K

[=0 =..K DK
[=3/2 = . T Dr
=0 R DK, Dy

[ = ECC[Z, Q. x, DK, D
[=1/2 2., 2.0, . K Dr, Dy, D.K

18



s Doubly charmed Pentaquarks

Heavy diquark-antiquark symmetrg

303 -3
[=1/2

] =

=0
[=3/2
[=0

C M DK, Dn

= = K, Q. DK, D«
[=1/2 2., 2.0, . K Dr, Dy, D.K

18



~ Doubly charmed Pentaquarks

4.8+
4.7}

4.6

E(GeV)

4.4

4.3

20 25 3.0 3.5 4.0

J.-Y. Y1, Z.-R. Laang, L. Liu and D.-L. Yao, arXiv:2511.12611, JHEP accepted

4.5

QK (-2, 3)
Q.D thr
0
0
Q o)

L(fm)

E(GeV)

4.7

4.6

4.4

4.3+

4.2

—0

=K (1,1)

o

2.0 2.5 3.0 3.5 4.0

L(fm)

E(GeV)

19

4.7+

4.6

4.01

4.4+

4.3

4.2+

2.0 2.5 3.0 35 4.0

=..K(1,0)

L(fm)

4.0

2.0 25 3.0 35 4.0

Zeem(0, 3)
O,
>..D thr-
©
~ -

L(fm)

CLQCD
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> Double-charm Pentaquarks &=
b«d —————————————————— . ——————————————— CLQCD

* Scattering lengths from lattice QCD and BChPT

(S, 1) Processes M, ~300MeV M, ~210MeV EOMS HB
(-2,%3)  QccK — QK —-0.161(20) -0.136(12) -0.09*9-1% -0.20(1)
(1,1) E..K — E..K -0.177(23) -0.212(14) | -0.60+0.13 —0.25(1)
(1,0) E..K —> E..K 0.63(10) 0.694(90) 1.03+0.19  0.92(2)
(0, 3 ool = Bpooll ~0.140(15) ~0.143(24) ~0.16 £0.02 —0.10(2)

20



CLQCD

* Scattering lengths from lattice QCD and BChPT

(S, 1) Processes M, ~300MeV M, ~210MeV EOMS HB

(-2,%3)  QccK — QK —-0.161(20) -0.136(12) -0.09*9-1% -0.20(1)
(1) B K- B K | -0177(23)  -0212(14) | -0.60+0.13 —0. 25(1)
(1, 0) C E..K—>E.K | 063100  0.694(90) | 1.03+ 0 19 o 92(2)
(0, 3 B..m— B.m | -0.140(15) —0.143(24) | -0.16+0.02 —0. 10(2)

20



Scattering amplitude:

1
pcotdo — 1p

T ~

Effective range expansion:

11
pcoto(p) = — + Erop + .-

Ao

Luscher’s formula:

2Z00(1; (= )2)

pcoto(p) =

Lz

p cot 0p(GeV)

21

- Double-charm

o =eK((1,0), ERE fit (X = (Apz/ﬂ) )

. ! ! ! ! | ! ! ! !
| - F48P21 Fit result X2 /dof = O 69

b e Fep ap = 0.694(90), ro = 1.20(20)

J ! ! ! | ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! !
—0.10 —0.05 0.00 0.05 0.10 0.15
p? (GeV?)

m_=210MeV

« CLQCD



Heavy diquark-antiquark symmetrg

~ Doubly charmed

303 — 3
I1=1/2 Repulsive
] = Repulsive
I=0 Attractive, virtual pole DK
[=3/2 Repulsive Dr
I'=0 DK, D
= DK, D.x
[=1/2 2., 2.0, L2, Dr, Dy, D.K

22
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Heavy diquark-antiquark symmetrg

~ Doubly charmed

303 — 3
I1=1/2 Repulsive
[ = Repulsive
I=0 Attractive, virtual pole DK
[=3/2 Repulsive Dr
=0 27 DK, D
= DK, D.x
[=1/2 Dt Beells Q0K 22

« CLQCD

D*(2317)

Dz, Dy, DK D;¥(2300)

22



c%z/sé Doubly charmed Pentaquarks
———e— e & e ClQCD
Heavy diquark-antiquark symmetri;
33— 3

I1=1/2 Repulsive

] — Repulsive

[=0 Attractive, virtual pole DK

I =3/2 Repulsive Drx

=0 DK, Dy  D*(2317)

= DK, Dx

[=1/2 =..m 2. Q. K 22 Dz, Dy, DK Dj(2300)

22



p cot dp(GeV)

CLQCD

m, = 135MeV,a = 0.105fm m_ = 300MeV,a = 0.077fm

L | x%/dof = 0.00
1F| a0 = —3.56(82) fm

- | T — 075(13) fm

I=0 B K ?

| | x?/dof = 0.02
| | ap = —1.99(49) fm
0.01-| ro =0.02(27) fm

z | | | A bound state pole 1s
< 0.1} ¥ L found : :
s . round at various pion
v et | masses and lattice
—#- (C48P14 | —e- F32P21 | | .
_ ERE fit | . ERE fit | '! SPaClng S.
201 00 01 . 0.0 01 :
P’ (GeVQ) P (GeVQ)
m, = 320MeV, a = 0.052fm m; = 210MeV, a = 0.077im
" | x?/dof = 0.00 ] | | x?/dof = 0.00
| g = —1.46(32) - | g = —2.16(38) fm
Ol_{mO.BG(M)N ] 0.0 -{r00-35(15) fm }
0.0] | =
%—0.1:
=
—0.21 B F48P30 |
8- F32P30
- ERE fit ! ERE fit |
AT 00 01 02 ~901 0.0 0.1

2 (A7
p° (GeV
. (GeV?)



Baryon-baryon scattering

* Deuteron: NN scattering

Kuan Zhang et al., arXiv:2605.16977 (accepted by PRD)

24



NN scattering

+ The only known stable dibaryon — Deuteron.

+ Lattice calculation 1s dithicult due to poor signal.

+ Most of the previous lattice studies are performed

at very large pion masses and the results are

controversial.
ID | L?xT |a(fm) [m.MeV)|mxL|mnxMeV) | Negg
C24P29(24% x 72(0.1053| 292 |[3.75| 1026(4) | 838
C32P29(32% x 64[0.1053] 292 |[5.01| 1005(3) | 981
C48P29(48°% x 96/0.1053| 292 |7.52| 1007(1) | 731

25
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/? BBt

| I |
(X NN . HEEegi s
a7 scattering T
Finite-volume spectrum Parametrize the scattering amplitude as:
_1 — L4
d=(0,0,0) T, d=(0,0,1) E, 1 = Co + C18 — Ip
30 y 35S, physical sheet lOg ‘ T y 35, unphysical sheet
- ) - . > >
E E Ag 0.00 ’TE) 0.00
2.10 1 E . E - 20
2'00—------}----------i------------‘---4----------- 2'00-.---------~------------------------------------- * 80 1.95 2.00 2.05 2.10 e 1.95 2.00 2.05 2.10
v I gl 0 L / Re(E.,)/GeV y Re(E.,)/GeV
20 25 30 I&/wd 40 45 50 20 25 30 Is/)d 10 45 50 Left-hand Cllt Threshold

* Virtual pole is found at both S, and 'S, channels, E;(°S)) = 653, Ez('S)) = 11*2.

* Finite-volume Hamiltonian method considering the left-hand cut effects gives the same

conclusions.

26



Three body scattering

* ® meson: zzar [ = 0 scattering

* 7(1300): zzzw I = 1 scattering

27



Im E» /M,

EEEER @0
EEEEEER EE
| I |
o AEm
'Ammm
['H 'H EEEE
] I | D
arn | =0 scatterlng
EEEE BN
Haobo Yan et al PRL133(2024)21 211906 (Editor’s suggestlon)
0.0 o 0.00 = e w-
N ﬁ/ M, = 305MeV 3 L
Yy @\
M, = 305MeV
-0.2- -0.01 - \
EFT?2 M, = 208w z -0.02- EFT2 ll %%
047 %EFT4 N\ %EFTd % \
GEN RN GEN |
-— PDG MEve: ‘*%\\3 - PDG % '
i .
-0.03 - 1\1’7{”‘3’5‘ \ /,."
0.6- ¢
3 1 5 6 3 1 5 6
ReEZ/M‘rr R8E3/Mﬂ-

First determination of w-meson resonance from three-body
scattering in lattice QCD

/5, = (748.9(10.0) — 7 63.5(1.8)) MeV
V5o = (778.0(11.2) —i3.0(5)) MeV

28



> arn I = 1 scattering

Haobo Yan et al., PRL136(2026)14,141901

0.0

M. = 305 MeV

-0.5-

. M. = 305 MeV

Jo0(500)

ey K |
s 02 = 1.0 . M, = 208 MeV
~ . -
n ' o
S M, = 208 MeV S . ]
= = M phys.
= K= -
-(0.4 90 |
JTrhys.
| | Mz . 2.5
3 3! D 6 2 3 1
0.0
E 7(1300)
-0.5- |
M, = 305 MeV '
-1.0-
—_
@
= -1.5 j\[#hus | * !
— |
R
‘2.0' i
fit/extrapolation |
—~ AIC
-2.5- - PDG
1 6 8 10

Rey/s/M,
29
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#r______ Summary and discussions

+ Meson-meson scattering;:

* The resonance p and K* are determined with full control of systematics.
e The pion mass dependence of D*(2300) has a non-monotonic behavior.

+ Meson-baryon scattering:

* The scattering of the (E
* A double-charm pentaquark 1s predicted as the 7=0 Z_.K channel.

cC?

+ Baryon-baryon scattering:

* Deuteron 1s not bound at m_~ 290MeV

+ Three-body scattering:

* First determination of the @ meson and #(1300) from zzz scattering.
* Other three-body scattering process: DDz, DDK

30
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Q) — (n,K,K) has ssmilar behaviour as (D,D,) — (7, K, K).



Thanks!



