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Hadron spectroscopy
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✦  Spectroscopy: 

•  Most of the hadrons observed in 
experiments are unstable. 

• Understand how hadrons are built from 
quarks and gluons.

✦ New experimental   discoveries 
provide opportunities and challenges for 
lattice studies. 

Quark model and beyond
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Outline
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✦ Hadron scattering on Lattice
✦ Results

✦ Meson-meson scattering: 
✦ Meson-baryon scattering: pentaquarks
✦ Baryon-baryon scattering: 
✦ Three-body scattering: 

✦ Summary and discussions

ρ, K*, D*0 (2300)

NN
πππ I = 0,1



Scattering on lattice
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Lüscher’s finite volume method: M. Lüscher, Nucl. Phys. B354, 531(1991)

Finite volume 
spectrum

Infi
scattering parameters
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Excited states:
 build large basis of operators { } with desired quantum numbers, 
construct the matrix of correlation function:

𝒪1, 𝒪2, ⋯

Cij = < 0 |𝒪i𝒪†
j |0 > = ∑

n

Zn
i Zn*

j e−Ent

 Solve the generalized eigenvalue problem(GEVP):
Cijvn

j (t) = λn(t)C0
ijv

n
j (t)

Eigenvalues: λn(t) ∼ e−Ent(1 + e−ΔE t)

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

Ωn = ∑
i

vn
i 𝒪i

Scattering on lattice



Scattering on lattice

✦ General Lüscher’s formula for two-body scattering:
det[1 + iρ ⋅ t ⋅ (1 + iM)] = 0

Diagonal matrix of 
phase-space factors 

ρij = δij
2ki

Ecm

Infi


Finite volume 
information

M(Ecm, L)

✦ Resonances/bound states are formally defi
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CLQCD  ensembles

6
Z.-C.Hu el al., (CLQCD), PRD109(2024)5,054507

243 × 72
323 × 64
483 × 96

323 × 64
483 × 96
483 × 96

323 × 64
243 × 72
323 × 96
483 × 96
323 × 64
483 × 96

Lattice spacing Volume(             )         (MeV) # of  confs

0.105 fm

292
1000
1000
800
70

225 450
700

135 700
200

0.090 fm 350 900

0.077 fm
300

250
480
200

210 460
200

135 180
0.069 fm 300 700
0.052 fm 317 1000

100

MπL3 × T

• Unphysical light quark mass
• Finite lattice spacing
• Finite volume
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Meson-meson scattering

•  P-wave scattering and the  resonance
•  P-wave scattering and the  resonnace

•  scattering and 

π π ρ

Kπ K*

Dπ D*0 (2300)
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 P-wave scattering and the  resonanceπ π ρ
Zhengli Wang et al., JHEP08(2025)064

Interpolating operators:



9

 P-wave scattering and the  resonanceπ π ρ
Zhengli Wang et al., JHEP08(2025)064
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 P-wave scattering and the  resonanceπ π ρ
Zhengli Wang et al., JHEP08(2025)064

Pion mass and continuum extrapolation:
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 P-wave scattering and the  resonanceKπ ρ

mπ = 300MeV, a = 0.077fm mπ = 210MeV, a = 0.077fm

mπ = 135MeV, a = 0.105fmmπ = 230MeV, a = 0.105fm mπ = 290MeV, a = 0.105fm

mπ = 320MeV, a = 0.052fm

Qu-Zhi Li et al., arXiv:2603.16266
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 P-wave scattering and the  resonanceKπ ρ
Qu-Zhi Li et al., arXiv:2603.16266

Pion mass and continuum extrapolation:
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D*0 (2300) D*s0(2317)

Mass   MeVm = 2343 ± 10
Width   MeVΓ = 229 ± 16

Mass   MeVm = 2317.8 ± 0.5
Width   MeVΓ < 3.8

I(JP) =
1
2

(0+) I(JP) = 0(0+)

Charm-light Charm-strange

• Mass ordering puzzle:    is heavier than 
•   is much lighter than quark model predictions
• Very different widths of  and  

cl̄ cs̄
D*s0(2317)

D*0 (2300) D*s0(2317)

Scalar charmed mesons D*0 (2300) & Ds0 * (2317)



D*0 (2300)
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D. Mohler, S. Prelovsek and R. Woloshyn, Phys. Rev. D 87, 034501(2013)

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

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

 scattering at MeV, resonance pole. Dπ(I = 1/2) mπ = 266

 coupled channel scattering at MeV, bound state pole. Dπ, Dη, DsK̄ mπ = 391

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

•  

•  

•  

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



D*0 (2300)
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483 × 96
323 × 96
483 × 96
323 × 64
483 × 96
483 × 144

Lattice spacing Volume(             )         (MeV) # of  confs

~0.105fm 135 259

~0.077fm

305
566

200

208
460

250

~0.052fm 317 270

L3 × T Mπ• Pion mass depencence of the pole 
position of 

• Six ensembles with four different 
pion masses and three lattice 
spacings.  

• Large number of interpolating 
operators are constructed to 
reliably extract the full spectrum.

D*0 (2300)

OI= 1
2

Dπ (P) = 2D0(p1)π+(p2) − D+(p1)π0(p2), (P = p1 + p2, P2 = 0,1,2,3,4)

𝒪1(P) = d̄Γc(P)

H. Yan, C. Liu, L. Liu, Y. Meng and H. Xing, PRD111(2025)1,014503
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• At MeV, there is a virtual state pole. When pion mass decreases, it becomes a 
resonance and the pole position gets closer to the experimental value. 

mπ ∼ 300

Pole position

D*0 (2300)
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• At MeV, there is a virtual state pole. When pion mass decreases, it becomes a 
resonance and the pole position gets closer to the experimental value. 

mπ ∼ 300

Pole position

D*0 (2300)



17

Meson-baryon scattering

• Double-charm pentaquarks:  scattering(Ξcc, Ωcc) − (π, K)



Doubly charmed Pentaquarks
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Heavy diquark-antiquark symmetry

3 ⊗ 3 → 3̄
ΩccK̄I = 1/2
ΞccK

Ξccπ

ΞccK̄, Ωccη

ΞccK̄, Ωccπ,

I = 1

I = 0
I = 3/2

I = 0

I = 1

I = 1/2

ΞccK

Ξccπ, Ξccη, ΩccK

DsK
DK̄

DK̄

Dπ

DK, Dsη

DK, Dsπ

Dπ, Dη, DsK̄



Doubly charmed Pentaquarks
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Doubly charmed Pentaquarks
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J.-Y. Yi, Z.-R. Liang, L. Liu and D.-L. Yao, arXiv:2511.12611, JHEP accepted  



Double-charm Pentaquarks
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• Scattering lengths from lattice QCD and BChPT



Double-charm Pentaquarks
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• Scattering lengths from lattice QCD and BChPT



Double-charm Pentaquarks
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Fit result, ¬2/dof = 0.69

a0 = 0.694(90), r0 = 1.20(20)

mπ = 210 MeV

ip

Scattering amplitude:

T ∼
1

pcotδ − ip

Effective range expansion:

pcotδ(p) =
1
a0

+
1
2

r0p2 + ⋯

Luscher’s formula:

pcotδ(p) =
2Z00(1; ( pL

2π )2)

L π



Doubly charmed Pentaquarks
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Heavy diquark-antiquark symmetry
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Doubly charmed Pentaquarks
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Doubly charmed Pentaquarks
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Double-charm Pentaquarks
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A bound state pole is 
found at various pion 
masses and lattice 
spacings. 
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Baryon-baryon scattering

• Deuteron:  scatteringNN

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



 scatteringNN
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✦ The only known stable dibaryon — Deuteron.
✦ Lattice calculation is diffi
✦ Most of the previous lattice studies are performed 

at very large pion masses and the results are 
controversial.



 scatteringNN
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Finite-volume spectrum
T−1 = c0 + c1s − iρ

Parametrize the scattering amplitude as:

ThresholdLeft-hand cut

log |T |

• Virtual pole is found at both  and  channels, ,   .
• Finite-volume Hamiltonian method considering the left-hand cut effects gives the same 

conclusions. 

3S1
1S0 EB(3S1) = 6+5

−3 EB(1S0) = 11+6
−5
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Three body scattering

•  meson:   scatteringω πππ I = 0

• :   scatteringπ(1300) πππ I = 1



 scatteringπππ I = 0
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Haobo Yan et al.,  PRL133(2024)21,211906 (Editor’s suggestion)

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

ω



 scatteringπππ I = 1
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Haobo Yan et al.,  PRL136(2026)14,141901



Summary and discussions
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✦ Meson-baryon scattering:
• The scattering of the  has similar behaviour as .
• A double-charm pentaquark is predicted as the  channel. 

(Ξcc, Ωcc) − (π, K, K̄) (D, Ds) − (π, K, K̄)
I = 0 ΞccK̄

✦ Baryon-baryon scattering:

✦ Three-body scattering:

✦ Meson-meson scattering:
• The resonance  and  are determined with full control of systematics. 
• The pion mass dependence of  has a non-monotonic behavior.

ρ K*
D*0 (2300)

• Deuteron is not bound at mπ ∼ 290MeV

• First determination of the  meson and  from  scattering. 
• Other three-body scattering process: 

ω π(1300) πππ
DDπ, DDK



Thanks!


