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Feng-Kun Guo, Christoph Hanhart, 

Ulf-G. Meißner, Qian Wang,

Qiang Zhao, Bing-Song Zou.

Rev.Mod.Phys. 90 (2018) 015004

Hua-Xing Chen, Wei Chen, Xiang Liu 

Shi-Lin Zhu,

Phys. Rept.639 (2016) 1

Many (if not all) of them close to thresholds—molecules

Richard F. Lebed, Ryan E. Mitchell, 

Eric S. Swanson, 

Prog.Part.Nucl.Phys. 93 (2017) 143

Atsushi Hosaka, Toru Iijima, Kenkichi

Miyabayashi, Yoshihide Sakai , 

Shigehiro Yasui,

PTEP 2016 (2016) 062C01

……
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How to verify the molecular picture
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Ming-Zhu Liu, Ya-Wen Pan, Zhi-Wei Liu, Tian-Wei Wu, Jun-Xu Lu, LSG*， Phys.Rept. 1108 (2025) 1-108

 Symmetries in the two-hadron interactions imply the existence of 
multiplets of hadronic molecules
➢ Heavy-quark spin/flavor symmetry: there are seven Pc states

LHCb, PRL 122 (2019) 222001
Liu, Pan, Peng, Sánchez,  LSG, Hosaka, Valderrama, 
PRL122, 242001 (2019)



How to verify the molecular picture

8

Ming-Zhu Liu, Ya-Wen Pan, Zhi-Wei Liu, Tian-Wei Wu, Jun-Xu Lu, LSG*， Phys.Rept. 1108 (2025) 1-108

 Three hadrons experience pairwise two-body attractions can form 
three-body molecules

➢ Treating 𝑫𝒔𝟎
∗ 𝟐𝟑𝟏𝟕 as a 𝐷𝐾 state, one can expect a ഥ𝐷𝑠𝐷𝐾 state 

T.W Wu, M.Z Liu, and LSG, PRL(2025) 031902T.W. Wu and LSG, Sci.Bull. 67 (2022) 1735-1738



X−𝒑 −𝒑ഥ𝒑ഥ𝒑 Λ Λϕ𝒑𝐊𝐒
𝟎𝐊± 𝐊±𝒑 𝐊−𝒑

PLB 2019 PRL 2020 PRL 2020 PRL 2021 Nature 2015 PRL 2015 PRL 2019 Nature 2020

𝐊−𝒅

𝚺𝟎𝒑

𝚲𝚵

𝛀𝛀

𝒑𝑫

𝚵𝚵

𝒑𝒑𝒑

𝒑𝒑𝚲

Direct measurement of the two-hadron interactions

Ming-Zhu Liu, Ya-Wen Pan, Zhi-Wei Liu, Tian-Wei Wu, Jun-Xu Lu, LSG*， Phys.Rept. 1108 (2025) 1-108

How to verify the molecular picture
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Femtoscopic correlation functions (CFs)

Interacting potential

Two-particle wavefunction 𝝍(𝒌∗, 𝒓∗)

Schrödinger equation

attractive

repulsive

Correlation function

attractive

repulsive

𝐍𝐬𝐚𝐦𝐞: the same event distributions

𝐍𝐦𝐢𝐱𝐞𝐝: the mixed event distributions 

𝝃: the corrections for experimental effects 

Exp. measurement

mixed-event technique 

final-state interactions

quantum statistics effects

coupled-channel effects

Theo. description

Koonin–Pratt formula

spacial structure 

>1 if the interaction is attractive

=1 if there is no interaction

<1 if the interaction is repulsive

Basic Properties
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Constraining the source function

➢ Using the well-known proton-proton 
interaction to calibrate the source

ALICE, PLB, 811 (2020) 135849

𝐶 𝑘∗ = න𝑆 Ԧ𝑟∗ 𝜓 𝑘∗, Ԧ𝑟∗
2
𝑑3 Ԧ𝑟∗

➢ For CFs involving short-lived resonances 
(𝒄𝝉 ∼ 𝟏𝐟𝐦 )—Resonance Source Model

𝑆 𝑟∗ =
1

4𝜋𝑟core
2 3/2

exp −
𝑟∗2

4𝑟core
2 × SLR
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Constraining the source function

… “providing compelling 
evidence for the presence of a 
common emission source for 
all hadrons in small collision 
systems at the LHC …”

2311.14527v1.
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Constraining the source function—Machine Learning

Lingxiao Wang and Jiaxing Zhao, Commun.Phys. 9 (2026) 1, 90

Reid AV18
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Constraining the source function—Inverse Method

Ao-Sheng Xiong, Qi-Wei Yuan, Ming-Zhu Liu, Fu-Sheng Yu, Zhi-Wei Liu,  LSG, CPCC50 (2026)081001
Ao-Sheng Xiong, Duo-Lun Ge, Qi-Wei Yuan, Ming-Zhu Liu, Fu-Sheng Yu, Zhi-Wei Liu, and LSG, in preparation

Black, GF, R=1.32
Blue: ANN
Red: IM

pp, Sqrt[s]=7 TeV Pb-pb, Sqrt[s]=5.02TeV

0-10% 
R=4.81

10-30% 
R=3.98

30-50% 
R=2.98

Blue:  Parton–Hadron–String Dynamics (PHSD) transport model
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Universal/common source function questioned

Evgeny Epelbaum , Sven Heihoff ,Ulf-G. Meißner , and Alexander Tscherwon1, PRL136 (2026) 21 
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Off-shell ambiguities 

“The analysis of the differences
between the correlations of the
various interactions shows that for
momenta between 0 and 500 MeV
there are variations of up to 5.9 %
for the nn system, of up to 1.8 %
for the np system, and of 1.4 % for
the pp system.”

PLB 869 (2025) 139835
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Off-shell ambiguities

PRD 112 (2025)096006

“We find that using realistic interactions
based on chiral dynamics the uncertainties
are small, of the order of 2 - 3 %, but could
be much bigger if other methods are used.”
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Femtoscopic CFs in Density Operator Representation

Hao-Nan Liu, Duo-Lun Ge, Zhi-Wei Liu, Jun-Xu Lu, and LSG, 2609.19161

We formulate CFs at the operator level, with the observed subsystem 
described by a reduced density operator and subsequent dynamics absorbed 
into an effective measurement operator

Sudden, equal-time, on-shell approximations:

Diagonal or decoherence approximation:

Konin-Pratt formula



Femtoscopic CFs in Density Operator Representation

➢ A unitary transformation of the interaction is equivalent to a unitary transformation of the 
source.

➢ As a result, one needs to consider the source and interaction simultaneously. 
➢ Calibrating the source using a known interaction chooses a particular reference

Hao-Nan Liu, Duo-Lun Ge, Zhi-Wei Liu, Jun-Xu Lu, and LSG, 2609.19161



stronger attraction

deeply 
bound 
state

shallow 
bound 
state

weak attraction

virtual
state

resonant
state

weaker 
attraction

repulsive nonexistentattractive

Classification of hadron-hadron interactions
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CFs for interactions capable of generating bound states
Zhi-Wei Liu, Jun-Xu Lu and LSG*, PRD 107, 074019 (2023)

0 𝑅

−𝑉0

Spherical potential well—physically intuitive



CFs for interactions capable of generating bound states
Zhi-Wei Liu, Jun-Xu Lu and LSG*, PRD 107, 074019 (2023)



CFs for interactions capable of generating resonant/virtual states
Zhi-Wei Liu, Ming-Zhu Liu, Jun-Xu Lu and LSG*, Sci.Bull. 70 (2025) 3515-3521 

EFT potential—model independent:
capable of generating bound, virtual, and resonant states



CFs for interactions capable of generating resonant/virtual states
Zhi-Wei Liu, Ming-Zhu Liu, Jun-Xu Lu and LSG*, Sci.Bull. 70 (2025) 3515-3521 

narrow broad
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Mysterious exotic hadron 𝑫𝐬𝟎
∗ (𝟐𝟑𝟏𝟕)

BABAR, PRL90 (2003) 242001

𝑫𝒔
+ → 𝑲+𝑲−𝝅+

𝑫𝒔
+ → 𝑲+𝑲−𝝅+𝝅𝟎

VS

➢160 MeV lower than the quark model 
predictions – difficult to understand as a 
conventional charm-strange meson

➢ It could be a 𝑫𝑲 bound state
✓ E. E. Kolomeitsev 2004
✓ F. K. Guo 2006
✓D. Gamermann 2007



Weinberg-Tomozawa Interaction (leading order)

 LO interaction between a NGB and a heavy pseudoscalar boson

 Weinberg-Tomozawa (WT) potential – parameter free



Scattering wave function

 Coupled-channel scat. eq.

 S-wave scattering wave function (including off-shell effect)



𝑫𝑲 CFs and its source size dependence 

𝑫+𝑲𝟎 → 𝑫𝟎𝑲+

Zhi-Wei Liu, Jun-Xu Lu and LSG*, PRD107(2023)074019 

Typical feature of deeply bound states
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Tetraquark states 𝒁𝒄(𝟑𝟗𝟎𝟎) & 𝒁𝒄𝒔(𝟑𝟗𝟖𝟓)

BESIII, PRL110 (2013) 252001 BESIII, PRL126 (2021) 102001 Tetraquark states · 2013 APS Highlights

𝒁𝒄𝒔(𝟑𝟗𝟖𝟓)𝒁𝒄(𝟑𝟗𝟎𝟎)

𝒁𝒄(𝟑𝟗𝟎𝟎) & 𝒁𝒄𝒔(𝟑𝟗𝟖𝟓): Resonant VS Virtual states  
Particle Data Group, PTEP 2022 (2022) 083C01
M.-L. Du, M. Albaladejo, F.-K. Guo and J. Nieves, PRD 105 (2022) 074018
T. Ji, X.-K. Dong, M. Albaladejo, M.-L. Du, F.-K. Guo and J. Nieves, PRD106 (2022) 094002
L.-W. Yan, Z.-H. Guo, F.-K. Guo, D.-L. Yao and Z.-Y. Zhou, PRD109 (2024) 014026



Invariant mass distributions fail to distinguish vir. or res.

Resonant state scenario Virtual state scenario 

M.-L. Du, M. Albaladejo, F.-K. Guo, and J. Nieves, PRD105(2022)074018 

Data are compatible with either a resonant or virtual state.

How to tell which is reality?



Phase-space suppression effect

Modulus squared of T-matrix Line shape of invariant mass spectra 

Phase-space suppression makes near-threshold states hard to distinguish using 

invariant mass spectra alone. Zhi-Wei Liu, Ming-Zhu Liu, Jun-Xu Lu and LSG*, 
Sci.Bull. 70 (2025) 3515-3521



𝑫𝟎𝑫∗− CFs for 𝒁𝒄(𝟑𝟗𝟎𝟎)
Zhi-Wei Liu, Ming-Zhu Liu, Jun-Xu Lu and LSG*, Sci.Bull. 70 (2025) 3515-3521

Resonant state scenario Virtual state scenario Bound state scenario 

Typical feature of 
broad resonant state



𝑫𝟎𝑫𝒔
∗− CFs 𝒁𝒄𝒔(𝟑𝟗𝟖𝟓)

Resonant state scenario Virtual state scenario Bound state scenario 

Typical feature of 
narrow resonant state

Zhi-Wei Liu, Ming-Zhu Liu, Jun-Xu Lu and LSG*, Sci.Bull. 70 (2025) 3515-3521
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More recent applications—Tcc(3875)

39

Shota Ampuku, Yasuhiro Yamaguchi, Masayasu Harada, 2511.13003 
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Duo-Lun Ge, Zhi-Wei Liu, LSG*, PRD 114 (2026) 014054 

More recent applications—Tcc(3875)
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Why study the 𝝅+𝒑 CF?

 𝝅+𝒑 CF as critical input for 𝝅+𝒅 femtoscopy studies

➢ Deuteron formation in high-energy hadronic collisions: a long-standing key question

➢ Deuteron formation follows resonance decays, evidenced by 𝝅+𝒑 residual CFs in 𝝅+𝒅 data

 𝝅+𝒑 CF anchors emission-source calibration

➢ Abundant 𝝅𝑵 scattering data allow model-independent

source calibration, which lays the groundwork for reliable

extractions of other hadron pair interactions.
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ALICE data difficult to understand

𝑀𝑅: Breit-Wigner mass;     Γ𝑅 : Breit-Wigner width

➢ Widely used resonance description in Femtoscopy seems to contradict the

anomalous 𝝅+𝒑 peak shift

• Y. Kamiya, T. Hyodo, K. Morita, A. Ohnishi, and W. Weise, PRL 124 (2020) 132501 [𝚲(𝟏𝟓𝟐𝟎)]
• ALICE Collaboration, PRC 107 (2023) 054904 [𝛟(𝟏𝟎𝟐𝟎)]
• ALICE Collaboration, PLB 845 (2023) 138145 [excited 𝚵]
• ALICE Collaboration, PLB 856 (2024) 138915  [𝐊∗(𝟖𝟗𝟐)]

ALICE Collaboration, EPJA61 (2025) 194



Exp.: temperature-dependent spectral function

𝑀𝑝𝜋+: invariant mass

𝑝𝑇,Δ++ : transverse momentum

𝑁Δ++ : overall normalization

ALICE Collaboration, EPJA61 (2025) 194

ALICE Collaboration, Eur. Phys. J. C 80 (2020) 693

➢ Basic formalism

➢ Extracted temperature contradicts blast-wave freeze-out



Theo. 1: relativistic kinetic equations 

𝑓𝑑: phase space distribution
𝐾> (𝐾<): dissociation and regeneration rates 

𝚿𝐤(𝐫): Bethe-Salpeter amplitude

L.-Y. Zhang, C. M. Ko, Y.-G. Ma, Q.-Y. Shou, K.-J. Sun, R. Wang, and S. Zhang, 2511.10298 ➢ Basic formalism

➢ Freeze-out require a ≈70 MeV/c² mass reduction of the 𝚫(𝟏𝟐𝟑𝟐) resonance
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Theo. 2: Friedrichs-Lee model T-matrix

L. Zhang, T. Shao, S. Zhang, K.-J. Sun, and Y.-G. Ma, (2026), 2606.08230 ➢ Basic formalism

➢ Underestimates strength, predicts dip absent



A new attempt

1. Model-independent treatment of the 𝝅+𝐩 interaction

2. Consistent treatment of two mechanism: scattering and decay

3. Economical fitting—only four parameters

Zhi-Wei Liu, Jun-Xu Lu, Duo-Lun Ge, LSG*, 2607.04351
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Strong interaction

control off-shell behavior
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Coulomb interaction

Fourier-transforming the r-space Coulomb potential into p-space

Partial Wave Projection

Relativistic correction (relativistic propagator & relativistic normalization convention) 

where
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Outgoing wave function

where

where

Correlation function from the 𝝅+𝒑 scattering process

strong + coulomb coulomb only

CF from the 𝝅+𝒑 scattering
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Correlation function from the 𝚫++ → 𝝅+𝒑 decay process

CF from the 𝚫++ → 𝝅+𝒑 decay 

Y. Kamiya, T. Hyodo, K. Morita, A. Ohnishi, and W. Weise,Phys. Rev. Lett. 124, 132501 (2020)
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Complete CF

✓ Q,𝑃 : weighting factors for the scattering and decay processes

✓ 𝜆: misidentification and feed-down effects

✓ 𝐶𝑏𝑔: experimental background (fitted)

S. Acharya et al. (ALICE), Eur. Phys. J. A 61, 194 (2025),arXiv:2502.20200 [nucl-ex].
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Comparison with the experimental data

✓ The theory matches
data and reproduces
the peak shift from
broad low-𝑘 to narrow
high-𝑘 with increasing
transverse-mass 𝑚𝑇.

✓ The observed peak is a
weighted sum of the
scattering and 𝚫-decay
parts; their relative
weights 𝑷 drive the
𝑚𝑇-dependent shift.
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At low 𝑚𝑇, 𝚫 decays inside 
source, mixing with direct 
pairs; at high 𝑚𝑇, escapes 
before 𝚫 decay. Increasing 
𝑚𝑇 raises 𝑷 (escape 
fraction) supporting the 
picture.

Physical picture of the peak shift
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✓ The scattering peak near 140 MeV/c
originates from the P3/2 partial wave,
while the decay peak near 220 MeV/c
resembles the conventional Breit-Wigner
form.

✓ The shift arises because scattering
includes the incident wave 𝒋𝟏 in the
outgoing wave function, while the decay
does not.

Why scattering and decay peaks differ
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✓ Comparison of |𝒋𝟏 + 𝑹𝑷𝟑/𝟐| and |𝑹𝑷𝟑/𝟐| in phase space shows that
interference shifts amplitude to low 𝒌.

Interference-induced peak shift
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✓ Large 𝚫(𝟏𝟐𝟑𝟐) width enhances 𝝅+𝒑 interference, while narrow 𝚲(𝟏𝟓𝟐𝟎)
width causes negligible 𝑲−𝒑 peak shift (only 2 MeV/c shift).

Interference from broad vs narrow resonances

Jia-Ming Xie, Zhi-Wei Liu*, Jun-Xu Lu*, 
Hao-Zhao Liang*, LSG*, 2607.04351
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Summary and outlook

 Femtoscopy offers high-precision tests of the strong interaction

between pairs of (un)stable particles and can be valuable to

decipher the nature of the many exotic hadrons discovered so far.
✓ 𝑫𝒔𝟎

∗ (𝟐𝟑𝟏𝟕), 𝒁𝒄(𝟑𝟗𝟎𝟎) and 𝒁𝒄𝒔 𝟑𝟗𝟖𝟓 , 𝑻𝒄𝒄(𝟑𝟖𝟕𝟓)

✓ Two interference mechanisms at play in 𝝅+𝒑 CF

With more data from LHC Run3, the future is very promising：
• Pp data taking: event count increase: ~3000×

• Pb-pb data taking: event count increase: ~70×





Thanks a lot for your attention!

(Image: CERN)


