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Many so-called exotic hadrons discovered since 2003

Exotic mesons and baryons
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Many (if not all) of them close to thresholds—molecules
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How to check the picture?
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Probing the nature of
the x.1(3872) state using
radiative decays

LHCD collaborationt
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How to verify the molecular picture

Ming-zhu Liu, Ya-Wen Pan, Zhi-Wei Liu, Tian-Wer Wu, Jun-Xu Lu, LS5G*,  Phys.Rept. 1108 (2025) 1-108

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

9 Scenario A Scenario B
—0.5GeV)— —1GeV) M(A=0.5GeV)-M(A=1GeV)

(0] LHCb M&-O..:...\) MiA=1GeV)
= 1200 MA-1Get) MA=16e)
\\‘; [ — cosd,-weighted data ! = 3 %
9 - —— total fit ) ‘
< 1000 - 01 =
9 - —— polynomial 45234 0.3 === 46234
° 0.8 1510.8 v
8 [ 00. 4 4500. 4
3 800_—
E Pe (4457) TNPUL - - . s
(o)) u .
D 600_ |l I Pe (4440) [-emmmremrmrmemnennmmeeenneee s LIPUL - s o -« 222 e
= [ i Y n

w * 1 0

4oor ' . ) |
P(4440)" |\ P.(4457) Pe (4380) —
i P,(4312)" ¢ ¢ 43773 Torrg
200
i P (4312) |- 5
1313, 0 S—
4800 4250 4300 4350 4400 4450 4500 4550 4600 DY, DY D'E, b

MeV
Mypyp [MeV] Liu, Pan, Peng, Sanchez, LSG, Hosaka, Valderrama,
LHCb, PRL 122 (2019) 222001 PRL122, 242001 (2019)



How to verify the molecular picture

Ming-zhu Liu, Ya-Wen Pan, Zhi-Wei Liu, Tian-Wer Wu, Jun-Xu Lu, LS5G*,  Phys.Rept. 1108 (2025) 1-108

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

> Treating D;,(2317) as a DK state, one can expect a D;DK state
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How to verify the molecular picture

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

O Direct measurement of the two-hadron interactions
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Femtoscopic correlation functions (CFs)
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quantum statistics effects
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¢: the corrections for experimental effects




Constraining the source function

» Using the well-known proton-proton o LR B N AL NN B
interaction to calibrate the source S 3 ALIGE pp Vs = 13 TeV
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Constraining the source function

rCO re (fm )
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Constraining the source function—Machine Learning

—— NN SF Mean

—— NN SF Mean
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Constraining the source function—Inverse Method

-
Blue: Parton-Hadron-String Dynamics (PHSD) transport model
g ] 30-50%

R=2.98

0-10%

S(r)

Black, GF, R=1.32
Blue: ANN 1
Red: IM

S(r)

S(r)

S(r)

Pb-pb, Sgrt[s]=5.02TeV

pp, Sqrt[s]=7 TeV

15

Ao-Sheng Xiong, Qi-Weri Yuan, Ming-Zhu Liu, Fu-Sheng Yu, Zhi-Weri 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



Universal/common source function questioned

Evgeny Epelbaum , Sven Heihoff,Ulf-G. Meilsner, and Alexander Tscherwonl, PRL136 (2026) 21
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Off-shell ambigquities
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Nucleon-nucleon correlation functions from different interactions in comparison

Matthias Gobel ©*, Alejandro Kievsky ©*

“Istituto Nazionale di Fisica Nucleare, Sezione di Pisa, Largo Pontecorvo 3, 56127 Pisa, Italy
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Off-shell ambigquities

Off-shell ambiguities in correlation functions: strategies to minimize them

R. Molina!

»* and E. Oset!: T

I Departamento de Fisica Tedrica and IFIC, Centro Mizto Universidad de Valencia-CSIC,
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Femtoscopic CFs in Density Operator Representation

Hao-Nan Liu, Duo-Lun Ge, Zhi-Wer 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:
Cla,P) =5 e leg”), pp = [d>rd®r pp(r,r’)[r) (v
Diagonal or decoherence approximation: e = [ *r Se(®)lr) (

Konin-Pratt formula

C(q) = / Br S(r) [tq(r))
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Femtoscopic CFs in Density Operator Representation

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

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

> As aresult, one needs to consider the source and interaction simultaneously.

» Calibrating the source using a known interaction chooses a particular reference
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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)

Spherical potential well—physically intuitive
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CFs for interactions capable of generating bound states

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

V=a+b- -k’



CFs for interactions capable of generating resonant/virtual states
Zhi-Weri Liu, Ming-Zhu Liu, Jun-Xu Lu and LSG* — Sci.Bull. 70 (2025) 3515-3521
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Mysterious exotic hadron D;,(2317)
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Weinberg-Tomozawa Interaction (leading order)

O LO interaction between a NGB and a heavy pseudoscalar boson
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Scattering wave function

O Coupled-channel scat. eq. @ - O + ‘x:--t TN Sy
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DK CFs and its source size dependence
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Zhi-Wer Liu, Jun-Xu Lu and LSG*, PRD107(2023)074019
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Tetraquark states Z.(3900) & Z_.,(3985)
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Z.(3900) & Z.,(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

I. 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.
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Virtual state scenario Resonant state scenario
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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
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Phase-space suppression makes near-threshold states hard to distinguish using
Zhi-Wer Liu, Ming-Zhu Liu, Jun-Xu Lu and LS5G#,

invariant mass spectra alone.

Scr.Bull. 70 (2025) 3515-3521



D°D*~ CFs for Z.(3900)

Zhi-Wei Liu, Ming-Zhu Liu, Jun-Xu Lu and LSG#, Sci.Bull. 70 (2025) 3515-3521
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D°D:~ CFs Z_.,(3985)

Zhi-Wei Liu, Ming-Zhu Liu, Jun-Xu Lu and LSG#, Sci.Bull. 70 (2025) 3515-3521
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A femtoscopic tale of two C-parities: the Z.(3900) and the isovector partner of the X (3872)

Pan-Pan Shi®,!:* Miguel Albaladejo®,!" Feng-Kun Guo®,>*% % and Juan Nieves®!-®

Unstituto de Fisica Corpuscular (centro mixto CSIC-UV), Femtoscopy probes of
Institutos de Investigacién de Paterna, Apartado 22085, 46071, Valencic 26(3900) and Zcs(3985)
2 Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100 amfj th? isovector X(3872)
3School of Physical Sciences, University of Chinese Academy of Sciences, Beijing partnet
4Southern Center for Nuclear-Science Theory (SCNT), Institute of Modern

Chinese Academy of Sciences, Huizhou 516000, China ©  4:50PM-5:10PM

Understanding the nature of the exotic Z.(3900) and Z.;(3985) states, and search

isovector partner W, of the X (3872), remain central challenges in exotic-hadron spectrc Presenter  Pan-Pan Shi

the femtoscopic correlation functions (CFs) of the D(*)ODE:;_ systems. Since these charm-meson—antimeson
pairs are not G-parity eigenstates, their CFs contain contributions from both the C-odd and C-even sectors,
providing direct access to the dynamics underlying the Z., Z.,, and the predicted isovector exotic W.;. Within
a heavy-quark-spin-symmetric coupled-channel framework, we show that the C-even admixture enhances the
low-momentum CFs by more than 2.50 in the vicinity of their thresholds. Free from Coulomb distortions and
accessible in high-multiplicity pp collisions at the LHC, these channels offer the first direct femtoscopic probe

of the 1sovector C-even sector and of the elusive W, state.
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More recent applications—Tcc(3875)

Distinguishing the compact versus molecular nature of 7,.(3875)*

Shota Ampuku, Yasuhiro Yamaguchi, Masayasu Harada, 2511.13005
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More recent applications—Tcc(3875)

D D* correlation functions in deciphering the nature of 7,..(3875)"
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Duo-Lun Ge, Zhi-Weri Liu, LSG*, PRD 114 (2026) 014054
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Why study the ©*p CF?

O z*p CF as critical input for n*d femtoscopy studies

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

> Deuteron formation follows resonance decays, evidenced by r* p tesjdual CFs in T+ d data

Observation of deuteron and antideuteron formation
from resonance-decay nucleons

The ALICE Collaboration

Nature 648, 306-311 (2025) | Cite this article

25k Accesses :2 Citations |232 Altmetric | Metrics

O 7+ p CF anchors emission-source calibration
» Abundant N scattering data allow model-independent
source calibration, which lays the groundwork for reliable

extractions of other hadron pair interactions.
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Ctk)

ALICE data difficult to understand

ALICE Collaboration, EPIA61 (2025) 194
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> Widely used resonance description in Femtoscopy seems to contradict the

anomalous t*p peak shift

)
aFR

Cres(k?) = (\/— — MR)Q 4+ I‘%/él Mp: Breit-Wigner mass; [%: Breit-Wigner width

* Y. Kamiya, T. Hyodo, K. Morita, A. Ohnishi, and W. Weise, PRL 124 (2020) 132501 [A(1520)]

*  ALICE Collaboration, PRC 107 (2023) 054904 [¢(1020)]

 ALICE Collaboration, PLB 845 (2023) 138145 [excited Z]

* ALICE Collaboration, PLB 856 (2024) 138915 [K*(892)] 3



Exp.: temperature-dependent spectral function

> Basic formalism ALICE Collaboration, EPIA61 (2025) 194
Cres(k) = Na++ x PS(pp a++,T) x Sill(Ma++,La++) N 5 ++ : overall normalization
M2 ., +p3 N
M t+ T P A+ :
PS(pra++,T) prt exp | — \/ p M, .+: invariant mass
M2 | +p2opis 4 Pr at++ : transverse momentum

Sill(Ma++,Ta++) = 2\/5( M3)2 — m‘ /thFR T O(vs —mwm), T'r= _FRMRQ ;
™ (s s —mTr)? Vs —m3,

> Extracted temperature contradicts blast-wave freeze-out
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Theo. 1: relativistic kinetic equations

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

dfa P 0fq > < fa: phase space distribution
ot + Ey "OR K7 fa+ K21+ fa) K~ (K<): dissociation and regeneration rates

> pairs O (Kpair — k) [y (r)]?
C(k) =N e d Y (r): Bethe-Salpeter amplitude
2 pairs 0(Kpair — k)

> Freeze-out require a =70 MeV/c2 mass reduction of the A(1232) resonance
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Theo. 2: Friedrichs-Lee model T-matrix
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> Basic formalism

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

C(p) = f d*ld® K (S k) (k|S|E) (K|9S + (D[R (RIS|R) (R ()

g(k)g*(p)

(klv§ty = 6@ (k — p) + G (k; E)T (k, p; E),

(WP |R) = g(p)

E — Ey

E—EO —Eo(E) + 1€

T(k,p; E)

» Underestimates strength, predicts dip absent
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A new attem pt Zhi-Wei Liu, Jun-Xu Lu, Duo-Lun Ge, LSG+ 2607 04351

Quantum interference effects enhanced in ™ p femtoscopic correlation functions

Zhi-Wei Liu (Michigan U., Math. Dept. and Shenzhen U.), Jun-Xu Lu (Beihang U.), Duo-Lun Ge (Beihang U.), Li-Sheng
Geng (Beihang U. and Beijing, CSRC and Hui Zhou, Inst. Modern Phys.) (Jul 5, 2026)

e-Print: 2607.04351 [hep-ph]

1. Model-independent treatment of the z*p interaction
2. Consistent treatment of two mechanism: scattering and decay

3. Economical fitting—only four parameters



Strong interaction

control off-shell behavior

GW .?m‘g. T;:% (p,p') = —1/p-try -P(Ar — p)0(Ar —p'), Ar € [0.6,1.4]GeV /c
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Coulomb interaction

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

€QY ATeqy

T T cos(|p’ — p|R.)],  Re=60 fm

[7[<Rc Ly
veeu(lp’ — p|) = f dr /PP
0

Partial Wave Projection

1 1
Vi (p,p') = 5 / 1 dcosf V' (q)Pr(cosh), q° = p* +p"* — 2pp’ cos b

Relativistic correction (relativistic propagator & relativistic normalization convention)

T (. p') = \/ 2E (p)zﬁm (p)¢(p) \/ 2E (p’)za?; (p)E(p) yreon

where &(p) = [Vs — Ex(p) — En()]/[K*/(21) — p*/(2p)]
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CF from the n*p scattering

Outgoing wave function

|k: |<AF
Ros(k,r) = f ak' G(K') Try(k, ¥ ji(K'r)
0

2M Eyn + B, 1
(27‘(’)3 2Ep B, S — (EM + Em)2 + 1e

where Tk k') = T55(k, k') + T (k, k), G(k') =

Correlation function from the n*p scattering process N
s

7T+\/
Csca(k) = Csi1/2 + Cp1 /2 + Cpsja + Chpw |

l | /\
strong + coulomb coulomb only p D

Whel‘e CLJ(k) = wLJ/ dr Sio (2L -+ l)le —|—RLJ‘2, Wrj = (2J—|— 1)/[2(2L + 1)]
0

Chpw(k) — dr 812 (I)cou|2 |(I)cou|2
0 50

L=0,1




CF from the A** - *p decay

Correlation function from the A*" - ©*p decay process A+

’ N 2
dNpw dmqo dNpw [\ 44 /4

('(1(?(‘.(;17) = ”!I”“:z (U{ s fl"”"'l'/l o (\/: o ﬂf&l i )2 + lﬁii I/l

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

‘ /
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Complete CF

("T('I*") = (:'Tl:-p;[l T )\(l.)(("TH('.EL - l)] + APCgec,

v' QP : weighting factors for the scattering and decay processes

v 1: misidentification and feed-down effects

v’ Cpy: experimental background (fitted)

3
Chg = aCc + (1 —a)Cne + Z a; k',

1=0
S. Acharya et al. (ALICE), Eur. Phys. J. A 61, 194 (2025) arXiv:.2502.20200 [nucl-ex].
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FIG. 3. The correlation function of 7 p pairs for common and non-common ancestor simulated by the ALICE Collaboration [35] as a function

of the pair relative momentum £ for six intervals of . The background function Cl,g used in this work is also shown.
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Comparison with the experimental data
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Physical picture of the peak shift

TABLE 1. Transverse mass m intervals and parameter A from the ALICE measurements [35], together with the fit parameters P and ()

(weight factors), IR (effective source size), and a (background parameter) obtained in the present analysis.

No. my (GeV/c?) [35] A [35] P x 107 Q IR (fm) a
I [0.54,0.75) 0.677 0.59+0.02 0.74+0.04 1.2040.02 0.0340.01
11 [0.75,0.95) 0.687 0.71+0.02 0.70+£0.03 1.1440.02 0.124+0.00
11 [0.95,1.20) 0.689 0.83+0.03 0.57+0.03 1.0440.02 0.14+0.00
v [1.20,1.50) 0.688 1.011+0.03 0.48+0.02 0.94+0.02 0.144+0.00
v [1.50, 2.00) 0.661 1.154+0.04 0.36+0.02 0.81+0.02 0.144+0.00
Vi [2.00, 2.50) 0.616 1.804+0.07 0.38+0.02 0.73-4+0.02 0.1940.00

Lower transverse mass

OQ(

Higher transverse mass

At low m;, A decays inside
source, mixing with direct
pairs; at high m;, escapes
before A decay. Increasing
my raises P (escape
fraction) supporting the

picture.



Why scattering and decay peaks differ

C(k)

C(k)
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00 S 1

B '
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100
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300

v 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.

v The shift arises because scattering
includes the incident wave j; in the
outgoing wave function, while the decay
does not.
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Interference-induced peak shift

0.1 0.3 0.5 0.1 0.3 0.5

100 200 300 400 100 200 300 400
k (MeV/c) k (MeV/c)

v Comparison of |j; + Rp3;z| and |Rp3,;| in phase space shows that
interference shifts amplitude to low k. 57



Interference from broad vs narrow resonances

30 _]_ T T T T
—— NLO-OFF
==: NLO-ON
2.51 3 ALICE pp @13 TeV |
i Jia-Ming Xie, Zhi-Wei Liu*, Jun-Xu Lu*, ]
—~ 2.0y Hao-Zhao Liang+ LSG+ 2607.04351 =
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v Large A(1232) width enhances n*p interference, while narrow A(1520)
width causes negligible K~p peak shift (only 2 MeV/c shift). 58
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Summary and outlook

O 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.

v D4(2317), Z.(3900) and Z.,(3985), Tcc(3875)
v Two interference mechanisms at play in =*p CF

O With more data from LHC Run3, the future is very promising:

« Pp data taking: event count increase: ~3000 x
 Pb-pb data taking: event count increase: ~70x

>
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