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One central theme in physics (Science)

> What are the basic
building blocks of NATURE?

> How do they interact with
one another?

The Thinker by Auguste Rodin



https://www.britannica.com/biography/Auguste-Rodin

The world was once very simple

Particles discovered before 1932
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Many particles observed in the 1950/60s
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Naive QM: hadron structure

1964

Baryon Meson

|

George Zweig

Murray Gell-Mann



Beyond Naive QM hadrons, more complicated structures allowed

Conventional Hadrons

Hybrid Glueball Tetraquark
Hadronic molecule Pentaquark

Exotic Hadrons ¢
% 3
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A(1405), N*(1535),..
£5(500), £,(980), a,(980), ...
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2003—the beginning of a new era
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Many more exotic hadrons discovered
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Many (if not all) of them close to thresholds—molecules
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How to check the picture?

Directly measure two-hadron interactions.
Check wheth@"

g’

lecules.
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New probe—femtoscopic correlation functions

O For stable hadrons, scattering experiments are extremely valuable in

extracting their interactions

* NN scattering, 8125
data
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« Foundation of high-
precision nuclear
force

Ernest Rutherford Rutherford Scattering Experiment

O For unstable particles, direct scattering experiments are impossible!

Ap - Ap I p-An Itp->Xtp I'p->ZIp 2 p-In

> Difficult to get large

12 6 4 7 6

quantity of beam particles + Hyperon-nucleon low energy scattering, 35 data

> No fixed targets available - Hindering hyper-nuclear physics and neutron star studies



New probe—femtoscopic correlation functions
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Abundant particles produced in AA, pA, and pp collisions

Final-State
Interaction

Time: 0 fm/c <1 fm/c ~10 fm/c ~1015 fm/c



Femtoscopic correlation functions (CFs)
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Interacting potential
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Schrodinger equation

.

Two-particle wavefunction y(k ,r )

Exp. measurement Theo. description

mixed-event technique

£k e

Nmixed (k)

/

C'(k) C (k)

Nsame: the same event distributions

Nnixeda: the mixed event distributions

Koonin-Pratt formula

spacial structure
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final-statelnteractions

quantum statistics effects

coupled-channel effects

Basic Properties
>1 if the interaction is attractive
=1 if there is no interaction

C(k) -

<1 if the interaction is repulsive

& the corrections for experimental effects




Femtoscopic correlation functions (CFs)

] S. E Koonin, Phys. Lett B 70 (1) (1977) 43
Koonin—-Pratt (KP) formula A. Ohnishi, Nucl. Phys. A 954 (2016) 294

C(k) :/ Sio(r) |U(r, k)|? dr

Only S-waves C(k) ~1+ /OOO 4rr?dr Sia(r) [|wo(r, k)|? — |jo(kr)|?]

» Common static and spherical Gaussian source
Sio(r) = exp[—r?/(4R?)]/(2/7R)?

> Scattering wave function

« the Schrodinger equation « the Lippmann-Schwinger equation

2
g_uv2¢+vw:Ew T=V+VGT = [¥)=|¢)+GT|¢)



Constraining the source function

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

2
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> For CFs involving short-lived resonances
(ct ~ 1fm )—Resonance Source Model
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Constraining the source function

—— NN SF Mean ) —— NN SF Mean
68% ClI 68% ClI
— Gaussian SF(rp = 1.32 fm) — Gaussian SF(ry = 1.26 fm)
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Classification of hadron-hadron interactions
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CFs in the presence of bound states
- Zhi-Wer Liu, Jun-Xu Lu and LSG*, PRD 107, 074019 (2023)
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CFs in the presence of resonant and virtual states
Zhi-Wer Liu, Ming-Zhu Liu, Jun-Xu Lu and LSG#*, 2404.18607
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Basic philosophy

The interaction is known

from, e.g., experiments,
lattice QCD, or effective
field theories

Direct

150
k* (MeV/c)

Inverse

Experiments measure the
correlation functions

28




Mysterious exotic hadron D;,(2317)

M = 2317.8 £ 0.6 and I" < 3.8 MeV > 160 MeV lower than the quark model
| predictions - difficult to understand as a
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} + + -t °
g | De o KK conventional charm-strange meson
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Weinberg-Tomozawa Interaction (leading order)

O LO interaction between a NGB and a heavy pseudoscalar boson

1
L= i — (0" P[®,0,@]1PT — P[®, 0, P]9" P")
1 20, 1 + -
vz +\/377 1 jZ) 1 Ko
s () 1
K K 7eN

P = (D° D%, D})

O Weinberg-Tomozawa (WT) potential — parameter free

Cury

VUV -
41§

{(pl +P2) — (p; —P4)] P1(3) = (E1(3)7P(’)): P2(4) = (\@ - E1(3), —P('))



Scattering wave function

O Coupled-channel scat. eq. @ - ‘\O" * ‘3’“‘:5" N -

T,,f,,(k’,k): v'v fAF k,
k2 k7
~(a;) ~(a5)

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

Z/ dk"k" Vi - fap (K E") - Ty (K, K)
— 7-{-2 EP,U”E@,UN(\/E — EPjy” — Eq),y” —|— ZE)

fap(K' k) = exp [MD;O = 2317.8 MeV m=dp Ap = 1107 Mev]

> dk'k"? T, (K k) - jo(k'r)
871-2 EP,V’Eq),V’(\/g — EP,V’ - E@,V’ + ZE)

wv’u(kar) — 5V"Vj0(k”r) +/0



DK CFs and its source size dependence
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Zhi-Wer Liu, Jun-Xu Lu and LSG* PRD107(2023)074019




PHYSICAL REVIEW D 108, 014020 (2023)

Femtoscopic signatures of the lightest S-wave scalar open-charm mesons

M. Albaladejo®,"” J. Nieves®,"" and E. Ruiz Arriola
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*Departamento de Fisica Atémica, Molecular v Nuclear and Instituto Carlos I de Fisica Tedrica y
Computacional, Universidad de Granada, E-18071, Granada, Spain

™  (Received 18 April 2023; accepted 26 June 2023; published 19 July 2023)
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Model independent analysis of femtoscopic correlation functions:

=

An application to the D’ (2317)
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Pentaquark states P.(4440) & P.(4457)
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How to distinguish the spins of P.(4440) and P.(4457) ?
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Light vector meson exchange interactions

O Interactions in The hidden local symmetry approach - parameter free
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Two different spin assignments

[ ] P (4440) + Status. *
O Interaction strengths :
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CF for the shallow bound state is significantly larger than that for the deep bound
O Experimental CFs - spin-averaged
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Spin-averaged *.D* CFs

Scenario A: higher mass, larger spin model independent
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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
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Invariant mass distributions fail to distinguish vir. or res.

.
Virtual state scenario Resonant state scenario
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Data are compatible with either a resonant or virtual state.

How to tell which is reality?



General potential from EFTs

O Interaction between heavy pseudoscalar bosons

V=a+b- k%  k=./[s—(m+m+2)2[s— (m; —m+2)2]/2/s

> energy-dependent potential —— resonant state

» contact-range potential —— bound or virtual state

O Scattering equation — unitarity

T=V+VGT < —>

@ - v+ vHe YV s vaaH GV v

Loop function G with cutoff regularization
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G(vs) _/0 (2m)2 2E; (K)E2(K) /&2 — [By(K) + Ea(K)Z +ic’ < 108,12 Gev



Interaction strengths determined by fitting to data

________________________ -
1 1
Scenario M [MeV] I' [MeV] mi1 + mao [MeV] i a b [MeV 2] i
I 1
Res. [95]  3887.1 28.4 DD*~ (3875.1) | —101.68 ~1380.60 !
Z¢(3900) : :
Vir. [27] 3796 0 D°D*~ (3875.1) | —87.36 0
I 1
Res.[95] 3988 13 D°D:~ (3977.04) 1 —84.17  —2894.16 |
Vir. [27] 3967 0 D°D:™ (3977.04) 1-130.21 0 i
1
1

[95] Particle Data Group, PTEP 2022,(2022)085C01
[27] M.-L. Du, M. Albaladejo, F.-K. Guo, and J. Nieves, PRD105(2022)074018

O Correlation functions with on-shell approximation
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D°D*~ CFs for Z.(3900)
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https://arxiv.org/abs/2404.18607

D°D:~ CFs Z_.,(3985)

Zhi-Wer Liu, Ming-Zhu Liu, Jun-Xu Lu and LSG#*, 2404.18607
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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 D:¢(2317) ,P.(4440) and P_.(4457),Z.(3900)/Z.,(3985)

O More recent studies not covered in this talk

v' J/¥-N and 5n.-N correlation functions with lattice QCD phaseshifts—in relation
to the tetra-charm X(6200), 2504.04853

v" Deuteron-deuteron interactions in comparison with the STAT data—in relation to
nuclear clusters, 2502.18872

v J/¥-]/¥ correlation functions with EFT potential—in relation to the pentaquark
states, in preparation


https://arxiv.org/abs/2504.04853
https://arxiv.org/abs/2502.18872

Summary and outlook

O With more data from LHC Run3/4/5, more two-hadron
correlations involving s, ¢, b quarks, and even three-particle
correlations can be studied

2017 2018 2019 2020 2021 2022 2023 2024 2025 §2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 >

O Many questions remain unanswered, at least not satisfactorily
v Is the factorization of the KP formula well justified
v Can one define a universal source function

v How to study three-body correlation functions
V...
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Thanks a lot for your attention!
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Universal source function 5311 14527v1.
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Inverse method

O One can also perform inverse studies and extract hadron-hadron
interaction from the exp. CF data

— Inverse problem in femtoscopic correlation functions: The

| s | 3 EH | Tcc(3875)+ state,
e \ Albaladejo , Feijoo, Vidafia , Nieves , and Oset, 2307.09873
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