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Femtoscopy
Koonin-Pratt equation ,

quotient of the number of pairs of particles with
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o Measure C(k"), fix S(r*), study the interaction. source S(r): probability density of finding

e Detailed studies of the source in pp: the two hadrons of the emitted pair at a

ALICE Coll. Phys.Lett.B 811 (2020) 135849 ; ; ;
Mihaylov and Gonzalez Gonzalez, EPJC 83 (2023) 7, 590 given relative distance r

e CATS framework to evaluate the above integral mihayiov et al. EPJC 78 (2018) 5. 394
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otonvd@cern.ch High-precision measurements of the stronginteraction

Kbar-N interaction

K p femtoscopy in pp collsions
ALICE Coll. Phys. Rev. Lett 124, 092301 (2020) = Provides a quantitative test of

ALICE Coll._arXiv:2205 15176, EPJC i 2022 o
e S coupled channels in the theory

A B Effects of coupled channels enhanced

ALICE by small source
pp Vs =13 TeV

Feoe = (0.82 + 0.03 % 0.18) fm
rKh = (1.08 + 0.04 + 0.18) fm
red =(1.P3 + 00S & 0.21)fm
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Strong interaction: Kyoto model
K. Miyahara, T. Hyodo, W. Weise, Phys. Rev. C98, 2, (2018) 025201

Oton Vazquez
Doce, LNF -INFN
Present and future
perspectivesin
Hadron Physics,
Frascati, 2024



Talks at this conference....

Femtoscopy probes of Z.(3900) and Z.,(3985) and the isovector X{(3872) partner from
D°D*~,D*°D~,D°D!~ and, D*°D; correlations, Pan-Pan Shi

The nature of X(1430) from A} - An*w* ™ reaction and correlation functions, Wei-Hong
Liang

Quarkonium—nucleon femtoscopy as a probe of nucleon gravitational form factors, Daisuke
Fujii

A unitary kaon-deuteron interaction for femtoscopy, Juan Torres-Rincon

Femtoscopy in revealing the nature of exotic hadrons, Lisheng Geng

Confusions in the strange baryons sector, Kanchan Pradeepkumar Khemchandani

Constraining the low-energy S = —2 meson-baryon interaction with two-particle correlations,
Albert Feijoo Aliau

Femtoscopy as a tool to access the strong interaction among hadrons with ALICE, Oton
Vazquez Doce

Finite-Range Effects and Coulomb Interactions in Femtoscopic Correlation Functions, Pablo
Encarnacion

Scattering and Femtoscopic Correlation Functions of the X .m Systems, Mikel F. Barbat
Coulomb interactions in hadronic femtoscopy: applications to the pp and aa systems , Miguel
Albaladejo .



basic object: wave-function Invariant mass distributions versus Koonin-Pratt CFs
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Invariant mass distribution from a production
experiment

on +

half off-shell T —matrix
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form-factor associated to the
k= \/2uap E (on-shell momentum) production of the virtual pair_
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production of a and b in the
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the source R
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Assuming that only the S-wave part of the wave function is modified by the hadronic

interaction, CP™9(k) can also be written as
2
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Cp“’d(k): coherent sum of amplitudes. This is correct for exclusive processes where only the observed particles a and b

are produced
a a

Qon +

b

This is obviously not necessarily the case in high-multiplicity event experiments. For inclusive reactions, for example
initiated by pp collisions, the coherence is still preserved when the real and virtual production vertices, a,, and a,¢ stand
for the pp — X +ab (real) and pp — X +ab (virtual) processes, respectively, with the rest of the particles (X) in the final
state being the same for both reactions. In that case, the two Feynman amplitudes must be coherently added since both of
them contribute to the same quantum amplitude of the reaction pp — X + ab (real).

In high-multiplicity events of pp, pA and AA collisions, where the hadron production yields are described by statistical
models which lead to the extended sources S(r), it is unlikely that the coherent sum of amplitudes, which is assumed in

CPT°4(k), is still appropriate.

The Koonin—Pratt scheme implies some kind of summation of probabilities, and not of amplitudes, since C (k) is obtained

- (2
from the spatial superposition between the extended source and the squared modulus of the wave-function pair |1/J(7‘; k1%|
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Limitations of the Koonin-Pratt formalism

» Emitting source function anchored to p-p
correlation function

Clk") = f

measured

& 7)|” 37

known interaction

» Gaussian parametrization

o 1 o Effect of short lived
S(r) = (amr? )3/28Xp( B ) X

resonances (ct~ 1 fm)

ALICE Coll., PLB, 811 (2020), 135849

Laura Fabbietti@HADRON25

Source function in pp collisions at the LHC

ALICE

x ALICE plp Vs =13 ITev |
High-mult. (0-0.17% INEL > 0)

m, €[1.26, 1.38) GeV/c?

Gaussian Source

B8N pp & pPp

— Coulomb + Argonne v, (fit)
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ALICE Coll., PLB, 811 (2020) 11



otonvd@cern.ch High-precision measurements of the strong interaction

A necessary first step: Setting the source
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®  High-mult. (0-0.17% INEL>0)
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== -t ® n—n Poll

“Universal” dependence of the source size with
pair transverse mass <m._>
- related to hydrodinamics /collective
phenomena?

—— t—nt @ Tt~ Pol2
K'-p®K-p (YEFT)

newst results:
ALICE Coll..arXiv:2311.14527 [hep-ph] EPJC in press

Source size <m_> scaling in pp collisions
confirmed as well with -1 and K-p pairs
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Present and future perspectives in Hadron Physics, Frascati, 19 june 2024




Theoretical correlation function
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Theoretical correlation function
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Theoretical correlation function S-wave reduced radial

wave function
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Theoretical correlation function
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Theoretical correlation function

S-wave reduced radial
wave function
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otonvd@cern.ch High-precision measurements of the strong interaction A ratiO Of tWO
. °« o event yields,
Femtoscopy method In nucleus-nucleus collisiQ Sevelng &
: . — robust
Measurement of the correlation function o O P(pa, Pp) observable that
of two particles emitted a nucleus-nucleus collision Pa:Pp) = P(p,)P(py) contains highly
valuable
information on
O — the underlying
R hadron-hadron
Interactions Detector interaction
Proton O vy
Hyperon
M. Lorenz https://www.nature com/articles/d41586-020-03393-z
@ o " Otén Vazquez
Non-trad|t|onaI. femtosc.onv | Doce, LNF -INFN
e Study the interaction given a known source Present and future
e Applied to small collision systems, pp = Source size ~1fm perspectives in
L. Fabbietti, V. Mantovani, O. Vazquez Doce. Annu. Rev. Nucl. Part. Sci. (2021) 71:377 Hadron PhySiCS,
Frascati, 2024
The source must depend on the renormalization scheme (i.e. the off-shell prescription of C(,E ) = 43 7S(7) |t (7 i’ }|2
the interaction) in such a way as to compensate the scheme dependence of the wave-function ' ] ’ .
squared, ensuring a scheme-independent result and, hence, a physical observable.




Hadronic EFTs constrain only on-shell observables (phase
shifts).The off-shell behavior is scheme dependent, as is
the short-distance behavior of the wave function.

(See also: E. Epelbaum, S. Heihoff, U.-G. Meil3ner,
and A. Tscherwon, Can the Strong Interactions

between Hadrons Be Determined Using
Femtoscopy?, Phys. Rev. Lett. 136, 212301 (2026),

arXiv:2504.08631) \
Small sources probe short distances, where the wave function is

renormalization-scheme dependent. Therefore, the theoretical
uncertainty of the KP calculation may become uncontrolled....

Correlation — C('l:) _ /dz;S ’l/,‘
function: ratio of ' )

—p

k)

two event yields,
providing a
robust
observable that
contains highly

The source must depend on the renormalization scheme (i.e. the off-
shell prescription of the interaction) in such a way as to compensate the
scheme dependence of the wave-function squared, ensuring a scheme-

independent result and, hence, a physical observable.

the underlying
hadron—-hadron
interaction.

valuable simultaneous fit of the ultraviolet cutoff and source radius (R. Molina and E. Oset,
information on Phys. Rev. D 112, 096006 (2025), arXiv:2506.03669 [hep-ph])



PHYSICAL REVIEW LETTERS 136, 212301 (2026)

Can the Strong Interactions between Hadrons Be Determined Using Femtoscopy?

C(k) = [ dr S, () ¥(r. K)[2.

c(k) = (¥ Bney).

The Koonin-Pratt formula, Eq. (1), is the coordinate-space
representation of Eq. (2), subject to the restriction that
the source term is local, (r|S;,|r) = 8(r —r)Sp(r).
Equation (2) makes it explicit that the correlation functions
are invariant under a change of basis in the Hilbert space

induced by unitary transformations (UTs) U as required for
any observable quantity [22]:

c(k) = ((¥4|07) (08,.0") (0]2Y))
= (77|30 |¥).

Evgeny Epelbaum®,"" Sven Heihoff®,"" UIf-G. MeiBner®,>*** and Alexander Tscherwon'*

See also the recent density-
operator—measurement
formulation of two-particle
femtoscopic correlations,
extending beyond the Koonin—
Pratt formalism, by H.-N Liu,
D.-L Ge, Z.-W- Liu, J.-X. Lu, and
L.-S. Geng.



THEORETICAL OBJECTIVE

Develop an improved Koonin—Pratt framework to systematically and consistently extract
hadron—-hadron phase shifts as physical observables.

—

Corre|ati0n — ('(Z) — / (I‘%, S ’l// ‘ /\ |
function: ratio of .
two event yields,

providing a The source must depend on the renormalization scheme (i.e. the off-
robust shell prescription of the interaction) in such a way as to compensate the
observable that scheme dependence of the wave-function squared, ensuring a scheme-

contains highly independent result and, hence, a physical observable.

valuable

information on

the underlying

hadron—hadron
interaction.

20




On-shell factorization scheme [R. Lednicky, V.L. Lyuboshits Yad. Fiz. 35, 1316 (1981)]
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C'(p)

proton-proton CFs: deficiencies of on-shell Lednicky &
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Conclusions

Koonin—Pratt vs. production observables: Koonin—Pratt femtoscopic correlation functions and invariant-mass
distributions from production experiments are different observables. They become equivalent only in the zero-
source-size limit.

Short-distance sensitivity: Small sources probe short distances, where the wave function is renormalization-scheme
dependent. Consequently, the theoretical uncertainty of standard Koonin—Pratt calculations may become
uncontrolled.

A consistent framework:The source must consistently account for the renormalization scheme (i.e. the off-shell
prescription of the interaction) so as to compensate the scheme dependence of the wave function and ensure a
scheme-independent, physical correlation function.

Beyond Lednicky—-Lyuboshits: Off-shell and finite-range effects neglected in the on-shell Lednicky—Lyuboshits
approximation can be essential for realistic femtoscopic correlation functions, particularly for small source radii.

Physics opportunity: High-statistics femtoscopic data, such as those from ALICE for niKS and D pairs, can provide
valuable information on hadron—hadron interactions, especially where scattering data are scarce or unavailable. A
proper calibration requires testing the method in systems where phase shifts and inelasticities are known.

Theoretical objective: Develop an improved Koonin—Pratt framework to systematically and consistently extract
hadron—hadron phase shifts as physical observables.
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v’ Free energy levels: E

v’ Interacting energy levels E, (L) such that:

i
nfree

(L) = w; (Zn ﬁ) + w; (ﬁtﬁ’)

L

T H(EZ(L),L) =0

5\

M. Albaladejo, P. Fernandez-Soler, F.-
K. Guo and JN, PLB767 (2017) 465

[ poles of the T matrix]

2800 - LQCD: G. Moir et al., JHEP 10
2700 | (2016) 011 (Hadron Spectrum
< 2600 i Collaboration).
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Chiral D((:))qb molecular structure natural solution to

...confirmed by LHCb data [R. Aaij
et al. PRD 94 (2016) 072001] for

three (experimental) puzzles:

— + — — o
v Why are the MD;‘O(2317) & MD51(2460) K COM cs the B~ —» D"~ m™ reaction
0% and 1" mass predictions
(nTn™) =1=2
v Why (MD51(2460)—MD;‘0(2317)) ~(Mp+ — Mp) FSI between the two m™is negligible
within 2 MeV (binding energies are independent ~ B~ = D*m ™~ provides access to the
of the heavy meson spin, as the leading spin D system and thus to the charm-nonstrange

symmetry breaking interaction is also of NLO in mesons
the chiral expansion).
T T -+
v Why are the Dg(2300) [07] and D;(2430) [17] B—_@’ AR o D,DS
masses (higher members of the two-pole - e N

structure) almost equal to or even higher than

their strange siblings despite of% ~20
d
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the LHCb data [R. Aaij et al. PRD 90 (2014) 072003] for the angular moments for B —
D°K~n* can be easily reproduced in the same framework with the untarized chiral DK
coupled-channels S-wave amplitude
see also the works by M.-L Du, F.-K. Guo and U.-G. Meilsner, PRD 99 (2019) 114002 (detailed
combined chiral analysis of LHCb data for B~ — D*K~n~,B? — D°K—n*, B® = D%z~ n™
and B® — D°K*m~)and M-L. Du, F-K. Guo, C. Hanhart , B. Kubis and U.-G. MeiRner, PRL 126
(2021) 192001 (discussion of great deficiencies of BW parametrization to describe the LHCb
datafor B~ — Dtm~m™)
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[2016]
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