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Femtoscopy with hyperons as.a
gateway to study neutron stars
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TI.ITI Neutron stars (NS)

Very compact, very dense
The sun packed in Manhattan

Radius: R ~ 10 km
Mass: M ~ 2 solar masses (Mo)
Density: few times p,*)

*) p,=0.16 fm2is the density of the nucleus of
an atom, called “nuclear saturation density”.

What is inside?
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Neutron stars (NS)
Composition e As density increases, it might become possi

to form hyperons.
N.B. Results in a ‘soft’ nuclear equation of state and
may fail to explain existing heavy NS.
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Neutron stars (NS)

Composition e As density increases, it might become possi

to form hyperons.
N.B. Results in a ‘soft’ nuclear equation of state and
may fail to explain existing heavy NS.

e Their effective in-medium mass (and
neutrons A hyperons potential Ua) depends on the interaction with
the surrounding particles.
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Neutron stars (NS)

Composition

neutrons A hyperons
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As density increases, it might become possib
to form hyperons.

N.B. Results in a ‘soft’ nuclear equation of state and
may fail to explain existing heavy NS.

Their effective in-medium mass (and
potential UA) depends on the interaction with
the surrounding particles.

Attractive NA interaction}

Known from e.q. scattering experiments
Sechi-Zorn et al. Phys. Rev. 175, 1735 (1968)
Alexander et al. Phys. Rev. 173, 1452 (1968)



https://journals.aps.org/pr/abstract/10.1103/PhysRev.175.1735
https://journals.aps.org/pr/abstract/10.1103/PhysRev.173.1452

Neutron stars (NS)

Composition

neutrons

Mass 939 MeV

v

> 1116 MeV

l

As density increases, it might become possib!
to form hyperons.

N.B. Results in a ‘soft’ nuclear equation of state and
may fail to explain existing heavy NS.

Their effective in-medium mass (and
potential Ua) depends on the interaction with
the surrounding particles.

(B, e.g. due to many- (three-) body
forces, may prohibit their formation.
In agreement with hypernuclei experiments.

Hashimoto and Tamura, Prog. Part. Nucl. Phys., 57:564—653, 2006



https://www.sciencedirect.com/science/article/abs/pii/S0146641005000761?via%3Dihub

TI.ITI In-medium Ua(p) potential

e As density increases, it might become possib

to form hyperons.
Ua @ po = —-30 MeV N.B. Results in a ‘soft’ nuclear equation of state and
may fail to explain existing heavy NS.

Update:  Millener, Dover, Gal PRC 38, 2700 (1988) e Their effective in-medium mass (and
y ~ ' T T T T T potential Ua) depends on the interaction with
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TI.ITI The ultimate goal for N(N)A studies

Ur @ po = =30 MeV Disentangle two- and three-body effects

fo constrain the EoS. Study different systems.
Updatfe:  Millener, Dover, Gal PRC 38, 2700 (1988)
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TI.ITI The ultimate goal for N(N)A studies

Ur @ po = =30 MeV Disentangle two- and three-body effects

fo constrain the EoS. Study different systems.
Updatfe:  Millener, Dover, Gal PRC 38, 2700 (1988)
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Femtoscopy
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e Same event sample (SE):
Correlated pairs, obtained by
A combining particles from the
same collision (event).

Number of pairs

<400 MeV/c 12
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e Same event sample (SE): e Mixed event sample (ME):
Correlated pairs, obtained by Uncorrelated pairs, obtained by
A combining particles from the combining particles from two
2 same collision (event). different collisions (events).
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Femtoscopy LT~
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e The correlation function C(k*) = SE / ME, ideally
equal to unity in the absence of any correlations.
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Number of pairs

<400 MeV/c <400 MeV/c 14



Femtoscopy LT~
Overview (2-body) ¢ \
I |
\ T
™
\ -_ - /

e Attractive final state interaction (FSI)

A

C(k*)

Number of pairs

<400 MeV/c <400 MeV/c 15



Femtoscopy LT~
Overview (2-body)

e Repulsive final state interaction (FSI).

A

C(k*)

Number of pairs
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TI.ITI Femtoscopy =

Koonin-Pratt equation /
*: “l/
(k7

two-particle wave function

* - 2
o) = Me) s wii,

%
Lisa et al.
Ann.Rev.Nucl.Part.Sci.55:357-402, 2005

Relative distance and %2 relative momentum
evaluated in the pair rest frame

dg,*k—)ool

e Measure C(k*), fix S(r*), study the interaction.

e Detailed studies of the source in pp:
ALICE Coll. Phys.Lett.B 811 (2020) 135849
Mihaylov and Gonzalez Gonzalez, EPJC 83 (2023) 7, 590

e CATS framework to evaluate the above integral wihaylov et al. ERPJC 78 (2018) 5,394 17



https://doi.org/10.1016/j.physletb.2020.135849
https://link.springer.com/article/10.1140/epjc/s10052-023-11774-7
https://link.springer.com/article/10.1140/epjc/s10052-018-5859-0
https://www.annualreviews.org/doi/10.1146/annurev.nucl.55.090704.151533
https://www.annualreviews.org/doi/10.1146/annurev.nucl.55.090704.151533

Data on pA

Cross section and correlation function

Alexander et al. Phys. Rev. 173, 1452 (1968)
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https://journals.aps.org/pr/abstract/10.1103/PhysRev.173.1452

200+

o (mb)

C(k*)

1.0

Data on pA

Cross section and correlation function

Alexander et al. Phys. Rev. 173, 1452 (1968)
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Superior low-energy reach and
uncertainties of the ALICE data

N.B. Both observables contain
Y4 S=0 and %4 S=1
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https://doi.org/10.1016/j.physletb.2022.137272
https://journals.aps.org/pr/abstract/10.1103/PhysRev.173.1452

T”Tl The present study: pA
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https://journals.aps.org/pr/abstract/10.1103/PhysRev.173.1452
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T”Tl The present study: pA

200+

(mb)

b 100+

Combine cross section and correlation function

;

Alexander et al. Phys. Rev. 173, 1452 (1968)

N

®

C(k*)

1.0

1.5

@ Measured cross section
-© Measured correlation function

0]
ALICE Coll, PLB 833 (2022), 137272
O o High-mult. pp collisions @ 13 TeV
© o
O o o
| | | ~ 900000
25 50 75 100 125 150 175

k* (MeV/c)

V (MeV)

200

150+
100+
50

Potential: Usmani et al. PRC. 29:684-687, 1984

— Usmani S=0
— Usmani S=1

Mr. Schrodinger

2.0

WK™, )P

21


https://journals.aps.org/pr/abstract/10.1103/PhysRev.173.1452
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.29.684
https://doi.org/10.1016/j.physletb.2022.137272

T”Tl The present study: pA
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Magic of femtoscopy:

Lisa et al. Ann.Rev.Nucl.Part.Sci.55:357-402, 2005
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T”Tl The present study: pA
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The present study: pA

Comparison of the results to data

Disclaimer: the data is fitted differentially, for details:
Mihaylov, Haidenbauer and Mantovani Sarti, PLB 850 (2024), 138550
. 200 b Mihaylov and Gonzalez Gonzalez, EPJC 83 (2023) 7, 590
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https://www.sciencedirect.com/science/article/pii/S0370269324001084?dgcid=author
https://link.springer.com/article/10.1140/epjc/s10052-023-11774-7

TI.ITI Scattering length

PLB 850 (2024). 138550

A
Scattering data only
Spin1 18 T l3.o
> \\\\:\\;\ 25
=0 ¥ : e 50 Values from chiral effective field theory
£ : (xEFT), which is presently constrained
= 14pns. 0 1.5 ¢ to the scattering data.
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https://www.sciencedirect.com/science/article/pii/S0370269324001084?dgcid=author

TI.ITI Scattering length

PLB 850 (2024). 138550

NEW

Scattering data only Scattering + Femto data

g\°LO
NLO19
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https://www.sciencedirect.com/science/article/pii/S0370269324001084?dgcid=author

TI.ITI Constrain xEFT

PLB 850 (2024). 138550

Scattering + Femto data

e Spin-averaged scattering length 1 g

of 1.77 £ 0.18 fm.
Lower than current estimates

e Feed these results into XEFT E
(NLO19*) and constrain its low — 1.4

energy constants.
*) Haidenbauer et al. Eur.Phys.J.A 56 (2020) 3, 91

e FEvaluate the corresponding Ua.

27


https://www.sciencedirect.com/science/article/pii/S0370269324001084?dgcid=author
https://link.springer.com/article/10.1140%2Fepja%2Fs10050-020-00100-4

TI.ITI In-medium Ua(p) potential

201

PLB 850 (2024). 138550

[0 Tuned NLO19 - Cutoff dependence
Tuned NLO19 - Data uncertainty
® U, at po for 2-body forces
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New parameterizations
of the XEFT
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TI.ITI In-medium Ua(p) potential
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TI.ITI In-medium Ua(p) potential
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What about the E0S?

Let’s use all we have

TTTTTTTTETTTTT Mno <1
>0 kg d [1<no<2 35
’ 1 2<no<3 e p-z-
25 3 -Mf‘; w0 B AL(CE dat
o 3 B3 Unphys. C(k* . 3 I coulomb
2.0 ” _: Coulomb + p—=~HAL QCD
3 * sz o 2815 Coulomb + p-~Q~ HAL QCD elastic
15 CD _: _i_ HKMsY g« 2o - Coulomb + p—Q~ HAL QCD elastic + inelastic
-0 3 % FG 0=
1.0 PRt = .o
4= ALice E ZE sl
03 ﬁzE::;:\e/V _g -4 NSC89
L pPb sy =502Tev— ~¢NSCO7 B
0.0 o ¢ A-A ® A-A pairs 4 e Ehime 10
120 25 30 35 40 ""3'"""1""'5.Escos L | L
fo (fm) £y = fss2 0 W e 20 300
(hayovelal b8 850 (2024], 138990 ALICE Coll. PLB 797 (2019) 134822 ALICE Coll, Nature 588 232-238, 2020
gorpaby X Good description by HAL QCD potentials: Good description by HAL QCD potentials:
HAL QCD Coll, Nucl.Phys.A 998 121737, 2020 HAL QCD Coll. Nucl.Phys.A 998 121737, 2020

e Take available (femto) data on the A and = interaction.
pZ0 data available but low statistical significance
Preliminary ALICE results on pZ+ available but not used in this analysis

e A Brueckner—Hartree—Fock (BNF) approach adopted by Isaac Vidaria, using
potentials from the theories describing the ALICE data, to construct the EoS.
e Adopt the Tolman—-Oppenheimer-Volkoff to evaluate the corresponding

mass-radius relation for neutron stars.
I Vidana et al. EPJA 61 (2025). 3. 59

31


https://www.sciencedirect.com/science/article/pii/S0370269324001084?dgcid=author
https://www.nature.com/articles/s41586-020-3001-6
https://www.sciencedirect.com/science/article/abs/pii/S0375947420300476?via%3Dihub
https://doi.org/10.1016/j.physletb.2019.134822
https://www.sciencedirect.com/science/article/abs/pii/S0375947420300476?via%3Dihub
https://link.springer.com/article/10.1140/epja/s10050-025-01539-z

m Results 1 vidanaetaleriasr 2025) 3 59

For the EoS and neutron star M-R relation
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e State of the art data and models are unable to describe the existence of heavy NS.
The hyperon puzzle remains an open question!

e Possible solutions introduce additional repulsion, e.g. three body forces.

e A more exotic solution is proposed by introducing QCD axions in neutron stars.
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https://link.springer.com/article/10.1140/epja/s10050-025-01539-z

TUTT Where to now (with ALICE)?

e The ongoing data taking period (RUN 3) at the LHC will lead to significant increase in statistics
in all measured systems. Some new systems will become accessible.

e Dedicated online triggers will lead to orders of magnitude improvements on targeted analysis,
such as three-body correlations.

e Stay tuned for the results that will be made public at QM next week.
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TUT] Where to now (with ALICE): Three body

e The ongoing data taking period (RUN 3) at the LHC will lead to significant increase in statistics
in all measured systems. Some new systems will become accessible.

e Dedicated online triggers will lead to orders of magnitude improvements on targeted analysis,
such as three-body correlations.

e Stay tuned for the results that will be made public at QM next week.
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RUN 2 results: ALICE Coll. EPJA 59 (2023) 7. 145

For updated RUN 3 data and comparison to models follow the talk of L. Sersknyte at QM 2025

State of the art of the modeling in:

Kievsky et al, PRC 109 (2024) 3. 034006

Garrido et al, PRC 110 (2024) 5. 054004 34
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TI.ITI Where to now (with ALICE): Three body and more

e The ongoing data taking period (RUN 3) at the LHC will lead to significant increase in statistics
in all measured systems. Some new systems will become accessible.

e Dedicated online triggers will lead to orders of magnitude improvements on targeted analysis,
such as three-body correlations.

e Stay tuned for the results that will be made public at QM next week.
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RUN 2 results: ALICE Coll. EPJA 59 (2023) 7. 145
For updated RUN 3 data and comparison to models follow the talk of L. Sersknyte at QM 2025 New measurements of pZ+ will
State of the art of the modeling in: be presented at a QM poster
Kievsky et al. PRC 109 (2024) 3. 034006 by B. Heybeck

Garrido et al, PRC 110 (2024) 5, 054004 35
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TI.ITI The take-home message

We need be actively collaborating, between theory and experiment, but also between
different types of complementary experiments.

And we already have one fantastic example for that in the NA-NX sector:

® Femtoscopy constraints for pA and now p2+ at low energies
ALICE Coll. PLB 833 (2022), 137272

® Scattering data a slightly higher energies in pZ- and pz+
K. Miwa et al, PRL 128 (2022) 7, 072501
T. Nanamura et al, EPJ Web Conf. 271 (2022) 04002

e Theoretical implementations within xEFT
Mihaylov et al. PLB 850 (2024). 138550
J. Haidenbauer et al, EPJA 59 (2023) 3, 63

e Implications for the EoS and NS
|. Vidana et al. EPJA 61 (2025), 3. 59

® And now challenging the three-body sector

ALICE Coll. EPJA 59 (2023) 7. 145
Kievsky et al, PRC 109 (2024) 3. 034006
Garrido et al, PRC 110 (2024) 5. 054004

e And the list can be for sure expanded, e.g. by hypernuclei studies
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TI.ITI Thank you for your attention
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e The Next-to-Leading Order (NLO) calculation can be fine

tuned to reproduce existing data using different parameters.
Haidenbauer et al. Eur.Phys.J.A 56 (2020) 3. 91

o |\INekK) has slightly stronger 2-body attraction in vacuum.
NLO19 leads to stronger 3-body repulsion in-medium.

e Within this model, As cannot form inside neutron stars!
This will explain the existence of measured massive
neutron stars (M > 2 Mo).

e Experimental data is needed for both the 2-body and

3-body interaction to obtain any quantitative conclusions.
CLAS Coll. PRL 127 (2021) 27, 272303

J-PARC E40 Coll. PTEP 2022 (2022) 9. 093D01

ALICE Coll. PLB 833 (2022), 137272

ALICE Coll, EPJA 59 (2023) 7, 145

Gerstung et al. Eur.Phys.J.A 56 (2020) 6. 175
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Observation of the NA<>NZ cusp.

Superior precision at low
momenta over existing data.

Preference towards the NLO19.
Differences in the coupling to N2, and
in the interplay between two- and
three-body forces. Important for the
equation of state.

NLO19 deviates by ~30 at low k*.
Further improvement of the
model is possible!
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e pp interaction: fixed to the Argonne v18 potential
Wiringa, Stoks. and Schiavilla, PRC, 51:38-51, 1995

e pAinteraction: Usmani potential, short-range repulsive core fitted
Usmani et al, PRC, 29:684-687, 1984

e A combined fit of the mT differential pp and pA correlations! 44
Mihaylov and Gonzalez Gonzalez, EPJC 83 (2023) 7, 590
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Femtoscopy @ ALICE

In small collision systems (pp)
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e Study of the pp and pA, using a Gaussian
source, revealed mT scaling. The source
size is different for different species.

e e £
ALICE pp Vs = 13 TeV

High-mult. (0-0.17% INEL > 0)
m, €[1.26, 1.38) GeV/c?
Gaussian Source
Blppepp 1
— Coulomb + Argonne v,q (fit)

k* (MeVic)

S
x 22
§)

T T T
ALICE pp /s =13 TeV
High-mult. (0-0.17% INEL > 0)

m,; €[1.26, 1.32) GeV/c?
Gaussian Source

I8 p-A @ p-A

— % EFT NLO (fit)
— % EFT LO (fit)

150

100

200
k* (MeV/c)

46


https://doi.org/10.1016/j.physletb.2020.135849
https://www.sciencedirect.com/science/article/pii/S0370269324007913

Femtoscopy @ ALICE

Resonances source model (RSM)

Details later in the presentation

e Study of the pp and pA, using a Gaussian
source, revealed mT scaling. The source
Lot e, size is different for different species.
. e A hypothesis:

*
* Fcore p= =y
Vg

Gaussian “primordial core” common for
all species modified by decays of short
lived resonances.

Based on statistical hadronization model
% of all protons and As are produced like
that. Resonances decaying into As, on
average, live longer.

<ct> for protons c.a. 1.7 fm/c

<ct> for As c.a.4.7 fm/c

ALICE Coll. Phys.Lett.B 811 (2020) 135849
Corrigendum in 2025 47
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Femtoscopy @ ALICE

Resonances source model (RSM)
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ALICE Coll. Phys.Lett.B 811 (2020) 135849
Corrigendum in 2025

Study of the pp and pA, using a Gaussian
source, revealed mT scaling. The source
size is different for different species.

The breakthrough of the Resonance
Source Model (RSM)

A “primordial core” common for all
species modified by decays of short lived
resonances.

Any baryon-baryon pair will follow this
scaling, and the source size can be
extracted based on the <mT> of the
measured pairs!

This allows for precision studies of the
strong interaction.
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Femtoscopy @ ALICE

Resonances source model (RSM)
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The studies are now commencing in RUN3
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