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Neutron Stars structure

o Radius: 10—15 km Thin atmosphere: H, He, C...

o Mass: 1.5-2.0 Mg,

o High density expected in the inner core.
pP=2-3p

o Inner core composition: UNKNOWN!

Outer crust: ions, electrons

Inner crust: ion lattice,
soaked in superfluid neutrons (SFn)

Outer core liquid: e, 11",

SFn, superconducting protons

Inner core: hyperons?
quarks? unknown

~10®gcm™

~2X nuclear density

2x10"*gcm
~nuclear density

0.1 km 4x10%gcm™
‘neutron drip’

Nature Reviews Physics 4 (2022)
Figure adapted from NICER
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Hydrostatic Equilibrium

o Radius: 10—15 km
o Mass: 1.5-2.0 Mg,,

o High density expected in the inner core.

p=2-3pg
o Inner core composition:
= Make a hypothesis

= (Calculate the hydrostatic equilibrium
= Compare with measured Mass-Radii

o Pressure of the star

P = z Pparticle species

Hydrostatic Equilibrium
GMp
P. R
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Mass-Radius relation

o Radius: 10—15 km

o Mass: 1.5-2.0 Mg,,

o High density expected in the inner core.
P=2-3p

o Inner core composition:
= Make a hypothesis

Pressure
7

= Calculate the hydrostatic equilibrium Credits: V. Mantovani Sarti Density
= Compare with measured Mass-Radii 21
© =
=
o Pressure of the star o

P = z Pparticle species

Hydrostatic Equilibrium
GMp

¢ R : ,
12km  Radius

Credits: V. Mantovani Sarti
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Non-interacting neutron gas

_— _ o — —_—
o Radius: 10 -15 km = 2.4 : Feavy Neutron Stars
o Mass:  1.5—2.0 M. = 220 E
2 =
o High density expected in the inner core. 1.8 =
. 14— -
O Inner Core Comp05|t|0n: 1 2 :_ Gravitational Waves _:
= HYP: Non-interacting neutron gas? 16 =
= Degenerate pressure due to the Pauli blocking 08 =
0.6 =
o Pressure of the star 04 =
0.2 —
P=P (0 ]| = S I IR IR I T R R

free neutrons 4 6 8 10 12 14 16 18 20
Adapted from: I. Vidafia et al. EPL.A 61 (2025) 3, 59 Radius [km]
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Non-interacting neutron gas

TITE — 0] - 0 EL L LAy
o Radius: 10 -15 km s 2.4 - Feavy Neutron Stars
o Mass:  1.5-2.0 M, = 225 E
2 =
o High density expected in the inner core. 1.8 —
. 14— =
O Inner Core CompOSItlon: 1 2 :_ Gravitational Waves _:
= HYP: Non-interacting neutron gas? 16 =
= Degenerate pressure due to the Pauli blocking 08 nn-'ln =
e - ' N -
0.6 u\;v)w%t‘j —
o Pressure of the star 0.4 PO
0.2 W —
P=P OB v v v v v b e e ]

free neutrons 4 6 8 10 12 14 16 18 20
Adapted from: I. Vidafia et al. EPJ.A 61 (2025) 3, 59 Radius [km]

o Not sufficient to counterbalance the
gravity in heavy neutron stars!!
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Non-interacting neutron gas

o Radius: 10 —15 km

o Mass: 1.5-2.0 Mg,,

o High density expected in the inner core.
P=2-3pg

o Inner core composition:

= HYP: Non-interacting neutron gas? NO!
= Degenerate pressure due to the Pauli blocking

o Pressure of the star

P = Pfree neutrons + U (p)

o Necessary to include the strong nuclear
interaction!!

o

M/M

24
22

N

1.8
1.6
1.4
1.2

N

0.8
0.6
0.4
0.2

o

> TTTTTTT]TTI T T I T T I I I T T T T T T T T T T
R LR L R R LR R L L R R R

T | T T T | T T T |
Heavy Neutron Stars

Gravitational Waves

lIl|lIIIIII|IIIIIII|IIIIII||III|III|II_I_|_I_LI|III|

1 |
6 8 10 12 14 16 18 20

Adapted from: I. Vidafia et al. EPJ.A 61 (2025) 3, 59 Radius [km]
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Hadronic interactions

o Quantum Chromodynamics (QCD) is conceived as a Mesons and baryons
theory with quarks and gluons as degrees of freedom 0.35 3 L R
T decay (N°LO) +=— ]
. . 2 3
o High energy regime ( Q >> 1 GeV): @ low Q cont. (N"LO) Fe= -
DIS jets (NLO) —— ]
o Perturbation theory is applicable @i\\\ @ Heavy Quarkonia (NLO)
o High predictive power of the calculations [ @@ e’e” jets/shapes (NNLO+res) > ]
- pp/pp (Jets NLO) & -
o Low-energy (Q < 1 GeV): 0.2518 EW precision fit (N>LO}-o— ]
) - pp (top, NNLO)
o Quark confinement and emergence of hadrons -~ _ Quarks and gluons :
o Very complicated calculations in QCD % 02 [ ; 8 )
How do hadrons interact? 0.15 |-
0.1 F
. a(M,%)=0.1179 = 0.0010
005 bt
1 10 100 1000

Q [GeV]
PDG, PTEP 2022, 083C01(2022)
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Hadronic interactions

Low energy hadronic interactions:

Effective Field Theories (EFT) Lattice QCD
e hadrons as degrees of freedom e quarks and gluons as degrees of freedom
e |ow-energy coefficients constrained by data e unstable for low mass hadrons

/r{if?%é Raffaele Del Grande
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What is an Effective Theory?

A classical example: compute electric potential generated
by a localized charge distribution p(7).

Exact solution: V(ﬁ) = #fd?jﬁg(rr)w
- B _
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charge
distribution

ool

>® observer



What is an Effective Theory?

A classical example: compute electric potential generated Gl

distribution

by a localized charge distribution p(7).

>® observer

Exact solution:  V(R) = —— [ d3r p()

ool

4TTE |R —7|
Effective solution:
- 2 - — - -
= 1 R7#  3(R7) —R?r? 1 .q , RP RQR
V(R) = G o e e Y e LTt o ]

We have integrated out the short-distance physics and absorbed the unknown information in q, P, Q

g =[d p® P=[d p(®7 Qij=J d®rp(® 3 i1y —125;)
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Nucleon-nucleon interaction

Expansion of the nuclear potential in effective theory

Van (@) = Vo (r) + Vo () + Voo (1) + Vizo () + ...

—h i A P \
X X E B R R
2 constants 7 constants 15 constants
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Nucleon-nucleon interaction

Expansion of the nuclear potential in effective theory

Van (@) = Vo (r) + Vo () + Voo (1) + Vizo () + ...

—h i A P \
X X E B R R

2 constants 15 constants

7 constants

Scattering experiments
target

----------------------------------------- > NO INTERACTION

---------------------------
~

"“* (Close interaction

Raffaele Del Grande
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R. B. Wiringa et al. PRC 51 (1995)

0t #

: .
=~ NN NN

—— Argonne v, np
_— Argou_ue Vis PP
------------ Argonne v,g nn

= Bugg-Bryan np 92

 Nijmegen np 93

o Nijmegen pp 93

© Henneck np 93

+ VPI&SU np 94

x VPI&SU pp 94

100




Nucleon-nucleon interaction

Expansion of the nuclear potential in effective theory

Van (@) = Vo (r) + Vo () + Voo (1) + Vizo () + ...

—h i A P \
X X E B R R
2 constants 7 constants 15 constants

o Realistic NN interactions cannot describe many-body systems

Raffaele Del Grande

Binding Energy (MeV)

S. C. Pieper et al, Phys. Rev. C 64, 014001 (2001)

\ mx

*4He

NN potential

otd
2+

\
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Three-nucleon interaction

Formation of hadronic excitations

H.-W. Hammer, S. Kénig, U. van Kolck RMP 92 (2020)

N T[i N

N ; ; N —
A 17T

N ' N

Short-range

o Excellent description of nuclei.
Contribution to B.E. 2 10%

o Increasing effect with the baryons in the system.

Three-body forces in EFT

Raffaele Del Grande

—(— N

gii

g; to be fixed by the data

Binding Energy (MeV)

S. C. Pieper et al, Phys. Rev. C 64, 014001 (2001)
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Neutron star structure

o Solving the structure of neutron starsisa = 24F T T T IT T T TTTTTT
nuclear physics problem: = 22 é—z:jzzzszz LCER POR Joraoraee0 =
) . 2 —
> NN + NNN strong interaction needed '8 e ore a0 7 -
to determine the mass T E NIGERESH 003050451 =
1.6 = NICER PSR J0437-4715 | =
1.4 E
12 NN+NNN  —
1 :_ GW170817 / _:
0.8 =
0.6 —
0.4 f_|:J Nucleonic (NN + NNN) _f
= K, = 160 MeV 7]
0.2 = — Kk,=270 Mev 7 =
0 :l 1 1 l 1 1 1 l 1 1 1 I 1 1 1 i’ll 1 l 1 1 1 I 1 1 1 I 1 1 1 I l:
4 6 8 10 12 14 16 18 20
Radius [km]

I. Vidafa, V. Mantovani Sarti, J. Haidenbauer, D. Mihaylov, L. Fabbietti,
EPJ.A 61 (2025) 3, 59
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Neutron star structure

o Solving the structure of neutron starsisa = 24F T T T IT T T TTTTTT
nuclear thSICS prOblem: E 22 :_PSRJ0740+6620 NICER PSR J0740+6620 _;
5 PSR J0348+0432 =
> NN + NNN strong interaction needed '8 e ore a0 7 -
to determine the mass. = NICERPSR 003040451 3
1.6 = NICER PSR J0437-4715 | =
1.4 =
o Production of hyperons is energetically 1.2 ] NN + NNN =
possible via weak interactions, e.g. 1E Gw70817 =
0.8 —
nn-nA 0.6 E
_ — [ ] Nucleonic (NN + NNN) 3
nn->plk 0'45 K, = 160 MeV =
0.2 = — Kk,=270 Mev 7 =
O :l 1 1 l 1 1 1 l 1 1 1 I 1 1 1 Ill 1 l 1 1 1 | 1 1 1 I 1 1 1 I l:
4 6 8 10 12 14 16 18 20
Radius [km]

I. Vidafa, V. Mantovani Sarti, J. Haidenbauer, D. Mihaylov, L. Fabbietti,
EPJ.A 61 (2025) 3, 59
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Neutron stars with hyperons

. . 10
o Solving the structure of neutron stars is a
nuclear physics problem:
. . -1 .
» NN + NNN strong interaction needed 10 | ,;g— 3
to determine the mass S P s, T e—
© i f / ™ Y ZO
S 2 /I l/ ] \\ :'\‘
: . : c 10/ M i W A/ U=-30Mev |
o Production of hyperons is energetically = | AT Y IR
. . . . l . \ \\ E—— ,/
possible via weak interactions, e.g. @ | B N i
3 | :__ : \ | \\ / /
10 A= 1 \ \ 4 ]
: Vo 1 \ & i //
| ) ] \ /
nn-—-—-n A | : Z_ E E \\ ‘z+ ‘\ /I ,‘
- | \ /
nn-pk 10 [ R VL ,’

0.0 0.3 0.6 0.9 g b 1.5
Density (fm ™)

J. Schaffner-Bielich et al NPA 835 (2010)

Raffaele Del Grande
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Inclusion of the AN interaction

L t t. t. d t .I bl g LN L L L L L L B T T T T T T T T T
o Low statistics and not available E Scattering data L ) VEFTNLOT3 |
at low momenta _ 1910 | o o
. . . ® Sechi-Zorn et al.
o AN interaction is not well - = Aeandersta | - NSCo7f
constrained 200 SpEmbed 1
1 % Repulsive
| =
L \ i 3<
P =% Pgeet 21 U; (p) 100 1 XEFTNLOL3 | 20 7
\\
A\t‘t(active
& ; 40 - N i
~ ’\ ] S \\
45 135 220 310 385 1.0 1.5 2.0
k* (MeV/c) Do ke (1/fm)

J.Haidenbauer, N.Kaiser et al. NPA 915 24 (2013)
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Hyperon puzzle

o The NN and NNN can stiffen the equation S 245777 T T feavy Neutron Stars 3
S 22t —]
of state and reproduce observed heavy ok E
neutron stars 185 =
I. Vidafa, V. Mantovani Sarti, J. Haidenbauer, D. Mihaylov, L. Fabbietti, - E E
EPJ.A 61 (2025) 3, 59 1.6 = =
. : 14 -
o Inclusion of A hyperon results in a 12F it E
softening of the equation of state 1E =
08F | =
0.6 = NN+NNN+AN /\ —
HYPERON PUZZLE! 0.4 =
02F T— =
0Ot S BN AV BTETPEN BT BATETS BT BPRrEr B

4 6 8 10 12 14 16 18 20

Radius [km]

Adapted from: I. Vidafia et al. EPJ.A 61 (2025) 3, 59
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Hyperon puzzle

o The NN and NNN can stiffen the equation s 2‘2‘  ANSNNNSAN ';','-'\' T feavy Neutron Stars 3
of state and reproduce observed heavy = o En NN (1) ‘ \\ N =
(I = —
neutron stars 18E Lo . E
I. Vidafa, V. Mantovani Sarti, J. Haidenbauer, D. Mihaylov, L. Fabbietti, ' E | 11 RepUISIve E
EPJ.A 61 (2025) 3, 59 1.6 NN+NNN+AN = \\ 1t ANN ?P? =
. . 1.4 +ANN() LI =
o Inclusion of A hyperon results in a 12F \ Waves E
softening of the equation of state 1E- \ E
0.8 =
0.6 ;_ NN+NNN+AN _;
HYPERON PUZZLE! 0.4 =
02F T =
(0 ) S PR BRI B R B B BT Bt
_ , 4 6 8 10 12 14 16 18 20
o More precise constraints on the AN Radius Ik
|nteract|0n Adapted from: I. Vidafia et al. EPJ.A 61 (2025) 3, 59 aaius [ m]
o Three-body forces can help but...
... ANN interaction is unknown!
P =% Pun+Xn;U; (p) + Upnn (P)
Raffaele Del Grande 14



Femtoscopy technique at the Large Hadron Collider

High-energy collisions

erc /‘%‘?ﬁé Raffaele Del Grande
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Femtoscopy technique at the Large Hadron Collider

High-energy collisions

Raffaele Del Grande
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Femtoscopy technique at the Large Hadron Collider

High-energy collisions Correlation function

n P (ﬁa; ﬁb)

o pa C(ﬁa: I_))b) P — —
(Pa) P(Pp)
g/’/\ b

Raffaele Del Grande
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Femtoscopy technique at the Large Hadron Collider

High-energy collisions Correlation function

C(k*) _ N(k*) Nsame(k*)

N mixed (k *)

& S~

D / *_ |ﬁa_6b|
\ k*= T

Raffaele Del Grande
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Femtoscopy for interactions

L
re PR

*) > 2 o112 4 = _ * Nsame(k*)
) CUe) = | SEH|pUe, M) d7f = NE) —
Pq _ _ mixed (K*)
@/Qr Two-particle wave function
/’/ —_ = M. Lisa, S. Pratt et al., ARNPS 55 (2005), 357-402
ke¥= [Pa— Pl L. Fabbietti et al., ARNPS 71 (2021), 377-402
— 2 D. Mihaylov et al., EPJC 78 (2018), 5, 394
o
Interacting potential Correlation function
| o
> . =
— | O
S e L .
= ol Attractive
—
Attractive _—""Repulsive
0 0.5 1 1.5 50 100 150 200
r (fm) k*(MeV/c)

Measuring C(k*) — constraining the source S(7) — study the interaction

Raffaele Del Grande
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Small and large colliding systems at LHC: from pp to Pb-Pb

source

size (fm) |

47r2 S(r) (fm™)

Typical short-range
nuclear potential

Raffaele Del Grande
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Small and large colliding systems at LHC: from pp to Pb-Pb

Peripheral Central & semi-central

source
size (fm)

70-90%

200

150

V(r) (MeV)

100

50

42 S(r) (fm™)

Typical short-range
nuclear potential

pov o bev oo b a b by by s Ve s b by s bev o byww s b b by s Ve e s b s by by s bee e s bowwn b byl
95 10 105 11 115

r (fm)

IIIIIIIIII IIIIIIIIIIIIIIlIIIII

orT
o
o
—
—
o
n
o
»n
w
w
o
N
B
o
o
o
o
o
o
o
\I
\I
o
©
©
o
©

R. B. Wiringa et al., PRC 51 (1995), 38
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ALICE detector

Excellent tracking and particle identification (PID)
capabilities

o Run 2 data: 2015 -2018
o Run 3 data: 2022 — 2026

Inner Tracking System
Tracking, vertex, PID (dE/dx)

Time Projector Chamber
Tracking, PID (dE/dx)

Transition Radiation Detector

Time Of Flight detector
PID (TOF measurement)

Raffaele Del Grande 18




Source function in pp collisions at the LHC

o Emitting source function anchored to p-p correlation

function
. 2
cty = | ool Pl @
measured known interaction

o Gaussian parametrization

s 1 r2 Effect of short lived
(r) = (42, .)3/2 exp (_ 42 ) X resonances (ct~1fm)
ALICE Coll., PLB, 811 (2020), 135849

erc /‘%?@é Raffaele Del Grande

Feore (fM)

2.5

1.5

0.5

S 3r

L od High-mult. (0-0.17% INEL > 0)
m; €[1.26, 1.38) GeV/c®
Gaussian Source

SlppepPp

25

x . ALICE pp Vs = 13 TeV

— Coulomb + Argonne v, (fit)

Ll P P s oo ot s v

0 50 100 150 200

k* (MeV/c)
L o
* L
-
—0—
=
1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
0.5 1 1.5 2 2.5
2
m; (GeV/c?)
ALICE Coll., PLB, 811 (2020), 135849;
ALICE Coll., EPJ C 85 (2025) 2, 198;
ALICE Coll., EPJ A 61 (2025 8, 194
19




Source function in pp collisions at the LHC

o Emitting source function anchored to p-p correlation
function

C(k*) = j (&) d37

measured known interaction

o Gaussian parametrization

( r2 ) y Effect of short lived

resonances (ct ~ 1 fm)
ALICE Coll., PLB, 811 (2020), 135849

1
S(r) = am 2 32 &XP

o One universal source for all hadrons
(cross-check with K*-p, rt-i, p-A, p-m)

o Small particle-emitting source created in pp collisions at

the LHC  Aticecoll, PLB, 811 (2020), 135849; ALICE Coll., EPJ C 85 (2025) 2, 198;
ALICE Coll., EPJ A 61 (2025 8, 194

| erc fi{?@é Raffaele Del Grande

Feore (fM)

2.5

1.5

0.5

T T T I T T T T I T T T T I T T T T I T T T T I T T

ALICE pp Vs =13 TeV

- High Mult. (0-0.17% INEL>0)

(=] pr@®pm

(= 1pp®pP

© Iee=2ac- (mT>b +C

. [ ¢ ] 1" ® -, Polf

[& ] nt—n* ® -, Pol2
p-K" @ p-K~

-
o
L 4

_+_

IIIIIIllIIIlIIlIIlIlIIlII

IIIIIIIIIIIIIIIIIIIIIIIII

1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1

0.5 1 1.5 2 2.5
m; (GeV/c?)

ALICE Coll., PLB, 811 (2020), 135849;
ALICE Coll., EPJ C 85 (2025) 2, 198;
ALICE Coll., EPJ A 61 (2025 8, 194
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Femtoscopy measurements with ALICE

Credits: V. Mantovani Sarti ALICE Collaboration:
A _ PRC 99 (2019) 2, 024001
| C | A Baryon-baryon PLB 797 (2019) 134822
p C Meson_meson PRL 123 (2019) 112002
PRL 124 (2020) 09230

PLB 805 (2020) 135419

DT[, D*n DK, D*K PLB 811 (2020) 135849
Three-body systems Nature 588 (2020) 232-238

1 DK, D*K PRL 127 (2021), 172301
pD-, pD* PLB 822 (2021), 136708
’ PRC 103 (2021) 5, 055201

PLB 833 (2022), 137272
— PLB 829 (2022), 137060

PP, PP, AA pA\, p29, p2+, AN, p= A= pQ PRD 106 (2022), 5, 05201
Pd, ppP Ad, ppA Pp= = o 50 ooy 10

EPJC 83 (2023) 4, 340

— PLB 845 (2023) 138145
T[T_[’ T, K K KK EPJA (2023) 59:298
KK 1t PRD 110 (2024) 3, 032004
0 PRX 14 (2024) 3, 031051
d) 0. AK PLB 856 (2024) 138915
- = - PRC 109, 024915 (2024)
P®, P7B, A, pK, pK, Art, NK, =1t EPJC 85 (2025) 2, 198
fip, mp, md, =K, Kd, ppK EPJ A 61 (2025) 8, 194
3H - ’ PRC 112 (2025) 6, 064003
npp, pRe PLB 874 (2026) 140252
> Nature 648 (2025) 306-311
Xiv:2508.09867
0 1 2 3 |S| .
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The pA interaction before femtoscopy

o Spin-0 and Spin-1 scattering length from scattering data ’g L L S s B S B B
o Agreement with N2LO and NLO19 5 Scattering data -
D. Mihaylov, J. Haidenbauer and V. Mantovani Sarti, PLB 850 (2024) 138550 R Ap -> Ap )
| ® Sechi-Zorn et al.
3.0 - = Alexander et al. 1
o Hauptman et al.
200 i 4 Piekenbrock |
2.5
2.0
O
1.5 ¢ 100

45 135 220 310 385
k* (MeV/c)

NLO19: J.Haidenbauer, U. MeiBner, EPJA 56 (2020), 3, 91
NLO13: J.Haidenbauer, N.Kaiser et al., NPA 915, 24 (2013)
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The pA interaction in the femtoscopy era

— A B ] Qo T T 1
% 2.2{ a) ALICE pp Vs=13 TeV 1 o Measurement £ —_
SRR high-mult. (0-0.17% INEL>0) 1  down to zero o Scattering data
18FE¥ 81| pA @ PA pairs = momentum i Ap -> Ap 1
~ ] ® Sechi-Zorn et al.
— -1 r m Al d l. 7
16 Run 2 - o Factor 20 > Hauptman ot al
14 :_ -0-0- _: improved 200 A Piekenbrock _
- = precision Sl 4 1
1.2 _ o — \
- © o ] (<1%) LA
9 1-82__ 1 o First experimental
© L oal- " E evidence of AN-IN 190l
B o, s oo opening in 2-body
- R =
0.98 — oo — channel
0 100 200 300 400 ' . |
ALICE coll. PLB 833 (2022), 137272 k* (MeV/c) i % N ,"
0 1 l 1 l 1 1 1 l I—— h L _l_l—
45 135 220 310 385

k* (MeV/c)

NLO13: J.Haidenbauer, N.Kaiser et al., NPA 915, 24 (2013)

Raffaele Del Grande




The pA interaction in the femtoscopy era

C(k*)

—_ =k ek N
o N DM o o NN

g 1.06
G 1.04
1.02

—

0.98

f a) ALICE pp Vs =13 TeV 3 o Measurement

H high-mult. (0-0.17% INEL>0) — down to zero

. 8 pA ® PA pairs = momentum

— Run 2 - o Factor 20

f— B —f improved

e B precision

= 1 (<1%)

— " | | " ] o First experimental
3 o 4 evidence of AN-2N
‘_ <+, - e opening in 2-body
- i aatlh e et - channel

0 100 200 300 400

ALICE coll. PLB 833 (2022), 137272 k* (MeV/ C)

Raffaele Del Grande

.g [ T
‘6 Scattering data
Ap -> Ap .
® Sechi-Zorn et al.
m  Alexander et al. .
o Hauptman et al.
200 A Piekenbrock _
\
\
100
)
N
0 PR I B I L =T
45 135 220 310 385
k* (MeV/c)

NLO13: J.Haidenbauer, N.Kaiser et al., NPA 915, 24 (2013)
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The pA interaction in the femtoscopy era

o Combined analysis of femtoscopic and scattering data

D. Mihaylov, J. Haidenbauer and V. Mantovani Sarti, PLB 850 (2024) 138550

T 202 T T T 3 o) L S S S S B B
x a) ALICE pp Vs =13 TeV ] £ .
O 2 high-mult. (0-0.17% INEL>0) — © \ Scattering data -
18 -3 580 pA @ PA pairs = Ap -> Ap
C ] | . ilechi»zdorn et ?L
= 1 r L] xander et al.
16— < — o Haeu:lmaenilaal.
14 E he Run 2 ] 200 |- A Piekenbrock |
i 2 . 0 1'2;_ 9‘*6 _; I | L
1:_ -e-_e_ oo I : -
£ 1.06 = L
x o i 1
O S 104 -
-1.5 C 102 " q toor
1= & Pag o]
- --____-—— O 0=0- O~ .
0.98— - |
0 100 200 300 400 3
k* (MeV/c) | -
o J) M PR N B . L=
ALICE coll. PLB 833 (2022), 137272 45 135 520 310 385

k* (MeV/c)
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The pA interaction in the femtoscopy era

o Combined analysis of femtoscopic and scattering data New parameterizations of the XEFT
Compatible with repulsive 3-body forces

D. Mihaylov, J. Haidenbauer and V. Mantovani Sarti, PLB 850 (2024) 138550
20| ¥ Tuned NLO19 - Cutoff dependence
Tuned NLO19 - Data uncertainty 4

10/ £ Unatpo

— ) //
3 O 4
2.0 = 4
S —10;4 \ 4
o} Il \ /
1 ' 5 é —20/1 \\ //

= . empirical // y

D \ value Vs y
—30; \\\ \\\ “ /,,//' //'/

N y

—40 A .

%0 05 1.0 15 20 25 3.0
P/Po

D. Mihaylov, J. Haidenbauer and V. Mantovani Sarti, PLB 850 (2024) 138550
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Selected results with strange hadrons

o Most precise measurement of
the p-A scattering parameters

?&07' Scattering + femtoscopy

o First measurement of the p-2*
scattering parameters

Run 2

o Evidence of an attractive p-=-
interaction

3.0

ALICE

1.8 pp, Vs =13 TeV
High multiplicity
p-2* ® p-=
2.5 Gauss (1.8 fm)
Jn, <1
1 . 6 [J1<n,<2
: L [@2<n,<3
e 2.0 W >5
Y Julich04
= 1.4 15¢ '
Ny
1.0
1.2
0.5
1.0 0.0 B R
20 25 3.0 35 4.0 a, (fm)
fo (fm)
D. Mihaylov, J. Haidenbauer and V. Mantovani Sarti, ALICE Coll,, PLB 874 (2026) 140252
PLB 850 (2024) 138550
\ J
|

New precise experimental inputs for EFTs
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(\53_0 Lo ALICE Preliminary ]

B pp Vs =13.6 TeV —

: 4 pE@p-ET ]

L 1 Coulomb |

25 [ Coulomb + HAL-QCD elastic |
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Towards a realistic equation of state of neutron stars

o State-of-the-art interactions for NN, NNN,

. [T T T | T T T | T T T | T T T | T T T T T T | T T T | T T T L
YN (S=-1 and $=-2) and YY fail to S 24F -
= 2.2 [ PsRJ7406620 NICER PSR J0740+6620 ]
reproduce observed heavy neutron stars ER T — / B
2 ]
I. Vidafia, V. Mantovani Sarti, J. Haidenbauer, D. Mihaylov, L. Fabbietti, EPJ.A 61 (2025) 3, 59 |E_ PSR J1614-2230 / ]
1.8 E_ NICER PSR J0030+0451 _E
1.6 ~ NICER PSR J0437-4715 ] (d) =
14 F =
125 -
1 ;_ GW170817 _;
0.8 - =
0.6 —
0.4 :_|:| Nucleonic (NN + NNN) Nucleonic + S=-1,-2 YN, YY: S
= K, = 160 MeV K, = 160 MeV + NLO19 + HAL QCD =
0.2 = — K, =270 MeVv [ ]K,=270MeV +NLO19 + HALQCD ~ —
O : | | | | | | | | | | | | | | | | | | | | | | | I | | L1 1 | | | | :
4 6 8 10 12 14 16 18 20
Radius [km]
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Towards a realistic equation of state of neutron stars

o Repulsive three-body forces can solve the

problem but... § 2.4 :_| T T | T T T | T T T | T T T | T T T T T T | T T T | T T T I_:
s 22 :_ PSR J0740+6620 NICER PSR J0740+6620 _:
... ANN interaction is unknown. o[£ PO wstei0te2 / =
N -
1.8 — PSR J1614-2230 /l ‘I O =
p= p U U TE i1 NICERPSRJ0030+0451 2
- Z kin + Z i Yi (p) + ANN (p) 1.6 ~ NICER PSR J0437-4715 ] : : (d) =
14 ' =
"2 E_ GW170817 Repulsive _E
TE ANN ??? E
0.8 — —
0.6 — —
0.4 E-J Nucleonic (NN + NNN) Nucleonic + S =-1,-2 YN, YY: 3
T E K, = 160 MeV K, = 160 MeV + NLO19 + HAL QCD =
0.2 = — K, =270 MeV [ 1K,=270 MeV + NLO19 + HALQCD ~ —]
O :l 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 [ 1 1 | |:
4 6 8 10 12 14 16 18 20
Radius [km]

I. Vidafia, V. Mantovani Sarti, J. Haidenbauer, D. Mihaylov, L. Fabbietti, EPJ.A 61 (2025) 3, 59
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Three-body interactions

S=0 S=-1 S=-2 S=-3

< NNN NNA, NN2 NN=, NAA, NAZ, N22 AN, 222, NA=, N2= X

Theory [N
Exp. data -
) )

( \ ( \

A-hypernuclei: 38 hypernuclei =-hypernuclei: only 4 events
6 ac |7 || Re||xe 5
9, 10, 1 1 l
5 AB | A8 [AB|| B ~ | 1.03+0.18 1274021 - hall .
4 ’Be | 2Be | sBe| ‘’Be . i é'é c a englng
> v = 1
. 1 [mimie g | VR @ 3] measurements!
o er <0 4.96%0.77 7 P
2 |4He||iHe||SHe| He |iHe ' [1] 62794027 YNN not SUffICIEﬂtly
o > - .
3 |[ # 6 aQ nstrain
B A S 8.00+0.77 g constrained
3 - <M B 7]
T N 1 2 3 4 5 6 7 ' '
— [1] K. Nakazawa, PTEP 2015, 033D02 (2015)
. . o [2] S. H. Hayakawa, PRL 126, 062501 (2021)
Mainz data base: https://hypernuclei.kph.uni-mainz.de/ [3] M. Yoshimoto, PTEP 2021, 073002 (2021)
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Femtoscopy: from two- to three-particle correlations

Two-particle correlations:

Nsame k™ N P > N
® CUk) =3 d((k*))= f SE|w, ) dF

Scattering wave function

M. Lisa, S. Pratt et al., ARNPS 55 (2005), 357-402
L. Fabbietti et al., ARNPS 71 (2021), 377-402

Three-particle correlations:

Nsame
C(0,) = (Q3) _

N = jS(p)IIIJ(Qg,p)IZpS dp
' mixed(QS) .
. L 4 Three-body wave function
PN
‘ Jacobi coordinates Hyperradius Hypermomentum
@

y _ 2 2 _ 2 2 2
® p=+XxXtYy Q3 = |—4q12 — 933 — 431
%

X L. E. Marcucci et al., FP. 8, 69 (2020).

RDG et al. EPJC 82 (2022) 244
ALICE Coll., EPJ A 59, 145 (2023)

RDG et al. EPJC 82 (2022) 244
ALICE Coll., EPJ A 59, 145 (2023)
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p-p-p and p-p-A correlation functions in Run 3

o New Run 3 results by ALICE: significant improvement in statistics and more data in the low Q3 region

c(Q,)

6

|

t

ALICE Preliminary
pp, Vs = 13.6 TeV

~I— p-p-pep-p-p m

~f pppepp-p Run2 (Vs = 13 TeV)
Eur.Phys.J.A 59 (2023) 7, 145

*’i:iiﬁ
1

c@,)

0

0.1

02 03 04 05 06 0.7 038

Q,(GeV/c)
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a5k ALICE Preliminary E
- pp, Vs = 13.6 TeV ]
30 3 —I= p-p-AcppA m E
o5 | 1= pp-AGPPARUN2 (s=13TeV) ]
E Eur.Phys.J.A 59 (2023) 7, 145 :
20 ‘W J
15F -
10F 3
5F -
O_'|||||||||i||||||||||'|i i|'|||i||=|”|=f“|=;
0O 01 02 03 04 05 06 0.7

Q,(GeV/c)
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p-p-p correlation function

o First ever full description of three-body S 26E —
correlation function with free hadrons G 24F ALICE Preliminary =
_ , o o oE- pp, Vs = 13.6 TeV =
O Calculations can describe the the data within “E N =
1.670 e | + —*— pp-pepPP E
1.8 p-p-p theory,, =
1.6 —
1.4 —
Novel way to study many-body interactions via 10 = e
three free baryon scattering 3->3 ' 1 - 3
o 081 E_. | | | P | | | | L _!E
= 0 ; ° 4, 0 * °° ® ’ ._i
1 g_ * ° ¢ ¢ %o ° . ) _g
_2 g_ ) ° . . . ° . [ ] ) .. ._g
01 02 03 04 05 06 07 08
Q, (GeV/c)
E. Garrido et al., Phys.Lett.B 868 (2025) 139731
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p-p-p correlation function

o First ever full description of three-body 8’2.6:—' o g
correlation function with free hadrons S 24F ALICE Preliminary =

| , . o oE pp, (s = 13.6 TeV 3

O Calculations can describe the the data within “E N =
1.670 e | + —*— pp-pepPP E
1.8 p-p-p theory,, =

O Data converge from unity from above, strong 16E 7
interaction is not negligible at high energies 14 f_ _f
1.2F =

¥ e E

‘ R ‘ o 081 :_ | | | | | | | ; _I:

X E o 3

- 0 é ® 4, o * o o ° 'E

1 g_ * ° ¢ ¢ %o ° . ) _g

_2 g_ ) ° . . . ° . [ ] . .. ._g

New paper soonh on 01 02 03 04 05 06 07 08

the arXiv! Q, (GeVic)

E. Garrido et al., Phys.Lett.B 868 (2025) 139731

Raffaele Del Grande 28




p-p-A correlation function

o Reference calculations: ' | ' | ' | ' | '
. . . I4
> two—l:.>od‘y NN and AN mte_ractlons provide an R0 - ! \1‘ No three-body force + ]
overbinding of the hypertriton H R 1/2
Sl i
| =
BE(3H) =2.904 MeV  exp: 2.39 MeV 60 ! \/ Pp=2061m |
E. Garrido, RDG, L. Fabbietti et al., Binding energy from: ~o Y \\
PRC 110 (2024) 5, 054004 https://hypernuclei.kph.uni-mainz.de g A \ K=0 adiabatic channel 7]
< | [\ — - K=0,2 adiabatic channels
8: 40 1y \ ‘\ T
- three-body ANN interaction © o\ \ Three-body £
- ree-body force i
' . . "’l \\ )\/ y
o ANN interaction gives 40% effect: 201 W\ m
only one partial wave (K=0) significantly contributes i ,7 ‘Q\\ ]
” \\\
O /' L | I - j\"""'—r—-——_l___L | -
0 100 200 300 400 500
Q, (MeV/c)

E. Garrido et al., PRC 110 (2024) 5, 054004
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p-p-A correlation function in pp collisions

O Significant deviation from the absence of three-
body interaction: 3.70 at Q3 < 0.2 GeV/c

O Three-body force constrained to the hypertriton
binding energy

E. Garrido, RDG, L. Fabbietti et al., PRC 110 (2024) 5, 054004

0.70 agreement with the data at Q3 < 0.2 GeV/c

Ongoing analysis
with full Run 3
datall

ALICE Preliminary \@‘

pp, Vs = 13.6 TeV \-
=% p-p-AGPPA
Two-body (NLO19 600)

B Two-body (NLO19 600)
+ three-body

03 04 05 08 07 08
Q, (GeV/c)

Calculations: E. Garrido et al., PRC 110 (2024) 5, 054004
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p-p-A\ correlation function in Pb—Pb collisions

Theory: Measurements:

O Preliminary calculations with Gauss NLO19 (600) O Agreement with absence of three-body
J. Haidenbauer, U.-G. Meifsner, and A. Nogga, EPJ A 56, 91 (2020) inte ractions in ce ntral CO||iSi0nS

O Three-body force anchored to 3- and 4-body

O Deviations observed in semi-central and

hypernuclei peripheral collisions

E. Garrido et al., PRC 110 (2024) 5, 054004

O Interaction signal expected at Q3 < 0.2 GeV/c

Perlpheral @g “@' - Seml central@ﬂ

"@ Central l&; )

- . gl
§’ - ALICE Preliminary %«) - ALICE Preliminary. ] %m o ALICE Preliminary \\m
1ol Pb-Pb |5y = 5.36 TeV, 50-90% 1 4:_ Pb-Pb |5, = 5.36 TeV, 30-50% E : Pb-Pb |5, = 5.36 TeV, 0-30% :
—*— PpAGPPA . r —*— PPA®PPA ] L —— ppA®PPA i
B 7vo-body (NLO19 600) ] s B 7vwo-body (NLO19 600) ] I 7vo-v0dy (NLO19 600) .
Two-body (NLO19 600) + three-body | L Two-body (NLO19 600) + three-body 15 Two-body (NLO19 600) + three—bodyt

IIII|ll

| | 1__ "'-o—o-m 1 ’-""."‘""""‘0%-*- .
- g ST SN S IR B ] B ]
4 | I N — e R R R — A= ] N U S N |

[ e —_»_d ___________________________________________________________ B

] | T ] 2 == o S i Tl
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p-p-=" correlation function %

ALICE
o First measurement of p-p-= final state s K\ AlcEPelimnay . -
interaction: 3.5 o significance at Q; < 1 GeV/c o 3.0 pp Vs = 13.6 TeV —
i —— p-pE OPHE .
+ B Antisymmetrization —
o Strong interaction with cumulant expansion 2o === Coulomb + Antisymmetrization ]
method (no three-body dynamics) provides I _ IR Lower-order contributions 7]
0.6 o agreement at Q; < 1 GeV/c 2.0H —
Credits: L. Serksnyté 15 E _:
+ g L . L @ E E
00 060 00 o0 o n
Measured Genuine ‘ Y / I =
three-body three-body Lower-order correlations __ : | : ; : | : | | s : ]
correlation correlations - e &
© - ° ® e ® -
< 0 : : . ® e : ° 3 ¢ . : . ¢ ¢ o : ° '3 ]
o Significant deviation observed in the range B T P
1.0 GeV/c < Q; < 1.8 GeV/c 0 02 04 06 0.8 1 1.2 1.4 1 6 1.8 2

Q, (GeV/c)

Calculations: M. Schéfer based on A. Kievsky at al., PRC 109 (2024) 3, 034006




Other three-body measurements

S=-1
NNA, KNN

N-d

AR N EEEEEEEEEEsEEEEEEEEEEEEEEEEEEEEEEEEEE — ———— r r — e B I T T N 0.0 NN S A|_|CEPre|\mmalry I I 7
. 12 : i : : : . o s E 3 o 3 9 ] X 35fF ALICE Preliminary = pp¥s=136Tev 3
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. 1T B wﬁﬁ; : r o0 iﬁ‘-ﬁ‘ ] 30_ = (1 18+0. 02) fm 3 = (A)otulgmb +1Anlitsymmetrization__
- C 1 = 1= e S SR — o5F Eff ; === | ower-order coniributions ]
- osf ALICE 7 - C ,005# 11 ¥ Bl rdor-d 3 Sl ]
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Lo g S T LRI : o Elassasnscon ; AT
C s e ] o5k High Mult. (0-0.17% INEL>0) 3 : [ 25 + 4S Alexander E e
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Final goal

o Constrain YNN interactions from femtoscopy =2 ] == B R R B
data S D O [ PSR J0740+6620 NICER PSR J0740+6620 —
PSR J0348+0432 \ -
o Derivation of realistic equation of state for 26 / ‘ =
1.8 — PSR J1614-2230 ; AR =
hyperons and nucleons e I'l  NICERPSRJ0030+0451 T
1.6 Il —
. . . = NICER PSR J0437-4715 | (d) -
Isaac Vidana Valentina Mantovani Sarti 1aE | : : =
) 2 : — 11 7
1.2 - -
1 = GW170817 Repulsive =
0.8 E YNN ??? =
~ 0.6 — —
0.4 — [_] Nucleonic (NN + NNN) Nucleonic + S=-1,-2 YN, YY:  —
4 T E K, = 160 MeV K, =160 MeV + NLO19 + HAL QCD -
0.2 = — Kk, =270 Mev [ ]K,=270 MeV + NLO19 + HALQCD ~ —]
b l\ 0 : | | | | | | | | | | | | | | I’ | | | | | | | | ] | | | 1 1 | | | | :

- 4 6 8 10 12 14 16 18 20
| Radius [km]

‘ I. Vidafia, V. Mantovani Sarti, J. Haidenbauer, D. Mihaylov, L. Fabbietti, EPJ.A 61 (2025) 3, 59
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Thank you for your attention
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Scan of p-p wave functions

Courtesy A. Kievsky and M. Viviani

lO—'/

o |

Source function Gauss

— ™2 S(r)
— AVIS

— NVlla
Viewk A=2.0 GeV
Viewk A=3.0 GeV
Vlowk A=4.0 GeV

Wave functions

AV18

N2LO500
N3LO500
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0¥ | | [y . | ! | ME—— .
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For a systematic study of the effect of different NN interaction in the correlation function see
M. Gobel, A. Kievsky, Phys.Lett.B 869 (2025) 139835
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N\-d correlation function

o Dedicated three body triggers for pp X 35_ o IALIKI;'IE i;lrelnrlnlinla'ryl o _f

collisions at Run 3 Q3 op. (s = 13.6 TeV -

o Anp: Isospin 0 + Isospin 1 30 Ad ' E

= + -

o App: Isospin 1 o5F Fofi = (] '18__0'02) fm -

I - ® A-d®A-d ‘

Theoretical curves: Lednicky formula with 20 2S Hammer B

scattering parameters from J. Haidenbauer 1508 2S + 4S Chiral EFT -

Phys.Rev. C 102 (2020) 3, 034001 A .

55 [ 2S + 45 Alexander .

o Point-like particle description doesn’t - > -

work for A-d % s 100 150 200 250 300

o Three-body calculations are necessary K* (I\/IeV/c)
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