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TI.ITI Outline

1. Why do we need strange and exotic matter in
neutron stars?

2. How can we measure YN and YNN
interactions nowadays?

3. Future perspective and challenges
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fHeaW neutron stars observations

PSR J0740+6620 M = 2.08 + 0.07Mg,

Z. Arzoumanian et al. Astrophys.d. Suppl. 235 (2018)
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recise radii measurements from NICER\ 35
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R =13.02*3 km | = z.o;
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Gravitational waves from binary NS mergers

GW170817 M; = 1.46312My, Ay = 2557118
MZ = 1.27 i 009M®, AZ = 661+858
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Multi-messenger era: exciting times for neutron stars studies
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Novel approaches \

to constrain the EoS

S. Huth et al. Nature 606 (2022) 276-280

Chiral effective field theory
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TI.ITI Neutron stars: perfect laboratory for nuclear physics
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Nuclear matter under extreme conditions (p~6pg )

- Possibility to have ingredients beyond ordinary
matter

(1) L. Brandes, W. Weise and N. Kaiser Phys.Rev.D 107 (2023) 1, 014011
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TI.ITI The equation of state of matter in the core of NS

« Equation of State (EoS) * From current astrophysical constraints
— relation between the pressure and density, — very "soft” and very "stiff” EoS seems to be
depends on the constituents and their ruled out
interaction

What are the constituents to consider?
How do they interact in this dense medium?

from NICER website
ot Stiff EoS
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https://heasarc.gsfc.nasa.gov/docs/nicer/science_nuggets/20210422.html

TI.ITI Hyperons in neutron stars: why*?

‘J—[yyeron-Star

« In NSs hyperon production becomes energetically Down Quark
favorable around 2-3 py M)

Strange Quark

Q—(y}oer on

Neutrons

(1) V.A. Ambartsumyan, G.S. Saakyan, Sov. Astron. 4 (1960) 187
S. Balberg, A. Gal, Nuclear Phys. A625 (1997)
N.K. Glendenning, Astrophys. J. 293 (1985)
J. Schaffner, I.N. Mishustin, Phys. Rev. C53 (1996)
L. Tolos et al., Astrophys. J. 834 (1) (2017)
D. Lonardoni et al., PRC 89 (2014)
H. Djapo et al., PRC 81 (2010)
L. Tolos, L. Fabbietti Prog.Part.Nucl.Phys. 112 (2020)
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TI.ITI Hyperons in neutron stars: why?

* In NSs hyperon production becomes energetically
favorable around 2-3 pq

— chemical potential y = m + Fermi energy
— Fermi energy increases with density

N\ hyperons
Neutrons — —
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TI.ITI Hyperons in neutron stars: why?

* In NSs hyperon production becomes energetically

favorable around 2-3 pq

— chemical potential y = m + Fermi energy
— Fermi energy increases with density

Neutrons

b @

mass

N\ hyperons

Mass

v

(1) I. Vidafia Proc.Roy.Soc.Lond.A 474 (2018) 0145
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Hyperons in neutron stars: why?

* In NSs hyperon production becomes energetically
favorable around 2-3 pq

chemical potential y = m + Fermi energy
Fermi energy increases with density
Un = MA@ Neutrons conversion into hyperons
softening EoS and reduction of mass
N\ hyperons

Neutrons P
? —_]i‘ -
L_? L A

U = EF + mass

Mass

mass

) 4 v

(1) I Vidafia Proc.Roy.Soc.Lond.A 474 (2018) 0145

PSR J0348+0432
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TI.ITI Hyperons in neutron stars: why?

* In NSs hyperon production becomes energetically
favorable around 2-3 pq

— chemical potential y = m + Fermi energy
— Fermi energy increases with density
—  MHn = U Neutrons conversion into hyperons
— softening EoS and reduction of mass
N\ hyperons

— Neutrons P
? ——]i‘ F N
L_? L A

U = EF + mass

Mass

mass

) 4 v

(1) I Vidafia Proc.Roy.Soc.Lond.A 474 (2018) 0145

PSR J0348+0432
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PUZZLE!
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TI.ITI Interactions and EoS

« Driven by the average potential the hyperon “feels™ in the dense medium

Inner core

T — Inner crust I

V. Mantovani Sarti — SFB Colloguium 18.12.2023
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TI.ITI Interactions and EoS

Driven by the average potential the hyperon “feels™ in the dense medium
Single-particle potentials Uy(p) — depends on YN and YNN interactions

Inner core

potential

V. Mantovani Sarti — SFB Colloguium 18.12.2023
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TI.ITI Interactions and EoS

« Driven by the average potential the hyperon “feels™ in the dense medium

« Single-particle potentials Uy(p) — depends on YN and YNN interactions

Single-particle
potential

Repulsive interaction
— Mmore pressure outward

V. Mantovani Sarti — SFB Colloguium 18.12.2023
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TI.ITI Interactions and EoS

Driven by the average potential the hyperon “feels™ in the dense medium
Single-particle potentials Uy(p) — depends on YN and YNN interactions

Inner core

potential

V. Mantovani Sarti — SFB Colloquium 18.12.2023
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TI.ITI Interactions and EoS

« Driven by the average potential the hyperon “feels™ in the dense medium
« Single-particle potentials Uy(p) — depends on YN and YNN interactions

Single-particle
potential

Inner core

U, (MeV)

20+

Attractive interaction
— less pressure outward

PNM |

1 1 1 1 I 1 1 1 1 I
1.0 1.5 2.0
k- (1/fm)
NLO13: J.Haidenbauer et al., NFA 915, 24 (2013)
NLO19: J.Haidenbauer, U. MeiBner, Eur.Phys.J.A 56 (2020)
15
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TI.ITI Interactions and EoS

« Driven by the average potential the hyperon “feels™ in the dense medium
« Single-particle potentials Uy(p) — depends on YN and YNN interactions — .
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Inner core
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NLO13: J.Haidenbauer et al., NFA 915, 24 (2013)

NLO19: J.Haidenbauer, U. MeiBner, Eur.Phys.J.A 56 (2020)
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TI.ITI The hyperon puzzle in neutron stars....at the beginning of this talk

» The solution discussed today

e (Other solutions are discussed:
— Hybrid EoS and quark matter core

S. Weissenborn et al. AJ 740 (2011), D. Blaschke et al., PRC 105 (2022),
| Bombaci et al. EPJA 524 (2016), A. Drago et al. EPJA 52 (2016)
G. Baym et al., Astrophys.J. 934 (2022)

— presence of A isobars and kaon condensate
A. Drago et al. PRC 90 (2014), P. Robes et al. AJ 883 (2019), T. Schuerhoff et al. Ad 724 (2010)

(1) S. Weissenborn et al. PRC 85 (2012)
M. Oertel et al., JPG 42 (2015)

(2) D. Logoteta et al., Eur.Phys.J.A 55 (2019)
D. Lonardoni et al., PRL 114 (2015)
D. Gerstung et al., EPJA 56 (2020)
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Accessing interactions with hyperons and nucleons

V. Mantovani Sarti — SFB Colloquium 18.12.2023
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TI.ITI Experimental tools: scattering data

300

® Sechi-Zorn et al.
®  Alexander et al.
o Hauptman et al.
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Scarce data for p/A at low
momenta

Spin-averaged cross-
sections

LO: J.Haidenbauer et al., NPA 915, 24 (2013)
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CLAS Coll. PRL 127 (2021)
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HEF-ex @ JPARC
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https://www.rcnp.osaka-u.ac.jp/~jparchua/en/hefextension.html

TI.ITI Experimental tools: hypernuclear measurements

ﬂiypernuclear Chart
(2012)

1:0

QL JALif i | SLi 'gul

I H SH

(J-PARC, Jlab, DA®NE, GSI, LHC)

N

\I\/Iainly single A-hypernuclei data

Spectroscopic studies by
(K m)
mi
(Ko
O e @
emulsion (7K
data

/

One of the nucleons is replaced
by a 'Y hyperon

’/Strange quark
.
o

A Hyperon E Hyperon

HEF-ex @ JPARC

ﬁBright future for hypernuclear data:
» J-PARC HIHR ultra-high resol. spectroscopy

« Extension of hypernuclear landscape to n-rich

NA-hypernuclei currently very challenging
Finuda (K): M. Agnello et al., PRL 108 (2012)
JLAB (e): S.N. Nakamura et al., PRL 110 (2013)
FAIR & HIAF: "T. R. Saito et al. EPJA 57 (2021)

~

Single A-hypernucleus
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\ _
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énsity dependence of YN and ac%

(indirect) to YNN forces

Von (0,0) + Potential depth Uy at pg
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TI.ITI Femtoscopy as a novel approach to measure interactions

Measurements of correlation functions of pairs
down to zero relative momentum

— Large statistics of YN, YY pairs

— Possibility to access the short-range
strong interaction in pp collisions

Increased statistics in LHC Run 3 and Run 4
grant the access to three-body YNN
interactions

L. Fabbietti, V. M.S. and O. Vazquez-Doce, Ann.Rev.Nucl.Part.Sci. 71 (2021)
CATS Framework: D. Mihaylov et al., Eur. Phys. J. C78 (2018) 394

<ApIVIAp> [MeV fm’]

Full scan of V5 in g- and r-space

Credits to I. Vidana

200 7 L L L L 100
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Ap relative momentum q [MeV/c]
ALICE Caoll. PLB 833 (2022), 137272

PRC 99 (2019) 2, 024001 PLB 829 (2022), 137060

PLB 797 (2019) 134822 PRD 106 (2022), 5, 05201

PRL 123 (2019) 112002 PLB 844 (2023), 137223

PRL 124 (2020) 09230 EPJA 59 (2023) 7, 145

PLB 805 (2020) 135419 PLB 845 (2023) 138145

PLB 811 (2020) 135849 arXiV: 2308.16120 [nucl-ex], subm. to Nature Comm.

Nature 588 (2020) 232-238 ... and more to come.

PRL 127 (2021), 172301

PLB 822 (2021), 136708 STAR Collaboration

PRC 103 (2021) 5, 055201 Nature 527 (2015) 345-348
PRL 114 (2015), 022301
PLB 790 (2019) 490-497

—_ = —
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TI.ITI Measuring two-body interactions at LHC

e

Emission source S(r*
ALICE Coll. PLB 811 (2020) 735849

. Same( *)
d N(k ) mlxed(k )

C(k*) = (k*, 7)

L. Fabbietti, V. M. S., and O. Vazquez-Doce, Ann.Rev.Nucl.Part.Sci. 71 (2021)

[ M.Lisa, S. Pratt et al, Ann.Rev.Nucl.Part.Sci. 55 (2005), 357-402
&_§< V. Mantovani Sarti — SFB Colloquium 18.12.2023
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TI.ITI Measuring two-body interactions at LHC

Interacting potential

N
[} AN
\E_:/ \\~“~
=~ | Tt
Y
.
Attractive
Emission source S(r*) | | .
ALICE Coll. PLB 811 (2020) 135849 0 0.5 1 1.5 2

Schrodinger equation r* (fm)

Two-particle wave
function

> Nsame (k™
(K, 7) )

Nmixed (k *)

2 -
437 = N (k)

C(k*) = j S

L. Fabbietti, V. M. S., and O. Vazquez-Doce, Ann.Rev.Nucl.Part.Sci. 71 (2021)
M.Lisa, S. Pratt et al, Ann.Rev.Nucl.Part.Sci. 55 (2005), 357-402
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T|.|T| Measuring two-body interactions at LHC

Interacting potential

Correlation function

z |\ D
= L S
I ] S Attractive
N
N
. 1 ______
. § Attractive| | Repulsive
Emission source S(r*) | | . -~ | . .
ALICE Coll. PLB 811 (2020) 135849 0 0.5 1 1.5 2 50 100 150 200
k
Schrodinger equation (M) . k*(MeV/c)
Two-particle wave
function
f 11 R 1 2 N (k *)
- same
C(k*) = jS(F*) Yk 7 A3 = N (k *) .
Nmixed(k )

L. Fabbietti, V. M. S., and O. Vazquez-Doce, Ann.Rev.Nucl.Part.Sci. 71 (2021)

V. Mantovani Sarti — SFB Colloquium 18.12.2023

M.Lisa, S. Pratt et al, Ann.Rev.Nucl.Part.Sci. 55 (2005), 357-402
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TI.ITI Accessing the full interaction range at LHC

» By changing the colliding system we can probe distances ranging from 1 fm up to 10 fm

periph. & ultra-periph central & semi-central

N\

-—

70-90%

V. Mantovani Sarti — SFB Colloquium 18.12.2023
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TI.ITI Correlation studies in small colliding systems

» By changing the colliding system we can probe distances ranging from 1 fm up to 10 fm
» Accessing the strong interaction — relative distances of ~1 fm — pp
« Small interparticle distance — doorway to studying large densities

< 200

' " Gaussian source ('rG'='1.'25 fhw)' o

(MeV

—
o
o

=
0 s g
\
km h ’°~

—0.4 —~

4rr? S(r ) (fm

Typical short-range nuclear
potential
— PR N T S TN S [N SN T SN T SN T S ST S T SR T S
100 =y L . y .
: r (fm)

L. Fabbietti, V. M. S., and O. Vazquez-Doce, Ann.Rev.Nucl.Part.Sci. 71 (2021) 5 3 1 p
0
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TI.ITI One source to rule them all in small colliding systems

« Source anchored to p-p pairs ALICE Coll. PLB 811 (2020) 135849

— most known interaction!

— validated on other standard candle® pairs

PK*, T+ TT#, pri*

* Modeling of a common core + halo of strongly decaying

resonances (ct ~1 fm) for each pair(*)

» Determination of the source for each pair at the

corresponding <m+>

— direct access to the interaction signal

C(k*) = j s@E w7 d3r

3 Ili.‘lkﬂz‘lIIIIIII|IIII|IIII|
. ALICEpp Vs=13TeV

- ®  High-mult. (0-0.17% INEL>0)
2.5® ® o === p—p @ p—p (Av18)

. | rcore=a'<mT>b+C

C - nt-nt @ n—n Pol1

1 | | 1 | 1 | | | | | | | | 1 | | | | | |

2
. e nnt @ n-n Pol2
" = K-p®K-p (yEFT)
1 L g =1-1.31m
| i i 9{5 p-Q

0.5 1 1.5 2 2.5

ALICE Coll. arXiv: 2311.14527 (mT> (GeV/c?)

() U. A. Wiedemann, U. W. Heinz, Phys.Rept. 319, 145-

\_§< V. Mantovani Sarti — SFB Colloquium 18.12.2023 230 (1999)
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TI.ITI The AN interaction

1T 71T 71T T

o (mb)

Scattering data -

Ap -> Ap

® Sechi-Zorn et al.
m  Alexander et al.

o Hauptman et al.
A

200 Piekenbrock

100 |-

oL 1+ 1 v 1 0] L/ "I~ T
45 135 220 310 385
k* (MeV/c)

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

~ (*)D. Gerstung et al. Eur.Phys.J.A 56 (2020) 6, 175

and the role of 2N coupling

« 2N coupling strength relevant
for EoS

—deeply affects the behaviour
of A at finite density

—implications for 3-body
interactions()

V. Mantovani Sarti — SFB Colloquium 18.12.2023
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TI.ITI High-precision data on AN-2N interaction at LHC

’.g T 1T 7 T 7 1T 71
‘g Scattering data -
Ap -> Ap
® Sechi-Zorn et al.
m  Alexander et al.
o Hauptman et al.
200 A Piekenbrock _
1 N )
\
100
oL . — -
45 135 220 310 385
k* (MeV/c)

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

~ (*)D. Gerstung et al. Eur.Phys.J.A 56 (2020) 6, 175

* Extension of kinematic

range

» Measurement down to

zero momentum

» Factor 20 improved

precision in data (<1%)

» First experimental

evidence of 2N cusp in
2-body channel

A~

*
no
N

[ O —
A O o0 N

1.2

—

i 1.06
G 1.04
1.02

—

0.98

V. Mantovani Sarti — SFB Colloquium 18.12.2023

f a) ALICE pp Vs=13TeV =
- high-mult. (0-0.17% INEL>0) -
- o pA @ PA pairs =
[ e
0

k* (MeV/c)
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TI.ITI High-precision data on AN-2N interaction at LHC

* New scenario arising for AN->2N interaction
— NLO19 potentials favoured
— Sensitivity to residual p-2° interaction

— Crucial input from several measurements:

—p2+-correlations in LHC Run 3
—p2*+- scattering data J-PARC E40

* Deviations with correlation data observed

First-ever combined analysis
using available p/\ scattering
and correlation data

~ 2

)

0-SOXEFT
a) ALICEpp Vs=13TeV

high-mult. (0-0.17% INEL>O):
18 p-A @ p-A pairs

B Fit NLO19 (600) 1E
[ o —Residual p-x% xEFT [
) Residual p-z~ ® p-2°
o = Cubic baseline

)

p-20 flat

b) Assume a negligible
p-x? strong interaction

—

N \ B

;U ;_:;/,;:E-

L 0% ||
WM

—4

-
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300
k* (MeV/c)

100 200

400 0

100 200 300

400

k* (MeV/c)

ALICE Coll. PLB 833 (2022), 137272

(1) D. Gerstung et al. Eur.Phys.dJ.A 56 (2020) 6, 175

3 (2) ALICE Coll. PLB 805 (2020) 135419
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TI.ITI Combining scattering and correlation data on p/A

First combined analysis of low-energy p/A
scattering and correlation data

— 12 elastic p/\ cross-sections

— p/\ correlation in 6 my ranges

ALICE Coll. PLB 811 (2020) 135849
CECA: D. Mihaylov et al. EPJC 83 (2023)

Phenomenological potential tuned to
reproduce scattering parameters of XEFT
potentials at NLO™

Tightest constraints available on two-body pA
scattering parameters

How does the current
experimental uncertainty
propagates to U, at pg?

V. Mantovani Sarti — SFB Colloquium 18.12.2023

Work in preparation with Dr. Mihaylov and Dr. Haidenbauer

(1) J. Haidenbauer et al., EPJA 56 (2020)
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TI.ITI Quantifying the two-body contribution of U,

Work in preparation with Dr. Mihaylov and Dr. Haidenbauer

Combined

2.0

25 3.0 35

fy (Fm)

'3.0 20
2.5
10 L]
2.0
i o S ]
1.5 & % 0
1.0 2
= —10;
0.5 © |
Il \
0.0 ~—-200
| <
VE 010 I Mom. space —

UZBF (py) = —36.3 +

via G-matrix approach

25 (syst) MeV

0 Tuned NLO19 - Cutoff dependence

Tuned NLO19 - Data uncertainty
Up at Po

=80
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y
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05 1.0 15 2.0 2.5
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TI_ITI Effect of = hyperon in neutron stars . I

+40 ——
b
U= | 2% with @ meson
. . - +40 42777
« U=plays a crucial role in the EoS of NSs S L e 1
— repulsive single-particle pot. stiffens the EoS -
« (Continuous effort in hypernuclei challenging
measurements K. Nakazawa et al. PTEP 2015, 033D02 (2015) 19+ i
S. H. Hayakawa, PRL 126, 062501 (2021) '
5 w/o ® meson/ .
Slides from M&/gg-san EMMJEP 2023 'S
15 c 4? Present data Coulomb predictions E 2 1.8+ .
= s I T~ ————— ] -
Coulomb N: ) " ] s
Pz Sy - = L N aTE
5 b o= — . 17} .
p— I " - s T ;7
SE“? 6 or | X 15 SL3 Sz /"
al3 [} = — .
-10F TS
SLO
Nuclear force 3 T E 161 i
S8 &8fzg2zT 88 33¢8
Potential depthof ~12MeV? = 3 2 5 ¢ = & @ uw= 2 & & ¢
o TR 2 E 2 » »w £ 2 8 F
. . o ) 10 11 12 13 14
What about constraining the N= interaction in vacuum? R [km]

(§< Weissenborn et al.,Nucl.Phys.A 881 (2012)
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TI.ITI First measurements of the p-=" interaction at LHC

ALICE Coll. Nature 588, 232-238 (2020)

First observation of the strong attractive interaction —

B 1 1 I 1 1 1 1 I 1 1 I_
3.9 —
Agreement with HAL QCD lattice potentials(" N ‘ O ALICE data i
confirmed in pp and p-Pb colliding systems 3 :—[ % B Coulomb —
N Coulomb + p-Z HAL QCD ]
HAL QCD predictions in PNM U= ~+6 MeV®) o5 _
— stiffening of the EoS?? T F ALICE pp Vs =13 TeV .
N B - _ o i
N | | Q of [_!_] High-mult. (0 — 0.17% INEL > 0) =
20 H“P‘?-%»»{,,%\%_%»%E;%; - 1 E E
HHH T 15 —
L ey aheate : o= 1.02fm
— FTT1 N ]
g 10 B 1 1 1 1 l 1 1 1 1 l 1 1 I_
> 0 100 200 300
20| k* (MeV/c)
30 A ]
PNM ) —
40 p=017lm ) x=0 & —— (1) T. Hatsuda Front. Phys. 13(6), 132105 (2018)
0 1 2 3 4 - . (2) HAL QCD Coll., PoS INPC2016 (2016) 277
k [fm™] V. Mantovani Sarti — SFB Colloquium 18.12.2023
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T

Correlation
2-body interaction

~ 2 " : T r
3 la) ALICE pp Vs = 13 TeV ]
high-mult. (0-0.17% INEL>0)-

18l p-A © p-A pairs bl
16[ o Fit NLO19 (eoo) 3

° — Residual p—Z xEFT ]
140 | Residual p-=z” ® p-2°
« — Cubic baseline -

ALICE pp Vs=13Te' v El
High-mult. (0-0.072% INEL>0) 3
Blp-s" @ p-2° E|
— fss2

— 4EFT (NLO)
—ESC16
NSCo7f

p—(Ay) baseline

L L 1
0 100 200 300
k* (MeV/c)

[18] ALICE data

. I coulomo 4

Coulomb + p-E HAL QCD

ALICE pp Vs = 13 TeV

1 1 d
0 100 200 300
K* (MeVic)

Particle number per baryon

0.1

0.01

0.001

Single-partical potentials
EoS

Courtesy J. Schaffner-Bielich 2020

'~ -~ . ‘U, = -28MeV
5 , | S, ~4 A .
; N AR ‘U= +15MeV
. - :
1 o ! N~ DN :U_= -4MeV 3
C . N ~ T ]
-' I N ~ .
j . .\\ ]
| Nom/m=065 - S
" : . N B
I N : So
l . [ LN o
0 2 4 6 8 10

Energy density ¢/¢

This is only an example.
Experimental uncertainties need to be propagated and
some interactions are missing ...

Mass (MG)

V. Mantovani Sarti — SFB Colloquium 18.12.2023

owards a realistic EoS with hyperons

2.5

1.5

0.5

Mass vs Radius relation
for hyperon stars

Courtesy J. Schaffner-Bielich and B. Dénigus 2020

J0740+6620
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0 105 11 115 12 125 13 135 14 145 15

Radius (km)

L. Fabbietti, V. M. S. and O. Vazquez-Doce
Ann.Rev.Nucl.Part.Sci. 71 (2021)

S. Weissenborn et al., J. NPA 881 (2012)

J. Schaffner-Bielich, I. Mishustin, PRC 53 (1996)
N. Hornick et al., PRC 98 (2018)



TI.ITI Hyperonic three-body interactions... a key ingredient!

* Hypernuclei properties demand something beyond 2-body only
L.E. Marcucci et al., Front. Phys. 8:69 (2020)

V. Mantovani Sarti — SFB Colloquium 18.12.2023
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TI.ITI Hyperonic three-body interactions... a key ingredient!

2.45(1)M,

PNM 2.09(1)M,

‘/ PSR J0348+0432

AN + ANN (Il) PSR J1614-2230

1.36(5)M,
AN + ANN (1)

0.66(2)M,

2.8
24 -
2.0
= 16
=
1.2 +
— — - NSC97¢ R
[ = NSC97a+NNA1 i 0.8 r
osf - NSC97e+NNA, _
i Nucleonic ] 04
— — - NSC97a
) P L | Lo L L 0.0 .
10 11 12 13 14 15 10 1

D. Logoteta et al., Eur.Phys.J.A 55 (2019)

Repulsive 3-body ANN interaction widely advocated to stiffen the EoS:
— Effect on EoS largely model dependent
— current experimental database cannot provide enough constraints

~3 Po

V. Mantovani Sarti — SFB Colloquium 18.12.2023

12 13 14 15 16
R [km]

D. Lonardoni et al., PRL 114 (2019)

37



TI.ITI Accessing three-body interactions at LHC

» Three-particle correlation function

P1 Cpr, Py o) = PPy P2P3)  _ Nz Nsame(Q3)
@ﬁ, ’, 1P Pl = b )PB)P®) " Ninixed(@2)
“\-:@

P, Q3 = J —qij ~ i =~k

* Applied multi-pion correlations to study coherent emission
ALICE Coll. Phys.Rev.C 89 (2014), Phys.Rev.C 93 (2016)

First measurements of p-p-p and p-p-/\ correlations
in pp collisions by ALICE

ALICE Coll. EPJ A 59, 145 (2023)

7.
\_§< V. Mantovani Sarti — SFB Colloquium 18.12.2023
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TI.ITI Accessing the ppp and pp/\ interactions at LHC

—_~
0

&)

L

O

F AR E ~ 30
45E ALICE E g, 5
AE pp Vs =13 TeV 3 o5
= High Mult. (0-0.17% INEL) = N
35—+ - CoL
- _ E 20 -
3F * | p—p-p@®p-p-p Data = C
25 E 15
oE 41, :
15F bt = 10
o -~ - N
1 :_..-.-....-.........-.?.*:...?!:.-.:—.-""ﬂﬂf..:ﬂ-mz 5 - +
osE T E = Ty,
1 11 I I 1 1 1 I 1 I 1 1 I 1 1 1 L I 1 1 1 1 0 _r L1 1 l 1
01 02 03 04 05 06 07 08 01 0.2

L IR DAL AL N ALELE BLELALE
ALICE

pp Vs =13 TeV
High Mult. (0-0.17% INEL)

" | p-p-A®p-p-A Data

ALICE Coll. EPJ A 59, 145 (2023)

Q, (GeV/c)

Signal different from unity at low Qs

How can we interpret these three-body correlations?

— Two-body interactions
— Three-body interactions

V. Mantovani Sarti — SFB Colloquium 18.12.2023

06 07 08
Q, (GeVic)

Adapted from ALICE Coll. arXiv: 2206.03344 nucl-ex
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TI.ITI Cumulants in femtoscopy

Kubo’s rule!”

(1) R. Kubo, J. Phys. Soc. Jpn. 177 (1962)

Correlations:

= o .+ 2
Genuine three- Measured < '
body three-body Two-body
correlations correlation correlations
CB(QB) — C(Q3) ClZ(QB) _ CZS(QS) C31(Q3) LB 2
> Trr e rrrr 1 T T ) =AML L L I L
S b ALICE 3 % 5 ALICE ]
© LE pp Vs=13TeV 3 251 pp Vs =13 TeV 3
- - High Mult. (0-0.17% INEL) 3 - High Mult. (0-0.17% INEL) .
. E = = _E 20 O ]
g3 = | p-p-p®p-p-p Data E : il P-p-A@p-p-A Data ]
25F E 15F =
2t 4t - : z
3 + E 10 —
1.5E -+ . - C ALICE Coll. EPJ A 59, 145 (2023) .
1 .__-......-.....--......-.....i‘fﬂﬂﬂﬁw C N
F E S 3
05F + = - ++ .
T T T T I T - 0"
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0 .
Q, (GeV/c) Q, (GeVic)

V. Mantovani Sarti — SFB Colloquium 18.12.2023

40



TI.ITI Lower order contributions

Using directly the data

Two particles from the same event and one
particle from another:
event X eventY

A &

N, (p:, pj)
N, (p))N, (pj)N1 (Px)

Cij([pipjl pic) =

ALICE Coll. arXiv: 2206.03344 nucl-ex

. two different approaches

Projector method

Evaluate two-body contribution in three-body
correlation function

— Two-particle measured or theoretical
correlation function C([p;,p;])

Kinematic transformation in phase space

two-body CF  projector

Cij(Q3) = | ClkipWy;(kij, Qz)dkj;

Jacobian from 2-body to 3-body
coordinates

Measured/modeled 2-body
correlation functions

p-p: ALICE Coll. PLB 805 (2020) 135419
p/: ALICE Coll. PLB 833 (2022), 137272

R. Del Grande, L.Serksnyte et al. EPJC 82 (2022)

V. Mantovani Sarti — SFB Colloquium 18.12.2023
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TI.ITI Lower order contributions in p-p-p and p-p-/\

ALICE
pp Vs =13 TeV
High Mult. (0-0.17% INEL)

& p-p-p Data-driven
g=== p-p-p Projector method

tho-nouy ( 03)
o

p-A Data-driven
p-A Projector method

=] p-
= p-

IlIlIllIlIllIlllIIIIlIIlIIIIIII

Illlllll llllIllIlIlllIIlIlIIllllIllIlIllIlIlll

llIllIIIlIIIIIlIIllII

0 Ll I Ll 1L 1 I Ll L 1L l Ll 1 1 l Ll L 1 l Ll L 1 l Ll L 1L I L1 L1 l Ll 1l 1 l Ll L 1 l Ll L 1 l Ll 1 I | -
0.1 02 03 04 05 06 07 0.8 03 04 05 06 07 0.8

Q, (GeVic) S Q, (GeVic)

ALICE Coll. EPJ A 59, 145 (2023)
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TI.ITI Understanding the three-particle correlation functions

C(Q,)

4.5

3.5

2.5

1.5

0.5

3 pp Vs = 13 TeV 3
: + / High Mult. (0-0.17% INEL) -
3 5] p-»-p®p-p-p Data E
= = p—p-p Two-particle correlations, 3
= + + projector method =
3 e, =
:_..-4.-....-...-......i.-ﬁtﬁﬂﬁ:ﬁw
: L 1 L I L 1 L 1 I L L 1 il I 1 1 L 1 I 1 L 1 1 I 1 1 1 L l 1 1 1 L :
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[ 1 L T | | b | |

3 [= ] pp-A®pp-A Data E
N —— p—P-A Two-particle correlations, ]
n / projector method ]
:r L L I Ll 1 1 .l 'l 1 -l-l Ll Ll 1 1 L1l 1 L1 1 l-
0. 0.2 0.3 04 0.5 0.6 0.7 0.8

Q, (GeVic)

ALICE Coll. EPJ A 59, 145 (2023)
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:

0 and p-p-/\ cumulants

ALICE Coll. EPJ A 59, 145 (2023)

“ L B B B B B B | o s s
% 41— [ p-p-p genuine cumulant, flat feed-down — 9, C === P—P-A cumulant N
© i [ 5 ] p-p-P genuine cumulant, flat feed-down | & 25 :_ _:
2 - : :

i Z 20 -]

0 _—{:#—& ! &% ] 15 =

, [ Ne = 6.7, Q3 < 0.4 i . N, = 0.8, Qs < 0.4 ]

-2 ] 10 -

i ALICE i E ]

I pp Vs = 13 TeV h 5[ =

- High Mult. (0-0.17% INEL) i E -+- E
—6—"'"'"'"'"'""""""""""'_ 0-1+'H".-i-'-1—""

0.1 0.2 0.3 0.4 05 0.6 07 0.8 0 0M 02 03 04 05 06 07 08

Q, (GeV/c) Q, (GeVic)

Test with mixed-charge particles,
D cumulant negligible.

7~
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Genuine three-
body
correlations

» First-ever three-nucleon scattering wavefunctions available
— possibility to study 3 — 3 process
— 2-body interactions, Coulomb and quantum statistics

included

» Depletion at low Q5 caused by Pauli repulsion, dominant

contribution for 3-nucleons close in space (p-d)
ALICE Coll. arXiv: 2308.16120, M. Viviani et al. PRC 108 (2023)

Measured
three-body
correlation

First important step
towards the investigation
of pp/\ correlations

TWO_bOdy A(” 2‘4 L T T T I T T T T I T T T L] I T T T T I T L] T T I T T T T I T T T T

' <) — [%] p-p-p@p-p-p Data ]
correlations S 22F —
- .p0=1.5fm ]
2 :— __+_ .p0= 1.8 fm —:
~ p =22fm -
1.6 — . 0 -
- = p,=241m :
14— -
1.2 —
10 .
0.8 —
0.6 - AV18
0-4_....!....|....|....!....|....|...._

o 3 s enlo@ =208

< 21 enl°@ =279

R o enl? =286

q L3 I onlo¥ =332

_—2 [ ] " ! o o ° . M H t nTotal = 4 09

-3 *: 1 nlo@l = 585
01 b2 03 04 05 08 or os
Q, (GeVic)

A. Kievsky et al. arXiv: 2310.10428
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TI-ITI The hyperon puzzle in neutron stars....at the end of this talk

Common and
complementary
experimental efforts
In several directions
Il ke - are hugely improving

M s the situation!!

- Inner crust
Outer crust

V. Mantovani Sarti — SFB Colloquium 18.12.2023
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Future prospectives and challenges
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TI.ITI High-precision 3-body constraints with ALICE in Run 3 and 4

/ Direct (ppp,pp/) Indirect (h-d) \

> [ UL L - 10 T T T
S ! (S ALICE Upgrade projecion L, =200 0" =< oF ALICE Upgrade projection
) Be-om ] G 9 pp Vs =14 TeV, L, =200pb"
1'8__ .ﬁ:;z:o; ] 85_ Nch>7<Nch> _E
- .p0=2.2fm - 7 :_ _:
=2.8fm C ]
i f=28 i 3 2S (Cobis) + 4SE (chiral EFT) 3
B ] F — 28 (Hammer) + 4SE (chiral EFT) 3
14— — = =
' : 3E ~10% gain
12 B oF 3
1 1E ——————
E |
gl i 0 100
NP I R IR B k* (MeV/c)
o 30 ° o o ° _f '
S 20f A I Scattering parameters of the doublet state
E 8 0 ¢ o o o o o ° o 3 .
of ot t il A related to hypertriton 3H, BE
—10E = .
2qE . - - o 3 — Complementary to direct
Q, (GeVic) measurements J. Haidenbauer, arxiv:2005.05012
Expected factor 200 gain in o
Statistics for ppp and pp/\ .Quartet. state depeﬂds O.n Spln ’[rlple’[ /\N
at Qs < 0.6 GeV/c interaction — access spin dependence

”
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TI.ITI Neutron Stars and QCD Axions

c(Qs)

Impact of QCD axion on the EoS
— can lead to stiffer E0S

Axion properties linked to in medium properties of pion

R. Balkin et al. arXiv: 2311.03995
R. Balkin et al, J. High Energ. Phys. 2020, 221 (2020)

Goal: Study of ppr® interactions using femtoscopy
in small colliding systems
— Access in-medium couplings of pions to nucleons

1.5

0.5

IIIIIIIIIIIIIIIII
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L h .
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i
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Collaboration with Prof. A. Weiler and group
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For more details:
MLL Koll. 23.11.2023
by K. Springmann
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TI.ITI n-rich hypernuclei and HYPER-PUMA: approaching NS matter

«  High-intensity p at low momenta

(~100 KeV) from ELENA D o e
excited state W= isg:ng:::s::::ym:::; é |
* Novel method to produce hypernuolei: s 2> T
— p+p - K+K at nuclear N T L S H
rf SCy grzo(%ld state . ‘ 2 o3
Su ace ( O) target nucleus -~ ps ] ;3:
— 10-30% of strang. exchange )
K T t+n- A + |ead tO (non-mesonic decay) Gnesonic weak deca)D 2[ - 5 %
A—p+a 2 4 - 6 8 10 12 14 16 18 20 22 24
hypernucleus B ament® y
* EXpeCted 103 hypernUC|ei / 2_minUte Production Main lab(s) Refs. Hypernuclei Excited Ground state
states binding lifetime
CYCle To-flight (K—,7—) | CERN (90s), BNL, 7 7 | 7 7 X
. ) Stopped (K~ ,77) CEf{N (‘705), LNF- | [28] Zy =Z; — 1 v v X
— increased prod. of hypernuclei away ) e . o ;
e, e/ KT JLAB, Mainz 32, 7y 7
from B_Stable Va”ey (Heavy—io)n (GeV) GSI/FAIR, HIAF 3421, gg gulenli{]ly 1‘112111)' X v 3 MeV v Sys.
) . ) Relativistic HI RHIC, ALICE (CERN) Ty <4 X 7 7
— Access to intermediate mass n-rich ey Y , Sysv 10 ps
) . . . A, = from in-flight p | PANDA (FAIR) [36, 37] A Dy = A2 [ 7 X X
hypernuc|e| as ISOp’[OpIC Chaln Of O Stopped HAYPER (CERN) This proposal | Potentially many | 7 7 7< 40 ps

(*3-210) and Si (**~*30)

€=== V. Mantovani Sarti — SFB Colloquium 18.12.2023 Thanks to L. Fabbietti and A. Obertell



TI.ITI Conclusions and final remarks

<

Combined experimental/theoretical effort to shed light into the inner NS core composition

Tackling the hyperon puzzle from the two-body YN and three-body YNN interactions
— bright future for scattering and hypernuclear measurements

Correlation data at two- and three-body level delivering high-precision data

— building a full experimental database for YN interactions

— crucial input for single-particle potential and finite density calculations

— first ppp and pp/\ data to be used to test first three-body wavefunctions in continuum

Final answer on nature of pp/\ interaction with ALICE correlation data expected on Run 3 statistics
— possibility to explore also more exotic NS ingredients as axions with pion-multinucleon correlations

Possibility to explore n-rich nuclei with new proposed experiment HyperPuma
— important constraints for behavior of hyperon in pure neutron matter

V. Mantovani Sarti — SFB Colloquium 18.12.2023
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Additional slides
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TI.ITI Multi-messenger era: exciting times for neutron stars studies

« QObservation of heavy neutron stars

PSR J1614-22301) M = 1.908 + 0.016M P e T
PSR J0348+0432@) M = 2.01 + 0.04Mg 2.5~ DM ) ]
PSR J0740+6620©) M = 2.08 + 0.07Mg - s
2.0F
. o . Eo 1.5+
* NICER precise radii measurements with pulse =
profile modeling of X-ray emission from hot spots 1ok
Mass distribution of neutron stars in binary pulsar systems 0.5F
00

Mass (Mo)

N i *‘“" H"H'“'H”V'%M

(1) P. Demorest et al. Nature 467 (2010) 1081-1083, E. Fonseca et al. Astrophys. J. 832 (2016),
Z. Arzoumanian et al. Astrophys.d. Suppl. 235 (2018)

(2) J. Antoniadis et al. Science 340 (2013)

(3) E. Fonseca et al. Astrophys. J. Lett. 915 (2021)

(~
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TI.ITI High multiplicity pp collisions

pp collisions at ALICE are a perfect factory to produce a large

amount of multi-strange hyperons

ALICE Coll. Nature Phys. 13 (2017) 535-539

In the paper:

— High multiplicity events pp 13 TeV — enhanced yields of multi-

strange hadrons

High capability for particle identification at transverse momenta

below 1 GeV/c

— hyperons detected through weak decays

= — An™
Q- — AK™

— low contamination and high purity samples

V. Mantovani Sarti — SFB Colloquium 18.12.2023
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Hyperons @ ALIC

A — pr™
= — An
O~ — AK™
¥ — Ay

= X1pe"l""l""l""l"'l""l
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= In pp Collisions
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T

Femtoscopy - Decomposition of G(k*)

Determine the amount of impurities and secondaries based on a data-driven MC study as done in
Phys.Rev. C99 (2019) no.2, 024001

ATV

Ctot(k ) _Ao C() D Al Cl b AZ CZ + ...

/ N ]

Correlation of interest Contributions from impurities, secondaries etc.

" Purity (P) from fits to the invariant mass distribution or MC data

* Feed-down fractions (f) from MC template fits
A =P fi,Pi,fi,, where i; , denote the two particles of the i-th
contribution
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TI.ITI Small Sources: Collective Effects and Strong Resonances

Elliptic flow Radial flow Strong decays of broad resonances
U. A. Wiedemann, U. W. Heinz, Phys.Rept. 319, 145-230 (1999)

e

Py,
Anisotropic pressure » Expanding source with * Resonances with ct ~ rp ~ 1 fm (A*, N*, %)
gradients within the source constant velocity introduce an exponential tail to the source
« Different effect on different  Different for each particle species
masses
N _/
S~

High-Mult. (0-0.072% INEL)
= p-p (AV18)
| == p-A (NLO)

I re=a-<m>b+c
I 3o fit to p-p

'/ ‘ 12 14 16 18 2 22 24 2.I6I
&§< mr @V garti — SFB Collogquium 18.12.2023

Core Radius ® Strong decays of specific resonances




TI.ITI The source function - Effect of short-lived resonances

Protons

= Primordial

mcr>2fm
1<ct<2fm
mct<1lfm

Particle | M5 [MeV] | Tres [fm]

e For="and Q" no contributions!
e Average mass and average cT determined by the
weighted average values of all resonances A 1462.93 4.69

»0 1581.73 4.28

P 1361.52 1.65
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The common source - The source pdf

~—_ L S — CTETEE Gauss r(core)=1.20 fm
...\E - e Core + p—p resonances
A\ i G e, | Gauss r(p—p)=1.28 fm
P “6 o  Core + p—A resonances
Co10'E &
5 S ‘%00 N Gauss r(p-A)=1.41 fm
4 - 5
~ - %o
8 T
— [N
107 = "
S ‘o
:? ..0 ..’.. QII}I%O:Q
!: ‘.0 :....C
K N e
10_3 H | - l | I I | I — l ) I | l | I — I | I — l ) I l“k l"I‘I l l""l 1 l.rl.. Ll

o 1 2 3 4 &5 o6 7 8 9 10
r* (fm)

(~
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TI.ITI Influence of the AN — 2N coupled channel

>N-AN acts as an effective

attraction

Repulsion for A-p when the

>-N — A-N coupled channel is

neglected

— strong coupling = dispersion
repulsive effects = Shift of
hyperon appearance towards
higher densities

— weak coupling = more
attractive Ux(pg,0)

with the 2-N — A-N coupling

180

150

120

-30

A-p 3S;

| | | |

«EFT NLO
Jillich 04
NSC97f

| | | |
200 400 600 800
P, (MeV/c)

J. Haidenbauer et al

V. Mantovani Sarti — SFB Colloquium 18.12.2023

O (degrees)

NA-p 3S;

w/0 the 2-N — A-N coupling

20

10

-60
-70

-80

w
o

0

| | | |
200 400 600 800
P, (MeV/c)

., Eur. Phys. A (2017) 53, 121.
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Experimental data on hypernuclei too scarce for a final
conclusion: attractive or repulsive interaction?

Very challenging measurement via the difficult
electromagnetic decay 2° — Ay

Correlation function is above the background =
pointing to a very shallow attractive interaction

Model p-(Ay) fss2 X EFT NSC97f  ESC16
baseline

ng (k* <150 MeV/c) 0.2—-0.8 02-09 03-10 02-06 01-0.5

Relevant for dense neutron matter is the interaction with
neutrons and the interaction of 2*|

— Disentangle the different isospin contributions

Larger statistics in Run3 and Run4 will definitely
increase the precision and constraints
on the Z-N interaction

TI.ITI IS|=1 : First measurement of the p2° interaction

ALICE Coll.PLB 805 (2020) 135419

~ 18—+ 7+ 7
= 17 ALICE pp Vs = 13 TeV
High-mult. (0-0.072% INEL>0)

1.6 Bl p3° ® 30

1.5F — {382

1.4 ; \ — yEFT (NLO)

13 — ESC16

10 NSCo7f

11 AN p—(Ay) baseline

*,

09 :, ///////////////////////////////NNN/NNNNN

1 1 1 1 I 1 1 1 1 I 1 1 I 1
0 100 200 300
k* (MeV/c)
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3
D
Q
—
O
-
0

? 2 B Ll L l" | I L] T || Ll I I Ll L Ll I 1 Ll Ll ||

< ALICE pp (s =13 TeV .
O 18 L —
N .A—A @ A-A pairs ]
16 \ % e ND46 -~ NF44 .
145 — Ehime = ESCO08 5
- == HKMYY ='=' Quantum statistics .
1.2 —
1 -
™ — i - AR ’
C T R .
0.8 p= _+_ v =
0.6 -
0'4 __ 1 1 1 I L 1 1 1 l 1 1 1 1 I 1 1 1 1 )

0 50 100 150 200
k* (MeV/c)

0.8

0.6

0.4

! | I T | T T T T I T T T T T T T T ™
- ALICE p-Pb |s, =5.02 TeV -
:_ . A-A ® A-A pairs _:
xR S ND46 == NF44 -
:_ — Ehime = ESCO08 E
E ~= HKMYY == Quantum statistics E
— == -0 ]
= 1 Jrmmy AN :& -
: ‘_','."_--.-u.w-..'-.-.-.n.m.'.ﬂ.‘-mu- :
- PR TR R TR [ SRR TN SR TR N TR SR SN SR SN SR S S’ —_
0 50 100 150

k* (MeV/c)

Phys.Lett.B 805 (2020) 135419
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TI.ITI 1S|=2 : A\ interaction models

A\ correlation measured in pp MB 13 TeV
and p-Pb 5.02 TeV

Comparison with available theoretical models

— large attraction and very weakly bound
state discarded

— data compatible with a bound state
(ND46) or shallow attraction (ESCO8)

Scan in scattering parameter space and
express agreement data/model in number of
O deviations

0.6

0.4

B | | "‘ 1 I L ] ] ] I 1 1 Ll Ll I L ] ] ] _

- : ALICE pp Vs = 13 TeV -

N O A-A ® A-A pairs ]

-\ Y ND46 === NF44 -

- — Ehime = ESC08 .

N —— HKMYY ='=' Quantum statistics -

) —

[ 1 1 1 I 1 [ [ [ I 1 1 1 1 l 1 ] | | ]

0 50 100 150 200
ALICE Coll. Phys.Lett.B 797 (2019) 134822 k* (MeV/c)
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TI.ITI IS|=2 : AA interaction and the H-dibaryon

Nagara event

H-dibaryon: hypothetical bound state of uuddss
— No final experimental evidences so far “ \

— Recent lattice QCD calculations at physical point with AA-N=
coupled-channel(*) — no bound state around A\ or N= \
threshold (**)

Double-A hypernuclei measurements L
— weak attractive interaction
— H-dibaryon binding energy By = 6.91 + 0.16 MeV
6,..He->5He+p +n-
ABpp = 0.67 +0.17 MeV
Can we improve the know|edge on the /\/\ H. Takahashi et al., PRL 87 (2001) 212502

interaction and the fate of the H dibaryon? (*) HAL QCD Coll. Nucl.Phys.A 998 (2020) 121737

A. Ohnishi et al., Few Body Syst. 62 (2021) 3, 42
Y. Kamiya et al., PRC 105 (2022)

(**) ALICE Coll. Phys. Rev. Lett 123, (2019) 112002

ALICE Coll. Nature 588, 232-238 (2020)
V. Mantovani Sarti — SFB Colloquium 18.12.2023
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ALICE Coll. Nature 588 (2020) 232-238

p—(2- correlation function in pp at 13 TeV

Model corrected for residual correlations and corrections

> |

N

O | p-Q ALICE data
Coulomb + HAL-QCD
B coulomb + HAL-QCD (with °s))

— Radius extracted from my differential p-p correlations (r
~ 0.9 fm)

« Enhancement above Coulomb
— Observation of the strong interaction

« Agreement of lattice prediction depends on the treatment
of inelastic channels

— No clear depletion corresponding in the data

—

200

oIIIIIIIIIIII

i
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TI.ITI A= correlation in pp HM 13 TeV

o
~3
@)
. ) singlet triplet
potential cut-off (MeV) / version f(? dg fol d(% g
550 33.5 1.00 | —0.33 | —0.36 | 3.06—5.12
XEFTLO[11] 700 -9.07 | 0.87 | —0.31 | —0.27 | 0.78 —1.60
500 099 | 577 | —0.026 | 1429 | 0.56—-0.93
XEFT NLOI6 [14] 650 091 | 4.63 0.12 32.02 | 091 —-1.61
500 0.99 | 5.77 1.66 1.49 | 547-7.26
XEFT NLOI9 [15] 650 091 |463| 042 | 633 | 1.30—2.10
NSC97a[12] 0.80 | 471 | —0.54 | —0.47 | 0.68—1.04
HAL AZE-XE eff. 0.60 | 6.01 0.50 536 | 143-2.34
QCD [2] AZ-AZ only - - - - 0.64 —1.04
Baseline - - - - 0.78

1.1

12F

O

ALICE Preliminary pp Vs =13 TeV =
High Mult. (0-0.17% INEL>0)

A-Z @ A-E" (L = 32%)

o «EFTLO

g (EFT NLO16
9 (EFT NLO19

NSC97a
Baseline

50
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100

150

200

250
k* (MeV/c)

300
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TI-ITI Lattice QCD potentials of the |S| = 2 sector: p-=- interaction

» Direct comparison to HAL QCD potentials near p-="Interaction
physical quark masses!) — T
B /=

1
=0

40 - 0,S 3
* Presence of coupled-channels N ]
2232 2255 2260 2309 2386 20 - ~
> < - ]
| L | | = Or .
AN n=0  p= A-50 5050 = - .
AR = 20 ]
= n .
Threshold  k*=233 MeV/c k*=378 MeV/c 40 - —
_60 50 100 150
. C k* (MeV/c) .
«  Weak coupling to A-A\ channels expected o '0'5' — ; E— '5' s 2' — '2'5' 3

from HAL QCD potentials ' r (fm) '

— confirmed from femtoscopic (") and hypernuclei
measurements (™) () T. Hatsuda Front. Phys. 13(6), 132105 (2018)

() ALICE Coll. Phys. Lett. B 797 (2019) 134822
() Hayakawa et al. Phys. Rev. Lett. 126, 062501 (2021)

(~
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TI.ITI First measurements of the p-=" interaction at LHC

» Qbservation of the strong interaction beyond Coulomb
» Agreement with lattice calculations confirmed in pp and p-Pb colliding systems

« At finite density HAL QCD potentials predict in PNM a slightly repulsive U= ~+6 MeV() —
stiffening of the EoS

ALICE Coll, Phys. Rev. Lett 123, (2019) 112002 ALICE Coll. Nature 588, 232-238 (2020)

F 2.6 B ] T T 1 I T ] T T I T ] T 1 I_ L ! ! ! ! I ! ! ! ! I ! ! ! ! I_

< £ b) ALCEp-Pb s, =502TeV . 3.5 7]

S 24F o W E - 61 ALICE data ]

22F - p-g Op= - sl [ Coulomb -

5 - “ - Coulomb + HAL-QCD E - Coulomb + p-E HAL QCD ’

B ] 25 u _

= Coulomb 3 ~F ALICE pp Vs = 13 TeV ]

185 | . X T ]

6k p-Z sideband background . S ,f ‘I‘ High-mult. (0 — 0.17% INEL > 0) .

6 - = | 4 ~

1.4 + ]

12 R = 1.4 fm = - -

n =z ;)”*‘///////,////,E fo} o ] - -

1 s e g g 1
0 8 5 L | L 1 L L | L R L R |: C 1 1 1 1 ] 1 1 1 1 ] 1 1 1 1 [
0 100 200 300 0 100 200 300
(o () HAL QCD Coll., PoS INPC2016 (2016) 277
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TI.ITI The projector method

Qs = \/oh +@o + G

» FEvaluate two-body contribution in three-body correlation
function

— With no genuine three-body correlation

C3(Q3) [ Q%]‘FC (Q3) +C31(Q3) —

two-body CF projector

[ CY(Qs3) = /‘ u (kY Q3) dkij]

[ = R. Del Grande, V.M.S. et al., EPJC 82 (2022)
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TI.ITI The projector method

C3(Q3) [ (Q3) ]+C (Q3) + C51(Q3) — g&s
two-body CF projector 3

G ey e 1 I

2

Evaluate two-body contribution in three-body correlation @ '' & ... [ ‘H bﬂ‘] [ ]+2
function

— With no genuine three-body correlation

Qs = \/oh +@o + G

ALICE Coll. PLB 805 (2020)

—0—

* Measured 2-body correlation

functions 1.5
* same emitting source for 2-
body and 3-body correlations 1

T T T T T T T T T T T T T T T T T T

e 095F _ A

ALICE pp Vs = 13 TeV
High-mult. (0-0.17% INEL>0)
Blppepp

Coulomb + Argonne v (fit)

1.05F ¢ i ) -
L]

g = ”".
=1 .f":”\". a0 07, o o S

o 100 200 300
Y k* (MeV/c)

Illllllllllllllllllllll

olllllllllllllllllllll'llll

50 100 150 200

k* (MeV/c)
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R. Del Grande, V.M.S. et al., EPJC 82 (2022)
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TI.ITI The projector method

Evaluate two-body contribution in three-body correlation
function

— With no genuine three-body correlation

Cs(Qs) ={C2(Qs)  C3(@5) + C(Q3) -

two-body CF

[ C(Qs) = /‘ u i ( )dk.ij]

+ Jacobian from 2-body to 3-
body coordinates, integration
on phase-space

projector

* Measured 2-body correlation
functions

* same emitting source for 2-
body and 3-body correlations

Subtract 2-body contributions with negligible uncertainties

V. Mantovani Sarti — SFB Colloquium 18.12.2023
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Qs = \/oh +@o + G

ALICE Coll. arXiv:2206.03344 [nucl-ex]

cssssssssssssssssssesssssssssssssssssssaaenseectEnlT

ALICE a)
pp Vs =13 TeV
High Mult. (0-0.17% INEL)

= | (o-p)-p®({-p)-p Data-driven
- (p—p)—p Projector method

2 protons from same event
and one from mixed event

llllllllllllllllIIllIIIIIIlllIlI

0304 05 08 07 08
Q, (GeV/c)

R. Del Grande, V.M.S. et al., EPJC 82 (2022)
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TI_ITI Constraints from Gravitational waves

GW170817

3 10 D 14 16
R [km]|
A. Bauswein, Annals of Physics 411 (2019) 167958
(§< V. Mantovani Sarti — SFB Colloguium 18.12.2023
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TI.ITI Hadron-deuteron correlations

X

o Correlations between a hadron ( x = p, K*) and a composite object as deuteron

s
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

LI I LI I LI I LI I LI I rrri I LI I LI l:
- e t-¢-3E-€>f¢3t¢:['O'IQJE'OJEGIOJEOI-®§
F $1yy 0O B
= L d 3
: %«% 5
= ALICE pp Vs = 13 TeV =
- High Mult. (0-0.17% INEL>0)
-7 E
= O K'-d@®K-d =
-l L1 1 I L1 1.1 I L1 1.1 I L1 1.1 I L1 11 I L1 1.1 I L1 1.1 I L1 1 IE

O 50 100 150 200 250 300 350 400
k* (MeV/c)

—
x
S—"
O

1.2

1.0

0.8

0.6

0.4

0.2

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIII

'
P

:+!+:+:+;+f+f

o
ALICE Preliminary
pp Vs =13 TeV

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

° p-d@® p-d
Norm. uncertainty(1.3%)

llllllllllIIlIllllllllllIIlIIllIIllIlll

0O 40 80 120 160 200 240 280 320 360 400
k*(MeV/c)
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TI.ITI Hadron-deuteron correlations

O

O

Coulomb + strong interaction using the Lednicky model

y(k*,7) = &% /Ac(n) e_ik*'?kF(—in,1,i§)+fc(k*)—}

G(p,n)

rx

|

do- k2 2h(k*)

fo(k") = ( :

o

Point-like particle models anchored to scattering experiments

Sin Spin averaged $=1/2 $=3/2
fo(fm)  do(fm) |  fo(fm) do(fm) Jo(fm) do(fm)
pd - 130 051 — 1140 {3 2052
273 0 2970 1188 00 963 )0
—4.0 — —11.1 —
—0.024 — ~13.7 —
013 0 — —14.7072-3% —
Kt-d | —0470 1.75
—0.540 0.0

o Only s-wave interaction

o Source radius evaluated using the hadron-hadron universal m scaling

<
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TI.ITI Hadron-deuteron correlations

o Coulomb + strong interaction using the Lednicky model

1 4 _I [ I L | LI | LI I LI I LI | LI | LI I_ I LI I rrri I LI [ L | LI I | I LI I_
4L g d i

- ALICE | - ] : ]

1.2+ pp Vs =13 TeV //z. ] /// ]

B L 1 P :

1 _— Con IC o= ﬂvjn*rf-o;: == F -

: e i Ly i

R [0 4 - i

— 0.8F r:+-:| i O pd®pd ]
% K A 0 K'-d®K-d il B coulomb i
| o3 M i

0.6 Jr B couiomb uil B coulomb + Black (/15) -

i Coulomb + Haidenbauer 7 B Coulomb + Kievsky (/15) i

—+ - Coulomb + Arvieux (/15 -

te a |:] Coulomb + Hyodo 1 (15) i

I 1 B coulomb + Huttel (/15) i

0.2 ] i il Coulomb + Van Oers (/15) =

1 Baseline 7

O ) 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 i 1111 | 1111 I 1111 | L1 11 | 1111 | 1111 | 1 111 | 1111 i

0 50 100 150 200 250 300 350 O 50 100 150 200 250 300 350 400
k* (MeVic) k* (MeV/c)

Point-like particle description doesn’t work for p-d

(o~
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TI.ITI Proton-deuteron correlation

The measured p-d correlation function reflects the full three-nucleon dynamics:
« Coulomb + strong interaction (NN and NNN) + Quantum Statistics

1 2 [ T I T I T I T 1 T I T | 1 06
Uy E 1.04+
0.8F ALICE - ol
~ pp High-mult. Vs=13TeV ] 1021
x npk =3 _ z i
O 0-6: ;ﬁmi (full) - O e |
0.4H I AV18+UIX (s*-wave) - § i NN =1.4fm
Plon!ess EFT (NLO) . X 0.98 . er'f\l ~1.3fm -
0.2 Baseline ] & e T
I i 2 =« MN=12fm
C ’ > 0.96 eff —
5'_ | ; | : | - O « MN=1.1fm -
- 0_‘.‘."_— 0.94 _ - riN =1.0 fm ]
_5_ .. IO ) . ) . ) , ) . . 092 1 | 1 | 1 | 1
0 100 200 300 400 500 600 0 100 200 300 400
k* (MeV/c) k* (MeV/c)

Sensitivity to the short inter-particle distances
Hadron-nuclei correlations at the LHC can be used to study many-body dynamics
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\_§< V. Mantovani Sarti — SFB Colloquium 18.12.2023



TI.ITI The source saga continues with Run 3 data

/\6 L L L L L L D e
*¥ I ALICE Preliminary
U I pp Vs =13.6 TeV —~ 1.4F T T T T T T T T ]
i NP™aY(|n| < 0.8) €[27, 200) c - . _—
| mr €[1.86, 2.21) GeV/c? = _ ALICE Preliminary
I |.I.| p_p@ﬁ_ﬁ % 1 3 -~ W & pp \/_.= 13.6 Tev MB —
4'_ B Total Fit with Gaussian source | < "' Z Gaussian source
: Baseline ; 1.2} {//( * 0-p @ 5‘5
. _ Z )
L * Nprlmary <0.8
3k i i % tr. (|'7| ) ]
Lir *% ¢ 10,7)
[ % . ,
: £ 7 7 1 + [7,11)
2 I 1or 2 11 : 7 s + 11,15
[ 100 125 150 175 > 1 ’ 4 [15, 20)
k* (MeV/c) 0.9r XN ' ]
7 % }f + [20,27)
+ . % i $  [27,200)
0.81 o % / syst
2 | 2 .
0.7 ’ 772 ncertainties
| 4 ALICE pp Vs =13 TeV
: 06 HM (0-0.17% INEL>0)
; 1.0 1.2 1.4 1.6 1.8 20 22 24 26 2.8
-4 ] ] ] 1

P PR PR PR PR T T ST T SR P PR
0 20 40 60 80 100 120 140 160 180
k* (MeV/c)
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