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Neutron Stars and the Hyperon Puzzle TI.ITI

« Equation of state (EoS) dependent on the
particle composition and the possible
interactions between them
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Neutron Stars and the Hyperon Puzzle % TI.ITI

« Equation of state (EoS) dependent on the
particle composition and the possible
interactions between them

* Pure neutron matter (PNM) supports heavy
neutron stars of 2M®

« High baryonic densities allow for the existence
of strange particles, e.g. A hyperons
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Neutron Stars and the Hyperon Puzzle TI.ITI

« However: EoS can soften with appearance of
A hyperons 28 -
— cannot support heavy neutron stars ! PNM
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Neutron Stars and the Hyperon Puzzle % TI.ITI

« However: EoS can soften with appearance of

A hyperons 2 T _
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Hyperons in Neutron Stars % TI.ITI

ALICE

 Situation more complex:
Appearance of multiple hyperon species possible, also = and X

. depends on hyperon-nucleon interactions

— constrain from experimental data needed
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pA Data before Femtoscopy

« Scattering data limited to
relative momenta above
40 MeV

« XN coupling not visible in
scattering data

« Scattering data cannot
differentiate between yEFT
NLO13 and

Marcel Lesch, HADRON 2023, 08.06.2023
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pA Data before Femtoscopy

« Scattering data limited to
relative momenta above
40 MeV

« XN coupling not visible in
scattering data

« Scattering data cannot
differentiate between yEFT
NLO13 and NLO19

« XN coupling drives the
behaviour of A at finite density
— important for the EoS of NS

Marcel Lesch, HADRON 2023, 08.06.2023
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Two-body Femtoscopy TI.ITI

ALICE

L. Fabbietti and V. Mantovani Sarti, O. Vazquez Doce, Annu. Rev. Nucl. Part. Sci. (2021) 71:377-402

S (T) P 27T TS More information about femtoscopy:
Valentina Mantovani Sarti, 05.06.2023, 14:30
Dimitar Mihaylov, 05.06.2023, 17:40
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Two-body Femtoscopy TI.ITI

ALICE
L. Fabbietti and V. Mantovani Sarti, O. Vazquez Doce, Annu. Rev. Nucl. Part. Sci. (2021) 71:377-402
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Two-body Femtoscopy TI.ITI

ALICE
L. Fabbietti and V. Mantovani Sarti, O. Vazquez Doce, Annu. Rev. Nucl. Part. Sci. (2021) 71:377-402
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A Common Source for Baryon Emission

@ TUM

« Source distribution of particles from

Gaussian core (r.,.) and decay of short

lived particles
« Common source for pp and pA pairs!

« Measurement from pp

— I'.ore CONstrained for any baryon-baryon

pair!

Marcel Lesch, HADRON 2023, 08.06.2023
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A Common Source for Baryon Emission % TI.ITI

ALICE
 Source distribution of particles from < 200 T symepm mg S —0.4 —~
Gaussian core (r,.) and decay of short 2 AUSSAN SoUree ¥ = Leotm 1 E
lived particles = =
; n
« Common source for pp and pA pairs! 100 1;

« Measurement from pp
— Tsore CONstrained for any baryon-baryon
pair!

Typical short-range
nuclear potential

o
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) More information on the source:
Talk by Dimitar Mihaylov, 05.06.2023, 17:40
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ALICE - A Large lon Collider Experiment TI.ITI

Data set: pp at Vs = 13 TeV (10° high-multiplicity events)

Direct detection of charged particles
(protons, kaons, pions, deuterons)

Reconstruction of hyperons via decays:
c ET > A+T
c X0 A+y

e A->p+mn~
TPC

Very good PID capabilities of the
detector resulting in very pure samples

A. Tauro, “ALICE Schematics” (2017), CERN CDS

Marcel Lesch, HADRON 2023, 08.06.2023 1 4


http://cds.cern.ch/record/2263642

pA Results before % TI.ITI
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pA Results before and after Femtoscopy % TI.ITI

ALICE

« Extension of the ALICE Coll. PLB 833 (2022), 137272
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pA Results with Femtoscopy

* New insights into
AN — ZN dynamics

Marcel Lesch, HADRON 2023, 08.06.2023

[ Fit with NLO13 ]

! a) ALICE pp Vs=13TeV

high-mult. (0-0.17% INEL>0)
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—— Fit NLO13 (600)

—— LO (600)
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ALICE, PLB 833 (2022), 137272
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pA Results with Femtoscopy

@ TUM

* New insights into [ Fit with NLO13 ]

AN —IN dynamics ¢ 22 ge ety 3 22
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The pX° Interaction % TI.ITI

ALICE
ALICE, PLB 805 (2020) 135419

ALICE pp Vs = 13 TeV
High-mult. (0~0.072% INEL>0)

» Reconstruction of 2 via decay to
Aty X

- px? compatible to the baseline
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The “strangest” System: p=E~

@ TUM

ALICE
. . ALICE Coll. Nature 588, 232238 (2020

* Reconstruction of Z~ via decay to a [T — - I o
A+m~ 3¢ ':——'
. . | : 16! ALICE data P—= 1
» Coulomb interaction only cannot describe sH B Coulomb -
the data : Coulomb + p-& ]
_ p—& HAL QCD -
— attractive strong interaction needed 2.5 —
X L ]
+ Lattice QCD calculations for p=~ by ] Na E
HAL QCD collaboration n ]
HAL QCD, Nucl.Phys.A 998 (2020) 121737 5 - ]
- One of the first direct tests of Lattice QCD - -
= [T
n L
0 300

Marcel Lesch, HADRON 2023, 08.06.2023
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Single Particle Potential of =~

@ TUM

« HAL QCD potential of p=~ tested/verified with
femtoscopic data

 Extraction of single-particle potential Uz by HAL
QCD Collaboration
— predictions in PNM:

Us ~ 4+ 6 MeV
HAL QCD Coll., PoS INPC2016 (2016) 277

— stiffening of the EoS

Marcel Lesch, HADRON 2023, 08.06.2023

U(k) [MeV]

30

-40

ALICE

HAL QCD Collaboration, AIP
Conf.Proc. 2130 (2019) 1, 020002

‘—{'+““ —
ﬁ+¥++++&+ k
M*’_*~s—

f*i—é— 5553 i

L A -
PNM ) H—
p=0.17 [fm™), x=0 O—
0 1 2 1 3 4
k [fm ]

21



Updating the EoS

Two-body interaction

Single-particle potentials

< ”i S AR A Courtesy J. Schaffner-Bielich 2020
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Energy density ¢/¢

This is only an example!

V. Mantovani Sarti, L. Fabbietti,O. Vazquez-Doce
Ann.Rev.Nucl.Part.Sci. 71 (2021)

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

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

Mass (M)
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ALICE
Mass vs Radius relation

for hyperon stars

Adapted from J. Schaffner-Bielich and B. Dénigus 2020
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NICER experiment: M.C Miller et al. AJL 918 (2021)

Mass measurement: H. T. Cromartie et al. Nature Astron. 4 (2019)

Gravitational waves data: B. P. Abbott et al. PRL 119 (2017)
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Summary and Outlook

Femtoscopy with ALICE in small collision systems at
the LHC:

« Study of previously difficult accessible hyperon-
nucleon interactions

« First direct tests of Lattice QCD (pZ™)

» Sensitivity to different models with consequences
for the EoS of neutron stars (pA)

* Hyperon puzzle is solved?
Precision measurements of XN and three-body

interactions necessary
— Stay tuned for Run 3!

Marcel Lesch, HADRON 2023, 08.06.2023

ALICE

A

/(')ther Femtoscopy Talks:

Valentina Mantovani Sarti, 05.06.2023, 14:30
Dimitar Mihaylov, 05.06.2023, 17:40

Wioleta Rzesa, 07.06.2023, 14:24

Laura Serk3nyté, 07.06.2023, 15:15

\Ramona Lea, 08.06.2023, 15:45
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Backup
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Neutron Stars EoS

Pressuresa Stiff EoS
soft EoS
T >
Densi
Density of v

ordinary nuclei

Marcel Lesch, HADRON 2023, 08.06.2023
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>0 Invariant Mass

x10°

ALICE pp Vs = 13 TeV
High-mult. (O- 0.072% INEL > 0)

dN/dM (GeV/c2)'

30 1.5<p <2.0GeV/c
20 5 Ay, 20 - Ay
o Data
20 — Total fit
---- Background
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O I | I LI I | I LI I | I LI I
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ro (fm)

A common source — Gaussian Profile % TI.ITI

ALICE
ALICE, Phys. Lett. B 811 (2020) 135849 e The Statistical Hadronization Model tells us:
Gaussian source c.a. ¥z of protons and As stem from
S B e e e e L resonances.
1.6 3 3 ALICE pp {5 = 13 TeV E The average lifetimes (cr) are:
15 F - High-mult. (0-0.17% INEL>0) —J 1.6 fm for X—proton
14 E i § ~ Gaussian Source = 4.7 fm for X—A\
T F ‘E’ S = .
13 4, = 3 e Production through short-lived resonances
123_ _§_ ‘§ § _E “‘llll...
1_1:_pp Bl - _— = . lcore — _ 8
— \\ S 3 ~’ “
BB £ pANNLO) = = = "
- . ] .
= [ p-A(LO) = ) Fow O
09 | — . !
I PO I NI T U TN T TN TN T SN TR SO Y T T TN AT S AN |, y
1 12 14 16 18 2 22 24 26 .
(m_) (GeV/c?) .. ’

Different source size for p-p and p-/A pairs
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Emission source — Possible Profiles TI.ITI

ALICE
Radial flow Local modifications
Perfect Gaussian Expansion with const. velocity, due to elliptic flow

different effect on different masses

e

Resonances with ct ~ 1 fm (A,N*, etc.)
introduce an exponential tail to the source
Different for each particle species

Marcel Lesch, HADRON 2023, 08.06.2023 28



@ TUM

Femtoscopy - Decomposition of C(k*) ALTCE

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

AR\ AN

Crot (k) =2,(Co D M(C D A,(C + -

/ 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 =%, fi, P, [fi, where i, , denote the two particles of the i-th

contribution
29
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.99.024001

pA Results with Femtoscopy

Assume a negligible
px? strong interaction

a) ALICE pp Vs=13 TeV b)
high-mult. (0-0.17% INEL>0)

15| pA ® PA pairs

— Fit NLO13 (600)

—— LO (600)

— Residual p£% xEFT
Residual p=~ @ pz°

— Cubic baseline
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@ TUM

ALICE
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pA Results with Femtoscopy

i‘\; 2.2£ a) ALICE pp Vs=13 TeV E i b) Assume a negligible E
O of high-mult. (0-0.17% INEL>0) JE px? strong interaction -
18 f_§ "5 pA @ PA pairs _f f_§ _f
=\ Fit NLO19 (600) 1E o .
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ALICE
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Influence of the AN — XN coupled channel (vacuum) % TI.ITI

ALICE
Ap 3S; Ap °S;

A > A with the AN — XN coupling w/o the AN — ZN coupling

180 1 | I I 20F l I T —
T T sl XEFTNLO 10
N N Julich 04 ol
ool NSCO71 i 1ol
 Small mass difference between & .| 550 ] g-zoh
% and A: ~80 MeV/c 5 | - 230!
60 : ;_40‘
» Repulsion for Ap when the sl . | | 50
AN — XN coupled channel is - =N ] 60|
neglected 0 . 70l

g 200 400 600 800 805 200 400 600 800
Pray (MeV/c) b (MeV/c)

Marcel Lesch, HADRON 2023, 08.06.2023

J. Haidenbauer et al., Eur. Phys. A (2017) 53, 121.
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Influence of the AN — XN coupled channel

@ TUM

A 2 A

N N

« AN — XN acts as an effective
attraction

* Repulsion for Ap when the
AN — ZN coupled channel is
neglected
 strong coupling = dispersion
repulsive effects = Shift of
hyperon appearance towards
higher densities
* weak coupling = more

attractive U,(pg,0)

Marcel Lesch, HADRON 2023, 08.06.2023
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pE~ Potential
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~ Potential

 Extraction of single-particle potential Uz
by HAL QCD Collaboration

* Predictions in SNM:

Marcel Lesch, HADRON 2023, 08.06.2023
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