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« Hyperon Puzzle in Neutron Stars

« How to evaluate a correct Equation of State for dense hadronic
matter with strange content

e (strange) Hadron interactions: what is known and what needs to be
measured

 pp collisions and CATS
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Neutron Stars

TUTi

R~10—15 Km
M ~1.5—2 M,

Courtesy of Shutterstock

Outer Crust:
lons, electrons Gas,
Neutrons

Inner Core: ??
Neutrons ?? Protons ??
Hyperons ??

Quark Matter ??

density

Very high density in the interior

Rotating object emitting Synchrotron radiation in
Radio-Frequency (Pulsar character)

Mass measured in binary systems with White
Dwarfs (Shapiro Delay, WD Spectroscopy)

Radius Measurement very difficult

What is inside Neutron Stars??
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Strange Hadron Production in Dense Neutron-Rich Matter ILITI

ALICE

Neutrons (uud, m= 938 MeV) A Hyperons (uds, m= 1115 MeV)
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Chemical Potential 4 = B + mass

If the density increases also the Fermi Energy increases and hence the chemical
potential
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Strange Hadron Production in Dense Neutron-Rich Matter ILITI

ALICE

Neutrons (uud, m= 938 MeV) A Hyperons (uds, m= 1115 MeV)

Mass
¢

I
Mass

Chemical Potential 4 = B + mass

If the density increases also the Fermi Energy increases and hence the chemical
potential
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Strange Hadron Production in Dense Neutron-Rich Matter TLITH

ALICE

Neutrons (uud, m= 938 MeV) A Hyperons (uds, m= 1115 MeV)

- Y —

S— s

B ,

n+n—>% +p

Mass
¢

n+n—-AN+n

A+A—>E+N
pte s Atve— LA LE4N
In order to have chemical equilibrium W neutron — MHA

If the Y-nucleon interaction is attractive the processes is even more likely
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Strange Hadron Production in Dense Neutron-Rich Matter TLITH

ALICE

n—-p+e —+1,
AntiKaons (us,m= 490 MeV)
Electrons(m= 511 KeV)

— — 1 .
| L QJ——
5
- :
e, :
) fz v 1

Chemical Potential 4 = I'p + mass
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Strange Hadron Production in Dense Neutron-Rich Matter TLITH
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Strange Hadron Production in Dense Neutron-Rich Matter ILITI

ALICE

n—p+e —+
AntiKaons (us,m= 490 MeV)
Electrons(m= 511 KeV)

K 4+n—->A+71"
K +n— X"

, e — K~
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ALICE
Hyperons should appear in dense neutron-  The appearance of Hyperons softens
rich matter starting from moderate large the EoS
densities

fol

Threshold depends on the Y-N interaction

140

120 | |

100 + f

particle fraction

8O i AN + ANN (1) 1

E [MeV]

. AP
o R
sarai

AN

60 r

Baryon fraction

40

20

0.0 0.1 0.2 0.3 0.4 0.5 0.6
p [fm™]

107"

0.3 0.6 0.9 1.2 1.5
Density (fm )

0 200 300 400.....
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J. Schaffner-Bielich, NPA 804 (2008) Rev. Lett. 114, 092301 (2015)
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ALICE
Hyperons should appear in dense neutron- The appearance of Hyperons softens
rich matter starting from moderate large the EoS
densities
Threshold depends on the Y-N interaction [ > Maximum NS masses get smaller
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J. Schaffner-Bielich, NPA 804 (2008)

D. Lonardoni, A. Lovato, S. Gandolfi, F. Pederiva Phys.
Rev. Lett. 114, 092301 (2015)

These predictions are only qualitative to this end
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—quation of State in Quantum Montecarlo TUTI

ALICE

AFDMC Hamiltonians

2
D; NN
H = CHE Vs Vi 2B: | + deuteron
—~ 2my Z Y +,Z Wk scattering
) 1<J 1<g<k
3B: nuclei nuclear
matter
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—quation of State in Quantum Montecarlo TUTI

ALICE

» nucleon-nucleon phenomenological interaction: Argonne & Urbana

» hyperon-nucleon phenomenological interaction: Argonne & Urbana like

2
Di Ap A=1
H = i y . :
— 2m N ZU” +,Z Sgie 2B scattering T csB
) 1<J 1<g<k
—+ v 3B: no unique fit!!
g+ o :

ldea: use QMC to fit the 3-body hypernuclear force on available experimental data

lambda separation energy: B =E(* 12)-E(4Z)

! !

core nucleus  hypernucleus
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What is needed to pin down the EoS of matter with strange hadrons TI.ITI

ALICE

e Hyperon-Nucleon, Hyperon-Hyperon and Kaon-nucleon, Kaon-hyperon
interactions in vacuum

 extrapolations to dense baryonic matter OR short distances !!
e EoS which includes all the relevant degrees of freedom!
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Scattering Data and Interaction Parameters TUT

ALICE

Scattering experiments -> Extraction of the differential cross section

e, g
do
—_— —_—
df?2
Partial Wave Expansion:
41 . o
0=13 (21 + 1)sin“(4;). 0; = phase shifts
/
Scattering Length
fo = — lim = tan 6o (k)
= — lim - tan =0. s- |
0 U 7 0 =0, s-wave Only!
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ALICE

Ap -> Ap ——

T I T I T I T I T

® Sechi-Zorn et al.
o Kadyk et al.

o Alexander et al. e Eisele et al
®  Kondo et al.

150

50

0 1
100 200 300 400 500 600 700 800 900

P, (MeVic)

0 1 1 1 1 1 1 1 1 1 1 1
100 200 300 400 500 600 700

. . Piap (MeVic)
LO: H. Polinder, J.H., U. MeiBner, NPA 779 (2006) 244

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

Data from scattering experiments and bubble chambers detectors from 1968 and 1971
K +p—=X4+72 32 5 A4y /
K- tpos s 4at. Production Threshold for A's: p > 100 MeV
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Hyperon-Nucleon Scattering TUT

ALICE

Ap-> Ap LO less attractive than  NLO

300 T ] T ] T I T I T I T I T I T

® Sechi-Zorn et al.
o Kadyk et al.

0 Alexander et al.

40

30 . .
Interaction always attractive

_ 20
;.% 10
o ]
o 5 ey 10 Interaction becomes repulsive
LO: H. Polinder, J.H., U. MeiBner, NPA 779 (2006) 244 Repulsive core of the interaction

NLO: J.Haidenbauer., N.Kaiser, et al., NPA 915 (2013) 24 205 2(l)o 4(I)o 6(|)O 800
P, (MeVic)

Data from scattering experiments and bubble chambers detectors from 1968 and 1971
K +p—=X4+72 32 5 A4y

K- 4po st Production Threshold for A’'s: p > 100 MeV
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Hypernuclel

ALICE
: - .org/ /?cat=254 @si| )/
http://eaae-astronomy.org/blog/?cat=25 A Hypernuclear Chart Ve
Z7A1| 2 Al 3B
z (2017) : -
i
120 118\0 ,Il 89Y
1,1N 1iN 19\N ',’
iac ] ¢ ,'I Fe
3 BES ! s v (K-, )
"Be| 8Be J5Be] "\ Be : (K:'n-)n_
6r: 07 : 018 ;|9 ./10 . X8 ‘I: EE:::’W)) Kostop: 7°)
i i g .Li | ALi | ALi 7
i !
“Hell SHe iHe/ Z\He/ ?\He/ D b (n* K*) (e.e'K*)
3 4
aH JiH aH " J emuson wrr| (e,8’K*)
Hypernuclei can be produced (7, K*)
B]nd]ng Energy Of A to nUCleUS = 30 Mev O. Hashimoto and H. Tamura, Prog. Part. Nucl. Phys. 57 (2006) 564.
Wirth and Roth Phys.Rev.Lett. 117 (2016) 182501
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Hypernuclel

ALICE

http://eaae-astronomy.org/blog/?cat=254

Hypernuclei can be produced
Binding Energy of A to nucleus = 30 MeV

Nothing is known about ). - hypernuclei
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Hypernuclel

ALICE

TUTi

http://eaae-astronomy.org/blog/?cat=254

Hypernuclei can be produced
Binding Energy of A to nucleus = 30 MeV

Nothing is known about ). - hypernuclei

= - Hypernucleus shows a shallow attractive
interaction

Courtesy H. Tamura, Bormio Winter Meeting 2018

N
Kiso event ew aNnalyg ist

: BB
. .

L5
o’

v ‘.'

- + YN — YBe + 3 He
The first clear = hypernucleus

Bz- 4.38 +£0.25MeV,

~ 1.11 £0.25MeV
K. Nakazawa et al. PTEP 2015, 033D02
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Hypernuclel

ALICE

http://eaae-astronomy.org/blog/?cat=254

Hypernuclei can be produced
Binding Energy of A to nucleus = 30 MeV

Nothing is known about ). - hypernuclei

= - Hypernucleus shows a shallow attractive
interaction

Even AA-hypernuclei exist

Nagara event

6,AHe->5He+p +n-
AB,,= 0.67+0.17 MeV

H. Takahashi et al., PRL 87 (2001) 212502

A-A is weakly attractive

z XIV Workshop on Particle Correlations and Femtoscopy, Dubna 2019
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The ALICE Data Set used in our Analyses TUTI

We measure pp, pA, AA, p=, pK, pE, pQ
Proton and Pion identification with TPC and TOF

_. 'Reconstruction of hyperons

/R‘, y L A= pr~ (BR ~ 64%)
> — '/A/ =N\ 7~ (BR ~ 100%)
b
. 0~ — AK™ (BR 68%)

Datasets:

*pp 7 TeV: 3.4-108 MB Events

* pp 5 TeV:10-108 MB Events

* pp 13 TeV: 15- 108 MB Events

* p-Pb 5.02 TeV: 6.0- 108 MB Events

* pp 13 TeV: 15-108 HM Events (0-0.072% INEL)
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The Correlation Function

ALICE

N

The correlation function:
P(pa' pb)
P(p,)P(pp)’

C(k™) =

XIV Workshop on Particle Correlations and Femtoscopy, Dubna 2019
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The Correlation Function

ALICE

The correlation function:

P(pg,
C(k*) _ (pa pb) ,
P(pa)P(py)
Experimentally obtained as:
N k*
C(k*) — N Same( *)
NMixed(k )
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The Correlation Function

ALICE

The correlation function:

—

P(pga
C(k*) _ (pa pb) ,
P(pa)P(pp)
Experimentally obtained as:
N k* *
Ck*) = N same( *) >k —
NMixed(k )
Given by:
C(k*) = JS(r,k*)h/)(r,k*)lzd?

—

‘ Source Relative Wave
Function
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The Correlation Function T|.|T|

ALICE

The correlation function:

—

P(pa
C(k*) _ (pa pb) ,
P(pa)P(pp)
Experimentally obtained as:
N k* *
Ck*) = N same( *) »k — 1
NMixed(k )
Given by:
Ck) = | SO kO dF

—

‘ Source Relative Wave
Function

N
k™ = pazpb andp, +p, =0

Assumption of a common source with Gaussian shape* for the
PP, PA, PZ, AA, pK, p>2 and p{2 Correlation Function

XIV Workshop on Particle Correlations and Femtoscopy, Dubna 2019
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The Correlation Function T|.|T|

ALICE

The correlation function: & @2

—

P(pga
C(k*) _ (pa pb) ,
P(pa)P(pp)
Experimentally obtained as:
N k* *
Ck*) = N same( *) »k —
NMixed(k )
Given by:
C(k*) = JS(r,k*)h/)(r,k*)lzd?

—

‘ Source Relative Wave
Function
k™ = Ipa;pb Iandp2+p,’; =0
Ass jon of a common source with Gaussian shape* for the
Strong PA, PZ, AA, pK, pXiand p{2 Correlation Function

constraint
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ALICE

2’ The Correlation Function

(D.L.Mihaylov et al. Eur.Phys.J. C78 (2018) n0.5,394)

The correlation function:

—

P(pga
C(k*) _ (pa pb) ,
P(pa)P(pp)
Experimentally obtained as:
N k* *
Ck*) = N same( *) »k —
NMixed(k )
Given by:
C(k*) = JS(r,k*)II/)(r,k*)lzd?

—

‘ Source Relative Wave
Function

N
k™ = pazpb andp, +p, =0

Strong
constraint

Ass jon of a common source with Gaussian shape* for the
PA, PZ, AA, pK, pXiand p§2 Correlation Function

N

correlations functions allow to study the interactions

XIV Workshop on Particle Correlations and Femtoscopy, Dubna 2019
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Lednicky Model TUTI

ALICE R. Lednicky and V. L. Lyuboshits, Sov. J. Nucl. Phys.
35, 770 (1982), [Yad. Fiz.35,1316(1981)].

[ ___ Scattering parameters __

Eff. range expansion
=> phase shifts

| Approximate solution |
Wave function

{ |

Correlation function

f5§k>
RGp

S S
>+2Rf ") py (QRA) — 2 1y (QRAY)

A A
VT RAP RAP

2
C(k) = ].—I—ZS Ps [% (]. — 2\/?Rép

might locally break down for small sources
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CATS — Correlation Analysis Tool Using the Schrddinger Equation TI.ITI

ALICE
(D.L.Mihaylov et al. Eur.Phys.J. C78 (2018) n0.5,394)

Source Potential
[ - Full

Numerically solve
the Schrodinger eq.
\
N

|

Correlation function

k-

Clh) = fS(?, O k)| dF 1

XIV Workshop on Particle Correlations and Femtoscopy, Dubna 2019
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%

Nl Small sources |: Small colliding systems and small distances TI.ITI

!

Pdf for a Gaussian Source Function (R; = 1.5 fm)

(D.L.Mihaylov et al. Eur.Phys.J. C78 (2018) no0.5,394)
%200_ \ ——0_3 {\ 05_
s r Yy . ~0.25% ] — EPOS
L 150 . - r.=0.55 fm
= - ] . 0
N ?0-2 i e Ty= 1.2 fm
100 —0.15 ' '
- ~10.1
50— ' ‘ -
0 E/ i “ 0
- —-0.05
-50— .
a —-0.1
:l Ll l L L.l l LA 1.l l LA 1.l l LA 1.l l L1 l LA L. 1 l Ll 1 l L L 1 l Ll l: : L . . \ *
o 05 1 1'5 2 2 3 35 4 4.5 5 t Lav" 1 L1 P T TR T SR TR TR SR Y SRR SR TR S N N -l
r* [fm] 3 4 5

Typical short range nuclear r (fm)

potential for pp

Small Radii provided by pp Collisions at the LHC (r ~ 1.2 fm)
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Small sources Il: Collective Effects and Strong Resonances TI.ITI

ALICE
Elliptic flow Radial flow Strong decays of broad resonances
7 4
b > .
<5 s + R
<P
Expanding source with .
anisotropic pressure constant velocity D, A, =, K are ‘fed’ by resonances
gradients within the source different effect on different with different masses and lifetimes
masses
. S
E 125_' LA L AL L L LA LA B B 'I_i
r:c‘E 1.1;— —i
03 E
3 E @ Strong decays of Specific resonances
0.8 3
07E E
0.6;— —i
055 !I - l1.12l l l1.l4l l l1f6l l l1.18l - é - l2.;
m; (GeV/c?)

A1V vvuinsiiup un raruuie Correlations and Femtoscopy, Dubna 2019

32

fol



Y
CATS - cCorrelation Analysis Tool Using the Schrédinger Equation

ALICE
(D.L.Mihaylov et al. Eur.Phys.J. C78 (2018) n0.5,394)

lm.ax

Yi(r) = i'(20 4+ 1) Ry (r) Pr(cost) up1(r) = rRy 1 (r)
[=0

QCur(r)  [2uVissi(r) 1A+ 1) ]

2
172 72 ) k= | ki (r)

Solutions in bins of k

Different solutions with fixed quantum numbers I, s, | and j

Shift can be extracted and compared to existing scattering data for pp
(benchmark)
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ALICE

CATS - correlation Analysis Tool Using the Schrédinger Equation TI_ITI

(D.L.Mihaylov et al. Eur.Phys.J. C78 (2018) n0.5,394)

fol

HIIIIIIIIIIII

0 (k) (deg)

-
=
—
=
=
—
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-
—
-
—
—
—
-
-
—
—
—
=
=
—
=
=
—
-
-
—
-
-
—
—
=
—
=

— [e) :

u © 3 ® Ratio to Usmani
[ : ® Ratio to NLO

| > T (ST
T (o ';IIIIIIIIIIII ) || ) TR
- 3 20 40 50" T00 120 40
LP1 k(MeV)

0 100 200 300 400 0 100 200 300 400

k (MeV) k (MeV)
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N/
CATS - cCorrelation Analysis Tool Using the Schrédinger Equation

ALICE
(D.L.Mihaylov et al. Eur.Phys.J. C78 (2018) n0.5,394)

lm.ax

Ui (r) = Zi’(zz+ )Ry ;(r) Py(cosh) ur.;(r)y = rRy (r)
[=0

up(r)  [2uVisejr) 1d+1) 5
dr?2 1i2 r? K| i (r)

Solutions in bins of k
Different solutions with fixed quantum numbers I, s, | and j are combined via
Clebtsch-Gordon coefficients
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CATS -

ALICE

Correlation Analysis Tool Using the Schrédinger Equation

(D.L.Mihaylov et al. Eur.Phys.J. C78 (2018) n0.5,394)

Example:

(Potential from Hatsuda et al., NPA967 (2017) 856, PoS Lattice2016 (2017) 116)

/>\ _’_T 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 |
S 40— 1=0,S=0 -
S [1=0,S=1 i
20— J1=1,S=0 ]
- |=1,S =1 :

0 S—
-20 I~ ro=1.41fm 17
_40 - —
L '--:.-T..u.n,,,,ﬂm é :
_60 . 0 i i i .51() i i i .160. i i .150. i i .200_
B 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 lk I(M?V/IC) 1 ]
0 0.5 1 1.5 2 2.5 3
r (fm)

Each Potential can be converted in a correlation function via CATS

1 3
C(k™) = 3 (CPZ + Ci0) + 3 (G5 + Cis)

N

XIV Workshop on Particle Correlations and Femtoscopy, Dubna 2019
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=

A look into different potentials

ALICE
200 200 \
150 _ |=0, S:O 150 I|l “‘.““ - |=0' S=0
— =0, S=1 —1=0, S=1
100 =1, 8=0 100 — =1, S=0
- 50 =1, S=1 50 =1, S=1
> >
Q 5]
= 0 = 0
S >
-50 —50/
o HAL QCD (t=12) -
- 150 - 150
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
r(fm) r(fm)

Huge different behaviour in the I1=0 sector ->we do expect large differences in the WFs
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Comparison of HAL-QCD and

ALICE

o

o
O'v'vv'vv'v‘v‘vv' v YT yYYY
"

>

fol

kK* increasing

>
} ——— ;
2 e 1O VAwe ) K 100 Nevie ok A 150 N
0. Sed HAL OCD 2N — ), ) HWALOCD A — . S MAL OCD
: oC b 0. S HAL OCD

SO ERCW

« M Se'ERCHS

Increasing k* -> approaching the same oscillating free wfs for both models
HAL QCD potential shows in this channel more attraction -> wfs always larger than ESC16
ESC16 wfs suppressed at small and intermediate (~ 2 fm) ranges due to the overall repulsion

XIV Workshop on Particle Correlations and Femtoscopy, Dubna 2019
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Comparison of the LO and NLO wave functions for pA (S=0) TI_ITI

ALICE

* L] L]
K* increasing
- 2 f' -
[+ 0 Me 'y £ 15 "= 150 Mo
- L0 LO '6; »0 L
\, K = 10 MaVie v
\\x:." e S‘:'(l LO l',v Ehmane 12 “. i
[ N $=0NLO
\
~ \'i

e The 1S5S0 channel is the one who has the most difference as expected
e (learly seen the NLO repulsive core -> wfs suppressed at small r

e the huge difference between LO and NLO occurs below 2 fm where our pdf sources (roughly
peaking at 2-3 fm) are not sensitive BUT at small k* (1st panel left) this is exactly what we see in the
correlation function -> NLO more attractive than LO

XIV Workshop on Particle Correlations and Femtoscopy, Dubna 2019
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Table of applications (pp and pPb collisions, 7,5 13 TeV)TuTl

ALICE

AV18 CATS
pA
Lednicky (Exclusion
A A Plot)
CATS
pK™T Jillich Model ~ CATS
_ Hyodo Model CATS
pK Jilich Model
ZO Julich Model Lednicky
p ESC16 Model ~ CATS
__ Lattice CATS
p= ESC16
Julich Model
Lattice CATS

p{)~  Kyoto Model

XIV Workshop on Particle Correlations and Femtoscopy, Dubna 2019
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Summary TUTI

ALICE

e EOS for Neutron stars with hyperons content can be built starting from 2- and 3-
body interactions

e ALICE delivered new results with unprecedented high statistics for many 2-body
interaction ( YN, YY, Kaon-N..)

e The 3-body problem should be attacked in the next future

So far:

1)- Mihaylov, D.L. et al. Eur.Phys.J. C78 (2018) no.5, 394

2) ALICE Coll., ‘pp,p-Lambda and Lambda-Lambda correlations studied via femtoscopy in pp

reactions at 7 TeV’, Phys.Rev. C99 (2019) no.2, 024001.
3) ALICE Coll.’ First observation of an attractive interaction between a proton and a multi-

strange baryon’, (submitted to PRL), arXiv:1904.12198.

4) ALICE Coll., ¢ Study of the Lambda-Lambda interaction with femtoscopy correlations in pp
and p-Pb collisions at the LHC’, (submitted to PLB), arXiv:1905.07209.

5)ALICE Coll., ‘Scattering studies with low-energy kaon-proton femtoscopy in proton-proton
collisions at the LHC’, (submitted to PRL), arXiv:1905.13470
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https://inspirehep.net/author/profile/Mihaylov%2C%20D.L.?recid=1657182&ln=en

CRAB — Correlation After Burner TI_ITI

ALICE

http://www.pa.msu.edu/~pratts/freecodes/crab/home.html

B . Lk
C(k) = fS(r,k)Iw,b(r,k)Izdr > 1

Potential
o Fut ]

Source
[

Numerically solve the
Schrodinger eq.
N

Present Limitations for

small distances

Correlation function

Ig ALICE week, 20 March 2018



ALICE
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Unconventional Femto-Gang@DUBNA
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