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Facts about Neutron St

additionally the study of strangeness
has some impact on the modelling of
neutron stars.

Hybrid Star
R o 1 O_ 1 5 km Spenarios with antikaon cqndensate is
disfavoured but actually this strongly
M i 1 5 M @ fjependls on the real antikaon-nucleon
T interaction
but there are other possibilities

Very high density in the interior
Strong magnetic fields

Rotating object emitting Synchrotron radiation in

Radio-Frequency (Pulsar character)
Mass measured in binary systems with White Dwarfs

(Shapiro Delay, WD Spectroscopy)

Mass (solar)

Radius Measurement very difficult

Masses ranging from 1.4 M@ to 2 M@

What is inside Neutron Stars??
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Speculations about Neutron Stars

NSE, universetoday.com

T * Hadron composition

— * Only Nucleons
e Antikaons-Nucleons condensate
* Nucleons and Hyperons
* Nuclear Pasta

* Jasagne
* spaghetti
) :" .". ,l * Quark star ( Color super-conducting
i 20/ 09)09) e c,t';::.:i strange quark matter)



http://universetoday.com

1) Equation of State (EoS): Dependency of the pressure upon the density

2) Given an object with a certain density the internal pressure must be compensated by
gravity

3) From P(R)=0 -> the relation M(R) can be determined for each EOS
as a function of the assumed density

L
n

Mass (solar)

It is not so easy to fix the density but the EOS
must cross the measured values of the masses!
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Strange Hadron Production in NS

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

Chemical Potential

chemical potential

S

= Er + mass

If the density increases also the Fermi Energy increases and hence the
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Strange Hadron Production in NS

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

Fermi Energy
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In order to have chemical equilibrium Uneutron — HA

In this case it is energetically favourable to convert neutrons into hyperons
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Strange Hadron Production in NS

el AR D
AntiKaons (us,m= 490 MeV)
Electrons(m= 511 KeV)

Fermi Energy

Chemical Potential U = F'p 4+ mass

S
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Strange Hadron Production in NS

el AR D
AntiKaons (us,m= 490 MeV)
Electrons(m= 511 KeV)

Fermi Energy
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Also in this case it can be energetically favourable to convert electrons into
AntiKaons.

Furthermore: AntiKaons are bosons and hence they dont undergo Pauli
blocking

S




Scenario Nr. 1: Kaon Condensate

Since hadrons interact with each others J. Schaffner and I. N. Mishustin
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it the ‘in-medium’ mass of K- drop within
dense nuclear matter it is even mote el

==== TM2, on-shell

favorable to produce strangeness TM2. off-shell

== (GLZ&S5, on-shell
= (GL85, off-shell
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No Pauli Blocking!
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Large Masses Issue and Strangeness in NS

Mass (solar)

\

Nucleons Strange Quark Matters

. \\MS
syt A\

7 10 11 12 13 14 15
Radius (km)

Production of strangeness is energetically favourable

It relieves the Fermi pressure of neutrons and protons

But... a decrease of the pressure softens the EOS

Decrease of the maximum mass of neutron stars

2 M neutron star measured

EOS cannot be too soft

Some EOS are disfavoured, for example Antikaon condensate

—
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Scenario Nr. 2: Hyperon Star
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Possible Processes:
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J. Schaffner-Bielich, NPA 804 (2008)
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This scenario might also be problematic since the hyperon appearance
implies new degree of freedom and hence a softening of the EOS
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Scenario Nr. 2: Hyperon Star

T Ne tron J. Haidenbauer, S. Petschauer et al.,
» u
& \“\\ . Nucl. Phys. A 915 (2013) 24
| .
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® Sechi-Zomet al
o Kadyk et al

Alexander et al.

Possible Processes:

AR R
ol N O S 4G
s el DT T G

A e S BT S s A

00 200 300 400 500 600 700 800 9S00
P (MeVic)

Ap scattering length extracted from scattering data and hypernuclei data for average Ap
potential

3
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Scenario Nr. 2: Hyperon Star

T Ne tron J. Haidenbauer, S. Petschauer et al.,
» u
& \“\\ . Nucl. Phys. A 915 (2013) 24
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Possible Processes:

phenomenological
potential

n+n—-n+A+K
p_|_€_ %A_FV@_ +K -20 400 600 800

pad ’ =0 P (MeV/ic)
ntnoptE +K |
heutron star matter

A e S BT S s A

It all depends upon the A-N and A-NN interaction and whether or not it has a repulsive
core
This repulsive core could stiffen again the EOS allowing for heavy neutron stars

3
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EOS with Hyperons

Lonardoni, et al. Phys. Rev. Lett. 114, 092301 (2015)
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A-N, A-NN Interaction, in particular
the short range repulsive part
determines the fate of heavy hyperon
stars.
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Equation of state of dense hadron matter

Study of the strange-hadron properties within nuclear

matter
Still a puzzle with many
Knowledge of the interaction is needed to etract an EOS

with neutrons and strange hadrons.

2/3-Body
Interaction
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Equation of state of dense hadron matter

Study of the strange-hadron properties within nuclear

matter
Still a puzzle with many
Knowledge of the interaction is needed to etract an EOS

with neutrons and strange hadrons.

e A -Nucleon
¢ A\ -Nucleon-Nucleon
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HADES at GSI

Fixed Target experiments, Eyi,~ AGeV

proton-proton proton-nucleus Heavy-ion Collisions g <2-3 0o

itk »
el W

-

T-proton m-nucleus

| = & ®

* ‘ T~ 80-100 MeV

Vacuum

mention that elementary
collisions have been alway:
considered mainly as refere
for the hic, where densities
beyond nuclear matter can
formed.

This is one of the role they
but there is more.

The reactions we are referri
here to happen at GeV, fixec
target and in particular the c
Im going to show refer to ..




The ALICE Experiment

Experiment at the LHC Collider
ptpat /s =17 13TeV

118
2 FMD/TOVO __

3TPC =

4TRD

5TOF —

6HMPID B

7EMCAL [

8 PHOS CP\INIESS

9 MAGNET

10 ACORDE

11 ABSORBER ,

12 TRACKING CHAMBER

13 MUON FILTER

14 TRIGGER CHAMBERS

15 DIPOLE MAGNET

16 PMD

17 COMPENSATOR MAGNET
18ZDC

Very good Particle Identification
Energy Loss measurement in the large Volume
Time Projection Chamber
+ Measurement of the time of flight
+  + Excellent secondary vertex reconstruction
capability
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Scenario Nr. 2: Hyperon Star

Possible Processes:

n+n—-n+A+K
Ofmta ittt g
n+n—p+2 +K
it et e DA PRI S '

core

- J. Haidenbauer, S. Petschauer et al.,

(- Neutron Nudi . L Phys. ansis (gusnl 24

400 600
P (MeVic)

neutron star matter

It all depends upon the A-N and A-NN interaction and whether or not it has a repulsive

This repulsive core could stiffen again the EOS allowing for heavy neutron stars
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A Hypernuclei and A-p scattering

U,(p=0) [MeV]

U~ -30 MeV (attractive)
from Hypernuclei
No idea yet about the momentum and
density dependence

>-Nucleon Potential

U (p=0) [MeV]

No Idea at all
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Femtoscopy in p+A/p+p reactions

p+Nb, 3.5 GeV

A

Interaction

proton

Surface where particles are emitted from
Kinematic Freeze-out surface

Attractive A p Interaction Repulsive A p Interaction

e -\
<~ >~
\
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Femtoscopy in p+A/p+p reactions

Attractive /\ p Interaction Repulsive Ap Interaction

SWN

We can measure Ap pairs, their momentum and hence the
distribution of the momentum difference.
The source properties are taken from simulations.

-> By looking at the distribution of the relative momentum we can
infer on the final state interaction among the two particles
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Correlation Function

Experimental Measurement

Theoretical Function

P(Pa,bPb) ~ [ d*zq d*xpS(Pa,a)S(Po,Tp)|Pret (P —DPa)|”
ﬁa)P(ﬁb) f d433a d4bea(ﬁaaxa)Sb(ﬁbaxb)

The theoretical function can be expressed in terms of the scattering
parameters assuming that the source can be parametrised by f.e. a
Gaussian function and that the correlation function does not provide
information about the short-range part of the interaction.




only 200.000 A/X but “clean” environment
better knowledge of the emitting source

large A and X statistics (~ 3 Mevt ) but
more complicated source to be described
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The Experimental Data

Examples of Correlations from Calculations

7, Wane anc S, Pratt, Phys. Rav. Lett. 83, 3JL38 (1L999) .

Strong Attraction C(k)>1

k (MeV/c)

Coulomb Repulsion C(k)<1
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Sources from UrQMD
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Source extraction from transport theory (UrQMD) - LCMS:
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C¥(k) = [ d*r'Sp () [o(k.t)[* k< 30 Mev/e
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Sources from UrQMD

Source extraction from transport theory (UrQMD) - LCMS:
C(k) = [d*'Sp(x))|o(k.v')|* &k < 30 MeV/c

Ap

10°; | 10°=
; o(rm)lp =2514fm ‘: O(I’w.)w = 2,620 fm

10°=
Colr,, ), =2.908 fm

10° -




L
it p-p correlation in p+Nb collisions at 3.5 GeV -

1.2 Billions evts

Information about the source - proton proton correlation function:

Extract source size: C“U(k) = N [ d&*r'Sp(x')|o(k,r’)|?

Potential used for strong interaction:
O Exp Vix) [MeV/e]

R, =2.016 + 0.010 fm — Fit
N =1.005 + 0.002

- I Re = 2.016 & 0.01070-03 fmI
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® Sechi-Zom et al.
o Kadyk et al.
o Alexander et al.

NLO x*/NDF = 5.59

g T T T

LO \?/NDF =6.91

T 1 g

TTTT] i

systematic of the error on the radius on
the theory

P B e a2
(1)00 200 300 400 500 600 700 800 900

P, (MeVic)

A-p correlation function obtained by subsituting the NLO and the LO
scattering length values in the Lednicky’s model.

Substitute scattering data!!
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ALICE data

p+p 7 TeV, RUN 1 ~250 Millions Events

Excellent Purity for AN Correlation

dN/dInvM (GeV/c?)"

1.1 1.12 1.13 1.14 1.15

0 02040608 1 12 14
InvM [GeV/c?]

K* [GeV/c]

Minijets background present for Baryon-Antivaryon correlation
Not there for Baryon-Baryon correlation
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p+p at much larger enersg

systematic error only on the
experimental data and extracted
paprameters, radius in this case

Lines represent the fit for the standard

p-p Correlation =

p-p sy =7 TeV

— femtoscopic fit

baseline fit

ALICE Preliminary

S e b s o e B s b
kK* [GeV/c] K* [GeV/c]
C(k Yoot = Ny (1+ Aop (C(K )pp—1)+ Apa <C<k*>pA—1>) Ok Joaseline

N~ —~—
0.76 0.16

C(k*)p/\,tot — Np/\ (1+/\p/\ (C(k*)pA_l)‘l')‘pEO (C(k*)pzo _1)+)‘p5_ (C(k*)pE_ _1)) C(k*)baseline

N~ N——" N——"
-.lbl:ﬁﬂ‘ _ \

0.53 0.17 0.10
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p+p at much larger energies (7 TeV)

p-p Correlation Ap Correlation

PP sy =7 TeV

—— femtoscopic fit (NLO param.)

| —— femtoscopic fit (LO param.)
baseline fit - baseline fit

— femtoscopic fit

ALICE Preliminary ALICE Preliminary

0.02 0.04 0.06 0.08 0.1 0.12 . 1 015 02 025
k* [GeV/c] K* [GeV/c]

RUNT1 Statistics
Factor 5 more available from RUN2 Statistics ( middle of 2017)
Extensionto Y’/YT/Z —p correlations
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p+p at much larger energies (7 TeV)

p-p Correlation Ap Correlation

N
PiYSW="7 TeV

PP 1S 5? candidates: 8406 + 768

me = 1193.14, o, = 2.31 [MeVic?)

— femtoscopic fit

baseline fit

ALICE Preliminary

PGD value

19.2 1.22
Invariant mass Ay [GeVicT)

0.02 0.04 0.06 0.08 0.1 0.12
kK* [GeV/c] RUN2 - LHC 16l (326M events, pass1)

RUNT1 Statistics
Factor 5 more available from RUN2 Statistics ( middle of 2017)
Extensionto Y’/YT/Z —p correlations

3
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Test-Bed for Lattice Calculations
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Simulation of the particle After-Burner.which Comparison with N
includes the relevant the measured " simulations
- -_— Interactions correlations to test full s

as those res
\ Tuning of /
the strong

calculations
100 200
Mnr= 470 MeV " 1 interaction k [MeVi/c]
AN('Sg) = 10[27]

3000

Production and Freeze-
Out coordinates

10

2500

2000

Hyperon-Nucleon Correlation
Hyperon-Nucleon-Nucleon
Correlation??

Mainly a matter of statistics

T. Inoue et al. Nucl. Phys. A881 (2012) 28
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Idea:

e Event generator (UrQMD or EPOS) or Gaussian distriburion for the
source sampling

¢ Schrodinger equation solver

Output:
Theoretical correlation function to be compared with the experimental
data
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CATS

Exact solution, no asymptotic solution (large distances) as in CRAB*

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

—g— Al |CE data (A=0.76)

—t—  EPQOS + Argonne V18

—m  (G2USS (1.30 fm) + Argonne V18
Baseline

CATS/Data



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

[ EPOS source

v Gaus source (roG =1.5fm)

Cauchy source (roc =0.5fm)

Cauchy Function:

The EPOS generator does not deliver a Gaussian source!
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Correlation: pp

Coll. system: pp @ 7 TeV
| ——e— ALICE data (A=0.76)
——a—  EPOS + Argonne V18
———  Gauss (1.30 fm) + Argonne V18

R . T
it I I
1 Il“ll'llo"’¢”

0 10 20 30 40 50 60 70

k [MeV]

pp correlation are obtained with
EPOS+CATS do not match the
experimental data.

But a Gaussian source + CATS
does it.

. CATS/Data |

EETTEL

80 90 100
Correlation: pA

Coll. system: pp @ 7 TeV
—— AL |CE data (\=0.53)
—t— EPOS + Usmani
—t—  (Gauss (1.30 fm) + Usmani

Baseline
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A — A Correlation

ND45S (E.-2.37 MeV) —  ND48 (E'-OA 19 MeV)
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CATS and HADES data

Correlation: pp

Coll. system: pNb @ 3.5 GeV
—e—— HADES data
——t—  UrQMD + Argonne V18
—t—  (Gauss (2.02 fm) + Argonne V18
Baseline

I
0

Correlation: pA
Coll. system: pNb @ 3.5 GeV
—e—=HADES data
——t— UrQMD + Usmani
——  (Gauss (1.62 fm) + Usmani
Baseline

g o

The agreement is more
reasonable for UrQMD+ CATS

—
O 71717
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Summary and Outlook

Hadron-Hadron interactions have to be understood in detail to
compute a realistic EOS for neutron stars

New tools to study Hyperon-Nucleon interaction:Femtoscopy in

elementary reactions
pp and Lambda-p correlations studied with the HADES and ALICE

data.
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