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Neutron Stars TUTI

ALICE
SOF T T T T T T TTr U T T T v X T TN ) .
e ATMREREE - Observation from X-Ray measurements of binary
— SAX J1748.9-2021
2 5L — EX01745-248 MPA1 4| Systems:
— KS 1731-260 AP4 N
= » Neutron star massesm > mg and radii between 5 —
_ e ] 15 km
®
3 . :
@ 151 1| * From Shapiro Delay Measurements of binary
©
= 10k ST | syste INMS: (PDemorest et. Al, Nature 467 (2010), pp. 1081-1083)
» Neutronstarm = (1.97 + 0.04)mg,
0.5} F . :
SQM1 - * Large nucleon chemical potential (0 > py)
00k 0 o+ v v vy
0 5 10 15 Hyperon production becomes
Radius (km) * : : —
energetically possible?e.g. A, &, X

Ozel et al. 2015 (arXiv:1505.05155v2)
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The Equation of State (EoS) TUTI

ALICE

* Interaction potential between

hyperons and neutron matter 40 ———

governs the onset of production and 120 | | =

behavior of the EoS 100 | I P

* Quantum Monte Carlo study of - .

pure nuclear matter and hyper - - o _ .

neutron matter w0 _ O

> Attractive AN interaction softens 0

EoS 20

» Repulsive ANN interaction stiffens N S

E0S 0.0 0.1 0.2 0.3 0.4 05 0.6
p [fm"]

D. Lonardoni, A. Lovato, S. Gandolfi, F. Pederiva Phys. Rev. Lett. 114, 092301 (2015)
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Mass — Radius Relation of Neutron Stars TUTI

ALICE

* EoS allows to solve the Tolman-

Oppenheimer-Volkoff Equations

» Mass Radius Relation 54 PNM

28 ————————————————————

I PSR J0348+0432 ]
2.0 RN R

AN + ANN (1) PSR J1614-2230

* Repulsive 3 body interaction shifts
onset of hyperon productionto

larger densities and allows for higher 3 16 }

masses = :

, = 12t

* Not well constrained :

0.8 |

* To understand the role of hyperons :

in neutron stars more constraints on 0.4 |
the hyperon-neutron force are OOZ ]
needed ' 11 12 13 14 15

R [km]
D. Lonardoni, A. Lovato, S. Gandolfi, F. Pederiva Phys. Rev. Lett. 114, 092301 (2015)
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Global Proton-A Scattering Data TUTI

ALICE
Ap -> Ap
* Data from scattering experiments from B I A A
1968 and 1971 in bubble chambers : R
K +p >50+1050 5 Aty .
* Production threshold for A’s: p = 100 MeV Exo ]
LO

Different type of measurement needed to
obtain constraints at low momentum

100 —

* Can we use Femtoscopic measurements?

0 1 1 1 1 1
100 200 300 400 500 600 700 800 900

P, (MeVic)

LO: H. Polinder, J.H., U. MeiBner, NPA 779 (2006) 244
NLO: J.Haidenbauer., N.Kaiser, et al., NPA 915 (2013) 24
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Nuclear Collisions TUTT

ALICE
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Nuclear Collisions TUTT

ALICE
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Particle Production TUT

ALICE
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Particle Propagation TUTI

ALICE
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ALICE

The Correlation Function

Theoretical formulation of the Correlation Function:

. .. _ P4, pp)
“PeP) = P mr)

Source

.

= (k) = f SGEOWE K| dF

Wave Function

‘ If we know about the source, we can learn about the interaction

Fix the parametrization of the source by fitting the pp and Ap Correlation
Function simultaneously to test different models of the pA interaction
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Small Source -> Repulsive Core TUTI

ALICE
Pdf for a Gaussian Source Function (Rg = 1.5 fm)
<200 —
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The pp Correlation Function TUT

ALICE

* Governed by: Vi) Mev/d
* Coulomb Interaction IR E -

* Strong Interaction
* Quantum Statistics

. . . x[lfm]
* Koonin Fit Function
* Assumes a Gaussian source of size Rg -

2
r
_ 3 12
C(k) = f dr ¢rel(r, k)eXp <— W) = 45
G (‘_)’ 4 .
2 Gaussian Source
S. E. Koonin, Phys. Lett.B70(1977) 43 3'5§_ —r=3fm
S. Pratt et al., Nucl. Phys. A 566 (1994) 103c 3 N
255 —r=15fm
. v g 2
* ¢, fromsolvingthe Schrodinger 156
Equation with the known potentials =
for the Coulomb and Stronginteraction o
0 002 004 006 008 01 012 0.14 0.16
PhD Thesis O. Arnold q [GeV/c]
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The Ap Correlation Function

ALICE

- Governed by:
* Strong Interaction

. C(q)
* No Coulomb Interaction 2.5
- Lednicky model )0
* Assumes a Gaussian source of size R '
* Based on the effective Range expansion s
* Theinteractionismodeled usingthe '
scattering length (f,) and the
effective range (d,)
R. Lednicky and V. L. Lyuboshits, Sov. J. Nucl. Phys.
35, TT0 (1982), [Yad. Fiz.35,1316{1951)].

5 |?

Ap
}%G

(7(k0 = 1—FZE:E;[H§ [% -;E¥E¥§;

Workshop on anti-matter,

Gaussian Source,
—r=3fm
—r=15fm

[MeV/c]
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S S S
(1- ) + 2L RUQRY) - HP R (QRYY)
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The Ap Correlation Function UM

ALICE
- Governed by: AP > Ap
* Strong Interaction 300 [T
* No Coulomb interaction _ o Socnzomta.

o0 Alexander et al.

- Lednicky model
* Assumes a Gaussian source of size R

* Based on the effective Range expansion

200

& (mb)

* Theinteractionis modeled usingthe moh
scattering length (f,) and the
effective range (d,)

R. Lednicky and V. L. Lyuboshits, Sov. J. Nucl. Phys.
35, 770 (1982). [Yad. Fiz.35.1316(1981)]. ol L L L Amed

P, (MeVic)

/ An expression containing f,

2 S S

S
Ck) =142 g ps [é g0
G
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Choice of Parameters: LO vs. NLO

ALICE

* Calculations based on an chiral effect field theory calculations
* Discrimination of the two models not possible due to
the lack of data

* NLO predicts a repulsive core of the interaction potential

NLO LO

40

30

[\v]
o

-
o

d (degrees)

-10

) |
200200

| |
400 600 800
P (MeV/c)

Nucl. Phys. A915 (2013) 24-58,
arXiv:1304.5339
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A Large lon Collider Experiment

ALICE

pp 7 TeV

* Tracking and Particle Identification
(PID) of charged particles

*[n|l < 0.9

» 21 coverage in the azimuth

* Inner Tracking System (ITS)
* Time Projection Chamber (TPC)
* Time of Flight (TOF) System

Workshop on anti-matter, hyper—-matter and exotica production at the LHC
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The Experimental Correlation Function TUTI

ALICE

57 = P(Papy) _ . Nse(k)
@ EP2 ™ P(pa)P(pp) Nyg (k)
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The Experimental Correlation Function TUTI

ALICE

57 = P(Papy) _ . Nse(k)
@ EP2 ™ P(pa)P(pp) Nyg (k)

A \i A \ic A \ i

Pair of interest Pair from feed-down Pair from mis-identification
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The Experimental Correlation Function TUTI

ALICE
> > 1)‘zI)CL!Ijl)) 1\(312<:AC)
C(p,, v, = =N =1, C; (k)| +HA,C, (k) + -
Pa: Py P(Pa)P(Pb) Ny (k) ! °2

Correlationfunction of interest J | |

Contributions from impurities, secondaries etc.

A Parameters can be related to measured single-particle quantities,
e.g. Purity P or feed-down fractions f

(PhD Thesis of O. Arnold - https://www.das.ktas.ph.tum.de/DasDocs/Public/PhD_Theses/arnold-oliver_thesis.pdf)
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Decomposition of the Correlation Functions  TUTI

ALICE

{pp} = pp + PAP + PAPA + PP + PsiPs+ + PAPs: +DP+ DD .
{pA} = pA +pAz +pAgo + pAso +ppA +prAz

+ pAAEO + pAAzo + p2+A + p2+AE— + Py+ AEO + p2+A20 i;ll‘ Z;roentage %

+pA + pA + PA pAz 10

pAEo 10

Secondary contributions from measurements pAso 16
Pair Percentage % PAA 5
pp 75 PAﬁg— 1
PAP 16 pAAEO %

1 Pafiyo

PAPA p2+A 0
pE*‘p 6 PE+A:— 0
Px+Ps+ 0 pg+AE_-o |
Px+Pa 0 PyiAyo 2
pp 2 pA 1
pp 0 pA 2
pA 0
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The p-p collision system TUm

ALICE

* MiniJet Background not present for baryon baryon pairs

pp Correlation Function

* Evolution of the system is better .
O
5 4

understood compared to Pb-Pb

Gaussian Source

» Same freeze out times and source size for 3 e

N
&)
IIIIIIlllllllllllllllllllIlllllllllllllll

all particles '2

* Small source sizes 15
1

» Stronger signal 0s

coe b b b b b b Ly
002 004 006 0.08 01 012 0.14 0.16
PhD Thesis O. Arnold CI [GeV/C

O

» Sensitivity to the shape of the potential

Workshop on anti-matter, hyper—-matter and exotica production at the LHC




The pp and Ap Correlation Function TUT

ALICE
.NLoandLOParameterS ;\4n||||u|||||||||||||'|.. ;-\ _- ||||||||||||||||||||.|_
= 35 ALICE pp Vs =7 TeV ] =< 7r ALICE pp Vs =7 TeV ]
. S 3. pp Ys=7TeV - < i pp \s=7Te
show different features O fopp =130 £0.02 +0.02fm 1 O fonp = 1.30 £ 0.02 + 0.02 fm ]
3 }  pp@pppairs E 1'8: } oA ®pA pairs _
at IOW k* 25 DSyst. uncertainties _f 1 6" DSyst. uncertainties _-
m— Femtoscopic fit E i = Femtoscopic fit (NLO params.) |
* More statistics are 2 ~ — Basaiine i E 1.4 — Fomoscopc 1 (0 params) ]
1.5 i - = Baseline fit
required to distinguish 1 1.2F

between the two o.5§—[fF - | S
G:'""""""""""": o) P IR U B B N
calculations 0O 0.02 0.04 0.06 0.08 0.1 0.12 0 005 0.1 0.15 O. 0.25
* LHC Run 2 k* [GeV/c k* [GeV/c

* Other collision systems e.g. p-Pb
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Fit Decomposition TLUT

ALICE
pp © PP pA @ PA
;\ 4 [T rrjrrrrrrreererrerrr T L | :'\ rrrrJrrrrprrrrrerrrrre | “
< ¥ = Femtoscopic fit x 2 B == Femtoscopic fit
O 35F @)
C - Femtoscopic fit pp == Femtoscopic fit pA
3F == Femtoscopic fit pp 15 B = Femtoscopic fit pAy
2.55 ~ ~ Baseline fit I — Femtoscopic fit pA
- - Baseline fit
2L 1+
1.5F
W == 0.5} a
0.5F v
O-lllllllllllllllllllllll- Ollll ' | ||||||||||||||“
O 002 004 006 008 0.1 0.12 0 0.05 0.1 0.15 0.2 0.25
k* (GeV/c) k* (GeV/c)

? Any Sensitivity to the repulsive core of the potential?
Included in pp not in Ap currently.
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ALICE

ALICE Phys. Lett. B717 (2012). nn. 151—-161. Neutral Kaons femtoscopy
ALICE Phys. Rev. D87.5 (20 Charged Kaons femtoscopy

'g‘ 2.5 i LI I LI I LI I LI I LI I LI I LI I LI i

w— R A mml=Ny, =11 v an N, >11 ]

O - O KKe1=N, =11 ®m KIKIN, >11 ]

2 0 K'KM1sNy <11 ¢ K'K"12<N, <22  —

i ¢ KTKN, > 22 ® Ap+pp i

1,55 | -

~L ]‘ t ]

BT TR

l 1 4

N Ly i%l ]

0.5 - % ]

-I L1 I L1 1 I L1 1 I L1 1 I L1 1 I L1 1 I L1 1 I 11 I-

0
O 02 04 06 08 1 12 14 16
m, [GeV/c?]
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The AA Correlation Function TUT

ALICE
1 'Oﬁ; Au-Au, /5 = 200 GeV
095 5 —=— STAR data
g 008.2§ — Lednicky model
O - f ......... Baseline
0.8 A =-0.04£0.00 | a,=-110:0.00fm | Rg=2.96:0.00 fm
0.75- Free=043:0.00fm | r,=8.5240.00fm | A, =0.18+0.00
0.7 N = 1.00620.000 12, =293
0.65: ! | | I | | | | | ! | | | | | | | | I |
0 50 100 150 200 7,%7\ .
Adamczyk et al. (STAR Collaboration),
PRL 114 (15) 022301 7k [MeV]

* Analysis of the AA correlation functionin Au-Au Collisions (STAR):
* Fit of the Lednicky Model with an additional residual term as a free parameter
* Results in a slightly repulsive interaction (a, < 0 fm)

* Modeled correlationfunction does not describe ALICE Data with an adjusted source

Dark Matter
Messengers
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The AA Correlation Function TUT

ALICE
1.05- — 2r
15 AU-AU, \/§ = 200 GeV ’ 8: p—p,\/E =7TeV AA+AA (ALICE preliminary)
s i -k 8y =-1.10 fm R, = 1.30 fm
0'955 —=— STAR data 1'6: A =032
0.9 L Iy =8.52 fm A=
g . 8'5-:- —— Lednicky model g 1 -4: off 2 =371
O 0 e Baseline o 1 .2:*
A 8y, = -0.040.00 a,=-1.10:0.00 fm | Rg=2.96+0.00 fm 1 M |
0.75- Free=043:0.00fm | r,=8.5240.00fm | A, =0.18+0.00 08 azy =
0.7 N = 1.006£0.000 12, =293 06
0.65:“"“"“"“"“"‘ L~ ]
0 50 100 150 200 TQ‘T_A . 0 50 100 150 200 {*]
Adamczyk et al. (STAR Collaboration),
PRL 11?(‘15) 022301 | K [MeV] k [MeV] ALICE

* Analysis of the AA correlation functionin Au-Au Collisions (STAR):
* Fit of the Lednicky Model with an additional residual term as a free parameter
* Results in a slightly repulsive interaction (a, < 0 fm)

* Modeled correlationfunction does not describe ALICE Data with an adjusted source
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The AA Correlation Function TUT

ALICE
10557 A0-Au, V5 = 200 GeV 2 -
" u-Au, /s = € 18 p-p,+/S =7 TeV AA+AR (ALICE preliminary)
- e T a =121 fm R, =1.30 fm
0.95 —=— STAR data 1.6- ' o
0.9- L r, =4.57 fm AT
g 0 855 — Lednicky model g 1 -4: eff 22 =095
O = A Baseline ®) 1.25?
0-8; e = -0.0910.01 a, = 1.2110.00 fm R =3.0310.77 fm 1- | $ $ _Eﬁﬁ__agp_—aa—_eﬁ_ -
0.75- Free = 0.8040.06 fm | r,=4.5740.00fm | A, =0.18+0.00 08 ‘ﬁ‘ - Baal
0.7 N = 0.993+0.002 12, =249 0.6
065+ T o e L T h ey
0 50 100 150 200 0 50 100 150 200 (*)
k [MeV] R k [MeV] ALICE

 Reanalysis of the data (k. Morita et al., T.Furumoto, A0 PRC91(‘15) 024916) finds an attractive interaction (ag > 1.25 fm)
* An attractiveinteraction allows to describe both STAR and ALICE data

* Larger statistics of Run 2 could yield a conclusive answer

N, o Workshop on anti-matter, hyper—-matter and exotica production at the LHC




Lednicky Model

ALICE

 Source Potential
[ 1 [ Scaterng parameters

Eff. range expansion
=> phase shifts

| Approximate solution

Wave function

N
Correlation function
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CATS - correlation Analysis Tool Using the Schrodinger Equation T”TI

ALICE http://www.denseandstrange.ph.tum.de/index.php?id=78

k-0
C (k) = fS(?,mlw(F,k)lZd? 1
. Source |

| Numerically solve the
Schrodinger eq.
Wave function
NV

Correlation function

Workshop on anti-matter, hyper—-matter and exotica production at the LHC




Phase Shift calculations for pp (S = 0) TLTI

ALICE

70 === CATS+Reid
60 -
50
40

—¥— Data for pp (S = 0)|

30
20—

o(k) (deg)

0 50 100 150 200 250 300 350 400
k (MeV)

* Using CATS phase shifts 6; can be extracted for any given potential
* Comparison to global data

Workshop on anti-matter, hyper—-matter and exotica production at the LHC




Cross section calculations for Ap

ALICE
600: —— CATS+Usmani
. 500=— —&— Exp. data
o) —
é 400: —&8— Ratio
< 300
< —
tf— ENDC)E
100—
15—
fe I
5 4 '|'+ T -, 11
B | | + J +‘!‘ "l' ||
0O 20 40 60 80 100 120 140
k (MeV)

* Ap cross sections for any given potential can be extracted

* Comparison to global data

Workshop on anti-matter,

hyper-matter and exotica production at the LHC




Comparison CATS to Lednicky TUM

ALICE
‘ CATS: 4 — Correlation: pA
 UsmaniPotential for the 35 - Gauss source 2.00 m
. . - @ CATS
Interaction 3:_ === |_ednicky
* Gaussian Source =z 25= Baseline
© 22—
* Lednicky: 1 5E
* Scattering parametersand =
effective range obtained from a2 T ToATS Lodnicy
: : 1.4
the Usmani Potential 2 )
Wang and Pratt, Phys. Rev. Lett. 83,3138, 1999 - 0 95_

.......................................
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Comparison CATS to Lednicky TUM

ALICE
° CATS: 4 Correlation: pA
. . — Gauss source 1.30 fm
* UsmaniPotential for the 35—
] . = ——— CATS
|nteraCt|0n 3: =g |_ednicky
* Gaussian Source = 25 Baseline
© 2
* Lednicky: 1 5E
* Scattering parametersand 1-
effective range obtained from S— T Teasteome
the UsmaniPotential 2 1'1;.,—
Wang and Pratt, Phys. Rev. Lett. 83,3138, 1999 o 0 95_ o
* Agreement within 4% for a 0 20 40 60 80 100 120 140 160 180 200
source size R = 1.30 fm k (MeV)

* Corrections for small source
sizes in the Lednicky Model play a role

Workshop on anti-matter, hyper—-matter and exotica production at the LHC




Comparison to Data TUm

ALICE
. Correlation:
» CATS allows to describe 6 Coll systoms o ® 7 Te
experimental data of our ALICE 5 e o ALICEdala (076, 1,,-010)
. - —— + Argonne V18
ana|ySIS 45_ ¢ -H—-H- ¢ . —e—— Gauss (1.30 fm) + Argonne V18
° |n9ut 1: S—/ 3%»_ -B-H—. . . Baseline
- Argonne V18 Potential o ¢ ° Taele,
* Gaussian Source function with 13_;_ ""‘"-:—3-8—8—8-0-4_0_0__._._
R =1.30 fm g_E L
16T
o Ingut 2: | ° E H P H H { IH " g § b ; ‘ * * CATS/Dita
* Argonne V18 Potential é:‘ﬁ s ﬂﬂﬂﬂﬂg,",,v,tviviit )
* Source Distributionfrom EPOS -
0 10 20 30 40 50 60 70 80 90 100
» EPOS notsuitableto describe the K (MeV)

source
Argonne V18 potential and data: Phys. Rev. C 51, 38
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Future prospects of Femtoscopy

ALICE

TUTi

- Reduce degrees of freedom by

fitting different collision systems (pp
7 and 13 TeV and pPb at 5 TeV) at
different energies at the same time

> Scattering experiments:
intermediate region outside the core
of the potential

* Femtoscopy: pairs are also
produced in the region inside the

core
» Access to the shape of the potential?

Gaussian Source Function (Rg = 1.5 fm)

=200 —
3 [ \ ‘ 503
= : e - 4
= r —0.25”
g, 150 — -
- —0.2
100 —0.15
- 0.1
S0
N —0.05
0 E/ -0
50 - Typical short range nuclear potential = -0.05
- —-0.1
:l Ll l L L Ll l LA Ll l LA L.l l LA L1 l LA L1 l LA L1 l LA Ll l L L L l Ll l:
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
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Summary and Outlook

ALICE

» Femtoscopy in small systems is feasible

»New method to calculate different contributionsto
the total correlation function based on single particle
properties

» Modelling of the correlation function with CATS

» Analysis of Run 2 Data in p-p at 13 TeV and p-Pb Collisionsat 5 TeV ongoing
» Additionally obtain the X and = Correlation Function

» Universal and Robust Femto Analysis Tool
» Fit the correlation function of various systems simultaneously in combination with CATS

Workshop on anti-matter, hyper—-matter and exotica production at the LHC




ALICE

Thank you for your
attention!
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Considered Shapes %]

ALICE

Study of the theoretical prediction for the p>° correlation in

https://indico.cern.ch/event/562339/contributions/2271695/attachments/1322381/1983690/oarnold_Update_Lamb

daP_aug100816.pdf —_——
— < (measured) p— 29 (modeled)
= 4r
© 55F Hint of Coulomb? I
sb Use phenomenological ~
05 function for parametrization 15¢
exp(—kRg) :
- C(k) =1 14
25 () " kR¢
1.5% 4 . 13:
L o
0.8 6705"0.10.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
k [GeV/c) 1
A p— A (measured) '.'-_:‘-.__
flat! os:l-_-llll--llll..JllllAllll.l-lll-x-llll‘
O 005 041 015 02 025 03 035 04
+ k [GeV /c]
=N = gy O .
+ fpte ettt arXiv:0704.3290
D S SPS RS S DS S Lo e | http://inspirehep.net/record/1283372
4
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Pythia low k*

Workshop on anti-matter,

ALICE
L 1 C L DL L L B B IR B
ALICE pp Vs =7 TeV = % °F ALICE pp \s =7 TeV E
t pp © pp pairs E 1.8F ¢ PA @ PA pairs -
----- Baseline fit 3 1.6 - - - -- Baseline fit -
¢ . : N
By = 1.4F .
) . - ]
R E 1.2~ —o- -
‘"’1- et . B e -
..... P Sy o = 55 Oup o - - L e —4
E$ A +__*+;J+*_4* i S S * ] 1:__________ ____EE?L:é__W* ' E
o | T | = 0.8 B '_*r_ —
. 0.04 0.06 0.08 . 0.1; - T
k* [GeV/c] 0 0.1 0.15 0.2 o.2§
K* [GeV/c
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Pythia high k*

ALICE

4_' T r[rrr[rrr[rrrrrr[rrr[rrr] ;-\ B N DLELEL DL BLELEL BLELELE BLELELE DL LR DL LN
u ] X 2 —
3 5F ALICE pp \s =7 TeV = 5 - ALICEpp Vs=7TeV . oo®
5F - - o
- ¢ pp ® pp pairs . 1.8 ¢ PA @ DA pairs o
3 i Pythia 6.421 E - 4 Pythia 6.421 .00'. ]
5 5F ————— Baseline fit = ' -~~~ Baseline fit ,.0" " 3
. ] ® e + _' ) .
°F aatiil- o*° shik b :
- - 1 2 *® ahhh —
1.5 “ MMMAA“‘E ... o** . aak E
. . 1 0*“‘¢¢A aatan, At -
1 ] ]
3 . 0.8_— -

[ —] 1 i BN B R A BT AN T BT R
0.50—"b|2”bl4'blé'blé"|1"'1I2'"1|4"'1|é"1|é'—2 070204 06 08 1 12 14 16 18 2
K* [GeV/] k* [GeV/c]
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