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Neutron Stars

ALICE

* Neutron stars
* Composition of the interior not well constrained (high densities)
e Equation of State depends on constituents and interactions

among them

* Possibility of hyperon star?
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Neutron Stars

* Neutron stars
* Composition of the interior not well constrained (high densities)
e Equation of State depends on constituents and interactions
among them
* Possibility of hyperon star?

* With increasing density hyperon production might become
energetically favourable

e At large densities Y=Y interaction can play a role

e Can be modeled as effective  meson exchange
S. Weissborn et al., Nuclear Physics A 881 (2012) 62-77
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Meson exchange *

S. Weissborn et al., Nuclear Physics A 881 H LIC E

(2012) 62-77
2.]. 1 I
* ¢ meson as mediator of the strong repulsive force between
hyperons
. . . . With 2
* Including repulsive Y=Y interaction leads to stiffening of the EoS ith ¢
Without ¢
1.9 +
E
s 18}
=
1.7 } :
1.6
1> 9 10 T 12 13 14

R [km]
Emma Chizzali | STRANU2021 7



Meson exchange

* ¢ meson as mediator of the strong repulsive force between
hyperons

* Including repulsive Y=Y interaction leads to stiffening of the EoS

e ALICE correlation measurement of p—=" validate HAL QCD
calculations = In PNM U: slightly repulsive ~ 6 MeV
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Meson exchange

2.1
* ¢ meson as mediator of the strong repulsive force between

hyperons

. 2
* Including repulsive Y=Y interaction leads to stiffening of the EoS With ¢

* ALICE correlation measurement of p—=" validate HAL QCD Without ¢
calculations = In PNM U: slightly repulsive ~ 6 MeV

M/ Msolar

* From theoretical calculations assuming SU(3) symmetry

22
29pn = — 73 Yon and gon X ggn 2 g OC 17}
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Correlation function

%)
1 : Nsame (k™) k*—o00
C(k*) =f Dk O] a3 = > 1
| Nmixed(k*)
\ J \ J
| |
theoretical definition experimental definition

: « 1 * * Xy x
Relative momentum k™ = 5 | p1 —p2 land p;1 +p5 =0

Relative distance r* = 1" — 15
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The source

* Source constrained from pp pairs (well known E 14
interaction) 2 in

 Gaussian core from which particles are emitted is =
effectively increased by short-lived strongly decaying 1.2
resonances (CT = r,..) i

e Use universal source model to get p- ¢ source

1
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ALICE pp Vs =13 TeV
High-mult. (0-0.17% INEL > 0)
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The source %

ALICE

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

4 | 3 Gaussian + Resonance Source

* Source constrained from pp pairs (well known
interaction)

e Gaussian core from which particles are emitted is
effectively increased by short-lived strongly decaying 1.2
resonances (Ct = r, )

e Use universal source model to get p- ¢ source

1.4

I,

rcore (fm)

Z

1.3

1.1

lIllllllllllllllllllllllllllllllllllll

: ) = =
* Gaussian core source scales with <m> 0.9 - &IP7P = =
= =
* lee=0.9810.04fm 0g E EEIP-A(NLO) _
: : . & p-A (LO) \
* Exponential tail from resonances 07 E & —

L PR T T T WO T N (T NN MO NN T NN WY UNN NN NN
1.2 44 18 2 22 24 26
(m_) (GeV/c?)

—h
o

* no relevant contribution from strongly decaying
resonances feeding to the ¢

* Sizable amount of protons from decay of e.g. Delta <my 4> = 1.66 GeV/c?
resonances (only ~¥33% primordial protons) P

* effective Gaussian size: rys=1.08 £ 0.05 fm
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Analysis

* ALICE provides excellent PID by means of TPC and — combined fit (signal + bkg.)

TOF

* Proton detected directly
e Proton purity of 99% with primary fraction 82%

ALICE
 LHC Run 2 data (2016-2018) . x10°
* High-multiplicity (HM) pp collisions at Vs = 13 TeV § o] ALICEpp 15 =13 TeV 0> KK _
* About 1 billion events %
* Enhanced production of particles with hidden and — 1.2GeV/ic<p <13 GeV/c
open strangeness \7,/1 L= o unlike-sign pairs _
5
o
@

- - - fitted background

¢ candidates reconstructed from¢ —» K*K~
* p;integrated purity of 66%

pair yield with k*¥<200 MeV/c 0 | . | , | | | |
5—¢  3.61x10° 1 1.02 1.04 1.06 1.08

_ 2
p—¢ 4.17x10° My (GeVIE)
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CF model

ALICE

Cexp(k*) — Cp—c[) (k")
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Experimental p-¢ correlation function %

https://arxiv.org/abs/2105.05578 HLICE

-~ 8777 1
=. - .
O ,sE ALICE pp Vs = 13 TeV E
E High-mult. (0 = 0.17% INEL > 0) 3
12F 07<5;<10 —
- o p0 @ P9 .
1.15 F —
1.1 + —
1.05 =
- Lo} -
- :4}:“,};03:0: :0}01010, o a
1 :— o ::O-fﬂ{(}t(}ro;{}:oi{}f'o’:{}::otag
- L L 1 I 1 L L I L L 1 I 1 L L I L L 1 -n

0 ?OO 400 600 800 1000
attractive p-¢ interaction? k* (MeV/c)

enhancement = additional contributions to CF besides genuine p-¢ interaction

Emma Chizzali | STRANU2021 15


https://arxiv.org/abs/2105.05578

CF model

ALICE
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CF model %

ALICE

Cexp (k™) = Cnon—femto (k™) - Cfemto (k™)
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CF model %

ALICE

Cexp (k™) = Cnon—femto (k™) - Cfemto (k™)

4 )
Background (non-femto)

e auto-correlations (minijets)

* energy-momentum conservation effects
- /
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CF model %

ALICE
*\ * *
Cexp (k ) — Cnon—femto (k ) ) Cfemto (k )
4 N 4 )
Background (non-femto) Contributions from FSI (femto) quantified by
e auto-correlations (minijets) purity (P; ) and feed-down fractions (f; ) via
* energy-momentum conservation effects Aij = P1-fi, - Pa-fj,
- ) N J
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CF model

Cexp (k*) = Cnon—femto (k™) - Cfemto (k™)

/
Background (non-femto)

e auto-correlations (minijets)

* energy-momentum conservation effects
-

\

)

ALICE
4 I
Contributions from FSI (femto) quantified by
purity (P; ) and feed-down fractions (f; ) via
Aij = Pr-fiy P2 £
 Genuine p—¢ (46.3%)
e Flat contribution from misidentified and
secondary protons (10.4%)
 Combinatorial background from
misidentified ¢ mesons (43.3%)
\ J
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CF model

Cexp (k*) = Cnon—femto (k™) - Cfemto (k™)

/
Background (non-femto)

e auto-correlations (minijets)

* energy-momentum conservation effects
N

\

)

ALICE
4 I
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Minijets %
ALICE

* Present in previous meson-meson and meson-baryon analyses

e Auto-correlated p and ¢ emitted in jet-like structures
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Minijets %
ALICE

* Present in previous meson-meson and meson-baryon analyses

e Auto-correlated p and ¢ emitted in jet-like structures

* Less pronounced in spherical events
* Event shape classified by transverse Sphericity S,

* Caluclation from eigenvalues A; = A, of Transverse Momentum
Matrix:

2
1 1| Pxi  DPxiDyi 21 \ \
e rn | B s S

ST]-

Y41 S 2
2;PTj" PTi PxiPyi Pyi

* In this Analysis: 0.7< 5;<1.0
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* Present In previous meson-meson and meson-baryon analyses

* Auto-correlated p and ¢ emitted in jet-like structures

* Less pronounced in spherical events
* Event shape classified by transverse Sphericity S,

* Caluclation from eigenvalues A; = A, of Transverse Momentum
Matrix:

225
Ai+Ay 7

My, =

2. . .
1 1 [ Pxi pxlpyl ST = [0,1]

| > 8, =
Zjprj "t pri PxiPyi pjzli ]

* In this Analysis: 0.7< 5;<1.0
* Residual minijet background well described by Phytia 8
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Non-femtoscpic background

ALICE
T 14 | ' ' v | ' ' ' | b ' ' |
=
4 o ) O 1.35 ALICE pp Vs = 13 TeV
High-mult. (0 - 0.17% INEL > 0)
0.7<8;<1.0
© poep-
K g Cbkgzcminijet'l'cbaseliny
o oI To PN
]EOfDJcOtD;O;Qi{}IO:‘OJc{}fDI
0.95 1 1 1 | 1 1 1 | 1 L 1 | 1 1 L | 1 1 1
0 200 400 600 800 1000

k* (MeV/c)
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Combinatorial p-K*K-background

ALICE
x10° ALICE Collab., Eur.Phys.J.C 81 (2021) 3, 256
* ¢ candidates reconstructed via N R — o > K'K
. . S = e
invariant mass of K*K [ \ S 2 PP i
e \
P K E I 1.2GeV/c<p_<13GeV/c
K- T\,;1 5 © unlike-sign pairs ]
= — combined fit (signal + bkg.)
8 | - - - fitted background |

I I
1 1.02 1.04 1.06 1.08
M (GeV/c?)

Emma Chizzali | STRANU2021 26



Combinatorial p-K*K background %ﬁ

x10° ALICE Collab., Eur.Phys.J.C 81 (2021) 3, 256

* ¢ candidates reconstructed via
invariant mass of K*K"

| ALICE pp 1s =13 TeV o — K'K

e purity of reconstructed ¢ mesons
only ~57%
— correlation signal from 2 and 3-
body interaction between p, K*and K

1.2 GeV/c < p <13 GeV/c
o unlike-sign pairs _
— combined fit (signal + bkg.)

- - - fitted background

I I
1.06 1.08
M (GeV/c?)

Fake ¢
-2 (K*K-
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Combinatorial p-K*K-background  ewireamys vevie %

ALICE

x10° / ALICE Collab., Eur.Phys.J.C 81 (2021) 3, 256

* ¢ candidates reconstructed via

— correlation signal from 2 and 3-

. : bined fit (signal + bkg.
body interaction between p, K*and K ined fit (signal + bkg.)

&'\
) ) O ALICE =1 K'K
invariant mass of K*K- S 2 " v 1
. D f
. pulrlty of(;econstructed $ mesons E - Jc<p, <1.3GeVc
only ~“57% 31 Bl 4 ke-sign pairs o
=
>
@)
@)

* Sideband analysis

| |
1.06 1.08

I
1 1.02 +1.04
\ M (GeV/c?)

Right SB: 1.028-1.044 GeV/c?
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Non-femtoscpic background

k™)

o

O

ALICE

https://arxiv.org/abs/2105.05578
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1.4 ——— I—
1.35 ALICE pp Vs = 13 TeV
1.3 High-mult. (0 - 0.17% INEL > 0)
07<8;<10
1.25 ~
© pPpvOpo
1.2
1.15 £
1E 4
1.05 F <
Lo LN i [0]:01(}}01
1 ' IG’OJEOfD*Ot{}:Q;Qx O [0
095 . L 1 | 1 L | 1 L 1 | ] 1 L | 1 L 1 i
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Non-femtoscpic background

—

*
~3
o 1

1.4

.35

. IIIIa"".I""I"".I""IIII _

IIII
<

ALICE

LI R
ALICE pp V5 = 13 TeV
High-mult. (0 — 0.17% INEL > 0)
0.7<5;<1.0

o po@p-o
B Background model
Bl V- Cy
C,c
[l I 1 1 1
800 1000

k* (MeV/c)

| 1 | L
\ 600

Combine contributions to get description of total background, used to derive genuine p—¢ CF
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Results p—@

* Observation of attractive p—¢ interaction

C(k*)

1.5

1.4

1.3

1.2

1.1

ALICE

- N I BRI DL BLELEL AL UL LA B 7
— ALICE pp Vs =13 TeV =
- High-mult. (0 - 0.17% INEL > 0) -
— 07<8,<10 -
= | o po®po 3
: C 1 _Q-_] :
:— —1:)—(_(:}_](_(?_;—@—5 r Jr—o—f_o_:
- ..I....I....I....I....I....I....I...:
0 50 100 150 200 250 300 350 400
k* (MeV/c)
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Results p—@

ALICE

* Observation of attractive p—¢ interaction

* CF tool to study coupled channels (CC)

o - LA DL BLELELEL LML BLALELELE DL DML
% 1.5 ALICE pp Vs = 13 TeV —
- High-mult. (0 - 0.17% INEL > 0) -
* Above-threshold channels (mChannel > mpair) can lead to 14 F 07<5. <10 -
cusp structure at channel opening k* in p—¢ system e.g. - .
*__ *__ - © p-0 © p-¢ -
K /\; K z 1.3 — ! -
1.2 :— _+_ —:
1.1 —
1:_ r_{:)_i‘*:}—’t_(b_f_o_f_o_i "l—o—f—o—_:
- PO TN TN TN N W (N T N NN W NN TN N TN W TN TN W N W T N N (N N Y N NN Y O .
0 50 100 150 2004 250 300 3504 400
k* (MdV/c)
K*—A K*—2
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Results p—@

* Observation of attractive p—¢ interaction

* CF tool to study coupled channels (CC)

* Above-threshold channels (M, e > My, Can lead to
cusp structure at channel opening k* in p—¢ system e.g.
K*—A, K*=2

* Below-threshold channels effectively increase CF e.g. K—
A, K=2, K=A (1405)

C(k*)

®

ALICE

- L AL B B DL B BLELALLE BN
1.5 ALICE pp Vs =13 TeV -]
- High-mult. (0 - 0.17% INEL > 0) -
1.4 07<S,<1.0 =
_ 0 - @ p- _
13 p-¢ © p-¢ =
1.2:— _+_ —:
1.1 —
1 R e T
- ..I....I....I....I....I....I....I...:
0 50 100 150 200 250 300 350 400

k* (MeV/c)
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Lednicky-Lyuboshits approach %

ALICE

f (k")

1o

2
do \  2RFUED . SF(K)
(1-50) P

am=ZmE

S

F, (Zk*ro)‘

Analytical approach to model CF for strong final state interaction within effective range expansion

* isotropic source of Gaussian profile S(r*)

i l *2_-*_1
=+ dok ik*)

* Effective range d and scattering length f,

* scattering amplitude: f(k*) = (

* spin averaged scattering parameters
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Results p—@

ALICE
e Scattering parameters extracted by employing the
analytical Lednicky-Lyuboshits approach

o =S L L L L B L
* Imaginary contribution to the scattering length fyaccounts =< 15F ALICE pp ¥s = 13 TeV -
for inelastic channels © n High-mult. (0 — 0.17% INEL > 0) N
1.4 :_ T< S <1. _:
[ d,=7.85+1.54(stat.) £0.26(syst.) fm ) : 07<8r<10 ]
_ a 3 & o po®p E
Re(fo)—0.85i0.34(s'atat.) +0.14(syst.) fm : : L edrick-Lyuboshits modsl :
_ Im(fy)=0.1620.10(stat.) +0.09(syst.) fm 12 _*_ =
e Elastic p—¢ coupling dominant contribution to the 11 E_ _E
interaction in vacuum - -
1 ‘+1+:-¢-*‘¢‘*+1—e—1_0_;-o-—:
- ' ] | | ] ] | .

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

o
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Results p—@

* Yukawa-type of potential with real parameters

e—ar

c V(r)=-A- .
e Strenght A=0.021 4+ 0.009(stat.) + 0.006(syst.)
inverse range a = 65.9 + 38.0(stat.) + 17.5(syst.)MeV

* CF obtained numerically using CATS framework
D.L. Mihaylov et al, Eur. Phys. J. C78 (2018) no.5, 394

« Extraction of N—¢ coupling constant as VA

| £,,=0.14£0.03(stat.)£0.02(syst.) |

* Link to Y=Y interaction Bon X 8N

C(k™)

1.5

1.4

1.3

1.2

1.1

®

ALICE
u T LA BLALALELE BLELELELE DL BLALELELE LR
— ALICE pp Ys =13 TeV -]
- High-mult. (0 — 0.17% INEL > 0) ]
[ 07<85.<1.0 .
3 o PP E
E Lednicky-Lyuboshits model E
— ‘+1+;-¢-*‘¢‘*+1-e—1_0_;-o-—:
- ..I....I....I....I....I....I....I...:
0 50 100 150 200 250 300 350 400

k* (MeV/c)
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Summary

ALICE

* First measurement of the p—¢ correlation function

* Attractive p—¢ interaction dominated by elastic

;—"‘ B lI""I'"'I""I""I""I""I"":

contributions g, 1.5 ALICE pp ¥s = 13 TeV -

. . - High-mult. (0 — 0.17% INEL > 0) ]
Extraction of gy, X 84y = Relgvant for meson 14F 07<8 <10 =
exchange between hyperons in Neutron Stars - B o004 .

. . 1.3F A -

e Published on https://arxiv.org/abs/2105.05578, C Lednicky-Lyuboshits model ]
submitted to PRL 1.2F d,=7.85+ 154 (stat.) £ 0.26 (syst) fm  —

- '*' R(f) = 0.85 +0.34 (stat.) £ 0.14 (syst) fm 1

11 3(f) =0.16 £ 0.10 (stat.) + 0.09 (syst.) fm

1 ‘+1+:-¢-*‘¢‘*+l—e—1_o_;-o-—:

- ' | | | i ] L | | ]

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

o
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ALICE

BACKUP
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Contributions to CF

UL TR .

Cfemto(k ) — /10 CO 9/11 C1 9/12 C> D ..

Contributions from: genuine feed-down misidentifications

e Separation between contributions to FSI and general background
exp(k*) = Chon- femto(k*) ) Cfemto(k*)
 contributions to FSI (femto) quantified by purity (P; ) and feed-down fractions (f; ) :
Al] - Pl fll SDZ f]z

» Additional background (non-femto) arises from auto-correlations (mini-jets) and energy-momentum
conservation effects
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Coupled Channels

* CF tool to study coupled channels (CC)

e CC share same quantum numbers as particle pair

* Above-threshold channels (M p0e> My, lead to
cusp structure at channel opening k*

* Below-threshold channels (M, nel < Mpair)
effectively increase CF
C
A A
B B
D
time

v

C(k*)

5,

ALICE

with above threshold CC

[

C(k*)

»

200 400 k*

‘\ with below threshold CC

N

200 400 k*



Accessing the short-range interaction %

ALICE

* Small particle-emitting source created in pp and p—Pb

collisions at the LHC
D. Mihaylov et al., Eur. Phys. J. C78 (2018) 394

Gaussian Source Function (rg = 1.25 fm)

* Gives rise to pronounced correlation signal < 200 — 1 ‘ 1 ————0.4 —~
) - ] =
e Small interparticle distance - Doorway to study large = - =
densities - - ~
el - 7))
~ 100 Xy
. E
-¢
0 / PN 0
- Typical short-range
i nuclear potential
_100 PR ST T T (N T TR ST S (N TN TR T SN (N TN SN TR T NN S S T
0

r (fm)
53 1p,
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Results p—@

Gaussian-type potential with real parameters
° V(‘r‘) = — eff . e—‘uTZ

CF obtained numerically using CATS framework
D.L. Mihaylov et al, Eur. Phys. J. C78 (2018) no.5, 394

Very shallow potential depth found of

Verr =2.5£0.9(stat.) + 1.4(syst.) MeV

pu=0.14 + 0.06(stat.) £ 0.09(syst.) fm=2

Much shallower than Lattice QCD potential for N—=J/{
strong interaction (indirect comparison)

potential [MeV]

r]CNI—'I

J/ip N J=3/2

JwNJI=1/2 ——

r [fm]

1.5 2

2.5
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