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Overview

* Equation of state of dense nuclear matter as possibly present inside
neutron stars can can needs as input two- and three-body interactions.

* If we consider that neutron stars can contain nucleon and hyperons, it
is hence necessary to study the hyperon-nucleon and hyperon-hyperon
interactions.

* Today we learn about two-body scattering and femtoscopy at the LHC
as tool to study two-body interactions including hyperons and
nucleons.
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Residual strong interaction among hadrons

T decay (N LO) -~
low Q cont, (N'LO) —
IS jets (NLAY) —ad
Heavy Quarsonss (NLO)
‘g jarsshapes INNLO-1gs) —=
PR PP (et NLO) -~
=W precision it (NTLO -
pp top. NNLO) —=

Running coupling constant defines the boundaries of

low-energy QCD

—- Q~1GeV,R~1fm

— No perturbative methods are applicable

— Effective theories with hadrons as degrees of freedom constrained to experimental

data
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T decay (N LO) -~
low Q cont, (N'LO) —
IS jets (NLAY) —ad
Heavy Quarsonss (NLO)
‘g jarsshapes INNLO-1gs) —=
PR PP (et NLO) -~
=W precision it (NTLO -
pp top. NNLO) —=

Running coupling constant defines the boundaries of

low-energy QCD

—- Q~1GeV,R~1fm

— No perturbative methods are applicable

— Effective theories with hadrons as degrees of freedom constrained to experimental
data

— Next Step: Understanding of the interaction starting from quark and gluons
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Local potentials for the
Nucleon-=Z interactions
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T. Hatsuda, K. Sasaki et al.

w2 | a = (.085 fm
1.014514 | L =281fm
my = 146 MeV/c?

myg = 5256 MeV/c*
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ﬁ

Better S/N of LQCD
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il Scattering Data and Interaction Parameters

Scattering experiments -> Extraction fo the differential cross section

do
Tl o)

Expansion in partial waves:

47

=2 (2/ 4 1)sin?(&)).

/

o

What are these shifts?

R
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Partial Wave Decomposition and Shifts

_ ikr
If we set, (r) ~ e*" + £(6) ©

r

(©.@)

F(6) = (20 + 1)fy(k)Py(cos )
¢=0

f(0) of the scattered wave clearly depends on the interacting
potential between beam and target.

By measuring the scattering cross-section one can infer on
the scattering parameters and determine the interaction
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o Determination of the phase shifts
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How to determine 9y, 7

Y(r) = Z Re(r)Py(cos0)

u(ag) = sin(kag + dg) = sin(kag) cos g + cos(kag) sin dg
= sin dg [cot dg sin(kag) + cos(kr)] ~ sin dq [kag cot dg + 1]

1
ap = —Am);tan do(k).
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1
ay = —A@Oztan do (k).

Effective range dois used to define the range of the interaction

If we know U(r) we can solve the Schrodinger equation and determine
the scattering parameters and compare this to the scattering data to see

if it works :)
This is a simple way of treating the problem with a local potential that

depends only from the distance between the two particles

A
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Progress in particle and nuclear Physics
Vol. 12, 1984 Pages 171-239

TENSOR POTENTIALS
MCDEL T

L
\rNN-. NN
40+ AN==IN

§
\
A
~\

vy ir) (MeV)

Vplr) (MeV)

U(r) -> plug it in the Schrodinger equation -> solve it -> extract scattering
parameters -> calculate cross-sections and compare to scattering data
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Calculation for Hyperon-Nucleon Scattering
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Hyperon-nucleon scattering results

hyperon . .
LO: H. Polinder, J.H., U. MeiBner, NPA 779 (2006) 244
NLO: J.H., N. Kaiser, et al., NPA 915 (2013) 24
Jilich ’04: J.H., U.-G. MeiBBner, PRC 72 (2005) 044005

—1.91fm d*Sy = 1.40fm  a'Sy = —2.91fm d*Sp = 2.78 fm
= —1.23fm d38; =2.13fm  a3S1 = —1.54fm d°S; = 2.72fm
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More about the interaction

J. Haidenbauer, S. Petschauer et al.,
Nucl. Phys. A 915 (2013) 24

phenomenological
potential

400 600 800
P, (MeV/c)

neutron star matter

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
Scattering data for hyperon-nucleon are very scarce!

Which other data can constrain the theory?




How can we solve this puzzle?

Large Hadron Collider LHC
The largest and fastest accelerator in the world



https://www.youtube.com/watch?v=NhXMXiXOWAA
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Particle production and decays

The energy of the accelerated protons
is (partly) converted into mass.

Courtesy D. Chinellato

=l e

20-50 new particles are created from
each collision.

Protons are stable, hyperons decay
and the daughter particles are
measured.

In general:

The trajectory, velocity and mass of
each charged particle must be
measured!!!

1000 'pictures' per second!
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How can we measure the interaction?

Courtesy D. Chinellato

Attractive interaction

Repulsive interaction
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Potentials and Correlation Functions

Emission source

S. E. Koonin et al. PL.B 70 (1977)
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Source Potential
~ Analytic Scattering parameters

Eff. range expansion
=> phase shifts

Approximate solution

Wave function

Correlation function
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CATS (Correlation Analysis_Tools using the Schrodinger equation)

D. Mihaylov, L. Fabbietti et al. EPJC 78 (2018)

Source Potential
. Analytic | Transport model

Numerically solve the
Schrodinger eq.

“Exact” solution

Wave function

Correlation function
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Correlation function

ource parametrisation Interacting potential

& O
S I N Repulsive X
O o] S Bt Q .
+ < \/ » Attractive
Attractive 1 e
‘ ‘ S e - Repulsive
0 0.5 1 1.5 2 ey | |
r (fm) 50 100 150 200
Gaussian source Schrodinger l equation™* k*(MeV/c)
2 TWo- ;
r wo-particle wave
S(r) = (Arr2) 32 exp | —— . .
(r) = (47ro) P32 function|® (k*, r)|

*CATS (Correlation Analysis Tool using the Schodinger equation)
D. Mihaylov et al. EPJC 78 (2018)

) = 2 43 >1 if the interaction is attractive
C(k*) = fS(T) Nl(k ;7”)‘ d>r - =1 if there is no interaction

<1 If the interaction is repulsive

Emission source

Two-particle wave function




1] Potentials and Correlation Functions (LL)
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ource parametrisation Scattering parameters™ Correlation function
D
N
* + S = spin state - S Attractive
d3 = effective range
S _ - 1=
f§ = scatteqng Ilength N —
f(k*)S = (_ + = dSk*2 — ik"‘) 50 100 150 200
Gaussian source > 2 k*(MeV/c)
2\—3/2 r’
S(r) = (4mry) - exp (—4—7%>
“*R. Lednicky and V. L. Lyuboshits Sov. J. Nucl. Phys. 35 (1982)
- 2
1 f(k*)S dg ZERf(k*)S ZIf(k*)S
C(k* =1+z - 1— + F, (2k*r,) — F, (2Kt
( ) S Ps 2 ro zﬁro \/ﬁro 1( 0) ﬁro 2( )

Based on effective range expansion, works well for large sources
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Examples of Correlations from Calculations

7, Wane ancl S, Pratt, Phys. Rey., Lett. 83, JL38 (11999) .

Strong Attraction C(k)>1

20 30
k (MeV/c)

Coulomb Repulsion C(k)<1
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il Scattering parameters and Correlation Functions (LL model)

Lednicky-Lyuboshitz Sov. J. Nucl. Phys. A 35, 770 (1982)

0 Vo

Sum over all spin configurations

2
b=+ s 3£ L0

fo(k) =

( HRAHl BSk2 i k) fils = Scattering length

ag 2 = Scatteting range

In this analytical formula the
Source is assumed to be a
(Gaussian distribution with

width-parameter ry

T

A

By fitting the measured correlation
function one can extract the different
parameters.

N
LI TR e
E ;
:
3 _

o

100 200
_k[MeVie]

o

PO
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Potentials for the strong interactions tuned to scattering data of NIN
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pp Pairs:

* Coulomb Interaction

* Strong Interaction (AV18)

* Quantum Statistics for Fermions

Koonin Fit Function -> Extraction of the Source Radius Rg

S. E. Koonin, Phys. Lett. B 70 (1977) 43
S. Pratt et al., Nucl. Phys. A 566 (1994) 103c

2
C(k) Wit /dT3¢?el(T7 k) exXp (_ 422@)

¢, from Schroedinger Eq. with
Coulomb and Strong interaction




"—-— - e

or p-p Correlation

UNIVERSITAT
MUNCHEN

p+Nb, 3.5 GeV

Experimental Correlation after:
Close-Tracks rejection
Long-Range Correlation Correction via UrQMD

C(k) _ N N®1P2)same k=3[P — pol

N(p17p2)mixed P1 + P2 = 0

Re=2151:0140fm
N =1.073 = 0.010

Ch) = [ drga(r kyexp (—

" 4100 150 200

k [MeV/c]
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Example for p-p correlations

Simulation of the particle After-Burner,which Comparison with
Production and Freeze- includes the ‘relevant the measured
Out'coordinates = e—» Interactions —>| ' correlations

p+Nb reaction simulated in UrQMD +
CRAB afterburner

Coulomb +

| |
100 150

k [MeV/c]
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A-p Pairs

A-p source: 1.24 times smaller than p-p source (from UrQMD)

p-scattering in the nucleus A-scattering in the nucleus
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A-p Correlation in p+Nb collisic

J. Adamczewski-Musch et al.,[HADES coll.] Phys. Rev. C. 94 (2016).

NLO x?/NDF = 5.59
LO ?/NDF =6.91

alSy = —1.91fm d*Sy = 1.40fm 0'Sy = —2.91fm dlSy = 2.78 fm
a’S; = —1.23fm d°S; = 2.13fm a3S, = —1.54fm d3S; = 2.72fm

e

1s at 3.5 GeV

® Sechi-Zom et al.
o Kadyk et al.
O Alexander et al.

a < 0 means
attraction!
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ALICE data

p*p 13 TeV High Multiplicity trigger, RUN 2 ~1000 Millions Events

For such collisions it is possible to
1) Model an universal Source for all hadrons!
2)  Produce much larger yields of even the rarest hyperons!

Source

Z 1AL ; e <

0"

~

Collective effects -> mrt scaling

LR v R R |
ALKE relmicary
ERLETR ML

vl “Tail’ in the source distribution due to
SSoiwih . °
the specific strong resonance
contribution for each pair of interest.

UNIVERSAL!!
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Source determination using p-p correlations

ALICE Preliminary

pp Vs=13 TeV

High Mult. (0-0.072% INEL)
Gaussian + Resonance source

Wl pp®pp
— Coulomb + Argonne v (fit)

1.05

742

ALICE Preliminary
pp \s =13 TeV
High-Mult. (0-0.072% INEL)

= p-p (AV18)
== p-A (NLO)
- = "r1r>° +C

1 12 14 16 18 2

ALI-PREL-315640

|
CW) = [ dr*diutr k) exp (- ) —e

S = PYTres

\)

for the pertinent Ensamble of resonances decaying into

protons via strong decay
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i Source determination using p-p correlations
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ALICE Preliminary . ALICE Preliminary

pp Vs =13 TeV pp \s =13 TeV

High Mult. (0-0.072% INEL) ' High-Mult. (0-0.072% INEL)

Gaussian +_Re_sonance source . = p-p (AV18)

Ol pp®pp B oA (NLO)

— Coulomb + Argonne v (fit) Ml roe=a-<m>+c
1.05F % ) T ) 3o fitto p-p

llll'll'll'll'

o

300
k* (MeV/c)

lllllllllllllllllllllllllllllllllll

L 1 12 14 16 18 2 22 24 26

1 b l ' 1 1 1
150 200
m V/
k* (MeV/c r (Ge c%)

llllllllllll

ALI-PREL-315640

— Dp'?ﬂl’; -1 ”'&\t‘(n“ «1.28 )
P-A im a1 55 GeVe® R . 1.90 tm)
w— P-L% (m Y207 o-v»c'mw « 142 1m)
P-F Om et a&n.v»'mc” -0 M2 )

P (m)217 0oV (R, « 0B85 tm)
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ALICE performence

o Ve o 19 Tov 0.30 < p_« 1.30 Gevie

ALCE antn

A 123882176 ) . . siaral fi:
{M)>=11159 MeV/¢c* , o o=18Me’
o= 1.6 MeV/ b P AR Gele

e u Sy I s EIHH
Purity - 95.7 % ‘P\
\

AN (Gavie™)Y)

/
r

1123 113
M, (GeVie’) . . 2 a8
M, 1GeVE)

ALICE gp /5 = 13 TeV
High-mult, (U= 0.1 /7% INE.> )
1.94p, 220 CeVs

* ALICE data
woue SIGARI
m, = 1 8728 GoV/c’
a = 182 mevret
-~ background fit

:’.‘) —) t\)'. ,-n e 75"'
- Lata
— Teal Nt

AV GeNie?
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A-p Interaction

Scattering Data ALICE femtoscopy data arXiv-2104.04427

T r17¢7  ¢vr1rfryrrvrrjrrvryxy

S e e s S B N B T
% b a) ALICEpp /s=13TeV - ¢}  —— FitNLO13 (600)
e 1.8 1 high-mult. (0—0._1 7"/? lNEL:nO): —— LO13 (800
Aexandor of 8. r 18l p-A © p-A pairs
o et al. — .
S 1.6« Fit NLO19 {600
" & — Residualp " yEFT

Uncertainties ~ 1'4:_ ® Residual p-= & p-="

15-20% atlow p;., - 1 ok — Cubic baseline

<

llllllllll

AN EN A BN BN A

1

%
A i

vald l 1 I
™r T

L
\

%00 200 300 400 500 600 700
(MeV/c)

plah

100 200 360 400 0 100 200 300 400
k* (MeV/c) k* (MeV/c)

Piab = Dt

New Data: Factor 20-25 improvement in the statistics !

Clear evidence of the 2N — AN cusp



https://arxiv.org/abs/2104.04427
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&1 Implication for dense nuclear matter

Single Particle Potential U,

a) ALICEpp fs-13TeV

lli(_.’t;r:ll. ;O;IKD :a"; INEL>D) 4 XEFI— NLO1 3
F NLO19 (600) ){E”—W NLO19
~—— Residual p£” yEFT Jilich 04

Resldual p= @ o= NSCQTf

Pure neutron matter

K* (MeV/e)

* 2N coupling strength deeply affects

the behaviour of A at finite density 15

k.. (1/fm)

* Relevance for EoS in NS and for connection to role of ANN three-body interaction

~Updated NLO19 with weaker coupling strength in NA-N2 leading to more attractive U, at large
densities and to softer EoS
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0
T Interaction moderately attractive for
by = 80MeV I=1/2 but repulsive for I=3/2

Isopin [/ ay " [fm ] a; " [fm] dy~ "[fm ]
1/2 -1.1 -1.14+44.3 -1.5
372 251 -0.73 4.92

|=3/2

== Tntal
== Ginglet
==== Triplet

1=1/2
w— Total
==+ Singlet

==== Triplet
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ALICE coll., PLB 805 (2020) 135419

ALICE pp Vs =13 TeV
I8 15, oy D1 (Mavic - High-mult. (0-0.072% INEL>0)

e - 6l p-=° @ p-3°
e ] 4 g X YEFT (NLO)

} _ ESC16
PGD value _ "‘ NSC97f

/

: p—(Ay) baseline
12 12%
mranant mass Ay [GeVio?)

RUNZ2 - LHC 16! (326M events, pass1)

300
k* (MeV/c)

*Very challenging measurement via the

difficult electromagnetic decay 20 — A vy

e Data can not distinguish between
different models but the interaction
should be rather shallow
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Lattice Potentail for A — N

Ku,a5=0.13840
Ky,45=0.13840

V(r) [MeV]

Ku,d,s=0.13840 B Ku,d,s=0.13840

0 o)
(q\|
~~
(q\|
e
(=)
9\
A
=
o o]
(o o)
<
g
=
(2
—
Q
o
4
—
8]
=
(D)
Q
=
O
<
-
o
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p — 27 Interaction

Interaction of p—=- pairs in four Isospin (I = 0,1) and Spin (S=0,1) states

Lattice Potential Predicted correlation function

Y - Y =)

umnmum
i nnn
- O =0

50 100 150
k* (MeVic)

%CN_... (I=0,S= O)-I-gCN =(I=0,S=1)
+Onz (1=1,S=0)+§CN_5 (1=1,8=1).
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p — 27 Interaction

b)  ALICE p-Pb |5, =502 TeV :
10 ALICE data
- pE ¢ pl

- Coulomb

.~ Coulomb + p-E HAL QCD
~ Coulomb

p-Z sideband background

= 1.02 fm

k* (MeV/c)

Observation of the strong interaction beyond Coulomb

Agreement with LQCD calculations confirmed in pp and p-Pb colliding systems
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Consequences for Neutron Stars

Attractive p=~ interaction
lead to slightly attractive
single particle potential in
symmetric nuclear matter
(SNM) and slight repulsion
in neutron rich matter.
(Isospin symmetries)

U(k) [MeV]

— Z~ appears at larger
densities in NS!
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Consequences for Neutron Stars

Updated RMF Model with single
particle ptential consistent with
the femtoscopy measurements

Particle number per baryon

>
O
2
<
~

Energy density &/,

Attractive pZ~ interaction lead to slightly attractive single particle potential in
symmetric nuclear matter (SNM) and slight repulsion in neutron rich matter.
E~ appears at larger densities in NS!




TUTI

TECHNISCHE

Consequences for Neutron Stars

J0740+6620
J0348+0432

Particle number per baryon

o 0 105 11 115 12 125 13 135 14 145 15
Energy density &/e; Radius (km)

Attractive pZ~ interaction lead to slightly attractive single particle potential in
symmetric nuclear matter (SNM) and slight repulsion in neutron rich matter.
E~ appears at larger densities in NS!
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it Which are the building blocks of the interaction?
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Example of local Potentials

Nucleon-Nucleon Potential Hyperon-Nucleon Potential

mjg At |
(V e ZVJO'A g O'p> Tg

3 DN TR
12+ 5 )

r x?

Similar to the NN potential:
attractive for large distances and with a
repulsive core




