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Neutron stars TI.ITI

ALICE

 Final product of supernova explosions

» Very compact objects:
« M=1-2M

« R=10-15 km (~ size of Toulouse area!)
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Neutron stars TI.ITI

ALICE

 Final product of supernova explosions

» Very compact objects:
« M=1-2M_
« R=10-15 km (~ size of Toulouse area!)

* Very dense and rather cold objects:

» extreme densities of several pg
* Tax ~ few MeV
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Neutron stars TI.ITI

* EoS dependent on the particle composition
and the possible interactions between them
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Neutron stars % TI.ITI

ALICE
* EoS dependent on the particle composition
and the possible interactions between them 28 P
* EoS linked to masses and radii of neutron 24 | oM ]
stars via TOV equations ol 24N, PSR J0348+0432
* Pure neutron matter (PNM) supports heavy =3 | PSR J1614-2230
neutron stars of 2M _ s |
1.2 )
0.8 )
0.4 )
0.0 ! * - : L . . . . - : . 1 . . . 1 . . . I . . ,
10 1" 12 13 14 15 16

R [km]
Adapted from D. Lonardoni et al., PRL 114, 092301 (2015)
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Neutron stars and the hyperon puzzle TI.ITI

« High baryonic densities allow for the existence
of strange particles, e.g. A hyperons
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Neutron stars and the hyperon puzzle % TI.ITI

ALICE
« High baryonic densities allow for the existence
of strange particles, e.g. A hyperons 280 _
: : PNM
« However: EoS softens with appearance of 24 ¢
A hyperons | 245 (M, PSR J0348+0432
2.0
— cannot support heavy neutron stars B Z PSR J1614-2230
= 16
= _
12 |
0.8 |
[ 0.66(2)M,
04 | T‘\
oo L '
10 11 12 13 14 15 16

R [km]

Adapted from D. Lonardoni et al., PRL 114, 092301 (2015)

marcel.lesch@tum.de, WPCF 2024, 08.11.2024 6



Neutron stars and the hyperon puzzle

ALICE
« High baryonic densities allow for the existence
of strange particles, e.g. A hyperons 280
: : PNM
« However: EoS softens with appearance of 24 | /2-09(1JM0
A hyperons | 2AS (UM, PSR J0348+0432
2.0
— cannot support heavy neutron stars | AN+ ANN (1) PSR J1614-2230
16 |
* Three-body interactions such as ANN play an ' L3605
. " ’ 0
important role 12 | TOT
0.8 |
[ 0.66(2)M,
04 | {‘\
oo b o oy
10 11 12 13 14 15 16
R [km]
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Adapted from D. Lonardoni et al., PRL 114, 092301 (2015)
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On today’s menu TI.ITI
Can we access many-
body physics at ALICE?

(- )

How can we improve on
existing AN studies?

-

A

A
\‘/ @
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Two-body femtoscopy TI.ITI

ALICE

L. Fabbietti and V. Mantovani Sarti and O. Vazquez Doce, Annu. Rev. Nucl. Part. Sci. (2021) 71:377-402

P>
- 2 N k*
Nmixed(k )
g Y, g /
Y
theoretical definition experimental definition

H _)* 1 >k >k % 2%
Relative momentum k* = S| P1—D2 | andp; +p, =0
Relative distance r* =1 — 1,
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Two-body femtoscopy TI.ITI

ALICE

L. Fabbietti and V. Mantovani Sarti and O. Vazquez Doce, Annu. Rev. Nucl. Part. Sci. (2021) 71:377-402

S(r) P 27577

C(k*)

’——~

: !

‘ h N /1/1(7” k) 200 400 :

k*
S 2 e N (k")
C(k*) = LEO| A3 = NNsame =
mixed( )
\ Y, "
Y
theoretical definition experimental definition

H _)* 1 >k >k % 2%
Relative momentum k* = S| P1—D2 | andp; +p, =0
Relative distance r* =1 — 1,
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Two-body femtoscopy TI.ITI

ALICE

L. Fabbietti and V. Mantovani Sarti and O. Vazquez Doce, Annu. Rev. Nucl. Part. Sci. (2021) 71:377-402

»
»

S(r) P 27577

C(k*)

’——~

:A p1 ,

o . 2. W7 k) :

200 400 K*
Nsame (k) _
C(k™) = k*_)* df*=]\/' X 4 . .
(k") = ( ) Nmixeq(K*) % C(k*)>1 Attraction
\ Y, ,
Y
theoretical definition experimental definition ’

Relative momentum k* = % |p; —p, land p; +p; =0

Relative distance r* =1 — 1, R
200 400 K* 1
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The source in pp collisions

« Source modelling involves
 core source of primordial particles (Gaussian)

» contributions from short-lived resonances

1 2
exp (-
(47Trc20re)3/2 P 4‘Tc20re

ALICE, PLB 811 135849, 2020

S(r) = ) ® (Resonance contributions)
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ALICE

12



The source in pp collisions

« Source modelling involves
 core source of primordial particles (Gaussian)

» contributions from short-lived resonances
2

1
exp (-
(47Trc20re)3/2 P 4Tc20re

ALICE, PLB 811 135849, 2020

S(r) =

) ® (Resonance contributions)

« Resonance contributions
» dependent on the particle species

» fixed from statistical hadronization model and EPOS

* Particle-emitting source can be studied using
particle pairs with known interaction

marcel.lesch@tum.de, WPCF 2024, 08.11.2024

ALICE
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A common baryon hadron source in pp collisions! % TI.ITI

 Particle-emitting source studied with

* pp ALICE, PLB 811 135849, 2020
. pK+ ALICE, arXiv:2311.14527

e tITtE ALICE, arXiv:2311.14527

- pnt (paper in preparation)

« Common source for all hadrons in high-
multiplicity pp collisions!

« Source scaling allows to extract the
source size of particle pairs with
unknown interaction

— Possibility to study interaction for exotic
pairs (strange and charm sector)

marcel.lesch@tum.de, WPCF 2024, 08.11.2024

ALICE
/E\ 3 B 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 |
= | ALICE Preliminary pp Vs =13 TeV 4
. * High Mult. (0-0.17% INEL>0) i
25 m ™ 5| pn®p-n —
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. T
2 B ° ¢ | tt—nt @ n—m, Poll -
B e | nt-nt @ n—m, Pol2 ]
" K" @ p-K~ -
15 _+_ P P —
i ® '—-*+— _
1 . L —
05 — 3 by by oy oy e by oy oy by oy oy by
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m- (GeV/c?)

. - 11> >
my = sz + k% and k = E[pT'l +Pr2] 44


https://arxiv.org/abs/2311.14527
https://arxiv.org/abs/2311.14527

Source studies in LHC Run 3 pp collisions

ALICE
* Particle-emitting source studied with o |
ALICE in LHC Run 3 MB pp collisions s 2 QE'SE Prigr%"}aer\yMB |
by 13 - H +* .= . _
- First ever multi-differential studies ofthe ~ ~ | *+* . GALISSIan Source
source using pp correlations b2l gk P-p ® p-p -
B P NET™(In| <0.8) ]
« dependent on the pair mr Lir 2870 . $ 10,7
- dependent on the multiplicity 1ol 4%+ - ; 3111)5)
| 1B z . ,
» Paper in preparation i / 4 t [15,20) |
P PrEp oo B ’ ‘ . ) ¢ [20,27)
i / 9 . 7 + [27,200)
0.8 i 2 1
fMore on the source: A | * / —— ?r']ite-rtainties
« CECA source model, D. Mihaylov 0.7k e e 13 Tay
: - pp VS = e
(8 eriNeremeer TG i t  HM (0-0.17% INEL>0)
« Source in Run 3 Pb—Pb collisions 06r. . ., . .. .

\ November 12:00)

with ALICE, G. Romanenko (04t of

J
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@ TUM

1.0 1.2 1.4 1.6 1.8 20 22 24 26

2.8

(m7) (GeV/c?)

15



On today's menu TI.ITI
Can we access many-
body physics at ALICE?

(- )

How can we improve on
existing AN studies?

-

A

AN
\‘/ @
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pA scattering data % TI.ITI

ALICE
« Scattering data limited to _

. O L D DL A L L DL
relative momenta above % Scattering data |
40 MeV Ap > Ap

. . . . ® Sechi-Zorn et al.
« XN coupling not visible in - ﬂ'f&%fiﬁi‘:i’.'l
scattering data 200 ||| * Plekenbrock -
g O )
« xEFT NLO13 and can \
both describe the available
scattering data
100 |~ -
N\
oL 1L 1 | 1 r, P
45 135 220 310 385
k* (MeV/c)

NLO13: J.Haidenbauer, N.Kaiser et al., NPA 915, 24 (2013)
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pA scattering data

« Scattering data limited to
relative momenta above
40 MeV

* XN coupling not visible in
scattering data

« xEFT NLO13 and NLO19 can
both describe the available
scattering data

* XN coupling drives the
behaviour of A at finite density
— important for the EoS of NS

marcel.lesch@tum.de, WPCF 2024, 08.11.2024

E T I T l T [ T l T I T ] T I T
B’ Scattering data -
Ap -> Ap
® Sechi-Zorn et al.
m  Alexander et al.
o Hauptman et al.
200 i A Piekenbrock _
)
100
ol 1 oo T T =T
45 135 220 310 385

k* (MeV/c)

NLO13: J.Haidenbauer, N.Kaiser et al., NPA 915, 24 (2013)
NLO19: J.Haidenbauer, U. Meifner, Eur.Phys.J.A 56 (2020)

U, (MeV)

(b)
20 |-
stronger AN-ZN
0
XEFT NLO13
XxEFT NLO19
Julich 04
NSC97f
-20 -
\
\\
.  weaker AN-ZN
-40 - RN
\
\
\
1 L l LA
1.0 15
ke (1/fm)
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pA results before % TI.ITI

g T ] T I T I T I T
‘6 Scattering data -
Ap -> Ap
® Sechi-Zorn et al.
m  Alexander et al.
o Hauptman et al.
200 i 4 Piekenbrock _
100
o) PR EP B B w <o T A7 Tk
45 135 220 310 385
k* (MeV/c)
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pA results before and after femtoscopy

@ TUM

« Extension of the
kinematic range
— Measurement down to
zero relative momentum

* Improvement of precision
in data of factor 25
— Uncertainties <1 % !

* First experimental
observation of AN — XN
coupled channel in a
2—2 reaction

marcel.lesch@tum.de, WPCF 2024, 08.11.2024

o (mb)
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Sechi-Zorn et al.
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x> 1.06

X
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1.02

—

0.98

ALICE

ALICE Coll. PLB 833 (2022), 137272
f a) ALICE pp Vs=13TeV E
- high-mult. (0-0.17% INEL>0) =
- & pA @ DA pairs E
:_ < _:
f_ TQW%W
__ < _—
[ & Pag v
L h----_ OO 00O |
0 100 200 300 200

k* (MeV/c)
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pA results with femtoscopy

* New insights into
AN — ZN dynamics

marcel.lesch@tum.de, WPCF 2024, 08.11.2024

[ Fit with NLO13 ]

! a) ALICE pp Vs=13TeV

high-mult. (0-0.17% INEL>0)

57 pA @ PA pairs

—— Fit NLO13 (600)

—— LO (600)

— Residual p£% xEFT
Residual p=~ @ p=°

+ ] + " " " } ’ + + + } + + " + ] + +

— Cubic baseline

0 100 200 300 400

k* (MeV/c)
n,~ 4.5 for k* <110 MeV/c
ALICE, PLB 833 (2022), 137272

ALICE
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pA results with femtoscopy

@ TUM

* New insights into [ Fit with NLO13 ]

AN — ZN dynamics < 2.2? T &) ALICEp o t3Tov | 3
, o - high-mult. (0-0.17% INEL>0) =
« NLO19 potentials A W oA © X pairs E
favoured: - —— Fit NLO13 (600) .
1.6 —— LO (600) =
— weaker AN — XN 14F —— Residual pe®; EFT =
Coupling 15 f_ Residual p=~ @ p=° _f
— significant attraction ;~1o§::' T e e AN AT e AR
of A at high densities & 1.04|- — Cubic baseline -
1.02
— large ANN three-body 1
repulsion needed O
c C
of
_5:_ ) _ . .
0 100 200 300 400
k* (MeV/c)

n,~ 4.5 for k* <110 MeV/c

ALICE

_)/"\ 2-2 v v r 1 v ' ' M 1 ' ' M M 1 ' ' v v 1 '_—
3 ﬁ a) ALICE pp Vs =13 TeV .
O ofl high-mult. (0-0.17% INEL>0) -
18 E_# I8N pA @ PA pairs _f

E\ Fit NLO19 (600) :

1.6 - \ — Residual px% yEFT =
1.4 . Residual pz~ ® pz° -
12 L -

: =

'1'1_7

200

0 100

ALICE, PLB 833 (2022), 137272
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Constraints on y.¢,-models TI.ITI

ALICE

« Femtoscopic data by ALICE constrains the allowed phase-space of scattering
lengths in triplet and singlet states! D. mihaylov, J. Haidenbauer and V. Mantovani Sarti, PLB 850 (2024) 138550

Scattering Data only

3.0

2.5

-2.0

1.0

0.5

e 0.0
20 25 3.0 35 4.0
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Constraints on y.¢,-models TI.ITI

ALICE

« Femtoscopic data by ALICE constrains the allowed phase-space of scattering
lengths in triplet and singlet states! D. mihaylov, J. Haidenbauer and V. Mantovani Sarti, PLB 850 (2024) 138550

Scattering Data only Scattering & Femto Data

20 25 3.0

marcel.lesch@tum.de, WPCF 2024, 08.11.2024 fO (fm )
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Constraining the A in-medium behaviour % TI.ITI

ALICE

 Evaluation of the in-medium single-particle

potential U, based on two-body interaction only 20 ?”ej :tgi: ] [C)“‘t:"ff depet”fjetnce
) une - Data uncertainty
— results in —36.3 + 1.3(stat. )¥23(syst. )MeV Lol E Unatp
* More bound than the semi-empirical value of .
U, ~ —30 MeV from hypernuclei studies Y
=
— Repulsive three-body ANN interaction needed! L
s empirical
value
X

w o

-5 | | | | |

8.0 0:5 1.0 1.5 2.0 2D 3.0
P/Po

marcel.lesch@tum.de, WPCF 2024, 08.11.2024 D. Mihaylov, J. Haidenbauer and V. Mantovani Sarti, PLB 850 (2024) 138550 25




Just one of many

ALICE
ISI =0 ISl =1 ISl =2 ISI =3 ISI >3

NN NA, N AN, N= A=, NQ ==, \Q, 2Q), =Q, QQ

— . . . ——y ——
3 2'2! a) ALICE pp Vs =13 TeV 1 35 - S
O of high-mult. (0-0.17% INEL>0) 3 E 81 ALICE data 3 [
18E% e 3 sf ]l I Couiomb 1 o
E it 3 F = ] :
EY meswamtaEr 3 1 Ongoing efforts to
14 \ Residual pz~ @ pz° 3 :\2'5 E 3 .
3 4 1 [ 1 =
2k 35 ,E ERY combine all results
L — 3 C ]
T 1.06F t 3 C ] 3 1 1
A —Cuicbaseine | 15 E o into one single
102 » g C ] ok K* (MeV/c)
i -3 ] :
1 Lo o] - - t t f E S
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0 100 200 300 400
18 k*(MeVic)  ~  ar : e —————] o~ 12 L B e o e o e e e B BB .
< " AlcEpp 5= aTey S sf. it B - ALICE pp \s = 13 TeV :
O High-mult. (0-0.17% INEL>0) “r [61A-A © A-A pairs ] O 1.15 High Mult. (0-0.17% INEL>0) E
18 Bl op-2° ] 16 \ % 0 e ND46 - NF44 B 11 . E
—fss2 . 3 e Eiline: comiESEGE ] . Bem A-= ® R-Z (A =32%) ]
14 —%EFT (NLO) o T ~HKMYY == Quantum statistics | 1.05 1 :ﬁt ggg A-=- Z|—:, eff. =
~ESC16 i 12F —: . [ ] A-Zonly 1
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1 = 0.95 " 3
) l Phys. Lett. B 797 (2019) 134822 ] 0.9 3
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k* (MeV/c) 0 50 100 150 200 0.85 —:
k* (MeV/c) Phys. Lett. B 844 (2023) 137223 ]
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0 100 200 300 400 500 600
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On today's menu TI.ITI
Can we access many-
body physics at ALICE?

(- )

How can we improve on
existing AN studies?
r
Vv & L

\‘/ ¥ @
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Accessing three-body interactions

Study of hadron-deuteron interactions

"——~

’ @
l/ )
! \ IT
I 1
. § %q
\\ ,\
o _ B0
Nh_\

<

* Performed by ALICE with the study of
K-d and p-d system

* Recently published in
PRX 14 (2024) 031051

Talk by B. Singh, 06t of November 13:55

marcel.lesch@tum.de, WPCF 2024, 08.11.2024

[More on hadron-deuteron systems: ]

ALICE
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Accessing three-body interactions % TI.ITI

ALICE

Study of hadron-deuteron interactions ; Study correlations among three unbound hadrons

"——~

7 \\
g N, ‘

» Use Lorentz-invariant hyper-momentum Q5

|
|
|
|
|
|
|
i \ D, i 2 2 2 a
i ! P1 I Q3= \/_Chz — 423 — 413 ,/ N O
\ ’ | / \ N
\ 1
" ) /\ ! I - P1
. Seee| D) E * Accessible in the y ql7\
I : \ /
\ B i experiment o «\\",’ o
Pz : C - N Nsame(QB)
+ Performed by ALICE with the study of |~ C(Qa) = Ng—"=77= -
! mixed\<3 D>
K-d and p-d system | .
, _ | and in the theory: P3
* Recently published in |
L C(Q3) = J S(PI¥(Qs,p)|*p°d
PRX 14 (2024) 031051 ' 03 p 3, P)I"p-ap
: A. Kievsky, et al., Phys.Rev.C 109 (2024) 3, 034006
More on hadron-deuteron systems: !
Talk by B. Singh, 06th of November 13:55 | i Accessing 3 — 3 scattering processes!
marcel.lesch@tum.de, WPCF 2024, 08.11.2024 : 29



First experimental study of ppp and ppA % TI.ITI

C(Q,)

ALICE
ALICE Coll., EPJ A 59, 145 (2023) ALICE Coll., EPJ A 59, 145 (2023)
LI B L N BN LA ey S0 i N B AL B DL AL DL
45E ALICE 3 % - .
+E pp\/§=13TeV E o b B
- High Mult. (0-0.17% INEL) ] N ]
3.5F 4 — - .
- o = 20 | o —
3F * | p—p-p®p-p-p Data = N E p—p-A®@p-p-A Data ]
2.5;— — 15 :_ -
o +++ = - :
15F e 3 10 =
C —— —— - = -
1:_______-_____...-.-.--T.*:.-.:!:..-T.'._"""ﬂﬂt!tm_.ﬁg B i
— - 5 + ]
0.5 + = T .
] ] ] [ ] ] I Ll 0 _r. T -| | | N - 11 1 1

1 02 03 04 05 06 07 038 01 02 03 04 05 06 07 08

Q, (GeV/c) Q, (GeV/c)

... and other three-particle correlations (p-p-K, p-p-m) More on p-p-rr by M. Korwieser

(08th of November 15:55)
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Theoretical studies on ppA % TI.ITI

ALICE

* Three-particle emission source modelled 40 ' ' | ' | '
as three single-particle emitters p0=2.6 fm -
constrained to data

* Modelling includes experimental STV N L B B N
corrections (e.g. feed-down) ) = emr——— ]

- Gauss NLO19 (600): 40% effect of ‘-\ — — Nothree-body force| |
three-body interactions N 1

\- = I S
"HE N S VS (NI [ ) -

200 300 400 500 600 700 800

* Most interesting region Q; < 100 MeV
not yet accessed by data

400 600 800
Q, MeV/c)

E. Garrido et al., arXiv: 2408.01750 (2024)
marcel.lesch@tum.de, WPCF 2024, 08.11.2024 3 1



The future of experimental ppA Data

60

c@,)

50

40

30

20

10

ALICE Run 3 (2022 data only)

ALICE Preliminary
Run 3

pp Vs=13.6 TeV

$

" pp-A@PPA

(By the end of Run 3

| 100 times more triplets

1 expected compared to
Run 2 due to developed

\software triggers!

~

J

o

01 02 03 04 05 06 07

Q, (GeVic)

marcel.lesch@tum.de, WPCF 2024, 08.11.2024

40

@ TUM

ALICE
ALICE Run 2
1 | 1 l I I I
P,=2.6 fm -
IEEEENERAERD R
i i -
' \\ | = Three-body force |
_\\. — = No three-body force| _| —
L -LW\ a
TN 1 -
- x = = L e - — — = -
1 l 1 I 1 l 1 I 1 I 1 I 1 s
200 300 400 500 600 700 800
S e e e e e

200 400 600
Q, (MeV/c)

E. Garrido et al., arXiv: 2408.01750 (2024)

800
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What to take home % TI.ITI

ALICE

* Neutron Stars as a laboratory for nuclear matter
at extreme conditions

« ALICE delivers a wide range of experimental
results accessing
* hadron-emitting source
 exotic two-body interactions
 three-body hadronic interactions

« ALICE femtoscopy data as an important input
and constraint for theoretical models

marcel.lesch@tum.de, WPCF 2024, 08.11.2024



What to take home % TI.ITI

ALICE

* Neutron Stars as a laboratory for nuclear matter
at extreme conditions

« ALICE delivers a wide range of experimental
results accessing
* hadron-emitting source
 exotic two-body interactions
 three-body hadronic interactions

« ALICE femtoscopy data as an important input
and constraint for theoretical models

L ——

marcel.lesch@tum.de, WPCF 2024, 08.11.2024 I HAN K I O U !




Backup
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ALICE - A Large lon Collider Experiment TI.ITI

ALICE

pp atVs =13 TeV
10° high-multiplicity (HM) events (Run 2)

Direct detection of charged particles |
(protons, kaons, pions, deuterons)

Very good PID capabilities of the

detector resulting in very pure samples
(protons ~ 98%, pions 99%)

I/l////h, 'y
Y ey |

TPC

A. Tauro, “ALICE Schematics” (2017), CERN CDS

marcel.lesch@tum.de, WPCF 2024, 08.11.2024 36


http://cds.cern.ch/record/2263642

Neutron Stars

* EoS dependent on the particle composition
and the possible interactions between them

 EoS linked to masses and radii of neutron
stars via TOV equations

Pressure

stiff EoS

- 4TOV Equations>
Z-=" soft EoS

Ordinary nuclei Density

marcel.lesch@tum.de, WPCF 2024, 08.11.2024

ALICE

Mass

1 .
12 km Radius
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Neutron Stars and the Hyperon Puzzle

* Chemical potential p = m + Fermi energy

« Fermi energy increases with density

ALICE

— M, = Ma: conversion into baryons with strangeness (hyperons)

Neutrons

-----------------‘

marcel.lesch@tum.de, WPCF 2024, 08.11.2024

'----

Mn MA
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Hyperons in Neutron Stars % TI.ITI

ALICE

 Situation more complex:
Appearance of multiple hyperon species possible, also = and X

. depends on hyperon-nucleon interactions
— constrain from experimental data needed
10° . — . 10°
10” 10”
C c
2 ke
B S ,
S | E 2 !
s 1O LM NN S umsomey | g 10T
e I S a7 G - | R
m I | | | :: X \ 7 /| 0 I I ' |
10‘3 [ | Als ! !\\ | \ ) / | 10 3 _l I ] ]
A A A oAl ,
I A A ;o | ! ! ! ' .
[ 2] b ‘| D / I || : | I J. Schaffner-Bielich
I | N ] S I O PO S ot o I b v S ) | NPA835(2010)279
00 03 06 09 12 15 00 03 06 09 12 15
Density (fm ™) Density (fm ) 39
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The pX° Interaction % TI.ITI

ALICE
ALICE, PLB 805 (2020) 135419

ALICE pp Vs = 13 TeV
High-mult. (0-0.072% INEL>0)

» Reconstruction of 2 via decay to
Aty X

- px? compatible to the baseline

. . 16 6l p-° ® p-3° 3
. PZ femtoscopy already possible 15 : feeD E
In Run 2 1.4 YEFT (NLO) =
— stay tuned for data of Run 3 for F c ]
. _ 1.3 SC16 —
higher statistics! - NSC97f n
1.2 —
1 15_ p—(Ay) baseline _i
1E : —i—=
0.9F
08 - 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 3

0 100 200 300
k* (MeV/c)
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The “strangest” System: p=~

@ TUM

ALICE
. . ALICE Coll. Nature 588, 232-238 (2020

» Reconstruction of =~ via decay to a [T - — o) I o
A+m~ 3.5 o
. _ _ n 16 ALICE data P—= -
» Coulomb interaction only cannot describe sH B Coulomb -
the data - Coulomb + p—Z~ HAL QCD -
— attractive strong interaction needed 2.5 —
. . L x [ ]
+ Lattice QCD calculations for p=~ by S b E
HAL QCD collaboration - ]
HAL QCD, Nucl.Phys.A 998 (2020) 121737 . n ]
» One of the first direct tests of Lattice QCD - -
= [T
- L[

0 300

marcel.lesch@tum.de, WPCF 2024, 08.11.2024 41



Single Particle Potential of =~

@ TUM

« HAL QCD potential of p=~ tested/verified with
femtoscopic data

 Extraction of single-particle potential Uz by HAL
QCD Collaboration
— predictions in PNM:

Us ~ 4+ 6 MeV
HAL QCD Coll., PoS INPC2016 (2016) 277

— stiffening of the EoS

marcel.lesch@tum.de, WPCF 2024, 08.11.2024

U(k) [MeV]

30

-40

ALICE

HAL QCD Collaboration, AIP
Conf.Proc. 2130 (2019) 1, 020002

‘—{'+““ —
ﬁ+¥++++&+ k
M*’_*~s—

f*i—é— 5553 i

L A -
PNM ) H—
p=0.17 [fm™), x=0 O—
0 1 2 1 3 4
k [fm ]
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Updating the EoS

ALICE

Single-particle potentials Mass vs Radius relation

Two-body interaction for hyperon stars

S o e Courtesy J. Schaffner-Bielich 2020 Adapted from J. Schaffner-Bielich and B. Dénigus 2020
N 1.si high-mult. (0-0.17% INEL>0)- 1 . . . . . 30
L 180 p-A ® p-A pairs C T n | | I . . — S T T T T T T T T T T T T T T T T
1.6Fa Fit NLO19 (600) - C : . P
s — Residual p-£% yEFT N . ] E r
1.4r Residual p-=~ @ p-2° E B S TT— == ~— [
« — Cubic baseline . S — [
i - M=1.4M_: A _.—— B 250 1
S i 0. -~ . s i
- e = 5
© e 1
8 o1k o~ - 20] J
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~18 T T o — : / e . r S - - : i :
& 3 [/ STy S PR : ] 15¢ .
s Boror? E = / sulS S~ s = ‘U = -28MeV ]
15 —fss2 : =1 - /' : I ‘N . \& A . ]
. i 3 qC) ; P N, N 7S U= +15MeV, 10 ]
NSCo7f E > . . y ~ . | O+ -
1121 — p-(Ay) baseline 3 C_) 0'01 :_’ R . _’ AN . / ~ ~ :U_:= -4MeV 13 e
. ] = | ] w | (N So . E b 1
08 100 200 30 , :l ) \ ~ ] 05+ -
k* (MeVic) n . . < 4 ]
. -l | \‘ m /m =0.65 ~ i
35H ] " ' - I \ S N
E J6] ALICE data | A I A | I \ I N L L | | L I L ] I | L | ! ) L 1
3: . I coviomb . 0.001 1 1 L L 1 1 12 14 16
25: Coulomb + p-= HAL QCD ; 0 2 4 6 8 10 8 0
~F ALICE pp V5 = 13 TeV R 2
& adius
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K* (MeVic)
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Energy density ¢/¢

This is only an example!

V. Mantovani Sarti, L. Fabbietti,O. Vazquez-Doce
Ann.Rev.Nucl.Part.Sci. 71 (2021)

S. Weissenborn et al., J. NPA 881 (2012)

J. Schaffner-Bielich, |. Mishustin, PRC 53 (1996)
N. Hornick et al., PRC 98 (2018)

NICER experiment: M.C Miller et al. AJL 918 (2021)

Mass measurement: H. T. Cromartie et al. Nature Astron. 4 (2019)

Gravitational waves data: B. P. Abbott et al. PRL 119 (2017)
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Source in pp Collisions

@ TUM

 Nuclear force with short range of a few fm

« Emission of particle pairs in pp collisions at
close distances

— ldeal for studying the short-ranged
strong interaction

marcel.lesch@tum.de, WPCF 2024, 08.11.2024

ALICE
- 2 77 ————7———0.4 —~
> 00 l ' Gaussian source (rg = 1.25 fm) ] €
S l0.3 =
< I
= 100}~ 10.2
n ] [
] <
i 10.1
0 10
: Typical short-range
_ nuclear potential
_ I l NI 1
10OO 1 2 3 4 5
i i r (fm)
53 1po
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Two-particle correlation function of pnt™

Interaction

Decay of A*™ — pnt

Illbllllllllltll)lllllllll L

4

$555000 s e T PN
e > S S S Cs gt sgatannspann o m

: E
o ALICE Preliminary pp Vs =13 TeV 7
o High Mult. (0-0.17% INEL>0) =

m€[0.95, 1.20) GeV/c? 3
Il p-n* ® p-n ]
New 3

L

005 01 015 02 025 03 035 04 0.45
k* in GeV/c
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@ TUM

ALICE
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Fitting of data of pm™

o = 3o {genCo + A= Age {1000 1010 1)

marcel.lesch@tum.de, WPCF 2024, 08.11.2024

@ TUM

ALICE
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Fitting of data of pm™

Crom = <o

marcel.lesch@tum.de, WPCF 2024, 08.11.2024

@ TUM

ALICE

47



Background contribution

« Correlated background due to “mini-jet”
contribution from hadronization process

marcel.lesch@tum.de, WPCF 2024, 08.11.2024

Q)
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Background contribution

@ TUM

« Correlated background due to “mini-jet”
contribution from hadronization process

« Background modelled with MC simulations
using Pythia:

» Obtain MC correlation function for pairs
with common and non-common partonic
origin (ancestors) separately

« Use common C. and non-common C,. as
templates to build the background

¢ Cbckg = NX[w.Ce + (1 —w)Cp]

marcel.lesch@tum.de, WPCF 2024, 08.11.2024

uu

P

Non-common ancestor

ALICE
d 1t
u
uu
d TI
u
O
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Fitting of data of pm™

Crom = <o

* Background €y, via MC templates, controlled by w,

marcel.lesch@tum.de, WPCF 2024, 08.11.2024

@ TUM

ALICE
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Fitting of data of prt™ TI.ITI

ALICE
Ctotal = NXCbckgx[AGenCO + (1 - AGen)] _

* Background €y, via MC templates, controlled by w,

e Interaction Cy(1.ore) Coulomb + strong interaction
(fixed from scattering lengths)

+ —
M. Hoferichter et al., Phys.Rept. 625 (2016) 1—-88 _ pm

M. Hennebach et al., EPJA 50 (2014) 12, 190 Scattering Length -0.125fm 0.121 fm

M. Hoferichter et al., Phys.Rept. 625 (2016) 1-88.
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Fitting of Data pn % TI.ITI

ALICE
Ctotal = NXCbckgx[AGenCO + (1 - AGen)] +

Background Cy,cxe Via MC templates, controlled by w,

Interaction Cy(7.ore) Coulomb + strong interaction

(fixed from scattering lengths)

M. Hoferichter et al., Phys.Rept. 625 (2016) 1—-88
M. Hennebach et al., EPJA 50 (2014) 12, 190

Resonance description: , M, fixed to 1215 MeV
F. Giacosa et al., EPJA 57 (2021) 12

phase-space factor

/mz +p4

PS(pT,T)ocLXexp<— - )

Fit between between 0 and 450 MeV in k*
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Fitting of the prt™ correlation function % TI.ITI

* Fit procedure repeated for
different pair transverse
mass ranges

. mT=\/rT12+k% and

kr = %[ﬁm + Pr.z)

marcel.lesch@tum.de, WPCF 2024, 08.11.2024
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0.7F —— Total Fit
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Core radius scaling pmt*

* Teore. Size Of emission source
of primordial particles

* Teore Of pmt™ follows common
scaling of pp, pK*, n¥n® in
pp collisions

ALICE, PLB, 811:135849, 2020
ALICE, arXiv:2311.14527, EPJC in press

— Common emission source
for all hadrons
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rcore (fm)
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0.5

@ TUM

QI TCFE

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

——

—~R o

p-n* @ p—1-
p—p ® p-p

b
Foore = A (mT> +C

p—-K" ® p-K~

nt—nt @ n -1, Poll
nt—nt @ m—m, Pol2

2.5
m; (GeV/c?)
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https://arxiv.org/abs/2311.14527

Fitting of data pn % TI.ITI

ALICE
Ctotal = NXCbckgx[AGenCO + (1 - AGen)] +
* Background €y, via MC templates, controlled by w,
e Interaction Cy(1.ore) Coulomb + strong interaction
(fixed from scattering lengths)
M. Hoferichter et al, Phys.Rept. 625 (2016) 1-88 / Free Parameters of the fit: \
M. Hennebach et al, Eur.Phys.J.A 50 (2014) 12, 190 - Overall normalisation N
- , M, fixed to 1215 MeV o
core
F. Giacosa et al, Eur.Phys.J.A 57 (2021) 12 - Scaling of A+ N,
. phase-space factor - T (kinetic decoupling temp.)
- Width of A*™
e \ /
m me+pt
PS(pt,T) x ————Xexp (— - >
m2+p%

Fit between between 0 and 450 MeV in k*
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pntt - m; interval 1
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@ TUT
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pntt - m; interval 2
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prtt - my interval 3 % TI.ITI

qLICE
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@ TUT

QLICE
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@ TUT

QLICE
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About the life of the A*™

@ TUM

=
3
@

?
Mid Rapidity

Hadron

marcel lesch@tum.de, WPCF 8RS 112024 beam

ALICE

Kinetic freezout
— characterized by T,

Decay of the A™ — pntt

Formation of the AT+
(and all other hadrons)
— characterized by T,

62



About the life of the A*™

@ TUM

=
3
@

/
?
—_—
Mid Rapidity

Hadron

marcel lesch@tum.de, WPCF 8RS 112024

beam

ALICE

Kinetic freezout
— characterized by T,

Decay of the A™ — pntt

Formation of the AT+
(and all other hadrons)
— characterized by T,
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Rescattering of the A™™

« Paper: Tom Reichert, Marcus Bleicher,
Nucl.Phys.A 1028 (2022) 122544

 Study of kinetic mass shifts of p(770) and K*(892)
in Au+Au reactions at E,.,,, = 1.23 AGeV with
UrQMD

* Fitting of Data with PS x BW

« However: Temperature not fixed to chemical
freezout but free parameter

marcel.lesch@tum.de, WPCF 2024, 08.11.2024

0.008 A1

@ TUM

ALICE
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Rescattering of the A™™

@ TUM

« Paper: Tom Reichert, Marcus Bleicher,
Nucl.Phys.A 1028 (2022) 122544

 Study of kinetic mass shifts of p(770) and K*(892)
in Au+Au reactions at E,.,,, = 1.23 AGeV with
UrQMD

* Fitting of Data with PS x BW

« However: Temperature not fixed to chemical
freezout but free parameter (“Kinetic Decoupling
Temperature”)

— good agreement between UrQMD and fit

marcel.lesch@tum.de, WPCF 2024, 08.11.2024
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About the life of the A*™

@ TUM

=
3
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/
?
Mid Rapidity

Hadron

marcel lesch@tum.de, WPCF 8RS 112024 beam

ALICE

Kinetic freezout
— characterized by T,

Decay of the A™ — pntt
— characterized by Ty,

Formation of the AT+
(and all other hadrons)
— characterized by T,

66



Kinetic decoupling temperature A+ TI.ITI

ALICE
« Low “decoupling temperature” of about 25 MeV

ALICE Preliminary pp Vs = 13 TeV
High Mult. (0-0.17% INEL>0)
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Kinetic decoupling temperature A+

ALICE
« Low “decoupling temperature” of about 25 MeV

* This does not mean that pp collisions are cold!

28 ALICE Preliminary pp Vs = 13 TeV
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Kinetic decoupling temperature A** % TI.ITI

« Low “decoupling temperature” of about 25 MeV
* This does not mean that pp collisions are cold!

* We see a modification of the phase space of
resonance due to regeneration phase A & N«

— hadronic moshpit for the A**

A
~ V4
s
' \N~__"

marcel.lesch@tum.de, WPCF 2024, 08.11.2024

Hadronic Moshpit




Width & kinetic decoupling temperature A** TI.ITI

 Width constant ~ 90 MeV

* Low “decoupling temperature” — modification of the phase space of resonance

s N I 1 I 1 ] 1 1 I 1 1 1 1 I 1 1 1 || I 1 ] 9 E I 1 I 1 || || 1 I || 1 1 1 I || 1 1 | I f
(O] - - ) - -
% - ALICE Preliminary pp Vs = 13 TeV ] ;1 28 — ALICE Preliminarypp Vs =13 TeV = —
R 110 High Mult. (0-0.17% INEL>0) — 8 . High Mult. (0-0.17% INEL>0) ]
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Fitting of data pn™ % TI.ITI

ALICE
Ctotal = Nxcbcng[AGenCO + (1 — Agen)] + + NpGaus(Mp, ITy)
° BaCkground Cbckg = [ 1+ NB(WCCC + (1 — WC)CNC — 1) + Slll(Mz, Fz) + Slll(Mg, Fg)]
* Interaction €, Coulomb + strong interaction
(fixed from scattering lengths)
M. Hoferichter et al, Phys.Rept. 625 (2016) 1-88. ﬂee Parameters of the fit: \
M. Hennebach et al, Eur.Phys.J.A 50 (2014) 12, 190 - Overall normalisation
. Sill distribution, M, fixed to 1215 MeV - W& Ng
= I'core

F. Giacosa et al, Eur.Phys.J.A 57 (2021) 12

- I 0
phase-space factor Scaling of A N,

- T (kinetic decoupling temp.)

- Width of A°
( ./mzﬂ?'zr) - Scaling of A N
xexp \ —

T - Mass of A

me+pr KWidth of A /

Fit between between 0 and 450 MeV in k*
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pnt~ - myinterval 2
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pnt~ - my interval 3
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pnt~ - my interval 6 TI.ITI
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Backup Three-Body
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Other Three-Body Studies

pP-p-/A\
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ALICE, Eur.Phys.J.A 59 (2023) 7, 145 Q, (GeV/c)
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First theoretical results on ppp % TI.ITI

ALICE
* Three-particle emission source modelled ”a
: : : 0 T ol LA L UL L L B B B
as three-single particle emitters S - [o-p-pep-ppbata 3
. Q 22F —
constrained to data - 4 Wo.,=15m ]
L _ 21 Bp Po,=18m —
 Shape qualitatively describes the data . sE g, -20m E
- Considered effects: 16 W, -22m =
~ =2.4fm =
* pp strong interaction (AV18) 14 ii":zsfm =
« Coulomb . =
« Pauli-Blocking on three-particle level ]

1

* No three-body forces 08 -
S
0.6 — AV18
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

_ Q, (GeV/c)
A. Kievsky, et al., Phys.Rev.C 109 (2024) 3, 034006
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The future of ppp studies

@ TUM

ALICE Run 3 (2022 data only)
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A. Kievsky, et al., Phys.Rev.C 109 (2024) 3, 034006
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Other Three-Body Studies

ALICE, Eur.Phys.J.A 59 (2023) 7, 145
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O i 0 p-p-P genuine cumulant, flat feed-down  _
.f —:
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Y-} I IR PRI EFEPEPI PP AP IR I

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Q, (GeV/c)

marcel.lesch@tum.de, WPCF 2024, 08.11.2024

ALICE

84



Neutron Stars and QCD Axions TI.ITI

ALICE

 Impact of axion on the EoS
— Can lead to stiffer EoS

Reuven Balkin et al, J. High Energ. Phys. 2020, 221 (2020)
Reuven Balkin et al, arXiv 2307.14418
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Neutron Stars and QCD Axions

 Impact of axion on the EoS
— Can lead to stiffer EoS

« Axion properties linked to in-medium properties of pion

Reuven Balkin et al, J. High Energ. Phys. 2020, 221 (2020)
Reuven Balkin et al, arXiv 2307.14418

ALICE

marcel.lesch@tum.de, WPCF 2024, 08.11.2024
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Neutron Stars and QCD Axions

 Impact of axion on the EoS
— Can lead to stiffer EoS

« Axion properties linked to in-medium properties of pion

Reuven Balkin et al, J. High Energ. Phys. 2020, 221 (2020)
Reuven Balkin et al, arXiv 2307.14418

Goal: Study of pprrt interactions using femtoscopy
in small colliding systems
— Access dynamics of pions with few nucleons
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On todays Menu

Emission at small distances
for pn* systems?

— probed via two-particle
femtoscopy of pr®

-

marcel.lesch@tum.de, WPCF 2024, 08.11.2024

ALICE

Do we see effects beyond
pairwise interactions in
pprt?
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Axions in Neutron Stars

« Sourcing of a scalar reduces the
nucleon mass and provides an
additional energy density and
pressure source

* Neutron stars in the new ground st
can be significantly heav- ier than
QCD equations of state currently
predict

marcel.lesch@tum.de, WPCF 2024, 08.11.2024

SH

Free Fermi gas
— Coexistence

— New ground state

Stiffer

Softer
-
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Three-Body Femtoscopy

 Pair relative momentum not applicable in three-body system
— Use Lorentz-invariant hyper-momentum Q5

marcel.lesch@tum.de, WPCF 2024, 08.11.2024

ALICE
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Three-Body Femtoscopy % TI.ITI

 Pair relative momentum not applicable in three-body system 4
— Use Lorentz-invariant hyper-momentum Q5

/

I \

{\ Q pl

\ 17\’
Q3 = \/_Q%Z — q§3 - 9%3 ‘ ) @/,

\ Nsame(QB)
\ mmmp C(Q3) =N
\\ (QB) Nmixed(QB)
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Three-Body Femtoscopy

’
 Pair relative momentum not applicable in three-body system K4
— Use Lorentz-invariant hyper-momentum Q; {'
\
_ /2 2 9 %
Q3 = \/ 12 — 423 — 13 O “._ ¢

\ Nsame(QB)
' mmp C =N
\\ (QB) Nmixed(QB)

« Challenge of isolating three-body effects
— Effects of two-body and potential three-body interactions in the system

marcel.lesch@tum.de, WPCF 2024, 08.11.2024
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Smoking Guns of Three-Body Interactions

« Kubo cumulant decomposition:
R. Kubo, Journal of the Physical Society of Japan 17 no. 7, (1962) 1100-1120

’-\

\ )

Three-body Effects Triplet Correlations Two-body Correlations

(Cumulant)
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@ TUM

ALICE

Phase-Space
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Smoking Guns of Three-Body Interactions % TI.ITI

ALICE

« Kubo cumulant decomposition:
R. Kubo, Journal of the Physical Society of Japan 17 no. 7, (1962) 1100-1120

’-\

\ )

Three-body Effects Triplet Correlations Two-body Correlations Phase-Space

(Cumulant)

« Lower-order contributions estimated in a data-driven way using the same and mixed events
distributions AT~ RN “.®

S J s
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Three-particle correlation function of ppt™ % TI.ITI

« Overall attractive effects in
triplet correlation function

« Signal consisting of two-body S T ! ' ' | | i
and potential three-body © I _
effects o5 _
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- 1 High Mult. (0-0.17% INEL>0) -
2 - L —_—
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B *W - 4-

L T A T R SR RS
0 0.2 0.4 0.6 0.8 1 1.2
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Two-particle contributions of ppt™ % TI.ITI

— ALICE
« Contribution from 2,8 — —’
:\ /',. . \‘\ ) (\H;
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Two-body contributions of pptt™

i - ALICE
+ Visible contribution from LN ‘.Q_. _H‘
Three-Particle Lower-Order
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Three-body effects in ppn®

marcel.lesch@tum.de, WPCF 2024, 08.11.2024
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Three-body effects in ppn® % TI.ITI

 |In both cases cumulant compatible z ,
with zero for large Q5 .
o AULEELE DL IELEELENLE I L

— No three-body effects G

« Three-body effects for small
Q3< 200 MeV/c 1

* Repulsion for ppm™*
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Three-Body Effects in ppr®

« Statistical significance:

Qs range in GeV ng for
pprn” | ppn”
0.04-0.16 1.84 | 2.83 1.5
0.16 - 0.68 3.23 8.34
0.04 - 0.68 3.46 8.64 1
 |In both cases cumulant compatible 0.5
with zero for large Q5
— no three-body effects 0
-0.5
1
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