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® Abundant production of strange hadrons
at the LHC

® Good PID and momentum resolution —

good opportunity to study particle
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® Abundant production of strange hadrons
at the LHC

® Good PID and momentum resolution —

good opportunity to study particle
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Data sets (Run 2):
o pp 13 TeV (1000 M high multiplicity events)
o P—Pb5.02 TeV (600 M minimum bias events)

o Direct detection of charged particles (p, K, x)
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® Abundant production of strange hadrons
at the LHC

® Good PID and momentum resolution —

good opportunity to study particle
correlations in momentum space

Data sets (Run 2):

o pp 13 TeV (1000 M high multiplicity events)

o P—Pb5.02 TeV (600 M minimum bias events)
o Direct detection of charged particles (p, K, x)

TOF

TPC

[The very good PID capabilities of the detector result in very pure samples! }
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Source S(r*) emitting pairs of
hadrons at a relative distance r”.
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CATS (Correlation Analysis Tool
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Neme(K?) and N i..4(K?) — K™ distributions of
hadron pairs from same and different

collisions, respectively;
AK™) — corrections for experimental effects.
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What femtoscopy can study?

o Dynamics of medium created

in high-energy collisions to test
(hydrodynamic) models of
hadron interactions
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o Exotic particles (multi-strange
and even charm) which are
otherwise not accessible with
scattering experiments
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Source S(r”) emitting pairs of
hadrons at a relative distance r”.

CATS (Correlation Analysis Tool
using the Schrodinger equation) — to
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Neme(K?) and N i..4(K?) — K™ distributions of
hadron pairs from same and different
collisions, respectively;

AK™) — corrections for experimental effects.
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Correlation femtoscopy: measurement of space—time characteristics R, ¢z ~fm
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Correlation femtoscopy: measurement of space—time characteristics R, ¢z ~fm
of particle production source using particle correlations due to the effects of
quantum statistics (QS) and final-state interactions (FSI).

Two-particle correlation function (CF):
2k= Theory: )
— Experiment: ,

- pairs from the same event
0 > > - pairs from different events
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Correlation femtoscopy: measurement of space—time characteristics R, ¢z ~fm
of particle production source using particle correlations due to the effects of
quantum statistics (QS) and final-state interactions (FSI).

Two-particle correlation function (CF):
2k= Theory: )
— Experiment: ,

- pairs from the same event
0 > > - pairs from different events

. — source size In Pair Reference Frame
1D CF: .
— correlation strength
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Correlation femtoscopy: measurement of space—time characteristics R, ¢z ~fm
of particle production source using particle correlations due to the effects of
quantum statistics (QS) and final-state interactions (FSI).

t t Two-particle correlation function (CF):

2= Theory: )
—) E Experiment: ,
- pairs from the same event
0 > > - pairs from different events
1D CE: — source size in Pair Reference Frame
' — correlation strength
3D CF:

— source size in Longitudinally Co-Moving System 4
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ALICE, PRC96(2017)064613
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o R decrease with increasing
pair transverse momentum
kr = |Pr1 + Pr2l/2 and
for decreasing centrality —

hydrodynamic expansion of

matter created in heavy-ion
collisions

o k; scaling observed for
pions and kaons

predicted by HKM+UrQMD

cascade model
Yu.M.Sinyukov et al.,

NPA946(2016)227
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K*K=*: Maximal emission time (A HEr202:

Yu.M.Sinyukov et al., NPA946(2016)227 Estimate the lifetime of the expanding fireball associated with the moment
V.M.Shapoval et al., EPJA56,10(2020)260 when the number of correlated particles emitted from the source is maximum.




K*K=*: Maximal emission time (A HEr202:

Yu.M.Sinyukov et al., NPA946(2016)227 Estimate the lifetime of the expanding fireball associated with the moment
V.M.Shapoval et al., EPJA56,10(2020)260 when the number of correlated particles emitted from the source is maximum.

1. Fit pion and kaon spectra — strength of collective
flow « , o, and temperature of maximal emission T
extracted

2. Using T, fit kaon R,,, — 7. extracted
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Yu.M.Sinyukov et al., NPA946(2016)227 Estimate the lifetime of the expanding fireball associated with the moment
V.M.Shapoval et al., EPJA56,10(2020)260 when the number of correlated particles emitted from the source is maximum.
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o How do they interact?
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Hyperons?

Kaon condensate?
Quark Matter?
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Neutron stars (NS): very EoS:
dense, compact objects

o What are the constituents to consider?

o How do they interact?

Dimensions
R~10-15km
M~12-22Mg
Outer Crust
lons, electron gas - n’
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ons, electrons, neutrons o W
Inner Core nn N nvps
Neutrons? AN e o
Protons? ORI
Hyperons? .

Kaon condensate?
Quark Matter?

o EoS (of dense
matter/NS) is
increasingly sensitive to
the three-body forces
with increasing density

o Difference in EoS
difference in mass-to-
radii relation for NS

o Three-body interaction
models are fitted to
reproduce measured
(hyper)nuclei properties
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Neutron stars (NS): very EoS:

dense, compact objects

o What are the constituents to consider?

o How do they interact?

Dimensions
R~10-15km
M~12-22Mg,
Outer Crust
lons, electron gas - . n’
3 | | -1

Inner Crust g Jmu‘ n
lons, electrons, neutrons Il "
Inner Core A
Neutrons? PR e
Prot 5 n N \_{U\/

rotons? M udphe
Hyperons? -

Kaon condensate?
Quark Matter?

o EoS (of dense
matter/NS) is
increasingly sensitive to
the three-body forces
with increasing density

o Difference in EoS
difference in mass-to-
radii relation for NS

o Three-body interaction
models are fitted to
reproduce measured
(hyper)nuclei properties
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D.Lonardoni et al.,

PRL114(2015)092301
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EoS:
o What are the constituents to consider?
o How do they interact?

Neutron stars (NS): very
dense, compact objects

Dimensions
R~10-15km
M~12-22Mg,
Outer Crust
lons, electron gas > DOk
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Hyperons? o

Kaon condensate?
Quark Matter?

o EoS (of dense
matter/NS) is
increasingly sensitive to
the three-body forces
with increasing density

o Difference in EoS
difference in mass-to-
radii relation for NS

o Three-body interaction
models are fitted to
reproduce measured
(hyper)nuclei properties
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D.Lonardoni et al.,

PRL114(2015)092301

[ New observables are required to solve the three-body problem! } 8
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Access the strong interaction }
between A and K

ALICE, arXiv:2305.19093
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w;— amount of initial state particles

C(k*) = Cmodel(k*) a(l + bk*? + Ck*3) + 2 W; Cijr.lel(k* o Z(1620) shares the same quantum
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numbers as A-K- — strongly coupled

- states
En,XK,En—AK o Comparison with UxPT at LO and xPT
C o AICE - T3t _ at NLO
§ High Mult. (0-0.17% INEL > 0) ALICE, arXiv:2305.19093
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1.5 — Femtoscopic fit
Background
1.4 — Non resonant
' — Resonant
M 520 = 1618.49 +0.28(stat) + 0.21(syst) MeV/c?

[z, = 1.01+ 0.14(stat) + 0.39(syst) MeV
I, =115.99 + 8.56(stat) = 4.08(syst) MeV
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, w;— amount of initial state particles
C(k*) = model(k*) a(]_ + bk*? + Ck*?’) + 2 w; Ci]nel(k* o E(1620) shares the same quantum
: numbers as A-K- — strongly coupled
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=En,2K,En—AK o Comparison with UxPT at LO and xPT

—
n

—
—
I

—

TR AT T . atNLO
High Mult. (0-0.17% INEL > 0) ALICE, arXiv:2305.19093
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= Femtoscopic fit
pckground KScattering parameters for A-K- (non-resonant) from Lednicky—
— Resonant Lyuboshits approach, in agreement with Pb—Pb ALICE results

h{' M52y = 1618.49 + 0.28(stat) = 0.21(syst) MeV/c?
Thy [ = 1.01+0.14(stal) £ 0.39(syst) MeV
"‘@‘ l:‘_\ - = 115.99 * 8.56{stat) = 4.08(syst) MeV

ALICE, PRC103(2021)055201
o Attractive strong interaction for A-K-

o Masses and widths of Z(1620), Q, Z(1690), Z(1870)

o Constraints for low-energy effective theories describing the

Ns

meson—baryon interaction (S = —2 sector )
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] o Investigation of Z(1620) — possibly dynamically generated
E \\molecular state /
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Differences in the coupling to N2,
and in the interplay between two-
and three-body forces. Important
for EoS.

J.Haidenbauer et al.,
EPJA56(2020)3,91

Small amount of available experimental data in the
yEFT NLO 19

region of NA<>NZX cusp.
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J.Haidenbauer et al., YEFT NLO 13 Small amount of available experimental data in the oo oo

. EPJA56(2020)3,91 m XxEFT NLO 19 region of NA—NZ cusp.
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Scattering data |
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® Sechi-Zorn et al.
®  Alexander et al.

© Hauptman et al.
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200 i Piekenbrock

Cusp is observed with very high precision in p-A QF.
s

; . P
Superior precision at low momenta over existing data.
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N\ 7’ ALICE, PLB833(2022)137272
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a) ALICE pp Vs=13TeV

high-mult. (0-0.17% INEL>0)
80 pA ® DA pairs

— Fit NLO13 (600)

a) ALICE pp Vs=13TeV
high-mult. (0-0.17% INEL>0)
[0 pA @ PA pairs
Fit NLO19 (600)
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e
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T T e 0 ae 16E — Residual pr% xEFT = —— LO (600) E
1.4 \ Residual pz~ @ pz’ — — Residual pz% xEFT
Differences in the coupling to N2, 12 T = Residual p=~ @ p=’
and in the interplay between two-  _, JEe==—=="= S ————— -
and three'bOdy forces Important E.“;, 1.04[> — Cubic baseline F \\ —_ Cub|c basellne -
' 1.02 = —
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0.98 - iy ]
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p-A correlations (A HEr202:

J.Haidenbauer et al. yEFT NLO 13 _ _ _ PO
’ Small amount of available experimental data in the ‘ ‘ >
EPJA56(2020)3,91 JEFT NLO 19 otion o NAINE cusp, P .‘oo: 00

T T L L D D L 70 . E‘:‘_):;;_anl T ’ N s

o (mb)

-

Scattering data |

Ap -> Ap

® Sechi-Zorn et al.
®  Alexander et al.

Cusp Is observed with very high precision in p-A QF.
s

Superior precision at low momenta ovey existing data.

\
N PR ALICE, PLB833(2022)137272

A9\ L

© Hauptman et al.
A D
200 i Piekenbrock

a) ALICE pp Vs =13 TeV a) ALICE pp Vs =13 TeV

) 1 S A
10 u - H S =
S I B - =
b 0 L 1 \ 1 L
00 800 T00 0
100 - ] Ppp (MeV/c)
. —_
| , | L 22
At A\ ~—
: Qo
TN A
AT *,

2! high-mult. (0-0.17% INEL>0) _! high-mult. (0-0.17% INEL>O)§

18 % 87 pA @ PA pairs S 80 pA @ PA pairs = .

E Fit NLO19 (600) “F — FitNLO13 (600) 3 - deviates by ~46
%5 13 220 310 388 O, — Residual p: EFT E3 — LO(600) E at low k*.

14F Residual pz~ @ pz’ e — Residual pz% xEFT
Differences in the coupling to N2, 12 % “E Residual p=~ © p”
and in the interplay between two- ~ _, 1E=——"= | Sr—————eanaarmese -
and th ree'bOdy forces. Important % 1.04 :_ — Cubic baseline _:"_ \\ —_ Cub|c basellne _:
for EoS. 1 i =

T

Preference towards the NLO19. 0 100 200 300 400 100 200 300 1
k* (MeV/c) k* (MeV/c)

[ NLO19 deviates by ~3c at low k*. } of
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p-A correlations & "i- 5 HEP2023
J.Haidenbauer et al. yEFT NLO 13 : : : 4 48
! Small amount of available experimental data in the uld) rOO\
EPJA56(2020)3,91 . ‘ ;
~ (O YEFT NLO 19 region of NA<NZX cusp. ! /! '
.g T T LA I I I R B w : E'rl\-:vw(-znpl ‘ - i N
5 Scattering data g e - - - - _ a -
AP > A P Cusp iIs observed with very high precision in p-A QF.
+ Rexanderotal. 7
" 2 b : - 2.
200" Superior precision at low momenta over existing data.
N\
N N 7 ALICE, PLB833(2022)137272
<4 L7
wor- 0/ e
: ! a) ALICE pp Vs =13 TeV _:! a) ALICEpp Vs=13TeV 7
1 high-mult. (0-0.17% INEL>0) 3 high-mult. (0-0.17% INEL>0)]
% 87 pA @ PA pair S 80 pA @ PA pairs = .
EN IF:,it NL(F;1 s;) ?650) “F — FitNLO13 (600) 3 - deviates by ~4c
045 e - 3;0 = CET — Residual pzf: xEF'!]' _EE_ — LO (800) X E at low k*.
14 4 Residual pZ~ @ p= - - Residual pZ-: xEFT —
Differences in the coupling to N2, 12 T = Residual pE ©p=’
and in the interplay between two- | e smm—— e 1 ~
and three_body forces. Important % 1.04[ — Cubic baseline “F \\ — Cub|c basellne A Further
for EoS. I ; Improvement of

- the NLO model

W . ispossible!

0 100 200 300 400 100 200 300
k* (MeV/c) k* (MeV/c) 11
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NLO19 deviates by ~3c at low k*. of
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Three-particle femtoscopy CEERHEP2023

I
+

4o ® 2. /Calculated employing

Kubo’s cumulants

Measured Genuine > , . ; . : .
three-body hroe-body Two-body Single-particle R.Kubo, J. Phys. Soc
correlation correlations correlations contribution Jpn. 17(1962)1100

12
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Three-particle femtoscopy (EHEP2023

Measured
three-body
correlation

Loy ® 2. /Calculated employing

Kubo’s cumulants

LTI TN
+’ e,
*a
*e
.
*

. >
thGrjg-ngzy Two-body Single-particle R.Kubo, J. PhyS. SOC.
correlations correlations contribution Jpn. 17(1962)1100

I Nsame(QS)
Experiment: C(Q;)=w:

7 NoisedD5)

N

_ 2 2 2
{Q3_\/ i bk ki )
qoo:—po——po
) mi-l—mj : mi+mj J )

12
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Three-particle femtoscopy (EHEP2023

Kubo’s cumulants

N . - 2. /Calculated employing

Measured Genuine > : . K . Phys. .
three-body three-body Two-body Single-particle R-Kubo, | ys. SOC
correlation correlations correlations contribution Jpn. 17(1962)1100

Experiment: C(Q3):W]]\\ffsame((QQ3))
mixed\ =3

_ 2 _ 2 2

Q3_\/ i bk ki
q..:ﬂp.— 2mi p.
J mi+mj l mi+mj J

Theory: two-body interactions + three-body interaction

C3(P1, P2, p3):ﬂf S3(ry, 1y, 13)|W (I, I, I3, Pg, P2, p3)|2d3r1d3r2 d>1; .



p-p-p and p-p-A correlations (D HEr202:

ALICE
/o Negative cumulant for p-p-p I
o Possible forces at play:
 Pauli blocking at the three-particle level
« Three-body strong interaction
\_ * Long-range Coulomb -
9: 4 -—I |Il| p—rl—p gem.:ine cumlulant, flalt feed-d;wn =
© [ [5__] p-p-P genuine cumulant, flat feed-down
2 i
Statistical [ .
significance: °F SR e
n,= 6.7 for sk ks
Q;<0.4 GeVic [ ALICE ]
4 + pp Vs =13 TeV -
B High Mult. (0-0.17% INEL)
i T T e
Q, (GeV/c)

13



ALICE

p-p-p and p-p-A correlations

o=

PSS HEP2023

E
HAMBURG

ALICE, EPJA59(2023)145

/"o Negative cumulant for p-p-p I
o Possible forces at play:
 Pauli blocking at the three-particle level
« Three-body strong interaction
\_ * Long-range Coulomb J
~ [T
9;) 41— [@I¥3 p-p-p genuine cumulant, flat feed-down =
© [ [5__] p-p-P genuine cumulant, flat feed-down
2| r
Statistical [ .
- =g s R L O - = O e SO R B RO-SO-3 08020
significance: °F :
n,= 6.7 for gl s
Q;<0.4 GeVic [ ALICE ]
D op Vs = 13 TeV e
B High Mult. (0-0.17% INEL)
_6".1....1....1....1....1....1....1....'
0.1 02 03 04 05 06 0.7 0.8
Q, (GeV/c)

"o Hintofa positive cumulant for p-p-4
o Only two identical and charged particles (p-p in p-p-A

combination) —
main expected contribution from three-body strong interaction

~

\_o Relevant measurement for EoS of NS )
— 0T
S n === p-p-A cumulant
S 25:_ =
=3 + Statistical
15 - significance:
oF 3 n = 0.8 for
; : Q;<0.4 GeV/c
5F -

01 02 03 04 05 06 07 08
Q, (GeVic)

13



p-p-p and p-p-A correlations (S HEP2023

ALICE
ALICE, EPJA59(2023)145
/o Negative cumulant for p-p-p "\ (o Hint of a positive cumulant for p-p-4 )
o Possible forces at play: o Only two identical and charged particles (p-p in p-p-A
 Pauli blocking at the three-particle level combination) —
« Three-body strong interaction main expected contribution from three-body strong interaction
.+ Long-range Coulomb J \_o Relevant measurement for EoS of NS J
> :l-:--lvn:l','.l',',l.”,l,”.].'.._ - 30_""I""l""l'"'I""l""l""l""_
9;) 41— [@I¥3 p-p-p genuine cumulant, flat feed-down = S C === P-pP-A cumulant o
o [ [5__] p-p-P genuine cumulant, flat feed-down S op :_ _:
2| - : E
Statistical i =3 + E Statistical
significance: O:’ sall e 15F - significance:
n = 6.7 for o £ oF 3 n_= 0.8 for
Q;<0.4 GeVic N ALICE ] ; 3 Q;<0.4 GeV/c
4L pp Vs =13 TeV o ’ ]
o High Mult. (0-0.17% INEL)
_6-.1....1....1....1....1....1....1....-

0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 ; } : ¢ g
Q, (GeV/c) Q, (GeV/c)

Final constraints on three—body interactions will arrive with Run 3 data.
Already under investigation with special trigger for p-p-A! 13
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p-d correlations (R HiEr2023

®

ALICE
oo L
% 1.4 ALICE Preliminary
pp Vs =13 TeV
1.2 High-mult. (0—-0.17% INEL >0)

—_

e 9o ;
L [e2}
O-IIIIIIIIIIIIIIIIIIIIIIIII_

+ . " * . -+

o
o)

s pdepd
[ Norm. uncertainty (1.3%)

t

Lo oo bww v bwww v byvww v bvvw s bwvwsl

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

©
(V)

14



p-d correlations @HE&&S%E\\

ALICE
B SN E T S T .
ALICE, PLB811(2020)135849 S | o Effective two-body system
. ributions to 2= : oF 7 NEL ) : o Coulomb + strong interactions via
WO CONTTTDULIONS 1O T g . o073 E Lednicky model; only s-wave

0 Norm. uncertainty{1.3%)}

Gaussian core + decaying resonances

Models With Feye e, = 1.059 + 0.04 fm

—— van Oers etal (1967) == Arvieux (1973) | R.Lednick}'/,

—— Huttel et al. (1983) —— Kievsky et al. {1997}

‘ > E i = Black et al. (1999)
5H1
- > 4 z f x 4; "' Black(1999): z2ndf = 734/3 = 244.7 {0-120 MeV/c) _E
- E B d
o L UL LR L B B g/ ] p—d _ +0.04
% 1.4 ALI?E Preliminary 3 E O 7ﬂeff o 1'059—0.04
s=13TeV - ] .
Y hermult (0-.0.17% INEL>0) 2 4 o [Does not describe the data
1 """"""""" —0— T"'I”’;O;'I"—O— #_
1 *+i+__.+_ ' —— -+ 0E L1 ]‘ TR R N T N TN N T T AN T S A A M M B
80 120 160 200 240 280

k*(MeV/c)

o
o)

e 9o ;
L [e2}
O-IIIIIIIIIIIIIIIIIIIIIIIII_

+

s pdepd
[ Norm. uncertainty (1.3%)

IIIIIIIIIIIIIIIIIIIIIIIII
o
~
()

Lo vovoo by v v v bww v byvww v by ww v bvwn v byay

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

©
(V)

14



ALICE

p-d correlations

HAMBURG

éEEEIiEP2023

ALICE, PLB811(2020)135849

S —d
Two contributions to ..
Gaussian core + decaying resonances

C(k*)
-

—_
M

e 9o ;
L [e2}
O_IIIIIIIIIIIIIIIIIIIIIIIII_

—_

o
o)

©
(V)

+

|

LI DL B B
ALICE Preliminary

M R

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

*+i+__+_+_¢_ +

s pdepd
[ Norm. uncertainty (1.3%)

50

100

150 200 250 300 350

400

k* (MeV/c)
~a

—y

ALICE Preliminary
pp Vs =13 TeV

&) p—d ®p-d

—— Huttel et al. {1983}
—— Black et al. (1999)

High-mult. (0— 0.17% INEL > Q) -

0 Norm. uncertainty{1.3%)}
Models with 7epre  res

.. = 1.059 £ 0.04 fm ]
—— Van Oers et al (1967) —— Arvieux (1973) —

Black({1999): z2ndf = 734/3 = 244.7 (0-120 MeV/c)

—— Kievsky et al. {1997)

C ——

"""""""" J= b I e e < o R N = S|

=1
cle v b b by

[y |

40 80 120 160

200 240 280
k*(MeV/c)

I I I I

New paper on arXiv!
arXiv:2306.02478 -

I I

Pisa Model ("N, = 1.43:2/% fm) 1
I Coulomb+Antisym. -
Bl AV18+UIX ]
I AV18+UIX (s-wave) =

0.16

1 1 1 1 1 1 1 ]
50 100 150 200 250 300 350 400
k* (MeV/c)

o Effective two-body system
o Coulomb + strong interactions via

©)

Lednicky model; only s-wave

R.Lednicky,

= 1.05973-94

o [Does not describe the data]

©)

el: two-body (AV18)

R.B.Wiringa et al.,
PRC51(1995)38
+ three-body (UIX) interactions

B.S.Pudliner et al.,
PRC56(1997)1720

o (Modelling of the p-d CF as a

three-body system describes the
data well

14



p-d correlations @HH’&S%E\\

1 1 1 1 1 1 1 ]
50 100 150 200 250 300 350 400
k* (MeV/c)

ALICE
UL L L L B B L L BRI .
AL'CE, PLB811(2020)135849 & gi ALICE Preliminary E o Effective tWO-bOdy SyStem
Two contributions o 7P~9 o 0 onesg | 0 Coulomb + strong interactions via
_ Tetf £ meoors E Lednicky model; only s-wave
Gaussian core + decaying resonances s min e o 105020061 ] :
°F = e R.Lednicky,
- £== Black et al. (1999) =
’ I 5§ ‘\I.gl Black(1999): y2/ndf = 734/3 = 244.7 (0-120 MeV/c) g
- 4 B "\‘ ] J
o Trrrprrr Tt T F ] —u 0.04
% 14 ALICE Preliminary - 3t E O 7ﬂepff — 1'059i0.04
- pp Vs =13 TeV . E e .
2k Fhghmut, (0-0.17% INEL>0) - 2 - | o [Does not describe the data]
: : 1 ; ””{"';’_6;'][”’;0’—”‘.[’”'I"’;O;'I"—O— T 4‘-5:
T A, T 03"Tiﬂ\‘.m.‘.|“.|‘..\...|..‘—
0.8 :_ _: 0 40 80 120 160 200 %ﬂ(l&ewg)BO
06 [ # p-d & p-3 E o Model: two-body (AV18)
_—‘> I Norm. uncertainty (1.3%) ] RB Wil‘inga et al
0.4 — — 2 T T T T T T T B L "
N i 1.4: New paper on arXiv! PRC51 1995 38
02 50 100 150 200 250 400 350 400 (p) 120 sl A - -
o (MeVi) ; : 1+ three-body (UIX) interactions
~ R/ ' B.S.Pudliner et al
~ g <. n ok 4 P "
O 0.8 : W +0.16 -
st Bl et § PRCE6(1997)1720
ol Lt - 3 o (Modelling of the p-d CF as a
three-body system describes the

data well

[p-d system Is sensitive to the three-body dynamics and also the three-body interaction! } 14




Summary

ALICE

éEEE HEP20
HAMBU

=

23
RG

o Collective effects in medium created in high-energy
collisions via
« K*K% correlations in p—Pb

o Coupled channel dynamics and resonances via
* A-K-In pp: nature of =(1620)

o EO0S, physics of NS and many-body forces via
* p-A and p-p-A in pp: a great opportunity to further
constrain chiral theory and get realistic E0S
* p-d in pp: indirect measurements of three-body forces

Thank you for your attention!

Hadron-hadron
Interactions

EoS of neutron
stars

Properties of
nuclei and
hypernuclei




Backup: K*K* 1D analysis, experiment vs EPOS/ ep2022

ALICE
B . o R;,, decreases with k; and S
£ o - okl £ _fe-Pb (Smo502TeV  KKSKK - for decreasing centrality — 2L KK pairs s s
> | ALICE Preliminary 0-5% i = 2r ©0-20% - - [ s 5 | osse wiocase|
g e o | =2040% | [(hydrodynamic expansionof| _ | #  wues o C
L o i —-90% 5 = " 40-90% *
j e ioaon - oA matter created in p—Pb €15 #
I o - I [|EPOS .. 2|
L 40-60% _| & ¢
15/  60a0m | 1.5- collisions _ © T E%E@
_ - o [EPOS with UrQMD J T oo 502 T o
I [JEPOS - . | PR P = SRR TET | 2]
7 ] cascade describes R;, o o A
17p-Pb sy =502 Tev i " ALICE Preliminary fr (GeVre)
T ss—ts— R 4 ALICE, PRC100(2019)024002
| Ky (GeV/c) ' k- (GeV/c) |
Y
i -
o EPOS does not describe R;, B L N TR < —
for central collisions pPbys,=502Tev  KKOKK | 1-ALICE Preliminary  KKCEKK®
:g:?o/z/ :p—Pb ﬁ:S.OZ TeV :20_40?)/0 :
I ——— 0% f $40-90% -
ALICE, PRC100(2019)024002 0.6- tooaon | 08 (Jepos -
T ‘ T T T ‘ T T T ‘ T T - ¥40—60°/o -
- KK pairs ALICE EPQOS EPOS . % 60-80% L
BT . Wease wocase o 2 does not change with O Favee Preliminary 1 0.6 ]
- ok s o x| multiplicity and k; 0.4 Oepos | ! :
< [ g i | | o EPOS overestimates A : | 0'4-% % ﬁ .
0.5+ - L i
I Id% Iﬁm i due to kaons from Iong- L1 IR R RN R A R 02; | \ \ I I I | \ —_
| | i i * 0.2 0.4 0.6 0.8 1 ' 0.5 1
e fwsseeTey o lived resonances like K™ k. (GeV/c) k. (GeV/c)
0.4 0.6 0.8

k. (GeV/c) 16



Backup: KK* 1D analysis, pp, p-Pb, Pb-Pb

éEEE HEP2023

HAMBURG
ALICE
—_— N e —
r= A B R ] ALICE, PLB739(2014)139 FIEEEE =AY -
= | ® ppis=7TeV (k)=042GeV/c i} o100 L pPb s, =502 TeV 1]
o 10p O PN 1p-POSy, =502 TV, (k) - 036 Gevie o at similar multiplicity, RE . PoPb,276TeV . sli -
| ® Run2p-Pb {5, =5.02TeV, (k) = 0.36 GeV/c + ) - 8 efetl T
¢ Pb-Pb {5,=2.76 TeV, (k ) = 0.35 GeV/c ] nt: R, (p—Pb) is ~5-15% > R, , (pp) 2 I 0.16<K+ 4<0.3 GeVlc el
Pb-Pb =5.02 TeV, (k_) = 0.36 GeV/ pred . ~ = 670.2<k;<0.3 GeV/c ‘ g.,‘f‘.’ ]
’ Vo = 502 Tel. k) Eﬂ C// ’ K_i- Rinv(pp) ~ Rinv(p__Pp) = r e 1
5 ,@Pﬁﬂ ‘‘‘‘‘‘‘ | | disfavors models which incorporate 4 ettt Two-Pions 7
Lt ] ) ) ) . r oy ]
. o . substantially stronger collective expansion in 2t am¥t Three-Pions
: _ /B;} """""""" ALICE Prelimirjary : _Pb as Compared tO pp CO”iSlonS f J — | ]
L//,.,“"* | K;K*@KK 1 o Ry, (Pb—PDb) is 35-55% > R, (p—PDb) °F
% % o s importance of different initial conditions or | = 5 2w -
(Ngy significant collective expansion even in < 11 kin
o [T T l peripheral Pb—Pb 1_*“+_
£ | m ppis=7TeV,(k)=08GeVic | L& a smemcpdy® ° 0 9000008088 |
g 1oL © Run1p-Pbs,,=502TeV, (k)=0.7 GeV/c i
c | ® Run2p-Pb s, =5.02TeV, (k)=07 GeVic ) .““1”0 ‘ 162 . 163
-6 T fem =278 TeW, () - 078 SeM ALICE, PRC100(2019)024002 W)
¢ Pb-Pb ﬁ=5.02 TeV, (kT)=0.7 GeV/ic | 4 ¢
- LN DL B
| | - . - o o T © ppis=7TeV,(k)=08GeVic 1
o _gee—"d| (‘o atsimilar multiplicity D) b
' e Rin/(P—Pb) = R, (PP), T o .o
i T ALICE Preliminary Riw(Pb—Pb) > R, (p-Pb) g \ {
Lf’@@"’% | KIK*@KK i o R, (pp&p—-Pb) are not on the same curve s ? -
S T R | \ Lo - o - ALICE
% 5 10 15 as Ry, (Pb—Pb), gap increases with A A
(Nw'™ )\ increasing ky J 0 Ny O 1517
ch’




Backup: Strong interactions (EE3 HEp 2023

ALICE
p |. Effective theories with hadrons as degrees of
Confinement 055 — _ freedom:
o + Messwerte

P P

0.4} —eh

| ‘ 70
0.3_
0.2} n //\n

0.1} : i ' :
e Asymptotic Il1. Lattice QCD mte_ractlon starting from
i o 100 freedom quarks and gluons: GiaEaR gluons U,
Q (GeVic) on the sites on the links
Running coupling constant defines the 2

boundaries of low-energy QCD
® 0~1GeV,R~1fm
® No perturbative methods are applicable

Euclidean
: Lattice
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Backup: Femtoscopy with small sources (55 HEn202

ALICE

g s '*' " ALICEpp (s=13TeV ALICE, PLB811(2020)135849

High-mult. (0—-0.17% INEL > 0)
m; €[1.26, 1.38) GeV/c® Parametrize p-p and p-A r,, points
%J;Sfp“ ;0[_;{%9 —>(calculate r,,, for any other baryon pairs
— Coulomb + Argonne v (fit) (taqug |n_to account the resonance
contribution!)
— calculate source functions
— calculate related correlation functions

2.5

—
&)

\V)
O-Illlllllllll

—— 1_4 L] T T T I T T T T I T T T T I
-
= ALICE pp Vs =13 TeV .
()
5 B High-mult. (0-0.17% INEL > 0)
1 T |U|h;"r|\\1 .UTJYF:A.U. ?GIUIVILJ ~ B PP -p—pArgonneV ]
50 100 150 200 1oL e _

- Parametrization

k* (MeV/c) X

ALI-PUB-483591

p p correlation function as benchnmark: [ _____
Genuine p-p correlation function is calculated g |77 ---
Source radius is extracted from C fit i

The same is done for p-A — 72 2 and rcoré\ scale with
m+; when contributions of strongly decaying resonances Bl 1.5 2 2.5
are taken into account m+ (GeV/c?) 19
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Backup: Femtoscopy with small sources  (£51Er202:

ALICE
Elliptic flow Radial flow Strong decays of broad resonances
U.A.Wiedemann, U.W.Heinz, Phys.Rept.319(1999)145
‘ ® e P
| | ~ 4
Anisotropic pressure * Expanding ISOUVCG with Py
i ithi constant velocity
ggi(:éeents within the « Different effect on different ® Resonances with ct ~ ry ~ 1 fm (A%, N*, £*) introduce an
Masses / exponential tail to the source
~— ® Different for each particle species

Position-momentum correlations

l 05

o
n

/Measured emitting source sizes decrease | Ef(‘;eCt'V? Sofrce 2 i
o : o = Gaussian < o3
with increasing k; = |p2 + p2|/2 or T
9 kr = IPr + Prl/ Resonances: 2

mp = /k%+m2,m—average mass of the Tk
0.1

kparticle pair V.

OO

ALICE, PLB811(2020)135849




from pp at 13 TeV

Backup: p-p and p-A Interactions

HAMBURG

éEEE HEP2023

Protons and AS
originate from
the same source

ALICE
% gl ALICE pp V5 = 13 TeV o2l T AlCEppis-13Tev | A
3 High-mult. (0-0.17% INEL > 0) - High-mult. (0-0.17% INEL>0)
m, €[1.26, 1.38) GeV/c? 2 m, €[1.26, 1.32) GeV/c? 5
o5 [ Gaussian Source N i Gaussian Source
“t ol pp ®p-P 1.8 o p-A ® p-A .
C —— Coulomb + Argonne v, (fit)] X _ : ]
ALICE, PLB811(2020)135849 ; il : x EFT HLO () :
> _ 1.6 — x EFT LO (fit) ]
I 1.4F .
151 - 5
- 1.2p -
L 1_ Ao . o
1 1 L 1 1 I 1 1 1 1 rLl}l 1 1 l IUIU'I\J -I L I 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1
50 100 150 200 0 50 100 150 200
k* (MeV/c) k* (MeV/c)
= LR BREIRBELE REEE RETE BESE = =) e
g 16 = = =] ot 1.4 B
© = - ALICE pp Vs = 13 TeV - s 13 E
1.5 & L High-mult. (0-0.17% INEL>0) — = =E
14 B . ti ~ Gaussian Source 3 1.2 |
TE o+ 1 - 3 C
g o4 L g i i
2 ' B = Effect of strong resonances E
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Backup: Reference frames (A HEr202:
ALICE
Pa = —Dp
‘ B P’ /
Pa
Pair Reference Frame: 2\.
./ S -
® g+ = Pa 5 Pyl _ pair relative momentum
P, Fy

Longitudinally Co-Moving System:

Uiong || beam direction

Qout || transverse pair momentum kT

Oside J— (qout’qlong)

(ﬁl + ﬁz) J— qlong 29



Backup: A-K* correlations (EE3 HEp 2023

ALICE

ALICE, arXiv:2305.19093
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ALICE pp Vs = 13 TeV Mol ALICE, PRC103(2021)055201

o Repulsive strong interaction is observed
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Backup: p-p-p and p-p-A lower-order contributions

=

EPS HEP2023
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Lower-order
contributions under
control!
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[® ] p-p—p Data-driven
=== p-p-p Projector method

+\ ) p-p-A Data-driven 3
X === p-p-A Projector method

Q, (.GeV/c).

Two methods of calculation:

o Data-driven method: event mixing

o Projector method: project two-
body correlation function on the
three-particle phase space

Del Grande, Serksnyté et al.,

~

EPJC82(2022)244

ALICE, arXiv:2206.03344
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