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arge 'on Collider Experiment

* Excellent particle identification capabilities over a wide p; range 0.1-20 GeV/c
* Good momentum resolution ~1-5% for p; = 0.1-50 GeV/c
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ALICE at work since 2009

System Year Vsyy (TeV) Lint
Pb-Pb 2010-2011 2.76 ~75 ub?
2015 5.02 ~250 pb?
2018 5.02 ~0.9 nb!
Xe-Xe 2017 5.44 ~0.3 pb
p-Pb 2013 5.02 ~15 nb
2016 5.02, 8.16 ~3 nb?, ~25 nb
pp 2009-2013 0.9,2.76, | ~200 pb, ~100 ub,
7,8 ~1.5 pb?, ~2.5 pb?
2015-2018 5.02,13 ~1.3 pb!, ~59 pb!

* Energy and system dependence studies of particle

production are possible

e Large statistics of pp, p-Pb and Pb-Pb collisions at the

same Vsyy

— Precise comparison studies

Study of the quark-gluon plasma
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22-03-2021

@ T
ALICE 2 NA )
Weh |
4 ==
g% N
‘i’f’/ﬁ k’v* 1] ¢
5 7>
4§ ——
‘ Ha Y%
I L //\>§\
pPp "

M-y ii'!%-
[ MIN
p-Pb "
ALICE




ALICE case

ALICE probes nuclear matter at g ~ 0 and high temperature

Quark-gluon plasma
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Color super-
conductors

@ ALICE symmetrized
— Double Gaussian fit

Atomic nuclei

Lattice QCD: Hadron gas to quark-gluon plasma
(L =0, Tc=156.5+1.5 MeV,

gc =(0.42 + 0.06) GeV/fm3, smooth crossover)
A. Bazavov et al. Phys. Lett. B 795 (2019) 15

Central collisions:
g~ 14 GeV/fm3>> g,
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PARTICLE PRODUCTION
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Hadron yields vs thermal models in Pb-Pb %
at Vs, = 2.76 TeV

Nucl. Phys. A 971 (2018) 1

* Production of (most) hadrons
well described at freezeout
temperature T, ~ 156 MeV

L M - * K*0resonance (not included
& Evapiang Pb Pb (0 10%) 2. 76 TeV in the fit): production
el .~ A N overestimated by thermal
models

e Tension for protons and
multi-strange baryons
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* Light nuclei production
described by thermal models
(binding energy << T,)?

(mod.-data)/o,,,.

THERMUS: Wheaton et al., Comput. Phys. Commun, 180 (2009) 84
GSl-Heidelberg: Andronic et al., Phys. Lett. B 673 142
SHARE: Petran et al., Comp. Phys. Commun. 195 (2014) 2056
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Hadron yields vs improved thermal model in %
Pb-Pb at Vs, = 2.76 TeV

Yield dN/dy
I

Data/Fit

® Data, ALICE

— Statistical Hadronization

Pb-Pb (0-10%) 2.76 TeV

Data/Model

’rnKKK¢1pE\\__$2

e Resonant and non-resonant pion-nucleon and multi-pion-nucleon interactions
included in the model (S-matrix approach)

* Production of hadrons well described at freezeout temperature 7., = 156.6 + 1.7 MeV
—> consistent with critical temperature T, from the lattice QCD calculations
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Particle yields vs thermal models in

* Production of (most) hadrons
well described at freeze-out
temperature T, ~ 153 MeV
(different than at 2.76 TeV)

* K*Oresonance (not included
in the fit): production
overestimated by thermal
models

* Tension for protons and
multi-strange baryons (new
approach is currently studied)
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* Light nuclei production

THERMUS: Wheaton et al., Comput. Phys. Commun, 180 (2009) 84 described by thermal models

GSl-Heidelberg: Andronic et al., Phys. Lett. B 673 142 (binding energy << Tp)?
SHARE: Petran et al., Comp. Phys. Commun. 195 (2014) 2056
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Relative particle production in pp, p-Pb, %
Pb-Pb and Xe-Xe

g p OROTORIINODN, O G ¢ 5 -dnk g PP (<6)
2 * Smooth evolution from pp to Pb-Pb
% 0o oooom,, * No significant energy and system
° dependence is observed at similar
. 2 b2) multiplicity

i 0 GOP D =z ) * Relative strangeness production

increases with multiplicity and

i &b b d o+Q" (x12 ]
i ' strangeness content in small systems

ALICE Preliminary
9P pp,\s=13TeV
O Pb-Pb, | sy, = 5.02 TeV
O pp.\s=7TeV W Xe-Xe, | Sy, = 5.44 TeV

O P-Pb, |5 =502TeV @ p-Pb, |5, =816 TeV — Hadron production is driven by the

103 10* characteristics of final state

<d Nch/d '7>17]|< 0.5

pp 7 TeV: Nature Physics 13 (2017) 535

pp 7 and 13 TeV: arXiv:2005.11120

p-Pb 5.02 TeV: Phys. Lett. B728 (2014) 25, Phys. Lett. B758 (2016) 389
Xe-Xe 5.44 TeV: arXiv:2101.03100

pp and Pb-Pb 5.02 TeV: Phys. Rev. C 101, 044907 (2020)
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Relative particle production in pp, p-Pb, %
Pb-Pb and Xe-Xe

* Smooth evolution from pp to Pb-Pb
* No significant energy and system
dependence is observed at similar

Tl

o gy g i 5 $ multiplicity
ha * Relative strangeness production
R . . e
= increases with multiplicity and
P strangeness content in small systems
E ) -7- —_—
g (  Thermal model (SCE) including
ke interaction between hadrons (S-matrix
< ALICE data approach) and exact strangeness
o pp, 7 TeV ;
Thermal Model (SCE) SE, 13?9\/ conservation J. Cleymans et al. Phys.
— T =160MeV 4 P, 502 TeV Rev. C103 014904 (2021)

—T4=1565MeV  , pp-ppb, 2.76 Te
100

pp 7 TeV and Pb-Pb 2.76 TeV: Nature Physics 13 (2017) 535
pp 7 and 13 TeV: arXiv:2005.11120
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Relative resonance production in pp, p-Pb,
Pb Pb and Xe-Xe coII|S|ons

)

Resonance

Lifetime (fm/c)

1.3

4.16

5.5

A(1520)

12.6

E*O ¢
21.7

Particle Yield Ratios

in hadronic phase

22-03-2021

ALICE Preliminary

12 14 16

(N _/dm)'™

¢ p-Pb \sy =5.02 TeV

O Pb-Pb Y5y = 2.76 TeV

% Pb-Pb ys, = 5.02 TeV

% Xe-Xe |syy = 5.44 TeV
ALICE

X pp Vs =2.76 TeV

® pp Vs =7TeV

* p-Pb ys, = 5.02 TeV

B Pp-Pb |5, =276 TeV
* Pb-Pb |5 = 5.02 TeV

STAR
* pp Vs =200 GeV

¥ Au-Au Sy = 200 GeV

— EPOS3
-- EPOS3 (UrQMD OFF)

- Dominance of rescattering over (re)combination

UJ - Jacek Otwinowski

Relative suppression of p?, K*0,
A\(1520) with increasing
multiplicity

2*/N\, =*/=, /K is independent
of multiplicity

Similar trend seen in all collision
systems

EPOS3 + UrQMD describes the
trend of data

p%: Phys. Rev. C99, (2019) 064901
K™: Phys. Rev. C95, (2017) 064606
A(1520): Phys. Rev. C99, (2019) 024905
STAR, Phys.Rev.C78 (2008) 044906
STAR, Phys. Rev. Lett. 97 (2006) 132301
&: Phys. Rev. C91 (2015) 024609
2%, =*: Eur. Phys. J. C77 (2017) 389
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N\
Nuclei production in pp, p-Pb and Pb-Pb %

p-Pb: Phys. Lett. B 800 (2019) 135043

STAR Au-Au sNN =200 GeV -+ Hagedorn resonance gas
Science 328 (2010) 58 -.-THERMUS

+ ALICE Pb-Pb ys,, =2.76 TeV — GSl-Heidelberg
PLB 754 (2016) 360 - - SHARE

ALICE Preliminary
+ Pb-Pb VSTW =5.02 TeV
(°H+ IF)
(°He + *He)
assuming B.R. = 25%

% ‘H+ ’H

‘He+ He
g

Uncertainties: stat. (bars), sys. (boxes)

e
[m|0-10% Pb-Pb, {5, =2.76 TeV™™.. ™
@
E NSD p-Pb, |5 = 5.02 TeV

[0]INEL pp, Y5 =7 Tev

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
(dN /d77 )

lab” 7 . <05

* Exponential decrease in nuclei rate described by thermal model
* Nuclei production rate decreases by factor of ~300 (Pb-Pb), ~600 (p-Pb) and ~1000
(pp) for each additional nucleon
e 3,H production consistent with thermal model (binding energy ~0.13 MeV << T,)
= Production mechanisms: thermal vs coalescence?

pp: Phys. Rev. C97 (2018) 024615
Pb-Pb: Nucl. Phys. A 971 (2018) 1
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Hypertriton lifetime

. Theaoretical prediction
w—— A lifetime - PDG value
v w= e H Kamada ef al, PRC 57 (1998) 1595
\H average lifetime R H. Daitz, M. Rayat, Nuo. Cim. 46 (1966) 786

s J. G. Congleton, J. Phys G Nucl. Parl. Phys. 18 (1992) 339

- = = A Gal H. Garclazo, PLB 791 (2019) 48-53

Lifetime (ps)

ALICE Preliminary
| N

PRL 20 (1968) 819 FRD 1 (1970) 66

NPA 913 (2013) 170
Soence 328 (2010) 58 PLB 754 (:

PRC 97 (2018) DS4909

PR 180 (1968) ".!l_'."+ NPB 67 (1873) 269

NPB 16 (1970) 46

PR 136 (1864) 81803 3AH % 3He + 1-[

* The most precise measurement of hypertriton lifetime
 Two body jH decay channel has been used
. jH lifetime consistent with the free A lifetime (not included in the average)

- binding energy ~0.13 MeV
e Large discrepancy between recent World results
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Thermal-FIST CSM (PLB 785 (2018) 171-174), T = 155 MeV
--V,=8dVidy —V.=dV/dy
— Coalescence (PLB 792 (2019) 132-137)

Multiplicity Classes:
VOA (Pb-side) for p-Pb

VOM forppand Po-Pb .- CSM (Thermal-FIST), T = 155 MeV

— Ve=dV/dy -..- v, =3dV/dy
Coalescence
3He, 3H Three-body -:-- Two-body

“ly, <05 1<y <0

ALICE cms cms

_ [m] Pb-Pb, 2.76 TeV * [a] Pb—Pb, 5.02 TeV * (Preliminary)
%I gprb5 %'ngg\e,V (Prel. [¢] p-Pb, 5.02 TeV ** [8] p-Pb, 8.16 TeV ** (Preliminary)
] p-Pb: 81 6 TeV (Prel) [¢] pp, 7 TeV * [©] pp, 13 TeV * (Preliminary)

10° 102 10°
<chh / d77|ab>m|abl<0-5 (chh/dn )

jabn,,| < 0.5

* Increase from pp to peripheral Pb-Pb
* No centrality dependence in high multiplicity Pb-Pb
» Data described qualitatively by coalescence and thermal models

- Production mechanisms: thermal vs coalescence?

Thermal- FIST CSM: V. Vovchenko et al., Phys. Lett. B 785 (2018) 171
Coalescence: K.-J. Sun et al., Phys. Lett. B 792 (2019) 132
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Transverse momentum spectra of charged i, Kand p %@

in Pb-Pb a1 ICE
Phys. Rev. C 101, 044907 (2020)
[¢]o-5%x2" 5-10% x 2'°
10-20% x 2° |+ 20-30% x 2°
Pb—Pbﬁ:S.OZ TeV 30-40% x 27 | © | 40-50% x 2°
[7pp 15 =5.02 TeV 50-60% x 2° |z|60-70%x2“
Uncertainties: stat. (bars), sys. (boxes) 70-80% x2° 80—90% x 2
1 10 1 10
P, (GeV/c) P, (GeV/c) P, (GeV/c)
* Particle identification with different analysis techniques: ITS, TPC, TOF, HMPID
and topological identification of decaying charged kaons
* Mass dependent hardening of the spectra with increasing centrality
—> Collective radial expansion
16
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<p;> vs centrality of hadrons in pp, p-Pb, Pb-Pb %%

and Xe-Xe

1 I
" ALICE, pp
| e {5=13 TeV [Preliminary]
O (s=7TeV

PRC 99, 024906 (2019)

'Dn K p

Oa

T ALICE, p-Pb

| B s, =816 TeV [Preliminary]

F O s, =5.02TeV

7, K, p, A: PLB 728, 25-38 (2014)
o: EPJC 76, 245 (2016)

Z, Q: PLB 758, 389-401 (2016)

1 ALICE, A-A

¢ Xe-Xe, m =5.44 TeV [Preliminary] -
* Pb-Pb, s, = 5.02 TeV [Preliminary] |
% Pb-Pb, s, =276 TeV

7, K, p: PRC 99, 044910 (2013)

¢: PRC 91, 024609 (2015)

[ Do

e e 2
<

| IIIII| | | | “Illl | IIlIIIIl | IIIlIII[ l-

3 4567 10 20 3040 3 4567 10 10°2x10° 10°2x10°

(dN_/dn)

20 3040 710 20

In|<0.5

* <p;>increases with increasing centrality and mass
e Largerincrease in smaller systems
—> Collective radial expansion

pp 13 TeV: arXiv:2005.11120
Xe-Xe 5.44 TeV: arXiv:2101.03100
Pb-Pb 5.02 TeV: PRC 101, 044907 (2020)
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Blast-Wave fit to hadron p; spectra

Phys. Rev. C 101, 044907 (2020)

R
‘ Simultaneous fit to the m, K, p spectra

« [ myI,
r T xin Ty

m) Klw)rdr
0

r 80-90%

my=y m’+ p5 p=tanh ' (B;] PBr=B. ﬁ]

Schnedermann, Sollfrank and Heinz Phys. Rev. C 48, 2462

Simplified hydrodynamic model

with 3 parameters:

* ;- radial expansion velocity

* Tun — kinetic freeze-out
temperature

* n—velocity profile

Global Blast-Wave fit to
w (0.5-1 GeV/c) , K (0.2-1.5 GeV/c) , p (0.3-3.0 GeV/c)

+ sNN =276 TeV

VS = 5.02 TeV

* <Bt>reaches ~0.65c in central Pb-Pb collisions
Tiin decreases with collision centrality

22-03-2021 UJ - Jacek Otwinowski 18



Baryon-to-meson ratios

ALICE 60-80%
Pb-Pb ys, = 5.02 TeV

Pb-Pb |s,, = 2.76 TeV
pp Vs =5.02 TeV

ALICE =5.02 TeV

Vs=7Tev PP Foiw =
pp, V5 =5.02 TeV PR, Is=71e -0.86<y, <004
lyl<0.5 U\//IK<“0'5 8- AD

- A'D° o MKs —e— A/KG, PLB 728 (2014) 25-38
P S,ﬁ‘L 111(2013) 222301 —a— p/x, PLB 760 (2016) 720
PRC 101, 044907 (2020) PLB 760 (2016) 720

Pb-Pb |5, = 5.02 TeV, 10-20% (open symbols) T Pb-Pb |5, =5.02 TeV, 60-70% (open symbols)
(4N /dn) = 1180 = 31 (N /dn)=96 = 6

Xe-Xe |sy, = 5.44 TeV, 0-10% (full symbols) Xe-Xe |y, = 5.44 TeV, 50-70% (full symbols)

(dN_ /i) = 1053 = 25 (dN_jdn)y=91=3

[¢](P+P)6 x 0.1
[=](p+P)/(m*+x)

Baryon-to-meson ratio

P, (GeV/c)

Similar trends independent of collision system for the same multiplicity

Ac /Do show similarities with those for light-flavor p/m and A/K%
- hint for the common production mechanism of light- and heavy-flavor baryons
(coalescence vs. fragmentation)
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Antinuclei interaction cross sections

Phys. Rev. Lett. 125 (2020) 162001

ALICE (c) ALICE (d)
p-Pb |5, = 5.02 TeV . p—Pb |5 = 5.02 TeV
(Z)y=85,(A)y=17.4,In <0.8 (Z)=14.8,(A)=31.8,1n <0.8

— — 0,,,(d) Geant4 - 6,,,(d) Geant4
—— Data (ITS+TPC) —— Data (ITS+TPC+TOF)

ALICE Preliminary

pp\/; =13Tev
(Z)=94, (A)=196
In] <0.8

. o, (d) +1 - cmel( +1c
d) +26

— — 0ipel(*He) Geant4

! ”inel(3%) ALICE 10
*  Ginel(*Fe) ALICE 20

nel( nel

95% confidence upper limit

p (GeV/c)

e Studies relevant for understating anti-nuclei absorption
in the galactic medium (dark matter searches)

* First measurement of anti-deuteron and anti-3He INEL
cross section at low momentum

e ALICE detector material used as target to study anti-
nuclei absorption

o
o

ALICE Preliminary
Pb-Pb, |5, = 5.02 TeV
(Ay=34.7
I o, (°Fe) ALICE = 10
°He) ALICE = 20
at. ® syst.)
He) GEANT4

(
e
10 = (stal

CH

INeL

- N W OO O N 00 ©
e o o e S T S8 S B

C;D

9 10
p [GeV/c]
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FEMTOSCOPY CORRELATIONS
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Femtoscopy correlations to study stable and %%
unstable hadron interactions

4 )

Correlation Function

\ Repulsive

Repulsive

150 200
k*(MeV/c)

— D | : I
k* = |P1—p2|
2
(pair cms frame)

Correlation function

C(k*) — f : \,’4 dST,* = f(k*) . Nsame (k")

Nmixed(K™)

* Origin of correlations: quantum interference, resonances, conservation laws
or final-state interactions
* Final-state interactions dominate at small k*
22-03-2021 UJ - Jacek Otwinowski




Femtoscopy in small systems

CATS, D. Mihaylov et al., Eur. Phys. J. C78 (2018) 394 Gaussian emission source:

p-p pairs (7 TeV pp collisions)
— EPOS
r,=0.55 fm

._r0=1.2fm

Pair emission probability:

Sy (r*) = 4mr?S(r*)

EPOS model predicts non-Gaussian

emission source
T. Pierog et al. PRC 92 (2015) 034906

* A lot of pairs is emitted from the source at distance below ~2 fm (typical range of
strong interaction)

- Small particle emission source in pp and p-Pb collisions is essential to study the

strong interaction!
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ALICE PLB 811 (2020) 135849

. : G lcore [fM] | et [fm]
o o
o
p-E

1 *2

r k
3/2 exp (_ 2 ®E(T ’ Mresr Tress pres)
4T¢ore

(4”Tczore)

Sr*) = G(T*rrcore(mT)) -

* Emission source for heavier pairs using p-p correlation function plus resonances
e Gaussian source with res=1.0240.05 (0.95+0.06) fm used for the p-Z (p-2)
emission
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The strong interaction for
p-= and p-{2 on lattice

2020) 121737, PLB 792 (2019) 284

HAL QCD Coll., NPA 998

N

"Hadrons to Atomic nuclei
/7'/_\

e e
(ONONHNI))
[T TR
—0o =0

~eS \V) 7z
from Lattice QCD |

NQ, °S,
f HAL QCD t/a=14
quarks q gluons U, 13
on the sites on the links ' 12
- - 11
Fit t/a=14

(|
d
=
'l‘
“al
d
(]

] 1.5
Euclidean r (fm)

Lattice

* p-E interaction in four channels: isospin (I = 0,1) and spin (S=0,1)
e Attractive with repulsive core at small distances

e 3=0.085fm * p-f interaction in °S, (I=1/2, S=2) channel

e L=8.1fm e Attractive in the whole range

¢+ m, =146 MeV/c? * After inclusion Coulomb interaction prediction of bound

e« my =525 MeV/c2 state with binding energy ~ 2.5 MeV
* p-f2 interaction in 3S; channel does not include yet inelastic

channels (e.g. p2 2> AEZ)
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p-£ correlation function in pp and p-Pb

Nature 588 (2020) 232 Phys. Rev. Lett. 123, 112002 (2019)

ALICE p-Pb |5,y =5.02 TeV

© ALICE data

I Coulomb

Coulomb + p-= HAL QCD

0 p= ®@pE
Coulomb + HAL-QCD
Coulomb

p-Z sideband background

96 0O

k* (MeV/c)

* p-Z interaction is attractive
* No indication of bound state in data
* p-Z interaction stronger than Coulomb = observation of strong interaction

~
L]

 Coulomb + HAL QCD in agreement with p-Z measurements
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p-12 correlation function in pp at 13 TeV

Nature 588 (2020) 232
‘ * p-f2 interaction is attractive

&l ALICE data p-Q e No indication of bound state in
- Coulomb data
e S * p-f2 interaction stronger than
Coulomb + HAL-QCD elastic + inelastic Coulomb 9 observation Of strong
interaction

e Calculations underestimate p-2
measurements for both cases
tested for missing p-{2 inelastic
channels in 3S, state

* |nelastic channel dominated
by absorption
* Neglecting inelastic channel

200
k* (MeV/c)

D W

LT 0T oL 5 ~O0-F =t 0T =
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CORRELATIONS AND FLUCTUATIONS



Forward-backward correlations with strongly %
intensive quantity 2

2 provides information on the early collision dynamics

" backward forward

=2

ALICE Preliminary center of Pb-Pb centrality class:

Pb-Pb sy = 2.76 TeV DE o 15%
—— 25% —— 35%

p>0.2 GeVic —o— 45% 4 55%
An—1 2, dn=0.2, ¢<(0,2n) 65% 75%

ranges of centrality classes:
A centrality
-Acenaly

center + 2-CeNtrallty cenztrality) [%]

Centrality via ZDCvsZEM Centrality via VO

M. Gazdzicki and M. |. Gorenstein,

PRC84 (2011) 014904 2 3 4 5 6 7 8 910 1 2 3 4 5 6 7 8 9 10
A centrality [%] A centrality [%]

* Jisindependent from event centrality estimator and width of the
centrality interval
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Net-proton fluctuations in Pb-Pb at 2.76 TeV

Phys. Lett. B 807 (2020) 135564
Ki(Ang) = Z AngP(Ang) = (Ang),
Ang=—o0

)

K> (Ang) = Z (Ang — (Ang) )zP(AnB) = <(A113 — (Ang})2

An B=—0o0

ALICE, Pb—Pb {syy = 2.76 TeV B Ky(n 1)
0.6<p<1.5GeVic, ml <0.8 A

O k(N )+x4(n)
Model NPA960 (2017) 114-130 P p

° Kz(np)
O 1,(n)
f K1(np)
K1(n5)

Ri=x2(np—np)/ <nmp+np>, Ro=x2(np)/ <np >

ALICE, Pb-Pb {5, = 2.76 TeV
0.6 < p < 1.5 GeV/c, centrality 0-5%

@ ratio, stat. uncert. local conserv. Ay, =5
:l syst. uncert. local conserv. A Yoo = 2
——— global conserv. —— HUING

® ALICE, stat. uncert.
[ syst. uncert. -- -

centrality (%)

* Event-by-event baryon number conservation leads to subtle long-range correlations
arising from very early interactions in the collisions
* Experimental tests of lattice QCD predictions on second and higher order cumulants

of net-baryon distributions = critical behavior near QCD phase boundaries
22-03-2021 UJ - Jacek Otwinowski 30



K1(Ang) = Z AngP(Ang) = (Ang),
Ang=—o0

)

ka(Ang)= Y (Ang — (Ang))2P(Ang) = <(AnB — (Ang))?

An B=—0o0

' [ Systematic uncertainty
— e / ~ — 1 / ~ F —— ALICE Data, 0.6<p<1.5 GeV/c, stat. errors
Ri=xK2 (np — ”P’)/ < Np +np >, Ry =K» (,”p),,r' < Np > % . ALICE Preliminary 2 " <o o0 0.6<p<2 GeV/c, stat. errors
Pb-Pb \ s, =5.02 TeV  mmmm HIJING, 0.6<p<1.5 GeV/c
[ HIING, 0.6<p<2 GeV/c
EPOS, 0.6<p<1.5 GeV/c
[ EPOS, 0.6<p<2 GeV/c
Systematic uncertainty
—&— ALICE Data, 0.6<p<1.5 GeV/c, stat. errors
ALICE Preliminary —+— ALICE Data, 0.6<p<2 GeV/c, stat. errors
[ HIJING, 0.6<p<1.5 GeV/c

Pb-Pb \ sy =5.02TeV g HIING, 0.6<p<2 GeVic
centrality 0-5% EPOS, 0.6<p<1.5 GeV/c
EPOS, 0.6<p<2
local conserv. A .6<p<1.5GeV/c
local conserv. .6<p<2 GeV/c

60 70
Centrality (%)

* Event-by-event baryon number conservation leads to subtle long-range correlations
arising from very early interactions in the collisions
* Experimental tests of lattice QCD predictions on second and higher order cumulants

of net-baryon distributions = critical behavior near QCD phase boundaries
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Summary

* Relative to pion particle production is driven by characteristics of final state

e Several mechanisms of hadron and nuclei production: (re)scattering,
(re)combination, coalescence etc.

* Collective effects are observed in small and large systems

* The strong interaction between protons and hyperons (p-£Z and p-f2) is
attractive (no indication of bound states)

e Strongly intensive quantities allow for particle correlation studies free from
volume size and volume fluctuations

e Baryon number conservation introduces a subtle long-range correlation in
net-baryon correlation studies
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¢+ Run4 ———— [S4 +— Run5

2029 2030 2031 2032

LS3: upgrades

Shower Pixel Detector (SPD)

Continuous data taking e
» Detector upgrade '
* Online-offline computing system upgrade ———A| |
* Readout electronics and trigger upgrade | —= L e
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Commissioning

Physics run

Expected significance

ALICE Upgrade projection '
Pb-Pb, {5y = 5.5 TeV (0-10%), B=0.5T

H —°He + n*

fl\ﬁ — ‘He + *
B.R. = 50% (*)
‘He »>°He +p+

102 10™ 1 10
Min. bias integrated luminosity (nb™)

More than 3o
significance for 3He

22-03-2021

ALICE Upgrade projection
pp Vs = 14 TeV, Q trigger
Lin = 200 pb™!

Coulomb + HAL QCD t/a=16
— Coulomb + HAL QCD t/a=17
— Coulomb + HAL QCD t/a=18

— Coulomb

200
k* (MeV/c)

-0 correlations

UJ - Jacek Otwinowski

1-Prediction

—@— Simulation: CF
—&— Simulation: Pearzon

10
Pb-Pb events

Net-proton 6% order
cumulants

34



THANK YOU FOR YOUR ATTENTION!
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N\
K/ and p/m in pp, p-Pb, Pb-Pb and Xe-Xe S5

ALICE VO Multiplicity Classes ALICE VO Multiplicity Classes

E pp, 15 =7 TeV p-Pb, |5 = 5.02 TeV : E pp, Vs = 7 TeV p-Pb, {5y = 5.02 TeV
Phys. Rev. C 99, (2019) 024906 PLB 728 (2014) 25-38 Nat. Phys. 13, (2017) 535-539 PLB 728 (2014) 25-38
Pb-Pb, |5, = 5.02 TeV . Pb-Pb, |/ = 2.76 TeV

Pb-Pb, SNN =276TeV E ™ E Pb-Pb, SNN =5.02 TeV
PRC 88, 044910 (2013) arXiv:1910.07678 PRC 88, 044910 (2013) arXiv:1910.07678

Preliminary Preliminary

Izl pp, Vs =13 Tev p-Pb, {5y, =8.16 TeV E Xe-Xe, s = 5.44 TeV IZl pp, Vs = 13 TeV p-Pb, |5,y = 8.16 TeV E Xe-Xe, {5y = 5.44 TeV

0
2 345 10 20 10 2x10? 10° 2x10° 2 345 10 20 107 2x10? 10° 2x10°
<chh/d n>|17| <05

ch/d ’7>|17| <05

* No significant energy dependence is observed
« K/m and p/m are consistent for all collision systems at similar multiplicity

—> Particle production is driven by the characteristics of final state
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ALICE Preliminary

ALICE Preliminary 0-10%
ALICE Preliminary e e ®He, ly| < 0.5

e W1<05 : Pb-Pb |5y, = 5.02 TeV — 10-30%
lyl <0.5 30-50% 5 C )
Vi A i .00/ = ~
Individual Blast-Wave fits 50-90% : —,—J

= !

C¥

e e deul‘érolws, Pb-Pb s, = 5.02 TeV ‘ ‘x\‘\; B R M
e o-smxsmV M 5-10% (x256) o Pb-Pb |s, = 5.02 TeV 3
10-20% (x128) 20-30% (x64) H e
30-40% (x32) 40-50% (x16) - * 0-10% * 10-40%
50-60% (x8) o 60-70% (x4)
70-80% (x2) e 80-90% (x1) X ‘ . -00%. --- i f
-~ Individual fit o ppINEL \§ =13 TeV - 40-90% Individual fit

INEL normalisation uncertainty: 2.55%

4 45
p, (GeV/c)

o
o

ALICE Preliminary
Pb-Pb s, =5.02 TeV
lyl <0.5, 0-10%

o
o

T

o
»

e Light nuclei py spectra are modified by radial

flow “He

1/N,, &°N/(dydp.) [(GeV/c))
o
w

o
n

38

22-03-2021 UJ - Jacek Otwinowski



Baryon-to-meson ratios

arXiv:2011.06078

ALICE I p-Pb, Y5, =5.02 TeV
V5=7TeV
pp, V5 = 5.02 TeV pp. 15 =7 1€ -0.96<y, <004
lyl <0.5 lyl <0.5 —8— A;/D
—=— AD° AKg —e— A/KY, PLB 728 (2014) 25-38
pin PRL 111 (2013) 222301 —— p/, PLB 760 (2016) 720
“~ PRC 101, 044907 (2020) PLB 760 (2016) 720

e
=1
©
S
C
o
D
@
£
)
)t
c
o
>
—
<
m

10
P, (GeV/c)

* Baryon-to-meson ratio for Ac /Dy show similarities with those for light-flavor p/m
and A\/KO%
- hint for the common production mechanism of light- and heavy-flavor baryons
(coalescence vs. fragmentation)
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N\
Formation of light nuclei: (anti) deuterons %

- :
* Coalescence of baryons close in phase space
8 , ALICE Preliminary _
b oan, . o075 Gev e (A - mass number)
% New
L]
d, pp, Vs = 13 TeV %
[a]d, Pb-Pb, sy, = 5.02 TeV * B
[0]d+d, pp, Vs = 7 TeV (PLB 794 (2019) 50-63) #y
Ed+a, p-Pb, \[S_NN =5.02 TeV (arXiv:1906.03136)
[#]d, Pb-Pb, \[s, = 2.76 TeV (PRC 93 (2015) 024917) .
* B, shows dependence on multiplicity (no
dependence on py)
0? 10°
<chh / dnlab>|n‘ab\ <05
Bl s ca o oo * d/p vs multiplicity
e o, o o oty oosere)  ALICE Prefiminary * Increase from pp to peripheral Pb-Pb
pp, Vs =7 TeV, d/p (PRC 97 (2018) 024615) . .
op I Tey (LB et @019 059 @ consistent with coalescence model
e H H H HHHHHH * No centrality dependence in high
@H : ﬁ multiplicity Pb-Pb (yields consistent with
r

thermal model)
- Production mechanisms: thermal vs
coalescence?

poif 1

10°
<chh /dn )

lab |nlab\<0.5
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ANISOTROPIC FLOW
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Anisotropic flow

* Strongly interacting system:
spatial anisotropy = momentum anisotropy
* Quantified in terms of Fourier coefficients v,

F o= 1+2§< [(¢ —¥,)]
d3p 21T prdprdy 1 Un COSI\P n
n=

vp(pr,y) = {cos[n(e —¥,)])
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20-40%

* pr<2GeV/c: mass ordering

* pr~ 2.5GeV/c: crossing between v, of baryons and mesons

* pr>2.5GeV/c: baryons v, > mesons v, (flow driven by quark content)
* Light nuclei participating in flow
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(Anti)deuteron v, and v; in Pb-Pb

Phys. Rev. C 102 (2020) 055203

Data 10-20%
Data 20-30%
“x Data 30-40%
iEBE-VISHNU + Coalescence
10-20% 7
20-30% =k
17130-40%

Data 0-20%
Data 20-40%

V,{SP, IAnl > 2}

iEBE-VISHNU + Coalescence

0-20%
20-40%

255 ALICE
Pb-Pb |5 = 5.02 TeV

ALICE
Pb-Pb |5, = 5.02 TeV

Coalescence model with phase-space distributions of protons and neutrons from
iIEBE-VISHNU in agreement with data
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Correlations between flow amplitudes

Observables sensitive to initial state and dynamical evolution of QGP

Symmetric cumulants

Clk.Lm) = (Bvive) — () (m) — () OF) — (k) (o) +20) () (o)

\[HC!M\ ) = 1 1-'—4 1 1-

Pb-Pb, \/Sym = 2.76 TeV ' 3| ALICEPb-Pb  4rxiv:2102.12180
B 5.02 TeV

iEBE-VISHNU
TRENTO-IC, w/s(T), ¢/s(T)
-« TRENTo-IC
5 AMPT-IC, 1/s = 0.08
AMPT-IC, n/s = 0.20
AMPT-IC

30
Centrality percentile

. : : 20 30 40 50 60
* Symmetric cumulants and mixed harmonic Centrality percentile

cumulants are insensitive to non-flow
contributions

22-03-2021 UJ - Jacek Otwinowski 45



The strong interaction

PDG 2020

Running coupling constant «.:

T decay (N°LO) +=+ . .
low O cont (W'LO) * Asymptotic freedom at small distance

DIS jets (NLO) (Q?>>A?%qcp)
Heavy Quarkonia (NLO) . .
¢*e” jets/shapes (NNLO-res) * Confinement at large distance (Q<1 GeV)
pp/pp (jets NLO) =

EW precision fit (N*LOY-o— —> Perturbative methods not applicable
pp (top. NNLO) © —> Effective theories with hadrons as
j degrees of freedom

—> Lattice QCD calculations

What is the strong interaction
between different hadron species?
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N
n

—— nucleons & leptons
PSR J0348+0432

— — nucleons, hyperons & leptons / 7| [ 22520209002 - ———

\9}

.~ 350

[S—
[9)]

Gravitational mass MG (solar mass units)

- Hulse-Taylor PSR
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>
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=
o
»
)
0}
—
[al

<
W

— 0
200 400 600 800 1000 1200 O 0.5 1 1.5

Energy density € (MeV fm”) Central baryon number density p (fm”)

Hyperons may appear in the inner core of neutron stars at densities of about 2-3p,
Their presence in the neutron star interior leads to a softening of the EoS and

consequently to a reduction of the maximum mass (current predictions 1.4-1.8 M)

Astrophysical observations of pulsars rule out almost all currently proposed EoS with
hyperons...?

Additional repulsion: Y-Y repulsive potential, hyperonic three-body forces (e.g. NNY,
NYY, YYY), quark-gluon plasma below the hyperon threshold (hybrid neutron stars)...?
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Particle number per baryon

p=0.17 [fm™], x=05 =

1 2

k [fm™]

Energy density e/e, Hyperon single-particle potential

e EF-attractive single-particle potential in symmetric nuclear matter (SNM) and repulsive
in pure neutron matter (PNM)
e [E-appears at larger densities in neutron stars

—> Resulting EoS of neutron stars is stiffer and matches astrophysical observation...
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Experimental data to constrain the
strong interaction

N+A2>N+A Hypertriton lifetime

N+N = N+N

* Sechi-Zorn et al
Kadyk et al
et al

—— Alifetime - PDG value

*H average lifetime

Lifetime (ps)

— Argonne v,, np

— =~ Argonne v, pp
e ATgonne vy, nn

® Bugg-Bryan np 92

® Nijmegen np 93

© Nijmegen pp 93

< Henneck np 93

+ VPI&SU np 94

x VPI&SU pp 94

0 . 1 [ 3
100 200 300 400 500 600 700 800 200,
P, (MeVic)

e S
100 200
E,, (MeV)

R.B. Wiringa et al,, PRC51(1995)38 | 3. 4 poinder et al. NPA 779 (2006) 244
NLO: J. Haindenbauer et al. NPA 915 (2013) 24

ALICE PLB797 (2019) 134905

* Good constraints for NN interaction
* Small statistics of scattering data for hyperons

« ~1000 A-hypernuclei and one *2N discovered
by now

10 ym

K. Nakazawa, PTEP 2015 (2015) 033D02
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Common baryon source

Collective flow and feed-down from short lived resonances modify source size

0

.0

«»
1

Anisotropic -

pressure gradients Resonances with ¢t ~ rg~ 1fm (A*,N*, 3%

Different effect on different masses
Proton

Lambda

*2

1 r *
3/2 exp (_ 2 ) QF (T‘ ’ Mres» Tres pres)
4T¢ore

(47Trc?ore)

S(T*) = G(r*:rcore(mT)) =
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ALICE pp Vs = 13 TeV
High-mult. (0—0.17% INEL > 0)
Gaussian Source

&l p—p © p-p ALICE pp Vs = 13 TeV

— Coulomb + Argonne v, (i) : : High-mult. (0-0.17% INEL > 0)
Gaussian Source

100 150 200
k* (MeV/c)

ALICE pp Vs =13 TeV

High-mult. (0-0.17% INEL > 0)
Gaussian Source

0 p—A ® p—A
— x EFT NLO (fit)
— x EFT LO (fit)

» Different source size depending on the baryon pair
e Gaussian source scales with my

k* (MeV/c)
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Gauss r(core)=1.20 fm

e Core + p—p resonances

Gauss r(p—p)=1.28 fm
o Core + p—A resonances
- Gauss r(p-A)=1.41 fm

ALICE pp Vs =13 TeV
High-mult. (0-0.17% INEL > 0)
Gaussian + Resonance Source

= oo - * Relative particle abundances
from Statistical Hadronization
p—A (NLO)
A (LO) Model *
P  Kinematic distributions from
EPOS **

e All baryon pairs with included resonances show common m; scaling
- Indication of common baryon source

— One can use p-p correlation to fix source size for other baryon pairs

* F. Becattini et al. J. Phys. G: Nucl. Part. Phys. 38 025002

**T. Pierog et al. PRC 92 (2015) 034906
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Source using a Gaussian core plus resonances

s DD (M) =1.35 GeV/c’

p-A (m )=165 GeV/E?

1 P-E (m)=1 85 GeV/c?
P00 (m,)=2.17 GeV/c P-P __

[frm]
1.1 1.2
oa Jio
e
. . 1.02

p-x° (m,)=2.07 GeV/c? ) . -
= : Pai I'Core [ﬁﬂ] Fese [fM

p=  Joes 102 |

* Emission source for heavier pairs using p-p correlation function plus resonances
e Gaussian source with resg=1.0240.05 (0.95+0.06) fm used for the p-Z (p-12)
emission
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Future Heavy lon Detector

Possibility to extend heavy ion measurements at the LHC beyond 2030
arXiv:1902.01211

LS3 +—— Run4 LS4 +— Run5

2026 2027 2028 2029 2030 2031 2032
Physics:
Shower Pl Detector (PD) * Heavy flavor and quarkonia

o TmeorFigt * Low mass dielectrons
* Soft photons and hadrons
* BSM

Design guidelines:
_ insertable * Allsilicon detector
i - High rate capability: ~1034/cm?2/s
(~50x Run3-4)
* \Vertex spatial resolution: ~¥1 pm
* Tracking over wide kinematic

range
* 30 MeV/c< pr<10GeV/c
« |n| <40
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