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Why soft probes in HI collisions? A

15t OBJECTIVE | Demonstrate that the study of soft probes allows to characterize with high
OF THIS TALK precision the hot and dense medium (QGP) produced in heavy-ion collisions

. ] ] ] TC! K‘ p1 e
Soft probes in heavy-ion collisions useful to: time /
.

e Study collective phenomena ADROCHEMISTRY

S High energy density, large medium developing radial and anisotropic flow RE-SCATTERING - o>
COALESCENCE 2
THERMAL MODELS
* Test statistical limit of particle production
S Large multiplicities — statistical treatment applicable in Grand Canonical formulation PARTICLE FLOW w
(VISCOUS HYDRO)
Pre-Equilibrium

* Disentangle hadronic phase effects Phase (< 1))

-
Z
S Large system — nuclei formation at kinetic freeze-out (coalescence)? / \
Short-living resonance disappearance (re-scattering)?
A
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...and extension to small colliding systems e
Paris ( )

2"d OBJECTIVE | Show how exploiting small colliding systems we can have deeper insight on
OF THIS TALK collective effects observed in A-A collisions

High energy hadronic interactions are far from being «elementary»: V. Zaccolo - N B D s
26 May, 18:00 LN e ete 00, it
. . . T ) @ 0 oF i # .
e Multi Parton Interactions (MPI) needed to explain multiplicity ..O»Q. \ A e \\\\ 2 & i
o‘.‘.o.:‘. ) A 6:. .”. ®-°
i . - ¥ Qe 7,
* MPI cross-talk needed to explain p; spectra at LHC (e.g. Color Reconnection) o, " \.\ Yo
-~ 9.
oy . . . . L .A..‘.:.‘ ~ ' = -e
* Initial state parton density fluctuations can lead to final-state phenomena e ': :‘ L & ¢ 4 i 'o S
: .o.‘. o, ‘ . —.’ ’ \.QA.
":: = \. ‘7 .."-‘."" \.1':.:
Questions: . =
[
* How can we use small systems to better interpret large systems observations? e ‘\ / :
THIS IS NOT A “SMALL "o T :‘o o
SYSTEMS” TALK L TYE L

Z. Khabanova .

28 May, 15:03




Hadron abundancies in the search for T,
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Hadrochemistry in central A-A collisions at the LHC

Paris ( 0)
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= - madiie ok NN e gl f 5 : : 5 L magnitude by Statistical Hadronization Model (SHM) in
. : ol : : : | . . .
10 F * | ; : e : . its Grand Canonical Ensemble (GCE) formulation
- : e : E
107" : s ol : -
— S Notinfi i : : : : : ‘BR = 25% — ) ) .
" Rttt _ _: g : : : : jon - 2o : | Hadron abundancies can be described as emerging from
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COMPATIBLE WITH CHIRAL CROSSOVER
TRANSITION TEMPERATURE FROM LQCD
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Hadrochemistry in central A-A collisions at the LHC e

10*

=) 10° e : : ALIGE Preliminary| Pb-Pb Vs, = 5.02 TeV, 0-10%| Production of light flavor hadrons fit over 9 orders of
= = madiie ok NN e gl f : 3 : : H_— magnitude by Statistical Hadronization Model (SHM) in
10 F T e i its Grand Canonical Ensemble (GCE) formulation
107 - d
- : ottt _ 3 BH%’ : Hadron abundancies can be described as emerging from
__ Model T(Mev) V (fm) X/NDF B A A B a hot Hadron-Resonance Gas in thermal equilibrium
10° F | Goirecabery 10tz 7asosto  areni| ]
107 _ -;-SHAR!ES _: : 1531‘:3 5221117?3 ?1.7/11 P _ AtLHC: py~0 T, ~ 153 MeV
-

COMPATIBLE WITH CHIRAL CROSSOVER
TRANSITION TEMPERATURE FROM LQCD

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

0 SERRRIES e T E e E R e S o -:_: ........................................................... =
o frme b d A e A T e E
-4 L P S A A -
Short-living resonances Friction with p being Other approaches try Loosely bound
not described (influence of addressed through S-matrix to solve p & = issues with (anti-)nuclei reproduced by
hadronic phase)* approach (m-N interactions) flavor-dependent T, SHM (snowballs in hell)

*Not included in fit A. Andronic et al., Phys. Lett. B 792, 304-309 (2019) P. Alba et al., Phys. Rev. C 101, 054905 (2020)
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Production of light flavor hadrons fit over 9 orders of
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magnitude by Statistical Hadronization Model (SHM) in
its Grand Canonical Ensemble (GCE) formulation

Hadron abundancies can be described as emerging from
a hot Hadron-Resonance Gas in thermal equilibrium

At LHC: pg~0 T, ~ 153 MeV
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How do these yields compare to those measured in
smaller colliding systems?

Short-living resonances
not described (influence of
hadronic phase)*

*Not included in fit

Friction with p being
addressed through S-matrix
approach (m-N interactions)

A. Andronic et al., Phys. Lett. B 792, 304-309 (2019)

Other approaches try Loosely bound
to solve p & = issues with (anti-)nuclei reproduced by
flavor-dependent T, SHM (snowballs in hell)

P. Alba et al., Phys. Rev. C 101, 054905 (2020)
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Hadrochemistry modification
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h/m smoothly evolves across multiplicity reaching
thermal values in Pb-Pb at the LHC
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Hadrochemistry modification
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om0 ; @ h/m smoothly evolves across multiplicity reaching
¥ O % 8§ B fekd gy o (X6) - thermal values in Pb-Pb at the LHC

0
m&ml £ & F PSR 2K No Vs (down to RHIC) or colliding system dependence
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Hadrochemistry modification

HM pp
Vs = 13TeV
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h/m smoothly evolves across multiplicity reaching
thermal values in Pb-Pb at the LHC

No Vs (down to RHIC) or colliding system dependence

Evolution depends on the hadron:
the stranger the steeper

High-multiplicity pp: ~ same hadrochemistry
as in a fully thermalized system
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Hadrochemistry modification
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h/m smoothly evolves across multiplicity reaching
thermal values in Pb-Pb at the LHC

No Vs (down to RHIC) or colliding system dependence

Evolution depends on the hadron:
the stranger the steeper

High-multiplicity pp: ~ same hadrochemistry
as in a fully thermalized system

How can this trend be interpreted?

/Small system
EXTENSION

“ Statistical

Large syste m\

In-vacuum EXTENSION
hadronization ~ | >

PYTHIA, Dipsy, ...

«— Care-corona __,
EPOS, DCCI, ...
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Adapting SHM: canonical suppression, Y., ... vicr a0

1.4 preee ‘ ‘ ‘ ‘ ‘ ‘ . .
= 120 p/n Kint \.\ ‘\\ (I)/n
E J— ~ I
LlJ 10 p ' - =
O y * s * .
O 0.8} B | 8
b /' L g
S 06f - %t
S . ALICE
0 04F . o p-p,7TeV
5 « p-Pb, 5.02 TeV
o 0.2 + Pb-Pb,276 TeV T
0.0 ¢ ;
Al i =N
E 12_ /‘f.... l. * * .'
|(_|-)_| 1.0 ',:/ )
O 08} L
2 oy Vanilla CSM
= 06} T = 155 MeV
E 04t R 3 —VC=dVldy
Eoz - - V_=3dVidy
: —-—V_=6dVidy
DO 1 I I I T I I 1
10° 10' 10° 10° 10° 10' 10° 10°
dN /dy dN /dy

Canonical Statistical Model:
as multiplicity decreases quantum numbers (Q,B,S) are
forced to be conserved in smaller and smaller volumes

Qualitatively describes = and Q, but big issues
with p (B conservation) and ¢ (Q conservation for n)

V. Vovchenko et al., Phys. Rev. C 100, 054906 (2019)
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Adapting SHM: canonical suppression, Y., ...
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CSM CSM + 7,
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£ g RN 0.08 . : . 0.010 . . :
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£ 4 £ gt V4 0.008 [ i
£ F . b - I o o ]
o e ALICE ' : ﬁ/ 0.06 - e — __\\ 4
o 04 " ¢ p-p,7TeVv F I ] -.IH; -..\
5 + p-Pb,5.02 TeV — o
o 0.2} ¢+ Pb-Pb,2.76 TeV T T 1 . i‘\t: 0.006 - -

0.0 A] : . /_\ f . ! } I " , } 0.04 ]

T il

E 1.2} /.:gl.'.. . ¢ ¢ * L T 1 T 1 0.004 + _
g 1.0 e —e—y,CSM, V_= 3 dVidy
Oosf 57 0,02} o pRTTeV ] ——1,CSM, V= 3 dVidy
2 oy Vanilla CSM ;b . -2?'6:' v noo2L e ¢ pp 7TeV 4
= 06} T =155 MeV ¢ Pb-Pb, 2.76 Te . P 502 Tev
< o4l 7 —V,_ =dvidy + Pb-Pb, 2.76 Tev
T - - V_=3dvidy 0.00 . . . 0.000 . . .
@02 —=-=V_=6dVidy 10° 10" 10% 10° 10° 10° 10 10°

0.0 ‘ ‘ \

10° 10° 107 10° (dN,,/dn) (dN_,/dn)
dN, /dy

Canonical Statistical Model:
as multiplicity decreases quantum numbers (Q,B,S) are
forced to be conserved in smaller and smaller volumes

Introducing undersaturation parameter v, (incomplete
equilibration of S) and fitting also T, and dV/dy in all systems:
better agreement, but still problems with p, K and ¢

Qualitatively describes = and Q, but big issues
with p (B conservation) and ¢ (Q conservation for n)

V. Vovchenko et al., Phys. Rev. C 100, 054906 (2019)



dN/dy ratio
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0.015
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0.005} ¢

Models starting from small systems

ALICE Collaboration, Phys. Rev. C 99, 024906 (2019)

0.1}

(K +K )(n+70)

1 0y, o _-
} (2K )

[+ ALICE pp VYs=7 TeV, |y| < 0.5

VOM Multiplicity Classes

— Pythia8 Monash (No CR) ]

. = === Pythia8 Monash
" DIPSY Color Ropes

='='EPOS-LHC
== HERWIG7

T (KK am) (x 1.5)

0.02}

(dN_/dn)

In<0.5
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Models traditionally applied in pp can qualitatively
reproduce the data if they introduce color ropes
(densely-packed strings = higher string tension)

...but ropes seem not to be the dominant contribution for

—

0

N¢/<N >||NEL> 0

low-p; yields at high multiplicity

O_I TTT ‘ T TT ‘ T TT ‘ FTTT ‘ FTTT ‘ 1T ‘ T 1T ‘ ITTT ‘ UL

- ALICE Preliminar MTRE
9t C e ary (I) — uu E

- 25<y <4, 0.5<pT<1GeV/C <
8L \

- [®pp, \s=13TeV NEW
7 ---y=x E
6 PYTHIA 8 (Monash 2013) —
5L + HadronScattering =
4i ----- + ColorRope ..-s""'"é
3 — .
o e OR

- e E
1= L -
():I‘I—I“\'T:‘l 1111 ‘ 1111 ‘ L 111 ‘ L1 ‘ L 111 ‘ [ ‘ 1111 ‘ L 11 I:

0 05 1 15 2 25 3 35 4 45

|7l < 0.5
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Two-component models (core-corona) 20
aris
Models implementing a double-regime scenario (EPOS, DCCI, ...): Grand-Canonical freeze out
- Core: high density, QGP formation, thermal hadronization — h/m values flat T limit
- Corona: low density, jets, hadronization in vacuum —| VSdN.,/dn R String
fragmentation

y [fm]

o &b b d o N s o

8 6 -4 -2 0 2 4 6 8
x [fm]
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Two-component models (core-corona) LHCP 2020
Paris(O)
Models implementing a double-regime scenario (EPOS, DCCI, ...): Grand-Canonical freeze out
—p
- Core: high density, QGP formation, thermal hadronization —] h/7 values flat limit
- Corona: low density, jets, hadronization in vacuum —  VSdN,/dn String
—
fragmentation
‘E X"lo—‘s"""l ¥ L B LT | J LN U B U |
lé - EPOS 3210 ALICE (black) g 12/ ALICE Preliminary ALICE 7 -
- — Q - - o pp, (s=13TeV pp, Vs =7 TeV - S
o) i 1ol ¥ XeXe (Sy=544TeV o pPb, s, =502TeV | " »
% 10 -3 R L""’O-ﬂ.—’.w.ﬂ.-.ll.- m@=0 .[:f] L Sy =816TeV ® Pb-Pb, |5y, =2.76 TeV - : 15
— EI' * L. = 2 Efw
~ 8 - . :
L/ - i i -6 5
- A — full i TR O N . i
B CO+CO - L 1 "f’%‘““ ‘T j i x [fm]
| eeee COrona - *31“‘ ) 0 » { i
4 ® '—0-0 core 4l 5! 0 ]
10 = .'.'.".".-.-...0..’... 0“0..00'... i DCCI model - Y.Kanakubo et al. d h/m evolution explained by
e ¢ ol alrx'v'ww'msss = N core-to-corona ratio changing
R - PP = p-Pb Pb-Pb - . . . .
.ok Werner, hﬂtp://www.ectstar.fu/files/talks/KIaqudf . i in events with dl.ffe.re.nt final-
| [ L ‘ [ L 2‘ L 3 0 \J,Hj'ilo i ,1,‘1,1‘62 i 1‘”“{63 i Statemultlpllcrty
| 10 10 10
(@N ch/ d 77>|n|< 0.5
<dnch/dn(0)> K. Werner, Phys. Rev. Lett. 98, 152301 (2007)

Y. Kanakubo at al., Phys. Rev. C 101, 024912 (2020)
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Hadron production VS Rt in small systems (1) a0

In transverse region the average multiplicity

Topological classification of pp events, identifying: leading

does not change much for p; >5 GeV/c!
* Toward region (triggering jet) + Away region (recoiling jet) :
: : s fFTTrTTTTTTTTTTETTT T T
e Transverse region (Underlying Event - UE) % 1.6 - Transverse region P 05 Gevie -
T E I T 7
:;_— 145 T = —
The jet direction is the direction of the So12F I
. leadin = 1 —=
highest-p; hadron (p; &> 5GeV/c) = E : :
0.8 - : pp, \s = 13TeV =
0.6 F : —4— ALICE, || <0.8 i
0.4 C : % ATLAS, || < 2.5, JHEP 2017 (03):157 %
: ——— PYTHIAB, 5| <0.8 3
0.2 : — - PYTHIA 8, | <25 E
| ’ ' -
o T e ISR O S —
=T | SRR e PSS URREOE SR e e
© E — * .
T 0.8F i 3
0.6E : —s— ATLAS/ALICE
0'4 [ ] —— PYTHIA8, || < 2.5/jn| < 0.8 ]
' 5 10 15 20 25 30
p=*" (GeV/c)

ATLAS Collaboration, JHEP 03 (2017) 157
ALICE Collaboration, arXiv:1910.14400 [nucl-ex]
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Hadron production VS Rt in small systems (1) a0

In transverse region the average multiplicity

Topological classification of pp events, identifying: does not change much for pr}eading > 5 Gev/c |
* Toward region (triggering jet) + Away region (recoiling jet) N S —
* Transverse region (Underlying Event - UE) % 16F Tranéverse region PR 05GeVIe
T < - —_— =
“UE multiplicity” g ME : —

The jet direction is the direction of the / ) S i E
. leadi = il =
highest-p; hadron (pp ¢ > 5 GeV/c) / L N \ N :
R+ = T 0.8 - : pp, \s = 13TeV -

T (N) 0.6F | —4— ALICE,|y<08 =

0.4 - : % ATLAS, || < 2.5, JHEP 2017 (03):157 j

' 1 ——— PYTHIA8, 7| <0.8 3

[ X ) 1 )

¢ ¢ 0.2 : — - PYTHIAS, || <25 =

1=MBppe * o P R R R

i C | ]

© P TR EIPES S e P s L

0 ik Pb-Pb-lik T o8 ! ;

— ee-like °© — Pb-Fb-like - I —=— ATLAS/ALICE

82 . : —— PYTHIASB, |y] < 2.5/jj| < 0.8 ]
k / ' 5 10 15 20 25 30

p=*" (GeV/c)

Measurement of hadron production in the three regions, as a function of Ry:

* Is the ratio-to-pion similar in all topological regions?

* How does this ratio evolve with R?
ATLAS Collaboration, JHEP 03 (2017) 157

ALICE Collaboration, arXiv:1910.14400 [nucl-ex]
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Hadron production VS R in small systems (ll) LHCP 2020
Paris(O)
UE + JET UE
':i e 5 Gev/o ALICE Preliminary | No evoluti.on. (?f the Z/m ratio ‘i e 5 Gev/o ALICE Preliminary |
g T pp, Vs = 13 TeV T VS multiplicity in the UE! g T pp, Vs = 13 TeV T
E?f 0.1 ®m 25<R;<5.0 p_=0.15 GeV/c, || < 0.8 — E?f 0.1 ®m 25<R;<5.0 p_=0.15 GeV/c, || < 0.8 —
+  F ! _ — NO strangeness enhancement +  F T =
v | ®00s<A;<05 Toward Region in th B | ®00sHA;<05 Transverse Regigy}:
= PYTHIA 8 (Monash 2013) in the UE PYTHIAS (Monash2013) .
IEETELILT EPOS-LHC EPOS-LHC T
0.05 — — %
‘\ . | W I ]
© Strangeness enhancement in © oF e SRR
2 : g E
& the toward region (UE+JET). < 1.5; ......... 1
e 1 For high Rt we reach values as [ 1;‘ """"
.% in the UE-alone o 03¢ .
‘“ 1 2 4 5
o o P, (GeV/c)
Core-corona models may explain this as different Z/x Need more measurements to draw firm conclusions:
ratios in jets (vacuum hadronization) and in the UE strange-hadron correlations, in- and out- full-

(core, statistical hadronization) reconstructed jet productions, etc.
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Nuclei production from small to large systems
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L = T T T T 17TTTT | T T T T 1TTT II T T T | [ B II =
Q- - Thermal-FIST CSM (PLB 785 (2018) 171-174), T_ = 155 MeV . e
+ 0.005 _y _saviay —v.-dvidy B L (g5 _
o ~ —Coalescence (PLB 792 (2019) 132-137) . o E
= B i a ]
© 0.004— wmuttiplicity Classes: - L2 |
N - VOA (Pb-side) for p-Pb = o) i
C VOMforppand Pb-Pb .- t ] T
0.003- = o ’ CSM (Thermal-FIST), T = 155 MeV
- a . : — V.=dV/dy -V, =3dV/dy
L & i 107 = Coalescence —
0 002_ AL|CE7 TeV - - == -Three-body -:-- Two-body E
. - ; e - ]
B E BB 13 TeV — (@] He + *He, p-Pb, 5.02 TeV -
C % y ] [®] ®He + *He, p-Pb, 8.16 TeV (Prel.) -
0.001— [+] P_bPE b’5 %; %gsv - L/ [m] 2 « *He, Pb—Pb, 2.76 TeV [¢] 2 « *He, Pb-Pb, 5.02 TeV (Prel.) -
y [P P g =i TeV (Prel) [#] 2+ *He, pp, 7 TeV [®] 2« °H, Pb-Pb, 5.02 TeV (Prel.)
i 1 [e] pl' b, 8.16 Te |( rel.) 4 107 = [B1°H +°H,p-Pb,5.02TeV  [2] *He + °He, pp, 13 TeV (Prel.)  —
0 L L L1l L L 1 1 C vl | Ll | Lol 1 1
1 10 10 10° 10 102 10°
<chh / dnlab>lﬂlab|<0-5 <dNCh/dnlab>l77lab| <05
d, 3He and 3H significantly enhanced throughout multiplicity! Qualitative agreement with Thermal Canonical

Statistical Model and coalescence model.
What causes this enhancement? Lifting of canonical

suppression? Coalescence probability at kinetic freeze-out?



Collective flow
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@ (b) (c)
According to hydro picture, the QGP is expected to develop:

Py
S ) A
Collective interaction »

pressure ¢
x Oy - - Py

* Radial flow

o

v {

« Common expansion velocity of partons

Coordinate space: Momentum space:
initial asymmetry final asymmetry

* Translates into p; spectra modification

d3N 1 d*N

* Anisotropic flow E

dp? ~ 21 prdprdn

142 z v, cos[n(¢p — ‘Pn)]]
n=1

* Initial spatial anisotropy — final momentum anisotropy

» Measured through Fourier expansion coefficients A 2 P
of the p; distribution o NO_TE: _ ~ | . >
initial anisotropies 20y " .o ‘¢
come from: - .
] ) — ® geom etry Noart = 228 Npar = 87
Medium properties affect the values of flow coefficients: : s i = 10.20m.
: . : : : e parton density Lo -
low bulk and shear viscosities — large radial and anisotropic flows : :
fluctuations in the

y [fm]
ar
i

initial state :
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* (py) increases (higher particle mass — steeper increase)
Spectra get harder

going to central A-A collisions * Canbe seen in «baryon/meson» ratios (e.g. A/K?)

* Interpreted as radial flow: higher mass — higher p; boost

* Well reproduced by hydro calculations at low-p;

1/N,, d*N/(dp. dy) [(GeV/c)|

— 2.2r
ALICE VO Multiplicity Classes TRENTOo (Bayesian, Duke) N o V<05 ALICE: Pb-Pb at | 5,,,=2.76 TeV
T Kp —— Pb-Pb |5 =5.02TeV Z a3 : A/K2 0-5%
Pb-Pbys, =502TeV o = & Pb-Pb @ -2.76 TeV 1.8F ; - s
Pb-Pb5,,=276TeV o m ¢ M i - ~4- A/Kg 60-80%
pp, Vs = 5.02 TeV o o ¢ 1.6 _ systematic uncertainty
pp, V5 = 2.76 TeV oo ¢ 141 Theory 0-5%
1.2 4 e Hydro VISH2+1

Recombination

|||||||||||||||||||||||||||||
I =

=

—

|

>

3 e’y i ® E A ~ (Fries etal)

F e ' C] r
1 —6 = - o EI 0.6 E ”
12 Pb-Pb /SNy = 5.02 TeV ""I 0.6 04b .,
10—8: Ll 1 Ll 1 04 e mm mm 02;}“ Yy ‘

1' 1 10 L Lol 1 Lol Lol 0 1 1 1 | 1 | Il 1 | 1 1 ] | 1 I | 1 I
p, (GeVic) 10 102 10° 0 2 4 6 8 1(()G v/ 1)2
ev/c
<chn/ dn>| | <05 Pr

ALICE Collaboration, Phys. Rev. C 101, 044907 (2020) ALICE Collaboration, Phys. Rev. Lett. 111 (2013) 222301



... to small systems (l)

Hardening of spectra observed in small systems as well (e.g. pp)
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... to small systems
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ALICE Preliminary pp Vs =7 TeV
—=—] VOM Class |, (dN_ /dr) = 21.3 ]
FE=—] voMClass X, (N_/dn =23 T

(VOM Multiplicity Classes)
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1 ALICE p-L‘b YSwy =5.02 TeV
T+ = 0-5%, (dN_/dn) = 45.1

=] 60-80%, (dN_,/dn) = 9.8
{VOA Mult. Classes - Pb side)
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L = 0-5%, (dN_ /dn) = 1942.5
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ALICE Collaboration, Phys. Rev. C 99, 024906 (2019)
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A/K? enhancement present in
all collision systems at the LHC:

The larger the colliding
system, the larger the effect
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. to small systems

ALICE Collaboration, Phys. Rev. C 99, 024906 (2019)
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A/K? enhancement present in
all collision systems at the LHC:

e The larger the colliding
system, the larger the effect

* Smooth evolution with
multiplicity when selecting
specific p; intervals

e Radial flow in small systems?

Application of hydro far from
equilibrium under study

PYTHIA with CR can describe
the low-p; trend observed in pp
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Spectral modification in- and out-of-jets vt
Paris ( )
Pb-Pb pp
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S gf ALICE Pb-Pb, | 5, = 2.76 TeV, 0-10% ] ﬁ 12— ALICE pp \s = 13 TeV ALICE Preliminary _
< 1.0 Prelimi - jet.ch = ~ B . i
p, E reliminary —®— injets, p_ " > 10 GeV/c . |2 - Jet: antl-kT, R=0.4 - Inclusive -
s 1.6— —4+— in jets,piTe“ch >20GeV/ic ] + 1__ oh === [N jet -
1.4:_ feed-down uncertainty - < B pT, jet >10 GeVie, |77jet| <0.35 - [N UE i
- inclusive AKS, ALICE, = o8l 7., <0.75,AR(V’, jet) < 0.4 [JSys.Error -
1.2 T 05%, v <05) — acd MR N
1;_ % In\,tflzo’-?? 0.2 —; 0'6__ -
- anti- =0. ] — —
0.8— v ] B 5
B mjet,chl % 03 7 - BBHH’HEIHﬁ —
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r frack 5 150 MeV/ 7 — _ﬂ_—F‘H:—H—j -
0.4( ﬁ & o = 021 & :H:#
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0.2~ frepe==] %E g3 ] [ = _
0% o b b e b b by ; 0_ 1 1 L I L . L l 1 L 1 | 1 L | - L . | L L |
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T

Spectra modification mostly happening outside the jet!

In two-component models this would be linked to the presence
of radial flow in core (UE?) and of vacuum hadronization in jets



Baryon-over-meson ratio

Spectral modification: light and heavy flavors

—
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Striking similarities between light and
heavy flavors in small systems

Intriguing observation:

e Hydro for charm? Hard to believe! Not supported by
A-A observations:
S low-p; hierarchy v5 > v§ > v§°
S A/KS > A /Dy
= Challenges hydro hypothesis for light flavors in pp

* Coalescence at intermediate p; with same net effect
for light and heavy flavors?

e Color Reconnection in the final state?

Need to extend A, /D, at lower p; and with larger statistics
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Anisotropic flow and hydro calculations LHeP 2020

-0.1

e v, (ALICE) m v (ALICE) & Vi, (ALICE)
0 v, (ATLAS) O v, (ATLAS) A Vi, (ATLAS)
v v, (CMS)
* v, (STAR)

ALICE Pb-Pb s = 2.76 TeV

0

2 4 6 8 10 12 14 16 18 20
pT{GeWc)

v, # 0 observed at RHIC and LHC.

More important in semi-peripheral
collisions (large eccentricity)

Paris ( 0)

Gale et al., PRL 110, 012302 (2013)
Vo — | ATLAS 10-20%, EP

0.2

0.15

0.1 r

2. 1/2
v,

0.05

Vo — | ATLAS 30-40%, EP
0.2t Vg3 —- NArroW: Tgyiich = 0.4 fm/c
Vs wide: tgyien = 0-2 fm/ic

0.15

2,112
A

0.1

0.05

0 0.5 1 1.5 2
pr [GeV]

Hydrodynamic models reproduce v, at low-p; in all
centralities by means of an “almost” perfect fluid: n/s=0.2
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v, for identified particles at LHC o200

ALICE Collaboration, JHEP 09 (2018) 006
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v, for identified particles at LHC

ALICE Collaboration, JHEP 09 (2018) 006

& 0.3 ALICE Pb-Pb Sy =5.02Tev  Er*
= - |y| < 0.5, 10-20% o K*
£ [ ~ ®p+p
N /ﬁ; 0
3 02: u #o? IOI ) ,, Kg_
] = M g 0o o A+A
i o2 a +'$A }u ¢
i wo g
0.1 T --«nioJ _% m /) - %
: :-D;}\io \\ / L +
— . 1 . LN I

(

-

Mass ordering
higher mass — lower v,):
interplay between radial

and elliptic flow

6 ~ 8 _ 10
pT(GeV/c)

o

(approximate) particle type
grouping (higher n, — higher v,):
guark coalescence as dominant

particle production mechanism

J

The ¢ meson groups to protons at low-p; (same mass)
and to mesons at intermediate-p; (same n,)
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v, for identified particles at LHC

ALICE Collaboration, JHEP 09 (2018) 006

& 03[ ALICE Po-Pb {5y =502TeV  En*
= - |y| < 0.5, 10-20% o K
= i ®p+p
- B \ 7
= 0.2}/ \ o Heg : : ﬁg
| Ef(ﬁ_ﬂ . : s A+A
1 .E?"‘{“ +}r§ }E :
a o 0 ) | +
0.1ff == ¢ —% .
A \7 L

Mass ordering
(higher mass — lower v,):
interplay between radial
and elliptic flow

-

4 6 ~_ 8 _ 10
\pT(GeV/c)
\

(approximate) particle type
grouping (higher n, — higher v,):
guark coalescence as dominant
particle production mechanism

- J

The ¢ meson groups to protons at low-p; (same mass)
and to mesons at intermediate-p; (same n,)
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. ALICE |
i Pb—Pb, \,«"SiNN =5.02 TeV, 20-40%
0.5 ]
E + d+d (Preliminary) 1
0.4 = °He+°He —
P ® |
L K* e i
0.3¢ 2P o= B g i
L DEZ‘ (] =
0.2 ,ﬁ***@%a}:ﬁj .
S L -
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Observation confirmed up to 3He at the LHC!
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v, in small systems at LHC

CMS Collaboration, Phys. Lett. B 765 (2017) 193

Vo{4}; . p=V,16} in pp: small influence of non-flow

v, higher in A-A (eccentricity evolution), almost flat in pp and p-Pb

Voik}
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ALICE Collaboration, Phys. Rev. Lett. 123, 142301 (2019)

...........

* v, & v, similar across systems (larger sensitivity to parton density anisotropy) o

No model can quantitatively describe the data 0.04

over the full multiplicity range

pp p-Pb Xe-Xe Pb-Pb
13 5.02 5.44 5.02 |sy (TeV)

o mo R [¢0 v, {4}
0[E—open = without n-subevent [l < RN @A v,{6}
C solid = with n-subevent IE30 WV v,{8}
= N " L PSR | N N s PR TS |

2 I 3 : I
10 10 N, (Wl <o.
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* Semi-central collisions

& extreme B generated by spectator
nucleons (102! revolutions/s)

ALICE Collaboration, arXiv:1910.14408
| | | | |

— Pb-Pb, {/s,y=2.76 TeV  ALICE -

e B quickly decays, but L conserved o5 ° K*o’ 10-50 % centrality ly| < 0.5
e Inn 0 : —
*  Poo: probability of finding a vector mesonin S, = 0 i+ Kg, 20-40 % centrality
with respect to the normal to the event plane (B direction) *
0.4+ @ -
NO POLARIZATION — %@@@ % ------- % ------------
Poo below 1/3 for low-p; and mid-central collisions: 0.3~ il N
30(20) for K* () ----pm =1/3
0.2 -
Consistent with hadronisation through recombination of g and g from the PP, Vs =13 TeV
QGP (Polarized plasma — polarized vector mesons) ** *0
0.1~ oK -

No effect observed for Kg and in pp collisions | | |

0 1 2 3

* Yang et al., Phys. Rev. C 97, 034917 (2018)
** Liang et al., Phys. Lett. B 629 20-26 (2005)



Determining QGP properties with global fits




Medium properties: from qualitative to quantitative (l) w20

Livio Bianchi

Trying to describe in a unified picture (IC+hydro+Hadronization+afterburner)
several measurements from the experiments

//Initial entropy-density\

anisotropies
+

Bulk/shear viscosities
(parametrized)
+

\\ normalization J

\_

Hydro code
(VISH2+1)
+
EoS

(from lattice)

THE MODEL

\

{

At T

Hadron

(UrQMD)

B Output
switch afterburner |H—P<%
transition

J

J

e 15 parameters (e.g. parametrization of shear and bulk viscosity, initial conditions, ...)

* Bayesian fit to yields, {ps), {p;) fluctuations and v,, v;, v, from LHC experiments

e Posterior parameter PDFs and correlations estimated

J. E. Bernhard at al., Phys. Rev. C 94, 024907 (2016)
J. E. Bernhard at al., Nat. Phys. 15, 1113-1117(2019)
J. E. Bernhard at al., Phys. Rev. C 101, 024911 (2020)
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Medium properties: from qualitative to quantitative (I1) w20

oy 2023 J. E. Bernhard at al., Phys. Rev. C 94, 024907 (2016)
107 Vields 1 Flow cumuiants LR /\ J. E. Bernhard at al., Nat. Phys. 15, 1113-1117(2019)
- — # PoPoz7eTey “ J. E. Bernhard at al., Phys. Rev. C 101, 024911 (2020)
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Medium properties: from qualitative to quantitative (Il)
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J. E. Bernhard at al., Phys. Rev. C 94, 024907 (2016)

10° Yields Flow cumulants E J. E. Bernhard at al., Nat. Phys. 15, 1113-1117(2019)
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Medium properties: from qualitative to quantitative (ll1) vicrag
Paris ( )
Bulk viscosity . Shear viscosity
008 7 . Calibrated to: ] P2
Pb—Pb 2.76 and 5.02 TeV ] Water ¢
—— Posterior median 10 4 Fe
0.06 - 80% credible region 2P,
0.2 - ] P./2
| . P,
£ 0.04 4 = 2 Hefium vza
14
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R N AdS/CFT 1/4r limit |
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n/s mildly dependent on the temperature and near to
the lowest allowed value (from AdS/CFT):

almost perfect fluid!

J. E. Bernhard at al., Phys. Rev. C 94, 024907 (2016)
J. E. Bernhard at al., Nat. Phys. 15, 1113-1117(2019)
J. E. Bernhard at al., Phys. Rev. C 101, 024911 (2020)



Conclusions and outlook

Study of soft probes in heavy-ion collisions:

system produced at the LHC: color-deconfined thermalized medium

Almost perfect fluid (n/s = 0.2 mildly dependent on T) which expands
hydrodynamically leading to radial and anisotropic flow of the produced particles

The medium undergoes chemical freeze out at T,;,  150-160 MeV

Nucleosynthesis from large medium is consistent with thermal production

Study of soft probes in small colliding systems:

Propedeutical to a deeper understanding of QGP phenomena in A-A

Hadrochemistry and collectivity at high-multiplicity match what observed in
A-A (for variables not strongly connected to collision geometry)

Description is very challenging for any theoretical model.
Two-component scenario seems favored %%ﬂ%ﬂ?
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Soft probes is much more! Many
other results presented at LHCP:

V. Zaccolo A. Caliva
26 May, 18:00 28 May, 15:03

Z. Khabanova C. Pinto
28 May, 15:03 Poster Session

J. Hansen E. G. Nielsen

Poster Session Poster Session

N
s

More questions? Private discussion?

Topic: LHCP_Hlplenary_SoftProbes
Time: May 27, 2020 02:00 PM Zurich
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Thearetical predictions
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Expectation: SH lifetime ~ A lifetime (loosely bound object
P A ( Y ject) ... yet loosely bound and compatible with thermal

production (at T,,) makes this exotic state pivotal in
understanding nucleosythesis

World average 2 years ago: significantly lower

New results from ALICE: more precise than world average.
Full compatibility with A lifetime
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Nuclei inelastic cross-section

ALICE Collaboration, arXiv:2005.11122
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Anti-nuclei production as a probe of dark matter annihilation in the universe*
Background: secondary production from ordinary matter collisions (pp, p-A with small Z...)
Anti-nuclei inelastic cross-section in matter known precisely for p only

LHC: equal amount of matter and antimatter at mid rapidity
Nuclei and anti-nuclei have different inelastic cross-section in the detector material
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* K. Blum et al., 10.1103/PhysRevD.96.103021
F.Donato et al.,10.1103/PhysRevD.62.043003
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Resonance production and the hadronic phase e a0
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