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HI experiments

= RHIC (Brookhaven, USA)

— STAR and sPHENIX :

— Physics like LHC but lower energy

— Energy scan => QCD phase diagram critical point
= FAIR (Darmstartd, Germany)

— Cold Baryon Matter (CBM)

= NICA (JINR, Russia) — baryon matter
= SPS (CERN, Switzerland)

— Fixed target
— Energy scan
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Hl at LHC

= ALICE — dedicated HI experiment
— Optimised for low transverse momentum pr
— and PID
— Soft probes at QCD scale
— Heavy flavours down to zerp pT
= ATLAS, CMS — general experiments for Higgs
and new physics
— Optimised for high pT > 10 GeV
— Jet quenching, photon/Z/W, heavy flavours

= LHCb — heavy flavour central-forward physics
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LHC and its experiments upgrades
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The QCD phase transition

The QCD phase transition > 200
- At LHC net baryon § f Quarks and Gluons
] = % Critical point?
Density ~ 0 - 2 \ ® o,
: © o
= Crossover for physical 2 100} 1 , Hadrons @%;4
quark masses - = S %
- &"}% G’o‘%‘
= Confinement and chiral ) &+ 5
L. Color Super-
transitions both at / Neutron stars  conductor?
h 4 —
T~155 MeV @ ’ i

Nuclei Net Baryon Density

Heavy lon collisions study strongly interacting
matter at finite temperature
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Heavy ion collision
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Heavy ion collision

Production of colour medium and equilibration
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Heavy ion collision

time [fm/c]
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Heavy ion collision

Hadronisation and Chemical freeze-out
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Heavy ion collision

time [fm/c]
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Heavy ion collisions

= QObservables: = Experiments:
— Hard probes — ALICE
— Soft probes * Low pr
= Hil standard model: * PID
— Initial state — ATLAS/CMS
* QCD . . e Wide n
model/approximation Hich
— Hydrodynamical 8N Pr
expansion — LHCb
* Ideal or viscous * Forwardn
— Hadronisation * Fixed target

— Hadron transport model
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SM of HI

" Preequilibrium - Initial state for hydro

— Glauber
— Minijet + saturation (EKRT)
— Colour glass condensate

Kharzeev-Levin-Nardi (KLN)
IP Glasma

— TRENTO - parametric description

YC
dC

dC

ro (viscosous)
ronisation
ron gas evolution
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Hard probes

pT >> QCD natural scale

QCD factorisation:
o(AA—>X) = PDFs @ o(pQCD) & FragmentationFunxtios

Compare pp — pPb — AA
Not discussed in this talk
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Soft Observables

Multiplicity and Transverse energy
Spectra and flow

Particle yields — chemistry

EoS — speed of sound

Conserved quantum number fluctuations
Spectral function

Small system collectivity
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Geometry of heavy ion collisions

We can control (a posteriori) the geometry of heavy ion collisions
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Centrality Variables:
* Number of
nucleon-nucleon
collisions N,

* Number of nucleon
participants N,

* Percentile of
hadronic cross
section

~ # charged particles

17



Transverse energy — Energy density

S 16: e ALICE Preliminary
() 14 ¢ ALICE PRC94(2016)034903
S M gas
A~ Y%
QA 12: 1 PHENIX
§10‘_ A NA49
> [V E802/E917 (Y
< 8
S 6
W 4
s 4
2
0 Ll
1 10*
| Sy (GeV)
O Produced particles: O Energy density (Bjorken 1983):
dET/dn =(2016.5+5.7+144.3) €~ 10 GeV/fm3,T~ 300 MeV at
GeV Te=1fm/c E 1 dE
g(r)==—=—-—+
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.27.140
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.27.140
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.27.140
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.27.140

Transverse momentum spectra

Kinetic freeze-out temperature and expansion velocity
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Model:

Blast Wave — hydro inspired parametrisation
= Kinetic freeze-out temperature Ty, —
= Transverse expansion velocity St

—

Hadron spectra:
dN j d3N
dprdyde

de

dydpy

pr — transverse momentum
y —rapidity
@ — azimuthal angle

e o

Br
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Hadron spectra Pb-Pb
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Hardening of spectra as expected in hydro expansion
=  With centrality
= With the particle mass mt - myt + myyfr
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Kinetic freeze-out
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Particle yields

time [fm/c]

Chemical freeze-out temperature

dN

Y = — —

(p_

Models
= Thermal models — Ideal Hadron Res
= EPOS, PYTHIA, ...
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Hadron yield:

J d3N dod
dprdyde 0 OPT

pr — transverse momentum

y —rapidity
azimuthal angle

onance Gas (HRG)
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Thermal model
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e Describes
hadron yields
assuming
chemical
equilibrium

e T~ 156 MeV
~ lattice QCD
phase transition
e Deviations for:
- K0 sequential
freeze-out ?

- p non ideal HRG ?
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Strangeness enhancement

" Chiral symmetry restored in
QGP — strangeness reach
chemical equilibrium

= Enhacement = % ;
10° _
H=AEQ - om A Y. |

= Thermal models for Ny, 4, >
150 describe saturated ratio ' B ALICE Pb-pb ar 276 Tev

i . B ALICEppat7TeV
at T~ 165 MeV
B ALICE pp at 900 GeV

A [] STAR Au-Au, pp at 200 GeV

4L
107 [ A ALICE Pb-Pb at 2.76 TeV
i A ALICEppat7TeV

Rafelski/Muller PRL48 106 1982 | . )\ TR AL ppatzooeev@

Hyperon-to-pion ratio
—i

1 10 10?
<N art>
PLB 728 (2014) 216-227 P

New Trends, Bratislava, May 2026 Roman Lietava 25




Strangeness enhancement

= Enhancement for pp, p-Pb =
+
and Pb-Pb in multiplicity &
o 10°
classes @
i)
. o)
= Smooth evolution from pp/p- =
. o
Pb to peripheral Pb-Pb o
. . ©
collisions o
= Scaling with dN /dn jr
= Models fail to describe 102 Mﬂ[ﬁ] s (x16)
I %*§> ALICE i
NATLRE PHYSICS | LETTER  QPEN < = i ® pp,\s=7TeV 7
N 92 O p-Pb, sy =5.02TeV |
Enhanced production of multi-strange hadrons in [0 Pb-Pb, \ sy =2.76 TeV
high-multiplicity proton—proton collisions ¢ e PYTHISS |
ALICE Collaboration ‘ ------ DIPSY
Affiliations | Contributions | Corresponding author S e EPOS LHC
Nature Physics (2017) | doi:10.1038/nphys4111 10—3 7_/—|———/ | =
Received 09 January 2017 | Accepted 23 March 2017 | Published online 24 April 2017 Lobblbn L S 5 e ——— 3
10 10 10
New Trends, Bratislava, May 2026 Roman Lietava <dN /d 77>| |<0.5 26




Collective expansion

Observed particle spectrum is the result of the fireball expansion.

:3@;9 é—'- &
Q J |

If the system is asymmetric in spatial coordinates, scattering
converts it to anisotropy in momentum space

. d°N  d°N
d3p 2mprdprdy

1+ 2 Z v, (pr) cos[n(p — l/)n)]}
n=1

Reaction plane 1,,, Radial flow, v, —direct flow, v,- elliptic flow

If nuclei overlap is a smooth almond shape odd harmonic are zero.
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Flow measurement

" Flows v,,measured from particle correlations
= Effects other than collective flow can contribute

— jet/resonance decays/Bose-Einstein correlations

= Suppress non-flow:
— Correlate in separated phase space, i.e. pseudorapidity

gap
— Correlate more than 2 particles and subtract lower order
- technique of multiparticle cumulants

v,{2} = Vcn{2}; [en{2} = ((2))|= ({cos n(p; — @)))

v{4} = V—c, {4} ;| {4} = ((4)) — 2((2));
((4)) = ((cos (@, — @3 + 3 — ©4)))

New Trends, Bratislava, May 2026 Roman Lietava
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Elliptic flow

v.{2, |An|>0.9}

v,{2, |An|>0.9}
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/ 30-40%
L]

........................................

IP-Glasma+
Pb-Pb ys,, =5.02 TeV MUSIC+UrQMD

ALICE Preliminary

lyl| < 0.5 arXiv:1609.02958
- et - gt

g Kt K*

® P+p p+p

) el

Shear viscosity over entropy density 17/s=0.095 (QM bound 0.08)

v, (pr) in centrality bins compared with hydro prediction (hydro tuned
on 2.76 TeV data) new alice paper

Hydro describes mass hierarchy
QGP behaves as almost ideal fluid
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https://arxiv.org/pdf/1804.02944

Higher harmonics

= |nitial geometry not described by the ideal almond shape

— Fluctuations of initial energy/pressure distributions lead to “irregular”
shapes that fluctuate event-by-event

= Higher harmonics more sensitive to the value of shear
viscosity

arXiv:1209.6330

initial ideal /s =0.16

10 10 12
evolve to 5 &
E q .o E o 3
2 - . /
r=6m/c s 5
) 10 10
f -10 -5 0 5 10 -10 -5 0 10
«fm) « (i)

5

y [fm]

N a2 2

Hydro evolution of initial state (ideal and viscous hydro):
fluctuations of initial state are damped by viscosity.
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Higher harmonics

v {SP}

Initial geometry not described by the ideal almond shape
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Hydro evolution of initial state (ideal and viscous hydro):
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fluctuations of initial state are damped by viscosity.
For viscosity estimate see next slide.
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Initial state and viscosity estimate

= Bayes estimate using:
— Multiplicity (yields)
— pT spectra
— Flow coefficients v, 3 4

= Parametric Initial state
model TRENTO

— Initial state entropy
s(t9) = f(p)
= Evolution:
— Viscous hydro
— Hadron cascade
= 9 parameters
PRC94, 024907 (2016)
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Initial state and viscosity estimate

= Bayes estimate using: Initial state
— Multiplicity (yields)

— pr spectra /\
— Flow coefficients v, 3 4 KN,/ EKRT _WN,

*TIo 05 - 03 0
= Parametric Initial state P Posterior distribution
model TRENTO

— Initial state entropy

1/p
Ty + Ty
SOC<A B>

Viscosity

Prior range
| —— Posterior median
0% CR

2
= FEvolution:

— Viscous hydro

021
— Hadron cascade /
K55 bound | /4%

= 9 parameters y

S NE ' 020 ' 0.25 ' 0,30

PRC94, 024907 (2016) Temperature [GeV]
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Lattice and Heavy ions

Cross over temperature T,
Equation of state p(¢)

— Speed of sound

Fluctuation of conserved charges
(susceptibility)

Static screening (quarkonia)

Spectral function

— Dileptons < 3 GeV

— guarkonia

— transport coeficients

New Trends, Bratislava, May 2026 Roman Lietava
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Speed of sound |

Ollitrault et al proposed and CMS did ‘direct’ measurement of
speed of sound in ultracentral collisions SOS CMS paper

2 dP _d(nT) d(In{pr))
s d(lns)  d(InNg,)

Entr rage a /
=N1 densit (S jed pa \
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arxiv:2401.06896v3

Speed of sound |

=  CMS proposed and did ‘direct’ measurement of speed of sound
in ultrecentral collisions SOS CMS paper

0.35 CMS PbPb (0.607 nb™") 5.02 TeV

[ noninteracting limit |
0.3}

0.2}

® CMS Ultra-Central Data ]
——— Lattice Quantum Chromodynamics -
TRAJECTUM Hydrodynamic Slmulatlon
Nat Phys 16 (2020) 615

50 '2601 250 300 350
Ty (= (p ) /3) or T (MeV)

0.5~

0.1—
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arxiv:2401.06896v3

Speed of sound Il

ALICE repeated measurement SOS ALICE paper
centrality estimators biases - reduced by using

— N_j, instead of E

— Rapidity gap between < p; > and centrality estimator
Wide range of extracted c,

NUU') 06 I 1 I I | T I | T T T

i ALICE |
g5 Pb—Pb, sy = 5.02 TeV
Q i == Trajectum I
& 04f ¢ IV, E; c05<7<038 d
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- XD ch Wy |
0:2 | ‘Q‘:t%;:;:::’:’:"” ’ ¥ V’ Ntracklets € |n| < 08 A
BXRILRXL K ¥ VL Ny €05 <[] <08
[ ARSRIRKES 4 VIIL Ny €07 S| <1
- DR N, e37<n<-17 i
O sIX’andl.é?»<q<5.l N
| 1 L 1 | ! | ! | ! 1 L]
0 1

2
Minimum |A7|
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Speed of sound Il

= ALICE repeated measurement SOS ALICE paper
= centrality estimators biases

= Reduced by using
— N_,j instead of Er
— Rapidity gap between < pr > and centrality estimator

=  Wide range of extracted ¢,
7] 06 I I I I I T T T
B ' " ALICE | 4
c2 =0.4374 + 0.0006 (stat.) + 0.0184 (syst.) % frafectum Pb-Pb, \syy =5.02 TeV |
0 041 & IV, E; €0.5< 7] <08 B
T CMS, Cent.: Er €3<|n| <5 I
B Lattice QCD at T =222 MeV 7
PO O ———— e .
- Q ch Wy ol
021 3 QAR X V,N_.. elp<08
2 RRIHIIKKS e VLN, c05<|p|<08
cs =0.1146 + 0.0028 (stat.) £ 0.0065 (syst.) XX FHRC i i << l
| SRR s N uckaens €07 <] < ]
XL ix Ve €37<n<-17
O x >and 2.8 < 7 <5.1 N
. . . | L L L | ! | ! | ! L L]
Discussion continues ... 0 I 2
Minimum |A7|

See Ultracentral heavy ion collisions, transverse momentum and the equation of state
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Criticality

" Fluctuation of net conserved charges —
susceptibilities Y, = 2P/
3 a(u/TH"
— Cumulants k, =VT?y,
— Baryon number (B), charge, strangeness

= Experimentally non trivial

— Kmeasured = Kcritical + ngom + Kother

— Acceptance
— Volume fluctuations

= ook for non monotonic behaviour of
cumulants ratio versus centrality
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Non mon

otonic behaviour: Toy

KafKz

300 4

2004

100 4

-100 -

-200 1

-300

Toy demo: critical behaviar of y/k;

Ka

1

—w ¢ — ~sign(T —T,)

— T=T; Kz |T Tclz

* Charged particle
multiplicity

N, as proxy to T,

Reduced temperature t=(T-T;)/T;

-100 =075 -050 -025 Q00 025> 050 075 100

New Trends, Bratislava, May 2026 Roman Lietava

40



Non monotic behaviour

e pp:do we have it ?

B |deal critical behavior (positive at low Nch)
.I_ _________________________________________________________________________ _ |
- 40
0.95[— _
— . 20_
- - >
L S
[ 4 e
0.9 * e _ ﬁ 0
i . .
i - " ]
0.85— —
_ - -40 -
- ¢ ALICE Preliminary, pp, Vs= 13 TeV |
08~  Inl<08,05sp_<1.5GeV/c - i F v ' % B 3 &
_I 1 1 | [ I | | 111 | | 11 1 | | I | 11 1 | | L 1 1 NEh
0 5 10 15 20 25 30
<chh/d77)|nl<o.5
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Non monotic behaviour

P -P)/ kP -P)

K,

- (FIST + V..

Data

—I { ] i | | | il [ i | I { ] e Pl | ] I I | I IIIIIIIIIII N
- ALICE Preliminary -
""" pp, Vs = 13 TeV, INEL > 0 E
L In|<0.8,0.5< p; < 1.5 GeV/c B
1_. ......................................................................... pa—
0.9 ]
0.8— o
| ¢ Data #% fl
| 77 Lattice QCD, T = 155 MeV, PRD 101 (2020) 074502 _
0.7— Pythia 8.313, rope hadronization + QCD CR —
| Thermal-FIST+ Blast Wave, V, = 2.78 dV/dy i
- Topem: dV/dy, and y_ from PRC 100 (2019) 054906 &
0.6— A CE SHM ev. gen. —
i CE SHM ev. gen. + vol. fluct. (PRC 88 (2013) 034911) ]
0.01- -
o _
-0.01 ‘ ‘ 1 . , ‘ -
0 5 10 15 20 25 30
( ch 77>|n|<o.5

pp: do we have it ? No

Correlation between
N, and system size
can introduce
nonmonoticality

=> compare data with
statistical
hadronisation model
(SHM) corrected for
this effect
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pp B cumulants

ALICE: https://arxiv.org/pdf/2510.10847
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Figure 1: Net-proton number cumulant ratios «;(p — p)/{p + p) (left), x4(p — p)/«2(p — p)
(center) and ks(p — p)/k2(p — p) (right) in pp collisions at 13 TeV as a function of the charged
particle multiplicity density at midrapidity {(dNcn/dn)<o.5.

- Cumulants well described by statistical model with
volume fluctuations
- No sign of criticality
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Pb-Pb B cumulants
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Figure 2: Net-proton number cumulant ratios «/{ p + p ) (left), k3/«> (center) and x4/«
(right) in Pb—Pb collisions at 5.02 TeV as a function of the pseudorapidity acceptance Az (top)
and centrality (bottom).

Run3 ALICE - 10 times more data

Run5 ALICE — 50 times more data => higher orders accessible
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Kqin pp versus PbPb

Why 6th moment (and higher) is more difficult
in PbPb then in pp:

Error 0k, =~ ((Np> + (Nﬁ))3 %

N — number of collected events

=> Error on higher moments grows by power
law with system size
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HRG with local B conservation and volume fluctuation describes OO
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Comments on comparison with LQCD

= Max requirements:
— Net proton fluctuation (not net baryon)
— Conservation effects:

* Local Canonical ensemble

= My thanks to Max Puccio for discussion of the
talk
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Spectral function

p(w,B) = [ d*x e @t=PD < [J(x),](0)] >

— |n euclidean time on lattice

Connection to experiment
— Low mass dileptons

— Thermal photons

— Quarkonia suppression

— Heavy falvour flow
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Dileptons and thermal photons

PP
— Vacuum baseline
Pb-Pb

— Chiral symmetry
restoration

— rho broadening
— QGP temperature

At LHC huge heavy
flavour bckg

hadronic Mot hadronic quark-gluon pre-equilibrium  initial
decays nasa plasma phase scattering

<

Hission time

0. 1 GeV 3Gev -
i i -

Low- Intermediate-
region (LMR) N eion (MR Wee
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Dielectrons and termal photons

,IE—! R [N A Ea N [OR D e B BN D B e e Dok g s ma e L . s e e T LB e B B B S U e R D [ D s o S T o e
% 12 ALICE [¢]Data T 107 LAucE
= E  0-10% Pb-Pb 5,,=5.02TeV = Cocktaill {(N?)-scaled HF) % 0-10% Pb-Pb |5, = 5.02 TeV
3 02< [ 10 GeVie, |r;'| <08 1 Cocktail2 (R:,, **"_modified HF) <] P 02<p,  <10GeVic, |p |<08
z‘—'s 10 : 0.0< P, < B.0 GeV/c — Light Flavor —» e'e-, e'e X ET 3 10 E 00<p,  <80GeVic s T e
H " o Data in-p+ + in-medium p (R. p)
t’lg Jhy s e'e, ey 3|5 E ) — Cocktaill - p + QGP + in-medium p (PHSD)
.-l 5 ._1 t 14 MCockail-p Cockail2 - p + QGP + in-medium p (R.Rapp)
< < B Cocktail2 - p -«= Cocktail2 - p + QGP + in-medium p (PHSD)

—bb - e'e (N EF') scaled)
---c% > @' (RS, ° modified)
---bb — e~ (R55 " modified)

—c€ = e'e ((N_) scaled) —é

\ : QGP + in-medium p (R.Rapp) - e _
e e - QGP + in-medium p (PHSD)

3 35 3 3.5
m,, (GeV/c?) m,, (GeV/c?)

* ALICE Run2 dielectron invariant mass spectrum
e Compared to
» cocktail of expected hadronic decay contributions (left)
* Prediction of thermal radiation from medium (right)
including lattice rho broadening
e ALICE Run3 - 100 times more data — models more constrained
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Heavy flavour flow - transport

e Run3 ALICE results
e https://arxiv.org/pdf/2603.18966

« D%and D* mesons are iy SEELSR) A SS =
compatible within uncertainties 0.40F ALGESOT 5
in the full py interval of the 0358 2 oL e (S = 5-36 T8y, ED_ED%_E
measurement E @ Prompt Df ¢ Prompt D* :

e deviationof 2.60in1<pr <5 “-3"’;’ :{;;::;T g} '|f_.= ;ZMTFEESHU% =
GeV/c is observed between D° 0.25; | | BT | =
and Dy mesons 0.20E T, * _: :

* The prompt At -baryon v2 : Ve *ﬁg 1£' :
exceeds that of D mesons for 4 wlaE 'Tq. & Jﬁt T
< pT <12 GeV/c with a 0.10F 4_** i a‘% : =
significance of 3.70. 0.05E g H & £

e The baryon—meson splitting in [ == | .
the charm sector indicates a VOOE ool R G T S W A -

0.5 2 4 6 810 20

partonic origin of the flow.

P, (GeV/c)
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Heavy flavour flow - transport

e Run3 ALICE results

e https://arxiv.org/pdf/2603.18966

v, {SP, |an| > 1.3} v, {SP, 7] > 1.3}
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Figure 2: Elliptic flow of prompt D® (top), D" (middle), and A (bottom) hadrons at midrapidity (|y| < 0.8) in
Pb—Pb collisions at ,/5xn = 5.36 TeV in the 30—50% centrality class as a function of pr. The data are compared
with predictions from TAMU [T8], Catania [43, 79]. POWLANG [80, 81], LET-PNP [44, 75], EPOS4HOQ [76],
and Langevin [82. 83] transport models at /5y = 5.02 TeV.
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Heavy flavour flow - transport

||||||||||||||

e Run3 ALICE results R s
e https://arxiv.org/pdf/2603.18966

v, {SP, 7] > 1.3}

0-00;}?‘.

s O T o, o
Model Transport origin Lattice QCD usage Nature

: : : .. semi-
Catania quasi-particle indirect :
phenomenological

EPOS4HQ fitted weak data-driven
Langevin flexible often direct framework
LBT-PNP pQCD minimal perturbative
POWLANG-HTL HTL pQCD none perturbative
POWLANG-IQCD lattice input direct lattice-driven
TAMU T-matrix strong indirect non-perturbative
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Collectivity in small systems like pp and pA ?
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Strangeness from pp to PbPb

LETTERS NATURE PHYSICS oo: 10.1038/NPHY
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pPb flow

ALICE: https://arxiv.org/abs/2211.04384
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p and Pb flow

pp and pPb flows
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Figure 4: The magnitude of vo (left) and va (right) as a function of pr for the 0-0.1% multiplicity interval in pp
collisions at 4/s = 13 TeV and 0-20% in p-Pb collisions at \/syy = 5.02 TeV. The boxes around the data points
represent the estimated systematic uncertainty and the error bars correspond to statistical errors.
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Summary

In Pb-Pb collisions at the LHC, a sizeable fireball
with initial temperature T > 300 MeV is created

Hydrodynamics describes the expansion of the
fireball = system behaves like an almost ideal

liquid
— degrees of freedom are quarks and gluons
Lattice QCD <=> HI observable connection

nontrivial
— |ldeal thermodynamics versus expanding HI system

Some QGP sighatures observed also in high
multiplicity p-Pb and pp systems
— What is the smallest size for QGP fluid ?
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"Backup
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Blast wave

Hydro picture:
m; spectra sensitive to the transverse flow

Blast wave description of the spectra:

d*N . . -
[ [0 (202,

p(r)=tanh ™ B (r)

Uniform particle density

2+n

) 2
ﬂL(r):ﬂS|: } r<Rg <p.>= Ps

L
RG

Ref: E Schnedermann, J Sollfrank and U Heinz, Phys. Rev. C48 (1993) 2462
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Thermal model - CE

1.4 peer
p/n
= 12}
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w 10F-———
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O os8f / B B g
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= 06f
! ALICE
o 04 * pp, 7 TeV
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x 0.2 + Pb-Pb,276Tev T

0.0 et ’/_4\ - -
= 12} Alr . > &, Qin
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O 08} _, ey
e s Vanilla CSM 7 .
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0 0 L L 1 L i = = 1 i L
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O ALICE data

O Canonical suppression

O Model: https://arxiv.org/pdf/1906.03145

O Reasonable description
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v {2k} for Gauss Bessel

oy {2} = (22),
Uy {"1-}‘1 = —{IJ:::I —I-E-::zlﬁ:ﬁ
on {6)° = (o) — 9(uh)(eR) +12(2})?) /4,

on {8)° = — ((of) — 16(vf) (v3) — 18(})* + 144(v}) (03)? — 144(e})* ) /33

RV LRPy2 RP
I (i I |: L;Irl __:' ‘I‘ { er" (Y FI (Y I
p(on) = g7 exp [‘ w, |\’ )

Constant 2k harmonic -> consistent with
Gauss-Bessel

One can extract sigma
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CMS Plane correlations

HIN-16-018

CMS Preliminary ~ 0-3=p_<3.0 GeVic Inl=2.4
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- gusm s &l ] —+FOPB502TeV | Gauss + hydro. ]
- g I B PbBPR276 TeV =3 76 TeV. n/s=0.08
L F .’-j-."- I"---..., ]
e 107 il ik !gﬂ! [ - "M ILLITT] s = '2 9
s - T LB ™ # .
Gauss + hydro. im .| § Cl
- [ =276 TeV.s=0.08 | 1 [ ]
NREINE (b} vol¥asl . ET[-:‘; vil¥ad g vt T(e} vi¥a) .
10 20 40 &0 20 40 i} 20 40 80 20 40 &0 20 40 il
Cenfrality (%) Cenfrality (%) Centrality (%) Centrality (%) Centrality (%)

CMS Preliminary n.a«:prqa_n GeVic nl<2.4

T 1 T T T T L T e T T T
&l (a) tm ] (b) foa ] (e) Egrm | d) Xgm ] - “.' ':E:'x?m_
—— PbPB502TeV | AMET ] Viscous Hydro [ TEBEVISHNU I, S
a4l = PePp2TETY 1 1 Ws=0.08, Gauss | ®=en/s=0.08, Glb ] 4 Y ]
= 1 T3 [ een ps=0.08, KLN ¥
1 g 1% L . L
—_— 1% A _‘#.j.g,gg_*_ﬁ__
2 L TP B ] ]
N . — 1 y I feom g aw—g—n fi""lll"'i-riti"l?"w'i—
D PRI U T I S T T T S T T T TN . T T ST ST T SN 0 " U """ |
20 40 &0 20 40 80 20 40 &0 20 40 60 20 40 0]}
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The data are compared with AMPT and hydrodynamic predictions with different shear vis-
cosity to entropy density ratios and initial condition models. The predictions from AMPT are
favored by the measurement. These results will provide constraints on the theoretical descrip-
tion of the medium close to the freeze-out temperature, which is poorly understood so far.
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Geometry and flow

vz"’Ez

&2 = {e(x,¥) cos(2(p — 7))
e(x,y) —distribution of energy density of initial state
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HBT radii — System Size

. 6000 —— I?hys.lLt?u.lB.SQ.B (,20.11.)3?8.(V?|qes. sclalsacl . . .
E A EG9527,30,38, 43 Gev QM Interference of identical particles
gk el L 5 2 Twiss interf
@ 1% Sl (Hanbury-Brown & Twiss interferometry)
& O .4, e - . .
o W00 S Alice 2760 Gov allows to measure source size and duration
u: = - . .
g 0% . of emission.
=
€ 2000F ﬁ%%
a
1000} 4% Fireball volume at freeze-out:
4 i 1 i i 1 n n n 1 L L " I 3 ~
o — T V = 5000fm* ~ 4 x Pb volume
{chh."dl] )
. . , _Phys. Lett. B 696 (2011) 328
‘E 1oF o E89527,33,38,43Gev ]
= A NA4987, 125, 17.3 GeV ]
v oL ™ CERES17.3Gev - ]
% STAR 624,200 GeV
O PHOBOS 62.4, 200 GeV ]
8l ® ALICE2760 GeV 1 i i
] ;ﬁ%* 1 | Lifetime ~ 10 x QCD scale (1/Aqcp)
X a ]
4k ey _:
2} :
00 é 411 BI é 1I0 112 1‘4
(dN_/dn y'e
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Relativistic Heavy-Ion Collisions

Kinetic
made by Chun Shen freeze-out

_— i Hadronization
- Initial energy
density

final detected
particle distributions

free streaming

collision evolution
t~0fm/c T~1fm/c T ~10 fm/c
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Beyond v,,

Optimise sensitivity of flow related variable to
disentangle medium properties (n/s) and initial
conditions

— Direct event by event measurement of p(v,,)
* properties of probability distribution function p(v,)
v,{2}? = (v?2) butif pdf p(v,) # 6(v,) then (v?) # (v,)?
— Correlations
* Fourier coefficients may be correlated due to physics

* Correlate flows v,, , event planes 1,, and their
combinations in different phase space

c c(X(x),n;Y(y),m) = (X, (x)Y,, (1) — (X, ONY;, ()
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Elliptic Flow fluctuations

= Technique: Unfolding directly pdf of p(v,) (see ATLAS JHEP
11(2013) 183)
— v,1{2}, v,14}, v,16}, v,18} calculated using p(v,)
= p(v,) - usually assumed to be Gaussian = 5. @R TR
e e
= v{4}~v,{6}~v,{8} -
— splitting characterise departure from 10°ff Cent 15-20%
viF = 8.5 + 0.0 (%)
10°E & =2.0+0.0(%)
Gauss of p(v,) o iir7 201 (8
1Pk k, =368 £0.3 (%)
CMS Preliminary PbPb 5.02 TeV CMS Freliminary PbFb 5.02 TeV E o=0883+1.2
£ T hieenaw] € T bach<Socen ~
i 1.D2:— i< 1.0 21.[:'2:— i< 1.0 3 % 1|:I5-
%1-9'3';—‘ B LA 2 T — %WD; fi’ﬁr'i'qr:, """"""" — F
u.aa:—bi thi—: 0.98F ii!Hif 1E]‘*:
0.96E, E u.aaf—" E E [ cent. 35 - 20%
0.94F E 0.94fF E (1 Vi =00200 (%)
| —e— 502 TeV CMS ] F | —m— 502 TeV CMS ] mf &, =4.1+0.0 (%)
0520 o276 Tev ATLAS E 05201 & 276 TevaTLAS E [ 5y =240+ 0.1 (%)
09054545 45 '{':'5'5 't'él?ﬁ:i T R VT '{':'slu' te?w?%] 10°F MNP ]
@ (@) T e

CMS: HIN-16-019
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