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By changing the energy available in the collision and the projectile-target combinations, one
can obtain systems characterized by various temperatures and baryon chemical potentials
— different regions on the phase diagram can be investigated
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THE ALICE DETECTOR
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System p-p p-Pb Xe-Xe Pb-Pb

VSN (TeV) 0.9,2.76,7,8,5.02,13 5.02, 8.16 5.44 2.76, 5.02

L 200ub™, 100nb™", 1.5pb™", | 18 nb, 25 nb"’ 30 b’ 75 ub', 250
2.5pb", 1.3pb-", 25pb! ub’

Dedicated detector to exploit the unique physics potential of nucleus-nucleus collisions at LHC
Study the physics of strongly interacting matter at the highest energy densities reached so far in laboratory

Comprehensive studies of hadrons, electrons, muons and photons to understand and describe QGP formation in
heavy ion collisions
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ALICE Performance
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Excellent PID for hadrons, leptons and photons
Good tracking resolution in TPC & EmCal detectors to
resolve the inner structure of (copiously produced)

jets @ LHC

Excellent vertex capability (HF, V%, cascades,

conversions)

Efficient low-momentum tracking down to 150 MeV/c



Charged particle production

1805.04432
/:\ 14 T T T I — T {— T T {— T T T /S 1 4 | L IR % ' 1
o - Inl<0.5 7 - pp(pp), NSD AA, central 5
s [ 2 O L O ALICE B ALICE Xe-Xe 2
=5 8 s 12— ¢ cms m ALICE Pb-Pb ~
2 12— — - - + CDF ¢+ CMS 3
v/\ I B o] . ¥ UAS ® ATLAS J
g [ E i ~ 10— & UA1 Ao PHENIX =)
N> L g =3 - % STAR + PHOBOS
Z 10— 'f Y — E i v BRAHMS 2l
B ] N|l_ o 8— pp(pP), INEL * STAR ey il
i . ] = m ALICE X NASD - '
8— e ] ~~ - ¢ CMS 014 o ]
| Y ALICE N 6 v UAS o ]
n B Xe-Xe,|sy, =544 TeV | — 4+ PHOBOS ﬁ' & -
L ®  Pb-Pb,|s,, =502TeV (x1.02) | - A ISR 2'} ‘-' 1
6— E +  pPb |5, =502TeV (x102) —| A= smecoess 0 ok o= M _
— RHIC (PHOBOS) ¢ s =5.02TeV (x 1.02 B - pA(dA), NSD A ':,.-' 103(2 -
= PP Vo o102 ALICE R o sH0

L O  AuAu sy =02TeV (x273) ()  Pb-Pb, |5 =276TeV (x1.23) | r : Ay I - c .
4 K O  CuCu{syy=02TeV(x273) ()  pp, Sy =276TeV (x 1.15) ] 2 “-xu“‘h._.-_--;::-' I nl < 0 : 5 —
| 1 | 1 I I 1 1 1 | I | 1 1 Il I 1 | 1 1 I | . L bddd ‘x dedd " deind 4 Ladd ]

0 100 200 300 lll\(I)O 1 10 1 02 1 03 ' 1 04
(Npa? ISy (GeV)

For most central collisions, Xe-Xe results
are higher than Pb-Pb results at similar N art
=N scaling violation for 0-5% Xe-Xe

- Xe-Xe result in agreement with the
previous AA power-law trend

- a stronger rise with /sy~ in AA than for
RHIC data showed the same behaviour pp and pA collisions

(CuCu vs. AuAu)
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Particle production in Pb-Pb @ 3.02 TeV .
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90% of the particles are produced in low p_ and intermediate p_ regions
Exponential/Boltzmann behaviour at low p. and power law shape at high p..
Proton p. spectra shape change from central — peripheral = radial flow



Strangeness production

ALICE
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<p,> for identified particles

— the mass dependence of <p_>reflects
collective expansion in the radial direction

— the differences in central values of <p_>
between protons and pions/kaons are smaller
at lower multiplicities
— smaller average collective velocity in the
radial direction in peripheral collisions.

— ® meson behaviour is the same as the proton
(similar mass) for higher multiplicities
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Blast-Wave fits to particle spectra
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Baryon-to-meson ratio
ALICE
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Anisotropic flow
ALICE
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Non-centr.al col!|5|ons: overlap region is not symmetric in coordinate space v, =< COS TL(QO _ \IJRP) s
- spatial anisotropy — pressure gradients lead to momentum anisotropy

Quantify anisotropy: Fourier decomposition of particle azimuthal distribution v quantify the event anisotropy
relative to the reaction plane (W) — coefficients v, , v, ,v,, ... v_ - :‘/IZ elliptic flow, v, triangular
oW, ...
Anisotropic flow is sensitive to the system evolution
- Constraints initial conditions, EQS, transport properties (e.g. shear viscosity over
entropy density ratio (n/s) and bulk viscosity over entropy density ratio ({/s)),
particle production mechanisms, freeze-out conditions
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Elliptic flow across the systems
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e Pronounced v, in peripheral Pb-Pb and at similar multiplicities in p-Pb/p-p
e v, extends to small systems — it's enough to have few scatterings in order to build flow
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PID v in Pb-Ph
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Flow of identified hadrons in Pb-Pb at 5.02 TeV

- for p;<2-3 GeV/c, v, of the different particle species is mass-ordered — indicative of strong radial flow

- for 3<p.<8-10 GeV/c, particles are grouped according to their number of constituent quarks— quark
coalescence

- the ® meson v, follows proton v, at low p_ (similar masses), but Tt v, at intermediate p_ in all centrality classes.
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Nuclear modification factor - R,
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= R,, is expected to be different from 1 in case

of nuclear effects that can modify the p, 0 1 2 3 . 3
spectrum — initial and final states effects Tranverse Momentum (GeV/c)

= final-state effects such as in-medium energy R, <1 athigh p. -the nuclear
loss (via collisional and radiative processes), effects suppress the particle
the collective expansion and the in-medium production.
hadronization via coalescence, R,,~ 1 at high p_(binary scaling) -

no nuclear effects.
= initial state effects (CNM - cold nuclear matter
effects) like nuclear modification of PDFs /
CGC, kT-broadening (Cronin effect)
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(harged hadrons R,
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Compared with N_, scaled p-p collisions,
e Large suppression of high p. particles in most central A-A collisions
o Described by models including parton energy loss in the QGP medium

e No suppression in peripheral A-A and MB p-A collisions




Centrality dependence
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e Multiple hard scatterings — power-law shape spectra for all centralities

From central to peripheral A-A collisions — less suppression

e Increased suppression with increasing centrality — larger and hotter medium produced in central
collisions as compared to peripheral




Most Peripheral AA Collisions

First ever measurements to such peripheral

centrality
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R, in Pb-Pb decreasing with centrality < 80% = agreement with HG-PYTHIA (no energy loss)
- HG-PYTHIA (HIJING Glauber PYTHIA) based on the HIJING Glauber model for the initial state and PYTHIA

Progressive reduction of medium induced parton energy loss
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Small Systems
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e Significant change of underlying p-p reference spectra with multiplicity

p, dependent

e the multiplicity of the most peripheral class (95-100% centrality) is lower than pp (because the
nucleon-nucleon collisions that occur in a very peripheral Pb-Pb collision are not MB collisions) and
therefore the R,, could be influenced by the fact that MB pp is no longer a good reference




Xe-Xe RAA
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Lentrality dependence of Identified R, ,

ALICE

T
- ALICE Preliminary, Pb-Pb \s,, = 5.02 TeV
0-5%

20-40% 1 40-60% 1] ¢
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pp reference, PLB 760 (2016) 720-735 p (GeV/C)
T

e DifferentR,, at intermediate p_ due to radial flow (mass dependent push to higher p.) in addition to
recombination

e In Pb-Pb collisions all three species are equally suppressed for all centralities at p. > 8 GeV/c

e (Light)flavor independent energy loss at high p. as observed at 2.76 TeV
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Energy Dependence of R, ,

t° n

ALICE

:2 LI l LR l | Rl 33 | l LI Rt | I LI l LB ' | 15 69 | I L 5ol 1t ) ] LI I LB I <] 512- T ] LI I IR ? ] L5 I § l ) el e | I LI [ | ot oy | l rri I L B l L I 7]
x [ n° ALICE 0-10% Pb-Pb (2011) 1 e [ n ALICE 0-10% Pb-Pb (2011) _
1.8~ [¢]0-10% Vs, = 2.76 TeV = ] [¢]ys,. = 2.76 TeV -
B 2] 1.0 =
’ &% 0 {5.=200GeV ¢ |5, =62.4GeV J - o (5 = 200 GeV g
1.4— ¥ ol - NN .
- o |s.. =39 GeV ] o~ _
120 n° WA98 0-13% Pb-Pb 5 [ i
u & |S..=17.3 GeV : i -
1.01 — 0.6 -
0.8 = [ ]
: 1 od 1[ -
0.6_— y = I -
¥ R B 5, b X - ¢ |-
E =] & ‘ ® [
0.2 o o o B S [ ? ¢ [ i
0 Fl 11 l { K I | l 111 l 111 l 111 l 111 l [ il i l 2 (] l 111 l 1 11 l l: 0 I-l 11 l 111 I 4-4:-) l 111 l (B e | l L1 1 I [ 2l il | l L 11 l 1 1 l 1 11 l l-

: 2 4 6 8 10 12 14 16 18 i 2 4 6 8 10 12 14 16 18 20
P, (GeVic) P, (GeVic)

1803.05490

e First measurement of R,, for n meson @ LHC
e High p_ particle suppression gradually sets in with increasing energy
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JetsR,,
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jet substructure: energetic components

)

close to jet axis

[ l | I
ATLAS Pb+Pb \s,, = 2.76 TeV

.5 0-10 % Centrality f Ldt=7ub"

158 < p_< 182 GeV

| | |

| | |
89 < p_<103 GeV

|
50< p_<58GeV

sy T
—————

[ | |

38< p, <44 GeV

In jets multiple partons lose energy  jet core not affected
— more partons in high energy jets  corona effect softens p- of jet constituents,

— moreE
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ALICE

reduction of jet energy

energetic core stays intact

intermediate part reduced

low energy components enhanced
& move away from jet axis

loss Slight increase of Raa(R) — more soft contributions to jets
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Heavy flavor in heavy ion collisions

Heavy quarks in Pb-Pb collisions at LHC

e Produced early in collision time, through large Q2 small formation time
— experience the system full evolution

Open heavy flavors
e cand b quarks lose energy in the medium
via collisional and radiative energy loss (dead cone effect)
— smaller energy loss for heavy than for light quarks

Eloss(g) > Eloss(u'd) > Eloss(c) > Eloss(b)
RuA(8) <R\ (C) <R, (D)

e Medium creates a competition between fragmentation (one quark producing a jet) and
recombination (the ¢ quark picks up a light quark from the medium)
e Low p_c-quark thermalization — push from large collective flow, transport models

Quarkonia
e Presence of the medium modifies the yield of )/, ', Y
e Different binding energies and radii — melting (Debye screening) in the QGP at different
temperatures — thermometer of QGP
e QGP, c(cbar) + cbar(c) — quarkonium — recombination
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R, in p-Pb for J/y
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ALICE

p-Pb allows for CNM and initial conditions
testing

Contribution of hot-matter effects are thought
to be negligible

e |/Psi suppression observed at positive rapidity

e For negativey, an increasing trend in RAA is
present at low p_ and the data are compatible
with unity

Initial conditions
in p-Pb forward/backward rapidity:
Various combinations of CNM effects (pure

shadowing, nPDF, CGC) give rather good
description for the data
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J/WR,, inHeavy lon Collisions
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RHIC — LHC
Evidence for increasing
recombination for Pb-Pb

At RHIC top energy:
- J/Psi production is strongly
suppressed
- RAA suppression increases with
collision centrality

At LHC energies:

- smaller suppression for central
collisions compared to PHENIX
results

- weaker centrality dependence
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| /w flow in p-Pb/Pb-Pb collisions %

Jy
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Phys. Lett.B780(2018) 7—20
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ALICE

Similar mechanism responsible
for the behavior in both

systems

e Transport models

e Thermalization
implications

e (ollective effects in small
systems

e (Constraints the RV, for
models

[ )

Rpr~1 &vzirj pr>O:
not a contradiction
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R,, Y(15)in Ph-Ph

AA

ALICE

e Extreme precision measurement
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Open Heavy Flavor - R,, and v, in Pb-Pb .

1804.09083

PhysRevLett.120.102301
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First measurements of D*S @ LHC

Different suppression of D_with respect to D — due
to the recombination of the c quark in the QGP
where s quarks are abundant

Mass ordering at intermediate p.

Slow/low p_. D° thermalized with QGP and largely
affected by collective flow

Measurement precision with potential to constrain
transport models, current D (2nT) ~ 1.5 -7
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beauty-decay electrons R, N
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Eloss(c) > Eloss(b) = RAA(C) < RAA(b)
e Data described by models with E,___ dependence on quark mass
° Rpr(b—>c—>e) ~ 1 - (ALICE, JHEP) = rules out CNM effects



Conclusions

ALICE provides plethora of precision measurements for many hadron types
Allowing better understanding and validation of QCD description for LHC collisions
Universality of strangeness production across different systems

Collective behaviour across systems in high multiplicity p-p, p-Pb and A-A collisions

Large suppression of high p. particles investigations to continue



UPGRADE for RUN3

ALICE

Upgrade of the
Orine - Offine computing system

pgrade of the Muon Forward Tracker

Uoaracd tt
Inner Tracking Systen Time Projection Chamber

CERN-LHCC-2013-024

CERN-LHCC-2012-012
CERN-LHCC-2015-021
CERN-LHCC-2013-019

CERN-LHCC-2015-006

Access to more and more rarer probes
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ALICE

BACKUP




PD-Ph 2.7 vs 3.02 TeV

ALICE

5-10% ALICE 10-20%
charged particles

Spectra comparison:

Harder spectra @5.02 for
both AA (more parton
energy loss) and pp
reference

= similar R, suppression

Factor ~2 decrease of system.
uncertainties wrt previous
published results

Ratio of spectra (5.02TeV /2.76 TeV)

1 10 1 10 1 10
p_ (GeVlc) p_ (GeV/c) p_ (GeVic)
T T T 1802.09145
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ALICE
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