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A Large lon Collider Experiment (%)

Strongly interacting matter in extreme conditions ALICE
 Trivial questions and misconceptions

What nuclear physicists think | do? What particle physicists think | do?
cosmology (or even archaeology) nuclear physics (or even pile-up study)
What astro-particle physicists think | do? What my collaborators think | do?
particle physics (or even yace®) writing a paper (or even a ya2r**)
Acronyms:

* Yet Another Collider Experiment
** Yet Another Administrative Report
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Strongly interacting matter in extreme conditions ALICE
 Trivial questions and misconceptions

Development of
Galaxies, Planets, etc.

1st Stars
. about 400 million years
Cosmic Microwave
Background: 380 000 years
H

13.8 billion years
1028 cm




A Large lon Collider Experiment (*)

Strongly interacting matter in extreme conditions ALTGE
* Fundamental questions: properties of matter for ultra-high energy densities

= what are the conditions to create a Quark-Gluon Plasma ?
= how does it behave and what are the relevant interaction scales ?

» Global pictures (to be checked)

Lorentz-contracted QGP (t =1 fmlc) QGP (t =5 fm/c)
nuclei

Quark Gluon Plasma (mini-big-bang)
e accelerate and collide nuclei

« extreme energy densities and
huge temperature

Simulation: MADAT us

A DL EEERIETRl - Conditions at LHC energies:
= high temperature: O(1012 K) .
Bazavov et al.

= vanishing baryon chemical potential: equal Phys. Rev. D0 (2014) 094503
number of particles and anti-particles

Temperature

4

N * Phase transition predicted by Lattice QCD |
CrcalPont 1 R B calculations (state of the art):

~
Color

RS = Tc=155MeV and ec=0.5GeV/fm? 2

Hadron Gas

stout HISQ
(e-3p)/T4 W =
p/T4 B8 A

s/4T4 W

900 MeV
Baryon Chemical Potential 1

T [MeV]
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A Large lon Collider Experiment O
ALICE - A Large lon Collider Experiment (16 m x 16 m x 25 m) f_*i

= robust tracking — central barrel with low material budget (<10%Xo) wide pt range
= particle identification over a large momentum range
= excellent muon identification down to low pr at forward rapidity

THE ALICE DETECTOR

PEERLAW. Y CRYL (A m a aVa :

QO

. ITS SPD (Pixel)
. ITS SDD (Drift)
. ITS SSD (Strip)
.VOoand TO

. FMD

D Q0T

7 —

s —_———

— —_— 1
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ITS
FMD, TO, VO
TPC

TRD

TOF

HMPID
EMCal

DCal

PHOS, CPV
10. L3 Magnet
11. Absorber

12. Muon Tracker
13. Muon Wall
14, Muon Trigger
15. Dipole Magnet
16, PMD

17. AD

18. ZDC

19. ACORDE

CeNOORALONE
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A Large lon Collider Experiment

ALICE - colliding systems, energy and datasets

= almost 10 years of operation at the Large Hadron Collider (runs 1 & 2)
= just finished run 2 (December 2018) with the Iargest collected statistics

Vsu (TeV)

2009-2013
PP 2015,2017
2015-2018
2013
P 2016
Xe-Xe 2017
2010-2011
Pb-Pb 50152018

!

2018 Pb-Pb data-taking
* min. bias ~ 1x 2015
 central ~ 9x 2015

* mid. central ~4x 2015

= rich trigger menu

Recorded triggers / 10°

0.9, 2.76, ~200 pb-1, ~100 nb-1,
7,8 ~1.5 nb-1, ~2.5 nb-1
5.02 ~1.3 nb-1
13 ~25 nb-1
5.02 ~15 nb-1

5.02, 8.16 ~3 nb-1, ~25 nb-1
5.44 ~0.3 pb
2.76 ~75 ub-

5.02 ~250 pyb-1,~1 nb-1
E ALICE Performance Run2, PbPb VSTW =5.02 TeV
L Min Bias: 315M
3001 cent. 0-10%: 149M
E Mid-cent. 30-50%: 149M
%t Pb-Pb, 5.02 TeV
200— 2015+2018 stat

Oy30

€c ¢ ovy Ov o, oy 3
2075 0 ' 2015 0 ' 201 0 * 2076 0 * 2076

®

ALICE

L ALICE Performance - Run2 - pp Vs = 13 TeV
& [ Min. bias: 0.098 pb'1 (3200 M full-B, 730 M low-B evts)
2 50 High Mult. (SPD): 1.1 pb“ (530 M evts)
Z [ High Mult. (V0): 13 pb’ (1700 M evts)
= [ Di-u, single p high- p,: 36 pb
S 40— Slngleplowp 25pb1
= [ TRD:2.0 pb’ pp’13 TeV
o - E/DCal high: 16 pb”’
® 30 E/DCal low: 1.5pb’ full stat.
> - PHOS: 14 pb"
= L Double Gap: 10 pb™'
Z 20—
10— ﬁ
ok L %
Jan15 Jan16 Dec16 Dec17 Jan19
"o gOOL ALICE Performance Run2, PbPb {5y, = 5.02 TeV
= = Di-y, single u high-p_, fwd UPC: 787 ub
=2 [ Single wlow-p : 47 ub1
8 700 - EMCal stdalone 640 pb™
< - PHOS stdalone: 621 b’
£ 600 Emcal: 372 ub!
= C PHOS: 373 ub'
E 500{— Barrel UPC: 388 b
o -
o)
3 400:
< -
300
200}
100F
0 ov 50, Pec g g ov oy, MNovgg
g 2075 d 2075 4 2078 ’ 2078 2078



A Large lon Collider Experiment (*)

ALICE - particle identification performance ALTCE

L | T

@

ALICE Performance
PD-Pb |5, =5.02TeV

T LI T T
ALICE Performance 11/05/2017 |
y " p-Pb | s, = 5.02 TeV 1

ITS dE/dx (keV/300 um)

lllll ll]lllllllllllllll

B ALICE Performal
i Pb-Pb \s,, =5.

e

truncated mean signal (arb. u.)
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45
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scevi ¥ Lowest material budget tracker

4
o

e
o

v Particle identification in a wide momentum range
v Jets in the Calorimeters

54
w

ALICE PERFORMANCE

Cherenkov angle, 6, (rad)
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A Large lon Collider Experiment

ALICE - particle spectra
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A Large lon Collider Experiment

Strongly interacting matter in extreme conditions
» Global experimental observables (back-up slides for “older results”)

= correlated volume at freeze-out (Bose-Einstein correlations): ~5000 fm3
= estimation of the energy density (particle production and flow): ~10-15 GeV/fm3

= temperature (direct photon production): Ter= 297 %

ALICE, Pb-Pb collisions Phys. Lett. B754 (2016) 235-248

12(stat) £ 41(syst) MeV » T¢

ALICE Preliminary, p-Pb collisions

ALICE

E T 17T 1T LI T T T T | LI | LI | E| = : Y g ¥ ! ’ L .. 16— -
R E | 0-20% Pb-Pb Vs, = 2.76 TeV ] 0-20% VOA p-Pb, |5, = 5.02 TeV
o - Pb-Pb \Gb =276 TeV ] [ o IO\LICE = . ] 1.4f- ALICE preliminary 1
% 1035- [¢] 0-20% ALICE — PDF: CTEQBMS, FF: GRV = | —— NLO pQCD PDF: CTEQ6MS FF: GRV ] Wy -1Shen et al. ] :
o - [+]20-40% ALICE - - (n)PDF: CTEQ6.1M/EPS09, 4 1.5— &= JETPHOX PDF: CT10, FF: BFG2 = — Ry P ]
Ta 10?88 5)40-80% ALICE  FF:BFG2 - - JETPHOX nPDF: EPS09, FF: BFG2 L gt s | | R AU s oo 1
sl E : E - (all scaled by N) il gl ¢ | - gk = E
S F E L - | i e
<§ 3 10k - L'ED;P'S% FF-BFG2 = [ [elelelelslefss 1 "8 20-40% VOA p-Pb, (5., = 5.02 Tev 3
Q@ F - nPDF: EPS09, FF: BFG2 "OT ] " T 3
Rl (all scaled by N_) = Ik —t - - 3 T ' o _,_'_,.’_——/ E
< F 3 : 20-40% Pb-Pb (5., = 2.76 TeV ] 105 - - { 1] it PR =
107 — L. & ALICE ' . 0.8~ : _— =
E E " — NLO pQCD PDF: CTEQ6MS FF: GRV r ] M o v e T e e 0e Ton =
i 3 1.5 mm JETPHOX PDF: CT10, FF: BFG2 ¢ | o TR e E
102k ~ = "} JETPHOX nPDF: EPS09, FF: BFG2 L] : ]
E S © L (alscaledby N, ] it :
sl - C N N OIE Y ] 10" [l e e memalagrotv-t ﬂM/ .
10 .E ? i L—_’JLIL,'W 3 rs 0 vl ;
104k - C ] ‘6‘60100/°v0Aprv_ 502TeV
E E s : i ———+1 = 14 NLOpQCD
- 3 | 40-80% Pb-Pb |s,, = 2.76 TeV ] : pDF CT10, FF: GRV
10°E = L+ ALICE “ ] iy
- - L — NLO pQCD PDF: CTEQ6MS FF: GRV i 101 s e CinnpeEaas
- 1 1.5 =) JETPHOX PDF: CT10, FF: BFG2 - 3 H i+
107k = - JETPHOX nPDF: EPS09, FF: BFG2 [ $~g:
8 3 - (all scaled by N) | A B 0-100% p-Pb, v_ 5.02 TeV
2 1 - —— TH - 1 4— NLO pQCD: —“
10° :.,— 3 L = £ =-4nPDF:nCTEQ15, FF: GRV / ]
E 3 1.0 12 - nPDF: EPPS16, FF: GRV T—*}/ -3
108:_1 [N BTN BT R A | [ENE BTSN AR ; , . . . , ) Ll j “0 ] ’H—“"I' Ui ' J _;
0 2 4 6 8 10 12 14 = ' 10 os 11T . . " . =
P, (GeV/c) p. (GeVic) 1 10 P, (GeV/c)
» Large thermal radiation in Pb-Pb collisions » Cross-checked with p-Pb collisions:

= data agrees with pQCD predictions

= no evidence currently for thermal radiation
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dN/dy

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

A Large lon Collider Experiment

Strongly interacting matter in extreme conditions
» Global experimental observables (back-up slides for “older results”)
= anti-particle-to-particle ratio ~1 — pyg ~ 0 MeV 14

p/p

. KK o KK BB, EZiE oum 4 aHHA o

2 ¢ 2 2 2 2

10° ot | ALICE Preliminary  ©
. e | . Pb-Pb 15y, = 5.02 TeV, 0-10%

3 : : P amas S el : : : : E
of 0 e T @

102 k Model T(MeV)  V(fm) ¥2/NDF

. | |—THERMUS4 152+2  7832+484  58.7/10| : 5 5 : X T W T XS v ?/
10" EF |-« GSl-Heidelberg 153+2  7260+410  41.910| : : : E p. (GeV/c)
104 B [-SHARES 153+3  5211£703  49.710| : : I Y S

o o ~r0QQ0 =200 -
DD AN DROD DN RD DN

o
IIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIII

Nucl. Phys. A971 (2018) 1-20  ALICE

Pb-Pb: /300

= hadrochemistry for central Pb-Pb collisions 10°
- at thermodynamic equilibrium. .. 10*
107
* strangeness enhancement ! 107 l
-3 —2 —1 0 1 2 3 4

« even for nuclei and hypernuclei A

o 10% Pb-Pb, | 5 = 2.76 TeV

T 1 lIII'I lllllll" IH“TI'I I\IHIII IIITIIIN llﬂl'l IHIIII" IIIIIT‘ T llll'l TTT

N



dN/dy

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

A Large lon Collider Experiment

3 3
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L]

10° o 5 . ALICE Preliminary >
1% F | | e . PbPbisy =502TeV,0-10% ]
3 = R AR TR : : : E
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107 ;- £ Not in fit E : : : D bt !:
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o
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Strongly interacting matter in extreme conditions

» Global experimental observables (back-up slides for “older results”)
= anti-particle-to-particle ratio ~ 1 — pyg ~ 0 MeV

= hadrochemistry for central Pb-Pb collisions
at thermodynamic equilibrium...
strangeness enhancement !

even for nuclei and hypernuclei

Ea’{f U'""vvf’frfe_ ) The Phases of QCD

s

Temperature

(‘
170 MeV rossover

Critical Point

Hadron Gas

Superconductor

Nuclear
/ Vacuum Matter Neutron Stars
0 MeV+ -~ 1 s
0 MeV 900 MeV
Baryon Chemical Potential

Nucl. Phys. A971 (2018) 1-20  ALICE

Pb-Pb: /300

o 10% Pb-Pb, | 5 = 2.76 TeV

-
o
b
TTTTm T‘IITII llll“T‘ IIHFIT' HIIHI'I IIITIIIW III'II] IHIITI" Illl\lﬂ T III'I'I TTT

10—8 | | | | | | | | |
-4 -3 -2 -1 0 1 2 38 4

A
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A Large lon Collider Experiment (*)

Characterisation of the Quark-Gluon Plasma ALTGE
« Eccentricity, flow coefficients and fluctuations

non-central collisions:

* The reaction plane contains the beam direction
and the centers of the colliding nuclei

Anisotropy in azimuthal angle described by a Fourier series:

dN -
— X 1—|—22vncosn(g0—<1>n)

T v
] = EXPERIMENTAL RESULTS
y

‘,’ A = very precise measurements of flow coefficients
Initial coordinate space anisotropy = 2nd order (v;) dominates in non-central collisions v,
= v, decreases with increasing n: typical of viscous fluid (damping)
-

experimentally: Odd harmonics with weak centrality dependence: fluctuations

CLEAR EVIDENCE
= How the system behaves collectively with v, X €,
= [nitial fluctuations propagated by a viscous fluid

Xjab
» & L

n=1 n=2 n=3 n=4 n=>5 n==6
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A Large lon Collider Experiment (*)

Characterisation of the Quark-Gluon Plasma ALTGE
« Eccentricity, flow coefficients and fluctuations

non-central collisions:

* The reaction plane contains the beam direction
and the centers of the colliding nuclei

Anisotropy in azimuthal angle described by a Fourier series:

dN
T 1—|—22vncosn(g0 D)

7 n=1
] 7 | EXPERIMENTAL RESULTS
’ "J l = very precise measurements of flow coefficients

- . . d i i - iSi
Initial coordinate space anisotropy 2nd order (v2) dominates in non-central collisions v,

-
— momentum space anisotropy = v, decreases with increasing n: typical of viscous fluid (damping)
-

experimentally: Odd harmonics with weak centrality dependence: fluctuations

CLEAR EVIDENCE
= How the system behaves collectively with v, X €,
= [nitial fluctuations propagated by a viscous fluid

Xjab




A Large lon Collider Experiment

Characterisation of the Quark-Gluon Plasma %

» Radial flow from simple blast-wave parameterisation at the LHC

; 0_2 1 1 1 1] I 1 I 1 1 I 1 1 1 I ] 1 1 1 | ] 1 I 1 ] ] 1 I 1 ' I I ]
© : ; .
S - * % -
~ 0.16 =
0.14- ~] Simple parameterisation of radial expansion
0.12F — = kinetic parameter extracted from mass
E E dependence of spectra
0'1:_ Global Blast-Wave fit to tﬂ* _: = Txin: Kinetic freeze-out temperature
0.08 ~ =n(0.5-1 GeV/c), K (0.2-1.5 GeV/c) , p (0.3-3.0 GeV/c) _: = Br: radial flow velocity
- e ALICE Preliminary, pp, Vs = 7 TeV ]
0.06F Pb. {5 = =
- = ALICE, p-Pb, Vs = 5.02 TeV .
0.04f- * ALICE, Pb-Pb, s, = 2.76 TeV ]
"~ [+ ALICE Preliminary, Pb-Pb, |s,,, = 5.02 TeV ]
0 O T T l I B T S l P N | l Lt 1 l L1 11 l [ l_
20 0.2 0.3 0.4 0.5 0.6 0.7
B

Run 2 for Pb-Pb: largest Bt ever observed



A Large lon Collider Experiment (*)

Characterisation of the Quark-Gluon Plasma ALTGE
» Anisotropic flow and hydro transport coefficients for Pb-Pb at the LHC

L D D D B 0.14 L ! f !
c L ALICE Pb-Pb Hydrodynami :
> 0.15|-5.02 Tev 2.76 TeV syozrng\r;a g::.sfzn . 012 | Vo — | ALICE data v, {2}, pt>0.2 GeV |
T E mv, {2, an>1) O vp{2,[An>1} v, {2, A1) ' V3 == | n/s=0.2

| ev, {2, Anj>1} O Vyi2,[An>1}  =vi2 jAn>1p ]

[ ev,{2 jani>1) O va{2, An>1} i 0.1 ¢

|+ v, {4} o v,y {4} N o
6 N i
0.1 _—>KZ§ Esi A o . o~ 0.08
i kK bl y < 006}
! “ 0.04 |
0.05
0.02
0 L
-t s 0 10 20 30 40 50
ol2E Hydrodynamics. Fef.(25] + E centrality percentile
E(EU 1.1 E_ n/s = 0.20 _E
1 » 3+ Anisotropic flow vn integrated in range 0.2< pr <5.0
(b) GeV/c as a function of centrality
= Ratios computed between 5.02 and 2.76 TeV results.
= From 2.76 to 5.02 TeV over centrality range 0-50%, the
average increases are:

(5 10 20 30 40 I50 60 70 8-0
Phys. Rev. Lett, 116 (2016) 132302 Centrality percentile (3.0£0.6)% for vo  (4.3+1.4)% forvs (10.2+3.8)% for va

= Results compatible with predictions from state-of-the-art
hydrodynamic (3D+1 e-by-e relativistic viscous) models



A Large lon Collider Experiment (*)

Measurement of the light and strange quarks flow ALTCE

« evidence that the Quark Gluon Plasma expands as a perfect liquid
= hydrodynamic behaviour with lowest shear viscosity / entropy density (n/S) that is possible

= more differential analysis (centrality and energy) for the light and strange flavours

ALICE Collaboration, JHEP 006 (2018)
Central Collisions Peripheral Collisions

................................................... >
s 03[ 0-5% |5, =502TeV |5, =276 TeVE 10-20% ALICE Po-Pb |y| <05 [ 40-50% as020 g. s
vol2, [AN[>2}  v,{AA-pp} - E’ )
0_2-_ .ﬂt‘ —Ki L '... ’ & - ﬁ' nqugg \
: S ik : gnﬁuugg * b of L
C Bp+p = p+p r B O sangh b o‘ &
0.1_— 33535 8 o O - &
aQgeee o f @ [ O
0;ﬁ'%"""""":""r'"'_-"""""l'"". """ == PPl _-"""""‘ """ === === ==
2B 1.5 ¢ . =
QE 1—&&#anﬂn0“ﬁﬁ-°-4 ----- -m«auuuuu-o-&--e- . OB Usoo0oRsR-8-8 o]
wki 0.5 = =
L F 05% E 10-20% E 40-50%
otk ; ooas | ,,u f + +
0.1 se e iy 2 fo0g W F
: eagﬂiﬂogg o g I &Q‘ Fua, Nogad [ Baﬁﬁﬂﬁﬂuoao

re E%&»uwunh-o-&--g--;ﬁ#&-euana&gg—&i .

S 015 0-5% E10-20% E 40-50% f

02 Te
o ]
3
o
L]
H
)
&0
[
b
o

=

Eﬁ;z %;#mneaﬂ#&é i---$--E:%.twﬂ.wwlr-g-.--# %$§m$$g+$$::+ .....

P ?GeV/c) € 8 P ?GeV/c) P, ?GeV/c)
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A Large lon Collider Experiment (*)

Measurement of the light and strange quarks flow

ALICE
« evidence that the Quark Gluon Plasma expands as a perfect liquid
= hydrodynamic behaviour with lowest shear viscosity / entropy density (n/S) that is possible
= more differential analysis (centrality and energy) for the light and strange flavours
ALICE Collaboration, JHEP 006 (2018)
Se.'".raLC:"ESP‘ES. .................................. Perpher oy
s 03l 0-5% |8 =502TeV |5, =276TeV [ 10-20%  ALICEPb-Pb |y|<0.5 [ 40-50% F550;
i vi2, b2} vyf2 09} [ i > B
S #Ks_ : pitt ’
0.2 o A+A = A+A L - ool il P 3 ‘+ ! g}-
— L &0 - g | 7 .
[ Ry P | g .
01f - L *::”‘ \L’m?#* . /J/ H?
i ) 3“3”‘0"91&;*”: : /*oto 7(4
o7 °°’“3*¥a-7°+ _____ W T A ——
e A IR i A S WA I e s S e
'éFg 1;--%-+*-$+$~-¢--$-¢---¢------—-$‘-4+N&ﬁ%-1 g- +°}"+-$- '*Q}Wﬂf*ﬁ-#@ 4-4 {e""$
N 05F - ) 1 F

1 2 3 4

5 4 5 4 5
P, (GeV/c) Py (GeV/c) P, (GeV/c)
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A Large lon Collider Experiment

Observation that even the charm quarks flow

« evidence that the Quark Gluon Plasma expands as a perfect liquid

= more differential analysis (centrality and energy) for the light and strange flavours

 investigate precisely if charm flows just as light flavours do

®

ALICE
= hydrodynamic behaviour with lowest shear viscosity / entropy density (n/S) that is possible
ALICE Collaboration, Phys. Rev. Lett. 119, 242301 (2017)
[ L L) T l L L} T l T L L) I Ll T L I L) L} T l T L) Ll
- ALICE 20 - 40% Pb-Pb, | s, = 5.02 TeV .
al Inclusive J/y —
N (re'e’, y| < 0.9, v,{EP, An =0} .
n Oun,25<y <4, v,{EP, An=1.1}
— - global syst : 1% —]
- X. Du et al. K.Zhou etal. 25<y <4) .
[ BZZA Inclusive J/y, |yl1<09 I | Inclusive J/y w non-collective __]
- Inclusive J/y, 25<y<4 — — Inclusive J/y w/o non-collective -
T Primordial J/y, 25<y<4 - -.-. Primordial J/wy -
u 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
2 4 6 8 10 12
[N (GeV/c)
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A Large lon Collider Experiment (*)

Observation that even the charm quarks flow ALTCE

« evidence that the Quark Gluon Plasma expands as a perfect liquid
= hydrodynamic behaviour with lowest shear viscosity / entropy density (n/S) that is possible

= more differential analysis (centrality and energy) for the light and strange flavours

 investigate precisely if charm flows just as light flavours do

™ - ]
> 0.04 ALICE Preliminary 0-50% —
- Pb-Pb\s,,=5.02 TeV :
0.03~ Inclusive J/y —~
- 2.5<y<4.0 i
0.02 0 . o] =
0.01— .. —
] —
C 1 1 1 I 1 1 1 I 1 | 1 l 1 1 1 l 1 ]

2 4 8
P, (GeV/c)
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A Large lon Collider Experiment (*)

Additional observation for the charm quark flow ALTCE

* probing the strong electric and magnetic fields in Pb-Pb collisions
= affects the azimuthal distribution of particles (v1) depending on charge

= compare v+ of positive and negative particles

BY

0" charged particles D-mesons (new preliminary)

6 i | ALIC‘é IPI 'I.l I'l | gl | I | i i ] I L l { i | I LI | T: FE L T T T T ] T T T T ‘ T T T T I T T T T i
reliminar 1 b

g>,. 03F popb s -ls 02 Tyev 5-40% 8 b’ : g 06 A AL L ]
. - =S het ] | 10-40% Pb-Pb, \/sy, = 5.02 TeV :
+ 0.2 L p,>02GeVic 2 r 1
g TN e - | 04'__ ]
°>‘- 0 1 N ‘ V: - V; 5 8 0 2: Not eﬂi::r:::eac::z::ezz::::orrecled :
O ] 3T ]
} _ > 13 -
1 [ Qeeosmrmmenesme e i s i R ]
04f ! . -0.21- )
C fitfunction: k - 1 C 3< p, < 6 (GeV/c)
0.2 . 1.68+0.49 (stat)+ 0.41 (syst) - 10° > -0.4 -
T bars: stat. err. ] i . - ]
—0.3 boxes (filled/empty): syst. err. (corr./uncorr.) ] 0.6~ k=52x10"+ :'tgin::g?r(‘s:;;gs5 % 102 (syst) ]

- T I LA I T I [T B | I L1 1 l L1l I L1l I 11 l: [~ 1 | 1 1 l | ! | 1 j | | ! | l | 1 | 1
-06-04-02 0 02 04 0.6 -1 -0.5 0 0.5 1
L n

= effect small for all (charged) hadrons (scale x10-3)
= much stronger effect for D-mesons (early production of c-quarks)
= new window on early times and QGP conductivity (with more statistics)



A Large lon Collider Experiment (%)

Opacity of the QGP and nuclear modification factor ALICE

» Estimate the opacity of the created medium

AA d>N dprd
= Raa is called the nuclear modification factor Raa = = aa/dprdy

rescaled pp  (Neon)d?Npp/dprdy

= Raa equals unity means no modification at all

<1-4 T T TT ‘ T TTT ‘ LI ‘ T \‘ T \‘ T TT T TTT T TTT

. < L B

7\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\\\\\\\ et L _ - _
ALICE, charged particles J,fs::~\ « [ Pb-Pb, |5y =2.76 TeV e

19/~ A (ALICE) 8<p <16 GeV/c, y|<0.8
"L m  Dmesons (ALICE) 8<p_<16 GeV/c, |y|<0.5 -

- @ Non-prompt Jiy (CMS Preliminary) 4
- 6.5<p <30 GeV/e, |y|<1.2 cms-pas-HiN-12-014 B

" o p-Pb {Syy=5.02TeV, NSD, [n_[<0.3
1.64 Pb-Pb {5, =2.76 TeV, 0-5% central, | n|<0.8
A Pb-Pb \s; =2.76 TeV, 70-80% central, | n| < 0.8

E NSD p-Pb

PoHgt E ffffffffff i
PRI PRLALE: @7

perlpheral Pb-P

—
o
T I T

L (empty) filled boxes: (un)correlated syst. uncert. |
= (*) 50-100% for non-prompt J/y =

L 50-80%*
04 N # B 7]
g

. I 1
i g ® & g = 40-50% Eﬂ -
femem e w o central Pb-Pb - 0.2 040% say, B T
L1l ‘ L1l ‘ L1 | ‘ L1l ‘ 10 20cy B
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part

= strong suppression (quenching) in Pb-Pb collisions
= p-Pb collisions is a control experiment for the nuclear modification factor
= first clear mass-dependence energy loss in the medium



A Large lon Collider Experiment

Opacity of the QGP and nuclear modification factor

®

ALICE

* nuclear modification factor for open charm

ALICE Collaboration, JHEP 1810 (2018) 174

R S B L B I I I I I R
ALICE ‘
0-10% Pb-Pb, m =5.02 TeV
ly|<0.5
=imi LBT
i BAMPS el.+rad.
—— POWLANG HTL wimn BAMPS ol.
N MC@sHQ+EPOS?2 e Average D°, D*, D**
e Filled markers: pp rescaled reference” I
bl \ Open markers: pp P, -extrapolated reference
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-> significant constraint on quenching models!

HAA
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[ o AL II<05,0-80% ' i
i p—Pb reference from JHEP 04 (2018) 108 i
| ® Average D’, D', D", |y|<0.5, 0-10% (JHEP 1810 (2018) 174) |
1-5__ g D, |y|<0.5, 0-10% (arXiv:1804.09083) ]
~ ¢ charged particles, |7|<0.8, 0-10% (arXiv:1802.09145) 7]

1 PR . --

ALICE
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0.5 —HH{?—%
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i ‘ﬂ‘g';ﬁigig ]

i L I 1 1 1 1 L | 1 1 1 1 l 1 1 1 L ]
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|he<D <D <A,

- sensitive to radial flow, hadronisation
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A Large lon Collider Experiment

Opacity of the QGP and nuclear modification factor

®

ALICE

* nuclear modification factor for charm (forward J/y) and beauty (central e-)

= Evolution of J/y suppression with collision energy in the forward region (2.5 <y <4)

= Electrons from beauty hadron decay at mid-rapidity (direct measurement of beauty-electron
RAA using DCA analysis to separate beauty from light and charm hadron decays)

Inclusive J/y — pu N

Fl ® ALICE, Pb-Pb \/sNN =5.02TeV,25< y <4, p, < 8 GeV/c 7

1.2 1] m ALICE, Pb-Pb \/sNN =276 TeV,25< y <4, pT <8 GeV/c ]

i i O PHENIX, Au-Au\sy, =0.2TeV, 1.2 < Jy| < 2.2, p,>0GeV/c ]
1[4 ]

0.8 il i -
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(N o

» coalescence / regeneration models consistent with data

< 18—
- ALICE Preliminary
[ 0-10% Pb-Pb, |5, = 5.02 TeV

o
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1.2 |
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04|
02|
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T
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= ——|n|<0.8
L —e—|n|<0.6

£ MC@sHQ+EPOS2
-- PHSD ]
&= Djordjevic

0.0 b——

P, (GeV/ce)

Significant suppression in 0-10% described by models
that include mass-dependent energy loss



A Large lon Collider Experiment (*)

Opacity of the QGP and nuclear modification factor ALTGE
* Inclusive Jet Raa for collisions of Pb-Pb at 5.02 TeV

= |Low momentum important to understand how the energy is redistributed
= Energy loss has energy dependence

= Unique measurement down to pr= 40 GeV/c

< 1.8 < 1.8
@ . ALICE Preliminary i o ’ [ ALICE Preliminary
161 py-Pb 0-10% s = 5.02 TeV 1 6L Pb-Pb 0-10% |5, = 5.02 TeV
1.4F pp sy, =5.02 TeV 1.4F pp sy, =5.02 TeV
L Anti-k;|R=0.2]n |<05 - Anti-k;|R=0.4)I7 <03
1 2 L lead,ch ot 1 2 F lead,ch et
- Py >5GeV/c Py >7GeVic
L] —— T - I L o I
- m Full jets — SCET L m Fulljets
0.8 L Correlated uncertainty [ :Yg:gemggg: ll:'es—=29(nT) 0.8 L - gsrrelated u:cgzrtiainty
: Shape uncertainty = jéwgt recof:s rg;s}— 4MomSub E E SCE'{(}S ape uncertainty
0,6 r (] , recoils o 0,6 8 [ lz’ybr=| OModeI,
: : [ I:yb_ri%/l:/}ltoTc_j)el,
0.4r 0.4 = JEWEL, recoils on,
: [ o jy\?vrgfugcoilsoff
0.2F 0.2F ’
O ; 1 1 1 1 | L 1 1 1 | 1 1 1 0 L 1 1 1 |
0 50 100 0 50
Pr e (GeV/c) P e (GeV/c)

= Only weak dependence seen in data on jet resolution R (new preliminary results)
= Challenge to some models (stronger jet resolution R dependence than data)



A Large lon Collider Experiment %
ALICE - the timeline

ALICE
2015 2016 2017 2018 2019 2020 Shutdown/Technical stop
JIF DM AR )| TATSIONIOY JTF IMAM )] ) C ]I TAISION O ) TF IMIAIM )| TAISIOINTOY ) LF LA )| ) TATSIOINION ) 1F M AIM )1 ) ATSIOINGS Protonphysics
1 Commissioning
LS2
lons
Run2 : Li5oob 10q = 1.0nb™" LS2 upgrades
LHC injector upgrades, Pb-Pb rate — 50 kHz (Run2 ~10 kHz)
ALICE upgrades:
2021 2022 2023 2024 2025 2026 2027 2029
)IF A )L AISIOINIOY ) | ¥ A AL SSOMN Y DRIV AN J ) 1A SIOINIOY) |* & J I JAISTOINIDY J [ F M A 11 ) AL STOINN :‘HA'&]IA\(,-N())‘ AM )| AL STOINICY ) | F ) L2 A I AL SIONIDS
1S3
. rPb—-Pb — -1 . rPb—Pb o -1
Run3: £y eoratea = 6.0 Nb Rund : L; o oratea = 7-0Mb
Run3 + Run4
Physics goals Macroscopic QGP properties with unprecedented precision
Microscopic parton dynamics underlying QGP properties
* Data taking Experiment’s request > 10/nb (ALICE: 10/nb + 3/nb at 0.2 T)

In line with projections from the Large Hadron Collider team
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A Large lon Collider Experiment *
LS2“°}% upgrades - tracking particles close to Interaction Point nOuce
Brand new Inner Tracking System:

= taking 20% of chip module assembly, installation and calibration of upgraded ITS
* 7 layers (10 m2) silicon pixel (MAPS) sensor tracker

COMPLETED

\

Beam pipe

= Bs, Bc, Nbv, b-jet measurements
disks 4&3 disks Time Projection Chamber:

S 28180  New readout chambers using GEM

" MFT doses * New electronics for continuous readout
< 300 krad (SAMPA)

Muon Forward Tracker:

*+ 920 silicon pixel sensors (0.4 m2)
» 280 ladders of 2 to 5 sensors each
e -76.8cm <z <-46.0 cm

a A 5 &

10 half-disks . =

2 detection ).a:‘"‘. : :— : :- 3

planes each - Ny PNy
= More precise measurements of heavy 3.6 <n<-2.45

) Electron microscope
flavour and low mass dileptons photograph of a GEM foil
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A Large lon Collider Experiment (*)

LS3“"5 upgrades - a novel and flexible inner tracking system X7
* Reduced material budget — “zero-mass” tracker
* located closer to the beam pipe
» Silicon stitching — fabrication of 10x10 cm2 sensors
* Thinning to ~30 ym — curved (cylindrical) sensors

 Conceptual design, full integration with: .
- ITS outer barrels
* MFT

END-WHEEL (Aside)

l END-WHEEL (C-side)

arted by Mgh-thermal
uctive carbon foam (half-ring)

= Resolution improved: x2 at all pr
= Tracking efficiency improved: x2 at low pt (~50 MeV/c)
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A Large lon Collider Experiment %
LS4“} upgrades - a new “all-MAPS” detector (CDR stage)

ALICE
= Tracker. ~10 tracking barrel layers (blue, and green) based on CMOS sensors
= Hadron ID: TOF with outer silicon layers (orange) Extended rapidity coverage:

up to 8 rapidity units + FoCal

= Electron ID: pre-shower (outermost blue layer)

Preliminary studies

== preshower
Magnetic Field

fi:sic:;o” « B=050r1T
Spatial resolution
| e— ‘ * Innermost 3 layers: 0~ 1um
insertable * Outer layers: 0~ 5um
"‘;;»COHV- layer Time Measurement

Outermost layer integrates
high precision time

measurement (o, < 30ps)

~360cm

Thermal radiation (dileptons and photons)

= Characterisation: temperature, size and shape of thermal source vs. time
Heavy flavour, quarkonia

= detailed study of heavy quarks recombination and b-quark diffusion coefficient
Softest pions

= coherent production ? Bose-Einstein condensate ? Disoriented chiral condensate ?
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A Large lon Collider Experiment

ALICE - The Collaboration ALICE

41 countries, 176 institutes, 1898 members

Thanks for your attention !

La Thuile | March the 12th 2019 | B. Hippolyte 25



