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% Introduction

What do we study?

De-confined state of quarks and gluons which is believed to similar state just after few

microseconds of the big bang. This state is known as Quark-Gluon Plasma (QGP) where quarks
and gluons are free

How to create such state?

By colliding heavy-ions (such as Pb-Pb, Xe-Xe, Au-Au, U-U) in the laboratory at ultra-relativistic
energies

Signatures of the QGP:

v’ Strangeness enhancement
v’ Anisotropic flow

v' Direct photon emission

v 1/ suppression

v’ Jet quenching
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% Confinement and asymptotic freedom

Nobel Prize 2004 in Physics: g
David J. Gross, H. David Politzer and Frank Wilczek

Confinement: 04l

At low energies (or far apart) the effective
coupling between quarks are large, resulting

in confinement -> no free quarks exist 03¢

0,(Q)

Asymptotic freedom:

At high energies (or short distance) the
effective coupling between quarks decreases
logarithmically->asymptotically free quarks
and gluons -> Quark Gluon Plasma (QGP)

arXiv:1207.7028
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QCD phase diagram

15‘*"”_“”""‘:':&’“"' The Phases of QCD > At vanishing net baryon density:
1 (LHC experiments)

Temperature

» Cross-over from hadron phase to QGP
Phase according to lattice QCD

Quark-Gluon Plasma

» Tc~ 155 MeV and g_= 0.5 GeV/fm?3
(Bazavov et al. Phys. Rev. D90 (2014)

094503)
Cntical Point ' """?.l,.,_: B > At non-zero net baryon density:
Hadron Gas Color (RHIC, FAIR, NICA experiments)

\ Superconductor
| |

O First order phase transition
Mattar
900 ey

Barycn Chemical Potential
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Collision process

= -10 fm t= 0fm t=3fm t= 10fm MADALus
Detectors )
me o »The chemical freeze out (the
f /T'i/:ch moment when the inelastic

scatterings cease) fixes the particle
yields

»The kinetic freeze out (the moment
when the elastic scatterings stop)
affects particle momenta.
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%The Large Hadron Collider (LHC)
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The ALICE detector

THE ALICE DETECTOR

i®

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

CONDOBWNE
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a. ITS SPD (Pixel)
b. ITS SDD (Drift)
c. ITS SSD (Strip)
d. VO and TO

e. FMD




% The ALICE detector

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

. FMD

~2000 physicists
41 countries
177 institutes
Dimension 16x16x26
m3 ,
Weight 10,000t e
19 seperate Detectors

OO0 TR

TS -
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

©CoNorwNH
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% The ALICE detector

1000s of physicists ¢ v Excellent capabilities of 3
41 countries tracking i
177 institutes v' Particle identification over

Dimension 16x16x26 wide p; range
m: SR v' Excellent muon identification
Weight 10,000t Smae at forward rapidity

19 seperate Detectors

LTS

2. FMD, TO, VO

3. TPC

4. TRD

5. TOF
6. HMPID —ay
7. EMCal

8. DCal

9. 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
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% The ALICE program

» Almost 10 years of successful running
» Run 2 just finished in December 2018
» Run 3 will start from 2021 after major upgrade

System years Vs (TeV) L.
pp 2009-20013 0.9, 2.76 ~200 pbt, ~100 nbt
7,8 ~1.5nbl, ~2.5nb?
2015,2017 5.02 ~1.3 nb'
2015-2018 13 ~25 nb!
p-Pb 2013 5.02 ~15 nb?
2016 5.02, 8.16 ~ 3 nb?, ~25nb
Xe-Xe 2017 5.44 ~0.3 pb?
Pb-Pb 2010-2011 2.76 ~75 ubt
2015-2018 5.02 ~250 pb?t, ~1 nbt
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v’ Baseline for heavy-ion collisions
v’ Test the p-QCD calculations
v’ Study the Multi-Parton interactior

Run:284924
Timestamp:2018-04-17 15:20:26(UTC)

Colliding system:p-p
Energy: 13 TeV

1 i | i



Run:265338

Timestamp:2016-11-11 02:02:08(UTC)
Colliding system:p-Pb

Energy: 5.02 TeV

AN NI NI NN

Cold nuclear matter effect:

J
d

modifications of the parton distribution
functions in nuclei (nPDF)
Gluon saturation at low x (color glass cc
k;-broadening
Energy loss

'” W m I H\; ’

]

yndensate)




Final state effects:
Run:244918 v’ study the strongly interacting matter

Timestamp:2015-11-25 11:25:36(UTC)
System: Pb-Pb
Energy: 5.02 TeV




% Probes of QGP

Soft probes:

v’ Particles multiplicities = energy density

v’ Particle spectra = radial flow, freeze-out parameters, thermal properties
v’ Particle flow = dynamics of matter

v" Fluctuations and correlations = probe the initial state, shape and size of the system,
critical phenomena

Hard probes:
v' Heavy-flavour particles, Jets = energy loss, modification of the medium

Electromagnetic probes:
v’ photons and dilepton = direct information of the OGP, initial temperature
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%Charged particle measurements

e
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> This results put constrain to the existing model 2>
help to tune the models

» Highest multiplicity reach so far for top central
(0-5%) Pb-Pb collisions at Vs, = 5.02 TeV

» Energy dependence of produced particles is faster
(~s%1°) than that of pp (p-Pb) collisions (~s%11)

» dN_/dn is the input to measure the Bjorken energy
density (J. D. Bjorken, Phys. Rev. D 27, 140 (1983))

Corfu2019

Eur. Phys. J. C (2019) 79: 307

=9

Phys.Lett. B 772 (2017) 567-577

pp(pp), INEL AA, central

Phys. Rev. Lett. 116 (2016) 222302 Vsnn (GeV)
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%Charged particle measurements
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Eur. Phys. J. C (2019) 79: 307 Phys.Lett. B 772 (2017) 567-577
. . . . 2

» This results put constrain to the existing model 2 °: S ALICE (pp) NSD o ALICE (pp) INEL

help to tune the models A

. e 15[ .

» Highest multiplicity reach so far for top central - — Powerlaw (a\s)

(0-5%) Pb-Pb collisions at Vs, = 5.02 TeV ~ Inclusive photons ..

» Energy dependence of produced particles is faster <
(~s%1°) than that of pp (p-Pb) collisions (~s%11)

» dN_/dn is the input to measure the Bjorken energy
density (J. D. Bjorken, Phys. Rev. D 27, 140 (1983))

»<N,> at forward rapidity shows power law as well
as logarithmic increase with Vs
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* Excellent particle identification

TPC dE/dx (arb. units)

ALICE performance
Pb-Pb |sy, = 5.02 TeV
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» Excellent particle

identification using
different detectors

—| > Particle identification over

a wide p; range
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* Excellent particle identification
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Nuclei measurements

Deuterons (d) and Helium (3He) Hypertriton (3,H)
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3 H lifetime is consistent with world data
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Particle spectra
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Particle spectra
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X ] 10° N
©10° E N
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® 10-20% x
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® 1 50-60% x
e 70-80% x

o, ALICE Preliminary
Pb-Pb \'s,, = 5.02 TeV

P+p -
®1510%x 2° E
27 20-30% x 2°

2° ©140-50% x 2*
2°  ®160-70% x 2°
2! Fe] 80-90%

FETIT Aw

LICE in pp, p-Pb, Xe-Xe

and Pb-Pb collisions at various collisions energies over a
wide p;range

» Provide the information of radial flow, strangeness
enhancement, particle ratio, freeze-out parameters,

regeneration/rescaterring etc.
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S 108 T+ T
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T ALICE Preliminary : v M‘q::—_ 40.50% x2* — 50.60% x2°
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e <05  e——
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Uncertainties: stat. (bars), sys. (boxes) Z
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P, (GeVle)
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% Kinetic freeze-out parameters

& LA AR LR A R ‘S'_“los"'l A DA B — 0,2 T T T T T L T T T T T T T T T
§106§ Range of combined fit n §1w;:_MQeofwMinw fit K _:l %.) E | | I | I I IE
810 18 F 1 Qoi8r =
;104; @ - ;1035 ®) 3 '\'-50 16.:_ AN » §S\W _E
he) - 3 e) L 3 . -
g10°f o 1 S1CE. 3 : .
3202?\_ e ] & oF = 014 Lowmult. E
Z 10} 4 2L N 0.12F -
= o Ziol ] 0.1 =
® . 0_15_ . posmve\‘~-:: ® E~:——positive f E Global Blast-Wave fit to % E
o nogatve 10-255_5_%‘_mﬁve 3 0.08}- 7 (0.5-1 GeV/c) , K (0.2-1.5 GeV/c) , p (0.3-3.0 GeV/c -
102 [+ combined fit - af - combined fit -~ « ALICE Prelimina ~7TeV High It
E — cvidust B g 10%F o ndvidua 3 - ry,pp, \s=7Te igh mult.
jo3f e s0so% eeg, 3 R ek B 0.06= o ALICE, p-Pb, 15 =5.02 Tev :
0 05 1 15 2 25 3 %% 05 1 15 2 25 3 0.04F * ALICE, Pb-Pb, {5, =276 TeV -
108 g .m.‘.“]”.d p, (GeVic) Co ALIICE Preli:'ninary, PIb-Pb. Vs_NIN =5.02 1I'eV | |E
S o e o comineatt ) | Phys. Rev. C 88044910 (2013) °9%% ~01 02 03 04 05 06 07
S ’ ' . : .. (
T » Blast wave fits to particle spectra = kinetic freeze-out A
g 10F
5 temperature (T,,, and
2 radial flow (<6,>) = highest <8.> has been reached so far
2102 . ::f::; 1 dN o R rdr me I prsinh p X, mt cosh p
10 ;:mm ‘;:_3 prdpr  Jo Tiin Tin Phys. Rev. C48 (1993) 2462
104E 2 vy 5 .
posb L T R - o ((r\",\| Three fit parameters: <6;>, T,,,and n
o 1 2 3 4 5 p = tanh™" Br = tanh — | Bs . .
. (GeVic) R p =2 Velocity profile;
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dN/dy

|
o

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

%Chemical freeze-out parameter

3 3 3 3T
T KK o K4K* p+p Z4E Q4T AHEF o KK o KMR p+p E+E Q4O AP+ H
2 2 K T 0 2 AN T T d 7 e 2 2 K T3 ¢ 2 A 2 ¢ 7 He
L 4 L

F H H H H T T T T T T T 3 H : i H E
10° Fte | i ALICE Preliminary 43 10° Eatm i ALICE Preliminary ~ : E

12 b g | e | : : : © Pb-Pb Vs, =276TeV,0-10% ] = DN SO ; ; ; . Pb-Pb {5y, =5.02TeV, 0-10%

: e T Hian 2alIPYTE : : P N AR P : : : :

10 F ‘ e : : : : { { E 10 F : : A : : ' -
1E P E 1 e 2
E ¢Not|nfn : : : : E : : : : : 3
10! .. 9 Extrapolated Pb Pb 2 76 Tev P 'é 107" g ENetinft Pb Pb 5 02 Tev P E
102 b Model T(MeV)  7/NDF| | 3 102 b Model TMev) v (im) YEINDF b
F |—THERMUS 2.3 1552 24549 | 5 FE |—THERMUS 4 152+£2  7832+484  58.7/10| i : : E
10° F |-~ GSl-Heidelberg 1562  18.4/9 | E 10 £ |-- GSl-Heidelberg 15342 7260410 41910 E
104 | [roSHARES _ 156%3  15.1/]: PV S 3 10¢ | |''SHARES 1533 5211703 49.710] | N Y ’ .
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o
o

|
o

ADOND O O O

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

N N |
ANMNDOMNMNAE OO O
TTT T T T

» Fit the particle yield using thermal model to extract the chemical freeze- d_y xexp T

out temperature (T,)

» T, found slightly lower at 5.02 TeV (T, = 153 MeV) than T, (=156 MeV) at 2.76 TeV

Phys. Lett. B 673 (2009) 142
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QGP temperature

> QGP temperature is measured via “direct s Phys. Lett. B 754 (2016) 235-248
photon (not originating from hadrons) ” . 103_ ] CS1ALICE _
measurement e Ty B B TETRV.

= o T., =304 + 115 £ 40" MeV

S [ 1 5] PHENIX =

> produced at all stages of the collision and escape |5 B peiiyil i
M4 Y—Z e stat sys 7

from the hot nuclear matter basically unaffected S0 Ton =239 £25% £ 77 MeV

» Promt direct photons (p; >5 GeV/c) are g ]

roduced via initial hard scattering of quarks and 107 <) ALICE E

P 014 = PHENIX " = :
gluons - =1 i
10—32_ 9o 1] o —§

. e 77

» Thermal direct photons (p; < 4 GeV/c) are -
. . 107 =
emitted from the QGP as well as hadronic : :
matter = provide information about the I I, fen G
temperature, collective flow etc. ° 1 ° ’ p, (GeV/c)

N o _ T. (average)=304 t 115% + 405V MeV
» Significant contribution from blueshifted

photons from the late rom the late stages of the Highest temperature ever achieved
collision evolution
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¥ Strangeness enhancement

O +Q" (x16)

nature = -=

physics
ALICE

® pp.Ys=7TeV

O p-Pb, ysyy = 5.02 TeV

[0 Pb-Pb, ys,, =2.76 TeV

~  Strangerand stranger says ALICE
. "‘7'.'/,'/ "

T T T T

=

& d d Dl

o 107 2

5 W W Mgy

%’, A+A (x2) |

S i

o

£ @ P By
= +=" (x6)

§ 144

| |

— PYTHIAS —
------ DIPSY
S e EPOS LHC
10—3; 1 Jllllll 1 1 lllllll 1 1 Illllll ]
10 10° 10°
<dNch/d77>|n|< 0.5

Ratio of yields to (;t*+r-)
o

1072

1073

AN Op & 45 dokl g P+ (<6)

£ O § 080 2K

LR TP
% 0 %odo p 29 (x2)

i O GBIV
i gﬁ, b il [|3 Q+Q" (x12)—5'

ALICE Preliminary
= pp, Vs =13 TeV
O Pb-Pb, {5y =5.02 TeV
W Xe-Xe, Sy = 5.44 TeV
® p-Pb, |5, =8.16 TeV
| |

|_|||||L

E4+E (x3) -

ALICE
O pp, Vs=7TeV
O p-Pb, sy =5.02 TeV

10

10° 10*
(dN_ 7dn)

10?

Inl< 0.5

K

p/m

S/

A/Tt

- ¢/m

=/n

Q/n

» Strangeness enhancement is considered as a sign of QGP (Rafelski, Miiller, PRL 48, 1066 (1986))
» strangeness production governed by mass of the strange quarks, strangeness conservation
» Strangeness enhancement is also observed in small systems like pp and p-Pb for the

first time

» No significant energy and system dependence at given multiplicity
Sudipan De
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Resonances

increasing lifetime —»

0(770) K'(892) A(1520) =(1530) $(1020)

ct (fm/c) 13 12 12.7 21.7 46.2

ALICE Preliminary
O ppVs=7TeV

Re-scattering and regeneration

o p-Pb |5, =5.02 TeV

IIIIIII|
IIIIIII|

O Pb-Pb |5, =5.02 TeV
dh Xe-Xe |[syy = 5.44 TeV

ALICE
® pp Vs=276TeV

Particle Yield Ratios

¢ ppVs=7TeV
X p-Pb |s, = 5.02 TeV
B Pb-Pb s = 2.76 TeV

STAR
% pp Vs = 200 GeV

=2 (x0.08)

Y Au-Au |5, = 200 GeV

........ /K (x0.08)
1

S

— EPOS3

.|...|...:
0 2 4 6 8 10 12 14 16
1 - - EPOS3 (UrQMD OFF)

(AN _/dm)'* '

» Suppression of short lived resonances = re-scattering effects in the hadronic medium

» Ratio with longer life-time remains constant = decay outside the fireball
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% Spin alignment

» Non central heavy-ion collisions:

o « ¢
large angular momentum / / - /
» In presence of QGP, vector mesons (spin=1) <

0.8 ALICE Preliminary
L OK* pp Vs =13 TeV (min. bias)

can be polarized due to spin-orbit interaction

pOO

. . . - mK*°, Pb-Pb =2.76 TeV (10-50%
> Spin alignment can be studied through angular [ oo Pb_va‘/j:::j_ogTj\, oaom
distribution of the decay daughters of vector 061 *I*;T PL-PD Yoy = 276 TV (20-40%)
mesons (K* and ¢) along the quantization angle [ p, =13

0.4

% ﬁé ﬂﬁ,%ﬁ .................... ﬁ .................

o< (1= poo +cos” 0" (3pon — 1) i 3

——— o |l — cos” 07 (3pgy — [ N

dCOSG* pOO pOO 02 B E Production plane 7

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

Poo =2 is the element of spin density matrix O T T T e T T e 0

(o (GeV/c)

» If poo = 1/3 = No spin alignment » Pgo =1/3in pp collisions .

Deviation from 1/3 > preferring spin state » Poo < 1/3 for p; <2 GeV/cin Pb-Pb

Nucl. Phys. B 15, 397 (1970) collisions
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% Anisotropic flow

» measures the momentum anisotropy of the final-state particles
» created due to the initial spatial anisotropy of the overlap region

= Fouriar expansion of azimutal distribution of produced particles:

v 1+22v cos[n(p-W,,)]

do
> qfantlﬁed asthev,, W, is the reaction 3
plane angle :@
v’ v, = directed flow G
v' v, = elliptic flow - /n/t'/al spatial Final state
v' v; > triangular flow anisotropy = 'momentum
anisotropy

> Elliptic flow of produced particles provides information on:

v Collective expansion and possible thermalization (low and intermediate p)
v" Parton energy loss (high p;)

» Non-zero elliptic flow in small system = collectivity in small system?
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% Anisotropic flow of charged particles

» Results are compared with the 3D + 1 e-by-e
AT ST T T relativistic hydrodynamics

c - ALICE Pb- Pb Hydrodynamlcs —
—5.02 TeV 2.76 TeV 5.02 TeV, Ref.[27] — . . . e .
0.15 ey vzg, Iﬁ“ﬁ% ':'%3 Iﬁﬂﬂi 1 » Anisotropic flow coefficient (v,) integrated
| ev, {2 jAn>1} O V{2 JAn>1) ==V > '
Syt O Ve i) 1 over0.2 <pr< 5 (GeV/c) is presented for
[ +: T Vvl 1 Pb-Pb collisions at Vs, = 2.76 and 5.02 TeV
0.1 xvi(8) -
o x@? .
i 1 » Only a small change of v,, between two
- \ - different centre of mass energies
0.05 —

[ T T LI} I LELELI
o 1.2 Vy, Vg Vg Hydrodynamlcs Ref [25]
C - - - n/s( )0 %%ram

» Model comparison suggests that the viscosity
of the medium is very low = almost perfect

liquid

00" 205040 50 60 7080
Centrality percentile

Phys. Rev. Lett. 116 (2016) 132302
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% Anisotropic flow of charged particles

[y T T T T T T
> @ Xe-Xe |5,,=5.44 TeV: v{2,anl >2}  ALICE —
[ O Pb-Pb {5,=5.02 TeV: v,{2,lanl >2} ~ 0-2<p, <3.0GeVic —
0.1— @ Xe-Xe:v{2,Iani > 2} o nl < 0-80 7
'L O Pb-Pb: vg{2,lAnl > 2} Q ® ® o
L ® |
i ) ]
0.05— e |
@ i
s ® © e ® ® = .
—_ o — —
g - _
S - @ ALICE: n=2 ® n=3 —
o 1.4— —
— EKRT (n/s=0.2): n=2 —n=3
B @ (n/s: ): n n _
> B ---V-USPHYDRO (1/s=0.047): n=2  ---n=3 N
() - _
< 1.2—- —
g | @, _
o -
8 ]
1
0.8 1 1 1 1 1
g FI- L L L L L L L L L L I_
IS C @® EKRT (n/s=0.2): n=2 ® n=3
& C O V-USPHYDRO (/s=0.047):n=2 O n=3 |
£ -
s [ % .
< [ o 4) ]
$ [ 8 & ¢ o e
> T ® ® ]
° 8 :
8 09— —
S ) I I | I ) I I | I ) I ) I L1 1 | I ) I L1 11

o
—
o
N
o
W
o
D
o
[4)]
o
(o))
o
N

Centrality (%)

Phys Lett. B 784 (2018) 82-95

Corfu2019

0]

» Anisotropic flow coefficient (v,) integrated
over 0.2 < p; <5 (GeV/c) is presented for
Pb-Pb collisions at Vs, =2.76 and 5.02 TeV

» Only a small change of v, between two
different centre of mass energies

» Results are compared with the 3D + 1 e-by-e
relativistic hydrodynamics

» Model comparison suggests that the viscosity
of the medium is very low = almost perfect
liquid

» v, of Xe-Xe found higher than Pb-Pb in central
collisions = explained by hydro by taking care
of nuclear deformation of Xe nuclei
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% Anisotropic flow of identified particles

v {2, |An|>2}

o
w

o
no

0.1

» v, are sensitive to different

- ALICE Po-Pb ys =5.02TeV BT stages of the collisions:
~ y[<0.5,10-20% K Vinitial state
: #p+p /QGP
B ro'I°1 |°| o ° ﬂzg v'hadronic phase
I P : s A+A
- m o a L% g o
i al o %,, % > At low p;: hadron mass ordering
- oo = ¥
Y .
- oo i f »> At intermediate p;: splitting for
I ﬁ{' baryons and mesons = ordering by
I T R NCQ
0 2 4 6 8 10
- (GeVic) > At high p;: parton energy loss
JHEP09(2018)006 dominate
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¥ Collectivity in small systems

ALICE Preliminary, pp Vs = 13 TeV
0.00-0.10% VOM
1.0< p <2.0GeVie

p-Pb Sy = 5.02 TeV
(0-20%) - (60-100%)

PLB 719 (2013) 29

<0.16 PYTHIA 8 Hydro ALICE
> UA% pp pp p-PbXe-XePb-Pb pp p-PbXe-XePb-Pb -
- 13 5.025.02 5.44 5.02 13 5.02 5.44 502 \s_ (TeV) .
0.14/— —— [ @ 50 00 NN BN BN e Vo2, Anl > 1.4) 7]
E = 0 e 3 B3 - = * & v2 lan>1.0}7]
0.12— — £ 3 B0 IR e e v (2, lan! > 1.0}
F (@
— ‘e
0'1_ . g oat . LA LT
0.08— PR .. - -
- .
. -
0.06[ = .o ‘o o‘ .‘0:.. :
0‘04__4—/_ —
e ame St T
0.02" 4 & taoqe-mat,
%:—W‘.' ¢y we '.".‘“m:
. [*] el s 1 : —
20.18f— (0 'Hydro ALICE =
> b Xe-Xe Pb-Pb pp p-PbXe-XePb-Pb -
0.16 544 502 13 502 544 502 s, (TeV)
- [0 Il o B N v{4) =
0.14F <o BN e V(4
) F 02<p <3.0GeVic ° o * O v (6} R
712 T Y V’(B)
- 2-sud>
0.1 o v{8) 3
0.08f =
0.06— =
0.04F" =
0.02F =
]

Corfu2019

TS e
arXiv:1903.01790 V=™ <9

> Near side, long range correlations also observed in
pp and p-Pb systems —> collectivity in small systems

» An ordering of the coefficients v, > v, > v, are
observed in small system as well

» At higher multiplicity v, does not scale with N, =
different initial geometries for small and large
systems

» Model description (PYTHIAS8 and IP-Glasma+MUSIC+
UrQMD) in small systems (pp and p-Pb) is not
satisfactory

» A better understanding of the initial conditions in
small collision systems may be helpful
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Direct photon flow

?'-}N - llI’lllIll’l]l'lllllll[llll llllﬁ ?‘>N ..IIll[|||‘II‘I'IlllIIlIll]IIlI[||II_
05l 0-20% Pb-Poys, = 2.76 TeV - 05 20-40% Pb-Pbys,, = 2.76 TeV -
- []vi®, ALICE i - [#]vi™, ALICE ’

[ 0-20% Au-Auys,,, = 200 GeV J [ 20-40% Au-AuyS,,, = 200 GeV ]
0.4'— E] Y. dr - 04'—‘ 1. dr -
L vy %, PHENIX conv. - L [Z]vi®™, PHENIX conv. 4

C [1vi ™, PHENIX calo. ] - [ vl PHENIX calo. ]
03l Boxes indicate total uncertainties N 0.3l Boxes indicate total uncertainties ]
! [} + ~
0.1 } { —_— + - 0.1 -
of L + }_I I . 0 _—

- | ' | | PP | | P : SETITETE NETET TS STUTETET S APArArare I l I T | I

0 1 2 4 5 6 7 0 1 2 3 4 5 6 7
GeV/c) GeV/c

Pr PLB 789 (2019) 308 p; (GeVic)

» Direct photon (mostly thermal photons) flow is comparable with the decay photon
flow (final state) = no initial state effects?

» ALICE results consistent with the PHENIX results = no strong energy dependence of
photon v,
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Direct photon flow

>->N ,_I|llll|tl|lllllltlllllelllllltlrl ?—>(\J lllltlrlllllllllllvl ]ll] T
o5l 0-20% Pb-Pbys, =2.76 TeV h 05k 20-40% Pb-Pbys, =276 TeV ]
- v “ ALICE . - v o ALICE |
L vl *%, ALICE simulation - : vy % ALICE simulation
0.4 vy ™, hydro, Paquet et al. . 0.40- vi ™, hydro, Paguet et al. ]
[ -« v1% hydro, Chatterjee et al. i} [ == vI'™ hydro, Chatterjee et al. ’
[ e vi @, PHSD, Linnyk et al. 1 [ o vy ™, PHSD, Linnyk et al. )
0.3}~  Boxesindicate total uncerainties - 0.3}~ Boxes indicate total uncertainties -
- - 0.2 1 -

0.2

0.1

B -
1 2 -
4 s ‘ -
- 0.1 | -
. N n B 1 { n
| 1 = - | b B
L ! 1 l : R B L — -
- ° P tiutiuiinbintiod & B IETEII A Aol s R = it LD TP o
0 o | i e T 0 ’ J ]
= : | e = -
| R y
| 4 b
il l P l LA i l LAl J l LAl L l i 14 il Ld l LA 1 2 l P I Al a1 l I Ll l La il l LAl 2

6 7 0 1 2 3 4 5 6 7
p; (GeVic)  piB 789 (2019) 308 p; (GeVic)

» Direct photon (mostly thermal photons) flow is comparable with the decay photon
flow (final state) = no initial state effects?

» ALICE results consistent with the PHENIX results = no strong energy dependence of
photon v,

» Existing models (hydro, transport) could not explain the data well
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Nuclear modification factor

-
)
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o
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- .- .'. e -, -3
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‘\. o, o e e
s . .. '~.. ., - 3
L oee \.\. S e e
-, - - “on, -
L .."’\. Cen, el el =
-, - he -
L - — e e e
- .. ..
; w”‘\ -\ - .. -....'h.." .--_.
s . |
Pb-Fb ey e, Teu el e
F = 0-5% x10° e, tee e, e TS
2l < 510% x10° e S, tel el Te_
EESSCE T3 T
- -30° e ——ts o, -
4 30-40% x 107 e, Tee, T
- -50°%6 x ——— -
- 50-60% x 10° e, e
60-70% x 107 e,
—e— 70-80% x 10 ——" 7
| —+ pPONSD-03<n_ <13 -

—+— pp INEL

T
ALICE, charged particles E

Syst. Unc. (%)
Qo N A m

DppUPbeOS% npbpb7oso% 0 p-Pb

Q%Hj

p, (GeVic)

2 L L —
< r ALICE \s,, = 5.02TeV ]
- 12? charged particles |77|< 0.8
[ L
& "
© 1

0.8 4

0.6

0.4/
o
L [ ]
o2[ I

m——a== S Pb-Pb,0-5%
[P s mem Pb-Pb,70-80% 1
L e p-Pb NSD -03<n,,.<13 ]
0 L L PSR S S S ST T S |
0 10 20 30 40 50

> Defined as : 1 dNaa/dpr

(Taa) dopp/dpr
» Quantify the energy loss in medium by collisional and
radiative processes :

v’ Colour-charge dependence
v Dead-cone effect -> expected mass-dependent energy

loss:

AE (g) > AE (u,d,s) > AE (c) > AE (b)

RaaA =

PLB 519 (2001) 199
Run (1) < Rys (D) < Ryy (B) ?

» R, =1 at high transverse momentum (p;) indicates no
medium effects

» R, < 1athigh p;indicates a modification/softening of
the spectra which can be related to parton energy loss.

JHEP:1811 (2018) 013 p, (GeV/c)
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% Probes with heavy flavours

v" Produced in the early stages of the collisions
v' Witness entire space-time evolution of the system
v Parton energy loss by radiative and elastic processes

Open heavy-flavour:

v’ Access to transport properties of the system
v Flavour dependent hadronization

v Penetrating probe down to very low momenta

Quarkonia:

v’ Dissociation and regeneration in the QGP — T/Te 1/r) tfm)
v' Debye screening " \ ‘ 2| |vas)
v' Sequential melting of different states depending L - [ %0P)
on their binding energy - QGP thermometer G" N RALONGD!
, .S ol v

Corfu2019 Sudipan De




Hp Pb

Nuclear modification factor of

open charms in p-Pb collisions

£ P

0-10% ZN energy
t

—
1

1.8F

20-40% ZN energy
1

40-60% ZN energy
1

0 p_(Gevic)'

Corfu2019

10

P, (GeV/c)

I syston(T,,)
A Charged particles

uncertainties

Syst. on dN/de

T T T e ‘—Pb‘\/si-5‘02Te‘V: 62'5-' T A R AN R AN R LR
o ALICE P-Pb, {5=5.02 TeV ] X PFD: VS - k3] - ——®——  Minimum bias trigger (PLB 754(2016)81) i
F Prompt D mesons, -0.96<y__<0.04 - o Prompt D mesons, -0.96 <y, <0.04 7 8 r ——e—— Trigger E e > 11 GeV (preliminary) ]
4 = Average D°, D", D** 7 “E = Average D", D", D" B g 2 [ Normalization uncertainty —
L o p° r ° 7 P r ]
3 . 0 - © S -
BN ! ‘Iilll‘” r . E ;f:) : — :
ity Sk (1 e SRR R T 1.5 -
sk I e e sy
E /i E @ C ) T ]
3 D-meson T D-meson- £ HF et -
4 ] 0.4/ - -+ CGC (Fujii-Watanabe) 4 =) L -
[ === Duke :/ —— FONLL with EPPS16 nPDF 4 Z - ALlCE 7
o[- — ' POWLANG (HTL) - 0'21 ----- Vitev et al.: power corr. + k; broad + CNM Eloss ]| B H F _> e ]
E " POWl‘-ANG (|‘QCD) ‘ ‘ ‘ L] [ wuue Kang et al.: incoherent multiple scattering ] 0.5 L p-Pb, \Snn = 5.02 TeV i
O TTTE T e s 0 25 a0 35 Gc;“"5‘“"1‘0“"1‘5"“2‘0‘”‘2‘5””3‘0””3‘5”7 C - ]
. F bec—o (e +e)2,-1.06 < <0.14 g
p; (GeVie)  arXiv:1706.06728 p, (GeVic) 0'...1...|(...|.)..1...|.J.’c.mls...1...|...|...|...'

m T T T ] ALICE 0 2 4 6 8 10 12 14 16 18 20 22
1 Q 1 1 p-Pb ysm=5.02Tev p, (GeVic)
- cp ] 1 os<p,<o 3 R is measured down to p; ~ 0 for D-meson

] % + E ®  Prompt D mesons . . . . . .
a T 1 Coeswams  » Ry is consistent with unity within the

» Results are well described by the models include initial
state effects (CGC, FONLL, Vitev)

» The models include strong final state interactions can
not explain the data well (Duke, POWLANG)

»Hint of Q_,>1 for central collisions in 3 < p; <8 GeV/c with 1.50
I v/ Radial flow?

v’ Initial or final-state effect?
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% Quarkonia suppression in p-Pb

Rpr

1.4 o 1.8

i ALICE, inclusive J/y, y(2S) — u'n’ % L ALICE, inclusive J/y, y(2S) — pu' i
1oF P-Pb s = 8.16 TeV ® J/y (arXiv:1805.04381) T 46F p-Pb \s,, = 8.16 TeV

B ® y(2S) (Preliminary) N ,
K 1 .4 — ° J/‘V (arXiV'1805 04381) Comovers (E. Ferreiro, PLB 749 (2015) 98)
1+ ® y(2S) (Preliminary) mm v == oveEs)

i 1.2 - CGC+ICEM (Y.Ma et al, PRC 97 (2018) 014909)

0.8

- I [ vizs)
g e |
0.6 0.8
! —[—= o6F Izl T %
—t—

Hpr

0.4 EPSO09NLO + CEM (R. Vogt) S L e L
: nCTEQ15 (J. Lansberg et al.) 0.4 C
0.2 - CGC + CEM (B. Ducloue et al.) 0.2:_
i Energy loss (F. Arleo et al.) T T T T T T
e T T T R . 052473 2 4 o 1 2 3 4y 5
ycms . . .Cms
4 . > )/ SUpPPression is reproduced by the model with
1.22_ ALICE Preliminary, p~Pb\sNN=8.16TeV_: |n|t|a| state effeCtS
r e Y(1S) - p'n o Y(2S) - pu'n ] . .
B 1 » Y(2S) shows larger suppression than J/ especially
P - at backward rapidity
F i 1 » Model includes final state effect can explain the
0.6 — ! 1 e — .
- | - J(2S) suppression
- nCTEQ15 + comovers (E. Ferreiro - . . .
“4E s e 1 » Two resonance of Y shows similar suppression,
02F 3 Y(2S) shows slightly higher
0 bbb bbb b b beenbend. 3> A Model which includes shadowing + interaction
ALICE-PUBLIC-2018-008 Yams with comoving particles describes the data
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% Heavy-flavour energy loss in Pb-Pb

Charm famlly portralt HF 2 e

< 2r M T §2-5_""'l T ]
o L P|k;)/|<?5 0—8?"/ N 1@ . ALICE Prellmlnary .
- e fiCeraéeeeDre”Se |r30m |;r|<3/ 5, 0-10% (arXiv:1804.09083) . - 0-10% Pb-Pb, s, = 5.02 TeV i
B PP rescaled reference I 2 — =
1.5 4 D, ly|<0.5, 0-10% (arXiv:1804.09083) — [ bcoe b ) ]
- pp rescaled reference — B |
- e % |y|<0.5, 0-10% _| |~ ITS+TPC+TOF elD, |y| <0.8 -=TPC+TOF elD, |y| <0.8 ]
— ¢ charged particles, |7|<0.8, 0-10% (arXiv:1802.09145) - 1.5 -e-TPC+EMCal elD, |y| < 0.6 Charm+beauty —
L E]l 7 B beauty
B i 1 A e l ol
- ALICE Preliminary - -t lm . ! ]
0_5_ Pb-Pb, |5, = 5.02 TeV — i ] o } _T H -
: N¢EFEE ] 05:_ T _L¢ ¢ Hn{:::aaal —:
0_ A O_ Lol 1 | R R | ]

10° p_ (GeV/c) 1 10 Y
> Strong suppressmn at hlgh-p p, (GeV/c)

Charm is suppressed similarly as light quarks > No mass ordering at high-p;

> Hints of mass ordering at low-p;:
Different fragmentation and initial spectra shapes, coalescence and radial flow,
mass dependent energy loss

» Hints of mass ordering in beauty sector as well
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Quarkonia suppression

Ay 14 Inclusive J/y — prp
’ i ® ALICE, Pb-Pb |5, =5.02TeV,25< y <4, p. < 8 GeV/c
m ALICE, Pb—Pb \S\w=2.76TeV,25<y <4, pT <8GeV/c

W o]
0.6 H H ID@EID.I._
oaf _
|§IIﬂIﬂ o g

0.2 ] ) w] ]
0llllllllllllllllllllllllllllll llllllll I-
0 50 100 150 200 250 300 350 400

(N_ )

part

PLB 766 (2017) 212

R AA

1.2

02k

- ALICE, Pb-Pb |5y = 5.02 TeV
[~ W Inclusive Y(1S) — u'u,2.5<y <4, p, <15 GeVic

Transport models
Du et al. (TM1) with /' without regeneration
Zhou etal. (TM2) [Jwith X without regeneration

\
~‘&~\~

)))\ AN N\ AR
//// ————————

Hydro-dynamical model T T —=———__ _ __
Krouppa et al. e heavy quark potential uncertainty 7

\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\I\\\\
0 50 100 150 200 250 300 350

par1>

PLB 790 (2019) 89

» Quarkonium suppression due to dissociation of bound state in colored medium

» Clear J/U suppression with almost no centrality dependence
Less suppression at LHC than at RHIC = later recombination of c-cbar pairs

» Strong suppression for Y is observed = regeneration effect is small
Transport models describe the data within uncertainties

Corfu2019
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HF-tagged jet

| ALICE Preliminary
~ D°tagged jets, | s, = 5.02 TeV, P

. Rp_Pb (pp data reference)
1.5

2.5IIII|IIII|I|II||III|IIIIIIIIIIII

,>3GeV/c

2% charged jets, anti-k{, R = 0.3, |77 | < O 6

. R, Pb-Pb 0-20% (p-Pb data reference)

:{'E
E%E
T

L1 1 1 | L1 1 1 ‘ I I

0.5— —
O_I L1l I | | | I L1l I L1l | | | | I L1l I L 111 | L1l I_
0 5 10 15 20 25 30 35 40 45 50
(GeV/c)
T ch jet

0.8

0.6

0.4

0.2

| ALICE Preliminary

— Pb-Pb, | 5, = 5.02 TeV

- Charged Jets, Anti-k;, R = 0.3, |nje‘| <0.6

p-Pb data reference

35

= Ch. Jets (p‘ead > 5 GeV/c), 0-10%
POWH EG+PYTHIA8 reference
o Average D°, D*, D, 0-10%, arxiv:1804.09083

ﬂ%ﬁﬂﬂ

o D’tagged jets (P, >3 GeV/c), 0-20%

10

Prp

andeh et

02
(GeV/c)

> No suppression in p-Pb and strong suppression in Pb-Pb = Signature of HF jets energy loss

in hot and dense matter

> R,, of D%-tagged jet in 5 < p; (jet) < 20 GeV/c is lower than that of charged-jets in p; > 50

GeV/c

> DO-tagged jet R,, is compatible with D-meson R,, -> jet R,, dominated by leading particle

energy loss?
Corfu2019
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¥ Collectivity in small system

N L I I B - ALICE
> ~  ALICE 1 S | p-Pb, (0-20%)-(40-100%), |5,,=5.02,8.16 TeV

0.2[ —o— (c,b) — e, Il <08, Ayl <1.2 1 = e 203<y’'<3.53
_ p-Pb, VS_NN =5.02TeV _ Charg. part., Iyl <0.8,08 <Al <1.6 - 0.2 . -4.46<y"¥<-2.96
_ (0-20%) - (60-100%)  —4— u, p-going -4 < n<-2515<lAngl<5 i » J / lIJ

0.15 —+— i, Pb-going -4 < <-2.5,15<lAngl <5 | Pb-Pb,25«y sfztt;‘,/\ol?wﬁ'oz Tev

B HF_> el”’ i L — & 20-40% E@
C - e i 0.1

0.1— H . L
L _E_ _ :
- B 1 [
- —i¢— —

005l e L o
L. —— ]
L ‘ T i Transport model, Pb-Pb, 20-40%, 2.5<y""<4, |5, =5.02 TeV
0 I — - In(_:lusivt_e Jly
_I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I_ _I L L I IPrIIn‘:OIrdIIa: JI/‘IIl | I Ll I Ll I L I L
12345GV/6 0 1 2 3 4 5 6 7 8
v
Phys. Rev. Lett. 122, 072301 P (GEV/C) PLB 780(2018)7-20  pyY (GeV/c)

» HFE v, and p-v, are compatible with each other within the uncertainties

» HF-leptons v, are lower than the charged particles v, = Initial-state, final state effects,
collective effect -> need model predictions!

» J/U v, in p-Pb collisions is compatible with same in Pb-Pb collisions

» Model comparison suggests charm quark participation to the collective expansion

» Same mechanism in p-Pb and Pb-Pb?
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v, of D mesons in Pb-Pb collisions

>N _l T I 1T I LN I LB I L I LB l lol T J T l"l I LB I L I LB I LB I_
0.4+ D", D', D*" average, |y|<0.8 —
- ALICE ® V,{EP, |AN|>0.9}, |5 =502 TeV ]

~ ® v {EP, |An|>0}, \ s\, = 2.76 TeV 7]
0.3} PRL 111 (2013) 102301 —
C 7, ly|<0.5,\ 5y, = 2.76 TeV ]
02— U % o v,{SP, |An|>0.9}, JHEP 06 (2015) 190 —
e ath. o V,{EP, |An|>2}, PLB 719 (2013) 18 |

_ o T ]
0.1 -
:—D |

D -4

o ]
o — — ]

= [ Syst. from data o |

- B Syst. from B feed-down 30-50% Pb-Pb ]
_0-1 T 1 l L1 1 l Ll 1 l L1l 1 J L1 1 l Ll 1 l L1 1 l Ll 1l l Ll 1 l L1 1 l Ll 1 l L1 .i—
0 2 4 6 8 10 12 14 16 18 20 22 24

P, (GeV/ce)

» Significantly large D-meson average v, = charm quarks are sensitive to medium
collective motion->charm thermalization?
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v, of D mesons in Pb-Pb collisions

N _l T I L I LI I L I L I L I L I LB LB I L I LB I LB I_ T T T T TT | | | T T T T

> 0 + ot L ‘ . . ‘ ‘ -

0.4 D°, D', D** average, |y|<0.8 — 0.4~ ALICE Preliminary ]

| ALICE [ ] Vz{EP, IAT]|>0.9}, \SNN =5.02 TeV _ i 30-50% Pb—Pb, !SiNN =5.02 TeV i

B ® v {EP, |An|>0}, \ s\, = 2.76 TeV N - e PromptD", D', D*" average, ly1<0.8 -

- — - v, {SP, IAn|>0.9 7]

0.3 n PRL 111 (2013) 102301 ] 0.3 . J/Zw{, 2.5<y77<4 } 7

. - - v, {SP, IAnI>1} JHEP 02 (2019) 012 i

[ o %, ly|<0.5,\ s, =2.76 TeV ] = ¢+, lyl<0.5 -

” C o~ v, {SP, IAnI>2} JHEP 1809 (2018) 006 ]

0.2 — & K¢ - 0 v,{SP, |An|>0.9}, JHEP 06 (2015) 190_: 0.2 - ‘ o cﬁarged p1a7rtic|es, 11<0.8 _

5| ek e & o V,{EP, |An|>2}, PLB 719 (2013) 18 i ::#] * v, {SP, IAnI>2} JHEP 07 (2018) 103 ]

~ T B 7] Lo E" i

0 1:3-5 — o .

s ] 0.1} -+ 4#7 B

© ] - R L ]

: ] : ! |

0 B L ] 0 . 2

- E Syst from data le) - N I:l S N

B — 7] L yst. from data 4

- B Syst. from B feed-down 30-50% Pb—-Pb ] - B Syst. from B feed-down |

_0-1 T 1 l L1l l - l - l Ll l L1 l - l - l Ll 1 l L1 1 l Ll 1 l L1 *_ O 1; I ‘ ‘ ‘ ‘ ‘ I ;
0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 20 22 24 —_ . L1 11 5 - \1 0\ Ll \1 5\ Ll \20\ Ll \25\ Ll \30\ Ll \35\

P, (GeV/ce)

PRL 120 (2018) 102301 p. (GeV/c)

» Significantly large D-meson average v, = charm quarks are sensitive to medium
collective motion->charm thermalization?

» Ordering at low and intermediate p; =2 v,(J/W) < v, (D) < v, (rt%)
Light quarks contribute to the open charm v,?

> Elliptic flow for different particles converges at high-p;
Path length dependent energy loss

Sudipan De
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* Anisotropic flow of J/{ and Y(1S)

E 0.25 | T T T I T T T I T T T I T T T I T T T I T T T A >N : AL'CE Pb-Pb \SNN = 5«02 Tev
W E ALICE 20 - 40% Pb-Pb, \San = 5.02 TeV E 0.2:— 25<y<4 5-60%
~ 02K Inclusive J/y . - )
> - dhete, |y| <0.9, V2{EP, An = 0} - : | Inclusive J/W, JHEP 02 (2019) 012 i
N u @', 25 <y <4, V,{EP, An=1.1} 7 0.1 5_— ® Y(1S), Preliminary -
0.15 - global syst : 1% — - Y(1S), TAMU model, PRC 96 (2017) 054901
- & ] 0 1" -~ Y(18S), KSU model, arXiv:1809.06235
0.1 _' - -
- : N ® '*' ]
N (> ~ n L 4
005 ||/ | @R - = = 0.05(- Wh ]
0 - m b B T T T e — G: B - | il r 1 .... =
: X. Du et al. K. Zhou et al. (25 <y <4) . i T ]
~0.05 C B Inclusive J/y, Iyi<09 [ Inclusive J/y w non-collective _7 5 -
e Inclusive J/y, 25<y<4 — — Inclusive J/y w/o non-collective -0 05; -
- e Primordial J/y, 25<y<4 - - - Primordial J/y E T « s e b s 3o s la eafls 1 ]
_0.1 N 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 n 4 1
0 2 4 6 8 10 12 2 6 % (GeV/%)
p_ (GeV/c) T
PRL 119 (2017) 242301 T

» Substantial amount of J/{ v,

» v, measured at forward rapidity consistent with v, measured a mid rapidity within
uncertainties

» Consistent with strong charmonium recombination

» Y(1S) v, is comparable to zero = early production decoupled from medium

» Data are compatible with the existing models
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% Simultaneous description of R,, and v,

<2-2, T T L L L - = L L L L L B B
< - s . . 22} B — i
o of QL:%?E P;illrggary 5 02 Tev 4 TAMU: Fé)LB 735((320142: < 04¢ ALICE Preliminary lyl<0.8
- -10% -Pb, \syn = 5- € N 445 POWLANG: EPJC A L o _ i
L m . 03* + *+ ]
1 6? \\\\\\\\\\ BAMPS el.+rad. mimm BAMPS el. -] PRC 92 (2015) 014910 8_) B ° Prompt DO, D , D average ]
1.4, = POWLANG HTL =+ PHSD ] MC@sHQ+EPOS: PRC 2, [ %, [ Syst. from data :
TR e LIDO - Catania . 89 (2014) 014905 LIDO: M g ol f @ I Syst. from B feed-down ]
- 1 PRC98(2018) 064901 - .

- | ]Tamu |_IMc@sHa+EPOS2 A

r\ 77777777 T .1 BAMPS: JPG 42 (2015) i .
Filled markers: pp measured reference E 115106 DAB-MOD: PRC 0.1 |2 &G \\”Ox\\‘\_\\g\\v .
Open markers: pp p -extrapolated reference— 96 (2017) 064903 %, \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\&
1 CATANIA: Eur. Phys. J. I 7
C78 no. 4, (2018) 348 TAMU === LIDO ]
7 -===PHSD e BAMPS el+rad R
—  POWLANG HTL BAMPS el ]
0.1 MC@sHQ+EPOS2 —— DAB-MOD M&T ]
el N B I | ‘ L1 1| ‘ L1 1| ‘ | ‘ L1 1| ‘ L1 1| I \:

(&)}

10 15 20 25 30 35
P (GeV/c) p. (GeVic)

» Precise measurement of data constrains the model predictions
» Simultaneous description of R,, and v, for D mesons

» Interplay of nuclear shadowing, collisional and radiative energy loss, coalescence, flows

required to describe the data
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* Directed flow (v,) of D meson

k] T T T T T [ T T
LA L B B B N B B B ©
o

o . . : . . . : : T I T T T T T :
045 10.40% Pb-Pb, |Syy, = 5.02 TeV B 0.33— 10-40% Pb-Pb, \s,=5.02 TeV E
0.2F —H— - 0.2- E

I ] 0.1 | 4H;_H_ E
] T I - - F I :
. —— s . S T—
-0.21- $ - _0.1F 4H7_H_ E
[ ~D° 3<pT<6(GeV/c) | g §
0.4 ., ot somom -0.2F -0 6<p <36 (GeVic)
Not efficiency and acceptance correcte: - -

TSSO T (S TOR ST WS ONS, SOV WU R ON OE 00 O OO _03 — e Do Not eﬁic?:r:c:Z:ji:Ze(;?;fsée:onectw
_1 _05 0 05 1 C o v v o by by oy
| n o 05 0 0.5 1
> ALICE has measure directed flow of D%-meson for first time n

> Results are not feed down corrected or efficiency corrected

» Indication of opposite trend of directed flow of D° and D® mesons at low-p;
(3 < p;<6GeV/c)

» Similar trend for both particle and anti-partile at high-p; (6 < p; < 36 GeV/c)
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* Directed flow (v,) of D meson

% llll[l |I||||||||l 0'0211"v||'r va'r ]r"r'vvvvlr |
Q- i ALI limi ] -
b . 4__ CE Prelimina ] Au+Au@200AGeV, — - — NoFields
"L 10-40% Pb-Pb, |5, =5.02 TeV . r b=7.5fm gF:]]
- N + — C
L i 0.01
02F —f— —— A
L i A i
S S T 7
—0.2_— . i
[ D" 3<p, <6(GeV/ic) | -0.01}
—0 . 4 — om0 Not feed-down corrected ] i
B D Not efficiency and acceptance corrected
1 1 1 1 l 1 1 1 1 ] 1 1 1 L l 1 1 1 1 i )
PR B T T P | BT ST SRS | La
—1 -0.5 0 0.5 1 00285505 003 1 15

| n
> ALICE has measure directed flow of D%-meson for first time

» Results are not feed down corrected or efficiency corrected

» Indication of opposite trend of directed flow of D° and D® mesons at low-pT
(3<pT<6GeV/c)

> Similar trend for both particle and anti-partile at high-pT (6 < pT < 36 GeV/c)

» Indication of initial Electromagnetic effects (Eps Web of Conferences 171,
18014 (2018), PLB 768 (2017) 260)
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¥ Charm baryon (A_*) production

g T rr I L ] LB I LI I L [ L I LI I B I LI LI ] LI I T 17T I LI I T T]
o C T T T T T T ] 5 : . ::
e 1.4 ALICE Preliminary ] @ 1.8 ALICE Freliminary y ]
+o L ’ L p-Pb, | sy, =5.02TeV T ]
< L pp, Vs=5.02 TeV pp, Vs =7 TeV ] 16E T I
1.2 lyl<05 lyl <0.5 . oF -096<y <0.04 + ]
- —e— data —e— data (JHEP 04 (2018) 108) - i -
10 —— PYTHIA8 (Monash) B 1.4¢ T Vel ]
e PYTHIA8 gg,q9— cc, ModeO | ul T - 1
C - PYTHIA8 SoftQCD, Mode0 1.2 1 ) :
r - DIPSY (ropes) ] u I ‘ -
0.8 B o HERWIGT ] 18 R | USRS Y SO S 1§ TR )4
B i C T 200 122222233 %:
0.6j :H= — 0.8t ol T 999994 = — '__
i %ﬂﬂ— ] 0.6F I =
0.4 U ‘H‘:E: E : . 1 || psipowreGpYTHAG ]
T, = . 0.4 @A (= pK n*, pK_ combined) - with CT1ONLO+EPS09 PDF (A,) 7
02 —E— - 02F 4D mesons average D', D", %) kS __ POWLANG transport model E
TR RIERIRRIE ISR e “t Phys. Rev. C94 (2016) no.5, 054908 (charmed hadrons) ]
0.0 ! ! ! | ! ! | ! ! 0' paa b b b b by s by T v by bvv o by by v by a3
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p. (GeVic) p. (GeVlc) p. (GeVic)

JHEP09 (2007) 126, Phys. Rev. D82 (2010) 074024,

JHEP 04 (2009) 065, JHEP 03 (2016) 123

» N./D° production is compatible in both pp and p-Pb collisions
» Existing models with e+e- fragmentation functions underestimate the results 2 charm
hadronization not fully understood in small system
» Rpp, Of Atis consistent with unity as well as with D mesons R,

» R, of A seems more compatible with the model includes CNM effects rather than the
model includes final state effect

» Large uncertainties in data point do not allow any conclusive statement
Corfu2019
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Results in pp collisions

3 [ l I T I I I T i CR 18 T I T I rrrr I Trri I TrIrritr l Trri I T l-
214—  ALIGE Preliminary T g 16 ALICE Prellmmary ]
= B i _ s -
.. F  ppis=13TeV,|n |<1 . ] — Mult. classes: |n|<1 J/q)_) u ]
-Q 12'__ ch Ay __: >\ >\ 14 —
g [ cooely<os | S22 "t pp, 1s=5.02TeV 1
v = — C . s 3
~ 10— Data ‘PYTHIA 8.2 (Monash2013) . % % 12: = Inclusive Jy — p'w,25<y <4 :
S -o— i 05< pT<1.5GeV/c ] ~ 10»_ h
g 8~ A %;? pT<i.(512ez;c — [ pp,\s=13TeV,u'n,25<y <4 ‘ :
g e:— o 8 90 < pp <45 GeVic _; 8:" einclusive Jy | . ]

- C'b — @ 5 6F +Y(1S) oppes .
i e 4 "r(2S) *.* """ ¥ .
2 -] 2F '—ti -

N + 5 % uncertainty on multiplicity not shown | 0_,]?111111
0_ 1 | é 1 1 1 1 I Il L | 1 4' 1 L 1 1 g 1 1 O 1 2 3 4 5 6 7 8

(dNy/dn) / <dN /dn> e .o chh / dn INEL>0
<dN /d77> [nl<1

» Charged particle multiplicity dependence of heavy flavour production (self normalized yield)
is sensitive to production mechanism, Multiparton interaction (MPI), interplay between soft
and hard process

» Faster than the linear increase of heavy-flavour decay electrons = reproduced by the PYTHIA
with MPI

» Linear increase with multiplicity for different quarkonium states and energy independent
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ALICE Upgrade

2019 2020 2024 2025
el Bl el (el e B | Bl (el

T L

2 | s}

IT1T1 III11

Run 2: LPK)-P!) = 1.0 nb-1 Run 3: Lpb,pb = 6.0 nb! Run 4: L.PD-Pb = 7.0 nb!
Shutdown/Technical stop
Protons physics
Commissioning
lons
ppes Main physics goals:

study heavy quark interaction in QCD medium

&
=

ALICE e chiral symmetry restoration and QGP radiation

e study charmonium regeneration in QGP

e production of nuclei in QGP

* Probing the low-x by measuring photons at
forward rapidity
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ALICE Upgrade

2015 2016 ] 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029
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Run 2: LPK)-P!) = 1.0 nb-1 Run 3: L_pb,pb = 6.0 nb! Run 4: L.Pb-Pb = 7.0 nb!

Shutdown/Technical stop
Protons physics
Commissioning

lons

R e Upto 50 kHz Pb-Pb interaction rate

Onfine - Offine Compung Semem

* Expected Pb-Pb luminosity about 6 times higher
than the Run2 Pb-Pb

* Improved tracking efficiency and resolution at
ALICE low P+

* Detector upgrades: ITS, TPC, MFT, FIT and FoCal

* Faster, continuous readout
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ALICE Upgrade

ALICE detector upgrade

ALICE
New Forward Interaction New Inner Tracking System (ITS)
Trigger (FIT) to replace —

the VO and TO detectors AT P e—

o

'ﬂs Innar Barrel
LY Out il
~ *‘
%,
ot

Both based on Monolithic
Active Pixel Sensors
(MAPS)

TPC with GEM
based readout

READOUT
ccccc

+ improved readout for TOF, ZDC,
TRD, MUON ARM

+ new Central Trigger Processor
+ new DAQ/Offline architecture

oz
&

ALICE matters
16 June 2017
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Summary

» We have created a deconfined state of matter called QGP.

» The effective temperature of the system is 304 + 115t + 40%¥s MeV and
the initial energy density is ~ 15 GeV/fm3? (about 3 times larger than RHIC)

» This QGP is a fluid with very small viscosity

» LHC has also produced QGP like signatures in small systems

» Medium density of the QGP is so high that quarks loose their energy inside the medium
» This energy loss depends on masses of the quarks

= Next Run will be performed in 2021 with 6 times higher luminosity and upgraded
detectors which will lead to more precise measurement of heavy-flavour particles
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D-meson production in p-Pb

g [rrrrprrors L LI L I L B B I N B L R G% 1.8E ' ._I ' _: ALICE
Q:Q‘ [ ALICE p-Pb, {s\=5.02 TeV ] Qc p-Pb, sy =5.02 TeV
1.6F - . 1.6F T ]
Fo: Prompt D mesons, -0.96<y__<0.04 1 14k p 1 E ~096< oy <004
iy = Average D°, D', D* 7 # " PromptD mesons
r 9 b 1.2:— fﬁmﬁiﬁt E$ H ’*— _: :] Syst. on dN/dp,
- — 1:_.*:.“. ......................... Bl 1 U R O OO _*_ r B syston(T,,)
n ] :$ } 1 A Charged particles
I I, 0‘8;_ B Syst. on dN/dp,
: B O8F  0-10% ZN energy T 10-20% 2N energy E
‘ ] . B : H : :
4 1 St 3 E _
i ] | 1 » R,p, is measured down to
0_4;/ ---+ CGC (Fujii-Watanabe) 1 ; 42_ ] ] p
:/ —— FONLL with EPPS16 nPDF ] F p ~ O
0.2l === Vitev et al.: power corr. + k; broad + CNM Eloss ~ _]| e T
£ o Kang et al.: incoherent multiple scattering ] 1 H H H
071 L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l l L E > Rpr IS Conslstent Wlth
0 5 10 15 20 25 30 35 0.8 ] ] . . . . .
V/ E I E
p, (GeVic) M miervowy T oamaveen ] unity within the uncertainties
CL 1 a0l 3
N R R R R 5 10 p_(Gevic)' 0 (GeV/c)

p-Pb, VSNN—S 02 TeV ]

Prompi D mesors, 096 ,,, <004 - » Results are well described by the models include initial state
e effects (CGC, FONLL, Vitev)

» The models include final state effects can not explain the
data well (Duke, POWLANG)

»Hint of Q_,>1 for central collisions in 3 < p; <8 GeV/c with

1.50

e ] Y Radial flow? arXiv:1706.06728

P (GeVio) v Initial or final-state effect?
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Leptons from HF decays in

p-Pb colllisions

Nuclear modification factor
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£ $= ....................... : is reproduced by NLO pQCD calculation with shadowing
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