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Confinement: a crucial feature of QCD

I
electron

We can extract an electron
from an atom by providing

nucl energy

neutral atom

But we cannot get free quarks out of hadrons: “"colour confinement”

quark-antiquark pair
created from vacuum

Strong COIC “White” TCO
“white” proton Energy grows with Separatio&'onfined quarks)

confined quarks :
( 9 ) “white” proton
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Confinement: a crucial feature of QCD

A proton is a composite No one has ever seen a free quark;

object made of quarks... QCD is a “confining gauge theory”
and gluons

V(r) kr “Confining”

(3) (3) O

U charm top

¥ o

B @)

down, strange bottom
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&

4a,

3 r “Coulomb”
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The QCD phase transition

Lattice QCD calculations indicate that, at a critical temperature around
170 MeV, strongly interacting matter undergoes a phase transition to a
new state where the quarks and gluons are no longer confined into

hadrons

hadrons o ‘?

How hot is a medium 15 M °K

of T ~ 170 MeV?

100,000 times hotter than the Sun core
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The phase diagram of QCD, in 1975

EXPONENTIAL HADRONIC SPECTRUM AND QUARK LIBERATION

N. Cabibbo and G. Parisi, Phys. Lett. BS9 (1975) 67

The exponentially increasing spectrum proposed by Hagedorn is not necessarily connected with a limiting tempera-
ture, but {t is present in any system which undergoes a second order phase transition. We suggest that the “‘observed™
exponential spectrum is connected to the existence of a different phase of the vacuum in which quarks are not confined.

R L
R

»
T

Fig. 1. Schematic phase diagram of hadronic matter. pg is the
density of baryonic number. Quarks are confined in phase 1
and unconfined in phase II.
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The phase diagram of QCD, today

S Critical point
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e(Tw) / T

Lattice QCD: results

0 Transition to QGP phase is a prediction of the lattice QCD
B the order of the transition depends on uy

| Z. Fodor, S. Katz, JHEP04 204 (2004)
SB limit —== 165

15 __ _I L I LU I L l L I LI
I i - quark-gluon plasma .
- 7388 F] S :
- z : : 7 — 164 - ) "R,y Crossover ]
10 2 - > L ‘x, _
i T (0] - x’x \L -
N - s L ’le, _
| - S 163 o E -
5 [ 3 u, =400 MeV, lattice ] = | ¢ hadronic phase ' "z,xendpoint i
- — u, =400 MeV, HRG i e G % ]
N =0 MeV, latti 4 B i .
i §ﬁ —0 MoV, HRG ] 162 T'!*_
T T - 1% order transition

100 200 300 400 C I | | I | - I L1 11 I | I | l |

T (Mev) 0 100 200 300 400

s (MeV)
S. Borsanyi et al., JHEP (2012) _
“Most importantly one has to

extrapolate to the continuum limit”
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e(Tw) / T

Lattice QCD: results

0 Transition to QGP phase is a prediction of the lattice QCD

SB limit —=

gggggssi

® u, =400 MeV, lattice
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3 1, =0 MeV, lattice
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e(Tw) / T

Lattice QCD: results

0 Transition to QGP phase is a prediction of the lattice QCD
B the order of the transition depends on uy

[0)]
m§

® u, =400 MeV, lattice

0]
z

SB limit —=

ggggssi

— 1, =400 MeV, HRG
3 1, =0 MeV, lattice
— 4, =0 MeV, HRG
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“We ... find a potential critical
endpoint..."
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How do we study bulk QCD matter?

e We can heat and/or compress a large volume of QCD matter
e Done in the lab by colliding heavy nuclei at high energies

(ol
3 Pb208
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Exploring the QCD phase diagram

regime of

“transparency

H very high T,
up=0

B [HC and top
RHIC energy

high density

regime:

B partial
stopping of the
nucleons in
collisions

B physics of
FAIR@GSI

| Quark-
Gluon-
RHIC@BNL Plasma
Q
3
e
8 I,
£ NICA@)INR
L
Hadron-Gas
_ vacuum nuclear matter
/ neutron stars
0 Chemical potential
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Space time evolution of A-A collision
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Space time evolution of A-A collision

—_
D

—
N

time [fm/c]

—_
N

|III|III|III|III|III|III|I[I|III|[I

10

PreEquilibrium

o)
£
o
Q
o
2
()
>
2
5]
C
]

Hard Collisions

|
S

-10 -5 0 5 10 15

N
m_

Initial state

GSI 23-8-17 Giuseppe E. Bruno 15



Space time evolution of A-A collision
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Space time evolution of A-A collision
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Space time evolution of A-A collision

g
. ®
(T
< 16% . 5
E ~ Kinetic 8
= ol 1
g T freeze-out
“— — Y DA I |
12 . Chemical freeze-out
10— ' o
3 55
- ) i S 3
8 hadronization g%°
- 'guJ
6_ I
41—
- expansion 2,
2 85
- 83
o PreEquilibrium 23
- §§
ol o
_4:| I B Lo by v o | %
-15 —10 -5 0 5 10 15 %
z [fm] g

GSI 23-8-17 Giuseppe E. Bruno 18



Space time evolution of A-A collision

7 K, p. .. / O Thermal freeze-out
T

Elastic interactions
cease

Particle dynamics
#“momentum spectra”)
ixed

T, ~ 100 MeV

[0 Chemical freeze-out

B Inelastic interactions
cease

B Particle abundances
("chemical :
composition”) are fixed

m T, ~ 150 MeV

Pre-Equilibrium
Phase (< 1)

Thermalization time

B System reaches local
equilibrium

~ 0.5 fm/c

[ qu
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Hard probes of A-A collision

w, K, p,..M_ M+
le,upP T// O Hard probes in nucleus-
fY/Tfo nucleus collisions:

e 7 B produced at the very early
B ez f stage of the collisions in
& artonic processes with
& arge Q2
4 B traverse the hot and dense
medium

can be used to probe the
properties of the medium
Pre-Equilibrium

c quark Phase (< 1) B no extra production at
- - hadronization
Z

— probes of fragmentation
° quark/ \ O e.g.: independent string

High
momentu 0 ]
parton

fragmentation vs recombination

A

{1 In reference pp collisions

“¢ m pQCD can be used to
3 calculate cross sections

- h
o :
m.. 2®
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from pp to Pb-Pb collisions at LHC

©O——©0

Pb-Pb Collisions (/sw =2.76, 5 TeV)
e Core business: create and characterize the QGP

. Spectal 2 ~
e Centrality ' ) ke -

before collision after colision

pp Collisions (/s =0.9-13 TeV)
e Reference data

p-Pb Collisions (Jsw =5, 8 TeV)

e Control experiment

e “Cold nuclear matter” effects
(e.g. modifications to PDF)

GSI 23-8-17
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Nuclear modification factor

0 Without nuclear effects, the production of hard probes
in A-A is expected to scale with the number of
nucleon-nucleon collisions N_,, (binary scaling)

[0 Observable: nuclear modification factor PbPb measurement

= 1 dN,,/dp; 1 dN,,/dp, QCDmedium@ ;?@
AA ~ = =

Ny AN /dpy  T,,do /dp: | QCD vacuum

coll pp reference

. 0
O If no nuclear effects are present > R,,=1 ;

[0 Effects from the hot and deconfined medium created
in the collision > breakup of binary scaling > R,,=1
B Parton energy loss via gluon radiation and collisions in
the medium

[0 But also initial state effects (e.g. nuclear modification
of PDFs) may lead to Ry,=1

B Need control experiments: p-A collisions + medium-blind
probes (photons, W, Z2)
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NUClear modifrication of unidentiried
particles

[0 The easiest way to study “jet quenching”

. a 2T - _

0 physics S | =h,PoPo(ALICE) ® M PPD = 502 TeV, NSD (ALICE)
interpretation . QC 1.8} 4 n, Pb-Pb(CMS) . * y,Pb-Pb sr\N-276TeV 0-10% (CMS)

m d . o 1 6:— Sy =276 TeV, 0-5% | & W', Pb-Pb s, =276TeV, 0-10% (CMSL

Sﬁatﬁere Iparton % 1 | v Z° Po-Pb sNN=2.76TeV.0-1O%(CMS)j

(high p;) looses o 14l I :

energy while . , .

traversing the 1.2} 1 -

medium e M

O collisional energy - | il 1 :

loss 0.8 I ]

OO0 radiative energy N R :

loss 06§ B @ i .

(gluonstrahlung) 0.4 ‘g ,% h

0.2 .

........ | PRSI U S S SRR U N SR SR
0O 10 20 30 40 50 60 70 80 90 100

p. (GeV/c) or mass (GeV/c?)

p+p A+A
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NUClear modirication or identiried
particles

light flavour vs. charm vs. beauty hadrons (or jets)

[0 quenching vs. colour charge of partons
B heavy flavour hadron comes from quark (Cy = 4/3)

m light flavour from (p-dep) mix of quark and gluon (Cy
= 3) jets

[0 quenching vs. mass of partons L f

B heavy flavour predicted to suffer less energy loss

COgluonstrahlung (dead cone effect)
Ccollisional loss pp AvA

B beauty vs charm

Expectations: AE>AE>AE>AE, —
naively: Ry" < RyaP < Ry,\B
considering different p, distributions and fragmentations:
h ~ D B
RAA o RAA < RAA
GSI 23-8-17
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Azimuthal anisotropy

Pb + Pb, b =7 fm

Reaction plane

Normalized Counts

_10.: ..... L L 0.4 L s s " L .
0 0.5 1 1.5 2 25 3
X (fm) q)lab-qlplane (rad)

Almond shaped overlap ‘ strong in-plane expansion ‘ anisotropy in
region in geom. space =~ ¥ due to pressure gradients ¥ momentum space

d((pd_NwRP) 1+ ZZvn cos(n[qa — Yep ]) Vv, = <cos[2(q0 — I/}RP)]>

100us 600us 1000us 2000us

f 2\ . #” -5 -5 . . - '+ -
0100000
‘-" i'-" "' " ;\'v"} ?""s'! ."v"'l \\-:/)\—a/ \\w/ \\.'/

M. Gehm, S. Granade, S. Hemmer, K, O’Hara, J. Thomas - Science 298 2179 (2002)



Flow of unidentified charged particles

PRL 105 25230 (2010) ; PRL 116, 132302 (2016)

---------------------------------------

c - ALICE Pb-Pb Hydrodynamics -
~ > 0.155.02Tev 2.76 TeV 5.02 TeV, Ref.[27] —
> 0.08+ ! - mv, {2 A1) O Vo2 A1) v (2 AT
i o L e v, {2, [an|>1} 2 yg, m:]{ vai2llani>1) ]
0.06 . IR I )

4 ¥ oql v b

0.04- S e ALICE L 6
002 4 ® i i

2 < PHOBOS _
] 0 PHENIX --- 0.05 —
v A L

0.02 m NA49 ]
—J.Ue ™ CERES a) -
0.04— | + E877 <t <>’ <’ @V ( )-
— e Y [ — M o = o = o e A
) i ¥ EOS o 1.2 ;— i \/2 v Hydrodynamlcs Ref [25] I + —;
-0.06(~ Y A E895 | ALY E
v FOPI i t e
_008_ l*llllllll Ll Lol L1 1:i!§=liiii=lii!f!1%1{1?‘?}!?!1:151:15(5):)?
1.2F E
1 1 O 1 02 1 03 1 04 % 1 1 E_ + l l X% l BEELS ‘ e _E
1k + | 1 | 1 (©) 5

0 10 20 30 40 50 60 70 80
Centrality percentile

[0 The flow increases by about 30% w.r.t. RHIC. The
system produced at the LHC behaves as a very low
viscosity fluid (a perfect fluid)

B constraints dependence of n/s versus temperature
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Heavy quark and the medium

Study the QGP thermalization and collectivity
via heavy quark hadronization and flow

B Are the quenched heavy quarks thermalized in
the system ?

B Do they carry “elliptic flow” ?
B Do they hadronize via recombination ?

V,o(q)=V,y(c)=v,(b) ?
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thermalization

Indications of light quark thermalization:
B constituent quark scaling of elliptic flow v2

~ 035
>

o

T Pb-Pb ysy, = 2.76 TeV 40-50% % 0 12—
> B =

Xiv:1205.576 -
[ visp 1) 2087 Pb-Pb Sy, = 2.76 TeV 40-50%

0.3fo-
0.1
0.25 ¢ r ;
02 0.08 ¢
. " ‘
o 0.06 ‘
0.15 " +
[ [ ]
0.1 = 0.04 [Anl>1}  V,{EP, |An|>2}
®=
[®lp+p
0.05— " 0.02 arXiv:120!
. e N
...............
% 4 5 6 % 1.5 2 25 3
P, (GeV/c) (mT - m,,)/nq (GeV)

C——
hydro regime  path length dependence
of energy loss

Goal: measure this in the heavy quark sector

B e.g. Acand D flow starting from 2-3 GeV/c
(splitting of baryon and meson)
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recombination

[0 Indications of light quark recombination:
B baryon / meson enhancement in central collisions (p/x, A/K)

(C.M.Ko et al. PRC79)

0 —_
A./D A, /B
opn 3 e c 20 b 20
! . PD Pb al\ ’S?‘u = 2‘76 ch. ), <075 . _' UL LR UL BN BN DU L ‘— . ‘l TT ] TTT | TTT l TTT | TTT I TT rA .
- - E | —— three-quark model (C) 1 | —— three-quark model .
< 25} i:} ALICE:‘ , _‘ | —— diquark model | —— diquark model (©) -
S 0-5% centrality ] —o 1 N
] . + 60-80% contralty ] i PYTHIA ] o PYTHIA 1100
I da:_a pOie:‘le irrct;'ude sia%.oerrors ] =~
L L estimated syst. error <10% L =~ 1
2 Preliminary 1 N N L
[ STAR: Au-Au 200 GeV x A/A ] L N
with 10% feed-down correction L |
1.5 ¢ Sk Y a 0-5% centrality — L Jd6.0
[ "Q* A o 60-80% centrality /\
s e ] r ]
1 T “ 1 - 4.0
- 4 " A - |
¢ 2y, T
o g ‘00 ¢¢ T e, wﬁr_*, A N ] 20
L A S S ] : 12
£ 24 MiRa s = 00000000000 00000004
Oh.A..l 2 2 sl sl s 2 s 1l s a1 P TR | L )nx;nnnénnnénnx;nug“60'0
0 1 2 3 4 5 6 7 8 b (GeV) p (GeV)
P, (GeV/c)

Goal: measure this in the heavy quark sector
B e.g. A\/D starting below 3 GeV/c (maximum of A/K)
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Open Heavy Flavour in Heavy Ion
collisions

How can we measure it ?
diplaced J/y

~/ Displaced
| TWracks

semileptonick‘decays

- Secondary
Ll Vertex
‘ 4 s

rec. track ' Lay ///

o Jet
do
e 351 ub” (PbPb 5.02 TeV)
0FCMS  10<p, <15 GeVic
) 4of BB Iyl <2.4
m cC bb decay i Ll Dl - Data
[/ = — Fit
F( & ¢ Signal
e e€.g.. g == Combinatorial
A N o 200 3B - Jv X
% ol Bt->J/y +K s I *
re Dileptons B+->DOK+ 2 10p ity
G 5254 56 58 6
mg, (GeV/c?)
GSI 23-8-17
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The four main LHC experiments

Muon Chambers Electromagnetic Calorimeters A A
CMS DETECTOR N Solenoid End Cap Toroid I I ;
STEEL RETURN YORE - ! Forward Calorimeters
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS ( M S B0 e et
Overall diameter :15.0m Pixel (100x150 pm) ~16m* ~66M channels =
Overalllength ~ :28.7m Microstrips (80x180 um) ~200m* ~9.6M channels

Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endeaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m® ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PLWO, crystals

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels

Barrel Toroid Inner Detector Hadronic Calorimeters

Magnet

Sm 15m DIPOLE

MAGNET,

GSI 23-8-17 Giuseppe E. Bruno 31




Open HF at the LHC

peculiarities of the 4 LHC experiments

B CMS and ATLAS

O exploit great muon reconstruction capabilities
B B> J/y+ X B> Iy + K (J/ydutu)
B no pid (so far) for charged particle
® very high B field: min p, of about 7 -10 GeV/c

[0 large acceptance calorimeters
B well suited for b-jet physics

m LHCb

[0 excellent at forward rapidity

[0 joined only recently the heavy ion programme
B ALICE

[0 PID with several detectors

[0 very low material budget

O low p, coverage
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STAR and PHENIX at RHIC

[0 since few years equipped with silicon micro-vertex
detectors

STAR HFT 0 STAR Pixel detector (since

. 2014) - first application of
MAPS technology in collider
experiments

B ALICE upgrade, CBM, sPHENIX
MVTX, EIC detector R&D, NA61?

T ’.

[0 VTX installed in 2011
m|y[<1.2, o~21
B 4 layers (2 pixels + 2 strips)
[0 FVTX installed in 2012
B 1.2<|y|<2.2, =211
B 4 layers
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Key Instruments — Pixel Silicon Detector

ALICE | ATLAS | CMS | LHCb |PHENIX | STAR
Sensor tech. Hybrid Hybrid Hybrid Hybrid Hybrid MAPS
(F:’;gg')size 50x425 | 50x400 |100x150 | 200x200 | 50x425 | 20x20
E;gir“(sc r‘:)ﬂ’s‘t 3.9 5.1 4.4 N/A 25 28
[P TESe=r  1%X, 2%X, | 2%X, | ~1%X, | 1%X, | 0.4%X,

first layer

GSI 23-8-17
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Evidence of charm energy 10Ss at
LHC and RHIC

< 2 27.4 pb™ (5.02 TeV pp) + 530 ub ™! (5.02 TeV PbPb)
< ALICE /5 02 TeV r
@ - ° + D° .
18 Average DY, D", D™, [y[<0.5 E 16- CMS (100 5.02 TeV
1.8+ 0-10% Po-Pb |, < 5.02 TeV . 1.4 * charged hadrons
e
12;— PRI R T R E L < L — m
T i o Il sy B ++
0.8 E eeeee Kers: pp p_-extrapolated refer _: 0.6;
081 H ~J§— E 0.4 wo* e ’
0.4 ﬂgj]EuLJ’?fJ'i'L = - ‘@ yl <1
C cﬂ . H ] 0.2:— Cent. 0-10%
0.2 "Egsa§ g bl el
T 210 25 'éld”’slsllifd“ifsl“s:o 1 r o
P, (GeV/e) P; (GeVie)
2 Au+Au — D° @ 200 Ge
T STAR 200 GeV O (D)~R,.(n) at p, > 4
T T AA AA t
151 71 o D°201011 GeV/ C
S| | %012%STAR] B strong interaction between
R A — o | charm and medium
T | [0 non-monotonic structure at
Q =] P al ! B—}:
Tl TR low p, at RHIC
f5TAR pretiminary N B coalescence + charm flow
° ° P, (G;V/c) ° °

————— e . Giuseppe E. Bruno 35



Evidence of charm flowing with the
medlum at LHC

arXIV 7 7 |5| I T T | | | I I T T | T T |

> 0_4_— D D* D average, |y|<08 —

-~ ALICE o VA{EP, |AN[>0.9}, (5, =502 TeV ]
'- /5.02 TeV ° VAP anb0} {sy =276 TeV 7 CMS prellmlnary Pb-Pb 5.02 TeV
0-3__ PRL 111 2013 102301 __ : IIIIIIII I TTTT I LU I TTTT I UL I UL I TTTT I-
~ - 0.25 . Cent 30-50% _E
I 7, |y[<0.5, s = 2.76 TeV ] g ® 3

0.2 & 0 v,{SP, |An|>0.9}, JHEP 06 (2015) 190 — 02fm ® oD’
- . Lt V{EP|ANS2), PLBTHO (2013 18" T 11ttt o ::@{... ...... + Charged particle

C 5 R BEey - ] U ‘% CMS-PAS-HIN-15-014
0.1j§D*H ¢ — 0.1f ¥, I 3
i v'e 1 $ 1 =005 % LU d R
E & ’ ’ B :
0 ___________________ J— 0 :_ ....................................................... _:
N [__] Syst. from data o | 3 E
B Syst. from B feed-down 30-50% Pb—-Pb ] —0.05 : ]
_0-1_I 1 I 11 1 | |11 I 11 1 | 11 1 I 11 1 | 1 ITl 11 I 11 1 | L1 1 I 1 1 1 | 11 I-'_ _01 :_ _:
0 2 4 6 8 10 12 14 16 18 20 22 24 . 3
pT (GeV/C) _0-15 :_I L1l I L1 11 I L1 11 I L1 11 I L1l I L1 11 I L1l I L1l I_:

[0 final results from ALICE
B much improved with respect to RUN2 data

0 in agreement with CMS results (covering higher pt range)
O D° v, < charged particle v,

GSI 23-8-17 Giuseppe E. Bruno 36



cvidence or charm riowing with the
medium at LHC and RHIC

Significant v,(D)>0 at
RHIC! :

~0.15F
>

Mass “ordering” and
M. -mg ordering suggest o
hydro-dynamic N
behavior! '

C
o
©
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1
1
1
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1
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1
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1
1
]
]

B T TS B S R}
(m_-me)/NCQ (GeV/c?)
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Constraining the modeils in the

charm sector

2
EE ALICE Proliminary
18 0-10% Pb-Pb, |5, = 5.02 TaV
1.6 |<0.5
s BAMPS gl +rad.
1.45% . Avgrage[)o’ D*, D™ —_%%m
---— PHSD
1.2 - %Tw
1 Fllad markens: pp rescalod roferenoa
0.8- Qpen markars: pp p,-axtrapolatad rateranca
0.6 ALICE-PUBLIC-2017-003
0.4} oM a
0.2f %m_’!_#_ﬂ_—ﬂ—

%5 10 15 20 25 30 35 40 45

llll

50
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describing both R,, and v,

B strict interplay between radiative energy loss

égiﬁéi

4
ALICE: arXiv:1707.01005

stringent constraint to models aiming at

P, (GeV/c)

needed to describe the high p; region) and

onal one
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Beauty

How ? so far:
- semi-inclusive channels
- B2>e+X
- B>J/y +X
- exclusive channels (high p, only)
- fully reconstructed b-jets



HF electrons (B>e+X)

JHEP 07 (2017) 052
Bkl

3 TT TTT | TTTT | T | | T TTTT | T 3
- o - kl TT | T T ‘ T | T TT | T 17T | T TT | T TT | T | T T | TT |7
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§ 2.5F ] 0-20% Pb-Pb, (5, =276 TeV - g o5l ] b (>c)—>ely <08 ]
C i | .|ycms|<0'8 ] E I .b,c—>e,|ycms|<0.6 ]
2 L l \ _p-Pb, 5y =5.02 TeV ] S [N :
© <l 1.06<y__<0.14 1 = 2 * B
:f:) i + cms | S TN 1
s I ] S15; {“ ]
E : HL % }l} } e | |
R e R e I T | T — -
Z0.5¢ } . > 05l ]
: S 20 o
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hint of smaller suppression for electrons
from beauty than electrons from charm

GSI 23-8-17 Giuseppe E. Bruno 40



non —prompt J/y (B2>J/y +X)

non-prompt J/y

AA

R

[0 ALICE Runl data (2.76 TeV)

el
o))

JHEP07(2015)051
- — 0-20%
Pb-Pb, \s,, =2.76 TeV 320 100% CMS (ly|<2.4)
—®- 0-50% ALICE (ly|<0.8)
\ Alberico W. M. et al. Vitev |. et al. Aichelin J. et al.
O\ HTL x& w/o Coll. Diss. Coll.
\ LatQCD mm with Coll. Diss. Coll.+LPM Rad.
\ 7/7 WHDG He M. et al. W Djordjevic M. et al.
1 | AdS/CFT - = Uphoff J. et al. ‘
.‘ ////
R \\q SO SENMEEE SN SANNNNNNANANMANNNNNNNNNNNNNN
- il
1 | A A | |
0 5 10 15 20 25 30
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o

Pbe 368 pb pp 28.0 pb (5 02 TeV)

lll

1.4— Nonprompt J/\|! CMS N
- 2.4
120 -yl < Preliminary - ]
1: :
B m Cent. 0-10% ]
0.8 F Cent. 10-30%
—_f _ = Cent.30-100% -
0.6_— =l 757:7‘ ]
0.4 L0 | s
0.2 _:
O:1 | I 1 I Il | [ | | 1
0 10 0 25 30

B ample room for improvement with Run2 data !
[1 precise preliminary results from CMS with run2

B min. p, of ~ 7 GeV/c
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beauty vs. charm (vs. pions)

JHEP 1511 (2015) 205

1.4 17T TT LI T TT 7 TT 7177 71T | |
strongest evidence, 7T T :
SO fa r Of the Ay - Pb-Pb, \SNN = 2.76 TeV .

1o A = (ALICE) 8<p <16 GeV/c, |y|<0.8 |
expected smaller 27 D mesons (ALIGE) 8<p <16 GeV/c, [yl<05 -

- @ Non-prompt J/y (CMS) 1
suppression for [ 65%<0GeVi <12 eomamaz -
B (empty) filled boxes: (un)correlated syst. uncert. -
beau y - (*) 50-100% for non-prompt J/y B
B further corroborated o3s- —~
by Pb-Pb 5.02 TeV : i
results 0.6 lﬂ H H .
0.4/ 50-80%" EF] Ez] . B
i 40-50% ]
0.2~ 30-40% o0 000, E =
[« shifted by +10in (N_ ) 10-20% 0-10% |
111 [ 1111 l 111 J 1 l l 1 l 1111 l L1 l | I - l | I .
00 50 100 150 200 250 300 350 400
« C (Noart?
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beauty vs. charm: models

JHEP 1511 (2015) 205
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Examples of 2 models describing the mass
dependence of the energy loss in the QGP
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Exclusive Bt meson

00 first measurement
ever in AA
collisions

Strong suppression
(Rup~0.4)
observed in
0-100% Pb-Pb

collision for p;>7

O

12

S08

28.0 pb™' (pp 5.02 TeV) + 351ub’! (PbPb 5.02 TeV)

14- o Raa

- CMS e TAMU

nimim Djordjevic
CUJET3.0
AdS/CFT HH D(p)
AdS/CFT HH D=conm_

| [ ] cometated syst. uncert.

Uncorrelated syst. uncert.

GeV/c o
B Well described by 0.6E
theoretical ‘
calculations that .
include radiative ‘
energy loss 02
0 [ B ] ] 1 R T R
b (GeVi)
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beauty jets

PRL 113, 132301 (2014)

0 pQCD calculations CMS VS =2.76 TeV
with a jet-medium L I e B A
coupling (gmed) in the 0-100% nl <2
range of 1.8-2 ’

describe data

B similar value found
for inclusive jets

PbPb, 150 ub"
pp, 5.3 pb’

LI ] LI B | I L
Ll l L1 1 i L1 1

o e e =
L0 = -
0.4 .
- pQCD: PLB 726 (2013) 251-256 -
: - gmﬂd -1.8 :
02 B g™’=20 B
- - gmﬂd — 22 -
O 1 1 l L L L L l L L L L l L L L L
100 150 200 250

b-jet P, (GeV/c)
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beauty jets

166 ub” (PbPb 2.76 TeV

LI L l L L | LI L I | L L L | UL L l | L
'CMS -
} e Inclusive jet R, (0-5%) hi<2

—
N

OO pQCD calculations
with a jet-medium
coupling (g™ed) in the
range of 1.8-2
describe data

B similar value found

—

— &+ bijetR,_ (0-10%) i <2

08
i . PbPb Lumi. Unc.

Illlllll

Nuclear Modification Factor

consistent with that
of inclusive jets

for inclusive jets i '
06 Wmune  — RS | -
O in the explored p; i i * ]
range, b-jet 0.4F i T .
suppression is found I -t ]
to be qualitatively 02f — ]

OllIlIIllIIlllllllllllllllllll
0 50 100 150 200 250 300

P, (GeV/c)

GSI 23-8-17 Giuseppe E. Bruno 46



—_—

10!

Mistagging efficiency

10

10°

10°

107”7

beauty jets at lower pt

ALICE has good potentials

30 < pge”e < 4o GeV/c

%_ - s

= Jet flavour 5
= —charm (ML) T
| ALICE Simulation — udsg (|\(/||_) ) |
= PYTHIA + HIJING, p-Pb {/s, = 5.02 TeV PR
— FastJet, anti-k;, R = 0.4, |n J<05 —e-udsg (cut) -
§ | ‘ | | 1 | | | | | | | | I | | ‘ | | | | | | | | | ‘ | | | | | 1 E

0.2 0.3 0.4 0.5 0.6 0.7 0.8

b-jet efficiency

- LS B e e
g 10 E ALICE simulation 3
b E PYTHIA + HUING, p-Pb | s, = 5.02 TeV 3
2 - ]
= { p3trackvertex,p .>1GeVic L,/ >10,0,,<0.02cm -
[ E most displaced vertex in jet

107

E_._—n—
10 2L E
10 3L ‘ o R W— O ——]
f—o—" = Jet flavour: E
[ Anti-k,, A=0.4 + beauty
4 |1] <05 -+ charm
10 E - light quarks and gluons 3

“‘.,.m.wi‘.,‘l .......... 4
20 25 30 35 40 45 50

ge” (GeV/c)

Solid lines:

ML-based method
(statistical uncertainty
only)

e Dashed lines:
Conventional, cut based
method (arXiv:
1605.00143)
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Beauty Energy loss at LHC: summary

350.68 ub™ (5.02 TeV PbPb)

B CMS e charged hadrons |y| < 1.0
1.4 . = D°ly|<1.0
- Preliminary .
C m Bly|<24
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first evidence/hints of mass effect in the energy

loss in the intermediate p, region (5-10 GeV/c

lowest p, region still to be explored
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PHENIX at RICH: e"F with IP fit

charm more . 0-10% central ~ New
suppressed in o outa 2000t 0% B~
0-10% than in 180 4 c+b — e (Phys.Rev.C 84,044905) B
MB collisions | 1s- =~ ppimenesmeitne -
less T 1.4 | =
suppression of G 12 E
beauty . E
component at |# :
low py 0.4 -
0.2f =
0:'

p, [GeV/c]
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Beauty vs charm R,, with STAR

B-Yy =t c/b—e

|II|IIII
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488 pee ¢
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Beauty suppression using three different
analyses techniques

again hint of R;,(B)>R,,(D)
B in two cases pp reference from theory (FONLL)
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Collective behavior of beauty ?

CMS PbPb =276 TeV
0.25_I T T | ‘ I T T | I | I | ‘ 1T T 71 |V% T | T T Ie_
- Nonprompt J/y  ont 10-60% 1
0.2 :
[ +16<|y|<24 x|y|<24
0.151- .
. L y
> i
01 & »
0.051- + s
O L1 1 | ‘ | L1 1 | | | | | ‘ | I I | | | | L1 | | | |
0O 5 10 20 25 30

15
P, (GeV/c)

N cLuite likely only Run3 and Run4 of LHC could address
this question
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ALICE after Run-2

Pixel muon forward tracker

T ™

\( \
2
7\ | 1

GEM-based TPC

champ All projects

moving
into production
phase this yeat

1

Fast Interaction Trigger
New Online-Offline system
Readout upgrade of other detectors
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Key Instruments — Pixel Silicon Detector

ALICE ATLAS CMS LHCb | PHENIX | STAR
Sensor tech. Hybrid Hybrid Hybrid Hybrid Hybrid MAPS
(F:’;fg)s'-’-e 50x425 | 50x400 |100x150 | 200x200 | 50x425 | 20x20
A el B8 3o 5.1 4.4 N/A 25 28
layer (cm)
Thickness of
firet laer 1%X, 2 %X, 2%Xy, | ~1%X, 1%X, 0.4%X,
w/o w ” 0 A8 1
2 g R
g / IJ'
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Key Instruments — Pixel Silicon Detector

ﬁfé:FEADE ATLAS | CMS | LHCb |PHENIX | STAR

Sensor tech. MAPS Hybrid Hybrid Hybrid Hybrid MAPS

Z::‘:‘Q)s'ze 15x30 | 50x400 | 100x150 | 200x200 | 50x425 | 20x20

AR EL A > > 5.1 4.4 N/A 25 2.8
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INICNESSOES! 0.3% X, [lloex 2 9 ~1%X, | 1%X, | 0.4%X
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2
i

perspectives: ALICE upgrade

B-=>D9%+X (barrel) and B> J/vy+X (barrel & MFT)

2 < 2_ T I T I T T T l I T T ] T T T I T T I l T I T
I {8 Non-prompt D° > K=" (Iyl<0.9) ' ; g Non-prompt J/y (- e'e), |y|<0.9
B Non-prompt Jiy — up (3.6<y<4.5) "t .
1.5 - ALICE Upgrade r _ 1 A 1m0
: I L, =10 nb" s b L, = 10 nb", centrality 0-10 /‘E
) . {Se=5-5TeV L . ‘
1 % 0-10% Pb-Pb 128 4T = =
1 & ° L 4
L [ e -
1 W L s ]
1 @ 5 ke .
1 ¥ 0.8 . -
_ .'...‘.: N —A— '
0.5 &% 0.6 — ~
. Rees MU S R - .
: -3'1&g,‘:;;m};;;gg;;Qz;_:;,«j:?:i:i:‘:i:i}}‘ﬁ:ﬁ:—:—:—:-: 0.4 :_ - _:
0- 0.2 -
| L é L l i I i I LI L I rrri | 1
0 1 0 1 5 20 25 30 O C 1 1 1 [ 1 1 l 1 l 1 1 1 I 1 I 1 1 1
p. [GeV/c] 0 2 4 6 8 10 12
T P, (GeV/ec)
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perspectives: ALICE upgrade

fully reconstructed beauty mesons

ce
<

- ALICE Upgrade, Pb-Pb, \/s,, = 5.5 TeV
L. =10nb™, 0-10%

——int

o

Entries/20MeV
N
(62}
(e»]

N
o
o

150

H M

100

T LI T ] LI T I T T 7T T T T T I T 1 T 1 I T l—
“ALICE Upgrade, Pb-Pb, | sy = 5.5 TeV
"L, =10nb", 0-10% ]

o

Significan

B* — J/y(— ee)+K" <08

@_IIIIIIIIIII\III]III

B* - Jiy(— ee)+K* ly,.|<0.8

50[~ 0 < p_(B*) <2 GeV/c I

of, ALICE Simulation 1k ALICE Simulation .

48 49 5 51 52 53 54 55 56 57 - | | [ 1 | .
M eeK GeV/C2 [ L 11 [ L1 L1 L1
(eek) ) 0 5 10 15 20 25

pT(GeV/c)
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perspectives: ALICE upgrade

fully reconstructed beauty mesons

assuming recorded pp reference with \2 higher significance than Pb-Pb

:((2-5;"‘I'"'I'"'X""I"”I"”N""I""A = RN RN RERRE RN LERRE LN ILRRE R

iy . ALICE Simulation . 0.15+- ALICE Simulation B

: - Upgrade - 1 C - Upgrade - ]

20l Pb-Pb, (S =5.5TeV - Pb-Pb, H 55TeV 1

: L, =10nb’ centrallty 0-10 % | 0.10— L, =10nb’ centrallty 20-40 % —

i B'>D 1 (D —K'r) 1 [ B'>D n* (D —K'm) ]

1.5+ ¢ projected statistical uncertainty - - + i i

i 2.76 TeV, Uphoff et al., Phys.Lett.B 717 | 0.05[+ |/ .

;*h [i2.76 TeV, He et al., arXiv:1208.0256 - i + ]

1.0 s : I |

Ny ; 200 B

# = i i i

0.5 i ]

- —0.05[ 4 projected statistical uncertainty N

I | - 2.76 TeV, Uphoff et al., Phys.Lett.B 717 .

00_.1.;1....1.1...l..l..wl..ul...il... " llll2.76 TeV, He et al., arXiv:1208.0256 ]
Y0 5 10 15 20 25 30 35 40 [ ]

p; (GeVic) p. (GeV/c)
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Jpo.py/ (AP

(A/D

perspectives: ALICE upgrade

HF baryons

beauty
Charm 8 IllllIllllllllllllllIllllllllllllllllllllllllllll_‘
AEAARARARARERARE RARE LARE RS LALE RS RARE RERS c 14 Ag— AT Pb-Pb,\ s, = 5.5 TeV
L . (&)
. Pb-Pb,\ sy =5.5TeV ] £ 15 L, = 10 nb™, centrality 0-20%
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Summary

LHC Run2 data and RHIC experiments

with Silicon Microvertex detectors are

providing precise measurements in the

charm sector

B stringent constraints on the models
describing the properties of the system (e.g.,

transport coefficients, n/s) and its dynamical
evolution

Beauty

B First evidences of mass dependence of
energy loss

B Run3 and Run4 of LHC will allow a detailed
study in the beauty sector thanks to the
detector upgrades
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Global characterization of the
system



Centrality definition

before collision

Multiplicity

spectators\gi— =0
[ =9
CRR e —>

v.” participants

Noort :Number of nucleons
participating to the collision

Example LHC:
Centrality 0-1%

N_, : Average number of binary
collisions between nucleons

Npar = 403
Ncoll = 1681

Centrality = fraction of opypy

-80%

after collision
w5 Multiplicity -
Sa000o|-_Glauber-MC
S ([ Pb-Pb |8, =276TeVi = 1
100 3 % £ 1410
= 15000 S
r ; = Fl
: “:."' ‘-?"3' =
=10° 10000:_ y 3 o +10*
d40° 50001 ‘ 'V__l" - h,::‘ 10°
L Noart
AP | eabaaaa ool g -5
10° % i00 200 500 400 10
N

i Centrality estimators
e Multiplicity : bias on the hardness of the pN collisions

610-2”"]"']”"”""”l“”l"' -
c ALICE p-Pb at \s,,, = 5.02 TeV = =

(quantified by the number of hard scatterings per pN

collision).

e ZDC : expected to be insensitive to bias. Establish a
geometry-related particle scaling with a better than
10% precision

1 0-4 r,

80-100 %

Data

. —— SNM-Glauber fit

'S_Ll_l_l_l_gl_l_
10710 20 30

2
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Charged multiplicity & energy density

RAL A e E T
L pp(pp), INEL AA central
r o ALICE m ALICE ]
[ & CMS ¢ CMS
v UA5 ® ATLAS
[ <= PHOBOS + PHOBOS |
A ISR A PHENIX
C v BRAHMS o §0155) ]
- PpA(dA), NSD * STAR -
C ALICE x NA50
PHOBOS
iy
“,ﬁﬁ ]
O = iay °‘< 50-1082) ]
x T Inl < 0.5 -
N Ll Ll A B
10 102 10° 10*
Sun (GeV)

(AN /dn

2
Noard

o]
T T

.

T
L Iml<0.5

ALICE
m Pb-Pb, sy,

+ p-Pb, Vs =
O Pb-Pb, Vs =
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[ERRN NI

=5.02 TeV

5.02 TeV B
2.76 TeV (x1.2) |

o

100

200

dNch/dn / (Npart/2) increases with /s

] central A+A: ~ s0.155
]

T R R
300 400
(N

~20% increase going from 2.76 to 5.02 TeV

similar centrality dependence as at RHIC

J<dET /d77>
ctR’

ET, =

J=1.12 £0.06

central collisions

et, ~12.5 1.0 GeV/fm® /¢

7, ~21 £2 GeV/fm® /¢

/2) (GeV)
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(dE.JAn/(N

PRC 94 (2016) 034903
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e
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Initial energy density at LHC (and RHIC) well above €_~

0.5 GeV/fm3
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System size

Space-time evolution of
the system from two-

pion Bose-Einstein
Correlations (HBT)

Phys. Lett. B 696 (2011) 328 (values scaled)

“

B e e 5 e R B PR e )
E [ Ao E89527,33,38,4.3GeV £ 12} 4 EB9527,3338 43Gev
=, soooh & NA987,125,17.3Gev ] £ "I A NA2987, 125, 17.3 GeV
5 [ W CERES 17.3 Gev ] ¥ ol ™ CERES173Gev .
o, [ % STAR 624, 200 GeV ] [ % STAR62.4, 200 GeV
m-% 4000F O PHOBOS 62.4, 200 GeV ] [ O PHOBOS 62.4, 200 GeV
- [ ®  ALICE 2760 GeV ] 8F @ ALICE 2760 GeV
o ] [ § %
o 3000 . [
S « i
; 1" |
d 2000 £ af
[ ~ ]
1000f Vio,Lhc & 2Vy,, RHIC 2f Tfo,LHC X 2T, RHIC]
0 | I iy S So | T S S SN | DR 0 | S PN, NPAUD PN, IO NPT SOOI SO
0 500 1000 1500 2000 0 2 4 6 8 10 12 14
1/3
(chh/dl] ) (chh/dI] )
ALI-PUB-1172 ALI-PUB-181
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Identified particle spectra

PRC 93 (2015) 024917

PRC 88 0449104(2013)
EISY E |

81 __
10°F Comb. fit

- o1t (10*x) = K' (10%)
105 -

__\~ N *p(10%) +d (10 %)

> A * °He (10 %)

T

&N/ (N, 2np dydp.) [(GeV/c) 2
2
r T
X &
{4

_L
<
1
[
>
—
F O
m
T
L &
T
o
>
o
N
&
| »
4
z
1
I~
N
o
| -
®
<

TTT !\"—‘1OSEIIIYIIIIIIlII|IIIIII|IIIIIII|IYII- 10T T [TTrr[rrrrrrrr[T3

< positive s, Bog . o o[ = positive [ o posiive 8

Data / Fit

Data / Fit

- onegaive ey g, 1 E = negative ' £ o negative Ry
¥ = ; ) E Sf combined f‘.k% 4 [ combined fit
- g -3 ? --= individual fit 80.900‘/ ol ‘ E % === individual fit
[N 10—4—||||||||||||:|||||||||||‘||l|\|"|\- 10‘5_""1"“ L b BOTIO
05 1 15 2 25 3 0 05 1 15 2 25 3 0 1 2 3 4 5
P, (GeV/c) p; (GeVl/c) P; (GeV/c)

spectra get flatter for more central
collisions

stronger effect for heavier
particles

consistent with a hydrodynamic
description

even nuclei described by hydro
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Collective Transverse Expansion

O p; distributions
described as
combined result of
thermal motion (T)
and collective
transverse
expansion (f) at
freeze-out

® Strong radial flow: p= 0.65
for most central collisions,
10% higher than at RHIC

®" Freeze-out temperature of
about 100 MeV

m, =+m’ + p;
m,. cosh p prsinh p

= " Am,.-K o/ d
mdydm,  J0 i 1( C:j ) O(@T)rr

p(r)=tanh™ B,(r) @, ()= s [RL

G

ryr<R

Schnedermann, Sollfrank, Heinz, PRC48 (1993) 246

N
> s ALICE, Fit Range

8 0.18 & 1:05<p <1GeV/ic 2

= u . K:02< p <1.5GeV/c

£ 0.16 - 80-90% p:0.3 < p'<3.0GeV/c]

~ C Ky 5 ) T

0.14170-80% = =y h =

- Ry i :

0.12 -~ Qs . -

C H B et A L :%1% ",.’_0'50/0_

01 - STAR, Fit Range 6%* B

n05<p <0.8GeV/c Ngo, -

0.08 K02<p <0.75GeV/c 0-5% .

0.06 [-p: 035<p <1.2GeV/c -

............ | IEPEPET IPEPETEP IPEPAPES IPAPEPET IPAPEPAT RN

0.25 03 035 04 045 05 055 0.6 0.65 0.7

PRC 88 044910 (2013) B
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[0 relative abundances of
hadron species can be :
described by statistical 10 - o

Hadro-chemistry

1-@--5-_3_,@_1.@..@-

Ratio

x/sNN_zoo GeV

A. Andronic et al. NucI Phys. A772 167 199, 2006
1

ey

distributions O STAR =
10 L PHENIX o .
J. Cleymans et al. Phys.Rev.C73:034905,2006 BRAHMS -~

“E | —— T=160.5, 4 =20 MeV :

0.15 — 10 '3; ----- T=155, y, =26 MeV i
3 T KPAEOKKPAZO0AAd 0 KA A"
E/O'l_ TK'pAZ Qi nnwnpp KKAP

TE | - O thermodynamic

T interpretation of model
=L parameters in high
Sosf energy A+A collisions:
01— IIIIIO ll1100 Y-L‘hem B TC
Vs (GeV)
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Chemical Equilibrium at LHC?

- _ - - s g
o KK 0 K*+K* p+pb Z+ET Q40" AH+H
2 2 K 2 0 p & 2 > d s i
0 o
>\ A3 ! T H T
10° ¢ : : - 3
g F —o— | . ALICE Preliminary E
© i ]
10° & i Pb-Pb 15 = 2.76 TeV, 0-10% 3
g - e : : ; : ]
10 £ — ; : E
g e s z :
' a0
B <2 Not in fit : H :
10-1 g_ ¢ Extrapolated 3
10% ¢
E Model T (MeV) v (fim%) x2INDF : :
0 £ .1
N : = ok
| 156 + 2 + 17.4 ; .
0t | GS 56 5330 + 505 /9 | g i
E | BR=25%
3 s
£05F
) :
S 0Ff
g X
E-05 F
g 4F
b o
w 2F
© E
? 0F
g s
E =F
-4 E

_ K* not include in the fit

O hadrons (including nuclei) are described with a common chemical freeze-

out temperature
- Tch

156 (2) MeV 5T, (LHC) ~ T, (RHIC) ~ T,
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Elliptic flow of identified particles

0.3~ 0-5% F 5-10% ALICE 0-5% 5-10% ALICE
Pb-Pby{§,= 2.76 TeV 0.1 L Pb-Pb {s = 2.76 TeV
lyl<0.5 ly] < 0.5

Particle species
o7 “K*

K =p+p
-0 *A+A
*E4E v Q0

v,{SP,An| > 0.9Y'n,

[ 50-60%

4
p. (GeVk) (my - my)/ny (GeV/c?)
T

0 main scaling with constituent quark number

B at small (me-mo)/nqthe scaling in the data resemble
the scaling as observed in hydrodynamics

[0 pion, kaon (and strange baryons) v, are described
rather well with hydrodynamic predlctlons

B for protons hadronic cascade important

GSI 23-8-17 Giuseppe E. Bruno 69




Elliptic flow of identified particles

OT 0-5%
n 2l 1

20-30%

ALICE
Pb-PbySy,= 2.76 TeV

0-5%

5-10%

lyl<0.5

Particle species
o %K

K =p+p
- *A+A
*E4E v Q0

[ 50-60%

20-3

0%

ALICE
Pb-Pb |5, = 2.76 TeV
ly| < 0.5

(my - my)/ny (GeV/c?)

main scaling with constituent quark number

B at small (me-mo)/nqthe scaling in the data resemble
the scaling as observed in hydrodynamics

rather well with hydrodynamic predictions

B for protons hadronic cascade important

pion, kaon (and strange baryons) v2 are described
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Elliptic flow of identified particles

OT 0-5% [ 5-10% i LG
no ) BE! Pb-PbySg= 2.76 TeV
L L L ly| < 0.5 2- H
20-30% 1.8+
Particle species % a4
o %K =
K =p+p ’\'g b
() +*A+A 3.
* T4 v Q4O =12

[ 50-60%

=]
o —a—
Ol ——
o
(¢]

—

10-20%

PHENIX

- H 20-40%

rather well with hydrodynamic predictions

1
0 05 1 1.5
(m-mg)/n, (GeV/c?)

0 main scaling with constituent quark number

B at small (me-mo)/nqthe scaling in the data resemble
the scaling as observed in hydrodynamics

[0 pion, kaon (and strange baryons) v2 are described

B for protons hadronic cascade important
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The “Fireball” at LHC

system created at LHC is consistently larger,
denser, more excited than at lower energy
(RHIC)

multiplicity, transverse energy: “initial”
energy density

(&-°T;), . . =15 GeV/Hm’c=3(g; T,

1)0.2 TeV
|3ion interferometry: freeze-out size and
ifetime

V,(2.76 TeV) =2V, (0.2 TeV)

7,(2.76 TeV) =147, (0.2 TeV)

identified transverse momentum spectra:
transverse expansion

</3f0 >2.76 Tev 1'15<ﬁf0 >0.2 TeV
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Heavy flavour

From “discovery phase” to detailed
characterization of the QGP properties

Hard probes (jets, heavy-quarks, quarkonia)
- “resolve” medium constituents

Microscopic description of the medium



QGP tomography with heavy quarks

* Early production in hard-scattering processes with high Q%_ 5t 41 p, for charm and beauty
* Production cross sections calculable with pQCD <— (large masses >> Agcp)

» Strongly interacting with the medium

* Hard fragmentation =» measured meson properties closer to parton ones

> “Calibrated probes” of the medium o

Study parton interaction with the medium Hard  E w=(1-X)E
* energy loss via radiative (“gluon Bremsstrahlung”) Production Sy, _ =
collisional processes ¢ 3 g
» path length and medium density 5 E =5 fm
» color charge (Casimir factor) “ o5k 12304 MeV o
> quark mass (e.g. from dead-cone effect) 03 -=-c, rad
H oef- ¥
o.af— '
Gluonsstrahlung probability °-2§—
1 01
& 2 272 : I | | | 1 | | I 1
[0 r (nIQ /EQ) ] 02030 a0 T e0 70 'sop'(g(ge'vllé;:o
Dokshitzer, Khoze, Troyan, JPG 17 (1991) 1602. Figure from A. Andronic et al., EPJC C76 (2016)
Dokshitzer and Kharzeev, PLB 519 (2001) 199. M. Djordjevic, Phys. Rev. C80 064909 (2009),

Phys. Rev. C74 064907 (2006).
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QGP tomography with heavy quarks

* Early production in hard-scattering processes with high Q%_ 5t 411 p, for charm and beauty
* Production cross sections calculable with pQCD <— (large masses >> Agcp)

» Strongly interacting with the medium

* Hard fragmentation =» measured meson properties closer to parton ones

) “Calibrated probes” of the medium -

Study parton interaction with the medium Hard  E :
* energy loss via radiative (“gluon Bremsstrahlung”) Production o
Jlarw

collisional processes

;\.

Medium

» path length and medium density
» color charge (Casimir factor) AEg > AEu,d s > AEC > AEb

> quark mass (e.g. from dead-cone effect)
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QGP tomography with heavy quarks

* Early production in hard-scattering processes with high Q%_ 5t 411 p, for charm and beauty
* Production cross sections calculable with pQCD <— (large masses >> Aqep)

» Strongly interacting with the medium

* Hard fragmentation =» measured meson properties closer to parton ones

> “Calibrated probes” of the medium o eE

Study parton interaction with the medium Harg  E :
* energy loss via radiative (“gluon Bremsstrahlung”) Production o
Jlarw

collisional processes

;\.

Medium

» path length and medium density
» color charge (Casimir factor) AEg > AEu,d s > AEC > AEb
A

> quark mass (e.g. from dead-cone effect)

ol

« medium modification to HF hadron formation
« hadronization via quark coalescence

A

« participation in collective motion =» azimuthal anisotropy of produced particle
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v,: comparison with models

Model references

in backup

N '-I T et R B 1T TP | '- P I | | LI | LI | | LI I LI I LI I LI L -
> I ALCED’D', D" average 30-50%,PbPb 1 7 04 [+ ] ALICE, & « HF -
0.4 — syst. from data \sw=276Tev | & [ -0 BAMPS el. lyl <0.7 ]
" []Syst. from B feed-down 1 & 03F === BAMPSel +rad. _
0.3~ i - B MC@sHQ+EPOS, Coll+Rad(LPM) .
o - — . POWLANG with fragmentation i
| m el -
0.2 %{% &N 02F TAMU * ]
4. P =, o > ~ 1
N 1NN S e [E 1 dl .
T, S "--';':_~ a ] K ]
0-1L ‘! &~ ) ' .(.:' "5-{:-'...'.:\-:'\'.-, sisinin g™ 7 0 1 | ’m il L TP ]
C ','.';,:7:: .......... . ‘-T.T:.:.ﬁ‘;. et Hobonsinss . B : v,’,'.:" =2 Y ) - — . ]
o i7" s e | j s § e S
= - - 0 - - e
C WHDG rad+coll . N 31 ]
_ = . POWLANG in-medium had. | - - ]
-0.1— .. MC@sHQ+EPOS ... PHSD ] 01k -
L == Cao, Qin, Bass --- BAMPS el. - —u.ir o _ ‘{_ — ]
C---- TAMUelastic - BAMPS el-+rad. ] C 20“‘?‘0 % P? Pb, ISN - ?-76 T‘?V l ]

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14
P, (GeV/c) p, (GeV/c)

* v, atlow p; better described by models including mechanisms that transfer to charm quarks the
elliptic flow induced during the system expansion of the medium (collisional energy loss,
recombination)

* Highlight importance that models include a realistic description of the medium evolution and of
initial conditions
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v, and R,,: comparison with models

Model references

in backup
N __' ' I LI ] LI LI [ LI l T [ T T ] LI I '_ é 2—'] LI I LI IAII_IIICIEI LI lll LI I LI lll UL I lll'—-'
- w ALICE D°,D*, D" average 30-50%, Pb-Pb ] c - E
0,4_[: Syst, from data \Suy =276 TeV 1 8—(»10% Pb-Pb, 5, =2.76 TEV-- -- Bfo'}‘du clasic ]
" [ Syst. from B feed-down ] 1.6—; e Average D°, D*, D** lyl<0.5 - C0.Qin, Bass 1
0.3i— _] E Owi‘thwp'm. referance e \A}EJ\?SI‘QEPOS E
-l ¢ S
0.2 . . - 1.2 CT7 BAMPS elsrad -
S L - : veer CUJET30 .
0 1:— > X ’ ‘.t.\?:‘:‘(--'. 1_?’."~ n _: 1I: 7 I—:
Eé:; _vi“_”s‘.P . -' [oninimsos E 0.8: . _:
0" iy e 0.6f 3
r WHDG rad+coll y 0 ]
" — . POWLANG in-medium had. i ] 04N~ oo =3
—0.1— .. MC@sHQ+EPOS ... PHSD ] ' .
_ -.-.. Cao, Qin, Bass --- BAMPS el. ] 0.2F et =
- ---- TAMU elastic BAMPS el.+rad. ] - - N\ TN, .
1 | l 11 l 1 1 11 1 L 11 1 l 1 l 1 1 l 11 l 1 O—I L1l l L1l L1 1 lf\l &l N L1111 I L1 11 l L1l I L1l l-l
0O 2 4 6 8 10 12 14 16 0O 5 10 15 20 25 30 35 40
p. (GeV/c) p. (GeV/c)

v, at low p; better described by models including mechanisms that transfer to charm quarks the
elliptic flow induced during the system expansion of the medium (collisional energy loss,
recombination)

Highlight importance that models include a realistic description of the medium evolution and of
initial conditions

v, and R,, measurements over a wide p; range can set stringent constraints to model
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ALICE Upgrade




LHC / HL-LHC Pla iy

Run 3
LS1 13 TeV LK) 13.5-14 Tev 14 TeV totey energ
injector upgrade 5t07x
splice consolidation cryo Point 4 fimni B nominal
7 TeV 8 TeV button collimators DS collimation icnrt}:ec.)rggtliton . HL LH(_: luminosity
R2E project P2-P7(11 T dip.) regions installation

Civil Eng. P1-P5

2012

2013 2014 2015 2016 2017 2018

2019 2020 2021 2022 2024

2025

radiation
2 xnominat Iuminodsﬁ\r/nage experlment
experiment experiment upgrade
zg:ﬁinal be';m pipes nominal luminosity . P phase 1pg | — — upgrade phase 2
luminosity I

r/__ |
|/ - 50 fb'! m integrated

luminosity

[0 Main upgrades relevant for the Heavy-Ion physics (LS2:2019-2020)

B LHC collimator upgrades: target L =& 6x1027 cm=2 s-1 for Pb-Pb

B Major ALICE and LHCb upgrades, important upgrades for ATLAS and CMS
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New all-pixel trackers: ITS and MFT

[0 Both trackers fully
based on Monolithic

. . Acceptance In|<0.9 In|<1.5 -3.6<n<-2.3
Active Pixel Sensors
(MAPS) N Layers 6 7 5
Inner radius 3.9 cm 2.3 cm /

Pipe radius 2.94 cm 1.86 cm /

Absorber
Layer ~1.1%X, 0.3-0.8% X, 0.6%X,
FIT thickness
MFT Spatial 12x100 pm? ~5x5 um?2 ~5x5 um?2

resolution 35x20 pm?

20x830 pum?2
""" %’ Max. Pb-Pb 1 kHz 100 kHz 100kHz
p readout rate
ITS Outer Barrel ITS: CERN-LHCC-2013-024
ITS Inner Barrel MFT: CERN'LHCC_ZO].S_OO].
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Tracking precision

OO0 ITS: pointing resolution
x3 better in transverse
plane (x6 along beam)

_—

um

N

Pointing Resolution

400,
350/
300}
250}
200}
150/
100}
50}

ALICE

OZ
10"

Adapted from

CERN-LHCC-2013-024
GSI 23-8-17

O MFT: pointing resolution
better than 100 pm for
pT > 1 GeV/c

140 -

120

oy [um]

100 |

80

40

T I T T T T T ] T T T ] T T

0 2 4 6 8 10

P, [GeV/c]
CERN-LHCC-2015-001
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o)’

GeV/

O o012

1/p;

O 0.01

0.008}
0.006|-

0.004

0.002

0

0.014f

TPC with GEM readout chambers

0 Current MWPC: readout limited by ion backflow

[0 New readout chambers (GEM): readout up to 50 kHz
B preserve momentum resolution for TPC + ITS tracks
B preserve particle identification via dE/dx

AT ATy .

e 5 e o

A Y Y e

e
Electron microscope photograph of a GEM foil

i Stack of 4-GEM-foils

" Cover electrode

1/p_ (GeV/c)’

T I TT 7T T I T ”I” I ,H '.‘A kl!Yl‘ll!lllllVVllll |||||-| TTTT 1T
- - L oo014f
- MWPC ] S - GEM
- ] s :
| —o— TPC only tracks . g 0.012|- —o— TPConly tracks
| —=— TPC constrained tracks ] & | —=— TPC constrained tracks R
| —o— TPC+ITS combined tracks ] By 001} —% TPC+TS combined tracks -+
- . 0.008- " 4, -
1 L R et T
-0 - o 'e')-
o o-o--0--o-o—o-o—o- 0T oo o . 0.006 -
o s 0:004 - o]
! B A i - ]
; IPES s
- . 0.002" . .
- o L o
o0 o -D-D-
_lllllllJlIl\lllAllJlllllIlJllI\lllllljllllllljlll— 0“111|Jx|n|||-w|1-||||||1\|1||||-‘|J-||||||1||1x||ﬁ
0 005 0.1 015 0.2 025 03 035 04 045 05 0 0.05 0.1 015 02 025 0.3 0.35 04 045 0.5

1/p_ (GeV/c)’

e ] E e
GEM 1 — — — —

—e— J E o ] |2mm
GEM 2 e T = 12

L L J mm
GEM 3 E — 12

| J J mm
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o

—> TS
—  TPC
>  TRD
—  EMC
—>  PHO
> TOF

I~ Muon

LO
Li—  FTP

e

Trigger Detectors

Online-Offline (0O2) System

_IID_B—CP)b at 50 kHz - 1.1 TB/s of data (90% from the

The O2 will integrate in a single infrastructure the
present DAQ, HLT and Offline (reconstruction) systems

A large computing farm close to the detector will
process the data online, calibrate the TPC, and reject
detector noise

The overall reduction factor is ~13 > ~85 GB/s to tape
B Projection based on experience with present HLT system

—> P —
10 Gb/s 2x10o0r

40 Gbrs 10 Gbis

. - Detector Data rate for Pb-Pb |Compressed Data

—_— P — @ 50 kHz (GB/s) data rate (GB/s) reduction
—_—— e ) B —>smg:s‘?’a’$°* m 1012 50 20.2
>R > Network Network 40 26 (8) 1.5 (5)

—_— P —— [ Stomes m 20 3 6.7

——> FLP —mm> 10 5 2

—> EPN —
P | 1082 84(66) 129 (16.4)

~ 250 FLPs “ ~ 1500 EPNs
First Level Processors Event Processing nodes
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Model references

< 2:+IIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIII{:

. F ALICE :

1.81-0-10% Pb-Pb, |5, =2.76 TeV---- TAMU elastic = ]

: : - (O —— o Coo B Bass

— POWLANG: EPJ C 75 (2015) 121; 1.65 ®Average D', D", D™ lyl<0.5 === O AL 085

- TAMU: arXiv:1401.3817; iownhppp -extrap. reference 2{\/‘&?5%%15;80%_:

— MC@HQ+EPOS: PRC 89 (2014) 014905; 14 T POWLANG 1

WHDG: Nucl. Phys. A 872 (: 256; 1.0F S BAMPS al+rad

; i PHSD 't

1t ’: e :

— Cao,Quin, Bass: PRC 88 (2013); 0.8t =

— Vitev:: PRC 80 (2009) 054902; 0.6 E

— Djordjevic: PRL 737 (2014) 298 e .

— CUJET 3.0: Chin. Phys. Lett. 32 n0. 9, (2015) 04N~ __.oooer sy

arXiv:1411.3673 [hep-ph]. 0.2 "Il = s, e G| s

— PHSD: arXiv:1512.00891 0 T
0 5 10 15 20 25 30 35 40

p. (GeV/c)
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Evidence or charm riowing with the

medium at LHC

>N _I T I T T I 1T I 1T I T T I 1T | IOI |+| T |+I | 1T I T 17T | T 1T I LI |_
0.4+ D", D", D*" average, |y|<0.8 — e 0.4 —— S N N R R _
- ALICE o VAEP, An[>09}, |5,y =5.02TeV ] & ] ‘ ' ' ! E
: ° V2{EP, |An|>0}’ VTNN: 2.76 TeV : C/\’ 035 E_ e HF, U’ | < 07 AL'CE Prellmlnal’y “:
0.3 PRL 111 (2013) 102301 - = o03f ° 30-50%Pb-Pb,ysy,=502TeV E
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Baryon to Meson Ratio
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*  Enhancement of A /D ratio compared to PYTHIA prediction
*  The A/DP ratio 1s similar to that of light-flavor hadrons

*  Coalescence model with thermalized charm quarks consistent with our data
Outlook: In run 2016, collected 2 billion AutAu events. We will study R | for the
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cc and bb with dileptons
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efF : model comparison
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Azimuthal Anisotropy

[0 Quantify anisotropy: Fourier decomposition of particle
azimuthal distribution relative to the reaction plane (W) 2
coefficients v, v3 v, ... v,

Elliptic flow (v2): spatial anisotropy — pressure gradients
leads to momentum anisotropy — hydrodynamics

Higher order flow: bring additional constraints on the initial
conditions, n/s, EoS, freeze-out conditions...

dN <]+ 22 v, cos(n[qa — YWep ]) V== <COS n(e - UJRP)>

d(qﬁ - wRP) n=1
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