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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

“white” 70

“white” proton E — E 5 :
(confined quarks) newrﬁte p'?&ﬁ separatioftonfined quarks)
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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
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Y Temperalure

A very very long time ago... quarks and gluons were “free”.

As the universe cooled down, they got confined into

hadrons
and have remained imprisoned ever since...
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The QCD phase transition

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 in hadrons

quarks and gluons

How hot is @a medium of T ~ 170 MeV?
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Temperature at the centre of the Sun ~ 15 000 000 K

A medium of 170 MeV is more than 100 000 times hotter !!!
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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 2

>
T

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

T (GeV)

Critical point
______ _ (2rdorder) QGP
crossover
st order
Hadronic phase
nuclei
@ |
HB(GeV)
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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 .
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- z : : 7 — 164 - ) "R,y Crossover ]
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5 [ 3 u, =400 MeV, lattice _] &- | ¢ hadronic phase : "z,xendpoint i
- — u, =400 MeV, HRG i e G % -
B =0 MeV, latti i - IE‘ET i
n ﬁﬁ =0 MeV, I-?Rcl;ce i 162 — L
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

n
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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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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
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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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Space time evolution of A-A collision

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

Elastic interactions
cease

Particle dynamics
#“momentum spectra”)
ixed

T, ~ 100-110 MeV

[0 Chemical freeze-out

B Inelastic interactions
cease

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

m [, ~ 155 MeV

Pre-Equilibrium
Phase (< 1)

Thermalization time

B System reaches local
equilibrium

~ 0.5 fm/c

[ qu
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» ITS : SPD, SDD, SSD

-
- -

ALICE: A Large Ion Collider Experiment

PID 5, ~
CAL X =Y ("ABSORBER )
(8L) : S TRACKING
: CHAMBERS
N\

HAMBER
-
=

Rad| =

N

‘ PHOS ’

"DIPOLE

O Optimized for Heavy Ions Physics (dn/dy up to 2000 !)
— high performances tracking and PID

O Complementary to the other LHC experiments
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Global characterization of the
system



Centrality definition

before collision

Multiplicity

spectators\gi— S
[ =N
RN St >

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

Centrality estimators

o Multiplicit;; : bias on the hardness of the pN collisions

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

10

Data

. —— SNM-Glauber fit

(quantified by the number of hard scatterings per pN § & é 3 §§0\°

collision). | - . | 2 2 ) z SE'Q

e Z/DC : expected to be insensitive to bias. Establish a . " N

geometry-related particle scaling with a better than 9% "10 20 30 40 50 60 70_80 90 100

10% precision zn (TeV)
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Charged multiplicity & energy density
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System size

Space-time evolution of
the system from two-

pion Bose-Einstein
Correlations (HBT)

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

E89527, 3.3, 3.8, 4.3 GeV
NA49 8.7, 125, 17.3 GeV

CERES 17.3 GeV .
STAR 62.4, 200 GeV

PHOBOS 62.4, 200 GeV

ALICE 2760 GeV
ﬁ@*

Tfo,LHC X 2T, RHIC]

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

e
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Identified particle spectra

PRC 93 (2015) 024917

PRC 88 0449104(2013)
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10° Comb. fit

= o1t (10*x) = K' (10%)
*p(10°%%) *d (10 %)
* °He (10 %)

-

IS
o

1

&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
| -
®
<

T

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

Data / Fit

Data / Fit
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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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Hadro-chemistry

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

O relative abundances of  § 1 =wocresr ' ' Locer -
hadron species can be ; - ]
. . . 1 ooy el
described by statistical 10 o 3
distributions S STAR =
T PHENIX o .
J. Cleymans et al. Phys.Rev.C73:034905,2006 BRAHMS -
“E | —— T=160.5, 4 =20 MeV :
0.15 — 10 '3_7 ----- T=155, y, =26 MeV i
N I ISR N N I [ I A N
3 FTKPAEZOKKDAZOdA o KA A"
E/O'l— TK'p AZQrnrannrnnanpp KKAP
TE | - O thermodynamic
T | interpretation of model
=L parameters in high
Sosf energy A+A collisions:
01— - IIIII1lo 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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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

ym a

(g
A/

p

¥

p

L .

e i B
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Flow of unidentified charged particles

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

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

S + ALICE Pb-Pb Hydrodynamics -
N 0.155.02TeVv 2.76 TeV 5.02 TeV, Ref.[27] ]
> 0.08— L mv, {2, [an>1) O V{2, N1} eov, {2, An>1) ]
' + o L .v§{2, [An|>1} 8 vgg, :ﬁnﬁ% —=vg{2, [An>1}
> V4 s >
0.06~ e ° IR Il S
{6}
- 0.1\ _
002 4 ® * STAR i | ]
s = PHOBOS i i
O—---c------"-"-----"-"-"-"-"------ 0 PHENIX --- 0.05+ —
v A i 4
0.02 m NA49 i ]
—J.Ue ™ CERES (a)
o

-0.04— ¢ + E877 <:’:<:>‘:}:<:>’::}:<:>‘::{::::{:<:>.::}::::}:'::}::::—
A * EOS o 1.2 ;— Vs v H/yd%pdynamic13, Ref.[25] + —;
-0.06( Y, A E895 | O E
v FOPI i t e
_008_* | | | 1:....1....1....1....1....1....|....|.(P?E
I 1 1 1111l 1 11 11111 1 1 11111l 1 ] L1111 1.2-_|||| LA L LI B L L L L L ||||||||1|||||||_:
1 1 O 1 02 1 03 1 04 % 1 1 E + l l X% l SBE8e ‘ 84 E
\ SNN (GeV) o~ " g ]q +| 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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Elliptic flow of identified particles

0.3~ 0-5%

r 5-10%

ALICE

Pb-PbySy,= 2.76 TeV

lyl < 0.5

Particle species

o %K
K =p+p
- * A+

*E4E v Q0

[ 50-60%

4
p, (GeVk)

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

5-10%

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

L I I
0 1 2

(my - my)/ny (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) v, are described

rather well with hydrodynamic predlctlons
B for protons hadronic cascade important

Genova 31-10-16
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Elliptic flow of identified particles

OT 0-5% [ 5-10%
no 1 - 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,

l )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

Genova 31-10-16 Giuseppe E. Bruno 31



THE EXPERIME]
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Pb+Pb @ sqrt(s) = 2.76 ATeV
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Event Information
0 0 00 i
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Heavy Flavour in Heavy Ion

How can we measure it ?

—

diplaced J/y L ot b- :
semileptonick‘decays Jhy u- J€
rec. track \' o B sl .
L =

Xy Jét

I will show mainly the results on fully
reconstructed D mesons
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QGP tomography with high-energy partons

* Early production in hard-scattering processes with high Q?
* Production cross sections calculable with pQCD
» Strongly interacting with the medium

[—> “Calibrated probes” of the medium p=xE

WY o
. L0 poc0naiatt A0, 00 o .u»C-*'l‘l’g

Study parton interaction with the medium Hard  E w=(1-X)E
* energy loss via radiative (“gluon Bremsstrahlung”) Production gTqru
- - ‘l . -
collisional processes . et
~ Study QCD “Bethe-Block” curve E ] ~ “QED énergy loss” i'nvation'lic matter /" ]
for partons in the QGP 2l / Lente ] / |
E K —1 \ Bethe-Bloch Radiative // 1
3 "‘ Anderson- £
": i Daegler \‘\ /"f
@ € |83 \ Vi
2. EE \ Ep f
w0557 \ Radiative /" Radiative
C - - £ inimum  effects 4~ losses
Connection of “local” interactions & - \ i e |
with global medium properties * " F” R
1| ' |
0.001 0.01 0.1 1 10 Oy 100 1000 104 107 10"
Q&2 | 0.1 1 10 100 1 10 100 1 10 100 f—
\ U "\C e Muon mo El&ivkvlllll Frevies



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 w=xE

ary 00 A O oo e
. k@lwﬂ‘b‘c‘ A ) \;ch.u.m»
. b |

&

&

0008

Study parton interaction with the medium Hard  E w=(1-X)E

* energy loss via radiative (“gluon Bremsstrahlung”) Production 54, _,
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 0af-
o.af—
Gluonsstrahlung probability °-2§—
1 01
i T2 272 :
[0 +(mQ /EQ) ] R 2'03'0455'06'07'08'0p(9(‘gew3?0
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 o=

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 -

Study parton interaction with the medium Hard E :
* energy loss via radiative (“gluon Bremsstrahlung”) production =4, -
collisional processes ¢

» path length and medium density

» color charge (Casimir factor) }AEg > AEu,d s > AEC > AEb
A

;\.

Medium

> 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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How can we measure medium effects?

Nuclear modification factor (R, ,): compare particle production in Pb-Pb with that in
pp scaled by a “geometrical” factor (from Glauber model)

. — Pb-Pb
R,,(pr)= AN y ! dpy If R,,=1 = no nuclear effects
AA
/,<TAA > X do’pp /d(\pT If R,,#1 = nuclear effects
Nuclear overlap function, RR

encodes collision geometry

Trivial but important caveat:

F—_—

(simplistic scheme) | What we want to probe
dN "vacuum" initial- arton interaction modified? hadronic deca
" ®I1mt1a1 state al? ® ( ) ® ® y
¢.g. for leptons

dp,  patonspectra  effects with the medium  hadronization ~  phase

Measured spectra in AA collisions result from a convolution of many pieces
—interpretation of the results requires comparison with models
—>must measure observables with different sensitivity to the various ingredients
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A rather long shopping list

F___

What we want to probe

N, "vacuum" _ Vinitial-state ® parton interaction 8 (modified?) 8 hadronic 8 decay

Gp,  partonspectia effects with the medium ~ hadronization ~  phase e.g. for leptons
L ‘-/——

pp"chgvllisions Charm and beauty lose energy

Via radiative and collisional processes

.........

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

Constrain models with

measurements from p-Pb collisions .
P » color charge (Casimir factor)

P — -P-‘-“"'— ‘ » path length and medium density

] » © w = »

Hadronization via coalescence with
medium quarks?
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D-meson suppression at Vs,y=2.76 TeV

—

o p-Pb,\s,, =5.02TeV,-0.96 <y __ <0.04

2»— T I T T 11 l 7171 ] 1T ] 1T l I LI T 1T T_‘
1 g ALICE Average D°, D", D*' -
s Pb-Pb, \ s, = 2.76 TeV, |y|<0.5 ]
1 6; e 0-10% _‘
r o with pp p_-extrap. reference ]
4k m 30-50% E
2

]Ill IIIITIT[

Nuclear modification factor

ey

lllllllllllll]l‘lllllll

0.2 Oig g e
C 11 l 1L 1 1 J 11 1 1 J 11 1 1 J 11 1 1 l 111 1 l L L 1L 1 l 111
% 5 10 15 20 25 30 35 40

P, (GeV/c)

O D meson production suppressed up to a factor ~6 (p;~10 GeV/c)
in central Pb-Pb collisions

0O Comparison with Rp,~1 - final-state effect due to in-
medium charm-quark energy loss
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ALICE, JHEP 1511 (2015) 205
EVG Charm vs. beauty

ALICE, D mesons g CMS, Jhy from B

8<p;<16 GeV/c 6.5<p;<30 GeV/c
g1,4_flll]lf“l[71!l[!lTlI ‘IYTIT IIYIIIIYTYI-
- Pb'Pb, \SNN = 2.76 TeV g . . .
ol m DmesonsacE sep <iocevie yios | Raa (J/W from B) > R,a(D) in central collisions
3 N Jiy (CMS Prelimi E i ~ .
O oty (O AT oo pr interval tuned to have py(D)*py(B):
A {8O0) Mled boxes: {unjcorreiated syst uncert. 1 ~70% of J/y from B mesons with 8<p;<16 GeV/c
~ ___Diordevicetal. muissmromyzme - (median ~11 GeV/c vs. ~10 for D mesons)
— = Non-prompt J/y R
0.8 m ...... Non-prompt J/w with ¢ quark energy loss- @
88 f..:ﬂ::ﬁ:\ g Indication of R,, (B) > R,,(D)
) X \""\-.i:. ................. %\::\~ —
i, e,
0.4} ]* e L
| \:' ............ A
- 40-50% ~y
—~ ~
0_2; 30-40% 54 age, ~— "~: _
= (*) 50-100% for non-prompt J/y 10-20% 0-10%

caaa s e oy b aa e bag o Loy Lua sy
00 Cﬁo 100 150 200 250 30Q_ 350 400

(N_.»

part
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ALICE, JHEP 1511 (2015) 205
e N1 e Charm vs. beauty

ALICE, D mesons g CMS, Jhy from B

8<p;<16 GeV/c 6.5<p;<30 GeV/c
< | ]
Pb-Pb, | s, = 2.76 TeV . -
I D,,}es;‘,ﬁ‘s(AL.CE,&,,'(,BGBV,C, yeos 1 Raa (/1 from B) > R, (D) in central collisions
[ B3RS0 CeVe lyicl Sommenmrzons pr interval tuned to have py(D)~pi(B):
A {8O0) Mled boxes: {unjcorreiated syst uncert. 1 ~70% of J/y from B mesons with 8<p,<16 GeV/c
: Djordjevic et al. Pysiens7a7orazes - (median ~11 GeV/c vs. ~10 for D mesons)
— = D mesons
- — = Non-prompt J/y -
0.8 m ...... Non-prompt J/y with ¢ quark energy loss @
o6 (== — . Ppr
S | N Indication of R,, (B) > R,,(D)
0.4 ‘.t\\\\ .............. TTR-
; ~ \'-.\._.'\“.... ............... _
40-50% T gy e » ) . .
02 3040% 50.30% ﬂ!w =~ The different suppression and the centrality
e e 1% | dependence are described by models with

LlllJlL ll lllllllll Jl‘lll llLlllll -
00@[30 100150 200 250 SRy 8°  quark-mass dependent energy loss
part
M. Djordjevic et al. (AEg>AE|q2AEC>AEb)

(Phys. Lett. B 737 (2014) 298; priv. comm.)

Radiative (DGLV formalism) + Comeparison to other models (WHDG, MC@HQs
collisional energy loss, dynamical +EPOS2, BAMPS, TAMU, Vitev et al.) shown in
scattering centres in the medium extra slides
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ALICE, JHEP 1511 (2015) 205
CMS-PAS-HIN-12-014
CMiS PAS HIN12-01 Charm vs. beauty

ALICE, D mesons g CMS, Jhy from B

8<p;<16 GeV/c 6.5<p;<30 GeV/c
CMS (S = 2.76 TeV
< RARASIAREN LALRE RIULLE RS RALRE LILLE RLLLE i i<l
I 1 Raa(J/p from B) > Ry,(D) in cen:cral Folhsmns
- e 65<p <30GeVr, lyl<1.2 1 pr interval tuned to have p(D)~py(B):
1.2f Open charm: prompt D (ALICE) - ~70% of J/y from B mesons with 8<p;<16 GeV/c
[ O 8<p <16GeVic, Iyl <05 ' (median ~11 GeV/c vs. ~10 for D mesons)
1- Light hadrons: n* (ALICE)
08:—+ + 0 8<p <16GeVic lyl<05 | @
o.ez— E B .— Indication of R,, (B) > R,,(D)
04r g ¢
0of™ (ALCE)" B o -
- Shown by M. Ho’s at Hard F[’robeg : The different suppression and the centrality
% " 50 100 150 200 250 300 350 400 dependence are described by models with
an part ®) quark-mass dependent energy loss
M. Djordjevic et al. (AEg>AE|q2AEC>AEb)

(Phys. Lett. B 737 (2014) 298; priv. comm.)

Radiative (DGLV formalism) + . . .
collisional energy loss, dynamical Same conclu5|on Wlth ﬁnal CMS

scattering centres in the medium results
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Charm VS. Ilght quarks/gluons

51.4— """"""""" —IIIIIII"IIIIIII"IIIIALIIC"EIIIIIIII"IIL
c - Pb-P = 2 76 TeV C ]
[ F-Fb, ‘SNN 218 ] 'I 180 0-10% Pb-Pb, {50, =276 TeV
1.2 A =" (ALICE)8<p_<16 GeV/c, |y|<0.8 — C o N
| w Dmesons (ALICE) 8<p, <16 GeV/c, |y|<0.5 i 1.6F e Average D", D*, D™, lyl<0.5 -
- {empty) filled boxes: (un)correlated syst. uncert. N o with pp p_-extrapolated reference
1 14F = Charged particles, ni<0.8
i C e Charged pions, nl<0.8
0.8} 1.2F
1

0.6 08

0.6
04
0.

nnlllllllllllllllllll

0.4}

0.2:

1

lllllllIllllllIlllllllllllllllllllr

00“'50 106"%56"éoo 550300350 400 10 15 20 25 30 35 40
(N0 p, (GeV/c)

D-meson and pion R,, compatible within uncertainties

Described by models (e.g. M. Djordjevic, PRL112 (2014) 042302, see extra slides) including:

* Mass and colour charge dependent energy loss

Different p; spectra of charm quarks, light quarks and gluons

Different fragmentation functions (harder for charm than light quarks and gluons)

What about low p, (<5 GeV/c)?

More data needed to study the (small?) effect of charm quark mass at low p;
N.B. for p;<2 GeV/c not all pions come from hard scattering (yield does not scale with N_)!
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Elliptic flow (azimuthal anisotropy)

Study azimuthal distribution of produced particles w.r.t. the reaction plane (Wgp)

Reaction plane

Initial spatial anisotropy
momentum anisotropy

@ or (1 4+ 2v; cos(p — ¥y ) + 205 cos(2(p — Usy)| +...)

v, =(cos(nlp -, )

Thermalization/collective motion

s :;: - In plane / (at low pT)

v,>0

Path length dependence of energy loss
(at high p;)

v,+ R, ,: complementary information - improve sensitivity to relative contribution of
collisional and radiative energy losses and to coalescence
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v,: comparison with models

Model references

in backup

N '-I T [rot 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 \Syy=2.76 TeV A I— BAMPS el. lyl <0.7 -
" []Syst. from B feed-down ] = 03 [ - BAMPS el. + rad. ]
0.3 i - N P MC@sHQ+EPOS, Coll+Rad(LPM) N
) . o - == . POWLANG with fragmentation -
| m el -
0.2 %{% &N 02F TAMU * —
. | o ~ A — > - —
M LN ) [E ] i .
N - ."~-'~;:_~ a ] K i
01r; -‘!’7’. ~. - '/ .1!:-_"-_';-" - 01— m - —]
R T it s et T e, N B SRR & & S W - 7]
F Ao et ‘-%_)__ , £l srsd - [ BT B K (5 U0 T T e e - -
O:*’e.ﬁ k’S‘ 74 'x)\ I P 4 g 4 4 | ; y\ /’ - V' -".3:‘-”'- .-"_.1 ,Tr“::" -:*;f:-“:::::
M - 0 S —
C WHDG rad+coll . N [ ]
_ = . POWLANG in-medium had. | - - ]
—0.1— .. MC@sHQ+EPOS ... PHSD ] 01k -
L == Cao, Qin, Bass --- BAMPS el. - —u.ir o _ ‘{_ — ]
|- e TAMUl elastic L 1 BIAMPS1 el. +ra}d } B 204:'0 o Ptl) Pb, ISN - l2'76 T?V | i

0 2 4 6 8 10 12 14 16 0 2 o 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 Ill ITIT "'['TII ']' ']" I'_ é 2'—f||||||||I|||||||||l|||||||||]||||||||'—'
- . . . g - ALICE .
- = ALICE D°,D*, D™ average 30-50%, Pb-Pb ] c =
0,4_[: Syst, from data \Suy =276 TeV 1. 8—0—10% Pb-Pb, 5, =2.76 TEV-- -- Hmu clasic
© [7) Syst. from B feed-down ] 1 6—? e Average D°, D*, D** lyl<0.5 - C0.Qin, Bass 1

i e A

L ] C: O wi ' weeeeee MC@sSHQ4+EPOS ]
03 1 4_ wl‘thwp'm referance g_uev .
- - . : —— Vitev, Rad ]

g I el. ]

0.2 .t { 1.2F CT" BAMPS elsrad

F - : e CUJET30
C "'4}‘ . : AP =
0.4 /0 ,$ e N 08 :
E‘é;.- -"'1\»_ B .P‘)\ o ~ o ~' '_--.-.-m‘.; . - .E | ]
0% , - 0.6 -
3 WHDG rad+coll . ]
[ — . POWLANG in-medium had. ] 04U e\~ .
-0.1— .. MC@sHQ+EPOS ...... PHSD —
- -.-.- Cao, Qin, Bass --- BAMPS el. ] 0.2 . = o
- ---- TAMU elastic BAMPS el.+rad. ] Rt \ / p—y
1 l 11 l 11 1 1 L 11 1 l l 1 l 11 l 1 0 L1 11 l L1l L1l lf\l &l N L1111 I L 11 l L1l I il
0 2 4 6 8 10 12 14 16 0 5 10 15 20 25 30 35 40
p. (GeVic) 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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Heavy Flavour: quarkonia

CMS, CMS-HIN-15-001

1/(r) [fm1]
Y(15)
Xb(lp)
J/u(1S)
Y'(25)
Y'(35) 3,'(2P)
((1P) W(25)

no
[

*

IIIIlIIlI|IIII|IIlllllllllllllllll_

+

CMS PbPb /sy, =2.76 TeV
§  Cent. 0-100%, ly| < 2.4
i Ly =150 b

Hopt>4GeVic
v T

?' + data
| — total PbPb fit
--- background
; 4 ------ pp shape
Pov (R,, scaled)

IIllllI[IlllII|IIlI|II[I|IIlI|IIlI
07 8 9 10 11 12 13 14

Mass(u*w) [GeV/c?] Pre-Equilibrium

Phase (< 1)

o




Charmonium as QGP Signature

T/T,

[0 Charmonium suppression: a
] ~ | yas)

B Color screening prevent ¢ -
anti-c (and b anti-b) binding - | amas)
in deconfined matter P

Xb

B Dissociation temperature % (1P)
depends on binding energy e
— "QGP thermometer™

. - 2 Start of collision qu[zi?\lfgsgeglta:ina Hadronization
0 J/w recombination:

B J/y's from quark low Y G . ¥
recombination at phase = D ke o5
boundary ?

Suppression at low Vsy, and { o SR ﬁ”? o ¥
J/@ enhancement at high Vsy,? o o) (X SRae) T OW
NN - energy 2 “ A s ZD\ @P @D @p
LS ¥ @‘D@D©D
IFAE 2012 Giuseppe E. Bruno 49



ALICE Upgrade
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7Tev 8TeV

2012

75%
nominal
luminosity

2013

LS1

splice consolidation
button collimators
R2E project

2014

experiment
beam pipes

13 TeV

ML 13.5-14 TeV

"

2015

nominal luminosity

2016 2017

2018

I |

injector upgrade
cryo Point 4
DS collimation
P2-P7(11 T dip.)
Civil Eng. P1-P5

2019 2020

experiment upgrade
phase 1

14 TeV

Run 3

2021

2 x nominal tuminosity

2022

cryolimit
interaction
regions

_”

radiation
damage

—

HL-LHC
installation

2024 2025

experiment
upgrade phase 2

14 TeV

energ
5to 7 x

nominal

luminosity

integrated
Iuneug nosity

[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

Major ALICE and LHCb upgrades, important upgrades for ATLAS and CMS

Genova 31-10-16
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A quali domande si vuole rispondere con

Vuggrade?

0 In che maniera interagiscono i quark col mezzo creato
nella collisione ?

B studio della QCD in un sistema mesoscopico a multi-particelle

O Qual e la temperatura iniziale del mezzo e, piu in
generale, la sua equazione di stato ? Qual e la natura
chirale della transizione di fase ?

0 Come sono collegate la soppressione e la rigenerazione
del quarkonio al deconfinamento ed alla temperatura
del QGP ?
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A quali domande si vuole rispondere con

Egrade? Con guall osservabili?

In che maniera interagiscono i quark col mezzo creato
nella collisione ?

B studio della QCD in un sistema mesoscopico a multi-particelle

- la dinamica dei quark pesanti (charm e beauty) e la loro
adronizzazione

O Qual e la temperatura iniziale del mezzo e, piu in
generale, la sua equazione di stato ? Qual & la natura
chirale della transizione di fase ?

- la produzione di fotoni termici e di coppie di leptoni di bassa
massa invariante

O Come sono collegate la soppressione e la rigenerazione
del quarkonio al deconfinamento ed alla temperatura
del QGP ?

- la produzione degli stati di charmonio a bassi p;
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ALICE after 2020

. [ACORDE
O New Inner Tracking System rorwaro
(ITS) PID “f3 SPECTROMETER/
B Improved resolution, less
material, faster readout Py
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ALICE after 2020

O New Inner Tracking System Y rorwars |
(ITS)

B Improved resolution, less
material, faster readout

[0 New Forward Muon Tracker

(MFT)
B HF vertices also at forward
rapidity
........... X D/B-‘/;
B 8 :
o 1} D/B s X
¥

0]

Genova 31-10-16 Giuseppe E. Bruno 55



ALICE after 2020

New Inner Tracking System [
(ITS) I

B Improved resolution, less
material, faster readout

New Forward Muon Tracker

(MFT)

B HF vertices also at forward
rapidity

Upgraded read-out for TPC, TOF,

TRD, MUON, ZDC, EMCal, PHOS,

new trigger detector (FIT),
integrated

Online-Offline system (02)

B Record minimum-bias Pb-Pb
data at 50 kHz (currently <1
kHZz) nteraction Trigger
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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 3.9cm 2.3 cm /
Absorber Pipe radius 2.94 cm 1.86 cm /
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
Genova 31-10-16

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

[ I []]rl ] I T ”I” I ,H '._/G kl!!l‘ll!lllll!!llll |||||-| TT T 1171

= - 0.014—

— MWPC 1 S - GEM

L ] s :

| o TPC only tracks ] g 0.012|~ —&— TPConly tracks

| —=— TPC constrained tracks 1 & | —=— TPC constrained tracks )
| —o— TPC+ITS combined tracks ] B 001 —%— TPCHTS combined tracks +
= . 0.008- & &, -

1 - OO et |
- -4)-—0— <

o0 _Q_-u-_u_-n—o-—m-n-u-'ﬂ"n'-ﬂ-"ﬂ"“'ﬂ_ﬂ {L: 0.006[~ ]
o s 0:004 - o]
- e -Df i -ty ]
i M it

- - 0.002(~ o B
- el o
_lllllllJlIl\lllAllJlllllIlJllI\lllllljllllllljlll— 0“111|Jx|n|||-w|1-||||||1\|1.|||-‘|J-||||||1||1K.F
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 1
1/p, (GeV/c) 1/p, (GeV/c)

e E e

—— J E ec—a_J 2mm
GEM 2 - ¥ 12

L 3 J L J mm
GEM 3 l E — 12

L J J mm
GEM 4 =i ——

E readout anode 2mm
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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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A quali domande si vuole rispondere con

I’uggrade? Con guali osservabili?

0 In che maniera interagiscono i quark col mezzo creato
nella collisione ?

B studio della QCD in un sistema mesoscopico a multi-particelle

- la dinamica dei quark pesanti (charm e beauty) e la loro
adronizzazione
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Heavy flavor: perdita di energia

[0 Forte soppressione in collisioni Pb-
Pb nella produzione di particelle di

alto p, rispetto alle collisioni pp
(scoperta a RHIC)

[0 Interpretazione: perdita di energia

del leading parton nel mezzo,
attraverso due meccanismi:

B gluonstrahlung
B perdita di energia per collisioni

[1 attese della QCD:
B diverso accoppiamento (fattore di
Casimir per quark e gluoni)
m effetto “dead cone” per quark b

u,d,s,c

\

b

!

AE® >AEq > AEY »

2/
T i D B
R, <R,,<R,,

d*N™ | dydp,
-d>N"™ | dydp,

RAA(PT) = N

coll

L I L R R R RN RN R

1.8~  ALICE, charged particles ;
- e p-Pb \s, =5.02TeV, NSD,|n_|<0.3 .

1.64 Po-Pb |5y, =2.76 TeV, 0-5% central, | | <0.8

A Pb-Pb \s,, =276 TeV, 70-80% central, | n| < 0.8

B : HHHHHH@HEEHEE ********** j 3
HEEHAEHMBBE E,

=8 = B_:

- m HUED

1 lJIJIll\lIIlILJlJILlLJIlILJIIJI_

6 8 10 12 14 16 18 20
pT(GeV/c)

& o
g: m=0, Ce=3/ .t S5566™
2 o
u,d,s: M0, o= —
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Heavy flavor: perdita di energia

1.6
1.4
1.2

0.8
0.6
0.4
0.2

Upgrade di ALICE

OO

N L ] T T1T7 I 1T 17T I L L l 1T 17T I LI I T ]
—~ALICE Upgrade  Pb-Pb,\[s\,,=5.5TeV
- L, = 10 nb”, centrality 0-10% 1
- D°- K'n* .
3_++ . Non-prompt J/y— e*e” ALICE
u -t’"' (stat. only) 23/09/2013 ]
S E
- _:
= + .
- * ]
- B + .
. —— 8 f .
- a8 _g ]
: | I I | l L1 1 I | l Ll 1 1 [ Ll 1 1 I 1 :
5 10 15 20 25 30
P, (GeV/e)

O R,, di charm e beauty sino a
pP,=0 conimesoniD e
decadimenti di B in J/y

e con decadimenti esclusivi del B

dati attuali: p,~ 10 GeV/c

< 1 .4 T T 1T | T TT | T T 1T | T 1T | T 1T | T 1T | T 1T | T T 1T
< - -
C - Pb-Pb, \s,\=2.76 TeV .
12 | m  Dmesons (ALICE) 8<pT<16 GeV/c, ly|<0.5 ]
- @ Non-prompt J/y (CMS Preliminary) -
- 6.5<pT<30 GeV/ce, |y|<1.2 CMS-PAS-HIN-12-014 -
- (empty) filled boxes: (un)correlated syst. uncert. .
L - Djordjevic et al. Phys.LettB 737 (2014) 298 |
L — = D mesons N
- — = Non-prompt J/y —
0.8 ol - Non-prompt J/y with ¢ quark energy loss —
0.6 ::H:s ~
R S I - ﬁ : —_— :E |
 50-BUSC s e, — —_—— _ o
L < \~..\.. ............... ~— —_ —~— _
0.4 \"{.{ ................ ~
B ~a VuLLL, e, N
B J ~ \'\"\ ......... 7
- 40-50% o Sy N
0.2+ 3040% 4000 ) B ~=-
| 50.9609 i 10-20% -
- (*) 50-100% for non-prompt J/y 0-10%
0 1111 | L 111 | L 111 | L 111 | L 111 | .| | L 111 | L 111

0 50 100 150 200 250 300 350 400

<I\Ipart>

[0 Prima indicazione dell’effetto
della massa

misura limitata ad alti p;

incertezza nella dipendenza dalla
centralita
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Il flusso ellittico: coefficiente v,

Pb + Pb, b =7 fm

1.6

Piano della reazione g £ A . Sl +
' > | 8 ey s 10-31 % e
- 4 5 g 1.2]e PV e 0-10 %
7 : =
' ol g
_ o
: Z 0.8
51t
; 0.6
-10 ..... L ...... L 0.4 L s s " L .
X 0 ) 9 s ™ 0 0.5 1 1.5 2 2.5 3
x(fm) ¢Iab-\PpIane (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)]>

600us | 1000ps 2000ps

100ps

100000000

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



O

Heavy flavor: il flusso ellittico

la dipendenza di v, dalla specie e
dal p, segue le predizioni dei
modelli idrodinamici, in cui v, e il
risultato di una espansione
collettiva (nelle diverse fasi,
caratterizzate dalle diverse
equazioni di stato)

in che modo i quark pesanti
prendono parte all’'espansione
collettiva ?

v,{SP,|An| > 0.9}

0.3

JHEPO06(2015)190

0-5%

- 5-10%

ALICE

Pb-Pb \s,,, =2.76 TeV
il <0.8
and ly| < 0.5

Particle species

© K
=pp =0
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O

Heavy flavor: il flusso

la dipendenza di v, dalla specie e
dal p, segue le predizioni dei
modelli idrodinamici, in cui v, e il
risultato di una espansione
collettiva (nelle diverse fasi,
caratterizzate dalle diverse
equazioni di stato)

in che modo i quark pesanti
prendono parte all’'espansione
collettiva ?

B sonde del meccanismo di interazione
B sensibili alla viscosita del mezzo

I modelli prevedono valori elevati
di v, per il charm ed un
sostanziale effetto di massa per il
beauty

ellittico

v,{SP,|An| > 0.9}

JHEP06(2015)190

o
>
1

o
w

o
N

o

o

Particle species
© K
= p+p 0

* A+A Z 4+

(il
}

Q+0

PbPb sqrts = 2.76 TeV min bias
B-mesons
D-mesons
b-quarks
c-quarks

J. Aichelin et al. 1
arXiv:1201.4192_

Genova 31-10-16

Giuseppe E. Bruno



Heavy flavor: il flusso ellittico

PRC 90 (2014) 034904  PRL 111, 102301 (2013

. L - [T [ T [ [ O [T [T [T [T [T [T [T [T [ [T [T T [T [T [T T[T e
O le misure indicano un T
= Pb-Pb, \sy=2.76 TeV D Syst. from data
Va I O re d I V > O Syst. from B feed-down
2 4 o4 T ¢ Chargedparticles, v,{EPjAn>2) |

confrontabile con gli
adroni leggeri

B indicazioni ancora
q u a I ita t i Ve pe r i I C h a rm 1 Centrality 0-10% T Centrality 10-30% T Centrality 30-50% ]

oo bbb b b b e e b b b e e e B B e e B b b e B e e
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18

B misure non possibili per by (cauE) pr GV b cav
il beauty I”]]m]]”upgrad'eyz

>N 0.4:T T T
0.35F Pb-Pb, \(s,=5.5 TeV |
= osi PERFORMANCE Centrality 30-50% 4
O l'upgrade permettera Dol Dokme  Tex0Tovents
= e rompt
una misura dell’effetto 020 ", charm . ome
di massa atteso per il 015 © e
0.1?? beau.ty DDDDD . | A
beaUty oosf T Tt R
OIILJH‘I...I...IH,I...IH.[...IAH
0 2 4 6 8 10 12 14 16

Py (GeV/c)
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Heavy flavor: come adronizzano ?

I32hys. Rev. Lett. 111 (2013) 222301

: om 227
O Il rapporto barione/mesone ¥ Perbas,27eToV o
mostra un iIncremento In 18F oo
collisioni Pb-Pb a p, intermedi nel 16F g
- 14F k A AAA —&— 80-90 %
Settore Ilght (p/J’C A/K) E A —4— ppatis=7TeV, |y|<0.5
! 7 i 1'2; A —&— ppatis=0.9TeV, [y|<0.75
B non osservato all'interno dei jets 1E A "ai
- . " - 08;_ 000 w IA
O Interpretazione: ricombinazione 06F v
di 3 quark (quark anti-quark) dal 04f v.:+§+ oy
. 02F
plasma per formare un barione N3 S
0 2 4 6 10 12
(mesone) p_ (GeVic)
(C.M.Ko et al. PRC79) 2 A0 B
/0° B o - - 1 8 A AT PO\ Sy =99 18V
"'w"'llf\'cw"'l"'l"' 20 “ADI/B“ 12.0 Q" /ﬁ!:lCE Upgrade  Pb Pb’m 5.5TeV 1 £ 1ok Li,=10 nb™, centrality 0-20%
:— tf{ree-quarkmodel ( C) : :— three-quark model : §_Q ’ ""’*._ Lint = 10 nb_1’ Centrality 0-20% N (%’ C ]
e A | emm™ @ e &  ALICE A/K param (276 Tev) | 10F ' ]
S e 1 a [ o[ e Ko et al. (200 GeV) . [ . |
1k ol Jao =2 _H_ — TAMU, Rapp et al. (2.76 TeV) | 8f- | } 3
' ] ALICE, a4 | 3
1 %\/s 200 GeV {4,0 26/09/2013 C 1
5 NN™ ] ol _
: _:2'0 H ----- B E 1 | | 1 | | | 1 | | 1 [
I S Jrobind é"‘110"'1'2'"154'”1%"'1'8”'2'0'“2_2 % 27476 8 10 12 14 16 18 20 22 24
PETENE ATRTETS AErS S IIF‘III‘IIWIIIIJIIWJIIIO’0
7 1 1277 (3Gevj 5 6 ) 1 IZJT (36er 5 6 pT(GeV/c) pT(GeV/c)
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A quali domande si vuole rispondere con

I’uggrade? Con guali osservabili?

O Qual e la temperatura iniziale del mezzo e, piu in
generale, la sua equazione di stato ? Qual e la natura
chirale della transizione di fase ?

- la produzione di fotoni termici e di coppie di leptoni di bassa
massa invariante
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Una sonda penetrante: i dielettroni

-y
o

-

H

-

- T 1 [ T 1 1 T 17 T
= PbPb @\5,,, = 5.5 TeV

0-10%

| 1y <084

p‘; > 0.2 GeV/c

Fi| 0.0< P, < 3.0

T

T
Sum

Rapp in-medium SF

Rapp QGP
cocktail w/o p
cT — ee

0-10% :
dN,,/dn = 1750 E
N, = 1625 ]

dN/dM, dy (GeV™)

10"
102

10°

10-4 TR SRR SRR | 4 AV [ 1
0 02 04 06 08 1 12 14
M,, (GeV/c?)

La produzione di dielettroni riflette l'intera evoluzione del mezzo

Sonde elettromagnetiche: una volta prodotte non risentono del
mezzo

[0 diversi contributi nello spettro di massa invariante:

m fotoni diretti (radiazione termica) > temperatura del QGP

m mesoni vettoriali leggeri (p, w, ) 2 restaurazione della simmetria chirale
B open charm ed open beauty

00

Genova 31-10-16 Giuseppe E. Bruno 70



& 105717 T T T T T T T =
o2 Pb-Pb |s,, = 2.76 TeV E
3 10k [ 0-20%ALICE — PDF: CTEQ6MS, FF: GRV ]
15} [#]20-40% ALICE - - (n)PDF: CTEQ6.1M/EPS09, 3
Ta 1P [F140-80% ALICE  FF:BFG2 1
3|0 E E
2o f JETPHOX 3
% [O-10F PDF: CT10, FF:BFG2 %
o 0 nPDF: EPS09, FF: BFG2
25; 10g quhbb (all scaled by N_,) E
Al [ ]
s
107 T - ,
102
107
10~4_
10757
10¢
107

I v diretti: la “temperatura” del QGP

L ‘ L] 3
1 10
pT(GeV/c)

107

107

===
° []ALICE

—A eXP('PT/ Ter)

(o] PHENIX

—A EXP('PT/ Terr)

b

= 1 dN

L L

0-20% Pb-Pb Vs, =2.76 TeV 3
Too=304 + 1190 + 407 MeV 1
0-20% Au-Au {5, = 0.2 TeV

T =289+25" + 7% MeV |

e [ Ei E
- T=304 £40 MeV ., ]

e
5l ‘pfldAp{' | v b Tl .
0 1 2 3

T

4 5 :
P, (GeV/c)

[0 La produzione di dielettroni riflette
O prima misura ad LHC - T~300 MeV e una temperatura effettiva

£ | Early universe

4

2

g

:[300

& Quark-gluon plasma

Crossover Critical point
~170MeV |- ==~ ]/
Sf
o,
1‘07@’
Hadron gas Color
superconductor
Vacuum \matter

0MeV 900 MeV Baryon chemical

potential (y)

l'intera evoluzione del mezzo
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I v diretti: la “temperatura” del QGP

g{; 105%7 T P‘b o ‘{s_ \276 Te{/ ™ = &; F L L L [ L B L N B : : Early ur\iverse
o E - = L 3 2 ro[o] by
3 10t [ 0-20%ALICE —PDF:CTEQ6MS, FF:GRV |~ 1oL . [eJALICE ] @
G F  [+]20-40% ALICE -- (n)PDF:CTEQ6.IM/EPS09,5 & '°F 0-20% Pb-Pb {s,,=2.76 TeV 3 E:
_"% 1%L [+140-80%ALICE  FF:BFG2 4 — Aexp(p/Tey) " E = 3 O O
H E ° stat
e JETPHOX e T T4 =304 + 1159 + 40%° MeV _ g.
% [O-10F PDF:CT10,FF:BFG2 3 % |5 1F (o] PHENIX < E s ;
B o] nPDF: EPS09, FF: BFG2 e r 0-20% Au-Au {8, = 0.2 TeV [ Quark-gluon plasma
3 105 *e (all scaled by N, = 25 — Aexp(-p/ Ty
-= T a0 T = 239 + 25 +7%° MeV
& 1F | tlz = Q10 3
107 T (@ rossover/ Critical point
oL { 101 ) ~170MeV [= =~ =
E } %+ [*] B ](S‘[Or
1073? (2 El\z] d@,.
°T T=304 £40 MeV_, ]
1055 E : E Hadron gas Color
g superconductor
. ot 1 dN . : i
10° E
g — A e T - Vacuum \matter
107 r
: NN 2 | N N . :
L L 0 7 ) 3 0MeV 900 MeV Baryon chemical

1

[0 La produzione di dielettroni riflette

Il 1 10 ]
P, (GeV/c)

4 5 :
P, (GeV/c)

potential (y)

l'intera evoluzione del mezzo

O prima misura ad LHC - T~300 MeV e una temperatura effettiva

R. Rapp Acta Phys.Polon. B42 (2011)

T

4
%

14
=N

dN_/(dMdT) [arb. units]

T

— M=0.5 GeV
= M=1.0 GeV (x40)

-+ M=1.5 GeV (x400)

200
T MeV]

| Early universe

re (T)

—

Temperatu:

Quark-gluon plasma

—

Crossover __—Critical point
~170Mev [Ee=cge

O

Gamma virtuali - Studio
in funzione di m,..

B masse elevate, elevate
temperature, primi istanti

B masse intermedie

B masse basse, basse

temperature, ultime fasi

Genova 31-10-16

Giuseppe E. Bruno

72



Il mesone p: la restaurazione della

simmetria chirale

van Hees+Rapp (2008)

10—5 T T l*\[e\ 1 OlL tm
; 11qu

._.
<=
N

!L!l|.....

—
(=1

(1/Ny) d°N, AdM dn) (20 MeV)™

NAG) ——i |

in-medp ==
QGP

plunp -

FOp =—

nm === 1

DY =——

0—

0 ===

total

‘‘‘‘‘

O-1EX === 7

0.2 04 0.6 08 1

[0 la miglior misura mai eseguita: NA60 all’'SPS

12 14
data acceptance-corrected

‘spectrum directly reflects
thermal emission rate’ (Rapp)

Phys Rev. Lett. 96 (2006) 162302

<D ~ In-In SemiCentral
=

o |

b all P,

@ 400 AN,

o <d—>=140

s n

D

pd

©

2000—

Rapp/Wambach
Brown/Rho
Vacuum p

cockt. p (dashed)
DD (dashed)

1 1.2 14

M (GeV)

before acceptance correction:

underlying space-time averaged
p spectral function (purely accidental)

B si osserva un allargamento della distribuzione di massa
invariante della p ma non uno shift
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I dielettroni di bassa massa

run2 (prlma dell’'upgrade) upgrade con 3 nb-1
= 10 L T L AL L L — R - e S S S |
S PbPb @[5, = 5.5 TeV Rapp Sum S PbPb @ﬁ 5.5 TeV Rapp Sum
8 . 0-10%, 2567 === hEpp friaschen S & 0- 10%, 2.5E9 events Rapp In-medium SF
< Rapp QGP 1§
ly 1 <0.84 PP ) =107 <o Rapp QGP
T 1l 0" 02 GeV —&#— 2.5E7 'meas.’ - ¢E - cock T B —&— 2.5E9 'meas.’ - c& - cockt.
e p; > 0.2 GeV/c 5 Syst. err. bkg. p’ > 0.2 GeVic
e Fl 0.0<p <30 [3 Syst. err. bkg.
% ’ tee = ] syst. err. ¢€ + cocktail % 1 0_2 0.0< Piee <30 ] Syst. err. € + cocktall
3 2

0 02 04 06 08 1 1.2 1.4
M,, (GeV/c?)

M, (GeV/c® )

[0 con l'upgrade dell'ITS (ed un run dedicato a 0.2 T):

B precisione sulla “temperatura” del 10%, in funzione di m,,
B studio della modificazione della p
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A quali domande si vuole rispondere con

I’uggrade? Con guali osservabili?

[0 Come sono collegate |la soppressione e la rigenerazione
del quarkonio al deconfinamento ed alla temperatura
del QGP ?

- la produzione degli stati di charmonio a bassi p;
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Produzione di charmonio a basso p,

PLB 743 (2014) 314-327

< 14 < 14 3
< [ Inclusive Jiy — e'e’, Pb-Pb | s, =276 TeV and Au-Au | sy, = 0.2 TeV < [ | Inclusive Jiy — p*y, Pb-Pb | s, = 2.76 TeV and Au-Au | s, = 0.2 TeV ny
m 10 r @ ALICE (PLB 734 (2014) 314), ly|<0.8, p >0 GeV/c global syst.= + 13% m 10 ! W ALICE (PLB 734 (2014) 314), 2.5<y<4, 0<p <8 GeV/c global syst.= + 15%
TR O PHENIX (PRC 84(2011) 054912), [y|<0.35, p >0 GeV/c global syst.= + 12% ) I [ PHENIX (PRC 84(2011) 054912), 1.2<ly|<2.2, p, >0 GeV/c global syst.= £ 9.2%
| 1
1 r 1 4
0.8 0.8 HHF !
X H @ r H-I
N - [l
06F @ @ 06F ﬁ . = -
i @ : @ [
0.4F 5 0.4F 5
: iy : Py
0.2 ; 0.2 :* o 0 il
O’II\I\IIII\I\IIII\I‘\\\\‘\\\\‘\I\I‘IIII 07\\\\I\I\IIIIII‘IIII‘I\I\l\\\\‘\\\I‘I\I\
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
<Nparl> <Npart>

[0 In sintesi:

B ad alti p,: conferma della soppressione come a
piu bassa energia
B a bassi p,: una frazione sostanziale di J/y €

prodotta per (ri)combinazione di coppie cc nel
QGP o direttamente all’adronizzazione (phase
boundary)

[0 Sono necessari:

B uno studio dettagliato di v,
B studio del rapporto ¢(2S)/1/y
B studi analoghi a rapidita centrale

1.4

1.2}

0.6F

[ Pb-Pb \Syn = 2.76 TeV and Au-Au | s, = 0.2 TeV

[ ¢ PHENIXJy - p', 1.2<|y|<2.2, centrality 0%—20% global syst. = + 10%

B ALICE Jly — p*u, 2.5<y<4, centrality 0%—20% global syst.= + 8%

1_

0.8}

0.4F

0.2}

Oiuwuuuuuu\.\\\.\\\\\\\\\\\.......

P (GeV/c)

PRL 111 (2013) 162301

«~ 0.3
> [ ® ALICE (Pb-Pb sy, = 2.76 TeV), centrality 20%-40%, 2.5 <y < 4.0
0.2F
04f £ $
0:_ ““““ + .
-0.1} global syst. =+ 1.3%
s v b b b b b b b L
0 1 2 3 4 5 6 7 8 9 A(
p; (GeVlc)
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O

Produzione di charmonio a basso p,

lisura del coefficiente v, per la J/y

Upgrade di ALICE

PRL 111 (2013) 162301

o 0.3

® ALICE (Pb-Pb\s,, = 2.76 TeV), centrality 20%-40%, 2.5 <y < 4.0

0.2F
04f

ob] m

0.1F

p; (GeVlc)

runl: v,>0 ? (2.7 o)

O

Jip
2

Absolute error on v

Muon Spectrometer (4.0< y <2.5)

0.08 T T T T =
oL, =1nb” —o— {7
0.07)- . q4 <
- |mL, =10nb’ 10
L o Centrality 20-60%] &
0.06f o —O— ty 9 E
- ’ Ful:25<y<4 {1 @
0.05[- —C— 4 2
- Open: 3.7 <y < 4] é
0.04]- =
: I
0.03[- —— R
o ——
n —O— .
0.02F—— e —— =
—— (1 o . o — ]
L —— .
0.01 .
- g 8 L ]
s Ao by e s b o by g by by s sl
% 1 2 3 4 5 6 7
pT(GeV/c)

Central Barrel (|y| <0.9)

O'GUZ full: TPC PID, open: TPC+TRD PID (lyl<0.9)

0.07F centrality: 10-40% .
- . —O0— f
0.06}- - =
- ® L =1nb", current readout ;
0.05F m L =10nb" =
- —O0— 1
0.04 - -
0.03|- -
—
0.02 :— o _:
001t ‘ B
A ‘ —a— . U =

T e e ru T ! 1 I

% T 2 3 4 5 86 7

P, (GeVrc)

In assenza di ricombinazione, la J/¢ non dovrebbe presentare

flusso ellittico. Le J/v ricombinate ereditano il flusso dei quark c

con l'upgrade: v,(py, Nparts )

- caratterizzazione dettagliata del meccanismo di ricombinazione
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Produzione di charmonio a basso p,

gé 1_2 _lllllllllllllll|l"Illlllllllllllllllllll-‘
o - pp (N_ ) scaling i
ad5r ———— — R call i
—_ C ALICE Preliminary: inclusive J/y and y(2S) n
2 4 E Pb-Pb, |s,=2.76TeV and pp, 5= 7 TeV S é 1 { + %
2 E o 0<p <3GeVic,25<y <4 >m - )
(C/\l) 35F A 3<p <8GeVlc,25<y <4 4
\5_' T CMS Preliminary: prompt J/y and y(2S) 0.8 ]
'<'_Q 3E Pb-Pb and pp, | Syy= 2.76 TeV B b T
E u 3<p, <30GeVic, 1.6<y| <2.4 i D :
3 25 - . v 6.5<pT<30GeV/c, yl<1.6 0.6 T
5 F SN :
?\l)\ 2K i i ]
E 15;_ . B - I 95% CL (ALICE) 04_— ——
YOO Sy | OSSN SO - i statistical model ; ]
o of ey
05F = { - .
ok e [ Ao [ symbols: expected ALICE data (y}<09) i
050 100 150 200 250 800 350 400 0550400150 306" 250 300350 400
(Npan>
Npa'.t
[0 Situazione attuale caratterizzata da ampie incertezze
[0 R<1 sia nel modello in cui le J/psi si combinano solo

all’adronizzazione (statistical) che nel modello dinamico di
trasporto nel QGP
B |‘upgrade permettera di distinguere tra i due modelli
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Conclusioni

With LHC run2 Heavy Ion physics has
entered into the precision era

2"d phase of LHC intended to
characterize the medium with hard
(penetrating) rare probes

ALICE is upgrading its detector for this
aim
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Charm vs. light quarks/gluons
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Not trivial to describe both D meson and pion/charged-particle R,, within the same model

* inthe ratio of R,, predictions, uncertainties on the medium density/temperature cancel
* the model by Djordjevic and CUJET 3.0 do it over the whole momentum range they cover
* the version of Vitev model with radiative-only energy loss does not describe the data
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Model references
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D, vs. non-strange D mesons

ALICE, JHEP1603 (2016) 081 < 20— T
ALICE, JHEP1603 (2016) 082 o 18” ALICE 0-10% Pb-Pb, | $, = 2.76 TeV -

1'6:— e Average D’, D*, D**, |y|<0.5 -

0 with p_-extrapolated pp reference
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TAMU, PLB 735 (2014) 445
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_
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* D, in Pb-Pb: similar suppression than non-strange D mesons in 8-12 GeV/c
* R,,(D/) >R,,(D%D*D™) at low p,? More statistics needed
* Important for constraining quark coalescence models

Kuznetsova, Rafelski, EPJ C 51 (2007) 113
He, Fries, Rapp, PLB 735 (2014) 445

Key measurement for run 2 and run 3.
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