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Temperature T [MeV]

200F

Phase diagram of
strongly-interacting (QCD) matter

- At high energy density ¢ (high
T Quarks and Gluons temperature and/or high density)
2 C"‘ﬁ:”‘"‘? hadronic matter undergoes a phase
| e / transition to the Quark-Gluon Plasma
g Hadrons S (QGP): a state in which colour
5 N % . .
A P K confinement is removed
& %
/ Color Super-
Neutron stars  conductor?
? 7/
Nuclei Net Baryon Density

Phase transition: confined state 2 deconfined state

Lattice QCD calculations:
Critical temperature at 0 baryon density~ 155 MeV
Critical energy density ¢, ~ 1 GeV/fm3 ~ 6-7 ¢

nucleus



QGP in laboratory:
nucleus-nucleus collisions

Can we form the QGP in laboratory? Need to compress/heat matter to very
high energy densities.

Energy Stopping Hydrodynamic L ;"‘.‘_f-‘.-%’f’;\.»"l’.' e
Hard Collisions Evolution Hadron Freezeout

Initial state

By colliding two heavy nuclei at ultra-relativistic energies we recreate, for a
short time span (about 10-23 s, or a few fm/c) the conditions for
deconfinement

As the system expands and cools down it undergoes a phase transition from
QGP to hadron again, like at the beginning of the life of the Universe: we
end up with confined matter again

Chemical freeze out: time at which inelastic interactions cease
—>abundances of particle species (w,K,p,.. yields, not resonances) are fixed

Kinetic freeze out: all interactions cease - free streaming of particles to
detector



Ultra-relativistic heavy-ion accelerators

-- only main collision systems are indicated --

BNL-AGS, early '90s, Au-Au up to /sy, =5 GeV
CERN-SPS, from 1994, Pb-Pb up to /s,y =17 GeV

BNL-RHIC, from 2000, Au-Au /s, =8-200 GeV

CERN-LHC, from 2010, Pb-Pb /sy, =2.76-5.5 TeV



Pb-ion facility at CERN

Approved 1990, started operating 1994

CONTROLS software: BARC
VECC and TIFR (INDIA)

............. . stripper
| HEBT
LEGHARD Gos - TORIND
(including rf '
transmitters) vacuum
upgrading
instrumentation upgrading vacuum
upgrading

stripper

4
N

2 Fig.1.1  Collaborations Involving Laboratories from France, Italy, Germany and India




First acceleration stage (LNL)

A Heavy Ion Linac for the CERN Accelerator Complex

G. Amendola*, N. Angert**, M.-P. Bourgare|***, B. Bru*** F. Cervellera#, G. Fortuna#,
H. Haseroth®, C. Hill*, G. Hutter**, J. Klabunde**, H. Klein##, H. Kugler®, D. Liska###,

A. Lombardi#, H. Lustig*, E.
U. Ratzinger**, L. Riccati
P. Téw*, A.

. R. Ricci&i‘

. Musso”, H. O'Hanlon*, G. Parisi#, A. Pisent#, U. Raich*,
A. Schempp##, T. Sherwood®, P. Sortais***, E. Tanke*,
gren®, M. Vretenar®, D. Wamer®, M. Weiss*

"CERN (CH-1211 Geneva 23), **GSI (Gesellschaft fir Schwerionenforschung, D-6100 Darmstadt).
***GANIL (F 14021 Caen). #INFN Legnaro (Laboratori Nazional di Legnaro, [-35020 Legnaro), ##Univ. Frankfurt (Inst. fiir
Angewandie Physik, D-6000 FrankfuryMain 1), ###CERN Associale from LANL (Los Alamos National Lab., Los Alamos.
NM 87545, USA). “University and INFN Torino (1-10125 Torino) )

Absrract

;l'hc injector linac required by CERN for heavy wms, ¢.g.
Ph28+_ is heine made in collaboration with several
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charge state ions, ¢.g. pulses of 08+ 10 07+, Arl0+ o Arl4+,
PH35* 10 PL29* could be obtained. The phenomenon is stable
and reproducibie and the afterglow peak. dependent on the

adinctmant af tha cnurca nasamatare o ahant M ae T nmas tha

LEBT <ITL) °”§ Stl” |n use at the LHC'
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Heavy-ion experiments at the LHC
ey

MUON
FILTER







Central barrel (|1 ]<0.9, B=0.5T)

87.2cm

N
>

The ALICE detector

T T T
p-Pb, \sy, =5.02 TeV
1.5<p<1.6 (GeV/c)

zzzzzzzzzzz

E p=1.9-21

L
¢ all tracks

o with TOF PID E
o with TOF and TRD PID (LQ2D)

hadron rejection factor: 185
electron efficiency: 0.86

no electron, TPC

EMCAL

Counts per 50 MeV/c?

=
QU

o
A

2

-16 < (TPC dE/dx — <TPC dE/dx>e)TPC < 30
(TPC dE/dx — <TPC dE/dx>e)TPC < -4o

Entries

8001 0-10% Centrality Class, lyl <0.7 -]
[ + ]
600 + -
[ +
L +
400 .+ =
200fs, s, ]
[ -, -
L g5 2 ::”"..

1200F

10005_ =~ hadrons

R R
I ALICE Preliminary
“eelectrons 4 p, (GeVic) <4

Pb-Pb, sy =2.76 TeV

e
sl el e s doy S90lansal

L I B R

ALICE, p-Pb |5, =5.02 TeV
2.03< Yoms < 3.53, P> 0

2

M. (GeVic?)

i delabia
0204 0608 1 1214 16 1.8 2

Elp



The Silicon Pixel Detector

Fundamental contributions from Legnaro and Padua

Design of the
carbon fiber support of
one sector

Photograph of a ladder
nounted on a prototype bus

Schematic drawing Pixel bus with 10 chips
of the two barrel layers {half-stave configuration)

E
Half-barrel:

outer surface

Photo of a chip (1.28x1.36mm?):
8192 pixel cells (256x32) with size

50x425 um? 10



The Silicon Pixel Detector

Fundamental contributions from Legnaro and Padua

Photograph of a ladder

Design of the
carbon fiber support of
one sector

One of the most |mportantALICEsub -detectors

1
trigger, primary vertex reconstruction, event multiplicity, ...

— 300 —_—

E : N : [ L] - L]

-SNN S ALICE - Resolution on track position at the primary vertex better

S 250 charged particles | .

ER - than 70 micron for p;>1 GeV/c

§ 2001 s ppVs=7TeV - .

T pPbyag=502Tev SPD crucial for charm and beauty measurements

< 450~ ® Pb-Pb (S =276 TeV - R B
L : % 500F 100M evTeNnts i
, s pp = ‘ S (30) = 1458 = 52

100" s Pb pointing angleemimm © 400L S/B (30) = 1.10 ]
[ o P » [ ALICE o ]
50- iHTYW Pb-Pb 2 300 D= Ka* 4
5 R . E E and charge conj]
: o ¥ 33%., 200F E
0 L L ool L L MR | F
10" 1 10 Gevio) o 3<p <4 GeVic
impact parameters ~100 L m o 1 75 1 8 1. 85 1 9 1 éS 2 205
Int. J. Mod. Phys. A 29 (2014) 1430044 M(Kn) (GeV/c)




Few introductory concepts: centrality, Raa

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

larger number of nucleon-nucleon collisions

~— Pb-Pb
R, (p;)= AN 4 | dpy If R,,=1 = no nuclear effects
N >>< dN_/dp If R,,#1 = nuclear effects
/< coll pp(\T AA

Binary nucleon-nucleon PP

collisions, encodes Note: N_,, scaling

collision geometry expected to hold only

<N, <N¢> from “geometrical” Glauber model for hard (rare) processes

S
—
~—
_—
-

spectators ABTER
ek
- [ S

Probability

7
" participants (Npart)

before collision after collision

No. participants (Np,)
transverse energy
multiplicity 12




Quarkonia and QGP (re)discovery



Quarkonium in the QGP

Bound quark-antiquark states: “charmonia” x_, Jhp, Y(2S),...
“bottomonia” Y, Y(2S), Y(4S),..

Recall: quant-antiquark QCD potential

V(r)=-"+kr
r

The QGP consists of deconfined colour
charges - screening effect

~

V(l’) _ _ge—r/ﬂ@

r Ap: screening radius

‘ The binding of a qq pair is subject to the effects of colour Debye-like screening:
the “confinement” contribution disappears

the coulumbian term of the potential is screened by the high color density
Matsui, Satz, PLB178 (1986) 416



J/p suppression
-- QGP discovery smoking gun --

1 PLB 477 28-36 (2000)
; NAS5O Collaboration

pure
N
1

e
N
1

$ LA

-—

o
o]
|

Measured / Expected J/y suppression
5
1

i
e
; f’*%&ﬁ@
b

® Pb - Pb 1998 with Minimum Bias

o
»
!

. O Pb - Pb 1996 with Minimum Bias
v Pb-Pb 1996
0.2 ®=S-U NA38
A p-A NA38
o p-p(d) NA51
O IIIIIIIl|l|llllerII]|Illl|ll]llliIi

0 0.5 1 1.5 2 2.5 3 3.5

energy density ¢ Gevim?)

Also previous indications:
NA51 Collaboration, PLB 438 35 (1998)

N.b. “expected suppression” = JAp absorption in
“cold” nuclear matter (no QGP). Not discussed
in the slides, but note: p-A needed as reference

NA38 Collaboration, PLB 444 516 (1998); PLB 449 128 (1999)
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J/p suppression
-- QGP discovery smoking gun --

N.B. different quantities plotted on both x and y axes

1.4

1.2

PLB 477 28-36 (2000)
NA5O Collaboration

LA

1
0.8

0.6

Measured / Expected J/y suppression

0.4

0.2

—O==0

it

i
Hp
Jf’*%&ﬁ@
o

® Pb - Pb 1998 with Minimum Bias
Pb - Pb 1996 with Minimum Bias
b - Pb 1996
-U NA38
-A NA38

o

vp
=S
ap
o p-p(d) NA51

0 j

0.5 1 1.5 2 25 3 3.5
energy density ¢ Gevim?)

Also previous indications:
NA51 Collaboration, PLB 438 35 (1998)

NA38 Collaboration, PLB 444 516 (1998); PLB 449 128 (1999)

-

=1.2
[=]
& b ™ NA3R/S0/60 syst =+ 11%
-~ ~ o
- PHENIX syst =1+ 12%
= geba
-~ 1
® 3
< o
< l
=
-
~

o
[+ =}
T 17117

o
o

YT I
-

&
0.4 [E !
f &} i
0 2| © NA38, S-U m
- e NABO, In-In
I NAS0, Pb-Pb (ZDC) }SPS

— .
_ ‘:_., :
<
“
= =
@
]

| = PHENIX, Arauy=0 RH|C, Phys. Rev. Lett. 98, 232301 (2007)

OlllllllllllllllllllLlllllll111111111

50

100

150 200 250 300 350 400
Npart

Adding RHIC data:

similar suppression than SPS,
despite the x12 larger collision

energy (X2 ¢)... unexpected!
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Quarkonium suppression & regeneration

Hot QGP-> quarkonia suppression due to Debye-like screening of QCD QQ
potential (“melting” of bound QQ states) - signature of deconfinement

(T. Matsui and H. Satz, PLB 178 (1986) 416)

Surprisingly similar Jhp suppression at SPS and RHIC (ex2) energies

- Could quarkonia states be (re)generated via recombination (coalescence)
of deconfined quarks? (P.Braun-Munzinger, J. Stachel, PLB 490 (2000) 196)

J W Pmduction Probability

statistical recombination |,

Thermal dissociation

Enersy Density

LHC vs. RHIC

Larger energy density =»stronger suppression
Higher cC multiplicity =»larger recombination

Start of collision
Low
(RHIC)
energy |, 25

. i3
P

High %o
(LHC) P
ey | 200

Development of

quark-gluon plasma Hadronization (*)

— 2o — @D

ceo

co\ ®D

@P
\?f\o’ @b.eP
k \o °£ \‘ f _©(gb
o ®° @p

(*) Note that “in vacuum”:
(ccbar 2>J/hyp ) / (ccbar >DDbar ) <<1 (~1-2%)
17



Jp suppression: LHC vs. RHIC

c 14 i Inclusive J/yp — utw b
r= ® ALICE, Pb-Pb |5, =5.02TeV,25<y <4, p.<8GeVic 7]
10 F W ALICE, Pb-Pb s =276 TeV,25<y <4,p_<8 GeV/c h
) L O PHENIX, Au-Au |s, =02 TeV, 1.2<lyl <2.2, p.>0GeVic .
1k ;

ilis,'! R,x=1: No suppression
08l 5 ALICE 5 TeV ;
(o] 0 @
0.6 Hﬁ ©® m Oy ®EE

Hgl ™ Alice 2% _
@ﬁ rege@ration E
PHENIX “ o B | ;
0.2 TeV a8

100 150 200 250 300 350 400
: N
peripheral = central @ (N

0 50

<
<C

C

1.4

1.2F

0.6

0.4

1

0.8}

[ Inclusive J/y — p*p, Pb-Pb | s, =2.76 TeV
B ALICE, 2.5<y<4, 0-90% global syst. = + 8%

TMA1
T™M2
----- Primordial Jiy ~ (TM1)
-=+Regenerated J/y (TM1)
B + = Primordial Joy ~ (TM2)
-+ Regeneration J/y (TM2)
- H primordial

Jp suppression stronger in central events than peripheral

Smaller suppression at LHC than RHIC

Analysis vs. transverse momentum: suppression stronger at higher momentum.
In agreement with models expecting about 50% contribution of J/p from

recombination at low ps.

“Twice a signature of QGP” 18




Quarkonia: sequential suppression

Indication that y(2S) is more suppressed than JAy i

Y (2S) ~4 times more suppressed than Y(1S)

< 2P

1.8

1.6

1.4
1.2

1
0.8
0.6
0.4

0.2F

L e e e e e e e e LA e e e
- ALICE inclusive J/y, w(2S), Pb-Pb VSwn = 5.02 TeV, 2.5<y<4, 0<p <8 GeV/c
:_ ——— y(2S) (Preliminary)
i ——— Jhy (arXiv:1606.08197)
L Upper limits include global uncertainties
1
% Iﬂm
- LIE 5 O ® @ =) 0 mypd oo
0.l
0 50 100 150 200 250 300 350 400
N o

peripheral = central @

o |o
gl g
‘—n:( S-Q(
1.2
1
0.8
0.6
0.4
0.2

Binding energy

T/T -1
2 |- | Y(1s) Y(1S) 1.1
- [ %(tP)
12wl 77005y vesy /P 0.65
Y(2S) 0.55
. 7%'(2P) Y'(35)
T 07 w(zs) ¥(2S) 0.05

A. Mocsy, Eur.Phys.). C61 (2009)

ALICE Preliminary, Pb-Pb |s,, = 5.02 TeV
B Inclusive Y(1S),Y(2S),0 < p, < 15 GeV/c, 2.5 <y < 4, centrality 0-90%
Transport Model [Rapp et al. EPJA 48(2012)72, private comm.]
- = \vithout regeneration
= With regeneration
llL1lllAl11!AllllAlllljlljljllljllllllj
0 50 100 150 200 250 300 350 400

(N



"Soft probes”
--few selected topics--



~ | ALICE \s = 2.76 TeV
S T «05%Pb-Pb

4& 0.8 < Pp -
EOG_ - = +
l¥+ 0.4+ ‘-: LT ﬁﬂunu— ? ?
+¥ 0.2 K/JT: .

8 10 12 14 16 18

0 2 4 6
pr(GeV/c)

Strong modification of p/xt vs. p; from pp to |

Particle ratios

Phys Rev. C 93, 034913 (2016)

Phys. Rev. C 91 024609 (2015)

o
R, Pb-Pb | sy, = 2.76 TeV 0
~ | CALICE |8 =276 TeV | & | oo o2 AKg
1'e +0-5% Pb-Pb c ve ! !
| c . ‘e
:' 0.8 'e'pp 7 8 . .
® o6 4 2 )
i ' B g 1 + / .
0041 § l. p/ﬂ; 1 S | . p/T
02 - - A
o~ N © R *t e
I R TETRTRT Dost fegl® " RONC .
| - /
pT(GeV/c) _ o p 0] x0. 1 o
[ ALICE

central Pb-Pb collisions (“radial flow peak”)

Indication of collective behaviour

« Pressure gradients leads to radial flow

« Same “velocity” boost gives larger momentum to heavier

particles

« Alternative/concurrent explanation: hadronisation via
quark coalescence - higher momentum for baryons (3
quarks) than mesons (2 quarks): challenged by ¢/p ratio

p(qaq)>p(qa) <— P = Epl

©
"o 0 06 06 o ©
0 0.2 o ©
/7 0 0 n
© (‘
o0 Ooﬂo o

quarks 21



Anisotropic (Elliptic) flow

Non-central collisions: azimuthal

.'...OJ [ L] [l
%Y anisotropy of nuclei overlap region
5[
:- “é ..:. . "
Reaction: ©|ib-plang = Asymmetric pressure gradients transfer
plane i X the anisotropy to momentum space

— The transfer of this asymmetry to momentum space
provides a measure of the strength of collective

y ' Py
§ Px
phenomena

Effects addressed by measuring the azimuthal distribution of the particles
with respect to the “Reaction Plane” - Fourier analysis

N(@) o< 142Y v, cos(r(@ = gp)) = 1+ 2V, COS(P = Yy ) + 27, COS(2(P = Pip)) + ..

v,= Elliptic flow, main parameter .



Anisotropic (Elliptic) flow

Points= data curves=model
ALICE iEBEVISHNU 10-20% | Pb-Poys =276 Tev 20-30% | Elliptic flow (v,) significantly>0

> v @  Evidence of system collective
020 =P —pD T motion
> g _* « “Early signal”: develops in partonic
0.1r I phase
oL . | | I * Well described by hydrodinimical
>N 0.001: _____ '______- _____________________ T models

oot T te g'g':':'z'g., T

« Expected trends vs. particle mass

30-40% A

| = Thermalized partonic system

—> (via more detailed comparisons
with models) Data suggest very
low viscosity (¢ small mean
free path)

05 1 15 5 25 0.5 1 15 2 25
P, (GeV/c) P, (GeV/c)

System behaves as ~perfect liquid
(the RHIC “paradigm”)

JHEP 1609 (2016) 164



Constraining further viscosity:
higher harmonics

Initial geometry is not an ideal almond shape

o Fluctuations of initial energy/pressure distributions lead to ‘f,’ "
“irregular” shapes (- need more harmonics to describe

them) that fluctuate event-by-event

Simulation of energy density evolution
(ideal and viscous hydro) 7=6 fm/c (final state)

12
Schenke, Jeon, Gale, PRL 106:042301,2011 10
8
‘F— . . .
6 & Viscosity determines the
* “conversion efficiency” of the initial
2
. shape into final momentum

x[,m] azimuthal distribution

¢ = Higher harmonics add
j 5 sensitivity to the value of
2 shear viscosity

24

7=0.4 fm/c (initial state)
600

500

y [fm]
e [fm*‘

&

X [fm]

Fluctuations of initial state are
damped by viscosity

y [fm]

X [fm]



Ratio

Ratio

0.15

01—

0.05

1.2

1.1

Constraining further viscosity:
hlgher harmonics

—5.02 TeV

— ALICE Pb-P

Eama
b

L WV, {2, [An|>1}
eV, {2, |An|>1}
QV {2, |An|>1}

W\
A\
Y
* ") llb
N \
¥
="
-
U ]
/
Y g

o v,{2 [Aan|>1} =3V, 12 |An>1]
o V,{2 lanj>1} =aVai2, [Anf>1
O V {2, |an|>1}
gn V.

N 1
7N

: ——
Hydrodynam|cs
2.76 TeV 5.02 TeV, Ref. [27]_

IIIIlllllIll

» t (a)
8 u
1 I I 1l I l 11 1 I Ll 1 1
i I I T é LI I L l:
- ‘ Hydrodynamlcs ef. [25] + -
- 1 j n/s(T), param1 -
- EEE /s =0.20 -
3 E
L ] (b) =
LT 1 I 1 1 I LI | =
(c) -
11

T A

30 40 50 60 70
Centrality percentile

80

2.76 TeV (Run 1): PRL 107 (2011) 032301
5TeV (Run 2): PRL116,132302 (2016)

Higher-narmonic coefficients
significantly non-zero

QGP viscosity very low

i(lower than any atomic matter)

25



High-energy probes - microscopic
processes (local interactions) in the
medium



QGP tomography with high-energy partons

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

—> “Calibrated probes” of the medium w=xE

0
...........
.........................

Study parton interaction with the medium g BT | o=(1xE
* energy loss via radiative (“gluon Bremsstrahlung”) Production § s § g 8
collisional processes A Medium
~ Study QCD “Bethe-Block” curve
for partons in the QGP Fool .
s F Bethe-Bloch Radiative
9 4/  Anderson-
_E_: 7‘%‘?‘: Ziegler
w OFS N Radiative Radiative
Connection of “local” interactions & | .. lonisation  xeach 1% - _f’s_}e‘“: ......
° . . N | losses _ T, -
with global medium properties v, T wimews
— Microscopic description of the MOL et g e et et
mediu m L 0.1 1[MeV/C]10 100, |1 [G;)//c] 100, (1 [T:\(;/c] 100 |

Muon momentum



QGP tomography with high-energy partons

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

—> “Calibrated probes” of the medium w=xE

0
...........
.“.Q||.." o <200 , 00000000

Study parton interaction with the medium Hard £ 0=(1-X)E
* energy loss via radiative (“gluon Bremsstrahlung”) Production TkT 3 § § &
collisional processes 8 Medium
~ Study QCD “Bethe-Block” curve e.g. in BDMPS-Z formalism*
for partons in the QGP (AEY™ « a,Co gl

U 3-8 (12 por

Connection of “local” interactions Trans ort)“Lcoe fficient(s)
with global medium properties P

- Microscopic description of the *Baier, Dokshitzer, Mueller, Peigné, Schiff, NPB 483 (1997) 29
) Zakharov, JTEPL 63 (1996) 952.
medium

28



QGP tomography with high-energy partons

ALICE, PRL 110 (2013) 082302

III|III|III|III|III|III|III|III|III

ALICE, charged particles

18
N P+Pb Sy =502TeV, NSD,|n_|<0.3

6 [u Pb+Pb \sy, = 2.76 TeV, 0%-5% central, || < 0.8
14 A Pb+Pb \s, =2.76 TeV, 70%-80% central, |n| < 0.8

C® ]
C e 1
C® ]
C® ]
@]
[
IEII
:IE

=]

Rpr ’ RPbe

—e—

;

g

E

[
O

== o

o

-l
;
]
Semi-central Pb-Pb

III[:!E]E'DE] 2

e

:
II|II[|III|III|I[II1IIIIIIIIIIlIIIlII

. ©

)

| | | | .l (}entra’ Pb-PP
12 14 16

0 2 4 6 8 10
P, (GeV/c)
dN,, /d
RAA (pT ) _ AA pT

) <Ncoll>Xdep /de

18 20

Strong suppression of intermediate/
high p; particles in central Pb-Pb
collisions

Absent in p-Pb collisions (no QGP
expected)

- final-state effect

- Evidence of in-medium partonic
energy loss

medium

parton
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Jet quenching

AA
>

I T T T | T T T | T T T T T T I T T T I T T T I T
LICE Pb-Pb |s,,, = 5.02 TeV £ shape uncertainly

18 [__] correlated uncertainty

1.6

|||l||||||||—

Anti-k; R=0.2 |njet| <0.7 p'fad >5 GeVl/c

1.4 —=— \'Snn = 5.02 TeV ALICE 0-10 % (Ch Jet, R=0.2 pp:Data)

ISy = 5.02 TeV ALICE 0-10 % (Ch Jet, R=0.2 pp:POWHEG)
~ —— |S = 2.76 TeV ALICE 0-10 % (Full Jet, R=0.2)

- PLB 746 (2015) 1

C —4#— |s, = 2.76 TeV ATLAS 0-10 % (Full Jet, R=0.4)

PRL 114 (2015) 072302

|l|l

1.2

—

0.8

0.6

=
*\lﬁ':f:—l

0.4

| www=wwe S, 23D i 1 1

0.2 ALICE Preliminary

III|III|III|III|III|II\|III|III|III|III

—III||||||I|||II|

Il | | Il

140
(GeV/c)

| | Il Il | | Il Il | | | Il Il I Il | Il I Il | | I Il

20 40 60 80 100 120

pT, jet

Is the jet internal structure modified?
* Kinetic properties
» Spatial distribution of jet
constituents
« Particle specie composition
Many studies performed/ongoing

Jets are “extended” objects

—> provide complementary information to
single particle observables

—>Address spatial distribution and kinetic

properties of radiated energy

Jet suppression - Out-of-cone
radiation

Jets in medium
(pzammmommmmeeaaans det-broadening

Jets in vacuum

________
........................................

/ Enhancement of
N4 low-pr particles
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Open charm and beauty

ALICE, JHEP 1511 (2015) 205
CMs, EPJ C 77 (2017) 252
E . T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T T T T T

\y
1.2

Pb-Pb, | s\ =2.76 TeV
m* (ALICE) 8<p <16 GeV/c, lyl<0.8

A
u D mesons (ALICE) 8<p <16 GeV/c, lyl<0.5
(4]

Non-prompt J/p (CMS)
6. 5<p <30 GeV/c, lyl<1.2 EPJC 77 (2017) 252

(empty) filled boxes: (un)correlated syst. uncert.

*) 50-100% for non-prompt J/
ernomprome! wJ/lp from B
I D mesons
pions

40-50%

30-40% 5 000, [¥ay

. 10-20%
n* shifted by +10 in (N W 0-10%
L1 ‘ L1l ‘ L1l ‘ | l l | ‘ L1 ‘ L1l ‘ L1 ‘ L1

50 100 150 200 250 300 350 400
(N o)
part

Similar D meson and pion R,
Expected from small charm-quark mass
+ differences between charm and
gluon/LF spectra slope and
fragmentation

0.8

0.6

0.4 50-80%*

0.2

OO

R, (J/y from B) > R,4(D) in central collisions

<

Indication of R,, (B) > R,,(D)

The different suppression and the centrality
dependence as expected from models with
qguark-mass dependent energy loss
(AE>AE| 2AE >AE,)

Expected from dead cone effect:
H

Gluonsstrahlung probability

1
_&Cx [6° +(my, /EQ)2]2

Dokshitzer, Khoze, Troyan, JPG 17 (1991) 1602.
Dokshitzer and Kharzeev, PLB 519 (2001) 199.
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Open charm and beauty

Today on arX|v arX|v 1707 01005

7\\\‘\\\‘\\\‘ ‘\\\7
- ALICE Prellmlnary IyI<05

> [ L L DL B T '_ OQ B
2 0'3— 30 50@ Pb Pb \S —502 TeV ALICE - F1A0 o 30.50% Pb-Pb, (5, = 5.02 TeV E
g [ W08 1 r = 0-10% Pb-Pb, |5 =276 TeV 1
. B & e D° D', D* average i 1.2 + pp, (s=7TeV ]
BA 0.2 § 'a,/, ] Syst. from data — r ]
- - iR % Syst. from B feed-down ] 1 o -
01:— 3 /% ST , 7 —: 0'8; E
:gf /@ . oy~ O — N i 0.6; h— *:
o ] 04 -1 —F —H—
I Y L it i 02~ _gg .
0T e e 0 12 14 76 s 20 25 24 ot
P, (GeV/c) 0 2 4 6 8 10 12 14 16
P, (GeV/c)
Charm flows 2> important constraints to models
D, vs. non strange D: modification of particle o
. L)) IR
species abundances? (g;f‘nffp" o %0 @
—>hadronisation via coalescence? ®0lonl o
00 ¢ " 00 o
() ()
o0 ° () e °

- Charm participates to system collective motion
- Possible thermalisation? Need more precision
at low p- 32



Prospects for the futulgs® -'f
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ALICE data-taking in Run-2

I T T

2015-2016
pp 2015 (~4 days)
p-Pb 2016
p-Pb 2016
Pb-p 2016
Pb-Pb 2015

Goals for 2017-18:

— Pb-Pb: reach 1/nb target

— pp 13 TeV: reach 40/pb target
— High statistics pp 5 TeV sample

5.02
5.02
8.16
8.16

5.02

~14 pb?
~100 nb*
~3 nb?
~20 nb?
~20 nb

~0.4 nb
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ALICE after Run-2

Pixel muon forward tracker

new ITS

=

Beam pipe

Wamaay, ;-

GEM-based TPC

chambers

C T
Fast Interaction Trigger
New Online-Offline system All projects moving
Readout upgrade of other detectors : :
Goal: collect 10 nb-' of min. bias Pb-Pb collisions 'nrto pl’(t):_uctlon
x100 gain w.r.t. run 1+2 for min. bias phase this year 3>




Performance examples for HF signals

Access to charm and beauty down to very low p;

<2\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\7

< “r g 1O T T T T ]
o 1_8§ALICE Upgrade  Pb-Pb,\[s\, =5.5 TeV ? Q o Pb-Pb,\/sNN =55TeV ]
165 L, = 10 nb™, centrality 0-10% §/n S L., = 10 nb™, centrality 0-20% -
- 0w E s I : ALICE A/KS param (2.76 TeV) |
1'4: | D= K" ] ﬁ R s TP Ko et al. (2560 GeV)
1.20+T4 + Non-prompt (Jt/‘tl’f)e e ALICE By | _/H» — TAMU, Rapp et al. (2.76 TeV) |
C - stat. only. 23/09/2013 ] ~
A= e -
IF i i ] i -t
08} + Elsplaczd Y E _\Ek A~ pK
iy "+ from B decay E
S . L E I -
0.4; o 5 _E_—B—: - |_| ]
0'2; -E-_E_ ; 11ll1111111ll11llllll1111111111111111111111
- 0 ] 0 2 4 6 8 10 12 14 16 18 20 22
Ok L1 \P\rqm p\t\ \D\ Loy by by g 10T pT (GeV/C)
0 5 15 20 25 30
P, (GeV/c)
8 \\\‘\\\‘\\\‘“““““““““‘ 8 7\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\7
= — +_- ]
%10278+—>D0n+ Pb-Pb, F 5.5 TeV § 14: Ap— A Pb-Pb,\/s = 5.5 TeV :
£ f L., =10 nb™, centrality 0-10%- £ o0 Lt = 10 nb™, centrality 0-20% -
> ] o TF ]
[ ] o [ + ]
20 —t— ] 1o Ap™ AT | ‘ :
~ f Slan f o ' = 5
10 % ‘ E Gi _+_ ‘ 7:
- | . F | . E
-+ Full B meson reconstruction **  ——Baryon with beauty
i Down to p=2/GeV/c 2- also accessible!
1 L1 [ [ [ [ Ll .| 7\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\7
1O é 4‘1 é é 1b 1‘2 1‘4 16 0O 2 4 6 8 10 12 14 16 18 20 22 24

P, (GeVl/c) b, (GeVic) 36



QGP in small systems?

The future has
already started!!
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The multi collision-system experimental
approach: the initial design

p A A A
P P
—0 O— ——0 — —f e

Local QCD

. Local QCD

vacuum o +
initial state/cold nuclear matter

Local structure of QCD

initial state/cold nuclear matter
+

Quark-Gluon Plasma



Long range correlations and flow in p-Pb

ALICE, PLB 719 (2013) 29

ALICE, PLB 726 (2013) 164

2< Py <4 GeVie P-Pb | sy =5.02 TeV ~ 02— 7T
1< PT;M <2GeVic (0-20%) - (60-100%) S C ALICE IAnl > 0.8 (Near side only) ]
' “ T p-Pb |5, =5.02TeV .
%&) 0.2 " (0-20%) - (60-100%) J E
= [ mh an D ol .
0.15 :— ‘K op —+— —:
,l: 0.1 =*='=4"=_+_ —* 3
n T | : .
0.05 ___:;::*: oo ‘[ -
- ¥4+ p-Pb 5
0 01511115é21553154
P (GeV/c)
-2 Pb-P‘b \ISTN=2‘.76TeV‘ 26-30% |
Large v, (elliptic flow) values!
Mass ordering and “crossing” similar to Pb-Pb, o ool |
where data are reproduced by hydrodynimical models SR LA
pT(GeV/c)
arxiv:1606.06057

39



Strangeness enhancement

PLB449 (1999) 401
py >0, ly-y,l<0.5

- WA97/NA57, . o.o
SPS (Pb-Pb) ~

10

Y
[aE]

) ok

[
[

e ? E@ A

Particle / event / wound. nucl. relative to pBe

pBe pPb PbPb

\\\\‘ 1 \ll\\\\‘ 1 \Ill\\\‘
1 10 10% 10°

<Nwound
Increase of strange particle yield with collision centrality
Stronger effect for particles with larger strangeness content
Historical QGP “smoking gun” (Rafelski, Miiller, PRL48(1982)1066), associated with partial
chiral symmetry restoration (see backup) and removal of canonical suppression

>



Strangene

PLB449 (1999) 401

D
2 | pp>0, lyy,I<05
[=}
é‘ - WA97/NA57, TTL QO +0O*
k= L O
S | SPS (Pb-Pb)
T). 10
: .
=] L
6 .
g | )
e | : °F o
E 3
2 -3 =
£ T ETE A
" f @ O

| pBe pPb PbPb

\II\\H‘ \II\\H‘ 1 \III\\\‘
1 10 102 10°
<Nw0und>

Increase of strange particle yield v
Stronger effect for particles with le
Historical QGP “smoking gun” (Rat
chiral symmetry restoration (see b

‘H 11 March 1999
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Strangeness enhancement

PLB449 (1999) 401 Nature PhySICS (2017) doi:10. 1038/nphys4111

% L pyp>0, ly-y, <05 CR T T T T T T
8 . — B ALICE 7
E - WA97/NA57, TEL Q+Q" o E 5 | ®pp,\s=7TeV Eﬂj A
3 SPS (Pb-Pb) 7" i ’\{5 . Op-Pb, s, =5.02 TeV FH“ ’ %_
S 10 |- T = c - KO x |
=1 L ~— S *
_: T ~ B A Eﬁd I
g =3 ™ R ’ 0..-%]
E 178 F = 1.5 4o Eﬁ'ﬁ g ]
2 ~—" L et e _
% $ ~ ”Q“% Ij @- _@
3 2 2.3 o I b m il ST @@@@ ______________ ]
Y %  ® O 5 - i

| pBe pPb PbPb ‘EE 7

, 0.5 i

1 10 10° 10° 10

< Nwound > <dNCh/d T’>|T]|< 0.5

Increase of strange particle yield with collision centrality

Stronger effect for particles with larger strangeness content

Historical QGP “smoking gun” (Rafelski, Miiller, PRL48(1982)1066), associated with partial
chiral symmetry restoration (see backup) and removal of canonical suppression

Now observed also in pp collisions at high multiplicity
- New research direction 2



Summary

... only a snapshot of the main results presented

After 30 years of studies QGP formation in heavy-ion collisions quite
established

The experimental goal is now to measure precisely its properties and

achieve a comprehensive microscopic description of the medium

« Event-by-event studies and fluctuations

« Push precision for particle chemistry (baryon/mesons, resonances,...)

« Hard-probes: still much room for improving precision and for more
differential measurements - still a lot to learn!

Recent years: indication of collective QGP-like effects in small collision
systems with particle multiplicity a possible “collant’’common scale

- Really QGP in pp/p-A collisions?

—> Possibility to study onset of these phenomena?

- New research direction

A lot of work for ongoing and future/upgraded experiments!
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System size: HBT interferometry

Hanbury-Brown and Twiss
“Bose-Einstein” enhancement in the momentum correlation of identical bosons emitted
close in phase ——> Probe “homogeneity emission region” and decoupling time

)

()]
o
o
o

Phys. Lett. B 696 (2011) 328 (values scaled
— - 1T - r T 1 ]

source emitting particles

ar 3
(2m) RoutRsideRlong (fm

“homogeneity volume”

4000

e*mED»

E SPS

E895 2.7, 3.3, 3.8, 4.3 GeV
NA49 8.7, 12.5, 17.3 GeV
CERES 17.3 GeV

STAR 62.4, 200 GeV
PHOBOS 62.4, 200 GeV
ALICE 2760 GeV

RHIC

B

)

LHC

two identical pions, 77", 7T~

Charged particle multiplicity (dN /dn)

500 1000 1500 2000

P

T, (fm/c)

P

(2)

decoupling time

N
——

e*mpD> > |

T T L e B
89527, 3.3, 3.8, 4.3 GeV ]
NA49 8.7, 12,5, 17.3 GeV '
CERES 17.3 GeV »
STAR 62.4, 200 GeV
PHOBOS 62.4, 200 GeV _
ALICE 2760 GeV 1
£ |

A ]

A

From Ry, assuming longitudinally 0

expanding emission source

12 14
(dN h/cm)"s

RoutNRsideM6 fm
Riong~8 fm
As expected,
larger-size and
i longer living system
produced at the LHC
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 Particle multi

Energy density

PHOBOS

T T T T \I\Il T
pp(pp), INEL

AA, centra

»
-*
s

=
Q L
S - O ALICE m ALICE
Z 1270 cwms ¢ CMS .
~ - v UA5 e ATLAS
/\*%10;{?' PHOBOS + PHOBOS ]
a - A ISR A PHENIX
\Z/ : v BRAHMS SO.155(4)—
sl pA(dA),NSD * STAR .
i ALICE x NA50

<05 -
|||||\‘ 1

102

10°

10*

VS (GeV)

Phys. Rev. Lett. 116 (2016) 222302

plicity at mid-rapidity - transverse energy density

Bjorken formula:

&

E 1 dE, S = transverse dimension of nucleus
=" Sty dy |, To= "formation time"~1 fm/c
IE SPS RHIC LHC
y Ll (GeV)* 400 800 2000
Y e

£(GeV/im3)* 25 5 12

*Indicative numbers

More than enough for deconfinement!
e.~ 0.6 GeV/fm3




10°
10?
10

dN/dy

107
1072
107°
107

o

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

(
|

Thermal model and chemical
freeze-out temperature

Chemical freeze-out temperature estimated from relative particle abundances
Model assuming statistical hadronization: particle abundances determined by their
mass and quantum numbers (spin) at by system properties (T,,Ug;..)

ntr+n  K'+K KO K*+KR* p+p A =+=25 Q+0O° d iH“‘ ,B\H 3y
2 2 s 2 ¢ > 2 2 5 °
IR V]

.. . ALICE Preliminary .
- e | e | . Pb-Pb 15, =2.76 TeV, 0-10%

E I -0+hd ) -'- ) I-.-h ]
SPU
3 & Not in fit : : : : e : : E
= ¢ Extrapolated e 2l =
C Model T(MeV)  x?NDF| : 3
E |— THERMUS 2.3 155+2  245/9 |

= GSI-Heidelberg 156+2  18.4/9 | : =
=+ SHARE 3 156 + 3 15.1/9 | : § : § Y W

S R U S B L LT Ty CEE SRR ST R TR SRR R R F SRR RN SRR 3
R S St SO SO SO L L e =
SETTTITE: RS =

R nn n A BN n xR R L S S U SRR ! ]
L - -

Yauy - - -
e S SO SO A SN L e raes DT DU U S =
R At SO S S S S S Nt SR SRR =

Hadron yields
described assuming
chemical equilibrium
and T~156 MeV -
close to lattice QCD

expectation for T
Some tension for
protons and K*
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Kinetic freeze-out temperature

Phys. Rev. C 88, 044910 (2013)

‘L‘loe LI I LI I LI I L I LI LI I LI q 105 LI l L I LI I LI ll LI I LI Il I l§ 1@%' | I LI L I | L I | I LI L I l?

S = Range of combined fit J.[; ] = Range of combined fit : 103 = ]

3 ; E|

81 Pb-Pb276 TeV 1 F I §

- B 1 L i i - ;

210° 410°E g 10Eq E

5 10°ky 3 10F Sy T %

F F > P 3 E

& 1067 g 1Fs >4 107E N

=10k —— positive \\- o[ —=— positive - S 3 [ —=— positive ~

F —5— negative . S F —5— negative E —5— negative x

102 | -—— combined fit 4. o F -— combined fit B o], F ——- combined fit

F —— individual fit 80—90% <:310™ E—— individual fit 80-90% W 107 £ —_ individual fit ~ 3

3 e = - = " N3

10 ElllIIIIlIIlIIlIlIIlIIIIII'A.I-..'l'll Dy -4-||||||||||||||||||||||||||||.'i'-l|||\ 10-5_|||||||||||||||||||."' ”1||‘
0O 05 1 15 2 25 3 0O 05 1 15 2 25 3 0 1 2 3 4 5

P, (GeV/c) P, (GeV/c) P, (GeV/c)
Combined fit to several particle spectra > system properties at kinetic freeze-out
“Blast-wave” model: thermalized volume elements expanding in a common velocity
field (= convolution of thermal velocity with expansion velocity)
« Goodness of the global fit 2 hydro-dynamical description holds
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Kinetic freeze out temperature

PhyS Rev C88 044910 (2013)

— 02 T T ™ T T
> F T T ALICE, Fit Range |
¢ 0.18F g e 05<pT<1 GeVie
= 016 |
0-14-70-80% |
0.12 N
- ; %—'—'— .
0-1E°STAR, Fit Range ! 95;2%}3, :
0.08 % 05<p <08 GeVic 05% 5 3
PEK 02<p, <0.75 GeVie :
0.06 F-p: 035<p <12 GeV/c E
' ' ' ]

025 03 035 04 045 05 055 06 065 07

Transverse expansion velocity

)

Combined fit to several particle spectra > system properties at kinetic freeze-out
“Blast-wave” model: thermalized volume elements expanding in a common velocity
field (= convolution of thermal velocity with expansion velocity)

« Goodness of the global fit 2 hydro-dynamical description holds

* In central collisions at LHC: T,

~ 90 MeV, transverse expansion velocity ~0.65 c 4o



Elliptic flow at 5 TeV

a = 0, 0,
2 03f 10-20% i e 40-50%
= L]
3 | el |
N -
$020 ey il ! ’
I [ &y
! AN
o1F £ b . , L& o *
E & | @
:éﬂ { Coe ¢ | g?
Y T T I T I T § T T T T S T T
0 2 4 6 8 10 12 14 O 2 4 6 8 10 12 _14
p_ (GeV/c) p. (GeV/c)

¢ flow vs. p;:
« Mass ordering at low p;

« Baryon vs. meson grouping at higher p; (2-6 GeV/c)

Quark-level flow + recombination?

ALICE Preliminary
Pb-Pb ys,, = 5.02 TeV
ly| < 0.5

0t
+
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Temperature from Photon spectrum

¢ ¥
* Photons in heavy-ion collisions } ss“
— Photons from QCD hard scattering: g g

power law spectrum — dominant at

high py § T ;
— Thermal photons, emitted by the hot § o © T8 e
system (analogy with black body & [ Ny "7 e wme
radiation): exponential spectrum — %% ¢ ZZET'LMS— —
dominant at low p; Fgm' AT ey

 From inverse slope:

Teff* =304 £ 41 MeV 10 3] EE
~2 T, (T.~160 MeV) iR
~1.25 x T,(RHIC) | L

107 E

* “Average” over whole medium evolution

1_5 lllll lllllllllllllll]l-l 11 l | -
0 3 4

5
ALICE, Phys.Lett. B754 (2016) 235 p; (GeVic)




Jp elliptic flow

E 0.25 ™ LA | T rrT ]
L ~  ALICE Preliminary ¢ V,{EP,An=1.1} J
s 02 - Pb-Pb \ Syn = 502 TeV, 20-40% global syst: + 1%_:
0.15F Inclusive J/y — pu-, 25 <y <4 -
0.1F + + + -
0.05 :— + —:
oF .
- P. Zhuang et al., prompt J/y .
-0.05F R. Rapp et al., inclusive J/y -
n R. Rapp et al., primordial J/y .
_0 1 C 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 7

0 2 4 6 8 10 12

Positive J/ elliptic flow
Expected for J/p from recombination
Remains high at high p; = not expected from

CMS PbPb |s,,, = 2.76 TeV
0.2
- Prompt J/y Cent. 10-60% -
015 4+16<|y[<24 uly|<24

0.05- —* +

e ey v by a1 |
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EPJC 77 (2017) 252
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QGP tomography with heavy quarks

* Early production in hard-scattering processes wit% at all p; for charm and beauty
* Production cross sections calculable with pQCD (large masses >> Aqcp)

e Strongly interacting with the medium

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

“Calibrated probes” of the medium w=xE
R S ol
Study parton interaction with the medium Hord L o=(1xE
* energy loss via radiative (“gluon Bremsstrahlung”) Production S § 3
collisional processes A Medium
» path length and medium density é’:: L=5 fm -
> color charge (Casimir factor) ET=304Mev | b, coll.

.g. from dead-cone effect)

> quark mass

_IIII|IIII]IIIIlIIII'IIII'IIIIIIIII

H 04
03
Gluonsstrahlung probability .
1 0.1
_Q x 3 212
[9 +(mQ /EQ) ] o0 Ill10““20““30ll 40 50 60 ll70l BOpT(gé)eV/(;;)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).



QGP tomography with heavy quarks

* Early production in hard-scattering processes wit% at all p; for charm and beauty
* Production cross sections calculable with pQCD (large masses >> Aqcp)

e Strongly interacting with the medium

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

“Calibrated probes” of the medium et

Study parton interaction with the medium Hard £ 0=(1-X)E
* energy loss via radiative (“gluon Bremsstrahlung”) Production %Tqﬂl g g
collisional processes A ¢ Medium
> path length and medium density
> color charge (Casimir factor) AEg > AEu,d,s > AEC > AEb

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

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

A

« participation in collective motion =® azimuthal anisotropy of produced particle



Open charm and beauty

ALICE, JHEP 1511 (2015) 205
CMS, EPJ C 77 (2017) 252

i
|

Pb-Pb, \s\\ =2.76 TeV
m D mesons (ALICE) 8<pT<16 GeV/c, lyl<0.5

@ Non-prompt Jiy (CMS)
6.5<pT<30 GeV/c, lyl<1.2  EPJC 77 (2017) 252
(empty) filled boxes: (un)correlated syst. uncert.

Djordjevic et al. Phys.Lett.B 737 (2014) 298 i

= = D mesons
= = Non-prompt J/ _
""" Non-prompt JAp with ¢ quark energy loss —
J/y from B
= — ]
...... == g D mesons-
N $'<:. ..... N —~ : — i
............ _ —_ ]
[ 50-80% s i, e, ~Z=-
i T U D B e L Y —
gl 9
- ~ i, e, i
- ., Tt |
~ \.* ........
- 40-50% ~ e ]
- 30-40% [ -
20-30% -
(*) 50-100% for non- 10-20% i
’ prompt J 0-10%
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OO
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<Npart>

Similar D meson and pion R,

Expected from small charm-quark mass
+ differences between charm and

gluon/LF spectra slope and
fragmentation

R, (J/y from B) > R,4(D) in central collisions

<

Indication of R,, (B) > R,,(D)

The different suppression and the centrality
dependence as expected from models with
qguark-mass dependent energy loss
(AE>AE| 2AE >AE,)

Expected from dead cone effect:
H

Gluonsstrahlung probability

1
_&Cx [6° +(my, /EQ)2]2

Dokshitzer, Khoze, Troyan, JPG 17 (1991) 1602.
Dokshitzer and Kharzeev, PLB 519 (2001) 199.
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Open charm and beauty

Today on arxiv: arXiv:1707.01005

a 0.37 | LI | L I L N LI | 1T | 1T | L | L I | 1T | L Ii N O‘4il T | T | T | T | T |D|01 IDJ! IDL+IaL/ér;gle|! iy||<|0|.8l T ‘ T I—_
z - 30-50% Pb-Pb, \San = 5.02 TeV ALICE - C ALlCE ® v,{EP, [An|>0.9}, \ 5 = 5.02 TeV ]
g [ W08 ] - o V,{EP, JAn[>0}, | 5, = 2.76 TeV .
- IS e D’ D", D* average i 0.3 PRL 111 (2013) 102301 —
0 0.2 53 3 [ syst. from data — - ]
IO /3 Syst. from B feed-down 7 B 7%, [y[<0.5,\ sy = 2.76 TeV N
T § XY ] 0.2 0 V,{SP, [An|>0.9}, JHEP 06 (2015) 190—]
- é . - o Vo{EP, |An|>2}, PLB 719 (2013) 18 =~
o1 2 \@ — _ .
" D N ’ 0.1 + ]
:§f Py . 1 ]
/ S —
e T T T T e - 07_:__31_;_____ ________ i
I T e, - C ysL romoee 0-50% Pb—Pb ]
[ maiem,on e ] L sonaesson | 807507 FDEPD 5
0 e T 0 12 14 e s 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
P, (GeV/c) P, (GeV/c)
Charm flows 2> important constraints to models
D, vs. non strange D: modification of particle o
. o, 2~ (%) ‘
species abundances? 0'0,%0 o %0 @
—>hadronisation via coalescence? ® cioed o
o© o .- ,(/\ ©
© o0

- Charm participates to system collective motion
- Possible thermalisation? Need more precision
at low p- 56



QGP tomography with high-energy partons

< F L L B L B B B
£t<0_6_ ALICE Preliminary _
: Pb-Pb | 5, = 5.02 TeV : Strong suppression of intermediate/
i harged particles, : ] i i i
0.5 SHEmoApaTiEes, | 71<88 high pr particles in central Pb-Pb
; collisions
0.4f g
: Absent in p-Pb collisions (no QGP
0.3 expected)
0-2¢ ] - final-state effect
0 13 ’/+/$/ [® ] Data 0-5% ( +4.5% norm unc.) 1
0 d — - Djordjevic 0-5% ] . o . .
S Majomdor 0.5% : -> Evidence of in-medium partonic
O-.I....I....I....I....I....I....I....I....I....I- energyloss
0 5 10 15 20 25 30 35 40 45

P, (GeV/c)

medium

Very similar result at 5 TeV (run-2)

parton

57



QGP tomography with high-energy partons

1.6

1.4F

1.2

27.4 pb™ (5.02 TeV pp) + 404 pb '(5.02 TeV PbPb)

I IIIIIII I IIIIIII

CMS

[e]cMs502Tev ¢ ALICE 2.76 TeV
O CMS276TeV vV ATLAS 2.76 TeV

Taa @nd lumi. uncertainty

1 1 lllll[l 1 1 lllllll

—
&
| 5551 £

102
p, (GeV)

Suppression up to very high p;

Strong suppression of intermediate/
high p; particles in central Pb-Pb
collisions

Absent in p-Pb collisions (no QGP
expected)

- final-state effect

- Evidence of in-medium partonic
energy loss

medium

parton
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Started to extract information from data

From analysis of inclusive charged particle spectra at
RHIC and LHC and considering many models

7 :
woe MARTI — McGill-AMY . .
|
¢ = HT.BW e ETETIET Only a starting point!
wess HT-M
S5 RS Raa & V2
P @ varied centrality
i iy
(U ..........
3
N AV
“ 200GeV
Au+Au at RHIC & 2.76TeV
1 5.7 ' ' & 5.02TeV
An/Ter(D! __Pb+Pb at LHC,
#A— < |
0 0 0.1 0.2 0.3 0.4 0.5
T (GeV) from J. Liao, QM2017

Nucl.Phys. A931 (2014) 404-409
g=12+0.3 GeV*/fm (central Au-Au /s, =200 GeV)

G =19=0.7 GeV*/fm (central Pb-Pb /s, =2.76 TeV)
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Jet quenching

Jets are “extended” objects - provide complementary information to single
particle observables
» Address spatial distribution and kinetic properties of radiated energy

« Out-of-cone radiation 2 jet suppression

197 — | | | | I R N
@ ATLAS Preliminary lyl <2.8
| anti-k, R =0.4 jets, |5, =5.02 TeV ]
R A =5 Jet suppression
et L L | upto~iTev!
05| og e T T T =% T ] .
I —#-0-10% 1
| 2015 Pb+Pb data, 0.49 nb”' —4-30-40%
| 2015 pp data, 25 pb’* | ~+-60- 7°| % | | | | L
?00 200 300 400 500 600 900
p, [GeV]
Is the jet internal structure modified? | , ;
o Ki - - ets in vacuum ets in medium
Klne’gc Prope rhgs : I i dethroadening
« Spatial distribution of jet
constituents
 Particle specie composition Quenchin

Many studies performed effects? v Enhancement of
/4 low-pr particles
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Jet-structure modifications

* First measurement of jet mass in Pb-Pb (and in p-Pb):

M =

p= = Y prsinhn,
=1

\/p2 —pp — P}

i=1

p=)_ pr coshn,

* Large M: soft constituents far from jet axis
* Small M: few hard constituents close to axis

¢ <Mquark jet>< <Mg|U0n jet>

9 """" LI L ! ' N I N ! ! ! I N ! ! | ! ! ! ! I ' ! ]
(0))] 100<p, ot < 120 GeV/c 100 < P1. chjot < 120 GeV/c 100 < Pt o <120 GeV/c ]
g\D 0.2 ] —4— p-Pb |5y =5.02 TeV ] @ 0-10%Pb-Pbys,y=276TeV | [ JEWEL + PYTHIA 0-10% Pb-Pb ]
. NN~ ¥ ] ] 3 R il 4
O —— PYTHIA Perugia 2011 | PPb {5, = 5.02 TeV 1t ecollon ]
— == HERWIG EE5C 1 0 e Recoil off ]
QL 1 F ]
2 .8 a‘-':.:'i'-.-' T —: :— ::\ B
ol ¢ {1 s
[ - 1 F 7
'Om - i@ia 1 |5 Se.d .
© ] - o - .
T ZL, 01 " e T
2
' M e (GeVIc) My, o (GeVic?)

M et (GeVic?)

p-Pb baseline described by PYTHIA and HERWIG
No significant modification of jet structure in central Pb-Pb wrt p-Pb

Pb-Pb better described by PYTHIA than by generators with gluon
radiation in a QGP
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Events / ( 0.1 GeV/c”)

Bottomonium suppression

o PePbasiy gg{ ng) PbPb 368/464 pb P 28.0 pb” (5.02 TeV)
o L I LI I 77T | TiT TTrT I LI l LI I 7T I T ]
pt“< 30 GeVic CMS - 1 ok ph* < 30 GeV/c CMS ]
e ly"|<2.4 Preliminary - r " . )
40001 > 4 GeVie = i ly"| < Preliminary Cont. ]
3500F- 0-100% = I 11" Krouppa, Strickland & Y(i§) 0-100%
g ¢ PbPbdata - 4 mfs=1 |
S000F —POPbiit 0.8/ — 47 nfs=2 . Y(2§) o oL ]
2500: -- pp overlayed 1 < 159 =z 4 n/s=3 D Y (3S) 68% 1
2000 s T E = 0.6l ., T Y(3S) 95% CL E
1500 = - TN |
10005 M 0af\PN. e | J
500% —; : Y. — e :
0t L d 020 e Telhwee.. ]
2 . . o« 3 - -
& Oi . ..0 * .o o. DY . o o - O.E 0 - mm—— IL
fé: 5 * " - " 1’3 ;4 0 50 100 150 200 250 300 350 400
m,, (GeVic) Noat CMS-PAS-HIN-16-02 T/T¢_1/r) tfm]
© Y(15) (Epinaing~1100 MeV), Y(2s) and Y(3s) (Eb~200 MeV) have 2| [vas)

%(1P)

J/p(18) Y'(25)

different sensitivity to the medium :

« Strong suppression of Y(2s,3s) with respect to Y(1s) increasing with 2

centrality %'(2P) Y'(35)

x(1P)  w'(2s)

- Trend expected from “sequential suppression”



Few introductory concepts: centrality, Raa

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

larger number of nucleon-nucleon collisions

Pb-Pb
R, (pr)= AN /de If R,,=1 = no nuclear effects
<Ncoll> xdN , /dp; If R,,#1 = nuclear effects
\ tators SR
Binary nucleon-nucleon PP P —ppaa:

collisions, encodes
collision geometry

participants (N ;)

Yield (a.u.)

< > 11 - ”»
Npa;t 0 NCOI”‘ | from | geometrlgal Glaluber model e ison
E 10° | ‘ J
10'3F— + Data ;’ A
Glauber fit = 'a )
« .
10'4F\""'m " | BRI Note: N, scaling
o0 IR e expected to hold only
el E
: for hard (rare) processes
10 B8 | & | & : %
28| 8 Cy
P No. participants (Ny.r) =
0 4000 8000 12000 16000 20000 transverse energy >

VZERO Amplitude (a.u.) multiplicity

~ particle multiplicity/deposited energy 63



Geometry of heavy ion collisions

How can we be sure that we have the

Smaller/simpler collision systems
(QGP not formed / not big impact

collision geometry under control?

Probes not sensitive to medium formation ¢
- electroweak signals (y,W, Z bosons) o
3 14 -2 boson s E
T2 Pb-Pb  mztiem E
T B
0.8 - — doy,/dy NLO QCD (CT10) X kynio e
T C pp luminosity uncertainty [ systematic uncertainty .
06 (T,,) uncertainty -

0 100 200 300 400
(N_)

QD © ©)

CONF-2017-010

> on hard-probes production)

1 ,83— Shadowing, EPS09s (n°) —f
16 o LO pQCD + cold nuclear matter =
145 PRL 110 (2013) 082302 E
128 R =
§ e
0.8F | ' -
06k p-Fb sy =5.02 TeV E
B @ !ALICE, NSD, charged particles, n__ 1<0.3 7
0:44:.—r—|—|--.—:--r—.—1-' .............................. ]
0 N 4 6 8 10 12 14 16 18 20
\
\ p. (GeV/c)
\ T
N
Caveats: breaking of N, scaling
(soft processes) + initial state/ cold-

nuclear matter effects at low p;




Signals reconstructed with central barrel

“V0” (K°,A”) an

d “Cascades” (E,Q2)

nt :{) E - &J 60; -
S [ ALICE 3 00¢ ALICE
gsooj = (dSS) g - Q (SSS)
I [ p-Pbysy=502Tev < 50F p-Pb (5, =5.02TeV
2250~ 1.1<p <1.2GeVic 2 | 12<p <16Gevic
3 [ -05<y<0 + 3 F -05<y<o0 N
O Lol 0-5% VOA i O 40" .59 voA
150 Jr + 30; '
100/ { + 20;’ J[
: - : 1
50, of Jr+ 10:J<[+.. !
Fprrtty- * ”*+T4fhhw+-ﬁ-++=|‘ (e :-I-
Co v b b b v b b e iy oy I | I R |
033 1.31 1.32 1.33 1.34 0165
M, (GeV/c?) M, (GeVic?)
G 180 —
m S b ° Data J/V (cc) Dete
[0} -
DO — K 1t pointing angleepoimm = 140 MC shape
o C 2.92<my.<3.16 GeV/c%: y
< 120 N, =37139
o) 100 Significance: 12.6+1.1 pEgFIERI,E*ECE
a OO:
9 gob 25/10/2013
= -
. 600 T 8 60
N F p-Pb, Sy = 5.02 TeV o =
% 500F 100M events 4 40
= B S (30) = 1458 = 52] 20
S 400} S/B(30‘)=1.10 { 07
'§ 3000 ALICE D°— Kn* + +
D mesons E and charge conj.i '20;
0_ 200 ] '40%\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
(e.g. D%cu)) ool ; 15 25 35 4 45 b
- 3<p.<4 GeV/c M. (GeV/c?)
P PR B A L

175167185 19195 2 205
M(Kn) (GeV/c?)

+ spectra of identified particles




Lattice QCD: Phase Transition

Lattice QCD is neither a calculation not a simulation: “realization” of QCD
over a discretized space. It allows to compute thermodynamical properties of
a system even in a non-perturbative regime of QCD

E P -
roportional to number of degrees of freedom (ndof)
E— —_—
T4 V3. r (S. Boltzmann’s law)
e ' e " w«_J * Zerobaryon density, 2(u, d) or 3
£sg/
14 Lo 1 - (u, d, s) quark flavours
12 -_EA L3 I ' i1+ ¢ changes rapidly around T,
10 % vp s ————= .1 * ->signal change in number of
8 15 AN : degrees of freedom
o SPS 3 flavour
6ro 2 flavour
PRRE _
, o T, = (173 +/- 15) MeV  Most recent calculations:
i . 3 T
; €~ 0.7 GeV/im™ ~ TMeV] T.~ 155 MeV :
100 200 300 400 500 600 — ¢, ~ 0.6 GeV/fm3

F. Karsch. Lattice QCD at High Temperature and Density. Lecture
Notes of Physics, vol. 583, 2002. arXiv:hep-lat/0106019.



Strangeness enhancement

Most of light particle mass (and thus of matter) is due
to spontaneous breaking of chiral symmetry of QCD

In the QGP chiral symmetry is expected to be

partially restored (more details in backup)
[Raf. Rep. elski: Phys88 (1982) 331]
[Rafelski-Muller: Phys. Rev. Lett. 48 (1982) 1066]

Quarks reacquire the “bare” mass values they have
in the QCD Lagrangian

m(u,d): ~ 350 MeV — a few MeV

m(s): ~ 500 MeV — ~ 150 MeV

The symmetry is exact only for massless particles,
therefore its restoration is only partial.

Consequence:
—>abundant strange quark pair production
—>easier to form multi-strange hadrons

Higgs quark mass (MeV)

-y

-

Higgs Vacuum .
Electroweak symmetry breaking
b
o
Cc
o
S
d QCD Vacuum
- ' % Symmetry breaking
u
2 3 4 5
10 10 10 10 10

Total quark mass (MeV)




QCD Lagrangian and spontaneous
breaking of chiral symmetry

- . 1 w
‘CQCD = Y, (2(’7“ Du)ij _ﬂj) w.’i - ZG?thz with m = “bare” mass

In the limit of vanishing quark masses, the QCD
Lagrangian becomes symmetric under transformations

under the group SU(N;), x SU(N;)i : chiral symmetry.

However, chiral symmetry is spontaneously broken by
the non-zero expectation value of the chiral condensate
in vacuum, (y1p) =0 , i.e. the QCD vacuum (at T=0)
breaks the chiral symmetry. This mechanisms generates T |,
a “dynamical” mass for quarks, which is responsible

for most of the matter mass. 1

-y
o
(&)

104

Higgs quark mass (MeV)

Higgs Vacuum

Electroweak symmetry breaking

QCD Vacuum
% Symmetry breaking

1

This symmetry is approximately valid for u,d,(s) quarks

(lightest).

10 102

10°

10*  10°

Total quark mass (MeV)
X.Zhu et al., PLB 647 (2007) 366

68




Restoration of bare quark masses
in the QGP (T>0)

Deconfinement is expected to be accompanied by Lattice QCD
a “Partial Restoration of Chiral Symmetry”, dueto 7
the vanishing of the (y¥) expectation value. Quarks
reacquire the “bare” mass values they have in the
QCD Lagrangian

— m(u,d): ~ 350 MeV — a few MeV

— m(s): ~ 500 MeV — ~ 150 MeV o.1f

Since the symmetry is exact only for massless particles, | BN SR _

i . i . 4 5.2
therefore its restoration here is only partial. , B
F. Karsch. Lattice QCD at High

Temperature and Density. Lecture Notes of
. Physics, vol. 583, 2002.
qonsequence ar;/(isv(::r?ep?lat/0106019
it's easier to produce strange quarks!

Strangeness enhancement searched for as a proof of chiral
symmetry restoration ( - - > deconfinement, with some caveats)



Constraining further viscosity:
example with a model

J. E. Bernhard et al. Phys. Rev. C 94, 024907 (2016)
9 parameters: 3 initial state, 4 for QGP response, 2 model parameters

Yields dN/dy Mean py [GeV] Flow cumulants v, {2}
100 1.6} —
. . - - ~—=y 0.001 .Uy
Particle yields, <p>, 2 &8 0. | . 4
flow coefficients used to £ | " =enl s LT [T e k=t
. : ol — B K= 0.5/ enngmnunnnee = o osl- » T3
calibrate the model =~ + 5 i —— .
parameters to reproduce ¢ ————————eo————————o0m—
data é‘.m". —— “— e —— 0.00} A —a,.,
g 10.-.: T— e o= 10} oty 7 p
% 100 | ‘_—-—‘>_>"., e I{z 0.5} v v - . - o7 0.03} o U3
a. . Pp * : ——— Ty
10”0 1.0 ‘."D 8:0 4:0 50 60 TIO O'OO 1‘0 :‘b 3.0 .1.0 EvO 6‘0 "O 0'OCO 1l0 2l0 3‘0 40 BO 6.0 "0
0 e Centrality % Centrality % Centrality %
N Prior range o . . .
| —— Posterior median Bayes method used to extract probability distribution for
9 I the true values of the parameters
= Main results: viscosity vs. temperature

N QGP viscosity very low

(lower than any atomic matter)

(] =1 1 1 " 1 —
0.15 0.20 0.25 0.30

Temperature [GeV]



The ALICE detector: “small-angle” detectors

Event selection
(min bias) + centrality
determination

ZPC (+116 m from IP)

-~ -
- z
-~

87.2cm R




The ALICE detector: central barrel

Transverse momentum (p;)

resolution: 0.8% (2%) at 1 (10) GeV/c

[TT T T T T T[IT T[T T T T[T T T[T T[T TTTT]
0016 ALICE

o .
- = —
3 0.014 p-Pb, |y = 5.02 TeV, Inl<0.8 -
G 7 [ = TPCstandalone tracks ]
\;_r— 0.012 [ ® TPC tracks constrained to vertex 7
¥ [ O TPC+TS combined tracks b
0.01 o TPC+ITS constrained to vertex ]

F _._.-I-"—'f

0.008 — ..:'"'_._...;,‘:,_'E=

L - ol

- T

0.006 fig-m-u-u-u-u-a-wa Pt —

. F -o-"'-.-;ﬂ'ﬂ- ]

L _.__._-Q-G,D_-D- i

0.004 — o —

L _.__._'D_D_-D- B

r Tagaieg ]

0.002 - ]
Eo--o- i

D’Dﬁ 4

0 o b b b b b b b b L 1

0o 0.1 o0 03 04 05 06 07 08 09 1

ALI-PUB-72271

N
>

87.2cm

1/p, ((GeV/ic)™)

In|<0.9
B=0.5T

TPC

Track reconstruction



The ALICE detector: forward muon

MUON SPECTROMETER
-4<n<-2.5 (2°<0<9°

Absorber

Xy

Tracking

Chambers
Magnet Filter Trigger
Chambers
— u from
. ""..' I~ ™~
Muons from semi-leptonic®  absrer| heavy flavours
heavy-flavour hadron ] u from
Yy docavs _.IE&\_‘_,@/ primary 7, K
Y p from
D,B, A X -@f@/ secondary w, K
(after subtraction of muons ® 2bsorber
from non-HF sources) _@— punch through
P absorber hadrons

spectrometer

e

Quarkonia L
N§ ALICE, p-Pb |5, =5.02 TeV
2 . 203<y, <353, p >0
o F Lo
0 |
g dod
2 100k )/ w
3 o YP(2s)
10 | i
- cc bound states o
‘//1/ 1 1 1 l 1 1 1 1 l 1 1 1 vl l 1\\\1 1 1 l 1 1 1 1 l 1 1 1 1
2 25 3 3.5 4 45 5
m,.,. (GeV/c?)
'R 3
k) ALICE p-Pb |5y =5.02 TeV, L, = 5.0 nb™
> 203<y, <3.53,p >0
= 100 w2ndf=1.15
o
o
= |
12
= |
2 50 Jf Y(ZS)
Yo \
/
- A
'bb bound staté)iﬁ\ -
J_‘_.__wéglﬂﬂﬁl_hw.gg\ﬁu&_& \\\\\\\ +\ .|

o

| |
8 8.5 9 10.5 11 115 12
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High Luminosity (HL)-LHC era

Vsnn=5.02 TeV Vs =5.5 TeV
7 201 2020 2021 2022 2023
5 DUSOZOBOG: H ”I” """ H ’ UCCLOOCEED: NUSCINB0EED!
e |11 A il
Run3 Lfn"r;gf.’a“,d = 6.0nb

.....

2029 d- Shutdown/Technical stop

~~~~~~~~~ Proton physics

Commissioning

T

ll tons HI facilities up to 2030

LS2: Rund § Lo oratea = 7-0 b~ soso——LALACR0N0
- LHC injector upgrades: interaction rate up to 50kHz | | :
(now <10 kHz) 2025‘;Am . i
—->x10 more statistics w.r.t. the current available data~ R (sRhenix)
Experiments u g{ade LS2 and LS3 : I I :
Run 3+4: “HL- HC” o 2020/~ B
- All the four LHC experiments will participate to HI : fric. :
program - J *

- request: 1 month of Pb-Pb collisions/year > 10/nbzors. i o Lo

- corresponds to x100 more statistics for min. Gentre-of-mass energy (GeV}
bias for ALICE

- Possible interest by experiment for lighter ion run (Ar or Xe)



ALICE upgrade: New ITS

Design requirements:
1. Improve impact parameter resolution by a factor ~3 (5) in rp (z)
=¥ Reduce pixel size (currently 50 um x 425 um)
* monolithic (MAPS) with size ~ 28 um x 28 um
=>» Go closer to interaction point:
=» new smaller beam pipe: 2.9cm — 1.9 cm
=> first layer with smaller radius (2.3 cm, currently 3.9 cm)

=¥ Reduce material thickness: 50 um silicon, X/X,from current ~1.13% to ~0.3(0.8)%
per layer ST

2. High standalone tracking performance
(efficiency, spatial and momentum
resolutions)

=» Increase granularity
=> Add 1 layer (from 6 to 7)

3. Faster (x50) readout: Pb-Pb interactions
up to 100 kHz

4. Maintenance: allow for removal/
insertion of faulty detector components
during annual winter shutdown



New ITS: performance

Track reconstruction efficiency

100 e
Studies done with simulations with realistic and [ f‘-b% ‘fﬁ
- - 90% efficiency
complete detector geometry and material budget
p. : 8 Y 8 801 / 1 /idown to 0.1-0.2:GeV/c
description.
60 fr-rre——— ALICE
I FE Current ITS,
i / _:" ~ Upgraded ITS
. . . 40 i IB: X/X,=0.3%, OB: X/X,=0.8%)
Track spatial resolution at the primary vertex [ /
_ [ ; ITS standalone
%400: . H N 1 HE— 20
= N ".._ - ~®--CurrentITS, Z [
-8 350: AR R bl UpgradedITS, Z
2 C —®—Current ITS, rg | (e
g 300; " |~ Upgraded ITS, r 10" 1 10
F 950 fnt \-+-fat p_ (GeVrc)
< - ~
& 200f \ i
- 9
r S m ITCLT ™ ey aly . .
Ty s cks Find more in ALICE
. /\ e i
100 Ral ITS TDR: 4
C oy : pgrade of the
50: X - .‘-.“m CERN-LHCC-2013-024 ; ALICE-TDR-017 Inner Tracking System
: AL 2 i mene |
O 1
107 1




Muon Forward Tracker

Hadron Absorber _
l Complementlng muon Spectrometer

at forward rapidity

Muon Spectrometer

Extrapolating back to the vertex region degrades the
information on the kinematics and trajectory

=> Cannot separate prompt and displaced muons



Muon Forward Tracker

Hadron Absorber )
l Complementlng muon spectrometer

at forward rapidity

U
~— H

Muon Forward

Tracker

Muon Spectrometer

Muon tracks are extrapolated and matched to the MFT clusters before the absorber

<

High pointing accuracy

“

Separation of charm and beauty signals (single u, J/y)



Muon Forward Tracker

5-6 planes of CMOS silicon pixel sensors
(same technology as ITS):

H

Muon °* 50<z<80cm
=¥  Absorber

] * R, =2.5cm (beam pipe constraint)
' e 11<R__<16cm

e Area=2700cm?

.
e

\ ‘
Offset{ : = = i",.{‘
’ A : | =1

Offset resolution along X

— 160
E ]
= 140 | With 15 pm misalignment - ° X/XO =0.4% per plane
& 120 1 60 pm pointing resolution at
10 high p,
100 | 1 * Current pixel size scenario: ~28 x 28 um?
80 =
] _'t"'
40 -
N<-3.2
20
. 1nN>-3.2
o 2 4 6 8 10
CERN-LHCC-2013-014 ; LHCC- P, [GeVic]

-022-ADD-1



HV electrode (100 kV)

ALICE at high rate:-.. gwsr
TPC Upgrade - Sl

Goals

* Operate TPC at 50 kHz
* Preserving current momentum resolution and PID capability

Current TPC readout based on MWPC limits the event readout
rate to 3.5 kHz

=» Upgrade TPC strategy
* New readout chambers: MWPC replaced with micropattern
gaseous detectors, including GEM (Gas Electron Multiplier)
*No gating, small ion backflow

* Redesign TPC front-end and readout electronic systems to
allow for continuous readout

| Pitch=140 um
Hole $=70 um

* Significant online data reduction to comply with the limited
bandwidth
*Online cluster finding and cluster-track association



Di-electron production

One of the most fundamental measurements, sensitive to:
* chiral-symmetry restoration by modification of p-meson spectral function
* partonic equation of state studying space—time evolution with invariant-mass and p;
distributions of dileptons
*.» photon thermal emission extrapolating to zero dilepton mass

-
O

L E POPY@\Bm=55TaV —— Sum E
8 0-10% Rapp in-medium SF n
= | 1yl<084 Repp QGP 1
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Di-electron production

Excess after backeround subtraction
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Allows for an estimation of the temperature at various phases of system expansion with
10-20% precision (stat.+syst.)



