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Elementary particles
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Strong-force charge: “colour” charge

Gluons, the strong-force “carriers” are coloured, differently from photon in QED
Lagrangian based on non-abelian symmetry group SU(3) = gluons interacts with gluons

T . ( 1 a v
['QCD = P, (2(7‘ Du)ij - maij) wj - ZG’“’G/
Gl = 0, A — 9, A + gf " A A, 2



A hadronic world

Isolated quarks are never observed, only colourless bound states
called hadrons are experimentally accessible: why?

cson baryons

up & anti-down down & anti-strange

up, down, down

up, up ,down

Baryons qqq and Antibaryons qqq

Baryons are fermionic hadrons.
There are about 120 types of baryons.

Mesons qq

Mesons are bosonic hadrons.
There are about 140 types of mesons.

Quark Electric  Mass :
Symbol HName . tent charge GeV/c? Spin

Quark Electric

sptizell | D content  charge

proton

anti-
proton

neutron

lambda

omega




(parenthesis)... there’s a quark we “see”

Decay:
Quark top discovery at Fermilab Production r'~2 GeV >t =I'h~0.3,
CDF: Phys. Rev. Lett. 74, 2626 (1995) 4 ¢ ct~ 0.1 fm/c
DO: Phys.Rev.Lett.74:2632-2637 (1995) g I*, q
6 w* Vv (7'
| g} < { ’
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CDF ' ' ' p Quark top decays before forming hadron
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Invariant mass analysis of decay Al
products reveals directly top mass |
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What does it mean that we “see” a particle? //4/ N\
Measure an identifying feature - mass MY



Confining potential in QCD
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* In QCD, the field lines are compressed into a “flux tube” (or
“string”) of constant cross-section (~fm?), leading to a long-
distance potential which grows linearly with distance r:

A
Vir)= T @ (Cornell potential)

with £ ~ 1 GeV/fm



Confinement: string breaking

 If one tries to pull the string apart, when
the energy stored in the string (k-r)
reaches the point where it is
energetically favourable to create a qQ

pair, the string breaks... . :
« ...and one ends up with two colour- M
neutral strings (and eventually hadrons)
* The colour charge is confined into

colourless hadrons v )

Is it possible to reach deconfinement? (=) v Ny



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



Quark-Gluon Plasma (QGP):
the first "matter” in the primordial Universe

««— Radius of the Visible Universe —»
Inflation
Quark Soup
Parting Company
First Galaxies

300,000 Years 1 Billion Years 12-15 Billion Years
Age of the Universe

b ) The phase transition from

PR eE L LG s | quarks to hadrons
G O\ | occurred in the cooling

Universe 10-20 us after

quark-gluon formation of formation of ]
plasma protons/neutrons  atomic nuclei  the B|g Bang



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.



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

S , Proportional to number of degrees of freedom (ndof)
T4 vs. I (S. Boltzmann’s law) 7
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F. Karsch. Lattice QCD at High Temperature and Density. Lecture
Notes of Physics, vol. 583, 2002. arXiv:hep-lat/0106019.



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 resonance ) 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 /sy, =17 GeV

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

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

By increasing collision energy we produce a QGP
—> with higher initial energy density and temperature
- longer living
—> with reduced baryon density (number of baryons = anti-baryons), thus
closer to early Universe conditions (and to available IQCD calculations)
+ larger cross section (= higher yield) for rare “energetic” probes (heavy
quarks, jets, W/Z,...)



Heavy-ion experiments at RHIC
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Heavy-ion experiments at the LHC
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Outline

» How do we know that we that QGP is formed in
heavy-ion collisions?

* What are its global properties (temperature, energy
density, etc.) and how can we assess them?

 How can we access the local “partonic” interactions
In the medium and obtain a microscopic picture of it?



Soft and hard probes

N.b. a simplistic and incomplete classification!

“Soft” probes
(e.g. light-flavour particle spectra and flow at low p;)
Probe system as a whole
Test hydrodynamic description to extract
global properties of the medium and of its evolution (e.g.
temperature, density, viscosity, expansion velocity)

“Hard” probes
(e.g. high p; particles, heavy flavours, quarkonia, jets)
Access microscopic processes in the medium
Resolve medium constituents (quarks and gluons)
Address transport coefficients, mean free path,...

@ l‘ ) |

Connection of global medium properties with “local”
interactions
Microscopic description of the medium




Few Introductory concepts

Transverse momentum (p;): component of momentum transverse to the beam
direction

Center-of-mass energy in nucleus nucleus coII|S|ons
Accelerator exploits Lorentz force: F q(E +V X B)

Electric field provides acceleration or rather energy gain
Magnetic field keeps particles on their path

q =|e| for protons, Ze for a nucleus with (Z,A)

- With same E a nucleus gets Z times more energy, but its “inertia” is A times larger

- Momentum “per nucleon” (=proton, neutron) = p x Z/A with p = momentum for
beam of protons

Center-of-mass energy (collider at ultra-relativistic energies, E>>mass):
Pl =(p,0,0,p) pt=(p,0,0,-p) = s =\(p!' +pt)* =2p

“Nucleon-nucleon” center-of-mass energy \/SNN =, /Spp

This is the relevant collision energy “scale” for ultra-relativistic heavy-ion collision
The mass number (A) influences the system size




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 19



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;




QGP discovery, two “historical”
signatures:
strangeness enhancement and J/p
suppression



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 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) N.b. “expected suppression” = Jip absorption in
| NAS0 Collaboration “cold” nuclear matter (no QGP). Not discussed

] | L in the slides, but note: p-A needed as reference
1.9 Ll

|

R HMMJ
g
."J

pure
N
1

e
N
1

-—

Measured / Expected J/y suppression

0.6
0.4 - .
® Pb - Pb 1998 with Minimum Bias
. O Pb - Pb 1996 with Minimum Bias
E v Pb-Pb 1996
0.2 ®=S-U NA38
E A p-A NA38
o p-p(d) NA51

O-lIllllll|I|IlllerlII‘llll|ll]lll|IO
0 0.5 1 1.5 2 2.5 3 3.5

energy density ¢ Gevim?)

Not first observation:
NA51 Collaboration, PLB 438 35 (1998)

NA38 Collaboration, PLB 444 516 (1998); PLB 449 128 (1999)
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Measured / Expected J/y suppression

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
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Not first observation:
NA51 Collaboration, PLB 438 35 (1998)

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

{: <
Vo

High %o
(LHC) P
e \ P

Development of

quark-gluon plasma Hadronization (*)

— 2o — @D

ceo

co\ ®D

@D
\v:o::'\°°’ @D@
.\°°£\4 f _@(gb

R ®°D

(*) Note that “in vacuum”:
(ccbar 2>J/hyp ) / (ccbar >DDbar ) <<1 (~1-2%)
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Jp suppression: LHC vs. RHIC

Ay 14 Inclusive J/p — utu
’ _i, ® ALICE, Pb-Pb |s, =5.02 TeV, 2.5 < y <4, p, <8GeVic
10 F W ALICE, Pb-Pb s =276 TeV,25<y <4,p_<8 GeV/c
““HW., o PHENIX, Au-Au Vsyw=02TeV, 1.2<lyl <22, p.>0GeVic
A":"
1 1 n
il,’l R,,=1: No suppression
o8 IR ALICE 5 TeV =3
06 u @@@E}@@a
: B ® o
Bl g ALICE 2.76 2
0.4
regeneration 1~
b PHENIX © g g re8 i
0.2 TeV .
OIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 50 100 150 200 250 300 350 400

peripheral = central @ (N

uolissasddng

0.8}

0.6F H primordial

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

----- Primordial J/y (TM1)
=== Regenerated J/y (TM1)
= Primordial J/y (TM2)
== Regeneration J/y (TM2)

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”
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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 |

High pr§

models

5 10 15
P, (GeV/e)

EPJC 77 (2017) 252

20 25

30
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Quarkonium suppression in the QGP

The radius r of a quarkonium state is inversely proportional to its binding energy
—> different quarkonia have different radii

In a QGP with Debye screening radius A, the quarkonium states with radius r > A,
are not surviving, they “melt”

The screening radius A, decreases with increasing temperature
- “Sequential” suppression of quarkonia states

T/T 1
- Quarkonium states as a “Thermometer of the QGP” %\ 1/(r) [fm?]

- rorprrTrrTrprTTT T T T T T T T T T T T T T T T T TS N
" N 2 Y(15)
fno.s I X (0.59 fm) E ~
€ 05 W' (0.56 fm) R ~ | #%(1P)
3 oa o Debye length from lottice QCD L2\ml 7/p(15) Y'(25)
5 e z
C Lk J /025 tmy E | N
a0 ) <T B % (2P) Y'(39)
c 02 - S ] 7.,5(1P) lV(ZS)
g Lo T (0.13 fm)
S o f e .
0 | | | v vy e by Ly gy | |:

I‘IIII.SHHZHHZ.SH 3 3.5 4 ?5'
_ _ 1, A. Mocsy, Eur.Phys.J. C61 (2009)
Digal,Petrecki,Satz PRD 64(2001) 0940150



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”



QCD Lagrangian and spontaneous
breaking of chiral symmetry

- 1 w
LQCD = P, (z(*y‘ D;z)ij _><i.i) Yj — ZG?WGZ with m = “bare” mass

Strong interaction is insensitive to quark flavour: it 5 Higgs Vacuum 6
“distinguishes” quarks only on the basis of their mass. s | "™

=

< 104 b
In the limit in which all quark masses are identical é c ©
->Symmetry under the group SU(N;) for rotating in quark X 10° p °
fields in the flavour space > Isospin S o2 o
In the limit of vanishing quark masses, the QCD T 10 3 - oty eaking
Lagrangian becomes symmetric under transformations 1 u
under the group SU(N;), x SU(N;)i : chiral symmetry. 110 10° 10°  10° 10°

Total quark mass (MeV)

X.Zhu et al., PLB 647 (2007) 366
However, chiral symmetry is spontaneously broken by the non-zero expectation value of

the chiral condensate (yy) =0 in vacuum, which means that the QCD vacuum (at T=0)
breaks the chiral symmetry. This mechanisms generates a “dynamical” mass for quarks,
which is responsible for most of the matter mass.

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



Restoration of bare quark masses

in the QGP (T>0)

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

— m(u,d): ~ 350 MeV — a few MeV

— m(s): ~ 500 MeV — ~ 150 MeV

Since the symmetry is exact only for massless particles,
therefore its restoration here is only partial.

Consequence:
it's easier to produce strange quarks!

n
=
4 5.2

Lattice QCD

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

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



Particle / event / wound. nucl. relative to pBe

10

Strangeness enhancement at SPS

PLB449 (1999) 401

. Pyp>0, ly-y, <05
 WA97/NA57, T
SPS (Pb-Pb) Il

[HeH]
[ﬂHw]

H

-

£

[1o1]

[Kx[] ]
>|

Tl Q+Q°F

pBe pPb PbPb

O

Jllll Il 1 Illllll 1 llllllll

1 10 102 103

Collision centrality <Nwouma

>

Q2=(sss), E=(ssd) A=(uds)

Increased production of strange particles observed
to w.r.t. to what measured in p-Be (no QGP)

Effect larger for particles with higher strange content

Effect increasing towards more central events



Medium global properties



 Particle multi

Energy density
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T T T T \I\Il T
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=
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10°
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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




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 i



~ | 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 37
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dN/dy

107
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107°
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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;..)

NP

KK K 1R p+P E4E QuT AH+ JH
Tan K 4K o K4RT P+ 24z Q40 ATTAT 8
2 2 K 2 ¢ 2 A 2 2 d 7 e
g 0 ¢
.. . ALICE Preliminary | .
d o | e | Pb-Pb 15 = 2.76 TeV, 0-10%
: g | N : : : : :

&b Not in fit Pl

é— ¢ Extrapolated : - -é
- Model T(MeV)  »?NDF 3
E |— THERMUS 2.3 155+2  24.5/9 :
g’ GSl-Heidelberg 156 + 2 18.4/9 .......1§
- |- 'SHARE 3 156 + 3 15.1/9 ww .
3 : : : BR = 25% E

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 [} 3

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

Some tension for
protons and K*
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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

source emitting particles _Phys. Lett. B 696 (2011) 328

G 1.6 r T .
o 14} i i 1%
1.2¢F T ¥ 1~
1.0F -—J’L + A --—-‘ﬁ.\iﬁ—h- é
w
= 0.8 : : : : : : : : :
= o
(&) 1:_ i i .K
1:0- -—-JL ¥ —-/'\-. ...--ff\\—-.- 1S
08 1 1 1 1 1 1 1 1 1 »
O 14f i + JA?
12} A i ™ 1 7 1~
1.0} } $ {5
()]
5 0.8 } } } : : : : : : .
O 14¢F . + ¥ 1g
two identical pi AN i 124 1 1
olaenticalpions,m w', ™ 5 A
PF = 038 et et it
(1) T
O 14F > + + ‘, %
12f tf g 1 =
1o et e | o’ B
—~ 0.8 . it } ot }
O
S 14f » + + 2
1.2F ’ + ‘j‘*\w + . &
1.0} = ¥ Famn  Nemal O
oo
—~ 0.8 } } } : : : : : :
O
o 14} $ 3 + 1%
1.2F + 0 1=
1.0F i ¢ + {4
: o

08 1 1 1 1 1 1 1 1 1
-02-01 0 01-02-01 0 0.1-02-0.1 0 0.1 0.2
q,. (GeVic) a. (GeV/c) qlong (GeV/c) 39



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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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)




Anisotropic (Elliptic) flow

« Non-central collisions are azimuthally asymmetric

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

collective phenomena _
Reactions’

Out-of—plaﬁ'e

Y

In-plane

« Large mean free path pane |
— particles stream out isotropically, no memory
of the asymmetry

— extreme: ideal gas (infinite mean free path)

« Small mean free path (< low viscosity)

— larger density gradient - larger pressure
gradient = larger momentum

— extreme: ideal liquid (zero mean free path,
hydrodynamic limit)

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

N(@) <1+ ZEV cos(n(Q — Ygp)) = 1 + 2V1 COS(@ — Pgp ) + 2V, COS(2(@ — WYgp)) + .
= Elliptic flow, main parameter
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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
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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]
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Constraining further viscosity:
higher harmonics

LR NI LA B
c - ALICE Pb-Pb

L B LA AR B
Hydrodynamics

> 0.15/-5.02Tev 2.76 TeV 5.02 TeV, Ref. [27]_]

5 EREELLEL ‘ R - UL mva {2, an>1} O V{2, A1) ‘:VQI% -_m>” 4
o3 0.3 ATLAS Preliminary Pb+Pb, 5 ub =2 el i ¢ SR
G - (50-60)% \Syn = 9:02 TeV &n=3 1 B ' oV, {4) i ]
0.25 = ml<25 fned 0.1 _,_,;;;:{F:::T ;;K::a'-:::::;; - B

: : 4 # I ]

0.2 ] 7

E E 0.05 I

0.1 5 - 7] % #__::I’:’:{,:f‘, ¢ -1

- : s * o ¢ (@) -
0'1—__._ B Q:'::} .{::::{::::{::::A::::}:'::{::::_

- ] o 1_2;— , }li drodynamics, Ref. [25] =

0.05F t Faf | T ebE t +—
O_—I I- : I : I- | l I I I I I I I —_ o 1-2;'_|||||lllllllllllllllll IIIIIIIIIIIIIIII_;

05 1 2 3 4567810 20§ 1af| e % """"""

Py [GeV] B e e £

0 10 20 30 40 50 60 70 80
Centrality percentile

Higher-narmonic coefficients significantly non-zero
- discriminate and constrain models
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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]



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
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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® ]
@]
[
¢3§]
: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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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 quenching with y-jet

y provides calibration of jet energy before quenching
— medium effects via X ;= prje/Pr, and A decorrelation

Central 0-10% PbPb compare to pp
<x,,> shifted towards lower value

Central PbP\Bﬂ;

=>» Strong energy loss for associated jet.
A¢ distribution consistent with pp data
=>» Little modification of the jet direction.

0.4

F 100 < p! < 150 GeV
[ B 0-10% Pb+Pb, 0.49 nb™"  5.02 TeV

[ - pp, 26 pb’’ ATLAS Preliminary
[ [] PyTHIA 8 + Data Overlay

$7 pp

Normalised entries

CONF-2016-110

I IIIIIIIIlIIIII

o
W
o

plf‘ > 50 GeV
~5.02 TeV

o
—_
o

o
o
—n

LI IIIIIIIII
:100<p¥<1SOGeV

- ATLAS Preliminary




Summary (part 1)

.. only a snapshot of the main results presente
addressmg even a smaller questions of open questions in the field

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!



Second part

* The ALICE detector
* Open charm and beauty results
* Prospects for the future



The ALICE detector: central barrel

|n|<0.9

Transverse momentum
) sy

resolution: 0.8% (2%) at 1
(10)-GeV/Le e

Al

Track reconstruction

5 0016 ALICE ATPC
- = —
> [ p-Pb, By =5.02 TeV, Inl<0.8 ]
® 0.014— —
S [ = TPC standalone tracks ]
1» 0.012 [ ® TPC tracks constrained to vertex 7
ol [ O TPC+TS combined tracks ]
~ [ TPC+ITS constrained to vertex —
0.01— -]
F _._.-I-i"-"'E
0.008 — - _._-o-'u_-g
C - et
- T g _._-o-'D_-D-'D' B
0.006 [-um-m-u-u-u-u-u- e —
r P it 3
C o ]
0.004 — _._-o-"',D_-D-'D' ]
L R ety i
L ety i
0,002, o™ |
e ]

0 e b b b b b b b b L

0 0.1 0. 03 04 05 06 07 08 09 1

1/p, ((GeV/e) ™)

ALI-PUB-72271

% ALICE
A % 2501 ; charged particles
g 200F s ppVs=7TeV i
£ 2 : " p-Pb |5 =5.02 TeV
N < 1500 * Pb-Pb [5yy=276TeV 1 . .
N . PP Resolution on track position at
W My pPb :
o . PbePb the primary vertex better than 70
| o TR, micron for p;>1 GeV/c (crucial for

10"

1 10 .
Int. J. Mod. Phys. A.29.(2014) 1430044 P, (GeVic) D-meson reconstruction)



87.2cm

ALI-PERF-50767

N

The ALICE detector: central barrel

|n|<0.9
B=0.5T

TPC

ALICE

PERFORMANCE
7/06/2013

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

no pions, TPC

Particle Identification

CAL

— T T
[ ALICE p-Pb \s =5.02TeV ¢ all tracks

-10 < (TPC dE/dx — <TPC dE/dx>e)TPC < 30
(TPC dE/dx — <TPC dE/dx>e)TPC < -4o

2 IR R L I LA I UL I R
= [ ALICE Preliminary
£1200f .
i} .
N electrons 3<p; (GeVic)<4 ]
1000f hadrons 7
r Pb-Pb, |Syy = 2.76 TeV
800} 0-10% Centrality Class, lyl <0.7 -
L + ]
600 + =
[ + ]
[ + ]
4001 L. ]
200, AN .
[ "8tegee . o0° . ]
R T 2 £ AP lon 2 Salanssoleniuansn]
02040608 1 121416 18 2

Elp

p=19-21GeV/c

D hadron rejection factor: 185

rejection factor ]

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

electron efficiency: 0.86

50
no electron, TPC

N.B. only detectors used
for the measurements that
are shown



Signals reconstructed with central barrel

o » a“ ) fr=s
V0” (K°,A°) and “Cascades” (E,Q2)
P §3005 —_ d ALICE S 60% Q‘ (SSS) ALICE
2 ( SS) s L
~ [ p-Pbys,=5.02TeV < 50~ p-Pb |5y, =5.02TeV
2250~ 1.1<p <1.2GeVic 2 | 12<p <16Gevic
3 [ -05<y<0 + 3 F -05<y<o0 N
O ,oof. 0-5% VOA i ) 40:’ 0-5% VOA
150; Jr {. soE "
- L 20 :
100 Jr } C J[
: Lo : \
” gc*+++'+++++- +++ ‘thrrhﬁwﬁ*#w 10§JrJ‘f+" -
07\\\\\\\\\\\\\\\\\\\\\\\ Giw\\\ | I R |
13 1.31 1.32 1.33 134 1.65
M, (GeVic?) M, (GeV/c?)
% 180 — -
T S b "Data  J/ip (cc) De’e
[0} -
DO — K 1t pointing angleepoimm = 140 MC shape
o C 2.92<my.<3.16 GeV/c%: y
< 120 N, =387139
o) 100E- Sig;nificance: 12.6+1.1 pEgFIE g&ECE
o =
ﬂ 80F 25/10/2013
= =
NQ 6007“\56‘%\“‘(‘)\2‘_}_‘ ‘\\/““ T 8 60?
< r p-Pb, \sy\ = 5. e s} C
% 500F 100M ev’\éNnts 4 40
S } S (30) = 1458 = 52 20F-
S 400} S/B(30‘)=1.10 { =
'§ 300; ALICE D= Kt > + {
D mesons E and charge conj.i 20
0_ 200 | '407%\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
(e.g. D%cu)) ool ¢ 15 2.5 3.5 4 4.5 5
- 3<p.<4 GeV/c M. (GeV/c?)

175167185 19195 2 205
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+ spectra of identified particles




The ALICE detector: “small-angle” detectors

Event selection
(min bias) + centrality
determination

ZPC (+116 m from IP)

-~ -
- z
-~

87.2cm R




The ALICE detector: forward muon

MUON SPECTROMETER
-4<n<-2.5 (2°<0<9°
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Xy
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Magnet Filter Trigger
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— u from
. ""..' I~ ™~
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Yy docavs _.IE&\_‘_,@/ primary 7, K
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D,B, A X -@f@/ secondary w, K
(after subtraction of muons ® 2bsorber
from non-HF sources) _@— punch through
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e
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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 - w=XE

Study parton interaction with the medium Hard & 0=(1-X)E
* energy loss via radiative (“gluon Bremsstrahlung”) Production %Tqﬂl s § 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)



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)

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




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
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

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%

llllllllllllllllllllllllllllllllll11

OO

50 100 150 200 250 300 350 400

<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

CMS Prehmmary

POPD |5y, = 502 TeV

0.25[—
- 0
: ?3“ 30-50%
0.2fw ¥ ™~ h -
0.15 L qn V2
o4 Hﬁ- ‘
o~ - .+|
> 1) +
4 Ll n 3 ~
0.05 DO (# Ul
0
-0.05 Filled box: syst. from non-prompt D’
Open box: other syst.
_0 L..ll.l.kk].lklll.ll.A.AAl.l‘A.AAAA.IAAH
b 5 10 15 20 25 30 35 40
P, (GeVl/c)

Charm flows

Modification of particle species abundances
—~>hadronisation via coalescence?

/D°
~

+
S
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—
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—
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0.6

0.4
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OO

- Charm participates to system collective

motion
- Possible thermalisation?

1 | L
Au+Au @ 200GeV —
\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\ (AC+A‘).
ALICE Preliminary lyl<0.5 STAR Preliminary (D0+D7)
o 30-50% Pb-Pb, |5, = 5.02 TeV EN-N T
=] -10% - =2. -— ~
. gpto\ézl;szs,m 2.76 TeV w| . ke dz-quark
s |
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Prospects for the futulgs® -'f

69



HL-LHC and ALICE upgrade
- entering into a high-precision era
of QGP investigation-




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



Example of performance for HF signals

<
<
o

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

Significance

Access to beauty at low p; via:

2\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\

ALICE Upgrade ~ Pb-Pb,\Syy = 5.5 TeV
L., =10 nb", centrality 0-10%

int

D— Kt
i Non-prompt JAp— e*e’ ALICE
+

(stat. only) 23/09/2013 e

e
-

1

\\‘\\\‘\\\‘\\\‘\\\‘\\

+
|

Displaced J/y
¥, from B decay

&
T

===3
=
N

th
¢¢
Q} 11 ‘ L1l ‘ 111 |

— B

|

15 20 25 30
P, (GeVlc)

[T

mpt D°
10

ooy

| B'>D'n* Pb-Pb, (5, =55TeV |
F L, = 10 nb™, centrality 0-10%

—+—

1
10- %fjt% | —

—_
o
N

17\ ol b b b e Lo Iy
0 2 4 6 8 10 12 14 16
P, (GeVlc)

- 1 Closer to b-quark
ol 1 momentum

Displaced J/1{—e*e
at midrapitity down to 1 GeV/c

Primary J/1 Secondary J/y

Primary
vertex

Ty Full B meson reconstruction in central Pb-Pb collisions

Down to p;=2 GeV/c

Secondary D°
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* Investigate possible baryon/meson enhancement and

Heavy Flavour: hadronization

strangeness enhancement in charm sector
*Radial flow effect? (velocity field — larger

momentum for heavier particles)
*Hadronization via coalescence?

:> Heavy Flavour Baryon (A, A, )? € degree of thermalization of HF

0
AKS

n

N

quarks

Pb-Pb at |s=2.76 TeV, lyl<0.5

C 0 —4&— 0-5%

- AJK central —— 2040 %

- / S @ —¥— 40-60 %

r A —4— 60-80 %

o A, —@— 80-90 %

C A AA

r A —4— ppatVs=7TeV, lyl<0.5

E A

r — & ppat\s=09 TeV, lyl<0.75
.l'-. pp at Vs eV, Iy

systematic uncertainty

2 4 6 8 10
B. Abelev et al., ALICE Coll.
PRL 111, 222301 (2013).

A,/D’
A L IR AL I I 20

three-quark model 1
| — — diquark model (C) )
| ®—® PYTHIA

- Vs=200GeV 15
-, \\ 4

' A./D%,

: enhancement

0000000000000 000 04
1||||\||||||||x‘|||||x|00

7 1 2 3 4 5 6

p; (GeV)
C.M.Ko et al. PRC79

A /(D°+D")

0.2
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- A./(D%+D")

0.04f
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S
Pb-Pb,\Syy = 2.76 TeV, 0-10
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R. Rapp et al. PRC86



Heavy Flavour: hadronization

* Investigate possible baryon/meson enhancement and
strangeness enhancement in charm sector
*Radial flow effect? (velocity field — larger
momentum for heavier particles)
*Hadronization via coalescence?

Heavy Flavour Baryon (A_, A, )? € degree of thermalization of HF

quarks . o
A= pKr*, ctv60 um BR: 5.0+1.3% (b Py cUAlIum

A~ pK'w* BR(tot): (4.5+1.9)x10"

% 10_|||||||I|||I|||I|||||||||||||||||||||||||||_ 8 VTTT{TTT{TTT‘TTT{TTT{TTT‘TTT{TTT‘TTT‘TTT{TTT‘TTT‘TA
Qo - Pb-Pb\/Sy=55TeV 7 _é 14; A= AT Pb-F:b,\ S\N = 5.5TeV -
< A L. = 10 nb™, centrality 0-20% - = ol Liw = 10 nb”, centrality 0-20%

& i i 2 T 1
& : ALICE A/K param (2.76 TeV) 2 sob E
a [ [ e Ko et al. (200 GeV) 1 : | ]

° i L -THN] —— TAMU, Rapp et al. (2.76 TeV) | C . =
< i pp sF | ]

- - o T -
4 I . ]

] - —1— Baryon with beauty also
Uy I N 21~ accessible! 7
_|||||||||||||||||||||||||||||||||||||||||||_ OiHMHluﬂHxMHMiHHxMHMHMHMHMiHF
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22 24

p, (GeVic) p, (GeVic)



QGP in small systems?

The feature 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



More in P. Bartalini’s talk

Long range correlations and flow

ALICE, PLB 719 (2013) 29

iIn p-Pb

ALICE, PLB 726 (2013) 164

2< Py <4 GeVie P-Pb | sy, =5.02 TeV = 0.25 | SRS B ALY BUELELELE BLELELELES NLELELRL BLELELELE B
(0-20%) - (60-100%) S C ALICE IAnl > 0.8 (Near side only) ]
? T p-Pb |5,,,=5.02TeV .
%&) 021~ (0-20%) - (60-100%) -
X - mh AT :_._ ]
0.15 _+_ -
- xK  ep ]
> - . - .
O 0.1 =*=_+_ -
- _’_:F | ' ]
005 = oo ‘[ -
S o e p-Pb .
0_...1....1....1....1....1....1....1....“
05 1 15 2 25 3 35 4
P (GeV/c)
-2 Pb-P‘b \[SiNN:Z‘JGTGV‘ 22)-30% |
031" ALICE  IEBE-VISHNU
*; :jl;‘
o 02 wpip +
L ] - >
Large v, (elliptic flow) values!
: T : Y oimi o
Mass ordering and “crossing” similar to Pb-PDb, o o0
3 O

where data are reproduced by hydrodynimical models

*
N 4

25

0.5 1 1.5
p; (GeV/c)

arxiv:1606.06057
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Strangeness enhancement

PLB449 (1999) 401 Nature Physics (2017) doi:10.1038/nphys4111

% L pyp>0, ly-y, <05 CR A|_|CE] T T T T '
= . — i 7
£ | WAS7/NA57, TEL Q+Q" gz ol ®pp \s=7TeV Eﬂ” bl
= L ~~ — — RKad
El SPS (Pb_Pb) T E . O p-Pb, \'San = 5.02 TeV %i
ERs 77 = 0K ;HD ]
_: T ~ B A Eﬁd I
12 € 15 }: e
3 ERE- = CPL#o A ]
2 ~— L et e _
z 1% E 3 s B e .
; } = LD-"-“ === : |
N i I a
| pBe pPb PbPb ‘EE 7
05 ol I | I Lo | I | I
1 10 10% 10° 10
< Nwound > <dNCh/d T’>|T]|< 05

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 chiral
symmetry restoration and removal of canonical suppression

Now observed also in pp collisions at high multiplicity
- New research direction 5
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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

source emitting particles

y b
l l\

two identical pions, 7"
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Phys. Lett. B 696 (2011) 328
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The medium evolution

collision evolution
expansion and cooling

particle
detectors

lumpy initial hadronization distributions and

. ‘ correlations of
energy density % produced particles

—

3
i
‘

§ # I\ QGP phase
quark and gluon
S s

j

*f—

collision &
overlap zone

© ~ 10 fm/c
After hadronization: “hadronic phase”

Chemical freeze out: time at which inelastic interactions cease - abundances

of particle species (w,K,p,.. yields) are fixed (not resonance ones)

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



Beauty nuclear modification factor

350.68 ub™! (5.02 TeV PbPb)

B CMS e charged hadrons lyl < 1.0
14— .. 0
- Preliminary " P W'<10
B m Blyl<24
1-2__ T. +lumi %+ nonprompt JAp 1.6 <lyl <2.4 (2.76 TeV)
- ur?éertainty. *  nonprompt Jy Iyl < 2.4 (2.76 TeV)
1| e e !
- Centrality 0-100% 4
< I ¢
<0.8—
m —
i .4
0.6~
0.4
0.2
O_IIII | IIIIII| | IIIIII| | L1

2

p. (GeV/c)



Beam-energy scan at RHIC

Illllllllllllllllllll
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arXiv:1701.07065v1
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Constraining further viscosity:
example with a model

J. E. Bernhard et al. Phys. Rev. C 94, 024907 (2016)
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More on chiral symmetry breaking
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More on phase transition

With realistic (i.e. non-zero) quark masses the phase transition at small pg is
predicted to be a crossover
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See arXiv:hep-1at/0701002 for a clear overview (though old)
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ALICE at high rate: TPC Upgrade

Expected performance:

* p;resolution practically unchanged for TPC+ITS tracks oarad ST
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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
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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.)



